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Abstract. A tert-butyl nitrite  mediated methyl-
sulfoxidation of tetrazole-amines in neat DMSO or methyl-
sulfinyl derivatives is revealed for the first time. The
reaction exhibits good group tolerance, as well as highly
selectivity to sulfinyl substitutions. This new protocol
provides an expeditious and operationally simple
procedure for C-S(O) bond construction. Preliminary
bioactivity evaluation on selected products shows
promising antifungal activities.

Keywords: Methylsulfoxidation, Tetrazole-amines, tert-
butyl Nitrite, Methylsulfinyl-1H-tetrazole, Antifungal
Activity.

The sulfur-containing functionalities have attracted
tremendous attention owing to their massive
applications in accessing naturally occurring
molecules, bioactive synthetic compounds and
pharmaceuticals.!! Among which, organic sulfoxides

are versatile motifs in various organic transformations,

serving as directing groups, ligands or chiral
auxiliaries in asymmetric reactions.). Moreover,
appealing to organic and medicinal communities, the
combination of N-heterocycles and sulfoxides makes
up classes of fascinating synthetic intermediates,
pesticides and drugs (Figure 1).

In the past decades, the introduction of sulfoxides
has emerged as a flourishing research area. Of many
established strategies, including latent selective
oxidation,®! nucleophilic substitution® and transition
metal catalysis, ) DMSO has been recognized as one
of the most efficient and promising reagents for
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Figure 1 Examples of bioactive compounds bearing N-
heterocycle and sulfoxide.

C(sp®)-S bonds formation, in large measure due to its
safe, cheap and eco-benign properties.’! It has been
well-configured in individually introducing methyl-
sulfonyl™ and thiomethyl groups® (Scheme 1, a),
most often with either strong oxidants or transition
metals. In sharp contrast, the remarkable advance
made in utilizing DMSO as a “-SOMe” source is
extremely rare so far. The challenge lies in redox
cleavage of either Me-S(O) bonds, without further
oxidation of the sulfinyl moiety in product. In 2016,
Rastogi’s group documented the only paper of
methylsulfoxidation utilizing DMSO and pre-
prepared (het)aryl diazonium salts via mild
photoredox catalysis with ruthenium complexes.”!
Nevertheless, the synthetic usage of transition metals
in pesticide and drug precursors brings on severe
metal contaminants in organisms through biological
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amplification, thus, it is highly desirable to make
innovations with metal-free and step-economy
strategy for this transformation. In this regard, from
our continuing efforts on heterocyclic chemistry and
C-X formation methodologies,™ we report here the
first methylsulfoxidation of tetrazole-amines with
DMSO or methylsulfinyl precursors toward
methylsulfinyl-1H-tetraozle derivatives, in particular
without metal, additive or external excitation. In
addition, the promising antifungal activities of
selected methyl-sulfinyl-1H-tetraozles ~ against
phytopathogenic fungi are also presented.

a. Previous Studies:

as "-SO,Me" source
ref. [7] «————

//lUnderdeveloped//

as "-SOMe" source

//Well-developed// ref. [9]

only one example with
ruthenium complex

ref. [8] «—MM———
as "-SMe" source

b. This Work: metal-free, no additive or external excitation needed

N:N N:N\

l\/l /\N ? rt.1h "/1 N

R+ tBUONO xS = R@ !
= NH, 3 = O/’S\CHL‘

R' = CHg, Et, t-Bu

Scheme 1 DMSO as sulfur functionality sources (a) and
this work (b).

With  1-phenyl-1H-tetrazol-5-amine (1a) and
DMSO as the model substrates, we discovered that
the in-situ generation of diazonium salts from HBF4
and NaNO; gave no adduct at all. Additives, ascorbic
acid or iodine, rendered the reaction with moderate
yields of 5-(methylsulfinyl)-1-phenyl-1H-tetrazole
(3a) (entries 2-3). To our delight, further
optimizations implied that the radical initiators are
unnecessary. As shown in Table 1, reactions in
acetone, dichloromethane, nitromethane and water
were applicable, albeit less effective (entries 4-8).
The methylsulfoxidation in neat DMSO delivered the
adduct in a good yield of 85% within one hour (entry
9). To be noted, one equivalent of t-BuONO left most
of the tetrazole-amine intact, which indicated that the
excess amount of t-BuONO might play dual roles in
this protocol (see details in mechanistic studies).
Furthermore, considering the probable decomposition
of diazonium intermediates to radicals upon light
irradiation,™! a parallel experiment in dark was
performed, affording 3a in a comparable yield of
84% (entry 12). The above optimal results
collectively pointed to a novel additive-free, metal-
free and step-economy protocol to access methyl-
sulfinyl-1H-tetrazoles.

Table 1 Optimization of the reaction conditions.

N=N o N=N
/ N N
N\( + t-BuONO +H C/g\CH —»rt' h ©/N\(
[ j NH, 3 3 o S~CH,
1a 2a 3a
entry  variations yield
(based on standard conditions(®) (%)P
1 HBF4/NaNO; instead of t-BUONO, 12h  N.R.
2 ascorbic acid (0.3 eq.) as additive, 12 h 74
3 I, (0.5 eq.) as additive, 12 h 73
4 3 eq. DMSO, in acetone, 1 h 54
5 3eq. DMSO, in CHxCly, 1 h 37
6 3 eg. DMSO, in CH3NO,, 1 h 47
7 3eq. DMSO, inH;0, 1 h 38
8 DMSO: H,O (3:1), 1 h 23
9 none 85
10 30 min 52
11 1eq. t-BUuONO 25
12 in dark 84

e Standard conditions: 1-phenyl-1H-tetrazole-5-amine (1a,
0.3 mmol), t-BUONO (0.6 mmol), DMSO (2a, 2 mL), N,
r.t., 1 h; N.R.=no reaction.

] [solated yields.

Once determined the optimal conditions, general
applicability of the protocol was investigated. The
substrate scope of the methylsulfoxidation of
tetrazole-amines was presented in Table 2. Generally,
with respect to tetrazole-amines, both electron-rich
and electron-deficient ones (la-1w) participated ir.
this reaction smoothly to furnish the corresponding
adducts (3a-3w) in moderate to excellent yields. Th¢
methylsulfoxidations were remarkably sensitive to
electron density of the substrates with a few
exceptions. Strong electron-donating group, para-
and meta-methoxy, impaired the efficiency to yields
of 67% and 61%, respectively (entries 8-9). Other
electron-rich ones, bearing meta-methyl, para-tert-
butyl, 1-naphthyl, para-phenyl, proceeded much
better with yields up to 97%. Meanwhile, halides
substitutions at diverse positions, including -F, -Cl, -
Br and -1, were well tolerated (entries 11-16), which
could be efficiently expanded to dihalides as well
(entries 17-19). It is worthy to mention that the
protocol exhibited good tolerance to substrates with
steric hindrance (entries 4, 6, 15, 17). Strong
electron-deficient groups of ester (1t), trifluoromethy:
(1w) delivered the target adducts with medium to
good vyields, ranging from 62% to 87%. More
interestingly, cyanide group in 1v, a common radical
acceptor,*?l survived in the process leading to 80%
yield of 3v. Nitro group, a notorious group in radical
chemistry, adversely inhibited the process (entry 24).
With the aim of broadening the scope of this protocol,
sulfinyl derivatives other than DMSO were evaluated.
Deuterated DMSO (2a”) gave comparable yield with
the template substrate (entry 25). Intriguingly, the C-
S(O) bond cleavage of substrates (2) undertook with

2
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highly selectivity, which is unprecedented and
attractive. For instance, (methylsulfinyl)ethane (2b)
and 2-methyl-2-(methyl-sulfinyl)propane (2c) gave
the same product 3a, with ethyl and tert-butyl
moieties released, respectively. Otherwise, no
sulfinyl adducts were obtained for phenyl-substituted
substrates (2d, 2e), affording exclusive diazonium
salts.

Table 2 Substrates scopes.[

N:N\ N=N
\( + t-BUONO + E th S K‘\//N
R—! P NH, R~ “CH, R D S,
1a-1z 2a-2e 3a-3x
entry R R’/2 yield
(@3, %)[b]
1 H (1a) CHs(2a) 85 (3a)
2 p-Methyl (1b) CHz (2a) 56 (3b)
3 m-Methyl (1c) CHz (2a) 97 (3¢)
4 0-Methyl (1d) CHz (2a) 65(3d)
5 p-tert-butyl (1e) CHs3 (2a) 90(3e)
6 1-naphthyl (1f) CHz (2a) 89 (3f)
7 p-phenyl (1g) CHz (2a) 73(39)
8 p-methoxy (1h) CHs (2a) 67 (3h)
9 m-methoxy (1i) CHs (2a) 61 (3i)
10 p-F (1j) CHs(2a) 78 (3j)
11 p-Cl (1k) CHs(2a) 72(3K)
12 m-CI (11) CHs(2a) 64 (3I)
13 p-Br (1m) CHs(2a) 80 (3m)
14 m-Br (1n) CHs3(2a) 50 (3n)
15 0-Br (10) CHs3(2a) 87 (30)
16 p-1 (1p) CHz(2a) 51 (3p)
17 2,4-dichloro (1g) CHs(2a) 52 (3q)
18 3,4-dichloro (1r) CHs(2a) 81 (3r)
19 2-Cl, 4-F (1s) CHs(2a) 59 (3s)
20 4-isopropoxy- CHs (2a) 72 (3t)
carbonyl (1t)
21 4-ethoxy- CHs (2a) 87 (3u)
carbonyl (1u)
22 p-CN (1v) CHs(2a) 80 (3v)
23 p-CFs (1w) CHz (2a) 62 (3w)
24 p-NO; (1x) CHz (2a) 0 (3x)
25 H (1a) d®-DMSO(22a%) 84 (3a%)
26 H (1a) Ethyl (2b) 61 (3a)
27 H (1a) t-Bu (2c) 54 (3a)
28 H (1a) phenyl (2d) 0 (3a)
299 H(la) sulfinyldibenzene 0
(2e)

[al Reaction conditions: 1H-tetrazole-amine (1, 0.3 mmol),
t-BuONO (0.6 mmol), sulfoxide source (2, 2 mL), r.t.,, 1 h;
] |solated yields;

I In 2 mL acetone.

Taking into account that additional radical
initiators had been avoided in our protocol, key
control experiments were then conducted to clarify
the mechanism. Firstly, the proposed common
diazonium salt (1’a) was pre-prepared using
HBF4#/NaNO;, which reacted smoothly with 1
equivalents tert-butyl nitrite and DMSO in 88% vyield

(Scheme 2, eq. a). However, no adduct was detected
in the absence of tert-butyl nitrite. Secondly, 1°a and
DMSO could be transformed into 3a in 46% vyield
while being treated with 0.1 equiv of ascorbic acid
(eg. b), which is a well-known radical initiator.[*31 A
radical inhibition experiment with 2 equivalents of
TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy)
entirely quenched the reaction (eq. ¢). As a
comparison, 1.2 equivalents of tert-butyl nitrite were
applied under the standard conditions. The
methylsulfoxidation occurred as well, albeit
furnishing comparatively lower yield (eq. d, 37% vs
85%). The reaction in equation e with anhydrous
DMSO in a nitrogen atmosphere clearly
demonstrated that the oxygen-atom sources came
from DMSO instead of water or air. Eventually, a
non-heteroaromatic substrate, aniline, was found to
be ceased at the diazonium salt stage, giving no
corresponding product (eq. f). The above results
collectively came to conclusions as follows: 1) the
excess tert-butyl nitrite would play a key role in
generating aryl radical intermediates, probably with
similar mechanism to that of ascorbic acid; 2)
Potential interactions among tetrazole-amine, tert-
butyl nitrite and DMSO might exist in a transition
state.

(a) N=N N=N N=N
N\fN HBF, N /';13 1 equiv t-BUONO N\(N
©/ NH, NaNOz2 oN, BF  OVSO S~CH,
1a 1a without -BuONO. 0% :)88°/
0
(b) l/\l:N\ N:N\ 0.1 equiv N=
N_ N HBF, ,\" ascorbic acid N,
\( NaNO DMSO \(
NH, NaNO, @Nz BF, oS=cH,
1a 1'a 46/
N=N N:N
© l\/l N 9 rt,1h I\/l N
©/ ~ + tBuONO + H.c- o cH TEMPO. ©/
NH 2 f 3 3 S~
2 (2 eaquiv) 2 equiv) o’ "CH;
1a 3a, 0%
N:N‘ N:N\
(0] ¢ N
(d) l\/l /N I N/
< + +BuONO + N c”SI\CH wih, A
NHy (1.2 equiv) 3 3 ooS\CH3
1a 3a, 37%
N:N\ N:N\
© NN @ ain NN
N+ eBuONO ¢ S. A
NH, 3 3 N S~cH
(2 equiv) (anhydrous) o 3
1a 3a, 86%
f o i
k +-BUONO § 1h S-cH
+ + P
©/ u HaC™~ “CHs N, @ :
(2 equiv) (solvent) 0%

Scheme 2 Control experiments.

Based on the experimental facts and previous
reports,[®4l 3 proposed mechanism for the metal-free
methylsulfoxidation is illustrated in Scheme 3.
Tetrazol-amine (la) is in-situ converted into
diazonium salt [A] upon the treatment of t-BuONO.
Meanwhile, nucleophilic attack of DMSO to tert-

This article is protected by copyright. All rights reserved.
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butyl nitrite gives an adduct [B], though it is a
mechanistically reversible process. After which, the
diazonium salt [A] interacts with [B] to afford a
diazoether intermediate [C] via nucleophilic attack of
oxygen anion to diazonium cation, similarly to the
performance of ascorbic acid*® (Fragments
decomposed from [C] were trapped by TEMPO and
confirmed by HR-MS, see details in Sl). It is noted
that the proposed transition state [C] might be
stabilized by an eight-membered cation-electron pairs
interaction between the sulphur cation and tetrazol
moiety, otherwise, the reaction would reverse to the
starting materials (refer to the result of aniline in
Scheme 2, eq. f). The proposed transition state can
also be rationalized by the results of substrates 2d and
2e, since the existence of aryl substitutions would
delocalize the sulfur cation, thus labilizing the cation-
electron pairs. Subsequently, the diazoether [C]
undergoes a homolytic cleavage to furnish an aryl
radical [E] with the release of nitrogen, t-BuO radical
and a residue [D]®%. The key hetero-aryl radical
intermediate [E] traps DMSO to produce sulfinyl
radical [F]. Then the diazonium salt [A] oxidizes [F]
into a sulfoxide cation [G].°] Eventually transferring
methyl group to the weakly nucleophilic DMSO leads
to the final product 3a. t-BuO anion, decomposed
from [D], abstracts hydrogen from [H] to give t-
BuOH, which can be observed by monitoring with
GC.

N=N oe 3a

|
;Q\(N +BuO-N=0 + _S& oMe
|
DMSO, 2a s
1a NH; H3C’@\CHN 2a

t-BuONO\-HZO

N
) @
N=N t-BuO-N-O ©/ S<cH
HaC Yy ~Ts
NN 0 e
5 $o (61
N Ot-Bu N [E]
Al 'N [B]
| ref. [13b] |
r [A]
_N
t-BuO N=N N= N
/ N
N=N, . NN 22
A N ~ =Ny, -t-BuO ~ \(
N/ ST S‘CH
\( | H3C b 3
(N o [E] [F]
[C] (N-O~
N uuu

) ©

o)
N O] 1or. 15) 5 @
o] —— t+BuO +NO +DMSO
_S_t-Buo

Fragments Detected by HR-MS (Scheme 2, eq. c):
HNH
| A N
NO—+
=

Calcd.: C1gH25N40,%, 305.1972
Found: 305.1971

@
H* 5
oS

oL

Hl\\l\ O\N ol
N-0~ Bu

Qg

Calcd.: CgH1gN303S™, 210.0907
Found: 210.0903

Scheme 3 Proposed mechanism.

Finally, the antifungal activities of selected
compounds were tested against four phytopathogenic
fungi  (Botrytis cinerea, Alternaria  solani,
Rhizoctorzia solani, Alternaria leaf spot) using
mycelia growth inhibitory rate methods, with
Boscalid used as the positive control (see details in
the SI).1 The compounds were individually
dissolved in DMF and mixed with sterile molten
PDA to obtain final concentrations of 5 pg/mL.
Among which, the ECso values of compounds
possessing good activity were further evaluated using
different concentrations by diluting the corresponding
solution. Preliminary bioassay results indicated that
some of the compounds exhibited potential antifungal
activities at the concentration of 5 pg/mL (in SI). It
was noticed that the ECsy value of compound 3r,
bearing 3,4-dichloro substitutions, was determined as
low as 1.3701 pg/ mL against R. solani, which
exhibited competitive activity to that of the positive
control (Boscalid ECsp = 2.9767 pg/mL). Besides,
compound 3k (ECsp = 2.5439 pg/mL) represented
acceptable antifungal activity.

In summary, we disclosed, for the first time, a tert-
butyl nitrite  mediated methylsulfoxidation of
tetrazole-amines in neat DMSO or methylsulfinyl
derivatives. The reaction tolerated various functional
groups, furnishing a novel series of methylsulfinyl-
1H-tetrazoles with moderate to excellent yields, as
well as highly selectivity to sulfinyl substitutions.
This new methodology provides an expeditious and
operationally simple procedure of C-S(O) bond
construction. Mechanistic investigations suggested
that tert-butyl nitrite played dual roles in
diazotization and synergistic generation of aryl
radical intermediate with the aid of DMSO and
substrates. Preliminary bioactivity evaluation on
selected compounds against four phytopathogenic
fungi  exemplified their promising antifungal
activities.  Further synthetic applications and
bioactivity test are ongoing in our laboratory.

14 13.1166 x
5 B Botrytss aineres 3k

Y=4.5226-1.1774x
N Botryus cinerea 3w
Y=4.1413-0.7682x
4 M Botrytis cinerea Boscahd
Y=4.0833-1.7989x

H Rinrzoctorzia solani 3r
Y=4.8739-0.9220x

EC g (ng/ml)

& Rhizoctorzia solani 3w

Y=4.0287+1.6807x

u Rhnzoctorzia solam Boscahd

Compound Y=4.0772-1.9480x

Figure 2. ECso values of selected compounds and Boscalid.

Experimental Section
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Typical Procedures for the Methylsulfoxidation
of Tetrazole-amines with DMSO. 1-phenyl-1H-
tetrazol-5-amine (1a, 0.3 mmol, 1.0 equiv) and
degassed DMSO (2a, 2 mL) was added to a 5 mL
thick-walled pressure pipe under nitrogen atmosphere,
followed by the addition of t-BUONO (2.0 equiv).
The reaction mixture was stirred for 1 hour at room
temperature and monitored by TLC. After extracting
and removing the volatiles under vacuum, the
residues were purified by flash chromatography
(petroleum ether/ EtOAc = 1:1, Rf = 0.35-0.45) on
silica gel to give the desired product 3a in 85% vyield,
as a yellow solid. The procedure was applied for
entries 1-28, Table 1 in the main text.
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® The First Methylsulfoxidation with DMSO under Metal-free Conditions
® Expeditous and Operationally Simple, No Additive or Excitation Needed
® Broad Substrate Scopes with Highly Selectivity, 27 examples

@ Antifungal Inhibitory Rate (Rhizoctorzia solani): 3r, 5 ppm, 68.1%;
ECso: 1.3701 ug/mL
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