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Abstract:

The mechanism of the Ullmann-type reaction between potassium thioacetate (KSAc) and
iodobenzene (Phl) catalyzed by Cul associated with 1,10-phenanthroline (phen) as a ligand
has been explored experimentally and computationally. The study on C-S bond formation
has been investigated by UV-visible spectrophotometry, cyclic voltammetry, mass
espectrometry and products assessment from radical probes. The results indicate that under
experimental conditions the catalytically active species is [Cu(phen)(SAc)] regardless of
the copper source. An examination of the aryl halide activation mechanism using radical
probes was undertaken. No evidences of the presence of radical species have been found
during the reaction process, which is consistent with an oxidative addition cross coupling
pathway. The different reaction pathways leading to the experimentally observed reaction
products have been studied by DFT calculation. The oxidative addition — reductive

elimination mechanism via an unstable Cu'"

intermediate is energetically more feasible
than other possible mechanisms such as Single Electron Transfer, Halogen Atom Transfer

and o-Bond Methatesis.
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Introduction

The C-S bond-formation reactions have attracted a widespread attention as a tool to
construct highly relevant molecules with applications in biological, pharmaceutical and
material areas.’ Among conventional approaches, the use of metals has been developing
rapidly after overcoming the mismatch with sulfur containing compounds.” In particular,
Ullmann cross-coupling copper-mediated reactions have proven to be an efficient and
environmentally friendly alternative pathway for building this desired motif."* For a long
time, these processes have been far from reaching reliability, mildness, functional group
tolerance and selectivity.lf’3 However, the successful achievements of improved catalytic
strategies have triggered a ‘renaissance’ of what is now known as the modified Ullmann
reaction.”® Arguably, the use of auxiliary ligands (L), often bidentate ligands, like

347 and B-ketoesters8 among others,” turned out to be

phenanthroline,5 diamines,6 aminoacids
the key to broaden the scope of this chemistry.* However, despite extensive studies to set
synthetic strategies, no comparable effort has been made to elucidate the reaction
mechanisms under different reaction conditions.”**"'°

For more than half a century, many mechanisms have been proposed in order to explain the
C-X (X =N, O and S) bond formation.'"'* While the related Ullmann-type C-N and C-O
bond formation reactions have been widely explored and reasonably understood, the
corresponding C-S formation has had significantly less insight.za’b’3 ®13 Due to the various
possible intermediates and to the different oxidation and copper coordination states, the
operating mechanism remains under discussion. Currently accepted mechanisms can be
summarized in four different alternatives namely Oxidative Addition / Reductive
Elimination (OA/RE),IOd’M’15 Single Electron Transfer (SET), Halogen Atom Transfer

(HAT)," "' Metathesis of o bond,'**'® while alternatives have also been proposed.''*" In

the recent past, several examples were reported for the oxidative addition of the aryl halide
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(Arl) to a copper complex [(L)Cu(SAr)]. Elusive mechanism proposal includes the
formation of an [(L)Cu"(SAr)IAr] intermediate which may then lead to the desired product

through a reductive elimination.'**

In this context, Cheng ef al. in 2011 reported the first
experimental hints by the observation of the reactive intermediate using in situ electrospray
ionization mass spectrometry under catalytic reaction conditions.”’ Based on those results,
the catalytic OA/RE where no auxiliary ligand is involved was proposed. Later, Chen ef al.
described the synthesis and isolation of [(phen)Cu(p-SAr)], dimer complexes in THF which
can react with iodoarenes.'”® Based on reactivity studies, they provided evidences against
the SET and HAT mechanism. However, Zhang et al. has recently carried out the first
theoretical study on the mechanism of the Cu-catalyzed S-arylation reaction of iodobenzene
using 1,10-phenanthroline in toluene and by a thorough examination, they claimed that the
HAT mechanism from PhI to the active [LCu(SAr)] species is the most likely pathway.?'
Shortly after, Weng et al reported preparation and isolation of a series of
trifluoromethylthiolate complexes ligated by bipyridine ligands.** They demonstrated that
these complexes can react with aryl and heteroaryl halides to afford
trifluoromethylthioesthers. Computational studies performed therein led to the suggestion
of an OA/RE pathway.

We have recently developed a simple and economical protocol to synthesize a variety of
thioacetates and sulfur heterocycles by means of copper-catalyzed cross-coupling reaction
under conventional and microwave conditions.” Continuing our research in this area, we
were interested in contributing to clarify the reaction mechanism. Given the scarce studies
on sulfur nucleophiles, we have chosen the coupling reaction between Phl and potassium
thioacetate salt KSAc (1) catalyzed by copper in the presence of 1,10-phenanthroline (phen)
as ligand (Scheme 1). Herein we present a combined experimental and computational study

in an effort to understand the underlying mechanism of these transformations. We report an
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electrochemical and spectroscopic characterization of different Cu/L/Nu species involved.
Additionally, experiments were designed to obtain evidences on the possible reactive
intermediates and we further performed a DFT computational study on the possible
pathways.

Cu(l) or Cu(ll) (10 mol%)

| SAc
phen (20 mol%)
+ KSAc
1 PhMe, N, 2

100 °C, 24 h

phen = 1, 10-phenanthroline

SCHEME 1. Cu-catalyzed C-S cross coupling reaction of 1 with iodobenzene.

RESULTS and DISCUSSION

Formation of active cu' species from cu” precursors

It has been observed that the formation of C-O and C-N bonds catalyzed by Cu" species are
slower than those catalyzed by Cu', which suggests that a prior reaction takes place in
which the Cu" precursor slowly releases an active Cu' ca‘[alyst.1001 It has also been shown by
UV-visible absorption spectrophotometry, that the Cu" species coordinated with phen can
be reduced in situ by alcohols or amines, in the presence of a base, to generate Cu' active
species.12b

However, in the case of the formation of C-S bonds, it has not yet been proven that the
formation of active Cu' species from Cu" precursors occurs under experimental conditions.
We have previously established that Cul and CuCl exhibited similar catalytic activity as
well as Cu' chloride dihydrated salt (CuCl,.2H,O) during the formation of S-aryl
thioacetates while using phen as ligand (Scheme 1).*** To monitor the Cu"/Cu' conversion
mediated by a sulfur nucleophile, we first performed cyclic voltammetry experiments. The
auxiliary ligand used in the reaction model, phen, can complex both Cu' and Cu" species.

During CV study of the complex [Cull(phen)2]2+, signals corresponding to Cu' species were
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observed, even before the addition of the ligand and the sulfur nucleophile. Many control
CV experiments were performed; in all cases we observed the same behavior.
Consequently, UV-visible absorption spectrophotometry was used to follow the Cu"/Cu'
conversion. Initially, the characterization of these complexes by absorption
spectrophotometry UV-visible was carried out in a mixture PhMe:MeCN in a ratio 85:15,
(see Supporting Information, S.I. Figure S1). The addition of two phen equivalents into a
solution of the Cu' salt (Cu(MeCN)4BF,) gave the [Cu'(phen),]” complex. This compound
exhibits a characteristic absorption band at Ap,x = 444 nm (see Figure S1A). When 1
equivalent of phen was used, two absorption bands at A = 364 and 444 nm were observed.
These bands correspond to two different complexes: [Cul(phen)]+ and [CuI(phen)2]+. We
have additionally performed TD-DFT(PCM(ACN)-[M06/def2-TZVPP] (see Computational
Details) calculations to accomplish the assignation of the absorptions bands. The computed
vertical excitations show two band absorptions at 251 and 428 nm for [Cu'(phen),]” (see
Tables S1-S2 and Figure S16A), where the later is assigned to the metal-to-ligand charge-
transfer (MLCT) in good agreement with former observations.”> On the other hand, a weak
absorption at 326 nm was obtained for [Cu'(phen)]” (Tables S3-S4 and Figure S16C).
However, when a second equivalent of ligand was added only the band at A = 444 nm was
observed. In contrast, a solution of the Cu" salt (Cu(CF3SOs),) with two equivalents of the
ligand showed a broad absorption band at Ay.x = 740 nm (calculated 529 and 651 nm),
corresponding to the [Cu"(phen),]*" complex, (see Figure S1B and S16B Tables S11-S12).
The experimental values of the absorption bands observed for Cu' and Cu" with phen in
PhMe:MeCN (85:15) as solvent are consistent with values previously reported in DMF.'®"
The sulfur nucleophile mediated Cu"/Cu' transformation was thus studied. Compound 1 was
added to the previously formed solution of [Cu"(phen),]*" complex, and the absorption of

the system was followed over time (See, S.I. Figure S2). The absorption band of
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[Cu"(phen),]*" complex vanished and a new signal at A = 444 nm was observed. This signal
corresponds to the characteristic absorption band of [Cu'(phen),]” complex, indicating Cu"
reduction into Cu',

It is also important to note that addition of 1 to Cu" complex led to the rapid formation of
an intermediate species, which has an absorption band at Ap,x = 366 nm, and then evolved
to [Cu'(phen),]" complex (Amax= 444 nm), (see Figure S2). The band at Ay = 366 nm could
correspond to [Cu'phen]” complex (see Figure SIA) or [Cu'(phen)Nu], (see below, Figure
3B). Our calculations indicate that the absorption bands of [Cul(phen)Nu] are 422, 303 and
245 nm, overlapping with transition corresponding to [Cul(phen)z]+ and [Cul(phen)]+.
Subsequently, the Cu"/Cu' transformation was followed upon 2 h and the Cu' complex
formed at A = 444 nm (Figure 1) was quantified. The ¢ value for [Cul(phen)z]+ complex was
estimated as 6300 cm M. After 2h, 41% of the Cu' complex was obtained. This
experiment was repeated using a different initial concentration of [Cu"(phen),]*" (0.7 mM)

complex, and similar results were obtained.

— Cu(CF,S0,),: phen (1:2)

— Cu(CF,S0,),: phen: KSAc (1:2: 5,5)
444nm —— 20min
—— 40 min
—— 60 min
—— 80 min
—— 100 min
—— 120 min

Abs
b
1

300 ' 400 ' 500 ' 600 700 800

A (nm)
FIGURE 1. UV-vis spectra (1cm UV cell) at room temperature. [Cu"(phen),]*" generated
from the mixing of (Cu(CF5S03);) (0.9 mM) and 1,10-phenanthroline (phen) (1.8 mM) in 3
mL of PhMe: MeCN, 85:15), (black curve). Addition of KSAc (1) (5§ mM, 5.5 eq.) results

in the appearance of [Cu'(phen),]". The upper spectrum (brown curve) was obtained after

120 min.
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These experiments show that in situ sulfur nucleophile mediated reduction of Cu" species
into catalytically active Cu' species, occurs in a similar way as with alcohol and amine

12b

nucleophiles. *” In the present case, formation of the cu' complex from the reduction of

Cu' by KSAc is however less efficient than with phenoxide or phenyl amine anions.

Study and characterization of the complexes involved at the beginning of the catalytic
cycle

1. Electrochemical characterization of the components of the catalyst system

To study the complexes involved at the beginning of the catalytic cycle, we performed the
electrochemical characterization of each component. We first used Cu(MeCN)4BF, as
copper source, phen as auxiliary ligand, Phl as electrophile and KSAc as sulfur nucleophile
(See S. I, Figure S3). All CVs were performed in PhMe:MeCN (85:15) as solvent, in the
presence of 0.1M TBATFB as supporting electrolyte. Table 1 summarizes the results.**

The cyclic voltammogram of the Cu' salt exhibits a reversible oxidation peak corresponding
to the redox couple Cu/Cu" (E° = 1.0 V vs SCE). The reduction peak at E,=-047 V vs
SCE is due to the formation of Cu’, which is then deposited on the electrode surface. An
oxidative, re-dissolution peak into Cu' is observed at E, = 0.13 V ws SCE. The cyclic
voltammogram of the ligand (phen) is irreversible with a reduction peak at £, =-1.92 V vs
SCE. In the case of the salt KSAc (1), an irreversible oxidation wave with E, = 0.44 V is
obtained. Finally, the cyclic voltammogram of the electrophile shows an irreversible

reduction signal at a potential £,=-2.30 V vs SCE.
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TABLE 1. Electrochemical characterization of the components in the catalyst system

species type E, ox E, red

Cul/Cu” reversible +1.09 +0.91

©CoO~NOUTA,WNPE

10 cu/cu’ irreversible -047
12 cu’/cu! irreversible +0.13
15 phen irreversible -1.92
17 KSAc irreversible +0.44

19 Phl irreversible -2.30

29 Cyclic voltammetry at carbon-disk electrode (1 mm diameter) at a scan rate of 0.1 V s
24 performed in PhMe: MeCN (85:15), containing n-BusNBF4, (0.1M, TBATFB) as

26 supporting electrolyte, at 22 °C. All peak potentials are expressed in volts vs SCE.

2. Electrochemical characterization of Cu/phen complexes

33 It is well known that the phen species binds to Cu' cation (Equations 1 and 2).25’12b

35 Therefore, we electrochemically characterized these complexes in PhMe: MeCN solvent

37 mixture.

K1 =5 x10°

40 [Cu'S,]" + phen [phenCu'S,]* +2S (1)

K, = 8 x10* | .
— < [Cupheny]"+2S (2

44 S =MeCN ; 20°C ; phen= 1,10-phenanthroline

43 [phenCu'S,]* + phen

48 The CV of Cu' was performed with 1 and 2 equivalents of the ligand (Figure 2). By adding
one equivalent of phen (relatively to Cu'), two new oxidation signals were observed, with
53 E,=0.47 V and 0.63 vs SCE (Figure 2A). However, the corresponding oxidation wave of
55 the free Cu' cation (or solvated Cu', [Cu'S4]") could still be detected. By adding a second

57 equivalent of the ligand (Figure 2B), the Cu' signal vanishes and a free single oxidation
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wave appears (E, = 0.33 V vs SCE), which corresponds to the oxidation of the complex
[Cu'phen,]”. These features indicate that the complex Cu'/phen is more easily oxidized than

the free Cu' cation.

A) B)
1 Cu(l):phen (1:1) 1 Cu(l):phen (1:2)

0.33V

0.63V
047V

i(nA)
i(nA)

035V
{1 0.05Vv

-10 . . . . T . T . -10 . . .
0.0 05 1.0 15 0.0 0.5 1.0 15

E (V vs. SCE) E (V vs. SCE)

FIGURE 2. Cyclic voltammetry of a solution of Cu(MeCN)BF, (I mM in
PhMe:MeCN/TBATFB) at a glassy carbon-disk electrode (1 mm diameter) and a scan rate
of 0.1 V s at 20 °C, in the presence of 1,10-phenanthroline (phen): (A) 1 equiv. ; (B) 2
equiv.

3. Reaction of [Cu'phen;] complex in PhMe/MeCN

Once the [Cul(phen)z]+ complex was characterized, its behavior was studied in the presence
of different amounts of 1, (Figure 3). Upon addition of 2 or 3 equivalents of 1, two new
oxidation waves £, = 0.17 and 1.25 V vs SCE appeared in the CV (Figure 3A). The new
oxidation signal at £, = 0.17 V vs SCE could indicate the formation of a new complex
([Cu'(phen)Nu]) with the participation of the nucleophile (Nu = AcS") to the coordination
sphere. This observation was confirmed by UV-Vis absorption spectrophotometry (Figure
3B). When the nucleophile was added to [Cul(phen)z]+ complex, the intensity of the
absorption band at A = 444 nm decreased and a new band appeared at A = 370 nm,
approximately. Therefore, the [Cu'(phen),]” complex may be not present in reaction
conditions where the nucleophile is in large excess with respect to the initial concentrations

of Cu' and phen.
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A) w0 B) ] —— Cu:phen (1:2)

—— Cu:phen:KSAc (1:2:1)
2.5+ —— Cu:phen:KSAc (1:2:2)

Cu:phen:KSAc (1:2:3)
Cu:phen:KSAc (1:2:4)
Cu:phen:KSAc (1:2:5)

017V 1.25V

2.0 [Cu'-phenz]
444 nm

20

i(nA)
Abs (A)

Cu : phen (1:2)
Cu : phen : KSAc (1:2:2)
Cu : phen : KSAc (1:2:3)

20 . . . . . . ! —T T
0.0 05 1.0 15 300 400 500 600 700 800

E (V vs. SCE) A (nm)

FIGURE 3. Reaction of [Cul(phen)z]+ complex by the addition of 1. A) CV for
[Cul(phen)z]+ complex (1 mM, in PhMe:MeCN/TBATFB), and after the addition of 1 (2
and 3 mM) at a glassy carbon-disk electrode (1 mm diameter) and a scan rate of 0.1 V s at
20 °C. B) UV-vis spectrum from [Cul(phen)z]+ complex (0.2 mM, in PhMe:MeCN), and

after the addition of 1 (from 0.2 to 1 nM).

The next step was to evaluate the effect of the addition of the electrophile (PhI) to the new
[Cu'(phen)(SAc)] complex by CV and UV-vis spectrophotometry (See Supporting
Information, Figure S4). During these experiments the temperature of the medium was
raised up to 40 °C to increase the solubility of the nucleophile in the solvent
(PhMe/MeCN). Unfortunately, the addition of Phl did not produce any change in the
oxidation signal of the [CuI(phen)(SAc)] complex and similar results were observed by
UV-vis spectrophotometry (Figure S4 A and B, respectively).

Then the behavior of the complex [Cul(phen)z]+ was studied in the presence of the
electrophile (PhI). After the addition of 1 and 2 equivalents of Phl, no modification of the
CV was observed and no change was detected by UV-vis spectrophotometry (See
Supporting Information, Figure S5).That is, under our experimental conditions, we could

not observed reaction between the electrophilic species and the [Cu'(phen),] complex.
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Finally, a solution of the Cu' salt was prepared and 1 was added in order to evaluate the
possible formation of [Cu'(SAc),] complex. CV revealed a new oxidation signal at £, =
0.65 V vs SCE, accompanied by signals corresponding to Cu'and 1 (Figure 4A). This new
signal may indicate the formation of a complex between the metal and the nucleophile.
Furthermore, a solution of [Cu'(MeCN),]” in PhMe:MeCN (85:15) was prepared and the
UV-vis spectra shows an absorption band at A, = 480 nm, which evolved to a new band at

360 nm after addition of 1, assigned to the formation of the [Cu'(SAc),]” complex (Figure

A)
16 Cu(l) Salt B) 101 I .
1] Cu:KSAC (1:1) ) o [E;A(CM:I():N)A] |
] Cu:KSAc (1:2 2
12 a2 08 ] 360 nm [Cu~(SAc),I" with (1) # eq
] i [Cu-(SAc)] 1 KSAc 1mM
b ooV 071 ‘ —— 2 KSAc 2mM
8 05 —— 3 KSAc 3mM
—~ 6 . /
Z 1 2 o054

0.4 480nm

0.34 : ! .
! [Cu-(MeCN),]

0.2 .

0.1+

. . . T T 7 T ,
0.0 05 10 15 400 500 600 700 800
E (V vs SCE) % (nm)

FIGURE 4. Reaction of [Cu'(MeCN),]" complex by the addition of 1. A) CV of the
Cu(MeCN)4BF4 complex (1 mM, in PhMe:MeCN/TBATFB), and after the addition of 1
and 2 equivalents of 1 at a glassy carbon-disk electrode (1 mm diameter) and a scan rate of
0.1 Vs at 20 °C. B) UV-vis spectra of the [Cu'(MeCN)4]" complex (Cul 1 mM. in PhMe:

MeCN, 85:15) and after addition of 1, 2, 3 and 4 equivalents of KSAc.

After the addition of 2 equivalents of the phen ligand to a Cu':1 mixture in a 1:1 ratio, an
oxidation wave with E, = 0.17 V vs SCE was observed, corresponding to the
[Cu'(phen)(SAc)] complex, similarly to the signal previously detected and characterized,
(Figure 3). It could be due to the existence of an equilibrium between the complexes

[Cul(phen)(SAc)] and [Cu'(SAc),] in the reaction medium. To check for this equilibrium,
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the model reaction was carried out adding the copper source, the ligand and the nucleophile
salt (1), in different orders (reaction a = 1° Cu', 2° KSAc, 3° phen; reaction b = 1° KSAc, 2°
Cu', 3° phen, etc.). After 24h of reaction at 100 °C, no significant difference in product 2
yield was noticed. Although the reaction may form different complexes, they are all in
equilibrium, with a common intermediate, [Cu'(phen)(SAc)], which is likely the
catalytically active species. In addition, we have carried out in situ ESI-HRMS analysis, in
order to characterize possible Cu complex intermediates formed in toluene at room
temperature (see S. I. Figures S6-S9). The ESI-HRMS in the positive-ion mode showed a
peak with m/z = 423.06 together with another peak with m/z = 318.98; the former was
assigned to [Cul(phen)z]+ while the second was identified as [CuI(phen)(SAc)+H]+. A third
peak with m/z = 242.99 was also observed which was assigned to [Cul(phen)]+. These are
the Cu species found under our experimental conditions in the positive-ion mode. Probably
due to the slight solubility of Cu species in toluene at room temperature, the ion abundance
determined for these species were low, consequently the observed uncertainty was slightly
high. Nevertheless, these observations show that [Cu'(phen)(SAc)] together with
[Cu'(phen),]" and [Cu' (phen)]" are formed in the catalytic system at room temperature in
good agreement with UV-vis and cyclic voltammetry characterization experiments

discussed above.

Determination of the aryl halide activation step

While our results confirm the formation and participation of a pre-complex
[Cu'(phen)(SAc)], the activation step of the aryl halide may occur by different processes,
such as HAT, SET, OA/RE, or 6-bond metathesis. To gain insight into the activation step, a

series of experiments was performed.
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1- Experimental evidences for the activation pathway of the C-Halogen bond

During the electrochemical studies, it was not possible to observe the reaction between
[Cu'(phen)(SAc)] complex (generated in situ) and PhI, at least under the conditions tested.
This may be due to a large barrier for the activation step of the C-X bond, being rate-
determining in the mechanism. It should be noted that these reactions occur at 100 °C and
after 24 h in toluene as solvent. Although the diverse proposed mechanistic pathways
involve different oxidation states of the metal, it is difficult to identify the oxidation state of
Cu under the experimental conditions. However, the nature of the intermediates can be
interpreted by using thoroughly designed experiments. To do so, remarkable ways to
recognize free-radical intermediates have been described elsewhere.'2°% 134

With this in mind, 1-(allyloxy)-2-iodobenzene (3) was employed as an electrophile and
allowed to react with 1 for 24 h under catalytic conditions. If radicals were formed during
the reaction, it would result in a rapid 5-exo-trig ring closure reaction to form a [3-
(2,3,dihydrobenzofuran)]methyl radical with a rate constant of 9.6 x 10° s in DMSO0.*
This radical would combine with the nucleophile or abstract atom hydrogen from the
solvent. Only unrearranged product 4 (69% isolated yield) was formed from direct
electrophilic substitution (Scheme 2), suggesting that free-aryl radicals are not

intermediates in the reaction.

1 1,5 equiv.
Cul (10 mol%)
phen (20 mol%

PhMe, No,

100 °C, 24h 0 Z= HOFSAC
3 1 equiv. (69 %) not detected
by GC-MS

SCHEME 2. Cu-catalyzed arylation reaction of 1 with 1-(allyloxy)-2-iodobenzene (3).
Moreover, it was previously reported that the photoinduced reaction of Phl with 1 in

DMSO gives the PhSMe after quenching the crude reaction mixture with Mel (Scheme 3,

ACS Paragon Plus Environment

Page 14 of 30



Page 15 of 30

©CoO~NOUTA,WNPE

The Journal of Organic Chemistry

A). The participation of Sgn1-type mechanism was proposed which involves fragmentation
of the radical anion intermediate [PhSAc] " to gives benzenethiolate anion.”’ In contrast, the
Cu-catalyzed reaction provides the PhSAc in excellent yields, (Scheme 3, B).” Such

different behaviours observed clearly indicate that a different mechanism is operating in

A a) hy, tert-BuOK SMe
DMSO, 20°C, 3h

b) IMe

' 56 %
* K?AC Cul (10 mol%) SAc
phen (20 mol%) R
B PhMe, Ny,
100 °C, 24 h 96 %

both reactions.

SCHEME 3. Cu- and photo-catalyzed arylation reactions of 1 with Phl.

The use of dihalobenzenes allows testing for the intermediacy of aryl radical-anions species
and the possible contribution of an Sgnl mechanism.”® Thus we employed 1-bromo-4-
iodobenzene (5) as an electrophile. It is known that bromobenzene did not react with 1 by
Cu-catalysis under the experimental conditions, which means that the Cx-Br bond is not
directly activated during the arylation reaction. > However, if the activation of Ca,-I bond
in 5 occurs by an SET or HAT processes, an aryl radical will be generated, which after
coupling with the Nu, will form a radical anion. Once formed, this radical anion would
react by intermolecular or more likely by intramolecular ET. Thus cleavage of Ca-Br bond
would take place by an intramolecular ET and the disubstituted product would be
generated. However, the Cu-catalyzed reaction of 5 with 1 only gave the monosubstituted
product (6) with retention of bromine in 80% yield (Scheme 4). Given the lack of Cx-Br
activation bond product and the lack of Cxc-S fragmentation in 6, the presence of radical

anion intermediates can be ruled out.
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| Cul (10 mol%) SAc
@/ + KSAc phen (20 mol%) /©/
Br PhMe, N,, Br

5 1 100 °C, 24 h 6 (80 %)

SCHEME 4. Cu-catalyzed arylation reaction of 1 with 1-bromo-4-iodobenzene (5).

Moreover, if the activating step of the C-X bond proceeds by an ET pathway, the same
should occur from the initial [Cu'(phen)(SAc)]complex with the electrophile PhI.
Considering the oxidation potential for the complex [Cul(phen)(SAc)] (Ep=0.17 Vvs SCE)
and the reduction potential for Phl (£, =-2.30 V vs SCE) in PhMe:MeCN, it suggests that
an electron transfer would be highly endergonic. In other words, the transfer of an electron
from the [CuI(phen)(SAc)] to Phl is thermodynamically very unfavorable and kinetically
endowed with a high barrier (AGOET and AG;&ET close to 38 and 44 kcal mol'l, respectively;
see Supporting Information). Overall, the participation of free radicals during the Ca,-1
bond activation could be dismissed.

2. Computational exploration of the different reaction mechanism.

To gain further insight into the operating mechanism we have carried out quantum chemical
calculations at the PCM(PhMe)-[M06/def2-TZVPP] and PCM(MeCN)-[M06/def2-TZVPP]
level of theory. The thermodynamics between the different possible copper species in

solution has been first studied. As it was previously suggested,'***!'*

at least five species
which are displayed in Scheme 5 may be formed. The complex [Cu'l(phen)] can be
produced by the direct mixing of Cul and phen. The computed dissociation Gibbs energy
suggests a strong binding (AG = +35.8 and +33.8 kcal/mol in PhMe and MeCN,
respectively). The addition of 1 and consequent release of KI is slightly endergonic (AG =

+3.8 kcal/mol); [Cu'(phen)(SAc)] can further disproportionate to generate the ionic species

[Cu'(phen),]” and [Cu'(SAc),]". Similar fenomenon has been experimentally obtained by
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Fiaschi er al.'®* and Chen et al.'™ Indeed, Zhang et al. have demonstrated that the

formation of theses complexes strongly depends on the nature of the solvent.'**!3! we
have found this disproportionation is unfavorable by 22.7 kcal/mol in PhMe and by only
1.4 kecal/mol in MeCN, in good agreement with results obtained elsewhere.'*"*!!
Interestingly, the dimerization is thermodynamically favorable by AG = -2.3 kcal/mol in

PhMe and has almost no energy penalty in MeCN (AG = +0.6 kcal/mol). This result is in

agreement with those reported by Weng et al”

- phen N @
,— C Cu  AG =+ 37.1 (+28.6) kcal/mol
N

N + KSAc N +[(phen)CuSAc] ~N. N ® S
( Cu-| =——— ( Cu-SAc =———— ( ou_ ) +  AcS-Cu-SAc AG =+ 22.7 (+1.4) kcal/mol
N - KI N NI N

AG = + 3.8 (-0.7) kcal/mol

o
NSN

+[(phen)CuSAc] N S N
AG = -2.3 (+0.6) kcal/mol

SCHEME 5. Equilibrium between the possible copper species. The numbers are Gibbs free
energy variations (AG, kcal/mol) computed at the PCM(PhMe)-[M06/def2-TZVPP] and

PCM(MeCN)-[M06/def2-TZVPP] (in parenthesis) level of theory.

According to Scheme 5 the most stable species in PhMe is [CuII(phen)], albeit under
experimental condition (i.e. a large excess of KSAc) [CuI(phen)(SAc)] is likely to be
abundant. In MeCN, the five species are predicted to be in equilibrium, [Cu'l(phen)],
[Cul(phen)(SAc)], [CuI(phen)(SAc)]z, [Cul(phen)z]+ and [Cu'(SAc),]". In addition, it has
been demonstrated that the most reactive species are [Cu'l(phen)] and
[Cul(phen)(SAc)].ud’32 In this context, we have calculated the energy barriers for all the
most probable pathways for the formation of PhSAc (2) by considering both complexes as
the reactive species toward Phl. We have taken into account commonly suggested

mechanisms, namely, oxidative addition/reductive elimination (OA/RE), c-bond metathesis
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(MET), Halogen Atom Transfer (HAT) and Single Electron Transfer (SET).*!0d-14b16

Figure 5 illustrates the computed Gibbs energy profile in PhMe and MeCN solution.

o-&‘:ﬁ

2702/ 2.489

60 2 %‘ f2.307
% 224"5'"& |i/
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FIGURE 5. Computed Gibbs energy profile (AG at 298.15 K) of the Cu-catalyzed cross-
coupling reaction between Phl and KSAc. Oxidative addition / reductive elimination from
(OA/RE) [Cu'(phen)(SAc)] (=) and [Cu'I(phen)] (—); Methatesis (MET) (—) and Iodine
Atom Transfer (IAT/HAT) (=). Relative Gibbs energy and bond distances are given in
[kcal mol™] and [A], respectively. All calculations were performed at the PCM(PhMe)-

[M06/def2-TZVPP] and PCM(MeCN)-[M06/def2-TZVPP] (in parenthesis) level of theory.

The single electron transfer from the [Cul(phen)(SAc)] complex to Phl forming the radical
cation Cu' and the formation of phenyl radical and I" in both PhMe and MeCN was

disregarded based on strong experimental evidences from cyclic voltammetry measurement
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that such pathway is not feasible. The so-called Halogen Atom Transfer mechanism has
been proposed to occur in the reaction of O- and S-arylations of aryl halides.'*" ?! Here, 1
could transfer the iodine atom to the Cu' center leading to the formation of the complex
[(phen)Cu"SAcI] (INTat) and phenyl radical. The phenyl radical can latter attack either
the SAc moiety to form the product or the Cu' center to yield a Cu' species. DFT
calculations predict a high energy lying intermediate for this pathway. The Gibbs energies
relative to the separated reactants are 41.5 kcal/mol in PhMe and 40.1 kcal/mol in MeCN.
This intermediate is about 10 kcal/mol less stable than the one reported for the catalytic
cross-coupling between PhSH and PhL?' Unfortunately, all the attempts to locate the
transition state (TSyar) were unsuccessful. Instead, we have estimated the barrier energy by
the Marcus-Hush equation giving 43.1 and 41.9 kcal/mol for PhMe and MeCN,
respectively (Figure 5, grey line).

The o-bond metathesis reaction pathway has been considered next. The transition state
TSmer consists in the concerted C-I bond breaking and C-S bond formation. The structure
of the transition state is presented in Figure 5 (blue line). The four-membered transition
state results in a strong energy demand, i.e., 45.2 and 46.7 kcal/mol in PhMe and MeCN,
respectively. In contrast, OA / RE involves the same process but in a stepwise manner. The
first step is the cleavage of the Ph-I bond via a three-membered transition state (TSoa-1),
where the iodine atom takes an axial position while Ph an equatorial position. TSpa-1 is a
late developing transition state, where the I-Ph distance is 2.536 A. Remarkably, the
activation barrier is only +26.2 kcal/mol above the reactants in PhMe and +27.3 kcal/mol in
MeCN (Figure 5, black line). These values are lower than those computed for the related
amide (+28.7 kcal/mol),'* PhOH (+34.2 kcal/mol)'*"and PhSH (+39.3 kcal/mol)*! arylation
reactions. However, it is predicted to be slower than the thrifluoromethylthiolation (+21.0

kcal/mol).22 The resulting intermediates INToa/re-1 have energies of +23.9 and +24.7
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kcal/mol, close to the TSpa-1.- The subsequent reductive elimination to yield 2 is strongly
exergonic by 39.2 and 41.9 kcal/mol. The transition state (TSgg.1) is only 1.8 and 0.6
kcal/mol above the intermediate. Considering the thermochemical equilibrium indicated in
Scheme 35, an alternative reaction pathway consists of the oxidative addition of 1 directly to
the complex [Cu'I(phen)], which results in the formation of the intermediate INToa/RE-2-
This intermediate lies just 0.4 kcal/mol below INToa/re-1 (in PhMe) and the barriers for its
formation amounts to 29.5 kcal/mol (Figure 5, red line). From INTo/re2 one I' can be
exchanged by “SAc leading to INToa/re-1 and then continues the reaction pathway to the
final adduct. The energies shown in Figure 5 suggest that this process is possible in PhMe,
while it is not feasible in MeCN (uphill by 4.9 kcal/mol).

The overall results indicate that the Cu-catalyzed cross-coupling reaction of thioacetate and
iodobenzene would occur via an OA / RE reaction mechanism. The first transition state is

I

the rate-determining step leading to an unstable Cu intermediate which collapses into the

products. It is worthy to mention that these results explain our unsuccessful attempts to

detect the Cu™

intermediate. The energy profile in Figure 5 shows a highly unfavorable
equilibrium to form the INToa/re-1 and a fast conversion into product. Thus, neither the

thermodynamic nor the kinetic conditions are met for intermediate detection.*®

4. CONCLUSIONS

We have studied the mechanism of the Cu-catalyzed C-S cross-coupling reaction between
thioacetate and Phl. Four different pathways have been envisioned to explain the formation
of phenyl thioacetate: Single Electron Transfer, Halogen Atom Transfer, Oxidative
Addition / Reductive Elimination and o-Bond Metathesis. The following conclusions can
be drawn: (i) from UV-visible spectroscopy it has been demonstrated that Cu' species are
reactive species. (ii) cyclic voltammetry studies indicate that the Cu' species involved in

the reaction can be oxidized more easily in the presence of phen as an auxiliary ligand. This
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feature might favor the catalytic cycle reaction. (iii) by adding KSAc to the [Cu'(phen),]"
complex, a new species was formed with a lower oxidation potential. (iv) evidences against
the formation of radical intermediates have been obtained by performing test reaction with
radical clock probes and p-bromo iodobenzene. (v) DFT calculations indicate that the
Oxidative Addition / Reductive Elimination presents the lowest activation barrier. The

addition can be done from both [Cu'I(phen)] and [Cu'(phen)(SAc)] complexes.

Experimental section

Materials and Methods

Reactives and General Equipments

All chemical reagents (Cu(CF3;SOs3),), Cu(CH3CN)4BF4, Cul, CuCl, 1,10-phenantroline,
potassium thioacetate, iodobenzene, tetrabuthylamonium tetrafluorborate ("BusNBF,,
TBATFB), thioacetic acid, lithium tert-butoxide (LiO‘Bu), n-pentane, 1-bromo-4-
iodobenzene, 2-iodophenol, allyl bromide, were obtained commercially, and used without
further purification.

The compound 1-(allyloxy)-2-iodobenzene (3) was obtained from 2-iodophenol by reaction
with allyl bromide, as described in the literature.*

General Methods

'"H and ®C NMR spectra were recorded at 400.16 and 100.62 MHz, and all spectra were
reported in & (ppm) relative to Me4Si (solvent CDCls). Gas chromatographic analyses were
performed on a chromatograph with a flame-ionization detector, on 30 m capillary column
of a 0.32 mm x 0.25 um film thickness, with a 5% phenylpolysiloxane phase. GC-MS
analyses were performed on a spectrometer by electronic impact (70 eV) positive mode

employing a 25 m x 0.2 mm x 0.33 pm with a 5% phenylpolysiloxane phase column.
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HRMS spectra were recorded on an orthogonal acceleration time-of-flight (oa-TOF) mass
spectrometer. lonization was achieved by ESI (positive detection mode).

Cyclic voltammetry: Cyclic voltammetry of (Cu(CF;SOs),), Cu(CH3;CN)4BF,4, 1,10-
phenanthroline, KSAc and Phl (0.1 mM solutions) were conducted in a three electrode
glass cell, thermostated at 25 °C, and under a dry nitrogen or argon atmosphere. The
working electrode was a 3 mm diameter glassy carbon electrode. The electrode was
carefully polished and ultrasonically rinsed with ethanol before each run. The reference
electrode was a saturated calomel electrode (SCE) in a solution of MeCN/TBATEFB (0.1 M)
separated from the main solution by a fine porosity glass frit. The counter electrode was a
platinum wire.

The potentiostat was connected to a computer that recorded the current vs potential
curves.”” The scan rate used ranges from 0.1 to 100 V/s, all the CV presented in the figures
were taken at 0.1 V/s. A feedback correction was applied to minimize the Ohmic drop
between the working and reference electrode.

General procedure for Cul-catalyzed C-S arylation reactions:>

Synthesis of S-2-(allyloxy)-phenyl thioacetate (4) and S-4-bromophenylthioacetate (6)
A 10 mL two-necked Schlenk tube, equipped with magnetic stirrer and nitrogen inlet, was
first dried with heat gun and under vacuum. Once cooled, 4 mL of PhMe, degassed under
an N, stream for 20 minutes, were added. Then, ArX (0.5 mmol), Cul (10 mol%, 0.05
mmol), 1,10-phenanthroline (20 mol%, 0.1 mmol) and finally KSAc (1.5 equiv., 0.75
mmol) were added under N, atmosphere. The reaction mixture was heated at 100° C for 24
h, cooled at room temperature, poured into ethyl ether (20 mL) and water (20 mL), and the
mixture was stirred. The organic phase was separated and the aqueous phase was extracted
with 2 aliquots of ethyl ether (20 mL). The organic phases were combined and dried over

anhydrous Na,;SO4 and filtered. The crude reaction product was analyzed by GC and GC-
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MS. The products were isolated by column chromatography or radial chromatography, or
were quantified by GC with internal standard method.

In situ high resolution ESI-MS characterization of Cu complex intermediates.

A toluene solution of KSAc (1.5 equiv), IPh (1.0 equiv), Cul (10mol%) and 1,10-
phenanthroline (phen, 20mol%) was stirred at room temperature for 2 h under N,
atmosphere, the same experimental conditions used in the general procedure for Cul-

catalyzed C-S arylation reactions, and ESI-HRMS analysis of the reaction was performed.

Computational details

Geometry optimizations were performed using the Gaussian 09 optimizer’® together with
Turbo Mole V7.0.*7 All geometry optimizations were computed using the functional M06™®
in combination with the def2-TZVPP basis set.*® The stationary points were located with
the Berny algorithm® using redundant internal coordinates. Analytical Hessians were
computed to determine the nature of stationary points (one and zero imaginary frequencies
for transition states and minima, respectively)’' and to calculate unscaled zero-point
energies (ZPEs) as well as thermal corrections and entropy effects using the standard
statistical-mechanics relationships for an ideal gas.** Transition structures (TSs) show only
one negative eigen value in their diagonalized force constant matrices, and their associated
eigen vectors were confirmed to correspond to the motion along the reaction coordinate
under consideration using the intrinsic reaction coordinate (IRC) method.”® Unless
otherwise stated, Gibbs energies have been computed at 298.15 K. For these calculations
the PhMe and MeCN solvents were described by nonspecific solvent effects within the self-
consistent reaction field (SCRF) approach in Tomasi’s formalism.**

Time-dependent density functional theory (TDDFT) was employed to calculate excitation

energies as implemented in ORCA 4.0.1.2.*> We used the functional M06,”® B3LYP,*
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CAM-B3LYP* and PBE0* in combination the def2-TZVPP basis sets. The solvent MeCN
was described in this case by the conductor-like polarizable continuum model, CPCM.*
Characterization of isolated compounds

All the products were characterized by "H-NMR, *C-NMR and GC-MS. The following
compounds are known and their signals are in agreement with data previously reported in
the literature: 1-(allyloxy)-2-iodobenzene (3),>> S-phenyl thioacetate (2),° S-(4-
bromophenyl) thioacetate (6).51

S-(2-(Allyloxy)phenyl) thioacetate (4)

The typical above described procedure was followed using 1-(allyloxy)-2-iodobenzene (3,
0.5 mmol), Cul (10 mol%, 0.05 mmol), 1,10-phenanthroline (20 mol%, 0.1 mmol) and
KSAc (1.5 equiv., 0.75 mmol). After extraction, the crude residue was purified by column
chromatography using pentane/CH,Cl, (75/25) as solvent mixture, to afford pure 4 as an
oily liquid (71.9 mg, 69%). "H-NMR (CDCL): 6 = 7.41 — 7.35 (m, 2H); 7.01-6.94 (m, 2H);
6.01 (ddt, J = 17.2; 10.5; 4.9 Hz, 1H, H-10); 5.41 (ddd, J = 17.2; 3.3; 1.6 Hz, 1H); 5.27
(ddd, J =10.5; 2.9; 1.5 Hz, 1H); 4.58 (dt, J = 4.9; 1.6 Hz, 2H, H,-9); 2.40 (s, 3H, H3-8).
BC-NMR (CDClLy): § = 193.5 (C, CO-7); 1582 (C, C-6); 136.6; 132.8; 131.5; 121.3;
117.40; 116.9 (C, C-1); 113.1; 69.4 (CH,, C-9); 30.0 (CHs, C-8). GC-MS (m/z) 208 (M,
14), 167 (11), 166 (100), 165 (8), 151 (25), 137 (44), 133 (15), 125 (52), 119 (8), 97 (33),
96 (13), 70 (10), 69 (10), 43 (56), 41 (25). ESI-HRMS m/z [M + Na]  calcd for

C11H12NaO,S 231.0450, found 231.0452.
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