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Reactions of N-heterocyclic Carbene-Based Chalcogenoureas with
Halogens: A Diverse Range of Outcomes

Marina Saab,? David J. Nelson,® Matthew Leech,¢ Kevin Lam,¢ Steven P. Nolan,? Fady Nahra*2¢ and
Kristof Van Hecke*?

We have investigated the reactions of chalcogenoureas derived from N-heterocyclic carbenes, referred to here as [E(NHC)],
with halogens. Depending on the structure of the chalcogenourea and the identity of the halogen, a diverse range of
reactivity was observed and a corresponding range of structures were obtained. Cyclic voltammetry was carried out to
characterize the oxidation and reduction potentials of these [E(NHC)] species; selenoureas were found to be easier to oxidize
than the corresponding thioureas. In some cases, a correlation was found between the oxidation potential of these
compounds and the electronic properties of the corresponding NHC moiety. The reactivity of these chalcogenoureas with
different halogenating reagents (Br,, SO,Cl,, 1,) was then investigated, and products were characterized using NMR
spectroscopy and single-crystal X-ray diffraction. X-ray analyses elucidated the solid-state coordination types of the obtained
products, showing that a variety of possible adducts can be obtained. In some cases, we were able to extrapolate a

structure/activity correlation to explain the observed trends in reactivity and oxidation potentials.

Introduction

N-heterocyclic carbene (NHC) derivatives of main group
elements have attracted considerable attention in recent
years.! NHC ligands are known to stabilize unusual oxidation
states and monomeric compounds of main group elements,
which are otherwise unstable or oligo- or polymeric.2
Chalcogenones (also known as chalcogenoureas), the NHC
derivatives of chalcogens (E = S, Se, Te), have been the focus of
many recent developments owing to their applications in
various fields.3 For example, selenoneine, isolated from tuna,
has shown strong antioxidant capacity.* Thio- and selenoureas
with similar structures to selenoneine have also been shown by
Brumaghim and co-workers to inhibit copper-mediated
oxidative damage.®> Some selenoureas have exhibited inhibitory
activity towards lactoperoxidase-catalyzed oxidation and
iodination reactions.® More recently, Roy and co-workers
showed that suitable designs of thio- and selenoureas could be
used to detoxify various organomercurials.”
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The dihalogen derivatives of chalcogenones are also of high
current interest with their own wide range of applications in
coordination, biological, industrial, and materials chemistry as
well as in synthetic chemistry as electrophilic group-transfer
reagents.8® For example, dihaloselones can act as oxidizing
agents for metal powders, affording ionic metal complexes that
feature a variety of geometries and unusual oxidation states.?
Both chalcogenones and dihalochalcogenones are excellent
precursors for dicationic dichalcogenides ([L,E,]?*; L =
ligand).®10 A broad range of dicationic diselenides of the form
[L,Se,]MX, were accessed via the controlled oxidation of selone
complexes of metal halides (i.e., [MX;(LSe),]) with halogenating
agents such as SOCI,, Br, or I,.11 The reaction of dihaloselones
with elemental tellurium can, depending on the conditions,
afford dicationic diselenides or selone coordinated monomeric
tellurium tetrahalides.’9212 The reduction of dihaloselones to
dicationic diselenides in the presence of a strong Lewis acid has
been reported.!?

Our interest lies mainly in the peculiar reactivity of NHC-based
chalcogenones ([E(NHC)]) in oxidation reactions with
halogenating agents. These reactions can follow a variety of
pathways depending on the nature of the oxidant, the
experimental conditions used and, most importantly, the
chalcogenone reactant. To date, most studies in this field have
revealed that a variety of products could be obtained, including:
(i) T-shaped structural adducts (X-E-Y) by homolytic breakage of
the dihalogen (X-X) or interhalogen (X-Y) bond; (ii) charge-
transfer (CT) arrangements featuring a linear bond between the
donor (chalcogen) (E = Se, S) and the dihalogen or interhalogen
(E-X-Y); (iii) dicationic dichalcogenides ([L,E,]%*) consisting of a
chalcogen-chalcogen single bond; and (iv) two-chalcogen-
coordinated halogen(l) complexes ([LE-X-EL]*).13 Other exciting
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structural features that can be obtained include outer-sphere
polyhalides as counteranions to ionic halo-chalcogenone
complexes,** which adds further complexity to this oxidation
chemistry.

Predicting the outcome or the geometry of the final compounds
when reacting these chalcogenoureas with di- or interhalogens
is still far from straightforward, though important
advancements have been made.?? Studies have shown that a
lower electronegativity difference between the halogen and the
chalcogen is directly correlated to a higher probability of
affording a linear CT adduct as opposed to the T-shaped
adducts.?® The stability of the CT product is also associated with
the polarizability of the donor atom; consequently, systems
with selenium as the donor are more stable than ones with
sulfur donors.’3@ Regarding T-shaped adducts, there is no
decisive report explaining the nature of the bond between the
carbon (from the NHC) and chalcogen. However, some reports,
such as the work of William and co-workers on accessing
selenoamide-Br, with a T-shaped linkage,'® have attempted to
tackle this subject. They suggested that these molecules are
stable zwitterionic selenium complexes with an aromatic
heterocyclic carbene; the C-Se bond is depicted as a single bond,
with a positive charge on the aromatic ring and a negative
charge on the SeBr, group.'® In contrast, Devillanova and co-
workers interpreted the C-Se interaction as a double bond,
suggesting that the carbene is stabilized by the Br-Se-Br moiety
rather than the backbone (ie., traditional metal-NHC
coordination).’32¢ A systematic investigation of the oxidation
behavior using a large sample of NHC-based chalcogenoureas
and a variety of oxidants is essential in order to shed light on the
role of the carbene moiety in stabilizing the complexes that
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form. This is required to enable a much better undggstanding of
the factors governing the different proditt18d48é8M&sVAIER
will in turn give us better tools for future predictions.

We have previously reported the synthesis of chalcogenoureas
derived from NHCs and their coordination chemistry to
transition metals.!” We also explored the correlation between
the electronic properties (mainly m-accepting ability!8) of the
ligands and the geometry of the complexes in the solid state. In
this report, we sought to define and understand the trends in
their reactions with different types of oxidizing halogen sources
(i.e., Bry, I, and SO,Cl,) with the aim of gaining further insight
into the role of these NHC ligands and consequently their
influence over reaction outcomes. All new products were
characterized by 'H, 33C{*H} and 7’Se{*H} NMR spectroscopy and
elemental analysis. Furthermore, the large variety of structural
adducts was investigated using single-crystal X-ray diffraction
analysis. It should be noted that for several products, multiple
single crystals were investigated to confirm the presence of one
or several adduct types for the same bulk material. To better
understand the redox chemistry of these compounds, cyclic
voltammetry analysis was also performed.

Results and Discussion

All chalcogenoureas [E(NHC)] (E = S, Se) were synthesized
according to our previously reported procedure, via
deprotonation of the imidazolium salts using a weak base
approach (K,COs; or NEts) (Figure 1).272 All compounds were
then characterized using cyclic voltammetry (CV), and their
reactivity with Br,, I, and SO,Cl, was investigated.
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Figure 1. a) Seleno- and thiourea NHCs used in this work. b) The n-accepting properties of NHCs measured using 7’Se NMR spectroscopy of the corresponding selenoureas.
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Cyclic voltammetry

In an attempt to explore the influence of the NHC moiety on the
redox potential and to better understand the oxidation
behavior of the corresponding chalcogenoureas, CV
measurements were performed for all compounds in
dichloromethane under dry and oxygen free conditions. The
results of these analyses are listed in Table 1.

ARTICLE

Table 1. Measured redox potential of all the compounds?®

Entry Compound Epa vs Fc (V) Epc vs Fc (V)
1 [Se(IPr)] 0.52 -0.36
2 [Se{lMes)] 0.57 -0.46
3 [Se(IPr™e)] 0.41 -0.45
4 [Se(IPre)] 0.76 -0.17
5 [Se(SIPr)] 0.69 -0.43
6 [Se(SIMes)] 0.67 -0.6
7 [Se(IPr*)] 0.74 none
8 [Se(ICy)] 0.41 -0.57
9 [S(IPr)] 0.77 -0.23
10 [S{IMes)] 0.73 -0.44
11 [S(IPrMe)] 0.53 -0.36
12 [S(IPre] 0.96 0.07
13 [S(SIPT)] 1.09 -1.16
14 [S(SIMes)] 1.08 -0.7
15 [S(IPr*)] 0.87 none
16 [S(ICy)] 0.52 -0.44

aConditions: Sample concentration = 1.0 mM, scan rate = 0.25 V.s'}, electrolyte =
[nBuyN][PFg] (0.1 M), solvent = DCM, electrode = Glassy carbon.

All chalcogenoureas were oxidized by scanning toward positive
potentials, before reversing the scan direction back to the
starting potential (Figures 2 and 3). Both [Se(NHC)] and [S(NHC)]
adducts showed similar chemically irreversible one-electron
oxidation behavior. The peak potential (E,,) of the oxidation at
a scan rate of 0.25 V.s! appears between 0.41 V and 0.76 V for
[Se(NHC)], and between 0.52 V and 1.09 V for [S(NHC)].

In most cases, the compounds undergo an electron transfer (E)
followed by a chemical reaction (C), following a typical EC-type
mechanism. The reduction of the EC product occurs at much
lower potentials (E,) than the expected re-reduction of the
oxidized chalcogenourea radical cation. Similar observations
have previously been made for NHC-based thio- and
selenoureas.'®1° The initial electron transfer is reported to be
followed by a a rapid chemical reaction; in this case, the radical
cation of the corresponding chalcogenourea reacts with its
unoxidized counterpart to form a dimer radical cation
[{E(NHC)},]*.1%¢ The reaction of the initial radical cation with
itself to form the dicationic dimer, [{E(NHC)},]%*, has also been
proposed for similar compounds, and cannot be excluded
(Scheme 1).1%% |n the reverse scan, the reduction of the dimeric
species is observed for all compounds (Ep), except for IPr*-
based ones.

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. Cyclic voltammograms of [Se(NHC)] compounds.
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Scheme 1. Possible EC mechanism of the electrochemical oxidation of [E(NHC)] adducts
and subsequent dimer formation.

Figure 3. Cyclic voltammograms of [S(NHC)] compounds.
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CV data clearly indicates that the selenourea adducts are easier
to oxidize than their thiourea counterparts, which is consistent
with previous observations.?° With regard to the influence of
the NHC moiety on the oxidation potential of the
chalcogenoureas, some trends can be identified. Thio- and
selenoureas bearing NHCs with a saturated backbone, such as
SIPr and SIMes, are much more difficult to oxidize than their
unsaturated counterparts, such as IPr and IMes (Table 1, entries
5-6 vs 1-2 and 13-14 vs 9-10). The unsaturated backbones in IPr
and IMes serve to decrease the oxidation potentials of the
corresponding chalcogenoureas, presumably due to the
increased resonance stabilization of the oxidized radical
species.

When comparing IPrMe- and IPr¢-based thio- and selenoureas to
the parent IPr-adducts, lower oxidation potentials are observed
with IPrMe, whilst higher oxidation potentials are obtained with
IPr€. ICy is the only N-substituted alkyl NHC in the series and
gave the lowest oxidation potentials with both selenium and
sulfur. Unfortunately, these results cannot easily be
quantitatively correlated to the electronic properties of the
corresponding NHCs. However, it can be deduced that
substituents on the imidazole ring directly influence the
oxidation potential of the chalcogenoureas by stabilizing or
destabilizing the oxidized radical species. Electron-donating
alkyl substituents on the backbone (e.g., IPrMe) or on the
nitrogen atom (e.g., ICy) of the imidazole ring have a stabilizing
effect, while electron-withdrawing groups on the backbone
(e.g., IPr9) have the opposite effect.

A direct scanning in the negative cathodic direction failed to
show a reduction peak for most of the compounds, except for
[S(ICy)] and [S(IPr*)] (Figures S1 and S2). For both compounds,
two similar successive reduction waves were observed at -1.49
V and -1.68 V. Previous studies on triazolylidene-based
selenoureas showed similar reduction waves, albeit at much
lower potentials (-2.4 V to -2.7 V), with only one compound
displaying two successive reduction waves (a
trifluoromethylphenyl-substituted triazolyl-idene).1%° As it is the
case here with [S(ICy)] and [S(IPr¥*)], the chemically irreversible
first reductions of all triazolyl-selenoureas were attributed to an
EC mechanism, which forms a new (unidentified) species. In
accordance with these findings, the two irreversible reductions
observed in each of the [S(ICy)] and [S(IPr*)] cases, can be
attributed to a possible ECE mechanism (two-electron
reduction process separated by a chemical transformation); a
re-oxidation wave for the new species was also observed, in
both cases, at -0.7 V.

Overall, the redox potentials in Table 1 already provide a
general idea of how these NHC-based chalcogenones will

This journal is © The Royal Society of Chemistry 20xx
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behave in oxidation reactions involving different halogenating
agents. Chlorinating agents such as Cl, or SO,Cl, (Cl,/CI; E° =
+1.36 V) would be expected to succeed in oxidizing most of the
[E(NHC)] compounds described in this report, presumably
leading to T-shaped or other equivalent ionic structures. In
contrast, iodinating agents, such as |, (I,/17; E° = +0.54 V), would
not be expected to oxidize any of the compounds, thus
affording exclusively CT-type arrangements. The use of a
brominating agent, such as Br, (Br,/Br7; E° = +1.09 V), is
definitely the most interesting approach to explore, as it can
unpredictably lead to either CT- or T-shaped structures, making
it likely that the reaction outcomes are very substrate-
dependent for the most part.

Reactions of Chalcogenoureas with Bromine

As summarized in Scheme 2, all of the seleno- and thiourea
NHCs were treated with 1.2 equiv.
dichloromethane, resulting in the complete conversion of each
substrate to new orange-colored compounds. In order to
discern the various structural geometries of the obtained
products, single crystals were grown by vapor diffusion of
pentane into a saturated solution of these products in
dichloromethane.

of bromine in

)\ ) r—N /N(?R
R/NYN\R Y
Brin.-© E €]
[\ B (1.2 eaui ESg, Br,
R/N N\R r, (1.2 equiv.) or -
W DCM, 2-3 h °
E 0°Ctort. == Brs
E=Se, S N _N®
R Y R
E\Br

Scheme 2. Possible products from the reaction of [E(NHC)] with Br,.

[Se(NHC)] reactions with Br,

Single-crystal X-ray diffraction analysis of all selenium-
containing products formed after bromination showed the

Table 2. Selected bond lengths (A) and angles (°) for the dibromoselenoureas

Dalton Transactions

cleavage of the bromine-bromine bond with \goneemitant
oxidation of the selenone moiety (Figure BRGtHWERDREEPLIGH
of SIPr- and IPr%-selenoureas, all compounds afforded T-shaped
adducts trans-[SeBr,(NHC)] after crystallization, with an almost
linear Br-Se-Br arrangement. However, the crystallization of the
products from the reactions of [Se(SIPr)] and [Se(IPr®)] with
bromine afforded L-shaped cationic adducts with tribromide
counterions, i.e., [SeBr(NHC)][Br3]. The latter reactions were
repeated with strict 1:1 stoichiometry and multiple single
crystals were investigated from each batch to identify whether
one or several products were present; each time the same
result was obtained. This unusual structural motif has been
observed previously from the reactions of NHC-based
selenoureas and thioureas with iodine, but it is much less
common when bromine is used. Only one example has been
previously reported for the reaction of 2-benzimidazolethione
with Br,.2! We suspect that this type of structure only occurs in
the solid-state, after crystallization, and that in solution (or in
the bulk powder prior to crystallization) typical T-shaped
adducts are obtained. This hypothesis is based on the fact that
the powder X-ray diffraction (pXRD) pattern of the bulk material
from the reaction of Se(SIPr) with bromine, prior to
crystallization, did not match the pXRD pattern simulated from
the single crystal XRD data of [SeBr(SIPr)]Brs. Our previous
observations, when investigating the coordination behavior of
[Se(NHC)] compounds with group 11 transition metal halides
(Cu, Ag, Au), have also highlighted this phenomenon, as
rearranged structures were obtained exclusively in the solid-
state after crystallization.'” As before, this trend seemed to be
correlated to the w-accepting ability of the NHC moiety (Scheme
1); selenoureas bearing NHCs with stronger m-accepting ability
(8se >174 ppm, such as SIPr and IPr¢') would afford rearranged
cationic structures while ones with weaker m-accepting ability
would give the neutral monomeric adducts. Table 2 illustrates a
selection of bond lengths and angles from these structures.

Structures C;-Se,; Se;-Br; Se;-Br, C;-Se;-Bry C;-Se;-Br, Br;-Se;-Br,
[SeBr,(1Pr)] 1.900(4) 2.5047(6) 2.6560(6) 96.84(10) 88.60(10) 174.57(2)
[SeBr(SIPr)]Brs 1.920(3) 2.3055(4) 105.44(9) - -

[SeBr,(IMes)] 1.900(3) 2.5641(4) 2.5641(4) 93.88(1) 93.88(1) 172.23(2)
[SeBr,(SIMes)] 1.939(10) 2.5586(8) 2.5586(8) 91.75(3) 91.75(3) 176.51(6)
[SeBr,(IPrVe)] 1.906(2) 2.5717(4) 2.5953(4) 96.36(7) 89.97(7) 173.65(2)
[SeBr(IPr®)]Br; 1.880(4) 2.3508(7) 102.46(12) - -

[SeBr,(ICy)] 1.894(5) 2.7151(7) 2.4849(38) 83.89(14) 91.07(14) 174.89(3)

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. Molecular structures of [SeBr,(IPr)], [SeBr(SIPr)]Brs, [SeBr,(IMes)], [SeBr,(SIMes)], [SeBr,(IPrMe)], [SeBr(IPrc)]Br; and [SeBr,(ICy)], determined by single-crystal X-ray
diffraction analysis. Most hydrogen atoms and all solvent molecules are omitted for clarity. Thermal displacement ellipsoids are shown at the 50% probability level.

The Se-Br bond in all structures is significantly shorter (by 35%)
than the sum of the van der Waals radii for selenium and
bromine (ca. 3.85 A), indicating a strong Se-Br bond and
allowing the delocalization of the Se charge density. For T-
shaped structures, the Br;-Se-Br, group is linear with angles
ranging between 172.23(2)° and 176.51(6)°, and with both Se-
Br bonds of all structures almost perpendicular to the Se-C,;
bond. In the [SeBr,(IPr)] and [SeBr,(ICy)] structures, the bond
lengths Br;-Se; and Se;-Br, differ for each compound (by
0.1513(6) and 0.2302(8) A, for [SeBr,(IPr)] and [SeBr,(ICy)],
respectively), which is accompanied by variances in the Bry-Se;-
C, and Bry-Se;-C; angles (by 8.24(10)° and 7.18(14)°, for
[SeBr;,(IPr)] and [SeBr,(ICy)], respectively) such that the longest
Se-Br bond corresponds with the smallest Br-Se-C angle. This
may be explained by weak intra- and inter-molecular
interactions between the Br and H atoms, as shown for
[SeBr;,(ICy)] in Figure 5 (dashed lines).

Figure 5. Partial view of the crystal packing of [SeBr,(ICy)] showing the intramolecular
bond interaction Bry - - - Hys (3.06 A) and intermolecular bond interaction Br; - - - H, (3.06
A).

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

A significant lengthening of the C;-Se bond (1.88-1.94 A) is also
observed for all the new products compared to the initial C;-Se
bond (ca. 1.83 A) of the starting selenoureas [Se(NHC)], which
would be consistent with a decrease in bond order. A similar
increase in length is observed for C;-Se bonds upon
complexation of [Se(NHC)] to group 11 transition metal halides,
such as gold chloride (ca. 1.88 A). Dibromo-selenoureas derived
from NHCs bearing a saturated backbone exhibit the longest C;-
Se bonds (1.920(3) and 1.939(10) A, for [Se(SIPr)] and
[Se(SIMes)], respectively). This trend is accompanied by the
shortening of the C;-N; and C;-N, bonds in all of the new
products as compared to the initial [Se(NHC)] compounds.
Collectively, these observations indicate an increase in the
double bond character for both C;-N bonds, along with a
decrease for that of C;-Se. As shown in Scheme 3, [SeBr,(NHC)]
can be represented by two resonance structures (I and lll);
however, based on observations, a better representation of the
actual structure may lie somewhere in the middle (hybrid form
I1). For unsaturated NHCs, conjugation of the backbone double
bond with the nitrogen lone pair diminishes the electron
contribution of the latter to the Se moiety (form llb); this does
not happen with derivates of saturated NHCs (form Ila), thus
contributing to a more pronounced C;-Se single bond character
in these compounds and consequently a longer C;-Se bond, as
is the case for SIPr- and SIMes-based dibromo-selenoureas.

This journal is © The Royal Society of Chemistry 20xx
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Figure 6. Molecular structures of [(Br,)-S(IMes)], [(Br,)-S(SIMes)], [SBr(IPrMe)]Br; and [SBr(ICy)]Br, as determined by single-crystal X-ray diffraction analysis. Most hydrogen atoms and
solvent molecules are omitted for clarity. Thermal displacement ellipsoids are shown at the 50% probability level.
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Scheme 3. [SeBr,(NHC)] resonance structures (I and 1ll) and resonance hybrid forms (lla
and Ilb), showing electron flow in saturated vs unsaturated NHCs.

[S(NHC)] reactions with Br,

The reactions of [S(NHC)] compounds with bromine led to
products of more than one structural motif (Figure 6). The
product of the reaction of [S(SIMes)] and bromine, after
crystallization, displayed a CT-type structure ([(Br,)-S(SIMes)])
wherein the sulfur atom is coordinated to dibromine with a S-
Br-Br angle of 178.65(3)°. To a certain extent, this was expected
from the high oxidation potential of [S(SIMes)] (E,, = 1.08 V,
Table 1). A similar outcome was observed from the reaction of
[S(IMes)] with bromine. [S(IMes)] has a lower oxidation
potential than [S(SIMes)] (E,, = 0.73 V, Table 1), placing it in a
similar range to that for some of the selenoureas (i.e., [Se(IPr¢)]
and [Se(IPr*)]); it was therefore expected to afford T- or L-
shaped products derived from the oxidation of the thiourea.
However, since only the CT complex [(Br;):S(IMes)] was
observed, other factors are surely at play; the difference in
electronegativity between the halogen and the chalcogen is one
possibility. It has been reported that upon decreasing the

This journal is © The Royal Society of Chemistry 20xx

difference in electronegativity between the halogen and the
chalcogen (e.g., AENg/s = 0.38 vs AENg/se = 0.41), CT adducts are
formed more easily than hypervalent chalcogen adducts when
reacting chalcogen donors with dihalogens or
interhalogens.13215

The reactions of [S(IPrMe)] and [S(ICy)] with bromine gave, after
crystallization, hypervalent thiourea adducts, [SBr(IPrMe)]Br;
and [SBr(ICy)]Br, as observed by single-crystal X-ray diffraction
analysis. Notably, [S(IPrMe)] and [S(ICy)] have significantly lower
oxidation potentials (Ep, = 0.53 V and 0.52 V, respectively) than
all of the other thioureas. This could mean that the decrease in
the electronegativity difference between the chalcogen and the
halogen, which typically leads to CT adducts, can be offset by a
significant increase in oxidation potential difference between
the chalcogenourea and the dihalogen, to afford hypervalent
adducts. Unlike the reaction of the corresponding selenium
analogue, the reaction of [S(IPr)Me] with bromine afforded an L-
shaped structure with a tribromide counterion, [SBr(IPrVe)]Brj,
which is more closely related to [SeBr(SIPr)]Brs. Single-crystal X-
ray diffraction analysis of [SBr(ICy)]Br revealed a pseudo T-
shaped structure with a Bry:S;-Br; angle of 177.25(7)°.
Interestingly, the S;---Br, contact (2.715(2) A) is significantly
longer than the S;-Br; bond (2.349(2) A), which seems to put the
Br, atom at the border between inner- and outer-sphere
coordination. Ultimately, this valuable information could allow
us to predict the structure of future reaction outcomes between
the two reagents based on their electronegativity and oxidation
potential differences.

J. Name., 2013, 00, 1-3 | 7
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Table 3. Selected bond lengths (A) and angles (°) for the dichloroselenoureas

View Article Online
DOI' 10 1039/D2DTO0010F

Structures C,-Se; Se,-Cl, Se,-Cl, C,-Se,-Cl, C,-Se;-Cl, Cl,-Se;-Cl,
[SeCly(IPr)] 1.895(3) 2.4059(9) 2.4059(9) 90.07(8) 90.07(8) 179.86(3)
[SeCl,(SIPr)] 1.924(3) 2.4003(10) 2.3896(10) 87.73(8) 88.89(8) 176.60(3)
[SeCly(SIMes)] 1.909(4) 2.4311(10) 2.3725(11) 91.65(10) 89.45(10) 178.87(4)
[SeCly(IPr¥)] 1.900(3) 2.3267(13) 2.5024(15) 91.80(11) 86.75(11) 178.38(5)

cl,

[SeCl,(SIMes)]

cl,

[seCl,(1Pr*)]

Figure 7. Molecular structures of [SeCl,(IPr)], [SeCl,(SIPr)], [SeCl,(SIMes)] and [SeCl,(IPr*)], as determined by single-crystal X-ray diffraction analysis. Most hydrogen atoms and solvent
molecules are omitted for clarity. Thermal displacement ellipsoids are shown at the 50% probability level.

Reactions of Chalcogenoureas with Thionyl Chloride

All the NHC-based seleno- and thioureas were treated with 1.2
equiv. of SO,Cl, in dichloromethane (Scheme 4). Besides being
a practical and convenient source of Cl,, SO,Cl, is a much
stronger oxidant than Br, (Cl,/Cl~; E° = +1.36 V). Single crystals
of the products were grown by vapor diffusion of pentane into
a saturated solution of these products in dichloromethane, in
an attempt to discern their various structural geometries.

[\ . [\e
R/N N\R SO,Cl, (1.2 equiv.) R/N > N\R
\[r DCM. 1 h, r.t. C""'Ee

E ~¢
E=Se, S

Scheme 4. Reaction of [E(NHC)] with SO,Cl,.

[Se(NHC)] reactions with SO,Cl,

Even though most selenoureas reacted successfully with SO,Cl,
to afford new compounds, as confirmed by NMR analysis, we
were only able to obtain suitable crystals for four of them.

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

Single-crystal X-ray diffraction analysis of these four products,
derived from the reactions of [Se(IPr)], [Se(SIPr)], [Se(SIMes)]
and [Se(IPr*)] with SO,Cl,, showed exclusively homolytic
breakage of the chlorine-chlorine bond with oxidation of the
selenone moiety (Figure 7). All 4 molecular structures exhibited
a T-shaped geometry, bearing an almost linear Cl-Se-Cl angle.
Previously, Ragogna and co-workers accessed NHC-based
dichloroselenoureas by reaction of the free carbene with SeCl,
in a 4:3 ratio.?2 NMR spectroscopy and single-crystal X-ray
analysis revealed a mixture of two carbene-containing
compounds in an approximately 1:1 ratio; these were the
expected [SeCl(NHC)] compound and the by-product of CI
insertion to the carbene, [NHC-CI],[SeCl¢]. However, in this
study, the latter by-product was never observed.

Molecular X-ray structures for [SeCl,(IPr)], [SeCl,(SIPr)],
[SeCl,(SIMes)] and [SeCl,(IPr*)] are presented in Figure 7. All
show the Cl-Se-C; angles to be around 90°; all of the CI-Se-C;-N
torsion angles are about 15° to 28° from the perpendicular
plane, meaning that the SeCl, moiety is not perfectly
perpendicular to the ligand plane (Table 3). All structures show

This journal is © The Royal Society of Chemistry 20xx
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similar Se-Cl bond lengths with an average distance of 2.4 A.
These values are comparable to the previously reported Se-Cl
bond in [SeCl,(IPrMe)] (2.4179(7) A).22 The C;-Se bond lengths of
these molecules (with respective values of 1.897(3), 1.924(3),
1.909(4) and 1.900(3) A) are comparable to those observed with
the dibromo analogues and follow a similar trend with a more
pronounced single bond character observed for the selenoureas
derived from saturated NHCs. For [SeCly(SIPr)] and
[SeCl,(SIMes)], small differences between the Se-Cl; and Se-Cl,
bond lengths in each compound are observed. This again may
be explained by weak intra- and inter-molecular interactions
between the Cl and H atoms, as shown for [SeCl,(SIPr)] in Figure
8.

[S(NHC)] reactions with SO,Cl,

Attempts to probe the reactions between the NHC-based
thioureas and thionyl chloride did not lead to the clean
formation of new products, but instead produced multiple
unidentified by-products as well as significant levels of
decomposition; however, suitable crystals for X-ray diffraction
analysis were obtained from the reaction of [S(SIMes)] with
thionyl chloride, which identified one of the by-products as
[SIMes-CI]JHSO, (Figure 9). 'H NMR analysis of the reaction
mixture indicated that this compound is only one of the minor
by-products, but unfortunately, we were not able to identify
any other components of the reaction mixture. [SIMes-CIJHSO,
is clearly formed via chloride insertion and cleavage of the C;-S
bond, though the exact mechanism for forming the HSO4
counterion is still unknown. In the structure of [SIMes-CIJHSO,,
short Cl---:O bonds are observed between the NHC ligand and
the HSO, counter ion (2.806(3) A and 2.874(3) A, for both
formula units in the asymmetric unit, respectively).

ARTICLE

fact that adventitious water (from the SO,Cl, reagept)might.he
involved in its formation. DOI: 10.1039/D2DTO0010E

Figure 9. Molecular structure of [SIMes-CIJHSO, as determined by single-crystal X-ray
diffraction analysis, showing the Cl---O bond (2.806(3) A); only one formula unit in the
asymmetric unit is shown. Most hydrogen atoms and solvent molecules are omitted for
clarity. Thermal displacement ellipsoids are shown at the 50% probability level.

Reactions of Chalcogenoureas with lodine

As summarized in Scheme 5, all the seleno- and thiourea NHCs
were treated with 1.5 equiv. of iodine in acetone, resulting in
complete conversion to new compounds as indicated by NMR
spectroscopy. Single crystals were grown by vapor diffusion of
pentane into a saturated solution of these products in
dichloromethane.

Figure 8. Partial view of the crystal packing of [SeCl,(SIPr)] showing the intramolecular
bond interaction Cl; - - - H,7 (2.62 A) and intermolecular bond interaction Cly - - - H; (2.62

A).

— [T\ ®
/I \® R’N ~N~p
—N N<
R R T
=\ E
i 11,2 ©
RN Neg _bC2ewiv) Q) NN
W acetone, 5 h, r.t. or |
E
E=Se, S

KENNHC )} (u-D1ly
Scheme 5. Possible products from the reaction of [E(NHC)] with I,.

It should be noted that this phenomenon is not new and has
been observed in the reactions of N-methylthiazolidine-2-
selone with excess bromine.?2 Whether the HSOy, in this case,
is formed directly from the cleaved S atom or from the liberated
SO, is still unclear at this point. In addition, we can’t exclude the

This journal is © The Royal Society of Chemistry 20xx

[Se(NHC)] reactions with I,

Single-crystal X-ray diffraction analysis of the selenium-
containing products formed after iodination showed several
types of coordination arrangement (Figures 10 and 11). The
products derived from the reactions of iodine with [Se(IPr)],
[Se(IMes)], [Se(SIMes)] and [Se(IPr“)] displayed CT-type
structures (Figure 10), as expected based on the oxidation
potentials of iodine vs [Se(NHC)] (vide supra), wherein the
selenium atomis linearly coordinated to the iodine (I,) molecule
with Se-l;-I, angles from 168.69(3)° to 178.81(3)°. The
lengthening of the C;-Se bond (1.85-1.88 A) is also observed for
all four products, compared to the initial C;-Se bond (ca. 1.83 A)
of the starting selenoureas [Se(NHC)] (Table 4). The |;-1, bonds
in these complexes are significantly longer than the I-1 bond in
molecular iodine (ca. 2.677 A in the gas phase and 2.717 A at
110 K in crystal form).2*

J. Name., 2013, 00, 1-3 | 9
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Table 4. Selected bond lengths (A) and angles (°) for the diiodothio- and selenoureas.

View Article Online
DOI' 10 1039/D2DTO0010F

Structure C,-E; E;-ly I3-1, Ci-Es-ly Ey ;-1
[(15)-Se(IPr)] 1.872(3) 2.7039(5) 2.9870(4) 97.43(11) 178.34(13)
[(1,)-Se(IMes)] 1.852(9) 2.7716(10) 2.9177(8) 95.40(2) 178.81(3)
[(1)-Se(SIMes)]® 1.860(7)-1.880(6) 2.7478(9)-2.7642(10) 2.9106(7) -2.9411(6) 112.96(18)- 115.6(2)  168.69(3)- 172.14(3)
[(12)-Se(1Pre)] 1.865(3) 2.8431(3) 2.8470(4) 115.30(8) 174.95(9)
[(1,)-S(IPr*)] 1.692(3) 2.8381(8) 2.7711(3) 118.06(9) 175.31(16)
[(1)-5(IMes)] 1.707(3) 2.7251(7) 2.8648(3) 98.13(10) 177.61(2)
[(1)-s(ICy)] 1.715(8) 2.628(2) 2.9787(8) 97.8(3) 179.26(6)
aAsymmetric unit contains 5 molecules, only the range of values is shown in the table.
I I
ly

({1} Se(siMes)]

[(1;)-Se(1Pr<)]

Figure 10. Molecular structures of [(I,)-Se(IPr)], [(l,)-Se(IMes)], [(1,)-Se(SIMes)] and
[(1,)-Se(IPr9)] as determined by single-crystal X-ray diffraction analysis. Most hydrogen
atoms and solvent molecules are omitted for clarity. Thermal displacement ellipsoids are
shown at the 50% probability level.

Based on their relatively low oxidation potentials (0.41 V),
which are the lowest in the series, there was a possibility that
[Se(IPrMe)] and [Se(ICy)] might afford hypervalent selenourea
adducts after iodination; fortunately, both compounds gave
suitable crystals for X-ray diffraction analysis (Figure 11). The
product obtained from the reaction of [Se(ICy)] with iodine was
confirmed to be a T-shaped hypervalent diiodo-selenourea
adduct, with a I;-Se-l, bond angle of 174.57(3)°. This structure
is similar to the bromo analogue and shows slight lengthening
of the C;-Se bond (from 1.852(2) to 1.891(7) A) and shortening
of the N-C; bonds (from 1.36(3) to 1.342(7) A, on average).
Analogously to the bromo analogue, inter- and intra-molecular
| - - - H bond interactions create a slight dissymmetry in the Se;-|
bond lengths (with values of 2.7643(7) and 2.8670(7) A). A
similar outcome has been previously observed from the
products of the reactions of benzimidazole-based selenoureas
with iodine.?®

As initially predicted, a hypervalent L-shaped structure,
[Sel(IPrMe)]l5, was obtained from the reaction of [Se(IPrMe)] and
iodine. As shown in Table 1, [Se(ICy)] and [Se(IPrM¢)] possess the
same low oxidation potential (Ep; = +0.41 V) and were thus
expected to afford hypervalent selenourea adducts.

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

.l‘ Se, l\ lp
[Sel,(ICy)]

W [selipr ™),

Figure 11. Molecular structures of [{Se(SIPr)}(u-1)1ls, [Sely(ICy)] and [Sel(IPrMe)]ls, as
determined by single-crystal X-ray diffraction analysis. Most hydrogen atoms and solvent
molecules are omitted for clarity. Thermal displacement ellipsoids are shown at the 50%
probability level.

The crystals from the reaction of [Se(SIPr)] and iodine were
analyzed by X-ray diffraction and gave a rather unexpected
result (Figure 11). Based on the oxidation potential of [Se(SIPr)]

This journal is © The Royal Society of Chemistry 20xx
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(Epa = +0.69 V), and if the current trend is to be followed, a CT-
type structure was expected. However, a new ionic structure
was observed, specifically [{Se(SIPr)},(u-1)]ls, a iodine(l) complex
with two selenoureas coordinated. This structural geometry has
been observed in previous reports, from the reactions of
benzothiazole-based thiones and selones with iodine.?423 The
formation of the |5~ anion has been observed even when iodine
is added under strictly 1:1 stoichiometric conditions;*23 as
previously noted, this appears to only be a solid-state
phenomenon.

[Se(SIPr)] has been shown to consistently give peculiar and
puzzling ionic structures, such as the L-shaped bromo analogue
in this report (Figure 4) and other rearranged structures of the
form [M{Se(NHC)},]* which has been observed when
coordinating to group 11 metals (i.e., M = Cu, Ag, Au).17? Except
for the Is~ anion, [Mt{Se(SIPr)},]* is almost identical to the
current one, [{Se(SIPr)},(u-1)]*. So far, our best explanation for
this phenomenon is the exceptionally high mt-accepting ability of
the SIPr moiety when compared to all other NHCs in the series.
The (E-1-E)* moiety does not appear to be symmetrical as the
two Se-l; bond lengths are not equal, with values of 2.8112(5)
for Se;-l; and 2.7238(5) for Se,-l;. Furthermore, the C-Se-l;
angle shifts significantly from the 90° angle observed so far for
the other ionic structures, and is different for each [Se(SIPr)]
moiety (115.62(13)° for C;-Se;-1; and 111.94(13) for |;-Se,-Cy);
these angles are closer in magnitude to those observed in CT
adducts. The Se;-1;-Se, moiety shows an almost linear
arrangement with an angle of 176.017(17)°. l,-I3-l4 and l4-15-lg
are also close to linear with angles of 178.540(15)° and
178.583(15)°, respectively, and are perpendicular to each other
with an angle of 93.97(12)°.

S(NHC)] reactions with I,

While all thioureas underwent successful reaction with iodine
to afford full conversion to new compounds, as confirmed by
NMR analysis, we were only able to obtain suitable crystals for
three of these products. Single-crystal X-ray diffraction analysis
of products derived from the reactions of [S(IPr*)] and [S(IMes)]
with 1,, showed exclusive formation of CT-type adducts (Figure
12). These results were expected considering the high oxidation
potential of the corresponding thioureas. Crystals for the
product derived from the reaction of [S(ICy)] with iodine were
also analyzed, showing again a CT-type structure (Figure 12).

This journal is © The Royal Society of Chemistry 20xx
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Nonetheless, this information is crucial since [S(ICy)],hasthe
lowest E,, in the thiourea series. This streRgRY SOEEESYS EHAEOF
the trend is followed, all the thioureas reported herein are
expected to exclusively give CT adducts. Unfortunately, suitable
single crystals for the [S(SIPr)] iodination product could not be
obtained.

[(12)-s(icy)]

Figure 12. Molecular structures of [(I,)-S(IPr*)], [(I2)-S(IMes)] and [(l,)-S(ICy)], as
determined by single-crystal X-ray diffraction analysis. Most hydrogen atoms and solvent
molecules are omitted for clarity. Thermal displacement ellipsoids are shown at the 50%
probability level.
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Table 5. Summary of the structures and coordination types obtained in this study.

View Article Online
DOI' 10 1039/D2DTO0010F

Reaction with Br, Reaction with I, Reaction with Cl,

[E(NHO)] 77Se NMR | Epavs Fc Structure Coordination Structure Coordination Structure Coordination
(ppm) (v) type type type

[Se(IPr)] 90 0.52 [SeBr,(IPr)] lonic T-shape | [(l,)-Se(IPr)] CT adduct [SeCl,(IPr)] lonic T-shape
[Se(SIPr)] 190 0.69 [SeBr(SIPr)]Br; lonic L-shape | [{Se(SIPr)},(pu—1)]ls lonic E-X-E [SeCl,(SIPr)] lonic T-shape
[Se(IMes)] 27 0.57 [SeBr,(IMes)] lonic T-shape | [(l,)-Se(IMes)] CT adduct NC -
[Se(SIMes)] 110 0.67 [SeBr,(SIMes)] lonic T-shape | [(l,)-Se(SIMes)] CT adduct [SeCl,(SIMes)]  lonic T-shape
[Se(IPrVe)] 105 0.41 [SeBr,(1PrMe)] lonic T-shape | [Sel(IPr™e)]l; lonic L-shape | NC -
[Se(IPr)] 174 0.76 [SeBr(IPr¢)]Br; lonic L-shape | [(I,)-Se(IPr)] CT adduct NC -
[Se(IPr¥)] 106 0.74 NC - NC - [SeCl,y(IPr¥)] lonic T-shape
[Se(ICy)] -22 0.41 [SeBr,(ICy)] lonic T-shape | [Sel,(ICy)] lonic T-shape | NC -
[S(1Pr)] - 0.77 NC - NC - DR -
[S(SIPr)] - 1.09 NC - NC - DR -
[S(IMes)] - 0.73 [(Br,)-S(IMes)] CT adduct [(1,)-S(IMes)] CT adduct DR -
[S(SIMes)] - 1.08 [(Br,)-S(SIMes)] CT adduct NC - DR -
[S(IPrMe)] - 0.53 [SBr(IPr™e)]Br, lonic L-shape | NC - DR -
[S(1Pr®)] - 0.96 NC - NC - DR -
[S(IPr*)] - 0.87 NC - [(1,)-S(IPr*)] CT adduct DR -
[S(iCy)] - 0.52 [SBr(ICy)]Br lonic L-shape | [(I,)-S(ICy)] CT adduct DR -

NC: no suitable crystals was obtained. DR: decomposition during the reaction.

Conclusions

In summary, cyclic voltammetry measurements were
performed on seleno- and thiourea-based NHCs. As expected,
selenoureas were shown to be easier to oxidize than their thio-
analogues. In some cases, the different electronic properties of
the NHC moiety were influencing the oxidation potential of the
corresponding chalcogenourea. For example, chalcogenoureas
derived from NHCs with unsaturated backbones, i.e., SIPr and
SIMes, exhibited higher oxidation potentials than their
unsaturated analogues. The presence of electron-donating alkyl
substituents on the backbone (e.g., IPrMe) or on the nitrogen
atom (e.g., ICy) of the imidazole ring seemed to have a
stabilizing effect, which in turn lowered the oxidation potential
of the corresponding chalcogenourea. Meanwhile, electron-
withdrawing groups on the backbone (e.g., IPr¢") showed the
opposite effect. The oxidative halogenation of the herein
reported chalcogenoureas was also successfully investigated
using Br,, I, and SO,Cl, as halogenating reagents. Single-crystal
X-ray diffraction analysis was used to identify the solid-state
coordination pattern of the obtained products (Table 5). The
results obtained in this report showed that, when taking into
account the oxidation potential of the corresponding starting
chalcogenourea and the difference in electronegativity
between the chalcogen and the halogen, we are now better

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

able to predict the coordination type in the final products. This
is still far from being ideal, as we are still not able to obtain any
guantifiable trends/correlations. However, we are confident
that this work constitutes a step forward in the right direction
for this exciting area of research.
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