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The LCuBr-catalyzed C–H imidation of arenes by N-fluorobenzenesulfonimide (NFSI), previously reported

by us, utilizes an inexpensive catalyst and is applicable to a broad scope of complex arenes. The

computational and experimental study reported here shows that the mechanism of the reaction is

comprised of two parts: (1) generation of the active dinuclear CuII–CuII catalyst; and (2) the catalytic

cycle for the C–H bond imidation of arenes. Computations show that the LCuIBr complex used in

experiments is not an active catalyst. Instead, upon reacting with NFSI it converts to an active dinuclear

CuII–CuII catalyst that is detected using HRMS techniques. The catalytic cycle starting from the CuII–CuII

dinuclear complex proceeds via (a) one-electron oxidation of the active catalyst by NFSI to generate an

imidyl radical and dinuclear CuII–CuIII intermediate, (b) turnover-limiting single-electron-transfer (SET1)

from the arene to the imidyl radical, (c) fast C–N bond formation with an imidyl anion and an aryl radical

cation, (d) reduction of the CuII–CuIII dinuclear intermediate by the aryl radical to regenerate the active

catalyst and produce an aryl-cation intermediate, and (e) deprotonation and rearomatization of the arene

ring to form the imidated product. The calculated KIE for the turnover-limiting SET1 step reproduces its

experimentally observed value. A simple predictive tool was developed and experimentally validated to

determine the regiochemical outcome for a given substrate. We demonstrated that the pre-reaction

LCuX complexes, where X ¼ Cl, Br and I, show a similar reactivity pattern as these complexes convert to

the same catalytically active dinuclear CuII–CuII species.

Introduction

There exists a need for reliable catalytic methods capable of

installing nitrogen functionalities onto a broad range of

precious organic substrates. Of particular interest are aryl-

amine functionalities (i.e., aryl C–N bond formation) due to

their privileged status in biomolecules1 and materials.2,3

Extensive investigations have established that conventional

transition-metal-catalyzed methods (such as the Buchwald–

Hartwig amination) can produce new aryl C–N bonds by

coupling aryl halides with several types of amines.4–10

However, these approaches require pre-functionalization of

the halide substrates. Therefore, the search for synthetic

methods to directly transform C–H bonds into C–N bonds is

of the utmost importance.

Indeed, the use of C–H amination11–16 methods allow for

direct access to the desired C–N functionality in a vast range of

hydrocarbons and are cost-effective and environmentally

friendly.17–19 A pertinent example is the recent breakthrough by

Nicewicz and coworkers utilizing organic photoredox catalysis

to functionalize arene substrates with N-heterocycles and

ammonium salts.20 Transition metal catalyzed aryl C–H ami-

nation is another highly attractive approach, but it suffers from

limitations such as the need for a directing group,21–25 excess of

arene substrate,26,27 and limited substrate scope.28,29

Recent studies by Baran and coworkers30 and Ritter and

coworkers31,32 explicitly address these limitations by creating

new C–N bonds with ferrocene and Pd catalysts, respectively,

without the need of a directing group or excess aromatic

substrate. Along the same lines, Cu-catalyzed aromatic C–H

imidation with N-uorobenzenesulfonimide (NFSI), reported by
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Itami and coworkers,33 not only utilizes an earth-abundant

transition metal complex (CuBr) and a commonly available

bipyridine ligand, 6,60-dimethyl-2,20-bipyridine (6,60-Me2bpy),

but is also applicable to a broad scope of complex arenes rele-

vant to bio-functional and materials systems (Fig. 1). Intrigu-

ingly, the reactivity of the Cu catalyst shows a strong dependence

on the 6,60-substitution of the bpy ligand with the highest yields

achieved using 6,60-Me2bpy.
33 As such, an atomistic level

understanding of the mechanism of this important reaction will

greatly advance the burgeoning eld of aromatic C–H

amination.

A number of previously reported experiments provide some

insight into the mechanism of this reaction.33 Namely, inde-

pendent deuterium labeling studies with 2-phenylthiophene (1)

and 2-deuterio-5-phenylthiophene (1-D) show an inverse kinetic

isotope effect (KIE) of kH/kD ¼ 0.91 at 70 �C,33–37 which implies

addition to the arene in the rate-limiting step.33 This nding is

instrumental in understanding why the electronic nature of the

arene substrate is important to the observed activity of the

catalyst: (a) arenes with extended p-systems and electron-rich

heterocycles react nicely, but simple aromatics such as benzene

produce low yields; and (b) electron-rich arenes react faster than

electron-decient arenes in competition experiments.33 It also

should be noted that this reaction, as well as that reported by

Ritter and coworkers,31,32 proceeds with unusually high levels of

regioselectivity with a broad range of substrates. Ritter and

coworkers32 attribute this to signicant charge transfer from the

arene to the highly electrophilic nitrogen radical derived from

Selectuor in the C–N bond-forming step. Lectka and coworkers

also describe importance of the electronic effect in Cu-catalyzed

C(sp3)–H uorination with Selectuor.38 It remains to be seen if

this is also the case for the NFSI oxidant.

In general, NFSI is a two-electron oxidant that belongs to a class

of electrophilic uorinating reagents39 used as an equivalent of the

highly oxidizing uoronium cation (“F+”).40–43 For example, as

shown byMuñiz, NFSI reacts with PdII as a two-electron oxidant to

form a PdIV intermediate.44 However, NFSI is a versatile reagent

that is known to also react in one-electron processes such as

radical uorination (Fc) of alkyl radicals.45–49 Therefore, a better

understanding of how NFSI reacts with earth-abundant transition

metals complexes such as the LCuBr is highly desirable.

Based on the above-mentioned ndings,31–33,50–54 previously

we proposed the following multi-step mechanism for the

LCuIBr catalyzed aromatic C–H imidation (where L ¼ 6,60-

Me2bpy) by NFSI (Fig. 2): (a) oxidation of LCuIBr by NFSI to form

LCuIIIBrF(NSI), (I), [where NSI¼ N(SO2Ph)2] in equilibrium with

LCuIIBrF and imidyl radical (II);54 (b) rate-limiting imidyl radical

addition to the arene substrate (C–N bond formation) to form

aryl radical (III); (c) single electron transfer (SET) from the aryl

radical to LCuIIBrF to regenerate the LCuIBr catalyst and

produce an aryl cation (IV) and coordinated F�, and (d) depro-

tonation and rearomatization of the aryl cation by F� to afford

the imidated arene product and HF.

However, this proposed mechanism lacks the intimate

details of the reaction that are essential to rationally design

more effective catalysts for selective C–H imidation and to

predict the regioselective outcome. Therefore, here we set out to

gain an in-depth understanding of the mechanism and gov-

erning factors of Cu-catalyzed aromatic C–H imidation by NFSI

by means of a computational and experimental collaboration.

This study provides insight into: (a) the versatile reactivity of

NFSI; (b) the true nature of the active Cu catalyst; and (c) the

impact of the nature of arene substrate on the observed reac-

tivity and selectivity. The acquired fundamental knowledge will

be used to develop the next generation of novel catalysts and

ligands for selective C–H imidation with broader scope and

higher reactivity.

Results and discussion

Geometry optimizations and frequency calculations of all pre-

sented structures were performed at the B3LYP-D3/[6-31G(d,p) +

Lanl2dz (Cu, Br, I)] level of theory (B3LYP-D3/BS1). The reported

energies were re-computed at the B3LYP-D3/[6-311+G(d,p) +
Fig. 1 LCuIBr-catalyzed aromatic C–H imidation with NFSI that is

applicable to a broad range of functional aromatic molecules.33

Fig. 2 Proposed catalytic cycle for LCuIBr-catalyzed aromatic C–H

imidation with NFSI.33,54
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SDD (Cu, Br, and I)] level of theory (B3LYP-D3/BS2). The calcu-

lated Gibbs free energies are corrected to a solution standard

state of 1 M at 298.15 K.55,56 Bulk solvent effects are incorporated

by using the IEF-PCM method57–59 with 1,2-dichloroethane

(DCE) as the solvent.

The structures discussed in the text are labeled as (D)A-X-Y-Z,

where A indicates the position of the structure on the free

energy surface (e.g., A ¼ 1, TS, etc.), the D prex is appended

when the structure is a dinuclear Cu complex, and X, Y, and Z

explicitly identify the ligands directly attached to the Cu

center(s). This notation clearly shows how the ligand environ-

ment of Cu changes as the reaction progresses (see Notes for

details of the used computational procedure. Also, see the ESI†

for Cartesian coordinates of all reported structures).

In situ generation of active catalyst

As indicated in Fig. 2, the rst step of the reaction is oxidation of

the LCuIBr (where L ¼ 6,60-Me2bpy) complex (1-Br) by NFSI (see

the ESI† for analysis of full potential energy surface of the reac-

tion). In general, this process may proceed via two distinct path-

ways: (a) NFSI as a two-electron oxidant,54 i.e. oxidative addition of

the N–F bond to the CuI-center of LCuIBr via transition state TS-N-

F-Br to form CuIII intermediate LCuIIIBrF[NSI] (3-N-F-Br) or (b)

NFSI as an one-electron oxidant, i.e. one-electron oxidation of

LCuIBr by F-atom transfer44,60 (at the transition state TS-F-Br) to

form the CuII intermediate LCuIIBrF/[NSI], (3-F-Br) (see Fig. 3).

Extensive calculations show that the one-electron oxidation

transition state TS-F-Br has a signicant antiferromagnetic

diradical character with 0.40|e| and 0.36|e| unpaired b- and

a-spins on the nitrogen atom of the NSI fragment and Cu

center, respectively. The free energy barrier (DG‡
FT) associated

with TS-F-Br is calculated to be 5.4 kcal mol�1 (calculated

relative to 1-Br + NFSI), which is 6.5 kcal mol�1 lower than that

for oxidative addition through TS-N-F-Br.61–65 Thus, based on

these ndings, we can conclude that the reaction of LCuIBr with

NFSI proceeds through the kinetically favored one-electron

oxidation pathway that leads to the formation of antiferro-

magnetically coupled CuII intermediate 3-F-Br (Fig. 3) with

0.71|e| and 0.67|e| unpaired b- and a-spins on the nitrogen

atom of the NSI fragment and Cu center, respectively. This

product is in equilibrium with its ferromagnetically-coupled

counterpart 4-F-Br (see Fig. 4). The imidyl fragment of 4-F-Br

has signicant unpaired spin (0.74|e|) and is only weakly

bound to the rest of the molecule (Cu–N ¼ 3.51 Å).

Careful analyses indicated that complex 4-F-Br easily rear-

ranges through radical combination to the more stable

two-electron oxidation product 3-N-F-Br, which is DG ¼

2.5 kcal mol�1 lower in energy (see Fig. 4). However, the CuIII

complex 3-N-F-Br is also metastable and converges to the

energetically most stable complex 5-N-F-Br (DG ¼ �5.2 kcal

mol�1 relative to 4-F-Br) with a fully formed Cu–N bond (Cu–N¼

2.35 Å) and a loosely associated Br radical (Cu–Br ¼ 2.94 Å and

the Br atom has 0.75|e| unpaired spin). Thus, the 3-N-F-Br/ 5-

N-F-Br redox transformation entails electron transfer from the

coordinated bromide ligand to the CuIII center to form a loosely

associated bromine radical and a CuII center.

In summary, the presented calculations show that the reac-

tion of LCuIBr with NFSI indeed results in a two-electron

reduction of NFSI, which proceeds via (a) one-electron CuI-to-

Fig. 3 Free energy profile for oxidation of LCuIBr through the oxidative addition (TS-N-F-Br) and F-atom transfer pathways (TS-F-Br). Bond

distances (in Å) are shown in black and Mulliken spin density values (in |e|) are shown in blue. For simplicity, only the pathways through the lowest

energy electronic states are shown (see the ESI† for more details).

990 | Chem. Sci., 2017, 8, 988–1001 This journal is © The Royal Society of Chemistry 2017
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CuII oxidation through an F-atom transfer process (1-Br + NFSI

/ 4-F-Br) and (b) a series of one-electron redox steps leading to

the formation of themost stable CuII intermediate 5-N-F-Br with

a loosely coordinated Br-radical (4-F-Br / 3-N-F-Br / 5-N-F-

Br). In other words, the two-electron reduction of one molecule

of NFSI by LCuIBr does not result in two-electron oxidation of

the Cu center but instead produces 5-N-F-Br with CuII and Br

radicals (see Fig. 3 and 4). It is important to emphasize that the

oxidation also does not lead to formation of the reactive imidyl

radical (4-F-Br), which is endergonic by 5.2 kcal mol�1 relative to

5-N-F-Br.

In the next step, the resulting 5-N-F-Br complex reacts with

another molecule of LCuIBr (1-Br) and forms a dinuclear CuII–

CuII complex D1-N-F-2Br with one terminal Br ligand and

bridging F and Br ligands (Fig. 5). The formation of D1-N-F-2Br

involves (a) one-electron oxidation of the second 1-Br complex

by the bromine radical of 5-N-F-Br, and (b) complexation (i.e.

two mono-nuclear complexes / one dinuclear complex).66

Since the reaction 5-N-F-Br + 1-Br / D1-N-F-2Br is highly

exergonic (DG ¼ �30.8 kcal mol�1), it is reasonable to conclude

that in the reaction mixture 1-Br will be fully converted to D1-N-

F-2Br by NFSI.

Thus, the overall reaction 2 (1-Br) + NFSI / D1-N-F-2Br

consists of concurrent one-electron oxidation of two distinct

mononuclear CuI complexes by one NFSI molecule (Fig. 4 and

5). In the closely related literature analogs of bimetallic oxida-

tion by one molecule of oxidant,67–70 the oxidant simultaneously

oxidizes twometal centers by one-electron each. However, in the

reported reaction of CuBr with NFSI, the oxidant is added to the

same metal center and the auxiliary ligand (i.e., Br) is respon-

sible for oxidation of the second metal center. Thus, the

distinction between what we propose and the examples in the

literature for bimetallic oxidation lies in the fate of the oxidant.

Furthermore, it is important to emphasize that the newly re-

ported mechanism of the reaction of LCuIBr with one molecule

of NFSI does not produce the reactive imidyl radical and,

consequently, cannot lead directly to C–N bond formation. This

novel nding is profoundly different from the two-electron

oxidative addition mechanism of this reaction proposed by

Zhang and coworkers.54

Close examination of the dinuclear CuII–CuII complex D1-N-

F-2Br shows that it is in equilibrium with two mono-nuclear

CuII complexes: the disproportionation reaction D1-N-F-2Br/

LCuIIF[NSI] (6-N-F) + LCuIIBr2 (7-2Br) is only slightly endergonic

(DG¼ 1.1 kcal mol�1, see Fig. 5). Therefore, one may expect that

both dinuclear D1-N-F-2Br and mono-nuclear 7-2Br complexes

will be present in the reaction mixture and can react with

another molecule of NFSI (Fig. 5).71 Surprisingly, regardless of

the nuclearity of the reactant complexes, i.e. starting from either

dinuclear D1-N-F-2Br or mono-nuclear 7-2Br complexes, the

reaction with a second NFSI molecule leads to exchange of one

Fig. 5 Mechanistic steps of the reaction of two molecules of LCuIBr

with three molecules of oxidant NFSI that leads to generation of the
catalytically active dinuclear CuII–CuII (D3-N-3F) catalyst. This process

is referred to Br/F exchange in the text. Relative energies are given as

DG/DH in kcal mol�1.

Fig. 4 Mechanism for initial two-electron reduction of NFSI by LCuIBr

(1-Br), which results in one-electron oxidation of the mono-nuclear
CuI complex and a one-electron oxidation of the bromide ligand to

a bromine radical. The signs of the explicitly depicted spins were

assigned arbitrarily. Relative energies are given as DG/DH in kcal mol�1.

This journal is © The Royal Society of Chemistry 2017 Chem. Sci., 2017, 8, 988–1001 | 991

Edge Article Chemical Science

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 1

9
 O

ct
o
b
er

 2
0
1
6
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
6
/2

0
2
2
 6

:0
5
:1

3
 A

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
 3

.0
 U

n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6sc04145k


Br ligand for a F ligand and concomitant formation of N-bro-

mobenzenesulfonimide (NBrSI).

The mechanism for this process (called here Br/F exchange)

is very complex: it is initiated by oxidation of the CuII species by

NFSI to form CuIII and an imidyl radical. As expected, the

barrier for oxidation of the CuII complexes (DG‡
FT ¼ 25.9 and

23.6 kcal mol�1 for the dinuclear D1-N-F-2Br and mono-nuclear

7-2Br CuII complexes, respectively) is much higher than the

barrier for oxidation of the CuI complex 1-Br (DG‡
FT ¼ 5.4 kcal

mol�1). Then, extraction of a bromine radical by the generated

imidyl radical produces NBrSI and CuII, as shown in Fig. 5 (see

the ESI† for more detailed discussion and free energy surface

for this process).

Even though Br/F exchange from D1-N-F-2Br and 7-2Br is

exergonic by 7.8 and 8.9 kcal mol�1, respectively, it is possible

that a small amount of the imidyl radical will be able to escape

from the Cu solvation shell to react with the substrate. However,

this is not expected to lead to a high level of C–N product

formation due to fast imidyl–bromine radical combination

leading to NBrSI formation.

The resulting dinuclear complex D2-N-2F-Br (with only one

Br ligand) and mono-nuclear complexes LCuIIF(NSI) (6-N-F) +

LCuIIBrF (8-F-Br) are in equilibrium (DG ¼ 0.1 kcal mol�1), and

can react with a third NFSI molecule. The reaction ofD2-N-2F-Br

and NFSI leads to formation of the dinuclear complex

[LCuIIF(NSI)/LCuIIF2] D3-N-3F, and a second molecule of

NBrSI. The resulting dinuclear complex D3-N-3F has three

uoride ligands (i.e., no Br ligands) and is the energetically

most stable intermediate in the series of Br/F exchange

processes shown in Fig. 5. Interestingly, this dinuclear complex

is stable relative to disproportionation to the mono-nuclear

complexes LCuIIF(NSI) (6-N-F) + LCuIIF2 (9-2F) by DG ¼

�10.7 kcal mol�1.

Briey, the dinuclear complex [LCuIIF(NSI)/LCuIIF2] D3-N-

3F has the characteristic diamond core with bridging uoride

ligands and two square planar CuII centers sitting in the same

plane72 (Fig. 6). The diamond core of D3-N-3F closely resembles

that of other dinuclear Cu2F2 complexes that have previously

been extensively characterized,73–77 but their role in catalysis is

under-appreciated. In D3-N-3F, both bipyridine ligands are

asymmetrically bound: each CuII center has one pyridine loosely

coordinated at its axial position (the calculated N2
–Cu1 and N5

–

Cu2 bond distances are 2.30 and 2.33 Å, respectively). As shown

across Fig. 3–5, the overall Br/F exchange reaction 2 1-Br + 3

NFSI/D3-N-3F + 2 NBrSI, is highly exergonic (DG¼�79.1 kcal

mol�1) and requires a maximum free energy barrier of 24.7 kcal

mol�1 (see the ESI†), which is reasonable for the experimental

reaction conditions. Thus, the dinuclear CuII–CuII complex

D3-N-3F is the sole and thermodynamically most stable Cu

species from the reaction of two molecules of CuI complex 1-Br

with three molecules of NFSI oxidant involving a series of redox

steps and Br/F exchange.

Generation of the reactive imidyl radical

Armed with the aforementioned ndings, we examined the

reaction of D3-N-3F with a fourth molecule of NFSI. The barrier

for this reaction, at the antiferromagnetic F-atom transfer

transition state DTSF-N-3F, is found to be DG‡
FT ¼

19.1 kcal mol�1 (Fig. 7).

As shown in Fig. 6, in the transition state, DTSF-N-3F, F4 is

transferred from NFSI to Cu2 trans to the bridging uoride

ligand F2. This process triggers ligand rearrangements on the

dinuclear Cu core. The imidyl group rotates to the axial position

of Cu1 resulting in the N1
–Cu1 bond elongates to 2.32 Å. This is

likely due to rearrangement of F3 to the axial position of Cu2 in

order to accommodate the incoming F4. At the same time, the

bipyridine ligands on each Cu center go from the aforemen-

tioned asymmetric coordination mode to a symmetric coordi-

nation mode (N2
–Cu1 2.09 Å and N5

–Cu2 2.06 Å) to provide

additional stabilization to the oxidized structure.

This oxidation reaction is endergonic by DG ¼ 17.6 kcal

mol�1 (Fig. 7), suggesting that the imidyl radical will be present

in low concentrations so that the likelihood of homo-coupling

or other side reactions involving imidyl radicals is reduced. In

the product complexD4-N-4F, the CuIII center has an octahedral

geometry. Oxidation of this Cu center is evident by an increase

in its unpaired Mulliken spin from D3-N-3F (0.68|e|) to DTSF-N-

3F (0.86|e|) to D4-N-4F (0.91|e|), while signicant delocalization

of unpaired spin is found on the ligands. In addition, the Cu–Cu

Fig. 6 Structural analysis of the active catalyst (D3-N-3F), antiferro-

magnetic F-atom transfer transition state (DTSF-N-3F) and imidyl

radical product complex (D4-N-4F) involved in the oxidation of D3-N-

3F by NFSI. Bond distances (in Å) are shown in black and Mulliken spin
density values (in |e|) are shown in blue.

992 | Chem. Sci., 2017, 8, 988–1001 This journal is © The Royal Society of Chemistry 2017

Chemical Science Edge Article

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 1

9
 O

ct
o
b
er

 2
0
1
6
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
6
/2

0
2
2
 6

:0
5
:1

3
 A

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
 3

.0
 U

n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6sc04145k


distance decreases (2.99 / 2.93 Å) indicating weak coupling

between the Cu centers: possibly indicating the formation of

a weak two-center/one-electron (or less) Cu–Cu bond (see the

ESI† for more analysis). Therefore, it is a reasonable to conclude

that the dinuclear structural motif, additional uoride ligands

and bipyridine ligands together play a signicant role in facil-

itating the oxidation process. This statement is also supported

by the calculation of the barrier for oxidation of the mono-

nuclear CuII complex 9-2F by NFSI: we found that the barrier of

this reaction is DG‡
FT ¼ 28.4 kcal mol�1, which is 9.3 kcal mol�1

higher than oxidation of the dinuclear complex D3-N-3F by

NFSI.

Therefore, in contrast to the active catalyst generation steps,

NFSI reacts with the catalytically active dinuclear CuII–CuII

complex, D3-N-3F, as a one-electron oxidant to generate

a dinuclear CuII–CuIII intermediate and a reactive imidyl radical

through a reasonable energy barrier (DG‡
FT ¼ 19.1 kcal mol�1).

Based on the aforementioned mechanistic ndings, we predict

that the identity of the LCuIX pre-catalyst, where X ¼ Cl, Br, and

I, is not directly connected to the imidation reactivity, so these

pre-catalysts should show similar reactivity upon loss of their X

groups and in situ formation of the same active dinuclear CuII–

CuII catalyst (D3-N-3F) when reacting with NFSI. [For more

details of the reaction of LCuX (where X¼ F, Cl and I) with NFSI,

see the ESI†].

Experimental validation

Thus, the computations predict that, at the initial stage of the

reaction of LCuIBr with NFSI, all of the LCuIBr complexes

(10 mol% under the standard conditions) converge irreversibly

to the active dinuclear CuII–CuII catalyst (D3-N-3F) and NBrSI. In

order to validate these computational ndings, we launched

extensive experimental studies.

At rst, considering NBrSI as an electrophilic brominating

reagent similar to N-bromosuccinimide (NBS), we suspected

that its generation in situ might lead to unwanted side reac-

tions. Indeed, we found that the reaction of 2-phenylthiophene,

1, with NFSI in the presence of LCuIBr (10 mol%) produces 5%

of 2-bromo-5-phenylthiophene, 2, as a side product (Fig. 8).

However, our extensive efforts to detect NBrSI in the reaction

mixture by HRMS were not successful. Alternatively, it is also

possible that an in situ generated CuBr species or Br2 can act as

a brominating reagent. This result does support the computa-

tional prediction that the initial CuBr catalyst is converted to

a different species through loss of its bromide ligand. As

described above, the computations predict that the result of the

Br/F exchange process is D3-N-3F. Gratifyingly, we were able to

detect by HRMS a copper-dimer species D3-N-3F(–F), which

would be generated from D3-N-3F in the same mixture (Fig. 9)

(it is also possible that loss of Br from D2-N-2F-Br, but

computations suggest that D3-N-3F is more likely based on

thermodynamics). Thus, we experimentally conrmed the

generation of D3-N-3F in the reaction system, as predicted by

the computation.

To investigate further the nature of the active catalyst and to

validate the conclusions of the computations, we also per-

formed the reaction with various LCuX complexes, where X ¼

Cl, Br and I. Interestingly, the reaction with 1 produces similar

yield of imidated product aer 5 h regardless of the identity of

X: 77%, 77% and 78% with CuCl, CuBr, and CuI, respectively. In

addition, the kinetic proles of the reaction with these pre-

catalysts show that over the full time course each reaction

converges to the same rate (Fig. 10). This suggests that each pre-

catalyst of the reaction is converted to the same species, which

acts as the predominant catalyst in the reaction. Together these

experimental ndings and the aforementioned computational

data allow us to conclude reasonably that the C–H imidation

activity of LCuX complexes with NFSI is catalyzed by a dinuclear

CuII–CuII complex, D3-N-3F, that is generated in situ from LCuX

precursors. We expect that these ndings will provide insight

for other reactions catalyzed by CuI-salts, and in particular, will

Fig. 8 Detection of brominated substrate, 2, during the reaction with

2-phenylthiophene, 1.

Fig. 7 Free energy profile for oxidation of the catalytically active dinuclear CuII–CuII complexD3-N-3F by NFSI and the formation of the reactive

imidyl radical complex (D4-N-4F) on the triplet surface.

This journal is © The Royal Society of Chemistry 2017 Chem. Sci., 2017, 8, 988–1001 | 993
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aid in the design of more efficient and inexpensive pre-catalysts

for the reaction that, for example, do not require excess NFSI or

sacrice an amount of the substrate.

Radical addition and generation of C–N imidation product

In the next step, association of the imidyl radical of D4-N-4F

with the 2-phenylthiophene (1) substrate forms a weakly coor-

dinated complexD5-N-4F. This process is almost thermoneutral

(DG ¼ 0.6 kcal mol�1) (Fig. 11). However, as the imidyl radical

and 1 approach each other (N6
–C1

¼ 3.50 Å/ 2.96 Å, Fig. 12),

single electron transfer (SET1) occurs from the p-system of 1

to the imidyl radical. This process is exergonic (DGSET1 ¼

�11.8 kcal mol�1) and leads to the formation of intermediate

D6-N-4F, which can be characterized as an ion-pair between an

imidyl anion and aryl radical-cation. Electron transfer in this

complex is evidenced by the build-up of unpaired spin (0.84|e|)

and positive charge (0.70|e|) on the ring of 1 (Fig. 12). Unfortu-

nately, we are not able to accurately compute the exact value of the

free energy barrier required for SET1with themethods used in this

study. Therefore, we estimate it to be greater than the energy of the

pre-reaction complex D5-N-4F, i.e. >18.2 kcal mol�1 (Fig. 11).

From the product of the single electron transfer step (D6-N-

4F), C–N bond formation occurs through an energy barrier of

DG‡
CN ¼ 4.4 kcal mol�1 (at the transition state DTSN-N-4F) and

leads to the aryl radical intermediate D7-N-4F78 (Fig. 11). Thus,

C–N bond formation (i.e., the reaction of D4-N-4F with 1) occurs

through a stepwise mechanism involving (i) single electron

transfer (SET1) from the p-system of 1 to the imidyl radical of

D4-N-4F, and (ii) C–N bond formation at the transition state

DTSN-N-4F.

Aer the aryl radical is formed, the next step of the reaction

is another single electron transfer (SET2) from the aryl radical to

the dinuclear CuII–CuIII complex (Fig. 13). This step should

produce an aryl cation and dinuclear CuII–CuII complex with

a coordinated uoride anion (D8-N-3F). However, all our

attempts to locate this structure resulted in the deprotonation

product D9-N-3F. To estimate the thermodynamic stability of

D8-N-3F, we optimized the structure by xing the C–H bond

distance to 1.09 Å, and found that SET2 is thermodynamically

favored by DG ¼ �30.2 kcal mol�1. The fact that D8-N-3F could

not be located without geometry constraint indicates that

subsequent deprotonation and rearomatization of the substrate

by uoride anion is barrierless (see the ESI† for energy scans).

The formation of the product, HF, and the active catalyst (D3-N-

3F) in complex D9-N-3F is highly exergonic from D8-N-3F (DG ¼

�31.6 kcal mol�1). Indeed, the overall reaction, D3-N-3F + NFSI

+ 1/ D3-N-3F + 10 + HF is calculated to be DG ¼ �62.8 kcal

mol�1 exergonic.

Careful analysis of the energy span79 (dE) for the entire free

energy surface of the reaction of D3-N-3F with NFSI and 1

substrate indicates that its turnover-determining intermediate

(TDI) is D3-N-3F + NFSI + 1. However, based only on the pre-

sented energy calculations, it is not straightforward to deter-

mine the turnover-limiting TS (TDTS) of the reaction because we

were not able to compute accurately the energy barrier associated

with the SET1 step (i.e., electron transfer from the substrate to the

imidyl radical), the actual mechanism of which depends onmany

factors including (but not limited to) the nature of solvent and

driving force for electron transfer. Furthermore, its estimated

Fig. 10 Kinetic profiles at short times (top) and the full time course

(bottom) of product formation for pre-catalysts LCuX, where X ¼ Cl,

Br, and I.

Fig. 9 Observation of a copper-dimer species D3-N-3F(–F) by HRMS.
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value of >18.2 kcal mol�1 is very close to the 19.1 kcal mol�1

energy barrier calculated for oxidation of D3-N-3F by NFSI. Since

these two barriers are shown to be the largest energy barriers on

the full potential energy surface of the reaction, we expect either

oxidation of D3-N-3F by NFSI or SET1 to be the turnover-limiting

step of overall reaction.

To discriminate between these possible turnover-limiting

steps, we examined the H/D substrate kinetic isotope effect

(KIE). The oxidation step (i.e., D3-N-3F/ DTSF-N-3F/ D4-N-

4F) does not involve the substrate, so if it is the turnover-

limiting step, there should not be any substrate KIE. In contrast,

the calculated isotope effect for the SET1 step (i.e., D5-N-4F/

D6-N-4F), which is found to be kH/kD ¼ 0.92 at 70 �C, (calculated

from the 5-hydrogen and 5-deuterium isotopologues of 1, see

the ESI† for more details) is in excellent agreement with the

previously determined experimental33 KIE of kH/kD ¼ 0.91 at

70 �C as shown in Fig. 14.

Based on the calculated and measured KIEs, we conclude

that the SET1 step is the turnover-limiting step of the reaction.

The calculated KIE can be attributed to differences in the zero

point energies of harmonic frequencies arising from delocal-

ization of the adjacent sulfur lone pair into the anti-bonding

orbital (n–s*) of the C–H and C–D bonds.80–83 Although

measured inverse KIEs oen are attributed to the change in

C(sp)2 / C(sp)3 hybridization in the TS,34–37 previous studies

Fig. 13 Free energy surface for active catalyst regeneration and

product formation, which proceeds through an electron transfer to the

catalyst and ejection of fluoride anion. The fluoride anion then
deprotonates and rearomatizes the aryl cation intermediate to

generate the imidated product and HF. The presented energies are

computed relative to the D3-N-3F + NFSI dissociation limit.

Fig. 12 Geometric and electronic structure analysis of the interme-

diates of C–N bond formation between the imidyl radical and 1. Bond
distances (in Å) are shown in black and Mulliken spin density values (in |

e|) are shown in blue. The dinuclear Cu complex has been removed

from the Figure for clarity. The structures on the quintet and triplet

electronic states are geometrically, electronically, and energetically
similar (see the ESI†). For the antiferromagnetically-coupled triplet

electronic states the spin values of the NSI and 1 fragments have the

opposite sign.

Fig. 11 Free energy surface for the stepwise mechanism for C–N bond formation starting with electron transfer from 1 to the imidyl radical

(SET1) followed by C–N bond formation by the resulting ion-pair to produce an aryl radical intermediate. All energies are computed relative to

D3-N-3F + NFSI and are calculated for the energetically lowest antiferromagnetically coupled triplet states except D7-N-4F, for which this

electronic state is not stable. Therefore, for D7-N-4Fwe report the quintet electronic state energy, which is very close to that for the triplet state
for all the other structures (see the ESI†). The dinuclear Cu complex is included in all calculations but has been removed from the Figure for

clarity.
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have also shown that electron transfer reactions can produce

inverse isotope effects.84,85

Based on the aforementioned computational and experi-

mental ndings, we propose a novel dinuclear mechanism for

the LCuIBr-catalyzed aromatic C–H imidation with NFSI that

includes the following steps (Fig. 15): (1) conversion of the

LCuIBr pre-catalyst (I) through a series of Br/F exchange reac-

tions with NFSI to the active dinuclear CuII–CuII catalyst (II0); (2)

oxidation of the active catalyst by NFSI via one-electron F-atom

transfer pathway that generates a reactive imidyl radical (III0);

(3) stepwise C–N bond formation comprising of turnover-

limiting single-electron-transfer (SET1) from the substrate to

the imidyl radical produces an ion-pair (IV0), and subsequently

fast C–N bond coupling to form an aryl radical (V0); (4) reduction

of the dinuclear CuII–CuIII intermediate by the aryl radical that

produces an aryl cation, uoride anion; and (5) deprotonation

and rearomatization of the arene ring by the uoride anion to

form the imidated product and HF (VII0) and regeneration of the

active catalyst (II0).

The above-presented mechanism for the LCuIBr-catalyzed

C–H imidation with NFSI provides an opportunity to examine

the effect of the substrate on the reaction, to improve the effi-

ciency of the catalysis, and to widen substrate scope.

Fig. 15 The newly proposed mechanism for Cu-catalyzed aromatic C–H imidation by NFSI based on the collaborative computational and

experimental results described in this study. The novel reaction mechanism has two major parts: (1) generation of the dinuclear CuII–CuII active

catalyst; and (2) subsequent catalytic cycle for aromatic C–H imidation with NFSI.

Fig. 14 Schematic presentation of the experimental33 and computa-

tional isotope effect studies for electron transfer from 1 to the imidyl
radical.
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Substrate effect

A major strength of this reaction is its applicability to a wide

range of arene substrates. However, to further expand its activity

to entirely new substrates requires better understanding of the

factors impacting the reactivity of a given substrate. Based on

the computed mechanism above, we hypothesized that the

reactivity of a given substrate will depend on its ability to induce

electron transfer. It is natural to expect that electron-rich

substrates will most easily be oxidized by the imidyl radical. To

further probe this hypothesis, we computationally investigate

the mechanism of the reaction for benzene, which experimen-

tally produces lower yields than 2-phenylthiophene.33

As shown in Fig. 16, the SET1 (i.e., D5-N-4F/ D6-N-4F) step

for benzene (DGSET1 ¼ �1.0 kcal mol�1) is energetically

much less favorable than for 2-phenylthiophene (DGSET1 ¼

�11.8 kcal mol�1). In addition, oxidation of benzene is

dramatically more endergonic than 2-phenylthiophene, calcu-

lated relative to the D3-N-3F + substrate. As a result, the SET1

step and the subsequent C–N bond formation transition state

are pushed much higher in energy with benzene. This outcome

is consistent with the experimental observation that excess

benzene is required to generate low yields of product.33 This

nding also explains why electron-rich arenes react faster than

electron-decient arenes in competition experiments.33

Factors impacting the regioselectivity of the reaction

The proposed new mechanism of the Cu-catalyzed aromatic

C–H imidation by NFSI is also consistent with the experimen-

tally observed high-levels of regioselectivity of the reaction.

Since the turnover-limiting step (D3-N-3F / SET1) of the

reaction is indiscriminate toward the regioselectivity, it is

reasonable to expect that the relative barriers for C–N bond

formation at each position will dictate the regioselectivity (i.e.,

C–N bond formation is the regioselectivity-determining step).

Therefore, we hypothesized that the positive charge on the

Fig. 17 Validation of a model to predict the site of C–H imidation based on the calculated Hirshfeld charges (shown in red and blue) on the DFT-

optimized radical cation structure of each substrate. The experimentally imidated site is indicated by a red sphere and the site with the highest
positive charge is indicatedwith red numbers. Other possible sites for imidation are indicatedwith blue spheres. Using this model, regioselectivity

predictions were made for new substrates, 3 and 4. The predictions for these substrates were then validated experimentally producing the

predicted product with >99% selectivity.

Fig. 16 Free energy surfaces for stepwise C–N bond formation with

2-phenylthiophene (black) and benzene (red).

This journal is © The Royal Society of Chemistry 2017 Chem. Sci., 2017, 8, 988–1001 | 997
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arene carbons bearing hydrogen atoms in the oxidized

substrate (i.e., radical cation) will be predictive for the regio-

chemical outcome of the reaction. To validate this hypothesis,

we calculated the Hirshfeld charges86 of the radical cation for

a number of substrates used in the experiment.33 This approach

is similar to the “charge-transfer-directed” concept of Ritter and

coworkers.31,32

We nd excellent agreement between the proposed charge

model and the experimentally observed regioselectivity in most

cases (Fig. 17). To show the utility of this simple predictive tool,

we predicted that imidation of 3 and 4 would occur on the

anthracene and oxazole rings of these substrates, respectively.

These predictions were then conrmed by experiments showing

that the predicted imidated products were formed with >99%

regioselectivity (Fig. 17).

Close examination of the substrates where the regiose-

lectivity predictions fail (see Fig. 17) also gives useful insight into

the limitations of our predictive model, such as: (a) the

assumption that the deprotonation and rearomatization step of

the reaction is faster than SET1;87 and (b) not including the role

of external directing effects such as hydrogen bonds, p-stacking,

steric hindrance or other non-covalent interactions. However, we

expect that the user can easily anticipate these limitations of the

model and generate an acceptably accurate prediction of the site

of imidation in a given molecule quickly and reliably (see the

ESI† for the detailed procedure of this simple predictive tool).

Conclusions

Above, we utilized a joint computational and experimental

collaboration to obtain an in-depth understanding of the

mechanism and governing factors of Cu-catalyzed aromatic

C–H imidation with NFSI and propose a novel dinuclear

mechanism (see Fig. 15) for this reaction. Briey,

(1) We found that prior to initiation of the catalytic cycle

NFSI acts like a two-electron oxidant by reacting with two

molecules of LCuIBr and producing the dinuclear CuII–CuII

complex [LCuIIF(NSI)/LCuIIBr2], D3-N-F-2Br. The predicted

bimetallic oxidation reaction with one molecule of oxidant is

unprecedented because here NFSI directly interacts only with

one equivalent of LCuIBr resulting in simultaneous one-electron

oxidation of both the CuI center and Br-ligand, which then

oxidizes the second molecule of LCuIBr.

(2) In contrast, in the next stage of the reaction NFSI acts as

overall redox neutral molecule: twomolecules of NFSI react with

the dinuclear CuII–CuII complex D3-N-F-2Br via the Br/F

exchange pathway and produce two molecules of NBrSI (or

other Br-containing molecules) and the catalytically active

dinuclear CuII–CuII complex [LCuIIF(NSI)/LCuIIF2], D3-N-3F.

The resulting dinuclear CuII–CuII complex is predicted to be the

thermodynamically most stable Cu species of the reaction.

Subsequent HRMS experiments detected a copper-dimer

species D3-N-3F(–F) and conrmed the generation of the

dinuclear CuII–CuII complex D3-N-3F in the reaction system, as

predicted by computation.

(3) Since the dinuclear CuII–CuII complex [LCuIIF(NSI)/

LCuIIF2], D3-N-3F, is shown to be the catalytically active species,

we predicted that the identity of the LCuIX pre-catalyst, where X

¼ Cl, Br, and I, is not directly connected to its imidation activity.

This prediction of computation also was validated by experi-

ments by showing that (a) the reaction with 2-phenylthiophene

produces a similar yield regardless of the identity of X, and (b)

over the full time course the kinetic prole of the reaction with

LCuIX converges to the same rate.

(4) The catalytic cycle starts from the reaction of the dinu-

clear CuII–CuII complex D3-N-3F with NFSI, as a one-electron

oxidant, and forms the reactive imidyl radical and the CuII–CuIII

dinuclear intermediate. This reaction subsequently proceeds

through the following elementary steps: (a) stepwise C–N bond

formation between the substrate and imidyl radical proceeding

via turnover-limiting single-electron-transfer (SET1) from the

substrate to the imidyl radical followed by fast imidyl anion and

aryl radical-cation coupling to produce an aryl radical inter-

mediate; (b) reduction of the CuII–CuIII dinuclear intermediate

by the resulting aryl radical to regenerate the active catalyst and

produce an aryl cation and uoride anion; and (c) deprotona-

tion and rearomatization of the arene ring by the uoride anion

to form the imidated product and HF.

(5) The utilization of these mechanistic ndings revealed

that the limited reactivity of benzene should be attributed to its

lower ability to be oxidized by the imidyl radical in the turnover-

limiting SET1 step. We predicted that electron-rich substrates

will be relatively easily oxidized by the imidyl radical and,

consequently, will be more reactive toward C–H imidation,

which is consistent with our previously reported experiments.33

(6) We developed a simple computational tool for predicting

the regioselectivity for imidation and demonstrated that C–N

bond formation is the regioselectivity-determining step.

Subsequent experiments conrmed our computational predic-

tions and validated the predictive power of this simple regio-

selectivity tool.

In summary, the atomistic-level understanding gained from

our joint computational and experimental studies, presented

here for the Cu-catalyzed aromatic C–H imidation by NFSI, will

not only be instrumental for the development of the next

generation of novel catalysts and ligands for selective aromatic

C–H imidation, but also open many prospects for the design of

novel, efficient, and highly selective reactions with earth-

abundant transition metal catalysts and other nitrogen radical

sources.

Experimental
Computational and experimental procedures

Computational methodology. Geometry optimizations and

frequency calculations of all presented structures were per-

formed with the Gaussian-09 suite of programs88 at the B3LYP-

D3/[6-31G(d,p) + Lanl2dz (Cu, Br, I)] level of theory (below,

termed as B3LYP-D3/BS1) with the corresponding Hay–Wadt

effective core potentials for Cu, Br and I89–91 and Grimme's

empirical dispersion-correction for B3LYP.92 The frequency

analysis is used to characterize each minimum with zero

imaginary frequencies and transition state (TS) structures with

only one imaginary frequency. Intrinsic reaction coordinate
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(IRC) calculations were performed for selected TSs to ensure

their true nature and to connect proper reactants and products.

The calculated Gibbs free energies are corrected to a solution

standard state of 1 M at 298.15 K.55,56 Bulk solvent effects are

incorporated for all calculations (i.e. geometry optimization,

frequency, and single point energy calculations) using the self-

consistent reaction eld polarizable continuum model (IEF-

PCM)57–59 with 1,2-dichloroethane (DCE) as the solvent. The

electronic energies were re-computed at the B3LYP-D3/[6-

311+G(d,p) + SDD (Cu, Br, and I)] level of theory (below, termed

as B3LYP-D3/BS2) with the corresponding effective core poten-

tials for Cu, Br and I.93–95 The thermal corrections for the free

energy and enthalpy are calculated at the B3LYP-D3/BS1 level.

These corrections were then applied to the energies calculated

at the B3LYP-D3/BS2 level to afford the reported free energy and

enthalpy values. Because of the clear importance of entropy on

the reaction proles, we focus the discussion on the free ener-

gies in the text.

The electronic states of each transition state and interme-

diate were carefully analyzed. It was found that many of the TSs

and intermediates on the singlet potential energy surface have

lower energy open-shell singlet electronic states. In these cases,

we re-calculated the geometries and energies of the structures at

their open-shell singlet electronic states using unrestricted DFT

(UB3LYP-D3).96,97 The presented Hirshfeld charges98–100 were

computed at the B3LYP-D3/BS2 level of theory.

Experimental methodology. Unless otherwise noted, all

reactants or reagents including dry solvents were obtained from

commercial suppliers and used as received. CuBr was purchased

from Nacalai Tesque, Inc. NFSI and 6,60-Me2bpy were purchased

from TCI. Anhydrous 1,2-dichloroethane was purchased from

Kanto Chemical Co., Inc. All reactions were performed with dry

solvents under an atmosphere of N2 gas in ame-dried glassware

using standard vacuum-line techniques. All work-up and puri-

cation procedures were carried out with reagent-grade solvents

in air. For kinetic experiments using in situ IR, the reaction

spectra were recorded using an IC 15 from Mettler-Toledo

AutoChem. Data processing was carried out using Microso®

Excel® for Mac v. 14.2.5.

Experimental procedures are as follows: a three-necked

reaction vessel equipped with a magnetic stirring bar was dried

with a heat gun. CuX, where X ¼ Cl, Br and I, (0.060 mmol,

10 mol%), 6,60-Me2bpy (13 mg, 0.072 mmol, 12 mol%), NFSI

(199 mg, 0.63 mmol, 1.05 equiv.), and triphenylene (69 mg,

0.3 mmol; an internal standard for 1H NMR analysis) were

added to the vessel. The IR probe was inserted through an

adapter into the middle neck; another neck was capped by

a rubber septum for the purpose of reagent injection, and the

third was jointed with a three-way cock in order to ow N2 gas.

This vessel was evacuated and purged with N2 three times. DCE

(2 mL) was then added to the vessel and the mixture was heated

at 70 �C in an oil bath. Aer stirring the mixture for 6 min, 1

(0.6 M, DCE solution, 1 mL) was added to the vessel via

a syringe and at this point the data collection was started. In

situ IR spectra were recorded over the course of the reaction.

Experimental procedures for imidation of 2-(9-anthryl)-

thiophene (3) and 4-phenyl-2-(thiophen-2-yl)oxazole (4) are as

follows: to a Schlenk tube were added NFSI (66 mg, 0.21 mmol,

1.05 equiv.), CuBr (2.8 mg, 0.020 mmol, 10 mol%) and 6,60-

Me2bpy (4.4 mg, 0.024 mmol, 12 mol%) in open air. The tube

was lled with N2 by employing a usual Schlenk evacuate–rell

cycle technique. DCE (1.0 mL) and the starting material

(0.20 mmol) were added to the tube and the mixture was heated

at 70 �C for 12 h. The mixture was then cooled to 25 �C. The

crude solution was ltered through a pad of silica gel and

Na2SO4 and concentrated in vacuo. Purication by chromatog-

raphy on silica gel (hexane/EtOAc ¼ 5 : 1) provided the corre-

sponding imidated product (30, 79.3 mg, 0.14 mmol, 71%; 40,

58.8 mg, 0.11 mmol, 56%).
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