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atalyzed C–H alkylation of
benzylamines with alkenes and its application in
flow chemistry†

Amrita Das and Naoto Chatani *

The Rh-catalyzed C–H alkylation of benzylamines with alkenes using a picolinamide derivative as a directing

group is reported. Both Rh(I) and Rh(II) complexes can be used as active catalysts for this transformation. In

addition, a flow set up was designed to successfully mimic this process under flow conditions. Several

examples are presented under flow conditions and it was confirmed that a flow process is advantageous

over a batch process. Deuterium labelling experiments were performed to elucidate the mechanism of

the reaction, and the results indicated a possible carbene mechanism for this C–H alkylation process.
Introduction

Benzylamine derivatives are important core structures in
various biologically active compounds and natural products.1

Hence, the functionalization of benzylamine derivatives via
C–H bond activation strategies is one of the more important
areas in organic chemistry.2 Direct functionalization and
a directing group strategy have both been used for this type of
derivatization. The ortho-functionalization of benzylamine
derivatives, such as carbonylation,2a alkenylation,2b alkylation
by using alkyl halides,2c triuoromethylation,2d halogenation,2e

arylation,2g sulfonylation,2k and hydroxylation2l using Pd
complexes as catalysts have been reported (Scheme 1a). Apart
from the use of palladium, only a few examples of the use of
other metals as catalysts, such as Co2h–j or Rh2f for annulation or
alkynylation reactions with alkynes have been reported. Given
our continuous interest in C–H alkylation reactions,3 we were
strongly motivated to investigate the ortho-alkylation of ben-
zylamines with alkenes as alkyl sources, which, as of this
writing, does not appear to have been reported (Scheme 1b).

Flow chemistry is a growing eld of research in organic
chemistry. In industrial research, it is well known that ow
chemistry has great advantages and is now a well-established
process that has a variety of applications.4 In recent years ow
transformation reactions have also found their way into
academic research laboratories.5 Considering the advantages of
ow chemistry over traditional batch reactions, such as reaction
efficiency, safety, and environmental compatibility;5a–c we eval-
uated the potential of this process for use in the reaction
described in this report. Because ow chemistry has not been
of Engineering, Osaka University, Suita,
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tion (ESI) available. See DOI:

09
extensively explored in the case of C–H bond activation (Scheme
1c),6 there is no apparent reason for why its ow conditions
could not be used in this area of research (Scheme 1d). To our
delight, we successfully optimized the conditions for our reac-
tion even under ow. Moreover, the advantages of this process
over batch reactions are also presented (Scheme 1e).
Results and discussion

We selected 2-methylbenzylamine and ethyl acrylate as model
substrates to screen various directing groups7 using
[Rh(OAc)(cod)]2 as a catalyst and pivalic acid as an additive in
toluene as a solvent at 160 �C for 16 h (Table 1). An imine
Scheme 1 Functionalization of benzylamine.
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Table 1 Evaluation of directing groupsa

a Reaction conditions: 1 (0.2 mmol), ethyl acrylate (0.4 mmol),
[Rh(OAc)(cod)]2 (0.01 mmol), PivOH (0.4 mmol), toluene (1.0 mL) at
160 �C for 16 h. b Determined by 1H NMR analysis of the crude
mixture. n.d. ¼ not detected.

Table 2 Optimization of C–H alkylation reaction of 1aa

Entry Catalyst Temp. Yield of 2ab (%)

1 [Rh(OAc)(cod)]2 120 �C 2
2 [Rh(OAc)(cod)]2 150 �C 26
3 [Rh(OAc)(cod)]2 160 �C 94(83)c

4d [Rh(OAc)(cod)]2 160 �C 10
5e [Rh(OAc)(cod)]2 160 �C 62
6f [Rh(OAc)(cod)]2 160 �C 27
7 [RhCl(cod)]2 160 �C 11
8 [RhCl(PPh3)3]2 160 �C 58
9 Rh2(OAc)4 160 �C 97
10 [Cp*RhCl2]2, AgSbF6 (20 mol%) 160 �C n.d.
11 Rh2(OAc)4 170 �C 99 (85)c

a Reaction conditions: 1a (0.2 mmol), ethyl acrylate (0.4 mmol), catalyst
(0.01 mmol), PivOH (0.4 mmol), toluene (1.0 mL) at specied
temperature for 16 h. b Determined by 1H NMR analysis of the crude
mixture. c Isolated yield. d No additive was used. e PivOH (1 equiv.)
was used. f Ethyl acrylate (1.2 equiv.) was used. n.d. ¼ not detected.
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directing group failed to give the product 2aa. We then
hypothesized that a bidentate directing group might promote
the reaction. However, the imine prepared from 2-pyr-
idinecarboxaldehyde also failed to provide the desired product
2ab. We next focused on the use of an amide directing group for
this transformation. Our hypothesis was correct regarding the
use of an amide directing group and the use of a picolinamide
derivative promoted the reaction to a signicant extent, with 2a
being produced in a high yield, whereas in the absence of
a nitrogen atom in the directing group, 2ac was not produced.
Furthermore, to check the importance of a free NH moiety, we
prepared a N–Me protected directing group. However, no 2ad
was formed when the N–Me protected directing group was used,
which supports the fact that the presence of a free NH group on
the bidentate coordination group is crucial for the reaction to
proceed.

With a suitable directing group being identied, we pro-
ceeded to optimize the reaction conditions (Table 2). Aer
screening a series of reaction temperatures, 160 �C was found to
give a high yield of 2a (Table 2, entries 1–3). The amount of acid
additive used in the reaction was also screened. Comparing
entries 3–5, it was found that the use of 2 equiv. of pivalic acid
was needed to achieve optimal conditions for this reaction
(entry 3). The amount of ethyl acrylate was also found to be
important for achieving a high yield. When it was decreased to
1.2 equiv. from the standard amount of 2 equiv., a lower product
yield was obtained (entry 6). We further examined some other
Rh catalysts such as Rh(I) (entries 7 and 8), Rh(II) (entry 9), and
Rh(III) (entry 10) as catalysts for this transformation. The Rh(II)
acetate dimer also provided the product in an excellent yield of
97% (entry 9). On the other hand, the Rh(III) catalyst was
completely unreactive (entry 10). Finally, by slightly increasing
the reaction temperature to 170 �C and using the Rh(II) acetate
© 2021 The Author(s). Published by the Royal Society of Chemistry
dimer, a quantitative yield of the desired product 2a was
observed (entry 11). From the catalyst screening data, we ob-
tained an interesting nding in that both Rh(I) (entry 3) and
Rh(II) catalysts (entries 9 and 11) showed similar reactivities,
giving high yields of the desired product. Finally, these condi-
tions were determined to be the standard reaction conditions.

With the optimized conditions in hand, we next examined
the substrate scope for the reaction (Table 3). The reaction of 1a
with ethyl acrylate gave 2a in 83% isolated yield under the
conditions shown in entry 3, Table 2. However, a lower isolated
yield was obtained in the reaction with methyl acrylate (2b,
61%). By changing the reaction conditions to that used in entry
11, Table 2, the yield of 2bwas sharply increased to 89% isolated
yield. From this result, we decided to use mainly condition B for
further investigations into the substrate scope. Not only ethyl
(2a) and methyl (2b) but also n-butyl (2c) and more sterically
congested acrylates such as benzyl (2d), phenyl (2e) and cyclo-
hexyl (2f) acrylates all gave the corresponding products in good
to high yields. A simple methyl vinyl ketone also gave the
desired product 2g in moderate yield. With the successful
identication of various acrylate coupling partners, we then
examined C–H alkylation reactions with acrylates derived from
biologically active compounds. When an acrylate derived from
the essential animal sterol cholesterol was subjected to the
alkylation reaction, the desired product 2h was produced in
79% isolated yield. Another candidate for biologically useful
compounds was synthesized from oleyl alcohol which is an
unnatural fatty alcohol and the reaction showed a high toler-
ance (2i). When diethyl vinylphosphonate was used, the desired
product 2j was obtained in 90% yield. The maleimide derivative
Chem. Sci., 2021, 12, 3202–3209 | 3203
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Table 3 Substrate scopea

a Reaction conditions: 1 (0.2 mmol), a,b-unsaturated compound (0.4 mmol), catalyst (0.01 mmol), PivOH (0.4 mmol), toluene (1.0 mL) at the
specied temperature for 16 h. Isolated yields are reported in all cases. b Condition A was used. c Condition B was used. d 1.32 g of 2a was
obtained from 5 mmol scale synthesis. e 7.5 mol% Rh2(OAc)4 and 5 equiv. styrene derivative were used. f A trace amount of the alkenylation
product was observed. g 9% alkenylation product was observed. h A di-alkylation product was obtained in 28% yield. i 7.5 mol% of Rh2(OAc)4
was used. j An alkenylation product was obtained in 18% yield.
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was also well tolerated under the reaction conditions to deliver
the product 2k in high yield. The scope of styrene derivatives
was also examined, where an increased amount of the styrene
substrate and 7.5 mol% of Rh2(OAc)4 were needed to produce
high yields of the desired products (2l–2q). We then moved our
focus to testing the effect of substituent groups on the benzyl-
amine moiety. Benzylamine derivatives bearing both electron-
donating (2r) and electron-withdrawing (2s–2u) groups
3204 | Chem. Sci., 2021, 12, 3202–3209
provided the expected products in high yields. To our delight,
meta-substituted benzylamines resulted in a regioselective C–H
alkylation to give the desired mono-alkylation products in
moderate (2v) to high yields (2w). However, a starting material
derived from 3-chloro-4-methoxybenzylamine resulted in the
formation of the di-alkylation product in 28% yield, along with
desired product 2x, probably due to the smaller sized substi-
tution at the meta position. A di-substituted benzylamine
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Substrate applicability under flowa
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moiety was also suitable, with the corresponding product 2y
being produced in 71% yield. In the case of naphthylmethyl
amine, the ortho-alkylation product 2z was formed as the sole
product in excellent yield. The thiophen-2-ylmethylamine
derivative reacted smoothly to give 2za in 71% yield, along
with a minor amount of the alkenylated product. We also
carried out the reaction on a gram scale to show practical utility
of our catalytic system on a bulk scale and 2a was produced in
high yield.

We next turned our attention to optimizing the reaction
conditions under a ow set up. A stock solution of the starting
materials was prepared by dissolving 1a, ethyl acrylate (2
equiv.), [Rh(OAc)(cod)]2 (5 mol%), and PivOH (2 equiv.) in
toluene (1 mL, 0.2 M). The solution was pumped using a dual
pump at various ow rates and the solution was allowed to ow
through a certain length of a stainless-steel loop that was
immersed in an oil bath at 170 �C and further connected
through a back-pressure regulator with a pressure of 1 MPa.
Aer allowing 1 mL of the stock solution into the ow setup, an
additional 15 mL of toluene was then allowed to ow aer all of
the stock solution had passed through the set-up, in order to
collect the sample completely. We conducted a few optimiza-
tions for this set-up to obtain the optimal residence time for the
ow reaction. It is noteworthy that we used [Rh(OAc)(cod)]2 as
the catalyst because it is soluble in the reaction solvent which is
crucial, since the reaction mixture needed to be completely
homogeneous before being pumped through the ow pump.
Aer screening several conditions, we obtained an optimal
residence time of 196 minutes by using a 10 meter loop at a ow
rate of 0.04 mL min�1 for this reaction towards full completion
(Table 4, entry 3).

Having the optimized reaction under ow conditions in
hand, we next examined the substrate scope under ow
Table 4 Optimization and system design under flowa

Entry
Loop length
(xx m)

Flow rate
(xx mL min�1)

Residence time
(min)

Yield of 2ab

(%)

1 5 0.05 79 30
2 10 0.05 157 80
3 10 0.04 196 88

a Reaction conditions: a stock solution containing 1a (0.2 mmol), ethyl
acrylate (0.4 mmol), [Rh(OAc)(cod)]2 (0.01 mmol) and PivOH (0.4 mmol)
in toluene (1.0 mL) was prepared and the resulting solution was allowed
to ow through the stainless loop at a specied ow rate. b Determined
by 1H NMR analysis of the crude mixture collected over three fractions
to obtain the average value.

a Reaction conditions for ow: 1 (0.2 mmol), a,b-unsaturated
compound (0.4 mmol), [Rh(OAc)(cod)]2 (0.01 mmol) and PivOH (0.4
mmol) were dissolved in toluene (1.0 mL) to prepare a stock solution
which was then allowed to ow through the stainless loop at a rate of
0.04 mL min�1. Determined by 1H NMR analysis of the crude mixture
collected over three fractions to obtain the average value. Reaction
conditions for batch: 1 (0.2 mmol), a,b-unsaturated compound (0.4
mmol), [Rh(OAc)(cod)]2 (0.01 mmol), PivOH (0.4 mmol), and toluene
(1.0 mL) at 170 �C for 196 minutes. Determined by 1H NMR analysis
of the crude mixture.

© 2021 The Author(s). Published by the Royal Society of Chemistry
conditions (Table 5). Both ortho-methyl- (2a) and methoxy-
substituted (2r) benzylamine derivatives provided the desired
products in excellent yields. The naphthylmethyl amine derived
Chem. Sci., 2021, 12, 3202–3209 | 3205
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Scheme 2 Deuterium labelling experiments (1).
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substrate also provided 2z in an excellent yield. For the scope of
alkenes, benzyl (2d), cyclohexyl (2f) acrylates and diethyl vinyl-
phosphonate (2j) all furnished the desired products in high
yields under ow conditions. We also obtained 2k in excellent
yield in the reaction with N-methylmaleimide. Biologically
3206 | Chem. Sci., 2021, 12, 3202–3209
active alcohol derived acrylates could also be used under the
ow conditions to give high yields of 2i and 2h. We further
conducted comparison reactions between ow and batch under
similar reaction conditions (reaction time 196 minutes). To our
delight, ow conditions provided the desired products in higher
yields compared to batch reactions performed under a shorter
reaction time. These data clearly show the advantages of ow
conditions over batch reaction conditions in that the yield could
be increased in only 196 minutes of reaction time. The reaction
efficiency can be signicantly improved by increasing the
surface area to volume ratio in a ow process compared to that
in a batch process which helps to distribute the heat transfer in
the overall system more smoothly. This could be one of the
explanations for the high efficiency of the reaction under ow
conditions even when a shorter reaction time is used. However,
this may not be the only reason for the signicant improvement
in reaction efficiency under ow conditions. Importantly, the
reaction can be performed safely even when the reaction
temperature is higher than the solvent's boiling point.

To investigate the mechanistic aspects of this C–H alkylation
reaction, deuterium labelling experiments were carried out.
When 1a was treated with styrene-d8 for a shorter reaction time
in the presence of the Rh(II) catalyst, 0.76 H was incorporated at
the a position and 1.05 H at the b position in the product 3,
suggesting that the mechanism is not a simple one (Scheme 2a).
In addition, the ortho C–H bond in the recovered starting
material contained 0.32 D. This result clearly indicates that the
cleavage of the ortho C–H and C–D bonds is reversible. To
determine whether the mechanism is the same or different,
depending on the oxidation state of the Rh complexes, we also
performed the above reaction using [Rh(OAc)(cod)]2 as the
catalyst (Scheme 2b). A similar H/D scrambling was observed,
where 0.73 H and 1.05 H were incorporated at the a position
and the b position in 30, respectively. In addition, a deuterium
atom was also incorporated (0.25 D) into the starting material.
These results imply that both the Rh(I) and Rh(II) catalytic
systems appear to follow the same reaction mechanism. When
Scheme 3 Deuterium labelling experiments (2).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Determination of the kH/kD ratio.

Scheme 4 Proposed catalytic cycle.
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the isotopically labelled substrate 1a-Dwas reacted with styrene,
a 0.26 D incorporation was observed at the a position of the
product 5 (Scheme 2c). On the other hand, no deuterium atom
incorporation was detected at the b position. This suggests that
a deuterium atom at the a position came from the ortho C–D
bond of the substrate 1a-D. The recovered starting material
contained 0.72 H at the ortho-position, again indicating that the
cleavage of the ortho C–H bond is reversible. A deuterium atom
was also incorporated only at the a position in the reaction
between 1a-D and ethyl acrylate (Scheme 2d). The recovered
starting material was also found to contain 0.52 H aer the
reaction. This result is similar to that observed in the case of the
reaction with styrene, as shown in Scheme 2c.

To collect additional mechanistic information regarding this
alkylation, a deuterated substrate bearing a free ND bond (1a-
ND) was reacted with ethyl acrylate in the presence of deuter-
ated acid PivOD (Scheme 3a). In sharp contrast to the NH
substrate, such as 1a and 1a-D, a deuterium atom was incor-
porated at the b position (1.60 H), suggesting that a deuterium
atom is transferred from a nitrogen to the b position. However,
the ratio of the deuterium incorporation was not so high
because ND is easily converted into NH in the presence of the
acid additive (the deuterated acid can be converted into the
protic acid form through reversible ortho C–H activation of the
substrate). When the deuterated substrate 1a-D was reacted in
the absence of an alkene coupling partner for 8 h, H/D exchange
was observed at the ortho-position (Scheme 3b). Thus, C–H
activation is a reversible pathway.

We also carried out a kinetic isotope effect (KIE) study by
conducting two individual experiments containing 1a and the
deuterated substrate 1a-D with styrene (Fig. 1). The kH/kD ratio
from these experiments was found to be 1.02, which further
supports the conclusion that the C–H activation step is not the
rate determining one.8

Based on the deuterium labelling experiments, the following
plausible catalytic cycle is proposed (Scheme 4). Both catalysts
[Rh(OAc)(cod)]2 and Rh2(OAc)4 were active for this trans-
formation. The oxidative addition of an N–H bond to a Rh
center provides Rh(III) or Rh(IV)9 species A (see ESI for details†)
(the evidence of Rh(IV) formation was that the solution turned to
a dark purple colour).10 In the next step, the insertion of an
© 2021 The Author(s). Published by the Royal Society of Chemistry
alkene into the Rh–H bond gives intermediate B, in which the
NH hydrogen is transferred to the b position, as evidenced by
deuterium labelling experiments (Scheme 3a). Two possible
pathways are proposed from intermediate B. The activation of
the ortho C–H bond generates intermediate D via a CMD
mechanism (path a) or the elimination of the carboxylic acid
(path b), which involves the a-elimination of the carboxylic acid
to form a carbene intermediate C.3i,m,11 The nal step for path
b involves the migratory insertion of the ortho C–H bond into
the carbene in C to afford D. Fast deuterium scrambling
occurred at the ortho C–H bond, hence ruling out the possibility
that C–H activation is the rate determining step. In fact, the kH/
kD ratio was 1.02. Subsequently, in the presence of carboxylic
acid, reductive elimination takes place from D which results in
the formation of the product along with the regeneration of the
[Rh] species which further continues the catalytic cycle. The
most important result in the deuterium labelling experiments
involved the nding that the ortho C–H bond is transferred only
to the a-position of the product (Scheme 2c and d). If the
reaction proceeded via path a, the ortho C–H bond would not be
transferred to the product because it is eliminated as a carbox-
ylic acid as a result of a CMD mechanism. Thus, path b is the
most likely mechanism, however path a cannot be excluded
completely.
Conclusions

In summary, we report herein the C–H alkylation of benzyl-
amine derivatives catalysed by both Rh(I) and Rh(II) catalysts. A
picolinamide derivative as the directing group for this trans-
formation was found to be crucial for the reaction to proceed.
The reaction has a broad substrate scope for the alkenes being
used including a,b-unsaturated compounds and styrene deriv-
atives and various substituted benzylamines were well tolerated.
Chem. Sci., 2021, 12, 3202–3209 | 3207
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To our delight, not only benzylamine but also other heterocycles
such as a thiophene derived amine were also found to be suit-
able for the alkylation. The further novel applicability of this
strategy involved the fact that the reaction is amenable to use
under ow conditions. C–H activation chemistry under ow
conditions is still a challenging and attractive eld of research.
Thus, our successful design of a ow set up for this alkylation
process signies its further scope and advantages. Mechanistic
investigations suggest the possible involvement of a carbene
mechanism for the reaction. Further expanding the scope of
substrates for alkylation and other useful reactions under ow
conditions is currently underway in our laboratory.
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16, 5800–5803; (b) J. Zakrzewski, A. P. Smalley,
M. A. Kabeshov, M. J. Gaunt and A. A. Lapkin, Angew.
Chem., Int. Ed., 2016, 55, 8878–8883; (c) H. Wang,
F. Pesciaioli, J. C. A. Oliveira, S. Warratz and
L. Ackermann, Angew. Chem., Int. Ed., 2017, 56, 15063–
15067; (d) U. K. Sharma, H. P. L. Gemoets, F. Schröder,
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8 (a) M. Gómez-Gallego andM. A. Sierra, Chem. Rev., 2011, 111,
4857–4963; (b) Y. Xia, Z. Liu, S. Feng, Y. Zhang and J. Wang, J.
Org. Chem., 2015, 80, 223–236.

9 S. B. Sinha, D. Y. Shopov, L. S. Sharninghausen, D. J. Vinyard,
B. Q. Mercado, G. W. Brudvig and R. H. Crabtree, J. Am.
Chem. Soc., 2015, 137, 15692–15695.

10 (a) S. A. Macgregor, Organometallics, 2001, 20, 1860–1874; (b)
J. Zhao, A. S. Goldman and J. F. Hartwig, Science, 2005, 307,
1080–1083; (c) I. Mena, M. A. Casado, P. Garćıa-Orduña,
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