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ABSTRACT: The treatment of α,β-unsaturated ketones with
divalent germanium salts cleanly generated C,O-chelated
germyl enolates. The aldol reactions of the chelated enolates
with the aldehydes achieved a high diastereoselectivity in the
construction of the five-membered aldol adducts. Further-
more, the subsequent transformation of the Ge−C bond in
the aldol adduct enabled the stereocontrolled synthesis of
triols bearing four asymmetric centers.

Aldol reactions using organometallic enolates are the most
important reactions for the stereoselective construction of

carbon−carbon bonds.1−6 The significant transfer of enolate
stereochemistry to the product has improved in the area of
asymmetric synthesis, enabling the formation of new bonds in
a stereocontrolled manner. In an aldol reaction, a six-
membered chairlike cyclic transition state determines the
stereochemistry of the aldol adduct; the reaction of a (Z)-
enolate with an aldehyde provides a syn-aldol adduct, whereas
an anti-aldol adduct is generated from an (E)-enolate (Scheme
1A).7 Despite broad explorations of stereocontrolled and
enantiocontrolled synthetic methods involving an aldol
reaction, including auxiliary8-, substrate9-, and ligand10,11-
mediated aldol reactions, synthetic control over the relative
configurations of multiple (>2) stereocenters in an acyclic
enolate and the derived products continues to be an important
subject of study.12,13

The tandem aldol reaction, which was triggered by a
conjugate addition to α,β-unsaturated carbonyls, offers a
promising method for synthesizing aldols with multiple
stereocenters. Although a stereodefined enolate is generated
through this process, the relative configurations of the three
stereocenters in the aldol cannot be controlled. In the absence
of external stereocenter sources, one stereocenter generated by
the addition of a nucleophile is irrelevant to the formation of
the chairlike structure in the transition state (Scheme 1B). In
an aldol reaction, structural rigidification in the transition state
is required for controlling the relative configurations of the
multiple stereocenters in the product.
Previously, Saigo14,15 and our group16−19 reported the

reductive generation of germyl enolates from α-halo carbonyl
compounds and Ge(II) salts, based on the mild reducing
capacity of the Ge(II) salts. The addition of ligands to the
germyl enolate changed the coordination number of the
germanium center flexibly from a tetracoordinated to a
pentacoordinated center or hexacoordinated center.20 The
application of Ge(II) salts, which combine chemical stability
and good reduction potential, to the generation of germyl
enolates is useful for the stereoselective and regioselective
preparation of organometallic enolates. Herein, we focused on
the C,O-chelated germyl enolates 2 derived from the [1 + 4]
cycloaddition of Ge(II) salts to the α,β-unsaturated ketones 1.
This protocol was originally employed to trap the reactive
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Scheme 1. Control over the Relative Configurations of (A)
Usual and (B) Tandem Aldol Reactions of (Z)-Enolate

Letter

pubs.acs.org/OrgLettCite This: Org. Lett. XXXX, XXX, XXX−XXX

© XXXX American Chemical Society A DOI: 10.1021/acs.orglett.8b01778
Org. Lett. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

N
A

G
O

Y
A

 U
N

IV
 o

n 
Ju

ne
 2

5,
 2

01
8 

at
 1

3:
51

:4
8 

(U
T

C
).

 
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

 

pubs.acs.org/OrgLett
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.orglett.8b01778
http://dx.doi.org/10.1021/acs.orglett.8b01778


Ge(II) species, but the reactivity of the generated C,O-chelated
germyl enolates 2 has not been investigated previously.21 The
rigid chelated structure of the C,O-chelated germyl enolates 2
provided the following advantages, which ameliorate the
synthetic drawbacks of conventional organometallic enolates
(see Scheme 2).

First, the cycloaddition of a Ge(II) salt to the α,β-
unsaturated ketones 1 unambiguously gave the (Z)-enolate,
ensuring the regioselectivity and stereoselectivity of the enolate
(Scheme 2, step 1). Second, the rigid cyclic structure22,23 of
the C,O-chelated enolate facilitated the high diastereoselective
aldol reactions (step 2).24−28 Finally, the Ge−C bond in the
aldol adduct could be transformed to a new functional group
(step 3). In this study, we reported the diastereoselective aldol
reaction of the C,O-chelated germyl enolates with aldehydes.
The subsequent derivatization of the obtained aldol adducts
accomplished the perfectly stereocontrolled triol syntheses
with multiple asymmetric carbon atoms, up to a total of four.
The C,O-chelated enolates were prepared by reducing α,β-

unsaturated carbonyls with Ge(II) salts. As a model study, we
first examined the reaction of a chalcone with a GeCl2-dioxane
complex according to Mazier̀es’ procedure (see Scheme 3A).21

Monitoring the reaction in CD3CN revealed upfield shifts in
the signals of the α- and β-protons of the chalcone (5.96 and
4.50 ppm, respectively) in the 1H NMR spectrum, strongly
suggesting the quantitative generation of the corresponding
C,O-chelated germyl enolate 2a. Next, we examined the
nucleophilic reactivity of the C,O-chelated germyl enolate 2a
with benzaldehyde 3a (see Scheme 3B). The addition of

benzaldehyde 3a to a solution of the chelated enolate 2a in
CD3CN immediately produced an insoluble colorless solid
precipitate. Although its poor solubility hampered character-
ization via NMR measurements, gradual crystallization from
the reaction mixture gave a single crystal suitable for X-ray
analysis. This analysis revealed that the aldol adduct 4aa was
selectively generated in a syn-form and was solely present as a
dimer of the enantiomeric pair (see Figure S1 in the
Supporting Information).29,30 Notably, the obtained aldol
adduct 4aa was found to be a single diastereomer, despite the
presence of three stereocenters in its skeleton. The C,O-
chelated germyl enolate 2a reacted with various aldehydes
(3a−3h) and gave the corresponding aldol adducts 4aa−ah
(see Table S1 in the Supporting Information). All aldol
adducts were diastereoselectively obtained as enantiomeric
pairs in the solid states, as confirmed by the X-ray
crystallographic analyses. (In the manuscript, all aldol products
are represented as the monomer, for clarity; see also Figures
S1−S8 in the Supporting Information.)
In testing the scope of the reaction with α,β-unsaturated

ketones, we determined that the diastereoselectivity of the
aldol adducts was deeply dependent on the substituents at the
β-position of the ketones 1. The substituents at the β-position
(R2 and R3) of 1 were used to classify the obtained aldol
adducts into two types (see Table 1). In Class A (entries 1 and

2 in Table 1), which included the β-monosubstituted ketones
(R2 = H), the aldol adducts 4ac (Figure S3 in the Supporting
Information) and 4bc (Figure S9 in the Supporting
Information) assumed the syn-forms as dimers of the
enantiomeric pairs. On the other hand, the β,β′-disubstituted
ketones (R2 = Me and R3 = Me or Ph; Class B) gave the
monomeric anti-aldol adducts 4cc and 4dc (entries 3 and 4 in
Table 1). The X-ray analysis revealed that 4cc was present as a
monomeric adduct and diastereoselectively assumed an anti-
form (see Figure S11 in the Supporting Information). The O
atom of the carbonyl group intramolecularly interacted with
the Ge center, and its interaction slightly distorted the five-

Scheme 2. C,O-Chelated Germyl Enolate (2): (A) [1 + 4]
Cycloaddition of Ge(II) Salts Using a α,β-Unsaturated
Carbonyl (1), (B) an Aldol Reaction, and (C) Further
Transformation

Scheme 3. (A) Preparation of the C,O-Chelated Germyl
Enolate 2a, and (B) Aldol Reaction of 2a with 3a

Table 1. Scope of the Aldol Addition with α,β-Unsaturated
Ketones of 1a−1d and Aldehyde 3ca

aIsolated yield. All structures of 4aa−4ah were determined by X-ray
analysis.
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membered ring. The 1H NMR measurements of 4cc and 4dc
supported the maintenance of the anti-form in the solution
phase, in which the coupling (J) constants (4.4 Hz) between
the two methine protons in the pentagonal ring agreed well
with those estimated using the Karplus equation,31 based on
the dihedral angle. Considering that the C,O-chelated enolate
was a type of (Z)-enolate, the observed anti-selectivity under
the aldol reactions appeared to be quite unusual. (Z)-enolates
are expected to preferably afford the syn-adduct via a six-
membered chairlike cyclic structure. The departure from this
expectation suggested that our reaction might proceed via a
different reaction mechanism.
The syn-/anti-selectivity of the obtained aldol adducts

(Table 1) may have been achieved through a reaction
mechanism involving a boatlike cyclic transition state, as
proposed in Figure 1.32−36 It was impossible for the chelated

enolates to assume a chairlike transition state, because of the
presence of fixed cyclic structures around the Ge−C bond.
Therefore, the aldol reaction was expected to proceed via a
boatlike cyclic transition state, in which the substitution
patterns at the β-position (R2 and R3) of the ketones led to
differences in the stabilities of the transition states. The
reaction of one enantiomer (herein, the relative absolute
configuration was considered to be R*) of the chelated germyl
enolate with the arylaldehyde involved two diastereofacial
selective steps. One involved the facial selectivity of the
chelated enolate. The Si-face of the chelated enolate was
blocked by the larger substituent (R3 > R2); therefore, the Re-
face of the chelated enolate preferably attacked electrophiles in
our study (Figure 1A). The second step involved the facial
selectivity of the carbonyl carbon of the arylaldehydes, which
was dependent on the steric demands between the aryl groups
of the aldehyde and the R2 group of the chelated enolate
(Figure 1B). Among the Class A compounds (R2 = H), the

nucleophilic attack on the Re-face of the carbonyl carbon was
much less hindered, as shown in TS-(a)′ in Figure 1C, to
provide the syn-aldol adduct 4bc. The Si-face of the carbonyl
carbon was disfavored due to steric repulsion between the
methyl group and the Ar group of the aldehyde (TS-(b)′ in
Figure 1C). The dimerization of the aldol adducts, which
immediately precipitated from the reaction solution, could shift
the reversible reaction to the syn-selective aldol adduct. On the
other hand, in the case of the Class B compounds (R2 = Me),
the methyl group at the β-position of the enolate hampered the
nucleophilic attack on the Re-face of the carbonyl carbon (TS-
(a)′′ in Figure 1C), leading to an attack on the Si-face of the
carbonyl carbon and affording the anti-aldol adduct 4cc (TS-
(b)′′ in Figure 1C).
The accessibility of the stereocontrolled aldol adducts from

the C,O-chelated germanium enolates prompted us to
diastereoselectively transform the aldol adducts into the triols
containing multiple asymmetric centers (see Scheme 4). The

reduction of the carbonyl group was initially performed by a
BH3-THF complex to give the diol 5 bearing a germyl
(−GeH3) group. Both the syn- and anti-aldol adducts of 4bc
and 4cc were successfully transformed to the diols 5bc and 5cc
with high diastereoselectivity. The X-ray analyses of 7bc
(Figure S16 in the Supporting Information), which is the
acetalized derivative of 5bc, and 5cc (Figure S13 in the
Supporting Information) demonstrated that the relative
configurations of the aldol adducts 4bc and 4cc were
preserved, and the reduction of the carbonyl groups of 4bc
and 4cc diastereoselectively proceeded. The relative config-
urations of 5bc and 5cc revealed that the facial selectivity of
the carbonyl group was irrelevant to the syn-/anti-configuration
of the aldol adducts of 4bc and 4cc. A borane group would
approach the carbonyl group from the aldehyde side of the
substituent (Si-face in Scheme S2 in the Supporting
Information). The simultaneous hydrogenation of a germa-
nium moiety led to the corresponding products. The residual
germyl groups in 5bc and 5cc were hydroxylated under the
oxidative conditions37 to give the diaryl triols 6. An X-ray
analysis of 8bc (Figure S17 in the Supporting Information),

Figure 1. Origin of the diastereoselectivity of the aldol reactions. (A)
Diastereofacial selectivity of the C,O-chelated germyl enolate, (B) two
possible structures of the boatlike cyclic transition state, and (C)
plausible reaction mechanism underlying the production of Class A
and Class B.

Scheme 4. Diastereocontrolled Transformations of 4bc and
4cc into the Triols 6bc and 6cca

aPPTS = pyridinium p-toluenesulfonate, DMAP = N,N-dimethyl-4-
aminopyridine.
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which is the 3-fold esterified derivative of 6bc, and 6cc (Figure
S14 in the Supporting Information) revealed that the oxidation
of the Ge−C bonds in 5bc and 5cc proceeded with
stereoretention. Note that all stereocenters, up to four, were
perfectly controlled under our conditions.38−40

Our procedure was applicable to the synthesis of the triaryl
triol 6ei, which includes a unique substitution pattern (Scheme
5). The total yield of 6ei was 36% in three steps, and a single
diastereomer was generated, as confirmed by X-ray analysis.

In conclusion, we examined the aldol reaction of the C,O-
chelated germyl enolates. The high diastereoselectivity was
deeply dependent on the substituent patterns at the β-position
of α,β-unsaturated ketones. The transformation of the
obtained aldol adducts into triols bearing four stereocenters
was accomplished with perfect stereoretention. The highly
diastereocontrolled triols may potentially be exploited in
building blocks for natural products and organometallic
ligands. Further studies of other transformations of the Ge−
C bond in the aldol adduct are underway in our group.
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