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ABSTRACT: Neutral halogen bonding donors (XBDs) containing
sp3-hybridized carbon−bromine and sulfoxide moieties were
designed and synthesized. They promoted quinolines and imines
reduction easily with a relatively low catalyst loading (5 mol %).
Their halogen bonding strengths were quantified using 31P NMR
spectroscopy and molecular electrostatic potential (MESP) analysis.
Single-crystal X-ray analysis unambiguously confirmed the presence
of intramolecular C(sp3)−Br···H−N hydrogen bonding within the
amide-derived XBD. Combined experimental and computational
studies revealed that the amide-derived XBD acts as an efficient
hydrogen bond-enhanced halogen bonding organocatalyst.
KEYWORDS: C(sp3)−Br halogen bond, sulfoxide, intramolecular hydrogen bond, cooperative organocatalysis, quinolines reduction

Halogen bonding (XB), one of noncovalent interactions,1

has gained increasing attention in the field of organo-
catalysis in recent decades.2 Generally, for the halogen bonding
catalyst based on carbon−halogen (C−X) bond donors
(Figure 1a), the C(sp)−X type is supposed to be more

powerful,3 whereas the C(sp2)−X one is more popular because
of its structural diversity and easy preparation. The
corresponding halogen bond donors (XBDs) can be neutral
and even cationic, depending on the core halogenated
scaffolds, which are constructed from readily available
polyfluorinated phenyl,4 triazole,5 imidazolium,6 pyridinium,7

or triazolium8 moieties. Since the first use of 2-iodoimidazo-

lium triflate as the activating reagent for Ritter reaction,6c the
cationic XBDs have been widely explored for organocatalysis
because of their higher halogen bonding strength than that of
the neutral analogue. Stimulated by the pioneering work from
Huber and co-workers, a broad range of reactions catalyzed by
XBD were sequentially disclosed, including Friedel−Crafts
reaction,9 Michael addition,10 Diels−Alder cycloaddition,11
and glycosylation.12

In sharp contrast, examples of XBDs with C(sp3)−X motif
are quite limited, which is in line with the trend that less s
character of carbon will lead to a smaller σ-hole on the
attached halogen.13 In 2008, Bolm and co-workers successfully
overcame this limitation by applying highly fluorinated
iodoalkanes14 as a XBD. More recently, Shibata’s group
designed new XBDs with a fluorobissulfonylmethyl iodide
scaffold, which efficiently catalyzed the Mukaiyama aldol
reaction and quinolines reduction.15 It is noteworthy here that
their design not only provided an attractive alternative for
XBDs with C(sp3)−X but also showed the feasibility of
incorporating a chiral backbone into the XB catalyst.
Moreover, it is important to point out that strengthening
XBDs with C(sp3)−X is theoretically possible by employing
the novel strategy of hydrogen bond (HB)-enhanced XB, as
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Figure 1. (a) Different types of XBDs. (b) Hydrogen bond-enhanced
halogen bond (HBeXB). (c) This work.
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exemplified by XBDs with C(sp2)−I, which are dramatically
strengthened through an intramolecular cyclic five-membered
HB to the electronegative belt of the iodine atom (Figure
1b).16 Inspired and encouraged by the aforementioned
advances in XB organocatalysts, we herein describe a novel
type of HB-enhanced XB catalyst (Figure 1c) with a rarely
reported C(sp3)−Br moiety17 and its successful activation of
quinolines through N···Br halogen bonding.
In our initial design, XBD 3a equipped with electron-

withdrawing sulfinyl and malonyl groups was synthesized easily
in 3 steps from inexpensive benzyl mercaptan and diethyl
bromomalonate (Scheme 1).18 Moreover, an attempt to

prepare stronger XBD 3e by electrophilic iodination of 2a
was successful. Unfortunately, the stability of 3e is poor
because of the rapid C(sp3)−I bond cleavage at room
temperature [Supporting Information (SI), Scheme S6].
Additionally, when malonyl groups of 1a were replaced by
more electron-withdrawing phenylsulfonyl groups, the corre-
sponding sulfide 1c was intact under various oxidizing
conditions (SI, Scheme S4). Therefore, our approaches to a
stronger XBD than 3a for catalysis by introducing an iodine
atom or more electron-withdrawing group failed. Since the
amidation of esters in 1b through ammonolysis is straightfor-
ward, XBD 3b was accordingly prepared as a comparison for
3a. It is worth mentioning that both 3a and 3b are stable under
ambient conditions, and no Pummerer-type decomposition19

was observed for their precursors 2a and 2b.
To examine the catalytic activities of our XBDs, transfer

hydrogenation of 2-phenylquinoline (4a) with Hantzsch esters
was selected as the model reaction (Table 1). In the absence of
catalyst, the reaction was slow, and a 10% yield of target
product tetrahydroquinoline 5a was observed (entry 1).
Pentafluoroiodobenzene (PFIB), a known XBD, provided 5a
with only 20% yield within 24 h (entry 2). In contrast, with 10
mol % of 3a, 4a was completely converted to 5a within 9 h
(entry 3). Encouraged by this preliminary result, XBD
derivatives of 3a with electron-withdrawing substituents on
the phenyl ring were investigated (3d, 3d′, SI, Table S1),
though such variation showed no significant effect on the
reaction rate. It is generally accepted that an ester group is
more electron-withdrawing than an amide, and accordingly, 3a
is supposed to be a stronger XBD than 3b. Surprisingly, a
significant improvement of rate was observed for the reaction
with 3b (10 mol %), which provided 5a in up to 89% yield
within 3 h, whereas only 36% yield was achieved with 3a (SI,
Figure S1). The reaction catalyzed by 3b could complete
within 5 h (entry 4). When the loading of 3b (5 mol %) was
reduced, the reaction time was prolonged to 6.5 h (entry 5). A

moderate yield of 75% was still obtained with a low loading of
3b (1 mol %) but in a longer time (entry 6). Moreover, two
representative XBDs 3f and 3g containing C(sp3)−I and
C(sp2)−I moieties, respectively, were utilized for this reaction
(entries 7 and 8). These results indicate that 3b is comparable
to them in catalytic potency.
Moreover, controlled experiments were conducted by

utilizing the analogues of 3a and 3b (Table 1, entries 9−12).
It was found that their precursors 2a and 2b with an acidic
C(sp3)−H act as Brønsted acid catalysts20 in this reaction,
albeit with relatively lower efficiency than 3a and 3b (entries
9−10). In addition, replacement of the sulfinyl group by
methylene (3h and 3i) weakened the XB strength dramatically
(entries 11−12), which indicates the crucial role of a strong
electron-withdrawing sulfoxide moiety in our design. The
acidity of C(sp3)−H in 2a is generally considered to be higher
than that of 2b because of the slightly more electron-
withdrawing effect of the ester in 2a. Unlike the trend
discussed above, 3b with amide groups showed higher activity
than 3a with esters, which led to a faster reaction. This
outcome was initially interpreted by assuming that the extra
amide N−H hydrogen bond donors in 3b assist catalysis
through the activation of substrate 4a. Indeed, substrate
activation by XB and HBs in a synergistic fashion has been
reported in the works of Arai et al. and Kanger et al.21

However, the fact of a low catalytic efficiency of 2b with only
amide N−H bonds (entry 10) ruled out the major
contribution of HBs to substrate activation. The actual
activation mode by 3b still remains to be elucidated.
With 3b in hand, the scope of transfer hydrogenation was

then explored under the optimized conditions (Scheme 2).
First, the R1 group on 2-subsituted quinolines was investigated.
All target products were obtained in excellent yields (5b−5j,
∼95% to 99%). Among them, product 5j is a key intermediate
in the synthesis of (±)-galipinine, which is a natural product
with a variety of biological activities.22 3-Methylquinoline and

Scheme 1. Synthesis of XBDs with C(sp3)−Br Moietya

aConditions: (a) 35 wt % H2O2, Na2MoO4, CF3CH2OH, rt; (b)
NBS, TsOH·H2O, CH3CN, reflux, 2 h, 55% yield; (c) 27 wt %
CH3NH2 in MeOH, 60 °C, 5 h, 54% yield; (d) Br2, Et3N, CH2Cl2, rt,
3 h, 74% yield.

Table 1. Catalytic Transfer Hydrogenation of 4aa

entry catalyst loading (mol %) time (h) yieldb (%)

1 none 24 10
2 PFIB 10 24 20
3 3a 10 9 99 (99)c

4 3b 10 5 99
5 3b 5 6.5 99
6 3b 1 16 75
7 3f 5 6.5 99
8 3g 5 6.5 83
9 2a 10 24 39
10 2b 10 24 12
11 3h 10 24 10
12 3i 10 24 32

aUnless otherwise indicated, all reactions were carried out with 4a
(0.05 mmol, 1.0 equiv) and Hantzsch esters (0.11 mmol, 2.2 equiv) at
room temperature under N2 atmosphere.

bDetermined by 1H NMR
analysis. cIsolated yield in parentheses. Hantzsch esters: diethyl 2,6-
dimethyl-1,4-dihydro-pyridine-3,5-dicarboxylate.
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fused-ring acridines also gave excellent yields (5k−5l). We
then investigated the functional group tolerance on the
benzene ring of quinolines, and slightly lower yields were
obtained (5m−5r). The reduction of quinoline 4m without
any substitutes still afforded 5m with a good yield (78%).
Quinolines substituted by hydroxyl and bromine at the 5-
position gave 62% and 85% yield, respectively. Quinolines
bearing a chlorine or methoxy group at the 6-position gave
high yields (5p−5q, ∼78% to 85%). A satisfactory yield (5r,
50%) could be obtained even with a strong electron-
withdrawing nitro substituent. The scope of imine was
subsequently investigated. Diarylimines with different sub-
stitution patterns gave corresponding amines 5s−5v in
excellent yields, while no reaction occurred for the N-isopropyl
imine 4x.23 In addition, the α-aryl amino ester 5w was achieved
in a moderated yield (43%).24

To gain more details of the underlying process, NMR
spectroscopy, which is a powerful tool to investigate non-
covalent interactions, was first employed (Table 2, eq 1 and
2).25 However, 1H(C4−H) chemical shift changes in quinoline
4a were found to be insignificant upon the addition of one
equivalent of each of the catalysts (Table 2, column 3; SI,
Figure S2). Despite the low sensitivity, the 1H NMR analysis
somewhat showed the XB between 3b and substrate 4a is
observable [Δδ(1H) = 0.08 ppm]. Furthermore, the associa-
tion constants of 3a and 3b with 4a were determined as 0.40 ±
0.006 and 0.44 ± 0.004 M−1, respectively, by 1H NMR
titration experiments (SI, pages S36−S38). Conversely, the
31P(R3P�O) chemical shift changes have been used to
measure the relative Lewis acidity26 and recently quantify the
halogen bonding ability.27 Additionally, weak halogen bonding
might be distinguished from hydrogen bonding by comparing
the Δδ(31P) values of trialkyl phosphine oxide,28 which is a
reliable probe to predict various noncovalent interactions in

solution. For the 31P NMR analysis (Table 2, column 4; SI,
Figure S3), we chose trimethyl phosphine oxide (TMPO) as
the binding partner by adding excess catalyst molecules (5.0
equiv). Similar to the 1H NMR analysis, 3b showed the
strongest binding interaction with TMPO on the basis of the
much larger downfield 31P NMR shift [Δδ(31P) = 12.12 ppm;
Figure 2a]. Moreover, intermolecular hydrogen bonding

between 3b and TMPO can be excluded on the basis of the
1H NMR titration data (SI, Figure S13). Later, 13C NMR
studies of 3b were performed, and downfield changes in the
chemical shift of 13C(sp3)−Br upon the addition of 4a (5.0
equiv) or TMPO (5.0 equiv) were detected (Figure 2b). The
XB formations between 3b and Lewis bases, such as quinoline
4a and TMPO, were therefore confirmed.
To further probe the reaction mechanism, controlled

experiments with radical scavengers, Lewis bases, and catalyst
3j were performed (Scheme 3). In the presence of free radical
2,2,6,6-tetramethylpiperidinyl-1-oxy (TEMPO) which also acts
as a XB acceptor,29 a moderate yield of 48% was obtained.
Meanwhile, the radical scavenger butylated hydroxytoluene
(BHT) had negligible effect on the catalytic activity (83%
yield). Accordingly, a radical pathway was excluded. With 3,5-
lutidine, which is a stronger Lewis base than substrate 4a, the
reaction was significantly suppressed (6% yield), thereby
supporting the role of 3b on the catalytic cycle. In contrast,
sterically hindered 2,6-di-t-butylpyridine was difficult to

Scheme 2. Scope of Transfer Hydrogenation with 3ba

aReactions at the 0.25 mmol scale for 24 h with isolated yield
reported. bReaction at the 0.1 mmol scale.

Table 2. 1H and 31P NMR Studies

entry catalyst Δδ(1H) (ppm)a Δδ(31P) (ppm)b

1 3a 0.03 1.01
2 2a 0.03 0.49
3 3b 0.08 12.12
4 2b 0.06 1.10

aChanges in chemical shift of 4a and TMPO upon binding to catalyst:
1H NMR analysis performed with 0.01 mmol of 4a and 0.01 mmol of
catalyst in 0.6 mL of CDCl3 (eq 1). Δδ(1H) = δC4−H (4a·Catalyst) −
δC4−H (free 4a).

b31P NMR analysis performed with 0.005 mmol of
TMPO and 0.025 mmol of catalyst (5 equiv) in 0.2 mL of CD2Cl2
and 0.4 mL of CH2Cl2 (eq 2). Δδ(31P) = δ(TMPO·Catalyst) −
δ(free TMPO).

Figure 2. (a) 31P NMR spectra of TMPO, TMPO·3a, and TMPO·3b
in CD2Cl2. (b) 13C NMR spectra of 3b, 3b·4a, and 3b·TMPO in
CDCl3.
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halogen bond to 3b and had no influence on the catalytic
activity of 3b (97% yield). Additionally, the catalyst 3j with
amides N−Me and C(sp3)−Br still promoted the reaction in a
moderated yield (65%), thereby indicating the essential role of
the C(sp3)−Br site and the assisting role of N−H sites in 3b.
However, the cooperative mode of action of XB and HB sites
in 3b needs to be addressed.
Inspired by the aforementioned concept of a hydrogen-

bond-enhanced halogen bond (HBeXB) for XBDs with
C(sp2)−I,16a we envisioned an intramolecular HBeXB may
occur in XBD 3b. With inspection of the 1H NMR spectra of
2b and 3b, an apparent downfield shift of one of the amide
protons on 3b was observed (Figure 3a) in comparison with

2b, which suggested the occurrence of a HBeXB in 3b in
solution state. To our delight, it was further confirmed by X-
ray analysis of 3b (Figure 3b). The crystallographic analysis
clearly revealed intramolecular C(sp3)−Br···H−N(1) and extra
C�O···H−N(2) hydrogen bonds with distances of 2.65 and
2.63 Å, respectively. The dihedral angle between the two

planes of Br−C(sp3)−C(O) and C(sp3)−C(O)−N1 is 30.4°.
It is worth mentioning that multiple intermolecular non-
covalent interactions were also observed in the packing
structures of 3b (SI, Figure S27). In particular, an
intermolecular bifurcated hydrogen bonding16a of N(1)−H
to O�S in another molecule of 3b was formed with distances
of 2.14 Å. However, such an intermolecular HB was
insignificant in solution because only negligible changes in
chemical shifts of both N−Hs in 3b were observed by either
varying its concentration30 or titrating it with HB acceptor
TMPO31 (SI, Figures S10 and S13). These results also
indicated that the conformation of 3b in solution state should
be similar to the X-ray crystal structure of 3b with two
intramolecular HBs. Subsequently, NOESY analysis of 3b
confirmed that the conformer in solution is consistent with its
crystal structure since only NOE signals between amide proton
N(2)−H and the benzyl methylene proton C(sp3)−H, as well
as the ortho-proton of the phenyl ring C(sp2)−H, were
detected (3.09 and 3.09 Å, Figure 3c; see SI, Figures S11 and
S12). Accordingly, two amide protons on 3b could be readily
distinguished, and their chemical shifts were assigned as 8.04
ppm [N(1)−H] and 7.62 ppm [N(2)−H], respectively.
Overall, X-ray data and NMR studies indicated the formation
of a new type of preorganized XBD through intramolecular
HB.
Furthermore, the molecular electrostatic potential (MESP)

in 3a and 3b was investigated by DFT calculations with the
bromine atom pointing upward in Figure 4. The MESP maps

and Vs, max value of 13.78 kcal/mol at the bromine side
confirmed the positive influence of two intramolecular HBs in
3b on the σ-hole of 3b. The data obtained by 1H NMR
monitoring also showed that 3b makes the reaction process
more efficient than 3a (SI,Figures S24−S26). Taken together,
our experimental, NMR, and computational studies demon-
strate that a five-membered intramolecular HB ring with a
nonplanar conformation was formed and consequently led to
an extraordinary enhancement of XB strength in 3b.
In conclusion, we present a new type of C(sp3)−Br halogen

bond donor. This neutral XBD bearing one sulfoxide and two
amide moieties was fully characterized by NMR and X-ray
analysis. A synergistic effect caused by hydrogen bonding
directly to the XBD intramolecularly has been revealed both
experimentally and computationally. For the first time, we
elucidated the occurrence of HB-enhanced halogen bonding in
a XBD base on C(sp3)−Br. Moreover, the multifunctional
sulfinyl group not only acts as an appropriate electron-deficient
scaffold for XBDs but also provides an option for an
asymmetric halogen bonding catalyst2g,6a,32 with chirality at
sulfur.33 In our view, the strategy of a HBeXB might be
extended to the hydrogen bond-enhanced tetrel bond
(HBeTtB)34 and chalcogen bond-enhanced halogen bond

Scheme 3. Controlled Experiments

Figure 3. (a) 1H NMR spectra of 2b and 3b in CDCl3. (b) X-ray
crystallographic structure of 3b (CCDC 2213198, ellipsoids at 50%
probability). (c) Key 1H−1H NOE correlations of 3b.

Figure 4. MESP maps for 3a (a) and 3b (b). All calculations were
performed at B3LYP/def2-TZVPP using Gaussian 16.
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(CBeXB)1f,35 in further studies. Efforts are ongoing to explore
chiral halogen bonding catalysis36 and design highly potent
organocatalysts using nonclassical noncovalent cooperativi-
ty.16c,37
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