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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

o~ H
O\ PhoP
| Me,,
h / . [ )

PPhay ¢

v

Phgﬁ/\ III’th
N Se

Me3Si

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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@ NMe ;
ocCH / Ny mm-fe\N_-_P
ocC NMe > ocC | \ NM
XXXIT (- HNMeg) N @2
. CO.'Bu
XXX
N>
COztBu

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

55



(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.



13(:[151}

#:
% ’
-ﬁ . .
J ‘
. .
=

i i N 1 hh M v o

40.0 30.0 20.0 10.0

PPM

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.
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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.
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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.
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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.



2) 130

! | kD
255 250 245
ppm
b)
T J T T
38 -39 -40 ~41
ppm

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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M
. N/ o 28
o I
\
PZ PR,
2
Mo(CO)3(MeCN), y Me
Me—
N\ s Ve F Me. /N\
1 F N—Me
| e
OC«-..,. L N P
L £

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
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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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