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Chromium carbonyl photocatalyzed hydrosilylation of 1,3-butadiene, trans-1,3-pentadiene,
2,3-dimethyl-1,3-butadiene, 2-methyl-1,3-butadiene, trans-2-methyl-1,3-pentadiene, and 1,3-
cyclohexadiene with triethylsilane yields the cis-1,4-adducts, 1-(triethylsilyl)-2-butene
derivatives, as the main products which have been isolated by distillation or preparative
GC and fully characterized by NMR spectroscopy. The proposed mechanism involves the
initial conversion of Cr(CO)s into Cr(CO)4(*-1,3-diene) followed by a further photolytic CO
substitution by triethylsilane forming a Cr(CO)s;(H)(SiEts)(r*-1,3-diene) intermediate.
Experiments with D—SiEt; lead to the conclusion that reversible addition of the hydride to
the diene with formation of an #3-enyl intermediate occurs prior to the irreversible silyl
transfer to the organic moiety. The 1,4-hydrosilylation adduct is then replaced by new

substrates to complete the catalytic cycle.

Introduction

The hydrosilylation of unsaturated organic substrates
is widely used for the production of organosilicon
compounds.t—3 Alkyl—SiRz products are obtained from
the reaction of H—SiR3 with an alkene in the presence
of various transition metal catalysts. The mechanism
proposed by Harrod and Chalk* involves the formation
of a [M](2-alkene)(SiRs3)(H) type species which then
undergoes insertion of the alkene into the M—H bond,
followed by reductive elimination of the alkyl—SiR3
product. An alternative route via a (2-R3Si—alkyl)[M]-
(H) intermediate, generated by insertion of the alkene
into the M—Si bond, and subsequent C—H reductive
elimination seems also likely.> Moreover, $-hydrogen
abstraction from the silylated alkyl group rationalizes
the concurrent formation of alkenyl—SiR3; products
observed at higher alkene:H—SiR3; substrate ratios,®
whereby the excess alkene serves as the hydrogen
acceptor. Meanwhile, alkene insertion into a M—Si
bond is recognized as a fairly common process which
plays a key role in catalytic hydrosilylation processes
employing, for example, the Co(CO)3® or Rh(Cp)(Et)’
groups as the repeating unit in the catalytic cycle.

* Authors to whom correspondence should be addressed.

T Middle East Technical University.

* Max-Planck-Institut.

® Abstract published in Advance ACS Abstracts, November 1, 1995.

(1) Ojima, 1. In The Chemistry of Organic Silicon Compounds; Patai,
S., Rappoport, Z., Eds.; Wiley: New York, 1989; Vol. 2, Chapter 25,
pp 1479—-1526.

(2) Hiyama, T.; Kusumoto, T. In Comprehensive Organic Synthesis;
Trost, B. M., Fleming, I., Eds.; Pergamon: Oxford, U.K., 1993; Vol. 8,
Chapter 3.12, pp 763—792.

(3) Harrod, J. F. In Encyclopedia of Inorganic Chemistry; King, R.
B., Ed.; Wiley: Chichester, U.K., 1994; Vol. 3, pp 1486—1496.

(4) Harrod, J. F.; Chalk, A. J. In Organic Syntheses via Metal
Carbonyls; Wender, 1., Pino, P., Eds.; Wiley: New York, 1977; Vol. 2,
pp 673—704.

(5) Schroeder, M. A.; Wrighton, M. S. J. Organomet. Chem. 1977,
128, 345—358.

(6) Seitz, F.; Wrighton, M. A. Angew. Chem. 1988, 100, 281—283;
Angew. Chem., Int. Ed. Engl. 1988, 27, 289.

(7) Duckett, S. B.; Perutz, R. N. Organometallics 1992, 11, 90—98.

0276-7333/96/2315-0604$12.00/0

The importance of hydrosilylation has stimulated us
to look closely into one of the hydrosilylation methods,
the photocatalytic hydrosilylation of diolefins, using
group 6 metal carbonyl complexes. In a preliminary
communication® we described a specific investigation
into the photocatalytic 1,4-hydrosilylation of 1,3-buta-
diene (1) with triethylsilane using hexacarbonylchro-
mium(0) and hexacarbonylmolybdenum(0) as catalysts.
The reaction yielded exclusively the cis-1,4-adduct, cis-
1-(triethylsilyl)-2-butene (11), in accordance with previ-
ous results® obtained in the reactions of various acyclic
conjugated dienes with trimethylsilane, triethoxysilane,
and diphenylsilane. However, details for the isolation
and characterization of the adducts had not been given
there, and triethylsilane was only briefly mentioned in
the reaction with trans-1,3-pentadiene.

In this paper we report in full detail on the photo-
catalytic 1,4-hydrosilylation of 1,3-butadiene (1), trans-
1,3-pentadiene (2), 2,3-dimethyl-1,3-butadiene (3),
2-methyl-1,3-butadiene (4), trans-2-methyl-1,3-penta-
diene (5), and 1,3-cyclohexadiene (6) with triethylsilane.
The photocatalytic 1,4-addition of H—SiEt; to 6 is the
first example of the group 6 metal carbonyl photocata-
lyzed hydrosilylation of a conjugated cyclic diene. Em-
phasis is placed on both the preparative and mechanistic
aspects.

Results and Discussion

Preparative Results and Characterization of
Products. The reaction of 1,3-butadiene (1) with
triethylsilane in the presence of hexacarbonylchromium-
(0) or hexacarbonylmolybdenum(0) under continuous
irradiation yields exclusively the cis-1,4-adduct, cis-1-
(triethylsilyl)-2-butene (11), eq 1.
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In our preliminary report® the assignment of the cis-
geometry for 11 was based on the NMR spectral data
of the isolated product. The value of 10.6 Hz, observed
for the coupling between the olefinic protons, is compel-
ling evidence for the cis-geometry of 11. Values in the
range 10.4—12.0 Hz have been reported for the tri-
methylsilyl analogue of 11, while trans-geometries
result in higher values (15—18 Hz) for the trans-vicinal
olefinic coupling.1%11 This geometry is also confirmed
by the 13C-NMR chemical shifts of C-1 (13.20 ppm) and
C-4 (12.80 ppm) of the compound 11. These values
would be at too high a field for two carbon atoms trans
to each other. It is known that cis-carbon atoms shield
each other via a y shielding effect exerted by the protons
of a carbon at a y position to the one being considered.?
Allylic carbons of cis-butene resonate at 10.0 ppm, while
those of trans-butene appear at 17.3 ppm, shifted about
7 ppm downfield with respect to those of the cis-isomer.

Continuous irradiation of trans-1,3-pentadiene (2),
triethylsilane, and hexacarbonylchromium(0) (in a mo-
lar ratio of 50:50:1) in n-hexane solution results in
nearly quantitative hydrosilylation of the diene, as
monitored by GC. Two isomeric hydrosilylation prod-
ucts, 12a,b, eq 2, are formed in ca. 25:1 ratio as detected

—\_/—SiEt:, 12a
h t =
N\/ o+ HsEt, oLt ' )
Cr(CO)s
SIEt_-, 12b
2 —

by means of GC—MS. A third isomer in trace amount
was detected by GC—MS in a large scale run (0.15 mol),
from which pure samples of the isomers 12a,b were
isolated by means of preparative GC.

These two hydrosilylation products are fully charac-
terized by 'H- and 13C-NMR spectroscopy. This way,
the main product 12a is identified as cis-1-(triethylsilyl)-
2-pentene, which results from cis-1,4-hydrosilylation
with attachment of the triethylsilyl group to C-1 of the
diene. The coupling between the two olefinic protons
(83 = 10.3 Hz) is indicative of the cis-geometry of 12a.
The minor product 12b is similarly characterized as
trans-4-(triethylsilyl)-2-pentene, based on the larger
coupling between the two olefinic protons (3J = 15.2 Hz).
This latter finding contrasts with the previously re-
ported® cis-structure of the analogous product obtained
with trimethylsilane.

The 3C-NMR data of 12a,b are consistent with the
above assignments. The allylic carbon atoms of 12a
resonate at 6 = 13.49 (C-1) and 20.77 ppm (C-4), which
compares well with the respective data of 11, allowing
for a ca. 7 ppm downfield shift of C-4 due to the attached
methyl group. However, the chemical shifts of the
allylic carbon atoms of 12b (C-1, 18.27 ppm; C-4, 23.57
ppm) reflect the trans-geometry at the olefinic unit.

The minor isomer 12b may be considered either as
the result of 1,2-hydrosilylation, with attachment of the
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triethylsilyl group to C-2 of the diene or as a trans-1,4-
hydrosilylation product, with attachment of the trieth-
ylsilyl moiety to C-4 of the diene. Unequivocal decision
in favor of the 1,2-hydrosilylation comes from the
reaction of trans-1,3-pentadiene (2) with triethylsilane-
d; which yields the D-labeled products 12a# and 12b#
(see eq 9). The 3C{1H}-NMR spectrum of 12b# shows
that only the methyl group (C-5) next to the SiEt;
substituent carries the D-label.

The reaction of 2,3-dimethyl-1,3-butadiene (3) with
triethylsilane in the presence of the carbonylchromium
catalyst under continuous irradiation yields one product,
1-(triethylsilyl)-2,3-dimethyl-2-butene (13), resulting
from 1,4-hydrosilylation, eq 3. Monitoring of the reac-

SiEt
I GV >=( ’ ®)
13

Cr(CO)g
3

tion by GC shows nearly quantitative conversion of the
starting materials into the product. However, due to
some loss of material in the workup procedure the yield
of the isolated product after purification by distillation
amounts to ca. 40%.

The product 13 is unambiguously identified by NMR
spectroscopy. The H-NMR spectrum of 13 shows a
singlet at 6 = 1.58 ppm for the allylic methylene protons
and three other singlets at 6 = 1.626, 1.634, and 1.644
ppm for the allylic methyl groups. The absence of any
1H-NMR signals in the olefinic region eliminates alter-
native structures which would result from 1,2-addition
of triethylsilane. Accordingly, the 33C{1H}-NMR spec-
trum exhibits four signals at 6 = 20.65, 20.90, 21.29,
and 21.40 ppm for the allylic carbons and two signals
at 6 = 120.84 and 125.68 ppm for the olefinic carbons.

Two 1,4-addition products, cis-1-(triethylsilyl)-2-meth-
yl-2-butene (14a) and 1-(triethylsilyl)-3-methyl-2-butene
(14b), are formed from the photocatalytic reaction of
isoprene (4) with triethylsilane in the presence of
hexacarbonylchromium(0), eq 4, in 76% and 22% yields,
respectively, as determined by GC. Pure samples of
both products are separated by distillation which,
however, goes along with some loss of material.

SiEt,
\=<_ 14a
\ / . hv / rt.
>+ H-SiEts _—>Cr(co)s SEt, (4)

>=f 14b
4

Both isomers are unequivocally identified by NMR
spectroscopy. The observation of only one H-NMR
signal for the olefinic protons in both 14a and 14b at ¢
= 5.06 and 5.16 ppm, respectively, is indicative of 1,4-
addition in both cases. The strong coupling of the
olefinic proton with one of the two methyl groups (3Jz 4
= 6.8 Hz) not only identifies 14a as the product in
which the triethylsilyl moiety is attached to C-1 of 4
but also allows an unequivocal assignment of the two
methyl groups in this product. In the case of 14b, it is
the silylated CH; group which shows the corresponding
coupling (3J1 > = 8.4 Hz) with the olefinic proton. The
assignment of the cis-structure of 14a is based on the
observation that C-4 resonates at 6 = 14.15 ppm, not
far from C-1 (6 = 17.87 ppm), which compares well with
the respective data of C-1 (6 = 13.82 ppm) and C-4 (6 =
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17.70 ppm) in 14b. The fact that C-5 resonates at 6 =
26.47 ppm in 14a and 6 = 25.92 ppm in 14b, i.e., at a
lower field than C-4, can be attributed to the absence
of the y shielding effect, which is present between the
C-1 and C-4 in both isomers.

The photocatalytic reaction of trans-2-methyl-1,3-
pentadiene (5) with triethylsilane, eq 5, yields only one
product, cis-1-(triethylsilyl)-2-methyl-2-pentene (15),
which is isolated by distillation and identified NMR
spectroscopy.

v/ rt. SiEts
_\\—/< + H-SiEts T(éT> — (5)

5 15

The 'H-NMR spectrum of 15 gives also only one signal
in the olefinic region which eliminates any possibility
of a 1,2-addition. The coupling pattern of H-5 and H-4
is indicative of an ethyl moiety, which in turn implies
that in the 1,4-hydrosilylation the triethylsilyl unit is
attached to the terminal carbon C-1 of the diene. In
the 13C-NMR spectrum of 15, one observes the signals
of the methyl groups C-5 and C-6 at 6 = 14.59 and 26.41
ppm, respectively. The large difference between their
chemical shifts is ascribed to the deshielding effect
exerted by the olefinic carbon C-2 on C-6. The cis-
geometry of 15 is assigned by the similar chemical shift
of C-4 (6 = 22.04 ppm) compared with that in 12a (6 =
20.77 ppm).

The photocatalytic reaction of 1,3-cyclohexadiene with
an equimolar amount of triethylsilane, eq 6, yields

<;>—s‘£t3 16a
. hv / rt
+ HoSEty —ooos=—> ©)
Q—sxaz 16b
6

3-(triethylsilyl)-1-cyclohexene (16a) as the main product,
anticipated to be formed from 1,4-hydrosilylation. Un-
expectedly, however, a second isomer, 1-(triethylsilyl)-
1-cyclohexene (16b), is found, the formation of which
can only be rationalized in terms of a double-bond
migration subsequent to the initial hydrosilylation.
Both the 1H- and 13C-NMR spectra are consistent with
the assigned structure of 16a. An INADEQUATE
spectrum clearly establishes the sequence =CHCH,CH,-
CH,CH(SiEt3)CH=, thus ruling out an alternative
structure, 4-(triethylsilyl)-1-cyclohexene, which cannot
be excluded on the basis of the 'H- and C-NMR data
alone. The structure of 16b is evident from the obser-
vation of only one olefinic proton signal (H-2) in the H-
NMR spectrum and only one proton-coupled olefinic
carbon atom (C-2) in the 13C-NMR spectrum.
Mechanistic Aspects. In all cases IR spectroscopic
monitoring of the reaction shows the initial conversion
of Cr(CO)g into the respective Cr(CO)4(n*-1,3-diene) (1),
presumably via a Cr(CO)s(5?-1,3-diene) intermediate (1),
Scheme 1. The photochemical formation of complexes
of the type I and Il from group 6 hexacarbonylmetal(0)
and dienes is known,1315 and the role of 11 or Cr(CO),-
(n¥2-norbornadiene) as the precursor to the active
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catalyst in the photocatalytic hydrogenation of conju-
gated dienes!® or norbornadienel” is well established.
Expectedly, the hydrosilylation of 1,3-butadiene under
continuous irradiation in the presence of Cr(CO)4(1*-
1,3-butadiene) as catalyst instead of hexacarbonylchro-
mium(0) gives the same result.

As outlined in Scheme 1, photolytic detachment of CO
from 11 should provide the entry to the catalytic cycle
by creating the vacant coordination site on the transi-
tion metal center required for binding the silane prior
to its transfer onto the diene ligand. The Cr(CO)s(i*-
1,3-diene) fragments of type 111, photogenerated in low-
temperature matrices, were shown to possess a fac-
Cr(CO); skeleton.’® This implies that the vacant
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82, 733—735. Platbrood, G.; Wilputte-Steinert, L. J. Organomet. Chem.
1974, 70, 393—405. Darensbourg, D. J.; Nelson, H. H., Ill; Murphy,
M. A. J. Am. Chem. Soc. 1977, 99, 896—903. Mirbach, M. J.;
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hedron Lett. 1974, 2507—2508. Wrighton, M.; Schroeder, M. A. 3. Am.
Chem. Soc. 1973, 95, 5764—5765. Platbrood, G.; Wilputte-Steinert,
L. J. Organomet. Chem. 1974, 70, 407—412. Platbrood, G.; Wilputte-
Steinert, L. J. Mol. Catal. 1975/76, 1, 265—273. Fischler, |.; Budzwait,
M.; Koerner von Gustorf, E. A. J. Organomet. Chem. 1976, 105, 325—
330.
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coordination site is in an axial position, sterically well
suited for mediating the 1,4-addition of H—SiR3 to the
diene.

The analogous hydrogenation of a diene is likely to
involve the concerted transfer of H, via a nonclassical
n?-H, complex,'® in accordance with the results of PHIP
experiments.?® By contrast, the hydrosilylation pro-
ceeds in a stepwise fashion, as will be demonstrated
below. Reversible transfer of the hydrogen atom occurs
prior to the irreversible attachment of the silyl group
to the diene substrate. With this information in mind
it seems reasonable to postulate, analogous to the
Chalk—Harrod mechanism,* a reversible hydride trans-
fer involving the two intermediates of the type Cr(CO)s-
(n*-1,3-diene)(H)(SiR3) (V) and Cr(CO)s(73-enyl)(SiR3)
(VI). However, regarding the initial coordination of the
silane to the vacant coordination site at the metal,
formation of a nonclassical 7?-(H—SiR3) complex of type
Cr(CO0)3(17*-1,3-diene)(172-H-SiR3) (1V), prior to the oxida-
tive addition, may be envisaged.?%22 The binding of
H—SiEt; to the Cr(CO)s fragment, for example, has been
investigated by means of photoacoustic calorimetry.23
The results indeed suggest that the silane undergoes
incomplete oxidative addition to the metal with forma-
tion of a three-center two-electron bond. This notion is
in accord with the trends observed in the kinetics of
silane displacement by CO from a series of Cr(CO)s-
(silane) species, generated by flash photolysis of Cr-
(CO)p.24

The previously reported iron compounds of the type
Fe(CO)s(n3-anti-butenyl)(trialkylsilyl)'* may be consid-
ered precedent to the formation of the Cr(CO)s(73-enyl)-
(SiRg3) species of type VI. The subsequently occurring
transfer of SiR3 to the #3-enyl ligand and takeup of a
new diene substrate molecule (—VII), release of the
(trialkylsilyl)butene product (—I111), and coordination of
another H—SiR3 molecule (—1V) would then complete
the catalytic cycle.

The catalytic process as such does not require the
action of light, once the active species containing the
repeating Cr(CO)s; unit has been generated. This is
evident from experiments without irradiation in which
Cr(CO)s(*-norbornadiene)(r2-ethene), photogenerated
from Cr(CO)4(*-norbornadiene) in ethene-saturated
solution at —50 °C,? serves as a source of the active
catalyst. The ethene complex was previously employed
to simulate the generation of the active catalyst in the
photocatalytic hydrogenation2® and hydrosilylation26 of
norbornadiene, whereby the weakly bound ethene plays
the role of a stand-in ligand which is readily lost at

(19) Jackson, S. A.; Hodges, P. M.; Poliakoff, M.; Turner, J. J,;
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ambient temperature. This way, hundreds of hydrosi-
lylation turnovers have been achieved in the dark by
warming this complex to ambient temperature in the
presence of a sufficiently large excess of norbornadiene
and triethylsilane.?6 In the present study, an analogous
experiment has been carried out with a conjugated
diene, 1,3-cyclohexadiene (6), which reacts with trieth-
ylsilane in the presence of a catalytic amount of Cr(CO)s-
(n*-norbornadiene)(y2-ethene) to yield the two (trieth-
ylsilyl)cyclohexene isomers 16a,b, eq 7. A small amount

<;>—SiEt3 16a
R
@ + H-SEts s )
C

. | .CO SiEt; 16b
6 “Cr
Vé Y

of (triethylsilyl)norbornene is also formed, thus indicat-
ing that the norbornadiene is removed, at least in part,
by hydrosilylation from the Cr(CO)s unit, which then
is available for the catalytic hydrosilylation of 1,3-
cyclohexadiene. It is noteworthy that the ratio of the
two products 16a,b (ca. 6:1) is similar to that obtained
in the photoinduced catalysis, eq 6. This finding
indicates that the same catalytic cycle is operative in
either case, thus confirming the proposed role of the Cr-
(CO); group as a thermally repeating unit in the
photocatalytic process.

Evidence for the stepwise mechanism of the hydrosi-
lylation with reversible hydride transfer, proposed in
Scheme 1, comes from experiments using deuterium-
labeled silane, D—SiEt;, instead of H—SiEt;. The
reaction of 1,3-cyclohexadiene (6) with D—SiEt; was
initially designed to confirm the 1,4-addition of the
trialkylsilane to the conjugated diene. However, quite
unexpectedly, IR spectroscopy reveals that extensive
D/H exchange between the two substrates takes place.
Concurrent with the disappearance of the Si—D stretch-
ing band at 1534 cm~1, a new feature grows in at the
position of the Si—H stretching vibration at 2102 cm™2,
which then both diminish (and finally vanish) upon
completion of the photocatalytic process. This observa-
tion prompted us to monitor, by means of GC—MS, the
deuterium contents of the substrates and of the products
during the course of the catalytic reactions, eq 8.

£>—Sil-:t3 16a#
@ D-SiEt hv / rt._ Df
*PTSRS T oy ®)
@751&3 16b#
6 o

(n=012 3

The results of such an experiment, performed with a
Cr(CO)g/1,3-cyclohexadiene/D—SiEt; molar ratio of 1:50:
50, are listed in Table 1. First of all we note that, in
accordance with the IR spectroscopic observations, the
deuterium content of triethylsilane gradually decreases
from 100% to 0% while the conversion approaches 75%.
However, no deuterium incorporation is found for the
free 1,3-cyclohexadiene at any stage of the reaction,
whereas the two silylated products, denoted at 16a# and

(26) Jacke, J. Doctoral Dissertation, Universitat Duisburg, Ger-
many, 1989. Chmielewski, D. Doctoral Dissertation, Universitat
Duisburg, Germany, 1992.
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Table 1.
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Photocatalytic Reaction of 1,3-Cyclohexadiene (6, 75 mmol) with Triethylsilane-d; (75 mmol)

in the Presence of Cr(CO)s (1.5 mmol): Conversion,2 Yields of 16a# and 16b#,2 and Abundance of

the IsotopomersP

conversion triethylsilane 16a# 16b#
(%) do (%) di(%) yield (%) do(%) di(%) d2(%) d3(%) yield (%) do(%) di(%) d2(%) ds(%)
0 0 100 0 0
8.8 10 90 8.2 3 21 36 40 0.5 5 23 34 38
21.7 25 75 20.2 5 27 34 34 15 4 29 33 34
47.8 50 50 36.1 12 31 32 25 3.2 11 29 34 26
59.6 75 25 51.3 17 32 30 21 5.1 16 29 32 23
64.4 80 20 54.8 22 30 29 19 5.6 18 32 28 22
75.5 100 0 67.6 27 32 26 15 7.7 22 31 27 20

aBased on the initial amount of substrates. ° Free 1,3-cyclohexadiene remains undeuterated throughout.

Scheme 2
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16a-d,

16b#, carry up to three D-labels from the very begin-
ning. Noticeably, the triply deuterated products pre-
dominate at the initial stage of the catalytic reaction
but decrease with the diminishing deuterium content
of the D/H—SiEt; substrate. This leads to the conclu-
sion that the coordinated 1,3-cyclohexadiene, prior to
the hydrosilylation, rapidly incorporates up to two
D-labels delivered from D—SiEt; with simultaneous
release of H—SiEts;. This way, the deuterium content
of the resulting hydrosilylation products, ranging from
do through ds, is rationalized in terms of the addition
of D/H—SiEt; to the coordinated do-, di-, and d»-1,3-
cyclohexadiene. These findings confirm the concept of
the stepwise course of events in the hydrosilylation
process, the hydrogen atom being transferred prior to
the silyl group. Furthermore, the liberation of H—SiEts
implies that both the coordination of the triethylsilane
and the hydride transfer occurring subsequently with
formation of the hydrido—triethylsilyl intermediate V
are reversible processes.

Regarding the mechanism of the D/H exchange
between the triethylsilane and the coordinated diene,
we propose a sequence of steps outlined in Scheme 2.
In competition with the silyl transfer (which leads to
monodeuterated (triethylsilyl)cyclohexene 16a—d,), the
Cr(CO)s(n3-cyclohexenyl)(trialkylsilyl) species of type VI
may undergo abstraction of the endo-D or endo-H from
either of the two S-positions with re-formation of a Cr-

(CO)s(n*-1,3-cyclohexadiene)(hydrido)(trialkylsilyl) com-
plex of the type V. In the latter case, i.e., endo-H
abstraction, reductive elimination of the silane yields
H—-SiEts, which may be released into the bulk solution,
while the remaining 7*-1,3-cyclohexadiene ligand in the
species of type 11 carries the D-label. The repetition
of the above sequence of steps with a new D—SiEt;
substrate molecule from the bulk solution either leads
to the doubly deuterated (triethylsilyl)cyclohexene prod-
uct 16a-d, or incorporates a second D-label into the
coordinated diene in species Ill. The latter process,
followed by further H—SiEts/D—SiEt; exchange, finally
gives rise to the formation of the triply deuterated
(triethylsilyl)cyclohexene product 16a—ds. Clearly, it
is only those two methylene protons of the diene ligand
in the endo-position to the metal which are susceptible
to H/D-exchange, as long as the metal resides on the
same side of the diene. In fact, once coordinated, the
diene remains bound to the transition metal until the
catalytic cycle is complete, since no D-labeled free 1,3-
cyclohexadiene is observed. Hence it is readily conceiv-
able that the coordinated diene takes up no more than
two D-labels and, consequently, the ultimate hydrosi-
lylation product contains a maximum number of three
deuterium atoms.

The 13C{*H}-NMR spectrum of 16a# provides infor-
mation on the location of the deuterium atoms. In
addition to the parent lines associated with the undeu-
terated compound (16a) one observes a number of
signals with different chemical shifts, induced by the
deuterium substitution in the various positions. Some
of these additional signals in the aliphatic region show
triplet patterns with 1Jc_p values of ca. 19—20 Hz, while
the olefinic carbon atoms retain their singlet nature.
Hence it follows that the olefinic carbon atoms are not
deuterated, as anticipated from the proposed mecha-
nism. The possible isotopomers of 16a with deuterium
substitution at the three methylene carbon atoms, but
only in endo-positions relative to the SiEt; group, are
listed in Scheme 3, although not all of them are
distinguishable in the NMR spectrum.

The minor isomer 16b cannot be directly formed by
either 1,4- or 1,2-addition of H—SiEt; to 1,3-cyclohexa-
diene. The position of the silyl group at an olefinic
carbon atom requires a C=C double-bond migration
subsequent to the initial hydrosilylation, presumably via
Cr(CO)s(n3-1-(triethylsilyl)cyclohexenyl)(H) intermedi-
ate of type VIII (Scheme 4). However, as an obvious
prerequisite for this process to occur, the metal has to
move from one face of the six-membered ring to the
other, since initially the g-hydrogen at the silyl-
substituted carbon is in exo-position and cannot be
abstracted by the metal. In accord with the proposed
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Table 2. Photocatalytic Reaction of 1,3-Cyclohexadiene (6, 15 mmol) with Triethylsilane-d; (75 mmol) in
the Presence of Cr(CO)s (1.5 mmol): Conversion of 1,3-Cyclohexadiene (6),2 Yields of 16a# and 16b#,° and
Abundance of the Isotopomers®

conversion triethylsilane 16a# 16b#
(%) do (%) di(%) yield (%) do(%) di(%) d2(%) d3(%) vyield(%) do(%) di(%) d2(%) d3(%)
0 0 100 0 0
7.3 7 93 3.0 0 12 25 63 0.8 0 9 23 68
14.9 7 93 9.6 0 12 25 63 2.8 0 10 24 66
23.6 9 91 16.9 0 12 25 63 5.2 0 10 25 65
354 11 89 26.4 0 12 27 61 8.6 0 10 26 64
59.0 16 84 40.1 1 12 28 59 14.8 0 12 27 61
78.9 23 77 54.0 1 12 29 58 23.3 1 12 29 58
91.3 26 74 57.0 1 12 31 56 24.9 2 12 30 56
97.9 29 71 67.4 1 12 31 56 28.1 2 13 31 54

a60 mmol of triethylsilane-do/d; remains unreacted. ® Based on the initial amount of 1,3-cyclohexadiene. ¢ 1,3-Cyclohexadiene (free

substrate) remains essentially undeuterated up to 35% conversion but incorporates deuterium toward the completion of the reaction
(80% do), at which stage the products contain trace amounts of d4 isotopomers (not listed in this table).

Scheme 4

(v

plain 1,3-hydrogen shift, the deuterium content of the
product is found to be unaffected by this process, i.e.,
the D-labeling pattern of 16b# follows essentially that
of 16a# (Table 1). Noticeably, the 16a#/16b# product
ratio changes slightly in favor of 16b# as the reaction
proceeds to completion. This is in accord with the notion
of the 1,3-hydrogen shift as a secondary process and has
also been observed for the 16a/16b product ratio in the
hydrosilylation of 1,3-cyclohexadiene (6) with H—SiEts.

With a large excess of D—SiEt; over 1,3-cyclohexadi-
ene (ratio 5:1, Table 2) the silane naturally shows much
less D/H exchange compared to the above run with a
1:1 substrate ratio, while the abundances of the isoto-
pomers in both 16a# and 16b# are changed significantly
in favor of the highly deuterated ones. It is worth noting
that the portion of the minor product 16b# becomes
significantly larger, varying from initially ca. 0.2 to
ultimately ca. 0.3. Furthermore, some incorporation of
deuterium in the free 1,3-cyclohexadiene is found in this
experiment, particularly at higher conversion, though
not less than 80% remains undeuterated throughout. It

seems likely that the large excess of the silane present
in the solution favors the displacement of the #*-1,3-
cyclohexadiene from the metal.

A substantial H/D exchange between the diene and
the silane is also observed in the photocatalytic reaction
of trans-1,3-pentadiene (2) with D—SiEt; which yields
the D-labeled products 12a# and 12b#, eq 9. The

“\_7 + D-SEt,

2

hv / rt.| Cr(CO)

12a# 12b# )
SiEt,
TN\ 122, /_>*S|Et3
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- ;
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(1) /_5— > 12b-d,
_{_/_ DD
SFEt,
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D D, D,
. D
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U s 1200, /jSEt3
— 12b-d,

product ratio is similar to that of 12a,b obtained with
H—-SiEts, eq 2, 12a# being the major product. Both IR
spectroscopy and MS analysis of samples drawn during
the course of the catalysis reveal the intermediate
release of H—SiEt;s, thus indicating that also in this case
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the binding of the silane to the metal and the hydride
transfer to the diene are reversible processes.

The isolated product 12a# is a do/d1/d2/d3 mixture of
isotopomers (29/51/16/4%) as determined by MS analy-
sis. The D-label is distributed over two positions, C-1
and C-4, which in the 13C{1H}-NMR spectrum each give
rise to a triplet (!J = 18 and 19 Hz, respectively) and a
singlet, indicative of CHD and CH, groups in either
position. Deuteration at C-4 would be expected from
the 1,4-addition of D-SiEts, and this isotopomer [12a-
di(4)] is in fact predominant, as can be seen from the
integrated signals in the 'H-NMR spectrum. The
formation of the other positional isotopomer [12a-d;(1)]
can be rationalized in terms of the initial deuteride
transfer to C-1 of the diene (—VI-b), followed by 1,4-
hydrogen shift (—V-c — VI-c) and attachment of SiEts
to C-1, as illustrated in Scheme 5.

As a side reaction, V-c may undergo an H—SiEts/D—
SiEt; exchange to form V-d which then, by analogy with
the conversion V-a — 12a-d;(4), yields the doubly
deuterated product 12a-d,. The silane H—SiEt; re-
leased in this process is now available for a D—SiEts/
H—SiEt; exchange of VV-a to generate the nondeuterated
intermediate of type V which ultimately gives rise to
the formation of 12a-do. The failure of VI-b to undergo
SiEts transfer to C-4 with formation of a cis-4-(trieth-
ylsilyl)-2-pentene product may be due to steric hin-
drance by the adjacent methyl group.

The 13C{*H}-NMR spectrum of 12b# reveals that the
incorporated D-label is localized exclusively at C-5, the
methyl group next to the SiEt; substituent. The group
of signals associated with C-5 consists of a singlet, a
triplet (!Jcp = 19.3 Hz), and a quintet (*Jcp = 19.3 Hz)
corresponding to the presence of CH3, CH;D, and CHD,
in this position. This finding is consistent with the MS
analysis which shows that the isolated 12b# sample is
composed of 12b-dp (19%), 12b-d; (44%), 12b-d; (23%),
and 12b-d; (14%), although the septet expected for C-5
in the latter isotopomer is barely visible in the 133C{1H}-

Abdelgader et al.

NMR spectrum of 12b#. However, the presence of all
four isotopomers is evident from the appearence of four
singlets associated with the adjacent, silylated carbon
atom C-4. These singlets are separated by ca. 0.09 ppm,
due to the cumulative isotope effect of the increasing
number of deuterium atoms at C-5 on going from 12b-
do through 12b-d;. The position of the D-labels at C-5
in the deuterated components of 12b# indicates that this
minor product results from a 1,2-hydrosilylation of
trans-1,3-pentadiene. Thus, the formation of the mono-
deuterated product 12b-d; logically involves the initial
deuteride transfer to C-1 of the diene (V-a — VI-b),
followed by the attachment of the SiEt; moiety to C-2
(Scheme 5). The analogous sequence of steps starting
with V-d, generated via V-c by H-SiEt3/D—SiEts
exchange, yields the bisdeuterated product 12b-d,, etc.

It is interesting to note that the observed regioselec-
tivity in the 1,4-hydrosilylation of the unsymmetrical
dienes correlates reasonably well with the coefficients
in the LUMO of the dienes. Methyl substitution at C-1
or C-2 in the 1,3-butadiene chain makes the coefficient
at C-4 larger than that at C-1.27 Given that the
mechanism involves the hydride transfer in the first
step (Scheme 1), this nucleophile is expected to attack
preferentially C-4. This in turn would direct the silyl
group to C-1, in accordance with cis-1-(triethylsilyl)-2-
pentene (12a) and cis-1-(triethylsilyl)-2-methyl-2-butene
(14a) being the major products obtained from trans-1,3-
pentadiene (2) and 2-methyl-1,3-butadiene (4), respec-
tively. Carrying two methyl groups at the respective
positions, trans-2-methyl-1,3-pentadiene (5) shows the
cumulative effect of the two substituents in a sense that
cis-1-(triethylsilyl)-2-methyl-2-pentene (15) is the sole
product. We are aware that this is an oversimplified
picture as it considers the free diene, not the coordinated
one, and does not account for any steric effect which
might be likewise relevant. Moreover, we must not fail
to note that the ultimate product does not necessarily
reflect the direction of the initial hydride transfer, as
can be realized from the detailed investigation into the
hydrosilylation of trans-1,3-pentadiene. From the 12a/
12b product ratio obtained in the reaction with H—Si-
Ets, eq 2, one might conclude that the initial hydride
transfer to C-4 predominates by a factor in the order of
25. However, the reaction with D—SiEts, eq 9, reveals
the occurrence of a 1,4-hydrogen shift subsequent to the
initial deuteride transfer to C-1 (see Scheme 5). This
process remains unobserved in the hydrosilylation with
H—SiEt; and thus feigns an almost exclusive hydride
attack at C-4. Nevertheless, the initial deuteride
transfer to C-4 is favored by a factor of ca. 1.5, as can
be estimated from the NMR spectra of the D-labeled
product 12a#.

It is noteworthy that the hydrosilylation of 1,4-
cyclohexadiene (7) with H=SiEts, eq 10, gives the same
products as 1,3-cyclohexadiene, 16a,b, though with a
slightly different ratio in favor of the main product 16a
and with incomplete conversion of the starting materi-
als. Apparently, the overall reaction involves the

(27) The extended Huckel program in the program package “Hy-
perChem Version 3.0” (Autodesk Inc., 1992) was used to calculate the
MO coefficients in the LUMO of the conjugated diene =z systems. 1,3-
Butadiene (1): C-1 (—0.651 37), C-2 (0.458 04), C-3 (0.458 04), C-4
(—0.651 37). 1,3-Pentadiene (2): C-1 (—0.644 47), C-2 (0.478 71), C-3
(0.412 30), C-4 (—0.663 91). 2-Methyl-1,3-butadiene (4): C-1(—0.622 25),
C-2 (0.449 77), C-3 (0.448 90), C-4 (—0.665 82). 2-Methyl-1,3-penta-
diene (5): C-1(—0.614 31), C-2 (0.469 31), C-3 (0.434 32), C-4 (—0.679 21).
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Q-SIEt3 16a
. hv / rt
<:> + H-SiEt; o (10)
Q—SiEt3 16b
7

isomerization of 1,4-cyclohexadiene to 1,3-cyclohexadi-
ene prior to the hydrosilylation on the transition metal
center. However, neither could the free 1,3-cyclohexa-
diene be detected by GC nor was Cr(CO)4(5*-1,3-cyclo-
hexadiene) observed by means of IR spectroscopy at any
stage of the conversion. The IR spectra recorded during
the catalytic run show nothing but a CO stretching
vibrational pattern [2073 (vw), 1952 (vs), 1944 (m) cm™1]
indicative of a Cr(CO)s unit which most probably carries
the n?-coordinated 1,4-cyclohexadiene. Hence it seems
that the isomerized diene does not accumulate but
immediately undergoes hydrosilylation.

Although the mechanism of this process is not yet
elucidated in detail, the Cr(CO); moiety is likely to act
as the repeating unit in the catalytic cycle, as proved
by performing the hydrosilylation of 7 in the dark using
Cr(CO)s(*-norbornadiene)(r2-ethene) as the precursor

of the active catalyst, eq 11.
@—SIEt3 16a
@ + H-SEts L 1)
a ? .cO Suzt3 16b
7 |/(|Jr

Conclusion

The results of this investigation confirm that the
hydrosilylation of conjugated dienes occurs predomi-
nantly, if not exclusively, as a 1,4-addition. Moreover,
there is conclusive evidence that this process proceeds
in a stepwise fashion, involving a hydride transfer prior
to the silation. In accordance with this mechanistic
picture, the hydride transfer occurs preferentially at
that terminal carbon atom which makes the largest
contribution to the LUMO of the diene. Experiments
with D-labeled silane revealed that the hydride transfer,
but not the silation, is reversible.

Various other dienes (trans,trans-2,4-hexadiene, trans,-
trans-1,4-diphenyl-1,3-butadiene, 2,3-methoxy-1,3-buta-
diene, 1-carbethoxy-1,3-butadiene, 1,4-(dicarbethoxy)-
1,3-butadiene, 1,3-cycloheptadiene, 1,3-cyclooctadiene,
and 1,5-cyclooctadiene) proved unreactive in the at-
tempted photocatalytic hydrosilylation, although most
of them upon irradiation in the presence of Cr(CO)s form
the respective Cr(CO)4(;7*-diene) complex. The photo-
chemistry of the latter compounds is currently under
investigation in order to find an explanation of their
failure in the photocatalysis. Apart from this, explor-
atory investigations with carbonyl—molybdenum and
—tungsten catalysts are underway. Compared to chro-
mium, both metals apparently are less reactive with
respect to the photocatalytic hydrosilylation of dienes,
although some promising results are achieved with Mo-
(CO)s by varying the reaction conditions.

Experimental Section

All reactions and manipulations involving the metal carbo-
nyl catalysts were carried out either in vacuum or under dry
inert atmosphere (N, or Ar). Photochemical reactions were
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carried out in an immersion-well apparatus?® (solidex glass, 4
> 280 nm) by using a Hanau TQ 150 or a Philips HPK 125-W
high-pressure mercury lamp, which was cooled by circulating
water or precooled methanol.

Solvents were distilled after refluxing over metallic sodium
or phosphorus pentoxide under nitrogen for several days.
Triethylsilane, triphenylsilane (Merck), hexacarbonylchro-
mium(0), hexacarbonylmolybdenum(0), and hexacarbonyltung-
sten(0) (Aldrich) were commercially available and used without
further purification. Triethylsilane-d; (D—SiEts) was prepared
from Et;Si—Cl and LiAID, in diethyl ether (by analogy to the
reported® reduction of chlorosilanes with LiAIH,) and purified
by distillation (boiling point 69 °C at 200 Torr; H—SiEt;
content less than 3%, as determined by MS). The dienes
(except 1,3-butadiene)® were commercially available (Fluka)
and distilled before used. Tetracarbonyl(r*-1,3-butadiene)-
chromium(0)*® and tricarbonyl(;*-norbornadiene)(i?-ethene)-
chromium(0)?®> were prepared according to the literature
procedures.

NMR spectra were recorded on a Bruker AC-80 spectrom-
eter (80.131 MHz for *H, 20.149 MHz for $3C), and a Bruker
AM 400 spectrometer (400.1 MHz for 'H, 100.6 MHz for 13C)
using TMS as internal reference. Assignments of the NMR
signals are based on the C—H-correlated 2D NMR spectra and
appropriate decoupling experiments. Perkin-Elmer 1600 FTIR
and 1430 IR spectrophotometers were used to follow the
changes in the vsi—n, vsi-p, and vco spectral regions in monitor-
ing the reactions. Routine gas chromatographic analyses were
performed on a Perkin-Elmer F33 chromatograph using a
flame ionization detector and a 6 ft OV-1 column or on a Varian
3700 instrument. GC—MS spectra were obtained by using a
Perkin-Elmer R22 GC apparatus (OV-1, 30 in. column, 60—
280 °C, H; carrier gas) combined with a Finnigan MAT CH
7A mass spectrometer (EIl); no attempts were made to separate
D-labeled isotopomers. A Gerstel AMPG-60 apparatus was
used for preparative GC.

Photocatalytic Reactions of Dienes with Triethylsi-
lane and Related Thermal Reactions. 1,3-Butadiene. Cr-
(CO)s (0.16 g, 0.71 mmol) and triethylsilane (1.4 mL, 9.0 mmol)
were stirred and irradiated in a saturated solution of 1,3-
butadiene (1) in n-hexane (60 mL) at —10 °C for 14 h. The
solution was then filtered, the solvent evaporated, and the
residue distilled (80 °C/15 Torr) to yield 0.67 g (44% yield) of
a colorless liquid, cis-1-(triethylsilyl)-2-butene (11). **C-NMR
(CD.Clp): 6 =3.73 (C-5, t, Jcy = 117.4 Hz), 7.60 (C-6, q, IcH
= 125.6 Hz), 12.80 (C-4, q, Jen = 125.1 Hz), 13.20 (C-1, t, Jcn
= 119.1 Hz), 120.93 (C-3, d, Jcn = 154.8 Hz), 126.41 (C-2, d,
Jen = 153.2 Hz) ppm. *H-NMR (CD,Cl,): ¢ = 0.56 (H-5), 0.96
(H-6), 1.52 (H-1), 1.59 (H-4), 5.32 (H-3), 5.45 (H-2) ppm; 3Js6
= 7.9, 3\]1,2 = 8.5, 3\]2,3 = 10.7, 3J3,4 = 6.6, 4\]1,3 = 1.4, 4\]2,4 =
1.5 Hz.

trans-1,3-Pentadiene (2). Method a. trans-1,3-Penta-
diene (2) (15 mL, 0.15 mol), Cr(CO)s (0.66 g, 3.0 mmol) and
triethylsilane (24 mL, 0.15 mol) were stirred and irradiated
in n-hexane (500 mL) at room temperature for ca. 24 h at
which time the triethylsilane was largely consumed. Evapora-
tion of the solvent followed by bulb-to-bulb distillation of the
residue (room temperature, 1072 Torr) yielded an almost
colorless liquid (15.6 g, 56% yield) of three (triethylsilyl)-
pentene isomers (identified by GC—MS, M* = m/e 184; 3.4%,
0.7%, and 95.5%) as the crude product. Separation by means
of preparative GC (column 6 m, 20 mm diameter, 20% SE-30
on Volasphere A4, 150 °C; carrier gas N, 620 mL min™1)
afforded cis-1-(triethylsilyl)-2-pentene (12a, 9.9 g, 99.9% pu-
rity), trans-4-(triethylsilyl)-2-pentene (12b, 0.1 g, 94.5% pu-

(28) Grevels, F.-W.; Reuvers, J. G. A.; Takats, J. Inorg. Synth. 1986,
24, 176—180.

(29) West, R. J. Am. Chem. Soc. 1954, 76, 6012—6014.

(30) The authors wish to thank Dr. T. Savasci of PETKIM Refinery,
Kocaeli, Turkey, for the supply of 1,3-butadiene.
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rity), and small amount of an intermediate fraction containing
14% of a third isomer in addition to 12% of 12a and 74% of
12b.

5

4 ~SiEts D—SIEt
_ 2 3
N —~

1
12a 12b

12a. BC-NMR (CD2C|2): 0 =3.68 (C-G, t, Jcn = 117.9 HZ),
7.61 (C-7, q, Icn = 125.8 Hz), 13.49 (C-1, t, Jcn = 118.5 Hz),
14.52 (C-5, q, Jcn = 125.7 Hz), 20.77 (C-4, t, Jcn = 125.5 Hz),
125.26 (C-2, d, Jcn = 153.2 Hz), 129.58 ppm (C-3, d, Jcn =
154.0 Hz). 'H-NMR (CD.Cl,): 6 =0.55 (H-6), 0.95 (H-7), 0.96
(H-5), 1.51 (H-1), 2.04 (H-4), 5.23 (H-3), 5.38 (H-2) ppm; Js7
= 80, 3\]1,2 = 86, 3\]2'3 = 10.4, 3\]3'4 = 7.0, 3\]4'5 = 7.5, 4\]1'3 =
1.3, 4‘]2,4 = 1.6 Hz.

12b. 3C-NMR (CD.Cly): ¢ = 2.47 (C-6, t, Jcn = 118.6 Hz),
7.75 (C-7, q, Jcn = 125.6 Hz), 14.42 (C-5, g, Jcn = 126.0 Hz),
18.27 (C-1, q, Jcu = 126.0 Hz), 23.57 (C-4, d, Icn = 118.2 Hz),
120.53 (C-2, d, Jcn = 153.3 Hz), 134.85 ppm (C-3, d, Jcn =
146.2 Hz). *H-NMR (CD.Cl,): 6 = 0.55 (H-6), 0.95 (H-7), 1.06
(H-5), 1.64 (H-1), 1.68 (H-4), 5.24 (H-2), 5.48 (H-3) ppm; 3Js7
= 8.1, 3\]1'2 = 63, 3‘]2'3 = 15.2, 3\]3'4 = 7.9, 3\]4'5 = 7.3, 4‘]1'3 =
15,434 = 1.3 Hz.

Method b. In a small-scale experiment, a solution of trans-
1,3-pentadiene (2) (1.5 mL, 15 mmol), Cr(CO)s (66 mg, 0.3
mmol), triethylsilane (2.4 mL, 15 mmol), and n-octane (1.4085
g, internal standard for GC) in n-hexane (50 mL) was stirred
and irradiated at room temperature for 140 min. Monitoring
the course of the reaction by GC (capillary column 44 m, OV-
1, temp prog 50—250 °C/6 °C min~%; FID; carrier gas Hp, 0.8
bar; samples 0.2 uL) showed the gradual disappearance of 2
(GC factor F = 1.028) and triethylsilane (F = 1.377) with the
concurrent formation of the (triethylsilyl)pentene isomers (F
= 1.334) 12a,b (86% and 3% ultimate yields, respectively).

Method c. trans-1,3-Pentadiene (2) (15 mL, 0.15 mol), Cr-
(CO)s (0.51 g, 2.3 mmol), and triethylsilane-d; (19 mL, 0.12
mol) were stirred and irradiated in n-hexane (200 mL) at room
temperature. Monitoring the course of the reaction by IR
spectroscopy showed the gradual disappearance of the vsi—p
stretching band at 1532 cm™! with the concomitant appearance
of a vsi—n stretching band at 2102 cm™1. After 29 h both the
D—SiEt; and H—SiEt; were largely consumed. Samples drawn
during the course of the catalysis were analyzed by GC—MS,
which confirmed the gradual incorporation of H into the
triethylsilane, whereby the do/d; ratio approaches a value of
ca. 40/60. Moreover, incorporation of D into the free 1,3-
pentadiene was detected (ca. 20% d;), and the two products,
denoted as 12a# and 12b#, were found to be do/di/d./ds
mixtures (ca. 20% do, 55% d1, 20% d, and 5% d3). Evaporation
of the solvent followed by bulb-to-bulb distillation of the
residue (room temperature, 1072 Torr) yielded an almost
colorless liquid (15.4 g, 70% yield) as the crude product.
Separation by means of preparative GC (column 8 m, 20 mm
diameter, 20% SE-30 on Volasphere A4, 130 °C; carrier gas
N2, 600 mL min~1) afforded pure samples of 12a# (7.54 ¢;
>99% purity, by GC; 29% do, 51% di, 16% d,, and 4% ds, by
MS) and 12b# (0.18 g; >95% purity, by GC; 19% do, 44% d;,
23% dp, and 14% ds, by MS). 3C{*H}-NMR spectrum of 12a#
(CD.Cly): 6 = 4.40 (C-6, s); 8.24 (C-7, s); 14.11 (C-1, s), 13.77
(C-1, t, YJcp = 18.3 Hz); 15.16 (C-5, s), 15.05 (C-5, s); 21.47
(C-4, s), 21.13 (C-4 t, LJcp = 19.2 Hz); 125.65 (C-2, s); 130.24
(C-3,s), 130.20 (C-3, s) ppm. BC{*H}-NMR spectrum of 12b#
(CD.Cly): 6 = 2.51 (C-6, s); 7.79 (C-7, s); 14.46 (C-5, s), 14.17
(C-5, t, *Jcp = 19.3 Hz), 13.89 (C-5, q, *Jcp = 19.2 Hz); 18.30
(C-1, s); 23.62 (C-4, s), 23.53 (C-4, s), 23.44 (C-4, s), 23.34 (C-
4, s); 120.57 (C-2, s); 134.89 (C-3, s); the chemical shift data
printed in italics refer to the undeuterated compound and/or
to those carbon atoms in the deuterated compound which are
not affected by the D-label.

2,3-Dimethyl-1,3-butadiene (3). Method a. 2,3-Di-
methyl-1,3-butadiene (3) (17 mL, 0.15 mol), Cr(CO)s (0.66 g,
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3.0 mmol) and triethylsilane (24 mL, 0.15 mol) were stirred
and irradiated in n-hexane (500 mL) at room temperature for
24 h at which time the consumption of triethylsilane was
complete. Evaporation of the solvent followed by bulb-to-bulb
distillation (room temperature, 1072 Torr) of the residue
yielded 16.1 g of a colorless liquid as crude product. GC
analysis showed one main component, which was separated
by distillation using a concentric tube column (reflux ratio 200:
1) to yield 10.9 g (37% yield) of a colorless liquid, 1-(triethyl-
silyl)-2,3-dimethyl-2-butene (13; >99% purity, by GC), bp
54.5—-55.8 °C (1.0 Torr).

Sty
3 2
6 5

13

1BC-NMR (CD.Cly): 6 = 4.70 (C-7, t, Jcy = 117.2 Hz), 7.72
(C-8, g, Ich = 125.4 Hz), 20.90 (C-1, t, Icn = 117.7 Hz), 20.65,
21.29 and 21.40 (three methyl carbons, C-4, C-5, and C-6, q,
Jcn = 125 Hz), 120.84 (C-3, s), 125.68 ppm (C-2, s). H-NMR
(CD.Cl,): 6 = 0.58 (H-7), 0.98 (H-8), 1.58 (H-1), 1.626, 1.634,
and 1.644 ppm (three methyl groups, H-4, H-5, and H-6); 3J7
= 8.1 Hz.

Method b. In a small-scale experiment, a solution of 2,3-
dimethyl-1,3-butadiene (3) (1.7 mL, 15 mmol), Cr(CO)s (66 mg,
0.3 mmol), triethylsilane (2.4 mL, 15 mmol), and n-octane
(1.4276 g, internal standard for GC) in n-hexane (50 mL) was
stirred and irradiated at room temperature for 100 min.
Monitoring the course of the reaction by GC (capillary column
44 m, OV-1, temp prog 50—250 °C/8 °C min~*; FID; carrier
gas Hy, 0.8 bar; samples 0.2 uL) showed the gradual disap-
pearance of 3 (GC factor F = 1.006) and triethylsilane (F =
1.377) with the concurrent formation of 13 (F = 1.390) in
guantitative yield.

2-Methyl-1,3-butadiene (4). Method a. 2-Methyl-1,3-
butadiene (4) (15 mL, 0.15 mol), Cr(CO)s (0.66 g, 3.0 mmol),
and triethylsilane (24 mL, 0.15 mol) were stirred and irradi-
ated in n-hexane (500 mL) at room temperature for 6 h.
Evaporation of the solvent followed by bulb-to-bulb distillation
of the residue (room temperature, 10~2 Torr) yielded 16.0 g of
a colorless liquid as crude product. Distillation using a
concentric tube column (reflux ratio 100:1) afforded 3.1 g (11%
yield) of 1-(triethylsilyl)-3-methyl-2-butene (14b) (bp 41.1-42.0
°C/1.0 Torr; 98% purity, by GC) and 8.6 g (31% yield) of cis-
1-triethyl-2-methyl-2-butene (14a) (bp 44.4—45.8 °C/1.0 Torr;
99% purity, by GC), along with an intermediate fraction (0.8
g, 3% yield) containing 14a,b in 1:2 ratio (by GC).

‘ —siet, ‘N SiEts
5 5
14a 14b

1l4a. BC-NMR (CD.Cly): 6 =4.51 (C-6, t, Jcy = 117.9 Hz),
7.60 (C-7, q, Jcn = 125.6 Hz), 14.15 (C-4, q, Jcn = 124.6 Hz),
17.87 (C-1, t, Jey = 116.5 Hz), 26.47 (C-5, q, Jcn = 124.4 Hz),
116.20 (C-3, d, Jcy = 151.4 Hz), 134.85 ppm (C-2, s). 'H-NMR
(CD.Cl,): 6 = 0.58 (H-6), 0.98 (H-7), 1.52 (H-4), 1.54 (H-1),
1.69 (H-5), 5.07 (H-3) ppm; 3\]6,7 =8.1, 3;]3'4 =6.8, 4\]3,5 =12,
4\]1'5 = 1.4 Hz.

14b. ¥C-NMR (CD.Cl,): 6 = 3.75 (C-6, t, Jcn = 117.4 Hz),
7.60 (C-7, q, Jcn = 125.7 Hz), 13.82 (C-1, t, Jcn = 118.7 Hz),
17.70 (C-4, g, Jcn = 125.7 Hz), 25.92 (C-5, q, Jcn = 125.8 Hz),
120.61 (C-2, d, Jcy = 149.5 Hz), 128.61 ppm (C-3, s). 'H-NMR
(CD.Cl,): 6 = 0.54 (H-6), 0.95 (H-7), 1.43 (H-1), 1.59 (H-4),
1.69 (H-5), 5.16 (H-2) ppm; 3Js7 = 8.0, 3J1, = 8.4 Hz.

Method b. In a small-scale experiment, a solution of
2-methyl-1,3-butadiene (4) (1.5 mL, 15 mmol), Cr(CO)s (66 mg,
0.3 mmol), triethylsilane (2.4 mL, 15 mmol), and n-octane
(1.4169 g, internal standard for GC) in n-hexane (50 mL) was
stirred and irradiated at room temperature for 90 min.
Monitoring the course of the reaction by GC (capillary column
44 m, OV-1, temp prog 50—250 °C/8 °C min~%; FID; carrier
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gas Hy, 0.8 bar; samples 0.2 uL) showed the gradual disap-
pearance of 4 (GC factor F = 0.985) and triethylsilane (F =
1.377) with the concurrent formation of the (triethylsilyl)-
methylbutene isomers (F = 1.34) 14a (76% ultimate yield) and
14b (22% ultimate yield).

trans-2-Methyl-1,3-pentadiene (5). 2-Methyl-1,3-penta-
diene (5) (1.5 mL, 13 mmol), Cr(CO)s (0.16 g, 0.71 mmol), and
triethylsilane (1.9 mL, 12 mmol) were stirred and irradiated
in n-hexane (80 mL) at room temperature for 2 h. Evaporation
of the solvent followed by bulb-to-bulb distillation of the
residue (80 °C/20 Torr) afforded 0.42 g of a colorless liquid (14%
yield) as a crude product. GC—MS analysis showed one main
product for a hydrosilylation adduct (M* = m/e 198), which
was isolated by preparative GC (Shimadzu GC 14A, modified
for micropreparative operation, double column 2 +3 m, 2 mm
diameter, 20% SE-30 on Volasphere A4, 150 °C; carrier gas
N2, 28 mL min™?) yielding cis-1-(triethylsilyl)-2-methyl-2-
pentene (15; 97.7% purity, by GC).

—L‘(szEts
gV=—=2
6

15

5

13C-NMR (CD;Cly): & = 4.39 (C-7, t, Jcn = 117.4 Hz), 7.54
(C-8, q, Jcn = 125.8 Hz), 14.59 (C-5, g, Jcn = 124.6 Hz), 18.09
(C-1, t, Icn = 119.5 Hz), 22.04 (C-4, t, Icn = 124.8 Hz), 26.41
(C-6, g, Jcu = 122.0 Hz), 124.65 (C-3, d, Jcn = 152.0 Hz),
132.74 ppm (C-2, s). *H-NMR (CDCl,): ¢ = 0.56 (H-7), 0.93
(H-5), 0.96 (H-8), 1.51 (H-1), 1.67 (H-6), 1.95 (H-4), 4.95 (H-3)
ppm; 3-]7,8 = 81, 3\]3'4 = 68, 4\]3,5 = 12, 4\]1,5 = 1.4 Hz.

1,3-Cyclohexadiene (6). Method a. 1,3-Cyclohexadiene
(6) (14.3 mL, 0.15 mol), triethylsilane (24 mL, 0.15 mol), and
Cr(CO)s (0.66 g, 3.0 mmol) were stirred and irradiated in
n-hexane (500 mL) for 6 h at room temperature. Evaporation
of the solvent followed by bulb-to-bulb distillation of the
residue (room temperature, 102 Torr) yielded 17.3 g of a
colorless liquid as crude product. Distillation using a concen-
tric tube column (reflux ratio 60:1) afforded 1.0 g (3% yield) of
1-(triethylsilyl)-1-cyclohexene (16b) (bp 50.6 °C/1.0 Torr; 99.5%
purity, by GC) and 9.1 g (31% yield) of 3-(triethylsilyl)-1-
cyclohexene (16a) (bp 55.2—55.5 °C/1.0 Torr, purity 99.5%),
along with an intermediate fraction (2.1 g, 7% yield) containing
16a,b in 2:1 ratio (by GC).

5 4 5 6

5 <;>3—s;Et3 : <}s&5t3

2 3 2
16a 16b

16a. *C-NMR (CD.Cl,): 6 =2.96 (C-7, t, Jcn = 117.3 Hz),
7.97 (C-8, q, Jcn = 125.8 Hz), 23.64 (C-3, d, Jcn = 118.1 Hz),
23.66 (C-5, t, Jcn = 124.9 Hz), 24.64 (C-4, t, Jcn = 126 Hz),
25.76 (C-6, t, Jcn = 123 Hz), 125.49 (C-1, d, Jcn = 155.9 Hz),
128.92 ppm (C-Z, d, Jcn = 154.1 HZ); 13112 =69.4, 1J2'3 = 36.8,
1J:‘;,4 = 312, 1.]4,5 = 325, 1J5,6 = 337, 1\]1,6 = 40.2 Hz
(determined by 1D-INADEQUATE spectrum on a Bruker AMX
300 instrument).’! H-NMR (CD.Cly): 6 = 0.61 (H-7), 1.00
(H-8), 1.61 (H-3), 1.75 (H-5), 1.82 (H-4), 2.07 (H-6), 5.68 (H-1),
5.72 (H-2) ppm; 3378 = 8.1, 3J;, = 10 Hz.

16b. 3C-NMR (CD.Cly): ¢ =2.99 (C-7, t, Jcn = 117.2 Hz),
7.73 (C-8, g, Jon = 125.5 Hz), 23.18 (C-4, t, Jon = 127.5 Hz),
23.64 (C-5, t, Icn = 127.0 Hz), 27.41 (C-6, t, Icn = 123.8 Hz),
27.93 (C-3, t, Jcn = 125.0 Hz), 135.97 (C-1, s), 137.59 ppm (C-
2,d, IJcn = 154.3 Hz). 'H-NMR (CD.Cl;): 6 = 0.60 (H-7), 0.94
(H-8), 1.62 (H-4, H5), 2.03 (H-6), 2.07 (H-3), 6.00 (H-2) ppm;
3\]7,3 = 8.1 Hz.

Method b. In a small-scale experiment, a solution of 1,3-
cyclohexadiene (6) (1.4 mL, 15 mmol), Cr(CO)s (66 mg, 0.3
mmol), triethylsilane (2.4 mL, 15 mmol), and n-octane (0.9278

(31) The authors wish to thank Dipl.-Ing. H. Bandmann (Universitat
Essen-GHS, Institut fur Organische Chemie) for recording the 1D-
INADEQUATE spectra.
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g, internal standard for GC) in n-hexane (50 mL) was stirred
and irradiated at room temperature for 5 h, at which time the
starting materials were largely consumed. Monitoring the
course of the reaction by GC (capillary column 44 m, OV-1,
temp prog 50—250 °C/8 °C min~?%; FID; carrier gas Hp, 0.8 bar;
samples 0.2 uL) showed the gradual disappearance of 6 (GC
factor F = 0.993) and triethylsilane (F = 1.377) with the
concomitant formation of the (triethylsilyl)cyclohexene isomers
(F =1.366) 16a,b (80% and 11% ultimate yields, respectively).

Method c. A solution of 1,3-cyclohexadiene (6) (7.2 mL,
75 mmol), triethylsilane-d; (12 mL, 75 mmol), Cr(CO)s (0.33
g, 1.5 mmol), and n-octane (4.2817 g, internal standard for GC)
in n-hexane (300 mL) was stirred and irradiated at room
temperature for 65 min. Monitoring the course of the reaction
by IR spectroscopy showed the gradual disappearance of the
vsi—p Stretching band at 1532 cm™! with the concomitant
appearance of a vsi—p stretching band at 2102 cm™2. After 65
min triethylsilane-d; was no longer detectable, while GC
(capillary column 44 m, OV-1, temp prog 50—250 °C/8 °C
min~*; FID; carrier gas H,, 0.8 bar; samples 0.2 uL) showed
that ca. 75% of 6 and triethylsilane were consumed with nearly
guantitative product formation. In addition, samples were
analyzed by GC—MS which confirmed the gradual conversion
of D—SiEt; into H—SiEt; and showed that 1,3-cyclohexadiene
remains undeuterated throughout, while the products 3-(tri-
ethylsilyl)-1-cyclohexene and 1-(triethylsilyl)-1-cyclohexene,
denoted as 16a# and 16b#, carry up to three D-labels. The
results of the GC and GC—MS analyses of the samples drawn
during the course of the catalysis are listed in Table 1.
Evaporation of the solvent followed by bulb-to-bulb distillation
of the residue yielded 13.8 g of a colorless liquid as crude
product. Distillation using a concentric tube column (vide
supra) afforded 3.3 g of 16a# (bp 54.4 °C/0.5 Torr; 99.5% purity,
by GC) together with two lower boiling fractions (2.35 and 1.13
g) containing 40% and 3.5% (by GC) of 16b#, respectively, in
addition to 16a#. 3C{'H}-NMR spectrum of 16a# (CD.Cl,):
0 =2.82 (C-7, s); 7.84 (C-8, s); 23.51/23.40 (C-3/C-5, s), 23.28
(C-3/C-5, s), 23.12 (C-5, t, *Jcp = 20 Hz), 23.01 (C-5, t, {Jcp =
20 Hz), 22.89 (C-5, t, *Jcp = 20 Hz); 24.48 (C-4, s), 24.47 (C-4,
s), 24.37 (C-4, s), 24.36 (C-4, s), 24.08 (C-4, t, 1Jcp = 19 Hz),
24.06 (C-4, t, *Jcp = 19 Hz), 23.96 (C-4, t, *Jcp = 19 Hz), 23.95
(C-4, t, *Jcp = 19 Hz); 25.71 (C-6, s), 25.59 (C-6, s), 25.51 (C-6,
s), 25.49 (C-6, s), 25.21 (C-6, t, *1Jcp = 19 Hz), 25.18 (C-6, t,
1JCD =19 HZ), 25.10 (C-6, t, lJCD =19 HZ), 25.08 (C-G, t, lJCD
=19 Hz); 125.28 (C-1, s), 125.35 (C-1, s); 128.86 (C-2, s), 128.93
(C-2, s) ppm; the chemical shift data printed in italics refer to
the undeuterated compound, as cross-checked by adding 16a
to a sample of 16a#.

Method d. A solution of 1,3-cyclohexadiene (6) (1.4 mL,
15 mmol), triethylsilane-d; (12 mL, 75 mmol), Cr(CO)s (0.33
g, 1.5 mmol), and n-octane (1.9997 g, internal standard for GC)
in n-hexane (300 mL) was stirred and irradiated at room
temperature for 60 min. At this time the total amount of 6
and 15 mmol of the triethylsilane were consumed with nearly
guantitative formation of 16a# and 16b# in an ultimate ratio
of ca. 2:1, as monitored by GC (capillary column 44 m, OV-1,
temp prog 50—250 °C/8 °C min~?; FID; carrier gas Hp, 0.8 bar;
samples 0.2 uL). IR monitoring showed the gradual conversion
of the starting D—SiEt; into a ca. 3:1 mixture of D—SiEt; and
H—SiEts. This latter result was confirmed by GC—MS analy-
sis, which also showed that the products 16a# and 16b# carry
up to three D-labels. The results of the GC and GC—MS
analyses of the samples drawn during the course of the
catalysis are listed in Table 2. Evaporation of the solvent
followed by bulb-to-bulb distillation of the residue yielded 2.1
g of a colorless liquid as crude product. Separation by means
of preparative GC (column 6 m, 20 mm diameter, 20% SF-96
on Volasphere A4, 150 °C; carrier gas N, 630 mL min™1)
afforded 16a# (0.60 g; 89.2% purity, by GC) and 16b# (0.41 g;
95% purity, by GC).

Method e. A cold solution (—30 °C) of 1,3-cyclohexadiene
(6) (3.7 mL, 40 mmol), triethylsilane (6.4 mL, 40 mmol), Cr-



Downloaded by CARLI CONSORTIUM on June 30, 2009
Published on January 23, 1996 on http://pubs.acs.org | doi: 10.1021/0m950369a

614 Organometallics, Vol. 15, No. 2, 1996

(CO)s(*-norbornadiene)(?-ethene) (ca. 1.8 mmol, in situ gen-
erated),?® and n-octane (2.0223 g, internal standard for GC)
in n-hexane (200 mL) was warmed to room temperature and
stirred for 100 min, at which time the triethylsilane was no
longer detectable in the IR spectrum. GC and GC—MS
analyses of the samples drawn during the catalytic run showed
the gradual consumption of the starting material with con-
comitant formation of (triethylsilyl)norbornene (identified by
GC—MS, M* = m/e 208; 97 mg, 0.47 mmol), 16a (72% ultimate
yield) and 16b (12% ultimate yield).

1,4-Cyclohexadiene (7). Method a. 1,4-Cyclohexadiene
(7) (14.0 mL, 0.15 mol), triethylsilane (24 mL, 0.15 mol), and
Cr(CO)s (0.66 g, 3.0 mmol) were stirred and irradiated in
n-hexane (500 mL) for 48 h at room temperature, at which
time the consumption of triethylsilane (60%) ceased. Evapora-
tion of the solvent followed by bulb-to-bulb distillation of the
residue (room temperature, 10~2 Torr) yielded 10.2 g of a
colorless liquid as crude product. Distillation using a concen-
tric tube column (reflux ratio 60:1) afforded 0.6 g (2% yield) of
1-(triethylsilyl)-1-cyclohexene (16b; 90% purity, by GC) and
4.9 g (17% yield) of 3-(triethylsilyl)-1-cyclohexene (16a; 99.5%
purity, by GC), along with an intermediate fraction (1.3 g, 4%)
containing 16a,b in 4:1 ratio (by GC).

Method b. In a small-scale experiment, a solution of 1,4-
cyclohexadiene (7) (1.4 mL, 15 mmol), Cr(CO)s (66 mg, 0.3
mmol), triethylsilane (2.4 mL, 15 mmol), and n-octane (1.0051
g, internal standard for GC) in n-hexane (50 mL) was stirred
and irradiated at room temperature for 5 h, at which time the
consumption of triethylsilane (62%) ceased. Monitoring the
course of the reaction by GC (capillary column 44 m, OV-1,
temp prog 50—250 °C/8 °C min~*; FID; carrier gas Hy, 0.8 bar;
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samples 0.2 uL) showed the gradual disappearance of 6 (GC
factor F = 0.985) and triethylsilane (F = 1.377) with the
concomitant formation of the (triethylsilyl)cyclohexene isomers
(F = 1.366) 16a,b (90% and 6% ultimate yields, respectively,
based on the consumed starting materials).

Method c. A cold solution (—30 °C) of 1,4-cyclohexadiene
(7) (3.7 mL, 40 mmol), triethylsilane (6.4 mL, 40 mmol), Cr-
(CO)3(n*-norbornadiene)(y?-ethene) (ca. 1.8 mmol, in situ gen-
erated),?® and n-octane (1.9968 g, internal standard for GC)
in n-hexane (200 mL) was warmed to room temperature and
stirred for 140 min, at which time the triethylsilane was no
longer detectable in the IR spectra. GC of the samples drawn
during the catalytic run showed the gradual consumption of
the starting materials with concomitant formation of (trieth-
ylsilyl)norbornene (identified by GC—MS, M* = m/e 208; 184
mg, 0.88 mmol), 16a (65% ultimate yield), and 16b (20%
ultimate yield).
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