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The photocatalytic hydrosilylation of carbonyl compounds has been investigated. The catalytic
species were generated by optical irradiation of homogeneous organometallic carbonyl com-
pounds. It was found that photocatalysts which were effective for the hydrosilylation of terminal
olefins were not necessarily active toward the model ketone substrates examined. Evidence for the
photogeneration of thermal catalysts was also found. Differences in catalytic activity between
different photogenerated catalysts have been exploited for the selective hydrosilylation of an

aldehyde in the presence of a ketone.

INTRODUCTION

The photogeneration of thermal catalysts
from homogeneous organometallic precur-
sors has become a topic of current interest
(I-8). For example, photoactivated cata-
Iytic polymerization (9), metathesis (10),
hydrogenation, and hydrosilylation (3, 11)
of olefins have been reported. In some
cases, it has also been observed that ‘‘pho-
tocatalysis,”” where the reaction quantum
yield is greater than unity, occurs. This lat-
ter point is important from a practical view-
point because of the high cost of photons
from artificial light sources such as mercury
arc lamps or lasers.

The bulk of the photoactivated catalyzed
reactions reported in the literature has been
concerned with transformations of olefins.
An exception was a preliminary report of
Pittman and co-workers on the photocata-
lyzed hydrosilylation of acetophenone and
cyclohexanone (12). This is of interest be-
cause of the importance of hydrosilylation
of carbonyl compounds in organic synthe-
sis (/3-17). In this paper we describe our
work on the photoactivated transition metal
catalyzed hydrosilylation of carbonyl com-
pounds.

EXPERIMENTAL

All organometallic compounds were ob-
tained from Strem Chemical and were used
without further purification. Acetone, hep-
tanone, and butyraldehyde were purchased
from Aldrich and distilled before use.
Triethylsilane was purchased from Alfa,
distilled, and stored over 3 A molecular
sieves.

The photoreactions were performed in
the following manner: a pyrex tube
equipped with a high vacuum stopcock
(with a Teflon plug) was charged with 0.014
mol of carbonyl compound, 0.014 mol of
triethylsilane, and 10~ mol of catalyst. The
reaction mixture was thoroughly degassed
by four freeze-pump-thaw cycles. The
evacuated tube was then irradiated in a
Rayonet photoreactor equipped with RPR
3500 A lamps (A = 350 = 20 nm). The oper-
ating temperature of the photoreactor was
measured to be 29°C. Under these condi-
tions, only the organometallic catalyst ab-
sorbs light. After the photolysis, the tube
contents were analyzed by gas chromatog-
raphy. The light intensity at 365 nm for the
quantum yield measurements was deter-
mined by benzophenone-benzhydrol acti-
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nometry. The 365-nm line was isolated by
the use of Corning glass filters CS 0-52 and
CS 7-60.

Samples for thermal reactions were pre-
pared similarly and heated in a constant
temperature oil bath.

i
R) \CH, + HSiEt,

R = CH;, CsHy

M =Re, Ir, Os,Ru. .

Acetone is converted to the silyl ether in
good vyield only when the photoactivated
catalyst precursor is a carbonyl compound
of Re, Ir, Os, or Ru. Iri(CO);, and
Re,(CO)g are effective for hydrosilylating
2-heptanone. However, the catalysts de-
rived from the Ru and Os clusters proved to
be less effective in this case than for ace-
tone hydrosilylation. Furthermore,
Mn,(CO),y, which was reported to be an ac-
tive photocatalyst for hydrosilylating aceto-
phenone and cyclohexanone (12), is inef-
fective in hydrosilylation reactions of
acetone and 2-heptanone. Apparently, the
photoactivated catalytic hydrosilylation of
ketones is very sensitive to the structure of
the carbonyl substrate. Sensitivity to sub-
strate structure has also been observed in
the photocatalyzed hydrosilylation of ole-
fins where only terminal olefins are reactive
3.

The data in Table 1 also show that
Fe;(CO) 2, Coy(CO)s, and Col(CO),; which
are known to be effective photoactivated
catalysts for the hydrosilylation of olefins
are found to be relatively poor catalysts for
catalyzed photohydrosilylation of acetone.
Also, while the photocatalyzed hydrosilyla-
tion of olefins results in a high yield of fully
reduced product (3), only trace amounts of
2-propanol or 2-heptanol are detected in re-
action (1).

Thermal reactions were performed in the
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RESULTS AND DISCUSSION

Table 1 shows the results of the photore-
action of acetone and 2-heptanone with
triethylsilane in the presence of a transition
metal carbonyl compound.

OSiEts

hv
—_—
MA(CO)m

R CH, (1)

dark at 29 and 80°C. As shown in Table 2,
only a small amount of reaction occurred at
29°C which is the operating temperature of
the photochemical reactor. Optical excita-
tion, therefore, is a crucial component of
these reactions. However, more reaction to
the silyl ether is observed at 80°C.

Fe;(CO); which is a poor photocatalyst
(5% yield) improved somewhat when ther-
mally activated. The only effective photo-
catalysts which exhibited thermal activa-

TABLE 1

Photoactivated Catalyzed Hydrosilylation of
Acetone and 2-Heptanone

Catalyst % Yield+b
Acetone 2-Heptanone

Rez(CO)w 89 86
0s4(CO), 83 15
RU3(C0) 12 87 14
Ir(CO),2 86 85
Fey(CO),, S Trace
COz(CO)g 25

C04(CO)12 30

Cr(CO), 25

Mo(CO)s 1

Mn,(CO)yo 5

W(CO)s 5

4 Yields were determined by quantitative gas
chromatography with toluene as the internal
standard. The percentage yield is an average of
three runs.

b Reaction time = 20 hr.
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TABLE 2

Catalytic Hydrosilylation of Acetone

Catalyst T (°C) Time (hr) % Yield®
Rex(CO)o 29 20 <1
Rez(CO)lo 80 20 10
Ruy(CO), 29 20 <1
Ruy(CO);» 80 20 100
Fe;(CO)y, 29 20 <1
Fey(CO)y; 80 20 34
Coy(CO);» 29 20 <]
Col(CO)y, 80 20 3
Iry(CO)y, 29 20 <1
Ir(CO),» 80 20 6
OS}(CO)]: 29 20 <1
OS3(CO)]3 80 20 76

¢ Based on consumption of HSiEt;.

tion at 80°C were RU3(CO)|2 and OS}(CO)Q.
The ruthenium cluster has also been re-
ported to be a thermal catalyst for the syn-
thesis of vinylsilanes from olefins and hy-
drosilanes (/7).

As mentioned earlier, a good indication
of photocatalysis as opposed to mere pho-
toassistance is a quantum yield of reaction
greater than unity. In other words, each
photon absorbed by the catalyst or catalyst
precursor should result in the production of
more than one product molecule. Quantum
yields for three ‘‘photocatalysts’ are
shown in Table 3. The order of quantum
efficiency is found to be Re,(CO)yy >
Os3(CO);; > Rus(CO)y,.

The catalytic utilization of photons is
clearly happening for the cases of Re;(CO)yg
and 0s;(CO);». An interesting point is that,
in contrast to the data in Table 3, the quan-
tum efficiency for the photohydrosilylation
of 1-hexene is Rus(CO);; > Os3(CO)y; (3).

One cause of a reaction quantum yield
greater than unity is the photogeneration of
a thermal catalyst. That is, an appreciable
dark reaction subsequent to a short irradia-
tion time would be observed. The evidence
in the literature for such an occurrence is
contradictory. For example, photocatalysis
has been claimed for the isomerization and
hydrosilylation of terminal olefins by pho-

TABLE 3

Quantum Yields of
Product Formation for
the Photocatalytic
Hydrosilylation of

Acetone
Catalyst (o8]
Rey(CO)yp 6.1
0s3(CO)), 33
RU}(CO) 2 1.1

¢«¢$ = mole product
produced/mole pho-
tons; I = 1.98 x 107
einsteins/min; A = 365
nm; average of three
runs.

tolysis of Cr(CO)g, Fe(CO)s, and the iron
group trinuclear dodecacarbonyl cluster
compounds (3, 5, 6). However, data were
presented only in one case for a dark reac-
tion after optical activation. Later work in-
dicated that the lifetimes of these catalysts
were on the order of 7 to 28 sec (8, 19).
Despite this short lifetime after excitation,
very large quantum yields and turnover
numbers were obtained (/8). Appreciable
dark reactions, however, have been ob-
served by other workers (7, 12).

We have seen that, in some cases, sub-

% Yield

0 2 5 10 15 20 25
bw—s| Time (Hr.)

Figure 1

F1G. 1. Photogeneration of thermal catalysts for the
hydrosilylation of acetone. The excitation source is
turned off after 2 hr and the subsequent reaction oc-
curs in the dark: Re)(CO)y, A; Os;(CO),, @:
RU3(CO)IZ- [ B
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stantial dark reactions subsequent to irradi-
ation occur. Figure 1 shows that after 2 hr
of irradiation, the reaction continued when
the excitation source is turned off. The
most active catalytic species is that derived
from Re,(CO)p which showed some activ-
ity even after 10 hours in the dark. The or-
der of catalytic activity Rey(CO),, >
0s;(CO);2 > Ru3(CO),, may be a partial re-
flection of the greater quantum yield of de-
composition of Re,(CO),o (P = 0.6) relative

Ru(CO), o
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to the cluster compounds (& = 0.03) (I, 3).

A comparison of Ru3(CO);; and
Os3(CO)y, is interesting because a clue to
their different catalytic activities may be
found by examining their primary pho-
tophysical reactions. Gray and co-workers
(20) have reported that fragmentation via
metal-metal bond cleavage is a principal
pathway for Ru3(CO);, but not for
Os5(CO);; where Os-CO dissociation is fa-
vored.

—

(CO){Ru—Ru(CO), *
0s(CO), o

(C0)40s—0s(CO)4 a

It can be speculated, therefore, that the rel-
ative activities of the photogenerated ther-
mal catalyst in these two cases may be a
reflection of the catalytic abilities of a ru-
thenium diradical complex and an osmium
cluster containing a 16 electron center. Dif-
ferences in the nature and rate of declus-
terification to other catalytic species can-
not, of course, be ruled out.

So far, we have only considered photo-
catalytic reactions of ketones. The results
for n-butyraldehyde are shown in Table 4.
The most striking aspect of the data is that
catalyst precursors which are ineffective

Ru(CO),

(CO)Ru 'Ru(CO), 2
0s(CO)4

(C0){0s—O0s(CO); + CO &)

for hydrosilylating acetone are active for n-
butyraldehyde, e.g., Co4CO);;. Further-
more, n-butyraldehyde can be hydrosilyla-
ted selectively in the presence of acetone
when Co4(CO),, is the catalyst precursor.
However, a good catalyst for acetone pho-
tocatalyzed hydrosilylation, Irg(CQO)yz, is
practically inactive in the presence of the
aldehyde (<4% overall yield). The nor-
malized gas chromatographic data for
Co4(CO); photoactivated catalysis is
shown below. (The mole ratio of acetone:
butyraldehyde : triethylsilane is 1:1:2):

(") W (I)SiEt3 (l)SiEt3
AN+ AAy +HSBt == /N +HSEs + /N + ANy
2% 2% 4% 52%

Further work is needed to determine the
scope and utility of this reaction.

CONCLUSION
Photocatalysts which are effective for the

hydrosilylation of terminal olefins are not
necessarily active toward carbonyl com-
pounds. Catalytic activity was found to be
very sensitive to the nature of the sub-
strate. The structure of the catalyst derived
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TABLE 4

Photoactivated Catalyzed
Hydrosilylation of n-Butyraldehyde

Catalyst % Yield?
Ir(CO),2 7
Rez(CO)yo 53
Co,(CO);2 90
Cr(CO)s 9
Fey(CO)y; 8
Co0,(CO)s(PPh3), 87

¢ Reaction time = 20 hr.
¢ Based on consumption of HSiEt;;
average of three runs.

by optical irradiation of transition metal
carbony! compounds is not known but it is
clear that the effect of irradiation is to gen-
erate a thermal catalyst.
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