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Abstract: Reaction of [Pt(PEt3)3] with
the primary and secondary phosphine ±
borane adducts PhRPH ¥ BH3 (R�H,
Ph) resulted in oxidative addition of a
P�H bond at the Pt0 center to afford the
complexes trans-[PtH(PPhR ¥ BH3)-
(PEt3)2] (1: R�H; 2 : R�Ph). The
products 1 and 2 were characterized by
1H, 11B, 13C, 31P, and 195Pt NMR spectro-
scopy, and the molecular structures were
verified by X-ray crystallography. In
both cases, a trans arrangement of the
hydride ligand with respect to the phos-

phidoborane ligand was observed. When
2 was treated with PhPH2 ¥ BH3, a novel
phosphidoborane ligand-exchange reac-
tion occurred which yielded 1 and
Ph2PH ¥ BH3. Treatment of 2 with one
equivalent of depe (depe� 1,2-bis-
(diethylphosphino)ethane) resulted in
the formation of the complex cis-

[PtH(PPh2 ¥ BH3)(depe)] (3), in which
the hydride ligand and the phosphido-
borane ligand are in a cis arrangement.
Treatment of 3 with PhPH2 ¥ BH3 was
found to result in an exchange of the
phosphidoborane ligands to give the
complex cis-[PtH(PPhH ¥ BH3)(depe)]
(4) and Ph2PH ¥ BH3. Complex 4 was
found to undergo further reaction in the
presence of PhPH2 ¥ BH3 to give meso-
cis-[Pt(PPhH ¥ BH3)2(depe)] (5) and rac-
cis-[Pt(PPhH ¥ BH3)2(depe)] (6).

Keywords: boranes ¥ dehydro-
coupling ¥ hydrides ¥ P ligands ¥
platinum

Introduction

Metal-catalyzed reactions have had an enormous impact in
the area of organic synthesis, whereas the application of
transition metal catalysis to the formation of homonuclear or
heteronuclear bonds between inorganic elements is relatively
unexplored. Facile and convenient catalytic coupling reac-
tions would be key advances in inorganic synthetic method-
ology and would function as important alternatives to classical
reactions, such as salt metathesis. The discovery of catalytic
dehydrocoupling routes to Si�Si bonds in the mid 1980×s[1] and
the application of this methodology to the synthesis of
polysilanes [SiRR�]n generated considerable interest in the
development of new synthetic methods to produce rings,
chains, and macromolecules based on main-group elements.[2]

Subsequently, transition metal-catalyzed dehydropolymeriza-
tion routes to polygermanes[3, 4] [GeRR�]n and polystannanes[5]

[SnRR�]n have been described and the dehydrocoupling
methodology has also been extended to include reactions
which form new P�P,[6] B�Si,[7] Si�P,[8] Si�N[9] Si�C,[10]

Sn�Te[11] and Si�O[12] bonds. Recently, we have reported a

novel catalytic route towards P�B bond formation that
involves the dehydrocoupling of primary or secondary
phosphine ± borane adducts in the presence of late transi-
tion-metal catalysts to afford linear and cyclic oligomeric
species as well as high molecular weight polyphosphinobor-
anes [Eq. (1) ± (3)].[13±17]
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As part of our ongoing research into the synthesis and
properties of polymers based on a backbone of alternating
four-coordinate phosphorus and boron atoms, an understand-
ing of the dehydropolymerization mechanism is of consid-
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erable fundamental interest. This knowledge might allow for
the development of more efficient catalysts that could
effectively lower the required temperature and allow access
to higher molecular weight polymers (�30000). Late tran-
sition-metal complexes that operate as dehydropolymeriza-
tion catalysts are quite rare,[5c, 6c, 12, 18, 19] and detailed inves-
tigations into the mechanisms of the corresponding catalytic
cycles have yet to appear in the literature. In contrast, the
dehydropolymerization of silanes and stannanes with Group 4
metallocene complexes has been extensively investigated and
has resulted in the development of more efficient catalysts.

A plausible first step in the catalytic dehydrocoupling of
phosphine ± borane adducts may involve insertion of the
transition metal into either the P�H or B�H bond, followed
by subsequent �-bond metathesis and/or oxidative addition/
reductive elimination steps. Previous studies of late transition
metal-catalyzed hydroboration and hydrophosphination re-
actions have supplied ample precedents for insertion of late
transition metals into both P�H and B�H bonds. For example,
the oxidative addition of P�H bonds of phosphines and
phosphine oxides at Pt0 or Pd0 centers has been reported and
is believed to be a key step in the catalytic hydrophosphina-
tion of alkenes and alkynes.[20] In some cases, potential
intermediate species in the catalytic cycle that contain Pt or
Pd hydrides have been isolated and structurally character-
ized.[21] Insertion of RhI and IrI centers[22] into B�H bonds to
afford metal boryl complexes has also been demonstrated.[23]

More recently, reactions involving Me3P ¥ BH3 and Me3P ¥
BH2BH2 ¥ PMe3 have resulted in B�H bond activation and
led to structurally characterized examples of mononuclear
and dinuclear metal boryl complexes.[24] In addition, �-
borane[25] complexes and �1-borane[26] complexes have also
been reported.

However, there has been no investigation into the oxida-
tive-addition chemistry involving late transition-metal com-
pounds with phosphine ± borane adducts that contain both
P�H and B�H bonds. Thus, to fully investigate the potential
mechanistic pathways that may operate during the transition-
metal-catalyzed P�B bond-formation process, a study of the
coordination chemistry of the adducts bearing both P�H and
B�H bonds is desirable. In this paper,[27] we report full details
of our studies on the reactions of Ph2PH ¥ BH3 and PhPH2 ¥
BH3 with the Pt0 species [Pt(PEt3)3], and include a reactivity
study of the resultant complexes.

Results and Discussion

Formation of trans-[PtH(PPhR ¥BH3)(PEt3)2] (1: R�H; 2:
R�Ph): To investigate the potential oxidative-addition
chemistry of phosphine ± borane adducts bearing both P�H
and B�H bonds with transition metal centers, the primary and
secondary adducts PhRPH ¥ BH3 (R�H, Ph) were reacted
with [Pt(PEt3)3] at 60 �C in toluene. Insertion of the Pt center
into the P�H bond was observed with the formation of the
complexes trans-[PtH(PPhR ¥ BH3)(PEt3)2] (1: R�H; 2 : R�
Ph; [Eq. (4)]). Upon workup and recrystallization from
hexanes, the yields of isolated products for the yellow-orange
complexes 1 and 2 were found to be 23% and 63%,
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respectively. The low yield for 1 may be caused by the
decomposition of the complex when heated for prolonged
periods of time at 60 �C. Unfortunately, the insertion reaction
that produces 1 is much more sluggish than that for complex 2
and requires a longer reaction time (21 h); this may contribute
significantly to the low yields observed. Complex 1 was fully
characterized by 1H, 11B, 13C, 31P, and 195Pt NMR spectroscopy,
mass spectrometry, IR spectroscopy, and by X-ray crystallog-
raphy. The spectroscopic evidence obtained was indicative of
the insertion of a [Pt(PEt3)2] fragment into the P�H bond of
the phosphine ± borane adduct, rather than insertion into the
B�H bond. For example, the 1H-coupled 31P NMR spectrum
of 1 showed two sets of signals: 1) a doublet at �� 17.9 ppm,
which is assigned to the PEt3 ligands attached to Pt that show
coupling to one other phosphorus nucleus (2J(P,P)� 19 Hz) as
well as 195Pt satellites (1J(P,Pt)� 2572 Hz), and 2) a broad
doublet of quartets at ���48.7 assigned to the PPhH ¥ BH3

moiety, which arises from coupling with the quadrupolar
boron nucleus (for 11B, I� 3³2, 1J(P,B)� 55 Hz) and one
adjacent hydrogen substituent (1J(P,H)� 299 Hz), in addition
to 195Pt satellites (1J(P,Pt)� 1440 Hz) (Figure 1a). The 11B
NMR spectrum showed a single broad resonance at ��
�33.2, which is in a region typical for resonances of BH3

adducts of phosphines. The spectrum did not display any
coupling to the phosphorus nucleus, while the 1H-coupled
spectrum did not show any distinguishable coupling to the
three hydride protons; rather it resulted in a broadening of the
signal. The 1H NMR spectrum showed the presence of phenyl
and ethyl groups, as well as a broad doublet at �� 4.39
(1J(H,P)� 299 Hz) assigned to the P-H proton of the phos-
phidoborane ligand. The hydridic B-H protons, which typi-
cally occur as a broad 1:1:1:1 quartet, were obscured by the
signals for the ethyl groups. The key feature of the 1H NMR
spectrum was the low-frequency hydride resonance signal at
���5.74 ppm, which appeared as a doublet of triplets with a
larger coupling to one phosphorus nucleus (2J(H,P)� 125 Hz)
and a smaller coupling to two phosphorus nuclei (2J(H,P)�
15 Hz) as well as 195Pt satellites (1J(H,Pt)� 872 Hz) (Fig-
ure 1b). The 195Pt NMR spectrum displayed a triplet of
doublets of doublets at ���3541 ppm (Figure 1c). This
pattern arises from coupling to the two equivalent PEt3

ligands (1J(Pt,P)� 2573 Hz) as well as coupling to the
phosphorus of the phosphine-borane ligand (1J(Pt,P)�
1462 Hz) and the hydride ligand (1J(Pt,H)� 820 Hz). The
NMR evidence was consistent with the presence of one
substituent (PPhH ¥ BH3) trans and two equivalent substitu-
ents (PEt3) cis to the hydride ligand. The EI mass spectrum
showed a peak at m/z 541, corresponding to the loss of a BH3

group from the parent molecular ion. This type of loss is a
typical feature for phosphine ± borane adducts synthesized in
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Figure 1. NMR spectra of trans-[PtH(PPhH ¥ BH3)(PEt3)2] (1). a) 31P NMR
(PPhH ± BH3 region) (1J(H,P)� 299 Hz, 1J(B,P)� 55 Hz, 1J(Pt,P)�
1440 Hz). b) 1H NMR (hydride region) (2J(H,Pcis)� 15 Hz, 2J(H,Ptrans)�
125 Hz, 1J(Pt,H)� 872 Hz). c) 195Pt NMR (1J(Pt,P)� 2573 Hz, 1J(Pt,P)�
1462 Hz, 1J(Pt,H)� 820 Hz).

our group and is indicative of the relative weakness of the
donor ± acceptor nature of the P�B interaction. The IR
spectrum of 1, taken as a Nujol mull between KBr plates,
shows two medium intensity bands at �� � 2350 and 2022 cm�1,
which correspond to B ± H and Pt ± H stretches, respectively.

Full spectroscopic characterization was also performed for
complex 2, many features of which are similar in nature to
those seen for 1. For example, two signals in the 31P{1H} NMR
spectrum were observed at �� 16.7 (PEt3) and �3.7 ppm
(PPh2 ¥ BH3) along with their 195Pt satellites, while the 11B
NMR spectrum showed a broad signal at ���31.4 ppm.
Again, the most convincing evidence for a trans arrangement

appeared in the hydride region of the 1H NMR spectrum,
which displayed a doublet of triplets at ���6.75 ppm,
flanked by 195Pt satellites. This coupling pattern is character-
istic of the hydride ligand coupling with one phosphorus
nucleus trans and two equivalent phosphorus nuclei cis, as
seen in the case of 1. The 195Pt NMR spectrum showed a signal
at ���3450 ppm with a tdd coupling pattern and approx-
imately the same Pt ± P and Pt ± H coupling constants as those
observed in the 1H and 31P NMR spectra. The mass spectrum
of 2 again shows loss of a BH3 group as the highest m/z peak
(617), while the IR spectrum shows B ± H and Pt ± H stretches
at �� � 2341 and 2009 cm�1, respectively.

X-ray crystallographic analysis of 1 and 2: To confirm the
assigned molecular structures of 1 and 2, single-crystal X-ray
analyses were performed. They were found to be consistent
with the spectroscopic data obtained. The molecular structure
of 1 is shown in Figure 2, bond lengths and angles are given in

Figure 2. Molecular structure of trans-[PtH(PPhH ¥ BH3)(PEt3)2] (1). All
hydrogen atoms bonded to carbon are omitted for clarity. Selected bond
lengths and angles are presented in Table 1.

Table 1. The geometry around the PtII center is distorted
square-planar with trans PEt3 ligands. Unfortunately, it was
not possible to find and resolve the hydride proton during the
X-ray study; however, its presence can be inferred from the
rather large P(3)-Pt(1)-P(2) angle of 168.26(5)�, in addition to
the previously mentioned 1H NMR data. The lengths of

Table 1. Selected bond lengths [ä] and angles [�] for 1.

Pt(1)�P(1) 2.3477(14) P(2)-Pt(1)-P(3) 168.26(5)
Pt(1)�P(2) 2.2863(13) P(1)-Pt(1)-P(2) 98.87(5)
Pt(1)�P(3) 2.2771(14) P(1)-Pt(1)-P(3) 92.83(5)
P(1)-H(P1) 1.32(6) Pt(1)-P(1)-C(1) 112.00(18)
P(1)�B(1) 1.953(7) Pt(1)-P(1)-B(1) 119.8(2)
P(1)�C(1) 1.829(6) C(1)-P(1)-H(P1) 98(3)
P(2)�C(7) 1.828(5) B(1)-P(1)-C(1) 111.2(3)
P(2)�C(9) 1.824(6) B(1)-P(1)-H(P1) 107(3)
P(2)�C(11) 1.836(5) Pt(1)-P(1)-H(P1) 106(3)
P(3)�C(13) 1.831(6)
P(3)�C(15) 1.820(6)
P(3)�C(17) 1.831(7)



FULL PAPER I. Manners et al.

¹ 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 0947-6539/03/0901-0274 $ 20.00+.50/0 Chem. Eur. J. 2003, 9, No. 1274

the bonds Pt(1)�P(2) (2.2863(13) ä) and Pt(1)�P(3)
(2.2771(14) ä) were found to be shorter than the Pt(1)�P(1)
bond (2.3477(14) ä). Interestingly, the P(1)�B(1) bond length
of 1.953(7) ä in 1 is longer than that in the parent adduct
PhPH2 ¥ BH3 (1.924(4) ä).[14] The geometries around phos-
phorus and boron atoms in the phosphidoborane ligand are
approximately tetrahedral, with angles around P(1) varying
from 98(3)� to 119.8(2)�, and angles around B(1) varying from
100(5)� to 118(5)�. Complex 1 is the first structurally
characterized example of a transition metal complex contain-
ing a primary phosphidoborane adduct.

For complex 2 (Figure 3), a structure analogous to that of 1
was found, with similar trends in bond lengths and angles
(Table 2). Two of the ethyl substituents on P(2) (namely

Figure 3. Molecular structure of trans-[PtH(PPh2 ¥ BH3)(PEt3)2] (2). All
hydrogen atoms bonded to carbon are omitted for clarity. Selected bond
lengths and angles are presented in Table 2.

C(13), C(14) and C(15), C(16)) are disordered over two sites
with the ratio of occupancies 0.54/0.46. Again, the hydride
ligand could not be located during the X-ray analysis, but the
wide P(2)-Pt(1)-P(3) angle of 160.22(12)� can be used to infer
its presence. This angle is significantly smaller than that of 1
(168.26(5)�), presumably as a consequence of the greater
steric bulk of a secondary phosphidoborane ligand over a
primary ligand. In order to relieve the steric strain caused by
the two phenyl groups, the two PEt3 ligands are pushed away
from the phosphidoborane ligand, thereby reducing the P(2)-

Pt(1)-P(3) angle. The Pt�P bond lengths were found to follow
the same trend as in 1, with the Pt�PEt3 bond lengths
(2.253(3) ä and 2.256(2) ä) being significantly shorter than
the Pt�(PPh2 ¥ BH3) bond length (2.331(3) ä). The P�B bond
length was found to be 1.925(11) ä.

Transition metal complexes of secondary phosphine ± bor-
ane adducts analogous to 2 are rare, with only two known
cases to date. The first is a tetrahedral iron complex [Fe(�5-
C5Me5)(CO)2(PPh2 ¥ BH3)] synthesized from a nucleophilic
metallation reaction between Na[Fe(CO)2(�5-C5Me5)] and
Ph2PCl, followed by generation of the adduct through treat-
ment with BH3 ¥ THF.[28] The second is a square-planar
palladium complex [Pd(dppp)(C6F5)(PPh2 ¥ BH3)] (dppp�
1,3-bis(diphenylphosphino)propane) synthesized from an
anionic phosphine ± borane adduct K[Ph2P ¥ BH3] and
[Pd(dppp)(C6F5)I].[29] This complex is also a proposed inter-
mediate in the Pd-catalyzed coupling of secondary phosphine-
boranes with aryl halides. In addition, transition-metal com-
plexes containing a secondary phosphidoboratabenzene li-
gand have been synthesized and characterized by X-ray
crystallography; namely, [Fe(�5-C5H5)(CO)2(PPh2 ¥ BC5H5),
[ZrH(�5-C5H5)2(PMe3)(PPh2 ¥ BC5H5), and [Rh(PMe3)3-
(PPh2 ¥ BC5H5)].[30] However, routes to these complexes all
require a nucleophilic substitution step, rather than oxidative
addition of the phosphine ± borane adduct itself. Recently, the
reaction of a transition-metal-complexed phosphine [PH3 ¥
W(CO)5] with [Pt(PPh3)2(C2H4)] has been found to yield
[PtH{PH2-W(CO)5}(PPh3)2], in which insertion of the Pt0

center into the P�H bond of the phosphine has occurred.[31, 32]

Only one other example of oxidative addition to transition
metal centers is known for phosphine ± borane adducts;
however, it involves boron trihalide adducts rather than the
hydridic borane (BH3) adducts.[33] Reaction of trans-
[RhX(CO)(PEt3)2] (X�Br, I) with PH3 ¥ BY3 (Y�Cl, Br)
yields the complexes [RhHX(CO)(PEt3)2(PH2 ¥ BY3)], in
which insertion of the transition metal into a P�H bond has
occurred to yield an octahedral Rh complex. When X�NCS,
reaction with PH3 ¥ BBr3 resulted in the formation of
[RhH(CO)(PH2 ¥ BBr3)2(PEt3)2], in which a bis(phosphidotri-
bromoborane) species is formed. However, because of the
instability of these complexes at room temperature, no
crystals suitable for X-ray analysis could be obtained,

Phosphine ± borane ligand-exchange reaction between 2 and
PhPH2 ¥ BH3 : To further explore the reactivity of complexes 1
and 2, the reaction with the adducts Ph2PH ¥ BH3 and PhPH2 ¥
BH3 was investigated in an attempt to induce P�B bond
formation. The expected product from such a reaction would
be a linear dimer of the type BH3-PPhR-BH2-PPhRH (R�H
or Ph). In the case of R�Ph, the linear dimer has been
synthesized independently by Rh-catalyzed dehydrocoupling
of Ph2PH ¥ BH3.[13, 14] Treatment of 1 with either one equiv-
alent of PhPH2 ¥ BH3 or one equivalent of Ph2PH ¥ BH3 did not
lead to a detectable reaction. Similarly, treatment of 2 with
one equivalent of Ph2PH ¥ BH3 failed to lead to the intended
coupling. However, the reaction of 2 with PhPH2 ¥ BH3

resulted in an exchange of the phosphidoborane ligands and
the formation of 1 and Ph2PH ¥ BH3 [Eq. (5)]. The reaction

Table 2. Selected bond lengths [ä] and angles [�] for 2.

Pt(1)�P(1) 2.331(3) P(2)-Pt(1)-P(3) 160.22(12)
Pt(1)�P(2) 2.253(3) P(1)-Pt(1)-P(2) 98.72(9)
Pt(1)�P(3) 2.256(2) P(1)-Pt(1)-P(3) 99.10(9)
P(1)�B(1) 1.925(11) Pt(1)-P(1)-C(1) 115.9(4)
P(1)�C(1) 1.757(9) Pt(1)-P(1)-C(7) 109.7(3)
P(1)�C(7) 1.818(8) Pt(1)-P(1)-B(1) 115.2(5)

C(1)-P(1)-B(1) 106.8(6)
C(7)-P(1)-B(1) 109.0(5)
C(1)-P(1)-C(7) 98.9(4)
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was followed by 31P NMR; 100% conversion occurred after
approximately 8 h. A similar reaction was attempted with 2
and tBuPH2 ¥ BH3; however, no exchange of the phosphine ±
borane ligands was observed in this case. A similar type of
exchange reaction has been previously observed by Glueck
and co-workers for terminal PtII phosphido complexes. They
demonstrated that secondary phosphido complexes react with
primary phosphines to yield primary phosphido complexes
and secondary phosphines.[34] The driving force for the
exchange was related to both the relative Pt�P bond strengths
and also steric effects, because bonds to smaller phosphido
ligands are more thermodynamically favored. In this case,
complex 1 is thermodynamically favored because a primary
phosphidoborane ligand is less sterically demanding than
the corresponding secondary phosphidoborane ligand.[35]

Evidence in support of this assertion is apparent in the
crystal structures of 1 and 2, in which the P-Pt-P angle is
decreased by 8� owing to the sterically bulky secondary
complex to result in more distortion of the ideal square-planar
geometry.

Formation of cis-[PtH(PPh2 ¥ BH3)(depe)] (3) from trans-
[PtH(PPh2 ¥ BH3)(PEt3)2] (2): Because the reactions of pri-
mary and secondary phosphine ± borane adducts with the
trans complexes 1 and 2 did not lead to the desired P�B bond
formation by coupling chemis-
try, attempts were made to
synthesize analogues of 1 and
2 with a cis geometry. It was
hoped that P ± B coupling by
means of reductive elimination
might occur more readily from
a cis geometry than from a trans
arrangement. Therefore, che-
lating phosphines were used in
an attempt to create a structure
in which the hydride ligand and
the phosphidoborane ligand are
arranged cis to one another. For
example, 1:1 stoichiometric re-
actions of 2 and bis(diphenyl-
phosphino)methane (dppm) re-
sulted in no detectable reaction,
whereas reaction with 1,2-bis-
(diphenylphosphino)ethane
(dppe) yielded [Pt(dppe)2] and

the reductive elimination product Ph2PH ¥ BH3, as well as
unreacted 2. When a 1:2 stoichiometry of 2 :dppe was used, full
conversion to [Pt(dppe)2] and Ph2PH ¥ BH3 was observed by
31P NMR. However, when a 1:1 mixture of 2 and 1,2-
bis(diethylphosphino)ethane (depe) was allowed to react at
room temperature, displacement of two PEt3 ligands and
binding of the depe ligand to the Pt center was detected by 31P
NMR spectroscopy. Subsequent workup of the reaction
mixture yielded cis-[PtH(PPh2 ¥ BH3)(depe)] (3) as a white
powder in 68% yield [Eq. (6)]. Characterization by multi-
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PPh2 BH3 Pt
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PEt2

2

+
THF

- 2 PEt3
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nuclear NMR spectroscopy was utilized to establish the
structure of 3 and, in addition, an X-ray analysis confirmed
the cis geometry. For example, the 31P{1H} NMR spectrum
showed three sets of signals: 1) a doublet of doublets at ��
63.7, 2) a doublet of doublets at �� 57.9, and 3) a broad
doublet of quartets at ���2.3, all of which had associated
195Pt satellites (Figure 4). This indicated the presence of three
different phosphorus environments, which implies that the
phosphorus nuclei of the depe ligand are nonequivalent and
might be located in a cis/trans arrangement with respect to the
phosphidoborane ligand. The resonance signal at ��
63.7 ppm was assigned to one PEt2 group of the depe ligand
which couples to two other phosphorus nuclei, one arranged
cis (2J(P,Pcis)� 4.5 Hz) and the other arranged trans
(2J(P,Ptrans)� 276 Hz), and also showed 195Pt satellites
(1J(P,Pt)� 2175 Hz). The resonance signal at �� 57.9 ppm
was assigned to the other PEt2 group of the depe ligand with
coupling to two other phosphorus nuclei in a cis arrangement
as indicated by the smaller coupling constants observed

Figure 4. 31P{1H} NMR spectrum of cis-[PtH(PPh2 ¥ BH3)(depe)] (3). For P(a): 2J(P,Pcis)� 4.5 Hz, 2J(P,Ptrans)�
276 Hz, 1J(Pt,P)� 2175 Hz; P(b): 2J(P,Pcis)� 4.5 Hz, 2J(P,Pcis)� 5.1 Hz, 1J(Pt,P)� 1823 Hz; P(c): 2J(P,Ptrans)�
276 Hz, 1J(P,B)� 63 Hz, 1J(Pt,P)� 2094 Hz.
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(2J(P,Pcis)� 4.5 Hz and 5.1 Hz), as well as 195Pt satellites
(1J(P,Pt)� 1823 Hz). The broad doublet of quartets at ��
�2.3 ppm is assigned to the phosphidoborane ligand, for
which coupling to a trans phosphorus (2J(P,Ptrans)� 276 Hz)
gives rise to a doublet, while coupling to the boron yields a
broad quartet (1J(P,B)� 63 Hz) in addition to 195Pt satellites
(1J(P,Pt)� 2094 Hz). Unfortunately, coupling to the other cis
phosphorus (PEt2) was not observed, presumably as a
consequence of the broadness of the signal that is caused by
coupling with the quadrupolar boron nucleus. The 11B NMR
spectrum showed a broad signal at ���32.1 ppm, which is in
the same region as the signals observed for 1 and 2. Again, the
key feature of the 1H NMR spectrum was the low-frequency
hydride resonance at ���1.74 ppm that appeared as a
doublet of doublets of doublets and arose from coupling to
three different phosphorus nuclei. Smaller couplings were
observed for the two cis phosphorus nuclei (2J(H,Pcis)� 6.3 Hz
and 13.7 Hz), a larger coupling to the single trans phosphorus
nucleus (2J(H,Ptrans)� 174 Hz), and to 195Pt (1J(H,Pt)�
988 Hz). All of this NMR evidence suggests the presence of
one trans substituent (PEt2) and two cis substituents (PEt2 and
PPh2 ¥ BH3) with respect to the hydride ligand.

X-ray crystallographic analysis of 3 : To confirm the structure
of 3, a single-crystal X-ray analysis was performed. The
molecular structure of 3 is shown in Figure 5, bond lengths
and angles are given in Table 3. In contrast to structures 1 and
2, the hydride ligand was located during the course of this
study, and was included in the refinement. In a similar manner
to 1 and 2, the geometry around Pt in 3 is distorted square-
planar, with large angles between the trans substituents of
175.0(13)� (P(3)-Pt(1)-H(Pt(1))) and 170.07(4)� (P(1)-Pt(1)-
P(2)). The angles between the cis substituents are all close to
90�, with the bite angle of the depe ligand being 86.00(4)�. The
Pt(1)�H(Pt(1)) bond length was found to be 1.59(4) ä. This is
much longer than the bond length of 1.29(16) ä found in the
structure of cis-[PtH{P(O)Ph2}{PPh2(OH)}(PEt3)], which has
a similar arrangement of three phosphorus and one hydrogen
atom located around the metal center.[21] The Pt�P bond
length of the phosphidoborane ligand was determined to be
2.3170(11) ä, which is slightly shorter than the bond length of
2.331(3) ä found in the structure of 2. The Pt(1)�P(2) and
Pt(1)�P(3) bond lengths of the chelating phosphine were
found to be 2.2589(11) ä and
2.2969(11) ä, respectively. The
longer Pt(1)�P(3) bond length
may arise as a consequence of
the hydride ligand having a
greater trans influence than
the phosphidoborane ligand.
A similar trend in Pt�P bond
lengths was observed in
the crystal structure of cis-
[PtH{P(O)Ph2}{PPh2(OH)}-
(PEt3)].[21] The P(1)�B(1) bond
length of 1.956(5) ä is longer
than that in structure 2

Figure 5. Molecular structure of cis-[PtH(PPh2 ¥ BH3)(depe)] (3). All
hydrogen atoms bonded to carbon are omitted for clarity. Selected bond
lengths and angles are presented in Table 3.

(1.925(11) ä), which also has a secondary phosphidoborane
ligand bearing two phenyl substituents.

Phosphine ± borane ligand-exchange reaction between 3 and
PhPH2 ¥ BH3: The reactivity of 3 with primary and secondary
phosphine ± borane adducts was explored with the hope of
forming a new P�B bond by means of reductive elimination.
When 3 was treated with one equivalent of Ph2PH ¥ BH3, no
reaction was detected in solution by 31P NMR. However,
when 3 was treated with one equivalent of PhPH2 ¥ BH3, an
exchange of the phosphine-borane ligands was observed after
3 h with the formation of the complex cis-[PtH(PPhH ¥
BH3)(depe)] (4) and Ph2PH ¥ BH3 [Eq. (7)]. The 31P NMR
spectrum showed the formation of three new resonances

Table 3. Selected bond lengths [ä] and angles [�] for 3.

Pt(1)�P(1) 2.3170(11) P(3)-Pt(1)-H(Pt1) 175.0(13)
Pt(1)�P(2) 2.2589(11) P(2)-Pt(1)-P(3) 86.00(4)
Pt(1)�P(3) 2.2969(11) P(1)-Pt(1)-P(2) 170.07(4)
Pt(1)�H(Pt(1)) 1.59(4) P(1)-Pt(1)-P(3) 102.58(4)
P(1)�C(1) 1.830(4) Pt(1)-P(1)-C(7) 111.15(15)
P(1)�C(7) 1.835(4) Pt(1)-P(1)-B(1) 111.27(17)
P(1)�B(1) 1.956(5) Pt(1)-P(1)-C(1) 116.91(14)
C(13)�C(14) 1.524(6)
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assigned to 4 : 1) a broad doublet at ���51.1 ppm (2J(P,P)�
272 Hz) with 195Pt satellites (1J(P,Pt)� 1856 Hz) assigned to
the PhPH ¥ BH3 moiety, 2) a doublet of doublets at ��
56.7 ppm (2J(P,P)� 5.1 Hz and 15.5 Hz) with 195Pt satellites
(1J(P,Pt)� 1762 Hz) assigned to the depe PEt2 group that is cis
to the PPhH ¥ BH3 moiety, and 3) a doublet of doublets at ��
62.4 ppm (2J(P,P)� 5.1 Hz and 272 Hz) with 195Pt satellites
(1J(P,Pt)� 2238 Hz) assigned to the other depe PEt2 group
that is arranged trans to the PPhH ¥ BH3 moiety. The 11B NMR
spectrum of the reaction mixture showed a new resonance at
���34.4 ppm, which is similar to those seen for complexes
1 ± 3. The 1H NMR spectrum showed two distinct resonance
signals associated with 4 : 1) a broad doublet at �� 5.06
(1J(H,P)� 310 Hz) assigned to the PH proton, and 2) a
doublet of multiplets at ���1.88 ppm (2J(H,P)� 171 Hz)
with 195Pt satellites (1J(H,Pt)� 980 Hz) assigned to the
hydride ligand. The coupling pattern of the latter signal
would be expected to be similar to that seen in 3, which occurs
as a doublet of doublet of doublets, arising from a coupling to
two cis and one trans phosphorus nuclei. However, the two cis
couplings are not well-resolved in 4 and result in a doublet of
multiplets instead.

Complex 4 was observed to undergo further reaction with
PhPH2 ¥ BH3 in solution and two new products, 5 and 6, were
detected after 8 h. After 28 h of reaction time, the solution
contained a mixture of complexes 4 (40%), 5 (30%), 6 (30%),
and Ph2PH ¥ BH3 with no further conversion at longer reaction
times. However, reaction of two equivalents of PhPH2 ¥ BH3

with 3 resulted in the quantitative formation of 5 and 6 in a 1:1
ratio after 22 h. An isolated sample of 5 was obtained by
recrystallization and was fully characterized by NMR spec-
troscopy and also single-crystal X-ray diffraction (see below).
The resulting data identified 5 as the (R,S) isomer of cis-
[Pt(PPhH ¥ BH3)2(depe)]. As each phosphorus present in the
phosphidoborane ligands has four unique substituents (Pt, Ph,
B, and H), there are two chiral centers and either meso or rac
forms are expected. The 31P NMR spectrum of 5 showed two
resonance signals associated with the meso form: 1) a broad
doublet at ���40.3 ppm (2J(P,P)� 241 Hz) with 195Pt satel-
lites (1J(P,Pt)� 1717 Hz) assigned to the PhPH ¥ BH3 moiety,
and 2) a multiplet at �� 58.5 ppm with 195Pt satellites
(1J(P,Pt)� 2099 Hz) assigned to the depe ligand. The ob-
served pattern of the multiplet (Figure 6a) occurs as a result
of a non-first order AA�XX� spin system that is due to
the chiral phosphorus centers of the phosphidoborane
moieties. A computer simulation (Figure 6b) was obtained
by fixing the trans coupling constant at 2J(A,X�)� 2J(A�,X)�
230 Hz (as measured from the spectrum) and varying
the cis coupling constants, which refined at 2J(A,X)�
2J(A�,X�)��20 Hz, 2J(X,X�)� 8 Hz and 2J(A,A�)� 0 Hz. It
has been observed that, for spin-simulated 31P NMR spectra
of complexes containing four co-planar phosphorus
nuclei, the cis and trans 2J(P,P) coupling constants are
required to have opposite signs.[36c] The complex cis-
[Pt(�-PPhH)2(Mo(CO)4)(dppe)][36] also has an AA�XX� spin
system that contains two chiral phosphido groups and which
possesses a similar 31P NMR coupling pattern as those
observed for 5 and 6. The 11B NMR spectrum shows a broad
signal at ���37.6 ppm, while the 1H NMR spectrum shows a

Figure 6. a) Selected region (depe) of the 31P{1H} NMR spectrum of (R,S)-
cis-[Pt(PPhH ¥ BH3)2(depe)] (5) along with b) computer simulation of the
AA�XX� spin system with 2J(A,X�)� 2J(A�,X)� 230 Hz, 2J(A,X)�
2J(A�,X�)��20 Hz, 2J(X,X�)� 8 Hz and 2J(A,A�)� 0 Hz. The associated
195Pt satellites are omitted for clarity. Unidentified impurities in the
spectrum are denoted by *.

broad doublet at �� 4.53 ppm (1J(H,P)� 328 Hz) assigned to
the PH proton.

Identification of 5 as the meso form of cis-[Pt(PPhH ¥
BH3)2(depe)] allowed 6 to be assigned as a racemic mixture
of the (R,R) and (S,S) enantiomers. The only spectroscopic
difference between rac-6 andmeso-5 is observed in the 31P{1H}
NMR spectrum: the broad doublet assigned to the phosphi-
doborane moieties was found to be shifted to ���27.5 ppm
(���40.3 for 5) while the multiplet assigned to the depe
ligand occurred at �� 57.6 ppm (�� 58.5 for 5).

Complexes 5 and 6 can also be formed from the reaction of
[(depe)PtCl2] and Li[PPhH ¥ BH3] in CH2Cl2. This route
requires less steps than the aforementioned sequence of
reactions and the only byproduct is LiCl, which is easily
removed by filtration. A second possible route to 4 from the
reaction of the primary complex 1 with depe was also
investigated; however, the only identified products from the
reaction were equal mixtures of complexes 5 and 6. The
presence of 4 in solution could not be detected by 31P NMR,
even as a minor byproduct.
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X-ray crystallographic analysis of 5: The molecular structure
of 5 is shown in Figure 7, bond lengths and angles are given in
Table 4. Disorder in the ethane bridge of the depe ligand was

Figure 7. Molecular structure of (R,S)-cis-[Pt(PPhH ¥ BH3)2(depe)] (5). All
hydrogen atoms bonded to carbon are omitted for clarity. Selected bond
lengths and angles are presented in Table 4.)

observed, with the occupancies of C(1)/C(1*) and C(2)/C(2*)
found to be 0.50/0.50. The hydrogen atoms attached to the
boron and phosphorus atoms of the phosphidoborane moi-
eties were not located and were therefore included in
calculated positions. As in the structures of 1 ± 3, the geometry
around Pt is distorted square-planar with large angles of
175.43(12)� and 174.06(13)� between the trans substituents.
The bite angle of the depe ligand (86.04(13)�) was found to be
nearly identical to the value found for 3 (86.00(4)�). The Pt�P
bond lengths of the phosphidoborane moiety were found to be
consistent with those found for 1, and have values of
2.335(3) ä for Pt(1)�P(3) and 2.354(3) ä for Pt(1)�P(4). In
the absence of a large trans effect from a hydride ligand, the
Pt�P bonds of the depe ligand were found to have equal
lengths of 2.293(3) ä. The P�B bond lengths of the phosphi-
doborane moieties were found to have values of 1.933(17) ä
for P(3)�B(1) and 1.958(17) ä for P(4)�B(2), and are
consistent with the P�B bond lengths found in 1
(1.953(7) ä). The absolute configurations at the chiral phos-
phorus atoms were determined to be (R) for P(3) and (S) for
P(4). Complex 5 represents the first structurally characterized
example of a transition metal complex containing two primary
phosphidoborane ligands.

Mechanism of the formation of 5 and 6: The formation of 5
and 6 from the intermediate complex 4 may result from a

dehydrocoupling reaction between the platinum hydride and
a second equivalent of PhPH2 ¥ BH3. The reaction may
initially involve oxidative addition of the P�H bond of the
adduct to give a PtIV species, followed by reductive elimi-
nation of dihydrogen to generate the disubstituted complexes
5 and 6. However, evidence for a PtIV intermediate was not
detected when the reaction was monitored by NMR spectro-
scopy. This suggests that the process is very fast, although a �-
bond metathesis mechanism involving a four-centered tran-
sition state should also be considered. To the best of our
knowledge, there are no other reactions of this type which
involve mononuclear platinum hydride complexes and either
primary or secondary phosphines or phosphine ± borane
adducts. An analogous reaction in which a dinuclear platinum
hydride complex reacts to form H2 was demonstrated by
Puddephatt et al. The complex [Pt2(�-H)Me6(bu2bpy)2]OTf
(bu2bpy� 4,4�-di-tert-butyl-2,2�-bipyridine, OTf� SO3CF3)
was shown to react with acids, such as HCl, CF3COOH, and
HSPh, to formally generate H2 (not observed) and the
substituted complexes.[37, 38]

Conclusion

Oxidative addition of the P�H bonds of primary and
secondary phosphine ± borane adducts at Pt0 centers has been
found to yield the trans complexes 1 and 2. Subsequent P�B
bond coupling could not be induced by further treatment with
PhPRH ¥ BH3; however, an unusual phosphidoborane ligand-
exchange reaction between 2 and PhPH2 ¥ BH3 to yield 1 and
Ph2PH ¥ BH3 was observed. This exchange process was
dependent upon steric factors. The primary phosphidoborane
PtII complex 1 is thermodynamically favored over the more
sterically hindered secondary complex 2. Addition of a
chelating phosphine (depe) to 2 resulted in the displacement
of the PEt3 ligands to yield complex 3, in which the hydrido
and phosphidoborane ligands are arranged cis to one another.
The only route to the analogous complex 4 found in this work
involves the phosphidoborane ligand-exchange reaction be-
tween 3 and PhPH2 ¥ BH3. Complex 4 undergoes further
reaction with PhPH2 ¥ BH3 to give 5 and 6, which are the meso
and rac forms of the corresponding disubstituted phosphido-
borane complex. Complex 5 represents the first structurally
characterized example of a transition metal complex contain-
ing two primary phosphidoborane ligands. The reaction of 4
with PhPH2 ¥ BH3 can be formally considered a novel dehy-
drocoupling reaction with the formation of H2 and a new Pt�P
bond.

The lack of any detectable P�B bond-formation chemistry
during the reaction of 1 ± 4 with phosphine ± borane adducts
suggests that other mechanisms for the catalytic dehydrocou-
pling chemistry, which do not involve the initial formation of
M�P bonds, may need to be considered. We are now also
exploring the reactivity of phosphine ± borane adducts with
other late transition metal centers and are addressing the
possibility that metal-boryl[23] species may be productively
involved in the catalytic cycle.

Table 4. Selected bond lengths [ä] and angles [�] for 5.

Pt(1)�P(1) 2.293(3) P(1)-Pt(1)-P(2) 86.04(13)
Pt(1)�P(2) 2.293(3) P(1)-Pt(1)-P(3) 91.27(12)
Pt(1)�P(3) 2.335(3) P(1)-Pt(1)-P(4) 174.06(13)
Pt(1)�P(4) 2.354(3) P(2)-Pt(1)-P(3) 175.43(12)
P(3)�B(1) 1.933(17) P(2)-Pt(1)-P(4) 94.00(12)
P(4)�B(2) 1.958(17) P(3)-Pt(1)-P(4) 89.05(12)
P(3)�C(11) 1.832(14)
P(4)�C(17) 1.819(14)



Phosphinoborane Platinum Complexes 271±281

Chem. Eur. J. 2003, 9, No. 1 ¹ 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 0947-6539/03/0901-0279 $ 20.00+.50/0 279

Experimental Section

General procedures and materials : All reactions and product manipula-
tions were performed under an atmosphere of dry nitrogen by means of
standard Schlenk techniques or in a glovebox under an inert atmosphere.
All solvents were dried over appropriate drying agents, such as Na/
benzophenone (toluene, hexanes, THF) or CaH2 (CH2Cl2), and distilled
prior to use. BH3 ¥ SMe2, BH3 ¥ THF (1� in THF), dppe, dppm, BuLi (1.6�
in hexanes) (Aldrich), PhPH2, Ph2PH, Et3P, depe (Strem Chemicals), as
well as PtCl2 and K2PtCl4 (Pressure Chemical Co.) were purchased and
used as received. Ph2PH ¥ BH3 was prepared by means of a procedure
analogous to that used for PhPH2 ¥ BH3.[39] [Pt(depe)Cl2][40] and
[Pt(PEt3)4][41] were prepared according to literature procedures. [Pt(PEt3)3]
was obtained by heating [Pt(PEt3)4] at 60 �C in vacuo for 16 h.

Equipment : NMR spectra were recorded on either a Varian Gemini
300 MHz or a Varian Unity 400 MHz (13C) spectrometer. Chemical shifts
are reported relative to residual protonated solvent resonances (1H, 13C) or
external standards: BF3 ¥ Et2O (11B), H3PO4 (31P), or K2PtCl6 (195Pt). All
spectra were obtained at room temperature (25 �C) unless otherwise
specified. Mass spectra were obtained with a VG 70 ± 250S mass spec-
trometer operating in the electron impact (EI) mode. Melting point
determinations were performed in sealed capillaries and are uncorrected.
Infrared spectra were recorded on a Nicolet Magna550 FT-IR instrument
as Nujol mulls between KBr plates. Elemental analyses were performed by
Quantitative Technologies Inc., Whitehouse, NJ (USA).

X-ray structural characterization : Crystallographic data and the summary
of data collection and refinement for structures 1, 2, 3, and 5 are presented
in Table 5. Diffraction data were collected on a Nonius Kappa-CCD with
graphite-monochromated MoK� radiation (�� 0.71073 ä). The data were
integrated and scaled with the Denzo-SMN package.[42] The structures were
solved and refined with the SHELXTL-PCV5.1 software package.[43]

Refinement was by full-matrix least-squares on F 2 of all data (negative
intensities included). All molecular structures are presented with thermal
ellipsoids at a 30% probability level. In all structures, hydrogens bonded to
carbon atoms were included in calculated positions and treated as riding

atoms. For structures 1 and 3, the hydrogen atoms attached to boron and
phosphorus or platinum (3) were located and refined with isotropic thermal
parameters. For structures 2 and 5, the hydrogen atoms attached to boron
and phosphorus were located and were included in calculated positions and
treated as riding atoms.

CCDC-1821620 (1), CCDC-189321 (2), CCDC-189322 (3), and CCDC-
189323 (5) contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallographic Data Centre,
12 Union Road, Cambridge CB21EZ, UK; fax: (�44)1223-336033; or
deposit@ccdc.cam.uk).

Synthesis of trans-[PtH(PPhH ¥BH3)(PEt3)2] (1): [Pt(PEt3)3] (453 mg,
0.82 mmol) in toluene (15 mL) was added dropwise to a solution of
PhPH2 ¥ BH3 (134 mg, 1.08 mmol) in toluene (10 mL), and the mixture was
heated to 60 �C for 21 h. The solvent was removed under vacuum, and the
oily orange residue extracted with hot hexanes (30 mL) and filtered. The
solvent was removed under vacuum to give a yellow powder. X-ray quality
crystals of 1 were obtained overnight from a hexanes solution at �20 �C.
Yield 106 mg (23%); m.p. 67 ± 68 �C; 1H NMR (300 MHz, CDCl3): ��
7.76 ± 7.70 (m; Ph), 7.26 ± 7.19 (m; Ph), 4.39 (d, 1J(H,P)� 299 Hz; PH), 1.80
(m; CH2), 1.03 (m; CH3), �5.74 ppm (dt, 2J(H,Ptrans)� 125 Hz, 2J(H,Pcis)�
15 Hz, 1J(H,Pt)� 872 Hz; PtH); 11B{1H} NMR (96 MHz, CDCl3): ��
�33.2 ppm (br); 13C{1H} NMR (75 MHz, CDCl3): �� 137.6 (d, 1J(C,P)�
30 Hz; ipso-Ar), 134.6 (d, J(C,P)� 8 Hz; Ar), 128.1 (Ar), 127.6 (d, J(C,P)�
8 Hz; Ar), 19.2 (m; CH2), 8.9 ppm (m; CH3); 31P NMR (121 MHz, CDCl3):
�� 17.9 (d, 2J(P,P)� 19 Hz, 1J(P,Pt)� 2572 Hz; PEt3), �48.7 ppm (brdq,
1J(P,H)� 299 Hz, 1J(P,B)� 55 Hz, 1J(P,Pt)� 1440 Hz; PHPh); 195Pt NMR
(64 MHz, CDCl3): ���3541 ppm (tdd, 1J(Pt,P)� 2573 Hz, 1J(Pt,P)�
1462 Hz, 1J(Pt,H)� 820 Hz); IR (Nujol): �� � 2350 (BH), 2022 (PtH) cm�1;
EI-MS (70 eV): m/z (%): 541 (1) [M�BH3]� , 118 (100) [PEt3]; elemental
analysis calcd (%) for C18H40BP3Pt: C 38.93, H 7.26; found: C 38.95, H 7.17.

Synthesis of trans-[PtH(PPh2 ¥ BH3)(PEt3)2] (2): [Pt(PEt3)3] (243 mg,
0.44 mmol) in toluene (10 mL) was added dropwise to a solution of
Ph2PH ¥ BH3 (88 mg, 0.44 mmol) in toluene (15 mL), and the mixture was
heated to 60 �C for 8 h. The solvent was removed under vacuum, and the
oily orange residue was extracted with hot hexanes (15 mL) and filtered.

Table 5. Crystallographic data and summary of data collection and refinement for structures 1 ± 3 and 5.

1 2 3 5

empirical formula C18H40BP3Pt C24H44BP3Pt C22H38BP3Pt C22H42B2P4Pt
fw 555.31 631.40 601.33 647.15
T [K] 150(1) 293(2) 150(1) 150(1)
� [ä] 0.71073 0.71073 0.71073 0.71073
crystal system monoclinic orthorhombic monoclinic orthorhombic
space group C2/c Pna21 P21/c P212121

crystal size [mm] 0.15� 0.15� 0.10 0.25� 0.23� 0.20 0.25� 0.23� 0.20 0.30� 0.13� 0.05
a [ä] 27.1904(13) 18.8758(5) 10.2932(3) 9.2179(5)
b [ä] 9.8355(7) 9.1055(2) 15.3514(4) 17.3840(9)
c [ä] 19.0955(11) 15.9449(4) 16.5890(4) 17.5273(9)
� [�] 90 90 90 90
	 [�] 110.777(3) 90 99.749(1) 90

 [�] 90 90 90 90
V [ä3] 4774.6(5) 2740.51(12) 2583.46(12) 2808.6(3)
Z 8 4 4 4
DC [gcm�3] 1.545 1.530 1.546 1.530
� [mm�1] 6.077 5.304 5.622 5.231
F(000) 2206 1264 1192 1288
� range [�] 2.62 ± 27.51 4.14 ± 26.68 2.55 ± 25.02 3.42 ± 25.01
index ranges 0� h� 35 � 24�h� 23 0� h� 12 � 9�h� 10

0� k� 12 � 11�k� 11 0� k� 18 � 20�k� 20
� 24� l� 23 � 20� l� 20 � 19� l� 19 � 20� l� 20

reflections collected 51791 22765 15075 11095
indexed reflections 5176 5521 4551 4868
Rint 0.063 0.065 0.047 0.0725
GoF on F 2 1.042 1.063 1.060 1.125
R1

[a] [(I� 2�(I)] 0.0387 0.0393 0.0268 0.0554
wR2[b] (all data) 0.0969 0.1055 0.0603 0.1445
peak/hole [eä3] 1.728/� 2.476 1.681/� 1.999 1.335/� 0.937 2.602/� 1.788

[a] R1�� � �F0 �� �FC � �/� �F0 �. [b] wR2� {�[w(F0
2 �FC

2)2]/�[w(F0
2)2]}1/2
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X-ray quality orange crystals of 2 formed overnight at room temperature.
Yield 175 mg (63%); m.p. 113.5 ± 114 �C; 1H NMR (300 MHz, C6D6): ��
8.26 ± 8.14 (m; Ph), 7.26 ± 7.00 (m; Ph), 3.0 ± 1.9 (brq; BH3), 1.48 (m; CH2),
0.93 (m; CH3), �6.75 ppm (dt, 2J(H,Ptrans)� 124 Hz, 2J(H,Pcis)� 17 Hz,
1J(H,Pt)� 805 Hz, PtH); 11B{1H} NMR (96 MHz, C6D6): ���31.4 ppm
(br); 13C{1H} NMR (75 MHz, C6D6): �� 144.8 (d, 1J(C,P)� 27 Hz; ipso-
Ar), 135.1 (m; Ar), 19.9 (m; CH2), 9.3 ppm (m; CH3); 31P{1H} NMR
(121 MHz, C6D6): �� 16.7 (d, 2J(P,P)� 17 Hz, 1J(P,Pt)� 2648 Hz; PEt3),
�3.7 ppm (br, 1J(P,Pt)� 1575 Hz; PPh2); 195Pt NMR (64 MHz, C6D6): ��
�3450 ppm (tdd, 1J(Pt,P)� 2660 Hz, 1J(Pt,P)� 1643 Hz, 1J(Pt,H)�
789 Hz); IR (Nujol): �� � 2341 (BH), 2009 (PtH) cm�1; EI-MS (70 eV):
m/z (%): 617 (21) [M�BH3]� , 62 (100) [H2PEt]; elemental analysis calcd
(%) for C24H44BP3Pt: C 45.65, H 7.02; found: C 45.86, H 6.98.

Exchange reaction between 2 and PhPH2 ¥ BH3 : A solution of PhPH2 ¥ BH3

(6 mg, 0.04 mmol) in C6D6 was added to a solution of 2 (29 mg, 0.04 mmol)
in C6D6 in a 5-mm NMR tube. The reaction was monitored periodically by
31P{1H} NMR spectroscopy. Full conversion to 1 and Ph2PH ¥ BH3 was
achieved after 8 h at room temperature.

Reaction of 2 and dppm : dppm (35 mg, 0.09 mmol) was added to a solution
of 2 (58 mg, 0.09 mmol) in C6D6 in a 5-mm NMR tube. After 2 h at room
temperature, the 31P{1H} NMR spectrum indicated that no reaction had
occurred. A second equivalent of dppm was added (34 mg, 0.09 mmol) and
the 31P{1H} NMR spectrum again showed no reaction.

Reaction of 2 and dppe : dppe (22 mg, 0.06 mmol) in C6D6 was added to a
solution of 2 (35 mg, 0.05 mmol) in C6D6 in a 5-mm NMR tube. After
15 min at room temperature, the 31P{1H} NMR spectrum showed the
presence of [Pt(dppe)2] (�� 31.6 ppm, 1J(Pt,P)� 3729 Hz; literature value
�� 30.2 ppm, 1J(Pt,P)� 3728 Hz),[44] PEt3 (���18.6 ppm) and Ph2PH ¥
BH3 (�� 2.9) as well as unreacted 2. Another equivalent of dppe was
added (23 mg, 0.05 mmol) and the 31P{1H} NMR spectrum showed full
conversion to [Pt(dppe)2], PEt3, and Ph2PH ¥ BH3.

Synthesis of cis-[PtH(PPh2 ¥ BH3)(depe)] (3): depe (33 mg, 0.16 mmol) in
THF (2 mL) was added to a solution of 2 (97 mg, 0.15 mmol) in THF
(5 mL) at room temperature, and the mixture was stirred for 1 h. All
volatiles were removed under vacuum, and the resulting solid was dissolved
in toluene (5 mL) to give a yellow solution and a white powder 3. The
solution was carefully decanted and the powder was washed with toluene
(2� 5 mL) and dried in vacuo overnight. X-ray quality crystals of 3 were
obtained from slow evaporation of a THF solution at room temperature.
Yield 63 mg (68%); m.p. 179 ± 181 �C; 1H NMR (300 MHz, [D8]THF): ��
7.80 ± 7.34 (m; Ph), 7.16 ± 7.08 (m; Ph), 2.0 ± 0.8 (br; BH3), 1.99 ± 1.67 (m;
depe and Et CH2), 1.20 ± 0.83 (m; CH3), �1.74 (ddd, 2J(H,Ptrans)� 174 Hz,
2J(H,Pcis)� 14 Hz, 2J(H,Pcis)� 6.3 Hz, 1J(H,Pt)� 988 Hz; PtH); 11B{1H}
NMR (96 MHz, [D8]THF): ���32.1 ppm (br); 13C{1H} NMR (75 MHz,
[D8]THF): �� 145.0 (d, 1J(C,P)� 32 Hz; ipso-Ar), 135.3 (m; Ar), 128.0
(Ar), 127.7 (Ar), 27.1 ± 26.5 (m; depe CH2), 21.9 ± 19.6 (m; CH2), 10.3 ±
9.3 ppm (m; CH3); 31P{1H} NMR (121 MHz, [D8]THF): �� 63.7 (dd,
2J(P,Pcis)� 4.5 Hz, 2J(P,Ptrans)� 276 Hz, 1J(P,Pt)� 2175 Hz; PEt2), 57.9 (dd,
2J(P,Pcis)� 4.5 Hz, 2J(P,Pcis)� 5.1 Hz, 1J(P,Pt)� 1823 Hz; PEt2), �2.3 ppm
(brdq, 2J(P,Ptrans)� 276 Hz, 1J(P,B)� 63 Hz, 1J(P,Pt� 2094 Hz; PPh2); EI-
MS (70 eV): m/z (%): 587 (100) [M�BH3]� ; elemental analysis calcd (%)
for C22H38BP3Pt: C 43.94, H 6.37; found: C 43.87, H 6.25.

Exchange reaction between 3 and one equivalent of PhPH2 ¥ BH3; synthesis
of cis-[PtH(PPhH ¥BH3)(depe)] (4): A solution of PhPH2 ¥ BH3 (15 mg,
0.12 mmol) in CD2Cl2 was added to a solution of 3 (63 mg, 0.11 mmol) in
CD2Cl2 in a 5-mm NMR tube. The reaction was monitored periodically by
31P, 11B, and 1H NMR. After 3 h at room temperature, the presence of 4 and
Ph2PH ¥ BH3 was detected in the solution.

Ph2PH ¥BH3 : 1H NMR (300 MHz, CD2Cl2): �� 6.33 ppm (dq, 1J(P,H)�
381 Hz, 3J(H,H)� 6.9 Hz; PH); 11B{1H} NMR (96 MHz, CD2Cl2): ��
�40.4 ppm (d, 1J(B,P)� 44 Hz); 31P{1H} NMR (121 MHz, CD2Cl2): ��
1.87 ppm (q, br).

cis-[PtH(PPhH ¥BH3)(depe)] 4 : Selected 1H NMR (300 MHz, CD2Cl2):
�� 5.06 (brd, 1J(P,H)� 310 Hz; PH), �1.88 ppm (dm, 2J(H,Ptrans)�
171 Hz, 1J(H,Pt)� 980 Hz; PtH); 11B{1H} NMR (96 MHz, CD2Cl2): ��
�34.4 ppm (d, 1J(B,P)� 47 Hz); 31P{1H} NMR (121 MHz, CD2Cl2): ��
62.4 (dd, 2J(P,Pcis)� 5.1 Hz, 2J(P,Ptrans)� 272 Hz, 1J(P,Pt)� 2238 Hz; PEt2),
56.7 (dd, 2J(P,Pcis)� 5.1 Hz, 2J(P,Pcis)� 15.5 Hz, 1J(P,Pt)� 1762 Hz; PEt2),
�51.1 ppm (d, 2J(P,Ptrans)� 272 Hz, 1J(P,Pt)� 1856 Hz; PhPH).

After 8 h, the formation of two new products 5 and 6 was observed in the
NMR spectra, in addition to signals associated with complex 4 and
unreacted 3. The reaction was left to proceed for a further 20 h at room
temperature after which time the NMR spectra indicated full conversion of
3 to a mixture of 4 (40%), 5 (30%), and 6 (30%). All attempts to isolate
pure samples of 4 failed.

Exchange reaction between 3 and two equivalents of PhPH2 ¥ BH3;
synthesis of meso-cis-[Pt(PPhH ¥BH3)2(depe)] (5) and rac-cis-
[Pt(PPhH ¥BH3)2(depe)] (6): A solution of PhPH2 ¥ BH3 (16 mg,
0.13 mmol) in CH2Cl2 (2 mL) was added to a solution of 3 (39 mg,
0.06 mmol) in CH2Cl2 (2 mL) at room temperature. After 22 h, the solvent
was removed and the resulting oil was washed with toluene (5 mL) to
remove Ph2PH ¥ BH3. The residue was dissolved in CH2Cl2/hexanes (1:1)
and colorless, X-ray quality crystals of 5 were formed by slow evaporation
at room temperature.

meso-cis-[Pt(PPhH ¥BH3)2(depe)] 5 : Yield was not determined; m.p. 184 ±
185 �C; 1H NMR (300 MHz, CD2Cl2): �� 7.79 ± 7.75 (m; Ph), 7.33 ± 7.31 (m;
Ph), 4.53 (brd, 1J(H,P)� 328 Hz; J PH), 2.28 ± 2.20 (m; CH2), 1.80 (brm,
depe CH2), 1.61 ± 1.51 (m; CH2), 1.18 (m; CH3), 0.80 ppm (m; CH3); 11B{1H}
NMR (96 MHz, CD2Cl2): ���37.6 ppm (br); 13C{1H} NMR (100 MHz,
CD2Cl2): �� 133.2 (d, 1J(C,P)� 40 Hz, ipso-Ar), 135.5 (m; Ar), 129.6 (m;
Ar), 128.3 (m; Ar), 24.5 (m; depe CH2), 19.0 (m; CH2), 9.2 ppm (m; CH3);
31P{1H} NMR (121 MHz, CD2Cl2): �� 58.5 (m; 2J(A,X�)� 2J(A�,X)�
230 Hz, 2J(A,X)� 2J(A�,X�)��20 Hz, 2J(X,X�)� 8 Hz, 2J(A,A�)� 0 Hz,
1J(P,Pt)� 2099 Hz; PEt2), �40.3 (brd, 2J(P,P)� 241 Hz, 1J(P,Pt)� 1717 Hz;
PhPH); EI-MS (70 eV): m/z (%): 617 (4) [(depe)Pt(PPh)2], 541 (4)
[(depe)Pt(PPh)(PH)].

rac-cis-[Pt(PPhH ¥BH3)2(depe)] 6 : 31P{1H} NMR (121 MHz, CD2Cl2): ��
57.6 (m, 2J(A,X�)� 2J(A�,X)� 230 Hz, 2J(A,X)� 2J(A�,X�)��20 Hz,
2J(X,X�)� 8 Hz, 2J(A,A�)� 0 Hz, 1J(P,Pt)� 2119 Hz; PEt2), �27.5 ppm
(brd, 2J(P,P)� 251 Hz, 1J(P,Pt)� 1678 Hz; PhPH).

As 5 and 6 are stereoisomers, there was no difference found in the 1H and
11B NMR or EI-MS. Analysis for a mixture of 5 and 6 calcd (%) for
C22H40BP4Pt: C 40.83, H 6.54; found: C 40.89, H 6.61.

Reaction of [Pt(depe)Cl2] and Li[PPhH ¥BH3]: Li[PPhH ¥ BH3] was
prepared by reacting a solution of PhPH2 ¥ BH3 (20 mg, 0.16 mmol) in
THF (2 mL) with a solution of 1.6� BuLi in hexanes (0.10 mL, 0.16 mmol)
at 0 �C. The mixture was warmed to room temperature, and a solution of
[Pt(depe)Cl2] (38 mg, 0.08 mmol) in THF (2 mL) was added. The mixture
was stirred for 4 h, the volatiles were removed, and the residue was
dissolved in CH2Cl2 and filtered to remove LiCl. The solution was shown by
31P NMR to consist of an equal mixture of 5 and 6.

Reaction of 1 and depe : A solution of depe (29 mg, 0.14 mmol) in THF
(1 mL) was added to a solution of 1 (75 mg, 0.14 mmol) in THF (2 mL) at
room temperature. The mixture was stirred for 1 h and the volatiles were
removed in vacuo. The resulting oil showed a mixture of 5 and 6. Similar
results were obtained if C6D6 was used as a reaction solvent instead of THF.
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