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Selective Hydrogenation of the Cyclohexadienes
Catalyzed by trans-[IrCI{CO)(PhsP):]

The selective hydrogenation of unsatu-
rated hydrocarbons using transition metal
complexes is a rapidly expanding area of
both synthetic and mechanistic interest
(1, 2). The isomeric cyclohexadienes have
proven to be interesting models for the
study of the selective hydrogenation of a
system of two equivalent double bonds.
Various transition metal complexes are ca-
pable of hydrogenating 1,3- and 14-cyclo-
hexadiene (CHD) but the selectivity and
the mechanistic pathway varies consider-
ably with the metal complex which is used.
When complexes of nickel, palladium, and
platinum are used (3), stepwise migration
of unconjugated double bonds forms a con-
jugated diene which is hydrogenated to the
monoene. It has been shown (4, §a,b) that
when an arenechromiumtricarbonyl is used,
cis-1,4-addition of hydrogen to 1,3-CHD is
the predominant pathway. Solutions of
pentacyanocobaltate(II) also have been
shown (6) to selectively hydrogenate 1,3-
CHD to cyclohexene and the mode of hy-
drogen addition is dependent on the cyanide
ion concentration.

The catalytic activity of Vaska’s com-
plex, trans-[IrCI(CO) (Ph;P).] has been the
subject of a series of elegant papers (7),
which have demonstrated the versatility of
this complex in a variety of reactions. Re-
cent work by Strohmeier (8), and coworkers
has extended the study of the iridium (I)
system as a homogeneous hydrogenation
catalyst. Nonetheless, the synthetic utility
of this complex for selective hydrogenation
has been virtually unexplored.

We wish to report that trans-[IrCl1(CO)
(PhsP),] catalyzes the hydrogenation of
the isomeric cyclohexadienes smoothly and
selectively under mild conditions to give

cyclohexene as the predominant product
(Table 1). Little or no isomerization or dis-
proportionation (9) accompanies this re-
action. Deuterium is incorporated predomi-
nantly (75%) into the allylic position of
the product when 1,3-CHD is deuterated,
whereas the deuterium is distributed ran-
domly when 1,4-CHD is reduced. Hydro-
gen-deuterium exchange results in the in-
corporation of deuterium into unreduced
1,3-CHD, however, deuterium is not in-
corporated into unreduced 1,4-CHD to a
significant extent during deuteration.

a0 C
C

cat.= trans — [Ir CI(CO)(PhsP)ZJ

The observation that cyclohexene is se-
lectively produced from either isomer with-
out concurrent isomerization or dispropor-
tionation of the starting material suggested
that competing H-transfer processes might
not be oceurring during hydrogenation. Re-
sults of reactions with deuterium (Table
2) showed that this was not the case. Addi-
tion of D, to 1,3-CHD in a 1,4-manner
would yield only cyclohexene-d, with 100%
of the heavy isotope in the a-methylene
position whereas 1,2-addition would result
in a product having 50% of the label in
the a-methylene position and 50% at the
B-methylene. If no other H-transfer oc-
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TABLE 1
CararyTic HYproGENATION® OF THE CYCLOHEXADIENES UsINGg trans-[IrCl(CO)(Ph,P ).l

Products, %, yield

(IrCl(CO)(PhsP):]  Reaction Conver-

Diene Solvent M/L time, hr sion, 9, Cyclohexene Cyclohexane
1,3-CHD none 1.8 X 1073 3.5 80 100 —
1,3-CHD DMA® 6.42 X 1073 5.0 69 99 1
1,4-CHD none 2.3 X 1073 4.0 74 92 8
1,4-CHD DMA? 6.14 X 1073 50 62 97 2
Cyclohexene DMA? 6.30 X 1073 5.0 8 — 100

s Hydrogenations were carried out at 32 psi H, at 83°C in a Fisher-Porter aerosol tube with vigorous
magnetic stirring. Product mixtures were analyzed by glpc using a 150 ft capillary column coated with

UCON 550-X.

® Hydrogenation of 3.0 ml cyclohexadiene in 7.0 ml dry DMA was carried out as described in footnote a,

above.

curred, the starting material should not
undergo deuterium exchange during reac-
tion. Addition of deuterium to 1,4-CHD in
a 1,2-manner would yield only cyclohexene-
d, with the label exclusively in the g-
methylene position.

Reduction of 1,3-CHD with deuterium
(32 pst, 83°C, 4.9 hr) in the presence of
trans-[IrCl1(CO) (PhsP),] gave deuterated
cyclohexene (100%) as the sole reduction
product (Table 2). The deuterated cyclo-
hexene was isolated in greater than 99.5%
purity by preparative glpc. Mass spec-
trometric analysis of the deuterated eyclo-
hexene showed that although the major
product (90%) was cyclohexene-d,, smaller
amounts of mono-, tri-, and tetradeuterated
cyclohexene were also produced. The rela-
tive intensities of the Hnmr signals of pro-
tons in the vinyl (85.58), «-methylene
(81.97), and B-methylene (51.62) positions
were 2.0, 2.5, and 3.5, respectively. Thus,
approximately 75% of the deuterium on
an average was located at the «-methylene,
25% at the B-methylene, and little, if any,
at the double bond. The mass spectrum
and the nmr spectrum of unreduced
13-CHD (58%) indicated that there was
a small amount of incorporation of deu-
terium into the starting material. Redue-
tion of 1,3-CHD under identical conditions
over a 7.3-hr period produced deuterated
cyclohexene (99%) of which 83% was
cyclohexene-d,. The mass spectrum of un-
reduced 1,3-CHD (22%) indicated that
there was substantial incorporation of deu-

terium into the starting material during the
longer time period. These data demonstrate
that H-D exchange processes were oceurring
during reduction without resulting in
isomerization or disproportionation. Deu-
terium scrambling was even more pro-
nounced when reaction was carried out in
N ,N-dimethylacetamide (DMA).

Our observations concerning the reduc-
tion of 1,3-CHD are accommodated by the
reaction pathway postulated below. Inter-
mediate w-allyl species have recently been

IrH,

me Q= ()=
|
IrH
@ =
=1Ir
i

shown to be important (10) in other hy-
drogen transfer reactions catalyzed by
trans-[IrCl1(CO) (Ph;P).]. Both hydrogena-
tion and H-D exchange data are accounted
for in this scheme, however, direct 1,2~ and
1,4-addition of hydrogen may also occur
to some extent.

During the reduction of 14-CHD by
deuterium in the presence of trans-[IrCl
(CO) (PhyP),], H-D exchange occurs to a
greater extent than with 13-CHD. The
isotopic distribution (Table 2) shows large
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amounts of cyclohexene-d,, d,, ds, and d,
in the product monoene. The relative in-
tensities of signals at 85.88, 81.97, and
81.62 in the deuterated monoene are 2, 4,
and 4, respectively, indieating that the deu-
terium in the product is randomly dis-
tributed. Curiously, however, the mass spec-
trum of unreacted 1,4-CHD (39%) shows
that there is almost no incorporation of
deuterium into the starting material in this
case. This necessitates an essentially irre-
versible step between reactants and inter-
mediate species responsible for exchange.
The extensive deuterium scrambling in this
case might arise via complexes having ex-

II'HZ

tended conjugation such as V. Hydrogena-
tion of 14-CHD probably proceeds in a

IrH,

v

stepwise fashion similar to the pathway
proposed by James and Memon (11). Con-
version of the =-complex, III, to the o-
complex, IV, is represented as an irrever-
sible step since the rate of abstraction of an
allylic hydrogen from IV to give the
1,3-CHD complex, I, should be faster than
abstraction of the non-allylic hydrogen
leading back to ITI. Since this would result
in competing isomerization to 1,3-CHD, it
would appear that the rate of collapse of
IV to cyclohexene is rapid compared with
return to coordinated diene, I or III.

The absence of isomerization of either
diene during hydrogenation using trans-
[IrCI(CO) (Ph;P),] is particularly inter-
esting since: (a) hydrogen transfer is
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occurring rapidly, (b) the ratio of
1,3-/1,4-CHD is 2/1 at equilibrium (12),
and (c) the relative rates of hydrogenation
of the two dienes are comparable.

The rapid rate of hydrogenation of the
cyclohexadienes relative to cyclohexene in
the presence of trans-[IrCl(CO) (PhyP),]
is responsible for the selectivity of this re-
action to yield monoene. This result stands
in interesting contrast to results obtained
using RhCI(Ph,P); as the catalyst, in
which case the reduction of cyclohexene is
6 times faster than reduction of 1,3-CHD
(13).

Finally, the absence of disproportionation
(9) under hydrogenation conditions can be
attributed to the suppression of the dehy-
drogenation step which is required for dis-
proportionation in the presence of trans-
[IrC1(CO) (PhsP).] (12).

In summary, Vaska’s complex is an effi-
clent catalyst for the selective hydrogena-
tion of a conjugated and an unconjugated
diene to the monoene. Although reaction is
highly selective, deuteration studies revealed
the existence of concurrent hydrogen ex-
change processes. It is expected that the
selectivity observed in the hydrogenation
of 1,3-CHD and 14-CHD will find syn-
thetic utility in the partial reduction of
other diene systems.
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