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Abstract

Despite the long history of Sy2 reactions between nitrogen nucleophiles and alky! electrophiles,
many such substitution reactions remain out of reach. In recent years, efforts to develop transition-
metal catalysts to address this deficiency have begun to emerge. In this report, we address the
challenge of coupling a carbamate nucleophile with an unactivated secondary alkyl electrophile to
generate a substituted carbamate, a process that has not been achieved effectively in the absence of
a catalyst; the product carbamates can serve as useful intermediates in organic synthesis as well as
bioactive compounds in their own right. Through the design and synthesis of a new copper-based
photoredox catalyst, bearing a tridentate carbazolide/bisphosphine ligand, that can be activated
upon irradiation by blue-LED lamps, we can achieve the coupling of a range of primary
carbamates with unactivated secondary alkyl bromides at room temperature. Our mechanistic
observations are consistent with the new copper complex serving its intended role as a photoredox
catalyst, working in conjunction with a second copper complex that mediates C-N bond formation
in an out-of-cage process.
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INTRODUCTION

Because primary amines play important roles in many areas of science, including biology,
medicinal chemistry, and materials science, the selective synthesis of primary amines is an
important challenge in organic chemistry.! Perhaps the most obvious route, the nucleophilic
substitution of an alkyl electrophile by ammonia (a commodity chemical) can be
problematic due to issues such as over-alkylation with powerful electrophiles and
insufficient reactivity with weak electrophiles.2 Consequently, a number of useful alternative
approaches have been developed, including the Gabriel synthesis, which provides direct
access to protected primary amines via an Sy2 reaction between phthalimide anion and a
suitable alky! electrophile (top of Figure 1).3

Carbamates are among the most widely used protecting groups for amines,* as well as being
important target molecules in their own right (e.g., Ritonavir™ and carbamate insecticides).>
However, to the best of our knowledge, there are no reports of the N-alkylation of primary
carbamates by unactivated secondary alkyl electrophiles (bottom of Figure 1). In view of
our previous success in achieving the alkylation of primary carboxamides via photoinduced
copper catalysis, we envisioned that it might be possible to similarly catalyze the selective
mono-alkylation of a primary carbamate’8:2 Unfortunately, the conditions that we had
developed for the alkylation of carboxamides provides only a modest yield when BocNH, is
used as the nucleophile (eq 1). We therefore sought to develop a method that addresses three
key shortcomings: the inefficiency of the alkylation, the need for high-energy ultraviolet
irradiation, and the use of an excess of the electrophile (the more valuable coupling partner).
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We have suggested that the photoinduced, copper-catalyzed alkylation of carboxamides may
proceed through the pathway outlined in Figure 2.710 According to this hypothesis,
irradiation of a copper(l)-nucleophile complex (A) generates an excited-state species (B)
that engages in electron transfer with the organic electrophile (R—X) to furnish a copper(l1)-
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nucleophile complex (C) and an organic radical (R"). These two intermediates couple to
form the desired product (R-Nu) and a copper(l)-halide complex (D), which undergoes
ligand substitution to regenerate the copper(l)-nucleophile complex (A).

According to this mechanism, a copper—nucleophile complex is photoexcited and then
engages in electron transfer to the electrophile (Figure 2; A — B — C). The photophysical
properties of the copper—nucleophile complex are dependent on the structure of the
nucleophile, and not all complexes will have the necessary reactivity profile to participate in
this process. Therefore, to expand the scope of photoinduced, copper-catalyzed couplings,
we sought to circumvent this limitation by developing a copper complex that can serve as a
photoredox catalyst (Figure 3: E — F — G — E), ideally using visible light, in the
presence of another copper catalyst (A) that facilitates the desired bond formation (A — C
— D — A). In contrast to the pathway outlined in Figure 2, wherein R—-Nu bond formation
might occur through an in-cage pathway, the mechanism depicted in Figure 3 requires out-
of-cage bond formation.11

In this report, we describe the design and synthesis of a copper complex (1) that has enabled
us to achieve this objective in the context of the development of a copper-catalyzed method
for the selective monoalkylation of primary carbamates by unactivated secondary alkyl
halides induced by irradiation with blue-LED lamps (eq 2).
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RESULTS AND DISCUSSION

Design, synthesis, and properties of a new copper-based photocatalyst

We have previously reported that three-coordinate copper complexes that bear two
monodentate phosphines and one carbazolide ligand (2a and 2b) can react with aryl and
alkyl halides to form C-N bonds upon irradiation with CFL or blue-LED lamps.12 We
hypothesized that, by linking these monodentate ligands into a tridentate ligand (L), we
might be able to access a copper complex that would be stable to ligand substitution under
cross-coupling conditions, while serving as an effective photocatalyst that could initiate new
copper-catalyzed reactions upon exposure to visible light, independent of the nucleophile.
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We anticipated that the design embodied in ligand L would minimize deleterious side
reactions, i.e., the substitution at the 1 and 8 positions of the carbazole would impede
functionalization at nitrogen!3 and the substitution at the 3 and 6 positions would preclude
the addition of radicals at these sites.1* Although several carbazole-based PNP pincer
ligands were known when we began this investigation,® at the time ligand L1 was not,
although it has since been described by Gade.16
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Treatment of ligand L1 with CuCl and LiO#Bu in benzene at room temperature affords
complex 1 in 76% yield as a colorless solid after recrystallization (eq 3), which we have
characterized by X-ray crystallography (Figure 4). The complex adopts a planar geometry,

as in the case of the related complexes (2a and 2b), with a Cu-N bond distance of 1.974 A.
17

Although a solution of copper complex 1 does not absorb strongly at wavelengths greater
than 400 nm, there is overlap between its absorption spectrum and the emission spectrum of
a blue LED lamp (Figure 5). A cyclic voltammogram of complex 1 shows a reversible wave
at ~0.6 V versus saturated calomel electrode (SCE), corresponding to the Cu(1)/Cu(ll) redox
couple (Figure 6). Taking into account £90 (3.1 eV), estimated from the excitation and
emission spectra (see the Supporting Information), and the ground-state redox couple, the
excited state of complex 1 has a predicted reduction potential of —2.5 V versus SCE, similar
to that of complex 2a (-2.6 V vs. SCE).12a

2-Bromo-4-phenylbutane quenches the luminescence of the excited state of copper complex
1; the quenching of the emission at 427 nm occurs with a Stern-Volmer constant of 14 M1
(Figure 7). On the basis of the estimated excited-state reduction potential of complex 1 (-2.5
V vs. SCE), we postulate that this quenching is likely due to single electron transfer from the
excited state of complex 1 to the alkyl bromide.
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Copper-catalyzed coupling of carbamates with unactivated secondary alkyl bromides
induced by irradiation from blue-LED lamps

With data in hand on the properties of copper complex 1, we investigated its effectiveness as
a catalyst for the alkylation of carbamates by unactivated secondary alkyl halides. In view of
the ubiquity of A-Boc-protected amines in organic synthesis,'8 we focused our initial study
on tbutyl carbamate as the nucleophile. We determined that complex 1 does indeed serve as
a catalyst for the coupling of #butyl carbamate with an unactivated secondary bromide using
blue-LED lamps as the light source, although the yield is modest (33%; eq 4). On the other
hand, in the presence of excess CuBr, the desired alkylation proceeds in excellent yield
(96%) with no detectable over-alkylation.1®

1 mol% complex 1

x mal% CuBr 0 Me
% Ma hv (blue LED) p. Bn
N A B —————~ tBuO” N
tBuO” 'NH; Br 3.0 equiv LiOt-Bu H
3.0 equiv DME, r.t. x = 0: 33% yield
X = 9: 96% yield

Q]

We hypothesize that, under the conditions that include excess CuBr, copper complex 1 may
be serving the typical role of photoredox catalysts, i.e., it is a donor and an acceptor of
electrons, but it is not directly involved in the key bond-forming process (as in Figure 3);20
this stands in contrast to the scenario outlined in Figure 2, wherein a copper—nucleophile
complex is engaged in both electron transfer and in bond formation. A 31P NMR study
establishes that complex 1 does not dissociate ligand L1 or bind #butyl carbamate to a
significant extent in the presence of 3.0 equiv of the carbamate/LiO#Bu.

When copper complex 1 is generated in situ from CuBr and ligand L1 (Table 1, entry 1),21 a
similar yield (91%) is observed as when the discrete catalyst is used (eq 4; 96%). In the
absence of ligand L1, CuBr, or light, essentially no C-N bond formation occurs (entries 2—
4), and the electrophile can be recovered virtually quantitatively. Decreasing the amount of
ligand L1 and CuBr, individually or simultaneously, results in a moderate loss in yield
(entries 5-7), as does lowering the quantity of nucleophile (entry 8). The alkylation is air-
sensitive, but not highly water-sensitive (entries 9 and 10). Although commonly used
ruthenium and iridium photoredox catalysts cannot be used in place of ligand L1 (entries 11
and 12), a Hg lamp can be employed instead of blue-LED lamps (entry 13; in the absence of
ligand L1: <1% yield).22 Under our standard conditions, essentially no C-N coupling is
observed when an unactivated tertiary alkyl bromide is employed as the electrophile.

Under the standard conditions, a variety of carbamates can be N-alkylated in good yield,
providing a one-step method for the conversion of an electrophile into a carbamate-protected
primary amine (Table 2). The alkyl group (R) of the carbamate can range in size from Me to
Bu (entries 1-4).23 Although we have not detected double alkylation in these reactions, it is
possible to achieve C-N bond formation in the case of an unhindered cyclic carbamate
(entry 5).
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With respect to the electrophile, we have established that a variety of acyclic and cyclic
unactivated secondary alkyl bromides are suitable partners in this photoinduced, copper-
catalyzed coupling process (Table 3). When 1-bromo-3-(£butyl)cyclohexane is employed as
the electrophile, moderate diastereoselectivity is observed (6.5:1 cis/trans; entry 9). The
coupling is compatible with the presence of an alkene, an alkyne, a ketone, an N-alkyl
indole, a secondary alcohol, a secondary amine, and an unactivated secondary alkyl chloride,
whereas it proceeds with significantly lower efficiency in the presence of an N-H indole, an
unactivated secondary alkyl iodide, and a pyridine (see the Supporting Information).

As indicated in entry 5 of Table 3, when irradiation by blue-LED lamps leads to a modest
yield of the desired alkylation product, the use instead of a Hg lamp may be beneficial (49%
— 74% yield), presumably due to more efficient absorption by photocatalyst 1 (Figure 5).
Additional examples of challenging N-alkylations wherein a Hg lamp has proved to be
helpful are illustrated in eq 5 and eq 6. For the coupling of the pregnenolone-derived alkyl
bromide (eq 6), the major diastereomer of the product is the result of retention of
stereochemistry in the substitution reaction, and it can be isolated as a single isomer (>20:1)
via column chromatography and then recrystallization.

7.0 mol% L1
Me. Me 15 mol% CuBr Me. _Me
hv (Hg lamp)
BocNH, e " Bn
Br N 6.0equivLiOt-Bu  BocHN
6.0 equiv DME, -10°C 63%

®)

'H NMR analysis: 90% yield (4.4:1 p/a)
isolated: 52% yield (=20:1 p/a)

(6)

Mechanistic observations

In our preliminary studies, we examined the excitation of copper complex 1 (Figure 5; E —
F in Figure 3) and the quenching of this excited state by a secondary alkyl bromide (Figure
7, F — G in Figure 3). To gain further insight into the reaction of photoexcited complex 1
with an alkyl bromide (F — G in Figure 3), we have subjected 6-bromo-1-heptene to our
standard coupling conditions, which generates the cyclized product with 4:1 cis/trans
selectivity (eq 7). Because this is the same stereoselectivity that has been reported for the
cyclization of the derived secondary alkyl radical 24 this observation supports the hypothesis
that a secondary alkyl radical is an intermediate in the photoinduced, copper-catalyzed
couplings reported herein.
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This derived secondary alkyl radical cyclizes with a rate constant of 1.0 x 10° s™1 at 25 °C.24
Because this is much slower than typical rates of diffusion (generally >108 s71),25 the radical
has time to diffuse before engaging in C—N bond formation, as required by the mechanism
outlined in Figure 3.

Electron transfer from the excited state of copper complex 1 to an alkyl bromide should
produce a paramagnetic copper(ll) intermediate (e.g., G or C in Figure 3). An EPR spectrum
of the alkylation of BocNH, with 2-bromo-4-phenylbutane reveals an S= 1/2 species with
hyperfine coupling to a mononuclear Cu center (/= 3/2) (Figure 8). Because the same
spectrum is observed when CuBr; is treated with BocNH- and LiO#Bu (Figure 8), we
suggest that this EPR-active species may be Cu'!(NHBoc),, (C in Figure 3).26:27 Thus, a
variety of data are consistent with the mechanism outlined in Figure 3.

Conclusions

We have developed a method for coupling an array of carbamates with unactivated
secondary alkyl bromides under mild conditions (room temperature), thereby providing
direct access to protected primary amines; to the best of our knowledge, the corresponding
uncatalyzed nucleophilic substitution reactions have not been described. To achieve this
objective, we designed a photoredox catalyst, based on copper and a tridentate carbazolide/
bisphosphine ligand, that can serve as an electron donor upon irradiation by blue-LED
lamps. Mechanistic studies are consistent with a reaction pathway in which the excited
photoredox catalyst reduces the alkyl electrophile, producing an alkyl radical and a
copper(1l) intermediate; the latter oxidizes a copper(l)-nucleophile complex to a copper(11)—
nucleophile intermediate, which then couples in an out-of-cage process with the alkyl radical
to generate the cross-coupling product. Ongoing efforts are directed at further expanding the
scope of photoinduced, copper-catalyzed coupling processes, including enantioselective
reactions, and at elucidating the mechanisms of these transformations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Selective mono-alkylation of nitrogen nucleophiles to generate protected primary amines.
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Figure 2.
Outline of one of the possible catalytic cycles for a photoinduced, copper-catalyzed coupling

reaction.
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Figure 3.
Outline of one of the possible catalytic cycles for a photoinduced, copper-catalyzed coupling

reaction.
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Figure 4.
X-ray crystal structure of copper complex 1 (thermal ellipsoids are shown at 50%

probability; hydrogen atoms have been omitted for clarity).
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1.2  =——Absorption of complex 1
— Emission of blue LED lamp
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Figure 5.
Absorption spectrum of copper complex 1 in THF; emission spectrum of a blue-LED lamp;

emission spectrum of a Hg lamp.
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Figure 6.
Cyclic voltammogram of copper complex 1 in THF (100 mV/s scan rate; 0.1 M in TBAPFg).
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Figure 7.

Quenching of the emission at 427 nm (irradiation at 380 nm) of a solution of copper
complex 1 in THF in the presence of varying amounts of 2-bromo-4-phenylbutane.
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— Catalyzed coupling
— |[ndependent synthesis
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Figure 8.
X-band EPR spectra (9.4 GHz, 77K): black: catalyzed coupling of BocNH, with 2-bromo-4-

phenylbutane; red: mixture of CuBr,, BocNH, (10 equiv), and LiO#Bu (10 equiv). g=
[2.276, 2.063, 2.058].
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Table 1
Effect of reaction parameters.
1.0 mol% L1
o w  Patee g
r-aquJ\ NHp  Br soequviiorss v
3.0 equiv DME, r.t.
"standard" conditions
entry variation from the “standard” conditions yield (%)2
1 none 91
2 noL1 <1
3 no CuBr <1
4 no hv <1
5 0.5mol% L1 75
6 5.0 mol% CuBr 81
7 0.5mol% L1 and 5.0 mol% CuBr 65
8 2.0 equiv carbamate, 2.0 equiv LiO-£Bu 52
9 under air (capped vial) 21
10 added H,0 (0.1 equiv) 85
11 1.0 mol% [Ru(bpy)3s](PFe),, instead of L1 <1
12 1.0 mol% [Ir(dtbbpy)(ppy).](PF¢),, instead of L1 <1
13 Hg, instead of blue-LED, lamp 94
14 THF, instead of DME 90

aAverage of two runs, based on GC analysis versus an internal standard, bpy = 2,2 -bipyridine; ppy = 2-phenylpyridine; dtbbpy = 4,4’ -di-f-

butyl-2,2”-bipyridine.
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Table 2
Scope with respect to the carbamate.
1.0 mol% L1
o Me 10 mol% CuBr O Me
hv (blue LED
)L )\/Bn ( ) eus )J\N Bn
RO~ "NH, Br 3.0 equiv LiOt-Bu H
3.0 equiv DME, r.t.
entry carbamate yield (%)
1 R = Me 90
2 CH,CH,Ph 67
3 CH,CH,TMS 76
4 tBu 87
5 (0] 74
O NH

aYieId of purified product (average of two experiments).

JAm Chem Soc. Author manuscript; available in PMC 2018 December 13.

Page 19



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Ahn et al.

Table 3
Scope with respect to the electrophile.
1.0 mol% L1
R 10 mol% CuBr R1
BocNH, Br”L“R2 hv(meeEED) BocHN’l‘Rﬂ
3.0 equiv 3.0 egal; ,Lrl.(t:.Jr-Bu
entry electrophile yield (%)2
1 Me 81
L
OMe
2 Me 70
0L
F
3 Me 72
Br)\/\OTBS
4 Me 56
5~ OPh
5 /I::> 49 (714)b
Br
6 /J:::] 81
Br
7 /Xi::j) 88
Br
8 81
BrO

9¢ /I::;l\ 85
Br +-Bu

aYieId of purified product (average of two experiments).
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ineId of purified product when a Hg lamp is used.

cStarting material: 1:5.4 cis/trans; product: 6.5:1 cis/trans.
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