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Cobalt catalyzed electrochemical [4+2] annulation of sulfonamides
with alkynes is demonstrated in this work, which provided a
practical and environmentally friendly way to synthesize
structurally diverse sultams. Notably, by employing anodic
oxidation in an undivided cell to recycle the cobalt catalyst, this
electrochemical method avoided the utilization of stoichiometric
amount of metallic oxidant, delivering H, as the sole by-product.
Moreover, this cobalt catalyzed electrochemical protocol proved
to be practical and scalable. When model reaction was scaled up
to 5.0 mmol, 86% yield of product could still be obtained.

Sultams are a class of very significant heterocyclic compounds,
which are not only valuable synthetic precursors in synthetic
chemistry,! but are also common motifs prevalent in many
pharmaceuticals,2 agrochemicals,> and biologically active
compounds.* For these reasons, the development of efficient
and practical approaches for synthesizing sultams has
attracted considerable attention by organic chemists.®
Conventionally, sultams are prepared by the intramolecular
cross-coupling or cascade cyclization of sulfonamide
compounds.®’ Though the intramolecular synthesis strategy
presented an efficient route for constructing sultams, these
procedures usually require multiple steps to synthesize the
starting materials. Annulation reactions,® especially transition
metal-catalyzed oxidative C-H/X-H annulation reactions,® are
among the most straightforward ways for synthesizing cyclic
compounds. In recent years, several examples for synthesizing
sultams using oxidative annulation strategy have been
developed.’®!! However, these methods largely require
stoichiometric amounts of metallic oxidants as sacrificial
reagents, inevitably generating some metal-containing by-
products. Furthermore, most of these reactions are carried out
at high temperature (100 °C in 2,2,2-trifluoroethanol or 120 °C
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in 1,4-dioxane), which greatly limits the wide application of
these methods, especially in large-scale synthesis. Therefore,
developing a concise and practical synthetic approach to
synthesize sultams at lower temperature under metallic
oxidants-free conditions is highly desirable.

[oXNye]
0.0 9 ¥ a
S. .Q C SS N I}
N + RR=—R} ——= oo™ + H,
H [Co], Air, 75 °C = R?
undivided cell R2
Q = quinolin-8-yl

Scheme 1. Cobalt catalyzed electrochemical [4+2] annulation for the
synthesis of sultams.

As a powerful and environmentally friendly synthetic protocol,
electrochemical synthesis can realize the oxidative C-H
functionalization? even oxidative C-H/X-H annulation under
exogenous-oxidants-free conditions.13:14 Nevertheless,
compared with the study of metal-free
electrochemical annulations,!® transition metal-catalyzed
electrochemical annulations are relatively underexplored.'*
For example, the transition metal-catalyzed electrochemical
[4+2] annulation for synthesizing structurally diverse sultams
has not been exploited until now. As a part of our recent
research interest on electrochemical synthesis,’> we herein
report the first example of transition metal-catalyzed
electrochemical [4+2] annulation of sulfonamides with alkynes
(Scheme 1). By employing a cobalt salt as the metal catalyst, a
wide range of sultams were prepared using an undivided cell
and with the evolution of hydrogen.

We started our investigation by employing 4-methyl-N-
(quinolin-8-yl)benzenesulfonamide (1) and phenylacetylene (2)
as the model substrates (Table 1). Gratefully, when the
electrolysis was performed in an undivided cell in the presence
of Co(OAc),-4H,0 (20 mol%) and NaOAc (2.0 equiv.) using the
mixture of alcohol and acetic acid as the co-solvent, the
desired [4+2] annulation product 3 could be isolated in 80%
yield (Table 1, entry 1). Control experiments showed that
electricity (Table 1, entry 2), cobalt catalysis (Table 1, entry 3),
and NaOAc (Table 1, entry 4) were all crucial reaction partners.
Increasing the operating current to 8 mA or decreasing the
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operating current to 2 mA delivered the annulation product 3
in low yield (Table 1, entries 5-6). Replacing Co(OAc),"4H,0
with CoCl,, Co(acac),, or Co(acac); also furnished the
annulation product in low yield (Table 1, entries 7-9). Further
investigation showed that NaOAc was the best choice for base
and supporting electrolyte, using PhCOONa delivered the
annulation product in 50% yield (Table 1, entry 10). Solvents
were also investigated. MeCN/HOAc gave the annulation
product in 33% vyield (Table 1, entry 11); whereas
CF3CH,0H/HOAC furnished the desired product in 85% vyield
(Table 1, entry 12). Given that CF;CH,0OH is much more
expensive than EtOH, we still decided to choose EtOH/HOACc as
the co-solvent for the further studies.

Table 1: Optimization of the reaction conditions.®

o 0 W)
R C_ss 8,,Q
SN =-pn — 5 SN+ Hoh
H [Co], Air, 75 °C
- ¥
undivided cell Ph
1 2 3
Entry Variation from the standard conditions Yield (%)b

1 none 80
2 no electric current 0
3 no Co(OAc),4H,0 0
4 no NaOAc (adding "BusNBF, as the electrolyte) 21
5 8mA, 4h 5
6 2mA, 16 h 38
7 CoCl, 39
8 Co(acac), 12
9 Co(acac)z 0
10 PhCO,Na 50
11 MeCN/HOAc 33
12 CF3;CH,OH/HOAC 85

9 Reaction conditions: carbon cloth (15 mm*20 mm*0.33 mm) anode,
stainless steel plate (15 mm*20 mm*1.0 mm) cathode, constant current = 4
mA, 1 (0.25 mmol), 2 (2.0 equiv.), NaOAc (2.0 equiv.), Co(OAc),4H,0 (20
mol%), EtOH (10.0 mL), HOAc (1.0 mL), Air, 75 °C, 8 h, Q = quinolin-8-yl. ®
Isolated yields.

Under the optimized reaction conditions, the generality and
limitation for this cobalt catalyzed electrochemical [4+2]
annulation reaction was then explored (Table 2). Initially,
different alkynes were investigated. The phenylacetylenes with
electron-neutral substituents afforded the corresponding
annulation products in 73-80% yields (Table 2, 3-4). The
phenylacetylenes bearing electron-withdrawing groups like 4-
F, 3-F, 4-Br, even 4-CF; were also suitable substrates,
generating corresponding [4+2] annulation products 5-8 in 73-
81% vyields. In addition to phenylacetylenes, alkyl alkynes were
also tolerated in this transformation, producing the annulation
products in moderate to high yields (Table 2, 9-19). It is worth
noting that reactive functional groups such as C-C double bond
and C-C triple bonds, cyclopropyl units, esters, TMS, and even
hydroxyl groups, were all tolerated in the reaction (Table 2, 10,
14-19). Moreover, when an internal alkyne was employed as
the reaction partner, corresponding [4+2] annulation product
could still be obtained (Table 2, 19). Next, we explored
different sulfonamides. Unfortunately, it seems that only
electron-neutral substrates delivered the annulation products
in high yields (Table 2, 20), most electron-rich and electron-

2| J. Name., 2012, 00, 1-3
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deficient substrates gave the annulation products jp low.yiglds.
Given that different substrates exhibROdiffePeNP06%iedtioh
potential and one of the most important advantages of organic
electrosynthesis is that the oxidation capacity of the
electrochemical system can be optionally altered by varying
the current or voltage, we tried to change the operating
current to enhance the reaction yield. To our delight, by
decreasing the operating current to 3 mA or increasing the
operating current to 5 mA, both electron-rich and electron-
deficient substrates could be converted to the annulation
products in moderate to high yields (Table 2, 22-31).

Table 2: Substrate scope for the synthesis of sultams via cobalt catalyzed
electrochemical [4+2] annulation.®

o 0

N Y

S Q 4 pl— g2 —_© S8 S.v@ 4 A
N R="R" —co) Ar 75C @ P 2
undivided cell R?

Q.0
N7 Y% N7
A Ng Z Ph =
12, 79% 13, 89% 14, 88%
Q.0
N7 Y N7
S\N, S\N,Q S\N,
= (ONg A s =
15,65% O 16, 51% 17,70% OH
(1:1.3)
%P
N
AZ

MeO

25, 56%7

QL

S\N,Q

28, 64%"

0.0
. .Q
S Sy

31, 75%"
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@ Reaction conditions: carbon cloth (15 mm*20 mm*0.33 mm) anode,
stainless steel plate (15 mm*20 mm*1.0 mm) cathode, constant current = 4
mA, sulfonamides (0.25 mmol), alkynes (2.0 equiv.), NaOAc (2.0 equiv.),
Co(OAc),4H,0 (20 mol%), EtOH (10.0 mL), HOAc (1.0 mL), Air, 75°C, 8 h, Q =
quinolin-8-yl. ® CF3CH,0H (10.0 mL), 3 mA, 10 h. €CF;CH,0H (10.0 mL), 5 mA,
8 h. 9CF;CH,0H (10.0 mL).

To examine the practicability and scalability of this cobalt
catalytic electrochemistry system, a gram scale reaction of 4-
methyl-N-(quinolin-8-yl)benzenesulfonamide (1) with
phenylacetylene (2) on 5.0 mmol was performed (Scheme 2).
Gratefully, under electrochemical conditions the [4+2]
annulation reaction occurred smoothly and 1.72 g product
(86%) could be finally obtained (For details about gram scale
synthesis, see ESI).

o 0 \ /)
\ /7 N\
S‘N/Q + = A» S‘N/Q + Hz*
H [Co], Air, 75 °C
- =
undivided cell Ph
Q = quinolin-8-yl

5.0 mmol 3, 86%(1.72 g)

Scheme 2. Gram scale synthesis.

Based on literature reports,t14¢14e we believe that this cobalt
catalyzed electrochemical [4+2] annulation reaction possibly
undergoes one of the two following pathways to access the
Co(lll) complex B: 1) Co(ll) species is first oxidized to give a
Co(lll) species (Scheme 3, Path 1), which then coordinates with
substrate 1 to afford the Co(lll) complex B; 2) Co(ll) species
first coordinates with substrate 1 to generate Co(ll) complex A
(Scheme 3, Path 2), A then undergoes single electron oxidation
to access the Co(lll) complex B.

O\\S//O
[O] in 1 \"\‘
co Sot-n !

Path (1) Co'
B
T[01
\\S//
Path (2) Col 1 b

Scheme 3. The two pathways for accessing the Co(lll) complex B.

To clarify which is the preferred pathway for generating the
Co(lll) complex B, cyclic voltammetry (CV) experiments were
carried out (Figure. S3, for details about CV experiments, see
ESI). The oxidation peaks of substrate 1 and Co(OAc),4H,0
were observed at 1.86 V and 1.88 V, respectively; whereas the
mixture of substrate 1, Co(OAc),4H,0, and NaOAc showed a
new oxidation peak at a less positive potential of 1.55 V. These
results suggest that the reaction might occur via the pathway
2. That is to say, Co(ll) species first coordinates with substrate
1 to produce the Co(ll) complex A, A then undergoes single
electron oxidation to generate the Co(lll) complex B.

This journal is © The Royal Society of Chemistry 20xx
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O\\S//o Q tandard diti \ew@mcl ine
- — standard conditions
(A) /©/ N =P TN, DO 39/0@@6?%
Z>ph
3, trace
O\\ //O standard conditions O\\ /9
S‘,\rQ + =—=—Ph ——— > S‘N/Q + H24
(B) H but [Co] (1.0 equiv.
=
and N, Ph
3,21%
9
S...Q , — standard conditions A
c + =—Ph + Hy
© H but H202 (2.0 equiv.)
and N,
3, 21%
(o)
O\ \\/,
_ho electric current electric current
D Sy @+ =—pn + Hyh
(D) H but H202 (2.0 equiv.)
and N,
3, trace
% standard conditions \\ P
E Ss @+ =—ph + HoA
(E) H but MnO (20 mol%)
and Air
3, 13%

Scheme 4. Control experiments.

Nearly no [4+2] annulation product was observed when the
electrolysis of 4-methyl-N-(quinolin-8-yl)benzenesulfonamide
(1) and phenylacetylene (2) was performed under N,
atmosphere (Scheme 4A), indicating that O, is important for
this cobalt catalyzed electrochemical reaction. Increasing the
amount of Co(OAc),4H,0 to 1.0 equiv. only 21% vyield of
annulation product was obtained (Scheme 4B), further
suggesting that besides electrochemical anodic oxidation, O,
also plays an important role in the conversion of Co(ll) complex
A to Co(lll) complex B. Next, we tried our best to reveal how
0O, plays important role. Previous reports revealed that O, is
easily reduced at cathode to generate the superoxide radical
anion (0;7).2® We propose that this reduction process might
also be involved in our reaction system. Electron paramagnetic
resonance (EPR) experiments were then conducted to verify
this hypothesis (Figure 1, See ESI for details). Electrolyzing the
model reaction under standard conditions for 15 min, desired
superoxide radical anion (O,") signal was not observed
whereas an obvious alkoxy radical signal (g = 2.0068, Ay =
13.58 G, Ay = 7.48 G) was observed (Figure 1a). We speculate
that this may be because the generated superoxide radical
anion (O,") easily abstracts a hydrogen atom from EtOH. Given
that MeCN/HOAc could also furnish the [4+2] annulation
product 3 in 33% vyield (Table 1, entry 11), electron
paramagnetic resonance (EPR) experiments were then
conducted in MeCN/HOAc. Gratefully, when the model
reaction was electrolyzed for 15 min, the desired superoxide
radical anion (0,") signal (g = 2.0068, Ay=12.9 G, A, = 10.7 G)
was indeed observed (Figure 1b). These results indicated that
our assumption is correct and the generated superoxide
radical anion (O,~) would abstract a hydrogen atom from EtOH
to generate the HOO" intermediate. Given that 1.0 ml of HOAc
was employed in the reaction, the generated HOO-
intermediate should be easily converted into the H,0,. That is

J. Name., 2013, 00, 1-3 | 3
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to say, H,O, may be the ultimate active species of O, in
promoting the conversion of Co(ll) complex A to Co(lll)
complex B. Electrolyzing the model reaction under N,
atmosphere in the presence of 2.0 equiv. of H,0;, (30 wt%
solution in H,0), 21% vyield of annulation product 3 was
obtained (Scheme 4C); whereas nearly no product was
obtained when this reaction was performed without electric
current (Scheme 4D). Adding 20 mol% of MnO, (a catalyst for
decomposing H,0,) to the electrolysis of model reaction, only
13% vyield of annulation product was obtained (Scheme 4E).
These results indicated that the real active species of O, in
promoting the conversion of Co(ll) complex A to Co(lll)
complex B might be the H,0,.

Experiment
—— Simulation

a

34I40 34I60 34I80 35I00 35IZO 35I4O 35I60
Field/ G

Experiment
—— Simulation

r T T T T T T
3440 3460 3480 3500 3520 3540 3560
Field/ G

Figure 1. Electron paramagnetic resonance (EPR) spectra. a) Using
EtOH/HOAc (10.5mL/0.5mL) as the co-solvent. b) Using MeCN/HOAc
(10.5mL/0.5mL) as the co-solvent.

Taken together, a possible reaction mechanism for this cobalt
catalyzed electrochemical [4+2] annulation reaction between 1
and 2 is illustrated in Scheme 5. Co(ll) species first coordinates
with substrate 1 to generate Co(ll) complex A, which then is
oxidized by anode and H,0, to generate the Co(lll) complex B.
With the help of NaOAc, cyclic Co(lll) complex C could
subsequently be formed though the intramolecular C-H
activation from Co(lll) complex B. Next, phenylacetylene 2
insertion and following reductive elimination lead to the
formation of annulation product 3 and Co(l) species. The
generated Co(l) species is oxidized at anode to regenerate the
Co(ll) species. At the same time, O, is reduced at the cathode
to generate the superoxide radical anion (O,7), which then gets
a hydrogen atom from EtOH and a proton from HOACc to finally

4| J. Name., 2012, 00, 1-3

access the H,0,. In addition, the cathodic reductign,ef HQAC
generates H, and AcO- might also be invelNedGAEIEX EebiotSOF

Anodic
Oxidation
P QL
S, N

=—Ph
2

0 0

Y

S\N
Lok
Cc

T~

AcO HOAc

Scheme 5. Proposed mechanism.

In conclusion, we have demonstrated the first example of
cobalt catalyzed electrochemical [4+2] annulation of
sulfonamides with alkynes. By employing anodic oxidation in
an undivided cell to recycle the cobalt catalyst, a series of
sultams were prepared with hydrogen evolution under
metallic oxidants-free conditions. This electrochemical
protocol proved to be practical and scalable. For example,
when the model reaction was scaled up to 5.0 mmol, an 86%
yield of [4+2] annulation product could still be obtained.
Mechanistic insights suggest the cathodic reduction of O,
might be involved in this annulation reaction.
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