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Abstract: A wide range of epoxides were efficiently converted to
protected aldols by hydroformylation-acetalization using Co2(CO)8

as a catalyst in trimethyl orthoformate. The formylation of terminal
epoxides was regioselective for the terminal position, and (S)-1-
benzyloxy-2,3-epoxypropane was transformed into (R)-1-benzyl-
oxy-4,4-dimethoxybutan-2-ol with retention of the configuration.
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The aldol addition is one of the most useful C-C bond
forming reaction for the synthesis of b-hydroxy carbonyl
compounds, and the extensive work on this subject has
been devoted to develop the stereoselective and catalytic
variants.1 In general, a control of the reaction between the
different aliphatic aldehydes has been understood to be
difficult because of some accompanying problems: (1)
each aldehyde possibly reacts as an electrophilic acceptor
and a nucleophilic donor to give a mixture of aldol prod-
ucts (b-hydroxyaldehydes), (2) the reaction of an aldol
product with an aldehyde monomer or with itself gives the
aldehyde trimer or aldol product dimer, respectively, and
(3) dehydration of an aldol product yields a,b-unsaturated
aldehyde which allows Michael-type reaction.2 Recent
advances have overcome these undesired reactions and
demonstrated the catalytic and selective condensation
between different aliphatic aldehydes.3

Transition-metal catalyzed hydroformylation of epoxides
is also an effective method to give b-hydroxyaldehydes.4,5

Similar to the aldol reaction above mentioned, the reactive
aldehyde function potentially causes some unwanted side
reactions such as dimerization of products or reduction of
carbonyl function under the hydroformylation condition
(Scheme 1). Accordingly, in order to establish the syn-
thetic utility of epoxide hydroformylation, it is required to
protect the functional groups (hydroxy and/or formyl
group) in situ. A successful example for protection of hy-
droxyl group is the rhodium-catalyzed silylformylation of
epoxides reported by Murai et al. where HSiR3 is used in-
stead of H2.

6 On the other hand, for the protection of
formyl group, Orchin et al. attempted the cobalt-catalyzed
hydroformylation of cyclohexene oxide in the presence of

ethylene glycol which would have trapped the hydro-
formylation product as an acetal.7 However, in fact, ethyl-
ene glycol coordinated to the cobalt center to retard the
reaction. For the purpose of efficient hydroformylation
followed by a transformation into acetal, we focused on
transacetalization reaction. The use of orthoformate
[HC(OEt)3] or acetal [H2C(OMe)2] in combination with
acid catalyst such as SnCl2 or PPTS (pyridinium p-tolu-
enesulfonate) was shown to be effective for the in situ ac-
etalization of a formyl group in the rhodium-catalyzed
hydroformylation of olefins.8 Here, we report the cobalt-
catalyzed hydroformylation–acetalization of epoxides by
using HC(OMe)3. Dimethyl acetals of b-hydroxyalde-
hydes were obtained as a stable protected monomer form.
In this system, acidic HCo(CO)4, derived from Co2(CO)8

under the reaction condition, operated not only as formyl-
ation catalyst but also acetalization catalyst.

Scheme 1 Hydroformylation of epoxides and the accompanying
side reactions

Hydroformylation of cyclohexene oxide (1) was carried
out using Co2(CO)8 (2.5 mol%) in the presence of acetal-
ization reagent in toluene at 90 °C for 21 hours. The use
of Me2C(OMe)2 or H2C(OMe)2 (1 equiv to epoxide) as an
acetalization reagent resulted in production of a mixture
of the unprotected and protected hydroformylation prod-
ucts 2 and 3. In contrast, when HC(OMe)3 was employed,
the product b-hydroxyaldehyde was efficiently converted
to b-hydroxydimethylacetal 3 (13%) and its formate 4
(31%), which was probably given by transesterification of
3 with in situ generated methyl formate (Table 1, run 1).9

Formation of only trans isomer demonstrates that ring-
opening event proceeded with inversion at one of the
chiral centers.10 The increase of the amount of HC(OMe)3

accelerated the reaction: the hydroformylation in
HC(OMe)3 (ca. 20 equiv to epoxide) instead of toluene
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gave 3 and 4 in 48% and 27% yield, respectively.12 Addi-
tion of phosphine and/or nitrogen-containing ligand also
elevated the yield, and the highest yield of the hydro-
formylation–acetalization products were achieved by
using iminophosphine ligand 5 (1 equiv to Co) to afford 3
(20%) and 4 (60%). The formate 4 can be transformed to
3 by treating the crude reaction mixture with methanol.
Thus, cyclohexene oxide was converted to 3 in 70% iso-
lated yield under the optimized hydroformylation–acetal-
ization conditions [epoxide (5.0 mmol), CO/H2 (80 atm),
Co2(CO)8 (0.125 mmol) and 5(0.25 mmol) in HC(OMe)3

(10 mL) at 90 °C for 21 h].

To study the scope and limitation of this reaction, we in-
vestigated the reaction with various epoxides under the
optimum conditions as shown in Table 2.13 Cyclopentene
oxide (6a) was efficiently converted to the trans-hydroxyl
acetals, while the use of cyclooctene oxide or trans-4-
octene oxide (6b) resulted in low conversion. When ter-
minal epoxides were used, less hindered carbon was se-
lectively carbonylated to give the linear product as the
major isomer, which is the same as a cross-aldol product
between acetaldehyde and another aldehyde. For exam-
ple, the reaction with 1,2-epoxyoctene (6c) produced a
mixture of linear- and branched-7c (linear/
branched = 4.5) in 69% isolated yield. Functionalized ter-
minal epoxides, epichlorohydrin (6d) and 1-benzyloxy-
2,3-epoxypropane (6e), gave the corresponding acetals in
33% (7d) and 57% (7e) yield, respectively. It is notewor-
thy that neither branched-7d nor branched-7e was detect-
ed. An optically pure (S)-6e was converted to linear-(R)-
7e in 52% yield with retention of the configuration.14 This
compound can be easily transformed into protected 3,4-

dihydroxybutanal, which is known to react with t-butyl
acetate enolate to give the standard intermediate for
HMG-CoA reductase inhibitors.15

Our experiments indicate the nucleophilic attack of cobalt
carbonyl anion to the epoxide activated by proton as
shown in Scheme 2.16 The preferable formation of linear

Table 1 Cobalt-Catalyzed Hydroformylation of Cyclohexene 
Oxide in the Presence of HC(OMe)3

a

Run Solvent Additive (mmol) Yield (%)b

3 4

1 Toluene HC(OMe)3 (5) 13 31

2 HC(OMe)3 – 48 27

3 HC(OMe)3 5 (0.25) 20 (70)c 60

a Reaction condition: cyclohexene oxide (5.0 mmol), CO (40 atm), H2 
(40 atm), Co2(CO)8 (0.125 mmol) and a desirable amount of additive 
in toluene (5 mL) or HC(OMe)3 (10 mL) at 90 °C for 21 h.
b GC yield.
c Isolated yield after treatment of the crude product with MeOH.
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Table 2 Hydroformylation–Acetalization of Epoxides in HC(OMe)3
a

Run Epoxide Product Yield (%)b

1

6a
7a

(74)

2

6b
7b

(13)

3

6c
linear-7c

branched-7c

(69)
l/b = 4.5

4

6d
linear-7d

(33)

5

(S)-6e
(R)-linear-7e

(52)

a Reaction condition: epoxide (5.0 mmol), CO/H2 (80 atm), Co2(CO)8 (0.125 mmol) and 5 (0.25 mmol) in HC(OMe)3 (10 mL) at 90 °C for 21 h.
b Isolated yield after treatment of the crude product with MeOH.
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b-hydroxyacetals from terminal epoxides (6c, 6d, 6e) is a
sign of susceptibility of the nucleophilic attack to the ster-
ic hindrance. This is consistent with the low reactivity of
1,2-disubsutituted internal epoxide such as cyclooctene
oxide and trans-4-octene oxide (6b). The higher reactivity
of cyclohexene oxide (1) and cyclopentene oxide (6a), in
spite of their 1,2-disubstituted patterns, is probably due to
their ring-strain for overcoming the steric hindrance. Pro-
duction of trans isomer in the reaction of 1 and 6a sup-
ports that the nucleophilic ring-opening is likely SN2
mechanism rather than SN1.

Scheme 2 A plausible catalytic cycle in the hydroformylation–
acetalization of epoxide with Co2(CO)8

In conclusion, we established the cobalt-catalyzed hydro-
formylation of epoxides followed by in situ acetalization
with HC(OMe)3. A variety of internal and terminal ep-
oxides was transformed into b-hydroxyaldehyde equiva-
lents, useful for organic synthesis. Particularly, this
process produces optically active b-hydroxyaldehyde
from optically active terminal epoxides, which can be eas-
ily prepared by the asymmetric epoxidation of olefins,17

or hydrolytic kinetic resolution of terminal epoxides.18

From the viewpoint of the product structure, this reaction
is a substitute to the aldol addition; and from the view-
point of the reaction pathway, this reaction can be consid-
ered as a nucleophilic addition of a masked formyl anion
to epoxide, providing a new variant of an umpolung of
carbonyl function (Scheme 3).19

Scheme 3
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