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Abstract: Sequential addition of CO
molecules to cationic aryl-hydrido
Rh™ complexes of phosphine-based
(PCP) pincer ligands was found to lead
first to C—H reductive elimination and
then to C—H oxidative addition, there-
by demonstrating a dual role of CO.
DFT calculations indicate that the oxi-
dative addition reaction is directly pro-
moted by CO, in contrast to the com-
monly accepted view that CO hinders
such reactions. This intriguing effect
was traced to repulsive m interactions

second CO ligand (due to significant 5
back-donation). These repulsive inter-
actions were themselves linked to sig-
nificant weakening of the m-acceptor
character of CO in the positively
charged rhodium complexes, which is
concurrent with an enhanced o-donat-
ing capability. Replacement of the
phosphine ligands by an analogous
phosphinite-based (POCOP) pincer
ligand led to significant changes in re-
activity, whereby addition of CO did
not result in C—H reductive elimina-

tion, but yielded relatively stable
mono- and dicarbonyl aryl-hydrido
POCOP-Rh" complexes. DFT calcula-
tions showed that the stability of these
complexes arises from the higher elec-
trophilicity of the POCOP ligand, rela-
tive to PCP, which leads to partial re-
duction of the excessive m-electron
density along the aryl-Rh-CO axis. Fi-
nally, comparison between the effects
of CO and acetonitrile on C—H oxida-
tive addition revealed that they exhibit
similar reactivity, despite their marked-

along the aryl-Rh-CO axis, which are
augmented by the initially added CO
ligand (due to antibonding interactions
between occupied Rh d, orbitals and
occupied & orbitals of both CO and the
arene moiety), but counteracted by the
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Introduction

The activation of strong carbon-hydrogen bonds by transi-
tion metals is one of the fundamental fields of current or-
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ly different electronic properties. How-
ever, DFT calculations indicate that
the two ligands operate by different
mechanisms.

ganometallic chemistry. The ability to selectively cleave and
functionalize otherwise inert C—H bonds, such as those in al-
kanes or arenes, and to do so under mild conditions, would
pave the way to a more cost-effective utilization of abun-
dant chemical feedstocks, such as oil and natural gas. To this
end, it is crucial to further our understanding of the underly-
ing processes involved in C—H bond activation.

Cleavage of C—H bonds by transition metals may take
place through several possible pathways that are generally
dependant on the electron density at the metal center.!! For
electron-rich, low-valent transition metals, the typical path-
way for C—H cleavage is oxidative addition, thus leading to
the corresponding alkyl- or aryl-hydrido complexes, with a
concomitant formal two-electron oxidation of the metal.”’
Transition metals that lack the electron density necessary to
undergo oxidative addition, such as early transition metals
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or high-valent late transition metals, may activate C—H
bonds through alternative routes, namely, o-bond metathe-
sis, radical activation, 1,2-addition, and electrophilic substi-
tution."! It is widely accepted that both o-bond metathesis
and oxidative addition processes take place through o com-
plexes or agostic intermediates.”!

According to the classic work of Saillard and Hoffmann,"
oxidative addition of a C—H bond to a transition-metal
center involves a two-way electron transfer, that is, from the
filled o orbital of the C—H bond into an empty metal d orbi-
tal, and from a filled metal d orbital into the empty o* orbi-
tal of the C—H bond. However, these electron transfers do
not balance out and this results in a net transfer of electron
density from the metal to the C—H bond (which splits into
formally anionic hydrocarbyl and hydride ligands). There-
fore, the presence of electron-withdrawing ligands, such as
the strong m-acceptor ligand carbon monoxide, would be ex-
pected to hinder oxidative addition and to facilitate reduc-
tive elimination of C—H bonds by lowering the electron den-
sity at the metal center.>°!

In a recent communication, we have reported on a series
of cationic rthodium complexes that were based on pincer-
type bisphosphine ligand 1 (Scheme 1), and which yielded
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PR, PR;
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Rh—CO _ -Rh—CO
H | -co
PRy PRz
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8, R=1{Bu 7, R=1Bu

Scheme 1. Preparation of PCP-Rh™' complexes 2 and 6, and their reac-
tions with CO.

intriguing observations regarding the effect of CO on the ac-
tivation of C—H bonds.[”! Thus, it had been found that when
Rh™ aryl-hydrido complex 2 was treated with one equiva-
lent of CO, facile C—H reductive elimination took place, as
expected, to yield agostic Rh' complex 3. However, when a
second equivalent of CO was added to this system, facile ox-
idative addition of the same C—H bond took place, thereby
yielding Rh™ aryl-hydrido complex 4. Both experimental
and theoretical evidence indicated that this oxidative addi-
tion reaction was actually promoted by CO, which did not
merely act as a trapping agent.

In the current report we present further experimental evi-
dence regarding this intriguing dual effect of CO. We shall
examine the effect of different pincer ligands, and will also
compare the behavior of CO to that of the strong o-donor
acetonitrile. The new results are augmented by rigorous the-
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oretical calculations, which further demonstrates the versa-
tile nature of CO as both a o-donor and m-acceptor ligand.

Results and Discussion

Preparation and structure of cationic, solvent-stabilized,
aryl-hydrido PCP-type pincer complexes of Rh™: In our
previous communication, we described the reaction of the
solvent-stabilized, aryl-hydrido complex 2 with CO.["" Com-
plex 2 was prepared by reacting the cationic Rh' precursor
[Rh(acetone),(coe),|BF, (coe =cyclooctene) with one equiv-
alent of the isopropyl-substituted, phosphine-based pincer
ligand 1 (see Scheme 1). Thus, when solutions of [Rh-
(acetone),(coe),]BF, and ligand 1 in acetone were mixed at
room temperature, a rapid reaction took place that involved
C—H bond cleavage and afforded complex 2 in very high
yield. In the present work, we employed the same technique,
using the bulkier, fert-butyl-substituted ligand 5, to prepare
a more sterically constrained analogue of complex 2,
namely, complex 6. The reaction of 5 with [Rh(acetone),-
(coe),]BF, in acetone was also found to be very facile and
resulted in a high yield of complex 6.

The *'P{'"H} NMR spectrum of complex 6 in CDCl; exhib-
ited a doublet at 6=77.51 ppm (*J(Rh,P)=115.9 Hz), and
its 'HNMR spectrum contained a characteristic hydride
signal at 0=-27.48 ppm (doublet-of-triplets, 'J(Rh,H)=
59.0 Hz, J(P,H)=10.8 Hz). Such a high-field hydride signal
is characteristic of a hydride ligand trans to a vacant coordi-
nation site, or to a loosely coordinated ligand, such as the
solvent or BF,  counterion. Full characterization of this
complex, including X-ray crystallography (see below), re-
vealed a molecular structure that is analogous to the previ-
ously reported complex 2, as shown in Scheme 1.

Crystals of complex 6 suitable for X-ray diffraction were
grown at room temperature from a solution of 6 in acetone/
dichloromethane overlaid with pentane (see Table 1 for the
crystallographic parameters). This complex was found to
crystallize in the P2,/c space group, with each asymmetric
unit being comprised of a single cationic complex and a non-
coordinated BF,” counterion. The cationic fragment, which
is shown in Figure 1, features a pentacoordinate rhodium
atom centered at the base of a distorted square-pyramidal
coordination geometry, in which the equatorial positions are
occupied by the pincer ligand and an acetone molecule
(trans to the aryl ipso carbon), while the axial position is oc-
cupied by the hydride ligand.®* This structural arrangement
is consistent with the conclusions drawn from the solution
NMR spectra of 6 (i.e., hydride ligand trans to a vacant
site), and also bears great similarity to the crystal structure
of complex 2, as previously reported.”! Selected bond
lengths and angles for complex 6 are presented in Table 2.

It is worth noting that although complex 6 bears a penta-
coordinate rhodium center in the crystal structure, with only
one coordinated solvent molecule and an outer-sphere BF,~
counterion, this is not necessarily the case in solution. First-
ly, the '"HNMR chemical shift of the hydride signal was
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Table 1. Crystallographic data for complexes 6, 14, 16, and 17.

6 14 16 17
formula C,;H;5,0OP,Rh-BF, C,sH,05P,Rh-BF, C,,H;,0,P,Rh-2 BF,-CH,Cl, C,;H3005P,Rh
crystal description yellow prism yellow chunk yellow plate yellow prism
crystal size [mm”] 0.20x0.20x0.18 0.35x%0.25x0.10 0.30x0.20 x0.05 0.30x0.30x0.20
M, [gmol '] 642.33 646.28 814.95 528.39
space group P2)/c P2)/c C2/c Pi
crystal system monoclinic monoclinic monoclinic triclinic
a[A] 12.0273(2) 14.8893(3) 23.4810(3) 8.2830(17)
b [A] 14.9999(4) 29.9575(6) 12.5590(4) 12.058(2)
c[A] 17.5734(4) 13.2879(2) 24.7290(8) 13.434(3)
a[°] 90.00 90.00 90.00 100.62(3)
BI°] 92.3385(13) 96.0619(9) 107.0790(17) 96.13(3)
v [°] 90.00 90.00 90.00 103.91(2)
V[A%] 3167.75(12) 5893.88(19) 6970.9(3) 1263.9(5)
V4 4 8 8 2
Peatea [gem™] 1.347 1.457 1.553 1.388
u [mm™] 0.681 0.738 0.807 0.822
reflns 30036 52967 45781 23982
unique reflns 11373 14914 15364 5725
26,4 [°] 59.14 542 50.7 54.96
Ry 0.062 0.060 0.058 0.042
params (restraints) 400 (20) 679 (0) 406 (0) 274 (0)
final R (I>20(1)) 0.0540 0.0400 0.0670 0.0382
wR (I1>20(1)) 0.1412 0.0964 0.1416 0.0916
GOF 1.086 1.035 1.115 1.056

Figure 1. ORTEP drawing of complex 6 (50 % probability level). Hydro-
gen atoms (except for hydride) and the BF,” counterion have been omit-
ted for clarity. It should be noted that this crystal structure was found to
be disordered with respect to the acetone ligand and the fert-butyl sub-
stituents on P2. Only one of the possible configurations is shown here.

Table 2. Selected bond lengths [A] and angles [°] for complex 6.1!

Rh1-C1 2.009(3) Rh1-P1 2.3295(8)
Rh1-Ola 2.163(4) Rh1-P2 2.3195(8)
Rh1-O1b 2.197(6)

C1-Rh1-P1 83.07(9) O1b-Rh1-P2 101.46(16)
CI1-Rh1-P2 83.47(9) C1-Rh1-Ola 162.36(15)
Ola-Rh1-P1 99.60(9) C1-Rh1-O1b 167.9(2)
O1b-Rh1-P1 91.18(16) P1-Rh1-P2 166.19(3)
Ola-Rh1-P2 94.16(9)

[a] The acetone ligand in 6 exhibits disorder, and its oxygen atom (O1)
appears in two positions, both of which are included in this table (Ola,
O1b).

found to vary significantly with the solvent, such that in
CD(l; this signal appears at 0=-—27.48 ppm, whereas in
[Dg]acetone it appears at 6 =—22.84 ppm (broad doublet, 'J-
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(Rh,H)=34.0 Hz), which is over 4.6 ppm downfield."” Sec-
ondly, the “F{'H} NMR spectrum of complex 6 in CDCl,
features an extremely broad BF,” signal at 0 =—167.0 ppm
(Av, ~1800 Hz), which clearly indicates that in this solvent
the BF,” counterion is coordinated to the metal center,
albeit in a fluxional manner that leads to a broad NMR
signal.

Addition of CO to complexes 2 and 6 and formation of C—
H agostic and aryl-hydrido complexes: As previously com-
municated,[’! when a solution of the iPr-substituted complex
2 in chloroform was treated with excess CO, a mixture of
two products was obtained, comprised of the agostic mono-
carbonyl complex 3 and the aryl-hydrido dicarbonyl com-
plex 4 (Scheme 1). Because of the facile equilibrium be-
tween these two complexes, with participation of the spar-
ingly soluble CO, their room-temperature 'H and *'P NMR
spectra featured extremely broad signals that became well-
resolved only upon cooling to —55°C. In order to examine
the behavior of the rBu-substituted system under the same
conditions, a solution of 6 in chloroform was also treated
with excess CO. The *'P{'"H} NMR spectrum of the resulting
solution at room temperature was found to exhibit a single,
well-defined doublet at 6 =35.40 ppm ('J(Rh,P)=100.3 Hz),
and no hydride signals were observed in its '"H NMR spec-
trum. Further examination of the NMR data confirmed that
the sole observable product of this reaction was the agostic
complex 7 (see Scheme 1), which was previously reported
by our group.!! The fact that this was the only product ob-
served at room temperature is in marked contrast to the re-
sults obtained with the /Pr-substituted system, as described
above. Nonetheless, examination of the 'H and *P NMR
spectra of the solution containing complex 7, after the
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excess CO had been pumped off, revealed slight yet noticea-
ble line narrowing, as compared with the spectra measured
under excess CO (for example, the *'P NMR signal line-
width changed from 17 to 6 Hz). This observation raised the
possibility that complex 7 is engaged in a fluxional process
involving CO, as was previously observed for the iPr-substi-
tuted system (3+CO=4). Indeed, when a solution of 7 in
chloroform was cooled to —40°C under excess CO, a second
product was observed. The new product gave rise to a dou-
blet at 0=98.13ppm (J(Rh,P)=89.9Hz) in the
P'H} NMR  spectrum, as well as a hydride signal at
0=-895ppm (doublet-of-triplets, J(Rh,H)=11.6 Hz,
2J(P,H)=3.5Hz) in the '"HNMR spectrum. Moreover, the
BC{'H} NMR spectrum of this complex featured two car-
bonyl signals at 6=186.86 ppm (multiplet, 'J(Rh,C)=
40.7 Hz) and 6=185.59 ppm (doublet-of-triplets, 'J(Rh,C) =
42.8 Hz, 2J(P,C) =9.2 Hz), which are consistent with the exis-
tence of two magnetically nonequivalent carbonyl ligands.
Full characterization of this compound revealed it to be
complex 8 (see Scheme 1), the fert-butyl analogue of previ-
ously reported complex 4.

It should be noted that the precise configuration of the
carbonyl ligands in 8 was verified by using C-labeled CO
and noting the effects of this isotope labeling on the ob-
served coupling constants of the 'H, "*C, and *'P NMR sig-
nals."™ Thus, the incorporation of “CO led to the appear-
ance of an additional double-doublet splitting in the
3'P{'H} NMR signal for complex 8 (*/(C,P)=9.0 Hz, 6.3 Hz),
thereby verifying the existence of two CO ligands. Further-
more, the hydride signal in the 'H NMR spectrum of this
complex exhibited a large 'H,”C coupling constant of
59.6 Hz, which was also observed for the carbonyl *C NMR
signal at 6 =186.86 ppm, and this indicated that these two li-
gands are in a trans configuration.” The second CO ligand
(6(**C)=185.59 ppm) exhibited a much smaller 'H,"*C cou-
pling constant of 4.8 Hz, and this indicated that it is posi-
tioned cis to the hydride.®! Moreover, no ®C,2C coupling
between the two CO ligands was observed, which is consis-
tent with a cis configuration for these ligands.!""

The reaction between complex 7 and CO to yield complex
8 was found to be highly reversible, as was previously ob-
served for complexes 3 and 4. Thus, when a solution of 7 in
dichloromethane was cooled to —60°C under excess CO, it
was found to initially contain a mixture of 7 and 8, with 7
being the more abundant species (7:82:1, based on inte-
gration of the P NMR signals). However, when this solu-
tion was re-examined after being kept for 11 h at —60°C,
complex 8 was found to be much more abundant than 7 (7/8
~1:3). Nonetheless, upon warming the solution to room
temperature, complex 8 all but disappeared, leaving com-
plex 7 as the only observed species in solution.” Further
evidence for the reversibility of this process was obtained by
"H NMR spectroscopy spin saturation transfer (SST) experi-
ments carried out at various temperatures, chosen such that
both complexes 7 and 8 were observable (<0°C). During
these experiments, the hydride ligand in complex 8 was se-
lectively irradiated in the NMR spectrometer, and this led
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to a reduction in the intensity of the signal associated with
the agostic proton in 7, thus providing direct evidence for a
chemical exchange between the two sites (see the Experi-
mental Section)."! These experiments unequivocally
showed that complexes 7 and 8 are in dynamic equilibrium
at temperatures as low as —50°C. Such a facile dynamic
equilibrium was also observed for the previously described
isopropyl system (34 CO=4) using the same method.

The above results clearly show that both the iPr- and fBu-
substituted systems exhibit a dual role for CO. Thus, the
first molecule of CO adds to the Rh™ aryl-hydrido-solvento
complexes (2 or 6), and this brings about C—H reductive
elimination and formation of the agostic monocarbonyl Rh'
complexes (3 or 7). The second molecule of CO then adds
to the latter complex and this leads to oxidative addition of
the same C—H bond and formation of the aryl-hydrido-di-
carbonyl Rh™ complexes (4 or 8). The only qualitatively no-
ticeable difference between the iPr- and rBu-substituted sys-
tems is the fact that complex 7 exhibits no significant reac-
tion under excess CO at room temperature, whereas com-
plex 3 reacts completely with CO to give complex 4.

Mechanism of C—H oxidative addition under CO—A DFT
examination: The promotion of C—H reductive elimination
by CO, as observed for complexes 2 and 6, is entirely consis-
tent with the commonly accepted view of CO as a strong -
acceptor ligand, with a relatively weak capacity for o dona-
tion. Thus, the coordinated CO molecule is expected to
reduce the electron density on the Rh™ center of either 2 or
6, thereby leading to the elimination of the C—H bond, with
concomitant formal reduction of the metal to Rh' and for-
mation of the agostic complexes. On the other hand, the
fact that further addition of CO to the Rh' agostic com-
plexes (3 and 7) leads to oxidative addition of the agostic
C—H bond, with formation of the corresponding aryl-hydri-
do Rh™ complexes (4 and 8, respectively), is highly unusual
and counterintuitive, as it contradicts the expected classical
role of CO.

In order to account for the seemingly contradictory roles
of CO, it was first necessary to probe the underlying reac-
tion mechanisms. The experimental observations described
above prompted us to propose two alternative mechanistic
pathways for the reaction between CO and the agostic com-
plexes, as shown in Scheme 2. In the first pathway (A), the
agostic Rh' complex (3 or 7) undergoes spontaneous C—H
oxidative addition to yield a square-pyramidal aryl-hydrido-
monocarbonyl Rh™ intermediate (9 or 11). This intermedi-
ate is then trapped by an incoming CO molecule to afford
the aryl-hydrido-dicarbonyl Rh™ product (4 or 8). In the
second pathway (B), the agostic complex reacts directly
with a molecule of CO to afford an agostic-like trigonal-bi-
pyramidal dicarbonyl Rh' intermediate (10 or 12). This in-
termediate then undergoes C—H oxidative addition to give
the aryl-hydrido—dicarbonyl product. All of the suggested
reaction steps were deemed reversible, in order to account
for the experimentally observed reversibility of the overall
process in both the iPr- and /Bu-substituted systems.
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Pathway A
+
I
Rh—CO
H +CO
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_ PR,
9,R=/Pr co oo
11,R=1Bu
Rh—CO
/|
H
PRy
4,R=iPr
8, R=1Bu

10, R =Pr
12,R=1Bu

Pathway B

Scheme 2. Proposed reaction pathways for the agostic/aryl-hydrido equi-
librium. The BF,~ counterion has been omitted for clarity.

Neither solvent molecules nor the BF,” counterion were
explicitly implicated in the suggested reaction pathways. Sol-
vent coordination was assumed to be negligible, since
chloroform, which is the primary solvent used in the current
work, is widely known to be a
very weak ligand.['”! Moreover,

tional in combination with the SDB-cc-pVDZ basis set. No
structural simplifications were employed in the study, and
geometry optimizations were carried out on the complete
complex structures, as shown in Scheme 2. Bulk solvent ef-
fects were approximated by using a conductor-like screening
model (COSMO) with chloroform as the solvent. Selected
optimized geometric parameters for all complexes, together
with computed natural charges on the CO ligands, are listed
in Table 3. It is noteworthy that the optimized geometries of
complexes 3 and 7 are in excellent agreement with their pre-
viously reported crystal-structure data,”!"* which corrobo-
rates the accuracy of the computational methodology used
in the present work. For more details regarding this method-
ology, see the Experimental Section.

The data in Table 3 clearly show that the computed struc-
tures of the Rh™ aryl-hydrido complexes (4, 8, 9, and 11)
bear longer Rh—CO bonds and shorter C—O bonds than the
agostic Rh' complexes (3, 7, 10, and 12). These differences
in bond lengths are in line with the classical notion that a
higher oxidation state entails smaller Rh—CO m back-dona-
tion. Furthermore, in each of the dicarbonyl complexes (4,
8, 10, and 12), the two CO ligands are found to be nonequi-
valent in terms of bond lengths, with the CO ligand trans to

small amounts of acetone, Table 3. Selected optimized interatomic distances [A], angles [°], and total natural charges (Q) on CO ligands
which are released into the so-  for the PCP—rhodium complexes shown in Scheme 2.1
lution when Complexes 2o0r 6 iPr-substituted systems 3 4 TS(3-9) 9 TS(10-4) 10
react with CO to afford the Rh—P1 2.340 2.355 2.333 2.334 2.360 2.382
agostic complexes, were also ~RhP2 2.340 2.366 2333 2336 2357 2.386
excluded from the proposed Rh—-C,,, 2.256 2.094 2.061 2.049 2.143 2.514
K K X Cypso—H 1.137 2.435 1.736 2.468 1.464 1.103
mechanisms, since no coordi- gy 1.911 1.573 1.544 1.502 1.629 2.345
nation of acetone was found by  Rh—C (CO,,,) 1.826 1.939 1.917 1.934 1.926 1.873
variable temperature 'H NMR  Rh—C (CO,) - 1.978 - - 1.985 1.895
experiments. Regarding the €O (COu) 1.150 1.139 1.144 1.141 1.143 1.150
_ . . C-0 (CO,) - 1.137 - - 1.141 1.148
BF," counterion, variable tem- ;¢ Ry, 177.0 168.6 1703 1776 154.9 119.7
perature "F NMR experiments  yRp-C,,,-O 1782 175.1 1733 176.4 1787 167.8
gave no indication for its coor- ¥O0C,-Rh-Cyy,, - 93.2 - - 101.1 112.7
dination to the rhodium com-  ¥Rh-Ci-O - 179.2 - - 178.0 166.0
plexes, since no significant co- XR0-Cyp-Cparg 137.9 179.4 1683 176.0 170.7 120.4
o . 0O(CO,uns) 0.246 0.296 0.375 0.279 0.396 0.056
ordination-induced  chemical 0(CO,,) _ 0.225 _ _ 0375 0.057
shifts or line broadenings were tBu-substituted systems 7 8 TS(7-11) 11 TS(12-8) 12
observed.!"*!
The experimental examina- Rh—P1 2.358 2.381 2.350 2.347 2.386 2.420
. R Rh—P2 2.358 2.386 2.350 2.363 2.386 2.420
tion of the proposed reaction  gp—, 2256 2.087 2.067 2.057 2135 2528
pathways was hampered by the  C,,,~H 1.139 2.461 1.684 2.486 1.440 1.101
fact that none Of the Suggested Rh—H 1.890 1.563 1.542 1.502 1.622 2.448
intermediates (9-12) were di- RhC (COuuns) 1.824 1.939 1.915 1.929 1.912 1.841
. Rh—C (CO,,) - 1.978 - - 1.995 1.931
rectly observed by variable- - (COpans) 1.151 1.140 1.145 1.143 1.145 1.154
temperature NMR spectrosco-  c-0 (CO,,) _ 1.138 _ _ 1.141 1.148
py. Therefore, we undertook a  ¥0OC,,,-Rh-C;,, 176.6 173.0 170.4 177.4 163.6 137.7
density  functional  theory th—CX,,,,,;l»O 177.8 177.2 174.7 176.7 168.7 12764
0OC,,-Rh-C,,, - 87.4 - - 89.4 96.
(DFT) study to probe and  3p, % "™ - 174.9 - - 162.9 167.3
compare the two reaction path-  ygrh.c,, -C,.., 140.3 1771 173.1 1757 174.1 113.7
ways."”! This computational ex-  Q(CO,.,) 0235 0.303 0.350 0.279 0.362 0.056
amination was carried out ©Q(CO.) - 0.218 - - 0.362 0.034

using the PBEO hybrid func-
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[a] CO,s and CO, refer to the CO ligands positioned trans and cis to the C,,, atom, respectively.

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chem. Eur. J. 2010, 16, 328353


www.chemeurj.org

Effect of CO on C—H Oxidative Addition

the aromatic ring having a
shorter Rh—CO bond and a
longer C—O bond than the CO
ligand in the cis position. This
indicates a stronger Rh—CO
7t back-donation in the CO li-
gands trans to the aryl, a con-
clusion that is also supported
by charge decomposition anal-
ysis (CDA; see below for fur-
ther details). Another note-
worthy attribute of several di-
carbonyl complexes (e.g., 10,
TS(12-8), 12) is their markedly
bent CO ligands, as is evident ~-10 4
from the significantly nonlin-
ear Rh-C-O angles (see

AG / kcal mol™
o

-15 T

FULL PAPER

Table 3). The origin and role
of this structural feature will
be discussed below.

The computed energy pro-
files for the proposed reaction
pathways of both the iPr- and
fBu-substituted systems, at 25
and —40°C, are shown in
Figure 2. As can be seen in 15 -
this figure, the energy profiles
for both systems are qualita- 10
tively very similar. First and
foremost, in both systems the
dicarbonyl aryl-hydrido com-
plexes (4 and 8) are more
stable than the monocarbonyl
agostic complexes (3 and 7).
At room temperature the
energy differences amount to
2.6 and 0.8 kcalmol™' for the
iPr- and (Bu-substituted sys-
tems, respectively. Although

AG / kcal mol™
o (4]
1 1

|
[4;]
L

Pathway A

TS(3-9)

Pathway B

T T

these energetic differences are -15
admittedly small, and ap-
proach the margin of error ex-
pected for DFT calculations at
the present level, they do re-
flect the experimentally ob-
served differences between the
iPr- and {Bu-substituted sys-
tems, whereby the former
reacts completely with CO at room temperature, while the
latter exhibits no appreciable reaction under the same con-
ditions.”” An even better agreement between the computed
reaction profiles and the experimental observations was ob-
tained when the energies were calculated for —40°C. At this
temperature, both systems exhibit greater stabilization of
the aryl-hydrido products relative to their agostic precur-
sors, by 5.3 and 3.5 kcalmol ™" for the iPr- and fBu-substitut-
ed systems, respectively. This is in line with the experimen-

point for that system.
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Figure 2. Calculated energy profiles of the proposed reaction pathways for the addition of CO to the cationic
agostic complexes in the iPr-substituted (top) and rBu-substituted (bottom) systems at 25°C (--e-) and
—40°C (——m——). The monocarbonyl agostic complex of each system (3, 7) is taken as the reference energy

tally observed dominance of the aryl-hydrido complexes at
low temperatures.

A second, important attribute of the computed reaction
profiles is the significantly higher stability of the trigonal-bi-
pyramidal dicarbonyl-Rh' intermediates (10 and 12) relative
to the square-pyramidal monocarbonyl-Rh™ intermediates
(9 and 11), in both the iPr- and fBu-substituted systems. In
fact, complexes 10 and 12 were calculated to be even more
stable than their corresponding agostic precursors at —40°C,
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and this was also found to be true for complex 10 at room
temperature. Moreover, these intermediates were found to
be very close in energy to the aryl-hydrido products, and, in
the case of the iPr-substituted system, the intermediate and
product were found to be essentially isoenergetic. The fact
that these intermediates were not directly observed experi-
mentally, in contrast to both the agostic precursors and aryl-
hydrido products, probably reflects a bias in the computa-
tional model. Nonetheless, we have found that explicitly in-
cluding interactions between the cationic complexes and the
BF,” counterion, which were hitherto neglected, resolves
this apparent discrepancy, as will be discussed below.

Although neither intermediate 10 nor 12 were directly ob-
served, indirect experimental evidence for their existence
was obtained. Thus, when a solution of the cationic Rh' pre-
cursor [Rh(acetone),(CO),|BF,”" in acetone was mixed at
—78°C with an acetone solution which contained an equi-
molar amount of either ligand 1 or 5, the corresponding
aryl-hydrido—dicarbonyl complexes were obtained, whereas
the agostic complexes were not observed. For ligand 1, the
same result was also achieved at room temperature, as pre-
viously reported.”) Although these reactions were not clean,
and significant amounts of byproducts were observed,” the
fact that the aryl-hydrido—dicarbonyl complexes could be
prepared directly from the dicarbonyl precursor, in the ab-
sence of agostic complexes, strongly supports the involve-
ment of the proposed trigonal-bipyramidal intermediates in
both the iPr- and fBu-substituted systems.

Finally, and most importantly, the computed energy pro-
files for both the iPr- and fBu-substituted systems clearly in-
dicate that pathway B is kinetically more favorable than
pathway A, as it exhibits lower energy barriers. In the iPr-
substituted system, the kinetic barrier for pathwayB is
nearly 2 kcalmol ™ lower than that for pathway A, whereas
in the fBu-substituted system the preference for pathway B
is even more pronounced, with its energy barriers being 4.0—
5.4 kcalmol ™' lower than those of pathway A. Therefore, it
is possible to conclude that although both reaction pathways
are feasible, the oxidative addition of C—H bonds in the cat-
ionic PCP-rhodium systems is much more likely to occur
through direct promotion by CO coordination.

Effect of BF, on the reaction profiles: As described above,
the energy profiles shown in Figure 2 are in good agreement
with the experimentally observed reactivity of the PCP-rho-
dium complexes towards CO. Nonetheless, a few discrepan-
cies between the theoretical model and experimental find-
ings were identified, the most notable of which were the
predicted stabilities of intermediates 10 and 12, which were
inconsistent with the fact that they had not been observed
experimentally. This discrepancy prompted us to investigate
the possible effect of the BF,~ counterion, which was hither-
to excluded from the DFT study. In general, even though
BF,” has a very low capacity for covalent interactions, its
ionic interactions with the cationic complexes may be quite
significant, especially in nonpolar media such as chloroform.
This, in turn, may affect the overall energy balance of the
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studied systems, especially in light of the small energy differ-
ences involved.

Two types of interactions between BF,” and the carbonyl
complexes were addressed in our computational examina-
tion, namely, inner-sphere coordination to the metal center
(only in the monocarbonyl complexes where this is sterically
feasible) and outer-sphere interaction with the agostic
proton or hydride ligand (in all complexes).”! The comput-
ed free energies for BF,” binding in CHCl;, at 25 and
—40°C, are listed in Table 4. All ground-state complexes, in

Table 4. Computed free energies for BF,™ interaction with /Pr- and /Bu-
substituted PCP-rhodium complexes in CHCI; at 25 and —40°C (values
are in kcalmol ™).

iPr-substituted 25 r Cl 40 tBu-substituted 25 T Cl 40

3-BF! -2.85 —523 7-BF! -529 783
3-BFX 3.19 0.71  7-BFR" 0.45 0.63
4-BF! —4.16  —655  8-BF! —2.67 =55

9-BF! -230 501 11-BFY —0.58  —3.84
9-BFR 248 —0.61 11-BF%" —6.74  —9.69
10-BFY -0.86 —3.12 12-BFY -115  -3.98
TS(3-9)-BFX" 446 —7.62  TS(7-11)-BF}" 082 211
TS(3-9)-BF! —445  —740  TS(7-11)-BF! 5.8 2.8
TS(10-4)-BF)'  -264 -521  TS(12-8)-BF! 4.3 1.70!

[a] The superscript H indicates interaction of BF,~ with either the agostic
proton or hydride ligand; the superscript Rh indicates coordination to
the metal center. [b] These energies were estimated using relaxed scans
of the potential-energy surface near the critical point (see ref. [24]).

both the iPr- and tBu-substituted systems, were found to ex-
hibit a thermodynamically favorable interaction between
BF,™ and either the agostic proton or hydride ligand, where-
as coordination to the metal center was generally found to
be unfavorable. Interestingly, the only exception was found
to be intermediate 11, in which coordination of BF,” to the
metal center was found to be more stabilizing than its inter-
action with the hydride ligand. All transition states associat-
ed with the iPr-substituted system were found to be stabi-
lized by BF,", regardless of the mode of interaction, where-
as in the rBu-substituted system the transition states exhibit
mostly destabilizing interactions with BF,".

The effects of BF,” on the relative stabilities of the vari-
ous species along the proposed reaction pathways result in
significant changes in these pathways. The modified reaction
profiles are shown in Figure 3. As can be seen in this figure,
the inclusion of BF,™ allows for two alternative versions of
pathway A, depending on the mode of interaction between
BF,  and the different complexes. In pathway A;, both the
mono- and dicarbonyl species experience outer-sphere inter-
actions with the BF,~ counterion, through the agostic proton
or hydride ligand. In pathway A,, on the other hand, the
monocarbonyl species interact with BF,” through inner-
sphere coordination, whereas the dicarbonyl complex inter-
acts with the counterion through the hydride ligand (since
metal coordination is not possible). It is worth noting that
the latter pathway requires BF,” to detach from the metal
center of complex 9 or 11 prior to the coordination of a
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Figure 3. Calculated energy profiles of the proposed reaction pathways for the iPr-substituted (top) and /Bu-substituted (bottom) systems in the presence
of BF,", at 25°C (--e-) and —40°C (—m——). For each system, the monocarbonyl agostic complex with BF,” bound to its agostic proton (3-BF}', 7-

BF}) is taken as the reference energy point for that system.

second CO molecule, thereby involving a high-energy sepa-
rated-ion-pair state. Pathway B, in contrast to A, allows for
only one mode of counterion binding, namely, outer-sphere
interactions with the agostic proton or hydride ligand.

In the iPr-substituted system, the inclusion of BF,™ in the
computed reaction profiles increases the thermodynamic
driving force and decreases the activation barriers for C-H
oxidative addition. The most pronounced change was found
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for pathway A,, in which the inner-sphere coordination of
BF,” affords an activation barrier of as low as 3.2 kcalmol ™!
by destabilizing the agostic complex (3-BFX") while stabiliz-
ing the transition state (TS(3-9)-BFL"). However, the strong
destabilization of 3-BFE" places it 6 kcalmol™ higher in
energy than agostic species 3-BFY, which indicates that the
former is much less likely to occur in solution. Moreover,
pathway A, involves the energetically unfavorable dissocia-

— 335

www.chemeurj.org


www.chemeurj.org

CHEMISTRY

J. M. L. Martin, D. Milstein et al.

A EUROPEAN JOURNAL

tion of BF,” as a rate-limiting step, which brings the overall
kinetic barrier for this pathway to 10.8-13.3 kcalmol™'. At
room temperature this equals the kinetic barrier of path-
way A in the absence of BF,", and at low temperature it sur-
passes it by 2.4 kcalmol~'. Pathway A;, on the other hand,
exhibits a kinetic barrier which is 0.4-1.1 kcalmol™! lower
than in the absence of BF,", and it is also thermodynamical-
ly favored over pathway A,. As for pathway B, it also expe-
riences a decrease in its kinetic barrier as a result of the in-
teraction with BF,”, which amounts to about 2 kcalmol™
relative to the same pathway in the absence of BF, . All in
all, the incorporation of BF,  in the iPr-substituted system
maintains pathway B as the most likely route to C—H oxida-
tive addition, as was previously concluded. However, in con-
trast to our previous results, the inclusion of BF,” renders
aryl-hydrido complex 4 more stable than intermediate 10 by
over 3 kcalmol™ (at both 25 and —40°C) while maintaining
the stability of this species relative to intermediate 9 (by
5.9-11.5 kcalmol !, depending on the temperature and
mode of interaction with BF,”). This greatly improves the
agreement between the computed and experimental results,
as it supports the involvement of 10 in the reaction mecha-
nism while accounting for the fact that this intermediate was
not observed experimentally.

The rBu-substituted system, like its iPr-substituted ana-
logue, exhibits marked changes in the reaction profiles upon
incorporation of BF,, and these changes enhance the kinet-
ic and thermodynamic preference for pathway B relative to
pathways A; and A,. In fact, the kinetic barrier for path-
way B in the presence of BF, is predicted to be as low as
3.7 kcalmol ! (at —40°C),”*" which is nearly 3 kcalmol™*
lower than in the absence of this anion. However, unlike the
iPr-substituted system, the thermodynamic driving force for
pathway B in the fBu-substituted system was found to de-
crease upon addition of BF,". Thus, at —40°C this pathway
proceeds downhill with a small driving force of
1.8 kcalmol ™!, while at 25°C it actually constitutes an uphill
process, with a free-energy increase of 1.0 kcalmol '. None-
theless, even though these energy differences are not as pro-
nounced as in the /Pr-substituted system, they are still quali-
tatively consistent with the experimental findings. As for the
unobserved intermediates 11 and 12, the inclusion of BF,,
while maintaining 12 as the more stable species (albeit to a
lesser extent than in the absence of the anion), leads to a
significant increase in the energy gap between 12 and both
complexes 7 and 8. This renders 12 a transient species on
the reaction profile, rather than a stable intermediate (as
found in the absence of BF,"), and this supports the involve-
ment of this intermediate in the reaction mechanism while
accounting for the fact that it was not observed experimen-
tally.

In summary, the inclusion of BF,” in the proposed reac-
tion pathways was found to significantly improve the agree-
ment between the computed energies of the various com-
plexes and the experimental results. Moreover, the overall
effect of BF,~ on the reaction profiles was to increase the
preference for pathway B, thereby reinforcing our previous
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conclusion that C—H oxidative addition in the PCP-rhodium
systems is directly promoted by CO.

Effect of pincer ligand composition on the reaction with
CO-phosphinite versus phosphine: As discussed above, al-
tering the alkyl substituents on the PCP donor groups from
isopropyl to the bulkier tert-butyl leads to changes in the
stabilities of the aryl-hydrido complexes relative to the
agostic complexes, but does not change the basic reactivity
patterns observed for the two systems. In order to further
explore the effect of pincer ligand composition on the be-
havior of these systems, we chose to replace the PCP-type
ligand § with a phosphinite-based one, namely, POCOP-
type ligand 13 (Scheme 3). This ligand is very similar in
structure to ligand 5, albeit having oxygen atoms instead of
methylene moieties in the ligand “arms.”

O—P(tBu), O—P(tBu), TBR,
RT
+ [Rh(acetone),(coe),]BF, W H/R|h O\l/
O—P(tBu); O—P(tBu),
13 14

Scheme 3. Preparation of POCOP-Rh"' complex 14.

Ligand 13 (and derivatives thereof) has been employed
by Brookhart and co-workers for the preparation of iridium
complexes, which were mainly applied as dehydrogenation
catalysts.! These POCOP complexes were found to outper-
form their PCP analogues, which were based on ligand 5, in
catalyzing the cyclooctane/fert-butylethylene transfer dehy-
drogenation reaction. The higher activity of the POCOP
complexes was attributed to the electron deficiency of the
phosphinite-based ligands relative to the phosphine-based
PCP ligand.” It was suggested, for example, that the cata-
lytically active PCP-Ir' system is inhibited due to oxidative
addition of tert-butylethylene to the electron-rich metal
center, which leads to a catalytic dead-end in the form of a
stable Ir'"-hydrido-vinyl product. The POCOP-Ir' system,
on the other hand, is suggested to be more electron-defi-
cient and therefore only capable of olefin coordination,
without oxidative addition, thereby preventing the catalyst
from being inhibited.

The notion that ligand 13 is more electron-poor than §,
which was the underlying tenet in the work of Brookhart
and co-workers, was also the initial assumption in our work.
Thus, we set to explore the reactivity of cationic rhodium
complex 14 (Scheme 3) towards CO, with the expectation
that it would reflect the electron-deficient character of the
pincer ligand and would be more prone to reductive elimi-
nation than 6. Complex 14 was prepared in a manner com-
pletely analogous to complexes 2 and 6, by reacting ligand
13 with one equivalent of [Rh(acetone),(coe),|BF, in ace-
tone, at room temperature. This led to facile C—H cleavage,
as observed for the PCP systems, with formation of complex
14 in high yield. The *'P{'H} NMR spectrum of this complex
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in CDCl, exhibits a doublet at 6=189.42 ppm ('J(Rh,P)=
122.4 Hz), and its '"HNMR spectrum features a hydride
signal at 0=-26.87 ppm (doublet-of-triplets, 'J(Rh,H)=
53.8 Hz, 2J(PH)=9.7 Hz), which is typical of a hydride
ligand trans to a vacant coordination site, as also observed
for complexes 2 and 6. Full characterization of complex 14
(see the Experimental Section), including X-ray crystallog-
raphy (see below), revealed a structure that is completely
analogous to that of complex 6.

Crystals of 14 suitable for X-ray diffraction were grown at
room temperature from a solution of 14 in acetone overlaid
with diethyl ether (see Table 1 for the crystallographic pa-
rameters). Complex 14 was found to crystallize in the P2,/c
space group, with each asymmetric unit comprised of two
complex cations of nearly identical structure, as well as two
noncoordinated BF,” counterions. The molecular structure
of complex 14, which is presented in Figure 4, is analogous

Figure 4. ORTEP drawing of complex 14 (50 % probability level). Only
one of the two molecules in the asymmetric unit is shown. Hydrogen
atoms (except for hydride) and the BF,” counterion have been omitted
for clarity.

to that of complex 6, with a square-pyramidal coordination
arrangement, including an axial hydride ligand trans to an
empty coordination site,” as well as an equatorial acetone
ligand trans to the aryl moiety. Selected bond lengths and
angles for complex 14 are presented in Table 5.

As in the case of complex 6, the BF,” counterion of 14 is
outer-sphere in the crystal structure, but in solution it is
fluxionally coordinated to the metal center. This is clearly
indicated by the ""F{'H} NMR spectrum of 14 in CDCl,,
which exhibits an extremely broad BF, signal at 0=
—165.4 ppm (Av, ~1100 Hz). However, in contrast to com-

Table 5. Selected bond lengths [A] and angles [°] for complex 14.

Rh1-C1 1.989(3) Rh1-P1 2.3074(7)
Rh1-O1 2.1478(18) Rh1-P2 2.3303(7)
C1-Rh1-P1 80.36(8) O1-Rh1-P2 104.30(5)
C1-Rh1-P2 80.29(8) C1-Rh1-O1 171.11(9)
O1-Rh1-P1 94.61(5) P1-Rh1-P2 160.55(3)

[a] The asymmetric unit in the crystal of complex 14 contains two nearly
identical complexes. This table contains the crystal data for one of these
complexes.
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plex 6, the "H NMR spectra of 14 in [Dg]Jacetone and CDCl,
exhibit very similar chemical shifts for the hydride ligand
(6=-26.18 vs. —26.87 ppm, respectively), and this indicates
that complex 14 has similar coordination environments in
the two solvents. Nonetheless, the above observations sug-
gest that the overall steric effects exerted by POCOP ligand
13 are very similar to those of PCP ligand 5, as might have
been expected from the fact that they both bear fert-butyl
substituents.

The close structural similarity between complexes 6 and
14, coupled with the assumption that the phosphinite ligand
renders complex 14 more electron-deficient than complex 6,
led us to expect similar reactivity under CO, with complex
14 being somewhat more prone to C—H reductive elimina-
tion than complex 6. In other words, we expected complex
14 to yield an agostic product upon reaction with CO, with
this reaction being even more facile than in the case of com-
plex 6. However, when complex 14 was treated with CO a
very different result was observed. Addition of one equiva-
lent of CO to a solution of 14 in CDCI; afforded a new com-
plex, which gave rise to a sharp doublet in the *P{'H} NMR
spectrum, at 6=203.76 ppm ('J(Rh,P)=105.8 Hz). More in-
triguingly, however, the '"H NMR spectrum of the new com-
plex exhibited a distinct hydride signal at 6 =—12.88 ppm
(doublet, 'J(Rh,H)=41.1 Hz), which clearly indicated that
this complex is not an agostic species, contrary to our initial
expectations. Furthermore, the new complex was found to
decompose at room temperature, in clear contrast to agostic
complexes 3 and 7, both of which were found to be thermal-
ly robust. In fact, the new complex could only be isolated in
relatively pure form when prepared in situ at low tempera-
ture (e.g., —20°C), and so its full characterization was also
accomplished at low temperature (—40°C).

The *'P{'H} NMR spectrum of the new complex at —40°C
featured a doublet at 6 =203.59 ppm ('J(Rh,P)=105.7 Hz),
and its hydride ligand gave rise to a doublet at 0=
—12.36 ppm ('J(Rh,H)=40.8 Hz) in the 'H NMR spectrum.
The “C{'H} NMR spectrum of this complex was found to
contain a single carbonyl signal at d=188.50 ppm (doublet-
of-triplets, 'J(Rh,C)=63.5 Hz, %/(P,C)=9.1 Hz), which indi-
cates the presence of a single terminal carbonyl ligand.
Indeed, when C-labeled CO was used to prepare this new
complex, its *P{'"H} NMR signal exhibited an additional
doublet splitting (3/(C,P) =8.5 Hz),”” which confirms the ex-
istence of a single CO ligand. Moreover, neither the hydride
nor the carbonyl NMR signals of the labeled complex exhib-
ited any observable "H,"*C coupling, which strongly indicat-
ed that these two ligands are in a cis configuration.!"”! These
NMR data, together with the overall similarity between the
NMR spectra of the new complex and its precursor com-
plex, 14, led us to conclude that the new complex was 15
(see Scheme 4), an aryl-hydrido-monocarbonyl Rh™ spe-
cies. It should be noted that this complex is reminiscent of
the unobserved intermediates 9 and 11 mentioned above
(Scheme 2).

As can be seen in Scheme 4, complex 15 is portrayed as a
square-pyramidal structure, in a manner similar to complex
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Scheme 4. Reactions of the POCOP-Rh complexes with CO.

14. However, as in the case of 14, this representation simply
serves to emphasize that the coordination site trans to the
hydride ligand is occupied by highly labile ligands. Thus, like
complex 14, complex 15 was found to bind the BF,” coun-
terion, as indicated by its relatively broad '’F NMR signal at
0=-15248 ppm (Av;,=60Hz). Moreover, the 'HNMR
spectrum of 15 indicates that it also binds the residual ace-
tone molecules released into the solution when 14 reacts
with CO, as indicated by a broadening of the acetone signal
(Avi,~13 Hz, as compared with 1-2 Hz for free acetone).
The binding of acetone, which competes with the coordina-
tion of BF,” (see Scheme 5), appears to be responsible for
concentration-dependent changes in the chemical shift ob-
served for the hydride signal of complex 15.1%*)

o—P@Bu), | BFs is consistent with the presence

| o of two CO ligands. This la-

HR"_CO beled complex also confirmed

0—P(Bu) the relative positions of the hy-

16 dride and carbonyl ligands in

16, as was also described above

for complex 8. Thus, the NMR

signals for the hydride ligand

and one of the carbonyl li-

gands  (0("*C)=184.55 ppm)

featured a large 'H,”C cou-

pling constant of 62.3 Hz,

thereby indicating a trans con-

figuration for these two li-

gands, whereas the second CO

ligand featured no observable 'H,"*C coupling, which is con-
sistent with a cis configuration relative to the hydride.'

Complex 16 proved to be stable enough at mildly low

temperatures (e.g., —20°C), even in the absence of excess

CO, to allow for the isolation of its crystals. Thus, crystals of

16 suitable for X-ray diffraction were grown at —20°C from

a solution of 16 in dichloromethane overlaid with pentane

(see Table 1 for the crystallographic parameters). This com-

plex was found to crystallize in the C2/c space group, with

each asymmetric unit containing one cationic complex, two

noncoordinated BF,” counterions, and one dichloromethane

molecule. The existence of two BF,  counterions per com-

plex instead of just one (as would be expected for a mono-

cationic complex) is due to the presence of HBF, as a con-

taminant in the crystal. This

o—P(t )_|+BF4‘ tBu)g *BES O—P(Bu), HBF, is formed as a conse-
| */K FBFs quence of the thermal decom-
R| e /Rh co > Jh—co position of 16, as will be dis-

H H

O—P(tBu) o P(tBu) O—P(tBu), cussed below.

Scheme 5. Reversible binding of the BF,” counterion and acetone to complex 15.

Addition of a second equivalent of CO to complex 15
yielded yet another new complex, 16, as shown in Scheme 4.
This complex, which is analogous to complexes 4 and 8,
gave rise to sharp NMR signals at room temperature, in
marked contrast to its PCP-type analogues, which under the
same conditions were either unobserved (8) or gave rise to
extremely broad NMR signals (4). The room-temperature
S'P{'H} NMR spectrum of 16 in CDCl, exhibited a sharp
doublet at 0=210.52ppm ('J(Rh,P)=93.6 Hz), and its
"H NMR spectrum featured a sharp hydride signal at 6=
—9.53 ppm (multiplet). The “C{'H} NMR spectrum of this
new complex (recorded at —40°C to prevent decomposi-
tion™') was found to contain two carbonyl signals at
0=184.55ppm  (multiplet, 'J(Rh,C)=37.4Hz) and
0=182.19ppm  (doublet-of-triplets, 'J(Rh,C)=45.7 Hz,
2J(P,C)=6.7 Hz), thus indicating the presence of two car-
bonyl ligands. This was corroborated by examining the
3'P{'H} NMR signal of the "CO-labeled complex, which fea-
tured an additional triplet splitting (3/(C,P)=6.7 Hz), which
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The molecular structure of
complex 16, which is shown in
Figure 5, is consistent with the
conclusions drawn from its
NMR spectra. Thus, the complex features an octahedral co-
ordination geometry, with two CO ligands in a cis configura-
tion. The axial hydride ligand was not located in the elec-

Figure 5. ORTEP drawing of complex 16 (50 % probability level). Hydro-
gen atoms, two BF,” counterions,® and a solvent molecule have been
omitted for clarity.
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tron-density map. As can be seen in Figure 5, the axial CO
ligand of 16 exhibits considerable disorder in the crystal
structure, which is probably due to partial loss of this ligand
in the solid state. This disorder precludes accurate measure-
ment of the bond lengths associated with this CO ligand.
The second CO ligand, which does not experience signifi-
cant disorder, has a C—O bond that measures 1.126(7) A,
which is significantly shorter than the average value for ter-
minal CO ligands in known rhodium carbonyl complexes
((1.139+0.024) A),*! and is actually comparable in length
to free CO (1.128 AP'). Furthermore, the Rh—C bond for
this ligand measures 1.956(6) A, which is significantly longer
than the average value for terminal CO ligands in known
rhodium carbonyl complexes ((1.858=+0.046) A).*%* For
other selected bond lengths and angles in complex 16 see
Table 6.

Table 6. Selected bond lengths [A] and angles [°] for complex 16.

Rh1-Cl11 2.034(5) Rh1-P3 2.3335(14)
Rh1-C1 1.956(6) C1-01 1.126(7)
Rh1-C2 2.088(11) C2-02 1.246(11)k
Rh1-P2 2.3309(14)

C11-Rh1-P2 79.34(15) P2-Rh1-P3 156.16(5)
C11-Rh1-P3 79.00(14) C11-Rh1-C2 92.6(3)
C1-Rh1-P2 101.48(17) C1-Rh1-C2 92.8(3)
C1-Rh1-P3 99.14(17) Rh1-C1-O1 176.6(6)
C11-Rh1-C1 174.4(2) Rh1-C2-02 177.8(9)

[a] The axial CO ligand in complex 16 exhibits significant disorder (due
to partial decomposition), and therefore the C—O bond length measured
for this ligand is expected to be highly inaccurate (regardless of the com-
puted error).

The partial loss of the axial CO ligand, which was mani-
fested in the crystal of complex 16, was also found to occur
in solution. Thus, when a solution of complex 16 in CDCl;
under excess CO was purged with argon for a few minutes,
a small amount of complex 15 was regenerated, thereby in-
dicating that the axial carbonyl ligand is indeed relatively
labile. In other words, the reaction of complex 15 with CO
to afford 16 is reversible, as was also observed for the PCP-
type systems (3-4, 7-8).

The decarbonylation of 16 accounts for one aspect of the
instability of the POCOP-type Rh™ carbonyl complexes de-
scribed herein. Another aspect of this instability is related
to its decarbonylation product, complex 15. It was found
that when this complex was directly generated by the reac-
tion of 14 with CO at room temperature, its formation was
accompanied by the appearance of another distinct species.
This side-product gave rise to a doublet in the *P{'H} NMR
spectrum at 0=21523ppm ('J(Rh,P)=156.7 Hz) and
lacked any hydride signal in the '"H NMR spectrum. The sig-
nificantly larger 'Rh*'P coupling constant observed for
this complex, as compared with that of 15 (105.8 Hz), sug-
gested that the new species possesses a more electron-rich
rhodium center. Indeed, careful analysis of the new complex
revealed it to be the neutral Rh' complex 17 (Scheme 4). It
should be noted that, as part of the identification process,
complex 17 was also prepared through an alternative route,
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by treating complex 14 with a base (e.g., KOrBu) under an
atmosphere of dinitrogen, followed by reaction with CO gas,
as shown in Scheme 4.

Crystals of 17 suitable for X-ray diffraction were grown at
—35°C from a solution of 17 in chloroform overlaid with
pentane (see Table 1 for the crystallographic parameters).
Complex 17, which crystallized in the P1 space group, is
shown in Figure 6. As would be expected of a tetracoordi-

Figure 6. ORTEP drawing of complex 17 (50 % probability level). Hydro-
gen atoms have been omitted for clarity.

nate Rh' complex, 17 features a distorted, yet virtually flat
square-planar coordination geometry. The CO ligand of this
complex has a rather short C—O bond (Cl1-0O3=
1.133(4) A), which is quite close in length to free CO. How-
ever, in contrast to complex 16, the Rh—C bond length asso-
ciated with the CO ligand in 17 is rather close to the aver-
age value found for rhodium carbonyl complexes (see
above), with Rh1-C1=1.887(3) A. Other selected bond
lengths and angles for complex 17 are given in Table 7.

Table 7. Selected bond lengths [A] and angles [°] for complex 17.

Rh1-C2 2.043(3) Rh1-P2 2.2829(11)
Rh1-Cl1 1.887(3) C1-03 1.133(4)
Rh1-P1 2.2816(9)

C2-Rh1-P1 78.66(8) C2-Rh1-Cl 178.75(11)
C2-Rh1-P2 78.70(8) P1-Rh1-P2 157.32(3)
C1-Rh1-P1 101.02(9) Rh1-C1-03 178.9(3)
C1-Rh1-P2 101.64(9)

The formation of neutral complex 17 from cationic com-
plex 15 necessarily involves the elimination of HBF,, which
appears in the '"H NMR spectrum as a broad singlet at 6 =
9-10 ppm (in CDCl;). This accounts for the presence of
HBEF, in the crystal of complex 16, as mentioned above. The
direct source of this acid was initially believed to be com-
plex 15, but subsequent DFT calculations suggested that a
more likely source is an unobserved agostic species derived
from 15 (see below). It should also be noted that the libera-
tion of HBF, was found to be a reversible process, since
treatment of a solution of pure complex 17 in chloroform
with a 5-fold excess of HBF, (etherate complex) resulted in
the formation of complex 15. However, even in the presence
of excess HBF, the reaction was not complete, with only
about 60% conversion (15/17~1.5:1; based on P NMR
signal integration).
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DFT examination of the phosphinite-based pincer system:
The marked differences in reactivity between the phos-
phine- and phosphinite-based pincer systems prompted us to
study the phosphinite system in greater detail using DFT
calculations. Our computational examination encompassed
the experimentally observed aryl-hydrido complexes 15 and
16, as well as the unobserved agostic species 18 and 19 (see
Scheme 6). All structures were initially optimized with the
exclusion of the BF,” counterion, which was subsequently
added to account for the experimentally observed involve-
ment of this counterion in the POCOP system, especially
vis-a-vis complex 15. As in the case of the PCP-rhodium
complexes, the BF,” counterion was appended to the
POCOP-rhodium species either as an inner-sphere ligand
(in complexes 15 and 18, where this is sterically feasible), or
in direct interaction with the hydride ligand or agostic
proton (in all complexes).

Selected geometric parameters for the computed cationic
POCOP complexes are presented in Table 8. It should be
noted that complex 16, for which crystallographic data are
available, exhibits good agreement between the optimized
and experimental geometries, and this further substantiates
the general accuracy of the optimized geometries. Examina-
tion of the optimized geometric data for all four POCOP
complexes reveals general similarities to the PCP systems,
especially concerning the carbonyl ligands. Thus, the Rh™
aryl-hydrido POCOP complexes have longer Rh—CO bonds

Table 8. Selected optimized interatomic distances [A], angles [°], and
total natural charges (Q) on CO ligands for the POCOP-rhodium—car-
bonyl complexes shown in Scheme 6.1

Optimized data 15 16 18 19

Rh—P1 2.337 2.377 2.327 2.384
Rh—P2 2.337 2.371 2.327 2.385
Rh—-C,,, 2.016 2.058 2127 2283
Cyo—H 2.410 2.468 1.150 1.126
Rh—H 1.497 1.555 1.861 2.010
Rh—C (CO,,,,) 1.934 1.940 1.861 1.884
Rh—C (CO,y) - 1.996 - 1.933
C—0O (COus) 1.141 1.139 1.148 1.149
C-0O (CO) - 1.136 - 1.147
X OC,,,-Rh-C,p, 175.7 172.9 175.2 137.6
XRh-C,,,,-O 175.6 177.1 177.9 172.4
X OC,;-Rh-C,, - 88.4 - 106.0
XRh-C,-O - 177.0 - 165.8
XRh-C,,,,-C,s 178.9 178.1 155.8 142.2
O(COyus) 0.266 0.302 0.225 0.246
Q(CO) - 0.222 - 0.238

[a] CO,,s and CO refer to the CO ligands positioned frans and cis to

the C,,,, atom, respectively.

o—T(th *
H

H | e +CO s
RA. ------- “Rh—CO = ~---
| “co
O—P({Bu), O—P(tBu),
19 18

and shorter C—O bonds than the agostic Rh! complexes; the
CO ligands in the dicarbonyl complexes have different Rh—
CO and C-O bond lengths, depending on their position rel-
ative to the aryl moiety; and the trigonal-bipyramidal dicar-
bonyl complex (19) exhibits markedly bent CO ligands.
However, closer examination of the geometric data reveals
a few important differences between the POCOP and PCP
systems, especially regarding complexes 18 and 19. Firstly,
these agostic complexes possess shorter Rh—C,,,, and Rh—H
bonds, and longer C,,,,—H bonds, than their PCP counter-
parts, and this indicates a higher degree of C—H bond acti-
vation in the POCOP complexes. This may well be related
to the observed acidity of the POCOP system, as will be fur-
ther elaborated below. Secondly, complexes 18 and 19 exhib-
it longer Rh—CO bonds than their PCP analogues, which in-
dicates weaker interactions between Rh and CO in the
POCOP system. It should be noted, however, that the car-
bonyl C—O bonds in the POCOP system are of comparable
length to the PCP systems, thereby implying that Rh—CO
nt back-donation is not significantly affected by the change
in pincer ligand.

The computed energies of the POCOP complexes, in the
absence and presence of BF,, are presented in Figure 7. As
can be seen in this figure, the inclusion of BF,  alters the
stabilities of the various POCOP species, as was previously
found for the PCP systems. In the majority of cases the in-
teraction with BF, is a stabilizing one, although the extent
of stabilization varies considerably with temperature and
among the different species. Particularly notable is the stabi-
lization of complex 15 by a metal-bound BF,”, which
amounts to 4.4 kcalmol™' at room temperature and
7.6 kcalmol ™' at —40°C. This strong interaction is consistent
with the experimentally observed broadening of the BF,”
signal in the ’F NMR spectrum of 15 (see above), which is
a telltale sign of counterion coordination. More modest sta-
bilization is exhibited by complexes 18 and 19, in which the
lowest energy is attained by the interaction of BF,” with the
agostic proton, especially at low temperature. In the case of
complex 18, the opposite effect is also evident, whereby in-
teraction of BF,” with the metal center is energetically un-
favorable at both temperatures. However, the most pro-
nounced destabilization is exhibited by complex 16, for
which the interaction with BF,” is endothermic by
7.2 kcalmol™' at room temperature and 4.7 kcalmol™' at
—40°C. In other words, complex 16 and its counterion are
most likely to exist in solution as a separated ion pair, in
contrast to the other three complexes.

o— Fl’(tsm O—P(tBu)—‘

+CO Lo
R Rh—CO — Rh co
H
O—P(tBu), P(tBu)
15 16

Scheme 6. Reactions of the POCOP pincer system with CO, as examined by DFT analysis.
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+ bound to the agostic proton) is

£0 calculated to be only about
H,Rl‘co 1.5 kcalmol™' uphill from 15-

(tBu), BF!", which renders it highly
accessible from this observed
species. Moreover, as was al-
ready suggested by the elonga-
tion of the C,,~H bond in
complex 18, analysis of the
electron density distribution in-
dicates that the agostic proton
in this complex 1is highly
acidic—certainly more than the
hydride ligand in 15. This en-
hanced acidity can account for
the observed release of HBF,
from the POCOP system, espe-

19 18 15

+ +
O—P(tBu),

g |
"-Rh,’& -Rh—CO

7 - i cO
—P(tBu), —P(tBu),

3.9

AGy33/ keal mol-!

3 4

-5 A 4.5

+
O—P(tBu),

|h—CO
o |

O—P(tBu),

cially in light of the strong in-
teraction between BF,” and the
agostic proton in 18-BFf. As
for complex 19, its high energy,
relative to the other species, is
consistent with the fact that it
was not observed experimental-
ly.

All in all, the above results
highlight the important differ-
ences between the POCOP and
PCP systems. Although both
pincer ligands are capable of
stabilizing cationic aryl-hydrido
dicarbonyl Rh™ species, they
diverge in behavior with respect
to all other carbonyl complexes.
Thus, the POCOP system sup-
ports a stable cationic aryl-hy-

16

+
O—P(tBu),

| co
p, h—CO
7|
—P(tBu),

-7 T T
19 18 15

Figure 7. Relative energies of the cationic POCOP complexes (—), as well as their outer sphere (BFL: ----- )
and inner sphere (BFE": «e... ) adducts with the BF,~ counterion, at 25°C (top) and —40°C (bottom). The mon-
ocarbonyl agostic complex with no BF,™ interaction (18) is taken as the reference energy point.

The above results pertaining to the effects of BF,” desig-
nate complex 15-BFX" (with a rhodium-bound BF,") as the
most stable of the examined species, followed closely by
complex 16 (with no direct BF,” interactions). The stability
of these two species, as indicated by our DFT calculations, is
consistent with the fact that both were experimentally isolat-
ed. Moreover, the small energy difference between 15-BFL"
and 16 accounts for their experimentally observed intercon-
version, but it should be borne in mind that such intercon-
version must proceed through the high-energy ‘“naked”
complex 15, which possesses an empty coordination site.
Further insight into the observed behavior of the POCOP
system is gained when complexes 18 and 19 are considered.
Interestingly, the unobserved complex 18-BFY (with BF,”
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drido monocarbonyl Rh™ spe-
16 cies, whereas in the PCP system
such a complex is highly unsta-
ble. Furthermore, the PCP Ili-
gands support stable agostic
monocarbonyl Rh' complexes,
both as isolable compounds and
stable (albeit unobserved) intermediates, whereas in the
POCOP system such species are notably unstable. These sig-
nificant dissimilarities between the two ligand frameworks
originate from their different electronic properties, as will
be discussed below.

Reaction of agostic complex 3 with the donor ligand aceto-
nitrile—experimental and theoretical examination: The re-
actions of CO with the agostic PCP systems described above
appear to suggest that while the first CO ligand plays its
classical role as a dominant m-acceptor, the additional CO
molecule does not behave as an acceptor, but rather as a
predominantly donor ligand. In order to probe this asser-
tion, we explored the reactivity of agostic complex 3 towards

www.chemeurj.org — 341


www.chemeurj.org

CHEMISTRY

J. M. L. Martin, D. Milstein et al.

A EUROPEAN JOURNAL

acetonitrile, which is commonly accepted as a o-donor with
only weak m-acceptor ability.?* Thus, complex 3 was treated
with a small excess (1.7 equiv) of CH;CN in chloroform, and
this was found to afford a new species in virtually quantita-
tive yield (based on the *'P NMR spectrum). At room tem-
perature, this complex gave rise to a broad doublet at 6=
81.83ppm ('J(Rh,P)~80Hz; Av,~120Hz) in the
'P{'H} NMR spectrum, as well as a broad singlet at 6=
—15.89 ppm (Av:,~100 Hz) in the '"H NMR spectrum, due
to a hydride ligand. Another broad singlet (Av:, ~85 Hz)
was observed in the 'HNMR spectrum at 6=2.10 ppm,
while the rest of the spectrum showed no notable broaden-
ing. When the solution was cooled to —30°C, the broad sig-
nals narrowed and became well-resolved, and this allowed
full characterization of the new product, which emerged as
complex 20, an analogue of 4 with a CH;CN molecule in-
stead of the carbonyl ligand frans to the hydride (see
Scheme 7, top). In fact, the broad room-temperature
"H NMR signal at 0=2.10 ppm turned out to be a convolut-
ed combination of signals for the free and bound CH;CN.
The relative configuration of the carbonyl and nitrile ligands
in 20 was conclusively determined by analyzing the NMR
spectra of a complex containing *C-labeled CO. The hy-
dride signal in the '"H NMR spectrum and the carbonyl
signal in the 'H-coupled “C NMR spectrum of this complex
exhibited no observable 'H,*C coupling, which strongly in-
dicates that the two ligands are in the cis configuration.!"”
The broad NMR signals observed for complex 20 at room
temperature were reminiscent of the observations made for
complex 4 under excess CO, as described in our previous
report.”! Moreover, when complex 3 was treated with about
half an equivalent of CH;CN in chloroform, both complexes
3 and 20 were observed in the solution, and their mixture

+ _ + -
(iPr); | BFa P(iPr), BF4

—70

X + CHaCN NGCCH;
--Rh—CO P — Rh—CO
- CHsCN H
P(iPr), P(iPr)z
3 20
Pathway A
+
T(iPr)z
/Rh—CO
H |
. / PP,
N 9 — CHyCN

Pathway B

Scheme 7. Top) Reaction of agostic complex 3 with acetonitrile. Bottom) Proposed mechanistic pathways for

the reaction of 3 with acetonitrile.
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gave rise to broad signals in both the 'H and *'P{'H} NMR
spectra. The coexistence of the two species in solution made
it possible to employ the SST technique in order to investi-
gate whether the two species were in mutual equilibrium, as
was previously done for a mixture of 3 and 4 (in the absence
of excess CO)."" Indeed, when the hydride ligand of 20
(broad singlet at 0 =—15.89 ppm) was selectively irradiated
at room temperature, significant decrease in the intensity of
the '"HNMR signal corresponding to the agostic proton
(broad singlet at 6 =4.20 ppm) was observed, clearly indicat-
ing that species 3 and 20 were in dynamic equilibrium.
When complex 3 was dissolved in neat acetonitrile, complex
20 was produced in quantitative yield (based on the
3P NMR spectrum) and gave rise to sharp NMR signals. In
this case, the large excess of acetonitrile drove the 3=20
equilibrium completely to the product side, as was also ob-
served for complex 3 under excess CO.["

As far as the overall process is concerned, the reaction of
complex 3 with CH;CN bears great resemblance to its reac-
tion with CO. In other words, the two ligands, which are sig-
nificantly different in their electronic properties, exert a sim-
ilar effect on agostic complex 3. In order to account for this
similarity, we proposed two mechanistic pathways for the
acetonitrile reaction, which are virtually identical to those
proposed for CO, as shown in Scheme 7 (bottom). The two
pathways were then examined using DFT calculations. Se-
lected geometric parameters and ligand charges for the opti-
mized acetonitrile complexes are listed in Table 9, and the
reaction profiles, calculated for 25 and —40°C, are shown in
Figure 8.

The optimized geometries for the acetonitrile-containing
complexes display notable differences from those of the
analogous carbonyl complexes. Thus, aryl-hydrido complex
20 exhibits shorter Rh—H and
Rh—CO bonds, as well as a
longer C—O bond, relative to
the corresponding bonds in di-
carbonyl complexes 4 and 8,
and this indicates the presence
of stronger metal-hydride and
metal-carbonyl interactions in
complex 20. Interestingly, the
CO ligand in complex 20 (as
well as in TS(21-20)) is more
electron-rich than the trans
CO ligands in the dicarbonyl
complexes, as indicated by

P(iPr)2_| *

NCCH
/Rr’i—co their natural bond orbital
, (NBO) charges (see Tables 3
P(iPr),

and 9). This implies that the
carbonyl ligand in complex 20
is either a weaker electron
donor or stronger electron ac-
ceptor, or both, relative to the
corresponding carbonyl ligands
in complexes 4 and 8. As for
intermediate 21, it exhibits

20
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Table 9. Selected optimized interatomic distances [A], angles [°], and
total natural charges (Q) on CO and CH;CN ligands for the PCP-rhodi-
um-—carbonyl-acetonitrile complexes shown in Scheme 7.
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In other words, the reaction of complex 3 with CH;CN
occurs only by spontaneous C—H cleavage in the agostic
complex, with subsequent trapping by an incoming acetoni-

Optimized data 20 TS(21-20) 21 trile ligand. This constitutes a shift in mechanism from the
Rh—P1 2.344 2.342 2.373 direct promotion pathway observed for the CO ligand to the
EE:EZ 5‘32(7) ;igg 5‘232 trapping pathway observed for CH;CN. The electronic fac-
C,,,J.;Il—lm 2431 La26 1,095 tors behind this. mechanistic shift, as revealed by an angly.sis
Rh-H 1.533 1.604 2.536 of the electronic structure of the carbonyl and acetonitrile
Rh—C (CO) 1.928 1.896 1.805 complexes, will be discussed below.
Rh—N (CH;CN) 2171 2.320 2.094
C-0 (CO) 1.143 1.147 1.155 . . ..
XOC-Rh-C,, 1717 163.0 126.8 Electronic structure analysis and the origin of .the dual
FRh-C,py-Coare 179.1 168.6 114.9 effect of CO: In order to explore the electronic factors
0(CO) 0.136 0.194 0.241 behind the intriguing behavior of CO ligands observed in
QO(CH;CN) 0.136 0.094 0.229 the present work, we analyzed the electronic structure of
the above-mentioned carbonyl complexes in terms of dona-
tion, back-donation, and repul-
. sion between the metal atom
Hp(ipg)é—l and ligands. It is now generally
'Y accepted that transition-metal-
P(PN)SCW mediated oxidative addition of
1 JPr,
378 @ C—H bonds involves transfer of
35 - ‘W 34.7 electron density from the bond-
| ing 0 C—H orbital to the metal
atom, and back-donation into
251 the antibonding o* C—H orbi-
, tal. The extent of these charge
transfers differs at different
T 15 . .
5 —— stages of the interaction. Thus,
T H\| charge transfer from o._y to
g s Areo the metal center comes into
1 47 . .
< (iPr); effect at relatively long distan-
1 0.0 H 21 ces between the metal and C—
0.0 | L0 + .
s ' ~RHK, T(iPr)z—‘ H bond, thereby leading to the
= "NCCH3 NCCH; .
Prn o forfnatl‘on of a o (':omplex,
1 W which in the case of intramo-
15 . ‘ . . ‘ ] . . P('P')zl lecular interactions is common-
3 TS(3-9) 9 20 3 21 TS(21-20) 20 ly termed an agostic com-
Pathway A Pathway B plex.’l At shorter distances—

Figure 8. Calculated energy profiles of the proposed reaction pathways for the addition of CH;CN to agostic
complex 3 at 25°C (--e-) and —40°C (——m——). The agostic complex 3 is taken as the reference energy

point.

longer Rh—C,,;, and Rh—H bonds, as well as a shorter C,,;,—
H bond, relative to its dicarbonyl analogues 10 and 12, and
this indicates much weaker activation of the arene C—H
bond in intermediate 21.

As can be seen in Figure 8, the energy profiles for the re-
action of agostic complex 3 with CH;CN are significantly
different, both qualitatively and quantitatively, from those
of its reaction with CO (see Figure 2, top).”® The most
prominent feature of these reaction profiles is the extremely
high kinetic barrier for pathway B (AG* ~35-38 kcalmol ™),
as compared with the relatively low kinetic barrier for path-
way A (AG* 11 kcalmol™"). This clearly indicates that the
reaction of complex 3 with CH;CN cannot take place along
pathway B, leaving pathway A as the only available option.
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usually in the transition state—
back-donation intensifies, thus
leading to increased electron
density in the vicinity of the
C—-H bond, which eventually
results in its cleavage. The interactions between the metal
atom and the formally anionic hydrocarbyl and hydrido li-
gands, which were obtained as a result of the activation pro-
cess, determine the overall thermodynamics of the C—H oxi-
dative addition reaction. Hence, the exact chemical nature
of the C—H bonds, as well as their steric environment,
strongly affects the thermodynamics and kinetics of oxida-
tive addition, as has been previously shown.!'“*”) We shall
now present a detailed analysis of the influence exerted by
the CO ligands, as well as the aromatic moiety, on the criti-
cal electron transitions involved in the experimentally ob-
served oxidative addition of aromatic C—H bonds by the
mono- and dicarbonyl PCP and POCOP complexes of rho-
dium. This examination will address all three stages of this
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reaction, namely, the agostic interaction, the transition state,
and the aryl-hydrido product. In order to facilitate the dis-
cussion, Table 10 presents selected Wiberg bond indexes
(WBI) that were calculated for mono- and dicarbonyl com-
plexes in the three reaction stages.

Table 10. Wiberg bond indexes (WBI) for selected bonds in the monocarbonyl, dicarbonyl, and acetonitrile—

carbonyl complexes and transition states."!

The C,,,,—Rh electron donation, which involves the p, or-
bital on the ipso carbon, distorts the aromatic 7 system, and
in order to counteract this unfavorable effect the aromatic
ring bends away from the metal center.*”! This bending re-
duces the participation of the m system in bonding with the
metal center and gives rise to interactions between the
carbon p, orbital and the elec-

tron-withdrawing Rh d_. orbital

(Scheme 8, right). Consequent-

Complex  Ligands Rh-C,, Rh-H C,,H Rh-C,, (C-O),. Rh-C, (C-O), , :
- ly, the oc_y orbital becomes in-
agostic complexes . .
3 PCP(iPr), CO 0.134 0054 0740 0977 2.078 - - volved in electron donation to
7 PCP((Bu), CO 0.135 0057 0737 0975 2.070 - - the metal center, and this re-
18 POCOP(/Bu), CO 0.214 0.078  0.677  0.869 2.096 - - sults in the weakening of the
2 PRBS2CO o0 0s 0514 omo  axe o7  sms Ui bond:® In fack, the in-
PCP(1Bu), 0 . ) 840 . 0.617 07 .
19 POCOP(Bu),2CO  0.126 0034 0746 0727 2041 0.604  2.067 volvement of the arene 7 orbi-
21 PCP(iPr), CO, CH,CN 0092 0021 0872 1231 2069 04770 — tals in the metal-aryl interac-
transition states tion induces a polarization of
TS(3-9) PCP(iPr), CO 0.546 0.516  0.223 0.880 2.150 - - the oc_y orbital towards the
TS(7-11)  PCP(tBu), CO 0533 0495 0244 0881 2141 - - C,., atom, thereby increasing
TS(18-12) POCOP(tBu), CO 0.532 0475 0255 0910 2.112 - - pso
TS(10-4)  PCP(iPr), 2CO 0530 0360 0356  0.969 2.121 0878 2158 the acidity of the hydrogen
TS(12-8)  PCP(:Bu), 2CO 0.533 0350 0366  0.992 2.102 0870 2155 atom and eventually leading to
TS(15-19) POCOP(sBu), 2CO 0.521 0367 0341 1.003 2.080 0.876 2.128 electrophilic C—H bond activa-
TS(21-20) PCP(iPr), CO, CHLCN 0299 0293 0435  0.741 2.097 0.123% tion. This is in contrast to the
aryl-hydrido complexes nucleophilic activation typical
9 PCP(iPr), CO 0410 0707 0062  0.662 2148 - - ) _ ,
1 PCP(1Bu), CO 0399 0696 0062 0672 2138 - - of n°-C,H agostic complexes in-
15 POCOP(iBu), CO 0402 0697 0065  0.666 2.138 - - volving aliphatic moieties.
4 PCP(iPr), 2CO 0387 0435 0058  0.639 2133 0453 2.166 As for the observed differen-
8 PCP(1Bu), 2CO 0387 0430 0058  0.643 2130 0458  2.160 ces between the PCP and
16 POCOP(fBu),2CO 0383 0433 0048  0.646 2131 0446 2.165
20 PCP(iPr), CO, CH,CN  0.443 0589 0072  0.643 2.163 019201 _ POCOP systems, these can be

[a] Rh—C,,,, and Rh—C, refer to the bonds between Rh and the CO ligands positioned trans and cis to the
Cjpso atom, respectively. (C—O),,,, and (C-O),;, refer to the C—O bonds in these carbonyl ligands. [b] These

values refer to the Rh—N bond between rhodium and the acetonitrile ligand.

Agostic complexes: It has previously been shown that the
C—H---metal interaction in agostic complexes is highly sensi-
tive to the chemical nature of the C—H bond. In general,
this type of interaction is brought about by partial transfer
of electron density from the C—H bond to an empty d orbi-
tal of a coordinatively unsaturated transition metal, thereby
resulting in a three-center, two-electron bond. Electronic
and steric effects dictate whether the main contribution to
this bonding comes from carbon or hydrogen.” The limit-
ing case, whereby bonding occurs predominantly through
the hydrogen atom, with negligible contribution from
carbon, is known as anagostic bonding, and is typical for sp’
C—H bonds. In these cases, the energetic preference for n'-
H anagostic bonding over the n>-C,H agostic interaction
usually results from the steric inaccessibility and coordina-
tive saturation of carbon atoms in the alkyl moieties.*” For-
mation of agostic complexes of aromatic C—H bonds, on the
other hand, is governed by electron donation from the aro-
matic s orbital into the Rh d,. orbital, through the ipso
carbon atom (Scheme 8, left). This interaction dominates
over the o-_y—Rh donation, since the aromatic it orbital is
more diffuse and has higher energy than the bonding oc_y
orbital.[*!]
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traced to the higher electron
density on the ipso carbon
atom of the phosphinite ligand

H 3%)

Scheme 8. Key orbital interactions responsible for the Rh--C—H interac-
tions in the agostic complexes.

relative to that of the phosphine ligand. This enhanced elec-
tron density results in a stronger Rh—C,,,, interaction in the
mono- and dicarbonyl POCOP agostic complexes (18 and
19) relative to their PCP analogues (7 and 12). The calculat-
ed geometries of the POCOP complexes are consistent with
a dominant partial contribution of the carbon p, orbital to
the overall C,,,—Rh electron donation. In particular, the
angles between the Rh atom and aromatic ring (£Rh-C,,,-
C,0) in these complexes are much larger (155.8° for 18 and
142.2° for 19) than in their PCP analogues (140.3° for 7 and
113.7° for 12). As a consequence, the POCOP system expe-
riences more pronounced C—H bond activation (see
Table 10), accompanied by the accumulation of a higher
positive charge on the hydrogen atom (+0.42 in 18 and
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+0.37 in 19). The exceptionally large positive charge on the
hydrogen atom in complex 18, as well as its relatively weak
C—H bond, sets it as the most probable species responsible
for the experimentally observed deprotonation of the mono-
carbonyl aryl-hydrido POCOP complex 15. Indeed, the
energy data presented above (Figure 7) indicate that com-
plex 18 should be readily accessible, since it is only about
1.5 kcalmol ™" higher in energy than the BF,-stabilized com-
plex 15. From the mechanistic perspective, complex 18 could
be easily formed by dissociation of BF,” from complex 15,
with an energy cost of only 4.4 kcalmol ™ at room tempera-
ture, followed by a thermodynamically favorable C—H re-
ductive elimination, with a calculated activation barrier of
only 3.6 kcalmol~.*l In the PCP agostic complexes, on the
other hand, the C—H-to-metal charge transfer and conse-
quent C—H bond activation are much less significant, and
this renders the deprotonation reaction significantly endo-
thermic (AGs>16.8 kcalmol ™).

Transition states preceding C—H cleavage: Our calculations
show that in both the PCP and POCOP systems the transi-
tion states leading from the agostic complex to the C—H oxi-
dative addition product involve a bidirectional electron
transfer, whereby donation from the occupied C—H o orbital
to the empty Rh d_. orbital, and back-donation from the oc-
cupied Rh d,, orbital to the empty C—H o* orbital, are of
equal importance (Scheme 9). Both C—H—Rh donation and

HQ

9
Rh%

donation

H(J
P
back-donation

Scheme 9. Key orbital interactions involved in the transition states to C—
H bond dissociation.

Rh—C—H back-donation are strongly affected by the pres-
ence of CO ligands, which function as both ¢-donors and -
acceptors. The relative strength of these interactions is de-
pendent on the energy levels of the transition-metal d orbi-
tals. In the present case, the positive charge on the complex
results in the lowering of the rhodium d orbital energies rel-
ative to the molecular orbitals of CO, thereby decreasing
the back-donating ability of the metal and enhancing o don-
ation from CO. Indeed, as can be seen from the data pre-
sented in Tables 3, 8, and 9, the carbonyl ligands are posi-
tively charged in all of the studied complexes, thus implying
dominant CO—Rh electron donation and relatively weak
Rh—CO back-donation. It is noteworthy that in all of the
computed transition states the positive charge on the CO li-
gands was found to be higher than in the respective reactant
and product complexes.

In the square-pyramidal dicarbonyl pincer complexes, the
06(CO)—d_(Rh) donation, particularly from the CO ligand
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trans to the aryl moiety (CO,,,), competes with the o(C—
H)—d_(Rh) donation (see Scheme 10a), and since CO is a
much stronger donor than C—H, the latter interaction is im-

donation

§% ©
Rh (A Rh
( (—A

4

\

(o}

back-donation

Scheme 10. Influence of CO ligands on C—H—Rh donation (a,b) and
Rh—C-H back-donation (c,d) in the transition states leading to C—H
bond cleavage.

peded. The system counteracts this unfavorable push—push
interaction by bending both CO ligands away from their ide-
alized positions. Thus, CO,,,,, is bent significantly away from
the P-Rh-C,,,, plane, with the C;,,-Rh-CO,,,,, angle decreas-
ing to 155-163° (Tables 3, 8, and 9), whereas CO,; is bent to
a lesser extent, with the C,,-Rh-CO,; angle increasing by
about 10° from the ideal cis orientation. Overall, the bend-
ing of the CO ligands exerts a very important, multifaceted
effect on the interactions between rhodium and the C—H
bond in the transition state. Firstly, the C-H—Rh ¢ dona-
tion is significantly facilitated, not only because CO bending
reduces the unfavorable CO—Rh o donation, but also be-
cause it allows for some overlap between Rh d. and an
empty CO m* orbital (Scheme 10b), which renders d,. even
more electrophilic. Secondly, the Rh—C—H o* back-dona-
tion is also assisted by CO bending, since the occupied Rh
d,, orbital becomes a stronger electron donor, following its
decreased overlap with the CO n* orbital and concomitant
decrease in Rh—CO back-donation. In addition, the d,, or-
bital is rendered more electron-rich by o donation from
both CO ligands, as a consequence of the deviation of the
complex geometry from a perfect square pyramid
(Scheme 10c). Moreover, symmetry decomposition analysis
of the atomic CO orbitals indicates that the filled s orbitals
of CO also participate in electron donation to the metal
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center (Scheme 10d), contrary to common knowledge.
Nonetheless, the contribution of these orbitals to electron
donation is much smaller than that of the o orbital of CO.

As for the monocarbonyl pincer complexes, the competi-
tion between the C-H—Rh and CO—Rh electron dona-
tions is less pronounced than in the dicarbonyl systems,
since the former are less electron-rich (only one CO ligand
is available for o donation). Therefore, the CO ligand in
each of the monocarbonyl complexes experiences a smaller
deviation from linearity than in the dicarbonyl complexes,
with xC,,,-Rh-CO,,,,,~170°. Consequently, electron dona-
tion from CO to the d,, orbital of rhodium is decreased,
which results in less effective Rh—C—H back-donation.
This, in turn, makes C—H bond cleavage less feasible than in
the dicarbonyl systems, as it requires the C—H bond to ap-
proach the metal center more closely in the transition state.
Indeed, the calculated geometries of the monocarbonyl tran-
sition states (see Tables3, 8, and 9) display longer C—H
bonds, as well as shorter Rh—C and Rh—H bonds, than the
corresponding dicarbonyl systems (in other words, the mon-
ocarbonyl systems exhibit late transition states, whereas the
dicarbonyl systems exhibit early ones). All in all, these dif-
ferences in transition states lead to the kinetic preference
for the CO-promotion pathway over the CO-trapping one.

Finally, a few words are in order regarding the transition
state for C—H cleavage upon addition of acetonitrile to a
monocarbonyl agostic complex. This reaction allows us to
probe the role of o donation in the absence of it back-dona-
tion, as acetonitrile is a good o-donor, but a very weak m-ac-
ceptor. Thus, in contrast to CO, the w* orbitals of acetoni-
trile cannot effectively withdraw electron density from the
Rh d,. orbital. On the other hand, the filled o orbital of the
acetonitrile molecule does interact with the metal center, in-
jecting electron density into the Rh d,. orbital. This, in turn,
leads to enhanced electronic repulsions along the arene-Rh-
CO axis, which consequently inhibit C—H—Rh donation.
Overall, the fact that the acetonitrile ligand inhibits the C—
H—Rh donation, without countering this effect by bending
or allowing for effective back-donation, results in a prohibi-
tively high kinetic barrier for the acetonitrile-promoted
pathway for C—H cleavage.

Aryl-hydrido complexes: The interactions of rhodium with
the aryl and hydride ligands in the product of C—H oxida-
tive addition determine the overall thermodynamics of this
reaction. The important influence exerted by CO on these
interactions is clearly demonstrated by both the experimen-
tal and theoretical results. Sigma donation from the CO
ligand trans to the aryl moiety strongly enhances the Rh—
Cys 0 bonding, as depicted in Scheme 11a. For example,
when the CO ligand in complex 9 was computationally re-
moved, the overlap population of the Rh—C,,;, 6 bond was
found to decrease from 0.077 to 0.042. However, orbital
population analysis also indicates that the same CO ligand
significantly weakens the m interactions between the Rh
atom and the aromatic ring in the aryl-hydrido complex.
CDA demonstrates that in the absence of CO these interac-
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Scheme 11. Effect of a single trans CO ligand (a,b) and a combination of
trans and cis CO ligands (c,d) on Rh-aryl bonding.

tions are at least as important as the o bonding. The de-
creased Rh—C,,, m interactions result from strong repulsions
between the occupied m orbitals of CO, the Rh d, orbitals,
and the m system of the aromatic ring. This destabilizing
trans influence forces partial charge transfer into the empty
Rh—C,,,, @* orbital, so that the total Rh-aryl interaction
within the s system becomes antibonding (Scheme 11b).
Overall, the destabilizing effect of the trans CO ligand on
the Rh-aryl m interaction is stronger than the stabilizing
effect of o donation. This is clearly manifested, for example,
in the contraction of the computed Rh—C,,, bond, from
2.049 to 1.970 A, upon removal of the trans CO ligand from
complex 9. Moreover, the WBI for Rh—C,,,, increases dra-
matically from 0.41 to 0.81 upon removal of the CO ligand.
As for the Rh—H interaction, our calculations show that it is
only slightly affected by the presence of the CO ligand,
which is positioned cis to the hydride ligand in the monocar-
bonyl aryl-hydrido complexes. Therefore, the electronic
origin of the experimentally observed CO-induced reductive
elimination of the C—H bonds in the PCP systems differs
from the classical representation, which associates this type
of reaction with a reduction in the electron density on the
metal center as a result of the metal =CO back-donation.
Instead, our results indicate that the key factor which leads
to the CO-induced C—H reductive elimination is the repul-
sive interactions along the aryl-Rh-CO in the s system,
which strongly destabilize the Rh—C,,,, bond.
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In the dicarbonyl complexes, the CO ligand cis to the aryl
moiety is more weakly bound to the metal center than the
trans CO ligand (for example, the binding energies of these
ligands in complex 4, as estimated by CDA, are 33.3 and
41.3 kcalmol ™!, respectively). Unsurprisingly, the cis CO
ligand exhibits weaker o donation than the trans CO ligand
(e.g., 0.34 vs. 0.43 electron in complex 4), as well as weaker
7t back-donation (e.g., 0.25 vs. 0.28 electron in complex 4). It
is important to note that the extent of & back-donation, rela-
tive to o donation, is higher for the cis CO ligand, and this
feature underlies the unusual effect of this ligand in promot-
ing C—H oxidative addition. The charge transfer from Rh to
cis CO reduces the repulsion between the occupied d, orbi-
tals of Rh and the occupied m orbitals of both the aryl
moiety and the trans CO ligand. This is accomplished by di-
recting the excess electron density, which originates from
this repulsion, to the m* orbital of cis CO instead of the
Rh—C,,, w* orbital (Scheme 11d). This distribution of elec-
tron density lowers the energy of the aryl-hydrido com-
plexes and assists the oxidative addition reaction.

The existence of repulsive m interactions along the C,,,-
Rh-CO axis, which accounts for C—H reductive elimination
upon addition of a single CO ligand to the PCP-based aryl-
hydrido complexes, can also account for the surprising sta-
bility of the POCOP-based aryl-hydrido-carbonyl com-
plexes. In fact, the higher electrophilicity of the POCOP
ligand, as compared with PCP, which was initially thought to
hinder the formation of an aryl-hydrido-monocarbonyl
complex, actually serves to stabilize this structure. Thus,
analysis of the electronic structure of the POCOP com-
plexes reveals that the relatively high electrophilicity of the
ligand effectively redistributes the excessive electron density
that accumulates in the aryl moiety upon addition of CO to
the aryl-hydrido complex, thereby significantly reducing the
repulsive  Rh—C,,, interactions (Scheme 12). The pro-

(rBu)ZPo&""' OP(tBu), (tBu)ZPo\(““ OP(tBu),
Rh — Rh
o o

n repulsions « redistribution

Scheme 12. Repulsive 7 interactions in the POCOP complexes.

nounced electronic effect of the POCOP ligand is clearly
evident by comparing the natural population analysis (NPA)
charges on various atoms in its relevant complexes. Thus,
the carbon atoms ortho to C,,, experience a decrease of
positive charge from +0.61 in complex 18 to +0.48 in com-
plex 15, whereas the negative charge on the oxygen atoms

of the POCOP ligand increases from —0.77 to —0.80, respec-
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tively. This leads to a significant decrease in the total elec-
tron density on C,,,, upon C—H oxidative addition (i.e., the
reaction 18—15), with its natural charge dropping from
—0.82 to —0.68. Similar electronic redistributions in the PCP
systems are much more subtle. For example, the natural
charge on C,, changes from —0.52 to —0.45 on going from
complex 7 to 11, respectively.

As for the role of acetonitrile in promoting C—H oxida-
tive addition in the agostic complex, it was found that the
nitrile ligand assists this reaction by stabilizing the resulting
Rh—H bond, in contrast to the CO ligand, which promotes
this reaction by reducing the Rh-aryl repulsion. A compari-
son of the electronic structures of acetonitrile—carbonyl
complex 20 and dicarbonyl complex 4 reveals that the Rh—
H bond in complex 20 is significantly more stable than in
complex 4, as reflected by their calculated metal-hydride
bond lengths (1.533 A for 20 vs. 1.573 A for 4), as well as by
the Wiberg bond indexes (0.589 for 20 vs. 0.435 for 4). On
the other hand, the acetonitrile ligand in complex 20 is
bound much more weakly than cis CO in complex 4, with
binding energies of 4.0 and 10.6 kcalmol™', respectively.
CDA reveals that this difference in binding energy arises
from the absence of m interactions between rhodium and
the acetonitrile ligand, as well as relatively weak o donation
from this ligand to the electron-rich metal center.

Conclusion

In this work we have explored the effects of CO on the oxi-
dative addition of strong arene C—H bonds in cationic
pincer-type complexes of rhodium. This investigation re-
vealed intriguing, even counterintuitive processes involving
this ubiquitous simple ligand.

Firstly, we demonstrated that in cationic, phosphine-
based, PCP-type pincer complexes of rhodium, CO exhibits
a dual role as far as C—H activation is concerned. Thus,
when one molecule of CO was added to a solvent-stabilized
aryl-hydrido Rh™ complex, C—H reductive elimination
ensued, thereby affording the corresponding C—H agostic
monocarbonyl Rh! complex. This is the expected manifesta-
tion of the well-known character of CO as a strong m-ac-
cepting ligand. However, when a second molecule of CO
was added to the agostic complex, C—H oxidative addition
took place, thereby yielding the corresponding aryl-hydrido
dicarbonyl Rh™ complex. This result stands in contradiction
to the traditional view of CO as a predominantly m-accept-
ing ligand, and indicates that in the present systems CO can
behave as a significant o-donor. Indeed, DFT analysis of
these systems strongly supported the notion that CO acts
primarily as a o-donor, a property that is likely applicable to
cationic late-transition-metal complexes in general. None-
theless, the most important effect of CO in the presently
studied systems was actually attributed to its filled m orbi-
tals. Thus, when the first CO molecule binds to the aryl-hy-
drido Rh™ complex, its coordination trans to the aryl
moiety leads to strong m—m repulsion along the aryl-Rh-CO
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axis. This repulsion destabilizes the aryl-hydrido complex
and favors C—H reductive elimination. Addition of a second
CO ligand in the position cis to the aryl ligand reduces this
unfavorable effect by transferring excess electron density
into the mt* orbitals of the additional carbonyl ligand.

Secondly, we showed that when the phosphine-based
PCP-type ligand is replaced by a phosphinite-based
POCOP-type ligand, the reactivity of the system changes
significantly. Thus, it was found that addition of one mole-
cule of CO to a solvent-stabilized aryl-hydrido Rh™ com-
plex of the POCOP ligand does not lead to C—H reductive
elimination, but instead affords a relatively stable CO
adduct of this aryl-hydrido complex. Addition of a second
CO molecule to the monocarbonyl aryl-hydrido complex
leads to the corresponding aryl-hydrido dicarbonyl Rh™
species, as also observed for the PCP systems. These results
were corroborated by DFT calculations, which also indicat-
ed that the different behavior of the POCOP system, rela-
tive to the PCP system, originates from the higher electro-
philicity of the POCOP ligand, which counteracts the repul-
sive m—m interactions along the aryl-Rh-CO axis. Further-
more, the DFT analysis exposed the important role of the
BF,” counterion in the stabilization of the monocarbonyl
aryl-hydrido complex, and also accounted for the observed
elimination of HBF, from this complex, which was attribut-
ed to the formation of an unobserved acidic agostic com-
plex.

Finally, the effects of CO on the PCP system were com-
pared with that of acetonitrile, which is commonly accepted
as a o-donor with a negligible m-acceptor character. Interest-
ingly, acetonitrile was found to react with an agostic mono-
carbonyl Rh' complex in much the same way as CO, thus
leading to the corresponding aryl-hydrido Rh™ complex.
Nonetheless, our DFT results indicate that unlike CO, aceto-
nitrile does not promote C—H oxidative addition, but
merely acts as a trapping agent. The fact that the direct pro-
motion pathway is essentially blocked for acetonitrile is
linked to its inability to engage in m interactions with the
metal center, thereby preventing it from reducing the elec-
tronic repulsions that develop in the transition state prior to
C—H cleavage.

Experimental Section

General procedures: All experiments with metal complexes and the
phosphine ligands were carried out under an atmosphere of purified ni-
trogen in an MBraun MB 150B-G glove box or an atmosphere of puri-
fied argon in an MBraun Unilab glove box. All solvents were reagent
grade or better. All nondeuterated solvents were heated at reflux over
sodium/benzophenone ketyl and distilled under an argon atmosphere.
Deuterated solvents were used as received. All the solvents were de-
gassed with argon or nitrogen and kept in the glove box over 3 or 4 A
molecular sieves (except for acetone, which was dried with Drierite).
Commercially available reagents were used as received. The complex
[Rh(acetone),(coe),|BF, was prepared according to a literature proce-
dure with appropriate modifications.*”! Ligand 1 and complexes 2, 3, and
4 were prepared as previously reported.” Ligands 5! and 13*% were
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synthesized according to literature procedures. Crystal structures were
drawn using the program ORTEP-3.7!

Analysis: NMR spectra ('"H, “C, ""F, and *'P) were recorded using
Bruker Avance 250, Bruker Avance 400, or Bruker Avance 500 NMR
spectrometers. All measurements were done at 20°C unless otherwise
noted. 'H and “C NMR chemical shifts are reported in ppm relative to
tetramethylsilane. '"H NMR chemical shifts are referenced to the residual
hydrogen signal of the deuterated solvents, and the "C NMR chemical
shifts are referenced to the "C signal(s) of the deuterated solvents.
F NMR chemical shifts are reported in ppm relative to CFCl; and refer-
enced to an external solution of C¢F in CDCl,. 3P NMR chemical shifts
are reported in ppm relative to H;PO, and referenced to an external
85 % solution of phosphoric acid in D,O. Abbreviations used in the de-
scription of NMR data are as follows: Ar, aryl; br, broad; v, virtual; s,
singlet; d, doublet; t, triplet; m, multiplet. Infrared spectra were recorded
using Nicolet Protégé 460 and Nicolet 6700 FTIR spectrometers. Such
spectra are reported only for those complexes that were isolable and
stable at room temperature (compounds 17 and 20). Elemental analyses
were performed at the Chemical Analysis Laboratory (Department of
Chemical Research Support), Weizmann Institute of Science, and at H.
Kolbe Mikroanalytisches Laboratorium, Miilheim an der Ruhr, Germa-
ny.

Crystal structures from the Cambridge Structural Database (CSD; ver-
sion 5.29, November 2007)1*%) were retrieved and analyzed using Con-
Quest 1.10% and Vista,®!! respectively. In order to avoid redundant crys-
tal structures during the database search, we have used the best represen-
tative polymorph list supplied by the Cambridge Crystallographic Data
Centre (CCDC).™

X-ray crystallographic analysis: Data were collected as ¢ and o scans
using a Nonius KappaCCD diffractometer at 120(2) K, with Moy, radia-
tion (A=0.71073 A) and a graphite monochromator. Data processing was
carried out with Denzo-Scalepack.” Structures were solved by direct
methods with SHELXS-97" and SIR-97,°% and refined with SHELXL-
9754 using the full-matrix least-squares method based on F°. Hydrogen
atoms were placed in calculated positions and refined in riding mode,
unless otherwise noted.

Reaction of [Rh(acetone),(coe),|BF, with ligand 5—formation of com-
plex 6: A solution of ligand 5 (39.1 mg, 0.099 mmol) in acetone (1.3 mL)
was added to a solution of [Rh(acetone),(coe),|BF, (52.2mg,
0.099 mmol) in acetone (1.3 mL). The resulting solution rapidly changed
from orange to yellow as it was stirred at room temperature. After 1.5 h
the volume of solution was reduced under vacuum to 0.6 mL and it was
then added to pentane (13 mL), with stirring, to precipitate the product.
The pentane phase was then decanted and the product was washed with
pentane (2 mL) and dried under vacuum to afford 53.0 mg (0.083 mmol,
83.3% yield) of the product as a yellow powder. *'P{'H} NMR (202 MHz,
CDCLy): 6=77.51ppm (d, 'J(Rh,P)=1159 Hz); 'HNMR (500 MHz,
CDCly): 6=6.93 (d, *J(H,H)=7.4 Hz, 2H; meta Ar-H), 6.86 (t, *J(H,H) =
7.4 Hz, 1H; para Ar-H), 323 (dvt, %/(H,H)=17.2 Hz, 2/(P.H)+(PH) =
7.0Hz, 2H; Ar-CH,-P, downfield part of ABX-system), 3.15 (dvt,
2J(H,H)=17.5 Hz, *J(P,H)+*/(PH)=8.0 Hz, 2H; Ar-CH,-P, upfield part
of ABX-system), 2.31 (s, 6H; coordinated O=C(CH;),), 1.34 (vt,
3J(PH)+°J(P.H) =13.8 Hz, 36 H; PC(CH,);), —27.48 ppm (dt, 'J(Rh,H)=
59.0 Hz, >J(P.H)=10.8 Hz, 1H; Rh-H); “C{'H} NMR (126 MHz, CDCl,):
0=151.64 (vt, (P.C)+J(PC)=17.8 Hz; C,-CH,-P), 147.43 (brd,
'J(Rh,C)=37.3 Hz; C,,,), 125.04 (s, Cx-H), 123.43 (vt, *J(P.C)+J(P,C) =
17.4 Hz; CarH), 3621 (vt, 'J(P,C)+J(P.C)=15.6 Hz; PC(CH,);), 34.16
(vtd, J(P,C)+J(P,C) =18.6 Hz, J(Rh,C)=1.3 Hz; PC(CH,)), 31.85 (brs,
coordinated O=C(CH,),), 30.85 (vtd, 'J(PC)+J(P,C)=23.6 Hz,
2J(Rh,C)=3.3 Hz; C,-CH,-P), 29.61 (vt, 2J(P,C)+*J(P,C)=5.2 Hz; PC-
(CHs);), 2896ppm  (vt, ZJ(PC)+Y(PC)=48Hz; PC(CH,),);
YF{'"H} NMR (376 MHz, CDCl;): =—167.0 (very broad singlet, BF,);
SP{'H} NMR (202 MHz, [Dglacetone): 6=79.20 ppm (d, J(Rh,P)=
116.3 Hz); 'HNMR (500 MHz, [Dglacetone): 6=6.92 (d, *J(HH)=
7.4 Hz, 2H; meta Ar-H), 6.82 (m, *J(H,H)=7.4 Hz, 1 H; para Ar-H), 3.37
(dvt, 2J(H,H)=17.1 Hz, JJ(PH)+*J/(P,H) =6.8 Hz, 2H; Ar-CH,-P, down-
field part of ABX-system), 3.31 (dvt, */(HH)=17.1Hz, *J(PH)+
*J(P,H)=8.4 Hz, 2H; Ar-CH,-P, upfield part of ABX-system), 2.08 (s,

Chem. Eur. J. 2010, 16, 328353


www.chemeurj.org

Effect of CO on C—H Oxidative Addition

6H; free O=C(CH,),), 1.31 (vt, 18H; PC(CH;);), 1.28 (vt, 18 H; PC-
(CH3);), —22.84 ppm (brd, 'J(Rh,H)=34.0 Hz, 1H; Rh-H); elemental
analysis calcd (%) for C,,HyBF,P,Rh (no acetone molecules present): C
49.34, H 7.59; found: C 49.36, H 8.02.

Reaction of complex 6 with CO—in situ synthesis of agostic complex 7
and aryl-hydrido complex 8: Complex 6 (31.1 mg, 0.048 mmol) was dis-
solved in CDCl; (0.6 mL) and the resulting solution was loaded into a
screw-cap NMR tube. The tube was fitted with a rubber septum and then
CO was bubbled freely through the solution, via a syringe, for 2 min (the
NMR tube was kept open during bubbling by using a second syringe as a
gas outlet in order to prevent over-pressure of CO). The resulting solu-
tion (under an atmosphere of CO) was then analyzed by NMR spectros-
copy at —40°C, since complex 8 is only observed at low temperatures.
Moreover, the solution contained a mixture of complexes 7 and 8. The
full characterization of complex 7 at room temperature has been report-
ed previously, "'l but selected low-temperature data are also given here
for comparative purposes.

Complex 7: *'P{'"H) NMR (162 MHz, CDCl;, —40°C): 6 =34.66 ppm (d,
1J(Rh,P)=100.1 Hz); '"HNMR (400 MHz, CDCl;, —40°C): 6=7.61 (t,
3J(H,H)=7.6 Hz, 1H; para-Ar-H), 7.22 (d, *J(H,H)=7.2 Hz, 2H; meta-
Ar-H), 3.98 (d, 'J(Rh,H)=18.4 Hz, 1 H; agostic C-H), 3.76 (dt, */(H,H) =
16.3 Hz, 2J(PH)=4.7 Hz, 2H; ArCH,P, downfield part of ABX system),
3.30 (dt, 2J(H,H)=16.3 Hz, 2J(P,H)=2.9 Hz, 2H; ArCH,P, upfield part of
ABX system), 1.40 (vt, *J(PH)+J(PH)=15.0 Hz, 18H; PC(CH,)),
1.19ppm (vt, *J(PH)+J(PH)=14.6 Hz, 18H; PC(CH,);); selected
BC{'"H} NMR (101 MHz, CDCl;, —40°C): §=188.69 ppm (dt, 'J(Rh,C)=
90.6 Hz, %J(P,C)=11.6 Hz; CO).

Complex 8: *'P{'H} NMR (162 MHz, CDCl;, —40°C): §=98.13 ppm (d,
'J(Rh,P)=89.9 Hz); 'HNMR (400 MHz, CDCl;, —40°C): 6=7.09 (d,
*J(H,H)=7.5Hz, 2H; meta Ar-H), 6.95 (t, *J(H,H)=7.5 Hz, 1H; para-
Ar-H), 351 (m, 4H; Ar-CH,-P), 1.47 (vt, 3J(PH)+J(P.H)=152 Hz,
18H; PC(CH,);), 1.26 (m, 18 H; PC(CHs);), —8.95 ppm (dt, 'J(Rh,H)=
11.6 Hz, 2J(PH)=3.5 Hz, 1H; Rh-H); “C{'H} NMR (101 MHz, CDCl,,
—40°C): 0=186.86 (m, 'J(Rh,C)=40.7 Hz; CO trans to hydride), 185.59
(dt, 'J(Rh,C)=42.8 Hz, %J(P,C)=9.2 Hz; CO trans to aryl), 149.98 (d,
'J(Rh,C)=22.5Hz; C,,,), 147.05 (vt, 2J(P.C)+*J(P,C)=13.0 Hz; Ar,,),
127.13 (s; Ar,,,), 124.08 (vt, *J(P,C)+°J(P.C)=17.4 Hz; Ar,,,,), 37.63 (vt,
YJ(P,C)+J(P,C)=21.0Hz; PC(CH,);), 36.82 (vt, J(PO)+J(PC)=
17.8 Hz; PC(CHs)3), 35.96 (vt, J(P,C)+*J(P,C) =25.0 Hz; ArCH,P), 29.70
(s; PC(CHs3)5), 28.76 ppm (s; PC(CH;);); “FNMR (376 MHz, CDCl,
—40°C): 0=-153.18 ppm (s; BF,).

Synthesis of complexes 7 and 8 with *C-labeled CO: Complex 6 (3.5 mg,
0.005 mmol) was dissolved in CDCl; (0.6 mL) and the resulting solution
was treated with *CO (99 atom % '>C). This reaction was carried out in a
manner identical to the above-mentioned synthesis of unlabeled 7 and 8
using regular CO.

Complex 7-CO (selected signals): *P{'H} NMR (162 MHz, CDCl,,
—40°C): 6=34.56 ppm (dd, 'J(Rh,P)=100.2 Hz, %/(C,P)=11.6 Hz); se-
lected '"H NMR (400 MHz, CDCl;, —40°C): 6 =4.15 ppm (m, 'J(Rh,H) =
17.9Hz, *J(CH)=5.5Hz, 1H; agostic C-H); selected “CNMR
(101 MHz, CDCl;, —40°C): 6=188.68 ppm (dtd, 'J(Rh,C)=90.6 Hz,
2J(P,C)=11.5 Hz, J(H,C)=6.1 Hz; CO).

Complex 8-CO (selected signals): *P{'H} NMR (162 MHz, CDCl,,
—40°C):  6=97.99 ppm (ddd, 'J(Rh,P)=90.0Hz, ?2J(C,P)=9.0Hz,
2J(C,P)=6.3 Hz); selected 'HNMR (400 MHz, CDCl;, —40°C): 6=
—8.96 ppm (m, 'J(Rh,H)=11.6 Hz, %J(C,H)=59.6 Hz, J(C,H)=4.8 Hz,
1H; Rh-H); selected *C NMR (101 MHz, CDCl,, —40°C): 6 =186.83 (m,
J(Rh,C) =39.5 Hz, *J(H,C)=59.7 Hz; CO trans to hydride), 185.55 ppm
(m, 'J(Rh,C) =43.0 Hz, 2J(H,C) =4.8 Hz; CO trans to aryl).

Reaction of [Rh(acetone),(CO),|BF, with ligand 5 in [Dg]acetone—
direct formation of 7 and 8: A solution of AgBF, (5.6 mg, 0.029 mmol) in
[Dglacetone (0.23 mL) was added dropwise to a stirring solution of
[{Rh(CO),Cl},] (5.6 mg, 0.014 mmol) in [Dglacetone (0.23 mL). The re-
sulting mixture was stirred for 15 min in the dark, at room temperature,
and then filtered through a cotton pad to remove the AgCl precipitate
and afford a clear, pale yellow solution. A solution of ligand 5§ was then
prepared by dissolving the ligand (11.2 mg, 0.028 mmol) in [Dg]acetone
(0.34 mL). The solution containing [Rh(acetone),(CO),|BF, was loaded
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into an NMR tube fitted with a rubber septum, and then cooled to
—78°C in a bath of dry ice and acetone. The solution of ligand 5 was
then injected into the NMR tube and the two solutions were quickly
mixed by shaking the NMR tube, and then reintroduced into the bath of
dry ice and acetone for a few minutes. The resulting solution was then
transferred to the NMR spectrometer, which had been precooled to
—70°C, for examination.

Synthesis of pure complex 7: A solution of ligand 5 (22.7 mg
(0.057 mmol) in acetone (0.5mL) was added to a solution of [Rh-
(acetone),(coe),|BF, (30.0 mg, 0.057 mmol) in acetone (0.5 mL). The so-
lution was stirred at room temperature for 2h and then CO (1.5mL,
0.062 mmol) was bubbled through the solution (the reaction vessel was
kept closed by a rubber septum in order to prevent loss of CO gas). The
excess CO was then pumped off and pentane (3 mL) was added to the
solution. The resulting suspension was stored overnight at —35°C to facil-
itate the precipitation of the product. The liquid phase was then decanted
and the product was washed with pentane (18 mL) and dried under
vacuum. This afforded the product as a fine yellow powder (26.1 mg,
0.043 mmol, 74.8 % yield). The triflate analogue of this complex has been
fully characterized in a previous publication.['!

Reaction of [Rh(acetone),(coe),]BF, with ligand 13—formation of com-
plex 14: A solution of ligand 13 (99.2 mg, 0.249 mmol) in acetone
(1.8 mL) was added to a solution of [Rh(acetone),(coe),|BF, (130.8 mg,
0.249 mmol) in acetone (2.7 mL). The resulting solution was stirred at
room temperature for 1.5 h. The volume of this solution was then re-
duced under vacuum to about 1 mL and the concentrated solution was
added to pentane (14.5 mL), with stirring, to precipitate the product. The
liquid phase was then decanted and the product was washed with pentane
(5.5mL) and dried under vacuum to afford the product as a yellow
powder (147.0 mg, 0.227 mmol, 91.5% yield). *'P{'"H} NMR (202 MHz,
CDCl;): 6=189.42ppm (d, 'J(Rh,P)=122.4 Hz); 'HNMR (500 MHz,
CDCly): 0=6.94 (t, *J(H,H) =8.0 Hz, 1H; para Ar-H), 6.53 (d, *J(H,H) =
8.0 Hz, 2H; meta Ar-H), 2.30 (s, 6H; coordinated O=C(CH,),), 1.35 (vt,
18H; PC(CH,);), 1.34 (vt, 18H; PC(CH;);), —26.87 ppm (dt, 'J(Rh,H) =
53.8 Hz, 2J(P,H)=9.7 Hz, 1H; Rh-H); “C{'"H} NMR (126 MHz, CDCL,):
0=167.63 (vt, 2J(P,C)+J(P,C)=11.8 Hz; C,-O-P), 128.12 (s; C,-H),
117.86 (brd, J(Rh,C)=35.6Hz; C,,), 106.82 (vt, *J(P.C)+J(PC)=
11.4 Hz; CarH), 41.12 (vt, 'J(P,C)+J(P.C)=16.6 Hz; PC(CH,);), 38.40
(vtd, J(P,C)+J(P,C)=20.2 Hz, J(Rh,C)=2.3 Hz; PC(CH,;);), 31.78 (s;
coordinated O=C(CH,),), 27.57 (vt, 2J(P,C)+*J(P,C) =7.2 Hz; PC(CH,),),
2727ppm (vt, 2J(PC)+J(P.C)=6.8 Hz; PC(CH,);); “F{'H}NMR
(376 MHz, CDCl;): 6=—165.4 (very broad singlet, BF,); *'P{'H} NMR
(202 MHz, [Dglacetone): 0=189.67ppm (d, 'J(Rh,P)=119.6 Hz);
'HNMR (500 MHz, [Dglacetone): 6=7.09 (t, *J(HH)=8.1Hz, 1H;
meta-Ar-H), 6.69 (d, *J(H,H)=8.1 Hz, 2H; para-Ar-H), 2.08 (s, 6 H; free
O=C(CH3),), 1.38 (m, 36H; PC(CH,);), —26.18 ppm (dt, J(Rh,H)=
52.9 Hz, 2J(PH)=9.9 Hz, 1H; Rh-H); elemental analysis calcd (%) for
C,sHBF,O;P,Rh (one acetone molecule present): C 46.46, H 7.17;
found: C 46.39, H 7.28.

Reaction of 14 with CO—in situ formation of complexes 15 and 16:
Complex 14 (34.6 mg, 0.054 mmol) was dissolved in CDCl; (1.5 mL) and
loaded into an NMR tube fitted with a rubber septum. The solution was
then cooled to —20°C (dry ice/acetone bath) and CO (1.2mL,
0.050 mmol) was bubbled through the solution via a syringe (the NMR
tube was kept closed by the rubber septum in order to prevent loss of
CO gas). The sample was then transferred to the NMR spectrometer,
which was precooled to —40°C, for the low-temperature characterization
of complex 15 (80% yield, based on the *'P{'"H} NMR spectrum). After
completion of measurements (4 h), the sample was transferred back to
the bath of dry ice and acetone (—20°C) and CO gas was freely bubbled
through the solution, via a syringe, for 1 min (the system was kept open
during bubbling by using a second syringe as a gas outlet, in order to pre-
vent over-pressure of CO). The sample was then transferred to the NMR
spectrometer, which was precooled to —40°C, for the low-temperature
characterization of complex 16 (98 % yield, relative to starting material,
based on the *'P{'"H} NMR spectrum). For comparative purposes, the
preparation of both complexes was also carried out at room temperature,
using similar methodology.
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Complex 15: 'P{'"H} NMR (162 MHz, CDCl;, —40°C): 6=203.59 ppm
(d, 'J(Rh,P)=105.7 Hz); '"H NMR (400 MHz, CDCl,, —40°C): 6=7.57 (t,
3J(H,H)=82 Hz, 1H; para Ar-H), 6.85 (d, *J(H,H)=8.2 Hz, 2H; meta
Ar-H), 1.36 (m, 18H; PC(CH,);), 1.30 (m, 18 H; PC(CH,);), —12.36 ppm
(d, Y(Rh,H)=40.8 Hz, 1H; Rh-H); BC{'"H}NMR (101 MHz, CDCl,,
—40°C): 6=188.50 (dt, 'J(Rh,C)=63.5 Hz, %/(P,C) =9.1 Hz; CO), 170.35
(vt, 2I(PC)+(P,C)=9.2 Hz; C,-O-P), 139.02 (s; Co-H), 11534 (m;
Cipo)s 109.64 (vt, J(P.C)+J(PC)=10.2 Hz; C,-H), 42.33 (vt, J(P,C)+
J(P.C)=16.8 Hz; PC(CH,);), 39.65 (vtd, 'J(P,C)+J(P,C)=19.8 Hz,
2J(Rh,C)=2.1 Hz; PC(CHs);), 27.84 (s, PC(CH,);), 27.36 ppm (s; PC-
(CH,),); “F{'H} NMR (376 MHz, CDCl;, —40°C): § = —152.48 ppm (brs;
BF,); *P{'H}NMR (202 MHz, CDCl;, 20°C): 6=203.76 ppm (d,
'J(Rh,P)=105.8 Hz). 'HNMR (500 MHz, CDCl,;, 20°C): 6=7.56 (t,
*J(HH)=7.9 Hz, 1H; para Ar-H), 6.87 (d, *J(H,H)=8.0 Hz, 2H; meta
Ar-H), 1.39 (m, 18H; PC(CHs;);), 1.34 (m, 18 H; PC(CH;);), —12.88 ppm
(d, (Rh,H)=41.1 Hz, 1H; Rh-H).

Complex 16: *'P{'H} NMR (162 MHz, CDCl;, —40°C): 6=209.96 ppm
(d, 'J(Rh,P)=93.5 Hz); '"H NMR (400 MHz, CDCl;, —40°C): 6=7.02 (t,
3J(H,H)=8.0 Hz, 1H; para Ar-H), 6.65 (d, *J(H,H)=8.1 Hz, 2H; meta
Ar-H), 1.53 (vt, *J(PH)+J(PH)=16.8 Hz, 18H; PC(CHs);), 1.30 (vt,
3J(PH)+J(PH) =158 Hz, 18H; PC(CH;);), —9.58 ppm (m, 'J(Rh,H)=
103 Hz, 1H; Rh-H); “C{'H}NMR (101 MHz, CDCl;, —40°C): 6=
184.55 (m, 'J(Rh,C)=37.4Hz; CO trans to hydride), 182.19 (dt,
J(Rh,C)=45.7Hz, *I(P,C)=6.7Hz; CO trans to aryl), 162.84 (vt,
JJ(PCO)+J(PC)=78 Hz; C,-O-P), 129.63 (s; Ca-H), 12278 (dt,
'J(Rh,C)=22.6 Hz, *J(P,C)=4.4 Hz; C,,,), 107.97 (vt, *J(P,C)+J(PC)=
11.2 Hz; CA-H), 43.08 (vtd, 'J(P,C)+’J(P,C)=19.4 Hz, >J(Rh,C)=2.5 Hz;
PC(CH,),), 41.14 (vt, 'J(P,C)+*J(P,C) =20.0 Hz; PC(CHs,),), 28.12 (s; PC-
(CH,)3), 27.68 ppm (s; PC(CH;);); “F{'H}NMR (376 MHz, CDCl,,
—40°C): 0=-150.95ppm (s; BF,); *'P{'H} NMR (202 MHz, CDClI,,
20°C): 6=210.52ppm (d, 'J(Rh,P)=93.6 Hz); 'HNMR (500 MHz,
CDCl,, 20°C): 0=7.04 (t, *J(H,H)=8.0 Hz, 1H; para-Ar-H), 6.67 (d,
*J(HH)=8.1 Hz, 2H; meta-Ar-H), 1.57 (vt, *J(PH)+J(PH)=16.8 Hz,
18H; PC(CH3)5), 1.34 (vt, JJ(PH)+J(PH)=16.2 Hz, 18H; PC(CH,);),
—9.53 ppm (m, 1H; Rh-H).

Synthesis of complexes 15 and 16 with C-labeled CO: Complex 14
(2.1 mg, 0.003 mmol) was dissolved in CDCl; (0.6 mL) and the resulting
solution was treated with '*CO (99 atom % '>C). This reaction was carried
out in a manner identical to the above-mentioned synthesis of unlabeled
15 and 16 using regular CO.

Complex 15-3CO (selected signals):** *'P{'"H} NMR (162 MHz, CDCl,,
—40°C): 6=204.36 ppm (dd, 'J(Rh,P)=105.3 Hz, 2J(C,P)=8.5 Hz); se-
lected 'HNMR (400 MHz, CDCl;, —40°C): 8=-14.96 ppm (brd,
'J(Rh,H)=43.6 Hz, 1H; Rh-H); selected *C NMR (101 MHz, CDCl,,
—40°C): 6=188.58 ppm (dt, 'J(Rh,C)=60.1 Hz, /(P,C) =8.5 Hz; CO).
Complex 16-CO (selected signals): *'P{'H} NMR (162 MHz, CDCl,,
—40°C): 0=209.89 ppm (dt, 'J(Rh,P)=93.7 Hz, J(C,P) =6.7 Hz); select-
ed '"HNMR (400 MHz, CDCl;, —40°C): =-9.63 ppm (brd, %/(C,H)=
62.3 Hz, 1H; Rh-H); selected "CNMR (101 MHz, CDCl;, —40°C): 0=
184.53 (m, 'J(Rh,C)=39.2 Hz, *J(H,C)=63.3 Hz; CO trans to hydride),
182.10 ppm (m, 'J(Rh,C)=45.7 Hz; CO trans to aryl).

Synthesis of complex 17: Under an atmosphere of dry nitrogen, a solu-
tion of KOrBu (6.8 mg, 0.061 mmol) in THF (0.6 mL) was added to a so-
lution of 14 (34.0 mg, 0.053 mmol) in THF (1.2 mL). The resulting solu-
tion was stirred at room temperature for 45 min. The reaction vessel was
then fitted with a rubber septum and CO was bubbled through the solu-
tion, via a syringe, for 2 min (the system was kept open during bubbling
by using a second syringe as a gas outlet, in order to prevent over-pres-
sure of CO). The solvent was then removed under vacuum and the resi-
due was extracted with benzene (3.0 mL). The resulting yellow solution
was passed through a cotton filter, frozen at —35°C, and the solvent was
then removed by sublimation under vacuum. This resulted in the product
as a fine yellow powder (20.0mg, 0.038 mmol, 71.9% yield).
SP{'"H} NMR (202 MHz, C¢Dg): 6=215.13 ppm (d, 'J(Rh,P)=156.9 Hz);
'"HNMR (500 MHz, C¢Dy): 0=6.94 (t, *J(H,H)=7.9 Hz, 1H; para-Ar-
H), 6.81 (d, *J(H,H)=7.9 Hz, 2H; meta-Ar-H), 1.28 ppm (vt, *J(P,H)+
*J(PH)=14.2 Hz, 36 H; PC(CH,);); "C{'"H} NMR (126 MHz, C(Dy): 6 =
200.76 (dt, J(Rh,C)=59.1Hz, %J(P,C)=9.9Hz; CO), 169.49 (vt,
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2J(P,C)+J(PC)=17.0Hz; C,-O-P), 14577 (dt, 'J(Rh,C)=25.9 Hz,
2J(PC)=9.2 Hz; C,,,), 128.29 (s; CarH), 104.63 (vt, *J(PC)+’J(P,.C)=
13.4 Hz; Ca-H), 39.51 (vtd, J(P,C)+*J(P,C) =16.6 Hz, J(Rh,C) =2.3 Hz;
PC(CH,)3), 27.34 ppm (vt, 2J(P,C)+*/(P,C) =8.0 Hz; PC(CHs,),); IR: 7o
(CH,CL)=1956 cm™ (5); ¥co (KBr)=1948cm™ (s); ¥co (film)=
1945 cm™" (s); elemental analysis calcd (%) for C,sH3O5P,Rh: C 52.28,
H 7.44; found: C 52.44, H 7.36.

Formation of complex 15 by reaction of complex 17 with HBF,: HBF-O-
(C,Hs), (16.5 mg, 0.102 mmol) was added to a solution of 17 (10.0 mg,
0.019 mmol) in CDCl; (0.6 mL), and the resulting solution was stirred
manually. See above for the full characterization of complex 15.

Reaction of 3 with CH;CN—in situ formation of complex 20: Complex 3
(23.8 mg, 0.043 mmol) was dissolved in CDCl; (0.55 mL). Then CH;CN
(3.0mg, 0.073mmol) was added. *P{'H}NMR (162 MHz, CDCl,,
—30°C): 6=82.00ppm (d, 'J(Rh,P)=96.1 Hz); 'HNMR (400 MHz,
CDCl;, —30°C): 6=7.02 (d, *J(H,H)=7.4 Hz, 2H; meta Ar-H), 6.92 (t,
SIHH)=74Hz, 1H; para Ar-H), 3.50 (dvt, *J(HH)=16.9 Hz,
%J(PH)+*(PH) =6.0 Hz, 2H; Ar-CH,-P, downfield part of ABX-system),
3.34 (dvt, Y(H,H)=16.9 Hz, 2J(P,H)+"J(PH) =8.6 Hz, 2H; Ar-CH,-P, up-
field part of ABX-system), 2.49 (m, *J(H,H)=6.9 Hz, 2H; PCH(CHs),),
2.29 (s, 3H; coordinated CH;CN), 2.28 (m, 2H; PCH(CH,),, overlaps
with CH;CN signal), 1.30 (m, 12H; PCH(CH,),), 1.14 (q, J(H,H)=
6.7Hz, 6H; PCH(CH,),), 0.92 (q, *J(H,H)=6.6 Hz, 6H; PCH(CHS),),
—15.80 ppm (dt, 'J(Rh,H)=23.8Hz, %/(PH)=8.5Hz, 1H; Rh-H);
BC{'H} NMR (101 MHz, CDCl;, —30°C): 6=188.30 (dt, J(Rh,C)=
43.5 Hz, *J(P,C)=8.8 Hz; CO), 159.37 (dt, 'J(Rh,C)=23.9 Hz, 2J(P,C)=
1.8 Hz; C,,,), 146.86 (vt, 2J(PC)+Y(PC)=16.4 Hz; Ar,,,), 126.08 (s;
Ar,,,), 12501 (d, *J(Rh,C)=19Hz; CH;CN), 123.04 (vt, *J(PC)+
SJ(P,C)=18.0 Hz; Ar,,.), 36.77 (vt, 'J(P,C)+’J(P,C) =28.6 Hz; ArCH,P),
26.49 (vt, J(P,C)+J(P,C)=24.0 Hz; PCH(CH,),), 24.43 (vtd, J(P,C)+
*J(P,C) =282 Hz, J(Rh,C) =1.3 Hz; PCH(CH,),), 19.76 (s; PCH(CHs),),
18.83 (s; PCH(CH,),), 18.73 (s; PCH(CH,),), 1821 (s; PCH(CHa),),
342ppm (s; CH;CN); YFNMR (376 MHz, CDCl,, —30°C): 6=
—153.66 ppm (s; BF,); *'P{'H}NMR (162 MHz, CDCl,;, 20°C): 6=
81.83 ppm (brd, 'J(Rh,P)~:80 Hz); 'H NMR (400 MHz, CDCl,, 20°C):
0=7.03 (d, *J(H,H)=7.2 Hz, 2H; meta Ar-H), 6.95 (m, 1H; para Ar-H),
3.52 (m, */(H,H)=16.7 Hz, 2H; Ar-CH,-P, downfield part of ABX-
system), 3.36 (m, 2J(H,H) =16.7 Hz, 2H; Ar-CH,-P, upfield part of ABX-
system), 2.50 (m, 2H; PCH(CH,),), 2.28 (m, 2H; PCH(CH,),), 2.10 (brs;
free and coordinated CH;CN), 1.31 (m, 12H; PCH(CHs;),), 1.17 (m, 6H;
PCH(CH;),), 0.97 (m, 6H; PCH(CHs;),), —15.89 ppm (brs, 1H; Rh-H);
IR (2% CH;CN in CH,Cl,): 7o =2063 cm™" (s).

In situ preparation of “CO-labeled complex 20: Complex 3-“CO
(4.8 mg, 0.009 mmol) was dissolved in CD;CN (0.6 mL). *'P{'"H} NMR
(101 MHz, CD,CN): 6=79.24 ppm (dd, 'J(Rh,P)=96.1 Hz, %J(C,P)=
9.0 Hz); selected 'HNMR (250 MHz, CD;CN): 6=-15.79 ppm (m,
J(Rh,H)=23.6 Hz, 1H; Rh-H); selected "“C{'H}NMR (63 MHz,
CD;CN): 6=189.72 ppm (dt, 'J(Rh,C)=43.5 Hz, J(C,P)=9.0 Hz; CO).
Computational details: All calculations were carried out using the Gaus-
sian 03 software package.’”) Geometry optimizations and evaluation of
harmonic frequencies were performed at the density functional theory
(DFT) level® using the PBEO hybrid density functional® in conjunction
with the SDB-cc-pVDZ basis set. This basis set is a combination of the
Dunning cc-pVDZ basis set™ for the main group elements and the Stutt-
gart-Dresden basis set RECP (relativistic energy-consistent pseudopo-
tential)!®"! for rhodium, with an added f-type polarization exponent taken
as the geometric average of the two f exponents given by Martin and
Sundermann.®” The accuracy of the computational method in predicting
the geometries of the experimental complexes was validated by calculat-
ing the geometries of complexes for which the crystal structures are
known. All structures were fully optimized in the gas phase and charac-
terized as minima or transition states by calculating the harmonic vibra-
tional frequencies. The complete pathway for each reaction was traced
by using the intrinsic reaction coordinate (IRC).I”! The IRC calculations
were initiated from the optimized transition structure and followed the
reaction pathway in the directions of the two energy minima connected
by the pathway. Up to ten steps were used in each direction, with a step
size of 0.1 amu'?bohr. The final structures were fully optimized to verify
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the resulting minima. Basis set superposition errors (BSSE) were correct-
ed by means of the counterpoise method.[* Bulk solvent effects of the
experimental chloroform or acetone media have been taken into account
by means of the self-consistent reaction field (SCRF) method, using the
continuum solvation model COSMO (conductor-like screening model) as
it is implemented in Gaussian 03.! In this model, the solvent is repre-
sented by an infinite dielectric medium characterized by the relative die-
lectric constant of the bulk solvent (¢=4.9 for chloroform and ¢=20.7
for acetone), and the effective cavity occupied by the solute in the sol-
vent is calculated on the basis of the United Atom (UAO) topological
model radii. Gas-phase optimized geometries were used in single-point
calculations at the COSMO level. Dispersion interactions within the
computed structures were also taken into account. These weak interac-
tions, which are primarily determined by geometry, are usually poorly de-
scribed by DFT methods, but can amount to 10-20 kcalmol ! in large
systems. In the present work, these interactions were included by adding
an empirical dispersion correction term, as was proposed by Schwabe
and Grimme,* with a value s;=0.67.1") Unless stated otherwise, energet-
ic data are presented in this work as free energy changes (AG) at
298.15 K or as binding energies (=—AG,y), and include corrections for
solvation and dispersion. For qualitative interpretation of the computa-
tional results, electron density of the complexes in optimized geometries
was analyzed using natural bond orbital (NBO) and natural population
analysis (NPA),I! charge decomposition analysis (CDA)'*! and molecu-
lar orbital overlap population (MOOP) analysis.”” Atomic polar tensor
(APT) charges!™!! were determined from the analytical second derivatives
(vibrational frequencies) calculations.

CCDC-734773 (6), 734774 (14), 734775 (16), and 734776 (17) contain the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Acknowledgements

This research was supported by the Israel Science Foundation, the Petro-
leum Research Fund (administered by ACS), and the Kimmel Center for
Molecular Design. D.M. is the holder of the Israel Matz Professorial
Chair. The authors would like to thank the referees of this manuscript
for their valuable comments.

[1] a) B. A. Arndtsen, R. G. Bergman, T. A. Mobley, T. H. Peterson,

Acc. Chem. Res. 1995, 28, 154-162; b) A. E. Shilov, G. B. Shul'pin,

Chem. Rev. 1997, 97, 2879-2932; c) J. A. Labinger, J. E. Bercaw,

Nature 2002, 417, 507-514; d) Activation and Functionalization of

C—H Bonds (Eds.: K. I. Goldberg, A.S. Goldman), ACS, Washing-

ton, 2004; e) S. Sakaki, Top. Organomet. Chem. 2005, 12, 31-78.

It must be stressed that the two-electron oxidation of the metal

center, as implied for most cases of oxidative addition, is strictly a

formal notion. In reality, the M—H and M—C bonds resulting from

C—H oxidative addition have substantial covalent character, and

hence only partial electron transfer takes place.

a) C. Hall, R. N. Perutz, Chem. Rev. 1996, 96, 3125-3146; b) R. H.

Crabtree, J. Organomet. Chem. 2004, 689, 4083-4091.

J.-Y. Saillard, R. Hoffmann, J. Am. Chem. Soc. 1984, 106, 2006—

2026.

a) K. Tatsumi, R. Hoffmann, A. Yamamoto, J. K. Stille, Bull. Chem.

Soc. Jpn. 1981, 54, 1857-1867; b) F. Ozawa in Current Methods in

Inorganic Chemistry, Vol.3 (Eds.: H. Kurosaw, A. Yamamoto),

Elsevier, Amsterdam, 2003, pp. 479-512.

a) M.-D. Su, S.-Y. Chu, Inorg. Chem. 1998, 37, 3400-3406; b) M.-D.

Su, S.-Y. Chu, J. Phys. Chem. A 1998, 102, 10159-10166.

M. Montag, L. Schwartsburd, R. Cohen, G. Leitus, Y. Ben-David,

J. M. L. Martin, D. Milstein, Angew. Chem. 2007, 119, 1933-1936;

Angew. Chem. Int. Ed. 2007, 46, 1901 -1904.

[8] The hydride ligand in complex 6 was explicitly located in the elec-
tron-density map.

2

—

[3

[

4

[l

5

[

[6

—_

[7

—

Chem. Eur. J. 2010, 16, 328—-353

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

[9] The crystal structure of complex 6 exhibits partial disorder with re-
spect to the acetone ligand, the fers-butyl substituents on P2 and the
BF,” counterion. Nonetheless, this disorder does not significantly
alter the primary coordination sphere of rhodium.

[10] All 'TH NMR signals of complex 6, other than the hydride signal, are
relatively insensitive to the solvent, with | Ad|<0.16 ppm for chloro-
form and acetone.

[11] a) A. Vigalok, O. Uzan, L.J. W. Shimon, Y. Ben-David, J. M. L.
Martin, D. Milstein, J. Am. Chem. Soc. 1998, 120, 12539-12544;
b) A. Vigalok, B. Rybtchinski, L.J. W. Shimon, Y. Ben-David, D.
Milstein, Organometallics 1999, 18, 895-905.

[12] This strategy was also employed in the characterization of complex
4, as described in ref. [7].

[13] Partridge et al. have studied the 'H,">C coupling constants in octahe-
dral aryl-hydrido—carbonyl Rh"" complexes. They have found that
the magnitude of 2J(C,H) for the carbonyl and hydride ligands in
these systems is very large for the trans configuration (e.g., 65 Hz),
but small for the cis configuration (e.g., 4.7 Hz). For further details,
see: M. G. Partridge, B. A. Messerle, L. D. Field, Organometallics
1995, 14, 3527-3530.

[14] A very small 2J(C,C) value is expected for carbonyl ligands in the cis
configuration. For a previous example, see: A. Silvio, O. Domenico,
J. Chem. Soc. Chem. Commun. 1981, 300-302.

[15] It is interesting to note that when the dichloromethane solution con-
taining complexes 7 and 8 was warmed from —60°C to room tem-
perature, the NMR signals for complex 7 were found to be very
broad (e.g., Av),~110 Hz for the *'P{'H} signal), in contrast to the
sharp signals observed at room temperature before the solution had
been cooled to —60°C. These broad signals slowly narrowed as the
sample was allowed to stand at room temperature (e.g., after 10 min
the *'P{'H} signal gave Aw,~40Hz). These line-shape changes
probably originate from the relatively slow release of CO from com-
plex 8, for which the rate is roughly on the timescale of the NMR
spectroscopy experiment at the applied magnetic field (94T,
400 MHz).

[16] Under the experimental conditions employed in this work, the
signal for the agostic proton in 7 appeared at about 6=4.0 ppm,
which is about 13 ppm downfield from the hydride signal. This large
difference in resonance frequencies insures that the agostic proton is
not affected by the selective saturating pulses used to irradiate the
hydride ligand.

[17] In general, chlorohydrocarbons, including chloroform, are very
weak ligands. For a recent report quantifying the relative binding
constants of simple chlorohydrocarbons, see: D. M. Tellers, R. G.
Bergman, J. Am. Chem. Soc. 2001, 123, 11508 -11509.

[18] Although no spectroscopic evidence for the coordination of BF,~
was observed, its interaction with the cationic complexes cannot be
completely neglected. The role of the counterion will be further dis-
cussed below.

[19] Preliminary results of this study have already appeared in our previ-
ous report (see ref. [7]). However, our previous computational re-
sults were based on structural optimizations with a relatively small
basis set (SDD), followed by single-point energy calculations using a
larger basis set (SDB-cc-pVDZ). In the present work, the basis set
SDB-cc-pVDZ was used for both structure and energy calculations,
thereby providing more accurate results.

[20] It should be borne in mind that the formation of the aryl-hydrido
complexes is counteracted by the low solubility of CO in chloroform
(~8 um at 1 atm and 25°C; data adapted from R. W. Cargill, Wiley
Solubility Data Series, Vol. 43, Wiley, New York, 1990, p. 246-247).
This low solubility, and the ability of CO to escape from the solu-
tion, drives the equilibrium to the reactant side. This probably ac-
counts for the fact that the rBu-substituted aryl-hydrido complex
was not observed at room temperature, as our DFT results suggest
that it is only slightly more stable than its agostic precursor.

[21] The complex [Rh(acetone),(CO),|BF, was prepared in situ by chlo-
ride abstraction from the neutral dimer [{Rh(CO),Cl},] in acetone.
This solvent was used instead of chloroform, since the complex is

www.chemeurj.org — 351


http://dx.doi.org/10.1021/ar00051a009
http://dx.doi.org/10.1021/ar00051a009
http://dx.doi.org/10.1021/ar00051a009
http://dx.doi.org/10.1021/cr9411886
http://dx.doi.org/10.1021/cr9411886
http://dx.doi.org/10.1021/cr9411886
http://dx.doi.org/10.1038/417507a
http://dx.doi.org/10.1038/417507a
http://dx.doi.org/10.1038/417507a
http://dx.doi.org/10.1021/cr9502615
http://dx.doi.org/10.1021/cr9502615
http://dx.doi.org/10.1021/cr9502615
http://dx.doi.org/10.1016/j.jorganchem.2004.07.034
http://dx.doi.org/10.1016/j.jorganchem.2004.07.034
http://dx.doi.org/10.1016/j.jorganchem.2004.07.034
http://dx.doi.org/10.1021/ja00319a020
http://dx.doi.org/10.1021/ja00319a020
http://dx.doi.org/10.1021/ja00319a020
http://dx.doi.org/10.1246/bcsj.54.1857
http://dx.doi.org/10.1246/bcsj.54.1857
http://dx.doi.org/10.1246/bcsj.54.1857
http://dx.doi.org/10.1246/bcsj.54.1857
http://dx.doi.org/10.1021/ic970320s
http://dx.doi.org/10.1021/ic970320s
http://dx.doi.org/10.1021/ic970320s
http://dx.doi.org/10.1021/jp982861o
http://dx.doi.org/10.1021/jp982861o
http://dx.doi.org/10.1021/jp982861o
http://dx.doi.org/10.1002/ange.200604357
http://dx.doi.org/10.1002/ange.200604357
http://dx.doi.org/10.1002/ange.200604357
http://dx.doi.org/10.1002/anie.200604357
http://dx.doi.org/10.1002/anie.200604357
http://dx.doi.org/10.1002/anie.200604357
http://dx.doi.org/10.1021/ja982534u
http://dx.doi.org/10.1021/ja982534u
http://dx.doi.org/10.1021/ja982534u
http://dx.doi.org/10.1021/om980960i
http://dx.doi.org/10.1021/om980960i
http://dx.doi.org/10.1021/om980960i
http://dx.doi.org/10.1021/om00007a060
http://dx.doi.org/10.1021/om00007a060
http://dx.doi.org/10.1021/om00007a060
http://dx.doi.org/10.1021/om00007a060
http://dx.doi.org/10.1021/ja0164982
http://dx.doi.org/10.1021/ja0164982
http://dx.doi.org/10.1021/ja0164982
www.chemeurj.org

CHEMISTRY

A EUROPEAN JOURNAL

[22]

[23]

[24]

(25]

[26]

(27]

(28]

[29]

(30]

(31]

(32]

352 —

J. M. L. Martin, D. Milstein et al.

unstable in weakly coordinating solvents. See the Experimental Sec-
tion for more details.
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pare complex 15, the latter gave rise to a hydride signal at 0=
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