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Abstract

Rigid-rod transition metal alkynyl compounds of various group 10 and 11 elements have been widely studied over the past decades in different
domains of material science because of their unique structures and photophysical properties. However, the designed synthesis and thorough
investigation of the parallel chemistry of group 12 mercury alkynyl compounds has been relatively under explored. This article summarizes recent
progress in the developments of linear mercury-based metallaynes as well as their long-chain oligomers and polymers. These novel organomercurial
materials exhibit interesting chemical, physical and material properties. Synthetic avenues towards the preparation of these mercury(II) alkynyl
compounds and their photophysical and solid-state structural features are comprehensively reviewed. Practical utilization of these mercury alkynyls
in different areas including optoelectronic and analytical applications are critically discussed in this review. The future developments of this research
frontier are also envisaged.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction and scope of this review

Since the synthesis of polyynes containing transition metals
of group 10 in the main chain by Sonogashira and co-workers
[1-4], the chemistry of metal acetylides has become the focus
of enormous attention with the emerging interest in their poten-
tial applications in the field of materials science [5—12]. The
general structure for the prototype polymetallayne is shown in
Fig. 1, in which the polymer has a linear backbone with the
metal center M, the spacer group R and the auxiliary ligand
L on the metal center. Recently, different synthetic approaches
have been developed, extending the data covering the polymeric
species and their corresponding oligomeric forms for group
8—11 transition metals and for a large class of m-conjugated
bridging ligands [13-21]. Because of the introduction of the
metal-ligand groups, M(L),, into the polyyne backbone, these
materials offer versatility that cannot be matched by the conven-
tional m-conjugated organic polymers such as polythiophene and
polyacetylene. For instance, changing the nature of the ligands
may improve the solubility of the polymer without significantly
altering the electrical properties, which are principally derived
from the m-system of the hydrocarbon backbone. Such research
endeavor provides a good opportunity for coupling the chemi-
cal, electronic and optical properties of metal complexes to those
of the organic chromophoric component, thus accessing novel
metal-based polymers with new functional properties [22].

The d'° gold(I) and mercury(Il) centers are isolobal and
isoelectronic to each other. Although the organometallic chem-
istry of the group 11 metals with o-alkynyl ligands to produce
luminescent complexes dates back almost four decades ago
[23-25], over the years, interest in the study of mono-, di-
and polynuclear gold(I) o-acetylide complexes has stemmed not
only from their rich photochemistry but also from the observa-
tion of weak intermolecular d'%—d'® Au. - - Auinteractions which
can play an important role in materials science and crystal engi-
neering [26-33]. In many cases, it is the combination of the
complementary intermolecular forces of aurophilic interactions,
hydrogen bonding, m—m stacking and other non-covalent inter-
actions that determines the solid-state luminescent properties of
these organometallic materials. Linear two-coordinate gold(I)
complexes of the type [AuX,]™ (X =substituted alkynyl group)
have potential as building blocks for supramolecular structures
because of their relatively simple molecular geometry. More-
over, there is evidence for ready association of these species
into dimers, oligomers, and polymers as a result of attractive
intermolecular Au- - -Au interactions [34,35]. The strengths of
the gold—gold interactions are comparable with those found in
hydrogen bonds [36,37] and they seem to be responsible for the

-

n

Fig. 1. General structure of metallopolyyne.

intriguing optical properties of some of these compounds [38].
For example, formation of Au---Au and aryl-aryl interactions
in the solid state can cause a red-shift in the emission band com-
pared with that in the solution phase [39,40]. In contrast to the
vast body of work on alkynylgold(I) compounds, the chemistry
of metal-alkynyls of the neighboring group 12 elements, espe-
cially the d' mercury(II)-alkynyl compounds is still relatively
under explored. In view of this clear deficiency, and the recent
renaissance in the mercurophilicity phenomenon exhibited by
organomercurials, we and others have been actively engaged in
a project aiming at synthesizing some Hg(II) alkynyl molecu-
lar systems that have a close analogy to those for other known
transition metals.

Although mercury(Il) acetylides were known as early as
1920s [41], they are limited to those of simple alkyl- and
arylmercury derivatives. These species can be utilized for their
luminescence, but more importantly as ligand-transfer reagents
[42,43]. Considerable efforts have been devoted to extending
the work to various polymeric and supramolecular assemblies
[44,45]. The linear geometry of the alkynyl unit and its m-
unsaturated character have led to mercury(Il) alkynyls becoming
attractive building blocks for molecular wires and organometal-
lic functional materials, which possess interesting properties
such as optical nonlinearity, luminescence and chemosensing
and mercurophilicity (Fig. 2). Herein, a survey of various alkynyl
complexes of mercury(Il) is given and as far as we are aware,
this is the first article to review solely the synthesis of mercury
alkynyl complexes and polymers, their structural diversity, and
their potential application in a wide domains of materials sci-
ence research. The many examples covered in this contribution
highlight the richness and diversity in such a research scenario.

2. Structure and bonding of mercury alkynyls

Zinc, cadmium and mercury follow copper, silver and gold
in the periods 4-6 of the periodic table and have two s elec-
trons outside filled d shells. The group 12 metal(II) ions contain
d'0 closed shell electron configuration. Due to the high ioniza-
tion potentials (IE) of closed shell metal ions (e.g. [E=40eV
for Zn(II) and 38 eV for Cd(I)), any states involving excitation
of the d electron should have a high energy [46]. Therefore,
d—d transitions are predominantly absent in group 12 com-
plexes. Consequently, the lowest energy excited states for these
complexes are essentially composed of ligand-centered and/or
ligand-ligand charge-transfer (LLCT) states. Among the group
12 metals, cadmium is chemically very like zinc and any dif-
ferences are attributable to the larger sizes of the Cd atom and
Cd?* ion. Mercury is distinct and does bear some resemblance
to Cd, but in many respects is very like Au and TI. For Cd, the
+2 oxidation state is of utmost importance, but compounds of
Hg(I) and Hg(II) are both well known. Mercury is unique among
the group 12 metals in forming a stable [M,]%* ion. Like Cd?*,
Hg2+ is a soft metal center, and coordination to S-donors is most
favored. Comparing the promotional energies for ns> — ns'np!
(433, 408, and 524 kJ/mol for Zn, Cd, and Hg, respectively)
involved in the formation of two covalent bonds for these three
elements, further ligands cannot be added readily to metals,
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Fig. 2. Applications of alkynylmercury(Il) compounds in materials science.

particularly for Hg. This is probably the main reason that two-
coordination is the commonest for Hg. Mercury(II) ion has arich
but rather simple coordination chemistry and can afford a vari-
ety of complexes with organic and inorganic ligands by forming
mostly two-coordinate d'® mercury(II) species [47]. The Hg>*
ion has indeed a strong tendency to complex formation, and the
most stable complexes are those with C, N, P, and S as ligand
atoms. Indeed, linear two-coordination is more characteristic
for Hg?* than for any other metal species. While mercury(II)
ion tends to possess a coordination number of two with linear
stereochemistry, it is well suited for forming rigid-rod polymers.
In mercury acetylide compounds and polymers, Hg atoms are
bonded to acetylides by metal-carbon o-bonds and polymers
have a rigid-rod backbone based on the linear carbon—carbon
triple bonds.

Transition metal alkynyl complexes can often be treated as
complexes of the HC=C™ ligand, which is actually isoelectronic
with CO, CN™ and N». The stoichiometry of these complexes is
closely related to the corresponding cyanide complexes, and the
alkynyl ligand can also be thought of as a pseudohalide because
of its behavior in complex formation and precipitation reactions.
Therefore, the chemistry of mercury alkynyl complexes belongs
to acombined study of classical coordination and organometallic
chemistry [48]. On the other hand, there is a simple frontier-
orbital relationship between alkynyl and cyanide ligands, and
from the wide-ranging spectroscopic and magnetic studies, the
two ligands are shown to occupy similar strong-field positions
in the spectrochemical series. There is still some debate as to
whether the o-alkynyl ligands act as m-donors through the -
bonding molecular orbitals of the triple bond or as w-acceptors.
The level of m-donor or -acceptor contribution may change
with the metal present, with the donor properties being more
prominent for the earlier transition metals but the w-acceptor
component being more important for the later metals such as
mercury. The first direct evidence for the participation of mer-
cury 5d-electrons in mercury—carbon bonding has been recently
provided by He(I) and He(II) photoelectron spectroscopy of
Hg(C=CR), (R=CHj3, C4Hg, Cl) [49]. A number of theoretical

and spectroscopic investigations have been performed to under-
stand the nature of mw-interactions in M—C=C-R fragments and
the role of alkynyl R groups. The vibrational modes of M—-C,
C=C and C=C-R bonds need to be assigned to study the metal-
alkynyl bonding. In most instances, the C=C bond stretch has a
distinctive frequency range and is readily assigned [50].

This article reviews current research work carried out by
us and others on alkynylmercury(I) complexes and their cor-
responding oligomers and polymers. The oligometallaynes
can generally be considered as models and building blocks
for the high-molecular-weight polymers and important infor-
mation on their molecular and electronic properties can be
obtained through the detailed studies of these model compounds.
The organomercurial compounds to be discussed are classi-
fied according to the types of the chromophoric units. Herein,
mononuclear, dinuclear and polynuclear metal alkynyl systems
of mercury are discussed, and particular attention is focused on
the electronic absorption spectroscopy and photoluminescence
behavior, electronic structures, thermal stability and structural
aspects of these mercury-containing metallaynes. All the metal
polyynes and their molecular model compounds reported were
characterized as fully as possible using conventional spectro-
scopic techniques. The role of intermolecular mercurophilic
short contacts and practical utilization of these metallopolymers
in different domains are critically discussed.

3. Survey of alkynylmercury complexes and polymers

Before the advent of modern spectroscopic methods for com-
pound characterization, the conversion of an organic compound
to a crystalline derivative was common practice. In the case
of terminal alkynes, bis(alkynyl)mercurials Hg(C=CR), were
often the derivative of choice. The conventional synthesis of
mercury-alkynyl ¢ complexes is achieved either by the reac-
tion of mercury halides with anionic alkynylating agents such
as alkali-metal [51], magnesium [51,52] or copper alkynyl com-
pounds [51,52], or alternatively by direct dehydrohalogenation
protocol in the reaction between metal halides and active termi-
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nal alkynes in the presence of a base [53] (see Egs. (1)-(3)).
Reaction of Hg(C=CR), (R=alkyl or aryl group) with low-
valent late transition metal centers may result in insertion of
the metal into one Hg—C bond [54] or in some cases such
a species may evolve elemental mercury, providing a cat-
alytic process for the synthesis of symmetrical 1, 3-diynes
[55,56]. Bis(alkynyl)mercurials react with some metal com-
plexes to afford 1, 3-diynes via catalytic demercuration. In
bi- and polynuclear systems, they have been shown to pro-
vide C=CR, RC=CC=CR, or HgC=CR fragments [57,58]. The
mercury center displays weak Lewis acidity [59], such that
in reactions with nucleophiles these reagents can effectively
serve as electrophilic alkynyl equivalents, following mercury
extrusion [60]. We have been inspired to focus on the various
modern Hg—C=C~ o-bond forming reactions, which are rele-
vant not only for simple monomeric metal alkynyls, but also
for their increasingly important oligomeric and polymeric ana-
logues. Nevertheless, the characterization of mercury alkynyl
complexes is problematic because of their insolubility in com-
mon organic solvents:

2R-C=CH + K,Hgl4 4+ 2KOH

— Hg(C=C-R), +4KI + 2H,0 )

2R-C=CM + HgCl, — Hg(C=C-R); +2MCl 2)

2R-C=CH + HgCl; +2NaOH — Hg(C=C-R); + 2NaCl
3)

3.1. Compounds with hydrocarbyl, arylene and related
groups

A large series of simple symmetric mercuric alkynyl com-
pounds of the formula Hg(C=CR), have been prepared, in
which the substituted R groups can be aliphatic, aromatic and
mixed aromatic—aliphatic groups [41,61,62]. A list of com-
pounds la—1r together with their asymmetric monoalkynyl
derivatives of the form R'Hg(C=CR) and dinuclear complexes
R’'Hg—C=C-HgR’ were characterized by 'H, 13C and '’Hg
NMR techniques [63]. Infrared and Raman spectroscopies have
been used to study the vibrational features of the complex
CH3Hg—C=CH [64]. Because of the isoelectronic relationship
between the C=CH group and CN™ ligand, normal coordi-
nate calculations were carried out to confirm the assignments
and the larger force constant for the Hg—C=CH fragment in
CH3Hg—-C=CH (2.83 mdyn/A) than that for the Hg—CN stretch-
ing in CH3HgCN (2.13 mdyn/A) suggests that the former bond
is stronger than the latter. A similar approach was used to study
the vibrational spectra of CH3;Hg(C=CCH3) and its deuterated
analogues in detail [65]. A strong IR absorption at ca. 2150 cm ™!
in each isotopic species is found to be hardly affected by deuter-
ation and the corresponding Raman spectral band in solution is
polarized. This can be assigned to the C=C stretching mode. Nor-
mal coordinate analyses again reveal that the force constants for
the Hg—C=C bond are always larger than those for the Hg—CHj3
bond. This is consistent with the expectation on the basis of the
hybridization of the carbon atom adjacent to the metal atom and

the sp hybridization in Hg—C=C and the sp> hybrid in Hg—CH3
make the former bond stronger than the latter.

Nicholson and co-workers have studied the solid-state aggre-
gation phenomenon of two mercury bis(acetylides) 1h and 1i
using X-ray crystallography in which weak Hg- - -Hg short con-
tacts were observed and the main driving force for molecular
clustering appears to be the interactions between Hg atoms and
the C=C bonds of adjacent molecules (vide infra) [66].
R—C=C—-Hg—C=C—R

1
R=—-Cla, -Brb, -CHs ¢, -C,Hs d

O % - E\ r
@—CHZ- j

@—CHZ—CHZ— Kk Br \)/ P

Mo~ )— 1 G@— a

)-o-ci,— m

Alkynyl ligand transfer reactions based on Hg(C=CR), are
also common for making some transition metal and rare earth
complexes. For instance, Hg(C=CPh), was found to trigger
the ethynyl transfer between platinum and mercury accord-
ing to the Eq. (4) [67]. The mixed-metal platinum-mercury
alkynyls [(RC=C),Pt(u-dppm)>HgCl] can be obtained in high
yields from the fast reaction between [Pt(dppm-PP’);]Cl,
and Hg(C=CR), (R=Ph, Tol, Me, "Pr) [68]. Recently,
HgPh(C=CPh) was used for the synthesis of some novel
organolanthanoids containing bridging C=CPh ligands between
two lanthanide metal ions [69]:

—C4H7e —Cs Hl] f —Cang —SIMC; h

cis-[PtCly(PMePh,)] + 2Hg(C=CPh),
— trans-[Pt(C=CPh),(PMePh;),] + 2HgCI(C=CPh) (4)

Trifluoropropynyllithium reagent was prepared by a novel
one-pot procedure from 1,1,1,3,3-pentafluoropropane which
can be employed to afford Hg(C=CCF3); in moderate yield
[70]. Two trifluoropropynylmercury complexes RHg(C=CCF3)
(R =Ph, Fc) have been reported which represent two of the very
few structurally characterized examples of fluorinated alkynyl-
mercurial species in the literature other than the earlier reported
Hg(C=CCF3); [71]. Both of them exhibited the presence of
appreciable mercury-centered intermolecular interactions in the
extended structures showing Hg- - -Hg and Hg- - -n?-C=C short
contacts. However, it is worth noting that there are potential
explosive hazards for using a large amount of Hg(C=C'Pr),
and Hg(C=CFc); [72]. These complexes crystallize with mer-
curophilic interactions that bring adjacent alkynyl groups within
close proximity. A phase change upon warming may thus result
in a large pressure to cause explosive demercuration.

Several fluorescent-labelled methylmercury acetylides 2—4
were reported by Bolletta et al. in which anthracene, acridone
and dansyl chromophores were anchored to the metal core by
simple alkynlation [73]. There is no big differences in the absorp-
tion and emission spectra between uncomplexed and complexed
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species in all three cases. The authors also claimed that the
uncomplexed fluorescent labels can be exploited for the HPLC
analysis of methylmercury.

/
McHgCl
SO VI i/
O W

/—(, C—HgMe

HgMe
= c
O /, /
// MellgCl 4 <’
— B
NaOMe
O \
3
—c=c—n o—'({')—N /—C=C—HgMe
O—%—N =N
MeHg(,] | \| AN H
OO Na()Me N~
|
AN
Me/ Me
4
Two mercury alkynyl complexes derived from 4-

ethynylpyridine (5) and (4-ethynylphenyl)(4-pyridyl)acetylene
(6) were isolated in 62—-65% which were fully characterized by
IR and NMR spectroscopies and mass spectrometry [74,75].
The X-ray structure of 5 was established which reveals infi-
nite zigzag chains of molecular entities showing a T-shaped
coordination geometry in the lattice [74]. The photophysical
properties and the ability for forming self-assembled molecular
polygons based on 5 and 6 were compared to those for the
corresponding anionic gold(I) counterparts. These compounds
may serve as versatile building units for affording new metal-
losupramolecular systems [75]. With bidentate imine ligands
such as 1,10-phenanthroline (phen), Hg(C=CPh), forms a 1:1
adduct with phen to give 7 whose structure was confirmed
by X-ray analysis [76]. The Hg atom is four-coordinate with
a mean Hg-N distance of 2.68 A and the C=C bond length
appears unaffected by metal coordination. The crystal structure
of 8 was also determined [77].

ND*CEC—Hg—CEC‘@N
5
ND-CEC@—CEC—Hg—CECOCEC @N
6

Cl

The classical work has successfully been extended to the din-
uclear and polynuclear systems and compounds 9 and 10 spaced

1.0
038 - =
) [=]
] g
&8 3
g 06 2
2 H
= w
-— ~
s <]
Z 04+ H
[
h ®
=
0.2 44 -~
0.0 . ’ ; : , ; r 0.0

300 400 500 600
Wavelength (nm)

Fig. 3. Absorption (298 K) and PL (77 K) spectra of 10 in CH,Cl, [78].

by biphenyl rings were recently prepared [78]. Only the lower-
molecular-weight fraction of 10 can readily dissolve in organic
solvents and there is always some insoluble portion left in the
polymer solution. The crystal structure of 9 was determined
providing conclusive proof of the linear two-coordinate con-
figuration at mercury (vide infra). The polymeric mercury(II)
acetylide system is aggregated in the solid state through exten-
sive Hg- - -Hg secondary interactions, which are also reflected by
the presence of a broad aggregate band in its photoluminescence
(PL) spectrum (Fig. 3). The spatial extent of the lowest singlet
(S1) and triplet (T7) excited states with chain length was exam-
ined for 9 and 10 and the S;-T; energy gap of 0.70-0.76eV
was observed. The results were also correlated to those triplet-
emitting compounds harnessed through the heavy platinum and
gold centers. The electronic structure of the Hg polyyne 10 was
also investigated using extended Hiickel (EH) theory and com-
pared to other metal oligoyne polymers of the nearest metal
neighbors [79].

MeHg—CECEC—HgMe Hg—C=C—/C/>—©—C=C<}»
n

9 10

In a related context, Gabbai et al. studied the supramolecular
adduct formation of [0-CgF4Hg]; with a series of o,w-
diphenylpolyynes via weak but extensive secondary Hg—m
interactions [80]. These adducts were fully characterized by a
combination of elemental analysis, X-ray crystallography, IR
and emission spectroscopy, DSC and TGA. Such an approach
was shown to be interesting for the stabilization of these other-
wise highly reactive hydrocarbon-based alkynes without much
affecting the structure of the parent polyynes.

The first example of a trinuclear mercury(Il) triacetylide
complex of 1,3,5-triethynylbenzene 11 was described recently,
from which we have been able to study its spectroscopic and
luminescent properties and the results were compared with the
isolobal gold(T) congener [{(PPh3)AuC=C}3(1,3,5-CcH3)] [81].
From the absorption data, the -delocalization through the metal
chromophore is better for Au(I) than Hg(IT). Our investigations
indicate that the organic triplet emissions can be harvested by the
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heavy-atom effect of mercury which enables efficient intersys-
tem crossing from the S; state to the T state. The influence of
Hg and Au centers on the phosphorescence efficiency and evolu-
tion of the lowest electronic St and T excited states is critically
characterized. Both Hg and Au complexes possess high-energy
triplet states of 2.77-2.82 eV, and the order of intersystem cross-
ing (ISC) rate follows the order Au>Hg.

IIIgMe
C
Il
C

| N
=

/C///C C\\\C\
MeHg HgMe

11

Two dialkoxy-substituted mercury-containing poly(p-
phenyleneethynylene) (PPE) copolymers 12 and 13 were
also prepared, both of which feature long-alkyl chains on the
phenylene rings to make the polymers more organic-soluble
[82]. Both organomercurial polymers possess high molecular
weights of 35,630-44,760 (DP=75 for 12 and 44 for 13).
They were found to exhibit slightly different thermal and PL
properties with respect to the relative positions of the substituent
groups.

CgH,,0 CsHy7
C16H33
Y N Hg—C=C C=C
/c G n
Hg C

16H33O

13

12 n

A novel approach based on w-conjugation interruption was
developed recently by us for a series of luminescent and ther-
mally stable group 16 chalcogen-bridged mercury(Il) diyne
complexes 14-17 and polyyne polymers 18-21 in which the con-
jugation path is limited by the presence of an insulating spacer
[83]. The feed mole ratios of the mercury(Il) chloride precur-
sors and the diethynyl ligands were 2:1 and 1:1 for the diyne and
polyyne syntheses, respectively. However, attempts to make the
polyynes 18-21 only resulted in insoluble substances but IR
studies confirmed the formation of rigid-rod Hg polyynes. An
in-depth investigation of the photophysical properties of these
group 12 metallayne materials was made and important corre-
lations were drawn relative to their group 10 diplatinum and
group 11 digold closest neighbors. The regiochemical struc-
tures of these angular-shaped molecules were studied by NMR
spectroscopy and single-crystal X-ray structural analyses (vide
infra). Harvesting of organic triplet emissions harnessed through
the heavy-atom effects of group 10—12 transition metals was sys-
tematically probed (Fig. 4). Compounds 14-17 were found to
have large optical gaps and high-energy T; states. The influ-

— —
T
14 2
Sy

15
.. i-u
=
-~ S
3 g
= £
g =
:
T |16 :
oy P [}
= ]
< M
E

17

Sy
—
300 400 500 600 700

Wavelength (nm)

Fig. 4. Phosphorescence spectra of 14-17 at 11 K [83].

ence of Hg and chalcogen-based conjugation-interruptors on
the intersystem crossing rate and the evolution of the lowest
singlet and triplet excitons was fully elucidated (Fig. 5). The
dependence of the S; and T electronic states on the electronic
structure of the chalcogen spacer groups was examined in detail.
Generally, the order of triplet energies is O >S0O, >SO> S for
14-17, but the phosphorescent yield is relatively insensitive to
the nature of the chalcogen group. While it appears that chalco-
genide centers do not show coordinating ability, they play more
than a spectator’s role in being a good conjugation-interruptor.
The results are remarkable in regard to achieving comparable
orders of magnitude for (ky,)p and (k;)p which are rarely the case

45 S Abs. 443 eV
S, Abs.4.28 ¢V | S, Abs. 4.29 eV
S, Abs. 4.13 eV
4.0
< 35 S PL343eV
Rl == S,PL332¢V | S PL331eV
g ] S,PL312eV | S PL313eV
- B Syt
£ 3.0
= T, PL2.81 eV T, PL 2.70 ¢V
T PL2.68eV :
T,PL2.51 eV
259 T,PL236eV
20 S, Sy S, S, -
14 15 16 17

Fig. 5. Energy level diagram for 14-17. The levels for 9 are shown as dashed
lines in the left column [83].
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A

C
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&
i
R
R'=Me ;R =Ph 26
Fc 27
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Fig. 6. Synthesis of 22-29 [84].

for polymetallaynes containing w-conjugated spacers (Fig. 6).
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A novel series of o-alkynyl complexes of orthomercu-
rated Schiff bases of substituted benzylideneanilines 22-25
and anthracenylmethyleneanilines 26-29 were synthesized in
good yield from alkynylation of the mercuric chlorides of the
appropriate Schiff bases with some terminal alkynes RC=CH
(R=Ph, Fc, p-ferrocenylphenyl) at room temperature under
basic medium [84]. All the new compounds generally displayed
good solubility in polar organic solvents and their identities
were completely elucidated by various spectroscopic methods.
The solid-state structures of these compounds suggest that the
alkynylmercury(Il) moiety is directed to the ortho position of
the N-phenyl ring of the Schiff bases. Depending on the geo-
metric and steric properties of the end groups anchored on the
alkynyl unit and the type of Schiff base employed, we can get
polymeric mercury(I) alkynyl systems in the solid state aggre-
gated through Hg. - -Hg and Hg- - -m?-C=C interactions. Such
supramolecular aggregation process is preferred for orthomercu-
rated molecules 22 with the least steric bulk. The absorption and
emission properties of 22—29 are dominated by mildly mercury-
perturbed organic m—m" transitions, which are consistent with
the results obtained from theoretical density functional theory

(DFT) calculations. The emission maximum is bathochromi-
cally shifted for the p-nitrophenyl substituent relative to the
9-anthryl congener.

3.2. Compounds with fluorene groups

Much recent attention was paid to the employment of
fluorene spacers in the formation of di-, oligo- and polymet-
allaynes [85]. The fluorene structural motif offers a rigidly
planar biphenyl group in the backbone. The ease of structural
modification and knowledge of the structure—property relation-
ships of polyfluorene homopolymers and copolymers as well
as their oligomers render tie fluorene-containing compounds
very attractive candidates in the advance of new functional
materials for optoelectronics and chemosensing applications
[86]. By virtue of the high thermal and chemical stability and
high emission quantum yields, fluorene-based derivatives are
shown to be excellent materials for small-molecule and poly-
mer light-emitting diodes (LEDs) [86-91]. In this connection,
the following section will give a summary of the recent research
efforts in our group devoted to the developments of fluorene-
derived mercury alkynyls. A series of mono- and diethynyl
fluorene-based precursors can be used as the synthons to produce
thermally stable mono-, di-, oligo- and polynuclear complexes
of mercury(II) according to the classical dehydrohalogenative
coupling procedures. A family of dimercury(II) bis(alkynyl)
complexes 30-36 constituted by various fluorenyl spacers were
synthesized in good yield (Fig. 7) [92,93]. However, attempted
derivatization of 35 to its dicyanomethylene-substituted species
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Fig. 7. Synthetic pathway to 30-36.

has met with little success. The three-dimensional structures
of 32 and 35 were confirmed by single-crystal X-ray diffrac-
tion studies (vide infra). By changing the substituents at C-9
position of fluorene ring, the optical bandgap (or onset of
absorption), and the absorption and emission properties of these
mercury-containing complexes can be chemically tuned, leading
to diverse photophysical and redox properties. The energy gap
generally follows the order 30>31=32=33>34>35=36.
Because of the accessible low-lying m* orbitals of CO, the
fluorenone-based complex gives a smaller energy gap. The sim-
ilar spectral patterns for the mercury complex and its ligand
precursor are suggestive of the ligand-dominating emissive state.
As far as the central fluorene ring is concerned, the emission
spectra of 30 and 35 having different fluorene moieties show
very similar emission patterns with energy bands at 567 (for 30)
and 597 nm (for 35) with a wavelength shift of 30 nm (Fig. 8(a)).
The difference can be accounted for by the higher degree of -
conjugation of the fluorenone unit which increases the overlap
with w#(C=CR) to stabilize the low-lying 7* orbital. Similarly,
an order of emission energies of 36>35 is expected based on
the different o-donating capacity of the hydrocarbyl groups, viz.,
Me > Ph. The results for these mercurial compounds were sys-
tematically correlated to those for the closest neighbors of group
10 platinum(II) and group 11 gold(I) elements in the periodic
table [92-94].
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While there is a world-wide interest in conjugated polymer
electroluminescence for the perceived potential in the low-cost
fabrication of large-area LEDs through simple processing meth-
ods, the utilization and characterization of triplet excitations in
phosphorescent polymer devices is particularly important nowa-
days for the enhancement of their device efficiencies [6]. The
ultimate efficiency of LEDs is controlled by the fraction of triplet
states generated or harvested [95-99]. In this regard, polymetal-
layne systems have been widely studied as model systems to
explain aspects of the photophysics of electronically excited
states in such conjugated polymers in which the heavy metals
increase the spin-orbit coupling, rendering the spin-forbidden
phosphorescence (triplet emission) partially allowed. Thus, in
contrast to hydrocarbon conjugated polymers, the triplet excited
state is experimentally accessible by using optical methods. It
would be useful to know how the triplet emission efficiency
can change with the chemical structure so that the relative sep-
aration of the energy bands can be manipulated and hence, the
energy of the triplet excited state can be harvested directly. In
accordance with the energy gap law, the intersystem crossing
(ISC) rate depends exponentially on the energy gap to the nearest
triplet excited state [100,101]. Therefore, the relative positions
of singlet and triplet excited states strongly govern the ISC rate
into the triplet manifold. In the past two decades, the photolu-
minescent behavior of oligomeric and polymeric acetylides of
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Fig. 8. (a) Effect of fluorene spacer and (b) effect of metal groups on the PL spectra in CH,Cl, at 298 K [92].
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platinum(II) and gold(I) complexes has aroused much research
attention where spin-forbidden phosphorescence can be iden-
tified clearly [21]. To our knowledge, there was no literature
precedent of studying the photophysics and structural properties
of soluble mercury-based polyynes of this type. We contend that
group 12 heavy mercury atom, with its propensity to enhance
spin-orbit coupling, should be equally suitable for harvesting the
energy of triplet excitons. While linear polymeric copper and
mercury acetylides of the form [-MC=C(p-C¢H4)C=C-],, were
reported over 45 years ago [41] and metal-alkynyls of group 12
elements have been known for many years, the designed synthe-
sis, chemistry and photophysics of mercury-alkynyl compounds,
however, has not been so thoroughly studied. Low solubility
and poor tractability of compounds is a major difficulty associ-
ated with the preparation of conjugated mercury(Il) o-acetylide
polymers, which generally hampered their purification and spec-
troscopic characterization. We have reported for the first time a
novel series of soluble well-defined high-molecular-weight d!°
mercury(Il) polyyne polymers with 9,9-dialkylfluorene spacers
38-40, which could render 3(m*) phosphorescence through
efficient ISC by ligation to the Hg(Il) center [102]. However,
starting from 2,7-diethynylfluorene, only an intractable off-
white solid 37 was obtained, indicating that long-alkyl chains
should be introduced as solubilizing groups to produce these
soluble organometallic mercury(Il) polyynes. The synthesis of
37-40 involves room-temperature base-initiated mercuration
reaction of 9,9-dialkyl-2,7-diethynylfluorenes with HgCl,. They
exhibit very good solution-processability in solvents such as
CH;Cl; and CHCl3. The degree of polymerization is very high
in these polyynes as revealed from GPC and NMR end group
analysis. The high structural regularity of the polymers was con-
firmed by NMR studies. In attempts to model the polymers and
gain added insight, complexes 30-33 were also prepared, in
which one coordination site on Hg(Il) is capped by a Me group
[92,102]. Complex 32 showed a single '*”Hg NMR signal at
8=—453 (versus §=—847 for MeHgCl against Me,Hg stan-
dard), indicating polarization of the Hg—C= bonds. The X-ray
crystal structure of 32 also helped to establish polymer structure
in the solid state and to correlate the photophysical properties
with the structural data. The formation of solid-state aggregates
in thin films for the polymers is shown by the growth of a
new absorption band at around 365 nm as a nonsolvent such
as MeOH is continuously being added to the polymer solu-
tion in CHCls, which corresponds to the strongest absorption
peak observed in the solid state (Fig. 9) [103]. The long-side
chains in 38-40 should suppress aggregation or at least delay
its onset, and changes in absorptions were observed for 39 only
after addition of approximately 80% MeOH. This is also sup-
ported by the structural data in which mercurophilicity was
shown to exist (vide infra). Polymers 38—40 are thermally sta-
ble and they exhibit decreasing decomposition temperatures
with the chain length of R groups. Each polymer shows two
stepwise losses in the TGA curve, corresponding to the elim-
ination of two alkyl groups from their molecules. For 39,
41 and 42 were also prepared as the oligomeric model com-
plexes for the electronic properties of the corresponding polyyne
[104].
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Fig. 9. Aggregation phenomenon in the absorption spectra of 39 at different
volumes of MeOH at 298 K [102].

Polymers 38-40 all show similar structured absorption bands
in the near UV region, which are associated with the organic
I(mrm*) transitions, possibly with some admixture of metal
orbitals (Fig. 10). The absorption energies are virtually insensi-
tive to the length of C-9 alkyl substituent on the fluorene ring
for 38-40. The transition energies of the polymers are low-
ered with respect to those of 31-33, suggesting a well-extended
singlet excited state in the polymers. The PL spectra display
a red-shift on going from binuclear to polynuclear structures.
In dilute fluid solutions, there is a singlet emission peak near
400 nm for 38-40 (Fig. 10). Comparing with the solution PL
data, the thin film singlet emissions in 38—40 appear broad at
290K and are red-shifted, probably as a result of interchain
interactions due to aggregate formation. Phosphorescence from
these organometallic materials is generally restricted to low-
temperature glasses, but the heavy-atom effect exerted by Hg(II)
results in enhanced spin-orbit coupling and consequently the
occurrence of long-lived triplet emission. At 11 K, phosphores-
cence emissions emerge around 570-590 nm for 38—40 with the
long-emission lifetimes of 28-42 us. The integrated intensity
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Fig. 10. Absorption (298 K) and PL(11 K) spectra of thin films of 38—40 [102].
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of the phosphorescence relative to fluorescence was shown to
increase as the value of m increases from 38 to 40. We note
that the order of ISC efficiency is 40 >39>38. The ISC rate is
also higher in the polymers than in the dinuclear complexes.
Values of energy gap between Sg and T levels were found to
be 2.10-2.23 eV for 38—40, which can be compared to those
observed in some PPEs (1.90eV) [105] and [Cy3zPAu]-capped
PPEs (1.98-2.04eV) [26]. The S;-T gaps for 38—40 lie within
the range of 0.73-0.79 eV which match well the corresponding
gaps of 0.7+ 0.1eV for similar w-conjugated Pt(I) and Au(l)
polyynes, and are close to the gaps estimated for a series of
relevant organic-based polymers [106,107].
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Our pioneering report on 38—40 and their diynes 31-33
have led to detailed theoretical investigation by Feng et al. on
these molecules and their purely organic counterparts using
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Fig. 11. Dependence of absorption and PL data on m~! based on theoretical
data.

singlet and triplet excited states have been studied by the singles
configuration interaction (CIS) method and time-dependent den-
sity functional theory (TDDFT). Both singlet and triplet excited
states of the polymer are localized mainly on the conjugated lig-
and segment. Through the chain length dependence of emission
energies, a singlet emissive peak at 384.9 nm was obtained for
the polymer by extrapolation, which is comparable to 382 nm
observed experimentally from the solution phase PL spectrum.
Based on the DFT results, the relationships between calculated
absorption, fluorescence and phosphorescence wavelengths as a
function of reciprocal chain length were derived and shown in
Fig. 11.
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the Hartree—Fock and DFT calculations on these d'® mercury
polyynes in order to establish their structure—property relation-
ship [108]. The computational results show that there is a weak
electronic interaction between the metal-based fragment and the
m-conjugated organic groups, and thus the photophysical prop-
erties are mainly based on the diethynylfluorene m-conjugated
segment with little contribution from the metal center. The role of
the metal center can be described as weak delocalization coupled
with strong localization characteristics along the organometal-
lic polymer chain. Molecular orbital calculations found that the
energy gap decreases from 3.85eV (30) to 3.64eV (43) and
3.56eV (44) for the mercury oligoynes but the value decreases
at a higher rate in the metal-free oligo(fluorenyleneethynylene)s
I-III, which is in line with the larger conjugation and m-electron
delocalization along the organic chain and relatively weaker con-
jugation along the corresponding Hg polyyne chain. The lowest

m=11I
m=21I
m=3TII

We recently reported a useful procedure to transform dis-
solved inorganic mercury(Il) into stable mercury(Il) acetylide
derivatives functionalized with a range of monosubstituted
fluorene units which show interesting photophysical proper-
ties suitable for various material and analytical applications
[109]. Luminescent mononuclear mercury(I[) mono- and
dialkynylated complexes containing substituted fluorene and
fluorenone units 45-56 were prepared in good yield by
mercuration of terminal acetylenes R-C=CH with MeHgCl
and HgCl, at room temperature. The structures of these
organomercurial compounds were characterized by IR and
NMR spectroscopies, elemental analysis and FAB mass spec-
trometry. Their optical and photoluminescence spectra were
also studied. The structural features of 45 were elucidated
by X-ray crystallography in which there is an indication
of weak mercurophicity among the molecules in the solid
state.
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Recently, the energy gap law has been established for triplet
states in metal-containing conjugated polymers and their model
complexes whereby the non-radiative phosphorescence decay
rate increases exponentially with decreasing energy gap to the
nearest triplet excited state. It would be a critical issue to ratio-
nalize the factors for controlling the spatial extent of the singlet
and triplet energy levels in governing the singlet—triplet gap.
While detailed studies on the synthesis and optical properties
are now known for 31 and 38, compounds 57 and 58 incorpo-
rating 9,9-dihexylfluorene and butadiynyl units were prepared
in order to determine the spatial extent of the lowest singlet
and triplet excited states with the acetylenic chain length [110].
The polymer 58 was isolated as a soluble high-molecular-weight
copolymer. While these carbon-rich metallaynes constitute an
intriguing class of optoelectronically tunable compounds, they
provide good opportunities in tailoring molecule-based func-
tional properties. The energy of the S; excited state decreases
on going from 38 to 58.
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We also reported a high-yield synthetic route to the mercury
polyyne 59 based on 9,9-bis(4-ethynylphenyl)fluorene [111].
Polyyne 59 appears to be more thermally stable than 38—40.
Reduced conjugation in the presence of the non-m-conjugated
segment shifts the optical bandgap for 59 to the blue when
compared with 10. However, only the lower-molecular-weight
oligomeric fraction of 59 can dissolve in CH>Cl, and CHCls.
Dimercury(Il) complex 60, as a model of 59, was also prepared.

Sty

Systematic investigations of the PL properties for 59 and 60
and its Pt(IT) and isoelectronic Au(I) congeners were made. The
extent of m-conjugation of the compounds follows the experi-
mental order Hg > Au > Pt. Mercury ion can induce heavy-atom
effects in the enhancement of ISC rate and the harvesting of
organic triplet emission (Fig. 12), but the effect is less sig-
nificant for Hg(II) than Pt(Il). Such work is significant in
that the deliberate use of tetrahedral conjugation-breaking sp>-
hybridized carbon atom of the diphenylfluorene unit can limit the
effective conjugation length and gives rise to more efficient phos-
phorescence emission in metal-containing aryleneethynylenes

(Fig. 13).
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Fig. 12. Absorption (293 K) and PL (11 K) spectra of 59 as thin films [111].
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Fig. 13. PL spectra of some dimercury diacetylide complexes containing olig-
othiophene and bithiazole spacers in CH,Cl, at 298 K [115].

3.3. Compounds with carbazole groups

Among the heterocyclic derivatives, the carbazole ring has
emerged as an excellent building block in the synthesis of a
variety of optoelectronic materials [85]. While recent advances
based on the exploitation of carbazole as the chromophore for the
synthesis of branched molecules, oligomers, polymers or den-
drimers have spurred considerable interest, they are, however,
largely confined to organic systems. Carbazole-based coordina-
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tion/organometallic compounds have been much less explored.
In particular, the chemistry of metallopolymers derived from
derivatized diethynylcarbazole moieties represents a topical area
that is still in its infancy and very few reports are known in
the sensitization of phosphorescence of carbazole using heavy-
metal effects. By virtue of the excellent functional properties
of carbazole derivatives for organic materials [8], we feel it
highly appropriate to incorporate 9-aryl-substituted carbazole
unit via 3,6-positions into the metallopolyyne system so that
some novel transition metal-based polymeric and oligomeric
assemblies with an emissive state possessing rich triplet con-
tent and high-energy triplet state can be developed. A new
series of mercury diynes 61-65 containing various p-substituted
9-phenylcarbazole moieties have been prepared and optically
characterized [112,113]. However, their corresponding polyynes
are essentially intractable materials for satisfactory photophysi-
cal characterization. The molecular structures of 62 and 63 were

established by X-ray structural analyses. The heavy-atom pertur-
bation of Hg(Il) ion in triplet-light-harvesting and the influence
of the 9-aryl moiety of carbazole on the phosphorescent proper-
ties of these organomercurial acetylide materials were examined
and compared to those for their Pt(IT) and Au(I) counterparts.
The absorption data were found to be relatively insensitive to
the nature of the aryl substituent X on the carbazole ring, in
line with the notion that the carbazolyl unit tends to hinder -
conjugation along the main chain. It is obvious that the emission
wavelength does not seem to vary much with the type of X
group in each series. For each metal class, a strong phospho-
rescence band was observed at low temperature and there is a
small but notable shift in the wavelength to the blue along the
sequence Pt — Au — Hg, in line with the absorption trend. We
note that the N(CgH4X) group of carbazole can reduce conju-
gation relative to the bi(phenylene)-linked compounds, leading
to a marked blue-shift in the absorption maxima. The present
work indicates that the efficiency of organic triplet emissions
harnessed through the heavy-atom effect of these metals in the
main chain generally follows the order Pt > Au > Hg. All of these
carbazole-containing materials with high-energy T; states of
2.68 eV or higher show high phosphorescence efficiencies at low
temperatures. The work has also been developed to the alkylated
substituent such as butylcarbazole in the formation of 66 and 67
[114]. Mercury polyyne 67 is not completely soluble in organic
solvents and GPC measurements suggest alow molecular weight
distribution with Mw =4630 and M, =4690.

AN
HgMe
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3.4. Compounds with oligothiophene and related groups

Among the vast majority of organic backbones used, con-
jugated thiophene derivatives have been extensively explored
due to their chemical stability, synthetic accessibility and their
growing importance in the rapidly expanding field of electronic
and optoelectronic devices and as the fluorescent biomarkers in
biological research [20]. A new series of luminescent dimer-
cury(Il) diacetylide complexes of oligothiophenes 68—73 and
bithiazoles 74-77 are prepared [115]. Their electronic, photo-
physical and structural properties were studied and correlated
to the chain length and electronic nature of the central five-
membered heterocyclic conjugated systems. With increasing
thiophene content, the absorption and emission features are both
red-shifted and the emission quantum yields are increased. In
the presence of electron-withdrawing imine nitrogen atoms, the
optical spectra for the bithiazole derivatives also show a sig-
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nificant bathochromic shift when compared to their bithienyl
counterparts. The insoluble polymers 78-80 were shown to
display very similar IR stretching frequencies as for the dimer-
cury(I) model compounds 68-73 and the crystal structures of
68 and 69 have been established to study the metal-metal and
ligand-ligand interactions in such mercury polyyne systems.
These structures were highlighted by the extensive mercu-
riophilicity observed among Hg atoms. The dependence of
photophysical data with the oligothienyl chain length was exam-
ined. The results were also correlated to the theoretical data
obtained by DFT calculations. The metal contributions based on
the Mulliken population analysis to the HOMO and LUMO are
small (HOMO 3.0, LUMO 20.0% from each Hg for 6§; HOMO
1.5, LUMO 7.0% from each Hg for 69). Increasing conjugation
through more thienyl rings leads to a decreased transition energy
and an increase in the molar absorption coefficients for 68-70
as well as 71-73. Thus, a red shift of 75 nm is observed from 68
to 70, whereas the shift is 71 nm from 71 to 73. However, the

a valuable spacer for controlling the bandgaps of these metal-
lated materials. In the presence of electron-withdrawing imine
nitrogen atoms, the optical spectra for the bithiazole deriva-
tives also show a significant bathochromic shift when compared
with their bithienyl counterparts. Quantum yield values associ-
ated with 4,4’-di(z-butyl)-2,2’-bithiazole-linked complexes are
higher than those for the bithienyl congeners. The absorption
peak of 75 (or 77) is also red-shifted relative to 74 (or 76),
presumably due to the more extensive conjugation via the -
phenylene unit along the -donating capacity of the OMe moiety
in the former case. Recent exploitation of some luminescent
derivatives of inorganic mercury and methylmercury bearing
4,4’ -di(tert-butyl)-5-ethynyl-2,2’-bithiazole ligand 81 and 82 in
the development of a simple procedure for the speciation of mer-
cury(Il) by HPLC analysis with UV detection was described
[116]. Such an analytical protocol offers a new approach for the
simultaneous determination of inorganic Hg(II) and MeHg(II)
in aqueous solutions, which will be beneficial to analytical green
chemistry in the long run (vide infra).
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value of the red-shift induced by the end substitution of Hg(Il)
groups decreases with increasing number of thienyl units (m).
These results are also consistent with the mercury-based orbitals
contributing less to the HOMO and LUMO levels as m increases
and hence m-conjugation increases. The orders of emission ener-
gies 68 >69>70 and 71 >72>73 are expected in moving from
the monothiophene to the terthiophene. With increasing thio-
phene content, the absorption and emission features are both
red-shifted and the PL quantum yields are increased.
Moreover, a high-yield synthesis to some luminescent bin-
uclear mercury(Il) bis(alkynyl) complexes bearing bithiazole
conjugated units was presented. A thiazole unit can be regarded
as a hybrid of the thiophene and pyridine groups that can be
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3.5. Heterometallic compounds

A black ethynyl derivative of a mixed tungsten—mercury
tetrathiometallate complex 83 was prepared from its yel-
low ethenyl complex following a topochemical conversion
via spontaneous dehydrogenation of the vinyl group. The
crystal structure of 83 was determined which contains half
a solvate molecule of acetaldehyde [117]. 2-Ethynyl-7-(2-
ferrocenylethynyl)fluoren-9-one serves as a versatile ferroceny-
lacetylene complex and can be used to give an iron—mercury
heterometallic complex 84 [118]. Crystal structure analysis
reveals that there are no apparent weak intermolecular Hg- - -Hg
interactions or m-stacking of the aromatic rings in 84. The closest
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intermolecular contacts in 84 are attributed to the Hg(1)- - -O(1)
(3.314 A) and Hg(1)- - -H(6A) (3.224 A) interactions. The redox
chemistry of these mixed-metal species has been investigated
by cyclic voltammetry and oxidation of the ferrocenyl moiety is
facilitated by the presence of HgMe unit and increased conju-
gation in the chain through the ethynyl and fluorenone linkage
units.
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A catalytic cycle for the demercuration of Hg(C=CR);
(R=Ph, Tol, "Bu) in the presence of [RhCI(CO)(PPh3),] to
afford buta-1,3-diynes RC=CC=CR was proposed in which
the 18-electron intermediate 85 was isolated [119]. In a
related connection, an analogous complex 86 was formed
by reaction of [Ir(SeC=CR)(CO)(PPh3),] with Hg(C=CTol),
This can be compared to the Collman’s synthesis of
[Ir(C=CPh)CI(HgC=CR)(CO)(PPh3);] from Vaska’s complex
and Hg(C=CPh), [120].
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The use of Hg(C=CR), (R=Ph, Tol, CMe3) as new
organometallic templates in the formation of interesting metal-
organic polymeric assemblies 87-89 and their molecular
models 90-92 have been described by Mingos and co-workers
[121,122]. Some coinage metals such as Cu(I) and Ag(I) ions
were demonstrated to coordinate to the alkynyl units via -
bonding interactions. Crystal structures of 88 and 91 (M =Ag,
X =BF,) were obtained in which weak anion- - -cation interac-
tions were observed. The structure of 88 consists of a polymeric
skeleton with the resulting helices cross-linked by C-H- - - con-
tacts. The presence of various supramolecular interactions was
apparent in the X-ray structures of these multimetallic aggregate
molecules.
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m2-Coordination of the alkynyl ligands to mercury is also
commonplace in organometallic chemistry. Bimetallic Pt-Hg
complexes 93 and trinuclear Hg—Pt—Hg alkynyl complexes 94
were made by reactions of the appropriate Pt-alkynyl precursors
with HgX5 in a 1:1 and 1:2 stoichiometry. The structure for
93 (X=Br, R=SiMe3) was established by X-ray diffraction
method in which the measured platinum—mercury distance is
about 3.627 A [123]. Similar methodology has recently been
applied to the lighter cadmium system and the report provides an
access to some mixed-metal alkynyl platinum—cadmium com-
plexes which can display interesting luminescence properties
[124]. Likewise, the heterotrimetallic double-tweezer com-
pound 95 was formed by complexation of two HgCl, units onto



2414 W.-Y. Wong / Coordination Chemistry Reviews 251 (2007) 2400-2427

the corresponding planar tetraethynylplatinum complex and its
crystal structure was reported in which the geometry at mercury
is distorted tetrahedral. There is no evidence of significant
interaction between Pt and Hg atoms in 95 [125]. Complexation
of some mercury salts with organometallic cis—bis(alkynyl)
tweezer complexes of titanium(IV) and platinum(Il) readily
produced various heterobimetallic titanium-mercury 96 and
97 and platinum—mercury m-tweezer species 98 [126]. All
the compounds were characterized by elemental analysis and
conventional spectroscopic (IR, NMR and MS) techniques.

linked directly to Hg(Il) ion in a linear fashion. Bruce and
co-workers have prepared two mixed metal bis(butadiynyl)
complexes of gold and mercury 103 and 104 by direct reac-
tion of Hg(OAc), with diynylgold(I) phosphine complexes
Au(C=CC=H)(L) (L = PPh;3, P(Tol)3) and their IR, 'H and 3'P
NMR data were reported [129]. The same research group further
explored the synthesis and structural characterization of some
rod-like diruthenium tetrayne complexes 105 and 106 bridged
by a central Hg unit to afford the Ru—C4—Hg—C4—Ru chain [130].
The electronic structures of these molecules were investigated
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There are numerous examples of mercury(II) complexes con-
taining oligoynyl units along the molecular chain. Fischer et
al. have reported the synthesis of trinuclear biscarbene com-
plexes 99 and 100 along with the X-ray structure of the latter
complex [127]. They also extended the work to the higher
oligoynyl homologue 101 and 102 by mercuration of the hex-
atriynylcarbene complex [(CO)s W=C(NMe,)C=CC=CC=CH]
with HgCl, in the presence of "BuLi [128]. Complexes
101 and 102 contain two 2.4,6-heptatriynylidene fragments

using molecular orbital calculations with the aid of EH and DFT
methods. The novel bis(tricarbido) mercury complexes 107 and
108 were prepared from the fluoride-mediated desilylation of the
propargylidyne complex [[W=CC=CSiMe3](CO),{HB(pz)3}]
(pz=pyrazol-1-yl) in the presence of HgCl,. The structure of
108 was confirmed by X-ray crystallography as a dmso hexas-
olvate and its spectroscopic and absorption data were reported.
The catalytic demercuration of both 107 and 108 to yield dimet-
allaoctatetraynes was also studied [131].
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The first example of a rigid-rod heteronuclear platinum-
mercury polyyne polymer 109 and its model compound 110
was reported and the polymer is remarkable in its good solu-
bility in organic solvents and highly transparent nature in the
visible regime [104]. It displays excellent optical power lim-
iting (OPL) at a high linear transmittance (7) of 92%, which
outperforms that of current state-of-the-art materials such as
Ceo, metalloporphyrins and metallophthalocyanines. The model
complex 110 was studied for comparison of the electronic and
structural properties with 109 and the effect of chain length in the
OPL phenomenon. It is clear from such work that mercury plays
a crucial role in the enhanced OPL performance. The results
were supported both experimentally and theoretically. Coupling
of Hg(Il) to the main chain of 41 breaks the w-conjugation
to a certain extent but favorably optimizes the transparency/
nonlinearity trade-off. It manifests a very low OPL threshold
of 0.083 J/cm? at T=92%. Such an approach can be exploited
for the realization of how to increase the optical transparency
range while maintaining the OPL responses of the polymers
constant.
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4. Structural features and mercurophilicity

It is now widely recognized that Au(I) complexes often
form solid-state structures which involve attractive secondary
interactions, i.e. the aurophilic effect. The role of aurophilic-
ity in the solid-state packing was comprehensively discussed
[23-25,34,35]. The Au- - -Au distances are typically 3.0-3.6 A,
longer than the Au—Au distance in gold metal but shorter than
the sum of the van der Waals (VDW) radii. Theoretical analysis
has attributed this to electron correlation enhanced by relativistic
effects. For other d!0 ions, there are fewer examples of similar
interactions. It has been suggested that, akin to the metallophilic
interactions displayed by Au(I), Ag(I) [132,133] and Cu(l)
[134], complexes based on Hg(Il) should display analogous
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mercurophilicity. For Hg*, evidence for intermetallic bonding
interactions is not strong [135]. While bis(alkynyl)mercurials are
known to crystallize with mercurophilic interactions that bring
adjacent alkynyl groups within close proximity, relatively few
complexes displaying short Hg(II)- - -Hg(Il) separations have
been reported to date. The discussion on whether or not these
short distances have to be considered as clear indications of
metallophilic interactions in mercurial compounds is still open
to much debate. The VDW radius of mercury of up to 2.2 A
has been proposed recently [136,137], which is conceived to
be a better estimate than the value quoted by Bondi in 1964
[138]. Intermolecular Hg- - -Hg interactions can be found in
a number of non-alkynyl organomercury compounds such as
[MeHg(SC4H,N2Me)] (3.10 A) [139], Hg(SiMes)s (3.1463 A)
[140], (HgH»), (n=2, 3) clusters (4.077 and 4.449 A) [141] and

Hg Hg

16 [83]
0 Hg
N
0
N
0
22 [84]

o 9
24 [84]

a mixed Hg,Cu metallamacrocycle (3.203 A) [142]. This dis-
tance is clearly shorter than twice the VDW radius of mercury
(~4 A) and would seem appropriately classified as a manifes-
tation of mercurophilicity. Indeed, alkynylmercurials have been
less explored structurally according to the records by Cambridge
Crystallographic Data Center (CCDC). Fig. 14 summarizes a list
of recently established X-ray crystal structures for mono- and
dinuclear mercury alkynyls in our group in the past 5 years.
Table 1 gathers structural data around Hg center for published
alkynyl complexes of mercury.

Mercury(II) alkynyl complexes possess a strong driving force
for aggregation in the solid state, largely through mercurophilic
attractions, possibly combined with other non-covalent contacts
such as Hg- - -C=C interactions. Among these, over 50% of our
reported structures exhibit various degrees of mercurophilic-

Hg Hg

15[83]

23 [84]

Hg

26 [84]

Fig. 14. X-ray crystal structures of mercury alkynyl complexes. Hydrogen atoms and all carbon atom labels are omitted for clarity.
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Fig. 14. (Continued).

ity (Fig. 15). The observed Hg- - -Hg separations are towards
the upper limit of those accepted as representing metallophilic
interactions. While the Hg---Hg contacts in each of these
compounds indicate that each of the individual interactions is
relatively weak, it is the large number of them that will play
a supramolecular role and generate a significant driving force
for solid-state aggregation in most cases. We believe that such
mercurophilic forces are more than just van der Waals inter-
actions in these chemical systems. For instance, there is a
strong tendency for the molecules in 9 to aggregate together

and the whole lattice structure is fully supported and stabi-
lized by extensive non-covalent d'°-d!® Hg. - -Hg interactive
vectors (ca. 3.833, 4.222 and 4.506 A) that link up the indi-
vidual molecules in an organized 3D polymeric network. The
lattice is characterized by infinite linear chains of Hg atoms
between adjacent molecules. Aggregation of each stack of
these molecules also persists throughout the entire crystal lat-
tice in a 3D space via weak Hg---Hg attractive interactions
(3.833, 4222 A) to form another zigzag chains of Hg cen-
ters with the Hg—-Hg-Hg angles of 67.8° and 60.2°. For 22,



Table 1
Structural data for published mercury(II) alkynyl complexes
Complex Hg. - -Hg (A) Hg—CHj3 (A) Hg-C=(A) C=C (A) Hg-C=C(n?) (A) C-Hg—C (°) Hg-C=C (°) References
Me;Si-C=C-Hg-C=C-SiMej; 3.76-4.07 2.00 1.22 3.14-3.48 (for Cy), 3.38-3.63 (for Cp) 170.8-178.1 [66]
@CEC‘Hg‘CEC_O 3.75-4.25 2.00 1.19 3.33-3.44 (for Cy), 3.64-3.77 (for Cp) 174.3-178.6 [66]
PhHg(C=CCF3) 2.029 1.192 3.582 (for Cy), 3.910 (for Cp) 175.3 170.2 [71]
FcHg(C=CCF3) 4.0882 2.050 1.183 3.359 (for Cy), 3.487 (for Cp) 179.4 178.1 [71]
NC/}CEC*H?CE%@N 2.02 1.17-1.19 172 166-171 [74]
-
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Table 1 (Continued )

Complex Hg- - -Hg (A) Hg-CHj3 (A) Hg-C=(A) C=C (A) Hg-C=C(?) (A) C-Hg-C (°) Hg-C=C (°) References
N@—OMe
Y —
ON—< >—/
2 Hg
e
& 2.023 1.18 177.6 177.7 (84]
Fc
7\
D 7N\
7 /NAQOMe
i\ /; He 2.05 1.16 179.0 178.5 [84]
pe
/c
PH
</ \>
N OMe
aSan S
Q) /Hg 2.045 1.169 178.8 175.5 [84]
Fc/
(o)
MeHg_CEC%CEC_Hgm 2.06 2.03,2.05 1.16,1.19 176.5, 178.0 170, 171 [92]
C8Hl7 C8Hl7
MeHg,CEC{/@CEC_ng 3.738-4.183 2.059, 2.080 2.044,2.045 1.19,1.21 177.6,177.7 176.1, 176.8 [102]
mCEC—HgMe 3.990-4.290 2.015,2.057 2.048, 2.064 1.166, 1.176 173.4,175.4 166.8, 167.3 [109]
I.'
3.963-4.484 2.06 2.03 121 176.6 173.4 [112]
C C.
# %
C (‘\
MeHg HgMe
Cl
3.866-4.441 2.03,2.06 2.02,2.07 1.19,1.27 176.1, 179.0 171, 173 [113]
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the crystal structure reveals that a loose 1D polymeric aggre-
gate is formed for the first time through a combination of
weak intermolecular Hg- - -Hg and Hg: - -n>-C=C interactions
to afford an infinite zigzag chain of Hg atoms supported by
acetylide linkages. Interestingly, there is a strong tendency
for the molecules in 22 to aggregate together and the lattice
structure of 22 is highlighted by the extensive non-covalent
Hg- - -Hg and Hg- - -m?-C=C interactive vectors, which links up
the molecular units to result in a loose polymeric structure. Such
polymeric aggregate shows a zigzag 1D chain of Hg atoms with
an Hg. - -Hg interaction distance of ca. 3.959 A between adjacent
molecules and the average Hg—Hg—Hg bond angle is 135.9°
(Fig. 15). For comparison, crystals of Hgz(AICls), [143] and

(a)

HgzAsFg [144] also contain polymeric zigzag mercury chains
in their lattices. A similar chain-like structure supported by
alkynyl ligands is also found for silver(I) in [(Me3P)AgC=CR]
(R=Ph, SiMe3) [145]. The intermolecular distances from the Hg
atom to Co(Hg(1)---C(15)) and Cg(Hg(1)- - -C(16)) are 3.398
and 3.783 A, respectively, which compare well with the values
quoted for 1h and 1i [66] but are significantly longer than the
intramolecular distances found in 88 and 91. Examination of
the crystal packing diagram for 62 reveals the involvement of
ligand-unsupported mercurophilicity in its structure with var-
ious weak intermolecular non-covalent Hg- - -Hg interactions
(3.963-4.484 A). For 63, the whole lattice structure is also
supported and stabilized by extensive non-covalent d'0—d'°

Fig. 15. Views of the packing diagrams showing the mercurophilic interactions for: (a) 9 [78], (b) 22 [84], (c) 45 [109], (d) 62 [112], (e) 68 [115], and (f) 69 [115].
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Fig. 15. (Continued).

Hg. - -Hg interactive vectors (ca. 3.866 and 4.441 A). As shown
in Fig. 15, the lattice is characterized by infinite zig-zag chains
of Hg atoms between adjacent molecules. This structure is
unique in that no apparent weak Hg- - -n?-C=C interactions are
observed which are commonly the driving force for the solid-
state aggregation to be observed in alkynyl complexes of Cu(I)
and Ag(D).

5. Potential analytical applications

Mercury is a heavy metal that plays a key role in environ-
mental politics due to its high general and specific neurotoxicity
[146,147]. Mercury contamination is widespread via a variety of

natural and anthropogenic sources including solid-waste incin-
eration and the large-scale combustion of fossil fuels. Long-term
and increasing interest in the speciation of inorganic mercury,
Hg?*, and monomethylmercury cation, (MeHg)*, in environ-
mental and biological samples has resulted in a large number
of published analytical methods [148—152]. As a consequence,
the detection and determination of mercury is of great scientific,
medical and economic concern which continues the stimulation
of the development of new techniques of analysis. The mercury
ion has arich but rather simple coordination chemistry. This sim-
plicity forms the basis for its use as a highly selective reagent
in various biological systems [153]. Thiol ligands were largely
employed initially since thiolate ions are known to form very
strong bonds with (MeHg)* to afford thermodynamically stable
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MeHg-thiol complexes [154]. Attention has also been paid on
the use of sodium tetraethylborate as a very successful alkylating
reagent in the formation of alkylated organometallic derivatives
for chromatographic analysis [155]. Alternatively, derivatiza-
tion procedures which convert Hg>* and (MeHg)* species into
organometallic acetylide derivatives are becoming popular and
rely on a simple analytical protocol using common commercial
instrumentation. Following alkyne derivatization and solvent
extraction, the resulting mercury alkynyls can be separated and
analyzed by GC and HPLC techniques. Generally, HPLC has
an advantage over GC since it is not necessary to form volatile
derivatives in the former case [156,157].

Exploitation of alkyne-mercury coordination chemistry in
environmental studies was well known for mercury speciation
in water. A range of alkyne ligands have been used by sev-
eral groups for alkynylating complexation with mercuric ion, in
which an aromatic functional group is photophysically active
in the UV-vis region, and, as a further design advantage, the
synthesis was straightforward and required only simple routine
chemistry [109,116,156-158]. Here, conversion of Hg(Il) ion
dissolved in water into stable mononuclear Hg(I) acetylides
takes place smoothly in satisfactory yield under alkaline con-
ditions by stirring the aqueous solution of Hg(Il) salts with
monosubstituted alkynes at room temperature, by analogy to the
classical reactivity of Hg(II) species towards acetylenes. Among
these, Trombini et al. have utilized phenylacetylene as the ligand
precursor in the development of a novel procedure for inorganic
Hg?* and (MeHg)* species for HPLC analysis. The rate con-
stants of the reactions of Hg?* and (MeHg)* species in water
with phenylacetylene are very high since the reaction occurs
in 40 min at the ppb (10~?) level under heterogeneous condi-
tions [156,157]. The effect of interfering metal ions and the
validity of the method for environmental samples such as sea-
water were investigated in detail. Recently, the same research
team exploited another mercuration reaction starting from 10-
(3-trimethylsilyl-2-propynyl)-9-(10H)-acridone to give 3 which
seems promising in the (MeHg)* recognition and quantitation in
biological samples such as tuna fish tissues [158]. This method
for (MeHg)* determination competes well in terms of efficiency
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with the routinely used gas chromatography-electron capture
detector (GC-ECD) techniques, and in terms of practicality with
the widely used ethylation-based protocols which require sample
pretreatment with NaBEt4 under strictly controlled conditions,
followed by GC—pyrolysis—CVAFS (CVAFS, cold vapor atomic
fluorescence spectroscopy). Importantly, the results are practi-
cally unaffected by other interfering species such as AgBr and
CuBr.

In the context of these important areas, we choose 51 and 52
as illustrative examples and their unique photophysical features
appear to be appropriate for straightforward analytical detec-
tion. HgCl, dissolved in alkaline aqueous solution could be
complexed by various monoethynylfluorene ligands and con-
verted into mercury acetylides in high derivatization yields
which can easily be extracted into organic solvents. This was
clearly confirmed by preliminary HPLC measurements [109].
Dose-response curves for 51 and 52 were measured, and a good
proportionality was observed between the amount of analyte
injected and peak areas. Calibration graphs based on peak areas
are shown in Fig. 16, and are linear over 12.5-100.0 mg/L for 51
with a correlation coefficient of 0.9999 and 2.5-196.0 mg/L for
52 with a correlation coefficient of 0.9996. The excellent fit and
linearity indicates that this method is suitable for quantitative
analysis. The detection limit, expressed as the absolute amount
of analyte injected to give a signal three times higher than the
signal noise, was found to be ~0.5 ng injected Hg for 51 and 52
in each case.

Tables 2 and 3 collect the calculated concentrations of Hg(II)
ion of the working solutions in deionized water and seawater
samples, respectively, and the corresponding percent recover-
ies. Our results show that the Hg(Il) concentrations determined
according to the proposed procedure match quite well the
expected values (recovery >90% at 2.5 ppm with derivatiza-
tion time of 2 h) and reflect the nearly quantitative yield of the
reaction and extraction step in several cases (entries 6 and 7 in
Table 2). Short derivatization time (ca. 0.5h in entries 4 and 5
in Table 2) still afforded a reasonably good percent recovery
(>67%) for 51. Likewise, the results are also very good for 52
with recovery >95% at 10 ppm.
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Fig. 16. Calibration graphs and the chromatograms (the inset) for analytes (a) 51 and (b) 52 [109].
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Table 2
Determination of inorganic mercury in D.I. water as 51 in THF?*

Hg concentration (mg/L)  Found Hg concentration (mg/L)  Recovery (%)

1.710 £ 0.006 1.390 £ 0.005 81.23
2.402 + 0.005 2.147 £ 0.008 89.30
3.043 £ 0.005 2.705 £ 0.007 88.90
2.357 4+ 0.005° 1.600 £ 0.009 67.89
3.121 + 0.007° 2.270 £ 0.005 72.73
4.035 £ 0.006 3.743 £ 0.005 92.76
5.629 + 0.007 5.184 £ 0.009 92.10

2 Working solution, 50 mL; [NaOH]=0.20 M; [NaCl]=0.25M. All experi-
ments refer to three replicate analyses of working solution.
b Derivatization time is ca. 0.5 h.

Analysis of seawater samples spiked with HgCl, using this
methodology has been probed with much success. It seems that
the percent recovery of 51 in seawater condition is lower than
that in deionized water condition. It may be due to the presence
of some interfering ions, such as other metal ions, in the sea
water to affect the formation of the Hg(II) complexes. Presum-
ably, colloidal alkaline-earth hydroxides formed in the required
alkaline conditions and/or natural organic complexing reagents
could affect the derivatization and/or the extraction step. The

0\/\0

quite promising for future materials and methodology design.
The same strategy can also be applied to other organomercu-
rial systems with bithiazole chromophores for the simultaneous
determination of inorganic Hg?* and organic (MeHg)" in aque-
ous solutions (vide supra) [116]. We believe that such studies
represent a promising starting point for the development of a
rapid and sensitive method for the analysis of mercuric ion in an
aqueous medium.

Bunz and co-workers have demonstrated interesting sensor
applications of some polar PPEs 111-113 in which two of them
(112 and 113) carry B-glucopyranose substituents. Depending
on the linker used between the glycol units and the polymeric
backbone, the fluorescence of these PPEs can be quenched by
Hg?" ions to a varying degree [159]. It was anticipated that
the unusually high acidity of Hg?* ion leads to a higher than
expected binding constant to alcohol OH moieties in which the
authors postulate a hexacoordination of Hg>* ion that is sur-
rounded by three glucose molecules. The same authors further
reported that proteins can effectively modulate the sensor prop-
erties of 114 and 115 through electrostatic complex formation.
The detection of Hg>* by 114-papain reveals clearly that specific
properties of proteins strongly influence the emissive behavior
of conjugated polymers [160].

HO. OH Ho_ PH

o OH
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results tabulated in Table 3 are reasonably attractive, with the
recoveries of Hg(II) species being close to 44% at the concentra-
tion of 2.5 ppm and even 63% at 5 ppm level. The performance
appears to be better than those using phenylacetylene as the
complexing agent. Even though the procedure can be further
improved, these preliminary results obtained in seawater are

Table 3
Determination of inorganic mercury in seawater as 51 in THF*

Hg concentration (mg/L)  Found Hg concentration (mg/L)  Recovery (%)

2.560 % 0.005 1.135 £ 0.009 443
3.723 £ 0.007 1.866 £+ 0.010 50.1
4.005 £ 0.005 2.331 £ 0.008 58.2
5.012 % 0.006 3.172 £ 0.010 63.3

% Working solution, 50 mL; [NaOH]=0.20 M; [NaCl]=0.25M. All experi-
ments refer to three replicate analyses of working solution.

6. Concluding remarks and outlook

Taking into account the affinity that mercuric ions display
for organic alkynes, the chemistry of group 12 metal-alkynyls,
especially the d'® mercury(II)-alkynyl compounds, however, has
not been so thoroughly investigated. Indeed, mono-, di- and
polyalkynyl mercury complexes were demonstrated to be useful
in the analysis of toxic Hg(Il) species and to be good struc-
tural units for the synthesis of luminescent metallopolymers
and supramolecular aggregates. Despite their inherent toxicity,
organomercurials are among one of the most widely studied of
organometallic compounds, in part because of their synthetic
utility as convenient and efficient organo-transfer reagents, and
more recently for their potential to exhibit closed-shell mer-
curophilic interactions in the solid state. Being a relatively cheap
chemical for mercury metal, compounds derived from it also
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hold a recent fascination for practitioners in the area of conju-
gated organic polymers, analytical and organometallic chemists,
and workers in the field of synthetic metal-containing polymers.

Over the past few years, impressive progress has been
made in the area of luminescent organomercury acetylide com-
plexes and polymers, in which such organometallic building
blocks adopt a linear two-coordinate configuration to provide
a rigid-rod framework. Solubility issue may be alleviated by
appropriate functionalization of the organic groups. Harvesting
of organic triplet emissions harnessed through the strong heavy-
atom effects of mercury metal was comprehensively probed in
distinct molecular and polymeric metallized systems. This pro-
vides us a unique opportunity to study the relationship between
triplet energy and the rate of non-radiative decay for this class
of conjugated materials. If they can be further activated to be
multifunctional, the work has great potential to excel in opto-
electronics that demand low manufacturing cost and light energy
harvesting from the T; state. The development of such analyt-
ical protocols for the rapid and cheap control of environmental
pollutants represents a key goal of analytical green chemistry
that certainly deserves further examination. In the area of ana-
lytical chemistry, future work will be focused on the effect of
other interfering agents and matrix components in the Hg(II)
speciation. Our scope of the procedure may also be evaluated by
applying the methodology to other environmental samples such
as tissues and sediments collected in a severely contaminated
area. All in all, continuing research study and refinement along
this direction could broaden the scope to other metallo organic
triplet-emitting and chemosensing systems.
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