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ABSTRACT: We have recently reported that, in the presence of light and a al 7.5% Cul CN
copper catalyst, nitrogen nucleophiles such as carbazoles and primary amides o ,  [N(n-Bu)gJ[CN] _hv(@54nm) A,
undergo C—N coupling with alkyl halides under mild conditions. In the present R* R (TBACN) CHZCN, rt. R R
study, we establish that photoinduced, copper-catalyzed alkylation can also be 16 equiv

applied to C—C bond formation, specifically, that the cyanation of unactivated

secondary alkyl chlorides can be achieved at room temperature to afford nitriles, an important class of target molecules. Thus, in
the presence of an inexpensive copper catalyst (Cul; no ligand coadditive) and a readily available light source (UVC compact
fluorescent light bulb), a wide array of alkyl halides undergo cyanation in good yield. Our initial mechanistic studies are
consistent with the hypothesis that an excited state of [Cu(CN),]™ may play a role, via single electron transfer, in this process.
This investigation provides a rare example of a transition metal-catalyzed cyanation of an alkyl halide, as well as the first
illustrations of photoinduced, copper-catalyzed alkylation with either a carbon nucleophile or a secondary alkyl chloride.

B INTRODUCTION

The development of metal-catalyzed cross-coupling reactions
has had a profound impact on the synthesis of organic
molecules." The use of catalysts based on earth-abundant
metals is attractive, and remarkable progress has been described
in achieving a wide variety of bond constructions with the aid of
copper catalysts.” Elevated temperatures and added ligands are
typically required.

We have recently established that, with the aid of light, an
array of copper-catalyzed cross-couplings can be achieved under
unusually mild conditions (—40 to 30 °C) without the need for
an added ligand. In the case of couplings with aryl electrophiles,
we have demonstrated the viability of nitrogen, sulfur, and
oxygen nucleophiles as reaction partners,” and, in the case of
alkyl electrophiles, we have described the use of nitrogen
nucleophiles.” On the basis of one of our working mechanistic
hypotheses for these processes (see below), the photophysical
properties of a copper—nucleophile complex may play a key
role in determining the feasibility of such transformations.
Consequently, it was not clear at the outset whether the
expansion of this mode of reactivity to the alkylation of carbon-
based nucleophiles would be possible.

Organic compounds that bear a cyano group serve as
important intermediates and end points in organic chemistry.””
Nucleophilic substitution of an alkyl electrophile with cyanide
anion through an Sy2 pathway is an attractive approach to the
synthesis of nitriles, although undesired side reactions such as
elimination can intervene, especially in the case of less reactive
electrophiles. For unactivated secondary alkyl chlorides, we are
not aware of cyanations that proceed efliciently at a
temperature below 75 °C.”

Although a few studies have described the use of transition
metals to catalyze the cyanation of alkyl halides, to the best of
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our knowledge these methods have been limited to benzylic
chlorides.'” We therefore decided to investigate the possibility
that a copper catalyst in combination with light could expand
the scope of such metal-catalyzed cyanations to include
challenging substrates such as unactivated secondary alkyl
chlorides. In this report, we establish that copper and light do
indeed enable cyanations of these electrophiles at room
temperature (eq 1), thus expanding the scope of photoinduced,

0,
AL, IN(-Bu)ICN] g ()
RY" 'R TBACN CH3CN, rt. R 'R
( ) 24
1.6 equiv

copper-catalyzed bond formation to include the alkylation of
carbon-centered nucleophiles as well as the use of secondary
chlorides as electrophiles.

B RESULTS AND DISCUSSION

Upon investigating a variety of reaction parameters, we have
determined that the cyanation of an unactivated secondary alkyl
chloride proceeds in good yield at room temperature with
[N(n-Bu),][CN] (TBACN) as the cyanide source, Cul as the
catalyst, and irradiation with 15-W UVC compact fluorescent
light bulbs'' (Table 1, entry 1)."* This photoinduced, copper-
catalyzed cyanation can even be achieved at 0 °C (entry 2; 60
h), whereas the thermal (no Cul and no light) cyanation of this
substrate with TBACN in CH;CN requires heating to 92 °C
(82% vyield after 24 h). Under our standard conditions but in
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Table 1. Photoinduced, Copper-Catalyzed Cyanation of an
Unactivated Secondary Alkyl Chloride: Effect of Reaction
Parameters”

¢l hz '(52?4Cnurln) CN
o~ B TBACN N Ph/\)\Et
1.6 equiv 24h
"standard conditions"
entry change from the “standard conditions” yield (%)

1 none 88
2 0 °C (60 h) 85¢
3 no Cul <1
4 no hv <1
S no Cul and no hv <1
6 hv (photoreactor at 254 nm) 86
7 hv (photoreactor at 300 nm) 15
8 hv (photoreactor at 350 nm) 12
9 CuBr, instead of Cul 42
10 Cu(l, instead of Cul 48
11 Cu,O, instead of Cul 32
12 CuCl,, instead of Cul 44
13 Cu(OTf),, instead of Cul 42
14 Cu nanopowder (60—80 nm), instead of Cul 23
15 NaCN, instead of TBACN 25
16 KCN, instead of TBACN 27
17 K4[Fe(CN)g], instead of TBACN <1
18 5.0% Cul 83
19 2.5% Cul 78
20 1.0% Cul 47
21 12 h 82
22 1.2, instead of 1.6, equiv of TBACN 75
23 under an atmosphere of air, instead of nitrogen 32
24 0.1 equiv of H,0O added 87

“All data are the average of two or more experiments. bThe yield was
determined through GC analysis with the aid of a calibrated internal
standard. “Yield of purified product: 85% (average of two runs).

the absence of Cul and/or light, essentially no carbon—carbon
bond formation is observed (entries 3—5). Use of a
photoreactor establishes that irradiation at 254 nm is more
effective than that at 300 or 350 nm (entries 6—8). Substituting
Cul with a variety of other Cu(I) or Cu(Il) complexes, as well
as with Cu nanopowder, leads to a significantly lower yield
(entries 9—14), as does replacement of TBACN with other
cyanide sources (entries 15—17). The amount of Cul can be
reduced to 2.5% (but not to 1.0%; entries 18—20), and the
reaction time can be shortened to 12 h (entry 21), without
substantially diminishing product formation. Use of a smaller
excess of TBACN results in a small loss in yield (entry 22).
Although the cyanation method is somewhat sensitive to air
(entry 23), it is not sensitive to moisture (entry 24).

Under our standard conditions, photoinduced, copper-
catalyzed cyanation of an array of unactivated secondary alkyl
chlorides proceeds in generally good yield at room temperature
(Table 2)."* Both acyclic (entries 1—6) and cyclic (entries 7—
9) electrophiles are suitable coupling partners. This method is
remarkably effective in the case of very hindered electrophiles,
including a secondary alkyl chloride that bears a t-butyl
substituent (entry 3; substantially more sterically demanding
than neopentyl chloride) and one in which both substituents
are a-branched (entry 6); an attempted cyanation of the latter
substrate under thermal conditions (1.6 equiv TBACN, DMF,
80 °C, 24 h) was unsuccessful (<5% yield at 90% conversion).

Table 2. Photoinduced, Copper-Catalyzed Cyanation of
Unactivated Secondary Alkyl Chlorides: Scope

6 93
NBoc

Cl CN
see eq 1
R1)\R2 TBACN & ———— > R1)\R2
entry electrophile yield (%)
Cl
1 93
Et)\/\Ph
Cl
2 84
i-Pr)\/\Ph
Cl
3 84
t—Bu)\/\Ph
Cl Me
Me Z Me
Cl
5 Me)\/\f/) 74
Cl
Cl
7 O 79
Cl
(¢}
Cl
9 ﬁj 86
N
Boc

“Yield of purified product (average of two experiments).

Functional groups such as an olefin, a furan, a carbamate, and a
dialkyl ether are compatible with the coupling conditions
(entries 4—6, 8, and 9). Furthermore, when additives (1.0
equiv) that contain a terminal alkyne (l-octyne), a cis-
disubstituted olefin (4-decene), or an ester (ethyl heptanoate)
are introduced to the reaction mixture, cross-coupling occurs
smoothly; on the other hand, the presence of certain nitrogen
heterocycles impedes carbon—carbon bond formation. On a
gram-scale (1.3 g of product), the cross-coupling illustrated in
entry 1 of Table 2 proceeds in 94% yield.

This new pathway for carbon—carbon bond formation is not
limited to the cyanation of unactivated secondary alkyl
chlorides. For example, under our standard conditions, neophyl
chloride, a poor substrate for Sy2 reactions, can be converted to
the target nitrile in 80% yield (eq 2); no product formation
(<1%) was observed in the absence of light or of copper, or
under thermal conditions (DMF, 80 °C, 24 h). We have also
determined that an unactivated tertiary alkyl chloride can serve
as a useful coupling partner, thereby generating an all-carbon
quaternary center (eq 3);'* an effort to accomplish this
transformation under thermal conditions failed to furnish the
desired product (<1% yield; DMF, 80 °C, 24 h)."” In a
competition experiment, we have established that a tertiary
alkyl chloride undergoes cyanation more rapidly than does a
secondary alkyl chloride, likely due to the greater stability of the
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Cl CN
see eq 1
Me TBACN —— s Me @)
Me Ph Me Ph
80%
see eq 1 NC Me )
TBACN ————>
Ph Me Ph/\XMe
62%
Cl Me .
1.0 equiv TBACN NC Me
Ph Me 7.5% Cul
5 equiv hv (254 nm) Ph Me 46% @
_—
Cl CH3CN, r.t. CN
24 h
Ph Me Ph/\)\Me 13%
5 equiv

more highly substituted radical (eq 4; see the mechanistic
discussion below).

The conditions that we have developed for the photo-
induced, copper-catalyzed cyanation of alkyl chlorides can be
applied without modification to unactivated secondary alkyl
bromides (Table 3);'° for these electrophiles, under our

Table 3. Photoinduced, Copper-Catalyzed Cyanation of
Unactivated Secondary Alkyl Bromides: Scope

Br CN
see eq 1
R1J\R2 TBACN ———— > R1J\R2
entry electrophile yield (%)2

84

A~
Br
2 Me)\/\CN %

Br
3 ; 82
-P
Me )\/\/COZ/ r
Br
4 O 92
Br
5 84
N
Boc

“Yield of purified product (average of two experiments).

standard conditions but in the absence either of copper or of
light, a small amount of cyanation occurs (the catalyzed process
is at least 5 times faster). A nitrile, an ester, and a carbamate are
compatible with the coupling method. In a competition study,
we have determined that an alkyl bromide reacts much more
rapidly than does an alkyl chloride (eq S).

Cl
1.0 equiv TBACN CN
n-Pr/\/kMe 7.5% Cul
5 equiv hv (254 nm) n-Pr Me <1%
T (5)
Br CH4CN, rit. CN
24 h
n-PentMMe n-Pent/\)\Me 95%
5 equiv

Mechanistic Observations. Figure 1 provides an outline
of one of the possible pathways for photoinduced, copper-

TBAX [L,Cu' (CN)]
TBACN f \

[L.Cu'X] D B [L,CU(CN)"

’\ IL, Cu” CN)]X /

Figure 1. Outline of one of the possible pathways for photoinduced,
copper-catalyzed cyanations of unactivated secondary alkyl chlorides
(for the sake of simplicity, the copper complexes are illustrated as
neutral species).

catalyzed cyanations of unactivated secondary alkyl chlor-
ides.”'” In this scenario, a Cu(I)-cyanide adduct (A)
undergoes photoexcitation to afford an excited-state complex
(B) that engages in an electron-transfer reaction with the alkyl
halide to furnish a Cu(II)-cyanide adduct (C) and an alkyl
radical, which next combine to provide the nitrile and a Cu(I)-
halide complex (D)."” Reaction of Cu(I)-halide complex D
with TBACN then regenerates Cu(I)-cyanide adduct A.
During our reaction-development efforts, we determined
that, while CuCl displays activity as a catalyst for the
photoinduced cyanation of a secondary alkyl chloride,
carbon—carbon bond formation is more efficient in the
presence of Cul (Table 1, entries 1 and 10). We have
confirmed that similar behavior is observed when cyclohexyl
chloride is employed as the electrophile (Table 4, entries 1 and

Table 4. Cyanation of Cyclohexyl Halides

X 75% Y CN
hv (254 nm)
© TBACN —m— ©
CH3CN, r.t.
1.6 equiv 24h
entry X Y yield (%)“
1 Cl CuCl 34
2 Cl Cul 82
3 Cl CuCl + TBAI 78
4 I none 26
S 1 none (no light) <1
6 Cl TBAI S
7 al [Cu(CN),]TBA 26
8 c [Cu(CN),]TBA + TBAI 76

“The yield was determined through GC analysis with the aid of a
calibrated internal standard (average of two runs).

2); the addition of TBAI to CuCl furnishes results that are
comparable to those of Cul alone (entries 2 and 3).'* Because
copper(I) halides undergo ligand substitution in the presence
of TBACN (see below), we hypothesized that the enhanced
effectiveness of Cul relative to CuCl might arise from the
transient formation of an alkyl iodide through the reaction of
iodide anion with the alkyl chloride,'” which could provide a
pathway for carbon—carbon bond formation that parallels
direct reaction of the alkyl chloride.
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The in situ generation of an alkyl iodide could enhance the
efficiency of the pathway outlined in Figure 1 by, for example,
facilitating electron transfer from excited-state complex B to the
alkyl halide. At the same time, we also considered the possibility
that the transient formation of an alkyl iodide might open the
door to a copper-free cyanation pathway (e.g, eq 6), because

homolysis of an alkyl—I bond can occur upon irradiation at 254
20-23
m.

hv
R—I TBACN —> R-CN TBAl (6)

. TBACN
via Re |+ ———

[R-CNJ'TBA*

Indeed, we have determined that, upon irradiation, cyclo-
hexyl iodide reacts with TBACN to generate the corresponding
nitrile in modest yield (26%; Table 4, entry 4); a control
reaction in the absence of light demonstrates that this cyanation
does not arise from a simple Sy2 displacement (Table 4, entry
5).24 However, we have also established that, under our
standard conditions for photoinduced cyanation, replacement
of Cul with TBAI does not lead to a substantial quantity of the
nitrile (Table 4, entry 6 vs entry 2),” thereby confirming the
critical role of copper. Thus, in situ formation of an alkyl iodide,
followed by copper-free, photoinduced formation of the nitrile
(eq 6), is likely at most a minor contributor to the enhanced
catalytic activity of Cul relative to CuCl (Table 4, entries 1 and
2).

We decided to explore the possible intermediacy of an
organic radical in photoinduced, copper-catalyzed cyanations
(e.g, Figure 1). To avoid complications that might arise from
the formation and direct photochemistry of an alkyl iodide, we
chose to employ CuCl as a catalyst in our investigation, while
recognizing that it would afford a modest yield. In particular, we
have examined the cyanation of the unactivated secondary alkyl
chloride illustrated in eq 7;*° the radical derived from this

—CN
ol 15% CuCl H
= hv (254 nm N
O\ J/ TBACN ¢ ) )
EYe} CH3CN, r.t. B O
H 1.6 equiv 24h H

endo:exo = 2:1 (28%)

electrophile has been reported to furnish a 2:1 endo:exo
mixture of [3.3.0] bicyclic compounds upon cyclization.””
When we subject this electrophile to photoinduced, copper-
catalyzed cyanation, we also obtain a 2:1 endo:exo mixture of
products, consistent with a common radical intermediate.

Although our working mechanistic hypothesis (Figure 1)
does not invoke a radical-chain pathway, a variety of
photoinitiated nucleophilic substitution processes have been
described that are believed to proceed through a chain
mechanism.”’ To gain insight into whether a chain process
might be operative under our cyanation conditions, we
determined the quantum vyield for the reaction of cyclohexyl
chloride with TBACN.*® The observed value of 0.030 (0.002)
does not suggest a chain pathway.

To obtain information about what copper complexes might
be present under our standard coupling conditions, we have
analyzed by electrospray ionization mass spectrometry (ESI—
MS) the cyanation of cyclohexyl chloride. After 30 min of
irradiation, anionic species were detected with m/z = 115 and
117, which can be assigned to Cu'(CN),™ and $Cu'(CN),,
respectively. When a mixture of Cul (or CuCl) and TBACN

(1:10) was independently analyzed by ESI-MS, the same two
species were observed.

The absorption spectrum of [Cu(CN),]TBA* reveals
stronger absorbance at 254 nm (g,54 = 1.5 X 10° M~' em™)
than at 300 and 350 nm (Figure 2). In view of our observation

1.0

Normalized absorbance

0.0 :
200 250 300 350 400

Wavelength (nm)

Figure 2. Absorption spectrum of [Cu(CN),]TBA in CH;CN at room
temperature.

that irradiation at 254 nm leads to more effective coupling than
does irradiation at 300 or 350 nm (Table 1, entries 6—8), this
spectrum is consistent with the hypothesis that excitation of
[Cu(CN),]™ may play a key role in the photoinduced, copper-
catalyzed process, for example, by serving as a reductant (Figure
1).*° Under a variety of conditions, a common photoredox
catalyst, Ir(ppy);,°“*" does not facilitate cyanation (eq 8), also
consistent with the hypothesis that the role of copper likely
extends beyond electron transfer (Figure 1).*

Cl
75%Iropy)s "
hv
TBACN ——————> 8)
. CH3CN, rt.

1.6 equiv 24 h
conditions yield (%)
blue LED <1
254 nm <1
blue LED, 7.5% Cul <1

Finally, we have examined the chemical competence of
[Cu(CN),]TBA under our coupling conditions by irradiating it
in the presence of cyclohexyl chloride. Cyanation proceeds in
14% yield in the absence of TBAI, whereas the addition of
TBAI leads to a substantial improvement in coupling efficiency
(98% yield) (eq 9); no product is formed in the absence of

Cl CN

hv (254 nm)
© [Cu(CN),JTBA © 9)

CH3CN, r.t.
0.075 equi 4h
. equiv 14%

98% (0.075 equiv TBAI added)
(yields based on copper)

light. These data for stoichiometric reactions of [Cu(CN),]-
TBA are consistent with our observation that the presence of
iodide anion is beneficial, although not absolutely required, for
copper-catalyzed cyanations of alkyl chlorides (Table 4, entries
1 and 2). Similarly, photoinduced cyanations in which
[Cu(CN),]TBA is employed as a catalyst are less effective
under iodide-free conditions than when iodide is added (Table
4, entries 7 and 8; cf,, entries 1 and 3).
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B CONCLUSION

We have expanded the scope of photoinduced, copper-
catalyzed cross-couplings of alkyl electrophiles: with respect
to the nucleophile, we have shown for the first time that a
carbon nucleophile can be employed; with respect to the
electrophile, we have provided the first examples of the use of
secondary alkyl chlorides as electrophiles. More specifically, we
have established that, with a combination of light and a copper
catalyst, the cyanation of a variety of unactivated secondary
alkyl chlorides, including very sterically demanding substrates,
proceeds in good yield under unusually mild conditions (room
temperature) to generate nitriles, a useful class of organic
molecules. An inexpensive precatalyst (Cul) and light source
are used, no added ligand is necessary, the method is versatile
(e.g., secondary alkyl bromides, a very hindered primary alkyl
chloride, and an unactivated tertiary alkyl chloride serve as
suitable electrophiles under the same conditions), and the
cyanation can even be achieved at 0 °C. Initial mechanistic
observations are consistent with possible roles for [Cu-
(CN),]™*, alkyl iodides, and alkyl radicals as intermediates.
Further efforts are underway to exploit the unusual reactivity
provided by copper and light to accomplish new families of
bond constructions for organic synthesis.
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