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The one-carbon homologation of carbonyl compounds using
diazo compounds is a frequently encountered synthetic
objective.[1] Several related reactions have been developed
and are known as the Arndt–Eistert reaction,[2] Buchner–
Curtius–Schlotterbeck reaction,[3] Tiffeneau–Demjanov rear-
rangement,[4] and Roskamp–Feng reaction.[5] Among these
reactions, Lewis acid catalyzed homologation of aldehydes or
ketones with diazo compounds results in a carbon-chain
extension or ring expansion at a carbonyl group, thus
producing a synthetically useful carbonyl-containing back-
bone (Scheme 1).[6,7] Remarkably, the reactions found suc-
cessful applications in natural product synthesis in recent
years.[8]

Intriguingly, a catalytic asymmetric variant of this trans-
formation by using a-substituted a-diazo compounds will
incorporate a chiral tertiary (for aldehydes) or quaternary
(for ketones) carbon center[9] at the position adjacent to the
carbonyl group (Scheme 1). Recently, innovative studies by
several groups have been extended to the asymmetric
reaction of aldehydes and cyclic carbonyl compounds. Asym-
metric homologation of aldehydes with a-alkyl-a-diazo com-

pounds were documented by Maruoka and co-workers,[10]

ourselves,[11] and Ryu and co-workers.[12] Stereoselective
construction of seven-membered rings from cyclohexanones
was accomplished by the group of Maruoka by using a chiral
aluminum complex of a binol derivative.[13] An asymmetric
ring expansion of cycloalkanones with terminal diazoalkanes
was reported by Kingsbury and co-workers by using chiral
scandium complexes of oxazoline ligands.[14] We realized the
corresponding ring-expansion reaction of isatins.[11c] Never-
theless, daunting challenges remain in the asymmetric carbon-
chain extention of acyclic ketones. Compared with the
asymmetric homologation of cycloalkanones, the control of
the enantioselectivity and regioselectivity of acyclic ketones
(Scheme 1, path a) is more complex without the ring system.
Additionally, acyclic ketones receive more steric hindrance
than the relatively bare carbonyl group on a cyclic ring, which
reduces the reactivity. Otherwise, the formation of epoxides
from acyclic ketones is highly competitive relative to alde-
hydes and cyclic ketones.[1a,b] Continued improvement of
asymmetric homologation of ketones achieved by new Lewis
acid catalysts under mild reaction conditions is significantly
desired. We report herein a breakthrough by using chiral
N,N’-dioxide-yttrium(III) complexes. Asymmetric homologa-
tion of a-ketoesters with a-alkyl-a-diazoesters was achieved,
thus generating enantiomeric enriched succinate derivatives
with chiral all-carbon quaternary centers.

After preliminary screening, we chose the a-ketoester 1a
and a-methyl-a-diazoester 2a as the model substrates for
catalysis using chiral N,N’-dioxide/metal complexes[15]

(Table 1). Surprisingly, the catalyst L1/Sc(OTf)3, which was
efficient in our previous study,[11] could not promote the
reaction of the a-ketoester (entry 1). The complexes of
Ni(OTf)2 and Zn(OTf)2 also failed to catalyze the reaction
(entries 2 and 3). To our delight, the complex L1/Yb(OTf)3

gave the desired product in 38% yield and 87 % ee (entry 4).
The carbon-chain extension at the carbonyl group occurred
by 1,2-aryl migration, thus producing the succinate derivative
3aa with a chiral all-carbon quaternary center. Better out-
comes were obtained when Y(OTf)3 was used as the metal
precursor (44% yield and 92 % ee ; entry 5). Other metal
sources were also tested, but no further improvement was
observed. The amino acid backbone of the ligand was then
probed. Using the l-pipecolic-acid-derived N,N’-dioxide L2
gave lower reactivity and enantioselectivity (entry 5 versus
entry 6). Comparatively, the ligand L3 derived from l-proline
showed slightly superior outcomes with 45 % yield and 92%
ee (entry 7). Steric hindrance on the phenyl ring of the ligand
plays a key role in promoting both the enantioselectivity and

Scheme 1. Lewis acid (LA) catalyzed homologation of carbonyl com-
pounds using a-diazoesters.
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reactivity. Poor results were observed by using the aniline-
derived ligand L4 (entry 8). Enhancing steric hindrance on
the 2,6-positions of the phenyl ring improved the enantiose-
lectivity and reactivity greatly (entries 7, 9, and 10 versus
entry 8). It is noteworthy that the 1,2-ester migration product,
epoxide product, and other unknown byproducts are present
in this reaction system, and results in low yield of the desired
product 3.[16] We presumed that more sterically hindered ester
moiety on a-diazoesters might improve the yield of 3aa by
suppressing the ester/oxygen shift, as well as other side
reactions. Luckily, when changing ethyl ester into a tert-butyl
ester, the yield was enhanced to 65 % with and the enantio-
selectivity maintained (entry 11). The more-bulky 1-adaman-
tyl a-diazoester 2c gave even better yield of 73 % (entry 12).
Furthermore, the catalyst loading could be reduced to
2.0 mol%, thus giving the similar enantioselectivity and
yield after a prolonged reaction time (entry 13). The reaction
could even be performed in the presence of 0.5 mol% of the
catalyst, albeit with a slight reduction of yield and ee value
(entry 14). Notably, the reaction system is insensitive to air
and moisture, and makes the process practical and facile.

With the optimized reaction conditions in hand (Table 1,
entry 13), we firstly investigated the reactions between
various a-aryl-substituted a-ketoesters (1) and a-alkyl-a-
diazoesters (2 ; Table 2). The corresponding products from the
1,2-aryl shift were obtained in moderate to good yields with

satisfactory enantioselectivities. When 2c was used as the
reactant, it was found that electronic nature and steric bulk of
the substituents on the a-aryl group of the a-ketoesters had
a slight influence on the enantioselectivity (entries 1–17).
Meanwhile, methoxy- and trifluoromethyl-substituted ones
gave lower yields (entries 5, 8, 13, and 17). Multisubstituted
and fused-ring-substituted a-ketoesters also proceeded well,
thus providing the corresponding succinate derivatives with
up to 76 % yield and 94% ee (entries 18–20). Next, the utility
of this approach was extended to a range of a-alkyl-a-
diazoesters. The length of the a-alkyl chain attached to a-
diazoesters had a slight effect on the enantioselectivities
(entries 21–26). The reactivities of such substrates were lower
than those of 2c, even when the catalyst loading was increased
to 5 mol%. Pleasingly, important functional groups, such as
allyl, propargyl, silyl ethers, and halogens, were tolerable
under the mild reaction conditions, thus giving the function-

Table 1: Optimization of the reaction conditions.[a]

Entry L Metal R1 Yield [%][b] ee [%][c]

1 L1 Sc(OTf)3 Et (2a) 0 –
2 L1 Ni(OTf)2 Et (2a) 0 –
3 L1 Zn(OTf)2 Et (2a) 0 –
4 L1 Yb(OTf)3 Et (2a) 38 (3aa) 87
5 L1 Y(OTf)3 Et (2a) 44 (3aa) 92
6 L2 Y(OTf)3 Et (2a) 29 (3aa) 81
7 L3 Y(OTf)3 Et (2a) 45 (3aa) 92
8 L4 Y(OTf)3 Et (2a) 8 (3aa) 5
9 L5 Y(OTf)3 Et (2a) 15 (3aa) 76
10 L6 Y(OTf)3 Et (2a) 40 (3aa) 88
11 L3 Y(OTf)3 tBu (2b) 65 (3ab) 92
12 L3 Y(OTf)3 1-adamantyl (2c) 73 (3ac) 92
13[d] L3 Y(OTf)3 1-adamantyl (2c) 73 (3ac) 92
14[e] L3 Y(OTf)3 1-adamantyl (2c) 69 (3ac) 90

[a] Unless specified, all reactions were performed with 1a (0.10 mmol), 2
(0.15 mmol), L/metal (10 mol%, 1:1), and CH2Cl2 (0.5 mL) at 30 8C for
24 h. [b] Yield of isolated product. [c] Determined by HPLC analysis using
a chiral stationary phase. [d] The reaction was performed with 1a
(0.20 mmol), 2c (0.30 mmol), L3/Y(OTf)3 (2 mol%, 1:1), and CH2Cl2
(0.5 mL) at 30 8C for 48 h. [e] Using 0.5 mol% of the catalyst in CH2Cl2
(0.1 mL) at 30 8C for 48 h. Tf= trifluoromethanesulfonyl.

Table 2: Substrate scope of the catalytic asymmetric homologation of
aryl-substituted a-ketoesters by a 1,2-aryl shift.[a]

Entry Ar R3 x Yield [%][b] ee [%][c]

1 Ph Me 2 73 (3ac) 92
2 3-MeC6H4 Me 2 73 (3bc) 95
3 3-iPrC6H4 Me 2 70 (3cc) 95
4 3-CH2=CHC6H4 Me 2 69 (3dc) 93
5 3-MeOC6H4 Me 2 60 (3ec) 94
6 3-FC6H4 Me 2 65 (3 fc) 92
7 3-ClC6H4 Me 2 70 (3gc) 93
8 3-CF3C6H4 Me 2 62 (3hc) 91
9 4-MeC6H4 Me 2 76 (3 ic) 93
10 4-tBuC6H4 Me 2 70 (3 jc) 91
11 4-CH2=CHC6H4 Me 2 71 (3kc) 92
12 4-PhC6H4 Me 2 73 (3 lc) 92
13 4-MeOC6H4 Me 5 55 (3mc) 92
14 4-FC6H4 Me 2 65 (3nc) 92
15 4-ClC6H4 Me 2 69 (3oc) 90
16 4-BrC6H4 Me 2 59 (3pc) 91
17[d] 4-CF3C6H4 Me 5 55 (3qc) 83
18 3,5-Me2C6H3 Me 2 75 (3rc) 94

19 Me 5 65 (3sc) 92

20 2-naphthyl Me 2 76 (3 tc) 92
21 3-MeC6H4 Et 5 53 (3bd) 90
22 3-MeC6H4 nPr 5 64 (3be) 90
23 3-MeC6H4 nBu 5 61 (3bf) 88
24 3-MeC6H4 n-hexyl 5 63 (3bg) 92
25 3-MeC6H4 (CH2)9CH3 5 60 (3bh) 87
26 3-MeC6H4 isopentyl 5 63 (3bi) 85
27 3-MeC6H4 CH2CH=CH2 5 55 (3bj) 86
28 3-MeC6H4 CH2C�CH 5 65 (3bk) 91
29 3-MeC6H4 (CH2)3OTBS 5 77 (3bl) 90
30 3-MeC6H4 (CH2)4Cl 5 56 (3bm) 86

[a] Unless specified, all reactions were performed with 1 (0.20 mmol), 2
(0.30–0.36 mmol), L3/Y(OTf)3 (2–5 mol%, 1:1), and CH2Cl2 (0.4–
0.5 mL) at 20–30 8C for the indicated times (see the Supporting
Information). [b] Yield of the isolated product. [c] Determined by HPLC
analysis using a chiral stationary phase. [d] The reaction was carried out
at 0 8C. TBS = tert-butyldimethylsilyl.
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alized succinate derivatives with up to 77% yield and 91% ee
(entries 27–30).

To test whether a 1,2-alkyl shift of a C(sp3) center was
efficient, the reactions between methyl 2-oxopropanoate (1u)
and a-alkyl-a-diazoesters were carried out. After some
investigation on the reaction conditions, the desired homo-
logation reaction proceeded by using L2/Y(OTf)3 as the
catalyst at 0 8C (Table 3). Moreover, a variety of a-diazoesters
with saturated or unsaturated carbon chains, including chloro-
and azide-substituted side chains, was found to be suitable,
thus giving the corresponding 1,2-methyl migration products
with 70–81% yields in 88–94 % ee values.

The synthetic value of the homologation reaction is
demonstrated in Scheme 2. Because of the potential danger
(potential toxicity and unpredictable explosive behavior) of
diazo compounds,[17] it was vital to perform a scaled-up
version of this process. As expected, by using 1 mol% of the
catalyst, 2 c reacted with 1a smoothly on a gram scale, thus
generating the product 3 ac with 91 % ee and 71 % yield
(Scheme 2a). After a simple transformation, the correspond-
ing hydrazone compound 4 was obtained as a solid in 75%
yield (Scheme 2b). Therefore, the absolute configuration of
3ac was determined to be R by the X-ray crystallographic
analysis of 4.[18] Moreover, the product 3un, bearing an azide
group, could easily undergo an intramolecular Staudinger/
aza-Wittig reaction[19] using PPh3, thus affording the cyclic
imine compound 5 in particularly high yield (Scheme 2c).
Following a reduction of the imine with NaBH3CN gave the
useful chiral piperidine derivative 6 in 95% yield. It is worth
pointing out that the chiral compound 6 was considered as
a promising synthetic intermediate for the total synthesis of

a vincamine analogue.[20] In the above transformations, the
enantioselectivity of the derivatives were maintained.

In light of the experimental results and our previous
work,[15a] a proposed stereochemical model was described in
Scheme 3. The a-ketoester is activated through coordination
to the YIII in a bidentate fashion by its dicarbonyl group. The
a-diazoester would attack from the Re face of the a-
ketoester, because the Si face is blocked by the neighboring
amide group of the ligand. The prochiral face of the a-
diazoester 2c was distinguished by the repulsive interaction
between the ester group of a-diazoester and the other amide
moiety of the ligand. The arrangement meets the demand of
antiperiplanar rearrangement for the 1,2-aryl shift/dinitrogen
extrusion process. Thus, simultaneous discrimination of the
prochiral faces of both the a-ketoester and a-diazoester
results in the generation of the R-configured product.

In summary, we have demonstrated the catalytic asym-
metric homologation of acyclic ketones by using a-ketoesters
with a series of a-alkyl-a-diazoesters. In the presence of the
N,N’-dioxide/Y(OTf)3 catalysts, both aryl- and alkyl-substi-
tuted a-ketoesters underwent the reaction smoothly, thus
providing the corresponding 1,2-aryl/alkyl-shift products with
all-carbon quaternary centers in good yields (up to 81%) and
excellent enantioselectivities (up to 95% ee). Also important
is the functional-group tolerance as well as the mild reaction
conditions. Additional studies of a-diazoesters are currently
ongoing.

Table 3: Substrate scope of the catalytic asymmetric homologation of
alkyl-substituted a-ketoesters by a 1,2-alkyl shift.[a]

Entry 2 Yield [%][b] ee [%][c]

1 72 (3uh) >92

2 81 (3uj) >92

3 75 (3uk) 88

4 76 (3um) 94

5 70 (3un) 94

[a] All reactions were performed with 1u (0.20 mmol), 2 (0.26 mmol),
L2/Y(OTf)3 (5 mol%, 1:1), CH2Cl2 (0.4 mL) at 0 8C for the indicated
times (for details, see the Supporting Information). [b] Yield of the
isolated product. [c] Determined by HPLC analysis using a chiral
stationary phase.

Scheme 2. Scaled-up version of the asymmetric homologation reaction
and further transformations of the products. Ts = 4-toluenesulfonyl.

Scheme 3. Proposed stereochemical model.
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Experimental Section
The L (0.004–0.020 mmol), Y(OTf)3 (0.004–0.020 mmol), and CH2Cl2

(0.4–0.5 mL) were added to a dry reaction tube. After stirring for 0.5 h
at 30 8C, the a-ketoester 1 (0.20 mmol) and a-diazoester 2 (0.26–
0.36 mmol) were added, and the mixture was stirred at 0–30 8C for the
indicated time. The crude reaction mixture was purified by flash
chromatography on silica gel (petroleum ether/dichloromethane =

2:1) to afford the desired product 3.
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