
DOI: 10.1002/asia.200800388

Bridging M�Cl Bonds with Ambiphilic Phosphine–Borane Ligands

S�bastien Bontemps,[a] Ghenwa Bouhadir,[a] David C. Apperley,[b] Philip W. Dyer,[b]

Karinne Miqueu,*[c] and Didier Bourissou*[a]

Introduction

Over the last few years there has been an ever-growing in-
terest in the use of ambiphilic compounds as ligands for
transition metals.[1–7] By varying the nature of the donor
(phosphine, pyridine) and acceptor (borane, alane) sites, dif-
ferent coordination modes of such ligands have been estab-
lished (Figure 1). In particular, the presence of donor but-
tresses has been exploited to support M!borane interac-
tions (coordination mode I),[8–10] thereby affording a better
understanding of the properties of the s-acceptor bonding
component. The introduction of a pendant Lewis acid (coor-
dination mode II)[11] in the secondary coordination sphere,
potentially susceptible to interaction with a substrate or a
co-ligand, has also been illustrated. Furthermore, a small
number of complexes have been prepared that substantiate
the ability of ambiphilic ligands to bridge M�X bonds (coor-
dination mode III).[10b,c,g,12] Such a bridging coordination
mode represents a preliminary stage in the intramolecular
activation of M�X bonds,[13] which can ultimately form zwit-
terionic complexes (coordination mode IV), as the result of
X abstraction from the metal by the Lewis acid.[14]

Herein we report a combined experimental/theoretical
study focused on the bridging coordination of the ambiphilic
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(PBCy2: R=Cy; PBMes2: R= Mes).
Reaction of [PdCl ACHTUNGTRENNUNG(allyl) ACHTUNGTRENNUNG(PBCy2)] (3)
with HCl affords the related dinuclear
complex [PdCl ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG(PBCy2)]2 (5).
Subsequent cleavage of the chloride
bridge by PPh3 leads to the heterolep-
tic mononuclear complex trans-[PdCl2ACHTUNGTRENNUNG(PPh3) ACHTUNGTRENNUNG(PBCy2)] (6). The solid-state
structures of complexes 5 and 6 sub-
stantiate the propensity of the PBCy2

ligand to bridge Pd-Cl bonds via P!
Pd�Cl!B interactions. DFT calcula-
tions carried out on both the model
mononuclear complexes 3* and 6*
reveal that in each system the energy
of the linkage isomer with a Cl!B in-
teraction is very similar to that without.
A comparison of the solution and
solid-state 11B NMR spectroscopic data

for complexes 3 and 6 suggests the pos-
sible interconversion of the bridging
and B-pendant forms in solution.
Bridging coordination of the PBCy2

ligand across a Rh�Cl bond is observed
in the solid-state structure of the relat-
ed complex [RhCl ACHTUNGTRENNUNG(nbd) ACHTUNGTRENNUNG(PBCy2)] (7).
Replacement of the Cy groups at
boron by Mes substituents illustrates
the role of steric factors on the partici-
pation of the Lewis acid upon coordi-
nation, no Cl!B interaction being ob-
served in the complex [PdCl ACHTUNGTRENNUNG(allyl)-ACHTUNGTRENNUNG(PBMes2)] (8).
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ligand iPr2P-oACHTUNGTRENNUNG(C6H4)-BCy2 (referred to as PBCy2) across
Pd�Cl and Rh�Cl bonds. The solid-state structures of [PdCl-ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG(PBCy2)]2 (5), trans-[PdCl2 ACHTUNGTRENNUNG(PPh3)ACHTUNGTRENNUNG(PBCy2)] (6), and
[RhCl ACHTUNGTRENNUNG(nbd) ACHTUNGTRENNUNG(PBCy2)] (7) illustrate the propensity of PBCy2

to engage in bridging P!M�Cl!B interactions. The coordi-
nation modes with and without Cl!B interaction are pre-
dicted computationally to be very close in energy, with
11B NMR data supporting the possible interconversion of
the two forms in solution. Additionally, the influence of
steric factors on the participation of the Lewis acid within a
metal�s coordination sphere has been investigated using the
more sterically demanding ligand iPr2P-oACHTUNGTRENNUNG(C6H4)-BMes2 (re-
ferred to as PBMes2).

Results and Discussion

Synthesis andCharacterization of the Palladium Complexes
[PdCl ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG(PBCy2)]2 (5) and trans-[PdCl2ACHTUNGTRENNUNG(PPh3)ACHTUNGTRENNUNG(PBCy2)]

(6)

Complex 3, readily prepared from PBCy2 and [Pd ACHTUNGTRENNUNG(m-Cl)-ACHTUNGTRENNUNG(allyl)]2,
[10b] reacted cleanly with HCl at room temperature

in CH2Cl2. After 24 h, the reaction was complete and the di-
nuclear complex [PdCl ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG(PBCy2)]2 (5) was subsequently
isolated as a white powder in 59 % yield (Scheme 1). The
loss of the allyl ligand is readily apparent from the 1H NMR
spectrum of 5, with the 31P NMR signal observed at d=

60.3 ppm being indicative of the retention of the PBCy2

ligand in the coordination sphere of palladium. However, no
11B NMR signal could be detected from a solution of 5.

To gain greater insight into the precise structure of com-
plex 5, crystals suitable for study by X-ray diffraction
(XRD) were grown from a CH2Cl2 solution at �40 8C. The
resulting molecular structure is shown in Figure 2, with se-

lected geometric data collected in Table 1. Complex 5
adopts a centrosymmetric and planar[15] chloro-bridged
structure in the solid state. The palladium center is ligated
by one phosphorus and three chlorine atoms, which are or-
ganized in a perfectly planar arrangement (SPda =3608).
The chloride ligand not involved in the [Pd ACHTUNGTRENNUNG(m-Cl)]2 bridge
interacts with the boron atom so that the PBCy2 ligand re-
tains its ambiphilic bridging coordination toward the Pd�Cl
bond. Notably, the Cl�B bond distance determined for 5
(2.334(7) �) is substantially greater than that of 3
(2.165(2) �).[10b] Along with the less pyramidalized environ-
ment around boron (SBa =353.78 in 5 vs. 349.18 in 3), these

Figure 1. Different coordination modes of ambiphilic ligands with repre-
sentative examples utilising phosphine–boranes (BR2 =BCy2 or 9-BBN).

Scheme 1. Synthesis of the palladium complexes [PdCl ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG(PBCy2)]2

(5) and trans-[PdCl2ACHTUNGTRENNUNG(PPh3) ACHTUNGTRENNUNG(PBCy2)] (6).

Figure 2. Molecular structure of the palladium complex [PdCl ACHTUNGTRENNUNG(m-Cl)-ACHTUNGTRENNUNG(PBCy2)]2 (5) with hydrogen atoms and solvate molecules omitted.

Table 1. Geometric data (bond lengths and angles in � and 8, respective-
ly) determined experimentally for complexes 3,5–8 and computed at the
B3PW91/SDD ACHTUNGTRENNUNG(Pd,Rh), 6–31G**(other atoms) level of theory for model
complexes 3*,6*–8*.

P�M M�Cl Cl···B SBa DG298
[b]

3 X-ray bridging 2.296(1) 2.352(1) 2.165(2) 349.1
3* DFT bridging 2.303 2.366 2.123 340.9 0
3* DFT B-pendant 2.323 2.370 4.568 358.2 �4.9
5 X-ray bridging 2.233(2) 2.263(2)[a]

2.324(2)
2.433(2)

2.334(7) 353.7

6 X-ray bridging 2.348(1) 2.280(1)[a]

2.304(2)
2.109(4) 343.5

6* DFT bridging 2.334 2.324
2.335

2.155 344.6 0

6* DFT B-pendant 2.361 2.334
2.342

4.339 358.4 �3.5

7 X-ray bridging 2.298(1) 2.344(1) 2.117(2) 342.6
7* DFT bridging 2.037 2.385 2.144 342.9 0
7* DFT B-pendant 2.312 2.359 3.897 358.4 3.0
8 X-ray B-pendant 2.334(2) 2.370(1) 4.381(5) 358.9
8* DFT B-pendant 2.327 2.362 5.306 359.3

[a] Pd�Cl bond engaged in Cl!B interaction.[b] Calculated at 298.15 K.
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observations suggest some weakening of the Cl!B interac-
tion following loss of the allyl ligand and subsequent Pd�Cl
bridge formation.

Complex 5 was then reacted with PPh3, a representative
Lewis base capable of cleaving the [Pd ACHTUNGTRENNUNG(m-Cl)]2 bridge and/or
the Cl!B interaction.[16] The reaction proceeds readily at
room temperature in CH2Cl2 and affords selectively the het-
eroleptic mononuclear complex 6, isolated in 93 % yield as a
pale yellow solid. The two doublets observed in the
31P NMR spectrum of 6 (d=34.8 and 20.0 ppm, 2J ACHTUNGTRENNUNG(P,P)=

497.2 Hz) are diagnostic of the trans coordination of the two
phosphines to the Pd center.[17] As for its precursor 5, no
11B NMR resonance signal could be detected in solution for
6. This prompted us to characterize further the mononuclear
complex 6 by solid-state NMR spectroscopy. The 31P NMR
spectrum (two doublets at d=34.6 and 23.6 ppm, 2J ACHTUNGTRENNUNG(P,P)=

488 Hz) mirrors that obtained in solution, whereas the
11B NMR spectrum presents a distinct signal at d= 22 ppm.
The latter value is identical to that found for the bridging
N!Ru�Cl!B coordination of the [RuCl2ACHTUNGTRENNUNG(cymene)] frag-
ment by the pyridine–borane ligand (2-picolyl)BCy2 (d 11B=

22 ppm in CD2Cl2 solution),[12d] suggesting the retention of
the Cl!B interaction in 6.

To confirm this bonding situation, crystals of 6 were
grown from a CH2Cl2/pentane mixture at �40 8C, and an
XRD analysis was carried out (Figure 3). The palladium

center adopts a near-perfect trans square-planar geometry
(SPda = 359.88, Cl-Pd-Cl = 175.17(4)8, P-Pd-P = 177.43(4)8).
One of the two chloride ligands interacts with the boron
atom (B–Cl =2.109(4) �, SBa = 343.58). The replacement of
the chloride-bridge by the more basic PPh3 ligand on going
from complex 5 to 6 results in a substantial strengthening of
the Cl!B interaction. Notably, complexation of the Lewis
acid moiety does not noticeably affect the Pd�Cl bond
lengths in 6 (2.280(1) � for the Pd�Cl bond engaged in
Cl!B interaction vs. 2.304(1) � for the other Pd�Cl bond).
This situation is reminiscent of those encountered in the
[TpOsCl2(N(Ph)BPh2)] (DdOsCl<0.07 �)[12c] and [p-
(cymene)RuCl2ACHTUNGTRENNUNG(picoBCy2)] (DdRuCl <0.05 �)[12d] complexes.
In fact, to date, substantial elongation of an M-Cl bond
upon coordination to a Lewis acid has only been observed

with very electrophilic moieties such as in [Cp{Cp(B-ACHTUNGTRENNUNG(C6F5)2)TiCl2] (DdTiCl =0.14 �).[12b]

At this point, the solution-state 11B NMR spectroscopic
data for complex 3 deserve some comment. Indeed, the res-
onance signal observed for 3 in CDCl3 (d=47 ppm) is signif-
icantly shielded compared to that of the free ligand PBCy2

(d=76 ppm),[10b] but appears at noticeably higher frequency
than that of the related complex 6 (d=22 ppm in the solid-
state). By analogy with the situation encountered for di- and
tri-phosphine–borane ligands,[18] it was envisaged that the in-
termediate 11B NMR chemical shift of 3 could result from
an equilibrium between the bridging and B-pendant forms,
namely coordination modes III and II, respectively. To fur-
ther explore this possibility,[19] DFT calculations were car-
ried out.

DFT Calculations on the Palladium Complexes
[PdCl ACHTUNGTRENNUNG(allyl) ACHTUNGTRENNUNG(PBCy2)] (3*) and trans-[PdCl2 ACHTUNGTRENNUNG(PMe3) ACHTUNGTRENNUNG(PBCy2)]

(6*)

Calculations were performed at the B3PW91/SDD(Pd),6-
31G**(other atoms) level of theory that has already proved
appropriate for transition-metal complexes featuring ambi-
philic ligands.[10d–f] The model mononuclear complexes 3*
and 6* retain the Cy substituents at the boron atom, but fea-
ture Me instead of iPr/Ph groups at the phosphorus atoms.
For each complex, an energy minimum associated with the
linkage isomer with P!Pd�Cl!B bridging coordination
was located on the potential energy surface (PES). The opti-
mized geometries (Figure 4, Table 1) are in very good agree-
ment with those observed crystallographically (key bond dis-
tances are reproduced with an error of less than �0.05 �),
indicating the reliability of the computational method used.
Natural bond orbital (NBO) analyses further substantiated
the presence of significant Cl!B interactions. Indeed, a

Figure 3. Molecular structure of the palladium complex trans-[PdCl2ACHTUNGTRENNUNG(PPh3)ACHTUNGTRENNUNG(PBCy2)] (6) with hydrogen atoms and solvate molecules omitted.

Figure 4. Optimized structures of the bridging and B-pendant forms of 3*
and 6*.
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strongly polarised Cl�B bond (20.1 % B/79.9 % Cl) was
found at the first-order in 3*, and a strong Cl!B interaction
(ca. 108 kcal mol�1) was found at the second-order donor–ac-
ceptor perturbation level in 6*. Following rotation around
the P�Pd bond, another minimum corresponding to the B-
pendant coordination mode II of the ambiphilic ligand was
found for both complexes. The long Cl···B and Pd···B distan-
ces (>3.7 �), and the replanarization of the boron environ-
ments (SBa ca. 3608) rule out any significant Cl!B and
Pd!B interaction. A comparison of the NPA atomic charg-
es (Table 2) for the bridging and B-pendant forms indicates

that the Cl!B interaction is associated with a formal trans-
fer of about 0.4 of an electron from Cl to B for 3* and 0.3 of
an electron for 6*. As a consequence, the Pd�Cl!B bridg-
ing creates a charge asymmetry between the two chloride li-
gands of 6* (the atomic charge of the chloride engaged in
the interaction with the borane is �0.24 vs. �0.53 for the
other chloride). Notably, the net charge at the metal center
remains unchanged upon coordination of the chloride ligand
to the Lewis acid.

For both complexes 3* and 6*, the bridging and B-pend-
ant forms lie very close in energy (DG298 = 4.9 and 3.5 kcal
mol�1 for 3* and 6*, respectively), supporting the hypothesis
of an equilibrium between these two coordination modes in
solution. This has been further corroborated by computing
the 11B NMR chemical shifts of both forms of the model
complex 3* using the GIAO method. The value predicted
for the bridged structure (d= 17 ppm) agrees nicely with the
chemical shift determined experimentally in the solid state
for 6 (d= 22 ppm), whereas that estimated for the B-pend-
ant form (d=79 ppm) is comparable to that measured for
the free ligand PBCy2 (d=76 ppm). The value obtained in
CDCl3 solution for 3 (d=47 ppm) is thus intermediate be-
tween those computed for the bridging and B-pendant
forms, in line with the coexistence of the two coordination
modes in solution.

Synthesis, Characterization, and DFT Calculations of the
Rhodium Complex [RhCl ACHTUNGTRENNUNG(nbd) ACHTUNGTRENNUNG(PBCy2)] (7)

To further probe the propensity of the phosphine–borane
ligand PBCy2 to bridge M-Cl bonds, it was reacted with [Rh-ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG(nbd)]2 (nbd=2,5-norbornadiene) in CH2Cl2

(Scheme 2). The resulting rhodium complex [RhCl ACHTUNGTRENNUNG(nbd)-ACHTUNGTRENNUNG(PBCy2)] (7) was isolated in 62 % yield as an orange solid.

The coordination of the phosphorus atom to the rhodium
center was indicated unambiguously by the 31P NMR spec-
trum (doublet at d=32.5 ppm, 1J ACHTUNGTRENNUNG(P,Rh)=160 Hz), whereas
retention of the norbornadiene co-ligand was apparent from
the 1H and 13C NMR spectra. As for the Pd complexes 5
and 6, no 11B NMR signal could be detected in solution for
7, and thus solid-state NMR spectroscopy was carried out to
shed more light onto the coordination mode of the PBCy2

ligand. The 31P NMR spectrum (doublet at d=32.5 ppm, 1J-ACHTUNGTRENNUNG(P,Rh)=160�4 Hz) agreed well with that measured in solu-
tion, whereas the signal observed at d= 26 ppm in the
11B NMR spectrum mirrored that found for the mononu-
clear complex 6, consistent with P!Rh�Cl!B bridging co-
ordination in 7.

To confirm further this bonding situation, single crystals
of 7 suitable for XRD analysis were grown from a saturated
CH2Cl2 solution at �40 8C (Figure 5). The complex indeed

adopts a six-membered ring structure as the result of the
bridging coordination of the Rh-Cl unit by the ambiphilic
ligand. The strong Cl!B interaction is supported by the
short Cl�B distance (2.117(2) �) and the noticeable pyra-
midalization of the boron center (SBa =342.68).

DFT calculations were carried out at the B3PW91/
SDD(Rh),6-31G**(other atoms) level of theory on the
model complex 7* featuring Me instead of iPr substituents
at the phosphorus atom. Two minima were found on the
PES (Figure 6). The first minimum agreed well with the
bridged geometry observed in the XRD analysis, whereas
the second, featuring long B···Cl and Rh···B distances (>
3.7 �), corresponds to the B-pendant form. NBO analyses
revealed the presence of a strong Cl!B interaction in the
bridged structure at the second-order perturbation level (ca.

Table 2. Atomic charges, as derived from natural population analyses
(NPA), computed for model complexes 3*, 6*, and 7*.

q(P) q(M) q(Cl) q(B)

3* bridging 1.07 0.37 �0.26 0.65
3* B-pendant 1.04 0.38 �0.61 1.02
6* bridging 1.10 0.28 �0.24, �0.53 0.69
6* B-pendant 1.08 0.32 �0.54, �0.55 1.02
7* bridging 1.16 0.09 �0.24 0.67
7* B-pendant 1.14 0.09 �0.54 1.02

Scheme 2. Synthesis of the rhodium complex [RhCl ACHTUNGTRENNUNG(nbd) ACHTUNGTRENNUNG(PBCy2)] (7).

Figure 5. Molecular structure of the rhodium complex [RhCl ACHTUNGTRENNUNG(nbd)-ACHTUNGTRENNUNG(PBCy2)] (7) with hydrogen atoms omitted.
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215 kcal mol�1), accompanied by a formal transfer of 0.3 of
an electron from the chloride to the boron atom. In con-
trast, no modification of the atomic charge at the rhodium
center of 7* was observed (as deduced from a comparison
of the NPA charges computed for the two minima). For the
model complex 7*, the B-pendant form is only 3.0 kcal mol�1

higher in energy than its bridged counterpart, suggesting
once again a possible equilibrium between both coordina-
tion modes in solution. Furthermore, very good agreement
was found between the 11B NMR chemical shift computed
for the bridging form of 7* (d= 25 ppm) and that deter-
mined experimentally in the solid-state for 7 (d=26 ppm),
while a chemical shift at much higher frequency was predict-
ed for the B-pendant structure of 7* (d=75 ppm).

Synthesis, Characterization, and DFT Calculations of the
Palladium Complex [PdCl ACHTUNGTRENNUNG(allyl) ACHTUNGTRENNUNG(PBMes2)] (8)

Finally, the role of steric factors on the participation of the
Lewis acid moiety was assessed through study of the related
PBMes2 ligand[6,7] featuring mesityl instead of cyclohexyl
groups at the boron atom. No reaction occurred with [RhACHTUNGTRENNUNG(m-
Cl) ACHTUNGTRENNUNG(nbd)]2, but [Pd ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG(allyl)]2 was readily cleaved by
PBMes2 in CH2Cl2 at room temperature to give the corre-
sponding mononuclear complex 8, isolated in 42 % yield as
a yellow solid (Scheme 3). The coordination of the phospho-
rus atom was unambiguously established by 31P NMR spec-
troscopy (d=50.8 ppm), whereas the 11B NMR chemical
shift determined for the complex (d=73 ppm in CDCl3) is
very similar to that of the free ligand (d= 76 ppm), suggest-
ing negligible, if any, participation of the borane in the coor-
dination.

Single crystals of 8 were grown from a mixed Et2O/THF
solution at �40 8C (Figure 7). The XRD analysis confirmed
that the ambiphilic ligand adopts a B-pendant arrangement
(coordination mode III). The phosphorus atom is coordinat-
ed to the metal center, but the Cl···B (4.381(5) �) and

Pd···B (3.850(5) �) distances are far too long for any sub-
stantial bonding interaction between the borane and the
metal fragment. Moreover, the geometry at boron deviates
only marginally from planarity (SBa = 358.98). Notably, one
of the mesityl rings is orientated near-parallel to the metal
square plane, but the palladium–carbon distances are too
long (>3.5 �) to be associated with any p-type interaction,
as has been observed in complexes derived from biarylphos-
phines.[20]

To gain more insight into the lack of any Cl!B interac-
tion in 8, DFT calculations were performed on the model
complex 8* featuring Me instead of iPr groups at the phos-
phorus atom. An energy minimum associated with the B-
pendant form was found on the PES (Table 1). The
11B NMR chemical shift computed for the optimized struc-
ture (d=68 ppm) is in good agreement with that measured
experimentally in solution (d=73 ppm). Despite extensive
effort and regardless of the initial geometry, no minimum
corresponding to a bridging form featuring a Cl!B interac-
tion could be located in this model system. The greater
steric hindrance of the mesityl groups is likely to prevent
participation of the Lewis acid.[21]

Conclusions

These results provide insight into the bridging coordination
of M�Cl bonds with phosphine–borane ligands. The solid-
state structures of complexes 3, 5, and 6 illustrate the pro-
pensity of the ambiphilic ligand PBCy2 to bridge Pd�Cl
bonds, and the ability of Cl!B interactions to persist in the
presence of HCl as well as PPh3. DFT calculations substanti-
ate the presence of strong Cl!B interactions associated
with a formal transfer of about 0.3 to 0.4 of an electron. Fur-
thermore, the bridging and B-pendant coordination modes
are predicted to be very close in energy, and their possible
coexistence in solution is suggested by the comparison of

Figure 6. Optimized structures of the bridging and B-pendant forms of
7*.

Scheme 3. Synthesis of the palladium complex [PdCl ACHTUNGTRENNUNG(allyl) ACHTUNGTRENNUNG(PBMes2)] (8).

Figure 7. Molecular structure of the palladium complex [PdCl ACHTUNGTRENNUNG(allyl)-ACHTUNGTRENNUNG(PBMes2)] (8) with hydrogen atoms omitted.
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the solution and solid-state 11B NMR spectroscopic data for
complexes 3 and 6.[22] The related rhodium complex 7 exhib-
its similar bridging coordination of the PBCy2 ligand across
the Rh�Cl bond in the solid-state. Finally, the B-pendant ar-
rangement adopted by the palladium complex 8 deriving
from PBMes2 illustrates the role of steric factors in the coor-
dination, or not, of the Lewis acid.

Arising from their ability to adopt various coordination
modes, which can even interconvert, phosphine–boranes are
particularly versatile ligands. Further investigations in this
area will aim to provide evidence for the possible coexis-
tence of the zwitterionic form IV with another coordination
mode. Together, these studies will provide a precise under-
standing of the coordination properties of ambiphilic li-
gands, something that will facilitate the incorporation of
these metal scaffolds into catalytic systems in the future.

Experimental Section

General

All reactions and manipulations were carried out under an atmosphere
of dry argon using standard Schlenk techniques. THF and diethyl ether
were dried over sodium/benzophenone, CH2Cl2 was dried over P2O5, and
pentane was dried over CaH2 and distilled prior to use. 1H, 13C, 11B, 31P,
and 103Rh NMR spectra were recorded on Brucker Avance 300 or AMX
500 spectrometers. Chemical shifts are expressed with a positive sign, in
parts per million, relative to residual 1H and 13C solvent signals, external
BF3·OEt2, 85% H3PO4, and X =3.186447 MHz, respectively. Solid-state
NMR spectra were recorded on a Varian VNMRS 400 spectrometer (ref-
erencing is as for solution). Whatever the conditions of acquisition, no
11B NMR resonance signal could be detected in solution for complexes 5,
6, and 7. The solid-state boron isotropic chemical shifts were determined
from a numerical simulation of the bandshape using the Varian STARS
software. Unless otherwise stated, NMR spectra were recorded at 20 8C.
Mass spectra were recorded on a Hewlett Packard 5989 A. The PBCy2

and PBMes2 ligands and the [PdCl ACHTUNGTRENNUNG(allyl) ACHTUNGTRENNUNG(PBCy2)] complex 3 were pre-
pared following published procedures.[6,10b]

SynthesesACHTUNGTRENNUNG[PdCl ACHTUNGTRENNUNG(m-Cl)ACHTUNGTRENNUNG(PBCy2)]2 (5): To a suspension of complex 3 (2.10 g,
3.80 mmol) in CH2Cl2 (10 mL) at room temperature was added an excess
of HCl in Et2O solution (18.9 mL, 2 m, 37.8 mmol). After subsequent stir-
ring for 24 h, the solution was filtered off. The volatiles were removed
and the solid was washed with CH2Cl2 (2*10 mL). Complex 4 was ob-
tained as a white powder (1.23 g, 59% yield). Colorless crystals suitable
for X-ray crystallography were obtained from a CH2Cl2 solution at
�40 8C; m.p. 157–159 8C; 31P{1H} NMR (202.5 MHz, CDCl3, �30 8C): d=

60.3; 13C{1H} NMR (125.8 MHz, CDCl3, �30 8C): d= 159.0 (d, 2J ACHTUNGTRENNUNG(P,C)=

14.4 Hz; BCipso), 132.9 (d, J ACHTUNGTRENNUNG(P,C)=14.4 Hz; CHarom), 130.3 (d, J ACHTUNGTRENNUNG(P,C)=

6.6 Hz; CHarom), 129.2 (s; CHarom), 124.4 (d, J ACHTUNGTRENNUNG(P,C)=10.5 Hz; CHarom),
123.2 (d, 1J ACHTUNGTRENNUNG(P,C)=56.3 Hz; PCipso), 30.6 (br; Cy), 30.1 (s; Cy), 29.3 (s;
Cy), 28.3 (s; Cy), 27.6 (s; Cy), 27.0 (d, 1J ACHTUNGTRENNUNG(P,C)=18.3 Hz; CH iPr), 19.2 (s;
Cy), 18.6 ppm (br; CH3 iPr); 1H NMR (500.3 MHz, CDCl3, �30 8C): d=

7.51 (dd, 3J ACHTUNGTRENNUNG(H,H) =7.6 Hz, 4J ACHTUNGTRENNUNG(P,H)=3.9 Hz, 1H; Harom), 7.40 (pseudo-t,
3J ACHTUNGTRENNUNG(H,H) =7.6 Hz, 1H; Harom), 7.35 (pseudo-t, 3J ACHTUNGTRENNUNG(H,H) = 3J ACHTUNGTRENNUNG(P,H)=7.6 Hz,
1H; Harom), 7.19 (pseudo-t, 3J ACHTUNGTRENNUNG(H,H) =7.6 Hz, 1 H; Harom), 2.59 (br, 2 H;
CH iPr), 2.22 (m, 2H; Cy), 1.81 (m, 2H; Cy), 1.71 (m, 2 H; Cy), 1.61 (m,
2H; Cy), 1.30–1.48 (m, 10H; Cy), 1.24 (dd, 3J ACHTUNGTRENNUNG(H,H) =6.7 Hz, 3J ACHTUNGTRENNUNG(P,H)=

15.4 Hz, 12 H; CH3 iPr), 1.17 (m, 2 H; Cy), 1.12 ppm (m, 2 H; Cy).

trans-[PdCl2 ACHTUNGTRENNUNG(PPh3) ACHTUNGTRENNUNG(PBCy2)] (6): To a suspension of complex 4 (145 mg,
0.13 mmol) in CH2Cl2 (5 mL) at room temperature was added PPh3

(65 mg, 0.25 mmol, 3 mL) in CH2Cl2 solution (3 mL). After 15 min, the
volatiles were removed and the solid was extracted with Et2O. Colorless

crystals of 6 (103 mg, 98%) suitable for X-ray crystallography were ob-
tained from a CH2Cl2/pentane solution at �40 8C; m.p. 171 8C;
31P{1H} NMR (202.5 MHz, CDCl3): d =34.8 (d, 2J ACHTUNGTRENNUNG(P,P)=497.2 Hz, PiPr2),
20.0 (d, 2J ACHTUNGTRENNUNG(P,P)=497.2 Hz, PPh3); 31P{1H} NMR (161.9 MHz, solid state):
d=34.6 (d, 2J ACHTUNGTRENNUNG(P,P)=488 Hz, PiPr2), 23.6 ppm (d, 2J ACHTUNGTRENNUNG(P,P)=488 Hz, PPh3);
11B NMR (128.3 MHz, solid state): d=22 ppm; 13C{1H} NMR
(125.8 MHz, CDCl3): d=161.0 (d, 2J ACHTUNGTRENNUNG(P,C)=18.6 Hz; BCipso), 135.0 (d, J-ACHTUNGTRENNUNG(P,C)=10.6 Hz; CHarom Ph3P), 133.0 (d, J ACHTUNGTRENNUNG(P,C)=12.7 Hz; CHarom), 131.0
(dd, J ACHTUNGTRENNUNG(P,C) =6.7 Hz, J ACHTUNGTRENNUNG(P,C) =4.4 Hz; CHarom Ph3P), 130.6 (d, J ACHTUNGTRENNUNG(P,C)=

2.0 Hz; CHarom Ph3P), 129.0 (dd, 1J ACHTUNGTRENNUNG(P,C)=42.5 Hz, 3J ACHTUNGTRENNUNG(P,C) =3.3 Hz; PCipso

Ph3P), 128.3 (d, J ACHTUNGTRENNUNG(P,C) =10.4 Hz; CHarom Ph3P), 128.2 (br; CHarom Ph3P),
125.8 (dd, 1J ACHTUNGTRENNUNG(P,C)= 41.5 Hz, 3J ACHTUNGTRENNUNG(P,C)=4.6 Hz; PCipso), 123.5 (d J ACHTUNGTRENNUNG(P,C)=

5.7 Hz; CHarom), 35.0 (s; Cy), 31.1 (s; Cy), 30.4 (s; Cy), 29.1 (s; Cy), 28.7
(s; Cy), 27.7 (s; Cy), 26.0 (d, 1J ACHTUNGTRENNUNG(P,C) =22.0 Hz; CH iPr), 19.8 (d, 2J ACHTUNGTRENNUNG(P,C)=

3.7 Hz; CH3 iPr), 19.2 ppm (br; CH3 iPr); 1H NMR (500.3 MHz, CDCl3):
d=7.71 (m, 6H; Harom), 7.53 (m, 1 H; Harom), 7.51–7.46 (m, 9H; Harom),
7.32 (m, 2H; Harom), 7.15 (m, 1 H; Harom), 3.09 (septd, 3J ACHTUNGTRENNUNG(H,H) =6.9 Hz,
2J ACHTUNGTRENNUNG(P,H)=4.3 Hz, 2H; CH iPr), 2.12 (m, 2H; Cy), 1.69–1.56 (m, 6H; Cy),
1.45 (m, 2H; Cy), 1.35 (dd, 3J ACHTUNGTRENNUNG(H,H) =6.9 Hz, 3J ACHTUNGTRENNUNG(P,H) =17.5 Hz, 6H; CH3

iPr), 1.30 (dd. 3J ACHTUNGTRENNUNG(H,H) =6.9 Hz, 3J ACHTUNGTRENNUNG(P,H)= 13.8 Hz, 6H; CH3 iPr), 1.10 (m,
6H; Cy), 0.97 (m, 2H; Cy), 0.87 ppm (m, 4H; Cy).ACHTUNGTRENNUNG[RhCl ACHTUNGTRENNUNG(nbd) ACHTUNGTRENNUNG(PBCy2)] (7): To a solution of ligand PBCy2 (258 mg,
0.70 mmol) in CH2Cl2 (7 mL) at �78 8C was added a solution of [Rh ACHTUNGTRENNUNG(m-
Cl) ACHTUNGTRENNUNG(nbd)]2 (160 mg, 0.35 mmol) in CH2Cl2 (7 mL). The solution was
warm to room temperature within 1 h. Orange crystals of 7 (260 mg,
62%) suitable for X-ray crystallography were obtained from a saturated
solution of CH2Cl2 at �40 8C; m.p. 172–174 8C. 31P{1H} NMR (202.5 MHz,
CDCl3, 0 8C): d=32.5 ppm (d, 1J ACHTUNGTRENNUNG(Rh,P) =160.0 Hz); 31P{1H} NMR
(161.9 MHz, solid state): d=32.5 ppm (d, 1J ACHTUNGTRENNUNG(Rh,P) =160.0 Hz); 11B NMR
(128.3 MHz, solid state): d =26 ppm; 103Rh NMR (202.5 MHz, CDCl3,
0 8C): d =�7720; 13C{1H} NMR (125.8 MHz, CDCl3, 0 8C): d =160.1 (d, 2J-ACHTUNGTRENNUNG(P,C)=18.5 Hz; BCipso), 132.2 (d, J ACHTUNGTRENNUNG(P,C)= 12.9 Hz; CHarom), 130.9 (s;
CHarom), 129.7 (d, 1J ACHTUNGTRENNUNG(P,C) =37.3 Hz; PCipso), 127.7 (d, J ACHTUNGTRENNUNG(P,C) =2.5 Hz;
CHarom), 123.9 (d, J ACHTUNGTRENNUNG(P,C)=6.3 Hz; CHarom), 81.4 (dd, J ACHTUNGTRENNUNG(Rh,C)=5.5 Hz, J-ACHTUNGTRENNUNG(P,C)=10.7 Hz; CHalkene nbd), 64.0 (d, J ACHTUNGTRENNUNG(Rh,C)= 4.9 Hz; CH2 nbd), 52.4
(d, J ACHTUNGTRENNUNG(Rh,C)=12.6 Hz; CHalkene nbd), 50.9 (d, J ACHTUNGTRENNUNG(P,C)=1.3 Hz; CH nbd),
36.4 (s; Cy), 32.0 (s; Cy), 30.6 (s; Cy), 29.2 (s; Cy), 29.1 (s; Cy), 27.9 (s;
Cy), 26.5 (d, 1J ACHTUNGTRENNUNG(P,C)=21.6 Hz; CH iPr), 20.3 (d, 2J ACHTUNGTRENNUNG(P,C)=3.8 Hz; CH3

iPr), 18.9 ppm (s; CH3 iPr); 1H NMR (500.3 MHz, CDCl3, 0 8C): d=7.35
[(pseudo-t)d, 3J ACHTUNGTRENNUNG(H,H) = 4J ACHTUNGTRENNUNG(P,H)= 7.9 Hz, 4J ACHTUNGTRENNUNG(H,H) = 1.5 Hz, 1H; Harom],
7.32 (ddd, 3J ACHTUNGTRENNUNG(H,H) =7.9 Hz, 3J ACHTUNGTRENNUNG(P,H)=3.9 Hz, 4J ACHTUNGTRENNUNG(H,H) =1.5 Hz, 1 H;
Harom), 7.26 [(pseudo-t)t, 3J ACHTUNGTRENNUNG(H,H) =7.9 Hz, 4J ACHTUNGTRENNUNG(P,H)= 1.5 Hz, 4J ACHTUNGTRENNUNG(H,H) =

1.5 Hz, 1 H; Harom], 7.09 [(pseudo-t)t, 3J ACHTUNGTRENNUNG(H,H) =7.9 Hz, 4J ACHTUNGTRENNUNG(P,H)= 4J-ACHTUNGTRENNUNG(H,H) =1.5 Hz, 1H; Harom], 4.96 (m, 2H; CHalkene nbd), 3.85 (m, 2H; CH
nbd), 3.70 (m, 2 H; CHalkene nbd), 2.34 (br d, J ACHTUNGTRENNUNG(H,H) =11.7 Hz, 2H; Cy),
1.91 (sept d, 2J ACHTUNGTRENNUNG(P,H)=7.3 Hz, 3J ACHTUNGTRENNUNG(H,H) =7.1 Hz, 2 H; CH iPr), 1.80 (br d, J-ACHTUNGTRENNUNG(H,H) =12.0 Hz, 2H; Cy), 1.71 (m, 6 H; Cy), 1.49 (m, 1 H; CH2 nbd),
1.44 (m, 1H; CH2 nbd), 1.34–1.22 (m, 8 H; Cy), 1.21 (m, 2H; Cy), 1.20
(dd, 3J ACHTUNGTRENNUNG(P,H)=15.8 Hz, 3J ACHTUNGTRENNUNG(H,H) =7.1 Hz, 6 H; CH3 iPr), 1.18 (dd, 3J-ACHTUNGTRENNUNG(P,H)=13.1 Hz, 3J ACHTUNGTRENNUNG(H,H) =7.1 Hz, 6 H; CH3 iPr), 1.10 ppm (m, 2H; Cy).
Elemental analysis calcd (%) for C31H48BClRhP: C 61.97, H 8.05; found:
C 61.12, H 8.52.ACHTUNGTRENNUNG[PdCl ACHTUNGTRENNUNG(allyl) ACHTUNGTRENNUNG(PBMes2)] 8 : A suspension of [Pd ACHTUNGTRENNUNG(m-Cl)ACHTUNGTRENNUNG(allyl)]2 (84 mg,
0.23 mmol) in CH2Cl2 (3 mL) at room temperature was added to a solu-
tion of ligand PBMes2 (200 mg, 0.45 mmol) in CH2Cl2 solution (3 mL) at
�78 8C. After warming the solution to room temperature within 1 h, the
volatiles were removed. Yellow crystals of 8 (121 mg, 42%) suitable for
X-ray crystallography were obtained from a Et2O/THF solution at
�40 8C; m.p. 133–135 8C; 31P{1H} NMR (202.5 MHz, CDCl3, �20 8C): d=

50.8 ppm; 11B NMR (160.5 MHz, CDCl3, 90 8C): d=73 ppm;
13C{1H} NMR (125.8 MHz, [D8]THF, �20 8C): d=144.8 (br, Carom), 142.6
(d, J ACHTUNGTRENNUNG(P,C)=11.1 Hz; CHarom), 141.2 (d, J ACHTUNGTRENNUNG(P,C)= 3.1 Hz; Carom), 137.6 (s;
Carom), 136.7 (s; Carom), 136.5 (s; Carom), 131.8 (br; CHarom), 130.9 (s;
CHarom), 129.9 (s; CHarom), 126.7 (s; CHMes), 125.6 (s; CHMes), 115.4 (d, J-ACHTUNGTRENNUNG(P,C)=3.5 Hz; CHallyl), 78.1 (d, J ACHTUNGTRENNUNG(P,C)=30.2 Hz; CH2allyl), 56.3 (s;
CH2allyl), 27.1 (d, J ACHTUNGTRENNUNG(P,C)=3.3 Hz; CH3Mes), 25.7 (d br, J ACHTUNGTRENNUNG(P,C)=25.7;
CHiPr), 21.7 (s; CH3Mes), 20.5 (s; CH3Mes), 19.8 (s; CH3Mes), 18.1 (s; CH3iPr),
16.6 ppm (s; CH3iPr); 1H NMR (125.8 MHz, [D8]THF, �20 8C): d =7.72
(pseudo-t, 1H, 3J ACHTUNGTRENNUNG(H,H) =J ACHTUNGTRENNUNG(H,P) =7.5 Hz; Harom), 7.68 (m 1H; Harom),
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7.54 (pseudo-t, 1 H, 3J ACHTUNGTRENNUNG(H,H) =7.5 Hz; Harom), 7.48 (m, 1 H; Harom), 6.86 (s,
2H; HMes), 6.48 (s, 2H; HMes), 5.41 (tt, 1H, J ACHTUNGTRENNUNG(H,H) =6.5 Hz, J ACHTUNGTRENNUNG(H,H) =

13.0 Hz; Hallyl), 4.28 (pseudo-t, 1 H, J ACHTUNGTRENNUNG(H,H) =J ACHTUNGTRENNUNG(P,H)=6.5 Hz; Hallyl), 3.37
(br d, 1 H, J ACHTUNGTRENNUNG(H,H) =6.5 Hz; Hallyl), 2.73 (m, 2 H; CHiPr), 2.62 (s, 6 H;
CH3Mes), 2.32 (s, 3H; CH3Mes), 2.31 (s, 6H; CH3Mes), 2.17 (s, 3H; CH3Mes),
1.16 (dd, 6H, 3J ACHTUNGTRENNUNG(P,H) =15.0 Hz; CH3iPr), 1.05 ppm (dd, 6 H, 3J ACHTUNGTRENNUNG(P,H)=

15.0 Hz; CH3iPr).

Crystal Structure Determinations

Data were collected on a Brucker-AXS CCD 1000 diffractometer using
an oil-coated shock-cooled crystal. Semiempirical absorption corrections
were employed for 5, 7, and 8.[23] The structure was solved by direct
methods (SHELXS-97),[24] and refined using the least-squares method on
F2.[25]

Crystal data for 5 : C25.5H43BCl5PPd, Mr =675.03, monoclinic, space group
P21/C, a=11.2828(11), b =15.1977(15), c =17.8813(18) �, b=94.243(2),
V=3057.7(5) �3, Z=4, 1calcd =1.466 g cm�3, F ACHTUNGTRENNUNG(000) =1388, T=133(2) K,
crystal size 0.01 � 0.1 � 0.1 mm3, 15317 reflections collected (5162 inde-
pendent, Rint =0.0972), 2q�49.428, 316 parameters, R1 [I>2s(I)]=

0.0518, wR2 [all data]=0.0848, largest diff. peak and hole: 0.511 and
�0.444 e ��3.

Crystal data for 6 : C42.50H56BCl3P2Pd, Mr =852.37, monoclinic, space
group C2/c, a=41.141(2), b =12.3098(7), c=17.0541(10) �, b=

104.8740(10)8, V=8347.4(8) �3, Z=8, 1calcd = 1.356 g cm�3, F ACHTUNGTRENNUNG(000) =3544,
T= 133(2 K, crystal size 0.1� 0.3 � 0.5 mm3, 24 254 reflections collected
(8536 independent, Rint =0.0841), 2q�52.788, 519 parameters, R1 [I>
2s(I)]=0.0402, wR2 [all data]=0.0827, largest diff. peak and hole: 0.595
and �0.632 e��3.

Crystal data for 7: C31H48BClPRh, Mr =600.83, monoclinic, space group=

P21/c, a=13.0041(7), b=13.8194(8), c =16.3131(9) �, b =97.7400(10)8,
V=2904.9(3) �3, Z =4, 1calcd =1.374 gcm�3, F ACHTUNGTRENNUNG(000) =1264, T =133(2 K,
crystal size 0.1 � 0.3� 0.6 mm3, 16 856 reflections collected (5947 inde-
pendent, Rint =0.0212), 2q�52.788, 320 parameters, R1 [I>2s(I)]=

0.0227, wR2 [all data]=0.0598, largest diff. peak and hole: 0.429 and
�0.469 e ��3.

Crystal data for 8 : C33H45BClPPd, Mr =625.32, triclinic, space group P�1,
a= 9.997(3), b =10.740(3), c=14.848(4) �, a= 78.838(5)8, b= 82.918(4)8,
g=85.574(5)8, V =1549.9(7) �3, Z =2, 1calcd =1.340 g cm�3, F ACHTUNGTRENNUNG(000) =652,
T= 133(2 K, crystal size 0.5� 0.7� 0.8 mm3, 9110 reflections collected
(6224 independent, Rint =0.0265), 2q�53.028, 389 parameters, R1 [I>
2s(I)]=0.0390, wR2 [all data]=0.0949, largest diff. peak and hole: 0.674
and �0.488 e��3.

CCDC 704600, 704601, 704602, and 704603 contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Computational Details

Calculations were performed with the Gaussian 03 program,[26] using the
density functional method. The nonlocal B3PW91[27] functional was used.
B3PW91 is Becke�s 3 parameter functional, with the nonlocal correlation
provided by the Perdew 91 expression. All Gaussian calculations were
done in combination with the 6–31G** basis set for C, P, B, Cl, and H
(all atoms were augmented with a single set of polarization functions)
and the set-RECP (relativistic effective core potential) SDD[28] for Pd
and Rh. SDD is the combination of the Huzinaga–Dunning double z

basis set on lighter elements with the Stuttgart/Dresden basis set-RECP
on transition metals. Geometry optimizations were carried out without
symmetry restrictions. The optimized structures were confirmed as true
minima on the potential energy through vibrational analysis. The fre-
quencies were calculated with analytical second derivatives. All total en-
ergies have been zero-point energy (ZPE), and the temperature was cor-
rected using unscaled density functional frequencies. The free Gibbs en-
ergies, G, were calculated for T=298.15 K. The electronic structure of
the complexes was studied using natural bond orbital (NBO) analysis.[29]

The NBO-3.1 program was used to gain insight into the nature of the in-
teraction between the boron and chloride atoms (bridging form) and to
evaluate the energy of the donor/acceptor interaction. 11B NMR chemical

shifts were evaluated by employing the direct implementation of the
Gauge Including Atomic Orbitals (GIAO) method[30] at the B3PW91
density functional level of theory, using as reference the BF3-Et2O com-
pound.

Detailed computational results and cartesian coordinates for the opti-
mized geometries of complexes 3*, 6*, 7*, and 8* at the B3PW91/
SDD(M),6–31G**(other atoms) level of theory are included in the sup-
porting information.
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