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Compound numbering

Synthesised compounds are numberedl, 28, etc. Reference compounds existing in the
literature are named using a letter and a numbe.|@tter refers to the metal if the compounds
are metal complexes (eAll, Ni2, Y3, etc.), and iX if not (e.g.X1).

List of abbreviations

COD: 1,5-cyclooctadiene NBO: Natural Bond Orbital

DABCO: 1,4-diazabicyclo[2,2,2]octane nBu: n-Butyl

DFT: Density Functional Theory NMR: Nuclear Magnetic Resonance

DME: Dimethoxyethane ORTEP: Oak Ridge Thermal-Ellipsoid Plot
Program

EPR: Electron Paramagnetic Resonance
Et: Ethyl
Fc: Ferrocene

PCM: Polarisable Continuum Model
PDI: Polydispersity Index

Ph: Phenyl

PLA: Polylactic Acid

rac-: racemic mixture

GPC: Gel Permeation Chromatography
HOMO : Highest Occupied Molecular Orbital

iPA: isoPropanol
ROP: Ring Opening Polymerisation

SOMO: Singly Occupied Molecular Orbital
tBu: tert-Butyl

iPr: isoPropyl
KHMDS : Potassium bis(trimethylsilyl)amide

LA: Lactide

LUMO : Lowest Occupied Molecular Orbital THF: Tetrahydrofuran

M: mol/L TMS: Trimethylsilyl
MALDI-ToF : Matrix Assisted Laser TOF: Turn Over Frequency
Desorption lonisation-Time of Flight TON: Turn Over Number
MAO : Methylaluminoxane TS: Transition State

Me: Methyl
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Introduction to Iminophosphoranes

Introduction

The Iminophosphoranes

| . Introduction to Iminophosphorane

The class of iminophosphoranes, compounds with dbrN double bonds, is a well
established, yet still not thoroughly explored sla§ compounds in coordination chemistry and
synthesis. The first iminophosphoranes were syitbesby Staudinger and Meyer in 1919,
they exist under various nomenclatures: iminophosgpie, phosphazene, phosphinimine.
Successive replacement of R group at the phosphatsn in simple neutral
iminophosphoraneX1 (Scheme 1) leads to monoanionic diiminophosphix&e dianionic
triminophosphonaté&3 and trianionic tetraiminophosphaXe.? These compounds could also
exist in polymeric or cyclic formsX6 and X6 respectively). Cyclic and polymeric forms of
neutral iminophosphorane are commonly called cyabsphazene and polyphosphazene. They
are interesting agents in biochemistry, especiallgrug design and drug delivetyas their
metabolisms yield only ammonium and phosphate, aresady largely involved in the cellular
functioning.

' R
R R.1-No R R
. ./ © R 20 I\ 39 TR R=N
R3P=NR RN - P~ .R' R\ ~Px .R R\ ~Px .R N. =N R n
N N~/ N N"// N RN
N 1
N N~ R
X1 X2 X3 R X4 R X5 X6

Scheme 1. Different forms of iminophosphorane comg®

The work presented here focuses on simple nemiabphosphoranes of the foxi.
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1. Synthesis

Whereas a great number of synthetic approachest eikis the preparation of
iminophosphoranes, only the three most used metlaoespresented here, which are the
Staudinger reaction (first reported in 1919), thes&nov reactions (discovered in 1950), which
was modified by Horner and Oediger in 1959, andemecently, the aza-Mitsunobu reaction.

Staudinger Reaction

The Staudinger reaction, discovered in 1918 the oldest synthetic approach to
iminophosphoranes, yet it is still by far the mostmmonly used methddThe reaction involves
an nucleophilic addition of an azide R'b a P' centre (e.g. a phosphinef, followed by
nitrogen elimination (Scheme 2). The Staudinger maism has been studied by DFT
calculations by the group of Wandexperimentally, since 1968, by the use"™, Bock and
coworkers have identified that the nitrogen in ittmnophosphorane function is indeed thé N
atom. The phosphazide intermediate was also isblatsome case by using factors inhibiting
the formation of the four-membered ring, such asristeffects (bulky substituents on
phosphorus or nitrogen atonis)or electronic effect (increasing electron dengity the
phosphorus atom and decreasing the one on thatdin)! A review about stabilized
phosphazide intermediates was published by Bouriaad coworkers in 2009.

PN B

N

/N \
! R a=N
W\

a
R R \ N
- ,
P + Nx:N:N — N
~
By —P< —P<
R ROIOR R™TOR
R R

Scheme 2. Staudinger reaction

The advantages of the Staudinger method may inhgagscribed to the fact that during this
reaction, nitrogen (N is released as the only side product, thus rémglemnecessary further
purification of the iminophosphorane product. Farthore, the reaction could be applied to a
wide range of B centres containing different types of substituetdswever, the major
inconvenience of this method is the risk of exmosassociated with most azide derivatives.
This is a major drawback to the variation of theagien substituent R’, as well as for large-
scale synthesis.

Kirsanov Reaction

The Kirsanov method for the synthesis of iminophmspnes originated from a reaction
discovered by Kirsanov in 1950 (Scheme B&eaction of PGl with phenylsulfonamide
resulted in the formation of compouX¥ by nucleophilic substitution on two chlorides. §hi
compound X7 in turn was transformed into P,P,P-triphenyl inghosphoraneX8 by
nucleophilic substitution of the three remainindpcigles with phenyl magnesium bromide.
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hMgBr

-HClI P
@) PClg + ArSO,NH, — CIsP=NSOAr Ph3P=NSO-Ar
X7 X8
R Et;N R
FI’/R Q — R\,Flk\ ~Ar
| Br R

R
b) R\E/R _Bra bR NH AT | R.
©)
NC)
NH—A
Br '

R-<
®
Br

Scheme 3. Kirsanov reaction (a) and Horner/Oedingeration (b).

In 1959, Horner and Oedinger developed the modersian of the Kirsanov reaction by using
in situ generated RRBRr, compounds, obtained from the bromination of aiagrtphosphine,
instead of PGI(Scheme 3b}° The bromination product underwent a nucleoptslibstitution
with aromatic amine in the presence of two equivtriethylamine, to give the corresponding
iminophosphoranes in high yields.

Several years later, Zimmer and Singh applied riteshod to alkylamines and found that the
reaction got stuck at the formation of the amingghmnium bromide salt RNHR']'[Br] .
Likely, triethylamine is not strong enough to deprate these salts. A second step, employing
stronger bases such as MeLi, KHMDS is required tenegate the corresponding
iminophosphoranes. This necessity of a secondistept a drawback, but quite the opposite:
aminophosphonium salts, as opposed to their imiogpiorane analogues, are air- and water
stable, and thus easy to manipulate and in mossaaasy to isolate from the reaction mixture.
They can be prepared in big quantities.

Another advantage of this method over the Staudinggection is the variability brought to the
nitrogen residue R’, as virtually any primary amimay be employed in this reaction. This
opens the route towards a great variety of deweafiincluding chiral iminophosphoranes,
which is important notably for catalysis. Furthersmahe scope of applications of this reaction
does not involve solely amines (aromatic and atiphabut also hydrazines gNNXY),*
hydrazones (lNN=CXY),*® hydrazide (RC(O)-NHNH),** etc.

Aza-Mitsunobu Reaction

H
EtO,C. =N« | — = EtO,C. _N<
PPhy + BOLCy ANvo o PhsP=NR + EtOC~ Nvor o

CO,Et RNH, CO,Et
® N. .COEt — > RHN._.N. .CO.,Et
PhaP” N2 PN 2
3

Scheme 4. Aza-Mitsunobu reaction

The aza-Mitsunobu method for the synthesis of iphasphorane was developed in the 1970s.
It is based on the reaction of triphenylphosphinth wiethylazodicarboxylate (DEAD) and a
primary amine R'NH (Scheme 4). Even though this one-pot reaction padsevith excellent
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yields, its scope is limited to amines with elentrvithdrawing groups, with a proton
sufficiently acidic to allow its abstraction by theodicarboxylate.

2. Structural Data and Electronic Properties: DFT Galculations

Two electronic configurations are conceivable for iminophosphorane: a compound with
double bond P-N or a zwitterion.

R\ /R' R\@ @/R'
RTP™N =—> RPN
R R

Scheme 5. Two descriptions of an iminophosphorane

Based on literature data, the bond length of andptiosphorane in the solid state is comprised
between 1.54 A and 1.64 A. Taking into accountféu that the sum of the covalent radii of
nitrogen and phosphorus is 1.84 A for a single bamd 1.62 A for a double bordthese two
limiting values indicate that structurally, the PHdnd in iminophosphoranes is closer to a
double bond.

According to the Valence Shell Electron Pair Rejouls(VSEPR), the angle P-N-R in

iminophosphorane would be around 109° if the P-Mdbds single bond (in zwitterionic

structure), and around 120° if it is a double boBRdperimentally, this angle is measured
between 119° and 143°. Thus, this observation ptsats towards a double bond P-N in
iminophosphorane.

However, the hypothesis of the double bond P-Mdésmsistent with calculated energy required
for the free rotation around the P-N bond, whickasy low (2.1 kcal/mol). Theoretical studies
have been carried out in order to understand thetrehic nature of this P-N bortlAnother
study was done by NBO (natural bonding orbitalcokitions’ on model compound RNH,
using density functional theory (DFT) with b3lypnfttional and 6-31G* basis set for all atoms.
Calculations for model compound of imines were absied out for the sake of comparisons.

gP +1.07 gC-0.10

H o gN-132 H gn-063

H_/P—___N\ /C::N\

H 1 H H ' H
Wiberg index 1.34 1.34 2.03
TMorbital occupancy 1.76 1.99

gx: NBO charge at atom X

Scheme 6. NBO analysis for model compounds of phogphorane and imine

In fact, NBO analysis tends to neglect the delsaditbn of the systems and tries to localise the
electrons in 1-centre and 2-centre regions of tbkecnles. Thus, NBO analysis gives a vision
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very close to the Lewis model. The results obtaifieedhe model compounds were in favour of
a single bond P-N in iminophosphorane. Whereas\therg index of the imine model is 2.03,
indicative of a double bond, the one for the imimogphorane model is close to 1 (1.34 vs 2.03
in imine). Furthermore, the charges at N and P atfitrperfectly to the dipolar description of
the P-N bond. Thus according to these resultsjnfiimophosphoranes, the zwitterionic form
seems to be more suitable than a double bond model.

Figure 1. Two lone pairs on Nitrogen atom

According to the zwitterionic form, two lone paio§ electron should be present on nitrogen.
Indeed, the NBO analysis supports the existendbase two free electron pairs, which are of
highest energies among the occupied orbitals inntbéecule (Figure 1). The first one is a
hybrid sp (47%s, 53%p, occupancy 1.88)) and the second omerea p orbital (occupancy
1.75). These values of occupancies less than 2yimptertain degree of delocalisation of
electrons on to other atoms. Indeed, as would ba &#er, the electron delocalisation from
these two orbitals to the unoccupieP-H) and Rydberg d-orbitals of the phosphorusraie
significant. It is responsible for the negative égponjugation which reinforce the P-N bond,
hence the shortening of the P-N bond (Figure 23nd

Figure 2. Stabilising interactions between thetflone pairL1 of nitrogen and three*(P-H).
Stabilisation energy ~17.3 kcal/mol
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Figure 3. Stabilising interactions between theosetlone pairlL2 of nitrogen and twa*(P-H)
(~16.5 kcal/mol each), and d-orbital of the phospiscatom (~9.0 kcal).

Both lone pairs L1 and L2 participatesfinteractions withs*(P-H) orbitals or Rydberg orbitals
on P of appropriate symmetry. As these orbitalsair@igher energy, these interactions are
stabilising for L1 and L2. In total, such hyper-pggations bring stabilisation energy of
approximately 18 kcal/mol to L1 and 45 kcal/moL&

The real molecular orbitals are obviously differéwim these natural orbitals described above.
But the difference is not huge: the correspondingi<Sham orbitals from DFT calculations on
the model compound of iminophosphorane are predant&igure 4. They sensibly have the
same forms as L1 and L2. Just as L1 and L2, theyhas two highest occupied orbitals of the
molecule and their relative energies do not change.

HOMO

Figure 4. HOMO and HOMO-1 in the real DFT descripti

Thus from the calculational analysis, it is clelaattthe P-N bond in iminophosphorane is in
reality a single bond, reinforced with negative éryponjugations from the lone pairs of the
nitrogen onto other orbitals on the phosphorus atdrhe zwitterionic form correctly represents
the nature of the bond, as well as the charge atd®N atoms, but could not describe these
hyper-conjugations which are responsible for thengt bond P-N (hence the shortening of P-N
bond, for example). The official representation Pdduble bond, even though less correct, is
adopted for the sake of simplicity and the cohegesith the literature.
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3. Reactivities

The reactivities of iminophosphoranes revolve adothe positive charge on the phosphorus
atom and the negative charge on the nitrogen aitw@y could be seen as to resemble a lot to
those of phosphorus ylides and amides.

Basicity

Thanks to the important negative charge at nitrpgemophosphoranes behave as strong bases.
The first representative of iminophosphorane bages prepared in the 1970s by Lischewski
and co-workers® In 1987, Schwesinger and co-workers synthesisedhtmophosphorank9,
which is the strongest neutral base that has beeelaped to date. Since then, the design of
superbases from iminophosphoranes has been thdyostyldied, especially by the Koppel
group, both theoretically and experimentafiyl.he basicity of the iminophosphoranes increases
with the donating ability of substituents. On goingm simple iminophosphoranes, to amino-,
and then phosphazo-substituted iminophosphoramgsficant enhancements in basicity have
been observed. By careful selection of substityewdsious iminophosphorane-containing
superbases have been prepared, which are amorgjrtimgest ever to exist. Fine tuning of
basicity on these systems is also possible. Indeases of pKranging from 10 to 42 (in
acetonitrile) have been obtainB8.?° Examples of these systems are presented in Schieme
along with several other bases for comparison.

NMe, NMe,
M%N\l/NM% M@N\A/NM%
] "

Me N, N NMe;, MeaN, N NMe,
Me;N—P=N—"P—N=R—NMe; MezN—/PZN—Iﬁ—N:P\—NMe2
Me,N Il\l NMe, Me,N N NMe,

[ [

tBu Ph
X9 X10
pK,=42.6 pK;=31.5

Me
N
CNFI>NE e @Q @:j
“P—N—Et —-P=N—| = 7
I /NFl’NPh N NN
N N H

Me
¢ 7 Me. Me DBU TBD

pKa= 24.3 pKa= 26.03
X11 X12
pKa=28.9 pK,=215

Scheme 7. Examples of iminophosphorane bases and sommon non-iminophosphorane
bases.

These bases present various advantages for stilitierganic chemistry. Firstly, thanks to their
common bulkiness, their nucleophilicity is greatBduced. Thus, they could give excellent
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selectivity in reactions requiring activation byskty, but not nucleophilicity (e.g. enolate and
peptide alkylations, catalytic aldol reactions, ilg¢stions, and even aromatic and alkynyl
deprotonations). Secondly, as they act without Hieteations and due to their bulkiness, the
anions obtained from the deprotonation by thesedase often “naked”, and thus highly
reactive. Thirdly, as they are generally solubleoiganic solvents and exist in solid form at
room temperature, their handling is generally easy.

Aza-Wittig Reaction

\o+ ;R [N/ R \ , R_R"
_/P_C\R"' Fl)_C\RHI —P |
+
Wittig reaction (a) + R - o% R - g
A W UR
0 L R .
6+R..
\® @/R _\\ / R \ / /R
—PN P=N —p N
Aza-Wittig reaction (b) + o — | — = )\|
R O R' o)
o R R" R
- 6+R.. L J

Scheme 8. Wittig and Aza-Wittig reaction

The Aza-Wittig reaction is the most common appiaa of iminophosphoranes, as has been
evidenced by many reviews from different gro@p§irst discovered by Staudinger in 1921
(two years after he synthesised the first iminophosane), the reaction is an analogue of
Wittig reaction, applied for phosphorus ylidéswhen an iminophosphorane reacts with a
carbonyl or thiocarbonyl, an imine is formed alawi¢h the elimination of one phosphinoxide
molecule. The mechanism of the reaction is supptsdat similar to the one of the Wittig
reaction. Several theoretical studies have beatedasut, confirming this hypothesi$in some
cases, intermediates were also isolafed.

R’
o R
- N
py
R R R
N s= R
PIX R" N
\_ R ﬂ
PN R" R’
co,
— R-N-C=0

Scheme 9. Aza-Wittig reaction
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The reaction is not limited only to carbonyl orat@rbonyl, but could be applied to isocynates
(R'N=C=0), or thiocyanates (R'N=C=S), giving hetatsubstituted carbodiimides (R-
N=C=N-R’). On the other hand, using €@nd C$ allows the synthesis of isocyanates and
thiocyanates.

The Aza-Wittig reaction is often used for the swdis of heterocycles in organic chemistry.
This application has been the subject of variougeres in the literaturé An example of one
of those syntheses is presented in Scheme 10.

— R
N N\ AN \ N\(
PPh3 peho /R N\ \N

J N @ — JN - >
Ph Ph Ph

Scheme 10. Example of Aza-Wittig reaction in heigrles synthesfs.

This reaction could be coupled to a Staudingerti@acand the total process is called a
Staudinger ligatioA’ The advantage of such process lies in the higklecsivity of the
reactions and the absence of water in the finakurgx which is helpful in some cases. The
reaction is mostly used in biochemistry for theftimg of phosphorus-containing marker to the
glycoside on the cellular surface. The phosphieaying the marker, and the azide, grafted on
to the cell's surface, react quickly and seledyivéen aqueous environment to give
iminophosphorane. This latter is however not stablevater, but is trapped quickly by an
intramolecular Aza-Wittig reaction with an esterciose proximity to give a stable amide. The
marker is thus linked to the cell’'s surface by tiside bond.

o}
o o}
Ac L OMe
HN 3
AZO Q .on oPh OMe
% (nane) ~ P =
cell cell J—N4 Ph, ~

P
O]

N—
O\ Y cell

e

Scheme 11. Staudinger ligation in cell surface eegiing.
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Hydrolysis

Because of the zwitterionic structure, iminophosphes are generally decomposed by water.
This involves either the attack of proton on thgat&ely charged nitrogen, or the nucleophilic
attack of hydroxide on the positively charged plmsps, depending on the pH. This
decomposition explains the instability of iminoppbseranes in water and the facile hydrolysis
of alkyliminophosphoranes (with better basicityyin

\ R H® \@ R ~
—PN —— —p— 29 | (' R —— _—~P=0 + H3N—R acidic solution
/ / H /P\ / /
/N
/H
N %n T eR o

~N
PN ———>= —PTO+HN"R + ©OH  basic solution

Scheme 12. Hydrolysis of iminophosphorane.

Alkylation

The negatively charged nitrogen could be alkylategd nucleophilic substitution with
alkylhalide. The resulting phosphonium salt coulel donverted into secondary amine by
hydrolyse (with hydroxide, for example) or by retioe with LiAH,.

>p
LiAIH, 7
@ R
/R R'X _\P_N/
—pP N —— SN HN—R
x® R R
©0H
Sp=o
Sp=
/

Scheme 13. Alkylation of iminophosphorane

This reaction has been exploited by Hassner angdorkers since 1970 for the synthesis of
arizidines®

®PPhg H
H H H N= ' :
/:\_> >_( _PPh; >_( PPhs A L|AIH4A
[

Scheme 14. Synthesis of arizidines by alkylatiomimfophosphorane.
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Insertion

Iminophosphoranes could insert into triple bondmecchanism which closely resembles to the
Aza-Wittig reaction. A four-membered intermediateobtained directly from the insertion. The

ring-opening of this intermediate gives compoundstaining imine and phosphorus ylide

functions in thex position.

_\P_N R O 0 0O 0
Q L /O MeO . OMe MeO OMe
/ —  \ R /) \
MeO OMe >P_N/ >P\ N—R
/

Scheme 15. Insertion of iminophosphorane into &kyn

4. Applications in Coordination Chemistry: Overview

The NBO analysis on model compound of iminophospherclearly shows the presence of two
lone pairs on the nitrogen atom, which are the HOM@ HOMO-1 orbitals, and the absence
of a realr- system. The ability of iminophosphorane to cooati to metal centres lies in these
two lone pairs. In fact, iminophosphoranes actt@gc andr donors (thanks to the HOMO-1
and HOMO respectively), and does not hawa&ccepting ability. These ligands thus preferably
coordinate to “hard” metal centres, as “soft” ceatare more stabilised lyinteraction from
metal to ligand.

9 2

L1 y L2 HOMO-1

Figure 5.Two lone pairs at the nitrogen atom (NB@lgsis) and their respective form (Kohn-
Sham orbitals) in real system.

A simple search in the CCDC database shows thadrimplexes the angle P-N-M has a median
value of 115°, and centred around 120°, and thgegalor P-N-R angle have a median of 122°
and centred around 120°. In almost all complexes nitrogen atom is in the same plane as R,
P, and M. These data clearly indicate that cootdinds done by the HOMO-1, and involves
theos-donation from the ligand to the metal.

Complexes of simple iminophosphoranes are knowth mietals such as magnesiéthcopper,
zinc, chromium(ll), palladium or rhodium, ettt is however worth reminding that because of
the lack ofr-accepting ability, the coordination of iminophoepdmes with “soft” metal centres
are not very strong. The coordinated iminophospiesaare easily exchanged with other
ligands. For example, the rhodium complexes [RHW(R'N=PRs)] (L,= COD) exist in

-11 -
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equilibrium with the parent compounds [RKl], and R'N=PR, this equilibrium being
dependent on substituents on N and P, temperatudehe ratio Rh/R’'N=PR

250

N M CIN. _~Ns CI~_ Ns ~_ ~Clo /
/o che Pd PEt3 -~ PEt cu cu SPEt,
t3Ps O Et;Ps. _—Cr 3 EtSP\ —Cu _LCu
N N cl INT T g cl cl
rR R SiMe, SiMes SIME3

Scheme 16. Examples for complexes of simple inaspplorane ligands.

In order to circumvent this limitation, iminophosphnes are often combined with other donors
to obtain multidentate ligands, very often hetendtidentate ligands. These ligands offer a
much larger scope of coordination and could giveargiable complexes. Scheme 17 shows
examples of such systems: phosphino-iminophospkeregported by Cavell and co-workérs,
chiral bis-iminophosphoranes elaborated by Reetz amworkers? imine-iminophosphorane
ligand by Stephan and cowork&rs

PPh . .
w3 iPriPr

R
R. _ Ps,  -R' N,
e O O Ol
R~R [M] N N N

I
R R ,‘q PPh, e L__PPh, iPr

Scheme 17. Examples of multidentate ligands cantaiminophosphorane group(s).

Among the most interesting ligands based on imingphorane function are those containing
carbanions. In fact, the particular dipolar struetaf iminophosphorane allows the stabilisation
of carbanions in close proximity by different etfec

Firstly, the iminophosphorane function could dirdbe ortho-deprotonation reaction and
stabilise the product. Many complexes of this fgntibve been elaborated, either from the
reaction of metal precursors with an iminophospherearbanion ligand (such as the lithium
compounds in Scheme 1¥)or from the intramolecular ortho-deprotonation asf already-
existed metal-iminophosphorane complex (secondicerScheme 185,

SiMes SiMe; SIiMes SiMe3 §iMe3
- N _N Ns > _N
Ph,P Ph,P” \. /" “PPh, PhyP \A|Ph3 PhP” ™\
. Li . AlPh,
MeLi heating
—_— —_—
OEt,

Scheme 18. Ortho-deprotonation reactions

Secondly, the important positive charge at the phosis atom opens the possibility of
functionalisinga C-H bond by deprotonation reaction. Indeed, morwen and geminal

-12 -
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dianions of P-alkyl iminophosphorane have beendihigiects pursued by many groups. By
reacting with organolithiums, P-alkyl iminophosphioes are deprotonated at thgositions,
yielding lithium complexes in which the lithium dess are chelated in a bidentate fashion by C
and N centre&® The negative charge on the ligand is delocalisedath C and N atoms, due to
resonance structures (Scheme 19).

R R R' R R R . R MegSi SiMeg
R—p=N R =N R \/ﬁ R N RN/ \N/CU\N/
P R"Li  R~p=N ~p NNt Et v _Et
éH ? | S CI:I \[L|] R/P\ /Pb\ /P\/R /P\ /P\
A LI ~ cl N“ R BUHe— CH Et
R" R R R R" R" IR\ \
R R Me Me

Scheme 19. Monocarbanion from iminophosphoranesendral complexes.

These lithium complexes exist in oligomeric forime extent of which depends on steric bulk of
the ligand(s) and the nature of coordinating sdl&tO, THF, etc.) By reacting with metal
precursors, they give iminophosphorane complexeghef corresponding metals. Several
complexes of the iminophosphorane- monocarbangantlis with metals other than lithium are
presented on Scheme 19.

Ph, Ph,
/PTF{\ _
MesSi—N~_| _~N—SiMes
Ph, Ph, AN
Megsi\N P~ /SIM83 Cl Cl
/% / MCly M=Hf, Ti, Zr
Ph, Phy i Nz N
MesSi~ =P~ P> _SiMe; 2Pt '-,P\,' 1: A Ph. Ph
N X N A 2 Phy
H H Y N Me35|\ -P P~ -SiMeg
./N\ N N
Me3Si “SiMes /
h CrCIy(THF); /Cr“*Cr\
N2 N« .
MesSi” P~ "P7 TSiMes
Ph, Ph,
on. ph snvle3 Ph, Ph,
2 2 MesSi~ _P P~ -SiMe
MezSi~ //PXP\\ -SiMe; M» Ph P’ “AlMe A|M463> N X\N 3
N N 20°C 2o 1% 1009 /
H H HCx_sN<_. Al Al
Igh SiMe; Me, Me;

2

Scheme 20. Examples for the synthesis of comptExess(iminophosphorane)methandiide
ligand.

Of particular interests are geminal dianions getleerdrom the bis(iminophosphorane)methane
and derivatives (e.g &&(PhP=NSiMe),). In fact, both methylene protons of these compsun
are sufficiently acidic to be displaced directly bgganolithium. In 1999, the StepRamand
CavelP® groups independently reported the first dilithiethrandiide complex by deprotonation
of H,C(PhP=NSiMe), with two equiv. of PhLi or with excess of MeLi (8me 20).
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Complexes of the corresponding ligands can be ge&kreither by direct reaction of such

dianions with metal precursors, or by reactiorthaf corresponding monoanion with alkyl or

amide metal precursors (to yield intramolecularrdegnation) (Scheme 20). The interest of
such ligands lie in the various possible coordoratinodes, the formation of clusters, and in
particular the formation of carbene complexes. Masireviews have been dedicated to the
chemistry of these speci&§,3% 2 3%.¢

ll. Objectives

The objective of the work is to develop new iminopphorane-based systems and to evaluate
their applications in coordination chemistry andabgis. They involve thus three important
tasks 1) Organic synthesis of targeted ligand<C@rdination chemistry of such ligands and
studies on properties/activities of the correspogdiomplexes; 3) Studies of the complexes in
catalysis.

We are interested in developing new ligands comigiriminophosphorane with an anionic
coordinating group, which has been chosen to lm#atiei or phenoxide. The synthesis of such
ligands is targeted to be simple, easy to scalengh based on inexpensive, commercially
available starting materials.

Once synthesised, the ligands would be studiesddmdination chemistry with different metal
centres. Studies of such complexes sometimes leadsodifying existing ligands and re-
synthetising the desired complexes. Theoreticalissuare carried out in some cases in order to
better understand the electronic properties ofigfamd in coordination.

The activities of selected complexes in catalysésthen tested. Just like at the coordination
step, study on catalytic activities sometimes ldadfie developing of new appropriate ligands
for “tuning” of the activity. Also, DFT calculatianare used in some cases to clarify some
aspects of the catalysis when possible.

-14 -
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Chapter 1

Sulfur Containing Iminophosphoranes

|. Sulfur-Containing Ligands in Coordination Chemistry

Sulfur containing ligands are of great importaiceoordination and catalysis. This might be
directly related to the occurrence of sulfur in mamzymatic systems. Of notable examples are
iron-sulfur clusters in nitrogenaseand aconitage(enzyme catalysing the transformation
citrate-isocitrate). The importance of sulfur isaakhown by the roles of cysteinyl residues in
enzymes such as zinc-fing&ralcohol dehydrogenasésyhich facilitate the interconversion of
alcohols and aldehyde/ketones, thus serving tdkbowen alcohols that are otherwise toxic, and
recover helpful aldehyde, ketones and alcoholsimdn and animals. The occurrence of sulfur-
containing groups as ligands is also evidencedlire lwopper proteinés(cupredoxins, for
example, are characterized by a single copper atmrdinated by two histidine residues and a
cysteine residue in a trigonal planar structurel arvariable axial ligand, function as electron
transfer shuttles between proteines), or in hydiage$ (enzymes enabling cells to use
molecular hydrogen), etc. Many efforts have beedaria order to develop biomimetic models
with the aim of elucidating the mechanisms of enegrand constructing catalytic systens.

Despite the abundance of sulfur containing ligarsystems having both a sulfur-containing
group and iminophosphorane (P=N) are still rare.sMof them employ sulfur in
thiophosphinate function (P=S, also called thiojphosane), sometimes as a substituent at the
nitrogen atom of P=N group. Examples include thetetwetrifunctional ligand
PhPCHP{=NP(=X)(ORL}Ph, developed by Cardierno and coworkers (Schem® These
ligands were synthesized by a direct Staudingesticeaof diphenylphosphinomethane (dppm)
with the corresponding thiophosphorylated azideesEhcompounds acted as versatile ligands in
coordination to ruthenium centre, generating unusyatems containing Ru-C bond after
selective transformation.
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Scheme 1. Example of P=S function as a substiatehe iminophosphorane group.

The same group, following their interest in the riophosphorane-ruthenium chemistry,
developed mixed iminophosphoranyl thiophosphorangthane ligands for the preparation of
new ruthenium carbene species (SchenfeTlese carbene species, however, do not include a
P=S-metal coordination bond. Later, the same mddecstructure (iminophosphoranyl
thiophosphoranyl methane) was adopted by So andorkews to successfully obtained
methanide dianionic lithium complex&sthis time the metal centre is coordinated by th& P
group (Scheme 2).
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So et al t-BuLi /N
i LiLi i—
Ll\ /LI THF
N2z - S
Me3Si P P
Ph, Ph,

s

Scheme 2. Iminophosphoranyl thiophosphoranyl mettigands

In addition to all these reports, our laboratorys haeveloped iron complex of
iminophosphorane-thiophosphorane ligand as actiamlyst in transfer-hydrogenation of
ketones (Scheme 3).The coordination ability of P=S group is limiteas has been shown by
the fact that in these iron species, no P=S-meiadination bond existed in solution or in solid
state.
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Ph,P=N  NZPPh; [FeCl(THF);5] ~ Sq PhoP=N_ N=PPh, ,3
~ ) T PP PPh,
Ph,P=S  S=Pph, \CI

Buchard et al

Scheme 3. Tetradentate (P=S, P=N) ligand develapdae laboratory.

Examples of iminophosphoranes incorporating theethier or the thiolate function are much
rarer in the literature. Thioether-iminophosphosangere prepared first by Alajarin and
coworkers using Michael-type addition reaction leibk to diphenylvinyl iminophosphorane
(Scheme 42 This method could also be applied to akynyl imimagphorané?

Se
thFﬁ/\ PhSH PhoP” "7 Ph
]
g N CgHg, RT g N
Ph
Ph
=z , thpwﬁ/
Ph,P R'SH I
I ~ _N s
N CeHe, RT R R

Scheme 4. Synthesis of thioether-iminophosphotan®&ticheal addition.

/|I’\ H, Ir\

PhgP S 22— PhyP”/ SO
- H
- ¢

Scheme 5. Examples of molecular hydrogen activdijothiolate complexes, from Sellmann
group™ (top) and from Ohki group (bottom).

On the other hand, no ligand associating thiolaité @minophosphorane has been reported.
These ligands could be of interest as the elecrpnoperties of thiolates, thioethers and
thiophosphinates (P=S) are very different. Eveerradbordination, the sulfur of the thiolate
function with its diffused orbitals can participdte other chemical transformation such as S-
metallation or S-alkylation. Furthermore, the prese of thiolate function give to many
complexes the ability to activate molecular hydrggé&™ > ¢ an activity relevant to
hydrogenases.

Indeed, the Sellmann group has reported variowestof heterolytic activation of dihydrogen
using ruthenium or rhodium complex of mixed tetradée thioether-thiolate ligand “S4” (1,2-
bis((2-mercaptophenyl)thio)ethane) and derivati@heme 5% *** *In approaching the M-S
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bond, the molecular hydrogen is cleaved into agoréitat goes to the thiolate and a hydride that
is coordinated to the metal centre. Thus the tteakats as a base to trap the formed proton and
facilitate the cleavage reaction. In the same marthe thiolate ligand (2,6-dimesitylphenyl
thiolate) reported by Ohki and coworkers, in thediim or iridium complexes, is protonated
upon exposition to hydrogen to become a thiol whickubsequently decoordinated from the
metal centre (Scheme ¥)The group has then successfully exploited thisvation for the
catalytic hydrogenation of C=N and C=0 bond withiecalar hydogen®

Taking into account all these information, and imberest in developing new iminophosphorane
ligands incorporating different heteroatoms, we kvoon the synthesis of thiolate-
iminophosphorane ligands through different but $amputes.

ll. Bidentate PN-S Ligands by Ortho-Lithiation Readion
1. Bidentate PN-S Ligand Synthesis by Ortho-Lithiabn Reaction

Selective ortho-lithiation of iminophosphoraneidatives is a valuable synthetic way to the
introduction of other donors group giving accessniinophosphorane containing bidentate
ligands. The possibility of P=N to favor tleedeprotonation of a phenyl group at P atom has
been reported for the first time in 1976 by C. @c8wisch'’ They found that the reaction of
PhsP=NPh with phenyllithium or n-butyllithium givesiprarily a metallation product (Scheme
6).

-BulLi Ph
PhsP=NR ﬂ"» ©\|§‘Ph
or C6H5Ll Li 1
I

Scheme 6. Ortholithiation reaction

-~N _N Ns
Ph,P Ph,P” "\ /" “PPh,
MeLi L
—_—
-CHy ITi
OFEt,
= Me
SlMe SiMe A
3 \Nl ‘ _SiMes Voo 3N| P
_Meli ~_ PN “pTUN
i | 4 _— Li
Et,0, -CH, ZN==Lj \N/ AN N
Z N | '\1
I = ¥
N

Scheme 7. Substituents-controlled reactions ofdptinsphoranes with MeLi.
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Later, Steiner and Stalke reported the clean foomabf the anionic salt [(B(CsH,-
Li)P=NTMS),(Et,0)] over the reaction of [BR=NTMS] with methyllithium®. This reaction is
however very sensitive to subsituents on the phmrghatom, as has been shown by a totally
different behavior for the reaction between FRyNTMS] with methyllithium. Instead of the
product from the ortho-lithiation or the exchangeaction, a monomeric amide was
immediately formed at -78°C along with the reductis P’ to P"' (Scheme 7).

The coordination ability of the ortho-lithiation qaucts of different triphenylphosphinimines
has been investigated with different metals bygrmups of D. W. Stephahand of Stalké®
Furthermore, the trapping of this ortho-lithiatioproduct with chlorophosphine was
demonstrated in our laboratory to be an efficientte to mixed phosphine-iminophosphorane
ligands®* Adopting the strategy of the ortho-lithiation réan, we developed a route to nouvel
thiolate-iminophosphorane ligands.

@Br ) @BF4
@/ph MelLi, 2equiv. oh Sa, rt Ph HBF4, 2.5 equiv. ® ph
PPN ThE 78C P~Ph  2h P—Ph P=Ph
3-4h N |

Li-—N. S. N~ SH HN~

HN-<
R R i R R
la: R=tBu 31p. —t- 31p. —t- 2a: R=tBu
b R=Ad P: 9ppm (R tlBu) P: 12.9 ppm (R_t Bu) o5 ReAd
8.6 ppm (R=Ad) 12.6 ppm (R=Ad)

31p: 32 ppm (R=t-Bu)
32 ppm (R=Ad)

Scheme 8. Synthesis of thiol-aminophosphoniumdigfnom ortholithiation reaction.

The aminophosphonium sall®-b were directly reacted with 2 equiv. of MeLi to iethe
ortholithiated product (R=tBu, Ad). In the caseRsft-Bu, the addition of MeLi (2eq) led to the
formation of various products as evidenced{*H}-NMR spectra. After one night, only one
product remained exhibiting a singlet at 9 ppm. RstAd, the deprotonation reaction was
completed after several hours, a unique product famased showing a chemical shift of 8.6
ppm in *P{*H}-NMR spectrum. All these values of chemical shifire indicative for the
formation of ortho-lithiation products where the immphosphorane function is in weak
coordination with lithium cation. Both these twadldgmns presented a red wine color, which
faded rapidly upon addition of solid.9n *'P{*H}-NMR spectra, both the obtained solutions
exhibited a unique singlet with lower field shifti2.9 ppm for R=tBu and 12.6 ppm for R=Ad,
indicating the completion of the reactions withfsul

The resulting solution could be used directly fomplexation test. Nevertheless, the ligands
were isolated and fully characterised as aminogihmspm salts2a,b after protonation with
two equivalents of HBE The X-ray structure of the produia is shown in Figure 1.

-22 -



Chapter 1. Sulfur-Containing Iminophosphoranes

Figure 1. ORTEP view of compl&a. Hydrogen atoms have been omitted for clarityeririal
ellipsoids drawn at the 50% probability level. S#éel distances (A ) and angles (°): S1-C2
1.781 (2), P1-N1 1.623 (1), P1-C1 1.807 (2), P11C/R7 (2), P1-C13 1.791 (2), N1-C19 1.505
(2), P1-N1-C19 134.1 (1).

2. Reactivities and Coordination Test of the Thiolte-
Iminophosphorane Ligand.

2.1 Basicity of the P=N Function

One particular behavior of compounga is that its mono-deprotonation yielded a zwitterio
combining a thiolate and an aminophosphonium fonctindeed, addition of one equiv. of
MelLi into a slurry of the thiol-aminophosphoniumitsa THF gave a pale orange-red solution
which presents a unique singlet at +36.2 ppmR§*H}-NMR spectrum, characteristic of the
aminophosphonium function. Furthermore, X-ray rdiftion experiments on single crystals
obtained from slow diffusion of petroleum ether ®HF solution of the product shows no
presence of counter ion. Importantly, the P-Nd¢h.631(1) A) of the product is slightly
longer than the one in the corresponding fully gnated compound (1.623(1) A), and is
significantly longer than P=N bonds found on otim@nophosphorane compounds based on the
data retrieved from the Cambridge database (1.60Bys, it is not a P=N bond of an
iminophosphorane. On the other hand, the S1-C2 kbrd1(2) A) is significantly shortened
compared to the one in the fully protonated sal7§1(2) A), which could be explained by the
stabilisation of the thiolate anionic charge by phenyl ring.

This result is in perfect agreement with DFT cadtioihs carried out on the possible product(s)
from the protonation of the ligand with one equi¥.acid. Optimisation on three possible
structures: (1) the proton attached to S, (2) tatop attached to N, (3) the proton located
between S and N, all led to a unique stable gegniwetwhich the proton is attached to N.
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Figure 2. (a)X-ray structure of the monoprotonasampound. Hydrogen atoms have been
omitted for clarity (except the one attached tothn@. Thermal ellipsoids drawn at the 50%

probability level. Selected distances (A ) and asdF): P1-N1 1.631 (1), P1-C1 1.797 (1), C2-

S1 1.741 (2), C1-C2 1.428 (2). (b) optimised mamehpound. Tert-butyl group has been

replaced with Me in order to simplify the calcutats. Selected distances (A ) and angles (°):
P1-N1 1.674, P1-C1 1.786, C2-S1 1.733, C1-C2 1.430.

This behavior could be explained by the greateiciigof the iminophosphorane compared to
the thiolate function. Many of the powerful basese a@ndeed designed based on
iminophosphorane function, as indicated in theoihtiction.

This property of thiolate-iminophosphorane functidras been exploited to selectively
functionalise the thiolate. The compound reacteth Wt equiv. of dibromoethane to give the
bis(thioether) bis(aminophosphonium) salt as alregunucleophilic substitution (Scheme 9).
This product, upon deprotonation, could give tetrddte ligand incorporating thioether and
iminophosphorane groups. Thus, the reaction cod@dabversatile method of synthetising
tetradentate ligands of this type. However, thigtegy and chemistry of the possible so-formed
species was not exploited further as we conceutr@teother ligands which seemed to be more
interesting in coordination and catalysis.

OBr
Q\P@Ph HBF, ©Phpn
'
SLi llxll\t B D 0
®Phpn  /\ S HN. .
pH Br  Br_
BF4 | ~tBu
© S. N gu S HN
®Phph 2 ©OH b PPh,
AH Mell ® OBr

SH N« .
H t-Bu 2a

Scheme 9. Functionalisation of S in thiolate-amiregphonium compound.
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2.2 Coordination Test

Preliminary coordination study of the thiolate-imphosphorane ligand resulted frdta has
been done with a palladium precursor. The thiolreaphosphonium salt was first deprotonated
with 2 equiv. of MeLi. Addition of [PdG{PPh),] into the obtained solution induced a rapid
color change from deep red wine to bright orangk-@ompleteness of the reaction after one
day was monitored if'P{"H}-NMR spectrum. The signal of the free ligand &t249 ppm
disappeared, and two doublets at +31.8 ppe=@15 Hz) and + 15.4 ppmgg=3.5 Hz) were
observed, corresponding to the coordinated iminsphorane group and PPhgroup,
respectively. This indicated the clean formationhef palladium comple8a (Scheme 10).

C C
b d b d
Phpn Phph
Ph 2 it a P
Phph [PACL(PPh3),] s N "Br !
R N_ /7 tBu AT
t-Bu Phep”  Cl 3a Phsp”  Br 3a

Scheme 10. Coordination &’ with palladium(ll) and exchange reaction.
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Figure 3. ORTEP view of compl&a’. Hydrogen atoms and solvent molecules have been
omitted for clarity. Thermal ellipsoids drawn atetth0% probability level. Selected distances
(A) and angles (°): Pd1-N1 2.116(2), S1-Pd1 2.28R11-P2 2.2676(8), Pd1-Brl 2.4781(6),
N1-P1 1.608(3), P1-C1 1.809(3), P1-C7 1.803 (3),3161.757(3), P2-C35 1.825 (3), N1-Pd1-
S1 92.53(8), P2-Pd1-S1 90.51(3), N1-Pd1-Brl 91)9H8-Pd1-Brl 84.65(3), C6-S1-Pdl
115.4(1).

Interestingly, when coordination test was done dafiye on in situ prepared thiolate-
iminophosphorane ligand by the ortho-lithiationatéan, two set of doublets were found in the
final reactional medium: the two as described abare two other doublets at +31.3 ppm
(Jp,/=3.5 Hz) and + 15.5 ppm¢3=3.5 Hz). These two latters increased in intensitgn excess
LiBr was added, along with the total disappearasfdde first set of doublets corresponding to
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compound3a. Thus, these doublets are supposed to belongtpradduct with Br- ligand at the
place of CI-. Indeed, from this solution, an orangeé solid precipitated out after 3 days of
staying at room temperaturdd-NMR and**C-NMR of this compound presents no difference
from those oBa, only slight chemical shift difference fP{*H}-NMR spectrum was detected.
X-ray diffraction experiment on single crystalstiois compound by slow diffusion of petroleum
ether over a dichloromethane solution showed tlesgirce of a coordinated bromine, thus
confirming the exchange reaction CI-Br on the Puree

The coordination chemistry of the ligands corresiiog to the proliganda,b were not
pursued further as we chose to concentrate on bfaerd systems. However, this preliminary
coordination test shows the ability of these ligamal coordinate easily and quite strongly to
metal centres. This ability could be exploitedsyothesize specific complexes when needed.

lll. Synthesis of PN-S Ligand by Substitution Reaagbn
1. Ligand Synthesis

Working on ortho-lithiation of iminophosphorane, \wave found that this reaction depends
highly on the nature of the substituents at nitrogad the experimental conditions. Especially,
when applying the same strategy of thiolate-imiragphorane ligand synthesis on N-phenyl
triphenyl-aminophosphonium bromide, we observed the unexpected clean formation of the
thiolate5 (Scheme 11). The compound is soluble in pyriding fzecs been found to contain one
THF per ligand molecule. The protonation of thithilim complex with 2 equiv. of HBF
yielded the thiol-aminophosphonium s@livhich was also fully characterised.

Ph
A~
MeLi, 2e Lti._ R7Ph
K "N« Sg, It
THF,-78C- pn 4 8
oBr 31P: 242ppm  2h o o Ph@BF4
/\ 4 ’
Ph S” “P~Ph HBF, 25eq HS~ “P-Ph
@) o | > T I{I |
- Li-—--N._ ———————> HN<
R C P Ph 6
1c HN\Ph THE

\\ 31P: 26.4 ppm 31P: 36 ppm
Sg, rt
Ph T8 L /Ph
R=Ph 5y FPn

Li-———N- S. N
R i~ R

Scheme 11. Thiolate-iminophosphorane formation fnagieophilic substitution.

The formation of this ligand must have arisen fritw@ nucleophilic substitution of MeLi on the
iminophosphorane group which leads to arpprior to the addition of sstep. Following this
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observation, conditions for the clean formatiortted aniond were found. Indeed, adding two
equivalents of MeLi (1.6 M in diethyl ether) to auspension of N-phenyl
triphenylaminophosphonium bromide in THF inducedmarked color change, the white
suspension disappeared giving an orange-red solutio

Scheme 12. Mechanism of the nucleophilic sulistitain iminophosphorane

¥P{*H} NMR spectrum of the crude mixture showed a shgits(THF) = 24.2 ppm, which is
in the range of the chemical shift observed forhalithiated derivatives obtained from
PhP=NR (R = CH(CH)CH(CHs),, CH,'Bu, i-Pr}**in diethyl ether, but is too high compared to
the ortho-lithiation products of N-tBu and N-Ad cpoundsla-bin THF (Scheme 8fH NMR
spectrum of the crude mixture in-dHF showed a broad singlet &THF) = -0.11 ppm
integrating for 2 protons, and the presence of twty phenyl rings on the phosphorus atom.

These observations were strongly in favor of thenfdion of a methanide substituent on the
phosphorus atom which results from the displacenoérine phenyl substituent by methyl
lithium, followed by the deprotonation of the sarfed species by the released phenyl lithium.
Indeed, NMR characterisation of the compound in Tpt€sented data very similar to those
described by Davidson and Lopez-Ortiz group, whalsssized this anion from GRAPh=NPh
and characterized it in solution and in the sdlides?

RCH,Li phj\
Pha-
(@ PhsP(X)  or CHaMgBr P” M

X=0,8 X M = Li or MgBr
RCHLi R
(0) PhsP=npn ————= By and PR
p* P” L
R =H, C3Hy Li-- N NPh

Ph

Scheme 13. Metallation of P§K) derivatives

This reaction resembles the reactivity of thioplses and phosphine oxides towards
alkyllithium or Grignard reagents reported by Dyfeeth et al.in the early 60ie&’ Indeed, as
described in Scheme 13, they have showed that semttion lead to the formation of
diphenylphosphinylalkyl organometallic reagent (M@P{X)Ph (M= MgBr, Li; X =0, S).
However, no report has been found for a clean exgareaction in the case of
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iminophosphoranes. In fact, for PRNPh, C. G. Stuckwisc¢h mentioned that a competitive
reaction takes place when performing the orthaditbn, metalated diphenylalkylphosphine N-
phenylimide was indeed observed as by-product.

The formation of4 from PPR=NPh was found to depend highly on the reactionditmms.
When usingn-BuLi instead of MeLi in THF two different producigere obtained, one coming
from ortho-lithiation and the other from a phenysplacement followed byi-metallation.
Moreover, the lithiation carried out with MeLi (1M in diethyl ether) in toluene leads also to a
mixture of two product:4 and the ortho-lithiated derivative correspondingat singlet at
(toluene) = 16.9 ppm iA*P{H} NMR spectrum. The latter can also be obtairmedthe sole
product by using-BulLi in toluene.

The reaction is also very sensitive to the natdrthe nitrogen substituent. Indeed, with alkyl
substituent at the nitrogen, whatever the natutbebase or solvent used, only ortho-lithiation
was observed as we described earlier (Schefhe 6)

2. Synthesis of Mixed Ligand Containing Iminophospbrane and other
Heteroatoms-Based Groups by Substitution Reactions.

After having determined the experimental conditi@mabling a clean preparation 4f this
anion was trapped with various electrophiles (Sehé#d). These reactions were carried out not
only to test the reactivity of, but also to test the possibility to prepare ldmrtontaining
iminophosphoranes and heteroatoms. Contrary tontatee iminophosphorane-phosphine
ligands which are quite well-known, the combinataiiminophosphorane with other donating
groups containing heteroatoms still remains scanoeleast because of the synthesis difficulty.

©
PIAL A~ EX P~ HY Phlirlls/\EY
P —— P” E ® "
N e
ph N 4 Ph” Ph
EX = HBF4(OEty) TE=H Y=BF,
EX = PPh,CI 8 E=PPh,, Y =CI
EX = PCy,Cl 9E=PCy; Y=Cl
EX = SiMexCl 10 E = SiMes, Y = Br
EX = SnM63C| 11E= SnMe3 O
EX=DPP-CN 12 E=DPP | R O
Y

DPP = diphenylphosphole

Scheme 14. Electrophilic trapping &f

Protonation of4 with HBF, results immediately in a colorless solution. fP{*H} NMR
spectrum, the phosphorus signal is strongly dedhikl 6(THF) = +36.6 ppm). The
aminophosphonium salt was isolated in 70% yield as a white solithe presence of the
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methyl group is attested by a doubleB@EEHF) = 2.44 ppm{p ;= 69.5 Hz) in theH NMR
spectrum.

Reaction of4 with one equivalent of PRGI induced the formation of the (P, P=N) adduct as
evidenced by the presence of two doubl&(&HF) = 0.80 ppm and -26.6 ppi{s= 51.5 Hz)

in the *P{H} NMR of the crude mixture, corresponding resipegly to P' and P. After
protonation the aminophosphonium sattan be isolated. NMR spectra®torrespond exactly
to the ones reported for this compound eaffier.

In fact, compound8 has already been prepared in the lab using Kiksaeaction on
bis(diphenylphosphine)methane (dppm, HPh),). However, this previous method could not
be used to prepare mixed phosphine-iminophosphdigaeds, in which the two phosphorus
atoms do not bear the same substituents. With e synthesis strategy using the
preparation of such compounds is possible. For plarthe reaction o# with PCyPCI,
followed by acidic work-up gave compou@dn good yield. Ir**P{H} NMR spectroscopy two
doublet ats (CD,Cl,) = -22.2 ppm and 34.86%, = 87.5 Hz) were observed corresponding
respectively to the'Pand P atoms. The bridging methylene appears as doub%&€Ca,Cl,) =
3.22 ppm {04 = 16.5 Hz) and a doublet of doublets¢€D,Cl,) = 18.7 ppm {pc = 39.0 Hz
and 68.0 Hz) in th&H and**C NMR spectra respectively.

In the same manner, reaction &fwith trimethylsilylchloride also proceeded cleangiving
after acidic work up the aminophosphonium ddltin high yield. The methylene group gave
rise to a doublet &(CDCl) = 2.71 ppm e = 18.0 Hz) in 'H-NMR spectrum and a doublet
atd(CDCly) = 14.5 ppm i c = 58.5 Hz) in“C NMR spectrum.

Reaction of aniod with trimethyltin chloride gavd 1 as a white solid in 75% yield. fP{H}
NMR spectroscopyll exhibited a singlet ab (CsDg) = 7.40 ppm and satellites due to tin
isotope {J s, = 60.0 Hz). In'"H NMR the methylene protons appears as a doublét tivi
satellites centered &(CsDe) = 2.71 ppm s 1= 52.0 HzJp ;= 11.0 Hz).

Finally, reaction oft with 1-cyano-2,5-diphenylphosphole gave acced2to 85 % yield. The
formation of 12 was ascertained by NMR spectroscopiP{H} NMR spectrum of the
compound showed a doublet &CsDg) = -23.7 ppm for the phosphole P-atom and another
doublet at 0.8 ppm for the P(V) atom. This mixedeitate ligand is very promising since it
features coordination sites with very differentctlenic properties iminophosphorane as a
strongo andz donor and the phosphole ring as a phosphine wethtgr accepting ability.

As we focused in the development and reactivitiesudfur-containing iminophosphorane
ligands, the coordination chemistry and reactisiié these compounds have not been studied.
However, taking into account the differences ircetmic and steric properties of these groups,
they could make interesting ligands for other stadi
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3. Coordination Chemistry of the Thiolate-Iminophoghorane 5

As first coordination experiments, the thiolatesiophosphorane anidh was coordinated to
metals of group 8, 9, 10 (Ru, Co, Rh, Ir, Pd amd Slome of these metals are chosen also for
their potential applications related to thiolagalds: many thiolate complexes of Ru(ll), Rh(I)
and Ir(l) give high activity for hydrogen activatio

3.1 Coordination of PN-S Ligand with a Group VIII-Metl Centre: Ru(ll)

The iminophosphorane-thiolate anidnwas easily coordinated to Ru(ll) centre. Additioih
THF to a mixture ob and dichloro(p-cymene)ruthenium(ll) dimer in thadic state led rapidly
to a red solution. The disappearance of the piatiul anion was a good sign of coordination
which was confirmed b§'P{H} NMR of the crude mixture showing the formatiofi a unique
product exhibiting a singlet @a(THF) = 36.9 ppm. After 3h at room temperature, soé/ent
was evaporated, the lithium salt was filtered-dt€aprecipitation in dichloromethane aigd
was isolated as a red solid in 76% vyield.

phPJl-P/\$ [RuCy(p-cymene)], @—<

[ |
_N-eL Ph. -Rucl

Ph THF v
5 PPhy./

13

Scheme 15. Coordination of the thiolate-iminophosahe ligand with Ru(ll)

In the™ NMR spectrum the methylene protons appear asdwublets at 2.67 and 4.12 ppm,
this accounts for the chirality of the Ru centreiclihbears four different substituents. In the
same manner the protons of the coordinated p-cymieigeare differentiated giving three
doublets at 4.64, 4.76, and 4.90 ppm integratirspeaetively for 1, 2, and 1 protons. In the
aromatic area, the differentiation of the protohghe phenyl rings on the phosphorus atom can
also be seen. In tH&C spectrum most of the carbons of both the p-cynagephenyl rings (on
P) are differentiated. All these data suggest thetire depicted in Scheme 15 for compl@x

3.2 Coordination of PN-S Ligand with Group IX-Metal @¢res: Co(ll), Rh(l),
Ir(1)

Reaction of the ligand with one equivalent of Go@l THF gives first a green solution, from
which a green solid precipitated out after 3 holirstirring is stopped just after the introduction
of the ligand and the solution was allowed to $tayone day, green crystals are formed. X-ray
diffraction experiment carried out on these crgstakhowed a dimeric [(o-
CeH4(S)P(Ph)=N(Ph))CoCl] complex (Figure 4), the sulfur atoseving as bridges forming a
planar four-membered ring ¢%.
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The complex is symmetric with an inversion pointleg centre of this ring. The metals adopt
distorted tetrahedral geometry, the values of Patl @her bonds on the ligand are in the usual
range as in other complexes. The distance Co-@&Y (&) is larger than the sum of covalent
radii of the two Co atoms (1.26 A each) and sigaifitly longer than the average value of Co-
Co distances (2.50 A) in all compounds containing type of Co-Co bond (from the CCDC
database). The compléx is thus a simple dimeric complex and does notainrany special
metal-metal bond. (Indeed, DFT calculations pergdnon this complex do not show any
special metal-metal interaction).

ce W

Figure 4. ORTEP view of compléd. Hydrogen atoms have been omitted for clarity. Tlatrm

ellipsoids drawn at the 50% probability level. Tinelecule has an inversion point at the centre
of the 4-membered ring Co2S2. Selected distancsud angles (°): Co1-N1 1.977 (2), Col-

Cl1 2.2501 (7), Co1-S1 2.3643 (8), Co1-S1’ 2.3485C01-Col’ 2.8689 (7), N1-P1 1.613 (2),

N1-Col-S1' 105.4 (6), Cl1-Co1-S1 109.14 (3), S1S1b104.97 (2), Col-S1-Col’ 75.04 (2),

S1-Col-S1’-Col’ 0.

L cPh
CoCl N
? $ s PhyR \\/\ ?—CIO‘N\PPh
-N LI N""C‘O_S\/ 2
/ Rh(COD)CI], g@ cl 14
[Ir(CoD)Cl],
Ph. N/Ir Ph. /Rh
\\ 16 N s
Pth\/ pph,— 1°

Scheme 16. Coordination of the thiolate-iminophasahe ligand with Co(ll), Rh(l), Ir(l)

Addition of 5 to a solution of [Rh(COD)CJ] or [Ir(COD)CIL in toluene at room temperature
immediately resulted in the change of color frorfioxe to light orange*P{H} NMR of the
crude mixture showed a unique product exhibitingiraglet at6(THF) = 63.0 ppm for the
reaction with iridium precursor. In the case ofaten with rhodium precursor, a unique doublet
was observed a(THF) = 47.7 ppm with a coupling constant of 5.0, ldiearly showing the
formation of the rhodium complex of iminophosphardigand. After removal of lithium salts
and evaporation of solvant, rhodium and iridium pteres {5 and16) could be obtained as
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orange solids. Single crystals @b suitable for X-ray diffraction were obtained byowl
diffusion of petroleum ether over a solution in £ (Figure 5). The complex adopts a square-
planar geometry, the rhodium centre being coordihdiy the thiolate and iminophosphorane
from the ligand, and two double bonds from the agctadiene. No special effect has been
found on the structure of the complex.

Figure 5. ORTEP view of complé&%. Hydrogen atoms have been omitted for clarity. Tlatrm

ellipsoids drawn at the 50% probability level. Q#bal distances (A ) and angles (°): Rh1-N1
2.118 (2), Rh1-S1 2.3291 (8), Rh1-C21 2.118 (3)-820 2.157 (3), Rh1-C24 2.133 (3), Rh1-
C25 2.138 (3), S1-C1 1.821 (3), P1-N1 1.613 (2)CR11.788 (3), P1-C14 1.808 (3), P1-C8
1.812 (3), N1-Rh1-S1 88.32 (7), N1-Rh1-C21 93.9N1}Rh1-C20 94.7 (1), S1-Rh1-C24 89.5
(1), S1-Rh1-C2591.1 (1), N1-P1-C1 107.2 (1), P1S11106.8 (2), C1-S1-Rh1 103.4 (1).

3.3 Coordination of PN-S Ligand with Group X-Metal Cewt: Pd(Il) and
Ni(ll)

PhFlrl
[PACl,(PPhs),] N_Pd PPh;
e / 17 e
f’
----|_|
Ph” g THF S\ /S
\i
[NiBr,(DME)] N,
/ \
Ph Ph
18

Scheme 17. Coordination of the thiolate-iminophasahe ligand with Pd(ll), NI(1I)

Due to the low solubility ob in THF, complexation reactions were carried outabgition of
THF onto a mixture of isolatedd and the appropriate metal precursor. Witharjs
PdCL(PPh),], after 4h hours at room temperature, the yelltwyrg had turned to an orange
solution. Compared with the analog thiolate-iminogphoran@a’, the coordination o5 is thus
much faster, probably due to the more importantatiog ability of the thiolate attached to an
alkyl group, and the greater flexibility of thedigd.
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The*P{H} NMR spectrum of the crude mixture showed tlregence of one equivalent of free
triphenylphosphined(THF) = -5.1 ppm) and an AB signal pattern evidagdhe coordination
of the ligand to the palladium centre. The comgl@&hNPPRCH,S)Pd(PPKCI] 17 exhibited
two doublets Ypp = 6.5 Hz) ats(THF) = 34.2 ppm and(THF) = 45.0 ppm corresponding
respectively to the coordinated triphenylphosphared iminophosphorane function. This
complex was isolated in 87% vyield and was charaetdrby multinuclear NMR, elemental
analysis and X-Ray diffraction analysis.

Single crystals were obtained by slow diffusiornpefroleum ether into a concentrated ,CH
solution of 17. An Ortep plot of17 is depicted in Figure 6 together with the mosevaht
structural data. The complex adopts a slightly afied square-planar geometry, the
iminophosphorane and the phosphine being lodat@d to each other. Thisans-configuration

is probably due to the initial configuration of tpalladium precursor.

The deviation from planarity was measured at 18)/0[he P-N bond distance is normal at
1.597(3) A, the P3-C1 bond is shortened comparetied®-C bond in [(PhNCIPPhR)PdCL]
featuring bidentate phosphine-iminophosphoranentigfl.801(3) A vs 1.842(2) A). On the
contrary both the N-Pd (2.100(2) A) and the PdZ3869(7) A) are elongated compared to the
same reference (N-Pd = 2.076(2) A and Pd-Cl = B@EB6A, 2.3035(6) A). Compared with
complex 3a’ [(0-CsH4(S)P(Ph)=N(t-Bu))Pd(PPECI] of another thiolate-iminophosphorane
ligand resulted from the ortho-lithiation reactidhe Pd-S, Pd-N and Pd-PHonds are almost
of the same values

Figure 6. ORTEP view of compléX. Hydrogen atoms have been omitted for clarity. Ttatrm

ellipsoids drawn at the 50% probability level. el distances (A ) and angles (°): Pd1-N1
2.100(2), S1-Pd1 2.289(1), Pd1-P4 2.2528(8), PdL-ZI3869(7), N1-P3 1.597(3), P3-C1

1.801(3), P3-C2 1.799 (3), P3-C8 1.808 (3), C1-RP4(3), P4-C32 1.829 (3), P4-C26 1.818
(3), N1-Pd1-S1 88.52(7), P4—Pd1-S 89.87(3), N1Ed192.45(7), P4-Pd1-CI1 89.73(3), P3-

C1-S1 109.5(2), N1-P3-C1 104.9(2), C1-S1-Pd1 10}3.6§1-Pd1-N1-CI1 16.70(9).

Along with the Pd complex described above, niclahplex of the thiolate-iminophosphorane
ligand 5 was synthesised with the aim of studying the coattbn chemistry of the ligand,
because tetracoordinated "Ncomplexes, in difference from Pd complexes, coatibpt
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tetrahedral or square-planar geometry, and exiginglet or triplet state, depending on the
rigidity of ligand and its field-strength.

Reaction of the iminophosphorane-thiolate liganthwine equivalent of [NiB(DME)] gives a
deep green solution, from which a green precipié@gears after 1h. Elemental analysis of this
product shows that it corresponds to the formul@HKS)P(PR)=N(Ph))NiBr]. SQUID
measurement showed that only half of the nicketresrare in triplet state. Attempts to obtain
single crystals suitable for X-ray diffraction maemment have been carried out. However, due
to the very limited solubility of the complex in moon solvents, no crystals have been
obtained. The complex in soluble in pyridine, buthis solvent, crystallisation yield two types
of crystals: [NiBs(Py)] (pale green) and deep green crystals correspgrdira complex in
which the nickel centre is coordinated by two inihosphorane groups ais-position, forming

a distorted square planar geomeft§, (deep green crystals).

Ph SN r
Phiz o~ . i Py I? P
P Ni ~N Py
B |S [NiBra(DME)] (1 eq)) green v, PhoP=\" “\*PPh; + /l\lli\
Ph/N""LL precipitate / \ Py Br Py
5 THF 19 Ph Ph 18
| [NiBr,(DME)] (1/2 eq.) T

Scheme 18. Reaction of 5 with [NiE¥ME)].

Figure 7. ORTEP view of complé8. Hydrogen atoms have been omitted for clarity. Tlarm

ellipsoids drawn at the 50% probability level. Tinelecule has a C2 axis passing through Nil.
Selected distances (A ) and angles (°): Ni1-N11@§1Ni1-S1 2.1996 (5), S1-C1 1.834 (2),
P1-N1 1.612 (1), P1-C1 1.787 (2), P1-C8 1.800 [®);Ni1-S1 91.38 (4), N1-Ni1-N1" 94.61

(8), S1-Ni1-S1’ 84.62 (2), N1-Ni1-S1’ 168.2 (4);&1-Nil1 104 35 (5), P1-N1-Nil 115.35 (8).

Intrigued by this result, we tested the coordirmatio Ni(ll) using 2 equiv. of the thiolate ligand
5. Reaction of two equivalents of ligaldwith [NiBr,(DME)] in THF yielded immediately a
bright green solution, from which a green slurrysviarmed after 4h. After removal of lithium
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salts by dissolving the solid in GEl, and evaporation of solvant, [(Gt$)P(Ph)=N(Ph)xNi]
was isolated as green solid at high yield. X-rajfraittion experiment carried out on
monocrystals of the complex obtained from slow wdifbn of petroleum ether over QEl,
solution showed the same complisk

The complex, even though having a geometry closesqoare-planar in solid state, is
paramagnetic in solution. Magnetic measurement \E¥ans method on a solution of this
complex in CHCI, showed a magnetic moment of 2.8 suggesting that the majority of the
complex molecules in solution are high-spin. DFTcelations has been carried out to
rationalise this behavior. Nickel was representgdhe relativistic effective core potential of
Hay and Wadf and the associated triple zeta quality basfS,smigmented by a f polarization
function as proposed by Frenkifidlani2tz(f)). S was described with 6-31+G* basis. sAll
other atoms were described with the 6-31G* Poplsisbaet’. Optimisations were done in
nonsymmetric condition. It was then found thattifif@et state which is in tetrahedral geometry
IS much more stable than the singlet state, whildipts a distorted-square planar geometry very
close to the structure resolved with X-ray diffrantexperiment. The difference in free energy
Is 9.0 kcal/mol. This result explains paramagnkegéhavior of the complex in solution.

In solid state, however-stacking interactions between phenyl rings of hieaging molecules
were detected from the X-ray crystal structure @stances between these phenyl rings, i.e
centroid perpendicular distances, being approximna&e5-3.39 A). These interactions, along
with weak hydrogen bonds between H(phenyl) anduufoms (d(H-S) being approximately
2.90-2.94 A), are stabilising for the square-plagesmetry in the singlet state.

°

Figure 8. Orbitals in singletis-complex for ino- andz-donating interaction.

4

One interesting finding for theis-complex in square-planar geometry is that, the HIDM
HOMO-1 and two other occupied molecular orbitalsuteed essentially from orbitals p of S in
antibonding/ bonding interaction with d-block odit of Ni are in good steric and electronic
conditions to enter i-and n-interaction with other d-orbitals of a second rhefdus, this
species can behave as a bidentate ligand.
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Indeed, multinuclear complexes having discrete B{ligits, and in particular [NIN2S2] units
serving as S-donor ligand are common in coordinatieemistry, because of the tendency of
mercapto groups to form bridge between metals. Mbshem are synthesised as structural
mimics of biological species such as teubunit of the acetyl CoA synthdSeor [Ni-Fe]
hydrogenas® ?° whose active site are presented in Scheme 19.

Cys
c C ff
ye ”amsg X= HOO-, Ni-A o YS:5 - Cys \
&%, X= HO-, Ni-B g /3 g
s /

SCys

N o N ST
o L., G |y596 / \ \ 2
W 2 / Fe
NC' / \x/ \ /Sfé o” N \ s %SCyS
NC g~ Cys CySsg7 SCys
metallocenter, inactive form
of [Ni-Fe] hydrogenase o active site in the a-subunit of ACS

Scheme 19. active site of acetyl CoA synfffa8eor [Ni-Fe] hydrogenas®.

Reaction of compled8 with [NiBry(DME)] in CH,CI, gave a green suspension after 2 hours.
After solvent removal, a deep green solid was abthiwhich also corresponds to the formula
[(CHx(S)P(PR)=N(Ph))NiBr] as19 as attested by elemental analysis. SQUID measunteafie
this species also showed that one half of the hic&etre is in triplet state. This suggest the
formation of dinuclear compleX0, as shown in scheme 17. The first nickel centia square-
planar geometryS(~ 0) and the second in tetrahedral geomefry(3). From experimental
results, this complex might also be the same spexs#9 (Scheme 18). However, no definite
evidence was obtained as this product is hardiylbd®lin common solvents, just like the case
with 19.

Ph,P
S. .S 27\
:N‘i 7 NiBrOME) Ph~N_ s B
thp\/N '\{’Pphz /NI\ /Nl gy
Ph Ph 18 PhF;NF\’
2 20 putatlve structure

Scheme 20. Reaction I8 with [NiBro(DME)].

Complex18 was reacted with other metal precursor, espediB#yCO)Br,]. However, as the
products are all insoluble in common solvents,rthearacterisations would not be carried out.
Nevertheless, the well controlled formation 18 and its stability, as well as the electronic
properties conferred by iminophosphorane functidictv differ largely from amines or imines
make this species an interesting ligand in syn#ragimultinuclear complexes.

V. Conclusion

Taking into account the importance of sulfur-comitag ligands in nature and in coordination
chemistry, we were interested in developing newesys combining iminophosphorane and
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different sulfur-containing functions. In particula different bidentate thiolate-
iminophosphorane ligands has been synthesised uhieg ortho-lithiation reaction or
nucleophilic substitution. This second synthetiateois in fact based on the first report on a
clean nucleophilic substitution on iminophosphoradther mixed bidentate ligands combining
iminophosphorane and different heteroatoms-comtgigiroups (phosphine, phosphole, silane,
borane, etc) have been developed thanks to thii@eaThough coordination chemistry has not
been further studied for these ligand precursbrs,demonstrated a versatile route to a series of
possible bidentate ligands combining iminophosphe@nd other donating groups that are very
different in steric and electronic properties.

Among the bidentate thiolate iminophosphorane litgarcoordination study has been done
extensively on the more flexible ligarl This latter has been coordinated with different
transition metal precursors of groups 8, 9, 1(drticular, discrete [NiN2S2] complex resulted
from the reaction ob with 2 equiv. of [NiBg(DME)] could act as bidentate ligand through
electron pairs on sulfur atoms, leading to bimetalbmplexes. Although definite evidence of
the coordination ability of this species was notabkshed due to the insolubility of the

complexes, along with other ligands synthesised,elilarges greatly the library of

iminophosphorane with sulfur-containing group, articular, and hetero-atom containing group
in general, for further studies in coordination rcigry and catalysis.
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Chapter 2

Iminophosphorane-Phenoxide Bidentate
Ligands & Applications In
Oligomerisation of Ethylene

|. Introduction
1. Oligomerisation of Ethylene

Linear alpha olefins (LAOs) are important chemidalndustry, with important applications in
various domains. The main uses of alpha molecukesrapresented in the tablé 1The low
carbon numbered compounds (C4-C8) are mainly wsedo-monomer in polyethylene
production because the addition of alpha olefirremonomers creates branches and renders the
polymer more flexible. It's also thanks to the mmse of these branches that many
polyalphaolefines, from the polymerisation of alpblefine (C12 and more) do not easily
crystallise or solidify and remain oily even at lbemperature and thus could serve as lubricants
in a wide temperature range. LAOs (mainly C4-C& also used for the production of linear
aldehydes by hydroformylation (addition of CO ang) Fbr latter production of short-chain
fatty acids or alcohols (used as plasticizers).-C1@ linear alpha olefines are used to make
surfactants for aquous detergent formulations, higher C16-C16 LAOS are used as the
hydrophobes in oil soluble surfactants, etc.
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Table 1. Main use of LAOs, from Forestiere ét al

Polyethylene comonomer Oxo alcohols Poly alpha olefins

Ca-C8 C6-C16 C10-C14 others

40% 19% 14% 27%

The main route to LAOs is the oligomerisation diyé¢ne. A remarkable catalytic system for
the selective production of linear alpha olefinsthe Shell Higher Olefin Process (SHOP),
developed by Keim and coworkérsising [Ni(P,0)(PRR’] system. Alpha olefins C6-C18
could be obtained from the process following a getmim Schulz-Flory distribution.

CaCq

oligomerisation| C4-Cao_| . . . C10C14| hydroformylation
CHy ™| reactor >| distillation > reactor
L
C16Cao
Yy C,1-C450x0 alcohols

isomerisation

metathesis reactor

reactor internal olefing

Figure 1. SHOP proce¥s® %

The two important industrial processes allowing seective production of hexene and butene
are the Philips trimerisation process, based onvibek of Morgan and co-worketsand
employed by Chevron-Philips,' and the Alphabutol process, developed by Chaavid
coworkers at IFB.The latter utilises titanium alkoxide complexesra with alkyl aluminum as
co-catalyst, accounts for nearly 25% of 1-butenerisg as co-monomer in PE units. The
selectivity of 1-butene could be up to 93% in opdied condition. The modified process, called
AlphaSelect, using a different catalyst, producdsa10 alpha olefins with high selectivity and
the ability of adjusting the olefins distribution.

2. Nickel Catalysts for Dimerisation of Ethylene.

The use of nickel complexes in homogenous catalysisl in particular, in olefin
oligomerisation dated back to the 50s from a discpwf Karl Ziegler and co-workers, latter
called the “nickel effect”. They found that the geace of nickel salt in catalytic system for the
polymerisation of ethylene by titanium complexesd atkyl aluminum compounds changed the
product nature: instead of polymers, they obtaihxditene.
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The SHOP process described above used nickel eaapl(Scheme 1). Following its success,
many other nickel complexes have been made in dade@btain highly active and selective
catalysts for the oligomerisation of ethylene, angarticularly the di- or tri-merisation of this
compound, as the commercial demands for alphansl€f4-C10 is high and has increased these
years. Variations for the ligand close to the oimeSHOP process would not be detailed here
and could be found in publications by Keim and cowees® ’ Notable systems using nickel
complexes for the oligomerisation/polymerisatioretifylene will be briefly discussed.

Ph, R
P Ph Ri_p Ph
)I /Ni\ | /Ni\
pr~ O PPhs R, ©O PR%
Keim's oligomerisation catalyst SHOP catalysts

Scheme 1. Nickel complexes for the oligomerisaifogthylene: SHOP complexes and Keim's
complexes.

2.1 Mechanism of the Oligomerisation and Polymeriem of Ethylene using

Ni Complexes

The oligomerisation/polymerisation of ethylene gsitickel complexes is often assumed to go
through a Cossee mechanism (Schenfeahough a metallacyclic mechanism(Scheme 3)
as in the case of the titanium catalysts involuedhie Alphabutol process and the chromium
catalysts in the Phillips trimerisation processlso conceivable. In our laboratory, full DFT
calculations on the two possible mechanisms hawesvisithat the Cossee mechanism is the
more suitable on¥.

(N A

B | ™~ i m

~ |7~ alkylaluminum B | ® B |.®
|I\X \(.\A /_.. \Ni\—> }\ll
X B le H / H

A B\|_®
B\|® A

N
Ni\H :\f\/ ‘-/ \\\/ |>

C2H4 . ---

3
5 ’*

hexene, etc... <~

Scheme 2. Simplified representative Corsee mechaoisthe dimerisation of ethylene with
nickel complex
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A
N . A
B | ~ . alkylaluminum (\|
Ni—y "~ * B 120
Ni
| (A |
X B\ | 2®
NI\
|§ // (**)
\f\( A o j
A B | (*) oxidative coupling
B\| > NI (**) B-elimination
/NI ) (***) reductive elimination

X

\
Scheme 3. Simplified representative metallacyckchmanism of the dimerisation of ethylene
with nickel complex

2.2 Catalysts

Nickel complexes tested in oligomerisation and pwyisation of ethylene often include a
bi/tri-dentate ligand, as multidentate ligands doolffer better control of the intermediate
configurations and thus better control over thelgtt reaction of ethylene. Except several
examples of indenyl nickel complexes where the idhetitate ligands is aromatic ring, other
ligands for nickel complexes could be divided irgeveral groups based on the atoms
coordinated to Ni: (P,P), (N,N), (N, P), (O,N), (®,

Indenyl Nickel Complexes

The phosphine nickel indenyl complexes have beed saccessfully. The neutral complex
synthesized by Collins et al acts along with MAO aalysts for the polymerisation of
ethylene!! giving PE with PDI from 1.7-2.0. On the other hatlde cationic complexi2
arising from the abstraction of the chloride, disat by the same grodpgives only 1-butene,
as shown by GC/MS analyses with an ethylene consomprate of ca. 390 000
mol(C,Hz)/mol(Ni)/h. The species was not isolated but hasnbtrapped with several agents
which allowed the isolation of more stable comptexe

>
7 R =
‘—
RS ’\l“ R2 I
PhsP™ " "Cl Phop Ve

Nil Ni2

Scheme 4. Nickel indenyl complexes
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Nickel Complexes of Tridentate Ligands

The coordination of tridentate N,X,N ligands to lNi@ave penta-coordinated Ni complexes
which are efficient for the oligomerisation of elye. The best example is given by Carpentier
et al. Their nickel complexes with tridentate pyigkligands® (general structurbli3, Scheme

5) can achieve performance up to TOF=80 000 mbldmol(Ni)/h. The selectivity of these
systems could be up to 93% in 1l-butene, all in tammg a very high TOF (60 000
mol(CH,)/mol(Ni)/h). A very similar system of penta-coandied Ni with bidentate ligand
developed by Braunstéth(Ni4, Scheme 5) gave a TOF of 31 400 during 35 minh wWi1%
selection in C4, using a very low loading of coatgdt Al/Ni=6/1. The content in alpha-olefin
in the product was not high, however.

oL |o
/N|\ Rl
/NI\ /N\ /N =
ju CI ?f / \
2

Ri
Ni3 Ni5
E=0, S, NH

Scheme 5. Nickel complexes with tridentate ligands

A more rigid system as the one reported by 'Bumased on N-((pyridin-2-
yl)methylene)quinolin-8-amine (general structiMé, Scheme 5) could give generally high
TOFs, and in the same time achieve high selectivitputane and 1-butene. Wher=RPr,
Rs;=Me, X=ClI, the TOF of the oligomersation was upl&0 000 mol(GH4)/mol(Ni)/h during
20 min, with 92.9% of C4 and 91.2% 1-C4. Theseesyst use however a very important
amount of EfAICI as co-catalyst (AI/Ni=500/1). A similar systenbased on the more rigid and
less-donor ligands (2-(benzimidazol-2-yl)-1,10-phethrolines), reported by £ and
coworkers are also highly active (general structhdi® Scheme 5). One of the most active
complex, with R= R,=H, X-Cl, gave a TOF of up to 314 000 molG)/mol(Ni)/h during 20
min with 89.9% C4 (66% in 1-C4). However, just likemplexesNi5, these systems use very
high charge of co-catalyst @&CI/Ni=1000/1).

Nickel Complexes of Bidentate Ligands (N,N), (N,P{P,P)

Bidentate (N,N) and (N,P) ligands based one amimime, amide and phosphine functions are
very often used and fine tuning of the steric aletteonic properties of these ligands could
provide strong catalysts. Among the notable systm@s-diimine nickel(ll) complexes, studied
by Brookhart and coworkerf$.They could catalyse either the polymerization (PlxesNi8,
Scheme 6) or the oligomersation of ethylene (Corgdéli7, Scheme 6), depending on the
steric bulk of thex-diimine ligands. The oligomerisations are howeavet selective and follow
Schulz-Flory distributions just like in the caseSHOP catalysts.
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@@ Cg O

Scheme &-diimine nickel(Il) complex.,

The nickel complexes based on other bidentate (Nigénds, but combining imine-amide
functions reported by W (Ni10, Scheme 7) and Eis€r(Ni9, Scheme 7) are also unselective
in the oligomerisation of ethylene. Better seldtgg have been observed with systems using
imine-pyridine bidentate ligands. For example, Mijg&® and coworkers reported nickel
complexes of general structumdel1l (Scheme 7) which gave very high values of TOFsufado
130 000-170 000 mol{Ei,)/mol(Ni)/h) over a period of 30 min, along withsalectivity of 92%

in butane. A reasonable amount otACI as co-catalysts (Al/Ni=100/1) is needed foeth
oligomerisation. Same order of activity has beeseobed for other complexes with imine-
pyridine ligand reported by Sun and coworkers (garstructureNil2, Scheme 73! The group
also claimed that changes of co-catalyst fropAEll to ethylenealuminum sesquichloride
(ESAC) was beneficial. High TOFs (up to 310 000 (@gH,4)/mol(Ni)/h over a period of 30
min, when R=Cl, R= i-Pr, R=H) and high selectivities (89.6% in C4 (of whicB%% 1-C4))
were obtained. The experiments were done under at0ob ethylene. Note that in these
examples, the charge in ESAC was very high (Al/NiG/4).

Me a Me
W Ar R\(Ej

O\ ,O A v N R,
=N, B /N HO‘N\’\|I_/CI 7 N
M83S| - = N S|M83 N I\ —
SBr \ HO™ Cl N\ % R
/

Arl | / \ RZ

Scheme 7. Nickel complexes of bidentate imine-aamdemine-pyridine ligands

Hor*? developed complexes of (P,N) ferrocenediyl impm@sphine bidentate ligandili{3,
Scheme 8) which are very active (TOF up to 91 6@X@aH,)/mol(Ni)/h during 3h with a
reasonable amount of cocatalystAHCI/Ni=146), but not very selective for the oligemsation
of ethylene (69.9% C4, 45.9% alpha olefins). Otlmmplexes with (P,N) bidentate ligands,
such as phosphinopyridifie(Ni14), phosphino oxazolifé (monomerNi15, or dimerNil16),
phosphinito oxazolirf@ (Ni17), phosphinito Ki18) and phosphonito-pyridii® developed by
Braunstein and coworkers also present the samevioehhigh activity and limited selectivity
in C4. For example, with a very low loading of catalyst EtAICY/Ni=6/1, the phosphino
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pyridine complexedNi14?** with R=Me could give TOF up to 55 200 over 35 mim, under
p(CH,)=10 bar. The selectivities are however not exoelléor the same cited reference the
products contained 66% C4 and 30% C6, selection itl@4C4. Details about (P,N) chelating
ligands and dimerisation of ethylene have beemMjects of a review by the same grdtip.

gy R %E’th
X AN\ .
. O] —Ni
Fe Ni— /—Ph | ,PPh2 N~ ¢
(SN /</ N~y j Cl
Cy2 Ph ) Cla Ni15
Ni13 Nil4
O 0]
/<\5th Br >\ \)/\o “pPh, PPhs
O —~NI \ /N\ \\ N
L—fN L e LN | e
Ph,P Cl = Cl
Nil6 Nil7 Ni18

Scheme 8. Examples of nickel complexes of (N,Bhtaite ligands

Matt's group suggested that the use of a liganth Jéarge bite angle would facilitate the
elimination step terminating the catalytic cycldug increase the catalytic activity. They
successfully synthesised diphosphinated calix[4fesesytems which upon coordination td' Ni
centres give strongly active complexes for the disagion of ethylene (for exampl&\il9,
Scheme 95/ ComplexNi19 could give a TOF of up to 830 000 mojkG)/mol(Ni)/h for a run
during 15 min at 20 bar (8,). The selectivity in 1-butene was limited duete tsomerisation
reactions. In the laboratory, other complexes basediphospholes with large bite angle were
synthesized Ni20, Ni21, Scheme 9% They act as highly selective catalysts for the
dimerisation: oligomerisation catalysed W20 gave 97% selection in C4 (90% in 1-C4) for a
high TOF of 43 000 mol(§5)/mol(Ni)/h. ComplexNi21, however, is less active: under the
same conditions, the TOF was of 14 000 mgH{/mol(Ni)/h, with 96% selection in C4 (88%
in 1-C4).

Ni21

Scheme 9. Complexes of bidentate (P,P) ligandslaviffe bite angle.
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Nickel Complexes of (N,O) or (P,0) Chelating Ligans.

As the complexes in the SHOP process are base®,@) pidentate ligands, many systems
employing (N,O) and (P,0) bidentate ligands havenbelaborated. However, most of them
direct the polymerisation of ethylene and very fave active for the oligomerisation. For
example, nickel salicylaldimine complex@$22 (Scheme 10) developed by Grubbs and
coworker$® or the anilinotropone complexédi23 (Scheme 10) reported by Brookhart and
coworkerg® are highly active in polymerisatioiNi22 with R=9-anthracene, R'=Ph, L=PPh
catalysed exclusively the polymerization of ethglewith high efficiency (TOF=1.2xf0
g(PE)/mol(Ni)/h, M,= 347 000, PDI=3.0, without co-catalysNi23 with Ar = GsHs(iPr), is
also highly active in the polymerization of ethydemvith a TOF of 1.34xT0g(PE)/mol(Ni)/h,
giving polymers with M=104 000 and a rather low polydispersity PDI=1.95.

R Me, Pha o, Ph,

_Ni. -0 ,PPhs TP EtO ANl

o N Ni NS I N Ni

| PN N s PPh /N
R N Ph N~ ~O 3 O PPhg
\ / Ph
Ar Ph
Ni22 Ni23 Ni24 Ni25

Scheme 10. Complexes of (N,0) and (P,O) bideritgtads.

When electron poor (P,0) ligaridsere employed, as those reported by Matt and davsy
short chain olefins were formed instead of polykthg. For example, oligomerisation catalysed
by Ni25 (Scheme 10) could attain TOF=68 000 for 1h run, witelection on C4-C16 equals
to 12.3% (in weight), the Schulz—Flory parameter mol(C..,)/mol(C,) being 0.93° Alpha
olefins were yielded primarily (wt%=95.8).

Under a constant pressure of ethylene (p=5 baB0imin,Ni24 catalysed the formation of C4-
C16 in 80.2% weight (of which 96.2% weight of alpbkefins), the TOF was of 14 400
mol(C,Hg)/mol(Ni)/h). The in situ generated complex obta@inédom Ni24, where the
coordinated phenyl was replaced by a coordinateglexte molecule, catalysed the formation of
polyethylene’®

The Ni complexes (general structureBli26, Ni27, Scheme 11) supported by
benzoquinonemonoimine (N,O) chelates developed fayistein and coworkers show much
better selectivity in oligomerisation of ethylemd@th selectivity in C4 up to 90% with TOF of

24 000 mol(GH4)/mol(Ni)/h3* The amount ofi-olefins is however very limited (9.4%). The
same group also developed (4,5-dihydro-4,4-dimettadol-2-yl)methanol as (N,O) chelating
ligands for Ni complexes (for examplij28, Scheme 11¥ These complexes are generally
very active and selective in oligomerisation offioie ComplexNi28 offered a TOF of 20 700

mol(C;Hz)/mol(Ni)/h, with 92% in C4 (with 62% in 1-C4), ungj a very low co-catalyst charge
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(AIEtCI,/Ni=2/1). Activities could be increased with incsgag the amount of Al, but this led to
a dramatic decrease in C4-selectivity.

O
N
( S OH
N\l/o © C|\|/O 0 N~ /Cl\l

_Ni Ni \ /NI
<X\I\N NH X MeNT SN %A/' ~N
Ho\/\

X X=NMe,, NHEt, OMe .
Ni26 Ni27 Ni28

Scheme 11. Nickel complexes of (N,O) ligands, dpedlby Braunstein and coworkers.

Nickel Complexes of Iminophosphoranes

The use of iminophosphoranes for nickel-catalydiggmerisation has been reported by several
groups. All of them are bidentate (N,N) or (N,Rjalhds. In 2001, Reau and coworkers reported
the synthesis and activities of bis(iminophospheyarickel complexes (general structiNi29,
Scheme 12 For an 1h run under very low pressure gHQ(p(C,Hs)=1.1 bar), the most
active catalyst (with phenylene bridge) offered@FTof 11 000 mol(&H,4)/mol(Ni)/h with 61%
selectivity in C4 (2% of 1-C4).

PPh R
PPhs N " pPh,
N, Ph,P~ PPh, i
~ 2 i PhoP N
R

N/N'C'z . NiBr, PhoP N N
Y th Ni R BI’Z
PPhs Bra
Ni29 Ni30 Ni31 Ni32
R" _ —
RN R
> R! \ 7/ PPh; \_ 7
I/ RPhe NO N N _N=PPh,
N\ /N i R Ni
R ) R Ni AN
Ni SN X X
X X X Xg
R’
Ni33 Ni34 Ni35

Scheme 12. Nickel-iminophosphorane complexesdaslipomerisation of ethylene.

In 2003, Stephan et coworkers reported on nickelptexes of bidentate ligands combining
iminophosphorane and pyridine- or imidazdi&33-35 Scheme 123 They showed at best an
activity of 48 g oligomer/g cat/h/atm), i.e TOF<L00mol(GH4)/mol(Ni)/h, with very low
content in alpha olefins (1-C4/2-C4=1%/99%). If, wawer, the iminophosphoranes are
associated with a softer donor group (phosphinefample), just as the complexes developed
in our laboratory in 2007Ni30-32 Scheme 12), the resulted complexes offer mucterbet
performance in dimerisation of olefins, in terms kafth activity and selectivit, As an
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example, oligomersation of ethylene catalysedNi81, with R=iPr, gave TOF up to 166 000
mol(CH,)/mol(Ni)/h for a run of 1h under 30 bar of ethydermhe selectivity was 97% in C4
(73.6% in 1-C4).

As the examples of iminophosphorane nickel com@eaaive in oligomerisation of ethylene
remains relatively scarce in comparison with antinénine functions, and as a continuation of
our work in developing bidentate ligands assooiatime iminophosphorane and one anionic
donor group, we were interested in nickel complexdbese types of ligands.

IFI’th

@) N«
\N i/ R
N
L/ Br

Scheme 13. Targeted nickel complexes

Bidentate ligands containing iminophosphorane ahdnpxide were chosen to be studied
(Scheme 13). In fact, as has been observed abizke] nomplexes of (N,O) or (P,0) chelating
ligands are not highly active in oligomerisationettiylene. On the other hand, it seems that the
combination of iminophosphorane with a soft, elagetrich donating group is beneficial for the
performance of the complexes. It would be thusidiff to predict the performance of such
systems in oligomerisation of ethylene.

ll. Synthesis and Activities of Ni-PO Complexes
1. Ligand Synthesis

In fact, an example of one ligand phenoxide-imirmggfhorane already existed in the literature.
In 2005, the group of Zhang synthesized the imilmgphoraneX1 by the Staudinger method
(Scheme 14¥° The resulting ligand was coordinated to zirconiama titanium centres. These
two complexes showed little activities in polymatinn of ethylene: under various activation
conditions with MAO (AI/M=2000/1) or i-BsAl/PhsCB(CsFs)4(Al/M = 100/1) as co-catalysts,
only traces of polymer was obtained.

Ph, Ph,
t-Bu PPh; t-Bu P> R t-Bu Py -R
N3R N 1.n-Buli N
—_— —_—
OH OH  2MCl o—7 M
t-Bu t-Bu t-Bu
X1 M: Zr, Ti

Scheme 14. Synthesis of alkolate-iminophosphorgaeds by Zhang and coworkers
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As the use of azides may restrain the possibletitutiosn pattern at the nitrogen atom, another
approach was developed using the Kirsanov readaiorihe protected phosphinophen¢i
(Scheme 15). This latter in turn was prepared fpdranol according to a procedure described
by Bianchi and coworkers (Scheme 15 fA)hfter the formation of the aminophosphonium
salt, a simple deprotection of the phenol groupegthe phenol aminophosphonium salt as
colorless crystals or white solid in reasonablddgi€60-71% of total yield for the synthesis of
2a-cfrom X2).

[
(a) @ 1) NaH (1.1 equiv.) 1) BuLi 2 equiv.) _ P d
2) EtO-CH,-0-CH,-Cl A oot
(lequiv.) 2) CIPPh; (1equiv.) )

OH OR' OR' x2
R'=Me-O-CH,-CH,-
c c
. b d b do
(b) 1) Br, (1equ.|v.) @@Br HCI (g), ® Cl
PPh, QHN}::?R (71§%uw.), base , PPh, MeOH . PPh,
OR' . oClp 78T tort OR' NHR OH NHR
base=EtN, R=t-Bu 21a: R=tBu 22a: R=tBu
base=DABCO, 21b: R=i-Bu 22b: R=i-Bu
R=neo-pentyl, Ph 21c: R=Ph 22¢: R=Ph

Scheme 15. Synthesis of alcohol-aminophosphongamdi

All compounds22a-cwere fully characterized by NMR multinuclear.fP{"H}NMR spectra,
each of the three compoun#8a-c exhibits a unique singlet in the zor#2& 35.2 ppm,22h:
36.4 ppm,22c 39.9 ppm), corresponding to the chemical shifttted aminophosphonium
groups.

After a double deprotonation with 2 equiv. of KHMDSlorless solutions were obtained for all
three ligands with significant high field chemicsiift in *P{"H} NMR spectra 22a 12 ppm,
22b: 14.6 ppm22c 8.4 ppm). These values are much higher thanithgles iminophosphorane
function in THF (typically from -10 ppm to -20 ppifor the iminophosphorane without a
phenoxide function), and differ by the way of ddpration (when using MelLi, values of
chemical shifts are slightly higher). Thus, theg aupposed to be the one of the phenoxide
iminophosphorane with coordinated potassium (bidih) cation. However, definitive evidence
of this coordination by X-ray diffraction experintsrwas not obtained due to the difficulty to
grow mono-crystal.

As it is unnecessary to isolate the anionic imiraggiorane-phenoxide ligands, coordination
tests were carried out on in situ generated ligdimfs reaction oR2a-cwith KHMDS.
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2. Complexes Synthesis

“cl Ph,Pp=N_ Bl o
® 2KHMDS [NiBr,(DME)] AN
PPh, > PPh, > /NI\ Ni_ KBr
OH NHR OK NR r R/ 2
22a: R=tBu 23a: R=t-Bu
22b: R=i-Bu 23b: R=CH,-C(CH3)3
22c: R=Ph 23(:: R=Ph

Scheme 16. Coordination of iminophosphorane-pheedigands with [NiBfDME)]

Addition of [NiBro(DME)] into the solutions issued from the deprotioa of 22a-c with 2
equiv. of KHMDS in THF immediately yielded pale ple-to-red solutions along with the
formation of a white insoluble potassium bromidé.sarhe complete disappearance of the
signal in*'P{*H} NMR spectrum indicates the completeness of therdination reaction and
the formation of paramagnetic nickel(ll) compouniiter removal of insoluble potassium salts
by centrifugation, evaporation of THF and washifghe resulting solid with petroleum ether,
nickel complexe23a-cwere isolated in good yield as pale purple sdii®3a-b, and a green
solid for23c

Elemental analyses correspond to the presenceeoimotecule of KBr for two Ni centres. This
stochiometry for KBr and the difficulty of completemoval of this molecule suggest that KBr
is coordinated to the nickel complex(es), maybeugh the interaction with the oxygen of the
phenoxides. Structures of complex23a-c as presented in Scheme 16 are just putative
simplistic representations. Attempts have beenemhwut in order to obtain crystals #8a-c

for X-ray diffraction experiments, using varioudvemt systems at different temperatures, but
no crystal was obtained.

As the coordination of this oxygen with hard catsuwch as Li is stronger than the one with
potassium, lithium could replace the potassiunha dbove-mentioned complexes. Indeed, the
addition of one equivalent of lithium bromide intbe solution of23a-c in THF results
immediately in a change of color from pale purpligebto deep blue-purple24a-b) or deep
green R4¢. In decreasing the solvent volumes, lithium-nickemplexes precipitated out as
purple crystalsZ4a-b) or green crystal4q).

R ©\

. Br PPh ;/\ >

thfp"\‘\ /N ./OQ w THR Pn
AN

; LiBr
/NI\ /NI 3 —————— THF- _/O\ ./N\R /Li/o\ /N\R
Br NTPPh, THE NN THE™ /Ni\

R THF Br Br THF Br Br
23a: R=t-Bu 24a: R=t-Bu 24b. THF: R=CH,-C(CH3);
23b: R=CH»-C(CHa)s 24b: R=CH,-C(CHa)3
23c: R=Ph 24c: R=Ph

Scheme 17. Formation of bimetallic nickel-lithiuomgplexes.
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Single crystals of24a-c suitable for X-ray diffraction experiments weretaibed by slow
diffusion of petroleum ether into a THF solutiontbé complexes at -40°C. These crystals are
extremely sensitive towards the raise of tempeeatprobably because of the incorporation of
many THF molecules in the crystals structures.

U (/B2

Figure 2. Ortep view of complé¥da Hydrogen atoms and non-coordinated THF molecules
have been omitted for clarity. Thermal ellipsoid® arawn at the 50% probability level.
Selected distances (A ) and angles (°): Ni1-N1 A(®7 Ni1-O1 1.954(2), Ni1-Brl 2.4526(5),
Nil-Br2 2.3799(5), Li1-Brl 2.535(5), Li1-O1 1.89B(ki1-O2 1.915(6), Li1-O3 1.915(6), N1-
P1 1.602(2), O1-C1 1.332(3), O1-Ni1l-N1 98.30 (8)-Mi1l-Br2 116.17(7), Br2-Nil-Brl
104.99(2), Br1-Ni1l-O1 91.47(6), Li1-O1-Nil 102.2,(Ri1-Br1-Nil 73.8 (1), Br1-Li1-O1 90.4
(2), O1-Li1-03 117.3 (3), O3-Li1-0O2 104.4(3), O24Br1 16.5(2),

24ais a bimetallic complex (Figure 2). The drivingde of the formation of this bimetallic

structure is probably the strong interaction betw®g.enoxiceand Li atoms. Both the nickel and
lithium are in tetrahedral geometry. The two métalentres Li and Ni are bridged by Br and O-
phenoxide atoms, forming a nearly-planar four-memteing, as shown by the value of the
distortion angle O1-Li1-Br1-N1 close to 10°, theot@ngles at Ni and Li being very close to
90°. Both Li and Ni adopt slightly distorted teteainal geometry. The Nil-Brl bond (2.4526(5)
A) is slightly longer than Ni1-Br2 (2.3799(5) A) dto the bridging position of the Brl atom.

The crystals comprise one non-coordinated THF nuddeand is very sensitive to air and
temperature. Despite this fragility, the structdescribed above of the dinuclear complex is
maintained in dried solid state, as elemental @malgone on vacuum-dried crystals evidences
the presence of LiBr and two molecules of THF.

Elemental analysis results showed the same congoséir the two other compoun@elb-cin

the solid state after drying, i.e. the formatiorbohetallic complexes with the presence of one
LiBr and two molecules of THF. However, X-ray dé@tion on single crystals @4b obtained
from slow diffusion of petroleum ether over a swmntin THF shows a different structure
(Figure 3). The complex is still binuclear, butstitime the Li cation is linked only to the
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phenoxide oxygen and surrounded by three THF migsclpon drying the solid in vacuum, a
four-membered ring similar to the one2dais probably formed along with the release of one
coordinated THF, which explains the compositiomiin elemental analysis.

[ 4 &
v (W) J
0 cz O P1 o
b ¢ g
' 02 o1 Br1 k.J\ J
b)u ‘ - ‘\,{ O JM
A Onin O\?J
H 03 J u/ v
W\ {04
C\C’f Br2

Figure 3. Ortep view of complef4b-THF. Hydrogen atoms and non-coordinated THF
molecules have been omitted for clarity. Thermigpsbids are drawn at the 50% probability
level. Exchange between Br and Cl anions is obsgefwethe coordinated bromides, probably
because of traces of chloride anions from the demration step. Selected distances (A) and
angles (°): Nil-N1 1.981(3), Ni1-O1 1.975(2), NiditB2.4020(8), Nil-Br2 2.381(2), Li1-O1
1.930(7), Li1-O2 2.006(7), Li1l-O3 1.945(7), Li1-04817(7), N1-P1 1.607(3), O1-C2 1.338(4),
O1-Ni1l-N1 98.9 (1), N1-Nil-Br2 107.5(1), Br2-Ni11Bt24.39(4).

The solid state structure @#c resembles to the one @fla Green crystals of the complexes
were obtained by slow diffusion of petroleum etbeer a THF solution at -40°C. Though these
crystals did not diffract well, X-ray diffractiorxperiment allowed to establish the connectivity
as shown in Figure 4. The two metallic centresnid &li are bridged by Br and O-phenoxide
atoms, forming a nearly-planar four-membered ritng, lithium being coordinated with two
molecules of THF (Figure 4). Elemental analysiglmnisolated complex is consistent with the
composition in complef4c

W u“u \J\aJ
«W w
e v
W Uuuum

&(')'a%oz AW
Li1 ﬁNH U &
Bri B2

Figure 4. Ortep view of comple2dc Hydrogen atoms and non-coordinated THF molecules
have been omitted for clarity. Thermal ellipsoidavan at the 50% probability level. The poor
resolution of the structure does not allow any dgsion about distances and angles.
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O. N

R
T Br
PhP=N_ /N p—@ B PPh,
T

N N Br~ 7N\ 7
O Br N7PPhy THF > R
VR NV
R Br Br Br
23a: R=t-Bu 25a: R=t-Bu
230b: R=CH,-C(CHs)3 25b: R=CH»-C(CHs)s
23c: R=Ph 25c: R=Ph

Scheme 18. Formation of bimetallic nickel-alumircomplexes

The formation of binuclear complexes of Ni andr.Pda-cdemonstrates the strong vocation of
the phenoxide oxygen to coordinate to hard Lewigres. We thus attempted the synthesis of
binuclear Al-Ni complexes fron23a-c (Scheme 18). Indeed, the additions of AlBrto the
solutions of23a-cin THF yielded blue precipitates after overnigtiring at room temperature.
Though X-ray structures for these complexes weteobtained, elemental analysis evidenced
the incorporation of AIBy into the nickel complexes and suggested the foomadf Al-Ni
complexes like the case with Li.

O Bf N-PPh, THF o, N-
; R
R /NI
23a: R=t-Bu PhsP Br 26a: R=t-Bu
23b: R:CHz-C(CH3)3 26b: R:CHz-C(CHg)g
23c: R=Ph 26¢: R=Ph

Scheme 19. Formation of nickel-iminophosphoraneptexnwith PPh

In an attempt to break the suspected multimetsiiectures ir3a-¢ PPh was added (Scheme
19). The addition of PRhnto a solution oR3a-cin THF resulted in a change of color to deep
green in all cases, with the formation of greemdseith reduced solubility in THF compared to
23a-c These complexes are paramagnetic, suggestingthleanickel centres are still in
tetrahedral geometry. These products have beeaabkased with elemental analysis.

Definite structure of one of these complex&®a was obtained by X-ray diffraction (Figure 5).
Suitable crystals for this experiment have beemvgrby slow diffusion of petroleum ether over
a solution of26ain THF at -40°C. The complex adopts tetrahedraingetry, with Nil-Brl,
Ni1-N1, N1-P1 bond lengths having very close valieethose observed 2d4a,b The Nil-O1
bond length is however significantly shorter (1.@1A in 26a compared to 1.954(2) A ida
and 1.975(2) A ire4b), as a consequence of the fact that the oxygen istonly coordinated to
one metal centre iR6a, whereas it is coordinated to two metal centrezdimh
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Figure 5. Ortep view of compleé26a Hydrogen atoms and non-coordinated THF molecules
have been omitted for clarity. Thermal ellipsoidawin at the 50% probability level. Selected
distances (A) and angles (°): Ni1-N1 1.971(3), Ri1-1.921(3), Ni1-Brl 2.3712(7), Nil-P2
2.321(1), N1-P1 1.616(4), O1-C2 1.314(5), O1-Ni19914 (1), N1-Ni1-Brl 127.8(1), Br1-Nil-
01 109.7(1), P2-Ni1-Brl 102.25(4).

From the results of the described complexes,dtheen observed that the nickel completes its
coordination sphere with one extra ligand comiranfrdifferent sources: KBr, LiBr, AlBror
PPh. To circumvent this problem, we have thus devealopdridentate N20O proligand similar
to 22a-c,usingo-phenylenediamine instead of monoamines. The Kagaeaction did not need
any additional amine as base, thanks to the presehanother amino group in the diamine.
This facilitates greatly the purification step, the product21d was isolated after a simple
evaporation of dichloromethane and washing with TEEprotection o21d was much easier
than for 21a-c and gave the proligand22d in high yield (80% starting fronX2). In
$PIHINMR spectrum,22d is characterised by a singlet at 39 ppm, a vakrg glose to the
ones obtained fd22a-c

) O
@ Br ® Cl
PPh; PPh, PPh,
DBr2(1e9)  orHN HCI (@), oH HN .o N
MeOH |
PPh, 2) HZND ® ¢ @D AN D
HoN

OR' H3N HoN Br N
OBr @Cl Ho
X2 CH,Clp, -78Ctort  21d: R'=Me-O-CH,-CH,- 22d 23d

Scheme 20. Synthesis and coordination to Ni(ll}riofentate iminophosphorane-phenoxide
ligand.

Addition of 3 equiv. of KHMDS into a slurry &¥2d in THF yielded a cloudy solution, with the
disappearance of the signal of the proligand gif88 and apparition of one unique singlet at 15
ppm, indicating the formation of the anionic phetel iminophosphorane ligand. After
removal of insoluble potassium salt, addition ofgN(DME)] into the obtained solution gave a

-56 -



Chapter 2. Iminophosphorane-Phenoxide Bidentatarldg and Applications in
Oligomerisation of Ethylene

deep red solution. Insoluble potassium salt wa®weweh by centrifugation, THF was evaporated
and petroleum ether was introduced to wash tratd$MDS. The nickel complexX3d was
isolated as a deep red solid in high yield (73%)sTTompound however decomposes slowly in
solution to give metallic Ni: a mirror could be geafter several weeks on the wall-side of the
vial containing23d in THF or dichloromethane. This decomposition ilelly due to the
reductive ability of the amino group on a very-élec donating ligand.

3. Catalytic Activities

The synthesized nickel complexes were tested gowolerisation of ethylene, with ICI as
co-catalyst (it was found that CI is much more efficient than MAO as co-catalygiving
higher TOF at much lower Al/Ni ratio). In generéihe activities and selectivities of these
iminophosphorane-phenoxide complexes are in gesaaificantly higher than complexes of
(N,O) and (P,0) ligands existed in the literatuf2etails of the activities are given in Table 2,
as well as the activities of related nickel iminopphorane complexes reported in the literature
for the sake of comparison.

: @ @ @ @
Ph,P=N_ / @ fPh2 PPhy PPh, PPh,

/\ N THF\/\’ Br\/\/
0] Br/ N=PPh, -KBr PENPAN AL N \
R THF Br Br Br Br Br Ph3P Br Br N
23a: R=t-Bu 24a; R=t-Bu 25a: R=t-Bu 26a: R=t-Bu He
23b: R=CH,-C(CHg)s 24b: R=CHyC(CHg);  290:R=CH,-C(CHg3);  26b: R=CH,-C(CHa)s 23d
23c: R=Ph 24c: R=Ph 25¢c: R=Ph 26¢c: R=Ph

Table 2. Activities of nickel-iminophosphorane ctaxes in oligomerisation of ethylefe.

entry complex Co-catalyst  Al/Ni Time TOF (x}0 %C4 (%1-C4) %1-C6
mol(CH,)/
mol(Ni)/h)
[NiBry(DME)] MAO 300 0.5h 15.0 94.0 (85) r7

1 23b MAO 300 1h 20.1 98.1 (79.1) 1.9
2 23b AlEt,CI 22.5 1h 36.9 98.4 (73.4) 1.6
3 23a AlEt,CI 22.5 1h 39.6 98.2 (74.3) 1.8
4 23c AlEt,CI 22.5 1h 68.1 98.2 (59.8) 1.8
5 23c AlEt,CI 22.5 0.5h 67.5 97.9 (44.0) 2.1
6 23c AlEt,CI 45 1h 72.1 97.0 (48.1) 3.0
7 24a AlEt,CI 22.5 1h 23.7 97.6 (73.1) 2.4
8 24b AlEt,CI 22.5 1h 30.3 98.4 (78.1) 1.6
9 24c¢ AlEt,CI 22.5 1h 14.0 98.1 (82.7) 1.9
10 25a AlEt,CI 22.5 1h 185 98.7 (85.9) 1.3
11 25b AlEt,CI 22.5 1h 28.9 98.5 (82.4) 15
12 25¢ AlEt,CI 22.5 1h 7.3 98.7 (93.5) 1.3
13 26a AlEt,CI 22.5 1h
14 26b AlEt,CI 22.5 1h 14.5 99.4 (48.9) 0.6
15 26¢ AlEt,CI 22.5 1h 15.8 99.0 (55.0) 1.0
16 23d AlEt,CI 22.5 1h 41.2 97.1 (55.6) 3.0
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3 experimental conditions: T=25°C, R{)=30 bar, 8x1§ mmol (Ni), toluene 20 mL. TOF and
selectivities are determined by gas-phase chromegby, using n-heptane as internal refereRcether
isomers of hexene are formed

The synthesized nickel complexes show high aawiti(TOF up to 67 000
mol(C,Hz)/mol(Ni)/h) and high selectivities in the dimettigsm (>97% of C4 in all cases). No
trace of polymer was found.

As stated above, two tendencies were expected wongehe performance of these complexes.
Firstly, nickel complexes of (N,O) or (P,O) chefati ligands are not highly active in
oligomerisation of ethylene, at least not as actisehose featuring (N,N), (N,P), (P,P) ligands.
As has been seen in the previous section, theereitlirect the polymerisation or the
oligomerisation of ethylene with a wide producttdisition. One the most active and selective
systems in the oligomerisation of ethylen®i26-Ni28), developed by Braunstein and
coworkers, offerca. 90-92% selection in C4 (with at best 62% selectioii-C4), and TOFs
between 20 000-24 000 mold,)/mol(Ni)/h). Secondly, it seems that the combioatiof
iminophosphorane with a soft, electron-rich dor@tynoup is beneficial for the performance of
the complexes. Indeed, for the nickel complexesidped in this study, their activities are
higher than the nickel complexes of pyridine orzntme-iminophosphorane ligands reported
by Stephan and coworke¥sput not as high as those of phosphine-iminophaspteoligands
previously synthesized in the laboratdty.

Inside the series of the synthesized complexes;laarly appears that with the same
iminophosphorane-phenoxide ligand, the more diffigdhe auxiliary ligand is removed from
the coordination sphere, the lower the activitiehe complexes in dimerisation. This is easy to
understand, as according to both Cosse and msfeiaenechanisms, it requires at least two
coordination sites in order for the dimerisatioigoimerisation to occur. Thus complex2&a-b
which have a strongly coordinated BRis auxiliary ligand are the less active. The battiet
lithium-nickel complexes are better for the dimatign, probably because the lithium bromide
easily goes away, leaving two possible coordinasites (from two bromides). The most active
ones are complexez3a-b, as they are supposed to be more exposed in@ol(itie possible
multinuclear structures being easily broken).

The electronic properties probably play an impdrtate. Complex23c with phenyl substituent
at nitrogen is much more active than comp®3a,y which has the same structure but bear
alkyl substituents at the nitrogen atom.

The selectivities in alpha olefins vary greatly amahe complexes. The formation of 2-C4
probably results from the capacity of the complexesatalyse the isomerisation of C4. In fact,
it has been observed that the longer the systeenkeqat at low temperature after stopping the
C.,H, alimentation and before the quenching of the gatal with MeOH, the lower the
selectivities in 1-C4 are, and the more 2-C4 atainbd. Extreme care was thus taken in order
to reduce this isomerisation due to the handlimgddmns, and to represent correctly the state
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of the product mixture just after stopping the &hg alimentation. It is interesting to notice
that bimetallic nickel-lithium and nickel-aluminuaifer very good selectivities in 1-C4 (more
than 70% in all cases and up to 93.5% 26c), whereas the complexes with BRind the
complex23d of a tridentate ligand are much less selectivietims of 1-C4.

In conclusion, from these results, it could be ¢oded that during the oligomerisation, the
complexes incorporating lithium, aluminum or BRIo not simply act as if these “added”
components were removed and left aside, leavinglysdhe iminophosphorane-phenoxide
nickel complexes acting on their own. The formatairbimetallic nickel-lithium and nickel-
aluminum complexe84a-cand25a-care beneficial for the selectivities of the dimnsation of
ethylene, though they are less active than thelsimpkel complexeg&3a-c

I1l. Conclusion

A new method for the synthesis of bidentate imiragphorane-phenoxide ligands have been
developed using Kirsanov reaction. This methodwadl@a large variation of substituents on the
ligand (in particular at the nitrogen atom), usesxpensive starting materials and could be
applied for large scale synthesis.

The newly synthesized iminophosphorane-phenoxigintis were coordinated to nickel(ll). In
particular, the presence of anionic phenoxide gmughe ligands allows then coordination of a
second metal centre, such as lithium or aluminumusTmonometallic and bimetallic complexes
of nickel-iminophosphorane have been obtained,aininy tetrahedral nickel centres. Some of
their structures have been evidenced by X-rayatiffion experiments. These nickel complexes
were studied in the oligomerisation of ethylene.e Tactivities and selectivities of these
iminophosphorane-phenoxide complexes are in gesaaificantly higher than complexes of
(N,O) and (P,0O) ligands existed in the literatufbeir performances in terms of TOF and
selectivities (in C4 and in 1-C4) vary greatly im€tion of the auxiliary ligand or substituents at
the nitrogen atoms. The comparisons of performdmeteeen the synthesized complexes could
be used for the fine design of new nickel complestésient for the dimerisation of ethylene.

Furthermore, the formation of bimetallic nickehiiitm and nickel-aluminum complexes is
interesting and opens the possibility to develofi-asgivated bimetallic nickel-aluminum
complexes for the oligomerisation of ethylene, base iminophosphorane ligands. In fact, it
has been suggested by many groups (e.g the WildeEssth groups) that one of the key
intermediates in the Zigler nickel effect in polymzation/oligomerisation of olefins are
multimetallic complexes of the type NHC)AI or Ni(u-C)Li, or the bridging hydride of Ni and
Al (Scheme 21, next pag®.Thus the formation of such self-activated compéexeight
contribute to the clarification of the mechanisnttté Ziegler polymerization/oligomerisation of
olefins.
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Scheme 21. Model demonstrating the “nickel effdetim Wilke and coworker&®
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Chapter 3

Phosphasalen Ligand: Synthesis,
Coordination and Properties

Following our interest in new systems of ligandsoagating iminophosphorane(s) with anionic
donating group, and as a continuation to the warkbigentate iminophosphorane-phenoxide
ligands, we developed tetradentate ligands combitviio iminophosphorane functions and two
phenoxides. These latters, termed “phosphasalea’thee phosphorus analogues of the well
known Salen ligands in chemistry.

8 8
/N _ 7 /N
N N Ph,P—N N~PPh3
s o )
o 9 Ore 8
3 4 3 4
Salen ligand Phosphasalen ligand

|. Introduction to Salen Ligands
1. Synthesis, Coordination and Application of Sales

The chemistry of Salen ligands and their compleassyell as their applications in catalysis is a
well elaborated yet still fertilised domairStrictly speaking the term Salen is reserved & th
diimine diphenol product (N,N’-bis(salicylaldehy@thylenediamine) from the condensation of
two equivalents of salicylandehyde with one eqwmalof ethylenediamine. Variations of
substituents on the diamine linker, the phenoxidgsror on the carbon of the imine functions
extend largely the Salen ligands class. Recemtéytérm Salen is even used to describe general
tetradentate N202 ligands resulting from the cosd#gon of a diamine and two aldehydes.
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8
_ /N 7
CHO N N 5
+
OH H,N  NH, — = OH HO 5
3 4
Scheme 1. Synthesis of unsubstituted Salen ligashitsaconventional numbering.

The double deprotonation of Salens gives tetratlerigands which could bind strongly to
metal centers through the phenoxide and imine grolipe ease of synthesis, the large scope of
possible variations on ligand structure, and treeed complex structure control when dealing
with tetradentate ligands makes Salens ligandf@ite in many studies. Their complexes have
been successfully employed in various chemicalstamations. The most significant ones
being asymmetric epoxidation, epoxide ring-operang co-polymerisation of carbon dioxide
and epoxides.

The major breakthrough in asymmetric epoxidatios veported by Sharpless and Katsuki with
titanium system$. This method allows the enantioselective epoxigatid prochiral allylic
alcohols. The asymmetric induction is achieved digirgg an enantiomerically enriched tartrate
derivative (Scheme 2). The catalyst is supposeleta titanium dimer, and the reaction is
thought to happen through a key intermediate inctvtthe hydroperoxide, the allylic alcohol
group, and the asymmetric tartrate ligand are bdarttie titanium centres via oxygen atoimns.
This discovery and the development of the readt@as led to what is now called the Sharpless
AE (AE: asymmetric epoxidation). In 2001, Sharpless given the Nobel prize in Chemistry
"for his work on chirally catalysed oxidation re@mis" together with William S. Knowles and
Ryoji Noyori “for their work on chirally catalysed hydrogenatiogactions”

Si
(S,S)-diethyltartrate

@)
Rll_
R’ R
OH
Ti(OiPr),
tBUOOH R

OH
(0]
RR
oirr E_ 0O
PI’Oi'/,,, | ‘\o,>_/_V
BN /,,Ti\\\EO / E=COOEt
— | IE
o__Lo™ | >o
] ~
_ 0 R
o /
EtO tBu

Scheme 2. Sharpless asymmetric epoxidation andiymuteey intermediate.
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This method is however restricted to functionaliséidenes. On the other hands, in the 80ies,
Koichi and co-workers first found that both Cr(Sgland Mn(Salen) complexes were effective
catalysts in epoxidation of unfunctionalised allemsing PhlO as terminal oxidafit3.heir
studies on the mechanism of the reaction showedothe of oxo-chromium or oxo-manganese
salen complexes as active species in the oxygasféia

E.g L=PhsPO

Scheme 3. Mechanism of the epoxidation of alkerits RhlO, catalysed by Cr(Salen)
complexes.

The potential of developing asymmetric catalystshenKochi catalyst was noticed by Jacobsen
and Katsuki, both had worked under Sharpless. Cordp@ systems of two or three dentate
ligands as used in AEs developed by Sharplessvedr&ers, Salen complexes do not normaly
dissociate in solution, thus the control on the position and geometries of metal complexes in
solution becomes easier. As a consequence, thé@naric control should also be better.

In 1990, Jacobsen and Katsuki independently repdiie AEs of unfunctionalised akenes with
ArlOs as oxidants using manganese salen compleéiese then the area of metal salen
mediated asymmetric reaction in general, and ABadrticular has expanded rapidfy> The
possible introduction of asymmetric centers at mdiffgrent places on the salen ligands, and
its relative rigid frame offers fine tunings of tkalen ligands to better catalytic performances.
Scheme 4 and Scheme 5 present examples of Jacelisgand second generation catalysts as
a small demonstration for these mentioned postsisili

Ry R l
R27'—<'R Rl Ry
N.® N=
~N. ® N— N
/Mn\
R’ O O
R R5 RS“'
Ar Ar
E.g Rz—H' R3=Ph, Rl—Me E.g Ar=Ph, R;,R3=Ph, Ry, R4,=H, Rs=Et E.g Rl Ph, R,= OMe, Rg—tBu

Scheme 4. Jacobsen’s catalysts
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Rl R3 Rl R3
Rz |||R4 @
s \'N @ N= N=

Mn
O O O e

Eg R, Rlv R3:H, Rz, R4:tBU Eg R=0O0C-tBu, Rl! R3:H, Rz, R4:tBU

Scheme 5. Katsuki’s second generation cataf{sts.

From the studies of asymmetric epoxidation, an apparelationship between the transition
state of epoxidation and the ground state of coatdd epoxides was established. This relation
led to one question whether the same catalystshvdrie able to discriminate effectively the two
faces of olefins would be able to create an asymimenvironment and thus favor one
particular attack on the epoxide (Scheme 6). Faligwhis direction, Jacobsen and coworkers
have developed powerful catalysts for the epoxidg-opening reaction based on chromium
and cobalt salen compleXeghough the mechanism for ring-opening of epoxitias been
shown to be much more complicated and involve endglime time the activation of the epoxide
and the nucleophile by two catalyst molecules).

R R
Y 25
< ?} )/X <§>/X Nu
Sy Sy

AE of alkene catalysis Lewis-acid activation of epoxide

R3 R3' 3 R3'

Scheme 6. (top) Side-on approach in AE and poseiblée of activation in Asymmetric ring-
opening of epoxies by chiral metal catalyst, addgtem Jacobsen et%] (bottom) Jacobsen’s
catalysts in asymmetric epoxide resolution

Another important application in catalysis of Salemmplexes is the copolymerisation of
epoxides and COThe heterogeneously catalysed reaction of @@ propylene oxide to give

polycarbonate was first discovered by Inoue’s grouft969’ Following this discovery, many

heterogeneous and homogeneous catalytic systerasokan developed.
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The success of Jacobsen’s catalysts in the ringhopef epoxides suggested that these same
compounds could be active in the stereo-regulaolgarerization of epoxides and GOndeed,

in 2000, Jacobsen and coworkers reported in a p#tahthe (R,R)-chromium complexal
(Scheme 7) catalysed the selective reaction of @ar) with the (S)-enantiomer dc-1,2-
epoxyhexane to afford polycarbon&tie the same period, Paddock and Nguyen studiedsae

of various chromium salen complexes for the cogplii epoxides and CQo give cyclic
carbonaté.

Since then, the use of salen ligands in designitglysts for this transformation has expanded.
Indeed, cobalt and chromium salen complexes weraodstrated to be among the most
effective catalysts up to date for this procBsScheme 7 presents some of these syst&nfs.
With carefully modification of the substituents tre salen ligand, the catalysts could afford
stereo-regular enriched polycarbonate. This suligeattively studied by many groups (mainly
Coates’, Nozaki's and Lu’'s§®

R ,

: //:\<
- R, =N AT
/Co\
tBu 0 | o R o | o R
X

Darensbourg et al tBu tBu
Coates et al

Jacobsen complex

|
\CO/@ N /O\ /N
R’ /CO\O/CO\
Nozaki et al Q\N'R
|

R

Williams et al

Scheme 7. Selective catalysts for the copolymimizaf CO2 and epoxides, based on Salens
and derivatives.

@]
ROP
);O +CO, —> O\\Jéo /Qo\g/org\

Scheme 8. Polycarbonate production from cyclic oaste.

One other interesting method, but less directtierproduction of stereo-regular polycarbonate
from CQ, and epoxides also originated from the studiesymenetric epoxide ring opening. As
mentioned before, the use of salen complex toysahe formation of cyclic carbonate from
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CO, and epoxide was first reported by Paddock and BglyThe products are however
racemic mixtures. Lu and coworkers used chiral @9 catalysts for the coupling of
epoxides and CQto obtained enantiomerically enriched cyclic cadtes'! which could then
give enantiomerically enriched polycarbonate bg+opening polymerization.

Applications of Salen ligands in catalysis couldfbend in many other reactions. For metal-
based catalysts for selective asymmetric sulfolodatsalens and derivatives are ligands of
choice and give most of the effective cataly$tEnvironmentally friendly metals such as
titane® or iron are the preferred metals for this transformatiGther examples include
Nguyen’s ruthenium salen complexes for cycloprofianareaction of alkenées, Salen
complexes of titanium and vanadium for the asymimetyanosilylation of carbonyl
compounds? BINOL-Salen ligands for the asymmetric additionatifynes to aldehydes with
zinc complexes! chromium and cobalt salen complexes for asymméteiero Diels-Alder
reaction'® cobalt and zirconium-salen complexes for the Baji#iger reaction’®

2. Configuration of Salen Complexes and Importancef cissComplexes

2.1 Configurations and Conformations for Salen Compéex

Catalytic activities of Salen complexes stronglypeled on the geometry and electronic
properties conferred by the ligands. The rigidifysalen ligands due to the presence of the
imine functions in conjugation with the phenoxidiegris in the same time an advantage and a
drawback. The advantage is that the geometry o€aheplex is well controlled. The drawback
is the limited flexibility, which may be detrimehtdor many catalytic transformations.
However, this rigidity of the imine functions istefi overcome by the flexibility endowed by
the two Qp3 in the diamine backbone.

X O'—\ O’—w
e N 7o et N et
: S

( /T\(P <O/“"'\X "‘”\X
Y Y (@]
trans- cis-B cis-a

X

SR

trans- stepped trans- umbrella

Scheme 9. Configurations and conformations of satenplexes.

Upon coordination to a metal, the [O,N,N,O] frawen adopt many configurationsans
configuration, in which the [O,N,N,O] occupy alet four equatorial positions and the two
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ancillary ligands occupy two apical positiomss-f# in which the two ancillary ligands occupy
one apical and one equatorial position, eisex where they take two equatorial positions.

The most usually seen configuration for salen cexgs istrans-'™ ' A transmetallosalen
complex in its turn could exist in different confuations, due to the flexibility of the diamine
backbone. Two typical ones are stepped and umhrefiformations.

The choice of stepped or umbrella conformationfisrodetermined by the substituents on the
diamine backbone, which govern the conformationhef five-membered ring formed by the

metal center and the diamine (half-chair or enwelppwhich would in turn govern the

conformation of the complex. The chelate ringtians-stepped salen complexes generally
exists in half-chair conformer, and that of ttransumbrella complexes exists in envelope
conformer. For example, salen complexes with sulesits at 8,8 positions often exist in

stepped configuration, with the chelate ring infiohlir conformation, so that the two

substituents could be in equatorial positions (8wh8).

Just as the substituents on the diamine backbbaesteric elements from the ancillary ligands
could also be determinant for the conformationtef salen ligands. For exampteansstep
metallosalen exist in two possible step confornmetiovhich are in equilibrium. The
introduction of one chiral element in Y shifts hguilibrium to one side (Scheme 10).

R /7 R 8
R 8 6
NL AN AN
AN o
it oy
Y v 5

3
A B 4

Y achiral A

B (R=H)

P

Y chiral A B

Scheme 10. Influence of ancillary ligands to thefeomation of Salen.

2.2 Cis-Complex and Catalytic Activity.

When the ancillary ligand is multidentate, metadles adoptis-configuration. For example,
Co(ll) salen complexes often adopttrans configuration with stepped or umbrella
conformations® When treated with acetylacetonate or oxalate, tmdentate ligands, they
change tais configuration*

Salen complexes of some metals preferentially adwgt configuration with or without
multidentate ancillary ligand. Zirconium and haifmi salen complexes adopt seven-coordinated
pentagonal bipyramidal geometry, in which one saivaolecule (THF) takes an equatorial
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position along with the salen ligands in trans-aquration. When heated in toluene, they lose
the solvent molecule and adopt octahedral georméthycis- 8 configuration (Scheme 1.

[ Cl
%j heatlng ( <T>N

(8]\
|THF -THF |7LC'

o

Scheme 11. Transition trans-cis configurationsireonium and hafnium salen complexes

Substituents can also direct the configurationhef ligand: chiral metallosalen complexes of
titanium having substituents at C7 and C8 (C7’ @8J) adoptcis{ configuration to avoid
steric repulsions between these substitu@méereas the complex with only substituents at C7
and C7’ exists irtrans-configuration (Scheme 9). Some bulky chiral sdlgands also adopt
cis# configuration, such as those derived from 2,2hdie-1,1'-binaphthyl or 2,2’-diamino-
6,6"-dimethyl-1,1"-biphenyl (Scheme 12).

~N N ~N N=
Sron w0y o vl
Scheme 12. Salens derived from 2,2'-diamino-1Aapithyl (left) or 2,2’-diamino-6,6'-
dimethyl-1,1’-biphenyl (right).
Thoughcis-metallosalen complexes are not as abundant as thosans-configurations, it has
been shown thatis- configurations offer unique catalytic activitiempared totrans
configurations? For example, in these complexes interactions bstwe/o ancillary ligands
could be favored, this aspect being important talgdc transformations involving two or more

agents. In some cases it has been shown ttrahsccomplex isomerises to thes-complex to
participate in the catalytic cycle.

The most well-known example is the case of titanicmmplexes in asymmetric addition of
TMSCN to aldehydes (Scheme 13). The active spesiesonsidered to be ais-f-u-oxo
titanium complex. Upon treatment with TMSCN transu-oxo dimer was formed. With the
arrival of the aldehyde in equatorial position, @pical CN is displaced by one arm of the
ligand, this moiety being igis# configuration. On the other moiety of the compléhe CN
anion changes position from apical to equatoriathke so formed intermediate, CN ligand and
the aldehyde are placed close to each other and mact in an intramolecular fashion.
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N/,,,' R AN N/, \\N
N N (0] (@] (@] NC o
= PhCHO
s
;Ti\ TMSCN o e o N
t-Bu O / o t-Bu CNf_\\\N> HO7, _\\\N
Ti Ti
8u Q \tBu an - _
(0] (@] (@] o)
N\
— 12 NC N H
NC
N/‘\N
/1 W\
HO-__Ph ( T )
T g
CN o

N7, | SN
(CH3)3SiCN ( \ )

7o
T

CN

Ph

Scheme 13. Mechanism of Ti-catalysed asymmetrii@idf TMSCN to aldehydes.

Another example includes Mn-salen complexes in Eaon reaction using a mixture of
molecular oxygen and aldehyde. These complexesoften considered to adopt trans-
configuration?® But later studies suggested the participatiorisf} peroxo complexes in the
catalytic cycle (Scheme 13).

—Mn

e <“¢ o

[Mn(Salen)] + RCOOOH —=

O/l\/|n > O

O

Scheme 14. Formation of oxo-complex from [Mn(Shlenplex and organic peroxy acid.

The need for new ligands presenting different etext environment and especially a more
important degree of flexibility has led to a rapievelopment of Salan ligands, fearturing two
amine functions instead of imines, and their dénes as well as the hybrid Salalens
(containing an imine and an amine group) recef@théme 15).

Van Nl Van _R R\ /\ /R

N N N N N N
Groodd) ool GronodD)

Salen Salalen Salan

Scheme 15. Salen, Salalen and Salan ligands
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As expected, the change from a double bond C=Rarnrhine group of Salen to a single one in
the amine group of Salan renders the [O,N,N,O]etkel more flexible, thus in some cases
favors the formation otis-complexe$’ For example Goldberg or Zigfét has reported the
formation ofcis-# complexes of titanium or zirconidfi or molybdenum with salalen ligands.
Complexes of Salan ligands have shown unique datadytivities?”® % The titanium salan
complexe&® *#gre efficient catalysts in asymmetric epoxidatibnsulfoxidation with HO,,
salan complexes of iron or titanium offer high eityi**® *® Other applications of salan or
salalen ligands are still to be actively investgif such as in copolymerisation of epoxide and
CO,*® or in aerobic oxidatiof”®

Following this trend, we noticed that replacing ries by iminophosphoranes in salen ligands
could be interesting. As we have seen, the P=N lmainophosphorane is not a real double
bond and thus could be free to rotatidh&urthermore, electronic properties of P=N is very
different from imine, amine, or amide. We thus deped a new class of ligand which we

called Phosphasalen, whose general structuresemed in Scheme 16.

8 8
/N _7 — 7 N
C§:N N:%;> PhoP—N N—PPh>
6 6
o] o] Q
5 © > Q% GOS
3 4 3 4
Salen ligand Phosphasalen ligand

Scheme 16. Salen ligand and Phosphasalen ligand.

Independently, and unknown to our group, in theesime, the group of Diaconescu developed
a new ferrocene diphosphazene ligand based oniSggudeaction of diazidoferrocene and a
phosphinophend (Scheme 17).

N//N th \Q
C - H c
v N + PhyP tBu 1) hexanes, 25°C, 5 min, 78% .

Fe Fe

2) toluene, 50T, 6h, 44% @‘\N HO

3
Ph,P

Scheme 17. Synthesis of ferrocene diphosphazebiatgnescu et al.

The ligand also contain two iminophosphoranes amdghenoxide functions, but the molecule

has a ferrocenediyl linker instead of ethylene. disctronic and steric properties are thus
completely different from phosphasalen ligandsurtliermore, the synthesis of phosphasalen
ligands was achieved using Kirsanov reaction, tpiving access to a broad, completely

different range of compounds.
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ll. Phosphasalen Ligand: Synthesis, Coordination ah
Properties

1. Phosphasalen Synthesis

©Br Bro
e / \ @
Ph,P—NH HN—PPh,

1) Brp, CHpCIp
PPh, 2) ethylene diamine, OR RO

OR Et3N

X1 |27
\ R = CH,OCH,CH,
HCI (g) ! HCI (9)
¥
O Br €]
© /\ o /N
©\PPh 1) Bry, CHyClp ¢ d KHMDS (4 equiv) M2P™N 2 d
2
OH 2) ethylene diamine, @OH HO c THF O—OK KO ¢
X2 BusN 28 a b -KBr 29 a b

Scheme 18. Synthesis of Phosphasalen ligand.

Following the synthesis of bidentate (PN,O) ligamgborted in chapter 2, the synthesis of
unsubstituted phosphasalen liga2@ featuring an ethylene diamine link was first afbésal
from the protected o-diphenylphosphinopheKal (Scheme 18), which was prepared starting
from phenol following a literature procedureported by Bianchi and coworkefs After
oxidation of the phosphine function with bromintee torresponding phosphonium bromide salt
was reacted with ethylenediamine (0.5 equiv.) Espnce of triethylamine (1 equiv.) to give the
bis-aminophosphonium sak7 in 70% yield after aqueous work-up. The deproteciof the
protected group by HCl-saturated MeOH solution géeeproligand?8in high yield (81%).

However, contrary to the deprotection leading tehiate (PN,O) proligand, this reaction was
very sensitive to the experimental conditions, #mel factors allowing the formation &8
proved to be difficult to control. We thus modifidte synthesis strategy and performed first the
deprotection of the phenol functionality and there t Kirsanov reaction. O-
diphenylphosphinophen2 was obtained fronX1 by deprotection in HCl-saturated MeGH.
its bromination followed by nucleophilic substituti with ethylenediamine (0.5 equiv.) in
presence of tributylamine (1 equiv.) gave the etgubdis-aminophosphonium s&8 in 63%
yield (Scheme 18). The compound has limited sdlybih dichloromethane and could be
isolated by precipitation in THF. For this reasdriputylamine was used in place of
triethylamine because of the solubility of its ammuon hydrobromine salt in THF which
enabled its easy removal.

28 was characterised by multinuclear NMR spectrogopi CDCY, despite its poor solubility
in this solvent. In*'P{*H} spectroscopy the equivalent phosphorus atom&8oéppear as a
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singlet atd(CDCl;) = 39.3 ppm which is in the range of the signals identate phenol-
aminophosphonium salts reported in chapter 22HiNMR spectrum, the bridging ethylene
protons appear as a doubldk( = 10.5 Hz) with a chemical shif§(CDCl;) = 3.43 ppm)
similar to the one observed for bis(phosphine-apiesphonium) salts featuring such
ethylenediamine linke¥’

Monocrystals suitable for X-ray diffraction &8 were obtained by slow evaporation of a
solution in chloroform. The structure B8 is depicted in Figure 1. No hydrogen bonds between
O, N and the protons of the phenol or aminophosppinorgroup has been detected. The two
bromide anions stay quite far away from the diapimasphonium cation and exert only weak
hydrogen bonds with the protons of OH and NH growsl the proton in chloroform (the
distance between O, N, L&l and the nearest Br being 3.120, 3.402, SS%Spectively).n-

stacking exists for one phenyl ring on each phospgh@atom, the perpendicular distance
between two stacked rings being ~387

- oY
S @ c w _
Yot Y W
cs| o -
Y/ e pu
) A \ \c7 ) W
W L 4 \’01 v /
o

Figure 1. ORTEP view d@8 Hydrogen atoms, solvent molecules and bromide ani@ve
been omitted for clarity. Thermal ellipsoids drawah the 50% probability level. Selected
distances (A): P1-N1 1.623 (2), P1-C2 1.790 (2),G811.792 (2), 01-C7 1.355 (3).

The phosphasalen ligand9 was generated fron28 by deprotonation using potassium
hexamethyldisilazane (KHMDS, 4 equiv.) in THF abmo temperature (Scheme 18). The
formation of29 was monitored by in sitt/P{"H} NMR, the completeness of the reaction was
indicated by the presence of one singled@HF) = 18.6 ppm indicating completion of the
reaction. After removal of insoluble potassium sahd evaporation of solvent, the obtained
residue was washed with petroleum ether to del@as a white powder in 99% vyield. The
structure o29 was unambiguously established by NMR spectroscapy elemental analysis.
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2. Coordination with Group 10 Metals and Studies ofthe Ligand

Properties

2.1 Complexes Synthesis and Characterisations

In order to study the coordination properties @& tihosphasalen ligand, it was first coordinated
to group 10 metals: Pd(Il) and Ni(ll) (Scheme 1A%. it was unnecessary to isolate the free
ligand 29, all coordination experiments were conducted fribi bis-aminophosphonium salt
28.

/ N\
Ph,P=N._ _N=PPh,

[PACI(PhCN),] Pd_ d
I\ > @) C
= = -KClI
Ph,P=N  N=PPh, g 30 =
KHMDS (4 equiv.)
28 OK KO C —
THF  -KBr
29 a

/ N\
PhoP=N. _N=PPhy _

[NiBr,(DME)] N
o o c

-KBr
31 a b

Scheme 19. Coordination 88 to Pd(ll) and Ni(ll) metal centers.

For the synthesis of the palladium compBx deprotonation 028 was carried out in THF, the
potassium bromide salts were removed and [FBECN)] was added to thim situ generated
ligand 29. The solution turned immediately yellow and aftame night stirring at room
temperature a brown solid precipitated from thectiea mixture. This solid was dissolved in
dichloromethane to eliminate the insoluble potassisalt(s). After evaporation of
dichloromethane and washing of the residue withopsim ether, palladium compl&0 was
obtained in 73% vyield as a yellow solid. It was rawterised by multinuclear NMR
spectroscopies and elemental analysis®{*H} NMR, the phosphorus nuclei appear as a
singlet at6(CD,Cl,) = 33.7 ppm, thus significantly deshielded comgaiethe anionic ligand
29. This indicated the coordination of the iminopHom@ne group to the metal center. In
contrast, in the'H NMR spectrum little change was seen from theniij@9 except the
resonance of the ethylene protons which are shifpdigld ©(CD,Cl;) = 2.54ppm vs(CDCl;)

= 3.42 ppm irR9).

Note that reactions performed with other palladipracursors failed; with [Pd(PBBCI;] no
coordination was observed whereas with [Pd(COR)}GE reaction was very slow. Importantly
whereas the free ligand is sensitive to moistime abtained complex proved to be stable on the
bench for weeks as already shown for other imingphorane complexes.
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Definitive evidence concerning the structure86fwas provided by X-ray crystal analysis of the
complex. Suitable crystals were obtained from sldiffusion of petroleum ether over a
saturated dichloromethane solution 3ff at room temperature. Ortep view of compl&Xis
presented in Figure 2. The complex crystallisechvidtur molecules of dichloromethane. As
expected for a diamagnetié domplex30 adopts a square planar geometry around the metal
with almost no deviation from planarity (O2-N2-N1t@lihedral angle 0.05(13)°). The four
coordination sites are occupied by the iminophosut® and phenoxide groups. ThgdRxide
Conenyibond length is significantly shorter in the compllean in the free proligarnzB (1.314 (4)

A vs 1.355 (3) A in28) as a consequence of the charge delocalisation @ henoxigeINtO the
phenoxide ring. The Pyenoxicebond does not change much (1.777 (4) A vs. 1.298 (n 28).

. Pd1_-
V.Y e _
oY 7N W3
W o2 [ 2 d/'" v
i 01 ca

Figure 2. ORTEP view of comple30. Hydrogen atoms and solvent molecules have been
omitted for clarity. Thermal ellipsoids drawn atet®0% probability level. Selected distances
(A) and angles (°): Pd1-N1 2.014(3), Pd1-N2 2.0}, /3-P1 1.620(3), N2-P2 1.623(3), Pd1-
01 2.029(2), Pd1-02 2.039(2), O1-C4 1.314 (4), B11C777 (4), N1-Pd1-O1 96.6(1), N1-
Pd1-N2 82.6(1), N2-Pd1-O2 96.1(1), O1-Pd1-O2 84,7{21-P1-C3 107.4(2), N2-P2-C21
106.6(2), N1-C1-C2-N2 55.76(29), N1-C4-C3-P1 238%(02-N2-N1-O1 0.05(13).

In comparison with the salen complex, the bondtlengf the Pd-N and Pd-O were measured at
2.014(3), 2,017(3) and 2.029(2), 2.039(2) A respelyt, which are all longer than the Pd-N and
Pd-O distances (1.952(2), 1.957(2) and 1.9981¢1.61)87(16) A respectively) measured in the
corresponding salen compl&Due to the tetrahedral configuration of the phasph atoms,
the molecule is also much less planar than ref@d(salen)f> For example the dihedral angle
N1-C4-C3-P1 was measured at 25.64(38)° vs -3.0&7@nmine derivative. In the same manner
the flexible ethylene diamine chain is also muchreriargely deviated from the median plan in
30 than in [Pd(salen)] (N1-C1-C2-N2: 55.76(29)° vs53%, probably because the geometry
around the coordinated nitrogen atom in iminophosae is not exactly as planar as the one
around the coordinated nitrogen in imine functi@2-Pd1-P2-N1 ~25° ir80, C1-Pd1-C=N
~1.0° in [Pd(salen)]). Concerning the crystal pagkino peculiarity was observed fG0
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whereas the molecules of the salen complex axpElked because afstacking interactions
between the phenyl rings (the centroid perpendiaittance being ~3§3.

A similar procedure was adopted to prepare the gitasalen nickel compleXl (Scheme 19).
[NiBr(DME),] was added to amm situ generated potassium bromide salt free THF soluifon
29, leading to a rapid colour change of the solutiamt pale yellow to deep purple. After 30
min a purple solid precipitated out of the reactiomture, the colour of which faded. This solid
was isolated by centrifugation and a work-up simitathat described faB0O was carried out.
This allowed the isolation &1 as a purple solid in 82% yield. As 86, no decomposition of
31 in air was detected. This complex was charactrise multinuclear NMR spectroscopies
and elemental analysis. Interestingly, #f{*H} NMR spectrum carried out in GIGl,_at room
temperature exhibited a broad signal around 33 whereas at -80°C the signal sharpened to
give a nice singlet atd(CD,Cl;)= 32.8 ppm, confirming the coordination of the
iminophosphorane moietiedd and **C{*H} NMR were recorded at room temperature on a
concentrated CEZl, solution. Spectra were very similar to those ahptex30, except that the
resolution of peaks was lower.

Definitive evidence concerning the structure3dfwas brought by X-ray diffraction analysis
(Figure 3) realised on single crystals obtainednfrelow diffusion of petroleum ether over a
saturated dichloromethane solutior3dfat room temperature.

9 (WC3 P »/ | .

/ o ®o ® < W
< v v

N

Figure 3. ORTEP view of compl8%. Hydrogen atoms and solvent molecule have beerteamit

for clarity. Thermal ellipsoids drawn at the 50%opability level. Selected distances (A ) and
angles (°): Nil-N1 1.905(4), Nil-N2 1.888(4), P1-M15613(4), P2-N2 1.617(4), Nil-O1

1.881(3), Ni1l-O2 1.863(4), O1-C4 1.301 (6), O2-G23819 (6), C3-P1 1.774 (5), C21-P2

1.771 (5), O1-Ni1-N1 95.4(2), N2-Ni1-N1 85.4(2),-8i2-N2 95.4(2), O2-Ni1-O1 83.9(2), N1-

P1-C3 108.2(2), N2-P2-C21 108.1(2), N2-C2-C1-N10@£6), N1-C4-C3-P1 22.57(68), N2-

N1-O1-0O2 3.64(35).

The complex crystallised with one molecule of dicbimethane. In the solid state, compBix
adopts a nearly square planar geometry with a steailation from planarity (N2-N1-O1-O2
dihedral angle at 3.64(35)°). Just like the cadd #ie palladium complex, thephoxissCphenyi
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bond length is significantly shorter 81 than in the free proligan28 (1.301 (6) and 1.319 (6)
vs 1.355 (3)) as a consequence of the charge disltoan from QnenoxiceiNt0 the phenoxide
ring.

The Ni-O bonds are measured at 1.863(4) and 1.38%(@hile the Ni-N distances are at
1.888(4) and 1.905(4) A. These bond lengths aravenage longer than those recorded for the
[Ni(salen)] complexy (1.853 and 1.851 A for the Ni-O bonds and 1.85d @849 A for the
Ni-N bonds). As observed for palladium compBfx the overall geometry of the phosphasalen
complex is much less planar than the salen coumtierphe dihedral angle N1-C4-C3-P2 was
measured at 22.57(68)% 3.30° on average in the imine derivative. Morepwdrile molecules

of [Ni(salen)] complexes axially packed either tkano n-stacking interactions between the
phenyl rings when the carbon of the imine funct®onsubstitute§®or through weak hydrogen
bond when this carbon bears a phenyl grfBupp particular packing was seen &ir

2.2 Electrochemical Studies on Nickel and Palladiu@omplexes.

2.2.1. Electrochemistry of Nickel and Palladium S&n Complexes

The oxidative chemistry of nickel(ll)-Salen comy#e and their derivatives has been the
subjects of various studies. Two alternatives amaginable for the oxidation of these
complexes: either a ligand-based process (yielgimgnoxyl radicals) or metal-based process
(yielding high valent Ni(lll)). In acetonitrile andther weak donor solvents (with donocity
number (DN) inferior to that of acetonitrile (DN=1%), they are reversibly reduced to Ni(l)
complexes but is oxidatively polymerized at thecklade to generate electroactive film, a
process which has been proposed by Goldsby ai bk tigand-based and probably takes place
through a mixture of o- and p-linking of the pherigly (Scheme 20%.

FRAD — dHD
SR

polymerisation

Scheme 20. Oxidation of [Ni(Salen)] complexes iakngonor solvents. The canonical forms of
phenoxyl radical lead to polymerization of the céemps through o- and p-linking of the phenyl
rings.

In strong coordinating solvent (DN>>14, e.g dimdfimynamide, dimethylsulfoxide), these
Ni(ll) salen complexes are oxidized to hexa-comatid Ni(lll) complexes, as shown by the
group of Freire and Castro by electrochemical teghes and EPR spectroscopy of the oxidized

-79 -



Chapter 3. Phosphasalen Ligand: Synthesis, Codialinand Properties

products (Scheme 231J.The two coordinated solvents are displaced withatidition of two
equiv. of 4-methylpyridine. The explanation for $beobservations lies in the electronic
structure of the square-planar Ni(ll) Salen comeex-or these complexes where thenergy
levels of the ligand and those of the central Nigh are very similar, oxidation can be ligand-
localized or metal-localized, the final oxidatioiiesdepends on the ability of surrounding
environment (solvents and other donors) to stabittze oxidation state of the metal. Axial
coordination can shift d-orbitals with z-composahbve the filled ligand orbitals, thus making
metal oxidation the preferred process.

/Nlll
Q o] o] ‘ o Cl j
b o e,

=N N cl 3 L=

I~ _— NI~

al o~ o cl cl o ¢ c
S=DMF, DMSO |

cl Cl cl N

Scheme 21. Oxidation of [Ni(3,5-Shkloph)], from Freire and coworker

Freire, Castro and coworkers later studied thectsfof substituents at the imine bridge on the
oxidation of Ni(ll) Salen complexes and found tiia introduction of substituents not only
affects the electronic structure but also imposesdcsconstraints on the axial coordinatidn.
Increasing electron donor ability of the ligand Wbdecrease the half-cell potentiat’Ebut
steric constraints may play a more important rdlee presence of steric repulsion between the
substituents and the ligands at axial positionslavolestabilise the oxidized Nickel complex
and B of the oxidative process increases as a conseguenc

If studies on the comparisons between electronpgaties of salen ligands common in the
literature, fewer have been done on the comparibetween salens and their analogs, which is
partly likely related to the few salen analogs tixgsin the literature. Elias et al. compared the
ligand Salen and tetrahydroSalen (or Salan) thrahghr coordination properties and electro-
chemistry of their complexes with Ni(ll), Co(ll) drCu(I1)* They found that in contrast to the
corresponding Schiff-base complexes NiL, the NilHdhdergo a fast reversible oxidation and
irreversible reduction in acetonitrile. Althoughtrstated, the difference of the oxidation process
probably lies in the more electron-donor propeftthe tetrahydroSalen.

2.2.2 Electrochemistry of Iminophosphoranes

The oxidation of free iminophosphorane has beedietuin the laborator§* PhP=NPh, for
example, presents an irreversible oxidation wave.&tv (vs. SCE) in dichloromethane, using
tetrabutylammonium tetrafluoroborate salt as etdytie. Studies on EPR spectroscopy and DFT
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calculations allowed to assert that the oxidatiakes place at the nitrogen atom. As a
consequence, the spin density is delocalised betwlee nitrogen atom and the associated
phenyl group. The radical cation is not stable &mdd to associate with a non-oxidised
iminophosphorane through the P=N group (Scheme Ri&iminophosphorane) having two
nitrogen atoms being able to communicate with eattier through a systems efelectrons
present a first oxidation wave at lower potentaB{0.5V vs. SCE), and this oxidation process
is often reversibl&* *® As the case withX3, the spin density of the oxidised species is
delocalized on the two nitrogen atoms and the lerioigfween them.

Ph
Fl’h Ph]™*  _NPh I
-e I PhsP _N
N —— N | = | PhgR”
PhgP !

\ _PPh, PhsP=N  N=PPh,
X3

PhsP”

\

Pl

>

Scheme 22. Oxidation of iminophosphoranes

Cyclic voltammetry measurements on the anionic frgend was carried out in THF. The
oxidation wave is very broad, ranging from 0.2 t8 ¥ (vs SCE). The study was thus not
conclusive.

2.2.3 Electrochemical Study of the Ni- and Pd-Phosasalen Complexes

The cyclic voltammetry measurements for Ni and Rdsphasalen complexes were not carried
out in DMF or acetonitrile which are the solventten used for the measurements on Ni-Salen
complexes. The reason lie in the limited solulgitof the complexes in these solvents. Thus all
measurements were done in a mixture of dichloroamthand DMF or acetonotrile at room
temperature. A gold disk was used as working mldet and a Pt gauze as counter electrode.
For the sake of comparison with literature date, gbtential of ferrocene in the same solvent
system is also indicated.

Table 1. Electrochemical data for nickel-phosphesacomplex31® in MeCN/CHCI, (60/40
volume)

Complex E,V E4V EY2 ielipc

31° 0.76 0.64 0.70 1.51
Fc 0.50 0.40 0.45 1.01

2 Tetrabutylammonium tetrafluoroborate salt as etéytie (c = 0.12 mol L); scan rate= 100 mV's
the potential values are relative to SEE;= 4.5 mmol [; © ratio was observed to change with scan rate
with a value of 1.40 at 50 mVs

In MeCN/CH.CI,, Nickel Phosphasalen complex presents a quasisiéle oxidation process,
whereas Nickel Salen complex presents an irrevergitocess in MeCN and other solvents of
lower coordination donocity, as mentioned befoteis Iworth noting that the * of Nickel
Phosphasalen complex in this solvent system is\OHgher than E*(Fc'/Fc), a value lower
than the difference between’¥Ni-Salen]/[Ni-Salen]) and BXFc’/Fc) in DMF, a better
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donor solvent. Thus it cley shows that theither thephosphasalen liganctabilises better tF

oxidised Nckel metal cente, or this ligan is easier to be oxidated. Thaodic-cathodic peak
potential separation is larr than expected theoretically for ~electronproces (59 mV).

However, under similar cuditions, peak separation for the couple feenium/ferrocene i

about 100mV. This sae phenomenon has been reported fc-Salen complxes.®

MeCN/CH2CI2 DMF-CH2CI2

......... ferrocens =rememes fRITOCENE
— Ni-Psalen, 0.05 Vis i — Ni-P3alen, 0.05Vis

210° =— Ni-PSalen, 0.1V/s I

-— Ni-PSalen, 0.1Vis i

-0.2 0 0.2 04 0.6 0.8 1 0 0.2 04 0.6 08 1
E(V) E(V}

Figure 4. Cyclic voltammeric spectra of MPhosphasalen complex idifferent systems «
solvents.

For the sake of comparisand in order tdetterstabilise the oxidised sgies, DMF/CHLCI,
was employed as system solvent.In this solvent systems, similar to - case with Nicke
(salen) complexes, the oized speciesare likely hexazoordinated Ni(l) complexes, the
coordination sphere of the :kel being completed by two solvent molecu

Table 2.Electrochemical dia for phosphasalen complex30 and 31%in DMF/CH,CI, (60/40
volume)

Complex Bo, V. E%, V. En  dgdie B2V E% V. Elup  idipe

31° 0.65 0.51 0.58 1.00
30" 0.76 1.10 1.03 1.06 1.12
Fc 0.55 0.43 0.49 1.01

2 Tetrabutylammonium tetrzioroborate salt as electrolyte (c = 0.12 m™); sca1 rate= 100 mV'™;
the potential values are relatito SCE® ¢ = 3.8 mmol [%; ¢ ratio was observed tonange with scan ra
with a value of 1.46 at 50 mV's® ¢ =2.0 mmol L* ; °ratio was observed to chae with scan rate wit
a value of 1.27 at 50 mV's

Indeed the change for aslvent with better donocity reduced the oxion potential an
stabilised even more the dised speciesFor nickel complex31, no redution was observe
within the potential windov(0 V, -2.0 V) considered, and a reversible @tectron oxidatior
took place at 0.58 VAE, = 152 mV). Interestingly for the salen complexdation takes plac
at B, = 0.81 V in DME in conditions where oxidation of ferrocene occat 0.48 \*’ Thus,
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the oxidation potential of phosphasalen nickel cem@31 is only 0.1 V higher than that of
ferrocene, whereas that of the [Ni(salen)] denxatis 0.33 V higher compared to the same
reference. This clearly illustrated the better dimggability of the phosphasalen ligand which
renders the nickel centre more electron rich almivalan easier oxidation.

For the palladium compleg80, electrochemical studies were more difficult doethe more
limited solubility of this complex in presence ofMP, thus lower concentrations were
employed. Similarly to the case of the nickel-phi@sgalen complex, no reduction was observed
within the potential range explored. Interestinglyo oxidation waves were seen. The first one
is irreversible at 0.76 V and the second one & V.0vhich is pseudo-reversiblgllp:~1.12).
Thus, the first oxidation of the palladium comp&&occurred at a higher potential compared to
the nickel counterpaBl which implies a less electron rich metal centrevétheless a second
oxidation can only be seen in the case of the gialta derivative which may be related to the
increase of the thermodynamic stability of the kgfhoxidation states of elements within the
row Ni-Pd-Pt?®

Indeed, for the [Pd(salen)] complex two irreversibkidation waves were obserd&dt 0.96
and 1.07 V in acetonitrile namely 0.44 and 0.55 ighbkr than the oxidation potential of
ferrocene in the same conditions (0.518 V). Thet fioxidation is thus easier for the
phosphasalen derivative (only 0.27 V higher thae fberrocene oxidation potential) in
agreement with the presence of a better electroatd ligand. However, the second
oxidation of the phosphasalen complex occurs atpemable potential as the salen derivative
(namely 0.55 and 0.58 V higher thah&Fc'/Fc)), but as already established this oxidation in
[Pd(salen)] complex corresponds to the electronsfea from a molecular orbital localised
predominantly on the ligand and not on the metatreé*?

2.2.4 Magnetic Properties of Nickel phosphasalen @wmplex and Theoretical
Studies

Whereas the palladium phosphasalen complex alwagsfigely resolved NMR spectra, which
is quite usual for a diamagnetic compound, it fidlilt to obtain nicely resolved spectra for the
nickel phosphasalen complex at room temperaturés §hggest either a rapid exchange
between different conformations of a diamagneticngiex, or the existence of a partial
populated triplet state of the complex at room terature. Indeed, if at room temperature the
phosphasalen nickel compl&4 would exist under two different spin states (agEhand a
triplet one), the latter would perturb the NMR m&asnents. Magnetic moment of
phosphasalen compl&d has been measured using Evans métistdwing a value of 1.40gp
at room temperature. At first view, this value erylow compared to literature values of 3.0-
4.0 s expected for fully tetrahedral Ni(ll) complex®ddowever, values around 1.3 were
reported by Braunstein and coworkers for Ni(ll)ympexesadopting a distorted tetrahedral
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geometry in solutiofl! This was attributed to the dependence of magnatiment on the ligand
field, and the occurrence of structural equilibrisolution?®

As such observation was neither made for salen)Niimplexes we undertook a theoretical
study to compare the electronic properties of tiésplen)] and [Ni(phosphasalen)]. Density
Functional Theory (DFT) calculations were performed these two complexes with the
Gaussian 03 set of prograthsn combination with the B3PW91 functioffal Nickel was
represented by the relativistic effective core pti&é of Hay and Wadt and the associated
triple zeta quality basis s&taugmented by a f polarization function as propdse&renking®
(lanl2tz(f)). All other atoms were described wittet6-31G* Pople basis sét.

Csa—Cs €7 Cy
C;H=N N,—C,H _
-1 1 / 22—~ thPz___ 2\ Nl_Plf’hz

—Cs £ Cs
/ /
<\ /,Ce > < c22 o2 ol—c/ \>

Table 3. Comparison of selected geometric pararaeteming from X-ray diffraction analysis
and DFT calculations

[Ni(salen)] [Ni(phosphasalen)]
Optimised Optimised Optimised Optimised
X-ray singlet triplet X-ray singlet triplet

structure  structure structure  structure
N2-Nil 1.851(3) 1.857 1.986 1.888(4) 1.897 1.966
N1-Nil 1.849(3) 1.856 1.989 1.905(4) 1.894 2.011
Ni-O2 1.853(3) 1.847 1.900 1.863(4) 1.865 1.914
Ni-O1 1.851(5) 1.848 1.899 1,881(3) 1.883 1.953
0O2-Ni-N2 94.1(4) 94.31 91.6 95.4(2) 94.7 97,5
O1-Ni-N1 94.2(4)  93.99 91.5 95.4(2) 95.1 96,3
01-Ni-02 85.5(4) 85.4 105.2 83.9(2) 84.4 101.1
N1-Ni-N2 86.3(5) 86.4 82.9 85.4(2) 85.8 85.8
N1-Ni-N2-02 | 178,5 177.5 1534 176.40(35) 179.4 227.
N2-Ni-N1-O1 | 178.6 177.8 151.4 178.68(39) 178.8 155.
0O2-Ni-O1-N1 | 178.7 177.5 158.5 176.38(42) 179.4 @30.
O1-Ni-O2-N2 | 178.5 177.8 156.1 178.64(39) 178.8 Q62.
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Optimizations of both comexes31 and [Ni(salen)] were performed in tisinglet and triple
states. Table athers someelected geometric parameters for each optil structure togeth:
with the available experim¢al data from -ray diffraction analysi$® On the whole there is &
excellent aggement betwen the experimental structure and the tetical parametel
optimised for the singlet ste. A nearly square planar geometry was four both complexe
with dihedral angles arounthe metal centre lying between 176 and 171ean deviation:of
0.01 A were found for the Ind lengths and 1° for the bond ang

In optimized triplet states, th complexes adopt distorted tetrahedral gery. This change in
geometryis illustrated by th: dihedral angles given Table 3which vary fron nearly 180° (th
value for an ideal square anar arrangement) in the singlet state to ve between 162 ai
127° (instead of 120° for 1 ideal tetrahedral structure) in the tripletestThe phosphasalen
ligand seems to be more fiblethan the salen one, as demonstrated bylargergeometrical
evolution of thephosphasien complex than the salen or{enean valueof 143.7° for the
dihedral angles instead of>4.9° for the latter)It's also observed thahe meta-ligand bond
distances arsignificantly longer in the triplet than in the singlet state 0§94 and 0.07A in
the salen and the phosphan complexes, respectively (mean valu

Orbital Analysis for Snglet and Triplet States

Nickel(Salen) Complex

To decrypt these observan and havean insight into the low spihigh sgin process, orbiti
analysis has been carried:. In fact, ormation of the triplet state in the Jare planar singl
state involves first removinone electroiand then placing in another orbitl. For the Ni-Salen
complex, a correlatiohas b:en clearly establishdetween different spin stes and geometri
of the two major orbitals: tht from which the electron was removed and wtich accepts the
removed electron (Figure Bigure6).

Singlet, Square-planar Triplet, Square planar Triplet, Tetrat=dra

o [ o @
B 4
‘l -
J 4 ’ g
Associated-orbital Associaedp-orbital

Figure 5 Evolution of MO cbital from which one electron transferred
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The electron is removecrom the HOMO, which involves a d orbi in w-antibonding
interaction with px orbitals from O and N. This orbital looses its compoiin d and become
essentially ligandrased (t lost d component now resides essentiax the bet-orbital
associated, which is unoupied). The electron is placed the d,.,, orbital in strongo-
antibonding interaction witlthe ligands

Singlet, Square-planar Triplet, Square planar Triplet, Tetrat=dra

A\
M g
HOMO+3
4
& > 3
> -
&
. ? ] y
Associated-orbital Associaedp-orbital

Figure 6.Evolution of MO abital to which one electron transferred

According to the metdlgand = antibonding character of the HOMO orbitdlthe nickelSalen
complex (Figure 5)taking one electron from tF should shorten theneta-ligand bond
distances. Hower the elecon left from the HOMO now occupies an orb which was vacar
in the singlet state, the fii d orbital of these® complexes (&.y2). Sincz2 it is stronglyo-

antibonding between the mal and the ligands (Figure 4), its occupatiorails ¢ lengthening of
the metalligand bonds. So /o factors work in opposite direction but theér dominates (thc

antibonding interactions & stronger than thm ones). A lengthening the mete-ligand

distances thus occurs oming to thetriplet spin $ate, a trend whichs preserved upc
distortion towards a pseudetrahedral arrangeme

Nickel(Phosphasalen) Gmglex

The same reasoning of teéongate M-O and MN bonds applies for the ckel-phosphasalen
complex. Indeed, in the ce of N-Psalen complex, thelectron is alsoemoved from thi
HOMO and placed in,g,-orbital in strongs-antibonding interaction wit g-orbitals from N
and O, which was vacant ine singlet state

The correlation of orbitals ithe singlet, nc-relaxed triplet (S=3 PXand irthe relaxed triple
(S=3 Td) states are undowl for this c,.y,-orbital for both the occupied iha orbital and th
associated unoccupied betdsital (Figure 7. But it was not obvious for e occupied alpl-
orbital which the HOMO hs become, as the large molecule has marnves functions witl
close eigen values, i.e orbs with close energy, and the singly occupiecital seems to hav
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made variouscombination: with other orbitals which render its idification difficult.
However, the associated betbital could be easily identified (Figuré. 8 his orbitalis metal-
centered and allows us tonclude that the singly occupied orbital from MO has lost mos
of its component in @rbital, and that electron is taken from th-component to placed in th
Oxo-y2 Orbital.

Singlet, Square-planar Triplet, Square planar Triplet, Tetrahedr:

HOMO+8 HOMO ' HOMO-2

i ae
B 2] : ¢ ¢ "1 ’
D P -
2 2 o,
& 2R
? J
Associate-orbital Associaedp-orbital

Figure 7.Evolution of MO abital to which one electron is transferr

Singlet, Square-planar Triplet, Square planar Triplet, Tetrahedr:

HOMO ) Associated-orbital Associaedp-orbital

Figure 8.Evolution of MO abital from which one electron transferred

Just as the previous case \ Ni-Salen complex, the charge at Ni and ne¢ charges at O ar
N should increase. That isleed the case: the charge at Ni changes frorl56 in singlet stat
to +0.621 in triplet state (sare planar), at N fror-0.662 and -0.650 t®-7C0 and-0.715, at O
from -0.580 and -0.571 t®:605 anc-0.599. The spin density is mainly oli (+1.59), the res
of spin densities are mainhn N and O atoms. When the geometry is rel, the alpha orbit:
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from d.,.,, is more ligand-centered and the associated bettmlagmore metal-centered, so the
charge at Ni increases to +0.682, the spin deasiNi is +1.65.

Magnetic Moment of Ni-Phosphasalen Complex

As could be seen from the orbital analysis beftre,HOMO in both complexes involves a d
orbital on the metal centre i+ antibonding interaction with the oxygen and rgio ligands.
However the HOMO of the phosphasalen complex isifsigntly higher in energy than that of
the salen complex (-4,56 instead of -5.12 eV). A®m@sequence the vertical ionisation energy
calculated for the phosphasalen complex (5.73 eMpwver than that for the salen complex
(6.49 eV), a result in agreement with the easi@tadion found experimentally for the former.

From an energetic point of view the singlet stases found 9.0 kcal mdlmore stable than the
triplet state for the salen complex in agreemerth wie experimental evidence for a low spin
complex in solution® A strikingly different situation was found for thhosphasalen complex
with a triplet state slightly more stable than #ieglet state AE= -1.4 kcal mol). A triplet
ground state in solution as well as a small sinAgiptet energy difference (which suggests that
both spin configurations could coexist in solutioaje in agreement with the experimental
measure of the magnetic moment of com@&x

In order to rationalise the singlet-triplet enerdifference §Esy), we made use of the
thermodynamical cycle as described in Scheme 2artii®y from the optimised square planar
singlet state, one electron is removed from the HDkéeping the geometry of the complex
unchangeddE,). This removed electron is then placed in thebamtling d orbital leading to a
triplet state in the square planar geomedfy). Finally, the geometry is relaxed to reach the
optimised geometry for the triplet statkf).

o @ @’@

square planar dlstorted tetrahedral
o
Es e ' OE3
_|®
X=N_  N=X e X=N_ N=X
/Ni\ /N N
6] ) O ]
OE
S=1/2 2 s=1
square planar square planar

Scheme 23. Thermodynamical cycle to determinanfkestriplet energy differencesy)
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The values obE,, dE,, 6E; and 3Est are reported in Table 4 for both salen and phogéas
complexes. It clearly appears that the electroactor responsible for the difference st
between salen and phosphasalen complex (by 10l4viad) is the major lowering (by 17.5
kcal mol*) of the ionisation energy in going from the salerthe phosphasalen complex. Thus
it could be said that the low-lying triplet statietloe nickel phosphasalen complex is due to the
better donating ability of phosphasalen ligand.

Table 4. Energy decomposition (kcal f)placcording to Scheme 4, of the singlet-triplet
energy difference for salen and phosphasalen cotagle

)= OB, OE; OEst
[Ni(salen)] 149.6 -129.6 -11.0 +9.0
[Ni(phosphasalen)] 132.1 -122.0 -11.5 -1.4
AE([Ni(salen)]- [Ni(phosphasalen)]) -17.5 +7.0 -0.5 -104

l1l. Conclusion

Taken into account the importance of salen ligandsoordination chemistry and catalysis, as
well as the need to develop salen-like ligands wifferent electronic properties and improved
flexibility, phosphasalen ligands have been dewsdopn the laboratory. This new class of
ligand combines two iminophosphorane and two phieleoxgroups. The proligand
(bis(aminophosphonium) salt) was synthesized by iadov reaction between ethylene
diamine and phosphinophenol in good yield. Althoughy the unsubstituted proligand has
been synthesized, it is well conceivable that $imgple method could be apply to the synthesis
of other ligands with variations on the phenoxioigs, as well as on the diamine linker. These
possibilities would be developed further.

The phosphasalen ligand was easily and cleanlydawated with nickel(ll) and palladium(ll)
metal centers, giving stable complexes. Chemiealysby cyclic voltammetry showed that all
these two complexes present oxidation waves atripwtential then the salen analogs, clearly
demonstrating the better donating ability of thegghasalen ligand compared to salen.

In particular, the nickel phosphasalen complex gmesa non-negligible magnetic moment in
solution, whereas in the solid state it is diamégnend adopts square-planar geometry. This
behavior is very different from the nickel salemgdex and suggest the existence of a low-
lying triplet state. DFT calculations carried out wickel salen and phosphasalen complexes in
singlet and triplet states not only elucidate theitals involved in the singlet-triplet transition
for both complexes, but also explain the originthog “strange” behavior of the phosphasalen
complex. It has been found that the triplet stdtplmsphasalen complex is slightly lower in
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energy than the singlet state, whereas for thensaeplex, the triplet state is much higher in
energy than the singlet state. The small differenceenergy in singlet-triplet state for

phosphasalen complex explains the magnetic momeasuned in solution for this compound.
And this small difference in energy is a direct ssquence of the better donating ability of
phosphasalen ligand.
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Chapter 4

Oxidised Ni(ll) Phosphasalen Complexes

From our study on Nickel phosphasalen complex,ag been shown that the phosphasalen
ligand is a better donor than the salen one aridtieacomplex is oxidized at lower potential
than the salen analog. Furthermore, by cyclic vaftetry study, it was observed that the
oxidised species is quite stable, even in solveith low-coordinating ability such as
acetonitrile. Following this direction, and takemta account the interest in Ni(lll) and in
studying oxidized phenoxide complexes of nickelahhinas been manifested though Ni-Salen,
we carried out the preparation and study of oxialisiekel-phosphasalen complex.

l. Introduction

1. Phenoxyl Radical Complexes

The chemistry of oxidized metal-phenoxide complelxas attracted much attention in the last
decade. This might be attributed to the directti@mtato the phenoxyl radical in galactose
oxidase! a mononuclear copper enzyme catalyzing the oxidatf primary alcohols to
aldehydes along with the reduction of t©0 H,O,. The enzyme functions as a two electron redox
unit during the catalytic cycle, and the overalfabgtic reaction in fact involves two separable
half-reaction: oxidation of a primary alcohol amdluction of oxygen to hydrogen peroxide. The
active site of the enzyme is composed of a coppetec coordinated by four aminoacid side
chains (from Tyr272, Tyr495, His496, His581), alomigh a solvent molecule, forming a five-
coordinated metal complex (Figure 1).
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Figure 1. X-ray structure of the active site ofayab oxidase.

The role of Tyr495 is supposed to act as a gefaxsd during the proton transfer. The electron
transfer is ensured by the copper ion and Tyr2#dctwis a modified one and is covalently
cross-linked to a cysteine (Cys228) trhough théusaltom. This cross-link has been shown to
be redox-active and identified as the protein fi@gical site in galactose oxidase (Scheme 1).
What is important in the mechanism of activity dlartooxidase is the cooperative and
alternative action of the metal center and tyrosimeredox reactions: the copper taking
oxidation stated of | or Il and the tyrosine ligagxists sometimes as a neutral one, sometimes
as a radical cation.

\©i495 \©1495

NH_ ) N ez N—__ N __ Y272
\ Cu cu'
o~ ;0 — o o
/ / ?/ H

o S .
[ H \ C228 T S\ c228
H

N\Cu”/N Y272 N\Cul/N Y272
SIS Pt
o) o 0 0
I (/)/ H
O\
H S S
\ C228 \ c228

Scheme 1. Active site and catalytic mechanismlatgmxidase (from Whittaker et &)

The recognition of free radical role in the actvitf galactose oxidase has shed insight into the
understanding of many other metalloenzyme systehishwalso contain a redox active metal
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center coordinated or adjacent to pro-radical litfaim catalysis, the cooperative effect between
the metal center and the ligand in these systemes hlespired the design of many synthetic
system of cataly&tThe group of Stack, for example, developed copptmn complexes (one of
which is presented in Scheme 2 , named [Cu(Il)BSWich are able to catalyse the oxidation
of primary alcohols by ©(1 atm), with turnover numbers up to 138®uring the catalytic
cycles, the complex is oxidized to [Cu(l)BST]in which the ligand is oxidized to a radical
cation.

/Nsc /N —
” U\
tBu (0] o tBu
PhS

Scheme 2. Copper salen complex [Cu(Il)BST]

For the importance of understanding the role ofnplwgl radical in biochemistry and the
potential applications of these species in catg)yshenoxide metal complexes have attracted
much attention in the last decade. Salen is likbly most important phenoxide-containing
ligand in chemistry, and salen complexes have fonndherous applications in catalysis
(epoxidation, epoxide resolution, copolymerizatmnepoxides and CQ sulfoxidation, etc).
Thus, it's easy to understand that a large padtadies on design and electronic structure of
oxidized metal-phenoxide species have evolved ardhe salen complexes. The use of salen
ligands constitutes other advantages: they coul@adsily synthesized from readily available
starting material, and the introduction of varidyges of substituents on different positions on
the ligand is possible, allowing the fine tuningedéctronic properties of salen complexes and
their oxidized species.

2. Mixed-Valence Compounds and Oxidized Nickel SateComplexes

The oxidized species of a salen complex could eoattributed as phenoxyl radical, or high
valent metal complex at first sight. What happenside the oxidized complex is more
complicated.

Taking the case of one oxidized metal complexeh wiproradical ligand: they could exist in
two limiting descriptions: a high valent metal cdep[M™VY*-L7, or a metal-ligand radical
[M™-L]. These complexes are special case of mixed-valesmmpounds. The unpaired

electron, or the “hole”, could “jump” between theotredox centers which are the metal and the
ligand. According to the facility this process, mikvalence compounds containing two redox
centers are devided in three classes (Scheme 3).
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(S e e

3O O o

Class I: No electron transfer Class II: limited electron transfer  Class Ill : free electron transfer
activation barrier

Scheme 3. Three classes of mixed-valence compounds.

In class I, no electron transfer occur betweentthe centers because they are far apart or
because their interaction is symmetry or spin filbn. In class Il, electronic interaction
between the two centers exists and thus the efetrmasfer between these two centers. In class
I, the two centers have such strong electronteraction that there’s not activation barrier for
electron transfer, leading to free spin delocdlisaind an average charge on the two centers
(Scheme 3f.

Oxidised salen complexes of manganese, iron, gotigbper and group 10 metals (Ni, Pd, Pt)
have been isolated and studied exclusively. Oxetiizekel salen complexes have been found to
be of class Ill mixed valence complexes, the rddieeng delocalized over the ligand through
the metal bridge, the spin density on the metateren often low (<20%j.Three directions to
tune the electronic configuration of the complekese been envisaged: 1) localize the spin
density on one of the two phenoxide moiety, 2) éase the activation barrier of electron
transfer, 3) change the locus of electron densiagnfligand to metal (Scheme 4). Needless to
say, the first and second options often come tageth

fully delocalised class Il
higher spin density

N— N
’H
Meo{ %} d D

localised class Il frontier class II- class Il

Scheme 4. Nickel salen complexes

The first option has been done for example by usiogsymmetrical salen ligand. Oxidised
nickel salen complenil, realized by Shimazaki and cowork8reas equal spin densities on
each phenoxide moiety, with 12% contribution from é&&nter. By changing the imine
functional group by an amine which is more electionor, the same group obtained the radical
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complexNi3 with a more localized spin density on the phenexiohg linked to the amine
function, as has been demonstrated by X-ray difsaexperiment and DFT calculatiohhe
calculations also suggested that the electron feafetween the two phenoxide, presumable
mediated through Ni center (orbitgl)] is significantly reduced. The complex is at frantier
class ll-class 11l mixed-valence compounds.

If the activation barrier for the electron transferincreased, then the spin density can be
localized even for complexes of symmetrical ligalmd2010 Thomas and coworkers reported
the complexNi2 [Ni(L-OMe)](SbFs), featuring OMe at theara- position of the phenoxide
rings, which shows the unsymmetrical structure @oimig one quinoid and one phenoxide ring
(Scheme 4). This has been explained by the interaci the fluorides on one phenyl ring
which render the molecules non-symmetrical. Latéurahashi and co workers examined the
intervalence charge transfer band (IVTC) of the saommplex in solution and found that the
complex is a class Il mixed valence compound. Tegylained this by the change of redox
potential induced by OMe groups, which modifies aleévation barrier for electron transfer.

The third option, changing the locus of oxidatioonfi ligand to metal, has been realized up to
now only with the intervention of external factotise temperature, the nature of solvant or the
presence of exogenous ligands. The effect of @mpérature has been investigated by
Shimazaki and coworkers, who discovered the tautiemebetween the two forms of complex
Ni4 (ligand radical or high valent Ni(lll)) by incréag or lowering the temperatufeThe
Ni(lll) complex exists under -120°C. (Scheme 5)

_N\ ||/N_ =N N=
Ni NI
NI T<-120°C
t-Bu @ o o tBu =——== By o o t-Bu
T>-120C
t-Bu t-Bu _ tBu
Ni4 Bu

Scheme 5. Tautomerisam of oxidized Nickel-saleplesm

The effect of the addition of axial ligands on 8tability of oxidised nickel salen complex has
been long known in chemistry. Earlier to the stadé nickel-phenoxyl radical complexes and
electronic structures of oxidized nickel salens,1®90, Freire and coworkers studied the
oxidation of [Ni(3,5-CjSaloph)] in DMF and (CEJ,SO by electrochemistry and formulated the
oxidized species as [Ni(3,5-Saloph).5" (S=solvent molecule) (Scheme ®%6The products
have a large ;g values at room temperature which suggest thabtiwation is metal-based.
The EPR spectra of frozen solutions displayed Kigiisotropic, large g tensor, typical of
Ni(lll). Upon addition of 4-methylpyridine, the baseplaces the two solvent molecules at the
axial position, leading to the apparition of a hyfimecoupling in EPR spectrum of the oxidized
species, due to the interaction of the unpairectrele and two equivalent nitrogen atoms.
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e (4-Me)Py
_N\N ”/N_ / ol S Cl \ _N\N-III/N_
I I~
cl o~ O cl cl o | o c
S=DMF, DMSO |

cl Cl cl N

Scheme 6. Oxidation of [Ni(3,5-Skloph)], from Freire and coworkér.

The role of the axial ligand(s) was more deeplyestigated by F. Thomas and coworkers.
They observed that addition of pyridine into electremically generated complex&g5-7
(Scheme 7) in CKCl, led to the existence of six-coordinated Ni(lll)dadts that has been
evidenced by EPR spectfaThis is in contrast to the situation when no piyrédis added: EPR
spectra of the oxidized complex®&§5-7 in CH,Cl, pointed towards the phenoxyl radical
complexes.

Q B -

bd 2

Scheme 7. Oxidated nickel salen complexes, fromaset af?

In fact, in square planar nickel salen complexas gnergy level of the d orbitals from the metal
and then-orbitals from the ligands are very close. By chiagghe relative energies between
these orbitals, a metal-based or ligand-based gsoceuld be favored, leading to high valent
Ni(lll) or ligand radical. In those above-cited exales, on going from a square planar to an
octahedral geometry, the presence of axial ligandseases the energies of,dd, and d,
orbitals, probably makes them higher than the gnefg =-orbitals from the ligand. This
resulted in the formation of a Ni(lll) complex. Bhituning” is however very delicate, and
adding axial ligand does not systematically leanlsatmetal-based oxidation process. For
examples, in Scheme 8, all the three oxidized hickenplexes adopt octahedral geometries.
But whereasNi8 is a high valent Ni(lll) complex,Ni9-10 featuring salan ligands are radical
complexes of high spin Ni(Iff> For all these three complexes, two-electron didda afford
bis (phenoxyl) radical species, regardless of giwitization of the coordinating nitrogen.
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il >>: :<< / /N."

N
tBu o/| 0] | tBu tBu tBu
/N /N
tBu O tBu hlgh-spln NI(”) tBu S tBu
A ) radical ligand ) o Ni10
Nig high-spin Ni(ll)
nickel(lll)-phenoxide radical ligand

Scheme 8. Oxidised nickel complexes of salen-ygeds, from Thomas and coworkers

3. Nickel (lIl) Complexes

In the discussion about oxidized nickel-salen caxgs, it has been demonstrated that the
formation of Ni(lll) complex could only be obtainéu the presence of axial ligands leading to
an octahedral geometry. Indeed, most of Ni(lll) pberes reported in the literature are hexa-
coordinated. However, it's the coordinatively unsated complexes that could have attractive
applications in catalysis, as there's still plaae doordinate the substrate(s). Catalytic
applications of Ni(lll) in nature are known. The-dbintaining superoxide dismutase (NiSOD) is
able to catalyse the disproportionation of @ O, and HO,."° The active site of the enzyme
features an Ni(ll) and a square planar N2S2 ligaedin its first coordination sphere. The
oxidation form has N2S2 ligand set in equatori@ngl, and an imidazole in axial position,
giving a Ni(lll) complex in square pyramidal geomyet{Scheme 9)

N
N N
L) _— B
NH O,+ H H,0, N
O \\_/ I}_<O
I
HzN\Ni”/N\3 / B HZN\’{HHI/Nj
/S/ \S 0, 0, /S/ N
cys o/s cys Sys

Scheme 9. Active site of Ni-containing superoxidendtase.

Penta-coordinated Ni(lll) complexes are less comthan hexa-coordinated Ni(lll), but not too
rare. For example, Lee C. M. and coworkers syrgbdtialkyl, thiolate and selenonate penta-
coordinated Ni(lll) complexes supported by triggtate) phosphine ligantt.(Scheme 10) The
average g value of the alkyl complex at 77K is 24ignificantly higher than 2.00, indicating
that the unpair electron is primarily located at SIQUID measurement of the same complex in
the solid state gave a magnetic moment of L%vhich has been judged as “consistent with
the Ni" having a low-spin Gelectron configuration in a distorted trigonal bigmidal ligand
field”.
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R1
S@
©
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J = Ry P
P P os s©
X= SPh, SePh, Me
R,=H, Me, Et

Ni11 Ri

Scheme 10. Penta-dentate nickel(lll) complexes) tree and coworkers.

More recently, in 2012, W. Z. Lee and coworkersoréggd the formation of Ni(lll) complex
with a penta-dentate N302 ligand, which resembies dxidized form of the active site of
Nickel-containing superoxide dismutase (Scheme Thg complex could react with KQo
give O, and the corresponding Ni(ll) complex, which cotihén be re-converted into Ni(lll)
complex by oxidation with [Cff-e]PF. Spin density plot of the complex calculated frDfT
showed an important contribution from the ligand.

ph [CpoFe]PFg [szFe]

Ph
N | O
Ph ﬁ\ | T~Ph
B N
K+Oz

Nil2

Scheme 11. Synthesis of Ni(lll) pentadentate comfsem Lee W.Z. and coworkeérs.

If obtaining of penta-coordinated Ni(lll) complexesalready difficult, Ni(lll) complexes of
lower coordination number are even more difficdt &chieve. For example, square-planar
pyramidal nickel complex of bisamine dithiolatedigl and apical imidazole ligand has high
valent Ni(Ill)** (Scheme 12). When the imidazole ligand is abstetmetal character of the
redox-active molecular orbital drops drasticallyndathe square-planar complex could be
considered as a Ni(ll) radical compl¥x.

SN

/_\ )
N\ |||N
/N'\
Ph S S Ph
Ph Ni13 Ph

Scheme 12. Reversible apical coordination of imotazon nickel complex, by Neese and
coworkers.

Some lower-coordinated complexes previously denagedli(lll) turned out to be Ni(ll). For
example, the compleNil4 [NiL2]", where L is the doubly deprotonated from of 1,2-
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benzendithiol, has been the center of debate fegrakdecades concerning the nature of Ni
(Scheme 13). It was first supposed to be a Ni@dmplex in which the SOMO has a large
contribution from the ligandf It turned out, as been shown by Neese and Wieghattit is a
Ni(Il) complex, in which the SOMO is primarily ligal-based. This orbital is energetically close
to the 3¢, of Ni, and is symmetrically allowed to mix with tesulting in the 3d-Ni character
part in the SOMG® Another example of the ambiguity of formal Ni(llnd true Ni(lll)
compounds involves formally pincer Ni(lll) complexeThey are used as catalysts for the
Kharasch reaction and are often denoted as “Nigthplexes” but little has been studied about
the true oxidation state of Ni.In one of the study, it has been shown that theaddly Ni(lll)
complexNil5 [Ni(PNP)CI|OTf (Scheme 13) contains in fact Ni(dentre bound to a radical
cation™®

NCI IC—‘ o @N Q oo

(iPr)zP_ll\li'_‘P(iPr)g

Cl
Nil4 Ni15

Scheme 13.Ni(ll) complexes often denoted as Ni(lll)

In 1991, Collins and coworkers reported the fisstlation of a square-planar Ni(lll) complex,
which is based on N4 ligand systeNi16, Scheme 14). In 2011 Neese and coworkers reported
thiolate Ni(lll) complexNi17 of a mixed thiolate-thioether ligaf@iA three coordinated Ni(lll)
imide complexNi18 has been reported by the group of Hillhot’sas part of their research in
low-coordinated species that features multiple bbetiveen nickel and light-elements like C,
N, P. Tetra-coordinated homoleptic Ni(lll) complexHil9 were reported by Alonso and
coworkers, using C6X5 ligands (Scheme #%4).

tBu. / \ tBu

Nl N
o CeXs CeXs Mes Mes
square planar
X=F, Cl .
Mes: mesityl
Nil6 Nil7 Ni18 Ni19

Scheme 14. Examples of tetra- and tri- coordin&tgtl) complexes

In summary, due the interest in phenoxyl radical anix-valence complexes, oxidized species
of nickel salen complexes have been the subjeatsupd by many groups. We were thus
interested in studying the oxidation of Ni(ll) plpbasalen complexes to see the electronic
differences conferred by the phosphasalen ligandgpared to salens. Taking into account the
rarity of Ni(lll) complexes, and the inexistenceaofetracoordinated Ni(lll) complex of a Salen-
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like ligand, and more generally, of a phenoxidetaonng ligand, it would be interesting to see
if the phosphasalen ligands could afford the higllation state Ni(lll).

ll. Results.
1. Methods for Substituted Phosphasalen Ligand Syhesis

It is worth noting that all oxidised nickel saleneplexes that are stable enough to be
characterised do have substituentsoao- and para- positions of the phenoxide rings. And
they were not random choices. In fact, since 1988dsby and co-workers have reported the
oxidative polymerisation of Ni(ll) salen complex&smoderately/weak donor solvents, giving
polymer-modified electrodés.The group also observed that polymer formation inhbited

by substituents gtara- positions of the phenoxide rings, and proposed tte polymerisation
took place by ligand-radical coupling mechanismhwvifte formation of C-C linkages between
phenyl rings, a process related to the oxidativeymperisation of phenol and substituted
phenols.

Thus, before the study of any eventual oxidisedsphasalen nickel complex, it's important to
develop substituted phosphasalen ligand. We clwsewelop phosphasalen ligands wight-
butyl substituents oonrtho- andpara- positions of the phenoxide rings, starting froroheeap
and readily available 2,4-d¢ert-butylphenol. This starting compound is first corted to
phosphinophend4 which would then be transformed into phosphaskdmmds by a sequence
of Kirsanov reactions-deprotonation as has been fmethe synthesis of the non-subsituted
phosphasalen ligand. (Scheme 15)

Bu tBu
PhoP=N N=PPh;
o — —_—
tBu OH HO tBu
tBu tBu PPh,
OH OH 34 tBu tBu

Scheme 15. Synthesis of substituted phosphasgier§.

The phosphinophen@4 was first synthetised following the same procedigeeported for the
unsubstituted phosphasalen ligands in chapter I3(8e 16, first method). The phenol function
was first protected, then was submitted to an titthation reaction and treatment with
diphenylphosphine chloride to introduce PRHinctional group atortho-position of the
protected phenol. Finally, the protection grouphaf phenol function was removed by an acidic
treatment. This method gave compo@ddvith high total yield, but employed an expensivnd a
toxic compound (chloride methyl ethyl ether) toragluce the protecting group. Furthermore,
the purification of the intermedia&8 by recrystallation in methanol often took long ¢éinfwWe
thus searched for an alternative method.
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tBu tBu
1) BuLi first method
2) Ph,PC
tBu 32 tBu PPhy 54
1)NaH -
et R = CH,OCH,CHs HCI, MeOH
tBu 1) 2Buli
NBS, CH3CN 2 Ph PCI
. PPh2
OH Off 34

second method

Scheme 16. First and second synthesis of phosgiénop

We later noticed that the phosphinophedwtould be obtained much faster and more easily by
adopting the synthesis reported for dilithium higl@xy)phosphines complexes by Fryzyk and
coworkeré? (Scheme 16, second method). The bromination cfi2tért-butylphenol with N-
bromosuccinimide gave 2-bromo-4,6tdit-butylphenol34’ in quantitative yield. Reaction of
this product with n-BuLi, followed by nucleophilgubstitution with chlorodiphenylphosphine
and aqueous treatmeant gave the desired pr@&duict high yield as a white crystalline solid.
This method is not only faster and simpler thansyrethesis oB4 by protection/deprotection,
but also employs reagents that are much less eixpeasd less toxic than the reagents needed
in the first method.

©Br @ ® Br@ / \
Ph,P— NH HN=PPh, Ph,P=N  N=PPh

2
d KHMDS (4 equiv.) dC
OH HO € By Bu OK KO tBu
THF —

tBu tBu
-KBr 36a
)BI’Z CHzclz
2) ethylene diamine,
BU3N
PPh
2 1) Bry, CH,Cl,
2) cyclohexanediamine
DABCO
©Br g Q ® Br® Q
Ph,P~NH HN=PPh, | _ Ph,P=N N=PPh, ,
c KHMDS (4 equiv.) c
tBu OH HO tBu — > tBu OK KO tBu
tB tB ab " tB tB ab
u u ; u u
35b KBr 36b

Scheme 17. Synthesis of phosphasalen ligands
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Kirsanov reaction 084 with ethylenediamine and trans-1,2-cyclohexanetfiarm the presence
of the appropriate bases gave proliga®d,b in high yield (Scheme 17). Though these
compounds have very limited solubility in commoriveats, their charaterisation by NMR
multi-nuclear was still successfully carried ouh P{*H} spectroscopy the equivalent
phosphorus atoms &5a appear as a singlet &CDCl;) = 40.3 ppm, and those 85b at
O(CDCl;) = 38.5 ppm, which are very close to the valueortggl for the unsubstituted
phosphasalen proligand(CDCls) = 39.3 ppm). If"H NMR spectrum, the bridging ethylene
protons of35a appear as a broad signaldCDCls) = 3.74 ppm, those @5b at 3(CDCls) =
3.82 ppm, all slightly higher than the values réporfor the unsubstituted phosphasalen
proligand §(CDCl) = 3.43 ppm).

Upon reaction with 4 equiv. of KHMDS in THF, botiese compounds are easily deprotonated
to give the corresponding anionic phosphasalenntiga Physically, a cloudy solution
(containing KBr and the soluble anionic phosphas@ieduct) was formed instead of a white
suspension (containing insoluble proligand anddellKHMDS). The completion of reaction
was monitored by the apparition of a unique singteresponding to the anionic phosphasalen
ligands 6 (THF)= 20.6 ppm foi36a 15.8 ppm for36b). After removal of KBr by filtration,
evaporation of THF and recrystallisation in petuoeether to remove HMDS, phosphasalen
ligand 36a was obtained as a white solid in quantitative didh '"H NMR spectrum, the
bridging ethylene protons @&6a now as a virtual triplet ad(THF-d) = 3.20 ppm, due to
couplings with two phosphorus atonds & 5.0 Hz). Although the foration of 36b is also very
clean, it could not be separated from HMDS. TH&H was not isolated and but was still
characterised by NMR-multinuclear experiments famparisons.

2. Neutral Complex Synthesis and Characterisation

2.1 Neutral Complexes Synthesis

The synthesis of nickel complex of ligar@ba was carried out directly by reaction of
[NiBr,(DME)] with a colorless solution of isolategba in THF, giving immediately a deep
purple solution (Scheme 18).

/N /N
Ph,P—N N=PPh» d thP:N\ I/N=PPh2d
c [NiBr,(DME) NI c
tBu OK KO tBu tBu (e (e} tBu
a b THF a b
tBu tBu tBu tBu
36a 37a

Scheme 18. Synthesis3gha

In 3P{*H} spectroscopy only one singlet was seenda(THF)= 36 ppm, indicating the
completeness of the coordination reaction. THF esxporated and the residue was taken in
dichloromethane to completely precipitate insolulgletassium salt(s). After removal of
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insoluble potassium salt by centrifugation and evation of dichloromethane, compl&7a
was obtained as a blue purple solid.'Hnspectroscopy, the ethylene bridge protons appear
broad signal ab(CD,Cl;) = 2.05 ppm, much higher field than in the ligamgroligand.

Definitive evidence concerning the structure3@a was provided by X-ray crystal analysis of
the complex. Suitable crystals were obtained frdoav diffusion of petroleum ether over a
saturated dichloromethane solution33fa at room temperature. Ortep view of comp83a is
presented in Figure 2. The complex crystallizechwito molecules of dichloromethane. (The
same structure of Nickel-complex was obtained bsa)-diffraction on crystals obtained from
slow evaporation of a toluene solution at room terafure, and in this case the complex
crystallize with two molecules of toluene).

As expected for a diamagneti€ domplex37a adopts a square planar geometry around the
metal and has a C2 axis going through the metaécehhe four coordination sites are occupied
by the iminophosphorane and phenoxide groups Jigintsdeviation from planarity (O1-N1-
N1’-O1’ dihedral angle 8.51°). TheynoxidisCpnenys Ni-O and Ni-N bond lengths are of almost
the same values as those in the nickel complexnstibstituted phosphasalen ligand. In the
same manner, values of bond angles around thel miekter are very close to the ones reported
for the unsubstituted complex.

¥ o

¥ c1
L
N1
Pl_@ e
c7 czwiu g b
"
0 — W U.,,‘d;u‘\_,‘\_,_ 1
cé / W — L]
/ /3 o1 L | ¢
CoND—— 3 \ /
v ca 9 Q@ v
< X :
O v w vV

Figure 2. ORTEP view of complé&/a Solvent molecules and hydrogen atoms have been
omitted for clarity. Thermal ellipsoids drawn aieth0% probability level. The complex has a
C2 symmetric axis passing through Ni. Selectechdists (A ) and angles (°): Ni-O1 1.881 (2),
Ni-N1 1.887 (2), P1-N1 1.613 (2), O1-C3 1.317 (3);C3 1.424 (4), C3-C4 1. 426 (4), C4-C5
1.391(4), C5-C6 1.408 (4), C6-C7 1.375(4), C7-C3D8&.(4), N1-Ni1-O1 95.7 (1), N1-Ni1l-N1’
84.7 (1), O1-Ni1-O'1 84.7 (1).

The synthesis 087b is slightly different from the one f@7a As the anionic phosphasalen
ligand 36b was not isolated as a solid, the coordination wase by the reaction of
[NiBry(DME)] with an in situ-generated solution 8b in THF, as described above in Scheme
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19. The addition of [NiBDME)] induced immediately the change from a coless to a deep
blue-purple solution®'P{*H} spectrum showed the formation of a unique pradué (THF)=
30 ppm, which is in lower field compared to thecanic free ligandd (THF)= 15.8 ppm). THF
was evaporated and the residue was taken in da@hkthane to facilitate the precipitation of
insoluble potassium salt(s). After removal of indé potassium salt by centrifugation,
evaporation of dichloromethane and washing witlgbetim ether to remove HMDS, complex
6b was obtained as a blue solid.'h spectroscopy, the ethylene bridge protons apasa
virtual triplet atd(CD,Cl,) = 3.02 ppm, due to couplings with vicinal protarsd phosphorus
atoms {3y 4= 3% = 9.0 Hz).

©Br o Q ® Bro Q

Ph,P—NH HN—PPh, 1) KHMDS (4 equiv) Ph,P=N. _N=PPhz ,

d
¢ 2) [NiBra(DME)] AN c
tBu OH HO tBu tBu O (@] tBu
THF
a b a b

tBu tBu tBu tBu
35b 37b

Scheme 19. Synthesis of nickel compldx

Figure 3. ORTEP view of complé¢h Solvent molecules and hydrogen atoms have been
omitted for clarity. Thermal ellipsoids drawn aetB0% probability level. Selected distances (A
) and angles (°): Ni-O1 1.877 (3), Ni1-O2 1.882(R);N1 1.912 (4), Ni1-N2 1.921(4), P1-N1
1.627 (4), P2-N2 1.618(4), O1-C8 1.303 (6), QR 1.306(6), N1-C1 1.478(6), N2-C2
1.477(6), N1-Ni1-O1 98.1 (2), O2-Ni1-N2 95.2(2),-Ni1-N2 85.7 (2), O1-Ni1-O2 83.3 (1),
0O1-N1-N2-02 14.57.

X-ray diffraction experiment was carried out ongsén crystals of37b obtained from slow
diffusion of petroleum ether over a saturated diahinethane solution and gave definite
evidence of the structure 8f7b (Figure 3). The complex crystallised with two malkss of
dichloromethane.
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Whereas the ligan@6b exists in racemic mixture of (R,R) and (S,S) cgafation of the
cyclohexane diamine bridge37b crystallised as mixtures of enantiopure crystais (
conglomerates) (this phenomenon, known as chisalluéon by crystallization, concerns about
5-10% of all racemates). Thus the crystal on whiatay diffraction was carried out is of (R,R)
configuration for C1 and C2. Similarly t87a 37b adopts a slightly distorted square-planar
geometry (O1-N1-N2-O2 dihedral angle 14.57°). The.fideCponenyi ONds are slightly shorter
than the ones ir87a (1.303(6) and 1.306(6) vs 1.317(3)), whereas Nidnhds are longer
(1.912(4) and 1.921(4) vs 1.887(2)). But thoseediffices remain insignificant.

2.2.Electrochemistry of Nickel Complexes.

At the difference of nickel phosphasalen complethwinsubstituted ligand which only has
irreversible oxidation wave in dichloromethane, timee same solvenB87a,b present first
oxidation waves which are reversible. This is expgdecause the change from unsubstituted
ligand to ligands with substituents ortho- andpara- positions of the phenoxide rings would
limited side-reactions that could happen to thediegid nickel complexes, e.g oxidative
polymerisation, as has been described before é8#ien complexes.

For reference, whereas simple nickel of unsubstitigalen ligand has irreversible oxidation
process in dichloromethane, In this solvent andoatm temperature, the complex [Ni(t-Bu-
Salen)] (Scheme 20) exhibits a first reversibledatibn wave at B'=+0.58V (vs E,(Fc'/Fc)),
and a second quasi-reversible one @f£+1.04V (vs Ey(Fc'/Fc))* *In the same solvent and
at the same temperature, complex [Ni(t-Bu-SalcBjjheme 20) exhibits two quasi-reversible
oxidation waves at £'~0.47 V and E,°~0.79 V (vs ExFc'/Fc)).” When the temperature was
decreased to 230K, these two oxidation waves $bift E,'~0.37V and E,~0.85V (vs
Ew(Fc'/Fc))® These oxidations have been established to badigased to give mono- and
bis-phenoxylradical specié$. The difference between the two half-wave potésitii,” and
E.7’ is an indication of the communication through bamd space between the two phenoxide
moieties: the bigger the difference, the strongerdommunication.

trans

T

Ni20 Ni21

Scheme 20. Nickel salen complexes analog3ab.
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T T T T T
Complex 1 Complex 2

1 {nA)

1 . I . . . . . .
1.5 2 0.2 04 06 08 1 1.2 14 16 1.8

0.5 1
E(V) E(V)

Figure 4. Cyclic voltammetry graphs 87a (left) and37b (right) in CHCl,. The potential
values are relative to SCE Tetrabutylammonium flktomoborate salt as electrolyte (c = 0.12
mol L'Y); scan rate= 50 mvV'5 ¢ = 3.0 mmol [;

To our surprise, for the two phosphasalen complexpsto three reversible oxidation waves
were observed (Figure 4). The first oxidation wagkghese two complexes happen at +0.16V
and +0.18V higher than;&Fc'/Fc), thus much easier than the salen analogséTaahd Table
2) This clearly demonstrate the better donatinditalmf phosphasalen ligands comparing to
salens which render more stable the oxidized specie

Table 1. Electrochemical data for nickel-phosphasatomplexes in Gi&l,*

Complex B = ES E’ Es Es3 B, Eul Eud

\Y \Y \Y
37a 0.68 0.59 1.48 1.39 1.77 1.60 0.63 1.43 1.69
37b 0.69 0.61 1.42 1.33 1.75 1.58 0.65 1.37 1.67
Fc

& Measurements were done at room temperature. Rdtenblues are relative to SCE.

Tetrabutylammonium tetrafluoroborate salt as etégte (c = 0.12 mol [}); scan rate= 50 mV’sc =
3.0 mmol L*;

Table 2. Comparison of Electrochemical data fokelaccomplexes in Ci€l,*

Complex B,V Ev, V Evs, V

37 0.16 0.96 1.22

37b? 0.18 0.90 1.20
[Ni(t-Bu Salen)]® 0.58 1.04
[Ni(t-Bu Salcn)] 2 0.47 0.79
[Ni(t-Bu Salcn)]® 0.37 0.85

2 Potential values are relative tg~c'/Fc). Tetrabutylammonium tetrafluoroborate salekstrolyte (c
= 0.12 mol Y); scan rate= 50 mV’sc = 3.0 mmol [};  measurements at room temperatd’re;
measurements at 230K.

The second and third oxidation waves of compB®a are very close to each other, the
difference between them being 0.26V. However,difference between the first and second
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oxidation waves is very large (0.8 V, Table 2). STkialue is much more important than the
difference of second and first half wave poterftialthe analog salen compl&20 (0.46 V).

In the same manner, the difference between thendeeod the third oxidation waves of
complex37b is small (0.30 V) whereas the one between thé¢ &insl the second half wave
potentials is very large (0.72 V). Once again, tlakie of 0.72 V is much more important then
the one reported for the amalog nickel-salen cori@1 featuring trans-cyclohexane diamine
backbone.

It is worth noting that studies have shown thatdizdéd species from the two cited nickel-salen
complexes are of class lll mixed-valence compoundsere there’s almost no barrier to
electronic communication between the two phenoxiseties (which is done through the
nickel center). Thus, for these complexes, theetbffice in half wave potentials of first and
second oxidations to yield mono- and bisphenoxgicas are among the largest one, because
the second oxidation is influenced by the first.onkaker electrochemical communication or
less flexibility resulting in weaker structural remngement to accommodate such
communication would reduce the difference betwersi &nd second half-wave potentidfls.
Thus for salen complexes, the difference of haNevaotentials of processes giving mono- and
bisphenoxyl radicals should be around, or less thase values reported for the cited salen
complexes (0.46 V foNi20 and 0.32 V folNi21).

Therefore the values of difference between fird aacond half-wave potentials for the two
phosphasalen complex8%a,b(0.80 V and 0.72 V) suggest that these do notespond to the
formation of mono- and bisphenoxyl radicals. Alowith the existence of three oxidation
waves for those complexes, they suggest that thedkidation happens in the metal, and the
second and third ones are ligand-based giving pty¢ioo iminophosphoranyl radicals.

3. Oxidised Complexes Synthesis and Characterisatio

The electrochemical studies suggests that it'siplesso form stable one-electron oxidised
species of nickel-phosphasalen complexes by s#aks in CHCI, (formal potential of A§Ag

in CH,CI, is of 0.65V vc FUFCZ4). Indeed, addition of a stochiometric amount ofPAg
AgBF,;, AgOTf or AgSbk into a solution of compleg87a,bin CH,CI, induced immediately a
change of colour from blue to deep red, with metkler precipitated out from the solution,
which sometimes gave a mirror layer on the walesid the test tube. IF*P{'H} spectrum
recorded after 2 hours of stirring, no signal wasedted indicating the disappearance of the
starting complex and the formation of a paramagregiecies.

Though for all reactions betwe&va or 37b with any of those listed silver salts seemed to
proceed well and gave the same physical aspechg,imrthe case of reaction d&7a with
AgSbF; did the product crystallise. The further studiesthus centred on this species.
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©]
SbF ©
thP:N\ _/N:PPhZ AgSbF, Ag PhZP:N\ _/N:Pth 6
/NI\ \_\ i /NI\
tBu (6] (e} tBu ‘7—T tBu (6] (6] tBu
tBu tBu [Co(Cp),ISbFg Co(Cp)2 Bu tBu
37a [37a]SbF ¢

Scheme 21. Oxidation of phosphasalen confplex

©
Y ShFe
=N _/N— —N\ ./N—
/NI\ /N|\
tBu O O tBu tBu (0] (@] tBu
tBu tBu tBu tBu
Ni22 Nil
® © ® C]
Q SbFg Q SHF¢
_N\ _/N _N\ /N_
/NI\ /NI
tBu (@) O tBu MeO (e} (@] OMe
tBu Ni3 tBu tBu Ni2 tBu

Scheme 22. Reported oxidized nickel-salen compéexegidenced by X-ray diffractioft > ¢ ©

After removal of Ag by centrifugation, dichloromatire was evaporated almost completely and
the residue was dissolved in toluene, giving a degpbrown solution. Green crystals were
obtained after one week of storage at -40°C iroatmuantitative yield (89%). The complex is
stable for months in solid state or in solutiondithloromethane or toluene. It could be
quantitatively reduced to the Ni(ll) phosphasalemmplex 37a by one equiv. of Co(Cp)
(Scheme 21).

X-ray diffraction was carried out on crystals ofetloxidised complexJ7a][SbF] giving
definite evidence for its structure (Figure 5). Tdainment of X-ray structure di37a][SbF]

is precious because X-ray structures of oxidised hisaken complexes and derivatives remain
scarce in literature (Scheme 2%)5% ¢ °

The complex 37a][SbF;] crystallised with 4 molecules of toluene. Thekeicis in a slightly
distorted square planar geometry formed by the domating atoms of the phosphasalen ligand,
as seen by the dihedral angle O1-N1-N2-O2 =11.8tdad of 8.51° in the neutral complex).
The anion Sbfwas found to be located quite far from the cata.special stacking effect or
hydrogen bonding was detected.
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Figure 5. ORTEP view of compleg87a][SbF]. Solvent molecules and hydrogen atoms have
been omitted for clarity. Thermal ellipsoids drawah the 50% probability level. Selected
distances (A) and angles (°): Ni-O1 1.828 (2), ®i2-1.844(2), Ni-N1 1.875 (3), Ni1-N2
1.842(3), P1-N1 1.639 (3), P2-N2 1.650 (3), O1-C382T1 (4), 02-C30 1.326(5), N1-C1
1.486(5), N2-C2 1.486(5), N1-Ni1l-O1 94.9 (1), O2-Ni2 95.3 (1), N1-Nil-N2 86.8 (1), O1-
Ni1-O2 84.2 (1), O1-N1-N2-O2 11.06.

Selected bond lengths around the metal centr@7a|[SbF;] and37aare presented in Table 3.
Compared to the neutral complex, the tw@eldxidsConenoxide PONAS in B7a][SbFs] are slightly
longer (1.327(4) and 1.326(5) vs. 1.317(3)). Thimicontrast with the case of phenoxyl radical
salen complexes, where thgnQoxiaseConenoxisePONds are shorter than those in the corresponding
neutral salen complexes, as a result of semi-qeint@aracter of the phenoxyl radical (Scheme
23). Al M-N and M-O bonds are contracted in theidised phosphasalen complex.
Interestingly, contraction is more important al@mg axis O1-M-N2 than the other (O2-M-N1).

SRloR eI

Scheme 23. Canonical forms of phenoxyl radical.

Table 3. Selected bondlengths3i@aand[37a][SbF]

Complex Ni-N1 Ni-N2 Ni-O1 Ni-O2 O1- Grenoxide  O2- Gohenoxide
37dexp 1.887(2) 1.887(2) 1.881(2) 1.881(2) 1.317(3) I(3)
37a(calc) 1.892 1.892 1.904 1.904 1.309 1.309
[37a][SbF¢] (exp) 1.875(3) 1.842(3) 1.828(2) 1.844(2) 1.32y7 ( 1.326(5)
[37a] (calc) 1.897 1.819 1.819 1.888 1.323 1.327
[37a][SbF] (calc) 1.875 1.806 1.827 1.887 1.323 1.320
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In most reported X-ray structures of oxidised nickalen complexes, which has been shown to
be phenoxyl radical species, contraction of Qsfe.isebONds have been observed, along with
the contraction of M-N, M-O bond&.°¢ ¢ The only case where OsfenoxiseONds are slightly
elongated upon comparison with the neutral compbgppened to complex with unsymmetrical
ligand® (Ni2, Scheme 22), and in this case, the M-N and M-Calse elongated. The structural
data thus suggest the formation of a nickel(lliinpbex. Further studies have been carried out in
order to assess the nature of compp83a][SbF].

3. EPR and Magnetic Studies of Complex [37a][SbF6]

\/\/———"“ 5K

r 1 —Experiment

J ] —Simulation
110K

_ 166K
L Vfﬂ”t

\“_‘ VN,.H 252K

‘ ‘ 2400 2600 2800 3000 3200 3400 3600

. . .
2000 2500 3000 3500 4000
Field [Gauss] Field (Gauss)

Figure 6. (left) EPR spectra 487a][SbF] at different temperature; (right) recorded EPR
spectrum of37a][SbF] at 5K and the simulated spectrum. Conditid@3:a][SbFs] =4 mM in
toluene:benzene, frequency 9.3690 GHz, power=0.4ait#, 60 mW at other temperatures.

EPR spectrum recorded for the complgka][SbF6] at 5K exhibited parameters with a large g-
tensor anisotropy. Simulations gave three valdigsas follow: g=2.290, g=2.215, g=2.061.
These data indicate a rhombic symmetry typicaligvian for low spin Ni(li1)? & 5¢ 25 23,19

No transition from Ni(lll)-radical was observed increasing the temperature, instead the
intensities of the signals in EPR spectra decredsmtatically (no signal was detected at room
temperature). This is markedly different from thehaviour of reported oxidised Ni(Salen)
complexes and derivatives. For these compoundh, yatent Ni(lll) exist at low temperature
(less than 160K, sometimes even much lower) ancgtyd radical complex exists at higher
temperatured®  ZAt these temperatures and above, EPR spectredestéor these complexes
present a fine signal with g~2.0, characteristiambrganic radical.

Thus these data clearly evidence the formation dfli@l)phosphasalen complex at low
temperature and suggest that this oxidised comgplstxl a Ni(lll) species at up to 252K.
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Figure 7. Plots o T and 1/ vs. T for{6a][SbF6].

The solid state SQUID measurements (SQUID = Supeetting Quantum Interference
Device) in temperatures were performed at 1000Cded crystals off37a][SbF6]. They
showed that the magnetic susceptibiityfollows a Curie law =C/T) for a mononuclear
complex. The plot of 1y vs T is linear, and the produgT is constant from ~4K up to 300K.
The constant C was then determined to be 0.48<¢mol. From this value, g was deduced to
be 2.22 ¢ = (Ng?u3S(S + 1))/kg). Note that this value of g is in perfect consistewith the
OaverageCalculated from EPR pectra (2.19).

The constant C, and thus g does not vary from ~dkow00K, strongly suggesting that in this
range of temperatures, the comp[8Xa][SbF6] remains a Ni(lll) species. This hypothesis is
consistent with what have been observed from ERRtBpBCOpY measurements.

Data from EPR and SQUID measurements thus stragjgest that the compl¢X7a][SbF6]
is a high valent Ni(lll) species and that this dpeds stable even at high temperature. DFT
calculations have been carried out for better wtdading of the nature of the complex.

4. DFT Studies of [37a][SbF6]

Density Functional Theory (DFT) calculations weerfprmed on the two complexéa and

[37a][SbF;] with the Gaussian 03 set of progrdfnin combination with the B3PW91
functional?” Nickel was represented by the relativistic effesticore potential of Hay and
Wadt® and the associated triple zeta quality basfS, saigmented by a f polarization function
as proposed by Frenkitfglani2tz(f)). Tert-butyl group on the phenoxidegs were described
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with 3-21G Pople basis set to simplify the caldolag. Phosphorus atoms were represented by
6-31G* basis set reinforced with an f polarizatfanction. All other atoms were described with
the 6-31G* Pople basis sét.

DFT calculations correctly represent the geometryeautral nickel-phosphasalen complexes,
the difference between calculated bond lengths experimental ones are less than 0.02A.
Details of the bonds around metal center couldelea sn Table 3.

For the oxidized species, two structures were dpédh the cation with or without a counterion
SbR. All bond distances on the ligand predicted [f&a]" are very close to the ones predicted
for [37a][SbF¢] and they all match experimental values. At theeddhce from oxidized nickel
salen complexNi2 (Scheme 22) featuring methoxyl group at ghgosition on the phenoxide
rings, whose optimized DFT structure and X-ray dtice both shown a non-negligible
interaction of Sbkand the cationic nickel complex, no such intemactivas detected in the
optimized DFT structure di37a][SbF], which iscoherent with what has been seen in X-ray
structure of37a][SbF].

Just like in the structure obtained from X-ray wifftion, in the optimized structures [87a]

and [37a][SbFg] the two Grenoxiee© bonds are not shortened but even slightly el@mand
show no difference one to the other. The non-symmebntraction of Ni-N and Ni-O bonds
along one particular N-Ni-O axis (more precisel\2-Ni-O1 axis in X-ray structure) is also
correctly represented. Effectively, the calculasiaitributed an important spin density on the
three atoms on this N2-Ni-O1 axis (Figure 8). Thdeasities are much higher than the ones on
other atoms. Spin densities on the phenyl ringchétd to O1 are also more important than the
ones on the other side. The majority of spin dgrisibn the Ni centre, which suggests that the
oxidised complex contains high valent Ni(lll) inateof a radical ligand.

/—'\ )
-0.017 SbFg

0.134

Ph,P—N X -/N:PPh.z

tBu

tBu
Figure 8. Spin densities §&7a][SbF],only the ones >0.02 are printed.

In order to elucidate the electronic structurehef txidised nickel-phosphasalen species and to
understand the oxidation process, natural bondabrfNBO) analysis was performed on all
species involved in the following process:
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[Ni'-Phosphasalen] — [Ni-Phosphasalen]" —— [Ni-Phosphasalen]” —[Ni-Phosphasalen] [SbF ]

37a, optimized geometry  [37a]*, Non-relaxed [37a]", relaxed [37a] "[SbFg]
same geometry as 1 optimized geometry optimized geometry

In neutral complexd7a, the d-block orbitals of Ni are all in importandriming or anti-bonding
interation with p-orbitals from nitrogen or oxygefrhe resulting MOs are among the highest
occupied MOs of the molecule and do not differ miclenergy. This indicates close energy
levels between d-block orbitals of Ni andgobitals of N and O anglorbitals of aromatic rings.
The two highest occupied molecular orbitals areoanof the same energy and result from the
anti-bonding combination of,gd,, orbital of Ni with  orbitals of the phenoxides on the ligand
(Figure 9).

Figure 9. HOMO-1 and HOMO of neutral compl@xa

The oxidation was first done by removing one etattfrom one of these highest occupied
orbitals. In the non-relaxed geometry, the resutitbn has two possible ground states with the
same energy. According to the Jahn-Teller thepthm compound will follow a geometric
distortion in order to remove this degeneracy (F8dL0). Thus the two degenerate orbitals split
in two energy levels: the singly occupied orbitah@her enery level than the doubly occupied
one. This latter has been determined in the optid{&7a]” and is essentially theg,dof nickel
(Figure 10).

Figure 10. Jahn-Teller effect and the resulted dgubccupied orbital in[37a]" and
[37a][SbF]

- 118 -



Chapter 4. Oxidised complexes of Ni(ll) Phosphasale

The fact that there’s almost no participation fréme ligand in this molecular orbital is not
surprising. In fact, it has been found tha{3@a]" and[37a][SbFs] d-block orbitals of Nickel
become relatively much more stabilised than otlgamd-based ones and they pass from the
highest block into the high-medium ones,(dy, d.»). On the other hand, the-prbitals of
nitrogens and oxygens are still among the highestimied orbitals. Thus, it is clear that the
once existing bonding/anitibonding interaction bedw these orbitals and ligand orbitals no
longer exist. The relative stabilization of thabldck orbitals of Nickel is another indication of
the high-valent Ni(lll) complex.

Figure 11. The “hole” if37a]" and[37a][SbF]

The determination of the singly occupied orbitaD{BO) is difficult. In these big systems
where energy levels of orbitals (alpha or beta)\a®y close to others, the SOMO seems to
“blend” in combinations with other orbitals. Forately, the “hole” corresponding to the orbital
from which the electron was removed has been deteth(Figure 11). It consists of the, of
nickel in antibonding interactions with.-prbitals of N2 and O1. It is indeed the highest
unoccupied molecular orbital (alpha and beta cosepl)i and is the one in which the electron
would be added if the oxidized complex undergoessdaction to give the neutral one.

The form of this orbital coincides perfectly withet spin density distribution if87a]" and
[37a][SbFg]. Furthermore, as this orbital consists gf af nickel in antibonding interactions
with p.-orbitals of N2 and O1, removal of electron fronwibuld shorten the bonds along the
N2-Ni-O1 axis, a result which has been attested-bgty diffraction and geometry optimization
calculations.

In conclusion, from the DFT analysis, it could leeis that
1) the biggest spin density is on the Ni, with mitran 60%;

2) the orbital from which the electron is removedessentially @ of nickel in antibonding
interactions with porbitals of N2 and O1, resulting in non-symmetrishortening of bonds
along one axis O1-M-N2;

3) in[37a]" and[37a][SbFs] d-block orbitals of Nickel become relatively mutiore stabilised
than other ligand-based ones
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All these three observations strongly indicate tihat oxidized form of Nickel phosphasalen
complex37ais a high-valent Ni(lll) complex.

I1l. Conclusion

The previous studies on nickel complex of the naosstuted phosphasalen ligand
demonstrated the superior donating ability of thigmnd compared to salen. This ability
suggests that phosphasalens could be used fobthmment of stabilised oxidised complexes.
Taken into account the rarity of isolated Ni(llpraplex with low-coordination number, as well
as the study on oxidized metal-phenoxide complewesdecided to study the oxidations of
nickel phosphasalen complexes.

Two nickel complexes have been synthesised fromifraddphosphasalen ligands witbrt-
butyl substituents on the- and p- positions of the phenoxide rings. They have biely
characterised and could be cleanly oxidised byemgvalent of silver salt in dichloromethane.
X-ray structure was obtained one these two prodgcisiplex[37a][SbF]). At the difference

of all reported oxidised nickel-phenoxide complexesto now, which have been shown to be
Ni(Il) complexes of phenoxyl radical, the oxidisepecies 37a][SbF;] is a Ni(lll) complex.
This has been shown by EPR spectroscopy and DFllatbns. This complex is the first
example of four-coordinated high valent Ni(lll) plexide species, and one of rare example of
Ni(lll) complexes with coordination number lessita

The easy formation and stability of these Ni(llhneplexes would allow further studies of the
reactivity of Ni(lll) complexes and their roles gatalysis. Furthermore, these phosphasalen
ligands, which could stabilise high valent Ni(lfijate by their donating abilities, are expected to
render possible the isolation of other high valmnplexes, in particular the oxo complexes of
Mn(lll), the active intermediate supposed to besprd in manganese-catalysed epoxidation of
olefins, which has never been evidenced.
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Chapter 5

Phosphasalen Complexes in Ring-
Opening Polymerisation of Lactide

|. Introduction: PLA and ROP of Lactide
1. PLA: Utility and Synthesis

Most of polymers for daily utility such as polypsdene, polystyrene, PVC, nylon, synthetic
rubber, etc., are derived from petrochemical femtkstThe possible exhaustion of oil and gas
feedstock in a near future, and the ecological lerab linked to the disposal of those plastics
have drawn towards the development of polymer frmmewable sources and ideally,
biodegradable. Poly(lactic acid) or polylactide flis a polymer derived from bioresources
that fulfils both these criteria and thus its sy#is and development has been an active domain
of research in industry and academics. It is upda&te the most commercially viable
biodegradable material. It is recently manufactiurethrge scale in US and in smaller scale in
EU and Japoh.PLA has good mechanical and physical properti@s ienadvantage is even
enhanced by its biocompability and its ability ® ddsorbed and degraded in vivo. PLA is an
FDA approved substance for use in therapy.
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Scheme 1. Life-cycle of polylactide.

PLA, like other polyester, could be produced by twain ways: condensation-polymerisation
of lactic acid which bears both an acid and antatéunction, or ring-opening polymerisation
of lactide (Scheme 1). Lactic acid is obtained fri@mmentation of sugars, produced from high
starch content plants. Direct condensation-polysation of lactic acid is often limited by the
necessity of adding coupling agents and adjuvamterder to remove water to drive the
equilibrium towards the formation of polyester.idmethod produces polylactide with poorly
controlled chain length and often with low molargsaThus synthesis of polylactide is often
directed to the second method which is ring-opempiolymerisation of lactide. This product is
formed by the thermal degradation of oligolactiedac which in turn are produced by the
condensation polymerisation of lactic acid.

Compared to condensation polymerisation, ring-apgpiolymerisation has a crucial advantage
which is the possibility of having controlled polgnsation in terms of chain lengths/molar
mass, and in terms of stereochemistry. Many rekearhave been actively carried out to attain
polymerisation system which is both viable comnadlgiand effective in producing PLA with
special stereochemistry.

Before going any further, it is important to undansl the meaning of control polymerisation
and stereochemistry of such process. The nexbseistia brief introduction to all those notions,
sometimes in direct relation with polylactide.

2. Controlled Polymerisation: Meaningful Indicators

2.1 PDI and Molar Mass Distribution

Polymer molecular weight is important because éagly influences many physical properties
of the polymer. These includes glass transitionpenature (the temperature at which the
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polymer changes from a hard and brittle state tabder-like one) or melt temperature (the
temperature at which semi-crystalised domains efggblymer melt), viscoelasticity, strength,
etc. The polymer molecular weight is thus repofiadany polymerisation and its control is
important.

Polymer masses are often given by physical methags) as gel-exclusion chromatography,
light-scattering, osmometry or viscosity measureisiednlike small molecules, most synthetic
polymers do not have unique molar mass but a rahgeasses of different polymer molecules.
This weight distribution depends on the way theypar is produced. Thus most physical
methods deliver mass distributions. They are thlEammoassV; of a molecule of type i, the total
mass m; =n;M; of all molecules i, their mass fractiow; =m;/),;m; , or mass
concentratiorc; = m;/V. Some physical methods deliver higher statistieaights. Common
case is z-statistical weight = m;M; = n;M?.

For practical purposes, the three most importanammasses aréf,, (the number average
molecular weight),M,, (the weight average molecular weight) aiig (the z-average molecular
weight). Their definitions are described as follow:

. XiniM;
M, =¥, :M; =

n Zl L Zlnl
_ yimiM; ZiniMiZ
My, = 2iw;M; = =

w = Ziwi; Zimi  XinM;
_ miM? M3
Mzzzl'ZiMi:Zl i 1_21 M

YimiM;  Yin;M}

Polymolecular indexQy, , = M,,/M,, or commonly called polydispersity index (PDI)dfen
used to determine the quality of control of theypwrisation. The broader the distribution of
molar mass is, the higher PDI, thus the lower #ngrele of control of the polymerisation is.

2.2 Stereochemistry of Polymer and Tacticities

2.2.1 Introduction to Tacticity

Stereocontrol is an important issue in polymerstaioing asymmetric centres. Just like in
simple small molecules where diastereoisomers ddaeve the same melting temperature or
solubility, physical properties polymers dependtioe enchainment those asymmetric centres.
For example, isotactive PLA having only S-lactiadamonomer is crystalline thermoplastic
with Tg~60°C and T~170°C, whereas atatic PLA having R-lactic acid omars and S-lactic
acid monomers in non-ordered enchainment is amoiphbhe type of stereo-enchainment of
monomers in the polymer molecule is called tagticit

In general, the tacticity of polymer is determinieg the probabilities of certaistereo-
sequencesor stereorepeating units. A repeating unit orstitutional repeating unit is the
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smallest constitutional unit whose repetition irsingle sequential arrangement described a
regular polymer molecufeFor PLA, the constitutional repeating unit is dmadf the lactide
molecule, i.e —C(=0)-CH(CHFO-. An isotactic sequenceconsists of a single constitutional
repeating unit, in this case: a single enantiomer R. Asyndiotactic sequenceonsists of two
enantiomeric configurational repeating unit RS B 8 heterotactic repeating sequencéas
four monomeric units RRSS or SSRR. The repetitibearh of these stereosequences gives
respectivelyisotactic, syndiotactic and heterotactic polymer. Different types of tacticity that
could be derived from the polymerisation of lactidee shown in Scheme 2.

(R) (0]
(@]
o) (R)
"o Kk ﬂKLoJYOmiono}m
(R) © -0 .

o]
isotactic PLA
Oﬁ/kR) 0 A M/LR)J\/ 71/k jy S 7\/\@%/
(0]
L T e Y e
R (0]
R rac-Lactide S)= iso tactic PLA iso tactic PLA
Oﬁ/k ) O (S )]\/ Jj\/
RIL o 7‘/LR) vy SO 71/@
n 5 \/& \(\ﬂ/'\ R) (R)W j\Es) (
R) S): (0]
rac-Lactide stereoblock-isotactic PLA
Oﬁ/'\( ) O (S jv :
®) o\”/:\(s) 0
" T&o \/Ko %\H/LO R Ofﬁfsﬁ\
(R) Sk o] e
rac-Lactide heterotactic PLA
g(S) 0 o)
1 el
"o 0 (S) 0 (S)/m
Rl © o) o)
) syndiotactic PLA
meso-lactide

(@)
(@]
Jg
@

*YMR) Y@
© o
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—~

R)

meso-lactide

Scheme 2. Tacticities of PLA

Atactic polymer contains all types of configuratbminits (i.e R and S) with equal amounts in
random distribution. Stereoblock polymers haveedéht blocks, each of which contains the
same type of stereosequences.
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The tacticites of PLA depends on the lactide is@naerd on the choice of the catalysts/initiator
systems (Scheme 2). Polymerisation of R-LA or Sdives isotactic PLA. The one withese

LA gives atactic, heterotactic or syndiotactic Pllkfowever, bothmesoLA and enatiomerically
pure lactide are expensive. The naturally lactidelpced from fermentation is racemic lactide.
It is thus much more interesting to have stereagotiatl polymerisation fronmac-LA to obtain
heterotactic polymer.

The smallest configurational units of a polymerhagbnfigurational tacticity are diads formed
by two monomeric units. These diads are eitheradm (RR or SS, symboled or m in
litterature) or syndiotactic (RS, symbolear r in litterature). Higher configurational units are
triads, tetrads, pentads, etc. Scheme 3 showstéheosanalysis on a sample polymer at the
diad, triad, and tetrad levels.

i's s s i s s diads
is Ss ss si is SsS triads
iSS ' SSS.ssi'sis'iss tetrads

Scheme 3. Diads, triads and tetrads in a configaratl polymer.

The tacticity is often expressed in terms pfaRd R which is respectively the probability of
isotactic or heterotactic enchainment. They arerofheasured by an analysis at the tetrad level
of resonances observed in either homodecouptedor *C{*H} NMR spectra and by
comparisons of the peak integrals with bernouibatistics’ The essential results could be
found in many specialised books and have been idedcby Coudane and co-workers for
lactide polymerisatiof? However, detailed reasoning was not provided. fBllewing section
resumes the determination of d@Ad R and reasoning for those results.

[ ) @ & N
e ] N <
- 5] s o -
5.26 5.22 5.18 5.14 5.10

f1 (ppm)
Figure 1. Example of tetrad level of resonance=oked in homodecoupléti NMR spectrum.
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2.2.2 Statistic of Polymerisation and Bernoulli Trals

In fact, in stereoselective polymerisation, theraiways some influence of the present units
which is expressed as a conditional probabilityhaf connecting step, thus the statistics should
follow a Markov trial. In Markov first order trialonly the last unit influences the addition of
the new unit. For the polymerisation to yield PL#dur conditional probabilities must be
considered, corresponding to the probability ofiagldR-LA or S-LA constitutional unit to a
polymer with (r) or (Spropagatingcentre: gyr, Prys: Psyr Psys These probabilities obey this
relation:

PRt Prys= Peyrt Peys =1

As defined above, ;pand R is respectively the probability of isotactic or témtactic
enchainment, and in simplified cases, the prolghif adding R-LA or S-LA constitutional
unit to a polymer with (r) or ()ropagatingcentre only depends on the relative configuration
between the arriving and the present units, we Hav@ gyr = Psys =P and Rys= Psyr= Ps- AS
only two probabilities existpps=1, the statistics is reduced to a zeroth-orderkislarikov
chain or a Bernoulli statistics. That's why the ypokrisation of lactide is said to follow
Bernoulli statistics.

NN NN i HERE
| Pi N NN i
N\
/\/\/\/\I_i_ls

Scheme 4. Chain-growing polymerisation of dimefactide (after Coudane et &)

i

For the polymerization of lactide (which is in faztdimer of constitutional unit), let,xhe
proportion of sequences of typen the polymer. For tetrads levels, we have:

Xii + Xis + Xisi + Xiss T XsssF Xsis T Xssi + Xsii =1

For polymerisation fronrac-LA, Xss&Xiss=Xss=0 (because sequences with RSR or SRS are
impossible to form), thus we havg * X;s + Xsj + Xsis + Xsii =1

2" triad

1

1% triad
| —— |

o0 o o o O @ existed configurational

5 dvad —— unit on chain
| yad, 2™ dyad
stietrad newly added _
¢ J configurational unit
2" tetrad

Scheme 5. Diads, triads, tetrads formed from thdbtah of a dimer lactide.

When a new dimer lactide unit is added, two comfgional unit are added to the polymer
chain, thus two dyads, two triads, and two tetedsformed (Scheme 5).
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By applying some simple probability reasoning, awld find again the values for the
probabilities of different dyads, triads, tetragentads or hexads in function of gnd R, as
given by Coudane and cowork&€Table 1).

Table 1. Probability of n-ads (n=2-6) in rac-lacédpolymerisation with a Bernoullian
statistics.

Dyads [ s
Ratio (1+p)/2 (1-p)/2
Triads ii is Si
Ratio ¢ (1-p)/2 (1-p)/2
Tetrads iii iis isi sii sis
Ratio p(pi+1)/2 p(1-p)/2 (1-p)/2 p(1-p)/2 (1-p)%2
Pentads iiii iisi iiis sii isii isis
sisi
Ratio P’ p(1-p)/2 n(1-p)/2 n(1-p)/2 n(1-p)/2 (1-p)%2
Hexads iiiii isiii iiiis iisis isisi sisis
iiisi iisii siiis
siiii sisii
Ratio pA(pi+1)/2 p(1-p)/2 p(1-p)/2 n(1-p)42 (1-p)?/2 (1-p)*/2

Using these formulas, the heteroselectivigyqr a polymer derived fromac-lactide could be
calculated from the peak integrals in the homodptealtH or **C{*H} NMR spectra.

sis

526 522 518 514 510
f1 (ppm)
Figure 2. Example of tetrad level of resonancesoked in homodecouplétt NMR spectrum.

The integrals osis, sii, iis, ii, isi signals being X X,, Xs, X4, Xs, respectively
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From thesissignal: x;; = x1/2i=1x_ and pj; =1 —/2xgs , Ps1 = +/ 2Xsis
5 i

From thesii signal: x.;; = *2/_._ and
g sii /Zts—l X

Pi2 = Ps2 =

(1 T=8)/ (1 T=85)/,

(the value ofspis the one that is closer tg)p

From theisssignal: x;,; = x3/ nd

. a
=1
X5 X

(11— 8xi55)/2 |

biz =

L FIED)

p

(the value ofgpis the one that is closer tg)p

From theiii signal: x; =x4/ =1 and
s X

(-1+T8)/ (T8,

Dia = Dsa =

From theisi signal:x;s; = x5/2i:1x and pjs =1—2xs5, pes = 2X5
5 Xi

The tacticity of the polymerp; = §2é=1 pij and p; = %Z’:l Psj

3. Mechanism of Ring-Opening Polymerisation of Laatle

Depending on initiators, ring-opening polymerisati(ROP) of lactide could have different
mechanisms. The three most often considered oeesoardination-insertiohanionic® and
cationi¢"® polymerisation (Scheme 6, Scheme 8).

The last two mechanisms are often proposed forotijano/cationic initiator and are called
monomer-activated mechanism, because the monom&rbaulactivated first by a nucleophile
such as a carbene, or an electrophile (very oftah Bronsted) in order for the polymerisation
to occur (Scheme 6).
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® oH HOTR \):o
o\ﬂ)\ \i 5 ﬁOe
© HO—R o
cationic polymerisation anionic polymerisation

Scheme 6. Cationic and anionic lactide ring-operpotymerization.

In theory, by selecting the cation/nucleophile vatipropriate steric properties, stereo-selective
ROP can take place. However, to our knowledge uch selectivity has been reported for ROP
systems supposedly following cationic mechanismantples of stereoselective ROP with
anionic mechanism are rare. In 2004, Tolman andaders reported that ROP using free N-
heterocyclic carbene and analogs give isotacticlead PLA (R=0.75) (Scheme 7).

R R
W
4,6-trimethylphenyl

R=2,
R=2,6-diisopropylphenyl
R=tert-butyl

Scheme 7. Tolman’s N-heterocyclic carbenes for BO&ctide

The cordination-insertion mechanism, represermiegcheme 8, involves the catalytic action of
metal center and is supposed to be the most conmamhanism in ROP of lactide involving
organometallic compounds, a result supported byynesperimental and theoretical studies.
The great advantage of such polymerisation is tbssiple fine tuning of the steric and
electronic properties of the metal centre whichtum would influence the control of the
polymerisation process. Indeed, living polymermatiwith very good control of Mand
excellent steroeselectivity (for example, heterestglity p up to 0.98) has been reported using
various organometallic complexes. The next sedajivas more details about the performance
of such systems.
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Scheme 8. Coordination-insertion ROP of lactide.

4. Initiators for ROP of Lactide

The most widely used complex for industrial prefiara of PLA is tin (Il) bis(2-
ethylhexanoate), commonly referred as tin(ll) oote Sn(Oct) whose structure is given in
Scheme §.1t is commercially available, easy to handle, aighly active, giving high activity
in melt conditions and allows the preparation ofARkith very high molecular weight (up to
10°-10° Da). However, the polymers obtained show no sselectivity.

O~ O
A />_<:\;
o) o]
Scheme 9. tin(Il) octanoate Sn(Qct)

Significantly efforts have been placed to the desigd synthesis of efficient catalysts for the

preparation of polylactide. And despite the existemf some functional catalytic systems,

fundamental understanding about the process lidastiling. Thus research has often been draw
towards well characterised, discrete systems aethwuld facilitate the understanding of the

factors influencing the efficiency of the catalystiators.

By far the most common organometallic initiators ROP of LA are amide or alkoxide metal
complexes. Almost all earth-alkaline metals, tramsimetals and rare-earth metals complexes
have been tested. The scope of which has beesubijects of several reviews, like the one of
Tolman group in 2001, of Bourissou grotipin 2004, of Williams groufy' ®in 2008, or of
Feijen group! in 2011. Of particular interest are metals of grd(Ca, Mg) and 12 (Zn)
(oxidation state +2), 13 (Al, In) and rare-earthtaie (Sc, Y, Nd, etc) (oxidation state +3), or
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group 4 (Ti) (oxidation state +4), which are notyooommercially viable and non-toxic, but
also offer rather high activity and sometimes ctéldy.

As salen ligands and derivatives were used in coation with different metals for the ROP of
lactide, we were curious to evaluate the perforraarigphosphasalen complexes in this process.
Given the dianionic properties of phosphasalembigaand common requirement of having an
alkoxide/amide group on the complex, we decidenhvestigate the activities of phosphasalen
complexes of yttrium and aluminium. Both these rset@re cheap, having non-reported
toxicities and their complexes generally offer bt@st rates or control of polymerations.

4.1. Aluminium Complexes

Although the rate for ROP of aluminium complexes aften lower than other metals, they have
been extensively studied as they generally offey ywod polymerisation control due to the
lack of side reactions (e.g transesterification)or® importantly, easily synthesised salen
complexes of aluminium are among the most sterecthet initiators for ROP of lactide. In
fact, the most important breakthrough in stereaseke polymerisation process was made by
Spassky and co-workers. They found that alumintemplex of salen ligand derived from R-
(+)-1,1'-binaphthyl-2,2'-diamine (Scheme 18J1) initiated the ROP of rac-lactide to
predominantly isotactic PLA in reasonable time, ploéymerisation rate of (R,R)-LA being 19
times higher than the one of (S,S)-EA.

(Y ¢
)~

Se s CW}

tBu iPr tBu

% Al3 R,=Et, Rlz‘“ddk
\AI/ Sli/tBU
AN Al4 Ry=Bz, R;="
Ry ol o R, oh
R S
A5 R,=OBz, R;=

Scheme 10. Aluminium complexes for stereoseldR@®F of lactide

This finding started a rapid development in thedigtsi of aluminium complexes of Salen and
derivatives, and much has been obtained in ternstavéoselectivity. In a result reported by
Feijen and co-workers in 2002, aluminium complexauaf-Jacobsen ligand A(2, Scheme 10)
could initiate and catalyse the formation of steteok PLA p with =0.93 at 83% conversion of
rac-lactide’® More interestingly, this excellent stereocontrel maintained even in bulk
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conditions. In 2003, Chen and co-workers reportethe complexAl3/benzylalcohol (Scheme
10, AI3) as the catalyst/initiator systems for ROP of letide which offers a high
isoselectivity (p=0.90)** In 2007, Nomura and co-workers used the alumintemplex of a
similar ligand with more bulky substituent tBupf& at theo- andp- positions of the phenoxide
rings (Scheme 10Al4), and obtained an excellent isoselectivity pE@.98 with rac-lactidé®
The complex with Salen ligands featuring bulky cligsoups (Scheme 1®I5) reported by
Chen and co-workers in 2012 could initiate the RfDPac-lactide to give highly isotactic PLA
(P =0.97) in high conversion (94%) with very narro@IR1.07)!®

4.2. Yttrium Complexes

Yttrium complexes are particularly promising asytlodfer very fast rates for ROP of lactide
and, through careful selection of the ancillaryalid, can enable stereocontrol. Most of the
successful systems employ tetradentate ligands hwieiesure the stability and prevent
redistribution reactions often seen for rare-eadimplexes. From this point of view, the use of
salen ligands are interesting. Yttrium salen comgsewere first investigated nearly a decade
ago by Ovitt and Coates, together with the alunmmaomplex of the same ligand (Scheme 12),
for the ROP of meso-lactide. It showed moderatesrditut lack polymerization or tacticity
control (LA/I=100/1, 14h, 97%). Carpentier and colleagues have also studied
alkoxide/phenolate ligands, related to salens, whvere slow initiators and produced atactic
PLA (LA/I/iPA = 100/1/1, 1d, 91%}?

e N—
ANS _ =N N=
N 0 Of N
| N tBu o) ‘\o CF5
: THF CF3
dimer
Y1 ! tBu N(SiHMe,), Y2

Scheme 11. Yttrium complexes of Salen ligands eriatives

The activities of yttrium complexes with derivativef salen lignads have been reported
(Scheme 12). The salan complex featured in a rdpo@ui and co-workers in 2007 afforded
PLA with moderate heterotacticity in much higheter&ompared to the salen analogues
(LA/1=300/1, 1h, 100%, &0.65)*° Recently, Diaconescu and co-workers have repartsaien
derivative with a ferrocenediyl unit in the iminadkbone which showed even faster rates, but
lacks stereocontrol (LA/I=500/1, 40min, 92%, ata)ﬁ?
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\N/ \N/
\Y/ —N\ ,N—
/
t-Bu o t-Bu / \
THF t-Bu
tBu\  t-Bu t-BuO THF
SiMe3 Y3 t-Bu t-Bu

Scheme 12. Yttrium complexes of Salen ligands eridatives

Ry tBu
RZ\Q\ Me\Q\
N(SiHMe2)2 “—s (|) N(SiHMe.,),
Q\Rl QtBu
R, Me Y5

Scheme 13. Yttrium complexes of dithia-alkanedigited diphenolate ligands

Okuda has pioneered the use of dithia-alkanediglged diphenolate ligands with group 3
metals for the ROP of lactide (Scheme 13). Yttricomplexes of such ligands showed very fast
rates and can be used at low initiator concentrigitomplexY5: LA/I=300/1, 0.75h, 89%, or
LA/I=3000/1, 6h, 92%). Some of them showed excellbateroselectivity via a dynamic
monomer recognition process controlled by the intarversion of initiator enantiomers
(p=0.88 for the same complés5).”* The complexes also yield highly syndiotactic Plrdm
meseLA.#

The most successful ligand systems up to datehtodesign of catalyst/initiator of the ROP of
lactide up to date is tetradentate phenolate-aifigaeds (Scheme 14). These compounds were
synthesised in single-step Mannich condensationpifnary amine, formaldehyde and
substituted phenol. Their zirconium/halfnium conxele had given excellent results for olefin
polymerisatiorf? as reported by Goldschmidt and coworkers, bef@méhtier and co-workers
realised the potential of such ligands in ROP aititke. They reported rare-earth metal
complexes of the modified ligands in 2083 he yttrium complexY6, Scheme 14) appeared to
be very active in ROP of lactide (LA/I=500/1, 1190%) and afford PLA with high degree of
heterotacticity (g=0.80)> Eversince, this type of ligands have been stuitishsively by the
groups of Carpentier, Mountford, and oth&3he complexes studied generally give highly
stereocontrolled ROP and offer high rates all im $ame time. For yttrium complexes, highly
efficient systems with heterotacticity up to 0.9&ldigh rates have been achieved, for example
in the systems reported by Cui and co-workers (E200/1, 3h, 86%, $0.99) {Y7-8, Scheme
14) 1
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Scheme 14. Tetradentate bis(phenoxide) amine Igyand some notable yttrium complexes.
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Scheme 15. Notable systems with ligands incorpayathosphinic functions.

Ligands incorporating phosphorus-containing functisuch as phosphinic, thiophopshinic has
given good results in ROP of lactide. Arnold andweawrkers have recently reported an
interesting initiating system comprising a racemigture of alkoxide-phosphine oxide yttrium
complexes, which, in stack contrast of other yttrisystems which give heterotactic PLA,
yielded isotactic PLA fronrac-LA (LA/I=200/1, 10min, 98%, Pi=0.81Y. (Y9, Scheme 15).
The Williams group prepared yttrium complexes o$(phosphinic/thiophosphinic)diamido
ligands which show very high rates of polymerizatamd, in some cases, good heteroselectivity
(Ps=0.85) Y10, Scheme 153

ll. Aluminium-Phosphasalen Complexes.
1. Synthesis

The aluminum phosphasalen complexes were syntliesiasily by reaction of the anionic
ligand 29 with AICI; in THF, followed by nucleophilic substitution witkOR (R=Et, tBu)
(Scheme 16).

Ph,P=N  N=PPh, PhoP=N_ _N=PPh,
Croewly 2 Coafe
OK KO o' | o 41: R=Et
’ 2) ROK, THF O R By

Scheme 16. Synthesis of aluminium phosphasalenedsp
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The addition of AIC} into a solution of the phosphasalen ligand in Tdifoom temperature
quickly gives a white suspension after 10 minutiestioring at room temperature. ffP{*"H}R
spectrum, the signal of free ligand at +18.6 ppm diaappeared. Although the precipitation of
the product prevents its characterization, thd tismppearance of the ligand suggested that the
product is the phosphasalen aluminum chloride cery.

™ I

Y@ I

w
» - \)
w U, | 01 \_IJ'L)
\P2
\..SJ \I‘< N2 N1 P1L/tj
» g \3
.
Q -= g ci1 \J _ J

W

Figure 3. ORTEP view of compled0. Solvent molecules and hydrogen atoms have been
omitted for clarity. Thermal ellipsoids drawn atetth0% probability level. Selected distances
(A) and angles (°): Al1-CI1 2.228(1), Al1-O1 1.8D¥(AI1-02 1.817(2), Al1-N1 1.982(2), All-
N2 1.940(2), N1-P1 1.600(2), N2-P2 1.609(2), O1-BHR 85.86(8), O1-Al1-N1 91.1(1), O2-
Al2-N2 91.94(8), N1-Al1-N1 81.64(8), CI1-Al1-O1 06), CI1-CI1-N2 107.70(7), CI1-All-
02 98.80(7), Cl1-Al1-N1 98.60(7), O1-Cl1-N2-Al164,. 02-CI1-N1-Al1 0.72.

Indeed, if stirring was turned off after 2 minutesystals of the product was obtained from the
solution. X-ray diffraction experiment carried aut these crystals showed clearly the structure
of phosphasalen aluminum chloride complex (Fig))re

The complex crystallized with one molecule of Thich lies far from the aluminum center
and thus no THF coordination was observed. Thelmetder adopted a distorted square-based
pyramidal geometry with the phosphasalen liganddeitrans-configuration.

Addition of one equiv. of ROK (R=Et or tBu) intoghn situ generated suspension of complex
40 in THF induced slowly the dissolution of the ppatate and yielded a cloudy solution after
overnight stirring. **P{*H}-NMR spectrum of the solution showed a uniquegkh at +35.2
ppm for R=Et, or at +34.8 for R=tBu, indicating tloéean formation of a phosphasalen
complex. After removal of insoluble potassium saiuminum phosphasalen alkoxide
complexes4l and42 were obtained as ivory solid. Crystals suitable Xeray diffraction of
these compounds were obtained from a saturateticsobf 41 (or 42) in toluene at -40°C.
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Figure 4. ORTEP view of compldt. Hydrogen atoms have been omitted for clarity.rirfa
ellipsoids drawn at the 50% probability level. S#éel distances (A ) and angles (°): Al1-O3
1.733(4), Al1-O1 1.861(4), Al1-O2 1.827(4), Al1-N1973(4), Al1-N2 2.019(4), N1-P1
1.602(4), N2-P2 1.591(4), O1-Al1-02 83.9(2), O1-NIl 90.3(2), O2-Al1-N2 89.7(2), N1-Al1-
N2 81.3(2), O3-Al1-O1 99.5(2), OS3-Cl1-N2 100.2(2)3-Al1-O2 117.6(2), OS3-Al1-N1
106.4(2), O1-0O3-N2-All1 -2.01, O2-03-N1-Al1 0.67.

Both complexes adopted distorted square-based mahrgeometry, with the metal center
placed slightly out of the medial plane formed B3N2 atoms of the phosphasalen ligand. The
Al-OioxigebOnds are slightly shorter than Alghoxicebonds (1.733(4) vs. 1.861(4) and 1.827(4)
in 41, and 1.756(4) vs. 1.853(3) and 1.792(4)4R), which results from the better electron
donating ability of alkoxides.

v o
W Ze T
\P1 N1_U ,
b ‘ N2 QP2
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¥ C\‘ g Q‘.OZW‘U/}\'LO
Y| UU o1 9 v U;,u
Q\q

Figure 5. ORTEP view of compld® Hydrogen atoms have been omitted for clarity.riitad
ellipsoids are drawn at the 50% probability levBkelected distances (A ) and angles (°): All-
O3 1.756(4), Al1-O1 1.853(3), Al1-O2 1.792(4), N1-1.948(4), Al1-N2 1.991(4), N1-P1
1.597(4), N2-P2 1.586(4), O1-Al1-02 85.7(2), O1-NIM 90.8(2), O2-Al1-N2 91.3(2), N1-Al1-
N2 81.1(2), O3-Al1-01 99.7(2), O3-Al1-N2 94.9(23-8I1-02 115.2(2), O3-Al1-N1 108.8(2),
01-03-N2-Al1 2.33, 02-03-N1-Al1 -2.30.
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2. Catalytic Activites in ROP of Lactide

Both complexegl1l and42 have been tested as initiators for the ROP ofdeciThe choice of
solvent is important, as both complexes decomposéichloromethane and polymerization in
THF were extremely slow. The best results have lobgsined in toluene at high temperature.

Table 2. Activities of aluminum complexes

Initiator (I) [LA]o[l] T(°C) Time/d Conversion/% iP
41 100:1 80 1 73 atactic
42 100:1 80 1 70 atactic
rac-Al2'% 62:1 70 12 85 0.93
(R,R)-AI2%%  62:1 70 24 87.8 .
Al3* 122:1: P 70 0.42 83.6 0.89
Al4" 100/1/P 70 0.79 62 0.97
Al5™ 100/1 70 0.5 94 0.97

3 presence of isopropanol LA/I/iPA=122/1Plpresence of BzOH LA/I/BzOH=100/1/1,

Both complexesAl and 42 are active in ROP of lactide. With the loading 174/00/1, in
toluene at 80°C, initiato41 gave 73% of conversion after 24h, and initist@rgave 70% of
conversion after the same duration. These res@tsanparable with other aluminum initiators.
Table 2 presents the performancebf42 and different initiators in the literature.

S ) [3 -] o)
N o =] - N ® ©
S -] - - S [ o~
5.45 5.40 5.35 5.30 5.25 5.20 5.15 5.10 5.05 5.00 495 490 5.26 5.24 5.22 520 5.18 516 5.14 5.12 510 5.0¢

f1 (ppm) f1 (ppm)

Figure 6. {H} and 'H{*H} NMR spectrum of PLA in CDEI[LA], = 1M, [41] = 0.01M,
toluene, 80C, 73 % conversion of rac-LA, atactic

The polymers obtained frodil and42 are predominantly atactic, regardless of the crve.
For an example, the methane regions'ti}fand *H{*H} NMR spectrum of PLA obtained from
polymerization with41 were presented in Figure 6. The poor control @mesichemistry might
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probably due to a larger and more flexible phosalessligand, which leaves an important
space around the metal center and thus limitstdreacontrol by chain-end configuration.

As the performance in terms of catalytic activifyabuminum complexes are far behind the
yttrium phosphasalen complexes (details of whiclildide presented in the next section), most
of the work was focused in the study of yttrium q@exes. Though these preliminary tests for
ROP of lactide with aluminum complexes do not gye®d results in terms of stereoselectivity,
further modifications brought to the phosphasalgands could improve the stereocontrol of
ROP of lactide with these initiators. For examgh,the examples of aluminum complexes
presenting high stereoselectivity are based on beily systemsA2-5, Scheme 17), which
reduce the space around the metal centre and impinevstereocontrol, and thus future work on
aluminum phosphasalen complexes for ROP of lacidéd be directed in this direction.

Al3 R2:Et, R1: J\rﬂk

| _tBu
SIS
O/ | \ Ald R2=BZ, R]_=
Ph
oo e K

tBu |Pr tBu Al5 Rz—oBZ, Rl

Scheme 17. Highly stereoselective aluminum congplexe

llI. Yttrium Phosphasalen Complexes: First Study
1. Synthesis

The synthesis of the anionic phosphasalen liggdthas already been reported in chapter 3.
Reaction of ligand29 with [YCI3(THF)z5 in tetrahydrofuran resulted in the immediate
precipitation of a white product. TREP{"H}NMR spectrum showed the complete consumption
of ligand, as evidenced by the disappearance ddigrmal at 18.6 ppm. The total insolubility of
the product prevented any further analysis; thelpebis believed to be a cluster/polymer of the
ligand-yttrium-chloride. A similar effect has beebhserved by Diaconescu and co-workers
using relatedyttrium chloride Schiff base complex&s?® Furthermore, the apparition of an
insoluble phosphasalen chloride complex has alrbagpened in the case of aluminum, as has
been shown in the previous section.

Despite the insolubility of the product, the adztfitiof an equivalent of potassiutert-
butoxide/ethoxide into the reaction mixture induc@dslow dissolution. Thé'P{*H}NMR
spectrum of the solution presented a single sigatagjgnificantly lower field compared to the
dianionic ligand, indicating the coordination ottphosphasalen ligand to the yttrium center.
After removal of the potassium salt, the ethoxidel &ert-butoxide phosphasalen-yttrium
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complexes (complexed43 and 44, respectively) were isolated as white solids, Whigere
characterized by multinuclear NMR spectroscopymeletal analyses and using single crystal
X-ray diffraction experiments.

Ph,P= N N=PPh, PhoP=N_ _N=PPh,
QOK - 1) YCI3(THF)3 5, THF /T\
2) KOR', THF ©5.°
R’

43: R'=Et (84%)
44: R'=t-Bu (70%)

OtBu

o an
/N Ph,P=N.!| _N=PPh, 4

Ph,P=N_| N=PPh, Y.
/N
T e Ol

| a
< \>‘ O < >
Ph P_N/ \N—F’Ph 4
2 \l/ 2 o

|
© |

43

Scheme 18.Synthesis of yttrium complexes with stigued phosphasalen ligand.

Both complexe€3 and44 adopt a dimeric structure in the solid state, \lith yttrium centers
exhibiting a distorted octahedral geometry formgdhe tetradentate phosphasalen ligand, the
alkoxide group and a phenoxide/alkoxide bridge.hBdimers are symmetric: there is no
difference between the two yttrium centers in eitt@mplex, thus all the selected bond lengths
and angles are represented for only one yttriurtecen

In complex43, the ethoxide groups bridge between the two noetaters, forming a [YO,] four
membered ring. The phosphasalen ligand i@s# configuration: one phenoxide (0O2) and one
bridging ethoxide group (O3#2) occupy the axialipmss. The yttrium center and the other
four coordinated atoms (O1, N1, N2, O3) are alnnoshe same plan (dihedral angle (O1, N1,
N2, 03)=1.52(22) A, (Y, N1, 01, 03) =0.11(25)) AThe yttrium- phenoxide (Y-O2) bond in
axial position is slightly longer than the one hetequatorial position (Y-O1) (2.213(3) V&
2.182(3) A), whereas the Y- ethoxide (Y-O3#2) bandhe axial position is slightly shorter
than the one in the equatorial position (Y-O3) 43@) A vs 2.273(3) A). The two yttrium-
alkoxide bonds are all longer then the yttrium-pheéde bonds (2.243(3) A and 2.273(3vA
2.182(3) A and 2.213(3) A), probably because threyirabridging positions.

There is almost no difference concerning the b@mjths of Y-N1 and Y-N2, or N1-P1 and
N2-P2, respectively, but the distance Y-P1 is digaitly longer than Y-P2 (3.561(1) #s

3.414(1) A), and the Y-N1-P1 angle is larger thahl¥-P2 (123.81(17ys 114.05(17)). These
differences clearly shows that the two phosphotasa are in slightly different environments,
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which is also in accordance with the fact that tlaeg linked to two phenoxide groups in
different environment (axial or equatorial positpn

As a consequent’P{*H}-NMR spectrum of the comple®3 in THF, recorded in a Av500,
exhibits two signals very close to each other, qiia¢ intensity. These two signals were not
separated and merged into a broad signal in an NpRtrum recorded by an Av300
instrument.

¢ | S
(¥]
o b
ut)cs oY @ @

Figure 7. ORTEP view of compl&38 with thermal ellipsoids drawn at the 50% probatyili
level. Hydrogens are omitted for clarity. Selecbeshd lengths (A) and angles (deg): Y1-Y1#2
=3.6492(7), Y1-O1 2.182(3), Y1-O2 2.213(3), Y1-Q373(3), Y1-O3#2 2.243(3), Y1-N1
2.415(3), Y1-N2 2.438(3), P1-N1 1.598(3), P2-N294(8), O1-Y1-N1 78.8(1), O2-Y1-N1
90.5(1), N1-Y1-N2 70.4(1), N2-Y1-O2 81.4(1), 0102197.1(1), O2-Y1-03 90.6(1), O2-Y1-
0O3#2 156.1(1), N1-Y1-N2-O2 86.40(11), O1-Y1-N2-105(25).

Complex44 is also a dimer in the solid state, however, chranthe alkoxide co-ligand from
ethoxide to tert-butoxide changes the structurghef complex (Figure 8). The two yttrium
centers remain in distorted octahedral geometbigsthetert-butoxide ligands now occupy the
axial positions, presumably due to steric hindramreventing them adopting bridging
coordination modes. The complex adoptdrans-coordination geometry with a single p-
phenoxide coordination mode, per ligand. The Y- &N bond lengths are comparable with
those in complex3, but the Y-O(u-phenoxide) bond is longer (2.338(2)s 2.203(3) A in43)
and the Y-O(alkoxide) bond is significantly short21079(3) Avs2.243(3) A in43).

Although the two phenoxide oxygen atoms adopt difie coordination modes, the two
phosphorus atoms are in almost identical environsnes shown by close similarity in the P-Y
distances (3.490(1) &s3.507(1) A) and the P-N-Y bond angles (121.55(18)122.48(18)°).
Indeed, in the*'P{*"H}-NMR spectrum of complex44, in THF, only a single doublet is
observed, due to the coupling with the yttrium eenThe value of the coupling constaid =
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3.4 Hz) is comparable with other reported values®dgs in similar complexe§®*® 2 This
provides some indication that the solid state stinecmay be maintained in solution

Figure 8. ORTEP view of the solid state structureamplexd4, with thermal ellipsoids drawn
at the 50% probability level. Hydrogen atoms areitted for clarity. Selected bond lengths (A)
and angles (deg): Y1-O1 2.203(3), Y1-O2 2.338(2)08 2.079(3), Y1-O2#2 2.312(2), Y1-N1
2.398(3), Y2-N2 2.372(3), P1-N1 1.596(3), P2-N286(38), O1-Y1-N1 78.6(1), O2-Y1-N1
143.7(1), N1-Y1-N2 70.4(1), N2-Y1-O2 74.9(1), @102 133.0(1), O2-Y1-03 89.2(1), O2#2-
Y1-03 148.8(1), Y1-O2-N2-N1 9.39(24), Y1-O1-N1-9(@6) ; O1-N1-Y1-O3 88.49(11), O1-
N1-Y1-O2#2 82.27(10).

8 3
q 8
1(a)
2(a)
29.50 29.40 29.30 29.20 29.10 29.00 28.90 30.85 30.75 30.65 30.55 30.45 30.35 30.25 30.15
f1 (ppm) f1 (ppm)
N A 3¢
R8 83
1(b
(b) J=3.4Hz 2(b)
(=] ~
] o
bl o
29.55 29.45 29.35 29.25 29.15 29.05 28.95 28.85 30.85 30.75 30.65 30.55 30.45 30.35 30.25 30.15
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Figure 9.*'P{*H}-NMR spectra of complexd8 and44, recorded in THF on a (a) 300 MHz (b)
500 MHz instrument.
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Complex45 was prepared from the phosphasalen ligg@alwith sterically hinderedert-butyl
substituents on the phenoxide ring and witler&butyl alkoxide co-ligand (Scheme 19). This
ligand was deliberately targeted so as to prevemteiization and enable isolation of a
mononuclear yttrium alkoxide complex. Its synthegss reported in chapter 4.

PhoP=N  N=PPh, PhoP=N_ _N=PPh,
Y
1) YCIy(THF)5 5, THF /
tBu OK KO gy B YCl(THP)ss tBu o) I\o tBu
2) tBUOK, THF O,
tBu tBu tBu tBu
36a 45: R'=t-Bu (97%)

Scheme 19. Synthesis of the yttrium comgiiex

Addition of [YCI3(THF)s g into a solution of ligan@®6ain tetrahydrofuran resulted in a cloudy
solution.*P{"H}NMR spectrum showed the complete disappearantbeofree ligand signal at
+20.6 ppm, and the apparition of a unique singlé&aer field (+31.0 ppm). This suggested the
clean formation of a phosphasalen yttrium compi@xe equiv. of potassium tert-butoxide was
added into the solution and stirring was continfeedrh. After removal of insoluble potassium
salt, THF was evaporated, giving the product aseous oil, which turned into an ivory solid
after several days of storing at room temperature.

The *P{*H} NMR spectrum, in THF, showed a single doublét34.6 ppm, with a coupling
constant of 3.0 Hz, suggesting that compfxadopts atrans-configuration, in a manner
analogous to comple#4. On examination of the NMR spectra of comple#dsand45 some
clear differences were observed. In particular, fi@{'H} NMR spectra showed that the
quaternary phenolate carbon atoms are equivaletiteirspectrum of compourtb, whereas
they are different in the case of compouldd(and compound3), giving rise to two doublets,
likely due to the bridging and non-bridging coomtion modes of the phenolate. This supported
the notion that comple45 has a mononuclear structure.

Definitive evidence concerning the structure of ptew 45 was obtained by X-ray diffraction
analysis of monocrystals grown from a saturatedt&si of 5 in cyclohexane (Figure 10). The
complex adopts square based pyramidal geometry, thi¢ four coordinating atoms of the
phosphasalen ligands forming the basal plane, asrslby the dihedral angle O1-N1-N2-02
(4.13(0.11)). The yttrium center is slightly outtbe medial plane of these four atoms (0.7472
(0.0011) A). The angle at O3 atom is close to 18@fich probably results from the steric
hindrance of the phosphasalen ligand in the bdaakp All the yttrium-nitrogen and yttrium-
oxygen bonds in comple#5 are slightly shorter compared to the correspondialyes in
complex43 and44, probably as a result of the penta-coordinationleno
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Figure 10. ORTEP view of the solid state structafecomplex45, with thermal ellipsoids
drawn at the 50% probability level. Hydrogen atoare omitted for clarity. Selected bond
lengths (A) and angles (deg): Y1-O1 2.1671(318)0212.1704(18), Y1-O3 2.025(2), Y1-N1
2.375(2), Y2-N2 2.324(2), P1-N1 1.595(2), P2-N284(8), O1-Y1-N1 80.51(7), O2-Y1-N1
139.87(8), N1-Y1-N2 71.78(8), N2-Y1-O2 79.68(7),Y2-O2 102.03(7), O2-Y1-O3 109.16(8),
O1-Y1-O3 115.03(8), C55-03-Y1 171.40 (19), O1-N1G@2 4.13(0.11), O1-N1-N2-Y1
25.13(0.10)

2. Catalytic Activities and Kinetics Studies

2.1 Overall

All three complexes were highly active initiatos the ring opening polymerization (ROP) of
lactide. The selection of the polymerization sotvesas critical, with initiator decomposition
occurring in methylene chloride and the partialubdity of lactide in toluene (at ambient
temperature) leading to heterogeneous polymerizatitbeit extremely rapidly. The optimum
solvent for use at ambient temperature (25 °C) THiS; all experiments were conducted using
an initial concentration of lactide of 1 M, so asdnable accurate comparison between the
different initiators and additives.

Table 3. Data for th®OP of lactide using yttrium initiato#3-45[LA] o = 1 M.

Initiator [LA]¢[I] Time/s Conversidti % Mj(calcf’ M,(expf’ PDI®  PY Kobs
(1) / kg mol* / kg moi*
43 200:1 3360 90 25.9 27.1 1.36 0.78 0.0031
(56 min)
44 200:1 40 91 26.2 57.6 1.42 0.78 0.2522
44 200:1 5 98 28.8 64% 1.20° 0.86"
45 1000:1 45 97 140 223 1.34 0.86 0.0999
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45" 1000:1:1 70 80 115 105 1.08  0.90 -
45" 1000:1 120 99 144 332 1.31 087 -
48" 2000:1 10 mih 99 288 330 1.35 0.87 -
4589 5000:1 30 mih 08 720 700 1.23 088 -

2Conversions were determined from theNMR spectra (CDG) of the crude products, by integration
of the methine resonance assigned to §A4(92 ppm) and to PLAY5.00-5.30 ppm).

®My(calc) = 144 x [LAY[I] x % conversion LA.

° M, (exp) was determined using GPC, in THF, using rargle laser light scattering(GPC-MALLS)
according to the method described eaffr° The polydispersity index was also determined fGRC,

PDI =M/M,.

¢ p, is the probability of racemic linkages between pmer units and is determined by comparison of
the integrals of tetrads in the homonuclear deelfif NMR spectrum with those calculated using
Bernouillan statistics, according to the methoccdbed by Coudanet al®®

€ Determined from the gradients of the In{[L#ALA] } (for first-order reaction) or 1/[LA](for second-
order reaction) versus time plots

"expressed in Ms™. The reaction is second-order in lactide.
9 expressed in’s Thereaction is first order in lactide, [I]= 1 mM.
" isopropanol was added, [LA]/[1]/[iPA]=1000/1/1
' A reaction using unpurified lactide.
ISlurry of 2 mmol lactide in 1 mL THF at 25 °C.
¥ Slurry of 5 mmol lactide in 1 mL THF at 25 °C.
' Reaction time unoptimized.
™ This experiment showed a rapid increase of PDIdmwiease of fover time.
The catalytic activities of the dimeric complexedfed markedly from the ones of the

monomeric complex. Studies of their catalytic bebes/are presented separately below.

2.2 Catalytic Activities and Kinetics Studies: DimeiComplexes

2.2.1 Complex 43

The polymerizations usirg3 were analyzed by taking aliquots throughout thigrperizations.
They were well controlled, as shown by the lineaolution in the molecular weight with
conversion and the narrow PDI for the PLA (Figut¢. In general, there was a good agreement
betweenM,(calc) andM,(exp), suggesting that both alkoxide groups indhmeer initiate the

polymerisation.
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Figure 11. (Left) Plot illustrating 1/[LA](M™) versus time (s) for LA ROP usid@. (Right)
Plot showing the evolution of experimental (dgmol*) vs. conversion (%) for LA ROP using
initiator 43. Polymerization conditions: [LA]= 1 M, [43] =5 mM, THF, 25 °C.

For a polymerization initiated and catalysed byimitiator, the rate law can be expressed
according to the equation below:

-d[LA];

o = ko [LA)MITE (Equation 1)

Where [LA]: concentration of the lactide (mof). [I]: concentration of the initiator (mol3),
m: order of the reaction on Lactide, n: order @& thaction in initiator, k rate constant of the
reaction (3.mol ™™, L™m1),

Lactide polymerization often follows a first-order substrate. Curiously the polymerisations
with 43 as initiator showed a second order dependencleeoconcentration of lactide. The plots
of In{[LA] o/[LA] ¢} versus time did not show a linear fit to the datalicating the reaction was
not first order in lactide concentration. In castr;, a plot of 1/[LA]versus time showed a good
linear fit (Figure 11), the y-axis intercept (t = <) corresponds well with the starting
concentration of lactide (1 M). This indicatessacond order dependence on lactide
concentration, an unusual finding in this type ofymerisation catalysis. There are only a few
other examples of such second order dependencedimg a dinuclear Salen-magnesium
complexX® and trinuclear zing-diketiminato compleX! Delbridge also observed a second
order dependence using lanthanide amide initiatbtise type [LLLNN(SiMe;),], they attributed
this to initiation from both the amide and the #acy ligand, L*

The end group of the polymers were analysed by rspsstroscopy using MALDI (Matrix-
Assisted Laser Desorption/lonisation) techniqugofaisonisation one that is often used for the
analysis of macromolecules that are often fraaid tend to fragment with other conventional
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ionization techniques (Figure 12). A solution camtzg the matrix (which is a specific
crystallisable molecule) and the analyte is spottedhe sample plate. Solvent was evaporated
and laser beam is fired at the recrystallised atmalyte. The clusters ejected from the surface
consists of analyte molecules surrounded by madrid salt ions. The matrix molecules
evaporate away from the clusters to leave thedredyte in the gas-phase. The photo-excited
matrix molecules are stabilised through protondcatransfer to the analyte. It is in this way
that the characteristic [M+X](X= H, Na, K etc.) analyte ions are formed, whiebuld then be
detected using a mass spectrometer (normally tiafilggbt mass spectrometer, hence the
notation MALDI-ToF).

cation
analyte/matrix spot

— analyte ion

+ /

+

g o2 9

+Q ¥ Q, == toToF-MS
++ +

® \

\ laser beam

sample plate matrix ion

Figure 12. MALDI technique.

The MALDI-ToF spectrum on a sample of polymers olgd from the polymerization with
complex43, using a dithranol matrix with potassium trifluaoetate as the cationising agent,
showed that all polymers have OEt endgroups (FiglB3. This suggests that the
polymerization follows a traditional coordinatiomsiertion mechanism (Scheme 8).

The detailed mechanism of the ROP initiated wihis however still non-elucidated, especially
the second-order in lactide. This probably haveesoetation with the dimeric structure of the
initiator. A mechanism could be proposed to expthia observations on Mkinetic data and
end-group analysis. But much data would be needl@dttmore life into such mechanism. Due
to the relatively low activity of comple& compared te@t4 and45, no further investigation was
pursued.
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Figure 13. Selected area of the MALDI-ToF mass tspacof PLA, synthesised by ROP using
43in THF. Polymerisation conditions: [LA]= 1 M, [43], = 5 mM, reaction stopped at t=50s
to obtained PLA with M~ 6 kg mof (calculated first from kinetic plots). The MALDOF
conditions were using a dithranol matrix, in dictdmethane at a loading of 1.5, with
potassium trifluoroacetate as the cationising agent

2.2.2 Complex 44

The relative high rate of reactions with compkekallows studying kinetics of the reactions
with different catalytic loading. Thus a full analy of the kinetics for polymerizations was
undertaken for polymerization with this initiatofirst ky,,s was determined from each
polymerization run with a known concentration ofiator [l]o, then plot of ks vs. [lJo was
analysed in order to determined the order in itutiand k. (equation 1 and 2).

-d[LA];
dt

kops = kp[I]1}  (Equation 2)

=k, [LAIT* (I (Equation 1)

This species showed a complex kinetic behaviorh witsecond order dependence in lactide
concentration (Figure 14), just like the case witmplex43, and a third order dependence on
yttrium concentration (Figure 15). Such data adidative of substantial aggregation occurring
under the conditions of the catalysis and undeesdbe importance of the phosphasalen
ancillary ligand structure.

- 150 -



Chapter 5. Phosphasalen Complexes in Ring-Operahgrierisation of Lactide

— —y=1.29+0252x R=0.998
129 / — —y=138+00933x R=0.988
4

/ — —y=1.11+0.0768x R=0.996

10+ ;) - y=1.07 + 0.0491x R=0.988

0 10 20 30 40 50 60 70 80
Time /s

Figure 14. Plot showing 1/[LA] (M) versus time (s) for LA ROP using# over the
concentration range 2.5-5 mM. Polymerization caonds: [LA]o =1 M, THF, 25 °C, 4] =5

mM (filled triangles, k<=0.252 M's?); [44= 3.3 mM (filled circles, k=0.0933 M's?); [44]

= 12519 mM (open circles, k=0.0768 M's?): [44] = 2.5 mM (open triangles, J= 0.0491
M™s?).
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Figure 15. Plot of ks versus [Y], polymerization conditions; [L&F 1 M, THF, 25 °C, #4] =
1-5 mM.
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MALDI-ToF spectrum done on polymers sample obtaifiech polymersation wit#4 showed
that these molecules all have tBuO- endgroup, witdndicative of a coordination-insertion
mechanism (Figure 16). At the difference from podyimation with43, where M(exp) fit with
My(calc), suggesting that both the ethoxides in fiheedinitiate the ROP, for compledd, the
M(exp) values were approximately double thg(ddlc.) (Figure 17). This indicates that only

half the alkoxide groups initiate, consistent withly a single site in the dinuclear complex
being active.
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Figure 16. Selected area of the MALDI-ToF mass tspatof PLA, synthesised by ROP using
44in THF. Polymerisation conditions: [LA]= 1 M, [44], = 2 mM, reaction stopped att=2 s
to obtained PLA with M<10 kg mol* (calculated first from kinetic plots). The MALDbHF

conditions were using a dithranol matrix, in dictdmethane at a loading of 1.5, with
potassium trifluoroacetate as the cationising agent
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Figure 17. Plot showing evolution ®fl, (kg mof') vs. conversion (%) for LA ROP using
initiator 44. Polymerisation conditions: [LA¥1 M, [44] = 2 mM, THF, 25 °C.
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In situ *P{"H} NMR spectroscopy was used to monitor a mixtufecomplex 4 and 25
equivalents of LA. The spectrum was quite differentomplex44 alone; it showed four non-
equivalent phosphorus nuclei (Figure 18), data khiould support aggregation under the
conditions of the catalysis. Currently, we arahla to unambiguously assign the solution
structure of comple®4, under the polymerization conditions.
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Figure 18.%*P{*H} NMR spectrum of a mixture @4 and 25 equiv. of rac-lactide in THF
recorded with an Av500 instrument.

2.3 Catalytic Activities and Kinetics Studies: MononeComplex

2.3.1 General

Complex 45 is extremely active, it is even able to polymerizepurified lactide; near
guantitative conversion is reached within 2 minuéedow initiator loadings €5 = 1 mM).
Kinetic study for the polymerizations analysed laking aliquots showed that the reaction
follows a first-order rate in lactid@g-igure 19). This rate law is thus the same as comROP
of lactide reactions and contrasts with the casepmplex43 and44. The pseudo first order
rate constank.,s was 0.08$, at 45] of 1 mM. The rate of polymerization is thus amshnihe
highest values reported for this reaction, easiiyngaring with related yttrium systems and
outstripping many other metal centres.
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Figure 19. In{[LA]/[LA]} versus time for LA ROP using initiato#5. Polymerization

conditions: [LApLb =1 M, [3] =1 mM, THF, 25 °C.

In comparison with yttrium complexes of salens dadvatives, it is clear that initiat@ shows
remarkably enhanced rates, even under significémihgr loadings, although caution should be
applied in comparing values as the experiments weteun under identical conditions (Table
4). For example, compleX1'’ took 14 h to reach complete conversion at 100abitw of
lactide:initiator, complex'3° took an hour to reach complete conversion at difgpof 300:1
and, the ferrocenyl salen compl¥¢® took 40 min to reach high conversions at a loadihg
500:1. In contrast, compledb was able to completely polymerize as many as ®fivalents
of lactide in 30 mins and 1000 equivalents in lgsg a minute. It is also notable that initiator
45 can be used at rather low loadings, down to [L45:[E 5000, which is useful for production
of high molecular weight PLA (up to 700 kg/mol)in&lly, it is apparent that the other yttrium
salen complexes do not allow significant stereawbrim rac-lactide ROP, in contrast complex

45 enables a high degree of heteroselectivity inLladROP.

N / \ /
\ / N\' *N =
CF3 t-Bu :%}tBu t-Bu
THF CFs HF

t+-Bu N(SlHMez)g |Met Bu

//\ .
tBuO THF
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Table 4. Data for th&®ROP of lactide using yttrium initiators.

Initiator  [LA] o:[I] Time/s Conversion/% M,(calc)’ M,(exp) PDI R

(1) / kg mol* / kg mol*

45 1000:1 45 97 140 223 1.34 0.86
457 2000:1 10 min 99 288 330 1.35 0.87
45" 5000:1 30 min 08 720 700 1.23 0.88
Y1 100:1 14 hours >908 - - - .

Y2 100:1 3 days 80 12 10 1.18 0.72
Y3* 300:1 60 min >98 43 37 1.64 0.65
Y4* 500:1 40 min 90 72 93 113 -

2Slurry of 2 mmol lactide in 1 mL THF at 25 °ESlurry of 5 mmol lactide in 1 mL THF at 25 °C.

The LA ROP using initiator5 is quite well controlled, with the number averagadlecular
weight M,) of the PLA increasing linearly with the percerdagonversion and the
polydispersity indices remaining narrow throughihé polymerization (<1.4).

250+
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[ A
Mn(exp), 3 ;
- Vd
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Figure 20. Evolution oM, (kg/mol) versus conversion (%) for LA ROP us#ig (filled
triangles), and with an extra equivalent ®rOH (hollow triangles). Also plotted is the

My(calc) (filled circles). Polymerization conditionf:Alo = 1 M, [45 = [iPrOH] = 1 mM,
THF, 25 °C.
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The experimentally determined values for the nunaweraged molecular weight exceed those
calculated (on the basis of initiator concentratimmd conversion). This could either be due to
incomplete initiation from thdert-butyl alkoxide groups or to partial deactivatioh the
initiator.

In order to test the above hypothesis, and to bitiegexperimentaM, close to its calculated
values, an experiment was carried out where arvalguit ofiso-propyl alcohol was added . An
yttrium iso-propyl alkoxide complex is expected to be a betitiator due to its reduced steric
hindrance and is also a good model for the secgndiioxide propagating species. The
addition of an equivalent a§o-propyl alcohol led to an improved control, as evided by the
excellent agreement between the experimentallyré@ted and calculated values fisk, and
the PDI being below 1.10, in almost all samplessinhresults indicate thigb-propyl alcohol is

a viable chain transfer agent and a more effetitiator.

NMR experiments at variable temperature (VT-NMR)revearried out to investigate the
formation of an yttrium isopropoxide complex upatdiion of isopropanol (1 equivalent), and
its exchange with the alcohol in solution. Detaite presented in the following section. The
study showed the formation of an LY complex and its rapid exchange with fiBaOH was
demonstrated. As isopropoxide is a better init@atgnoup than tert-butoxide, the equilibrium
between LY®Pr and LYQBu is driven towards the formation of the isoprapexcomplex
during the reaction. Moreover, HBu is a poor chain transfer agent. Taking into aotall
data, the polymerizations are expected to be ddednhy the yttrium isopropoxide initiator,
hence the good fit between,{dxp) and M(calc) in this case.

2.3.2 NMR Studies of the Addition ofiso-Propanol on Complex 45.

Upon the addition of 1 equivalent of iPA into awan of complex45 in THF-d8, minor
changes was observed in tHe-NMR and'H-NMR spectra. The protons of the tert-butoxide
group experienced the largest shift from a broadlst at 0.68 opm (in the complex) to a fine
one at 0.98 ppm, the methyl protons of isopropoxigpear as a doublet at 0.90 ppm. (Figure
21). When 3 or 5 equivalents tfopropanol were added, the changes in the signalshéor
phosphasalen ligand in botfP-NMR and*H-NMR are minor compared to those observed upon
the addition of only one equivalent agopropanol. This suggests that the ligand is still
coordinated to the yttrium center, and that the mler(es) remain(s) essentially unchanged.
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Figure 21. Addition of 1 to 5 equivalents of iPA4in(spectra between 0.6 and 1.6 ppm)

From the addition of 3 and 5 equivalents of isoprap, it was observed that the proton signals
of the isopropyl group in both the complex and fismpropanol are almost identical. This may
point towards a rapid exchange in the solution betw coordinated isopropoxide and
isopropanol. In the same manner, rapid exchangegeba coordinatetBuO and free HOPr
(and the reverse) are conceivable. Therefore Jarisdmperature NMR experiments were
performed.

Comparisons beween NMR spectra at variable tempesabbtained from a mixturé ¢ iPA)
and those from45 + 3 iIPA) show important differences (Figure 22). presence of 3
equivalents of isopropanol, at all temperature,Xr@tBu complex disappeared (no doublet at
6.33 ppm corresponding togd), and only signals corresponding to the L- WRO are
observable (doublet at 6.45 ppm foiH}.

Spectra recorded fof5 in the presence of one equivalent of isopropaadlypical for an
exchange process. Signals corresponding;kb @ the L- Y-QBu complex can clearly be seen
at 178K (see Figure 22, spectrum4% alone and5+ iPA at 178K). Upon heating, signals
corresponding to L- Y-@u complex (doublet at 6.32 ppm at 178K) and the corresponding
to the L- Y-QPr complex (doublet at 6.55 ppm at 198K) merge @38K). Afterwards, a clear
doublet corresponding to both complexes in rapharge appears at 6.47 ppm.
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Figure 22. Addition of 1 and 3 equivalents of iPA45 at variable temperatures (spectrum
between 9.0 and 6.0 ppm).

Considering the following reaction which takes plathen 1 equiv. of isopropanol is added into
a solution of L- Y-@Bu complex

kq
k1

The activation parameters were determine@i = 11.4 kcal.mal
k4=1770 §mol™L, k; = 7110 mol™* L

Variable Temperature-NMR also allowed to studydkehange between coordinatietB0 and
free HQBu in the solution.

Ko
ko

In fact, at E238K, in presence of 1 equivalent of HRD, signals corresponding to coordinated
tBuO (singulet at 0.69 ppm at 298K) and freetBi®(singulet at 1.13 ppm) are differentiated
(Figure 23). The rate constant was determingg K1105mol™L, as well as the activation
barrier for such exchange Gt = 12.0 kcal hail238K.
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Figure 23. Addition of 1 and 3 equivalents of iPA45 at variable temperatures (spectrum
between 2.0 and 0.4 ppm).

2.4 Stereoselectivity of the Polymerisations

The polylactide produced fromac-lactide using the three initiators shows a hetatit bias
(Ps). The determination of ;Rvas carried out using the probabilities calculdtgdCoudanest
al.,* every tetrad signal was analysed and the averalye or R reported (Figure 24 and
Figure 25). PLA produced using initiatod8 and 44 had R values in the range 0.78-0.81,
regardless of theac-LA conversion or initiator concentration.
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Figure 24. {H} and '"H{*"H} NMR spectra of PLA produced using initiat®. [LA]o = 1 M, [1]
=5 mM, 90 % conversion of LA, THF, 25, P.= 0.78.
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Figure 25. {H} and *H{*H} NMR spectra of PLA produced using initiat. [LA]o=1 M, [2]
= 2 mM, 83% conversion of LA, THF, 25, P,= 0.79}

Complex45 shows considerably enhanced heteroselectivityh ®jt0.86-0.90. Once
again, the probability of heterotactic enchainmeas independent of the conversionmrad-LA,
the addition ofiso-propyl alcohol or the concentration of the inibiatlt is quite interesting to
observe that highly heterotactic PLA was produaednfeither purified or crude LA. As an
illustration of the high degrees of heteroselettivconferred by this initiator, the methyne
region of the'H NMR spectrum of PLA (Figure 26) is illustrated;i$ dominated by two
quartets, assigned to heterotactic PLA.
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Figure 26. {H} and H{ H} NMR spectra of PLA produced using initia®. Polymerisation
conditions: [LAL =1 M, [3] = ['PrOH] = 1 mM, 80% conversion of LA, THF, 26, P,=
0.90.

3. Discussion

3.1 Generalities

ComplexesA3 and44 are proposed to initiate and propagate ROP viacadination insertion
mechanism. The MALDI-TOF spectra of the PLA prodlessing these initiators show chain
end-capped with ethyl ester atett-butyl ester groups respectively (as well as thpeeted
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hydroxyl group at the opposite chain end), conststeith this mechanism. Both complexes
exhibit dimeric structures in the solid state, wethmplex43 having bridging ethoxide groups
whilst complex44 bridges through a phenoxide group from each plassdhn ligand. It is
likely that the solid state structures are maimdiin THF solutions, as th&P{'H}-NMR
spectra differ despite having the yttrium centrerdmated by the same phosphasalen ligand.
Thus, complext3 displays two signals, assigned to two phosphammsin different chemical
environments, in accordance with the solid statecsire, whilst compleX4 displays a single
doublet, indicating all the phosphorus atoms areequivalent environments, again in
accordance with the solids state structures.

The polymerization data also indicate differenceswieen the two initiators witd3 being
significantly slower thad4. Indeed at 5 mM initiator concentration, comglebnversion was
observed after approximately 1 h using com@l&xand after only 40 s using complé& Both
initiators show a second order dependence of tieeofgpolymerization on the concentration of
lactide, implicating two molecules of lactide irethate determining step. Even more curiously,
the molecular weights agree well with calculatetlea on the basis of two active sites per
molecule of43 but only for a single active site for comphkék

It is proposed that the dimeric structures are taaied under the conditions of the
polymerization, with initiation and propagation aceng from both bridging alkoxide groups in
the case o#3 and from a single tert-butoxide group in the caéeld. The order in LA
concentration and the molecular weight observatfongomplex43 imply that two chains are
propagated per dimer molecule. However, in thee agiscomplex44 it is not clear why a
second order dependence in lactide concentratiobssrved but only a single chain propagates
per dimer molecule. But again, this phenomenon dlesady been observed for some other
second-order reactions in LA, where the experimidvita imply that only half of the possible
initiating groups are active, although they are iallthe same environment in the starting
complex®® *° In our case, NMR experiments and full kinetic stwhowing a third order in
initiator suggested an aggregation of the compléxdke conditions of polymerizations. This
underlines the importance of having bulky substitaeon the phosphasalen ligand to prevent
such phenomenon.

Complex45 was targeted to have a mononuclear structurelitico, via the use of a sterically
hindered phophasalen ancillary ligand and a hirtlénétiating group, tert-butyl alkoxide.
Based on NMR data and solid state structure, iprisposed that this species retains a
mononuclear structure in solution. Polymerizatiaiséng this initiator show extremely rapid
rates, indeed the pseudo first order rate congtar@5]= 1 mM) is very high K. = 0.008 8)
and the rate depends to the first order in the @uination of LA.

A mixture of complex45 and 25 eq. of LA was analyzed B{*H}-NMR spectroscopy which
showed that the P=N groups remain coordinateddgttinum centres, indicating that the ligand
IS not dissociated during the polymerization. Fermore, complexd5 shows excellent
heteroselectivity forac-LA ROP. This interesting finding further confisnearlier experiments
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using bis(phosphinic amido) yttrium complexes depet by the Williams’ group, where high
degrees of heteroselectivity were only observethfaomononuclear complé®

The stereocontrol is proposed to arise via a claith control mechanism, that is where the
stereochemistry of the last inserted lactide unintls the stereochemistry of the
coordination/insertion into the next lactide uiihis enhancement in stereocontrol for yttrium
initiators in THF has been reported by many grogis presumably due, in part, to its ability
to coordinate to the yttrium centre and controldbtive site stereochemisff; 2% 332 b 10. 19. 33¢.
4 An NMR scale experiment involving addition of irasing quantities of THF to a solution of
45 in toluene did not lead to a significant shifttile THF resonances, either due to rapid
exchange or a lack of coordination. It is, howeetear that the THF solvent is important for
the high stereocontrol as an experiment conductéoliene ([LA]= 1 M, 5] = 1 mM in THF,

80 °C, 91% conversion) yielded a PLA with much loweteroselectivity (P= 0.73 vs. 0.89 in
pure THF).

3.2 Comparisons with Other Yttrium Complexes

The groups of Coaté$® and Carpentier'’d have both studied yttrium complexes of
(substituted) tetradentate salen ligands. Theuyttrcomplexes, either as monome¥L) or
dimers {(1, bridging through the alkoxide group), were nottipalarly active in lactide ROP
and no stereocontrol was reported (Table 4). &lpd®wsphasalen yttrium complexes showed
markedly different behaviour giving very high adies for lactide polymerisation and
heteroselectivity to rac-LA ROP. In fact, the etenic properties of the iminophosphorane
functional group, in the phosphasalen ligand, diffetably from the imine moiety in the salen
analogue. Figure 27 recalls the divergent eleatrpnoperties of the ligands, as a result from
NBO (Natural Bond Orbital) analyses on the struesuof model compounds optimized using
the Density Functional Theory, with the B3PW9llasfunctional and the 6-31G* basis set.

gP +1.03 qC-0.11

H ogN-126 H O gn-062
H-P=N c=N

H4 H H 4 H

Wiberg index 1.34  Wiberg index 2.02

gP +2.13  Wiberg index 1.11

©
Ph\:zh Ph\llDh ph\l?h
OV N = o PN = P s
qO-1.14 gN-1.18 © S

Wiberg index 1.12

Figure 27. Comparisons of the Wiberg indices andDNarge for various model compounds,
calculated using Gaussian09, using B3PW91 functiand 6-31G* basis set.

With this in mind, it is interesting to re-examimeseries of bis(phosphinic)diamido yttrium
complexes, developed by the Williams’' group andwshexcellent activities in lactide
polymerizatior?®® P 224 All the complexes have tetradentate bis(phosphamtdo) ancillary
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ligands, coordinated to the yttrium centres via fhand O atoms. They were highly active;
furthermore a monomeric complex gave highly enticheterotactic PLA (R0.85) (whereas
the dimeric complexes give moderately heterotaetié). An NBO analysis performed on a
model of diphenylphosphinic amido derivative sh@eme similarities with iminophosphorane
derivatives (Figure 27). Indeed the NBO chargeB, &, and O were calculated at +2.13, -1.18,
and -1.14, respectively. Moreover, both the P-M| BFO bond indices are close to 1. This is in
agreement with the existence of two resonance fdonghis functionality, one of which
corresponds to an iminophosphorane (N=P-The X-ray crystal structures of these complexes
show that the P-N bond lengths and the geomettidseaP and N centers fit with the ligands
having some degree of iminophosphorane functionéditheme 20, Table 5).

Ph Ph iPr\ iPr Ph\ Pﬁ Ph iPr Pﬁ IiPr

TN N LN
Ph—p{ Y<_ ,P—Ph iPr—gr{ Y pP—iPr Ph—R{ Y\ P~Ph Pr=R{ Y\ P~Ph
o/ ‘ S o/ ‘ v o/ ‘ g \O/T 4
(Me2HSi)N N(SiHMe,), (MeHSi)N N(SiHMe,), (Me,HSi),N N(SiHMe,), (Me,HSi),N N(SiHMe,),
A Q. Yo O. o) O. 0 (0]
NI _ N . NI - _//\/\\\_
Ph—Px /Y\N/F{ Ph iPr—Ps /Y\N/F{_ iPr PhPHP\N/Y\NzR h iPr f’\N.Y\N/F{iPruPr
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G Y1 @ Y12 Y13 Y14
Scheme 20. Dimeric bis(phosphinic amido) yttriummglexes, by Williams and coworkers

Table 5. Structural data for dimeric bis(phosphiaimido) and phosphasalen yttrium complexes
(Y-N and Y-O distances relative to ancillary ligand

Complex P-N (A) Y-N (A) Y-O (A)

Y112 1.576(2), 1.568(2) 2.336(2), 2.395(2) 2.3336(17)424(16)

Y122 1.5907(18), 1.5989(18)  2.3560(17), 2.3348(17)  Q9B45), 2.4720(13)
Yy13%% 1.5922(13), 1.5821(12) 2.3681(12), 2.3542(12), 528§10), 2.4621(10)
Y14% 1.596(6), 1.582(6) 2.216(6), 2.345(6) 2.315(5§23(5)

43 1.598(3), 1.595(3) 2.415(3), 2.438(3) 2.182(3)13(3),

44 1.596(3), 1.586(3) 2.398(3), 2.372(3) 2.203(3)38(2),

45 1.595(2), 1.584(2) 2.375(2), 2.324(2) 2.1671(328)704(18)

Experimentally, it appears that this iminophospherdigand motif accelerates ROP at the
yttrium centres, leading to much enhanced actw/itied even enabling stereochemical control.
The iminophosphorane functionality is significanttyore electron donating than the imine
analogue in the salen ligand. In lactide ROP, tieeebalance between requiring a Lewis acidic

- 163 -



Chapter 5. Phosphasalen Complexes in Ring-Operahgrierisation of Lactide

yttrium centre to facilitate lactide coordinatiorhigt also requiring a labile yttrium alkoxide
bond to accelerate insertion of the lactide unhug, it seems that a better donor ligand is
desirable, this may be due to weakening or labijzof the yttrium-alkoxide bond and
acceleration of the insertion step.

Diaconescu and coworkers recently reported a salilehactivity in lactide ROP using an
yttrium alkoxide complex, with a tetradentate ligarfeaturing in the backbone an
iminophosphorane linked to a ferrocéndVhereas the complex bearing the neutral ligand
(featuring a ferrocene), with an electron rich adtn donor group is active for the ROP of
lactide, the oxidized complex (featuring a ferrdoen) is completely inactive (Scheme 21).
Thus, the polymerization activity is switched ‘offfhen the electron density at the nitrogen
decreases. It was hypothesized that although thertion of the monomer to the oxidized
complex is possible, the propagation from such ecigs is unfavourable, since the alkoxide
would be connected to a more electron deficienamet

N N
©<I|>/\ o Ox I \ _©
I Y—OtBu m  y—OtBu
o [ o Rt 5 [ g
== tBu == tBu
o) e
P P
Ph, Ph,
active inactive

Scheme 21. Redox control polymerization, by Diascmeand coworkers.

This observation strongly supports the benefit @oad donor ligand for the ROP of lactide.
The flexibility of the ligand could also play an partant role, as the coordination geometry at
yttrium is expected to change during the coordimainsertion steps in ROP, and a more
flexible ligand could be beneficial.

4. DFT calculations

Following the experimental study on the catalytitivaty of complex45 on ROP of lactide,
theoretical studies have been carried out in oraénvestigate the mechanism of the reaction
and to find out, if possible, factors that are imaot for the ROP of lactide using such systems.

Density Functional Theory (DFT) calculations weszfprmed on these two complexes with the
Gaussian 03 set of prograthin combination with the BBPW91 functiofial The choice of
basis sets and functions was made based on theutatiopal costs and validated by
comparisons between the optimised and experimstntaitures of comple45 (details of which
would not be presented here). The optimised strestwere characterised by vibration
frequencies calculations. Yttrium was representethb nonrelativistic Stuttgart effective core
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potential ECP28MHF and the associated basis s&ctpon this system, it had been tested that
the use of relativistic Stuttgart effective coragmdial ECP28MDF and the associated basis set
ECP28MDF-VTZ gave almost the same values of adtima¢nergies for several steps of the
mechanism, so nonrelativistic effective core paatnivas chosen in order to reduce the
calculation cost. Phosphorus atoms were descrilgettid) SDDALL basis s&t with Stuttgart
potentials, reinforced with polarisation fuction® ((d) = 0.340)° All other atoms were
described with the 6-31G* Pople basis“8éfert-butyl groups were not represented with lower
basis sets because steric interactions have bemmsio be important in these systems, and
calculations using 3-21G basis set for tert-butgugs gave significantly different activation
energies than those using 6-31G* basis sets.

4.1. Initiation step

Experimental data on the ROP of lactide initiatgdcbmplex45 were strongly in favored of a

coordination-insertion mechanism (Scheme 8). Tlngs dalculations were directed into this
mechanism and were divided into several steps:dowation of the lactide unit to the yttrium

center, interaction of this lactide witkrt-butoxide group in close proximity, leading to the
nucleophilic addition of the alkoxide to the coaraied carbonyl function of the lactide,
followed by the ring opening of the lactide unitialhoccur at this carbon.

DFT calculations have been done to determine thetsre of45 in THF, and more precisely,
to see whether THF could coordinated to the yttragnter. In fact, one optimized structure of
6. THF was found. The complex adopts a distortedhstteal geometry, the phosphasalen ligand
takes the four positions of the equatorial plandFTand thetert-butoxide group occupy the
axial positions. It has been found thAdd of the reactiod5+THF A5THF (*) is equal to
-0.9 kcal/mol, taken into account that THF is salyehe coordination of THF is likely in
solution. Therefore, the mechanism has been edbmlistarting frond5. THF. It is however
worth noting that because the valueAdt for (*) is very small, even when supposing tHa t
active species bé5, almost the same values AH for the steps in the mechanism would be
obtained.

Coordination of two molecules of THF to yttrium ¢enin 45 is not possible, as has been
shown by DFT calculations: optimization of the sog@d moleculed5.2THF led to the
structure of45THF and one separated THF molecule. This is indieabhat for complex5,
hepta-coordination is not possible or strongly alisted. This would still be seen in the
following steps.

Arbitrarily, the first inserted lactide unit wasagen to be (R,R)-lactide. The lactide coordinates
to the yttrium centre and takes an equatorial jpositpushing” one phenoxide arm to the axial
position, and the phosphasalen changes franms-configuration tocis-configuration. From this
intermediatelNT1, intramolecular nucleophilic reaction takes plhetween the tert-butoxide
group and the activated carbonyl function of therdmated lactide. The transition stat81 is
characterised by a four-member ring formed betwenyttrium, the two atoms Loy and
Oakoxide @Nd the Guony atom which had become tetrahedral. Thgw&yrOcamony bONd is
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lengthened (1.25 A vs 1.21 A iNT1), as well as the Y-Qoxice bONd (2.34A vs 2.09A in
INT1), whereas the Y-Quony bond is shortened (2.32 A vs 2.53 AIMT1). The Gambonyr
Oaikoxide distance is of 1.91 A.
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Scheme 22. Initiation step for ROP of lactide catatl by5.

The nucleophilic attack results in the formationrgérmediatdNT2. In this intermediate, the
Y-Oakoxide bONd is completely broken and the complex recdterdistorted square-based
pyramidal geometry as #b, the phosphasalen ligand changes configuration @isnto trans-.

Two possible pathways are possible for the ringiope step. In the first pathwayNT2
directly undergoes the ring-opening reaction, as @cide ring@PProaches the yttrium centre.
This results in the intermediatdT4’, in which both the Quonyand the Qciige ring@toms still
coordinate to the metal centre, but thgenyrOiaciide ring0ONd has been completely broken. The
corresponding transition state is characterised bgur membered-ring composed of Yucfe

rings Ccarbonyb and Qarbonyl atoms.

In the second pathway, rotation of the lactidet @nound the Y-Qpony bond leads to the
formation of the intermedaiat®T3, in which a four-remembered ring is formed betw&en

Cearbonyt Ocarbonys @aNd Qciige ring@tOMS. This intermediate is higher in energy thNii2, and the

Y-Ouaciigering DONd is quite weak, as evidenced by the long momgih (2.73 A). In the
corresponding transition staféS2 this four-membered ring is still maintained, buithw

significant changes in bond lengths: elongatiortt® CarmonyrOlaciide ringbONd  @and shortening of
the CarbonyrOcarbonyt The resulted intermedialiT4 resemble$NT4’ described above, but with
different relative orientation of Y-Qiidering@NdY-Ocamonybonds (Scheme 22).
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Both intermediatefNT4 andINT4’ evolve towards the final produt characterised by a five-
membered ring formed from the coordination of ttieeo Q,mony atom of the former lactide
unit to the yttrium center, the phosphasalen ligheithg in trans-configuration. This product is
the most stable one. Another possible prod&t, deprived of this coordination, adopts
distorted square-based pyramidal geometry andgisehiin energy thaR of about 3 kcal/mol.

In total, the formation of these final products as®thermic, which recompense the possible
loss of entropy.

Several observations have been drawn out concetimngnechanism:

1) In order for the insertion to occur, the intediages resulting from the coordination of lactide
to 45 must have the phosphasalen ligandcigtconfiguration, so that the alkoxide and the
lactide are irtis-position, close to each other.
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Scheme 23. lllustration for the relative configiumas

In total, eight configurations could be envisagadsing from the possibilities of 1) thert-
butoxide group to be either on axial or equatgu@ditions; 2) the (R,R)-lactide to place either
with the methyl groups in the same or oppositeatibe of the alkoxide group; 3) because the
lactide is chiral, with the same position of LA a®Bu groups, twais-conformations of the
phosphasalen ligand lead to two different conforomest of the product, of different energies
(Scheme 23).

In all cases, the enthalpies of these coordinagastions are higher than the total enthalpies of
the starting compounds by 3.8-5.4 kcal/mol. Thes&tiwe and close values suggest that one
has to look into the activation barrier of the mig® in order to know which configuration
gives better chance for the following steps to occu

Transition states for the insertion step resulfiegn such configurations have been determined.
TS1 is the transition state with the lowest activatibarrier. All the transition states
corresponding to other conformations IBfT1 are higher in energy of 2-5kcal/mol. Steric
interactions between the phosphasalen ligand (sn&ioim thetert-butyl and phenyl groups),
the tert-butoxide group, and the methyl groups on the dacaire important. This explains the
necessity of representing the whole molecule in REIEulations, as well as the difficulty of
modeling them.
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2) The energy barrier for the ring-opening stelpiger than the one for the insertion step. The
latter is thus the rate-determining step for thiaition. Not that for the ring-opening step, both
transition state3S2 andTS2' have approximately the same energy. Thus it sdkatssteric
influences in this step are not very important.

3) The configuration of the PLA chain is very imfaort and it has been observed that slightly
different configurations of this chain may leadeergy difference of several kcal/mol. The
configuration with the lowest energy was found &tbhe one with stabilizing hydrogen bonds
between the Quonyatoms and the appropriate hydrogen(s) in closgimpity, and minimized
steric repulsion between methyl aedt-butyl groups.

2. Propagation step

The starting species for the first propagation steg supposed to be the most stable product
resulted from the initiation ste®). The second lactide unit was chosen to be ofstme
configuration as the first one, i.e. (R,R)-lactid®, that comparisons could be made easily
between the initiation and propagation step.

[N
8H (kcal.mol ™) X
,

Scheme 24. First propagation step for the ROP dfda initiated by45.

The profile of the propagation step in the ROPagtitle by45 resembles a lot to the one of the
initiation step. All transition states and interris@ds have similar conformations as the
corresponding species in the initiation step, whi exception of S1. The phosphasalen ligand
in this transition state adoptstens configuration, while the first transition stater fthe
initiation step has the ligand itis- configuration. All the energies for the intermeggis and
transitions states in the propagation step arbtgliigher than the ones in the initiation step.

In summary, from the calculations for the initiatiand the first propagation step of the ROP of
rac-lactide initiated by5, it could be seen that

1) the activation energies are small, thus expigitine excellent rate of this polymerization

- 168 -



Chapter 5. Phosphasalen Complexes in Ring-Operahgrierisation of Lactide

2) the polymerization is exothermic. The negatiadug of enthalpy is the driving force of the
polymerisation.

3) the rate-determining step seems to be the iosestep. In this step, steric interactions are
very important and probably determinant for theesiselectivies of the ROP of lactide.

4) the ring-opening step is not much influencedtayic interactions

5) the most stable configuration of the propagatihgin is characterised by a five-membered
ring formed from the coordination of the otheg, 63, atom of the former lactide unit to the
yttrium center.

When the second lactide unit was chosen to be {&8)le in order to modeling the
heteroselectivity of the ROP initiated witth, it has been found that: 1) the structures and
energies of the intermediates are very close toottes obtained from the above calculations,
supposing that the second lactide unit is (R,Ridac 2) the energies of the transition states are
slightly higher than the ones obtained from thevabecalculations, of less than 1 kcal/mol, in
gas-phase and in solution (model PCM). These vkrgecvalues did not allow to draw any
conclusion about the heteroselectivity of the RORo-lactide initiated by5.

As it seems that steric factors are importanttiergerformance of5in the ROP ofac-lactide,
we decided to prepare other yttrium complexes wifferent steric properties and determine
their activities of the ROP of lactide.

V. Monomeric yttrium complexes: factors influencing the
activity

1. New yttrium phosphasalen complexes

1.1 New complexes with modified steric properties

Encouraged by the excellent performance of the mmemiz yttrium complexX5, we decided to
synthesise more complexes based on similar systeorsler to investigate, experimentally, the
factors underlying the rate and stereoselectivityROP of lactide by yttrium-phosphasalen
systems. Monomeric complexes were targeted as RORactide initiated by dimeric
phosphasalen complexes were shown to be complelessi@fficient.

In order to achieve well defined monomeric compexbe presence of bulky substituents on
the ortho-position of the phenoxide rings is essential. fis purposetert-butyl groups are
maintained at this position. Furthermore, for th@nfation of well defined monomeric
complexes, the diamine bridge must not be too |asgeerwise one phosphasalen ligand could
coordinate two yttrium centers by the two sideghef ligand, each containing one phenoxide
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and one iminophosphorane group (Scheme 25). Theinkabridge are thus chosen to be the
ones with 2 or 3 carbons.

Ch
ZL’ Ph ﬂcn PhZ
= = 2 '
Ph,P=N_  N=PPh; R P %”w% P R
R o Mo R \ 4
o~ YLaXm XanY\O
tBu OR tBu tBu tBu

Scheme 25. (left)yMonomeric yttrium phosphasalenptexas, small diamine bridge. (right)
One phosphasalen ligand coordinated to two yttraemters, large diamine bridge.
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Scheme 26. New Phosphasalen proligands having @Z&rdiamine bridges

The synthesis 085b has been described in chapter 4. The proliga6d49 were synthesized
from 2,4-di-tert-butyl-6-phosphinophenol by the #&i®v reaction with dibromine and the
appropriate diamines in dichloromethane, using DAB@s base. After evaporation of
dichloromethane, the mixture was taken in THF ideorto remove insoluble DABCO salts.
THF was evaporated and the solid was washed wi® Bhd the product was isolated as a
white solid. This method gave the phosphasalengamtis46-49in high yield. They were all
fully characterized by NMR multinuclear experimeatsl elemental analysis.
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Scheme 27. Synthesis of yttrium phosphasalen ceesple

Addition of 4 equiv. of KHMDS into a slurry of thehosphasalen proligands in THF gave
cloudy colorless solutions, indicating the formati@f anionic phosphasalen ligands.
Completeness of the reaction was verified®B{*H} NMR spectra which showed singlets in
much higher field compared to the signals of amirgphonium salt in the proligands (+18
ppm instead of +38.5 ppm to f86b and46, +23.8 ppm instead of +40.4 ppm 7, +22.3
ppm instead of +41.7 ppm fdB, +13.2 ppm instead of +38.9 ppm #$).

After removal of insoluble potassium salts by cémgation, addition of [YCGI(THF)zg] into
this solution gave a unique product which showee singlet at lower field if'P{"H} NMR
spectra, compared to the phosphasalen ligands.s ifdicated the formation of yttrium
phosphasalen complexes. Finally, addition of patassethoxide or tert-butoxide into the
mixture caused the nucleophilic substitution whjgdlded the desired phosphasalen alkoxide
complexes, with in general an upfield shift’i?{"H} NMR spectra. Evaporation of THF and
recrystallisation in cyclohexane gave the prodastsolorless crystals or white solids.

All the complexes have been fully characterized\B§R experiments and elemental analysis.
In some cases, crystals suitable for X-ray diffachas been obtained, allowing to determine
the structures of the complexes without ambiguity.
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Figure 28. (left) ORTEP view of the solid stataisture of comple®%2, with thermal ellipsoids
drawn at the 50% probability level. Hydrogen atoare omitted for clarity. Selected bond
lengths (A) and angles (deg): Y1-O1 2.23(6), Y12Q5(6), Y1-O3 2.53(6), Y-O4 2.04(2), Y1-
N1 2.38(7), Y2-N2 2.40(7), P1-N1 1.59(7), P2-NO@}H O1-Y1-N1 82(2), N1-Y1-N2 70(1),
N2-Y1-O2 83(2), O1-Y1-0O2 120(1), O2-Y1-0O3 84(3);Y2204 95(2), O3-Y1-0O4 179(3), O2-
Y1-N1 151(2), O1-Y1-N2 148(2). (right) ORTEP vidwhe solid state structure of complgk,
showing the existence of two isomers (R,R) and (8tl$ equal percentage. Thermal ellipsoids
are drawn at the 50% probability level, hydrogeaaras are omitted for clarity.

Structure of complex 51, prepared from the phosphasalen ligand withc-1,2-
diaminocyclohexane backbone has been resolvedxpacted, the two isomers having (R,R)
and (S,S)-1,2-diaminocyclohexane backbone coctigsdl in 50/50 proportion (Figure 28),
each of them could be seen as a mirror image ofi etlicer. Complexs2 featuring the
enantiometically pure (R,R)-1,2-diaminocyclohexaaekbone present the same structural data
as the one resolved for compl&4. It has yttrium center in octahedral geometry: tive
nitrogen and two oxygen atoms of the phosphas&eaend occupy the equatorial plane, the tert-
butoxide group and one molecule of THF occupy ttial gositions. This is very different from
complex45 which also features a C2-backbone diamine andahpsnta-coordinated yttrium
center.

The bond lengths Y-Qsspnasae@nd Y-N in52 are almost comparable to thoset(2.23 (6) A
and 2.25(6) A vs 2.1671(318) A and 2.1704(318) AYeO bonds, 2.38(7) A and 2.40(7) A vs
2.375(2) A and 2.324(2) A for Y-N bonds), and th&lPN-C1/2 and C1-C2 bondlengths &2
are sensibly the same as thosetin Thus, the reason why an extra THF molecule cbeld
accommodated b2, rather in45 does not lay on the hypothesis that bondlengththén
phosphasalen ligand 62 are longer than those #5. It is thought that fob2, steric interaction
between the phenyl groups on P atoms with carbodsgdrogen atoms on the cyclohexylene
backbone prevents the contraction of phosphasajand as with45, and thus resulted in an
“exposed” space around the yttrium center where Tidkecule is coordinated.

Probably for the same reason, compfxfeaturingortho-phenylene diamine also present a
coordinated THF (Figure 29). It adopts a distodethhedral geometry, the phosphasalen ligand
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occupying the 4 equatorial positions, the two agi@ditions being occupied by the tert-butoxide
group and THF molecule. In general, YrtpnasaeidnNd Y-N bond length values b5 are very
close to the ones B2 and4b.

Y o W
WU, Y
g Y i g v

Figure 29. ORTEP view of the solid state structafecomplex55, with thermal ellipsoids
drawn at the 50% probability level. Hydrogen atoare omitted for clarity. Selected bond
lengths (A) and angles (deg): Y1-O1 2.243(3), Y1220(3), Y1-0O3 2.040(3), Y-O4 2.467(3),
Y1-N1 2.389(4), Y2-N2 2.406(3), P1-N1 1.606(4)N221.604(4), O1-Y1-N1 80.8(1), N1-Y1-
N2 68.3(1), N2-Y1-0O2 80.9(1), O1-Y1-02 126.1(1YQ2203 95.5(1), O2-Y1-O4 75.4(1), O3-
Y1-O4 160.6(1), O2-Y1-N1 147.6(1), O1-Y1-N2 14%.9(1
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Figure 30. ORTEP view of the solid state structafecomplex54a with thermal ellipsoids
drawn at the 50% probability level. Hydrogen atoare omitted for clarity. Selected bond
lengths (A) and angles (deg): Y1-O1 2.232(3), Y1DP91(3), Y1-03 2.072(3), Y1-O4
2.462(3), Y1-N1 2.432(4), Y1-N2 2.402(4), P1-ND4(%8), P2-N2 1.599(4), O1-Y1-N1 84.0(1),
N1-Y1-N2 80.8(1), N2-Y1-O2 83.2(1), O1-Y1-O2 109,302-Y1-O3 95.6(1), 02-Y1-O4
78.3(1), O3-Y1-04 173.5(1), O2-Y1-N1 155.8(1), @IN® 163.7(1)

A phosphasalen ligand with C3 diamine backboneckwins longer than the ethylene diamine
backbone, logically give a larger “exposed” spaceuad the yttrium center compared to
complex45. Thus, compleXo4a featuring a 2,2-dimethyl-1,3-diaminopropane bacidhalso
has a coordinated THF molecule (Figure 30). Noiqa€rity has been found for the structural
data of this complex.
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Though X-ray structures has not obtained for off@sphasalen complexes of this series, based
on these observations, it is supposed that thespaands would also carry a coordinated THF,
which has been attested by elemental analysis & ahalysis.

A modified phosphasalen ligand presenting a suppheany coordination site on the diamine
backbone has also been prepared (Scheme 28). Kisasamtion on 2,4-di-tert-butyl-6-
phosphinophenol with dibromine and diethylene trraamin dichloromethane, using Bu (only

in 1 equiv. quantity) as base yielded a cloudy tsmhu After evaporation of dichloromethane,
the mixture was taken in THF and the product pitatipd, giving a white solid, which was
isolated by centrifugation and washed several timgth THF in order to remove
tributylammonium salt. After drying under vacuuime tphosphasalen proligab@ was isolated
in high yield (78%) and was fully characterized BWR multinuclear experiments and
elemental analysis.

Be
SJ r
1B Br K\@;‘ °
u ® H @ Br
Ph,P—NH _
1) Brz (1 equiv.), CH2Cl; 2 HN—PPh,
e PP 2) N . tBu OH HO tBu
H (0.5 equiv.)
OH NH, NH, -
tBu tBu
34 BuszN (1 equiv.)

1) KHMDS (5 equiv.)
2) YC|3(THF)35 (1 eqUiV.)
3) R,OK (1 equiv.)

%y

Ph,P=N. | _N=PPh;

o

56a: R,=t-Bu

Scheme 28. Synthesis of yttrium complex of a raddiinta-dentate phosphasalen ligand.

Addition of 5 equiv. of KHMDS into a slurry of thghosphasalen proligan&® in THF gave
cloudy colorless solutions after 4h, indicating tbemation of anionic phosphasalen ligand. In
¥p{*H} NMR spectrum, a unique singlet was observed4a® Dpm, thus in much higher field
compared to the signal of aminophosphonium salthi proligand (41.8 ppm). Insoluble
potassium salts were removed by centrifugation.itaid of [YCI3(THF)s 5] into the resulting
solution gave a unique product which showed ongleirat lower field ir"P{*H} NMR spectra
(35.0 ppm). This indicated the clean formation dfiym phosphasalen complexes. Finally,
addition of potassium ethoxide or tert-butoxideoirthe mixture led to the nucleophilic
substitution which yielded the desired phosphasallerxide complexe§6a,b which presented
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a unique singlet if'P{*H} NMR spectra (+33.6 ppm fd86a 34.2 ppm fol56b). Evaporation
of THF and recrystallisation in cyclohexane gave tbroducts as white solids. All the
complexes have been fully characterized by NMR arpnts and elemental analysis.

No crystals of suitable size for X-ray diffractitlas been obtained for compleXgga,bh The
few crystals obtained from the crystallization sesere those of partly hydrolysed compounds.
One resolved structure is presented in Figure Bbudh this structure is not the one of the
desired or isolated product, based on this stracseveral observations could be made: 1) the
amine group on the backbone is coordinated stroimgtire yttrium center; 2) even though the
phosphasalen ligand takes up to five coordinatiositipns, there’s still space around the
yttrium center to coordinate two more groups (tisismportant, because the ROP of lactide
could thus proceed).

(4
7
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Figure 31. ORTEP view of the solid state structfreomplex one yttrium complex with penta-
dentate phosphasalen ligarsb’, with thermal ellipsoids drawn at the 50% probébilevel.
Hydrogen atoms are omitted for clarity. Selectesicbéengths (A) and angles (deg): Y1-O1
2.271(2), Y1-02 2.230(2), Y1-O3 2.411(2), Y1-O4&2), Y1-N1 2.433(3), Y1-N2 2.511(3),
Y1-N3 2.517(3), P1-N1 1.583(3), P2-N3 1.596(3),YA1N1 75.7(1), N1-Y1-N2 68.1(1), N2-
Y1-N3 65.9(1), N3-Y1-02 74.5(1), O3-Y1-O4 64.8(1).

1.2 New complexes with modified electronic properties

For all the phosphasalen yttrium alkoxide compledkescribed above, only modifications on the
diamine backbone have been made with the main tblgeaf modifying the steric properties of
the yttrium complexes. In fact, based on the simgst of yttrium phosphasalen complexes
obtained by X-ray diffraction experiments, it coldd seen that substituents on the phenoxide
rings, except the ones at ththo-position of the phenoxide, would not exert mudtuignce on

the steric properties of the complexes. Howevasalsubstituents may have great influence in
terms of electronic properties on the phenoxidestbn the yttrium complexes. We thus
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targeted the modifications on the phenoxide ringh the objective of modifying the electronic
properties. From the earlier observations on thieiaes of complex45, it has been speculated
that the better donating ability of the phosphaséigand, compared to salen, might contribute
largely to the better performance of this compMée were then interested in the synthesis of
the phosphasalen proligabd having OMe groups at thgara-position of the phenoxide rings
(Scheme 29).

OMe OMe 1) BuLi, Et,0 OMe
Brz, CHzclz 2) C|Pph2
—_—
3) aquous workup
tBu tBu Br tBu PPh,
OH OH 38 OH 39
1) Brz, CH2C|2
2) H,N  NH, base
O Br © Br
//\ ® / \ ©
Ph,P=NT" _N=PPh, Ph,P—NH HN—Pthd
/T\ 1) KHMDS (4equiv.) c
MeO 0] o @) OMe MeO OH HO OMe
\ 2) YCI3(THF)3 5
t-Bu B tB a b
58 3) tBuOK Bu - u

Scheme 29. Synthesis of the phosphasalen proliganidg OMe groups on phenoxide rings,
and the corresponding yttrium complex

The bromination of 4-methoxy-2-tert-butylphenol lwiBr, in dichloromethane at 0°C gave 2-
bromo-4-methoxy-@ert-butylphenol 38 which was isolated by chromatography (71%).
Reaction of this product with n-BuLi, followed by ucleophilic sustitution with
chlorodiphenylphosphine and aqueous treatment tfeveesired produ@9 in 84% yield as a
yellow viscous oil.

Kirsanov reaction o089 with bromine and ethylenediamine in the preserfdgitmutylamine as
base gave proligaralZ in 69% yield (Scheme 29). This compound, isolag@ white solid, has
been fully characterized by multinuclear NMR spestopy and elemental analysis *{R{*H}
spectroscopy the equivalent phosphorus atoms7dadippear as a singlet &CDCl;) = 40.1
ppm, which is very close to the value reportedtfa phosphasalen proligand having ethylene
diamine bridge andert-butyl groups atortho- and para- positions of the phenoxide rings
(compound35a, 5(CDCly) = 40.3 ppm). IfH NMR spectrum, the bridging ethylene protons of
57 appear as a doublet of doublet, due to couplints wo phosphorus atomdJ ;= 6.5 Hz,
‘3o = 2.0 Hz), at 3.66 ppm. These values are also ulage to the chemical shift of the
ethylene protons in the same refere@(€PCl;) = 3.74 ppm).

Addition of 4 equiv. of KHMDS into a slurry of thehosphasalen proligark¥ in THF gave a
cloudy colorless solution after 4h, which is indica of the formation of soluble anionic
phosphasalen ligand. Completion of the deprotonatias monitored by*'P{'H} NMR
spectrum, which showed a unique singlet at 20.3,ghos in much higher field compared to
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the signal of aminophosphonium salt in the proldygd0.1 ppm). Insoluble potassium salts
were removed by centrifugation. Addition of [Y;QIHF); ¢ into the resulting solution gave a
unique product which showed one singlet at loweldfin *P{*H} NMR spectra (31.5 ppm),
indicating the clean formation of the yttrium phbapalen complex. Finally, addition of
potassium tert-butoxide into the mixture entraitieel nucleophilic substitution which yielded
the desired phosphasalen alkoxide compte

Evaporation of THF and recrystallisation in cyclgliee gave the products as white solids. The
complex has been fully characterized by NMR expernits and elemental analysis. The
complex presented a unique singlet'®{*H} NMR spectra at 31.6 ppm, which is quite close to
the chemical shift of the in situ generated phosplem yttrium chloride complex, but itsl
NMR and *C{*H} NMR spectra evidenced the incorporation teft-butoxide group and its
structure as described in Scheme 29.

Though single crystals were easily obtained, thdyndt diffract well and thus X-ray structure
for this compound was not obtained. However, baseNMR data and elemental analysis, it is
strongly believed that the structure in solid staibel in solution 068 resembles the one of
complex45. This compound has the same chemical structusd,dsut with tert-butyl groups at
the para-positions of the phenoxide rings, instead of meyhgroups.

2. Activities

The experiences determining the activities of défeé synthesized complexes in the ROP of
rac-lactide were done in collaboration with the Withia group at Imperial College, London.
Preliminary results are given in Table 6. The solwa choice for use at ambient temperature
(25 °C) was THF; all experiments were conductedaisin initial concentration of lactide of 1
M, so as to enable accurate comparison betweettiftheent initiators and additives.

2 O

Ry |
XA Ph,P=N. | _N=PPh
thp:r\% _N=PPh, 2P=N 2

Y
@0/ T\og %@ O/c’)\o?_é
O\ \
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56a: R,=t-Bu
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N N
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53a: R]_:N N Rzz t-Bu 55: R]_: R2= t-Bu 8

53b: Rl:pN R,= Et

z
pd

-177 -



Chapter 5. Phosphasalen Complexes in Ring-Operahgrierisation of Lactide

Table 6. Activities of different yttrium phosph@&satomplexes in ROP of rac-lactide.

Initiator [LA] o:[l] Time /s Conversiofl/% M,(calc)’ M, (exp)’ kobsdgs' P
1

() / kg mol* / kg mol*

45  1000:1 45 97 140 223 (1.34) 0.86
51 500:1 240 89 64.08 84.0 (1.05) 0.00850.75
52 500:1 240 95 68.4 120.5 (1.07) 0.01230.76
53a 500:1 480 84 60.5 66.8 (1.07) 0.00380.68
53b 500:1 600 82 - - 0.0027 -
54a 500:1 1200 91 65.5 76.5 (1.02) 0.00200.71
54b 500:1 1560 89 64.1 70.9 (1.01) 0.00150.65
55 500:1 360 90 64.8 196.2 (1.05) 0.00670.83
56a  500:1 2160 87 i i 0.00110.74 (R)
56b 500:1 2520 84 60.5 61.6 (1.04) 0.00@x66 (R
58 1000:1 90 83 0.85

2Conversions were determined from tleNMR spectra (CDG) of the crude products, by integration
of the methine resonance assigned to §A4(92 ppm) and to PLAY5.00-5.30 ppm).

®M,(calc) = 144 x [LAY[I] x % conversion LA.

°Mn(exp) was determined using GPC, in THF, using rauiile laser light scattering(GPC-MALLS)
according to the method described eafifer° The polydispersity index was also determined fi@R(C,
PDI =M/M,.

4 Determined from the gradients of the In{[LALA]} versus time plots, expressed iff.sThe
reactions are first order in lactide, [I]=1 mM

As expected from monomeric complexes, all ROP ieast initiated by these yttrium
phosphasalen complexes are first-order in lact#agivities in ROP of lactide vary drastically
with the change of the steric properties, inducgdbdifying the diamine bridge.

Several clear observations can be made:

1) All complexesh1-56a,bare far less active than complés Even complexes with C2 linkers
like 51, 52, 55 have activities that are incomparable with thevagtof complex 45, which
could polymerise the lactide in very low cataljtbading (1000/1) in less than one minutes. The
reason of such drastic change in catalytic actigitie in fact in the structure of complex. It has
been seen, from the complexes characterizationgealimat51, 52, 54a 55 adopt monomeric
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structures, but with the coordination of one moleaf THF, and that it is strongly believe that
other complexes5@a,h 54b) have the same structure, i.e. containing onedioated THF
molecule. As to compleAb, its solid structure shows no coordination of TEEe. probably,
because of the coordination of THF, the spacehfercbordination of lactide is reduced, and the
ROP of lactide is rendered more difficult.

Polylactides obtained from ROP of lactide initiateih complexesb1-56a,bare less hetero-
enriched than those obtained from the action ofpter¥5. Once again, the presence of one
more ligand (THF in case &1-55 NH in case ob6a,b) seems to render the systems more
“rigid” and lowers the stereoselectivity of the ROP

The ideal yttrium complex for the ROP of lactideoghl thus be the one where the yttrium
center is only penta-coordinated. Compb&x with the ethylenediamine linker like complék,

Is expected to adopt the same structurd@and to offer a better activity in ROP of lactide
compared to complexésl-56a,b Indeed, comple®8 is highly active in ROP of lactide. The
polymerization of rac-lactide initiated by58, using only a very low catalyst loading
(LA/I=1000/1), is fast (83% after 90s) and offeighly heterotactic polymers £0.85). The
activity and heteroselectivity of compl&8 are thus comparable with the ones of comglex

2) In general, complexes with C2 linkers are mudreractive than complexes with C3 linkers.
For example, for a ratio LA/I=500/1, ROP @ic-lactide initiated by the complexéd, 52, 55
require between 240-360s to achieve high convelsimme than 90%), whereas those initiated
by 53a,b, 54a,b attained conversions about 80% in longer time {(#&00s). This could also
be seen by comparingpkfor ROP of lactide initiated by these complexes.

3) When comparing the performances of complexds @& linker, with or without substituents
on the diamine linker, it is observed that theadtrction of these substituents is not beneficial.
Hence, the ROP of lactide initiated 68a,brequire only 480-600 s to attain approximately the
same conversions as those initiated by complBAash after more than 900s. Thedfor ROP
initiated by53a,bare two or three times higher thapskor ROP initiated bys4a,bh The reason

of these differences in performance is probablyabese the presence of additional bulkiness
renders difficult the coordination of lactide t@tittrium center.

4) Interestingly, complexe$§6a,b with additional coordination site of the diamin@ker
initiated the polymerization ofac-lactide to give isotactive polymers. The isotdttids
reasonable at room temperature=(P74 for 56a and 0.66 for56b) and could be greatly
improved by lowering the temperatureS®81 for56a at -15°C, and 0.76 fds6b at -18°C).
These complexes are among the very rare exampiggiam complexes catalyse the formation
of isotactic PLA from rac-lactide. Other examplas the systems of Arnold and coworkers
(Y9, Scheme 30} and of zi and coworkersr(5, Scheme 30): ROP ofrac-lactide initiated
by Y9 (LA/I=200/1) in dichloromethane, at -18°C, achidv@8% of conversion after 10 min
and gave polymers with;#0.81. At 40°C and in THF, complexl5 initiated the ROP ofac-
lactide (LA/I=1000/1), giving 45% of conversiortef 3h and polymers with+0.67.
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Compared to these systems, complex6a,b offer better activity and iso-selectivity. More
studies about the performances of these two coraplase being carried out.

t p
tBu /\< =
tBu—\P\\ ,Bu 4\()
O’u._?,‘\\o p—tBu \/N Q
oo Q ©§ =
tBU\<\ ,/(_)

R tBu N
tBu N\ ’
Y9 Y15

Scheme 30. Examples of yttrium complexes havisgledivity in ROP of rac-lactide

3. Conclusion

New yttrium phosphasalen complexgk-55a,h) 58 have been synthesized their activities in
ROP of lactide have been studied in order to evaltize influences of steric and electronic
factors in their performance. They are targetebedanonomeric and indeed, X-ray structures
obtained for several of them are in accord witls thypothesis. Compared to complé,
complexesb1-55 present different C2 and C3 diamine linkers. Fritnis minor change in
chemical structure, whereas complxis penta-coordinated and adopts distorted squaseeb
pyramidal geometry, these complexes have hexa-vwiedl yttrium centers with the
coordination of one THF molecule, completing theorcination sphere constituted by the
phosphasalen ligand occupying the four positionghef equatorial plane and the alkoxide
group. Because of this difference, these compl€xe<$55 are much less active than complex
45 in ROP of lactide, likely because the space abkdldor the coordination of lactide is
expected to be reduced which renders the ROP wliffitheir heteroselectivities also decrease.

Complex 58 is formed from a ligand with ethylenediamine linkes in 45, but presenting
methoxy groups, which are strong electron donatingtead oftert-butyl group at thepara-
positions of the phenoxide rings. This complextisrgly believe to adopt the same distorted
square-planar geometry as compi with a penta-coordinated yttrium center. It pras
comparable activity in ROP of lactide as compiéx

Complex56a,bfeature a phosphasalen ligand with an additionahe group which could act
as additional coordination site upon complexatibhese two complexes are among the rare
examples of yttrium complexes presenting isoselgtin ROP ofrac-lactide.
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These results thus evidence the strong and sulfiience of steric factors in the performance
of these yttrium complexes in ROP ddc-lactide. In particular, the shift from excellent
heteroselectivities achieved willb and58, to very good isoselectivities withba,b suggests a
great potential in tuning the activities and stesdectivities in yttrium-phosphasalen complexes
by careful design of the phosphasalen ligands.
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Conclusion

The presented work describes the development of natidentate ligands combining
iminophosphorane and anionic donors such as thiolaphenolate. These ligands can be easily
synthesised from inexpensive, readily availableistgmaterials and in large scale.

Chapter 1 is centered on the development of bitetigands [S, P=N], taking into account the
importance of sulfur-containing ligands in naturel an coordination chemistry. The synthesis
of such ligands relied on ortho-lithiation reactiéorking on such syntheses, we discovered
the conditions for a clean nucleophilic substitatam iminophosphorane. This reaction opened
a way to various mixed bidentate ligands combinimgnophosphorane and different
heteroatoms-containing groups (phosphine, phosphitdae, borane, etc) with a special ligand
skeleton [N=P-CHX]. The thiolate-containing ligand having such Isken showed a great
coordination ability and was coordinated to differgansition metal precursors of groups 8, 9,
10. In particular, the discrete [NiIN2S2] complesuked from the reaction of the ligand with 2
equiv. of [NiBr(DME)] could act as bidentate ligand through electpairs on sulfur atoms,
leading to bimetallic complexes.

Chapter 2 describes the development of nickel cergsl of new bidentate [O, P=N] ligands,
containing phenoxide and iminophosphorane groupgh® oligomerisation of ethylene. The
presence of the anionic phenoxide group on thendigaallowed the coordination of a second
metal centre, such as lithium or aluminum, leadingbimetallic complexes. Mono-nuclear
complexes were obtained by using additional awyillyands. The activities and selectivities
of the synthesized nickel iminophosphorane-phereoxidmplexes are in general significantly
higher than complexes of (N,O) and (P,0O) ligandsteg in the literature. Their performances
in terms of TOF and selectivities (in C4 and in 4}@ary greatly in function of the auxiliary
ligand or substituents at the nitrogen atoms. Towaparisons of performances between the
synthesized complexes could be used for the fisggdeof new nickel complexes efficient for
the dimerisation of ethylene. Furthermore, themfation of bimetallic nickel-lithium and
nickel-aluminum complexes is interesting and opespossibility to develop of self-activated
bimetallic nickel-aluminum complexes for the oligernsation of ethylene, based on
iminophosphorane ligands.

Chapters 3, 4, 5 focused on the development acidefritate phosphasalen ligands, associating
two iminophosphoranes and two phenoxides. Theyttegephosphorus analogues of a well-
known and important class of ligands in coordinatend catalysis: the salens. Chapter 3
described the conception and the synthesis of flasspen ligands in general, and the
unsubstituted phosphasalen in particular. Experiahemd theoretical studies have been carried
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out on nickel and palladium complexes, in ordebétter understand their differences from the
salen analogs. It has been found that as expebeeghosphasalen ligand is better donating and
slightly more flexible than the analogue salen.

These properties prompted us to test the utilitghaisphasalens in the stabilization of oxidized
metal complexes. Due the interest in phenoxyl aldamd mix-valence complexes, oxidized
species of nickel salen complexes have been theastpursued by many groups. We were
thus interested in studying the oxidation of Nifhosphasalen complexes to see the electronic
differences conferred by the phosphasalen ligandspared to salens. This is the subject of
chapter 4. Two new nickel phosphasalen complexes synthesised and were cleanly oxidised
by one equivalent of silver salt in dichloromethaXeray structure was obtained for one of
these two products (compldga][SbF¢]). At the difference of all reported oxidised nitke
phenoxide complexes up to now, which have been showe Ni(ll) complexes of phenoxyl
radical, the oxidised specie6d][SbF] is a Ni(lll) complex. This has been shown by EPR
spectroscopy and DFT calculations. This complesnis of rare example of Ni(lll) complexes
with coordination number less than 5, and is thet xample of four-coordinated high valent
Ni(lll) phenoxide species.

The obtainment of this Ni(lll) complex could be sex&s the first, encouraging example for the
use of phosphasalen ligands in stabilising higlemalmetal centres. One can imagine, for
example, the development of phosphasalen oxo coeplef metals such as chromium or
manganese in order to shed more light into the ar@sim of catalysed asymmetric epoxidation,
as this process is often carried out using chromarmmanganese salen complexes and is
suspected to involve an oxo intermediate. Up te,dab oxo salen complex of manganese has
been isolated, likely because of their instabilijue to their better donating ability,
phosphasalen ligands could help stabilise suchseddcomplexes.

Chapter 5 presents the use of aluminium and yttrphmasphasalen complexes in the ring
opening polymerisation of lactide. In particularteresting results have been obtained for the
yttrium complexes, both in terms of coordinatioretistry and catalysis.

In the coordination point of view, it has been olied that due to the flexibilities of the
phosphasalen ligands, their complexes adopt coeipldifferent geometries, depending on the
diamine linker, the substituents on the phosphashégnds, the auxiliary alkoxide ligand.
Dimeric and monomeric complexes were obtained, sirmived completely different activities
in ROP of rac-lactide. Whereas ROP initiated bydhmeric complexes follow a second-order
in lactide, the ones initiated by monomeric compkare first order in lactide. Inside the
monomeric complexes, activities change drasticalth different structures. The most actives
and heteroselective complexes are the monomerics ami¢h ethylene diamine linker.
Interestingly, yttrium complexes of a penta-dentpteosphasalen ligand even offer good
isoselectivities, which is really rare for yttriuchemistry. The comparisons of activities
between different complexes help clarify the desifithe ideal initiator for the ROP of lactide.

In particular, whereas the yttrium salen compleray/ have limited performance in ring-
opening polymerisation of lactide, yttrium compdexof phosphasalen ligands are among the
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best initiators in terms of both activity and steselectivity. These results demonstrate the
various perspectives of phosphasalen ligands adycss.

The method for the synthesis of phosphasalen Igaadd the very encouraging results
obtained with their complexes in coordination andtalysis could also inspired new
phosphasalen-like ligands, such as the hexa-deote® (whose general structure is presented
below) for the development of bimetallic species.

Ph,P II?th Ph2|.3. II?th
N0 N (O
) /Ml\ / 2
N O N 0] ,\I
I I | |
Ph,P PPh, Ph,P PPh,
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Experimental Section

|. Chapter 1.

General Considerations

All experiments, unless otherwise stated, weregperéd under an atmosphere of dry nitrogen
or argon using standard schlenk and glove box tqaba. Solvents were freshly distilled under
dry nitrogen from Na/benzophenone (THF, diethylethpetroleum ether), from ,8s
(dichloromethane)la,g* [NiBr(DME)],? [Ir(COD)CI],, [Rh(COD)CIL,* [RuCly(p-cymene)t
were prepared according to the literature. All otheagents and chemicals were obtained
commercially and used without further purification.

Nuclear magnetic resonance spectra were recordedBraker Avance 300 spectrometer
operating at 300 MHz folH, 75.5 MHz for*3C and 121.5 MHz fof'P. Solvent peaks were
used as internal references tbr and**C chemical shifts (ppmy*P{1H}are relative to a 85%
HsPO, external reference. Coupling constaate expressed in hertz. The following
abbreviations are used: br, broad; s, singlet;odibtét; dd, doublet of doublets; t, triplet; m,
multiple; v, virtual. The labeling schemes of thgahds and ligand precursors are given in
schemes 7 and 9. Elemental analyses (for sevargaands) were performed by the Elemental
analysis service of the London Metropolitan UniutgréJnited Kingdom).

Synthesis of aminophosphonium compounds by Kirsanoeaction

1b: Br, (0.98 mL, 19.07 mmol) was added dropwise to atesiwf PPh (59, 19.07 mmol) in
CH.CI, (200 mL) at -78°C under nitrogen. The cold bathswamoved and stirring was
continued for 45 minutes at room temperature. Titained suspension was then cooled again
to -78°C and BN (2.65 mL, 19.07 mmol) was added, followed by thddition of
adamantylamine RNj{2.88 g, 19.07 mmol). Stirring was continued fovesal hours at room
temperature to give a transparent solution. Aftashing twice with KO, the organic layer was
dried over MgSQ@ the solvent was reduced in volume and THF wase@ddhe white
precipitated product was separated by filtratiaiedlin vacuum. (6.0 g, 64%)

1b: *P{"H} NMR (CDCl): ¢ 32.0 (s,P); '"H NMR (CDCk): § 7.94 (ddd,*J;=1.0 Hz,
3344=7.5 Hz,%)} =13.0 Hz, 6H,0-CH(PPh)), 7.69 (vtd,"Jy .= 1.0 Hz,3},4=7.5 Hz, 3H,p-

189



Experimental Section

CH(PPh)), 7.59 (vtd, 3}, =204+=7.5 Hz,%%=3.5 Hz, 6H,m-CH(PPh)), 7.18 (d,%J,=6.0
Hz, 1H, NH), 1.89 (s, 9H, NH-B,-CH- and -G(CH,)s), 1.44 (m, 6H, -CH-B,-CH-);
BC{*H} NMR (CDCly): 6 134.8 (d,*J»=2.8 Hz, p-CH(PPh)), 134.0 (d,%J =11.5 Hz, 0
CH(PPh)), 129.6 (d, ®J} =13.0 Hz,0-CH(PPh)), 123.4 (d,"J, =102.1 Hz,C"(PPh)), 57.7 (d,
2Jp =4.7 Hz, NHC(CH,)s3), 44.7 (d,%Jp =4.4 Hz, NH-CCH.-)3), 36.6 (s, -CHEH,-CH-), 30.0
(s, CH(CHy-)a);

Synthesis of 2a,b

MeLi (1.6M in EtO, 1.25 mL, 2 mmol) was added dropwise to a suspers the starting
aminophosphonium salt (1 mmol) in THF (10 mL) a&°C. The cold bath was removed and
stirring is continued at room temperature for 3lgitee an orange-red (or red wine) solutiog. S
(32 mg, 1/8 mmol) was then added in the dry bogite a yellow-to-orange solution. Stirring
was continued for 30 minutes. HBFELO (322 mg, 2mmol) was added to protonate the
thiolate-iminophosphorane. THF was removed in vataund CHCI, (25mL) was added. The
reaction mixture was washed twice with an aqueoligien of HBF, 0.1M (15 mL), once with

a saturated solution of NaBFEL5 mL) in water and dried over Mg&QCH,Cl, was evaporated
and the recristallisation was taken in THF, givihg desired product as a white solid.

2a (370 mg, 81%)3P{*H} NMR (CDCl,): ¢ 36.1 (s,P"); *H NMR (CDCL): ¢ 7.85 (ddd,
“31=2.0 Hz,23,i=7.5 Hz,%3% ,=13.2 Hz, 4Hp-CH(PPh)), 7.85 (M, 1H, GH), 7.75 (vtd,*Jy =
2.0 Hz,%},=7.5 Hz, 2H,p-CH(PPh)), 7.65 (vtd,’};=°3’wx=7.5 Hz,*J=3.5 Hz, 4H,m
CH(PPh)), 7.60 (m, 2H, gH and GH), 7.47 (vtdd,} = *In =7.5 Hz,*Jyy = 1.0 Hz,
“%,+=3.0 Hz, 1H, GH), 4.82 (d,%J=8.0 Hz, 1H, M), 4.02 (s, 1H, H), 1.29 (s, 9H,
C"(CHs)3); *C{*H} NMR (CDCl3): ¢ 138.8 (d,°J»=8.4 Hz, £"), 136.6 (d,Jp =11.50 Hz,
C4H), 135.5 (d33, =10.0 Hz,CyH), 135.5 (sCpH), 135.3 (d;'Js =3.0 Hz,p-CH(PPh)), 133.9
(d, 25 =11.3 Hz,0-CH(PPh)), 130.4 (d33 =13.5 Hz,mCH(PPh)), 127.4 (d3J =12.7 Hz,
CuH), 122.2 (d,'J»=103.8 Hz,C"(PPh)), 121.8 (d,'J =105.1 Hz,C"-PPh), 57.2 (d,
2Jp.=4.5 Hz,CV(CHy)s), 32.0(d, *Jp =4.0 Hz, ¢’ (CHa)3)

2b: (345 mg, 65%). *P{'H} NMR (CDCls): ¢ 34 (s,P"); '"H NMR (CDCL): ¢ 7.88 (ddd,
“3+=2.0 Hz,%3,4=7.0 Hz,%3,713.5 Hz, 4H,0-CH(PPh)), 7.78 (m, 1H, GH), 7.74 (vtd,
“Jun= 2.0 Hz,334=7.0 Hz, 2H,p-CH(PPh)), 7.65 (vtd,*} =0\, =7.0 Hz,"J,=3.5 Hz, 4H,
m-CH(PPh)), 7.59 (m, 2H, gH and GH), 7.48 (vtdd,*}; = 30’y =7.5 Hz,%Jy 4 = 1.0 Hz,
“J,+=3.0 Hz, 1H, @H), 4.78 (d,2J,=7.5 Hz, 1H, M), 1.97 (m, 3H, EI(CH,)3), 1.86 (s, 6H,
NH-CH,-CH-), 1.50 (m, 6H, -CH-8,-CH-); *C{*H} NMR (CDCls): 6 140.3 (d,%J» =6.0 Hz,
scv), 136.4 (d,Jp,=12.50 Hz,C4H), 135.5 (d,*J =9.5 Hz, CyH), 135.2 (d,"Jp =2.5 Hz,
CoH), 135.0 (d,"Jp =2.7 Hz, p-CH(PPh)), 134.2 (d,%Jr=11.3 Hz,0-CH(PPh)), 130.0 (d,
%) =13.3 Hz, mCH(PPh)), 126.8 (d,’J=13.1 Hz, CyH), 123.2 (d,'J=102.9 Hz,
Cc"(PPh)), 122.1 (d,"Jp =105.5 Hz,C"Y-PPh), 58.4 (d,%Jp =5.1 Hz, NHC(CH,-)3), 44.7 (d,
3Jp =4.0 Hz, NH-CCH,-)3), 35.9 (S, -CHEH,-CH-), 30.3 (S,EH(CHy-)3)
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Synthesis of 2a’ from 2a

MeLi (1.6M in EtO, 250uL, 0.4 mmol) was added dropwise to a suspensioihefstarting
thiol aminophosphonium salta (181 mg, 0.4 mmol) in THF (4 mL) at -20°C. The c¢ddath
was removed and stirring is continued at room teatpee for 15 min to give an bright orange
solution.*'P{*H} NMR exhibited a singlet at +36 ppm. Addition dibromoethane (i, 0.2
mmol) into the solution yielded a white slurry aftarernight stirring at room temperature. The
precipitate was isolated, washed with THF and dinecacuum. (104 mg, 55%)

2a’: ¥*P{*H} NMR (CDCly): § 32 (s,P"); '"H NMR (CDCk): § 7.99 (dd,*}, = 7.5 Hz,*Jyp =
14.0 Hz, 2H, GH), 7.92 (vtd,*}, =0 +=7.5 Hz,*J =4.0 Hz, 4H,m-CH(PPh)), 7.85 (dd,
*3un=7.5 Hz,%)% =13.0 Hz, 4H,0-CH(PPh)), 7.61 (m, 16H, E(PPh) + CycH), 7.48 (vtd,
3= 3un=7.5 Hz,"J1=3.0 Hz, 2H, GH), 2.32 (s, 2H, E,-CH,), 1.42 (s, 2H, E,-CH,),
1.41 (s, 18H, C(85)s5); *C{*H} NMR (CDCls): ¢ 142.2 (d,%J=6.0 Hz, £"), 136.3 (d,
2Jp =12.0 Hz,C4H), 135.8 (d;'Jp =1.0 Hz,C,H), 134.6 (d;'Jp =2.5 Hz,p-CH(PPh)), 133.7 (d,
B3 =11.3 Hz,0- or m-CH(PPh)), 133.3 (d 33 =9.5 Hz,CyH), 129.9 (d?%) =9.5 Hz,0- or
m-CH(PPh)), 127.7 (d,*% =12.5 Hz,CyH), 124.0 (d,"J» =101.5 Hz,C"V-PPh), 123.5 (d,
13, =104.0 Hz,CY(PPh)), 57.0 (d,%Jp=4.5 Hz, CV(CHa)s), 34.3 (s, CH,-CH,), 30.8 (d,
) =4.0 Hz, ¢'(CHa)s)

Synthesis of 3a

Addition of 2 equiv. of MeLi (1.6M, 25QuL, 0.4 mmol) into a slurry of the thiol-
aminophosphonium safta (90.6 mg, 0.2 mmol) in THF gave rapidly a cloudylazless
solution. After 30 min, [PdG(PPh),] (140.4 mg, 0.2 mmol) was added, inducing a rapid
change of color from deep red wine to bright orarege Completeness of the reaction after one
day was monitored if'P{*H}-NMR spectrum by the disappearance of the sigridiee ligand

at +12.9 ppm, and the apparition of two doublet$3t.8 ppm (@~=3.5 Hz) and + 15.4 ppm
(Jp.7=3.5 Hz). THF was evaporated and dichloromethareintaoduced to precipitate insoluble
lithium salt, which were then removed by centrifiga. The product was isolated by
evaporation of dichloromethane as a red solid. (hg078%)

3a *P{*H} NMR (CDCls): 6 31.3 (d,3J =3.5 Hz,P"), 15.5 (d,*J, 3.5 Hz,PPh); ‘H NMR
(CDCly): 6 8.18 (m, 2H0-CH(PPh)), 7.68 (m, 4H, GH + 0-CH(PPh)+ p-CH(PPh)), 7.29 (m,
13H, o-CH(PPh) + p-CH(PPh) + mCH(PPh)), 7.17 (m, 7Hm-CH(PPh) + GH), 7.07 (m,
2H, GH + p-CH(PPh)), 6.87 (m, 1H, ¢H); *C{*H} NMR (CDCls): 6 152.0 (dd?J» =7.0 Hz,
%) =4.0 Hz, £"Y), 134.9 (d/J =10.5 Hz,0-CH(PPh)), 134.4 (dJ, =10.5 Hz,0-CH(PPh)
and C4H), 134.3 (d,’J,=10.5 Hz, 0-CH(PPh)), 133.9 (d,°% =11.0 Hz, CH), 131.6 (d,
“Jo=3.0 Hz, p-CH(PPh)), 131.3 (s,CH), 130.1 (d,"J,=2.5 Hz, p-CH(PPh)), 129.6 (d,
9 =52.0 Hz, CV(PPh)), 129.4 (d,*% =2.5 Hz, p-CH(PPh)), 128.7 (d,J»=56.0 Hz,
CY(PPh)), 127.7 (d’Jr =12.0 Hz,m-CH(PPh)), 121.0 (d,'J» =93.5 Hz,C"-PPh), 119.8 (d,
3Jp.=11.0 Hz,CH), 57.3 (ddJp =4.5 Hz,%Jp =2.0 Hz,CV(CHg)s), 25.0 (s, ¢'(CHs)3)
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Synthesis of 5

MeLi (1.6 M in EtO, 4 mL, 6.4 mmol) was added dropwise to a susparsilc (1.390 g, 3.2
mmol) in THF (32 mL) at -78°C. The cold bath wamowed and stirring is continued at room
temperature for four hours to give an orange-redut®n. S (102 mg, 0.4 mmol) was then
added in the dry box to give a yellow-to-orangeusoh. A precipitate appeared after one hour.
After three hours, the precipitate was isolatedshved with THF and dried in vacuum. This
white solid, which i could be used for further complexation tests. (7)) 55%)

5: 3P {"H} NMR (Pyr-ds) ¢ 21.3 (s) ;H NMR (Pyr-d) ¢ 8.22 (dd; 3y 4= 7.5 Hz,*Jp,= 9.5 Hz,
4H, 0-CH(PPh)), 7.64 (t3}, 4= 7.5 Hz, 2Hp-CH (PPh)), 7.54 (td3J = 7.5 Hz,*Js,= 1.0 Hz,
4H, m-CH(PPh)), 7.40 (t,%J}= 7.0 Hz, 2H,0-CH(NPh)), 7.28 (t3},,= 7.0 Hz, 2H,m-
CH(NPh)), 6.89 (t33,= 7.0 Hz, 1Hp-CH(NPh)), 4.18 (d?J, 4= 7.0 Hz, 2H, PEl,), 3.84 (m,
4H, OCH,(THF)), 1.80 (m, 4H, E(THF)); *C NMR (Pyr-d): 6 155.8 (d,%Joc = 5.5 Hz,
C"Y(NPh)), 135.4 (d%Jpc= 8.0 Hz,0-CH(PPh)), 134.1 (d,"Jpc= 2.5 Hz,p-CH(PPh)), 133.6
(d, Jp = 78.5 Hz,CV(PPh)), 131.6 (dJpc= 1.0 Hz,m-CH(NPh)), 131.1 (d®Jp c= 10.5 Hzm-
CH(PPh)), 125.4 (d3J = 17.6 Hz,0-CH(NPh)), 119.8 (sp-CH(NPh)), 70.2 (s, GHy(THF)),
31.5 (d,"Jo.c= 88.0 Hz, BH,), 28.2 (SCH4(THF)).

Synthesis of 6

HBF4(Et,0), (0.46 mmol, 63ul) was added to a solution & (92 mg, 0.23 mmol) in THF
giving a colorless solution. The solvent was rengdoaad the residue was taken in £H (5
mL) . After removal of insoluble lithium salts bytfation under N, the solvent was evaporated
to afford aminophosphonium s#&l{67 mg, 70%).

6: *'P {*H} NMR (CDCl;) 6 35.9 (s) ;'H NMR (CDC}) 6 7.86 (dd 23 = 7.5 Hz,%Jp .= 9.5 Hz,
4H, 0-CH(PPh)), 7.69 (t33, 4= 7.5 Hz, 2Hp-CH (PPh)), 7.56 (td>J, = 7.5 Hz,*J% .= 3.5 Hz,
4H, m-CH(PPh)), 7.34 (d, J = 9.5 Hz, 1H, NH), 7.00 (£3y,= 7.5 Hz, 2H,m-CH(NPh)),
6.87 (t,°34= 7.5 Hz, 1Hp-CH(NPh)), 6.80 (d’Jy = 7.5 Hz, 2H,0-CH(NPh)), 3.85 (d®Jp =
7.5 Hz, 2H, PEl,), 2.00 (td,*}= 9.0 Hz,*J% = 2.0 Hz, 1H, 8l); °C NMR (CDC})  18.7
(d, “Jpc= 69.0 Hz, BH,), 116.8 (d,"Jo = 99.5 Hz,C"(PPh)), 119.0 (d,’Jo= 17.6 Hz,o0-
CH(NPh)), 123.1 (sp-CH(NPh)), 128.6 (sm-CH(NPh)), 129.2 (d Jpc= 13.5 Hz,m
CH(PPh)), 132.5 (d/Jc= 10.5 Hz,0-CH(PPh)), 134.7 (d,"Jo = 3.0 Hz,p-CH(PPh)), 136.3
(d, 2Jpc = 3.0 Hz,CV-(NPh)). Anal. Calcd for GH1BF,NPS: C, 55.50; H, 4.66; N, 3.41.
Found: C, 55.21; H, 4.94; N, 3.09.

Synthesis of 9

MeLi (1.6 M in EtO, 725uL, 1.16 mmol) was added dropwise to a suspensiobcdb.58
mmol, 250 mg) in THF (6 mL) at -78°C. The cold batas removed and stirring is continued at
room temperature for four hours to give an orargge-r solution. Dicyclohexylphosphine
chloride (0.58 mmol, 12@l) was added giving a clear yellow solution. Af@0 minutes of
stirring at room temperature, solvent was evapdrdtee residue was taken in dichloromethane
(7 mL). The reaction mixture was washed with aqeddCl 2M solution (2x7 mL), the organic
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phase was then dried on J$&, and filtered under N The solvent was evaporated and the
product was precipitated in petroleum ether wasidevsolid (228 mg, 75%).

9: 3P {*H} NMR (CD,Cl,): § -22.2 (d,Jp == 87.5 Hz, PCy, 34.8 (d,’Jp = 87.5 Hz, PPH); 'H
NMR (CD.Cl,): 6 8.01 (dd3J, = 8.0 Hz,%Js 1 =13.0 Hz, 4Hp-CH(PhP)), 7.57 (m6H, m- and
p-CH(PhP)), 6.99 (d3J 1= 7.5 Hz, 2HmM-CH(NPh)), 6.90 (d3J, = 7.5 Hz, 2H0-CH(NPh)),
6.82 (t,Jy 4= 7.5 Hz, IHp-CH(NPh)), 3.22 (d%J 4 = 16.5 Hz, 2H, PH,), 0.80-1.52 (22H, m,
Cy); *C NMR (CD,Cl,): § 138.5 (d,%Jpc = 3.0 Hz,C"Y(NPh)), 133.8 (dJoc = 3.0 Hz,p-
CH(PPh)), 133.0 (dd3Js c= 10.1 andJs c= 4.5 Hz,0-CH(PPh)), 128.2 (sm-CH(NPh)), 128.7
(d, “Jp.= 13.0 Hz,mCH(PPh)), 122.0 (sp-CH(NPh)), 119.7 (d}Jpc= 97.5 Hz,C"(PPh)),
119.3 (d,*J = 7.5 Hz,0-CH(NPh)), 33.1 (dd3Js c= 8.0 Hz andJs c= 15.0 Hz,CH(Cy)), 28.2
(t, Jc= 13.0 Hz,CH,(Cy)), 26.2 (d, 3c= 12.0 Hz,CH,(Cy)), 25.2 (sCH4(Cy)), 18.7 (dd}Jp ¢
= 39.0 Hz andJe c= 68.0 Hz, EH,). Anal. Calcd for GHCINP,: C, 71.05; H, 7.69; N, 2.67.
Found: C, 71.28; H, 7.47; N, 2.36.

Synthesis of 10

10 (0.139 g, 60 %) was obtained with a procedure laimio that used for9 using
trimethylsilylchloride (0.58 mmol, 7hl) as the electrophile.

10:*'P {*H} NMR (CDCl3): 6 37.2 (s) ;H NMR (CDCE): 6 7.91 (dd 2}y 4= 7.5 Hz,2Jp ;= 13.0
Hz, 4H, 0-CH(PPh)), 7.78 (dd?J, = 7.5 Hz,Js ;= 6.0 Hz,2H, p-CH (PPh)), 7.57 (td3}=
7.5 Hz,%J .= 3.5 Hz,4H, m-CH (PPh)), 7.03 (m 2}, 4= 7.5 Hz, 4Hpo- andm-CH(NPh)), 6.86
(t, 3}= 7.0 Hz, 1H,p-CH(NPh)), 2.71 (d?Jp 4= 18,0 Hz, 2H, PE,), 0.0 (s, 9H, El); °C
NMR (CDCLk): ¢ 139.0 (d,%Joc= 2.5 Hz,C"Y(NPh)), 134.4 (d/Jpc= 3.0 Hz,p-CH(PPh)),
132.6 (d,%Jc= 11.0 Hz,m-CH(PPh)), 129.7 (d,2Joc = 13.0 Hz,0-CH(PPh)), 129.0 (s,m
CH(NPh)), 122.9 (sp-CH(NPh)), 122.5 (dJsc= 96.5 Hz,C"(PPh)), 120.0 (dJc= 6.0 Hz,
0-CH(NPh)), 14.5 (d,lJp,cz 58.5 Hz, IEH,), 0.0 (s,CH3). Anal. Calcd for GH»;BrNPSi: C,
59.46; H, 6.12; N, 3.50. Found: C, 58.81; H, 5/933.40.

Synthesis of 11

MeLi (1.6 M in EtO, 725uL, 1.16 mmol) was added dropwise to a suspensiobcdb.58
mmol, 250 mg) in THF (6 mL) at -78°C. The cold batas removed and stirring is continued at
room temperature for four hours to give an orargk-r solution. A solution of
trimethyltinchloride (0.58 mmol, 0.116 g) in THF (L) was added, giving a pale yellow
solution. After 20 minutes of stirring at room tesngture, solvent was removed and toluene
was added to filter off the lithium salts. Afteraporation of toluene, iminophosphoraewas
obtained as a white solid (341 mg, 75 %).

11:*P {*H} NMR (C¢Dg): 0 -6.88 (s+satiJes= 60.0 Hz);"H NMR (CsD¢): 6 7.66 (m, 4H0-
CH(PPh)), 7.18 (m, 2Hp-CH(NPh)), 6.99 (m, 6Hp- andm-CH(PPh)), 6.76 (m, 3Hp- and
m-CH(NPh)), 1.55 (d+safJp 1= 11.0 Hz,2Js, u= 52.0 Hz, 2H, El,P), 0.10 (s +safJs, 4= 50.0
Hz, 9H, Sn(Gs)s). *C NMR (GDg) ): 6 152.8 {Jo. = 3.0 Hz,C"V(NPh)), 134.9 (d'Jp = 87.0
Hz, CV(PPh)), 133.8 (d,’Jp = 3.0 Hz,p-CH(PPh)), 131.6 (d,Joc= 9.0 Hz,0-CH(PPh)),
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129.7 (d,%J = 12.0 Hz,m-CH(PPh)), 128.6 (d,*Joc= 11.0 Hz,0-CH(NPh)), 123.2 (d*) =
20.0 Hz,m-CH(NPh)), 117.1 (sp-CH(NPh)), 12.0 (d+sat}Jec= 75.0 Hz,"Js,c= 296.0 Hz,
CH,P), -7.4 (d+satJy c= 1.5 Hz,"Js, & 362.0 Hz, SrH5)s).

Synthesis of 12

12 (260 mg, 85 %) was obtained with a procedure amtib that employed fotl using a
solution of 1-cyano-2,5-diphenylphosphole (0.58 mrad.5 g) in THF.

12: ¥P {*H} NMR (C¢Dg): 6 -23.7 (d,Jp = 48.5 Hz,P"), 0.8 (d,?Jo = 48.5 Hz,PPhy) ; 'H

NMR (CDg): 6 7.61 (m, 2H,0-CH(NPh)), 7.52 (dd3} = 7.0 Hz,%J% 1 = 1.0 Hz, 4H,0-

CH(Phphospho), 7-45 (dd 2= 11.5 Hz,234 4 = 7.0 Hz, 4H,0-CH(PPh)), 7.07 (d,2Jp 1= 8.0

Hz, 2H, QHg phospho, 6.91 (m, 6HmM and p-CH(Phynosphod, 7.02 (m, 6Hm- andp-CH(NPh)),

6.82 (td, 3 y=7.5 Hz, 3,,=3.0 Hz, 6Hm andp-CH(PPh)), 2.75 (ddJp 4= 10.0 Hz 23 ,= 4.0

Hz, 2H, PG1,P); *C NMR (GDq) ): 6 152.4 (d,"Jp.= 68.0 Hz, G phosphon), 136.5 (d?Jp.= 17.0
Hz, CV(NPh)), 135.6 (ddJsc= 97.0 Hz,*J c= 8.0 Hz,C"(PPh), 132.5 (d/Jc= 9.0Hz, G

phospholds 132.3 (d,%Jpc = 9.0 Hz,0-CH(PPR)), 131.8 (d, 3¢ = 3.0 Hz,CH(Ph)), 1315 (s,
CH(Ph)), 131.3 (sCH(Ph)), 128.8 (d, gk = 9.0 Hz, CH(Ph)), 127.8 (d J»c =8.0 Hz, o-

CH(NPh)), 126.7 (d,%} = 5.0 Hz, 0-CH(Phosproy, 123.9 (s, CH(Ph)), 123.6 (s,
CY (Phphosphon)), 117.6 (SCH(Ph)), 24.8 (ddJp c= 44.0 Hz,'Jp c= 37.5 Hz, BH,).

Synthesis of 13

THF (1 mL) was added to a mixture of dichloro(p-@ma)ruthenium(ll) dimer (23.2 mg, 0.38
mmol) and5 (30 mg, 0.075 mmol) at room temperature giving irdiately a red solutiarAfter

2h of stirring, THF was removed and the residue diasolved in dichloromethane (3 mL).
After removal of the insoluble lithium salts bytfdtion and evaporation of dichloromethane,
the obtained solid was washed with hexanes (3 mgjve 13 as a red solid (25 mg, 76%).

13: 3P {*H} NMR (d®*-THF): & 36.9 (s);"H NMR (CDCk): 6 7.82 (td,*Jy = 7.0 Hz,3J ;= 10.1

Hz, 2H,m-CH (PPh)), 7.57 (d3}y4= 7.0 Hz, 1Hp-CH (PPh)), 7.52 (dd 3}, 4= 7.0 Hz,*J =

11.5 Hz, 4Hp-CH(PPh)), 7.38 (d 23, 4= 7.5 Hz, 2HmM-CH(NPh)), 7.25 (t3Jy 4= 7.0 Hz, 1H,
p-CH(PPh)), 7.18 (m, 2Hm-CH(PPh)), 6.85 (t,°Juy = 7.5 Hz, 2H,0-CH(PPh)), 6.64 (vtd,
33n= 7.5 Hz,"3y 4= 0.5 Hz, 1Hp-CH(NPh)), 4.90 (¢33, ;= 5.5 Hz, 1H, CH¢-cymene)), 4.76
(d, *Jun = 5.5 Hz, 2H, CHg-cymene)), 4.64 (d*}; = 5.5 Hz, 1H,CHg-cymene)), 4.12 (v,
334n = 2Jp=13.0 Hz, 1H, PE) 2.80 (sept.2Jy = 7.0 Hz, 1H, GI(CHy)y), 2.67 (d,°Jyn =

13.0 Hz, 1H, PE,), 1.99 (3H, s, CH, 1.15 (d,%} 4 = 7.0 Hz, 6H, C(Ely),); *C NMR

(CDCly): 6 151.2 (s,C"Y(NPh)), 130.1 (d, gk = 9.0 Hz, CH(PPh)), 129.8 (d, dc= 9.0 Hz,
CH(PPh)), 128.4 (sCH(PPh)), 127.9 (SCH(PPh)), 126.1 (d,"J» = 89.0 Hz,C"(PPh)), 125.3
(d, 3 & 7.0 Hz,CH(NPh)), 124.6 (d, gk = 11.5 Hz,CH(PPh)), 124.4 (d, dc = 9.0 Hz,
CH(PPh)), 124.0 (d, dc = 1.0 Hz,CH(NPh)), 118.3 (d, gk = 2.0 Hz,p-CH(NPh)), 99.0 (s,
C"-(p-cymene)), 90.9 ("-(p-cymene)), 80.8 (CH(p-cymene)), 79.3 (SCH(p-cymene)),
79.2 (s,CH(p-cymene)), 73.2(sCH(p-cymene)), 28.8 (d'Jpc = 84.0 Hz, EBH,), 27.1 (s,
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CH(CHs),), 18.5 (s, CHCH3),), 18.3 (s, CHCH3),), 14.0 (s, CH). Anal. Calcd for
C,H3:,CINPRUS: C, 58.72; H, 5.27; N, 2.36. Found: C, 581, 5.20; N, 2.21.

Synthesis of 14

THF (1 mL) was added to a mixture of Ce(.8 mg, 0.075 mmol) artel(30 mg, 0.075 mmol)
at room temperature giving immediately a blue sotytthen a blue suspension after 10
minutes After 2h of stirring, THF was removed and the rasidwas dissolved in
dichloromethane (3 mL). After removal of the indwki lithium salts by filtration and
evaporation of dichloromethane, the obtained sebd washed with hexanes (3 mL) to give
as a blue/green solid (24 mg, 76%)ngle crystals suitable for X-ray diffraction walstained
by slow diffusion of petroleum ether over a solatin dichloromethane.

Synthesis of 15

Toluene (1 mL) was added to a mixture of chloroyélooctadiene)rhodium(l) dimer (19 mg,
0.038 mmol) andb (30 mg, 0.075 mmol) at room temperature giving irdiately a yellow
solution. After 2h of stirring, THF was removed and the reasidwas dissolved in
dichloromethane (3 mL). After removal of insolullithium salts by filtration and evaporation
of dichloromethane, the obtained solid was washid kexanes (3 mL) to givé5 as a yellow
solid (20 mg, 68%).

15: 3P {*H} NMR (CD,Cl,): 6 47.7 (d,%Jrn= 5.0 Hz,P=N); 'H NMR (CD,Cl,): ¢ 7.81 (ddd,
334p= 7.5 Hz,%% = 10.0 Hz,*J4 = 1.0 Hz, 4H,0-CH(PPh)), 7.56 (vtd,*Jyn= 7.5 Hz, "3y n=

1.0 Hz, 2H,p-CH(PPh)), 7.47 (vtd 2} 4= 33’y = 7.5 Hz,"Js .= 2.5 Hz, 4AHM-CH(PPh)), 6.93
(vt, 33 = 3= 7.0 Hz, 2HmM-CH(NPh)), 6.83 (d’Jyy = 7.0 Hz, 2H0-CH(NPh)), 6.75 (d,
3J44= 7.0 Hz, 1H,p-CH(NPh)), 3.87 (m, 4H, B(COD)), 3.23 (d%J,= 5.5 Hz, 2H, PE)),

2.37 (m, 4H, E1,(COD)), 1.80 (m, 4H, 8,(COD)); **C NMR (CD:Cl,): § 147.9 (sC"(NPh)),

133.7 (d,’Jc = 9.0 Hz, o-CH(PPh)), 132.6 (d,"Jpc = 2.0 Hz, p-CH(PPh)), 129.3 (s,
CH(COD)), 129.0 (d3J, = 7.5 Hz,0-CH(NPh)), 128.6 (d*Jo c= 11.5 Hzm-CH(PPh)), 128.5
(s, CH(COD)), 128.3 (d*Jp c= 1.5 Hz,m-CH(NPh)), 127.7 (d*J» = 83.0 Hz,C" (PPh)), 125.6
(s, CH(COD)), 123.0 (d>Js c= 2.0 Hz,p-CH(NPh)), 31.1 (s, bCH,(COD)), 25.9 (d}Jp = 90.0
Hz, FCH,),

Synthesis of 16

THF (1 mL) was added to a mixture of chloro(1,5logctadiene)lridium(l) dimer (25.5 mg,
0.038 mmol) and (150 mg, 0.38 mmol) at room temperature giving irdiagely an orange-red
solution After 2h of stirring, THF was removed and the residwas dissolved in
dichloromethane (3 mL). After removal of insolulihium salts by filtration and evaporation
of dichloromethane, the obtained solid was washild hexanes (3 mL) to giv&6 as a red

solid (25 mg, 71%).

16: ¥P {'H} NMR (CD,Cl,): 6 63.0 (s);'"H NMR (CD,Cl,): § 7.77 (ddd*}y= 7.5 Hz,°Jp 1=
11.0 Hz,*Jy = 1.5 Hz, 4H,0-CH(PPh)), 7.56 (vtd,*} = 7.5 Hz,*J, = 1.5 Hz, 2H,p-
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CH(PPh)), 7.45 (vtd,’} = *I'ww= 7.5 Hz,"J = 3.0 Hz, 4Hm-CH(PPh)), 6.94 (vt,%J, =

3Yhn= 7.5 Hz, 2HM-CH(NPh)), 6.79 (dd33, = 7.5 Hz,"Jy 4= 1.5 Hz, 2H,0-CH(NPh)), 6.77
(td, 33y = 7.5 Hz,*3y = 1.5 Hz, 1Hp-CH(NPh)), 3.41 (m, 2H, B(COD), 3.35 (dJ = 5.5
Hz, 2H, PQG,), 3.05 (m, 2H, E(COD), 2.15 (m, 4H, 6,(COD)), 1.57 (m, 2H, 8,(COD)),

1.45 (m, 2H, Ei,(COD)); **C NMR (CD,Cl,): § 146.2 (sC"Y(NPh)), 134.0 (d®Joc= 9.0 Hz,0-

CH(PPh)), 132.9 (d;'Jpc= 2.0 Hz,p-CH(PPh)), 129.4 (dJ» = 7.0 Hz,0-CH(NPh)), 128.6 (d,
3Jpc= 11.5 Hz,m-CH(PPh)), 128.1 (d,"Joc= 1.0 Hz,m-CH(NPh)), 126.6 (d'J» = 86.0 Hz,
CV(PPh)), 123.8 (d>Jpc= 2.0 Hz,p-CH(NPh)), 65.0 (sCH(COD)), 56.5 (sCH(COD)), 31.9
1 (s,CH,(COD)), 31.3 (SCH,(COD)), 25.3 (d;Jp = 89.0 Hz, EH,),

Synthesis of 17

THF (1 mL) was added to a mixture of trans-[P4EPh),] (53 mg, 0.075 mmol) an8l (30 mg,
0.075 mmol).After 4h stirring the yellow slurry has turned to arange solution. THF was
removed by evaporation and the residue was takedidnhloromethane (4 mL). Insoluble
lithium salts were removed by filtration. After ggation of dichloromethane, the obtained
solid residue was washed with hexanes (3 mL) te fjias an orange solid (31.7 mg, 87%).

17:*P {*H} NMR (CD,Cl,): 6 33.5 (d,’Jp= 6.5 Hz, P), 46.2 (d,Jp = 6.5 Hz, B); '"H NMR
(CD,Cl,): 6 7.83 (ddd3Jy 4= 7.5 Hz,2Jp 1= 11.5 Hz,"J = 1.5 Hz, 4H,0-CH(PPh)), 7.65 (ddd,
334= 7.5 Hz,*Jp .= 11.5 Hz,*3y = 1.5 Hz, 6H0-CH(PPh)), 7.64 (tt,%} = 7.5 Hz,"J, = 1.5
Hz, 2H,p-CH(PPh)), 7.63 (vtd 23y 1= 30w w= 7.5 Hz,*Je 1= 3.0 Hz, 4HmM-CH(PPh)), 7.46 (tt,
334= 7.5 Hz,"Jyy= 1.5 Hz, 2H,p-CH(PPh)), 7.37 (vtd,*}, 1= *Iuw= 7.5 Hz,"Je = 2.5 Hz,
6H, m-CH(PPh)), 7.37 (Vt,°Jyn= I’y = 6.0 Hz, 2H,m-CH(NPh)), 6.94 (dd®J,, = 6.0 Hz,
“Jun= 2.5 Hz, 2H,0-CH(NPh)), 6.67 (td3},, = 6.0 Hz,"Jy 4= 2.5 Hz, 1Hp-CH(NPh)), 3.14
(d, %= 6.0 Hz, 2H, PE,); *C NMR (CD,Cl,): 6 149.6 (dd,’Jpc= 3.0 Hz,%Jc= 1.5 Hz,
C"(NPh)), 136.5 (d%Jpc= 11.0 Hz,0-CH(PPh)), 134.9 (d/Jc= 9.0 Hz,0-CH(PPh)), 134.4
(d, *Jp c= 2.5 Hz,p-CH(PPh)), 132.2 (d2Jp c= 2.5 Hz,p-CH(PPh)), 131.9 (d}Joc= 53.5 Hz,
CV(PPh)), 130.3 (dJ c= 11.5 Hz,m-CH(PPh)), 130.1 (dd ) c= 10.5 Hz,"Jr c= 1.0 Hz,0-
CH(NPh)), 129.4 (d3Js c= 11.0 Hzm-CH(PPh)), 129.0 (sm-CH(NPh)), 128.5 (dJpc= 86.0
Hz, CV(PPh)), 123.3 (sp-CH(NPh)), 29.5 (ddiJsc= 85.0 Hz,3J c= 4.5 Hz, €H,); Anal.
Calcd for G;H3,CINPARS: C, 61.17; H, 4.44; N, 1.93. Found: C, 61.0341364; N, 2.02.

Synthesis of 18

THF (1 mL) was added to a mixture of [NW|PME)] (11.6 mg, 0.038 mmol) andl (30 mg,
0.075 mmol) at room temperature giving immediatdsep green solution, then a green
suspension after 10 minute&fter 2h of stirring, THF was removed and the residvas
dissolved in dichloromethane (3 mL). After remowélinsoluble lithium salts by filtration and
evaporation of dichloromethane, the obtained selid washed with hexanes (3 mL) to gi&
as a green solid (22 mg, 82%jingle crystals suitable for X-ray diffraction walstained from
slow diffusion of petroleum ether over a solutiardichloromethane.
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Experimental Section

Il. Chapter 2

General considerations

All experiments, unless otherwise stated, weregperéd under an atmosphere of dry nitrogen
or argon using standard schlenk and glove box tqakse. Solvents were taken directly from a
M-Braun MB-SPS 800 Solvent Purification Machingd-diphenylphosphinophendl,
[NiBr(DME)]? were prepared according to the literature. Metbyiinoxane (10% wt in
toluene) and diethylaluminum chloride was purchasem Acros. Ethylene (N25 grade) was
purchased from Air Liquide. All other reagents am@micals were obtained commercially and
used without further purification.

Nuclear magnetic resonance spectra were recorde®raker Avance 300 spectrometer
operating at 300 MHz folH, 75.5 MHz for*3C and 121.5 MHz fof'P. Solvent peaks were
used as internal references tbr and**C chemical shifts (ppmy*P{1H}are relative to a 85%
HsPO, external reference. Coupling constaate expressed in hertz. The following
abbreviations are used: br, broad; s, singlet;odibtét; dd, doublet of doublets; t, triplet; m,
multiple; v, virtual. The labeling of the ligandadaligand precursors are given in scheme 15.
Elemental analyses were performed by the Elemeatallysis service of the London
Metropolitan University (United Kingdom).

General procedure for ethylene oligomerisation

All catalytic reactions were carried out in glass@iner in a magnetically stirred stainless steel
autoclave (40 mL), equipped with a pressure gandenaedle valves for injections. The interior
of the autoclave was protected from corrosion Bfon protective coating. A typical reaction
was performed by introducing in the reactor undémogen atmosphere a suspension of the
complex (8umol) in toluene (20 mL). After injection of the @atalyst solution (in toluene), the
reactor was immediately brought to the desired warlpressure, and continuously fed with
ethylene using a reserve bottle. The reaction w@spsd by closing the ethylene supply and
cooling down the system to -70°C. After releaseesfdual pressure, the reaction was quenched
by adding methanol (5 mLp-heptane used as internal standard was also ireodand the
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mixture was analyzed by quantitative GC (PERICHRQMO gas chromatograph equipped
with a HP PONA column (50 m x 0.2 mm x 0.5 umYstfcalibrated with authentic samples.

Kirsanov reaction

21a-c lequiv. of By (200uL, 3.883 mmol) was added dropwise to a solutiothef protected
phosphinophenaX2 (1304 mg, 3.883 mmol) in GBI, (38 mL) at -78°C under nitrogen. The
cold bath was removed and stirring was continued4f minutes at room temperature. The
obtained suspension was then cooled again to -a8dCDABCO (218 mg, 1.942 mmol) was
added, followed by the addition of 1 equiv. of RNBtirring was continued overnight at room
temperature to give a white suspension. Dichlorbamet was evaporated and the residue was
taken in THF (50 mL). After removal of DABCO salby centrifugation, the solvent was
evaporated in vacuum, giving white solid. The prduwere verified in*P{*H} NMR
spectrum and are used directly without furtherfpaiion for the deprotection step.

21d: lequiv. of Bg (20QuL, 3.883 mmol) was added dropwise to a solutiorihef protected
phosphinophenok2 (1304 mg, 3.883 mmol) in GBI, (10mL/mmol) at -78°C under nitrogen.
The cold bath was removed and stirring was contifae45 minutes at room temperature. The
obtained suspension was then cooled again to -a8tWCo-phenylenediamine (420 mg, 3.883
mmol) was added. Stirring was continued overnighroam temperature to give a pale yellow
slurry. Dichloromethane was evaporated and thedwesivas washed with THF (2x10 mL),
giving a white solid. verified ifi'P{"H} NMR spectrum and are used directly without ferth
purification for the deprotection step.

Deprotection reaction

The aminophosphonium salt resulted from the Kirsameaction was put into distilled
dichloromethane (15mL) and the solution was satdratith HCI gaseous. After 15 minutes of
stirring, a cloudy pale yellow solution was formed.

22a Dichloromethane and HCI was evaporated, the uesigas taken in MeOH (10 mL) giving
a pale pink solution. Water (3 mL) was added dr@ewleading to the formation of colorless
crystallised solid. The white solid was separatgeddntrifugation, washed with THF (3x5 mL)
and dried in vacuum.

22b-d: Dichloromethane and HCI were evaporated, thedvesiwas taken in THF (20 mL)
giving a yellow slurry. The white solid was sepathby centrifugation, washed again with THF
(5 mL) and dried in vacuum.

22a (0.87 g, 2.2 mmol, 57%§*P{*H} NMR (CDCl3): § 35.2 (sP"); '"H NMR (CDCkL): § 7.96
(ddd,33}1=7.5 Hz,3 4=1.8 Hz,*J,=5.5 Hz, 1H, GH), 7.75 (dd},x=7.5 Hz,%)},;=13.0 Hz,
4H, 0-CH(PPh)), 7.70 (vt, *Jy4=7.5 Hz, 2H,p-CH(PPh)), 7.58 (vtd, 3Jy=*J'nn=7.5 Hz,
“Jo 2.4 Hz, 4AHM-CH(PPh)), 7.41 (vtd,*Jy = 3J'n=7.5 Hz,"Jyu = 3.0 Hz, 1H, @H), 6.80
(m, 2H, GH+C4H), 4.94 (s, 1H, M), 1.15 (s, 9HC"(CHa)3); *C{*H} NMR (CDCls): § 161.6
(d,%Jp =1.8 Hz, @), 136.7 (d,Jp =1.7 Hz,C,H), 134.8 (d;'Jp =3.0 Hz,p-CH(PPh)), 134.0
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(d, %Jp=11.4 Hz,0-CH(PPh)), 132.1 (d,’J=10.5 Hz,C4H), 129.8 (d,%) =13.3 Hz,m
CH(PPh)), 128.8 (d,%J =12.4 Hz, CyH), 122.7 (d,"Jp=101.8 Hz,C"(PPh)), 120.2 (d,
%) =13.9 Hz,CyH), 107.1 (d,"Jp =107.3 Hz,CV-PPh), 55.8 (d,%Jp.=4.8 Hz,C"(CH,)s),
32.1 (d,*J =4.4 Hz, C/(CHs),)

22h: (1.24 g, 2.8 mmol, 72%§'P{"H} NMR (CDCls): 6 36.4 (s,PY); '"H NMR (CDCL): ¢ 8.

15(s, b, ®), 8.02 (dd}=7.5 Hz,"J,=6.5 Hz, 1H, GH), 7.80 (ddd;J;+=1.0 Hz,*3},=7.5
Hz, %) =13.5 Hz, 4H,0-CH(PPh)), 7.75 (vit, “J, = 1.0 Hz,%},,=7.5 Hz, 2H,p-CH(PPh)),

7.62 (vtd, 334=°0n1=7.5 Hz,"3,=3.0 Hz, 4HmM-CH(PPh)), 7.46 (vtd 2} 4= 3’y =7.5 Hz,
“Jyn= 2.0 Hz, 1H, GH), 6.88 (m, 2H, GH+CyH), 4.96 (d,%Jp,=2.0 Hz, 1H, M), 1.46 (s, 2H,
CH,-CV(CHa)s), 1.19 (s, 9HC"Y (CH,)3); *C{*H} NMR (CDCl,): 6 161.4 (d2Jp =1.8 Hz, GC"),

136.7 (d,“Jp=2.0 Hz, C,H), 134.8 (d,*J» =2.8 Hz, p-CH(PPh)), 133.9 (d,2J =11.7 Hz,0-

CH(PPh)), 132.4 (d,*2J,=11.0 Hz,CyH), 129.8 (d,3J =12.0 Hz,mCH(PPh)), 122.7(d,

13 =102.0 HzCV(PPh)), 120.3 (d?%) =13.5 Hz,CyH), 119.4 (d2Jp =7.4 Hz,C.H), 107.2
(d, '3 =106.3 Hz,C"V-PPh), 55.8 (dJp.=5.0 Hz,CH,-C"(CHa)s), 53.5 (s,C"(CHs)s), 32.1 (d,
) =4.3 Hz, ¢'(CHa)s)

22¢ (1.35 g, 3.01 mmol, 78%3'P{*H} NMR (CDCls): § 39.9 (sP"):; *H NMR (CDCL): 6 7.97
(ddd, 3} 4= 6.5 Hz,Jy = 1.0 Hz,"Jo 1= 8.5 Hz, 1H, GH), 7.68 (vtt,"Jy = 1.0 Hz,%3,,=7.5

Hz, 2H, p-CH(PPh)), 7.66 (ddd;'J;+=1.0 Hz,%3;,=7.5 Hz,%J,,=14.0 Hz, 4H,0-CH(PPh)),

7.54 (vtd, 3}4=*04=7.5 Hz,%%,=3.0 Hz, 4H,m-CH(PPh)), 7.54 (m, 1H, ¢H), 7.10 (v,
3 =T un=7.5 Hz, 2HmM-CH(NPh)), 7.02 (vtd®} = 33’y u= 6.5 Hz,"J4 1= 1.0 Hz, 1H, GH),

7.00 (t,°344= 7.5 Hz, 1Hp-CH(PPh)), 6.93 (ddd 3}, = 6.5 Hz,*3y = 1.0 Hz,*J,= 3.5 Hz,
1H, GH), 6.85 (d,*J 4= 7.5 Hz, 2H,0-CH(PPh)); *C{*H} NMR (CDCl,): ¢ 161.8 (d,
2Jp=2.5 Hz, @), 137.8 (d,?Jr =3.0 Hz,C"(NPh)), 137.6 (d/J»=2.0 Hz,C,H), 135.2 (d,
*Jp =3.0 Hz,p-CH(PPh)), 133.8 (d2Jp =11.5 Hz,0-CH(PPh)), 133.1 (d3J} =10.5 Hz,CH),

130.0 (d,%) =13.6 Hz,m-CH(PPh)), 129.6 (sm-CH(NPh)), 124.5 (sp-CH(NPh)), 121.6 (d,
%Jp,=6.0 Hz,0-CH(NPh)), 120.6 (d%J» =13.8 Hz,C;H), 120.3 (d,"Jp =104.0 Hz,C"(PPh)),

119.5 (d2Jp =7.5 Hz,C¢H), 105.9 (d}Jo =105.2 HzC"-PPh)

22d: (1.95 g, 3.56 mmol, 92%%'P{*H} NMR (MeOD-d,): § 39.0 (s):'H NMR (MeOD-dy): ¢
7.93 (ddd;*}=1.0 Hz,33=7.5 Hz,%) =14.0 Hz, 4Hp-CH(PPh)), 7.85 (tdt, “J = 1.0 Hz,
334.+=8.0 Hz,%J=2.0 Hz, 2H,p-CH(PPh)), 7.79 (dddd®},,= 8.5 Hz,%} 1 =7.5 Hz,"Jyp =
1.0 Hz,°Jo1=1.5 Hz, 1H, GH), 7.71 (vtd, 3y v=23’n=7.5 Hz,"Jp ,=4.0 Hz, 4H m-CH(PPh)),
7.53 (ddd;J, = 1.0 Hz, 3,,,=8.0 Hz,%J ;=15.0 Hz, 1H, GH), 7.46 (dvt,'Jy 4= 1.0 Hz, 3}, 4
=8.0 Hz,"J+=1.0 Hz, 1H, GH), 7.26 (vtd,};1=°F’11=8.0 Hz,*Jy=1.0 Hz, 1H, @), 7.20
(vtdd, *Jy 4 = 1.0 Hz, 33 4= %34 1=8.0 Hz,"J,=3.0 Hz, 1H, QH), 7.15 (ddd,"Jyy = 1.0 Hz,
341=8.0 Hz,"J% =6.0 Hz, 1H, GH), 7.15 (vtd,*}y =31 =8.0 Hz,"Jy=1.0 Hz, 1H, GH),
6.93 (dd,*},=8.0 Hz,"3,4=1.0 Hz, 1H, GH); *C{*H} NMR (MeOD-d,): 6 162.8 (d,Jpc=
3.5 Hz,C"-0), 140.0 (d.Jpc= 2.0 Hz,C,H), 136.8 (d,"Joc= 3.0 Hz,p-CH(PPh)), 136.3 (d,
2J» =9.5 Hz,C4H), 135.4 (d,2Jpc=11.5 Hz,0-CH(PPh)), 133.3 (d,Jc=1.0 Hz,C"-N-P),
132.7 (d,%3 c=14.0 Hz,m-CH(PPh)), 130.9 (sCH), 128.4 (SC,H), 127.7 (d.*Jc= 8.0 Hz,
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C"-N-C), 127.1(d3J c= 4.0 Hz,CH), 126.4 (SCiH), 122.7 (d.3=13.5 Hz,CH), 121.6 (d,
3 c=106.0 HzC" (PPh)), 118.8 (dJpc= 7.5 Hz,C.H), 107.8 (d.Jp c= 104.5 HzC"-PPh).

Synthesis of complexes 23a-d

KHMDS (200 mg, 1 mmol and 300 mg, 1.5 mmol in thse 0f23d) was added into a slurry of
the phenolaminophosphonium salt (0.5 mmol) in THE ihL). After 30 min of stirring at RT,
insoluble potassium salts (KCI) was removed by rifeigiation. [NiBL(DME)] (154 mg, 0.5
mmol) was added resulting immediately in a changeobor. Stirring was continued for 2h.
Insoluble potassium salt was removed by centrifogatTHF was evaporated to give the
product as a pale solid which is washed with petnol ether to remove traces of HMOXa
(220 mg, 0.21 mmol, 82%jpale purple solid. Anal. Calcd f@3a (CsqH46BrsKN,Ni,O,P,): C,
48.35; H, 4.24; N, 2.56. Found: C, 48.82; H, 5.88;2.73.23b. (195 mg, 0.18 mmol, 74%).
pale blue solid. Anal. Calcd fa23b (C4sHs0BrsKN,Ni-O,P,): C, 49.28; H, 4.50; N, 2.50.
Found: C, 49.09; H, 4.82; N, 4.083c (230 mg, 0.21 mmol, 84%). pale green solid. Anal.
Calcd for23c (CagHsgBrsKN,NiO,P,): C, 50.89; H, 3.38; N, 2.47. Found: C, 49.224t82; N,
2.97.23d (200 mg, 0.39 mmol, 78%) deep red solid. Analc@dor 23d (C,4H,0BrN,NiOP):

C, 55.22; H, 3.86; N, 5.37. Found: C, 55.15; Hp3N, 5.28.

Synthesis of complexes 24a-c

KHMDS (200 mg, 1 mmol) was added into a slurry leé phenolaminophosphonium salt (0.5
mmol) in THF (10 mL). After 30 min of stirring atTR insoluble potassium salts (KCl) was
removed by centrifugation. [NIB[DME)] (154 mg, 0.5 mmol) was added resulting
immediately in a change of color. Stirring was aamed for 2h. Insoluble potassium salt was
removed by centrifugation. LiBr (44 mg, 0.5 mmoljasvadded. The solution changed
immediately to a deep blue/purple one. THF wasaedun volume (0.2 mL). The crystallised
solid was washed with petroleum ether to removeesaf HMDS .24a (329 mg, 0.46 mmol,
92 %).blue purple solid. Anal. Calcd f@4a (CsoHs/Br,LINNIOsP): C, 50.32; H, 5.21; N, 1.96.
Found: C, 49.91; H, 5.61; N, 1.8®4b. (300 mg, 0.42 mmol, 84%blue solid. Anal. Calcd for
24b (Ca1H3oBr,LINNIOsP): C, 51.00; H, 5.38; N, 1.92. Found: C, 50.765H3; N, 1.8324c
(300 mg, 0.41 mmol, 82%yreen solid. Anal. Calcd fd24c (CsH33BroLINNIOsP): C, 52.22;
H, 4.52; N, 1.90. Found: C, 51.87; H, 4.68; N, 1.79

Synthesis of complexes 25a-c

KHMDS (200 mg, 1 mmol) was added into a slurry leé phenolaminophosphonium salt (0.5
mmol) in THF (10 mL). After 30 min of stirring atTR insoluble potassium salts (KCI) was
removed by centrifugation. [NIB[DME)] (154 mg, 0.5 mmol) was added resulting
immediately in a change of color. Stirring was amned for 2h. Insoluble potassium salt was
removed by centrifugation. AlBr(134 mg, 0.5 mmol) was added. The solution changed
immediately to a deep blue/purple one. After orghnstirring, blue solid precipitated out. THF
was reduced in volume (2 mL) to favor the precipta The solid was separated by
centrifugation, washed with petroleum ether to reensaces of HMDS, dried in vacuuba
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(240 mg, 0.32 mmol, 64%hrown solid. Anal. Calcd foR5a (C,,H2:AIBr;NNIiOP): C, 35.06;
H, 3.08; N, 1.86. Found: C, 35.15; H, 3.12; N, 1.Z8b. (230 mg, 0.31 mmol, 62%lprown
solid. Anal. Calcd foR25b (C,3H2AIBr4sNNiOP): C, 35.98; H, 3.28; N, 1.82. Found: C, 36.08
H, 3.40; N, 1.92.5¢c. (240 mg, 0.31 mmol, 62%)brown solid. Anal. Calcd for25c
(Co4H1AIBr4,NNIOP): C, 37.26; H, 2.48; N, 1.81. Found: C, 37.8432.55; N, 1.75.

Synthesis of complexes 26a-c

KHMDS (200 mg, 1 mmol) was added into a slurry leé phenolaminophosphonium salt (0.5
mmol) in THF (10 mL). After 30 min of stirring atTR insoluble potassium salts (KCl) was
removed by centrifugation. [NIB[DME)] (154 mg, 0.5 mmol) was added resulting
immediately in a change of color. Stirring was amwned for 2h. Insoluble potassium salt was
removed by centrifugation. PPH122 mg, 0.5 mmol) was added. The solution changed
immediately to a deep green one. After stirringroight, THF was reduced in volume (1 mL)
and a green solid precipitated out. The solid vegmakated by centrifugation and washed with
petroleum ether to remove traces of HMDS, driedadouum.26a (260 mg, 0.35 mmol, 70%).
green solid. Anal. Calcd fo26a (CyHasBrNNIOP,): C, 64.12; H, 5.11; N, 1.87. Found: C,
63.98; H, 5.22; N, 1.7626b. (280 mg, 0.37 mmol, 73 %). Green solid. Anal.cdalor 26b
(C41H40BrNNIOPR,): C, 64.51; H, 5.28; N, 1.84. Found: C, 65.084H0; N, 1.9226¢ (315 mg,
0.41 mmol, 83%)green solid. Anal. Calcd fd26c (C4H3,BrNNIOP,): C, 65.58; H, 4.45; N,
1.82. Found: C, 65.44; H, 4.52; N, 1.90.
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lll. Chapter 3

General considerations

All experiments, unless otherwise stated, weregperéd under an atmosphere of dry nitrogen
or argon using standard schlenk and glove box tqaba. Solvents were freshly distilled under
dry nitrogen from Na/benzophenone (THF, diethylethpetroleum ether), from ,8s
(dichloromethane). (Protectedyphosphinophenol compound andX2,® [NiBr,(DME)]? and
[PACL(PhCNY]® were prepared according to the literature. Alleotheagents and chemicals
were obtained commercially and used without furfheification.

Nuclear magnetic resonance spectra were recordedBraker Avance 300 spectrometer
operating at 300 MHz folH, 75.5 MHz for*3C and 121.5 MHz fof'P. Solvent peaks were
used as internal references tbr and**C chemical shifts (ppmy*P{1H}are relative to a 85%
HsPQ, external reference. Coupling constant are expdessieertz. The following abbreviations
are used: br, broad; s, singlet; d, doublet; ddibtis of doublets; t, triplet; m, multiple; v,
virtual. The labeling schemes of the phosphasadgivatives are given in schemes 1 and 2. IR
spectra were recorded on a Perkin Elmer spectrorarteare reported in terms of frequency of
absorption (cm) using for the intensity the following abbreviat® w (weak), m (medium), s
(strong). Electronic ionization mass spectra (E}M&re recorded with a JEOL GCmate
instrument. Elemental analyses were performed &yEtemental analysis service of the London
Metropolitan University (United Kingdom).

Electrochemical study

The electrochemical experiments were performedgusinVestastat potentiostat/galvanostat
with a three-electrode cell using a Au disk aswloeking electrode, a Pt gauze as the counter
electrode, and a Saturated Calomel Electrode asefeeence electrode. Measurements were
made in a ChCl,/DMF solvent mixture (60/40) with a concentratia,3.8 mmol * and 2.0
mmol L' for the nickel and palladium complexes respediveTetrabutylammonium
tetrafluoroborate salt served as electrolyte (comagon 0.12 mol [Y). Potentials were
recorded at 50 mV'’s
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Synthesis of 27

150 pL of Be (2.92 mmol) is added to the solution of the prtgdghosphine (981.1 mg, 2.92
mmol) in dichloromethane (15 mL) at —78°C undgr The cold bath was then removed. After
one hours of stirring at room temperature, thelt@gulemonade solution is cooled down to -
78°C. Triethylamine (407 pL, 2.92 mmol) and théimyeenediamine (97.6 pL, 1.96 mmol) is
added to this solution. Stirring is continued fod&ys at room temperature to yield a yellow
solution and a white precipitate (probably the akioh byproducts). The mixture is extracted
three times with water (3x15 mL); the organic laigedried over MgS@and dichloromethane
is evaporated in vacuum. The residue is dissolmetHF (5 mL) and the product precipitates
from this solution as a white solid. (900 mg, 70%)s easily oxidized in solution, especially in
MeOH solution to give the phosphorane oxide.

27:3'P {"H} NMR (CDCl5): 6 38.9 (s, B); *H NMR (CDCL): 6 7.62 (m, 24HCH(PPh) + GH +

CH), 7.17 (m, 4H, H + CH), 5.02 (s, 4H, 0-8,-0), 3.30 (b, 4H, NH-E,-CH,-NH), 3.01
(, 3341 =7.0 Hz, 4H, O-El,-CH), 0.86 (%)= 7.0 Hz, 6H, O-CHCH3); *C NMR (CDCY):

6 159.1 (d,°J= 3.0 Hz, @), 136.7 (d,"Jp = 1.0 Hz,C,H), 134.9 (d,’Jp.= 8.5 Hz,CjH),

133.8 (d,"J = 3.0 Hz,p-CH(PPh)), 132.7 (d,*J.= 11.5 Hz,0-CH(PPh)), 129.2 (d,’J =

13.5 Hz,m-CH(PPh)), 122.2 (d.*J» = 14.0 Hz,CyH), 120.8 (d,"Js = 106.5 Hz,C" (PPh)),

114.3 (d.3Jp = 7.0 Hz,CyH), 109.2 (d2Jp = 104.5 HzCV-PPh), 92.7 (s, OEH,-0), 64.2 (s,
CH;-CH2-0), 42.9 (d2Jp c= 7.5 Hz, NCH,-CH,-N), 14.3 (sCH5-CH,-0)

Synthesis of 28

From27: The protected diaminophosphonium salt (2 g, Jn@2ol) was added into a solution of
CH.CI, (20 mL) saturated with HCI(g). The solution HCI/&H, was prepared under,N
whereas the addition was not under. Mhe resulting clear yellow solution became slight
cloudy and after ten minutes, the quantity of sbkdame significant. The schlenk was exposed
to air during one minute and then reclosed. Aftesther ten minutes, the solution had turned
into heavy white slurry. HCI and GBI, was evaporated, then @&, (20 mL) was
reintroduced and the solid was separated by cegation, washed with Cf&l, (2.1 g, 2.35
mmol, 81%).

From X2: Br, (213 pL, 4.14 mmol) is added to a solutionoediphenylphosphinophenao{2
(2.153 g, 4.14 mmol) in dichloromethane (30 mL)-@8°C. The cold bath was then removed.
After one hour stirring at room temperature, theuting pale yellow solution is cooled down to
-78°C. Tributylamine (987 uL, 4.14 mmol) and théhyéenediamine (138.5 pL, 2.07 mmol) is
added to this solution. Stirring is continued fod&ys at room temperature to yield a yellow
solution and a white precipitate. Dichlorometharas wvaporated in vacuum. THF (30 mL) was
introduced resulting in the formation of a heawite/tslurry. The white solid was separated by
filtration under N, washed with THF (4x10mL), dried in vacuum (1.@5®&3%).

¥P {*H} NMR (CDClI3): & 39.3 (s,P"); 'H NMR (CDCk) : § 7.67-7.59 (12H, mp-CH(PPh),
0-CH(PPh)), 7.52-7.46 (12H, mm-CH(PPh), CH,, CH,), 6.86-6.75 (4H, m, 8., NH), 6.57

203



Experimental Section

(2H, dd, 4= 8.0 Hz,%% = 14.5 Hz, Gy, 3.43 (4H, d,J = 10.5 Hz, ®&l,); °C NMR
(CDCly): 6 159.7 (d,?Jp = 0.5 Hz, @), 136.1 (d,"Jp = 1.0 Hz,C,H), 133.3 (d,Jo = 11.5
Hz, C4H), 133.1 (d,'Jo = 3.0 Hz,p-CH(PPh)), 131.9 (d2Js = 11.5 Hz,0-CH(PPh)), 128.5 (d,
%) = 13.5 Hz,m-CH(PPh)), 121.4 (d,"Jp = 106.5 Hz,C"(PPh)), 119.6 (d,*J = 13.5 Hz,
CH), 117.7 (d33 = 7.0 Hz,C.H), 106.8 (dJp = 104.0 Hz, PPIC"), 43.3 (d,’Jp = 1.5 Hz,
CH,). HR-EI-MS: 307.1132 ([M-2Bf; CagHseN0.P,>*; calcd 307.1126.

Synthesis of 29

KHMDS (7.0 g, 35.1 mmol) was added to a suspensiothe aminophosphonium salt (8.8
mmol) in THF (320 mL) at ambient temperature. Afté h, a cloudy solution was formed. The
white potassium bromide by-product was removeddntrdugation. The solvent was removed
in vacuum and the residue was dissolved in petrolether (60 mL). After 5 minutes of
sonification, a white slurry was formed. The whitelid was separated by centrifugation,
washed with petroleum ether (20 mL) and dried icuven.

29: (6.0 g, 8.7 mmol, 99%5'P{*H} NMR (THF-dg):  18.6 (s, P¥); 'H NMR (THF-dg): 6 7.73-
7.67 (m, 8H0-CH(PPh)), 7.62-7.57 (m>Js,=1.5 Hz, 4Hp-CH(PPR)), 7.55-7.49 (d?J,=2.0
Hz, 8H,m-CH(PPh), 7.09 (m, 2H}}+=8.5 Hz,%},+=7.0 Hz,*J},s=1.5 Hz, 2H, GH), 6.6.61
(m, 2H,33,1=8.5 Hz, 2H, QH), 6.47 (ddd;J; +=1.5 Hz,%3;4=7.0 Hz,%3,,=16.0 Hz, 2H, GH),
6.05 (ddd,® 3,='41=7.0 Hz,%J=3.0 Hz, 2H, GH), 3.42 (dd,*J} ;6.0 Hz,3)’s,=6.5 Hz,
4H, N-CH»-CH,-N); C{*H} NMR (THF-dg): & 174.3 (d,’J»=3.6 Hz, OcV), 132.9 (d,
?Jp=12.9 Hz,C4H), 132.8 (d,"Jp =77.2 Hz,CV(PPh)), 132.1 (d,"Jp=1.3 Hz,C,H), 131.7
(3Jp =8.2 Hz,0-CH(PPh)), 129.0 (d,"Jo=2.1 Hz, p-CH(PPh)), 127.0 (d,%% =10.3 Hz,m
CH(PPh)), 121.8 (d,%}=9.0 Hz, CH), 112.5 (d,'J =128.7 Hz,CY-PPh), 107.0 (d,
%) =15.2 Hz,CH), 50.4 (dd,?Jp=26.9 Hz,%J =8.0 Hz, NCH,-CH,-N). Anal. Calcd for
CssH3.K-N-0,.P,: C, 66.26; H, 4.68; N, 4.07. Found: C, 66.19; H34 N, 3.99.

Synthesis of 30

THF (5 mL) was added to a mixture of KHMDS (94.3,g}7 mmol) an@®8 (91.4 mg, 0.12
mmol). After 2h, potassium salt was removed by rifigiation and [PAdG(PhCN}] (45.3 mg,
0.12 mmol) was added to the obtained colorlesstisoluwhich became immediately yellow.
After 16h, the precipitated brown solid was sepmataby centrifugation, dissolved in
dichloromethane to remove the insoluble potassialtn Shen the solvent was evaporated and
the obtained residue was washed with petroleunr é¢fheL) to give30 as a yellow solid (63
mg, 73%)

30: *'P{*H} NMR (CD,Cl,): ¢ 33.7 (s,PY); 'H NMR (CD.Cl,): & 7.55-7.46 (12H, mp-
CH(PPh), p-CH(PPh)), 7.44-7.38 (8H, mm-CH(PPh)), 7.07 (2H, vtdd3Jy = 7.0 Hz,3 =
8.5 Hz{Jy = 1.5 Hz,°Jp .= 0.5 Hz, GH), 6.78 (2H, ddd®J,, = 8.5 Hz,*3y = 1.0 Hz,"Jp 1= 6.5
Hz, GH), 6.32 (2H, ddd®J, = 8.0 Hz,*3 = 1.5 Hz,%J% = 16.0 Hz, GH), 6.18 (2H, dddd,
33 h= 8.0 Hz,%3 = 7.0 Hz,"3y = 1.0 Hz,"Jo,= 3.0 Hz, GH), 2.54 (4H, \t, 3,= 4.5 Hz, G&1,);
¥C{*H} NMR (CD,Cl,): & 172.5 (s, @"), 134.9 (br, sCyH); 134.2 (d,’Jo.= 10.0 Hz,0-
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CH(PPh)), 133.3 (br. s, %= 1.0 Hz,p-CH(PPh)), 133.1 {Jr= 13.0 Hz,CiH), 129.7 (d,
Jp = 12.0 Hzm-CH(PPh)), 127.2 (dJ = 89.0 Hz,C"(PPh)), 122.8 (dJs = 8.0 Hz,C.H),
114.0 (d,*Jo= 15.0 Hz,CH), 110.4 (d,"Jp = 122.0 Hz,C"V-PPh), 53.8 (dd,*Jp = 17.5 Hz,
) = 5.0 Hz,CH,); IR (cm?): 1586 (m), 1534 (w), 1459 (mec aromatic), 1442 (s), 1327 (m),
1257 (m), 1124 (w), 1110(s), 1084(w), 1069(w), 1@&p, 1000 (w), 867 (m, b), 800 (m), 769
(w), 747 (s), 722 (w), 710 (w), 693 (s). Anal. Ghfor GgHsN,O.P,Pd: C, 63.65; H, 4.50; N,
3.91. Found: C, 63.74; H, 4.30; N, 3.94.

Synthesis of 31

THF (5 mL) was added to a mixture of KHMDS (94.3,rg47 mmol) an®8 (91.4 mg, 0.12
mmol). After 2h, potassium salt was removed by rifeigation and [NiBg(DME)] (36.4 mg,
0.12 mmol) was added to the obtained colorlesstisaluvhich became immediately deep
purple. After 30 min, a purple solid precipitatedt drom the mixture and the color of the
solution faded. The solid was separated by cegaiion, and then dissolved in
dichloromethane to remove the insoluble potassiath #\fter evaporation of the solvent
residue was washed with petroleum ether (5mL) gi@ihas a purple solid (65 mg, 82%).

31: ¥P{"H} NMR (CD,Cl,): J 32.8 (s,P"); 'H NMR (CD.Cl,): & 7.76-7.66 (12H, mp-
CH(PPh), p-CH(PPh)), 7.62-7.56 (8H, mm-CH(PPh), 7.10 (2H, vtd 3}, = 7.5 Hz,"Jyp =
1.5 Hz, GH), 6.69 (2H, dd>Jy 4= 7.5 Hz,%J% = 6.5 Hz, GH), 6.49 (2H, ddd3J,,= 7.5 Hz,
“Jqn= 1.5 Hz,*Jo .= 15.0 Hz, GH), 6.26 (2H, vtdJy = 7.5 Hz,"Js .= 3.0 Hz, GH), 2.16-2.13
(4H, m, H,); °C{*H} NMR (CD.Cl,): 8 170.1 (s, @"), 133.3 (d,"Jo = 1.0 Hz,C,H), 133.1
(d, o= 10.0 Hz,0-CH(PPh)), 132.3 (d,"Jo.= 2.0 Hz,p-CH(PPh)), 131.2 {Jp = 12.0 Hz,
CqH), 128.9 (d,*) = 12.0 Hz,m-CH(PPh)), 127.4 (d,"Jp = 90.5 Hz,C"(PPh)), 122.7 (d,
%)= 8.0 Hz,C,H), 113.1 (d,*) = 14.5 Hz,CH), 108.0 (d,"Jp =119.6 Hz,C"-PPh), 50.0
(dd, o= 16.0 Hz,%J = 2.0 Hz,CH,); IR (cm%): 1586 (m), 1534 (w), 1459 (m), 1440 (s,),
(1300 m), 1275 (m), 1137 (w), 1116(s), 1098(m), (@8, 1027 (m), 1000 (w), 889 (w), 867
(w), 861(w), 811 (m), 778 (w), 752 (s), 727 (w),07Iw), 697 (s). Anal. Calcd for
CssH3NLNIOLP,: C, 68.19; H, 4.82; N, 4.19. Found: C, 68.00; H44 N, 4.05.
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V. Chapter 4

General considerations

All experiments, unless otherwise stated, weregperéd under an atmosphere of dry nitrogen
or argon using standard schlenk and glove box tguks. Solvents were directly taken from a
MBraun MB-SPS 800 Solvent Purification Machine.B{DME)]? was prepared according to
the literature. All other reagents and chemicalsewabtained commercially and used without
further purification.

Nuclear magnetic resonance spectra were recordedBraker Avance 300 spectrometer
operating at 300 MHz folH, 75.5 MHz for*3C and 121.5 MHz fof'P. Solvent peaks were
used as internal references ter and*3C chemical shifts (ppmy'P{‘H}are relative to a 85%
HsPQ, external reference. Coupling constant are expdesskeertz. The following abbreviations
are used: br, broad; s, singlet; d, doublet; ddibtis of doublets; t, triplet; m, multiple; v,
virtual. The labeling schemes of the phosphasativatives are given in schemes 1 and 2.
Elemental analyses were performed by the Elemeatallysis service of the London
Metropolitan University (United Kingdom).

Electrochemical study

The electrochemical experiments were performedgusinVestastat potentiostat/galvanostat
with a three-electrode cell using a Au disk as agkelectrode, a Pt gauze as the counter
electrode, and a Saturated Calomel Electrode agerefe electrode. Measurements were made
in CH,Cl, with a concentration, of 3.0 mmol‘lfor the nickel complexes. Tetrabutylammonium
tetrafluoroborate salt served as electrolyte (comagon 0.12 mol [Y). Potentials were
recorded at 50 mV'’s

Synthesis of 32

At 0°C, 2,4-ditert-butyl phenol (23.127 g, 112.inol) was added to a slurry of NaH (60% in
mineral oil, 5.605 g, 140.1 mmol) in DMF (60 mLgsulted in a yellow slurry. Stirring was

continued for 90 minutes at 0°C, then chloromedtilyl ether (13 mL, 140.1 mmol) was added
dropwise and the cold bath was removed. After 9ubais of stirring at room temperature, 90
mL of distilled water was added. The mixture wasacted with petroleum ether ( 4x100 mL).
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The organic layer was dried over JS&,. Petroleum ether was evaporated at low temperature
(the product was rather volatile), resulting in @lgw oil. The crude oil contains traces of
solvent and will be used for the next step withiouther purification (30g, 112 mmol, 100%).

32 'H NMR (CDCL): J 7.34 (d,"Jy1= 2.5 Hz, 1H, tBu-&-CH-C"V-tBu), 7.17 (dd3},,,= 8.5
Hz, *Jy 1= 2.5 Hz, 1H, tBu-&-CH-CH), 7.08 (d 33y = 8.5 Hz, 1H, tBu-&-CH-CH), 5.27 (s,
2H, O-CH,-0), 3.75 (.2}= 7.0 Hz, 2H, O-El,-CH,), 1.41 (s, 9H, &(CHJ)s), 1.32 (s, 9H,
C"(CHs)3), 1.26 (t,33= 7.0 Hz, 3H, O-CH-CH>)

Synthesis of 33

At -78°C, a solution containing n-BuLi (1.6M/hexane/6 mL, 121 mmol) and TMEDA
(tetramethylethylenediamine, 18 mL, 121 mol) inrpketum ether (20 mL) was added into a
solution of32 (30g, 112 mmol) in petroleum ether (100 mL). Tiwddath was removed and
stirring was continued at room temperature. After QIPPh (20.3 mL, 115 mmol) was added
into the resulted yellow suspension at -78°C. Aftemoval of the cold bath, a red-purple
solution was obtained, which transformed into aange slurry after 16h. The solvents were
evaporated and the residue was taken i@ E170 mL) and extracted with,8 (100 mL). The
aqueous phase is extracted three times wif® E3x100 mL) and the total organic layer was
dried over NgSQO,. After evaporation of EO, the viscous residue was recrystallised in dried
MeOH, giving the product as colorless crystals (48mmol, 83%)

33: *'P{’H} NMR (CDCly): J -12.6 (s,PY); *H NMR (CDCk): 67.29 (d,"Jyn = 2.5 Hz, 1H,
CoH), 7.24-7.21 (m, 6H, B(PPh)), 7.17-7.12 (m, 4H, B(PPh)), 6.57 (dd,"}y = 2.5 Hz,
%)= 4.6 Hz, 1H, GH), 5.15 (d,’J}y 4= 1.7 Hz, 2H, O-@,-0), 3.67 (9 Jyn= 7.0 Hz, 2H, O-
CH»-CHs), 1.33 (s, 9H, C(B3)3), 1.03 (t,°Jyn = 7.0 Hz, O-CH-CH3), 0.98 (s, 9H, C(85));

¥*C{*H} NMR (CDCls): 8 156.7 (d,2Jpc= 19.7 Hz, @"), 146.0 (s,C."), 142.4 (d,Jpc= 3.0
Hz, C."), 137.8 (d,"Joc= 11.5 Hz,C"(PPh), 133.9 (d,**Jc= 19.9 Hz,0-or m-CH(PPh)),

130.6 (d,"Jpc= 11.5 Hz,C"V-PPh), 130.5 (d2Jp = 2.6 Hz,C4H), 130.2 (sp-CH(PPh)), 130.0
(d, #Jp c= 7.0 Hz,0-or m-CH(PPh)), 125.9 (d*Jp c= 1.5 Hz,C,H), 98.8 (d,"Jo c= 17.5 Hz, O-
CH,-0), 65.7 (s, OH,-CHs), 35.7 (S,C(CHa)s), 34.8 (S,C(CHa)s), 31.6 (S, OCHa)s), 31.5 (s,
C(CHs)3), 31.3 (S, OCHs)3), 15.5 (s, O-Ch+CHs)

Synthesis of 34

At 0°C, NBS (N-bromosuccinimide, 18.2g, 102,3 mmweBs added into a solution of 2,4-di-
tert-butylphenol (20.1 g, 97.4 mmol) in aceton@r{B00 mL). Stirring was continued at room
temperature overnight, giving an orange solutiod. ML of saturated aqueous solution of
sodium bisulfide was added and induced the pretipit of a white solid. After filtration of this
precipitate, the mixture was extracted four timathwpetroleum ether (4x70 mL). The total
organic layer was dried over p&O,. The solvent was evaporated, giving the produch as
slightly yellow solid (24.99g, 90%).
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34: '"H NMR (CDCk): § 7.33 (d,"Jy = 2.5 Hz, 1H, tBu-&-CH-C"V-tBu), 7.25 (d, '}y 1= 2.5
Hz, 1H, tBu-C’-CH-CBr), 5.65 (s, 1H, @), 1.41 (s, 9H, &(CH,)3), 1.29 (s, 9H, &(CHa),).

Synthesis of 34

From33: The protected phosphine (29, 4.46 mmol) was adued solution of dry MeOH (20
mL) saturated with HCI (g) at room temperature amdier N. After 45 minutes, HCI and
MeOH was evaporated. 15 mL of dry MeOH was addedigsolve the residue, resulting in a
colorless solution with several small drops of diliL of petroleum ether was added to extract
the oil. 5 mL of HO was added. Scrubbing the flask with a glass @iget to formation of
colorless crystals. More water (7 mL) was added methanol was evaporated under vacuum
for 5 minutes, resulting in more crystal formatiand a clear solution. The white solid was
separated and dried in vacuum. (1.64 g, 94%)

From34’: n-BuLi (1.6M in hexanes, 107.8 mL, 173 mmol) veakled into a solution & (23g,
80.6 mmol) in EXO (170 mL) at -78°C, giving immediately a white gession. The cold bath
was removed and stirring was continued at room &atpre for 30 min, giving a pale yellow
solution. CIPPh(14.5 mL, 80.6 mmol) was added into this solutan78°C. After overnight
stirring, a white suspension was formed. The meinas extracted quickly twice with agueous
solutions of NakPO, (0.1M, 2x100 mL). the organic layer was filteredremoved inorganic
salts. MeOH (30 mL) was added and the solution esporated under vacuum until the
volume of the remaining solvent was about 30 mLwlite solid precipitated out from the
green solution. This solid was separated by fittragtwashed with MeOH (2x5mL) and dried in
vacuum. (28 g, 90%)

34: *P{*H} NMR (CDCl5): & -30.8 (s,P); *H NMR (CDCL): J 7.26-7.25 (m, 11H, B(PPh)
+ G,H), 6.81 (dd "3y 4= 1.5 Hz,%J% 4= 5.5 Hz, 1H, GH), 6.60 (d,"J y= 10.0 Hz, 1H, ®l), 1.34
(s, 9H, G-C(CHs)3), 1.08 (s, 9H, GC(CHs)s); **C{*H} NMR (CDCl,): & 156.3 (d,Jpc= 19.2
Hz, oC"), 142.5 (d, 3 c= 3.0 Hz,C.Y), 135.6 (d,"Jpc= 3.0 Hz,C"Y(PPh)), 135.5 (dJpc=
1.0 Hz,C."), 133.6 (d2°) c= 18.5 Hz,0-or m-CH(PPh)), 129.5 (d2Jpc= 3.5 Hz,C4H), 129.1
(s, p-CH(PPh)), 128.8 (d,**Jc= 7.5 Hz,0-or mCH(PPh)), 126.6 (s,C,H), 120.1 (s,C"-
PPh), 35.4 (d,"Jc= 2.0 Hz, G-C(CHs)3), 34.7 (s, GC(CHy)s), 31.7 (S, GC(CHa3)s), 29.2 (s,
Ca-C(CHy)y),

Synthesis of 35a

At -78°C, bromine (200 pL, 3.88 mmol) was added paige to a solution of the
phenolphosphine (1.516 g, 3.88 mmol) inCH (30 mL). The cold bath was removed and
stirring was continued for 45 minutes at room terapee. Then the solution was cooled down
to -78°C. ByN (926 uL, 3.88 mmol) was added, followed by ethgleliamine (129.8 uL, 1.94
mmol). The cold bath was removed. After 16h, a djoyellow solution was formed. GBI,
was evaporated, 15 mL of THF was added. With sgatifin, a heavy white slurry was formed.
The white solid was separated by filtration, wastvitth THF (5x7 mL), dried in vacuum (1.47
g, 71%)
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35a.THF: *'P{'H} NMR (CDCls): 6 40.3 (s, B); '"H NMR (CDCk): § 8.15(b, 2H, EI(PPh)),
7.75-7.56 (m, 18H, B(PPh)), 6.93 (b, 2H, ¢H), 6.44 (ddJyy=2.1 Hz,*),=15.2 Hz, 2H,
CqH), 3.78 (m, 4H, O-B, (THF)), 3.74 (b, 4H, N-8,-CH,-N), 1.85 (m, 4H, O-CKHCH,
(THF)), 1.59 (b, 2H, @), 1.52 (s, 18H, G C(CHs)3), 1.08 (s, 18H, G C(CH5)s).

The insolubility of the product in all regular detdted solvents preventSC{'H} NMR
characterization.

Synthesis of 35b

At -78°C, bromine (500 pL, 9.71 mmol) was added pa#ige to a solution of the
phenolphosphine (3.781 g, 9.71 mmol) in,CH (120 mL). The cold bath was removed and
stirring was continued for 3 hours at RT. Thendbkition was cooled down to -78°C. DABCO
(1,4-diazabicyclo[2.2.2]octane, 545 mg, 4.86 mmwelas added, followed byac-1,2-
diaminocyclohexane (582.9 uL, 4.86 mmol). The dudth was removed. After 16h, a cloudy
yellow solution was formed. G&l, was evaporated, 200 mL of THF was added. Theubs®l
DABCO salt was removed by centrifugation. THF wasporated and the white solid was
washed with BEO (2x5 mL), dried in vacuum (3.8 g, 75%)

35b: *P{'"H} NMR (CDClI3): § 38.5 (s,P"); '"H NMR (CDCL): J 8.59 (s, 2H, M), 7.77 (dd,
*3un=7.5 Hz,°3%~12.8 Hz, 4H,0-CH(PPh)), 7.69 (dd,*},=7.5 Hz,%%~14.2 Hz, 4H,0-

CH(PPh)), 7.70 (s, 1H, OH), 7.69 (s, 1H, OH), 7.50 (t#,,=°3,1=7.5 Hz,%Js; = 3.0 Hz, 2H,
m-CH(PPh)), 7.63 (vt,*34="0'n1=7.5 Hz, 2HM-CH(PPh)), 7.40 (vtJy=0'y=7.5 Hz, 4H,
m-CH(PPh)), 7.13 (vtd 23} =3 1=7.5 Hz,%Js .1 = 3.3 Hz, 4Hp-CH(PPh)), 6.56 (dd "} ;=2.2
Hz, °J 4 = 8.0 Hz, 1H, GH), 6.53 (dd,*};=2.2 Hz,%J} 4 = 8.0 Hz, 1H, ¢H), 6.37 (dd,
“hp=2.2 Hz, %%, = 15.6 Hz, 2H, ¢H), 3.82 (m, 2H, N-G-CH-N), 2.05 (m, 2H,
CHy(cyclohexane)), 1.59 (m, 2H,Hz(cyclohexane)), 1.53 (s, 18H,CQC(CHs)3), 1.30 (m, 2H,
CHa(cyclohexane)), 1.03 (s, 18H,-OC(CHs)s), 0.93 (m, 2H, Ely(cyclohexane));*C{'H}

NMR (CDCk): 8 155.9 (d,2Jo = 0.9 Hz,CV-0), 145.7 (d3J =8.2 Hz,C.." ); 144.5 (d3Jpc

=7.0 Hz,C," ), 135.0-133.0 (mCH(PPh)), 131.8 (d,"Jp = 0.9 Hz,p-CH(PPh)), 131.5 (d,
“Jo.= 0.9 Hz,p-CH(PPh)), 129.7-128.9 (mCH(PPh) + C,H), 128.6 (d2Jp=12.2 Hz,C4H),

123.0 (d,"J,=109.7 Hz,CY(PPh)), 121.7 (d,"J,=97.5 Hz,CV-PPh), 116.0 (d,'Js =106.2
Hz, CV(PPh)), 59.0 (m, NCH-CH-N), 35.6 (S, @’- C(CHs)3), 34.7 (s, G”- C(CHs)s), 30.2 (s,
CHa(cyclohexane)), 30.0 (sCH(cyclohexane)), 29.8 (s, @'~ C(CHs)s), 29.7 (s, G.'-

C(CHs)3), 29.5 (s, GJY- C(CHa)s), 29.4(s,CH,(cyclohexane)), 28.8 (CH,(cyclohexane)).
Anal. Calcd for GgH-4Br,N,O,P,: C, 66.16; H, 7.08; N, 2.66. Found: C, 66.29; H57 N, 2.67.

Synthesis of 36a

KHMDS (7.0 g, 35.1 mmol) was added to a suspensiothe aminophosphonium salt (8.8
mmol) in THF (320 mL) at ambient temperature. Afté h, a cloudy solution was formed. The
white potassium bromide by-product was removeddntrifugation. The solvent was removed
in vacuo and the residue was dissolved in petroleum etB8r niL). After 5 minutes of
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sonification, a white slurry was formed. The whgelid was separated by centrifugation,
washed with petroleum ether (20 mL) and diiredacuo(7.2 g, 78%)

36a.2THF. *'P{*H} NMR (THF-ds): & 20.6 (s, ®); 'H NMR (Toluenedy): & 7.52-7.50 (m,
10H, CH(PPh) + GH ), 7.05-7.01 (m, 12H, B(PPh)), 6.30 (dd,"J,y=2.4 Hz,’J,=17.1 Hz,
2H, GH), 3.41-3.38 (m, 8H, O-48,(THF)), 3.20 (vt, 3,=J’s= 5.0 Hz, 4H, N-El,-CH,-N),

1.70 (s, 18H, GC(CH3)3), 1.36 (M, 8H, O-CHCH,(THF)), 1.08 (s, 18H, EC(CHs)s); **C{'H}

NMR (THF-dg): 8 173.4 (d,2Jp =4.0 Hz,CY-0), 140.1 (d’Jp =9.5Hz,C." ), 134.2 (d, )=

81.4 Hz,CV(PPh)), 133.7 (d,%J=7.5 Hz,0- or m-CH(PPh)), 130.5 (d,*} =1.9 Hz,p-

CH(PPh)), 128.8 (d2J, = 15.6 Hz,CjH), 128.6 (d2Jp = 17 Hz,C,"), 128.4 (d*%} =10.3
Hz, 0- or mCH(PPh)), 127.4 (d,*J» =0.8 Hz,C,H), 112.8 (d,'Jp =134.2 Hz,CV-PPh), 52.1
(dd, » = 9.3 Hz, Jb = 29.7 Hz, NEH,-CH,-N), 36.0 (d,"Jp =2.1 Hz, G- C(CHs)3), 34.0 (d,
‘%= 0.6 Hz, GY- C(CHs)s), 31.9 (s, QCHa)s), 29.9 (s, OCHs)s). Anal. Calcd for
CsoHsKoN-O4P,: C, 70.42; H, 7.63; N, 2.65. Found: C, 70.57; 07 N, 2.49.

Synthesis of 36b

36bwas synthesised following the same proceduf@bas

36b.HMDS. *'P{*H} NMR (benzendk): & 15.8 (s, B); 'H NMR (benzerdy): & 7.72 (m, 4H,
CH(PPh)), 7.65 (m, 4H, EI(PPh)), 7.65 (d,"Jy v=2.6 Hz, 2H, GH), 7.14 (m, 6H, E(PPh)),
7.02 (m, 6H, EI(PPh)), 6.29 (dd;'}=2.6 Hz,*J 1, = 16.8 Hz, 2H, @H), 3.09 (m, 2H, N-El-
CH-N), 2.26 (m, 2H, GEly(cyclohexane)), 1.82 (s, 18H,,G CY(CHj)s), 1.49 (m, 2H,
CH.(cyclohexane)), 1.22 (m, 2H,H3(cyclohexane)), 1.17 (s, 18H/G C"Y(CH,)s), 0.87 (m,
2H, CH(cyclohexane)), 0.02 (18H,H3-HMDS); **C{*H} NMR (benzend,): 5 173.3 (d,}Jp.=
3.4 Hz,C"-0), 140.3 (d,"% =73.2 Hz,C"(PPh)), 140.3 (d,°% =9.2 Hz,C.," ), 133.8 (d,
?RJp = 13.8 Hz,mor 0-CH(PPh)), 133.5 (d,**J = 12.5 Hz,m-or o-CH(PPh)), 133.2 (d,
BJ = 8.4 Hz,mor 0-CH(PPh)), 133.0 (d,%*Jo= 9.8 Hz, mor o-CH(PPh)), 130.2 (d,
2Jp=17.2 Hz,C4H), 130.3 (d,"Jo = 1.0 Hz,p-CH(PPh)), 129.8 (d,*J=15.7 Hz,C.." ),
128.4 (d,*°J = 10.6 Hz,m-or o-CH(PPh)), 128.0 (d,"Jo= 1.0 Hz,p-CH(PPh)), 127.8 (s,
CoH), 127.7 (d,*%J = 11.0 Hz,mror o-CH(PPh)), 112.1 (d,"J =133.9 Hz,C"V-PPh), 65.7
(dd, 3¢ =9.2 Hz, Jb ¢ =26.1 Hz, NCH-CH-N), 40.7 (s, bCH,(cyclohexane)), 36.2 (dJp =
1.7 Hz, CV- CY(CHys), 34.1 (s, G'-CY(CHs)s), 32.3-31.7 (m,C/V-CY(CHy); +
CH,(cyclohexane)), 30.2 (€."-C"(CHz)s), 30.1 (sC."V-C"Y(CHa)s), 2.0 (s,CHz-HMDS).

Synthesis of 37a

To a solution of the phosphasalen diard@a (372 mg, 0.35 mmol) in THF (10 mL) was added
[NiBr,(DME)] (108 mg, 0.35 mmol) resulting immediatelydrpurple solution. After overnight
stirring, precipitated KBr salt was removed byréitton under nitrogen. The product was
obtained after evaporation of THF as a purple 4@8&b mg, 0.32 mmol, 92%).

37a *'P{*H} NMR (CD,Cl,): & 36.8 (s, B): 'H NMR (CD.,Cl,): 5 7.94 (m, 8H, E(PPh)),
7.60 (m, 12H, EI(PPh)), 7.21 (s, 2H, ¢H), 6.12 (d, b3J 4= 14.2 Hz, 2H, GH), 2.05 (b, 4H,
N-CH,-CH,-N), 1.36 (s, 18H, & C(CHj); ), 1.02 (s, 18H, € C(CHa); ); “C{'H} NMR
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(CD.Cly): & 168.2 (s,C¥-0), 142.2 (d2Jc= 7.8 Hz,C/V ), 134.7 (dJpc= 15.2 Hz,C." ),
133.9 (d?*Jkc= 9.2 Hz,0- or m-CH(PPh)), 132.4 (sp-CH(PPh)), 129.0 (d?%) c= 11.4 Hz,

o- or m-CH(PPh)), 128.2 (sCyH), 127.8 (d,"Joc= 87.8 Hz,C"Y(PPh)), 124.6 (dJpc= 13.2
Hz, CH), 112.2 (d]Jpc= 120.8 Hz,CV-PPh), 50.5 (dd, dc= 3.8 Hz, 3= 18.8 Hz, NCH,-
CHx-N), 35.8 (S, G C(CHg)s ), 34.0 (S, & C(CHs)3), 31.4 (s, G C(CH3)s3), 29.7 (s, G
C(CHs)3). Anal. Calcd for GHgNoNiOLP,: C, 72.57; H, 7.22; N, 3.13. Found: C, 72.42; H,
7.13; N, 3.05.

Synthesis of 37b

KHMDS (299 mg, 1.5 mmol) was added into a suspensio35b (398 mg, 0.374 mmol) in
THF (10 mL), inducing the rapid dissolution of thelid and the formation of a couly colorless
solution. After 2h, the insoluble potassium salswamoved by centrifugation. [NIiEDME)]
(115 mg, 0.37 mmol) was added into the solutioadileg immediately to a color change to
deep purple/blue. After 3h, the insoluble potassgait was removed by centrifugation, THF
was evaporated. The blue/purple solid was washéd pétroleum ether (8 mL), dried under
vacuum. (300mg, 85%)

370: *'P{*H} NMR (CD.Cl,): & 30.0 (s, B); '"H NMR (CD.Cl,): 5 8.67 (ddd,"},;=1.5 Hz,
334+=7.5 Hz,%3,=12.5 Hz, 4H,0-CH(PPh)), 7.65 (vtd,*}+=1.5 Hz,*Jy 4= 3Iun = 7.5 Hz,
2H, p-CH(PPh)), 7.57 (vtd,*Je;=2.5 Hz,*Jy 1= 33wy = 7.5 Hz, 4HM-CH(PPh)), 7.56 (vtd,
“3n=1.5 Hz,*3y 4= 3w = 7.5 Hz, 2Hp-CH(PPh)), 7.48 (ddd;*},=1.5 Hz,%3;,,=7.5 Hz,
%)} =12.5 Hz, 4H,0-CH(PPh)), 7.41 (vtd,*J,=2.5 Hz, %3} = *Tup = 7.5 Hz, 4Hm
CH(PPh)), 7.17 (d, “Jy = 2.5 Hz, 2H, @H), 6.34 (dd}}=2.5 Hz,J 1 = 15.5 Hz, 2H, ¢H),
3.02 (vtd,*} = %= 9.0 Hz, ,*Jpoy = 3.0 Hz, 2H, N-CH-B-N), 1.13 (s, b, 18H, G-
CY(CHa)3), 1.10 (s, 18H, G- CY(CH3)3), 1.01 (m, 2H, El,(cyclohexane)), 0.86 (m, 2H,
CHy(cyclohexane)), 0.63 (m, 2H, Hz(cyclohexane)), 0.47 (m, 2H, Hz(cyclohexane));
¥C{*H} NMR (CD,Cl,):  168.4 (dJp = 2.5 Hz,C"V-0), 141.9 (d%) =8.2 Hz,C.."), 134.7
(d, #*Jp. = 9.7 Hz,mor o-CH(PPh)), 133.8 (d’p =82.1 Hz,C"(PPh)), 133.7 (d3J =15.2
Hz, C.." ), 133.7 (d2°)k = 9.8 Hz,m-or 0-CH(PPh)), 132.7 (d,*J = 2.9 Hz,p-CH(PPh)),
131.8 (d,"Jo = 2.9 Hz,p-CH(PPh)), 130.4 (d,J,=88.5 Hz,C"(PPh)), 129.0 (d**J} =
11.8 Hz,mror 0-CH(PPh)), 128.5 (d23J = 11.5 Hz,m-or 0-CH(PPh)), 128.1 (d,*Jr =1.8
Hz, CyH), 126.2 (d,%J=13.2 Hz,C4H), 112.1 (d,"Jp = 124.2 Hz,CV-PPh), 67.3 (dd, dc
=5.8 Hz, Jpc =15.8 Hz, NEH-CH-N), 35.6 (d,*J = 1.7 Hz,C./"- CY(CHy)s), 35.4 (s,
CH,(cyclohaxanediamine)), 34.1 (tp = 1.0 Hz,C.V- CY(CHs)s), 31.6 (s, €(CHs)3), 29.8
(s, CY(CHa)s), 25.5 (s, CH(cyclohexanediamine)). Anal. Calcd foggB:oN,NiO,P,: C, 73.50;
H, 7.44; N, 2.96. Found: C, 73.66; H, 7.35; N, 3.01

Synthesis of [37a][SbF]

Addition of AgSbk (34.4 mg, 0.1 mmol) into a solution of comp&#a (89.4 mg, 0.1 mmol) in
CH,CI, (5 mL) induced a rapid colour change from blue ¢emlred and precipitation of silver.
After removal of Ag by centrifugation, dichlorometie was evaporated and the residue was
dissolved in toluene (1.5 mL), giving a deep redvr solution. Green crystals were obtained
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after one week of storage at -40°C, which was tkelated by centrifugation and dried under
vacuum. (104 mg, 95 %). Anal. Calcd f&7p][SbFs] CssHssFsN2NiO,P,Sh: C, 57.42; H, 5.71,
N, 2.48. Found: C, 57.50; H, 5.80; N, 2.37.
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Experimental Section

V.Chapter 5.

General considerations

All reactions were conducted under an atmospherdrypfitrogen, or argon, using standard
Schlenk and glovebox techniques. Solvents and néagwere obtained from commercial
sources. Tetrahydrofuran, toluene, pentane, heaadepetroleum ether were distilled from
sodium/benzophenone, under dry nitrogen. Dichlotbame was distilled from CaHunder dry
nitrogen.Raclactide was recrystallised from anhydrous toluand sublimed three times prior
to use. [YCYTHF);4’ was prepared following literature procedure.

Nuclear magnetic resonance (NMR) spectra were decoon a Bruker Av300 spectrometer
operating at 300 MHz fotH, 75.5 MHz for**C{'H}, and 121.5 MHz for’P{'H}. Solvent
peaks were used as internal referencesHioand**C chemical shifts (ppm)'P peaks were
referenced to external 85%P0D,. When needed, higher resolutid®{*H} NMR and *H{'H}
NMR (homo-decoupled spectroscopy) experiments weegormed on a Bruker Av500
spectrometer, equipped with a z-gradient bbo/5 mneable probe and a BSMS GAB 10 A
gradient amplifier providing a maximum gradient autpf 5.35 G/cmAH NMR spectra for

all lactide polymerizations were performed on ak&muAv400 instrument. Coupling constant
are expressed in hertz. The following abbreviatimmesused: br, broad; s, singlet; d, doublet; dd,
doublet of doublets; t, triplet; m, multiple; vrtial.

Elemental analyses were determined by Mr. Steplos®eBat London Metropolitan University,
Science Centre. Mass spectra were performed on aaoiMass MALDI micro MX, using
potassium salts for ionisation. PLA number averagetecular weightM,,, and polydispersity
index My/M,;, PDI) were determined using gel permeation chrograiphy, equipped with
multi-angle laser light scattering (GPC-MALLS). Tywnlymer laboratories Mixed D columns
were used in series, with THF as the eluent, abw flate of 1 mL mii, on a Polymer
laboratories PL GPC-50 instrument at 35 °C. Thatligcattering detector was a triple-angle
detector (Dawn 8, Wyatt Technology), and the datewanalyzed using Astra V version
5.3.4.18. The refractive angle increment for pdiitde (dn/dc) in THF was 0.042 mL'§
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General procedure for lactide polymerization

To a rapidly stirred solution aic-lactide (288 mg, 2 mmol) in THF, in a vial in tg®vebox,
was added the appropriate quantity of a solutiothefinitiator, in tetrahydrofuran; the overall
concentration ofac-lactide was therefore kept at 1 M. Aliquots of tileaction mixture were
taken at regular intervals, precipitated in hexaneé quenched in air. The solvent was allowed
to evaporate slowly, in air, yielding a crude pradwhich was analyzed byH NMR
spectroscopy (to determine % conversion) and by @BQletermine thévl, and PDI). The
probability of syndiotactic linkages between mononumits (R) is determined from the
homonuclear decoupletH NMR spectrum:s 5.14 and 5.22 ppm in CDCfor heterotactic
PLA”®

Synthesis of 38

At 0°C, bromine (2 mL, 38.83 mmol) was added intosalution of 2-tert-butyl-4-
methoxyphenol (7.00 g, 38.83 mmol) in dichloromehng200 mL), leading to immediate
liberation of HBr(g) and the formation of a paldlge solution. Stirring was continued at room
temperature for 48h. Dichloromethane and HBr wagerated, the residue was taken ipCEt
(200 mL), washed with an aqueous solution ofQ& (1M, 200 mL) and dried over NaO;.
The solvent was evaporated again. The product weiigd by chromatography (eluent
Et,O/petroleum ether =2.5/97.5).

38(7.15g, 71%)*H NMR (CDCh): J 6.88 (d,"Jyn= 3.0 Hz, 1H, GenyH), 6.84 (d,"Jy = 3.0
Hz, 1H, GhenyH), 5.42 (s, 1H, @), 3.74 (s, 3H, 0-83), 1.38 (s, 9H, &(CH,),).

Synthesis of 39

n-BuLi (1.6M in hexanes, 34.5 mL, 55.2 mmol) wasledl into a solution 081 (7.15 g, 27.6
mmol) in EtO (70 mL) at -78°C. After the addition, the coldibavas removed, an yellowish
solution was obtained and stirring was continuesbain temperature for 2h. CIPP#.95 mL,
27.6 mmol) was added giving immediately a whitepemsion. After overnight stirring at room
temperature, the solid was isolated by filtratiower inert atmosphere and was then put into 80
mL of EtO. An aqueous solution (40 mL) of HBE M) was added, giving a biphasic system
with the total disappearance of the solid. The mig@hase was washed with® (40 mL),
dried over MgSQ@ The solvent was isolated, giving the product gelbow viscous oil (8.4 g,
84%).

39: *P{'H} NMR (CDCl3): 6 & -28.3 (s,P"); '"H NMR (CDCL): § 7.36 (m, 10H, €(PPh)),
6.94 (d,"3y = 3.0 Hz, 1H, GH), 6.49 (d,%Js 1 =10.0 Hz, 1H, ®), 6.35 (dd,*Jp}; = 5.0 Hz,
“Jq= 3.0 Hz, 1H, GH), 3.58 (s, 3H, O-85), 1.41 (s, 9H, &(CH.)s); *C{*H} NMR (CDCl,):
5 152.9 (d2Jp = 3.0 Hz,CV-OH), 152.6 (d3J = 19.0 Hz,C"V-OMe), 137.9 (d, i= 1.5 Hz,
c"), 135.0 (d, §= 1.5 Hz,C"), 133.5 (d,**Jp = 19.0 Hz,m-or o-CH(PPh)), 129.1 (s,p-
CH(PPh)), 128.8 (d?%} = 7.5 Hz,m-or 0-CH(PPh)), 121.3 (d, = 1.0 Hz,C"Y), 116.7 (s,
CyH), 115.2 (d,2Jp = 3.0 Hz,C4H), 55.5 (s, OEHs), 35.2 (S, Ga'-C"Y(CHs)s), 29.6 (s, Ga'-
C"(CHa)s).
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Synthesis of 41

At -40°C, AICl; (93.3 mg, 0.7 mmol) was added into a solutiorhefunsubstituted
phosphasalen ligarzb (490 mg, 0.7 mmol) in THF (20 mL), giving a clousiglution which
quickly turned into a white slurry. Stirring wasntimued at room temperate. After 2h, KOEt
(58.9 mg, 0.7 mmol) was added, inducing the sl@galution of the solid. After 20h, a cloudy
solution was obtained. The insoluble salts wereorerd by centrifugation. THF was evaporated
in vacuum, giving an ivory solid, which was theormestallised in toluene (2 mL). The product
was isolated as white solid. (350 mg, 73%)

41 3'P{*H} NMR (THF-dg): 5 35.1 (s, B); '"H NMR (THF-dg): & 8.04 (vddt,*Jy ="' 1=1.5
Hz, 3341=6.7 Hz, °%,~11.9 Hz, 4 Ho- CH(PPh)), 7.55-7.35 (m, br, 16 H, K§PPh)), 7.12
(dddd,?3 4=8.7 Hz,*3,1=7.0 Hz,* 3 1=1.7 Hz,°Js,=1.2 Hz, 2H, GH), 6.79 (ddd?®J, +=8.0 Hz,
“31=1.7 Hz,%3,=15.0 Hz, 2H, @H), 6.73 (ddd>J;4=8.7 Hz,*}=1.0 Hz,*J,=5.7 Hz, 2H,
C.H), 6.36 (dddd3},=8.0 Hz,%3:=7.0 Hz,*)y4=1.0 Hz,%J,=3.2 Hz, 2H, GH), 3.57 (q,
3344=7.0 Hz, 2H, O-El,-CHs), 2.93 (m, 2H, N-El-CH,-N), 2.48 (m, 2H, N-E-CH,-N),
0.87 (t,%3}4,=7.0 Hz, 3H, O-CHCHz); *C{*H} NMR (THF-dg): 8 170.2 (d*Jo = 3.0 Hz,C"-
0), 134.3(d3J =10.4 Hz,0- CH(PPh)), 134.2(sCy,H), 133.9 (d3J=8.9 Hz,0- CH(PPh)),
132.7 (d,°Jp=1.8 Hz,p-CH(PPh)), 132.5 (d,°Jp =2.2 Hz,p-CH(PPh)), 132.0 (d ) =11.5
Hz, C4H), 130.3 (d,"Jp,=90.2 Hz,C"(PPh)), 129.5 (d,"Jr=89.2 Hz,C"(PPh)); 129.3 (d,
“J»=11.8 Hz,mCH(PPh)), 129.1 (d,"J» =14.0 Hz,mCH(PPh)), 124.0 (d,"Jr = 9.4 Hz,
C.H), 114.7 (d;Jp = 14.4 Hz,CH), 108.1 (d;Jp =116.1 Hz,C"-PPh), 58.3 (s, OEH,-CH),
51.3 (d, 3=13.8 Hz, N€H,-CH>-N), 21.8 (s, O-CHCHjs). Anal. Calcd for GoH37AIN ,O5P;:
C, 70.38; H, 5.46; N, 4.10. Found: C, 70.50; H9518, 4.00.

Synthesis of 42.

42 was synthesised using the same methottlasxcept that tBuOK (78.6 mg, 0.7 mmol) was
used instead of KOEt. The product was purified ftygt@llisation in toluene (2 mL) and isolated
as white solid . (420 mg, 84%).

42. 3'P{*H} NMR (THF-dg): & 35.1 (s, B); '"H NMR (THF-dg): & 8.07 (vddt,*Jy ="' =1.5
Hz,33,4=6.7 Hz,%)} =12.0 Hz, 4 Hp-CH(PPh)), 7.62-7.41 (m, 16 H, B(PPh)), 7.19 (dddd,
3344=8.7 Hz,33y4=7.0 Hz,*3}=1.7 Hz,°J,=1.1 Hz, 2H, GH), 6.86 (ddd,3};,,=8.0 Hz,
“n=1.7 Hz,%)} =15.2 Hz, 2H, GH), 6.77 (ddd}J=8.7 Hz,"3};1=1.0 Hz,"J1=5.6 Hz, 2H,
C.H), 6.41 (dddd®},=8.0 Hz,*3,,=7.0 Hz,"3;+=1.0 Hz,"J ;=3.0 Hz, 2H, GH), 3.03 (m, 2H,
N-CH,-CHx-N), 2.56 (m, 2H, N-@l,-CH,-N), 1.03 (s, 9H, O-(CHs)3); *C{*H} NMR (THF-
ds): 8 170.1 (d,}Jp= 3.1 Hz,C"-0), 134.4(d}Jp=10.0 Hz,0-CH(PPh)), 134.1(d;Jp=1.6 Hz,
CoH), 133.8 (d,’J=9.6Hz, 0-CH(PPh)), 132.6 (d,’J»=3.7 Hz, p-CH(PPh)), 132.5 (d,
*Jp=2.8 Hz,p-CH(PPR)), 132.2 (d. J=12.4 Hz,C4H), 130.4 (d,"J»=90.0 Hz,C"(PPh)),
129.9 (d,"J,c=92.5 Hz,C"(PPh)), 129.2 (d,"Jrc=11.4 Hz,m-CH(PPh)), 129.1 (d,"J»=10.9
Hz, m-CH(PPh)), 124.2 (d,"Je= 9.4 Hz,CH), 114.6 (d,"Jo= 14.4 Hz,CH), 107.0 (d,
13=115.5 Hz,CV-PPh), 46.0 (d, 3=14.7 Hz, 3=1.7 Hz, NCH,-CH,-N), 34.1 (s, O-
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C"(CHa)s). Anal. Calcd for GH4AIN,O4P,: C, 70.98; H, 5.81; N, 3.94. Found: C, 70.84; H,
5.72; N, 3.83.

Synthesis of 43

[YCI5(THF);g (313 mg, 0.7 mmol) was added to a solution ef tihsubstituted phosphasalen
ligand 29 (491 mg, 0.7 mmol), in THF (30 mL) at -40 °C. A itehslurry was formed after 2
min, stirring was continued at room temperaturelftr. Potassium ethoxide (59 mg, 0.7 mmol)
was added, giving a cloudy solution after 7 h. $bkd was removed by centrifugation and the
filtrate was evaporated to give an ivory solid. €ajlization from toluene yielded the product
as colorless crystals (430 mg, 0.59 mmol, 84%)

43 'P{*H} NMR (THF-dg): & 29.3 (s, B); '"H NMR (THF-dg): & 7.77-7.24 (m, b, 20H,
CH(PPh)), 7.09 (dddd3},,=8.7 Hz,%},=7.0 Hz,*}=1.7 Hz,°J,,=1.2 Hz, 2H,GH), 6.79
(ddd, 33y 4=7.7 Hz,*31=1.7 Hz,%%,=13.9 Hz, 2H,GH), 6.52 (ddd3J},=8.7 Hz,"J,4=0.7 Hz,
“Jp+78.3 Hz, 2H, @H), 6.31 (dddd>J},=7.7 Hz,%3};4=7.0 Hz,%3,,=0.7 Hz,"J,=3.5 Hz, 2H,
CH), 3.42 (br, 2H, O-B,-CH;), 3.08 (br, 2H, N-El,-CH,-N), 2.84 (b, 2H, N-El,-CHx-N),
1.01 (br, 1H, O-CHCH,); 0.62 (b, 2H, O-CHCHs); “*C{*H} NMR (THF-dg): 5 172.1 (d,
3Jp = 2.3 Hz,CV-0), 172.0 (d3Jp = 2.7 Hz,CV-0), 134.0 (sp-CH(PPh)), 134.0(d 33 =9.5
Hz, o- or m-CH(PPh)), 133.1 (d;"Jp = 10.9 Hz,C,H), 132.0 (m, bCyH); 131.8 (m, bC(Ar)),
129.1 (m, bC(Ar)), 122.7 (d,23 =7.5 Hz,C,H), 114.9 (d.Jp =113.8 Hz,C"-PPh), 113.0 (d,
). =14.9 Hz,CH), 51.3 (dd, §=6.3 Hz, J» =13.1 Hz, NCH,-CH»-N), 68.0 (s, OSH,-CHs),
25.1 (s, O-CHCHs). Anal. Calcd for GH74N4OsP,Y 2: C, 64.52; H, 5.01; N, 3.76. Found: C,
64.44; H, 5.07; N, 3.72.

Synthesis of 44

[YCI3(THF)35 (313 mg, 0.7 mmol) was added to a solution ef tinsubstituted phosphasalen
ligand 29 (491 mg, 0.7 mmol) in THF (50 mL) at -40 °C. A wenhislurry was formed after 2
min, stirring was continued at room temperaturelfdér. Potassiuntert-butoxide (78.6 mg, 0.7
mmol) was added into the mixture, giving a cloudiuson after 7 h. The solid was removed by
centrifugation. The solution was concentrated @oniL). The product precipitated from the
solution as a white solid (380 mg, 0.49 mmol, 7Q @ystals suitable for X-ray diffraction
experiments were obtained from a solution of compkin THF/toluene (1/3 volume)

44: ¥P{'H} NMR (THF-dg): & 30.4 (s, P); '"H NMR (THF-dg): & 7.73-7.30 (m, b, 20H,
CH(PPh)), 7.08 (dddd?J,=8.7 Hz,%3;+=7.0 Hz,*};+=1.7 Hz,°J,,=1.0 Hz, 2H, GH), 6.53
(ddd, 33 4=8.0 Hz,*31=1.7 Hz,%% ,=14.6 Hz, 2H,GH), 6.50 (ddd3J},=8.7 Hz,"J,=1.0 Hz,
“Jp+=5.5 Hz, 2H, @H), 6.18 (dddd3},,=8.0Hz,%}=7.0 Hz,*}+=1.0 Hz,*J =3.5 Hz, 2H,
CH), 3.42 (b, 2H, O-B,-CH;), 3.22 (b, 2H, N-El,-CH,-N), 2.99 (b, 2H, N-El,-CH»-N), 0.88
(b, 9H, O-C'(CHs)3); *C{*H} NMR (THF-dg): 8 172.7 (d,’J = 2.3 Hz,C"-0), 172.6 (d,
3Jp = 2.5 Hz,CV-0), 134.0(d %) =9.2 Hz,0- or m-CH(PPh)), 134.0(d,?*J =8.6Hz,0- or
m-CH(PPh)),133.1 (d,"Jo = 12.6 Hz,CH), 131.8 (d,"Jo=2.3 Hz, p-CH(PPh)),131.6 (d,
3 =74.6 Hz, CV(PPh)),131.5 (d,"Jp =2.8 Hz, C,H), 131.5 (d,"J» =75.0 Hz, C"V(PPh)),
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128.9 (d,??)} =11.5 Hz,0- or m-CH(PPh)), 128.7 (d,?*J =10.7 Hz,0- or m-CH(PPh)),
122.0 (d,%3=8.0 Hz, C,H), 114.2 (d,%J =121.3 Hz,CV-P(Ph)), 112.4 (d,®J» =15.0 Hz,
CH), 68.0 (s, OE"Y(CHs,)s), 51.9 (dd, §=5.2 Hz, J» =15.5 Hz, NCH,-CH,-N), 32.7(s, b, O-
C"(CHa)3). Anal. Calcd for GHgN4OsPsY»: C, 65.29; H, 5.35; N, 3.63. Found: C, 65.27; H,
5.25; N, 3.76.

Synthesis of 45

[YCI3(THF);g (313 mg, 0.7 mmol) was added to a solution @f finosphasalen ligar¢ba
(745 mg, 0.7 mmol) in THF (25 mL) at -40°C. Afteri2of stirring at room temperature,
potassiumtert-butoxide (78.6 mg, 0.7 mmol) was added into thetune, giving a cloudy
solution. Stirring was continued for 7 h and thdéidsevas removed by centrifugation. The
solvents were removed from the filtrate yieldingale yellow oil, which transformed into a
white solid after one week of storing at room terapgre (680 mg, 0.68 mmol, 97 %).

45 *P{'H} NMR (THF-dg): 3 30.8 (s, ®); 'H NMR (THF-dg): & 7.57 (d,%3};=7.0 Hz,
%) =11.2 Hz, 4H0-CH(PPh)), 7.61 (vt,*}y = 7.0 Hz,°Jp 1y = 1.0 Hz, 2Hp-CH(PPh)), 7.43
(vt, 33 y=un=7.0 Hz, 4H,m-CH(PPh)), 7.42 (dd,*},+=7.0 Hz,3J 4 =10.7 Hz, 4H,o-
CH(PPh)), 7.42 (vt,°341=7.0 Hz, 2H,p-CH(PPh)), 7.34 (vtd,*} =)’ =7.0 Hz,%% 1 =2.5
Hz, 4H,m-CH(PPh)), 7.28 (d,23y1=2.5 Hz, 2H, GH), 6.34 (dd}J,=2.5 Hz,%J = 15.9 Hz,
2H, GH), 3.31 (m, 2H, N-Gl-CH,-N), 3.18 (m, 2H, N-El,-CH»N), 1.37 (s, 18H, ¢
C(CHa3)3), 0.98 (s, 18H, & C(CHy)3), 0.68 (s, b, 9H, O-C(8,)5); *C{*H} NMR (THF-dg): &
169.7 (d,%J = 2.7 Hz,C"-0), 139.0 (d3J =8.2 Hz,C.V ); 134.0 (d3Jpc =15.4 Hz,C," ),
134.1 (d,?®Jr = 8.7 Hz, 0-CH(PPh)), 133.5 (d,%*Jo= 8.9 Hz, 0-CH(PPh)), 132.7 (d,
'3 =86.6 Hz, CV(PPh)), 131.7 (d,'J=89.0 Hz, CV(PPh)),131.9 (d,"J =1.7 Hz, p-
CH(PPh)), 131.5 (d,"J» =1.8Hz,p-CH(PPh)), 128.9 (d,**J = 9.6 Hz,m-CH(PPh)), 128.8
(d, **J = 10.0 Hz,m-CH(PPh)), 128.3 (s,C,H), 127.8(d, %) =13.9 Hz, C4H), 112.5(d,
0 =122.2 Hz,CV-PPh), 47.3 (dd, = 7.5 Hz, J» = 19.0 Hz, NEH,-CH,-N), 35.8(s, G'-
C(CHz)3 +O-C(CHa)3), 34.3 (s, G-C(CHy)s), 31.7 (S, G@'-C(CH3)s+0O-C(CHs)s), 30.4 (s, G'-
C(CHs)3). Anal. Calcd for GgH-sN,OsP,Y: C, 69.87; H, 7.38; N, 2.81. Found: C, 69.55; H,
7.26; N, 2.76.

Synthesis of 46

At -78°C, bromine (200 pL, 3.88 mmol) was added paise to a solution of the
phenolphosphine (1.516 g, 3.88 mmol) inCH (45 mL). The cold bath was removed and
stirring was continued for 1 hour at room tempa®tThen the solution was cooled down to -
78°C. DABCO (1,4-diazabicyclo[2.2.2]octane, 218 mMid4 mmol) was added, followed by
(R,R)-1,2-diaminocyclohexane (222 mg, 1.94 mmobhe Told bath was removed. After 16h, a
white slurry was formed. Ci€l, was evaporated, 50 mL of THF was added. The ibsolu
DABCO salt was removed by centrifugation. THF wasporated and the white solid was
washed with BEO (7 mL), dried in vacuum (1.04g, 57%).
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46: 3'P{*H} NMR (CDCl,): J 38.5 (s,PY); *H NMR (CDCL): J 8.59 (s, 2H, M), 7.77 (dd,
3 n=7.5 Hz,%3,=12.8 Hz, 4H,0-CH(PPh)), 7.69 (dd,*},+=7.5 Hz,%)} ,=14.2 Hz, 4H,0-

CH(PPh)), 7.70 (s, 1H, OH), 7.69 (s, 1H, OH), 7.50 (Vi#,=>}=7.5 Hz,"Js,; = 3.0 Hz, 2H,
m-CH(PPh)), 7.63 (vt,3}=°0’y+=7.5 Hz, 2H,p-CH(PPh)), 7.40 (vt,*3; v=23'hv=7.5 Hz, 4H,
p-CH(PPh)), 7.13 (vtd 23 =3 1=7.5 Hz,"Jp 4 = 3.3 Hz, 4HmM-CH(PPh)), 6.56 (dd;'J=2.2
Hz, °Joy = 8.0 Hz, 1H, GH), 6.53 (dd,*}s=2.2 Hz,°J = 8.0 Hz, 1H, GH), 6.37 (dd,
“}n=2.2 Hz, %y = 15.6 Hz, 2H, @H), 3.82 (m, 2H, N-EG-CH-N), 2.05 (m, 2H,
CH,(cyclohexane)), 1.59 (m, 2H,Hz(cyclohexane)), 1.53 (s, 18H,-0C(CH5)3), 1.30 (m, 2H,
CHa(cyclohexane)), 1.03 (s, 18H,-OC(CHs)s), 0.93 (m, 2H, Ely(cyclohexane));*C{'H}

NMR (CDCk): 8 155.9 (d,*Jo = 0.9 Hz,C"-0), 145.7 (d3J} =8.2 Hz,C.." ); 144.5 (dJc
=7.0 Hz,C,/" ), 135.0-133.0 (mCH(PPh)), 131.8 (d,"Jo = 0.9 Hz,p-CH(PPh)), 131.5 (d,
“Jo.= 0.9 Hz,p-CH(PPh)), 129.7-128.9 (mCH(PPh) + C,H), 128.6 (d2Js=12.2 Hz,C4H),

123.0 (d,"J=109.7 Hz,CY(PPh)), 121.7 (d,"J,=97.5 Hz,CV-PPh), 116.0 (d,'J»=106.2
Hz, CY(PPh)), 59.0 (m, NEH-CH-N), 35.6 (S, @’- C(CHs)s), 34.7 (s, G”- C(CHy)s), 30.2 (s,
CHa(cyclohexane)), 30.0 (sCH(cyclohexane)), 29.8 (s, (@'~ C(CHs)s), 29.7 (s, G.'-

C(CHs)3), 29.5 (s, GV~ C(CHa)s), 29.4(s,CHy(cyclohexane)), 28.8 (CH,(cyclohexane)).
Anal. Calcd for GgH-,Br,N,O,P,: C, 66.16; H, 7.08; N, 2.66. Found: C, 66.25; 1966 N, 2.56.

Synthesis of 47

47 was synthesized using the same protocol as thehesia of 46, but using 1,3-
diaminopropane (162iL, 1.942 mmol) instead of (R,R)-1,2-diaminocycloaeg. It was
isolated as a white solid (1.5g, 71%)

47: *'P{*H} NMR (CDCl3): & 40.4 (s,P"); '"H NMR (CDCk): & & 7.74-7.56 (m, 22H,
CH(PPh) + GH), 6.54 (dd?},;=2.0 Hz,*Js = 15.5 Hz, 2H, GH), 3.37 (vq,2} 1= 3% ,= 7.0
Hz, 4H, N-CH,-CH,-CH,-N), 2.32 (qt33, = 7.0 Hz, 2H, N-CiH-CH,-CH,-N), 1.49 (s, b, 18H,
Cea'- CY(CHg)s), 1.11 (s, 18H, €V~ CY(CH3)s); “*C{*H} NMR (CDCl3): & 156.0 (d,*) =
1.0 Hz,C"-0), 145.4 (d.*J =13.5 Hz,C.4" ), 143.6 (d,*Jc =7.0 Hz,C,V ), 134.1 (m,
CH(PPh)), 133.7 (d,%°J,= 10.0 Hz,o0-or m-CH(PPh)),133.4 (d,**J» = 10.0 Hz,0-or m-
CH(PPh)), 131.9 (d,"Jo = 0.9 Hz,p-CH(PPh)), 131.6 (d,"Jo = 0.9 Hz,p-CH(PPh)), 129.7-
128.9 (m,CH(PPh) + CH), 128.3 (d,2J,=12.2 Hz,CH), 122.8 (d,'Jo =103.7 Hz,
CV(PPh)), 114.9 (d,"J, =109.1 Hz,CV-PPh), 41.9 (m, NEH,), 35.3 (s, G¢'- C(CHs)),
34.5 (S, Ga"'- C(CHs)3), 31.0 (s, N-CH-CH,-CH,-N), 30.6 (s, Ga’- C(CH3)3), 29.7 (s, G.'-
C(CH3)s). Anal. Calcd for GH;0Br.N,O.P;: C, 65.22; H, 6.97; N, 2.77. Found: C, 65.19; H,
7.03; N, 2.70.

Synthesis of 48

48 was synthesized using the same protocol as thhesia of46, but using 1,3-diamino-2,2-
dimethylpropane (198 mg, 1.942 mmol) instead ofR{Rl,2-diaminocyclohexane. It was
isolated as a white solid (1.32g, 65%)
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48: *'P{*H} NMR (CDCls): & 41.7 (s,PY); '"H NMR (CDCL): ¢ 7.72 (dd,%}=7.5 Hz,
%3 =13.0 Hz, 8H0-CH(PPR)), 7.65 (Vt,} = 33w = 7.5 Hz, 4Hp-CH(PPh)), 7.56 (s, br,
2H, GH), 7.55 (vtd,*Js;=3.0 Hz,%3 = 3yp = 7.5 Hz, 8HM-CH(PPh)), 6.73 (d, b2, =
14.0 Hz, 2H, GH), 3.17 (s, 2H, W), 3.14 (d ;= 9.0 Hz, 4H, N-El,), 1.29 (s, b, 18H, G-
C"(CHs)3), 1.10 (s, 18H, GV- CV(CHs)3), 0.74 (s, br, 6H, N-CHC" (CHs),); *C{*H} NMR
(CDCly): & 141.9 (d,*Jo = 2.5 Hz,Cy4"), 133.9 (s, bp-CH(PPh)), 133.7 (d?*Jk = 10.5 Hz,
m-or 0-CH(PPh)), 131.6 (s, bCpH), 129.5 (d,?°J = 13.0 Hz,m-or 0-CH(PPh)), 128.7 (d,
2Jp=12.0 Hz,C4H), 50.6 (m,b, NEH,), 37.06 (t,J» =8.0 Hz, N-CH-C"-CH,-N), 35.2 (s,
Cea’-CY(CHa)s), 34.6 (s, GJ'-CY(CHa)s), 31.3 (s, Ga'-CY(CHs)s), 30.6 (s, N-Ch
CY(CHa,),), (CV-OH, CV-PPh, CV(PPh and one of.,") were not observed at all, even in
increasing the number of acquisition). Anal. CdledCs/H-,BroN,O,P,: C, 65.77; H, 7.17; N,
2.69. Found: C, 65.88; H, 7.08; N, 2.81.

Synthesis of 49

49 was synthesized using the same protocol as théhesia of 46, but using ortho-
phenylenediamine (210 mg, 1.942 mmol) instead gRJR,2-diaminocyclohexane. It was
isolated as a white solid (1.47 g, 72%)

49: *'P{*H} NMR (CDCl;): & 38.9 (s,PY); 'H NMR (CDCk): 58.88 (d,?Jp 1 =8.5 Hz, 2H,
NH), 7.76 (d, 2H!J, 4= 2.0 Hz, GH), 7.74 (vt,3Js 1, =>4 4 =8.0 Hz, 4Hp-CH(PPh)), 7.73 (v,
3Jpn =iy =8.0 Hz, 4H,0-CH(PPh)), 7.71 (vt,*Jy =*T'ypn =8.0 Hz, 4H,p-CH(PPh)), 7.56
(vtd, *Jyn =*F1n =8.0 Hz,"Jo 1y = 4.0 Hz, SBHM-CH(PPh)), 7.48 (b, 2H, ®l), 6.90 (dd;J =
16.0 Hz,"Jy 4= 2.0 Hz, GH), 6.65 (dd3J, 4 = 6.0 Hz,"Jy 4 = 3.5 Hz, 2H, @), 6.53 (ddd>J, 4
= 6.0 Hz,"34 1 = 3.5 Hz,"Jo s = 1.0 Hz, 2H, @H), 1.33 (s, 18H, V- CY(CHs)3), 1.15 (s, 18H,
Cca’- CV(CHs)s; *C{*H} NMR (CDClI3): & 155.8 (d.2Jp = 2.0 Hz,C"-0), 145.8 (d3)} = 13
Hz, C.a’), 141.6 (d,°J,=7.5 Hz,C.."” ), 134.8 (d,"Jo = 3.0 Hz,p-CH(PPh)), 133.7 (d,
RJp = 11.0 Hz,m-or 0-CH(PPh)), 132.9 (d,"Js = 2.0 Hz,C,H), 132.5 (d2Jp = 6.5 Hz,C"-
N), 129.9 (d*J = 13.5 Hz,mor 0-CH(PPh)), 129.1 (d2J = 11.5 Hz,C4H), 125.3 (d'Jp =
1.0 Hz, GH), 125.0 (d,%)} = 3.0 Hz,CH), 121.5 (d,"J»=104.5 Hz,C"(PPh)), 111.0 (d,
13 =110.5 Hz,CV-PPh), 35.1 (s, Ga’-C"Y(CHs)s), 34.8 (s, G.'-CY(CHs)s), 31.2 (s, GJ'-
C"(CHs)3), 30.7 (s, Ga'-CV(CHa3)s). Anal. Calcd for GHegBrN,O,P,: C, 66.54; H, 6.55; N,
2.68. Found: C, 66.68; H, 6.55; N, 2.58.

Synthesis of 50

12 was synthesized using the same protocol as thbesia 0f46, but using diethylenetriamine
(210 pL, 1.942 mmol) instead of (R,R)-1,2-diaminocycloaeg, and tributylamine (4683L,
1.942 mmol) instead of DABCO as base. It was isdlas a white solid (1.8 g, 78%)

50: *'P{*H} NMR (CDCly): J 41.8 (s,P¥); '"H NMR (CDCkL): 57.74 (m, 2H, G(PPh)), 7.65
(m, 20H, GH4(PPh) + GH ), 6.72 (m, b, 2H, € or NH), 6.56 (dd },n= 2.0 Hz,%J,= 16.0
Hz, 2H, GH), 3.70 (s, b, 4H, B,-NH,-CH,), 3.52 (s, b, 4H, RNH-CH,), 2.02 (s, b, 4H, & or
NH), 1.47 (s, 18H, V- CV(CHa)s), 1.10 (s, 18H, €.~ CV(CHs)3); *C{*H} NMR (CDCly):
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5 155.7 (d,2Jp. = 1.0 Hz,CY-OH), 145.5 (d,*Jp = 14.0 Hz,Cy."), 141.9 (d,*J = 7.0 Hz,
Cua"), 134.7 (d,*Jo = 3.0 Hz,p-CH(PPh)), 133.5 (d,*°J = 11.5 Hz,m-or 0-CH(PPh)),

132.3 (d,"Jo = 1.5 Hz,G,H), 130.0 (d?%J = 13.0 Hzm-or o-CH(PPh)), 128.6 (d2Jp =12.5
Hz, C4H), 121.7 (d,"Jp=105.0 Hz,C"Y(PPh)), 114.5 (d,"J» =98.0 Hz,C"-PPh), 113.1 (d,
13 =107.2 Hz,CV-PPh), 49.0 (d,2Jp = 9.0 Hz,P'-N-CH,), 40.0 (sP'-N-CH,-CH,), 35.1 (d,
‘o= 2.0 Hz, GJ'-CY(CHy)s), 34.7 (d,*Jr= 1.0 Hz, G.Y-CY(CHy)s), 31.2 (s, Ga'-

C"Y(CHa3)3), 30.6 (s, N-CH-C"(CHa),). Anal. Calcd for GH-4BrsNsO.P,: C, 59.90; H, 6.64; N,
3.74. Found: C, 59.78; H, 7.66.536; N, 3.74.

Synthesis of 51

KHMDS (240 mg, 1.2 mmol) was added into a slurry3bb (316 mg, 0.3 mmol) in THF (20
mL). After 4h, a cloudy solution was yielded. Thempletion of the deprotonation was verified
by *P{"H} NMR spectrum which showed only one singlet a84pm. Insoluble potassium salt
was removed by centrifugation. [Y{LTHF); s (134.3 mg, 0.3 mmol) was added. After 4 h of
stirring at room temperaturgP{*H} NMR spectrum showed the clean formation of a ptem
with two singlets of equal intensity at 27.5 ppmd &2.6 ppm. Potassiutert-butoxide (33.7
mg, 0.3 mmol) was added into the mixture, givingaudy solution. Stirring was continued for
7 h and the solid was removed by centrifugatiore $blvents was evaporated in vacuum and
the residue was recrystallised in cyclohexane (5,mglving the product as colorless crystals
(265 mg, 79%).

51: *'P{"H} NMR (THF-dg): 5 27.6 (s, B), 20.8 (s, B); '"H NMR (THF-d5): & 7.89 (ddd}Js 4
=10.6 Hz,%3} = 7.5 Hz,*3} = 1.0 Hz, 2H,0-CH(PPh)), 7.75 (ddd3J, =12.3 Hz,2}, = 7.5
Hz, “Ju = 1.0 Hz, 2Ho-CH(PPR)), 7.62 (ddd?Jp} =11.2 Hz*Jy 4= 7.5 Hz,"3y = 1.0 Hz, 2H,
0-CH(PPh)), 7.56 (ddd 3, =11.0 Hz,%3y 4= 7.5 Hz,*3y 4= 1.0 Hz, 2H,0-CH(PPh)), 7.51-
7.42 (m, 5Hp-CH(PPh) + mCH(PPh)), 7.38 (vtd,'Joy =2.2 Hz,*3y = 'y = 7.5 Hz, 2H,
m-CH(PPR)), 7.32 (vtd,'Jp=2.2 Hz,%3 = %3’hn = 7.5 Hz, 2H,m-CH(PPh)), 7.27 (d,'Jy =
2.0 Hz, 1H, GH), 7.21 (d,*J4= 2.0 Hz, 1H, @H), 7.17 (vtd,"Jy =1.0 Hz,33y =3Iy = 7.5
Hz, 1H, p-CH(PPh)), 6.84 (dd,*J;+=2.0 Hz,%J 1 = 16.0 Hz, 1H, @H), 6.82 (vtd,*Jp 4 =2.2
Hz, 33 1= *Iun = 7.5 Hz, 2H,m-CH(PPh)), 6.47 (dd;"},=2.0 Hz,*J 1 = 16.0 Hz, 1H, ¢H),
4.62 (vqd, 3= 3Vun = *Jp= 9.0 Hz, “Joy = 3.0 Hz, 1H, N-EI-CH-N), 2.97 (vqd 3} 4=
334 =%k ,= 9.0 Hz, "Jp,1= 3.0 Hz, 1H, N-CH-E-N), 1.57 (m, 2H, E,(cyclohexane)), 1.31
(s, 9H, C.Y- CY(CHs)s), 1.12 (m, 2H, El,(cyclohexane)), 1.12 (s, b, 9H, GY(CH,),), 1.10
(s, 9H, G."- CVY(CHy)3), 1.09 (s, 9H, €.V- CY(CHs)3), 0.96 (s, 9H, G- C"Y(CH5)s), 0.82
(m, 2H, Hx(cyclohexane)), 0.66 (m, 1HH;(cyclohexane)), 0.48 (m, 1H,H3(cyclohexane));
BC{*H} NMR (THF-dg): 5 168.7 (vt,’Jp = %3y c =2.7 Hz,C"-0), 168.5 (vt3Jp = 2Jyc =2.7 Hz,
Cc"-0), 139.5 (d2J% =8.2 Hz,C.."), 138.8 (d,*) =7.8 Hz,C.."), 136.7 (d,'J»=82.9 Hz,
C"(PPh)), 136.5 (d,"J»=86.2 Hz,C"(PPh)), 134.9 (d,*®J = 9.3 Hz,mor o-CH(PPh)),
134.3 (d,'J» =108.5 Hz,C"(PPh)), 134.1 (d,*Jr=8.2 Hz,C.."), 134.0 (d,°Jp= 9.2 Hz,
CqH), 133.9 (d?°Jp = 9.0 Hz,m-or 0-CH(PPh)), 133.8 (d°Jp = 10.0 Hz,m-or 0-CH(PPh)),
133.0 (d, ' =82.1 Hz,C"(PPh)), 132.0 (d,"J. = 2.6 Hz,p-CH(PPh)), 131.8 (d,'Jp = 2.1
Hz, p-CH(PPh)), 131.6 (d,"Jo. = 2.4 Hz,p-CH(PPh)), 130.9 (d,'Jo = 2.4 Hz,p-CH(PPh)),
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128.9 (d,?®)} = 11.6 Hz,mor o-CH(PPh)), 128.7 (d,?*J = 11.6 Hz,mor o-CH(PPh)),
128.5 (d,#%J = 12.1 Hzm-or o-CH(PPh)), 128.4 (d2Jp = 12.0 Hz,CjH), 128.1 (d,"Jp = 1.5
Hz, CoH), 128.0 (d,Jo = 1.5 Hz,C,H), 70.0 (s, O"(CHs)s), 64.0 (d,2Jpc =7.9 Hz, NCH-
CH-N), 63.8 (d,%Jpc =8.3 Hz, NCH-CH-N), 37.7 (s,CHy(cyclohexane ring)), 37.6 (s,
CH,(cyclohexane ring)), 36.3 (sCH(cyclohexane ring)), 35.9 (sC"Y(CHs)s), 35.8 (s,
C"Y(CHa)3), 35.6 (5,C"Y(CHs)s), 35.5 (s,C"V(CHa)s), 35.1 (s, €(CHa)s), 31.8 (s, ¢ (CHs)s),
30.3 (s, ¢/(CHs)3), 29.6 (s, €(CHs3)s), 27.1 (s,CHa(cyclohexane ring). Anal. Calcd for
CsoH7gN-O5P,Y: C, 70.84; H, 7.58; N, 2.67. Found: C, 70.66;7H65; N, 2.59.

Synthesis of 52

KHMDS (240 mg, 1.2 mmol) was added into a slurry6f(316 mg, 0.3 mmol) in THF (20
mL). After 4h, a cloudy solution was yielded. Thampletion of the deprotonation was verified
by *P{*H} NMR spectrum which showed only one singlet a84pm. Insoluble potassium salt
was removed by centrifugation. [YALTHF)s 5 (134.3 mg, 0.3 mmol) was added. After 4 h of
stirring at room temperaturgP{*H} NMR spectrum showed the clean formation of a ptem
with two singlets of equal intensity at 27.5 ppnd &2.6 ppm. Potassiutert-butoxide (33.7
mg, 0.3 mmol) was added into the mixture, givingaudy solution. Stirring was continued for
7 h and the solid was removed by centrifugatiore $blvents was evaporated in vacuum and
the residue was recrystallised in cyclohexane (5,mglving the product as colorless crystals
(293 g, 87%).

52 3'P{"H} NMR (THF-dg): 5 27.6 (s, B), 20.8 (s, B); '"H NMR (THF-d5): & 7.89 (ddd}Js 4
=10.6 Hz,*}, = 7.5 Hz,"3y = 1.0 Hz, 2H,0-CH(PPh)), 7.75 (ddd 33,1 =12.3 Hz,*}4 = 7.5
Hz, “3y 4= 1.0 Hz, 2Ho-CH(PPh)), 7.62 (ddd?Js 4 =11.2 Hz,*J, = 7.5 Hz,*J = 1.0 Hz, 2H,
0-CH(PPh)), 7.56 (ddd 3, =11.0 Hz,%3y 4= 7.5 Hz,*3y 4= 1.0 Hz, 2H,0-CH(PPh)), 7.51-
7.42 (m, 5Hp-CH(PPh) + mCH(PPh)), 7.38 (vtd,'Joy =2.2 Hz,*3y = 'y = 7.5 Hz, 2H,
m-CH(PPh)), 7.32 (vtd 31 =2.2 Hz,*J = *3'un = 7.5 Hz, 2H,m-CH(PPh)), 7.27 (d. 3=
2.0 Hz, 1H, GH), 7.21 (d,"Jy = 2.0 Hz, 1H, QH), 7.17 (vtd,"Jy 1 =1.0 Hz,%)y = 3yn = 7.5
Hz, 1H, p-CH(PPh)), 6.84 (dd,"J,,1=2.0 Hz,%J 1 = 16.0 Hz, 1H, ¢H), 6.82 (vtd,*Jp =2.2
Hz, 33 = *Iun = 7.5 Hz, 2H,m-CH(PPh)), 6.47 (dd;"},=2.0 Hz,*J 1 = 16.0 Hz, 1H, ¢H),
4.62 (vad, 23y = *Tun = %= 9.0 Hz, ‘% = 3.0 Hz, 1H, N-@-CH-N), 2.97 (vqd 3=
3Yun =% = 9.0 Hz, "Jp ;= 3.0 Hz, 1H, N-CH-@-N), 1.57 (m, 2H, El,(cyclohexane)), 1.31
(s, 9H, G- CY(CHs)3), 1.12 (m, 2H, El,(cyclohexane)), 1.12 (s, b, 9H, GY(CH5),), 1.10
(s, 9H, G."- CY(CHy)3), 1.09 (s, 9H, €.V- CY(CHs)3), 0.96 (s, 9H, G/~ C"Y(CH5),), 0.82
(m, 2H, Hy(cyclohexane)), 0.66 (m, 1H,H3(cyclohexane)), 0.48 (m, 1H,H3(cyclohexane));
B¥C{*H} NMR (THF-dg): 5 168.7 (vt,2Jp = 2y ¢ =2.7 Hz,C"-0), 168.5 (vt3Jp = %)y c =2.7 Hz,
Cc"-0), 139.5 (d2J% =8.2 Hz,C.."), 138.8 (d,3) =7.8 Hz,C.."), 136.7 (d,"J» =82.9 Hz,
C"(PPh)), 136.5 (d,"J»=86.2 Hz,C"(PPh)), 134.9 (d,*®J = 9.3 Hz,mor o-CH(PPh)),
134.3 (d,'J» =108.5 Hz,C"(PPh)), 134.1 (d,*J=8.2 Hz,C.."), 134.0 (d,°Jp= 9.2 Hz,
CgH), 133.9 (d?Jp = 9.0 Hz,m-or 0-CH(PPh)), 133.8 (d?*Js = 10.0 Hz,m-or 0-CH(PPh)),
133.0 (d, 'Jp =82.1 Hz,C"(PPh)), 132.0 (d,"Js.= 2.6 Hz,p-CH(PPh)), 131.8 (d,'Jp = 2.1
Hz, p-CH(PPh)), 131.6 (d,"Jo. = 2.4 Hz,p-CH(PPh)), 130.9 (d,'Jo = 2.4 Hz,p-CH(PPh)),
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128.9 (d,?®)} = 11.6 Hz,mor o-CH(PPh)), 128.7 (d,?*J = 11.6 Hz,mor o-CH(PPh)),
128.5 (d,#%J = 12.1 Hzm-or o-CH(PPh)), 128.4 (d2Jp = 12.0 Hz,CjH), 128.1 (d,"Jp = 1.5
Hz, CoH), 128.0 (d,Jo = 1.5 Hz,C,H), 70.0 (s, O"(CHs)s), 64.0 (d,2Jpc =7.9 Hz, NCH-
CH-N), 63.8 (d,%Jpc =8.3 Hz, NCH-CH-N), 37.7 (s,CHy(cyclohexane ring)), 37.6 (s,
CH,(cyclohexane ring)), 36.3 (sCH(cyclohexane ring)), 35.9 (sC"Y(CHs)s), 35.8 (s,
C"Y(CHa)3), 35.6 (5,C"Y(CHs)s), 35.5 (s,C"V(CHa)s), 35.1 (s, €(CHa)s), 31.8 (s, ¢ (CHs)s),
30.3 (s, ¢/(CHs)3), 29.6 (s, €(CHs3)s), 27.1 (s,CHa(cyclohexane ring). Anal. Calcd for
CsoH7gN-O5P,Y: C, 70.84; H, 7.58; N, 2.67. Found: C, 70.47:7t97; N, 2.53.

Synthesis of 53a

KHMDS (240 mg, 1.2 mmol) was added into a slurr4f(304 mg, 0.3 mmol) in THF (20
mL). After 4h, a cloudy solution was yielded. Thampletion of the deprotonation was verified
by *P{*H} NMR spectrum which showed only one singlet aB-&2ppm. Insoluble potassium
salt was removed by centrifugation. [%{IHF)s 5 (134.3 mg, 0.3 mmol) was added. After 4h
of stirring at room temperaturé’P{*H} NMR spectrum showed the clean formation of a
complex with one singlet at 36.9 ppm. Potassiertbutoxide (33.7 mg, 0.3 mmol) was added
into the mixture, giving a cloudy solution. Stimgirwas continued for 7 h and the solid was
removed by centrifugation. The solvents was evdpdran vacuum and the residue was
recrystallised in cyclohexane (5 mL), giving theguct as colorless crystals (240 mg, 74%).

53a *'P{*H} NMR (THF-dg):  33.8 (s)"H NMR (THF-dg): § 7.63 (dd3}=7.0 Hz,%3,=10.5
Hz, 4H,0-CH(PPh)), 7.50 (dd*}y4=7.0 Hz,%J,=10.5 Hz, 4H0-CH(PPh)), 7.48 (vt Jy=
3Yun = 7.0 Hz, 2H,p-CH(PPh)), 7.41 (vtd,*Jyy= *Fupn = 7.0 Hz,%J,=2.0 Hz, 4H,m-
CH(PPh)), 7.40 (vt,°3y 4= 33’wn = 7.0 Hz, 2Hp-CH(PPh)), 7.32 (vtd,*Jy 1= 3I'wn = 7.0 Hz,
“36,=2.0 Hz, 4HM-CH(PPR)), 7.29 (d,*Jy = 2.5 Hz, 2H, @H), 6.37 (dd’Jy y=2.5 Hz,3Jp s =
15.5 Hz, 2H, GH), 3.51 (m, 2H, N-El,-CH,-CH,-N), 3.16 (m, 2H, N-El,-CH,-CH,-N), 1.90
(m, 1H, N-CH-CH,-CHx-N), 1.63 (m, 1H, N-CBCH,-CH,-N), 1.42 (s, 18H, C(85)3), 1.09
(s, 18H, C(®l3)3), 0.86 (s, 9H, O- C(B5)3); *C{*H} NMR (THF-dg): 169.3 (d,*Jo = 1.5 Hz,
CcV-0), 139.0 (d33 =8.0 Hz,C.." ), 134.3 (d,**J = 9.0 Hz,m-or o-CH(PPh)), 134.1 (d,
B3 =9.0 Hz,m-or o-CH(PPh), 133.9 (d, °J =10.5 Hz,C.." ), 132.6 (d}Jp =87.8 Hz,C"-
PPh), 131.9 (d,"% = 1.0 Hz,p-CH(PPh)), 131.8 (d\J».= 1.0 Hz,p-CH(PPh)), 128.9 (d,
?RJ = 11.5 Hz,m-or 0-CH(PPh)), 128.4 (s,C,H), 128.1 (d,Jp =14.0 Hz,CH), 113.3 (d,
13 =121.0 Hz,CY(PPh)), 69.8 (s, OC"Y(CHa)s), 47.1 (d,2Jp =7.0 Hz, NCH,-CH,-CH,-N),
36.4 (t,%°3 =9.0 Hz, N-CH-CH,-CH,-N), 34.6 (s, O-&(CHy)3), 31.9 (s, Ga'-CV(CHa)s),
31.7 (s, Ga'-CY(CHs)3), 31.4 (s, Ga'-CV(CHa)3), 30.4 (s, Ga’-CV(CHs)s). Anal. Calcd for
CoaHsaN20,P,Y: C, 69.86; H, 7.72; N, 2.59. Found: C, 69.72:7t66; N, 2.67.

Synthesis of 53b

KHMDS (240 mg, 1.2 mmol) was added into a slurn4af(304 mg, 0.3 mmol) in THF (20

mL). After 4h, a cloudy solution was yielded. Thampletion of the deprotonation was verified
by **P{*H} NMR spectrum which showed only one singlet aB:82ppm. Insoluble potassium
salt was removed by centrifugation. [%dIHF)s 5 (134.3 mg, 0.3 mmol) was added. After 4h
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of stirring at room temperaturé'P{*H} NMR spectrum showed the clean formation of a
complex with one singlet at 36.9 ppm. Potassiunmette (25.2 mg, 0.3 mmol) was added into
the mixture, giving a cloudy solution. Stirring weentinued for 7 h and the solid was removed
by centrifugation. The solvents was evaporatedaicuum and the residue was recrystallised in
cyclohexane (5 mL), giving the product as whitads@40 mg, 74%).

530b: *P{*H} NMR (THF-dg): & 34.3 (s);'H NMR (THFdg): & 7.66 (dd,%J};=7.0 Hz,
33 +=12.5 Hz, 4H,0-CH(PPR)), 7.48 (vt,*}y = 3J’un = 7.0 Hz, 4Hp-CH(PPR)), 7.34 (vtd,
33un= 2un = 7.0 Hz,*Jp 1 =2.0 Hz, 4HmM-CH(PPh)), 7.33 (d,"Jy = 2.5 Hz, 2H, GH), 7.16
(vtd, 33 4= 3J'yn = 7.0 HZ,%%,=2.0 Hz, 4HmM-CH(PPh)), 6.73 (dd/Jy=2.5 Hz,%J 1 = 15.5
Hz, 2H, GH), 3.27 (m, 2H, O-6,-CHs), 3.07 (m, 2H, N-Bl,-CH,-CH,-N), 3.05 (m, 2H, N-
CH,-CH,-CH,-N), 1.58 (m, 2H, N-CRHCH,-CH,-N), 1.22 (s, 18H, C(8,)s), 1.16 (s, 18H,
C(CHa3)3), 1.12 (t, 3H, O-CHCH,); **C{*H} NMR (THF-dg): 168.7 (d,%J = 2.5 Hz,C"-0),

139.1 (d,%) =8.0 Hz,C.." ), 134.1 (d#%J = 9.0 Hz,m-or 0-CH(PPh)), 133.9 (d ) =14.5
Hz, C.4"), 132.5 (d,"3=91.5 Hz,CV-PPh), 131.7 (d;'Jo = 1.0 Hz,p-CH(PPh)), 128.8 (d,
?RJ = 11.5 Hz,m-or 0-CH(PPh)), 128.2 (s,C,H), 127.8 (d,2J =13.5 Hz,CH), 114.3 (d,
13 =119.5 Hz,CY(PPh)), 60.9 (s, OEH,-CHs), 48.5 (d,%Js=6.0 Hz, NCH,-CH,-CH,-N),

35.7 (t,%) 5.0 Hz, N-CH-CH,-CHx-N), 34.3 (s, Ga'-CV(CHs)3), 32.0 (s, O-CHCH,),

31.8 (s, Ga’-CY(CHs)3), 30.1 (s, Ga'-C"Y(CHa)s), 26.5 (S, Ga’-CV(CHa)s). Anal. Calcd for
Co1H7oN20,P;Y: C, 69.44; H, 7.55; N, 2.65. Found: C, 69.297H62; N, 2.65.

Synthesis of 54a

KHMDS (240 mg, 1.2 mmol) was added into a slurry8f(312 mg, 0.3 mmol) in THF (20
mL). After 4h, a cloudy solution was yielded. Thempletion of the deprotonation was verified
by **P{*H} NMR spectrum which showed only one singlet a2-82ppm. Insoluble potassium
salt was removed by centrifugation. [%dIHF)s 5 (134.3 mg, 0.3 mmol) was added. After 4h
of stirring at room temperaturé’P{*H} NMR spectrum showed the clean formation of a
complex with one singlet at 36.5 ppm. Potassiartbutoxide (33.7 mg, 0.3 mmol) was added
into the mixture, giving a cloudy solution. Stimgirwas continued for 7 h and the solid was
removed by centrifugation. The solvents was evdpdran vacuum and the residue was
recrystallised in cyclohexane (5 mL), giving theguct as colorless crystals (295 mg, 88%).

54a *P{™H} NMR (THF-dg): 3 33.4 (s);'"H NMR (THF-dg): & 7.70 (ddd,*};;=1.5 Hz,
%341=8.0 Hz,%3%=10.5 Hz, 4H0-CH(PPh)), 7.49 (ddd,'},=1.5 Hz,%},+=8.0 Hz,’%,;~10.5
Hz, 4H, 0-CH(PPh)), 7.42(vtd,*J,=2.5 Hz,*Jy = *Jun = 8.0 Hz, 4Hm-CH(PPh)), 7.34
(vtd, *Jp 1 =2.5 Hz,%3 1= *’yn = 8.0 Hz, 4HmM-CH(PPh)), 7.29 (d, “J = 2.0 Hz, 2H, GH),
7.15 (vtd,*3y=1.5 Hz,33 = 33w n = 8.0 Hz, 2Hp-CH(PPh)), 7.07 (vtd,*Jy y=1.5 Hz,3} =
%Yun = 8.0 Hz, 2Hp-CH(PPh)), 6.43 (dd;}y1=2.0 Hz,%J% = 15.5 Hz, 2H, ¢H), 3.39 (d,
3Jp+= 12.5 Hz, 1H, N-@l,), 3.34 (dJp = 12.5 Hz, 1H, N-El,), 2.85 (d. )= 12.0 Hz, 1H, N-
CH,), 2.79 (d,*Jp,= 12.5 Hz, 1H, N-El,), 1.36 (s, 18H, G.V- C"(CH3)s), 1.02 (s, 18H, &."-
C"(CHs)3), 0.80 (s, 9H, O-&(CHy)3), 0.62 (s, 3H, N-CHC"(CHs),), 0.50 (s, 3H, N-Ch
C"(CHs),); *C{*H} NMR (THF-dg): 168.8 (d,’Jp = 2.5 Hz,C"-0), 168.7 (d )= 2.5 Hz,
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CcV-0), 137.9 (d3J =7.7 Hz,C.." ), 133.8 (d?°) = 8.5 Hz,mor 0-CH(PPh)), 133.6 (d,
B3 = 8.5 Hz,m-or 0-CH(PPh)), 132.8 (d,"J» =97.0 Hz,C"(PPh)), 131.7 (d,"Jp =87.4 Hz,
CV(PPh)), 130.9 (sp-CH(PPh)), 130.8 (sp-CH(PPh)), 127.9 (d**J = 11.0 Hz,m-or o-

CH(PPh)), 128.8 (d,**J, = 11.0 Hz,m-or 0-CH(PPh)), 127.5 (sC,H), 127.5 (d2Jp=12.5
Hz, CH), 112.4 (d,"Jp =121.0 Hz,C"V-PPh), 69.2 (s, OC"(CH,)s), 58.1(d, 2Jp =7.5 Hz, N-
CH,), 38.1 (t, *Jr=12.5 Hz, N-CH-CY-CH,-N), 35.1 (s, G.'-C"Y(CHs)s), 33.7 (s, O-
C"(CH,)), 33.5 (s, Ga’-C"Y(CHy)s), 31.0 (s, G.'-C"Y(CHs)3), 29.6 (S, Ga’-C"(CHy)s), 26.1
(s, CY(CHs),), 25.2 (s, N-CH-C"(CHs3),). Anal. Calcd for GHgeN,O,P,Y: C, 70.32; H, 7.81;
N, 2.52. Found: C, 70.40; H, 7.74; N, 2.61.

Synthesis of 54b

KHMDS (240 mg, 1.2 mmol) was added into a slurry@8f(312 mg, 0.3 mmol) in THF (20
mL). After 4h, a cloudy solution was yielded. Thampletion of the deprotonation was verified
by *P{*H} NMR spectrum which showed only one singlet a-@ppm. Insoluble potassium
salt was removed by centrifugation. [%{IHF)s 5 (134.3 mg, 0.3 mmol) was added. After 4h
of stirring at room temperaturé'P{*H} NMR spectrum showed the clean formation of a
complex with one singlet at 36.5 ppm. Potassiunmette (25.2 mg, 0.3 mmol) was added into
the mixture, giving a cloudy solution. Stirring wesntinued for 7 h and the solid was removed
by centrifugation. The solvents was evaporatedaicuum and the residue was recrystallised in
cyclohexane (5 mL), giving the product as whitéds65 mg, 81%).

54b; *'P{"H} NMR (THF-dg): & 33.4 (s);'"H NMR (THF-dg): & 7.75 (ddd,*}y=1.5 Hz,
3341=7.0 Hz,%%,=11.5 Hz, 4Ho-CH(PPh)), 7.58 (ddd/J,+=1.5 Hz,%},=7.0 Hz,%),=11.5
Hz, 4H, o-CH(PPh)), 7.45 (m, 8Hm-CH(PPh) + p-CH(PPh)), 7.35 (d, “Jyu= 2.0 Hz, 2H,
CyoH), 7.33 (vtd,"Jp1=2.5 Hz,*3y = 3y = 7.0 Hz, 4HmM-CH(PPh)), 6.77 (dd;"J;,,=2.0 Hz,
33 = 15.0 Hz, 2H, @H), 4.03 (t,%3},,=6.0 Hz, 1H, O-El,-CHs), 4.01 (t,%3};,=6.0 Hz, 1H, O-
CH»-CHs), 3.69 (d,%Js = 15.0 Hz, 1H, N-El,), 3.64 (d,*) = 15.0 Hz, 1H, N-El,), 2.68 (d,
%)= 12.5 Hz, 1H, N-®,), 2.61 (d,%}= 12.5 Hz, 1H, N-@,), 1.29 (s, 18H, G-

C"Y(CHs)3), 1.19 (s, 18H, V- CY(CH3)3), 0.90 (m, 3H, O-CKHCHs), 0.46 (s, 3H, N-Ch

C"(CHs),), 0.44 (s, 3H, N-CHC"(CHa),); *C{*H} NMR (THF-dg): 169.1 (d,*Js = 2.5 Hz,
Cc"-0), 169.0(d3J = 2.5 Hz,CV-0), 139.0 (d3J =7.5 Hz,C.." ), 134.8 (d?°J = 9.0 Hz,
m-or 0-CH(PPh)), 134.3 (d %) = 9.0 Hz,m-or 0-CH(PPh)), 134.0 (d3J ¢ =14.5 Hz,C.."),

133.1 (d,"Jp =88.5 Hz,C"(PPh)), 131.7 (d,}J, =90.5 Hz,C"(PPh)), 131.7 (sp-CH(PPh)+

CpH), 127.9 (d2J5 =13.0 Hz,CjH), 114.4 (d,Jp =120.0 Hz,C"V-PPh), 61.6 (s, OEH,-CHs),

58.2 (d, 2Jp=7.5 Hz, NCH,), 37.5 (t,%)} =12.5 Hz, N-CH-CV-CH,N), 34.9 (s, G.'-

C"Y(CHa)s), 33.5 (s, Ga’-CY(CHs)s), 31.3 (s, O-CHCHs), 30.9 (s, €a'-CV(CHa)s), 29.3 (s,
Cea’-CY(CH3)3), 26.2 (s, ¢(CHj),), 22.3 (s, N-CHCY(CHs),. Anal. Calcd for
CoaHsN204P,Y: C, 69.92; H, 7.64; N, 2.59. Found: C, 69.96:7H66; N, 2.65.

Synthesis of 55

KHMDS (240 mg, 1.2 mmol) was added into a slurry6f(314 mg, 0.3 mmol) in THF (20
mL). After 4h, a cloudy solution was yielded. Thempletion of the deprotonation was verified
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by **P{*H} NMR spectrum which showed only one singlet aB21ppm. Insoluble potassium
salt was removed by centrifugation. [%dIHF)s 5 (134.3 mg, 0.3 mmol) was added. After 4h
of stirring at room temperaturé’P{*H} NMR spectrum showed the clean formation of a
complex with one singlet at 27.3 ppm. Potassiaributoxide (33.7 mg, 0.3 mmol) was added
into the mixture, giving a cloudy solution. Stimgirwas continued for 7 h and the solid was
removed by centrifugation. The solvents was evdpdran vacuum and the residue was
recrystallised in cyclohexane (5 mL), giving theguct as colorless crystals (290 mg, 87%).

55: *P{*H} NMR (THF-dg): 5 24.9 (s)"H NMR (THF-dg): 8 7.71 (ddd;}=1.5 Hz,33};,,=8.0
Hz, %3 ~12.0 Hz, 4H0-CH(PPh)), 7.58 (ddd;'}=1.5 Hz,%}=8.0 Hz,%J} ;=12.0 Hz, 4H,
0-CH(PPh)), 7.58 (vtvt,*3 1="Jp =1.5 Hz,*Jy 4= *J'un = 8.0 Hz, 2Hp-CH(PPh)), 7.51 (vtd,
“J6+=3.0 Hz,%3 4= *Fun = 8.0 Hz, 4HmM-CH(PPR)), 7.45 (vtvt,*Jy =3 =1.5 Hz, %} =

%Yyn = 8.0 Hz, 2H,p-CH(PPh)), 7.31 (d,"Jys= 3.0 Hz, 2H, @H), 7.30 (vtd,"Js=3.0 Hz,
33n= 3T = 8.0 Hz, 4HM-CH(PPh)), 6.37 (dd."J,1=3.0 Hz,%J% ;= 15.5 Hz, 2H, ¢H), 6.27
(ddd,®3 1 = 6.0 Hz,"Jy 1y = 3.5 Hz,Jo s = 3.0 Hz, 2H, @), 6.01 (ddJyy = 6.0 Hz,"J4 1= 3.5
Hz, 2H, GH), 1.27 (s, 18H, V- C(CHy)s), 1.04 (s, 18H, GV~ CV(CHs)3), 0.56 (b, 9H, O-
C"(CHs)3); **C{*H} NMR (THF-dg): 169.7 (sC"-0O), 144.8 (dd%Js = 19.0 Hz2Jp = 4.0 Hz,
C"V-N), 139.0 (dJ =7.5 Hz,C.." ), 134.4 (d3J = 16.0 Hz,C.."), 134.0 (d %) = 10.0
Hz, mror 0-CH(PPh)), 132.3 (sp-CH(PPh)), 132.0 (sp-CH(PPh)), 132.0 (d,"J» =88.5 Hz,
CcV(PPh)), 131.1 (d,"Jr=87.0 Hz,C"(PPh)), 129.3 (d,**J = 11.5 Hz,m-or 0-CH(PPh)),

128.8 (s,C,H), 128.7 (d,?%Jp = 11.5 Hz,mor o-CH(PPh)), 128.4 (d,’Jo = 14.0 Hz,CjH),

122.2 (d,*J= 10.0 Hz,CH), 118.3 (s,CH), 114.8 (d,"Jo=124.0 Hz,CV-PPh), 35.7 (s,
Cea’-CY(CHy)s), 34.3 (s, Ga’-C"Y(CHy)s), 33.9 (b, OC(CHs)s), 31.8 (s, (b, O-&(CHy)y),

31.7 (s, Ga’-CY(CHa)3), 30.3 (s, Ga'-CY(CHz)s). Anal. Calcd for GeHgN,O4P,Y: C, 71.02;
H, 7.22; N, 2.51. Found: C, 70.85; H, 7.43; N, 2.55

Synthesis of 56a

KHMDS (300 mg, 1.5 mmol) was added into a slurrys56f(350 mg, 0.3 mmol) in THF (20
mL). After 4h, a cloudy solution was yielded. Thampletion of the deprotonation was verified
by *P{*H} NMR spectrum which showed only one singlet a#22ppm. Insoluble potassium
salt was removed by centrifugation. [%dIHF)s 5 (134.3 mg, 0.3 mmol) was added. After 4h
of stirring at room temperaturé'P{*H} NMR spectrum showed the clean formation of a
complex with one singlet at 35.0 ppm. Potassiertbutoxide (33.7 mg, 0.3 mmol) was added
into the mixture, giving a cloudy solution. Stimgirwas continued for 7 h and the solid was
removed by centrifugation. The solvents was evdpdran vacuum and the residue was
recrystallised in cyclohexane (5 mL), giving theghuct as colorless crystals (260 mg, 83%).

56a *P{'H} NMR (THF-ds): 3 33.6 (s);'"H NMR (THF-dg): & 7.60 (ddd,*};;=1.5 Hz,
3341=7.0 Hz,%%,=11.5 Hz, 4Ho-CH(PPh)), 7.57 (ddd/J,+=1.5 Hz,%},=7.0 Hz,%),=11.5
Hz, 4H,0-CH(PPh)), 7.50 (tvg,"Jy+=1.5 Hz,*}, = 7.0 Hz,°Js=1.5 Hz, 2H,p-CH(PPh)),
7.42 (vtd,"Jp 1=2.5 Hz,%3 4= 3’y = 7.0 Hz, AHM-CH(PPh)), 7.40 (tvq,"Jq v=1.5 Hz,%Jy =
7.0 Hz,%J =1.5 Hz, 2Hp-CH(PPh)), 7.24 (vtd,"Js=2.5 Hz,*}y = 30’wn = 7.0 Hz, 4Hm-
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CH(PPh)), 7.21 (d, *J4 4= 2.0 Hz, 2H, @H), 6.59 (dd;J=2.0 Hz,%J = 15.5 Hz, 2H, @H),
3.24 (m, 4H, P=N-6,), 2.93 (m, 2H, P=N-CHCH,), 2.58 (m, 2H, P=N-CHCH,), 1.15 (s,
18H, G.Y- CY(CHs)s), 1.10 0.80 (s, 9H, OqCHs)s), 1.09 (s, 18H, G!Y- CY(CHa)a);
¥C{*H} NMR (THF-dg): 169.1 (dJ = 3.0 Hz,CV-0), 169.0 (d3J = 3.0 Hz,C"V-0), 139.9
(d, 33 =8.0 Hz,C.." ), 133.8 (d?*J = 9.5 Hz,m-or o-CH(PPh)), 133.7 (d**J = 9.5 Hz,m
or 0-CH(PPh)), 133.6 (d,2J,=8.0 Hz,C.,"), 133.3 (d,"Jp=87.5 Hz,C"(PPh)), 132.1 (d,
13, =90.0 Hz,CY(PPh)), 131.8 (d,"Jo= 2.5 Hz, p-CH(PPh)), 131.6 {Jo= 2.5 Hz,p-
CH(PPh)), 128.9 (d,?®J = 11.0 Hz,m-or o-CH(PPh)), 128.8 (d,**Jo= 11.0 Hz,mor o-
CH(PPh)), 128.2 (d,"Jo = 2.5 Hz, C;H), 127.5 (d2Jp =12.5 Hz,C4H), 111.8 (d,'Jp =118.0
Hz, CV-PPh), 69.7 (s, O€"“(CH,)s), 54.0(d, %J» =16.0 Hz, P'-N-CH,), 48.6 (d,’J»=5.0 Hz,
PY-N-CH,-CH,), 35.8 (s, G.'-C"Y(CHs)3), 35.2 (s, O-&(CH,)), 34.3 (s, €.'-C"Y(CH,)3), 31.8
(s, Ga’-CV(CHa)s), 30.2 (S, Ga'-C"Y(CHs)s). Anal. Calcd for GH7gN;OsP,Y: C, 69.28; H,
7.56; N, 4.04. Found: C, 69.16; H, 7.64; N, 3.95.

Synthesis of 56b

KHMDS (300 mg, 1.5 mmol) was added into a slurry56f(350 mg, 0.3 mmol) in THF (20
mL). After 4h, a cloudy solution was yielded. Thempletion of the deprotonation was verified
by *P{*H} NMR spectrum which showed only one singlet a#:22ppm. Insoluble potassium
salt was removed by centrifugation. [%dIHF)s 5 (134.3 mg, 0.3 mmol) was added. After 4h
of stirring at room temperaturé'P{*H} NMR spectrum showed the clean formation of a
complex with one singlet at 35.0 ppm. Potassiunmatie (25.2 mg, 0.3 mmol) was added into
the mixture, giving a cloudy solution. Stirring weentinued for 7 h and the solid was removed
by centrifugation. The solvents was evaporatedaicuum and the residue was recrystallised in
cyclohexane (5 mL), giving the product as colorleystals (265 mg, 87%).

56b: *'P{*H} NMR (THF-dg): & 34.2 (s);'H NMR (THF-dg): & 7.61 (ddd,*J,=1.5 Hz,
%34=8.0 Hz,%)%=9.0 Hz, 4H,0-CH(PPh)), 7.55 (ddd,"Jy=1.5 Hz,J;=8.0 Hz,%%,~9.0
Hz, 4H, 0-CH(PPh)), 7.49 (tt,“J,=1.5 Hz,*},4s= 8.0 Hz, 2H,p-CH(PPh)), 7.39 (vtd,
“Jp+=2.5 Hz,33 = 3’ = 8.0 Hz, 4AHM-CH(PPh)), 7.37 (it,"Jy v=1.5 Hz,%Jy = 8.0 Hz, 2H,
p-CH(PPh)), 7.22 (vtd,*Js,=2.5 Hz,%3 1= 3Jun = 8.0 Hz, 4AHM-CH(PPh)), 7.21 (d, *Jyn=
2.0 Hz, 2H, GH), 6.65 (dd}=2.0 Hz,*J1 = 15.5 Hz, 2H, H), 3.96 (m, 1H, O-B,-CH),
3.32 (m, 1H, O-@l,-CH,), 3.27 (m, 4H, P=N-8,), 2.83 (m, 2H, P=N-CKHCHy), 2.58 (m, 2H,
P=N-CHx-CH,), 1.12 (s, 36H, G!Y- CV(CHs)3), 0.90 (m, 3H, O-CHCH3); “*C{*H} NMR
(THF-dg): 168.9 (d,’Jp = 3.0 Hz,C"-0), 168.8 (d )} = 3.0 Hz,CV-0), 139.9 (dJ=7.5
Hz, C..¥ ), 133.7 (d,*%} = 8.0 Hz,m-or o-CH(PPh)), 133.6 (d,**Jo. == 8.0 Hz, mor o-
CH(PPh)), 133.5 (33, =8.0 Hz,C.."), 133.3 (d '} =83.0 Hz,C"V(PPh)), 131.8 {Jr = 2.5
Hz, p-CH(PPh)), 131.6 (d,"J» =88.0 Hz,C"(PPh)), 131.6 (d,"Jo.= 2.5 Hz,p-CH(PPh)),
128.9 (d,**J = 11.0 Hz,mor o-CH(PPh)), 128.8 (d,?*Jp= 11.0 Hz,m-or o-CH(PPh)),
128.3 (d,*Jp.= 2.0 Hz, C;H), 127.2 (d, 2 =12.5 Hz,C4H), 113.0 (d,"Jp =119.0 Hz,C"-
PPh), 62.5 (s, OEH,-CHs), 53.7(d, ?J» =16.0 Hz, P'-N-CHy,), 48.8 (d,’J>=5.0 Hz, P/-N-
CHx-CHy), 35.7 (s, Ga'-CY(CHa)s), 34.3 (S, Ga’-C"Y(CHs)s), 31.9 (s, Ga’-C"(CHa)s), 29.9
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(s, G.a’-CY(CHy)s), 23.3 (s, O-CHCHs). Anal. Calcd for GgH.,N;OsP,Y: C, 68.83; H, 7.37;
N, 4.74. Found: C, 68.14; H, 7.54; N, 4.27.

Synthesis of 57

At -78°C, bromine (300 pL, 5.825 mmol) was addedpdise to a solution of the
phenolphosphin@9 (2.018 g, 5.825 mmol) in G&l, (100 mL). The cold bath was removed
and stirring was continued for 2 hours at roomperature. Then the solution was cooled down
to -78°C. Tributylamine (1.39 mL, 5.825 mmol) wakdead, followed by ethylenediamine (195
pL, 2.913 mmol). The cold bath was removed. Aften,1% cloudy solution was formed. gEl,
was evaporated and the residue was washed with (5¥ED mL) to remove tributylamonium
salt. The product was isolated as a white soliddxiet! under vacuum (1.9 g, 69%).

57: *'P{*H} NMR (CDCls): J 40.1 (s,P"); 'H NMR (CDCL): & 7.66 (t,3} =8.0 Hz, 4Hp-
CH(PPh)), 7.63 (dd )y =12.5 Hz,*Jy =8.0 Hz, 8H,0-CH(PPh)), 7.53 (vtd,*Jp =3.5 Hz,
33in =Fun =8.0 Hz, BHM-CH(PPh)), 7.17 (d,Jy= 2.5 Hz, 2H, GH), 5.95 (dd ) =16.5
Hz, “Jyn =2.5 Hz, 2H, @H), 3.66 (dd Jo = 6.5 Hz,*Jp; = 2.0 Hz, 4H, N-G,-CH,-N), 3.50
(s, 6H, -O®3), 1.50 (s, 18H, &(CHs)s); *C{*H} NMR (CDCls): & 154.4 C"V-O or C.."),
151.8 (weakC"-O orC.,"), 145.7 CV-O orC.."), 134.3 (sp-CH(PPh)), 133.6 (d2Jp =
9.0 Hz,0-CH(PPh)), 129.7 (d3J = 13.5 Hzm-CH(PPh)), 122.1 (dJs =105 Hz,C" (PPh)),
121.2 (s,CoH), 116.0 (d,"Jp, =120 Hz,CV-PPh), 115.0 (d )= 13.5 Hz,C¢H), 55.6 (s, O-
CHs), 44.2 (dd2Jpc= 7.5 Hz,%Jo c = 1.0 Hz, NCH,-CH,-N), 35.4 (s, G’-C"(CHs)3), 30.3 (s,
b, GV-CY(CH,)s). Anal. Calcd for GgHsBr.N,O4P,: C, 60.90; H, 5.96; N, 2.96. Found: C,
60.71; H, 6.02; N, 3.02.

Synthesis of 58

KHMDS (240 mg, 1.2 mmol) was added into a slurrnys@f(295 mg, 0.3 mmol) in THF (20
mL). After 4h, a cloudy solution was yielded. Thampletion of the deprotonation was verified
by *P{*H} NMR spectrum which showed only one singlet aD-2ppm. Insoluble potassium
salt was removed by centrifugation. [%dIHF)s 5 (134.3 mg, 0.3 mmol) was added. After 4h
of stirring at room temperaturé'P{*H} NMR spectrum showed the clean formation of a
complex with one singlet at 31.5 ppm. Potassiertbutoxide (33.7 mg, 0.3 mmol) was added
into the mixture, giving a cloudy solution. Stimgirwas continued for 7 h and the solid was
removed by centrifugation. The solvents was evdpdran vacuum and the residue was
recrystallised in cyclohexane (5 mL), giving theghuct as colorless crystals (250 mg, 88%).

58 *P{*H} NMR (THF-ds): & 31.6 (S);"H NMR (THF-dg): & 7.63 (dd;’Jp s =11.5 Hz.*}4,, =7.0
Hz, 4H, o-CH(PPh)), 7.54 (m, 2H,p-CH(PPh)), 7.48 (m, 5H,p-CH(PPh) + m-CH(PPh)),
7.40 (dd ) =11.5 Hz 23} 4 =7.0 Hz, 4HO-CH(PPR)), 7.39 (vt,3} 4 =*0yp =7.0 Hz, THmM
CH(PPh)), 6.92 (d,"J, 4= 3.0 Hz, 2H, GH), 5.94 (dd*Jp 1 =15.5 Hz,"J,4 =3.0 Hz, 2H, GH),
3.35 (s, 6H, -O6), 3.31 (m,b, 2H, N-B,-CH,-N), 3.18 (m,b, 2H, N-B,-CHx-N), 1.39 (s,
18H, GY-C"(CHs)3), 0.84 (s, b, 9H, O-¥(CH,)s); *C{*H} NMR (THF-dg): 166.8 (sC"-0),
148.2 (d,%% = 20.0 Hz,C"), 141.1 (d,*)k = 9.5 Hz,CY), 134.1 (d,2J= 9.0 Hz,0-
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CH(PPh)), 133.6 (d.3Jp,<= 9.0 Hz,0-CH(PPh)), 132.3 (d,"J> =88.0 Hz,C"(PPh)), 132.0 (d,
‘3 =1.5 Hz, p-CH(PPh)), 131.7 (d,'J»=90.0 Hz, CV(PPh)), 131.7 (d,*Jr=1.5 Hz, p-
CH(PPh)), 129.0 (d,’% = 10.5 Hz,mCH(PPh)), 128.9 (d,’J» = 10.5 Hz,m-CH(PPh)),
120.3 (d,*Jp.=1.0 Hz,C,H), 114.2 (d,Jp = 14.5 Hz,CH), 111.6 (d,;J» =123.0 Hz,C"-
PPh), 55.5 (s, OEH5), 52.1 (dd?*Jp c = 6.5 Hz,**Jp c = 18.0 Hz, NEH,-CH,-N), 35.7 (s, G'-
CY(CHs)s), 33.3 (s, O-&(CHa)s), 30.2 (s, @’-C"Y(CHs)s), 26.0 (s, OE"Y(CHs)s). Anal. Calcd
for Cs,HeiN2OsP,Y: C, 66.10; H, 6.51; N, 2.96. Found: C, 65.896H2; N, 2.85.
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Chapter 1

Compound 2a

Table 1. Crystal data for pa058

Compound
Molecular formula
Molecular weight
Crystal habit
Crystal dimensions(mm)
Crystal system
Space group

a(R)

b(A)

c(A)

a(®)

B()

¥(°)
V(A3
z

d(g-cni®)

F(000)

u(cm)

Absorption corrections
Diffractometer

X-ray source

AA)

Monochromator

T (K)

Scan mode
Maximum©

HKL ranges
Reflections measured
Unique data

Rint

Reflections used
Criterion

Refinement type
Hydrogen atoms
Parameters refined
Reflections / parameter
wWR2

R1

Weights a, b

GoF

difference peak / hole (e’ 3

pa058
@H2sNPS,BR
453.27
Colorless Block
0.30x0.12x0.08
orthorhombic
Pbca
15.666(1)
16.486(1)
17.614(1)
90.00
90.00
90.00
4549.2(5)
8
1.324
1888
0.254
multi-scan ; 0.9278 min9800 max
KappaCCD
Mok
0.71069
graphite
150.0(2)
phi and omega scans
27.45
-2016;-17 20 ;-15 22
21003
5177
0.0258
3908
| > 1)
Fsqd
mixed
280
13
0.1107
0.0382
0.0541 ; 1.0556
1.066
0.348(0.045) / -0.514(0.045)
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Table 2. Atomic Coordinates (A x 10"4) and equival ent isotropic Table 3. Bond | engths (A) and angles (deg) for pa058
di spl acenent paraneters (A2 x 1073) for pa058
S(1)-C(2) 1.781(2) S(1) - H(1S) 1.34(2)
----------------------------------------------------------------- P(1)-N(1) 1.623(1) P(1)-C(13) 1.791(2)
atom X y z U(eq) P(1)-C(7) 1.797(2) P(1)-C(1) 1.807(2)
----------------------------------------------------------------- F(1)-B(1) 1. 406( 2) F(2)-B(1) 1.384(2)
S(1) 4444(1) 1284(1) 4211(1) 45(1) F(3)-B(1) 1.378(2) F(4)-B(1) 1.382(2)
P(1) 5259(1) 2165(1) 5734(1) 26(1) N(1) - C(19) 1. 505(2) N( 1) - H(1N) 0.900(1)
F(1) 4080(1) 3504(1) 7281(1) 43(1) (1) - C(6) 1. 400( 2) C(1)-(2) 1. 405( 2)
F(2) 4001(1) 4263(1) 6219(1) 44(1) Cc(2)-C(3) 1.396(2) C(3)-C(4) 1.385(3)
F(3) 2926(1) 4301(1) 7080( 1) 55(1) C(3)-H(3) 0. 9500 C(4) - C(5) 1.378(3)
F( 4) 4203(1) 4873(1) 7360(1) 56(1) C(4) - H( 4) 0. 9500 C(5) - C(6) 1.383(2)
N( 1) 5511(1) 2754(1) 6438(1) 29(1) C(5)-H(5) 0. 9500 C(6)-H(6) 0. 9500
(1) 5059( 1) 2702(1) 4858( 1) 30(1) (7)-C(12) 1.389(2) c(7)-C(8) 1.395(2)
c(2) 4697(1) 2337(1) 4213(1) 34(1) c(8)-C(9) 1.383(3) C(8) - H(8) 0. 9500
C(3) 4524(1) 2814(1) 3576(1) 42(1) C(9) - C(10) 1.380(3) C(9)-H(9) 0. 9500
c(4) 4726(1) 3632(1) 3574(1) 47(1) C(10) - C(11) 1.374(3) C(10) - H( 10) 0. 9500
c(5) 5073(1) 3997(1) 4207(1) 43(1) C(11) - C(12) 1.391(3) C(11) - H( 11) 0. 9500
c(6) 5228(1) 3536(1) 4848(1) 35(1) C(12) - H( 12) 0. 9500 C(13) - C(14) 1.396(2)
o(7) 4259(1) 1706( 1) 5991( 1) 28(1) Cc(13) - C(18) 1.401(2) C(14) - C(15) 1.390( 3)
C(8) 4210(1) 924(1) 6289(1) 38(1) C(14)-H(14) 0. 9500 C(15)-C(16) 1.376(3)
c(9) 3423(1) 607(1) 6484(1) 45(1) C(15) - H( 15) 0. 9500 C(16) - C(17) 1.383(3)
C(10) 2687(1) 1053( 1) 6380( 1) 42(1) C(16) - H( 16) 0. 9500 C(17) - C(18) 1.387(3)
c(11) 2734(1) 1821(1) 6078(1) 41(1) Q(17)-H(17) 0. 9500 C(18) - H( 18) 0. 9500
c(12) 3519(1) 2155(1) 5883( 1) 34(1) C(19) - ¢( 20) 1.520(3) C(19) - ¢ 21) 1.524(3)
C(13) 6095( 1) 1439( 1) 5595( 1) 32(1) C(19) - ¢( 22) 1.531(2) C( 20) - H( 20A) 0. 9800
C(14) 6525(1) 1387(1) 4902(1) 38(1) C(20) - H( 20B) 0. 9800 C(20) - H( 200) 0. 9800
C(15) 7229(1) 878(1) 4839(1) 51(1) C(21) - H( 21A) 0. 9800 C(21) - H( 21B) 0. 9800
C(16) 7490( 2) 423(1) 5451(2) 58(1) C(21) - H( 210) 0. 9800 C(22) - H( 22A) 0. 9800
c(17) 7059( 1) 458(1) 6135(1) 52(1) C(22) - H( 22B) 0. 9800 C(22) - H( 220) 0. 9800
C(18) 6362(1) 969(1) 6214(1) 38(1)
c(19) 6329( 1) 3141(1) 6700( 1) 35(1)
C(20) 7037(1) 3083(1) 6112(1) 46(1) C(2)-S(1)-H(19) 97(1) N(1)-P(1)-C(13) 109. 06( 8)
c(21) 6600( 2) 2725(1) 7434(1) 55(1) N(1)-P(1)-C(7) 105. 72(7)  C(13)-P(1)-C(7) 113.01(7)
Q(22) 6135(1) 4035(1) 6858( 1) 42(1) N(1)-P(1)-C(1) 113. 66(7) C(13)-P(1)-C(1) 109. 75(8)
B(1) 3797(1) 4248(1) 6983(1) 33(1) Q(7)-P(1)-C(1) 105. 64( 8) C(19)-N(1)-P(1) 134.1(1)
----------------------------------------------------------------- C(19) - N(1) - H(1N) 113(1) P(1)-N(1) - H(1N) 113(1)
U(eq) is defined as 1/3 the trace of the Uj tensor. C(6)-C(1)-C(2) 119.2(2) C(6)-C(1)-P(1) 117.3(1)
C(2)-C(1)-P(1) 123.4(1) C(3)-C(2)-(1) 119.1(2)
C(3)-C(2)-5(1) 120. 3(1) C(1)-C(2)-5(1) 120. 6( 1)
C(4)-C(3)-C(2) 120. 4( 2) C(4)-C(3)-H(3) 119.8
C(2)-C(3)-H3) 119. 8 C(5)- C(4)-C(3) 120.8(2)
C(5)- C(4) - H(4) 119. 6 C(3)-C(4)-H4) 119.6
C(4) - C(5)-C6) 119. 4(2) C(4) - C(5) - H(5) 120.3
C(6)-C(5)-H(5) 120.3 C(5)-C(6)-C(1) 121.0(2)
C(5) - C(6) - H( 6) 119.5 C(1)- C(6)-H6) 119.5
C(12)-C(7)-C(8) 119.9(2) C(12)-C(7)-P(1) 118.0(1)
Q(8)-C(7)-P(1) 122.1(1) (9)-C(8)-C(7) 119.5(2)
C(9)-C(8)-H8) 120. 3 C(7)-C(8)-H(8) 120.3
C(10) - ¢(9) - ¢(8) 120.7(2) C(10) - C(9) - H(9) 119.7
C(8)-C(9)-H9) 119.7 C(11)- ¢(10) - ¢(9) 119.9(2)
C(11) - ¢( 10) - H( 10) 120. 1 C(9) - C(10) - H( 10) 120.1
C(10)-C(11)-C(12) 120.5(2) C(10)- C(11) - H(11) 119.7
C(12)-C(11) - H(11) 119.7 C(7)-C(12)-C(11) 119. 6(2)
C(7)-C(12) - H(12) 120. 2 C(11)-C(12) - H(12) 120.2
C(14) - C(13) - C(18) 120. 2(2) C(14) - C(13) - P(1) 120. 9(1)
C(18)-C(13) - P(1) 118.7(1) C(15) - C( 14) - C( 13) 119. 3(2)
C(15) - C( 14) - H( 14) 120. 3 C(13)- ¢ 14) - H( 14) 120.3
C(16) - C(15)-C(14) 120. 2(2) C(16) - C( 15) - H( 15) 119.9
C(14)-C(15)- H(15) 119.9 C(15)-C(16)-C(17) 121.0(2)
C(15) - C( 16) - H( 16) 119.5 C(17) - C( 16) - H( 16) 119.5
C(16)-C(17) - C(18) 119. 8(2) C(16)-C(17)-H(17) 120.1
C(18)-C(17)-H(17) 120. 1 C(17) - ¢( 18) - C( 13) 119.5(2)
C(17)-C(18) - H( 18) 120. 2 C(13)-C(18) - H( 18) 120.2
N( 1) - C(19) - ¢( 20) 112.7(2) N(1)-C(19) - C(21) 107.9(1)
C(20) - C(19) - C(21) 110. 2(2) N(1)-C(19) - ¢ 22) 107.2(1)
C(20) - C( 19) - C( 22) 109. 2(2) C(21) - ¢(19) - ¢( 22) 109. 5(2)
C(19) - C( 20) - H( 20A) 109.5 C(19)-C(20)-H(20B) 109. 5
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H( 20A) - C( 20) - H( 20B) 109.5 C(19) - C(20) - H(200) 109.5 Tabl e 4. Anisotropic displacenent paraneters (A*2 x 1073) for pa058
H( 20A) - C( 20) - H( 20C) 109. 5 H( 20B) - C( 20) - H( 200) 109.5
C(19) - C( 21) - H( 21A) 109. 5 C(19) - ¢( 21) - H( 21B) 109. 5 oo
H( 21A) - C( 21) - H( 21B) 109.5 C(19) - C(21) - H(21C) 109.5 atom ULl u22 u33 u23 u13 u12
H(21A) - C( 21) - H( 210) 109. 5 H(21B) - C(21) - H( 210 109. 5 il
C(19) - C( 22) - H( 22A) 109. 5 C(19) - C( 22) - H( 22B) 109.5 S(1)  63(1) 32(1) 39(1) -2(1) -11(1) -5(1)
H( 22A) - C( 22) - H( 22B) 109. 5 C(19) - ¢ 22) - H( 22C) 109.5 P(1)  28(1) 23(1) 27(1) 2(1) 2(1) -2(1)
H( 22A) - C( 22) - H( 220) 109.5 H( 22B) - C( 22) - H(220) 109.5 F(1)  47(1) 40(1) 42(1) 9( 1) 2(1) 12(1)
F(3)-B(1)-F(4) 110. 4(2) F(3)-B(1)-F(2) 110. 4( 2) F(2) 48(1) 51(1) 33(1) 7(1) 2(1) -9(1)
F(4)-B(1)-F(2) 110. 4( 2) F(3)-B(1)-F(1) 108. 7(2) F(3) 33(1) 57(1) 76(1) 21(1) 11(1) 10( 1)
F(4)-B(1)-F(1) 109. 0( 2) F(2)-B(1)-F(1) 107.8(2) F(4)  66(1) 46(1) 58(1) -18(1) 8(1) -8(1)
N(1)  24(1) 32(1) 31(1) -3(1) 1(1) -3(1)
c(1)  33(1) 27(1) 29(1) 3(1) 3(1) 0(1)
c(2)  41(1) 30(1) 31(1) 0(1) 2(1) 0(1)
c(3) 57(1) 39(1) 31(1) 1(1) -2(1) 4(1)
Cc(4)  65(1) 41(1) 35( 1) 12(1) 3(1) 4(1)
Cc(5)  55(1) 29(1) 46(1) 9(1) 5(1) -2(1)
c(6)  40(1) 28(1) 36(1) 2(1) 4(1) -3(1)
a7y 31(1) 27(1) 27(1) -1(1) 1(1) -4(1)
c(8)  34(1) 32(1) 47(1) 9( 1) -2(1) -3(1)
Cc(9) 43(1) 38(1) 55(1) 15(1) 0(1) -13(1)
Cc(10) 32(1) 45(1) 49(1) 3(1) 5(1) -10(1)
c(11) 31(1) 42(1) 49(1) 1(1) 4(1) 2(1)
C(12) 35(1) 28(1) 40(1) 3(1) 4(1) 0(1)
Cc(13) 30(1) 26(1) 39(1) -1(1) 3(1) 0(1)
Cc(14) 38(1) 33(1) 44(1) 2(1) 7(1) -3(1)
C(15) 45(1) 46(1) 61(1) 10( 1) 20(1) 1(1)
c(16) 46(1) 45(1) 84(2) 3(1) 8(1) 15(1)
c(17) 45(1) 40(1) 69(2) 10( 1) 0(1) 10( 1)
Cc(18) 34(1) 32(1) 47(1) 5(1) 2(1) 0(1)
Cc(19) 28(1) 37(1) 39(1) 0(1) -5(1) 7(1)
C(20) 29(1) 45(1) 64(1) -6(1) 7(1) 6(1)
C(21) 52(1) 59(1) 55(1) 12(1) -22(1) 18(1)
Cc(22) 34(1) 42(1) 51(1) 12(1) 3(1) 8(1)
B(1) 32(1) 31(1) 36(1) 4(1) 4(1) 2(1)

The ani sotropic di spl acement factor exponent takes the form
2 pi "2 [hh2a*72U(11) +...+ 2hka*b*U(12)]
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Table 5. Hydrogen Coordinates (A x 1074) and equival ent isotropic

di spl acenent paraneters (A2 x 1073) for pa058

atom X y z U(eq)
H( 1S) 4330(20) 1220( 10) 3460(10) 67
H( 1N) 5052( 8) 2920( 10) 6700( 10) 43
H( 3) 4267 2576 3142 51
H( 4) 4623 3944 3131 56
H( 5) 5204 4559 4202 52
H( 6) 5454 3790 5289 42
H( 8) 4714 611 6358 46
H( 9) 3389 76 6692 54
H( 10) 2149 829 6516 50
H(11) 2226 2125 6003 49
H( 12) 3547 2687 5677 41
H( 14) 6338 1697 4478 46
H( 15) 7530 845 4372 61
H( 16) 7975 81 5403 70
H(17) 7239 131 6549 62
H( 18) 6067 1001 6684 45
H( 20A) 7200 2514 6045 69
H( 20B) 7532 3395 6286 69
H(20C) 6833 3303 5628 69
H( 21A) 6136 2760 7806 83
H( 21B) 7109 2994 7637 83
H(210) 6730 2154 7331 83
H( 22A) 5965 4303 6384 64
H( 22B) 6646 4300 7062 64
H(220) 5669 4075 7228 64
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Monodeprotonation from 2a
Table 1. Crystal data for pa069

Compound pa069
Molecular formula GoH24NPS
Molecular weight 365.45

Crystal habit
Crystal dimensions(mm)

Pale Yellow Plate
0.20x0.16x0.04

Crystal system monoclinic
Space group Rz

a(R) 10.459(1)

b(A) 10.181(1)

c(A) 18.909(1)

a(®) 90.00

B(°) 109.043(3)

v(°) 90.00

V(A3 1903.3(3)

z 4

d(g-cm) 1.275

F(000) 776

p(cm™) 0.258
Absorption corrections multi-scan ; 0.9501 min98R7 max
Diffractometer KappaCCD
X-ray source Mok

AA) 0.71069
Monochromator graphite

T (K) 150.0(1)

Scan mode phi and omega scans
Maximum 30.02

HKL ranges -1314;-14 12 ;-26 26
Reflections measured 15481

Unique data 5554

Rint 0.0306
Reflections used 3919

Criterion 1> )
Refinement type Fsqd

Hydrogen atoms mixed
Parameters refined 229
Reflections / parameter 17

wR2 0.0964

R1 0.0379

Weights a, b 0.0402 ; 0.2099
GoF 1.028

difference peak / hole (e %

0.340(0.055) / -0.350(0.055)
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Table 2. Atomic Coordinates (A x 10"4) and equival ent isotropic Tabl e 3. Bond | engths (A) and angles (deg) for pa069
di spl acenent paraneters (A2 x 1073) for pa069
S(1)-C(2) 1.741(2) P(1)-N(1) 1.631(1)
----------------------------------------------------------------- P(1)-C(1) 1.797(1) P(1)-C(7) 1.799(1)
atom X y z U(eq) P(1)-C(17) 1.809(2) N(1)-C(13) 1.502(2)
----------------------------------------------------------------- Cc(1)-C(6) 1. 402(2) c(1)-C(2) 1.428(2)
S(1) 2019(1) 4073(1) -2994(1) 23(1) c(2)-C(3) 1.412(2) C(3)-C(4) 1.372(2)
P( 1) 1923( 1) 5253(1) -1341(1) 18( 1) c(4) - C(5) 1.389(2) C(5) - C(6) 1.381(2)
N( 1) 454(1) 5271(1) -1999( 1) 19(1) Cc(7)-C(12) 1.393(2) c(7)-(8) 1. 405( 2)
(1) 3131(1) 5776(1) -1775(1) 19( 1) c(8)-C(9) 1.387(2) C(9) - C(10) 1.380(2)
c(2) 3151(1) 5240(2) -2470(1) 19(1) C(10) - ¢(11) 1.390(2) C(11) - ¢(12) 1.385(2)
(3) 4183(1) 5720(2) -2730(1) 23(1) C(13) - C(14) 1.526(2) C(13) - C( 16) 1.530(2)
C(4) 5095( 2) 6661(2) -2358(1) 27(1) C(13) - C( 15) 1.532(2) C(17)-C(22) 1.393(2)
C(5) 5049( 2) 7182(2) -1688(1) 29(1) C(17) - C(18) 1.399(2) C(18) - C(19) 1.384(2)
c(6) 4074(2) 6733(2) -1401(1) 25(1) C(19) - ¢( 20) 1.386(2) C(20) - C(21) 1.382(2)
c(7) 1898( 1) 6432( 2) -636(1) 20( 1) C(21)-C(22) 1.385(2)
c(8) 2729(2) 6289( 2) 111(1) 24(1)
c(9) 2718(2) 7250( 2) 629(1) 27(1)
C(10) 1906( 2) 8346(2) 418(1) 28(1) N(1)-P(1)-C(1) 106.02(6)  N(1)-P(1)-C(7) 108. 63(6)
c(11) 1098( 2) 8504( 2) -324(1) 27(1) c(1)-P(1)-C(7) 108.84(7)  N(1)-P(1)-C(17) 118. 04( 6)
c(12) 1104( 1) 7555(2) -847(1) 23(1) C(1)-P(1)-C(17) 108.56(6) C(7)-P(1)-C(17) 106. 51( 6)
C(13) 912(1) 4768( 2) -2027(1) 21(1) C(13)-N(1) - P(1) 132.2(1) Cc(6)-C(1)-C(2) 120. 7(1)
C(14) 1347(2) 5351(2) -1397(1) 26(1) C(6)-C(1)-P(1) 117.3(1) C(2)-C(1)-P(1) 122.0(1)
C(15) 1865( 2) 5258( 2) -2781(1) 30(1) Q(3)-C(2)-C(1) 115.5(1) C(3)-C(2)-S(1) 119.5(1)
C(16) 933(2) 3266(2) -2005(1) 27(1) C(1)-C(2)-5(1) 125.0( 1) c(4)-C(3)-C(2) 123.0(1)
c(17) 2499(1) 3720(2) -858(1) 20(1) C(3)-C(4)-C(5) 120.6(1) C(6) - C(5)-C(4) 118.8(1)
C(18) 1899( 2) 3203(2) -357(1) 25(1) C(5)-C(6)-C(1) 121.3(1) C(12)-C(7) - C(8) 119.2(1)
c(19) 2319(2) 2008( 2) -9(1) 29(1) C(12)-C(7)-P(1) 119. 1(1) C(8)-C(7)-P(1) 121.5(1)
C(20) 3345(2) 1319(2) -159(1) 30(1) C(9)-C(8)-C(7) 119.5(1) C(10) - ¢(9) - C(8) 120.8(1)
c(21) 3956( 2) 1828(2) -646(1) 29(1) C(9) - C(10) - C(11) 120.0( 1) C(12)-C(11) - C(10) 119. 8(2)
c(22) 3539(1) 3023(2) -995(1) 24(1) C(11)-C(12)-C(7) 120.6(1) N(1)-C(13)-C(14) 111.2(1)
----------------------------------------------------------------- N(1)-C(13)-C(16) 111.2(1) C(14)-C(13)-C(16) 110.9(1)
U(eq) is defined as 1/3 the trace of the U tensor. N(1)-C(13)-C(15) 104. 1(1) C(14)-C(13)-C(15) 109. 2(1)
C(16) - C(13) - C(15) 109.9( 1) C(22)-C(17) - C(18) 119.0(1)
C(22)-C(17)-P(1) 119. 8(1) C(18)-C(17)-P(1) 121.2(1)
C(19)-C(18)-C(17) 120. 6(1) C(18)-C(19) - C(20) 119.7(1)
C(21) - ¢( 20) - C(19) 120. 2(2) C(20) - ¢( 21) - C( 22) 120. 4( 2)
C(21)-¢(22)-C(17) 120.2(1)
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Tabl e 4. Anisotropic displacement paraneters (A*2 x 1073) for pa069 Table 5. Hydrogen Coordinates (A x 1074) and equival ent isotropic
di spl acenent paraneters (A2 x 1073) for pa069

atom Ull u22 u33 uz23 u13 UL2 e e e
--------------------------------------------------------------------------- at om X y z U(eq)
S(1)  25(1) 25(1) 23(1) 5(1) 11(1) 77 e
P(1)  20(1) 18(1) 17(1) 0(1) 8(1) 1(1) H( 1N) 643 -4995 2398 23

N(1)  20(1) 23(1) 17(1) 1(1) 9(1) 1(1) H( 3) 4249 -5375 3184 28

c(1)  19(1) 20( 1) 19(1) -2(1) 7(1) -1(1) H( 4) 5763 - 6958 2561 33

c(2) 20(1) 20(1) 19(1) -3(1) 6(1) -3(1) H( 5) 5678 -7835 1432 35

c(3)  22(1) 29(1) 21(1) -3(1) 10( 1) -3(1) H( 6) 4040 -7079 941 30

c(4)  22(1) 34(1) 29(1) -5(1) 12(1) 2(1) H( 8) 3294 -5540 261 29

c(5)  25(1) 31(1) 29(1) 1(1) 8(1) 9(1) H( 9) 3277 -7154 1135 32

c(6)  27(1) 29(1) 21(1) 2(1) 9(1) 4(1) H( 10) 1898 -8992 779 33

o7y 22(1) 20(1) 19(1) 1(1) 9(1) 3(1) H(11) 543 -9261 471 32

c(8)  28(1) 24(1) 21(1) 0(1) 9( 1) 1(1) H( 12) 561 -7671 1 28

c(9)  33(1) 30(1) 19(1) 4(1) 10( 1) 8(1) H(14A)  -1350 6311 1430. 9999 39

Cc(10) 34(1) 26(1) 28(1) 9(1) 17(1) 8(1) H( 14B) 2258 5040 -1444 39

c(11) 28(1) 22(1) 33(1) 4(1) 13(1) 1(1) H(14C)  -713 -5075 -913. 0001 39

c(12) 26(1) 21(1) 23(1) 0(1) 10( 1) 2(1) H(15A) - 1562. 0001 -4921 -3185 44

C(13) 19(1) 23(1) 23(1) 2(1) 9(1) 3(1) H(15B) -2785 - 4947 -2851. 0002 44

c(14) 26(1) 26(1) 30(1) 4(1) 15(1) 4(1) H(15C)  -1857 -6221 -2788 44

Cc(15) 23(1) 37(1) 27(1) 0(1) 6(1) -1(1) H(16A)  -384.0000 -2961 -1507 41

C(16) 30(1) 25(1) 29(1) 5(1) 13(1) 6(1) H( 16B) -1866 -2961 -2115 41

c(17) 21(1) 20(1) 17(1) 0(1) 4(1) 1(1) H(16C)  -562 -2913. 9998 -2380 41

c(18) 27(1) 26(1) 24(1) -2(1) 11(1) 0(1) H( 18) 1196 -3675 -254 30

Cc(19) 31(1) 30(1) 26(1) -7(1) 8(1) 4(1) H( 19) 1907 -1662 330 35

Cc(20) 30(1) 24(1) 30(1) -8(1) 1(1) 0(1) H( 20) 3629 -494. 0000 74 36

c(21) 28(1) 26(1) 32(1) -3(1) 8(1) -6(1) H(21) 4665 -1356 -741. 9999 34

Cc(22) 25(1) 24(1) 22(1) -1(1) 8(1) -1(1) H(22) 3964 -3368 -1329 29

The ani sotropic di spl acement factor exponent takes the form
2 pi~2 [hh2a*72U(11) +...+ 2hka*b*U(12)]
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Complex 3a’

Table 1. Crystal data for pa074

Compound
Molecular formula
Molecular weight
Crystal habit
Crystal dimensions(mm)
Crystal system
Space group

a(A)

b(A)

c(R)

a(’)

B(°)

y(°)

V(A®)

z

d(g-cni®)

F(000)

u(em)

Absorption corrections
Diffractometer

X-ray source

MA)

Monochromator

T (K)

Scan mode
Maximum®

HKL ranges
Reflections measured
Unique data

Rint

Reflections used
Criterion

Refinement type
Hydrogen atoms
Parameters refined
Reflections / parameter
wR2

R1

Weights a, b

GoF

difference peak / hole (e’ %

pa074
2(%HggBrNP2PdS),CHC|2
855.49
orange plate
0.22x0.20x0.12
triclinic
P-1
9.798(1)
9.884(1)
20.216(1)
87.730(1)
83.800(1)
72.090(1)
1852.0(3)
2
1.534
866
1.825
multi-scan ; 0.6896 min81@7 max
KappaCCD
Mok
0.71073
graphite
150.0(1)
phi and omega scans
30.02
-1313;-1213;-28 27
23799
10763
0.0199
9318
I > 1)
Fsqd
mixed
445
20
0.1442
0.0456
0.0790 ; 4.4523
1.033
1.076(0.131) / -2.924(0.131)
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Appendix 1. Crystallographic data

At omi ¢ Coordinates (A x 1074) and equival ent isotropic
di spl acenent paraneters (A2 x 1073) for pa074

——

P(

1518( 1)
3427(1)
32(1)
-1134(1)
2722(1)
543( 3)
-2269(4)
1302( 6)
- 4597(4)
-3978(4)
- 2552( 4)
-1669( 3)
-1270( 4)
- 2535(5)
-2657(6)
- 1531(6)
- 255(5)
-130(4)
-1971(4
-1720(

y z U(eq)
1604( 1) 2415(1) 17(1)
346(1) 2886( 1) 38(1)
3508( 1) 1904( 1) 25(1)
2435(1) 3430(1) 19(1)
784(1) 1418(1) 17(1)
2333(3) 3374(1) 21(1)
3805(3) 2936(2) 23(1)
2795(5) 4454(2) 45(1)
5551(4) 2788(2) 33(1)
6095( 4) 2235(2) 30(1)
5466( 3) 2013(2) 25(1)
4277(3) 2340(2) 21(1)
761(4) 3168(2) 22(1)
673(5) 2948( 2) 40( 1)
635(6) 2801(3) 57(1)
1854( 5) 2866( 3) 55(1)
1785( 4) 3082(2) 42(1)
483(4) 3240(2) 28(1)
2628(4) 4285(2) 25(1)
1404( 4) 4677(2) 33(1)
1491(5) 5348(2) 45(1)
2786( 6) 5633(2) 49(1)
4011(5) 5251(2) 41(1)
3946( 4) 4578(2) 32(1)
3296(4) 3735(2) 27(1)
3217(7) 3399(3) 64(2)
4420(4) 3134(2) 29(1)
4841(5) 3725(3) 53(1)
1056( 3) 1372(2) 21(1)
50( 4) 1158(2) 28(1)
386(5) 1136(2) 38(1)
1729(5) 1321(2) 37(1)
2737(4) 1538(2) 31(1)
2398( 4) 1569( 2) 24(1)
1694( 3) 676(1) 19(1)
1446( 4) 491(2) 25(1)
2179(4) 40( 2) 30(1)
3188(4) 389(2) 31(1)
3428(4) 213(2) 31(1)
2686( 4) 318(2) 25(1)
1063(3) 1221(2) 21(1)
1637( 4) 613(2) 27(1)
3037(4) 455( 2) 33(1)
3840( 4) 893(2) 36(1)
3268(4) 1479(2) 35(1)
1870( 4) 1652( 2) 27(1)
2179(5) 5717(2) 90(1)
60( 6) 4719(2) 84(1)
430( 20) 5560( 7) 72(4)

Q000000000 NNNNNNANANANNNNANNANNNNANNANNNNANNZT
PR RWWWWWWRWWRNRNNNNNNNNNRERRRRER R PR ORNOUAWNE RN
ENROORIDNREORNROORNIDIEWNROCORONDUE RN R OIS ST s b

NP A A AN RS NSNS A N AN N N N Nt N N N A NN N Nt N N N N N N NN

U(eq) is defined as 1/3 the trace of the Uj tensor.
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Tabl e 4. Anisotropic displacenent paraneters (A*2 x 1073) for pa074 Table 5. Hydrogen Coordinates (A x 1074) and equival ent isotropic
di spl acenent paraneters (A2 x 1073) for pa074

atom Ull u22 u33 uz23 u13 UL2 e e oo
--------------------------------------------------------------------------- at om X y z U(eq)
Pd(1) 16(1) 18(1) 15(1) -1(1) 0(1) T 675 g
Br(1) 31(1) 45(1) 33(1) 4(1) -4(1) -3(1) H(2A) 345 2922 4692 68
S(1)°  27(1) 22(1) 20( 1) 4(1) 5(1) -1(1) H( 2B) 1796 3353 4671 68
P(1)  18(1) 23(1) 15(1) 0(1) 1(1) -5(1) H( 2C) 1866 1788 4462 68
P(2) 16(1) 17(1) 17(1) -2(1) 1(1) -5(1) H( 3) 5594 5948 2930 39
N(1)  20(1) 27(1) 17(1) -6(1) 2(1) -9(1) H( 4) 4538 6901 2008 36
(1) 23(2) 23(1) 19(1) 0(1) -2(1) -2(1) H( 5) 2147 5841 1627 30
c(2) 62(3) 48(2) 36(2) 2(2) -22(2) -26(2) H( 8) 3314 1513 2897 47
c(3) 26(2) 34(2) 27(2) -7(1) -3(1) 6(1) H( 9) 3527 -692 2655 69
c(4)  32(2) 23(2) 30(2) -2(1) -9(1) 1(1) H( 10) -1624. 0001 -2748 2761 66
c(5)  31(2) 20(1) 23(2) 1(1) -4(1) -4(1) H(11) 527 -2628 3122 50
c(6)  24(2) 17(1) 19(1) -2(1) -1(1) -3(1) H(12) 732 -433 3398 33
(7))  25(2) 26(2) 19(1) 3(1) -4(1) -12(1) H( 14) 1210 506 4484 39
c(8)  37(2) 39(2) 50(2) 14(2) -21(2) -18(2) H( 15) 2023 652 5613 54
c(9) 60(3) 57(3) 76(4) 17(3) -40( 3) -40( 3) H( 16) 3305 2834 6093 58
C(10) 72(4) 39(2) 69(3) 5(2) -23(3) -34(2) H(17) 3765 4901 5448 49
Cc(11) 48(2) 28(2) 53(3) 5(2) -6(2) -18(2) H( 18) 2931 4791 4317 38
c(12) 26(2) 26(2) 32(2) 2(1) -1(1) -11(1) H(20A) 3210 2219 3345 96
C(13) 20(1) 35(2) 18(1) 1(1) 1(1) -5(1) H( 20B) 3094 3703 3673 96
Cc(14) 38(2) 36(2) 20(2) 5(1) 1(1) -8(2) H(20C) 2531 3679 2961 96
C(15) 56(3) 52(3) 21(2) 9(2) 4(2) -13(2) H(21) 4173 4052 3516 35
C(16) 53(3) 66(3) 19(2) 0(2) 7(2) -10(2) H( 22A) 13 5123 3268 79
c(17) 38(2) 48(2) 27(2) -11(2) 4(2) -2(2) H(22B) 713 5447 3890 79
C(18) 30(2) 36(2) 23(2) -3(1) 1(1) -1(1) H(22C) -701 4946 4009 79
Cc(19) 31(2) 31(2) 24(2) -7(1) 0(1) -15(1) H( 24) 5802 -866 1027 34
C(20) 50(3) 107(5) 56(3) -46(3) 20(2) -56(3) H( 25) 7957 308 995 46
C(21) 25(2) 35(2) 21(2) -1(1) 0(1) -1(1 H( 26) 7946 1956 1298 45
C(22) 68(3) 26(2) 71(3) -3(2) -23(3) -20(2) H(27) 5759 3656 1665 37
c(23) 17(1) 24(1) 21(1) -3(1) 0(1) -7(1) H( 28) 3612 3082 1726 29
C(24) 22(2) 30(2) 31(2) -9(1) 2(1) -5(1) H( 30) 341 768 730 30
C(25) 19(2) 49(2) 45(2) -15(2) 4(1) -7(2) H( 31) - 802 1993 166 36
C(26) 25(2) 55(2) 38(2) -12(2) 4(1) -22(2) H(32) 77 3705 747 38
c(27) 31(2) 38(2) 29(2) -5(1) 0(1) -20(2) H( 33) 2153 4105 454 37
Cc(28) 21(2) 26(2) 26(2) -5(1) 2(1) -9(1) H( 34) 3328 2858 435 30
Cc(29) 19(1) 19(1) 17(1) -3(1) 0(1) -4(1) H( 36) 4091 -1076 308 32
C(30) 20(2) 29(2) 25(2) 1(1) -1(1) -7(1) H(37) 4330 -3439 48 39
C(31) 23(2) 37(2) 29(2) -1(1) -7(1) -5(1) H( 38) 3282 -4795 787 43
C(32) 34(2) 30(2) 24(2) 4(1) -7(1) -1(1) H( 39) 1980 -3824 1770 41
C(33) 43(2) 29(2) 23(2) 6(1) -5(1) -12(2) H( 40) 1769 -1478 2059 32
C(34) 31(2) 25(2) 22(1) 0(1) -2(1) -11(1) H( 41A) 3959 -129 5698 86
C(35) 22(1) 17(1) 23(1) -1(1) -3(1) -5(1) H(41B) 5445 108 5836 86
C(36) 27(2) 25(2) 28(2) -6(1) 1(1) -7(1)
C(37) 32(2) 27(2) 38(2) -14(2) -4(2) -4(1)
C(38) 43(2) 20(2) 46( 2) -3(1) -18(2) -7(2)
C(39) 46(2) 23(2) 39(2) 7(1) -13(2) -16(2)
C(40) 32(2) 25(2) 26(2) 2(1) 5(1) -13(1)
a(1) 78(2) 91(3) 80( 2) 15(2) 22(2) 6(2)
a(2) 67(2) 123(4) 73(2) -17(2) 16(2) -38(2)
C(41) 90(10) 90( 10) 53(8) 12(7) 22(7) -60(10)

The ani sotropic displacement factor exponent takes the form
2 pi "2 [hh2a*~2U(11) +...+ 2hka*b*U(12)]
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Complex 14
Table 1. Crystal data for pa321

Compound pa321

Molecular formula GeH34CL.CON2P,S;
Molecular weight 833.49

Crystal habit Green Block
Crystal dimensions(mm) 0.20x0.10x0.08
Crystal system monoclinic
Space group Rz

a(h) 9.002(1)

b(A) 17.784(1)

c(A) 12.158(1)

a(®) 90.00

B() 113.901(2)

v(°) 90.00

V(A?) 1779.5(3)

z 2

d(g-cnm®) 1.556

F(000) 852

p(cm™) 1.321

Absorption corrections multi-scan ; 0.7780 min90d17 max
Diffractometer KappaCCD

X-ray source Mok

MA) 0.71069
Monochromator graphite

T (K) 150.0(1)

Scan mode phi and omega scans
Maximum® 30.03

HKL ranges -1212;-2522;-17 17
Reflections measured 15358

Unique data 5174

Rint 0.0338
Reflections used 4305

Criterion | > 1)
Refinement type Fsqd

Hydrogen atoms constr
Parameters refined 217

Reflections / parameter 19

wR2 0.1050

R1 0.0452

Weights a, b 0.0362 ; 3.8823
GoF 1.066

difference peak / hole (e 3 1.082(0.094) / -0.639(0.094)

Appendix 1. Crystallographic data

Table 2. Atomic Coordinates (A x 10"4) and equival ent isotropic
di spl acenent paraneters (A2 x 1073) for pa321

at om X y z U(eq)
Co(1) 4924(1) -4499(1) 4054(1) 20(1)
a (1) 6161(1) -4733(1) 2811(1) 26(1)
S(1) 3153(1) -5505(1) 3944(1) 21(1)
P(1) 1442(1) -4012(1) 3464(1) 18(1)
N( 1) 3303(2) -3728(1) 3981(2) 19(1)
(1) 1448( 3) -4967(2) 3984(2) 23(1)
c(2) 219(3) -3472(2) 4032( 2) 21(1)
C(3) 593(3) -3508(2) 5267(2) 26(1)
C(4) 368(4) -3133(2) 5737(3) 31(1)
C(5) 1691(4) -2713(2) 4981(3) 33(1)
C( 6) 2036(4) -2656(2) 3774(3) 32(1)
c(7) 1092( 3) -3037(2) 3286(2) 25(1)
C(8) 465( 3) -4044(2) 1846( 2) 21(1)
(9) 1134(3) -4298(2) 1261(3) 27(1)
C(10) 1830(4) -4347(2) 7(3) 32(1)
C(11) 959( 4) -4130(2) 646(3) 32(1)
C(12) 628(4) 3879(2) 71(2) 30(1)
C(13) 1344( 3) 3842(2) 1175(2) 23(1)
C(14) 3700( 3) 2952(2) 4274(2) 19(1)
C(15) 3459( 4) 2407(2) 3393(3) 27(1)
C(16) 3884(4) 1662( 2) 3711(3) 33(1)
C(17) 4538( 4) 1451(2) 4910( 3) 31(1)
C(18) 4779(3) 1987(2) 5789( 3) 29(1)
C(19) 4370(3) 2733(2) 5479(2) 25(1)

U(eq) is defined as 1/3 the trace of the Uj tensor.
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Appendix 1. Crystallographic data

119.8

C(14) - O( 19) - H( 19)

119.8

C(18) - C(19) - H( 19)

Tabl e 3. Bond | engths (A) and angles (deg) for pa321
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Tabl e 4. Anisotropic displacenent paraneters (A*2 x 1073) for pa321 Table 5. Hydrogen Coordinates (A x 1074) and equival ent isotropic
di spl acenent paraneters (A2 x 1073) for pa321
atom Ull u22 u33 uz23 u13 UL2 e e e
--------------------------------------------------------------------------- at om X y z U(eq)
Co(1) 19(1) 20(1) 20(1) 1(1) 7(1) () el
a(1) 32(1) 28(1) 25(1) 2(1) 19(1) 2(1) H( 1A) 416 -5217. 0005 3470 28
S(1)°  21(1) 19(1) 21(1) -1(1) 5(1) 0( 1) H( 1B) 1517 - 4957 4818 28
P(1)  17(1) 19(1) 17(1) 0(1) 6(1) 0(1) H( 3) 1506 -3790 5783 31
N(1)  17(1) 19( 1) 20(1) -1(1) 6(1) 0(1) H( 4) -124 -3162 6572 37
c(1)  19(1) 22(1) 28(1) 4(1) 7(1) 0(1) H( 5) -2363 - 2464 5301 39
c(2) 18(1) 21(1) 24(1) -2(1) 9(1) -2(1) H( 6) -2922 -2354 3270 39
C(3) 28(1) 25(1) 26(1) 1(1) 13(1) 1(1) H(7) -1339 -3001 2450 30
c(4)  39(2) 31(2) 29(1) -6(1) 21(1) -6(1) H( 9) -1741 -4437 1711 32
c(5)  31(1) 30(2) 44(2) -13(1) 22(1) -4(1) H( 10) -2908 -4530 -397 38
c(6)  25(1) 30(2) 37(2) -8(1) 8(1) 5(1) H(11) -1452 -4153 -1500 38
c(7)  25(1) 24(1) 24(1) -3(1) 8(1) 2(1) H(12) 1222 -3732.9998 -528 36
c(8)  20(1) 20(1) 18( 1) -2(1) 5(1) 2(1) H( 13) 2438 -3678 1573 28
c9)  22(1) 28(1) 27(1) -5(1) 7(1) 2(1) H( 15) 2999 - 2546 2568 33
C(10) 23(1) 34(2) 30( 1) -9(1) 1(1) 5(1) H( 16) 3726 -1297 3104 39
C(11) 36(2) 33(2) 20(1) -4(1) 4(1) 9(1) H(17) 4820 -939. 9999 5126 37
Cc(12) 36(2) 34(2) 21(1) 0(1) 11(1) 8(1) H( 18) 5228 -1843 6612 35
C(13) 25(1) 23(1) 21(1) -2(1) 9(1) 1(1) H(19) 4548 -3097 6091 30
C(14) 16(1) 18(1) 22(1) -1(1) 7(1) 1(1)
Cc(15) 35(1) 22(1) 24(1) -2(1) 11(1) -2(1)
Cc(16) 42(2) 21(1) 37(2) 2(1) 18(1) -4(1)
c(17) 27(1) 23(1) 45(2) -10(1) 17(1) -6(1)
c(18) 21(1) 32(2) 30( 1) -12(1) 7(1) -1(1)
c(19) 22(1) 27(1) 23(1) -2(1) 6(1) 0(1)

The ani sotropi c di spl acement factor exponent takes the form
2 pi "2 [hh2a*72U(11) +...+ 2hka*b*U(12)]
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Complex 15

Table 1. Crystal data for pal63

Compound
Molecular formula
Molecular weight
Crystal habit
Crystal dimensions(mm)
Crystal system
Space group

a(A)

b(A)

c(R)

a(’)

B(°)

¥(°)

V(A?)

z

d(g-cni®)

F(000)

u(em)

Absorption corrections
Diffractometer

X-ray source

MA)

Monochromator

T (K)

Scan mode
Maximum®

HKL ranges
Reflections measured
Unique data

Rint

Reflections used
Criterion

Refinement type
Hydrogen atoms
Parameters refined
Reflections / parameter
wR2

R1

Weights a, b

GoF

difference peak / hole (e’ %

pal63
GH290NPROS
533.45
Yellow Block
0.16x0.12x0.08
monoclinic
Rz
15.329(1)
10.354(1)
15.839(1)
90.00
112.885(1)
90.00
2316.0(3)
4
1.530
1096
0.912
multi-scan ; 0.8678 min93M6 max
KappaCCD
Mok
0.71069
graphite
150.0(2)
phi and omega scans
27.48
-1914;-1312;-2020
14478
5290
0.0453
3973
1 > 2l)
Fsqd
constr
280
14
0.1087
0.0407
0.0583 ; 0.0000
1.040
1.213(0.101) / -0.831(0.101)
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Table 2. Atomic Coordinates (A x 10%4) and equival ent isotropic
di spl acenent paraneters (A2 x 107"3) for pal63

at om X y z U(eq)
Rh( 1) 3075(1) -350(1) 6884(1) 24(1)
S(1) 2803(1) -1963(1) 5786(1) 31(1)
P(1) 2055(1) 412(1) 4803( 1) 24(1)
N( 1) 2235(2) 905(2) 5823( 2) 24(1)
(1) 1862(2) -1292(3) 4779(2) 29(1)
(2) 1978(2) 2214(3) 5911(2) 26(1)
C(3) 1252(2) 2469( 3) 6198(2) 36(1)
C(4) 937(3) 3716(4) 6230( 2) 47(1)
C(5) 1367(3) 4741(3) 5986( 3) 46(1)
Q(6) 2102(3) 4519( 3) 5717(2) 41(1)
c(7) 2410( 2) 3259( 3) 5682(2) 32(1)
C(8) 1025(2) 1217(3) 3981(2) 27(1)
c(9) 129(2) 829(4) 3903(2) 35(1)
C(10) -665(2) 1506( 4) 3364(2) 42(1)
C(11) -567(2) 2602(4) 2902(2) 41(1)
C(12) 306(3) 3001(4) 2972(2) 42(1)
C(13) 1113(2) 2303(3) 3512(2) 34(1)
C(14) 3010( 2) 688(3) 4425(2) 27(1)
C(15) 2893(2) 348(3) 3532(2) 33(1)
C(16) 3623(3) 525(3) 3237(2) 37(1)
c(17) 4470(2) 1051( 4) 3826(2) 40(1)
C(18) 4593(2) 1389(3) 4707(2) 37(1)
C(19) 3870(2) 1199( 3) 5014(2) 32(1)
C(20) 3141(2) 939(3) 7977(2) 32(1)
C(21) 3888(2) 1169(3) 7716(2) 31(1)
C(22) 4906( 2) 702(4) 8227(2) 41(1)
Q(23) 4966( 2) 705(4) 8495(2) 39(1)
C(24) 4168(2) 1502( 3) 7838(2) 32(1)
C(25) 3313(2) -1761(3) 7935(2) 29(1)
C(26) 3034(2) -1212(4) 8678(2) 41(1)
Cc(27) 3237(3) 225(4) 8842(2) 42(1)

U(eq) is defined as 1/3 the trace of the Uj tensor.
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Appendix 1. Crystallographic data
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Tabl e 4. Anisotropic displacement paraneters (A*2 x 1073) for pal63 Table 5. Hydrogen Coordinates (A x 1074) and equival ent isotropic
di spl acenent paraneters (A2 x 1073) for pal63

atom Ull u22 u33 uz23 u13 UL2 e e e
--------------------------------------------------------------------------- at om X y z U(eq)
Rh(1) 27(1) 20(1) 24(1) 2(1) 10( 1) (5 oo
S(1)  40(1) 21(1) 31(1) -1(1) 11(1) 3(1) H( 1A) 1882 1672 4213 35
P(1)  25(1) 21(1) 24(1) 0(1) 9(1) 1(1) H( 1B) 1235 1480 4797 35
N(1)  28(1) 18(1) 27(1) 0(1) 11(1) 1(1) H( 3) 960 1771 6379 43
(1)  32(2) 23(2) 30(2) 0(1) 9(1) 0(1) H( 4) 428 3865 6418 56
c2) 27(2) 25(2) 21(1) 0(1) 5(1) 1(1) H( 5) 1154 5598 6005 55
c(3)  40(2) 29(2) 45(2) -2(2) 22(2) 0(2) H( 6) 2402 5223 5553 50
Cc(4) 52(2) 46(2) 47(2) -2(2) 25(2) 15(2) H( 7) 2924 3115 5500 39
c(5)  72(3) 23(2) 44(2) -3(2) 25(2) 13(2) H( 9) 64 87 4227 42
c(6)  69(3) 20(2) 36(2) 3(2) 20(2) 1(2) H( 10) -1275 1226 3308 50
c(7) 42(2) 25(2) 32(2) 0(2) 15(1) 2(2) H(11) 1113 3076 2533 49
c(8)  31(2) 29(2) 22(1) -1(1) 11(1) 1(1) H(12) 367 3752 2655 50
c(9)  33(2) 37(2) 33(2) 4(2) 12(1) 2(2) H( 13) 1720 2575 3556 40
C(10) 27(2) 59(3) 38(2) 3(2) 11(2) 2(2) H( 15) 2308 6. 0000 3125 40
Cc(11) 34(2) 54(2) 31(2) -1(2) 7(1) 17(2) H( 16) 3543 286 2632 45
C(12) 51(2) 40( 2) 35(2) 6(2) 17(2) 5(2) H(17) 4970 1180 3623 48
Cc(13) 31(2) 33(2) 37(2) 5(2) 14(1) 2(2) H( 18) 5176 1755 5105 44
C(14) 30(2) 24(2) 29(2) 1(1) 13(1) 2(1) H(19) 3963 1417 5626 39
C(15) 36(2) 28(2) 35(2) 2(1) 15(2) 4(2) H( 20) 2532 1247 7592 39
C(16) 50(2) 33(2) 36(2) 8(2) 26(2) 10( 2) H(21) 3759 1658 7173 38
c(17) 38(2) 34(2) 57(2) 17(2) 29(2) 11(2) H(22A) 5265 837 7834 49
C(18) 30(2) 30(2) 51(2) 7(2) 15(2) 1(2) H(22B) 5208 1230 8787 49
Cc(19) 33(2) 29(2) 34(2) 2(2) 12(1) 4(2) H(23A) 5576 1062 8523 a7
C(20) 40(2) 31(2) 23(1) -5(1) 10( 1) 4(2) H(23B) 4958 774 9116 47
Cc(21) 36(2) 26(2) 27(2) -3(1) 7(1) 2(2) H( 24) 4250 1856 7320 38
C(22) 35(2) 37(2) 44(2) -2(2) 7(2) 4(2) H( 25) 2877 2323 7501 35
C(23) 34(2) 41(2) 37(2) 4(2) 7(2) 6(2) H( 26A) 3380 1683 9256 49
C(24) 36(2) 29(2) 29(2) 7(1) 10( 1) 10(2) H( 26B) 2349 1361 8509 49
C(25) 32(2) 26(2) 27(2) 7(1) 10( 1) 2(1) H(27A) 2791 602 9090 50
C(26) 43(2) 49(2) 33(2) 10(2) 17(2) 3(2) H(27B) 3887 342 9306 50
C(27) 50(2) 47(2) 32(2) 1(2) 20(2) 8(2)

The ani sotropi c di spl acement factor exponent takes the form
2 pi "2 [hh2a*72U(11) +...+ 2hka*b*U(12)]
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Complex 17

Table 1. Crystal data for pal36

Compound
Molecular formula
Molecular weight
Crystal habit
Crystal dimensions(mm)
Crystal system
Space group

a(A)

b(A)

c(R)

a(’)

B(°)

¥(°)

V(A?)

z

d(g-cni®)

F(000)

u(em)

Absorption corrections
Diffractometer

X-ray source

MA)

Monochromator

T (K)

Scan mode
Maximum®

HKL ranges
Reflections measured
Unique data

Rint

Reflections used
Criterion

Refinement type
Hydrogen atoms
Parameters refined
Reflections / parameter
wR2

R1

Weights a, b

GoF

difference peak / hole (e’ %

pal36
67H32C|NP2PdS
726.49
Orange Block
0.14x0.12x0.10
monoclinic
Rz
9.612(1)
16.430(1)
21.208(1)
90.00
102.9220(10)
90.00
3264.5(4)
4
1.478
1480
0.840
multi-scan ; 0.8915 min92M7 max
KappaCCD
Mok
0.71069
graphite
150.0(1)
phi and omega scans
27.47
-912;-2119;-27 27
23979
7391
0.0449
4991
I > 1)
Fsqd
constr
388
12
0.0970
0.0405
0.0465 ; 0.0000
0.956
0.938(0.090) / -0.626(0.090)
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Table 2. Atomic Coordinates (A x 10"4) and equival ent isotropic
di spl acenent paraneters (A2 x 1073) for pal36

at om X y z U(eq)
Pd( 1) 8406( 1) 1829(1) 4144(1) 23(1)
a(1) 8917(1) 2153(1) 3122(1) 21(1)
S(1) 7289(1) 1681(1) 4983(1) 33(1)
P( 3) 6208(1) 453(1) 3970(1) 26(1)
P(4) 9152(1) 3078(1) 4509( 1) 22(1)
N( 1) 7755(3) 643(1) 3847(1) 26(1)
C(1) 6323(4) 723(2) 4803( 2) 34(1)
c(2) 4779(3) 1044(2) 3490( 2) 28(1)
C(3) 3373(4) 926(2) 3543(2) 37(1)
c(4) 2280(4) 1371(2) 3170(2) 47(1)
C(5) 2590( 4) 1958( 2) 2754(2) 47(1)
C( 6) 3973(4) 2088( 2) 2706( 2) 40(1)
(7) 5079( 4) 1630( 2) 3061(2) 30(1)
Q(8) 5736(4) -611(2) 3867(2) 28(1)
(9) 6653(4) -1165(2) 4249(2) 41(1)
C(10) 6319(5) -1983(2) 4219(2) 54(1)
C(11) 5087(4) -2261(2) 3817(2) 49(1)
c(12) 4185(4) -1724(2) 3415(2) 37(1)
C(13) 4513(4) -902(2) 3449( 2) 32(1)
C(14) 8429( 3) 139(2) 3457(2) 27(1)
C(15) 7788(4) -81(2) 2832(2) 34(1)
C(16) 8472(5) -606(2) 2483(2) 47(1)
c(17) 9814( 5) -910(2) 2757(2) 47(1)
C(18) 10460( 4) -689(2) 3388(2) 47(1)
C(19) 9783(4) -175(2) 3735(2) 38(1)
C(20) 8831(3) 3349(2) 5299(2) 24(1)
C(21) 7981( 3) 4005(2) 5380( 2) 28(1)
C(22) 7725(4) 4178(2) 5987(2) 34(1)
C(23) 8308( 4) 3688(2) 6513( 2) 36(1)
C(24) 9141(4) 3036(2) 6433(2) 33(1)
C( 25) 9413( 3) 2860( 2) 5835( 2) 28(1)
C(26) 8209( 3) 3850( 2) 3962(2) 26(1)
c(27) 6752(4) 3750( 2) 3727(2) 32(1)
Q(28) 5968( 4) 4339(2) 3335(2) 43(1)
C(29) 6652(4) 5029( 2) 3168(2) 43(1)
C(30) 8097(4) 5120( 2) 3385(2) 41(1)
C(31) 8874(4) 4536(2) 3785(2) 32(1)
Q(32) 11054( 3) 3292(2) 4602( 2) 26(1)
Q(33) 11759( 4) 3836(2) 5073(2) 29(1)
C(34) 13194(4) 3995(2) 5144(2) 34(1)
C(35) 13959( 4) 3624(2) 4751(2) 43(1)
C(36) 13257(4) 3095( 3) 4278(2) 63(1)
C(37) 11821(4) 2928(2) 4208(2) 47(1)

U(eq) is defined as 1/3 the trace of the Uj tensor.
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Tabl e 4. Anisotropic displacement paraneters (A*2 x 1073) for pal36 Table 5. Hydrogen Coordinates (A x 1074) and equival ent isotropic
di spl acenent paraneters (A2 x 1073) for pal36

atom Ull u22 u33 uz23 u13 UL2 e e e
--------------------------------------------------------------------------- at om X y z U(eq)
Pd(1) 25(1) 23(1) 22(1) -1(1) 6(1) 15 O
a(1) 23(1) 23(1) 18(1) -3(1) 9(1) 5(1) H( 1A) 6825 288 5089 41
S(1)°  40(1) 37(1) 25( 1) -5(1) 13(1) 13(1) H( 1B) 5351 780 4883 41
P(3) 27(1) 24(1) 27(1) 1(1) 8(1) 3(1) H( 3) 3168 536 3840 45
P(4)  23(1) 23(1) 21(1) 0(1) 4(1) 2(1) H( 4) 1320 1276 3198 56
N(1)  26(2) 21(1) 33(2) -4(1) 8(1) 1(1 H( 5) 1842 2273 2500 57
(1) 37(2) 38(2) 29(2) 0(2) 10(2) 13(2) H( 6) 4172 2499 2424 48
C(2) 27(2) 25(2) 31(2) -7(1) 5(2) 0(1) H( 7) 6029 1712 3015 36
c(3) 30(2) 32(2) 52(2) -8(2) 15(2) 1(2) H( 9) 7506 -980 4530 50
Cc(4)  28(2) 44(2) 66(3) -12(2) 8(2) 3(2 H( 10) 6950 -2358 4479 65
c(5)  41(3) 40(2) 52(3) -9(2) 7(2) 12(2) H(11) 4851 -2823 3814 59
c(6)  47(3) 31(2) 37(2) 2(2) 1(2) 1(2) H(12) 3356 -1917 3121 44
7))  31(2) 28(2) 30(2) -2(2) 3(2) -5(2) H( 13) 3890 -530 3182 38
c(8)  28(2) 24(2) 34(2) 2(1) 13(2) -2(1) H( 15) 6871 128 2637 41
c(9) 33(2) 37(2) 50( 2) 7(2) -1(2) -3(2) H( 16) 8014 -757 2054 56
C(10) 48(3) 30(2) 77(3) 17(2) 2(2) 2(2) H(17) 10287 -1263. 0001 2518 56
C(11) 52(3) 25(2) 69(3) 4(2) 10(2) -5(2) H( 18) 11379 -895. 9999 3582 56
c(12) 27(2) 30(2) 53(2) -4(2) 10( 2) -7(2) H(19) 10237 -31 4165 46
C(13) 29(2) 28(2) 37(2) 1(2) 6(2) 0(2) H( 21) 7572 4339 5019 33
c(14) 29(2) 22(2) 34(2) 2(1) 12(2) -4(1) H(22) 7149 4631 6041 41
C(15) 41(2) 31(2) 32(2) 0(2) 12(2) 5(2) H( 23) 8132 3805 6926 44
C(16) 69(3) 38(2) 35(2) 1(2) 15(2) 3(2) H( 24) 9537 2701 6793 40
Cc(17) 60(3) 28(2) 61(3) -1(2) 34(2) 5(2) H( 25) 9995 2407 5786 34
Cc(18) 36(2) 37(2) 71(3) -3(2) 19(2) 6(2) H(27) 6291 3276 3836 38
Cc(19) 29(2) 37(2) 48( 2) -6(2) 7(2) 0(2) H( 28) 4968 4274 3180 51
C(20) 26(2) 24(2) 24(2) -3(1) 8(2) -7(1) H( 29) 6114 5437 2903 52
C(21) 31(2) 25(2) 26(2) -1(1) 4(2) 0(1) H( 30) 8564 5583 3261 49
C(22) 38(2) 32(2) 35(2) -6(2) 14(2) 1(2) H( 31) 9873 4605 3940 38
Cc(23) 47(2) 40(2) 24(2) -8(2) 12(2) -8(2) H( 33) 11243 4099 5349 35
C(24) 42(2) 34(2) 20(2) 4(2) 2(2) -6(2) H( 34) 13657 4365 5468 40
C(25) 28(2) 27(2) 28(2) -1(1) 2(2) -1(1) H( 35) 14950 3729 4802 52
C(26) 30(2) 26(2) 21(2) -1(1) 7(2) 0(1) H( 36) 13770 2843 3996 75
c(27) 30(2) 32(2) 32(2) 3(2) 2(2) -3(2) H(37) 11362 2557 3884 57
C(28) 41(2) 43(2) 40(2) 5(2) -2(2) 3(2)
C(29) 56(3) 39(2) 27(2) 6(2) -4(2) 8(2)
C(30) 57(3) 32(2) 31(2) 7(2) 3(2) -6(2)
C(31) 30(2) 32(2) 31(2) 2(2) 2(2) -5(2)
C(32) 25(2) 25(2) 28(2) 2(1) 7(2) -3(1)
C(33) 30(2) 23(2) 33(2) 0(1) 7(2) 0(1)
C(34) 30(2) 26(2) 40( 2) -1(2) -1(2) -6(2)
C(35) 25(2) 62(3) 42(2) -2(2) 7(2) -13(2)
C(36) 34(3) 111(4) 47(3) -32(3) 18(2) -15(2)
c(37) 27(2) 79(3) 38(2) -28(2) 11(2) -15(2)

The ani sotropi c di spl acement factor exponent takes the form
2 pi "2 [h”h2a*72U(11) +...+ 2hka*b*U(12)]
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Complex 18
Table 1. Crystal data for pall8

Compound pall8
Molecular formula GeHz4NLNIPLS,
Molecular weight 703.44

Crystal habit blue plate
Crystal dimensions(mm) 0.20x0.12x0.02
Crystal system monoclinic
Space group C2lc

a(A) 12.469(1)

b(A) 25.716(1)

c(A) 11.930(1)

a(®) 90.00

B(°) 121.135(1)

v(°) 90.00

V(A?) 3274.3(4)

z 4

d(g-cm®) 1.427

F(000) 1464

p(cm™) 0.849

Absorption corrections multi-scan ; 0.8485 min98R2 max
Diffractometer KappaCCD
X-ray source Mok

MA) 0.71069
Monochromator graphite

T (K) 150.0(1)

Scan mode phi and omega scans
Maximum® 27.46

HKL ranges -1216;-3330;-1515
Reflections measured 14046

Unique data 3756

Rint 0.0294
Reflections used 3025

Criterion | > 1)
Refinement type Fsqd

Hydrogen atoms constr
Parameters refined 204
Reflections / parameter 14

wR2 0.0689

R1 0.0283

Weights a, b 0.0263 ; 1.7209
GoF 1.039

difference peak / hole (&3  0.333(0.050) / -0.330(0.050)

Appendix 1. Crystallographic data

Table 2. Atomic Coordinates (A x 10"4) and equival ent isotropic
di spl acenent paraneters (A2 x 1073) for pall8

at om X y z U(eq)
Ni (1) 0 2014(1) 2500 20(1)
S(1) 1284(1) 2646(1) 2723(1) 23(1)
P(1) 2570(1) 1691(1) 3077(1) 20(1)
N( 1) 1340(1) 1497(1) 3075(1) 23(1)
(1) 2845(1) 2350(1) 3633(2) 24(1)
(2) 2381(2) 1685(1) 1472(2) 26(1)
C(3) 1425(2) 1395(1) 491(2) 40(1)
C(4) 1308( 2) 1367(1) 731(2) 60(1)
C(5) 2142(3) 1623( 1) -967(2) 57(1)
(6) 3098( 2) 1904(1) 5(2) 49(1)
c(7) 3228(2) 1939( 1) 1230( 2) 35(1)
C(8) 3905(1) 1286( 1) 4092(2) 21(1)
c(9) 4484(2) 1318(1) 5453( 2) 26(1)
C(10) 5453(2) 984(1) 6244(2) 29(1)
Q(11) 5855( 2) 616(1) 5696( 2) 31(1)
C(12) 5299( 2) 584(1) 4347(2) 30(1)
C(13) 4324(2) 917(1) 3543(2) 26(1)
C(14) 1423(1) 1055(1) 3836(2) 25(1)
C(15) 1464(2) 555(1) 3435(2) 43(1)
C(16) 1559( 2) 129(1) 4198(3) 61(1)
c(17) 1595( 2) 197(1) 5358( 3) 60(1)
C(18) 1553(2) 688(1) 5763(2) 53(1)
C(19) 1478(2) 1118(1) 5022(2) 36(1)

U(eq) is defined as 1/3 the trace of the Uj tensor.
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Appendix 1. Crystallographic data

Symmetry operators ::

Table 3. Bond |l engths (A) and angles (deg) for pall8
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Estimated standard devi ations are given in the parenthesis.
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Tabl e 4. Anisotropic displacement paraneters (A*2 x 1073) for pall8 Table 5. Hydrogen Coordinates (A x 1074) and equival ent isotropic
di spl acenent paraneters (A2 x 1073) for pall8
atom Ull u22 u33 uz23 u13 UL2 e e e
--------------------------------------------------------------------------- at om X y z U(eq)
Ni(1) 18(1) 20(1) 23(1) 0 12(1) o g
S(1)  22(1) 22(1) 26(1) 1(1) 14(1) 0(1) H( 1A) 3430 2523 3425 29
P(1)  19(1) 24(1) 21(1) -1(1) 12(1) 0(1) H( 1B) 3192 2369 4589 29
N(1)  20(1) 22(1) 31(1) 4(1) 15(1) 1(1) H( 3) 850 1216 649 48
c(1)  21(1) 25(1) 27(1) -1(1) 14(1) -2(1) H( 4) 647 1169 1409 72
c2)  27(1) 28(1) 24(1) 3(1) 15(1) 9(1) H( 5) 2050 1605 1808 68
c(3)  41(1) 45(1) 28(1) -3(1) 14(1) 3(1) H( 6) 3678 2077 157 59
c(4)  79(2) 59(2) 27(1) -7(1) 17(1) 10(1) H(7) 3894 2136 1904 42
c(5)  93(2) 55(2) 33(1) 12(1) 40(1) 33(1) H( 9) 4212 1570 5835 31
c(6) 67(2) 53(2) 52(1) 24(1) 49(1) 32(1) H( 10) 5845 1008 7169 35
7))  36(1) 42(1) 37(1) 10( 1) 25(1) 11(1) H(11) 6515 385 6246 37
c(8)  18(1) 23(1) 26(1) 1(1) 13(1) -1(1) H(12) 5583 334 3974 36
c(9)  23(1) 29(1) 27(1) -2(1) 14(1) 1(1) H( 13) 3941 895 2619 31
C(10) 26(1) 36(1) 25(1) 2(1) 13(1) 2(1) H( 15) 1427 501 2628 52
c(11) 25(1) 31(1) 34(1) 7(1) 14(1) 5(1) H( 16) 1599 -212 3914 73
Cc(12) 30(1) 28(1) 37(1) -1(1) 21(1) 4(1) H(17) 1648 -95 5873 71
c(13) 27(1) 28(1) 26(1) -2(1) 16( 1) 0(1) H( 18) 1575 737 6564 64
Cc(14) 16(1) 25(1) 34(1) 4(1) 13(1) 1(1) H(19) 1465 1456 5328 43
C(15) 51(1) 28(1) 70(2) 3(1) 46(1) 4(1)
Cc(16) 59(2) 27(1) 120( 2) 20(1) 63(2) 12(1)
c(17) 37(1) 57(2) 87(2) 46(2) 35(1) 16( 1)
c(18) 41(1) 73(2) 36(1) 25(1) 14(1) 1(1)
c(19) 32(1) 42(1) 28(1) 4(1) 11(1) -4(1)

The ani sotropic di spl acement factor exponent takes the form
2 pi "2 [hnh2a*~2U(1 ...+ 2hka*b*U(12)]

T
+ O
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Table 2. Atom c Coordinat A x 1074 d i val ent isotropi
Chapter 2 d?spFaoementO;)nafane?trerlsn?Asg §< 1)6"3) fg)r agazggw valent sotropte
Complex 24a atom M y ;T Ueq)
Table 1. Crystal data for pa209 Br(1) 7289(1) 2595(1) 2740(1) 42(1)
Br(2) 3219(1) 2283(1) 2708(1) 43(1)
Ni (1) 5837(1) 1875(1) 2382(1) 31(1)
Compound pa209 an)  lrarz) 16300 1) 1o95(1) 6
Molecular formula GoH39BroLINNIO 3P,GHsO q2) 8232(3) 3237(1) 703(1) 46(1)
Molecular V\_/eight 790.17 (NJE:B éég}l?gf) %gigg B gggg(l)l) ‘2%2 B
Crystal habit Blue Block (1) 7465( 3) 1586( 1) 667(2) 28(1)
Crystal dimensions(mm) 0.28x0.20x0.18 ggg ?222% ﬁg iZiZE B :ggg(z)z) g% B
Space group i de ase owMl s s
B 51650 09 g G mld
b(A) 23.772(1) C(8) 8048( 4) 426(1) 1634( 2) 34(1)
c(A) 18.710(1) o 9) 7703( 4) 998( 1) 1643(2) 41(1)
o(%) 90.00 Q11 Soas(4) 781(1) 1745(2) 35(1)
B(®) 118.751(3) C(12) 5396( 4) 213(1) 1734(2) 30(1)
V) 90.00 C(13) 9328( 3) -809(1) 1562(2) 27(1)
3 C(14) 9548( 4) -1048(1) 2186(2) 33(1)
V(A?) 3575.4(5) C(15) 11121(4) -1117(1) 2093(2) 41(1)
7 4 C(16) 12497(4) -949(1) 1380(2) 40(1)
d(g-cm) 1.468 Q16  Torra)  -ess(n) 645(2) 3(1)
F(000) 1624 C(19) 4859( 4) -824(1) 3357(2) 30(1)
(o) 2.859 ooy seria) “Shet1) S555(2) as(1)
Al_osorption corrections multi-scan ; 0.5016 min62Y.2 max o( gg) gggg( zst) - %zgg( %) 324115( g) ég( i)
Diffractometer KappaCCD 8((243 817lE eg 33637§ 23 4192 33 86% 2;
X-'g\ay source Mok &(gg; 25785 6; - gasgg %g 3348(3)2) ggg 1;
AA) 0.71069 49(5 -3514 101 1
; 27 11904( 4 -2182(2 1(2 52(1
!I\_A?Q;Jchromator 1%538?1'33 g(zsi 13654§ 4§ ; 2128§ 2§ 1321( )2) 50% 1§
. 29 13653(4 -2466(2 557(2 50(1
; 30 11846( 4 -2507(1 1178(2 44(1
Scar_n mode phi and omega scans (L:|( ( 1% 8641( (7)) - 2594% 23 1198E 33 382 1%
Maximum© 27.48 8((;1)) 50(38% ) 48%% 12902 gg 149%
HKL ranges -911;-3030;-24 22 1 1730(7 404 1245 117
. 32 1898(6 4503(2 770(2 69(1
Re_ﬂectlons measured 19718 g 333 543( g) ) 4778E 3% 109(7( 21) 12(8( )2)
Unique data 8125 C(34) 510(7) 4624(2) 1996(4) 127(2)
Rint 0.0338 T T T T T T STt
Reflections used 5770 U(eq) is defined as 1/3 the trace of the U tensor.
Criterion 1 > 2l)
Refinement type Fsqd
Hydrogen atoms constr
Parameters refined 400
Reflections / parameter 14
wWR2 0.1014
R1 0.0389
Weights a, b 0.0467 ; 0.3463
GoF 1.041

difference peak / hole (e %

0.989(0.075) / -0.554(0.075)
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Tabl e 3. Bond |lengths (A) and angles (deg) for pa209 Q(1)-C(1)-C(6) 120. 6(2) C(2)-C(1)-C(6) 118.6(3)
C(3)-C(2)-C(1) 121.0(3) C(3)-C(2)-H2) 119.5
Br(1)-Ni(1) 2.4526(5 Br(1)-Li(1) 2.535(5) C(1)-C(2)-H2) 119.5 C(2)-C(3)-C(4) 120. 4(3)
Br(2)-Ni(1) 2.3799(5 Ni (1)-0Q(1) 1. 954(2) C(2)-C(3)-H(3) 119.8 C(4)-C(3)-H(3) 119.8
Ni(1)-N(1) 1.977(2) Ni(1)-Li(1) 2.994(5) C(5)-C(4)-C(3) 119. 6(3) C(5)- C(4) - H(4) 120.2
P(1)-N(1) 1.602(2) P(1)- C(6) 1.792(3) C(3)-C(4)-H 4) 120. 2 C(4) - C(5)-C(6) 121.3(3)
P(1)-C(7) 1.813(3) P(1)-C(13) 1.822(3) C(4) - ¢(5) - H(5) 119.3 C(6) - C(5)- H(5) 119.3
o(1)- (1) 1.332(3) o(1)-Li(1) 1. 893(5) C(5)-C(6)-C(1) 119. 0(2) C(5)-C(6)-P(1) 122.2(2)
Q(2) - ¢ 23) 1. 437(4) Q(2) - C( 26) 1. 439( 4) C(1)-C(6)-P(1) 118.7(2) C(8)-C(7)-C(12) 118. 6( 2)
Q(2)-Li(1) 1.915(6) Q(3)-C(27) 1.439(4) C(8)-C(7)-P(1) 122.7(2) C(12)-C(7)-P(1) 118.7(2)
Q(3) - C(30) 1.441(4) Q(3)-Li(1) 1.915(6) C(7)-C(8)-C(9) 120. 3(3) C(7)-C(8)-H(8) 119.9
N(1)-C(19) 1.515(3) o(1)-C(2) 1.398(4) C(9) - C(8) - H(8) 119.9 C(10) - ¢(9) - O( 8) 120. 7(3)
C(1)-C(6) 1.415(4) C(2)-C(3) 1.381(4) C(10)-C(9) - H(9) 119.6 C(8)-C(9)-H(9) 119.
c(2)-H(2) 0. 9500 C(3)-C(4) 1.384(4) C(9) - ¢(10) - C(11) 119. 6(3) C(9) - ¢( 10) - H(10) 120.2
C(3) - H(3) 0. 9500 C(4) - C(5) 1.376(4) C(11) - ¢( 10) - H( 10) 120.2 C(12) - ¢(11) - C( 10) 120. 3(3)
O 4) - H( 4 0. 9500 o(5) - C( 6) 1. 400( 4) Q(12) - C(11) - H( 11) 119.9 ©(10) - ¢(11) - H(11) 119.9
C(5) - H(5) 0. 9500 c(7)-C(8) 1.389(4) C(11)-C(12)-C(7) 120. 5(3) C(11)-C(12) - H(12) 119.7
c(7)-C(12) 1.403(4) c(8)-C(9) 1.396(4) C(7)-C(12) - H(12) 119.7 C(18) - C( 13) - C( 14) 119.0(3)
C(8) - H(8) 0. 9500 C(9) - C(10) 1.371(4) C(18)- C(13) - P(1) 121.9(2) C(14) - ¢(13) - P(1) 119.1(2)
C(9) - H( 9) 0. 9500 C(10)- C(11) 1.392(4) C(15) - C( 14) - C(13) 120. 4(3) C(15) - C( 14) - H( 14) 119.8
C(10) - H(10) 0. 9500 C(11)-C(12) 1.382(4) C(13)-C(14)-H(14) 119.8 C(14)-C(15)-C(16) 120. 2(3)
C(11) - H( 11) 0. 9500 C(12) - H( 12) 0. 9500 C(14) - C( 15) - H( 15) 119.9 C(16) - C( 15) - H( 15) 119
C(13)-C(18) 1.384(4) C(13) - C(14) 1.398(4) C(17)- C(16) - C( 15) 120.1(3) C(17) - C( 16) - H( 16) 120.0
C(14)-C(15) 1.377(4) C(14)-H(14) 0. 9500 C(15) - C(16) - H( 16) 120.0 C(16)-C(17)-C(18) 120. 3(3)
C(15) - C( 16) 1.382(5) C(15) - H( 15) 0. 9500 C(16)-C(17) - H(17) 119.9 C(18)-C(17)-H(17) 119.9
C(16) - C(17) 1.369(5) C(16) - H( 16) 0. 9500 C(13)-C(18) - C(17) 120.1(3) C(13)-C(18) - H(18) 119.9
C(17) - C(18) 1.394(4) C(17) - H(17) 0. 9500 C(17)- C(18) - H(18) 119.9 N(1) - C(19) - C( 20) 109. 0(2)
C(18) - H( 18) 0. 9500 C(19) - C( 20) 1.519(4) N(1) - C(19) - C(21) 114.2(2) C(20) - C( 19) - ¢( 21) 110. 0( 3)
C(19) - C(21) 1.531(4) C(19) - C(22) 1.533(4) N(1) - C(19) - ¢( 22) 107. 3(2) C(20) - ¢( 19) - ¢( 22) 108. 2(2)
C( 20) - H( 20A) 0. 9800 C(20) - H( 20B) 0. 9800 C(21) - C(19) - C(22) 107.9(2) C(19) - C( 20) - H( 20A) 109.5
C( 20) - H( 200) 0. 9800 C(21) - H( 21A) 0. 9800 C(19) - ¢( 20) - H( 20B) 109. 5 H( 20A) - C( 20) - H( 20B) 109.5
C(21)- H(21B) 0. 9800 C(21)-H(210Q) 0. 9800 C(19) - ¢( 20) - H(200C) 109.5 H( 20A) - C( 20) - H( 200) 109.5
C(22) - H( 22A) 0. 9800 C(22) - H( 22B) 0. 9800 H( 20B) - C( 20) - H( 200) 109.5 C(19) - C( 21) - H( 21A) 109. 5
C(22) - H( 220) 0. 9800 C(23) - C( 24) 1.491(5) C(19) - ¢( 21) - H( 21B) 109. 5 H( 21A) - C( 21) - H( 21B) 109.5
C(23)-H(23A) 0. 9900 C(23) - H(23B) 0. 9900 C(19)-C(21)-H(210) 109.5 H( 21A) - C(21) - H(210) 109.5
C(24) - C( 25) 1. 499(6) C(24) - H(24A) 0. 9900 H( 21B) - C(21) - H(210) 109.5 C(19) - C(22) - H(22A) 109.5
C(24) - H( 24B) 0. 9900 C(25) - C( 26) 1.504(5) C(19) - C( 22) - H( 22B) 109. 5 H( 22A) - C( 22) - H( 22B) 109.5
C(25) - H( 25A) 0. 9900 C(25) - H( 25B) 0. 9900 C(19) - ¢( 22) - H( 220) 109. 5 H(22A) - C( 22) - H( 220) 109.5
C(26) - H( 26A) 0. 9900 C(26) - H( 26B) 0. 9900 H( 22B) - C( 22) - H( 220) 109. 5 Q(2) - O 23) - O( 24) 105. 4(3)
C(27) - C( 28) 1.507(5) C(27) - H( 27A) 0. 9900 Q(2) - O 23) - H( 23A) 110.7 C(24) - O 23) - H( 23A) 110.7
C(27) - H( 27B) 0. 9900 C(28) - C(29) 1.516(5) Q[ 2) - ¢ 23) - H( 23B) 110.7 C(24) - C( 23) - H( 23B) 110.7
C(28) - H( 28A) 0. 9900 C(28) - H( 28B) 0. 9900 H( 23A) - C( 23) - H( 23B) 108. 8 C(23) - C( 24) - C( 25) 102. 6(3)
C(29) - C( 30) 1.500(5) C(29) - H( 29A) 0. 9900 C(23) - C( 24) - H( 24A) 111. 2 C(25) - C( 24) - H( 24A) 111.2
C(29) - H(29B) 0. 9900 C( 30) - H(30A) 0. 9900 C(23)-C(24)-H(24B) 111.2 C(25) - C(24) - H(24B) 111.2
C( 30) - H(30B) 0. 9900 Q(4) - C(31) 1.503(6) H(24A) - C(24) - H( 24B) 109. 2 C(24) - ¢( 25) - C(26) 103.9(3)
Q(4) - C(34) 1.544(7) C(31) - C(32) 1.362(6) C( 24) - C( 25) - H( 25A) 111.0 C(26) - C( 25) - H( 25A) 111.0
C(31)-H(31A) 0. 9900 C(31)-H(31B) 0. 9900 C(24) - C( 25) - H( 25B) 111.0 C(26) - C( 25) - H( 25B) 111.0
C(32)-C(33) 1.271(7) C(32) - H(32A) 0. 9900 H( 25A) - C( 25) - H( 25B) 109.0 Q(2) - C(26) - C( 25) 106. 3(3)
C(32) - H( 32B) 0. 9900 C(33)-C(34) 1.528(8) Q( 2) - C( 26) - H( 26A) 110. 5 C( 25) - C( 26) - H( 26A) 110.5
C(33) - H( 33A) 0. 9900 C(33) - H( 33B) 0. 9900 Q[ 2) - C( 26) - H( 26B) 110. 5 C(25) - C( 26) - H( 26B) 110.5
C(34) - H( 34A) 0. 9900 C(34) - H( 34B) 0. 9900 H( 26A) - C( 26) - H( 26B) 108.7 Q(3) - C( 27) - ¢ 28) 107.2(3)
Q(3)- C(27) - H( 27A) 110. 3 C(28) - C(27) - H(27A) 110. 3
Q(3)- C(27) - H( 27B) 110. 3 C(28) - C(27) - H( 27B) 110.3
Ni (1)-Br(1)-Li(1) 73.8(1) Q(1)-Ni (1)-N(1) 98. 30(8) H(27A) - C(27) - H( 27B) 108. 5 C(27) - ¢( 28) - C( 29) 104.5(3)
Q(1)-Ni (1)-Br(2) 113.52(6)  N(1)-Ni (1)-Br(2) 116.17(7) C(27) - O 28) - H( 28A) 110. 9 C(29) - C( 28) - H( 28A) 110.9
Q(1)-Ni (1)-Br(1) 91. 47(6) N(1)-Ni (1)-Br(1) 128.82(7) C(27) - O 28) - H( 28B) 110.9 C(29) - C( 28) - H( 28B) 110.9
Br(2)-Ni(1)-Br(1) 104.99( 2) Q(1)-Ni(1)-Li(21) 38.2(1) H(28A) - C(28) - H( 28B) 108.9 C(30) - C(29) - C(28) 104. 0(3)
N(1)-Ni (1)-Li(1) 126. 6( 1) Br(2)-Ni(1)-Li(1) 111.0(1) C(30) - C( 29) - H( 29A) 111.0 C(28) - C( 29) - H( 29A) 111.0
Br(1)-Ni(1)-Li(1) 54.4(1) N(1)-P(1)-C(6) 110. 7(1) C(30) - C(29) - H(29B) 111.0 C(28) - C(29) - H(29B) 111.0
N(1)-P(1)-C(7) 115. 6(1) C(6)-P(1)-C(7) 105. 4(1) H( 29A) - C( 29) - H( 29B) 109.0 Q(3) - C(30) - C(29) 103. 8(3)
N(1)-P(1)-C(13) 112.6(1) C(6)-P(1)-C(13) 105. 3(1) Q( 3) - C( 30) - H( 30A) 111.0 C(29) - C( 30) - H( 30A) 111.0
C(7)-P(1)-C(13) 106. 6( 1) C(1)-O(1)-Li(1) 134.9(2) Q 3) - ¢ 30) - H( 30B) 111.0 C(29) - C( 30) - H( 30B) 111.0
C(1)-O(1)-Ni (1) 122.5(2) Li (1)-Q(1)-Ni (1) 102. 2(2) H( 30A) - C( 30) - H( 30B) 109. 0 Q(1)-Li(1)-Q3) 117.3(3)
C(23)- O 2) - C( 26) 109. 2(3) C(23)-Q(2)-Li(1) 124. 4(3) Q(1)-Li(1)-Q2) 116. 1(3) Q(3)-Li(1)-Q2) 104. 4(3)
C(26)-Q(2)-Li(1) 124. 6(3) C(27) - Q 3) - C( 30) 106. 6(2) Q(1)-Li(1)-Br(1) 90. 4(2) Q(3)-Li(1)-Br(1) 112.3(2)
C(27)-Q(3)-Li(1) 119. 8(3) C(30)-Q(3)-Li(1) 120. 8(2) Q(2)-Li(1)-Br(1) 116.5(2) Q(1)-Li(1)-Ni (1) 39.6(1)
C(19) - N(1) - P(1) 127.9(2) C(19)-N(1)-Ni (1) 115.7(2) Q3)-Li(1)-Ni(1) 134. 4(2) Q(2)-Li(1)-Ni(1) 121.0(2)
P(1)-N(1)-Ni(1) 115. 1(1) Q1)-C(1)-C(2) 120. 8( 2) Br(1)-Li(1)-Ni(1) 51.9(1) C(31)- O 4) - C(34) 98. 1(4)
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Tabl e 4. Anisotropic displacenent paraneters (A*2 x 1073) for pa209

atom ULl w22 us3 w23 uis u12
Br(1) 35(1) 52(1) 30(1) 11(1) 9(1 -8(1)
Br(2) 40(1) 44(1) 49(1) 5(1) 26(1) 3(1)
Ni(1) 33(1) 27(1) 26( 1) 4(1) 9(1) 0(1)
P(1)  23(1) 25(1) 25(1) 1(1) 12(1) 1(1)
1)  40(1) 28(1) 24(1) 3(1 10( 1) -3(1)
a2)  38(1) 45(1) 43(1) 12(1) 10( 1) 0(1)
Q3)  34(1) 53(1) 34( 1) 2(1) 11(1) 6(1)
N(1)  26(1) 26(1) 22(1) -1(1) 9(1) 0(1)
o(1)  23(1) 30(2) 28(2) 2(1) 9(1) 2(1)
o(2)  35(2) 30(2) 28( 2) -3(1) 11(1) 6(1)
o(3)  39(2) 46(2) 25(2) -1(1) 15(1) 12(2)
o(4)  37(2) 44(2) 28(2) 9(1) 18( 1) 7(1)
o(5)  27(2) 32(2) 28(2) 4(1) 11(1) 4(1)
o6)  21(1) 28(1) 24(2) 3(1) 9(1) 4(1)
o7)  30(2) 27(1) 24(2) -1(1) 14( 1) 0(1)
o(8)  31(2) 33(2) 39(2) 2(1) 18(1) 2(1)
o(9)  42(2) 28(2) 53( 2) 3(2) 22(2) 5(1)
C(10) 46(2) 29(2) 35(2) 0(1) 17(2) -5(1)
o(11) 37(2) 35(2) 31(2) 1(1) 16(1) -7(1)
o(12)  31(2) 30(1) 30( 2) 1(1) 15(1) 1(1)
o(13)  28(2) 23(1) 31(2) 0( 1) 16( 1) 2(1)
o(14)  33(2) 37(2) 29( 2) -2(1) 16(1) -3(1)
o(15)  44(2) 47(2) 44(2) -2(2) 30(2) -8(2)
o(16) 31(2) 34(2) 63(2) -7(2) 30(2) -1(1)
o(17)  25(2) 36(2) 57(2) 6(2) 15(2) 1(1)
o(18) 32(2) 33(2) 41(2) 10(2) 16(2) 3(1)
o(19) 31(2) 33(2) 21(2) 0(1) 8(1) -2(1)
C(20) 33(2) 52(2) 34(2) 1(2) 9(2) -8(2)
o(21) 51(2) 47(2) 31(2) -11(2) 12(2) 3(2)
C(22) 49(2) 43(2) 25(2) -2(1) 16(2) -6(2)
C(23) 51(2) 69( 2) 44(2) -22(2) 8(2) 0(2)
c(24) 93(4) 106(4) 58( 3) -8(3) 35(3) 33(3)
o(25)  79(3) 79(3) 65( 3) 1(2) 39(3) 26(2)
(26) 41(2) 69(2) 57(2) 1(2) 15(2) 9(2)
(27)  49(2) 65( 2) 38(2) 7(2) 16(2) 12(2)
c(28) 41(2) 51(2) 40(2) -8(2) 5(2) 2(2)
o(29) 35(2) 59(2) 50( 2) -5(2) 15(2) 2(2)
C(30) 42(2) 45(2) 44(2) 1(2) 20( 2) 4(2)
Li(1) 37(3) 38(3) 34(3) “2(2) 12(2) -3(2)
o4)  117(4) 157(4) 148(4) -6(3) 44(3) 12(3)
C(31) 105(4) 78(3) 81(4) 12(3) 25(3) 23(3)
C(32) 80(3) 64(3) 38( 2) -5(2) 8(2) 16(2)
C(33) 81(4) 145(6) 135(6) -81(5) 34(4) -21(4)
c(34) 65(3) 111(5) 161(6) 49(4) 20(4) 52(3)

The ani sotropi c di spl acement factor exponent takes the form
2 pi~2 [h"2a*72U(11) +...+ 2hka*b*U(12)]
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Tabl e 5.

Crystallographic data

Hydrogen Coordinates (A x 1074) and equival ent isotropic

di spl acenent paraneters (A2 x 1073) for pa209

X y z U eq)

7783 -2190 -170. 0000 39
-7781. 9995 -1593 -1151 44

7465 -624 -922. 0001 42

7208 254 280 36
-9077 308 1592 41
-8500 1267 1609 50
-6000 1567 1712 46
- 4047 903 1782 42
-4601 -54 1759 36
-8606 -1162 2678 39
-11260. 9990 -1282 2518 49
- 13580 -993 1320 48
- 13250 -604 272 50
-10589 -500 409 43
-2643 -974 3356 64
- 2439 -557 4071 64
-3239. 0002 -333 3153 64
-5695. 0005 0 3233 69
-5029 -239 4137 69
-6810 -429 3422 69
-5756. 0005 -1437 3836 60
- 4032 -1172 4506 60
- 4052 -1615. 9999 3859 60
-9976 -3101 - 460 73
-10065 -3719 -130 73
-7768 -3328. 9998 -635 103
-8731 -3924 -849 103
-5727 - 3886 305 87
-7037 - 4280 413 87
- 6408 -3740. 0002 1499 72
-5748 -3235 1158 72
-11913 -2343 -488 63
-11364 -1808 109 63
- 14466 -2284 -666. 9999 60
- 13936 -1729. 0001 -103 60
- 14290 -2270 785 60
-14138 -2843. 9998 366 60
-11478 -2169 1530 53
-11629 - 2845 1523 53
-2594 - 4064 1418 141
-1922 -3702 917 141
-2822 -4743 721 83
-2152 - 4379 217 83
93 - 4698 806 154
-791 -5186 1049 154
1715 - 4647 2174 152
250 - 4866 2350 152
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Complex 24b’

Table 1. Crystal data for pa278

Compound
Molecular formula
Molecular weight
Crystal habit
Crystal dimensions(mm)
Crystal system
Space group

a(A)

b(A)

c(A)

a(®)

B(°)

Y(°)

V(A?Y)

z

d(g-cni®)

F(000)

u(em)

Absorption corrections
Diffractometer

X-ray source

AA)

Monochromator

T (K)

Scan mode
Maximum©

HKL ranges
Reflections measured
Unique data

Rint

Reflections used
Criterion

Refinement type
Hydrogen atoms
Parameters refined
Reflections / parameter
wWR2

R1

Weights a, b

GoF

difference peak / hole (e 3

pa278
GsH49Br1.7¢Clo 3 LiNNIO 4P
790.63
Blue Block
0.28x0.14x0.10
monoclinic
Rz
9.793(1)
17.973(1)
22.786(1)
90.00
114.646(3)
90.00
3645.2(5)
4
1.441
1634
2.493
multi-scan ; 0.5419 min7886 max
KappaCCD
Mok
0.71069
graphite
150.0(2)
phi and omega scans
27.46
-128;-1723;-19 29
18906
8073
0.0453
6116
| > 1)
Fsqd
constr
417
14
0.1001
0.0500
0.0262 ; 7.8434
1.091
0.584(0.083) / -0.427(0.083)
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Table 2. Atonmic Coordinates (A x 10"4) and equival ent isotropic Table 3. Bond | engths (A) and angles (deg) for pa278
di spl acenent paraneters (A2 x 1073) for pa278

Br (1A)-Ni (1) 2.4020(8 ad(1B)-Ni (1) 2.17(2)
----------------------------------------------------------------- Br(2A)-Ni (1) 2.381(2) ad(2B)-Ni (1) 2.36(2)
atom X y z U(eq) Ni(1)-O(1) 1.975(2) Ni(1)-N(1) 1.981(3)
----------------------------------------------------------------- P(1)-N(1) 1.607(3) P(1)-C(1) 1.794(3)
Br (1A) -1094(1) -2664(1) -2592(1) 43(1) P(1)-C(13) 1.815(4) P(1)-C(7) 1.820(3)
a (1B) - 660( 30) -2560(10) -2490( 10) 43(1) q1)-C(2) 1.338(4) Qq(1)-Li(1) 1.930(7)
Br (2A) 3187(2) -1972(1) -2420(1) 41(1) Qq(2)-C(27) 1.429(5) Qq(2)-C(24) 1.451(5)
ad (2B) 3350( 20) -2123(8) -2433(8) 41(1) Q(2)-Li(1) 2.006(7) Q(3) - C( 28) 1.436(5)
Ni (1) 993(1) -2724(1) -2885(1) 26(1) Q(3)-C(31) 1.437(4) Q(3)-Li(1) 1.945(7)
P(1) 413(1) -3491(1) -4150(1) 21(1) Q(4) - C(32) 1.411(5) Q(4) - C( 35) 1.431(5)
Qq1) 1591(3) -3781(1) -2727(1) 28(1) Qq(4)-Li(1) 1.917(7) N(1)-C(19) 1.490(4)
q2) 3563( 3) -5082(2) -1660( 1) 47(1) C(1)-C(6) 1.398(5) C(1)-C(2) 1.419(5)
Qq(3) 3147(3) -3621(1) -1157(1) 36(1) C(2)-C(3) 1. 405(5) C(3)-C(4) 1.379(5)
Qq4) 5224( 3) -3795(2) -1905(1) 51(1) C(3)-H(3) 0. 9500 C(4)-C(5) 1.390(5)
N( 1) 324(3) -2703(1) -3834(1) 23(1) C(4)-H(4) 0. 9500 C(5) - C(6) 1.382(5)
(1) 152(4) -4224(2) -3765(2) 23(1) C(5) - H(5) 0. 9500 C(6) - H( 6) 0. 9500
(2) 525( 4) -4264(2) -3080(2) 27(1) (7)-C(12) 1.389(5) C(7)-C(8) 1.403(5)
C(3) 52(4) -4835(2) -2787(2) 33(1) C(8)-C(9) 1.382(5) C(8)-H(8) 0. 9500
c(4) 1022(4) -5345(2) -3148(2) 34(1) C(9)-C(10) 1.385(6) C(9)-H(9) 0. 9500
C(5) 1667(4) 5306( 2) -3818(2) 31(1) C(10) - C(11) 1.376(6) C(10) - H( 10) 0. 9500
C( 6) 1224(4) 4753(2) -4122(2) 27(1) C(11)-C(12) 1.401(5) C(11)-H(11) 0. 9500
(7) 830(4) 3519(2) -5006( 2) 24(1) C(12)-H(12) 0. 9500 C(13)-C(18) 1.394(5)
C(8) 2383(4) 3447(2) -5193(2) 29(1) C(13)-C(14) 1.402(5) C(14) - C( 15) 1.388(5)
c(9) 3352(4) 3432(2) -5841(2) 35(1) C(14) - H( 14) 0. 9500 C(15) - C( 16) 1.379(6)
C(10) 2797(5) 3468(2) -6308(2) 39(1) C(15) - H( 15) 0. 9500 C(16)-C(17) 1.372(6)
C(11) 1277(5) 3541(2) -6131(2) 38(1) C(16) - H( 16) 0. 9500 C(17)-C(18) 1.388(5)
C(12) 283(4) 3572(2) -5477(2) 29(1) C(17)-H(17) 0. 9500 C(18) - H( 18) 0. 9500
C(13) 2258(4) 3717(2) -4107(2) 27(1) C(19) - C( 20) 1.534(5) C(19) - H( 19A) 0. 9900
C(14) 2657(4) 4449(2) -4182(2) 34(1) C(19) - H( 19B) 0. 9900 C(20) - C( 21) 1.520(5)
Q(15) 4063(5) 4593(2) -4168(2) 43(1) C(20)-C(22) 1.524(5) C(20) - C( 23) 1.536(5)
C(16) 5075(4) 4026(2) -4085(2) 39(1) C(21)-H(21A) 0. 9800 C(21)-H(21B) 0. 9800
c(17) 4698(4) 3309(2) -4007(2) 38(1) C(21)-H(210) 0. 9800 C(22) - H(22A) 0. 9800
C(18) 3303(4) 3152(2) -4016(2) 34(1) C(22) - H(22B) 0. 9800 C(22)-H(220) 0. 9800
C(19) 471(4) 2015(2) -4168(2) 26(1) C(23) - H(23A) 0. 9800 C(23) - H(23B) 0. 9800
C(20) 677(4) 1402( 2) -4238(2) 28(1) C(23)-H(230) 0. 9800 C(24) - C( 25) 1.478(7)
C(21) 2270(4) 1702( 2) -4567(2) 38(1) C(24) - H( 24A) 0. 9900 C(24) - H( 24B) 0. 9900
C(22) 417(4) 1059( 2) -3589(2) 34(1) C( 25) - C( 26) 1.441(8) C( 25) - H( 25A) 0. 9900
Q(23) 435(5) 799(2) -4663(2) 39(1) C( 25) - H( 25B) 0. 9900 C(26) - C(27) 1.500(7)
C(24) 3581( 6) 5678(2) -2086(2) 59(1) C(26) - H( 26A) 0. 9900 C(26) - H( 26B) 0. 9900
C( 25) 4435(7) 6292( 3) -1660( 3) 80(2) C(27)-H(27A) 0. 9900 C(27)-H(27B) 0. 9900
C(26) 5390( 8) 5956( 4) -1052(3) 88(2) C(28) - C(29) 1. 504( 6) C( 28) - H( 28A) 0. 9900
C(27) 4601(5) 5254(2) -1015(2) 49(1) C(28) - H( 28B) 0. 9900 C(29) - C(30) 1.528(6)
C(28) 1779(5) 3731(2) -1080( 2) 44(1) C(29) - H(29A) 0. 9900 C(29) - H(29B) 0. 9900
C(29) 1574(5) 3068( 2) -722(2) 44(1) C(30) - C(31) 1. 498( 6) C( 30) - H( 30A) 0. 9900
C(30) 2572(5) 2478(2) -829(2) 43(1) C(30) - H(30B) 0. 9900 C(31)-H(31A) 0. 9900
Q(31) 3831(5) 2938(2) -846(2) 41(1) C(31)-H(31B) 0. 9900 C(32)-C(33) 1.489(7)
C(32) 6692(5) 3721(3) -1415(2) 55(1) C(32) - H(32A) 0. 9900 C(32) - H(32B) 0. 9900
C(33) 7664(6) 4190( 4) -1623(3) 79(2) C(33) - C(34) 1.497(7) C(33) - H(33A) 0. 9900
C(34) 6783( 6) 4323(3) -2330(2) 57(1) C( 33) - H(33B) 0. 9900 C(34) - C( 35) 1.510(7)
C(35) 5420( 6) 3833(4) -2492(2) 70(2) C(34) - H(34A) 0. 9900 C(34) - H(34B) 0. 9900
Li (1) 3286(7) 4010( 3) -1928(3) 33(1) C(35) - H(35A) 0. 9900 C( 35) - H(35B) 0. 9900
U(eq) is defined as 1/3 the trace of the Uj tensor.
Q(1)-Ni(1)-N(1) 98.9(1) Q(1)-Ni(1)-d (1B) 105. 9(7)
N(1)-Ni (1)-C (1B) 119.0(7) q(1)-Ni(1)-4 (2B 101. 5(3)
N(1)-Ni (1)-C (2B) 106. 6(4) d (1B)-N (1)-d (2B) 121.0(8)
Q(1)-Ni(1)-Br(2A) 108. 69( 8) N(1)-Ni (1)-Br(2A) 107.5(1)
a (1B)-Ni (1)-Br(2A) 115. 2(7) a (2B)-Ni (1)-Br(2A) 7.7(3)
Q(1)-Ni(1)-Br (1A 102. 43(7) N(1)-Ni(1)-Br(1A 111.73(8)
C (1B)-Ni (1)-Br (1A 9.3(7 a (2B)-N (1)-Br (1A 130. 3(3)
Br (2A)-Ni (1)-Br(1A) 124.39(4) N(1)-P(1)-C(1) 110.1(2)
N(1)-P(1)-C(13) 114. 4(2) C(1)-P(1)-C(13) 108. 2(2)
N(1)-P(1)-C(7) 111.6(2) C(1)-P(1)-C(7) 107. 4(2)
C(13)-P(1)-C(7) 104.9(2) C(2)-0(1)-Li(1) 125.3(3)
C(2)-0(1)-N (1) 114.6(2) Li (1)-Q(1)-Ni(1) 116.7(2)
C(27)-Q(2)-C(24) 109. 1(3) C(27)-Q(2)-Li(1) 117.9(3)
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Tabl e 4. Anisotropic displacement paraneters (A*2 x 1073) for pa278 Table 5. Hydrogen Coordinates (A x 1074) and equival ent isotropic
di spl acenent paraneters (A2 x 1073) for pa278

atom Ull u22 u33 uz23 u13 UL2 e e e
--------------------------------------------------------------------------- at om X y z U(eq)
Br(1A) 41(1) 46(1) 51(1) 5(1) 30(1) 77 e
a (1B) 41(1) 46(1) 51(1) 5(1) 30(1) 3(1) H( 3) 482 -4871 2329 40
Br(2A) 28(1) 46(1) 42(1) -7(1) 7(1) 4(1) H( 4) 1323 -5725 2937 41
a (2B) 28(1) 46(1) 42(1) -7(1) 7(1) 4(1) H( 5) 2407 - 5658 4065 37
Ni(1) 29(1) 26(1) 23(1) -1(1) 11(1) 1(1) H( 6) 1654 -4731 4580 32
P(1) 22(1) 21(1) 22(1) 0(1) 10( 1) 0(1) H( 8) 2768 -3407. 9998 4875 35
1) 28(1) 25(1) 29(1) 3(1) 9(1) 1(1) H( 9) 4404 -3397. 0002 5966 42
a2) 55(2) 34(2) 41(2) 1(1) 10( 1) 9(1) H( 10) 3466 -3441. 9998 6752 a7
Q3) 36(2) 32(1) 45(2) -6(1) 23(1) -3(1) H(11) 901 -3569 6452. 9995 45
a4)  31(2) 86(2) 35(2) 11(2) 13(1) 12(2) H(12) 765 -3630 5356 35
N(1)  25(1) 20( 1) 24(1) 1(1) 12(1) 1(1) H( 14) 1966 - 4844 4244 41
(1)  25(2) 19(2) 26(2) 1(1) 13(1) 2(1) H( 15) 4332 -5090 4215 52
c(2) 27(2) 23(2) 31(2) 1(1) 13(2) 2(1) H( 16) 6029 -4132 4081 47
c(3)  41(2) 31(2) 31(2) 7(2) 19(2) 4(2) H(17) 5396 -2918 3948 46
c(4)  41(2) 25(2) 45(2) 8(2) 26(2) 1(2) H( 18) 3055 - 2654 3959 41
c(5)  31(2) 22(2) 42(2) -2(2) 17(2) -3(1) H(19A) 376 -2153 4604 1
c(6)  31(2) 23(2) 29(2) -1(1) 13(2) 2(1) H(19B) 1492 -1810 3926. 9998 31
o7 26(2) 18(2) 24(2) -1(1) 8(1) -1(1) H(21A) 2425 -2082 4292 56
( 8) 24(2) 26(2) 36(2) -2(2) 10(2) 4(1) H( 21B) 2426 -1922 4983 56
c(9)  28(2) 26(2) 37(2) -6(2) 2(2) 2(1) H(21C) 2986 -1295 4637 56
C(10) 45(2) 34(2) 26(2) -2(2) 3(2) 7(2) H(22A) 1111 -641 3656 51
C(11) 47(2) 41(2) 25(2) 1(2) 14(2) 2(2) H(22B) 621 -879 3376 51
c(12) 32(2) 27(2) 27(2) 0(1) 10( 2) -1(1) H(22C) -592 -14 3316 51
C(13) 25(2) 28(2) 25(2) 1(1) 8(1) 2(1) H(23A)  -1128 -384. 0000 4716 59
Cc(14) 28(2) 29(2) 47(2) -10(2) 16(2) -1(2) H(23B) -626 -1008 5087 59
C(15) 38(2) 34(2) 60( 3) -8(2) 23(2) 7(2) H(23C) 602 -618 4457 59
C(16) 28(2) 47(2) 47(2) -1(2) 21(2) 5(2) H( 24A) 4077 -5511. 9995 2364 70
c(17) 31(2) 38(2) 52(2) 1(2) 23(2) -4(2) H( 24B) 2545 -5838. 9995 2366 70
Cc(18) 28(2) 27(2) 49(2) 0(2) 18(2) 0(1) H(25A) 3743 -6654. 0005 1600 96
C(19) 31(2) 23(2) 26(2) -2(1) 15(2) -3(1) H( 25B) 5047 - 6555 1848 96
C(20) 33(2) 22(2) 26(2) 2(1) 10(2) 3(1) H( 26A) 6391 -5843 1038 105
Cc(21) 36(2) 30(2) 43(2) -2(2) 12(2) 7(2) H(26B) 5516 -6292 688. 9999 105
Cc(22) 43(2) 27(2) 35(2) -3(2) 18(2) 4(2) H(27A) 4063 -5327 736 59
C(23) 54(3) 27(2) 37(2) 6(2) 20(2) 4(2) H(27B) 5333 -4844 834. 0001 59
C(24) 73(3) 40(3) 60( 3) -10(2) 24(3) 10(2) H(28A) 1841 -4192 833 52
C(25) 75(4) 50( 3) 100( 5) -7(3) 22(4) 27(3) H(28B) 917 -3775 1507 52
C(26) 83(4) 93(5) 81(4) 29(4) 29(4) 48( 4) H(29A) 1911 -3177.9998 257 53
c(27) 47(3) 46(3) 48( 3) 14(2) 12(2) 1(2) H(29B) 512 -2906 903 53
C(28) 44(2) 40(2) 60( 3) -5(2) 34(2) -6(2) H(30A) 2031 -2210 1241 52
C(29) 46(2) 47(2) 47(2) -4(2) 27(2) 4(2) H(30B) 2942 -2115 470. 0000 52
C(30) 46(2) 38(2) 42(2) -6(2) 14(2) 2(2) H(31A) 4315 -2681 9
C(31) 38(2) 39(2) 42(2) -14(2) 13(2) -9(2) H( 31B) 4599 -3034 404. 0000 49
C(32) 40(2) 62(3) 59(3) -12(2) 15(2) -12(2) H( 32A) 6734 - 3896 - 7
C(33) 41(3) 128(5) 62(4) 13(4) 15(3) 27(3) H(32B) 7020 -3195 -1368. 9999 67
C(34) 55(3) 68(3) 62(3) -6(3) 37(3) -2(2) H(33A) 7901 -4667 -1384 95
C(35) 43(3) 128(5) 41(3) 8(3) 20(2) 11(3) H(33B) 8616 -3929 -1542 95
Li (1) 35(3) 35(3) 30(3) 3(3) 15(3) 7(3) H( 34A) 6493 - 4853 - 2419 69
--------------------------------------------------------------------------- H( 34B) 7363 -4174 -2578. 0002 69

The ani sotropic di spl acement factor exponent takes the form H( 35A) 5596 - 3332 -2628 84

2 pi~2 [hh2a*~2U(11) +...+ 2hka*b*U(12)] H(35B) 4527 - 4055 -2843 84
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Table 2. Atom c Coordinat A x 1074 d i val ent isotropi
Complex 26a d?spFaoementO;)nafane?trerlsn?Asg §< 1)6"3) fg)r aga8$gg= \sla ent tsotropte
Table 1. Crystal data for pa874bis
at om X y z U(eq)
. Br(1 321(1 7523(1 3561(1 59(1
Compound pa874bis N E 13 1392E 1% 8146E 13 27OQE 13 SGE 13
Molecular formula GoH3sBrNNIOP,, C4HsO EE B ggg?(l)l) %g%?(l)l) %gigg B %gg B
Molecular weight 821.38
. 1 883(3 9389(2 2166(2 38(1
Crystal h.ablt . Dark Green Block %(13 343(3( 11) 87022 33 29912 2; 352 1;
Crystal dimensions(mm) 0.22x0.18x0.16 g((%g %igg 3; %ggggg gg igggg gg 332 B
Crystal system Triclinic 3 1131(5 10399( 4 1026( 3 39(1
o ye a8 mag amm By o
.656(1
i 122550 gy mn  nn  maly a0
c(A) 17.162(1) (8) 6550( 5) 11015( 4) 3683(3) 42(1)
u(o) 92 016(1) c(9) 8011(5) 11224(4) 3767(3) 51(1)
: C(10) 8733(5) 10916( 4) 3172(3) 54(1)
B(°) 96.257(1) C(11) 7989(5) 10395(4) 2482(3) 47(1)
Y) 99.969(1) o1%  oena L0879 4) S630(2) 38(1)
V(A®) 1984.8(3) C(14) 3537(5) 12029( 4) 3606(3) 42(1)
Z 2 C(15) 2985(5) 12707(4) 4108(3) 47(1)
d(g-cn) 1374 o1 isto(s) Lit07(4) 4676(3) as(1)
F(000) 852 C(18) 2343(5) 10423(4) 4170(2) 39(1)
e Lois G mme @ 8
Absorption corrections multi-scan ; 0.7179 min7824 max C(21) 5756( 6) 7981(5) 3324(3) 60(1)
Diffractometer KappaCCD &(%gg ?ggig gg ggéggi; 33623?(2;1) ggg ig
Ny e gy Ol28)  taesch 7666(5) 2864 3 5a( 1)
)l\\/l(orlochromator oéggﬁ?te g((zeg 2803E 5% 8286E 5; 4792 3% 53% 1;
(27) 3529(5) 8461(4) 267(3) 47(1)
L oo ai mh, o mem o Wl 8
Scan mode phi and omega scans
ggfll_erca;ir;%lessmeasured —91%&5,6;14 o g(%g 33385 5% 7307E 53 1198( )3) 522 13
! C(34) 1904(5) 7472(4) 1415(3) 43(1)
Unique data 6780 ( gg) 1$1)84( 4) 5822( 4) 1;;13( g) 38(1)
i 1971(5 5 4 1 44(1
S'nf} ’ g 0g6553; §373 2299%5% 3998%4; 1355% 3§ 502 13
eflections use C(38) 1846(6) 3411(4) 1979(3) 52(1)
Criterion 1 > 2l) C(39) 1066( 6) 3864(4) 2488(3) 51(1)
Refinement type Fsqd ST e SO 202 238403) o
Hydrogen atoms constr Ueq) is defined as 1/3 the trace of the U tensor.
Parameters refined 418
Reflections / parameter 13
wR2 0.1372
R1 0.0565
Weights a, b 0.0568 ; 4.3728
GoF 1.072

difference peak / hole (e’ %

0.831(0.084) / -0.450(0.084)
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Appendix 1. Crystallographic data Appendix 1. Crystallographic data

Tabl e 4. Anisotropic displacement paraneters (A2 x 1073) for pa874bis Table 5. Hydrogen Coordinates (A x 1074) and equival ent isotropic
di spl acenent paraneters (A2 x 1073) for pa874bis

atom Ull u22 u33 uz23 u13 UL2 e e e
--------------------------------------------------------------------------- at om X y z U(eq)
Br(1) 63(1) 63(1) 53(1) 5(1) 29(1) A(L) il
Ni(1) 37(1) 41(1) 30(1) 6(1) 5(1) 9(1) H( 3) 158 10152 845 47
P(1) 33(1) 41(1) 27(1) 5(1) 3(1) 11(1) H( 4) 1550 11311 98 51
P(2)  34(1) 40(1) 32(1) 5(1) 4(1) 11(1) H( 5) 3929 11973 532 52
1) 36(2) 41(2) 40(2) 10( 1) 4(1) 11(1) H( 6) 4924 11452 1726 47
N(1)  34(2) 43(2) 28(2) 8(2) 0(1) 10(2) H( 8) 6062 11237 4096 50
c(1)  38(2) 39(2) 26(2) 4(2) 2(2) 12(2) H( 9) 8520 11583 4239 61
C(2) 39(2) 40( 2) 27(2) 3(2) 5(2) 16(2) H( 10) 9739 11059 3233 65
c(3) 37(2) 44(2) 37(2) 3(2) -3(2) 12(2) H(11) 8482 10183 2067 57
Cc(4) 51(3) 51(3) 32(2) 9(2) 2(2) 23(2) H(12) 6014 9835 1929 49
Cc(5) 53(3) 50( 3) 34(2) 17(2) 14(2) 23(2) H( 14) 4132 12350 3237 50
c(6) 37(2) 45(3) 36(2) 8(2) 6(2) 11(2) H( 15) 3197 13490 4081 56
7))  31(2) 41(2) 38(2) 10(2) 4(2) 10(2) H( 16) 1759 12707 4992 54
Cc(8)  45(3) 43(3) 39(2) 10(2) 7(2) 10( 2) H(17) 1219 10790 5047 54
c(9) 41(3) 55(3) 54(3) 6(2) -6(2) 6(2) H( 18) 2102 9640 4188 47
C(10) 35(3) 66(3) 64(3) 18(3) 5(2) 15(2) H(20A) 4762 9118 4461 89
C(11) 44(3) 55(3) 50( 3) 13(2) 16(2) 20(2) H(20B) 4839 7874 4692 89
c(12) 41(2) 48(3) 38(2) 9(2) 7(2) 18(2) H(20C) 3336 8254 4520 89
C(13) 35(2) 42(2) 30(2) 4(2) 2(2) 14(2) H( 21A) 5747 7832 2759 90
Cc(14) 43(3) 51(3) 35(2) 11(2) 7(2) 13(2) H(21B) 6143 7402 3610 90
C(15) 53(3) 49(3) 43(3) 7(2) 8(2) 22(2) H(21C) 6345 8705 3483 90
C(16) 43(3) 57(3) 39(2) -2(2) 3(2) 22(2) H(22A) 2466 6784 3482 99
C(17) 39(2) 63(3) 35(2) 2(2) 8(2) 13(2) H( 22B) 3903 6324 3705 99
Cc(18) 41(2) 47(3) 32(2) 6(2) 2(2) 12(2) H(22C) 3441 6575 2815 99
Cc(19) 37(2) 44(2) 37(2) 11(2) 0(2) 14(2) H( 24) -123. 0000 6809 -56. 0000 54
C(20) 68(3) 78(4) 37(3) 10( 3) -2(2) 30(3) H( 25) 980 7539 1111 65
C(21) 59(3) 70(4) 59(3) 21(3) 14(3) 31(3) H( 26) 3231 8596 913. 0001 64
C(22) 65(4) 51(3) 76(4) 19(3) -20(3) 11(3) H(27) 4458 8888 348 56
Cc(23) 41(2) 44(2) 35(2) 6(2) 7(2) 20(2) H( 28) 3387 8117 1408 48
C(24) 42(3) 59(3) 35(2) 8(2) 5(2) 12(2) H( 30) 1400 4985 946 60
C(25) 53(3) 83(4) 28(2) 14(2) 3(2) 19(3) H( 31) 3815 4713 595 73
C(26) 50(3) 75(4) 43(3) 24(3) 17(2) 22(3) H(32) -5049 6178 729 70
Cc(27) 43(3) 54(3) 47(3) 7(2) 14(2) 15(2) H( 33) -3837. 0002 7903 1246 63
C(28) 40(2) 49(3) 35(2) 3(2) 8(2) 18(2) H( 34) -1417 8180 1625 52
Cc(29) 36(2) 54(3) 26(2) 7(2) 5(2) 11(2) H( 36) 2285 5432 801 52
C(30) 41(3) 54(3) 52(3) -4(2) 0(2) 3(2) H(37) 2842 3685 1005 60
C(31) 49(3) 67(4) 59(3) -8(3) -2(2) 1(3) H( 38) 2071 2694 2056 63
C(32) 34(3) 89(4) 49(3) -2(3) 1(2) 7(3) H( 39) 750 3456 2915 61
C(33) 44(3) 75(4) 43(3) 8(3) 7(2) 26(3) H( 40) 220 5215 2744 55
C(34) 41(3) 53(3) 37(2) 4(2) 5(2) 9(2)
C(35) 37(2) 41(2) 38(2) 4(2) 0(2) 9(2)
C(36) 50(3) 44(3) 40( 2) 5(2) 4(2) 16(2)
C(37) 55(3) 51(3) 46( 3) 0(2) 1(2) 21(2)
C(38) 60(3) 44(3) 54(3) 8(2) -5(2) 17(2)
C(39) 64(3) 43(3) 44(3) 10(2) 1(2) 9(2)
C(40) 51(3) 46(3) 43(3) 6(2) 5(2) 11(2)

The ani sotropic di spl acement factor exponent takes the form
2 pi~2 [h"2a*"2U(11) +...+ 2hka*b*U(12)]
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Table 2. Atonic Coordinat A x 1074 d i val ent i sotropi
Chapter 3 d?spFaoement O;)nafane?trerlsn?Asg §< 1)6"3) fg)r aga3$8w valent tsotropre
Compound 28 atom x y : Wea)
Table 1. Crystal data for pa370 ‘P(1)  1es5(1) 6312(1) a3s0(1) 2001
Q1) -477(1) 7410(2) 3992(1) 27(1)
FHAIE SO Rt i
Compound pa370 C(1B) 490( 10) 5320( 10) 5301(8) 21(1)
Molecular formula GeH36N202P,,2(CHCE),»(Br) (N:E%;E*) é;g?(z)Z) g%%gg gg ‘3‘;?82 g; g%g B
Molecular V\_/elght 1015.20 A 3) 867(2) 6480( 2) 2477(2) 26(1)
Crystal habit Colorless Block c(4) sg( g) ) 6728(%) 1638( g) gg( 1)
i i 5 1 7165 15 1
grys:a: dlmtensmns(mm) 0.60xo|_.5_8xo.54 g 6; a 1(5 Z >2) ! 4052 2; 23605 23 292 13
rystal system monoclinic c(7) 329(2) 7185(2) 3206(2) 23(1)
Space group R (8) 1971(2) 7587(2) 5097(2) 24(1)
a(A) 13.347(1) (9) 1647(2) 8761(2) 4806(2) 30(1)
A C(10) 2003( 2) 9713(3) 5409( 2) 37(1)
b(A) 11.074(1) C(11) 2684(2) 9498( 3) 6299(2) 39(1)
c(A) 15.874(1) C(13) 3001(2) 8342(3) 6591(2) 40(1)
o C(14) 2648(2) 7379(3) 5995(2) 34(1)
a(®) 90.00 C( 15) 2879( 2) 5897( 2) 4207(1) 21(1)
B(°) 111.514(1) C(16) 3684(2) 6756(2) 4322(2) 24(1)
V) 90.00 c(17) 4594(2) 6441(2) 4142(2) 28(1)
3 . C(18) 4699(2) 5292(2) 3844(2) 28(1)
V(A?) 2182.8(3) C(19) 3905( 2) 4434(2) 3734(2) 31(1)
: ’ S T 6
d(g-cni®) 1.545 a E 2) 4611(1) 613(1) 3190( 1) 56(1)
F(000) 1024 a(3) 3704(1) 961(1) 4194(1) 62(1)
(o) 2.334 Bi(1)  ss8(1) 20450 1) T150 ) 2a(1)
Absorption corrections multi-scan ; 0.3348 min3BB4 MaxX s eoeeoeooeooaooooo--

Diffractometer KappaCCD U(eq) is defined as 1/3 the trace of the
X-ray source Mok

AA) 0.71069
Monochromator graphite

T (K) 150.0(1)

Scan mode phi and omega scans
Maximum® 30.01

HKL ranges -1818;-14 15; -20 22
Reflections measured 14803

Unique data 6278

Rint 0.0242

Reflections used 5351

Criterion 1 > 2l)

Refinement type Fsqd

Hydrogen atoms mixed

Parameters refined 251

Reflections / parameter 21

wR2 0.0860

R1 0.0388

Weights a, b 0.0261 ; 3.1298

GoF 1.078

difference peak / hole (e %

1.157(0.074) / -0.748(0.074)
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Tabl e 3. Bond |l engths (A) and angles (deg) for pa370

C(1B) - C( 1B) #3
C(1B) - H( 1B2)

A2)-¢7)
&(3)-H(3)
C(4)-H(4)
&(5)-H(5)
(6)-H(6)
C(8)-C(14)
&(9)-H(9)
C( 10) - H(10)
C(11) - H(11)
C(13) - H( 13)
C(15) - ¢ 20)
¢(16)-C(17)
Q(17)-C(18)
¢(18)-C(19)
C(19) - C(20)
C( 20) - H( 20)
a (2)-c(21)
o(21) - H( 21)

N( 1A) - P( 1) - C( 15)
C(15)-P(1)-C(2)
C(15)-P(1)-C(8)
g 7)-1)-H109
N( 1A) - C( 1A) - H( 1A1)

&(3)-C(2)-C(7)
q7)-C(2)-P(1)
C(4)-C(3)-H(3)
C(3)-C(4)-C(5)
&(5)-C(4)-H(4)
¢(6)-C(5)-H(5)
&(5)-C(6)-C(7)
C(7)-C(6)-H(6)
q1)-¢(7)-2)
¢(9)-C(8)-C(14)
C(14)-C(8)-P(1)
C(10)-C(9) - H(9)
¢(9)-C(10) - C(11)
C(11) - ¢( 10) - H( 10)
C(13)- C(11) - H( 11)
C(11)-C(13) - C(14)
C(14) - C(13) - K 13)
C(13) - C(14) - K 14)
¢(20) - C(15) - C( 16)
C(16) - C(15) - P( 1)
C(17) - C(16) - K 16)
¢(18)-C(17) - C(16)
C(16) - C(17) - H( 17)
C(17) - C(18) - K 18)
C(18) - C(19) - ¢( 20
C( 20) - C(19) - H( 19)
C( 19) - ¢ 20) - H( 20)
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110. 2(2)
111.0(2)

108.5

Estimated standard deviations are given in the parenthesis.

Symetry operators B

1. X,
4:

X

yl/2

z-1/2

2:

- X,

y+1/ 2,

-z+1/ 2

3:

- X,

-y,

-z

110. 0( 2)
108.5
108.5
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Tabl e 4. Anisotropic displacenent paraneters (A*2 x 1073) for pa370 Table 5. Hydrogen Coordinates (A x 1074) and equival ent isotropic
di spl acenent paraneters (A2 x 1073) for pa370
atom Ull u22 u33 uz23 u13 UL2 e e e
--------------------------------------------------------------------------- at om X y z U(eq)
P(1)  15(1) 26(1) 22(1) 4(1) 10( 1) 07 g
1)  19(1) 37(1) 28(1) 2(1) 11(1) 3(1) H( 10 -1101 7679 3878 41
C(1A) 19(1) 22(1) 24(1) -1(1) 10( 1) -6(1) H(1A1) 80 3868 4585 25
N(1A) 18(1) 36(1) 42(1) 19(1) 15(1) 6(1) H(1A2)  -365 4 25
Cc(1B) 19(1) 22(1) 24(1) -1(1) 10( 1) 6(1) H(1NA)  1680( 10) 4720( 20) 5060( 10) 46
N(1B) 18(1) 36(1) 42(1) 19(1) 15(1) 6(1) H(1B1) 787 943 908 5
c(2) 18(1) 24(1) 23(1) 4(1) 8(1) -1(1) H(1B2) 347 6186 5362 25
c(3)  23(1) 33(1) 25(1) 2(1) 11(1) 3(1) H(1NB)  1680( 10) 4720( 20) 5060( 10) 46
c(4)  33(1) 39(1) 23(1) 3(1) 10( 1) 3(1) H( 3) 1544 6164 2517 32
c(5)  29(1) 39(1) 25(1) 5(1) 5(1) 4(1) H( 4) 221 6553 1099 38
c(6)  21(1) 34(1) 31(1) 6(1) 7(1) 5(1) H( 5) - 1452 7315 1004 39
(7))  20(1) 24(1) 24(1) 3(1) 9(1) -1(1) H( 6) -1795 7719 2315 35
c(8)  21(1) 32(1) 22(1) 1(1) 12(1) -2(1) H( 9) 1184 8907 4198 36
c(9)  32(1) 31(1) 26(1) 1(1) 11(1) -4(1) H( 10) 1782 10513 5213 44
C(10) 43(1) 34(1) 36( 1) -3(1) 17(1) -8(1) H(11) 2931 10154 6707 47
c(11)  41(1) 48(2) 31(1) -12(1) 17(1) -14(1) H(13) 3462 8202 7201 48
c(13) 37(1) 58(2) 23(1) -4(1) 9(1) -1(1) H( 14) 2865 6579 6197 40
Cc(14) 32(1) 46(2) 23(1) 1(1) 10( 1) 6(1) H( 16) 3611 7548 4523 28
C(15) 15(1) 27(1) 20(1) 3(1) 7(1) -1(1) H(17) 5147 7020 4224 34
c(16) 19(1) 28(1) 26(1) 4(1) 10( 1) -2(1) H( 18) 5319 5089 3714 34
c(17) 18(1) 39(1) 30(1) 6(1) 12(1) -2(1) H( 19) 3982 3644 3533 37
Cc(18) 19(1) 44(1) 23(1) 6(1) 10( 1) 6(1) H( 20) 2448 4147 3847 33
c(19) 30(1) 34(1) 31(1) -3(1) 14( 1) 5(1) H(21) 3382 916 2676 51
C(20) 23(1) 32(1) 29(1) -3(1) 12(1) -3(1)
a(1) 44(1) 46(1) 41(1) -1(1) 15(1) -4(1)
a(2) 48(1) 66(1) 61(1) 13(1) 27(1) -2(1)
a(3) 67(1) 62(1) 42(1) -10(1) 3(1) -3(1)
C(21) 49(2) 39(2) 35(1) 7(1) 9(1) -5(1)
Br(1) 21(1) 31(1) 34(1) 1(1) 13(1) 1(1)

The ani sotropi c di spl acement factor exponent takes the form
2 pi~2 [h"2a*72U(11) +...+ 2hka*b*U(12)]
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Complex 30

Table 1. Crystal data for pa236

Compound
Molecular formula
Molecular weight
Crystal habit
Crystal dimensions(mm)
Crystal system
Space group

a(A)

b(A)

c(R)

a(’)

B(°)

¥(°)

V(A®)

z

d(g-cni®)

F(000)

u(em)

Absorption corrections
Diffractometer

X-ray source

MA)

Monochromator

T (K)

Scan mode
Maximum®

HKL ranges
Reflections measured
Unique data

Rint

Reflections used
Criterion

Refinement type
Hydrogen atoms
Parameters refined
Reflections / parameter
wR2

R1

Flack's parameter
Weights a, b

GoF

difference peak / hole (e %

pa236
68H32N202P2Pd4(CH2C|2)
1056.70
Orange Block
0.28x0.18x0.16
orthorhombic
Pna2
23.441(1)
10.218(1)
19.401(1)
90.00
90.00
90.00
4646.9(6)
4
1.510
2136
0.965
multi-scan ; 0.7738 min8608 max
KappaCCD
Mok
0.71069
graphite
150.0(1)
phi and omega scans
30.02
-3331;-1014;-27 20
44198
12183
0.0323
10068
I > 1)
Fsqd
constr
516
19
0.1165
0.0433
0.38(2)
0.0609 ; 1.5094
1.091
0.835(0.065) / -0.501(0.065)
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di spl acenent paraneters (A2 x 1073) for pa236

At omi ¢ Coordinates (A x 1074) and equival ent isotropic

at om X y

Pd( 1) -6221(1) 1849( 1)
P(1) -7426(1) 3000( 1)
P(2) -5012( 1) 2965( 1)
(1) -6776(1) 390(2)
q2) -5667(1) 367(2)
N( 1) -6756( 1) 3343(3)
N( 2) -5679( 1) 3319(3)
(1) -6539( 1) 4557(3)
o(2) -5904( 1) 4579( 3)
c( 3) -7579( 1) 1649( 4)
c(4) -7223(1) 521(4)
o(5) -7381(2) 544( 4)
[ 6) -7849(2) 473(4)
o 7) -8179(2) 652( 4)
o[ 8) -8050( 2) 1705(4)
c(9) -7842( 1) 4375(4)
o 10) -7675(2) 5006( 4)
o(11) -7992( 2) 6025( 5)
o(12) -8482( 2) 6438(4)
o(13) -8651(2) 5825(4)
o 14) -8337(1) 4799( 3)
( 15) -7648(1) 2638(4)
o 16) -7642(2) 3631(4)
o(17) -7800( 2) 3347(5)
o 18) -7953(2) 2097(6)
( 19) -7957( 2) 1100( 5)
( 20) - 7805( 2) 1378(4)
o 21) -4858( 1) 1586( 4)
o 22) -5217(1) 479(3)
o 23) -5070( 2) 580( 4)
o 24) - 4605( 2) 528( 4)
o 25) -4257(2) 591(4)
o( 26) -4384(2) 1638(4)
o 27) -4581( 1) 4330( 3)
o( 28) -4107(1) 4757(3)
o 29) -3797(1) 5810( 4)
o( 30) -3949( 2) 6435(4)
o 31) -4414(2) 5985( 4)
o 32) -4729(2) 4945( 4)
o 33) -4817(1) 2599( 4)
o 34) -4828( 2) 3577(5)
o 35) - 4695( 2) 3250( 5)
( 36) - 4554( 2) 1986( 5)
o 37) - 4552( 2) 1021(6)
o 38) -4687(2) 1317(4)
a (1) -6342( 1) 1024(2)
a (2) -5851(1) 3470(2)
o 39) -5811(3) 2199( 6)
a (3) -6397(1) 2823(2)
a (4) -7408( 1) 2421(1)
C( 40) -6821(2) 1665(5)
d (5) -8236( 1) 3021(2)
a (6) -8775(1) 671(2)
c(41) -8676(2) 2360( 7)
a(7) -9159( 1) -3328(3)
a (8) -9925( 1) -2515(1)
o(42) 9247(3) -3125(6)

U(eq) is defined as 1/3 the trace of the

Uj tensor.

- 299 -



Appendix 1. Crystallographic data

Appendix 1. Crystallographic data

))
PR -
A~~~ NS~~~ ~~~~m~~~  ~ e~~~ A~~~ ~~L DO LD O M
— — AT ETHNND A~~~ ONODOONO A~ AO ~NODTHOANMNN ~MNMSTUONONMOOOMOO S
PR AN NSNS NN NN NINININININININININININIS: SIS NS
11W22WD535U6U@@(QWHQHHQWPQHHQHHQHP OI0OIICIZ0II0OIICOIACIICOIIOIITI  IT IT
e T T NSNS it s St O T T T T T T T T T T T AT T AT
Ir ITr @00I0IICT A A s e A A A A S AT
R N T N R T ~NO A" NANNF ANOOMNVOVDOOTHA ~NNITINOONMNDODOOTATNNNITINOONNVOVIOOMOO T i
O 0000000 0000000000, . 000000000000 000000000000000 ;00,00
00, 00000000000, "0 7. [s e [ At e PR
ISt L A A A~ Gy~
HAANNNOANDOONMNOMNMNATADAAAATAOO N A A A AN —AANNNNNNNNNMNOANNNNNDOOANMNOMNOMOMNMMNMONM e M e <t e
NN N
ZZIZZT000000000000000000000000000000000000000000000000000C00000I00I00
~ o~ o~~~ o~ o~~~ o~ e~~~ e~ o~ s~ o~ o~ s~ o~ o~ o~~~
o [32) mMmm< < omm < < <™ < [Te) mMmoMmm [e2] omm < < < ™M < [Te) [32] [e2} o™
N NN NN NN
ANNONMNNOOMNMOULOMOMMNMMOOVIMOOOMNOANONDONO—ANO ANV AOAUNMNOOANMNOAMOMOMATANMON AN O N

PSS S ¢ s P P

~ ONANITNTO 0O N0DNOO ~~NDIINO0 ~DOPOOATNS ~FITDOONDAD DTS O

25 2@ STt I T TN NN ANNNNNNNTNRNDDOOONI OO MO ®H®H 06T T
mll”Z2MD@@a&&n&qmwqWqumqmmqmmquqmqqmmqmmqwmqmWQWWQWWQWWQWWOWWGWWGW
[0fs s o s s f o fouf o Fo fu nfis sl & i s SN N L N N U LU N (U U WU LU L U U U L AN N
T T T AN S Aa NI O N0 RO A MM IO O~ RDPOAANN N LD DO~ 0DDRDOO O A
OO a e R T EEErEEll T AT AT NNNTNNNNNNNN NN DDDO0RNODDRODNDOT T I
0000000000000 000000,,00000000000000000000000000000000
OO00000000000000 T & 77+ v (o et A S A A S A i
_______________ L 0 e A e e e P e e e B e U P e U L W e e
A A A A A A A T O O NN NI MO O DO NOVINO A FTNNOITONOPDOPNO ADIIDOI 0O ~NAAN T I OO
NN GO 0T h oo R A A A A A AN A A A A AN AANNNNNNNNNONNND DD OO 00O MO 00 e

Z00Z000000000 0000000000000 0000000000000000000000000000000000T000

a
a
(e]
a

~ A~~~
M~ AN ANNNNNNNNN
R e D
(7“9099846780

©

0V .ONORONIT OO
OMNTOAOHOONO A
O A0
N

e o

~—
A~~~ A~
ANNADOMONN— ~-
O M N D N

0Oa 55

00055500088

))))
P~ Iy~ G~ g ¢ AT A
A~ ASASAS N S AT ANNTTOOMNOONMNITIDNDDOTANNTINDONODODOOAANN A A~~~ ~N N~~~
e ANANANN N N~ — — e — — —r e — — — — T T T —_—
ZT O0C0CI0OIIIIC0OITIICC0O00TI0OIIITICICIOIOT CoCOAaEaaER , 222
T L OO0O00OO00TTIC0TITC » - o o T Ty T T TS
e R T R R e e S o T e e e e e e e e e e e A~~~ e~~~ N~~~
A A~~~ ~—~—_———— e~ O H AN TN ONODETANMNMTONOODOTANMNMSTNONTOMOW NN AAA—ATAONNMONANN
NN
I EE0Z00 0000000000000 000000000000000000000000000
P
NSNS AN AN AN S S A~~~ NSNS SeSS S NSNS N~~~ ~ AN NN N NNNNNN
MmN S O TN nLw oo (e} O©COMN~NO mnmwnwn o n OCOMN~NNO (e} n M~ o R I R
e e e O O e O O O O O e O e O O O O O e O O O O O —TAettTOoOOOHOON~NN
TOOLMMITN—TOON—TOMOOOOOONNMNULMMNMNOMNMNMOTAOOOOOOONMWOVOMNOTOMOOO [{e] L
ANNONDDHONOODONOVOOULANUUOWUOUWOONNONULANOOWLOULMUWULWOLODONONULNONDOOND OO NV NSO

))))
P e S N N N S S e Y e s PN 1 N