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Efficient synthetic transformations are those forming new
carbonÿcarbon bonds with complete control of chemo-,
regio-, and stereoselectivity.[1] Reactions in accord with the
criteria of atom economy are particularly useful.[2] In this
context, the industrially important hydroformylation of
olefins would be an ideal transformation if selectivity, in
particular stereoselectivity, could be controlled.[3] We recently
devised one solution to this problem by making more efficient
use of substrate control with the aid of a substrate-bound
catalyst-directing group.[4]

Although the hydroformylation of a carbonÿcarbon double
bond introduces the preparatively useful aldehyde function-
ality, in terms of synthetic efficiency the reaction suffers from
the fact that it provides only a one carbon chain elongation.
One way to overcome this deficiency could be to incorporate
this reaction as a key step in a domino-type process.[5, 6] In this
context we recently developed a domino hydroformylation/
Wittig olefination protocol.[7] In an extension of this study we
herein report on the first domino hydroformylation/Knoeve-
nagel reaction/hydrogenation process of acyclic olefinic sub-
strates, which occurs with concomitant control of regio- and
stereoselectivity and, additionally, provides useful building
blocks for polyketide synthesis.

When the methallyl ortho-diphenylphosphanylbenzoate
(�)-1 was subjected to hydroformylation conditions in the
presence of 1.5 equivalents of dimethylmalonate and 0.3
equivalents of piperidinium acetate (Scheme 1), the substi-
tuted malonate (�)-2 could be isolated in satisfactory yield
and with good diastereoselectivity (syn/anti 96:4, Table 1,
entry 6). Malonate (�)-2 is obviously the final product of a
sequential domino hydroformylation/Knoevenagel reaction/
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Scheme 1. Domino hydroformylation/Knoevenagel reaction/hydrogena-
tion process [(�)-1!(�)-2] and proposed mechanism. a) CH2(CO2Me)2,
1.0 mol % Rh cat., 20 bar CO/H2 (1:1), amine base, toluene, D, 24 h.

hydrogenation cascade. As we have shown previously, dia-
stereoselectivity in the course of the hydroformylation
reaction is controlled by the substrate-bound catalyst-direct-
ing o-DPPB.[8] The yield and stereoselectivity of this new
transition metal catalyzed domino process are basically
independent from the rhodium-catalyst precursor that is used
(Table 1, entries 2 ± 4), but they depend strongly on the nature
of the amine base employed (Table 1, entries 2, 5, 6). While
pyridine was completely unsuccessful, the best result was
obtained with catalytic amounts of piperidinium acetate.[9]

Hence, this new domino process allows in a single operational
step the formation of two carbonÿcarbon single bonds under
almost neutral reaction conditions and simultaneously intro-
duces the synthetically useful malonate functionality. Addi-
tionally, a new stereogenic center is formed with excellent
levels of acyclic stereocontrol.

In addition to malonates, b-ketoesters such as ethyl
acetoacetate (Scheme 2; Table 2, entries 2, 5, 7, 8) could be
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Scheme 2. Domino hydroformylation/Knoevenagel reaction/hydrogena-
tion process. EWG� electron withdrawing group.

employed to give the corresponding domino products 5, 9, 12,
and 14 in generally better yields. Furthermore b-diketones
undergo a similar cascade reaction to give the formally
alkylated and saturated derivatives 6, 10, and 16 (Table 2,
entries 3, 6, 9).

The reaction could be used for the construction of the anti ±
syn and the all-anti stereotriad sequences (Table 2, entries 7, 8),
which are known to be central building blocks of polyketide
natural products.[13] In all the reactions 1,2-asymmetric
induction was controlled during the hydroformylation step
either by making use of the substrate-bound catalyst-directing
o-DPPB group (entries 1 ± 7),[7, 8] or by substrate control
through conformational constraints (entry 8).[14]

The domino reaction could also be applied to a homo-
methallyl o-DPPB ester (�)-15 [Eq. (1); acac� acetylace-
tone]. The substrate-bound catalyst-directing o-DPPB group al-

lowed the control of diastereoselectivity by making efficient
use of 1,3-asymmetric induction.[15] Thus, the functionalized b-
diketone (�)-16 was obtained in good yield and with good
diastereoselectivity.

Additionally, a regioselective hydroformylation of a mono-
substituted alkene with the BIPHEPHOS/rhodium catalyst[16]

could be employed as the key step in this domino process to
give the linear b-ketoester 18 in good yield and with excellent
regioselectivity [Eq. (2)].

Table 1. Optimization of reaction conditions for the domino hydroformylation/Knoevenagel reaction/hydrogenation cascade of methallyl alcohol derivative
(�)-1 with dimethylmalonate.

Entry Equiv Rh Cat. Base/equiv T Yield[a] d.r.[b]

malonate [8C] [%] (syn/anti)

1 1.0 [RhH(CO)(PPh3)3] piperidine/0.5 70 20 96:4
2 1.0 [RhH(CO)(PPh3)3] piperidine/0.5 90 36 96:4
3 1.0 [{Rh(cod)Cl}2][c] piperidine/0.5 90 42 96:4
4 1.0 [Rh(CO)2(acac)]/4P(OPh)3 piperidine/0.5 90 41 96:4
5 1.0 [RhH(CO)(PPh3)3] pyridine/0.5 90 0 ±
6 1.5 [RhH(CO)(PPh3)3] piperidiniumacetate/0.3 90 51 96:4

[a] Determined after workup and purification by column chromatography. [b] Determined through NMR spectroscopic analysis of the crude product.
[c] cod� cycloocta-1,5-diene.
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When malonic acid monomethyl ester was used as the CH-
acidic Knoevenagel component the monoester derivative (�)-7
was obtained as the sole product (Table 2, entry 4). Hence, the
mechanism of this sequential transformation must involve four
separate steps (Scheme 3). First, o-DPPB-directed stereoselec-
tive hydroformylation provides the aldehyde (�)-3,[8] which
should condense immediately with the malonic acid methyl-
ester to form the corresponding doubly acceptor-activated
alkene derivative (�)-19. Rhodium-catalyzed hydrogenation
of this alkene and subsequent decarboxylation conclude the
sequence of events affording the isolable ester (�)-7.

Hence, the new sequential transformation described herein
allows the formation of two carbonÿcarbon single bonds in a
single operational step, with concomitant generation of a new
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Scheme 3. Proposed mechanism of the domino hydroformylation/Knoe-
venagel reaction/hydrogenation/decarboxylation cascade ((�)-1!(�)-7).
a) 1.1 equiv HO2CCH2CO2Me, 1.0 mol % [RhH(CO)(PPh3)3], 20 bar CO/
H2 (1:1), 0.1 equiv piperidine, 0.1 equiv AcOH, toluene, 90 8C, 24 h (41 %).

Table 2. Results of the regio- and stereoselective domino hydroformylation/Knoevenagel reaction/hydrogenation process.[a]

Entry Alkene[10] CH2(EWG)2 Product[11, 12] Yield[b] [%] d.r.[c] (syn/anti)

1 CH2(CO2Me)2 51 96:4

2 MeCOCH2CO2Et 71 96:4

3 MeCOCH2COMe 52 96:4

4 HO2CCH2CO2Me 41 96:4

5 MeCOCH2CO2Et 64 92:8

6 MeCOCH2COMe 60 92:8

7 MeCOCH2CO2Et 55 96:4

8[d] MeCOCH2CO2Et 62 > 98:2

9[e] MeCOCH2COMe 51 91:9

10[e] MeCOCH2CO2Et 64 > 99:< 1[f]

[a] For a representative procedure, see the Experimental Section. TBS� tert-butyldimethylsilyl. [b] Determined after workup and purification by column
chromatography. [c] Determined through NMR or GC analysis of the crude product. [d] Conditions: 1 mol % [Rh(CO)2(acac)]/4 mol % P(OPh)3, 0.2 equiv
piperidine. [e] For detailed reaction conditions, see Equations (1) and (2). [f] Ratio of regioisomers (linear/branched).
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Dialkenylation of Carbonyl Groups by
Alkenyllithium Compounds: Formation of
Cyclopentadiene Derivatives by the Reaction
of 1,4-Dilithio-1,3-dienes with Ketones and
Aldehydes**
Zhenfeng Xi,* Qiuling Song, Jinglong Chen,
Hairong Guan, and Pixu Li

The development of methodologies for carbonÿcarbon
bond formation by deoxygenation of the C�O moieties in
carbonyl compounds has attracted much attention as a
powerful synthetic strategy.[1] In general, two types of CÿC
bond-forming reactions that involve the deoxygenation of
CÿO double bonds in carbonyl compounds are known
(Scheme 1, Type I and Type II). Type I reactions give rise to
a CÿC double bond. The Wittig-type reactions,[2] Tebbe�s
reagent or Grubbs� titanacycle,[3] and the McMurry reaction[4]

have been utilized extensively to convert carbonyl compounds
into alkenes. Type II reactions form two C(sp3)ÿC(sp3) bonds.
Reetz�s direct geminal dialkylation, which uses organotita-
nium reagents[5] and AlMe3,[6] and direct geminal diallylation,
which uses vanadium(ii) species[7] have been reported. We

stereogenic center and with high levels of regio- and acyclic
stereocontrol. Additionally, a synthetically useful b-dicarbon-
yl functionality is introduced.

Experimental Section

Compound (�)-5 : (�)-1 (402 mg, 1.0 mmol) and ethyl acetoacetate
(156 mg, 1.2 mmol) were added sequentially to a solution of
[RhH(CO)(PPh3)3] (9.2 mg, 1� 10ÿ2 mmol) in toluene (3 mL) at 20 8C
(with exclusion of air and moisture). The solution was stirred for 5 min and
then piperidine (17 mg, 0.2 mmol) and acetic acid (12 mg, 0.2 mmol) were
added sequentially. The resulting solution was transferred by cannula
(rinsed with 2 mL of toluene) into an evacuated and argon-filled stainless-
steel autoclave. The autoclave was heated to 90 8C and pressurized with
20 bar H2/CO (1:1). After stirring for 24 h at this temperature the autoclave
was cooled rapidly to 20 8C and depressurized. The reaction solution was
filtered through a small pad of silica with tert-butylmethylether (50 mL).
After evaporation of the solvent, the crude product was analyzed by NMR
spectroscopy to determine the diastereomeric ratio (syn/anti 96:4).
Subsequent purification by column chromatography on silica with petro-
leum ether (40/60)/tert-butylmethylether (4:1) provided the b-ketoester
(�)-5 (390 mg, 71%) as a highly viscous oil. 1H NMR (500.130 MHz,
CDCl3, 25 8C, TMS): d� 0.77 ± 0.87 (m, 9H), 1.05 ± 1.10 (m, 1H), 1.24 (mc,
3H), 1.69 ± 1.92 (m, 5 H), 2.15 [2.18] (s, 3H), 3.24 [3.30] (pt, J� 7.3 Hz, 1H),
4.11 ± 4.21 (m, 2 H), 4.81 (mc, 1H), 6.91 (mc, 1H), 7.25 ± 7.31 (m, 10H), 7.38
(mc, 2H), 8.08 (mc, 1H); 13C NMR (125.758 MHz, CDCl3, 25 8C): d� 13.7
[13.8], 14.0, 18.2 [18.4], 19.1 [19.2], 25.6 [25.7], 28.7 [29.0], 29.5, 31.2 [31.4],
34.3, 56.6 [59.9], 61.2 [61.3], 81.5 [81.8], 128.1 (d, 3JC,P� 2.8 Hz), 128.4 (d,
3JC,P� 6.9 Hz, 2 C), 128.4 ± 128.5 (2C), 130.4, 131.8 (d, 3JC,P� 6.4 Hz),
133.7 ± 134.3 (8C), 138.1 ± 138.3 (2 C), 140.9 (d, 1JC,P� 28.2 Hz) [141.0 (d,
1JC,P� 27.6 Hz)], 166.30 [166.32], 169.6 [169.7], 203.2 [203.3]; 31P NMR
(202.457 MHz, CDCl3, 25 8C, 85% H3PO4): d�ÿ4.49 (s) [ÿ4.51 (s)];
elemental analysis: calcd. (%) for C33H39O5P: C 72.51, H 7.19; found C
72.62, H 7.34.
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