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stereoselective conjugate
borylation/Mannich cyclization†

Egor M. Larin, Joachim Loup, Iuliia Polishchuk, Rachel J. Ross,
Andrew Whyte and Mark Lautens *

Strategies to capitalize on enolate intermediates generated from stereoselective conjugate borylation to

a,b-unsaturated carbonyl systems are surprisingly rare despite the ubiquity of Michael acceptors, and the

potential to generate valuable scaffolds bearing multiple stereocenters. Herein, we report a mild and

stereoselective copper-catalyzed conjugate borylation/Mannich cyclization reaction. This strategy is

feasible with a broad range of Michael acceptors, and can be leveraged to generate versatile borylated

tetrahydroquinoline scaffolds bearing three contiguous stereocenters. The synthetic potential of these

complex heterocycles has been explored through a series of derivatization studies.
Introduction

Copper-catalyzed asymmetric borylative 1,2-bisfunctionaliza-
tions of alkenes and other p-systems have been intensely
investigated,1 with a wide variety of intramolecular cyclizations
reported.2 These are attractive strategies for generating C–B
bonds, which can be readily converted into C–C, C–O or C–N
bonds (Scheme 1a).3 However, methods for stereoselective
cyclization, following b-borylation of Michael acceptors, have
remained rare. Existing reports are largely limited to either
intermolecular or non-enantioselective variants.4 In 2006, Yun
demonstrated that b-borylation of Michael acceptors could be
performed enantioselectively,5 but only two enantioselective Cu-
catalyzed domino 1,4-borylation/1,2-addition processes have
been reported to date (Scheme 1b).6 Moreover, as these studies
are focused largely on borylative aldol cyclizations of enones,
the enantioselective construction of heterocycles through 1,4-
borylation remains a worthwhile goal.

a,b-Unsaturated p-systems are potent electrophiles that
allow for facile installation of a Bpin group at the b-position, as
rst disclosed by Miyaura7 and Hosomi.8 However, these
systems are distinct from styrenes and other acceptors in terms
of reactivity, mechanistic details and the resulting products.
Notably, 1,4-borylation of Michael acceptors results in the in situ
generation of a chiral enolate, which can be further utilized to
conveniently build molecular complexity. The groups of Yun
and Xiong have reported borylative enantioselective Mannich-
type cyclizations using styrenes,2d,e but to date no complemen-
tary enantioselective process has yet been applied to more
hemistry, University of Toronto, 80 St.
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activated Michael acceptors. Considering that more than half of
all known active pharmaceutical ingredients (APIs) contain at
least one nitrogen heterocycle,9 and approximately half of all
APIs are chiral,10 it is noteworthy that a 1,4-borylation/
cyclization cascade strategy towards enantioenriched N-
heterocycles has not been explored. Herein, we report an
enantio- and diastereoselective Cu-catalyzed conjugate
borylation/cyclization as a route to tetrahydroquinoline scaf-
folds, a pharmaceutically valuable and synthetically versatile
boryl-functionalized N-heterocycle (Scheme 1c).

Shen and Xu had previously reported the synthesis of
racemic borylated tetrahydroquinolines and notably obtained
the all-cis isomer.4f Our choice of a related model substrate
allowed us to generate enantioenriched tetrahydroquinoline
structures with three contiguous stereocenters, and with
complementary diastereoselectivity to that reported by Shen
and Xu. The prevalence of the chiral tetrahydroquinolinemoiety
in natural products and bioactive molecules highlights the
necessity of developing synthetic pathways towards this
important scaffold (Scheme 1d).11 Additionally, the incorpora-
tion of a boryl group is advantageous as it enables further
downstream functionalization.
Results and discussions
Reaction optimization

At the outset of our studies, we observed that the desired b-
borylated products exhibited only moderate stability during
purication via silica gel column chromatography. Isolated
yields were signicantly lower aer chromatography than those
measured through 1H NMR. This issue was previously observed
by other groups for similar scaffolds.6b,12 In light of this
obstacle, the borylated heterocycles were directly subjected to
oxidation in order to simplify product isolation and
This journal is © The Royal Society of Chemistry 2020
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Scheme 1 (a) Borylation strategies and applications thereof. (b) Reported enantioselective 1,4-borylation/cyclizations. (c) Enantio- and dia-
stereoselective 1,4-borylation/Mannich cyclization. (d) Bioactive molecules containing the tetrahydroquinoline moiety.
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View Article Online
characterization.13 The oxidation proceeds in a stereoretentive
fashion, and affords the corresponding alcohol in quantitative
yields (vide infra).

Initial studies began employing (R)-BINAP (L1) as ligand in
the presence of a substoichiometric amount of NaOtBu in THF.
Under these conditions (Table 1, Entry 1), borylative cyclization
of 1a was achieved with excellent diastereoselectivity as well as
promising yields and enantioselectivities. Further screening of
other chiral biaryl bisphosphine ligands such as (R)-Tol-BINAP
(L2) (Entry 2) and (R)-SEGPHOS (L3) (Entry 3) did not lead to
improved results. The less structurally constrained (S,S)-Ph-BPE
(L4) (Entry 4), as well as monophosphine ligands (see ESI†),
signicantly eroded the selectivity of this domino reaction.
However, Josiphos ligand (L5) provided the best enantioinduc-
tion accompanied by excellent diastereoselectivity (Entry 5). The
use of bases other than NaOtBu led to inferior results in terms
of selectivity (Entry 6). A signicant proportion of the mass
balance arose from protonation of the copper enolate instead of
the desired cyclization into the imine. Nonetheless, the
This journal is © The Royal Society of Chemistry 2020
inclusion of an alcohol additive was essential to ensure high
selectivity (Entry 7). While a bulkier alcohol such as tAmOH
maintained high reaction selectivities, it suppressed the para-
sitic protonation of the copper enolate, with a signicant
amount of unreacted 1a (Entry 8). Finally, we noted a signicant
increase in product yields when the reaction was performed in
diethyl ether with a more hindered alcohol additive (Entry 9).
Presumably, the use of the relatively less polar and less coor-
dinating solvent destabilized the enolate, thus facilitating the
subsequent cyclization and securing our optimized reaction
conditions.
Proposed stereochemical model

Based on our studies, we did not observe any major epimeri-
zation at the a-position of the ester. The observed minor dia-
stereoisomer is believed to result from the disfavoured enolate
cyclization with the imine, resulting in an all-cis conguration
of the Bpin motif, ester and pendant phenyl group. Importantly,
Chem. Sci., 2020, 11, 5716–5723 | 5717
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Table 1 Optimization of reaction conditionsa

Entry Ligand Additive Yieldb (%) drb erc

1 L1 MeOH 74 >20 : 1 12.5 : 87.5
2 L2 MeOH 47 >20 : 1 16.5 : 83.5
3 L3 MeOH 33 >20 : 1 19 : 81
4 L4 MeOH 13 1 : 1 48 : 52
5 L5 MeOH 57 >20 : 1 93 : 7
6d L5 MeOH 55 7.8 : 1 88 : 12
7 L5 None 53 6.6 : 1 85 : 15
8 L5 tAmOH 54e >20 : 1 92.5 : 7.5
9f L5 tAmOH 89 (91) >20 : 1 94.5 : 5.5

a Unless specied otherwise, reactions were carried out on 0.2 mmol scale of 1a in 4.0 mL of THF. Oxidation was performed with NaBO3$4H2O (4.0
equiv.) in THF/H2O (2 : 1), 4 h. b Yields and dr determined by 1H NMR analysis of the crude reaction mixture aer oxidation using 1,3,5-
trimethoxybenzene as the internal standard. Yield of isolated product given in parenthesis. c Determined by HPLC analysis using a chiral
stationary phase. d NaOMe was used as the base. e 27% of 1a remained. f Reaction was carried out using Et2O as the solvent.
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we found that the product dr ratio remained consistent during
the reaction, and we observed no change of dr with respect to
reaction time.

These results prompted us to propose the following mecha-
nism for this transformation. In the rst step, the reaction
proceeds through a syn-addition of the boronate and copper on
the same face of the conjugated double bond.14 Due to the
oxophilic nature of boron, a rotation around the sigma bond
would stabilize the resulting enolate through the formation of
a ve-membered ring.15 The formation of this 5-membered cycle
locks the ester cis to the Bpin group (Scheme 2a).

Since the ligand had a pronounced effect on the diaster-
eoselectivity of the reaction, we believe the copper catalyst is
likely substrate-bound during the second step of the reaction.
The diastereoselectivity could arise from the interaction of the
catalyst with the pendant aryl group of the imine (Scheme 2b),
and the conformation of the cyclohexene-like transition state
during the cyclization, although other mechanisms for diaster-
eoinduction could not be excluded. The major diastereomer
would then result from the carbon-bound14 copper enolate add-
ing into the imine (IIA) through a half chair transition state.
Conversely, attack of the enolate (IIB) through a boat transition
state would generate the observed minor diastereomer;
5718 | Chem. Sci., 2020, 11, 5716–5723
presumably, the latter pathway is disfavored due to the pendant
aryl group's positioning in a sterically congested environment
with the carbon-bound copper catalyst. Conversely, large ester
groupsmay sterically clash with the pendant arene, thus favoring
IIB and the pathway towards the all-cis product. Moreover, less
structurally constrained or smaller ligands may also favor IIB,
which would be in accordance with the all-cis selectivity of
monophosphines and bisphosphines such as dppb, as was
demonstrated by Shen and Xu.4f In the cases of other Michael
acceptor groups, there may be more signicant electronic effects
that could alter the diastereoselectivity of the cyclization.

Substrate scope

We examined the versatility of this methodology by rst assessing
a variety of pendant aryl groups (Scheme 3). The reaction was
successful with an ortho-substituted pendant arene group (3b, 3c).
Moreover, halogen-containing imines were also tolerated (3c–3e).
The reaction did prove sensitive to the electronics of the terminal
electrophile, with electron-decient imines (3f) cyclizing with less
efficiency than electron-rich ones (3g). Further, thiophenyl (3h)
and ferrocenyl (3i) containing substrates could be obtained in
good to excellent enantioselectivity and diastereoselectivity. The
absolute conguration of 3i was unambiguously determined
This journal is © The Royal Society of Chemistry 2020
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Scheme 2 Proposed stereochemical model.

Scheme 3 Sequential 1,4-borylation/Mannich cyclization. Reaction was conducted on 0.2 mmol scale. Oxidation was performed with
NaBO3$4H2O (4.0 equiv.) in THF/H2O (2 : 1), 4 h. Yields reported are of the isolated major diastereomer. Diastereomeric ratios were determined
by 1H NMR analysis of the crude reaction mixture. Enantiomeric ratios were assessed by HPLC analysis using a chiral stationary phase. [a]
Combined isolated yield. [b] Reaction was performed over 6 h, subsequent oxidation over 4 h.

This journal is © The Royal Society of Chemistry 2020 Chem. Sci., 2020, 11, 5716–5723 | 5719
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through X-ray crystallography, and the conguration of other
products was assumed by analogy.16

Substituents on the aryl backbone were also investigated.
Halogen-containing substrates participated (3j–3l), and the
methodology could be expanded to include a pyridine hetero-
cycle (3m). Unsurprisingly, the pyridine group signicantly
diminished the enantioselectivity of the initial borylation step,
and this outcome could be attributed to the change in the
electronic properties of the conjugated p-system. The product
3n, bearing a strongly electron-donating dioxolane substituent,
was generated in low yield with poor selectivity. This compound
suffered from a lack of stability due to its increased propensity
to eliminate the hydroxyl group, leading to decomposition.
Moreover, due to the products containing a Bpin or hydroxyl
group that are both benzylic and b to a carbonyl, this method-
ology is limited by substrates with strongly electron-donating
groups in the backbone. Electron rich backbone-bearing
substrates exhibited a propensity towards elimination.

Michael acceptors

We were interested in assessing various Michael acceptor
groups in the 1,4-borylation/Mannich cyclization reaction
(Scheme 4). Notably, we observed lower selectivities upon
increasing the size of the ester group (3a, 3o–3q), in accordance
Scheme 4 Feasibility of other Michael acceptors in the sequential 1,4-b
scale. Oxidation was performed with NaBO3$4H2O (4.0 equiv.) in THF/H
determined by 1H NMR analysis of the crude reactionmixture. Enantiomer
[a] Combined NMR yield of both diastereomers.

5720 | Chem. Sci., 2020, 11, 5716–5723
with our stereochemical model. The reaction conditions were
amenable to a,b-unsaturated ketones (3r, 3s), with the methyl
ketone derived tetrahydroquinoline product (3s) formed with
excellent enantioselectivity (97.5 : 2.5 er). We also found that
the a,b-unsaturated nitrile (3t) could be used in the conjugative
borylation/Mannich cyclization cascade with the product being
formed in high enantioenrichment (97 : 3 er). However, in the
case of a,b-unsaturated amide, we were surprised to see
a reversal of diastereoselectivity (3u, 3u0), with the all-cis dia-
stereomer (3u0) being the major product of the reaction.
Unfortunately, the reported conditions fail with sulfone or
phosphonate ester acceptors (3v, 3w).
Product derivatizations

The reaction was performed on 3 mmol of the starting material
1a to ascertain reaction scalability. Some decrease in the yield of
2a was observed, albeit with limited impact on the enantio- and
diastereoselectivity of the conjugate borylation/Mannich addi-
tion process (Scheme 5a). As inferred previously, the stereo-
retentive oxidation of the Bpin handle enables generation of the
more easily handled hydroxy ester 3a in quantitative yield and
complete retention of enantio- and diastereoselectivity
(Scheme 5b).
orylation/Mannich cyclization. Reaction was conducted on 0.2 mmol

2O (2 : 1), 4 h. Combined isolated yields. Diastereomeric ratios were
ic ratios were assessed by HPLC analysis using a chiral stationary phase.

This journal is © The Royal Society of Chemistry 2020
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Scheme 5 Reaction scale-up and subsequent elaborations. See ESI† for reaction details.
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Due to the Bpin group being both benzylic and b to
a carbonyl, the borylated tetrahydroquinoline scaffold is very
sensitive. Nonetheless, we wanted to capitalize on its high
reactivity in order to demonstrate structural elaborations on the
valuable tetrahydroquinoline scaffold (Scheme 5c). Initial
protection of the free amine generated the N-acetyl protected 4
which was readily obtained in a high yield, with no impact on
the dr or er. Subsequent formation of the respective tri-
uoroborate salt 5 enabled a successive C–N bond formation to
furnish product 6 unfortunately as a mixture of two diastereo-
mers in moderate yield, but preserving the other stereocenters.
A Matteson homologation could be performed, followed by
oxidation of the boryl group and cyclization to obtain the
lactone product 7 as a single diastereomer with complete
enantioretention. Finally, concomitant reduction of the ester
and oxidation of the boryl group in 4 furnished a diol that
This journal is © The Royal Society of Chemistry 2020
subsequently formed dioxalanone 8 in moderate yield, as
a single diastereomer.

We set out to demonstrate that the secondary amine gener-
ated in the conjugate borylation/cyclization reaction could be
utilized as a nucleophile in a secondary intramolecular process
(Scheme 5d). We thus designed substrate 9, bearing an ester
group in the ortho position of the imine, and were pleased to see
formation of the tetracyclic scaffold 10 with good enantiose-
lectivity. This example highlights the applicability of the reac-
tive amine in subsequent transformations to access more
complex structures.
Conclusions

In summary, we identied a novel method to synthesize enan-
tioenriched N-heterocycles through a copper-catalyzed
Chem. Sci., 2020, 11, 5716–5723 | 5721
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conjugate borylation/Mannich cyclization. This reaction is
a rare example of a copper-catalyzed borylation of an 1,4-
unsaturated Michael system with subsequent cyclization, and
the rst to terminate into imines with high enantioselectively.
The reported protocol is mild, amenable to scale-up and
generates complex N-heterocycles with three contiguous ster-
eocenters, with capacity for further structural elaborations.
Moreover, a screen of various Michael acceptors demonstrates
that this process is broadly applicable and we envision it can be
utilized in other complex synthetic pathways.
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