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After noting that the presence of dihydrogen, generated in situ
from the partial hydrolysis of a silane with residual water,
significantly enhances the rate of the rhodium-catalysed
hydrosilylation of acetophenone, we developed a high speed
hydrosilylation reaction under dihydrogen pressure.

Rhodium complexes associated with chiral diphosphine ligands
have been widely applied for the asymmetric hydrosilylation of
carbonyl compounds.! Despite the large number of papers in this
area, only a few deal with catalysis in high enantiomeric excess
(ee).>* Examination of the literature revealed that high optical
yields are generally reached when the reaction is conducted at low
temperature. Indeed, efficient precatalysts have been shown to
promote the reduction in the temperature range 0 to —60 °C with
reasonable loadings and reaction times.* This can be detrimental to
the development of an efficient asymmetric process, since the latter
requires a good catalyst activity. It can thus be assumed that most
of the diphosphine ligands tested to date have not yet lived up to
their full potential. In line with this conclusion, we decided to
focus first on catalytic activity and revisit this reaction using an
achiral diphosphine ligand. We first examined the reaction
of acetophenone with diphenylsilane in the presence of
[(o-dppbe)Rh(COD)JOTS> Serendipitously we have found that
water markedly enhances the rate of the reaction. The determina-
tion of its exact role allowed us to tune the reaction conditions in
order to obtain high speed hydrosilylation. The scope of this
reaction with several aromatic and aliphatic ketones, along with a
preliminary experiment using optimised conditions and a rhodium
complex associated with a chiral diphosphine (Deguphos).® is
discussed in this contribution.

The hydrosilylation of acetophenone with diphenylsilane was
achieved in THF at 25 °C using 0.1 mol% [(o-dppbe)Rh-
(COD)|OTf. The reaction was stopped after 5 h and the
conversion determined by 'H NMR analysis of the crude product
obtained after desilylation. Using such conditions, hydrosilylation
readily proceeded, but the yields were found to be low and
irreproducible (5-20%). Envisaging that adventitious traces of
water could be responsible for the erratic yields, we carried out
experiments in which various quantities of water were added. To
our surprise, we found that small amounts of water had a
favourable effect on the activity of the catalyst. Indeed, while only
5% of phenylethanol was obtained under dry conditions (i.e. flame
dried vessel, dry THF), an optimum conversion of 56% was
achieved in the presence of 10 mol% water. At this point, it is
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Scheme 1 Hydrosilylation of acetophenone under dihydrogen pressure.

worth mentioning that the addition of diphenylsilane to the “wet”
mixture was accompanied by vigorous bubbling. It is reasonable to
assume that this gas evolution results from the partial hydrolysis of
the silane, leading to the formation of H, and siloxane
(Ph,SiH),0.” Therefore the higher conversion might be due to
water, siloxane or H,. The hydrosilylation reactions carried out in
the presence of a sub-stoichiometric amount of (Ph,SiH),O
showed no improvement in conversion. On the contrary, runs
performed under an optimised pressure of 20 bar H, led
consistently to phenylethanol in 98% yield after only 1 h
(Scheme 1).

This rate enhancement in the hydrosilylation of acetophenone
was further confirmed by comparing the kinetics of the reaction
under normal and optimised conditions (Fig. 1). The initial
turnover frequency (TOF) was determined to be 1700 h™' after
30 min at 20 bar H,, whereas the same catalyst under N, gave only
a TOF of 40 h™!. This value is comparable to those found for the
most active rhodium catalysts described so far in the literature.>>*

Interestingly, we found that the yield dropped upon using both
lower and higher dihydrogen pressures (the hydrosilylation of
acetophenone performed at 10 and 25 bar H, afforded
phenylethanol in 90% and 84% yields after 1 h, respectively).
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Fig. 1 Conversion into phenylethanol vs. time (4 = reaction under 20
bar H,, A = reaction under N, atmosphere).
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Moreover, we noticed that the dihydrogen pressure remained
constant throughout the reaction, giving evidence that dihydrogen
is not consumed. This data is in accordance with the fact that the
rhodium complex [(o-dppbe)Rh(COD)]JOTf does not catalyse the
hydrogenation of acetophenone under these conditions. Finally, it
is worth mentioning that a constant dihydrogen pressure was
required to maintain the high catalytic activity of the rhodium
complex. Indeed, a run partially conducted under dihydrogen
pressure for 15 min (20 bar H,), depressurized to 1 bar and finally
stopped after 1 h afforded phenylethanol in a moderate yield
(50%). Nevertheless, depressurization did not “shut down”
definitively the catalytic activity of the rhodium centre. Thus, a
run conducted successively at 20 bar (15 min), 1 bar (30 min) and
20 bar (15 min) led to phenylethanol in good yield (90%). One
might claim that the rate enhancement was due to the pressure and
not to dihydrogen itself. However, this possibility is excluded by
the fact that the catalytic hydrosilylation of acetophenone under
20 bar N led to a very poor yield.

According to the literature, hydrosilylation is often accompanied
by the undesired dehydrogenative silylation of the enol of
acetophenone (silyl enol ether)."” In the subsequent hydrolysis
step, the silyl enol ether reverts to the original acetophenone.
However, this side reaction, which represents a major drawback,
would have no impact on the yield of the reaction if a subsequent
catalytic hydrogenation of the silyl enol ether occurred. This would
also rationalize why dihydrogen is, overall, not consumed, since
silylation of the enol is accompanied by the evolution of molecular
hydrogen. To check this hypothesis, we measured the 'H NMR
spectrum of the crude product before hydrolytic work-up. The
spectrum of the product obtained after a hydrosilylation reaction
run under “normal” conditions (ie. under an inert atmosphere)
showed signals corresponding to the hydrosilylated product (silyl
ether) together with those of residual acetophenone. No trace of
silyl enol ether was detected. According to the NMR spectrum, the
hydrosilylation of acetophenone under 20 bar H, also led
exclusively to the hydrosilylated product. Moreover, attempts to
hydrogenate the trimethylsilyl enol ether derived from acetophe-
none in the presence of a catalytic amount of [(o-dppbe)Rh-
(COD)]OTS remained unsuccessful. These results, combined with
those discussed above, strongly suggest that dihydrogen is not the
stoichiometric reducing agent.

To elucidate the positive role of dihydrogen on the kinetics, we
examined the hydrosilylation of acetophenone at 20 bar H, with
Ph,SiD». Surprisingly, under these conditions, the silyl ether was
obtained with only 40% deuterium incorporation. Moreover, the
addition of H, (20 bar) to a THF solution of Ph,SiD, in the
presence of a catalytic amount of the rhodium complex resulted in
the partial conversion of Ph,SiD, to Ph,SiD,_,H,, (n = 1 or 2,
product containing only 33% of deuterium after 1 h). These results
of H/D exchange strongly suggest that both H, and Ph,SiD,
undergo an oxidative addition to the same metal centre to give a
cationic rhodium(v) adduct.'® ' Subsequent repeated sequences of
reductive elimination—oxidative addition would allow the conver-
sion of Ph,SiD, to Ph,SiH,. Since this kind of isotopic exchange
occurs in the presence of the ketone, we suspect that Rh(V) species
would also be involved in the hydrosilylation process. This
hypothesis is supported by previous studies, suggesting that
mechanisms of hydrosilylation involving Rh(V) species are
reasonable.”> An important suggestion in these reports is that

generally accepted Rh(1l) intermediates can undergo a second
oxidative addition of another molecule of silane, facilitating the
final reductive elimination step of the product. Based on these
previously reported mechanistic studies, we propose that dihydro-
gen replaces here the second molecule of silane in the generation of
the oxidative Rh(V) adducts. These complexes would then exist in
solution, but only if the local concentration of dihydrogen was
sufficient. This hypothesis explains all of the experimental results
described above. Further experiments, notably 'H NMR spectro-
scopy under dihydrogen pressure, are in progress aiming to
provide support for this hypothesis.

Using our experimental protocol (ie. under 20 bar H,), we
hydrosilylated a range of aromatic and aliphatic ketones, the
results of which are presented in Table 1. For comparative
purposes, hydrosilylation reactions under an inert atmosphere
were carried out in parallel and quenched after the same reaction
time. Yields were determined by 'H NMR spectroscopy of the
crude products after desilylation. The hydrosilylation of propio-
phenone, o-tetralone and pinacolone provided the corresponding
alcohols in almost quantitative yields after only 1 h. In contrast,
the same catalyst under N, gave the products in much lower yields
(5, 7 and 4% yields, respectively). Although the hydrosilylation of
cyclohexanone and acetone led to moderate yields (46 and 32%,
respectively), these reactions were still, respectively, 11 and 16 times
faster compared to those performed under an inert atmosphere.
When the rhodium complex [(dppe)Rh(COD)]JOTf was used as the
catalyst precursor, a significant rate enhancement under dihydro-
gen pressure was also observed (Table 1, results in brackets).'* It is
noteworthy that this structurally comparable complex shows
different efficiencies depending on the ketone used. While results
were comparable with acetophenone, o-tetralone and pinacolone,
a lower yield was obtained with propiophenone as the substrate.
On the other hand, the rhodium complex with dppe as the ligand
was found to be more efficient for the hydrosilylation of
cyclohexanone and acetone.

Since the hydrosilylation of ketones can be highly accelerated by
using different ligands, we envisioned taking advantage of this
phenomenon for an asymmetric version of this reaction.
Preliminary  experiments were performed with  [((R,R)-
Deguphos)Rh(COD)JOTT as the chiral catalyst and acetophenone
as the substrate. A significant rate enhancement associated with
dihydrogen pressure was again observed. While only a 27% yield
was obtained after 5 h under an inert atmosphere, the reaction
went to completion after 1 h if run under 20 bar H,. Interestingly,
the reaction product (phenylethanol) was obtained with a higher ee

Table 1 Catalytic hydrosilylation of various ketones”

Yield (%)”
Entry Substrate Under 20 bar H, Under N,
1 Acetophenone 98 (94) 4(5)
2 Propiophenone 95 (57) 502
3 a-Tetralone 92 (90) 23
4 Pinacolone 99 (99) 4 (6)
5 Cyclohexanone 46 (96) 4 (5)
6 Acetone 32 (62) 2 (6)

¢ Conditions:  [(o-dppbe)Rh(COD)JOTf (0.1 mol%), ketone
(2.2 mmol), Ph,SiH, (2.4 mmol), THF (2 mL), rt, 1 h. ” The yields
in brackets correspond to reactions performed with [(dppe)Rh-
(COD)]OTT as the catalyst.
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by carrying out the reaction under dihydrogen pressure (22% ee at
20 bar H; vs. 11% ee under N,). Finally, the increased reactivity of
the catalyst under dihydrogen pressure allowed the hydrosilylation
to be run at a lower temperature, generally resulting in a higher
selectivity. Unfortunately, when the temperature was lowered to
—40 °C, no influence on the enantioselectivity was seen. Despite
the modest level of enantioselectivity, this preliminary result
confirms that a sluggish catalyst can be converted into a highly
active species simply by conducting the hydrosilylation reaction
under a dihydrogen pressure.

In summary, the activity of rhodium complexes associated with
common diphosphines such as dppbe or ddpe is several orders of
magnitude higher under dihydrogen pressure than under an inert
atmosphere. To the best of our knowledge, this phenomenon has
never been reported before. Further work aimed at elucidating the
mechanism of this acceleration and screening other chiral rhodium
catalysts is currently in progress.
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