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ABSTRACT: A combined experimental and computational approach has been utilized to elucidate the mechanism of alkene hydro-
genation by pincer-type [P,Si]Rh catalysts. Although [P,Si]Rh interacts with H, to afford a dihydrogen c-complex rather than a
dihydride (seemingly an indication of facile reductive elimination from Rh(III)), alkane release occurs by competitive c-bond me-
tathesis (bimolecular) and reductive elimination (unimolecular) pathways. This unusual behavior is attributed to the strong trans

influence of the silyl donor.

INTRODUCTION

Alkene hydrogenation is one of the most widely utilized and
best studied metal-catalyzed transformations. The importance
of the hydrogenation reaction has prompted numerous experi-
mental and computational mechanistic studies on a variety of
effective catalysts in order to understand factors influencing
rate and selectivity.!

Broadly speaking, hydrogenation catalysts can be separated
into two classes based on the mechanisms of H» activation and
alkane release. Early-metal and lanthanide catalysts, which are
frequently found in their highest oxidation states, typically ac-
tivate H, and release alkane by -bond metathesis.>? A 6-bond
metathesis pathway is also often followed by Ru catalysts,* with
the distinction that H, o-adduct intermediates may precede hy-
drogen transfer and the intimate mechanism has thus been de-
noted c-complex-assisted metathesis, or c-CAM.* Alterna-
tively, the ubiquitous catalysts based on Rh and Ir normally ac-
tivate H, by oxidative addition and release alkane by reductive
elimination.’ To our knowledge, there has been no study show-
ing competing alkane release mechanisms for late metals.

As part of a research program aimed at developing new ap-
proaches to metal/silicon cooperative small-molecule activa-
tion,® we recently reported a triflatosilyl [*P,Si°T{|Rh pincer-
type complex that can activate H, across the Rh—Si bond, sub-
sequently delivering the H, unit to a strained alkene (Scheme
1).7 Although the complex is active for catalytic norbornene
(nbe) hydrogenation, comparative studies against a related me-
thylsilyl [<YP,SiM]Rh complex that cannot activate H, in the
same fashion indicated that Rh/Si cooperation is not required
for catalysis. On the contrary, the triflatosilyl complex is a con-
siderably less efficient hydrogenation catalyst than its methylsi-
lyl analogue. Based on these findings, we proposed the mecha-
nism displayed in Figure 1. The proposed cycle accounts for the
relatively lower efficiency of triflatosilyl catalysts relative to
methylsilyl catalysts, which may be related to the equilibrium
that siphons active catalyst away from the cycle.

Scheme 1. H; activation across a Rh—Si bond at [<YP,Si®T|Rh’
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Nevertheless, Figure 1 indicates that several important unan-
swered questions remain regarding hydrogenation by pincer-
type [P2Si]Rh complexes. First, what is the nature of the RhH,
species? Earlier calculations suggested a o-complex of Hy,” but
at the time we had no experimental support for the finding and
were unsure how alkene insertion could occur at such an inter-
mediate. Second, what is the mechanism of alkane release? Uni-
molecular reductive elimination from a norbornyl hydride com-
plex (Path A in Figure 1) would be the most obvious route based
on precedent. However, formation of significant amounts of
norbornane-d; (nba-di) under H»/D> suggested that alkane re-
lease from a norbornyl hydride (or isomer) could be a bimolec-
ular process involving a second molecule of H, or D, (Path B in
Figure 1).
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Figure 1. Previously proposed cycle for alkene hydrogenation by
[P2Si]Rh complexes (nbe = norbornene, nba = norbornane)’

Herein we address the above questions through a combined
computational and experimental investigation of nbe hydro-
genation by methylsilyl [P,SiM]Rh pincer-type complexes. In
the first part of this paper, we use density functional theory
(DFT) to elucidate the intimate mechanism(s) of nbe hydro-
genation by [P,SiM*]Rh, leading to two important findings: 1)
the reaction of H, with the hydrogenation catalyst may afford
either #*-H, or dihydride complexes, for which energies are

computed to be quite similar, and 2) reductive elimination (uni-
molecular) and 6-bond metathesis (bimolecular) are both ener-
getically viable pathways for alkane release. In the second part
of this paper, we provide experimental observations elucidating
the computations, identifying a stable dihydrogen adduct of
[©P,Si™]Rh and using isotopically labeled hydrogen to demon-
strate competitive uni- and bimolecular alkane release pathways
(Paths A and B in Figure 1) that can be tuned by changing tem-
perature and hydrogen concentration. Together, these findings
provide a unified view of the unusual mechanistic regime ac-
cessed as a consequence of the strongly frans-influencing cen-
tral silyl donor.

RESULTS AND DISCUSSION

Computational Studies of Alkene Hydrogenation by
[P2Si]Rh. Computational studies were performed using density
functional theory (DFT) on model catalyst [M¢P,Si™*|Rh (1), in
which the cyclohexyl groups are truncated to methyl and nor-
bornadiene has dissociated (Figure 2). Calculations were per-
formed in Gaussian 09.% We selected a theoretical method based
on a benchmark study of alkene hydrogenation with a ruthe-
nium Xantphos catalyst.!t The B97-D3BJ density functional
was used with the def2-TZVP basis set and IEF-PCM model for
diethyl ether. Thermal corrections were calculated at room tem-
perature (298 K) and an elevated pressure (235 atm) to account
for entropy effects in solution. This theoretical method repro-
duced experimental free energy spans with deviations of about
1 kcal/mol in Leitner’s benchmark study.!'f Other theoretical
methods are evaluated in the Supporting Information.

Figure 2. Reaction pathway of model catalyst 1 with Hz in the absence of alkene. Gibbs free energies and enthalpies (in parentheses) calcu-

lated with B97-D3BJ/def2-TZVP/IEF-PCM(diethyl ether).



First, the reaction of model catalyst 1 with H; in the absence
of alkene was modeled to compare to later experimental obser-
vations (Figure 2). Binding of H, is weakly exergonic and forms
square-planar o-complex 2 in which the H, molecule is oriented
along the square plane (vertical in Figure 2), and the H-H bond
is elongated by about 0.1 A (to 0.83 A). Oxidative addition re-
quires rotation of H; (horizontal in Figure 2), which is not a sta-
ble structure, but costs about 1 kcal/mol. Oxidative addition via
TS3 gives dihydride complex 4, in which the hydrides occupy
sites trans to the silicon and anti to the Si-Me bond. We are
unable to locate a diastereomeric transition state that would lead
to a hydride syn to the Si—-Me bond.

Other isomers of dihydride 4 have been explored. Isomeriza-
tion via TS5 occurs with essentially no barrier (AE* =
0.6 kcal/mol from 4) to trans-dihydride 6, which has a square
pyramidal geometry. We are unable to locate a cis-dihydride
complex in which one hydride is syn to the Si—-Me bond. In-
stead, rearrangement of the hydride ligands gives complex 8,
which has a Y-type geometry with an acute Si-Rh-H angle
(51°), while maintaining a nearly trans orientation of the hy-
dride ligands (171°). There is clearly a modest bonding Si—-H
interaction (1.81 A; typical Si—H bond length = 1.48 A) around
the cutoff between #°-SiH and a secondary interaction
(SISHA).? Further calculations indicate that neither 6 nor 8 is
capable of binding to nbe, which dissociates during geometry
optimization. We therefore conclude that 6 and 8 are not rele-
vant to the hydrogenation mechanism but may be in equilibrium
with the dihydrogen complex 2.

Dihydride complex 4 is also capable of binding a second mol-
ecule of H; leading to o complex 9 (Figure 3). 6-bond metathe-
sis (TS10) can occur with a low barrier to afford isomeric com-
plex 11, which is in equilibrium with dihydride 6. This pathway
would allow rapid H/D scrambling if isotopically labelled hy-
drogen were employed (AG* = 11.9 kcal/mol from 11 to 4).
However, such scrambling may be significantly inhibited in the
presence of alkene (vide infra).
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Figure 3. Reaction pathway of model catalyst 1 with Hz in the ab-
sence of alkene. Gibbs free energies and enthalpies (in parentheses)
in kcal/mol, with respect to the alkene catalyst 1.

We next studied the activation of H» in the presence of alkene
(Figure 4). Binding of nbe to model catalyst 1 is very exergonic,
forming complex 12, which is the resting state on the catalytic
cycle; all energies in Figure 4 and later figures are computed
with respect to 12. There is a preference for binding nbe from
the exo face, which persists throughout the hydrogenation path-
way. Hydrogen binding is endothermic, forming a relatively un-
stable #*-H, complex 13, with a roughly trigonal bipyramidal
geometry. We have located a transition state for H,-binding,
which is iso-energetic with 6-complex 13 and is therefore omit-
ted from Figure 4 (see Supporting Information). Splitting of H,
via oxidative addition (TS14) forms octahedral dihydride 15
with essentially no barrier. Importantly, alkene binding stabi-
lizes dihydride complex 15 relative to #°-H, complex 13 and
results in a lower-energy transition state for oxidative addition
of H,. Norbornene complex 15 undergoes facile migratory in-
sertion via TS16 to give alkyl complex 17.
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Figure 4. Activation of H2 by model catalyst 1 in the presence (black) and absence (purple) of alkene. Gibbs free energies and enthalpies (in

parentheses) in kcal/mol, with respect to the alkene complex 12.
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Figure 5. Unimolecular mechanism for alkane release, including isomerization of the norbornyl ligand and reductive elimination. Gibbs free
energies and enthalpies (in parentheses) in kcal/mol, with respect to the alkene complex 12.

Complex 17 initially has hydride and norbornyl ligands in a
trans orientation (Figure 5), due in part to the greater trans in-
fluence of the silyl versus norbornyl and hydride ligands.'® In
order for unimolecular alkane release to occur, the norbornyl
ligand must isomerize via TS18 to 19. There is a preference for
norbornyl migration over hydride migration, again a probable
consequence of relative frans influences (H > R). Both 17 and
19 are approximately square pyramidal with a Si-Rh—H bond
angle near 90°. TS18 features a Y-type geometry with a Si—-Rh—
H bond angle of 67°. During this step, the hydride initially
moves toward the silicon atom, then back to its original posi-
tion, indicating a preference to remain trans to the norbornyl

ligand; a similar phenomenon occurs during hydride isomeriza-
tion in TSS (Figure 2). An intrinsic reaction coordinate (IRC)
calculation confirms that TS18 links 17 and 19 without an ad-
ditional intermediate (see Supporting Information). Complex
19 undergoes facile reductive elimination (TS20) to release nba
and regenerate catalyst 1.
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Figure 6. Formation of alkane via bimolecular (blue) and unimolecular (red) pathways. Gibbs free energies and enthalpies (in parentheses)

in kcal/mol, with respect to the alkene complex 12.

The initial alkyl complex 17 is also capable of a bimolecular
mechanism for alkane release (Figure 6, blue pathway). The bi-
molecular pathway proceeds by binding an additional molecule
of H; to afford o-complex 21. The transition state for Hp-bind-
ing is again very similar in energy to 21 (Supporting Infor-
mation). An isomer of 21 in which H; is trans to norbornyl is
significantly higher in energy, likely a consequence of the high
relative trans influence of the silyl ligand (Figure S5). Complex
21 then undergoes c-bond metathesis via TS22 to afford nba c-
complex 23. The fact that a o-adduct intermediate precedes o-
bond metathesis indicates that the process is best denoted as o-
CAM, and the kite-shaped geometry of TS22 is consistent with
previous reports of o-CAM.* Finally, release of nba forms di-
hydride 4, which may either bind nbe to form 15 (continuing
the catalytic cycle) or release H» to regenerate catalyst 1.

The unimolecular (red) and bimolecular (blue) mechanisms
for alkane release are calculated to be very similar in free energy
with our chosen model system (AAG* = 0.6 kcal/mol). To con-
firm that this is a valid conclusion for the full catalyst we recal-
culated key transition states for alkane release using full cyclo-
hexyl substituents on the phosphine ligands (Figure 7). Due to
the size of this system, geometries were optimized using a

smaller basis set (def2-SVP) and single-point energies were cal-
culated with our standard basis set (def2-TZVP). The barriers,
with respect to alkene complex 12-Cly, are about 17 kcal/mol (3
kecal/mol higher than the truncated model). Importantly, the rel-
ative barriers for unimolecular (TS18-Cy) and bimolecular
(TS22-Cy) alkane release are identical to the model system: re-
ductive elimination is favored by 0.6 kcal/mol.

Thus, with both the truncated and full models, the barriers for
o-bond metathesis and reductive elimination pathways are very
close. The bimolecular mechanism is enthalpically favored but
entropically disfavored. Therefore, the free energy difference
between the two pathways depends greatly on how entropy is
calculated in solution, for which there is significant uncertainty.
Here an elevated pressure (235 atm or 9.6 mol/L) is specified to
account for entropy effects in solution, ' but other treatments are
shown in the Supporting Information. For example, at a stand-
ard state of 1.0 mol/L, the unimolecular pathway is favored by
2.0 kcal/mol. Rather than predict an exact preference, we con-
clude from computation that the two mechanisms may be com-
petitive under typical conditions and that the ratio between the
two mechanisms will depend on parameters that affect entropy
(temperature and H, pressure).
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Figure 7. Key transition states with full dicyclohexylphosphine ligand. Gibbs free energies and enthalpies (in parentheses) in kcal/mol, with

respect to the alkene complex 12-Cy.

Observation of a 6-H: Complex and H/D Scrambling by
[P2Si]Rh. As noted above, calculations on the [M°P,SiM¢]Rh
model system indicated that reaction of [%P,Si™¢]Rh (“*1) with
H, may afford a o-complex or a dihydride, since the isomers
(dihydrogen complex 2 versus dihydrides 6 and 8) differ com-
putationally by <2 kcal/mol. Previous experiments with the re-
lated [YP,Si°T|Rh(nbd) precatalyst (nbd = norbornadiene) led
to rearrangement to a more stable hydrosilyl complex, preclud-
ing identification of an #*-H, or dihydride complex, so we were
interested in using the methyl-substituted [<P,Si™*]Rh to probe
the interaction with hydrogen experimentally.

As expected, exposure of ©¥1-nbd to H, (1 atm) leads to im-
mediate expulsion of nba, with formation of a single Rh product
(“1-H2) characterized by a broad doublet *'P NMR signal (3
74.4 ppm, 'Jrwp = 127 Hz) and a broad 'H NMR signal (8
—2.38 ppm, Avi;, = 50 Hz) consistent with an #?-H, complex.'!
No coupling is observed between the H; ligand and either *'P or
1%Rh. Upon cooling, the resonance broadens, and it is not re-
solvable below —15 °C. These spectral characteristics are quite
similar to those reported by Milstein for the saturated
[PCP]Rh(H,) complex A (Chart 1),'? which also did not exhibit
any 'HP'P or 'H/'®Rh coupling. In contrast, the pincer com-
plexes B and C featuring a C,y donor show coupling of bound
H, to rhodium, and B also shows well-resolved coupling to
phosphorus.'® The fact that no free H, is observed by NMR,
combined with the broadness of the H, peak, may indicate fast
exchange between free and bound H», including possibly hydro-
gen-atom scambling (vide infi-a). The weak binding of H, to €¥1
is further indicated by the instability of “¥1-H; under N, (pre-
sumably leading to a dinitrogen complex), which precludes its
full characterization.
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Chart 1. Pincer-type rhodium dihydrogen complexes

The formulation of 1-H: as a dihydrogen rather than dihy-
dride complex is supported by 71 measurements on the H, sig-
nal at 23 °C (45 ms) and —15 °C (27 ms), at least one order of
magnitude shorter than would be expected for a classical dihy-
dride complex.!""'* We were not able to obtain T;(min) because
of the broadening of the signal at low temperature. Dihydrogen
complexes are also frequently characterized by H/D coupling in
the HD isotopologue. However, exposure of ©¥1-nbd to HD af-
fords a product with a broad #2-H, signal (integrated to one-half
the value for ©1-Hz) with no resolvable HD coupling, a situa-
tion analogous to that reported by Weller and co-workers for Rh
dihydrogen complexes supported by tricyclohexylphosphine
ligands. '

Consistent with computations, ¥1-Hz serves as an efficient
catalyst for H/D scrambling between H, and D». For instance,
under catalytically relevant conditions ([€Y1-nbd] = 0.44 mM,
5.0 mL CgHs solution, headspace volume = ca. 45 mL, P =
1 atm) but without alkene present, a 1:1 mixture of Hy/D, was
83% scrambled after 20 min (HD:H, ratio of 1.42). This finding
suggests that ©Y1-H: can easily access a dihydride form capable
of H/D scrambling.

If an alkene adduct such as 1-nbe is the resting state under
catalytically relevant conditions, as suggested by computations
(vide supra), then H/D scrambling should be inhibited in the
presence of alkene. Indeed, when the H»/D» scrambling experi-
ment described above is conducted in the presence of 434 mM
nbe (ca. 1000 equiv relative to 1-nbd), the reaction is on the
order of 15 times slower, giving only 11% scrambling after 20
min (HD:H, ratio of 0.12). Thus, although H/D scrambling
among hydrogen gas molecules can occur under catalytically
relevant conditions, it is severely inhibited, consistent with an
olefin-bound catalyst resting state.

Although our calculations suggest that a dihydride isomer of
€¥1-H3; should lie at similar (or lower) energy, experimental ev-
idence supports a o-dihydrogen ground state with accessible di-
hydride that may participate in H/D scrambling. As noted
above, computations suggest that an olefin-first mechanism is
most important under our conditions, similar to what has been
observed for classic cationic thodium diphosphine catalysts.'®
Consequently, the dihydrogen complex €¥1-Hz may lie off the
primary catalytic pathway, though addition of nbe to this com-



plex would certainly be followed by facile H, scission and al-
kene insertion, consistent with related findings regarding inser-
tion of CO; to Milstein’s [PCP]JRhH; complex A.'>17

Alkane Release at [P.Si]Rh by Competitive c-Bond Me-
tathesis and Reductive Elimination. Having elucidated the
nature of the interaction of [P,Si]Rh with hydrogen, we turned
our attention to the mechanism of alkane release. Most rhodium
hydrogenation catalysts release hydrogenated product by R/H
reductive elimination.®® However, a simple oxidative addi-
tion/reductive elimination pathway is not supported by our ear-
lier observation of substantial nba-d; upon hydrogenation of
nbe under Hy/D».

In order to understand the product distribution previously ob-
served, we undertook the hydrogenation of nbe using HD to en-
sure an exact 1:1 H/D stoichiometry. If H/D scrambling is not
faster than hydrogenation, then alkane release through reductive
elimination (Path A in Figure 1) should generate only nba-d,.
Alternatively, if alkane release occurs only by o-bond metathe-
sis (Path B in Figure 1), then a statistical mixture of nba-dy
(25%), -di (50%), and -d» (25%) should be obtained in the ab-
sence of kinetic isotope effects (KIEs).

When nbe was hydrogenated using standard conditions (0.5
mol % catalyst) under HD (1 atm) at ambient temperature for
3 h, the hydrogenated product consisted of a 29:50:21 mixture
of nba-do:di:d> (Table 1 and Figure S1). The presence of 50%
d) product in the mixture suggests that alkane release occurs al-
most exclusively by o-bond metathesis under these conditions.
The modest excess of nba-d, versus -d- is likely due to one or
more small isotope effects.

Since the ©1-nbd precatalyst is capable of H/D scrambling,
an alternate explanation for the above finding is that HD is
scrambled to a statistical mixture of H,, HD, and D, much more
rapidly than hydrogenation occurs and reductive elimination is
the preferred pathway for alkane release. Although some H/D
scrambling undoubtedly occurs during the course of the reac-
tion (vide supra), we disfavor this explanation based on the fol-
lowing observations:

(1) Sampling the headspace of a catalytic reaction under HD
(1 atm) after 20 min reveals a 6:1 HD/H, ratio and a
28:50:22 distribution of nba-dy:d;:d, isotopomers, nearly
identical to the relative amounts obtained from the
180-min reaction described above.

(2) Although H/D scrambling is efficient in the absence of
alkene, it is significantly inhibited in the presence of al-
kene (vide supra).

Since o-bond metathesis is a bimolecular process, it comes
with a significant entropic penalty compared with unimolecular
reductive elimination. Thus, any change in conditions that am-
plifies the entropic penalty (e.g., an increase in temperature or
decrease in hydrogen pressure) should disfavor o-bond metath-
esis. To test this proposal, hydrogenation of nbe was run at
50 °C under 1 atm and 0.25 atm of HD. As shown in Table 1, at
elevated temperature nba-d; accounted for 55% (1 atm HD) and
60% (0.25 atm HD) of the observed products, consistent with
an increasingly competitive reductive elimination pathway for
alkane release. Thus, labelling experiments strongly support the
computational prediction that bi- and unimolecular alkane re-
lease can be competitive processes. To the best of our
knowledge, such a conclusion has not previously been demon-
strated for any hydrogenation catalyst. Unfortunately, the pres-

ence of H/D scrambling precludes definitive assignments of en-
ergy differences for the various pathways. However, the prod-
uct ratio at 50 °C and 0.25 atm HD suggests that 6-bond me-
tathesis is approximately 4-fold faster than reductive elimina-
tion under these conditions (AAG* < 1 kcal/mol). These findings
provide a close match with computations (vide supra).

The reactions under various conditions also highlight the
changing isotope effect as temperature is increased. The nba-
dy/nba-d, ratio should be equal to the KIE or product of isotope
effects for relevant C—H/C-D bond-forming steps. The nba-
do/nba-d, ratio at 25 °C (1.36) is slightly higher than observed
at 50 °C (1.20), consistent with the expectation for a decreased
isotope effect at increased temperature. However, the ratio is
independent of HD concentration at a given temperature (en-
tries 2 and 3 in Table 1), as expected.

Table 1. Norbornene hydrogenation under HD*

Conditions norbornane isotopomers (%)
Entry
T(°C)  Pup (atm) do di d>
1 25 1 28.9 49.9 21.2
2 50 1 24.4 55.2 20.3
3 50 0.25 21.5 60.5 18.0

4 [nbe] =76 mM, [Rh] =0.38 mM in 5 mL C¢Hs under
45 mL HD at specified pressure.

Discussion. Based on the combined findings presented
above, we propose a modestly revised mechanism for alkene
hydrogenation at [P,Si]Rh (Figure 8). First, the catalyst <1 in-
teracts with H, to make a dihydrogen o-complex, not a dihy-
dride. However, an energetically accessible dihydride isomer
enables efficient H/D scrambling by ©¥1-H.. Computations
show that H» oxidative addition occurs after addition of alkene;
this may come about through association of nbe to the dihydro-
gen complex ©1-Hz or through association of H, to the nor-
bornene adduct ©1-nbe. Under the conditions examined, calcu-
lations suggest that the olefin-first route predominates (bottom
path in Figure 8), and both experimental and computational
findings support an olefin-bound resting state for the catalyst.
However, the fact that catalysis is quite slow in spite of low (17
kcal/mol) calculated barriers may support a lower-energy, off-
cycle resting state such as the bis(alkene) complex
[PzSi]Rh(nbe)z.
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Our findings regarding interaction of Y1 with H, suggest ap-
proximately isoenergetic Rh(I)/Rh(IIT) and would seem to indi-
cate that reductive elimination to release alkane and regenerate
€1 should be facile. However, our combined experimental and
computational approach has also shown that alkane release oc-
curs by competitive reductive elimination and 6-bond metathe-
sis pathways, with o-bond metathesis predominating under all
conditions examined.

The degree to which o-bond metathesis effectively competes
with reductive elimination is unusual for rhodium-based hydro-
genation systems (especially one that does not readily undergo
H, oxidative addition) and merits further discussion. The [P,Si]
pincer-type ligands described herein contain an exceptionally
strongly trans-influencing silyl donor (Si>H > C).!%!® The po-
sitioning of the Si donor as a central element in the pincer scaf-
fold tends favor 5-coordinate complexes with square-pyramidal
geometry and an empty coordination site frans to Si. Conse-
quently, the norbornyl hydride intermediate (top structure in
Figure 7) that forms en route to the alkane features trans-dis-
posed alkyl and hydride ligands. Since reductive elimination re-
quires a cis arrangement of eliminating ligands, this feature re-
sults in a considerable rearrangement penalty prior to alkane re-
lease. Furthermore, the presence of a vacant coordination site
trans to Si and cis to the norbornyl ligand in the 16-electron
norbornyl hydride intermediate provides an appropriate ar-
rangement for o-bond metathesis.

The above findings show that our system is in some sense
uniquely constructed to encourage alkane release by o-bond
metathesis at Rh. These findings also explain why catalysis is
slow: the same features that engender an unusual set of compet-
itive reactivity slow catalysis, since intermediates with trans-

disposed alkyl and hydride ligands are also energetically unfa-
vorable.

CONCLUSIONS

In this paper, we have taken a combined experimental and
computational approach to elucidating key aspects of the mech-
anism of alkene hydrogenation by pincer-type [P,Si]JRh com-
plexes. Computational predictions have played a particularly
important role in illuminating a set of competitive mechanisms
for alkane release in the hydrogenation process, showing that
bimolecular (o-bond metathesis) and unimolecular (reductive
elimination) processes may be energetically similar. This pre-
diction has been confirmed by hydrogenation of nbe with HD
at different temperatures and HD pressures.

Overall, our findings show both the unique challenges and
opportunities afforded by pincer-type complexes featuring a
strongly trans-influencing silyl donor, supplementing previous
work on pincer-type [P,Si] systems.!® Though it is tempting to
assume that competitive o-bond metathesis and reductive elim-
ination are not generally operative in rhodium-catalyzed hydro-
genation, our findings suggest that o-bond metathesis should be
considered as a mechanistic possibility, particularly in reactions
run under high H, pressure. The results presented herein also
draw attention to the unexpected consequences that can result
from apparently subtle changes to the ligand backbone.

EXPERIMENTAL SECTION

General Considerations. All manipulations were carried out under
a dinitrogen atmosphere in an MBraun Unilab 2000 glove box or on a
Schlenk line using standard techniques. Routine solvents were deoxy-
genated and dried using a Glass Contour Solvent Purification System,
except for anhydrous benzene and pentane, which were purchased as
anhydrous and used as received. NMR solvents were dried over
Na/Ph2CO and vacuum-transferred prior to use. NMR spectra were rec-
orded on a Bruker Avance III HD 400 High Performance Digital NMR
spectrometer. 'H chemical shifts were referenced to residual solvent
and *'P NMR chemical shifts are reported relative to an external stand-
ard of 85% H3POs.

Preparation of [©P,SiM|Rh(nbd) (“*1-nbd).
[©P2SiMIRh(H)(C1)? (54.3 mg, 0.0746 mmol) and excess norbornadi-
ene (7 drops, ca. 100 mg) were dissolved in benzene (5 mL). A solution
of lithium triethylborohydride (1.0 M in THF, 75 pL, 0.075 mmol) was
diluted in benzene (1 mL) and added dropwise to the Rh solution with
stirring. After 10 min, the mixture was heated in a sealed vial at 80 °C
for 45 min. The resulting mixture was filtered to remove LiCl, frozen,
and lyophilized to give a ©1-nbd as a yellow-brown powder. The prod-
uct was further purified by crystallization via slow evaporation of pen-
tane from a concentrated solution at =35 °C over a period of 24 h, af-
fording pure ©1-nbd as yellow crystals (48.9 mg, 84%). Spectroscopic
data matched those from our previous report.’

[©P,SiM|Rh(H;) (¢Y1-H). In a Wilmad LPV NMR tube, a solution
of @1-nbd (ca. 8 mg) in C¢De (0.7 mL) was frozen and the headspace
evacuated and backfilled with hydrogen (1 atm). Upon thawing, the
tube was inverted several times to ensure efficient H2 mixing, and the
solution color changed from yellow to dark red, then back to yellow.
3P NMR spectroscopy indicated complete reaction after <5 min,
though a small amount of unidentified byproduct (3-7% by 'P NMR)
was routinely also observed. The instability of ©1-H; in the absence of
Ha2 atmosphere precluded further purification or analysis by techniques
other than NMR spectroscopy. 'H NMR (400 MHz, CsDe): & 8.03 (d, J
=17.2 Hz, 2H), 7.48 (d, J= 7.4 Hz, 2H), 7.26 (t, J= 7.2 Hz, 2H), 7.16
(t, J = 7.2 Hz, 2H, overalapping with CsDsH), 2.06 (m, 2H), 1.90 (m,
2H), 1.74-1.06 (m, 40H, overlapping with free nba), 1.03 (s, 3H, Si—
CH3),-2.70 (br s, 2H, Rh—H>). 3'P{'H} NMR (162 MHz, CsDs): & 74.3
(br d, 'Jrne = 128 Hz). Nofe: ©¥1-HD was made by the same procedure
and proved spectroscopically identical except that the integration of the
bound HD signal was equivalent to only one proton.



Hydrogenation of nbe under HD. Stock solutions of ©¥1-nbd (1.85
mL, 0.0051 mM in C¢He) and nbe (1.80 mL, 1.06 mM in CsHs) were
combined and diluted to 5.0 mL in a volumetric flask. The mixture was
transferred to a 50-mL pressure tube, the solution was subjected to three
freeze—pump—thaw cycles, and the headspace backfilled with HD (1.0
atm or 0.25 atm). The mixtures were warmed to 25 °C or 50 °C and
allowed to react with stirring for 3 h. The resulting solutions were fil-
tered through a plug of alumina and analyzed by GC-MS. The distribu-
tion of nba isotopomers was determined as described in the Supporting
Information.

H»/D; scrambling analysis in the presence and absence of nbe. A
10.-mL stock solution containing @1-nbd (0.44 mM) in benzene was
split into two 50-mL pressure tubes and norbornene (204 mg, 2.17
mmol) was added to one to give a final concentration of 434 mM. Both
solutions were subjected to a freeze—pump—thaw cycle and the head-
spaces backfilled with 1:1 Ho/Da by first adding H» (0.5 atm) then open-
ing the flasks to D2 (1 atm). The solutions were quickly warmed to
room temperature in a water bath and allowed to react with vigorous
stirring for 20 min. The headspaces (10 mL each) were sampled with a
gastight syringe and bubbled through CsDs in a Wilmad LPV NMR
tube. The resulting HD:H> ratio was determined by 'H NMR spectros-
copy by integrations of the Hz2 (6 4.47 (s)) and HD (5 4.44 (t (1:1:1),
"Jhp = 42.7 Hz) signals.
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