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Abstract

The subs: :tion of the chlorines of the bisphosphine 4-(dichlorophosphino)-
2,5-dimethyl-2H-1,2,362-diazaphosphole (1) with a variety of substituents such as
fluorine (2), dimethylamino (3), and 2,2,2-triflucroethoxy (11) has been accomplished
in order to alter the chemical nature of the exo-phosphorus centre. Bulky secondary
amines such as diisopropylamine allowed only one chlorine to be replaced and the
resultant derivative was the asymmetric 4-(chlorodiisopropylaminophosphino)-2,5-
dimethyl-2H-1,2,362-diazaphosphole (7). In this compound, the methyl and the
methine groups in 7 were diastereotopic and showed fluxional behaviour at room
temperature. Similarly, the methylene protons of the trifluoroethoxy group of 11
were also diastereotopic.

These bisphosphines were converted to their chalcogenato and imino
derivatives in which only the exo-phosphorus centre was oxidized, thus creating a
heterobifunctional ligand system. The reaction of 2 with p-cyanotetrafluorophenyl
azide gave 4-(difluoro{p-cyanotetrafluorophenyl }iminophosphorano)-2,5-dimethyl-
2H-1,2,3062-diazaphosphole (18) which was characterized by spectroscopic methods
and by x-ray crystallography. In all cases, large upfield shifts were observed in the
31p(1H) NMR spectrum upon oxidation of the exo-phosphorus centre. The reaction
of 2 with 2,4,6-tri-tert-butylphenylamine in the presence of diethyl azodicarboxylate
(DAD) resulted in the imino functionalize exo-phosphorus centre. The same reaction
with p-toluidine, however, gave the four-membered 1,3,2,4-diazadiphosphetidine 20.
The gauche-trans isomers of 20 were observed at low temperature in the 19F NMR
spectrum. The oxidation of the dimethylamino derivative 3 with trimethylsilyl azide
placed a functional group on the imino moiety which can react further.



The diazaphosphole 2 easily replaced both carbon monoxide ligands on the
complex CpRh(CO), to generated the disubstituted CpRh(2), complex 31. The
31p(1H} NMR spectrum showed a complex second order pattern for the
exo-~phosphorus centre. The one-bond phosphorus-rhodium coupling constant for this
complex was 305 Hz. The solid-state structure of 31 showed a lengthening of the P-F
bond, relative to the imino compound 18, illustrating the electron density acceptor
properties of the phosphorus-fluorine 6* orbitals. The reducing ability of 2 was
demonstrated by the reaction in which the palladium metal centre in the complex
Pd(cod)Cl; was reduced to give the complex [Pd(2),] (35). The disubstituted
platinum(Il) complex was obtained with Pt(cod)Cl, but the use of Pt(cod)CIMe
resulted in the formation of the platinum(0) complex [Pt(2)4] (36). Unlike the chloro-
bridged rhodium dimers, the metal-chloro bridges of [M(PEt3)Cl3], (M = Pd, Pt) were
cleaved and resulted in the trans-complexes [M(PEt3)(2)Cly] (M = Pd (37), Pt (38))
A large Jpp, of 5064 Hz was observed in the 31P(1H} NMR spectrum for the
platinum complex 38. The chiral complex [CpRuCI(PPh3)(2)] (30) showed complex
coupling patterns in both the 31P{!H} and 19F NMR spectra due to the diastereotopic
fluorine substituents.

The dimethylamino derivative 3 gave the disubstituted complexes of the
formula [M(3),Cl;] M = Pd (41), Pt (42)) and trans-[Rh(CO)(3),Cl] (44). Unlike
the reaction with 2, the Pt(3),CIMe complex was obtained with Pt(cod)CIMe. Similar
results with were obtained with palladium, platinum and rhodium with the
trifluoroethoxy derivative 11. The reaction of the trimethylysilylimino-
bis(dimethylamino)phosphoranodiazaphosphole 23 with Cp*TiCl, resulted in the
formation of a nitrogen-metal sigma bond, via the eclimination of
chlorotrimethylsilane, to produce the metalated iminophosphorano diazaphosphole
48, which was characterized spectroscopically and by x-ray crystallography.
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CHAPTER 1
INTRODUCTION

1.1  Heterobifunctional Phosphine Based Ligands

Heterobifunctional phosphine ligands play an important and by no means fully
developed role in coordination chemistry. The nature of the substituents contained
within these ligands confer unique properties on the system and define the behaviour
of the system. Beyond the intrinsic interest in the chemistry of the various kinds of
phosphine systems which can be accessed, phosphines have found widespread
applications in a large number of areas, not the least of which is their use as
supporting ligands for transition metals as participants in homogeneous catalytic
systems. Much of the chemistry of phosphines themselves is directed toward the
provision of compounds and ultimately metal-phosphine complexes with special
properties of reactivity, stability, or selectivity for these applications. Our interest in
the area is focussed on heterobifunctional phosphine ligands, that is ligands which
provide actions or properties beyond the behaviour of simple phosphines. This allows
the possibility of controlling reactivity and other properties of the ligand and the
complexes of this ligand by means of modification or shaping of the chemical
properties of phosphine-based systems. We seek to introduce additional reactivity
beyond that of a simple phosphine and to control the behaviour of the new ligands
through modification of the chemical substituents and structure of the phosphorus
based ligand. We focus herein on a system of heterobifunctional, phosphorus based
ligands as part of an overall effort on the establishment of heterobifunctional
bisphosphine ligands. Our strategy is to take a compound which contains two
phosphorus centers of different character and further shape the reaction properties of

the system with various substituents which alter the character and structure of the



ligand. Although the outcome of the preparative pathways follows established
principles, the effect of the various structural modifications on the complexation and
reactive properties of these ligands is not and will only be established by
experimentation.

Heterobifunctional phosphine ligands are of interest because they offer the
ability of uniting two contrasting, or dissimilar, characteristics within the interaction
of one ligand with a metal. The basic metal-ligand interactions, which are globally
Lewis acid-base interactions, can be described in terms of the "hardness” and
"softness” of the coordinating atoms offered to the metal by the ligand.!? Meuals are
similarly classified in "hard” and "soft" terms. A"soft” donor site preferentially binds
to a "soft” metal and and a "hard" denor site to a "hard” metal. In general, highly
oxidized metals and those from the early part of the transition metal block are
classified as "hard” and metals in low oxidation states and those which occur in the
later part of the transition metal block are classed as "soft”. Phosphorus and sulfur
provide "soft” donor centers whereas nitrogen and oxygen typically act as "hard"
donors. These classifications are by no means rigid and the relative characteristics of
each of the donor sites can be subtly controlled by the remainder of the molecular
structure. For this important reason extensive exploration of ligand chemistry can be
rewarded by the production of unique ligand systems which can in turn control the
chemistry of the metal center to which the ligand is attached. This strategy has been
beneficially applied in the development of many homogeneous catalytic systems
which are based on selected combinations of metals and ligands. The specific process
of designing appropriate ligand systems is often called "tailoring".

The idea of building phosphine ligand systems with different coordinating
sites is well established, and is exemplified by ligands such as pyridylphosphines
which have been known for many years.34 Substantial applications of this ligand

system have been recently reviewed.* In contrast, ligands containing non-aromatic



nitrogen such as (2-N,N-diethylaminoethyl)-diphenylphosphine are less well explored.
This ligand type was first synthesized in 1965, and the coordination chemistry of the
N,N-dimethylamino derivative was not explored until 1984.° A number of other
functionalized monophosphines have also been synthesized but, overall, the use of
such "tailored” phosphines as ligands has not been exhaustively explored.

Recent work illustrating the contrasting coordination chemistry which can
result from different ligand structures is provided by the chemistry of
(2-ethylamino)diisopropylphosphine versus its ether analogue,
(2-methoxyethyl)diisopropylphosphine.” This system provides a dramatic example of
the influence of subtle changes in the nature of the components of a heterobifuctional
ligand system. Attempted preparation of iridium complexes containing
(2-methoxyethyl)diisopropyiphosphine resulted in an intramolecular C-H activation
(i.e. oxidative addition) of a C-H bond in the methoxy moiety of the ligand to
ultimately form the iridium(III) octahedral complex.® In contrast, the
(2-ethylamino)diisopropylphosphine gave only the square planar iridium(I) complex
with one monodentate ligand and one chelating ligand (Scheme 1.1).° The observed
differences in behaviour of the two related ligands could not have been predicted.

Pyridyl phosphines comprise an extensively investigated set of ligands.*
Many variations have been synthesized but only a few of them are of the
bisphosphine type. In the case of the pyridyl monophosphines, it is possible to form
complexes wherein only the phosphorus is coordinated to the metal centre. For
example, the reaction of a rhodium bis(pyridylphosphine) complex with an equivalent
of either [Rh(CO),Cl], or Pd(cod)Cl, gave a bimetallic complex which rearranged
ultimately to form a "head-to-tail” coordination arrangement (Scheme 1.2).10 The
reaction of bis(pyridylphosphino)platinum dichloride with (norbornadiene)-
molybdenum tetracarbonyl however proceeded without rearrangement of the
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Scheme 1.1  Comparison of the reactions of the iridium (I) cod complex with
(2-dimethylaminoethyl)diisopropylphosphine and
(2-methoxyethyl)-diisopropylphosphine.

coordination on the primary metal and ultimately a "head-to-head" complex was
obtained.!! Li er al.'2 recently reported the synthesis of pyridylphosphine bridged
iron-copper heterobimetallic complexes wherein the transformation of the ligand
arrangement was also not observed (Scheme 1.2).

It has often been suggested that metallic complexes with two different
transition metals in proximity could display chemical properties which are different
from those of the separated, individual fragments.!? Particular interest has been
focused on bimetallics containing both an electron-deficient and an electron-rich
transition metal and such structured combinations could offer reactivity patterns
which would be different from bimetallics containing identical or closely related
transition metals. The synergistic interactions which develop between electron-
deficient and electron rich metal centres in bimetallic systems may be useful in
catalysis.13
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Scheme 1.2 Synthesis of "head-to-tail" and "head-to-head" bimetallic complexes
with pyridylphosphines.

As an extension of the heterobifuntional phosphine systems, many
monophosphines with stereogenic centres have also been synthesized. Examples
include the binaphthylmonophosphine I,!4-15 the aminophosphine II,!¢ and the
aminophosphinoferrocene complex ITL.!7 In the case of I1I, good optical yields have
been obtained in cross-coupling reactions catalyzed by palladium complexes. Other
examples of catalytic applications of chiral complexes with mixed coordination
spheres are known. The role that each of the ligand atoms plays is not completely

understood. 18-25
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While many bifunctional monophosphine ligands have been synthesized and
have shown promising results when applied to the establishment of metal complexes
with catalytic behaviour, one particular complication remains inherent to the design of
these ligand systems and that is the establishment of communication between the two
coordinating centres. The use of 3IP NMR spectroscopy to analyze such systems can
provide some limited information however significant changes to the ligand system
may not impart sufficiently notable chemical shift differences to be deemed
meaningful. In any case 3P NMR spectroscopy is a useful diagnostic and monitoring

analytical tool supporting the study of phosphine ligands and their complexes.

1.2 Heterobifunctional Bisphosphine Ligand Systems

Incorporation of two distinct phosphorus centres in either an asymmetric or a
heterobifunctional ligand system will show phosphorus-phosphorus coupling between
the two centres which can be observed in the 31P(1H) NMR spectrum. Changes in
the relative orientation or the coordination of one phosphorus moiety is often
reflected by a change in the coupling constant between the two phosphorus centres.
Such diagnostic features are useful, however it is not always clear how the parameters

can be correlated with the nature of the phosphorus centres.



Asymmetric bisphosphine ligands are defined as systems wherein the
difference between two phosphorus centres, which are in the same oxidation state, is
created by the change of least one of the substituents on one of the phosphorus atoms,
thus making the two phosphorus environments inequivalent. This is readily detected
in the NMR spectrum. A phosphorus centre with three different substituents creates a
stereogenic phosphorus atom. A number of such phosphines are known.26
Alternatively, the transfer of the stereogenic centre to the substituents also creates a
phosphorus ligand, which may also be asymmetric, with chiral properties. A number
of such chiral bisphosphines have been synthesized and used in asymmetric
catalysis.2’ Some examples of systems wherein both phosphorus centres are in the
same oxidation state (i.e. P(IIN/P(III) or P(V)/P(V)) and encompass aspects of
asymmetry and chirality of the overall ligand are IV,28 V,2 VI,30 and VII.31
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Another approach to the design of diphosphorus compounds with
non-equivalent phosphorus centres involves the differential oxidization of the
molecule so that one of the phosphorus atoms is then in a different oxidation state.

Such ligand systems are heterobifunctional since they offer two different coordinating



moieties to a metal centre, a phosphorus and a different terminal atom. Several
disphosphine ligand systems of this class have been synthesized; examples are
VIIL*2 IX,%3 X,3 and X135 A variety of multi-faceted. mixed "hard"/"soft" ligand

systems can be created in this way.

The potential versatility of diphosphines, especially those which belong to the
mixed oxidation state systems, is of some interest in building catalytic systems.
"Tuning" the reactivity with different substituents may allow for "tailoring" of the
behaviour of the bisphosphine to suit specific requirements of a catalytic cycle. In
general, metal complexes formed from such difunctional chelate ligands offer the
potential for establishing dissociative equilibria where one of the substituents, which
is more loosely bound than the other, is easily displaced by other ligands. This
property has been termed hemilability.3¢ For example, the system depicted in
Scheme 1.3 has been found to be extremely active towards the carbonylation of
methanol under mild conditions.3” The equilibrium established in this system
demonstrates such a concept. One of the donors, presumably the more weakly bound,
dissociates and is replaced with carbon monoxide. The diphosphine remains attached
so if the CO is either displaced or transformed, the tethered ligand can easily

coordinate and stabilize the system.
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Scheme 1.3  Equilibrium between the chelated and monodentate bisphosphine
on a rhodium-bisphosphine complex system in the presence of

carbon monoxide.

Another recent example®® of the use of this pendant-arm interaction is
provided by the same ligand system in the cationic palladium n3-allyl compiex XIL.
In the presence of ethylene, the phosphine oxide donor of the ligand was displaced
and at -80°C, the ethylene complex XIII was the major species in solution (Scheme

1.4).
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Scheme 1.4  The equilibrium between XI and XII in the presence of ethylene.

These heterobifunctional bisphosphines can also be used to synthesize
heterobimetallics. The stepwise fashion described above for the pyridylphosphines
provides one such example. Another example from this laboratory uses the
bisphosphine VIII to bridge titanium and palladium metal centres (Scheme 1.5). For
the free bisphosphine, the chemical shifts for the phosphorus centres were found at
-28.2 ppm for the P(III) and -1.4 ppm for the P(V) with an observed two-bond
phosphorus-phosphorus coupling constant of 58 Hz. Replacement of the silyl group
by the CpTiCl, moiety gave a downfield shift for the resonance of the P(V) centre (to



38.6 ppm) whereas the chemical shift for the P(IIT) was essentially unaffected.3?
Subsequent reaction of the titanium complex with PdCly(PhCN); resulted in the
bimetallic complex XIV. The formation of the bimetallic complex resulted in a

downfield shift of the P(IIT) signal (to 16.2 ppm) while the P(V) signal shifted upfield

to 33.4 ppm. There was also a decrease in the 2Jpp coupling constant (to 7 Hz).%0 All
parameters thus indicated a significant pertubation of the chemical environment of the

phosphorus centres and the interaction between them.
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Scheme 1.5  Synthesis of a titanium-palladium bimetallic complex, XIV.

Controlling the reactivities of transition metals by the formation of
heteroatomic chelate complexes has sparked interest in the synthesis of different
types of heterofunctional ligands. The construction and design of chemo- and
stereoselective heterofunctional ligands ultimately provides access to a variety of

complexes with metal having potentially useful catalytic properties.

13  Ligand Systems Containing a Five-Membered Ring
1.3.1 Phospholanes

One attractive form of a disphosphine ligand incorporates at least one of the
phosphorus centres into a saturated ring system. This class of cyclic phosphines are
known as phospholanes. Most bisphosphines which have been synthesized contain
unfettered substituents which tend to be extremely limber when attached to the

phosphorus centre. Such flexibility of the substituents may interfere in the catalytic

10



cycle by creating a phosphorus centre that may either be too congested or
insufficiently rigid and this may in turn create a complex which may not have a
discrete chiral pocket*! that is needed to discriminate between two diastereomers.
The degree of flexibility of phospholanes can be altered by changing the ring size.
Three- or four-membered ring systems tend to be very rigid and may be prone to
nucleophilic attack to relieve the ring strain. Six-membered phospholane ring
systems tend to be very flexible. The five-membered ring systems may provide a
suitable configuration and conformational rigidity needed to modify the metals atoms
so that the desired stereochemistry is achieved. Such systems should provide some
intriguing chemistry.

Burk has synthesized a series of diphosphines wherein the phosphorus centre
is part of a five-membered ring system. Examples of these bisphosphines are 1,2-
bis((2S,5S)-2,5-dimethylphospholano)benzene ((S,S)-Me-DuPHOS), XV,%2 and 1,2-
bis((2S,5S)-2,5-dimethylphospholano)ethane ((S,S)-Me-BPE), XVL.4® These
bisphosphines have shown much promise in enantioselective hydrogenation. 445

I LF

Xv Xxvi

Related C;-symmetric bisphosphines have also been synthesized with a
variety of substituents on the five-membered ring such as methyl, ethyl, propyl, and
benzyl groups. As well as altering the substituents on the five-membered ring, a

number of backbones such as benzene, ethane, and propane have been utilized. The

11



ability to alter both the substituents and the backbones makes this ligand system

extremely versatile.

1.3.2 Phospholes

Adding unsaturation to the five-membered ring system, creates a rigid ring
structure. Such five-membered ring systems are known as phospholes. These
systems contain a three-coordinate phosphorus atom in the +3 oxidation state. An

example of a phosphole is shown in Figure 1.1.

0
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Figure 1.1  1-Methylphosphole.

In some phenyl substituted systems, it was discovered that a [1,5] sigmatropic
shift occurred creating an equilibrium between the two-coordinate phosphorus species
and the three-coordinate phosphorus species.*® Scheme 1.6 shows the equilibrium
observed for 1,2,5-triphenylphosphole at elevated temperatures. This reduction of the
coordination number is contrary to the normal tendency of phosphorus(IIl) to
maintain its tricoordinate state and this rearrangement also suppresses the weak

aromatic stabilization of the phosphole ring.

Ph [1.5] —
/O\ T2 170°C /Q<Pn
———— \
Ph I Ph Ph Ph
Ph
Xvi XVII

Scheme 1.6  Equilibrium between the g2-phosphorus and the 63-phosphorus in
1,2,5-triphenylphosphole, XVII.



In a related system, the tungsten complex, XIX, trapped the two-coordinate
phosphorus compound which resulted from the protonation of the phosphole (Scheme
.14

Me Me Me Me
I\ H*/RT =
§
R /"
(CO)W  W(CO)s (COW  wicos
XIX

Scheme 1.7  Transformation of the 1H-phosphole tungsten complex to the

2H-phosphole complex XIX.

1.3.3 Heterophospholes

Introducing a heteroatom such as nitrogen into the five-membered phosphole
ring allows the isolation of small heterocyclic ring systems with a two-coordinate
phosphorus atom in the +3 oxidation state. These heterophospholes are
five-membered, 6, ring systems. The phosphorus atom in the ring has a formal pair
of electrons exocyclic to the ring and contributes one x electron to the ring. The ring
also contains one other group, such as N-R, O, or S, which provides an exocyclic pair
of electrons and contributes two r electrons to the n-system. The heteroatoms are
therefore formally capable of acting as electron pair donors in the usual Lewis base
sense and, in addition, the structure is stabilized by the aromaticity of the ring. These
systems may also be assembled with more than one two-coordinate nitrogen atom in
the ring. All the potentially allowed combinations of these units gives a total of 48
possible ring systems but only 21 have been synthesized so far.4® Examples of the
different types of heterophospholes are given in Figure 1.2. The chemical shifts of

the phosphorus centre in such rings ranges from 400 ppm to 0 ppm.*?
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Se —— S N=P
o oD LS

Figure 1.2 Examples of heterophospholes.

1.3.3.1 Synthesis of 2,5-Dimethyl-2H-1,2,362-diazaphosphole

One heterophosphole which is of interest is 2,5-dimethyl-2H-1,2,362-
diazaphosphole, XX. It can be prepared by the reaction of acetone methylhydrazone
with an equimolar amount of phosphorus trichloride in benzene at elevated
temperatures in a yield of 58%. The hydrochloric acid adduct is isolated from the
reaction mixture as a crystalline product (Scheme 1.8).5% The phosphorus chemical
shift of XX-HCl occurs at 230.7 ppm. The acid-free phosphole can be isolated by the
addition of a base, such as triethylamine, to remove the acid. In the neutral

compound, the signal for the phosphorus centre has a chemical shift of 204.4 ppm.

r -
+

H; CHj3
N— < benzene /2 hrs. CHa-N cr
CHj CH, \P/

XX "HCI
HCI || -HCI

o . /N\jCHg
3 \P/

XX
Scheme 1.8  Preparation of 2,5-dimethyl-2H-1,2,362-diazaphosphole, XX.



The condensation reaction between acetone methylhydrazone and phosphorus
trichloride gives two structural isomers of the diazaphosphole, the
methylene-phosphane, 2,5-dimethyl-2H-1,2,362-diazaphosphole, XX, and the
iminophosphane, 1,5-dimethyl-1H-1,2,362-diazaphosphole, XXI, in yields of 50%
and 12%, respectively.>! The chemical shift of the phosphorus in XXI, lies upfield
(223.0 ppm) of XX.

H

o / CHj N/ CHj
3 \P/ \

XX Xxx

The major product, 2,5-dimethyl-2H-1,2,302-diazaphosphole, XX, can be separated
from the mixture by distillation. Interconversion from one isomer to the other was
not observed under these conditions.

The solid-state structures of both the hydrogen chloride adduct of
2,5-dimethyl-2H-1,2,362-diazaphosphole, XX-HCl,® (Figure 1.3), and the 1,5-
dimethyl-1H-1,2,362-diazaphosphole, XXI,5! (Figure 1.4) have been determined by
single crystal x-ray diffraction. Both structures show a planar phosphole ring system.
The angle about the phosphorus atom (C-P-N) is 90.4° for XX-HCl whereas the
corresponding angle in XXI increased t0 92.9°. For XX-HCI, the N(3)-CI(1) distance
is 2.999(2)A, with the N(3)-H(11) distance being 0.89(3) A. The N(3)-H(31)-Ci(1)
angle is almost linear at 173°. All bond distances within the ring of XX-HCI are

consistent with a 6x delocalized aromatic structure described above.
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®©

Figure 1.3  Solid-state structure of 2,5-dimethyl-2H-1,2,302-
diazaphosphole-HCl, XX-HCI. [Reference 50]

Figure 1.4 Solid-state structure of 1,5-dimethyl-1H-1,2,362-diazaphosphole,
XXI. [Reference 51]
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Recently, another route which involves the reaction of benzothiadiphosphole,
XXII, with an azacalkene has been used to synthesize a variety of 4,5-dimethyl-2H-
1,2,302-diazaphospholes (Scheme 1.9).52 This reaction is thought to proceed through
the establishment of a spirocyclic pentacoodinate XXIII intermediate which then

transforms via a reductive elimination process to give the substituted diazaphosphole.

Me Me 3
P R

| R“h(
S/P\ P/ Rz

XXn
R'-N=N-CR3=CHR?
toluene /A
[ Me, Me
S | S
7P 2
1 R-_ N\/ %0y, R
H
=
R? i
Xxm

Scheme 1.9  Synthesis of 2H-1,2,362-diazaphospholes via benzothiadiphosphole
(XXHI) and an azaoalkene.



13.4 Synthesis of 4-(Phosphino)-2,5-dimethyl-2H-1,2,362-diazaphosphole

Derivatives

The 2,5-dimethyl-2H-1,2,302-diazaphosphole, XX, readily provides access to
the 4-phosphino substituted 2H-1,2,302-diazaphosphole series. These derivatives are
interesting members of the bisphosphine series because the ligand contains two
distinct phosphorus centres which should have different reactivities. The
4-(dichlorophosphino)-2,5-dimethyl-2H-1,2,362-diazaphosphole, 1, is easily obtained
by condensation of acetone methylhydrazone with an excess of phosphorus
trichloride.53 Another route to this bisphosphine is provided by the reaction of
2,5-dimethyl-2H-1,2,302-diazaphosphole with phosphorus trichloride. Both synthetic
routes are shown in Scheme 1.10. The 3IP{!H} NMR shows a downfield signal at &
249.0 ppm for the cyclic 2P centre and a signal at a higher field, § 157.6 ppm, for
the exo-cyclic o3P centre. The observed two-bond phosphorus-phosphorus coupling
is 79 Hz.

H Me PCls / Me
N— = - —_
Me” Me A/2days Me N\P/

PCly
1
PCh
o N / Me /
e \

A/ CgHg/3 hrs.

XX
Scheme 1.10  Preparation of 4-(dichlorophosphino)-2,5-dimethyl-2H-1,2,362-
diazaphosphole, 1, from the reaction of phosphorus trichloride with
XX or acetone methylhydrazone.
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Previously known substituents on the exo-phosphorus are methoxy, methyl,
and phenyl.54 4-(Dimethoxyphosphinc)-2,5-dimethyi-2H-1,2,362-diazaphosphole,
XXIV, was obtained from the reaction of the dichlorophosphinophosphole (1) with
methanol in the presence of triethylamine (Scheme 1.11). The phosphorus chemical
shifts for the 2P and 3P centres are 240.0 ppm and 157.2 ppm, respectively, and
ppis 21 Hz.

/ Me 2NEty / Me
Me- N\ +2 MeOH - Me~ N\ _

PCl2
1 XxXIv
Scheme 1.11  The preparation of 4-(dimethoxy)phosphino-2,5- dimethyl-2H-
1,2,302-diazaphosphole, XXIV.

The methyl and phenyl derivatives were synthesized by the reaction of the
diazaphosphole with the corresponding chlorophosphines (Scheme 1.12).54 The
yields for these reactions tend to be low (6% to 36%).

/hjr - / )
Me-N + RyPCla, » Me—=N

\
\P/ (- HCI) P/ PRCl2.q

XX ) n=1, R=Me, Ph
n=2, R=Ph

Scheme 1.12  Preparation of the methyl and phenyl derivatives of 4-phosphino-2,5-
dimethyl-2H-1,2,302-diazaphosphole.

In an effort to improve the yields for the methyl and phenyl derivatives

beyond that given by these direct transformations other routes were explored.35-56
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The reaction of tert-butyllithium with the diazaphosphole XX resulted in a
1,2-addition across the phosphorus-carbon double bond to produce a three-coordinate
phosphorus diazaphosphole.>S Subsequent addition of iodomethane gave the cyclic
compound XXV. This transformation is signalled by a marked upfield shift for the
phosphorus signal from 8 204.4 ppm, for diazaphosphole, to 8 55 ppm. This shift in
the NMR signal for the phosphorus centre is the result of the change in the
coordination of the phosphorus centre from a 62P to a 63P center and the resultant

change in the hybridization from sp2 to sp3.
BuLi f=rMe JesMe
Me N\ Me-l\ ) Me-N\
u Me

XX
Scheme 1.13  Reaction of 2,5-dimethyl-2H-1,2,302-diazaphosphole, XX, with rerr-

butyllithium. [Reference 55]

The reaction of XX with the less sterically hindered methyilithium gave two
products (Scheme 1.14).5¢ Following the subsequent addition of iodomethane, the
major product of the reaction was found to be the three-coordinate phosphorus
diazaphosphole, XXVI, and only a minor amount of the 62P compound 2,4,5-
trimethyl-2H-1,2,362-diazaphosphole, XX VII, was produced. Once again there is a
large shift for the phosphorus centre signal (63.2 ppm) in the 3P NMR spectrum for
the major product which is due to an increase in the coordination number of the

phosphorus atom.
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/N Me XXVI
Me-N\ + MelLi major product
XX \
T T
- o
" U (- N\p/ Me

XXvi
minor product

Scheme 1.14  Reaction of the 2,5-dimethyl-2H-1,2,362-diazaphosphole XX with
methyllithium. [Reference 56]

p ok T, o= L
Me

1.3.5 Synthesis of (2,5-Dimethyl-2H-1,2,362-diazaphosphol-4-

yharyliminophosphine

Also derived from 4-(dichlorophosphino)-2,5-dimethyl-2H-1,2,362-
diazaphosphole is P-(2,5-dimethyl-2H-1,2,362-diazaphosphol-4-yl)arylimino-
phosphine, XXVIIL.57 Both phosphorus centres are two-coordinate in this system.
The synthesis is shown in Scheme 1.15. An intermediate XXIX was isolated and its
solid-state structure is shown in Figure 1.5. The 31P{!H)} NMR spectrum of XX VIII
showed the chemical shift for the endocyclic 62P centre at 246.3 ppm while the
exocyclic imino 62P centre resonated at a lower field of 363.1 ppm. The two-bond
phosphorus-phosphorus coupling was not observed in this system due to the

broadening of the signals.
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Me- N\ _ + Mes*-N(H)Li - Me-
= ~pc1, (-LiCh) % cl
1 N(H)Mes*
XXIX
Me
we-x
eHeD P=pnMes"
XXVl

Mes* = 2,4,6-tri-tert-butyiphenyl
Scheme L.15  Synthesis of P-(2,5-dimethyl-2H-1,2,362-diazaphosphol-4-
yl)aryliminophosphine, XXVIIL.

Figure 1.§ Solid-state structure of the intermediate aminophosphinophosphine,
XXIX (hydrogen atoms have been omitted for clarity). [Reference
57]



1.4  Metal Complexation
1.4.1 Metal Complexation Chemistry of the 2,5-dimethyl-2H-1,2,302.
diazaphosphole

Only limited exploration of the coordination chemistry of the 2,5-dimethyl-
2H-1,2,302-diazaphosphole, XX, has been reported. The reaction of XX with
[PdCl,(PEt;)], gave the trans complex XXX, wherein the nitrogen is coordinated to
the palladium metal centre.® A small change in the phosphorus chemical shift of 8
ppm downfield (236.5 ppm) accompanied coordination. In contrast, the platinum
analogue gave the cis complex, XXXI, wherein the phosphorus is coordinated to the
metal. In this case the phosphorus chemical shift moves upfield (166.1 ppm) and the
signal is accompanied by a lJpp, value of 4676 Hz, clearly indicating platinum-
phosphorus bonding. The reaction with [Me,AuCl], was similar to that of the
palladium complex giving a nitrogen coordinated gold complex wherein a downfield
shift for the phosphorus was observed (228.5 ppm).??

The example of the iron complex XXXII reveals a final product in which the
diazaphosphole ring is attached to the metal centre through the nitrogen viag a
cycloaddition to the phosphorus-carbon double bond.% This reaction is a polar [3+2]
cycloaddition of fert-butyl diazoacetate to the iron phosphaalkene XXXIII, followed
by the elimination of dimethylamine with a sigmatropic 1,5-shift of the CpFe(CO),
fragment from the phosphorus to the nitrogen (Scheme 1.17). Interestingly, the
chemical shift for the phosphorus signal in XXXII was 228.8 ppm which is
comparable to that shown by related metal-free phospholes (225 ppm to 230 ppm).
The coordination of the iron centre to the ring has thus had very little effect on the
chemical shift of the cyclic phosphorus. The solid-state structure of the final product

is shown in Figure 1.6.0
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/ Me XXX
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Scheme 1.16  Reaction of XX with [MCl,(PEty)], (M = Pd, Pt).
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Scheme 1.17 Synthesis of Cp‘(CO)zFe-I{I=PC(NMq)-C(COz‘Bu)=& » XXXII.



Figure 1.6 Solid-state structure of Cp*(CO)zFe-l{hPC(NMez)-C(COz'Bu)=l},
XXXIII. [Reference 60]

The solid-state structure in Figure 1.6 shows an Fe-N(1) bond length of 1.95
A. The phosphole ring is planar, with the Fe atom located in the plane of the ring.
The bond angle for N(1)-P(1)-C(14) is 91°. All bond lengths and other bond angles
compare well with those of similar diazaphospholes.

14.2 Metal Complexation Chemistry of 4-(Phosphino)-2,5-dimethyl-2H-

1,2,3c2-diazaphosphole Derivatives

Some metal complexation chemistry of these systems has been reported. In
the cases of the reactions involving the dichlorophosphino-diazaphosphole (1), the
site of reaction was the 6P centre, as shown in Scheme 1.18. This reaction of 1 with
either Cr(CO)g or Cr(CO)s(MeCN) gave the complex in which the exo-phosphorus
was coordinated to the chromium metal centre (complex XXXIV).54 A downfield
shift in the 31P{!H} NMR signal for the coordinated exocyclic phosphorus (186.4



ppm) was observed while the 62P experienced a slight upfield shift of 9 ppm (240.1
ppm). There was also a slight decrease in the 2Jpp value (74 Hz). WestermannS!
reported that HFeW(CO)g™ reacted with the diazaphosphole 1 with the cleavage of
iron-tungsten bond and the elimination of HCI to form the complex XXXV as a
species containing both a phosphorus-tungsten bond to the exocyclic phosphorus
which now only has one chioride substutuent. The same exocyclic phosphorus centre
is coordinated to the Fe(CO)4 moiety. No NMR data was provided in support of this
interpretation. In contrast, reaction of 1 with HFe(CO)," resulted in an unusual
coupling of the exo-phosphorus groups of two phosphinodiazaphospholes.52 The
product, XXXVI, has two Fe(CO), groups coordinated to the coupled
phosphinodiazaphosphole rings which are coupled by the formation of a

phosphorus-phosphorus double bond. One of the exo-phosphorus atoms (which is
now dicoordinate) is coordinated to one Fe(CO), group with the usual two electron

donor bond while the phosphorus-phosphorus double bond is coordinated in an 12
fashion to the other Fe(CO)4 group. The solid-state structure of this unusual complex

is shown in Figure 1.7.
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Scheme 1.18  Selected reactions of 4-(dichlorophosphino)-2,5-dimethyl-2H-

1,2,362-diazaphosphole (1) with metallic species.



Figure 1.7 Solid-state structure of the complex XXXVIL. [Reference 62)

The solid-state structure of XXXV revealed that both phosphole rings are
planar with slightly different angles at the phosphorus centre in each of the rings. In
one of the phosphole rings, the C(9)-P(2)-N(1) bond angle is 89.3° while in the other
phosphole ring the related C(13)-P(4)-N(3), bond angle is 88.7°. The C(13)-P(3)-P(1)
bond angle is 89.3°. The P(1)-P(3) bond length is 2.15 A, although considerably
longer than that usually shown by normal phosphorus-phosphorus double bonds
(2.034A%3), is typical for a diphosphene which is acting as both a side-on and an end-
on bonding ligand (2.139A% and 2.184A455),

The 31P(1H) NMR spectrum of XXXVI showed the pattern of an ABXY spin
system consisting of the two 62 phosphole phosphorus atoms A and B (224.8 ppm
(P(2)) and 244.3 ppm (P(4))), the 03 exo-phosphorus, P(1) (5 -52.4 ppm) and the o#
exo-phosphorus, P(3) (5 8.2 ppm). The P(1) signal has large coupling constant



connecting it to the phosphole phosphorus P(2) (ZIP(I)P(z) =166 Hz) and the ¢*P(3)
(Ypq1)p@) = 384 Hz). The P(3) couples to both the phosphole phosphorus centres but
with much smaller coupling contants (219(3)1,(4) =36 Hz, 3JP(3)p(2) = 19 Hz).

143 Metal Complexation Chemistry of (2,5-Dimethyl-2H-1,2,32-

diazaphosphol-4-yl)aryliminophosphine

The metal complexation chemistry of the iminophosphinodiazaphosphole was
demonstrated by the coordination of the exocyclic 62P atom of the iminophosphine
with either palladium or platinum.5” The reaction of [MCl,(PEt3)]l, (M = Pd, Pt) with
two equivalents of the iminophosphino-diazaphosphole XXIX with the palladium
dimer gave the complex XXXVII, in which only the exo-phosphorus site is
coordinated to the metal. The 31P{!H} NMR spectrum of this palladium complex
gave chemical shift signals for the 62P at 252.4 ppm and for the imino o3P at 80.1
ppm. The 2Jpp was 107 Hz. The PEt; ligand gave a 31P{1H} NMR signal at 36.0
ppm and coupling to the imino 3P phosphine centre was large (2Jpp 680 Hz).
Reaction between one equivalent of the phosphinodiazaphosphole with the same
palladium source gave the bimetallic complex XXXVIII, wherein both the
unsubstituted nitrogen and the exo-phosphorus of the diazaphosphole are coordinated
to two different palladium centres, similar to the behaviour that was previously
observed with the diazaphosphole XX.58 The reaction of two equivalents of the
phosphinodiazaphosphole with the platinum dimer gave a monometallic complex
similar in nature to XXXVIL The 3!P(1H) NMR spectrum showed the 62P signal at
8 262.6 ppm and the imino o3P resonance at § 214.0 ppm coupled (2Jpp) by 51 Hz.
The lJpp coupling was 4452 Hz and that for the 2Jppg,; was 17 Hz.
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144 Coordination Chemistry of the Two-Coordinate Phosphorus in

Diazaphosphole Rings Systems

The coordination chemistry of the two-coordinate phosphorus atom in the
diazaphosphole ring is limited. This in part can be ascribed to hybridization (electron
distribution about the two-coordinate phosphorus centre). Although these hetero
atoms including the phosphorus atom in the aromatic diazaphosphole rings possess
formal exocyclic lone pairs which might be thought suitable for formation of donor
bonds, the solid-state structures reveal that the typical bond angle about the
phosphorus is approximately 90° (i.e. Figures 1.3 and 1.4). Thus when the bonds
between the phosphorus, the nitrogen and the carbon are formulated, the major
participant in the bond formation could be described as principally constructed from
the three unhybridized phosphorus p orbitals. The remaining pair of electrons then
remains in an s orbital. This places the electron pair in a diffuse orbital which can
only, without extensive rehybridization, provide weak overlap with the metal orbital.
Of course the addition of the metal center, if the interactions are appropriate, can

induce rehybridization at the phosphole center to generate more favourable
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interactions, thus the initial electronic state of the dicoordinate phosphorus does not
obviate in itself the ability of the phosphole to act as a base.

Two complexes with the phosphinodiazaphosphole system have been
reported. A chromium(0) complex, XXXIX, wherein the exocyclic phosphorus has
been oxidized with sulfur to provide a derivative of XX has been reported.>* In this
case the 31P{1H} NMR spectrum showed a downfield shift of 12 ppm to § 265.9 ppm
for the ring phosphorus signal while the signal for the exo-phosphorus showed a shift
of 2.3 ppm to 5 79.7 ppm. There was also a small decrease of 6 Hz in the two-bond
phosphorus-phosphorus coupling to 81 Hz. These 31P(!H) NMR parameters indicate
that the interaction between the cyclic phosphorus and the chromium metal centre is
relatively weak.

The other complex reported wherein the cyclic phosphorus is coordinated to a
metal centre arises from the reaction of iminophosphinodiazaphosphole XXIX with
Rh(PPh3);C1.57 Upon complexation, the diazaphosphole phosphorus signal had
shifted downfield by 36 ppm to 8 282.3 ppm and the exo-phosphorus centre also
shifted downfield in this case by 24 ppm to § 387.0 ppm. The observed phosphorus-
phosphorus coupling constant for the coordinated iminophosphinodiazaphosphole was
191 Hz and a one-bond phosphorus-rhodium coupling constant of 238 Hz was
observed, indicating direct phosphorus-rhodium bonding. These latter values are
much larger and are suggestive of relatively strong interactions between the ligand

and the metal.
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LS  Scope of Present Work

The previous two metal complexes (XXXIX and XL) have shown that under
the right conditions it is possible to create a phosphorus centre which can either
weakly or strongly coordinate to a metal centre. The conditions that are involved
revolve about the nature of the exocyclic phosphorus centre. Changing substituents or
the coordination number of this phosphorus centre can strongly affect the endocyclic
phosphorus atom. With such a precedent established, investigations of the
interactions of the two phosphorus centres with one another becomes important.

To build on the development of heterobifunctional bisphosphine ligands
previously synthesized in this laboratory (e.g. VIII and IX), the chemistry of this type
of bisphosphine system which contains both a two- and a three-coordinate phosphorus
centre was explored. This study focused on expanding the versatility of this system
and the exploration of the potential of this system as a heterobisphosphine. The
starting material was the bisphosphine ligand, 4-(dichlorophosphino)-2,5-dimethyl-
2H-1,2,362-diazaphosphole (1), which is easily prepared in good quantities. The
chlorine groups on the exo-phosphorus(IIl) are readily substituted, allowing facile
alterations of the exocyclic phosphorus centre to change the basicity and/or steric
nature. Several derivatives such as the fluorides, amino, and alkoxy derivatives were
thus synthesized. Substitution at the exocyclic phosphorus may also alter the

character of the endocyclic phosphorus atom to enhance its reactivity.



The second facet of the study focussed on the evaluation of metal
complexation behaviour of the 2P-03P phosphinodiazaphosphole system to augment
the very limited existing metal complexation studies and gamer further insight into
the complexation behaviour of the system. Metals such as chromium, rhodium,
palladium, and platinum have been explored. The rigid backbone structure of the
ligand, arising from the constraints of the sp? hybridized bridging carbon connecting
them, means that the bite angle is too large to allow chelation to most metal centres.
As a result the ligand would then be expected to be restricted to monodentate
coordination to a metal centre or, alternatively, it could build bridged dimers. The

latter would be particularly of interest because of current activity in such systems.

. /::[Mo M.-N/jlﬁo
\ PX, Ne==~px,
| P

ML, ML, ML,
Figure 0.8 Coordination of the phosphinodiazaphosphole on a monodentate and
bridging fashion with metal centres.

This bisphosphine system which provides two distinctly different trivalent
phosphorus centres may also be further transformed by preferential selective oxidition
of one of the centres to create a heterobifunctional bisphosphine, such as has been
done with many other trivalent phosphorus ligands. To this end, these bisphosphines
have been oxidized with chalcogens, such as elemental sulfur and elemental selenium,
and with various azides. The coordination chemistry of these differentially oxidized
systems has also been explored.

The expansion of the bite angle geometry that results from the oxidation of the
exocyclic phosphorus will enhance the possibility for the formation of chelated
binding to metals in order to create a five-membered metallacycle. This factor could
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also improve the prospects for enhancing the involvement of the dicoordinate

phosphorus centre.
Me
/
Me— N\ I
'f/ e
ML, E

Me
M N/
e-
\
= PX,

P
I

ML~ E

Figure 1.9 Coordination of the phosphoranodiazaphosphole in a monodentate

and chelating fashion with metal centres.

In addition to simple coordination, the trimethylsilyl derivative of the

iminophosphoranodiazaphosphole is readily accessible when Me3SiN3 is used as the

oxidant. The resultant silyl-imine system can eliminate trimethylsilylchloride from a

metal chloride to form a metal-nitrogen sigma bond. The ligand then acts as a

monoanionic as well as a potential coordinating ligand. This chemistry has been

extensively explored in this laboratory with the PhyPCH,P(=NSiMe3)Ph, and related

ligand systems (e.g. Scheme 1.5).39:66.67
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CHAPTER 2

SYNTHESES OF 4-(PHOSPHINO)-2,5-DIMETHYL-2H-
1,2,362-DIAZAPHOSPHOLE DERIVATIVES

2.1 Introduction

The basis for this study, 4-(dichlorophosphino)-2,5-dimethyl-2H-1,2,362-
diazaphosphole (1), contains two trivalent phosphorus centres which are different in
their chemical nature. The endocyclic phosphorus atom is two-coordinate (62) while
the exo-phosphorus atom is three-coordinate (63). This difference in coordination
number (and hence electronic character) provides the possibility that one of the
phosphorus centres may be more reactive towards oxidizing reagents such as
chalcogens (e.g. sulfur) or azides and may preferentially coordinate to metal centres.

The precursor (1) is easily synthesized. The chlorine substitituents on the
exo-phosphorus (63 phosphorus) centre in 1 can be easily transformed to oth;:r
systems by simple replacement reactions yielding the fluoro, amino, and alkoxo
derivatives. Each substituent imparts its own character to the molecule and alters the
nucleophilicity of the more basic phosphorus centre. With the introduction of the
more clectronegative fluorine on the exo-phosphorus, for example in 2, this
phosphorus centre becomes less basic. The fluorines also provide additional
information about the phosphorus centre through the NMR active nucleus 19F (I =
172, 100% natural abundance) which yields phosphorus-fluorine coupling
interactions.

When the chlorine atoms of 1 are replaced by amino groups, two properties of
the exo-phosphorus will change. The substitution increases the basicity of the o3P
centre, relative to the halide derivatives 1 and 2. Less obvious but also important is
the fact that the congestion about the exo-phosphorus will also be modified. The
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steric bulk about the 63P can be further controlled by using either branched or
unbranched secondary amines in addition to varying the chain length of the alkyl
group on the amine. With a wealth of secondary amines available, it becomes
possible to tailor aminophosphines with highly specific characteristics.

Similar to the aminophosphines, one can easily vary the substituents and the
properties of phosphonites, RP(OR");, which can be obtained from the starting
dichlorophosphino-diazaphosphole 1. A drawback to this system however is that
phosphites or phosphonites suffer the Arbuzov rearrangement (Scheme 2.1) which

converts a P(III) centre into a pentavalent P=O centre.!

g;\c\(‘ IR’) R A - o=~
o‘gp "X 0% A% R—g N
R i R 1

Scheme 2.1  The Arbuzov reaction of a phosphite with an alkyl halide.

The Arbuzov reaction is presumed to proceed through the attack of the
electron lone pair of the phosphite on the alkyl group of the alkyl halide. The ionic
intermediate, as illustrated in Scheme 2.1, is formed wherein the alkyl group is
attached to the phosphorus. The next step involves the attack of the halide on the
alkyl group of the alkoxy substituent, elimination of alkyl halide and the formation of
the phosphorus-oxygen double bond. The reaction may appear catalyticif R=R'ora
stoichiometric transformation if R # R'. The overall important consequence of this
reaction is the oxidation of the phosphorus from the trivalent to the pentavalent state.
Conversion of the P-O-C linkage into the P(=0)-C structure involves a net gain of
between 32 to 64 kcal mole-! in bond stabilization and provides the driving force for

the rearrangement.?



Aryloxy groups, or other electron-withdrawing alcohols, retard the Arbuzov
reaction by inhibiting the initial nucleophilic attack of the electron lone pair of the
phosphorus on the alkyl halide by making the phosphorus less basic. When there are
aryloxy groups on the phosphorus, the rearrangement does not take place as such, but
in the presence of alkyl alcohols, an exchange occurs at elevated temperatures

followed by the Arbuzov reaction as shown in Scheme 2.2.34

OR OR
4ROH t/ Arbuzov i
(ArO)P 3 AOH) R—P-OR - P R
ArO OH OR adton ¢ OR

Scheme 2.2  Alcohol exchange with triaryl phosphites.

The alkoxy compounds, in general, have physical properties which are

intermediate between those of the halide and of the amino analogues.

22  Modification of the Synthesis of 4-(dichlorophosphino)-2,S-dimethyl-2H-

1,2,3¢2-diazaphosphole (1)

As mentioned above, the fluoride, the amino, and the alkoxy derivatives are
synthesized from 4-(dichlorophosphino)-2,5-dimethyl-2H-1,2,362-diazaphosphole
(1). The synthesis of 1 can be achieved by two methods as shown in Scheme 1.11.
The preparation of 1 from acetone methylhydrazone and phosphorus trichloride was
only briefly described in the literature.’ The product is initially a hydrochloride salt
which can be purified by sublimation. Though not mentioned in this paper, the
diazaphosphole hydrochloride readily sublimed out of the reaction vessel into the
condenser during the distillation of 1, resulting in the contamination of the
phosphinodiazaphosphole with the hydrochloride salt. To minimize the
contamination, a larger excess of phoshorus trichloride and longer reflux times were
used. In addition, the intermediate hydrochloride compound was crystallized out of
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the reaction mixture before the distillation step. These modifications substantially

improved the yield.

23  Synthesis of 4-(difluorophosphino)-2,5-dimethyl-2H-1,2,362-

diazaphosphole (2)

Conversion of a chlorophosphine to a fluorophosphine can be achieved by the
reaction of sodium fluoride,® antimony trifluoride,’” or zinc fluoride® with the
chlorophosphine. With antimony trifluoride, there is also the possibility of oxidizing
the phosphorus centre to a tetrafluorophosphorane® hence this reagent is not often
used unless the phosphorane is the desired product. The synthesis of 4-
(difluorophosphino)-2,5-dimethyl-2H-1,2,362-diazaphosphole (2) was achieved by
halide exchange between sodium fluoride and 1 in acetonitrile in the presence of a
small amount of 15-crown-5 at elevated temperatures for a period of 24 hours

(Scheme 2.3). The yields for 2 ranged for 81% to 88%.

MNe=rMe ok 15crown-5, MeCN , Me
Me~N —— - Me=N_
PCL, , 24 hrs. PR

1 2
Scheme 2.3  Synthesis of 4-(difluorophosphino)-2,5-dimethyl-2H-1,2,362-
diazaphosphole (2).

The fluorinated phosphole, 2, is a volatile, colourless liquid which has a
boiling point of 172°C under argon. Compound 2 was stored at -40°C under argon.
Over a period of time, the phosphole slowly becomes yellow and must be repurified a
by trap-to-trap vacuum distillation, which is done with the receiving flask cooled to
-25°C.
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23.1 Infrared Data for 4-(Difluorophosphino)-2,5-dimethyl-2H-1,2,302-
diazaphosphole (2)
The absorption region in the infrared that is characteristic for the phosphorus-
fluorine stretching occurs between 990 to 710 cm-1. For compound 2, the stretching
frequencies are assigned to the bands at 805 cm-! and 780 cm'l. As a comparison we

find the P-F swetching frequencies in PF; at 890 cm-! and 864 cnr-1, while for PhPF,,
these frequencies are found at 974 cm-! and 865 cm-1.10

23.2 Multinuclear Magnetic Resonance Data for 4-(Difluorophosphino)-2,5-

dimethyl-2H-1,2,302-diazaphosphole (2)

The 31P(1H} NMR spectrum of compound 2 showed two sets of resonances
as expected (Figure 2.1). The endocyclic diazaphosphole phosphorus, which is two
coordinate (62), showed a broadened resonance downfield (255.0 ppm) while the
resonance for the three coordinate (63) exocyclic phosphorus was sharp and occurred
upfield (208.8 ppm). Interestingly, the chemical shift of the 63P unit of compound 2
is similar to that of PPhF; (208.3 ppm). The chemical resonances of both of these
compounds lie downfield from phosphorus trifluoride (98 ppm) by a large shift. In
most cases, it is possible to make good estimates of the chemical shift of phosphorus
compounds by the summation of increments that are characteristic for each ligand.
There are a few exceptions to this rule, one of them being phosphorus centres
carrying fluorine atoms.!! This inconsistency is apparently due to enhanced bonding
interactions which occur between phosphorus and fluorine atoms.

The phosphorus atoms in compound 2 are coupled to each other (2Jpp 107 Hz)
and to both fluorine atoms on the 63P. This results in a NMR splitting pattermn of a
doublet of triplets for each phosphorus signal (Figure 2.1). For the 62P ceatre, the
coupling to the fluorines was not well resolved as the signal was broadened by
quadrupolar relaxation from the adjacent nitrogen centre in the phosphole ring. There
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was an increase in the two-bond phosphorus-phosphorus coupling, relative to that of
1 (2Jpp 78 Hz), which may be due to an increase of the s character in the 63P bonding
in contrast to 62P bonding induced by the greater electronegativity of fluorine,
compared to that of chlorine.

The 19F NMR spectrum was centred at -89.3 ppm and showed splitting by
both phosphorus centres (Figure 2.2) to give a pattern of a doublet of doublets.
Unlike the 31P{1H)} NMR spectrum, the peaks were sharp and coupling of the
fluorine to the 62P unit was clearly resolved (3Jpg 31 Hz). The Upg coupling was
1169 Hz, which is within the typical range observed for one-bond phosphorus-
fluorine coupling.!2

The !H NMR spectrum of 2 showed a resonance for the methyl group of the
nitrogen at the 2-position of the ring at § 4.00, coupled only to the 62P centre (3J52py
8.2 Hz). In comparison, the protons of the imino group of 1 were coupled to both
phosphorus centres (3Jg2pg 8.0 Hz, SI43pg 0.9 Hz). The magnitudes of the three-
bond phosphorus-proton coupling for both compounds were similar, as one might
expect since the halide exchange does not affect the ring system directly. The
resonance for the methyl group iatn the S position in the ring (2.50 ppm) of 2 did not
show coupling to either of the phosphorus centres as was observed in the case of 1
(4o2py 2.1 Hz, 4Jg3py 1.4 Ha).

The 13C{1H} NMR spectrum of 2 showed a signal for the resonance for the
carbon of the methyl group at the 5-position (14.8 ppm) was coupled only to the 62P
centre (3J42pc 7 Hz). The carbon of the methyl group on the nitrogen at the 2-
position, (41.5 ppm) was also coupled only to the 62P centre (2J452pc 7 Hz). The
carbon adjacent to both phosphorus centres (157.2 ppm) showed a larger coupling to
the 62P centre (3J42pc 35 Hz) than the o3P centre (3J43pc 6 Hz). The carbon at the
5-position (135.2 ppm) was also coupled to both phosphorus centres (2J42pc 5 Hz,
2]43pc 19 Hz), but in this case the coupling to the 62P centre was smaller than to the
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2J3pc- The reason for this is that this spacing is the sum of both the 2J42pc and the
3J42pc coupling constants and the two coupling constants are of opposite signs.

The marked difference in the linewidths of the 62P and o3P units in 2 led us
to consider the spin relaxation times (T;) of the phosphorus nuclei because this factor
can influence the observed linewidths. Although most values lie between 2 and 20
seconds,!3 some cases can deviate substantially. To evaluate the different
characteristics in 2, T NMR relaxation measurement for the phosphorus centres was
carried out. The result (Figure 2.3) gave the respective relaxation times of 3.49
seconds for the 63P and 8.64 seconds for the 62P. The o3P relaxation time lies
within the range of T| normally observed for PX3 (X = halogen) environments, where
a Tyranges from 3 to 6 seconds. For the 62P unit, one would expect the Ty to be
similar to a quaternary carbon in a phenyl ring. For example, the T, values for the
aromatic carbons in ethylbenzene are ~18-23 s while the ipso carbon has a T; of ~72
s. The methyl group has a T) of ~7 s.14 Comparative literature values for T, for two-
coordinate phosphorus atoms could not be found. The relatively short T, of the 2P
unit in 2 can be attibuted to quadrupolar relaxation arising from the adjacent nitrogen
centre and this quadrapolar relaxation will also contribute to the broadening of the

signal for the 62P unit.
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Figure 2.1 31p{1H} NMR spectrum of 4-(difluorophosphino)-2,5-dimethyl-
2H-1,2,302-diazaphosphole (2) in CDCl3.
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Figure 2.2 I9F NMR spectrum of 4-(difluorophosphino)-2,5-dimethyl2H-
1,2,302-diazaphosphole (2) in CDCl;.
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Figure 23 A stacked plot of 3IP(!H) NMR spectra obtained at different delay
intervals (t =0.1, 0.2, 0.4, 0.6, 10.0, 20.0 sec.) to determine the T
values for 4-(difluorophosphino)-2,5-dimethyl-2H-1,2,302-
diazaphosphole (2) in CDCl;.
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23.3 Attempted Quaternization of 2.

A major contribution to the reactivity of the trivalent phosphorus centre can be
described in terms of the nucleophilicity of the centre.! Introduction of
electronegative fluorine atoms on the 63P makes the phosphorus centre less basic and
therefore less reactive in those processes dependent on inherent nucleophilicity. The
reaction of iodomethane with 2 in an attempt to quaternize either phosphorus centres
did not result in the formation of a phosphonium salt. Similar results were observed
in cases which have CF; substitutents on the phosphorus atom.!® Thus this

fluorinated phosphorus centre is not markedly nucleophilic.

24  Synthesis of 4-(Diaminophosphino)- and 4-(Aminochlorophosphino)-2,5-

dimethyl-2H-1,2,362-diazaphospholes

The introduction of amino groups on the exo-phosphorus centre should make
it more basic than is the case for the exo-phosphorus centre in 1 or 2. Furthermore,
the basicity of this phosphorus centre can be enhanced by the inductive effect of alkyl
substituents on the nitrogen. In addition, these amino substitited derivatives, in
comparison to 1 and 2, offer the possibility of introducing a variety of bulky amino
groups which may influence the course of the reactions by protecting and stabilizing
metal centres against nucleophilic attack through the control of steric shielding about
the o3P centre.

The 4-(diaminophosphino)-2,5-dimethyl-2H-1,2,362-diazaphospholes were
synthesized by simple replacement reactions with either silylated amines (Scheme

2.4) or secondary amines in the presence of a base (Scheme 2.5).

/ Me MeaNSiMes / Me
Me=N_ : Me=N_
= e, (MeaSicl) P ~P(NMe2)2

Scheme 2.4 Reaction of 1 with aminosilanes.
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Scheme 2.5 Reaction of 1 with secondary amines in the presence of a base.

To synthesize the dimethylamino derivative (3), N,N-dimethylamino-
trimethylsilane (b.p. 86°C) was used due to the relative ease of handling of this
reagent in contrast to the more volatile dimethylamine (b.p. 7°C). The addition of the
N ,N-dimethylaminotrimethylsilane to 1 in dichloromethane was performed at 0°C
after which the solution was allowed to warm to room temperature and stirred for a
period of 12 hours. The excess dimethylaminotrimethylsilane and
chlorotrimethylsilane by-product were then removed in vacuo. Compound 3 was
distilled at 93-96°C at 0.6 torr. The yields for 3 ranged from 82% to 87%.

Compound 2 was also treated with N,N-dimethylaminotrimethylsilane in an
attempt to provide an alternative route to the same aminophosphinodiazaphosphole.
Interestingly enough, no reaction took place even though formation of the reaction
products of aminophosphinodiazaphosphole and trimethylfluorosilane from the
fluorophosphine and the aminotrimethyisilane should be favoured by at least 20 kJ
mol-1. The reasons for the lack of reaction are not clear as many examples are known
in which the reaction proceeds as expected.!”-19 Other cases are also known where
the fluorophosphorane does not react with aminosilanes.!?

The other amino derivatives such as diethylamino (4), dipropylamine (5),
diisopropylamine (6), dibenzylamine (7), and iminodibenzyl (8), were prepared by
the second synthetic route (Scheme 2.5). In some cases the base was an excess of the
amine itself (e.g. diethylamine) especially when the amine was sufficieatly volatile,
otherwise tricthylamine or 1,8-diazabicyclofS.4.0Jundec-7-ene (DBU) was employed.
Complexation and removal of the hydrogen chloride produced by the reaction of the
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amine with the chlorophosphine enhances the reaction and retards nucleophilic attack
by the acid at the two-coordinate phosphorus centre. This secondary reaction
transforms the G2P centre to a 63P centre and was observed in the case of the reaction
of trichlorophosphine sulfide with the diazaphosphole.® The resulting amine salt was
insoluble in the diethyl ether solvent and was easily removed by filtration. These
reactions were performed at 0°C with the addition of 1 to the solution containing the
amine and then the solution was allowed to warm to room temperature and
maintained with thorough stirring at this temperature for a period of 12 hours in order
to ensure complete reaction. These diaminophosphinodiazaphosphole derivatives are
liquids which were obtained in good yields (72% to 83%). They varied in colour
from light yellow, in the case of the dimethyl derivative (3), to orange yellow for the
dipropyl analogue (5).

When the reaction was carried out between diisopropylamine and 1, only one
of the chloride atoms was substituted giving the asymmetric aminochloro-
phosphinodiazaphosphole 6 (Scheme 2.6). The monosubstitution of 1 is the result of
the increased bulk of the isopropyl groups on the nitrogen and opens the possibility
that perhaps alternate substitution at the exocyclic phosphorus centre could be

explored.

Mo~ '(:[M. HNinz' (2.1 equiv.) Mo— '(;:M'
PCl, (-HN'Pra « HCI) ’ TNiPrz
cl
Scheme 2.6  The reaction of 4-(dichlorophosphino)2,5-dimethyl-2H-1,2,302-
diazaphosphole (1) with diisopropylamine.

Several other bulky secondary amines, such as dibenzylamine and

iminodibenzyl, gave the same result yielding 7 and 8. This result suggests that there
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may be some steric interaction between the amino group and the diazaphosphole ring.
The reaction between dichlorophosphinophosphole (1) and the more bulky and less
basic iminodibenzyl required a stronger base such as DBU to effect the
transformation. This reaction, producing 8, resulted in 2 much lower yield (36%)
than that which was achieved for either 6 (82%) or 7 (78%). The
4-(diisopropylaminochlorophosphino)diazaphosphole 6 was volatile enough to be
purified by sublimation. The other aminochlorophosphino derivatives were
precipitated with hexanes from a dichloromethane solution. These asymmetric
4-(aminochloro-phosphino)diazaphospholes were white to off-white solids which
were very sensitive towards moisture.

In an attempt to mimic tris-pyrazolylborate chemistry and to evaluate the
realtaive behaviour of the phosphole and the pyrazole nitrogen when the latter is
present in an independent ring, the pyrazole- (9) and 3,5-dimethylpyrazole-
phosphinodiazaphospholes (10) were synthesized. It was thought that the formation
of tripodal 63P might encourage the coordination of the two-coordinate
diazaphosphole phosphorus once the initial chelation of the nitrogen of the pyrazole
ring to the metal centre had occured. (Figure 2.4) The second route (i.e., Scheme 2.5)
was used to synthesize these particular pyrazolephosphinodiazaphospholes, and
tricthylamine was the choice of base. Substitution of both chlorines of 1 occurred
with both pyrazole derivatives. Both pyrazole derivatives were white solids that were
extremely moisture sensitive, with the 3,5-dime§hylpyrazole being slightly less
reactive towards moisture, as one might expect, due to the greater protective bulk

provided by the methyl groups.
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Figure 2.4 Possible coordination of the pyrazole rings and cyclic phosphorus

centre with 9.

24.1 Infrared Data for 4-(Diaminophosphino)- and 4-
(Aminochlorophosphino)-2,S-dimethyl-2H-1,2,362-diazaphospholes
The range of the stretching frequencies is 850-650 cm-! for the phosphorus-
nitrogen single bond, while the nitrogen-carbon stretching frequencies occur at 750-
680 cm-1.19 The diaminophosphino derivatives showed P-N stretching frequencies at
~713 and ~680 cm-l. The chloroamino derivatives gave P-N bands at 705 and 662
cm-! and a N-C band at 710 cm-1. Full infrared data is given in Table 2.4.

2.4.2 Multinuclear Magnetic Resonance Data for 4-(Diaminophosphino)- and

4-(Aminochlorophosphino)-2,5-dimethyl-2H-1,2,302-diazaphospholes

As previously stated, the NMR chemical shift of a phosphine can be estimated
from a sum of contributions from each of the substituents on the phosphorus centre
(except fluorine). This allows the use of 3IP{!H} NMR to evalute the number of
amino groups attached to the exo-phosphorus atom on compound 1. The phosphorus
chemical shifts for the disubstituted aminophosphine ranged from 77.9 ppm for 4 to
86.9 ppm for 3. The phosphorus chemical signals for the o3P of the monosubstituted
aminophosphines were shifted far upfield from 1 as observed with the
diaminophosphino analogues. The differences in the change in the chemical shift of

the exo-phosphorus unit were only half as large, thus showing that only one chlorine



was substituted. Mass spectrometry and elemental analysis confirmed these results.
The aminochlorophosphines ranged from 118.5 ppm for 8 to 127.5 ppm for 7. For
both the pyrazole (9) and 3,5-dimethylpyrazole (10) analogues, the phosphorus
chemical shifts were further shifted to 59.2 ppm and 49.3 ppm, respectively.

Unlike the behaviour of 2 where 2Jpp increased relative to 1, the two-bond
phosphorus-phosphorus coupling constants in the diamino derivatives decreased
significantly relative to 1. The disubstituted amino derivatives 3, 4, and §, showed a
decrease in 2Jpp with increasing chain length of the alkyl group contained within the
amino group (33 Hz, 29 Hz, and 23 Hz, respectively for the methyl, ethyl, and propyl
groups). For the corresponding aminochlorophosphines, a similar 2Jpp trend was
observed between 6 and 7 (29 Hz and 25 Hz, respectively). There was an additional
marked decrease in 2)pp (6 Hz) in the case of 8 wherein a rigid iminodibenzyl was
introduced to the phosphinodiazaphosphole. Both pyrazole phosphines 9 and 10, also
had similar small values 2Jpp (7 Hz and 4 Hz, respectively) in accord with this
interpretation.

The 13C(!H} NMR spectra for the diamino derivatives 3, 4, and § showed a
chemical shift of ~155 ppm for the phosphole carbon at the 5-position and also that
this phosphorus is coupled to both the 2P and the o3P centres (3: 2J42pc 7 Hz,
2 3pc 19 Hz; 4: 2 g2pc 7 Hz, Ugape 21 Hz; 5: 2g2pe 7 Hz, 2g3pc 21 Hz). A range
of 150 ppm to 152 ppm was observed for the 13C chemical shift of the carbon at the
4-position and again this carbon was coupled to both phosphorus atoms (3: Uy2pc 55
Hz, Ugspc 6 Hz; 4: Ug2pe 55 Hz, Ugipe 9 Hz; 8: Ugape 55 Hz, Ugspe 9 Hz for §).
In all cases the carbon at the 2-position (~40.5 ppm) showed a coupling to the 62P
centre (2Jg2pc ~ 17 Hz). The methyl group at the 5-position (~14.3 ppm) was also
coupled to the 62P centre (2J42pc ~ 3 Hz). In the case of compound 3 however, the
carbon signal for the dimethyl amino group (40.7 ppm) was a singlet. For 4, the
methylene carbons of the ethylamino group showed a chemical shift of 42.5 ppm and
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also coupling to the o3P centre (2Jg3pc 17 Hz) while the methyl groups were
observed to be singlets (14.5 ppm). Similar chemical shifts and coupling constants
were observed for § (Table 2.3).

The IH NMR spectrum also showed significant couplings to the phosphorus
centres. The protons for the 2-methyl groups (~3.85 ppm) were coupled to the 62P
centre (~7 Hz). The protons of the 5-methyl group (~2.20 ppm) appeared as singlets.
The dimethylamino group protons (2.55 ppm) of compound 3 were coupled to the
o3P centre (3Jg3pg 9.5 Hz). The splitting pattern for the methylene protons in the
diethylamino derivative (4), was a doublet of quartets, showing coupling to both the
o3P and to the methyl protons (3.02 ppm, 3Jg3py 9.8 Hz, 3Ty 7.0 Hz). The methyl
protons (1.00 ppm) appeared as triplets, showing coupling only to the methylene
protons (3Jyy 7.0 Hz). The N-methylene proton signal for the dipropylamino
derivative (5) was a doublet of triplets (3.02 ppm, 3J43py 9.6 Hz, 3Ty 7.0 Hz) while
the signals for the remaining protons for the propyl group (1.10 ppm) appeared as
complex multiplets.

As mentioned above, diisopropylamine replaced only one chloride substituent
on the exo-phosphorus atom, thus making o3P unit a stereogenic centre. The bulky
diisopropylamino group next to the dimethyldiazaphosphole ring makes the methyl
groups in the isopropyl group inequivalent and anisochronous in the NMR spectrum.
Several related phosphorus compounds similarly show diastereotopic
diisopropylamino groups.2 In this case, only the methine protons showed coupling
to the phosphorus centre (3P). The broadened 13C({!H) and !H NMR signals for
compound 6 indicated that the isopropyl groups were fluxional at room temperature
(Figures 2.5 and 2.6).

The 13C{!H} NMR spectrum for 6 showed sharp signals for the phosphole
ring carbons (C-4: 150.3 ppm, Hg2pc 54 Hz, Ug3pc 34 Hz; C-5: 154.2 ppm, Ug2pc 6
Hz, Ugspc 24 Hz) as well as the 2-methyl group (41.0 ppm, 2J2pc 18 Hz) and the 5-
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methyl group (14.7 ppm, 3J43pc 5 Hz) at room temperature. The isopropyl groups
showed broad pattern of peaks at room temperature and also three 13C NMR peaks
were observed indicating that these methyl groups were chemically inequivalent. The
broadened peaks for the methylene groups were centred at 49.4 ppm and 46.1 ppm
and the methyl group signals were centred at 25.6 ppm, 23.8 ppm, and 21.7 ppm.
Cooling the sample to 0°C resulted in a sharpening of the peaks arising from the
isopropyl groups and at this temperature two different methylene carbon signals were
observed at 49.1 ppm (2J43pc 12 Hz) and 45.4 ppm (JJ43pc 26 Hz). The resonances
for two methyl carbon atoms for one of the isopropyl groups were similar with only
one of the carbon signals coupled to the 63P centre (21.4 ppm, 4Jg3pc 3 Hz; 21.1
ppm) while the methyl carbon atoms from the second isopropyl group both showd
coupling to the o3P centre (27.6 ppm, 4Jo3pc 5 Hz; 24 ppm, 4J43pc 24 Hz).

The room temperature |H NMR spectrum of 6 had also showed fluxional
behaviour within the isopropyl group signal set whereas the methyl groups on the
phosphole ring gave sharp resonances. The methyl protons at the 2-position gave a
signal at 3.91 ppm (3Jg2py 7.5 Hz) and the signal for the methyl protons at the
S-position occurred at 2.51 ppm. Coupling to either of the phosphorus centres was
not observed for the proton signal at 2.51 ppm. The methylene protons of the
isopropyl groups showed signals centred at ~3.7 ppm and the signals for methyl
groups were centred at ~1.3 ppm and ~0.9 ppm. At 0°C, the resonances for the
methylene protons remained broad but two distinct protons, for which signals were
observed (3.79 ppm and 3.44 ppm). The methyl groups of the isopropyl group
showed four distinct proton resonances (1.38 ppm, 1.29 ppm, 1.09 ppm, and 0.80
ppm) at this temperature.

At -20°C, the peaks in the isopropyl region of the !H NMR spectrum had
sharpened further. Two distinct methylene proton resonances were now observed
centred at 3.76 ppm (doublet of septets, 3Jg3pg 9.9 Hz. 3Jyy 6.7 Hz) and at 3.42 ppm
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(doublet of septets, 3Jg3py 17.7 Hz. doublet 3Jyy 6.7 Hz). Four resonances for the
methyl group signals were observed at 1.36 ppm (doublet, 3Ty 6.7 Hz), 1.28 ppm
(doublet, 3Tgy 6.7 Hz), 1.07 ppm (doublet, 3Jgg 6.7 Hz), and 0.78 ppm (doublet,
3Jxi 6.7 Hz). Decoupling experiments showed that the methine protons at 3.76 ppm
were coupled to the methyl protons at 1.36 ppm and at 1.26 ppm whereas the methine
protons at 3.42 ppm were coupled to the other two methyl protons at 1.07 ppm and at
0.78 ppm, thus a full assignment could be made.

A two-dimensional C,H-correlation (HETCOR) NMR spectrum of compound
6 (Figure 2.7) showed that the two equivalent carbons at 21.2 ppm correlated to the
methyl protons at 1.07 ppm and 0.78 ppm. The methyl protons at 1.36 ppm
correlated to the carbon at 24.2 ppm while the methyl protons at 1.28 ppm to the
carbon at 25.7 ppm. The methine proton at 3.75 ppm correlated to the carbons at 49.2
ppm and the methine proton at 3.41 ppm to the carbon at 45.2 ppm. The protons on
the carbons resonating at the higher fields may be influenced by ring currents of the
aromatic five-membered ring system which may account for the shift in these signals.
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Figure 2.5 IH NMR spectra of compound 6 at temperatures between -20°C and
25°C in CDCl3.
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Figure 2.6 Methyl region !3C(!H} NMR spectra of compound 6 at temperatures
between -20°C and 25°C in CDCl3.
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Figure 2.7 Two dimensional C,H-correlation (HETCOR) spectrum for
compound 6 at -20°C in CDCl;.
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A similar obseration was noted in both the 13C({1H} and 'H NMR spectra for
the chlorodibenzylaminophosphino analogue (7). The methylene carbons of the
benzyl groups were diastereotopic as well as fluxional. At room temperature, the
I3C{1H} NMR spectrum showed a broad resonance for the methylene carbons at 51.1
ppm. Upon cooling 7 to 0°C, two broad resonances emerged at 54.5 ppm and at 48.2
ppm. At -30°C, these two peaks had sharpened further and showed a larger 2Jpc
coupling associated with the resonance at 54.5 ppm (39 Hz) and a smaller coupling
(14 Hz) associated with the resonance at 48.2 ppm. Unlike the methylene carbons
signals, the phosphole carbon ssignals gave sharp peaks at room temperature (C-4:
150.7 ppm, g2pc 54 Hz, Ugipc 36 Hz; C-5: 155.4 ppm, Ugzpc 5 Hz, Ugape 25 Hz)
as were the signals for the 2-methy! group (41.2 ppm, 2Jg2pc 18 Hz) and the 5-methyl
group (14.9 ppm, 3Jg3pc 6 Hz). The signal for the ipso-carbon on the phenyl ring
(136.4 ppm) also showed coupling to the phosphorus (2J43pc 3 Hz).

The IH NMR spectrum for compound 7 showed resonances for the methylene
protons (4.30 ppm and 4.12 ppm) which were also diastereotopic due to the
stereogenic phosphorus centre. Unlike the fluxionality of the signals in the 13C{1H}
NMR spectrum for the carbon at these sites, these protons did not show any fluxional
behaviour. The resonance of the methylene group at 4.12 ppm gave the appearance of
a triplet because 3J43py was similar to the geminal 2Jgy (15 Hz). The methylene
proton signal at 4.30 ppm showed a smaller 3J43py (9.5 Hz) where a splitting pattern
of a doublet of doublets. was observed. The proton resonance for the 2-methyl group
(4.03 ppm) showed coupling to the 62P centre (3Jpy 7..6 Hz). The phosphorus-proton
coupling constant for the 4-methy! group (2.44 ppm) was not resolved.

The 13C{1H} NMR and the!H NMR spectra for 8 did not show any evidence
of fluxionality.



25  Synthesis of 4-(Dialkoxy/aryloxyphosphino)-2,5-dimethyl-2H-1,2,302-
diazaphospholes
The alkoxy phosphinodiazaphosphole derivatives were synthesized in a
similar fashion to the diethylaminophosphinophosphole. In all cases, triethylamine

was used as the base (Scheme 2.7).

e M LHOR,NEts e’ Me
N pey, (NEtg<HCI) N I

Scheme 2.7  Preparation of 4-(dialkoxy/aryloxyphosphino)-2,5-dimethyl-2H-
1,2,362-diazaphospholes.

The alkoxy derivatives prepared were included the 2,2,2-trifluoroethoxy (11),
phenoxy (12), pentafluorophenoxy (13), 2,6-difluorophenoxy (14), and
pentafluorobenzoxy (1§) derivatives. These particular alcohol precursors were
chosen because they either contain electron-withdrawing fluorine atoms (eg. CF3
group) or a phenyl ring which inhibits the Arbuzov reaction. The yields of the alkoxy
derivatives ranged from 82% for 11 to 74% for 1§. All the

alkoxyphosphinophospholes were white moisture sensitive solids .

2.5.1 Infrared Data for (Dialkoxy/aryloxyphosphino)-2,5-dimethyl-2H-1,2,362-
diazaphospholes
The range for the phosphorus-oxygen single bond stretching frequency is
1190-1170 cm-! when an alkyl group is connected to the oxygen while a range of
1240-1190 cm! is observed when aromatic groups are attached to oxygen.!® For all
of the compounds prepared in this series, the v(P-O) frequencies were observed in the
range of 1230 cm-l to 1184 cm-l. Full infrared data is given in Table 2.4.



2.5.2 Nuclear Magnetic Resonance Properties for the 4-(Dialkoxy/aryloxy-
phosphino)-2,S-dimethyl-2H-1,2,362-diazaphosphole Series

The phosphorus chemical shifts of the 63P centre in the dialkoxyphosphino-
diazaphospholes differ slightly whereas the 62P shifts were fairly constant and varied
lile from the parent diazaphosphole. For the most part, the chemical shifts of the
o3P centres ranged between 170 ppm to 155 ppm (11: 168.1 ppm; 12: 158.1 ppm; 14:
167.5 ppm; 15: 161.0 ppm) all of which are similar to that of the starting
phosphinodiazaphosphole 1 (158.1 ppm). The only exception was shown by the
pentafluorophenoxy derivative 13 (188.9 ppm), which showed a downfield shift of the
resonance towards the difluoro analogue which is due to the electron-withdrawing
ability of this highly fluorinated aromatic group.

Even though the 3!P(1H) NMR chemical shifts of all the compounds are
similar to that of 1, there is a decrease in the 2Jpp values through the series (11: 25
Hz; 12: 36 Hz; 13: 57 Hz; 14: 39 Hz; 15: 23 Hz). The most electron-withdrawing
derivative in the series, the pentafluorophenol (13), had the largest 2Jpp (57 Hz) of all
the non-halogen substituted phosphinodiazaphospholes. In all cases the coupling of
the fluorine atoms to the 03P centre was observed. In those compounds which
contain fluoroaromatic substituents, the fluorines in the ortho position of the aromatic
ring were coupled to the 03P centre (13: 4Jpg 29 Hz; 14: 4Jpg 27; 1S: STpg 6 Hz).

The 13C({1H) NMR chemical shift of the carbon signals at the 4-position were
fairly consistent thoughout the series at 147 ppm and these signals showed coupling to
both phosphorus centres (11: 146.44 ppm, gopc 59 Hz, Wgspe 29 Hz; 12: 147.25
ppm , Ugope 57 Hz, Ugspe 27 Hz; 13: 146.68 ppm, I ozpc 56 Hz, g3pc 27 Hz; 18:
148.02 ppm, qgzpc 58 Hz, Hgspc 28 Hz). The chemical shift resonances for the
carbon at the 5-position of the ring also showed little variation and again this carbon
was coupled to both phosphorus atoms (11: 156.73 ppm, Ugspc 6 Hz, Ugspe 23 Hz;
12: 156.56 ppm , Uezpc 6 Hz, Ugspe 24 Hz; 13: 157.76 ppm, Ugpe 4 Hz, gipc 24
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Hz; 15: 156.52 ppm, Jg2pc 6 Hz, Jg3pc 24 Hz). The chemical shifts for the phenyl
carbons were observed between 135 ppm and 145 ppm with the ipso-carbon at 129.2
ppm for 13 and 111.3 ppm for 15. The range for the Jop was 210 Hz 0 250 Hz. In
the case of the perfluoro aromatics, 2Jcg was not resolved, however for 11, the Ucr
was 278 Hz and the 2Jcp was 7 Hz.

The 19F NMR spectrum for 11 showed a resonance centred at -75.7 ppm
which showed a splitting pattern of a doublet of doublet of triplets being coupled to
both phosphorus centres (6J2pF 2.2 Hz and 4J43pg 3.5 Hz) and to the two methylene
protons (8.4 Hz). For 13, the chemical shifts for the ortho-fluorines were observed at
-162.2 ppm, while the meza-fluorines were at -154.7 ppm and the para-fluorine was
observed at -161.2 ppm. Since all the fluorine resonances were second order, it was
not possible to obtain the fluorine-fluorine coupling constants. For 18, the chemical
shifts for the ortho-fluorines occurred at -162.6 ppm (3Jgg 22 Hz, 4J43pf 13 Hz),
while the meta-fluorines resonated at -143.3 ppm and the para-fluorine at -153.5 ppm
(Jgg 21 H2). The fluorine-fluorine coupling constants were not resolved.

The 'H NMR spectrum for 11 showed the 2-methyl group of the ring at 4.02
ppm and was coupled only to the a2P centre (7.9 Hz). The signal for the protons for
the 5-methyl group (2.48 ppm) was coupled to both phosphorus centres with the same
value for the coupling constant (4Jpy 0.8 Hz). Two signals were observed for the
methylene protons (4.21 ppm and 4.06 ppm). In the case of the phenyl derivative
(12), the 2-methyl group resonance (4.09 ppm) were observably coupled to the 2P
centre (8.1 Hz) and the 5-methyl group (2.51 ppm) appeared as a singlet. For the
compound 13, coupling of the 2-methyl group was observed to the 62P (4.13 ppm,
7.8 Hz) but the S-methyl group signal (2.65 ppm) which was not coupled appeared as
a singlet. The proton resonance for the 2-methyl group in compound 1§ showed
coupling to the 62P centre (4.04 ppm, 7.9 Hz) and the protons for 5-methyl group
(2.45 ppm) were again coupled equally to both phosphorus centres (4Jpy 0.8 Hz). As
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with 11, two signals were observed for the methylene group protons (4.93 ppm and
4.83 ppm).

The 'H NMR spectra of both 11 (Figure 2.8) and 1S revealed that the protons
on the methylene group were diastereotopic. The cause for the anisochrony is the
unequal magnetic field sensed by the two protons as a result of relative positions of
cach proton with respect to the ring in the molecule. In the case of 11, decoupling the
phosphorus affected only one proton resonance, that at § 4.06. The observed coupling
to the o3P centre was 0.4 Hz. For 185, the chemical shifts for the methylene protons
were broadened due to proton-fluorine coupling and the coupling was not clearly

resolved.

26  Attempts to Synthesize 4-(Dialkyl/arylphosphino)-2,S-dimethyl-2H-

1,2,30%-diazaphospholes

The alkylated or arylated 4-(dichlorophosphino)-2,5-dimethyl-2H-1,2,362-
diazaphospholes are likely to be useful bisphosphines because of the relatively
unreactive phosphorus-carbon bond (i.e. towards the Arbuzov and substitution
reactions), the ability to change either the character (i.e. basicity) of the phosphorus
centre through the alteration of the electron-donating properties of the alkyl or aryl
groups, or the variation of steric bulk around the phosphorus atom. Unfortunately all
attempts to synthesize such analogues proved unsuccessful. All alkyl or aryl Grignard
reagents explored gave products which according to their 3!P(!H)} NMR spectra did
not appear to contain the two-coordinate phosphorus centre. In some cases, the
removal of the magnesium chloride co-product of the reaction was not possible.
When the reaction was done in diethyl ether, the product as well as MgCl, would
precipitate out of solution. Solvents such as dichloromethane were used in an attempt
to extract the phosphinodiazaphosphole from the solid but this resulted in dissolution
of all of the material in the flask. Using protic solvents such as water or ethanol in an
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attempt to selectively dissolve the magnesium chloride in the dichloromethane
solution by means of a two-phase extraction process resulted in the decomposition of
the phosphinodiazaphosphole into acetone methylhydrazone and phosphoric acid.
Attempts to preferentially coordinate the magnesium chloride to a hard ligand by
adding ligands such as triphenylphosphine oxide or 1,4-dioxane to the reaction
mixture resulted in only one equivalent of the MgCl, adduct precipitating out of
solution, thus the separation was incomplete.

The use of tetramethyltin to methylate the phosphinodiazaphosphole was also
unsuccessful. Two routes were attempted with tetramethyltin; one trial used the tin
reagent in diethyl ether at room temperature while the other reaction was performed
without any solvent (neat) at the boiling point of tetramethyltin (76°C).
Unfortunately neither reaction produced any of the desired methylated product. The
use of alkyllithium reagents, such as methyllithium, resulted in the nucleophilic attack
of the phosphorus-carbon bond (cf. Scheme 1.8 and Scheme 1.9). Zinc alkyls were

also ineffective.

2.7 Summary
The dichlorophosphinodiazaphosphole, 1, was converted to difluoro-,

dialkoxy- and diaminophosphinodiazaphospholes. The 2,2,2-trifluoroethoxy member
of the alkoxy series gave a compound in which the methylene protons were
diastereotopic. The use of bulky diamines such as diisopropylamine, dibenzylamine,
and dibenzylamine resulted in limited substitution 5t the exo-phosphorus to give the
asymmetric (chloroaminophosphino)-diazaphosphole. The isopropyl derivative of the
aminochlorophosphine (6) showed fluxional and diastereotopic diisopropylamino
groups in both the H and !3C{!H} NMR spectra. For the dibenzylamino analogue
(7), the methylene carbons and protons were also diastereotopic because of the bulky
nature of the dibenzyl group and the methylene carbons were also fluxional. The use



of 31P{H} NMR spectroscopy was essential in determining the number of chlorines
that were displaced from 1. The two-bond phosphorus-phosphorus coupling
increased with the increase in electronegativity of the substituent. These
phosphinodiazaphospholes synthesized span a range of basicity and steric bulk at the

exo-phosphorus centre.

67



68

djozesd
- v 28T 6V ob8°THT o1 -tAqrounp-¢*q u\d \n_.z
- L %61°65 HEEVT 6 sjozeikd s TP
- £z 266'8L 2£S VT s Idu
- 62 6L HSTHT b o P
- €€ 28898 £TENT ¢ W N
ve 3dr %3d _d
n—.—n . . _ H N-SHD
6911 d4g, Lo1 pV8'80C PEO'SST z e
%0d
- 6L 1851 2AS'8HT 1 - WS

m.__. A_.m_.ﬂ

‘ON

punodwo))

q'e'Sdjoydsoydezerp-,0¢‘z' [-H-1Kyrownp-¢'z-(ourydsoyq)-y 105 ereq WIAN {H Jdig

1'T 3qey,



69

s1uad jo 19iqnop (§

stawrenb jo wiqnop (3
s19(dwn jo 131qnop (p

wqnop (

o w (g

YOJEH %<8 01 10adsas yum wdd ut @ sywys reorwmay) (e

9 ddg, X WO'191 960'9bT St $490%HO

Lz ddgy, 6€ S L91 9L'LYT v tH9%4-9'

6¢ 3dr,, LS 168°881 96" 65T €1 4%
- 9 o€1°861 200'LYT (A yd ¥yold. d

¥ ddg, ST 260'891 oLTLYT " €40%HD o N-fo

- 9 29b'811 o1S'9T 8 Kzudqrpourun 0
. sz 28V LT1 £V LYT L Yd?HD NG
- 62 20¥'0C o€S'8PT 9 1dy o N-%0

&n——.

‘ON

punodwiop

panunuod |°7 Alqey,



70

JjozeiAd
L€l pSE'T L'L pl0'V 01 -iAqrounp-¢'q L o
9l p8E'C LL prO't 6 sjozeikd AN °
- 8C'C 89 oe6't s Idu
- LTt 89 06't 1 4 G | ZCUNd ~d
i : . . H N—EHD
01z 'L 208°€ € W Sp SN
°4d
- 05 Lol pO0'Y z - fouﬂ.zufo

Hd fz

‘ON

.

punoduio)

qu'sdjoydsoydezerp-;0¢ 'z’ 1-Hz-IKyownp-g‘g-(outydsoyd)- ur suoroxq sjoydsoydezery 10 wreq JIN Hy

¢°T 3lqey,



71

s12[qnop Jo 1v[qnop (p
19[qnop (2
tpawi(q
‘Fop1S 01 10adsax yym wdd ux @ sywys Eanusy) (e
80 oSH'T 6L ¥’V ST 19D
‘U $9'T 8L A R 2 €1 4%
1y IS°2 '8 260y 4| ud oM NS0
1y 8t'C 6'L w0y I tB4O%HO HO SN
Sl pot'T 8'L 286'€ 8 JAzuaqrpoutun 0
8] pbb'T 8L 20V L 4D f&H&z a0
9' 97T 8L 206'€ 9 1d SHy—SN
Hdg, ‘Ho-O @ HdzOr¢ N-SHO ¢ 'oN ¥ punodusor)

ponunuos 7°7 3jqey,



ajozeakd]
S6%1 L oW pECSPl o'V 81 ofT9El 81 o'l OF -IAwowmp-g'gl ayy
S6vl 9 U pEIPPI  O'U 81 SLLSET 81 o€0Ty 6 9 O
6EVI  I€T L pSO9SE 6 SS  p69TS1 LI oSSTF § i
BYVL 1T L pbSSSI 6 S p9I'EST LI oTSTY ¥ H | AN NSO
bTHL 61 L p89CST 6 VS pS6'0ST LI oS90v € M| gty
244 »
6LYL 6l ¢ plTLSt 9 S€  pLISEl 61 oISy T - o N-50
%0d
. . . . N-tHO
S 1 B/ € p0T9SI  6F €9  pITOSI LS  o6VIY I - Ho—N'
(wdd)  (zH) (zH) (wdd) (zH) (zH) (wdd) (zp)

n—.—u.Uw Qmmb-.u U.—Nb_.u

¢-J@ deOr, Odzor,

r3¢ Od°r; tHINQ ‘oN

|

punodwo)

q'e'sdl0ydsoyduzerp-;0¢ 2 - H-1Ayrowp-¢'z-(ourydsoyd)-p ut suoqre) sjoydsoydezery 30 erRa WINN (H; )¢y

€'C Qe



73

S19|qnop Jo 131qnop (p
1[qnop (9
foa u (@
YIS 01 100dsar pm wdd u @ syys restuay) (e
89Vl ¥T 9  pIs9ST 8T 8¢  plO8YI 81 otbIF SI  SPOHD
61'S1  ¥Z b p9LLST LT 95  p899KT 81 oBLIY €1 490
(73 B 9  p9S9SI LT LS pSTLYL 81 oIS T Yd | uoMd-
I8yl €7 9 pEL9ST 6T 65 pOMI 81 o#SIY XTI OO fou“.zufo
1Azuaqtp
66v1  ¥T 9  pISSST S € plOIST L1 oE9IF 6 -outun 0
901 €T S  pBESST  9¢ vS  pELOST 81 HIgIY 8 YdHD | Nd__d
oK6'YI 8T I p86€EST ¢ IS p988K1 81  S9TIF L 1dy fou\!..z-fo
(wdd) —(zH) (W) (wdd) (zH) (zH) (wdd)  (zH)  (wdd)
tHI-Dp %y Odzr; ¢Je O IdPry  y5e  ddPry fINQ ON ¥ punoduwio)

ponunuod €7 3qe,



74

sjozeikd
- 786 viL - o1 -k ‘ )
Mpawp-¢'y .
- v66 1L - 6 sjozeskd O ’
- 1L6 ‘6101 LSS 91L - S Idu
- L96 ‘€101 €99 ‘LIL - 1 L: | 2RUNIY \...z o
- 056 ‘696 9¢9 ‘€1L - € N o
4y
. : - 08L'S08 ¢ : sy TP

%
(j-wo) (-u) (j-wo) (j-wo)

(O-dA (O-N)A

(N-d)A

d-d)A

‘ON |

‘sajoydsoydezelp-;0¢‘z' 1 -Hz-1Ayreunp-¢*z-(ourydsoyq)-p Joy ereq pareryuy

b°T dqey,



75

a8l - - - S1 *19'HD

L3811 - - - 4 tH9D%4-9'

1114 - - - €1 S99

9zTI - - - (4 yd Huold . d

YA R - - - 11 n&U«—.—Q o ..Z -HO
- 796 w9 - 8 Azuaqipourun )
: $86 089 : L d%HD NG
- §S0t 69 - 9 14 o N-o

(3-ud)
(O-dA

(3-wo)
(O-N)A

(j-wo)
(N-dA

(;-wo)
-d)A

‘ON

punodwo)

panupuod 'z Aqe,



28
(1)
()
€))
4)
&)
(6)

@)
)

9

(10)

(11)

(12)

(13)

(14)

(15)

76
References

Bhattacharya, A. K.; Thyagarajan, G. Chem. Rev. 1981, 81, 415.

Mark, V. Mech. Mol. Migr. 1969, 2, 319.

Milobendzki, T. Chem. Polski 19117, 15, 66.

Milobendzki, T.; Szulgin, K. Chem. Abstr. 1919, 13, 2867.

Luber, J.; Schmidpeter, A. J. Chem. Soc., Chem. Commun. 1976, 887.

Neda, L; Fischer, A.; Jones, P. G.; Schmutzler, R. Phosphorus, Sulfur, and
Silicon 1993, 78, 271.

Cunningham, J., A.F.; Kiindig, E. P. J. Org. Chem. 1988, 53, 1823.
Weinmaier, J. H.; Brunnhuber, G.; Schmidpeter, A. Chem. Ber. 1980, 13,
2278.

Harris, R. K.; Wazeer, M. I. M.; Schlak, O.; Schmutzler, R. J. Chem. Soc.
Dalton Trans. 1976, 17.

Corbridge, D. E. C. In Topics in Phosphorus Chemistry; M. Grayson and E. J.
Griffith, Ed.; Interscience Publishers: New York, N.Y., 1969; Vol. 6; pp 235.
Fluck, E.; Heckmann, G. In Phosphorus-31 NMR Spectroscopy in
Stereochemical Analysis; J. G. Verkade and L. D. Quinn, Ed.; VCH
Publishers, Inc.: Deerfield Beach, FL, 1987; Vol. 8; pp 61.

Verkade, J. G.; Mosbo, J. A. In Phosphorus-31 NMR Spectroscopy in
Stereochemical Analysis; J. G. Verkade and L. D. Quinn, Ed.; VCH
Publishers, Inc.: Deerfield Beach, FL, 1987; Vol. 8; pp 425.

Tebby, J. C. In Phosphorus-31 NMR Spectrdscopy.in Stereochemical
Analysis; J. G. Verkade and L. D. Quinn, Ed.; VCH Publishers, Inc.: Deerfield
Beach, FL, 1987; Vol. 8; pp 1.

Friebolin, H. Basic One- and Two-Dimensional NMR Spectroscopy, VCH
Publishers: New York, NY, 1991, pp 150.

Henderson, J., W.A_; Buckler, S. A. J. Am. Chem. Soc. 1960, 82, 5794.



(16)

(17)

(18)

(19)
(20

77
Personal communication from Cavell, R. G., University of Alberta,

Edmonton, Alberta.

Grapov, A. F.; Mel'nikov, N. N.; Razvodovskaya, L. V. Russ. Chem. Rev.
1979, 39, 20.

Murray, M.; Schmutzler, R. Z. Chem. 1968, 8, 241.

Schmutzler, R. Halogen Chem. 1967, 2, 55.

Reed, R. W.; Bertrand, G. In Phosphorus-31 NMR Spectral Properties in
Compound Characterization and Structural Analysis.; L. D. Quinn and J. G.
Verkade, Ed.; VCH Publishers, Inc.: New York, NY, 1994; pp 189.



CHAPTER 3
OXIDATION OF 4-(PHOSPHINO)-2,5-DIMETHYL-2H-
1,2,362.DIAZAPHOSPHOLE DERIVATIVES

3.1  Introduction

Altering the chemical nature of one of the phosphorus(III) centres of a
bisphosphine modifies its reactivity. A major goal of the synthetic studies described
here is to achieve such modifications on only one of the two phosphine centres and to
induce differential reactivity. One method of accomplishing such a change is to alter
the substituents on one phosphorus centre. Another approach is to oxidize the
phosphorus atom from the +3 oxidation state (P(III)) to the +5 oxidation state (P(V)),
creating a heterobifunctional phosphine ligand system which presents a phosphine
and a different atom (eg. N, O, or S) as binding moieties to metals. In many cases,
however, the reagents used to oxidize a bisphosphine results in the oxidation of both
phosphorus atoms, and this is especially prevalent when the substituents on both of
the phosphorus centres are identical. The syntheses of mono-oxidized bisphosphines
are often laborious and yields are frequently low. Creating bisphosphines wherein the
phosphorus centres have initially different basicities will favour the oxidation of one
of the phosphorus centres over the other. A large enough contrast in basic character
ultimately leads to the possibility of exclusively oxidizing only one of the phosphorus
centres even under the most rigorous conditions.

The major question of the electronic orbital structure which best describes the
bonding of the phosphorus in the +5 oxidation state has not been fully resolved. The
topic has been the subject of recent reviews.! Early descriptions of the structure and
the bonding in oxidized four coordinate phosphorus(V) compounds invoked d orbital

interaction of the phosphorus atom to establish a &t overlap with the p orbitals on the
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substituent chalcogen or the nitrogen atom of an imine. The use of d orbitals on the
phosphorus arose out of the perceived difficulty in the construction of bonding
orbitals for hypervalent molecules wherein more bonds to the central atom are needed
than can be provided by the octet rule and normal electron pair bonding. A prime
example is provided by SFg, a molecule which does not obey the octet rule. In this
case, six sulfur ¢ bonds must be constructed from six equivalent d2sp3 hybrid
components to hold twelve electrons in six pairs. The d orbitals provide the necessary
number count of orbitals. Similarly, PFs bonding involves dsp2 hybrids. The use of d
orbitals was also a convenient approach to explain the multiple (apparent n-type,
parallel to the C=C bond in ethylene) bonding and the stability of phosphine oxides as
well as the shortening of the formally single phosphorus-oxygen bonds in phosphates.

The coordination chemistry of an oxidized phosphorus centre takes on the
characteristics of the chemistry of the newly introduced moiety since the oxidized
phosphorus centre no longer reacts as a typical Lewis base. This oxidized phosphorus
centre becomes part of the molecular backbone. If only one phosphorus atom of a
bisphosphine is oxidized, there is still the other phosphorus centre available.
Cooperative reactivity with the new donor centre builds a heterobifunctional ligand
with one of the functional centres still being a phosphorus moiety. The hardness, or
softness, of the remaining phosphine in the bisphosphine ligand can be altered by
choosing a variety of chalcogens and/or imino functionalities. The iminophosphine
centre also offers the possibility of exploring further variations of the system by
changing the substituents on nitrogen (to change the coordination behaviour of the
imino group). Finally, systems which offer the possibilies for further reactions at the
imino group can be established. A prime example of the latter is illustrated by the
trimethylsilyl functionality on the nitrogen. This functionalized imino centre can
react with a metal halide to form a sigma bond between the metal centre and the

nitrogen via the elimination of trimethylsilane chloride (e.g. Scheme 1.5).
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3.1.1 Oxidation with Chalcogens

The oxidation of a phosphorus(II) centre is readily achieved by the reaction
of the phosphine with chalcogens such as oxygen, elemental sulfur, or elemental
selenium. This method allows a certain amount of control over the degree of hardness
of the coordinating chalcogen. Phosphine oxides provide a "hard" centre while
phosphine selenides create a "soft" coordinating moiety. The oxidative addition of
sulfur, selenium, or even tellurium to the phosphorus centre is easily achieved by
refluxing a solution of the elemental chalcogen with the phosphine (Scheme 3.1).

A
RaP + X R3P=X

(X = S,Se)
Scheme 3.1  Oxidation of a phosphine with an elemental chalcogen.

The tellurophosphoranes are not usually very stable since an equilibrium is

established between the phosphorane and the phosphine in solution (i.e.
Te=P(V)

Te + P(II)). For the selenium derivatives, there is the added
benefit of another NMR active nucleus 77Se (I = 1/2, 7.58% natural abundance) for
the characterization of the selenophosphoranes, an option which is not available with
either oxygen or sulfur.

The synthesis of a phosphine oxide can be achieved through the use of
peroxides such as hydrogen peroxide or tert-butyl hydroperoxide. Other oxidants

include amine oxides such as trimethylamine oxide (Scheme 3.2).

R3P +H305 (or Me3NO) RaP=0
Scheme 3.2  Oxidation of a phosphine with hydrogen peroxide or trimethylamine

oxide.
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The older models of the bonding between phosphorus and a chalcogen
described the bond as a double bond which can be viewed as a type of backbonding
wherein the electron density from the lone pair of the oxygen atom is donated into
suitable low-lying atomic d orbitals of the phosphorus. As mentioned above, this
notion is not now universally accepted. An alternative scheme has been described
wherein the pr orbital on the oxygen is combined with an antibonding orbital of e(r)
symmetry on phosphorus to create the necessary acceptor orbital for forming the &
bond between phosphorus and oxygen. The interaction is schematically represented
in Figure 3.1. The full set of Walsh diagram orbitals for a pyramidal AHj system
(Figure 3.2) shows the relationship between this 2e antibonding orbital and the
remaining orbitals in this framework.

R0 0 romae

antibonding
@ symmetry \/ p——0 oxygen
orbital O/. ‘

Figure 3.1 Formation of a & bond between phosphorus and oxygen using the
oxygen p orbital and an antibonding orbital of e symmetry on
phosphorus (the AH3 moiety). [Reference 4]
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Figure 3.2 Walsh diagram for the pyramidal AHj system.



83

3.1.2 Synthesis of Iminophosphoranes

The addition of an imino moiety to a phosphorus centre can be accomplished
by several different reactions:
(a) the Staudinger reaction, wherein the phosphine reacts with an azide to eliminate

N3 and form the imine,

R3P + R'N3 = RgP=NR’ +N,

Scheme 3.3  Oxidation of a phosphine via the Staudinger reaction.

(b) the Kirsanov reaction,® wherein hydrogen chloride is eliminated from a
dichlorophosphorane and a primary amine. In this process, the phosphorus atom is
first oxidized by an agent such as elemental chlorine and variants include the removal

of the hydrogen chloride as a salt,

RaPCl, + R'NH, RyP=NR’ +2 HCI

Scheme 3.4  Formation of a phosphinimine via the Kirsanov reaction.

(c) the redox-condensation reaction of a phosphine with an amine in the presence of
diethyl azodicaboxylate (DEAD or DAD),’

EtOC(O)N=NC(O)OEt
R3P + R'NH; R3P=NR’ + EtOC(O)N(H)N(H)C(O)OEt

(DAD)
(DADH_y)

Scheme 3.5  Redox-condensation of a phosphine with a primary amine using
diethyl azodicaboxylate.
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and (d) the deprotonation of an aminophosphinium salt.? This process may be carried

out in two steps and the same or a different R group can be placed on the nitrogen.

RaP-NH.*X + 2 RLi RaP=NLi +2RH

R3P=NLi +R'X RaP=NR" +LiX
Scheme 3.6  Deprotonation of an aminophosphinium salt and its conversion to an

iminophosphorane.

Mechanistic investigations of the Staudinger reaction have shown that the rate
of reaction is accelerated by the presence of acceptor groups on the azide? and
furthermore it is well established that the a-nitrogen which carries the substituent is
retained in the iminophosphorane. To explain these facts, three phosphazide
intermediates have been proposed which have either a branched structure,!%!! a cyclic
structure,'2 or a linear structure!3 (Scheme 3.7).

The linear form of the primary product has been generally accepted as the
most likely because it is consistent with all chemical, spectroscopic, and kinetic
data.!>14 Mechanistic studies then suggest that the Staudinger reaction proceeds by
nucleophilic attack by the phosphorus on the terminal (a) nitrogen of the azide to
form the phosphazide and this intermediate, which is most likely the cyclic structure,
(which may exist only as a transition state) then dissociates to diatomic nitrogen and
to the iminophosphorane (Scheme 3.8).15:16

Further insight into to the mechanism of this reaction was provided by the
x-ray structure analysis of several revelant metal phosphazides.!” All of these
structures have show a linear triazide unit in which the terminal nitrogen is bonded to
the phosphorus centre. It has also been demonstrated that the phosphorus atom
retains its configuration throughout the imine formation,!8-20 which further supports

the proposed four-centred transition state.
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Phop” “ppn, + RN

N

Pha
thp/\llaphz thp/\lll’th PP PN
NG N N—N
Nz/ R | .d

. [Eﬂ/

thP/\'I;’th + N
NR
Scheme 3.7  Proposed structures for the phosphazide intermediate.

YyBea
PhaP + RNy ———— Ph3P=N-N=N-R

Y
a Pha?_ﬁ‘
PhaP=NR —— a "‘—N
-N
(N2 RF B

Scheme 3.8  Mechanism for the Staudinger reaction.

The electronic structures of AS-iminophosphorane systems present problems
analogous to those discussed above for phosphine oxides. The structures (Figure 3.3)

can be written as either a dipolar resonance form, a, or a multiple P-N bonded



resonance form, b, wherein pr-dr double bonding is involved. An additional form, ¢,

can also be written if the group R’ can participate in resonance structures.

+ - -
ReP—N—R' =————= RP—N=R' RyP—N=R’
a b [

Figure 3.3 Resonance forms of the AS-iminophosphorane system.

The iminophosphoranes are now best described in a fashion similar to the
phosphonium ylides with the difference being that the phosphonium ylides are more
stable than the imino analogues because of the presence of suitable vacant orbitals on
the carbon atom of lower energy than those offered by the nitrogen. One view of the
bonding arrangement of the ylides proposes a synergic relationship in which the lone
pair of electrons from the phosphorus initially forms a ¢ bond to the carbon. The
extra charge density on the carbon is then delocalized back to the phosphorus by
overlapping the p orbital on the ylide with the 6* LUMO of the phosphine centre

(Figure 3.4) in exactly the same manner as was described for the phosphine oxide.

Figure 3.4 Orbitals proposed for the & backbonding between nitrogen and
phosphorus. [Reference 4]

Other descriptions of the bonding in phosphonium ylides which are readily
extended to imines and chalcogen oxidized phosphines include curved bonds, which
have been termed either "bent multiple” bonds or "banana” bonds. More recently,
these bonding descriptions have been labelled "t bonds" or "Q2 bonds" (Figure 3.5).3
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N OQ
/"

Figure 3.5 Description of the phosphorus-nitrogen double bond as two Q bonds.

The iminophosphoranes have nominal sp2 hybridization with one formal
electron lone pair on the nitrogen so these molecules are Lewis bases. This electron
pair may be protonated or donated to metals. The base strength and donor ability is
dependent on the nature of the substituent on the nitrogen and this property motivates
the substitution chemistry of the system. When the substituent on the nitrogen is
electron-donating, the nitrogen basicity will be enhanced. Electron-withdrawing
groups on the nitrogen will reduce its basicity but the ultimate binding of the imine to
the metal centre may be additionally dependent on the capability of the metal centre
to return electron density via backbonding. Our studies focus on the synthesis of a
selected series of mixed bisphosphorus molecules to create heterobifunctional ligands

which will then be applied to studies of complexation chemistry in Chapter 4.

3.2 Oxidation of 4-(Difluorophosphino)-2,5-dimethyl-2H-1,2,302-
diazaphosphole.

In all cases, the oxidation of the 4-(difluorophosphino)-2,5-dimethyl-25-
1,2,302-diazaphosphole, by either chalcogens or azides, resulted in the exclusive
oxidation of the exo-phosphorus centre. This result shows that the lone pair of the
two-coordinate phosphorus centre is not in an appropriate orbital to allow reaction
with either azides or chalcogens. Steric interactions can be ruled out due to the planar
ring system of the diazaphosphole. The compound resulting from the oxidation is a
62P-6*P phosphine-phosphorane system.
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3.2.1 Oxidation with Elemental Chalcogens

The reaction of the 4-(difluorophosphino)phosphole with selenium in
refluxing toluene proceeded smoothly over a period of 12 hours. Removal of the
excess selenium and toluene gave (difluoroselenophosphorano)diazaphosphole, 17, in
a crystallized yield of 87%. The sulfur analogue, 16, required a much longer reaction
ume of 48 hours and was produced in a lower yield (43%). These compounds are

extremely sensitive towards moisture.

/ Me S or Se, toluene / Me
Me- N\ A -~  Me- N\
P~ “PF, = “PF,

I
E

2 E=16:S
17: Se

Scheme 3.9 Oxidation of 2 with elemental sulfur or elemental selenium.

Compound 16 has been previously reported from the reaction of zinc fluoride
with 4-(dichlorothiophosphorano)diazaphosphole (1) as a mixture of both the
chlorofluoro- and difluorophosphorane derivatives (Scheme 3.10). These two
compounds were not isolated and were only identified by their 3!P{1H)} and the IH
NMR spectra.?!

Me Me Me

Me-N. Znf Me-N + Mo=N_ F

e \ = Py ¢ N\ = PF ° \P/ /7

rd 2
I Il | ¢
S 6 S S

Scheme 3.10 Previously reported synthesis of 16 using zinc fluoride as the

fluorinating reagent.
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3.2.2 Spectroscopic Characterization of 16 and 17

In both cases the 31P{1H} NMR spectra showed a large upfield shift for the
resonance upon oxidation of the exo-phosphorus centre (16, E = S; 17, E = Se), due to
the oxidation of the phosphorus, (E = S: 82.47 ppm; E = Se: 87.50 ppm) and a
downfield shift for the signal 62P centre (E = S: 264.3 ppm; E = Se: 265.1 ppm). An
increase in 2Jpp was also observed (E = S: 112 Hz; E = Se: 119 Hz). The one-bond
phosphorus-fluorine coupling constant for the thio derivative, 16, (1132 Hz) was
smaller than that for the unoxidized difluorophosphinodiazaphosphole, 2, but the
corresponding coupling constants increased slightly in the case of the seleno analogue
17 (1169 Hz).

In most cases where the phosphorus centre carries alkyl or aryl substituents,
the phosphorus chemical shift signal in the 31P(!H)NMR moves downfield upon
oxidation. For example, monooxidation of bis(diphenylphosphino)methane (dppm)
with trimethylsilyl azide (to give compound VIII) caused a downfield shift of AS 21.1
ppm (to -1.1 ppm) for the resonance of the oxidized phosphorus centre while a slight
upfield shift of Ad 5.2 ppm (to -27.4 ppm) was observed for the P(III) centre.22 The
downfield shift for the resonance arises from the increased deshielding of the oxidized
phosphorus centre caused by the introduction of the new imine moiety. With
halogenated phosphines, the opposite trend is observed. The oxidation of the
phosphorus centre results in an upfield shift for the phosphorus chemical signal. For
example, the chemical shifts of OPF3 (-36 ppm) and OPCl; (2 ppm) both lie upfield
from the unoxidized PF; (97 ppm) and PCl; (."; 19 ppm). Bernard-Moulin and
Poulin® have calculated the value for the phosphorus chemical shift for OPF; which
is in good agreement with the experimentally observed values. The authors of this
paper were not explicit about how their parameters were optimized, nor did they give

their values. They also stressed the importance of the d orbitals and that the shift
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values obtained depend critically on the hybidization of the phosphorus. They did not
however comment on the role of the d orbitals.

Some of the differences in the shift trends can be traced to the diamagnetic
and the paramagnetic terms which compose the shielding contributions in the
chemical shift. The diamagnetic term, Gg;;, originates in the electronic shielding of
the nucleus. The presence of a group in the molecule which donates or withdraws
clectrons will therefore affect the chemical shift of a nearby nucleus. These
diamagnetic effects are major contributors to the proton magnetic resonance
spectrum. The paramagnetic term, Opars: €an be described as the result of the
generation of electronic asymmetry by the electric field of a nearby nucleus. The
Opara is inversely proportional to the average electronic excitation energy, so the
smaller the difference between the ground and the exited states, the greater is
contribution to the shielding. In most cases the diamagnetic term, Oy;,, predominates
OVET Opery- For the halophosphines and phosphoranes, however, the contribution of
the paramagnetic term is more significant .

The 13C{1H} NMR spectra for both compounds 16 and 17 showed a
two-bond fluorine-carbon coupling (E = S: 24 Hz; E = Se: 24 Hz) which was not
observed for the parent compound 2. The reaction with the chalcogens showed a
large increase in the Ug2pe (E = S: 163 Hz; E = Se: 165 Hz) versus the unoxidized
phosphinodiazaphosphole 2 (1J52pc 35 Hz). The one-bond phosphorus-carbon
coupling correlates directly with the degree of s character in the P-C bond because the
Fermi contact mechanism indicates that coupling will be more effectively transmitted
by this mechanism through & bonds rich in s character. The s character can be
distributed differently throughout the bonds to carbon if there is a modification of the
bond angles by either ring requirements or unusual steric demands of the substituents
and such effects are visible here in the 31P(1H) NMR spectrum.



With both compounds, 16 and 17, the !9F NMR spectrum showed a doublet of
doublets for the fluorine resonances. Oxidation of the exo-phosphorus aiso had a
deshielding effect on the fluorine signals (E = S: -41.84 ppm; E = Se: -43.03 ppm).
There was a large decrease in the coupling of the fluorine atoms to the 62P centre (E
=8: 6 Hz; E = Se: 3 Hz) relative to the case of the parent phosphinodiazaphosphole 2
(3Jg2pg 34 Hz). The fluorine atom signal of 17 showed further coupling to the
selenium (104 Hz) which was also reflected in the 77Se NMR spectrum.

The proton signals in the !H NMR spectra of both compounds (16 and 17)
remained relatively constant upon oxidation of the exo-phosphorus centre. There was
a slight downfield shift for the signals for the 2-methyl group protons for 16 (3.94
ppm) and a slight upfield shift in the resonance was observed for 17 (4.02 ppm). Both
compounds showed an increase in the phosphorus-proton coupling constant (E = S:
3Jpy 8.6 Hz; E = Se: 3Jpy 8.6 Hz) upon oxidation. The 4-methyl group proton
resonances shifted downfield in the case of 16 and coupling was observed to the exo-
phosphorus centre (2.39 ppm, 4Jpy 0.9 Hz). The signal for the protons of the same
group in the case of 17 remained relatively constant (2.51 ppm) without coupling to
either phosphorus centre being observed

In general, the P-F stretching vibrations in trivalent phosphorus-fluorine
compounds absorb at lower frequencies than those of the pentavalent derivatives.24-25
Both oxidized difluorophosphino derivatives 16 and 17 showed higher frequencies for
the P-F stretching (E = S: u(P-F) =853 cm-l, 823 cm-!; E = Se: v(P-F) = 869 cm-!,
841 cm-l). For 16 the u(P=S) occurred at 726 cm-! while for 17 the v(P=Se) was

found at 533 cm-1.
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3.2.3 Oxidation via the Staudinger Reaction; Formation of Iminophosphorane

Derivatives

The 4-(difluorophosphino)-2,5-dimethyl-2H-1,2,362-phosphole reacted
smoothly with p-tetrafluorobenzonitrile azide at -78°C in dichloromethane via the
Staudinger reaction to yield the heterobifunctional phosphine-phosphorane 18 in
which the imino moiety is introduced exclusively on the exo-phosphorus centre
(Scheme 3.11). The compound was recrystallized from dichloromethane at -40°C
giving colourless crystals in a yield of 82%.

/ Me #bnN3, CH2Cla / Me
Me-N\ 8 Clo AT Me-N\
p= ~pf,  OCLORL p= “PF,

I
NR

2 R = tfbn (18)

tion = CN

F F
Scheme 3.11 Reaction of 2 with p-tetrafluorobenzonitrile azide.

3.2.4 Spectroscopic Characterization of 18

With the introduction of this imino functionality into the heterobifunctional
bisphosphine, the 31P(!H} NMR spectrum showed a large upfield shift for the
resonance of the exo-phosphorus centre of over 200 ppm to 2.66 ppm and a downfield
shift for the 62P signal to 265.70 ppm and in contrast to the chalcogen derivatives of
2, 2Jpp decreased (83 Hz). The 1J54pE (1145 Hz) had also decreased slightly as did
the 3Jg2pF (6 Hz) a trend which was similarly observed for both chalcogen

derivatives. The most revealing feature of the 13C{1H)} NMR spectrum of 18 is the
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signal for the carbon at the 4-position. Upon oxidation, the resonance for this carbon
shifted by 10 ppm downfield (125.2 ppm). As in the case of 16 and 17, there was an
increase in the both phosphorus-carbon coupling constants (1J2pe: 246 Hz, Ugdpc 45
Hz) and a 4Jc1: was also observed (24 Hz) accompanying oxidation. The large
increase in the phosphorus-carbon coupling constant may be explained in terms of

resonance structures shown in Figure 3.6.

Me Me
Me~ N/ I Me-N< |
\ +
o 'PIF2 s ,Ple

P P
Ar———————
AN XN
Z N cn Z Nen
Me Me
Me-N/ Me-N/
AN \ =t
P PF, P PF,

Figure 3.6 Resonance forms for compound 18.

The resonance forms show that the phosphorus(V) centre would become more
positive by means of the dipole changes induced by delocalization into the
p-cyanotetrafluorophenyl group. This property would then shorten the phosphorus-
carbon bond and the resultant increase of the P-C orbital overlap would in turn induce
an increase in the pc. There was also a marked increase in the 2J,2pc (45 Hz) for

the methyl carbon at the 4-position (125.17 ppm). The carbon at the S-position was
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coupled only to the exo-phosphorus (158.21 ppm, 2Jgapc 13 Hz) while the resonance
for the methyl group appeared as a singlet (15.01 ppm).

The 19F NMR spectrum demonstrated through the chemical shift of the
fluorine atoms on the exo-phosphorus centre that these were not as deshielded as was
the case with the chalcogen derivatives (-56.54 ppm). A similar value of 3J,2pg was
observed (34 Hz) as that of 16. The chemical shifts for the ortho and the mera
fluorines on the tfbn ring were -152.81 ppm (4Jg4pg 5.7 Hz) and 139.77 ppm,
respectively. The IH NMR spectrum of the proton signals on the ring were relatively
constant for both the methyl group at the 2-position (4.14 ppm, 3J52pc 8.9 Hz) and
the methyl group in the 4-position (2.61 ppm).

The solid-state structure of 18 (Figure 3.7) revealed two planar ring systems
consisting of the diazaphosphole and the p-tetrafluorophenyl with an angle of 26.3°
between the rings. The P(41)-N(41)-C(41) bond angle is 141.2(2)° and the
P(41)-N(41) and N(41)-C(41) bond lengths are 1.514 and 1.3634, respectively. The
length of this phosphorus-nitrogen double bond is a little shorter than the range of
1.54 t0 1.64 A predicted by the sum of Pauling double bond radii. The angle about
the o2P centre, N(2)-P(3)-C(4), is 88.20(9)°. This angle compares with that of the
diazaphosphole hydrochloride, X VIII, (88.2°), showing that the diazaphosphole ring
system is essentially unaffected by a change in the geometry at the exo-phosphorus
and this is supported by the lack of change of the 62P signal in the phosphorus NMR.
The F(41)-P(41)-F(42) angle is 97.42(7)° and the average of the P-F bond distances is
1.537A. This phosphorus-fluorine bond length is longer than that observed for a
related P(V) compound PhyFP=NMe (1.488A) which however has a more basic imine
centre as a result of the presence of a methyl as opposed to a tfbn substituent on the
nitrogen.?® The bond lengths and angles displayed in the phosphole ring system are

similar to those of the diazaphosphole and are consistent with an aromatic system.

94



95
Table 3.1

Structural Data for Some N-Substituted Iminophosphoranes.

Compound dP=N)A (P=N-R)° Ref.
18 1.514 141.7 This work
PhyPCH,PPh,(=NR)
R = 5-F-2,4-(NO),CgH, 1.589 128.8 27
R = 4-(CN)CgF4 1.567 132.9 27
R = SiMe; 1.529 150.2 28
Ph;P=NPh 1.602 130.4 29
Ph3P=NCN 1.595 123.0 30
Ph3P=NP(CF3), 1.576 131 31
1-(PhyP)-2-(PhyP(=NSiMe3))CgH, 1.529 1527 32
Me;P=NSiMe; 1.542 144.6 33
_PhyFP=NMe 1.469 119.1 26

In Table 3.1, a comparison of the phosphorus-nitrogen double bond of 18 to
other iminophosphines is made. It is readily discerned that a short P=N bond length is
associated with a large P=N-R angle. In the case of PhyFP=NMe, the P=N-C bond
angle is 119° therefore the nitrogen can be considered to adopt classical sp2
hybridized geometry. In the case of trimethylsilyl iminophosphoranes, the P=N-Si
bond angle tends to be very large (c.f. PhyPCH,PPhy(=NSiMe;),£ P=N-Si = 150°;
Me3P=NSiMe;, £ P=N-Si = 145°; 1-(PhyP)-2-(PhyP(=NSiMe3))CgHy.=£ P=N-Si =
152°). In the case of 18, the P=N-C bond angle (142°) is more open than most of the
non-silyl iminophosphoranes listed and also has one of the shortest P=N distances

(1.514°). It is notable that these parameters indicate a greater P=N bond shortening



and angle widening than was induced by the same imino substituent on the carbon
backbone PhyPCH,PPh,(=Ntfbn)?7 thus it is clear that the interaction also involves
the backbone structure. The electron-withdrawing ability of the tfbn group in this
system suggests that the resonance structure ¢ in Figure 3.3 may play a dominant role
in the description of the structure of the compound. As mentioned earlier, the P-F
bond distance of 1.537A is shorter than that usually observed (1.584),3 and this may
also be a result of the positive charge induced on the phosphorus(V) atom though the
resonance delocalization.

The distance between the 62P centre and the imino nitrogen is 3.137(2)A,
which may make it too large to form chelate coordinate complexes but would make it
ideal as a bridge between two metal centres. The ability of the ligand to bridge two
metals would be aided by its rigid structure and therefore this ligand should be similar
in action to the pyridyl phosphines. The p-cyanotetrafluorophenylimino moiety (tfbn)
also stabilizes the bisphosphine but the electron-withdrawing ability of the tfbn
renders the imino nitrogen much less basic and reduces its coordinating ability thus
other imines should be considered as bridging ligands.

The v(CN) stretching frequencies for the p-cyanotetrafluorophenyl group in
the infrared spectrum occurred at at 2241 cm-l, shifted to a higher frequency than was
observed in the dppm derivatives (2218 cm-! to 2233 cm-1).3536 The P-F stretching
frequencies have also shifted to higher frequencies upon oxidation of the exo-

phosphorus atom (921 cm-! and 896 cm-l). The v(P=N) vibration was observed at

1498 cm-l.
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Figure 3.7

Perspective view of 4-(difluoro{p-cyanotetrafluorophenyl }imino-
phosphorano)-2,5-dimethyl-2H-1,2,362-diazaphosphole (18).

Non-hydrogen atoms are represented by Gaussian ellipsoids at the 20%
probability level. Structure courtesy of Dr. R. McDonald.



Table 3.2

Selected Interatomic Distances (A) for 4-(Difluoro {p-cyanotetrafluorophenyl } imino-

phosphorano)-2,5-dimethyl-2H-1,2,362-diazaphosphole, (18).

Atoml

P3
P3
P41
P41
P41
P41
F43
F44
F45
F46
N1
N1

Atom2 Distance

N2
C4
F41
F42
N41
C4
C42
C43
C4s
C46
N2
Cs

1.664(2)
1.7202)
1.539(1)
1.535(1)
1.514(2)
1.720(2)
1.343(2)
1.340(2)
1.339(2)
1.341(2)
1.358(2)
1.324(2)

Atoml

N2

N41
N42
C4

Cs

C41
C41
Ca2
C43
Ca4
C4
C45

Atom2

C21
C41
C47
Cs

Cst
C42
C46
C43
C4
C4s
C47
C46

Distance

1.457(3)
1.363(3)
1.136(3)
1.412(3)
1.490(3)
1.404(3)
1.391(3)
1.370(3)
1.381(3)
1.387(3)
1.433(3)
1.374(3)
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Table 3.3
Selected Interatomic Angles (deg) for 4-(Difluoro(p-cyanotetrafluoropheny! }imino-
phosphorano)-2,5-dimethyl-2H-1,2,362-diazaphosphole, (18).

Atoml Atom2 Atom3 Angle Atoml Atom2 Atom3 AnEle

N2 P3 C4 88.2009) N41 C41 C46 125.5Q2)
F41 P41 F42  97.42(7) C42 C41 C46 115.8Q2)
F41 P41 N41  117.8909) F43 Cq2 C41 119.3(2)
F41 P41 C4 106.57(9) F43 C42 C43  118.8(2)
F42 P41 N4l 1147690 .C41 C42 C43 121.9(Q2)
F42 P41 C4 108.65(8) F44 C43 C42 119.02)
N41 P4l C4 110.5(1) F44 C43 C4 119.6(2)
N2 N1 Cs 109.3(2) C42 C43 C44 121.4Q2)
P3 N2 N1 117.7(1) C43 C4 C4a5 117.5Q)
P3 N2 C21  125.7(1) C43 c4 C47  121.4(Q2)
N1 N2 C21  116.6(2) C45 c4 C47  121.1Q2)
P41 N4l C4l  141.7(2) F45 C45 C44 119.6Q2)
P3 C4 P41 121.0(1) F45 C4s Ca6 119.3(2)
P3 C4 Cs 110.4(1) c4 C4a5 C4a6 121.2Q2)
P41 C4 CS5 128.5(2) C46 C46 C4l1  118.9(2)
N1 C5 C4 114.4(2) C46 C46 C45 118.9(2)
N1 5 C51  118.5(2) C41 C46 Ca5 122.2(2)

C4 Cs5 G511  127.12) N42 C47 C44  179.2Q2)
N41 C4a1 C42  118.6(2)
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3.2.5 Preparation of Iminophosphoranes: Redox-condensation with Diethyl

Azodicaboxylate

The reaction of the 4-(bis(dimethylamino)phosphino-2,5-dimethylamino-2H-
1,2,302-diazaphosphole with either 2,4,6-tri-tert-butylaniline (mes*NH,) or p-
toluidine in the presence of diethyl azodicaboxylate (DAD) gave the 62P-c4P
iminophosphorano-diazaphosphole as the major product (Scheme 3.12).

,j’“" DAD, RNH,, THF ,’t['“‘
Me—N\ Me-N\

T.
=, "CtoR: e,

I
NR

2 R = 19: mes*
20: p-MePh

mes’NH; = 2,4,6-tri-tert-butylaniline

Scheme 3.12  Synthesis of iminophosphoranes via redox-condensation.

The oxidation proceeds via the betaine intermediate 2-B (Scheme 3.13) which
is stable enough to be observed in the 3!P{!H} NMR spectrum, appearing as a peak at
10.34 ppm for the 4P signal and a peak at 266.41 ppm for the 62P resonance. The
2Jpp is 96 Hz. In the 19F NMR spectrum, the chemical shift for the fluorines on the
exo-phosphorus centre of the betaine intermediate is observed at -27.30 ppm and
these fluorine atoms were coupled to both phosphorus centres (1J43pg = 971 Hz,
3J42pg = 51 Hz).

The diethyl hydrazinedicarboxylate (DADHj) produced during this
condensation redox reaction prevented the isolation of these iminophosphoranes
because of their similar physical properties. Unlike the iminophosphoranes reported
by Bittner,”7 these difluorophosphorano-diazaphospholes were soluble in THF and
separation by chromatography was also not possible, thus the methods which were



, Me
Me— N\ /| + EtO,CN=NCO,Et MQ‘\ I
P PF; PFz

Etozcuncoza
2-8
H2NR
Me—N NHR -  Me—
/ . "\
\P/ PF, (-DADHy) sz
EtO,CNHNCO,Et
Me-\ I
PFz
(-2 DADHp)
EtozcuuNcoga
R Me
Me ' /
lF “\\N"". f /P'Nw
Ve ;—P" “p
¥4 I\ /I §
F N F Me
Me |Ia

Scheme 3.13  Formation of the monomeric compounds 19 and 20 and the possible

route to the dimeric difluorophosphoranodiazaphospholes (R = mes*,

p-MePh).
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used by Bittner to purify the compounds could not be applied. The attempted
recrystallization of the iminophosphoranodiazaphospholes (19 and 20) resulted in the
DADH), crystallizing out of solution first only when the volume of solvent was
reduced to less than 1 mL.

The 31P{!H) NMR spectrum for 19 showed a phosphorus chemical shift for
the exo-phosphorus -40.56 ppm with a 2Jpp of 88 Hz and the 62P signal occured at
266.38 ppm. The 19F NMR spectrum showed a doublet of doublets for the fluorines
on the phosphorus centre (-58.47 ppm, 1Jg3pg 1079 Hz, 3J452p¢ 10 Hz) which was
shifted downfield from the parent compound 2.

The reaction path depends on the amine used for the redox-condensation. A
four-member ring system containing a dimerized aminophosphorane was observed in
the reaction of 2 with p-toluidine. With the possibility of the dimer being formed, the
betaine intermediate must be relatively stable. In the case of the tri-2,4,6-tert-
butylaniline, the large bulk of the butyl groups should favour the formation of the
monomeric iminophosphorane and in agreement, only a small amount of the dimeric
species was observed in the !9F NMR spectrum. With the less bulky p-toluidine,
there is a greater possibility of the dimeric species being formed.

For the p-toluidine derivative, a more complicated 3!P(!H} NMR spectrum
was observed. The signal for the 62P centre consisted of one set of doublets (250.14
ppm, 2Jpp 110 Hz). Close examination of the region arising from the exo-phosphorus
revealed two sets of signals; one set which corresponded to the iminophosphorane 21,
which was sharp, and one other set which was broadened and appeared to be second
order. Both sets of resonances had the same chemical shifts and they displayed
similar phosphorus-fluorine coupling constants.

The !9F NMR spectrum of the reaction mixture revealed that three species
were present which contained the p-toluene functionality on the nitrogen. The

resonance for the fluorines of the iminophosphorane species, 20, was at -58.52 ppm
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1077 Hz, 3J42pp 10 Hz). One additional aminophosphorane species, showed
chemical shifts for inequivalent fluorine signals with one fluorine resonance at -27.27
ppm (Jg3pg 756 Hz, 3J52pr 10 Hz, 2 90.9 Hz, 4Jgp 12.3 Hz) and the other fluorine
resonance, at -33.18 ppm, was slightly broadened (1J43pg 734 Hz, 3152pf n.r., 2Jgp
~80 Hz, 4Jgp n.r). A third species showed a broad signal at -49.15 ppm (1J53pg 896
Hz). When the NMR sample was cooled to -10°C, two signals emerged from the
broadened resonance which may be attributed to gauche and trans isomers of the
four-membered 1,3,2,4-diazaphosphetidine (Figure 3.8). Similar behaviour has been
described for the related diazaphosphetidines [RFoPNMe], (R = Me, Et, OMe).3® For
one isomer of 20, the fluorine chemical shift was -51.33 (1J43pg 871 Hz) and the
other isomer at -47.38 (1J43pg 910 Hz).

gauche isomer trans isomer

Me
Rs= Mo-h(l

Figure 3.8 Gauche and trans isomers of compound 20.
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Another possible route to the cyclic aminophosphorane is a spontaneous

dimerization. It is likely that this dimeric species is more stable than the

iminophosphorane (Scheme 3.14).

Me / Me
o N HNR,DAD Me-N
\ = P PF,

p PFa (-DADH2) ]

R =p -CgH4CHa

Scheme 3.14 Dimerization of the iminophosphorane to a phosphetidine.

33  Oxidation of 4-(Diaminophosphino)-2,5-dimethyl-2H-1,2,30%.

diazaphospholes

Oxidation of the dimethylamino derivative 3 was explored as a general
representative of diaminophosphinodiazaphosphole systems. As in the case of the
difluorophosphinodiazaphosphole 2, oxidation of 3 occurred in exclusively at the
exo-phosphorus centre to form the 62P-04P bispho;phine system. This oxidation of
the exo-phosphorus centre was achieved using elemental sulfur, elemental selenium,
trimethylsilyl azide, or p-tetrafluorobenzonitrile azide. It is interesting to note that the
use of electron-withdrawing groups on the azide facilitates the formation of the
iminophosphorane since the reaction of p-tetrafluorobenzonitrile azide occurs readily
at -78°C whereas refluxing conditions are required with the trimethylsilyl azide.



33.1 Orxidation with Chaicogens

The oxidation of the dimethylamino derivative 3 with either sulfur or selenium
in refluxing toluene resulted in white crystalline products for both chalcogens (21, E =
S; 22, E = Se). These compounds are less sensitive towards moisture than their
difluoro analogues 16 and 17.

The 3!P(1H} NMR spectra for both chalcogen derivatives showed a large
upfield shift for the exo-phosphorus signal (E = S: 70.83 ppm; E = Se: 66.63 ppm)
and a downfield shift for the resonance for the 62P centre (E = S: 255.12 ppm; E =
Se: 257.19 ppm). An increase in the 2Jpp was also observed (E = S: 76 Hz; E = Se:
84 Hz). Unlike the difluoro analogues, 17 and 18, the only coupling observed in the
phosphorus spectrum was that between inequivalent phosphorus centres 2Jpp, and this
gives the spectrum a typical AX appearance.

The oxidation with the chalcogens yielded a large increase in the phosphorus-
carbon coupling constants for the carbon at the 4-position (E = S: 144.68 ppm; E =
Se: 145.16 ppm) for Jy2pc (E = S: 123 Hz ; E = Se: 157 Hz) and Jg4pc (E = S: 47
Hz; E = Se: 43 Hz) relative to the unoxidized phosphinodiazaphosphole 3 (1J42pc =
54 Hz; 43pc 9 Hz). There was a decrease in Jpc for the carbons at the 5-position (E
= S: 155.29 ppm, 2Jy2pc 5 Hz, 2Jq4pc 5 Hz E = Se: 154.54 ppm, 2Jg2pc n.0. , U gdpe
5 Hz). There was a slight upfield shift for the 2-methyl carbon signal and 2J,2pc was
observed (E = S: 41.18 ppm, 2J42pc 18 Hz; E = Se: 41.12 ppm, 2J42pc 18 Ha).
Coupling to phosphorus was not observed for the methyl carbons at the 5-position (E
= S: 15.60 ppm, E = Se: 15.84 ppm).

In the 'H NMR spectra, the signals for the 2-methyl protons had shifted
downfield slightly (E = S: 3.95 ppm, 3Jg2py 7.9 Hz; E = Se: 3.96 ppm, 3 42py 7.9
Hz). The chemical shift for the 4-methyl proton signals were relatively constant

throughout the series but a phosphorus-proton coupling was observed to both
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phosphorus centres (E = S: 2.50 ppm, 4J52py 1.3 Hz, 4Jgdpy 1.3 Hz; E = Se: 2.50
ppm, 4Jo2py 1.3 Hz, 4Jg4py 1.0 Hz). The coupling between the protons in the
dimethylamino groups to the phosphorus had increased (E = S: 2.63 ppm, 3Jqapy 13.0
Hz; E = Se: 2.64 ppm, 3Jg4py 12.4 Hz).

The infrared spectrum for the thio derivative 22, showed the stretching
frequency U(P=S) at 723 cm-l. For compound 23, u(P=Se) was observed at 542 cm-!
With both compounds, there was a slight shift to higher frequencies for the P-N
stretches (E = S, v(P-N) 735 cm-1 and 715 cm-L; E = Se, v(P-N) 716 cm-! and 692

cm-l),

33.2 Iminophosphoranephosphole Derivatives: Oxidation with Azides

The reaction mixture of 3 and two equivalents of trimethylsilyl azide was
refluxed in toluene for one day. The toluene and excess azide were removed in vacuo
to yield 23, in almost quantitative yield, as an amber viscous oil. Attempts to either
crystallize or distill the oil resulted in its decomposition.

To prepare the p-cyanotetrafluorophenylimino derivative, 24,
p-cyanotetrafluoro-phenyl azide was added to a dichloromethane solution of 3 at
-78°C. The solution quickly turned bright yellow, indicating the formation of the
phosphazide. The solution was allowed to warm to room temperature and the bright
yellow colour slowly faded to light amber. The solvent was removed in vacuo, giving
an amber oil.

The 31P{1H} NMR spectra for both imino derivatives 23 and 24 showed a
large upfield shift for the signal for the exo-phosphorus centre (E = Nitfbn: 44.81 ppm;
E = SiMej3: 8.10 ppm) and a downfield shift for the 62P centre resonances (E = Nifbn,
256.09 ppm; E = SiMe3, 253.50 ppm) with a decrease in the 2Jpp (E = Nifba: 65 Hz;
E = SiMe;: 68 Hz).
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The oxidation with both azides resulted in a large increase in the phosphorus-
carbon coupling constants for the carbon at the 4-position of the diazaphosphole ring
(E = Ntfbn: 134.03 ppm; E = NSiMe3: 143.60 ppm) for Ls2pc (E = Ntfbn: 147 Hz; E
= NSiMes: 155 Hz) and Jqapc (E = Nifbn: 52 Hz; E = NSiMe;: 49 Hz) as was
observed in the case of the chalcogen derivatives. There was a decrease in the Jpc
value for the carbons at the 5-position of the ring (E = Ntfbn: 155.3 ppm, 2J42pc $
Hz, Ugdpc S5 Hz; E = NSiMes: 154.5 ppm, Ug2pc 7 Hz , 2 gapc 5 Hz). There was a
slight upfield shift for the 2-methyl carbon resonances and 2J42pc was observed (E =
Nifbn: 41.24 ppm, 2J52pc 18 Hz; E = NSiMes: 40.75 ppm, 2J52pc 18 Hz). Coupling
to the phosphorus was not observed for the methyl carbons at the 5-position (E =
Nitfbn: 15.94 ppm; E = NSiMe3: 15.05 ppm).

The IH NMR signals for the 2-methyl group in 23 and 24 shifted downfield
slightly upon oxidation (E = Nitfbn: 3.97 ppm, 3J52py 7.9 Hz; E = NSiMe;: 3.88 ppm,
3152py 7.4 Hz2) relative to the parent diazaphosphole 3. The chemical shift for the
4-methyl proton signals were relatively unchanged. No phosphorus-proton coupling
was observed to cither of the phosphorus centres (E = Ntfbn: 2.50 ppm; E = NSiMe3:
2.50 ppm). The coupling of the protons of the dimethylamino groups to the
phosphorus had increased (E = Nifbn: 2.95 ppm, 3Jg4py 10.7 Hz; E = NSiMe5: 2.82
ppm, 3J44py 11.5 Hz).

The v(P=N) stretch in the imine appeared at 1377 cm! in the infrared
spectrum for the trimethylsilyl derivative 23 which is similar to the behaviour of other
P=NSiMe; compounds.?232 With the tfbn substituent (24), v(P=N) was observed at
1492 cm-! along with the characteristic v(CN) at 2237 cm-1.
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34  Oxidation of 4-(Di(2,2,2-trifluoroethoxy)phosphino)-2,5-dimethyl-2H-
1,2,3¢2-diazaphosphole
34.1 Oxidation using Elemental Selenium and p-Cyanotetrafluorophenyl Azide

Compound 6 was oxidized by elemental selenium in refluxing toluene for one
day to obtain the 62P-G4P bisphosphine 4-(di-(2,2,2-trifluoroethoxy)-
selenophosphorano-2,5-dimethyl-2H-1,2,302-diazaphosphole, 25, with a yield of 76%
as an off-white moisture-sensitive solid.

Similar conditions used for the reaction of p-tetrafluorobenzonitrile azide with
11, as were for 2 and 3, at which the addition of the azide took place at -78°C. The
solution was stirred overnight and during this time it was allowed to slowly warm up
to room temperature. The volatile materials were removed in vacuo leaving a white
solid. The yield of 26 was 84%.

The 31P{H})NMR spectra for both compounds showed two sets of doublets,
one corresponding to the o2P centre (E = Se: 259.01 ppm; E = Ntfbn: 260.12 ppm)
and the other to the o3P centre (25, E = Se: 87.41 ppm,2Jpp 108;26, E = Ntfbn: 11.95
ppm, 2Jpp 84). Selenium satellites were observed with the selenophosphorane 2§
(1Jps 893 Hz), but the value was smaller than that for the difluoro analogue 2 (1022
Hz) and larger than the bisdimethylamine derivative 3 (751 Hz). The 77Se NMR
spectrum of 25 revealed a chemical shift for the resonance similar to the the other
seleno derivative 22 (249.61 ppm) and the signal showed coupling to both phosphorus
centres (3Jg2pse 30 Hz; Jg4pg. 893 Hz). Unlike the unoxidized
phosphinodiazaphosphole 3, phosphorus-fluorine coupling was not observed in both
compounds.

Upon oxidation by selenium or p-cyanotetrafluorophenyl azide the
diazaphosphole products resulted in an increase in the phosphorus-carbon coupling
constants for the carbon at the 4-position of the diazaphosphole ring but the chemical

shift of this carbon signal remained unchanged in both 2§ and 26 (E = Se: 144.17
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ppm, Ug2pc 139 Hz, Ugdpc 43 Hz; E = Ntfbn: 128.79 ppm, Ug2pc 139 Hz, Ugdpc
53 Hz), relative to the parent phosphinodiazaphosphole 11. A phosphorus-carbon
coupling was not observed for the carbon at the S-position of the diazaphosphole ring
for either compound (25 and 26) (E = Se: 155.66 ppm; E = Ntfbn: 156.31 ppm).
There was a slight upfield shift for the 2-methyl carbon resonances and 2J42pc
coupling to this carbon was observed (E = Se: 41.38 ppm, 2J42pc 18 Hz; E = Nitfbn:
41.45 ppm, 2J52pc 18 Hz). Once again coupling to the phosphorus was not observed
for either of the methyl carbons at the 5-position of the diazaphosphole ring (E = Se:
14.77 ppm; E = Ntfbn: 14.98 ppm).

The 'H NMR signal for the protons of the 2-methyl group of the ring were
shifted downfield slightly (E = Se; 3.96 ppm, 3J42py 8.4 Hz; E = Nifbn: 4.01 ppm,
3J52py 8.6 Hz). The chemical shifts for the 4-methyl proton.signals were relatively
unchanged and again, phosphorus-proton coupling was not observed (E = Se: 2.48
ppm; E = Ntfbn: 2.51 ppm). Oxidation of the exo-phosphorus did not alter the values
of the chemical shift in the methylene protons of the trifluoroethoxy group (E = Se:
3.89 ppm; E= Nifbn: 3.94 ppm) relative to the parent compound 11, though the proton
spectrum became a complex second order spectrum as a result of coupling to the
fluorine atoms as well as to the exo-phosphorus centre.

The 19F NMR spectra of the oxidized compounds 2§ and 26 were greatly
simplified, compared to that of the parent phosphine 11. The splitting pattern for the
fluorine signal was a triplet, whereas in 11 this fluorine signal was a doublet of
doublet of triplets. The chemical shift values were essentially unchanged after
oxidation of the exo-phosphorus centre and the resonances showed coupling to only
the methylene protons (3Jgg 8.1 Hz; E = Se: -75.12 ppm, 3Jgy 8.0 Hz; E = Ntfbn:
-75.35 ppm). The chemical shifts for the ortho and the meza fluorine resonances on

the tfbn ring were observed at -152.95 ppm (4Jg4pg 5.7 Hz) and 140.95 ppm,

respectively.
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The v(P=Se) stretching frequency in 2§ was assigned to the peak observed at
542 cmrl. In the case of 26, the v(P=N) stretching frequency was observed at 1489
cm-! and the W(CN) frequency at 2235 cm-L.

35 The Attempted Oxidation of 4-(Bis(dimethylaminothiophosphorano))-2,5-

dimethyl-2H-1,2,362-diazaphosphole, 21.

In an attempt to see whether the vunerability of the cyclic phosphorus centre
to oxidation was affected by the oxidation of the exo-phosphorus centre, 4-
(bis(dimethylaminothiophosphorano))-2,5-dimethyl-2H-1,2,362-diazaphosphole (21)
was refluxed in toluene with an excess of trimethylsilyl azide for a period of 24 hours,
after which the volatile materials were removed in vacuo. The 3IP{1H} NMR
spectrum of the remainder showed that there was no change in the chemical shift

signal of the cyclic phosphorus centre hence no oxidation had occurred.

36 Summary

The oxidation of phosphinodiazaphospholes which contain fluorines, amino
groups or alkoxy groups on the exo-phosphorus atom was achieved by either
chalcogens or azides to yield products in which there was exclusive oxidation at the
exo-phosphorus centre. In addition to the conversion of the trivalent centre to the
pentavalent state, a variety of substituents can be introduced to the bisphosphine
system to create potential heterobifunctional ligands. The oxidation of the
exo-phosphorus centre resulted in a dramatic upfield shift of the phosphorus NMR
signals which arise from this phosphorus atom and there was also a substantial
increase in the 1Jpe coupling constants, especially in the system with the
p-cyanotetrafluorophenyl (tfbn) moiety on the imino group. Oxidation of the
difluorophosphinodiazaphosphole with diethyl azodicaboxylate (DAD) gave the

iminophosphorane with a 2,4,6-tri-tert-butylaniline (mes*) substituent but with
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p-toluidine the cyclized diazadiphosphetidine was the major product. Oxidation with
trimethylsilyl azide creates the silylimide and there is potential for this compound to
undergo further coupling reactions which will be discussed in the next chapter. These
alterations of the substituents on the imino nitrogen changes its basicity. Addition of
different chalcogens to the exo-phosphorus centre also creates systems with dissimilar
basic character at the different donor centres. All of these variations provide many
possibilities for "fine-tuning” the reactivity of the bisphosphine which are awaiting to

be explored.
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CHAPTER 4

METAL COMPLEXATION OF 4-(PHOSPHINO)-2,5-DIMETHYL.-
2H-1,2,362-DIAZAPHOSPHOLE DERIVATIVES

4.1 Introduction

The 4-phosphinodiazaphosphole has three possible coordination sites, the two-
coordinate nitrogen in the ring, the two-coordinate phosphorus in the ring, and the
three-coordinate exo-phosphorus. This phosphinodiazaphosphole is unlikely however
to act as a bischelate, such as is observed with bis(diphenylphosphino)methane,
because the backbone carbon is sp2 hybridized, the P-C-P framework is extremely
rigid and the bite angle too large to coordinate to a metal centre to make a
four-membered metallacycle. These factors however, along with the presence of two
phosphorus centres, suggests that this ligand system could conceivably coordinate to
two metal centres in a bridging fashion (Figure 4.1). By exploiting the different
basicities of the two phosphorus centres, it may be possible to synthesize

heterobimetallic complexes in a stepwise process.

Me Me
/ /
Me— N\ Me-N\
P e

ML ML, ML,
Figure 4.1 Monodentate coordination and bridging action of the phosphino-
2,5-dimethyl-2H-1,2,302-diazaphospholes with metal centres.

The oxidation of the exo-phosphorus improves the possibility for the
phosphoranodiazaphospholes to chelate to form a five-membered metallocycle on one

metal (Figure 4.2). Having removed the previous available electron lone pair on the
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exo-phosphorus centre by oxidation, coordination of the 62P centre may be more

favoured. Once again, this ligand system, having two coordinating moieties with

different basicities, may possibly form heterobimetallics complexes.

Me Me
Me~— N/ Me— N/
\ \
P~ “PX, t’ :sz

Il Il
ML, E ML—E

Figure 4.2 Monodentate and and chelating coordination of the phosphorano-
2,5-dimethyl-2H-1,2,3062-diazaphosphole with metal centres.

The characterization of these coordination complexes is aided by 31P{!H)
NMR spectroscopy. The assignment of many of the structures is readily eluciated
from the coupling constants between the metal and the phosphorus, 1Jpyy, and from
the coupling constant of the bound phosphorus with the other structural or backbone
phosphorus and with other NMR active nuclei such as fluorine present in the

molecule.

4.2  Metal Complexes of Phosphines

One characteristic feature of the transition metals is their ability to form
complexes with neutral molecules such as carbon monoxide, isocyanides, phosphines,
and various molecules with delocalized = orbitals such as olefins. The bonding in
transition metal-ligand complexes is usually described in terms of the Dewar-Chatt
model of a 6-donation accompanied by a synergic n-back-donation.!2 The latter
component is essential to stabilization as it reduces the increase in electron density on
the metal centre conferred by the 6-donation. For carbon monoxide, it has long been

recognized that the acceptance of electron density from the metal centre occurs
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through the * orbitals of the CO molecule as shown in Figure 4.3. This backbonding

also increases the M-CO bond order and concomitantly decreases the C-O bond order.

dx-Px- Dack bond

| Q @_@

o donation
Figure 4.3 Molecular orbital picture of transition metal carbonyls.

For the PR3, the parallel classical description of the bonding involves an
electron pair donation from the phosphorus and the metal d orbitals back-donate this
electron density into empty phosphorus d orbitals in a dr-dt combination. An
alternative view, which has recently gained acceptance, is that the ®x-back-donation

from the metal centre occurs by connecting the metal d orbitals with P-R c*

antibonding orbitals®4 as shown in Figure 4.4.

M (dx) PR (0*)

Figure 4.4 Molecular orbital picture of transition metal phosphine complexes
showing back donation into the 6* orbital of the P-R bond.



As the R substituent on the phosphine ligand becomes more electronegative,
the orbital used by the R fragment to bond to the phosphorus atom becomes more
stable. This then implies that the 6* orbital of the P-R bond would also become more
stable. As the phosphorus contribution to 6* increases, so does the the size of the *
lobe that points toward the metal. Both of these factors make the 6* more accessable
for back donation. For phosphines, the resultant order of increasing x-acid character

in relation to carbon monoxide is:
PMe; = P(NRy)3 < PAr; < P(OMe); < P(OAr);< PCl3 < PF3=~ CO

The greater x-accepting ability of PF3 via 6* orbitals is related to the highly
polar phosphorus-fluorine bonds which have characteristically low-lying 6* orbitals.
Since the ¢ phosphorus-fluorine bond is highly polar towards fluorine, then the 6*
orbital must be highly polar towards the phosphorus, therefore increasing the
o*-metal d, overlap.5® The r-acidity of difluorophosphinodiazaphosphole (2),
should be greater than that for phosphorus trichloride and similar to that of
phosphorus trifluoride.

The increased occupation of the 6* orbital through back-bonding from the
metal would also suggest the the P-R bonds should lengthen slightly upon
complexation. This may be masked by the simultaneous shortening of the P-R bond
which arises as the result of the donation of the phosphorus electron lone pair to the
metal centre, and the consequent decrease in the P(lone pair)-R(bonding pair)

repulsions.” The effect on P-R bond lengths may therefore be invisible.

43  Complexation Chemistry of 4-(difluorophosphino)-2,5-dimethyl-2H-
1,2,302-diazaphosphole (2).
The coordination chemistry of the 4-(difluorophosphino)-2,5-dimethyl-2H-
1,2,302-diazaphosphole (2) showed in all cases that the 4-phosphino group, the



exo-phosphorus centre, coordinated to the metal centre, whether the ligand displaced
a labile group or was involved in the reduction of the metal centre. The chemistry of
the difluorophosphino group was in some ways similar to that observed for phosphites
and phosphorus trifluoride. These similarities are attributed to the electron-

withdrawing fluorine substituents on the phosphorus atom.

43.1 Reactions with Metal Carbonyls.

One equivalent of 2 was reacted with Cr(CO)s(THF), generated in siru from
the photolysis of Cr(CO)g in THF. After stirring overnight, the solvent was removed
in vacuo and the monosubstituted yellow complex Cr(CO)4(2) (27) was extracted
with diethyl ether. The complex was crystallized from diethyl ether at -40°C, yielding
bright yellow crystals (72%). Similar to Cr(CO)s(PFs), complex 27 has a low melting
point (64°C).%

The 31P(1H) NMR spectra (Figures 4.5, 4.6, and 4.7) were second order.
Relative to the free ligand, there was a downfield shift for the resonance of the exo-

phosphorus centre of 43 ppm to 249.74 ppm as well as a small downfield shift of 2
ppm for the 62P signal (~257 ppm). The 2Jpp value increased to ~120 Hz while the

value UJpg was ~1106 Hz. The 3!P{1H} NMR spectrum at 81.013 MHz showed the
two phosphorus signals to be overlapped and the peak for the 62P endo-phosphorus to
be skewed and broadened (Figure 4.5a). At a higher field (161.977 MHz), the
31P(1H) NMR spectrum showed the 62P signal merged with one component of the
o*P. The spectrum is still complex (Figure 4.6a) ;iisplaying again a second order
pattern. At 202.392 MHz, the (Vq2p - Vqep) difference is still not much larger than
the value of 2Jpp, so the second order 31P(1H} NMR spectrum was again observed
(Figure 4.7a). At all frequencies, the 19F NMR spectra were also second order
(Figures 4.5b, 4.6, and 4.7b). The fluorine chemical shift was centred at -39.45 ppm.
Simulation has not been possible.
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Table 4.1
V(CO) Assignments in Cr(CO)sL Complexes.

Complex 0c($?l) Reference
e ————————————————————————————
27 2079 This work
Cr(CO)s(PF3) 2083 8
Cr(CO)5(P(OCH,);CMe) 2082 9
Cr(CO)5(P(OMe)s) 2073 10
Cr(CO)5(P(C4Ho)s) 2062 1
Cr(CO)s(P(NMe,)3) 2055 12

The IR spectrum showed the two stretching frequencies for the carbonyls at
v(CO) 2079 cm-! and at v(CO) 1938 cm-l. Unfortunately the carbonyl stretching
frequencies were not reported for the dichlorophosphinodiazaphosphole or
dimethoxyphosphinodiazaphosphole complexes, so a comparison between the two
chromium complexes cannot be made. In order to measure the basicity or the ©t
acidity of 2, the stretching frequency of the A; band of other phosphine and
phosphites complexes of chromium pentacarbonyl was compared to that of 27.
According to Table 4.1, the basicity of 2 was greater than that of PF3 (2083 cm-1) and
similar to the caged phosphite P(OCH;);CMe (2082 cm-!) but 2 was less basic than
P(OMe); (2073 carl).
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a)
T T T T T T T
265 255 245 235
ppm
b)
_J N
I 1 1B i H 1 |}
37 -38 -39 -40 41 42 -43
ppm

Figure 4.5 (a) 31P(!H) spectrum at 81.015 MHz and (b) !9F NMR spectrum at
188.313 MHz of 27 in CDCl; at room temperature.
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Figure 4.6 (a) 31P(1H) spectrum at 161.977 MHz and (b) !9F NMR spectrum at
376.503 MHz of 27 in CDCl; at room temperature.
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Figure4.7  (a) 31P(!H} spectrum at 202.392 MHz and (b) !9F NMR spectrum at

470.304 MHz of 27 in CDCl3 at room temperature.
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A quantitative description of the & acceptor ability of a ligand can be made by
comparison of the electronic parameter X, which was introduced by Tolman.!3 The
electron donor-acceptor properties of phosphines are based on the infrared spectral
data for the LNi(CO); complex. The stretching frequencies of the nickel complexes
can be estimated from their chromium analogues Cr(CO)sL. For 2, the value of X is
estimated to be 51 cm-1, which is comparable to that for PF3 ( = 55 cm-1).

Addition of 2 to a yellow solution of Mo(CO)s(THF) resulted in a slow
lightening of the colour. Within a few hours a brown precipitate formed. The
removal of THF in vacuo resulted in a brown solid. Extraction with diethyl ether and
subsequent removal, resulted in a pale yellow oil. The 3!P(1H} NMR spectrum
however did not show any identifiable products.

The addition of 2 to an orange solution of W(CO)s(THF) caused the solution
to quickly darken. A greyish purple solution resulted after stirring ovemnight. After
the removal of the THF in vacuo, a greyish purple solid was obtained. The solid
liquified to a purple oil after standing for a couple of days. The 3ip(1H) NMR
spectrum of the purple oil indicated a mixture of products but isolation of identifiable
products could not be accomplished.

In an attempt to place two phosphinodiazaphosphole groups on a
molybdenum(0) centre, two equivalents of 2 were reacted with Mo(CO)4(nbd)
(Scheme 4.1). The reation was stirred overnight in dichloromethane at room
temperature. The solvent was removed in vacuo, leaving a yellow solid. The
compound was recrystallized from dichloromethane/hexane at -40°C 10 give a 74%
yield of cis-Mo(CO)4(2), (28).
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Scheme 4.1 Formation of the cis-Mo(CO)4(2), (28) and fac-Mo(C0O)3(2)3 (29)

complexes.

The 31P(1H} NMR spectrum of 28 consisted of an AA'BB'X,X’, spin system,
as is usually observed with disubstituted phosphine metal complexes. The chemical
shift for the resonance for the 62P atom was centred at 259.74 ppm and the
exo-phosphorus signal had shifted downfield, relative to the position of 2, t0 222.99
ppm. From this spectrum, the one-bond phosphorus-fluorine coupling constant was
estimated to be 1093 Hz. The !9F NMR spectrum is second order with the chemical
shift resonance centred at 42.91 ppm. From the fluorine spectrum, the value for
2Jppmp was calculated to be 33 Hz. The Upg and 3Jpg values were estimated to be

1091 Hz and 4 Hz, respectively.
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Table 4.2
V(CO) Assignments in cis-Mo(CO)4L, Complexes.

Complex W(CO) Reference
(cm-l)

28 2056, 1974, 1952 3 This work
Mo(CO)4(PF3), 2091, 2022, 2022, 2003 14
Mo(CO)4(P(OCH,);CMe), 2045, 1965, 1945 2 15
Mo(CO)4(P(OMe)3), 2037, 1945, 1926, 1921 10
Mo(CO)4(PMe3), 2024, 1930, 1901, 1879 16
MO(C0)4(P(NM¢/2322 2012, 1908, 1894, 1880 17

a) B| and B4 bands were unresolved.

The carbonyl region of the !3C{1H} NMR spectrum showed two weak signals
for the carbon monoxide. One of the peaks (208.39 ppm) was a doublet that showed
coupling to the trans phosphorus centre (39 Hz) while the other signal (204.50 ppm)

was a singlet. The resonances for the protons in the !H NMR spectrum did not

change significantly with respect to the uncomplexed ligand.

In order to determine whether the disubstituted complex 28 has a cis or trans
configuration of these ligands, the carbonyl region of the infrared spectrum was
examined. The cis complexes belong to the C,, point group so 4 peaks are expected,
while the trans complexes possess D4, symmetry so only one peak should be
observed. The IR spectrum showed three peaks at 2056, 1974, and 1952 cm! so a cis
structure is assigned with the B, and B, bands being unresolved. A comparison with

other cis-Mo(CQO)4(PR3), complexes is shown in Table 4.2.
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Table 4.3

v(CO) Assignments in fac-Mo(CO);L3; Complexes.2

Complex v(CO)

(cml)
29 2011, 1945
Mo(CO);(PF3)3 2090, 2055
Mo(CO);(PCls)3 2040, 1991
Mo(CO)3(P(OMe)3)3 1977, 1888
Mo(CO);(PPhs)s 1934, 1835
Mo(CO)3(MeCN), 1915, 1783

a) Values taken from Elschenbroich, C.; Salzer, A.
Organometallics - A Concise Introduction; VCH Publishers:
New York, 1989, pp 230.

The complex Mo(CO)3(MeCN); was reacted with three equivalents of 2
(Scheme 4.1). The resultant product did not show any proton signals in the 'H NMR
spectrum arising from coordinated acetonitrile so the triple substitution appears to
have been achieved. Both phosphorus signals were second order in the 3!P(!H)
NMR spectrum (Figure 4.8a). The chemical shift for the signal of the two-coordinate
phosphorus atom was centred at 255 ppm and was not significantly different from that
of the disubstituted molybdenum complex 28. The signal for the exo-phosphorus
centre (224.60 ppm) was more complicated. The fluorine peaks in the 19F NMR were
broadened due to unresolved coupling (Figure 4.8b).

The carbonyl region of the infrared spectrum showed only two peaks
consistent with a fac isomer having C3, symmetry. The infrared pattern was similar

to other related molybdenum complexes shown in Table 4.3.
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Figure 4.8 (a) 3'1P(1H) (161.977 MHz) spectrum for the exo-phosphorus region
and (b) 19F NMR (376.503 MHz) spectrum of 29 in CDCl;.
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43.2 Reaction with the Prochiral Ruthenium Metal Complex, CpRu(PPh,),ClL

The reaction of 2 with CpRu(PPh3),Cl in refluxing benzene produced
the monosubstituted phosphole complex CpRu(PPh3)(2)Cl (30). The 3!P{!H} and
the 19F NMR spectra (Figures 4.13a and 4.14a, respectively) indicated that the
fluorine atoms on the exo-phosphorus of the phosphinodiazaphosphole were
diastereotopic due to the stereogenic ruthenium centre.

The 31P(1H} NMR spectrum showed a small downfield shift of 4 ppm
(259.34 ppm) for the resonance of the G2P centre while the signal for the
exo-phosphorus centre also experienced a small downfield shift of 8 ppm to 200.04
ppm (Figure 4.10). The signal for the exo-phosphorus showed two different
couplings to fluorine atoms as well as coupling to the phosphorus atom in the
diazaphosphole ring. Coupling was also observed to the phosphorus of the
triphenylphosphine coordinated to the ruthenium. In the 19F NMR spectrum, one of
the signals for the fluorines showed a downfield signal of 59 ppm to -27.5 ppm and
showed coupling to both phosphorus centres of the diazaphosphole ring (1Jpg = 1057,
3Jpg = 15 Hz) and to the other fluorine atom (2Jgg = 30 Hz). The other fluorine
resonance was shifted downfield by 47 ppm t0 -41.0 ppm. The signal for this fluorine
was coupled to all three of the phosphorus atoms of the ruthenium complex (1pg =
1131 Hz, 3Jpg = 19 Hz, and 3 ppy, = 7 Hz). Applying the Karplus relationship for
vicinal proton-proton coupling leads to the prediction that the fluorine tranas to the
PPh4 group should show a larger coupling to this phosphorus centre than the fluorine
gauche to the PPhy. This latter coupling should be very small. A Newman projection
of the complex is depicted in Figure 4.9. The 3!P(!H) exo-phosphorus spectral
region and the !19F NMR spectra were simulated and their comparison is shown in
Figure 4.11 and 4.12, respectively. The resultant parameters are given in Table 4.14 .
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Figure 4.9 Newman projection along the P-Ru bond of compound 30.

4.3.3 Reactions with Rhodium Complexes.

Wilkinson's discovery that rhodium-phosphine complexes (e.g. Rh(PPh3)3Cl)
provide extremely reactive and selective hydroformylation catalysts!® opened a large
area of application of these rhodium-phosphine complexes for catalytic
ransformations. Since the inital work, many variations of phosphine-rhodium
complex systems have been used in homogeneous catalysis. Detailed studies of the
Rh(PPh3)3Cl system has led to an understanding of the factors involved in governing
the reactivity and the selectivity of the catalytic cycle.!® Ligands that are strong
o-donors inhibit the reaction, possibly completely, while stronger x-acceptors, such as
phosphites, lead to more active and selective hydroformylation catalysts.20-2

The route to the preparation of a wide variety of mononuclear and binuclear
Rh(I) and Ir(T) complexes begins with the chloro-bridged dimeric complex
[M(cod)Cl], (M = Rh, Ir). The addition of two equivalents of a Lewis base to the
[(M(cod)Cl], (M = Rh, Ir) dimer results in the cleavage of the metal-chlorine bridge to
give the monomeric complex containing the Lewis base and a terminal chloride

ligand (Scheme 4.2).%-77
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Figure4.12  (a) 3!P(!H) NMR (81.015 MHz) spectrum in CDCl;3 and
(b) simulated spectrum of the exo-phosphorus region for the complex
30.
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Figure4.13  (a) 19F NMR (188.313 MHz) spectrum in CDCl; and
(b) simulated 19F NMR spectrum for complex 30.
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M(cod)Cll2 + 2L ——————e

e.g. L= PPhy, M = Rh?*
L = THF, M = Rh®
L = Me3P(S), M = Rh?®
L= PPhg, M = I

Schemed4.2  Reaction of coordinating ligands with [M(cod)Cl], (M = Rh, Ir).

The use of non-coordinating solvents, such as pentane, leads to the
displacement of the cyclooctadiene, or related olefin ligands The rhodium-chlorine
bridging bond is then cleaved in the presence of an excess phosphine to give
complexes of the type RhCl(phosphine);.2’ Recent examples include the reaction of
trimethylphosphine and [Rh(C3H4)2Cl]l, where the dimeric rhodium-phosphine
complex and, as well, the monomeric rhodium complex Rh(PMe3)3Cl were isolated
in high yields.2

The incorporation of fluorine into the phosphinodiazaphosphole system would
create a ligand with good & acceptor properties for a variety of rhodium(I) precursors.
The reaction of 2 with a variety of dimeric rhodium starting complexes such as
[Rh(cod)Cl],, [Rh(coe);Cl]5, and [Rh(CO),Cl]; resulted in the decomposition of both
the starting phosphine 2 and the rhodium complexes. It is possible that the rhodium-
chlorine bridge could not be broken because 2 is a poor ¢ donor. In comparison, the
reaction of phosphorus trifluoride with either of the three rhodium precursors
proceeds with the replacement of alkene or carbon monoxide, resulting in the dimeric
chloro-bridged complex [RhCI(PF3),],, usually in good yield.”?930 Similar products
have resulted from dimethylaminodifluorophosphine and [Rh(C,H,),Cl],.3!
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A move to monomeric rhodium complexes such as Cp*Rh(cod) or
CpRh(CO), provided a means of synthesizing phosphine substituted Rh(I) compiexes
from 2. It is well known that only one of the carbonyl groups in CpRh(CO), is
generally replaced by a phosphine.32 However, here the reaction of 2 with

CpRh(CO)j; resulted in the substitution of both carbonyls to give 31 (Scheme 4.3), a

reaction similar to those observed with phosphites.33

o /i‘*" [RR(CO)2Cll2 secomcosion
3 N\P/ oF, or [Rh(cod)Cll, meo
2

CpRh(CO)2

(-2CO)

3
Scheme 4.3 Reactions of 2 with [Rh(cod)Cl],, [Rh(CO),Cl},, and CpRh(CO),,

The 3!P(1H) and the !19F NMR spectra for the rhodium complex 31, in

Figures 4.13 and 4.14, are both second order. The 31P{1H} NMR spectrum for the
resonance for the g4P centre consisted of a 69 line pattern centred at 188.68 ppm

while the signal for the 62P centre showed a broad doublet (259.81 ppm). The

phosphorus spectrum reveals the one-bond phosphorus-rhodium coupling to be
extremely large (306 Hz). The lJpg value is approximately 1145 Hz. Due to the
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second order nature of the spectrum, no further information could be obtained. In the
1H NMR spectrum, the cyclopentadienyl protons were not coupled to the exo-
phosphorus, as was observed with the related rhodium complex Cp*Rh(PF3),.34-35
The fluorine signal was centred at -36.13 ppm. The chemical shift for the 103Rh
resonance (-1280 ppm), measured by an inverse dectection 3!P-103Rh analysis, lies in
a range typical of most CpRhL, complexes.3¢

Decoupling of the fluorine coupling interaction simplified the 31P(1H) NMR
spectra to an 11 line pattern (Figure 4.15). The signal for the 2P unit was still
second order which implies that both phosphorus centres in the diazaphosphole ring
are magnetically inequivalent and this complex could be considered as either an
AADD'MMM"M"X or an AADD'M;M’,X type spin system.

Decoupling of the phosphorus signal at 260 ppm led to the simplification of
the fluorine NMR spectrum to a 12 line pattern (Figure 4.16). From this spectrum,
the fluorine-rhodium coupling was calculated to be 19 Hz but the 4Jgg value was not
resolved. This spectrum also allows the calculation of the two-bond phosphorus-
phosphorus coupling constant of the PF, moiety (102 Hz). From this value , the lpg

was then calculated to be 1114 Hz and the 3Jpg coupling to be 11 Hz. For the related

Cp*Rh(PF3), complex, the analogous coupling constant values obtained were 2Jpp =
178 Hz, Upg = 1135 Hz, 3lpg = 6 Hz, and 3Jggy =30 Hz34

In the infrared spectrum of 31, the P-F stretching frequencies had broadened
relative to the starting ligand 2. These peaks were shifted slightly to a higher
frequency (835 and 786 cm-1), relative to the starting diazaphosphole 1. Such a shift
is expected since the o* orbitals of the P-F is accepting electron density from the
metal complex.
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A solid-state structure analysis of this complex CpRh(CO), showed a rhodium
centre subtended by a cyclopentadienyl ring and two of the
fluorophosphinodiazaphole ligands as formulated (Figure 4.17). There is a C, axis at
the Rh centre (excluding the Cp ring). The angle between rhodium and the two
exo-phosphorus centres , P(21)-Rh-P(11), is 94.56(5). This angle is smaller than that
found for the (n5-indenyl)Rh(PMe3), complex (96.69°).37 Here the phosphole rings
are planar with the nitrogen at the 2-position also being planar; the sum of the angles
about the nitrogen equals 360°. The P(22)-N(23)-N(24) and the P(12)-N(13)-N(14)
angles (117.3°(3) and 117.5(3), resectively) are wider than those observed for the 2,5-
dimethyl-2H-1,2,302-diazaphosphole itself (113.8°). The carbon at the 4-position is
also planar with the P(21)-C(21)-P(22) angle being 121.6°, showing the sp?
hybridization of the C(21). The angles about the two 2P centres, N(23)-P(22)-C(21)
and N(13)-P(12)-C(11) are 88.6(2)° and 88.3(2)°, respectively. These angles are
similar to that observed for the phosphole (88.2°).3% Both the P(12)-N(13) and the
P(21)-N(23) bond distance (1.670(4)A and 1.672(3)A) show some multiple bond
character when compared to the normally accepted P-N single bond length(1.77A)
and typical P-N double bond (1.57A) lengths.3 Both two-coordinate phosphorus-
carbon bond lengths show multiple bond character (P(12)-C(11) and P(22)-C(21) =
1.713A). A typical value for a P-C single bond is 1.84A while that of a P-C double
bond is 1.66A. The three-coordinate phosphorus-carbon bond lengths are shortened
to 1.773A. The F(11)-P(11)-F(12) and F(21)-P(21)-F(22) bond angles are 95.3(2)°
and 96.0(2)°, respectively, while the average P-F bond distance is 1.569A, which is
longer than that observed for the oxidized iminophosphinodiazaphosphole, 18
(1.537A). The difference in the P-F bond lengths of these two structures shows that
that the fluorines play a role in the bonding to the rhodium centre by accepting

149



150

‘PIRUOCCON ‘Y ‘I JO ASIUNOD IMONNG °|9AJ]

Anpiqeqoad 9,0z ays e sprosdifjo ueissnen) Aq pawuasazdas are swoye uadospAy-uoN “(1€) (Dwnipoy(suydsoyd

- (14-p-1oydsoydezeip-,0¢‘z' 1 - HZ-1Ay1awIpP-¢Z  oronip)siqiAustpeiuadoldLs jo amionas 1e1s-prios YL

SJ

=

¥3

Q
A Kz
Q) T4
1cd ()
%
1ZA

(4

£J

LI’y dandig



Table 4.4

Selected Interatomic Distances (A) for Cyclopentadienylbis(diﬂuoro[2,5-dimethyl-
2H-1,2,302-diazaphosphol-4-yl} phosphine)rhodium(T), (31).

Atoml Atom2 Distance Atoml Atom2 Distance
Rh P11 2.1334(12) P22 C21 1.713(4)
Rh P21 2.1348(12) N13 Cl4 1.355(5)
Rh C1 2.257(5) N13 C17 1.464(6)
Rh C2 2.299(5) N14 C1s 1.316(5)
Rh C3 2.231(5) N23 C24 1.354(5)
Rh C4 2.265(4) N23 Cc27 1.468(5)
Rh Cs 2.237(4) N24 C25 1.322(5)
P11 F11 1.574(3) C1 2 1.355(7)
P11 F12 1.562(3) C1 C5 1.392(7)
P11 Cl1 1.774(@4) C2 C3 1.381(7)
P12 N13 1.671(4) C3 Cc4 1.400(7)
P12 Cl1 1.713(4) C4 C5 1.399(7)
P21 F21 1.576(3) C11 C15 1.420(6)
P21 F22 1.563(3) Cl15 C16 1.502(7)
P21 C21 1.7714) 21 C25 1.408(5)
P22 N23 1.672(4) C25 C26 1.504(6)
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Table 4.5

Selected Interatomic Angles (deg) for Cyclopentadienylbis(difluoro{ 2,5-dimethyl-
2H-1,2,302-diazaphosphol-4-yl } phosphine)rhodium(T), (31).

Atoml Atom2 Atom3 Anﬁle Atoml Awm2 Atom3 Ange

P11 Rh P21  94.56(5) N13 N14 Cl5s 109.4(4)

Rh Pl1 F11 115.95(13) P22 N23 N24 117.3(3)
Rh P11 F12  120.59(13) P22 N23 C27 127.2(3)
Rh P11 Cll  119.02(14) N24 N23 C27 115.5(3)
F11 P11 F12  95.3(2) N23 N24 C25 108.8(3)
F11 P11 Cll  100.7(2) P11 Cll P12  119.4(2)
F12 P11 Cll  101.02) P11 Cii C15 1304Q3)
N13 P12 Cll  88.3Q2) P12 C11 Cl5 110.2(3)
Rh P21 F21  114.85(13) N14 C1s Cll  114.6(4)
Rh P21 F22  119.87(12) N14 C1s Clé6 118.4(4)
Rh P21 C21  122.60(14) C11 C15 Cl6 127.04)
F21 P21 F22  96.0Q2) P21 C21 P22  121.6(2)
F21 P21 C21  99.02) P21 1023 | C25 128.5(3)
F22 P21 C21 99.5Q2) P22 C21 C25 109.8(3)
N23 P22 C21 88.6(2) N24 C25 C21 11544
P12 N13 N14 117.5(3) N24 C25 C26 117.5(4)
P12 N13 Cl7 12634 21 C25 C26 127.04)

N14 N13 Cl7  116.2(4)




electron density into the P-F antibonding o* orbital formed from the phosphorus 3p
orbital as was shown in Figure 4.4.

Oxidative addition of carbon-iodine bonds to low valent transition metals such
as rhodium(I) is an important method for synthesis of metal-carbon bonds.
Depending on the metal and the alkyl halide, two-electron and a variety of one-
electron mechanisms have been shown to operate.*? The reaction of primary alkyl
iodides with [M(n3-CsHs)(CO)3] (M = Co, Rh, Ir) resulted in the apparent
nucleophilic attack by the metal centre on the +3 carbon of the alkyl iodide to produce
a metal-carbon bond and afford the ionic species A (L= CO), which can undergo CO
loss or alkyl migration to CO, with the incorporation of iodide.#! The more
nucleophilic metal centres in [M(n5-CsHg)(PMe3);] (M = Co, Rh) reacted with
primary alkyl iodides to give analogous cationic complexes A (L = PMes) but with
bulkier alkyl groups such as iPr or Bu, alkylation of the cyclopentadienyl group

resulted in complexes B.42
&7 =7 R
L ant T L gt T
Y "R S H
L = CO, PMe3
A B

The reaction of methyl iodide with the thodium complex 31 was monitored by
31p{1H) NMR. There was a change in the exo-phosphorus splitting pattern but the
chemical shift remained relatively constant. A slight upfield shift for the 62P centre
was observed. This result showed that the addition of methy! iodide did not result in
the oxidative addition to the rhodium centre, or the quaternization of the

two-coordinate phosphorus centre.
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The reaction of the rhodium(IIl) dimer, [Cp*RhCl;], with 2 was investigated.
The reasoning behind this experiment arises from the fact that this rhodium complex
does not contain any labile ligands, such as CO or alkenes, so the only reaction
possible is the cleavage of the bridging Rh-Cl bond. In this case, the Rh-Cl bond was
easily broken by 2 to give the reddish-orange complex Cp*RhCl»(2) (32) in high

yield (Scheme 4.4)).
Me
/ j Me 12 [Cp*RhChlz N\ =N
Me—N_ I/Bh——/ N \P N=me
PF2 c / g F
Cl
2 2

Scheme 4.4  Formation of the rhodium complex 32 with 2.

The 3!1P{1H)} NMR spectrum showed an ADMXj spin system. There is an
upfield shift for the exo-phosphorus centre resonance (188.95 ppm) which is coupled
to the rhodium metal centre (216 Hz), the 62P centre (102 Hz), and to both fluorine
atoms (1170 Hz). The magnitude of the rhodium-phosphorus coupling constant was
larger than what is normally observed but smaller than that for the rhodium complex
31 (cf. 305 Hz). The decrease in the !Jpg, can be explained in terms of lower
n-bonding between the metal centre and the phosphine in the case of Rh(II)
complexes compared to the Rh(I) complexes.3 There was a downfield shift of 15
ppm for the signal of the 62P centre (269.92 ppm) and a slight decrease in the two-
bond phosphorus-phosphorus coupling (2Jpp = 102 Hz) in the rhodium complex
relative to the uncoordinated ligand.

The 19F NMR spectrum of the same sample consisted of a resonance of an
apparent doublet of triplets centred at -62.20 ppm with a one-bond phosphorus-
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fluorine coupling constant of 1158 Hz. Decoupling the phosphorus signal at 269 ppm
collapsed the fluorine signal to a doublet of doublets, giving a value of 11 Hz for both
3152pg and 2ggp,.

Over a period of time (one week), a new species was observed to appear in the
3Ip{1H} NMR spectrum of the same NMR sample. The chemical shift for the
resonance for the two-coordinate phosphorus centre had shifted upfield to 124.54 ppm
and now showed coupling to the rhodium metal centre (1J42pgp, = 114 Hz), which was
confirmed by decoupling the fluorine signals. Further coupling was observed to only
one fluorine atom (3J42pg = 12 Hz), which was also confirmed by selectively
decoupling the fluorine signals. The signal for the exo-phosphorus centre was also
shifted upfield (93.23 ppm) and showed a similar coupling pattern to that previously
observed with ruthenium (complex 30). In this case, the exo-phosphorus centre signal
is coupling to rhodium (1Jpgy = 144 Hz) as well to two diastereotopic fluorine atoms
(1Jpg = 1263 Hz, pg = 1319 Hz), showing a possible stereogenic centre at rhodium.

The 19F NMR spectrum of this sample showed two different resonances for
the chemical shifts for the fluorine atoms as they are inequivalent. The fluorine signal
centre at 14.43 ppm was coupled to rhodium (2Jggy, = 150 Hz), to the exo-phosphorus
centre (JJpp = 1310 Hz), and to the two-coordinate phosphorus atom (3Jg2pg = 12
Hz). The other fluorine signal, at -23.07 ppm, was coupled to rhodium (2Jggp, = 116
Hz) and to the exo-phosphorus centre (2Jgp = 1265 Hz). These values and

assignments were also confirmed by selective phosphorus decoupling.

4.3.4 Formation of Complexes with Palladium and Platinum.

A number of platinum(II) complexes have been used for catalytic
hydroformylation.* For the most part, these systems are of the type [PtCly(P-P)]
where (P-P) is a bisphosphine. The use of Pt(Il)-alkyl complexes as precursors with
chiral bisphosphines is relatively unknown for asymmetric hydroformylation*’ even
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though carbonylation with Pt(II) complexes containing monodentate phosphine
ligands has been extensively investigated.4649

The reaction of 2 with Pt(cod)Cl, resulted in the substitution of the
cyclooctadienyl group to yield the cis-complex P(2),Cl, (33). The 31P(!H} NMR
spectrum showed no evidence for the formation of a chelated platinum complex, such
as platinum satellites associated with the 62P signal. There was a downfield shift for
the resonance for the 02P centre (271.21 ppm) and an upfield shift for the signal for
the exo-phosphorus centre (159.29 ppm). The 2Jpp had increased to 150 Hz while the
1Jpg had decreased (1125 Hz). A very large phosphorus-platinum one-bond coupling
constant (Jpp, = 5064 Hz) was observed. This value is larger than the typical range
of 2300 to 3600 Hz observed for cis-PtCly(PR3), complexes.3® There have been only
a few platinum complexes reported which have !Jpp, values greater than 5000
Hz.51'53 The one-bond phosphorus-fluorine coupling constant had also increased
slightly (1183 Hz). The signal for the chemical shift for the fluorine atoms in the 19F
NMR spectrum was centred at -35.86 ppm and showed coupling to both phosphorus
centres (3Jg2pg = 12 Hz, Upg = 1125 Hz).

In the case of the reaction of 2 with Pd(cod)Cl,, the initial yellow solution of
the palladium precursor changed first to pale yellow. Over a period of one hour, a
deep maroon solution formed. The 31P{1H) NMR spectrum showed a mixture of two
products, one being the expected palladium(Il) complex, cis-Pd(2),Cl; (34), and the
other one was the reduced palladium(0) complex, Pd(2), (35) (Scheme 4.6). For both
palladium complexes, the resonances for the exo-phosphorus centre were broadened.
The appearance of the 3!1P(1H} NMR spectrum of the cis-Pd(2),Cl, complex was that
of an AMX, spin system. An upfield shift was observed for the resonance for the
exo-phosphorus centre (144.33 ppm) which appeared as a doublet of triplets while the
signal, which consisted of a doublet, for the 62P centre was further shifted downfield
at 267.88 ppm. There was an increase in the value for 2Jpp (158 Hz) relative to the
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Scheme 4.5 Reaction of 2 with Pt(cod)Cl,.

starting phosphine 2. The one-bond phosphorus fluorine coupling constant had also
increased slightly (1184 Hz). The chemical shift for the fluorine atoms in the 19F
NMR spectrum was centred at -36.42 ppm and showed coupling to both phosphorus
centres (3Jg2pg = 15 Hz, 1Jpg = 1182 Hz)

The phosphorus NMR resonances for both the 62P and the exo-phosphorus
centres for the Pd(0) complex appeared much broader than was the case for the Pd(II)
complex 34. When the NMR sample was cooled to -75°C, the 31p{1H} NMR
spectrum did not show any sharpening of the signals for either Pd(0) or Pd(Il)
complexes. Attempts to crystallize either of these palladium complexes from

hexane/dichloromethane resulted only in a maroon oil.
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Scheme 4.6 Reaction of 2 with Pd(cod)Cl,.

Reaction of the Pd(0) complex Pd;(dba);-CHCl; with 4 equivalents of 2 gave
the complex Pd(2)4 (35) as a wine-red powder. As previously observed in the
reaction of 2 with Pd(cod)Cl,, the 3!1P(!H} NMR showed a broadened signal
consisting of a doublet of triplets for the exo-phosphorus centre (202.45 ppm) and a
broadened doublet for the 62P centre (261.17 ppm). Coupling of the fluorines to the
exo-phosphorus was smaller (1165 Hz) than with the uncomplexed ligand and there
was a large increase in the value of 2Jpp (184 Hz). The change in the chemical shift
for the resonance for the exo-phosphorus centre in the Pd(0) complex was less than 10
ppm upfield, relative to 2.

The reaction of [M(PEt;3)Cl;], (M= Pt or Pd) with 2 gave the metal complexes
trans-M(PEt3)(2)Cl; (37, M = Pt; 38, M= Pd) The 31P(1H} NMR spectrum for the
platinum complex 37 showed an upfield shift for the exo-phosphorus centre signal of
almost 85 ppm (124.32 ppm) and a 10 ppm (265.81 ppm) shift for the 62 phosphorus
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resonance, whereas the signal for the PEt; ligand ocurred at 18.4 ppm, which has
shifted by 10 ppm downfield relative to the starting platinum complex. There was a
large increase in the two-bond 62P-a*P coupling constant (155 Hz) and again, the
observed value for Lipp, was large (5445 Hz). The 2Jp(pgyy) value was 18 Hz. The
LI (pEws)py value decreased substantially from 3845 Hz to 3190 Hz and this was
accompanied by a decrease in the LJpg to 1112 Hz. These decreases can be attributed
to the competition by the phosphine ligands for the available d-electrons on the
platinum metal centre. In the square planar trans complexes, the two phosphine
ligands share the same metal d, orbitals so that the platinum-phosphorus bonds are
weakened. For the cis isomer, the two phosphorus ligands do not compete for the
same dy orbital. Since metal-halogen bonds are not considered to have a large &
component, more platinum-phosphorus back-bonding can occur, which results in a
stronger metal-phosphorus bond. The chemical shift for the fluorine signals in the
I9F NMR spectrum was centred at -38.21 ppm and showed coupling to both
phosphorus centres (3J42pg = 15 Hz, Upg = 1115 Hz).

The signals in the 3!P(!H} NMR spectrum for the palladium complex 38 were
broadened, which may be caused by chemical shift anisotropy. An upfield shift for
the signal for the exo-phosphorus centre of 49 ppm (160.23 ppm) and a shift of 10
ppm (266.05 ppm) for the 62P centre occurred relative to the free phosphine. The
chemical shift for the resonance for the PEt; group remained relatively unchanged at
42.62 ppm. The 2J52pp value had also increased dramatically (153 Hz), as was
observed with the platinum complex. Unlike the Pt(PEt3)(2)Cl; complex, 2Jppgy
coupling was not observed due to the broadened resonance. There was little change
in the 1Jpg value (=1160 Hz) relative to the free phosphine. In the 19F NMR
spectrum, the fluorine signal was observed at -35.78 ppm giving a triplet with Jpg =
1165 Hz.
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The reaction of Pt(cod)CIMe and 2 gave the unexpected reductive-elimination
reaction product, Pt(0)(2)4 (36), which was isolated from the reaction mixture as an
orange crystalline solid. A possible mechanism for the formation of this complex is
outlined in Scheme 4.7 wherein elimination of chloromethane is proposed. The
elimination of chloromethane has been previously observed but as the result of the
reduction of platinum from the +4 oxidation state to the +2 oxidation state rather than
Pi(ID) to Pt(0) as is the case here.5* The reaction of phosphorus trifluoride with
platinum(Il) chloride also resulted in the reduction of platinum to give Pt(PFs),.55
Other Pt(0) complexes have been synthesized from fluorinated phosphines by the
reductive processes starting from K,PtCly.56

When less than two equivalents of 2 were used in the reaction with
Pt(cod)CIMe, the complex Pt(2),CIMe (36-b) was observed. The 31P(1H} NMR
spectrum (Figure 4.18) showed the signal for one of the 63 phosphorus centres at
135.6 ppm (1Jpp, 6089 Hz) while the other resonance was observed at 186.61 ppm
(Upp, 2511 Hz). The difference in the two resonances for the exo-phosphorus centres
can be atributed to the greater trans-influence of the methyl group relative to the
chloride. The trans influence is defined as the extent to which a coordinated ligand
weakens the bond trans to itself in the equilibrium state of that complex. The ligands
exhibiting a greater trans-influuence are strong Lewis bases (6 donors) with minimal
R-acceptor properties such as methyl groups, or strong rm-acid ligands with
synergistically enhanced & donation. If a ligand is bound to the metal by a strong
covalent bond then the bond trans must then have a l.arge metal p component and will
not be as strong.5” The chemical shift for the resonance for the 62P centre in this
complex 36-b remained the same with only a slight broadening of the peak (265
ppm). The attempted crystallization of Pt(2),CIMe (36-b) resulted only in the the
platinum(0) complex Pt(2)4, 36. The complex 36-b was not structurally
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Schemed4.S  Reductive elimination of Pt(cod)CIMe with 2.
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characterized. The only other known structure of a platinum(0) complex containing
an organodifluorophosphine ligand is that of Pt(CF3PF5),.55

The complex 36 crystallized in the space group, [42m. The solid-state
structure of this complex revealed a tetrahedral Pt(0) centre, as shown in Figure 4.19.
The angles about the platinum for P(1A)-Pt-P(1) and P(1B)-Pt-P(1) are 11 1.71(8) and
105.1(2), resectively. The phosphole rings are planar with the nitrogen in the 2-
position also being planar with the sum of the angles about the nitrogen equalling
360°. The P(2)-N(2)-N(1) angle (115.9°(11)) is slightly wider than that of the
phosphole itself (113.8°). The N(2)-P(2)-C(1) angle is 91.7(8)° which is larger than
that which was observed for the phosphole (90.4°).58 The P(2)-N(2) bond distance of
1.689(15)A shows some multiple bond character when compared to the normally
accepted P-N single bond (1.77A) while greater than that of a typical P-N double
bond (1.64A). The F-P-F bond angle is 94.4(5)° while the P-F bond distance is
1.565(6)A which is longer than that observed for the oxidized iminophosphino-
diazaphosphole, 18, but similar to the CpRh(2), complex 31.
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Figure 4.19

The solid-state structure of tetrakis(difluoro{2,5-dimethyl-2H-
1,2,302-diazaphosphol-4-yl }phosphine)platinum(0) (36). Non-
hydrogen atoms are represented by Gaussian ellipsoids at the 20%
probability level. Hydrogen atoms are shown with arbitrarily small
thermal parameters. Structure courtesy of Dr. R. McDonald.
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Table 4.6

Selected Interatomic Distances (A) for Tetrakis(difluoro{2,5-dimethyl-2H-1,2,362-
diazaphosphol-4-yl } phosphine)platinum(0), (36).

Atoml Atom2  Distance Atoml Atom2 Distance
Pt P1 2.237(3) N1 N2 1.380(15)
P1 F 1.565(6) N1 2 1.332)
P1 C1 1.70(2) N2 C3 1.42(2)
P2 N2 1.689(15) Cl 2 1.45(2)
P2 Cl1 1.72(2) C2 C4 1.50(2)

Table 4.7

Selected Interatomic Angles (deg) for Tetrakis(difluoro{2,5-dimethyl-2H-1,2,362-
diazaphosphol-4-yi } phosphine)platinum(0), (36).

Atoml Atom2 Atom3 AnEe Atoml Atom2 Atom3 Anﬂe

P1A Pt P1 117.1(8) P2 N2 c3 127.9(12)
p1B Pt Pl 105.1(2) N1 N2 C3 116.2(15)
Pt P1 F 116.8(2) P1 C1 P2 122.9(10)
Pt Pl C1 121.2(6) P1 C1 2 131.5(14)
F P1 F 94.4(5) P2 Cl 2 105.6(13)
F P1 Cl1 101.7(4) N1 C2 C1 119.1(15)
N2 P2 Cl 91.7(8) N1 2 C4 113.7(14)
N2 N1 C2 107.6(15) Cl C2 C4 127.1(15)
P2 N2 C2 115.9(11)




44  Metal Complexation of 4-(Bis(dimethylamino)phosphino)-z,s-dimethyl-

2H-1,2,302-diazaphosphole (3)

Unlike the difluorophosphinodiazaphosphole 2, the bis(dimethylamino)-
phosphino derivative 3 creates a more basic phosphorus centre due to the presence of
the electron-donating methyl groups of the dimethylamino substituents. This
diazaphosphole may thus behave more like alkyl and aryl phosphines than 2. An
additional point of difference between 3 and alkyl/aryl phosphines in general is the
bulky environment about the coordinating phosphorus centre. With metal complexes,
the steric bulk of the dimethylamino groups may congest the metal centre sufficiently

to make the complex more stable.

44.1 Reactions of 3 with Rhodium Complexes

Unlike the reaction of 2 with the dimeric rhodium complex [Rh(CO),Cl],,
which gave an identified product, the reaction of 3 resulted in the red complex trans-
Rh(CO)Cl1(3); (39). The complex was recrystallized from diethyl
ether/dichloromethane to obtain pale red crystals which were structurally
Characterized (vide infra). A number of trans-rhodium complexes have been obtained
with other phosphines.’® Because of the steric bulk of 3, the formation of this
complex most probably follows Path B in Scheme 4.8, wherein the rhodium dimer is
broken first, rather than path A.

The 31P(1H) NMR spectrum of 39 (Figure 4.20) revealed a second order
“triplet” for both phosphorus centres. This "triplet” is the combination of both the
two-bond and four-bond 62P-04P coupling constant. For this type of spectrum, only
the value of [Jax +Jx| can be obtained unless sufficient differences can be
extracted from the line patterns inside and outside the major doublet, which in this
case is not possible.%* The chemical shift of the exo-phosphorus was shifted by 16
ppm downfield to 103.34 ppm while the chemical shift of the 62P was relatively
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Scheme 4.8  Proposed mechanism for the formation of trans-[Rh(CO)CI(L),] from
the reaction of [Rh(CO),Cl]; and a tertiary phosphine.

constant with the value of |2Jg2pgep +4Jg2pgep’| being S1 Hz. The observed one-
bond phosphorus-rhodium coupling was 143 Hz, which is within the range frequently
observed for Jpgy, in these complexes.? The carbonyl frequency in the infrared
spectrum was observed at 1978 cm-1, which is comparable to other rhodium carbonyl
chloride alkyl and aryl phosphines listed in Table 4.7.

The solid-state structure of 39 (Figures 4.21 and 4.22) showed a square planar
rhodium metal centre wherein both diazaphosphole ligands lie rans to each other, as

one would anticipate with such bulky phosphines. One interesting feature of the
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Figure4.20 The 31P (IH}NMR (161.977 MHz) spectrum of ((bis(bis-
{dimethylamino} {2,5-dimethyl-2H-1,2,362-diazaphosphol-4-

yl}phosphine) rhodium(I) complex (39) in CDCl3.
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Table 4.8

Infrared Data (Carbonyl) for trans-[RhCI(CO)(L),] Complexes.

v(CO)

Compound (em)) Ref.
39 1978 This work
PPhy 1980 61
P(p-MeCgHy)3 1965 62
PMe; 1965 63
PBuj 1923 64
P(2-pyridyl)Ph, 1978, 1964 65
P(CgF5)Phy 1996 66
P(CgFs),Ph ' 1982 66
P(CgFs)3 2004 66
P(OMe); 2014 67
P(OPh), 2018 68

structure is that the diazaphosphole rings are aligned in almost a stacking fashion so
that a mirror plane may exist through the Cl-Rh-CO plane. Because of this
symmetrical feature, two isomers of the complex were found. These isomers only
differ in the exchange of the chlorides and the carbon monoxide ligands. One of the
isomers is more predominant than the other (75:25). A similar observation was made
with the dimethylphenylphosphine analogue,’® where the phenyl rings lay on the
same side of the rhodium complex and were orientated towards the carbonyl group. It
was rationalized that the orientaion of the phenyl rings was due to an electronic
interaction between these rings and the carbonyl moiety. A similar effect may be

operational here. In the complex 39, the diazaphosphole rings are oriented



perpendicular to the P(1)-Rh-CO-CI-P(2) plane of the molecule and parallel to the
CO-Rh-Cl axis and so they are parallel wo each other. Once again, the phosphole rings
are planar, and the angles about the 62P centres, C(11)-P(12)-N(13) and CR_D-P(22)-
N(23), are 89.1(3)8° and 88.9(4)°, repectively. The phosphorus-rhodium distance is
2.33A, which is comparable to that of the Rh-P bond length (2.326A) in the
Rh(CO),CI(PPh3) complex.”! The average P-N bond distances of the exo-
phosphorus centre and the dimethylamino groups is 1.683A. This distance is shorter
than the normally accepted distance of 1.77A, which suggests some multiple bonding
charateristics in the P-N bond. The dimethylamino nitrogen atoms are planar, with
the sum of the angles about the nitrogen centres being 360°. The bond distances and
bond angles of the diazaphosphole ring are tantamount to those observed for the

rhodium and platinum complexes of the difluoro derivative.
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Table 4.9

Selected Interatomic Distances (A) for trans-Chlorocarbonyl(bis(bis-
(dimethylamino} {2,5-dimethyl-2H-1,2,362-diazaphosphol-4-y1} phosphine))-

rhodium(l), (39).

Atoml Atom2  Distance Atoml  Atom2 Distance
Rh cl1 2.395(4)2 Nl11 C15 1.455(8)
Rh C12 2.46(2)® N11 C16 1.455(8)
Rh P11 2.333(2) N12 C17 1.462(8)
Rh P21 2.326(2) N12 C18 1.455(8)
Rh C1 1.777(13)a N13 N14 1.350(7)
Rh c2 L.77(1)b N13 Cl4 1.434(8)
P11 N11 1.695(5) N14 C12 1.344(8)
P11 N12 1.683(6) N21 C25 1.455(8)
P11 Ci1 1.784(7) N21 C26 1.480(8)
P12 N13 1.678(6) N22 Cc27 1.457(8)
P12 Cl1 1.704(7) N22 C28 1.468(9)
P21 N21 1.686(6) N23 N24 1.356(9)
P21 N22 1.668(6) N23 C24 1.473(8)
P21 21 1.795(7) N24 C22 1.325(9)
P22 N23 1.679(7) C11 C12 1.40909)
P22 C21 1.712(7) C12 C13 1.495(9)
01 C1 1.132)2 1 Cc22 1.413(10)
02 Cc2 1.12(1)b C22 C23 1.499(9)

a) Major (75%) isomer.
b) Minor (25%) isomer.



Table 4.10

Selected Interatomic Angles (deg) for trans-Chlorocarbonyl(bis(bis dimethylamino }-

(2,5-dimethyl-2H-1,2,362-diazaphosphol-4-yl } phosphine))rhodium(), (39).

Atoml Atom2 Atom3 Angle Atoml Atom2 Atom3 Anﬁle

clu Rh P11  86.71(102 N21 P21 N22 108.93)
Cl1 Rh P21  87.18(10 N21 P21 C21 101.5(3)
cl1 Rh C1 173.6(42  N22 P21 C21 106.2(3)
cR Rh PIl  929(7)® N23 P22 C21 8894
cR Rh P21 92 7(7b P11 N11 CIS 124.4(5)
Cc2 Rh C1 172.441)d P11 N11 Cl6 115.5(5)
P11 Rh P21 17333@8) CIS N11 Cl6 112.6(6)
P11 Rh Cl  93.6(4) P11l N12 C17  120.0(5)
P11 Rh C2  88.14)p P11 NI12 C18  120.1(5
P21 Rh Cl 9214 C17 N12 C18  112.56)
P21 Rh C2  859(12* P21 N21 C25 114.8(5)
Rh P11 N1l  117.4Q2) P21 N21 C26 123.0(5)
Rh P11 NI12 11L.7Q2) C25 N21 C26 111.5(6)
Rh P11 Cll  110.7Q2) P21 N22 C27  123.2(6)
N11 P11 N12 109.4(3) P21 N22 C28  120.6(5)
N1l P11 Cll  103.83) Cc27 N22 C28  112.4(6)
N12 P11 Cll  102.5(3) Rh Cl1 o1 175.9(13)2
N13 P12 Cill1  89.1(3) Rh (o0 02  177.9(44)b
Rh P21 N21  117.5Q2) P11 Cl1 P12  122.9(4)
Rh P21 N22 11202 P21 C21 P22  126.0(4)
Rh P21 C21 109.7(2)

a) Major (75%) isomer.
b) Minor (25%) isomer.
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4.4.2 Reactions of 3 with Palladium and Platinum Precursors

The reaction of 3 with M(cod)Cl (M = Pd, Pt) resulted in the simple
displacement of the cyclooctadienyl group to give M(3)2Cly (M = Pd (40), Pt (41)).
In both cases, the 3!P{1H} NMR spectrum showed the same pattern of the
deceptively simple second order "triplet” that was observed with the rhodium
compiex 39. For the palladium complex 40, the chemical shift for the exo-
phosphorus occurred at 86.94 ppm with the 62P resonance at 249.63 ppm. The major
splitting, | 2J62pg4p + 4Jg2pgep’, Was 51 Hz. For the platinum comlex 41, the signals
were observed at 248.88 ppm and 80.59 ppm for the 62P and the exo-phosphorus,
respectively. The value of |2Jg2patp + 4Iczp,,4p'| was 57 Hz. The one-bond
phosphorus-platinum coupling constant in these cases was much smaller than
observed in the platinum complexes with 2 (1Jpp, = 2918 Hz). The 195Pt NMR
spectrum gave a chemical shift of 179.04 ppm.

The reaction of 3 with Pt(cod)CIMe produced the cis-Pt(3)2C1Me complex
(42) unlike that obtained for the reaction with 2. The 31P{1H} NMR spectrum
showed only one signal for the exo-phosphorus centre (75.21.ppm,
|25 52poap + 4T g2pgep’| = 53 Hz). Both exo-phosphorus centres are equivalent so the
complex formed must be the trans isomer. Had the cis isomer been formed as was
observed with 2, the two !Jpp values would be different due to the trans-influence,
and a similar pattern to that observed in the complex 38-b would result. The 195Pt
spectrum showed an A;D,MX3 spin system. The platinum is coupled to both
phosphorus atoms (1Jpp, = 3554 Hz, 3Jpp, = 50 Hz) as well as to the protons of the
methyl group (2Jgp, = 83 Hz), which gives rise to a splitting pattern of a triplet of
triplets of quartets (Figure 4.23).
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Figure 4.23 The 195Pt NMR (21.40 MHz) spectrum of Pt(3),MeCl (42) in CDCl;.



45  Metal Complexation of 4-((2,2,2-Trifluoroethoxy)phosphino)-2,5-

dimethy!-2H-1,2,362-diazaphosphole (11)

Placing alkoxy groups on the exo-phosphorus centre creates a phosphorus
atom which is more basic than it is in 2. It is also less basic than the amino
derivatives such as 3 though the centre is not as bulky. The nucleophilic character of
alkyl phosphites has been used to reduce metal centres.”> The electron-withdrawing
2,2,2-trifluoroethoxy group on the exo-phosphorus atom also inhibits the Arbuzov
reaction by providing a phosphorus centre which is not as nucleophilic as an alkyl
phosphite.

As was observed in the case of 3, the reaction of 11 with [Rh(CO),Cl],
resulted in the formation of the ans-[Rh(CO)CI(11),] complex (43). The 31P(1lH)
NMR spectrum of this compound was second order, showing a spectrum consisting of
two deceptively similar simple “triplets”, as was observed with complexes derived
from 3. Surprisingly, chemical shift of the exo-phosphorus signal was only reduced
by 8 ppm (159.78 ppm) upon complexation whereas the signal for the 62P centre
experienced a greater shift downfield of 14.5 ppm (251.88 ppm). The major spacing
for|2Jg2pap + 4Ig2pgep’| Was 52 Hz. The Lpgy, coupling constant was 187 Hz.

The fluorine NMR spectrum of 43 showed a single resonance at -74.50 ppm
for the fluorines of the trifluoroethoxy group, which was unchanged from that of the
uncomplexed phosphinodiazaphosphole 11. Unlike the parent diazaphosphole 11,
however, coupling to either the 62P centre or the protons was not resolved. This
observation was consistent with the proton specti'um where only two broadened
resonances were seen for the diastereotopic protons (4.353 ppm and 4.585 ppm).
Even at higher magnetic fields, the coupling to other nuclei remained unresolved.

The 31C{1H} NMR spectrum of 43 showed an upfield shift for the resonance
for the carbon at the 4-position of the ring which was coupled to both phosphorus
centres (135.26 ppm, Jgopc = 84 Hz, Ugspe = 42 Hz). The carbon at the 5-position
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of the ring showed only coupling to the exo-phosphorus centre (155.57 ppm, 2 4pc
10 Hz). The resonance for the trifluoromethyl carbon showed coupling to the exo-
phosphorus (122.19 ppm, 3Jgepc =9 Hz, Ucp = 277 Hz). Coupling to only the
fluorines was observed in the methylene carbon signals (64.83 ppm, 2Jcp = 39 Hz)
but the coupling to the phosphorus was unresolved.

The infrared spectrum of 43 showed the carbon monoxide stretching
frequency at 2010 cm-l. Comparing the v(CO) stretching frequency of the rhodium
carbonyl complex 43 with similar trans-rhodium carbonyl chlorine complexes listed
in Table 4.7 suggests that the x-bonding characteristics are similar to this of the
phosphites P(OMe); (2014 cm-!) and P(OPh)3 (2018 cm-!). There was a slight shift
in the P-O stretching frequency (1165 cm-1) on coordination.

The palladium and platinum complexes (M(11),Cl5] (44: M = Pd; 45: M = Pt)
were synthesized from the their respective M(cod)Cl; precursors. The palladium
complex 44 showed an AA'XX' spin system in the 31P(1H} NMR spectrum. The
signal for the two-coordinate phosphorus centre was found at 256.43 ppm, further
deshielded than it was in the rhodium complex 43. As for the exo-phosphorus centre,
it was shifted upfield by 37 ppm to 131.16 ppm. The value for the
|2Yg2pgep + 4T g2pgap’| Was 51 Hz for 4.

The platinum analogue 45 did not show any second order behaviour in the
phosphorus NMR spectrum. Similar to the palladium complex 44, a downfield shift
for the resonance of the 62P unit (256.78 ppm) was observed while the signal for the
exo-phosphorus was even further shifted upfield (104.37 ppm). Relative to the parent
diazaphosphole 11, there was an increase in the two-bond phosphorus-phosphorus
coupling from 25 Hz to 58 Hz. The electron-withdrawing ability of the
trifluoroethoxy parallels that of the difluoro analogue 2 in that the value of the Jgqppy
coupling was also large (4811 Hz).
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4.6  Metal Complexation of Oxidized 4-(Phosphorano)-2,5-dimethyl-

2H-1,2,362diazaphospholes

The unoxidized phosphinodiazaphospholes have a large bite angle induced by
the rigid structure of the P-C-P backbone and as such are reluctant to form chelates.
The larger bite angle of the chalcogen derivatives of the phosphoranodiazaphospholes
offers the opportunity to form a chelate complex with a single metal. The imino
group afforded by azide oxidation of the exo-phosphorus offers a more versatile
functionality on the exo-phosphorus atom because it is possible to change the
substituent carried on the nitrogen of this imine centre. This alteration allows for the
"fine-tuning” of the Lewis basicity of the nitrogen, and as a consequence affects its

coordination capacity towards transition metals.

Me Me
Me—N Me=N_
- -
\ \
= PX, P “PX,

\ / 1 I

E

MLn ws”

Figure 4.25  Possible metallacycles formed using the phosphino- and
phosphoranodiazaphospholes.

4.6.1 Metal Complexation of 4-(bis(dimethylamino)phosphorano)-2,5-
dimethyl-2H-1,2,302diazaphospholes
The oxidized species, 4-(bis(dimethylamino)thiophosphorano)-2,5-dimethyl-
2H-1,2,302-diazaphosphole, 21, and (bis(dimethylamino)selenophosphorano)-2,5-
dimethyl-2H-1,2,302-diazaphosphole, 22, were reacted with a number of metal
complexes such as Cr(CO)s(THF). Unfortunately there was no clear evidence in the
31P{1H) NMR of the formation of a monodentate complex, coordinating either

through the two-coordinate phosphoprus atom or the nitrogen of the imino group.
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The reaction of Mo(cht)(CO)3 with 21 did show the formation of a complex in

the 3IP(1H} NMR spectrum. The spectrum showed an upfield shift for the signal for
the 62P (224.67 ppm) as well as a dowfield shift for the 6*P resonance (113.21 ppm)
with a decrease in the two-bond phosphorus-phosphorus coupling constant (82 Hz).
These observations imply the formation of a tripodal chelate using the endocyclic
phosphorus atom and the nitrogens of the amino groups. The
phosphoranodiazaphosphole would then occupy one face of the octahedral
molybdenum metal centre in a fac orientation as shown in Figure 4.25. The definitive
structure of this complex could not be established and proper formulation awaits

further work.

Me-N\/ Xy Me

%

Figure 4.25  Possible structure for the reaction of 21 with Mo(cht)(CO);.

4.6.2 Iminophosphorano Metal Complexes

Isoelectronic with R3PO, the iminophosphorano compounds form stable
complexes with Lewis acid metal halides. While phosphine oxides form donor-
acceptor complexes (C), the anionic iminophosphoranes form complexes wherein any

short distance between the metal and nitrogen is interpreted as a double bond (D).
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Though the metal-nitrogen-phosphorus linkage is generally linear, a number
of complexes with smaller bond angles are known.”> The bending of the M-N-P
moiety is described by the contribution of the resonance structures shown in Figure

4.26.

© ® e . .
M=N M=N_ ® M—N
R R
R R R R

Figure4.26  Resonance structures of the iminophosphorano metal complexes with

a non-linear M-N-P moiety.

The infrared spectra of the iminophosphorane metal complexes have a
characteristic absorption ~1100 cm-l, which is assigned as the antisymmetric
stretching vibration of the M-N-P group. The corresponding symmetrical stretch
generally lies below 600 cm-!, but this has only been reliably assigned for a few
examples. The linear linkages tend to have the largest difference between the two
stretching  frequencies. For example, the complex
[MoCl,(NPPh3)(pyridine)]-CH,Cl,,’# shows two stretching frequencies at 1130 cm-!
and 560 cm-l, which corresponds to a difference of 570 cm-1 and in this case the
Mo-N-P bond angle is 177°. In the case of [Re(NO)(NPPh3)Cl3(OPPh3)],’S the
difference of the two stretching frequencies is 390 cm'! and the Re-N-P bond angle is
139°.
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The employment of the wrimethyisilyliminophosphorano derivative of 3 with

metal chlorides provides a means for the formation of a metal-nitrogen sigma bond.

The reaction of 23 with Cp*TiCl; at elevated temperatures in acetonitrile resulted in

formation of the iminophosphorano titanium complex 46 (Scheme 4.9).

P P(NMe2), Gl T
| Ci Cl
NSiMe3
24
/ Me
Me~- N\ NMe
= NMe;
MeCN/A
(-Me3SiCl) N Tiﬁ'cél
—ﬁ
46

Schemed4.9  Synthesis of the titanium complex 46.

The 3!1P(IH)} NMR spectrum shows a shift to a lower field for the resonance
for the two-coordinate phosphorus centre (260.87 ppm) and a shift of 34 ppm to 40.87
ppm downfield for the iminophosphorane centre signal. The Jpp had increased to 84
Hz. The carbon signal for the methyl groups of the trimethylsilyl moiety (3.56 ppm
for 21) disappears from the 13C{1H) NMR, as the result of the loss of trimethylsilyl
chloride and provides evidence for the formation of the titanium-nitrogen sigma bond.

The infrared spectrum shows a strong absorption at 1091 cm-! due to the
antisymmetric stretch of the P-N-Ti group. For a comparison, other Ti-N-P linkages



show asymmetric stretching frequencies ranging from 986 cm-! for
CpTiCl(NPMe3)’ to 1110 cm-! for [PhoP(NSiMe3), I Ti(NPNSiMe3).”’

The crystallization of the complex 46 from acetonitrile provided x-ray quality
crystals. From the solid-state structure shown in Figure 4.28, the N2-P1-CS angle of
the diazaphosphole ring is 89.3°, which is similar to those shown in other structures
reported in this thesis. One important feature of the structure is the angle of 161.(5)°
for the Ti-N-P linkage. This angle is comparable to others listed in Table 4.11. The
bonding description of phosphiniminate complexes with an end-on arrangement is
shown in Figure 4.28. An angle of 180° for M-N-P is expected in this case. One
reason for the deviation from 180° may be the steric effects about the titanium metal
centre which arise from the pentamethylcyclopentadienyl ring and the two
dimethylamino groups on the exo-phosphorus centre. The Ti-N distance is shorter
than the sum of the single-bond covalent radii, hence the phosphiniminate is probably
a three-clectron donor. The P=N distance is slightly shorter than the other titanium
complexes in Table 4.11. The shortening of this bond length may be a consequence
of continued conjugation through to the diazaphosphole ring, hence an increase in the
2Jpp value. The P-N distance of the exo-phosphorus atom and the dimethylamino
groups is also shortened considerably (1.649A), also showing multiple bonding

character.

N

dz2 — N=——PR,

Figure4.27  End-on titanium-nitrogen multiple bonding in a phosphiniminate.
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Table 4.11

Structural Data for Iminophosphorano Complexes of Titanium.

Complex ZTiN=P Ti-N(A) N=P(A) Reference

46 161.3(5° 1.781(6) 1.669(6) This work
CpTiCl,(NPPh3) 17479°  L78(1)  1.56(1) 78
CpTiCl,(NPPhyNS(O)Me3) 158.7(1° 1.764Q2) 1.595(2) 79
[PhoP(NSiMe3,]Ti(NPNSiMe3)  170.3(7)°  1.7929) 1.561(9) W
Cp*TiF5(NPPh;) 152.74°  1.809(6) 1.567(6) 80
1,2-CoH,(PhyPNTIF,Cp*), 150.43)°  1.806(5) 1.562(5) 80
TiCl3INPPh;NPPhoN(SiMes);l  177.52)° L7213)  162.3(3) 81
Cp*TiCl,(NPPh,NHSiMe3) 164909)° 1.781(3) 1.581(3) 81
CpTiCl,(NPMe3) 170.72°  1.746(3) 1.586(3) 76
TiCl,(NPPhy); 166.6(2°  1.790(3) 1.568(3) 82
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Figure 4.28

Perspective view of the [(115-CsMes) TiCla(N=P(NMe;),)-
(2,5-dimethyl-2H-1,2,3 02-diazaphosphol-4-yl)] (46) showing the

atom labelling scheme. Non-hydrogen atoms are represented by
Gaussian ellipsoids at the 20% probability level. Hydrogen atoms
have been omitted. Structure courtesy of Dr. R. McDonald.



Table 4.12

Selected Interatomic Distances (A) for [(n5-C5Me5)TiC12(N=P(NMe2)2)-

(2,5-dimethyl-2H-1,2,362-diazaphosphol-4-yl)], (46).

Atoml
Ti
Ti
Ti
Ti
Ti
Ti
Ti
Ti
P1
P1

NI I

38

N3
N2

Atom2 Distance

cui
C12
N1
C20
c21
C22
C23
C24
N2
Cs
N1
Nl11
N12

N3
C4
Ccé

2.306(3)
2.314(3)
1.781(6)
2.368(8)
2.436(7)
2.448(8)
2.382(9)
2.347(9)
1.669(6)
1.721(7)
1.592(6)
1.651(7)
1.645(7)
1.778(7)
1.363(9)
1.330(10)
1.464(9)

Atoml

N11
N11
N12
N12
C4

C4

C20
C20
C20
C21
C21
C22
C22
Cc23
C23
C24

Atom2 Distance

C11
C12
C13
Cil4
Cs

7

c21
C24
C2s
C22
C26
C23
C27
C24
C28
C29

1.472(11)
1.457(13)
1.473(12)
1.450(11)
1.411(10)
1.507(12)
1.446(11)
1.432(11)
1.488(12)
1.400(11)
1.487(11)
1.428(12)
1.479(12)
1.387(12)
1.498(13)
1.506(12)
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Table 4.13

Selected Interatomic Angles (deg) for [(75-CsMes)TiCla(N=P(NMe,),)-
(2,5-dimethyl-2H-1,2,3 62-diazaphosphol-4-yl)] (46).

Atoml Atom2 Atom3 Angle Atoml Awom2 Awom AnEle

Cl1 Ti C12 102.71(12) N2 N3 C4 108.5(6)
Cl1 Ti N1 103.7(3) P2 N11 Cll 116.5(6)
C12 Ti N1 101.7(2) P2 N11 Cl2 11947
N2 P1 Cs 89.3(3) Cl11 N11 Cl2  112.9(8)
N1 P2 CS 107.1(3) P2 N12 Ci13  118.1(6)
N1 P2 N11 116.6(4) P2 N12 Cl4 12457
N1 P2 N12 110.6(4) C13 N12 Cl4  112.7(8)
Cs P2 N11  108.44) N3 C4 Cs 116.1(7)
Cs P2 N12 112.2(4) N3 C4 c7 117.4(7)
Nl11 P2 N12 102.0(4) cs C4 c7 126.4(7)
Ti N1 P2 161.3(5) P1 Cs P2 118.4(4)
P1 N2 N3 117.1(5) P1 Cs C4 108.9(5)
P1 N2 cé6 127.2(6) P2 Cs C4 132.1(6)
N3 N2 C6 115.7(6)
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46 Summary

The 4-phosphinodiazaphosphole systems showed quite a varied coordination
chemistry related to the effects of the different substitutents on the exo-phosphorus
centre. The chromium pentacarbonyl complexes of the phosphinodiazaphosphole 2
showed that this ligand has similar & acceptor abilities to that of the phosphorus
trihalides, PF3 and PCl3. The replacement of either two or three CO ligands gave the
cis-Mo(CQ)4(2); and the fac-Mo(CO)3(2)3, respectively. The replacement of one of
the PPh3 groups in the complex CpRu(PPh3),Cl gave the asymmetric ruthenium
complex CpRu(PPh3)(2)C1 where the fluorine atoms were diastereotopic. Unlike the
reactions involving PF3, the carbon monoxide ligands of (Rh(CO),Cl], could not be
replaced nor could the Rh-Cl bridge be cleaved by ligand 2. The compound 2,
however, readily substituted the CO ligands in the monomeric rhodium complex
CpRh(CO),. The 3IP{!H} NMR spectrum of this complex gave a complex second
order splitting pattern for the exo-phosphorus centre. A very large one-bond
phosphorus-rhodium coupling constant value of 305 Hz was observed. The initial
reaction of 2 with the dimeric complex [Cp*RhCl,], resulted in the complex
Cp*Rh(2)Cl,. Over a period of time, another complex was formed where the cyclic-
phosphorus centre was coordinated to the rhodium centre. In the case of either
Pd(cod)Cl; or Pt(cod)CIMe, the reduced metal complexes M(2), (M = Pd, Pt) were
isolated. The initial product of the reaction of 2 with Pt(cod)CIMe gave the
disubstitued complex Pt(2),CIMe. The 31P{!H} NMR spectrum for Pt(2),CIMe
showed a resonance for each of the exo-phosphorus centres with different values for
the one-bond phosphorus-platinum coupling constant. This observation is attributed
to the rrans-influence of the methyl and the chloride substituents in the square-planar
platinum metal centre.

The bis(dimethylamino)phosphino derivative 3 formed the trans-complex
Rh(3)2(CO)Cl upon reaction with [Rh(CO),Cl]5. The steric bulk about the
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exo-phosphorus centre with 3 resulted in the formation of the trans-Pt(3),CIMe
complex even though cis complexes tend to be the preferred isomeric structure for
monodentate phosphines, which may be due to steric factors. The metal
complexation chemistry of the trifluoroethoxy derivative 11 gave complexes of
rhodium, palladium and platinum which were generally similar to those of typical
monodentate phosphines.

The metal complexation reactions of the phosphoranodiazaphospholes were
not as successful as the reactions of their unoxidized counterparts. The reason for this
difficulty is the inability of the 2P centre to chelate to metal centres to form five-
membered metallacycles. The trimethylsilyliminophosphorano derivative reacted to
give the iminatophosphorano titanum complex 47. This reaction demonstrates the
potential of using the elimination of trimethylsilyl chloride to form metal-nitrogen

sigma bonds.
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CHAPTER §
EXPERIMENTAL

All experimental manipulations were performed under an atmosphere of dry
argon using standard Schlenk techniques. The deuterated solvents, CDCl3 and
CD2Cly, were distilled over P7Os and stored over molecular sieves under argon before
use. All other solvents were dried according to Appendix A.3.

Nuclear magnetic resonance spectra were recorded on Bruker WH-200,
WH-300, WH-400, and Varian Unity 500 spectrometers using as the reference the
deuterium signal of the solvent employed (respective operating frequencies: 1H =
200.133 and 400.135 MHz, 13C = 50.323, 75.469, and 100.614 MHz, 31p =
81.015, 161.977, and 202.392 MHz, 19F = 188.313, 376.503, and 470.304 MHz,
77Se = 76.312 MHz, 195Pt = 85.629 MHz. External standards used were SiMeg (C
and H), 85% H3PO4, CECl3, MeaSe. The 103Rh and 195Pt chemical shifts are
reported as absolute frequencies () at 3.16 MHz! and 21.40 MHz,? respectively.
CDCl3 and CD;Cl; were used as both solvent and the internal lock. Positive shifts lie
downfield in all cases. NMR spectra were simulated using the Briiker software
Parameter Adjustment in NMR by Interation Calculation (PANIC). Chemical
ionization (CI) spectra were recorded using ammonia at 16 eV on an AEI MS50
spectrometer. Low-resolution mass spectra (electron impact, EI) were recorded at 16
or 70 eV on an AEI MS50 spectrometer. Positive ion fast atom bombardment mass
spectra (FAB-MS) were obtained by using Xe fast atoms on a customized AEI MS9
spectrometer.

Infrared spectra were recorded as CH,Cl, casts on KBr cells using a Nicolet
7199 Infrared Spectrometer or obtained as solution samples held between KBr (0.05
mm) on a Nicolet MX-1 FT IR Spectrometer. Elemental analyses were performed by

201



the Microanalytical Services Laboratory at the University of Alberta. Melting points
were determined on samples in sealed melting point capillaries and are uncorrected.
Crystal structure determinations were carried out by Dr. R. McDonald at the Structure
Determination Lab, Department of Chemistry, University of Alberta.

The following materials were obtained commercially and used as received
unless otherwise indicated: ters-butylamine (Mallinckrodt, distilled over KOH),
chloroplatinic acid hexahydrate (Strem), chromium hexacarbonyl (Aldrich), 15-crown-
5 (Aldrich), dicyclopentadiene (Terochem), N,N -dimethylaminotrimethylsilane
(Petrarch), diethylamine (Aldrich, distilled over KOH), 2,5-dimethylpyrazole
(Aldrich), dipropylamine (T.J. Baker, distilled over KOH), diisopropylamine (Aldrich,
distilled over KOH), p-fluorophenol (Aldrich), methy! hydrazine (Aldrich),
molybdenum hexacarbonyl (Strem), palladium chloride (Strem), phenol (Aldrich),
pentafluorophenol (Aldrich), pentafluorobenzyl alcohol (Aldrich), phosphorus
trichloride (Aldrich), platinum chloride (Strem), potassium tetrachloroplatinate (Strem),
pyrazole (Aldrich), sodium fluoride (Fisher), sodium azide (Fisher),
pentafluorobenzonitrile (Aldrich), pentamethycyclopentadienyl-titanium trichloride
(Strem), rhodium(IIl) chloride (Aldrich), ruthenium(Ill) chloride hydrate (BDH),
selenium (Aldrich), sulfur (Aldrich), p-toluidine (T.J. Baker, sublimed), 2,4,6-tri-tert-
butylanaline (Aldrich), trimethylsilyl azide (Lancaster), 2,2,2-trifluoroethanol (Alpha,
distilled over 4A molecular sieves), triphenylphosphine (Aldrich), tungten
hexacarbonyl (Aldrich). The ligands and metal complexes that were used as starting
materials are listed in Table 5.1 along with the reference for their preparation.
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Table 5.1

Starting Materials Prepared
Comwd Reference
Mo(nbd)(CO)4 3
Pentamethyicyclopentadiene 4
Pd(PhCN)2Cl 5
Pd(cod)Cl3 6
Pd,(dba);:CHCl; 7
[Pd(PEt3)Cl2]2 8
Pt(PhCN),Cly 5
Pt(cod)Cl» 6
Pt(cod)CIMe 9
[Pr(PEt3)Cl2]2 10,11
[Rh(coe)Cl]2 12
[Cp*RhCl>]; 13
[Rh(cod)Cl]2 14
[Rh(CO)Cl]2 15
CpRu(PPh3),Cl 16

TICp 17




5.1 Ligand Synthesis

Synthesis of 4-(Dichlorophosphino)-2,5-dimethyl-2H-1,2,352-
diazaphosphole, (1).

Acetone methylhydrazone (50 mL) was added over a period of 45 minutes to a
500 mL round bottom flask containing a large excess of phosphorus trichloride (250
mL) at -60°C under argon. After the addition, the solution was allowed to warm
slowly to room temperature (22°C) and then the mixture was refluxed for a period of
two days. The reaction mixture was then stored at -40°C for a period of two days. The
solution was filtered under argon and excess phosphorus trichloride removed in vacuo.
The chlorinated phosphole was obtained by distillation under argon as a colourless to
pale yellow liquid. Compound 1 was again filtered under argon to remove any of the
hydrogen chloride adduct which had crystallized. The yield of 4-(dichlorophosphino)-
2,5-dimethyl-2H-1,2,362-diazaphosphole (1) ranged from 66.4 g to 83.6 g (50% to
63%). B.P. =90-95°C @ 2 torr. NMR Data (CDCl3) 31P(H}: P(c62): § 248.51 (d,
2Jpp 79 Hz), P(c3): § 158.14 (d, 2Jpp 79 Hz).

Synthesis of 4-(Difluorophosphino)-2,5-dimethyl-2H-1,2,362-
diazaphosphole, (2).

To a suspension of NaF (11.80 g, 0.281 mol), with 5 drops of 15-crown-5, in
50 mL of acetonitrile, 4-(dichlorophosphino)-2,5-dimethyl-2H-1,2,352-
diazaphosphole, 1, (10.0 mL, 70.5 mmol) was added via syringe at room temperature
(22°C). The suspension was refluxed for 24 hours. The solution was filtered through
Celite and the Celite was washed with (2 x 5§ mL) of acetonitrile. The fluorinated
phosphole was obtained by distillation under argon as a colourless liquid. The yield of
4-(difluorophosphino)-2,5-dimethyl-2H-2H-1,2,362-diazaphosphole (2) was 9.84 g
(76.7%). The compound was stored at -40°C. B.P, = 172°C @ 720 torr. Formula



Weight: 182.05 g/mol. Anal, for C4HgF2N2P3: C, 26.39; H, 3.32; N, 15.39 %.
Found: C, 26.09; H, 3.30; N, 15.46%. MS (CL m/z): 183 (M+1, 100%). IR Daia
(neat, cm-1): v(P-F) 805 (s), 780 (s). NMR Data (CDCl3): 31P(1H}: P(62): § 255.03
(dt, 2Jpp 81 Hz, 3Jpg =30 Hz), P(63): § 208.84 (dt, 2Jpp 81 Hz, Lpg 1169 Hz). H:
C-CH3 8 2.50 (s), N-CHj § 4.00 (d, 3q2py 8.2 Hz). !3C(!H}: C-CH; 8 14.79 (d,
3Ipc 17 Hz), N-CHj 8 41.51 (d, U g2pc 19 Hz), P-C-P § 135.17 (d, Upe 35 Hz), N-
C-CHj3 § 157.21 (dd, 2Jg2pc 5 Hz, 2Jg3pc 18 Hz). 19F: 5 -89.33 (dd, U z3pp 1169
Hz, 3J52pg 34 Hz).

Synthesis of 4-(Bis(dimethylamino)phosphino)-2,5-dimethyl-2H-
1,2,362.diazaphosphole, (3).

A solution of N,N-dimethylaminotrimethylsilane (23.0 mL, 0.144 mol) in 25
mL of dichloromethane was added dropwise to a solution of 1 (10.0 mL, 70.5 mmol)
in 75 mL of dichloromethane at 0°C. After the addition, the solution was allowed to
warm up to room temperature (22°C) and stirred for 24 hours during this time the
solution became light yellow. The solvent and excess N,N-
dimethylaminotrimethylsilane were removed in vacuo, leaving a light yellow liquid.
The phosphole was distilled at 93-96°C @ 0.6 torr and and remained light yellow. The
yield of 3 was 13.88 g (84.8%). Formula Weight: 232.20 g/mol. Anal, for
CgH18N4P2: C, 41.38; H, 7.81; N, 24.13%. Found: C, 41.25; H, 7.36; N, 24.21%.
MS (CL m/2): 233 (M+1, 100%). IR Data (neat, cm-1): v(P-N) 713 (s), 656 (s), v(N-
C) 969 (s), 950 (s). NMR Data (CDCl3): 31P(1H}: P(62): § 243.23 (d, 2Jpp 33 Hz),
P(c3): 8 86.88 (d, 2Jpp 33 Hz). 1H: C-CH3 § 2.10 (s), P(62)-N-CH3 & 3.80 (d,
3 42py 7.2 Hz), P(63)-N-CHj 8 2.55 (d, 3Jg3py 9.8 Hz). 13C{1H}: C-CH;3 6 14.24
(d, 3Jpc 4 Hz), P(62)-N-CH, 8 40.54 (s), P-C-P § 150.95 (dd, 1352pc 54 Hz, W g3pc
9.Hz), N-C-CHj3 8 155.68 (dd, 2J42pc 7 Hz, 243pc 19 Hz), P(63)-N-CH, 8 40.65
(d, 2J43pc 17 Hz).
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Synthesis of 4-(Bis(diethylamino)phosphino)-2,5-dimethyl-2H-1,2,302-
diazaphosphole, (4).

A solution of 1 (10.0 mL, 70.5 mmol) in 100 mL of ether was added dropwise
to a solution of diethylamine (32.0 mL, 309.3 mmol) in 250 mL of ether at 0°C, during
this time the precipitate of EtpNH-HC] was immediately observed. The solution was
stirred for one day after slowly be allowed to warm up to room temperature (22°C).
The solvent and excess diethylamine were removed in vacuo, leaving a yellow liquid.
The phosphole was distilled at 125-128°C @ 0.06 torr and and remained yellow. The
yield of 4 was 15.53 g (76.4%). EFormula Weight: 288.31 g/mol. Anal. for
C12H26N4P2: C, 49.99; H, 9.09; N, 19.43%. Found: C, 49.82; H, 9.03; N, 19.60%.
MS (CL. m/z): 289 (M+1, 100%). IR Data (neat, cmr-l): u(P-N) 717 (s), 663 (s), O(N-
©) 1013 (s), 967 (s). NMR Data (CDCl3): 31P{1H}: P(02): § 242.54 (d, 2Jpp 29 Hz),
P(53): 5 77.94 (d, 2Jpp 29 Hz). 'H: C-CHj § 2.27 (s), P(62)-N-CH3 5 3.90 (d,
3Jg2py 6.9 Hz), N-CHy-CH3 8 3.02 (dt, 3J43py 6.9 Hz, 3Jyy 6.9 Hz), N-CH,-CH;
80.97 (t, 3y 6.9 Hz). 13C(1H}: C-CH; § 14.68 (d, 3Jpc 5 Hz), P(02)-N-CH3 &
40.64 (d, 2J52pc 18 Hz), P-C-P 5 153.09 (dd, Ug2pc 54 Hz, 1 43pc 12 Hz), N-C-
CHj3 § 156.05 (dd, 2J42pc 9 Hz, 2J43pc 24 Hz), P(03)-*: -QHZ;CH3 54245 (d,
2 43pc 23 Hz), P(63)-N-CH,-CH3 5 14.39 (s).

Synthesis of 4-(Bis(dipropylamino)phosphino)-2,5-dimethyl-2H-
1,2,302-diazaphosphole, (5).

A solution of 1 (10.0 mL, 70.5 mmol) in 100 mL of ether was added dropwise
to a solution of diethylamine (20.0 mL, 146 mmol) and triethylamine (10.7 mL, 148
mmol) in 250 mL of ether at 0°C. During the addition, a precipitate of EtsN-HCl was
immediately observed. After the addition, the solution was allowed to warm up to

room temperature (22°C) and stirred for 1 day. The solvent and excess dipropylamine



were removed in vacuo, leaving an orange liquid. The phosphole was distilled at 149-
155°C @ 0.06 torr and remained orange in colour. The yield of § was 17.60 g (725
%)- Eormula Weight: 344.42 g/mol. Anal. for C)gH34N4P>: C, 55.80; H, 9.95; N,
16.27%. Found: C, 55.76; H, 9.96; N, 16.38%. MS (CL m/z): 345 (M+1, 100%).
IR Data (neat, cm-1): v(P-N) 716 (s), 557 (s), u(N-C) 1019 (s), 971 (s). NMR Data
(CDCl3) 31P{1H}: P(02): § 241.53 (d, 2Jpp 23 Hz), P(c3): § 78.99 (d, 2]pp 23 Ha2).
H: C-CHj3 5 2.28 (s), P(02)-N-CHj3 & 3.93 (d, 3J42py 6.8 Hz), N-CH,-CHj3 § 3.02
(dd, 3J43py 9.6 Hz, 3Jgy 7.0 Hz), N-CH,-CH,-CHj 8 1.17 (dt, 3Jyy 6.9 Hz, un
6.8 Hz), N-CH,-CH2-CHj3 8 0.97 (1, 3Jy 6.8 Hz). 13C{1H): C-CHj3 § 14.39 (s),
P(02)-N-CH; 8 40.55 (d, 2J52pc 17 Hz), P-C-P 8 152.69 (dd, 42pc 55 Hz, Us3pe
9 Hz), N-C-CHj3 8 156.05 (dd, 2J52pc 9 Hz, 2Jg3pc 24 Hz), P(63)-N-CH,-CH; &
42.45 (d, 243pc 22 Hz), P(63)-N-CH,-CHj § 14.39 (s).

Synthesis of 4-(Chloro(diisopropylamino)phosphino)-2,5-dimethyl-2H-
1,2,302-diazaphosphole, (6).

A solution of 1 (10.0 mL, 70.5 mmol) in 100 mL of ether was added dropwise
to a solution of diisopropylamine (32.0 mL, 309 mmol) in 250 mL of ether at 0°C.
During the addition, a precipitate of iPr,NH-HC] was immediately observed. After the
addition, the solution was allowed to warm up to room temperature (22°C) and stirred
for 1 day. The solvent and excess diisopropylamine were removed in vacuo, leaving a
light yellow solid. The phosphole was recrystallized from hexane and stored at -25°C
for 1 day to produce a colourless crystalline material. The phosphole was also
sublimed at 80-85°C @ 1.0 torr. The yield of 6 was 15.06 g (76.4 %). Formula
Weight: 279.69 g/mol. Anal. for C1gH29CIN3P2: C, 42.94; H, 7.21; Cl, 12.68; N,
15.02%. Found: C, 42.87; H, 7.29; Cl, 12.87; N, 14.77%. MS (CL. m/z): 280 (M+1,
100%). IR Data (CH5Cl, cast, cm-l): v(P-N) 692 (s), v(N-C) 1055 (s). NMR Data
(CDCly) 31P(1H): P(62): § 248.53 (d, 2Jpp 30 Hz), P(63): 5 120.40 (d, 2Jpp 30 Hz).
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'H: C-CH3 5 2.31 (dd, “Jq2py 1.4 Hz, 4J43py 1.4 Hz), P(62)-N-CH; § 3.97 (dd,
g2pg 7-6 Hz, 5J43py 0.9 Hz), N-CH-(CH3) & 3.35 (sept., 3Jgy 6.4 Hz), N-CH-
CH; 8 1.45 (d, 3Jyy 6.4 Hz). 13C{1H}: C-CH; § 14.44 (d, 3Jpc 6 Hz), P(62)-N-
CHj 5 41.24 (d, 2I52pc 18 Hz), P-C-P § 153.09 (dd, Ug2pc 54 Hz, Ug3pe 12 Hz),
N-C-CH3 8 156.05 (dd, 2y2pc 9.4 Hz, 2J43pc 24 Hz), P(03)-N-CH,-CHj § 42.45
(d, 2T3pc 23 Hz), P(63)-N-CH,-CH; § 14.39 (s).

Synthesis of 4-(Chloro(dibenzylamino)phosphino)-2,5-dimethyl-2H-
1,2,3c2.diazaphosphole, (7).

A solution of 1 (1.0 mL, 7.05 mmol) in 30 mL of ether was added dropwise to
a solution of dibenzylamine (2.8 mL, 14.6 mmol) and triethylamine (2.1 mL, 15 mmol)
in 25 mL of ether at 0°C, during this time the precipitate of Et,NH-HCl was
immediately observed. The solution was stirred for one day after slowly be allowed to
warm up to room temperature (22°C). The solvent and triethylamine were removed in
vacuo, leaving an off-white solid. The phosphole was recrystallized from hexane to
produce a light brown solid. The yield of 7 was 1.91 g (72.1%). Formula Weight:
375.78 g/mol. Anal. for C1gH20CIN3P2: C, 57.53; H, 5.36; Cl, 9.43; N, 11.18%.
Found: C, 57.42; H, 5.29; Cl, 9.72; N, 11.00%. MS (CL m/z): 376 (M+1, 100%).
IR Data (CH,Cl; cast, cm1): u(P-N) 680 (s), v(N-C) 985 (s). NMR Data (CDCl3)
31p(1H}: P(02): § 247.43 (d, 2pp 25 Hz), P(c3): § 127.48 (d, 2Jpp 25 Hz). H: C-
CH3 8 2.44 (d, 4J452py 1.8 Hz, 4143py 1.8 H2), P(q?)-N-CH;; 8 4.02 (dd, 3J42py 7.6
Hz, 5J43pg 0.9 Hz), N-CH,-CgHs 8 5.35 (m), N-CH,-CgHgs 8 7.2-8.4 (m).
13C{1H}): C-CH3 & 14.44 (d, 3Jpc 5.5 Hz), P(62)-N-CH; § 41.81 (d, 2J52pc 18 Hz),
P-C-P 8 150.73 (dd, Ug2pc 54 Hz, g3pc 36 Hz), N-C-CH3 8 155.38 (dd, 2J42pc 5
Hz, 2J43pc 25 Hz), P(63)-N-CH,-C4Hs 8 40.32 (d, 2]43pc 23 H2).
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Synthesis of 4-(Chloro(iminodibenzyl)phosphino)-2,5-dimethyl-2H-
1,2,302-diazaphosphole, (8).

A solution of 1 (1.0 mL, 7.05 mmol) in 30 mL of ether was added dropwise to
a solution of DBU (2.2 mL, 14.6 mmol) and triethylamine (2.1 mL, 15 mmol) in 25
mL of ether at 0°C. During the addition, a precipitate of Et;N-HC] was immediately
observed. After the addition, the solution was allowed to warm up to room temperature
(22°C) and stirred for 1 day. The solvent was removed in vacuo, leaving a light brown
solid. The phosphole was precipitated from hexane from a dichloromethane solution as
biege powder. The yield of 8 was 0.87 g (33.2%). Formula Weight: 373.76 g/mol.
Anal, for C1gH8CIN3P2: C, 57.84; H, 4.85; Cl, 9.40; N, 11.24%. Found: C, 57.93;
H, 4.72; Cl, 9.21; N, 11.09%. MS (CI, m/z): 374 (M+1, 62%). IR Data (CH,Cl,
cast, cm-1): u(P-N) 672 (s), v(N-C) 962 (s). NMR Data (CDCl3) 31P(1H}: P(62): &
246.51 (d, 2Jpp 6 Hz), P(03): § 118.46 (d, 2Jpp 6 Hz). H: C-CH3 & 2.40 (dd, *Jpy
1.5 Hz, 4Jpy 1.4 Hz), P(62)-N-CH3 5 3.98 (dd, 3Jpy 7.8 Hz, SJpg 0.9 Hz),
iminodibenzy alkyl H § 5.26 (m), iminodibenzy phenyl H § 7.2-8.4 (m). 13C(1H): C-
CH3 § 14.94 (s), P(62)-N-CHj3 § 41.63 (d, 2pc 17 Hz), P-C-P 8 151.07 (dd, ls2pc
53 Hz, U43pc 35 Hz), N-C-CH3 § 155.52 (dd, 2J42pc 9 Hz, 2J43pc 24 H2),
iminodibenzyl alkyl C & 34.85 (s), iminodibenzyl phenyl C: 8 131 - 1178 (s), P(63)-N-
Cd143.11 d, 2 g3pc S Ha).

Synthesis of 4-(Dipyrazolephosphino)-2,5-dimethyl-2H-1,2,302-
diazaphosphole, (9).

A solution of 1 (1.0 mL, 7.05 mmol) in 30 mL of ether was added dropwise to
a solution of pyrazole (0.9940 g, 14.6 mmol) and triethylamine (2.1 mL, 15 mmol) in
25 mL of ether at 0°C, during this time the precipitate of EtyNH-HCl was immediately

observed. The solution was stirred for one day after slowly be allowed to warm up to

room temperature (22°C). The solvent and excess triethylamine were removed in



vacuo, leaving a white solid. The yield of 9 was 1.55 g (789 %). Formula Weight:
278.19 g/mol. Anal. for C1gH2NgP2: C, 43.18; H, 4.35; N, 30.21%. Found: C,
42.62; H, 4.12; N, 27.31%. MS (CL, m/2): 279 (M+1, 100%). IR Data (CH1Cl5 cast,
cm1): u(P-N) 721 (s), 665 (s). NMR Data (CDCl3) 31P(lH): P(c2): § 243.84 (d,
2Jpp 7 Hz), P(03): § 59.18 (d, 2Jpp 7 Hz). lH: C-CH; & 2.38 (dd, 4J52pg 1.6 Hz,
4Jg3pu 1.6 Hz), P(62)-N-CH; 8 4.04 (d, 3J42py 7.7 Hz), pyrazole: P(63)-N-CH &
7.95 (dd, 3J43py 2.4 Hz, 3Jyy 2.4 Hz), P(03)-N-N-C-H 5 7.78 (, 3Jyg 1.3 Hz), N-
CH-CH 8 6.35 (dd, 3Jyy 2.4 Hz, 3Jgy 1.3 Hz). 13C(1H): C-CHj § 14.95 (d, 3Jpc
10.4 Hz), P(62)-N-CH3 8 41.03 (d, 2J42pc 18 Hz), P-C-P & 153.09 (dd, Upg2c 54
Hz, Upg3c 12 Hz), N-C-CH;3 § 156.05 (dd, 2Jpg2c 9 Hz, 2Jpg3c 24 Hz), pyrazole:
P(03)-N-CH-CH & 142.45 (d, W g3pc 31 Hz), P(03)-N-N-CH- § 135.51 (s), P(63)-N-
CH-CH 6 104.39 (s).

Synthesis of 4-(Bis(3,5-dimethylpyrazole)phosphino)-2,5-dimethyl-2H-
1,2,302-diazaphosphole, (10).

A solution of 1 (1.0 mL, 7.05 mmol) in 30 mL of ether was added dropwise to
a solution of 3,5-dimethylpyrazole (1.403 g, 14.6 mmol) and triethylamine (2.1 mL,
15 mmol) in 25 mL of ether at 0°C. During the addition, a precipitate of Et3N-HCl was
immediately observed. After the addition, the solution was allowed to warm up to
room temperature (22°C) and stirred for 1 day. The solvent and excess triethylamine
were removed in vacuo, leaving a white solid. The yield of 10 was 1.94 g (82.4 %).
Formula Weight: 334.30 g/mol. Anal, for C14H29NgP2: C, 50.30; H, 6.03; N,
25.14%. Found: C, 50.54; H, 6.30; N, 25.04%. MS (CI gv/z): 335 (M+1, 100%).
NMR Data (CDCl3) 31P(1H}: P(c2): § 242.83 (d, 2Jpp 4 Hz), P(63): § 49.28 (d, 2Jpp
4 Hz). H: C-CHj3 § 2.26 (dd, 4J42pg 1.7 Hz, 4J43pg 1.7 Hz), P(62)-N-CH; § 4.02
(d, 3Jg2py 7.5 Hz), pyrazole: P(63)-N-C-CHj 8 2.41 (s), P(03)-N-N-C-CHj3 5 2.23
(s), N-C-CH 3 5.85 (s). 13C(!H): C-CH; 8 14.68 (d, 3Jpc 5 Hz), P(62)-N-CH; &

210



40.64 (d, 2J52pc 18 Hz), P-C-P § 153.09 (dd, Upg2c 54 Hz, Upgic 12 Hz), N-C-
CHj3 § 156.05 (dd, 2J52pc 9 Hz, 2Jg3pc 24 Hz), pyrazole: P(63)-N-C-CH; § 145.63
(d, 2J53pc 33 Hz), P(63)-N-N-C-CHj 8 130.51 (s), P(03)-N-CH-CH 5 104.98 (s).

Synthesis of 4-(Bis(2,2,2-trifluoroethoxy)phosphino)-2,5-dimethyl-2H-
1,2,3c2-diazaphosphole, (11)

A solution of 1 (2.5 mL, 18 mmol) in 25 mL of ether was added dropwise to a
solution of 2,2,2-trifluoroethanol (2.6 mL, 36 mmol) and triethylamine (5.0 mL, 38
mmol) in 125 mL of ether at 0°C, during this time the precipitate of Et,NH-HC] was
immediately observed. The solution was stirred for one day after slowly be allowed to
warm up to room temperature (22°C). The solvent, excess trifluoroethanol, and
triethylamine were removed in vacuo, leaving a white solid. The phosphole was
recrystallized from hexane and stored at -10°C for 1 day. The phosphole was also
sublimed at 65-70°C @ 0.1 torr. The yield of 11 was 5.52 g (89.6 %). Formula
Weight: 342.12 g/mol. Anal, for CgHgFgN202P3: C, 28.09; H, 2.95; N, 8.19%.
Found: C, 27.40; H, 2.92; N, 8.06%. MS (EL m/z): 342 (M, 100%), 259 (M-
CH;CF3, 45%). IR Data (CHyCl; cast, cm-!): u(P-O) 1175 (s). NMR Data (CDCl3)
SIP(1H}: P(02): § 247.27 (d(broad), 2Jpp 25 Hz), P(03): 8 168.09 (ds, 2Jpp 25 Hz,
4Jpp 4 Hz). 1H: C-CH; § 2.48 (dd, 4J42py 2 Hz, 4] 43py 2 Hz), P(02)-N-CHj; 8§ 4.02
(d, 3Jg2py 7.9 Hz), P(63)-N-O-CH,CF;3 § 2.41 (m), § 2.09 (m). 13C(!H}: C-CH;3 &
14.81 (d, 343pc 6 Hz), P(62)-N-CH3 § 41.54 (d, 2J52pc 18 Hz), P-C-P § 146.44
(dd, Ug2pc 59 Hz, Jg3pe 29 Hz), N-C-CH3 § 156.73 (dd, 2] 52pc S Hz, 2143pc 23
Hz), P(03)-0-CH,-CF; 8 63.30 (dq, 2J43pc 8 Hz, 2Jgc 36 Hz), P(63)-0-CH,-CF3 §
123.49 (dq, 3143pc 6 Hz, Ugc 278 Hz). 19F: § -75.70 (ddg, 4Y43pF 4 Hz, 63 g2pE 2
Hz, 3Jgy 8 H2).



Synthesis of 4-(Bis(phenoxy)phosphino)-2,5-dimethyl-2H-1,2,352-
diazaphosphole, (12).

A solution of 1 (1.0 mL, 7.05 mmol) in 20 mL of ether was added dropwise to
a solution of phenol (0.339 g, 14.4 mmol) and triethylamine (2.1 mL, 15 mmol) in 30
mL of ether at 0°C. During the addition, a precipitate of Et;N-HCI was immediately
observed. After the addition, the solution was allowed to warm up to room temperature
(22°C) and stirred for 1 day. The solvent and excess tricthylamine were removed in
vacuo, leaving a white solid. The yield of 12 was 2.05 g (88.2%). Formula Weight:
330.26 g/mol. Anal. for C1gH)1gN202P>: C, 58.19; H, 4.88; N, 8.48%. Found: C,
58.14; H, 4.92; N, 8.56%. MS (CL. m/z): 331 (M+1, 100%). IR Data (CH,Cl, cast,
cm-l): v(P-0) 1226 (s). NMR Data (CDCly) 31P(1H}: P(62): § 247.00 (d(broad),
2Jpp 36 Hz), P(63): § 158.13 (d, 2Jpp 36 Hz). 1H: C-CHj3 6 2.51 (s (broad)), P(62)-
N-CH3 5 4.09 (d, 3J42py 8.1 Hz). 13C(!H}: C-CH;3 § 14.92 (s), P(62)-N-CH;3 §
41.51 (d, 252pc 18 Hz), P-C-P 8 146.68 (dd, Yg2pc 57 Hz, Ug3pe 27 Hz), phenyl
C: 5139 - 127 (s).

Synthesis of 4-(Bis(pentafluorophenoxy)phosphino)-2,5-dimethyl-2H-
1,2,302-.diazaphosphole, (13).

A solution of 1 (1.0 mL, 7.05 mmol) in 20 mL of ether was added dropwise to
a solution of pentafluorophenol (2.65 g, 14.4 mmol) and triethylamine (2.1 mL, 15
mmol) in 30 mL of ether at 0°C. During the addition, a precipitate of Et3N-HCl was
immediately observed. After the addition, the solution was allowed to warm up to
room temperature (22°C) and stirred for 1 day. The solvent and excess triethylamine
were removed in vacuo, leaving a white solid. The phosphole was recrystallized from
hexane and stored at -10°C for 1 day. The yield of 13 was 1.79 g (49.8%). Formula
Weight: 510.17 g/mol. Anal, for C)6HgF10N202P3: C, 37.67; H, 1.19; N, 5.49%.
Found: C, 37.24; H, 1.12; N, 5.59%. MS (CL. m/z): 511 (M+1, 100%). IR Data



(CH,Cl, cast, cm-1): v(P-O) 1195 (s). NMR Data (CDCls) 31P({1H]}: P(62): 3 248.49
(d(broad), 2Tpp 57 Hz), P(03): § 188.89 (dp, 2pp 25 Hz, 4Jpp 29 Hz). 1H: C-CH;3 &
2.65 (s (broad)), P(62)-N-CHj § 4.13 (d, 3T42pg 7.8 Hz). 13C(1H}: C-CH; § 15.19
(s), P(62)-N-CHj 8 41.78 (d, 2Jq2pc 18 Hz), P-C-P § 146.68 (dd, Jg2pc 56 Hz,
Ug3pc 27 Hz), N-C-CHy § 157.76 (dd, 2Jg2pc 4 Hz, 2Jg3pc 24 Hz), phenyl C: &
149 - 122. 19F (second order): & -75.70 (m).

Synthesis of 4-(Bis(2,6-difluorophenoxy)phosphino)-2,5-dimethyl-2H -
1,2,302.diazaphosphole, (14).

A solution of 1 (1.0 mL, 7.05 mmol) in 20 mL of ether was added dropwise to
a solution of 2,6-difluorophenol (1.87 g, 14.4 mmol) and triethylamine (2.1 mL, 15
mmol) in 30 mL of ether at 0°C, during this time the precipitate of EtNH-HC] was
immediately observed. The solution was stirred for one day after slowly be allowed to
warm up to room temperature (22°C). The solvent and excess triethylamine were
removed in vacuo, leaving a white solid. NMR Data (CDCl3) 31P{1H}: P(c2): 8
247.76 (d, 2Jpp 34 Hz), P(63): 8 167.54 (dp, 2Jpp 25 Hz, 4Jpr 27 Hz). IR Data
(CH,Cl, cast, cm-1): v(P-O) 1187 (s).

Synthesis of 4-(Bis(2-(2,3,4,5-pentafluorophenyl)ethoxy)phosphino)-
2,5-dimethyl-2H-1,2,362-diazaphosphole, (15).

A solution of 1 (1.0 mL, 7.05 mmol) in 25 mL of ether was added dropwise to
a solution of 2,3,4,5,6-pentafluorobenzyl alcohol (2.85 g, 14.4 mmol) and
triethylamine (2.1 mL, 15 mmol) in 125 mL of ether at 0°C. During the addition, a
precipitate of Et3N-HCl was immediately observed. After the addition, the solution
was allowed to warm up to room temperature (22°C) and stirred for 1 day. The solvent
and excess triethylamine were removed in vacuo, leaving a white solid. The phosphole

was recrystallized from hexane and stored at -10°C for 1 day. The yield of 1§ was
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2.90 g (76.4 %). Formula Weight: 538.22 g/mol. Anal. for C1gH10F10N202P;: C,

40.17; H, 2.87; N, 5.20%. Found: C, 39.78; H, 2.82; N, 5.32 %. MS (CIL. m/z): 539
(M+1, 100%). IR Data (CH,Cl, cast, crrl): v(P-O) 1182 (s). NMR Data (CDCls)
31p(1H}: P(62): § 246.09 (d(broad), 2Jpp 23 Hz), P(03): § 161.04 (dp, 2pp 23 Hz,
STpg 6 Hz). 1H: C-CHj 8 2.45 (d, 4Tpy 0.8 Hz), P(62)-N-CHs 8 4.04 (dd, 342pg
7.8 Hz, SJg3pg 0.5 Hz). 13C(1H}: C-CH3 3 14.68 (s), P(62)-N-CH3 § 41.42 (d,
2] 2pc 18 Hz), P-C-P § 148.02 (dd, Ug2pc 58 Hz, Ugapc 28 Hz), N-C-CH; &
156.52 (dd, 2Jz2pc 6 Hz, 2J43pc 24 Hz), phenyl C: § 149 - 122. 19F (second order):
8 -75.70 (m).



5.2 Oxidation of the 4-Phosphinodiazaphosphole.

Synthesis of 4-(Difluorothiophosphorano)-2,5-dimethyl-2H-1,2,352-
diazaphosphole, (16).

Sulfur (0.116 g, 3.6 mmol) was added to a solution of 2 (0.5 mL, 3.6 mmol)
in 10 mL of toluene and heated to reflux for 48 hours. The solvent was removed in
vacuo, leaving a yellow liquid which contained some sulfur. Diethyl ether was added
(5 mL) and the solution was filtered through Celite. The ether and excess 2 were then
removed in vacuo, leaving a light yellow oil The yield of 16 was 0.403 g (52.3%).
Formula Weight: 214.11 g/mol. Anal, for C4HgF2N2P2S: C, 22.44; H, 2.82; N,
13.08; S, 14.97%. Found: C, 22.42; H, 2.95; N, 13.09; S 14.79%. MS (EL m/z):
214 M, 29%), 182 (M-S, 100%). IR_Data (CH,Cl, cast, cm-1): v(P=S) 726 (w),
u(P-F) 853 (s), 823 (s). NMR Data (CDCl;) 31P(1H}: P(02): 8 264.25 (d, 2Jpp 112
Hz), P(c3): 8 82.47 (Ypp 112 Hz, Upg 1133 Hz). 1H: C-CHj3 & 2.39 (d, 4Jpy Ol
Hz), P(62)-N-CHj3 § 3.94 (d, 3J452pg 9 H2). 13C(1H}: C-CH3 § 14.79 (s), P(62)-N-
CH3 § 41.62 (d, 2J52pc 18 Hz), P-C-P & 137.15 (ddt, J42pc 163 Hz, Ug3pc 43 Hz,
2Jcp 24.1 Hz), N-C-CHj3 8 155.84 (d, 2J42pc 6 Hz). 19F: § -41.84 (dd, Ug3pg 1132
Hz, 3152pF 6 H2).

Synthesis of 4-(Difluoroselenophosphorano)-2,5-dimethyl-2H-1,2,302-
diazaphosphole, (17).

Selenium (0.592 g, 7.5 mmol) was added to a solution of 2 (1.00 mL, 7.2
mmol) in 15 mL of toluene and heated to reflux for 12 hours. The solution was cooled
then filtered through Celite and washed with (2 x 5 mL) toluene. The solvent was
removed in vacuo, leaving a colourless moisture-sensitive crystalline material. The

yield of 17 was 1.80 g (95.6%). Formula Weight: 261.01 g/mol. Anpal. for
CsHgF2aN2PsSe: C, 18.41; H, 2.32; N, 10.73%. Found: C, 18.02; H, 2.16; N,
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10.58%. MS (EL m/z): 262 (M, 26%), 182 (M-Se, 100%). IR Data (CH,Cl; cast,
cm-l): v(P=Se) 533 (m) v(P-F) 869 (s), 841 (s). NMR Data (CDCl3) 31P(H}: P(62):
8 265.25 (d, 2Jpp 118 Hz), P(63): & 87.65 (dt Se sat. 8%, 2Jpp 118 Hz, Upg 1177
Hz, lpg, 1021 Hz). 1H: C-CH3 § 2.43 (dd, 4J42py 0.9 Hz, 4143py 0.9 Hz), P(62)-
N-CHj3 & 4.03 (d, 3J42pg 12 Hz). 13C{!H}: C-CH; & 15.10 (s), P(62)-N-CH;3 &
41.79 (d, 2 g2pc 17 Hz), P-C-P § 140.39 (dd, Us2pc 160 Hz, Ly3pc 64 Hz), N-C-
CHj3 & 155.46 (s). 19F: §-43.03 (dd, Ja3pF 1169 Hz, 3J52pF 34 Hz).

Synthesis of 4-(difluoro{p-cyanotetrafluorophenyl}iminophosphorano)-
2,5-dimethyl-2H-1,2,362-diazaphosphole, (18).

The p-cyanotetrafluorophenyl azide (1.0 mL, 7.2 mmol) was added dropwise
with a syringe into a stirred solution containing 2 (1.0 mL, 7.2 mmol), dissolved in 15
mL of dichloromethane at -78°C (acetone/Dry Ice). The solution became yellow
coloured a few minutes after the addition. It was left to warm to room temperature
(22°C) and stirred overnight, by this time the solution was colourless. The volume was
reduced to ~5 mL and stored at -40°C overnight to produce colourless crystals. The
yield of 18 was 2.39 g (89.7%). M.P. = 123°C. Formula Weight: 370.13 g/mol.
Anal, for C11HgF¢N4P2: C, 35.70; H, 1.63; N, 15.14%. Found: C, 35.12; H, 1.68;
N, 15.28%. MS (EL m/z): 370 (M, 100%). IR Data (CH,Cl, cast, cm-1): v(P=N)
1498 (s), v(P-F) 921 (s), 896 (s), v(CN) 2241 (s). NMR Data (CDCl;) 31P{!H}:
P(02): § 265.25 (d, 2Jpp 83 Hz), P(c3): & 2.66 (dt, 2Jpp 83 Hz, lipg 1145 Hz). 1H:
C-CHj3 8 2.61 (s (broad)), P(62)-N-CH3 8 4.14 (d, 3J42pg 9 Hz). 13C(!H): C-CH;
8 15.01 (s), P(62)-N-CHj3 § 41.92 (d, 2J42pc 18 Hz), P-C-P § 125.17 (dd, Ug2pc
246 Hz, U43pc 45 Hz), N-C-CH3 5 158.21 (d, U g3pc 13 Hz). 19F: § -56.54 (dd,
Upg 1169 Hz, 3Jpg 34 Hz), m-F tfbn § 139.77 (m), o-F tfbn & -152.81 (m).



Synthesis of 4-(diftuoro(2,4,6-tri-tert-butylphenylimino}phosphorano)-
2,5-dimethyl-2H-1,2,302-diazaphosphole, (19).

A solution of diethyl azodicarboxylate (0.6 mL, 3.8 mmol) in 5 ml of THF was
added dropwise into a stirred solution containing 2 (0.5 mL, 3.6 mmol) and 2,4,6-tri-
tert-butylaniline (0.941 g, 3.6 mmol) dissolved in 10 mL of THF and maintained at
0°C. The addition took for 30 minutes. The solution was then stirred for 12 hours at
room temperature (22°C). The initial red solution formed on mixing slowly
disappeared a few hours after the addition. Formula Weight: 441.48 g/mol. MS (EL
m/z): 441 (M, 15%). NMR Data (CDCl3) 31P(1H}: P(62): § 266.38 (d, 2Jpp 96 Hz),
P(c3): 5 -40.56 (dt, 2Jpp 88 Hz, 43pp 1062 Hz). 'H: N-C-CHj 5 2.59 (s), P(62)-
N-CH3 3 4.03 (d, 3J42py 8.4 Hz), tBu CH3 & 1.39 (s). 13C(1H}: C-CH; § 15.02
(s), P(62)-N-CH3 & 41.81 (d, s2pc 17 Hz), P-C-P § 140.78 (dd, 2J52pc 159 Hz,
2J43pc 61 Hz), N-C-CH3 § 155.78 (s). 19F: § -58.41 (dd, U452pF 1079 Hz, 3J53pg
10 Hz).

Synthesis of 4-(difluoro{p-methylphenylimino}phosphorano)-2,5-
dimethyl-2H-1,2,302-diazaphosphole, (20).

A solution of diethyl azodicarboxylate (0.6 mL, 3.9 mmol) in 5 ml of THF was
slowly added dropwise(over 30 minutes) to a stirred solution containing 2 (0.5 mL,
3.6 mmol) and p-toluidine (0.386 g, 3.6 mmol) dissolved in 10 mL of THF at 0°C.
The solution was then stirred at room temperature (22°C) for 12 hours. The initial red
colour of the solution slowly lightened over a pcric;d of a few hours following the

completion of the addition. Formula Weight: 287.19 g/mol. MS (EL m/z): 287 (M,
100%). NMR Data (CDCl3) 31P{1H}: P(62): § 266.41 (d, 2Jpp 96 Hz), P(63): &
10.34 (dt, 2Jpp 96 Hz, J53pg 971 Hz). H: C-CHj3 8 2.59 (s), P(62)-N-CHj3 & 4.03
(d, 3Jpy 8.3 Hz). 13C{1H): C-CH; § 14.97 (s), P(02)-N-CH3 § 41.83 (d, 2J42pc 17
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Hz), P-C-P § 141.02 (dd, 2Jg2pc 165 Hz, 2J43pc 60 Hz), N-C-CHj § 156.12 (s).
19F: § -58.41 (d (broad), pg 971 Hz).

Synthesis of 4-(Bis(Dimethylamino)thiophosphorano)-2,5-dimethyl-2H-
1,2,362-diazaphosphole, (21).

Sulfur (0.154 g, 4.8 mmol) was added to a solution of 3 (1.0 mL, 4.8 mmol)
in 10 mL of toluene and heated to reflux for 48 hours. The solvent was removed in
vacuo, leaving a yellow liquid which contained some sulfur. Diethyl ether was added
(5 mL) and the solution was filtered through Celite. The ether was then removed in
vacuo. The yield of 22 was 1.14 g (89.5%). M.P. = 135-138°C. Formula Weight:
264.26 g/mol. Anal, for CgHgN4P2S: C, 36.36; H, 6.87; N, 21.20; S, 12.13%.
Found: C, 36.42; H, 6.95; N, 21.09; S 11.79%. MS (EL m/z): 264 (M, 80%). IR
Data (CH,Clj cast, cm-1): v(P=S) 723 (w), v(P-N) 735 (s), 715 (s). NMR Data
(CDCl3) 31P(H): P(62): § 255.12 (d, 2Jpp 76 Hz), P(c3): 3 70.83 (2Jpp 76 Hz). lH:
C-CHj3 8 2.51 (dd, 4Jpy 1.5 Hz, 4J52py 0.5 Hz), P(62)-N-CHj3 8 3.95 (d, 3J52pg 7.7
Hz). 13C{1H): C-CHj3 & 14.95 (s), P(62)-N-CH3 & 41.49 (d, 2J42pc 17 Hz), P-C-P
3 141.21 (dd, 2J52pc 123 Hz, 2J43pc 47 Hz), P(63)-N-CH; 8 40.29 (d, 2J43pc 5
Hz).

Synthesis of 4-(Bis(Dimethylamino)selenophosphorano)-2,5-dimethyl-
2H-1,2,3c2.diazaphosphole, (22).

Selenium (0.381 g, 4.8 mmol) was added to a solution of 2 (1.0 mL, 4.8
mmol) in 10 mL of toluene and heated to reflux for 12 hours. The solution was cooled
then filtered through Celite and washed with (2 x 5 mL) toluene. The solvent was
removed in vacuo, to leave an off-white, moisture sensitive crystalline material. The
phosphole was recrystallized from toluene. The yield of 23 was 1.47 g (96.7%).
Formula Weight: 311.16 g/mol. Anal, for CgH18N4P2Se: C, 30.88; H, 5.83; N,
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18.01%. Found: C, 31.02; H, 590; N, 17.78%. M.P. = 148-150°C. IR Data
(CH,Cl, cast, cm-1): u(P=Se) 542 (m), v(P-N) 716 (s), 692 (s). MS (CI, m/z): 313
(M+1, 100%). NMR Data (CDCl3) 31P(1H}: P(62): 5 257.19 (d, 2Jpp 84 Hz), P(c3):
5 66.63 (dt Se sat. 8%, 2Jpp 84 Hz, Upg, 751 Hz). 'H: C-CH; § 2.64 (dd, 4Jpg 1.1
Hz, 4Jpg 1.1 Hz), P(62)-N-CHj3 & 3.95 (d, 3J52pg 7.9 Hz). 13C{!H}: C-CH3 §
15.60 (s), P(62)-N-CH3 8 41.21 (d, 2J52pc 18 Hz), P-C-P § 147.16 (dd, 2Jg2pc 157
Hz, 2J43pc 43 Hz), P(63)-N-CH; 8 40.54 (d, 2J43pc S Hz). 77Se: § -245.04 (dd,
3 42pF 41 Hz, Ugipg 751 Hz).

Synthesis of 4-(Bis(Dimethylamino)(trimethylsilylimino)phosphorano)-
2,5-dimethyl-2H-1,2,302-diazaphosphole, (23).

Trimethylsilyl azide (1.3 mL, 10 mmol) was added to a solution of 2 (0.5 mL,
4.8 mmol) in 10 mL of acetonitrile and heated to reflux for 24 hours. The solution was
cooled and the volatiles were removed in vacuo, to leave an light amber oil. Formula
Weight: 319.40 g/mol. MS (EL m/z): 319 M, 37%). IR Data (CH,Cl, cast, cm1):
v(P=N) 1492 (s), v(P-N) 851 (s), 816 (s). NMR Data (CDCl3) 31P(1H}: P(c2): §
253.50 (d, 2Jpp 68 Hz), P(c3): 5 8.10 (d, 2Jpp 68 Hz). H: C-CHj3 § 2.41 (s), P(62)-
N-CH3 6 3.88 (d, 3Jpy 7.4 Hz), Si-CH3 8 0.12 (s). 13C{!H}: C-CH3 § 15.05 (s),
P(62)-N-CHj3 & 40.75 (d, 2J42pc 18 Hz), P-C-P & 143.60 (dd, 2J42pc 155 Hz,
2J53pc 49 Hz), P(63)-N-CH3 5 40.27 (d, 243pc 7 H2).

Synthesis of 4-(Bis(Dimethylamino)(p-cyanotetrafluorophenylimino)-
phosphorano)-2,5-dimethyl-2H-1,2,302-diazaphosphole, (24).

The p-cyanotetrafluorophenyl azide (0.7 mL, 4.8 mmol) was added dropwise
with a syringe into a stirred solution containing 3 (0.5 mL, 4.8 mmol), dissolved in 15
mL of dichloromethane at -78°C (acetone/Dry Ice). The solution became yellow in

colour a few minutes after the addition. It was left to warm to room temperature (22°C)
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and stirred overnight; by this time the solution was colourless. The solvent was
removed in vacuo, to leave an off-white, moisture sensitive crystalline material. The
yield of 24 was 1.51 g (75.3%). Eormula Weight: 420.29 g/mol. Anal, for
C1sH18F4NgP2: C, 42.87; H, 4.32; N, 20.00%. Found: C, 42.67; H, 4.25; N,
20.09%. ML.P. = 152°C (dec.). MS (EIL_m/z): 420 (M, 100%). IR Data (CH,Cl,
cast, cm-l): v(P=N) 1377 (s), v(P-N) 862 (s), 828 (s), V(CN) 2237 (s). NMR Data
(CDCl3) 31P{1H}: P(62): § 257.29 (d, 2Jpp 65 Hz), P(c3): § 64.81 (d, 2Jpp 65 Hz.
IH: C-CH3 8 2.42 (s), P(62)-N-CH3 & 3.97 (d, 3Jg2py 7.9 Hz). 13C{!H}: C-CH3 §
15.95 (s), P(62)-N-CHj3 8 41.24 (d, 2142pc 18 Hz), P-C-P 8 134.03 (dd, 2 52pc 147
Hz, 2 43pc 52 Hz), P(63)-N-CH3 8 40.78 (d, 2J43pc 5 Hz). 19F (second order): m-F
tfbn 8 139.77, o-F tfbn 3 -152.81.

Synthesis of 4-(Bis(2,2,2-trifluoroethoxy)selenophosphorano)-2,5-
dimethyl-2H-1,2,362-diazaphosphole, (25).

Selenium (0.205 g, 2.6 mmol) was added to a solution of 11 (0.135 g, 2.5
mmol) in 10 mL of toluene which was then heated to reflux for 12 hours. The solution
was cooled then filtered through Celite and washed with (2 x 5 mL) toluene. The
solvent was removed in vacuo, leaving an off-white, moisture sensitive crystalline
material. The product was recrystallized from toluene. The yield of 25 was 1.03 g
(98.2%). Formula Weight: 421.08 g/mol. Anal, for CgHj0FsN202P2Se: C, 22.82;
H, 2.39; N, 6.65%. Found: C, 22.51; H, 2.45; N, 6.62%. M.P. = 132-134°C. MS
(ElL_m/z): 422 M, 100%). IR Data (CH,Cl, cast, cm1): v(P=Se) 542 (m). NMR
Data (CDCl3) 31P(1H}: P(62): § 259.01 (d, 2Jpp 108 Hz), P(c3): 5 87.81 (d Se sat.
8%, 2Ipp 108 Hz, lJpg, 893 Hz). !H: C-CH3 & 2.48 (s), P(62)-N-CHj3 8 3.96 (d,
3Jpy 8.4 Hz), P(63)-N-O-CH,CF3 § 2.39 (m). 13C{!H): C-CHj3 & 14.77 (s), P(62)-
N-CH3 8 41.38 (d, 2Jpc 18 Hz), P-C-P § 142.17 (dd, 2Jg2pc 144 Hz, 243pc 43
Hz), P(63)-O-CH,-CF;3 8 65.68 (dq, 2J43pc 6 Hz, 2Jgc 36 Hz), P(63)-0-CH,-CF3 8
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123.89 (dq, 3Tg3pc 6 Hz, Upc 278 Hz). 19F: §-75.20 (t, 3y 8 Hz). 77Se: &

-249.61 (dd, 3J52pg 30 Hz, 11 3pf 893 Hz).

Synthesis of 4-(Bis(2,2,2-trifluoroethoxy)(p-cyanotetrafiuoro-
phenylimino)phosphorano)-2,5-dimethyl-2H-1,2,302-diazaphosphole,
(26).

The p-cyanotetrafluorophenyl azide (0.4 mL, 2.5 mmol) was added dropwise
with a syringe into a stirred solution containing 11 (0.141 mL, 2.5 mmol), dissolved in
15 mL of dichloromethane. The solution was maintained at -78°C (acetone/Dry Ice).
The solution became yellow a few minutes after the addition. It was left to warm to
room temperature (22°C) and stirred overnight, by this time the solution was
colourless. The solvent was removed in vacuo, leaving an off-white crystalline
material. The phosphole was recrystallized from toluene. The yield of 26 was 1.09 g
(82.3%). Formula Weight: 530.20 g/mol. Apal. for CysH;oF19N4O2P2: C, 33.98; H,
1.90; N, 10.57%. Found: C, 33.62; H, 1.79; N, 10.55%. M.P. = 122°C. MS (EL
m/z): 530 (M, 31%). IR Data (CH,Cl, cast, cm-1): v(P=N) 1489 (s), v(CN) 2235
(m). NMR Data (CDCl3) 31P(1H}: P(62): § 260.12 (d, 2Jpp 84 Hz), P(c3): § 11.95
(d, 2Jpp 84 Hz). 'H: C-CHj3 § 2.48 (s), P(62)-N-CHj3 8 4.01 (d, 3J42py 8.6 Hz).
I3C({1H}): C-CH3 & 14.98 (s), P(62)-N-CH3 § 41.45 (d, 2J52pc 18 Hz), P-C-P §
128.79 (dd, 2J52pc 139 Hz, 2J43pc 53 Hz), P(63)-0-CH,-CF;3 8 66.08 (dq, 2J43pc 5
Hz, 2Jgc 36 Hz), P(03)-0-CH,-CF3 § 124.21 (q, Ugc 278 Hz). 19F: § -75.43 (,
3Jrx 8 Hz), m-F tfbn 8 139.77, o-F tfbn § -152.81.



§.3 Metal Complexation

Synthesis of Cr(CO0)s(2), (27).

A Schilenk flask containing a solution of Cr(CO)¢ (0.475 g, 2.2 mmol) in 100
mL of THF in an ice bath was photolyzed (450-Watt mercury lamp) for 1.5 hours
(monitored by IR). The phosphole (2) (0.30 mL, 2.2 mmol) was then added by
syringe and the solution was stirred overnight at room temperature (22°C). The
solution gradually changed colour from orange to greenish-yellow. The solvent was
removed in vacuo, to leave a greenish-yellow solid. The solid was dissolved in 10 mL
of diethyl ether and filtered through Celite. The resultant bright yellow solution was
concentrated to ~1 mL and stored at -40°C for 24 hours, to give yellow crystals. The
yield of 25 was 0.58 g (70 %). M.P. = 52-55°C. Formula Weight: 374.10 g/mol.
Anal, for C9HgCrF2N202P3: C, 28.90; H, 1.62; N, 7.49%. Found: C, 28.99; H,
1.87; N, 7.75%. IR Data: (CHCl; cast, cm-1): v(CO): 2079 (m), 1938 (vs). MS
(FAB, m/z): 374 (M, 100%). NMR Data (CDCl;) 31P(1H}: P(62): § 257.18 (dt
(broad), 2Jpp 120 Hz, 3Jpg 1122 Hz), P(03): § 249.76 (dt, 2Jpp 120 Hz, lJpg 1122
Hz). H: C-CHj  2.57 (s), P(62)-N-CHj 8 4.05 (d, 3J42py 8.3 Hz). 13C(1H): C-
CH3 8 15.48 (s), P(62)-N-CH3 8 41.76 (d, 2J52pc 18.6 Hz), P-C-P & 150.56 (dd,
1I52pc 12 Hz, g3pc 6 Hz), N-C-CHj3 8 155.29 (s), CO § 204.50 (s), CO & 208.41
(d, 2Jpc 40 Hz). 19F: § -39.78 (dd, Upg 1137 Hz, 3Jpg 17 H2).

Attempted Synthesis of Mo(CO)s(2).

A Schienk flask containing a solution of Mo(CO)g (0.190 g, 0.72 mmol) in 100
mL of THF in an ice bath was photolyzed (450-Watt mercury lamp) for 2 hours
(monitored by IR). The phosphole (2) (0.10 mL, 0.72 mmol) was added by syringe
and the solution was stirred overnight at room temperature (22°C). The solution

gradually changed colour from yellow to pale brown. The solvent was removed in
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vacuo, to leave a light brown solid. The 31P(1H} NMR spectrum did not shown the

formation of the desired complex.

Synthesis of cis-Mo(CO0)4(2),, (28).

A solution of the phosphole, (2) (0.50 mL, 3.60 mmol) in 10 mL of
dichloromethane was added dropwise at room temperature to a solution of
Mo(nbd)(CO)4 (0.540 g, 1.80 mmol) in 15 mL of dichloromethane and stirred for 12
hours at room temperature (22°C). The solution was concentrated to ~5 mL and
hexane was added until the solution became slightly turbid. The solution was stored at
-40°C overnight to give an off-white powder. The yield of 28 was 0.686 g (66.7%).
M.P. = 78-80°C (dec.). Formula Weight: 572.08 g/mol. Anal. for
C12H12F4MoN4O4P4: C, 25.19; H, 2.11; N, 9.79 %. Found: C, 25.00; H, 1.97; N,
9.72%. MS (FAB. m/fz): 572 (M, 25%). IR Data: (CH2Cl2 solution, cm"!): v(CO):
2056 (m), 1974 (m), 1952 (vs). NMR Data (CDCl3) 31P{1H}: P(62): § 259.74
(second order), P(03): § 216.59 ((second order), Lpg 1091 Hz). !H: C-CH3 & 2.57
(s), P(62)-N-CH3 8 4.05 (d, 3J52py 8.3 Hz). 13C{!H): C-CHj3 8 15.51 (s), P(62)-N-
CH3 8 41.75 (d, 2Jg2pc 17 Hz), P-C-P § 151.34 (dd, Ug2pc 12 Hz, g3pc 6 Hz),
N-C-CHj3 6 154.32 (s), CO & 208.32 (s), CO & 212.35 (d, 2Jpc 35 Hz). 19F: § -41.52
(dd, Upg 1091 Hz, 3Jpg 4 Hz).

Synthesis of fac-Mo(CO)3(2)3, (29).

A solution of Mo(CO)g (0.50 mL, 3.60 mmol) in 25 mL of acetonitrile was
refluxed for a period of 24 hours, during this time the solution turned yellow. A
solution of the phosphole, (2), (1.7 mL, 12.2 mmol) in 5 mL of acetonitrile was added
dropwise at room temperature (22°C) to the Mo(MeCN)3(CO)3 solution which was
then stirred for 12 hours at room temperature. The solution was concentrated to ~2 mL
and the solution was stored at -25°C for two days to give pale yellow needles. The



yield of 29 was 1.11 g (45.2%). M.P. = 123°C (dec.). Formula Weight: 726.12
g/mol. Anal, for C)sHi1gFsMoNgO3Ps: C, 24.81; H, 2.50; N, 11.57%. Found: C,
24.75; H, 2.55; N, 11.62%. MS_(FAB. m/2): 726 (M, 15%). IR Data: (CH>Cl,
solution, cm-1): v(CO): 2011 (s), 1945 (s). NMR Data (CDCly) 31P{IH}: P(c2): §
255.10 (second order), P(63): § 224.60 (second order). 1H: C-CHj3 8 2.57 (s), P(62)-
N-CHj 5 4.05 (d, 3J52pg 8.3 Hz). 13C{!H): C-CHj3 § 15.48 (s), P(62)-N-CH;3 §
41.67 (d, 2J42pc 19 Hz), P-C-P § 150.92 (dd, Ug2pc 11 Hz, Ug3pc 6 Hz), N-C-
CHj3 6 153.68 (s), CO & 201.36 (s), CO & 209.65 (d, 2Jp43c 37 Hz). 19F (second
order): § -42.92 .

Attempted Synthesis of W(CO)s(2).

A Schlenk flask containing a solution of W(CO)s (0.190 g, 0.72 mmol) in 100
mL of THF in an ice bath was photolyzed (450-Watt Hg mercury lamp) for 2 hours
(monitored by IR). The phosphole (2) (0.10 mL, 0.72 mmol) was added by syringe
and the solution was stirred overnight at room temperature (22°C). The solution
gradually changed colour from yellow to pale brown. The solvent was removed in
vacuo, to leave a light brown solid. The solid was dissolved in 10 mL of diethyl ether
and filtered through Celite and washed with an additional 10 mL of ether. The solution
was concentrated to ~1 mL and stored at -40°C for 24 hours to give bright yellow
crystals.

Synthesis of CpRu(PPh,)(2)Cl, (30).

To a solution of CpRu(PPh3)2Cl (0.523 g, 0.72 mmol) in 25 mL of benzene,
the phosphole, 2 (0.1 mL, 0.72 mmol) was added via syringe. The solution was
heated to reflux for 24 hours. The solution was cooled and the solvent was removed in
vacuo to leave an orange oily material. The oil was washed with hot hexanes.

Recrystallization from diethyl ether/dichloromethane yielded orange crystals. The yield



of 30 was 0.357 g (76.7%). M.P. = 112°C. Formula Weight: 645.96 g/mol. Anpal.
for C27H26C1IF2N2P3Ru: C, 50.20; H, 4.06; Cl 5.46; N, 4.34%. Found: C, 50.15; H,
4.02; C15.60; N, 4.37%. MS (FAB. m/2): 646 (M, 17.8%), 611 (M-Cl, 31.5%), 429
(M-Cl1-2, 100%). IR Data: (CH;Cl; cast, cm-l): v(P-F): 843 (s), 792 (s). NMR Data
(CDCl3) 31P{1H}: P(02): 5 258.90 (ddd, 2Jpp 116 Hz, 3Jpg 19 Hz, 3Jpg 15 Ha),
P(03): 8 216.59 (dddd, 2Jpp 116 Hz, Upg 1131 Hz, Upp 1057 Hz, 2Jppy, 74 Hz),
PPh3: & 48.16 (dd, 2Jppy; 74 Hz, 3Jpp 7 Hz). H: C-CHj 8 2.52 (s), P(6?)-N-CHj3 &
3.97 (d, 3J42py 8.0 Hz), Cp & 4.70 (s), phenyl H & 7.3-7.6 (m). 13C(1H)}: C-CH; §
15.49 (s), P(c2)-N-CHj3 8 44.88 (d, 2J42pc 17 Hz), P-C-P 8 138.32 (d, 42pc 345
Hz), N-C-CH3 8 154.36 (s). 19F: F;: § -27.55 (ddd, 2Jgp 30 Hz, U43pg 1057 Hz,
3Ig2pF 19 Hz2), Fp: 8 -42.92 (dddd, 2Jgp 30 Hz, Ug3pg 1131 Hz, 3152pg 15 Hz,
3Jepphy 7 H).

Synthesis of CpRh(2),, (31).

To a solution of [Rh(CO)2Cl]2 (0.11g, 0.29 mmol) in 10 mL of hexanes, TICp
(0.19 g, 0.73 mmol) was added. The solution was heated to reflux overnight then
filtered through Celite. The Celite was washed with 2.5 mL of hexanes and the
phosphole, (2), ( 0.1 mL, 0.72 mmol) was added by syringe to the solution of
CpRh(CO)2 and the mixture was stirred at room temperature (22°C) for 4 hours. The
solution was then reduced to half its volume and stored at -40°C for 24 hours, giving
orange crystals which were suitable for x-ray diffration. A second crop was obtained
by reducing the volume of hexanes and storing the concentrated solution at -40°C. The
yield of 31 was 0.262 g (68.3%). MLP. =93-94°C. Formula Weight: 532.10 g/mol.
Anal. for C13H17F4N4P4Rh: C, 29.34; H, 3.22; N, 10.53 %. Found: C, 29.36; H,
2.86; N, 10.13 %. MS (FAB. m/z): 532 (M, 100%), 350 (M-2, 85%), 168 (CpRh,
66%). IR Data: (CH2Cl; cast, cmr-l): v(P-F): 835 (s), 786 (s). NMR Data (CDCl3)
31p(1H} (second order): P(62): § 259.9 (d(broad), 2Jpp ~116 Hz), P(a3): 5 188.5
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(second order, 2Jpp ~116 Hz, lpg 1114 Hz, lJpgy, 356 Hz). 'H: C-CH3 5 2.48 (s),
P(62)-N-CHj 8 3.97 (d, 3Jg2py 8 Hz), Cp 8 5.32 (s). 13C(H}: C-CH; & 15.49 (s),
P(62)-N-CHj § 44.88 (d, 252pc 17 Hz), P-C-P § 138.35 (d, Uq2pc 35 Hz), N-C-
CH; 5 154.48 (s). 19F (second order): 3 -36.13 (Jggy 19 Hz, Upg 1114 Hz). 103Rh:
3 -1278 ppm.

Attempted synthesis of [Rh(2),Cl],.

A solution of the phosphole, (2), (0.1 mL, 0.72 mmol) in 10 mL of
dichloromethane was added dropwise at room temperature (22°C) to a solution of
[Rh(CO)2Cl]2 (0.140 g, 0.36 mmol) in 15 mL of dichloromethane and stirred for 4
hours during which a red precipitate formed. The 31P{IH} NMR spectrum did not
indicate that the desired product had formed.

Synthesis of Cp*RhCl,(2), (32).

A solution of the phosphole, (2), (0.1 mL, 0.72 mmol) in 10 mL of
dichloromethane was added dropwise at room temperature to a solution of
[Cp*RhCl2]; (0.167 g, 0.36 mmol) in 15 mL of dichloromethane and stirred for 4
hours The solution was reduced to ~3 mL and 10 mL of hexanes was added. The
solution was stored overnight at room temperature (22°C). During this time reddish-
orange crystals formed. The yield of 32 was 0.277 g (78.3%). M.P. = 135-140°C
(dec.). Formula Weight: 491.09 g/fmol. Apal. for C14H21CloFaN42PaRh: C, 34.24; H,
4.31; Cl, 14.44, N, 5.70%. Found: C, 33.99; H, 4.20; Cl, 15.20, N, 5.82%. M S
(FAB. m/z): 491 (M+1, 5%). IR Data: (CH2Cl; cast, cm-l): v(P-F): 756 (s), 786 (s).
NMR Data (CDCl3) 31P(H}): P(62): 5 259.9 (d, 2Jpp 102 Hz), P(c3): 5 188.5 (ddt,
2Jpp 102 Hz, Ug3pg 1170 Hz, Uy3pgy, 216 Hz). 1H: C-CHj & 2.48 (s), P(62)-N-
CHj3 3 3.97 (d, 3J42py 8 Hz), C5-(CH3)s 8 1.95 (s). 13C(!H}: C-CH; & 15.49 (s),
P(02)-N-CH3 5 44.88 (d, 2J52pc 17 Hz), P-C-P § 148.35 (d, 1J42pc 35 Hz), N-C-



CHj3 8 156.70 (s), Cs-(CHz)s 8 102.42 (d, Ucgy, 4 Hz) C5-(CHz)s 8 9.72 (s). I9F: §
-36.13 (2Jggy, 19 Hz, Ugspg 1173 Hz)

Synthesis of trans-Pt(2),Cl,, (33).

A solution of the phosphole, (2), (0.10 mL, 0.72 mmol) in 10 mL of
dichloromethane was added dropwise at room temperature (22°C) to a solution of
Pt(cod)Cl3 (1.35 g, 0.36 mmol) in 15 mL of dichloromethane and stirred for 4 hours.
The solution was concentrated to ~5 mL and hexane was added until the solution
became slightly turbid. The solution was stored at -40°C overnight to give an off-white
powder. The yield of 33 was 0.196 g (86.3%). M.P. = 129°C (dec.). Eormula
Weight: 630.09 g/mol. Anal. for CgH}2ClaF4N4P4Pt: C, 15.25; H, 1.92; CI 11.25;
N, 8.89%. Found: C, 15.11; H, 1.96; C1 11.50; N, 8.81%. MS (FAB. m/z): 630 (M,
7%). IR _Data: (CH2Cl2 cast, cm-1): v(P-F): 852 (s), 793 (s). NMR Data (CDCly)
31P(1H): P(02): § 271.21 (d, 2Jpp 150 Hz), P(63): § 159.29 (dt, Pt sat., 2Jpp 150 Hz,
Ug3pr 1125 Hz, Jpp, 5064 Hz). 'H: C-CHj § 2.48 (s), P(62)-N-CH3 § 3.96 (d,
3g2pu 8 Hz). 13C{1H}: C-CH3 & 15.49 (s), P(62)-N-CH; 5 44.92 (d, 2] g2pc 17
Hz), P-C-P & 148.63 (d, J52pc 34.7 Hz), N-C-CH; & 155.01 (s). 19F:§ -36.13
(Jgpy 190 Hz, Ug3pg 1130 Hz).

Synthesis of cis-Pd(2),Cl,, (34) and Pd(2),, (35).

A solution of the phosphole, (2), (0.2 mL, 1.8 mmol) in 10 mL of
dichloromethane was added dropwise at room temperature (22°C) to a solution of
Pd(cod)Cl> (0.257 g, 0.90 mmol) in 15 mL of dichloromethane and stirred for 4 hours.
NMR Data (CDCl3) 31P(1H}: Pd(0): P(62): § 258.90 (d, 2Jpp 116 Hz), P(c3): &
144.33 (dt (broad), 2Jpp 116 Hz, J43pg 1131 Hz); Pd(I): P(02): § 267.88 (d, 2Jpp
158 Hz), P(03): § 144.33 (dt (broad), 2Jpp 158 Hz, 1 43pp 1184 Hz).



Synthesis of Pd(2)4, (35).

To a solution of Pd(dba); (0.137 g, 0.15 mmol) in 15 mL of dichloromethane,
a solution of the phosphole, (2), (0.1 mL, 0.72 mmol) in 10 mL of dichloromethane
was added dropwise at room temperature (22°C) and stirred for 4 hours. The solution
was concentrated to ~5 mL and hexane was added until the solution became slightly
turbid. The solution was stored at -40°C ovemight to give a maroon powder. The
yleld of 36 was 0.116 g (92.7%). M.P, = 115°C (dec.). Formula Weight: 834.60
g/mol. Anal, for Cy6H24FgNsPgPd: C, 23.03; H, 2.90; N, 13.43%. Found: C, 23.23:
H, 2.95; N, 13.42%. MS (FAB. m/z): 838 (M, 4%). IR Data: (CH2Cl; cast, cm-1):
v(P-F): 833 (s), 778 (s). NMR Data (CDCl3) 31P(!H}: P(c?): § 257.88 (d, 2Jpp 118
Hz), P(63): § 144.33 (dt (broad), 2Jpp 116 Hz, U3pp 1129 Hz). H: C-CH; 5 2.48
(s), P(6%-N-CHj3 8 3.97 (d, 3J52py 8.0 Hz). 13C(1H}: C-CHj § 15.46 (s), P(02)-N-
CH3 6 44.88 (d, 2J52pc 18.6 Hz), P-C-P & 146.96 (d, J42pc 37 Hz), N-C-CH3 §
155.84 (s). 19F: 5 -36.42 (2 g2pF 15 Hz, g3pp 1130 Hz).

Synthesis of Pt(2)4, (36).

To a solution of Pt(cod)CiMe (0.127 g 0.36 mmol) in 15 mL of
dichloromethane, a solution of the phosphole, (2), (0.1 mL, 0.72 mmol) in 10 mL of
dichloromethane was added dropwise at room temperature (22°C) and stirred for 4
hours. The solution was concentrated to ~5 mL and hexane was added until the
solution became slightly turbid. The solution was stored at -40°C overnight to yield
orange crystals. The yield of 36 was 0.208 g (62.7%). M.P, = 136°C . Formula
Weight: 923.29 g/mol. Anal, for C;sH24FgNgPgPt: C, 20.81; H, 2.62; N, 12.14%,
Found: C, 20.65; H, 2.68; N, 12.26%. MS (FAB. m/z): 924 (M+1, 25%). IR Data:
(CH2Cl; cast, cml): v(P-F): 832 (s), 771 (s). NMR Data (CDCl3) 31P(1H}: P(62): §
267.88 (d, 2Ipp 158 Hz), P(03): § 144.33 (dt (broad), 2Jpp 158 Hz, Jpg 1184 Hz).
H: C-CHj § 2.47 (s), P(62)-N-CH3 5 3.9 (d, 3Jy2py 8.0 Hz). 13C(1H)}: C-CH; &



15.49 (s), P(6%)-N-CH; 8 44.88 (d, 2Jg2pc 16 Hz), P-C-P 8 148.35 (d, Ug2pc 30
Hz), N-C-CHj 8 154.23 (s). 19F: § -36.13 (d, Pt sat., 2Jgp, 190 Hz, Upg 1156 Hz).

Synthesis of trans-Pt(PEt;)CI(2),, (37)

A solution of the phosphole, (2), (0.05 mL, 0.72 mmol) in 10 mL of
dichloromethane was added dropwise at room temperature (22°C) to a solution of
[Pt(PEt3)Clz]2 (0.138 g, 0.18 mmol) in 15 mL of dichloromethane and stirred for 4
hours. The solution was concentrated to ~5 mL and hexane was added until the
solution became slightly turbid. The solution was stored at -40°C overnight to give an
off-white powder. The yield of 37 was 0.089 g (86.3%). M.P. = 122°C (dec.).
Formula Weight: 566.20 g/mol. Apal. for C gH2;CloFaN2P3Pr: C, 21.21; H, 3.74: Cl
12.52; N, 4.95%. Found: C, 21.35; H, 3.72; C1 12.62; N, 4.91%. MS (FAB. m/z):
566 M, 7%). IR Data: (CH2Cl3 cast, cmrl): v(P-F): 842 (s), 790 (s). NMR_Data
(CDCly) 31P{1H): P(c2): § 265.81 (d, 2Jpp 155 Hz), P(63): & 124.32 (ddt, Pt sat.,
2Jpp 155 Hz, Ug3pg 1112 Hz, 2] 43ppE3 18 Hz, Ugpp, 5445 Hz), PEt;: 8 18.40 (d,
Pt sat., 2Jpp 18 Hz, Jpp, 3190 Hz). 1H: C-CH; & 2.48 (s), P(62)-N-CH; 8 3.97 (d,
3Jpy 8.0 Hz). 13C{'H}: C-CH; § 15.49 (s), P(62)-N-CH3 § 44.88 (d, 2J42pc 15
Hz), P-C-P § 148.35 (d, 42pc 31 Hz), N-C-CH3 § 154.48 (d, 2J52pc 3 Hz, 2 43pc
18 Hz). 19F: § -38.21 (dd, 3Jq2pg 15 Hz, Ugipg 1115 Hz).

Synthesis of trans-Pd(PEt;3)CI(2),, (38)

A solution of the phosphole, (2), (0.05 mL, 0.36 mmol) in 10 mL of
dichloromethane was added dropwise at room temperature (22°C) to a solution of
[Pd(PEt3)Cl2]2 (0.216 g, 0.36 mmol) in 15 mL of dichloromethane and stirred for 4
hours. The solution was concentrated to ~5 mL and hexane was added until the
solution became slightly turbid. The solution was stored at -40°C overnight to give a
yellowish powder. The yield of 38 was 0.269 g (78.3%). M.P. = 111°C (dec.).



Formula Weight: 477.51 g/mol. Apal, for CygH21CloF2N2P3Pd: C, 25.15: H, 4.43;
Cl 14.85; N, 5.87%. Found: C, 25.11; H, 4.56; Cl 14.99; N, 5.78 %. MS_(FAB.
m/z): 479 (M.+1 9%). IR Data: (CH;Cl; cast, cmr-1): v(P-F): 849 (s), 788 (s). NMR
Data (CDCl,) 31P{1H}: P(c2): § 266.05 (d, 2Ipp 150 Hz), P(c3): § 160.23 (dt, 2Jpp
150 Hz, Jpg 1125 Hz), PEt3: § 18.40 (s). 'H: C-CH3 8 2.48 (s), P(62)-N-CHj; &
3.97 (d, 3py 8.0 Hz). 13C({!H}: C-CH3 8 15.61 (s), P(62)-N-CH; & 44.88 (d,
2 g2pc 18 Hz), P-C-P § 148.35 (d, q2pc 30 Hz), N-C-CH3 & 152.53 (d, 2J52pc 4
Hz, 2J43pc 12 Hz). 19F: § -38.21 (dd, 3Jg2pg 15 Hz, Ug3pg 1115 Hz).

Synthesis of trans-RhCI1(CO)(3),, (39).

A solution of the phosphole 3 (0.25 mL, 1.2 mmol) in 10 mL of
dichloromethane was added dropwise at room temperature (22°C) to a solution of
[Rh(CO)2Cl]2 (0.117 g, 0.30 mmol) in 15 mL of dichloromethane and stirred for 4
hours. The solution was concentrated to ~5 mL and hexane was added until the
solution became slightly turbid. The solution was stored at -40°C overnight to yield
pale red crystals. The yield of 39 was 0.149 g (78.7%). M.P. = 178°C (dec.).
Formula Weight: 630.78 g/mol. Anal. for C;7H36CINgOP4Rh: C, 29.95; H, 5.65; Cl
11.05; N, 17.46%. Found: C, 30.40; H, 5.89; C1 11.35; N, 17.72%. MS (FAB. m/z):
631 M+1, 5%), 602 (M-CO, 22%). IR Data: (CH2Cl solution, cm-1): v(CO): 1978
(s)- NMR Data (CDCl3) 31P(1H): P(62): 5 246.92(t, | 2Jg2pgep + 4Tg2pgep| 51 Hz,),
P(03): § 103.34 (t,|2J52pgep + 4Jg2pgep’| 51 Hz). 1H: C-CHj 8 2.43 (dd, 4Tpg 0.9
Hz), P(62)-N-CHj 8 4.03 (d, 3J52py 12.2 Hz), P(63)-N-CHj3 8 2.72 (d, 3J43py 7.6
Hz). 13C(!H}: C-CHj 8 14.37 (s), P(62)-N-CH; 5 41.88 (d, 2J452pc 18 Hz), P-C-P
3 143.45 (dd, 2J52pc 145 Hz, 2J43pc 45 Hz), N-C-CH3 § 156.72 (dd, 2J42pc 5 Hz,
2]53pc 18 Ha).



Synthesis of trans-Pd(3),Cl,, (40).

A solution of the phosphole 3 (0.25 mL, 1.2 mmol) in 10 mL of
dichloromethane was added dropwise at room temperature (22°C) to a solution of
Pt(cod)Cl2 (0.171 g, 0.60 mmol) in 15 mL of dichloromethane and stirred for 4 hours.
The solution was concentrated to ~5 mL and hexane was added until the solution
became slightly turbid. The solution was stored at -40°C overnight to give a light
yellow crystals. The yield of 40 was 0.130 g (67.6%). M.P. = 186°C (dec.).
Eormula Weight: 641.72 g/mol. Apal. for C16H36C12NgP4Pd: C, 29.95; H, 5.65; Cl
11.05; N, 17.46%. Found: C, 29.92; H, 5.72; Cl 11.35; N, 17.49%. MS (FAB.
m/z): 641 (M+1, 5%). NMR_Data (CDCl3) 31P{1H}: P(52): § 249.72(t,
|2T2pg4p + 4Tg2pgep’| 51 Hz,), P(03): § 86.94 (t, | 2T52paap + 4 g2pgap| 51 Hz). H:
C-CH3 6 2.43 (dd, 4Jpy 0.9 Hz), P(62)-N-CHj § 4.03 (d, 3J52py 12.2 Hz), P(c3)-N-
CH; 8 2.68 (d, 3Jg3py 7.8 Hz). 13C(!H): C-CH; 8 14.37 (s), P(62)-N-CHj 5 41.88
(d, 2J52pc 18 Hz), P-C-P § 143.45 (dd, 2J42pc 143 Hz, 2J43pc 45 Hz), N-C-CH; 5
156.72 (s).

Synthesis of trans-Pt(3),Cl,, (41).

A solution of the phosphole 3 (0.25 mL, 1.2 mmol) in 10 mL of
dichloromethane was added dropwise at room temperature (22°C) to a solution of
Pt(cod)Cl2 (0.117 g, 0.60 mmol) in 15 mL of dichloromethane and stirred for 4 hours.
The solution was concentrated to ~5 mL and hexane was added until the solution
became slightly turbid. The solution was stored at -46°C overnight to give an off-white
powder. The yield of 41 was 0.172 g (78.6%). M.P. = 191-193°C (dec.). Formula
Weight: 730.41 g/mol. Anal. for C16H36Cl2NgP4Pt: C, 26.31; H, 4.97; C19.71; N,
15.34%. Found: C, 26.51; H, 5.09; C19.75; N, 15.37%. MS (FAB. m/z): 730 M+1,
11%). NMR Data (CDCl3) 31P(1H}: P(02): § 249.69 (t, |2Jg2pgep + 4¥g2pgep]| 57
Hz,), P(c3): 5 80.63 (dt, Pt sat. | 2Jg2pgdp + 4Tg2pgap’| 57 Hz, Ug3pp, 2918 Hz). 1H:
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C-CHj3 8 2.43 (dd, 4Ipy 0.9 Hz), P(62)-N-CHj3 8 4.02 (d, 3Jpy 12.2 Hz), P(3)-N-
CH3 6 2.76 (d, 3Jg3py 7.2 Hz). 13C('H}): C-CHj 5 14.73 (s), P(62)-N-CH; § 41.92
(d, 2Jpc 18 Hz), P-C-P 8 148.45 (dd, 2Jq2pc 138 Hz, 2Jg3pc 32 Haz), N-C-CH3 §
156.27 (s). 195Pt: § 179.04 (1, 43pp, 2918 Hz).

Synthesis of trans-PtMeCl(3),, (42).

A solution of the phosphole 3 (0.25 mL, 1.2 mmol) in 10 mL of
dichloromethane was added dropwise at room temperature (22°C) to a solution of
Pt(cod)CIMe (0.117 g, 0.30 mmol) in 15 mL of dichloromethane and stirred for 4
hours. The solution was concentrated to ~5 mL and hexane was added until the
solution became slightly turbid. The solution was stored at -40°C overnight to givea
light yellow powder. The yield of 42 was 0.194 g (77.6%). M.P. = 156°C (dec.).
Formula Weight: 709.99 g/mol. Anal. for C;7H39CINgP4Pt: C, 28.76; H, 5.54; Cl
4.99; N, 15.78%. Found: C, 28.60; H, 5.59; C1 4.35; N, 15.86%. MS (FAB. m/z2):
711 (M+1, 5%). NMR Data (CDCl;) 31P(1H}: P(c2): § 248.29 (t,
|2T52paep + 4Tg2pgep’| 53 Hz,), P(63): 8 75.21 (t Pt sat., |2Jg2pgdp + U g2pgep] 53
Hz, Ug3pp, 3351 Hz). H: C-CHj 8 2.34 (dd, 4Jpy 0.9 Hz), P(62)-N-CH3 5 4.03
(d, 3J52py 12.2 Hz), P(63)-N-CH; § 2.74 (d, 3J43py 7.6 Hz). 13C(!H): C-CH3 3
14.37 (s), P(62)-N-CHj § 41.78 (d, 2J42pc 18 Hz), P-C-P § 144.53 (dd, 2]42pc 154
Hz, 2J43pc 54 Hz), N-C-CH3 § 156.72 (s). 195Pt: § 354.40 (ng, 1J43ppy 3351 Hz,
3152ppy 50 Hz, 2Jp,y 82 Hz).

Synthesis of trans-Rh(CO)CI(11),, (43).

A solution of the phosphole 11 (0.146 g, 0.42 mmol) in 10 mL of
dichloromethane was added dropwise at room temperature (22°C) to a solution of
[Rh(CO)2Cl]2 (0.021 g, 0.053 mmol) in 1S mL of dichloromethane and stirred for 4
hours The solution was reduced to ~3 mL and 10 mL of hexanes was added. The
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solution was stored overnight at room temperature during which time a light orange
powder formed. The yield of 43 was 0.068 g (75.3%). M.P. = 189°C (dec.).
Formula Weight: 850.60 g/mol. Anal. for C;7H20CIF12N4OsP4Rh: C, 24.00; H,
2.37; Cl, 4.17, N, 6.59%. Found: C, 24.06; H, 2.30; Cl, 4.28, N, 6.55%. MS
(FAB. m/z): 850 (M, 20%). NMR Data (CDCl;) 3!P{lH): P(c2): § 251.88 ("t",
|20 g2pg4p + 4Tg2poap’| 52 Hz), P(63): 8 159.78 (d"t", |2 g2pgep + 4Tg2pgep| 52 Hz,
1Jprn 187 Hz). 'H: C-CHj3 8 2.48 (s), P(62)-N-CH;3 & 3.97 (d, 3J42py 8.0 Hz),
P(63)-N-O-CH; 8 4.4-4.2 (m (broad)). !3C{!H}: C-CHj & 15.49 (s), P(62)-N-CH; &
44.93 (d, 21 42pc 19 Hz), P-C-P 5 149.36 (d, 42pc 30 Hz), N-C-CH3 6 155.03 (s).
19F: 8 -74.57 (s).

Synthesis of trans-PdCl,(11),, (44).

A solution of the phosphole 11 (0.193 g, 0.57 mmol) in 10 mL of
dichloromethane was added dropwise at room temperature (22°C) to a solution of
Pd(cod)Cl2 (0.081 g, 0.28 mmol) in 15 mL of dichloromethane and stirred for 4 hours
The solution was reduced to ~3 mL and 10 mL of hexanes was added. The solution
was stored overnight at room temperature during which time a yellow powder formed.
The yield of 44 was 1.889 g (78.3%). M.P. = 168°C (dec.). Formula Weight:
861.54 g/mol. Anal for C16H29Cl12F12N4O4P4Pd: C, 22.31; H, 2.34; Cl, 8.23, N,
6.50%. Found: C, 22.12; H, 2.30; Cl, 8.42, N, 6.62%. MS (FAB. m/z): 861 (M,
5%). NMR Data (CDCl3) 3!P(1H): P(62): § 256.43 ("t", |2Jg2paep + Y g2pasep| 51
Hz), P(03): § 131.22 ("t", | 2Jg2pgep + 4Tg2pgep| 51 Hz). 1H: C-CH3 § 2.33 (s),
P(62)-N-CHj3 § 4.05 (d, 3Jg2py 8.0 Hz) P(63)-N-O-CH; 8 4.6-4.3 (m (broad)).
13C(1H): C-CH; 8 15.49 (s), P(62)-N-CH; § 44.36 d, 2)452pc 18 Hz), P-C-P §
148.62 (d, Uq2pc 35 Hz), N-C-CH3 8 154.48 (s). 19F: § -74.57 (s).
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Synthesis of cis-PtCly(11),, (45).

A solution of the phosphole 3 (0.151 g, 0.44 mmol) in 10 mL of
dichloromethane was added dropwise at room temperature (22°C) to a solution of
Pt(cod)Cl2 (0.083 g, 0.22 mmol) in 15 mL of dichloromethane and stirred for 4 hours.
The solution was concentrated to ~5 mL and hexane was added until the solution
became slightly turbid. The solution was stored at -40°C overnight to give an off-white
powder. The yield of 45 was 0.162 g (77.6%). M.P. = 172°C (dec.). Formula
Weight: 950.23 g/mol. Anal, for C16H29Cl2F12N404P4Pt: C, 20.22; H, 2.12; Cl
7.46, N, 5.90%. Found: C, 20.35; H, 2.25; C17.35; N, 6.01%. MS (FAB. m/z2): 951
(M+1, 13%). NMR Daia (CDCl3) 31P(1H): P(02): § 256.78(d, 2Jpp 58 Hz,), P(c3):
& 104.35 (d Pt sat., 2Jpp 58 Hz, lJpp, 4811). 'H: C-CH3 § 2.35 (dd, 4Jpy 0.9 Hz),
P(62)-N-CH3 8 4.09 (d, 3Jg2pg 12.2 Hz), P(63)-N-O-CH; § 4.6-4.4 (m (broad)).
13C(1H): C-CH3 8 14.53 (s), P(62)-N-CH3 § 41.36 (d, 2]42pc 18 Hz), P-C-P §
144.65 (dd, 2J52pc 145 Hz, 2I43pc 45 Hz), N-C-CH3 5 156.72 (dd, 2J42pc S Hz,
2J43pc 18 Hz). 19F: §-74.57 (5).

Reaction of 21 with Mo(CO);3(cht).

A solution of Mo(CO)g (0.50 g, 3.60 mmol) in 25 mL of acetonitrile was
heated to reflux for a period of 24 hours, during this time the solution turned yellow.
A solution of the phosphole, (21), (1.7 mL, 12.2 mmol) in 5§ mL of acetonitrile was
dropwise at room temperature (22°C) to the Mo(MeCN)3(CO); solution and stirred for
12 hours at room temperature. The solvent was removed in vacuo, to leace a light
brown solid. The 31P(!H} NMR spectrum did not shown the formation of the desired

complex.



Synthesis of Cp*TiCl;(N=(23)),, (46).

Trimethylsilyl azide (0.65 mL, 5 mmol) was added to a solution of 2 (0.25 mL,
2.4 mmol) in 10 mL of acetonitrile and heated to reflux for 24 hours. The solution was
cooled and the volatiles were removed in vacuo. Fresh acetonitrile (15 mL) was then
added to this flask along with Cp*TiCl; (0.695 g, 4.8 mmol). The solution was
refluxed for a period of 24 hours. As the solution cooled to room temperature, orange
crystals appeared. The yield of 46 was 9.84 g (62.8%). M.P. = 145°C (dec.).
Formula Weight: 500.25 g/mol. Anal. for C13H33ClaNsP,Ti: C, 43.22; H, 6.65; Cl
14.12; N, 14.00 %. Found: C, 43.32; H, 6.72; Cl 14.26; N, 14.08 %. MS (FAB.
m/z): 500 M+1, 5%). IR Data: (CH;Cl3 cast, cm-1): v(P-N-Ti): 1091 (s). NMR Data
(CDCl3) 31P(1H): P(02): § 260.87 (d, 2Jpp 84 Hz), P(03): § 40.87 (d, 2Jpp 84 Hz).
IH: C-CHj3 8 2.43 (dd, 4Jpy 0.9 Hz), P(62)-N-CH; § 4.03 d, 3Jpy 12.2 Hz), P(c3)-
N-CHj3 8 3.76 (d, 3Jpy 8.2 Hz), C5-(CH3)s 8 1.98 (s).. 13C{1H}: C-CH; § 14.37
(s), P(62)-N-CH3 § 41.88 (d, 2Jpc 18 Hz), P(63)-N-CHj 8 40.03 (d, 2Jpc 3 Hz), P-
C-P 5 143.25 (dd, 242pc 45 Hz, 243pc 23 Hz), N-C-CH3 § 156.72 (dd, Jg2pc 5
Hz, 2J43pc 18 Hz), C5-(CHj3)s 8 97.78 (s) Cs-(CHz)s 8 9.93 (s).
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CHAPTER 6
CONCLUSION AND FUTURE PROSPECTS

6.1 Conclusion

In a series of reactions it was demonstrated that the chlorine substituents on the
exo-phosphorus centre of the bisphosphine 4-(dichlorophosphino)-2,5-dimethyl-2H-
1,2,302-diazaphosphole (1) could be replaced with a variety of groups and so the
chemical nature of this phosphorus atom was altered. Compexation studies, assessed
in more detail below, showed that these ligands with their rigid structure and large bite
angle seemed to preclude chelation of these compounds as bidentate ligands. Instead
they served as monodentate ligands wherein only the exo-phosphorus centre
coordinated to the metal centre.

The ability to develop oxidized derivatives of this bisphosphine by reactions
with chalcogens and azides created a series of heterobifuntional bisphosphines. The
iminophosphorano compounds in the series can also employ different substituents on
the imine nitrogen in order to control the basicity of that nitrogen centre. In the case of
the trimethylsilyl functionality on the iminophosphorane, it was possible to react this
moiety with a metal halide to give the class of complexes known as phosphorane

iminato metal complexes by means of trimethylsilyl chloride elimination.

6.2 Coordination of the 62P Centre

The availability of the iminophosphorano metal complexes would provide a
means of synthesizing heterobimetallic complexes if the 62 phosphorus centre could be
coordinated to a metal centre. Though the lack of reactivity of the 62P centre
encountered in this work did not permit chemistry involving the two-coordinate

phosphorus centre to be extensively explored, there are a few known complexes



wherein coordination of this centre has been achieved (usually involving the late
transition metals!-2) thus reactions at this centre seem to be feasible. Reactions with
palladium tend to favour to coordination of the nitrogen of the diazaphosphole ring,
while the use of platinum encourages the coordination of the 2P centre. The reaction

of high oxidation state third-row transition metal, such as NbClg(MeCN), may be able
to involve the two-coordinate phosphorus centre as illustrated in Scheme 6.1.

p. Me / Me
Me~N + NbCls(MeCN) Me-N
No= o=

PINR2)2 P(NR2)2
Il 1 il
E
NbCls
E=S, Se
NR

Scheme 6.1 Possible coordination of the 62P centre with niobium.

Once again, competition with the nitrogen in the 2-position of the diazaphosphole ring

may complicate the reactions by being the prefered site of coordination.

6.3 Bimetallic Complexes

As metioned in chapter 4, the orientation of the diazaphosphole ring systems in
the rhodium carbonyl chloride complex 39 containing the dimethylaminophosphino
ligand 3 shows a potentiality for this ligand system to bridge between two metal
centres, creating A-frame type complexes (Scheme 6.2) similar to those observed with
the dppm and pyridyl phosphine ligands. Once again the use of the late transition metal
may encourage the formation of such heterobimetallic complexes. The most probable
candidates for successful synthesis of a heterobimetallic would be the Pt(MeCN),Cl, or
the Pt(benzonitrile),Cl, starting materials since these complexes contain labile ligands

trans to each other.
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Me Me
Me—~ N/ Me-N(
\
P/I T(an)z /I

P R
PY(MeCN)Clp / fNRae
c‘- tho-ll co c‘zﬁ Cl' th--u co
/P\ P(NR2)2 /P ~PINR2)
Me—=N Me~N
\ J \ J
Me Me

39
Scheme 6.2 Synthesis of an A-frame bimetallic from the rhodium complex 39.

Other materials that may provide optional access to bimetallics systems are the
coordinatively unsaturated [CpM(CO)2], M = Cr, Mo, W) (Scheme 6.3). These
complexes are known to form bridging bimetallic complexes with dppm.3 The
flexibility of dppm yields a number of anfi-syn isomers in the reaction mixture. Our
rigid phosphinodiazaphospholes, especially the bulky diamino derivatives, may
simplify the reaction and preferentially yield products with only one conformation.

y, Me
..,.\:[%

(CQ)2CpMo= MoCp(CO)2

Scheme 6.3 Formation of molybdenum bimetallics from the phosphino-
diazaphosphole 2.



6.4 Allyl-Type Metal Complexes

Bulky amines amines such diisopropylamine provided a means of synthesizing
the asymmtric 4-(chlorodiisopropylphosphino)diazaphosphole in high yield. With one
chlorine substituent still available, there is potential for transforming this compound
with metal anions to yield allyl-like complexes; a process which is similar to that

observed with chlorodiphosphapropene.4

H

H
Co A ,
£\ Ar. (o Ar SiMe3
AP\ ,'(R e S
o ~co oc” | “co Ph
co coO

6.5 Coordination of the Imino-Nitrogen

Another possible way in which the phosphinophosphole could coordinate to a
metal centre would use the ring as a x-bonded ligand. In order to achieve nS
coordination of the phosphole ring, the lone pair of the exo-phosphorus must be
prevented from complexation, since the 6P has a greater tendency to coordinate. Our
oxidized phosphoranophospholes wherein the exocyclic phosphorus has been
transformed to a P(V) could favour the formation of phosphole ring complexes (Figure
6.1).
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N, Me N M
Me'N.P;["sz Me-N.%j :2 Me—ﬁ”e
E

: S
A “"
Figure 6.1 Possible coordination modes of the phosphorano-2,5-dimethyl-24-
1,2,302-diazaphosphole.

We did not extensively investigate coordination through the nitrogens of the
amino derivatives, vig the electron lone pairs on the nitrogen on the exo-phosphorus
centre (Figure 6.2) as it was not a goal of this work. The reaction of 23 with
Mo(cht)(CO)3 did however suggest that such a complex of this type may be formed.
The oxidized diaminophosphorano derivatives may also coordinate in a similar fashion.
For the diaminophosphoranodiazaphospholes, it would be interesting to see the effect
of the orientation of the chalcogen moiety or if there was a preferred orientation of this
substituent. In all the crystal structures obtained in this thesis, the imino group and the
metals point towards the two-coordinate phosphorus centre and away from the methyl
group at the 5-position. This regularity of structure suggests that intramolecular

interactions may yield a series of complexes with an interesting preferred conformation.

M
/ ° Mez To
Me- N\ P o Nlh., ,,,,, ] " ) coO
P .
s//P\ N/ T\co
Mez co

Figure 6.2 Formation of metallacycles via coordination of nitrogens on the

exo-phosphorus centre.

Attemps have been made to use p-cyanotetrafluorophenylimino derivatives of

other bisphosphine systems as complexation ligands. These iminophosphoranes are



242
reluctant to form stable metal complexes with palladium and platinum due to the

electron-withdrawing nature of the tfbn group on the nitrogen.® Electron-rich metals
may be needed in order to stabilize metal complexes of these ligands. In this work, the
p-cyanotetrafluorophenylimino derivative 18 was reacted with the rhenium complex
Re(CO)4(THF)Br in an attempt to coordinate the phsophoranodiazaphosphole in the
desired bidentate fashion (Figure 6.3). Spectroscopic evidence suggested that the
chelated complex did form however it was not possible to isolate and characterize the

product.

CN

Figure 6.3 Possible reaction product of 18 with Re(CO)4(THF)Br.

The versatility of these phosphinodiazaphospholes provides a ligand system
which is easily modified and which shows a wide variety of metal complexation

chemistry. There remain a number of applications that can be visualized



243
6.6 References

(1) Kraaijkamp, J. G.; Van Koten, G.; Vrieze, K.; Grove, D. M.; Klop, E. A.;
Spek, A. L.; Schmidpeter, A. J. Organomet. Chem. 1983, 256, 375.

(2)  Kraaijkamp, J. G.; Grove, D. M.; van Koten, G.; Schmidpeter, A. Inorg.
Chem. 1988, 27, 2612.

(3)  Riem, V,; Ruiz, M. A ; Villafafia, F. Organomezallics 1992, 11, 2854.

(4)  Appel, R.; Schuhn, W.; Knoch, F. J. Organomet. Chem. 1987, 319, 345.

(5)  Appel, R.; Schuhn, W. J. Organomet. Chem. 1987, 329, 179.

(6) Mozol, V.J. M.Sc. Thesis, University of Alberta, 1993,



APPENDICES

A.l1 Compounds and Complexes Synthesized

Table A.1.I Compounds and Complexes Synthesized.

Comaund or COEB Number
I 1
Me—
"\ PCl,

Me 2
Me-N
N\jPFz
Me 3
== "~ P(NMey)2
Me 4
/ j
Me—N\ :
P~ ~P(NEty)z

Me 5
/ j
Me-N_ .
PZ “P(N"Pra);
Me 6
/'| :[
* Me-N_
Tcu

ip” "\ ipr




Table A.1 continued
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Compound or Complex Number
Me 7
p= Tcu
PhH,C” N\Cngh
Me 8
il
p= tl’c:
Me 9
S
2
t :Me 10
/
Me-N\
.
11

Me
Me-N( | :
= P(OCH,CFa)2




Table A.1 continued

Compound or Complex Number
I\f :Mo 12
/
Me-N\
P “P(OPh)2
t :Mo 13
/
Me-N\ /
P(OCsFs)2
Me R H 14
Me-N/
\
t/ : o H
F H
2
Me
= P(OCHC¢Fs)2
(1" ‘
Mo-h\
PF2
]
S
17

w1
e-

== |'|=F2

Se




Table A.1 continued

Compound or Co

lex

Number

18

20




Table A.1 continued

Compound or Complex umber
t : 21
Me—N
P(NMea)z
j i
(NMOz)z
l\t : 23
Me—N
P(NMez)z
Me 24
/
-'«:[
II:(NMOz)z
SiMes
25

Me
m-»( | :
= P(OCH,CFalz

Se




Table A.1 continued

Compound or Complex Number
rﬁ :Me 26
/
Me-N\
= POCH,CFalz
N
F
F CN
Me 27
Me-N/
\ I
P= “PF,
oc'h.,...c .....\\\co
o™ |'\co
cO
Me 28
MG-N/ F
\ P/ s M N\
F F N—Me
| ~¢’
OC..,,, WP P
F
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Table A.1 continued

Compound or Complex Number
L %
|
E F
%) RY--..0.r, i
P -l
MQ—N\ PPhj
Me
< 3
M Ah Me
M /N /N
NS PR RPN N
Me Me
32
i v
y__ =N
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Rh X /T Me
c” / Y Ne
Cl
33
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FE Pt
\/ N
P P\F
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Table A.1 continued

Compound or Complex Number
Me K7}
4 F
MQ-N\j/ F
PR L
(3
% o
PP
Me-N\
Me
M: Me. 35
Me-N, I /R F N— Me

M- l(P\ \F 4 N—Me
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Me Me N
Me 36
- F =
Me N\ = / F\ F N— Mo
P F,P\ ° =
o F\P/ P\P/F R,
/7 XY\ F/ N—Me
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\ \CI
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Table A.1 continued

Compound or Complex umber
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E
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Me
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/
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Table A.1 continued
Compound or Complex

Number
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P
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Table A.1 continued

Compound or Complex Number
/ Me 46
Me-N\ | /NMez
p/ rNMez
(of]
N\}'-f--»cu




A.2  Analysis of an AA'XX' Spectrum!2

Nuclei are said to be chemically equivalent when they have the same chemical
shift.! If a molecule has elements of symmerry, such as a twofold or higher axis or a
mirror plane, magnetic nuclei of the same species which exchange their positions

under the appropriate symmetry operation have symmetry equivalence and must have

the same chemical shift.2 A group of spins A, possess complete magnetic
equivalence if all » spins have the same chemical shift and are equally coupled to
each of the m spins in every other magnetically equivalent spin group B,,. Thus the

protons and fluorine nuclei of difluoromethane and of 1,1-difluoroallene,

F
Sc=c=cy,

~

are magnetically equivalent, but those of 1,1-difluoroethylene,

F1 ~ H2
c= (
F't/ H'2

are not since the cis couplings J;2 and J are not equal to the trans couplings J;5 and
J12. Magnetic equivalence does not necessarily imply symmetry equivalence.2

Two pairs of spins, the members of each pair being equivalent in chemical
shift but not magnetically equivalent, constitute an AA'XX spin system. The entire
spectrum contains 24 lines where there are 12 transitions for the A portion of the
spectrum and 12 transitions for the X portion. Both portions, A and X, are identical in

form. Line positions and relative intensities are given in Table A.2.1.!2



Table A.2.1
Transitions of AA'XX' System: Frequencies and Relative Intensities of the A

Portion.2.1.2

Line Frequency Relative to VA Relative Intensiz

1 12N 1
2 12N 1
3 -I2N 1
4 -12N 1
5 P+12K 1-K2P
6 P-12K 1 + K2P
7 -P+12K 1 + K/2P
8 -P-12K 1-K2P
9 R+12M 1-M/2R
10 R-12M 1 + M2R
11 -R+12M 1 + M/2R
12 -R-12M 1-MP2R

) K=Jaa +Ixx- L=Jax - Jax» M =Janr - Jxxo, N=Jax + Jaxs
2P = (K2+L2)I12, 2R = M2 +L2)12,

Considering only the A portion of the spectrum, the 12 transitions form a
group centrosymmetric about v, (Figure A.2.1 a)). Only ten lines are actually
observed, as transitions 1 and 2 and transitions 3 and 4 are always degenerate. The
line positions are given relative to v,. The spectrum is also characterized by the fact
that the separation of lines 1,2 and 3,4 equals N = J,x + J5x, the separation of lines §
and 6 (and of 7 and 8) gives K, the separation of lines 9 and 10 (and of 11 and 12)
gives M. Lines 5, 6, 7, and 8 form a quartet centred on v,, lines 9, 10, 11, and 12
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form a quartet, also centred on V5. The spacings of line 5 and 7 (and 6 and 8) give 2P
= (K2 +L2)122 and the spacings of line 9 and 11 (and 10 and 12) give 2R = (M2 +
L2)1/2_ Figure A.2.1 shows the effect on the A portion of the AA'’XX' spectrum
achieved by varying the coupling constant values. In this work not all of the lines
could be identified, hence the complete analysis could not be performed. Similar
observations have been made by Nixon.3 All systems of this type are however
characterized by the large value of Jox + J5 x* (N) which is representative. It is also
notable that the A and the X spectra are identical and in principle all coupling
constants operational in the system can be extracted from either the A or the X

spectrum.
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Figure A.2.1 The effect on one portion of the AA'XX' spectrum due to varying the

coupling constant values.
a) All coupling constants non-zero.
L N ]
| |
1,2 3.4
6 7
9 12
10 1
[ g
| M__ | A = |
| l L
;| K 2P |

b)Jaar=0HZ, K= M= Jyxx, 2P=2R.

L N 1
I |




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

L N

L ax + dax

|

I‘ K=M=2R = 2P I
Joc

d) Jxx <N, Jaa - =0Hz.

Jax + Jax

K=M=2R =2P
Joe —|




A3 Solvents and Drying Agents

Acetone Potasium carbonate

Acetonitrile Phosphorus pentoxide then calcium hydride
Benzene Sodium

Chloroform Phosphorus pentoxide

Dichloromethane Phosphorus pentoxide

Diethyl ether Sodium/benzophenone

Hexanes Sodium

Octane Potassium

Pentane Sulfuric acid then cacium hydride

Tetrahydrofuran Potasium/benzophenone

Toluene Sodium



A4  Crystallographic Data

The complete structure and refinement of 4-(difluoro{p-cyanotetrafluoro-
phenyl }iminophosphorano)-2,5-dimethyl-2H-1,2,362-diazaphosphole, 18, was carried
out by Dr. R. McDonald, Structure Determination Laboratory, University of Alberta
(reference file number: SDL:RGC9415).

Table A4.1
Crystallographic Experimental Data for 18.

A. Crystal Data
Empirical formula C,HgFgN4P5
Formal weight (g/mol) 370.14
Crystal dimensions (mm) 0.72 x 0.47 x 0.46
Crystal system triclinic
Space group P7 (No. 2)
Unit cell parameters
a(A) 7272 (2)
b (A) 10.088 (4)
cA) 10.56 (2)
a (deg) 66.62 (2)
B (deg) 77.60 (2)
Y (deg) 78.14 (3)
vVAY) 688.8 (4)
z 2
Pealcd (8 cm™3) 1.785

i (cml) 3.79
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Table A.4.1 continued

B. Data Collection and Refinement Conditions

Diffractometer

Radiation (A[A])
Monochromator

Temperature (°C)

Take-off angle (deg)

Detector aperture (mm)
Crystal-to-detector distance (mm)
Scan type

Scan rate (deg min'!)

Scan width (deg)

Data collection 20 limit (deg)
Total data collected

Range of absorption corr. factors
Total unique data

Number of observations (NO)
Final no. parameter varied (VV)
Rl

wa

GOF*

a) R=Z||FoHF ||/ Z|F,l
b) Rw=[Ew(F,|-|F,] )2/2 WF%]"Z-
¢) GOF = [Ew(F,|-|F.| ¥/ NO-NVI\2.

Enraf-Nonius CAD4

Mo Ka (0.71073)

incident beam, graphite crystal
-50

30

(3.00 + tan@) horiz x 4.00 vert
173

6-20

6.7-1.7

0.80 +0.344tan6

50.0

2554 (h tk +)
0.7973-1.2405

2411

1975 (I > 3o())

208

0.036

0.049

1.814



Table A.4.2
Weighted? Least-Squares Planes for 18.
Plane  Coefficients? Defining Atoms with Deviations®
1 3.9917 -2.3222 -7.3692 1.0258
N1 0.00 N2 0.00
P3 0.00 C4 0.00
cs 000

C21 -0031 P41 -0.069

N41 -0.087 C51 -0.023
2 6.1665 -1.4737 -3.3268 1.3978

C41 -0.01 C42 0.00

C43 001 C4 -0.01

C45 0.00 C46 0.01

a) Weights are derived from the atomic positional e. s. d.'s using the method of
Hamilton (Hamilton, W.C. Acta Crysuallogr. 1961, 14, 185).

b) Coefficients are for the form {ax + by + cz -d = 0} where x, y, and z are
crystallographic coordinates.

¢) Deviations are in Angstroms. Underlined atoms were not included in the

definition of the plane.



Table A.4.3
Selected Torsional Angles (deg) for 4-(difluoro{p-cyanotetrafluoro-
phenyl}iminophosphorano)-Z,S-dimcthyl-ZH~1,2.302-diazaphosphole (18).

Atoml Atom2 Atom3 Atomd Angle
C4 P3 N2 N1 0.42 (0.23)
C4 P3 N2 21 -178.65 (0.21)
N2 P3 Cc4 P41 177.22 (0.16)
N2 P3 Cc4 Cs -0.18 (0.33)
F41 P41 N41 Ca1 -37.73 (0.34)
F42 P41 N41 Ca1 76.15 (0.31)
Cs P41 N41 C41 -160.58 (0.25)
F41 P41 C4 P3 -127.79 (0.19)
F41 P41 c4 Cs 49.10 (0.24)
F42 P41 Cc4 P3 128.17 (0.14)
F42 P41 Cc4 Cs -54.94 (0.25)
N41 P41 Cc4 P3 1.43 (0.19)
N41 P41 C4 CS 178.32 (0.21)
Cs N1 N2 P3 -0.54 (0.32)
Cs N1 N2 C21 178.62 (0.22)
N2 N1 CS C4 0.37 (0.38)
N2 N1 Cs Cs1 -178.80 (0.22)
P3 C4 Cs N1 -0.08 (0.71)
P3 C4 Cs Cs1 179.00 (0.21)
P41 C4 Cs N1 -177.24 (0.18)
P41 C4 Cs Cs1 1.84 (0.39)



Table A.4.4

Atomic Coordinates and Equivalent Isoropic Displacement Parameters for 18.

Atom
P3
P41
F41
F42
F43
F44
F45
F46
N1
N2
N41
N42
C4
Cs
C21
C41
C42
C43
C4
C45
C46
C47
Cs1

Anisotropically-refined atoms are marked with an asterisk(*). Displacement

parameters for the anisotropically refined atoms are given in the form of the

equivalent isotropic Gaussian displacement parameter, Beq, defined as 4/3(a2,; +

x
-0.03113(9)
0.25867(8)
0.2175(2)
0.4617(2)
0.1848(2)
0.2259(2)
0.4207(2)
0.3804(2)
-0.0420(3)
-0.1144(3)
0.2396(3)
0.3526(3)
0.1137(3)
0.0858(3)
-0.2614(4)
0.2721(3)
0.2365(3)
0.2596(3)
0.3176(3)
0.3579(3)
0.3360(3)
0.3381(3)
0.1814(4)

y
0.51209(7)

0.47866(6)
0.5421(2)
0.5165(2)
0.0777(1)
-0.1871(1)
0.0091(1)
0.2748(1)
0.7927(2)
0.6804(2)
0.3195(5)
-0.3495(2)
0.5868(2)
0.7404(2)
0.7187(3)
0.1869(2)
0.0631(2)
0.0730(2)
-0.0948(2)
0.0258(2)
0.1622(2)
-0.2366(3)
0.8451(3)

z
-0.31767(6)
<0.14049(6)
-0.0252(1)
-0.1975(2)
-0.1294(1)
0.0685(1)
0.3468(1)
0.1476(1)
-0.4121(2)
<0.4152(2)
-0.0983(2)
0.4065(2)
-0.2624(2)
-0.3259(2)
0.5030(3)
0.0049(2)
-0.0108(2)
0.0907(2)
0.2145(2)
0.2305(2)
0.1284(2)
0.3218(2)
-0.3040(3)

b2By, + c2Pq3 + ablcosy)By, + ac(cosP)Py3 + be(cosa)Bys).

Beg A?
2.41Q2)*
2.10(1)*
3.434)*
3.39(4)*
3.00(4)*
3.104)*
2.99(4)*
2.97(9)*
2.52(5)*
2.34(5)*
2.61(5)*
3.52(7)*
2.16(6)*
2.23(6)*
3.22(7)*
2.05(6)*
2.15(6)*
2.20(6)*
2.15(6)*
2.16(6)*
2.15(6)*
2.49(6)*
3.46(8)*
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The complete structure and refinement of [CpRh(difluoro(2,5-dimethyl-2H-
l,2,302-diazaphosphol-4»yl}phosphine)zl, 31, was carried out by Dr. R. McDonald,

Structure Determination Laboratory, University of Alberta (reference file number:

SDL:RGC9514).

Table A4.5

Crystallographic Experimental Data for 31.

A. Crystal Data
Empirical formula
Formal weight (g/mol)
Crystal dimensions (mm)
Crystal system
Space group
Unit cell parameters

a(Ad)
b A)
c(A)
B (deg)
V(A3
yA
Pealcd (8 cm™3)
W (mm)

Cy3Hy7F4N4P4Rh
532.10
0.37 x 0.22 x 0.08

monoclinic
P2,/ (No. 14)

14653 2)
79711 8)
18010 2)
105.417 (10)
20279 (4)

4

1.743

1.198
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Table A.4.5 continued

B. Data Collection and Refinement Conditions

Diffractometer Enraf-Nonius CAD4®
Radiation (A[A]) Mo Ka (0.71073)
Monochromator incident beam (graphite crystal)
Temperature (°C) -50
Scan type 6-26
Data collection 28 limit (deg) 50.0
Total data collected 3687 (-17sh <16, 0sk <9, 0si<21)
Independent reflections 3559
Number of observations (NO) 2579 (F, ,,2220(1" 02))
Structure solution method direct methods (SHELXSI-86°)
Refinement method full-matrix least-squares on F2
(SHELXSI-93%)
Absorption correction method DIFABS®
Range of absorption corr. factors 1.126-0.800
Data/restraints/parameters 3558 (F,22-30(F 91101239
Goodness-of-fit (S)f 1.002 [F,%2-30(F %))
Final R indices8
F 2>20(F % R, =0.0313- wR, =0.0649
All dara R, =0.0688  wR, =0.0747
Largest difference peak and hole 0.363 and -0.464 ¢ A3

40btained from least-squares refinement of 37 reflections with 54.1° <20 < 57.9°.
cSheldrick, G. M. Acta Crystallogr. 1990, A46, 467-473.

dSheldrick, G. M. SHELXL-93. Program for crystal structure determination. Univer-
sity of Géttingen, Germany, 1993. Refinement on Fo2 for all reflections except
for 13 having Fo2 < -30(F42). Weighted R-factors wR and all goodnesses of fit



are based on F2; conventional R-factors R) are based on F, with F,, set to zero
for negative Fo2. The observed criterion of Fo2 > 20(F2) is used only for
calculating R1, and is not relevant to the choice of reflections for refinement. R-
factors based on F,2 are statistically about twice as large as those based on Fo,
and R-factors based on ALL data will be even larger.

€Walker, N. Acta Crystallogr. 1983, A39, 158-166.

fS = [Ew(F o2 ~ F2)2/(n - p)]1/2 (n = number of data; p = number of parameters
varied; w = [02(F2) + (0.0936P)2 + 4.3804P]-! where P = [Max(F,2, 0) +
2F2)13).

SRy = ZWIF gl ~ IFI/ZIFol; wR2 = [Ew(Fo? — F2Y2/Ew(F )12,



Table A.4.6
Selected Torsional Angles (deg) for [CpRh(difluoro{2,5-dimethyl-24-1,2,362-
diazaphosphol-4-yl }phosphine),] (31).

Atoml  Atom2 Atom3 Atomd Angle
P21 Rh P11 Fl1 124.09(15)
P21 Rh P11 F12 10.1(2)
P21 Rh P11 Cl1 -115.5(2)
P11 Rh P21 F21 140.9(2)
P11 Rh P21 F22 27.4(2)
P11 Rh P21 c21 -99.1(2)
Rh P11 Cc11 P21 20.8(2)
Rh P11 c11 C15 -162.2(4)
F11 P11 Cl1 P12 148.7(3)
F11 P11 Clt C15 -34.(5)
F12 P11 C11 P12 -113.7(3)
F12 P11 Cll Cl15 63.3(4)
Cl1 P12 N13 N14 0.9(3)
c1 P12 NI3 C17 179.9(4)
N13 P12 Ccl1 P11 177.203)
N13 P12 c11 C15 -0.3(3)
Rh P21 c21 P22 -1.1(3)
Rh P21 c21 C25 -176.5(3)
F21 P21 c21 P22 126.2(3)
F21 P21 c21 C25 -49.2(4)
F22 P21 c21 P22 136.1(3)
F22 P21 c21 C25 48.5(4)
c21 P22 N23 N24 -0.7(3)
c21 P22 N23 c27 179.4(8)
N23 P22 c21 P21 -175.5(3)
N23 P22 c21 C25 0.8(3)
P12 N13 N14 C1S -1.2(5)
c17 N13 N14 C1s 179.7(4)
N13 N14 C15 Cl1 0.9(6)

N13 N14 C15 Clé 179.1(4)



Table A.4.6 continued
Aom2 Atom3 Atwomd

Atoml
C27
P22
N23
N23
P11
P12
P11
P12
P21
P22
P21
P22

N23
N23
N24
N24
Cll1
Cl11
Cll1
Cl1
C21
C21
C21
C21

N24
N24
C25
C2s
C15
C15
C1s
C1s

C25

C25
C25
C21
C26
N14
N14
Cl16
C16
N24
N24
C26
C26

Angle
179.2(4)
044
0.3(5)
-177.8(3)
-177.(5)
-0.3(5)
2.5(7)
179.7(4)
175.1(3)
-0.8(5)
-7.1(6)
177.0(3)
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Table A4.7

Atomic Coordinates and Equivalent Isotropic Displacement Parameters for 31.

Atom
Rh
P11
P12
P21
P22
Fl11
F12
F21
F22
N13
N14
N23
N24

aeagae

Cll
C15
Cl16
C17
Ql
C25
C26
C27

Anisotropically-refined atoms are marked with an asterisk(*). Displacement
parameters for the anisotropically refined atoms are given in the form of the

equivalent isotropic Gaussian displacement parameter, Beq, defined as exp(-

X

0.26289(2)
0.12070(8)
0.13175(8)
0.31954(9)
0.32560(8)
0.0453(2)
0.0934(2)
0.4187(2)
0.2690(2)
0.0320(3)
-0.0508(3)
0.3732(2)
0.4023(2)
0.2562(4)
0.3398(4)
0.3924(3)
0.3437(4)
0.2564(4)
0.0642(3)
-0.0333(3)
<0.1154(3)
0.0246(4)
0.3442(3)
0.3857(5)
0.4095(3)
0.3858(4)

y
0.02529(4)
0.1150(2)
0.2282(2)
0.22788(15)
0.02734(15)
-0.0108(4)
0.2634(4)
0.2943(4)
0.4023(3)
0.2750(5)
0.2533(5)
0.1174(4)
0.2787(4)
-0.2525(6)
-0.2276(7)
-0.1185(7)
-0.0841(6)
-0.1658(6)
0.1768(5)
0.1998(6)
0.1697(7)
0.3354(7)
0.2106(5)
0.3303(5)
0.5094(5)
0.0423(6)

z
-0.12456(2)
-0.15976(6)
-0.00192(7)
-0.17584(6)
-0.31810(6)
-0.2083(2)
-0.2180(2)

-0.12710(15)

<0.1862(2)
-0.0255(2)
-0.0292(2)
-0.3829(2)
-0.3700(2)
<0.1023(3)
-0.1195(3)
-0.0652(3)
-0.0098(3)
-0.0352(3)
0.0884(2)

-0.0931(3)
-0.1621(3)
0.1005(3)

-0.3666(2)
-0.3051(2)

- <0.2815(2)

-0.4539(2)

Beg, A2
0.03164(10)*
0.0382(3)*
0.0451(3)*
0.0403(3)*
0.0385(3)*
0.0721(9)*
0.0709(9)*
0.0782(11)*
0.0757(10)*
0.0480(10)*
0.0494(10)*
0.0354(8)*
0.0375(8)*
0.0595(15)*
0.0619(15)*
0.0590(14)*
0.0550(14)*
0.0533(14)*
0.0361(10)*
0.0443(11)*
0.0640(15)*
0.0642(15)*
0.0327(9)*
0.032909)*
0.0455(11)*
0.0544(13)*

212(h2a%2U )| + k2b*2U 5 + Rc*2Uss + 2kib*c*Uyps + 2hla*c*Uys + 2hka*b*U ;).
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The complete structure and refinement of tetrakis(difluoro(2,5-dimethyl-24-
1.2,3062-diazaphosphol-4-yl } phosphine)platinum(0) dihydrate, 36, was carried out by
Dr. R. McDonald, Structure Determination Laboratory, University of Alberta
(reference file number: SDL:RGC9605).

Table A48
Crystallographic Experimental Data for 36.
A. Crystal Data
Empirical formula C,6H28FgNgO,PgPt
Formal weight (g/mol) 959.31
Crystal dimensions (mm) 0.33x0.26 x0.26
Crystal system tetragonal
Space group 142m (No. 121)
Unit cell parameters
a(A) 11.961 (2)
cd) 15.034 (3)
VA3 2250.8 (6)
YA 2
Peatcd (8 cm™3) 1.481

1 (mm1) 3.619



Table A.4.8 continued

273

B. Data Collection and Refinement Conditions

Diffractometer

Radiation (AfA])
Monochromator
Temperature (°C)

Scan type

Data collection 26 limit (deg)
Total data collected
Independent reflections
Number of observations (NO)
Structure solution method
Refinement method

Absorption correction method
Range of absorption corr. factors
Data/restraints/parameters
Goodness-of-fit (S)f
Final R indices8

F,520(F 2

All daa
Largest difference peak and hole

Enraf-Nonius CAD4®

Mo Ka (0.71073)

incident beam (graphite crystal)
-50

6-20

50.0

4256 (-14<h <14,-14<k <14,-17<I<17)
1021

1009 (F ,2220(F ,?))

direct methods (SHELXSI-86°)
full-matrix least-squares on F2
(SHELXSI-93%)

DIFABS®

1.157-0.815

1021 [F,22-36(F ,5)0/61
1.299 (F ,22-36(F ,2)]

R, =0.0381'wR, =0.1180
R, =0.0395 wR, =0.1188
1.570 and -1.160 ¢ A3

4Qbtained from least-squares refinement of 37 reflections with 54.1° <26 < 57.9°.

cSheldrick, G. M. Acza Crystallogr. 1990, A46, 467-473.

dSheldrick, G. M. SHELXL-93. Program for crystal structure determination. Univer-

sity of Gottingen, Germany, 1993. Refinement on Fq2 for all reflections except
for 13 having Fo2 < -30(Fo?). Weighted R-factors wR3 and all goodnesses of fit §
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are based on Fo2; conventional R-factors R| are based on Fo, with Fy, set to zero

for negative Fo2. The observed criterion of Fo2 > 20(F¢2) is used only for
calculating Rj, and is not relevant to the choice of reflections for refinement. R-
factors based on Fo2 are statistically about twice as large as those based on F,,
and R-factors based on ALL data will be even larger.

€Walker, N. Acta Crystallogr. 1983, A39, 158—166.

/S = [Ew(Fo? — Fc2)2/(n — p)11/2 (n = number of data; p = number of parameters
varied; w = [02(F2) + (0.0936P)2 + 4.3804P]-! where P = [Max(F,2, 0) +
2F2)/3).

2R} = ZlIF ol — IFII/EIFg); wR2 = [EW(Fo2 - F 2)2/Ew(F oH)]12.



Table A.4.9
Selected Torsional Angles (deg) for tetrakis(difluoro{2,5-dimethyl-2H-1,2,352-

diazaphosphol-4-yl } phosphine)platinum(0) dihydrate (36).

Atoml  Atom2 Atom3 Atomd Angle
PlA Pt P1 F -66.1(3)
P1B Pt P1 F 55.2(3)
PIC Pt P1 F 176.6(3)
PlA Pt P1 Cl 58.69(4)
P1B Pt P1 Cl1 180.0
P P1 C1 P2 0.0
Pt P1 C1 c2 180.0
F P1 Cc1 P2 179.7(4)
F P1 C1 c2 131.5(3)
C1 P2 N2 N1 -48.5(3)
C1 P2 N2 c3 0.0
N2 P2 C1 P1 180.0
N2 P2 c1 c2 0.0
c2 N1 N2 P2 0.0
(o7 N1 N2 C3 180.0
N2 N1 c2 C1 0.0
N2 N1 c2 ca 180.0
P1 C1 c2 N1 180.0
P1 c1 c2 (o] 0.0
P2 C1 c2 N1 0.0
P2 Cl c2 ca 180.0

The phosphorus atom P1 is located at the crystallographic mirror-symmetry special
position (x,y,z). thus the symmetry-generated phosphorus atoms P1A (x, X, 1-z), P1B
(X, X, z) and P1C (x,X, 1-z) are at the related special positions. No estimated standard
deviation is given for angles in which all atoms involved lie in a crystallographic

mirror plane.
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Table A4.10

Atomic Coordinates and Equivalent Isotropic Displacement Parameters for 36.

Atom_

Pt
P1
P2
F
N1

N2

C1
c2
c3
C4
o

x

0.00
0.1050(2)
0.2192(3)
0.1773(6)
0.3403(9)
0.3176(9)
0.1988(11)
0.2750(10)
0.3795(9)
0.2904(10)
0.00

y
0.00

0.1050(2)
0.2192(3)
0.0416(5)
0.3403(9)
0.3176(9)
0.1988(11)
0.2750(10)
0.3795(9)
0.2904(10)
0.50

z
0.50
0.5905(2)
0.4369(3)
0.6611(3)
0.5442(11)
0.4560(9)
0.5492(12)
0.5932(9)
0.3924(9)
0.6915(8)
0.50

Ueqr A?
0.0309(3)*
0.0364(7)*
0.0449(11)*
0.053(2)*
0.060(5)*
0.048(4)*
0.044(4)*
0.056(4)*
0.060(4)*
0.071(5)*
0.256(20)

Anisotropically-refined atoms are marked with an asterisk(*). The form of the
anisotropic displacement parameter, Ueq, is: exp[-2x2(h2a*2U; + k2b*2U,, +
Rc*2U33 + 2kib*c*Ussz + 2hia*c*Uy; + 2hka*b*Uy,). Those parameters without an

estimated standard deviation are not refined.
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The complete structure and refinement of trans-[RhC1(CO)-
(bis(dimethylamino) (2,5-dimethyl-2H-1,2,302-diazaphosphol-4-y1 }phosphine),, 39,
was carried out by Dr. R. McDonald, Structure Determination Laboratory, University
of Alberta (reference file number: SDL:RGC9615).

Table A4.11
Crystallographic Experimental Data.
A. Crystal Data
Empirical formula C,7H3¢CINgOP,Rh
Formal weight (g/mol) 630.78
Crystal dimensions (mm) 0.35x0.18 x 0.07
Crystal system triclinic
Space group P{(No.2)
Unit cell parameters?
a () 9.4866 (9)
b (A) 11.7338 (13)
cA) 14.9972 (15)
a (deg) 68.686 (8)
B (deg) 73.004 (8)
Y (deg) 66.764 (7)
V(A3 14072 2)
Z 2
Pealcd (§ cm™) 1.489
W (mml) 0.954



Table A.4.11 continued

B. Data Collection andRefinement Conditions

Diffractometer Siemens P4/RAY
Radiation (AA]) Mo Ka (0.71073)
Monochromator incident beam, graphite crystal
Temperature (°C) -60
Scan type 6-26
Data collection 26 limit (deg) 50.0
Total data collected 5245 (0sh <11,-12<k <13,-17<I<17)
Independent reflections 4916
Number of observations (NO) 2918 (FOZZZG(F ,,2))
Structure solution method direct methods (SHELXSI-86%)
Refinement method full-matrix least-squares on F2
(SHELXSI-93¢%)
Absorption correction method semiempirical (¥ scans)
Range of absorption corr. factors 0.9965-0.8630
Data/restraints/parameters 4916 [F ,22-30(F ,2)y2°/305
Goodness-of-fit (S)f 1.037 [F 22-30(F 2]
Final R indices8
F,2520(F ) R, =0.0623 wR, = 0.0776
All data R, =0.1345° wR, = 0.0964
Largest difference peak and hole 0.521 and -0.521 ¢ A3

278

90btained from least-squares refinement of 32 reflections with 25.5° <26 < 28.0°.

bPrograms for diffractometer operation and data collection were those of the
XSCANS system supplied by Siemens.

cSheldrick, G. M. Acta Crystallogr. 1990, A46, 467-473.
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dSheldrick, G. M. SHELXL-93. Program for crystal structure determination. Univer-

sity of Gortingen, Germany, 1993. Refinement on F,2 for all reflections except
for 13 having Fo2 < -30(Fo?). Weighted R-factors wR2 and all goodnesses of fit §

are based on F,2; conventional R-factors R are based on Fo, with Fq set to zero
for negative Fo2. The observed criterion of Fo2 > 20(Fo2) is used only for

calculating R1, and is not relevant to the choice of reflections for refinement. R-
factors based on Fo2 are statistically about twice as large as those based on F,,
and R-factors based on ALL data will be even larger.

Distances involving the carbonyl group C(2)O(2) of the minor isomer were fixed as
follows: d(Rh-C(2)) = 1.78(1)A; c¢(C(2)-O(2)) = 1.12(1)..

/S = [Ew(F o2 — Fc2)2/(n - p)]\72 (n = number of data; p = number of parameters
varied; w = [02(F2) + (0.0936P)2 + 4.3804P]-! where P = [Max(F2, 0) +
2F2)73).

8Ry = ZlIF o) ~ IFN/ZIF o); wR2 = [Ew(Fo2 ~ F 2)2/Zw(Foh] 12,



Table A4.12

Selected Torsional Angles (deg) for trans-[RhCl(CO)(bis{dimethylamino} (2,5-

dimethyl-2H-1,2,30%-diazaphosphol-4-yl }phosphine),] (39).

Atoml
Cl
Cl
i

Cc2
Ci2
Ci2
P21

P21
P21
C1
C1

28Q3@Q8¢°

cui

d88¢2

P11
P11
P11
C1
C1

382

Atom2 Atom3 Atomd

FEFPFPPFPPRPERPEEC R ERRRRRERRERRER

P11
P11
P11
P11
P11
P11
P11
P11
P11
P11
P11
P11
P11
P11
P11
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21

N11
NI12
Cl1
N11
N12
Cl1
N11
N12
Cl1
N11
N12
C11
Nl11
N12
C11
N21
N22
C21
N21
N22
C21
N21
N22
C21
N21
N22
C21
N21
N22

Angle

-173.9(3)
58.6(3)
-55.0(3)
-4.5(6)
132.0(6)
114.4(6)
-150.4(8)
82.1(9)
-31.409)
-0.4(5)
-127.9(5)
118.6(5)
-176.9(13)
55.6(13)
-58.0(13)
-179.7(3)
-52.5(3)
65.1(3)
10.9(6)
138.0(6)
-104.3(6)
156.8(8)
-76.1(9)
41.6(9)
6.7(S)
133.9(5)
-108.5(5)
-176.6(13)
-49.5(13)
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Table A.4.12 continued

Atoml
Cc2
Cl1
P11
P21
C12
P11
P21
Rh
Rh
N12
N12
C1l
C1l

N11
Nl11
Cll
Cll1

N11
N11
N12
N12
Cll
Cl1
N13
N13

N22

Atom2  Atom3
Rh P21
Rh C1
Rh C1
Rh C1
Rh C2
Rh C2
Rh Cc2
P11 N11
P11 N11
P11 Nl11
P11 N11
P11 N11
P11 N11
P11 N12
P11 N12
P11 N12
P11 N12
P11 Ni2
P11 N12
P11 Cl1
P11 Ci1
P11 C11
P11 Cl11
P11 C11
P11 C11
P12 N13
P12 N13
P12 C11
P12 Ci1
P21 N21
P21 N21
P21 N21

Atom4
Cc21
O1
o1
o1
02
02
02
C1s5
Clé
C1s5
Cl6
C15
C16
C17
C18
C17
C18
C17
C18
P12
C12
P12
Ci12
P12
C12
N14
Cl4
P11
Cl12

Angle
68.2(13)
5.5(166)

-87.4(141)
89.3(141)
-25.6(1000)
71.9(1000)
-105.1(1000)
151.0(5)
-61.7(5)
-80.4(7)
67.0(6)
28.4(7)
175.8(5)
26.8(6)
174.6(5)
-104.9(6)
42.9(6)
145.4(5)
-66.8(6)
102.8(4)
-65.6(78)
-130.3(4)
61.3(7)
-16.4(5)
175.1(6)
1.0(5)
178.1(6)
-171.1(4)
-0.9(5)
62.8(6)
-155.8(5)
-65.8(6)



Table A.4.12 continued
Atom2 Atom3

Atoml
N22

N23
P11
P11
P12
P12
P21

P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P21
P22
P22
P22
P22
N13
N13
N14
N14
N23
N23
N24
N24
Cl1
Cl1
C11
Ci11
C21

N21
N21
N21
N22
N22
N22
N22
N22
N22
C21
C21
C21
c21
c21
C21
N23
N23
Ca1
C21
N14
N14
Ci12
C12
N24
N24

C12
Ci2
C12
C12

Atomd
C26
C25
C26
Cc27
C28
C27
C28
Cc27
C28
P22
C22
P22
C22
P22
c22
N24
C24
P21
Cc22
Cl12
C12
C11
C13

C21
Cca3
N14
C13
N14
C13
N24

Angle
75.6(7)
-177.6(S)
-36.2(7)
177.9(6)
-25.7(7)
-50.5(7)
105.9(6)
58.1(7)
-145.4(6)
-109.94)
60.2(7)
125.1(5)
-64.8(7)
11.3(6)
-178.6(6)
-0.1(6)
179.0(7)
172.6(5)
1.3(5)
-0.7(7)
-178.1(6)
-0.109)
176.8(6)
-1.2(8)
179.6(6)
2.209)
-179.6(6)
170.5(5)
-6.0(11)
0.8(8)
175.7(6)
-173.9(5)



Table A.4.12 continued
Atoml Atom2 Atom3 Atom4

P21 C21 Cc22 C23
P22 21 C22 N24
P22 c21 c22 c23

Angle
8.1(11)
-2.3(8)

179.7(6)



Table A.4.13

Atomic Coordinates and Equivalent Isotropic Displacement Parameters of 39.

Atom
Rh
Cl1a
CI12b
P11
P12
P21
P22
Ola
O2b
N11
N12
N13
N14
N21
N22
N23
N24
Cla
b
Cl1
C12
C13
Ci4
C1s§
Cl16
C17
C18
ca1
c22
C23
C24

x
0.32975(8)
0.2916(5)
0.3227(31)
0.1894(2)
-0.0350(2)
0.4549(2)
0.3155(3)
0.3364(21)
0.2984(50)
0.1454(7)
0.2738(7)
-0.2056(7)
-0.2380(7)
0.5255(7)
0.5959(7)
0.1461(8)
0.0867(8)
0.3389(16)
0.3133(45)
0.0042(8)
-0.1189(8)
-0.1276(9)
-0.3198(8)
0.0089(9)
0.2783(9)
0.4417(9)
0.2116(9)
0.3185(8)
0.1826(9)
0.1385(9)
0.0539(10)

y
0.28552(6)

0.2602(3)
0.3044(29)
0.5039(2)
0.5597(2)
0.0633(2)
-0.1056(2)
0.3071(17)
0.2517(39)
0.5980(5)
0.5734(5)
0.5327(5)
0.4952(5)
-0.0021(5)
0.0149(6)
-0.1210(6)
-0.0662(6)
0.2995(12)
0.2645(36)
0.5230(6)
0.4898(7)
0.4431(7)
0.5404(7)
0.7127(7)
0.6078(7)
0.5214(7)
0.7119(7)
-0.0196(6)
-0.0078(6)
0.0608(7)
-0.1903(7)

z
-0.29259(5)
-0.1223(3)
-0.4605(17)

-0.30903(14)
-0.12455(15)
-0.25749(14)

-0.0636(2)
-0.4926(10)
-0.0882(11)
-0.42014)
-0.2685(4)
-0.0978(4)
-0.1626(4)
-0.3512(4)
-0.1936(4)
-0.0619(5)
-0.1454(5)
-0.4160(9)
-0.1674(9)
-0.2311(5)
-0.2379(5)
-0.3160(5)
-0.0083(5)
-0.4362(5)
~0.4978(5)
-0.2694(5)
-0.2803(6)
-0.1836(5)
-0.2119(6)
-0.3107(5)
0.0213(6)

Ueq, A2
0.0221(2)*
0.0352(8)*
0.049(5)*
0.0243(5)*
0.0305(5)*
0.0257(5)*
0.0493(7)*
0.065(5)*
0.077(16)*
0.030(2)*
0.0312)*
0.030(2)*
0.035(2)*
0.034(2)*
0.038(2)*
0.048(2)*
0.046(2)*
0.038(4)*
0.024(11)*
0.023(2)*
0.031(2)*
0.043(2)*
0.044(2)*
0.054(3)*
0.045(2)*
0.043(2)*
0.051(2)*
0.029(2)*
0.034(2)*
0.049(2)*
0.0713*



Table A.4.13

Atomic Coordinates and Equivalent Isotropic Displacement Parameters of 39.
Atom x y z Uegr A2
C25 0.6468(10) 0.0430(7) -0.4236(5) 0.058(3)*
C26 0.5516(10) -0.1394(6) -0.3394(6) 0.059(3)*
Cc27 0.6888(10) -0.1201(8) -0.1593(6) 0.076(3)*
C28 0.6738(10) 0.1042(8) -0.1966(6) 0.065(3)*

Anisotropically-refined atoms are marked with an asterisk(*). The form of the
anisotropic displacement parameter, Ueq, is: exp[-2x2(h2a*2U; + k2b*2U,, +
Rc*2U33 + 2kib*c* Uy + 2hla*c*Uy3 + 2hka*b*Uy,]. 3 Refined with an occupancy
factor of 0.75. b Refined with an occupancy factor of 0.25.



The complete structure and refinement of [(15-CsMes)TiClo(N =P(NMe2)2)-
(2,5-dimethyl-2H-1,2,302-diazaphosphol-4-yl)] (46) was carried out by Dr. R.

McDonald, Structure Determination Laboratory, University of Alberta (reference file

number: SDL:RGC9703).

Table A4.14

Crystallographic Experimental Data for 46.

A. Crystal Data
Empirical formula
Formal weight (g/mol)
Crystal dimensions (mm)
Crystal system
Space group
Unit cell parameters?®
a(A)
bA)
cA)
B (deg)
VA3
y 4

Peaicd (8 cm)

M (mm'l)

C,3H33CLNP, Ti
50023
0.41x0.34x 0.12

monoclinic
P21 (No. 9)

11.9477 (11)
8.4757 (6)
12.7567 (11)
108.824 (8)
1222.7 (2)

2

1.359

6.321



287
Table A.4.14 continued

B. Data Collection and Refinement Conditions

Diffractometer Siemens P4/RAD
Radiation (A[A]) graphite-monochromated
Cu Ka (0.1.54178)
Temperature (°C) -60
Scan type 626
Data collection 20 limit (deg) 1135
Total data collected 3646 (-12sh <12,-9<k <9,-13<I<13)
Independent reflections 3231
Number of observations (NO) 2891 (F,2220(F %)
Structure solution method direct methods (SHELXSI-86°)
Refinement method full-matrix least-squares on F2
(SHELXSI-93%

Absorption correction method semiempirical (¥ scans)
Range of transmission factors 0.6907-0.2434
Data/restraints/parameters 3218 [F,22-36(F ,2)1/0/260
Extinction coefficient 0.0037 (6)
Flack absolute styructure parameters -0.02 (2)
Goodness-of-fit (S)f 1.081 (F,%2-36(F 1]
Final R indicesé

F,2>20(F 2 R, =0.0630- wR, =0.1593

All data R, =0.0768'wR, =0.1973
Largest difference peak and hole 0.406 and -0.429 ¢ A3

40btained from least-squares refinement of 37 reflections with 54.1° <26 < 5§7.9°.

bPrograms for diffractometer operation and data collection were those of the
XSCANS system supplied by Siemens.



cData were collected with indices of the form +A +k £/ and -4 —k /.
dSheldrick, G. M. Acta Crystallogr. 1990, A46, 467-473.

eSheldrick, G. M. SHELXL-93. Program for crystal structure determination. Univer-
sity of Gottingen, Germany, 1993. Refinement on Fy2 for all reflections except
for 13 having Fo2 < -30(F?). Weighted R-factors wR2 and all goodnesses of fit S
are based on F2; conventional R-factors R are based on F, with F, set to zero
for negative Fo2. The observed criterion of Fo2 > 20(F,2) is used only for
calculating R}, and is not relevant to the choice of reflections for refinement. R-
factors based on F,2 are statistically about twice as large as those based on F,,
and R-factors based on ALL data will be even larger.

fEc* = kF[1 + x(0.001F:223/sin(26)}]-1® where k is the overall scale factor.
8Flack, H. D. Acta Crystallogr. 1983, A39, 876-881. The Flack parameter will refine

to a value near zero if the structure is in the correct configuration and will refine
to a value near one for the inverted configuration.

kS = [Ew(Fo2 - F¢2)2/(n - p)]1/2 (n = number of data; p = number of parameters
varied; w = [02(Fy2) + (0.0936P)2 + 4.3804P]-! where P = [Max(Fo2, 0) +
2F2)/3).

iRy = ZlIFql - IFI/ZIF ol; wR2 = [Ew(Fo2 — Fe2)2[Ew(F %)) 12,

288



Table A.4.15
Selected Torsional Angles (deg) for [(75-CsMes)TiCla(N=P(NMe3)2)(2,5-dimethyl-
2H-1,2,302-diazaphosphol-4-y1)] (46).

Atoml Atom2 Atom3 Atwomd Angle
Cs P1 N2 N3 -1.1(8)
Cs P1 N2 Cé6 -177.9(10)
N2 P1 Cs P2 173.3(6)
N2 P1 Cs C4 1.0(8)
N11 P2 N1 Ti 87.2(17)
N12 P2 N1 Ti -28.7(17)
Cs P2 N1 Ti -151.2(16)
N1 P2 N11 C11 -60.8(8)
N1 P2 N11 C12 80.5(8)
N12 P2 N11 C11 59.8(7)
N12 P2 N11 C12 -158.9(8)
Cs P2 N11 C11 178.3(6)
Cs P2 N11 C12 -40.4(9)
N1 P2 N12 C13 -40.9(8)
N1 P2 N12 Cl4 165.2(7)
N11 P2 N12 C13 -165.6(7)
N11 P2 N12 Cl4 40.5(8)
Cs P2 N12 C13 78.6(7)
Cs P2 N12 Ci4 -75.3(8)
N1 P2 Cs P1 9.2(7)
N1 P2 Cs C4 179.4(10)
N11 P2 Cs P1 135.8(5)
N11 P2 Cs Cc4 ~-54.0(11)
N12 P2 Cs P1 -112.3(6)
N12 P2 Cs Cc4 57.8(11)
P1 N2 N3 C4 0.8(12)
Cé6 N2 N3 Cc4 178.0(10)
N2 N3 (o ) Cs 0.1(14)
N2 N3 C4 Cc7 177.5(12)



Table A.4.15 continued
Atom2 Atom3 Atom4

Atoml
N3

N3
Cc7
1

C4
C4
C4
C4

Cs
Cs
Cs
Cs

P1
P2
Pl
P2

Angle
-0.8(13)
-171.7(8)
-177.9(12)
11.2(20)
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Table A4.16

Atomic Coordinates and Equivalent Isotropic Displacement Parameters of
[(n5-CsMes)TiCla(N=P(NMe3)2)-(2,5-dimethyl-2H--1,2,3 62-diazaphosphol-4-yl)]

(46).

Atom
Ti
Cll
C12
P1
P2
N1
N2
N3
N11
N12
C4

C6

C11
C12
C13
Cl4
C20

C22
C23
C24

C26
C27
C28
C29

x
0.36228(11)

0.4609(2)
0.2619(2)
0.2887(2)
0.1213(2)
0.2452(5)
0.2388(6)
0.1198(6)
0.0122(7)
0.0676(6)
0.0688(7)
0.1454(6)
0.3093(7)
-0.0642(8)
0.0233(9)
0.0052(10)
0.1501(9)
-0.0538(9)
0.3910(7)
0.4736(7)
0.5565(7)
0.5281(8)
0.4302(8)
0.2912(8)
0.4745(9)
0.6607(7)
0.5979(9)
0.3761(9)

y

0.0101(2)
0.2392(3)
0.0805(3)
-0.0027(3)
0.0295(3)
0.0007(10)
0.0078(11)
0.0239(11)
-0.0896(8)
0.2034(9)
0.0256(14)
0.0110(11)
0.0091(16)
0.0356(25)
-0.0874(12)
-0.2463(13)
0.3377(11)
0.2521(13)
-0.2559(9)
-0.1666(9)
-0.0958(10)
-0.1394(10)
-0.2378(10)
-0.3551(12)
-0.1595(12)
-0.0015(14)
-0.0922(12)
-0.3278(11)

F 4

-0.30073(10)

-0.2275(3)
-0.4821(2)
0.0081(2)

-0.22417(15)

-0.2429(5)
0.1159(5)

0.0932(S)

-0.2908(6)
-0.2721(6)
-0.0161(6)
-0.0797(6)
0.2335(6)

-0.0598(8)
-0.4125(7)
-0.2462(9)

40.2524(10)

<0.2915(9)
-0.3427(6)
-0.3808(6)
-0.2891(7)
-0.1925(7)
-0.2248(7)
-0.4108(8)
-0.4970(8)
-0.2888(8)
-0.0766(8)
0.1513(7)

Ueq, A2
0.02214)*
0.0491(7)*
0.0459(7)*
0.0345(6)*
0.0228(5)*
0.028(2)*
0.033(2)*
0.039(2)*
0.031(2)*
0.032(2)*
0.039(2)*
0.025(2)*
0.042(2)*
0.085(5)*
0.045(3)*
0.054(3)*
0.046(3)*
0.049(3)*
0.023(2)*
0.022(2)*
0.026(2)*
0.031(2)*
0.029(2)*
0.044(2)*
0.040(2)*
0.045(2)*
0.046(3)*
0.042(2)*
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Anisotropically-refined atoms are marked with an asterisk(*). The form of the

anisotropic displacement parameter, Ueq, is: exp[-2x2(h2a*2U 1 + k2b*2U5; +
Rc*2Uss + 2kib*c*Uys + 2hla*c* Uy + 2hka*b*Uy). @ Refined with an occupancy
factor of 0.75. b Refined with an occupancy factor of 0.25.



