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Since the discovery of the stabilising influence of thiophosphinoyl groups in methanediides by Le Floch
et al. (Angew. Chem. Int. Ed., 2004, 43, 6382), numerous transition metal, lanthanide and actinide
complexes of bis(thiophosphinoyl) carbene ligands have been investigated with an emphasis on the
electronic structure and reactivity of the metal—carbon bonds. This Perspective begins by discussing main
group (s- and p-block) complexes of this ligand and draws attention to differences compared to their d
and f-block analogues. Investigations targeting the heavy chalcogen analogues of the Le Floch ligand
have revealed an unusual carbon-based reactivity that led to the discovery of novel multidentate
chalcogen-centred ligands as both monomers and, upon oxidation, dimers linked by dichalcogenido
functionalities. Studies of main group and coinage metal complexes have established the flexibility and

redox-activity of these novel anionic ligands.

1. Introduction

The discovery of the chalcogen-centred PNP-bridged ligands of
the type [N(PR,E),]” (1, E = O, S, Se; R = alkyl, aryl) in the
1960s' paved the way for extensive investigations of the coordi-
nation chemistry of these monoanions.” In the past decade,
renewed interest in this class of metal complexes has been stimu-
lated through their application as single-source molecular precur-
sors for semiconducting metal selenides in the form of thin films
or quantum dots by the group of O’Brien.® In the early 2000s,
the development of a synthetic route to the first ditelluro PNP-
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bridged anions (1, E = Te; R = Ph,*" 'Pr,*” 'Bu*) facilitated
investigations of their metal complexes as sources of binary
metal tellurides,>® e.g. Sb,Tes,”” PbTe> and CdTe,>” which are
of interest for applications in the electronics industry.

Although the in situ generation of the PCP-bridged anions
[HC(PR;E),]™ (2, E = S, Se; R = Ph), which are isoelectronic
with 1 (Fig. 1), was employed 40 years ago to prepare homolep-
tic Fe(u), Co(m) and Ni(i) complexes,6 studies of the coordi-
nation chemistry of these dichalcogeno ligands have been
limited. A few transition metal examples have been generated by
deprotonation of complexes with neutral ligands [H,C(PPh,E),]
(E =S, Se) with sodium hydride.” In these complexes the invol-
vement of the carbon atom of ligand 2 in a C,E or E,C,E coordi-
nation mode is frequently observed. By contrast, N-coordination
is observed only rarely for metal complexes of 1, notably the
lanthanides.®
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Fig. 1 The anionic ligands 1, 2, 3 and 4.

The PCP-bridged dianion [C(PPh,S),]*~ (3, E = S) is also iso-
electronic with 1. The first metal derivative of this sulfur-centred
ligand was a dinuclear Pt(i1) complex obtained in 1989 by Dixon
et al. via the double metallation of the neutral ligand [H,C
(PPh,S),].? The development of a synthetic route to the dilithium
derivative of 3 (E = S) by Le Floch and co-workers in 20041
opened the door for extensive studies of the coordination
chemistry of this PCP-bridged dianion via metathetical reactions
with metal halides. The initial focus was on transition metal,
lanthanide and, more recently, actinide complexes and this work
has been summarized as part of two recent reviews.''!? The
primary interest in these complexes, all of which involve S,C,S-
coordination to the metal centre, is the electronic structure and
reactivity of the metal—carbon bond. DFT calculations indicate a
highly polar approximately single bond for both early and late
transition metals with the carbon lone pair being stabilised by
negative hyperconjugation into the 6* P—C and P-S antibonding
orbitals.'""'? By contrast, the metal—carbon bonds in lanthanide
and actinide complexes exhibit significant multiple bond charac-
ter. The investigation of the structures and reactivity of these
metal complexes of 3 (E = S), and the related imino ligand (E =
NSiMes),'? have revealed an interesting dichotomy with respect
to their description as either Fischer carbenes or Schrock alkyli-
denes. The presence of heteroatom substituents implies that they
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could be classified as the former; on the other hand, the nucleo-
philic reactivity of the carbon centres is more in keeping with the
latter. Consequently, it has been pointed out by two groups inde-
pendently that these complexes obscure the distinction between
Fischer carbenes or Schrock alkylidenes.'*'*

This Perspective will commence with a description of salient
aspects of recent investigations of complexes of 3 (E = S) with
s- and p-block metals and metalloids. In addition to drawing
attention to the differences in the structure and bonding between
these main group complexes and their transition metal, lantha-
nide and actinide counterparts, this discussion will provide a
backdrop for the examination of heavy chalcogen ligands of the
type 2 and 3 that follows. In our investigations of the chalcogen-
centred PNP-bridged anions 1, we observed significant differ-
ences between the heavier (Se and Te) and lighter (S) chalcogens
in both their coordination chemistry and redox behaviour.'>!¢
For example, the relatively weak P—Te bonds facilitate metal-
insertion reactions (intramolecular oxidative addition) to give
new metal-tellurium ring systems'’“’ and the large Te donor
sites can lead to unique structures involving bridging Te-centred
ligands.'” In this context, we will consider the challenges
involved in the synthesis of alkali metal derivatives of heavy
chalcogen-centred PCP-bridged ligands of the type 2 and 3 (E =
Se, Te), which are potentially important reagents for the gener-
ation of other metal complexes via metathesis. The subsequent
section highlights the carbon-centred reactivity of dichalcogeno
PCP-bridged anions, demonstrated most notably by the
selenium—proton exchange that is observed in reactions of 2 (E =
Se, R = Ph) with main group metal halides. This transformation
generates the all-selenium derivative of a novel class of trichal-
cogeno PCP-bridged dianions of the type 4 (E = E' = Se). In the
final sections, we present the synthesis of the related ligands 4
(E =S, E' =S or Se), which, upon oxidation, engender the
dimeric dichalcogenides [(SthP)2CEEC(PPh28)2]z_ (E =8,
Se), a versatile new class of multidentate chalcogen-centred
ligand as illustrated by their coordination complexes with main
group and coinage metals.

2. Main group complexes of PCP-bridged
sulfur-centred ligands

2.1 Synthesis

Two approaches have been used for the synthesis of main
group (s- and p-block) complexes of 3 (E = S): (a) metallation
(dealkylation or deamination) of the neutral ligand [H,C
(PPh,S),] and (b) metathesis via reactions of either Li[HC
(PPh,S),] (5) or Li,[C(PPh,S),] (6) and metal halides. Method
(a) is successful for the generation of derivatives of more
electropositive metals. Thus, the monolithiated reagent S is
obtained by treatment of [H,C(PPh,S),] with "BuLi in THF at
0 °C,"®'? while the dilithiated derivative (6) requires the use of
two equivalents of MeLi.'"” Metallation of [H,C(PPh,S),] is
also effected by "Bu,Mg in THF at 60 °C to give the homolep-
tic magnesium complex [MgC(PPh,S),(THF)], (7).%° The dea-
mination approach is successful for the synthesis of the
homoleptic group 14 dimers [M {u*-C(PPh,S),}]> (8a, M = Sn;
8b, M = Pb) from M[N(SiMe3),], and [H,C(PPh,S),] in
The unsolvated potassium reagent {K[HC-
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(PPh,S),]} o is readily prepared by treatment of [H,C(PPh,S),]
with K[N(SiMes),] in THF and toluene.?**

The monolithiated reagent 5 has been employed in the prep-
aration of the heteroleptic, divalent group 14 complexes [MCI-
{HC(PPh,S),}] (9a, M = Ge; 9b, M = Sn).'® However, the
metathesis of 5 with group 13 trihalides is accompanied by dehy-
drochlorination to give complexes of the dianion 3 (E=S, R =
Ph), viz. [MCI{C(PPh,S),}], (10a, M = Al; 10b, M = Ga; 10c,
M = In)>° The analogous group 15 derivatives [MCI{C-
(PPh,S),} 1], (11a, M = Sb; 11b, M = Bi) are best prepared from
the dilithiated reagent 6 and MCl;,% although the bismuth
complex 11b may also be obtained from 5 and BiCl; by the
dehydrochlorination route.*” The reagent 6 has also been used
to synthesise the homoleptic germanium(iv) complex [Ge{C-
(PPh,S),}>]» (12a) from GeCl,** and the heteroleptic tellurium
(1v) complexes [TeX,{C(PPh,S),}], (13a, X = Cl; 13b, X = Br;
13¢, X = I) from the corresponding tellurium tetrahalide.>> The
homoleptic tin(iv) analogue 12b is obtained by treatment of the
magnesium reagent 7 with SnCl,.%® Complexes 12a and 12b rep-
resent the first examples of 2-germa- and 2-stanna-allenes,
respectively.

2.2 Structure and bonding

The structures of the main group metal complexes of the anions
[HC(PPh,S),]” and [C(PPh,S),]*” illustrate the versatility of
these chalcogen-centred PCP-bridged ligands as depicted in
Fig. 2. The monoanionic ligand in Li[HC(PPh,S),](THF)(Et,0)
(5) is S,5'-chelated to a bis-solvated Li centre.’” The unsolvated
potassium derivative {K[HC(PPh,S),]} has a polymeric ladder
structure in which monomeric units are associated by weak
K.--S interactions to form 4-membered K,S, rings,zz“ cf. the
PNP-bridged analogue {K[N(PPh,S),]}e.>” Two dimeric struc-
tures of Li;[C(PPh,S),] with different degrees of solvation of the
Li centres have been structurally characterised.'” The monosol-
vated complex {Li,[C(PPh,S),](OEt,)}, (6) exhibits both 3- and
4-coordinate Li centres; the former involve S,5'-chelated Li
atoms solvated by an Et,O molecule, whereas the latter consist
of Li atoms that bridge two carbon atoms and are also bonded to
two S atoms. The homoleptic magnesium complex [MgC-
(PPh,S),(THF)], (7) and the heteroleptic group 13 derivatives
[MCI{C(PPh,S),}1, (10a, M = Al; 10b, M = Ga; 10¢, M = In)
adopt similar dimeric structures in which two metal methane-
diide monomers are linked head-to-tail via the sulfur atoms.”
By contrast, the group 15 analogues [MCI{C(PPh,S),}], (11a,
M = Sb; 11b, M = Bi) display S,C,S-coordination of the triden-
tate ligand to the metal and dimerise through weak M:--S inter-
actions.”> The tellurium(rv) complexes [TeX,{C(PPh,S),}]»
(13a, X = CI; 13b, X = Br; 13¢, X = I) adopt a similar S,C,S-
coordination mode, but in this case dimerisation occurs via the
halide bridges.*

In the monomeric group 14 complexes [MCI{HC(PPh,S),}]
(9a, M = Ge; 9b, M = Sn) the monoanion is C,S-coordinated
to the divalent metal centre.'® Similarly, the two ligands are
C,S-bonded to the metal atom in the homoleptic germanium(iv)
complex [Ge{C(PPh,S),},] (12a) and one of the thiophosphi-
noyl groups of each ligand is pendant.>* By contrast, the metal
centre in 12b is hexacoordinate with all four sulfur atoms bound

to tin (S,C,S-bonding), although variable temperature NMR
studies indicate an equilibrium between the four- and six-coordi-
nated complexes in solution.”® The dianions in the dimeric com-
plexes [M{u”*-C(PPh,S),}], bridge two metal() centres with
two of the sulfur donor atoms of both ligands coordinated to the
metal in the case of Pb(11) (8b in Fig. 2); in the Sn(i) analogue,
8a, only one sulfur of each ligand is coordinated to the metal
(not shown in Fig. 2).'®

In addition to the different coordination modes observed
for ligand 3 (E = S) in main group element complexes, a
few general comments about their structural parameters are
warranted. The complexes in which the carbon atom of the PCP-
bridge is three-coordinate exhibit approximately planar geometry
[10a—c (350.4-352.4°), 11a,b (359.3-359.5°), 12a (358.3°), 12b
(354.7°), 13a—c (359.7-359.8°)], while the dimeric complexes
6 and 8a,b have distorted tetrahedral environments, as expected
for the four-coordinate carbon atom. The P-C and P-S bond
lengths are significantly shortened and lengthened, respectively,
in all complexes compared to the reported values for the neutral
ligand H,C(Ph,PS),*® indicating delocalisation in these com-
plexes.?’ A comparison of the metal-carbon bond lengths for
these main group complexes with the sum of the appropriate
carbon and metal (or metalloid) covalent radii and with M—C
single bonds in related complexes reveals a significant shorten-
ing (by 5-6% for 11a,b and 13a—c). The change in the electrone-
gativity of the halide substituent in the tellurium(1v) complexes
13a—c has a small, but significant, effect on the Te-C bond
length with values of 2.024(3), 2.030(6) and 2.045(8) A for X =
Cl, Br and 1, respectively.> More importantly, the metalloid—
sulfur distances in the S,C,S-bonded group 15 and group 16
complexes are substantially longer than the sum of the covalent
radii (12-13% for 11a,b and ca. 10% for 13a—c). The sig-
nificance of these structural parameters is discussed below in
the light of the bonding insights provided by theoretical
calculations.

The NBO analysis of the dilithium derivative 6 showed that
the C-Li and S-Li interactions are essentially electrostatic in
nature with two lone pairs occupying approximately sp” and
pure p orbitals on carbon and three lone pairs on each sulphur
atom.'? The nature of the Mg—C bonding in the dimer 7 has not
been addressed.”* An understanding of the nature of the metal—
ligand bonding and, in particular, the degree of metal-carbon
multiple bonding in p-block metal complexes of dianion 3 (E =
S) is currently being developed. DFT calculations and a topolo-
gical analysis of the electron densities in the homoleptic C,S-
bonded germanium(iv) complex 12 led to the conclusion that
“the Ge—C bonds are polar and covalent and their bond nature
is between a single and double bond”** On the other hand, a
DFT analysis of the electronic structures of the S,C,S-bonded
group 15 derivatives [MCI{C(PPh,S),}], (11a, M = Sb; 11b,
M = Bi) revealed a polar, single bond and three-centre two-elec-
tron S-M-S bonding for the metal-ligand interaction (Fig. 3a).”*
The latter calculations also reveal a negligible mixing of the orbi-
tals that are predisposed for m-bonding on the carbon and the
group 15 centres (see Fig. 3b). The simultaneous presence of
one hard and one soft lone pair in the M—C functionality has
intriguing implications for the reactivity of these complexes
towards Lewis acids. A similar bonding description, i.e. a polar,
single bond and three-centre two-electron S-M-S bonding,

This journal is © The Royal Society of Chemistry 2012
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Fig. 2 The structures of s- and p-block metal complexes of [HC(PPh,S),]™ and [C(PPh,S),]*™; (a) s-block and group 13, (b) group 14, (c) group 15

and 16.

applies to the tellurium(iv) complexes [TeX,{C(PPh,S),}], (13a,
X =ClI; 13b, X = Br; 13¢, X = I).25 A change in the halide sub-
stituent has no significant effect on the M—C or M-S bond
orders; however, the calculated atomic charges indicate a more
polar Te—C bond for 13a, which may account for the shorter Te—
C bond length in this derivative.?®

In summary, the structures and bonding in main group metal
and metalloid complexes of the Le Floch ligand 3 (E = S,
R = Ph) differ significantly from those of analogous transition
metal, lanthanide and actinide complexes. In contrast to the

monomeric complexes formed by the latter, dimeric structures
involving P = S donor centres are observed for homoleptic com-
plexes of electron-deficient main group metals, e.g. 6, 7, 8a,b
and 10a—c. On the other hand, heteroleptic complexes of elec-
tron-rich main group metals or metalloids form monomeric
structures with M—C single bonds and three-centre two-electron
S-M-S bonding arrangements, e.g. 1la,b, 13a—c. Since
the bonding analysis of group 15 and 16 complexes, 11a,b and
13a—c, reveals the simultaneous presence of hard and soft lone
pairs on the carbon and main group metal centres, respectively
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(Fig. 3), detailed investigations of the reactions of these metha-
nediides that focus on the reactivity of the M—C functionality
with electrophilic reagents should be revealing.

2.3 Reactions

Preliminary reports of the reactivity of p-block metal complexes
of dianion 3 (E = S) have been limited to M—C bond insertion
reactions. Leung and co-workers described the facile insertion of
chalcogens into the Pb—C bond of 8b at an ambient temperature
in toluene to give the monomeric lead(ir) complexes Pb[(E)C-
(PPh,S),] (14b, E = Se; 14c, E = S) (Fig. 4), which incorporate
the trichalcogeno PCP-bridged dianions [(E')C(PthE)z]z_ 4,
E =S, E =8, Se) (see Section 5).'® The isolation of small
amounts of the complexes [TeBr,{SC(PPh,S),}], (15b) and
[Tel, {(I)C(PPh,S),} 1, (16) (see Fig. 4), from the metathesis of
6 with TeBr, and Tel,, respectively,®® suggests that the Te—C
bond in the complexes [TeX,{C(PPh,S),}], (13b, X = Br; 13c,
X =1) is susceptible to in situ insertion reactions with S or mol-
ecular iodine. However, attempts to prepare 15b and 16 by direct
insertion of sulfur or I, into the Te-C bond of 13b and 13c,
respectively, generated a complicated mixture of products. The
complete series [TeX;{SC(PPh,S),}], (15a, X = CI; 15b, X =
Br; 15¢, X = 1) can, however, be synthesised by the metathesis

Ph Ph ph’:h

w"\ 8

Cl

Cl
@C/P(S)Ph
P(S)Ph,

11a (M = Sb) and 11b (M = Bi) and (b) the orbitals available for the

of the trichalcogeno dianions [(E")C(PPhE),]*~ (4, E=S, E’' =
S, Se) with the appropriate tellurium tetrahalide (Section 5.1).%

The I-insertion product 16 is especially intriguing; it is a rare
example of a structurally characterised organoiodine compound
with a hypervalent I-I bond.>* The central iodine atom in 16 fea-
tures a T-shaped geometry with an almost linear Te—I-1 unit. The
I-I bond distance of 2.883(1) A is substantially shorter than that
of o-nitrodiphenyl iodonium iodide®® and only ca. 6% longer
than the interatomic distance in L, in the solid state.>! The calcu-
lated bond orders for the Te—I-I unit are typical for a three-centre
interaction and the hypervalent iodine centre carries a significant
positive charge.”> The C—I bond length of 2.177(1) A in 16 is in
the middle of the range (2.14-2.21 A) reported for C(sp>)-I
bonds®? and close to the value of 2.147(3) A found for the
dimeric lithium complex of the anion [IC(PPh,S),]™ (see 20, in
Scheme 3).** The sp® character of this carbon atom is evinced by
a prominent lobe in the electron localization function.?®

3. PCP-bridged heavy chalcogen-centred ligands

The synthesis of heavy chalcogen derivatives of anions 2 and 3
presents challenges as a result of (a) the greater lability of the
P-E bonds (E = Se, Te) compared to P—S and (b) the relatively
low oxidizing power of Te. In order to circumvent P—Se
bond cleavage, which was first noted in the preparation of the
PCP-bridged monoseleno reagent Li[SePPh,C(H)PPh,] (17a),**
we have employed the metallation-first approach for preparations
of 17a and the diseleno derivative 18a (Scheme 1).%° Very
recently, however, we have found that deprotonation of H,C-
(PPh,Se), by K[N(SiMe3),} occurs without P-Se bond cleavage
to give the potassium analogue of 18a as the unsolvated polymer
{K[HC(PPh,Se)s]} 0. ™"

The low reactivity of H,C(PPh,), towards elemental tellurium
also necessitates the use of this method for the synthesis of the
monotelluride Li[TePPh,C(H)PPh,] (17b), which was used as an
in situ reagent to prepare a homoleptic Hg(ir) complex character-
ised by *>'P and '’"Hg NMR.** More recently, 17b was isolated
as a yellow powder in 82% yield with 97% purity.>> However,

This journal is © The Royal Society of Chemistry 2012
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this monotelluride is thermally unstable owing to disproportiona-
tion to H,C(PPh,), and the corresponding ditelluro PCP-bridged
species Li[HC(PPh,Te),] (18b), which has been characterised by
only *'P and 'Te NMR.* Nevertheless, it was possible to
obtain an X-ray crystal structure of 17b-(TMEDA), which forms
a centrosymmetric dimer occasioned by a weak Te---Te contact
[3.514(1) A]*° The related PNP-bridged monotelluride Li-
[TeP'Pr,NP'Pr,] also undergoes disproportionation, but it has
been employed as an in situ reagent to prepare homoleptic com-
plexes of group 10, 11 and 12 metals.*®

In the application of metal complexes of the PNP-bridged
anions of the type 1 (E = Se, Te) as molecular precursors for thin
films of nanocrystals to binary metal chalcogenides,®” isopropyl
derivatives are preferred over their phenyl analogues because of
their higher volatility. The synthesis of isopropyl derivatives of
the PCP-bridged monoanions requires the use of the commer-
cially available tetrachloro compound H,C(PCl,), in a three-step
process that produces the monoanionic diseleno ligand Li[HC-
(P'Pr,Se),] (18a’) in excellent yield (Scheme 2). The use of
LiN'Pr, for the deprotonation step avoids P—Se cleavage in this
case.> This protocol can likely be expanded to the synthesis of
other alkyl derivatives (R = Me, ‘Bu etc.) as well as to the ditel-
luro analogue Li[HC(P'Pr,Te),] (18b’), which is expected to
have a higher thermal stability than the phenyl derivative 18b,
on the basis of our observations for the isoelectronic PNP-
bridged ditelluro systems 1 (E = Te; R = Ph, 'Pr, ‘Bu).*

Ha . H
Ca  —ell,  _Cao
Phop” PPh, TMEDA thp\ >PPh2
Li
TMEDA
28Se,2Te
Se, Te
H
/’Q\ H
thP g \|PPh2 C\
|i ! PhoP?>  SXPPh,
E E \\
\ / \
Li E Li
TMEDA TMEDA
18a, E =Se 17a, E =Se
18b, E =Te 17b, E =Te

Scheme 1 The synthesis of phenyl derivatives of PCP-bridged heavy
chalcogen-centred anions.
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H f i i /C
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The solid-state structures of TMEDA-Li[HC(PR,Se),] (R =
Ph, 18a; R = Pr, 18a’) exhibit Se,Se’-coordination towards the
four-coordinate Li centre,* ¢f the dithio analogue 5.2° By con-
trast, the unsolvated potassium analogue {K[HC(PPh,Se),]}
forms a one-dimensional polymer in which the K" ions are Se,
Se’-chelated by the anion and coordinated to one Se atom of a
neighbouring anion. The coordination sphere of the K* ions is
supplemented by mn’- and n’-interactions with Ph groups
(Fig. 5).*** The monochalcogeno derivatives, TMEDA-Li
[EPPh,C(H)PPh,] (17a, E = Se; 17b, E = Te), form centrosym-
metric dimers with weak chalcogen—chalcogen intermolecular
contacts that are stronger for Te than for Se (3.641(1) A, E = Se;
3.514(1) A, E=Te).>

To date, neither the Se or Te analogues of the Le Floch
dianion 3 (E = S) have been synthesized owing to the compe-
tition with the P-E (E = Se, Te) bond cleavage by RLi or R,Mg
reagents in metallation (deprotonation) reactions.***> Neverthe-
less, investigations of the reactions of the monoanion 2 (E = Se,
R = Ph), which have received little attention in the case of the
thio analogue, have revealed some very interesting chemistry
which is discussed in Section 4.3.%”

4. Carbon-centred reactivity of PCP-bridged
dichalcogeno ligands

4.1 Formation of stable carbenoids

The behaviour of the sulfur-centred dianion 3 (E = S) upon oxi-
dation provides a compelling illustration of the novel carbon-
centred reactivity that may be expected for PCP-bridged systems.
Le Floch and co-workers demonstrated that oxidation of this
dianion with C,Clg produces the remarkably stable carbenoid 19
(Scheme 3).*® Subsequently, Konu and Chivers found that
the use of I, as a mild oxidising agent generates a dimeric form
of this carbenoid that incorporates the Lil by-product (20)
together with an unsaturated six-membered C,P,S, ring (21)
(Scheme 3).** The novel heterocycle 21 is formally comprised
of two molecules of the carbene, :C(PPh,S),, one of which has
undergone a P — C sulfur-transfer process.>

4.2 Hydrogen abstraction

The behaviour of the PCP-bridged monoanions 2 (E = Se; R =
Ph, 'Pr) upon oxidation provides a striking distinction compared
with that of the related PNP-bridged systems. In contrast to the
chalcogen-centred dimerization process observed in the one-
electron oxidation of the latter anions 1 (E = S, Se, Te; R = Pr,

H

, ’PrzP'//C\\*P’Prz
lT"Pr2 LiN'Pry | EI
Se TMEDA Se\L. /Se

TMEIDA
18a

Scheme 2 The synthesis of the isopropyl derivative of the PCP-bridged selenium-centred anion.
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Fig. 5 The structure of the one-dimensional polymer {K[HC(PPh,Se),]} . H atoms on the Ph substituents have been omitted for clarity.

‘Bu)*’ and related mixed chalcogen species,*” the one-electron
oxidation of the PCP-bridged analogues 2 (E = Se; R = Ph, 'Pr)
with I, produces the neutral compounds [H,C(PR,Se),], presum-
ably via hydrogen abstraction by the intermediate radicals [HC-
(PR,Se),] from the solvent.*® This carbon-centred reactivity is
attributed to the different spatial morphologies of the SOMOs of
the isovalent neutral radicals, [N(PR,Te),] and [HC(PR,Se),].
The SOMO in the PNP-bridged radical is almost entirely loca-
lised on the chalcogen centres,>* whereas the SOMOs of the
PCP-bridged species have a large contribution from the p-orbital
on carbon.*

4.3 Selenium—proton exchange at the carbon centre

The most far-reaching manifestation of the carbon-centred reac-
tivity of PCP-bridged diseleno ligands is observed in the reac-
tions of the monoanion 2 (E = Se, R = Ph) with a variety of
main group metal halides. In the initial study of the coordination

chemistry of this diseleno ligand the metathetical reactions of the
lithium reagent 18a with MCl, (M = Zn, Hg) proceeded in a pre-
dictable manner to produce homoleptic group 12 complexes,
{M[HC(PPh,Se)],} (M = Zn (22a); M = Hg (22b),
Scheme 4).* In distinct contrast, the analogous reactions of 18a
with group 14 and 16 dihalides MCl, (M = Sn, Te) resulted in
the formation of the novel #riseleno PCP-bridged dianion, [(Se)-
C(PPh,Se),]*", and the neutral monoselenide, [(H,)C(PPh,)-
(PPh,Se)] (identified by *'P NMR), through a selenium—proton
exchange process at the PCP-carbon of the diseleno monoanions
[HC(PPh,Se),]” (Scheme 4).*' This intriguing transformation
also involves a concomitant redox disproportionation at the
metal centre [M(11) = M(1v) + M(0)] to afford homoleptic M(1v)
complexes, {M[(Se)C(PPh,Se),]»} (M = Sn (23), Te (24)).*' In
a comparable conversion, the homoleptic thallium(i) complex,
{EtOLi-TI[HC(PPh,Se),]} (25), obtained from the reaction
between TIOEt and 17a in a 1 : 1 molar ratio, forms a dinuclear,
mixed valent TI(1)-TI(m) complex, TI{TI[(Se)C(PPh,Se),],}

This journal is © The Royal Society of Chemistry 2012
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Scheme 4 Selenium—proton exchange reactions to afford triseleno dianion, [(Se)C(PPh2Se)2]2’, in the metathesis of 18a with metal halides:
(i) +MCl, (M = Zn, Hg),* (ii) 65 °C,*! (iii) +SnCL,*" (iv) +TMTU-TeCl,,*! (v) +TIOEt,** (vi) 60 °C,** (vii) +InCl3,** (viii) +CuCly;* (i-viii)
—[H>C(PPh,)(PPh,Se)]. Only the anion is shown for 26 (see Fig. 6 for the polymeric structure).

(26), upon a prolonged reaction time or by moderate heating
(Scheme 4 and Fig. 6).** The change in the oxidation state of the
metal centre is not, however, necessary for the selenium—proton
exchange between diseleno monoanions, [HC(PPh,Se),]”, to
occur. Mild thermolysis of the homoleptic mercury(i1) complex
22b generates a dinuclear Hg()-Hg(11) complex of the triseleno
dianion, {Hg,[(Se)C(PPh,Se),]»} (27),*' and the reaction
between 18a and InCl; in a 2 : 1 molar ratio produces the hetero-
leptic indium(i) compound, {(TMEDA)CIIn[(E")C(PPh,E),]}
(28a; E, E' = Se), with N,N'-chelated TMEDA completing the
octahedral coordination for the indium centre.*?

The metathesis of 18a with CuCl, reveals an interesting
feature of the chemistry of the triseleno ligand [(Se)-
C(PPhZSe)Z]Z_. In addition to Se-H" exchange, reduction of the
metal centre occurs to give the dinuclear Cu(1)—Cu(1) complex,
{Cur-*n-[(SePh,P),CSeSeC(PPh,Se),]}  (29a, Scheme 4),
comprised of two radical anions, [(Se)C(PPh,Se),]~ connected
by a relatively short Se-Se bond of 2.683(2) A.** Similar Cu(1)-
Cu(1) complexes (29b and 29¢, Scheme 7) of the related dichal-
cogenide dianions, [(SPh,P),CE'E'C(PPh,S),]*~ (E' = S or Se)
are discussed in Sections 5 and 6.

The selenium—proton exchange manifested in the reactions of
[HC(PPh,Se),]|™ with metal halides is in marked contrast to the
dehydrochlorination process observed in the metathesis of the
dithio analogue [HC(PPh,S),]” with group 13 trihalides and

BiCl;, which produces complexes of the dianion [C(PPh,S),]*~
(Section 2.1).20’22b Although the mechanism of the conversion
to the diseleno monoanion [HC(PPh,Se),]” to afford the trise-
leno dianion [(Se)C(PPh,Se),]*~ is not fully understood, the dis-
parity in the behaviour of the dithio and diseleno congeners 5
and 18a can likely be attributed to the greater lability of a P—Se
linkage compared to the P-S bond (Section 3).**%

5. PCP-bridged trichalcogeno-centred anions

5.1 Synthesis and structures

Concurrent with the serendipitous discovery by Konu and
Chivers of the PCP-bridged triseleno dianion 4 (E, E' = Se)
formed through the mechanistically obscure selenium—proton
exchange process,*' Leung et al. reported the synthesis of mono-
meric lead(n) complexes of the related trichalcogeno dianions,
{Pb[(E)C(PPh,S),]} [E = Se (14b), S (14¢)] (Fig. 4), via chalco-
gen insertion into the Pb-C bond of the dimer {[Pb{u’-
C(PPh,S),}1»} (8b)."® The apparent versatility of the novel tri-
chalcogeno-centred dianions, [(E)C(PPh,E),]*~ (E, E' = S, Se),
in the formation of a variety of mono- and binuclear metal com-
plexes (Scheme 4), prompted the search for a direct synthesis of
alkali metal derivatives that could be utilized to explore the
coordination chemistry of these intriguing tridentate ligands

Dalton Trans.

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2dt12361d

Downloaded by Massachusetts I nstitute of Technology on 06 March 2012

Published on 06 March 2012 on http://pubs.rsc.org | doi:10.1039/C2DT12361D

View Online

C
PN
PhoP™" ™ PPhy
I i S==PPh, |
S S (L"), / \ s
Li,3 (TMEDALI /c —sé
S=— PPh2
+E
+ TMEDA 33
Ph
Ehz P 2 (E = Se)
Va TECTTN +1p
St/
Tt (E=S)
TMEDA TMEDA
31b (E = Se) s==PPh,
31c(E=S) No_s /H
b4 \S—C,,,," Ph,
S==:pph, P
* 121, [Li*(TMEDA)] S
(+ dimerization) pHZ%S
34
S Plihz decomposition
N, PhP==5 in solution
°LTES. 4 (E=S)
E—C.©
S==pph, R
[Li*(TMEDA)L, PhpP==8
32b (E = Se)
32c (E=S)

Scheme 5 The synthesis and redox behaviour of PCP-bridged trichal-
cogeno-centred dianions.

via metathetical reactions with halides of main group elements,
transition metals and lanthanides.

In view of the unavailability of [C(PPh,Se),]*", 3 (E = Se)
(Section 3),* the dithio analogue, [C(PPth)z]z_ (3, E=S) was
selected as an easily accessible reagent for reactions with chalco-
gens. Indeed, chalcogen insertion reactions with the dilithium
salt 6 in the presence of TMEDA readily produce the desired
complexes [Li(TMEDA)],[(E)C(PPh,S),] (31b, E = Se; 3le,
E = S) as orange-red or red solids in excellent yields
(Scheme 5).44 The solid-state structure of 31b reveals a mono-
meric compound with both [Li"(TMEDA)] cations S,Se-chelated
by the dianionic ligand.**

The metathetical reactions of the tridentate dianions 31b and
31c¢ with InCl; in a 1:1 molar ratio generate the octahedral
indium(im) complexes {(TMEDA)CIIn[(E")C(PPh,E),]} (28b,
E =S, E'=Se; 28c¢, E, E' = S), respectively, ¢f. the triseleno ana-
logue 28a (E, E' = Se, Scheme 4).* Similarly, the reactions
between TeX, (X = Cl, Br, I) and 31c¢ proceed via metathesis to
give the tellurium(rv) complexes, {TeX,[(S)C(PPh,S),]}, (15a,
X =Cl; 15b, X = Br, 15¢, X = I), which, in the case of 15b, was
first observed as a minor product from the reaction of 6 with
TeBr, (Section 2.2 and Fig. 4).*° The reactions of 31b and 31c¢
with metal halides may also involve interesting redox trans-
formations as manifested by the reduction of CuCl, to form the
dinuclear Cu(1)~Cu(1) complexes, {Cup-n>n>-[(EPh,P),CE'E'C-

Fig. 6 A polymeric strand of the mixed-valent thallium complex 26.
Colour scheme for unlabelled atoms: P, purple; C, gray.

(PPhyE),]} (29b, E =S, E' = Se; 29¢, E = E' =S, Scheme 7), cf-
the all-selenium derivative 29a (Scheme 4).**

The flexibility of the tridentate PCP-bridged ligands, [(E')-
C(PPh,E),]*” (E, E' =S, Se), is evident from the variety of mol-
ecular architectures established for the existing metal complexes
(see Scheme 4). The tin(1v) compound 23 assumes a distorted
octahedral structure, while the stereochemical activity of the lone
pair on the tellurium(iv) centre in 24 imposes a see-saw geome-
try in which one of the Se(P) atoms in each ligand is only
weakly coordinated to the central Te atom.*' In the monomeric
lead(11) complexes 14b and 14c, the influence of the lone pair
induces a trigonal pyramidal geometry for the metal centre.'®
The distorted tetrahedral metal centres in the dinuclear Hg(i)—
Hg(i1) complex are connected by two tridentate ligands in which
the carbon-bound selenium is three-coordinate, while the Se(P)
atoms remain two-coordinate.*!

The most structurally interesting example of the versatile
coordination behaviour of the triseleno dianion [(Se)C-
(PPh,Se),]*” is the mixed-valent [TI(1)-Tl(u)] complex 26 in
which the octahedral anions {TI[(Se)C(PPh,Se),],} ", ¢f- the iso-
valent Sn(1v) complex 23, are connected to the TI(1) cations via
weak TI---Se interactions to give a one-dimensional polymer
(Fig. 6).*?

In general, the bond lengths involving phosphorus (P-C, P—S
or P-Se) in metal complexes of [(E)C(PPh,E),]*~ (E, E' = S,
Se) are remarkably invariant and somewhat shorter than the
respective single-bond values, thus indicating electron delocali-
zation in the EPCPE unit. The geometry of the PCP carbon atom
is quite elastic with the sum of bond angles commonly in the
range 336-341°, but with the exception of ca. 354° in the dinuc-
lear mercury(i1) and lithium(1) complexes, 27 and 31b, respect-
ively. In general, the M—E(C) bonds are significantly shorter
than the M—E(P) contacts (by up to 0.40 A in the TI(1)-T1(ur)
complex 26).*> However, DFT calculations for the all-sulfur
dianion [(S)C(Pths)z]z_ place slightly more of the negative
charge on the S(P) atoms compared to S(C) (—0.41 vs. —0.34)
and a charge of —0.25 on the carbon atom.?’ In the case of the
tellurium(iv) complex 15b, calculations show that the charge on
the inserted sulfur atom is close to zero and the C—S bond has a
substantial double bond character with the m electron pair
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strongly polarised towards carbon.”> We note that the C-E
bond lengths (E = S, Se) in complexes of [(E)C(PPh,E),]*~
(E, E' = S, Se) show significant variations, e.g. d(C—Se) ranges
from 1.890(5) A in 24 to 1.973(7) A in 28a, indicating signifi-
cant reorganization of the electron density of these dianions
upon complexation with a metal fragment.

5.2 Redox behaviour and proton abstraction

Le Floch et al. have reported the isolation and structural charac-
terisation of alkali metal salts of the alkene radical anion [Ph,C
= C(PPh,S),]™ stabilised by the electron-accepting phosphine
sulfide substituents.*® Since thioketyl radical anions [R,C = S]~
(e.g. R = 'Bu, Me) have been characterised only in solution,*’
the oxidation of the dilithium derivatives 31b and 31c was inves-
tigated to evaluate the stabilising effect of the PPh,S substituents
on the radical anions [(E)C(PPh,S),]~ and neutral chalcogen-
ocarbonyls [(E)C(PPh,S),] (E = Se, S).**

The one-electron oxidation of 31b and 31¢ with I, generates
the [Li"(TMEDA)] derivatives of dimers of the radical anions,
{[Li" (TMEDA)],[(SPh,P),CEEC(PPh,S),]} (32b, E = Se; 32¢,
E = S), joined by slightly elongated (by ca. 8%) chalcogen—
chalcogen bonds as orange and yellow powders, respectively, in
excellent yields (Scheme 5).** DFT-level electronic structures of
the dichalcogenide dianions, 32b and 32¢, and the putative para-
magnetic monoanions, [(E)C(PPh,S),]~ (E = Se, S), reveal
that the net chalcogen—chalcogen bonding interaction is solely
due to a somewhat poor overlap of the SOMOs of the monoanio-
nic radicals, which themselves are comprised of an antibonding
combination of p-orbitals on the C=E bond (Fig. 7). The
notably small calculated binding energies of 32b and 32¢ (90
and 72 kJ mol™', respectively) are in accordance with the
elongated chalcogen—chalcogen bonds observed in the solid-
state structures.** Although the formation of a persistent para-
magnetic species in the solutions of 32b and 32c¢ is evident from
the EPR spectra, the radical anions [(E)C(PPh,S),]™ (E = Se, S)
could not be identified with certainty.*

The two-electron oxidation of the selenium-containing
dianion 31b with I, produces the dark red Lil adduct of the
neutral selone [(Se)C(PPh,S),] (33, Scheme 5).** This seleno-
carbonyl exhibits a significant shortening of the C=Se bond to
1.815(4) A, compared to 1.885(3) A for the diselenide 32b and
1.970(3) A for the dianionic precursor 31b, despite the relatively
strong Se-I contact of 2.722(1) A, cf values in the range
2.56-2.73 A for the charge-transfer complexes of selones with I,
or IBr.*® The Se-I interaction in neutral selone 33 appears to
provide crucial stability, since attempts to remove Lil from this
adduct, e.g. with 12-crown-4, resulted in decomposition.**

In contrast to the facile formation of the neutral selone 33 as
the Lil adduct, the treatment of the all-sulfur dianion 31¢ with
iodine in a variety of solvents generates primarily protonated
species 34, which was also observed as a part of the decompo-
sition process of the dimeric dianion 32¢ (Scheme 5).** The dia-
magnetic compound 34 is formally constructed from the radical
anion [(S)C(PPh,S),]™ and the neutral radical [H(S)C(PPh,S),]
linked by an S-S bond. In this context we note that the HOMO
of the dimeric dianion 32c¢ displays a significant contribution
from the p-orbitals of the backbone carbon atoms (Fig. 7)

(@)

(b)

Fig. 7 The frontier MOs of [Li(TMEDA)]" salts of (a) the monoanion
radical [(S)C(PPh,S),]~ (SOMO) and (b) the corresponding disulfide
32¢ (HOMO).

thereby contributing to the apparent tendency for proton
abstraction.

Another example of the proclivity of the dimeric system 32b,c
to undergo proton abstraction is provided by their metathetical
reactions with group 12 dihalides, which produce the octahedral
complexes {M[H(E)C(PPh,S),],} (35, M =Zn, E=S; 36, M =
Hg, E = Se) (Scheme 6).*° The tridentate, monoanionic ligands
[H(E)C(PPh,S),]™ coordinated to the metal centres in 35 and 36
are reminiscent of the neutral radical [H(S)C(PPh,S),] that forms
the right-hand side of disulfide 34 (Scheme 5).

6. Coinage metal complexes of dichalcogenide
dianions

6.1 Chalcogen—chalcogen bond stretching

The analogous mixed-chalcogen and all-sulfur derivatives,
{Cup-1* : n*-[(SPh,P),CEEC(PPh,S),]} (29b, E = Se; 29¢, E =
S), are readily produced by the treatment of either 31 with CuCl,
or 32 with CuCl (Scheme 7).*** Similarly, the reactions of
dichalcogenides 32b and 32¢ with two equivalents of AgOSO,
CF; generate the dinuclear silver() congeners, {Ag,-n’:
n?-[(SPh,P),CEEC(PPh,S),]} (37b, E = Se; 37¢c, E = S), in
good yields (Scheme 7).%°

The overall geometry of the coinage metal M(1)-M(1) com-
plexes 29a—c and 37b,c (M = Cu, Ag, respectively) resembles
that of the dinuclear mercury(i) complex 27 (Scheme 4) with the
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Scheme 6 The reactions of dichalcogenides 32b and 32¢ with group
12 halides.

dimeric arrangement and distorted tetrahedral metal centres. As a
result of the central (C)E-E(C) (E = S, Se) contact in the dianio-
nic dichalcogenides, however, the two metal centres in 29a—c
and 37b,c are well separated (by ca. 4.5 A), whereas the Hg(u)
---Hg(1) distance in 27 is only 3.105(1) A. The n>-Se, bonding
mode adopted by the copper(l) centres in the selenium deriva-
tives 29a and 29b is the first example of this bonding arrange-
ment for transition metal complexes of the generic diselenide
ligands, RSe-SeR,* for which oxidative addition (insertion of
the metal into the Se—Se bond) is more commonly observed.>”
Intriguingly, the solid-state structures of the dinuclear copper
(1) complexes 29a—c reveal significantly elongated chalcogen—
chalcogen contacts in the central (C)E-E(C) unit (E = S, Se).®
In the all-sulfur system 29¢, the S-S distances of 2.540(4) and
2.720(3) A in the two discrete molecules in the crystal lattice are
ca. 032 and 0.50 A longer, respectively, than those in the
dilithium derivative 32¢, while the corresponding Se—Se contacts
of ca. 2.61-2.69 A in 29a and 29b exhibit a slightly less pro-
nounced elongation of ca. 0.15 A compared to the dilithium
derivative 32b. The former contacts are in the same range as the
weak transannular S---S interactions observed in unsaturated
eight-membered S—N rings, e.g. 2.60 A in S,N,.°! and values in
the range 2.43-2.55 A for the bicyclic compounds 1,5-R4P,N,S,
(R = alkyl, aryl)*® for which Breher has suggested a diradical
character.>*>* Thus, the pronounced chalcogen—chalcogen bond
stretching of 15% (Se—Se) to 32% (S—S) in 29a—c compared to
the typical E-E (E = Se, S) single bond lengths of 2.34 and
2.06 A, respectively, suggests the onset of bond cleavage and the
creation of diradical character for the dinuclear Cu(1)—Cu(1) com-
plexes. Theoretical calculations at the DFT and MP2 levels
support the presence of moderate diradical character for the
dinuclear Cu(i)-Cu(1) complexes 29a—c, which is chalcogen-
dependent (i.e. higher for sulfur, as can also be inferred from the
solid-state structures).*> While the selenium-containing Ag(1)—
Ag(1) complex 37b is structurally similar to the copper(i) deriva-
tives 29a—c, the much weaker and markedly asymmetrical
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Scheme 7 The synthesis of coinage metal complexes of the dichalco-
genides 32b and 32c.

Ag--n’-Se, contacts result in a normal chalcogen—chalcogen
single-bond length d[(C)Se-Se(C)] = 2.510(2) A,* ¢f d(Se-Se)
of 2.508(1) A for the dilithium precursor 32b.** This structural
difference may also account for the fluxional behaviour (and
possible isomerism) observed in solution by variable temperature
*'P NMR studies of the all-sulfur congener 37¢, which is not
exhibited by the Cu(1)~Cu(1) complexes 29a—c.*

6.2 Redox behaviour

In contrast to the facile formation of the dinuclear Cu(1)—Cu(r)
and Ag(1)-Ag() complexes of the dimeric dianions by the
metathesis of dilithium precursors 32b,c with M(1) halides, the
analogous reactions with the gold(i) reagent Au(CO)CI involve a
redox process in which the dianionic dichalcogenide ligands are
reduced to the corresponding monomeric dianions [(E)-
C(PPh2$)2]2_ (E = Se, S) with the concomitant oxidation of one
of the gold centres to produce the mixed-valent Au(1)—Au()
complexes, {Au[(E)C(PPh,S),]}, (38b, E = Se; 38¢c, E = S;
Scheme 7).*> While the gold(1) and gold(ur) centres in 38b and
38c assume typical linear (two-coordinate) and square-planar
(four-coordinate) geometries, respectively,”® the significant devi-
ation from linearity of ca. 25° in the S—Au(1)-S angle in both
compounds is indicative of a relatively strong Au(i)---Au(i)
interaction.*> Consistently, the Au(i)---Au(ir) separations of ca.
3.12 A lie at the low end of the normal range reported for Au(r)
--Au(i) interactions,’® although shorter contacts have been
observed in compounds where the supporting ligands bring the
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Scheme 8 The synthesis of the dinuclear TI(1)-TI(1) complex 39.

two metal centres into close proximity owing to steric
hindrance.”’

In contrast to the redox process observed with Au(CO)CI,
the metathesis of the dilithium derivative 32b with TIOEt gener-
ates a dinuclear TI(1)-TI(1) complex, {TI,[(SPh,P),CSeSe-
C(PPhyS),]} (39, Scheme 8), in which the dimeric ligand
remains intact.*’> The solid-state structure of 39 is, however,
quite distinct from those of the dilithium precursor 32b and the
dinuclear coinage metal M(1)-M(1) complexes 29a—c and 37b,c
(M = Cu and Ag, respectively). Each TI(1) centre in 39 is S.5'-
chelated by one-half of the dimeric dianion and S,Se-chelated by
the other half to afford a polycyclic arrangement. Consequently,
the metal centres in 39 are drawn towards the opposite half of
the dianionic ligand through TI---E contacts (E = S, Se) resulting
in four-coordinate thallium(1) atoms.

7. Conclusions

Recent studies demonstrate that the Le Floch ligand 3 (E = S)
forms dimeric complexes with electron-deficient metals, whereas
electron-rich group 15 and 16 metalloids adopt monomeric, S,C,
S-bonded structures with three-centre two-electron S-M-S
bonds in heteroleptic complexes. The M—C linkage in the latter
is a polar single bond and incorporates one hard and one soft
lone pair (on C and M, respectively). The implications of this
bonding arrangement for the reactivity of these complexes await
investigation. The synthesis of Se or Te analogues of the Le
Floch ligand, either as the dianion 3 (E = Se, Te) with s-block
metal cations or in complexes with p-, d- or f-block metals, rep-
resents a significant challenge. However, the recent discovery of
the monodeprotonation of H,C(PPh,Se), by K[N(SiMe3),]
without P—Se bond cleavage is a promising step towards this
goal. >

The diseleno PCP-bridged monoanion 2 (E = Se, R = Ph)
undergoes a novel selenium—proton exchange in reaction with
main group and coinage metal halides that spawns the triseleno
PCP-bridged dianion 4 (E = E’ = Se; R = Ph). A direct synthesis
of this new class of trichalcogeno-centred ligand has been devel-
oped and studies of the redox behaviour have generated the

intriguing dianionic dichalcogenides 32b,c. The versatility of
these new multidentate, chalcogen-centred ligands is clearly
illustrated in their behaviour towards group 11 and 13 metals,
which includes the formation of binuclear complexes with dira-
dical character (chalcogen—chalcogen bond stretching) as well as
redox processes involving chalcogen—chalcogen bond cleavage.
Future studies of the coordination chemistry of monomeric
ligands of the type similar to 4 and the corresponding dimers
32b,¢, especially with metals that readily assume different oxi-
dation states, are likely to be rewarding. Stable complexes of the
radical anions [(E)C(PPh,S),]™ (E = Se, S) represent an interest-
ing and realistic target.
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