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Rhodium-catalyzed hydroformylation is an atom-economic,
commodity-scale process for the production of linear alde-
hydes.[1] Asymmetric hydroformylation (AHF) is underutil-
ized because of the limited availability of chiral ligands which
demonstrate useful selectivity and activity.[2] Hydroformyla-
tion constitutes a potentially powerful method for synthesiz-
ing enantiopure aldehydes from readily accessible reagents.[3]

Such chiral aldehydes are valuable intermediates in the
synthesis of pharmaceuticals and other complex organic
molecules. We[4] and others[5] have demonstrated effective
enantioselective hydroformylation of alkenes. Previously we
have reported that the bis(diazaphospholane) 1 (Figure 1)

enables highly active, regio- and enantioselective rhodium-
catalyzed hydroformylation of aryl alkenes,[4b] 1,3-dienes,[4d]

vinylic and allylic amines, and alcohols.[4c] For example, AHF
of allyl ethers using 1 and rhodium catalysts yield Roche-
aldehyde derivatives with high enantiomeric excess.[4c,6] One
of the many applications of the Roche aldehyde concerns
olefination[7] to form g-chiral a,b-unsaturated carbonyl inter-
mediates. A generalized and efficient AHF/olefination pro-
tocol would enhance emerging hydroformylation technology.

There have been a few reports of one-pot hydroformyla-
tion/Wittig olefination sequences. Breit and co-workers
described the diastereoselective hydroformylation/Wittig ole-
fination/hydrogenation of 1,1-disubstituted allylic alcohols, in
which the alcohol is tethered to a phosphorus ligand to induce
a diastereoselective linear hydroformylation.[8] Helmchen and
co-workers have recently reported the procedure using chiral
homoallylic amines to produce substituted proline analogues
using a hydroformylation/Wittig olefination/aza-Michael
addition sequence.[9] Risi and Burke have demonstrated the
synthesis of (+)-patulolide C[10] and the Prelog–Djerassi
lactone[11] using hydroformylation reactions. Herein we
demonstrate general, efficient, and enantioselective one-pot
AHF/Wittig olefination (AHF/WO) sequences in the pres-
ence of rhodium complexes of 1 to produce g-chiral a,b-
unsaturated carbonyl compounds (Scheme 1).

The enantioselective hydroformylation of vinyl acetate
was conducted in the presence of various stabilized Wittig
ylides (Table 1) in glass pressure bottles with simultaneous
addition of vinyl acetate and a Wittig reagent.[12] Hydro-
formylation of vinyl acetate with the carboethoxy-substituted
Wittig ylide results in 79% yield of an a,b-unsaturated ester
in 99% ee (2a, entry 1). Analogues of 2 have been used in
organic synthesis.[13] The AHF/WO of vinyl acetate and the
Wittig ylide bearing a carbobenzyloxy group yielded 2b
(entry 2) with a high enantioselectivity (99 % ee) and in
modest yield (46 %). Interestingly, 2 b was the only product
observed to undergo a second hydroformylation/Wittig
olefination transformation. Subsequent isomerization yielded
2b’ [Eq. (1)]. As shown in Table 1, stabilized Wittig reagents
based on a-substituted esters (entries 3 and 5) and ketones
(entry 4) are effective in the AHF/WO sequence. In all
examples, high E/Z selectivity (> 95:5), high regioselectivity,
and little erosion of enantioselectivity was observed.

Sequential AHF/WO, in which AHF is performed first in
the absence of the Wittig reagent, has been used for alkenes of
several types (Scheme 2). The AHF/WO of N-vinylphthal-
imide, 6-methoxy-2-vinylnaphthalene, CBZ-protected 3-pyr-

Figure 1. The chiral ligand 1 used in this study.

Scheme 1. General one-pot AHF/WO sequence with stabilized Wittig
ylides resulting in g-chiral a,b-unsaturated carbonyl products.
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roline, and phenyl-1,3-butadiene proceed with good yields
and selectivities. Please note that the procedures for the
vinylnaphthalene and diene involve different temperatures
for the AHF and WO steps compared to those used for the
reactions listed in Table 1. Also note that the AHF/WO of the
CBZ-protected 3-pyrroline was performed with simultaneous
addition of substrate and ylide. The one-pot sequential
procedure for N-vinylnaphthalene provided approximately
a 10 % higher ee value than the tandem process, presumably
because the sensitive aldehydes epimerize faster in the
presence of an ylide at the higher temperature. Also note
that 3 d’ is susceptible to isomerization, thus yielding 3 d’’. This
problem can be circumvented by reduction of the ester to the
alcohol 3d.

Wittig olefination with an allyl-substituted ylide yields
a 1,4-diene which can undergo subsequent hydroformylation
(Table 2). AHF of enantiomerically enriched samples of 4
using four different combinations of syngas (1:1 H2/CO)
pressure and temperature reveals dramatically different
regioselectivities. At 140 psig of syngas and a temperature
of 40 8C, the branched aldehyde was favored [86% 5branched for
(S)-4 and 79% 5branched for (R)-4], whereas the branched
isomer is the minor product [23% 5 (branched) for (S)-4 and
17% 5branched for (R)-4] at 15 psig of syngas and 100 8C. The

combination of high pressure and high temperature (100 8C
and 140 psig) results in almost equal amounts of the branched
and linear regioisomers [63% 5branched for (S)-4 and 52%
5branched for (R)-4]. The low temperature and pressure (40 8C
and 15 psig) combination produces modest branched isomer
selectivity [75% 5branched for (S)-4 and 69% 5branched for (R)-4].
Different regioselectivities for different enantiomers indicate
a match/mismatch effect with the enantiopure catalyst. For all
eight experiments in Table 2, high diastereomeric ratios for
the branched product (� 87 % major diastereomer) with

Table 1: One-pot AHF/WO of vinyl acetate in the presence stabilized
Wittig ylides.[a]

Entry Product t [h] E/Z[b] Yield [%] ee [%][c]

1 18 >95:5 79 99

2 15 >95:5 46 99

3 18 >95:5 68 90

4 21 >95:5 71 97

5 18 >95:5 67 98

[a] Reaction conditions: Pre-activation of [Rh(acac)(CO)2] and 1 with
140 psig (1:1) H2/CO for 0.5 hour at 40 8C with subsequent injection of
the vinyl acetate/Wittig ylide solution ([vinyl acetate]=1.5m, [Wittig
ylide]= 1.8m) in chloroform. [b] Measured by 1H NMR spectroscopy.
[c] See the Supporting Information for determination of the enantiomeric
excess. acac= acetylacetonate.

Scheme 2. Sequential AHF/WO reactions of different alkenes.

Table 2: AHF of 4 at various syngas pressures and temperatures.[a]

(S)-4 (R)-4
140 psig 15 psig 140 psig 15 psig

40 8C, 3 h conv. 99[b]

b/l 86:14[c]

d.r. 93:7[d]

conv. 99[b]

b/l 75:25[c]

d.r. 93:7[d]

conv. 92[b]

b/l 79:21[c]

d.r. 4:96[d]

conv. 99[b]

b/l 69:31[c]

d.r. 6:94[d]

100 8C, 1 h conv. 99[b]

b/l 63:37[c]

d.r. 95:5[d]

conv. 99[b]

b/l 23:77[c]

d.r. 89:11[d]

conv. 99[b]

b/l 52:48[c]

d.r. 6:94[d]

conv. 99[b]

b/l 17:83[c]

d.r. 13:87[d]

[a] [Alkene]= 1.5m and 1:1 H2:CO. [b] Percent conversion. [c] 5branched/
5linear ratio. [d] The d.r. value for 5branched.
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either enantiomer of the substrate 4 indicates that the catalyst
chirality controls the stereoselectivity. The internal trisubsti-
tuted alkene remains unreacted in all of these experiments.
Previously, interesting effects of the CO pressure on the regio-
and enantioselectivity have been observed for the AHF of
conjugated alkenes (styrene and 1,3-dienes) with rhodium/
diazaphospholane catalysts.[4d, 14] Koll�r and co-workers, van
Leeuwen et al., and Casey et al. observed pressure and
temperature effects in the hydroformylation of styrene
using rhodium[15] and platinum.[16]

Complex materials containing multiple stereocenters and
various functionalities can be synthesized by sequential AHF/
WO procedures. For example, olefination of the aldehyde
5branched with the allyl carboethoxy-substituted Wittig ylide
yielded the 1,4,8-triene 6 (Scheme 3). Hydroformylation of 6

at 15 psig of syngas and 100 8C gave linear (7linear) and
branched (7branched) isomers with 7linear being the major product
(12 % 7branched). At 140 psig of syngas and 40 8C the reaction is
branched selective (72 % 7branched). By using silica gel chro-
matography, each of these regioisomers can be isolated. The
branched isomer 7branched, which contains ester, acetoxy, and
aldehyde functional groups, two C=C double bonds, and three
stereocenters, is obtained with high diastereometric ratio
(94:6).

Multiple one-pot iterative AHF/WO sequences can be
accomplished with a single catalyst loading (Schemes 4). For
example, a pressure bottle charged with vinyl acetate, [Rh-
(acac)(CO)2] (0.2%), the ligand 1, and syngas generated
a branched aldehyde in two hours. Subsequent depressuriza-
tion and injection of the allyl-substituted Wittig ylide gave the
1,4-diene (S)-4. This sequence was required because the allyl-
substituted Wittig ylide is also capable of undergoing hydro-
formylation and subsequent intramolecular olefination, thus
yielding ethyl 1-cyclopentene-1-carboxylate as the major
product. Repressurization with 140 psig of H2/CO (1:1) at
40 8C effected AHF of (S)-4 to give the aldehyde 5branched in
modest isolated yield (56%) with a high d.r. value (95:5).

One-pot AHF/WO sequences with multiple iterations
yield vinylogous ester oligomers with a single loading of the
rhodium/bis-3,4-diazaphospholane catalyst. For example,
AHF/WO/AHF/WO/AHF/WO produced a substituted unsa-

turated trimer of 4-hydroxyvalerate (Scheme 5).[17] Asym-
metric hydroformylation of vinyl benzoate was followed by
depressurization and the first addition of a vinyl-ester-
substituted Wittig reagent. Repressurization with syngas,
hydroformylation, and depressurization was followed by
injection of the second ylide. A final AHF/WO cycle yielded
the trimer 8 with three unique stereocenters in a 17 % isolated
yield. Synthesis of a monodisperse oligomer requires precise
control of stoichiometric amounts of the Wittig ylide for each
iteration step.[18] Separation of the trimer from smaller and
larger oligomers was accomplished by using silica gel
chromatography. NMR spectroscopy (1H, 13C, COSY,

Scheme 3. Hydroformylation of the 1,4,8-triene 6 to yield the products
7branched and 7linear.

Scheme 5. One-pot AHF/WO/AHF/WO/AHF/WO using a single cata-
lyst loading. Bz = benzoyl.

Scheme 4. Net one-pot AHF/WO/AHF reaction of vinyl acetate with an
allyl-substituted Wittig ylide (AHF and WO transformations are shown
with dashed arrows).
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HSQC) confirmed the connectivity of the trimer product,
apparently with one diasteromer predominating. Mass spec-
trometry confirmed the presence of 8, along with trace
amounts of the dimer and tetramer.[19] The yield and purity of
the trimer appears to be limited more by the difficulty of
measuring stoichiometric amounts of the ylide and isolation
of the product from tributylphosphine oxide, rather than by
hydroformylation or olefination conversion and selectiv-
ity.,[18,20]

Iterative (AHF/WO)n sequences constitute a powerful
one-pot approach to the sequence-specific construction of
oligomers in which multiple stereocenters are introduced by
a single loading of a chiral catalyst. The success of the
examples shown here rests on the remarkable activity and
robustness of the rhodium/bis(diazaphospholane) catalysts,
their high selectivity for a variety of alkene substrates, and the
ability of stabilized ylides to generate olefins of a-chiral
aldehydes without racemization. In addition this work
demonstrates that a simple change in the hydroformylation
temperature and pressure can tweak the catalyst to be either
linear or branched selective. The a,b-unsaturated carbonyl
groups resulting from olefination provide sites for additional
functionalization and the creation of stereocenters.
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