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The hydrogenation of methyl crotonate with CO and H,O is efficiently catalyzed by RhH,(O,COH)[P(i-Pr),],

or [RhCl(C,Hg)],/P(i-Pr)s/n-BuLi (G,Hg=norbornadiene).

active species; trans-Rh(OH)(CO)[P(i-Pr),],.

Both catalyst precursors are shown to form the same

The catalytic activity of the system ([RhCl(C,H,)]./phosphine/n-

BuLi) increases with increase of the basicity of the phosphine ligands (phosphine="P(i-Pr),>P(n-Bu),>PPh-

(i-Pr)y>>PPh, (i-Pr) >PPhy).

This reaction is also applicable to the hydrogenation of the C=C bond of electron-
withdrawing olefins and the C=O bond of ketones and aldehydes.

Interestingly, the catalysis for the C=C bond,

to which less electron-withdrawing groups are attached, gives dominantly aldehydes due to hydroformylation.

The mechanism is also discussed.

The water-gas shift reaction (Eq. 1) attracts our
attention from a viewpoint of the use of coal as a hy-

CO -+ H,0 —» CO, + H, (1

drogen source. Recently, many studies have been
reported on the shift reaction using homogeneous
catalysts,)~9 which are active even at such a low
temperature as the boiling point of water. The catalysis
generates such a reactive reducing species that hydroge-
nation® and hydroformylation%? of olefins, reduction
of nitrobenzenes,®? and a-methylation of ketones!®) and
N-methylation of amines!) with formaldehyde have
been carried out in homogeneous phase without using
molecular hydrogen.

To date, metal carbonyls combined with basel:5,6:8-11)
or acid? have habitually been used for the shift reaction
as well as the organic reactions, while these catalyst
systems are perturbed by side reactions such as aldol
condensation, hydrolysis, isomerization of double bond,
etc. One of our authors has reported that homogeneous
rhodium phosphine complexes possess high catalytic
activities for the shift reaction in an essentially neutral
solution.¥ Though few reports have appeared on the
catalysis of phosphine complexes for Eq. 1, phosphine
complexes are, in general, more active than metal
carbonyls in the homogeneous catalytic hydrogenations
and hydroformylation reactions.

Aiming at application of the water-gas shift reaction
to the organic reactions, we employed the homogeneous
rhodium phosphine complexes as the catalyst. The

TaBLE 1. HYDROGENATION OF METHYLCROTONATE WITH
CO AND H,O CATALYZED BY TRIPHENYLPHOSPHINE
COMPLEXES OF GRouP VIII®

Yield/%, of methyl

Catalyst precursor

butyrate®
RLH(CO)(PPhy), 90
RhCI(PPh,), 66
RuH, (PPh,), 53
CoH(N,) (PPh,), 28
Pd(PPh,), 23

a) Conditions ; catalyst precursor=0.2 mmol, methyl -
crotonate=20 mmol, H,O=100 mmol, Pgy=50 atm,
150 °C, 20 h. b) Based on methyl crotonate added.

present paper deals with the hydrogenation and the
hydroformylation of olefins using carbon monoxide and
water in place of molecular hydrogen.

Results and Discussion

Catalytic Activity of Group VIII Metal Complexes.
Because it is easily hydrogenated and hydroformylated,
methyl crotonate was used as a typical substrate to
survey the catalytic activities of different Group VIII
metal complexes of triphenylphosphine. The results
are shown in Table 1. The catalytic activity increased
in the order; Rh>Ru>Co>Pd. Among them the
halide-free rhodium complex, RhH(CO)(PPh,), (1),
was found to be most active. Methyl butyrate was

TaBLE 2. EFFECT OF PHOSPHINE LIGANDS IN THE CATALYST SYSTEM OF [RhCl(C,Hj,)],/Phosphine/n-BuLi®

CH;CH=CHCOOCH,

Phosphine CH,CH,CH,- CH,CH(CHO)- CH,CH,CH(CHO)- CO,» A B
COOCH,» CH,COOCH,? COOCH,» A+B+C  B+C
A B c .
PPh, 15 ~0 ~0 8 1 —
PPh, (i-Pr) 46 0.9 0.1 47 0.98 0.9
PPh(i-Pr), 55 2.6 0.5 59 0.95 0.8
P(n-Bu), 60 0 ~0 63 1 —
P(i-Pr), 72 4.8 4.3 82 0.87 0.5

a) Conditions; catalyst ([RhCI(C,H;)],=0.05 mmol, phosphine=0.2 mmol, n-BuLi=0.25 mmol), methyl crotonate=20

mmol, H,O=>50 mmol, Pgo=15 atm, THF=6.5 ml, 115 °C, 20 h.

b): The yields/%, are based on methyl crotonate used.



3800

Tamon OkaNo, Teruyuki KoBavasui, Hisatoshi Konisui, and JitSuo Kt

[Vol. 54, No. 12

TABLE 3. ACTIVITIES OF VARIOUS CATALYST PRECURSORS AND EFFECT OF CO PRESSURE
IN THE HYDROGENATION OF METHYL CROTONATE witH CO anp H,O%

Products (%)®

Catalyst CO i _ B B
precursor” @) o “0G08H,” GH,G00GH, (CHO)GOO0GH, ATBTC BT
A B G

[RhC1(C,Hy)],/L/n-BuLi 15 82 72 4.8 4.3 0.88 0.53
RhH,(0O,COH)L, 15 102 91 4.2 3.9 0.91 0.52
[Rh(CO)L,],(CO,)® 15 86 7.3 6.6 0.86 0.53
RhH;(0,COH)L," 7.5 40 49 . 4.5 3.0 0.87 0.40
RhH,(O,COH)L," 15 65 58 8.5 3.0 0.83 0.74
RhH,(0,COH)L,P 30 83 53 29 1.5 0.63 0.95
RhH,(0,COH)L,” 60 30 25 14 0.5 0.63 0.97

a) Conditions; catalyst precursor=0.1 mmol, methyl crotonate=20 mmol, H,;O=50 mmol, THF=6.5ml, 115 °C, 20 h.

b) L=P(i-Pr),.

formed in a 909, vield. Thus, the halide-free rhodium
complexes were used hereafter in the present study to
widen the scope of the application of the water-gas
shift reaction to the organic reactions.

Little is known about the synthetic method for the
hydrido rhodium(I) complexes of various phosphines,
which are expected as the effective catalyst precursor.
Therefore, the effects of the phosphine ligands were
examined using a catalyst precursor prepared in sifu
by the reaction of [RhCI(C,Hg)], with n-BuLi in the
presence of phosphine, which affords the hydrido
complex (vide infra). The results are summarized in
Table 2. By successive replacement of the phenyl
groups on the phosphorus of triphenylphosphine by
alkyl groups, the catalytic activity for the hydrogenation
increased in the order; P(i-Pr),>PPh(i-Pr),>PPh,(i-
Pr)>PPh;. The replacement by the isopropyl group
makes the phosphine more electron-donating and
bulky.!® The activity of the system using P(n-Bu),,
which is less bulky than any other ligands examined,
was close to that using PPh(i-Pr),. In general, ligand
effects may be separated into electronic and steric
factors. According to Tolman,!® the infrared CO
stretching frequencies of Ni(CO);L. (L=P(n-Bu); and
PPh(i-Pr),), which reflect the electronic donor-acceptor
property of L, are 2060.3 and 2062.4 cm™, respectively.
Both are estimated to be similar in electronic nature.
Consequently, the above results suggest that the elec-
tronic factor of the auxiliary ligand is more dominant
than the steric factor over the greater part of the catalytic
activity for the hydrogenation.

In some cases, small amounts of aldehydes were
formed by hydroformylation. Their yields increased
in the order similar to that of the hydrogenation product,
but no appreciable amounts of aldehydes were formed
in the case of P(n-Bu);. A plausible interpretation of the
fact is described later. From these results, P(i-Pr); was
one of the most effective auxiliary ligands.

Catalyst Precursor. ~ When a THF solution con-
taining [RhCI(C,Hg)],, P(i-Pr);, and n-Buli was
treated with H,0O and CO, (latm), a dihydrido
hydrogencarbonato complex, RhH,(O,COH)[P(i-Pr),],
(2), was obtained. This complex is known to be formed
also via the oxidative addition of H,O and CO, to
RhH[P(i-Pr),], or trans-RhH(N,)[P(i-Pr);],.1* It has

c) Initial pressure. d) Based on methyl crotonate used. e) Catalyst precursor=0.05 mmol.

- except for methyl crotonate.

f) At 95 °C.

also been reported that trans-RhH(N,)[PPh(#Bu),], is
isolated from the reaction mixture of [RhCI(CH,=
CH,),], with 2-BuLi in the presence of the phosphine
under an atmosphere of nitrogen.'® These facts indicate
that the reaction of [RhC1(C,H,)], with n-BuLi in the
presence of phosphine presents a general method to
provide the halide-free hydrido phosphine complexes.
The dihydrido hydrogencarbonato complex (2) is
known to react readily with CO to give a carbonyl
carbonato complex, {Rh(CO)[P(i-Pr)s],}2(CO;) (3).19
Since large amounts of CO, H,0O, and CO, are present
in the catalytic system, the three catalyst precursors,
[RhCI(C,Hy)],/P(:-Pr),/n-BuLi, 2, and 3, shown in
Table 3 must form the same active species. The reaction
mixture catalyzed by 2 was treated with NaBPh, in the

[RhCI(C,Hg)], + P(i-Pr); + n-BuLi ——

H,0, CO,

—_

[rhodium(I) hydride]
RhH,(O,COH)[P(i-Pr),],
2

presence of pyridine to give a cationic complex, {trans-
Rh(CO)(pyridine)[P(i-Pr),],} BPh, (5), which is known
to be formed by a similar treatment of 3.4 This fact
suggests that the hydroxo complex, trans-Rh(OH)(CO)-
[P(i-Pr),]l, (4), plays an important role in the catalysis,
because 4in pyridine is known to be in equilibrium with
a solvated ion pair complex which produces 5 by an
anion exchange with BPh,~.%

Co, H,0

RhH,(0,COH)L, S trans-Rh(OH)(CO)L,
(catalytic reaction)
2 4
H0_ 7
co l NaBPh,
(hydrolysis) in pyridine
[Rh(CO)L,],(CO,) )
3 [trans-Rh(CO) (pyridine)L,]BPh,
L=P(i-Pr), 5
Scheme 1.

Hydrogenation and Hydroformylation of Various Olefins.
The reactions of electron-withdrawing and -donating
olefins are summarized in Table 4. The hydrogenation
of the electron-withdrawing olefins occurred exclusively,
-On the contrary, the
hydroformylation of styrene occurred in preference to



December, 1981]

Application of the Water-gas Shift Reaction

3801

TaBLE 4. HYDROGENATION AND HYDROFORMYLATION wiTH CO
AND H,O CATALYZED BY RhH,(O,COH)[P(i-Pr),],»

Substrate Product Yield/%
CH,=CHCN CH,CH,CN ~100
CH,-CHCONH, CH,CH,CONH, 86
CH,CH-CHCOOCH, CH,CH,CH,COOCH, 91

‘CH,CH(CHQ)CH,COOCH, 4
CH,CH,CH(CHO)COOCH;, 4
PhCH=CHCOOCH, PhCH,CH,COOCH;, 93
(CH,),C=CHCOCH, . (CH,),CHCH,COCH, 92
(CH,),CHCH,CH(OH)CH, 2
PhCH-CHCHO PhCH,CH,CHO 99
Cyclohexanone® Cyclohexanol. : 95
PhCOCH,® PhCH(OH)CH, 68
PhCHO® PhCH,OH 92
PhNO,? PhNH, 95
PhCN® PhCH,NH, ' 2
PhCH=CH, PhCH,CH,CHO 57
PhCH(CHO)CHj, 23
PhCH,CH, 16
$-CH;0OCH,CH=CH, p-CH,OC;H,CH,CH,CHO 44
p-CH,0C;H,CH(CHO)CH, 30
p-CH,O0CH,CH,CH, 18
Ph(CH,)C=CH, PhCH(CH,;)CH,CHO 80
PhC(CH,),CHO 5
CH,(CH,),CH=CH, CH,(CH,),CH,CH,CHO 42
CH,(CH,);CH(CHO)CH, 35
¢yclo-CgH,, ¢yclo-CgH,;CHO 54

a) Conditions; RhH,(O,COH)[P(i-Pr);],—0.1 mmol, substrate=20 mmol, H,0=>50 mmol, Peo=15 atm, THF=6.5 ml,

115°C, 20 h. b) Based on the substrate used.

hydrogenation. «-Methylstyrene and alkenes gave only
the corresponding aldehydes. - It is well known that
hydrogenation incidental to the hydroformylation with
CO and H,; becomes dominant in the reaction of
electron-withdrawing olefins such as o,f-unsaturated
aldehydes and ketones,'® or under conditions of higher
H,/CO ratio.!» The hydrogen pressure during the
reaction of electron-withdrawing olefins is, however,
estimated to be very low, because the amount of molecu-
lar hydrogen is, at the highest, equal to that of CO,
produced by the water-gas shift reaction. For example,
the yield of CO, shown in Table 3 is almost equal to the
total yield of organic products. Actually, in the course
of the reaction of methyl crotonate (at a 719,
conversion), the partial pressure of hydrogen observed
was ca. 0.09 atm, meaning the H,/CO ratio to be 0.01.
These facts suggest that the hydrogenation of electron-
withdrawing olefins occurred at least to a great extent
with CO and H,O as the reducing agent, without
intermediate generation of molecular hydrogen. The
fitting mechanism is discussed below.

Hydrogenation of carbonyl groups was somewhat
difficult. Ketones and aldehydes were reduced only
.above 150°C. Namely, o,f-unsaturated carbonyl
compounds afforded selectively the corresponding
saturated ketones and aldehydes at 115 °C, and at
150 °C  the corresponding alcohols were obtained.
Nitrobenzene could also be reduced to aniline quantita-
tively at 165°C, but the phenyl ring remained
unchanged.

rather than H, as the reducing agent.

c) At 150 °C. d) At 165 °C.

Effects of CO and H, Pressure. The rate and the
product distribution of this reaction strongly depended
upon the pressure of CO (Table 3). The maximum
conversion of methyl crotonate was attained at 30 atm
of the initial CO pressure, and the selectivity to the
hydrogenation was decreased with increasing the CO
pressure up to 30 atm because of the enhanced rate of
the hydroformylation. The insertion of CO into the
alkyl-rhodium bond, which is involved in an inter-
mediate, seems to be favored at a moderate pressure.
Under higher pressure of CO, however, both the
hydrogenation and the hydroformylation were inhibited.
The reduced activities are probably ascribed to the
decrease in coordinative unsaturated species by the
coordination of CO.1®

To inquire how the addition of molecular hydrogen
exerts action on this hydrogenation, methyl crotonate
(40 mmol) was reduced in a THF solution containing
D,0 (100 mmol) under H, (40.6 mmol) and CO
(40.6 mmol). After the reaction, the gas phase in the
autoclave was a mixture of CO, (8.5 mmol), H,, HD,
and D, (total 9.3 mmol), and CO (30.2 mmol). Methyl
butyrate (38 mmol) was formed. The sum of the
amounts of CO, formed and H, consumed is in good
agreement with the yield of methyl butyrate. The result
is a consequence of the fact that side reactions are
negligible. Therefore, at the highest 219, (CO, formed
(8.5 mmol)/[H, consumed (31.3 mmol)+CO, formed])
of the hydrogenation would occur with CO and D,O
However, the
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TABLE 5. DEUTERIUM CONTENT OF THE PRODUCTS OF
THE HYDROGENATION AND THE HYDROFORMYLATION
wita CO, D,O, anp H,»

Deuterium content

b
Source of methyl butyrate®> (atm-%)*>

———
«-CH B-CH
Methyl crotonate 78 41
_ CO (15 atm)/D,0O/H, (15 atm)
Methyl crotonate 70 15
CO(1 atm)/D,O/H, (15 atm)
Methyl butyrate
CO(15 atm)/D,0/H, (15 atm) <> <3

Source of f-phenylpropanal® -CHO «-CH p-CH

a-Methylstyrene 29 6 19
CO(15 atm)/D,O/H, (15 atm)

a) Conditions ; RhH,(O,COH) [P(i-Pr),],= 0.2 mmol,
D,0=100 mmol, THF=6.5ml, 115°C. b) The values

show deuterium contents out of the hydrogen and
deuterium incorporated. c¢) For 7.5h. d) For 1 h.

TH-NMR analysis of the formed methyl butyrate
showed 599, incorporation of deuterium. Its contents
at the 2- and 3-positions were 78 and 41 atom-9,

€O, D,0, H,
—_

CH,CH=CHCOOCH,
CH3_CH1 _59D0_41—CH1 _22D0_7B_COOCH3

respectively. In a separated experiment, it was confir-
med that theH-D exchange reaction of methyl buty-
rate with D,O does not occur under these conditions.
Another possibility of H-D exchange proceeding through
alkylrhodium intermediates (8a and 8b), i.e., a half
hydrogenated state, viz metal hydride addition and
elimination!® (see Scheme 3, 4=6=7=8) is excluded
for the following reason. If this exchange were sufficient-
ly fast, the deuterium contents at the 2- and 3-positions
would be closely similar, and would not be effected by
the amount of CO (vide infra). Therefore, the facts that
the amount of deuterium incorporated into methyl
butyrate is larger than that of CO, formed and that
the deuterium content at the 2-position is higher than
that at the 3-position rationalize the following assump-
tion; D,O itself participates in the hydrogenation to a
considerable extent without generating D, and CO,,
and the hydrogen (deuterium) added to the 2-carbon
atom comes dominantly from the water even under a
pressure of H, (see Cycle B in Scheme 3). The nature
of this hydrogenation process is discussed below in more
detail.

A similar reaction of methyl crotonate with D,O and
H, under a low pressure of CO (1 atm, 2.7 mmol) also
gave deuterated methyl butyrate (809, yield), of which
deuterium content at the 2- and 3-positions was 70 and
15 atom-9,, respectively. Interestingly, lowering CO
pressure decreased the deuterium content at the 3-
position more markedly than that at the 2-position.
The result indicates that the reaction of methyl crotonate
with CO-D,O-H, includes the hydrogenations with
CO-D,0O (Cycle A) and with D,0~H, (Cycle B), which
give methyl butyrate-2,3-d, and -2-d, respectively.

The addition of molecular hydrogen extremely
accelerated the hydroformylation of «-methylstyrene

Tamon Oxano, Teruyuki Kosavasui, Hisatoshi Konsai, and Jitsuo Kijt
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with CO and D,O, and a conversion of 689, was
reached within 1 h at 115 °C. At the time, the yield of
CO, was 4.5, based on a-methylstyrene converted. 3-
Phenylbutanol, which was formed in a 679, vyield,
contained 22, 6, and 19 atom-9%, of deuterium at the
1, 2, and 3-positions, respectively. From the fact that
the deuterium contents at the 1- and 3-positions are
equal within experimental errors, the incorporated
deuterium seems to come from D, and HD generated
by H-D exchange reactions.2?

Reaction Mechanism. The hydrogenation with
CO and H,O occurs in two stages; (i) formation of a
reducing species by a reaction of the catalyst with CO
and H,O, and (if) hydrogenation of olefin with the
reducing species. The catalysis in the former stage (i)
is explained by the same mechanism as the water-gas
shift reaction catalyzed by 2,9 because both the hy-
drogenation and the shift reaction were ascertained to
contain the hydroxo complex (4) as one of the active
key intermediates. The precise reaction pathway for
the formation of a hydrido complex, trans-RhH(CO)-
[P(i-Pr)sl, (6), and molecular hydrogen, in which 4
plays an important role, has been reported elsewhere.%

The hydrido complex (6) thus formed is a homologue
of the active species of RhH(CO)(PPh,), (1) which is
widely used as catalyst, not only for hydrogenation but
also for hydroformylation. Therefore, complex 6 is most

trans-Rh(OH) (CO)L, <, [Rh(COOH)(CO)L,]

‘ |
—-COo,
I —H, H,0
e trans-RhH(CO)L,
L=P(i-Pr), 6
Scheme 2.

suitable for the key intermediate in the latter stage
(7). The possible routes for the hydrogenation of methyl
crotonate are shown in Scheme 3. In the hydrogenation
and the hydroformylation using CO and H,O, an o-
alkylrhodium intermediate formed by the insertion of
olefin into the rhodium hydrido bond of the 16 valence-
electron complex (6) is most probable. The hydrogena-
tion following Cycles A and B involves the oxidative
addition of H,O followed by the reductive elimination
of methyl butyrate to give 4. The resultant complex
is converted into 6 with CO in a similar manner to the
water-gas shift reaction (Cycle A, Steps 1 and 3).
Cycle C represents the same mechanism as the usual
hydrogenation with molecular hydrogen. The mecha-
nism for this hydrogenation with CO and H,O is well
represented by Cycle A from the following reasons.
Methyl butyrate and CO, are formed in similar yields
in the hydrogenation of methyl crotonate (see Table 3);
the partial pressure of H, is very low during this reaction,
therefore there is no appreciable amount of H, involved
in Steps 2 and 7. Cycle B is not important unless a
large amount of H, is present, but it is appropriate to
illustrate the fact that the amount of deuterium in

.methyl butyrate formed by the hydrogenation with CO,

D,O, and H, is larger than that of CO, formed.
Undoutedly, all the results indicate that Cycle C is not
important.
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Scheme 3. Possible mechanisms for the hydrogenation
of methyl crotonate with CO and H,O.

Between the two possible types of e-alkylrhodium
intermediate, the 2-metalated one is predominant in
the reaction of electron-withdrawing olefins.  This
conclusion is based on the following evidence; (z) the
reaction of methyl crotonate with CO, D,O, and H,
gives mainly methyl butyrate-2-d, and (i) electron-
withdrawing olefins are hydrogenated, whereas electron-
donating olefins are hydroformylated. The above view
is in accord with the previous reports based on the
isomer distribution of the conventional hydroformylation
products catalyzed by 1.2 The stability of the 2-
metalated species is ascribed to the electronic effect
of the substituent on the rhodium-bearing carbon atom,
because the substituent is able to accept the excess
charge on the rhodium induced by the electron-donating
trialkylphosphine ligands. Consequently, using more
electron-donating phosphines as the ligand, the 2-
metalated species is expected to be more dominant.
In fact, this expectation is consistent with the observa-
tion that the formylation at the 2-position prevails in
the reaction of methyl crotonate, using P(i-Pr); as the
auxiliary ligand (Table 2).

The more strongly the phosphine is electron-donating,
the more the catalytic activities are increased for
hydrogenation as well as hydroformylation (Table 2).
The enhancement of both rates is explicable in terms
of the facilitated oxidative addition reactions of H,O
and H, toward the ¢-alkyl and acyl intermediates,
respectively. Similar ligand effects have been known in
various oxidative addition reactions, and are ascribed
to the elevated electron density on the metal caused by
the donating ligands. For example, the oxidative
additions of H,?» and H,0%) toward rhodium(I) and
platinum(0) complexes are accelerated by the coordina-
tion of donating phosphines.

It is not clear why the electron-donating and -with-
drawing olefins give the respective products selectively,
because a number of factors are involved. One plausible
explanation is as follows. The modification of the
catalyst with donating phosphines causes the activity
for the hydroformylation to increase more markedly
than that for the hydrogenation (Table 2). The coordi-
nation of the donating phosphines increases the electronic
density on the rhodium. The equilibrium between
alkyl and acyl complexes under the pressure of CO,
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which has well been established,'® is displaced to the
acyl species by the coordination, because the acyl
ligand is capable of accepting the excess charge from
the rhodium. This displacement tends to facilitate the
hydroformylation. This explanation is supported by
the facts that an acyl complex from oxidative addition to
RhCI(CO)(PPh,), have not yet been successful and that
the addition of acyl bromide to more nucleophilic
RhBr(CO)(PPhEt,), was reported to give stable
RhBr,(CH;CO)(CO) (PPhEt,),.29 Similarly, it is
explainable that the electronic property of the sub-
stituent of olefins has a large effect on the selectivity.
When the substituent 1is electron-donating, the
equilibrium 1is displaced more markedly to the acyl
species than in the case of electron-withdrawing olefins.
The a-metalated alkyl complexes formed from electron-
withdrawing olefins are considered to be stabilized by
its electron-withdrawing group at the a-position, but
those from electron-donating olefins are never. This
view is also consistent with the observations that the
reaction of 1 with CF,=CF, gives a stable insertion
product, CHF,CF,Rh(CO)(PPh;),, in which the inser-
tion of CO no longer takes place, and that CH,=CH,
does not give the corresponding stable alkyl complex
but the acyl one.2®

Exceptional is the function of P(n-Bu)s, which is
strongly electron-donating but less bulky than P(:-Pr),.
The alkyl ligand of the key intermediate has a larger
cone angle than the corresponding acyl ligand.!®
Therefore, the steric repulsion between the alkyl moiety
and the bulky triisopropylphosphine, which has displaces
the equilibrium, is more evident. When using less bulky
P(n-Bu), as the ligand, however, the steric repulsion
appears not to be important. Thus, the alkyl inter-
mediate is relatively stable and subjected to hydrolysis
to give the hydrogenation product.

Experimental

All reactions and manipulations were carried out under
a nitrogen atmosphere. All organic compounds were purified
by distillation or recrystallization under a nitrogen atmosphere
before use. Literature methods were employed for prepara-
tions of RhH(CO) (PPh,),,2 RhCl(PPh,);,2? RuH,(PPh,),,2®
CoH(N,) (PPhy);,2» Pd(PPhy),,3» PPh,(:-Pr),3 PPh(i-Pr),,3?
P(i-Pr),® [RhCI(C,H,)p,® RhH,y(O,COH)[P(i-Pr);],,
and {Rh(CO)[P(i-Pr);],},(CO;).1» The H-NMR and IR
spectra were rccorded on a Varian T-60-A spectrometer and a
JASCO IRA-1 spectrometer, respectively.

Catalytic Hydrogenation and Hydroformylation. The follow-
ing procedure is illustrative. To a 65 ml stainless steel
autoclave containing a THF solution (6.5 ml) of RhH,(O,-
COH)[P(i-Pr);], (2) (48.7 mg, 0.1 mmol) were added H,O
(0.9 g, 50 mmol), methyl crotonate (2.0g, 20 mmol), and
CO (15 atm, 40.6 mmol) in that order. After heating at
115 °C for 20 h, the autoclave was cooled to room temperature.
The GLC analysis of the gaseous products (on a column, active
carbon, 3m; at 50 °C; carrier gas, H,) using nitrogen
as an internal calibrant showed the presence of CO, (19.5
mmol, 989, based on methyl crotonate) and CO (19 mmol).
The GLC analysis of the solution (on a column, PEG 20M,
2 m; at 110 °C; carrier gas, H,) employing naphthalene as an
internal standard showed the formation of CH,CH,CH,-
COOCH; (1.87 g, 91%), CH,CH(CHO)CH,COOCH,; (0.11
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g, 4.2%), and CH,CH,CH(CHO)CCOCH; (0.1 g, 3.9%).

The other catalytic reaction experiments were carried out
according to similar procedures. The amount of H, formed
was determined by GLC (on a column, molecular sieve 5A,
3 m; at 80 °C; carrier gas, Ar). The catalyst solution from
[RhCI(C,H)], was prepared in the following manner. A
hexane solution of n-BuLi (0.15 ml, 0.25 mmol) was slowly
added to a mixture of [RhCl(C,Hg)], (23.1 mg, 0.05 mmol)
and phosphine (0.2 mmol) in THF (6.5 ml), and the stirring
was continued for 30 min. This freshly prepared pale brown
solution was used immediately.

Preparation of RhH,(O,COH)[P(i-Pr);], (2). To a
catalyst solution, which was prepared from a mixture of [RhCl-
(C,Hg)], (46.1 mg, 0.1 mmol), P(i-Pr); (96 mg, 0.6 mmol),
and n-BuLi (0.6 mmol in 0.36 ml of hexane) in THF (2 ml)
with stirring at room temperature for 30 min, was added H,O
(0.25 g, 14 mmol). The resultant brown mixture was stirred
under an atmosphere of CO, at room temperature for 1 h.
The IR spectrum of the concentrated residue showed the
formation of a mixture of 2 (vg,_gx 2140, 2120; vg_o 1590
cm1) and {Rh(CO)[P(i-Pr)]s}s(COy) (3) (vozo 1930; vooo
1530 cm~1). The residue was recrystallized from toluene to
give colorless crystals of 2 (20 mg, 21%)

Isolation of {trans-Rh(CO)(pyridine)[P(i-Pr),),} BPh, (5)
JSrom the Reaction Mixture. A solution from the hydrogen-
ation reaction of methyl crotonate catalyzed by 2 (48.7 mg,
0.1 mmol) was concentrated under reduced pressure, and the
oily residue was redissolved in pyridine (5 ml). After addition
of NaBPh, (34.7 mg, 0.1 mmol), the brown solution was
stirred at room temperature for 10 min. The mixture was
‘concentrated to dryness, and the solid residue was recrystallized
from THF-toluene to give {trans-Rh(CO)(pyridine)[P(:-
Pr),],}BPh,.2toluene as pale yellow crystals (45 mg, 45%,),
mp 150 °C dec, vg=o 1985 cm~1.

Hydrogenation of Methyl Crotonate with CO, D,0, and H,.

To a 65 ml autoclave containing a mixture of 2 (97.3 mg, 0.2
mmol, methyl crotonate (4.0 g, 40 mmol), and D,O (2.0 g,100
mmol) in THF (6.5 ml) were charged CO (15 atm, 40.6 mmol)
and H, (15 atm, 40.6 mmol), successively. After heating at
115 °C for 7.5 h, the autoclave was cooled to room tem-
perature. The pressure inside the autoclave was 18 atm.
The GLC analysis of the gas phase showed the presence of
CO; (8.5 mmol, 3.1 atm), H,, HD, and D, (total 9.3 mmol,
3.5 atm) and CO (30.1 mmol ,11.3 atm). The GLC analysis
of the solution showed the formation of methyl butyrate
3.88g, 95%). The methyl butyrate was collected into a
cold trap under reduced pressure, and purified by distillation.
The 'H-NMR showed the 2-CH, (6 2.2, m), 3-CH, (6 1.62,
m), CH;C (6 0.95, t), and CH;O proton signals (6 3.63, s) in
a corrected relative intensity of 1.22 :1.59 :3:3. The
incorporated deuterium contents calculated from these values
were 78 and 419, at 2- and 3-positions, respectively.

Hydroformylation of «-Methylstyrene with CO, Dy0, and H,.

In a 65 ml autoclave pressured with CO (15 atm, 40.6 mmol)
and H, (15 atm, 40.6 mmol), a mixture of 2 (97.3 mg, 0.2
mmol), a-methylstyrene (4.72 g, 40 mmol), and D,O (2.0 g,
100 mmol) in. THF (6.5 ml) was heated at 115°C for 1h.
The gas phase (2.5 atm) was analyzed by GLC, and shown
to contain CO, (1.4 mmol, 0.5 atm), H,, HD, and D, (total
0.5 mmol, 0.2 atm), and CO (4.9 mmol, 1.8 atm). The H-
NMR spectrum of 3-phenylbutanal purified by preparative
GLC showed to contain 22, 6, and 19%, of deuterium at the
1-, 2-, and 3-positions, respectively.
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