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A B S T R A C T

Borylative cyclization of E-3-arylallyl carbamoyl chlorides is achieved through copper catalyzed
intramolecular carboboration with B2pin2. 2-Aryl-3-boryl-g-lactams are formed with exclusive cis-
diastereoselectivity. CuBr-Dppp combination gives the best outcomes. The substrate scope is profiled.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.
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Copper catalyzed carboboration of alkenes via borocupration
across C��C p bond and subsequent electrophilic capture of the in
situ formed organocuprate intermediate by a broad range of carbon
based electrophiles has emerged as an important means for
difunctionalization of alkenes [1–17], which leads to versatile and
valuable organoboron compounds [18]. In particular, when a
suitable C-electrophile is linked to the targeting alkene moiety
properly, a cyclizationwill occur giving rise to a borylated (hetero)
cyclic molecule [19–27], as exemplified by the elegant construc-
tions of silylcyclopropylboronates from g-silylallylic carbonates
[28] and cyclobutylboronates from homoallylic sulfonates
reported by Ito and Sawamura group [29,30]. Following this
strategy, we [31,32] and others [33–35] have recently developed
diastereo- and/or enantioselective synthesis of borylated 2,3-
disubstituted indolines 2 and 2,3,4-trisubstituted tetrahydroqui-
nolines 3 and 30 from alkenyl aldmines 1a and 1b respectively
(Scheme 1a). In 2018, Lautens and colleagues reported a borylative
cyclization of 2-vinylaniline carbamoyl chlorides 4, delivering
biologically important 3,3-disubstituted oxindoles 5 (Scheme 1b)
[36]. In line with our interest in this field, we proposed that

regioselective borylative cyclization of arylallyl carbamoyl chlor-
ides 6 would provide a straightforward access to highly desired 2-
aryl-3-boryl-g-lactams 7 (Scheme 1c) [37], as the g-lactam is a
common core structure found in various natural products and
synthetic molecules of biological interests [38–45].

Our studies were commenced with cinnamyl carbamoyl
chloride 6a, made from corresponding cinnamyl amine. Extensive
catalyst-ligand screening and condition optimization were carried
out, and selected data were tabulated in Table 1. It was found that
premixing CuCl (5mol%), Dppp (6mol%) and tBuOLi (2.0 equiv.) in
diethyl ether forms a homogenous solution, subsequent introduc-
tion of B2pin2 (1.5 equiv.) and substrate 6a (1.0 equiv.) affords a
slow reaction which fails to achieve full conversion even after 3
days. Pleasingly, 3-boryl-2-phenyl g-lactam 7a was collected in
73% yield as a single diastereomor (entry 1). The relative
stereochemistry of the 2,3-disubstituted lactam was determined
as cis-configuration by single crystal X-Ray crystallography (Fig. 1).
tBuOK as the base gave a noticeable higher yield (79%) than tBuOLi
(73%) and tBuONa (69%) did in the same conditions (entry 3 vs.
entries 1 and 2). Examination of a diverse copper salts revealed
that CuBr performed best as a pre-catalyst (entries 4–8). Doubling
the catalyst/ligand loading resulted in a further enhancement in
yield to 87% even in amuch shorter reaction time of only 6 h (entry
9). Brief solvent screening showed that THF and dimethoxylethane
(DME) are similarly good media for this reaction, giving better

* Corresponding authors.
E-mail addresses: shenmh@cczu.edu.cn (M.-H. Shen), markxu@cczu.edu.cn

(D. Xu).

https://doi.org/10.1016/j.cclet.2021.02.016
1001-8417/© 2021 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.

Chinese Chemical Letters 32 (2021) 2297–2300

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier .com/ locate /cc let



results than methyl tert-butyl ether (MTBE) and toluene did
(entries 10–13). However, at this stage, conditions capable to
realize complete consumption of 6a for sure were not identified

yet. Increasing the B2pin2/tBuOK combination from equivalents of
1.5/2.0 to 2.0/2.5 in conjunction with elongating the reaction time
to 24 h effected full conversion and pushed the yield up to 90%
(entries 14 and 15). With the so far optimal conditions, we
progressed to evaluate ligand impact on the reaction (entries 16–
22). It was found that dppe and R-Binap are as excellent as dppp;
dppb and dppf are also viable butwithmoderate yields; and dppm,
Xantphos and JohnPhos are much inferior ligands for this copper
catalyzed process. These data evidenced the important role of

Table 1
Reaction conditions optimization.a

[TD$INLINE]

Entry [Cu] (mol%) Ligand (mol%) Base (equiv.) Solvent B2pin2 (equiv.) Timeb Yield of 7a (%)c

1 CuCl (5) Dppp (6) tBuOLi (2.0) Et2O 1.5 3 d 73
2 CuCl (5) Dppp (6) tBuONa (2.0) Et2O 1.5 3 d 69
3 CuCl (5) Dppp (6) tBuOK (2.0) Et2O 1.5 3 d 79
4 CuBr (5) Dppp (6) tBuOK (2.0) Et2O 1.5 3 d 82
5 CuI (5) Dppp (6) tBuOK (2.0) Et2O 1.5 3 d 76
6 CuCl2 (5) Dppp (6) tBuOK (2.0) Et2O 1.5 3 d 59
7 Cu(OTf)2 (5) Dppp (6) tBuOK (2.0) Et2O 1.5 3 d 74
8 Cu(OAc)2 (5) Dppp (6) tBuOK (2.0) Et2O 1.5 3 d 60
9 CuBr (10) Dppp (12) tBuOK (2.0) Et2O 1.5 6 h 87
10 CuBr (10) Dppp (12) tBuOK (2.0) THF 1.5 6 h 80
11 CuBr (10) Dppp (12) tBuOK (2.0) MTBE 1.5 6 h 75
12 CuBr (10) Dppp (12) tBuOK (2.0) DME 1.5 6 h 84
13 CuBr (10) Dppp (12) tBuOK (2.0) PhMe 1.5 6 h 72
14 CuBr (10) Dppp (12) tBuOK (2.5) Et2O 2 6 h 88
15 CuBr (10) Dppp (12) tBuOK (2.5) Et2O 2 24 h 90
16 CuBr (10) Dppm (12) tBuOK (2.5) Et2O 2 24 h 32
17 CuBr (10) Dppb (12) tBuOK (2.5) Et2O 2 24 h 63
18 CuBr (10) Dppe (12) tBuOK (2.5) Et2O 2 24 h 86
19 CuBr (10) Dppf (12) tBuOK (2.5) Et2O 2 24 h 76
20 CuBr (10) Xantphos (12) tBuOK (2.5) Et2O 2 24 h 32
21 CuBr (10) JohnPhos (12) tBuOK (2.5) Et2O 2 24 h 20
22 CuBr (10) R-Binap (12) tBuOK (2.5) Et2O 2 24 h 82
23 – Dppp (12) tBuOK (2.5) Et2O 2 24 h 0
24 CuBr (10) – tBuOK (2.5) Et2O 2 24 h 68

a Reactions were performed on a 0.3mmol scale: Copper salt, ligand and base in solvent (1mL), 15min, then B2pin2 in solvent (2mL) was syringed, 10min, then 6a
(0.3mmol in 1mL solvent) was introduced.

b Monitored by TLC.
c Isolated yield.

[(Scheme_1)TD$FIG]

Scheme 1. (a) Borylative cyclization of 2-vinylanilinyl aldmines; (b) Borylative
cyclization of 2-vinylaniline carbamoyl chlorides; (c) Borylative cyclization of allyl
carbamoyl chlorides.

[(Fig._1)TD$FIG]

Fig. 1. The ORTEP drawing of 7a (CCDC: 2038413).
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ligand (entries 16–22). Without copper salt, the reaction didnot
take place at all, in support the metal catalytic pathway (entry 23).
In the absence of a ligand, 7a was still obtained albeit in a lower
yield (entry 24), a result not out of expectation in the mechanistic
point of view.

It is argued that the borocupration is a syn addition process that
affords the syn intermediate INT-6/7 solely. The subsequent
interception of the C-Cu nucleophile by the pendent carbamoyl
chloride proceeds in a configuration retention fashion to accom-
plish the cis product 7a exclusively (Scheme 2).

With the realization of the borylative cyclization reaction of 6a
and the establishment of the optimal conditions (conditions used
in entry 15 in Table 1), we set out to explore the substrate scope.

Firstly, variation on the aromatic ring of the allyl segment was
investigated, and the results were collected in Scheme 3. As
expected 7b was obtained in high yield as a p-Me group on the
phenyl group can scarcely change the steric and electronic
properties of a substrate. Carbamoyl chlorides 6c-e, incorporating
an electron releasingmethoxyl group on the aromatic ring, were all
nice substrates for this reaction to give 7c-e in >73% yields,
especially in the case of 7e, a counterintuitively excellent yield of
94% was obtained. Notably, transition metal vulnerable phenyl
bromides were compatible with this copper catalyzed process as
demonstrated by clean reactions of 6f-h, affording boryl lactams
7f-h in high to excellent yields. Mono and di-chlorinated
substrates 6i and 6j underwent this carboboration process
smoothly as well, yielding 7i and 7j in 82% and 78% yields
respectively. Fluorinated boryl lactam 7kwas obtained in excellent
yield, indicating the HF elimination process, a common pathway
promoted by strong alkoxide bases, did not interfere with the
current reaction, probably due to the Lewis acidic boryl agents in
the system that could mitigate the strong basicity. 6l with a 4-CF3
group was converted into lactam 7l smoothly.

Next, the impact of N-substitution on the reaction was
inspected (Scheme 4). As expected, 6m-o with aromatic sub-
stituents all proceed smoothly to give corresponding lactams 7m-o
in high yields. 2,4-Dichloanilline derived carbamoyl chloride 6p
was transformed into 7p in modest 56% yield. Switching the N-aryl
group to N-benzyl group improved the reaction prominently as
evidenced by the excellent yields collected for 7q and 7r. N-Alkyl
substitution was also applicable while moderate yields were
obtained as demonstrated by the reactions of 6s and 6t.

Expansion of this protocol to 6u, a tri-substituted allyl
carbamoyl chloride that would give a 2,2-disubstituted lactam if
succeeds, resulted in an inert reaction as no conversion of the
starting material was observed, presumably attributing to the
difficult formation of a tertiary organocuprate and/or the following
intramolecular coupling event. Relocating the methyl group to the
allylic position furnishes 6v which was submitted to the reaction
under optimal conditions as well. However the expected transfor-
mation did not happen even in refluxing ether. More surprisingly,
Z-alkenyl substrate 6w did not undergo this process either.
Moreover, dienyl substrate 6x did react under the same conditions,
but a complexmixturewas observed. These unsuccessful cases call
for future studies. (Fig. 2)

Treatment with H2O2/NaH2PO4, 7k was converted to alcohol 8
with high efficiency (Scheme 5 top). Following the method
developed in Argarwal laboratory [46], furan substituted lactam
9 was obtained successfully from 7f (Scheme 5 bottom). These
reactions demonstrate the usefulness of this reaction and highlight
the versatility of the boryl group for further transformation.

In summary, an efficient construction of cis-2-aryl-3-boryl-
g-lactams has been achieved through copper catalyzed borylative
cyclization of arylallyl carbamoyl chlorides. This reaction is highly
diastereoselective giving cis-lactams exclusively. The limitations in
substrate scope demand further studies and we would like to
report the progress in due time.

[(Scheme_3)TD$FIG]

Scheme 3. The scope of the cinnamyl segments. Reactions were performed on a
scale of 0.3mmol; isolated yields were reported.

[(Scheme_4)TD$FIG]

Scheme 4. The scope of the N-substituent. Reactions were performed on a scale of
0.3mmol; isolated yields were reported.

[(Fig._2)TD$FIG]

Fig. 2. Several yet unsuccessful substrates.

[(Scheme_2)TD$FIG]

Scheme 2. Explanation of the relative stereochemistry of borylative cyclization.
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Scheme 5. Examples of transformation of the borated products.
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