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NHC-Catalyzed Metathesis and Phosphorylation Reactions of

Disulfides: Development and Mechanistic Insights

Reece D. Crocker,™ Mohanad A. Hussein,? Junming Ho*™ and Thanh V. Nguyen*

Abstract: The development of efficient methods for the metathesis
and phosphorylation reactions of disulfide compounds is of
widespread interests due to their important synthetic utility in
polymer, biological, medicinal and agricultural chemistry. Herein, we
demonstrate the use of N-heterocyclic carbenes (NHCs) as versatile
organocatalysts to promote these challenging reactions under mild
conditions. This metal-free oxidant-free protocol is operationally
simple with very short reaction times. The interplay between the
nucleophilicity and basicity of NHCs in these reactions were also
elucidated by NMR studies and high-level ab initio calculations.

Sulfur-transfer chemical transformations play pivotal roles in
biological processes and synthetic chemistry."! Despite sulfur
being an abundant element of the chalcogen group, organic
reactions involving organosulfur compounds are relatively under-
investigated compared to their oxygen counterparts.? The
development of efficient metathesis®™ and phosphorylation[4]
reactions of disulfides are of particular interest due to th
synthetic values in polymer, medicinal, agricultural and cat,
chemistry.®®! Recently, these reactions have also beCome
versatile tools for dynamic combinatorial®® and diversity-ggi
chemistrym as they can rapidly generate molecular li
various applications.[ﬁa'sl Traditional methods for the
normally require harsh conditions or involve toxi
reagents and catalysts with limitations in scop
report a novel and efficient N-heterocyclic
catalyzed procedure to promote both the disulfide
reaction and the synthesis of phosphorothiolates via pho
disulfide coupling reaction (Scheme 1). High-level ab inti
studies were carried out to propose plausible mechanismg, for
these reactions. This work opens up gew possibilities in
mediated organic synthesis,"'” as th
on organosulfur and organophospho
inadequately studied.®*'"!

heterodimeric
ing blocks.®®'*!

Computing, Agency for Science
apore
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[**] The Supporting Information is available: Experimental and
computational de-tails, analytical data, NMR spectra, and Cartesian
coordinates of M06-2X optimized geometries are provided.
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recently developed to facilitate the
disulfide metat s using phosphine catalysts"® or
mechano-°*'® and photochemical processes.!'"”! However, it is
sfill an ongoi@thallenge to address the limitations in substrate

pe, equi tion time and the precision of these methods.
n the fact that thiolates or phosphines can heterolytically
cleQe disulfide bond via nucleophilic attack,®®'® we envision
e highly nucleophilic NHCs could act as effective
alyst for this reaction. Indeed, our study demonstrated
etathesis reactions proceeded smoothly in the
presence HC catalysts under mild conditions with excellent
efficiency.

Our first test reaction on the metathesis of Bn-S-S-Bn (1a)
and, pTol-S-S- pTol (1b, Table 1) using the standard “IMes
A (10 mol %) catalyst was met with instant success. The
lon was initially carried out in CD3CN where NMR and GC-
analyses clearly showed that the equilibrium to Bn-S-S-pTol
ab) was reached within 10 minutes without any side reaction.
he product 1a:2ab:1b = 25:50:25 ratio is in good agreement
with the theoretical yields of this statistical equilibrium reaction.
These favorable preliminary results, with up to 10-fold reduction
in reaction time compared to known methods,®® %"
encouraged us to fully optimize this NHC-promoted disulfide
metathesis reaction (Table 1). Among the pool of six NHC
catalysts tested, imidazolylidenes 3A-3C gave similar results
with shorter reaction times than imidazolinylidene, triazolylidene
and thiazolylidene catalysts (3D-3E), which is in good
agreement with the nucleophilicity of these catalysts."
Acetonitrile proved to be the best solvent (entries 2,7,8, Table 1)
hinting at a polar transition state for these reactions. The catalyst
loading could be reduced to 5 mol% without affecting the
equilibrium outcomes (entries 2 and 9-11, Table 1). In the
absence of NHC catalysts, no disulfide 2ab was found even
after a prolonged reaction time (entry 12, Table 1). Disulfide
exchange by homolytic cleavage of the S-S bond™ is ruled out
as the use of BHT as a radical scavenger still led to good
conversion (entry 15, Table 1).[201

The optimized conditions were then used for dynamic
metathesis reactions between a range of disulfides (Scheme 2).
Most of them underwent rapid and clean cross metathesis with
each other to give a library of unsymmetrical disulfides. There
was negligible discrepancy in reaction outcomes for primary
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Table 1. Optimization of disulphide metathesis reaction

cat. N S
S\S PPN S\S x /Ej S \H/\‘
)Q/ 1b H3C ~F

solvent, rt

1a 2ab
NN . o o
% IN>: l N>: : N>: [N>: h)NI\N> ( | S>
| 3A Mes 3B Dipp ac ! 3D Dipp 3E Ph 3F
?:fgre addition of cat. NHC 3B ~ ng/S\CQ and ss@ CHg
1a:1b=1:1 “ 1a H| . 1b
kg |
:\firoaﬁ?mg:f cat. NHC 3B (5 mol%)  HsC @S/S\CQ
1la:2ab:1b=1:2:1 H
2ab (2H))‘ [ 1a (4H) 2ab [1b at,
B \Jl\* entry 9, 'H NMR, CDCN, 25°C, 400 MHz | | o
T e Cs . 3 "2 pem
Entry® Catalyst, mol% Solvent Time! 2ab"
1 3A, 10 CDsCN <10 50%
2 3B, 10 CDsCN 5 50%
3 3C, 10 CDsCN <10 50%
4 3D, 10 CDsCN 90 50%
5 3E, 10 CDsCN 240
6 3F, 10 CDsCN 240
7 3B, 10 CD.Cl,
8 3B, 10 CsDsCD3
9 3B, 5 CDsCN
10 3B, 25 CDsCN
11 3B, 1.3 CDsCN
12 No catalyst CDs;CN
13 NaSBn, 10
14 KHMDS, 101
15 3B, 10 and

BHT (1.0 equiv)®”

[a] Reaction conditions: NHC catalyst
disulfide 1a (0.5 mmol) and 1b (0.5
minute) to reach equilibrium. [c] C
mol% BnSH was also adde:

alkyl disulfides or aryl distgdes. HowevWJbstrates such
as diisopropyl, dicyclohe or di(tert-butyl)disulfides only
reacted sluggishly to afford products in poor to moderate
yields (Scheme

is the first examp
is of interest to un

k0 solvent (1.0 mL) the ixture of
in solvent (1.0 mL). 0] Time (in

MR or GC/LCCMS. [d] 10

In combination wi el ab initio calculations,?"” we

proposed possible mechanistic pathways for this type of reaction
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with disulfides 1¢ and 1d (Scheme 2b). NHC 3C presumably
acted as a nucleophilic initiator to form thio-imidazolium cation 5
and thiolate 6, which then attacks [fide and regenerates a
sulfide anion each time. The initiatio! as a significantly
higher (ca. 20 kJ mol™) barrier, and is ith reaction
times correlating inversely gwith nu hilicity the NHCs
iAW 13-14 in Table 1) where
introduced directly into
longer reaction
all th@rmodynamic driving
ol") associated with the
small but non-negligible
total amount of NHC-
'AG) is present throughout
with NMR observations.””

times (c.f. entry 3).%

force (-6 kJ mol™)
initial/regeneration
amount of free N
derived speci
the reaction,
thiolates in acetonitrile,”? initiating the
t would explain the observed rate
enhancement. As NHC also plays a minor catalytic
role in the metathesis reactions.

With the tablishment of this NHC-promoted disulfide

tathesis &)Scol, we turned our attention to the synthesis of
phorothiolates from disulfide-phosphite coupling reactions.
organo-phosphorus-sulfur compounds serve as valuable
diates in organic chemistry and precursors for important

Bl =-50%, =5-30%; M = no reaction; M = not studied.””

(b) Proposed mechanism and computational studies
G3(MP2)-CC/SMD Et

/
free energies )IN> \S—S\ 1c
N\ Et
3C

in MeCN
AGF= 73 kJ mol-t
AGgoin = -6 kd mol-!

! Rt

+
AG™ =79 kJ mol-!
AGigop = 7 kJ mol!

c
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=
S
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Scheme 2. NHC-catalyzed disulfide metathesis.
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Table 2. P(O)-S coupling reactions®

9 t. NHC (\)\
SR+ R s RI—P_ R
S toluene, rt, 5 - 40 min, - RSH
1 RZ RZ 5
""""" Mes Dep  ,  Dep Pn T
N N N. N-N N
IN f L IR LR W 2
,,,,,, SAMes  %8Dpp  3c)  Dpp eEPh e
Entry® Product Catalyst Cat. loading Yield™
1 5aa - 10 mol% -
2 5aa 3A 10 mol% 74%
3 5aa 3B 10 mol% 83%
4 5aa 3C 10 mol% 56%
5-7 5aa 3D-F 10 mol% traces-20%
8 5aa 3B 5 mol% 17%
9 5aa 3B 10 mol%™ 70%
10 5aa 3B 10 mol% 65%
11 5aa NaSBn 10 mol% 14%
12 5aa DBU 10 mol% 23%
with 10 mol% catalyst 3B
(from phosphites) o (from phosphinates) o
] 1l || 11
"BuO—P. — — =]
ul /\S/Bn MeO '/D\S .Bn Ph }IT’\S/Bn Ph l/:’\s/Bn
"BuO MeO MeO BnO

5aa, 83%, 5 min 5ca, 89%, 5 min 5da, 100%, 15 min 5ea, 12%, 24 h

(from phosphine oxide)

o o
|| | I}
"BuO—P~___ P10l MeO—P, Tol  Ph— I
P~g /\S/p ol I/:’\S/pToI Ph—P__Bn
"BuO MeO MeO Ph, S

5ab, 34%, 40 min 5cb, 19%, 40 min  5db, 45%,40 min

5fa, 94%, 5 min

o)
| 1l 1l
"BuO—P~____Et MeO—P. Et Ph—P. T
P~s P~g~ /\S/Et Ph-l/:’\s/pTol
"BuO MeO MeO Ph

5ac, 84%, 5 min 5cc, 68%, 5 min 5dc, 68%, 5 min

5fb, 79%, 40 min
Q
Ph—P. Et
/\S/

1l Il 1l
PhO»I/D\S Bn MeO~/P\S Bu Ph*l['—’\S/Cy
PhO MeO MeO Ph
5ba, ~94%, 30 min  5¢d, 76%, 5 min 5de, trace 5fc, 96%, 5 min

[a] Reaction conditions: NHC catalyst 3 in
disulfide 1 (0.55 mmol) and phosphite 4 (0.50 mmol)
[b] Yield of isolated product. [c] 10 m,
[d] MeCN was used as solvent.

1% water was adde reaction.

t methods to
and moisture-

previously known to also act
(1,w)-hydropho i to
Hence, it seems

Con,,lpounds-ﬁ1b,11i,24]

uld also act as effective
ions between disulfides

(entries 1-10, Table 2). It was
encouraging to note tha ction proceeded smoothly and
cleanly at room temperature with excellent yields within very
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short reaction times. The solvent effect was found to be slightly
different from the disulfide metathesis reaction where toluene
gave better reaction outcomes t tonitrile (entries 3 and
10, Table 2). Imidazolylidene catalys B again gave the
best outcomes for this P(O)-S coupli entries 1-7,
Table 2). The optimization
for catalyst 3B (entries 3 an

coupling reactions
organophosphorus
products in good
5fc, Table 2). Thi
always isolated in
NHC-catalyz
of P(O)-H
phosphinates (5

phosphorothiolate
ost cases studied (5aa-
isulfide substrates were
the main products. This
r all three different types
y phosphites (5aa-5cd),
a) and phosphine oxide (5fa-5fc). The
from less reactive disulfide substrates
ht be at play (5ab, 5cb, 5db, 5de,
5ea, also see P9 In light of its overall good
performance, this method could serve as a convenient and
icient orggiwcatalytic alternative® for the synthesis of
theticallﬁjable phosphorothiolates.
terestingly, *P NMR studies®™ in combination with
tational modelling® suggest that the reaction did not
through the activation of disulfide substrate like the S-S
ction discussed earlier (see pages S32/33 -
roposed mechanism (Scheme 3), NHC 3C acts as
a BronstedYbase catalyst to activate the phosphorus center of
substrate 4c via a proton-transfer to form an ion-pair
intgrmediate 8. This is also the rate-limiting step for the reaction,
firmed by kinetic studies (see page S34 in the Sl). The
ophilic phosphorus center readily reacts with the disulfide
(with a barrier height of 27 kJ mol") to form the
osphorothiolate product 5’ via a termolecular transition state
(inset in Scheme 3). The higher catalyst loading (10 mol%)
needed in these reactions is attributed to competing reaction
between the NHC and the disulfide substrate to form the
thiolates (Scheme 2b). The proposed mechanism also agrees
well with the experimental observation that species with weak
basicity (3D-F, entries 5-7, Table 2) to drive the proton transfer
could not promote the reaction efficiently.

In support of the proposed mechanism, we note that there is
a direct correlation between basicity and reaction outcome.
Computed relative pKa values in toluene, as well as
experimental aqueous values for structurally related NHCs
indicate that catalysts A-C are the most basic amongst the
present set of NHCs (See page S50 in the SI).?*! Additionally,
replacement of NHC catalyst (pKa in DMSO ca. 24)[26] by the
weakly basic NaSBn (pKa in DMSO ca. 10.3)?" resulted in 14%
yield (entry 11 Table 2), whilst DBU®® (pKa in DMSO ca. 12)
provided a slight improvement (entry 12). The calculations also
indicate that 4c’-P(lll) is not likely to be an active species since
4c-P(V) to 4c’-P(lll) tautomerization® (Scheme 3) is
thermodynamically disfavored (AG ca. 60 kJ mol™).5% Notably,

~
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G3(MP2)-CC/SMD 1
free energies

in toluene

MeO.. ,/O AGioin = 59 kJ mol-! MeO.. JO-H
MeO” MeO”
4c - P(V) 4c' - P(lll)

[2]
proton-transfer
AGY= 75 kJ mol; AGgoyn = 13 kJ mol-!

Me proton-transfer
S-H AGF=55kJ mor / 3]
- AGiopn = -8 kJ mol”
. PR OMe‘”:‘jN'FHx h-OMe
- No ‘0” "OMe Observed
0% “OMe \ g0 by 3P NMR 4
9 (see page S31 - Sl) [“
AGsoln =\ 7 kJ mol™ AG¥= 29 kJ mol-1

Me [5]

S
AGgopn = -58 kJ mol-! S" " Me or 11

/ 1l
N 1
[
10\ Me—S.  oMe
! N 0”_ OMe
IN>' Me~go J [6]
N n 10
3c 8 :
N/ Et termolecular 314 7]
Me / transition state ) 2T
\S/S\Me \ NS ﬁ"’
r v 12 8+1 — > 5

(8]
101
[10]

[also see Scheme 2b] (see Sl for details)

Scheme 3. Proposed mechanism for the P(O)-S coupling reactions

addition of a catalytic amount of water (entry 9) or using a more
polar solvent (entry 10), known to enhance the formation of P(lll)
tautomer,”® both led to lower reaction efficiency.

In conclusion, we have developed novel NHC-catalyzed
methods to efficiently promote the disulfide metathesis as
as the phosphite-disulfide coupling reactions under very
conditions and short reaction times. These metal-free profocols
were operationally simple but computational studies sug

(1

activation modes. The computational
mechanistic insights into how the nucleophilici
NHCs can be exploited to enhance the two
synthetic procedures. These reactions could s
tools to rapidly generate diverse molecular
applications in synthetic and medicinal chemistry. This wo
opens up new opportunities in NHC-mediated chemistry
organosulfur and organophosphorus compounds. Studi
expand the scope of these methodojpgies in stereosele
synthesis of bioactive compounds
reported in due course.
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SR + SR @ > R S~.R
> R =
RS B S disulfide metathesis s
o & .9
.S.o.R + R—=P—y »R'-P___R
R™'S R/Z P(O) - S coupling reaction R,Z\S

Instant reactions: N-heterocyclic carbenes (NHCs) served as versatile
organocatalysts to promote disulfide exchange and phosphite-disulfide coupling
reactions under mild conditions. This metal-free oxidant-free protocol is
operationally simple and highly efficient with very short reaction times.
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