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Abstract

The imino-functionalized phosphines, Ph-CH=N-PPh» and
Ph-C(N(SiMe3)2)=N-PPhz have been synthesized by reaction of the corresponding
trimethy Isilyl derivatives with chlorodiphenylphosphine vig elimination of trimethylsilvl
chloride. Both phosphines forrn complixes with PAClo(PhCN)a. [Rh(CO)-Cl}> and
[Rh(COD)Clj2. For the former phosphine, analysis of the second order multiplet for the
imine proton in the 'H NMR spectra demonstrated that the phosphines were rrans in the
complex LaRh(CO)CI (L = Ph-CH=N-PPh,) with a very large 2Jpp (= approx. 400 Hz)
and c¢is in the complex PdClhL> (L = Ph-CH=N-PPhj) with a very small 2Jpp (= approx.
7 Hz). The complex LRh(COD)CI (L = Ph-CH=N-PPh»>) was prepared. Through NMR
spectroscopy it was demonstrated that the imine-proton-rhodium coupling was too small
to resolve and was not a significant factor in the appearance of the second order
multiplets observed for the previous two complexes. For the latter phosphine,
(Ph-C(N(SiMe3)2)=N-PPh2) initial complexation was followed by wrimethylsilylchloride
elimination to produce five membered ring P,N metallacycles, PdL> and Rh(COD)L (L =
Ph-C(N-SiMe3)=N-PPhj).

The reaction of bisphosphines with azides yields, when only one phosphine is
oxidized, the heterodifunctional P,N-ligands (PhoP-E-P(Ph>)=N-R). The utilization of a
variety of azides has given access to a range of substtuents on nitrogen (R=Me3Si-.
(PhO)2P(=0)-. CeHs-CHz-, or NC-CgF4-). A variety of bisphosphines have also been
explored (E=CH;, CHCH3, CeHs, CH2CH», CH=CH). For the derivatives
PhaP-E-P(Ph2)=N-R, where E=CH> or CHCH3, the bridging carbon protons readily
undergo deuterium exchange with deuterochloroform when R=Me3Si and CH2CgHss.
For the derivatives PhaP-E-PPhy where E is a rigid linkage (CgHy or cis CH=CH) the
reaction with azides proceeds efficiently to yield the mono-oxidized bisphosphine

PhaP-E-P(Phz)=N-R. When E=CH; or CHCH3, the reaction with azides is less efficient



producing mixtures ot compounds (PhaP-E-PPha, Ph2P-E-P(Ph>)=N-R and
R-N=(Ph2)P-E-P(Ph2)=N-R). but the major product is the desired compound
PhaP-E-P(Ph2)=N-R. When E=CH>CH> or trans CH=CH, the reaction with azides
displays little selectivity for the formation of the mono-oxidized product (Ph>P-E-
P(Ph2)=N-R) versus the doubly oxidized product (R-N=(Ph2)P-E-P(Ph~)=N-R).

The heterodifunctional ligands, PhoP-E-P(Pha)=N-R, readily torm metal
complexes upon reaction with [Rh(COCl}s. In all cases the complexes are square-
planar about rhodium with the carbonyl ligand cis to the P(I1D) centre of the ligand as
determined by spectroscopic means and. for one example, a single crvs:al X-ray

structure determination.
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1 Introduction: Recent Developments Concerning Phosphinimines.
1.1 Synthesis

The chemistry of phosphinimines. or formally, phosphine imides (R3P=N-R). has
received considerable interest recently. Their synthetic use ranges trom reagents for
Wittig-like reactions!, through the formation of polymers?, coordination compounds ', (o
organometallic complexes!. The Staudinger reaction? (Equation 1.1) is still the fuvoured
method of synthesis, but, this versatile unit can also be prepared by u variety of svathene
methods. The Kirsanov reaction (Equation 1.2) depends on the elimination of hydrogen
chloride from a dichlorophosphorane and an amine3. A more recent synthesis utilizes
diethyl azodicarboxylate to link a phosphine and an amine6 (Equation 1.3) while a
straight forward approach involves the deprotonation of an aminophosphonium salt!

(Equation 1.4).

Equation 1.1

Rap + RN3 e~ R3P=N-R + N2

Equation 1.2

RspC|2 + RNHZ ——— e R R3P=N'R + 2HCI

Equation 1.3

Et-O-CO-N,-CO-O-Et
Rsp + RNHZ g R3P=N-R




Equation 1.4

R;P-NH,*X° + 2RLi ——— R3P=N-Li

RsP=N-Li + RX — s R3P=N-R + LiX

1.2 Structure and Bonding
The structure of the phosphinimine unit appears to be straightforward. The

phosphorus atom is approximately tetrahedral with five bonds and the nitrogen atom is
two coordinate with three bonds and one pair of non-bonding electrons. Examination of
the structures of compounds with N-carbon based phosphinimine units reveals bond
lengths and angles of expected magnitudes (Table 1.1). There is, however, a striking
difference in structural features when heavier elements are attached to the nitrogen atom
of the phosphinimine unit. The P=N bond length shortens and the phosphorus-nitrogen-
substituent angle increases. This effect reaches a maximum when a transition metal of
high oxidation state (i.e. an atom with low lying, empty d-orditals) is attached to
nitrogen. Furthermore, when the nitrogen centre (Lewis base) is coordinated to a Lewis
acid, the P=N bond lengthens and the bonding angle decreases. The trend demonstrated
by this data is that a short P=N bond is associated with a large P=N-R angle, and a long

=N bond is associated with a smaller P=N-R angle. The lone pair of electrons on
nitrogen must therefore be actively involved in the bonding to stabilize the observed
structural features. Similar structural features are observed in metal-imido linkages’.
Such linear linkages are depicted with a metal-nitrogen triple bond and the same
reasoning can be applied to a phosphinimine unit possessing a large P=N-R angle8

(Scheme 1.1).

23



Table 1.1 Strucrural features.

d(P=N)A d(N-R)A (P=N-R)° Ref.
PhFP—N 1.641 1.469
~ Me 6 119 9
Ph,P—=N
1. 4
\CSH,,Br 567 1.417 124 10
PhaP=—=N__NcNn), 1515 1.317 130 11
PhaP==N
/WF a 1.59 1.83 157 12
Ph;P——N
MeyP—=N 1.62 1.82 139 12
/WF4
Me,P=—=N
SiMe,
v 1.542 1.705 145 13
Me:,P‘:-N " ° 9
PhsP —=—=N—-MoCi,Py 1.65 1.72 177 12
SiMe,
Ph;P=—N 1.598 1.751 127 14
\CU/C{
- - /’
\
Cl3V=—N-—SiMe,; 1.59 1.79 177 15



Schieme 1.1

M—/=N M
N A pm—
Ph,P* N'\
R
Ph,P——N
N R

PP ===N*

N#

R
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The above observations are further supported by theoretical examination16,
Calculations!7 on the model compounds HiP=NH. H3P=N-SiH1. and [HiP=N.PH;|*
were carried out to examine the fronter molecular orbitals. The bond lengths and angles
follow the expected trends from Table 1.1 and the charge distributions are reasonable. In
particular, the highest occupied orbitals of HiP=NH are separated by 1.14eV. The
photoelectron spectrum of Me3P=NH reveals that the two lowest ionization potentials
are separated by leV8. For H3P=N-SiH3, the caiculated energy ditference between the
highest occupied orbitals is 0.18eV but the ionization potenuals cannot be resolved in the
photoelectron spectrum of Me3P=N-SiMe38. The companson of the theoretical and
experimental results indicate that inductive substituent effects are operative in this
system. These effects are particularly pronounced when substituents with empty
d-orbitals are involved. Therefore, modifving the nitrogen substituent of the
phosphinimine unit in order to control the Lewis basicity of the nitrogen and hence the

vinding strength to transition metals is a reasonable proposition.

1.3 Transition Metal Chemistry

Linking two phosphinimine units together, through the phosphorus atoms,
produces chelating ligands for transition metal coordination chemistry. If a reactive
functional group at nitrogen is present, precursors to polymers or heterocyclic
compounds are produced (See Chapter Two, Inroduction). For example, the use of the
Staudinger reaction between bis(diphenylphosphino)methane and azides has generated
both chelating ligands and metallocyclic precursors. Appel and coworkers!8, from
reactions of trimethylsilyl azide with phosphines prepared phosphinimine derivatives
with a reactive trimethylsilyl group on nitrogen. These derivatives have been utilized by

Roesky!9 to prepare cyclic species. In other work, Elsevier and coworkers20 have



examined the coordination chemistry of phosphinimine derivatives with aryl substituents

on nitrogen.

1.4 Coordination Chemistry

The presence of aromatic rings on nitrogen blocks further substitution chemistry
at nitrogen and allows the coordination chemistry of phosphinimines to be examined.
Deprotonation of N-tolyl-diphenylmethyiphosphinimine and reaction with [ML2Cl]»
(M=Rh, L>=COD, L=CO; M=Ir. L>=COD) produces stable complexes 12! in which the
ligand is bound to the metal via a sigma bond. In an analogous fashion, deprotonation of
bis(N-tolyl-diphenylphosphinimine )methane and reaction with [ML;Cl}» (M=Rh,
L;=COD, L=CO) produces similar complexes 220.

CH,
CH,

/
M PPh,
\\M//'Q§bph2 K// \\cﬁ/
If// \\cﬁ/ N
2 PPh,
7

~J



*PFg
Toly!\

L N __th
\\Pth L\M/N—P>
/. \

L CQ\ L N——P
PPh, / Ph,
/ Tolyl
Tolyl-—-N\
H
3 4

Reaction of bis{:V-tolyl-diphenylphosphiniminemethane with [ML-Cl]» (M=Rh,
L>=COD, L=CO) in the absence of a deprotonating agent also produces four membered
ring complexes 3, but, one of the methylene protons has migrated to the dangling
phosphinimine nitrogen29. In addition, anion exchange of chloride for PFg- or BF;-
reveals a new coordination mode 4 in which the labile proton has migrated back 1o the
methylene carbon. The compounds 3 and 4 are simultaneously generated under the
reaction conditions but the product distribution can be skewed by changing the metal,
ligand, solvent, or anion?2. When the aryl substituent on nitrogen is 4-methoxyphenyl
the chemistry is identical to the tolyl derivative, however, the 4-nitrophenyl derivative
(bis(N-4-nitrophenyl-diphenylphosphinimine)methane) does not form metal complexes
under these conditions?2. In addition, deprotonation of the nitro-ligand derivatives and
reaction with [ML>Cl], (M=Rh, L2=COD, L=CO) fails to produce complexes of the type
2 or 421.22, These results clearly indicate that the Lewis basicity and complexation

ability of the phosphinimine nitrogen is, again, susceptible to inductive effects.



A curious feature illustrated by the complexes 3 and 4 is the reversible transfer of
the methylene proton to the nitrogen atom. Both tautomeric forms of the ligand exist
when bound to a metal centre (3 and 4), but in solution or the solid state. only the
tautomer 5 of the free ligand can be detected20. But, since the methylene protons of §
will readily exchange for deuterium with D20, CD30D, or CDCl3, the other tautomer 6

must also be present in order to facilitate the exchange?3.

R R R H R

thp\/Pth thp\/



1.5 Metal - Nitrogenn Bonded Compounds

The reaction of N-trimethyisilyl-iriphenylphosphinimine with WFg produces the
compound 719 and reaction of oistN-trimethylsilyl-diphenylphosphinimine )methane with
metal halides produces metallocycles of the form 824, Reaction of either phosphinimine
reagent with K>ReOg7 replaces the trimethylsilyl group with ReO3 functionalities through

the elimination of hexamethyldisiloxane (9 and 10)25.

Ph,
P==—N
PhyP——N \
\WFs /Mxn
P——N
Ph,
7 8

MXnp=WF4, WCly, SeCl3,TeCls.

O4Re

N

N=—/—PPh,

Phsp___""N\Reo (CHy),
3



1.6 Coordination and Metal - Nitrogen Bond Chemistry

In our research group. we have combined the features of both systems. We ha.e
discovered that bisphosphines, such as those listed in Scheme 1.2. react with azides
under controlled conditions to produce a new class of heterodifunctional phosphorus-
nitrogen chelating ligands26. This approach produces a versarile ligand system. The
final size of the chelate can be modified simply by changing the linkage between the two
phosphorus centres2’. The substituent on nitrogen can be readily exchanged allowing
the basicity of the nitrogen, and hence the binding strength. to be altzred at will. The
combination of a soft phosphine centre and a hard nitrogen centre confers on the ligaid
the ability to form complexes with a wide range of transition metals in a wide range cf
oxidation states28. Furthermore, a reactive functional group, trimethylsilyl, on nitrogen
provides the potential to form metal-nitrogen sigma bonds through trimethylsilyl halide
elimination29. Scheme 1.3 outlines these features and summarizes some of the
chemistry previously done in our laboratory.

This thesis describes the exploration of a variety of these factors. Chapter two
details the preparation of two imino-functionalized phosphines and representative metal
complexes. One of these ligands is a monodentate phosphine while the other is a
heterodifunctional phosphorus-nitrogen chelate with reactive trimethylsilyl groups for
metal nitrogen bond formation. In chapter three the suprizingly facile deuterium
exchange between deuterc-chloroform and dppm derivatives is presented. In chapters
four and five the effect of placing a rigid linkage between two phosphines is explored
with respect to reaction with azides and metal complex formation. Chapter six
documents a highly unusual NMR spectroscopic study in which all observed spectral
transtormations are due to second order NMR effects and not a dynamic molecular
process. An overview of the reaction of an azide with a bisphosphine is provided in

chapter seven; chapter eight concludes this thesis.



Scheme 1.2 The bisphosphines26.27,

Ph,P

/\ RN,

PPh, —_ .

/ N\ RN,

Ph,P

PPh, —_—

/ \\ RN,

Ph,As

PPh, _—

thp/\ﬁph2
NR
Ph,P PPh,
|
NR
Ph,As PPh,
I

R= Me3Si, MeaGe, C5F4CN, CGHZF(NO2)2



Scheme 1.3 Summary of the previously prepared complexes=6-29,

Ci ; O
SiM .
I | e3 T S_—lMe:, ph2
OC—Rh N NP
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The reaction of an azide with a phosphine produces a phosphinimine and
dinitrogen (Staud:nger reaction, Equation 1.1). The mechanism of this reaction s not
fully understood. It is known that the alpha nitrogen of the azide is retained in the
phosphinimine product and two possible mechanisms! are outlined by Scheme 1.4
Whether the reaction proceeds vig the cyclic intermediate or not is debatable. but both

intermediates require space. It can therefore be anticipated that steric crowding about

the phosphine will inhibit the reaction. This is the focus of chapter seven, 'the control of

oxidation, a discussion'.

Scheme 1.4
Ph,
P
+ RNj
P
Ph,
Ph, - ghz
P N
i
/ =
* _~N P—N
P N\\ ~N
Ph, R Ph, R
Ph,
P
+ Nz
N
P¢ SR

Ph,
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The chemistry of the Staudinger reaction39 and phosphinimines! has been
extensively reviewed.

Perhaps the most informative, but least investigated. aspect of complexation
chemistry, with phosphorus containing ligands, is second-order NMR spectra. In many
instances complex spectra are justifiably labelled as multiplets and forgotten. In this
thesis the analysis of complex spectra has revealed valuable chemical information.
Complete analysis of second-order NMR spectra is often realized by calculating an exact
duplicate spectrum. In this work, exact simulation has often been impossible, instead
simulation has been used to demonstrate the source of the observed second order spectra.

In chapter two, 'imino-functionalized phosphines’, analysis of the X-portion of an
AA’XX' spectra reveals the magnitude of Jaa' which cannot be observed directly. The
magnitude of the coupling constant then clearly indicated the arrangement of the ligands
in the metal complexes. In chapter six, 'when phosphorus spins collide’, analysis of a
spin system containing an AB sub-spin system in which A and B have opposite chemical
shift temperature dependence again provided substantial structural information. The
complex spectra were not the result of a dynamic molecular process but simply the result
of the phosphorus nuclei (A and B) ‘exchanging' chemical shifts. The detailed
descriptions of the equations describing these spin systems can be found in reference

31(a,b,c.d).
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Chapter Two

Imino-functionalized Phosphines.

1N



2.1 Introduction.

The recent publication of the efficient synthesis of N-rimethvlsilvl-benzalimine!
and N-persilylated benzamidine? prompted our utilization of these compounds as

reagents tor the preparation of imino-functionalized phosphines. 1 and 2.

Ph Ph
/ /

N—/—C N—

/ \
Me,Si H Me;Si N(SiMej),

e

Ph Ph
/
N—C N——C

Ph,P H Ph,P N(SiMe;),

1 2

‘This chapter describes the synthesis, characterization and reaction chemistry of these
compounds. The following section describes the literature related 10 the chemistry of
imines, R-CH=N-R’, and amidines, R-C(=NR)-NR2, as well as representative ~..amples

of their transition metal chemistry.
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Imines.

The traditional method for the preparation of imine derivutives involves the
condensation reactdon of an aldehyde with a primary amine and elimination of a water
molecule to produce a Schiff base3. The subsequent chemistry of these imine derivatives
is often limited due to the presence of an alkvi or arvl group on nitrogen. Hart er al. !
prepared imine derivatives by the condensation of aldehyvdes with lithium
hexamethyldisilazane producing N-trimethylsilyl imine derivatives via elimination of
lithium mimethylsiloxide (Equation 2.1). This reaction is applicable to all aldehvdes that
do not possess an alpha hydrogen. The presence of alpha hydrogens allows keto-enol
tautomerism to occur and under these conditions the reaction proceeds to torm the
lithium salt of the aldehyde and hexamethyldisilazane*.

Equation 2.1

R-CH=O + LiN(SiMe;); ——= R-CH=N-SiMe,; + LiOSiMe,

The advantage of this synthesis arises from the presence of a trimethylsilyl group on
nirogen which allows further chemistry to be performed on these derivatives through the

elimination of trimethylsilyl halide from a variety of metal or main group halides.

N-SiMe,
H Ph
O =
N\ / \_
N-—SiMe, Ph SiMe, N-SiMe,
3 4 5

For example, Kriiger et al. 4 utilized the sodium salt of hexamethyldisilazane to
convert benzaldehyde, benzophenone and p-quinone to the corresponding

N-wrimethylsilyl imine derivatives (3-5).



Although, the vulizauon of MN-trimethyisilyl imine derivatives in transition metal
chemistry has not been extensively explored. other imine derivatives prepared via the
elimination of water from an aidehyde and a primary amine have been complexed to a
variety of transition metals (vide infra ). “or example, Drolet ef al.5 prepared pyridine-
2-carboxaldehyde imine derivatives and employed these compounds in the studv of the

reaction kinetics of the photolysis of W(CO)g (Equation 2.2).

Equation 2.2

= / hv
+ W(CO)y ——  W(CO)sL

H
\_Z N\
NN N—R
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Cullen er al. 6 utilized a chiral amine to prepare the imine derivative 6 for use with
[Rh(COD)CI]2 in an asymmetric hvdrosilvlation cataiyst system. The addition of
diphenylsilane to acetophenone proceeded in high vield. but. subsequent hydrolysis
produced a racemic mixture of the alcohol product. Brunner er a/. 7 found the imine
derivative 7 to be an excellent ligand for the hydrosilylation of ketones (87% conversion.
optical vield = 51% e.e.). Hussein er al. 8 found that the reaction ot arylamidoximes
with Liz[PdCls] yvielded orthometalated compounds 8 and Blake er ul.9 found that the

bis-imine 9 is an excellent ligand for stabilizing nickel in oxidation states I to II1.



As a final example, Anderson er al. 10 prepared the imine 10 which when complexed
with [PtMea(u~-SMej))z produced 11. The compound 11 can then react further in two
different ways. When the ortho substituent X on the phenyl group was hydrogen or
fluorine orthometallation was observed with the elimination of methane (12) (the
carbon-fluorine bond is not activated), but, for the chlorine and bromine derivatives
(X=Cl, Br), oxidative addition of the carbon-halogen bond to platinum resulted to

produce the derivatives 13.

Me,N Me,N
j cus\m/
~
N cHy N
| I
H Q H
X X
10 11
NMez
CH NMe
CH,3 / J CH; | >~ \°
Pt__ Pt
N I\
/ X /N'
H
x H
12 13

The versatility of compounds containing an imine unit, R-CH=N-R/, is clearly
demonstrated by the above examples and their subsequent organometallic chemistry.
These results suggested that the incorporation of a phosphine unit utilizing the
N-trimethylsilyl derivatives and chlorodiphenylphosphine would lead to a rich area of

relatively unexplored chemistry. To date there are few examples of N-phosphine-imine

1o
10



derivatives (¢f 1411) and no exarmiples of the application of these compounds in transition

metal chemistry have been found in the literature.

( R2C=N-)n-PX3.n
14 R= Ph, tBu, tolyl, CFj.
X= Ph, CI, Me, OMe, OEt.

Amidines.

The first report of a persilylated benzamidine was by Sanger in 197312 A later
paper by Boeré et al. 2 described the preparation of a series of persilylated amidines and
the acid hydrolysis of these compounds to the corresponding amidine hvdrochloride
salts. Since that time (1987), persilylated benzamidines, prepared as outlined by
Equation 2.3, have been reacted with a wide range of halogen containing compounds
(vide infra ).

Equation 2.3 ?iMes

N
PhCN + LiN(SiMeg); — = @_C/ Li
Y

§
SiMGg

?iMes

+MQgSlC| /N\SiMe
- - C 3
-LiCl N\
N

!
SiMe,
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The reactions of compounds containing metal halogen bonds with persilylated
benzamidine are summarized by the following representative examples. Roesky er al.13
reacted lithium N, N’-bis(trimethylsilyl)-benzamidate with SiCls, SnCls, Me>SnClo,
PhaSnCl,, TiCly, ZrCly, MoO2Cl3,, and WO,Cl,. The elimination of lithium chloride in
one to one reaction with SiCls produced compound 15. Two to one reactions with
SnCly, TiCls, and ZrCly produced compounds of the type 16 and reaction with MoO»>Cl»
and WO, Cl; produced compounds 17.

SiMe, Me38| SiMe,
N N ‘|3'

7\ / \
Ph—C MX, Ph—C \M/ C-Ph
A\ N\ | /

N N
I. I Cl I
SiMe, Me;Si SiMe,
15 16

Messi ?lMea Measi SiMe,

N 9 N N—Cu—N
7 N\ /7 '\
Ph—C\ /M\ /C—Ph Ph—C\ : C—Ph
N ﬂ ril N——-C'u—-ril

M83$I SiMea Me3S! SIMe3

17 18

Dehnicke and coworkers14 have paralleled these results by synthesizing the

corresponding one to one amidinato complexes corresponding to 15 from the trichlorides
of aluminum, gallium, and indium, from boron tribromide and from the tetrachlorides of
tin, titanium and zirconium!3. The reaction with anhydrous copper(I) chloride produced

the bridging compound 1816,



The main group chemistry of phosphorus and sulphur is less extensive. however.

a few representative examples are listed below. The reaction of persilylated
benzamidine with dichlorophenylphosphine produces 1917 and reaction with sulphur

dichloride produces 20 or 21 depending upon the reaction conditions 5.

Ph
N=P—N

\ —S
Ph-C. PPh C-Ph N—ZN

N ’ ph-¢” “c-ph ?@S}Ph
Ph N\S/N
19 20 21

As part of this thesis, persilylated benzamidine was reacted with CpTiCl;
producing the compound 2219. Additionally, the reaction of persilylated benzamidine

with chlorodiphenylphosphine produced N-diphenylphosphino-N".N"-bis(trimethylsily)-
benzamidine 2.

Me,Si
r!a /@ﬂ Y y—PPh:

N Y/
Ph-C<< /T\i\m Ph—c]
T C' N—SiMes
Me;Si Me,Si
22 2

There have now been several reports in the literature of the existence of N-diphenyl-
phosphino-N’,N*-bis(trimethylsilyl)benzamidine 2. In one of the first reports20, this
compound was an unisolated intermediate in a reaction sequence for the preparation of

the 'phosphinimine-amidine’ (Equation 2.4) 23.

0



Equation 2.4
q ?iMea
N~
A\N
N
SiMe,
N—PPh, Ph,PCl
A
@"C N Me,SIN
\N SiMes €3 3 >
/ N .
sim&Mes
23

The reaction of 23 with MoOCl4 produced the unusual metallacycle 2421, while
reactions with sulphur or selenium chlorides produced the six membered ring

compounds 2522,

Cl
Os. | _Cl
Mo

/cN\ ~Exy

N
Me;Si—N .
3 2N -ppn, | O
! Ph,P on

N \N

24 25



Sanchez and coworkers<3 claimed the preparation of 2 a5 an unpublished result
on the basis of a 31P NMR chemical shift. The subsequent reaction with a

chlorophosphinium salt produced 26.

/
Ph—C/ 26

\ +
v—pphz

Measi

Based upon the reactivity of persilylated benzamidine with metal and main group
halides it was believed by our research group that 2 would be a good chelating ligand
with the additional potential to form metal nitrogen bonds via trimethylsilyl chloride
elimination. Furthermore the phosphine centre and the rimethylsilyl functional groups
would aid in the characterization of such complexes via multinuclear NMR

spectroscopy.



2.2 Results and Discussion

N-Diphenylphosphinobenzalimine, 1.

The synthesis of N-diphenylphosphinobenzalimine 1 is achieved by the reaction
of N-trimethylsilylbenzalimine with chlorodiphenylphosphine via the elimination of
chlorotrimethylsilane. This compound and its derivatives have three structural features
that facilitate characterization. Proton NMR spectroscopy detects the ‘imine’ proton (for
I, 8.28 ppm, 3Jyp = 22 Hz) which is very sensitive to the environment of the phosphorus
centre. Large chemical shift changes in the 31P NMR spectra from that of 1 (49.38 ppm)
are diagnostic of oxidation or complexation of the phosphorus centre and infrared
spectroscopy allows the strong 'imine’ (-CH=N-) double bond absorption (for 1
v(C=N) = 1610 cm-1) to be monitored. Scheme 2.1 summarizes the reaction chemistry

of N-diphenylphosphino-benzalimine 1.
Ph

N=—

Ph,P H

1

Oxidation of the phosphine centre of 1 with p-cyanotetrafluorophenyl azide or
sulphur proceeds cleanly in good yield and the products are highly crystalline materials
(27 and 28). The reaction with trimethylsilyl azide also proceeds cleanly as monitored
by 'H and 3!P NMR spectroscopy to yield compound 29, however, the crude product
was an oil and crystals obtained from an acetonitrile solution proved to be the cyclic
phosphazene (PhpP=N)3. Subsequent attempts to isolate 29 as a crystalline solid through
slow crystallization met with equal failure as 29 readily rearranges to (Pha2P=N)3,

Complexation of two equivalents of N-diphenylphosphino-benzalimine per metal
centre with PACl2(PhCN)2 and 1/2[Rh(CO)>Cl}; afforded the corresponding complexes
30 and 31, while the one to one reaction with 1/2[Rh(COD)Cl]; produced 32.



Scheme 2.1
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The three structural features of the compounds in Scheme 2.1: the imine proton
('H NMR), the phosphorus centre (3P NMR), and the imine double bond (infrared
spectroscopy), are listed in Table 2.1. In the IH NMR spectra, oxidation of 1 with azides
or sulphur deshields the imine proton chemical shift by approximately one ppm from
8.28 ppm to 9.13-9.43 ppm and the 3Jyp coupling constants increase from 22 Hz to 34-
40 Hz. For the metal complexes the effect of complexation of the phosphine on the
imine proton chemical shift (8.28 ppm to 8.38-8.82 ppm ) and on the 3Jyp coupling
constant (22 Hz to 28-32.5 Hz) is less dramatic. For 30 and 31 the presence of two
phosphines on one metal centre produces a more complicated 1H NMR spectrum (a
doublet with 'satellites’ for 30 and a pseudo-triplet for 31) (Figure 2.1). The AA'XX' spin
systems (A=H, X=P) for these two complexes arises from the unobserved 2Jpp coupling
constant. In addition, the "triplet” observed for the imine proton in complex 31 is not the
result of rhodium coupling since phosphorus decoupling the lH NMR spectrum was
found to produce a singlet for both complexes 31 and 32.

Simulation of the multiplets observed for the imine proton in 30 and 31 allows
the estimation of the unobserved 2Jpp coupling constant. A series of simulations is
shown in Figure 2.2 demonstrating that the 2Jpp coupling for 31 is very large
(300-500 Hz). For square planar complexes trans coupling across the metal centre is
much larger than cis coupling and comparable trans-2Jpp coupling constants of 400 and

435 Hz are observed for the complexes 33 and 3425,




Table 2.1

Summary of spectroscopic data.

Compound NMR Data Infrared Data
3P (ppm)  1JpRh (H2) IH (ppm)  3JHp (Hz)  wC=N) cm-|

1 49.38 8.28 d 22 1610

27 15.41 9.13d 34 1615

28 61.14 9.43d 40 1615

29a 6.66 9.37d 36

30 72.73 8.38 mb 32.5 1624

31 70.72 130 8.82 mb 30 1625

32 73.00 161 8.42d 28 1624

a =compound not isolated. b = 3Jyp + SIyp'. d=doublet. m= multiplet.

4



Figure 2.1

The 'H NMR specora of the imine protons for compounds 30 and 31

demonsmating the second order AA'XX' spectum.
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Figure 2.2 The simulated 'H NMR spectra for the imine protons of 31 as <Jpp

increases demonstrating the effect of large 2Jpp coupling upon the

AA'XX" spectrum. Jyp = 50 Hz, Jyp' = 0 Hz, Jyy = 0 Hz,

Jerpy = 130 Hz

i

2Jpp = 150 Hz

2Jpp = 300 Hz

23pp = S0 Hz

1 T 1 7 1 T

2Jpp = S00 Hz
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In addition. the doublet of triplets detected by 13C NMR spectroscopy for the rhodium
complex 31 (186.7 ppm. Jcrn=74.7 Hz, 2Jcp=15.1 Hz) clearly indicates two equivalent
phosphines reinforcing the conclusion that the phosphines in this complex are trans to
cach other.

The simuladon of the imine proton multiplet for 30 is equally unusual. This is an
example of a limiting case of an AA'XX' spin system in which several coupling
constants are very small resulang in a highly symmertric, simplistic multiplet. The
simulation of this multiplet and appropriate coupling constants are shown in Figure 2.3.
Typically one-half of an AA’XX" spectrum has as many as 12 transitions dut in this case

. (JyH) is essentially zerc and Jxx (Jpp) is small (<10 Hz). In this situation most of
the transitions overlap to form the most intense lines which are separated by Jax + Jax
(Jax >> Jax'). The small side peaks are separated from the intense peaks by Jaa' + Jxx
(or JAA' - JxXx'). Assuming that the Jyy' coupling is zero (no through space interacaon).
this separation is the 2Jpp coupling constant of only 7 Hz. Literature examples of <Jpp
coupling constants this small belong to cis-phosphine substituted palladium complexes

such as 35 (2Jpp=10 Hz)25 and thus 30 must have cis-phosphines.

Me, Ph, /l\
Cl P CI P Ph
\P/ Pd N
d
a” e a’ \p/N%rH
Ph, Ph, Ph

35 30



Figure 2.3

The simulated 'H NMR spectra for the imine protons of 30

demonstrating the effect of small 2Jpp coupling upon the AA'XX'

spectrum.
Jax - Jax = 39.5 Hz

JAX = +/- 36 Hz

Jax = -/+ 3.5 Hz

Jax + Jax = 32.5 Hz
-4.-1 }-__
Jdxx =7 Hz
S2 a8 38 28 18 | -ip -28 -38 -4 5@

HERTZ



~J]

Lo¥]

The multiplets observed in the 1H NMR spectra of 30 and 31 are extreme
examples of AA'XX' spin systems in which Jx v 1s very small and very large
respectively. The effects of these values on the appearance of the AA'XX' spectrum is
illustrated in Figure 2.4.

Phosphorus NM: ctroscopy is very effective in monitoring the effects of
oxid.iiton or complexation ot the phosphine. The phosphine (1) has a chemical shift of
49.38 ppmn and upon oxidation with azides the chemical shifts are 15.41 ppm for 27 and
6.66 ppm for 29. Oxidation of 1 with sulphur has the opposite effect and 28 has a
chemical shift of 61.14 ppm . The chemical shifts for the complexes 30, 31 and 32 are
similarly affected with resonances of 72.73, 70.72, and 73.00 ppm respectively.

Finally, infrared spectroscopy (Table 2.1) clearly demonstrates that the
absorption by the imine double bond (v 1610 cm-!) is essentially unaffected by the

changes occuring at the phosphorus centre.



Figure 2.4

The variation of AA'XX' spectra with coupling constant values.
a) All coupling constants non-zeroZ28.

N=Jax+Jax, M=Jaa-Ixx. K=Jaa+Txx. L=ax-Jax. 2P=(K3+LH12
and 2R=(M2+L2)1/2,

b) Jaa=0 Hz. K=M=Jxx-. 2P=2R.

2P

T e
AR



¢) Ixx>>N, Jaa=0 Hz, K=M=Jxx' = 2P=2R.

.

N
Jax + Jax:
I
l_ K=M=2R =2P K=Mz=2R =2P
JIxx Jxx: b
d) Jxx'<N, Jaa=0 Hz.
N
Jax + Jax: 1
2P =2R '
Jax - Jax

o ::\__
2/
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N-Diphenylphosphine-N',N'-bis(trimethylsilyl)benzamidine.

The synthesis of N-diphenylphosphino-N"N"-bis(trimethvlsilyD)-benzamidine 2 is
described in the experimental section and has already been outlined in the introduction
(Equation 2.4). A single resonance for the protons of the trimethylsilyl group is
observed in the !H NMR spectrum with no observed coupling to phosphorus. At room
temperature this compound displays broad singlets in the 3P and 29Si NMR spectra.
Upon cooling to approximately -60°C the signal in the 3P NMR spectrum broadens
further. Cooling to -90°C produces a sharp 3!P signal. Considering the lack of coupling
between the IH or the 29Si nuclei with the 3P nucleus (at ambient temperature), the

assignment of structure 2 is favoured over that of 2.

SiMe, SiMe,
N N
“si v
Ph—c/ SiMe, Ph~C
A\ \ _SiMe,
! )
PPh, PPh,
2 2’

In a similar fashion, the trimethylsilyl groups of compound 23 are equivalent as
indicated by a single resonance in the 'H NMR spectrum?2. It is possible that in this
compound the trimethylsilyl groups are able to migrate between the nitrogen centres.
Furthermore, the compound 362! is observed as two isomers (36a and 36b) at room
temperature in the 1H, 29Si and 3!P NMR spectra. The ability of these two isomers to
inconvert is unknown. Thus the source of the broadening of the 2!P NMR signal with
temperature observed for 2 is unlikely to be due to trimethylisilyl group migration unless

the isomers 2 and 2' have the same 3!P NMR chemical shift. A more reasonable
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explanation would involve the slowing of a process such as inversion of a pyramidal

nitrogen or a C-N bond rotation.

?iMeg ?iMe:, ?iMe3
N N
N
/ Nsime 4 / “siMe,
Ph- 3 Ph-C . Ph-C
C \ SiMe; \
\\N e N,
| |
|
SiMe, Ph2P=pN_siMe, Ph2P=~N_siMe,
23 36a 36::

Single crystal X-ray structure determinations for 2326 and 3620 reveal that one
silyl group is asymmetrically bridging the amidine nitrogens in the former while in the
latter compound the central nitrogen atom does not possess a trimethylsilyl group (36b).
In the solid state, both compounds possess near planar nitrogen centres with two
trimethylsilyl groups. This suggests the possibility that in solution at low temperature a
planar nitrogen environment is preferred and hence supports the source of the observed
temperature variation of the 3P NMR signal for 2 as a pyramidal nitrogen inversion
process in which a trigonal planar nitrogen environment is thermodynamically favoured.
A C-N bond rotation is still required to equilibrate the rimethylsilyl groups and the low
temperature =9Si NMR spectrum of 2 needs to be studied.

Complexation reactions of 2 with a variety of transition metals were investigated.
Overall, most transition metal halides and organometallic compounds attempted were
either too reactive and destroyed the ligand, or, no reaction was observed. The reactions
with TiCls and CpTiCl3 produced glassy solids which could not be identified
spectroscopically. In related work, a recent paper by Roesky and co-workers27 describes
the preparation of a compound incorporating a titanium-nitrogen double bond stabilized

by coordinated pyridine molecules 37. It is conceivable that reactions of 2 with high



oxidation state metal halides has occurred producing similar metal-nitrogen double

bonds which subsequenty undergo further reaction.

I\
13
¢_N—Ti=N—pPh, 37
a? |
N
Q

Titanocene dichloride and zirconocene dichloride do not react with 2 at room
temperature in dichloromethane solution while tungsten hexachloride and 2 stirred at
room temperature in dichloromethane react to produce a variery of unidentified products.
Tungsten hexacarbonyl does not react with 2 after 4 days in refluxing acetonitrile.
Complexation reactions of 2 with one equivalent of PdCl1(PhCN);3 or 1/2[Rh(CO)>Cl}»
produced unstable compounds which were briefly observable by 31P NMR spectroscopy.

The reaction of two equivalents of 2 with PdCl3(PhCN)» proceeded cleanly to
yield one product 38. The product was identified as the dichloromethane solvate from
the elemental analysis and the presence of a strong signal at 5.32 ppm (CHCl3) in the
1H NMR spectrum. The geometry at palladium (cis or trans) and the site of attachment
of the remaining trimethylsilyl groups could not be determined by Spectroscopic means.
The mass spectrum, however, does show the parent ion at M+=856 with 100 % intensity
verifying the molecular composition. Furthermore, the isotopic distribution of the signal

detected for the parent ion and the simulation (Figure 2.5) are identical.



Ph N

38

The reaction of 2 with 1/2[Rh(COD)CIl]; produces 39 which was prepared by
simply combining the reagents in methylene chloride at -78°C for one hour and
removing the solvent in vacuo. The possibility of further reaction was suggested by the
mass spectrum. Indeed, 39 was not observed in the mass spectrum, instead a signal at
mass 586 (38 %) 40 was observed indicated that rimethylsilyl chloride had been
eliminated from 39. In solution. prolonged stirring of 39 in methylene chloride (or
gentle reflux) produced the compound 40 as an impure oily-solid. The further
deshielding of the 3P NMR signal (from 59.1 ppm for 39 to 88.0 ppm for 40) is
characteristic of ring formation23 and is similar to the 3!P NMR chemical shift for 38 at
85.5 ppm. The lJprp coupling constant has increased from 154.7 Hz to 165.9 Hz. The
IH NMR spectrum integrates correctly for 40, but until firmer characterization is

achieved, the existence of 40 is tentative.
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The observed and simulated mass spectrum signals for the parent ion of

Figure 2.5
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2.3 Summary

In conclusion it has been demonstrated that -diphenyviphosphino-benzalimine
can be synthesized in good yield utilizing the elimination of trimethyvisilvl chloride trom
N-trimethylsilyibenzalimine and chlorodiphenylphosphine. The product phosphine.
derivatives and metal complexes are easily identified by characteristic 'H and 31P NMR
spectroscopic features. The second order appearance of the imine protons in the 'H
NMR spectra of the metal complexes 30 and 31 reveals valuable structural information,
Although the 2Jpp coupling constant was not observed directly. simulation of the 'H
NMR spectrum through an iterative process allowed this coupling constant to be
"approximated (2Jpp for 30 = approx. 7 Hz (cis), 2Jpp for 31 = 300 - 500 Hz). The
magnitude of this : Hupling constant indicated that the phosphines were cis in the
palladium complex and reinforced the deduction, from the 13C NMR, that the
phosphines were trans in the rhodium complex.

In addition, N-diphenylphosphino-N',N'-bis(trimethylsilyl)-benzamidine 2 is
readily synthesized from persilylated-benzamidine and chlorodiphenylphosphine.
Compound 2 is highly soluble in all organic solvents and the trimethylsilyl groups
display fluxional behavior in solution. This compound is a poor heterodinuclear ligand
seerning to favour decomposition over complexation. The presence of two reactive
trimethylsilyl groups complicates reactions with metal halides possessing more than one
halide; from reactions of these many products are formed. Presumably, rimethylsilyl
chloride elimination occurs followed by rupture of the P-N bond which leads to the
destruction of the ligand. When a relatively unreactive metal chloride, such as Pd(1I) or
Rh(D), is utilized, complexadon is achieved cleanly prior to trimethylsilyl chloride
elimination. Compounds, 38 and 40 are cyclic heterocycles possessing a metal-nitrogen

sigma bond. They still possess one trimethylsilyl group resulting in relatively low



melting points and increased volatility which aids in their detection by mass

Spectroscopy.

24 Experimental

This secuon describes the synthesis and subsequent chemistoy of
~N-diphenylphosphinobenzalimine 1 and N-diphenylphosphino-
N’ N’'-bis(trimethvlsilvlibenzamidine 2. General techniques. reagents. solvents und

instrumentation are listed in the appendix.

Section A. Synthesis of the Phosphine Derivatives.

A.I.  Synthesis of N-diphenylphosphinobenzalimine, 1.

A.l.i Preparation of N-trimethylsilylbenzalimine.

This procedure was modified from that of Hart.! In a typical reaction, 25.00 ¢
(103.7 mmol) of LiN(SiMe3): Et202 was placed in a 500 mL 24/40 round botiom flask
and an aimosphere of argon was inroduced. Freshly disiilled tetrahydrofuran. 100 mlL.
(diethyl ether can also be used with no noticable difference in the result) was then added
to dissolve the solid lithium salt and the reaction flask was cooled to O °C.
Benzaldehyde (11.0 g, 103.8 mmol) was t- n placed in a pressure equalizing dropping
funnel and slowiy added to the reaction flask. The reaction mixture was aliowed to sur
overnight and warm slowly to room tempe-ature during which ume the colourless
solution turned pale yellow. The solvent was then stripped off in vacuo and the yeilow
residual 0i! was vacuum distilled (0.5 torr) leaving the side product, LiOSiMe3, behind.

The product was collected between 55 to 60 °C (9.38 g, 53.0 mmol. 51 %). 1TH NMR (8.
CDCI3.TMS ) 8.9 ppm (s, 1H. -CH=N-), Lit.} 89 (s,1H,-CH=N-).
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A.l.ii. Synthesis of V-diphen3yiphosphinobenzalimine.

In a 500 mL 24/40 round bottom fi:sk was placed S.X2 ¢ (498 mmol) of
N-trimethylsilylbenzalimine and 150 mL of toivene The reaction thask was cooled 1o 4
°C and 10.99 g (49.73 mmol) of chlorodiphenviphosphine in 30 mL of toluene w.as
added dropwise. The reaction mixture was allowed to stir overnight. Removal of the
solvent in vacuo (caution: this compound is thermally unstable in solution. for best
vields avoid exposure to unnecesssary heat) produces a yeliow sticky solid capprox.

14 g, 97 %) which can be caretully recrystailized from acetonitnle or dieth-tether.
M.P.=72-73 °C, Analysis: Cj9H1gNP: Calculated: C=78.8%8. H=5.57. N=4.54% . Found.
C=76.22. H=5.53. N=4.88%. L.R. (CH>Cl> cast) 2053w. 2850w, 1625m. 161 1m.
1577w, 1477w, 1449w, 1433m. 1208w, 1213w, 1092w. 1067w, 1023w, 844w 775m.
7415, 694s, 516w. 502m. M.S.: M+ 289 (100 %). 'H NMR (3. CDClz, TMS) 8.2X ppn.

d. I1H, 3Jpp=22 Hz.: 8.0-7.3 ppm. m. 15H. 3P NMR (3. CDCls. H1iPOy) 49,38 ppm. «.

A.2. Synthesis of N-diphenylphesphino-N',N’-bis(trimethylisilvl)benzamidine, 2.
in a 500 mL three neck 7-/40 round bottom tlask was ptaced 30.0 ¢ (124 mmol;
of LiN(SiMe3)2-Et20 and 300 mL of dry diethyl ether. To this sotution was added
dropwise 13 mL (130 mmol) of benzonitrile and the mixture was surred at room
temperature and monitored by !H NMR until the signal at O ppm disappeared and a
signal at -0.4 ppm reached a maximum (Ph-C(=NL1)N(SiMe3)a.
Chlorodiphenylphosphine (24.3 g, 110 mmo!) was then added dropwise and the reaction
mixture was stirred at room temperature overnight. The 3P NMR spectrum of the
reaction mixture demonstrated that PhoPCl was completely converted to the product 2.
The LiCl precipitate was allowed to settle for several hours before the solution was
filtered under argon and approximately 75 % of the solvent was removed in vacuo.

Acetonitrile was added (50 mL) to the oily amber solution. A few seed crystals of the



product were added (when available; and the tflask was left in the freezer (-20 °C) until
crystallization occured (1-7 days). Filtration ot the yellow waxy crystals under argon
(while still cold) and drying under vacuum produced 40 g (89 mmol. 81 %) of
N-diphenylphosphino-N'.N'-Bis(trimethylsilyl)benzamidine. M.P.=63-65°C. Analysis:
CasH33N2Si-P. Calculated: C=66.92, H=7.41. N=6.24 %. Found: C= 66.35. H=7.36.
N=6.43 9. 1.R. (CH2>Cl> cast) 3120m. 2950m. 1640w, 1555vs. 1480m. 1435s,
1250vs,br, 1150w, 1120m, 1080w, 1040m, 1020m, 875m.br. 840vs.br. 770s. 740m.
700s, 515m. M.S. M+, 448 (5 %). 'H NMR (8, CDCl3, TMS) 7.9-7.4, m, I5H: 0.1. s.
9H. 3P NMR (8, CDClz, H3POy4) 34.8 ppm, s. broad. 29Si (8. CDCl3. TMS) 5.8 ppm.

s, broad.

Section B. Chemistry of the Phosphine Derivatives.

B.1. Oxidation of N-diphenylphosphinobenzalimine, 1.

B.1.i. Reaction with trimethylsilyl azide to form 29,

Into a 250 mi. 24/40 round bottom flask was placed: 5.20 g (18.0 mmol) of
N-diphenylphosphinobenzalimine (1), 2.20 g (19.1 mmol) of trimethylsilyl azide, and 50
mL of dry toluene. The reaction mixture was refluxed overnight. The 31P NMR
spectrum of the reaction solution demonstrated that the reaction was complete; no signal
was observed for the starting material. The product showed a single peak at 6.66 ppm.
Removal of the solvent in vacuo and recrystallization of the thick syrup from acetonitrile
afforded a small quantity of a white crystalline material which proved to be [PhoPN]324.
M.S. M*=597. Subsequent attempts to isolate 29 as a « -vstalline solid met with equal

fatlure.
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B.l.ii. Reaction with p-cyanotetrafluorophenyl azide to form 27.

Into a 100 mL side arm round bottom tlask was placed 1.0017 £ (3.466 mmol of

N-diphenylphosphinobenzalimine (1) and 30 mL of dichloromethane. The flask wias
cooled to 0 °C and 1.7600 g (3.518 mmol) of p-cvanotetrafluorophenyl azide in 10 m
of dichloromethane was added dropwise. After several hours the solvent was remy .ol
in vacuo and the product recrystzllized from a minimum of acetonitrile producir, .
(1.9 mmol, 55 %) of pale yellow crystals. M.P.=188-190 oC. Analysis: CagHFaN:P
Calculated: C=65.47, H=3.28, N=8.81 %. Found: C=65.38, H=3.41. N=X.88 ¢ [R.

(CHaCl3 cast): 3061w, 2230s, 1644s, 1614s, 1597w, 1578m. 1502s,br, 14375, 1312w,

1226s. 1117m, 1015m, 999w. 9825, 884m. 846w, 820s. 752m. 726m. 6915, 546m, 525m.,

S12m, 481w. M.S.: M*=477 (35 %) . 'H NMR (3, CDCl3, TMS) 9.13 ppm, d. 1H.
3Jpp=34 Hz; 8.0-7.3 ppm. m, 15H. 31P NMR (8, CDCl3, H3POy3) 15.4 ppm. s.

B.l.iii. Reaction with sulphur to form 28.

Into a 100 mL round bottom flask was placed: 3.25 g (11.2 mmol) of
N-diphenylphosphinobenzalimine (1), 0.360 g (1.41 mmol) of sulphur and 50 mL of
toluene. The mixture vwas refluxed for 24 hours and upon cooling long fiberous crystals
of sulphur precipitated from the solution. The solution was filtered under argon and the
filirate was stored for several days during which time large pale vellow blocks (1.1 g,
3.4 mmol, 30 %) crystallized. M.P.=76-79 °oC. Analysis: CyoH16NPS: Calculated:
C=71.01, H=5.02, N=4.36 %. Found: C=70.82, H=4.94, N=4.43 %. LR. (CH>2Cl»):
3056v., 1€ .5, 1597w, 1578m, 1478w, 1451m, 1437s, 1365m, 1311m. 1217m. 1106s.
855s, 8Us, 755s, 723s, 6915, 646m, 615w, 608m, 522s, 503m, 479m. M.S. M+=32]
(40 %) . TH NMR (3, CDCl3, TMS) 9.43 ppm, d, 1H. 3Pyp=40 Hz; 8.1-7.5 ppm, m.
15H. 31P NMR (3, CDCl3, H3PO4) 61.14 ppm, s.



Section C. Preparation of Metal Complexes.

C.1. Metal complexes of NV-diphenylphosphinob. .. .limine, 1.

C.Li. Complex with PdCl3(PhCN)a, 30.

To a dichloromethane solution (25 mL) of PdCI2(PhCN)> 284.0 mg (0.7410
mmiol) was added dropwise a dichloromethane solution (25 mL) of
N-diphenylphosphinobenzalimine (1) 428.1 mg (1.48]1 mmol) a: 78 °C. The solution
was allowed to stir for several hours and warm to room temperature. The solvent was
removed in vacuo producing a yellow-orange oil that smelled strongly of benzonitrile.
Only one product was detected by 3P NMR spectroscopy. Recrystallization from hot
acetonitrile produced yellow-orange crystals of PACla(PhaP-N=C(H)-Ph)> ( 0.1176 g.
0.155 mmol. 21 %). M.P.=240-245 oC (decomposition). Analysis: C3gH32N-P2Cl-Pd.
Calculated: C=60.38, H=4.27, N=3.71, C1=9.38 %. Found: C=60.30, H=4.23, N=23.83,
Cl=6.01 %. LLR. (CH2Cl> cast) 3055w, 1624s, 1595w, 1575s, 1450w, 1436s, 1310w,
1097m. 850m. 815m. 747m. 712w, 688s. 547w, 525s. 5S09m. 'H NMR ( §. CD~Cl-.
TMS) 8.4 ppm, m. 2H; 7.8-7.3. m, 30H. 3P NMR (3, CD>Cls, H3POy4) 72.73 ppm. s.

C.l.ii. Complex with [Rh(CO),Cl],, 31.

To a dichloromethane solution (25 mL) of [Rh(CO)>Cl]2 102.7 mg (0.2641
mmol) was added dropwise a dichloromethane solution (25 mL) of
N-diphenylphosphinobenzalimine (1) 307.9 mg (1.0665 mmol) at 0 °C. The solu . n v as
allowed to stir for several hours and warmed to room temperature. The solvent was
removed in vacuo producing a yellow microcrystalline powder. The product dissolved
immediately in 10 mL of acetonitrile and after several hours deposited large cubic
crystals of Rh(CO)CI(Ph2P-N=C(H)Ph)2 (0.25 g, 0.39 mmol, 74 %). M.P.=165 °C
(decomposed). Analvsis: C3gH32N2P2CIRh: Calculated: C=62.87, H=4.33, N=3.76 %.



Found: C=62.94. H=4.24, N=3.79 %. Solution M.W. (CH>Br>) 700 g/mol. LR.
(CH2Cl2) 3056w, 1980vs, 1625s, 1596w, 15765, 1481w, 1450m. 1435s, 1310m, 121w,
1168w, 1098m. 849m. 798s, 745s, 710w, 691s, 567m. 5235, 507m. M.S. (FAB): 651
[Rh(Ph2P-N=C(H)Ph)2]*. TH NMR (8. CD>Cl>, TMS) 8.8 ppm. vt, 2H: 7.9-7.4 ppm, m.
30H. TH{3!P} NMR 8.8 ppm.s. 3P NMR ( 8. CD:Cla. HiPO4) 69.73 ppm, d.
1IprA=130.1 Hz. 132 NMR ( 8. CD2Cl2, TMS) 186.7. dt, icrp=74.7 Hz. 2Jep=15.1

Hz.

C.l.iii. Complex with [Rh(COD)Cl],, 32.

To a dichloromethane solution (20 mL) of {Rh(COD)Cl}- 342.9 mg (0).6955
mmotl), cooled to -78 °C, was added dropwise a dichloromethane solution (40 mL) of
Ph2P-N=C(H)Ph (1) (402.1 mg, 1.391 mmol). The reaction mixture was stirred for 12
hours and allowed to warm slowly to room temperature producing an orange solution.
The solvent was removed in vacuo producing an orange microcrystalline powder.
Phosphorus NMR spectroscopy demonstrated a quantitative conversion to the complex
Rh(COD)Cl(Ph2P-N=C(H)Ph). Recrystallization from acetonitrile produced 400 mg
(0.746 mmol, 54 %) of the complex as large orange crystals. M.P.=14( oC
(decomposes). Analysis: C27H28NPCIRh: Calculated: C=60.44, H=5.26, N=2.61.
C1=6.60 %; Found: C=60.53, H=5.26, N=2.87, Cl=6.37 %: Soludon M.W. (CH>Br>)
=515g/mol. ILR. (CH2Cl3 cast) 3053w, 2939w, 2915w, 2879w, 2829w, 1624s, 1 596w.
1575m, 1480w, 1450m, 1434s, 1309w, 1218w. 1098m, 997w, 848m, 794m, 745s. 734m.
707m, 692s, 535s, 507s. M.S. (FAB): M*-ClI=500 (100 %) . 'H NMR (8, CD,Cl>»,
TMS) 8.4 ppm, d, 1H, 3Jpp=28 Hz; 7.9-7.5 ppm, m, 15H; 5.6 ppm. s, 2H: 3.5 ppm, s,
2H: 2.4 ppm, m, 4H; 2.1 ppm, m, 4H. 'H{3!P} NMR 8.4 ppm, s. 31P NMR (8, CD>Cl>,
H3PO4} 73.0 ppm, d, lJprp=159.7 Hz. 13C NMR (8, CD>Cl,, TMS) 170.3 ppm, d,
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2Jcp=8.3 Hz; 136 ppm -127 ppm, Ar: 107.0 ppm, dd. J=6.8 Hz and 5.8 Hz: 70.6 ppm. d.

J=13 Hz; 33.4 ppm. s; 29.0 ppm. 5.

C.2.  Metal complexes of N-diphenylphosphino-~',.V'-bis(trimethylsilyl)-

benzamidine, 2.

C.2.i. Complex with PdC1,(PhCN)>, 38.

To a dichloromethane solution (30 mL) of PACl2(PhCN)» (402.8 mg, 1.052
mmol) was added dropwise a dichloromethane solution (30 mL) of
N-diphenylphosphino-N'N'-bis(trimethylsilyl)benzamidine (2) (942.8 mg, 2.114 mmol,
at -78 °C. The reaction mixture was stirred overnight and allowed to warm slowly to
room temperature. The solvent was removed in vacuo producing a sticky vellow-orange
solid contaminated with benzonitrile. Proton and 31P NMR spectroscopy demonstrated a
clean conversion to a single compound. Recrystallization from 15-20 mL of
dichioromethane at -20 ©C for five days produced one large crystal (2cm x lcm x
0.3cm). The crystal broke during filtration under argon and the fragments were
packaged in sealed tubes. M.P.=228-235 OC (decomposed). Analysis:
CaaHygN4P2SioPd-2CH,Cly; Calculated: C=53.78, H=5.10, N=5.45. Cl=13.80 %.
Found: C=53.98, H=4.98, N=5.76, Cl=11.65 %. L.R. (CH>Cl; cast) 3050w, 2940w,
2880w, 1570w, 1480w, 1455s, 1445m, 1425s, 1320s, 1250m, 1240m, 1170w, 1135w,
1100m, 1070w, 1025w, 1000w, 950m. 930m. 830s, 790w, 745w, 730m. 690m, 640m.
580m, 525w, 515m, 495m. M.S. M*=856 (100 %) . 'H NMR (8, CD>Cl,, TMS) 7.57-
7.10. m, 30H; 0.1 ppm, s, 18H. 31P NMR ( §, CD,Cl3, H3POj4) 85.5 ppm, s.



C.2.i. Complex with [Rh(COD)Ci],, 39.

To a dichloromethane solution (30 mL) of [RhtCOIICL]> (199,53 my, (.405
mmol) was added dropwise a dichloromethane solution (20 mL) of
N-diphenylphosphino-N"N"-bisttrimethylsilvhibenzamidine (2) (360.7 mg. 0.809 mmol)
at -78 ©C. The reaction mixture was stirred for one hour before the solvent was remon ed
in vacuo producing an orange powder that was recrystallized from acetonitrile
(yield=410mg. 0.62 mmol, 77 %). M.P.=65-70 °C compound discolours. 90 ©C
decomposes. Analysis: C33H45N2S1:PCIRh. Calculated: C=57.01, H=6.52, N=4.03,
Cl=5.10 %. Found: C=56.37, H=6.41, N=1.09. C1=593 %. M.S. M+*-Me3SiCl, 5%6
(38 %) . 'H NMR (8. CD2Cl2, TMS) 7.8 ppm. m. 5H: 7.4 ppm. m. 10H: 5.4 ppm. br «.
2H; 3.5 ppm, brs, 2H: 2.4 ppm, m, 4H: 2.0 ppm, m, 4H: 0.15 ppm. s, I8H. 3P NMR (4.
CD2Cl>. H3POy) 59.1 ppm, d, Uprp=154.8 Hz. =9Si NMR (8, CDCl>, TMS) 7.13% ppn.

S.

Section D. Less-Successful Reactions.

D.1. Reaction of 2 with TiCly.

A methylene chloride solution (25 mL) of 2 (1.38 g, 3.07 mmol) was added
dropwise to a solution {CH2Cl2, 50 mL) of TiCla(2THF) (1.00 g, 3.06 mmol) at 0 oC.
After five hours the yellow solution had turned red and the solvent was removed in
vacuo producing a red brown glassy solid. M.P. = 180 ©C (decomposed). 31P NMR (96,

CDCl3, H3POg4) 39 peaks of significant intensity betw: 7~ 124 and -16 ppm.

D.2. Reaction of 2 with CpTiCl3.
A methylene chloride solution (75 mL) of 2 (0.9275 g, 2.066 mmol) was added
dropwise to a solution (CH2Cly, 75 mL) of CpTiCl3 (0.4547 g, 2.072 mmol) at -78 ©C.
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The temperature was maintained at -78 OC for six hours and during that time the initial
orange solution turned red. The solvent was removed in vacuo and the solid residue was
analyzed by NMR spectroscopy. 3!P NMR (8. CDCl3, H3PO4) 84.7 ppm. s (plus a

dozen smaller peaks between 37 and -23 ppm).

D.3. Reaction of 2 with Cp5TiCl,.

A methylene chloride solution (25 mL) of 2 (1.80 g. 4.01 mmol) was added to a
solution (CH2Cl3, 100 mL) of Cp,TiCl> (1.00 g, 4.02 mmol) at room temperature. No
colour change was observed upon addition. After 24 hours the solvent was removed in
vacuo producing a sticky brown sludge. Acetonitrile (50 mL) was then added to the
sludge and the resulting solution was refluxed for five hours. The solvent was again

removed in vacuo producing a sticky brown sludge. The reaction was abandoned.

D.4. Reaction of 2 vvith Cp2ZrCl,.

A methylene chloride solution (25 mL) of 2 (1.58 g, 3.52 mmol) was added
dropwise to a solution (CH>Cl2, 75 mL) of Cp3ZrCl; (1.03 g, 3.53 mmol) at 0 °C. The
solution was allowed to warm slowly overnight. No colour change was observed. No

reaction occurred as monitored by 3P NMR spectroscopy.

D.5. Reaction of 2 with WClg.

A methylene chloride solution (25 mL) of 2 (0.5968 g, 1.330 mmol) was added
dropwise to a solution (CH2Cl», 50 mL) of WClg (0.5275 g, 1.329 mmol) at 0 0C. The
solution was stirred overnight. The solvent was removed in vacuo producing a black

powder which quickly decomposed upon exposure to air and CDCl3.



D.6. Reaction of 2 with W(CO),.
An acetonitrile solution (50 mL) of 2 (1.41 g, 3.14 mmol) was added dropwise to
& solution (CH3CN, 50 mL) of W(CO)g (1.10 g. 3.13 mmol). After 4 days ot heaung at

refiux. no reaction had occurred as determined by 3P NMR spectroscopy.

D.7. Equimolar reaction of 2 with PdCl:(PhCN)».

A methylene chloride solution (20 mL) of 2 (0.5175 g. 1.152 mmol) was added
dropwise to a solution (25 mL, CH-Cl») of PACI2(PhCN)> at -78 ©C. The reaction
solution was allowed to warm slowly to room temperature overnight. The solvent was
removed in vacuo and the sticky residue was washed with hexane 1o remove
benzonitrile. M.P. = 1840C (decomposed). Analysis: Found: C = 53.27. H = 4.34.
N=6.28.Cl=3.61%. 'HNMR (8. CDCl3, TMS) 8.3 - 7.0 ppm. Integration = 3, (0.2 -
-0.2 ppm. Integration = 1. 31P NMR (8, CDCl3, H3PO4 ) 92.1 ppm. s: 91.5 ppm. s V0.9

ppm, s (major peak): 89.6 ppm. s.

D.8. Reaction of 2 with 1/2[Rh(CO)>Cl)3.

A methylene chloride solution (100 mL) of 2 (0.1468 g. 0.3272 mmol) was added
dropwise to a solution (100 mL CH>Cl2) of (Rh(CO)>Cl}> (0.0640 g. 0.165 mmol) at
room temperature. The reaction mixture was stirred tor 24 hours before the solvent wis
removed in vacuo and the residue was analyzed by NMR spectroscopy. 'H NMR (3,
CDCl3, TMS) 8.0 - 7.0 ppm, approx. 15 H, Ar; 0.1 ppm, approx. 9 H, Me3Si-.
31P NMR (8, CDCl3, H3PO4) 106.1 ppm, d. HJprp = 179.8 Hz (major peak).
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Chapter Three

Deuterium Exchange
n
Bis(diphenylphosphino)methane Derivatives
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3.1 Introduction

The phosphinimine phosphines, RN=PPh2-E-PPh2 (R=Me3Si. Me1Ge, Ci,F3CN,
etc.)1.2 provide hard base (N) or soft base (P) coordination to metals in both high and low
oxidation stuates and formation of metal nitrogen bonds by Me3SiX elimination or Me 1Si
migration to terminal oxygen!-7. A system of compounds is tocessible by employving
different backbone functionaliiies, E. (E=CHa, CHCH3. Coidy, CeH.y etwe.). Furthermore
these compounds are ylids and they undergo Wittig-like rzactions with aldehydes,
ketones, carbon disulphide, etc.8. In the initial reports of the protypicil compound
N-trimethylsilyl-diphenylphosphoraniminediphenylphosphino-methane (1), prepared by
the reaction of bisdiphenylphasphinomethane (dppm) with trimethyvisilvl azide, unusual
multiple resonances of 1 were displayed in the 31P and YH-NMR spectral. This report
attributed the source of the multiple resonances to different rotational conformations of 1.
A single crystal x-ray strucwral determination of 1 shows only one conformation in the
solid state and suggests a lac< of steric congestion within the molecular tramework"”. We
have now proven definitivelv that these multiple resonances in the 31P-NMR spectra arise

from facile deuterium exchange of the methylene protons of 1 with CDCl3.

Megsi N Me3Si N /Simea
N N N
Ph lp' PPh Ph U IPIPh
2 \\/ 2 2 \\/ 2

i 2
Deuterium exchange between solvent and substrate is often encountered
especially when readily ionizable protons on alcohols, amines or water can be aided by
strong base catalysis!O. It is less commor: in non-aqueous media and it is frequently
catalyzed by transition metals!l. With respect to the isotope effect cn 31P NMR chemical

shifts the following factors apply:12 phosphorus centres with a lone pair of electrons show

)



a4 much greaier effect, the effect is additive ti.e. proportional to the number of deuterons
incorporated ;. and the effect is usually to lower frequency (upfield). In conrtrast. the
effect of deuterium substtution on the phosphorus-phosphorus and remaining
phosphorus-proton coupling constants is usually too small to detect!?.

In the present case deuterium exchange occurs readily. presumably because of the
purticipation of the relatively basic imine functionality. It is observable because of the
enhanced isotope effect on the NMR chemical shift of the adiacent P(IID centre!=. The
related methylene bis(N-trimethyisilyl-diphenylphosphinimine ;!4 2 also shows a
sensitivity to deuterium exchange of the methvlene protons with CDCli. {r this case the
1sotope effect on the P(V) chemical shift 1s an order of magnitude smaller (compared to
the isotope effect on the P(III) chemical shift). making this isotopic exchange difficult to
observe by 31P NMR spectroscopy.

Differences in exchange rate are commensurate with differences in the basicity of
the compound and at the extremme N-methyl-tnmethylphosphinimine will violently
decompe -~ <hloroform!5. It is. however. difficult to compare rates of exchange becuause
of the complication that the presence of trace water will catalyze the reaction!6. The
deprotonation of chloroform by a strong base in non-aqueous svstems usually leads to
transient dichlorocarbene formation as demonstrated by the rapping of the carbene with
an olefin to produce a cycloprcpane!7. However, since the rate of deuterium exchange
between chloroform and D;O/NaOD is approximately 100 times faster than the rate of
hydrolysis!7. we believe we have identified a situation where a basic phosphinimine
nitrogen has the correct base strength to abstract deuterium from chloroform. The
exchange prcceeds with the aid of water catalysis, without degradation of chloroform via

carbene formation and withour observable hydrolysis of the P=N-SiMe3 linkage.



3.2 Results and Discussion

The transformation of the 31P NMR resonances of 1 (81 MHz in CDCls) with
time is shown in Figure 3.1. The individual spectra are composed of AX patterns due to
-lpp (37 Hz) coupling between the P(IID and P(V) nuclei. The P(V) centre. which is
downfield from the P(III) centre and well insulated by substituent groups. shows hitle
discernable change with time thigher field strength reveals a multiplicity compatible with
the behavior of the P(III) centreil. The Pl resonance pattern transtorms into three
doublets (total integration equal to one phosphorus with equivaient coupling constants,
and, with time most of the intensity grows into the upfield doublet. This final signal
remained constant for over eight months in a sealed NMR tube. The evolution of the
signals requires one week at ambient temperature at which time tne 'H-NMR resonance
due 1o the methylene protons (3.09 ppm. CDCl3 solution) has all but disappeared
(Figure 3.2) and a signal at 7.24 ppm (CHCl3) has appeared. The trimethylsilyl carbon
(13C-NMR spectrum) still displays phosphorus coupling proving the P=N-SiMes linkage
esidual
proton species) overlying a broad featureless hump. The fack of a signal ansing tfrom the
methylene unit is contrasted by the deuterium-NMR which displayed an intense broad
resonance at 2.8 ppm in toluene solution (quadripolar broadening and unresolved
coupling of 2H to 31P(III) and 3'P(V)). These observations demonstrate that the muitiple
signals in Figure 3.1 can be assigned to the non-deuterated. mono-deuterated. and doubly

deuterated methylene backbone as outlined by Equation 3.1.



Equation 3.1. Me3Si\

I
Ph,P PPh,
Pt

CHch1lcoch

Me;Si N
N
thJ PPh,
e
CHCI; || CDCI,
Me;Si
N
Ph,P PPh,
e

The cbserved changes in the P(IIl) chemical shift are approx. 21 Hz per deuterium
while the P(V) chemical shift changes by approx. 3 Hz per deuterium substitution. The
2Jpp coupling constants are 57.3, 56.6, and 57.3 Hz for the three isotopomers,
respectively. Similatiy, the phosphorus chemical shift of PH3 changes by approx. 31 +
1.5 Hz per deuterium substituted and the coupling constant (Jpy) is relatively
unaffected!3. For triphenylphosphine and triphenylphosphine oxide, replacement of all
15 protons for deuterium changes the chemical shift by 107.8 and 15 Hz, respectively!8.

In a separate experiment, 500 mg of 1 was refluxed in CDCI3 for 24‘ hours. The
solvent was then removed and the resulting oil analyzed by mass spectroscopy. The

peaks tor the parentions, MY(H3)=(471) 52%, M*(HD)=(472) 100%, M+(D3)=(473)



76%, clearly indicate a mixture of the three compounds shown in Equation 3.1 (addinon
of CHCla reverses the process and the NMR signals evolve back 1o match the initial
spectrum, Figure 3.3).

Mechanistically, several studies have revealed the salient factors involved in the
deuterium exchange of the methylene protons of dppm derivatives with
deuterochloroform. Chloroform!? and the methylene protons of dppm* have large pRa
values and oxidation of the phosphorus centres increases the acidity of the methylene
protons=1, but it is the lability of the proton on chloroform in the presence of even triace
amounts of water that provides the source of deuterium for the exchange. Furthermore. in
order to replace both methylene protons by deuterium. the compound 1 must be capable
of tautomerism. Phosphineamidines 3 are capable of tautomerism as are certain amine
substituted Wittig reagents 422, Since the methylene protons of dppm do not undergo
deuterium exchange in CDCIlj3 solution, and since only one phosphorus centre with a
double bond to nitrogen enables the exchange to occur, and since the rate of exchange
appeurs (o be proporuonail 1o the basicity of the nitrogen centre, increised nitrogen
basicity must stabilize the tautomer 1' in order to enhance the deuterium exchange2. In
addition, B-keto phosphonium salts show significant stabilization of the enol tautomer
when a second phosphonium group, capable of pr—dn bonding. is introduced.2? By
analogy, the tautomer 1' may also be somewhat stabilized by a dz—pr—d7 bonding

interaction through the methylene backbone.

/NR NHR /NR NHR
NHP' ‘NR' CHX, CX,



Me,Si Me,Si H

Ph,P _PPh, thP\\\/ PPh,

This process does not require addition of base. The nitrogen atom supplies the
necessary basicity to drive the enolization of 1 upon which the exchange is based. This
basicity. combined with the acid dissocianion of chloroform (catalyzed by trace moisture)
provides a route for the exchange of the methylene protens of 1 for deuterium. Although
there is no direct evidence for the tautomerism of 1, the compound 2, which can be
considered as an isoelectronic anaiogue of acetylacetone (well known for tautomerism) 10,
undergoes deuterium exchange with CDCI3 even more rapidly than 1, and the N-aryl
derivatives of £ (aryl = phenyl, p-tolyl and p-nitrophenyl) exchange methylene protons
for deuterium in DG, CD30D and non-purified CDCi3 6.2, Furthermore, the deuterium
exchange of the methylene protons of 1 with deuterobromoform (more acidic than
chloroform) reaches equilibrium approximately five times faster than with
deuterochloroform, reinforcing the acid-base chemistry of the mechanism. Finaliy, 1 does
not undergo deuterium exchange with ngorously dried deuterated methylene chloride. but
does with commercial deuterated methylene chloride. Additional compounds tested for

the capacity to exchanging methylene protons with CDCls are listed in Tabie 3.1.
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Selected 1P NMR spectra (81 MHz) demonstrating the evolution

of the signals with dme as the methvlene protons are exchanged for
deuterium (commercial CDClj solution). The spectra were recorded over
a 24 hour period in a sealed NMR rube and heated at approx. 139C tor
30 min. between spectra. This is not an accurate Kinetic representition
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Figure 3.2 The 'H NMR spectra (200 MHz) demonstratng the disappearing signals
with time as the methylene protons are exchanged for deuterium (CDBr2).
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Figure 3.3

6N
The 31P NMR spectra (81 MHz) demonstrating the evolution of the P(I111

signal with time as the methylene deuterons are exchange for protons
(CDCl13/CHCI3).
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Table 3.1 Summary of compounds tested for deuterium exchange.

Compound Solvent Exchange Reference
PhoPCH2PPha=N-SiMe3’ CDCl3 Y This work
CD-Cl» Y " "
Sc=Ph2PCH?2PPh2=N-SiMc34 CDClI3 N
CH(PPha=N-SiMc3)2 CDCl3 Y
Ph2FCH(Me)PPhy=N-SiMe3d CDCl3 v
PhPCH;PPh> CDCl3 N
PhaPCH2PPho=N-CgF4CN CDCij3 N
Ph2PCH(Me)PPh2=N-CgF4CN CDCl3 N
Ph2PCH2PPhy=N-CH,PhD CDCl3 Y
Ph2PCH(Me)PPhy=N-CH>PhD CDCl3 Y
Ph2PCH2CH7PPh=N-SiMe3 CDCl3 N

Me3Si-N=PhoPCH2CH2PPhy=N-SiMe3 CDCl3

Ar-N=PhaPCH2PPha=N-Ar CDCl;5 Y 16. 24
Ar = Ph, 1olyl, 3-NO-Ph D-0O Y 16, 24
CD;0OD Y 16, 24

O=PhsPCH>PPhy=0 CDCl3/D20O N (decomp) 16

'Rate of exchange proportional to dryness of solvent. Dry CD7,Cl3 does not exchange.
CDCl3 sample prepared with great care to avoid moisture and also containing
hexamethyldisilazane to react with trace moisture did not exchange H/D after 4 months.
ACompound not isolated/unpublished result.

PCompound not isolated/H/D exchange finished in minutes, rate of exchange slightly
greater than rate of decomposition.



33 Summary

This chapter describes a very important discovery. The observation that
deuterochloroform will readily exchange deuterium for the methylene hyvdrogens ot
singly or doubly oxidized (with azides) dppm was not readily apparent. Furthermore. this
process is catalyzed by minute traces of water due to the very fast exchange equilibrium
between chloroform and water. The methylene protons and chloroform have similar pKa
values and deuterium exchange readily occurs. In some cases. the exchange is complete
in minutes leading to deceiving experimental results and false. but reasonable

conclusions. Serendipidously, the compound 1 is an idea)} inodel for demonstrating the

deuterium isotope effects on phosphorus chemical shifts and coupling constants.

3.4 Experimentai

Preparation of NMR sampies.

Ininally, samples were prepared with solvents dried by storage over molecular
sieves and without concern for atmospheric moisture or traces of acid. alcohol and
moisture (even on glass surfaces). In the extreme, in order to avoid moisture, NMR
sample tubes were joined to 14/20 ground glass joints. The sample tubes were oven
dried, cooled under vacuum, treated with hexamethyldisilazane and flame dried. A
sample of 1 was introduced and rigorously dried solvent (distilled from
hexamethyldisilazane) was transferred in vacuo and the tubes were flame sealed and

stored in the dark.
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Chapter Four

Oxidation of 1,2-Bis(diphenylphosphino)benzene
with Azides



4.1 Introduction

Our initial investigations of the Staudinger reaction! with bisphosphines and the
subsequent use of the reaction products as ligands tor the preparation of transition metal
compounds are summarized in chapter one (Schemes 1.2 and 1.3). The similar chemistry
of 1,2-bis(diphenylphosphino)benzene (dppbz) is the focus of this chapter. A motivation
for this study arises from the fact that the rigid phenvi ring joining the two phosphorus
centres should fix the compound in a cis orientation and provide a svstem which could
present some useful aspects for coordination to and reaction with transition metals. Our
investigation of the mono-oxidation of dppbz was further prompted by the observation ot
multiple signals in the 31P NMR spectrum of 1 (Chapter three, Deuterium Exchange)
which were initially attributed to rotational isomerism. Furthermore the rigidity of the
phenyl ring backbone should also block access to rotationa! isomers and absence of such
isomerism would further implicate the flexible methvlene backbone of 1 in the apparent
isomerism. Alternatively, detection of isomers for this rigid backbone system would

implicate a dynamic processinvolving the P=N-Si linkage.
Me;Si

Ph, PPh,

/‘U—Z

~

CH;

The first apparent result of the oxidation reaction of dppbz with trimethylsilyl
azide showed that the monooxidized product had no P(III) multiple resonances in the 3!P
NMR spectrum and that the system was rigid on the NMR timescale. The potential of a
cis bisphosphine with a rigid backbone became further apparent with the discovery that
the reaction with trimethylsilyl azide stops at the mono-oxidized product. This feature

was further explored utilizing additional azides. The products of ihese reactions and



representative rhodium complexes of the heterobifunctional products are the focus of this

chapter.

1,2-Bis(diphenylphosphino)benzene.

There are a variety of synthetic methods described in the literature for the
production of 1,2-bis(diphenylphosphino)benzene and related species. In most cases
these syntheses suffer from low yields. The following examples illustrate the various
methods for synthesizing dppbz derivatives.

McFarlane and McFarlane? report a 35% vield of dppbz tfrom the reaction of
o-difluorobenzene and sodium diphenylphosphide in liquid ammonia. Talay er al.?,
report that o-bromochlorobenzene can be converted to o-chlorophenyldiphenyiphosphine
via a Grignard reaction and subsequent reaction with sodium diphenylphosphide

produces dppbz in 18% vield (Equation 4.1).

Equation 4.1.

PPh
A Et20 _ NaPPh; 2

P Ph2PCl

Br PPh, PPh,

Utilizing the photolysis of P(OMe)3 in the presence of o-dichlorobenzene, Kyba e
al. 4 report a very versatile synthesis of dppbz derivatives with an overall yield of 37%
depending upon the nature of the substituents on phosphorus (Scheme 4.1). The value of

this route devolves from the variety of substituents that can be attached to the phosphorus

artems.



Scheme 4.1.
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Finally, Tunney and StilleS report the preparation of dppbz with an overall yield
of 75% (Equation 4.2). In this reaction sequence. diphenyltrimethylsilylphosphine and
2-bromoiodobenzene are coupled in the presence of a palladium catalyst to produce
2-bromophenyldiphenylphosphine. Subsequent lithiation and reaction with
chlorodiphenylphosphine produces dppbz. The higher yield, the milder reagents and the

ease of synthesis of the starting materials makes this the synthetic method of choice.

76



Equation 4.2.

\_ Ph,PSiMe, = 2 Ph,PCI -PPh,
e e . > —_—
Pd(0) cat.
Z Br (0) F Br PPh,
Applications of dppbz.

A variety of transition metal complexes utilizing dppbz are, of course known. A
few illustrative examples are listed below, as are a number of related heterodifunctional
chelating ligands featuring a rigid benzene backbone.

Bakir er al.6 report the reaction of (nBugN)7Re2Clg with excess dppbz in
refluxing nitriles (CH3CN, EtCN, PhCN) for 18 to 100 hours produces trans -
ReClx(dppbz)2, 2 in approx. 40 % yields. The same reaction of the rhenium bromide sult
with excess dppbz in EtCN for 17 hours affords the unusual compound 3 in 23 % yield.
This purple, 18 electron species contains an imido ligand which is generated by the
reduction of the nitrile. The potential application of this reaction in the catalytic

conversion of nitriles to amines and vice versa is readily apparent’.

th ci th th
D COo

~
p Cl /”l Br
Ph, Ph, Ph,

i
CH,CH,CH,4
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E. Hey?8 deprotonated 1.2-bisphosphinobenzene to produce the dilithiated dppbz
derivative and subsequent reaction with zirconocene dichloride yielded the bisphosphido
metallocycle 4. This merallocycle can also be preparc by direct reaction of the

phosphine with biscyclopentadienyldimethylzirconium (Scheme 4.2).

Scheme 4.2
2 nBuli . .
PH l -TMEZ.
2 ITMEAD PHLi-TMEZLD
i
PH, PHLi-TMEAD
szczl;Mez Cp,ZrCl
- 2 2
4 H -2LiCl
Cp,_. P =
(Zr
Cp p N
H
4

in a series of papers, Wild er al. 9, studied the compound 5 as a template for

stereoselective synthesis of coordinated phosphines or arsines.

Deprotonation of the coordinated methylphenylphosphine at -90°C followed by either

protonation or reaction with ethyliodide affords the R* or S* product phosphine



Y

complexes (respectively) in >99% diastereoisomeric excess. It is likely that at -900C the
C2 symmetry of the dppbz ligand is capable of restricting the rotation of the coordinated
phosphine resulting in a fixed template which can then dire  the steroechemistry of the
subsequent chemistry.

An interesting series of compounds and metal complexes have been prepared and
characterized by Grobe and coworkers!9. In these compounds chelating ligands of lareer
size have been prepared with a dimethylsilylene unit between the benzene backbone and

the pnictogen centre (Equation 4.3).

Equation 4.3

Mﬁz
E' Me, M(CO),NBD ~m(co),
o
Si~EMe, M=CnMoW Si—E Me,
Mez Me2
E'=P, As
E =N,P, As

Bart van Oort ez al.11, have prepared 1 very unusual and robust heterotrifunctional
ligand. The neutral ligand is capable of complexing one metal centre [(Mo(CO)4)] in a
chelating fashion and a second metal [(Mo(CQ)s)} in a menodentate fashion. The
deprotonation of the ligand nitrogen allows the chelation of both metal centres
[(Mo(CO)4)]. Oxidation with a halide source (CCly, Brp, i2) eliminates carbon monoxide

and X- to produce 6.
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Other heterodifunctional ligands have been studied by Rauchfuss and
coworkers!2. In this case the oxidative addition of o-substituted triarylphosphines (7 and
8) was examined with Ir(CO)Cl(PPh3)2 and Ir(CO)Cl(AsPh3)>. For the
triphenylphosphine complex the aldehyde substituted phosphine formed a stable six
coordinate iridium(lIl) hydride species where as the other derivatives established

equilibria between the iridium(I) complex and the iridium(lII) hydride complex.

E o. _H H. _O
Ph
PPh, P
E = OH, CH,OH, COOH,
CHO (+ AsPPh, der.)
7 8

Of particular irterest is the utilization of rigid heterodifunctonal chelating ligands
with a benzene backbene in asymmetric catalysis. Kreuzfeld er al.13 studied the
asymmetric hydrosilation of acetophenone with diphenylsilane. Utilizing a variety of
chiral ligands 9 with rhodium, iridium, palladium and platinum, high chemical yields of
the product alcohol were obtained. In some cases optical vields of 50% (e.e.) were also

obtained.
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As a final example, structural studies on RuClatdppbz)y derivatives led S. R, Hall
et al.1% 10 determine the single crystal X-ray structure of a minor reaction biproduct 10.

This is the only literature example of a metal complex of the monooxide of dppbz.

10



4.2 Results and Discussion.

Synthesis

The synthetic method of choice for the required starting material,
1.2-bis(diphenylphosphino)benzenc (dppbz). is essentially that reported by Tunney and
Stille>. Minor modifications in the synthetic procedure (especially purification steps) are
detailed in the experimental section. Although the yields were lower in rhis work than
those reported by Tunney and Stille. residues from each step were saved and recvcled
(when possible) in subsequent syntheses of dppbz.

One comment of caution is that diphenyltmmethylsilylphosphine, which is
extremely noxious, is deceptively pyrophoric with an indeterminate induction period.
The phosphine can be pipetted and weighed into an open argon filled flask, but, contact

with paper or tissue will invariably cause a fire. This might not occur for several minutes’



Scheme 4.3

11 12
Ph, Ph,
P P
L 1
p=N-—SiMe; P=N F
Ph, Ph, |
F7ON CN
F
Me,SiN, /4-::N-cﬁr-:,-n3
Ph,
L
P
Ph,
dppbz
(PhO),F(O)N; {CsHs-CH,-N3)
13 14
Ph, Ph,

N P o P
Lk ~ )
- ~OPh

P=N" “opn P=N

th phz



Reaction of dppbz with azides.

The reactions of dppbz with azides are summarized in Scheme 4.3. The preferred
synthetic strategy for the reaction of bisphosphines with trimethyisiivl azide is to conduct
the reaction in the absence of solvent at temperatures exceeding the melting point of the
bisphosphine utilizing a very efficient reflux condenser. This method works well for
dppm, however, the melting temperature of dppbz is 100°C higher th=an the boiling point
of trimethylsilyl azide (m.p. dppbz = 179-181°C, b.p. Me3SiN3 = 95-970C!15). Under
these conditions the azide is pyrolvzed before the reagents can form a homogeneous melt.
Therefore, a high boiling solvent such as toluene must be used to carry out the reaction.
Although high temperatures are required for reacsion of trimethylsilyl azide witk
phosphines, in this case, the azide will also react with the solvent. In order to ensure
complete reaction, careful monitoring of the extent of reaction by 3!P NMR spectroscopy
and the addition of more azide was necessary.

Unlike the bisphosphines with flexible backbones (e.g. dppm, discussed in chapter
seven) dppbz cannot be doubly oxidized with trimethylsilyl azide. Even prolonged reflux
of concentrated toluene solutions of dppbz with a huge excess of azide failed to show any
evidence of bis-oxidation. Presumably the failure to induce reaction at the second
phosphine centre is a direct result of steric crowding due to the fixed cis configuration of
the phosphorus centres. The bulk of the azide substituent is also significant as both HyO»
and Sy will doubly oxidize dppbz. The mechanism of the reaction between a phosphine
and an azide (Staudinger reaction) is still unclear, however, 15N labelling experiments
reveal that the alpha nitrogen is retained in the product phosphinimine linkage!®.
Whether the reaction mechanism proceeds via a cyclic intermediate or vig attack of the
alpha nitrogen on the phosphine (Scheme 1.4, Chapter One), steric crowding will inhibit
the reaction, the second oxidation more so than the first. -

Reaction of dppbz with several other azides proceeds in a straightforward fashion

with reactions occuring at or below room temperature. In general, treatment of a



bisphosphine with p-cyanotetratluoropheny! azide ut -7%8°C induces a colour change 1n
the reaction solution suggesting that the reaction is occuring at low temperature, however,
slow warming to room temperature and overnight reactions were standard procedure so
the actual temperature at which the reaction begins is uncertain, The reaction of
diphenylphosphinic azide and benzyl azide with dppbz also proceeded in a similar
fashion. The products of these reactions have very different physical characteristics.
While 12 is highly crystalline with limited solubility in polar solvents and insoluble in
nonpolar solvents, the benzyl 14 and phosphinic 13 derivatives are highly soluble
materials. Indeed. while 14 can be purified by he.cane extraction followed by
recrystallization from acetonitrile, the phosphinic derivative 13 produces viscous oils
from most recrystallizing solvents. The best method for the isolation of the phosphinic
derivative was found to be simply the use of precise stoichiometry, careful control of
reaction conditions and upon completion of the reaction. removal of the solvent in vacueo .
For the phosphinic derivative only, this method produced an amorphous powder of

sufficient purity for subsequent chemistry.

Spectroscopy

Multinuclear NMR spectroscopy has been used extensively in the characterization
of the products of reaction between dppbz and azides. The asymmerry of the reaction
products produces an AX spin system which is easily monitored by 3/P NMR
spectroscopy. Table 4.1 contains a summary of the 31P NMR daza for the
1-diphenylphosphinimine-2-diphenylphosphino-benzene derivatives. The starting
material, dppbz, displays a single resonance in the 3P NMR spectrum at -13.6 ppm (Lit.
-14.2 ppm3). Oxidation of one phosphine centre produces a large chemical shift change
for the P(V) centre (deshielded by 20 to 60 ppm) and leaving the chemical shift of the

P(III) centre relatively unaffected.



For the N-trimethylsilyl derivative 11, 31P NMR spectroscopy clearly identifies
the AX spin system [{P(I1])=-14.8 ppm, P(V)=1.2 ppm;, 3Jpp=17.8 Hz]. Proton NMR
spectroscopy identifies the presence of one trimethylsilvi group with a single line
resonance at 0.04 ppm. The 13C and 29Si NMR spectra clearly identify the P=N-Si
linkage through coupling to the phosphorus nucleus with chemical shifts of 5.6 ppm and
-12.1 ppmand coupling constants 3Jcp=3.0 Hz and 2J5;p=20.8 Hz respectively.

NMR tube reactions on 11 were carried out in order to establish the 31P NMR
chemical shifts of hydrolysis and oxidation products. The addition of five drops of
methanol 10 a NMR sample of N-trimethylsilyl dppbzn immediately produced a new AX
spectrum assigned to the protonated phosphinimine derivative 15 (P(III)=-16.3 ppm,
P(V)=27.0PPm, 3Jpp=26.0 Hz). The reaction of 11 with a small amount of water in
toluene solution for five days produced the 3!P INMR spectrum tentatively assigned to the
mono-oxide of dppbz 16 (P(I1I)=-13.8 ppm, P(V)=30.1 ppm, 3Jpp=14.9 Hz). In addition.
the 'ylidic' phosphinimine linkage undergoes Wittig-like reactions with benzaldehyde to
produce 16 and N-trimethylsilyl-benzalimine. Further reactions of dppbz with excess
H>O» or sulphur produced the corresponding doubly oxidized dppbz derivatives, 17 and
18, with 31P NMR chemical shifts of 34.1 ppm and 47.5 ppm.
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The reaction of dppbz with p-cyanotetrafiuorophenyl azide proceeds cleanly to
yield the mono-oxidized product 12. This compound is clearly identified by 3!P NMR
spectroscopy (P(III)=-15.9 ppm, P(V)=13.8 ppm, 3Jpp=21.0 Hz) and, in addition, small
phosphorus-fluorine coupling is observed for the P(V) resonance, 4Jpg=4.5 Hz.

The reaction of diphenyiphosphinic azide with dppbz proceed cleanly to yield a
compound with three distinct phosphorus centres 13. Phosphorus NMR spectroscopy
detected the expected AMX spin system (P(III)=-15.9 ppm, P(V)=13.8 ppm, P(0)=-8.9
ppm, 2Jpp=36.2 Hz, 3Jpp=23.6 ppm). For this compound, 'H and 13C NMR are less
informative being restricted to aromatic resonances.

The final azide investigated in this series was benzy! azide. This azide was
prepared in situ by combining benzylbromide with amberlite ion exchange resin that had
been treated with sodium azide!’. A five fold excess of the ion exchange resin
(approx. 2.55 mmol azide/g) with benzylbromide, in a minimum of methylene chloride,
was stirred for 24 hours. The resin was filtered, washed with methylene chloride, and the
resulting solution added directly to a methylene chloride solution of dppbz. The oily

residue from this reaction was extracted witi: hexane and the hexane soluble material was



recrystallized from acetonitrile to yield 14. (P(1II)=-13.9 ppm, P(V)=10.3 ppm, }Jpp=15.0
Hz). For this derivative, the benzy! protons are clearly identified by !H NMR
spectroscopy (4.5 ppm, 3Jpp=17 Hz).

The above examples 11, 12, 13. and 14, as characterized by multinuclear NMR
spectroscopy, clearly demonstrate the uulity of rigid ligand backbone in these reactions.
The production of mono-oxidized dppbz derivatives proceeds cleanly, in good yields.
without the complicating production of further reacton products. The rigid backbone
betwecn the phospherus centres fixes the conformation of the bisphosphine and the

phosphorus centres are sterically crowded leading to cleaner reactions with azides.

R3
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Table 4.1 31P NMR spectroscopy data for the ligands.

ligand 31p(III) ppm 3P(V) ppm 3Jpp Hz
dppbz -13.6

11 -14.8 1.2 17.%
12a -15.9 3.8 21.0
13b -159 13.8 23.6
14 -13.9 10.3 15.0
15¢ -16.3 27.0 26.0
16¢ -13.8 30.1 149
17¢ 34.1

18¢ 17.5

a 4Jpp=4.5 Hz, b Phosphinic 6=-8.9 ppm, 2Jpp=36.2 Hz, ¢ not isolated.



90

X-ray Crystaliography of 11.

An X-ray structural analysis of 11 was done by Dr. B. D. Santarsiero of the
University of Alberta Structure Determination Laboratory!8 and was prompted by the
scarcity of structural information on P=N-Si linkages and the unique nature of this
compound to resist double oxidation by azides. The experimental details (Table A.3) are
tabulated in the appendix. The ORTEP representation is shown in Figure 4.1. The rigid
backbone, P1-C1-C2-P2, is essentially planar (maximum displacement from plane
0.04A), and the phosphorus-nitrogen double bond forms a dihedral angie of 600 from this
plane. The lone pair of electrons on the phosphorus and nitrogen atoms extend in an
overlapping fashion into the open mouth of the ligand and suggest a promising chelating
ability. Furthermore, the bulk of the SiMe3 group and the disposition of ihe electron pairs
on phosphorus and nitrogen indicate reasons for the resistance of 11 to undergo further
oxidation with a second mole of azide. The rigid backbone of 11 prevents the relief of
steric congestion through bond rotation, and thus the formation of a second phosphazide
intermediate is strongly inhibited even under strenuous conditions. The P=N and N-Si
bond lengths, 1.529(5)A and 1.672(5)A, are similar to those found for Me3P=N-SiMe3!?,
1.542(5)A and 1.705(5)A, and PhoPCH,P(Ph2)=N-SiMe320, 1.529(3}& and 1.668(3)A.
The P=N-Si bond angles are large, c.f. 152.7(3)° for 11, 150.2(2)° for
Ph>PCH>P(Ph2)=N-SiMe3 and 144.6(1.1)° for Me3P=N-SiMe3. Indeed the P=N-Si
angle in these molecules is more closely reminescent of the near linear N-trimethylsilyl-
imido-metal systems (e.g., Cl3V=N-SiMe3, <V=N-Si=177.5(1)°)2] rather than the
P=N-C systems in which the nitrogen atom adopts the more classical sp? hybridized
geometry (e.g., PhoFP=NMe, <P=N-C =1190)22, Upon coordination, there is a decrease
in the P=N-Si angle (to 127.0(2)°) in [Ph3P=N(SiMe3)CuCl,] and a lengthening of the

=N and N-Si bonds (to 1.598(3)A and 1.751(3)A)23. These results demonstrate the
contribution of the nitrogen lone pair electrons to the stabilization of the large P=N-Si

angle.
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Theoretical calculations by Wheeler er al. for phosphazene svstems2* and our
own ab initio studies on the models H3P=N-SiH3 and H3P-N-PHj3*. reveal pairs of
orthogonal, high-lying occupied molecular orbirtals localized on nitrogen with significant
d-orbital contributions from phosphorus and silicon<3. One of these orbitals represents
the phosphorus-nitrogen double bond. and the other orbital represents the diffusion of the
nitrogen lone pair of electrons into the more electropositive phosphorus and silicon
centres. This produces strong, yet hydrolytically unstble. bonding in the P=N-Si
linkage.

This view of the bonding in the P=N-Si unit is in agreement with the
photoelectron spectroscopic studies of Ph3P=N-SiMe3 and Me3P=N-SiMe326. These two
compounds display oaly one low ionization potential in the photoelectron spectrum
corresponding to the two highest cccupied molecular orbitals. In contrast, similar
compounds with P=N-C or P=N-H linkages show two ionization potentials, one which
can be attributed to the nitrogen lone pair of electrons and one which can be attributed to

the P=N nt bond.



Figure 4.1

The ORTEP representation of 11. Structure courtesy of Dr. B. D.
Santarsiero, Structure Determination Laboratory, University of Alberta.

(Unit cell coordinates, bond lengths and angics are tabulated in the

appendix: Tables A.4, A.5, A.6)
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Complexes with [Rh(C0)a2Cl}>

Synthesis

In order to establish the chelating ability of the ligands. representative rhodium
complexes were prepared from [ Rh(CO)2Cl}>. This is an ideal reagent tor this purpose
for several reasons. The rhodium nucleus posesses a spin of 1/2 allowing decisive
interpretadon of multinuclear NMR spectra to quickly identify reaction products through
highly characteristic coupling constants. Complexation reactions proceed in a straight
forward manner with the only biproduct being carbon monoxide gas. This allows the
isolation of essentially analytically pure metal complexes in quantitative yield simply by
removing the reaction solvent. All complexation reactions were found to proceed cleanly

as monitored by 31P NMR spectroscopy.
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Spectroscopy

Complexation of 11, 12 ard 13 with [Rh(CO)2Cl]2 produces the corresponding
complexes 19 (SiMe3s), 20 (3-CN-CgF3) and 21 [P(=0)OPh)>|. The 31P NMR and
selected infrared spectroscopy data for these compounds are listed in Table 4.2.

The 3P NMR spectrum of 19 is shown in Figure 4.2. The large coordination
effect on the P(III) chemical shift (+55 ppm) and the large !Jprp coupling constant
associated with that signal (175.2 Hz) clearly identifies the coordinated P(IID resonance.
Likewise, the smaller change in the P(V) chemical shift (+19 ppm) and the presence of a
small 2Jprp coupling constant (1.9 Hz) demonstrates chelate formation. Proton
(-0.29 ppm), 13C (5.6 ppm, 3Jcp=5.6 Hz) and *9Si (6.6 ppm, “Js;p=5 Hz) NMR
spectroscopy alk demonstrate that the P=N-Si linkage is intact. Infrared spectroscopy
recorded an intense absorption at 1980 cm-! atributed to a single carbonyl on the
rhodium centre, and in the mass spectrum an intense signal was detected at mass number
671 (87.5%), assigned to loss of carbon monoxide from the parent ion.

In a similar fashion, the complex 20 displays the same characteristic multinuclear
NMR signals. The P(IIl) chemical shift and coupling constants (36.5 ppm. Jprp=169.6
Hz, 3Jpp=27.9 Hz) are very similar, however, the broad P(V) signal is not as well
resolved (27.8 ppm) masking additional structural information from long range fluorine
and rhodium coupling constants. The poor solubility of this complex resulted in limited
detection of aromatic 13C NMR signals and 19F NMR spectroscopy revealed two poorly
resolved complex multiplets. Infrared spectroscopy detected the strong carbonyl
absorption at 1986 cm-! for 20, similar to 19 (1980 cm-1), suggesting similar
stereochemistry for the rhodium centre.

The final rhodium complex of the diphenylphosphinic derivative 21 also displays
characteristic spectroscopic features as the previous two examples, but, the incorporation
of an additional phosphorus centre produces a more complicated 3!P NMR spectrum.

The deshielded P(III) resonance is clearly identified by the large rhodium coupling



V6

constant (50 ppm, 1Jprh=170.6 Hz, 3Jpp=20.1 Hz). The middle P(V) centre (40.5 ppm)
appears as an overlapping doublet of doublets due to similar coupling to the terminal
phosphinic group (7.3 ppm, 2Jpp=18.5 Hz). The greater solubility of the complex
enabled the detection of the rhodium carbonyl (I.LR.:v(CO}=1986 cm-1}) in the 13C NMR
spectrum (185.9 ppm, 1Jcrn=78.5 Hz, 2Jcp=16.2 Hz). The coupling constants are in the
expected range?7 for a carbonyl is cis to the P(III) centre on rhodium and the similar
infrared stretching frequency for the carbonyl suggests the same steroechemistry prevails

for all three complexes.



Figure 4.2 The 31P NMR spectrum of 19 (161 MHz, CD-Cl»).
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Table 4.2. Selected 3P NMR and I.R. data? for the rhodium complexes.
Complex & PdII) LJpRn 3Jpp & P(V)b v(CO)
ppm Hz Hz ppm cm-!
19 40.45dd 175.2 19.1 20.2 dda 1980
20 36.52dd 169.6 27.9 27.8d 1986
21¢ 50.0 dd 170.6 20.1 405t 1986

4 dd = doublet of doublets, d = doublet, 't' = triplet (overlapping doublet of doublets)
b 2Joph=1.9 Hz

¢ P(O)OPh)> & 7.3 ppm, 2Jpp = 18.5 Hz
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X-ray Crystallography of 19,

An X-ray structural analysis of 19 was done by Dr. B. D. Santarsiero of the
University of Alberta Structure Determination Laboratory-¥,

The stereochemistry of the rhodium centre in complex 19 and the effect of
coordination upon the P=N-Si linkage was clearly established by a single crystal X-ray
structure determination. The experimental details (Table A.7) are tabulated in the
appendix. The ORTEP representation is shown in Figure 4.3. The rhodium centre is
square planar with the carbonyl ligand cis to the P(IID centre as anticipated from !C
NMR spectroscopy on the N-diphenyl-phosphinic derivative.

The overall structure of the ligand is unchanged with the exception of the P=N-Si
unit. The P1-C1-C2-P2 backbone is planar (maximum deviation 0.15A). The P=N-S1
linkage forms a plane with a dihedral angle of 58.8° above the P1-C1-C2-P2 plane and
the plane defined by the four atoms joined to the rhodium centre defines a dihedral angle
of 43.50 below the P1-C1-C2-P2 plane. The six membered heteroatom ring formed from
these planar units is highly distorted (see Figure 4.3).

A comparison of bond lengths ahout the rhodium centre and the carbonyl infrared
stretching frequencies is summarized in Table 4.3. Although the compounds listed in the
table are not all chelate complexes of the same ring size as 19, the bond lengths are
reasonable except for the rhodium-carbonyl! linkage. The Rh-C bond is longer by approx.
0.1A and C-O bond is shorter by 0.1A suggesting that there is an unusual difference in

this compound compared to the others (22-27) listed in Table 4.3.
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Figure 4.3 The ORTEP representation of 19 (two views). Structure courtesy of
Dr. B. D. Santarsiero, Structure Determination Laboratory, University of

Alberta. (Unit cell coordinates. Bond lengths and angles are tabulated in

the appendix: Tables A.8. A9, A.10)
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A closer examination of Figure 4.3 reveals the source of the bond length anomaly.
The ellipsoid representing the carbonyl carbon is elongated and oriented along the
rhodium-carbonyl linkage. The structure is disordered.

A disordered structure of this type is not uncommon. indeed. & disorder of exactly
this type led to the mistaken belief in 'bond-stretch-isomers'2?. Bond stretch isomeriam
was the term coined to explain the long molybdenum-oxygen bond length [ 1.8O3(1 114}
observed for the 'green’ form of cis-mer-MoOCI2(PR3)33C. The ‘blue’ form of
cis-mer-MoOCI2(PR3)3 possesses a Mo=0O bond length of 1.676(7)A3!. The mistake
which arose was caused by the co-crystallization of the yellow paramagnetic impurity,
mer -MoCl3(PR3)3, that was isostructural in all features except jor one substituent 3<.
This resulted in a final fully refined structure in which the oxygen atom was actually a
composite of two different atoms (chlorine and oxygen) but refined as an average of the
two. Indeed, a Mo=0 bond length of 1.789(3)A was observed for the molecular
composition Mo(PMe3Ph)30¢ 97Cl5 03 32. In the case of compound 1%, a
spectroscopically invisible amount of the zrans carbonyl-P(IIl) complex would exchange
the carbonyl and chloride ligands without altering the rest of the ligand. Even a small
percentage of the other isomer can make a significant change in the Rh-C bond length
simply due to the greater X-ray diffracting power of chlorine (17 ¢electrons) over carbon
(6 electrons).

The most striking feature of the structure is the P=N-Si bond angle of 131.9(50.
This angle has decreased 21° from 152.7(3)° in the free ligand simply upon coordination
of the nitrogen lone pair of electrons to the rhodium centre. The P=N and N-Si bond
lengths are noticeably longer in the complex and this observation parallels the behavior of
Ph3P=N-SiMe3 upon complexation to CuCl2?3. The changing bond lengths and angles
further support the view that the bonding in the uncomplexed P=N-Si linkage reflects
delocalized bond contraction and strengthening through the diffusion of the lone pair of

electrons on nitrogen into the empty d-orbitals on phosphorus and silicon.



Table 4.3 Structural data for rhodium Complexes.

3

AATa]
At

Complex Bond lengths A
19 2.203(2; 2.102(2) 1.918(11) 1.068(11) 2.146(6)
22a 2.156(1) 2.384(1) 1.815(3) 1.141(5) 2.199(2)
23b 2.261(2) 1.786:9) 1.135(1D) 2.098(9)
24¢ 2.322 2.381(2) 1.800(2) 1.130(7)
25d 2.230(3) 2.410 1.78(1) 1.12(1)
26¢ 2.326 2.371(2) 1.810(7) 1.144(8)
27f 2.232(1) 1.809(6) 1.145
LR. data: Carbonyvi stretching frequency, em-1

19 222 25d 26¢

1080 1991 1986 1080

a-f Reference 33, a-f.
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4.3 Summary

The work described in this chapter clearly demonstrates that selective mono-
oxidation of a bisphosphine can be achieved through steric control. The utilization of a
bisphosphine with a rigid backbone prevents the relief of steric congestion by forcing the
phosphorus centres to maintain 2 cis conformation. For 1.2-
bis(diphenylphosphino)benzene, the oxidation of one phosphorus centre by an azide
proceeds smoothly but the second oxidation is prevented. Structural (compound 11) and
theoretical examination of the P=N-Si linkage reveals shorter bond lengths and a larger
bond angle are to be expected compared to a P=N-C linkage. These characteristics have
been attributed to additional bonding interactions between the atoms generated by the
ability of the lone pair of electrons on the nitrogen centre to diffuse into the available d-
orbitals on phosphorus and silicon. These mono-oxidized bisphosphine compounds form
stable rhodium-carbonyl-chloride complexes. Spectroscopic and structural examination
of these complexes reveal square planar rhodium(I) complexes with the carbonyl ligand
cis to the co-ordinating P(III) centre. There is evidence from compound 19 that a small
percentage of the trans-carbonyl-P(III) complex co-crystallized with the primary
structural form. This responsible isomer was invisible to spectroscopic detection, but, X-
ray crystallography reveals a subtle disorder in the rhodium-carbony! bond lengths and
this disorder demonstrates the minute presence of the trans-carbonyl-P(IIl) complex in the

single crystal studied.



1.4 Experimental.

General techniquys. reagents. solvents and instrumentation are listed in the

appendix.

Section A. Total synthesis of 1,2-bis(diphenylphosphino)benzene (dppbz).

Al Preparation of bromoiodobenzene?.

Into an Erlenmeyer flask was pi:aced 25 g (145 mmol) of 2-bromoaniline, 250 mlL.
of water and 60 mL of concentrated H2SO4. After cooling 1o 0 °C, 10.0 g (145 mmoly of
NaNO2 ir 40 mL of water was added dropwise. The solution was stirred for one hour.
This solution was then carefully added to an aqueous solution (100 mLj of KI (30 g,

180 mmol). This solution was stirred and heated to 70 °C and then allowed to cool
slowly for several hours. Extraction of the aqueous soluton with CHCl3 (100 mL. 3X)
was followed by washing the CHCI3 solution with 50 mL each of: 10% NaOH, IM
NazS03, 10% HCI, HO, saturated NaHCO3 and saturated NaCl. The CHCl3 solution
was then dried over Na2S80O4 and the CHCI3 was removed with a rotary evaporator
producing a brown-red liquid (32.78g, 116 mmol). Vacuum distillation 65-68 °C (0.6mm
Hg) produced 23.05g (81 mmol, 56 %) of pure CgH4Brl as a pale red liquid. Analysis:
Calculated: C=25.34, H=1.40 %; Found: C=25.47, H=1.43 %.

A2. Preparation of diphenyltrimethylisilylphosphine>.

Into a 1000 mL three neck 24/40 round bottom flask was placed 50 g (191 mmol)
of triphenylphosphine and 500 mL of freshly distilled THF. To this was added 7g (1 mol)
of sliced and quartered lithium rod. This solution was stirred at room temperature for
eight hours and then filtered through a large C-frit filter stick to remove unreacted
lithium. Next, 60 mL of trimethylsilyl chloride (473 mmol) was added dropwise to the

red solution (excess to destroy phenyl-lithium). After stirring overnight, the solvent was
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removed in vacuo and the remaining liquids were decanted into a small flask for vacuum
distillation. Double distillation produced 40g (155 mmol, 81 %) of PhaPSiMes as a clear.
colourless liquid, b.p. 110-115 °C, 0.02mm Hg: Lit.5 119-120°C, 0.2mm Hg. 3P NMR

-55.9 ppm; Lit.5=-56.2 ppm.

A3. Preparation of 2-bromophenyldiphenylphosphine>.

Into a 500 mL 24/40 round bottom flask was placed: 20.08 g (70.9 mmol) of
2-bromoiodobenzene and 18.5 g (71.7 mmol) of PhpPSiMe3. The liquids were degassed
by repeated exposure to vacuum and introduction of an argon atmosphere. Dry toluene
(250 mL.) was then added and the solution was repeatedly degassed . Next PACl2(PhCN)»
(250 mg, 0.65 mmol, catalyst) was added to the reaction mixture and the solution
immediately turned bright red. The solution was again degassed briefly and then heated
to 80-90 ©C using an oil bath. After 19 hours the red colour had disappeared, however,
31p NMR spectroscopy revealed that the reaction was incomplete and 50 mg (0.13 mmol)
of additional catalyst was added. After 3 days, the solution was cooled to room
temperature and all of the volatiles were removed in vacuo . The tan-coloured solid was
extracted with two 200 mL portions of boiling ethanol (dried over Na»SO4) which upon
cooling to room temperature produced 14.5 g (47.6 mmol, 67 %) of 2-bromophenyl-
diphenylphosphine. M.P.=105-108 °C, Lit.5=112-114°C. 31P NMR =-4.0 ppm,

Lit.5=-4.4 ppm.

Ad4. Preparation of 1,2-bis(diphenyviphosphino)benzene 5 (dppbz).

Into a 250 mL side arm round bottom flask was placed 2.40 g (7.04 mmol) of
2-bromophenyldiphenylphosphine and 100 mL of dry THF. The solution was then
cooled to -78 °C and 5 mL of 1.6M nBuLi was added dropwise. The solution was then
stirred for one hour before the slow addition of 1.60 g (7.27 mmol) of

chlorodiphenylphosphine in 20 mL of THF. The solution was stirred overnight and
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allowed to warm to room temperature slowly. The solvent was removed using a rotary
evaporator to produce a thick oil which was dissolved in 50 mL of hot 50/50
ethanol/toluene. Gravity filtration through a fluted filter paper and slow cooling to room
temperature to produce 2.00g (4.48 mmol. 64 %) of small white crystals of CoHy(PPha >,

mp=176-179 °C, Lit.3= 179-181°C. 3P NMR = -12.8 ppm. Lit.3=-14.2 ppm.
Section B. Reaction of dppbz with azides.

Bl1. Reaction with trimethylsilyl azide: formation of 11.

Into a 250 mL 24/40 round bottom flask was placed 9.86g (22.1 mmol) of dppbz.
3.03g (26.3 mmol) of trimethylsilyl azide and 100 mL of dry toluene. The flask was
fitted with a water cooled reflux condensor and the solution was refluxed vigorously. The
progress of the reaction was monitored by 3!P NMR spectroscopy and more azide was
added periodically. After five days of heating the cooled solution was filtered under
argon to rernove some fluffy precipitate, and the flask was placed in the freezer (-20 ©C)
overnight. Filtration of the cold solution under argon produced 6.80g (12.8 mmol, 58 %)
of pure 11 as small white crystals. M.P.=165-169 °C. Analvsis: C33H3::P>NSi.
Caiculated: C=74.27, H=6.23, N=2.62 %. Found: C=74.28, H=6.36, N=2.65 %. I.R.
(CH2Cl; cast): 3053s, 2949s, 1580m, 1568w, 1550w, 1481s, 1435vs, 1305br vs, 1265w,
1239m, 1177w, 1110s, 1067w, 1022m, 995w, 906w, 859vs, 828vs, 744vs, 712s, 695vs,
650w, 580w, 540vs, 513m, 495w. M.S.: M+=533 (2%), 456 (100%). 'H NMR (3,
CDCl3, TMS) 7.6-7.2 ppm, m, 24H; 0.04 ppm, 5, 9H. 31P NMR (8, CDCl3, H3PQq4) 1.23
ppm, d; -14.77 ppm, d, 3Jpp=17.8 Hz. 13C NMR (3, CDCl3, TMS) 139-127 ppm, Ar;
5.58 ppm, 3Jcp=3.0 Hz. 29Si NMR (8, CDCl3, TMS) -12.06 ppm, 2J5;p=20.7 Hz.



B2. Reaction with d4-cvanotetrafluorophenyl azide: formation of 12.

To a chloroform solution (30 mL) of dppbz (1.81g, 4.05 mmol) at 0 °C was added
dropwise 0.95g (4.40 mmol) of 4-CN-CgF4-N3 in 20 mL of chioroform. The reaction
was complete in one hour as determined by 31P NMR spectroscopy. The reaction
mixture was stirred overnight and then the solvent was removed in vacuo .
Recrystallization from acetonitrile produced 2.20g {3.47 mmol, 86 %) of fine, off-white
crystals of 12. M.P.=211-213°C. Analysis: C37H24F4P2N7. Calculated: C=70.04,
H=3.81, N=4.41 %. Found: C=69.84, H=4.02, N=4.26 %. L.R. (CH2Cl; cast): 3055w,
2225w, 1647m, 1502s, 1433m, 1230m, 1103w, 1059s br, 980s, 739w, 734m, 715m. 690s,
528vs, S11w, SO5w, 492m. M.S.: M+=634 (23%), 557 (100%). 'H NMR (3, CDCl3,
TMS) 8.0-7.0 ppm, Ar. 31P NMR (8, CDCl3, H3POy4) 11.88 ppm, dt, 3Jpp=21.0 Hz,
4)Jpp=4.54 Hz; -14.84 ppm, d, 3Jpp=20.8 Hz. 19F NMR (8. CDCl3, CgFg) -139.4 pprmi, m:

-151.7 ppm, m.

B3. Reaction with diphenylphosphinic azide: formation of 13.

Into a 100 mL 24/40 round bottom flask was placed: 3.00g (6.72 mmol) of dppbz.
1.85g (6.72 mmol) of diphenylphosphinic azide, and 50 mL of dry toluene. The reaction
mixture was stirred and heated gently overnight. Removal of the solvent in vacuo,
followed by repeated addition of CH2Cl3 to the resulting oil and removal of the solvent in
vacuo eventually produced an off-white, hydroscopic, amorphous powder. M.P.=56 °C.
Analysis: C42H3403P3N. Calculated: C=72.73, H=4.94, N=2.02 %. Found: C=72.43,
H=5.22, N=1.95 %. ILR. (CH2Cl; cast): 3075w, 2970w, 1594m, 1489s, 1435m, 1304m
br, 1244m, 1203br vs, 1162w, 1114m, 1026w, 913s, 746s, 718w, 691s, 536s, 497m.
M.S.: M+=693 (1%), 616 (5%). 1k NMR (8, CDCl3, TMS) 7.8-6.7 ppm, Ar. 31P NMR
(8, CDCl3, H3PO4) 13.8 ppm, dd, 3Jpp=23.6 Hz; -8.9 ppm, d, 2Jpp=36.2 Hz; -15.9 ppm,
d, 3Jpp=23.6 Hz.
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B4. Reaction with benzyl azide: formation of 14.

Into a Schlenk tube was placed: Sg (20 mmol azide) of Amberlite anion exchange
resin (chloride replaced by azide)!”7, 1.00g (5.85 mmol) of benzylbromide and enough
CH2Cl3 to saturate the resin (20 mL). This mixture was stirred for eight hours at room
temperature. The solution was then filtered under argon and the resin was washed with
two 10 mL portions of CH2Cla. (CAUTION!! THIS IS POTENTIALLY VERY
DANGEROUS!! EXPOSURE OF THE AZIDE TO A GLASS FRIT COULD CAUSE
DETONATION OF THE AZIDE) The CH2Cl> solution containing the azide was then
added dropwise to a CHaCl3 solution (20 mL) of dppbz (2.33g, 5.22 mmol) at 0 °C. The
reaction mixture was allowed to warm slowly overnight and removal of the solvent in
vacuo produced an oil. Dissolving the 0il in a minimum of CH>Cl» and the addition of
100 mL of dry hexane produced an oil. The solvent was decanted from the oil and both
fractions were analyzed by 31P NMR spectroscopy. The solvent fraction contained 14
exclusively, but the oil contained a large variety of unknown phosphorus containing
compounds. The solvent fraction was recrystallized from acetonitrile to yield
approximately lg (30 %) of pure 14. M.P.=129-131 °C. Analysis: Ci37H31PaN.
Calculated: C=80.57, H=5.66, N=2.54 %. Found: C=80.19. H=5.68. N=2.98 7.
Calculated with 0.2 moles of acetonitrile: C=80.24, H=5.69, N=3.00 %. L.R. (CHHCl>
cast): 3050w, 2800w, 2120 (CH3CN), 1585w, 1490w, 1480m, 1437s, 1280m br, 1182m.
1108s, 1026m, 998w, 724s br, 694vs, 548m, 530m. M.S.: M+-77=474 (100%). 'H NMR
(8, CDCl3, TMS) 7.8-6.9 ppm, Ar, 29H; 4.5 ppm, d, 3Jyp=16.97 Hz; (1.97 ppm
CH3CN). 31P NMR (3, CDCl3, H3PO4) 10.3 ppm, d, 3Jpp=15.0 Hz: -13.9 ppm. d,
3Jpp=15.5 Hz. 13C NMR (3, CDCl3, TMS) 138-125 ppm, Ar; 49.75 ppm, s.
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Section C. Complexes with [Rh(CO)2Cl]3,

ClL The complex of 11 (19).

A CH2Cl3 solution (30 mL) of 11 (0.2884 g, 0.5411 mmol) was added dropwise
to a CH>Cl3 solution (80 mL) of [Rh(C0O)2Cl]2 (0.1029 g. 0.2645 mmol) at room
temperature. After one hour the initial red solution had turmed yellow-orange and the
solvent was removed in vacuo . Phosphorus NMR spectroscopy of the resulting yellow
microcrystalline powder revealed a clean conversion to the complex 19. Recrystallization
from 25 mL of hot acetonitrile produced large clear orange blocks of 19 (59 mg, 0.84
mmol, 16 %). M.P.=255 °C {discoloured), 264 °C (decomposed-degassed vigorously).
Analysis: C34H33P2NSiRhOCI. Calculated: C=58.34, H=4.75, N=2.00 %. Found:
C=57.72, H=4.77, N=2.18 %. L.R. (CH3Cl; cast): 3050w, 2940w, 2890w, 1980vs, 1580w
br, 1435m, 1240w, 1139m, 1126s, 1107w, 1093m, 83Ss, 769m, 750w, 743w, 727m, 693s,
581m, 555s, 542m, 507m. M.S.: M+-CO=671 (87.5%). 'H NMR (8, CDCl3, TMS) 7.7-
7.2 ppm, Ar, 24H; -0.29, s, 9H. 31P NMR (8, CDC:3, H3POy4) 40.45, dd, UJpry=175.2
Hz, 3Jpp=19.1 Hz; 20.16, dd, 3Jpp=19.2 ppm, 2Jprp=1.86 Hz. 13C NMR (8, CDCl3,
TMS) carbonyl not observed, 137-127 ppm, Ar: 5.60 ppm, 3Jcp=4.16 Hz. 29Si NMR (3,
CDCl3, TMS) 6.6 ppm, d. 2Js;p=5.08 Hz.

C2. The complex of 12 (20).

A CH2Cl; solution (20 mL) of 12 (0.1616g, 0.255 mmol) was added dropwise to a
CH»Cl; solution (30 mL) of [Rh(CO),Cl], (0.0496¢g, 0.127 mmol) at room temperature.
The next day the initial red solution had turned yellow-orange and the solvent was
removed in vacuo. Phosphorus NMR spectroscopy of the resulting yellow
microcrystalline powder revealed quantitative formation of the complex 20.
Recrystallization from 50 mL of hot acetonitrile produced small yellow cubes (100mg,
0.14 mmol, 55 %) of 20. M.P.=312°C decomposed. Analysis: C3gH24F4P2N2OCIRh.
Calculated: C=56.99, H=3.02, N=3.50 %. Found: C=56.50, H=2.85, N=3.50 %. LR.



(CH2Cl7 cast): 2930w, 2240w, 1986vs, 1643m, 1493s, 14845, 1435m, 1184m, 1113m,
997w, 981m. 892w, 741m. 729m, 581m. 529m. M.S.: M*-35=675 (1%), M*-35-28="137
(4%), M*-35-28-77=660 (8%), M=28 (100%). 'H NMR (3, CDCl3, TMS) 7.8-7.2 ppm.
m, Ar. 31P NMR (3, CDCl3, H3POs) 36.52 ppm, dd. Jprp=169.6 Hz. 3Jpp=27.86 H:
27.84, d, broad. !9F NMR (8, CDCl3. C¢Fg) -137.5. m: -142.5. m.

C3. The complex of 13 (21).

A CH2Cl; solution (50 mL) of 13 (0.1493g, 0.215 mmol) was added dropwise to a
CH2Cl; solution (50 mL) of [Rh(CO)>2Cl]3 (0.0419g, 0.216 mmol) at -78 ¢C. The
solution was allowed to warm slowly to room temperature and the solvent was removed
in vacuo . Phosphorus NMR spectroscopy of the resulting yellow microcrystalline
powder revealed clean formation of the complex 21. M.P.=116 °C (decomposes).
Analysis: C43H34P304NCIR. Calculated: C=60.05, H=3.98, N=7.63 %. Found:
C=57.82, H=3.97, N=7.75 %. L.R. (CH2Cl; cast): 3057w, 1986vs, 1590m, 1489s,
1436m, 1261m br, 1195m, 1120s, 1097m, 10265w, 930s, 810m, 746m, 690s, 553m,
513m. 1H NMR (3, CDCl3, TMS) 8.0-7.0 ppm, Ar. 31P NMR (8, CDCl3, HiPOy) 50.0
ppm, dd, Jprh=170.6 Hz, 3Jpp=20.1 Hz; 40.5 ppm, overlapping dd: 7.3 ppm, d,
2Jpp18.49 Hz. 13C NMR (8, CDCl3, TMS) 1859 ppm, dd., lJcrn=78.5 Hz, 2Jcp=16.1
Hz; 151 ppm, d, J=7.0 Hz, 137-120 ppm, Ar.
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Chapter Five

The Selectivity of Oxidation of cis and trans
Bis(diphenylphosphino)ethylene with
p-Cyanotetrafluorophenyl Azide



5.1 Introduction

In the previous chapter, the oxidation of 1,2-bis(diphenyipiiosphino)benzene
(dppbz; with azides was found to proceed to the mono-oxidized product, but the
oxidation of both phosphorus centres was inhibited. There appear to be two factors in
the prevention of the oxidation of the second phosphine. The first is that the rigid
backbone has locked the two diphenylphosphine groups into a cis orientation which
sterically crowds the functionalities thus preventing a second azide from reacting
successfully. The second factor follows from the first; since sulphur or hydrogen
peroxide will oxidize both phosphorus centres. it is clear that the bulk of the substituent
on the imine which results from the first oxidation also contributes to the protection of
the remaining phosphine group once the first oxidation has been achieved.

There is, however, the possibility that ‘electronic cooperativity' exists between
the two phosphorus centres. In order to test whether elecoronic communication (between
the phosphorus centres after mono-oxidation) influences the reactivity of the second
phosphorus centre, or whether simple steric crowding of the remaining phosphine group
is most likely responsible for the cessation of oxidation by azide after the “ist step. the
following experiments were performed. The two bisphosphines,
cis-1,2-bis(diphenyiphosphino)ethylene 1 and trans-1,2-bis/diphenylphosphino)ethylene
2, were synthesized! and allowed to react with one mole of an azide. The azide chosen
was 4-cyanotetrafluorophenyl azide2. This azide is highly reactive, therefore the
observed differences in the reactivity of the cis and trans compounds can be attributed
to the phosphines. If both phosphines are cleanly converted to the corresponding
mono-oxidized products, 3 and 4, then the phosphinimine group has sufficiently
Jecreased the basicity of the remaining phosphine centre in 4 and directed the reaction .

But, if the trans isomer 2 does not react clear ly to produce 4, then the selectivity of the
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mono-oxidation can be largely atmributed to the enhanced steric crowding of the

phosphine groups in 1 and dppbz.
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S.1 Results and Discussion

The phosphines 1 and 2 we'  allowed to react with 4-cyanotetrafluorophenyl
azide under identical conditions. For both reactions, the quantities of reagents. the
dilution, and the temperature were as similar as possible. A portion of each reaction
mixture was removed and analyzed by 'H and 3!P NMR spectroscopy. The phosphorus
NMR spectra are shown in Figures 5.1 and 5.2.

The examination of Figures 5.1 and 5.2 reveals that 1 reacts smoothly with the
azide to produce 3, but 2 does not react cleanly to produce 4 exclusively. Indeed, 2, 4.
and the doubly oxidized product are detected by 31p NMR as shown in Figure 5.2. The
31p NMR data for 3 (P(IIl) -23.7 ppm, 3Jpp=12.5 Hz, Jpr=5.5Hz: P(V)2.06 ppm,
3Jpp=12.5 Hz, 7JpF=6.7 Hz) and for 4 (P(1II) -4.42 ppm, 3Jpp=15.3 Hz; P(V) 7.84 ppm,
4Jpr=5.2 Hz) is essentially as expected. The P(III) chemical shifts of 3 and 4 change
slightly from 1 and 2 (-23.04 ppm and -7 47 ppm) compared to the chemical shift
changes experienced by the remote P(V) centre. The 3Jpp coupling constants in 3 and 4
have similar magnitudes with the trans coupling in 4 being slightly larger (by approx.

3 Hz) (vicinyl 3Jyy couplings ; trans > cis )3. A curious feature, a "Jpev\g coupling of
6.7 Hz, is observed for 3. In the absence of structural evidence it can only be speculated
that there is a close phosphorus(III}-fluorine contant responsible for this unusual
coupling. The absence of a similar coupling in 4 suggests that the coupling arises via a
‘through space’ interaction and not through a 'seven-vond’ interaction.

Overall, for the bisphosphines 1 and 2, the above results demonstrate that the
selectivity of oxidation is determined by the steric crowding of the phosphorus centres
due to the rigid cis ethylene backbone. Analogously, the selectivity of oxidation found
in the previous chapter for dppbz can also be attributed to the steric bulk inhibiting the

oxidation of the second phosphorus centre.
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Figure 5.1 ~ The 3P NMR spectrum (81 MHz) of the reaction solution of 3 (CDCl3).
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Figure 5.2 The 31P NMR spectrum (81 MHz) of the reaction solution of 4 (CDCl3).
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In a fashion parallel to the dppbz based ligands, the compound 3 reacts cleanly
with [Rh(CO)2Cl]2 to form the complex 5. The !3C NMR data for the carbonyl ligand
(5=186.8 ppm, Jcrp=72.5 Hz, 2Jcp=19.6 Hz) and the LR. stretching frequency for the
carbonyl ligand of 1996 cm-! are similar to those found for the dppbz derivatives in
Chapter four and indicate that the complex is square planar about rhodium with the
carbonyl ligand cis to the P(III) centre of the chelating ligand. The 31P NMR data
(P(II1) 29.73 ppm, Jpry=171.0 Hz, 3Jpp=37.4 Hz: P(V) 15.24 ppm. 3Jpp=37.6 Hz) also
demonstrates similar chemical shift changes found upon complexation for the dppbz
based derivatives. In contrast to the dppbz derivatives, the 3Jpp coupling constant has
increased dramaticly from 12.5 to 37.5 Hz upon complexation to thodium. Since the
vicinal proton resonances are masked by the aromatic resonances in the |H NMR
spectrum, there is little evidence to indicate the source of this larger coupling constant.
The [.R. spectra of 3 and § indicate that the ethylene carbon-carbon doubie bond is
unaffected with stretching frequencies of 1644 and 1643 cm-! respectively. In the
absence of data on the corresponding derivative of bis(diphenylphosphino)ethane and

structural information on §, this coupling snomaly remains a mystery.
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53 Summary

Through the use of the cis and trans isomers of bis(diphenylphosphino)ethylene.
the nature of the selectivity of the Staudinger reaction has been explored. The cis
isomer can be reacted cleanly with an azide to yield the mono-oxidized product , but the
trans isomer cannot. The lack of selectivity shown for the trans isomer further
demonstrates that the oxidation of the first phosphine centre has little influence on the
basicity and hence the reactivity of the second phosphorus centre. The primary cause of
selective oxidadon in the cis isomer (and in the analogous dppbz derivatives) must be
the steric crowding of the phosphorus centres. Once the first oxidation has been
achieved the additional substituent on the P(V) centre adds to the steric protection of the

remaining phosphine.

5.4 Experimental

General techniques, reagents, solvents and instrumentation are listed in the
appendix. The phosphines 1 and 2! and the azide? were prepared as reported in the
literature.

The reaction of 1 with 4-NC-CgF4-N3,

To a cold (-78°C) methylene chloride solution (approx. 75 mL) of 11.05 g,
2.65 mmol) was added dropwise 0.58 g (2.7 mmol) of 4-NC-CgF4-N3 in approx. 25 mL
of methylene chloride. Upon completion of the addition, the dry-ice/acetone cooling
bath was removed and the reaction mixture was allowed to warm to room temperature
and stirred overnight. A 5 mL aliquot was removed and the !H and 3!P NMR spectra
were recorded. The solvent was removed in vacuo and the residue was recrystallized
from 30 mL of hot acetonitrile producing 1.05 g (1.80 mmol, 68 %)) of 3 as pale yellow
crystals. M.P.=111-114 °C. Analysis: C33H272F4N2P7; Calculated: C=67.81, H=3.79,
N=4.79 % ; Found: C=66.78, H=4.03, N=4.91 %. L.R. (CH,Cl; cast): 3050w, 2229m,



1644s, 1502vs, 1436s, 12225, 1112m, 1011m, 999m, 981s, 742m, 720s. 708m. 694s,
563m. M.S. M*=584 (14 %), 507 (100 %). 'H NMR (8. CDCI3,TMS) 7.9-7.1 ppm. m.
Ar. 31P NMR (d, CDCl3, H3POy) 0.16 ppm, -25.65 ppm. 3Jpp=12.5 Hz, *Jpg=5.5 Hz.
7Jpg=6.5 Hz.

The reaction of 2 with 4-NC-CgF4-Nj,

To a cold (-78 ©C) methylene chloride solution (approx. 75 mL) of 2 (1.05 g,
2.65 mmol) was added dropwise 0.60 g (2.8 mmol) of 4-NC-C¢F4-N3 in approx. 25 mL
of methylene chloride. Upon completion of the addition, the dry-ice/acetone cooling
bath was removed and the reaction mixture was allowed to warm to room temperature
and stirred overnight. A 10 mL aliquot was removed and the 'H and 3!P NMR spectra
were recorded. See Figure 5.2. The coupling constants reported in the text were

extracted from the spectrum recorded at 161.9 MHz.

Complexation of 3 with [Rh(CO0),Cl]2 (5).

A 10 mL solution of 3 (0.1159 g, 0.198 mmol) was added dropwise at room
temperature to a 15 mL solution of [Rh(CO)2¢"117 (0.0390 g, 0.100 mmol). The mixture
was stirred for one hour before the solvent was removed in vacuo and the resultant
vellow-orange solution analyzed by 31P NMR spectroscopy. Slow recrystallization from
methylene chloride/ diethyl ether produced a few crystals of 5. M.P.=160 °C
(decomposed). Analysis: C34H29F4N2P2RhOCI; Calculated: C=54.38, H=2.95,

N=3.73 % ; Found: C=53.65, H=2.71, N=3.73 %. [.R. (CH2Cl> cast): 3060w, 2980w,
2241m, 1989vs, 1643s, 1493s, 1485s, 1435m, 1181m, 1113m, 1099m, 1003m, 998m,
982m, 895m, 739m, 730m, 716m, 693m, 674w, 627w, 588m, 559w, 509w. 'H NMR (3§,
CD>Clp, TMS) 7.9-7.2 ppm, m, Ar. 31P NMR (d, CD2Cl3, H3POg4) P(IIl) 29.73 ppm,
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1Jprn=171.0 Hz, 3Jpp=37.4 Hiz; P(V) 15.24 ppm, 3Jpp=37.6 Hz. 13C NMR (d, CDAClx,

TMS) carbonyl ligand 186.8 ppm, Jcrp=72.5 Hz, 2Jcp=19.6 Hz.
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Chapter Six

When Phosphorus Spins Collide:
The Unusual Temperature Dependence of Coupling
in an ABMX Spin System.



6.1 Introduction

Our investigations into the chemistry of the Staudinger reaction! of azides with
bisphosphines have developed a family of interesting compounds which are also useful
heterodifunctional ligands?. These ligands, featuring soft phosphine and hard nitrogen
centres, display the ability to complex a variety of transition metals encompassing a wide
range of oxidation states>-8. Furthermore, modification of the functional group on
nitrogen enables the basicity of the lone pair of electrons on nitrogen to be altered in a
conscious fashion9. In addition, these ligands possess two distinctly different phosphorus
atoms, formally P(11I) and P(V), and hence 3!P-NMR spectroscopic chemical shifts and
coupling constants reveal decisively the connectivity (monodentate vs chelating) of the
metal complexes.

For the ligands, the P(V) resonance is typically deshielded 10 to SO ppm? from the
P(I1I) resonance, however, upon metal complexation both signals are further deshielded.
Depending upon the initial difference in the phosphorus chemical shifts, and, the relative
deshielding of the P(III) and P(V) centres by the metal centre, the assignment of the
3IP.NMR signals for the complexes can be ambiguous in the absence of additional
coupling. The utilization of metals with isotopes possessing a spin of one-half and
functional groups on nitrogen containing fluorine or phosphorus allows for the
unambiguous assignment of the NMR spectra and establishes the connectivity of the

complex.



This chapter describes the preparation of the complex 1 and its characterization by
multinuclear NMR spectroscopy. Due 1o the relative shielding of the phosphorus
chemical shifts described above, the difference in the phosphorus chemical shifts for 1 is

small resulting in unusual observed spectra.
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6.2 Resuits and Discussion

Synthesis

Reaction of 1,1-bis(diphenylphosphino)ethane!O with 4-cyanotetrafluorophenyi
azide!! at -78 ©C in methylene chloride and subsequent slow warming to room
temperature yield cleanly the mono-oxidized bisphosphine,
1-(N-4-cyanotetrafluorophenyl-diphenylphosphinimine- 1 -diphenylphosphino)ethane 2
(la]p=0). Combination of 2 with [Rh(CO),Cl]7 in methylene chloride yields
quantitatively the complex 1. The complex is insoluble in aromatic solvents, poorly
soluble in chloroform and moderately soluble in methylene chloride, tetrachloroethane
and acetonitrile. The multinuclear-NMR data are listed in Table 6.1 and the significant

coupling constants are listed in Table 6.2.
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Table 6.1 Multinuclear NMR data for 1 at +55°9C (CD2Cl2/CD;CN).

Nucleus (Z) 6 ppm JrRhz Hz Jpz Hz sub-spin system3
3ip PN 47.4 161.4 40.5 ABM
P(V) 46.1 <4 40.2 ABMYY'
13C  Carbonyl 187.6 75 18 ABMX
19F -137.4 <4 <4
-137.6 <4 <4
-142.3 <1 <1
-142.8 <1 <] ABXYb

a X=13C, M=Rh, A=P(IIl), B=P(V), Y=F

b fluorine only, 25°C.




Table 6.2 Matrix of the significant coupling constants for 1.

P(III) P(V) Rh
P(IIY) 40 161
P(V) <4

Rh

18

<1



Spectroscopy

The 81 MHz 3!P-NMR spectrum of 1 was unexpectedly complex with a multiplet
centred at 46.5 ppm (ambient temperature, CD>Cl> solution). Variable temperature
studies utilizing CD>Cl2, CD3CN or solvent mixtures of the former solvents with
tetrachloroethane and toluene (+55°C to -115°C) revealed that an unusual temperature
dependence of the phosphorus chemical shifts was involved. In addition the chemical
shifts are also sensitive to concentration!2. The variable temperature 3'P NMR spectra
of 1 recorded from 30° to -60°C in CD2Cl> solution are shown in Figure 6.1. The large
Jrnp coupling for the P(III) centre (161Hz) and the complex Jrhp and Jgp couplings for
the P(V) centre identify these resonances decisively. At the high temperature limit the
31p-spectrum is almost first order in appearance (ABMYY") with the P(II) resonance
downfield from the P(V) resonance by 220Hz. As the temperature is lowered, the
difference in the chemical shifts of the phosphorus centres decreases and the spectral line
intensities change with increasing second order character. Eventually the phosphorus
resonances collide (isochronous) at -25°C.( or at T=-18°C in d8-toluene/CD3CN or at
-530C in CD2Cl2/CD3CN), yielding an AA'MYY' spin system. As the temperature
continues to decrease the shifts diverge again to cause the spectrum to revert to increased
first order behavior. The simulation of this behavior is shown in Figure 6.2.

In an attempt to probe the source of the unusual NMR behavior observed for
phosphorus the complex, 1 was isotopically labelled with 13CO by stirring a methylene
chloride solution of 1 under an atmosphere of !3CO in a small flask. The resulting
variable temperature spectra (13C-NMR). and their simulation, are shown in Figures 6.3
and 6.4. At the high and low temperature limits the spectra in the carbonyl region appear
to be first order AMX spin system (doublet of doublets, A=P(III), M=Rh and X=13C).
But the phosphorus centres are swongly coupled and a more realistic assignment is as an
ABMX spin system (B=P(V)) where the coupling Jcp(v) is not resolved. Also, when the

phosphorus centres are isochronous the spectra appear as an AMX spin system. Again.



parallel to the 3!P-NMR, the observed spectral transformations occur as the difference in
the 3P chemical shifts decrease. At the point where the P(V) resonance “"collides” with
the upfield doublet of the P(I1I) resonance,

ie. ((vpainv pvy - 1720painra-Jpevirn))=0 13.
the 13C-NMR spectra shows a doublet and a triplet for the carbonyl respectively. At
lower temperature when the P(V) resonance “collides™ with the downtield doublet of the
P(1I1) resonance,

ie. ((vpamy-v pvy) + 120pamRa-Jpevyrn))=0 13,
the 13C-NMR spectra shows a triplet and a doublet (respectively) in the carbonyl region
(Figure 6.5).

The 19F-NMR spectra reveal an ABXY spin system (fluorine only) at T=250, (©
and -40°C. Some temperature variation in the chemical shifts is observed, but, the
asymmetry of the fluorine spin system demonstrates that the 4-cyano-tetrafluorophenyl
group is not free 1o rotate and maintains a fixed orientation with respect to the molecular
framework of 1. Furthermore, the 1H-NMR spectra of 1 show no discernable change
with temperature (T=259, 00 and -40°C). Since the size of Jpy coupling constants
generally display a large angular dependence!3, this further indicates that the five-
membered ring of 1 maintains a fixed orientation in solution with respect to the
4-cyanotetrafluorophenyl group and that the molecule 1 posesses a rigid structure.

In spite of this apparent rigidity of the molecule, in the 31P-NMR spectra the
P(111) signal broadens into the base line at low temperature (T= approx. -50°C
d8-toluene/CD3CN or T= 30°C CD>Cly/CD3CN) and then reappears at -110°C
(CD>Cly/CD3CN) with the same coupling constants before and after the event. With no
spectroscopic evidence to indicate a structural change acccinpanying this event (the 13C-
NMR spectra (CD2Cly/CD3CN) are unaffected through this temperature range), this
collapse and reimergence of the P(III) signal is most likely due to a thermally induced

decoupling which operates to collapse the signal as the temperature controlled T1(Rh)
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passes through its minimum value. Most of the different relaxation components required
to minimize T1(Rh) (i.e. dipolar. quadrupolar, scalar. chemical shift anisotropy. etc.!3)
are contair=d within the complex spin system of compound 1 . however the details of this

process have not yet been pursued.



Figure 6.1 Variable temperature 31P NMR spectra of 1 in CD>Cl; soludon

(161 MHz) measured from 30° to -60°C.
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Figure 6.2
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Simulation of the variable temperature 31P NMR spectra demonstratinyg
the effect of changing phosphorus chemical shifts on the 31P NMR
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Figure 6.3
(100.6 MHz2).

JJ\J Wi

25°C

10°C

0C

-10°%c

.
g gy o

189 188 187 186

ppm vs TMS

Variable temperature 13C NMR spectra of 1 in CD2Cl3/CD3CN solution

-20°¢c
. -30°c
-a0°¢c
j -90°C
J

v A AN AN A

189 188 187 186

ppm vs TMS



Figure 6.4 Simulation of the variable temperature !3C NMR spectra demonstrating
the effect of changing phosphorus chemical shifts on the 13C NMR

spectral features.
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Figure 6.5

The 31P (161 MHz) and !3C NMR (50.3 MHz) spectra at the point at

which the difference between the phosphorus chemical shifts is

approximitely one-half of the large phosphorus-rhodium coupling

constiant.
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Spectral simulations

The simulations of the 31P-NMR and *C-NMR spectra (Figures 6.2 and 6.4)
were carried out utilizing the coupling constants listed in Table 6.2. The smaller,
unresolved coupling constants are approximate values while the larger coupling constants
were extracted from the multinuclear NMR data. Utilizing the equations of Pople and
Schaeffer!3 describing ABMX, (n=1-x) spin systems, the complex spectra tor the 3P and
I3C-NMR can readily be understood.

For the 31P-NMR spectra there are two instances when an apparent loss of
coupling information is indicated by the spectra in Figure 6.5. This occurs when the
doublet of multiplets for the P(V) centre overlaps either the upfield or the downtield
doublet of the P(III) centre. Concentrating on the AB portion of the spin system, the
equations describing these transitions contain terms that depend upon the frequency of the
phosphorus chemical shifts. The consequence of this is that when the difference in the
chemical shifts of the two phosphorus centres equals one-half of the difference in their
respective Jprn coupling constants, the frequency of the transitions all depend upon
(Jpp)2, the square of the phosphorus-phosphorus coupling constant and hence the
apparent simplification of the 31P NMR spectra. For the complex 1, with P(I1)
transitions at higher frequency than the P(V) transitions at the high temperature limit and
lJp(m)Rh>>2.lp(v)Rh, the convention dictates that the 1J P(IIRh coupling constant must be
positive.

The 13C-NMR spectral behavior is analogous to the 3!P-NMR spectra except
there is an additional first order coupling constant. For the observed transitions, half are
independent of the phosphorus chemical shifts but the other half are dependent on the 3!P
NMR chemical shifts. The equations describing the 13C NMR spectra are listed in Figure
6.6. Similar to the 31P-NMR spectra, when the combined sums and differences of the
coupling constants equals the difference of the phosphorus chemical shifts, one side of

the overlapping doublet of doublets becomes a ('virtual’) triplet. This occurs twice, once



when vp(111)-vp(v) is positive (high temperature) and once when the difference is negative
(low temperature). The occurence of the triplet in the 13C-NMR spectra matches the
apparent simplification of the 3!P-NMR spectra (Figure 6.5) and at these points the
coupling constant information can be extracted. The transitions unaffected by the
changing phosphorus chemical shifts in the 13C NMR spectra are simply the first order

splittings and the coupling constants can be measured directly from these lines.

140
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Figure 6.6 Equations describing the 13C NMR spectral behaviour!$.

x=13C, m=Rh. a=P(II]). b=P(V).
a) TRANSITIONS INDEPENDENT OF PHOSPHORUS CHEMICAL SHIFTS:
Vx £ 1/2Jmx £ 1/2(Jax + Jbx)

b) TRANSITIONS THAT DEPEND UPON PHOSPHORUS CHEMICAL SHIFTS.
Vx + 1/2Jmx £ Crx+1 £ Crx

where:

Crx+1 = 1/2{[(Va-Vb) + 1/2(Jam-Jom) - 1720 ax-Jbx)]% + Jap=} 12

Crx = 122{[(Va-Vp) + 1/20am-Jom) + 1/2U0ax-Jox)]? + Jap } V72

and

VX - V2Jmx = Crx+1 £ Crx

where:

Crx+1 = 1/2{[(Va-Vp) - 1R20am-Tom) - 1/2(Jax-Tox)12 + Jap2} 112

Cox = 1/2{{(Va-Vp) - 1/2Uam=Tom) + 1/2Uax-Jpx)1% + Jap2} 112

So, when Phosphorus Spins Collide:

Vx + 1/2)imx £ Crxs1 £ Crx

simplifies to become: A TRIPLET!
1 Vx+12Jnx + Crxe1 + Crx
2 Vx+12)mx

1 Vx + l/Zme - Cr’x.l,.l - Cr’x
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6.3 Summary

The 13C NMR coupling constants (1 Jcrp=75 Hz, 2Jcp=18 Hz) indicated that the
complex 1 is square planar with the carbonyl ligand on rhodium cis to the P(IIl) centre!S.
The complex has a rigid structure and variable temperature multinuclear NMR
experiments ('H, 13C, 19F, 31P) demonstrate that the structure is unchanged with
temperature. The complex spectra observed for 13C and 3!P NMR variable temperature
studies are the direct result of the phosphorus centres possessing opposite chemical shift
temperature dependence. This unusual chemical shift temperature dependence results in
apparent gain and loss of coupling information with temperature. These features arise
due to the small phosphorus chemical shift differences and relatively large coupling

constants.
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6.4 Experimental

General techniques, reagents, solvents and instrumentaton are listed in the

appendix.

Preparation of the ligand 1-(N-4-cyanotetrafluorophenyl-diphenylphosphinimine-
1-diphenylphosphino)ethane, 2.

Into a 250 mL side-arm round bottom flask was placed 3.28 g (8.24 mmol) of
1,1-bis(diphenylphosphino)ethane 0 and 50 mL of dry CH»Cl,. The solution was cooled
to -780C and 1.77 g (8.19 mmol) of 4-cyanotetrafluorophenyl azide!! in 30 mL of
CH2Cl was z:ied dropwise. The reaction solution immediately developed a yellow
colour. The solution was allowed to stir and warm slowly to room temperature overnight.
Removal of the solvent in vacuo followed by recrystallization from acetonitrile produced
3.55 g (6.05 mmol) of large white blocks of 2. M.P.=178-180°C. Analysis:
C33H24F4N2P2; Calculated: C=67.58, H=4.12, N=4.78 %; Found: C=67.24, H=4.27,
N=4.78 %. 1.R. (CH2Cl; cast, cm-1) 3080w, 2230s, 1645s, 1510vs br, 1435s, 1325w,
1310w, 1300w, 1290w, 1265w, 1220s, 1185w, 1160w, 1110s, 1010m, 980s, 865m, 740s,
695s, 575m, 525s, 505m. M.S. M+=586 (3%). !H NMR (8, CDCl3, TMS) 7.50 ppm, m,
20H; 3.75ppm, doublet of sextets, 1H; 1.20 ppm, m, 3H. 31P NMR (3, CDCl3, H3POy)
21.9 ppm, dt, 2Jpp=67.8Hz, 4Jpp=4.2Hz.; -14.8 ppm, d, 2Jpp=68.0 ppm. 19F NMR (8§,
CDCl3, CeFg) -139.3 ppm, m; -152.0 ppm, m.

Preparation of the complex 1.

Into a 150 mL side arm round bottom flask was placed 0.0748 g (0.192 mmol) of
[Rh(CO)2Cl}2 in 25 mL of CH,Clp. 0.2229 g of 2 (0.3804 mmol) in 50 mL of CH,Cl>
was added dropwise at room temperature. After 3 hours the solvent was removed in
vacuo producing a yellow microcrystalline powder. The yieid was quantitative by 'H
NMR. M.P.=2420C (decomposes). Analysis: C34H24F4N2P2CIRhO: Calculated:
C=54.24, H=3.21, N=3.72 %; Found: C=54.35, H=3.37, N=3.78 %. L.R. (CHCl; cast,
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cml) 3056w. 2239w, 1981vs. 1644m, 14925, 1487s, 1454w, 14355, 1185m, 1112m.
1099m, 997m, 986m. 885w, 741m. 724m, 692m, 640w, 626w, 578w. 550m. M.S. M+-

28=724 (0.1%), 28 (100%). Multunuclear NMR: Se> text.
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Chapter Seven

The Control of Oxidation:
A Discussion.



The selective oxidation of one phosphorus centre of a bisphosphine. with an

azide, to produce compounds of the general formula 1 becomes increasingly diffi

the number of methylene units, n, increases. Typically. the products of oxidati..n 1 e

fWEI

the desired mono-oxidized compound 1 and the doubly oxidized material as we., - ine
starting bisphosphine. For example the reaction of bistdiphenylphosphinoymethane
(dppm) with wimethylsilyl azide invariably produces a mixture of compounds. but the
major component (50-70% by 3P NMR spectroscopv) is the desired compound 1 (n=1.
=N-SiMe3) (Figure 7.1). Careful fractional crystallization of the mixture results in
40% yields of analytically pure 1 in the first crop. Further recovery of I 1s usually fuule.

When a deficit of azide is used unreacted dppm can be recrystallized from the filtrate.

Alternatively, the phosphines in the filtrate can be converted int» the doubly oxidized

E
I 1
PhP PPN,
(CH2)y,

material with more azide.

In general, there are a number of difficultes associated with the mixture of
compounds. When n=2 (dppe) and E=N-SiMej3, 1 has very similar chemical and
physical properties to the corresponding bisphosphine and doubly oxidized
bics :c. aine. For example, the melting points and solubilities are almost identical and
recry stallization attempts usually succeed in precipitating all three compounds.
Separation can only be achieved through a tedious extraction process as the mono-
oxidized compound is slightly less soluble in acetonitrile or hexane at room temperature.
Spectroscopic examination reveals overlapping 'H and 3!P NMR (Figure 7.2) chemical
shifts and dltimately an equal ratio of A and C will produce an elernental analysis
ident:cal to th2t of pure 1! In addition, isolated yields are reduced (only 10 to 20 %) and

it can be expected that the above difficulties will apply for 1 derivatives with n>2. Only



Figure 7.1 A 31Pp NMR spectrum (81 MHz) of 1~ 2action mixture of
trimethylsilvlazide with bis(diphenylphosphinojmethane (dppm)
demonstrating the three compounds. A=dppm

B=Ph-PCH1P(Ph>)=N-SiMe3 C=Me3Si-N=(Ph3)PCH>P(Ph2)=N-SiMez
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Figure 7.2 A 31P NMR spectrum (81 MHz) of the reaction mixture of

rimethylsilylazide with bis(diphenylphosphino)ethane (dppe)

demonstrating the three compounds (Note the overlapping signals).
A=dppe B=PhaPCH>CH2P(Ph2)=N-SiMe;

C=Me3Si-N=(Ph1)PCH2Ci! -P(Ph~)=N-SiMe;

C
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when n=1 do compounds of the general formula 1 display clearly separated 31P and 'H
NMR resonances from dppm and the doubly oxidized bisphosphine.

The feature of a bisphosphine which enables successful single oxidation to occur
is simple. The oxidation of the first phosphorus centre must somehow alter the
accessability of the second phosphorus centre. In Chapters Four and Five it was clearly
demonstrated that fixing the two phosphorus centres into a cis configuration with a rigid
linkage such as a phenyl ring or an ethlyene unit inhibited the oxidation of the second
phosphorus centre with a second mole of azide. For those two examples, steric control
of the oxidation was possible, but when a flexible alkane links the two phosphorus
centres the steric control disappears through bond rotation about the backbon« of the
bisphosphine.

The distribution of products shown in Figures 7.1 and 7.2, however, demonstrate
that dppm seems to display a greater selectivity for mono-oxidation with azides than
dppe. An examination of the solid state structures of dppm! and dppe? is shown in
Scheme 7.1. In addition, bis(diphenylphosphino)butane displays structural features
similar to dppe except, of course, for the additional number of methylene units between
the phosphorus centres3. In general, the two phosphorus atoms and the connecting
methylene carbons lie in the same plane. For dppm, the presence of only one methylene
unit between the phosphorus centres could still restrict access to the phosphorus lone
pairs due to steric crowding by the phenyl groups. A modified Newman projection
between the two phosphorus atoms (omitting the methylene units) shows that the
phosphorus lone pairs have a gauche conformation!. Furthermore, the structure of dppm
mono-oxidized with trimethylsilyl azide? and the mono-selenide’ have the same gauche
conformaton. When two methylene units are present between the phosphorus centres
« ippe}, the diphenylphosphine groups have an ant arrangement in the solid state and the

phosphorus lone pairs are not as well protected. The modified Newman projection
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shows the phosphorus lone pairs to have a dihedral angle approaching 1800 2. These
structural features and the lower yields of 1 (n=2, E=SiMe3) suggests that for dppm there
1s greater restricted rotation about the methylene backbone and less reliet of steric

congestion facilitating mono-oxidation.
Scheme 7.1
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A curious feature of dppm is that reaction with the disulphide of dppm at high
temperature in the absence of solvent produces PhoPCH2P(Ph2)=S (Equation 7.1)
cteaniyb. In this situadon, steric bulk cannot protect the second phosphorus centre from
oxidation by the relatively small sulphur atom, therefore an additional influence must be
present. The same reaction of dppe with the disulphide of dppe does not proceed in the

same fashion, but instead an equilibrium is estabiished® (Equation 7.2).

Equation 7.1

S S S
1] i + —_— 1]
thP\/ PPh, thp\/ PPh, thp\/ PPh,
Equation 7.2
S S S
i Il + e p—— i
Ph,P, PPh, Ph,P, PPh, —_ PhyP, PPh,

N— N— N—

These results suggest that for dppm, oxidation of one phosphorus centre reduces
the basicity of the other phosphorus centre two bonds away. When the phosphorus
groups are separated by three bonds this effect is small or absent®. The 31p NMR data
for a series of bisphosphines mono-oxidized with azides is listed in Table 7.1.
C~nsidering that oxidation of a phosphine will produce a more electron deficient P(V)
centre and hence alter the chemical shift, an operative inductive effect wi!lAbe indicated

by a chemical shift change for the remaining P(III) cenwre. Indeed, when the phosphorus



centres are separated by two bonds the P(111) centre chemical shifts move uptield by S to
8 ppm. When the phosphorus centres are separated by three bonds the effect on the
chemical shift is much smaller. These results demonstrate that tor dppm there is ‘some’
communication between the two phosphorus groups. but this effect. combined with
possible steric constraints on the oxidation of the second phosphorus group. is too smatl
to allow selective mono-oxidation with trimethylsilyl azide to dominate.

The conclusion of this discussion is simply stated. When the phosphorus centres
in a symmetric bis-phosphine are too far apart, the reaction with azides will not be

selective for the mono-oxidized product.



Table 7.1 31p NMR chemical shifts and coupling constants.

Bisphosphine(ref.) P(IID) ppm P(V) ppm Jpp Hz
Ph>PCH>PPh,0.b -22

Ph,PCH,PPh,=S6 -27.3 39.2 73
Ph3;PCHoPPhy=N-SiMe3’.a -27.4 -1.1 57.0
PhaPCH7PPhy=N-CgF;-CN7-2 -30.0 12.9 53.8
PhyPCH(Me)PPh>8 -6.6
Ph>PCH(Me)PPh=N-SiMe32 -11.6 5.7 70.0
PhoPCH(Me)PPh=N-CgF4-CN2 -14.0 22.0 68.0
Ph>PCH2CH,PPhjb -12.3
Ph;PCH2CH,PPhy=N-SiMe3’-2 -11.8 3.3 48.7
Ph>PCH,CH3PPhy=N-CgF4-CN®  -12.9 16.7 47.5
PhPCeH4PPh3 10 -13.8

PhyPCgH4PPhy=N-SiMe3a -14.5 1.3 18.0
Ph2PCgH4PPhy=N-CgF4-CN2 -14.8 11.9 20.8

a This work. b Experimental observation.
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Conclusions

The conclusions have already been stated at the end of cach chapter in the
Summary sections, however, a number of valuable lessons have been learned trom this
work. In Chapters two, three, and six. unusual multinuciear NMR features have been
observed and exploration of these features has provided valuable structural and chemica!
information. This suggests that. in general, second order NMR spectra should be given
careful consideration in order to establish the presence of additional intormation before
the spectra are dismissed as complex. Recently, an excellent example of an AA'X spin
system transforming inio ar ABX spin system was given little attention by the authors!.
In Chapters four and five, the exploration of the Staudinger reaction with rigid cis
bisphosphines has clarified some of the requirements for etficient mono-oxidation with
an azide. In Chapter seven a general discussion was presented in order to bring the
overall requirements of the mono-oxidation of bisphosphines into perspective. Simply
stated, the selectivity of the Staudinger reaction for mono-oxidation decreases with the
separation of the phosphorus centres in bisphosphines.

The deuterium exchange process reported in Chapter three brings an additional
view point into the discussion of the basicity of the phosphinimine nitrogen. When
strongly electron withdrawing substituents are present, the exchange does not proceed
{in unpurified CDCl3), but when deuterium exchange does occur, the phosphinimine
nitrogen has a greaier Lewis basicity. In addition, decomposition of the phosphinimine
unit suggests a nitrogen centre with even greater basicity. The observed trend in the
substituents for these compounds seems to be: CH3i>PhCHa>Me ;Sixfluoroaromatic.

Finally, a variety of rhodium (I) complexes have been prepared and characterized
by multinuclear NMR spectroscopy. One of these has also been characterized by X-ray
crystallography. These complexes are square planar about rhodium with the carbonyl

ligand cis to the coordinatzd phosphine. There is very liitie 13C NMR spectroscopic



data available for the carbonyl group in the literature for complexes of this type! and so a

compilation of chemical shifts and coupling constants is presented in Table 8.1.



Table 8.1 The carbonyl carbon 13C NMR data for rhodium complexes possessing
cis carbonyl and phosphine ligands.
Complex B3C ppm 1Jegrp Hz 2Jcp Hz
Ph
.N=C.,
Ph,P H
Cl-Rh-CO 186.7 74.7 15.1
1
PhP.,, _~.H
N—C\
Ph
O
1
Ph, /C
P~Rh 185.9 78.5 16.1
» / i
“P=N
Ph2 \P,OPh
o
o)
Il
C
Ph
pi_nlh_m 187.6 75 18
pF \@F
Ph
2 F CN
F
Cl
NC-CF, \ =0
\N/Rh 186.8 7255 19.6
i\
Ph,P, PPh,

159



References

1

(9]

L. Stepan Var Der Sluys, K. A. Kubat-Mann, G. J. Kubas and K. G. Caulton.
Inorg. Chem.. 30. 306 (1991).

R. T. Qakley. Ph. D. Dissertation, University of British Columbia, Vancouver,
British Columbia, Canada (1976).

J. A. Jenkins. Ph. D. Dissertation. University of Alberta. Edmonton. Alberta.

Canada (1991).

1640



Appendix



General Procedures.
Unless otherwise noted in the experimental sections. all of the svnthetic work in
this thesis was carried out using standard Schlenk techniques. All solvents were distilled

prior to their use and all reactions were carnied out under an argon atmosphere.

Table A 1. Solvents and Drving agents.

Acetonitrile P10 then CaHo»

Benzene Na or Na/benzophenone
Carbon tetrachloride PsO1

Chloroform P3Oy

Michloromethane P3O gor CuH»

Diethyl Ether LiAIH4

Hexane LiAIH,

Tewahydrofiiran Nuaor K or Na/benzophenone

Toluene Na



Table A.2. Instrumentation.

Al NMR Nuclei [Frequency
Bruker WP2() H 20%).133
13C 50.323
31p 81.015
Bruker AM3(X) 'H 300.13
13C 75.469
Bruker WH4100 IH 400,135
13C 100.614
19F 376.503
29Si 79.495
lp 161.97%
B. Other Instrumentaton:

a} Infrared spectra were recorded as CH2Cla casts on KBr cells on a Nicolet FTIR
spectrometer.

b) Low resolution EI mass spectra were recorded on 2 AElI MS12 magnetic sector
mess spectrometer at 70 ev (sometimes 16 eV).

c) Chemical analyses were performed by the University of Alberta, Chemisury
department. Microanalytical Laboratory.

d) Meltng points were obtained on a MEL-TEMP melting point apparatus and

were uncorrected.




Crystailography
The complete structure determination and refinement of C33H33NP2Si was carried
out by Dr. B. D. Santarsiero, Structure Determination Laboratory. University of Alberta.

reference file number: SDL:RGC9001. (Chapter four. compound 11. Figure 3.1. page

&8)
Table A3. Crystallographic Experimental Details: C33H33NP2Si.
AL Crystal Data
C33H33NP>Si; FW = 533.67
Crystal dimensions:  0.38 x 0.38 x 0.57 mm
Monoclinic space group P2y/c
a = 11.093 (5), b = 14.898 (5), c=18.811(2) A
B =102.76 (2)°
V=3031A% 7=4; D.=1.169gcm-l: u=199cm-!
B. Data Collecnon and Refinement Conditions
Radiation: Mo Kq (A = 0.71073 A)
Monochromator: incident beam. graphite crystal
Take-off angle: 3.000
Detector aperture: 2.4C mm honz. x 4.0 mm vert.
Crystal-to-detector distance: 295 mm
Scan type: 6-26
Scan rate: 1.0 - 2.5° min-!
Scan widuh: 0.800 + 3.34tan®

Data collection 26 limit: 560



Data collection index range:

Number of Reflecuons:

Observations: variables rato:

Agreement factors Ry, Ra, GOF:

Correctior:s applied:

Ry =3IIF, - IFlt / SIF

(KN

-h. -k, =l
7542 total. averaged: 2941

with [ > 2500

0.068. 0.074, 192

empirical absorption correction

R> = (TwF,) - IF.h2 7 SwF,H 12

Table A4 Table of Atomic Coordinates (x 10+ and
Equivalent Isotropic Gaussian Parameters (A, x 10°3
Arem o« z Uleq).
P1 2116¢1) 1121 1172.5(8: RN
P2 818(1) 1090(1) 24483 1.
Si 3990(2) 2379(D 3655(1
N 3079(4) 1538(3) 3803¢: RRTORS
Cl 1533(4) 6R(3) 3729(3) 12(2)
2 956(4) 48(3) 2993(3) 12(2)
C3 525(5) -767(3) 2679(3) 58(2)
C4 649(6) -1552(4) 3077(3) 72U3)
G5 1216(6) -1525(4) 3804(4) 77(3)
Cé 1656(5) -724(4 1130(3) 62(2)
7 SCONT) 2780(6) 1499(4) 174¢3)
C8 2976(5) 2015(5) 3037(3) 90 3)
C9 3044(7) 3343(5) 3188(5) i11(3)
Cll  2715(5) 863(4) 5125(3) 54(2)
Cl2  3961(6) 704(5) 5359(4) 84(3)
Cl13 44727 484(6) 6087(4) 124(8)
Cl4a 3728(6) 444(5) 6582(41) 94(3)
Cl15 2504(6) 609(4) 6360(3) 72(3)



Cl6  1979(5)
C21  726(4)
C22  -421(5)
C23 -146((5)
C24  -1358(6)
C25  -216(6)
C26  826(5)
C31  1986(4)
C32  2153(5)
C33  2999(5)
C34  3708(5)
C35 3586(6)

C36  2713(5)
C41  -60((5)
C42 -673(5)

C43 -17597(5)
C44  -2864(5)
C45 -2821(6)
Ca6 -1692(5)

818(4)
1763(3)
1367(34)
1874(5)
2783(4)
3184(4)
267((4)
924(4)
1643(4)
1599(5)
830(5)
131(5)
180(4)
867(3)
560(4)
433(4)
632(5)
943(5)
1049(4)

5646(3)
4174(3)
1089(3)
4113(3)
4220(4)
1318(4)
4301(3)
1910(3)
1467(3)
1043(3)
1059(3)
I1514(3)
1937(3)
1778(3)
1080(3)
595(3)

826(4)

1515(4)
1985(3)

60(2)
44(2)
61(2)
73(3)
81(3)
92(3)
68(2)
48(2)
67(2)
90(3)
30(3)
86(3)
68(2)
46(2)
62(2)
75(3)
85(3)
89(3)
66(2)

The equivalent isomopic Gaussian parameter Ufeq} is 1/3%r;2 (i=1 to 3), where r; are

the root-mean-square amplitudes of the AGDP's (anisotropic Gaussian displacement

parameters).
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Table A5

Table of Selected Interatomic Bond Lengths (in A)

Si
Si
Si
P1
P2
Pl
Cl1
c2
C4
Cl1
C12
Ci4
C21
c22
C24
C31
C32
C34
Cal
C42
Ca4

N

O 00nNnon
O TN 16 T 00 T
LVN I IS B . B VY A (S

00
W
v

-

M
(3]
v

35
C42
Ca3
C4s

L.

672(5)
B3 (¥)
879 (7)
2809 (5)
.829 (6)
827 (5
3917
388 ()
3739
375(8)
A01 (9

351 (9)

38047
387 (8)
375(9)
.394(8)
360 (9)
3741
376 (8)
385 (8)
367 (10)

N
Si

P1
p2
p2
Ci

~

h}

Cs

Cil
CI13
Cis
C21
c23
C3as
C31
C33
C3s
c4

Ca3
C4as

Pl
QN

21
C41
Cc2
Co

Klo o)
RIT7 )
RS
3RO (%)
380 (8)
09 (9)
37511
376 18)
A72.(%)
370 (9
L3929
.366 (%)
387 ol
383 Y)
379 (X)
379 (9)
RYRNE S

N3
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Table A.6 Table of Selected Interatomnic Angles (in degrees)

Cl C2 C3 118.8 (5)
Cl C6 C5 120.6 (5)
Cl Pl Clt  106.5 (2)
Cl Pl C21 1038 (2
2 Cl C6 119.3 (5)

2 C3 C4 121.8 (5)
C2 P2 C31 1022 (2)

2 p2 C41  100.7 (2)
c3 C4 CS 119.0 (5)
Cc4 Cs 6 120.5 (6)
c7 Si C8 107.9 (3)
Cc7 Si a9 109.2 (4)
C38 Si () 106.1 (4)
Cit Cl12 Ci13 1209 (1)
Cll Clé6 CI5 120.3(5)
Cli Pl C21  103.7 (3)
Cl2 Cl11 Ci6 117.7(5)
Ci12 Cl13 C14 1199((7)
C13 Ci4 Ci5 1197 (6)
Cl4 Cl15 Cl6 1215 (6)
C21 C22 C23 121.0(5%)
C21 C26 C25 1206(5
C22 C21 C26 118.6(5)
C22 C23 C24 120.0(6)
C23 C24 C(C25 1195¢(6)
C2a C25 C26 120.2(6)
C31 C32 (C33 1209 %)
C31 C36 C35 1203 (6)
C3t P2 C41 101.6 (2)
C32 C31 C36 1193 (5
C32 C33 C34 11937
C33 (C34 C35 12046



C34
C41
C41
C42
Cc42
C43
14

0

W U

"0

0 0
TN Y Y

4

C35
C42
C46
C41
C43
C44
C45
P1
Pl
P
Si
Si
Si
C1
Cl
C11
Cii
C21
C21
C2
c2
C31
C31
C4a1
Cal
N

C36
C43
C45
C46
Ca4
Ca5
Ca6
C1
Cll
C21
c7
C8
Co
C2
c6
C12
C16
Cc22
C26
Cl
C3
C32
C36
C42
C46
Pl

119.7 (6
1219 (6)
121.9 (6)
117.7 (5
118.2 (6)
121.3 (5
119.0 (6)
110.7 (3)
113.3(2)
117.8 (2)
112.2 (3)
110.4 (3)
110.8 (3)
120.8 ()
1199 (4)
118.5 (5)
123.8 (4)
122.4 (1)
1189 (4)
119.8 (4)
121.3 (3
115.6 (4)
125.0 (5)
125.7 (4)
116.6 (4)
152.7 (3)

| evtd



The complete structure determinaton and refinement of C33H33CINOP2RhSi was
carried out by Dr. B. D. Santarsiero, Structure Determination Laboratory. University of
Alberta, reference file number: SDL:RGC8908. (Chapter tour. compound 19, Figure 4.3,

page 96)

Table A7. Crysuallographic Expernimental Details: C33Hz3CINOP>RhSI.

A Crystal Data
C34H33CINOP2RhSI:; FW =700.03
Crystal dimensions: .32 x 0.44 x 0.66 mm

Monoclinic space group P2y/c

a=13793(3), b=12.622 (11), ¢ =20.1436 (6) A
B =105.93 (2)°
V = 3421.2 A3, Z=4%4 Dc=1359geml: p=7.214cm’!
B. Data Collection and Refinement Conditions
Radiation: Mo Kq (A = 0.71073 A)
Monochromator: incident beamn, graphite crystal
Take-off angle: 3.000
Detector aperture: 2.40 mm horiz. x 4.0 mm vert.
Crystal-to-detector distance: 205 mm
Scan type: 6-26
Scan rate: 2.9 - 4.0° min-!
Scan width: 0.900 + 0.347tan®
Data collection 20 limit: R0

Data collection index range: -h, -k, #1



Number of Reflections: 8589 total, averaged: 3537

with I > 20

Observations: variables ratio: 3537: 370
Agreement tfactors Ry. R>, GOF: 0.064. 0.061, 1.45
Corrections applied: empirical absorption correction

Ri=3Fol - IFcl 1 / SIFg  Ra = (Zw(lF,l - IFH2 / TwF, )12

Table A.8 Table of Atomic Coordinates (x 10-%) and Equivalent Isotropic Gaussian

Parameters (x 10-3)

Atom X y z Uleq)
Ci 1620(2) 2529(2) -780(1) 69.3(10)
N 2418(4) 3149(6) 839(3) 41(2)
Pl 1845(2) 2738(2) 1363(1) 40.2(8)
P2 3815(2) 1260(2) 1186(1) 38.0(7)
Rh 2729.3(5) 1844.7(6) 253.2(3) 38.7(2)
Si 2820(2) 4390(2) 684(1) 60(1)
C 2971(6) 662(8) -270(4) 63(4)
O 3086(5) 18(6) -579(3) 39(3)
Ci 2588(5) 1907(7) 2037(3) 40(3)
C2 3414(5) 1307(7) 1971(3) 35(3)
C3 3918(6) 661(7) 2508(4) 47(3)
C4 3616(6) 598(7) 3096(4) 54(3)
Cs 2812(6) 1149(8) 3159(4) 53(3)
Cé6 2294(6) 1815(8) 2645(3) 50(3)
c7 3730(7) 4282(9) 165(5) 90(5)
C8 1741(8) 5188(9; 204(6) 12445
Co 3502(8) 5069(9) 1488(5) $13(6)

Cll  769(6) 1964(8) 945(4) Fi sy



Clz2  4A85(T 10429, 1236¢4) 77

Ci13 -337(8) 458¢12) 393(5) 13346
Cl3a  -859(9) 768(12) 268(5 149t
Cl15 -618(7) 16691 1) AN 113¢6)
Cl6 205(6) 2246(9) 305(DH 694
C21 1396(7) 2R13(8) 1783(H 60(4H)
C2z 494 8) $283(10) 1476(5) 9813
C23 179(9) 5195(11) 1749(6) 135(6)
C24  786(10) 5603(10) 2333(5) 132¢6)
C25  1672(9) 5146(%) 2638(5) 100(6)
C26 1984(8) 4261(8) 23744 T7(4
C31  4163(6) -133(7) 1171(H) 39(¢3)
C32  5137(6) -475(7) 1252(4) 49(3)
C33  5345(7) -1530(7) 1194(4) 62(4)
C34  46D0(7) -2259(8) 1052(4) 68(1)
C35 3623(7) -1936(8) 976(5) 76(4)
C36 3412(6) -880(8) 1043(4) 57(4)
C4a1 S015(5) 1944(7) 1394(4) 41(3)
C42  5509(6) 2331(8) 2028(1 60(3)
C43  64583(7) 2804(9) 2139(5) 79(5)
C44  6915(7) 2890(8) 1641(5) 78(4)
C4s5 6436(7) 2518(8) 1002(5) THD
C46  5492(6) 2040(8) 875(4) 57(4)

The equivalent isotropic Gaussian parameter U{eq} is 1/33r;2 (i=1 to 3), where r; ure
the root-mean-square amplitudes of the AGDP's (anisotropic Gaussian displacement

parameters).



Table A.9 Table of Selected Interatomic Lengths (in A)

~4
'y

Rh Cl 2.402 (2)
Rh P2 2.203 (2)
Rh N 2.146 (6)
Rh C 1.918 (11)
C O 1.068 (11)
P1 C1 1.809 (7)
P1 N 1.584 (5)
rl Cii { 786 (8)
Pl C21 1.802 (9)
P2 C2 1.836 (7)
P2 C31 1.825 (8)
P2 C41 1.811 (7)
C1 Cc2 1.406 (9)
Cl Cé6 1.413 (8)
2 C3 1.390 (N
Cc3 C4 1.377 (9
C4 C5 1.346 (10)
C5 C6 1.382 (10)
N Si 1.720 (7)
Si Cc7 1.857 (9)
Si C8 1.841 (9)
Si 9 1.862 (9)
Cl1 0 1.409 (11)
Cl1 Clé6 1.375 (10)
C12 Cl13 1.374 (12)
C13 Ci4 1.342 (14)
Ci4 Ci5 1.379 (16)
Cl15 Cl6 1.369 (12)
C21 Cc22 1.369 (11)
C21 C26 1.379 (11)
C22 C23 1.393 (14)

C23 C24 1.358 (16)



C24
C25
C31
C31
C32
C33
C34
C35
C41
C41
C42
C43
C44
C4a5

340 (14
360 (13
375 (10)
374 (10)
375 (1D
351 (1D
375 (12)
379 (12)
377 (9)

1.399 (9)

1.406 (11
1.336 (11)
1.374 (11)
1.393 (10)

. vt b et et b ek b pees



Table A.10 Table of Selected Interatomic Angles (in degrees).

wh

C Rh N 178.3 (3)
C Rh P2 92.3 (2)

Cl Rh C 87.5 (2)

Cl Rh N 92.2 (2)

Cl Rh P2 176.9 (1)
P2 Rh N 88.1 (2)

N P1 Cl1 111.0 (4)
N P1 C21 12.1.($)
N Si C7 109.9 (4)
N Si Cce 110.0 (4)
N Si C9 111.5 (4)
P1 N Si 131.9 (5)
P1 C1 C2 122.9 (6)
P1 Cl Coé6 118.5 (6)
Pl Cl1 Ci12 122.7 (5)
Pl Cl11 C16 119.5 (7)
P1 C21 c22 120.0 (7)
P1 C21 C26 122.0 (7)
P2 C2 Cl 123.3 (5)
P2 C2 C3 117.8 (6)
P2 C31 C32 123.6 (7)
P2 C31 C36 118.4 (6)
P2 C41 Ca2 125.1. (7
P2 Ca1 C46 116.9 (5)
Rh C O 177.7 (7)
Rh N Pl 109.9 (4)
Rh N Si 118.2 (4)
Rh P2 c2 116.7 (2)
Rh P2 C31 115.4 (2)
Rh P2 C41 113.8 (3)
Cl Cc2 C3 118.8 (N

C1 Cé6 C5 120.3 (8)



P!
Pl
P1
Cl
C3
P2
P2
C4
C5
Si
Si
Si
Ci2
Cleé
P1
Cl1
C13
Ci4
Cl15
C22
C26
C21
C23
C24
C25
C32
C36
P2
C31
C33
C34
C35
C42
C46
C41

Cl1
C21

Cé6

Cc4

C31
C41
C5

C6

C8

co

9

Cl13
Cl15
C21
Cloé
Ci4
Cl15
Cl6
c23
C25
C26
C24
C25
C26
C33
C35
C41
C36
C34
C35
C36
C43
C4s
C46

105.6 (4)
057 (D
115.0 (4
118471
121.2 (8)
1009 (4
104.7 (3)
120.5 (7)
120.6 (8)
108.1 (5)
106.3 (5)
110.9 (5)
121.0 (8)
121.2 (19)
106.9 (4)
117.8 (8)
118.7 (12)
122.4 (11)
118.8 (1)
121.4 (9)
120.7 (9)
117.6 (9)
118.7 (12)
120.5 (11)
121.1 (11)
120.9 (8)
120.9 (9)
103.6 (4)
118.0 (8)
121.0 (9)
119.1 (10)
120.2 (9)
120.1 (9)
120.3 (8)
1179 (7)
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C42 Cc43 Ca4 171.6 (8)
C43 C44 C45 119.5 (9)
Ca4 C45 C46 120.5 (8)



