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Under a pressure of syngas in pyridine, RhCI(PPh;); selectively
catalyzes the dimerization of enolizable C, aldehydes, possessing
one methylene group in the a-position to the aldehyde function,
into saturated dimers, C,, monoaldehydes. The yields are good to
moderate. The pressure and relative composition of syngas, to-
gether with the use of a triphenylphosphine-ligated metal complex
are crucial for obtaining good selectivities. Monosubstitution of
the a-carbon severely limits the dimerization. Alcohols and aro-
matic aldehydes do not react. A tentative reaction mechanism is
proposed in which water is involved. The dimer aldehydes can
subsequently be oxidized in situ by air or various oxidants such as
m-chloroperbenzoic acid or t-butylhydroperoxide into the corre-
sponding nor-ketones. This process constitutes a novel access to
such ketones. © 1994 Academic Press, Inc.

1. INTRODUCTION

Although the generation and reactions of oxygen-
bound early transition metal enolates have been exten-
sively explored and have found use in controlling the
stereochemistry in aldol reactions with aldehydes (1),
there are only a few reports of aldol-type coupling cata-
lyzed by late transition metals (2). Slough ez al. (3) have
recently described an efficient route for the synthesis of
oxygen-bound rhodium enolates. Their fully character-
ized complexes were shown to be able to initiate a cata-
lytic cycle with non-enolizable aldehydes (albeit with a
modest turnover number). However, proton transfer be-
tween rhodium enolate and enolizable aldehydes seri-
ously limited the applications of the process.

We now report on a new rhodium-based system that
efficiently catalyzes, under carefully controlled reaction
conditions, the selective coupling of enolizable C, alde-
hydes to saturated C,, monoaldehydes, according to
Scheme 1.

Further, those a-substituted aldehydes can easily be
oxidized in situ to C,,—; ketones (Scheme II).
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To the best of our knowledge, there are only two men-
tions of systems describing the formation of dimer alde-
hydes in the literature: one in a patent (4a) and one by
Uchida and Matsuda (4b,c) where, in the course of pro-
pylene hydroformylation catalyzed by dicobalt octacar-
bonyl, addition of organic bases (especially pyridine) and
of “‘modifiers”’ (e.g., magnesium methylate) promoted
the formation of modest amounts of dimer aldehydes.
Among related reactions, the dimerization of alcohols by
tertiary phosphine complexes of Group VIII metals in
homogeneous phase involving intermediate formation of
aldehydes is especially worthy of note (5). However,
alcohols remain unaffected in our reaction conditions.

2. EXPERIMENTAL

2.1. General Methods

'H and *C NMR spectra were obtained on a 400-MHz
spectrometer in CDCIl; with TMS as an internal standard.
FTIR spectra were recorded in the gas phase (unless oth-
erwise stated) on a spectrometer coupled to a gas chro-
matograph. GC analysis of organic compounds was car-
ried out on three different fused silica capillary columns
(FID with nitrogen as carrier gas): a 30 m X 0.53 mm
WCOT, CP-Sil8-CB column (Chrompack), a 30 m x 0.32
mm WCOT, FFAP-CB column (RSL), and (for separa-
tions before FTIR) a 30 m X 0.32 mm polydimethyisilox-
ane-CB column (RSL 150). Both carbon dioxide and car-
bon monoxide were analyzed on a 2-m column packed
with Spherocarb 80/100-GCA-012 (catharometer with He
as carrier gas).

2.2. Materials

The reactants (aldehydes) and solvents (pyridines) are
commercially available (Janssen Chimica). The alde-
hydes were distilled before use and kept under nitrogen.
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SCHEME 1. Reactions of C, aldehydes 1 to dimer aldehydes C,, 2
and main by-products (3-7).

Pyridine was distilled from and kept over KOH pellets
under nitrogen.

Catalysts. RhCHPPhs);, RhCICO(PPh;);, and RhH
(CO)(PPh3); were prepared according to Ref. (6), dimer
Rh,C1,(COD), according to Ref. (7), and Rh,Cp*,Cl, ac-
cording to Ref. (8). Rh,Lut,(COD), was synthesized from
Rh,C1,(COD), according to the procedure of Cheli et al.
(9). Dirhodium tetrafluoroacetate was prepared by ex-
change from the corresponding acetate (10) and was fur-
ther purified by chromatography on silica gel 60 (Merck,
35-70 mesh ASTM) with acetone as eluent. IrCOCI
(PPhs), was prepared according to Ref. (11).

All the molecules synthesized in this work are de-
scribed in the literature. All the reaction products of
phenylacetaldehyde (except those present in trace
amounts) were isolated by standard procedures and com-
pared with authentic samples. Molecules not isolated in
the pure state were identified by comparison of their re-
tention times on at least two different GC capillary
columns and spectroscopically by coupled GC-FTIR and
GC-MS. All the reactions were carried out at least twice.
The results were reproducible within 5%. Yields were
calculated by GC with dibenzyl as an internal standard,
after calibration and introduction of substance-specific
correction factors (12) for the most important products.
1,3-Diphenylpropene was synthesized according to Ref.
(13); 2,4-diphenylbut-2-enal (5, R = Ph) and 5-formylun-
dec-5-ene (5, R = n-Bu) were synthesized by aldolization
of phenylacetaldehyde and hexanal, respectively, ac-
cording to the standard procedure (14); 1,4-diphenyl-
butanal 2 was prepared by hydroformylation of 1,3-

[o]
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CHO
R-CH-CH,-CH,-R ————> R-C-CH,-CH,-R + CO,
oxidant
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SCHEM™ II.
nor-ketones 8.

Oxidation reaction of a-substituted aldehydes 2 to
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diphenylpropene in benzene and in pyridine (comparison
of the regioselectivities) at 90°C under 11 MPa of syngas
(CO/H, = 9/2) with RhCI(PPh;); as catalyst. 1,3-
diphenylpropan-1-one 8 was synthesized by reacting the
organocadmium derivative of (2-bromoethyl)benzene
with benzoyl chloride (15); the other relevant ketones
were accordingly prepared from the appropriate acid
chlorides and cadmium derivatives. 4-chloroacetalde-
hyde was prepared according to Ref. (16).

2.3. Typical Procedure for the Formation of Dimer
Aldehydes 2

A quantity of 11 mmol of the aldehyde, 0.065 mmol of
RhCI(PPhs);, and 10 ml of dry pyridine were rapidly in-
troduced into a Pyrex lined stainless-steel autoclave un-
der air. The system was then closed and purged once
with carbon monoxide. After the total pressure of syngas
was set to 11 MPa (with a ratio CO/H, = 9/2 for aromatic
aldehydes and 8/3 for aliphatic aldehydes), the autoclave
was heated to 140°C (160°C with aliphatic aldehydes) for
12 h. After cooling and degassing, the homogeneous
brown-yellow solution was kept under nitrogen and ali-
quots were removed for analysis.

2.4. Typical Procedure for the Oxidation of 2

2 ml of the pyridine solution of dimer aldehyde 2 was
syringed into a 10-ml flask equipped with a gas bubbler
and kept under nitrogen. Weighed amounts of the solid
oxidant, e.g., m-chloroperbenzoic acid (MCPBA), were
then added and the kinetics of the oxidation followed by
GC. Oxygen was directly bubbled into the solution.

3. RESULTS AND DISCUSSION

3.1. Reactions of Phenylacetaldehyde

Under the optimized conditions detailed in the experi-
mental section (catalyst, pressure of syngas, 140°C in
pyridine), phenylacetaldehyde 1 (R = Ph) is selectively
converted into 2,4-diphenylbutanal 2 (Scheme 1, R =
Ph). Conversion of 96% (i.e., 4% of 1 is recovered un-
changed) with a selectivity to 2 of 80% can be attained
after 12 h. The main by-products are 2-phenylethanol 3,
2,4-diphenylbut-2-enal § (Table 1), and dibenzylacetalde-
hyde 6. However, the amount of the latter by-product 6 is
usually below 2%.

In addition, small amounts of 2,4-diphenylbutan-1-ol 4,
phenethylphenetoate 7 (0.6%, resulting from a Tish-
chenko reaction (16)), and hydrocarbons such as toluene
(0.9%), 1,3-diphenylpropene (0.1%), 1-phenylnaphtha-
lene (0.2%), and 1,3,5-triphenylbenzene (0.1%) are also
formed. Higher condensates (ill-defined, hydroxyl-con-
taining oligomers which can be precipitated from hexane)
account for the balance of the reaction. The correspond-
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TABLE 1
Effect of the Solvent on the Yield of Dimer Aldehyde

Conversion Yield (%)
(%)
pK, Solvent 1 2 3 4 5
8.8  Pyridine 96 80 2 <0.1 1.5
8.1  2-Picoline 85 62 3 0.4 3.5
8.0  4-Picoline 96 68 1 1.8 ]
7.4  2,6-Lutidine 96 65 2 3 18
3.2  Triethylamine 95 76 2 4 13
8.9  N,N-Dimethylaniline 93 58 2 1 <0.1
— Benzene 62 4 18 2.8 1
— Ethanol 81 22 6 1.8 1.5
— THF 78 23 37 7 0
—_— DMSO/pyridine 1/1 19 14 <0.1 <0.t 6

Note. Reaction conditions: 10 ml solvent, 11 mmol phenylacetalde-
hyde, 6.5 x 10-2 mmol RhCI(PPh;);, Pco = 9 MPa, Py, = 2 MPa, T =
140°C, reaction time = 12 h.

ing ketone, 1-phenyl-2-propanone, does not react under
the same conditions.

3.1.1. Influence of the solvent. To obtain a high-yield
synthesis of 2 (see Table 1) it is necessary to carry out the
reaction in a basic solvent, preferably pyridine. Triethyl-
amine or substituted pyridines, especially 2,6-lutidine
(Lut), are less selective but give an even higher yield of
coupled products 2 + 5. THF, DMSO, and N, N-dimeth-
ylaniline (which has about the same pK, as pyridine in
water) are less efficient as solvents. No or very little aidol
condensation takes place in neat pyridine (Table 3, entry
1). This was expected since on the one hand tertiary
amines are known to be poor catalysts for promoting
aldol condensations and on the other hand excess base
favors the retro-process (cleavage of aldols to reactants
(18)). The promoting effect of PPh; is somewhat more
surprising (Table 3, entry 18) and to the best of our
knowledge has never been reported.

3.1.2. Influence of the pressure and temperature.
Both carbon monoxide and hydrogen are necessary for
observing the high yield synthesis of 2 (Table 2). A pres-
sure of at least 9 MPa of CO is needed. A moderate
pressure of H, helps to increase the yield without signifi-
cantly promoting the reduction of 1 or 2. Interestingly,
the relative amount of the unsaturated dimer § is not
much increased in the absence of hydrogen, a first indica-
tion that 2 does not necessarily result from the reduction
of enal 5 by hydrogen (see below). Note also that under
pure nitrogen both alcohol 3 and enal 5 (unsaturated) are
simultaneously formed in about equimolecular amounts,
indicating the formation of different catalytic species
which promote a hydrogen transfer to the reactant rather
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than to the product in that particular case. The yield of 2
is maximum at 140-145°C. At higher temperatures, the
formation of secondary products takes over while the
efficiency of the system significantly decreases below
140°C. Under the same reaction conditions, styrene is
hydroformylated, mostly to the branched aldehyde, with
an overall yield of 95% (branched/linear = 9.6).

3.1.3. Influence of the catalyst. A number of transi-
tion metal complexes have been tested under our experi-
mental conditions. Only cobalt-based and rhodium-based
systems proved efficient to catalyze selective reactions.
Dicobalt octacarbonyl promotes the formation of diben-
zylketone from phenylacetaldehyde (19) and the dimeri-
zation of styrene (20). Table 3 summarizes the efficien-
cies and specificities of a variety of rhodium complexes in
pyridine.

Although it was conceivable that under a pressure of
syngas most of the catalyst precursors could end up as
the same species, this is clearly not the case. Actually,
the most efficient and selective systems are those con-
taining at least one triphenylphosphine ligand, and
Wilkinson’s complex proved to be the catalyst of choice.
Aldehydes are not reduced to alcohols, in accordance
with what is usually observed in rhodium-catalyzed hy-
droformylations of olefins. More basic phosphines (e.g.,
tricyclohexylphosphine), phosphites, or an excess of tri-
phenylphosphine lead to inefficient catalyst systems.
Moreover, the addition of phosphines to a complex with
labile ligands such as Rh,ClL(COD), (which is otherwise
very poorly active) greatly improves the selectivity of the
reaction. This methodology opens a potential route to the
synthesis of optically active dimer aldehydes (cf. Table 3,
entries 6 to 9).

TABLE 2

Effect of the Pressure on the Yields and Selectivities

Pressure (MPa) Conversion Yield (%)
(%)
Pco Py, Pn, 1 2 3 4 5
11 3 0 92 58 4 15 0.8
11 2 0 95 67 3.3 38 1.5
9 2 0 97 80 2 <0.1 1.5
8 2 1] 96 69 3 0.3 2
6 4 0 99 56 10 3.5 3
10 0 0 96 65 7 0 4
6 0 0 99 45 7 0 1
0.1 0 0 35 0 2 0 15
6 0 4 99 40 9 0 2.5
0 0 10 90 2 43 0 45
0 0 0.1 39 0 16 0 19

Note. Reaction conditions same as in Table 1.
“ A 4% yield of 1,3-diphenylpropan-2-one is observed.
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TABLE 3

Influence of Rh Complexes and of Added Ligands on the Yields and Selectivities

Conversion Yield (%)
(%)

Catalyst 1 2 3 4 5

1. No catalyst 8 0 4 0 2
2. RhCI(PPh,), 96 80 2 <0.1 1.5

3. RhF(CO)(PPh;), 89.4 43 0.8 <0.1 10

4. RhCI{(CO)(PPhs), 98 72 2 <0.1 2

5. RhH(CO)(PPhs), 98 69 6 <0.1 3
6. RhCI(CO)PCys3), 80 46 1.4 0.6 2.5
7. RhyCl(COD)y# 99.9 <0.1 29 22 <0.1
8. Rh;Cl,(COD), + 1 PPh; 69 57 2.2 0.9 2.1

9. Rh,Cl,(COD), + 3 (—)DIOP¢ 74 64 2 1.6 3
10. Rh,Lut,(COD), 99.5 41 5 28 <0.1
11. Rhg(CO)¢¢ 99.9 0.9 29 8 0.4

12. Rhy(OOCCH;)y¢ 99.9 0.6 15 14 1
13. Rh,(OOCCH;), + | PPh, 91.9 57 1.2 0.8 1.2
14. Rhy(OOCCF;) 99.9 0.2 28 6 0.3
15. Rh,Cp*,Cl,4 91 48 12 <0.1 4.2

16. RhCl; - n H,O 91 19 12 <1 5

17. Ir(CO)CKPPhs); 82 21 0.7 <0.1 40

18. 10 PPhs? 81 3 1.6 <0.1 38
19. RhCI(PPh;); + 10 PPh, 88 61 4.1 1.9 0.5

20. RhCi(PPh;); + 5 DIPHOS 84 15 2.6 3.6 45
21. RhCl(PPh;3); + 10 LiCl 98 78 0.2 1.2 0.2
22. RhCI(PPh;); + 10 Lil 99 69 0.2 1.8 1.5
23. RhCI(PPh;); + 300 Py-O 88 38 1.5 1.6 0.6
24. RhCI(PPh;); + 1000 H,O 99 92 1 <0.1 0.4
25. RhCI(PPh;); + sieves 97.8 56 <1 <1 1.7

Note. Reaction conditions same as in Table 1.

¢ Formation of mixtures of hydrocarbons (30-60%).

5 0.65 mmol, run under nitrogen.

< Abbreviations: Cy, Cyclohexyl; COD, 1-5-cyclooctadiene; Cp*, pentamethylcyclopentadienyl;
DIOP, 2, 3-O-isopropylidene-2, 3-dihydroxy-1, 4-bis(diphenylphosphino) butane; DIPHOS, 1, 2-
bis(diphenylphosphino) ethane; Py-O, pyridine-N-oxide.

3.1.4. Other phenyl-substituted aldehydes. Benzalde-
hyde does not self-dimerize; p-chlorophenylacetaldehyde
yields 40% of 2,4-di(p-chlorophenyl)butanal at 99% con-
version (not optimized); 2-phenylpropanal yields only 2%
of the dimer, showing the dramatic effect of a-substitu-
tion on the course of the reaction. Interestingly, 3-
phenylpropanal (1, R = Bn) and cinnamaldehyde yield
the same dimer aldehyde, 2-benzyl-S-phenylpentanal (2,
R = Bn). That cinnamaldehyde is first reduced to 3-
phenylpropanal prior to the coupling reaction was con-
firmed by sampling the reaction mixture through a high-
pressure gas valve. The kinetics of the reaction (Fig. 1)
demonstrated not only the fast reduction of the double
bond of cinnamaldehyde but also the rather slow forma-
tion of dimer aldehydes.

The yield of 2 (R = Bn) is 55% for a 45% conversion
(although Fig. 1 indicates a 43% yield, taking samples
lowers the overall pressure and consequently the yields;
see Table 2). The easy reduction of the double bond of
cinnamaldehyde stands in marked contrast with that of

the more hindered enal § (R = Ph), which under the same
reaction conditions is much less susceptible to reduction
(see below).

3.2. Reactions of Aliphatic Aldehydes

3.2.1. Reactions of hexanal. Aliphatic aldehydes are
expected to be less reactive than phenylacetaldehyde.
Indeed, under the same reaction conditions, hexanal (1,
R = n-Bu) yields 2 (R = n-Bu) with a rather low yield
(34%) but the conversion is then limited to 52%. Conver-
sion can, however, be increased to 70% by raising the
reaction temperature to 160°C and the partial pressure of
hydrogen to 3 MPa (CO + H, = 8 + 3 MPa). Pyridine
proved again to be the solvent of choice. The amount of
by-products is rather low: about 5% of hexanol, 2% of 5-
formylundec-5-ene § (R = n-Bu), and 1% of n-pentane.
The results obtained with different catalysts and addi-
tives are summarized in Table 4.

More importantly, the formation of 2 (R = n-Bu) is
substantially improved by addition of a tenfold excess
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FIG. 1. Reaction of cinnamaldehyde at 140°C. (A) Cinnamalde-

hyde, (A) 3-phenylpropanal, (x) 3-phenylpropanol, (4) dimer alde-
hyde, and (QO) aldol product.

(relative to rhodium) of lithium iodide: the extrapolated
vield at 100% conversion reaches 82% (Table 4). By con-
trast, addition of lithium chloride or bromide as cocata-
lyst shows no beneficial effect and neither of these salts
modified the pattern of reaction of phenylacetaldehyde.
The presence of an a-methyl group again greatly de-
creased the tendency towards dimerization, isovaleralde-
hyde yielding only 8% of dimer (19% conversion). Under
the same reaction conditions, crotonaldehyde and
tiglaldehyde (2-methyl-2-butenal) do not dimerize.

3.2.2. Cross coupling reactions.

(o) Phenylacetaldehyde—hexanal. Under the stand-
ardized reaction conditions, use of equimolecular
amounts of the aldehydes mostly yields 2, the products of
self-condensation of phenylacetaldehyde (45%), confirm-

TABLE 4

Reaction of Hexanal

Conversion Yield (9%)

(%) —_—

Catalyst 1 2 3 5

No catalyst 29 <0.1 1 21
RhCI(PPh;); 70 48 5 1.6

RhCI(CO)PPh;), 70 45 S 2
RhCI(PPh,); + 10 LiCl 36 28 6.5 0.8
RhCHKPPh;); + 10 LiBr 66 43 7 1.9

RhCI(PPh;); + 10 Lil 70 58 4 1
RhCI(PPh;); + 300 DMAP 5§ 32 4 1.9
Rh;(OOCH3), 95 0.5 42 <0.1
Rh,Cl,(COD), 98 0.6 46 0.4

10 LiCl 69 <0.1 5 56

10 PPh, 22 <0.1 <0.1 15

Note. Reaction conditions: 10 ml pyridine, 11 mmol hexanal, 6.5 X
10-2 mmol RhCl(PPh,);; Pco = 8 MPa; Py, = 3 MPa; T = 160°C; reac-
tion time = 12 h. Abbreviations same as in Table 3.
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ing the higher reactivity of the latter, together with 19%
of 2-phenyloctanal and a small amount (0.8%) of 2-
phenethylhexanal, the cross-coupled products. 5-formy-
lundecane (self-coupling of hexanal) is formed in 8%
yield.

(B) Phenylacetaldehyde—benzaldehyde. Benzalde-
hyde itself does not dimerize under our reaction condi-
tions. When mixed with an equimolecular amount of
phenylacetaldehyde, 39% of the cross-coupled product,
2,3-diphenylpropanal, is formed, along with 2.,4-
diphenylbutanal (44%, homocoupling).

3.3. Mechanistic Considerations

Although it is not possible to delineate a detailed mech-
anism precisely, some observations nevertheless stand
out;

—The greater part of 2 does not come from the cata-
lyzed hydrogenation of enal 5. Indeed, it appears that 2 is
formed even in the absence of hydrogen (Table 2), al-
though some hydrogen could then be produced by a wa-
ter—gas shift reaction (the presence of carbon dioxide in
the residual gases was demonstrated by GC). Moreover,
we confirmed that under our experimental conditions,
enal 5 is not significantly reduced to 2 (a few percent at
most) as indicated by control experiments with pure §
(R = Ph) or autoclave tests first run without hydrogen
(CO only) then rerun under a pressure of syngas, after
the autoclave has been vented. The kinetics of the reac-
tion reported in Fig. 2 also support the hypothesis that §
is in fact a minor by-product of the reaction.

—Substitution of the carbon atom a to the aldehyde
considerably inhibits the dimerization and is indicative of
steric interference to the participation of the rhodium cat-
alyst.

—Substituted pyridines as solvent or excess triphenyl-
phosphine also have an adverse effect on the formation of
2.

100 4
*
80

60

Yield, %

40

20

LY

R NN 2
0 5 10 15 20 25
Time (h)

FIG. 2. Reaction of phenylacetaldehyde at 140°C. (@) 2,4-Diphenyl-
but-2-enal, (A) phenylacetaldehyde, ({J) 2 phenylethanol, and (#) 2.4-
diphenylbutanal.
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All these observations are indicative of a coordinative
mechanism with a rather crowded transition state. The
mechanism can be further delineated by noting that 2
(R = Ph) does not result from the hydroformylation of a
possible 1,3-diphenylpropene intermediate. Indeed, in
pyridine, diphenylpropene yields 2 and 6 in a ratio of 4 : 1,
far from the actual observed ratio of 40: 1.

Both CO and PPh; are needed for efficient catalyst
activity. Addition of a small amount of pyridine oxide is
detrimental to the catalytic cycle (Table 3, entry 23).
Moreover, the remarkable influence of the pressure and
of the composition of the gas mixture on the selectivities
(see Table 2) points out the existence of several catalytic
species and of multiple equilibria between those species
in solution. We assume that the role of CO is several fold:
to hinder aldehyde decarbonylation; to fine tune (to-
gether with the other ligands and solvent) the stereoelec-
tronic requirements of the active species, particularly by
adjusting the relative reactivities of the enolate and aldo-
late (vide infra). Although the necessity to carry out the
reactions under pressure (autoclaves) and the stability of
some intermediates precluded detailed spectroscopic in-
vestigations (NMR), samples collected through a high-
pressure valve at high catalyst concentration (substrate
to rhodium ratio = 5) were amenable to FTIR analysis at
atmospheric pressure. As far as the carbonyl region is
concerned, the main feature is the appearance of two
bands during the course of the reaction, one at 1702 cm™!
and one in the overtone bands of pyridine at 1979 cm™!;
this latter absorption is characteristic of a carbon mon-
oxide ligated to a metal complex in a square-planar
geometry.

The intermediacy of rhodium enolates in aldol chemis-
try is well documented (3) and permits the rationalization
of the first steps of the proposed catalytic cycle that in-
volves enolization of the aldehyde and formation of a
rhodium enolate, probably an O-bound or a n*-oxoallyl
species (Scheme III). It has been shown that square pla-
nar rhodium halides provide access to oxygen-bound
enolates (3). Moreover, such enolates are reported to be
more reactive than carbon-bound enolates (2a). Capture
of the resulting enolate complex A by free aldehyde
yields aldolate B (Scheme III). In this study, formation of
oxygen-bound intermediates is supported by the appear-
ance of a weak IR absorption at 1120 cm~! (C-O stretch-
ing) in the early stages of the reaction. On the other hand,
the band at 1702 cm™! is in agreement with the intermedi-
acy of aldolate B and the low-frequency shift is indicative
of ligation of the aldehyde carbonyl to the rhodium cen-
tre. It was checked that this absorption comes neither
from aldol 3 nor from ketone 8 (vide infra).

Extending the mechanistic propositions further be-
comes more hazardous. The key step is likely to be
related to the reaction of the rhodium-oxygen bond in
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SCHEME III. Proposed mechanism for the aldehyde coupling reac-
tions.

alkoxide B to eliminate 2 and regenerate an active rho-
dium species to render the reaction catalytic. Although of
current interest, many facets of the chemistry of rhodium
alkoxides remain obscure, including hydrogenolysis re-
actions. It has been shown, however, that late transition-
metal alkoxides undergo facile CO insertions to give
metal-alkoxycarbonyl complexes (21) (C in Scheme III).
Unfortunately, the spectral region where this function is
expected to absorb in the IR (around 1630-1640 cm™!) is
obscured by a band of pyridinium ion [CsHsNH]* at 1636
cm~!. The chemistry of rhodium alkoxycarbonyls is also
rather poorly documented. Since our results indicate that
2 is formed in large amounts, even in the absence of
hydrogen, and does not come from a reduction of §, hy-
drogenolysis is unlikely. Among the many other reaction
pathways possible, evolution of carbon dioxide after pro-
tonolysis (e.g., by PyridineH*, water, or aldehyde) or
reaction with a rhodium hydride (which could originate
from an oxidative addition of water to Rh(I) species) are
the most likely (Scheme III). However, addition of 100
equivalents of pyridinium hydrochloride to the solution
modified neither the yields nor the selectivities of the
reaction. On the other hand, addition of water (100 to
1000 rhodium equivalents) is beneficial to the reaction,
while addition of 4A molecular sieve, a water scavenger,
is detrimental to the synthesis of 2 (Table 3, entries 24
and 25).

Although the rate of formation of 2 is not much modi-
fied, a conspicuous reduction of the relative amount of
by-products is then apparent and the yield of 2 increases
between 1 and 3%, on average. The same effect is also
observed with aliphatic aldehydes.
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This observation rather supports the intermediacy of
rhodium hydrides or hydroxohydrides (complex D in
Scheme III). Observation of an elusive, sharp absorption
at 2336 cm™!, very rapidly quenched under air, could be
indicative of the formation of hydridic species or of a n*—
H; molecular complex (22), although the frequency of the
absorption seems abnormally high for a rhodium~hydride
bond (hydrides were not detected by 'H NMR) (23). Ap-
pearance of a rather broad band at 3415 cm™!, even in
experiments carried out under anhydrous conditions,
could be related to formation of rhodium hydroxides (wa-
ter in pyridine absorbs at 3400 cm™! at approximately the
same dilution). This attribution is, however, subject to
caution, since formation of unusually strong hydrogen
bonds is common with late transition metal alkoxides and
this absorption could as well be due to water of solvation
(24). Relatively few studies of rhodium hydroxide com-
plexes have been undertaken (24) (in comparison to
mononuclear hydroxide complexes of platinum(Il),
which have been comprehensively studied (25)). In any
case, the metal should re-enter the cycle as a hydrox-
orhodium complex, perhaps the real active species. Such
species are strong bases that inter alia catalyze the hy-
dration of nitriles to carboxamides (25b). They could con-
ceivably be recycled by reacting with aldehyde 1 to give
water and enolate A.

3.4. In Situ Oxidation of 2

As soon as the reaction mixture is contacted with air, a
slow, steady transformation of 2 into a new compound
takes place. This reaction does not occur as long as the
solution is kept under an inert atmosphere, indicating an
oxidation reaction. Evolution of a gas, identified as car-
bon dioxide by GC and reaction with barium hydroxide
solution, takes place. The new products were identified
(FT-IR, BC, and '"H NMR, and comparison with authen-
tic samples) as being the related nor-ketone, e.g., 1,3-
diphenylpropan-1-one 8, when R = Ph. The oxidation
reaction can be accelerated by addition of oxidants, the
relative effectiveness of which for the oxidation of 2 (R =
Ph) is

MCPBA > TBHP > O, > Na,S,05 > air > Ba0O,,

where MCPBA stands for m-chloroperbenzoic acid and
TBHP for r-Bu hydroperoxide. MCPBA oxidizes 100% of
2 into 8 with a selectivity of 91% in 12 h at 20°C. The
reaction is zero order in oxidant and seems to be first
order in the aldehyde 2. Addition of fresh RhCI(PPh;); to
the solution does not modify the rate of oxidation, sug-
gesting the formation of new and very specific rhodium
species under pressure. a-Disubstituted aliphatic alde-
hydes are also oxidized into ketones under the same con-
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ditions, albeit more slowly and with lower yields. For
example, under the same conditions, S-formylundecane
is oxidized into S-undecanone with a 38% yield at 69%
conversion. Those results, however, are not optimized.
This reaction constitutes a novel, selective access to
C,.- ketones from C, aldehydes. On the other hand,
non-a-substituted aldehydes are also oxidized and conse-
quently converted into the nor-aldehyde; typically, resid-
ual phenylacetaldehyde is slowly converted to benzalde-
hyde in the reaction medium in the presence of air.

So far, only enzymes such as horseradish peroxidase
have been able to promote such transformations, via the
formation of dioxetanes or dioxetanones (26, 27). How-
ever, definitive assessment of the nature of the intermedi-
ates and of the scope of the reaction must await further
study.
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