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Abstract

Catenation, or homoatomic bonding, is a principle feature in defining the
chemistry of phosphorus. As such, studies directed towards developing new catena-
phosphorus chemistry are of fundamental value. Although much is known about neutral
and anionic catena-phosphorus compounds, only a limited number of cationic species
have been prepared to date.

New synthetic methods have now been developed for the preparation of triflate
salts of a number of new catena-phosphorus cations consisting of phosphine and
phosphonium units. The isolation and characterization of the first monocyclic tri-, tetra-
and pentaphosphorus monocations has been achieved. Some examples of acyclic tri- and
tetraphosphorus monocations have also been characterized, and the first cyclic
tetraphosphorus 1,2-dication and acyclic tetraphosphorus 1,4-dications are reported.
Compounds have been characterized by use of multinuclear NMR, including simulations
of their often complex >'P{'H} NMR spectra, and X-ray structures have been obtained in
most cases. These findings contribute to a systematic development of this emerging area

of fundamental phosphorus chemistry.
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Chapter 1.0: Introduction

1.1 Catenation

Derived from the Latin word catena, for chain, the Encyclopadia Britannica
describes catenation as the chemical linkage into chains of atoms of the same element.!
In this thesis, rings shall be considered as simple chains that are joined end-to-end, and
the term catenation will be used to refer to homoatomic bonding within both acyclic and
cyclic compounds.

Of all the elements, carbon has shown the most pronounced ability to catenate.
This is illustrated by the diversity within its allotropes, such as diamond, graphite, and the
fullerenes. The carbon-carbon bond also plays a pivotal role in the well developed field
of organic chemistry, in that most organic molecules are built around carbon-based
frameworks. The field is at a point now where highly complex natural products can be
rationally synthesized in the laboratory. High molecular weight carbon-based polymers,
such as industrially relevant polyethylene, also consist of huge numbers of directly
bonded carbon atoms.

Though much less developed, many other elements (for example Si, Ge, P, S)
have significant tendencies towards homoatomic bonding. Of these, phosphorus, not
silicon, displays a more analogous chemistry to carbon.” This results from the similar
electronegativities of phosphorus and carbon, and follows the trend for elements with a
diagonal relationship on the periodic table. In this context, the catena chemistry of
phosphorus is expected to consitute a significant portion of the fundamental chemistry of

the element, as is the case for carbon.

1.2 Allotropes of Phosphorus

Perhaps the most fundamental catena-phosphorus compounds are the elemental
forms, or allotropes, of phosphorus. These allotropes are a special class of catena-
phosphines in which each phosphorus atom is involved in three bonds only to other
phosphorus atoms. Though there have been more than eleven different allotropes
reported, including a recent report on phosphorus nanorods,’ the most common are the
white (yellow), red and black forms.® White phosphorus (P4, 1.1), the least stable of the

three common forms, is defined as the standard state of the element and consists of four



atoms arranged in a tetrahedron (P-P = 2.21 A). Above 1070 K, this form is in
equilibrium with the diatomic nitrogen analogue P, (1.2, P-P=1.87 A).® Hittorf’s
phosphorus (1.3, P-P =~ 2.22 A) is a well known derivative of red phosphorus which
consists of infinite arrays of interlocking chains. Black phosphorus (1.4, P-P = 220 A)
consists of layers of arrays of six-membered phosphorus rings with chair conformations,

and is the most stable of the allotropc:':s.6
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1.3 Substituted catena-Phosphines

Marianne Baudler’s group has produced over 200 publications entitled
“Contibutions to the Chemistry of Phosphorus” which deal principally with neutral or
anionic compounds involving phosphorus-phosphorus bonds. Many others have also
contributed to these areas of phosphorus chemistry, which have been the subject ofa
number of reviews.>”!! This section, and the following, will not be a comprehensive
review of the chemistry of catena-phosphines or phosphorus anions, respectively, but
will focus on reports that are directly related to compounds described in this thesis, or

compounds that exemplify some aspect of catena-phosphorus chemistry.

RR RRR RRER RPR
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Substituted catena-phosphines can be divided into two broad classes: acyclic and
cyclic. The simplest acyclic catena-phosphines are the diphosphine 1.5, triphosphine 1.6,
and tetraphosphine 1.7, which consist of two, three or four directly bonded phosphorus
atoms, respectively.” Iso-tetraphosphines 1.8 have also been isolated in the presence of
bulky organo-substituents (‘Bu, Cy, Ph).'%!? One of the major problems associated with
acyclic catena-phosphines 1.6 and 1.7 is the disproportionation into diphosphines and
cyclopolyphosphines (RP)y, as illustrated in Scheme 1.1, and these compounds often

require particular conditions, such as low temperature, for their synthesis and isolation.!

R(R R R R
P Bt R
R 'R R R

Scheme 1.1 Disproportionation of longer-chain catena-phosphines into diphosphines and
cyclopolyphosphines.

Cyclopoyphosphines [(RP)] are much more robust and diverse than acyclic
catena-phospines, and are generally prepared by the reduction of the corresponding

281011 are not

dichlorophosphines (RPCl,). The general reactions outlined in Scheme 1.
ring-size specific, but one (RP), oligomer is usually formed preferentially for a given
substituent (R). Increasing the steric bulk of the substituent favors a smaller ring size. In
fact, using extremely bulky groups such as Mes* (2,4,6-tri-tert-buﬂyphenyl)14 or
terphenyls,'>'® allows for the formation of diphosphenes (R-P=P-R). The cyclic

compounds shown in Scheme 1.2 can be isolated in good yields by the indicated method.
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Cy = Cyclohexy!l

Scheme 1.2 Commonly used routes for the synthesis of cyclopolyphosphines 1.9a,"
1.10b," 1.11a," 1.11b.7

Some substituents (‘Bu, Cy, Ph as examples) can allow for the isolation of cyclic
catena-phospines of multiple ring sizes (Figure 1.1). For example, cyclotriphosphine
(tBuP)g17 1.9a and cyclotetraphosphine (tBuP)419 1.10¢ are both isolable, with the latter
being isolated as the minor product in the formation 1.9a, according to Scheme 1.2a.
Using cyclohexyl substituents, Baudler ez al. were able to isolate cyclotriphosphine 1.9¢
and cyclopentaphosphine 1.11¢ from KCyP-PCy-PCy-PCyK, and CyPCl, with sodium
respectively.20 Though the pentamer 1.11a is thermodynamically preferred, phenyl
substituted cyclotetraphosphine 1.10d can be isolated from CpZr(PPh); (1.17) or
(Me;3Si)PhP-PPh-PPh(SiMe3) and PhPCl,.2'"** A rare example of a cyclohexaphosphine
(PhP)s 1.18a has also been isolated with phenyl substituents.”
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Figure 1.1 Cyclopolyphosphines that have been isolated in multiple oligomeric forms for

a given substituent at phosphorus.
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A large percentage of these and related cyclopolyphosphines were first prepared
before advanced multinuclear NMR and X-ray diffraction experiments were readily
available, and as a result, some of these catena-phosphines have been reported as the
incorrect (RP), oligomer. Caution is therefore needed when reading these earliest reports,
where characterization relies heavily on inaccurate (for these systems) molecular weight
determination expe:riments.10 Perhaps the most telling example of this is the (PhP),
system, which was originally reported in 1877 as the diphosphene Ph-P=P-Ph,** being
isovalent to the well known azobenzene Ph-N=N-Ph. Later, much debate arose as to the
degree of oligomerization, and a tetrameric formula was proposed.lg;25 Finally, X-ray
crystallography%;27 and solution >'P NMR studies®”® demonstrated that this compound was
the pentamer (PhP); 1.11a in solution and solid phases (Mp. 151 °C). Interestingly, a
commonly cited preparation of (PhP)s is a report in which the product is erroneously
assigned to (PhP), (refered to as “tetraphenyltetraphosphine A1

The use of both transition metal catalysis and skeletal stabilization (where
phosphorus atoms are bridged by a common substituent), has allowed for the isolation of

a 16-membered ring of catenated phosphorus atoms.” Though mechanistic details remain

uncertain, the macrocycle (CsHsP,)s 1.19 has been isolated in 58% yield from 1,2-



CsH4(PH,), 1.20 and 0.05 equivalents of the anionic zirconium complex
[Cp*,ZrH;3)[K(THF),]. This marks the largest array of phosphorus atoms in a single ring,
and is a substantial jump from the three-, four-, five-, and six membered rings more

typical for cyclopolyphosphines.

S |
P P<g”
P—K PH;
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119 1.20

Besides the polymeric allotropes of phosphorus, the neutral compounds that best
illustrate the propensity for phosphorus to form homoatomic bonds are the polycyclic
catena-phosphines, for which even octacyclic derivatives have been characterized >**
Such polycyclic species can be formed from alkylation of the corresponding polycyclic
catena-phophorus anions, but more general methods come from the reactions outlined in

Scheme 1.3.5%°

a) XRPCly + yPCly + [2x+3yJ2Mg ———— RyPyy + [2x+3y)2 MgCl;

b) x/n (RP), + y PCl3 + 3y/2 Mg ———  RyPyy + 3y/2 MgCl,
c) xRPCl, + y/4P4 + xMg —  RyPyiy + xMgCly
d) [(2x+3y)/2n] (RP), + y PCl3 —>  RyPyy + 3y/2RPCl,

Scheme 1.3 General reactions for the formation of polycyclic catena-phosphines.



For each of these reactions the phosphorus containing products will contain x
“RP” groups [from RPCl, or (RP),], and y “P” atoms bonded to another three phosphorus
atoms (from PCl3 or Py). There are multiple polycyclic catena-phosphines produced in
these reactions, and products depend on the organic substituent (R) and the method used.
Although only a limited number of these have been isolated as analytically pure oils or
crystallographically characterized (some highly catenated examples include 1.21,%
1.22,>! and 1.23%2), about two dozen different structural arrangements of general formula
P.R., (n > m) have been identified by a detailed analysis of their often complex

phosphorus-31 NMR spectra in solution.®
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The favorability of five- and six-membered rings in catena-phosphorus systems is
clear from their dominant presence in the structures of these polycyclic molecules.®
Importantly, if lone-pairs and P-R bonds are each considered as C-H bonds, these
polyphosphines can be seen as analogous to known hydrocarbon polyhedrons. These
observations formed the basis for developing the carbon-phosphorus analogy in terms of
the tendancy within each element for catenation. Other important parallels between

phosphorus and carbon are prevelant in low-coordinate compounds of each element.***

1.4 catena-Phosphorus Anions

Like their neutral counterparts, catena-phosphorus anions (commonly referred to
as polyphosphides) are found both in cyclic and acyclic arrangements. Acyclic
derivatives of diphosphides 1.24 — 1.26, involving various organic substituents, were first

identified as products from the reactions of cyclopolyphosphines and different



stoichiometric ratios of alkali metals.**?” More recently, phenyl substituted dianions
1.24a, 1.25a, 1.26a have been isolated directly from reduction of PhPCl, with the
appropriate stoichiometric amount of sodium metal.*® Derivatives 1.26b (Mes = 2,4,6-

trimethylphenyl) and 1.26¢ have also been isolated by a similar procedure.3 o

RRRRR  RRRER
“P—P” - P—-P—P ~P—P—-P—P”
1.24 1.25 1.26
a: R=Ph a:R=Ph a: R=Ph
b: R = Mes
c: R=1Bu

Although double bonds between phosphorus atoms in neutral catena-phosphorus
systems are generally less thermodynamically stable than single bonds, following the
double-bond rule,* the anionic charge associated with phosphides increases the tendancy
for P-P 1t-sys1:ems.41 The nucleophilic degradation of P4 by alkali silanides (R3SiM") has
allowed for the isolation of unsaturated anions 1.27 and 1.28 (produced along with other

4546 and cesium®® salts of cyclo-P¢* (1.29)

saturated species).‘”'43 Potassium,” rubidium,
have been isolated in the solid state, but are unstable in solution.*’ Other noteworthy
anions involving P-P n-bonding are the cyclic species Ps” (1.30)*°! and P (1.3 1),472

both of which are 67 aromatic systcms.5 2
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Although cyclopolyphosphines (RP), are well known, reports on the isolation of
cyclic monophosphides, cyclo-(RP),P, are few. The alkali metal reduction of (RP)n
occurs preferentially at P-P (giving anions 1.24 - 1.26), rather than P-C bonds; therefore,
aternative synthetic methods to these anions are needed. Recently, the syntheses of cyclic

pentaphosphorus monoanions 1.32a-c¢ have been achieved according to Scheme 1.4.3%%3



4RPCl, + PCl3 + 12Na ——> \P_F;\ Na  +11 NaCl

Scheme 1.4 Synthesis of isolable cyclic pentaphosphorus monophosphides.

In analogy to neutral polyphosphines, catenated polyphosphorus anions have also
been observed as polycyclic species.3 :8.9:54 Crystallographically characterized examples of
such anions include 1.33,% 1.34,%¢1.35,”7 1.36.%%% These compounds and others, such as
Pie> (1.37) and Pi° (1.38), have also been identified in solution from the NMR
parameters derived by simulating the complex phosphorus-31 spectra they exhibit in
solution.® Again, these studies demonstrate the preference for catenated five- and six-
membered rings of phosphorus atoms. These compounds are not only remarkable for
their high degree of catenation, but also for their ability to accommodate up to four
negative charges within a single molecule. These compounds are principally made by the
reduction of white phosphorus with the proper stoichiometry of an alkali metal or an

alkali metal phosphide (M'PH,). 3
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1.5 catena-Phosphorus Cations

Much in the same way that the catenated phosphorus anions are principally
comprised of phosphine (I) and phosphide (II) units of full octets, catena-phosphorus
cations can be envisaged from a combination of phosphine (I) and phosphonium (IIT)
units. The phosphenium ion (IV)® is another potential cationic building unit, but the
inherent electron deficiency of these species make them less robust than phosphonium

centers.

. a_ + oy

| ! i v

The simplest catenated phosphorus cation is the phosphinophosphonium ion (A),

which can also be described as a phosphine complex of a phosphenium ion (A’).“;62

b e
] |

A A

+

These cations were first proposed as products in the reaction of a diphosphine
with alkyl or aryl halides.®® Derivatives of 1.39 involving amino, aryl, or alkyl groups are
easily prepared from a chlorophosphine and half an equivalent of an appropriate halide
abstracting agent (AICl3, GaClz or TMSOTf = Me;SiOS0,CFs). 81656468 Other

961 ;62

derivatives such as 1.40 can be prepared by ligand exchange with 1.3 (consistent

10



with description A?) or directly from combinations of a chlorophosphine, a phosphine,

and a halide abstractor.8"** These reactions are highlighted in Scheme 1.5a-c,

respectively, using gallium trichloride as the halide abstracting agent.

CI R
+1 1
a) 2R,PCl + GaCl3 —> R-FI’ R GaCly
R R
1.39
PR'3
- PRCI
¢) PR3 + RyPClI + GaCl; —> R'—F|>—|:|> GaCly
R' R
1.40

Scheme 1.5 General synthetic pathways to phosphinophosphonium salts.

Discounting the work detailed in the following chapters of this thesis, the only

known 1,3-diphosphino-2-phosphonium ions (B) are acyclic 1.41a,% cyclic 1.41b,%% and

polycyclic 1.42,7° the latter being a complex situation involving a square-based pyramidal

geometry at phosphorus.
Ph Ph +
| | I tBU\P’ P\P—tBU P’P tBU
| 1, | [y ] Y
U b
1 1 By
B 1.41a 1.41b 1.42
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a: X=Br
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R = alkyl, aryl, amino

Other examples of catena-phosphorus monocations involve four phosphine

centers, such as polycyclic tetraphosphinophosphonium ion (C), represented by

1.43.%7172 Eormally, a combination of phosphide and phosphonium environments is

found in monocationic derivatives of 1.44.7>"7® Despite the relatively short bonds (P-P =

~2.13 A) which indicate partial double bond character (1.44° is one resonance

contributor),’® these cations, commonly referred to as triphosphenium cations, can also be

regarded as diphosphine complexes of a P(I) center (1.44°*).”® Accordingly, the PR3

groups are easily exchanged in the presence of stronger phosphine donors.” Some

sample synthetic methods for the preparation of derivatives of 1.44, involving the

reduction of a phosphorus trihalide in the presence of phosphine (PR3) ligands, are

illustrated in Scheme 1.6.

12



Ph Ph
1
a) 3PhsP + PClz + 2AICl3 -———*Phiﬁ’—P—-l:l’tPh + [PhsPCIJ[AICI,]
Ph  Ph
1.44a
Ph~ _Ph Ph */P_\* Phl—
1.44b

Scheme 1.6 Synthesis of some acyclic (1.44a)76"79 and cyclic (1.44b)75 derivatives of
triphosphenium cations.

Unique crystallographically characterized examples 1.45% and the phosphonio-
substituted phosphene 1.46%"% involve multiple bonding between phosphorus atoms.
Cation 1.45 has been prepared by methylation of the corresponding diphosphene, and is
best represented as drawn, rather than the potential phosphinophosphenium resonance

isomer (1.45), as it has a planar geometry about a short (2.02 A)P-P bond.¥

Mes* Mes* Ph
L+ S + ]
||3=||° ~> ‘T“‘Fl’ Ph-R—P=P-Mes"
Mes* Me Mes* Me Ph
1.45 1.45’ 1.46

Although no monocationic analogue [(RP),PR,"; such as 1.47 - 1.49 (n =2 — 4)]
of the catenated cyclopolyphosphines [(RP)g; 1.9 - 1.11, 1.18 (n=3 - 6)] or
cyclopolyphosphorus anions [(RP),P7; 1.32, n = 4] have been definitively characterized
prior to this thesis (Chapter 2 - 4), a single monocyclic dication 1.50 [(RP)n(PR2)22+, n=
2] has been crystallographically characterized. This example of a cyclic 2,4-diphosphino-
1,3-diphosphonium ion (D) was formed serendipitously from RSnMes (R = 2,6-
dimethoxyphenyl) and PCIF; in an attempt to make RPF,.% Disregarding substituents, it
can be seen that dication 1.50 is formally the dimer of monocation 1.45, via a head-to-
tail, [2 + 2] cycloaddition (Scheme 1.6). This suggests that analogues of 1.45 may be

unstable with respect to oligomerization in the absence of bulky ligands.
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R = 2,6-dimethoxyphenyl

Other catena-phosphorus dications include diphosphonium (E) and 2-phosphino-
1,3-diphosphonium (F). These are represented by crystallographically characterized
derivatives 1.51a-c, with amino®** or bridging alkane ligands,m'89 and the P-H

derivative 1.52a,” respectively.

1 u
Me‘l}l I}l
R R MeIIDIlDNEtz <+_ +>
+| |+ +L 1 /N P—R
~R-F— RTPFR . )
| | R R O
E 1.51 1.51b 1.51¢c
a: R=NEt,
Ph H Ph
o 1y cO T
—P—P—P— Ph—IID-—P—FI’—Ph
| | Ph  Ph
F 1.52a

Other derivatives of 1.52, have been prepared as tetrachloroaluminate salts from
PCls, R3P (R = alkyl, Ph) and AICl; (Scheme 1.7a), or by akylation of cations of type
1.44 with R°Cl (R’ = H, alkyl) in the presence of AlCl3, according to Scheme 1.7b.%°
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R R R 2AICl,

a) 2RsP + RPCl, + 2AICl; —> Ril%—ﬁ—liv"—R
R R
1.52
R = alkyl, Ph
R' = alkyl, Ph
R R

b) Ri||:_p‘_F|,_R + R'Cl + AlICl; —> 1.52[AICl4],
R R R = alkyl, Ph
1.44 R' = H, alkyl

Scheme 1.7 Synthesis of tetrachloroaluminate salts of 1.52.

There have also been two reports on acyclic tetraphosphorus dications. In 1986,
Schmidpeter’s group reported the synthesis of a number of 1,2-diphosphonio-
diphosphirane drivatives, one of which was crystallographically characterized as 1.53.°
These cations are specific examples of 2,3-diphosphino-1,4-diphosphonium cations (G),
where the phosphine centers are part of a three-membered ring involving two phosphorus
atoms and one carbon center (a diphosphirane). These compounds were synthesized from

a complex reaction involving derivatives of 1.44 where the diphosphirane unit was

()

formed by dichloromethane activation.

d1 1 L N A
-—FI’—P—P—-IT— N—P—P—P—p—Ph
Bu Ph
G 1.53

More recently, the group of Woollins has prepared another derivative of this
dicationic framework (G). In crystallographically characterized 1.54, the phosphine
centers are joined to the adjacent phosphonium center by a bridging naphthalene unit.
Though the reaction pathway is not completely understood, the iodide salt of this dication

was prepared from 1.55 and tetraiododiphosphine (L,P-PL,).”2
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Phosphorus is capable of hypervalency and this opens up many other potential
bonding possibilities for catenated phosphorus cations. There have been only a few
examples of catena-phosphorus cations involving a hypervalent phosphorus atom. A
disphenoidal geometry is observed in spirocyclic 1.56,% as it involves a tetracoordinate
phosphorus with a stereochemically active lone-pair. Cation 1.57°* contains an octahedral
environment at the central phosphorus, and can be considered as a bisphosphine complex
of planar phosphonium ion (1.57”). Our group has recently been able to isolate a
hypervalent triphosphorus monocation (1.58, 1.58’; Mes* = 2,4,6-tri-tertbutylphenyl),
where the central phosphorus atom formally has 12 valence electrons, despite its low
coordination number of three.”® Recent examples of phosphoranophosphonium ions

(1.59, 1.59) featuring two phosphorus atoms have also been reported.96

16



SiMej

Ph /( Ph Ph
\ 1 |+ |
Ph—P7%| Ph @\p/@ P/@
| “P=Ph 5

i
_ - L O-st0
IID:P\—Ph o-1~0 o-§~0
Ph—PZ,| Ph P P
Ph P Ph
SiMe3
1.56 1.57 1.57'
Ph Ph + R
Ph\;g Ph\P, R3P—P=N—SiMe;  R'sP~p=N—SiMe;
* o + ¥ R R
Mes*—-N=P\ Mes*— NEP\ 1.59 1.59'
A\ A a:R=Me, R'="Bu
Ph"Ph PR Pn b: R =R = Me
1.58 1.58' ¢: R = OCH,CF3, R'="Bu

d: R = OCH,CF3, R' = Me

1.6 Summary

As for carbon, catenation is an important feature in the chemistry of phosphorus.
Although many studies have been reported on catena-phosphines and catena-phosphorus
anions, > there have been relatively few reports on catena-phosphorus cations. Figure
1.2 shows representations (general topologies only) for all known catenated phosphorus

monocations (A - C), or dications (D - G) involving phosphine and phosphonium units.

+
L L O
+ + PRLEAN
—p—-P P-P—P Pp-P
T T
A B C
+| /
I S Y N o W -
2 | | I |
D E F G

Figure 1.2 Representations for all known catena-phosphorus mono- (A — C) and
dications (D — G) involving exclusively phosphine and phosphonium units.
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979 and up to

Although mononuclear phosphorus compounds can support three
five®® positive charges with appropriate nitrogen-based substituents (for example 1.60
and 1.61), no catenated phosphorus systems exist with a higher positive charge than +2.
Unlike for the highly catenated phosphines or phosphorus anions (Chapter 1.3, 1.4), no
catena-phosphorus cation has been isolated with more than five phosphorus atoms. These
limitations, and the unsystematic nature of the few reports on these cationic species, leave

apparent holes in a broader understanding of fundamental catena-phosphorus chemistry.

+
+ + + ll_ |j
L—I?—L L—F|°< +
L+ L+ L
1.60 1.61

The following chapters provide an account of contributions towards a rational and
systematic development of catena-phosphorus cations consisting of phosphine and
phosphonium units. The synthesis, isolation, properties, and reactivity of these cations
demonstrate their accessibility, and illustrate a potential for growth within this new realm

of fundamentally relevant phosphorus chemistry.
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Chapter 2.0: Cyclodiphosphinophosphonium Ions

2.1 Introduction

As illustrated previously in Figure 1.2, dicationic framework D is the only known
representative of monocyclic catena-phosphorus cations. In the context of a rational
development of catena-phosphorus cations, we sought to prepare the first examples in the
series of small monocyclic phosphorus cations consisting of three, four, and five directly
bonded phosphorus atoms. This chapter deals with the synthesis and characterization of

19 cyclotriphosphinophosphonium (I) and

cyclodiphosphinophosphonium ions (H).
cyclotetraphosphinophosphonium (J) ions are discussed in Chapter 3 and Chapter 4,

respectively.

\E/ \*I'D /
\-lg/ ""‘P( \P_ \P\/ \P/
B—p P’ P—P
e ~ | /  \
H | J

2.2 Alkylation of Cyclotriphosphines with Methyl Triflate

Knowing that simple phosphonium salts ([R3PR’][X]) can be prepared from
phosphines (R3P) and alkyl halides (R’X), a logical synthesis of cations of type H
presented itself via the alkylation of cyclotriphosphines. Phosphorus-31 NMR spectra of
reaction mixtures containing (‘BuP); 2.1a and excess (1.5 — 2 molar equivalents) MeOTf
showed the immediate and quantitative consumption of 2.1a along with the concurrent
formation of an approximate AMX spin system (Figure 2.1) for [(‘BuP),P'BuMe][OTf]
(2.2a[OT{]). Though some second-order effects were present at this field (101.3 MHz),
indicated by the non-uniform peak intensities, each signal occured as a doublet of
doublets, with the signals corresponding to the tetracoordinate phosphonium center at the
lowest field (X part of AMX). All coupling constants were in the typical range for P-P
single bonds ("Jam= -123 Hz, "Jax= -334 Hz, "Jux = -317 Hz), and the largest values

involved the phosphonium center.
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Figure 2.1 3Ip{'H} NMR spectrum (101.3 MHz) for a reaction mixture containing
('BuP); and MeOTT, showing quantitative formation of 2.2a[OT1].

The observation of only an AMX spin system from this reaction is interpreted in
terms of stereoselective methylation of 2.1a at either of the equivalent cis substituted
phosphorus centers to give racemic 2.2a with three distinct phosphorus nuclei (Scheme
2.1), rather than the potential meso isomer of Cs symmetry (potentially formed from
methylation of the unique phosphorus center). This was confirmed by X-ray analysis, as
crystals of 2.2a[OTf] contained both enantiomers of the cation. The structure of one

enantiomer of 2.2a is shown in Figure 2.2.
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Scheme 2.1 Synthesis of racemic 2.2a[OTf] by methylation of (‘BuP)s.

Figure 2.2 Solid state structure of one enantiomer of the cation in 2.2a[OT{], with
hydrogen atoms omitted for clarity and thermal ellipsoids at the 50% probability level.

The most notable structural features of 2.2a are indicative of the high degree of
steric strain within the molecule, resulting from unfavorable cis interactions between ‘Bu
(at C6) and Me (C1) substituents on one face of the molecule, and two '‘Bu (C2 and C10)
groups on the other. Thus, despite the similar endocyclic angles in 2.1a and 2.2a, the four
coordinate P1 atom of 2.2a is highly distorted with C-P1-P angles ranging from 108.6 —
133.2°. Also, the plane defined by C1, P1, C2 is twisted by 72.5° with respect to the
plane containing the three phosphorus atoms (ideally 90°).
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The bond distances and angles of catenated phosphorus systems generally show

little dependence on the molecular charge. Although the shortest bonds in 2.2a involve

the tetracoordinate phosphonium center (Table 2.1), the observed P-P bond lengths (2.15

—2.23 A) are consistent with typical P-P single bonds found in neutral (eg. 2.1a:P-P=

2.19 —2.22 A)'! and anionic catenated systems. Similarly, the shortest P-C bond lengths

(ranging from 1.81 —1.89 A) involve the phosphonium center (Table 2.1).

Table 2.1 Selected structural parameters for 2.2a. Numbers in square brackets
correspond to atom labels in Figure 2.2.

1.894(2) [3,10]

2.2306(6) [2,3]

133.21(6) [2,1,3]

P-CA) P-P &) CPP() [CPC(O| PPP()
1.858Q2) [1,2] 123.15(7) [1,1,2]
13062 [111] | S1eoa T2 | 108.627) [1,1,3] | 110419) o
1.886() [2.6] | 2220 31 |15 976) 21,21 | [1.1.2] 26(2) [1,2,3]

58.43(2) [1,3.2]

The analogous reactions of (CyP); 2.1b and MeOTf were more complicated
(Scheme 2.2). Although the cyclodiphosphinophosphonium ion in [(CyP),PCyMe][OTf]
(2.2b[OT(]) was observed by 3'p{'H} NMR spectroscopy (AMX spin system, Table
2.2), it could not be isolated as it was formed in approximately equimolar amounts with
the tetraphosphorus monocation [(CyP);PCyMe][OT{] (3.6b[OT{]). Compound 3.6[OTf]
has been fully characterized from a more direct synthesis involving reactions of (CyP)4
and MeOTT (see Chapter 3). Over time, the concentration of 3.6b increased relative to
that of 2.2b, however the observation of other unidentified byproducts prevented the
definitive identification of a direct conversion from 2.2b to 3.6b. This highlights the
importance of the bulky 'Bu substituents in the formation of 2.2a[OTf] as the exclusive
product from 2.1a and MeOTT.

oy i Cy"‘,g:Me oTf
- MeOTf Cy,,;JV'e oTf 5 Cy=P{ P=Cy

2 P,P\P —_— AN + 7 P

cy'" ~C cy' ' C Cy
2.1b 2.2b 3.6b

Scheme 2.2 Synthesis of 2.2b[OTf] and 3.6b[OTf] from (CyP); and MeOTT.
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Table 2.2 >'P{'H} NMR parameters for 2.2a[OTf] and 2.2b[OTf] in CH,Cl,.

Cation | Pa (ppm) | Py (ppm) [ Px (ppm) | "Jam (Hz) | "Jax (H2) T Ivx (Hz)
2.2a -110 -51 20 -123 334 317
2.2b -156 -129 -46 97 292 292

Attempts at using other electrophiles in reactions with 2.1a showed that the
products depend on the nature of the electrophiles and the counterion. As illustrated in
Scheme 2.3a, the reaction of 2.1a and triflic acid afforded the ring expansion product
3.7a, which has also been generated and fully characterized from the reaction of (‘BuP),
and triflic acid (Chapter 3). In contrast, the addition of equimolar amounts of
hydrochloric acid to 2.1a afforded the ring opened product 2.3 almost quantitatively.
Compound 2.3 was identified by its characteristic 3lp¢'H}, and 3p NMR spec'ara.19 Also,
unlike MeOTf, iodomethane failed to react with 2.1a.

tBU BU,+’H -
a) 4 = HOTf oo oLt ot
R ——— 3 'Bu=R ,P<Bu
t \\P—'Pvt E)
Bu Bu tg
2.1a u
3.7a
t t t
Hel Bu'BuBu
b) 2.1a —_— P—P—R
H Cl
2.3

Scheme 2.3 Reactions of (‘BuP); with a) HOTf and b) HCL.

2.3 Summary

The first example of a cyclic diphosphinophosphonium ion has been synthesized
and isolated as [(‘BuP),P'BuMe][OTf] (2.2a[OTf]) from the quantitative reaction of
cyclotriphosphine (‘BuP); and excess MeOTH. This represents the smallest member of the
family of cyclic polyphosphinophosphonium monocations, and is an important
achievement in a systematic development of catena-phosphorus cations. It has also been
demonstrated that the products from reactions of cyclopolyphosphines [(RP),] and

electrophiles are dependent on the choice of substituent (R), electrophile, and counterion.
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Chapter 3.0: Cyclotriphosphinophosphonium Ions

3.1 Introduction

Based on elemental analysis data, Issleib et al. reported the formation of the
cyclotriphosphinophosphonium iodide salts 3.1a[I], 3.1b[I] from the reaction of the
corresponding cyclotetraphosphine and methyliodide.>*'® An analogous salt 3.2[CI] was
proposed, also based on combustion analysis, from the reaction of (EtP)4 and CCL,.18
Without solid state structures or NMR data, the product assignments in these cases are
ambiguous, as elemental analysis cannot be used to distinguish between the possible

ionic (3.3A), ring opened (3.3B) and triphosphinophosphorane (3.3C) formulations.

R.+ Me Et + CCls
/P\ /P\
R—P{ P-R  Et—R P-—Et
i 7
R Et
3.1 3.2
a:R=1Bu
b: R = Et
R‘E’R X R\I;,X
R—P{_P-R RRRR R-P{ P-R
i P—P—P-R i
R R X R
3.3A 3.3B 3.3C

More recently, alkylation, acylation, and protonation reactions with the unusual
tricyclic tetraphosphine 3.4 have led to the observation of products concluded to be salts
of type 3.3A based on multinuclear NMR data.'® Only the acylated derivative was

isolated, and no yields were reported.
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This chapter presents the synthesis, multinuclear NMR data, and crystallographic

characterization of a number of isolable cyclotriphosphinophosphonium ions.'®

3.2 Synthesis and Phosphorus-31 NMR Studies

In analogy to the synthesis of [(‘BuP),P'BuMe][OTf] (2.2a[OT{]),
cyclotriphosphinophosphonium ions [(RP);PRMe][OTf] (3.6[OTf]; a: R = ‘Bu; b: R =
Cy) were prepared by methylation of the corresponding cyclotetraphosphines (‘BuP),
(3.5a) and (CyP)4 (3.5b) with excess (1.5 — 2 molar equivalents) MeOTT (Scheme 3.1a).
Triflic acid (HOTY) was used in a similar manner for the formation of protonated
analogues 3.7a[OTf] and 3.7b[OTf] (Scheme 3.1b). In all cases the reactions were
quantitative, and the electrophile (effectively Me" or H') added directly to one of the four
equivalent phosphorus atoms of the all-trans cyclotetraphosphine, resulting in a meso

product with Cs symmetry.
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Scheme 3.1 Synthesis of derivatives of 3.6[OTf], 3.7[OTf] and 3.8[OTf].

The reactions were monitored by 31p{'H} NMR spectroscopy, and the products
were easily identified by their AB,X (3.6a), A;MX (3.6b, 3.7b), A,BX (3.7a) spin
systems (Table 3.1). Representative examples of the simulated spectra are shown in
Figure 3.1 — 3.3. In the proton coupled spectrum of 3.7a, the low field triplet was split

into an overlapping, five-line, doublet of triplets. This corresponded to a ! Joy; value of

461 Hz, which was also observed in the 'H NMR spectrum (7.71 ppm, d, | Jon = 464 Hz).

The complex second-order spin system of 3.7b complicated the determination of the P-H

coupling constant by use of 31p NMR; however, it was easily observed in the 'HNMR
spectrum (7.84 ppm, d, 'Jpy = 452 Hz).
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Table 3.1 Simulated >'P{'H} NMR parameters for derivatives of 3.6[OTf], 3.7[OTf] and

3.8[OTI].
\+/
/Pt
_PZ\ /PZ—
||°3
Cation | Py (ppm) | P2 (ppm) | P3 (ppm) | 'Ji2 (Hz) | 'J»3 (Hz) *J13 (Hz)
3.6a° 18 -39 -43 275 -152 9
3.6b* 10 -70 -56 2230 -122 -17
3.72° -32 -57 -55 2260 -156 12
3.7p° 223 -74 -64 2233 -126 16
3.8° 2.1 24 28 251 -143 28
2 CDCls, 298 K; ° CH,Cl,, 200 K.
'Bu, + H
tgu=P{ P<'Bu
P
By
.I..,..I.....I.....I.....l.....l...|.l.....l..,..I.....l‘...xl..,..l..‘..|.....I.|.,.I....‘|,....|....‘I.....I...(
L LR R I L LA L LR RARARE AN LRAREN UL RN RN AN S R M
-28.0 -32.0 -36.0 -40.0 -44.0 -48.0 -52.0 -56.0 -60.0 pPpm

e T e e

Figure 3.1 Experimental (top) and simulated (inverted) 3’IP{IH} NMR spectra (101.3
MHz, 200 K) of 3.7a[OTf] (A;BX spin system).
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Figure 3.2 Experimental (top) and simulated (inverted) 3'p{'H} NMR spectra (101.3
MHz, 200 K) of 3.7b[OTf] (A,MX spin system).

Me, + Me
P\
t ’ t
Bu=P_ P<Bu
Bu
3.8
by | T } L” | O I | ]
RARAAY | l ; \ AR R | T
12.0 16.0 20.0 24.0 280  ppm

Figure 3.3 Experimental (top) and simulated (inverted) 31p¢{'H} NMR spectra (101.3
MHz) of 3.8[OTf] (AB,X spin system).
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In contrast to H' and Me", the transient electrophilic phosphenium ion Me,P”,
generated in situ from Me,PCl and TMSOTH, attacked a P-P bond of (‘BuP); (2.1a),
rather than a phosphine lone pair (although this may be involved as a first step in the
mechanism). This was clearly indicated by a simulation of the 3P NMR spectrum for the
major product (> 95%) from the reaction mixture (Figure 3.3, Table 3.1). The observed
AB,X spin system is indicative of ring expansion via the selective insertion of Me,P" into
the P-P bond between the two identical phosphorus atoms of 2.1a, giving meso-
[(‘BuP);PMe;][OTf] (3.8[OTf], Scheme 3.1¢). No other diastereomeric forms of 3.8 were
observed. Presumably, the cis nature of two of the three ‘Bu substituents of 2.1a provides
access to only one P-P bond via the face of the molecule opposite to the two substituents.

An analogous insertion of “PX” (X = Cl, Br) has been observed for 2.1a.'®

3.3 X-Ray Structures

The solid state structures for derivatives 3.6a[OTf], 3.6b[OTf], 3.7a[OTf], and
3.8[OTf] were determined by X-ray crystallography, and the cations are shown in Figure
3.4 —3.7. In all cases, the structures confirm the products as determined by 3'p{'H} NMR
spectroscopy. All compounds show ionic formulations in the solid state, with the shortest
anion-cation interactions occurring through the substituents at phosphorus, making them
clear examples of phosphonium ions (3.3A) rather than neutral phosphoranes (3.3C).

Structural parameters for these cations are presented in Table 3.2.
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Figure 3.4 Solid state structure of the cation in [('BuP);P'BuMe][OTf] (3.6a[OTf]) with
hydrogen atoms omitted for clarity and thermal ellipsoids at the 50% probability level.

Figure 3.5 Solid state structure of the cation in [(CyP);PCyMe][OTf] (3.6b[OTf]) with
hydrogen atoms omitted for clarity and thermal ellipsoids at the 50% probability level.
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Figure 3.6 Solid state structure of the cation in [(‘BuP):P'BuH][OTf] (3.7a[OTf]) with
hydrogen atoms (except H1) omitted for clarity and thermal ellipsoids at the 50%

probability level.

.5

Figure 3.7 Solid state structure of the cation in [(‘BuP);PMe,][OTf] (3.8[OTf]) with
hydrogen atoms omitted for clarity and thermal ellipsoids at the 50% probability level.
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Table 3.2 Selected structural parameters for derivatives of 3.6[OTf], 3.7a[OTf] and

3.8[OTf]. Numbers in square brackets correspond to atom labels in Figure 3.4 — 3.7.
Cation |  P-CA) P-P () C-P-P (%) C’(l:)'c P-P-P () )
i'g‘l‘ggg Hf] 22042)[1,2] | 118.6(2) [1,1,2] 92.04(6) [4,1,2]

360 | o034 [2’6} 22032)[1.4] | 1191@)[1,14] | 106.52) | 851031231 | 5 09
Lo pac) | 22M@R3] | 10980 [212) [LL,2] | 89.85(6)[2.3.4] :
Usoa(n [414] | 2246@BA | 101Q) [2,1,4] 85.08(6) [1,4,3]
}'ggi(g) [}’f] 2.1952(6) [1,2] | 114.45(7)11,1,2] 91.05(2) [4,1,2]
3.6b 1'867(2) [2’8] 2.1896(6) [1.4] | 115.54(7)[L1,4] | 108.44(8) | 84.92Q)[1.23] | ,34,
. 1871 ((2))[% p j] 2.2387(6)[2.3] | 113.68(6)[2,1.21 | [1,1,2] | 88.68(2)[4.3,2] :
L3582y [420] | 2BTODBA] | 113036 [214] 85.07(2) [1,4,3]
18502) [L1] | 2191(1)[1,2] | 115299 [L1.2]
132) [LHI] | 20803 [1L4] | 113.58®) [LIA] | 10530 gg?ggg ﬁ;g
o | i | ammen | nsoiii | T | SRR | o
1.881(3) [4,13] ' | ” 85.30(4) [1,4,3]
}'3838) Hﬂ 2.2032(5)[1,2] | 106.33(6)[1,1,2] 94.33(2) [4,1,2]
38 1'890(5 D3] | 2198©) [1L4] | 105126 [1L14] | 105.999) 85.502) [1.23] | (043
) 1.890(2) [3’7% 22385(6)[23] | 122726)[2.1,21 | [2L1] | 9247(2)[43,2] :
Lassy 4] | 2B0TO B4l | 12056(6) [214] 85.80(2) [1.4.3]

2 Average P-P-P-P torsional angle (7).

Cyclotetraphophines occur as puckered rings in part to minimize the steric
interaction between substituents on non-adjacent phosphorus atoms (Figure 3.8). The
addition of a fifth substituent to the ring, as in the cyclotriphosphinophosphonium
cations, creates a steric imposition between the new substituent and substituents on both
adjacent phosphorus atoms (Figure 3.8). This unfavorable interaction is alleviated by a
flattening of the ring, and as a result the cations 3.6a, 3.7a and 3.6b are found to be more

planar [average P-P-P-P torsional angles (t) are closer to 0°] than their neutral precursors

(Table 3.2; cf. 3.5a: © =24.5°,'% 3.5b: 1=31.4°').
dor e
3—\-pP,—"1 3-\-p,—"1
N4 VRN RN
//\, Pz/‘,«Q P>

* .
T“exan®

Figure 3.8 Schematic demonstrating some principal steric interactions in
cyclotetraphospines (left) and cyclotetraphosphinophosphonium ions (right).
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In 3.6b, the less sterically bulky cyclohexyl substituents accommodate the most
puckered ring because of relatively small Me(P1)-Cy(P2,P4) steric repulsions, which are
reflected in the wide C1-P1-C2 angle [108.44(8)°] and narrow range of C-P-P angles
[113.03(6)° — 115.54(7)°]. The protonated cation 3.7a should allow for a more puckered
ring than methylated 3.6a, based on the reduced R(P1)-'Bu(P2,P4) interactions, however
the opposite is observed. This is likely due to packing effects in the crystal and the
limited flexibility imposed by the four ‘Bu groups since T values are approximately equal
in 3.6a and 3.7a, and both rings are only slightly more planar than (‘BuP)4 (3.5a). Finally,
the cyclo-P4 unit of 3.8 is more planar than that of both 3.6a and 3.7a. Thus the reduced
Mel(P1)-'Bu(P3) steric interaction allows for the relief of the Me2(P1)-"Bu(P2,P4)
interactions by flattening the tetraphosphorus ring. These interactions are also manifested
in the narrow C2-P1-C1 angle [105.99(9)°], large C2-P-P angles [120.56(6)°, 122.72(6)°]
and relatively small C1-P-P angles [105.12(6)° — 106.33(6)°].

3.4 Dependence of 3JPH on Phosphine Lone-Pair Orientation

The "H NMR data for the methyl groups in derivatives of 3.6, 3.8 and 2.2a is
presented in Table 3.3. Each of these tetraphosphorus cations exibited one signal with
doublet multiplicity, while in 3.8 the second methyl group was observed as a six-line
doublet of triplets. The signal for the methyl group of cyclodiphosphinophosphonium
2.2a was observed as a doublet of doublets. These multiplicities can be rationalized by
considering the configurational arrangements for these cations. Thus, the methyl protons
show coupling to the phosphorus atom to which they are bound (*Jpn), and to adjacent
phosphorus atoms (Jpy) only if the lone pair is in the cis position (on the same face of
the ring), as illustrated in Figure 5. It should be noted that the effects of lone-pairs on
coupling constants have been documented for many other systems,'® and the observed
trends have often been used to extract configurational information from coupling constant

values.
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Table 3.3 '"H NMR characteristics for the methyl groups in deivatives of 3.6[OTf],
3.8[OTf], and 2.2a[OTI].

Compound 8 (ppm) | Multiplicity | 2Jpn (Hz) | *Jon (Hz)
3.6a[OTI] 2.62 d 12 0
3.6b[OTI] 2.40 d 12 0
2.66 d 14 0
3.8[0Ti] 237 dt 13 8
2.2a[OT{] 2.36 dd 13 8
Y Me“ t
P—\. /P\' P<DBu! _P_ % oD
R NUIP” R BE NIP<e- Ve WK
P P‘ -= Me e’ t\
Bu
3.6 3.8 2.2a
a:R=1Bu
b: R=Cy

Figure 3.9 Schematic showing the phophorus centers involved in P-H coupling with the
methyl groups in 3.6a, 3.6b, 3.8 and 2.2a.

3.5 Reactivity Studies with Trimethylphosphine

As a preliminary study of the reactivity of these new cations, 3.6a[OTf],
3.6b[OTf], 3.7a[OTf] and 3.8[OTf] were reacted with the strong nucleophile Me;P and
the reaction mixture were monitored by *'P{'"H} NMR. The observation of 2.1a in the
reaction of 3.8[OTf] with Me;P (Scheme 3.2a, incomplete conversion after 4 days) was
accompanied by broad signals for the phosphinophosphonium ion [Mes;P-PMe,][OTI]
¢'P: 8 =16, -60 ppm)109 as well as a small signal for (‘BuP), (3.5a). This demonstrates a
nucleophile-induced reversibility of the phosphenium ion insertion reaction (Scheme
3.1¢).

Similarly, in monitoring the analogous reaction involving 3.6b[OTf] (Scheme
3.2b), two doublets é'P: 5 =15, -38 ppm, ! Jop = -295 Hz), were observed (assigned to
[Me;P-PCyMe][OTf]) along with the characteristic A;B spin system for (CyP); (2.1b)20

34



and < 5% of (CyP)4 (3.5b). In this case, the reaction was virtually complete within 24
hours. Coupled with the formation of 3.6b[OTf] (Scheme 3.1a) this phosphenium ion
abstraction and ring contraction represents a synthetically viable two-step conversion
from cyclotetraphosphine 3.5b to cyclotriphosphine 2.1b. Derivative 3.6a[OTf] showed
no reaction, thus for non-protonated derivatives, the reactivity towards MesP decreases
with increasing bulkiness of the substituents (reactivity of 3.6b>3.8>3.6a).

In the case of 3.7a[OTf], the reactivity with MesP was dominated by the acidity of
the P-H bond of the cation. Therefore, rather than abtracting PCyH", the phosphine
quantitatively deprotonated the cyclic monocation according to Scheme 3.2¢. The
formation of [MesPH][OTf] was easily identified in the reaction mixture by the presence
of a doublet of multiplets in the proton coupled 31p NMR spectrum ¢'P: 8 ="-3 ppm, o
~ 510 Hz).

Me,,-lg,Me OTf tBy
, MesP !
a) tBu=P{ P=Bu L R + [Me3P-PMe][OTf]
z tBu'P_P'tBu
‘Bu 2.1a
3.8
Cy"E‘Me oTf Cy
'\ MesP L
b) Cy—P\P,P<Cy SN P,P\ + [MezP-PCyMe][OTf]
: cy” ‘Cy
Cy 2.1b
3.6b
Cy,,E.H oTf~ gy
4 M P V4
g Cy=P( P=Cy ~——>» Cy=K _P=Cy *+ [MesPHIOT]
P P
Cy Cy
3.7a 3.5b

Scheme 3.2 Reactions of 3.8[OTf], 3.6b[OTf] and 3.7a[OTf] with MesP.
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3.6 Summary

Derivatives of cyclotriphosphinophosphonium ions have been prepared by
methylation of cyclotetraphosphines or by a new phosphenium ion insertion and ring
expansion reaction with (‘BuP);. These compounds have been characterized by
multinuclear NMR spectroscopy, including detailed 3'p{'H} analysis, and in most cases
by X-ray crystallography. They represent the first definitive examples of cyclic
tetraphosphorus monocations and add a new member to the family of known cyclic

polyphosphinophosphonium ions.
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Chapter 4.0: Cyclotetraphosphinophosphonium Ions

4.1 Introduction

Cyclotriphosphinophosponium cations have been prepared by methylation or
phosphenium ion insertion reactions (Chapter 3). Knowing the prevalence of five- and
six-membered rings in neutral and anionic catenated phosphorus compounds (Chapter
1.3, 1.4), it was reasoned that these synthetic methods should be extendable to the
preparation of cations involving larger rings.

Although cyclotetraphosphinophosphonium ions were first proposed on the basis
of elemental analysis data,'%%'% this chapter presents the first definitive examples of
these pentaphosphorus monocations,'” characterized by multinuclear NMR spectroscopy
and X-ray crystallography. The data presented also strongly supports pseudorotation for
these species, as it best accounts for the high symmetries observed in solution despite the
C, geometries found in the solid state. Although pseudorotation“o has been commonly
used in describing the facile exchange between envelope and twist conformations of five-

1 the concept has only been

membered rings involving various organic frameworks,
tentatively applied (Chapter 4.4) to inorganic ring systems featuring catenated

phosphorus atoms.

4.2 Synthesis and Solution NMR Data

The reactions of cyclopentaphosphines 4.1a and 4.1b"'? with MeOTf were
monitored by 31p{'H} NMR spectroscopy. In both cases the spectra of the reaction
mixtures were identical to those of redissolved crystalline samples. For 4.1b, simulation
of the spectra revealed that, though many peaks were present, the reaction exclusively
formed a single product with an ABCDX spin system (Table 4.1, Figure 4.1), assigned
to racemic [(PhP)sPPhMe][OTf] (4.2a[OTf], Scheme 4.1a).
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a) R-R'P\P.\R _MeOTt Rap?" “prR
/ /
P—P, P—P,
R R R R
4 4.2
a: R=Ph a: R=Ph
b: R=Me b: R =Me
Ph
A MeOTf
b) Ph=P{ P=Ph ——> 4.2a[OTH]
P
Ph
3.5¢

Scheme 4.1 Synthesis of racemic mixtures of 4.2a[OTf] and 4.2b[OTf] by methylation of
a) cyclopentaphosphines or b) (PhP)s.

It has been observed that 'Jpp couplings between directly bonded phosphorus
atoms of cis substitution are of higher magnitude (~ 60 — 100 Hz greater) than those
involving trans substitution;'>!!* therefore, the coupling constants for 4.2a are consistent
with the sterically favored all-frans configuration of substituents about the phosphonium
center. This assignment has also been supported by three separate and distinct X-ray
structures. Unfortunately disorder in the crystals prevented the meaningful determination
of structural information beyond molecular configuration and atom connectivities. No
other diastereomers of 4.2a were observed in solution, indicating stercoselective
methylation of 4.1a at one of the two directly bonded phosphorus atoms of cis
substitution. Interestingly, in contrast to the four-membered monocations formed by
methylation of other cyclotetraphosphines (Chapter 3), 4.2a[OTf] was the exclusive
polyphosphinophosphonium salt formed in the reaction of (PhP); (3.5¢) and MeOTf
(Scheme 4.1b), demonstrating a preference for the five-membered cation involving

phenyl substituents at the phosphine centers.
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Table 4.1 Simulated *'P{'"H} NMR parameters for the ABCDX spin system of
[(PhP),PPhMe][OTf] (4.2a[OTH]) in CDCl;.
+

\P/
\Pé 1‘IP5/
P3Py
Chemical Shift 1 2

J (H J (Hz
(ppm) (Hz) (Hz)
22 [1] -315[1,2] 17 [1,3]
-25 2] -328 [1,5] 30 [1,4]
-32 [3] -193 [2,3] 58 [2,4]
34 [4] 2166 [3,4] 15 [2,5]
-36 [5] -162 [4,5] 71 [3,5]

Ph,+ Me
Phap N puPh
b-p
PR~ Ph

1i

1 |

P N I I |
e e D DR P
5.0 20.0 15.0 -20.0 -25.0 -30.0 -35.0 ppm

T

Figure 4.1 Expansions for experimental (top) and simulated (inverted) 3Ip¢'H} NMR
spectra (101.3 MHz) for [(PhP),PPhMe][OTf] (4.2a[OT%).

Y.
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The hexamethyl derivative, [(MeP)sPMe,][OTf] (4.2b[OTf], Scheme 4.1a),'”” has
been assigned to the AA’BB’X spin system observed by 31p(1H} NMR spectroscopy
(Table 4.2, Figure 4.2); however, spectra of both the reaction mixture and redissolved
crystals showed significant amounts of other products (Figure 4.2). Based on the three
diastereomers observed by Baudler in the oxidation of one phosphorus center in 4.1b
with oxygen,115 these products likely include other stereoisomers of 4.2b, which seem
only accessible because of the small steric bulk of the methyl substituents. Again the
coupling parameters are consistent with an all-frans configuration, and this has been

verified in the solid state by X-ray crystallography (details to follow in Chapter 4.3).

Table 4.2 Simulated *'P{'"H} NMR parameters for the AA’BB’X spin systems of
4.2b[OTf] and derivatives of 4.3[OT{].

\t+/
Pl
Py "Ps
P3Py
/ 3 \
Cati (MeP);PMe," | (CyP);PMe," | (CyP);PPh;" | (PhP),PPh;" | (PhP),PMe," (MeP),PPh,"
ation 4.2b° 432" 4.3b° 43¢ 4.3d° 43¢
85 = 84 24 -14 15 42 26 28
(ppm)
8, = s 20 8 2 36 32 16
(ppm)
8, (ppm) 101 42 52 2 27 110
154 (HZ) 263 -255 247 -142 -186 248
1y -1
2= Jas 277 -264 262 -160 -192 272
(Hz)
i = U -346 332 352 325 315 364
(Hz)
2 2
31 ="Ja . )
iz 3 9 2 28 24 1
2 2
Jas =g
P 16 0 0 79 50 24
2 )5 (H7) -19 21 21 -14 -15 -15

3 CH,Cl,; ° CDCls.
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Figure 4.2 31p¢'"H} NMR spectrum (101.3 MHz) for a reaction mixture containing
(MeP)s and MeOTf, showing expansions for the AA’BB’X spin system of
[(MeP)sPMe,][OTf] (4.2b[OTf]) with the simulated spectrum (inverted).

In an attempt to effect phosphenium ion insertion reactions, cyclotetraphosphines
(‘BuP)4 (3.5a) and (CyP)4 (3.5b) were each reacted with R”,PCI (R’ = Ph, Me) in the
presence of TMSOTT. After stirring for 24 hours, 3'p{'H} NMR spectra of reaction
mixtures involving the more sterically encumbered 3.5a with Ph,PCl showed only

starting materials, while reactions with Me,PCl showed 3.5a, [Me,CIP-PMe,][OTf}
('P{'H}, & =-31ppm and 102 ppm — broad peaks at room temperature), and only minor
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amounts (<5%) of unidentified byproducts that were inconsistent with
cyclotetraphosphinophosponium ions.

In contrast, >'P{'"H} NMR spectra of analogous reaction mixtures containing
(CyP)4 (3.5b) and excess R’,PCl (R’ = Ph, Me) and TMSOT{ showed complete
consumption of 3.5b within one hour. In the case of Me,PCl, the reaction was nearly
quantitative in the formation of [(CyP)sPMe,][OTf] (4.3a[OTf], Scheme 4.2). The
observed AA’BB’X spin system for 4.3a[OTf] has been simulated (Table 4.2, Figure
4.3) and X-ray crystallography confirms the product assignment (Chapter 4.3). Though
no pure compounds could be isolated from the reaction with PhyPCl (Scheme 4.2),
simulation of the spectrum for the reaction mixture revealed a dominant AA’BB’X spin
sytem (Table 4.2), and a minor (partially overlapping) AB,X spin system (Figure 4.4).
Based on chemical shifts and coupling constants, these spin systems are assigned to
cyclopentaphosphorus [(CyP)sPPh,][OTf] (4.3b[OTf]), and cyclotetraphosphorus
[(CyP);PPhy][OTH] (4.4][OTH]), respectively.

E R'/,;lF-) LR OTf Ph,.:_:) ,Ph OTf—_
. R'5PCI, TMSOTf p” Npn ,
Rep, p=r 2 2Jl RepZihpeR + Cy=P{ P=Cy
P - TMSCI P—P, 2
R R R Cy
3.5 4.3 4.4
b: R=Cy a:R=Cy,R'=Me — -
¢. R=Ph b: R=Cy,R'=Ph

c:R=Ph, R =Ph
d:R=Ph, R =Me

Scheme 4.2 Synthesis of racemic mixtures of 4.3a-d[OT{] via insertion/ring expansion
reactions of cyclotetraphosphines and R’,PCl/TMSOTT.
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Me,+ Me
CV‘R'P\P"CY
“14.. IR A WY

Ui

W 20 -40 60 -80 110.0-12.0- 140 ppm

Figure 4.3 Expansions for experimental (top) and simulated (inverted) 3p¢'H} NMR
spectra (101.3 MHz) for [(CyP)sPMe,][OTf] (4.3a[OT{]).
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Figure 4.4 Experimental (top) and simulated (inverted) 31p{'H} NMR spectra (101.3
MHz) for a reaction mixture containing (CyP)s, Ph,PCl and TMSOTY, showing
[(CyP)sPPh;][OTf] (4.3b[OTI]) and [(CyP);PPhy][OTf] (4.4[OT{]).

Although triflate salts of the pentaphosphorus monocations 4.3¢ and 4.3d were
formed cleanly in reactions involving (PhP)4 (3.5¢, Scheme 4.2), they were more
conveniently prepared from the cyclopentaphosphine (PhP)s (4.1a). Thus, in contrast to
the phosphenium ion insertion and concurrent ring expansion observed in reactions
involving 3.5b and 3.5¢ (Scheme 4.2), reactions involving 4.1a and R’,PCI/TMSOTf (R’
= Me, Ph) showed a selectivity for cyclotetraphosphinophosphonium ions (Scheme 4.3a)
over the hexaphosphorus alternative 4.5. The products have been confirmed by
simulation of their *'P{'H} NMR spectra [Table 4.2, Figure 4.5 (4.3¢[OTI]) and Figure
4.6 (4.3d[OT{])], and X-ray structures (Chapter 4.3).
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R R.+,R  OTf
R',PCl, TMSOTS R.F{/P\P‘\R
A e

RL N \\R
a) R P /
PR, - TMSCI P—P,
R R R R
4.1 4.3
a:R=Ph c: R=Ph,R'=Ph
b: R =Me d: R=Ph, R'=Me
e:R=Me, R'=Ph
Me,+ Me OTf
Me,PCl, TMSOTf P
)  41b ———  MesppuMe
- TMSCI d
P—P,
Me Me
4.2b

Scheme 4.3 Synthesis of racemic mixtures of 4.3¢-e[OTf] and 4.2b[OTf] from reactions
of cyclopentaphosphines with R’,PCI/TMSOTT.
Rl\+,Rl

R\P,P\P,R
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Figure 4.5 Expansions for experimental (top) and simulated (inverted) 3p{'H} NMR
spectra (101.3 MHz) for [(PhP)4PPh,][OTf] (4.3¢[OTI]).
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Phap~"~p.1Ph
b—#
PR “Ph
4.3d
M/VW M\/mp}
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Figure 4.6 Expansions for experimental (top) and simulated (inverted) 3p{'H} NMR
spectra (101.3 MHz )for [(PhP),PMe,][OTf] (4.3d[OTf}).

The analogous reactions with (MeP)s (4.1b) also showed pentaphosphorus
products (Scheme 4.3). Interestingly, 3'p{'H} NMR spectroscopy of reaction mixtures
involving 4.1b and Me,PCI/TMSOTT (Scheme 4.3b) exibited virtually identical

112 The reaction involving

characteristics to that between 4.1b and MeOTTf (Figure 4.2).
the bulkier phosphine, PhyPCl, gave [(MeP)sPPh,][OT{] (4.3e, Scheme 4.3a) and some
by-products, as evidenced by simulation of the 3'p{'H} NMR spectrum of the reaction
mixture (Figure 4.7, Table 4.2), but 4.3¢[OTf] could not be isolated as a pure

compound.1 12
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Figure 4.7 *'P{'"H} NMR spectrum (101.3 MHz) for the reaction mixture containing
(MeP)s, PhyPCl and TMSOTHT, showing expansions for the AA’BB’X spin system of
[(MeP)4PPh,][OTf] (4.3¢[OTf]) with the simulated spectrum (inverted).

4.3 X-Ray Structures

Triflate salts of cyclotetraphosphinophosphonium ions 4.2b,'* 4.3a, 4.3¢ and
4.3d were characterized in the solid-state by X-ray crystallography, and their structures
are shown on the left side of Figure 4.8 — Figure 4.11, respectively, with the
tetracoordinate phosphorus center labeled as P1. All crystals are racemic, containing both
enantiomers of the cations. The enantiomers in crystals of [(PhP)sPPh,][OT{] (4.3¢[OT{])
and [(PhP)4PMe,][OTf] (4.3d[OTf]) are related by crystallographic symmetry. In crystals
of [(MeP)sPMe,][OTf] (4.2b[OT{]) and [(CyP)sPMe,][OTH] (4.3a[OT{]) the two

enantiomers are crystallographically independent. The metrical parameters of the two
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enantiomeric cations in 4.2b[OTf] are not significantly different, and for 4.3b[OTf{] they
deviate only significantly in the orientation of the cyclohexyl groups. For convenience
only one enantiomer, the R,S,S,R enantiomer, of each cation is discussed. Selected
structural parameters for these cyclotetraphosphinophosphonium ions are presented in
Table 4.3.

Although the cations 4.2a, 4.3a, 4.3¢c, and 4.3d adopt the most favorable all-trans
configurations of the four phosphine centers, each derivative has a unique C;
conformation in the solid state. An envelope (E) conformation is observed for the
pentaphosphorus frameworks of 4.2a, 4.3¢, and 4.3d, while 4.3a adopts a twist (T)
conformation (right side of Figure 4.8 — Figure 4.11). The best conformational
descriptor (E or T) was determined using the free Platon program.''® An envelope
conformation is defined by four coplanar atoms and a twist conformation is defined by
the coplanarity of three atoms and the midpoint of the opposite bond The conformations
are named according to the numbered atoms outside of the plane (i.e. >T; defines a twist
conformation with atoms 2 and 3 above and below the plane, respectively). All
conformations are unique in that there is only one twist conformation (4.3a), and only
one envelope adjacent to the phosphonium center (4.3d). While there are two
conformations where the envelope position is two bonds away from the phosphonium
center, one has an axial (4.2b), and the other an equatorial (4.3¢) substituent at the out-of-

plane phosphorus.
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Figure 4.8 Left: solid state structure of one of the two crystallographically independent
cations in racemic [(MeP);PMe,][OTf] (4.2b[OTf]) with hydrogen atoms omitted for
clarity and thermal ellipsoids at the 50% probability level. Right: a side view illustrating
the envelope conformation of the cation.

Figure 4.9 Left: solid state structure of one of the two crystallographically independent
cations in racemic [(CyP)sPMe,][OTf] (4.3a[OT{]) with hydrogen atoms omitted for
clarity and thermal ellipsoids at the 50% probability level. Right: a side view illustrating
the twist conformation of the cation with select carbon atoms omitted for clarity.
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Figure 4.10 Left: solid state structure of one enantiomer of the cation in racemic
[(PhP)4PPh,][OTf] (4.3¢[OTf]) with hydrogen atoms omitted for clarity and thermal
ellipsoids at the 50% probability level. Right: a side view illustrating the envelope
conformation of the cation with select carbon atoms omitted for clarity.

Figure 4.11 Left: solid state structure of one enantiomer of the cation in racemic
[(PhP)sPMe,][OTf] (4.3d[OTf]) with hydrogen atoms omitted for clarity and thermal
ellipsoids at the 50% probability level. Right: a side view illustrating the envelope
conformation of the cation with select carbon atoms omitted for clarity.
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Table 4.3 Selected structural parameters for 4.2a, 4.3a, 4.3¢, 4.3d. Numbers in square
brackets correspond to atom labels in Figure 4.8 —4.11.

Cation P-CA) PPQA) CP-CO PPP ()

1.804(4) [1,1] 2.206(1) [1,2] 114.20(4) [2,1,5]
b }'ggg(i) [%] 2.207(1) [1.5] 101.40(4) [1.2.3]
' 1'857( 4) [3’ 4] 2.185(1) [2.3] 107.9(2) [1,1,2] 109.75(4) [2.3.4]
1:839§ 43 E > 5} 2.197(1) [3.4] 107.92(4) [3.4.5]
el 2.189(1) [4.5] 101.86(4) [4.5.1]
1.794(3) [1,1] 2.192(1) [1,2] 107.87(4) [2,1,5]
3 12(7"6‘8; [;g% 2.183(1) [1.5] 95.54(4) [1,2,3]
-3a 88500 %3’9] 2.223(1) [2.3] 106.6(1)[1,12] | 104.56(4) [2,3,4]
Lot 1a] 2.220(1) [3.4] 109.08(4) [3.4.5]
st 2.202(1) [4.5] 97.46(4) [4,5,1]
i;gggg H% 2.2221(6) [1,2] 107.36(2) [2,1,51
3 Lo L] 2.2072(6) [1.5] 96.52(2) [1.2.3]
3¢ s 43(23 [3’19] 2.2318(6) [2.3] 111.59@) [1,1,7] |  93.592) [2,3,4]
e 42E2) { 4’25% 2.2392(6) [3.4] 89.56(2) [3.4.5]
1.827(2) [5.31] 2.2251(6) [4.,5] 91.64(2) [4,5,1]
1.7902) [1,1] 102.79(4) [2.1.5]
1.797(2) [1.2] ;igfgg H?l 91.91(3) [1.2,3]
43d 1.830(2) [2.3] 3218700 23] 107900 [1.12] 96.78(3) [2.3.4]
1.827(2) [3.9] VA S (L1, 108.4703) [3.4,5]
1.843(2) [4,15] s ] 96.41(4) [1,5,4]

1.830(2) [5.21] : ;

4.4 Pseudorotation

Other than 4.2a, all derivatives of cyclotetraphosphinophosphonium ions exhibit
AA'BB'X spin systems according to 31p{'"H} NMR spectroscopy (Table 4.2), implying
C, symmetry in solution for each. This is inconsistent with the C; solid state
conformations observed for 4.2a, 4.3a, 4.3¢, and 4.3d. Analogous observations involving
low solid state symmetry and high solution symmetry have been observed previously in
five-membered rings with catenated or partially catenated phosphorus frameworks [C
solid state data: (CF;P)s (4.1¢),"'"'® (PhP),CH, (4.6),'* (BuP),CH (4.7)'”’; high
symmetry solution NMR data: 4.1¢,"" 46,521 4.7'%°1. No definitive rationale for these
observations has been concluded, and a combination of (1) rapid inversion at phosphorus,

122 (2) the adoption of a static

which is known to have lower barriers in catenated systems,
C, twist or Csenvelope conformation, or (3) pseudorotation, have been suggested. Recent

reports of (‘BuP)sP" (4.8), and (CyP)E" (4.92: E = As,'” 4.9b: E = Sb'?4, offer no
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explanation as to the discrepancies between C; solid state conformations for these

compounds and the high symmetry they exhibit in solution.

CF3 H H H
F3C~P/P\P.\CF3 Phspi’C\P"Ph tBu~p\/C\P“tBu
\ / / /
P-R, P—R, P—PR,

F3C CF3 PH Ph By Bu
4.1c 4.6 4.7

tBu.P/P\/P‘\tBu Cy~ p’E\P‘ \Cy

b—p b—A
L L
By Bu cy \Cy
4.8 4.9
akE=As
b: E=Sb

The observation of an ABCDX, rather than an AA’BB’X, spin system for 4.2a
implies that inversion at phosphorus, if it occurs at all, is slow on the NMR timescale.
This is consistent with the conclusion that inversion occurs at the anionic carbon in 4.7,
where rapid inversion at phosphorus, though concluded to be less likely by the authors,
could not be definitively excluded in accounting for the AA’BB’ spin system observed by
3'p{H} NMR spectroscopy.m It is therefore unreasonable to invoke rapid inversion at
phosphorus in monocations 4.2b and derivatives of 4.3. Moreover, the observation of
four unique solid state C; structures for derivatives of 4.2b, 4.3a, 4.3¢, and 4.3d
contradicts the possibilty that in solution they each adopt a static twist conformation of C,

symmetry (T, or *Ts), as initially proposed for 4.6.°%'%

R
|
: AR R PR R
v N
R'P R-p’R'
R
3T4 4.|-3

Ruling out inversion at phosphorus, and a static conformation of C, symmetry in

solution, the higher symmetry observed for cyclotetraphosphinophosphonium cations in
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solution over the solid state, can only be rationalized by pseudorotation in solution, as
proposed for (CFsP)s (4.1¢).''* Pseudorotation is a low energy ring puckering process that
gives rise to a rapid conformational exchange, without requiring inversion, and it is well
known in organic ring systems.''%*!"! In this instance, the rapid (on the NMR time scale)
conformational exchange must give a time-averaged structure where the core
pentaphosphorus ring is rendered planar and the molecular symmetry is therefore
governed by the substitution pattern (positions and types of substituents). This concept
successfully colligates the AA’BB’X spin systems observed for 4.2b, 4.3a, 4.3¢, and 4.3d
with their asymmetric solid state structures, and also accounts for the ABCDX spin
systems observed for derivative 4.2a, which must remain in C; symmetry because of its
asymmetric substitution pattern.

The “structural correlation principle” states that crystallization distorts a molecule
from its gas-phase equilibrium geometry via a low-energy pathway.'® This implies that
the solid-state conformations of five-membered rings represent minima (not necessarily
global minima) on the potential energy surface. In the case of five-membered rings, this
is well supported for furanose rings of nucleosides and nucleotides."®” Thus the four
unique conformations for 4.2b, 4.3a, 4.3¢, and 4.3d give indirect evidence for
pseudorotation, as the skeletal conformations presented on the right side of Figure 4.8 —
4.11 represent solid state snapshots of different molecular conformations within this
dynamic solution process. This is somewhat analogous to the solid state evidence for

128

bond-stretch isomerism in boron-phosphorus 1,3-diradicals, “° and for Berry-Smith

pseudorotation.'?®

Figure 4.12 presents a graphical representation of the conformations of all-frans
substituted cyclotetraphosphinophosphonium ions, drawn as 1,1,2,3,4,5-hexasubstitued
cyclopentanes for clarity, as a function of the phase angle of pseudorotation ((p).130
Values of the phase angle and best conformational description of the ring in 4.2b, 4.3a,
4.3¢, and 4.3d were found using the Platon program,'’® and are highlighted in boxes
within the figure. It is important to note that for these crystallographically characterized
derivatives, no absolute numbering of the atoms in the ring can be defined because of the
achiral phosphonium center, and as such a change in numbering sense (direction)

interconvert s atom 2 with 5, and 3 with 4. The highlighted conformations in Figure 4.12
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correspond to the numbering scheme used for the R,S,S,R enantiomer of each derivative
as shown in Figure 4.8 — Figure 4.11. Of the twenty possible conformations shown in
Figure 4.12, only eleven are unique (five envelope and six twist), with all but “Ty and T4
belonging to an equivalent pair related by 180 - ¢ (equivalent to a change in numbering
sense). It is also worth noting that the pseudorotation process does not need to encompass
all possible conformations (in this case only resultant C; symmetry is required), and
further structurally characterized examples may help in determining the pseudorotation
pathway for these cations. Perhaps even more direct evidence may be gained by
structurally characterizing 4.2b, 4.3a, 4.3¢, and/or 4.3d with different anions, in the hopes

of observing different conformations for a given cation.
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Figure 4.12 Graphical representation of the conformations of all-trans substituted
cyclotetraphosphinophosphonium ions as a function of the phase angle of pseudorotation
(o, inside circle), with the best representations of the crystallographically characterized
cations highlighted in boxes. Envelope (E) or twist (T) conformations are labeled outside
the circle, where an envelope is defined by four coplanar atoms, and a twist by the
coplanarity of three atoms and the midpoint of the opposite bond. The supercripts and
subscripts represent the atoms above and below the plane respectively.

4.5 Summary

The first derivatives of cyclotetraphosphinophosponium cations have been
isolated, and they represent the largest members in the family of monocyclic catena-
phosphorus monocations. They can be prepared by the insertion of phosphenium ions
(Ph,P* or Me,P" generated in situ from the chlorophosphine and TMSOTH) into the P-P
bonds cyclopolyphosphines (PhP)4, (CyP)s, (PhP)s and (MeP)s, or by methylation of
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(PhP)s, (PhP)s, and (MeP)s. The cations have been definitively characterized by
simulation of their >'P{'H} NMR spectra and by X-ray crystallography for four
derivatives. The crystal structures for each cation demonstrate unique C; conformations
with all-trans configurations of substituents about the phosphonium center.

Rather than inversion at phosphorus or a static structure in solution, the concept of
pseudorotation better colligates the observation of four unique C; structures in the solid
state with effective C, symmetry in solution. It can be assumed that pseudorotation
applies not only to cyclotetraphosphinophosphonium cations, but also to all related
species mentioned in this chapter (4.6 — 4.9), and should be considered when dealing with
other compounds containing five-membered rings. Moreover, pseudorotation is indirectly

supported by the unique solid state structures of 4.2b, 4.3a, 4.3c, and 4.3d.
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Chapter 5.0: The Diverse Reactivity of [(BuP),P'BuMe][OTf]

5.1 Introduction

Although phosphenium ion abstraction or deprotonation products were observed
in reactions of cyclotriphosphinophosphonium ions with Me;P (Chapter 3.5), it is found
that the high degree of strain in cyclodiphosphinophosphonium jon
[(‘BuP),P'BuMe][OTf] (2.2a[OTf]) imparts a much more diverse reactivity. This chapter
presents the synthesis and characterization of new examples of acyclic and cyclic
tetraphosphorus cations, formed from reactions of 2.2a[OTf] with phosphines featuring

zero (R3P), one (Me;PCl) or two (MePCly) chlorine substituents.

5.2 Acyclic 2,3,4-Triphosphino-1-Phosphonium Ions

Reactions involving various triorganophosphines and 2.2a[OTf] were monitored
by 31p{'H} NMR spectroscopy. Although the bulky and relatively weak donor Ph;P
showed no reactivity towards 2.2a, reaction mixtures involving "Pr;P, Me;P, and PhoMeP
displayed very complex NMR spectra. At room temperature, broad featureless peaks
were observed, but low temperature studies revealed highly coupled multiplets.
Simulated spectra for these mixtures demonstrate clean and virtually quantitative
reactions (Figure 5.1 —5.3). The simulated parameters (Table 5.1) are interpreted in
terms of the formation of acyclic tetraphosphorus products. Intriguingly, one such species
was formed in reactions with "Pr;P (minor unidentified by-products were also observed),
but 50:50 mixtures of two acyclic tetraphosphorus products were found in reactions
involving MesP or PhMe,P. These products are assigned to diastereomers of acyclic
tetraphosphorus monocations 5.1 (Scheme 5.1), which represent the first 2,3,4-

triphosphino-1-phosphonium ions (K).
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, BuBuBu  OTF
R3P—P—P—P—-Me
5.1
a: R3P ="Pr3P (1 isomer)
b: R3P = Me3P (2 isomers)
¢: R3P = PhMe,P (2 isomers)
Scheme 5.1 Synthesis of derivatives of 5.1[OTf] from 2.2a[OT{].

Bu,+ Me OTf
R + Rp —>
.P"‘Pvt
Bu

2.2a

tBu\

, 'BuBuBy
"PryP—P—P—P—-Me
6.1a

SNSRIy ¥, W JLA

300 260 220 180 140 100 6.0 20 -20 -60 -100 140 180 220 260 300 340 ppm

T

Figure 5.1 Experimental (top) and simulated (inverted) 3 1P{ H} NMR spectra (101.3
MHz, 193 K) of the reaction mixture between 2.2a[OTf] and excess "Pr;P (peak labelled
*) showing only one diastereomer of 5.1a.
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Figure 5.2 a) Experimental (top) and simulated (inverted) 31p{'H} NMR spectra (101.3
MHz, 193 K) of the reaction mixture between 2.2a[OTf] and excess MesP (singlet at -60
ppm not shown). Simulated spectra for individual isomers of 5.1b are shown in b)
(Isomer 1) and c¢) (Isomer 2).




. tIE?u tBlutl?iu
PhMe,P—P—P—P—Me
51c¢c
20.0 15.0 10.0 50 0.0 5.0 -10.0 -15.0 -20.0 -25.0 -30.0 -35.0 ppm

Figure 5.3 Experimental (top) and simulated (inverted) 3Ip{'H} NMR spectra (101.3
MHz, 213 K) of a reaction mixture containing 2.2a[OTf] and excess PhMe,P (singlet at -
45 ppm not shown) showing two diastereomers of 5.1c.

Table 5.1 Simulated >'P{'H} NMR parameters for the AMNX spin systems of
derivatives of 5.1[OTf].
R 'Bu'Bu'Bu

R-F-Po-P3PgMe
R
a 5.1b[OTf]* 5.1c[OTf]°
Compound | 5.1a[OT] Isomer 1 : i]somer 2 Isomer 1 : i]somer 2
84 (ppm) -11 -13 -7 -11 -5
33 (ppm) 34 -35 -26 -34 24
&, (ppm) -19 -14 0 -7 4
81 (ppm) 27 17 18 18 18
'J34 (Hz) -403 -399 -363 -401 -361
' Jy3 (Hz) -345 -331 -365 -335 362
'J12 (Hz) -324 -315 -397 318 -407
“Jr4 (Hz) -5 -8 -11 1 -11
*J13 (Hz) 75 88 -9 92 -8
>Ji4 (Hz) -2 -1 46 -1 44

3 CH,ClL, 193 K; ° CDCL, 213 K.
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Although the exact nature of these diastereomers is not known, the data (Figure
5.1 — 5.3, Table 5.1) demonstrates that 5.1a and Isomer 1 of both 5.1b and S.1¢ have
similar chemical shifts and coupling constants. The same is true for Isomer 2 of both S.1b
and 5.1¢. This suggests that only two stereochemical configurations, out of the four

possible (5.1i — 5.1iv), are represented in solution at low temperature.

+ + + +

F|’R3 ||3R3 FI’R3 F|’R3
tRy P —- T S tRy P .t
tBu FI) " erythro tBu I:I) " erythro Bu l|D i, fhreo ) I:I> Buthreo
Bu-P—: _ yihro Bup—: —P-'Bu tBu-FI’—: orythro
‘Bu-p— —h-'Bu 'Bu-R—: threo ‘Bu-h—:

Me Me Me Me

5.1i 5.1ii 5.1iii 5.1iv

A concerted ring-opening mechanism for Scheme 5.1 seems most likely, and
considering the chiral configuration (threo; R,R or S,S) of racemic 2.2a, the observed
stereospecificity could result from phosphine attack at P? and/or P° to give 5.1i and/or
5.1ii, respectively. However, further inversion at any of the chiral phosphorus centers (as
observed in tetraphosphine 5.2)"3! to give one or two low energy isomers cannot be ruled
out. Considering the dative nature of the bonds in acyclic phosphinophosphonium jons,
inversion at the phosphine center bound to the tetracoordinate phosphorus is available via
bond dissociation/reassociation. In fact, these latter possibilities are supported by a
preliminary X-ray structure of 5.1b[OTf] (Figure 5.4) which demonstrates threo, erythro

stereochemistry (i.e. S.1iv).

t
Bu, + ,Me Ph Ph Ph Ph
7\ —p—p—
i p-P=rp
Bu' ‘Bu SiMes  SiMes
2.2a 5.2

Interestingly, the molecule possesses a folded-in structure, perhaps because of a

favorable interaction between the lone pair of P4 and the phosphonium center (P1). The
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poor quality of the data does not allow for the meaningful determination of detailed

structural parameters.

Figure 5.4 Preliminary X-ray structure showing the cation of 5.1b[OTf], demonstrating a
threo, erythro configuration (5.1iv). Hydrogen atoms are omitted for clarity and thermal
ellipsoids are at the 50% probability level.

5.3 A Cyclic 3,4-Diphosphino-1,2-Diphosphonium Ion

The addition of Me,PCl and TMSOTT to a solution of 2.2a[OTf] in CH,CL,
resulted in multiple phosphorus containing species, as indicated by 3p¢'H} NMR
spectroscopy of the reaction mixture. Surprisingly, after precipitation of a white solid
from the reation mixture, recrystallization afforded single crystals of
[(‘BuP)2(PMey);][OTfl, (5.3[OTf]o), the first example of a 3,4-diphosphino-1,2-
diphosphonium ion (L).
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The reaction pathway is not yet understood, but one is proposed in Scheme 5.2. In
support of the proposed steps, the 31p('"H} NMR spectrum of a reaction mixture
containing two equivalents of Me;PCl and 2.2a[OTf] showed a singlet at 119 ppm, and
A,B spin system (8A = -109 pm, 8B = -49 ppm, 1Jag = 313 Hz), which are assigned to
'BuMePCl (cf. Me;PCl: 93 ppm;'* ‘Bu,PCL: 144 ppm'*®) and [(‘BuP),PMe,][OTf]
(5.4[OTf]), respectively. A number of broad signals centered at 136 ppm, 114 ppm, 10
ppm, -12 ppm, -42 ppm, and -54 ppm were also observed which could correspond to the

rac- and meso- forms of 5.5.

t _ _
Bu, + Me oTf Me, Me OoTf
v* Me,PCl Qs
tBu\‘ 'tBu - BUMePCI tBu\‘ 'tBu
2.2a 5.4
Me,PCl
MeMe 2OTf

+1 T+ MetButBu Me OoTf
Me'"P—P'Me TMSOTf
| <20 et p—p—p—p

PP ]
tBu‘ ‘tBU - TMSCI Cl Me
5.3 5.5

Scheme 5.2 Proposed pathway for the formation of 5.3[OTf], from 2.2a[OTT].

The dication in 5.3[OTf], crystallized as a racemic mixture and is the first
crystallographically characterized monocyclic 1,2-diphosphonium ion (Figure 5.5). The
most striking feature of 5.3 is the presence of two directly bound phosphonium units (P1-

P2). The four methyl groups are slightly staggered and the P1-P2 bond {2.207(1) Alis
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found to be slightly shorter than the bond between the phosphine centers [P3-P4 =
2.256(1) A] (Table 5.2), with all P-P distances being consistent with single bonds.

Figure 5.5 Two views of one enantiomer of the dication in 5.3[OTf], with hydrogen
atoms omitted for clarity and thermal ellipsoids at the 50% probability level.

Table 5.2 Selected structural parameters for 5.3. Numbers in square brackets correspond
to atom labels in Figure S.5.

P-P (A)

P-C (A)

C-P-P (°)

C-P-C (°)

P-P-P (°)

2.207(1) [1,2]
2.193(1) [1,4]
2217(1) [2,3]
2.256(1) [3,4]

1.801(2) [1,1]
1.798(2) [1,2]
1.800(2) [2,3]
1.790(2) [2,4]
1.897(2) [3,5)
1.889(2) [4,9]

115.41(9) [1,1,2]
110.69(8) [1,1,4]
109.35(8) [2,1,2]
122.46(8) [2,1,4]
106.97(8) [3,2,1]
124.88(8) [3,2,3]
112.98(8) [4,2,1]
111.07(8) [4,2,3]
112.05(8) [5.3,2]
103.61(8) [5,3,4]
106.99(8) [9,4,1]
108.69(7) [9,4,3]

110.3(1) [1,1,2]
111.3(1) [3,2,4]

86.99(4) [2,1,4]
86.84(4) [1,2,3]
85.20(4) [2,3.4]
86.21(4) [1,4,3]

Only three other crystallographically characterized examples of 1,2-

diphosphonium ions have been reported: acyclic 1.51a (P-P = 2.364(3) A),¥ bicyclic
1.51b (P-P = 2.189 A),* and tricyclic 1.51¢ (P-P =2.165(2) A).*’ The longer P-P bond
length in 1.51a seems to suggest that the cyclic frameworks of 5.3, 1.51b, 1.51¢ prevent

bond lengthening caused by Coulombic repulsions; however, the recent structural

characterization of acyclic 1.51d (P-P = 2.198(2) A)

suggests that the bond is

lengthened primarily because of steric interactions between the bulky NEt; groups.
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R R
4l 1 +'}‘ N
R=F—F-R Me=R—R=NEt, . A
R R P—R
Me’N N‘Me
1.51 I
a: R = NEt, O
d:R=Me 1.51b 1.51c
+I3 \R
RR—R
P—P=R
4 :+
R R
5.6

R = 2,6-dimethoxyphenyl

Dication 5.3 is a topological isomer of the only other cyclic catena-
tetraphosphorus dication to be reported (5.6). Unlike the planar tetraphosphorus ring in
the centrosymmetric 1,3-dication 5.6,% the four cis interactions between substituents in
the less symmetric (~Cy) 1,2-dication 5.3 result in even more ring puckering (average t =
28.45°) than found in cyclotriphosphinophosphonium ions (Table 3.3, average © = 10.41°
- 21.09°).

Phosphorus, proton, and carbon NMR spectra of redissolved crystals of 5.3[OTf],
were consistent with C; symmetry in solution. A new AA’BB’ spin system, which has
been simulated (Figure 5.6), was revealed by 3'p¢{'H} NMR spectroscopy. The derived
3p{'H} NMR parameters are presented in Table 5.3. The ! Jop values corresponding to
phosphine-phosphonium bonds (-284 Hz) or the trans substituted phosphine-phosphine
bond (-169 Hz) are comparable to those found in cyclotriphosphinophosphonium ions
(Table 3.1, e.g. (‘BuP);PMe;" (3.8): -251 Hz and -143 Hz, respectively). In contrast, the
! Jop value for the two phosphonium centers in 5.3 seems very small (-40 Hz) in light of
the much larger magnitude observed for 1.51b (lJpp =219 Hz);84 however, it is known
that one-bond phosphorus-phosphorus coupling constants can be dependant on a number
of factors, such as relative conformations and bond angles at the nuclei.'® Recently,

electron-donating or withdrawing effects of the substituents (R) in
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phosphoranophosphonium monocations 1.59 have been invoked to describe the large
variation in 'Jpp magnitudes (1.59a: 23 Hz; 1.59b: 13 Hz; 1.59¢: 277 Hz; 1.59d: 324
Hz).%

+
R'3P"‘||3—_-N“'SiM63

R
1.59
a:R=Me, R' ="Bu
b:R=R'=Me

¢: R = OCH,CF3, R' = "Bu
d: R = OCH,yCF3, R'= Me

L A S R B A U LRI L U I I !
340 330 320 310 300 290 7.0 6.0 5.0 4.0 3.0 20 ppm

Figure 5.6 Expansions for experimental (top) and simulated (inverted) 3p¢'H} NMR
spectra (101.3 MHz) for 5.3[OTf]..
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Table 5.3 Simulated *'P{'H} NMR parameters for the AA’BB’ spin system of 5.3[0Tf],
in CH2C12.
Me Me
Me—PB—ITB--Me
|
PA_P A
By Bu
5 (ppm) 17 (Hz) 2] (Hz)
31 (B=B’) -284 (AB=A'B’) 5(A’B=AB")
4 (A=A -169 (AA)
-40 (BB’)

The 'H NMR spectrum of 5.3[OTf], showed three second-order multiplets of
relative integration 3:1:1 at 1.54 ppm, 2.73 ppm and 2.82 ppm, respectively. Thus, the
*Bu substituents (1.54 ppm) are equivalent, and there are two spectroscopically distinct
pairs of methyl substituents. Based on the dependence of Jpy coupling on a cis
orientation of the phosphine lone-pair and methyl group, as observed in cyclodi- and
cyclotriphosphinophosphinium cations (Chapter 3.4), the six-line multiplet at 2.73 ppm
is assigned to protons on C1 and C4 (Figure 5.5), and the less coupled four-line multiplet
is assigned to protons on C2 and C3. Three multiplets were also observed in the *C
NMR spectrum (quaternary carbons not observed), and an HSQC experiment showed
correlation between a highly coupled multiplet at 13.5 ppm and the assigned C1/C4 pair,
and between a less coupled signal at 9.7 ppm and the C2/C3 pair. The methyl groups on

the 'Bu substituents were observed at 29.5 ppm.

5.4 An Asymmetric Cyclotriphosphinophosphonium Ion

The substitution of MePCl, for Me,PCl in reactions with 2.2a[OTf] demonstrated
further complexity in the reactivity of 2.2a[OTf]. In monitoring the reactions by > 'p{iH}
NMR spectroscopy, it was found that ~1.2 equivalents of MePCl, were required for the
complete consumption of 2.2a[OTf]. Although, many unidentified products were initially
observed, precipitation followed by recrystallization lead to a white solid, determined by
NMR spectroscopy (see below) to be the new asymmetric
cyclotriphosphinophosphonium ion 5.7[O0Tf]. This monocation formally results from

insertion of “MeP” into 2.2a.
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5.7

The 3'P{'"H} NMR spectrum of redissolved precipitate exhibited an AMNX spin
system. Though line intensities are affected by second-order effects, each signal occurred
as an eight-line doublet of doublet of doublets. The simulated spectrum is shown in

Figure 5.7 and the parameters are presented in Table 5.4.
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Figure 5.7 Expansions for experimental (top) and simulated (inverted) 3p¢{'H} NMR
spectra (101.3 MHz) for 5.7[OT{].

Table 5.4 Simulated *'P{'"H} NMR parameters for the AMNX spin system of 5.7[0OTf] in
CDCl;.

5 (ppm) 'J (Hz) *J (Hz)
22 (X) -123 (AN) 41 (AM)
26 (N) 221 (AX) 19 NX)
-31 (M) -145 (MN)

95 (A) 283 (MX)

Based on comparison with the data in Table 3.1 and Table 5.4, the presence of
coupling constants over 200 Hz in magnitude are associated with coupling between a

phosphine and a phosphonium unit, while coupling constants with magnitudes smaller
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than 200 Hz signify coupling between two (trans substituted) phosphine centers. This,
together with the chemical shifts of the phosphorus nuclei, indicates that 5.7 contains one
phosphonium unit (X) and three unique phosphine centers (A, M, N). Moreover, the
presence of four coupling constants consistent with 'Jpp values, and two others consistent
with “Jpp values, defines a cyclo-P4 core of four unique phosphorus atoms.

Based on integrations, proton NMR data revealed that 5.7 contains three ‘Bu
groups and two methyl groups. Importantly, the low field chemical shift (2.47 ppm) of
one methyl group (Mel) and relatively high field shift (1.80 ppm) of the other (Me2),
specify their positions on phosphonium and phosphine centers respectively. Moreover,
the observed doublet for Mel indicates no long range P-H coupling, and confirms that it
is cis to two substituents on adjacent phosphorus atoms (cf. Chapter 3.4). The signal for
Me2 occurs as a second-order eight-line multiplet, signifying *Jpp couplings, and places
the methyl group cis to the lone pair of at least one adjacent phosphorus atom. Thus, the
structure of 5.7, expected to be a racemic mixture, is established by multinuclear NMR
spectroscopy. In terms of the AMNX spin system observed in the 3p{'"H} NMR
spectrum, the phosphonium center can be assigned to X, and the opposing phosphorus
atom to N. However, the assignment of A or M to the remaining P-'Bu or P-Me

phosphorus nuclei remains undefined (Figure 5.8).

Bu, , ,Me Bu, , ,Me
4 4
'Bu—P{; Pa=Me o  'Bu—P{ Py=Me
4 14
'Bu tBu
571 5.7ii

Figure 5.8 Two possible assignments of the AMNX spin system for 5.7{OTf].

5.5 Summary

In reactions with triorganophosphines, the cyclodiphosphinophosphonium ion
2.2a[OT{] was found to be a precursor to the first examples of acyclic tetraphosphorus
monocations (5.1) via a phosphine-induced ring-opening reaction. Depending on the

particular phosphine used, these cations were formed with varying degrees of
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diastereoselectivity (one diastereomer with "Pr3P; two diastereomers with MesP or
PhMe,P), as confirmed by *>'P{'"H} NMR simulations.

Surprisingly, the use of chloro-substituted phosphines resulted in markedly
different products. The first monocyclic 1,2-diphosphonium cation, crystallographically
characterized as [('BuP),(PMe),][OTf], (5.3[OTf],), has been prepared from 2.2a[OTf],
Me,PCl and TMSOTY. This compound represents a topological isomer of the 1,3-dication
5.6, the only other catena-tetraphosphorus dication.

It was also found that MePCl, reacted with 2.2a[OT{] to give the assymetrical
cyclotriphosphinophosphonium ion 5.7[OTf]. The composition and configuration of this
new tetraphosphorus moncation was established by multinuclear NMR spectroscopy and
by the use of trends established for other cyclic di- and triphosphinophosphonium
cations.

Though the mechanisms for these reactions are not well understood, they
highlight the importance of 2.2a[OTf] as a precursor to new catena-phosphorus cations.
The observation of acyclic tetraphosphorus monocations, and cyclic tetraphosphorus
mono- and dications from 2.2a[OTf], prompts mechanistic investigations and further
reactivity studies, and makes other such triphosphorus monocations important synthetic

targets.
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Chapter 6.0: Acyclic 1,3-Diphosphino-2-phosphonium Ions
6.1 Introduction

Besides monocationic derivatives of diphosphorus A, and tetraphosphorus K
(Chapter 5.2), triphosphorus 1.41a® is the only known acyclic monocation involving
phosphine and phosphonium building units. As a contribution to this area, this chapter
presents the first acyclic 1,3-diphosphinophosphonium ions (B) featuring organic
substituents at phosphorus,'® synthesized by a systematic extension of the effective P-P

bond formation reactions recently developed for A (i.e. Scheme 1.5¢).5"%

I
“p—p  —p—P—P—P—

6.2 Synthesis and Characterization

Reactions of tetramethyldiphosphine 6.1a or tetraphenyldiphosphine 6.1b with
Me;PCI/TMSOTT or Ph,PCI/TMSOTT, respectively, were monitored by *'P{'H} NMR
spectroscopy. In both cases, although broad doublet and triplet signals were observed at
room temperature, an 8-line A,B spin system was observed at low temperature. This
observation is consistent with the two equivalent phosphine centers (A, high field
resonance) and single tetracordinate phosphonium center (B, low field resonance) of
[Me,P-PMe,-PMe,][OTf] (6.2a[OTf]) and [Ph,P-PPh,-PPh,][OTf] (6.2b[OTf]). The
reactions (Scheme 6.1) were rapid and virtually quantitative, and the 3'p¢{'H} NMR
spectrum of a representative reaction mixture between 6.1b and Ph,PCl/TMSOT( is

shown in Figure 6.1.
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6.1 a:R=Me 6.2
b: R=Ph
Scheme 6.1 Synthesis of 6.2a[OTf] and 6.2b[OT{].
(2)

2)
(1)

L

-8 -16 24 82 40 -48

64 &6 48 40 32 24 16 8 0
Chemical Shift (ppm)

Figure 6.1 >'P{’"H} NMR spectrum (101.3 MHz, 193 K) of a reaction mixture containing
PhyP-PPh,, Ph,PCl and TMSOT( showing quantitative formation of 6.2b[OTf].

Compound 6.2a[OTf] has been crystallographically characterized, and the cation
is observed in an eclipsed/staggered (C;) conformation (Figure 6.2). The A,;B spin
system observed by *'P{'H} spectroscopy is indicative of free rotation about the P-P

bonds in solution (effective Cy, symmetry).
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C1

Figure 6.2 Solid state structure of the cation in the of 6.2a[OTf], with hydrogen atoms
omitted and thermal ellipsoids at the 50% probability level. P1-P2 = 2.2160(6) A; P2-P3
=2.1883(6) A; P-P-P = 111.56(3)°.

Attempts to form diphosphinophosphonium ions with mixed substituents resulted
in more complicated reaction mixtures. Low temperature (193 K) 1P{ 'H} NMR
spectroscopy of reaction mixtures involving 6.1a, Ph,PC1 and TMSOTTf revealed a new
AMX spin system along with the signals for 6.2a, 6.1b, Ph,PCl, and some minor
unidentified peaks. The spin system and chemical shifts of the new product suggest a
linear, triphosphorus compound which is assigned to 6.2¢[OTf] (Table 6.1). Based on the
approximate integrations in the *'P{'"H} NMR spectra, Scheme 5.2a is proposed as a
balanced equation. Some of the competing reactions which could account for the
observed products are also presented (Scheme 6.2b). Compound 6.2¢[OTf] could not be

isolated.
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Scheme 6.2 Proposed reactions involved in the synthesis of 6.2¢[OTf] and 6.2¢[OTf].

Table 6.1 *'P{'"H} NMR parameters for derivatives of 6.2[OTf].

. o hosphine ) hosphonium 1 2
Compound | Spin System gppll)n) P (p;m) Jpr (Hz) Jpp (Hz)
6.2a[OTf]? A,B -62 12 -298 -
6.2b[OTf]° A.B 22 18 -351 -
b -331 (AX)
6.2¢[OTI] AMX -52,-28 8 296 (MX) 13 (AM)
6.2¢[OT{]* A,B -20 5 -337 -
2CDCls, 220 K; °® CH,Cl,, 193 K.

Interestingly, the corresponding reactions involving 6.1b and Me,PCl resulted in a
new A,B spin system (> 80% by *'P{'H} NMR, with unidentified byproducts) which is
assigned to 6.2¢[OTf] (Table 6.1). As discussed previously in Chapter 3 and Chapter 4,

phosphenium ion insertion into P-P bonds is not unexpected (Scheme 6.2¢); however, the
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observation of 6.2c opens up the possibility that 6.2d is formed as a first step, and
subsequent rearrangement leads to 6.2e. Considering, based on electronic arguments, that
Me,P-R is a better donor and Me,P" a better acceptor than Ph,P-R and Ph,P*
respectively, the rearrangement can be envisioned by breaking the most labile bond in
6.2d to give PhyP-PMe; (6.1¢) and Ph,P*, which reassociate to give isomer 6.2¢ (Scheme
6.2d). Isomer 6.2e is also expected to be sterically preferred over 6.2d. This proposed
scheme is consistent with the dative nature of phosphinophosphonium ions (A) and
prompts an analogous description of the bonding in diphosphinophosphonium ions (B,

B’).

L+

I
P—P—P P—P~P
1 1
B B'

6.3 Summary

The first homoleptic, organo-substituted acyclic diphosphinophosphonium salts
6.2a[OT{] and 6.2b[OTf] have been prepared from diphosphines and chlorophosphines in
the presence of TMSOTT. These cations were formed quantitatively, and have been
characterized by 3py¢ 'H} NMR spectroscopy and X-ray crystallography in the case of
6.2a[OTf]. Cations 6.2¢ and 6.2e, featuring mixed organo-substituents, were observed in

solution (*'P{'"H} NMR), but could not be isolated.
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Chapter 7.0: Acyclic 2,3-Diphosphino-1,4-Diphosphonium Ions
7.1 Introduction

Acyclic catena-phosphorus dications involving two (E)* and three (F)*°
phosphorus atoms are known. Some related tetraphosphorus dications have been
reported, and crystallographically characterized as 1.53°! and 1.54.%% Although the
phosphorus atoms in these examples are connected in linear chains, these systems are not
truly acyclic as each contains bridging ligands. The relative position of the bridges
(between phosphine centers in 1.53, or phosphine and phosphonium centers in 1.54)
suggests that they are not essential to the stability of the compounds, and that 2,3-
diphosphino-1,4-diphosphonium ions (G) with truly acyclic topologies should be
accessible. This chapter presents the first examples of such acyclic tetraphosphorus
dications prepared by a new reductive coupling reaction between phosphinophosphonium

monocations. '

7.2 Synthesis and Characterization

The addition of Ph3P to equimolar amounts of RPCI, (R = Ph, Me), and TMSOTf
resulted in the rapid and quantitative formation of the chlorophosphinophosphonium salts
(7.1[OTf]; a: R =Ph; b: R = Me; Scheme 7.1a). Surprisingly, these monocations were
observed by *'P{'H} NMR spectroscopy as sharp singlets at room temperature (7.1a: 22,
55 ppm; 7.1b: 21, 70 ppm), with low field shifts corresponding to the chloro-substituted
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phosphine center. At 213 K, the spectrum for 7.1a contained the expected doublets (" Jpp
=333 Hz) at 22 and 49 ppm. Single crystals of 7.1a[OTf] were found to be racemic and

the solid state structure of one enantiomer of the cation is shown in Figure 7.1.

rapid + '? oTf"
———— e [P
a) RPCl, + PhgP + TMSOTf TMSCI PhsP—P—CI
71
slow + '? '3 + 20Tt
b) 2 71[OTf] + PhsP + TMSOTf ——> PhzP—P—-P—PPhy + [Ph3PCI]J[OTf]
- TMSCI 7.2

c) 2RPCl, + 3 PhsP + 3 TMSOTf ———I\E—a 7.2[0Tf], + [Ph3PCIlJ[OT{]

a:R=Ph
b: R =Me

Scheme 7.1 a) Synthesis of derivatives of 7.1[OTf]; b) Synthesis of derivatives of
7.2[OTf], by the reductive coupling of 7.1[OT{]; ¢) Balanced equation for the one-pot
synthesis of derivatives of 7.2[OTf],.

Figure 7.1 Solid state structure of one enantiomer of the cation in 7.1a[OTf] with
hydrogen atoms omitted for clarity and thermal ellipsoids at the 50% probability level.
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After days of stirring at room temperature, 31P{ 'H} NMR spectroscopy showed
that reactions involving excess PhsP and TMSOTT{ resulted in the consumption of initially
formed 7.1[OTI{], with the concurrent appearance of [PhsPCI][OTf] (singlet at 66 ppm;
F NMR: -80 ppm) and new AA’BB’ spin systems (Table 7.1) corresponding to the
acyclic tetraphosphorus dications [PhsP-PR-PR-PPh;][OTf], (7.2[OTf];; a: R =Ph; b: R
= Me). Thus, the excess phosphine present in solution effects the reductive coupling of
chlorophosphinophosphonium ions (7.1[OTf]) according to Scheme 7.1b. Derivatives of
7.2 were not observed if only one equivalent of TMSOTS was used, suggesting that the
formation of [Ph3PCI][OTf], rather than simply Ph3PCl,, is an important driving force in
the coupling reaction. A balanced equation for this one-pot synthesis is shown in Scheme
7.1c. Significantly, this reaction contrasts the formation of [Ph;P-PPh-PPh3][AICL4),
(7.3[AICl]2) from PhPCL, PhsP and AICL;,”° where displacement of the second chloride
ion in the supposed intermediate 7.1a[AlCl4] is preferred over reductive coupling. Both
derivatives of 7.2 have been structurally characterized in the solid state (Figure 7.2 —

7.3), and selected structural parameters are presented in Table 7.2.

Table 7.1 Simulated *’P{'"H} NMR parameters for derivatives of 7.2[OTf], and
7.4[0Tf],.

+ | | +
R'3Pg—Pa-Pa—PpR'3

. L 7.2a% a 7.4a° b
Dication Isomer 1 | Isomer 2° 7.2b Isomer 1 | Isomer 2° 7.4b
54 =S4’ -33 -42 71 -52 -56 -73
5p = Op’ 24 22 26 25 23 26

TTan -124 - 278 | -105 - -238

p="Jap | -343 - 282 | -305 - -269
I ="Jup| 69 - 78 66 - 80
3 Top 51 - 62 56 - 58

3 CH,Cl, solution; ® CD;CN solution; ¢ Minor isomer could not be simulated.

Ph Ph Ph
PN
Ph—p—P—F=Ph
Ph  Ph

7.3

2 AICI,
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Figure 7.2 Solid state structure of the centrosymmetric meso- dication in 7.2a[OTf], with
hydrogen atoms omitted for clarity and thermal ellipsoids at the 50% probability level.
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Figure 7.3 Solid state structure of one enantiomer of the dication in 7.2b[OT{], with
hydrogen atoms omitted for clarity and thermal ellipsoids at the 50% probability level.

Table 7.2 Selected structural parameters for 7.1a and derivatives of 7.2 and 7.4. Numbers

in square brackets correspond to atom labels in Fi

gure 7.1 - 7.3, and Figure 7.5 - 7.6.

Cation| P-P(A) C-P-P () C-P-P-C (°) | P1-P2-P3-P4 ()

7.1a | 22471(8) [1.2] - . -
2.258(1) [1.2] : o

72a | Joon b | 10165) (192277 | 180 [192.2,19) 180
2.206(1) [1.2]

72b | 2.228(1) [2.3] }8338% Eggg} 0.96 [19,2,3,20] 159.98
2212(1) [34] : 3,
2.204109) [1.2] ) o

Tda | 5 on0y oo | 101028) [192.2]| 180 [192.27,19') 180
2.1920) [1.2]

7.4b | 2.243(2) [2.3] iggzl;% {gg;} 31.26 [4,2,3,5] 126.72
2.191(2) [3.4] 82) [5.3,
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Crystals of 7.2a[OT{], contain the meso-isomer of the dication, which itself is
centrosymmetric with phenyl groups and PhsP units at torsional angles of 180°. It is
important to note, however, that solid state >'P CP/MAS NMR spectroscopy on a bulk
sample of crystals revealed four distinct doublet-like signals, two of which were of much
larger integration (greater than 10:1). This observation is interpreted in terms of two
chemical species in the solid state, with peaks for the major component centered at 24
ppm and -40 ppm, and peaks for the minor component centered at 19 ppm and -31 ppm.
Solution NMR studies on redissolved crystalline samples and reaction mixtures were
consistent with the presence of both possible diastereomers (meso- and rac-). The
3 1P{IH} NMR spectrum for the major isomer (8 = 24 ppm and -33 ppm) has been
simulated; however, the peaks for the minor constituent (8 = 22 ppm and -42 ‘ppm) were
not sufficiently resolved to allow for a meaningful determination of parameters (Figure
7.4). The diasteriomeric excess (d.e.) was found to be 62% from 'H NMR integrations,
but the preferred diastereomer in solution has not yet been definitively identified. In fact,
from the the solution and solid state phosphorus chemical shifts, it cannot even be

determined that the major isomer in solution is the major isomer in the solid state.

dhe b

1
!

.30 ' 235

WW N

Figure 7.4 Expansions for the experimental (top) and simulated (inverted) *'P{'H} NMR
spectra (101.3 MHz) for the major diastereomer in solutions of 7.2a[OTf],. Peaks labeled
“*» are assigned to the minor diastereomer.
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The dication in compound 7.2b[OTf], crystallized in the racemic form and both
enantiomers were present in the crystal. Interestingly, the methyl substituents are
virtually eclipsed, with a C19-P2-P3-C20 torsional angle of 0.96°. Unlike 7.2a[OTf],
NMR analysis of redissolved solid and reaction mixtures showed only one diastereomer.
Thus, the racemic form of 7.2b[OTf], is concluded to be formed exclusively in the
reductive coupling of racemic 7.1b[OTI]. It is noteworthy that crystals of 1.54 also
contained both enantiomers of the racemic dication, and no other diastereomers were
observed upon redissolution.”

It was found that the terminal phosphonium units could be exchanged in reactions
of derivatives of 7.2[OTf], with Me;P (Scheme 7.2). By use of *'P{'H} NMR
spectroscopy, dications [Me;P-PR-PR-PMes3][OTf], (7.4[OTf],; a: R = Ph; b: R = Me)
were observed quantitatively as new AA’BB’ spin systems (Table 7.1) in the reaction
mixtures if an excess of Me3P was used. Interestingly, the addition of one equivalent of
Me;P to a solution of 7.2a[OTf], afforded a 50:50 mixture of unreacted starting material
and 7.4a[OTf],, and monosubstitution was not observed. This ligand exchange reactivity
is consistent with a coordinative bonding model (G”) for dications of type G, and they

can be described as bisphosphine complexes of a catena-diphosphenium ion.

RR, 20Tf RR , 20Tf
+ o+ MexP L N
PhsP—P—P—PPhj ——2—  MesP—P-P—PMe;
7.2 - PhaP 7.4
a: R=Ph
b: R = Me

Scheme 7.2 Synthesis of 7.4[OTf], by ligand exchange involving 7.2[OTf],.

Derivatives of 7.4[OTf], were found to be much like the corresponding

derivatives of 7.2[OTf],. In solution, 7.4a[OTf], occured as a mixture of distereomers
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(d.e. = 72%), and in the solid state a centrosymmetric meso-compound was observed
(Figure 7.5, Table 7.2). For 7.4b[OTf], only one diastereomer was observed in solution,
and the cation crystallized in the racemic form (Figure 7.6, Table 7.2). The methyl
groups on the phosphine centers in 7.4b were found to be much less eclipsed [t(C4-P2-
P3-C5) = 31.26°] than those in 7.2b. In this case, the smaller bulk of the Me;P groups,
versus Ph3P in 7.2b, accommodates a smaller P1-P2-P3-P4 torsional angle (126.72° vs.
159.98°) and allows for a corresponding increase in the C-P2-P3-C torsional angle
(Table 7.2). Consistent with the more eclipsed conformation, the C-P2-P3 angles in 7.2b
are larger [109.3(1)° and 107.9(1)°] than those in 7.4b [102.1(1)° and 102.8(1)°].

Figure 7.5 Solid state structure of the centrosymmetric meso- dication in 7.4a[OTf], with
hydrogen atoms omitted for clarity and thermal ellipsoids at the 50% probability level.
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Figure 7.6 Solid state structure of one enantiomer of the dication in 7.4b[OTf], with
hydrogen atoms omitted for clarity and thermal ellipsoids at the 50% probability level.

7.3 Summary

A new one-pot reductive coupling reaction, involving intermediate
chlorophosphinophosphonium ions, has allowed the for the synthesis of the first
derivatives of acyclic 2,3-diphosphino-1,4-diphosphonium ions. These dications
represent new members in the limited series of acyclic carena-phosphorus dications,
complementing the known diphosphonium,* and 2-phosphino-1,3-diphosphonium
derivatives.”

Importantly, quantitative ligand exchange reactions of [Ph;P-PR-PR-PPh;][OTf],
(7.2[OTf]; a: R = Ph; b: R = Me) with MesP has provided access to derivatives [MesP-
PR-PR-PMe;][OTf], (7.4[OTf]z; a: R = Ph; b: R = Me) and has demonstrated the dative
nature of the phosphine-phosphonium bonds in 7.2. Both the reductive coupling and
ligand exchange reactions presented here should be valuable in further diversifying the

chemistry catena-phosphorus cations.
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Chapter 8.0: Conclusion

8.1 Conclusion

Thirteen different arrangements of catenated phosphine and phosphonium units
have now been realized (Figure 8.1). Contributions from this thesis include the first
definitive examples of a family of monocyclic monocations (H — J),!°%!% the first
derivatives acyclic tetraphosphorus monocations (K), and the only known
cyclotetraphosphorus 1,2-dication (L). Of the examples reported prior to this thesis (A —
G), the work presented here has added the first organo-substituted derivatives of B'® and
the first fully acyclic examples of G.'** In addition, our group has recently reported on
the thermal conversion of monocations of type J to the first examples catena-

hexaphosphorus dications of form M.

+| ,P\
1 RR;P
P
A C
+| /
R N P B I O S R
P—P— —h-p— —R—P—b— |—p—P-P-p—
| | 1 | I |
D E F G )
4 N\
\+/ \+
N WK
AN R _P— R™ P —P—P—P—P—
e ~ P P—PR I
l / '\
| H | J K )

Figure 8.1 Representations for all currently known forms of catena-phosphorus cations
involving exclusively phosphine and phosphonium units. Systems developed within this
thesis are highlighted in boxes.
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As for carbon, catenation makes up a significant component of the fundamental
chemistry of phosphorus. The new synthetic methods and catena-phosphorus cations

3,7-11 and

developed here complement the more extensive studies on catena-phosphines
catena-phosphorus anions,”>** and lend themselves to a more complete understanding
of catena-phosphorus chemistry. In this way, this thesis represents a significant
contribution towards a systematic development of a fundamentally relevant area of

phosphorus chemistry.

8.2 Future Work

In the context of a systematic development, derivatives of 2,3-diphospino-1-
phosphonium ions (N) are important targets as they are the only unrepresented
constitutional isomers of P3R¢" (R3P-P-PR3+,76 and derivatives of B are known). Potential
routes to these cations include a new reductive coupling route (Scheme 8.1a) or
phosphine-induced dissociation of cyclotetraphosphorus 1,3-dications of type D (Scheme
8.1b). Also, the isolation of L inspires the search for other 1,2-diphosphonium ions such

as O and P.

P e /P\ /
+| I | } s\ / P P
—pP—P—-P— —P% \
|I3 P—P /F’ P\ \.,.P“P,-p/
[\
N (o] P
RRR -
Y R oTf
a) [RsP-PRCI[OTf] + 2R,PCl + TMSOTf ——— R-p—P—-P-R
- TMSCI R
- [RoPCL][OTH] 8.1
R R
b) R_IID—IT + 2R3P —> 281
,P—Fl’—R
R
R

Scheme 8.1 Potential synthetic routes to 2,3-diphosphino-1-phosphonium ions 8.1.
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Perhaps one of the most promising objectives in this field will be the isolation of
catena-phosphorus cations which break the current limitations of charge and degree of
catenation (number of directly bound phosphorus atoms). To date there have only been
reports of catena-phosphorus mono- or dications, with higher polycations yet to be
isolated. Similarly, only recently have cations with six phosphorus atoms been
prepa.red.13 ¢ In contrast, examples of catena-phosphines and catena-phosphorus anions
involving more than twenty phosphorus atoms are known, the latter of which include
examples involving three and four negative charges (discussed in Chapter 1).

In analogy to the methods used by Baudler for the synthesis of highly catenated
polycyclic phosphines (Scheme 1.3), %9 and Hey-Hawkins for monocyclic catena-
phosphorus anions (Scheme 1.4),>% highly catenated and/or highly charged phosphorus
cations may be accessible by the reduction of di- (8.2), tri- (8.3), and
tetrachlorophosphonium ions (8.4) in the presence of varying stoichiometric amounts of
RPCl, and/or PCl; (Scheme 8.2).

One of the challenges expected with this proposed methodology is finding a
suitable anion/reducing agent combination. Commonly used reducing agents (RA) such
as magnesium, sodium or potassium metal are not likely to be compatible with the triflate
anions used throughout this thesis. Therefore bulkier and less coordinating anions™’ (X)
may be required. Alternatively, softer reducing agents may work, such as an appropriate
phosphine, arsine or stibine (cf. PhsP in Scheme 7.1). Low oxidation state Group 14 or

13 compounds, such as SnCl, or GaCl, respectively, also have potential in this regard.
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a) w [RoPCL]IX] + y RPCly + z PCl

8.2

b) w [RPCI3][X] + y RPCl, + z PCly

8.3

c)w [PCl][X] + yRPCl + z PCl3

8.4

e J

- (RA)Cl,

—_——

- (RAYCI,

.

- (RA)Cl,

X = monoanion
RA = reducing agent

RA

RA

RA

[Pw+y+zR2x+y][X]w

[Pw+y+zRx+yl[Xlw

[Pwsy+zRy}[Xlw

Scheme 8.2 Proposed synthetic routes to highly catenated and/or highly charged

phosphorus cations.

In these proposed reactions, 8.2, 8.3, 8.4, RPCl, and PCl; are designed to be

precursors to sub-units I — V, respectively, within the product. As a hypothetical

example, reactions according to Scheme 8.2b, withx =3,y =3, and z= 1 could lead to

cations of stoichiometry [P/Re]*", of which 8.5 is a potential structural motif. Similarly,

other potential cations include 8.6 (Scheme 8.2b withx=3,y=0,and z= 1), 8.7
(Scheme 8.2b with x =4,y =0, and z = 0), and 8.8 (Scheme 8.2¢ withx=1,y=0,and z

=3).
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As a result of the large number of structural arrangements for products from these
reactions, predictions are difficult, and reactions targeting a specific cation are unlikely to
proceed as designed. A more practical approach to this synthetic methodology would be
to obtain and analyse multinuclear NMR data of reaction mixtures to determine the
empirical formula of the dominant product for a given reaction stoichiometry, and then to
adjust the reaction stoichiometry to favor the formation of this compound. Based on the
preferred ring sizes found in cyclopolyphosphinophosphonium cations, which depend in
part on the substituents at phosphorus, it seems reasonable that for most reaction
conditions and choice of R group, the reactions in Scheme 8.2 should lead to a particular

cation preferentially.
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Chapter 9.0: Experimental

9.1 General Procedures

Small scale reactions were carried out in an Innovative Technology, System One,
glove-box with an inert N; atmosphere containing less than 10 ppm of oxygen and less
than 5 ppm water. These reactions were done in 20 mL glass vials with Teflon-lined caps.
Larger scale reactions involved the use of standard Schlenck techniques'®® and an inert
Ar atmosphere or methods otherwise specified. All glassware was stored overnight in an
oven at 110 °C and pumped into the glove-box while hot, or was flame-dried under
vacuum prior to use. Small amounts (< 0.2 mL) of liquid reagents were measured using
an Ependorff pipette (10 — 100 pL). Solvents were dried on an MBraun solvent
purification system, except CHCl; which was purchased from Alrich (HPLC grade). All
solvents were stored over molecular sieves prior to use. (‘BuP);,!” (BuP)s,” (CyP)s,'"
(PhP)4,21 (PhP)s,18 and (MeP)s,"” were prepared according to literature methods. Me,PCl
and MePCl, were purchased from Strem and used as received. HOTf
(triffuoromethanesulfonic acid), MeOTf (methyltrifluoromethanesulfonate), PhsP, HCl
(2M in Et,0) and Me;3P (1 M solution in toluene or hexane) were purchased from Aldrich
and used as received. PhoPCl, PhPCl,, and TMSOTT were purchased from Aldrich and
were purified by vacuum distillation prior to use.

Solution 'H, *C, and 3Ip NMR spectra were collected at the indicated temperature
on Bruker AC-250 and Bruker Avance 500 NMR spectrometers. Chemical shifts are
reported in ppm relative to an external reference standard at 0 ppm [100% SiMe4 ('H,
13C), and 85% H3PO;4 ('P)]. Deuterated solvents were purchased from Aldrich, and used
as received (CD3;CN and CD3NO; in ampoules), or stored over molecular sieves for 24
hours prior to use (CDCl3). NMR spectra of reaction mixtures were obtained by
transferring an aliquot of the bulk solution to a 5 mm NMR tube. Tubes were then flame-
sealed, or capped and tightly covered with parafilm. Most reported 3'p NMR parameters
for second-order spin systems were derived by iterative simulation of experimental data
at fields of 101.3 MHz and 202.6 MHz by use of gNMR."* [(‘BuP),P'BuMe]{OTf]
(2.2a[OTf]), [(CyP);PCyH][OT{] (3.7b[OT{}), ["Pr;P-P'Bu-P'Bu-P'BuMe][OTf]
(5.1a[OTA]), [CyP)+PPh,][OT{] (4.3b[OTI]), [Ph;MeP-P'Bu-P'Bu-P'BuMe][OT{]
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(5.1c[OTf]), [(BuP)2(PMe,),][OTf}, (5.3[OTH)), [MeP(‘BuP),P'BuMe][OTf{] (5.7[OTf]),
[PhsP-PMe-PMe-PPh;][OT{], (7.2b[OTf]2), and [MesP-PMe-PMe-PMe;] [OTf]»
(7.4b[OTI]) were only simulated at 101.3 MHz. Simulations were carried out by Dr.
Michael D. Lumsden at the Alantic Region Magnetic Resonance Centre (Dalhousie
University). Large ! Jep coupling constants are given a negative value.'*® For cyclic
species, coupling constants are conveniently assigned (x, in *J) according to the shortest
path (in number of bonds) around the ring. Because of the complex nature of some of the
B¢ data, which involves many B¢ - 3P coupling constants, multiplicity assignments for
spectra involving high peak densities are tentative. The phase of 13C signals from
DEPTQ135 experiments is indicated with a “+” (for CH and CH3) or “.” (for C and CHy).

Infrared spectra were collected on samples prepared as Nujol mulls on CsI plates
using a Bruker Vector FT-IR spectrometer. Peaks are reported in wavenumbers (cm™)
with ranked intensities in parentheses, where a value of one corresponds to the most
intense peak in the spectrum. Melting points were obtained on samples sealed in glass
capillaries, under dry nitrogen, by use of an Electrothermal apparatus. Chemical analyses
were performed by Canadian Microanalytical Services Ltd., Delta, British Columbia,
Canada or by Desert Analytics, Tucson, Arizona, USA.

Unless otherwise stated, crystals for single crystal X-ray diffraction studies were
obtained by vapor diffusion at -25 °C (glove box freezer) or room temperature by
dissolving the sample (0.05 to 0.10 g) with a minimal amount of Solvent A(l1-2mL)ina
5 mL vial which was placed within a capped 20 mL vial containing ~ 5 mL of Solvent B.
Solvents are reported for individual samples in the form A/B. After deposition of crystals,
the solvent was carefully removed using a pipette and the crystals were coated with
paratone oil. Single crystal X-ray diffraction data was collected using a Bruker AXS
P4/SMART 1000 diffractometer.  All measurements were made with graphite
monochromated Mo-Ka radiation (0.71073 A). The data was reduced (SAINT)141 and
corrected for absorption (SADABS)142 and were corrected for Lorentz and polarization
effects. The structures were solved by direct methods and expanded using Fourier
techniques. Full matrix least squares refinement was carried out on F? data using the

program SHELX97.!* All crystallographic data collection and refinement was performed
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by Dr. Andreas Decken at the University of New Brunswick. Where applicable, CCDC

deposition numbers are indicated.
9.2 Preparation and Characterization of Compounds

(CyP)3, 2.1b

Previously prepared by Baudler et al. by an alternate method. 20 A 1 M solution of
Me;P in hexane (0.202 mL, 0.202 mmol) was added to a solution of
[(CyP);PCyMe][OTf] (3.6b[OTf], 0.104 g, 0.168 mmol) in CHyCl, (3 mL). After stirring
overnight, volatiles were removed in vacuo and the resulting mixture was extracted into
benzene (3 mL), and filtered through 1 inch of silica (packed into a pipette) to remove
ionic materials. Washing the column with another 1.5 mL of benzene and pumping to
dryness afforded 4b with less than 2 % of (CyP), as impurity.
Yield: 0.025 g (0.073 mmol, 43 %);
31p A1y NMR (101.3 MHz, CH,Cly, 298 K): AB spin system centered at -140 ppm.2°

[(BuP);P'BuMe][OTf], 2.2a[OTf]
MeOTf (0.080 mL, 0.71 mmol) was added dropwise to a solution of (‘BuP);

(0.096 g, 0.36 mmol) in fluorobenzene (4 mL). The reaction mixture was filtered after 15
minutes. Slow diffusion of hexane vapors into the filtrate at -25 °C gave colorless crystals
suitable for X-ray diffraction. Crystals not submitted for X-ray analysis were washed
with hexane (2 x 1 mL), and dried in vacuo.

Yield: 0.14 g (0.32 mmol, 87 %);

M.p. 121-125 °C;

Elemental analysis (%) calcd for Ci4H30F303P3S: C39.3, H 7.1; found: C 39.5,H7.0;
S1p Iy} NMR (101.3 MHz, CDCls, 298 K): AMX spin system, 8A = -110.3 ppm, M =
-50.8 ppm, 85X = -20.4 ppm, 'Jan= -123 Hz, 'Jax= -334 Hz, Jux = -317 Hz;

TH NMR (500.1 MHz, CDCl;, 298 K): & = 2.36 ppm (dd, Jpn = 13 Hz, Jpu = 8 Hz, 3H),
1.62 ppm (d, *Jpn = 22 Hz, 9H), 1.43 ppm (d, *Jeu = 17 Hz, 9H), 1.35 ppm (d, =17
Hz, 9H);
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3C NMR (125.8 MHz, CDCl3, 298 K): 8 = 39.6 ppm (ddd, Jec = 3 Hz, Joc =9 Hz, Jpc =
13 Hz), 35.0 ppm (ddd, Jpc = 7 Hz, Jpc = 13 Hz, Jpc = 51 Hz), 34.1 ppm (ddd, Jpc = 5
Hz, Joc = 13 Hz, Jpc = 45 Hz), 31.8 ppm (ddd, Jpc = 4 Hz, Jpc = 6 Hz, Jpc = 17 Hz), 30.6
ppm (ddd, Jpc = 3 Hz, Jpc = 5 Hz, Jpc = 17 Hz), 28.8 ppm (m), 7.9 ppm (m);
FT-IR (nujol, ranked intensties): v = 1399 (9), 1260 (1), 1151 (2), 1030 (4), 904 (5), 800
(10), 751 (8), 638 (3), 572 (7), 516 (6) cm';
Crystal Data: C4H30F303P38S; colorless, plate, crystal size 0.40 x 0.40 x 0.10 mm;
monoclinic, space group P2;/n, a = 13.6318(9) A, b = 10.5918(7) A, ¢ = 15.487(1) A, =
104.084(1)°, V' =2168.9(2) A%, Z=4, = 0. 405 mm"; 26 = 53.8°, collected
(independent) reflections = 14573 (4869), R;,= 0.0213; 337 refined parameters, R; =
0.0487, wR, = 0.1056 for all data, max/min residual electron density = 0.646/-0.476 eA;
CCDC- 271727

Larger quantities of spectroscopically pure, crystalline, 2.2a[OTf] have been
prepared by the following method: MeOTf (0.42 mL) was added to a solution of (‘BuP);
(0.500 g) in CH,Cl, (8 mL). After stirring 10 minutes, hexane (15 mL) was added and the
resulting mixture was put in the freezer (-25 °C) overnight. Decanting solvents, washing
the precipitate with hexane (2 x 1.5 mL) and drying in vacuoo afforded 0.77 g (95 %) of
2.2a[OTH].

[(CyP)PCyMe][OTf], 2.2b[OTf]

MeOTf (0.009 mL, 0.079) was added to (CyP); (0.025 g, 0.073 mmol) in CH,Cl,
(1.5 mL). After stirring for 1.5 hours, 3p{'H} NMR of the colorless solution shows
2.2b[OTf{], along with approximately equal amounts of [(CyP);PCyMe][OT{]
(3.6b[OT(]), and some minor unassigned multiplets at -10 ppm and 55 ppm.
S'p{'H} NMR (101.3 MHz, CDCl;, 298 K): AMX spin system, 8A = -156 ppm, M = -
129 ppm, §X = -46 ppm, 'Jam= -97 Hz, "Jax = -292 Hz, 'Jux = -292 Hz.
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H'BuP-P'Bu-P'BuCl, 2.3

Previously observed by Baudler ef al. by an alternate method.!® A 2 M solution of
HCI in Et,O (0.38 mL, 0.72 mmol) was added to a solution of (‘BuP); (0.20 g, 0.76
mmol) in CHCl; (5 mL) at -80 °C. The mixture was allowed to warm slowly to room
temperature and was analyzed by 3p('H} and 3p NMR spectroscopy, demonstrating

virtually quantitative formation of 2.3.°

[(BuP);P’BuMe][OT(], 3.6a[OTf]

MeOTf (0.090 mL, 0.79 mmol) was added to a solution of (‘BuP)4 (0.14 g, 0.40
mmol) in fluorobenzene (3 mL). Stirring was stopped after 1 hour, and hexane was added
dropwise, with periodic agitation, until the point where it seemed the precipitate would
not likely go back into solution if more hexane was added. This saturated
fluorobenzene/hexane solution was put in the freezer (-25 °C) for 40 days, giving
colorless crystals suitable for X-ray diffraction. These crystals were isolated rapidly by
decanting solvents, as they were found to redissolve upon warming. Crystals not
submitted for X-ray analysis were washed with hexane (2 x 1 mL), and dried in vacuuo.
Yield: 0.10 g (0.20 mmol, 50 %);

Elemental analysis (%) calcd for Ci4HzoF303P38: C 39.3, H7.1; found: C 39.5, H 7.0;
M.p. 147-152 °C;

3'pE} NMR (101.3 MHz, CDCl;, 298 K): AB,X spin system, SA = -43 ppm, 8B = -39
ppm, 8X =18 ppm, 1J,p=-152 Hz, Upx =-275 Hz, 2J,x = 8.8 Hz; See also Table 3.1;
'H NMR (500.1 MHz, CDCl3, 298 K): 3 = 2.62 ppm (d, 2 Jou = 12 Hz, 3H), 1.43 ppm (2
overlapping doublets, 18H), 1.32 ppm (d, 3 Jou = 14 Hz, 9H);

13C NMR (125.8 MHz, DEPTQ135, CDCl3, 298 K): & = 30.3 ppm (m, +), 28.8 ppm (m,
+), 23.5 ppm (s, *+), 5.6 ppm (d, ! Joc = 10 Hz, +); Low intensity multiplets of negative
phase, which likely correspond to quaternary 13C signals were observed at 36.1 and 31.7
ppm;

FT-IR (nujol, ranked intensties): v = 1282 (3), 1250 (4), 1225 (8), 1154 (), 1030 (2),
844 (11), 801 (10), 756 (12), 637 (1), 572 (7), 517 (6), 394 (9) cm’;
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Crystal Data: CygH3oF303P4S; colorless, plate, crystal size 0.30 x 0.10 x 0.01 mm;
orthorhombic, space group Pna2;, a =17.498(9) A, b= 13.694(7) A, c=11349(6)A, V
=2719(2) A, Z=4, u=0.391 mm™'; 26max = 54.1°, collected (independent) reflections =
17506 (5729), Rin=0.0677; 275 refined parameters, R; = 0.1024, wR; = 0.0966 for all
data, max/min residual electron density = 0.502/-0.292 eA’.

CCDC-622978

[(CyP)sPCyMe][OTf], 3.6b[OTf]

MeOTf (0.095 mL, 0.84 mmol) was added dropwise to a mixture of (CyP)4(0.25
g, 0.55 mmol) in CH,Cl, (5 mL). The reaction mixture was filtered after 90 minutes and
removal of the solvent in vacuo gave a white solid that was recrystallized over three days
at 25 °C by vapor diffusion with fluorobenzene/hexane.
Yield: 0.15 g (0.23 mmol, 43 %);
M.p. 175-177 °C;
Flemental analysis (%) calcd for Co¢H47F303P4S: C 50.3, H 7.6; found: C 50.4,H 7.3;
31p '} NMR (202.6 MHz, CDCls, 298 K): A;MX spin system, SA =-70 ppm, M = -56
ppm, 8X = 10 ppm, 'Jay = -122 Hz, 'Jax = -230 Hz, *Jux = -17 Hz; See also Table 3.1;
"H NMR (500.1 MHz, CDCl3, 298 K): 8 =2.59 ppm (m, 1H) 2.41 (m, 2H), 2.40 ppm (d,
2 oy = 12 Hz, 3H), 2.05 ppm (m, 2H), 2.0 —1.7 ppm (m, 19H), 1.5 - 1.1 ppm (m, 20H);
13C NMR (125.8 MHz, DEPTQ135, CDCl3, 298 K): 38.8 ppm (m, +), 37.3 ppm (m, +),
35.0 ppm (m, +), 32.3 ppm (m, -), 30.0 ppm (m, -), 28.4 ppm (m, -), 26.7 ppm (s, -), 26.6
ppm (m, -), 26.3 ppm (m, -), 25.9 (m, -), 25.6 ppm (s, -), 25.5 ppm (s, -), 25.4 ppm (s, -),
25.1 (s, -), 3.6 (d, "Jpc 15 Hz, +);
FT-IR (nujol, ranked intensties): v = 1284 (4), 1246 (1), 1158 (5), 1083 (3), 926 (9), 883
(8), 754 (10), 636 (2), 572 (7), 527 (6) cm™;
Crystals suitable for X-ray diffraction were obtained by vapor diffusion with
fluorobenzene/hexane at room temperature;
Crystal Data: CysHasF303P4S; colorless parallelepiped, crystal size 0.275 x 0.20 x 0.175
mm; Triclinic, space group P-1, a = 11.4946(7) A, b=11.5640(7) A, ¢ = 14.0822(9) A a
= 110.984(1)°, B=102.476(1)°, y = 106.868(1)°, V= 1561.62(17) A, Z=2,u=0352
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mm™"; 26Gnax = 52.2°, collected (independent) reflections = 10965 (6795), Ry =0.0195;
522 refined parameters, R; = 0.0475, wR; = 0.0964 for all data, max/min residual electron
density = 0.491/-0.247 eA>,

CCDC- 271728

[(BuP);P'BuH]J[OTf], 3.7a[OTf]

HOTS (0.014 mL, 0.16 mmol) was added to a solution of (‘BuP), (0.046 g, 0.14
mmol) in CH,Cl, (2 mL). After stirring 1 hour, the reaction mixture was pumped to
dryness, and the resulting precipitate was recrystallized over 10 days at room temperature
by vapor diffusion with fluourbenzene/Et;O. Crystals not submitted for X-ray diffraction
were washed with hexane (2 x 1 mL), and dried in vacuo.

Yield: 0.045 g (0.090 mmol, 64%);

M.p. 106 — 110 °C;

31p Ay NMR (101.3 MHz, CH,Cly, 200 K): A;BX spin system; 3A = -57 ppm, 8B = -55
ppm, 8X = -32 ppm, 'Jag = -156 Hz, 'Jax = -260 Hz, *Jpx = 12 Hz; See also Table 3.1;
SIpg'} NMR (202.5 MHz, CDCls, 298 K): -29 ppm (m), -52 (m);

'H NMR (500.1 MHz, CDCls, 298 K): 7.84 ppm (d, 'Jou = 452 Hz), 1.40 (broad s);
peaks are broad and integrations are unreliable at room temperature;

13C NMR (125.8 MHz, DEPTQ135, CDCl3, 298 K): 28.5 ppm (broad s, +), 27.5 ppm
(broad s, +), 24.0 ppm (broad s, +);

FT-IR (nujol, ranked intensties): v = 1282 (3), 1250 (4), 1225 (8), 1154 (5), 1030 (2),
844 (11), 801 (10), 756 (12), 637 (1), 572 (7), 517 (6), 394 (9) em™;

Crystal Data: C;7H37F303P4S; colorless, irregular, crystal size 0.425 x 0.35 x 0.125 mm;
Monoclinic, space group P2,/n, a=13.773(10) A, b=12.781(9) A, ¢ = 15.071(10) A B
= 98.354(12)°, V' =2625(3) A, Z=4, 11=0.403 mm"'; 26hax = 53.5°, collected
(independent) reflections = 17562 (5889), Rin = 0.0447; 401 refined parameters, R; =
0.0760, wR, = 0.0962 for all data, max/min residual electron density = 0.361/-0.285 eA;
CCDC-622977
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3.7a[OTf] was also observed by 31p{'H} NMR spectroscopy as the exclusive
product from the addition of HOTf (0.047 mL, 0.53 mmol) to (‘BuP); (0.128 g, 0.484
mmol) in CH,Cl, (5 mL).

[(CyP);PCyH][OT(f], 3.7b[OTf]

HOTS (0.025 mL, 0.23 mmol) was added to mixture of (CyP)4 (0.100 g, 0.22
mmol) in CDCl; (3 mL). Upon stirring for 2 minutes all (CyP)s was dissolved and after
another 20 minutes hexane (5 mL) was added. The resulting solution was then pumped to
dryness.

Yield: 0.107 g (0.176 mmol, 80%);

D.p. 73 - 75 °C;

31p ) NMR (101.3 MHz, CH,Cly, 200 K): AMX spin system; SA = -74 ppm, M = -
64 ppm, 5X = -23 ppm, Jam = -126 Hz, 'Jax = -233 Hz, *Jyux = 16 Hz; See also Table
3.1;

31p£H} NMR (202.5 MHz, CDCl;, 298 K): A;MX spin system; SA = -71 ppm, M = -
64 ppm, 8X = -27 ppm;

31p NMR (202.5 MHz, CDCls, 298 K): A;MXZ spin system (Z = 'H); A =-71 ppm, M
= .64 ppm, 8X = -27 ppm, 'Jxz = "Jou = 461 Hz; 'Jpu was determined manually.

'H NMR (500.1 MHz, CDCl3, 298 K): 7.71 ppm (d, ! Jpy = 464 Hz), 2.63 ppm (m), 1.88
ppm (m), 1.37 (m); peaks are broad and integrations are unreliable at room temperature;
13C NMR (125.8 MHz, DEPTQ135, CDCl3, 298 K): 37.5 ppm (broad, +), 34.5 ppm
(broad, +), 30.6 ppm (broad, -), 29.3 ppm (broad, -), 27.1 ppm (broad, -), 26.2 ppm
(broad, -), 25.4 ppm (broad, -);

FT-IR (nujol, ranked intensties): v = 1264 (3), 1185 (1), 1020 (8), 996 (6), 849 (9), 814
(10), 631 (2), 551 (7), 511 (5), 440 (4) cm”.

[(BuP);PMeJ[OTf], 3.8/OTf]

A solution of PMe,Cl (0.044 mL, 0.55 mmol) and TMSOT{ (0.10 mL, 0.67
mmol) in CH,Cl, (3 mL) was added dropwise to a solution of (‘BuP); (0.098g, 0.37

mmol) in CH,Cl, (3 mL). After stirring for 45 minutes, the solvent was removed in vacuo
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and the white solid was washed with hexane (2 x 4 mL). The product was recrystallized
over 5 days by vapor diffusion with fluorobenzene/hexane, giving X-ray quality crystals.
Crystals not submitted for X-ray analysis were washed with hexane (2 x 1 mL), and dried
in vacuuo.

Yield: 0.095 g (0.20 mmol, 54 %),

M.p. 112-114 °C;

Elemental analysis (%) calcd for C;sH33F303P4S: C 38.0, H 7.0; found: C 38.5, H6.9;
31p A} NMR (101.3 MHz, CDCl;, 298 K): AB;X spin system, 5A = -28 ppm, 8B = -24
ppm, 8X = -2 ppm, 'Jap = -143 Hz, "Jax = 251 Hz, *Jax =28 Hz; See also Table 3.1;
'H NMR (500.1 MHz, CDCl3, 298 K): 2.66 ppm (d, 2 Jou = 14 Hz, 3H), 2.37 ppm (dt, Jpu
=13 Hz, Jpu = 8 Hz, 3H), 1.45 ppm (m, 18H), 1.34 ppm (d, 3 Jon = 14 Hz, 9H);

3C NMR (125.8 MHz, CDCl;, 298 K): 36.2 ppm (m), 30.8 ppm (m) 30.4 (m), 29.2 ppm
(dt, Joc = 15 Hz, Jpc = 5 Hz), 20.3 ppm (m), 11.2 ppm (d, lJpc 15 Hz);

FT-IR (nujol, ranked intensties): v = 1304 (6), 1267 (2), 1224 (7), 1155 (3), 1032 (4),
957 (8), 914 (9), 638 (1), 573 (10), 517 (5) cm™;

Crystal Data: C;sH33F303P4S; colorless parallelepiped, crystal size 0.40 x 0.275 x 0.25
mm; Tetragonal, space group /4,/a, a =25.6452(11) A, b=25.6452(11) A, c=
14.7549(8) A, V'="9703.9(8) A%, Z=16, p2=0.432 mm"'; 26ax = 54.7°, collected
(independent) reflections = 33323 (5547), Rin:= 0.0293; 367 refined parameters, R; =
0.0445, wR, = 0.0809 for all data, max/min residual electron density = 0.414/-0.237 eA™.
CCDC- 271729

Reactions of Cyclotriphosphinophosphonium Triflate and MesP

General procedure: To 2 mL of a 0.046 M solution of
cyclotriphosphinophosphonium triflate in CH,Cl, was added a 1 M hexane solution of
MesP (0.101 mL, 0.101 mmol), dropwise. The reaction mixtures were studied by 31P{IH}
NMR. Specific reactions and products are detailed in Chapter 3.5.
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[(PhP) ,PPhMe][OTf], 4.2a[OTf]
MeOTf (0.038 mL, 0.33 mmol), was added to a solution of (PhP)s (0.100 g, 0.19

mmol) in benzene (3 mL). After stirring 5 minutes, hexane (2 mL) was added giving an
oily precipitate, which was left at room temperature to settle overnight. The solvents were
decanted from the settled precipitate, which was then crystallized as 4.2a[OTf]*1.5 C¢Hs
over 24 hours by vapor diffusion with CHCI3/Et,0 at room temperature. Crystals not sent
for X-ray analysis were washed with E;O (2 x 1 mL) and dried in vacuo. As indicated by
'H NMR, the benzene is only partially removed by vacuum.
Yield: 0.107 g, (0.139 mmol, 73% ; based on 4.2a[OTf]*0.83 CsHe as determined by 'H
NMR integrations);
D.p. 97 - 107 °C;
S'p{'H} NMR (101.3 MHz, CDCls, 298 K): ABCDX spin system; A = -35.7 ppm, 8B =
-33.7 ppm, 8C = -31.8 ppm, 3D = -24.6 ppm, X = 22.2 ppm, s =-162 Hz, Usx = -
328 Hz, "Jsc = -166 Hz, 'Jep=-193 Hz, 'Jpx = -315 Hz, 2Jac = 71 Hz, *Jap = -14 Hz,
2Jsp = 58 Hz, 2Jgx = 30 Hz, *Jox = 17 Hz; See also Table 4.1;
'H NMR (500.1 MHz, CDCl3, 298 K): 8 = 7.96 ppm (Jun = 7 Hz, >y = 7 Hz, 2H),
7.88 ppm (m, 2H), 7.72 ppm (m, 2H), 7.60 — 7.40 ppm (m, 17H), 7.29 ppm (m, 2H), 2.23
ppm (dd, Jpu = 12 Hz, Jpy = 7.5 Hz, 3H);
13C NMR (125.8 MHz, DEPTQ135, CDCl3, 298 K): & = 135.5 ppm (m, +), 134.9 ppm
(m, +), 134.4 — 133.8 (m, +), 132.9 (m, +), 131.9 (s, +), 131.5 ppm (s, +), 131.3 ppm (s,
+), 130.4 (m, +), 130.0 ppm (s, +), 129.9 (s, +), 129.8 ppm (s, +), 129.7 (m, +), 9.4 ppm
(m, +);
FT-IR (nujol, ranked intensities): 1261 (1), 1219 (8), 1146 (7), 1029 (6), 996 (12), 903
(13), 805 (9), 752 (4), 740 (5), 689 (2), 635 (3), 570 (11), 515 (10), 456 (14) cm™;
4.2a[OTf] was also observed by 3p{'H} NMR spectroscopy as the exclusive
product from the addition of MeOTf (0.007 mL, 0.064 mmol) to (PhP)s (0.014 g, 0.032
mmol) in CH,Cl; (1 mL).
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[(CyP) [PMe,][OTf], 4.3a[OTf]

TMSOTS (0.075 mL, 0.42 mmol) was added to a solution of Me,PCl (0.026 mL,
0.33 mmol) in CH,Cl, (3 mL). This solution was then added to a mixture of (PCy)s
(0.126 g, 0.28 mmol) in CH,Cl, (3 mL) and was stirred for 4 days. After filtering, the
volatiles were removed in vacuo. Washing with hexane (2 x 3 mL portions) afforded a
white solid. Recrystallization by vapor diffusion with fluorobenzene/hexane at room
temperature afforded X-ray quality crystals. Crystals not submitted for X-ray analysis
were washed with hexane (2 x 1 mL), and dried in vacuo.
Yield: 0.048 g (0.072 mmol, 26%);
M.p. 159 — 161 °C;
3S1p A NMR (101.3 MHz, CDCls, 298 K): AA’BB’X spin system; A = -14 ppm, 8B =
-8 ppm, 5X = 42 ppm, 'Jaa = -255 Hz, Jap = Unp = 264 Hz, 'Jpx = 'Jpx=-332 Hz,
2Jax = 2ax = 9 Hz, Uap = 2Jas = 0 Hz, *Jgp = -21 Hz; See also Table 4.2;
'H NMR (500.1 MHz, CDCl3, 298 K): 2.35 ppm (m, 8H), 2.15 ppm (m, 2H), 2.00 ppm
(m, 6H), 1.87 ppm (m, 10H), 1.75 ppm (m, 4H), 1.46 ppm (m, 8H), 1.30 ppm (m, 12H);
13C NMR (125.8 MHz, DEPTQ135, CDCl3, 298 K): 36.3 ppm (m, +), 34.5 ppm (m, +),
33.6 ppm (m, -), 33.0 ppm (m, -), 32.5 ppm (m, -), 32.2 ppm (m, -), 27.0 ppm (m, -), 26.8
ppm (m, -), 26.5 ppm (m, -), 25.6 ppm (s, -), 25.3 ppm (s, -), 12.8 ppm (m, +);
FT-IR (nujol, ranked intensties): v = 1309 (11), 1256 (1), 1220 (5), 1147 (4), 1031 (3),
958 (8), 906 (9), 803 (10), 635 (2), 571 (7), 516 (6) em™;
Crystal Data: C7Hs0F303PsS; colorless parallelepiped, crystal size 0.40 x 0.275 x 0.25
mm; Monoclinic, space group P2//c, a=20.0981(15) A, b=34.842(3) A, ¢ = 9.6712(7)
A, B=94.697(1)°, V= 6749.7(9) A3 Z=8, u=0.376 mm; 2Gna = 53.5°, collected
(independent) reflections = 45853 (15082), Ry = 0.0374; 707 refined parameters, R; =
0.0848, wR, = 0.1389 for all data, max/min residual electron density = 0.997/-0.416 eA™.

[(CyP)PPh;][OTf], 4.3b[OT/]
A solution of TMSOT( (0.074 mL, 0.41 mmol) and PhyPCI (0.066 mL, 0.37
mmol) in CH,Cl, (2 mL) was added to (PCy)4 (0.084 g, 0.18 mmol) in CH,Cl, (2 mL).

Stirring vigorously for 20 minutes afforded a solution, which was analyzed by ? p{'H}
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NMR spectroscopy, showing mostly 4.3b[OTf]. Small amounts of what is assigned to
[(PCy)3(PPhy)][{OTf] (4.4[OTf], AB,X spin system: SA = -54 ppm, 6B = -44 ppm, 6X =
-2 ppm, U g = -123 Hz, Jsx = -233 Hz, %Jax = 14 Hz) were present along with excess
Ph,PCl (82 ppm), and a minor unidentified peak at 46 ppm. Relative amounts of 4.3b:4.4
were 89:11 (from *'P{'H} simulation).

Sipd'H3 NMR (101.3 MHz, CH,Cl,, 298 K): AA’BB’X spin system; SA = -15 ppm, 5B
=2 ppm, 8X = 52 ppm, 'Jan' = 247 Hz, Uap = Unm = -262 Hz, 'Jpx = Jpx= -352 Hz,
2Jax = Yax =2 Hz, 2ap = *Jap = 0 Hz, *Jgp = -21 Hz; See also Table 4.2;

[(PhP) PPh;J[OTf], 4.3c[OTf]

A solution of Ph,PC1 (0.045 mL, 0.25 mmol) and TMSOTT (0.060 mL, 0.30
mmol) in CH,Cl, (2 mL), was added to (PhP)s (0.100 g, 0.185 mmol) in CH,Cl, (2 mL).
The solvent was removed in vacuo and the solid washed with hexane (2 x 4 mL);
Yield: 0.123 g (0.16 mmol, 87 %).
D.p. 65-75 °C;
Elemental analysis (%) calcd for C37H30F305PsS: C 58.0, H 3.9, P 20.2; found: C 57.4,
H3.9,P 20.4;
3'ps'H} NMR (101.3 MHz, CDCl3, 298 K): AA’BB’X spin system; 5A = -42 ppm, 8B =
-36 ppm, 8X = 22 ppm, 'Jaa' = -142 Hz, 'Jap = Jap = -160 Hz, 'Jax = 'Jpx=-325 Hz,
2ax = Unx =28 Hz, Jap: = 2Jas = 79 Hz, “Jpp = -14 Hz; See also Table 4.2;
TH NMR (500.1 MHz, CDCl3, 298 K): § = 7.92 ppm (m, 4H), 7.69 ppm (m, 2H), 7.47
ppm (m, 16H), 7.28 ppm (m, 8H),
13C NMR (125.8 MHz, DEPTQ135, CDCl3, 298 K): & = 135.9 ppm (m, +), 135.0 ppm (s,
+), 134.1 ppm (m, +), 132.5 ppm (s, +), 131.7 ppm (s, +), 130.2 ppm(s, +), 130.0 ppm (s,
+), 129.9 ppm (m, +);
FT-IR (nujol, ranked intensities): 1312 (11), 1263 (1), 1146 (6), 1093 (8), 1029 (2), 997
(9), 843 (7), 740 (3), 687 (5), 635 (4), 570 (12), 517 (10) cm™;
Crystals for X-ray diffraction were grown by vapor diffusion with CH,Cl/Et;0;
Crystal Data: C37H30F303PsS; colorless rod, crystal size 0.60 x 0.20 x 0.10 mm;
Monoclinic, space group P2,/c, a=10.6004(6) A, b= 16.7110(8) A, c=20.601(1) A, =
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92.255(1)°, V' = 3550.8(3) A%, Z=4, = 0.369 mm’'; 26hnax = 53.4°, collected
(independent) reflections = 23629 (7915), Rine= 0.0232; 562 refined parameters, R;=
0.0502, wR; = 0.0930 for all data, max/min residual electron density = 0.432/-0.421 eA” ;
CCDC-257691

4.3¢[OT{] was also observed by 31p{'H} NMR spectroscopy as the exclusive
product in from the addition of a solution of Ph,PCl (0.019 mL, 0.106 mmol) and
TMSOTS (0.023 mL, 0.127 mmol) in CH,Cl; (3 mL) to solid (PhP)4 (0.045 g, 0.104

mmol).

[(PhP) PMe;][OTf], 4.3d[OTf]

Me,PCl (0.014 mL, 0.185 mmol) was added to TMSOTf (0.040 mL, 0.22 mmol)
in CH,Cl, (2 mL). This solution was added to solid (PhP)s (0.050 g, 0.093 mmol).
Filtration and slow diffusion of ether vapor into the solution at —25 °C gave a precipitate;
Yield 0.027 g (0.042 mmol, 45 %),

D.p. 142 - 145 °C;

Elemental analysis (%) calcd for Co7H6F303PsS: C 50.5, H 4.1; found: C 49.4, H 3.6;
3pH} NMR (101.3 MHz, CDCls, 298 K): AA’BB’X spin system; 3A = -32 ppm, 8B =
-26 ppm, 8X = 27 ppm, e = -186 Hz, 'an = Jan = -192 Hz, ax = Uax=-315Hz,
2 Jux = Ux = 24 Hz, 2ap = Yas = 50 Hz, 2Jaa = -15 Hz; See also Table 4.2;

'H NMR (ppm, 500.1 MHz, CDCl3, 298 K): & = 7.86 ppm (m, 8H), 7.63 ppm (m, 2H)
7.55 ppm (m, 4H), 7.49 ppm (m, 6H), 1.86 ppm (m, 6H);

13C NMR (125.8 MHz, DEPTQ135, CDCl3, 298 K): 3 = 135.3 ppm (m, +), 133.8 ppm
(m, +), 132.5 ppm (s, +), 131.1 ppm (s, +), 130.3 ppm (s, +), 129.8 ppm (s, +), 10.4 ppm
(m, +);

FT-IR (nujol, ranked intensities): 1304 (8), 1288 (1), 1247 (2), 1150 (7), 1032 (3), 958
(10), 918 (9), 733 (4), 691 (5), 638 (6), 572 (13), 516 (12), 465 (11) em’™;

Crystals suitable for X-ray diffraction were obtained from the addition of Et;0 (1.5 mL)
to a solution of 0.26 g of 4.3d[OTf] in 1.5 mL CH,Cl,, upon standing at room
temperature for 5 days (Yield 0.19 g);
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Crystal Data: Cy7H26F303PsS; colorless, irregular, crystal size 0.375 x 0.35 x 0.15 mm;
Triclinic, space group P-1, a = 9.9468(12) A, b = 12.7582(15) A, ¢ = 12.9535(15) A a=
109.358(2)°, B=97.345(2)°, y=104.076(2)°, V= 1464.83) A, Z=2, pp=0.432 mm’’;
26ax = 54.2°, collected (independent) reflections = 9520 (9520); 363 refined parameters,
R; = 0.0581, wR, = 0.0647 for all data, max/min residual electron density = 0.533/-0.499
eA;

4.3d[OTH] was also observed by 3'p{'H} NMR spectroscopy as the exclusive
product in from the addition of a solution of Me,PCl (0.016 mL, 0.202 mmol) and
TMSOTT (0.046 mL, 0.254 mmol) in CH,Cl, (4 mL) to solid (PhP)4 (0.087 g, 0.202

mmol).

['PrsP-P'Bu-P'Bu-P'BuMe[OTf], 5.1a[OTf]

"PrsP (0.273 mL, ~0.14 mmol) was added to a solution of [(‘BuP);Me][OTT]
(2.2a[OTf], 0.039 g, 0.091 mmol) in CH,Cl (1.5 mL). The reaction was complete within
5 minutes, and the mixture was analyzed by low temperature 3p{'H} NMR
spectroscopy.

S'p A NMR (101.3 MHz, CH,Cl, 193 K): AMNX spin system; SA = -34 ppm, 8M = -
19 ppm, 8N = -11 ppm, 8X =27 ppm, 'Jam = -345 Hz, "Jan = -403 Hz, 'Jux = -324 Hz,
2J.x =75 Hz, 2fvn = -5 Hz, 3 Jnx = -2 Hz; See also Table 5.2; The spectrum also contains
excess "PrsP (5 = -32 ppm), and peaks of very low intensity that could correspond to

another diastereomer of 5.1a[OTf].

[Me;P-P'Bu-P'Bu-P'BuMe][OTf], 5.1b[OTf]

MesP (0.138 mL, 1 M in hexane, 0.138 mmol) was added to a solution of
[(‘BuP);sMe][OTf] (2.2a[OTf], 0.039 g, 0.091 mmol) in CH,Cl, (1.5 mL). The reaction
was complete within 5 minutes, and the mixture was analyzed by low temperature
3Ip{'H} NMR spectroscopy.

SIp Ay NMR (101.3 MHz, CH,Cly, 193 K): A 50:50 mixture of two AMNX spin
systems; Diastereomer 1: 8A = -35 ppm, SM = -14 ppm, 8N = -13 ppm, 86X = 17 ppm,
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L = -331 Hz, "Jan = -399 Hz, U = -315 Hz, 2ax = 88 Hz, 2vn = -8 Hz, *Ax = -1
Hz; Diastereomer 2: A = -26 ppm, SM = -7 ppm, SN = 0 ppm, 6X = 18 ppm, Wam =-
363 Hz, Jan = -365 Hz, 'Jax = -397 Hz, 2Jax = -9 Hz, *Jun = -11 Hz, *Juix = 46 Hz; See
also Table 5.2; Excess Me;P (8 = -60 ppm) was also observed.

[PhMe,P-P'Bu-P'Bu-P'BuMe][OTf], 5.1c[OTf]

(Ph)(Me),P (0.019 mL, 0.136 mmol) was added to a solution of [(‘BuP);Me][OTf]
(2.2a[OTH], 0.039 g, 0.091 mmol) in CH,Cl, (1.5 mL). The solvent was removed to give
a colorless oil, which was washed with hexane (1.5 mL). Et,O (1.5 mL) was added, and
the mixture was stored at -25 °C until a white solid formed. This solid was redissolved in
CDCl;, and analyzed by low temperature 31P{IH} NMR spectroscopy.

S'pg} NMR (101.3 MHz, CDCl3, 213 K): A 50:50 mixture of two AMNX spin
systems; Diastereomer 1: 8A = -34 ppm, M = -11 ppm, 3N = -7 ppm, X = 18 ppm,
Ljam = -401 Hz, "Jan = -335 Hz, Yax = -318 Hz, 2Jax = 92 Hz, “Jun = 1 Hz, *Jyx = -1
Hz; Diastereomer 2: 8A = -24 ppm, 8M = -5 ppm, 6N = 4 ppm, 6X = 18 ppm, Wam=-
361 Hz, Uan = -362 Hz, "Jnx = -407 Hz, %Jax = -8 Hz, *Am = -11 Hz, *Jyix = 44 Hz; See
also Table 5.2.

[(BuP)(PMey),J[OTf]2 5.3[OTf]:

Me,PCl (0.088 mL, 1.11 mmol) was added to a solution of [(‘BuP);Me][OTT]
(2.2a[OT{], 0.234 g, 0.546 mmol) in CH,Cl, (4 mL). After stirring 30 minutes, TMSOTS
(0.22 mL, 1.22 mmol) was added to the reaction mixture. After another 30 minutes, Et,0
(15 mL) was added, giving a cloudy mixture which was stored at -25 °C overnight.
Solvents were decanted, and CH,Cl, (1 mL) was added to the remaining solid giving a
solution from which a precipitate formed within 1 minute. Et,0 (8 mL) was added to
further precipitation, and the precipitate was allowed to settle at -25 °C for 20 minutes
before decanting solvents and dissolving the precipitate in CH3CN (4 mL). This solution
was crystallized in two equal portions by vapor diffusion with CH;CN/Et,O (6 days at -
25 °C, and 1 day at room temperature) affording crystals suitable for X-ray diffraction.
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Crystals not submitted for X-ray analysis were washed with Et;O (3 x 1 mL), and dried in
vacuo.

Yield: 0.082 g, (0.137 mmol, 25%);

D.p. 155 -165 °C;

S'psIH} NMR (101.3 MHz, CH,Cl,, 298 K): AA’BB’ spin system; A = 4 ppm, 8B =31
ppm, Jaa = -169 Hz, 'Jap = Jap = -284 Hz, "Jgp = -40 Hz, *Jps = Jap = 5 Hz;

'H NMR (500.1 MHz, CD5CN, 298 K): & = 2.82 ppm (m, 6H), 2.73 ppm (m, 6H), 1.54
ppm (m, 18H);

13C NMR (125.8 MHz, DEPTQ135, CD;CN, 298 K): § = 29.5 ppm (m, +), 13.5 ppm (m,
+), 9.7 (m, +);

FT-IR (nujol, ranked intensities): 1259 (1), 1155 (3), 1031 (4), 983 (8), 930 (8), 898 (9),
758 (10), 638 (2), 573 (6), 517 (5) em™;

Crystal Data: C4H30FsO4P4S,; colorless, irregular plate, crystal size 0.40 x 0.30 x 0.025
mm; Monoclinic, space group P2,/c, a = 11.385(6) A, b = 14.133(7) A, c = 17.412(8) A,
B=100.007(8)°, V'=2759(2) A%, Z=4, 1= 0.491 mm™"; 2Gnax = 53.5°, collected
(independent) reflections = 18437 (6162), Ri»= 0.0370; 299 refined parameters, R; =
0.0685, wR, = 0.0882 for all data, max/min residual electron density = 0.481/-0.343 eA”,

[MeP(BuP),P’BuMe][OTf], 5.7[0Tf];

MePCl, (0.045 mL, 0.501 mmol) was added to a solution of [(*‘BuP);Me][OTf]
(2.2a[OTA], 0.174 g, 0.406 mmol) in CH,Cl, (3 mL). After stirring for 15 minutes, the
volume of the reaction mixture was reduced to 1.5 mL and Et,O (10 mL) was added
giving a white precipitate. After storing at -25 °C for 45 minutes, solvents were decanted
from the precipitate which was recrystallized by vapor diffusion with CH2ClL/Et,0 (4
days at -25 °C followed by 1 day at room temperature), giving crystals that were washed
with Et;O (3 x 1 mL) and dried in vacuo.

Yield: 0.063 g, (0.133 mmol);
D.p. 90 - 133 °C;
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SIpA NMR (101.3 MHz, CDCl;, 298 K): AMNX spin system; 8A = -95 ppm, 8M = -
31 ppm, 8N = -26 ppm, 8X = 22 ppm, "Jan = -123 Hz, 'Jax = -221 Hz, 'Jun = -145 Hz,
Uhix = -283 Hz, 2am = 41 Hz 2hx = 19 Hz;

'H NMR (500.1 MHz, CDCl3, 298 K): 8 = 2.47 ppm (d, 2 Jou = 13 Hz, 3H), 1.80 ppm (m,
3H), 1.42 ppm (m, 18H), 1.31 (d, *Jen = 15 Hz, 9H);

13C NMR (125.8 MHz, DEPTQ135, CDCl3, 298 K): & = 30.5 ppm (m, +), 28.4 ppm (m,
+), 24.3 ppm (s, +), 8.9 ppm (t, Jpc = 32 Hz, +), 3.8 ppm (d, Jpc = 12 Hz, +);

FT-IR (nujol, ranked intensities): 1408 (10), 1303 (11), 1265 (1), 1223 (7), 1154 (3),
1031 (4), 895 (5), 803 (6), 638 (2), 572 (9), 517 (8) em™".

[Me;P-PMex-PMe;][OTf], 6.2a[OTf]

To a solution prepared by the addition of Me;PCl (0.029 mL, 0.37 mmol) to
TMSOT (0.080 mL, 0.44 mmol) in CH,Cl, (6 mL), was added Me,PPMe; (0.054 mL,
0.37 mmol). Cystallization by vapor diffusion of ether into the reaction mixture over 4
days at -25 °C afforded X-ray quality crystals.

Yield: 0.076 g (0.23 mmol, 62 %);

D.p. 44 — 65 °C;

Elemental analysis (%) calcd for C7/H;gF303P3S: C 25.3, H 5.5; found: C 25.2, H5.2;
31p (I} NMR (101.3 MHz, CDCl;, 220 K): A,B spin system; 8A = -62 ppm, 3B = 12
ppm, 'Jap = -298 Hz;

'"H NMR (250.1 MHz, CDCl3, 220 K): & = 1.98 ppm (d, 2 Jo = 13 Hz, 6H), 1.54 ppm (d,
2 Jou = 18 Hz, 12H);

FT-IR (nujol, ranked intensities): 1314 (8), 1302 (7), 1260 (1), 1224 (3), 1154 (4), 1031
(2), 977 (11), 934 (12), 892 (6), 638 (5), 573 (10), 517 (9) cm™;

Crystal Data: C7HgF303P3S; colorless, irregular, crystal size 0.60 x 0.15 x 0.15 mm;
Monoclinic, space group P2/c, a=11.9395(8) A, b=11.3475(7) A, ¢ = 12.3165(8) A, 8
= 115.818(1)°, V'=1502.1(2) A%, Z=4, 1= 0.561 mm"; 26nax = 53.5°, collected
(independent) reflections = 10152 (3362), R, = 0.0210; 226 refined parameters, R/ =
0.0443, wR, = 0.0854 for all data, max/min residual electron density = 0.543/-0.455 eA™.
CCDC- 257962
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[Ph,P-PPh>-PPh;][OTf], 6.2b[OTf]

To a solution of PhyPCl (0.050 mL, 0.28 mmol) and TMSOTS (0.060 mL, 0.33
mmol) in fluorobenzene (1 mL) was added Ph,PPPh; (0.104 ¢,0.28 mmol) in
fluorobenzene (1 mL). Slow diffusion of ether into the filtered reaction mixture at -28 °C
afforded a white solid which was washed with ether (2 x 3 mL).

Yield: 0.127 g (0.18 mmol, 64 %);

M.p. 138 - 142 °C;

Elemental analysis (%) calcd for C37H30F303P38: C 63.1, H 4.3; found: C 62.2, H4.2;
31p A} NMR (101.3 MHz, CH,Cl, 193 K): A;B spin system; 3A = -22 ppm, 3B = 18
ppm, 1JAB =.351 Hz

FT-IR (nujol, ranked intensities): 1264 (1), 1223 (2), 1149 (7), 1090 (11), 1030 (6), 742
(4), 691 (3), 636 (5), 570 (10), 515 (9), 450 (8) em™.

[Me,P-PMe;-PPh;][O1f], 6.2¢c[OTf]

To a solution of Ph,PCl (0.033 mL, 0.19 mmol) and TMSOT (0.040 mL, 0.22
mmol) in CH,Cl, (3 mL) was added Me;PPMe; (0.027 mL, 0.19 mmol). The resulting
mixture was analyzed by low temperature 31P{IH} NMR spectroscopy.
31p'H} NMR (101.3 MHz, CH,Cl,, 193 K): AMX spin system; SA = -52 ppm, M = -
28 ppm, X = 8 ppm, 'Jax = -331 Hz, 'Jux = -296 Hz, Jaw = 13 Hz; 6.2a[OTf], and
Ph,PPPh, (-19 ppm) were also observed in the mixture.

[Ph;P-PMe>-PPh;J[OTf], 6.2¢[OTf]

A solution of Me,PCl (0.029 mL, 0.37mmol) and TMSOTS (0.080 mL, 0.44
mmol) in CH,Cl, (6 mL) was added to solid Ph,PPPh; (0.137 g, 0.37 mmol). The mixture
was pumped to dryness and the resulting oil was taken up in CDCl; and analyzed by low
temperature 3 1P{IH} NMR spectroscopy.
3pg} NMR (101.3 MHz, CDCls, 193 K): A9B spin system; 3A = -20 ppm, B = 5
ppm, 'Jap = -337 Hz.
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[PhsP-PPhCIJ[OTf], 7.1a[OTf]

PhPCl, (0.040 mL, 0.29 mmol) was added to a solution of PhsP (0.077 g, 0.29
mmol) in CH,Cl, (2 mL) with stirring, followed immediately by the addition of TMSOTf
(0.059 mL, 0.33 mmol). After 30 minutes, EO (10 mL) was added, resulting in a white
precipitate. After storing the mixture at -23 °C overnight, the solvents were decanted, and
the precipitate was washed with E,O (2 x 2 mL). Recrystallization over 9 days by vapor
diffusion with CH,Cly/Et,O at -23 °C afforded colorless crystals suitable for X-ray
diffraction. Crystals not submitted for X-ray analysis were washed with EtO (2x 1 mL)
and dried in vacuo.

Yield: 0.12 g (0.23 mmol, 77%).

D.p. 114-123 °C;

3'prH} NMR (101.3 MHz, CH,Cly, 298 K): 22 ppm (), 55 ppm (8);

SIpAHY NMR (101.3 MHz, CH,Cl,, 213 K): AB spin system, 5A = 22 ppm, 8B = 49
ppm, Uas = Upp = 333 Hz;

FT-IR (nujol, ranked intensities): 1283 (8), 1259 (5), 1222 (13), 1149 (7), 1101 (9), 1030
(6), 995 (14), 741 (3), 687 (4), 634 (2), 570 (11), 545 (12), 510 (1), 478 (15), 305 (10)
cm™;

Crystal Data: C,5H,0CIF303P,S; colorless, plate, crystal size 0.40 x 0.125 x 0.025 mm;
Monoclinic, space group Pn, a = 10.0707(16) A, b = 8.8891(15) A, ¢ = 14.166(2) A, B=
104.192(3)°, V'=1229.5(3) A, Z=2, u=0.420 mm™; 2Gnax = 53.5°, collected
(independent) reflections = 8149 (4027), Rin = 0.0256; 396 refined parameters, R; =
0.0311, wR; = 0.0630 for all data, max/min residual electron density = 0.309/-0.176 eA>.
CCDC-605574

[Ph;P-PPh-PPh-PPh;3J[OTf];, 7.2a[OTf]

PhPCl, (1.2 mL, 8.8 mmol) and TMSOTf (3.5 mL, 19.3 mmol) were added to
PhsP (4.62 g, 17.6 mmol) in CH,Cl, (90 mL). After stirring 48 hours, conversion to
7.2a[OTf], was virtually complete ('P NMR). The solvent volume was reduced to 30
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mL, and Et,O was added slowly with stirring until the solution became slightly cloudy (~
10 mL Et,0), resulting in the precipitation of a white solid. Filtration and
recrystallization of the solid by slow evaporation of a CH>Cl, solution, and washing with
small portions of CH,Cl, afforded crystalline 7.2a[OTf], with ~ 2 % [Phs;PCIJ[OTH] ¢,
8 = 66 ppm) as impurity; crude yield = 3.8 g. This material contained single crystals
suitable for X-ray diffraction.

Pure material can be obtained by further recrystallization. Thus 1.0 g of crude
7.2a[OTf], was dissolved in boiling chloroform (27 mL), and the cooled solution left
undisturbed at room temperature for 3 days. Decanting the solvent, washing the crystals
with CHCl; (2 x 5 mL), and isolation afforded pure 7.2a[OTf],.

Yield: 0.67 g (0.64 mmol, 56% based on PhPCl).
D.p. 216-222 °C.

Hc
Hp Hp

Hoy o hg Ha
Py

+ +
Hf PB FI’_PPh3
3 Ph

HS Hg
31p{'H} NMR (101.3 MHz, CH,Cly, 298 K): Major diastereomer (81% by 'H NMR
integration): AA’BB’ spin system, 3A =-33 ppm, 6B =24 ppm, Laar=-124 Hz, 'Jpg =
1fy g = -343 Hz, 2ap = Yag = 69 Hz, 2 = 51 Hz; Minor diastereomer (19% by 'H

NMR integration): not simulated, approx. shifts: 8A = -42 ppm, 6B = 22 ppm.

'H NMR (500.1 MHz, CDsCN, 298 K): Major diastereomer (81%): & =7.79 ppm (t,
Jume= 7 Hz, Hg, 6H), 7.58 ppm (m, H,, 12H), 7.48 ppm (m, Hy, 12H), 7.39 ppm (t, JucHo
=7 Hz, H,, 2H), 7.31 ppm (m, H,, 4H), 7.12 ppm (dd, Jueno = 7 Hz, Juar = 7 Hz, H,
4H,); Minor diastereomer (19 %): & = 7.89 ppm (m, Hy, 6H), 7.68 ppm (m, He.e, 26H),
7.06 ppm (dd, Jueus = 7 Hz, Jiarp = 7 Hz, Hy, 4H), 6.70 ppm (m, Ha, 4H,);

1H{:“P} NMR (500.1 MHz, CD;CN, 298 K): Major diastereomer (81%): & = 7.79 ppm
(t, Jume= 7 Hz, Hg, 6H), 7.58 ppm (dd, Jueue = 7 Hz, Juens = 7 Hz, He, 12H), 7.48 ppm (d,
Juane = 7 Hz, Hy, 12H), 7.39 ppm (t, Jucuy = 7 Hz, He, 2H), 7.31 ppm (d, Juano = 8 Hz, Hy,
4H), 7.12 ppm (dd, Jucsb = 7 Hz, Jiany = 7 Hz, Ho, 4H); Minor diastereomer (19 %): 8 =
7.89 ppm (m, Hg, 6H), 7.68 ppm (m, H.c, 26H), 7.06 ppm (dd, Juctw = 7 Hz, Juany = 7 Hz,
Hp, 4H), 6.70 ppm (d, Juarw = 7 Hz, Ha, 4H);
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13C NMR (125.8 MHz, DEPTQ135, CD5CN, 298 K): Isomer assignments confirmed by
correlation to proton signals (HSQC experiment); Major diastereomer: & =138.0 ppm (m,
+, Ca), 135.5 ppm (s, +, Cy), 134.4 ppm (m, +, C4), 133.8 ppm (s, +, Co), 130.5 ppm (m, +,
Co), 130.2 ppm (m, +, Cy); Minor diastereomer: 5 =138.5 ppm (broad, +, C,), 135.8 ppm
(s, +, Cyp), 133.9 ppm (s, +, ?), 130.9 ppm (m, +, Cee) 129.8 ppm (m, +, Cy), other two
peaks for C... were not assignable;

31p CP/MAS NMR (162.0 MHz, 4 mm rotor, ice cooled carrier gas): Major
diastereomer & = 24 ppm, -40 ppm; Minor diastereomer & =19 ppm, -31 ppm;

FT-IR (nujol, ranked intensities): 1582 (16), 1437 (12), 1264 (1), 1223 (8), 1152 (4),
1099 (7), 1030 (3), 997 (13), 741 (6), 690 (5), 636 (2), 572 (15), 531 (9), 513 (10), 497
(11), 470 (14) cm™;

Crystal Data: CsoHsoF¢O¢P4Sy; colorless, plate, crystal size 0.45 x 0.275 x 0.075 mm;
Monoclinic, space group P2,/n, a =10.942(4) A, b=20.76%(7) A, c = 11.462(4) A, B =
113.120(6)°, V' =2395.7(15) A%, Z=2, p1=0.318 mm"'; 26nax = 53.5°, collected
(independent) reflections = 16121 (5349), R, = 0.0239; 387 refined parameters, R; =
0.0635, wR, = 0.1450 for all data, max/min residual electron density = 1.913/-0.409 eA™.
CCDC-605575

[Ph;P-PMe-PMe-PPhs][OTf], 7.2b[OTf]>

In a glove box, MePCl; (0.079 mL, 0.885 mmol) and TMSOTT (0.266 mL, 1.47
mmol) were added to a solution of PhsP (0.35 g, 1.34 mmol) in CHCI; (9 mL) contained
in a 50 mL 1-necked bulb with a Teflon stopper. The mixture was degassed by three
freeze-pump-thaw cycles and subsequently heated to reflux within the closed system by
use of an oil bath (~ 60 °C). After 4 days the reaction was virtually complete ('P NMR),
and a white precipitate was present. This solid was collected by filtration in a glove box,
washed with CHCI; (1.5 mL) and dried in vacuo.
Yield: 0.224 g (0.245 mmol, 55%).
D.p. 225-237 °C.
31pfiHy NMR (101.3 MHz, CH,Cl,, 298 K): AA’BB’ spin system, 8A =-71 ppm, 8B =
26 ppm, Jan: = -278 Hz, Vs = Uap = -282 Hz, *Jap = Jas = 78 Hz, *Jp = 62 Hz;
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SIp{'H} NMR (101.3 MHz, CDsCN, 298 K): not simulated, approximate shifts: SA = -67
ppm, 8B = 32 ppm;

'H NMR (500.1 MHz, CD5CN, 298 K): 8 = 7.97 ppm (t, *Jun = 7.5 Hz, 6H), 7.90 ppm
(m, 12H), 7.81 ppm (m, 12H), 0.76 ppm (m, 6H);

'"H NMR (500.1 MHz, CD3NO,, 298 K): 8 = 8.03 ppm (m, 18H), 7.88 ppm (m, 12H),
0.95 ppm (m, 6H);

BC NMR (125.8 MHz, DEPTQ135, CD3NO,, 298 K): & = 136.0 ppm (s, +), 134.0 ppm
(s, +), 131.1 ppm (m, +), 117.1 ppm (m, -), 0.0 ppm (m, +);

FT-IR (nujol, ranked intensities): 1439 (10), 1262 (1), 1223 (12), 1152 (7), 1103 (10),
1030 (4), 995 (14), 879 (15), 755 (9), 721 (8), 692 (5), 637 (2), 572 (13), 543 (6), 511 (3),
306 (16) cm™;

Crystals suitable for X-ray diffraction were grown by vapor diffusion with CH;CN/Et;0.
Crystal Data: CyoH36FsO¢P4S;; colorless, rod, crystal size 0.45 x 0.10 x 0.10 mm;
Monoclinic, space group P2/c, a=8.761(5) A, b =27.114(17) A, ¢ = 17.578(11) A, =
96.807(11)°, V'=4146(4) A%, Z=4, 1= 0.356 mm™"; 265 = 53.6°, collected
(independent) reflections = 27998 (9274), R;,.= 0.0583; 525 refined parameters, R; =
0.1051, wR, = 0.1070 for all data, max/min residual electron density = 0.457/-0.359 eA.

[Me;P-PPh-PPh-PMe;][OTf]>, 7.4a[OTf],

MesP (0.66 mL, 1 M in toluene, 0.66 mmol) was added dropwise to a stirred
solution of [PhsP-PPh-PPh-PPh;][OTf],, (7.2a[O0Tf];, 0.36 g, 0.346 mmol) in CHyCl, (9
mL). After stirring overnight, the precipitate was collected by filtration, and washed with
CH,Cl, (1 mL). Recrystallization over 4 days at -25 °C by vapor diffusion with
CH;CN/Et,O gave crystals suitable for X-ray diffraction. Crystals not submitted for X-
ray analysis were washed Et,O (2 x 1 mL) and dried in vacuo.

Yield =0.187 g (0.281 mmol, 81%);
M.p. 220-224 °C;
Elemental analysis (%) calcd for CyoHasFsO6P4S,: C 36.0, H 4.2; found: C 35.5, H 4.4,
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SIp'H} NMR (101.3 MHz, CD;CN, 298 K): Major diastereomer (86% by 'H NMR
integration): AA’BB’ spin system, 3A = -52 ppm, 8B = 25 ppm, Uaa =-105Hz, Uxs =
IJA’B’ = -305 Hz, g = 2J,yB = 66 Hz, 3 Jap = 56 Hz; Minor diastereomer (14% by 'H

NMR integration): not simulated, approx. shifts: 8A = -56 ppm, 8B = 23 ppm.

'"H NMR (500.1 MHz, CD;CN, 298 K): Major isomer (86%): 8.05 ppm (m, H,, 4H),
7.84 ppm (t, Juvne = 7 Hz, He, 2H), 7.74 ppm (dd, Juarw = 7 Hz, Juvne = 7 Hz, Hp, 4H),
1.70 ppm (m, Hy, 18H); Minor isomer (14%): 7.59 ppm (t, JubHe = 7 Hz, H,, 2H), 7.40
ppm (m, Hyp, 8H), 2.04 ppm (m, Hy, 18H);

'HE'P} NMR (ppm, 500.1 MHz, CDsCN, 298 K): Major isomer (86%): 8.05 ppm (d,
Juamy = 7 Hz, H,, 4H), 7.84 ppm (t, Jupne = 7 Hz, He, 2H), 7.74 ppm (dd, Juarw = 7 Hz,
Juvre = 7 Hz, Hy, 4H), 1.70 ppm (s, Hy, 18H); Minor isomer (14%): 7.59 ppm (t, Jubhc =
7 Hz, H,, 2H), 7.40 ppm (m, H,, 8H), 2.04 ppm (s, Hg, 18H);

13C NMR (125.8 MHz, DEPTQ135, CD;CN, 298 K): Isomer assignments confirmed by
correlation to proton signals (HSQC experiment); Major diastereomer: 6 =137.2 ppm (m,
+, Cy), 134.5 ppm (s, +, Hy), 131.2 ppm (s, +, Cp), 8.8 ppm (m, +, Hg); Minor
diastereomer: & = 138.0 ppm (m, +, Cap), 133.3 ppm (s, +, Cc), 130.1 ppm (s, +, Cap), 9.0
ppm (m, +, Cg);

FT-IR (nujol, ranked intensities): 1440 (16), 1300 (8), 1275 (2), 1254 (1), 1224 (9), 1172
(15), 1158 (7), 1140 (6), 1030 (4), 961 (5), 743 (10), 697 (12), 637 (3), 573 (13), 517
(11), 484 (14) em™;

Crystal Data: CyoHasFsO4P4S; colorless, irregular, crystal size 0.60 x 0.40 x 0.20 mm;
Monoclinic, space group P2/c, a = 8.9520(14) A, b = 16.597(3) A, c = 10.0504(16) A,
= 101.328(3)°, V = 1464.1(4) A% Z =2 u= 0472 mm™"; 26nx = 53.2°, collected
(independent) reflections = 9319 (3253), Rin = 0.0477; 228 refined parameters, R, =
0.0554, wR, = 0.1393 for all data, max/min residual electron density = 1.226/-0.466 eA’.

CCDC-605576
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[Me;P-PMe-PMe-PMes][OTf],, 7.4b[OTf];

MesP (0.235 mL, 1 M in toluene, 0.235 mmol) was added dropwise to a stirred
mixture of [PhsP-PMe-PMe-PPhs][OTf],, (7.2b[OTf]z, 0.106 g, 0.116 mmol) in CH,Cl,
(3 mL). After stirring for 30 minutes, the white precipitate was collected by filtration, and
washed with CH,Cl, (1 mL). Recrystallization over 1 day, by vapor diffusion with
CD;CN/Et,0 at -25 °C gave crystals suitable for X-ray diffraction. Crystals not submitted
for X-ray analysis were washed with Et;0 (2 x ImL), and dried in vacuo.

Yield: 0.032 g (0.059 mmol, 51%).

M.p. 221-224 °C

StpA NMR (101.3 MHz, CD;CN, 298 K): AA’BB’ spin system, 8A =-73 ppm, 3B =
26 ppm, Jan: = -238 Hz, 'Jap = Jaw = -269 Hz, 2Jap = *Ja's = 80 Hz, *Jps = 58 Hz;
'H NMR (500.1 MHz, CD3NO,, 298 K): § =2.21 ppm (m, 18H), 1.93 ppm (m, 6H);

13C NMR (125.8 MHz, DEPTQ135, CD3NO,, 298 K): 8 = 7.78 ppm (m, +), -0.4 ppm
(m, +);

FT-IR (nujol, ranked intensities): 1426 (14), 1260 (1), 1301 (13), 1225 (10), 1152 (5),
1029 (3), 966 (4), 901 (8), 861 (9), 809 (17), 768 (16), 758 (15), 680 (11), 636 (2), 573
(7), 517 (6) cm™;

Crystal Data: C;oH4F¢O6P4S;; colorless, irregular, crystal size 0.50 x 0.25 x 0.20 mm;
Monoclinic, space group P2)/c, a=12.431(2) A, b=13.52003) A, c=13.883(3) A, =
94.872(3)°, V'=2324.7(7) A3, Z=4, u=0.574 mm’"; 26hnax = 54.6°, collected
(independent) reflections = 15518 (5164), R, = 0.0380; 261 refined parameters, R; =
0.0864, wR, = 0.2112 for all data, max/min residual electron density = 0.806/-0.461 eA™.
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