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Disulfides and sulfur containing organic compounds are
important functional groups widely present in nature and
have commercial significance.l! Therefore, the synthesis of
disulfides, sulfides, and w-thioketones is not only attractive
but also finds numerous applications.”! Studies directed
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towards the cleavage of disulfide bonds in proteins are an
important determinant in understanding the structural activ-
ity and structural domains of proteins, this helps in the design
and development of new therapeutic agents and the con-
version of large proteins into smaller fragments that are more
amenable for sequencing.P! The sulfur—sulfur bond in organic
disulfides may be cleaved by nucleophilic, electrophilic, and
radical processes. Several transition metal complexes have
also been shown to cleave sulfur—sulfur bonds in organic
disulfides.¥

We have reported the usefulness of benzyltriethylammo-
nium tetrathiomolybdate (1) as an efficient sulfur transfer
reagent in organic synthesis.”! Further work revealed that the
tetrathiomolybdate 1 mediates reductive dimerization of
organic thiocyanates and selenocyanates to the corresponding
disulfides and diselenides.®]

In continuing our quest to exploit the redox chemistry
associated with Mo—S systems we find that 1 can mediate not
only the formation of the disulfide bond but can also cleave
the disulfide bond under appropriate reaction conditions.
Herein, we present our findings that 1 can mediate disulfide
interchange reactions and that the intermediate generated
in situ in the cleavage of the disulfide bond undergoes a facile
conjugate addition to suitable Michael acceptors.

In work on induced redox reactions of ammonium tetra-
thiomolybdate Stiefel and co-workers!”l demonstrated that
under forcing conditions (DMF, 90°C) alkyl and aryl disul-
fides undergo cleavage to produce thiolates and Mo,Sg>~
[Eq. (1)]. Since we have reported that 1 effects sulfur transfer
to alkyl halides to form disulfide bonds very efficiently, and in
light of Stiefel’s observations, it was of interest to find out
whether 1 would effect an exchange reaction of a mixture of
disulfides.

(NHy) 2Mo2Sg + 2ZNH4RS (1)

A 1:1 mixture of dibenzyl disulfide (2) and diphenyl
disulfide (3) in CH;CN was reacted with 1 (2 equiv) at room
temperature for 15 h. Interestingly, the unsymmetrical disul-
fide, benzylphenyl disulfide (4) was obtained as the major
product along with the symmetrical disulfides 2 and 3 in the
ratio of 2:1:1 (90 %, [Eq (2)]. This reaction clearly indicates
that 1 is mediating an exchange reaction of disulfides which
must involve cleavage of the disulfide bond.

[ BnNEt 3] 2Nb$4( l)
(P Sy; + PhssPh —————————~
, X CH,CN, RT 4

(90% 1:1:2)

As tetrathiomolybdate 1 converts alkyl halides and organic
thiocyanates to disulfides,™®! it was decided to find out
whether two disulfide precursors (like two alkyl halides or
thiocyanates) in the presence of excess of 1 would also lead to
unsymmetrical disulfides in an exchange reaction. Thus, a
mixture of benzyl thiocyanate (5; 1equiv) and phenyl
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thiocyanate (6; 1equiv) was treated with 1 (2equiv)
[Eq (3)]. As expected, the unsymmetrical disulfide 4 was
isolated as the major product (90 % ) along with 2 and 3 in the
ratio 2:1:1.

[ BnNEt 3] 2'\/bS4( l)

Ph~ ™SCN + PhSCN 2 + 3 +Ph” S—S-Ph
5 6 CH;CN, RT 4
(90% 1:1:2)

These results clearly suggest that disulfides undergo
cleavage of the disulfide bond with an excess of 1 and
undergo exchange reactions to produce unsymmetrical disul-
fides. Encouraged by these findings, we were interested to find
out whether alkyl and aryl disulfides in the presence of 1
would undergo 1,4-addition to suitable Michael acceptors. If
this were successful, it would avoid the use of free thiols in the
Michael reactions.

In the initial experiments diphenyl disulfide (3) was treated
with 1 in the presence of a number of Michael acceptors and
as anticipated the corresponding Michael adducts were
formed in very good yields (Table 1). Thus, in the reaction
of 3 (0.5 equiv) and methyl vinyl ketone (7) (1 equiv) with 1
(1.1 equiv), the B-ketosulfide 8 was isolated in 85% yield.
Similarly, the reaction of 1 with 3 in the presence of either
ethyl acrylate (9) or acrylonitrile (11) or 2-cyclohexenone (13)
resulted in the formation of the corresponding Michael
adducts 10,181 12,1 14019 respectively in very good yields
(Table 1). In the reaction of 2 and methyl vinyl ketone 7 in the
presence of 1, the ketosulfide 15 was obtained as the exclusive
product.[''] When p-nitrobenzyl disulfide 16 was treated with 7
in the presence of 1 the corresponding product 17 was isolated
in good yield (Table 1). This appears to be a general reaction
with wide applications.

Having successfully executed the one-pot reduction of
disulfide followed by Michael reaction the stage was set for
effecting a three-step tandem reaction starting from an alkyl
halide, wherein the first step is the sulfur transfer reaction
mediated by 1. Thus, when benzyl bromide (18) was allowed
to react with 1 (2 equiv) and 7, the corresponding ketosulfide
15 was isolated in 86 % yield (Table 2). Clearly in one pot we
have been able to effect sulfur transfer, reduction of disulfide,
and conjugate addition of thiolate to 7. A similar reaction of p-
nitrobenzyl bromide 19 with two equivalents of 1 and an
equivalent of 7 led to the formation of the corresponding
ketosulfide 17 in 91 % yield (Table 2).

Having found that the tandem reactions work well, it was
then decided to apply this one pot methodology to intra-
molecular reactions (Table 2). When the chloroenone 20
(1 equiv) was treated with 1 (2 equiv) the corresponding spiro
compound, 2121 was isolated in 80% yield, while the
bromoenone 22 under similar conditions afforded the corre-
sponding S-ketosulfide 23.

The same methodology was then extended to the synthesis
of bicyclo[3.3.1]nonane skeletons. In the reaction of bromo-
enones® 24 and 26 with 1 (2.2 equiv), the corresponding
bicyclic adducts 25 and 27 were obtained in near quantitative
yields.
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Table 1. Cleavage of disulfides and conjugate addition to a Michael acceptor in the presence of 1.

Substrate/s Time [h] Product Yield [%]®
o] s
PhSSPh (3) V& (7) 5 Ph VY ® o5
o)
o] S a_-
3 9 8 Ph~ 10 81
A @ T w
3 > ON (1) 5 ph oSy (12) 86
o) o]
3 13) 5 (14) 80
SPh
o)
(Ph/\59E @) 7 6 Ph/\s/\)\ (15) 88
o]
(16) 7 4

IO
@N

@A s (17 82
N~

[a] Yield refers to pure, isolated products.

Table 2. Tandem sulfur transfer/reduction/Michael addition in one pot.

Substrate/s Time Product Yield
(h] (%]
(@]
- 18)+7 10 15 86
PhBr (18)+ Ph/\S/\)J\()
(@]
J@Asr 19)+7 8 /@AS/\)\ an o1
ON ON
o (0]
| (20) 10 s @ 80
O/\/C] O\>
(0] (0]
ij/o\ﬂsr (22) 8 Oj (23) 75
S
_ (6]
(24) 8 S (25) 94
Br\/;\
O
(@]
(26) 6 S (27 98
Br\/é\
O

[a] Yield refers to pure, isolated products.

The chemistry described herein demonstrates that the
tandem sulfur transfer/reduction/Michael addition strategy
mediated by tetrathiomolybdate 1 is very efficient in the

4318
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synthesis of variety of useful synthetic intermediates. The
highlights of this methodology are the one-pot reactions, and
that there is no free thiol involved in the reaction.

Experimental Section

Typical experimental procedure for the tandem sulfur transfer reduction
Michael addition: Benzyl triethylammonium tetrathiomolybdate 1 (1.135 g,
1.86 mmol) was added to a solution of bromoenone 26 (0.200 g, 0.85 mmol)
in acetonitrile (3 mL) and stirred at room temperature (25 °C) for 6h. The
solvent was evaporated under reduced pressure, the black residue was
extracted with dichloromethane :diethyl ether (1:5, 25 mL x 5), and filtered
through a Celite pad. The filtrate was concentrated and purification on a
silica gel column eluting with ethyl acetate:hexane (1:10) furnished the
pure compound 27 as a white solid (0.175 g, 98%); m.p. 84-86°C; IR
(nujol):7 = 2980, 2900, 1680, 1630, 1440, 1400, 1380, 1360, 1320, 1280 cm™;
'HNMR (500 MHz, CDCl;, 25°C, TMS): 6 =4.75 (s, 1H), 4.71 (s, 1H), 3.14
(d, J=14 Hz, 1H), 3.05-2.99 (m, 2H), 2.8 (dt, J=13.6, 3.4 Hz, 1H), 2.65
(d, J=14.4 Hz, 1H), 2.50 (s, 1H), 2.34 (d, J=13.6 Hz, 1H), 1,25 (s, 6H),
1.19 (d, J=6.6 Hz, 3H); *C NMR (125 MHz, CDCl,;, 25°C): d =: 216.3,
145.5,111.0, 53.10, 44.83, 44.6, 35.7,28.0, 27.9,23.21, 13.3; low resolution MS
miz:210 [M*],195, 182,177,163, 149, 140, 124, 111, 93; high resolution MS:
caled for C,H;30S. 210.1078; found 210.1080; [a]x =211° (¢=0.010 g in
CH,Cl,).
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Transition Metal Complexes as
Photosensitizers for Near-Infrared Lanthanide
Luminescence®**
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The design of sensitizer-functionalized lanthanide com-
plexes that exhibit efficient luminescence in the near-infrared
(NIR) region is currently of interest because of potential
applications in fluoroimmuno-assays,[! in laser systems,? and
in polymer-based optical signal amplifiers.”* NIR lumines-
cence of complexes of the lanthanide ions erbium(ii), neo-
dymium(11), and ytterbium(in) is readily observed in solution
at room temperature, only when the ions are excited indirectly
by energy transfer from the triplet statel®! of an incorporated
organic chromophore (the antenna or sensitizer). Direct
excitation is more demanding because of the forbidden
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optical transitions within the 4f subshells of lanthanide ions.
As a result, the absorption coefficients are very low (typically
1-10Mm~'cm™') and the lifetimes of the excited states are
relatively long (microseconds to milliseconds).

Herein, we report the first example of Nd™ and Yb™
luminescence sensitized by the transition metal complexes
ruthenium(tn) tris(bipyridine) ([Ru(bpy);]**) and ferrocene.
Investigations of sensitizers for NIR lanthanide luminescence
have focused on conjugated organic molecules, nevertheless,
there are only a few examples of sensitizers that enable visible
light excitation instead of near-UV excitation.[4 %7 The
[Ru(bpy);]** complex not only has an intersystem-crossing
quantum yield near unity, but it should enable excitation of
Nd"" and Yb'™ with visible light of up to 500 nm. Compared to
[Ru(bpy)s]**, ferrocene has weaker absorption bands in the
visible region,®l but its low-lying triplet state (E;=
13300 cm )1 closely matches the receiving luminescent
states of Nd™ (11300 cm™!) and Yb™ (10250 cm™).

Our systems [(Ln,-Ru)1]** and (Ln)2 are based on m-
terphenyl-based lanthanide (Ln) complexes!'™'? that are
covalently linked to the transition metal complexes. Exper-
imental and physical data can be found in the Supporting
Information.

(Ln)2

Excitation of the [(Ndy,-Ru)1]** and [(Yb,-Ru)1]** com-
plexes in deoxygenated [Dg]DMSO (10-°m) with visible light
resulted in Ln"-centered NIR luminescence. Figure 1 shows
the emission bands of [(Nd,-Ru)1]>* at 1060 and 1330 nm
corresponding to the *F;, —*1;;, and I3, transitions of Nd',
respectively, and the emission band of [(Yb,-Ru)1]** at
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