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We report a copper-catalyzed reductive aldol addition to
aldehydes and ketones, with pinacolborane as stoichiometric
reductant, that results in the generation of stereodefined syn-
aldol products. Cyclic, acyclic, fused and spirocyclic aldols
bearing contiguous stereocenters are obtained with excellent
yields and diastereoselectivities. Moreover, enantioselective

reactions could be carried out with cycloalkenones to deliver
aldols bearing three contiguous stereocenters and with up to
98% ee. Computations reveal that the enolborate intermediate
undergoes the syn-aldol reaction via a twist-boat transition
state that is stabilized by non-classical hydrogen bonding
interactions.

Introduction

The robust construction of arrays of stereogenic centers is a
major focus of synthetic methodology development. There is a
need for achieving the synthesis of stereodiads or triads in a
predictable manner with high diastereo- and enantiocontrol.
Generating such complexity in one step from abundant and
inexpensive materials and reagents is an ongoing challenge for
current research.[1]

Among the metals used in organic synthesis, copper is
particularly attractive due to its comparatively low cost and low
integrated risk.[2–8] As our group has been working on reactions
catalyzed by copper, we sought to develop a practical and
general approach to stereochemical arrays by expanding the
range of copper-mediated transformations.

The aldol reaction is a fundamental carbon-carbon bond
forming reaction extensively used in the synthesis of many
compounds, including natural products, and particularly,

polyketides.[9–11] To date, enolate aldol reactions have been a
reliable method for the synthesis of various α- and β-substituted
carbonyl compounds.[12–14] Classical aldol reactions used in
synthetic chemistry and total synthesis are predominantly
based on enolborinate aldol reactions (� OBR2),

[15] organocata-
lytic approaches (e.g. proline-catalyzed aldol reactions),[16,17] and
Mukaiyama-type aldol reactions.[18] In general, the diastereose-
lectivity of the classical aldol reaction with enolborinates is
dependent on the selective generation of either the (E)- or (Z)-
enolate that then undergoes addition to aldehydes to provide
anti-aldol or syn-aldol products, respectively, as rationalized by
a Zimmerman-Traxler cyclic transition state.[19] It follows that
syn-aldol products are not favored from (E)-enolates, in
particular endocyclic enolates; consequently, access to syn-aldol
products with dr >6 :1 from endocyclic enolates is rare in the
literature.[20–29]

In contrast, the aldol reactions of enolborates (� OB(OR)2),
first reported by Hoffmann[23–30] and Gennari,[31–33] are syn-
selective, regardless of the geometry of the enolborate.
However, enolborate aldol chemistry has received relatively
little attention.[34,35] One obstacle for the development of
enolborate aldol chemistry may have been the lack of
convenient methods for generating these kinds of boron
enolates: they were obtained by oxidation of vinylborates,
which limited their synthesis to those derived from a subset of
acyclic ketones.[30] Alternatively, enol borylation using the highly
sensitive (RO)2BCl, which is not commercially available, did not
gain much traction.[31]

As we have previously exploited the mild, copper-catalyzed
reduction of enoates to readily access enolborates for Ireland-
Claisen rearrangements,[37,38] and for the synthesis of C-boron
enolates,[39] we were poised to explore transition metal-
catalyzed reductive aldol additions between α,β-unsaturated
carbonyl compounds and aldehydes or ketones,[36a,b] a reaction
that has also been investigated by Lipshutz and coworkers.[20] In
this connection, and concomitant with our studies, Yin reported
the generation of enolborates from α,β-unsaturated lactones

[a] M. Li,+ S. Scheeff,+ A. Rizzo, P. Chiu
Department of Chemistry and the State Key Laboratory of Synthetic
Chemistry, The University of Hong Kong, Pokfulam Road, Hong Kong, P.R.
China
E-mail: pchiu@hku.hk

[b] J. Chen,+ P. Chiu
Laboratory for Synthetic Chemistry and Chemical Biology Limited, Hong
Kong Science Park, Shatin, Hong Kong, P.R. China

[c] R. C. Johnston, E. H. Krenske
School of Chemistry and Molecular Biosciences, Prof. Dr. Elizabeth H.
Krenske, The University of Queensland, St Lucia, QLD 4072, Australia
E-mail: e.krenske@uq.edu.au

[+] These authors contributed equally to this work.

Supporting information for this article is available on the WWW under
https://doi.org/10.1002/chem.202401485

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH
GmbH. This is an open access article under the terms of the Creative
Commons Attribution Non-Commercial NoDerivs License, which permits use
and distribution in any medium, provided the original work is properly cited,
the use is non-commercial and no modifications or adaptations are made.

Wiley VCH Montag, 12.08.2024

2446 / 361645 [S. 132/139] 1

Chem. Eur. J. 2024, 30, e202401485 (1 of 8) © 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Chemistry—A European Journal 

www.chemeurj.org

Research Article
doi.org/10.1002/chem.202401485

http://orcid.org/0000-0002-6890-3340
http://orcid.org/0000-0001-7791-9670
http://orcid.org/0000-0002-6606-9401
http://orcid.org/0000-0002-3626-9429
http://orcid.org/0000-0003-1911-0501
http://orcid.org/0000-0001-5081-4756
https://doi.org/10.1002/chem.202401485
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fchem.202401485&domain=pdf&date_stamp=2024-07-26


and their anti-selective (dr 6 :1 to >20 :1) intermolecular aldol
reactions with ketones (Figure 1a).[40a] Another method pub-
lished recently described a photo-induced cobalt-catalyzed
process, which provided aldol adducts as racemates (Fig-
ure 1b).[24] Thomas and co-workers reported the generation of
(Z)-enolborates by transborylation from enolborane and sub-
sequent aldol.[40b,c]

Herein, we report a general copper-catalyzed 1,4-reduction
of α,β-unsaturated carbonyls to generate racemic or enantio-
enriched enolborates, enabling subsequent intra- or intermolec-
ular aldol reaction with various ketones and aldehydes (Fig-
ure 1d). Using this methodology, vicinal stereodiads or triads
can be generated with dr as high as 20 :1 and, for β-alkylated
substrates, with ee’s up to 98%. The conditions used are mild,
the reaction set-up is simple, and the reagents are commercially
available and relatively non-toxic.

Results and Discussion

Enolborate Selectivity: Theoretical Mechanistic Investigations

It has been reported that the reductive aldol reactions of cyclic
enones via enolborinates favoured the anti-product, while syn-
products were obtained via enolborates. We undertook a
theoretical study to better understand why different stereo-
selectivities are displayed in the two types of boron-mediated
aldol reactions.[41] Density functional theory (DFT) calculations
with M06-2X were performed on the transition states (TSs) for
the reactions of the cyclic enolborate 1b-Bpin and enolborinate
1b-BMe2 with benzaldehyde (Figure 2). The computations
indicated that the enolborate 1b-Bpin favours a twist-boat
transition state leading to the syn aldol product (TSA-syn).[32,33]

This TS is 3 kcal/mol lower in energy than the chair TS leading
to the anti aldol product (TSA-anti). For the corresponding
enolborinate (1b-BMe2), the syn and anti TSs are both twist-
boats. In the syn TS (TSB-syn), one of the enolborinate B� Me
groups occupies a flagpole position and clashes transannularly
with the enol α-hydrogen and the aldehyde hydrogen (dotted
lines in Figure 2b), leading to destabilization. The anti TS (TSB-
anti), which features no such clashes, is 1 kcal/mol lower in
energy.

Figure 1. a,b) Features of previously reported aldol reactions involving
enolborate intermediates; c) selected examples of natural products that
contain aldol motifs;[9–11] d) advancements reported in this paper.

Figure 2. Syn and anti transition states for the aldol reactions of a)
enolborate 1b-Bpin and b) enolborinate 1b-BMe2 with benzaldehyde,
computed with M06-2X/6-311+G(d,p) in SMD tetrahydrofuran (distances in
Å; ΔG� in kcal/mol); c) Schematic depiction of the stabilizing/destabilizing
interactions. For clarity, the hydrogens in the methyl groups of the pinacol
moiety are not shown.
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By contrast, for the enolborate 1b-Bpin, the flagpole
position of the syn TS is occupied by a B-OR group, which
engages in stabilizing non-classical hydrogen bonding (CH� O)
interactions[42] with the enol and aldehyde hydrogens. The
3 kcal/mol difference in energy between the syn and anti
transition states for the enolborate agrees with the empirical
observation of high syn-diastereoselectivity.

Scope of the Racemic Intermolecular Reaction

To establish a reductive copper-catalyzed aldol reaction, we
utilized conditions (Cu(OAc)2

*H2O, PPh3, pinacolborane) previ-
ously optimized for reductive Ireland–Claisen
rearrangements[37,38] to reduce cyclohexenone 1a to the corre-
sponding enolborate; efficient coupling with benzaldehyde
(Figure 3) then gave 2a (87%, dr >20 :1). The copper catalyst
loading could be decreased to 1.25% to afford the same
outcome, but for practicality at our usual experimental scales,
we typically employed 5% copper (Figure S1). The high syn-
selectivity, confirmed by comparison with the reported 1H and
13C NMR data of 2a,[43] was consistent with the literature and
with our DFT study.

Further explorations on the scope of the reaction found
that the copper-catalyzed reductive aldol additions of cyclo-
hexenone (1a), cyclopentenone (1b), and cycloheptenone (1c)
with aromatic, primary and secondary aldehydes all proceeded
smoothly (Figure 3, 2a–j). It should be noted that α,α-non-
branched aliphatic aldehydes are notoriously difficult for aldol
reactions due to their tendency to undergo self-condensation
under basic conditions; however, this side reaction was
successfully suppressed via our reductive approach.

In many cases, simply mixing Cu(OAc)2
*H2O, PPh3 and

pinacolborane in the presence of cycloalkenone and aldehyde
conveniently afforded the aldol products in good yields. With
some aldehydes, such as p-nitrobenzaldehyde, the addition of
the aldehyde to the reaction mixture after completion of the
reductive enolboration of the cycloalkenone avoided the
competitive reduction and consumption of the highly electro-
philic aldehyde by the in situ-generated copper hydride.
Previous studies of copper-catalyzed reductive aldol reactions
used ketones as electrophiles to bypass this competitive
reduction problem. Our results with aldehydes herein demon-
strate a more general and diastereoselective aldol
addition.[4,44,45]

Unsaturated lactones likewise underwent reductive aldol
reactions with aromatic and aliphatic aldehydes with the same
high syn selectivity (Figure 4, 2k–2 l). In comparison, acyclic
enones, enoates, and enamides were observed to undergo
reductive aldol additions with attenuated diastereoselectivities.
Additionally, we observed that chromatographic purification
enabled to isolate 2m and 2o as single diastereomers (See SI
for details).

Our method could also be applied to more challenging β-
carboalkoxy substrates. For example, methyl 3-oxocyclohex-1-
ene-1-carboxylate (1h) was found to undergo chemoselective
and diastereoselective reduction aldol addition via a ketone
enolborate intermediate (2p, dppBz ligand used,[46] dr=2.6 : 1
increasing to 11 :1 upon partial chromatographic separation,
see SI for details). This diastereoselective synthesis from a
functionalized substrate, where different and orthogonally
reactive moieties are present, highlights the reaction’s chemo-
selectivity. The relative configuration of the syn aldol product
2p was confirmed by crystallographic analysis.

Figure 3. Reductive aldol reactions of α,β-unsaturated carbonyls 1 with
several aldehyde partners leading to syn-aldol stereodiads (2). PMP=p-
methoxyphenyl, PNP=p-nitrophenyl.

Figure 4. Reductive aldol reactions of α,β-unsaturated lactones and acyclic
substrates to syn-aldol stereodiads (2), including determination of the
relative configuration of 2p by single crystal X-ray analysis. PNP=p-
nitrophenyl, Cy=cyclohexyl.

Wiley VCH Montag, 12.08.2024

2446 / 361645 [S. 134/139] 1

Chem. Eur. J. 2024, 30, e202401485 (3 of 8) © 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Chemistry—A European Journal 
Research Article
doi.org/10.1002/chem.202401485

 15213765, 2024, 46, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.202401485, W

iley O
nline L

ibrary on [22/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Since both (E)- and (Z)-enolborates undergo syn-selective
aldol additions,[23–33] we surmise that the lower syn selectivities
for 2m–2o, derived from acyclic ketone and ester substrates,
results from some involvement of direct and less diastereose-
lective aldol additions occurring via the copper enolates
obtained from the copper hydride induced conjugate reduction
of the α,β-unsaturated carbonyl substrates.[4,47] In these cases,
the direct aldol additions of the copper enolates may be
competitive with metathesis with pinacolborane to generate
the corresponding enolborates.

To investigate this possibility, we subjected tBu-acrylate 1f
to reaction with stoichiometric amounts of Stryker’s reagent
([CuH(PPh3)]6) to generate solely the corresponding copper
enolate e-1 f (Scheme 1a). Quenching with benzaldehyde in-
deed furnished the aldol adduct 2n with a much lower
selectivity compared to that obtained under the standard
conditions (1 : 1.2 vs 11.7 :1).

On the other hand, while the reduction of cyclic enone 1a
(Scheme 1a) using a stoichiometric amount of [CuH(PPh3)]6 led
to complete 1,4-reduction, addition of benzaldehyde did not
produce any aldol product 2a in the absence of PinBH. This
result indicates that the background, non-selective aldol
reaction of e–1a does not occur to any appreciable extent;
hence, aldol adducts must be formed via the intermediacy of
enolborates, explaining the high diastereoselectivities observed.
Moreover, increasing the amount of phosphine, which has been
found to promote O-boron to O-copper isomerization,[39] also
decreased the syn selectivity (Scheme 1b). These data show that
the enolborate reaction pathway predominates in the reductive

aldol reactions of cyclic carbonyls whereas the acyclic carbonyls
can access multiple pathways (Scheme 2).

Scope of Intramolecular Reactions

To extend the scope of the reaction, we investigated the
reductive aldol reaction in an intramolecular setting. Despite
strong interest in spirocyclic frameworks, they are surprisingly
difficult to synthesize via aldol type reactions;[48–50] a literature
search revealing only a few examples.[47,50,51] We reasoned that
our reductive approach may offer an advantage for such
systems due to the mildness of its conditions and the fact that
the trapping of the alcoholates with boron suppresses the
retro-aldol reaction.

In the event, under our standard reaction conditions, α-
tethered substrates gave spirocyclic aldols 4a-h in excellent
yields through the intermediacy of endocyclic enolborates
(Figure 5). Their relative configurations were determined by
comparison with characterizations for 4a, 4c, 4e, and 4g in the
literature;[50] we also confirmed the structure of 4f by X-ray
crystallographic analysis. Using the reductive protocol, vicinal
stereodiads, of which one is a quaternary carbon, can be readily
accessed with excellent anti-diastereoselectivity (>20 :1 dr).
Somewhat surprisingly, no prior syntheses of aldols 4d, 4f, or
4h have previously been reported.

Furthermore, β-tethered substrates 5a and 5b (Figure 6a)
led to cis-fused 6a and 6b in good yields. These reactions were
facilitated by a higher concentration of PinBH to increase the
rate of the metathesis of the copper enolate to the more stable
enolborate. In these cases, three contiguous stereocenters were
established with a 20 :1 dr. Notably, no synthesis of 6b has
been reported, and the only reference to 6a to date had been
our previous attempts at reductive aldol cyclizations using
stochiometric amounts of Stryker’s reagent which afforded 6a
in only 19% yield.[47] In the reactions of substrates like 5 but
bearing a shorter or a longer tether to the methyl ketone that
could in theory afford five- or seven-membered carbocycles

Scheme 1. Investigation of the roles of Cu-enolates: a) stoichiometric
reduction of 1f with [CuH(PPh3)]6 delivers 2n with decreased dr compared
with the standard conditions; stoichiometric reduction of 1a with
[CuH(PPh3)]6 delivers cyclohexanone r-1a as the only product. b) Increase of
the ligand-to-[Cu] ratio decreases the dr (0.1 mmol scale). Scheme 2. Proposed mechanisms for cyclic and acyclic substrates.
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upon reductive cyclization, we only observed 1,4-reduction
products and over-reduced products.

In these intramolecular aldol additions, the anti stereo-
chemistry of the cyclization products 6 at first glance appears
to indicate a return to a Zimmerman–Traxler-like TS. However,
computational studies (Figure 6b) indicate that, within the array
of reacting atoms (in green), both the syn and anti TSs have
twist-boat ring conformations. The stereoselectivity of the
intramolecular reaction depends on the conformation of the
adjacent newly-forming six-membered ring (shown in orange).
In the anti transition state this ring is chair-like, whereas in the
syn transition state, it adopts a twist-boat conformation. Even
with the stabilizing non-classical hydrogen bonding between
the enolborate oxygen and hydrogens across the six-membered
ring in the syn-aldol transition state, the anti transition state is
still 2.5 kcal/mol lower in energy, consistent with the observed
stereochemistry of 6a. A similar conformational explanation
could perhaps be invoked for the observed anti selectivity in
the formation of spirocycles 4.

Scope of the Enantioselective Intermolecular Reaction

Despite the many advances in reductive aldol reactions
reported in the literature, there are still few general asymmetric
transformations that establish three new contiguous stereo-
centers with high diastereo- and enantioselectivity in a one-pot
aldol process.[6,52] Lipshutz’s group first demonstrated that β-

substituted cyclohexenones can be reduced with good ee;[20]

then by using (MeO)2MeSiH as the stoichiometric reductant,
highly diastereoselective and enantioselective intramolecular
reductive aldol reactions of acyclic β,β-disubstituted enones
were achieved.[6] The corresponding intermolecular reaction
was not successful, however,[20] and an account by the same
group remarked specifically that the reductive aldol reaction of
β-substituted cyclohexanones remained elusive after extensive
investigations.[7]

In general, although enantioselective 1,4-addition can be
achieved by using various chiral catalysts,[52–55] the following
aldol addition often ensues with low diastereoselectivities. For
example, a report by Feringa and colleagues described a highly
stereoselective 1,4-addition to cyclohexenone 1a (ee 93%); but
the following aldol reaction was not diastereoselective (syn:
anti~1 :2).[52]

To extend our reaction to the sterically congested enones
7a–e, we used (R)-DTBM-SEGPHOS, known to be an efficient
ligand for the asymmetric reduction of β,β-disubstituted enones
(Figure 7).[6,56] In this reaction, the use of Stryker’s reagent as the
copper source instead of copper(II) acetate obviated any
induction time to generate the active copper hydride, and

Figure 5. Intramolecular synthesis of spirocyclic aldol products 4, including
determination of the relative configuration of 4 f by X-ray crystallography.

Figure 6. a) Intramolecular synthesis of bicyclic aldol products 6. b) DFT
calculations of the intramolecular enolborate aldol reaction (distances in Å;
ΔG� in kcal/mol).
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significantly improved the reproducibility as well as the ee to
95%.

Gratifyingly, under the optimized reductive reaction con-
ditions, β-substituted cyclohexenones reacted with aldehydes
to afford aldol products 8a–8h bearing three new contiguous
stereocenters in excellent ee (up to 98%), and with good
diastereoselectivity. Moreover, the reductive aldol reaction of
isophorone, which was specifically unreactive under the
Lipshutz conditions, was achieved successfully with good yield
and ee. Overall, the solution to the putative challenging copper
hydride-mediated reductive aldol addition appears to be the
use of PinBH, instead of silanes or other alkylboranes. The
reaction to generate 8e was found to proceed smoothly on a
larger (10 mmol) scale using 0.1 mmol% of Stryker’s reagent.

The syn-selectivity achieved with our reductive copper-
catalyzed method is complementary to that obtained in
alternative approaches involving 1,4-additions by organometal-
lic reagents to 1a or 1b which provided aldol products (e.g.
2a) mainly as anti-aldol diastereomers, with varying degrees of
diastereoselectivities.[52–55,57–61] Perhaps surprisingly, syn-aldol
products 8 are rare in literature and a general access to these
stereochemically defined compounds in a highly enantioselec-
tive and diastereoselective manner has not been reported until
now. To the best of our knowledge, this is the first

enantioselective and syn-selective approach for the construc-
tion of this structural motif.[62]

Conclusions

We have shown that the copper(I) hydride-catalyzed reductive
additions of cycloalkenones to aromatic and aliphatic alde-
hydes, in the presence of pinacolborane, are an effective and
convenient variant of the aldol reaction that affords good to
excellent yields and high syn-diastereoselectivities through the
intermediacy of endocyclic (E)-enolborate intermediates. Inter-
molecular asymmetric reductive aldol reactions of β-substituted
cycloalkenones using this method furnished 2,3-disubstituted
cycloalkanones with three contiguous stereocenters in excellent
yields and enantioselectivity.

Supporting Information

All synthetic procedures, characterization data, spectroscopic
data, supplementary figures, DFT calculations, and crystallo-
graphic information are provided in the Supporting Informa-
tion. The authors have cited additional references within the
Supporting Information.[63–88]

Deposition Numbers “https://www.ccdc.cam.ac.uk/services/
structures?id=doi:10.1002/chem.202401485“ 2307017 (for 8g),
2308408 (for 2p), 2104221 (for 4f) contain the supplementary
crystallographic data for this paper. These data are provided
free of charge by the joint Cambridge Crystallographic Data
Centre and Fachinformationszentrum Karlsruhe ”http://www.
ccdc.cam.ac.uk/structures“ Access Structures service.
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Figure 7. Enantioselective, reductive aldol reactions of β-substituted cyclo-
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crystallography, and a 10 mmol-scale experiment to generate 8e.
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