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tion of N-substituted triazoles
promoted by mercury acetate. An alternative route
to N-heterocyclic carbene complexes†

Nai-Chieh Lin, Herbert J. H. Syu,* Abbas Raja Naziruddin, Fu-Chen Liu*
and Ivan J. B. Lin

C-Metallation of neutral mono-substituted triazoles could be induced by Hg(OAc)2 to give a near

quantitative yield of C,N-bonded mercury complexes. Initial N-coordination to mercury(II) is confirmed

by NMR spectroscopy. Subsequent acetate assisted deprotonation–metallation is a viable route to

C-metallated products. Hg(OAc)2 is unique for this reaction. Metal salts of Ag2O, Ag(OAc), Pd(OAc)2 or

HgCl2 in combination with bases of NaOH and K2CO3 did not yield triazolate complexes. Further

reaction of one of these mercury(II)–C,N-triazolate complexes with a source of methyl cation yielded

a monomeric N-heterocyclic carbene complex. Therefore the facile reaction of triazole with Hg(OAc)2
followed by alkylation is a handy alternative way to prepare Hg–NHCs.
Introduction

A plethora of methodologies that facilitate the metallation of
N2C carbon of imidazolium cations are known.1 In contrast to
the large library of C-metallation of these cations, examples of
similar occurrence for mono-N-substituted neutral imidazoles
are limited (see Scheme 1 for structural formula of imidazo-
lium cations and imidazoles).2–9 This is because the N2C–H
proton of the neutral imidazoles is less acidic than that of the
imidazolium cations and hence is more difficult to be depro-
tonated. A strong base such as BuLi,10–12 KN(SiMe3)2,13,14

KOtBu,15,16 or LiHMDS17 (HMDS ¼ hexamethyldisilazide) is
idazolium cations and mono-N-
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a in CIF or other electronic format see
oen required to remove the N2C–H proton of mono-N-
substituted imidazoles. Alternatively, functionalization of
benzimidazoles or imidazoles at N-side arms with tethered
phosphine,18–21 pyridine20,21 or olen22 donor ligands is
known to promote the activation of N2C–H bond to give C-
metallated products. As a different approach, azoles bearing
more reactive N2C–X (X ¼ Cl/Br/I) bonds are also known to
undergo oxidative addition into lower valent metal ions to
provide azolate complexes, which upon further protonation
or methylation could afford NHC complexes.6,7,23,24 In an
attempt to use a Rh(I) catalyst to couple N-methyl benzimid-
azole with iodobenzene, an intermediate complex, [(H-bimy-
Me)RhCl(PCy3)2], bearing a protic NHC ligand was isolated.25

In an earlier report, acid has been found to promote the
rearrangement of N-metallated Ru(II) into its C-bound
tautomer.26 Computational results suggest that there is
a thermodynamic preference of C-binding over N-coordina-
tion for the second and third row transition metals.27

Recently we have reported the isolation of C,N-bounded,
12-membered mercuramacrocycles from the reactions of
N-substituted benzimidazoles with Hg(OAc)2 and NaBr. This
reaction presumably proceeds through an initial N-complex-
ation of benzimidazoles to mercury bromide, which in turn
favors the deprotonation of N2C–H.28 In the present study, we
describe the direct reaction of neutral triazoles with Hg(OAc)2
to prepare mercury–C,N-triazolate complexes. This method
could evolve as an important synthetic tool to attain C-met-
allation of triazoles. A subsequent methylation by [Me3O]
[BF4] generates mercury(II)–NHC complex, which is possible
to form other NHC complexes via the known transmetallation
reaction.29
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 ORTEP of 1a, depicted with 50% polarizability ellipsoids with the
carbon atoms in the acetyl moiety and hydrogen atoms omitted for
clarity. Selected bond distances [Å] and angles [�]: Hg(1)–C(1) 2.046(6);
Hg(1)–O(1) 2.079(4); Hg(1)–N(30) 2.583(5); N(1)–C(1)–N(3) 108.5(5);
C(1)–Hg(1)–O(1) 176.8(2); C(1)–Hg(1)–O(2) 100.3(2); C(1)–Hg(1)–N(3)
100.8(2).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Fe

br
ua

ry
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 4
:2

0:
02

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Results and discussion

Ligand precursors of R-TazH, (R ¼ phenyl, pyridyl and methyl)
were prepared according to the literature protocols.30,31 Reactions
of these ligand precursors with an equi-molar stoichiometry of
Hg(OAc)2 in methanol under reux conditions gave complexes of
type [Hg2(R-Taz)2(OAc)2]N (1a, R ¼ phenyl; 1b, R ¼ pyridyl; 1c, R
¼ methyl) with yields >95% (Scheme 2). The occurrence of C-
metallation at R-TazH was supported by the absence of C5–H
proton (see Scheme 2 for triazole atom numberings) resonances
and the large downeld shi of the C5 signals at ca. d 175 ppm in
13C NMR as compared to those of the ligand precursors. Single
crystals of 1a were obtained via slow evaporation of its tetrahy-
drofuran solution. Crystals of 1b and 1c suitable for X-ray
diffraction study could not be obtained, in spite of repeated
attempts. The structure of 1a is depicted in Fig. 1, along with the
important bonding parameters listed in the caption. 1a exhibits
a polymeric structure with repeating (Hg-RTaz)2 units. In each
unit, one can consider that two Hg(II) centers are bridged by two
triazolates with alternating C- and N-bond. Each (Hg-RTaz)2 unit
is further linked by four acetates with neighboring units to form
a polymer. The C(1)–Hg(1) bond distance of 1a (2.046(6) Å) is
comparable to those of reported mercury NHC complexes.32–36

The N(1)–C(1)–N(3) bond angle of 108.5(5)� is larger than those
in other related Hg–NHC complexes (ca. 106�).32 The expansion
of C–N–C bond angles is attributed to the formation of carbe-
nolate complexes.23 Notably, two trans disposed C(1) and O(1)
atoms are in a nearly linear conguration with a C(1)–Hg(1)–O(1)
bond angle of 176.8(2)�. This leads to a seesaw type coordination
in the Hg center. Unlike 1a, 1b has a pyridyl group, one might
wonder whether the pyridyl moiety would participate in the
coordination sphere of Hg(II). However, this possibility is very
slim as evidenced by the nearly unaltered 1H NMR signals for the
pyridyl moiety between 1b and Py-TazH.

Upon treating 1a, 1b and 1c with LiCl, the bridging acetato
ligand was substituted by Cl� ligand, with a nearly quantitative
Scheme 2 Synthetic scheme depicting the preparation of complexes
and atom numberings for triazoles.

This journal is © The Royal Society of Chemistry 2017
formation of [Hg2(R-Taz)2(Cl)2]N (2a, 2b and 2c). Formation of
2a, 2b, and 2c are accompanied by the loss of coordinated
acetato singlet resonance in the range of d 1.92–1.87 ppm, that
otherwise would appear in the 1H NMR spectra of 1a, 1b and 1c.
The solubility of 2a, 2b or 2c in common organic solvents is
poor. In DMSO-d6, increasing the temperature (z80 �C) could
enhance their solubility. However, well resolved 13C signals are
achievable only for 2a and 2b. The C5 13C NMR signals of 2a and
2b appear at d 171.5 and 170.0 ppm, respectively, which are
relatively up-eld compared to those previously reported Hg(II)–
1,2,4-triazol-5-ylidene complexes (d 183.8 in DMSO-d6)32 due to
the relative shielding caused by the anionic nature of the tri-
azolates. We notice that there is a clear shi in the pyridyl 13C
signals of 2b relative to those of 1b and Py-TazH. This obser-
vation allows us to propose that while the pyridyl wingtip in 1b
is dangling, it coordinates to the Hg(II) center in 2b, as also
supported by its crystal structure, discussed as follows. Single
crystals of 2b suitable for structural determination were ob-
tained by diffusing ethanol vapor into its DMSO solution. We
have been unable to obtain crystals of 2a and 2c in spite of
repeated attempts. Crystal structure of 2b is depicted in Fig. 2,
along with important bonding parameters in the caption. 2b
also adopts a polymeric structure composed of repeating single
Hg(II) unit. In each four coordinated Hg(II) unit, there is
a chelating C^N donor set, a terminal chloride, and an N atom
from the neighboring triazolate. These units are thus linked by
the bridging triazolates. Most of the bond lengths and angles of
2b are comparable to those of 1a, except a slight bending in the
C(1)–Hg(1)–Cl(1) bonds (168.5(7)�), in comparison to the C(1)–
Hg(1)–O(1) bond angle of 176.8(2)� in 1a.

The structure information of 2b cannot be applied to those
of 2a and 2c, where no additional donor group at the wingtip is
available for the coordination. We believe that the Hg(II) center
is also four coordinated in 2a and 2c. To fulll this condition,
a bridging rather than a terminal chloride is likely. Raman
spectroscopy was employed to justify this notion. Ramanmodes
involving Hg–Cl–Hg stretching are known to appear bands
RSC Adv., 2017, 7, 11652–11656 | 11653
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Fig. 2 ORTEP of 2b, depicted with 50% polarizability ellipsoids with
hydrogen atoms omitted for clarity. Selected bond distances [Å] and
angles [�]: Hg(1)–C(1) 2.060(2); Hg(1)–Cl(1) 2.301(6); Hg(1)–N(4)
2.750(2); Hg(1)–N(10) 2.560(2); N(1)–C(1)–N(3) 108.0(2); C(1)–Hg(1)–
N(4) 69.4(8); C(1)–Hg(1)–N(10) 96.4(8); Cl(1)–Hg(1)–N(10) 95.0(5); Cl(1)–
Hg(1)–N(4) 109.8(5); C(1)–Hg(1)–Cl(1) 168.5(7).

Fig. 3 Ambient temperature 1H NMR spectra showing the interaction
of Me-TazH (a) with Hg(OAc)2 measured at: (b) t ¼ 0 h, (c) 1.5 h. (d)
6.0 h. (e) 24.0 h. (f) 36.0 h. (g) 48.0 h. (h) 72.0 h. Signals of product (*).

Scheme 3 Proposed mechanism via concerted metallation–depro-
tonation pathway.
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below 200 cm�1, whereas those of terminal Hg–Cl bonds appear
at higher wavenumbers (273–307 cm�1).37 The observation of
Raman bands of 2a at 187 cm�1 and 2c at 162 cm�1 is hence
consistent to a bridging Hg–Cl–Hg unit, and suggests a four
coordinated structure consisting of a C5 and an N atom from
two independent triazolates and two bridging chlorides.

Further reaction of 2a with trimethyloxonium–tetra-
uoroborate gave 3a featuring neutral NHC ligand. The 13C
NMR resonance of the carbenoid carbon atom of 3a occurs at
177.8 ppm which is downeld relative to that with triazolate
donors (vide supra). In the crystals structure of 3a, a residue
density of 4.37 eÅ�3 could not be tted. Nonetheless, the main
frame of this structure is correct and depicted in Fig. S1.†While
1a featuring an anionic carbon donor adopts a four coordinated
Hg atom, 3a bearing a neutral NHC donor adopts a two-
coordinated linear geometry at Hg atom, as oen observed for
other bis-NHC Hg compounds.29,38

To understand how this reaction proceeds, the reaction of
Me-TazH and Hg(OAc)2 at room temperature was monitored by
1H NMR. Me-TazH in CD3OD shows three resonances corre-
sponding to ring C5–H and C3–H protons and N–CH3 protons at
d 6.85, 6.40 and 2.38 ppm, respectively, with a relative intensity
of 1 : 1 : 3 shown in Fig. 3(a). Addition of an equimolar quantity
of Hg(OAc)2 causes a substantial shi of the triazole signals to
d 7.26, 6.65 and 2.48 ppm again with 1 : 1 : 3 relative intensity
(Fig. 3(b)). N-Coordination apparently occurs and that the larger
downeld shi of the signal of C5–H relative to C3–H suggests
an N4 rather than N2 coordination. Aer 1.5 h (Fig. 3(c)), two
new signals at d 6.81 and 2.58 ppm appear, which grow with
time (Fig. 3(d–h)), and could be attributed to the formation of
the triazolate product. In addition, for those unreacted triazoles
the relative intensity of the C5–H to C3–H and CH3 signals
gradually decreases along with time. This observation is again
consistent with an N4 coordination, which gives a more acidic
C5–H proton, such that H–D exchange between the C5–H proton
and the deuterated solvent occurs. Then the weak base acetate
deprotonates the C5–H proton. However, the role of the acetate
ion needs further comment. Reactions of Me-TazH with HgCl2
in the presence of several weak bases were examined. While
using NaOAc as a base could indeed produce 2c, other bases
11654 | RSC Adv., 2017, 7, 11652–11656
such as K2CO3 or NaOH could not yield C-metallation products.
Attempts to react R-TazH with other metal sources of Ag2O,
Ag(OAc) and Pd(OAc)2 containing basic ligands always produce
black metallic powder, but no C-metallation products. Among
the few bases and metal ions tried, the combination of Hg(II)
and acetate is unique to proceed this facile reaction. A proposed
mechanism to account for this reaction is given in Scheme 3.
Firstly, N4 coordination of a triazole to Hg(OAc)2 gives
a [Hg(OAc)2$R-TazH] adduct. Then two of these adducts form an
activation complex, where both (1) weakening of the acidic
C5–H bond via hydrogen bonding interaction with neighboring
acetate oxygen atom, and (2) forming a partial C5/Hg bond
with a neighboring Hg atom occur simultaneously. The former
interaction is favored by the possible formation of a six-mem-
bered HgOCOHC ring. The latter interaction is presumably
facilitated by the favorable Hg/C-triazolate bond formation.
This journal is © The Royal Society of Chemistry 2017
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These two factors may contribute to part of the reasons to
stabilize the activation complex. Subsequent elimination of
HOAc from the coordination sphere via abstraction of the C5–H
proton by acetate yields the product. A similar concerted-
metallation deprotonation process has been proposed for
a Pd(OAc)2 promoted C–C coupling reaction.39
Conclusions

In summary, neutral N-substituted triazoles could react under
ambient conditions with Hg(OAc)2 to afford C,N-bound triazole
complexes via processes of deprotonation and C-metallation,
which otherwise cannot be achieved easily for other metal ions
and simple bases. These Hg(II) complexes could be transformed
into Hg(II) N-heterocyclic carbene complexes. Furthermore, the
transfer of NHC from mercury complexes to other metal
centers has been known,29 we thus foresee the role of these
Hg-triazolate complexes as an alternative bench top precursor
to prepare NR,NR0–NHC complexes, which is a subject for future
investigations.
Experimental section
General information

Ligand precursors were prepared according to the literature
procedures.30,31 Analytical reagent grade chemicals and
solvents were purchased from Alfa Aesar, Acros Organics, and
Mallinckrodt Chemicals Co. and were used without further
purications. NMR spectra were recorded on Advanced DXP-
Bruker spectrometers (300 MHz) and Bruker AvanceII spec-
trometer (400 MHz). Elemental microanalyses were performed
at the Taiwan Instrumentation Center. Single crystal data
collection was carried out on a Bruker SMART APEX II
diffractometer equipped with a SMART CCD array detector
with graphite-monochromatized Mo Ka radiation (l ¼ 0.71073
Å) in f and u scan modes. All the structures were rened by
a full matrix least squares method based on F2 values using the
SHELX-97 program.40 Crystallographic data are summarized in
ESI.†
Synthesis of 1

A mixture of Hg(OAc)2 (0.96 g, 3.0 mmol) and an equimolar
amount of the N-functionalized triazole-NHC precursors of Ph-
TazH (0.44 g, 3.0 mmol), or Py-TazH (0.44 g, 3.0 mmol), or Me-
TazH (0.25 g, 3.0 mmol) was dissolved in methanol (20.0 mL)
and heated under reux for 24 h. Cooling the reaction mixture
to room temperature and subsequent ltration afforded the
products of 1a, 1b and 1c as colorless solids.

[Hg2(Ph-Taz)2(OAc)2]N (1a). Yield 98% (1.19 g) 1H NMR (300
MHz, DMSO-d6): d ¼ 8.29 (s, 1H, taz), 7.81–7.84 (m, 2H, Ph),
7.45–7.52 (m, 3H, Ph), 1.92 (s, 3H, OAc). 13C NMR (100 MHz,
DMSO-d6): d¼ 175.1 (NCN), 165.8 (taz), 152.8 (CO), 139.4, 129.9,
128.7, 123.7 (Ph), 22.8 (CH3). Anal. calcd for C10H9HgN3O2: C,
29.75; H, 2.25; N, 10.41. Found: C, 30.02; H, 2.01; N, 10.53%.

[Hg2(Py-Taz)2(OAc)2]N (1b). Yield 98% (1.19 g) 1H NMR (300
MHz, DMSO-d6): d ¼ 8.48 (d, J ¼ 6.0 Hz, 1H, Py), 8.36 (s, 1H,
This journal is © The Royal Society of Chemistry 2017
taz), 8.09 (t, J¼ 6.0 Hz, 1H, Py), 7.92 (d, J¼ 9.0 Hz, 1H, Py), 7.50
(t, J ¼ 6.0 Hz, 1H, Py), 1.92 (s, 3H, OAc). 13C NMR (100 MHz,
DMSO-d6): d ¼ 174.1 (NCN), 163.4 (taz), 153.0 (CO), 149.1,
147.3, 140.1, 123.0, 112.8 (Py), 21.8 (CH3). Anal. calcd for
C9H8HgN4O2: C, 26.62; H, 1.87; N, 13.91. Found: C, 26.71; H,
1.99; N, 13.84%.

[Hg2(Me-Taz)2(OAc)2]N (1c). Yield 95% (0.98 g) 1H NMR (300
MHz, DMSO-d6): d ¼ 8.08 (s, 1H, taz), 3.95 (s, 3H, CH3), 1.87 (s,
3H, OAc). 13C NMR (100MHz, DMSO-d6): d¼ 175.0 (NCN), 167.4
(taz), 150.9 (CO), 37.2 (CH3), 23.5 (CH3–C(]O)–O–). Anal. calcd
for C5H7HgN3O2: C, 17.57; H, 2.06; N, 12.30. Found: C, 17.27; H,
2.31; N, 12.08%.
Synthesis of 2

A solution of 1a (0.61 g, 1.5 mmol), or 1b (0.61 g, 1.5 mmol), or
1c (0.51 g, 1.50 mmol) in ethanol (50.0 mL) was added to
a solution of LiCl (0.13 g, 3.0 mmol) in methanol (25.0 mL). The
mixture was heated under reux for 15 minutes and immedi-
ately ltered thereaer, to obtain colourless solids, which were
further washed with methanol (20 mL � 3), ethanol (20 mL �
3), and subsequently dried in vacuo to obtain the product of 2a,
2b or 2c as colourless solids.

[Hg2(Ph-Taz)2(Cl)2]N (2a). Yield 98% (0.58 g) 1H NMR (300
MHz, DMSO-d6): d ¼ 8.30 (s, 1H, taz), 7.81 (d, J ¼ 9.0 Hz, 2H,
Ph), 7.45–7.52 (m, 3H, Ph). 13C NMR (100 MHz, DMSO-d6): d ¼
171.5 (NCN), 152.7 (taz), 139.6, 130.0, 128.9, 124.0, 123.6 (Ph).
Anal. calcd for C8H6HgClN3: C, 25.27; H, 1.59; N, 11.05. Found:
C, 25.26; H, 1.49; N, 10.68%.

[Hg2(Py-Taz)2(Cl)2]N (2b). Yield 98% (0.47 g) 1H NMR (300
MHz, DMSO-d6): d¼ 8.46 (d, 1H, Py), 8.35 (s, 1H, taz), 8.11 (t, J¼
7.5 Hz, 1H, Py), 7.93 (d, J ¼ 4.5 Hz, 1H, Py), 7.52 (t, J ¼ 6.0 Hz,
1H, Py). 13C NMR (100 MHz, DMSO-d6): d ¼ 170.0 (NCN), 153.8
(taz), 150.0, 147.7, 141.1, 124.1, 113.8 (Py). Anal. calcd for C7-
H5HgClN4: C, 22.06; H, 1.32; N, 14.70. Found: C, 22.36; H, 1.24;
N, 14.48%.

[Hg2(Me-Taz)2(Cl)2]N (2c). Yield 98% (0.58 g) 1H NMR (300
MHz, DMSO-d6): d ¼ 7.92 (s, 1H, taz), 3.84 (s, 3H, CH3). Anal.
calcd for C3H4HgClN3: C, 11.33; H, 1.27; N, 13.21. Found: C,
11.06; H, 1.51; N, 13.48%. Note: Due to the poor solubility of 2c
in DMSO-d6 even at 80 �C, its 13C NMR could not be obtained.
Synthesis of [(Ph-Taz-Me)2Hg][BF4]2 (3a)

Reaction was carried out in a dry box. To a suspension of 2a
(190.2 mg, 0.50 mmol) in dichloromethane (30 mL), trimethy-
loxonium tetrauoroborate (85.0 mg, 0.58 mmol) was added.
The resultant cloudy mixture was stirred overnight (12 h) and
ltered using a cannula. The ltrate was dried in vacuo, and the
resultant solids were washed with about 5 mL of diethyl ether.
Solids were again dried in high vacuum to obtain the mercury–
NHC complex 3a of [(Ph-Taz-Me)2Hg][BF4]2. Yield 44% (0.76 g)
1H NMR (400 MHz, CD3CN): d ¼ 8.23 (s, 1H, CH), 7.66 (m, 5H,
Ph), 4.05 (s, 3H, CH3).

13C NMR (100 MHz, CD3CN): d ¼ 177.8
(NCN), 146.8 (taz), 137.7, 131.4, 130.5, 124.4 (Ph), 35.9 (CH3).
Anal. calcd for C18H18B2F8HgN6: C, 31.22; H, 2.62; N, 12.13.
Found: C, 31.02; H, 2.69; N, 12.03%.
RSC Adv., 2017, 7, 11652–11656 | 11655
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