GARDY ORCA - Online Research @
CARDY® Cardiff

This is an Open Access document downloaded from ORCA, Cardiff University's institutional
repository:https://orca.cardiff.ac.uk/id/eprint/113455/

This is the author’s version of a work that was submitted to / accepted for publication.
Citation for final published version:

Kariuki, Benson M. and Newman, Paul D. 2018. Asymmetric cationic phosphines: synthesis, coordination
chemistry, and reactivity. Inorganic Chemistry 57 (15) , pp. 9554-9563. 10.1021/acs.inorgchem.8b01657

Publishers page: http://dx.doi.org/10.1021/acs.inorgchem.8b01657

Please note:
Changes made as a result of publishing processes such as copy-editing, formatting and page numbers may
not be reflected in this version. For the definitive version of this publication, please refer to the published
source. You are advised to consult the publisher’s version if you wish to cite this paper.

This version is being made available in accordance with publisher policies. See
http://orca.cf.ac.uk/policies.html for usage policies. Copyright and moral rights for publications made
available in ORCA are retained by the copyright holders.




Asymmetric Cationic Phosphines: Synthesis, Coordination Chemis-
try and Reactivity

Benson M. Kariuki? and Paul D. Newman?*

aSchool of Chemistry, Cardiff University, Cardiff, UK CF10 3AT.
bCardiff Catalysis Institute, School of Chemistry, Cardiff University, Cardiff, UK CF10 3AT.

Supporting Information Placeholder

ABSTRACT: A single enantiomer of a cationic phosphine, [a-CgPAmHMe]BF4, containing two asymmetric sub-units, an
amidinium group (AmH) and a phosphacycle (CgP), has been synthesised and isolated. The ligand, which is of an extremely
rare class, has been coordinated to Rh(I), Au(I), Ag(I), Cu(I) and Pt(0) to enable an empirical assessment of its donor proper-
ties. Analysis of the IR stretching frequency of the carbonyl ligand in trans-[Rh(a-CgPAmHMe)2(CO)CI](BF4)2 coupled with
metric data obtained from crystal-state molecular structures of pertinent complexes confirms the strong m-accepting proper-
ties of the ligand. The integrity of the N-P bond is compromised upon addition of base to both [Cu(a-CgPAmHMe)Cl|BF4 and
[Ag(a-CgPAmHMe)(OTf)]BF4+ where, instead of isolating anticipated chelating and/or bridging forms of the neutral, deproto-
nated a-CgPAmMe derivative, decomposition products were obtained containing a phosphacycle fragment and/or amidine
ligands. The fragility of the N-P bond is also evident in uncoordinated [a-CgPAmHMe]BF: as treatment with aqueous base
releases a neutral amidine fragment and generates the P-P dimer [a,a-CgPP(0)Cg]. These fortuitous observations show [a-
CgPAmHMe]BF: to be a very useful synthon for the potential production of novel asymmetric phosphines.

INTRODUCTION

The success of metal complexes in homogeneous catalysis ,
relies critically on the nature of the attached ligand(s). Un- a |
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derstanding the principles that dictate particular behaviour g%’;’;etr'c

informs the design of efficient catalysts for a given applica- Amidinium o N
tion. For P-donating ligands the traditional logic is to use net N====2
donors (usually PR3 where R = alkyl) when an electron-rich /

metal centre is necessary and net-acceptors such as phos-
phites when a process demands electron-deficient metals.
Although successful in a number of applications, phosphites
are prone to degradation, especially under aggressive reac-
tion conditions, leading to (often catastrophic) loss of cata-
lytic activity. This shortfall can be circumvented if more ro-
bust electron-withdrawing ligands or more reactive metal
catalysts were available. Cationic phosphines containing
positively-charged imidazolinium,!¢ pyridininium? and cy-
clopropenium?® substituents attached directly to phospho-
rus by a C-P bond have emerged as user-friendly phosphite
mimics with the potential for improved catalytic activity
and/or longevity. Alcarazo and co-workers have been at the

Figure 1. Ligand structure.

Inspired by this elegant work and that of others,718 we
sought to combine our interest in polycyclic phosphines and
amidinium salts (as precursors to NHCs) to generate cati-
onic phosphines where both constituent units are asymmet-
ric and connected by an N-P bond (figure 1). This is distinct
from the reported examples which, without exception, have
a C-P bond between the phosphine and cationic organic sub-
units. The inclusion of the N-P connection was driven by a
desire to see what effect, if any, replacing the established C-
P link with an N-P has on the ligand properties. The con-

forefront of this cationic phosphine revolution through the
introduction and application of various mono-,%10 di-10.11-13
and tri-cationic!# ligands including very recent examples of
chiral forms.1516

struction of such ligands requires access to chiral forms of
the positively charged organic substituent and the phospho-
rus-containing component. Wel%-24 and Wilhelm?>-27 have
already demonstrated the synthetic utility of amidinium
species derived from 1,3-diamino-1,2,2-trimethylcyclopen-
tane which made this the obvious candidate for the cationic
fragment. The need for a robust, inherently chiral PRz group
capable of supporting a stable N-P bond to the amidinium



led to the selection of 1,3,5,7-tetramethyl-2,4,6-trioxa-8-
phosphatricyclo[3.3.1.137]decane or Cagephos (CgP) as it
satisfied all of the desired criteria.28-3° Qur preliminary re-
port detailed the synthesis of the ligand as a diastereomeric
mixture as our original attempts at resolution were unsuc-
cessful.3! We have since discovered that, in contrast to slow
evaporation at the bench, crystallisation from hot THF un-
der N is a viable route to the isolation of pure [a-
CgPAmMe]BFs which can be employed as a ligand itself or
as a potential precursor to NHC-phosphines. The present
paper discusses aspects of the coordination chemistry of the
cationic phosphine and attempts at accessing NHC deriva-
tives thereof.

RESULTS AND DISCUSSION
Ligand synthesis

a-[CgPAmMe]BF 7

«,B-[CgPAmMe]BF,

Scheme 1. i) 3K:CO03, MeCN, RT; ii) [Me3;0]BF4, CHzCl,
RT; iii) Hot THF

The [a,3-CgPAmHMe]BF4 ligand was prepared as previ-
ously detailed3! in an overall yield of 78% by the two-step
process shown in scheme 1.3! Resolution was effected by
crystallisation from hot THF under anhydrous O2-free con-
ditions to give a single isomer of [CgPAmHMe]BF.. Although
these crystals proved unsuitable for structural analysis by
single-crystal X-ray techniques, the oxide did crystallize in a
form amenable to structure determination (Figure 2). The
molecular structure of the oxide confirms the identity of the
least soluble diastereomer as «-. In the crystal, the NCHN
hydrogen is located towards an oxygen of the phosphacycle
which may indicate a degree of intramolecular hydrogen
bonding (0--C = 3.01 A). The P1-N1 bond length is some-
what long reflecting little to no n-contribution and the N1-
C11 bond is slightly longer than N2-C11 which is a feature
common to all the structures reported herein.
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Figure 2. Molecular structure of [a-CgP(O)AmHMe]*. The BFs
anion, hydrogen atoms and residual solvent have been omitted
for clarity. Selected bond lengths (&) and angles (°): P1-04
1.474(3); P1-N1 1.716(4); P1-C1 1.823(4); P1-C6 1.827(4);
N1-C11 1.343(6); N2-C11 1.292(6); N1-C11-N2 123.5(4); P1-
N1-C11125.0(3); C1-P1-C697.98(18); N1-P1-C1 109.28(19);
N1-P1-C6 109.17(19); N1-P1-04 108.31(18).

The 3'P{*H} NMR spectrum of [a-CgPAmHMe]BF4 shows
a single peak at 34.9 ppm and the 'H NMR spectrum is char-
acterized by a single peak for the NCHN hydrogen around
8.5 ppm and a series of singlets and doublets for the methyl
groups in the aliphatic region. There is little change in the
'H NMR spectrum upon oxidation to [a-CgP(O)AmMe]BF4
other than the observation of a 3/u.r coupling of 4.3 Hz to the
NCHN proton and some bunching of the methyl resonances.
The oxide shows an upfield shift in the 3!P{'H} NMR spec-
trum of ~7 ppm compared to [a-CgPAmHMe]BF..

k!-P Coordination Chemistry

A primary driver of the current research was to examine
the nature of the coordination of [a-CgPAmHMe]* with par-
ticular emphasis on the stability of the N-P link and the ef-
fect of complexation on the orientation of the amidinium
fragment. This latter point is of import as it influences the
stereoelectronic profile of the ligand. A common empirical
method for assessing the electronic nature of phosphines is
through comparison of carbonyl stretching frequencies in
the IR spectra of trans-[Rh(L)2(CO)Cl]%" complexes.3?
Trans-[Rh(a-CgPAmHMe)2(CO)CI](BF4)2, 1, which was pre-
pared as a yellow solid by standard procedures, showed a
v(CO) stretch at 2020 cm! which compares with values of
1965, 2016, 2024, 2003 and 2007 cm ! for the analogous
complexes of PPhs, P(OPh)s, P(pyrrolyl)s, 2-(diphe-
nylphosphino)-1,3-dimethylimidazolium and a trans-che-
lating imidazoliumphosphine ligand.?3-35 This data places
the ligand at the strongly m-accepting end of the P-donor
range and, whilst accepting that these values can be mis-
leading when a complex is structurally compromised, this is
not the case for 1 (Figure 3). The conformity to the square
planar ideal is confirmed upon inspection of the structure
and associated metrics notably the near-linear Cl-Rh-C and
P-Rh-P bond angles of 178.4° and 176.1° and the sum of the
angles about the metal which equal 360° with no individual
angle more than #2° from 90°. As expected from the IR data,
the Rh-C bond in 1 is relatively long at 1.843(4) A and both
the Rh-Cl and C-O bond lengths are short at 2.3622(10) A
and 1.126(5) A respectively (cf. 1.824, 2.383 and 1.137 A for
the Rh-C, Rh-Cl and C-0 bonds in a similar pyridiniumphos-
phine complex).!% The Rh-P bond lengths are comparable



with those to PPhs, PCys and 2-imidazoliumdiphe-
nylphosphine in similar complexes and intermediate be-
tween the two disparate lengths quoted for a related pyri-
diniumphosphine species.’® The lack of any significant
structural distortion reflects the relatively small steric pro-
file presented by the ligand which is largely a consequence
of the ‘tied-back’ nature of the phosphacycle. The
amidinium group is the largest substituent and is the major
contributor to the calculated % Vbur of 31.53¢ and cone angle
of 153.7° for the complex. These values are comparable to
those reported for PPhs.3237-38 The steric impact of the
amidinium group does depend on its orientation with re-
spect to the metal and is less when the NCHN hydrogen pro-
jects towards the metal (as in the Rh complex) than in other
orientations (see below).

The 3'P{'H} NMR spectrum of trans-[Rh(a-CgPAm-
HMe)2(CO)Cl](BF4)2 shows a doublet at 85.0 ppm with a
slightly higher Jp.rn (152.4 Hz) value than that observed for
the bidentate imidazoliumphosphine complex of Canac and
Chauvin.35 The carbonyl resonance, seen as a doublet of tri-
plets at 182.7 ppm (Yc-rn = 71.8Hz, 2Jcp = 15.4 Hz) in the
13C{'H} NMR spectrum, is closely analogous to that for the
reported complex. This data combined with the IR data
above, confirms [a-CgPAmHMe]* as a strong m-acceptor.
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Figure 3. Molecular structure of [Rh(a-CgPAm-
HMe)2(CO)Cl]?+, 1. The BF4+ anions, hydrogen atoms and resid-
ual solvent have been omitted for clarity. Selected bond lengths
(&) and angles (°): Rh1-P1 2.3241(11); Rh1-P2 2.3248(11);
Rh1-Cl1 2.3622(10); Rh1-C41 1.843(4); C41-07 1.126(5); P2-
N3 1.751(4); P2-C21 1.865(5); P2-C24 1.876(5); N3-C31
1.338(6); N4-C31 1.286(6); P1-Rh1-P2 176.14(4); CI1-Rh1-
C41178.36(16); P1-Rh1-CI1 89.12(4); P1-Rh1-C4191.42(15);
P2-Rh1-CI1 88.10(4); P2-Rh1-C41 91.43(15); N3-C31-N4
124.0(4); P2-N3-C31 115.4(3); C21-P2-C24 94.8(2); N3-P2-
C21 106.69(19); N3-P2-C24 108.61(19); N1-P1-04
108.35(18).

The gold(I) complex [Au(a-CgPAmHMe)Cl|BF4, 2, is
formed in high yield from the reaction of the ligand with
Au(THT)Cl in CH2Cl2. The complex was recrystallized as col-
ourless blocks and characterised by single-crystal X-ray dif-
fractometry (Figure 4). The structure is unexceptional, with
very similar metrics to those reported for related Au(l)
complexes with mono- and di-cationic phosphines.!3 One
outstanding feature is the orientation of the amidinium
group which assumes a different conformation to that seen

in the rhodium complex. In the structure of 2 the NCHN hy-
drogen points away from the metal and towards one of the
oxygens of the phosphacycle resulting in an increased % Vour
value of 35.9 (cone angle = 159.1°) compared to those of the
rhodium complex.

Figure 4. Molecular structure of [Au(a-CgPAmHMe)Cl]*, 2.
The BF4+ anion, hydrogen atoms and residual solvent have been
omitted for clarity. Selected bond lengths (A) and angles (°):
Aul-P12.2137(18); Aul-Cl1 2.2704(19); P1-N1 1.724(6); N1-
C1 1.332(9); N2-C1 1.300(9); P1-Aul-Cl1 179.18(7); N1-C1-
N2 123.1(6).

The 31P{*H} NMR spectrum of 2 shows a singlet at 70.2
ppm, representing a coordination shift of ~35 ppm which is
commensurate with that expected for related cationic phos-
phine complexes of Au(I). The presence of a single signal
may indicate a preference for the solid state conformer in
solution or, more likely, free rotation about the N-P bond;
the observation of a single solution species for 2 would tend
to support this. The 'H and 13C{'H} NMR spectra are unre-
markable with the former showing no evidence of a down-
field shifted NCHN resonance which might be expected if a
strong internal hydrogen-bond were present in solution. Ef-
forts to isolate and characterize the bis(ligand) gold species
[Au(a-CgPAmHMe)z]X3 were universally unsuccessful. In-
soluble precipitates predominated that, when encouraged
into solution in DMSO, revealed numerous peaks in the
31P{'H} NMR spectrum; this complex was not pursued fur-
ther as successive attempts proved inconclusive and poorly
reproducible.

The synthesis of the Cu(I) analogue to 2 was obtained in
a similar manner to give [Cu(a-CgPAmHMe)Cl]|BFs, 3. The
complex showed a broad resonance in its 3'P{1H} NMR spec-
trum at 34.8 ppm (width at half height = 150 Hz) suggesting
fluxionality in solution, possibly between the monomeric
form and a halide bridged dimer. The MS was inconclusive
although the only observable species other than free ligand
were at high amu with the nearest formulation being con-
sistent with a dimer (see ESI). The analogous Ag(0) complex
containing one coordinated phosphine and a halide proved
elusive.

Addition of two equivalents of [a-CgPAmHMe]BFs to
[Cu(MeCN)s]BFs+ or AgOTf gave [Cu(a-CgPAm-
HMe)2(MeCN)2](BFa4)3, 4, and [Ag(a-CgPAm-
HMe)2]OTf.(BF4)2, 5, respectively. The former had a broad
singlet at 38.0 ppm in the 3'P{'H} NMR spectrum (width at
half height = 80 Hz) whereas complex 5 gave a broad dou-
blet at 62.7 ppm with an average !Jp-az coupling constant of
574 Hz. Although the broadening did not allow for accurate



determination of each of the individual couplings to Ag-107
and Ag-109, the fact that a doublet was observed is indica-
tive of relatively slow or precluded ligand exchange. The
magnitude of the coupling constant is of the order reported
for [Ag(PR3)2]* complexes but appreciably lower than those
for analogous complexes of phosphites.3 Elemental anal-
yses are consistent with the formulations as given and con-
firmed by HRMS for 4 and MALDI for 5.

The strongly electron-withdrawing [a-CgPAmHMe]*
would be expected to compliment low oxidation state met-
als such as Pt(0). When the ligand was combined with
“Pt(dvtms)” (where dvtms is divinyltetramethyldisiloxane)
ina 1:1 ratio the complex [Pt(a-CgPAmHMe)(dvtms)]BF4, 6,
was isolated as a white solid. The structure shown in Figure
5 confirms this formulation with a trigonal planar Pt(0) cen-
tre supporting the k!-P phosphine and the bidentate dvtms
ligand. The Pt-P bond length of 2.263A compares to that of
2.21A in a similar complex containing a substituted tri-
phenylphosphite* and is shorter than the 2.29 A and
2.384(2) A reported for the same complex with PPhs#! and
PtBus*? respectively. The average Pt-C bond length of 2.17A
compares with those for the reported complexes with the
other phosphines and phosphites but are longer than those
reported (~2.124) for complexes containing strongly do-
nating ligands such as NHCs.

Figure 5. Molecular structure of [Pt(a-CgPAmHMe)(dvtms)]*.
The BF4+ anion and hydrogen atoms have been omitted for clar-
ity. Selected bond lengths (A) and angles (°): Pt1-P1 2.263(2);
Pt1-C1 2.164(8); Pt1-C2 2.168(8); Pt1-C7 2.166(8); Pt1-C8
2.169(9); P1-N1 1.754(6); P1-Pt1-C1 98.1(3); P1-Pt1-C8
98.2(3).

The 3'P{*H} NMR spectrum of 6 shows a singlet at 88.4
ppm with Pt-195 satellites (Y/p-pc = 4236 Hz). The magnitude
of the coupling constant is substantially larger than that re-
ported for a triarylphosphine analogue (3641 Hz) but much
lower than those reported for phosphite analogues (> 6300
Hz).4041 The 'H NMR spectrum shows all the expected reso-
nances with the NCHN hydrogen appearing as a doublet (3/s-
p= 7.0 Hz) at 8.07 ppm. When a sample of the complex was
crystallised from acetone in air, the isolated colourless crys-
tals had spectra quite distinct from those observed for 6.
The 31P{*H} NMR spectrum gave a single broad peak with no
discernible Pt-195 satellites and the 'H NMR spectrum had
far fewer resonances than expected with no evidence of the
bicyclic diaza unit. The nature of the compound was eluci-
dated upon determination of the molecular structure by sin-
gle-crystal X-ray techniques (Figure 6). Clearly dissolution

of 6 in wet acetone in air has led to hydrolytic degradation
of the [a-CgPAmHMe]* ligands, loss of dvtms and a redistri-
bution so that the platinum now coordinates to three
CgPOH ligands. The platinum remains as Pt(0) and retains
the expected trigonal planar geometry with an average Pt-P
bond length of 2.3448 A and P-Pt-P angle of 119.81 °. It is
obvious that the diaza fragment has been lost and replaced
by an OH group on each of the phosphines. The fact that a
BFs+molecule is seen in the crystal would suggest that either
one of the CgPOH ligands is protonated at the oxygen or that
there is HBF4 in the lattice. The oxygen labelled 011 in the
figure is in close proximity to the water molecule in the lat-
tice (00 distance 2.997 A) which may indicate the pres-
ence of ahydrogen-bond between these. However, there are
also close contacts (2.89 A) between a fluorine and the oxy-
gen of the water molecule which suggests the same so we
are unable to assign unequivocally the proton.
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Figure 6. Molecular structure of [Pt(a-CgPOH)s]. The lattice
BF4 and hydrogen atoms have been omitted for clarity. Selected
bond lengths (A) and angles (°): Pt1-P1 2.3411(14); Pt1-P2
2.3468(14); Pt1-P3 2.3466(13); P1-010 1.658(5); P2-012
1.667(5); P3-011 1.662(5); P1-Pt1-P2 119.50(5); P1-Pt1-P3
120.38(5); P2-Pt1-P3 119.56(5).

The observation of hydrolytic P-N bond cleavage is unex-
pected as the ligands themselves and other metal com-
plexes of [CgPAmHMe]* are known to be hydrolytically sta-
ble.31 The reasons for the ligand degradation in the current
case remain unclear, however, the very observation of N-P
breakage does raise questions as to the integrity of the lig-
and framework. Irrespective of whether the [CgPAmHMe]*
ligand is a single diastereomer or an a,B- mixture, this re-
mains the only example of N-P bond cleavage in a complex
of the cationic phosphine observed in our laboratories.
While this is a unique observation for the cationic ligand,
this apparent integrity does not appear to extend to com-
plexes of the deprotonated form (see below).

Reactions of base with k*-P complexes

Part of the remit of the current study was to examine the
possibility of generating C,P chelates (or p-C,P bridges)
upon release of the NHC carbon through treatment of the k-
P complexes with base. This has not been possible with pre-
vious imidazolium phosphines as the NCN carbon is bonded
to the phosphorus.!-16 The in situ 3'P{tH} NMR spectrum of
a solution of [Ag(a-CgPAmHMe)(OTf)]|BF4+ in THF after
treatment with 1.2 equivalents of KHMDS showed an ex-



tremely broad peak that was barely discernible. After isola-
tion of a solid complex and redissolution, the resultant
31P{1H} NMR spectrum showed a sharp set of doublets at
98.5 ppm (Y/r-ag = 481, 416 Hz) and two broad doublets at
64.8 ppm (average Jp.ag = 358 Hz) and 62.2 ppm (average
Up.ag = 359 Hz). Recrystallisation of this mixture by vapour
diffusion gave colourless crystals (8) which were of suffi-
cient quality for analysis by single-crystal X-ray techniques
(Figure 7). Itis immediately obvious from the figure that the
ligand has fragmented into its phosphacycle and amidine
components through scission of the P-N bond. Closer in-
spection reveals two phosphacycle units connected through
an oxygen atom through the formation of a P-O-P link with
each P-donor binding a separate silver ion in the dimeric
structure. The trigonal planar coordination about each sil-
ver ion is completed by an N-bound amidine and a triflate
anion (lower part of Figure 7). The lack of any lattice anions
reflects the fact that the nitrogen heterocycles are neutral
and not cationic. An argentophilic interaction is apparent as
the average Ag-Ag distance of 3.177 A is well within the ac-
cepted limit of <3.44 A (the sum of the van der Waals ra-
dii).#34* In solution complex 8 gives a broad doublet in the
31P{1H} NMR spectrum at 107.0 ppm with an average Jp.ag
of 667 Hz. The 'H NMR spectrum contains all the expected
peaks with a singlet at 7.21 ppm for the NCHN hydrogen and
all peaks assigned to the neutral amidine ligands upfield of
those in complexes of [a-CgPAmHMe]* as expected.

Molecular

Figure 7. structure  of  [Agz(a,a-
CgPOPCg)(Am)2(0Tf)z], 8. The OTf ligands and hydrogen at-
oms have been omitted for clarity in the top view. The coordi-
nation geometry about each silver ion in the bottom view
shows only the atoms bound to the metal ions and the OTf lig-
ands in full. Selected bond lengths (&) and angles (°): Ag1-P1
2.3375(13); Agl-N1 2.120(4); Agl-Agli 3.0706(6); P1-04
1.637(3); Ag1-OTf 2.578(8); P1-Ag1-N1 155.31(11); N1-C1-N2
126.2(5).

A simultaneous and contemporaneous reaction to that
described for 8 was set up with CuCl to give, after ten days
of vapour diffusion with CHzCl2 / pentane, golden-brown
crystals with the molecular structure shown in figure 8.
Clearly the original ligand framework has again been dis-
rupted by P-N cleavage releasing the component phos-
phacycle and amidine fragments. The isolated crystals show

a central Cu4Cls adamantyl-type core with an encapsulated
oxygen atom sitting in a tetrahedral hole formed by the four
Cu(II) ions; this is a relatively common structural motif.*>
The bond lengths and angles in the Cu4ClsO core are closely
analogous to those reported previously.*>#*¢ The crystal
does not contain any lattice anions or cations so the oxida-
tion state of each copper ion is +2 and there is no evidence
of the phosphacycle fragment (see later). Each Cu(II) ion is
trigonal bipyramidal with the chlorides forming the trigonal
plane and the oxide and amidine occupying the axial sites.
To our knowledge this is the first reported example of a
metal complex of 4,5,8,8-tetramethyl-2,4-diazabicy-
clo[3.2.1]oct-2-ene.

After isolation of [Cus(Am)4(u-Cl)6(0)] the mother liquor
was taken to dryness to give a green solid which freely dis-
solved in toluene. The 3'P NMR spectrum of the green solu-
tion showed two major peaks at 6p 49.8 and 29.3 ppm with
several minor peaks between 20 and 30 ppm. Attempts to
isolate pure material from this solution were unsuccessful
but HRMS showed a peak at 857.3776 amu for a species of
composition CsoHesOsN4P2Cu which is consistent with the
formula [Cu(o,a-CgPOPCg)(Am)z]* plus an extra oxygen.
The MS also shows a peak at 461.16 amu for [(a,a-CgPOPCg)
+ 0 - H]* and 167.16 for [AmH]* as expected. This suggests
reactivity akin to that observed for the Ag(I) complex.
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Figure 8. Molecular structure of [Cus(Am)4(u-Cl)6(0)] (above)
and the coordination core (below). For clarity, the hydrogens
and selected atoms at disordered positions atoms have been
omitted from the above. All non-Cu bound atoms have been re-
moved in the lower structure. Selected bond lengths (A) and
angles (°): Cu3-02 1.926(5); Cu4-02 1.858(14); Cu3-N5



1.975(12); Cu4-N7 1.971(14); Cu3-Cl4 2.360(3), Cu3-CI3
2.414(5); Cu3-Cl3-Cu4 78.78(15); Cu3-02-Cu4 109.8(4); N5-
Cu3-Cl4 94.7(4); N5-Cu3-CI3 97.5(4).

Although the vapour diffusion experiments were set-up
under nitrogen using dried degassed solvents, it is clear that
some adventitious water (and Oz in the case of copper) must
have been present during set-up or had entered the appa-
ratus during the crystallization period which occurred over
aperiod of about ten days. The presence of water is the most
likely reason for the cleavage of the P-N bond presumably
through catastrophic nucleophilic attack at the P-atom by
H:0. These observations suggest increased fragility of the P-
N bond after deprotonation of the amidinium salt (or in the
presence of base) as, with the exception of the Pt(0) com-
plex (see above), we have not observed any P-N bond cleav-
age with [CgPAmHMe]*, whether coordinated or free. In or-
der to assess the susceptibility of the ligand to hydrolysis
(and nucleophilic attack more generally), we investigated
the reaction of [CgPAmHMe]|BF4+ with OH-/OD- by 3'P{'H}
NMR spectroscopy. When a solution of [a-CgPAmHMe]BF4
in CD3CN was treated with 0.5 mol equivalents of KOH in
D20 (0.5 M solution) the 31P{'H} NMR spectrum showed, ten
minutes after addition of base, two doublets at 41.4 and -
20.4 ppm (Yp-p = 373 Hz) in addition to a residual signal for
[a-CgPAmHMe]BFs and a resonance at 84.4 ppm for a-
CgP(O)H. The doublets are assigned to the P-P bonded di-
mer [a,a-CgP-P(0)Cg] with the P(V) centre giving the down-
field resonance and the P(III) being at -20.4 ppm. When the
reaction was performed in ds-dmso [a-CgP-P(0)Cg] crystal-
lised out from the reaction mixture after several hours of
standing. It is noteworthy that both rac- and meso- forms of
[CgP-P(0)Cg] (along with CgP-PCg and CgP(0)-P(0)Cg)
have been reported previously by the group of Pringle.??
The formation of the diphosphine can be explained by initial
attack of OH-/OD- at [a-CgPAmHMe]BF: to cleave the P-N
bond releasing CgPOH(D) and the neutral amidine. The
CgPOH(D) behaves subsequently as a P-nucleophile and at-
tacks a second [a-CgPAmHMe]BF4+ molecule to generate [a-
CgP-P(0)Cg].

The formation of the diphosphoxane in the Ag(I) complex
can be explained by the generation of a k'-P [Ag(CgPOH)]*
species initiated by the ingress of adventitious water. Coor-
dination prevents direct nucleophilic attack of the phospho-
rus at a second [a-CgPAmHMe]* (as noted above) but allows
0-based attack to generate the observed [a,a-CgPOPCg]. In
an effort to deliberately replicate the observations with the
Ag(I) complex an NMR experiment was performed where-
upon half an equivalent of D20 was added to a solution of
[Ag(a-CgPAmHMe)(OTf)]BF4 in CD3CN. The addition of D20
did not produce any observable change in the 3'P{'H} and
H NMR spectra and it was concluded that the ligand re-
mained intact under these conditions. The subsequent ad-
dition of 0.5 equivalents of KOD gave an immediate dark
precipitate but the 3'P{'H} and 'H NMR spectra were un-
changed after 30 minutes apart from the loss of the
amidinium peak at 8.18 ppm presumably from H/D ex-
change. Inspection of the solution after 24 hours revealed a
significant change in the 3'P{*H} NMR spectrum with a
broad resonance around 100 ppm dominating. Although no
species was isolated from this NMR scale experiment the

similarity between the resonance observed here and that
for the isolated complex 8 would appear to support the in
situ formation of this complex.

These observations reveal [a-CgPAmHMe]* to be acti-
vated towards nucleophilic attack and while this is a frus-
tration for the potential application of [a-CgPAmHMe]* as a
ligand to support catalysis, it may prove useful as a synthon
for the formation of novel asymmetric diphosphines and
other derivatives. Thus, the amidinium group acts as a chi-
ral auxiliary for resolution of the a,3-phosphacycle and
serves as an activating group for the introduction of various
nucleophiles. This may prove to be a viable synthetic proto-
col and investigations are underway to isolate both [a,a-
CgP-P(0)Cg] and [a,a-CgPOPCg] and to explore the produc-
tion of other asymmetric phosphacycles from [a-CgPAm-
HMe]BFa.

Catalytic testing

While the exact nature of the ligand breakdown can only
be speculated upon at present, it is patently clear that the P-
N link is fragile (especially after deprotonation) and the lig-
and is unlikely to be sufficiently robust to support any
metal-based catalysis involving a base. In order to test such
a presumption we undertook some catalysis to assess the
performance of the group 11 metal complexes in the asym-
metric A3 reaction (AA3, scheme 2). From Table 1 it can be
seen that most of the complexes did produce active catalysts
for the AA3 reaction (with the unexpected exception of 4-ni-
trobenzaldehyde) but no enantioselectivity was observed in
all cases. This is somewhat surprising as, even if N-P bond
cleavage occurred prior to or during the catalysis, the re-
sulting phosphacycle and amidine fragments would retain
their inherent chirality and, if one or other or both are still
bound to the metal, some stereo-induction would be ex-
pected. The observation of racemic products in all cases is
therefore, a surprise, and may reflect the presence of active
catalytic species that do not contain the original ligand or
decomposition fragments therefrom. This information is
not available to date and requires further study to confirm
or refute. We are continuing to investigate other catalytic
processes involving metal ions of both the cationic phos-
phine and the NHC derivative and will report these in due
course.
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Scheme 2 The asymmetric A3 reaction.

Table 1 Catalytic performance in the AA3 reaction?

Complex Aldehyde Conver- eec %
sion® %
2d CeHsCHO 100 0
CeHsCHO
4 Ce¢HsCHO 80 0




5 CeHsCHO 80 0
2d 4-N0O2C6¢HsCHO
4 4-NO2C6HsCHO

4-NO2CsHsCHO
4-NO2CsHsCHO

2d 2-MeOCsHsCHO 81 0
4 2-MeOCsHsCHO 75 0

2-MeOCeHsCHO 45 0
2d 4-Me2NCeHsCHO | 29 0
4 4-Me2NCeHsCHO | 47 0
5 4-MezNCeHsCHO | 5 0
L:Cue CeHsCHO 87 0
3L:Cuwf CeHsCHO 73 0

aCHzClz, 40 °C, 36 hrs; b Conversion determined by 'H NMR
analysis of the crude reaction mixtures based on benzaldehyde
conversion; ¢ determined by HPLC analysis using a Phe-
nomonex 5 pm Lux Cellulose-1 (250 x 4.6 mm) column eluted
with 95:5 hexane:propan-2-ol at a flow rate of 0.5 ml min-1; d
with one equivalent of AgBF4; ¢ solid catalyst prepared by the
addition of one equivalent of [a-CgPAmHMe|BFs+ to
[Cu(MeCN)4]BF4in CH2Clz and subsequent removal of volatiles;
f solid catalyst prepared by the addition of three equivalents of
[x-CgPAmHMe]BF4 to [Cu(MeCN)4]BFs in CH2Clz and subse-
quent removal of volatiles.

Conclusion

A single diastereomer of a cationic phosphine has been
synthesized through the combination of asymmetric
amidinium and phosphacycle fragments and subsequent
resolution by recrystallisation. The resultant ligand, as a
single isomer, has been coordinated in the k'-P mode to a
number of metal complexes to allow stereoelectronic pro-
filing. Pertinent empirical data show the ligand to be a pow-
erful m-acceptor, in line with related compounds. Attempts
to deprotonate the metal-bound ligands have thus far
proved unsuccessful with facile N-P bond cleavage being
observed with the Cu(I) and Ag(I) complexes. This would
appear to restrict the potential catalytic application of these
systems as suggested by an initial exploration of the AA3 re-
action which produced completely racemic products for all
the employed complexes. The N-P fragility is an inherent
property of the amidinium phosphine which is shown to be
susceptible to nucleophilic attack at the P-atom. This sur-
reptitious finding may provide an avenue to a library of
novel asymmetric ligands bearing the asymmetric phos-
phacycle. We are continuing to investigate this possibility
and related aspects of ligand integrity and will report our
findings in due course.

EXPERIMENTAL SECTION

General considerations. All procedures were carried
out under an inert atmosphere (N2) using standard Schlenk
line techniques or in an inert atmosphere glovebox (N2).
Chemicals were purchased from commercial sources and
used without further purification unless otherwise stated.

Solvents were purified using an MBraun solvent purifica-
tion system except THF and Et20 which were distilled from
potassium and sodium respectively immediately prior to
use. NMR spectra were recorded on Bruker Fourier 300,
DPX 400 and Avance 500 MHz NMR spectrometers. 'H and
13C{1H} NMR chemical shifts were referenced relative to the
residual solvent resonances in the deuterated solvent.
31P{1H} NMR spectra were referenced relative to 85% H3sPOs
external standard. Mass spectra (ESI) were recorded on a
Waters LCT premier XE spectrometer or, where specified,
through the EPSRC UK National Mass Spectrometry Facility
at Swansea University. All catalytic samples were analysed
by 'H NMR spectroscopy (conversion) and HPLC using a
Phenomonex 5 pm Lux Cellulose-1 (250 x 4.6 mm) column
eluted with 95:5 hexane:propan-2-ol at a flow rate of 0.5 ml
min-! (ee).

Synthesis of [a-CgPAmHMe]BFs. A mixture of 1,8,8-tri-
methyl-4-aza-2-azoniabicyclo[3.2.1]oct-2-ene tetrafluorob-
orate (1.0 g, 4.2 mmol), a,3-CgPBr+’ (1.24 g, 4.2 mmol) and
K2CO03 (1.74 g, 12.6 mmol) were stirred in MeCN (20 ml) for
24 hrs. On return, the mixture was filtered and the solvent
removed in vacuo to give a cream solid. The solid was dis-
solved in CH2Clz (25 ml) whereupon [Me3O]BF4 (0.65 g, 4.40
mmol) was added as a solid and the solution stirred for 30
minutes. The solvent was removed in vacuo and the solid
residue dissolved in hot THF (~30 ml) under Nz. Upon leav-
ing overnight fine fibrous crystals of [a-CgPAmHMe]BFa4
precipitated which were isolated and dried in vacuo. Yield =
0.39 g (20%). A second crop (19%) was isolated after leav-
ing the mother liquor at -20 °C. 31P{1H} (d¢-acetone, 145
MHz): 34.9 ppm. 'H (des-acetone, 400 MHz): 8.47 (s, 1H),
3.78 (dd, 9.0, 5.3 Hz, 1H), 3.42 (s, 3H), 2.83 (m, 1H), 2.40 (m,
1H), 2.28-1.76 (m, 6H), 1.58 (d, 13.0 Hz, 3H), 1.48 (s, 3H),
1.46 (d, 13.8 Hz, 3H), 1.42 (s, 3H), 1.34 (s, 3H), 1.28 (s, 3H),
1.24 (s, 3H) ppm. 3C{'H} (ds-acetone, 100 MHz): 156.7
(CH), 96.5 (C, d, 1.0 Hz), 96.2 (C), 74.9 (C, d, 28.6 Hz), 73.5
(C, d, 16.3 Hz), 71.9 (C), 70.9 (CH, d, 17.6 Hz), 45.1 (CHz, d,
19.7 Hz), 41.8 (C, d, 5.1 Hz), 39.8 (CH2), 39.1 (CHas), 34.8
(CHz2), 32.6 (CHz), 26.8 (CHs, d, 22.3 Hz), 26.8 (CHs), 26.4
(CHs, d, 1.1 Hz), 24.9 (CHs, d, 10.1 Hz), 21.0 (CHs), 17.0
(CHs), 13.2 (CHs3) ppm. HRMS (ES): m/z 381.2316 (calc.
381.2307) [L]*, 100%. Anal: Calc. for C20H34N203PBFa: C,
51.30; H, 7.32; N, 5.98%. Found: C,51.4; H, 7.3; N, 6.1%.

Synthesis of [a-CgP(0)AmHMe]BFs. A solution of [a-
CgPAmHMe]BF4 (30 mg) in MeCN was heated close to boil-
ing in air and left to cool. After several days at RT on the
bench crystals of the oxide formed which were isolated by
filtration. Yield = 20 mg (64%). 3'P{'H} (CDCls, 145 MHz):
28.0 ppm. 'H (CDCls, 400 MHz): 8.35 (d, 4.3 Hz, 1H), 4.01 (t,
5.0 Hz, 1H), 3.38 (s, 3H), 2.69 (m, 1H), 2.59 (dd, 13.9, 1.9 Hz,
1H), 2.45 (dd, 15.0, 2.0 Hz, 1H), 2.28 (m, 1H), 2.18-1.92 (m,
4H), 1.45 (s, 3H), 1.40 (s, 3H), 1.36 (d, 7.0 Hz, 3H), 1.34 (d,
13.4 Hz, 3H), 1.15 (s, 3H), 1.14 (s, 3H) ppm. 3C{1H} (CDCls,
100 MHz): 153.4 (CH, d, 5.6 Hz), 96.4 (C, d, 2.6 Hz), 95.7 (C,
d, 2.7 Hz), 73.6 (C, d, 22.2 Hz), 73.1 (C, d, 14.9 Hz), 72.6 (C),
64.2 (CH), 42.2 (CHz, d, 2.7 Hz), 41.2 (C, d, 3.8 Hz), 40.4 (CH,
d, 2.7 Hz), 39.5 (CHs), 38.7 (CH2), 32.3 (CH2), 25.8 (CH3), 25.4
(CHs), 21.1 (CHs), 19.0 (CHs), 18.7 (CHs, d, 2.2 Hz), 16.5
(CHs), 12.8 (CH3) ppm. HRMS (ES): m/z 397.2258 (calc.
397.2256) [L]*, 100%. Anal: Calc. for C20H3aN204PBF4: C,
49.60; H, 7.08; N, 5.79%. Found: C, 49.8; H, 7.0; N, 5.8%.



Synthesis of trans-[Rh(a-CgPAm-
HMe):z(CO)CI](BF4)2.CH2Cl2. To a stirred solution of
[Rh(CO)Cl]2 (20 mg, 6.0 x 10-5> mol) in CH2Clz (3 ml) was
added, as a solid, [a-CgPAmHMe]BF4 (56 mg, 1.2 x 10-4 mol)
and the yellow solution left to stir for 2 hrs. The volatiles
were removed in vacuo and the resultant solid crystallised
from CH2Cl2/Etz0 in air as fine orange-yellow crystals. Yield
= 70 mg (92%). 3'P{*H} (CDCls3, 145 MHz): 85.0 (d, Jp-rn
152.3 Hz) ppm. 'H (CDCls, 400 MHz): 8.80 (t, 3.2 Hz, 1H),
4.49 (br, 1H), 3.48 (dt, 14.8, 3.3 Hz, 1H), 3.32 (s, 3H), 2.89
(m, 1H), 2.40 (m, 1H), 2.32-1.84 (m, 6H), 1.74 (m, 2 x 3H),
1.51 (s, 3H), 1.45 (s, 3H), 1.38 (s, 3H), 1.35 (s, 3H), 1.17 (s,
3H) ppm. 13C{*H} (CDCl3, 100 MHz): 182.8 (CO, dt, 71.8, 15.2
Hz), 162.9 (CH, t, 14.5 Hz), 97.5 (C, d, 1.0 Hz), 95.9 (C), 79.3
(G t, 5.6 Hz), 74.3 (C, t, 11.9 Hz), 72.4 (C), 65.4 (CH), 47.0
(CH2,t, 7.2 Hz), 43.0 (C), 39.4 (CH2), 38.8 (CH3), 34.2 (CH2),
27.7 (CH2), 26.4 (CHs), 26.2 (CHs), 25.9 (CHs, t, 4.2 Hz), 23.0
(CHs), 17.8 (CHs), 13.9 (CHs3) ppm. HRMS (ES): m/z
1014.3325 (calc. 1014.3372) [M + BF4]*, 100%. Anal: Calc.
for Ca1HesN4O7P2CIRhB2Fs.CH2Cl2: C, 42.47; H, 5.94; N,
4.71%. Found: C, 42.1; H, 6.2; N, 4.7%.

Synthesis of [Au(a-CgPAmHMe)Cl]BF4+.CHz2Clz. To a
stirred solution of [Au(THT)CI] (40 mg, 1.25 x 10-* mol) in
CH:Clz (4 ml) was added, as a solid, [a-CgPAmHMe]BF4 (58
mg, 1.25 x 10-* mol) and the resultant solution left to stir for
2 hrs. The volatiles were removed in vacuo and the resultant
solid crystallised from CH2Cl2 upon slow evaporation in air.
Yield = 70 mg (80%). 3'P{'H} (de¢-acetone, 145 MHz): 70.2
ppm. 'H (de¢-acetone, 400 MHz): 8.51 (d, 3.3 Hz, 1H), 4.29
(dd, 9.4, 4.4 Hz, 1H), 3.39 (s, 3H), 2.81 (m, 1H), 2.65 (ddd,
14.5, 6.6, 1.1 Hz, 1H), 2.40-1.88 (m, 6H), 1.65 (d, 16.0, 3H),
1.47 (d, 17.2 Hz, 3H), 1.39 (obs, 6H), 1.31 (s, 3H), 1.21 (s,
3H), 1.18 (s, 3H) ppm. 3C{'H} (ds-acetone, 100 MHz): 155.5
(CH), 97.3 (C, d, 1.9 Hz), 96.9 (C), 76.5 (C, d, 23.7 Hz), 75.3
(C, d, 32.7 Hz), 74.0 (C), 72.8 (CH, d, 6.4 Hz), 45.5 (CHz, d,
11.8 Hz), 42.6 (C, d, 4.3 Hz), 40.7 (CHs), 39.3 (CH2), 35.3
(CH2), 32.8 (CHz), 26.2 (CHs), 26.1 (CHs), 26.0 (CHs), 23.5
(CHs, d, 3.4 Hz), 20.9 (CHs), 16.9 (CH3), 13.1 (CH3) ppm.
HRMS (ES): m/z 613.1636 (calc. 613.1662) [M]*, 100%.
Anal: Calc. for C20H34N203PClAuBF4.CH2Cl2: C,32.11; H, 4.62;
N, 3.57%. Found: C, 32.0; H, 4.6; N, 3.5%.

Synthesis of [Cu(a-CgPAmHMe)Cl]|BFi+.CH2Clz. To a
stirred suspension of CuCl (11 mg, 1.1 x 10-* mol) in CHz2Clz
(4 ml) was added, as a solid, [a-CgPAmHMe]BF: (50 mg, 1.1
x 104 mol) and the resultant solution left to stir for 12 hrs.
The volatiles were removed in vacuo to give the desired
compound as a white solid. Yield = quantitative. 3'P{*H} (ds-
acetone, 145 MHz): 34.8 (major) ppm. 'H (de-acetone, 400
MHz): 8.48 (s br, 1H), 3.81 (br, 1H), 3.31 (s, 3H), 2.73 (m,
2H), 2.40 (m, 1H), 2.28 (m, 1H), 2.10 (m, 2H), 1.88 (m, 2H),
1.61 (d, 14.6 Hz, 3H), 1.48 (d, 15.6 Hz, 3H), 1.34 (s, 3H), 1.33
(s, 3H), 1.26 (s, 3H), 1.16 (s, 3H), 1.12 (s, 3H) ppm. 3C{*H}
(de-acetone, 100 MHz): 155.6 (CH, br), 96.9 (C), 96.7 (C),
75.6 (C, d, 4.4 Hz), 74.1 (C, d, 16.2 Hz), 73.1 (C), 71.9 (CH,
br), 44.9 (CHz, d, 14.3 Hz), 42.1 (C, d, 4.5 Hz), 40.2 (CHs), 39.3
(CHz), 34.8 (CHz), 34.1 (CHz), 26.5 (CHs), 26.3 (CHs), 24.2
(CHs, d, 5.8 Hz), 21.8 (CH3), 17.2 (CH3), 13.1 (CH3) ppm. MS
(ES): m/z 1093.13 (calc. 1093.35) [2L + 2M + Cl + BFs +
2MeCN]*, 30%. Anal: Calc. for C20H34N203PClICuBF4.CH2Cl2:
C,38.67; H, 5.56; N, 4.30%. Found: C, 38.7; H, 5.7; N, 4.6%.

Synthesis of [Cu(a-CgPAm-
HMe)2(CH3CN)2](BF4)3.CHzCl2. To a stirred solution of
[Cu(CH3CN)4]BF4 (25 mg, 8.0 x 10-5> mol) in CH2Clz (4 ml)
was added, as a solid, [a-CgPAmHMe]BF4 (75 mg, 1.6 x 10+
mol) and the resultant solution left to stir for 2 hrs. The vol-
atiles were removed in vacuo to give the complex as a white
solid. Yield = quantitative. 3'1P{'H} (CDCls, 145 MHz): 38.0
ppm. 'H (CDCls, 400 MHz): 8.19 (d, 3.1 Hz, 1H), 3.63 (t, 6.7
Hz, 1H), 3.26 (s, 3H), 2.70 (m, 1H), 2.24 (s, 6H), 2.20-1.76
(m, 7H), 1.47 (d, 13.8 Hz, 3H), 1.41 (d, 13.8 Hz, 3H), 1.39 (s,
3H),1.32 (s, 3H), 1.31 (s, 3H), 1.13 (s, 3H), 1.10 (s, 3H) ppm.
13C{'H} (CDCl3, 100 MHz): 156.7 (CH, d, 5.9 Hz), 118.6 (C),
96.5 (C, d, 3.5 Hz), 75.2 (C, d, 8.8 Hz), 73.8 (C, d, 2.1 Hz), 72.3
(C), 70.1 (CH, d, 12.8 Hz), 45.4 (CHz, d, 16.6 Hz), 41.9 (C, d,
3.8 Hz), 39.7 (CHs), 39.6 (CHz), 35.4 (CHz), 33.0 (CH2), 27.2
(CHs), 26.9 (CHs3), 26.6 (CHs, d, 17.3 Hz), 24.8 (CH3, d, 7.3
Hz), 21.9 (CHs), 17.5 (CHs), 13.7 (CHs) 2.2 (CHs) ppm. HRMS
(ES): m/z 999.3982 (calc. 999.3977) [M - 2MeCN - BF4]*,
100%. Anal: Calc. for C44H74NsOsP2CuB3F12.CH2Cl2: C, 43.10;
H, 6.11; N, 6.70%. Found: C, 43.6; H, 6.4; N, 6.7%.

Synthesis of [Ag(a-CgPAmHMe):](OTf)(BF4)2. To a
stirred solution of [Ag(OTf)] (26 mg, 1.0 x 10-* mol) in
CH:Clz (4 ml) was added, as a solid, [a-CgPAmHMe]BF4 (95
mg, 2.0 x 10-* mol) and the resultant solution left to stir for
2 hrs. The volatiles were removed in vacuo to give the com-
plex as a white solid. Yield = quantitative. 31P{'H} (CDCls,
145 MHz): 62.7 (d br, Yp-ag 574 Hz) ppm. 'H (CDCls, 400
MHz): 8.29 (s, 1H), 4.22 (d, 4.1 Hz, 1H), 3.26 (s, 3H), 2.85 (m,
1H), 2.76 (d, 14.9 Hz, 1H), 2.27-1.79 (m, 6H), 1.64 (d, 23.7
Hz, 6H), 1.40 (s, 3H), 1.37 (s, 3H), 1.29 (s, 3H), 1.18 (s, 3H),
1.11 (s, 3H) ppm. 3C{*H} (CDCls, 100 MHz): 161.3 (CH, br),
97.7 (), 96.1 (C), 77.5 (C), 75.1 (C), 72.1 (C), 66.8 (CH), 46.4
(CH2), 42.2 (C), 39.9 (CHs), 38.9 (CH2), 37.6 (CH2), 33.8
(CHz), 28.5 (CHs), 27.7 (CHs), 26.3 (CHs), 25.1 (CH3), 22.4
(CH3),17.9 (CH3), 13.9 (CH3) ppm. MALDI: m/z 1043.4 (calc.
1043.37) [M - OTf]*. Anal: Calc. for C40HssN40OoP2SAgB2F11: C,
41.26; H,5.74; N, 4.69%. Found: C, 41.2; H, 5.9; N, 4.7%.

Synthesis of [Pt(a-CgPAmHMe)(dvtms)]BFs+. To a
stirred solution of Ptz(dvtms)s (0.86 x 10-* mol) in THF (4
ml) was added, as a solid, [a-CgPAmHMe]BF4 (80 mg, 1.72 x
10-* mol) and the resultant solution left to stir for 24 hrs.
The volatiles were removed in vacuo to give a cream col-
oured solid that was washed with pentane (2 x 4 ml) and
dried in vacuo. Yield = quantitative. Crystals suitable for
structural analysis by single-crystal X-ray techniques were
obtained by slow-diffusion of pentane into a solution of the
complex in toluene under N2. 3'P{'H} (CD2Cl: 145 MHz):
88.4 (Yp-p: 4237.5 Hz) ppm. 'H (CD2Clz, 400 MHz): 8.07 (d,
7.3 Hz, 1H), 4.44 (dd, 5.3, 2.3 Hz, 1H), 3.20 (s, 3H), 3.13 (dd,
12.2, 6.5 Hz, 1H), 2.92 (m, 1H), 2.77 (m, 2H), 2.54 (m, 2H),
2.40-2.00 (m, 6H), 1.83 (m, 1H), 1.63 (d, 15.0 Hz, 3H), 1.47
(d, 13.5 Hz, 3H), 1.38 (s, 3H), 1.30 (s, 3H), 1.27 (s, 3H), 1.23
(s, 3H), 1.14 (s, 3H), 0.30 (s, 3H), 0.28 (s, 3H), -0.35 (s, 3H),
-0.36 (s, 3H) ppm. 13C{'H} (CD2Clz, 100 MHz): 159.7 (CH, d,
26.6 Hz),96.6 (C),96.1 (C),78.1(C,d, 11.3 Hz), 73.2 (C), 66.4
(CH, d, 4.1 Hz), 53.6 (CH, d, 11.5 Hz), 53.1 (CHz, d, 5.0 Hz),
52.8 (CH, d, 12.6 Hz), 52.3 (CH, d, 12.7 Hz), 51.0 (CHz, d, 6.2
Hz), 45.4 (CHz, d, 15.0 Hz), 42.2 (C), 39.7 (CH3), 38.6 (CHz),
34.0 (CH2), 27.7 (CHs), 26.9 (CH3), 25.9 (CHs, d, 3.9 Hz), 25.4
(CHs,d, 10.0 Hz), 22.5 (CH3s), 18.2 (CH3), 13.8 (CHz3), 1.4 (CHs3,
d, 2.0 Hz), 1.3 (CHs, d, 2.2 Hz), -1.4 (CHz3), -1.5 (CH3) ppm.



HRMS (ES): m/z 762.2849 (calc. 762.2851) [M]+, 100%.
Anal: Calc. for C2sHs2N204PSizPtBF4: C, 39.56; H, 6.17; N,
3.30%. Found: C, 39.7; H, 6.2; N, 3.2%. During an attempt to
recrystallize a sample from acetone in air, colourless crys-
tals were obtained which proved to be [Pt(CgPOH)s]HBF4
derived from decomposition of the original ligand and re-
distribution of the resultant phosphacycle fragments.
31p{1H} (CDCl3 162 MHz): 62.3 (br) ppm. 'H (CD2Clz, 400
MHz): 3.55 (s, 3H), 2.18 (s, 3H), 2.14-2.02 (m, 9H), 1.42 (s,
18H), 1.32 (d, 29.0 Hz, 18H) ppm. MS (ES): m/z 891.29 (calc.
891.22) [M]*, 100%.

Synthesis of [Ag:(a-CgPOPCg)(Am)z(0Tf):]. Asolution
of [Ag(a-CgPAmHMe)(OTf)]BFs+ was prepared in situ by
combining 1 equivalent of both Ag(OTf) and [a-CgPAm-
HMe)]BF4 (80 mg) in CH2Clz (4 ml). After stirring for 1 hr,
the CH2Clz was removed in vacuo and the solid residue dis-
solved in THF (4 ml). Solid KHMDS (1.2 equivs) was added
to the stirred solution and the mixture left overnight at RT.
On return, the mixture was filtered under N2, the residue
dissolved in CH2Clz (3 ml), and re-filtered into an apparatus
set-up for crystallisation by vapour diffusion. Pentane was
added as the precipitating solvent and the apparatus left for
10 days during which time colourless crystals deposited.
Yield = 32 mg. The crystals were suitable for structural anal-
ysis by single-crystal X-ray techniques 3'P{'H} (CDCl3 202
MHz): 107.0 (Yr-ag 667 Hz) ppm. 'H (CDCl3, 500 MHz): 7.21
(s, 2H), 3.20 (s br, 2H), 2.82 (s, 6H), 2.40 (m, 2H), 2.30 (m,
2H), 2.03-1.69 (m, 16H), 1.50 (d, 15.5 Hz, 6H), 1.44 (d, 15.0
Hz, 6H), 1.35 (s, 6H), 1.32 (s, 3H), 1.09 (s, 6H), 100 (s, 6H),
0.97 (s, 6H) ppm. 3C{*H} (CDCls, 125 MHz): 157.1 (CH), 96.6
(€),95.9 (C), 67.8 (C, br), 67.3 (C), 42.6 (CH, br), 40.6 (CH2),
40.1 (CHz), 36.1 (CH3), 34.5 (CH2), 33.0 (CH2), 27.6 (CHs, br),
27.6 (CHs), 26.7 (CHs), 25.1 (CHs, br), 21.9 (CH3), 17.4 (CHs),
14.7 (CH3) ppm. Anal: Calc. for Cs2HesN4O13P2S2Ag2Fe: C,
39.02; H, 5.30; N, 4.33%. Found: C, 38.7; H, 5.1; N, 4.5%. Un-
fortunately, despite several attempts, it was not possible to
obtain satisfactory MS data for this complex.

Synthesis of [Cus(Am)s(p-Cl)s(ps-0)]. A solution of
[Cu(a-CgPAmHMe)(Cl)]BFs+ was prepared in situ by com-
bining 1 equivalent of both CuCl and [a-CgPAmHMe)]|BF4
(80 mg) in CH2Clz (4 ml). After stirring for 1 hr, the CH2Clz
was removed in vacuo and the solid residue dissolved in
THF (4 ml). Solid KHMDS (1.2 equivs) was added to the
stirred solution and the mixture left overnight at RT. On re-
turn, the mixture was filtered under N2, the residue dis-
solved in CHzClz (3 ml), and re-filtered into an apparatus
set-up for crystallisation by vapour diffusion. Pentane was
added as the precipitating solvent and the apparatus left for
10 days during which time golden-brown crystals depos-
ited. Yield = 25 mg. The crystals were suitable for structural
analysis by single-crystal X-ray techniques. Anal: Calc. for
C40H72NgOCu4Cls: C, 41.85; H, 6.32; N, 9.76%. Found: C, 41.8;
H, 6.2; N, 9.7%. Unfortunately, despite several attempts, it
was not possible to obtain satisfactory MS for this complex;
only unbound, protonated amidine being observed in all
casesat 167.16 amu.

Crystal structure determination. Single-crystal XRD
data were collected on an Agilent SupaNova Dual Atlas dif-
fractometer with a mirror monochromator using either Cu

(A =1.5418 A) or Mo (A = 0.7107 A) radiation. Sample tem-
perature was controlled using an Oxford Cryosystems cool-
ing apparatus. Crystal structures were solved and refined
using SHELXS and refined using SHELXL.*8 Non-hydrogen
atoms were refined with anisotropic displacement parame-
ters. Hydrogen atoms were inserted in idealized positions,
and ariding model was used with Uiso setat 1.2 or 1.5 times
the value of Ueq for the atom to which they are bonded. One
of the ligands in [Cus(Am)4(p-C)6(0)] (Figure 8) shows dis-
order over the three fold axis and refinement was carried
out with constrained geometry and displacement parame-
ters.

ASSOCIATED CONTENT

Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website.

NMR, MS and where appropriate IR spectra for all the com-
pounds. Tables of relevant crystallographic data and figures for
the compounds (PDF)

Accession codes

CCDC 1558895, 1558896, 1561527, 1845379-1845382 con-
tain the supplementary crystallographic data for this paper.
These data can be obtained free of charge via
www.ccdc.cam.ac.uk/data_request/cif, or by emailing data_re-
quest@ccdc.cam.ac.uk, or by contacting The Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
UK; fax: +44 1223 336033.

AUTHOR INFORMATION

Corresponding Author
* Email: newmanp1@cardiff.ac.uk.

ORCID
Paul D. Newman: 0000-0002-1808-1211

Notes
The authors declare no competing financial interest.

ACKNOWLEDGMENT

REFERENCES

(1) Kuhn, N.; Fahl ].; Blaser D.; Boese R. Synthesis and properties
of [Ph-2(Carb)P]AICI4 (Carb = 2,3-dihydro-1,3-diisopropyl-4,5-di-
methylimidazol-2-ylidene) - a stable carbene complex of trivalent
phosphorus. Z Anorg. Allg. Chem., 1999, 625, 729-734.

(2) Weigand, ]. J.; Feldmann K. O.; Henne, F. D. Carbene-Stabi-
lized Phosphorus(IIl)-Centered Cations [LPXz]* and [L2PX]?* (L =
NHC; X = Cl, CN, N3). J. Am. Chem. Soc., 2010, 132, 16321-16323.

(3) Gaillard S.; Renaud, J.-L. When phosphorus and NHC (N-het-
erocyclic carbene) meet each other. Dalton Trans., 2013, 42, 7255-
7270.

(4) Canac, Y.; Maaliki, C.; Ibrahim A.; Chauvin, R. Carbeniophos-
phanes and their carbon — phosphorus — metal ternary com-
plexes. New J. Chem., 2012, 36, 17-27.

(5) Schwedtmann, K.; Schoemaker, R.; Hennersdorf, F.; Bauza, A.;
Frontera, A.; Weiss, R.; Weigand, ]. ]. Cationic 5-phosphonio-substi-
tuted N-heterocyclic carbenes. Dalton Trans., 2016, 45, 11384-
11396.


mailto:newmanp1@cardiff.ac.uk

(6) Azouri, M.; Andrieu, ].; Piquet M.; Cattey, H. Synthesis of New
Cationic Donor-Stabilized Phosphenium Adducts and Their Unex-
pected P-Substituent Exchange Reactions. Inorg. Chem., 2009, 48,
1236-1242.

(7) Alcarazo, M. Synthesis, Structure, and Applications of a-Ca-
tionic Phosphines. Acc. Chem. Res. 2016, 49, 1797-1805.

(8) Petuskova, J.; Bruns H.; Alcarazo, M. Cyclopropenylylidene-
Stabilized Diaryl and Dialkyl Phosphenium Cations: Applications in
Homogeneous Gold Catalysis. Angew. Chem., Int. Ed., 2011, 50,
3799-3802.

(9) Tinnermann, H.; Wille C.; Alcarazo, M. Synthesis, Structure,
and Applications of Pyridiniophosphines, Angew. Chem., Int. Ed.,
2014, 53,8732-8736.

(10) Haldén, E.; Kozma, A.; Tinnermann, H.; Gu, L.; Goddard V;
Alcarazo, M. Synthesis and reactivity of alpha-cationic phosphines:
the effect of imidazolinium and amidinium substituents, Dalton
Trans., 2016, 45, 1872-1876.

(11) Mehler, G.; Linowski, P.; Carreras, J.; Zanardi, A.; Dube J. W.;
Alcarazo, M. Bis(cyclopropenium) phosphines: Synthesis, Reactiv-
ity, and Applications. Chem. Eur. ]., 2016, 22, 15320-15327.

(12) Maaliki, C.; Canac, Y.; Lepetit, C.; Duhayon C.; Chauvin, R. P-
oxidation of gem-dicationic phosphines, RSC Adv. 2013, 3, 20391-
20398.

(13) Carreras, J.; Gopakumar, G.; Gu, L.; Gimeno, A. M.; Linowski,
P.; Petruskova, J.; Thiel W.; Alcarazo, M. Polycationic Ligands in
Gold Catalysis: Synthesis and Applications of Extremely pi-Acidic
Catalysts, J. Am. Chem. Soc.,, 2013, 135, 18815-18823.

(14) Petuskova, ].; Patil, M.; Holle, S.; Lehmann, C. W.; Thiel W.;
Alcarazo, M. Synthesis, Structure, and Reactivity of Carbene-Stabi-
lized Phosphorus(III)-Centered Trications [L3P](3+), J. Am. Chem.
Soc. 2011, 133,20758-20760.

(15) Gonzalez-Fernandez, E.; Nicholls, L. D. M,; Schaaf, L. D.; Fa-
res, C.; Lehmann C. W.; Alcarazo, M. Enantioselective Synthesis of
[6]Carbohelicenes, J. Am. Chem. Soc., 2017, 139, 1428-1431.

(16) Gu, L.; Wolf, L. M,; Zielinski, A.; Thiel W.; Alcarazo, M. alpha-
Dicationic Chelating Phosphines: Synthesis and Application to the
Hydroarylation of Dienes, . Am. Chem. Soc., 2017, 139, 4948-4953.

(17) Henne, F. D.; Dickschat, A. T.; Hennersdorf, F.; Feldmann K.
0.; Weigand, J. J. Synthesis of Selected Cationic Pnictanes [LnPnX3-
n|n+ (L = Imidazolium-2-yl; Pn = P, As; n = 1-3) and Replacement
Reactions with Pseudohalogens Inorg. Chem., 2015, 54, 6849-
6861.

(18) Brill, M.; Rominger F.; Hofmann, P. 1,2-Bis(di-tert-bu-
tylphosphino)imidazole (dtbpi): A Versatile Imidazole-Based,
Rigid, Bulky Bisphosphine Ligand for Transition Metals Organome-
tallics, 2015, 34, 506-521.

(19) Lam, J.; Gunther, B. A. R; Farrell, ]. M.; Eisenberger, P.; Best-
vater, B. P.; Newman, P. D.; Melen, R. L.; Crudden C. M.; Stephan, D.
W. Chiral carbene-borane adducts: precursors for borenium cata-
lysts for asymmetric FLP hydrogenations, Dalton Trans., 2016, 45,
15303-15316.

(20) Bouché, M.; Mordan, M.; Kariuki, B. M; Coles, S. ].; Christen-
sen J.; Newman, P. D. Mono- and dimeric complexes of an asymmet-
ric heterotopic P,C-NHC,pyr ligand, Dalton Trans., 2016, 45,13347-
13360.

(21) Kariuki, B. M,; Platts J. A.; Newman, P. D. It's all about Me:
methyl-induced control of coordination stereochemistry by a flex-
ible tridentate N, C, N 'ligand, Dalton Trans., 2014, 43,2971-2978.

(22) Newman, P. D.; Cavell, K. ].; Kariuki, B. M. Variable coordi-
nation of a chiral diphosphine containing an amidinium/NHC
group within its backbone: mu-P,P ', kappa(2)-P,P ' and kappa(3)-
P,C,P ' coordination modes, Dalton Trans., 2012, 41, 12395-12407.

(23) Newman, P. D.; Cavell, K. ].; Kariuki, B. M. Monovalent chiral-
at-copper complexes: halide-controlled diastereoselectivity, Chem.
Commun., 2012, 48, 6511-6513.

(24) Newman, P. D.; Cavell, K. J.; Kariuki, B. M. Metal Complexes
of Chiral NHCs Containing a Fused Six- and Seven-Membered Cen-
tral Ring, Organometallics, 2010, 29, 2724-2734.

(25) Rais, E.; Florke, U.; Wilhelm, R. Reactivity of Grubbs-Hov-
eyda II Complexes Including Extended N-Heterocyclic Carbenes
with a Bicyclic Camphor-Based Framework, Synthesis, 2017, 49,
2852-2864.

(26) Rais, E.; Florke, U.; Wilhelm, R. Synthesis and investigation
of new cyclic haloamidinium salts, Zeitschrift fur Naturforschung
Section B-A Journal of Chemical Sciences, 2016, 71, 667-676.

(27) Koppenwallner, M.; Rais, E.; Uzarewicz-Baig, M.; Tabassum,
S.; Gilani, M. A.; Wilhelm, R. Synthesis of New Camphor-Based Car-
bene Ligands and Their Application in a Copper-Catalyzed Michael
Addition with B(2)Pin(2), Synthesis, 2015, 47, 789-800.

(28) Shuttleworth, T. A.; Miles-Hobbs, A. M.; Pringle, P. G.;
Sparkes, H. A. 2-Pyridyl substituents enhance the activity of palla-
dium-phospha-adamantane catalysts for the methoxycarbonyla-
tion of phenylacetylene, Dalton Trans., 2017, 46, 125-137.

(29) Dodds, D. L.; Floure, ].; Garland, M.; Haddow, M. F.; Leonard,
T. R; McMullin, C. L.; Orpen, A. G.; Pringle, P. G. Diphosphanes de-
rived from phobane and phosphatrioxa-adamantane: similarities,
differences and anomalies, Dalton Trans., 2011, 40, 7137-7146.

(30) Hopewell, J.; Jankowski, P.; McMullin, C. L.; Orpen, A. G.;
Pringle, P. G. Subtleties in asymmetric catalyst structure: the reso-
lution of a 6-phospha-2,4,8-trioxa-adamantane and its applications
in asymmetric hydrogenation catalysis, Chem. Commun., 2010, 46,
100-102.

(31) Wilkins, L. C;; Melen, R. L,; Platts, J. A;; Newman P. D. Ami-
dine functionalized phosphines: tuneable ligands for transition
metals, Dalton Trans., 2017, 46, 14234-14243.

(32) Roodt, A; Otto, S.; Steyl, G. Structure and solution behaviour
of rhodium(I) Vaska-type complexes for correlation of steric and
electronic properties of tertiary phosphine ligands, Coord. Chem.
Rev., 2003, 245, 121-137.

(33) Molloy, K. G.; Peterson, ]. L. N-Pyrrolyl Phosphines: An Un-
exploited Class of Phosphine Ligands with Exceptional .i-Acceptor
Character J. Am. Chem. Soc., 1995, 117, 7696-7710.

(34) Andrieu, J.; Azouri, M.; Richard, P. First donor stabilized-
phosphenium rhodium complexes Inorg. Chem. Commun., 2008,
11,1401-1404.

(35) Canac, Y.; Debono, N.; Vendier, L.; Chauvin, R. NHC-Derived
Bis(amidiniophosphine) Ligands of Rh(I) Complexes: Versatile
cis—trans Chelation Driven by an Interplay of Electrostatic and Or-
bital Effects Inorg. Chem., 2009, 48, 5562-5568.

(36) Falivene, L.; Credendino, R.; Poater, A.; Petta, A.; Serra, L.;
Oliva, R; Scarano, V.; Cavallo, L. SambVca 2. A Web Tool for Analyz-
ing Catalytic Pockets with Topographic Steric Maps, Organometal-
lics, 2016, 35, 2286-2293.

(37) Wu, K; Doyle, A. G. Parameterization of phosphine ligands
demonstrates enhancement of nickel catalysis via remote steric ef-
fects Nature Chem., 2017, 9, 779-784.

(38) Clarke, M. L.; Holliday, G. L.; Slawin, A. M. Z.; Woolins, J. D.
Highly electron rich alkyl- and dialkyl-N-pyrrolidinyl phosphines:
an evaluation of their electronic and structural properties J. Chem.
Soc. Dalton Trans., 2002, 1093-1103.

(39) Socol, S. M,; Verkade, J. G. Ligation of phosphorus ligands to
silver(l). 2. Electronic and steric effects in the coordination of one
to four P(OR)3 and PR3 ligands Inorg. Chem., 1984, 23, 3487-3493.

(40) Kownacki, I; Marciniac, B.; Steinberger, H.; Kubicki, M.;
Hoffmann, M,; Ziarko, A.; Szubert, K.; Majchrzak, M.; Rubinsztajn, S.
Effect of triorganophosphites on platinum catalyzed curing of sili-
con rubber Applied Catal. A: General, 2009, 362, 106-114.

(41) Beuter, G.; Heyke, O.; Lorenz, L.-P. Tetramethyldi-eta-2-vi-
nyldisiloxane(triphenylphosphine)platinum(0)  Zeitschrift  fur
Naturforschung, B: Chemical Sciences, 1991, 46, 1694-1698.

(42) Chandra, G.; Lo, P. Y.; Hitchcock, P. B.; Lappert, M. F. A con-
venient and novel route to bis(.eta.-alkyne)platinum(0) and other
platinum(0) complexes from Speier's hydrosilylation catalyst
H2[PtCl6].xH20. X-ray structure of [Pt{(.eta.-
CH2=CHSiMe2)20}(P-t-Bu3)] Organometallics, 1987, 6, 191-192.

(43) Schmidbaur H.; Schier, A. Argentophilic Interactions, An-
gew. Chem. Int. Ed., 2015, 54, 746-784.



(44) Bondi, A. van der Waals Volumes and Radii, J. Phys. Chem.,
1964, 68, 441-451.

(45) Bertrand J. A.; Kelley, . A. Preparation, structure, and prop-
erties of the tetramethylammonium salt of p4-oxo-hexa-u-chloro-
tetra(chlorocuprate(1l)), Inorg. Chem., 1969, 8, 1982-1985.

(46) Wong, H.; Tom Dieck, H.; O’Connor, C. J.; Sinn, E. Magnetic
exchange interactions in tetranuclear copper(Il) complexes. Effect
of ligand electronegativity, J. Chem. Soc. Dalton Trans., 1980, 786-
789.

P M
Several

examples

&5

N
7
(]

(47) Downing, J. H.; Floure, ].; Heslop, K; Haddow, M. F,;
Hopewell, ].; Lusi, M.; Phetmung, H.; Orpen, A. G.; Pringle, P. G.; Pugh
R. I; Zambrano-Williams, D. General Routes to Alkyl Phosphatri-
oxaadamantane Ligands Organometallics, 2008, 27, 3216-3224.

(48) Sheldrick, G. M. A short history of SHELX Acta Crystallogr. A
2008, 64,112-122.

Fragmented products

*)\/\/

A single enantiomer of a cationic phosphine, [a-CgPAmHMe]BF4 has been synthesised and coordi-
nated to Rh(I), Au(I), Ag(I), Cu(I) and Pt(0). Analysis of pertinent empirical data reveals the ligand
to be highly electron-withdrawing due to the cationic amidinium group directly bound to the
phosphorus. The N-P bond connecting the amidinium and the phosphacycle is susceptible to at-
tack by nucleophiles (H20, OH-) when coordinated leading to bond rupture and release of the neu-
tral amidine group. These fortuitous observations suggest that [a-CgPAmHMe]|BF4 may be a very
useful synthon for the production of novel asymmetric phosphines.

FOR TABLE OF CONTENTS ONLY




