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ABSTRACT: Reactions of 1,3-dimethylimidazol-2-ylidene−
borane (diMe-Imd-BH3) and related NHC−boranes with
diaryl and diheteroaryl disulfides provide diverse NHC−boryl
monosulfides (diMe-Imd-BH2SAr) and NHC−boryl disulfides
(diMe-Imd-BH(SAr)2). Heating in the dark with 1 equiv of
disulfide favors monosulfide formation, while irradiation with 2
equiv disulfide favors disulfide formation. With heteroaryl
disulfides, the NHC−borane in the primary NHC−boryl sulfide product migrates from sulfur to nitrogen to give new products
with a thioamide substructure. Most substitution reactions are thought to proceed through radical chains in which homolytic
substitution of a disulfide by an NHC−boryl radical is a key step. However, with electrophilic disulfides under dark conditions, a
competing ionic path may also be possible.

■ INTRODUCTION

The element boron has a rich history in radical chemistry
because it participates in a wide assortment of radical−molecule
reactions. In the vast majority of these reactions, boron is in the
molecule component of the pair. For example, boranes (BR3)
have a broadly useful homolytic substitution chemistry, reacting
with all sorts of oxygen, nitrogen, and sulfur and halogen
radicals (X·) to expel carbon radicals (R·) (eq 1).1 Today
triethylborane and related boranes are among the most
common initiators2 and reagents3 in synthetic radical chemistry.

Homolytic substitution reactions with boron as the radical
component of the pair are much less common. This dearth of
information is at least in part because there are so few classes of
boron-centered radicals. The study of neutral boryl radicals was
pioneered by Roberts and co-workers. Amine−boryl radicals
have been the most well studied, and they abstract univalent
atoms such as iodine, bromine, and even hydrogen if the
polarity is matched.4 There is a small amount of information on
phosphine−boryl radicals,4e−g and some boryl radical anions
and radical cations are known.5 The spin density is at least

partially delocalized onto boron in a variety of radicals and
radical ions, including conjugated boranes and clusters.6 This
collection pales in comparison to the encyclopedia of
information on radicals centered on boron’s neighboring
elements to the right in the second row of the periodic table
(C, N, O).7 Homolytic substitutions at divalent elements such
as sulfur are core reactions of many types of radicals, including
silicon, tin, and carbon.8

Radicals derived from N-heterocyclic carbene−boranes
(NHC−boranes) are now contributing a new chapter to the
chemistry of boron-centered radicals.9 NHC complexes of the
parent borane (NHC−BH3) are readily available, stable solids
that are conveniently prepared and handled.10 One of the
hallmark features of NHC−boranes is a relatively weak B−H
bond,9b,11 cleavage of which gives an NHC−boryl radical
(NHC−BH2·).

12

Reactions of NHC−boryl radicals are summarized in Figure
1. These radicals add to xanthates9a,b (which triggers
deoxygenation) and to electron-poor alkenes (which triggers
polymerization).12 They also abstract bromine and iodine from
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alkyl12c and even aryl halides.14 They react quickly with
O2

12a,b,d and can be oxidized relatively easily to borenium
ions.12a,b,d,15 They can also be reduced with difficulty to boryl
anions.16 Preparatively, NHC−boranes are emerging as useful
reductants in small molecule radical chemistry13,14,17 and as
coinitiators in polymer chemistry.18

The discovery of this rich vein of NHC−boryl radical
chemistry offers encouragement that more new reactions
remain as yet untapped. Among these, homolytic substitution
of a divalent element is an important elementary radical step8

that has not been observed with NHC−boryl radicals.
Here we describe preparative and mechanistic aspects of

substitution reactions of NHC−boranes with disulfides to give
stable NHC−boryl sulfides. Mono- and disubstituted products
are formed selectively in good yields depending on the reaction
conditions. Reactions conducted in the presence of light occur
by radical chains in which a key step is rapid homolytic
substitution of a disulfide by an NHC−boryl radical. Certain
heterocyclic boryl sulfide products undergo a rapid 1,3-boryl
shift from S to N to give stable new NHC−boranes with B−N-
heterocycle bonds.

■ RESULTS AND DISCUSSION
Discovery of Homolytic Substitution at Sulfur.

Evidence for the viability of the homolytic substitution reaction
in Figure 1 first came from an unexpected quarter. During the
course of kinetic experiments to measure the rate constant of
the reaction of phenylthiyl radical (PhS·) with the typical
NHC−borane 1,14 we discovered that the apparent lifetime of
the phenylthiyl radical in the presence of 1 was affected by the
presence of oxygen.
In these laser flash photolysis (LFP) experiments (Figure 2),

solutions of 1,3-dimethylimidazol-2-ylidene−borane (diMe-
Imd−BH3 or 1) and diphenyl disulfide (PhSSPh) were
irradiated at wavelengths suitable for generation of the
phenylthiyl radical. This radical absorbs at 480 nm; therefore,
its decline in concentration over time is easily monitored. The
effect of oxygen is illustrated in Figure 2 for two typical
reactions between PhSSPh and 1 at 0.027 M in ethylbenzene/
acetonitrile. The lifetime of PhS· in air (trace 1) is dramatically
reduced compared to that under argon (trace 2).

At first glance, this decrease seems surprising because PhS·
does not react quickly with oxygen (k < 106 M−1 s−1). However,
the effect can be understood by considering the elementary
reactions in Figure 3. Step 1, abstraction of hydrogen from 1 by

PhS·, is the reaction whose rate constant we had targeted for
measurement. This was ultimately determined to be a fast
reaction (k ≈ 108 mol−1 s−1).14 Now assume that the resulting
NHC−boryl radical 1· reacts quickly with diphenyl disulfide by
homolytic substitution, as shown in step 2. This provides the B-
thiophenyl borane 2a (NHC−BH2SPh) and returns another
phenylthiyl radical. Together, steps 1 and 2 are a chain that
prolongs the apparent lifetime of PhS·.
We suggest that the introduction of O2 disrupts this chain

not by reacting with PhS· but by reacting with NHC−boryl
radical 1·. Step 3 becomes faster than step 2, the prolongation
effect of the chain is turned off, and the apparent lifetime of
PhS· goes down. Thus, the addition of O2 revealed a chain that
was otherwise hidden. In effect, the O2 does not (directly)

Figure 1. Elementary reactions of NHC−boryl radicals: (left) recently
reported; (right) this work.

Figure 2. (a) Reactants in LFP experiments, in ethylbenzene/
acetonitrile with [1] = 0.027 M. (b) Decay of PhS· over time (1) in air
and (2) under argon. The change in optical density at 480 nm is
plotted.

Figure 3. LFP experiments revealing a chain reaction that prolongs the
apparent lifetime of phenylthiyl radical (steps 1 and 2) but is shut
down by oxygen (step 3) or isopropyl iodide (step 4).
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decrease the lifetime of PhS·. Instead, the NHC−borane
prolongs the lifetime of PhS· and O2 suppresses the
prolongation.
If the mechanism in Figure 3 is correct, then the observed

decrease in apparent lifetime of PhS· should not be limited to
O2. To test this idea, we conducted a pair of experiments under
argon with and without added isopropyl iodide (iPrI). Like O2,
isopropyl iodide reacts slowly with PhS· but rapidly with boryl
radical 1· (step 4, kI ≈ 108 mol−1 s−1).12c In addition, like O2,
isopropyl iodide dramatically decreased the apparent lifetime of
PhS· in LFP experiments (see data in the Supporting
Information).
The chain comprised of steps 1 and 2 must be kinetically

viable (under the LFP conditions, at least), but it has unclear
thermodynamics. On the basis of the relevant S−H19 and B−
H11,12 bond dissociation energies (BDEs), step 1 is roughly
thermoneutral (about ±3 kcal/mol). (However, the polarity is
favorable for a fast reaction because boryls and thiyls are
nucleophilic and electrophilic, respectively.14) Therefore, the
overall thermodynamics is staked on step 2. We calculated the
BDE change for this step at the UB3LYP/6-31+G* level (see
Figure 4) and found that it is highly exothermic (ΔH° = −18

kcal mol−1). Likewise, the corresponding second substitution of
2a· to give NHC−BH(SPh)2 3a is highly exothermic (ΔH° =
−15 kcal mol−l), while the third and final substitution of 3a· to
give NHC−B(SPh)3 4a is less so (ΔH° = −7 kcal mol−1).
Taken together, the LFP results and the calculations support
the notion that NHC−boranes will react preparatively with
disulfides to give boryl sulfides.
Preparative Experiments. We started with a series of

scouting experiments to identify reaction conditions and to
characterize products. These reactions were conducted in NMR
tubes with 1 equiv of 1 and 2 equiv of PhSSPh and were
followed by 11B NMR spectroscopy. Soon we learned that 2a−
4a exhibit a triplet (−25.7 ppm, JB−H = 101 Hz), a doublet
(−12.4 ppm, JB−H = 121 Hz), and a singlet (−2.0 ppm),
respectively. NHC−boranes react with strong acids and
assorted electrophiles;20 therefore, their reactions with diphenyl
disulfide could in principle occur by either ionic or radical
mechanisms. Accordingly, reactions were conducted in NMR
tubes shielded by aluminum foil (dark) or exposed to ambient

laboratory light or light from a sunlamp. The results are
summarized in Table 1.

In a typical dark experiment with 2 equiv of PhSSPh at 25
°C, 1 was gradually consumed over 4 days to give 81% of 2a
and 19% of 3a (entry 1). The rates of the dark experiments at
room temperature were somewhat variable. For example, in
experiments similar to entry 1 but stopped after only 2 h,
conversions to 2a varied from <5 to 18% (no 3a was detected
at this short time). The dark reactions at room temperature are
slow, and initiation by stray light may be a factor in reaction
rates.
Indeed, a similar reaction at room temperature but exposed

to ambient laboratory light gave 83% of 2a and 16% of 3a after
only 2.5 h (entry 2; a trace (1%) of unreacted 1a remained).
On further reaction, the amount of the double-substitution
product 3a increased at the expense of 2a. An even faster
reaction occurred on heating at 55 °C (entry 3), providing 67%
of 2a and 33% of 3a after 1.3 h. The results in entries 1−3
illustrate the general problem that 2a and 3a are formed
competitively especially (but not only) during irradiation.
Irradiation with a 275 W sunlamp dramatically increased the
conversion (entry 4), and now disulfide 3a was the sole product
after only 10 min of irradiation at 30 °C.
NHC−boryl trisulfide 4a was not detected in any of these

experiments with 2 equiv of PhS−SPh, and it was only formed
in small amounts in an experiment with 3 equiv. However,
sunlamp irradiation of 1 with a large excess of PhS−SPh (10
equiv) finally gave the large singlet at −2.0 ppm that we assign
to 4a. Unlike 2a and 3a (see below), boron trisulfide 4a did not
survive flash chromatography. Therefore, this assignment is
tentative.
We next conducted two preparative experiments under

conditions that previewed the subsequent scope study. In the
thermal experiment (entry 5) targeting monosulfide 2a, a

Figure 4. Change in enthalpy (ΔH°) of sequential homolytic
substitution reactions of NHC−boryl radicals 1·, 2a·, and 3a·.

Table 1. Homolytic Substitution Reactions of NHC−Borane
1 and PhS−SPh

entry conditionsa
temp,
°C time

amt of
2a, %b

amt of
3a, %b

isolated
yield, %c

1 dark 25 4 days 81 19
2 lab light 25 2.5 h 83d 16
3 lab light 55 1.3 h 67 33
4 sunlamp 30 10 min 0 100
5e dark 45 6 h 83 17 84f

6 sunlamp 60 1 h 0 100 80
a0.2 M 1 and 2 equiv of PhSSPh in C6D6.

bRatio determined by 11B
NMR spectroscopy without a standard. cIsolated by flash chromatog-
raphy. dWith 1% remaining 1. e1 equiv PhSSPh used. fA 5/1 mixture
of 2a and 3a.
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solution of 1 equiv of 1 and only 1 equiv of PhSSPh was heated
at 45 °C for 6 h. Purification by flash chromatography provided
an inseparable mixture of 2a and 3a in 84% yield in a ratio of
83/17. In the photochemical experiment targeting boryl
disulfide 3a, 1 equiv of 1 and 2 equiv of PhSSPh were
irradiated at 60 °C for 1 h. This gave full conversion of 1, and
pure 3a was isolated in 80% yield. Both 2a and 3a were stable
compounds that were fully characterized by the usual means,
including 1H, 13C, and 11B NMR spectroscopy and MS (see the
Supporting Information).
Table 2 presents the scope of these reactions for the

preparation of both NHC−boryl mono-sulfides and bis-sulfides.
We looked for selective formation of NHC−boryl monosulfides
under dark conditions and for formation of NHC−boryl
disulfides under light conditions. In the dark reactions
(conditions A), the NHC−borane and 1 equiv of diphenyl
disulfide were warmed in benzene at 45 °C in a flask protected
with aluminum foil. In the light reactions, the NHC−borane
was reacted with 2 equiv of diphenyl disulfide in benzene under

irradiation from either a sunlamp (conditions B) or an
OmniCure lamp (conditions C). The lamps (especially the
sunlamp) generate some heat, and the temperatures of these
reactions are estimated to be 40−60 °C.
The reactions with diMe-Imd−BH3 1 were successfully

extended to dinaphthyl disulfide b and bis(4-methoxyphenyl)
disulfide c (Table 2, entries 1−6). Good yields of monosulfides
2b,c (86% and 76%) were obtained under the thermal
conditions A (entries 1 and 4). Minor amounts of boryl
disulfide products 3b,c (10% and 24%) were also isolated by
flash chromatography. In contrast to the pair in Table 1, this
and all the other pairs of boryl mono- and disulfides in Table 2
were separable and were isolated in pure form. Under the light
conditions (B and C), the corresponding boryl disulfides 3b,c
were formed in good yields (82−91%, entries 2, 3, 5, and 6)
with little or no accompanying monosulfides.
Larger imidazolylidene-derived NHC−boranes were exam-

ined next. Reactions with diiPr-Imd−BH3 5 and diphenyl
disulfide a led to either monosulfide 6a (entry 7, dark) or

Table 2. Scope of the Homolytic Substitutions Leading to NHC−Boryl Sulfides

entry NHC Ar conditionsa reaction time, h mono-SAr; yield, % di-SAr; yield, %

1 diMe-Imd 2-naphthyl A 1.5 2b; 86 3b; 10
2 diMe-Imd 2-naphthyl Bb,c 72 3b; 86
3 diMe-Imd 2-naphthyl C 0.25 3b; 100d

4 diMe-Imd 4-MeO-C6H4 A 1 2c; 76 3c; 24
5 diMe-Imd 4-MeO-C6H4 Bb,c 72 3c; 82
6 diMe-Imd 4-MeO-C6H4 C 0.5 3c; 91
7 diiPr-Imd Ph Ab 48 6a; 66 7a; 5
8 diiPr-Imd Ph B 4 7a; 72
9 dipp-Imd Ph A 48 9a; 36e 10a; 14e

10 dipp-Imd Ph B 10 10a; 45
11 dipp-Imd 4-MeO-C6H4 A 2 9c; 28
12 dipp-Imd 4-MeO-C6H4 C 2 10c; 35
13 diMe-BenzImd Ph A 1.5 12a; 52 13a; 19
14 diMe-BenzImd Ph C 0.5 13a; 68
15 diMe-BenzImd 2-naphthyl A 2 12b; 48
16 diMe-BenzImd 2-naphthyl Bb,c 16 13b; 70
17 diMe-BenzImd 4-MeO-C6H4 A 2 12c; 40
18 diMe-BenzImd 4-MeO-C6H4 C 0.5 13c; 95
19 diMe-Triaz Ph A 6 15a; 43 16a; 9
20 diMe-Triaz Ph B 1 16a; 85
21 diMe-Triaz 2-naphthyl A 2 15b; 40
22 diMe-Triaz 2-naphthyl C 0.5 15b; 2 16b; 55
23 diMe-Triaz 4-MeO-C6H4 A 2 15c; 60f 16c; 24f

24 diMe-Triaz 4-MeO-C6H4 C 0.5 16c; 54
aConditions: (A) PhSSPh (1 equiv), PhH, 45 °C; (B) PhSSPh (2 equiv), PhH, sunlamp 275 W, room temperature to 60 °C; (C) PhSSPh (2 equiv),
PhH, OmniCure, room temperature to 40 °C. bReaction was carried out at room temperature. cThe reaction was exposed to laboratory light (no
lamp). dNMR yield. eInseparable mixture, isolated together with 11% of remaining starting material. f4% of SM was also isolated.
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disulfide 7a (entry 8, light) selectively and in good yields (6a,
66%; 7a, 72%); however, the dark reaction to give 6a was much
slower (48 h compared to 4 h). The reactions of dipp-Imd−
BH3 8 with disulfides a and c were less efficient and gave lower
isolated yields of both boryl mono- and disulfides (9a, 36%;
10a, 45%; 9c, 28%; 10c, 35%; entries 9−12). Product 9a was
identical with a sample prepared by nucleophilic substitution of
dipp-Imd−BH2(OTf) with lithium benzenethiolate.20

We then examined the benzo-fused NHCs derived from
benzimidazole−borane 11 (diMe-BenzImd−BH3) with all
three disulfides (entries 13−18). The monosulfides 12a−c
were obtained under the dark conditions in 40−52% isolated
yields, usually with good mono/di selectivities (entries 13, 15,
and 17). Conversely, the boryl disulfides 13a−c were isolated in
better yields (68−95%) under the light conditions (entries 14,
16, and 18). The reactions of triazolylidene−borane 14 (diMe-
Triaz−BH3) with disulfides a and b (entries 19−24) continued
this trend. Moderate yields of monosulfides (15a,b, 40% and
43%) were obtained under the dark conditions, while better
yields of boryl disulfides (16a,b, 85% and 55%) were obtained
under the light conditions. Only in the pair of reactions of 14
with c (entries 23 and 24) was the boryl monosulfide (15c,
60%) isolated in better yield than the boryl disulfide (16c,
54%).
Overall it appears that the substitution reactions are general

and tolerate changes in the NHC−borane and the disulfide.
The dark reactions with 1 equiv of disulfide ArSSAr give the
boryl monosulfide NHC−BH2SAr selectively but usually not
exclusively. The two products can be separated by flash
chromatography (except for 2a and 3a). The light conditions
with 2 equiv of disulfide ArSSAr give faster reactions and higher
yields, producing only the boryl disulfide NHC−BH(SAr)2.
Substrates derived from hindered or less nucleophilic carbenes
(for example the benzimidazolylidene21) seem to fare better
under light conditions B or C compared to dark conditions A.
We also briefly investigated other solvents for these reactions,

because benzene is not a preferred solvent for larger scale
reactions. Several preparative reactions from Table 2 were
conducted in both toluene (C6H5CH3) and benzotrifluoride
(C6H5CF3),

22 and these gave yields comparable to those for the
reactions in benzene (see the Supporting Information).
Most of the boryl sulfide and disulfide products in Table 2

are white solids, though a few are viscous oils. The crystal
structure of the representative disulfide diMe-Imd−BH(S-2-
naphthyl)2 3c is shown on the left side of Figure 5. The B−H
bond of 3c is approximately in the plane of the imidazole ring.
The pair of S-2-naphthyl groups form a cavity above and below
this B−H bond on each side.
Discovery of a 1,3-Boryl Shift from S to N. We also

surveyed the reactions of the NHC−boranes with two common
bis(heteroaryl) disulfides. The reaction of mercaptobenzothia-
zolyl disulfide 17 with NHC−borane 1 under the light
conditions delivered surprises that are shown in Scheme 1.
The product distribution depended on how many equivalents
of disulfide 17 were added.
During sunlamp irradiation under the usual conditions B but

with only 1 equiv of 17 (Scheme 1a), a new triplet consistent
with expected boryl sulfide 18 appeared in the 11B NMR
spectrum of the reaction mixture at −24 ppm. As usual, this
triplet started to disappear before all of 1 was consumed;
however, it was not replaced by the doublet that was seen under
light conditions, where boryl sulfides are converted to boryl
disulfides. Instead, it was replaced by another triplet at

−20 ppm that remained intact for the duration of the
irradiation.
This final product was purified by chromatography (60%)

and then crystallized. The X-ray structure (see Figure 5, right
side) showed that the stable product was NHC−boryl
benzo[d]thiazole-2(3H)-thione 19, which features a B−N
single bond and a CS double bond. The resonance at
192 ppm in the 13C NMR spectrum was assigned to the carbon
atom of the CS double bond of 19 (C2′). Evidently, the
primary product is indeed the boryl sulfide 18 with a B−S
single bond and a CN double bond, but this rearranges
rather easily, formally by a 1,3-boryl shift from S to N, to give
19.
The rearranged N-boryl adduct 19 is at least distantly related

to various N-boryl triazoles and tetrazoles that have been made
by dipolar cycloadditions of a boryl azide.23 All these
compounds are stable to chromatography and ambient
laboratory conditions. In contrast, it has not yet been possible
to make stable NHC−borylamines, for example. On the basis of
these early trends, stable NHC−boranes with B−N bonds

Figure 5. Representative X-ray crystal structures: (left) dinaphthyl
sulfide 3c from Table 2; (right) 1,3-boryl shift product 19 from
Scheme 1. Boron is shaded pink.

Scheme 1. (a) 1,3-Shift of the Boron from Sulfur to Nitrogen
of a Primary Boryl Sulfide Product and (b) Formation of
Symmetrical and Unsymmetrical Bis-Adducts
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should be designed with electron-poor rather than electron-rich
nitrogen atoms.
In other classes of boron chemistry, many anionic azolyl

borate complexes are known. Within this class, complexes such
as 19 can be viewed as neutral analogues of the anionic
mercaptoazolyl borohydrides described by Santos and co-
workers, where one hydride is replaced by NHC.24 These
complexes are made from acid/base reactions of sodium
borohydride with weakly acidic N-heterocycles such as 2-
mercapto-1-methylimidazole.
A similar reaction of 1 now with 2 equiv of disulfide 17 was

conducted for about 1 h, at which time starting NHC−borane 1
was consumed. This reaction gave three separable products in
83% combined isolated yield. The only monoadduct isolated
was amide borane−NHC complex 19 (29%). Two disub-
stituted adducts, 20 and 21, were isolated in 39% and 15%
yields. The resonances of the heteroaryl carbons in the 13C
NMR spectrum of the major product 20 all came in pairs. For
example, C2/C2′ resonated at 171 and 193 ppm. This implies
that 20 is a chiral complex (boron is a stereocenter) with one
B−N bond (C2′ at 193 ppm) and one B−S bond (C2 at 171
ppm). The corresponding heteroaryl resonances in the minor
product 21 were not paired but instead were doubled in
intensity. The key C2 nucleus resonated at 171 ppm; therefore,
this is the symmetrical boryl disulfide 21.
We next conducted several experiments to better understand

the timing of the substitution and the rearrangement.
Prolonged irradiation or heating of symmetric diadduct 21
did not produce 20. Instead, only gradual decomposition was
observed. In contrast, reaction of the monoadduct 19 with
more disulfide 17 indeed gave the unsymmetrical product 20.
This suggests that when 2 equiv of disulfide 17 is reacted with
1, the primary adduct 18 rearranges to 19 in competition with a
second sulfanylation to give 21. The symmetric adduct 21 does
not rearrange easily to 20; instead, this forms by sulfanylation
of already rearranged 19.
To test the scope of the rearrangement of the boron from

sulfur to nitrogen, we investigated the reactions with 5,5′-
dithiobis(1-phenyl-1H-tetrazole) 22 (commonly called bis(1-
phenyltetrazolyl) disulfide, PTSSPT) with different NHC−
boranes (1, 8, and 14) under dark (A) and light conditions (B
and C). These results are summarized in Scheme 2. DiMe-
Imd−BH3 1 and diMe-Triaz−BH3 14 behaved similarly. Under
thermal conditions (A, 1 equiv of 22), the rearranged
monoadducts 23 and 24 were isolated in 85% and 81% yields.
Again these products were stable, and the 13C NMR spectrum
evidenced the rearrangement (C2 at 167 ppm in both
products). Under light conditions (B or C with 2 equiv of
22), the asymmetrical disubstituted complexes 25 (C2 at 167
and C2′ at 156 ppm) and 26 (similar values) were isolated in
75% and 65% yields. Clearly the first S-to-N shift is relatively
fast in this series.26

Interestingly, the reactions of dipp-Imd−BH3 8 took the
reverse course. Under conditions A, the unrearranged
monosulfide 27 was isolated in 55% yield (C2 at 159 ppm),
while conditions B gave the symmetrical boryl disulfide 28 in
44% yield (C2 at 156 ppm). So far we have not been able to
induce either 27 or 28 to rearrange to an isomer with a B−N
bond. These early results show the importance of the size of the
N substituent on the 1,3-boryl shift; small groups (Me) allow it
and large ones (dipp) do not. Calculations of ΔH° for 23 in the
Supporting Information suggest that the B−N bonds of the
rearranged products are as much as 10 kcal mol−1 stronger than

the starting B−S bonds. This in turn suggests that 27 resists
rearrangement because of a kinetic barrier, not because it is
more stable than its isomer.

Reaction Mechanism.We suggest that under conditions of
irradiation, the products form by radical chains like those
discovered in the LFP experiments, with the steps of hydrogen
abstraction and homolytic substitution. These are shown in
Figure 3, steps 1 and 2, for formation of the boryl sulfide
product, and the boryl disulfide product is formed analogously.
The initiating radical is presumably PhS· derived from disulfide
homolysis. The light-promoted reactions are fast, and selective
formation of the monosulfide product is not practical.
However, they reliably stop at the disulfide, perhaps because
the third substitution is less exothermic (see Figure 4).
Conducting reactions in the dark slows the rate significantly,

and good yields of the monosulfide product can be obtained
along with variable (but always lesser) amounts of the NHC−
boryl disulfide. The yields of the dark reactions also seem more
dependent on the structure of the starting NHC−borane, with
smaller (and perhaps more nucleophilic21) NHCs giving better
yields (see Table 2). Accordingly, dark reactions of disulfides
might occur either by the radical chain or by an ionic
mechanism like that shown in Figure 6. Here the NHC−borane
behaves as a hydride donor that reduces the disulfide
electrophile to a thiol.25 By analogy, alkyl iodides have
previously been observed to react by radical and hydridic

Scheme 2. Products and Isolated Yields in Reaction with
Phenyltetrazolyl Disulfide: (a) Rearranged Products with
Smaller Boranes; (b) Unrearranged Products with Bulky
Boranesa

aconditions A; b)conditions B; c)conditions C.
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(ionic) mechanisms with NHC−boranes, depending on the
reaction conditions and the structure of the iodide.27

To help sort this out, we conducted dark reactions at 45 °C
with 1 and diphenyl disulfide or bis(2-phenyltetrazolyl)
disulfide 22 in the presence of 1 equiv of the radical trap
2,2,6,6-tetramethylpiperidin-1-yloxyl (commonly called
TEMPO). With the less electrophilic diphenyl disulfide, no
conversion at all occurred over 48 h. Contrast this to entry 5 in
Table 1 (no TEMPO), where the starting NHC−borane was
consumed in 6 h.
On the other hand, the reaction of 1 and the more

electrophilic (2-phenyltetrazolyl) disulfide 22 with TEMPO
present gave >90% conversion to rearranged 23 after 16 h. Still,
complete conversion in a comparable experiment without
TEMPO was observed after only 2 h (Scheme 2). Tentatively
then, less electrophilic disulfides probably react primarily by
radical chains even under dark conditions, while more
electrophilic disulfides may react by either ionic or competing
radical and ionic pathways.
The S-to-N rearrangement can occur by several pathways

that are sketched in more detail in the Supporting Information.
Briefly, this could be a direct 1,3-shift or a bimolecular reaction
where one adduct behaves as an electrophile and the other as a
nucleophile. At this early stage, a radical mechanism (boryl
radical addition to N, then elimination from S) seems less likely
because TEMPO did not suppress the rearrangement to 23 in
the reaction of 22 (Scheme 2).

■ CONCLUSIONS
The presence of oxygen or isopropyl iodide during LFP
experiments with NHC−boranes and disulfides caused a
dramatic decrease in the apparent lifetime of the phenylthiyl
radical. We deduced that this happens because the additives
break a chain reaction whose steps are (1) hydrogen abstraction
from NHC−BH3 by a thiyl radical and (2) homolytic
substitution of a disulfide by the resulting boryl radical. This
second step is a new reaction. The additives break the chain by
intercepting the boryl radical.
These experiments led to the discovery that NHC−boryl

sulfides, a heretofore little known class of compounds,28 are
generally available from NHC−boranes and diaryl disulfides.
Preparative substitution reactions of NHC−BH3 and ArSSAr
selectively gave stable disubstituted (NHC−BH(SAr)2) prod-
ucts under light conditions, while the same substrates
preferentially led to the monosubstituted (NHC−BH2SAr)
derivatives in the dark. Reactions under light occur by the
homolytic substitution chain mechanism, but the dark reactions
may occur by ionic mechanisms or inefficient chains, depending
on the disulfide structure. When benzothiazolyl and phenyl-
tetrazolyl disulfides were used, a new B−S to B−N rearrange-
ment was observed, providing the first stable amidoborane-type
NHC complexes (Scheme 1).
In short, we have expanded the chemistry of boryl radicals by

identifying a new radical chain homolytic substitution reaction

with disulfides. The reactions of NHC−boranes and disulfides
are easy to conduct and provide robust boryl sulfides or boryl
N-heterocycles that are stable to ambient laboratory conditions
(air and water) and purification techniques (chromatography).
They are therefore candidates as reagents in small-molecule or
polymer chemistry and in main-group chemistry as precursors
for other types of NHC−boranes.

■ ASSOCIATED CONTENT

*S Supporting Information
Text, tables, figures, and CIF files giving full details for scouting,
preparative, and laser flash photolysis experiments, NMR
spectra (1H, 11B, 13C) of all new compounds, and crystallo-
graphic data for the crystal structures. This material is available
free of charge via the Internet at http://pubs.acs.org/.

■ AUTHOR INFORMATION

Corresponding Author
*E-mail: curran@pitt.edu (D.P.C.); jacques.lalevee@uha.fr
(J.L.); emmanuel.lacote@univ-lyon1.fr (E.L.).

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

We thank the U.S. National Science Foundation, the French
Agence Nationale de Recherche (grant ANR-11-BS07-008,
NHCX), UHA, ENSCMu, and CNRS for funding this work.
E.L. thanks Actelion and ENSCMu for the Actelion award.

■ REFERENCES
(1) (a) Davies, A. G.; Roberts, B. P. Acc. Chem. Res. 1972, 5, 387−
392. (b) Davies, A. G. Pure Appl. Chem. 1974, 39, 497−503.
(c) Brown, H. C.; Midland, M. M. Angew. Chem., Int. Ed. 1972, 11,
692−700.
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