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Abstract—Both RhH(CO)PPhs); and a catalyst made in situ from RhCl3-3H,0, PPh; and Na;COj; catalyse the
reaction of a range of aldehydes with simple primary alcohols to give esters together with alcohols formed by
reduction of the aldehydes. The proportion of ester can be increased by adding an efficient hydrogen acceptor. The
reaction can also be used to produce 5- and 7-membered lactones from aromatic dialdehydes. Propan-2-ol and the
in situ catalyst reduce some aromatic aldehydes to the corresponding alcohols without concomitant ester

formation.

There are few reports of the reaction of an aldehyde with
an alcohol to give an ester. It is known that a number of
aliphatic and aromatic aldehydes react with a range of
alcohols to give esters in a reaction catalysed by pal-
ladium chloride.? This system involves reduction of the
palladium chloride to Pd metal and is therefore operated
in the presence of cupric and lithium acetates and mole-
cular oxygen to effect reoxidation of Pd(0Q) to Pd(I).
Other workers® have described the use of various
ruthenium, rhodium and iridium complexes for the reac-
tion of acrolein with ethanol to give ethyl acrylate,
acrolein diethyl acetal, propionaldehyde diethyl acetal
and other products. The yields of ester were not high but
could be slightly increased by the presence of oxygen.
Propionaldehyde gave much lower yields of ester than
acrolein. Recently RuH;(PPhs)s and other ruthenium
complexes have been reported to be efficient catalysts
for the conversion of aldehydes to esters (1-2) in a
Tishchenko type ester formation.* A range of C; to Cs
aliphatic aldehydes worked satisfactorily but benzalde-
hyde gave a low conversion to benzyl benzoate.

We wish to report the rhodium catalysed reaction of a
range of aliphatic and aromatic aldehydes with alcohols
to give ester together with alcohol formed by reduction
of the aldehyde. When a mixture of benzaldehyde and
ethanol was

of benzyl alcohol (Table 1). Thus the overall function of
the catalysts is to effect hydrogen transfer with part of
the benzaldehyde acting as the hydrogen acceptor and
part undergoing oxidation.

Alcohols other than ethanol showed interesting
differences (Table 1). Methanol gave similar results for
both catalysts A and B with benzaldehyde, but reaction
was slower, as expected, in the lower boiling alcohol.
Propan-2-ol, which is a better hydrogen donor than either
methanol or ethanol, reduced benzaldehyde to benzyl
alcohol but only in the presence of catalyst B. Under
similar conditions p-methoxy-, p-methyl- and p-chloro-
benzaldehyde and thiophene-2-carboxaldehyde also gave
only the corresponding alcohols (Table 2). In contrast
catalyst A in propan-2-ol converted benzaldehyde to 4
via transfer hydrogenation of the aldol product (3). Sup-
port for this sequence was provided by heating a mixture
of benzaldehyde, acetone and ethanol in the presence of
catalyst A when both 3 and 4 were produced. The
different products arising from benzaldehyde and pro-
pan-2-ol in the presence of catalysts A and B thus
reflects the fast hydrogen transfer reduction of ben-
zaldehyde by catalyst B compared to a slow aldol con-
densation between benzaldehyde and acetone (Table 1).
Reaction of n-butanol with benzaldehyde in the presence
of catalyst A gave butyl benzoate, benzyl alcohol, some

2RCHO ——— RCO,CH,R
m @

Me2CHOH
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PhCHO ————— PhCH=CH-C-Me ——> PhCH,CH.C-Me

catalyst A

3

(0] o

)

boiled under reflux with a catalytic amount (5 mole%) of
HRh(CO)(PPhs)s (catalyst A) under nitrogen, good yields
of ethyl benzoate and benzyl alcohol were obtained
(Table 1). Much faster reaction occurred when catalyst
B, made in situ from RhCl;-3H:0, PPh; and Na,CO,
was employed, but this reaction gave a higher proportion

butyl butyrate and traces of two, as yet unidentified,
products (Table 1). The butyl butyrate must arise by
reaction of butyraldehyde with butanol. Ethanol could
react similarly, but ethyl acetate has not been detected
presumably due to acetaldehyde being lost during the
reaction consequent on its greater volatility. t-Butanol
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Table 1. Rhodium catalysed reaction of benzaldehyde* with various alcohols®

ROH Catalyst Time PhCO,R(%)
MeOH T\ 3.5 dy. 35(20)
pd 9.2 n 28(19)
EtOH A 3 dy. 42(35)
B Ih 34
i-ProH A 43 n 14
B 3h
n-BuOH A 6 a 43
t-BuOH A 31 4 trace
EtOﬂ/xe2CO A 27 h

PhCH,0H(%)® PhCHO(%)°® Other products(%)®
50(20)
506(35)
42(24) 14(14)
48
10 Ph(CHz)2COMe 66
99(68)
22 14 n-Prco,Bu 17
+ 2 unidentified
products (total 5%)
trace

PhCH=CHCOMe 35(24)
Ph(CB2) oCOMe 38(28)

a. 1-5g with A, 0,5-2.1g with B
b. 10-60ml with A, 20-50ml with B;

reaction carried out in boiling alcohol

c. Rh}{(CO)(PPh.})3 5 mole % relative to PhCHO
d. RhC13.3H20 (10 mole %), PPh3 (50 mole %), Na2CO3 (%6 mole %) relative to PhCHO
¢. Figures in brackets are isolated yields, others are calculated from glc charts

Table 2. Reduction of aldehydes by catalytic* hydrogen transfer from propan-2-ol

RCHO Time {n) RCH 00 (%)°
PhCHO 3 68(99)
E-MeOC6H“CHO 5.5 79
R-MeCcH, CHO & 79
p-C1CgH,CHO 24 (20)°
thiophene-~2-carboxaldehyde 5 92
n-CsﬂlchO 24 trace

- P
n CSH?CHO 24 trace

a. RhCl,.3H,0 {10 mole %), PPh3 (50 mole %), N32003

3

{36 mole %) relative to aldehyde

b. isolated yields, figures in brackets refer to glc

estimates

c. 80% starting material present

did not react to any great extent with benzaldehyde using
catalyst A, possibly because it cannot undergo a metal
catalysed dehydrogenation (but see later).

The effect of varying the catalyst was investigated
(Table 3). The reaction of benzaldehyde with ethanol was
much slower with a modified catalyst B in which
triphenyl phosphine was replaced by triphenylphosphite,
and the reaction did not proceed at all when dimethyl-
sulphoxide  replaced triphenylphosphine.  Using
RhCl;:3H:0 as catalyst in the absence of both phosphine
and base led to the formation of benzyl alcohol and
benzaldehyde diethyl acetal but no ester was produced.
A similar lack of catalytic activity was noted in the
CuOBu' catalysed Tishchenko reaction,” where in the
absence of added ligand (phosphine or amine) no reac-

tion occurred and added triphenylphosphine gave a more
efficient catalyst than trimethylphosphite, Acetal for-
mation occurred using RhCI{PPhs)s as catalyst in the
absence of base and this rhodium complex has been
observed to promote acetal formation when used as a
homogeneous hydrogenation catalyst in methanol.® In
the presence of base, RhC{PPh;); was as good as cata-
lyst B for the conversion of benzaldehyde and ethanol to
ethyl benzoate and benzyl alcohol. Rhodium (I) hydrides
RhH(PPhs), (n=3 or 4) are likely intermediates in the
latter catalyst system.' Therefore HRh(PPh,). was tested
as a catalyst in the absence of base, and found to work
efficiently (Table 3). 5% Rh/C led to very slow produc-
tion of ester and acetal. These results are summarised in
Table 3, which also lists various Ru, Pd and Ir species
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Table 3. Reaction of benzaldehyde with ethanol using various catalysts
Catalyst®'P°¢ Time(h) PhCO,Et (%) PRCH,OH(%) PhCHO (%) PhCH(OEt), (%)
d 8
RhCl.5.‘5}{20/P(0Ph)3/Na2CO3 21 12 7
RRCl,. 3}{20/[))tso/nazc03 21 100
RhC1 5 3H,0 96 13 26 31
€ i} 28
m1c1(m>n§)3 71 5
RhCl(PPh3)}/Na2003 3 51
RhH(PPh.j) 4 3 57 4
5% Rh/cY 288 90 5
RuC1 3.1120/1(011/1’%3 2 77
8
RuClz(PPh3)3/Na2003 5.3 9
e 'Y
Ru(CO)s(PPh3)2 96 6

10 mole % of metal complex relative to aldehyde

a

b ligand, where used, 50 mole % and base, where used, 36 mole % relative to aldehyde
c. PdCl2/PPh3/Nach3; IrCI.S.'SH20/PPh.5/Na2C0.5 and IrH(CO)(PPhj).) were inactive
d
e

results estimated by glc.

5 mole % o1 metal complex relative to aldehyde.

which were not effective catalysts for ester formation
although the Ru compounds promoted hydrogen transfer
to benzaldehyde, a process known to be catalysed by Ru
complexes.’

Having established that Rh complexes were the most
effective out of the range of complexes surveyed further
work was confined largely to catalyst systems A and B.
A range of aryl and heteroaromatic aldehydes was reac-
ted with ethanol in the presence of catalysts A and B
(Table 4). In all cases reaction was very much faster with
catalyst B, but this catalyst gave a lower proportion of
ester than the less active catalyst A. The heterocyclic
aldehydes were substantially less reactive than the aryl
aldehydes possibly due to relatively stable chelation of
these aldehydes to Rh producing less reactive inter-

?_
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¢: R=CH,OH
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U
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mediates. No obvious relationship could be discerned,
for the small number of p-substituted benzaldehydes
studied, between the substituent and the ester/benzyl
alcohol ratio. However the slower reaction of p-
MeOC:H.CHO with catalyst B results in the lowest
ester: alcohol ratio (0.285) due to more effective com-
petition from aldehyde reduction by hydridorhodium
species with ethanol acting as the hydride source. The
overall rate of reaction for p-RCsH.CHO with catalyst B
is p-H>Me, Cl>OMe. The anomalous position of p-
CICcH4CHO may reflect a slow hydrogenation step, a
necessary process for the regeneration of the active
catalyst (Table 2). p-Nitro benzaldehyde under the
influence of catalyst B, gave quite different products, i.e.
§ and 6, from the other aldehydes. These arise from

O L
E10,C NO,

2
6

R
"

9a: R=R'=CHO

b: R=CH,OH
R' = CO.Et
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reduction of the nitro group to amine followed by con-
densation of the amine with a nitro group to give § or an
aldehyde to give 6.

o-Phthalaldehyde (7a) gave lactone 8 with both cata-
lysts A and B in ethanol. No diester {7b) or dialcohol (7¢)
were detected in this reaction, but there were other
minor unidentified products when catalyst A was used.
The dialcohol (7¢) slowly reacted in bromobenzene at
110° in the presence of catalyst B to give a low yield
(~6%) of 8. Diphenyl - 2,2’ - dicarboxaldehyde (9a) also
gave good yields of the 7-membered lactone (10) with
both catalysts ( (Table 4), although the less active cata-
lyst A produced a small amount of 9b as well.

Some aliphatic and «, B-unsaturated aldehydes were
reacted with ethanol using catalysts A and B (Table 5).
Butanal was converted to both ethyl butanoate and
butanol together with unidentified products which were
particularly prominent when the less active catalyst A
was used. Citronellal also gave good yields of the cor-
responding alcohol and ethyl ester. The o, B-unsaturated
aldehydes showed a distinct tendency to undergo trans-
fer hydrogenation of the C=C bond especially with cata-
lyst A. Thus with catalyst B, cinnamaldehyde gave nor-
mal products, albeit slowly, whilst with catalyst A the
major product was the ethyl ester of dihydrocinnamic
acid. Differences were also noted with crotonaldehyde
where both catalysts gave ethyl butanoate but catalyst A
gave butanal but no butanol, and catalyst B gave butanol
but no butanal.

An attempt was made to increase the proportion of
ester formed relative to benzyl alcohol when benzalde-
hyde was treated with catalyst B in ethanol, by the
addition of various hydrogen acceptors (Table 6). Ethyl
acrylate proved to be the most efficient hydrogen ac-
ceptor of those studied. Thus, in the presence of ethyl
acrylate the ester/benzyl alcohol ratio could be increased
from 1.02 to 6.50. Addition of azobenzene had only a
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small effect whilst acrylonitrile actually decreased the
ester/benzyl alcohol ratio to 0.67.

The metal catalysed formation of ester from aldehyde
and alcohol is closely related to the reaction of two
molecules of aldehyde to form ester (1-2) under the
influence of various catalysts such as metal alkoxide and
boric acid.® This reaction, the Tishchenko reaction, is
also catalysed by Cu(ly’ and Ru(I}* complexes. Di-
sodium tetracarbonylferrate is an efficient catalyst for
the Tishchenko reaction involving aryl aldehydes but
promotes aldol condensation with aliphatic aldehydes.”
The catalysts that effect the Tishchenko reaction can be
divided into two broad groups, those promoting direct
carbon -»carbon hydride transfer [e.g. B(OH);, AI(OR)s,
Fe(CO)*"] and those involving metal hydride inter-
mediates. The advantage of the metal hydride systems is
that they are applicable to aidehydes with o-H atoms.
Conventional Tishchenko catalysts promote aldol con-
densation of such aldehydes. The Rh catalysts reported
in this paper are members of the metal hydride group and
thus function with aliphatic aldehydes (Table 5). Fur-
thermore, our substrate systems are at a lower oxidation
level (aldehyde + alcohol} than the conventional Tish-
chenko system (aldehyde +aldehyde), and therefore
require a hydride ‘‘sink” to regenerate the catalyst.
Hence the reduction of aldehyde to alcohol.

The greater reactivity of catalyst B using triphenyl
phosphine (Table 1) as opposed to triphenylphosphite
(Table 3) supports a process involving nucleophilic
attack of the catalyst on the aldehyde as does the greater
reactivity of RhH(PPh;). (Table 3) compared to
HRh(CO)(PPh;); (Catalyst A; Table 1). However a
number of mechanistic schemes can be written for the
overall process, particularly the key ester forming step.
The following mechanistic scheme is proposed for cata-
lyst B.

The ester generating step is portrayed in the scheme as

Table 4. Rhodium catalysed” reaction of aldehydes with boiling ethanol®

RCHO Catalyst Time(h) RCO,Et(%) RCH,OH(%) RCHO(%) Other Products
PhCHO A 72 42(35) 42(24)
B 3 b1 49
-MeOC H, CHO A 72 45?30) 32(32 14(14)
S B 10 18{8) 63?«3;
D-MeCH, CHO A 168 52%&13 26§r9¥ 11(6)
B 5 37(22 42(39
~C1C.H,CHO A 72 a2§30 37&27;
B2%6 B 5 25 17; 32(27
~NO,C.H, CHO B 6 11%;
R-NO,CGH, 5%: Yok
Pyridine-2-carboxaldehyde A 264 11 3 36
B 48 i 47
Thiophene-2-carboxaldehyde A 504 3&%25; kO}?)
B 8 23 19}
Furan-2-carboxaldehyde A 120 41{20) 25(18) 5(3)
B 24 21 53
A 360 8, ho%
e B 2.3 fgt 7':%%
A 360 10, 72%
o % b, l"%;
B 2 {10, 97%)

a. Catalysts A and B as in Table 1

b. Yields estimated by nmr.

Yields in brackets refer to isolated material
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Table 5. Rhodium catalysed® reactions of aliphatic aldehydes with boiling ethanol®

RCHO Catalyst Time(h) RCO,Et RCH,0H  RCHO
n-C,H,CHO AC 23 22 7 4

Y 5 49 34
citronelial A 72 71 23

B 8.3 54 45
PhCH=CH-CHO A% 72 - -

B 72 18 20 62
MeCH=CHCHO A 23

B8 5 8

a, Catalysts A and B as in Table 1

b. Products estimated by glc

e. Two unidentified products {16 and 51%)
d. Unidentified product {7%)

e. Product was Ph(CH2)2C02Et {42%)

f. Major products were C3R7C()2Bt {(34%), 03}{7(::{0 {34%)
plus an unidentified product (32%).

g. C4H,CO,Et (61%), C,Hq0H (31%)

Initiation

0=CHMe
(DRAC! == (DRh-Cl — <L, (HRK(OE1) == ()RhH
8 N&2CO3
B’ “H

Ester formation

¥ P
HeCZ0" c=0

o, \ ]
(DRNOEY 2 (lRm-0Et === H—Rn(IIOE!

I

o
“ONC—OE!

[
HR:‘h(III)

¢ (12)

Ph
HRh{I} +

o133
Catalyst regeneration

PRCHN
\ PHCH,O excess OFy
EtOH
HRn) 29 R —  RRD T R

“W J { + PhCH,OH

H
~ PHCHO > . oc h
_RhUuoEr ——= H\ﬁh( TS QCHP
H g TUIOE? HRP(NOE!
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Table 6. Effect of hydrogen acceptors on the rhodium catalysed reaction of benzaldehyde with boiling ethanol*

Hydrogen acceptor PhcozEt(ﬁ) PhCHZOH(%) PhCOQEt/PhCH20H
- 51 49 1.02
acrylonitrile 40 60 0.67
azobenzeneb 49 32 1.53
ethyl acrylate® 80 14 5.71
ethyl acrylate® 65 10 6.50

a. a mixture of benzaldehyde (4.8 x 10'3 mole), RhCl.SJ}l,‘,o

4

(5 x 10" mole), PPh

(1.8 x 1077

(2.5 x 1077 mole) and Na,COy
mole) in EtOH {15 ml), containing the

hydrogen acceptor (10'2 mole) was boiled under reflux

for 1.5 h.

Product ratios obtained by glc.

b. two unidentified products (4.8% and 13.6%) also produced

c. unidentified product (6%) also present

d. 2 x 1072 wole of acryiate.
product (15.5%) also present

an intramolecular 1,2-ethoxide shift (11 12) but could
equally well involve attack of external alcohol on an
intermediate acylrhodium complex. Solvolytic cleavage
of metal acyls to carbocyclic acid derivatives is well
known.'® Other schemes can be written for the ester
forming step (e.g. 13—15), but although the 8-hydride
elimination step (14—18) is attractive and intuitively
expected to be facile it does not accord with the ligand
effects which suggest a nucleophilic metal centre is im-
portant [i.e. insertion into the aldehyde C-H bond giving
an acylrhodium hydride(11)).

Ph

j:osx Ph
per— e g
: 7w Ot
{DRh—-0E} (1)Rh ()Rh—H
{13 {14) {15)
[Rh2{CsHs)2(OH)L]CI
(16)

Recently Maitlis et al.'' have observed the homo-
geneously catalysed conversion of an acetaldehyde-
water system into ethanol and acetic acid using 16 and
related Ru and Ir complexes. Kinetic studies establish
the active catalyst is a monometallic complex derived
from 16. In this case solvolysis of the intermediate acyl
complex involves attack by water generating acetic acid.

The proposed mechanistic scheme for catalyst B is
reasonably consistent with the observation that when
benzaldehyde is boiled with CH.CH.OD and
CH,CD:OH in turn, in the presence of catalyst B, the
benzyl alcohol produced was found to contain 9%d, and
31%d, respectively {glc-ms).

EXPERIMENTAL

RuCl{PPh;)s and Ru(CO)(PPhs); were supplied by Engelhard

and RhCl;-3H,0 and Na,IrCl; by Johnson Matthey. HIr(CO)
{PPhs}s," HRh(PPh;)¢'> and HRh(CO)(PPhs)y™ were prepared by

PhCHO (9.6%) and an unidentified

the published procedures. Aldehydes were distilled before use
except o-phthalaldehyde which was used as supplied {Aldrich).
1,2-Benzenedimethanol (Aldrich) was also wused without
purification. 2,2"-Biphenyldicarboxaldehyde was prepared by the
ozonolysis of phenanthrene.”” M.p's were determined on a
Kofler hot stage and are uncorrected.

Catalyst A. A mixture of aldehyde (1~$ g), HRMCO)(PPhs)s (5
mole% based on aldehyde used), and alcohol (10-60m]) was
gently boiled under reflux and magnetically stirred under N2. The
progress of the reaction was monitored by glc. After completion,
the mixture was allowed to cool to room temp, the catalyst
removed by filtration through a sintered glass funnel and the
filtrate concentrated. The remaining soluble catalyst was
removed by passing the concentrated filtrate through 2 neutral
alumina column and eluting with 40-60° petroleum ether andfor
ether. The crude product mixture obtained after removal of the
solvent was purified by distillation or column chromatography.

Catalyst B. A mixture of RhCly-3H,0 (5.0 x 107 mole), PPh
{2.5 % 107 mole), and NazCO; (1.8 x 10~* mole) in alcohol (20 ml)
was boiled under reflux, and magnetically stirred under N, for
15 min, when an orange yellow ppt had formed. The aldehyde
(5.0x10°* mole) was then added and the progression of the
reaction monitored by glc. The method of isolation of the
products was similar to that described above.

Reaction between p-nitrobenzaldehyde and ethanol using catalyst
B

The reaction was monitored by glc (2m, 2.5% SGR, 160°).
Products § and 6 were isolated by column chromatography (Si0,)
cluting with 40-60° petroleum ether-ether (1:1). Compound 3
crystallised from EtOH as orange needles m.p. 124-128° (Found:
C, 63.25; H, 5.56, N, 7.96; C\sHsN:Os requires C, 63.15; H, 5.30;
N, 8.18%). 5§ (CDCl) 1.5 @1, 6H, CH;CH,0C0-), 4.5 (g, 4H,
CH3CH.0CO0-), and 8.0-84 (m, 8H, Ar-H); vm. (KBr) 1720

O

(C=0) and 1540 (-&:N-) cm ' mie (%) 342 (M", 10), 32710},

326(44), 282(2), 281(10), 177(11), 150(12), 144(100), 121(9), 118(4),
104(14), 103(23), 77(4), 76(12), 75(5), 65(13).

Compound 6 was purified by sublimation at 100°/0.05 mm,
when it formed yellow needles m.p. 175-179°(Found: C, 63.83; H,
4.78; N, 9.32. C1eH14ON: requires: C,64.42; H, 4.73; N, 9.39%) &
{CDCL) 1.4 (1, 3H, CH:;CH,0C0-), 44 (g, 2H, CH,CH,0CO-),
7.1-8.2 (m, 8H, Ar-H), and 8.5 {5, 1H, ~CH=N-). vi.x (KBr) 1705
(C=0), 1630 {~C=N-), 1600 (aromatic) 1520, and 1350 {NOz) cm " ";
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mle (%) 298 (M", 4), 253(3), 209(9), 180(9), 178(5), 165(83),
150(16), 137(22), 120(100), 92(34), 76(3), 65(28).

Reaction between o-phthalaldehyde and ethanol

{a) Catalyst A. Monitored by tic (ALLOs, 111 ether:CHCh).
Due to the inaccuracy in the monitoring method the time
required for the completion of the reaction may be shorter than
reported. Phthalide 8 was obtained from the crude product
mixture by column chromatography (neutral alumina, 1:}
ether:CHCly) followed by crystallization from water to give
colourless needles m.p. 70-72° (fit. 75°, 65.8°)." § (CDCly) 5.3 (s,
2H, lactone ~CH>~OCO) and 7.7 {m, 4H, Ar-H); vmsx (KBr) 1780
{C=0, 5-membered ring lactone) cm™.

(b) Catalyst B. Monitored by glc (2m, 23% SGR, 200°). Product
(8; 1.48g; 74%), m.p. 70-T1%colourless needles, from water), was
separated by column chromatography.

Reaction between 2,2-biphenyldicarboxaldehyde and ethanol

(a} Catalyst A. Monitored by tlc (ALOs, 1:1 ether:CHCL).
Due to the inaccuracy of the monitoring method the time
required for the completion of the reaction may be shorter than
reported. Products were identified as the lactone 10 and ester 9b
and were estimated by NMR spectroscopy.

(b} Catalyst B. Monitored by gic (2m, 2.5% SGR, 210°). The
lactone 10 was obtained after column chromatography (neutral
alumina, 1:1 ether:CHCL) as colourless needles from MeOH,
m.p. 134-135.5° (lit. 136-136.5)."7 & (CDChy) 5.0 (s, 2H, lactone
~CH-0CO) and 7.7 (m, 8H, Ar-H); ymax (KBr) 1710 (C=0)
cm’; mfe (%), 210 (M”, 100), 182(75), 166(67), 152(38), 77(40).
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