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ABSTRACT: A simple non-photochemical procedure is reported for Cu(l)-catalyzed C—N coupling of aliphatic
halides with amines and amides. The process is loosely based on the Goldberg reaction but takes place
readily at room temperature. It uses Cu(l)Br, a commonly-used and inexpensive atom transfer radical
polymerization (ATRP) precatalyst, along with the cheap ligand N,N,N’,N”,N”-pentamethyldiethylenetriamine
(PMDETA), to activate the R—X bond of the substrate via inner-sphere electron transfer. The procedure brings
about productive C—N bond formation between a range of alkyl halide substrates with heterocyclic aromatic
amines and amides. The mechanism of the coupling step, which was elucidated through application of
computational methods, proceeds via a unique Cu(l)=> Cu(ll)=>Cu(lll)=>Cu(l) catalytic cycle, involving (a)
inner-sphere electron transfer from Cu(l) to the alkyl halide to generate the alkyl radical; (b) successive
coordination of the N-nucleophile and the radical to Cu(ll); and finally reductive elimination. In the absence
of a nucleophile, debrominative homocoupling of the alkyl halide occurs. Control experiments rule out Sy-
type mechanisms for C—N bond formation.
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These approaches, which bring about C—N bond
formation under mild and photochemistry-free
conditions, permit the generation of products
that are not feasible through direct Sy2 based
processes.

Herein, we describe a new Cu(l)-catalyzed method
for (sp’)C-N  bond formation that s
mechanistically distinct from both Ullmann-type
processes and the Nishikata/Fu Cu(l)—Cu(lll)
catalytic cycle. Our method is effective over a
broader range of substrates and, importantly, is
effective with 1:1 precursor stoichiometry. Akin to
photoredox catalysis methods, our approach
involves carbon-centered radical intermediates.
Our method uses ambient reaction conditions
and inexpensive and readily available catalysts
and reagents (Scheme 1). Our method is also
photochemistry-free, hence applicable to light-
sensitive substrates and products.

Our approach takes advantage of the highly active
catalysts developed for carbon-centered radical
generation from alkyl halides in atom transfer
radical polymerization (ATRP).” & In ATRP, a Cu(l)
catalyst reversibly generates a low concentration
of carbon-centered radicals from “dormant” alkyl
halides in order to control radical polymerization
(Scheme 2). Originally based on atom transfer
radical  addition  (ATRA)  methodologies,’
successive generations of Cu(l) catalysts have led
to an improvement in activity of more than 7
orders of magnitude simply by varying the ligand
(Figure 1).1%12 As a result, currently available
catalysts can trigger the reversible cleavage of
relatively strong (sp’)C=X bonds at room
temperature at low catalytic loading.®® Until now,
these catalysts have been used to generate

radicals exclusively for ATRP and ATRA processes.
Herein we demonstrate for the first time that their
enhanced reactivity can be harnessed for (sp?)C—
N coupling processes to achieve outcomes akin to
those from photoredox-based methods, but
without irradiation and under mild conditions.
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Scheme 2. Generalized mechanism of ATRP.

As proof of concept for our process, we use
copper(l) bromide and N,N,NN” N”-
pentamethyldiethylenetriamine (PMDETA) as
cheap and readily available precatalyst and ligand.
Whilst PMDETA is not the most active ligand
available, 0 it is attractive as it is low in cost and
easy to obtain. As will be shown, the in situ-
generated  [(PMDETA)Cu(l)Br]  catalyst is
sufficiently reactive to outcompete uncatalyzed
processes such as Sy2 processes and base-
mediated eliminations, even in the presence of t-
BuOK.

RESULTS AND DISCUSSION

Reaction Development. The conversion of
benzotriazole 1 and benzyl bromide 2 into 1-
benzyl benzotriazole 3 proceeds at ambient
temperature in toluene using low loadings of the
precatalyst Cu(l)Br and the ligand PMDETA in the
presence of a stoichiometric amount of t-BuOK
(Table 1, entry 1). This precatalyst/ligand
combination was chosen since it has been
previously optimized for ATRP processes.** The

Figure 1. Selected experimental activation rate constants log(kact /(M s7%)) for ATRP involving various N-based
ligands with the initiator CH3CH,(COOCH3)Br in the presence of Cu'Br in MeCN at 22 °C. Computational values are
shown for the ligands in green boxes. Figure reproduced with permission from Ref.>.



conversion of 1 + 2 - 3 has been previously
carried out under Sy2 conditions, using a large
excess of concentrated agueous NaOH in MeCN.®
This published reaction presumably involves the
in situ conversion of the acidic (pKs = 8.2)¥
benzotriazole (1) into its more nucleophilic,
conjugate base. A repeat of our entry 1 reaction
but omitting the Cu(l)Br precatalyst and PMDETA
(entry 2) gave no detectable conversion of 1 + 2
— 3, thereby dismissing the uncatalyzed Sy2
mechanism for entry 1. It seems reasonable to
assume that the nonpolar toluene solvent inhibits
the t-BuOK-induced formation and Sy2 reaction of
the conjugate base of 1.

Table 1. Reaction Development. Isolated yields of C—N
cross-coupling product 3 from the reaction of
benzotriazole 1 and benzyl bromide 2, as a function of

reactant, precatalyst (Cu(l)Br) and ligand (PMDETA)
molar ratios, and solvent.

\\N tBuOK 1 1 equiv)
G 1 solvenl rt,8h ’,\‘
NH N
MeN /\/NMez \/O
PMDETA
Entry Molar Ratios Used Solvent Yield
Cu()Br PMDETA 1 2 3(%)
0.05 0.1 1.0 1.0 PhMe 86

1

2 0 0 1.0 1.0 PhMe 0
3 0.01 0.02 1.0 1.0 PhMe 63
4 0.20 0.29 1.0 1.0 PhMe 89
5 0.50 0.58 1.0 1.0 PhMe 33
6 0.20 0.29 1.6 1.0 PhMe 93
7 0.20 0.29 1.0 1.8 PhMe 89
8 0.20 0.29 1.0 1.0 CH)(Cl, 87
9

0 0 1.0 1.0 CH)Cl, 0
10 0.20 0.29 1.0 1.0  ERO 89
11 0 0 1.0 1.0  EtO 0
12 0.20 0.29 1.0 1.0 DMSO 88
13 0 0 1.0 1.0 DMSO 61
14 0.20 0.29 1.0 1.0 MeCN 92
15 0 0 1.0 1.0 MeCN 71

Precatalyst/ligand loadings from low to moderate
levels (entries 3 and 4) do not have an adverse
effect upon the process, although very high
loadings (entry 5) result in lower yields of C—N
coupled product, accompanied by the formation
of significant amounts of 1,2-diphenylethane.

The reaction is also tolerant of changes in
precursor stoichiometry, with vyields high,

irrespective of whether 1 or 2 is the limiting
reactant (entries 6 and 7). These observations
identify a significant advantage over recently-
published Cu(l)-catalyzed C—N couplings (Scheme
1), which need superstoichiometric amounts of
either the amine® or alkyl halide® reactant.

Since the ATRP activity of the [PMDETA]Cu(l)Br]
complex increases with solvent polarity,® we
recognized a switch to more polar solvent systems
may be advantageous. Our C—N coupling reaction
is effective over a range of solvents (entries 8-15).
There is no competing Sy2 process in
dichloromethane and diethyl ether (entries 8-11)
but the uncatalyzed process also occurs in the
most polar solvents DMSO and MeCN (entries 12
-15).

Experimental Mechanistic Studies. In order to
further probe the requirements for successful
C—N coupling, the reaction between carbazole 4
and 1-bromoethylbenzene 5 was examined under
a range of conditions (Table 2). Interestingly, the
conversion 4 + 5 = 6 has not previously been
described, although the molecule has been
recently prepared by Fe(lll) and Cu(l)-catalyzed
hydroamination of styrene with carbazole!® ?° and
base-mediated coupling of acetophenone
tosylhydrazone with carbazole.??

The reaction proceeds smoothly under standard
conditions (Table 2, entry 1) but, once again, no
product is observed in the absence of Cu(l)Br
(entry 2). Consistent with previous observations
of its significant rate enhancement in ATRP
chemistry, the PMDETA ligand is also necessary for
C—N coupling (entry 3).

The absence of t-BuOK (entry 4) results in a low
but still notable yield of product 6, which signals
the possibility of the tertiary amine groups of the
PMDETA ligand serving as base. In ATRP, this
causes a decrease in binding of PMDETA to the
metal center, thereby deactivating the
catalytically active species.’?> The use of either
EtsN or Cs,COs in place of t-BuOK (entries 5 and 7)
gave similar yields of product 6. No product is
observed in the absence of Cu(l)Br with each of
these alternative bases (entries 6 and 8). We
generally favor the use of t-BuOK as base since it
gives optimal yields across a broader range of
substrates.

As entry 9 shows, the reaction does not require
photo-activation, perhaps unsurprisingly given
the proposed structure of the catalytic species.
The reaction has inherited some level of oxygen
sensitivity from ATRP,?3 resulting in the need to



thoroughly degas solvents before execution (entry
10).

Table 2. Control Experiments. Yields of C—N cross-
coupling product 6 for reactions of carbazole 4 and 1-
bromoethyl benzene 5 with variations from the
standard conditions.?

Cu(l)Br (4 mol%)
+BuOK (1.1 equiv)
Me PhMe rt,8h
Ve~ /\/N""
Br
4 5

PMDETA (4 8 mol /)

1:1 precursor stoichiometry anhydrous, under N,

Entry Conditions Yield
6 (%)
1 As specified in the equation 81
2 No Cu(l)Br
3 No PMDETA
4 No t-BuOK 18
5 EtsN in place of t-BuOK 75
6 EtsN in place of t-BuOK, no 0
Cu(l)Br
7 Cs,CO0s in place of t-BuOK 78
8 Cs,COs3 in place of t-BuOK, no 0
Cu(l)Br
9 No ambient light 65
10 Open flask, vigorous stirring 0
11 Cu(1)Br (50 mol%), PMDETA (58 27
mol%)

Entry 11 shows, once again (cf. Table 1, entry 5),
that high precatalyst/ligand loadings lead to
homocoupling as a competing process. With
bromide 5, 2,3-diphenylbutane was isolated.
These unoptimized reactions show the potential
of ATRP catalysts in (sp?)C—(sp®)C bond formation,
consistent with earlier experiments on polystyryl
alkyl halides.?* Potentially, high precatalyst/ligand
loadings result in increased amounts of benzylic
free radicals, which would undergo direct radical-
radical coupling to form these bibenzyl
compounds.

Computational Mechanistic Studies. To ascertain
the most likely mechanism for our C—N cross-
coupling process, density functional theory
calculations were performed using, as a case
study, the reaction between carbazole 4 (as the
amine or its conjugate base) and 1-bromoethyl
benzene 5. Full details of the theoretical study are
provided in the Supporting Information. The
mechanism of carbon-halogen bond activation for
this catalyst and substrate has been studied

previously within the context of ATRP.?> 26 Under
ATRP reaction conditions, complexation of the
tridentate, electron-rich PMDETA ligand to Cu(l)Br
to form neutral complex 7, results in dissociation
of the bromide ion to form the catalytically active
cationic species 8 (Scheme 3). Activation of the
carbon-bromine bond then proceeds via a
reversible inner-sphere electron transfer (ISET)
with the alkyl halide 9, which results a concerted
reductive cleavage of the C-Br bond to form
carbon-centered radical R* 11 and Cu(ll) complex
10.

[(PMDETA)Cu'-Br]
7

+Br° ﬂ -Br® [ (PMDETA)(?U-----BE--R r

inner-sphere electron transfer
(ISET) transition state

[(PMDETA)Cu]® + Br—R —=  [(PMDETA)CU'-Br®* + R
8 9 10 1

Scheme 3. The mechanism of carbon-halogen bond
activation in ATRP.

In the present work, our conditions differ from
ATRP in two crucial aspects: (a) deprotonated
nucleophile is present; (b) a non-polar solvent,
toluene, is used in place of acetonitrile. Under,
these  conditions  dissociation of  the
[(PMDETA)Cu'Br]  catalyst 7 is  strongly
thermodynamically disfavored, although
reversible ligand exchange with the deprotonated
amine nucleophile to form [(PMDETA)Cu'(NR’,)]
12 is possible (Scheme S1, Supporting
Information). Both of these species are capable of
undergoing ISET reactions with the substrate to
form a neutral cu" species,
[(PMDETA)Cu"Br(NR’2)]" 15 or [(PMDETA)CU"Br,]*
11 respectively (Scheme S2, Supporting
Information). Our calculated equilibrium constant
for the exchange reaction favors
[(PMDETA)CU'(NR’2)] 12 over [(PMDETA)CU'Br] 7
by a factor of 1078, but the latter species
undergoes the subsequent ISET process with a
rate coefficient that is 7788 times higher, and
thus is the dominant pathway overall by a factor
of 7. However, carbazole 4 is quite sterically
hindered, and thus one would expect the ISET
reactions of [(PMDETA)CU'(NR’2)] 12 to become
more competitive for less hindered nucleophiles.
In any case, any [(PMDETA)CuU"Br,]* 11 formed,
readily undergoes ligand exchange with ©NR’; to
form [(PMDETA)Cu"Br(NR’;)]" 15.

As in standard ATRP, the corresponding outer-
sphere (OSET) processes have Marcus theory
barriers more than 100 kJ mol™ higher than the
ISET pathways and can thus be discounted
(Scheme S2, Supporting Information). Due to



steric crowding, viable oxidative addition
transition states could not be located for these
tetradentate Cu' species, and we note that these
pathways have been likewise ruled out for related
Ullman-type cross-coupling by Houk, Buchwald
and coworkers.?’

Once [(PMDETA)CU"Br(NR’;)]* 15 forms, it then
undergoes barrierless radical coupling with R* 11
to form a triplet species that is effectively a weak
n-complex of R* 11 with [(PMDETA)Cu"Br(NR’;)]*
(see Figure S2.3, Supporting Information). This
undergoes an intersystem crossing through a
modest barrier of 60 kJ mol™ to form an open-
shell singlet [(PMDETA)Cu"BrR(NR’2)] 16, in which
the R-group is formally coordinated. This is then
kinetically trapped by an almost barrierless
reductive elimination to form the cross-coupled
product, R-NR’, 17, and to regenerate the
catalyst, [(PMDETA)CU'Br] 7. The overall
mechanism  thus involves a fascinating
Cu(ll)=>Cu(lll)=>Cu(l) catalytic cycle (Scheme 4).

R—NR’, [(PMDETA)Cu'Br] R—Br
15 ,

reductive 1
elimination ISET

Cu(l)

/7N

?r
(PMDETA)Cu""—R Cu(lll) Cu(ll)

o \ cu(lly /

radical ligand
coupling exchange

B HNR’, (12)
R (PMDETA)CU_ + +BuOK
2

" 13 NR’ +BuOH + KBr

[(PMDETA)Cu"Br,]"
1

Scheme 4. The most favored cross-coupling
pathway. The corresponding Gibbs free energies
are provided in the SI. An alternative process in
which Br/NRy’ ligand exchange occurs prior to the
ISET reaction, rather than after, is likely to
contribute, particularly for less hindered
nucleophiles and is shown in Figure S2.5 of the
Supporting Information.

Scope. To explore the scope of the C—N coupling
process, we first investigated variations in the
nitrogen-based component, while restricting the
alkyl halide to primary and secondary benzyl
halides (Table 3). Control experiments revealed
that piperidine, t-butyl amine and aniline reacted
through uncatalyzed Sy2 processes, hence only
less reactive N-based coupling partners were
deployed. Thus, in addition to benzotriazole 1

(Table 1) and carbazole 4 (Table 2), 7-azaindole 18,
1,2,4-triazole 19, 3,5-dimethylpyrazole 20, 2-
methylimidazole 21, benzamide 22 and 2-
pyrrolidone 23 underwent benzylation and 1-
methylbenzylation under mild, Cu(l)Br/PMDETA-
catalyzed conditions with reactant molar ratios
close to 1:1. Control experiments showed that no
reaction occurred in the absence of precatalyst
and ligand.

Table 3. [(PMDETA)Cu'Br]-catalyzed benzylation
and 1-methylbenzylation of heterocyclic amines
and amides.

CuBr (4 mol%)
+BuOK (1.1 equiv)
R, toluene, r.t. “‘T’
B ——

RZ/NH " Br. MeaN o~ Ve \/
Me
H/Me PMDETA (5 mol%) HMe

1 mol equiv 1.2 mol equiv

393%

(94% from chloride) 24 85% (47% 1rom chlorlde)
N N
= =
N’ Q\ NI \‘
% N =
\ l/
N Me o Me
26 54% (77% from chloride) 28 88%
1 62
(86% from chlorlde) 30 83% 3162%

(78% from chloride)

.’Q@ SO O

681% (89% 1rom chlorlde) 3391%
34 77%
(83% from chloride) 3596% Me
O O
o
(88% from chloride) 37 84%

As shown in Table 3, for a given amine, benzyl
chloride 38 and 1-chloroethylbenzene 39
furnished similar yields of C—N coupled products
to the corresponding bromide. As has been
demonstrated in ATRP studies, the chlorophilicity
of the Cu(l) catalyst compensates to a large extent
for the stronger R—Cl versus R—Br bond, resulting
in similar reactivity and in this study, similar
yields.?® Sy2 processes are sensitive to
substitution at the electrophilic carbon. The
results depicted in Table 3 reveal a contrast to this



reactivity: for a particular amine/amide, primary
and secondary benzyl halides react with a similar
ease to furnish benzylated products in similar
yields.

To unequivocally demonstrate that these C—-N
bond formations are the result of Cu(l)-catalyzed
processes, the progress of reactions performed in
toluene-ds were followed by 'H NMR
spectroscopy. As can be seen by inspection of
Figure 2, when 2-pyrrolidone 23, benzyl bromide
2, and a stoichiometric quantity PMDETA (to serve
as both soluble base and ligand) are mixed at
ambient temperature in  toluene-ds, no
detectable reaction occurs over a period of 24
hours. Upon addition of Cu(l)Br to this sample,
smooth conversion to N-benzylpyrrolidone 36 is
witnessed over an 8 hour period.

PMDETA

(1.1 equiv.) then add
dg-toluene CuBr (4 mol%)
NH rt,24h . rt,8h
+ ———» noreaction ———» N
Br.
o
36

o
22 2

Benzyl Bromide J
2-Pyrrolidone U

PMDETA ‘

24 hours
withoutcopper k

8hours with
copper

E;ff:‘xznj L‘J U\L : .

4544 43 42 41 40 39 38 37 36 35 34 33 32 31 30 29 26 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10
1 (ppm)

Figure 2. 400 MHz 'H NMR stacked plots of the
reaction between 2-pyrrolidone 23, benzyl
bromide 2, PMDETA, and Cu(l)Br at ambient
temperature in toluene-ds: (a) reaction mixture
after 24 h reaction time in the absence of Cu(l)Br
(b) after addition of Cu(l)Br and a further 8 h
reaction time.

Variation in the alkyl bromide component is also
tolerated by the reaction (Table 4). Benzotriazole
1 and benzamide 40 react smoothly with
substituted benzyl bromides 41-44 under the mild
reaction conditions to form C—N coupled products
45-52. Benzotriazole 1 also reacts productively
with methyl 2-bromoacetate 58, methyl 2-
bromopropanoate 59, 2-bromopropanenitrile 60,
2-bromo-1-phenylethan-1-one 61 and 2-bromo-
N-phenylpropanamide 62 to form coupled
products 53-57. These latter bromides do not

undergo productive C—N couplings with the less
reactive benzamide 40 under the standard
conditions.

Table 4. [(PMDETA)Cu'Br]-catalyzed alkylations of
benzotriazole 1 and benzamide 40 with various
alkyl bromides.

N= N

I\‘l Br\/ Ar \

NH CuBr (4 mol%) N“R

or Y i
Br COR' +BuOK (1.1 equiv)
Y toluene, r.t.
or + S

H/Me MeN o~ A~ NVe2
or Me H
NH, Br\'/CN PMDETA (5 mol%) N
R
O

Me o
1 mol equiv 1.2 mol equiv
(e]
N
| H
O/ N N \/©/
45 85% O 4688%
=N 3
|
N
4779% 4881%

@z @n

49 81% O 5077%

CN
N

\ H

5161% O 5248%

=N

=N =\
\ \
O/ N_ _CO,Me O/ N _COMe O/ N

53 88% 54 88°/ 5587%

= =y
O/ N.___COPh O/ N._CONHPh

56 66% 57 44%

The use of ATRP-based activation methods offers
new modes of reactivity and selectivity in cross-
coupling reactions. Thus, Scheme 5 demonstrates
an interesting example of ligand-controlled
selectivity in the C—N coupling of benzotriazole 1
with two closely related alkyl bromides 58 and 60.

Br COMe CuBr (4 mol%) COLM:
N +BuOK (1.1 equiv) \/ 523 655 1:2
8 dloenert with PMDETA

N=n
|
NH 1.0 mol equiv as ligand
+ Ve o
O/ Br e
’\rCN PMDETA (5 mol%) Nty

sol_e product

1
with BIPY
1.0 mol equiv 10 M? 60, @_@ \I/ as ligand
.0 mol equiv
a = \7 55 Me
BIPY (5 mol%)

Scheme 4. Ligand-controlled selectivity in C—-N
couplings.

These reactions were monitored by H NMR
spectroscopy (stack plots are provided in the SI).



When the reactants were mixed under the usual
conditions but with the omission of Cu(l)Br, no
reaction took place over 24 h. After addition of
Cu(l)Br and a further 8 h reaction time, smooth
conversion to C-N coupled products was seen.
With PMDETA as ligand, a mixture of the two
possible products 53 and 55 was obtained. Using
the less activating (Figure 1) BIPY ligand, however,
only the more substituted bromide 60 couples,
generating 55 as the sole product. We ascribe this
outcome to a selective ISET reaction (Scheme 4)
between the weaker [(BIPY)Cu(l)Br] ATRP catalyst
and the more easily reduced bromide. Attempts
to investigate the selectivity of the corresponding
Sn2 reaction, by heating a reaction mixture of the
same precursors in the absence of Cu(l)Br and
PMDETA, were thwarted by the generation of a
complex product mixture.

SUMMARY AND CONCLUSION

In summary, an operationally simple, room
temperature, photochemistry-free, Cu(l)-
catalyzed C-N coupling reaction has been
developed. The process, which is uses an
inexpensive (ATRP) precatalyst and ligand,
proceeds via a novel Cu(l)=> Cu(Il)=>Cu(lll)=>Cul(l)
catalytic cycle.

In line with other, recently reported Cu(l)-
catalyzed methods (Scheme 1), the reaction is
currently limited to activated C—Cl and C—Br bonds
(i.e. those carrying an aryl-, acyl- or cyano-
substituent). This reactivity profile is consistent
with previous studies of R-X activation in the
context of ATRP.?® To date, for Cu catalysts, only
photoredox processes have succeeded for non-
activated bonds at room temperature. However,
considerably more active ligands for ATRP
catalysts are in development (Figure 1).* Thus
further improvements toward non-activated
bonds could be envisaged.

Despite the limitations summarized above, the
substrate scope of this method is broader than
the non-photochemical processes recently
reported by Nishikata® and Fu,® which are limited
to 2-halo-amides (Scheme 1). Moreover, since
ATRP catalyst activity can be tuned over 7 orders
of magnitude by simply by changing the ligand,
this technique has the potential to selectively
activate specific C—X bonds within a substrate.
These studies and ligand-controlled
enantioselective C—N couplings are currently
under investigation.

EXPERIMENTAL SECTION

General Information. The starting materials were
purchased from commercial suppliers and were
used as received. Toluene was dried according to
the procedure outlined by Grubbs and co-
workers.?® Analytical thin layer chromatography
(TLC) was performed on aluminium-backed 0.2
mm thick silica gel 60 F254 plates and visualized
by exposure to UV light (254 nm) and by staining
with potassium permanganate potassium
carbonate 5% sodium hydroxide aqueous
solution : water (3 g:20g: 5mL: 300 mL) followed
by heating. Flash chromatographic separations
were carried out with silica gel 60 (40—63 um) as
the stationary phase using the laboratory grade
solvents indicated. Proton (*H) and proton-
decoupled carbon (*3C?*) and APT 3C NMR
spectra were recorded at room temperature in
CDCls; on a spectrometer operating at 400 MHz for
proton and 100 MHz for carbon nuclei. 'H NMR
data are recorded as follows: chemical shift (§)
[multiplicity, coupling constant(s) J(Hz), relative
integral] where multiplicity is defined as: s =
singlet; d = doublet; t = triplet; g = quartet; m =
multiplet or combinations thereof. The signal due
to residual CHCls appearing at &4 = 7.26 ppm and
the central resonance of the CDCls 1:1:1 triplet
appearing at 8¢ = 77.16 ppm were used to
reference 'H and '3C NMR spectra, respectively.
Low resolution ESI mass spectra were recorded on
a single quadrupole liquid chromatograph-mass
spectrometer, while high resolution
measurements were conducted on a time-of-
flight instrument. Low and high resolution El mass
spectra were recorded on a magnetic sector
machine.

General Experimental Procedure. To a flask
containing copper () bromide (3.0 mg, 0.021
mmol), potassium tert-butoxide (62 mg, 0.55
mmol), and amine or amide (0.50 mmol) under
dry N, was added toluene (1.2 mL), then PMDETA
(0.050 mL, 0.024 mmol). The alkyl halide (0.60
mmol) was added dropwise over 90 mins, and the
reaction mixture was stirred for 8 h at ambient
temperature. After dilution with EtOAc (30 mL),
the solution was washed with water (10 mL x 3)
then dried over anhydrous sodium sulfate and
concentrated under reduced pressure. The
residue is purified by column chromatography
using the solvent system indicated.

1-Benzyl-1H-benzo[1,2,3]triazole 3



Relative amounts of precatalyst, ligand and amine
shown in Table 1, entry 6 were used. Column
chromatography was performed with EtOAc : n-
hexane (1 : 9). Synthesis from benzyl chloride:
colorless needles (0.098 g, 94%) Synthesis from
benzyl bromide: white powder (0.097 g, 93%) H
NMR (400 MHz, CDCls) 6/ppm 7.99 (d, J = 8.2 Hz,
1H), 7.61—6.95 (m, 8H), 5.76 (s, 2H). 3C{*tH} NMR
(100 MHz, CDCls) 6/ppm 146.5, 134.9, 133.0,
129.1, 128.6, 127.7, 127.5, 124.0, 120.2, 109.9,
52.4. MS (ESI, +ve) m/z 232.1[(M+Na)*, 100%)].
HRMS m/z 210.1023 [M+H]" (calcd for Ci3H12Ns3,
210.1031). Data are consistent with those
reported in the literature.?®

Larger scale (10 mmol) preparation of 1-benzyl-
1H-benzo[1,2,3]triazole 3. To a flask containing
copper () bromide (71 mg, 0.50 mmol),
potassium tert-butoxide (1.23 g, 11 mmol), and
benzotriazole (1.20 g, 10 mmol) under dry N, was
added toluene (12 mL) then PMDETA (0.15 ml,
0.75 mmol). Benzyl chloride (1.15 ml, 10 mmol)
was then added dropwise and the reaction
mixture was stirred for 8 h at ambient
temperature. Methanol (100 mL) and silica gel
(125 mL) were added before evaporation under
reduced pressure. The residue was loaded onto a
silica gel column eluting with ethyl acetate : n-
hexane (1 : 4) to give 1-benzyl-1H-
benzo[1,2,3]triazole 3 as a white powder (1.71 g,
82%).

1-(1-Phenylethyl)-1H-benzo-1,2,3-triazole 24
Column chromatography was performed with
EtOAc : n-hexane (1 : 9) to give the product as a
colorless needles (0.095 g, 85%). *H NMR (400
MHz, CDCl3) 6/ppm 8.25 (dd, J = 4.7, 1.6 Hz, 1H),
7.82(dd, J=7.8,1.6 Hz, 1H), 7.30 — 7.14 (m, 5H),
6.98 (dd, J = 7.8, 4.7 Hz, 1H), 6.39 (d, J = 3.6 Hz,
1H), 6.26 (q, J = 7.2 Hz, 1H), 1.82 (d, J = 7.1 Hg,
3H). 3C APT NMR 6&/ppm 147.5, 142.9, 142.4,
128.7, 127.6, 126.6, 125.3, 120.8, 116.0, 100.1,
52.0, 21.0. MS (ESI, +ve) m/z 224.1 [(M+H),
100%]. HRMS m/z 224.1180 [M+H]* (calcd for
Ci4H14N3, 224.1188). Data are consistent with
those reported in the literature.®

1-Benzyl-1H-pyrrolo[2,3-b]pyridine 25

Column chromatography was performed with
EtOAc : n-hexane (1 : 9). Synthesis from benzyl
chloride: pale yellow oil (0.049 g, 47%). Synthesis
from benzyl bromide: pale yellow oil (0.060 g,
58%). *H NMR (400 MHz, CDCl3) 6/ppm 8.03 (d, J
=7.5Hz, 1H), 791 -7.78 (m, 1H), 7.48 (d, /= 6.3
Hz, 1H), 7.34—7.24 (m, 5H), 6.77 (m, 1H), 6.64 (m,

1H), 5.84 (s, 2H). 3C{*H} NMR (100 MHz, CDCls)
6/ppm 147.8, 143.1, 137.9, 128.9, 128.8, 128.0,
127.7, 127.6, 120.6, 116.0, 100.2, 47.9. MS (ESI,
+ve) m/z 231 [(M+Na)', 100%]). HRMS m/z
209.1077 [M+H]* (calcd for Ci4H13N;, 209.1079).
Data are consistent with those reported in the
literature.®!

1-(1-Phenylethyl)-1H-pyrrolo[2,3-b]pyridine 26
Column chromatography was performed with
EtOAc : n-hexane (1 : 9) to give the product as a
pale yellow powder (0.060 g, 54%). *H NMR (400
MHz, CDCl3) 6/ppm 8.24 (dd, / = 4.7, 1.6 Hz, 1H),
7.80(dd, J=7.8, 1.6 Hz, 1H), 7.32 — 7.06 (m, 5H),
6.96 (dd, J = 7.8, 4.7 Hz, 1H), 6.38 (d, J = 3.6 Hz,
1H), 6.24 (d, / = 7.2 Hz, 1H), 1.84 — 1.76 (m, 3H).
1B3C{*H} NMR (100 MHz, CDCls) &/ppm 147.5,
142.8, 142.4, 129.0, 128.7, 127.6, 126.6, 125.3,
120.8,116.0,100.1, 52.1, 21.0. MS (ESI, +ve) m/z
223.1 [(M+H)*, 100%]. HRMS m/z 245.1059
[M+Na]* (calcd for CisH14N;Na, 245.1055. Data
are consistent with those reported in the
literature.®?

4-Benzyl-4H-1,2,4-triazole 27

Column chromatography was performed with
EtOAc : n-hexane (1 : 4). Synthesis from benzyl
chloride: white solid (0.061 g, 77%). Synthesis
from benzyl bromide: white solid (0.068 g 85%).
'H NMR (400 MHz, CDCls) 6/ppm 7.99 (s, 1H),
7.90 (s, 1H), 7.48 — 7.08 (m, 5H), 5.27 (s, 2H). 13C
APT NMR (100 MHz, CDCls) §/ppm 152.2, 134.5,
129.1,128.7,128.0, 53.6. MS (ESI, +ve) m/z 160.1
[((M+H)*, 100%]. HRMS m/z 160.0864 [M+H]*
(calcd for CoH1pN3, 160.0874). Data are consistent
with those reported in the literature3? 33

4-(1-Phenylethyl)-4H-1,2,4-triazole 28

Column chromatography was performed with
EtOAc : n-hexane (3 : 7) to give the product as a
white solid (0.076 g, 88%). *H NMR (400 MHz,
CDCls) 6/ppm 8.03 —7.81 (m, 2H), 7.38 —7.06 (m,
5H),5.47 (q,/=6.8 Hz, 1H), 1.85 (d, /= 7.0 Hz, 3H)
1B3C{*H} NMR (100 MHz, CDCls) &/ppm 151.9,
140.0, 129.0, 128.5, 126.5, 59.7, 21.3. MS (ES|,
+ve) m/z 196.1 [(M+Na)*, 100%]. HRMS m/z
196.0852 [M+Na]* (caled for CigH11N3Na,
196.0851). Data are consistent with those
reported in the literature.3*

1-Benzyl-3,5-dimethyl-1H-pyrazole 29

Column chromatography was performed with
EtOAc : n-hexane (1 : 9). Synthesis from benzyl
chloride: white powder (0.080 g, 86%). Synthesis
from benzyl bromide: white powder (0.078 g,



84%). 'H NMR (400 MHz, CDCl3) &/ppm 7.32 —
7.13 (m, 3H), 6.98 (d, /= 7.3 Hz, 2H), 5.77 (s, 1H),
5.13 (s, 2H), 2.16 (s, 3H), 2.05 (s, 3H). 13C APT NMR
(100 MHz, CDCls) 6/ppm 147.6, 139.30, 137.4,
128.7, 127.4, 126.6, 105.7, 52.6, 13.5, 11.1. MS
(ESI, +ve) m/z 187.1 [(M+H)*, 100%]. HRMS m/z
187.1224 [M+H]* (calcd for Ci2H1sN,, 187.1235).
Data are consistent with those reported in the
literature.®

3,5-Dimethyl-1-(1-phenylethyl)-1H-pyrazole 30
Column chromatography was performed with
EtOAc : n-hexane (1 : 4) to give the product as a
white solid (0.083 g, 83%). 'H NMR (400 MHz,
CDCls) 6/ppm 7.24—7.09 (m, 3H), 7.04 —6.99 (m,
2H), 5.74 (s, 1H), 5.26 (g, / = 7.1 Hz, 1H), 2.20 (s,
3H), 2.00 (s, 3H), 1.82 (d, J = 7.0 Hz, 3H). 3C APT
NMR (100 MHz, CDCl3) é6/ppm 147.1, 143.1,
139.1, 128.9, 127.7, 127.1, 125.7, 116.4, 55.0,
22.3, 13.4. MS (ESI, +ve) m/z 223.1 [M+Nal*,
100%]. HRMS m/z 201.1383 [M+H]* (calcd for
Ci3H17N,, 201.1391). Data are consistent with
those reported in the literature.®®

9-Benzylcarbazole 31

Column chromatography was performed with
EtOAc : n-hexane (1 : 9). Synthesis from benzyl
chloride: colorless plates (0.100 g, 78%).
Synthesis from benzyl bromide: white solid (0.080
g, 62%). *H NMR (400 MHz, CDCls) 6/ppm 8.02 (d,
J=7.6 Hz, 2H), 7.45 - 6.89 (m, 11H), 5.35 (s, 2H).
1B3C{*H} NMR (100 MHz, CDCls) &/ppm 140.7,
137.3, 128.8, 127.5, 126.5, 125.9, 123.1, 120.5,
119.3, 109.0, 46.6. MS (ESI, +ve) m/z 258.1
[((M+H)*, 100%]. HRMS m/z 258.1287 [M+H]*
(calcd for CigH16N, 258.1283). Data are consistent
with those reported in the literature.?’

9-(1-Phenylethyl)-9H-carbazole 6

Column chromatography was performed with
EtOAc : n-hexane (1 : 9) to give the product as a
colorless plates (0.091 g, 67%). *H NMR (400 MHz,
CDCls) 6/ppm 8.01 (d, J = 7.7 Hz, 2H), 7.36 — 6.96
(m, 11H), 5.95 (g, / = 7.1 Hz, 1H), 1.87 (d, /= 7.1
Hz, 3H). B3C{*H} NMR (100 MHz, CDCl3) 6/ppm
140.8, 139.9, 128.7, 127.4, 126.6, 125.5, 123.5,
120.4,119.0, 110.2, 52.4, 17.5. MS (ESI, +ve) m/z
272.1 [(M+H)*, 100%]. HRMS m/z 272.1430
[M+H]* (calcd for CyoHigN, 272.1439). Data are
consistent with those reported in the literature.?®

1-Benzyl-2-methyl-1H-imidazole 32

Column chromatography was performed with
EtOAc : n-hexane (3 : 7). Synthesis from benzyl
chloride: appearance (0.076 g, 89%). Synthesis

from benzyl bromide: appearance (0.078 g, 90%).
'H NMR (400 MHz, CDCls) 6/ppm 7.27 — 6.70 (m,
7H), 4.96 (s, 2H), 2.24 (s, 3H). 3C APT NMR (100
MHz, CDCls) §/ppm 136.5, 128.9, 127.9, 127.4,
126.6, 49.8, 13.1. MS (ESI, +ve) m/z 195.1
[((M+Na)*, 100%]. HRMS m/z 173.1071 [M+H]*
(caled for CiiHisN,, 173.1078). Data are
consistent with those reported in the literature.3°

2-Methyl-1-(1-phenylethyl)-1H-imidazole 33

Column chromatography was performed with
EtOAc : n-hexane (1 : 4) to give the product as a
colorless oil (0.085 g, 91%). *H NMR (400 MHz,
CDCls) 6/ppm 7.31 — 7.14 (m, 3H), 6.94 (m, 4H),
5.21 (q, /= 6.7 Hz, 1H), 2.20 (q, / = 3.3 Hz, 3H),
1.73 (d, J = 5.8 Hz, 3H). 3C APT NMR (100 MHz,
CDCls) 6/ppm 144.9, 141.8, 129.0, 127.8, 127.2,
125.8, 116.5, 55.1, 22.4, 13.5. MS (ESI, +ve) m/z
209.1 [(M+Na)*, 100%]. HRMS m/z 187.1227
[M+H]* (calcd for CiaHisN,, 187.1235). Data are
consistent with those reported in the literature.*®

N-Benzylbenzamide 34

Column chromatography was performed with
EtOAc : n-hexane (2 : 3). Synthesis from benzyl
chloride: white solid (0.088 g, 83%). Synthesis
from benzyl bromide: white solid (0.081 g, 77%).
'H NMR (400 MHz, CDCls) 6/ppm 7.91 — 7.49 (m,
2H), 7.49—-7.10 (m, 8H), 6.66 (s, 1H), 4.51 (d, / =
5.9 Hz, 2H). 33C{*H} NMR (100 MHz, CDCl3) §/ppm
167.6, 138.4, 134.5, 131.6, 128.8, 128.6, 128.0,
127.6, 127.1, 44.2. MS (ESI, +ve) m/z 234.1
[((M+Na)*, 100%]. HRMS m/z 212.1093 [M+H]*
(caled for Ci4H14NO, 212.1075). Data are
consistent with those reported in the literature.*!

N-(1-Phenylethyl)benzamide 35

Column chromatography was performed with
EtOAc : n-hexane (1 : 4) to give the product as a
white solid (0.108 g, 96%). 'H NMR (400 MHz,
CDCl3) §/ppm 7.73 = 7.65 (m, 2H), 7.46 — 7.07 (m,
8H), 6.40 (d, J = 7.5 Hz, 1H), 5.25 (p, / = 7.1 Hz,
1H), 1.51 (d, J = 6.9 Hz, 3H). 3C{*H} NMR (100
MHz, CDCls) 6/ppm 166.6, 143.2, 134.6, 131.5,
128.8, 128.6, 127.5, 127.0, 126.3, 49.2, 21.8. MS
(ESI, +ve) m/z 248.1 [(M+Na)*, 100%]. HRMS m/z
248.1051 [M+Na]* (caled for CisHisNNaO,
248.1051). Data are consistent with those
reported in the literature.*?

1-Benzylpyrrolidin-2-one 36

Column chromatography was performed with
EtOAc. Synthesis from benzyl chloride: colourless
0il (0.077 g, 88%). Synthesis from benzyl bromide:
colorless oil (0.076 g, 87%). *H NMR (400 MHz,



CDCl3) 6/ppm 7.35 — 7.09 (m, 5H), 4.38 (s, 2H),
3.18 (t,/=7.1Hz, 2H), 2.36 (t, / = 8.1 Hz, 2H), 2.03
~ 1.81 (m, 2H). BC{tH} NMR (100 MHz, CDCl3)
6/ppm 175.0, 136.7, 128.7, 128.2, 127.6, 46.7,
46.7,31.0, 17.8., 17.7. MS (ESI, +ve) m/z 198.1
[(M+Na)*, 100%]. HRMS m/z 198.0909 [M+Na]*
(caled for CiiHi3NNaO, 198.0895). Data are
consistent with those reported in the literature.*?

1-(1-Phenylethyl)pyrrolidin-2-one 37

Column chromatography was performed with
EtOAc : n-hexane (3 : 7) to give the product as a
colorless plates (0.079 g, 84%). *H NMR (400 MHz,
CDCl3) 6/ppm 7.22 (m, 5H), 5.41 (q,/=7.1 Hz, 1H),
3.36—3.17 (m, 1H), 2.90 (m, 1H), 2.50 — 2.26 (m,
2H), 1.84 (m, 2H), 1.44 (d, J = 7.1 Hz, 3H). 3C{*H}
NMR (100 MHz, CDCl3) é6/ppm 174.4, 140.3,
128.5, 127.4, 127.0, 48.9, 42.3, 31.4, 17.9, 16.2.
MS (ESI, +ve) m/z 212.1 [(M+Na)*, 100%]. HRMS
m/z 212.1045 [M+Na]* (calcd for CioHisNNaO,
212.1051). Data are consistent with those
reported in the literature.*?

1-(4-Chlorobenzyl)-1H-benzo[d][1,2,3]triazole 45
Column chromatography was performed with
EtOAc : n-hexane (3 : 7) to give the product as a
colorless needles (0.104 g, 85%). *H NMR (400
MHz, CDCls) 6/ppm 8.00 (d, / = 8.3 Hz, 1H), 7.50 —
7.21 (m, 5H), 7.13 (d, J = 8.4 Hz, 2H), 5.74 (s, 2H).
1B3C{*H} NMR (100 MHz, CDCls) &/ppm 146.5,
134.7, 133.4, 132.8, 129.4, 129.1, 127.8, 124.2,
120.4, 109.6, 51.7. MS (ESI, +ve) m/z 266.0
[((M+Na)*, 100%]. HRMS m/z 266.0465
[M(®Cl)+Na]*  (calcd  for  Ci3H10*CIN3Na,
266.0461). Data are consistent with those
reported in the literature.*3

N-(4-Chlorobenzyl)benzamide 46

Column chromatography was performed with
EtOAc : n-hexane (3 : 7) to give the product as a
white solid (0.108 g, 88%). 'H NMR (400 MHz,
CDCls) 8/ppm 7.69 (dd, / = 7.1, 1.7 Hz, 2H), 7.41
(td, J=7.3,1.7 Hz, 1H), 7.31 (td, J = 7.5, 1.7 Hg,
2H),7.17 (tdd, J=8.5,6.3,3.0 Hz, 4H), 6.71 (s, 1H),
4.55—4.37 (m, 2H). 3C{*H} NMR (100 MHz, CDCl3)
6/ppm 166.5, 135.8, 133.1, 132.2, 130.6, 128.1,
127.7,127.6,126.0, 42.3. MS (ESI, +ve) m/z 268.1
[((M(®*Cl)+Na)*, 100%]. HRMS m/z 268.0536
[M(®Cl)+Na]*  (caled for  Ci4H123°CINONa,
268.0505). Data are consistent with those
reported in the literature.*

1-(4-(Trifluoromethyl)benzyl)-1H-benzo[d][1,2,3]
triazole 47

Column chromatography was performed with
EtOAc : n-hexane (2 : 8) to give the product as a
white solid (0.110 g, 79%). 'H NMR (400 MHz,
CDCls) 6/ppm 8.00 (d, / = 8.1 Hz, 1H), 7.50 (d, / =
8.1 Hz, 2H), 7.41 — 7.24 (m, 5H), 5.82 (s, 2H).
13C{*H} NMR (100 MHz, CDCl3) &/ppm 146.5 ,
138.9 (d, %Jcr = 1.8 Hz), 132.9, 130.9 (q, Ycr =
32.7 Hz), 127.9, 127.9, 126.2 (g, % = 3.7 Hz),
124.3, 123.9(q,3/=272.3 Hz),120.4,109.5,51.6
MS (ESI, +ve) m/z 300.1 [(M+Na)*, 100%]. HRMS
m/z 278.0911 [M+H]* (calcd for CisH11NsFs,
278.0905). Data are consistent with those
reported in the literature.*®

N-(4-(Trifluoromethyl)benzyl)benzamide 48
Column chromatography was performed with
EtOAc : n-hexane (2 : 8) to give the product as a
colorless needles (0.113 g, 81%). *H NMR (400
MHz, CDCls) §/ppm 7.74 = 7.69 (m, 2H), 7.50 (d, J
=8.0 Hz, 2H), 7.46 — 7.40 (m, 1H), 7.35 (d, / = 8.1
Hz, 4H), 6.67 (t, /= 5.9 Hz, 1H), 4.59 (d, J = 6.0 Hz,
2H). 3C{*H} NMR (100 MHz, CDCl3) 6/ppm 167.6,
142.4, 134.0, 131.8, 129.8 (q, Yecr = 32.3 Hz),
128.7,127.9,127.,125.7 (9, 2Jc.r = 3.8 Hz), 122.7,
43.5. MS (ESI, +ve) m/z 302.1 [(M+Na)*, 100%)].
HRMS m/z 302.0772 [M+Na]* (caled for
CisH12FsNONa, 302.0769). Data are consistent
with those reported in the literature.*®

1-(Naphthalen-2-yImethyl)-1H-benzo[d][1,2,3]
triazole 49

Column chromatography was performed with
EtOAc : n-hexane (2 : 8) to give the product as a
white solid (0.105 g, 81%). 'H NMR (400 MHz,
CDCls) 6/ppm 8.08 (d, /= 7.8 Hz, 1H), 7.87 - 7.72
(m, 4H), 7.53 = 7.46 (m, 2H), 7.36 (m, 4H), 6.00 (s,
2H). 3C{*H} NMR (100 MHz, CDCl3) 6/ppm 146.4,
133.2, 133.1, 132.9, 132.2, 129.1, 127.9, 127.8,
127.5, 126.7, 126.7, 126.5, 125.0, 124.0, 120.1,
109.8, 52.5. MS (ESI, +ve) m/z 282.1 [(M+Na)*,
100%]. HRMS m/z 282.1022 [M+Na]* (calcd for
Ci7H13N3Na, 282.1007).

N-(Naphthalen-2-ylmethyl)benzamide 50

Column chromatography was performed with
EtOAc : n-hexane (2 : 8) to give the product as a
pale yellow solid (0.101 g, 77%). *H NMR (400
MHz, CDCl3) 6/ppm 7.91 — 7.74 (m, 6H), 7.62 —
7.34 (m, 6H), 6.63 (s, 1H), 4.79 (d, J = 5.7 Hz, 2H).
1B3C{*H} NMR (100 MHz, CDCls) &/ppm 167.4,
135.7, 134.4, 133.4, 132.8, 131.6, 128.6, 127.8,
127.7,127.0,126.5,126.3,126.0, 126.0, 44.3. MS
(ESI, +ve) m/z 284.1 [(M+Na)*, 100%]. HRMS m/z



284.1063 [M+Na]* (calcd for CigH1sNONa,
284.1051). Data are consistent with those
reported in the literature.®’

4-((1H-Benzol[d][1,2,3]triazol-1-yl)methyl)
benzonitrile 51

Column chromatography was performed with
EtOAc : n-hexane (3 : 7) to give the product as a
colorless needles (0.072 g, 61%). *H NMR (400
MHz, CDCl3) 6/ppm 8.04 (dd, / = 8.3, 1.1 Hz, 1H),
7.57 (d, /= 8.3 Hz, 2H), 7.44 — 7.37 (m, 2H), 7.33
— 7.25 (m, 3H), 5.84 (s, 2H) 3C{*H} NMR (100
MHz, CDCls) 6/ppm 146.5, 140.1, 133.0, 132.9,
128.2, 128.2, 124.5, 120.6, 118.3, 112.8, 109.3,
51.6. MS (ESI, +ve) m/z 257.1 [(M+Na)*, 100%)].
HRMS m/z 257.0811 [M+Na]* (caled for
Ci4H10NaNg4, 257.0803). Data are consistent with
those reported in the literature.*

N-(4-Cyanobenzyl)benzamide 52

Preparative thin layer chromatography was
performed with EtOAc : n-hexane (3 : 7) to give
the product as a colorless plates (0.057 g, 48%).
'H NMR (400 MHz, CDCls) 6/ppm 7.80 (d, J = 7.3
Hz, 2H), 7.62 (d, /= 8.1 Hz, 2H), 7.53 (d, /= 7.3 Hz,
1H), 7.45 (dd, J = 7.5, 5.2 Hz, 4H), 6.62 (m, 1H),
4.71 (s, 2H). 3C{*H} NMR (100 MHz, CDCl3) 6/ppm
167.7, 144.0, 133.9, 132.7, 132.1, 128.9, 128.4,
127.1,118.8,111.5,43.7.. MS (ESI, +ve) m/z 259.1
[(M+Na)*, 100%]. HRMS m/z 259.0861 [M+Na]*
(caled for CisH1,N,ONa, 259.0847). Data are
consistent with those reported in the literature.*®

2-(1H-Benzo-1,2,3-triazol-1-yl) propanenitrile 53
Column chromatography was performed with
EtOAc : n-hexane (4 : 6) to give the product as a
vellow oil (0.076 g, 88%). *H NMR (400 MHz,
CDCls) 6/ppm 8.05 (d, J = 8.4 Hz, 1H), 7.67 — 7.63
(m, 1H), 7.53 (ddd, J = 8.3, 7.0, 1.0 Hz, 1H), 7.39
(ddd, /=8.1, 7.0, 1.0 Hz, 1H), 5.94 (q, / = 7.3 Hz,
1H), 2.04 (d, J = 7.3 Hz, 3H). *C{*H} NMR (100
MHz, CDCls) 6/ppm 146.5, 131.4, 128.6, 124.9,
120.7,115.9, 109.2, 45.1, 19.6. MS (ESI, +ve) m/z
195.1 [(M+Na)*, 100%]. HRMS m/z 195.0650
[M+Na]* (calcd for CgHgN4Na, 195.0646).

Methyl 2-(1H-benzo-1,2,3-triazol-1-yl)acetate 54
Column chromatography was performed with
EtOAc : n-hexane (4 : 6) to give the product as a
white solid (0.084 g, 88%). 'H NMR (400 MHz,
CDCls) 6/ppm 7.81 (dd, J = 6.6, 3.1 Hz, 2H), 7.34
(dd, /=6.6, 3.1 Hz, 2H), 5.47 (s, 2H), 3.73 (s, 3H).
1B3C{*H} NMR (100 MHz, CDCls) &/ppm 166.6,
144.9,126.9,118.3,57.00, 53.1. MS (ESI, +ve) m/z
214.0 [(M+Na)*, 100%]. HRMS m/z 214.0589

[M+Na]* (calcd for CoHgN3NaO,, 214.0592). Data
are consistent with those reported in the
literature.®

Methyl 2-(1H-benzo[d][1,2,3]triazol-1-yl)propan-
oate 55

Column chromatography was performed with
EtOAc : n-hexane (4 : 6) to give the product as a
white solid (0.089 g, 87%). 'H NMR (400 MHz,
CDCls) 6/ppm 8.01 (d, J = 8.3 Hz, 1H), 7.49 - 7.38
(m, 2H), 7.31 (ddd, J = 8.1, 6.3, 1.6 Hz, 1H), 5.64
(9,/=7.4Hz, 1H), 3.66 (s, 3H), 1.96 (d, J = 7.6 Hz,
3H). 3C{*H} NMR (100 MHz, CDCl3) 6/ppm 169.7,
146.3, 132.5, 127.6, 124.1, 120.3, 109.9, 57.1,
53.0, 16.7. MS (ESI, +ve) m/z 228.1 [(M+Na)*,
100%]. HRMS m/z 228.0744 [M+Na]* (calcd for
C10H11N30,Na, 228.0749).

2-(1H-Benzo[d][1,2,3]triazol-1-yl)-1-phenylethan-
1-one 56

Column chromatography was performed with
EtOAc : n-hexane (2 : 8) to give the product as a
white solid (0.094 g, 66%). 'H NMR (400 MHz,
CDCls) 6/ppm 8.01 (d, J =8.0 Hz, 2H), 7.90(d, J =
7.7 Hz, 2H), 7.66 (t, ] = 7.4 Hz, 1H), 7.53 (t, ) = 7.3
Hz, 2H), 7.41 (d, J = 7.7 Hz, 2H), 6.20 (s, 2H).
1B3C{*H} NMR (100 MHz, CDCls) &/ppm 190.4,
145.1, 134.5, 134.4, 129.2, 128.8, 128.6, 128.3,
126.9,126.9,118.4, 62.0. MS (ESI, +ve) m/z 238.1
[((M+H)*, 100%]. HRMS m/z 260.0788 [M+Na]*
(caled for Ci4H11N3ONa, 260.0800) Data are
consistent with those reported in the literature.>®

2-(1H-Benzo[d][1,2,3]triazol-1-yl)-N-
phenylpropanamide 57

Column chromatography was performed with
EtOAc : n-hexane (2 : 8) to give the product as a
white solid (0.062 g, 44%). 'H NMR (400 MHz,
CDCls) §/ppm 8.43 (s, 1H), 7.93 (dd, ] = 6.6, 3.0 Hz,
2H), 7.52 — 7.41 (m, 4H), 7.29 (t, J = 7.8 Hz, 2H),
7.11(t,J=7.4Hz,1H),5.76 (g9, =7.3 Hz, 1H), 2.11
(d, J = 7.3 Hz, 3H). 3C{*H} NMR (100 MHz, CDCls)
6/ppm 166.1, 144.7, 137.0, 129.2, 127.5, 125.1,
120.3, 118.4, 66.6, 18.9. MS (ESI, +ve) m/z 267.1
[((M+H)*, 100%]. HRMS m/z 267.1251 [M+H]*
(calcd for C10H15N40, 267.1246).

Computational Methods. All geometry
optimizations, frequency calculations and single
point energy calculations were performed using
Gaussian 16 software package.®® The level of
theory used in the current study is based on that
previously benchmarked for the initial ISET
reaction,?® the only change being the use of



solution-phase optimized geometries in the
present work in place of gas-phase optimized
geometries. Geometries were optimized in
solution with w-B97XD functional and a mixed
basis set of SDD °2 for Cu and 6-31G(d)* for other
atoms (denoted as Basis-set-1). Single point
energies were calculated using w-B97XD
functional with Def2TZVP basis set>* in toluene
using CPCM solvation model>® for higher-level
electronic energy correction. Reported Gibbs free
energies in solution at 298K were calculated using
the direct method®® >7 based on solution phase
optimized geometries, including zero-point
correction, thermal corrections and entropy
calculated at w-B97XD/Basis-set-1 and electronic
energy calculated at w-B97XD/Def2TZVP. The
activation free energy for the outer-sphere single
electron transfer reaction was calculated using
Marcus theory®® 9 (see the Supporting
Information for more details). Detailed results and
discussion, including reaction energetics, total
energies of all species and optimized geometries
are provided in Section S2 of the Supporting
Information.
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