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Excited-state palladium-catalysed reductive
alkylation of imines: scope and mechanismf
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Palladium catalysis induced by visible-light irradiation is a promising tool for promoting unusual chemical

transformations. We describe the development of excited-state palladium-catalyzed reductive alkylation
of imines with alkyl bromides. The new methodology shows broad functional group tolerance and can
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additionally be applied in the direct three-component reaction of aldehydes, anilines, and alkyl bromides

to give the alkyl amines under mild reaction conditions. Time-resolved photoluminescence experiments
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Introduction

Alkyl amines are important functional moieties that are pre-
sented in a wide range of drugs and natural products." The
development of sustainable and environmentally benign strat-
egies for their synthesis has been an enduring area of research.
Among the different synthetic approaches available for the
synthesis of alkyl amines, the addition of alkyl organometallics
to imines is considered one of the most straightforward tech-
niques.'>* Due to the moisture-sensitive nature of organome-
tallic reagents and the instability of imines, most of the alkyl
addition reactions have to be carried out under anhydrous
conditions, which may limit their application in organic
synthesis. Recently, the visible light-mediated photoredox cat-
alysed alkylation of imines has been realized under mild reac-
tion conditions,® which has been noticed to be a new and
elegant complementary method to the existing classical radical-
based strategies [Fig. 1a; classical methods for the alkyl radical
generation use alkyl iodides along with Et;B/O, or metal
reductants (tin reagents or Zn)].* However, these photoredox
methods are mainly applicable to more reactive alkyl-
substituted radical precursors such as trifluoroborates, sili-
cates, trimethylsilyl, redox-active esters, and substituted 1,4-
dihydropyridines (Fig. 1b).® In addition, the direct reduction of
imines with photoredox catalysis to furnish a persistent radical
anion intermediate that can undergo radical-radical cross-
coupling to give hydroalkylation products has also been re-
ported. However, these systems are limited to C-H activation of
substrates with heteroatoms alpha to the site of
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allowed the determination of the excited-state reaction kinetics and indicate that the reaction is
proceeding via the inner-sphere electron transfer mechanism.

functionalization.® Moreover, these C-H activation methods do
not provide a general solution for the versatile alkylation of
imines. Furthermore, more expensive metal or non-metal alkyl
radical precursors or selective heteroatom substituted alkyl
derivatives and ruthenium or iridium polypyridyl complexes
were often used, thus limiting the scope of the alkyl coupling
partner to oxidizable functional groups. As a consequence, the
development of new radical-mediated reductive alkylation
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Fig.1 Strategies for radical-mediated alkylation of imines (a) Classical
approach. (b) Photochemical approach. (c) This-work: excited-state
Pd-catalyzed alkylation of imines.
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reactions of imines using commercially available unactivated
alkyl reagents (alkyl bromides) under mild visible light irradi-
ation conditions would be desirable as it remained unexplored.

Advances in visible light-mediated excited-state palladium
catalysis have identified competent and versatile manifolds for
the selective construction as well as functionalization of struc-
turally diverse organic compounds.” Particularly, the generation
of Pd(i)/alkyl radical hybrid species and their reactivity in organic
synthesis has been highlighted as a significant process that
enables noticeable alkylations under mild reaction conditions,
which are hard to realize via conventional thermal processes. For
instance, excited-state palladium catalysed one-electron reduc-
tion of alkyl halides successfully overcomes various long-
standing difficulties encountered in two-electron processes
involving palladium, such as reluctant oxidative addition to
tertiary alkyl halides, fast protonation of alkyl palladium inter-
mediates and the undesired B-H elimination steps. Using this
strategy, Gevorgyan,® Shang and Fu,’ Glorius,' Rueping," and
others independently reported alkyl radical addition cross-
coupling reactions, including the Mizoroki-Heck reactions,
difunctionalizations, alkylations, and carbonylations. In most of
the cases, a facile addition of Pd(1)/alkyl radical hybrid species to
C=C bonds and its application in organic reactions were
studied. However, the addition of Pd(i)/alkyl radical hybrid
species to polar C=N bond for reductive alkylation of imines
using alkyl halides remained elusive (Fig. 1c).** In this regard
Gevorgyan’s group recently reported the alkyl-Heck reaction of
oximes using palladium and indium in the presence of visible
light'** as well as a Pd-catalyzed Heck-type alkylation of ester

Table 1 Optimization of the reaction conditions®
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hydrazones.*® Interestingly, the radical addition to oximes/
hydrazones was followed by hydrogen atom transfer by Pd or
radical recombination along with beta-hydride elimination to
give the unsaturated product, while reduced amine was not
formed.

Results and discussions

Given the overall interest in the development of imine alkyl-
ations with readily available unreactive alkyl bromides we
started to investigate the reductive alkylation reaction by
reacting imine 1a and bromocyclohexane 2f in the presence of
Pd(PPh;), (10 mol%) and Cs,CO; (2 equiv.) in DMSO under
irradiation with 34 W blue LEDs which resulted in the desired
alkylated amine 3f in 53% yield (Table 1, entry 1).

Various protic and aprotic solvents were tested which
however did not result in improved yield (Table 1, entry 2, also
see ESIt). The use of other acetate, phosphate, and organic
bases also did not have a considerable impact on the reaction
yield (Table 1, entry 3). However increasing the loading of
Pd(PPh;), from 5 to 15 mol% substantially increased the yield
(entry 4, 5). This result along with other control experiments
revealed that PPh; is playing a dual role both as a ligand and as
a reductant (Entry 7-9). To support this observation an extra 10-
40 mol% of PPh; was added which increased the yield to 89%
(entry 6). The use of Pd(OAc), and PPh; instead of Pd(PPh;), is
equally effective which gave the product in 85% isolated yield
(entry 11). To avoid the excess PPh; being used, amines as
reducing agents were employed in the reaction which is known

Br
N/Ph
2 3
Ph

1a 2f

Ph

e

3f

Pd(PPh3), (10 mol%) HN™
Cs,CO;3 (2 equiv.)

DMSO (0.1 M), Ar
blue LEDs, RT, 24 h

Entry® Change in the reaction conditions Yield” (%)
1 None 53

2 MeOH or 1,4-dioxane as solvent 40/28

3 CsOAc, K3PO, or TEA as base 43/43/26
4 5 mol% of Pd(PPh;), 30

5 15 mol% of Pd(PPh;), 81

6 Use of 10-40 mol% PPh; as extra ligand 68-89

7 10 mol% PdCl, and 40 mol% PPh; as catalyst 48

8 10 mol% Pd(PPh;),Cl, and 40 mol% PPh; as catalyst 67

9 10 mol% Pd(PPhs;),Cl, and 20 mol% Xantphos as catalyst 28

10 10 mol% Pd(OAc), and 60 mol% PPh; as catalyst 70

11 10 mol% Pd(OAc), and 100 mol% PPh; as catalyst 93 (85)
12 5 mol% Pd(OAc), and 100 mol% PPh; as catalyst 88

13 10 : 40 mol% Pd(OAc),: PPhs, TEA (4 eq), Na,CO; (1 eq.) 46

14 10 : 40 mol% Pd(OAc),: PPh;, Zn (3 eq.) 34

“ Reaction conditions: 1 (0.1 mmol), bromocyclohexane 2f (0.2 mmol), 34 W blue LEDs, RT, Ar, 24 h. RT = 32 + 2 °C. ? Yield of product determined
by GC-FID using trimethoxybenzene as internal standard. Yield in bracket is the isolated one.
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Table 2 Scope of the reaction by varying alkyl bromides and imines®
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Pd(OAc), (10 mol%)
PPh; (100 mol%)

RZ
i
J| + Br—Alkyl
R1
1 2(1°,2° 3%
Alkyl bromide variation
~Ph ~Ph Ph
HN HN HN™
Me
Ph Ph Ph
Me
3a, 82% 3b, 75% 3c, 51%P
_Ph _Ph _Ph
HN HN HN
el acWl
No ~
N\ Boc Cbz
Boc
3h, 85%° 3i, 82% 3, 78%

_Ph _Ph _Ph
HN HN HN
Me W OMe
Ph/K/Y\/\r Ph cl Ph
Me Me (¢]

30, 42%°
Imine variation

3p, 35%

Cs,CO3 (2 equiv.)
DMSO (0.1 M), Ar
blue LEDs, RT

Ph
HN

3k, 93%

RZ
HN™
R'” NAlkyl
3,4
_Ph _Ph _Ph
HN HN HN
3e, 75% 3f, 85% 39, 82%
_Ph _Ph _Ph
HN HN HN
Ph/\AMe Ph/ib Ph
Me
31, 73%° 3m, 83%° 3n, 62%
_Ph
HN
/K/\/Ph
Ph
3q, 44% 3r, 50%

_Ph _Ph _Ph _Ph _Ph
HN HN HN HN HN
=
o
R’ R? O\B N

4a, R" = Me, 70%
4b, R' = OMe, 72%
4c,R'=F, 77%

4d, 78%

4p, 51% 4q, 58%
: _OMe ©/F
HN Cl HN
<Om ©)\O
e}
4t, 51% 4u, 93%

4e, R? = Me, 69%
4, R2=F, 67%
4g, R? = COOMe, 94%

OMe /©/ Br
HN
Ph/b

4m, 54%

O
HN
MeO : : M

4r, 50%

e
Cl HN
Me

Me

4v, 76%

|
- 4h, 74% 4i, 42%

CO,Me

%o A

4n, 70% 40, 83%
/©/OME
HN
eS : :
4s, 54%
Cl HN HN
4w, 71%" 4x, 30%

¢ Reaction conditions: 1 (0.2 mmol), 2 (0.4 mmol), 34 W blue LEDs, Ar, 24 h; RT = 32 + 2 °C; Yields of isolated products. b Reaction time 72 h. ¢ d.r.

between 1:1to 1.2 : 1.
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from nickel catalysis (entry 13)."* Furthermore, Zn-powder was also see ESI}). Interestingly, apart from the reductive alkylation
also used to reduce the amount of PPh;. However, the yield of product, we did not observe alkyl-Heck products, i.e. imines, in
the reductive alkylation product was not improved (entry 14, any of the reactions.™

1. Three-component reaction Quenching of Pd (0.4 mM) with CyBr
standard _R?
F“,CHO . Z/NHQ CyBr condition HN 200
R’ + -
R" “cy z
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Fig. 2 (a) Mechanistic experiments and the three-component reaction; (b) steady-state quenching of Pd(PPhz), (0.4 mM) with different
concentrations of quencher (bromocyclohexane); (c) decrease in phosphorescence lifetimes of excited-state Pd(PPhsz)s (0.4 mM) upon
increasing the concentration of bromocyclohexane; (d) steady-state and time-resolved Stern—Volmer quenching of Pd(PPhz)4 (0.4 mM) with
different concentrations of bromocyclohexane; (e) plot of the observed rate constant (kqps) of *Pd(PPhs)4 corrected by its intrinsic ground state
recovery rate (ko) vs. different concentrations of bromocyclohexane to determine the electron transfer rate constant (kgt) between Pd and
bromocyclohexane; (f) proposed mechanistic pathway for reductive alkylation of imines.
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With the optimized conditions the scope of the reductive
alkylation reaction was first evaluated by reacting N-benzylide-
neaniline 1a with varying alkyl bromides 2 (Table 2). A variety of
primary, secondary, and tertiary alkyl bromides were found
reactive under the standard reaction conditions. The reactivity
of tertiary and secondary alkyl bromides (3a-n) was found to be
superior compared to primary alkyl bromides (30-r). Cyclic
tertiary alkyl bromides that can undergo B-hydride elimination
with Pd were also tolerated to give the alkylation product (3a
and 3b). However, under the standard conditions employed for
the coupling of imine 1a and tert-butyl bromide (non-cyclic), the
reaction was not efficient (<20 yield). In this case, the B-hydride
elimination seems faster if compared to the radical formation
and addition to imine. The reactivity in the case of secondary
alkyl bromides was found to increase with the increase in ring
size 3c-g. Heteroatom containing alkyl bromides also under-
went the reaction smoothly giving the alkylation product 3d and
3h-k in 70-93% yield. Bicyclic and primary alkyl bromides with
various functional groups including chloro, ester, and phenyl
substituents also gave the alkylated product 3m-r in good to
moderate yields. The selective alkylation of the C-Br bond in the
case of 1-bromo-6-chlorohexane provides an opportunity for
further functionalization of the reaction product (3p).

Next, we started to examine the scope of the reductive
alkylation protocol concerning imines under the standard
reaction conditions (Table 2). In the first instance, the benzyli-
dene component of the imine was varied which gave the ex-
pected product 4a-j in good to moderate yields. Benzylidene
moieties with electron-withdrawing groups at ortho- and para-
position gave a better yield compared to electron-donating
groups (4a-c and 4e-g). Likewise, an electron-donating group
at meta-position (4d) gave a better yield compared to ortho- and
para-substituents. Aryl boronate which is prone to undergo
Suzuki coupling under palladium-catalysed conditions was also
well tolerated (4h).'® Heterocyclic substrates also gave the ex-
pected product however in moderate yields which are due to the
poisoning of the Pd by the strongly coordinating nitrogen and
sulfur heteroatoms (4i and 4j)."” Next, the aniline component of
the imine was varied to explore the effect of various substituents
on the alkylation reaction (4k-o). Similarly, to the benzylidene
component variation, electron-withdrawing groups at the para-
position (4m-o) gave better yields compared to the electron-
donating groups (4k and 4I). Additionally, different substitu-
ents on the arene ring were tolerated (4p-x). Further, the direct
three-component reactions of benzaldehydes, anilines, and
bromocyclohexane provided the expected reductive alkylation
product 3f, 4g, and 40 in 59-78% yield under the standard
conditions which highlights the feasibility of the protocol and
avoiding the pre-synthesis step of imines (Fig. 2a).

Subsequently, radical clock experiments were performed to
understand if the light-mediated single electron oxidative
addition of alkyl bromide to the Pd is operative (Fig. 2a). The
reaction of 6-bromohex-1-ene with N-benzylideneaniline gave
product 5 supporting the radical mechanism (Fig. 2a). Further,
a radical trapping experiment using TEMPO under standard
reaction conditions completely suppressed the product forma-
tion which also supports the single electron transfer (SET)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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mechanism. To gain insight into the nature of photoinduced
SET between *Pd and alkyl bromide, steady-state (SSPL) and
time-resolved photoluminescence (TRPL) quenching experi-
ments were performed. The excited-state *Pd(PPh;), exhibits
a long-lived triplet state with a lifetime of 7o = 494.85 £ 1.62 ns,
which may induce an inner-sphere SET with alkyl bromides.
The steady-state quenching studies showed that the emission
intensity of *Pd(PPhj;), decreases with the increase of bromo-
cyclohexane concentration (Fig. 2b). A similar result is also
observed in TRPL quenching studies where a decrease in
phosphorescence lifetimes of *Pd(PPh;), with increasing bro-
mocyclohexane concentration was observed (Fig. 2¢). Both the
SSPL and TRPL Stern-Volmer plots displayed a perfect linear
correlation which suggests that there is no static quenching
between the Pd and alkyl bromide and that the quenching is
dynamic (Fig. 2d). The quenching constant calculated from the
Stern-Volmer slopes and the lifetime of *Pd was found to be k4
= 1.7 x 10® M~ s7.!8 Further, to determine the electron
transfer rate constant (kgr), the rate constant plot was plotted by
using TRPL measurements (Fig. 2e). The plot of the observed
rate (kops) of *Pd(PPh;), corrected by its intrinsic ground state
recovery rate without quencher (k) versus different concentra-
tions of bromocyclohexane gave a slope of (1.87 & 0.01) x 10° L
mol " s~' which correlates with the electron transfer rate
constant (kgr) (Fig. 2€).%'®

Based on these observations, a plausible reaction mecha-
nism proceeding via an inner-sphere ET pathway is proposed
(Fig. 2f). The in situ generated Pd(PPh;), complex undergoes
excitation in the presence of visible light resulting in the triplet
state *Pd°L; (7) that provides an open coordination site for the
alkyl bromide association. This results in the inner sphere
electron transfer furnishing a hybrid alkyl radical Pd" inter-
mediate."'* The alkyl radical then adds to the imine resulting in
an N-centered radical intermediate 9 which undergoes radical
recombination with Pd" to form a Pd" intermediate 10 with the
release of PPh;. To realize the product formation and the
regeneration of Pd° from intermediate 10, hydrogen and oxygen
are required. Therefore, we initially tested the reaction using
DMSO-de as a solvent which did not result in any deuterium
incorporated alkylation product 3f which confirmed that the
DMSO is not acting as a source of hydrogen. Besides, the
formation of triphenylphosphine oxide is observed even in
solvents without oxygen (CH;CN, toluene), leading to the
conclusion that DMSO is neither hydrogen nor oxygen source.
Thus, CsHCO; generated in the reaction can be the source of
hydrogen and oxygen, which facilitates the release of the
hydroalkylation product 3 and Pd° from intermediate 10 along
with the generation of triphenylphosphine oxide which is
observed in comparable yields to the amine 3 formed (Fig. 2f,
also see ESI Fig. S8 and S97). Other plausible pathways for Pd"
reduction are also discussed in the ESI (Fig. S8)1.

Conclusions

In summary, we developed a new method for the reductive
alkylation of imines with readily available bromoalkanes by the
photoexcitation of Pd in the presence of visible light. Imines
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with a wide range of functional groups are tolerated in this mild
process. The reactivity and utility of this protocol are also
demonstrated by the direct three-component reaction of alde-
hyde, amine, and alkyl bromide. Time-resolved photo-
luminescence experiments were performed for the first time to
determine the excited-state kinetics and to support the forma-
tion of the reactive intermediates in photoexcited state Pd
catalysis.
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