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Introduction

The activation of strong carbon–hydrogen bonds is currently
a topic of great interest,[1] especially with regards to the de-
velopment of new synthetic methodologies for organic
chemistry.[2] Recently, we described a cationic RhI PCP-type
pincer system in which CO was found to promote the oxida-
tive addition of a C�H bond,[3] rather than retard it as
common experience would suggest.[4] This unexpected obser-
vation led us to investigate further aspects of C�H activa-
tion in the presence of CO.

In particular, both experimental and theoretical evidence
suggested that C�H activation in the abovementioned
pincer system involves an 18-electron trigonal-bipyramidal
RhI intermediate, in which the equatorial positions are occu-
pied by two CO ligands and a C�H bond (which later adds
to the metal center) and the axial positions are occupied by
phosphine donor groups from the pincer ligand.[3] This puta-
tive intermediate, which can be viewed as an adduct
of the C�H bond with a distorted, “transoid”
[Rh(CO)2(phosphine)2]

+ fragment, prompted us to explore
the potential for C�H activation in nonchelated (nonpincer)
systems, the overall structure of which resembles this frag-
ment.

Herein we describe such a cationic trans-dicarbonyl bis-
ACHTUNGTRENNUNGphosphine RhI complex, which is based on the monophos-
phine ligand a2-(diisopropylphosphino)isodurene (ligand 1,
Scheme 1a).[5] The crystal structure of this complex exhibits
an intriguing relationship between bent CO ligands and
weak intramolecular C�H···Rh interactions, which are also
shown to have a significant impact on the reactivity of this
system in solution. Furthermore, a detailed theoretical ex-
amination of this system reveals the electronic origin of
these unique structural features and their strong interde-
pendence. This, in turn, sheds light on the potential role of
CO in the activation of strong C�H bonds, and also on the
important role of weak C�H···Rh interactions.

Abstract: The crystal structure of the
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Results and Discussion

Preparation of a cationic trans-dicarbonyl bisphosphine RhI

complex of ligand 1: In an attempt to prepare a cationic
trans-dicarbonyl bisphosphine RhI complex that may be uti-
lized to emulate the abovementioned C�H activation inter-
mediate, we chose to use monophosphine ligand 1
(Scheme 1a). The reasons for choosing this ligand are two-
fold. First, the phosphine donor group in 1 has one benzyl
and two isopropyl substituents, which makes it essentially
identical, both sterically and electronically, to the phosphine
donors of the abovementioned PCP ligand, which has been
shown to undergo CO-promoted C�H oxidative addition.[3]

Second, previous work has shown that reaction of two
equivalents of ligand 1 with the RhI precursor [Rh-
ACHTUNGTRENNUNG(acetone)2 ACHTUNGTRENNUNG(coe)2]BF4 (coe=cyclooctene), as shown in
Scheme 1a, leads to the cyclometalated RhIII complex 2,[5c]

the very structure of which, with its trans-positioned phos-
phine moieties, makes it a potential precursor for the prepa-
ration of a cationic trans-dicarbonyl bisphosphine RhI com-
plex. Indeed, we have found that when complex 2 is treated
with excess CO, facile C�H reductive elimination takes
places to afford the cationic trans-dicarbonyl bisphosphine
RhI complex 3 (Scheme 1a).[6]

A solution of 3 in CDCl3 exhibits a doublet at d=

55.87 ppm (1J ACHTUNGTRENNUNG(Rh,P)=103.6 Hz) in the 31P{1H} NMR spec-
trum, and its relatively simple 1H NMR spectrum (see the
Experimental Section) supports a highly symmetrical struc-
ture with no cyclometalation. Furthermore, the
19F{1H} NMR spectrum of this solution features a sharp sin-
glet at d=�154.77 ppm, which is consistent with a noncoor-
dinated, outer-sphere BF4

� counterion. The IR spectrum of
3 (nujol mull) features a strong asymmetric CO stretch band
at ñ=2008 cm�1, which is consistent with a trans configura-
tion for the carbonyl ligands. It is also worth noting that 3
was found to be air-stable at least for several days, both in
solution and in the solid state, and vacuum-stable for at

least several hours. Nonethe-
less, the unique structural fea-
tures of 3 were only revealed
by examination of its crystal
structure.

Molecular structure of complex
3—a transoid species with a
nonlinear Rh(CO)2 fragment
and C�H···Rh interactions :
Crystals of 3 suitable for X-ray
diffraction were coincidentally
obtained when a dioxane solu-
tion of the complex was heated
at 95 8C for 90 minutes. The
crystal structure parameters
are given in Table 1. As ex-
pected, the complex, which

crystallized in the P1̄ space group, exhibited a tetracoordi-
nate rhodium center bound to two molecules of 1 and two
CO ligands (Figure 1), with a trans-dicarbonyl bisphosphine
configuration[7] and an outer-sphere BF4

� counterion. The
arene moieties of the phosphine ligands were found to point
in opposite directions on either side of the metal center
(anti configuration). However, unlike the few reported crys-
tal structures of cationic trans-dicarbonyl bisphosphine RhI

complexes,[8] all of which have a nearly perfect square-
planar geometry, complex 3 was found to exhibit a signifi-
cantly distorted coordination geometry.

The most prominent structural feature of 3 is the OC�
Rh�CO fragment, which deviates considerably from lineari-
ty, with a C1-Rh1-C2 angle of 166.31(8)8.[9] Moreover, one
of the CO ligands is also significantly bent with respect to
the metal center, with a Rh1-C2-O2 angle of 172.83(17)8,
whereas the second Rh�CO fragment is virtually linear

Scheme 1. a) Preparation of complex 3, and b) model system 4, which was used for the density functional
theory (DFT) analysis of 3.

Table 1. Crystallographic data for anti-3, syn-3, and 6.

anti-3 syn-3 6

formula C34H54BF4-
O2P2Rh

C34H54BF4-
O2P2Rh·CH2Cl2

C28H42BF4-
O2P2Rh

Mr 746.43 831.36 662.28
space group P1̄ P21/n Pbcn
crystal system triclinic monoclinic orthorhombic
a [O] 11.147(2) 17.910(4) 15.9798(4)
b [O] 12.297(3) 12.378(3) 11.6684(2)
c [O] 14.554(3) 19.731(4) 16.5021(3)
a [8] 100.71(3) 90.0 90.0
b [8] 107.37(3) 112.68(3) 90.0
g [8] 99.82(3) 90.0 90.0
V [O3] 1815.7(6) 4036(1) 3076.96(11)
Z 2 4 4
1calcd [gcm�3] 1.365 1.368 1.430
m [mm�1] 0.607 0.682 0.707
T [K] 120(2) 120(2) 120(2)
R1 [I>2s(I)] [%] 2.82 4.20 3.48
R1 (all data) [%] 3.34 5.70 8.44
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(179.18(16)8). It is worth
noting that the deviations from
linearity observed for 3 are
quite uncommon among all
known carbonyl complexes,[10]

and are even more unusual
among rhodium complexes.[11]

The P�Rh�P fragment also de-
viates from linearity, but to a
lesser extent, with a P2-Rh1-
P3 angle of 175.014(16)8. Over-
all, the coordination geometry
of 3 resembles a flattened tet-
rahedron. As for the bond
lengths associated with the CO
ligands, the Rh�CO bonds are
relatively long (Rh1�C1=

1.915(2) O, Rh1�C2=

1.924(2) O) as compared with other reported rhodium car-
bonyl complexes,[12] whereas the C�O bonds are relatively
short (C1�O1=1.129(2) O, C2�O2=1.132(2) O) and very
close in length to free CO (1.1283 O).[13] The geometrical
data related to the primary coordination sphere of 3 are
compiled in Table 2.

Another important attribute of the molecular structure of
3, which became apparent from the crystal data, is the exis-
tence of short contacts between the metal center and neigh-
boring arene methyl groups.[14] The interatomic distances as-
sociated with these contacts are Rh1�C13=3.469(2) O and
Rh1�H13b=2.55(3) O for the first methyl group, and Rh1�
C29=3.680(2) O and Rh1�H29c=2.80(2) O for the second
methyl group (hydrogen atoms were located in the electron-
density map and their positions were freely refined). From
these interatomic distances, it is possible to draw two impor-
tant conclusions relating to the structure of 3. First, it can be
clearly seen that the two interacting methyl moieties are
positioned nonsymmetrically with respect to the metal
center, with one methyl group (C13) being closer to rhodi-
um than the other. Moreover, the hydrogen atom from the
proximal methyl group (H13b) is located at the vertex of
the C1-Rh1-C2 angle, which implies a possible link between
the short C�H···Rh contact and the nonlinear coordination
of the carbonyl ligands (see below). Second, the Rh···H dis-
tances found for both methyl groups are characteristic of
weak C�H···metal interactions, known as “anagostic” inter-
actions.[15] This type of interaction has been previously dis-
cussed in the literature,[16] and refers to any M�H�C interac-
tion that does not involve a three-center, two-electron bond,
which is a characteristic of agostic interactions.[15]

The existence of anagostic interactions in solution is usu-
ally evident from downfield shifts of the 1H NMR spectro-
scopic signals associated with the interacting hydrogen
atoms, whereas agostic interactions lead to upfield shifts,[16f]

but in the present case no significant signal shifts were ob-
served, even at low temperatures (e.g., �55 8C). Nonethe-

Figure 1. Crystal structures of the anti (top) and syn (bottom) conformers
of 3, with ellipsoids drawn at the 50% probability level. All hydrogen
atoms (except for those on C13 and C29), solvent molecules, and BF4

�

counterions were omitted for clarity.

Table 2. Selected bond lengths [O] and angles [8] for 3 and 6 and their computed analogues.

anti-3
ACHTUNGTRENNUNG(exptl)

anti-4
ACHTUNGTRENNUNG(calcd)

syn-3
ACHTUNGTRENNUNG(exptl)

syn-4
ACHTUNGTRENNUNG(calcd)

6[a]

ACHTUNGTRENNUNG(exptl)
6[a]

ACHTUNGTRENNUNG(calcd)

Rh1�C1 1.915(2) 1.910 1.913(3) 1.899 1.913(3) 1.913
Rh1�C2 1.924(2) 1.915 1.926(3) 1.902 – –
C1�O1 1.129(2) 1.138 1.131(3) 1.141 1.129(4) 1.138
C2�O2 1.132(2) 1.138 1.133(3) 1.141 – –
Rh1�P2 2.3626(10) 2.375 2.3498(9) 2.371 2.3489(5) 2.371
Rh1�P3 2.3699(11) 2.376 2.3548(8) 2.378 – –
Rh1···C[b] 3.469(2) 3.639 3.484(3) 3.686 3.536(3) 3.678
C[b]�H[b] 0.99(2) 1.102 0.97(4) 1.102 0.94(3) 1.090
Rh1···H[b] 2.55(3) 2.674 2.65(4) 2.752 3.13(3) 3.405
Rh1···C29 3.680(2) 3.763 3.755(4) 3.699 – –
C29�H29c 1.01(2) 1.100 0.93(3) 1.102 – –
Rh1···H29c 2.80(2) 2.799 2.98(3) 2.747 – –
C1-Rh1-C2 166.31(8) 168.82 164.70(11) 148.84 180.0 180.0
Rh1-C1-O1 179.18(16) 178.95 171.9(2) 166.93 177.81(18) 177.2
Rh1-C2-O2 172.83(17) 173.48 172.3(2) 166.29 – –
P2-Rh1-P[c] 175.014(16) 176.29 173.88(2) 175.41 180.0 180.0

[a] Complex 6 is centrosymmetric and therefore duplicate values were omitted. [b] C13 and H13b for anti-3,
C13 and H13c for syn-3, C6 and H6 for 6. [c] P3 for anti- and syn-3, P2a for 6.

Chem. Eur. J. 2008, 14, 8183 – 8194 D 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 8185

FULL PAPERStructure and Reactivity of trans-[Rh(CO)2(phosphine)2]
+

www.chemeurj.org


less, we found that when 3 was dissolved in CD3OD and
warmed at 80 8C for several days, under excess CO to pre-
vent decomposition,[17] selective H/D exchange took place
between the solvent and the two arene methyl groups posi-
tioned ortho to the methylene bridges of both phosphine li-
gands, whereas the methyl groups in the para positions re-
mained unaffected.[18] This chemical exchange supports the
existence of C�H···Rh interactions, which are expected to
enhance the acidity of the alkyl C�H bonds.[19]

The observation of nonlinearly coordinated CO ligands
and anagostic interactions in 3, and their possible interrela-
tion, prompted us to examine the system in greater detail.
Therefore, we analyzed two additional crystals of 3 that
were grown under different conditions to insure the repro-
ducibility of the above observations. The first crystal, grown
in cold (�20 8C) THF overlaid with pentane, gave a molecu-
lar structure that was virtually identical to that described
above (including the Rh···H bond lengths; see the Experi-
mental Section for crystal data).[20, 21] However, the second
crystal, which was grown from a CH2Cl2 solution overlaid
with diethyl ether (also at �20 8C; see Table 1 for the crystal
structure parameters), revealed a rather different picture
(Figure 1). In this case, the complex, which crystallized in
the P21/n space group, was found to have a different spatial
arrangement of the phosphine ligands about the metal
center, such that both arene moieties reside on the same
side of the metal center (syn configuration). Nonetheless,
this new structure, which constitutes a different conformer
of 3, was found to have a coordination sphere very similar
to that of the anti conformer (see Table 2). Thus, the syn
conformer (syn-3) has a markedly nonlinear OC�Rh�CO
fragment (aC1-Rh1-C2=164.70(11)8, aRh1-C1-O1=

171.9(2)8, and aRh1-C2-O2=172.3(2)8), as well as short
contacts between the metal center and neighboring arene
methyl groups (Rh1�C13=3.484(3) O, Rh1�H13c=

2.65(4) O, and Rh1�H29c=2.98(3) O).[22] The P�Rh�P frag-
ment is also nonlinear (aP2-Rh1-P3=173.88(2)8), but its
angle vertex points in the opposite direction to that of anti-
3, such that the overall coordination geometry resembles a
flattened square pyramid, rather than a flattened tetrahe-
dron. Furthermore, the bond lengths associated with the CO
ligands in syn-3 (Rh1�C1=1.913(3) O, Rh1�C2)=

1.926(3) O, C1�O1=1.131(3) O, and C2�O2=1.133(3) O)
are virtually identical to those of anti-3.[23] Therefore, it can
be concluded that both the distorted geometry of 3 and the
C�H···Rh interactions are inherent attributes of this com-
plex in the solid state (and perhaps also in solution), and are
probably not a result of artifacts or measurement errors.
Furthermore, it appears that these geometry distortions do
not originate from crystal packing forces or intramolecular
steric repulsions because these structural characteristics
recur in different crystal and intramolecular environments.
This conclusion was corroborated by a theoretical examina-
tion, as described below.

Theoretical examination of the structural and electronic
properties of 3 : In an attempt to better understand the ob-

servations described above, we carried out a DFT investiga-
tion of 3 (see the Experimental Section for the computation-
al details). In the interest of computational simplicity, the
calculations were run with model system 4 (Scheme 1b),
which is a simplified analogue of 3 that has only those arene
methyl groups which are directly involved in the C�H···Rh
interactions. The BF4

� counterion was not included in these
calculations because there was no evidence for its coordina-
tion to the metal center of 3, either in the crystal structure
or in solution (see above). The calculations, which were per-
formed at the PBE0/pc-1 level of theory, found the anti and
syn conformers of 4 to be quite close in energy, with the anti
conformer being 3.28 kcalmol�1 more stable than syn. The
optimized structures of anti- and syn-4 were found to closely
reproduce the experimental geometries of the respective
conformers of 3, including the angles and bond lengths asso-
ciated with the CO ligands[24] and the C�H···Rh distances.[25]

The optimized geometrical data are presented in Table 2
alongside the observed values. It is important to note that
the generally high similarity between the experimental and
calculated (gas phase) structures supports the conclusion
that the observed distortions in the OC�Rh�CO fragment
are not the result of crystal packing forces, as mentioned
above.

Analysis of the electronic structure of the two conformers
of 4 indicated that the main contribution to the Rh···H
bonding comes from C�H!Rh electron donation. This is
clearly apparent from the molecular orbitals of the two con-
formers, which exhibit an overlap between Rh 4dz2 and
sC�H.

[26] This electron donation leads to slight elongation of
the C�H bond (1.102 O in both conformers), as compared
with the other methyl C�H bonds in 4 (1.095–1.098 O), and
it also accounts for the increased acidity of the C�H bond,
as observed in the H/D exchange experiment described
above for 3. More importantly, however, our calculations re-
vealed an intimate link between the C-Rh-C angle and the
anagostic interaction. It was found that deviation of the C-
Rh-C angle from linearity enhances the Lewis acidity of the
metal center along the z axis in the direction of the interact-
ing C�H bond (Figure 2). This effect is due to a decrease in
CO!Rh s donation, as a result of a reduction in the over-
lap between the CO 5s and Rh 4dz2 orbitals (Figure 2a), and
also to the emergence of new Rh!CO p back-donations
that involve the metal dz2 and dyz orbitals and the two CO
2p* orbitals (Figure 2b). The interaction between p* and
the dz2 orbital is also responsible for the bent Rh-C-O angles
because this bending enhances orbital overlap.

Facile distortion of tetracoordinate d8 carbonyl complexes
from the common square-planar geometry, without the
effect of additional ligands, has been predicted by Hoffmann
and Elian based on qualitative extended HSckel analysis.[27]

However, further work by Hoffmann and co-workers has
demonstrated that whereas this prediction holds for neutral
complexes, positively charged complexes with strongly do-
nating ligands should actually favor square-planar geome-
try.[28] This difference in structure was linked to the lower d
orbital energies of cationic metals relative to neutral ones
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(e.g., Rh+ versus Ru0), making the former more electroneg-
ative (i.e., a better s acceptor and worse p donor) with re-
spect to CO. More recent work by Eisenstein, Caulton and
co-workers has focused on a neutral d8 Ru0 complex, trans-
[Ru(CO)2ACHTUNGTRENNUNG(PtBu2Me)2],

[29] in which the coordination sphere
is very similar to that of 3. As predicted by Hoffmann and
co-workers, this complex exhibits a sawhorse structure with
a remarkably acute C-Ru-C angle of 133.3(4)8,[30] in marked
distinction from 3. By using ab initio methods (HF/MP2
level), Eisenstein, Caulton, and co-workers demonstrated
that a model system, trans-[Ru(CO)2ACHTUNGTRENNUNG(PH3)2], adopts a saw-
horse geometry that is nearly identical to the experimental
system.[29] Furthermore, they showed that bending of the
OC�Ru�CO fragment is essential for the stabilization of
this complex because it increases p back-donation from
both dz2 and dyz to CO and diminishes the destabilizing s

donation from CO to dz2.
[31] The authors also compared this

system with an isoelectronic RhI model system, trans-
[Rh(CO)2ACHTUNGTRENNUNG(PH3)2]

+ ,[29] which is of relevance to the current
work. This system was found to adopt a square-planar ge-
ometry, in agreement with essentially all experimental struc-
tures,[6] and to be destabilized by bending of the OC�Rh�
CO fragment. However, the authors did not provide a de-
tailed examination of the effect of C-Rh-C angle variation
on the energetics of the system, and did not explore the in-
fluence of additional ligands, such as the anagostic C�H
bond in the present case.

We examined the effect of C�Rh�C bending on the
energy of trans-[Rh(CO)2 ACHTUNGTRENNUNG(PH3)2]

+ at the PBE0/SDD level
of theory, and found the potential energy surface to be
rather flat, with a rise of only 2.38 kcalmol�1 upon reducing
aC-Rh-C from 180 to 1508 (Figure 3a). The Walsh diagram

for this system (Figure 4) indicates that this rise in energy is
due to destabilization of the b2 orbital (dxz), which is associ-
ated with the Rh!CO p back-donation, and is partly com-
pensated by stabilization of the a1 orbital (dz2), which is the
main participant in the anagostic interaction. Nonetheless, it
is clear that relatively little energy is required to bend the
OC�Rh�CO fragment, and this energy can potentially be
provided by the anagostic interaction, as observed in 3 and
4. To examine this crucial point, we carried out DFT calcu-
lations on the model system trans-[Rh ACHTUNGTRENNUNG(CH4)(CO)2ACHTUNGTRENNUNG(PH3)2]

+ ,
which is an adduct of trans-[Rh(CO)2ACHTUNGTRENNUNG(PH3)2]

+ with methane
in the axial position. Our calculations showed that the C�
H···Rh interaction indeed lowers the energy cost of bending
(e.g., only 1.62 kcalmol�1 for aC-Rh-C=1508 ; Figure 3a),

Figure 2. Critical orbital interactions responsible for the anagostic bond-
ing. a) Bending-induced changes in the s system. In the linear complex
(left), the CO!Rh s donation hinders the anagostic interaction by ham-
pering the sC�H!Rh electron donation; in the bent complex (right) the
CO!Rh s donation is itself hampered, thereby allowing the sC�H!Rh
electron donation. b) Bending-induced, anagostic-enhancing interactions
in the p system (left: dz2!p*, right: dyz!p*).

Figure 3. Effect of aC-Rh-C bending on a) the relative energies of the
calculated structures [Rh(CO)2 ACHTUNGTRENNUNG(PH3)2]

+ , [Rh ACHTUNGTRENNUNG(CH4)(CO)2 ACHTUNGTRENNUNG(PH3)2]
+ , and

[Rh ACHTUNGTRENNUNG(CH4)(CO)2ACHTUNGTRENNUNG(PMe3)2]
+ , and b) on the optimized Rh···H distance in

the methane complexes.
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and even leads to a global energy minimum at aC-Rh-C
�1758. Replacing PH3 by the stronger donor PMe3 leads to
an even greater stabilization of the bent structures relative
to the linear one, with a global minimum at aC-Rh-C
�1608. This result is in good agreement with the observed
geometries of 3 (aC-Rh-C�165–1668), and thus strongly
supports the conclusion that the distorted OC�Rh�CO frag-
ment observed for this complex is due to electronic factors
rather than steric repulsions.[32] Furthermore, it was found
that the optimized Rh···H distances decrease with decreas-
ing C-Rh-C angle (Figure 3b), which reflects stronger ana-
gostic interactions as the angle becomes more acute. Note
that the Rh···H distances in the more electron-rich PMe3

complex are slightly longer than for the PH3 complex, which
supports the conclusion that the anagostic interaction is
driven by C�H!Rh electron donation rather than electro-
static interactions,[33] contrary to the conclusions of previous
theoretical studies on other systems.[16f] All in all, the DFT
calculations clearly demonstrate that bending of the OC�
Rh�CO fragment and the anagostic interaction are mutually
stabilizing, which is in agreement with the observed struc-
tures of 3. Furthermore, the low energies involved in both
the anagostic interaction and C-Rh-C bending can account
for the simple NMR spectra observed for 3 in solution,
which are otherwise inconsistent with the asymmetric crystal
structure.[34]

Effect of anagostic interactions on structure and reactivity—
a comparative study : The anagostic interactions described
above and the structural motifs that were found to be asso-
ciated with them prompted us to examine additional types
of such C�H···Rh interactions. Because the above observa-
tions involved alkyl sp3 C�H bonds, we chose to extend the
investigation to sp2 C�H bonds. To this end, we replaced
ligand 1 with a close analogue, ligand 5 (Scheme 2), which
has a phenyl rather than mesityl arene moiety, such that
only sp2 C�H bonds were present. Thus, as shown in

Scheme 2, two equivalents of ligand 5 were reacted with
[Rh ACHTUNGTRENNUNG(acetone)2ACHTUNGTRENNUNG(coe)2]BF4 in acetone at room temperature,
and the resulting solution was then treated with excess CO.
After removal of the excess CO under vacuum, the product,
complex 6, was obtained in high yield.

The 31P{1H} NMR spectrum of 6 in CDCl3 exhibits a dou-
blet at d=51.21 ppm (1J ACHTUNGTRENNUNG(Rh,P)=102.9 Hz), which is very
similar to the NMR signal observed for 3 (d=55.87 ppm,
1J ACHTUNGTRENNUNG(Rh,P)=103.6 Hz), as expected in light of their similar
structures. Furthermore, as in the case of 3, complex 6 ex-
hibits a simple 1H NMR spectrum (see the Experimental
Section), which is compatible with a symmetrical, noncyclo-
metalated structure, and an IR spectrum that features a
strong asymmetric CO stretch band at ñ=2015 cm�1, which
is consistent with a trans configuration for the carbonyl li-
gands. Complex 6 was found to be stable under vacuum for
at least several hours, as was also observed for 3, but partly
decomposed in air after a few days, in contrast to 3.

Crystals of 6 that were suitable for X-ray diffraction were
grown at �20 8C from two solvent mixtures, namely, di-
chloromethane overlaid with pentane and methanol overlaid
with diethyl ether. Both sets of conditions yielded practically
identical crystals and molecular structures of 6 (see Table 1
and the Experimental Section). This complex, which crystal-
lized in the Pbcn space group, has a molecular structure that
is superficially similar to that of anti-3, as shown in Figure 5,
with the arene moieties situated on either side of the metal
atom, which is located at the center of a square-planar coor-

Figure 4. Walsh diagram showing the effect of aC-Rh-C bending on the
energies of the calculated valence orbitals of [Rh(CO)2 ACHTUNGTRENNUNG(PH3)2]

+ .

Scheme 2. Preparation of complex 6.

Figure 5. Crystal structure of 6, with ellipsoids drawn at the 50% proba-
bility level. All hydrogen atoms (except for H6 and H6a) and the BF4

�

counterion were omitted for clarity.
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dination arrangement. However, closer examination of the
coordination sphere in 6 reveals marked differences com-
pared with that of 3. One such difference is the absence of
any significant anagostic interaction in the crystal structure
of 6 because all of the Rh···H distances in this complex, in-
cluding those associated with the arene C�H bonds, are
longer than the upper limit set for anagostic interactions
(i.e., Rh···H>2.9 O).[15,35] The absence of these interactions
in 6 is probably due to steric hindrance, since an arene ring
from one of the phosphine ligands would have to approach
the metal center closely to allow for C�H···Rh interactions,
and would thereby clash with the isopropyl groups of the
second phosphine ligand. In complex 3, on the other hand,
the arene ring is kept safely away from the metal center
(and neighboring isopropyl groups), whereas the protruding
methyl moiety interacts with it.

Another significant difference between the crystal struc-
tures of 3 and 6 is the geometry of their primary coordina-
tion sphere. Whereas complex 3 features a markedly distort-
ed coordination geometry (see above), complex 6 exhibits a
virtually perfect square-planar arrangement (see Table 2),
which is consistent with its centrosymmetric molecular struc-
ture (Ci point group, with the inversion center at rhodium).
Of particular relevance to the current discussion is the fact
that the OC�Rh�CO fragment in the crystal structure of 6
is practically linear (aC1-Rh1-C1a=180.08[36] and aRh1-
C1-O1=aRh1-C1a-O1a=177.81(18)8), which is in agree-
ment with previously reported crystal structures of trans-di-
carbonyl bisphosphine RhI complexes,[8] but in clear contrast
to 3, in which the two conformers have significantly distort-
ed OC�Rh�CO fragments. It is worth noting that the bond
lengths associated with the CO ligands in 6 (i.e. , Rh�C and
C�O) are practically identical to those in 3 (see Table 2).

The structure of 6 was also investigated by using gas-
phase DFT calculations at the PBE0/pc-1 level of theory, as
was also done for 3. The BF4

� counterion was excluded
since it is in the outer sphere in the crystal structure. The
exact chemical composition of 6 was employed in the calcu-
lation, since no structural simplification was necessary, in
contrast to 3. These calculations were found to closely re-
produce the crystal structure of 6 (see Table 2), including
the linear OC�Rh�CO fragment and the absence of anagos-
tic interactions, and this indicates that the configuration
adopted by 6 in the crystal is not the result of packing
forces, but is inherent in its molecular structure.

Further examination of 6 revealed that not only does it
differ from 3 in its structural properties, but also in its
chemistry. In contrast with 3, which exhibited no observable
BF4

� coordination when dissolved in chloroform, as was evi-
dent from the sharp, well-defined BF4

� signal in its room
temperature 19F{1H} NMR spectrum (see above), complex 6
was found to coordinate this counterion under the same
conditions, as was evident from the appearance of a very
broad BF4

� signal (singlet at d=�153.60 ppm). The fact that
6 coordinates BF4

� in solution, whereas 3 does not (or does
so very weakly), lends further weight to the role of anagostic
interactions. In the absence of these interactions, the pri-

mary coordination spheres of the two complexes are identi-
cal and the arene moieties of the monophosphine ligands
are not expected to exert significant steric influence on the
metal center (because they are kept away by a flexible
methylene bridge), and therefore, the two complexes should
bind BF4

� with very similar, if not identical, affinities.
Hence, the observation that 6 binds BF4

� in solution, where-
as no such binding is observed for 3, further supports the
conclusion that 3 exhibits intramolecular anagostic interac-
tions that shield the metal center from binding additional li-
gands, whereas 6 exhibits no significant anagostic interac-
tions (as observed in the crystal structure).

Further, perhaps more striking, evidence for the effect of
anagostic interactions on the coordination chemistry of the
rhodium center was obtained when 3 and 6 were exposed to
CO. As described above, the H/D exchange experiment con-
ducted with 3 was carried out in CD3OD under excess CO,
to prevent the decomposition of the complex. 31P and
1H NMR spectra of this solution, taken before and after the
addition of CO, indicated no observable changes in 3. The
same result was obtained when a solution of 3 in either
CDCl3 or CD2Cl2 was examined under excess CO at various
temperatures (room temperature in both solvents, �40 8C in
CD2Cl2, and +60 8C in CDCl3). On the other hand, when
complex 6 was dissolved in CD3OD and treated with excess
CO at room temperature, it was observed to fully convert to
a new complex.[37] The new complex gave rise to a sharp
doublet at d=63.30 ppm (1J ACHTUNGTRENNUNG(Rh,P)=72.6 Hz) in the
31P{1H} NMR spectrum, which is clearly distinct from the
broad doublet at d=52.23 ppm (1J ACHTUNGTRENNUNG(Rh,P)=103.3 Hz) ob-
served for 6 in CD3OD. Furthermore, the IR spectrum of
the new complex in solution in CH2Cl2 featured two strong
CO stretching bands of roughly equal intensity at ñ=2008
and 2024 cm�1. Full characterization of this complex, includ-
ing the use of 13C-labeled CO (see the Experimental Sec-
tion), ultimately revealed it to be tricarbonyl RhI complex 7
(Scheme 3), which is simply an adduct of 6 with an addition-
al CO ligand. Such cationic RhI tricarbonyl bisphosphine
complexes have been reported in the literature.[38]

Complex 7 was found to be stable in solution at room
temperature, but only under excess CO, since purging the
solution with argon, or evaporating the solvent under
vacuum, was found to lead to the loss of one CO ligand and
regeneration of 6.[39] Nevertheless, the fact that the reaction
of 6 with CO afforded 7 in essentially quantitative yield,
whereas complex 3 showed no observable reaction with CO

Scheme 3. Addition of CO to complexes 3 and 6.
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under the same conditions (i.e., complex 8 was never ob-
served; see Scheme 3), lends strong support to the role of
anagostic interactions in hindering the coordination of in-
coming CO molecules. As for the possibility that the differ-
ence in CO coordination between 3 and 6 arises from differ-
ences in the steric bulk of their arene moieties, our results
regarding BF4

� coordination have already shown this to be
unlikely, and because CO is much smaller than BF4

�, the
possibility for such steric effects in the case of CO is even
less likely. Moreover, Nurnberg and Werner have reported
on the room-temperature preparation and isolation of the
complex [Rh(CO)3ACHTUNGTRENNUNG(PiPr3)2]PF6,

[8b] in which the triisopropyl-
phosphine ligands are clearly more sterically demanding
than ligand 1 in complex 3.

Conclusion

Herein we have described a trans-dicarbonyl bisphosphine
RhI complex, 3, the crystal structures of which (syn and anti
conformers) were found to exhibit both nonlinear OC�Rh�
CO fragments and intramolecular C�H···Rh anagostic inter-
actions that involve arene methyl groups (from phosphine
ligand 1). This complex was also found to undergo selective
H/D exchange in solution, which involved only the arene
methyl groups positioned ortho to the methylene bridges,
thereby demonstrating that the anagostic interactions also
occur in solution. DFT calculations traced these unique ob-
servations to bending-induced changes in the overlap be-
tween the orbitals of rhodium and the CO ligands. Thus, the
occupied s orbital of CO and the occupied metal dz2 orbital
show decreased overlap, whereas the empty p* orbitals of
the CO ligands and the occupied metal dz2 and dyz orbitals
exhibit increased overlap. Overall, these changes result in
diminished electron density in orbitals dz2 and dyz, which
renders them electron withdrawing. This, in turn, increases
the electron-accepting ability of the metal center in the z di-
rection, along which the relatively weak methyl C�H donor
is situated, and the resulting anagostic interaction compen-
sates for the energy cost of bending the otherwise linear
OC�Rh�CO fragment.

Furthermore, we have prepared a second complex, 6, the
primary coordination sphere of which is identical to that of
3, but its phosphine ligands (5) have no arene methyl
groups. In contrast with 3, the crystal structure of 6 was
found to exhibit a virtually linear OC�Rh�CO fragment
and no anagostic interactions. Moreover, we have observed
that in solution 6 binds both its BF4

� counterion and an ad-
ditional CO molecule, whereas 3 does not, and this lends
further support to the existence of anagostic interactions in
3 in solution. This also stresses the significance of anagostic
interactions, which despite being relatively weak can have
significant effects on the reactivity of a metal center.

All in all, the results described herein demonstrate a
strong correlation between C�H···Rh anagostic interactions
and the nonlinearity of carbonyl ligands. Therefore, these re-
sults are of great relevance to the topic of C�H bond activa-

tion, as they demonstrate the potential for promoting such
reactions by fine-tuning the coordination geometry associat-
ed with strongly p-accepting ligands, such as CO and its iso-
electronic congeners NO+ and isonitriles.

Experimental Section

General procedures : All experiments with metal complexes and phos-
phine ligands were carried out under an atmosphere of purified argon in
an MBraun Unilab glove-box. The complex [Rh ACHTUNGTRENNUNG(acetone)2 ACHTUNGTRENNUNG(coe)2]BF4 was
prepared according to a literature procedure with appropriate modifica-
tions.[40] Ligand 1,[5c] complex 2,[5c] and ligand 5[41] were prepared accord-
ing to previously reported procedures. All solvents were reagent grade or
better. All nondeuterated solvents were heated at reflux over sodium/
benzophenone ketyl and distilled under argon. Deuterated solvents were
used as received. All solvents were degassed with argon and kept in the
glove-box over 3–4 O molecular sieves (except for acetone, which was
dried with Drierite). Commercially available reagents were used as re-
ceived. Crystal structures were drawn by using the program ORTEP-3.[42]

Analysis : NMR spectra (1H, 13C, 19F, and 31P) were recorded by using
Bruker Avance-400 and Bruker Avance-500 NMR spectrometers. All
measurements were performed at 20 8C unless otherwise noted. 1H and
13C NMR spectroscopic chemical shifts are reported in ppm relative to
tetramethylsilane. 1H NMR spectroscopic chemical shifts are referenced
to the residual hydrogen signal of the deuterated solvents and the
13C NMR spectroscopic chemical shifts are referenced to the 13C signal(s)
of the deuterated solvents. 19F NMR spectroscopic chemical shifts are re-
ported in ppm relative to CFCl3 and referenced to an external solution of
C6F6 in CDCl3.

31P NMR spectroscopic chemical shifts are reported in
ppm relative to H3PO4 and referenced to an external 85% solution of
phosphoric acid in D2O. Abbreviations used in the description of NMR
spectroscopic data are as follows: Ar=aryl, br=broad, v=virtual, s= sin-
glet, d=doublet, m=multiplet.

Infrared spectra were recorded by using Nicolet ProtUgU 460 and Bruker
Equinox 55 FTIR spectrometers. Electrospray ionization mass spectrom-
etry (ESIMS) was performed at the Chemical Analysis Laboratory (Unit
of Chemical Research Support) of the Weizmann Institute of Science, by
using a Micromass Platform LCZ 4000 mass spectrometer (Micromass,
Manchester, UK) with a cone voltage of 43 V, an extractor voltage of
4 V, and a desolvation temperature of 150 8C.

Elemental analyses were performed at the Chemical Analysis Laboratory
(Unit of Chemical Research Support) of the Weizmann Institute of Sci-
ence and at H. Kolbe Mikroanalytisches Laboratorium, MSlheim an der
Ruhr, Germany.

Crystal structures from the Cambridge structural database (CSD; ver-
sion 5.29, November 2007),[43, 44] were retrieved and analyzed by using
ConQuest v. 1.10[45] and Vista,[46] respectively. To avoid redundant crystal
structures during the database search, we used the best representative
polymorph list supplied by the Cambridge crystallographic data centre.[47]

Analysis of short contacts in the crystal structures was performed with
the free version of Mercury v. 1.4.[43,48]

X-ray crystallographic analysis : Data were collected on a Nonius Kappa
CCD diffractometer at 120(2) K (apart from one sample of anti-3 that
was also measured at 90(2) K), with MoKa radiation (l =0.71073 O) and a
graphite monochromator. Data processing was carried out by using
Denzo-Scalepack.[49] Structures were solved by using direct methods in
SHELXS-97 and refined in SHELXL-97 by using the full-matrix least-
squares method based on F2.[50]

Synthesis of complex 3 : A solution of ligand 1 (100.7 mg, 0.402 mmol) in
acetone (1.2 mL) was added to a solution of [Rh ACHTUNGTRENNUNG(acetone)2 ACHTUNGTRENNUNG(coe)2]BF4

(105.6 mg, 0.201 mmol) in acetone (1.1 mL), and the resulting solution
was stirred at RT for 2 h. The orange-yellow solution was then concen-
trated under vacuum to 0.8 mL and added to a glass vial fitted with a
rubber septum. CO gas was then freely bubbled through the solution by
syringe for 1 min, then excess CO was pumped off. The resulting yellow
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solution was filtered through a cotton pad and added with stirring to pen-
tane (16 mL) to precipitate the product. The liquid phase was then deca-
nted and the precipitate was washed with 4 mL of pentane and dried
under vacuum. This gave the product as a yellow powder (115.0 mg,
0.154 mmol; 76.8% yield).
1H NMR (400 MHz, CD2Cl2): d =6.89 (s, 4H; Ar), 3.29 (vt, 2J ACHTUNGTRENNUNG(P,H)� 4J-
ACHTUNGTRENNUNG(P,H)=4.6 Hz, 4H; Ar�CH2�P), 2.42 (m, 4H; PCH ACHTUNGTRENNUNG(CH3)2), 2.37 (s, 12H;
Arortho�CH3), 2.24 (s, 6H; Arpara�CH3), 1.28 ppm (m, 24H; PCH ACHTUNGTRENNUNG(CH3)2);
13C{1H} NMR (101 MHz, CD2Cl2): d=186.74 (dt, 1J ACHTUNGTRENNUNG(Rh,C)=64.7 Hz, 2J-
ACHTUNGTRENNUNG(P,C)=13.7 Hz, CO), 138.23 (vt, J ACHTUNGTRENNUNG(P,C)=1.8 Hz, CAr), 137.00 (vt, J ACHTUNGTRENNUNG(P,C)=

2.3 Hz, CAr), 130.55 (vt, J ACHTUNGTRENNUNG(P,C)=1.2 Hz, CAr�H), 129.13 (s, CAr), 28.95 (vt,
1J ACHTUNGTRENNUNG(P,C)� 3J ACHTUNGTRENNUNG(P,C)=12.4 Hz, PCH ACHTUNGTRENNUNG(CH3)2), 24.62 (vt, 1J ACHTUNGTRENNUNG(P,C)� 3J ACHTUNGTRENNUNG(P,C)=

10.9 Hz, Ar�CH2�P), 22.46 (s, Arortho�CH3), 20.87 (s, Arpara�CH3), 19.58
(s, PCH ACHTUNGTRENNUNG(CH3)2), 19.13 ppm (s, PCH ACHTUNGTRENNUNG(CH3)2), peak assignment was con-
firmed by 13C DEPT and 13C–1H heteronuclear correlation; 31P{1H} NMR
(162 MHz, CD2Cl2): d=55.94 ppm (d, 1J ACHTUNGTRENNUNG(Rh,P)=103.8 Hz); 19F{1H} NMR
(376 MHz, CD2Cl2): d=�153.33 ppm (s, BF4).
1H NMR (400 MHz, CDCl3): d =6.84 (s, 4H; Ar), 3.28 (vt, 2J ACHTUNGTRENNUNG(P,H)� 4J-
ACHTUNGTRENNUNG(P,H)=4.6 Hz, 4H; Ar�CH2�P), 2.43 (m, 4H; PCH ACHTUNGTRENNUNG(CH3)2), 2.34 (s, 12H;
Arortho�CH3), 2.22 (s, 6H; Arpara�CH3), 1.28 ppm (m, 24H; PCH ACHTUNGTRENNUNG(CH3)2);
31P{1H} NMR (162 MHz, CDCl3): d=55.87 ppm (d, 1J ACHTUNGTRENNUNG(Rh,P)=103.6 Hz);
19F{1H} NMR (376 MHz, CDCl3): d=�154.77 ppm (s, BF4).
1H NMR (400 MHz, CD3OD): d=6.91 (s, 4H; Ar), 3.42 (vt, 2J ACHTUNGTRENNUNG(P,H)� 4J-
ACHTUNGTRENNUNG(P,H)=4.6 Hz, 4H; Ar�CH2�P), 2.52 (m, 4H; PCH ACHTUNGTRENNUNG(CH3)2), 2.41 (s, 12H;
Arortho�CH3), 2.23 (s, 6H; Arpara�CH3), 1.31 (m, 24H; PCH ACHTUNGTRENNUNG(CH3)2);
31P{1H} NMR (162 MHz, CD3OD): d=56.27 ppm (d, 1J ACHTUNGTRENNUNG(Rh,P)=

103.1 Hz).

IR (nujol): nCO =2008 cm�1 (s); ESIMS (acetone/CH3OH): m/z calcd for
C34H54O2P2Rh: 659.27 [M]+ ; found: 660.19; m/z calcd for BF4: 86.80
[M]� ; found: 87.23; elemental analysis calcd. (%) for C34H54BF4O2P2Rh:
C 54.71, H 7.29; found: C 54.80, H 7.34.

X-ray structural analysis of anti-3 isolated from dioxane : Complex anti-3
was crystallized from dioxane at 95 8C.

Crystal Data : C34H54O2P2Rh·BF4; Mr =746.43; yellow prism; 0.4X0.3X
0.3 mm3; triclinic; space group P1̄; a=11.147(2) O, b=12.297(3) O, c=

14.554(3) O; a =100.71(3)8, b =107.37(3)8, g=99.82(3)8 ; V=

1815.7(6) O3; Z=2; 1calcd =1.365 mgm�3, m=0.607 mm�1.

Solution and refinement : Rint=0.028, 481 parameters with no restraints;
final R1=0.0282 (based on F2) for data with I>2s(I) and R1=0.0334 for
8243 reflections; goodness of fit on F2 =1.037; largest electron density
peak=0.646 eO�3.

X-ray structural analysis of anti-3 isolated from tetrahydrofuran : Com-
plex anti-3 was crystallized from THF overlaid with pentane at �20 8C.

Crystal Data : C34H54O2P2Rh·BF4; Mr =746.43; yellow prism; 0.3X0.2X
0.1 mm3; triclinic; space group P1̄; a=11.146(2) O, b=12.296(3) O, c=

14.541(3) O; a =100.68(3)8, b =107.35(3)8, g=99.85(3)8 ; V=

1814.0(7) O3; Z=2; 1calcd =1.367 mgm�3 ; m=0.608 mm�1.

Solution and refinement : Rint=0.065, 475 parameters with no restraints;
final R1=0.0441 (based on F2) for data with I>2s(I) and R1=0.0547 for
6968 reflections; goodness of fit on F2=1.044; largest electron density
peak=0.844 eO�3 and hole=�0.847 eO�3.

X-ray structural analysis of anti-3 isolated from tetrahydrofuran, low
temperature measurement (90K): The crystal used for this measurement
was prepared in the same way as the one described above (i.e., isolated
from THF overlaid with pentane).

Crystal Data : C34H54O2P2Rh·BF4; Mr =746.43; yellow prism; 0.3X0.2X
0.1 mm3; triclinic; space group P1̄; a=11.117(2) O, b=12.282(3) O, c=

14.534(3) O; a=100.68(3)8, b=107.35(3)8, g=99.76(3)8 ; T=90(2)K; V=

1806.8(7) O3; Z=2; 1calcd =1.372 mgm�3 ; m=0.610 mm�1.

Solution and refinement : Rint=0.058, 475 parameters with no restraints;
final R1=0.0393 (based on F2) for data with I>2s(I) and R1=0.0547 for
6972 reflections; goodness of fit on F2=1.043; largest electron density
peak=0.597 eO�3 and hole=�0.868 eO�3.

X-ray structural analysis of syn-3 isolated from dichloromethane : Com-
plex syn-3 was crystallized from dichloromethane overlaid with diethyl
ether at �20 8C.

Crystal Data : C34H54O2P2Rh·BF4·CH2Cl2; Mr =831.36; yellow prism; 0.4X
0.3X0.3 mm3; monoclinic; space group P21/n ; a=17.910(4) O, b=

12.378(3) O, c=19.731(4) O; b =112.68(3)8 ; V=4036(1) O3; Z=4; 1calcd =

1.368 mgm�3 ; m=0.682 mm�1.

Solution and refinement : Rint =0.051, 500 parameters with no restraints,
final R1=0.0420 (based on F2) for data with I>2s(I) and R1=0.0570 for
9199 reflections; goodness of fit on F2=1.063, largest electron density
peak=1.302 eO�3 and hole=�0.883 eO�3.

H/D exchange experiment for complex 3 in CD3OD : Complex 3 (6.7 mg,
0.009 mmol) was dissolved in CD3OD (0.67 mL) and the resulting solu-
tion was placed in an NMR tube equipped with a rubber septum. CO gas
was then freely bubbled through the solution for 1 min, then the septum
was sealed with paraffin wax to avoid CO leakage. The 1H and 31P NMR
spectra of this sample were recorded and then the solution was warmed
at 80 8C for 17 d. 1H and 31P NMR spectra of the sample were recorded
every few days and compared with the initial spectra. No significant
changes were observed in the 31P NMR spectrum, which indicated that
no appreciable decomposition had taken place. This was corroborated by
the 1H NMR spectrum, in which essentially constant integral ratios were
found between the residual C�H signal from the solvent, which was used
as an internal standard, and all of the signals associated with 3, except
for the signal associated with the arene methyl groups ortho to the meth-
ylene bridge. This signal was observed to disappear from the 1H NMR
spectrum during heating, which indicated that exchange of the respective
protons with deuterons from the solvent had occurred.

Synthesis of complex 6 : A solution of ligand 5 (47.2 mg, 0.113 mmol) in
acetone (0.9 mL) was added to a solution of [Rh ACHTUNGTRENNUNG(acetone)2 ACHTUNGTRENNUNG(coe)2]BF4

(59.5 mg, 0.227 mmol) in acetone (1.1 mL) and the resulting solution was
stirred at RT for 14 h. The red-orange solution was then added to a glass
vial fitted with a rubber septum and CO gas was freely bubbled through
the solution by syringe for 2 min with stirring. This resulted in rapid color
change to orange-yellow. Excess CO was then pumped off and the solu-
tion was concentrated under vacuum to 0.8 mL. It was then added with
stirring to pentane (18 mL) to precipitate the product. The liquid phase
was decanted and the precipitate was washed with pentane and dried
under vacuum, which gave the product as a yellow-orange powder
(58.0 mg, 0.088 mmol, 77.9% yield).
1H NMR (400 MHz, CDCl3): d=7.26–7.20 (m, 10H; Ar), 3.43 (vt, 2J-
ACHTUNGTRENNUNG(P,H)� 4J ACHTUNGTRENNUNG(P,H)=3.8 Hz, 4H; Ar�CH2�P), 2.40 (m, 3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 4H;
PCH ACHTUNGTRENNUNG(CH3)2), 1.23 ppm (m, 24H; PCHACHTUNGTRENNUNG(CH3)2);

13C{1H} NMR (101 MHz,
CDCl3): d=187.87 (dt, 1J ACHTUNGTRENNUNG(Rh,C)=64.8 Hz, 2J ACHTUNGTRENNUNG(P,C)=13.9 Hz, CO), 134.21
(vt, J ACHTUNGTRENNUNG(P,C)=1.5 Hz, CAr), 129.93 (vt, J ACHTUNGTRENNUNG(P,C)=2.5 Hz, CAr�H), 129.26 (s,
CAr�H), 127.78 (vt, J ACHTUNGTRENNUNG(P,C)=1.2 Hz, CAr�H), 30.68 (vt, 1J ACHTUNGTRENNUNG(P,C)� 3J ACHTUNGTRENNUNG(P,C)=

11.2 Hz, Ar�CH2�P), 26.83 (vt, 1J ACHTUNGTRENNUNG(P,C)� 3J ACHTUNGTRENNUNG(P,C)=12.8 Hz, PCH ACHTUNGTRENNUNG(CH3)2),
19.09 (s, PCHACHTUNGTRENNUNG(CH3)2), 18.88 ppm (s, PCH ACHTUNGTRENNUNG(CH3)2), peak assignment was
confirmed by 13C DEPT; 31P{1H} NMR (162 MHz, CDCl3): d=51.21 ppm
(d, 1J ACHTUNGTRENNUNG(Rh,P)=102.9 Hz); 19F{1H} NMR (376 MHz, CDCl3): d=

�153.60 ppm (br s, BF4).
1H NMR (400 MHz, CD2Cl2): d=7.38–7.26 (m, 10H; Ar), 3.43 (vt, 2J-
ACHTUNGTRENNUNG(P,H)� 4J ACHTUNGTRENNUNG(P,H)=3.8 Hz, 4H; Ar�CH2�P), 2.43 (m, 4H; PCH ACHTUNGTRENNUNG(CH3)2),
1.29 ppm (m, 24H; PCH ACHTUNGTRENNUNG(CH3)2);

31P{1H} NMR (162 MHz, CD2Cl2): d=

51.62 ppm (d, 1J ACHTUNGTRENNUNG(Rh,P)=102.2 Hz).
1H NMR (400 MHz, CD3OD): d =7.43–7.25 (m, 10H; Ar), 3.56 (vt, 2J-
ACHTUNGTRENNUNG(P,H)� 4J ACHTUNGTRENNUNG(P,H)=3.0 Hz, 4H; Ar�CH2�P), 2.50 (brm, 4H; PCH ACHTUNGTRENNUNG(CH3)2),
1.31 ppm (q, 24H; PCH ACHTUNGTRENNUNG(CH3)2);

31P{1H} NMR (162 MHz, CD3OD): d=

52.23 ppm (brd, 1J ACHTUNGTRENNUNG(Rh,P)=103.3 Hz).

IR (nujol): nCO =2015 cm�1 (s); ESIMS (CH2Cl2/CH3OH): m/z calcd for
C28H42O2P2Rh: 575.50 [M]+; found: 576.07; m/z calcd for C27H42OP2Rh
(complex�CO): 547.49 [M]+ ; found: 548.03; m/z calcd for BF4: 86.80
[M]� ; found: 87.23; elemental analysis calcd (%) for C28H42BF4O2P2Rh:
C 50.78, H 6.39; found: C 50.70, H 7.09.

X-ray structural analysis of 6 isolated from dichloromethane : Complex 6
was crystallized from dichloromethane overlaid with pentane at �20 8C.

Crystal Data : C28H42O2P2Rh·BF4; Mr =662.28; orange prism; 0.5X0.3X
0.1 mm3; orthorhombic; space group Pbcn ; a=15.9798(4) O, b=

11.6684(2) O, c=16.5021(3) O; a= b=g=908 ; V=3076.96(11) O3; Z=4;
1calcd =1.430 mgm�3 ; m=0.707 mm�1.
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Solution and refinement : Rint=0.044, 213 parameters with no restraints;
final R1=0.0348 (based on F2) for data with I>2s(I) and R1=0.0844 for
3852 reflections; goodness of fit on F2=0.934; largest electron density
peak=1.102 eO�3.

X-ray structural analysis of 6 isolated from methanol : Complex 6 was
crystallized from methanol overlaid with diethyl ether at �20 8C.

Crystal Data : C28H42O2P2Rh·BF4; Mr =662.28; orange prism; 0.3X0.2X
0.2 mm3; orthorhombic; space group Pbcn ; a=15.9820(3) O, b=

11.6800(5) O, c=16.4920(3) O; a= b=g=908 ; V=3078.56(15) O3; Z=4;
1calcd =1.429 mgm�3 ; m=0.706 mm�1.

Solution and refinement : Rint=0.049, 191 parameters with no restraints;
final R1=0.0502 (based on F2) for data with I>2s(I) and R1=0.0674 for
2908 reflections; goodness of fit on F2=0.998; largest electron density
peak=2.418 eO�3.

Reaction of 6 with CO—in situ preparation of 7: Complex 6 (13.7 mg,
0.021 mmol) was dissolved in CD2Cl2 (0.7 mL) and the resulting orange–
yellow solution was added to a screw-cap NMR tube fitted with a rubber
septum. CO gas was then freely bubbled through the solution by syringe
for 2 min. The resulting yellow solution was then kept under a CO atmos-
phere during NMR spectra collection. The same procedure was also fol-
lowed for a solution of 6 in CD3OD.
1H NMR (400 MHz, CD2Cl2): d=7.40–7.33 (m, 6H; Ar), 7.19 (m, 4H;
Ar), 3.41 (vt, 2J ACHTUNGTRENNUNG(P,H)� 4J ACHTUNGTRENNUNG(P,H)=3.4 Hz, 4H; Ar�CH2�P), 2.43 (m, 3J-
ACHTUNGTRENNUNG(H,H)=7.0 Hz, 4H; PCH ACHTUNGTRENNUNG(CH3)2), 1.39 (m, 3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 12H; PCH-
ACHTUNGTRENNUNG(CH3)2), 1.32 ppm (m, 3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 12H; PCH ACHTUNGTRENNUNG(CH3)2);
13C{1H} NMR (101 MHz, CD2Cl2): d=186.10 (br s, CO), 132.31 (vt, J-
ACHTUNGTRENNUNG(P,C)=2.1 Hz, CAr), 130.66 (vt, J ACHTUNGTRENNUNG(P,C)=2.2 Hz, CAr�H), 129.59 (vt, J-
ACHTUNGTRENNUNG(P,C)=1.1 Hz, CAr�H), 128.62 (vt, J ACHTUNGTRENNUNG(P,C)=1.5 Hz, CAr�H), 33.10 (vt, 1J-
ACHTUNGTRENNUNG(P,C)� 3J ACHTUNGTRENNUNG(P,C)=12.8 Hz, Ar�CH2�P), 27.96 (vt, 1J ACHTUNGTRENNUNG(P,C)� 3J ACHTUNGTRENNUNG(P,C)=

13.0 Hz, PCH ACHTUNGTRENNUNG(CH3)2), 19.72 (s, PCH ACHTUNGTRENNUNG(CH3)2), 18.56 ppm (s, PCH ACHTUNGTRENNUNG(CH3)2),
peak assignment was confirmed by 13C DEPT; 31P{1H} NMR (162 MHz,
CD2Cl2): d=62.69 ppm (d, 1J ACHTUNGTRENNUNG(Rh,P)=75.1 Hz); 19F{1H} NMR (376 MHz,
CD2Cl2): d=�153.57 ppm (s, BF4).
1H NMR (400 MHz, CD2Cl2, �40 8C): d=7.36–7.30 (m, 6H; Ar), 7.12 (m,
4H; Ar), 3.35 (vt, 4H; Ar�CH2�P), 2.37 (m, 4H; PCH ACHTUNGTRENNUNG(CH3)2), 1.38 (m,
12H; PCH ACHTUNGTRENNUNG(CH3)2), 1.27 ppm (m, 12H; PCHACHTUNGTRENNUNG(CH3)2);

13C{1H} NMR
(101 MHz, CD2Cl2, �40 8C): d =185.78 (dt, 1J ACHTUNGTRENNUNG(Rh,C)=66.4 Hz, 2J-
ACHTUNGTRENNUNG(Rh,P)=13.7 Hz, CO), 131.50 (vt, J ACHTUNGTRENNUNG(P,C)=2.2 Hz, CAr), 130.40 (vt, J-
ACHTUNGTRENNUNG(P,C)=1.7 Hz, CAr�H), 129.18 (s, CAr�H), 128.24 (s, CAr�H), 32.82 (vt, 1J-
ACHTUNGTRENNUNG(P,C)� 3J ACHTUNGTRENNUNG(P,C)=13.3 Hz, Ar�CH2�P), 27.26 (vt, 1J ACHTUNGTRENNUNG(P,C)� 3J ACHTUNGTRENNUNG(P,C)=

13.1 Hz, PCH ACHTUNGTRENNUNG(CH3)2), 19.64 (s, PCH ACHTUNGTRENNUNG(CH3)2), 17.77 ppm (s, PCH ACHTUNGTRENNUNG(CH3)2);
31P{1H} NMR (162 MHz, CD2Cl2, �40 8C): d=64.30 ppm (d, 1J ACHTUNGTRENNUNG(Rh,P)=

70.8 Hz); 9F{1H} NMR (376 MHz, CD2Cl2, �40 8C): d=�153.07 ppm (s,
BF4).
1H NMR (400 MHz, CD3OD): d =7.41–7.25 (m, 10H; Ar), 3.57 (vt, 2J-
ACHTUNGTRENNUNG(P,H)� 4J ACHTUNGTRENNUNG(P,H)=3.5 Hz, 4H; Ar�CH2�P), 2.52 (m, 4H; PCH ACHTUNGTRENNUNG(CH3)2),
1.38 ppm (m, 24H; PCH ACHTUNGTRENNUNG(CH3)2);

31P{1H} NMR (162 MHz, CD3OD): d=

63.30 ppm (d, 1J ACHTUNGTRENNUNG(Rh,P)=72.6 Hz).

IR (CH2Cl2): nCO =2024 (s), 2008 cm�1 (s).

Reaction of 6 with 13CO—in situ preparation of 13CO-labeled 7: Complex
6 (5.1 mg, 0.008 mmol) was dissolved in CDCl3 (0.6 mL) and the resulting
yellow solution was added to an NMR tube fitted with a rubber septum.
A mixture of 13CO and nitrogen was then freely bubbled through the so-
lution by syringe for about 1 min, until the color changed to pale yellow.
1H NMR (500 MHz, CDCl3, �50 8C): d=7.32–7.27 (m, 6H; Ar), 7.08 (m,
4H; Ar), 3.38 (vt, 4H; Ar�CH2�P), 2.42 (m, 4H; PCH ACHTUNGTRENNUNG(CH3)2), 1.40 (m,
12H; PCH ACHTUNGTRENNUNG(CH3)2), 1.29 ppm (m, 12H; PCHACHTUNGTRENNUNG(CH3)2);

13C{1H} NMR
(126 MHz, CDCl3, �50 8C): d=185.85 (dt, 1J ACHTUNGTRENNUNG(Rh,C)=66.2 Hz, 2J ACHTUNGTRENNUNG(Rh,P)=

13.6 Hz, CO), 131.41 (s, CAr), 130.42 (s, CAr�H), 129.26 (s, CAr�H), 128.38
(s, CAr�H), 32.92 (vt, 1J ACHTUNGTRENNUNG(P,C)� 3J ACHTUNGTRENNUNG(P,C)=13.3 Hz, Ar�CH2�P), 27.25 (vt,
1J ACHTUNGTRENNUNG(P,C)� 3J ACHTUNGTRENNUNG(P,C)=13.1 Hz, PCH ACHTUNGTRENNUNG(CH3)2), 19.96 (s, PCH ACHTUNGTRENNUNG(CH3)2), 17.99 ppm
(s, PCH ACHTUNGTRENNUNG(CH3)2);

31P{1H} NMR (202 MHz, CDCl3, �50 8C): d=64.33 ppm
(dq, 1J ACHTUNGTRENNUNG(Rh,P)=70.5 Hz, 2J ACHTUNGTRENNUNG(C,P)=13.5 Hz).

Computational details : All calculations were carried out by using Gaussi-
an 03, Revision C.02.[51] We used the PBE0 DFT exchange-correlation
functional,[52] also known as PBE1PBE. PBE0 is the hybrid variant of
PBE, that is, Perdew, Burke, and ErnzerhofYs nonempirical GGA func-

tional, and contains 25% Hartree–Fock exchange. For the modeling of 4,
two basis set–RECP (relativistic effective core potential) combinations
were used. The first, denoted SDD, is a combination of the Huzinaga–
Dunning double-z basis set[53] for lighter elements and the Stuttgart–
Dresden basis set–RECP combination[54] for transition metals. The
second combination, denoted pc-1, combines JensenYs “polarization con-
sistent” pc-1 basis set[55] for main-group elements and the Stuttgart–Dres-
den basis set–RECP combination[54] for transition metals with an added
f-type polarization exponent taken as the geometric average of the two f-
exponents given in the appendix of ref. [56] This combination is of
double-z plus polarization quality. Model complexes trans-[Rh(CO)2-
ACHTUNGTRENNUNG(PH3)2]

+ , trans-[Rh ACHTUNGTRENNUNG(CH4)(CO)2ACHTUNGTRENNUNG(PH3)2]
+ and trans-[RhACHTUNGTRENNUNG(CH4)(CO)2-

ACHTUNGTRENNUNG(PMe3)2]
+ were treated at the PBE0/SDD level of theory. All structures

have been fully optimized and characterized as energy minima by calcu-
lating the harmonic vibrational frequencies.

CCDC-671432–671435 contain the supplementary crystallographic data
for 3 (three structures for the anti conformer, measured at two different
temperatures, and one structure for the syn conformer). CCDC-689827
and -689828 contain crystallographic data for 6 (two structures). These
data can be obtained free of charge from The Cambridge Crystallograph-
ic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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