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Crystal and Molecular Structure of [H,N(CH,)_,NH_(CH_),NH,]_HgCl,:ta
Compound containing a Discrete Axially-compressed Trigonal-bipyramidal
Pentachloromercurate Anion
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The compound [NH,(CH,),NH,(CH,),NH,]1,HgCl, has been prepared and investigated by an X-ray
structural analysis and vibrational spectroscopy. The compound crystallizes with two formula units
in space group P2/n of the monoclinic system in a cell of dimensionsa = 11.530(2), b = 6.638(1),

c =15.028(3) A, B = 93.00(2)°, and Z = 2. The crystal structure was determined by three-
dimensional X-ray diffraction and refined to R = 0.048, R’ = 0.051. The structure consists of
diethylenetriammonium cations, chloride anions and discrete [HgCl,]*~ anions. Co-ordination
around the metal, which lies on the two-fold axis, can be described as a compressed trigonal
bipyramid, where the equatorial positions are occupied by three weakly bonded chlorine atoms,
two of them related by the two-fold axis [Hg-Cl(2) 3.029(3) A]. The apices of the bipyramid are
occupied by two shortly bonded chlorine atoms [Hg-Cl(1) 2.327(4) A]. This is an example of a
trigonal-bipyramidal @"® metal ion in which the axial bonds are significantly shorter than the
equatorial bonds. Therefore it may be considered to consist of a linear HgCl, molecule, with a
bond angle [CI(1)-Hg-CI(1’) 178.8(1)°] perturbed by the interaction of three weakly bonded
chlorine atoms. Packing is determined by a network of hydrogen bonds involving the
diethylenetriammonium cation and co-ordinated and unco-ordinated chlorine atoms. The
vibrational spectra of the [HgCl,]*~ anion are rationalized in terms of D, symmetry and a
correlation between the values of mercury—chlorine stretching frequencies and the related

bond distances in HgCl, units is also discussed.

Five-co-ordination occupies a special position in inorganic
chemistry, still presenting some unresolved problems. For
example, although in the past few years a great number of five-
co-ordinated molecules, possessing trigonal-bipyramidal or
square-pyramidal, or any intermediate structures, have been
reported,' > the question of when to expect five-co-ordination
and, for the transition metals, what form the stereochemistry
will take, remains open. This is partly due to the fact that the
large increase in the number of known five-co-ordinated
compounds has mainly been determined by the production of
ligands which by their specific stereochemical properties impose
five-co-ordination on a metal ion.

From an electronic, structural, and theoretical viewpoint, dis-
crete molecules containing a metal ion bound to five equivalent
unidentate ligands, which are of the greatest potential interest,
are still relatively few, including only some [MCL]"™ (M =
In™3 TIM* Cu" 3¢ Cd"” or Hg"®) polyhedra. In particular,
[InCl]?>° and [TICIs]?7, as their tetraecthylammonium
salts,>* and [CuCls]®~ as its N-2-ammonioethylpiperazine-
1,4-dium salt ® adopt a nearly regular square-based pyramidal
structure, while [CuCls]®~, [CdCls]®~, and [HgCls]®".
which are stabilized in the solid state by precipitation with
large cations such as [Co(NH,;)¢]** and [Cr(NH;)¢]*",
exist as regular trigonal bipyramids. It is worthy of note that

1 Bis(diethylenetriammonium) trichloride pentachloromercurate(i).

Supplementary daia available (No. SUP 56576, 4 pp.): H-atom co-ordin-
ates, thermal parameters. See Instructions for Authors, J. Chem. Soc.,
Dalton Trans., 1986, Issue 1, pp. xvii—xx. Structure factors are available
from the editorial office.

only for [CuCls]®~ have trigonal-bipyramidal® and square-
pyramidal® forms been separately crystallized and therefore
a convincing discussion on the preferred co-ordination geo-
metry for d® cations has been reported,” based on experi-
mental data and rationalized in terms of theoretical models.

For the pentachlorometalates of d'® metal ions, all presenting
trigonal-bipyramidal structures, there are some inconsistencies
between experimental and theoretical results. In fact along with
pentachloromercurate anions, which in agreement with theoreti-
cal models!%!! exhibit equatorial bonds shorter than axial
bonds,?* there are [HgCls]3~® and [CdCls]® 7 anions
having axial bond lengths shorter than equatorial bond
lengths. The axial compression is particularly unexpected in the
case of d'® metal ions and has only recently been theoretically
justified in terms of electronic effects under particular condi-
tions.!2

In any case, all the theoretical treatments are incomplete,
being unable to take into consideration factors such as
electrostatic, steric, and crystal packing effects, which are
probably too important to be neglected. For d° systems,
experimental results demonstrate that extensive and strong
hydrogen bonding, on which the crystal packing depends,
diminishing the charge density at the ligand atoms, minimizes
ligand-ligand electron repulsion, stabilizing square-pyramidal
geometry in pentachlorocuprate(ir) with respect to the trigonal-
bipyramidal one.®

Being particularly interested in this field, we have begun a
systematic investigation on the importance of the combination
of size and hydrogen-bonding effects of counter ions on the co-
ordinaton geometry of pentachlorometalates(ir) of the ¢*° metal
ions. In this paper we discuss the structural and spectroscopic
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Table 1. Experimental data for the crystallographic analysis

Formula CgH,,ClgHgN¢
M 696.6

aflA 11.530(2)
b/A 6.638(1)
c/A 15.028(3)
B/° 93.00(2)
U/A3 1 148.6(3)

Z 2

Space group P2/n

D /g cm™ 2.01

D,/g cm™ 1.99
F(000) 676

T/K 293

Crystal size (mm) 0.11 x 0.24 x 0.44
Diffractometer Philips PW1100
pjem! 76.5

Scan speed (°s'') 0.075
Scan width () 1.20
Radiation (A/A) Mo-K (X = 0.710 688)
0 range (°) 3.0—-26.0
Scan mode 6-20

No. of measured reflections 2 546 (1 400 observed)

Condition for observed reflections 1> 3c(])
No. of reflections used 1381
Min./max. height in final Ap (¢ A3) +0.6
No. of refined parameters 135

R 0.0483
R 0.0510

k, g (w = ki[c*(F,) + gF2]) 0.66, 4.08 x 1073

properties of a compound having an unusual mercury—chlorine
ratio of 1:8, in which the mercury atom adopts an unexpected
truly axially-compressed trigonal-bipyramidal geometry.

We have been very encouraged by our previous results on
the importance of the type of counter ions in determining the
co-ordination geometry of chlorocuprates(11)®!? and its ineffec-
tiveness with respect to the geometry of tetrachloromercur-
ates.!*!3

Experimental

Preparation of Bis(diethylenetriammonium) Trichloride Penta-
chloromercurate(n), [H,dien],HgClg.—The complex was pre-
pared by mixing mercury(il) chloride and the amine in
concentrated hydrogen chloride in a metal to amine molar ratio
from 1:1 to 1:3. On standing, white crystals separated (Found:
C, 13.9; H, 4.75; Cl, 40.8; N, 12.0. Calc. for CgH;,ClgHgN:
C, 13.8; H, 4.65; Cl, 40.7; N, 12.05%). In the presence of an ex-
cess of metal ion another crystalline compound of formula
[Hsdien],Hg,Cl,, precipitated (Found: C, 7.70; H, 2.65; Cl,
34.5; N, 6.75. Calc. for CgH;,Cl,,Hg Ng: C, 7.75; H, 2.60; Cl,
34.35; N, 6.80%). This compound which gave unsuitable crystals
for X-ray analysis and altered under laser irradiation is not
dealt with in this paper, since it is unwise to discuss the metal ion
geometry on the sole basis of far-i.r. spectroscopy.

Physical Measurements—These were made as reported in
ref. 14.

Crystallographic Data Collection and Structure Determina-
tion.—A crystal of [H,;dien],HgClg; was mounted on a Philips
PW1100 four-circle diffractometer in a random orientation,
using graphite-monochromated Mo-K, radiation. Crystal data
and details of parameters associated with data collection and
refinement of the structure are given in Table 1. Cell dimensions
were determined by diffractometry using 20 reflections in the

Table 2. Fractional atomic co-ordinates (x10%) with esd.s in
parentheses

Atom X/a Y/b Zjc

Hg 2500 2535(1) 2 500

Cl(1) 4272(3) 2 573(6) 1827(3)
Cl(2) 3 782(3) 3 804(5) 4220(2)
Cl(3) 2500 —1927(8) 2 500

Cl(4) 7 500 2 151(5) 2 500

CI(5) 3644(2) 3 680(4) —984(2)
N(1) 907(9) 4 206(16) —1770(7)
N(2) 1923(8) 219(13) —852(6)
N@3) 3 587(9) —3267(17) 719(7)
C(1) 546(12) 2034(15) -1929(9)
C(2) 707(10) 806(18) —1079(8)
CQ3) 2097(11) —1193(19) —80(8)
C(4) 3413(9) —1 594(20) 68(8)

Table 3. Bond distances (A) and angles (°)*

Hg-Cl(1) 2327(4) CI(1')-Hg-C1(2) 91.5(1)
Hg-CI(2) 3.029(3) CI(1)-Hg-CI(3) 90.6(1)
Hg-CI(3) 2.962(5) Cl(1)-Hg-CI(2) 88.1(1)

Cl(2)-Hg—CI(3) 106.1(1)

CI(1')-Hg—CI(1) 178.8(1)

Cl(2')-Hg-Cl(2) 147.8(1)
C(1)-N(1) 1.52(1) N(1)-C(1)-C(2) 100.9(9)
C(1)-C(2) 1.52(2) C(1)-C(2)-N(2) 114.1(9)
C(2)-N(Q2) 1.48(1) C(2)-N(2)-C(3) 115.5(9)
C(3)-N(2) 1.50(1) N(@2)-C(3)-C(4) 108.1(9)
C(3)-C(4) 1.55(2) C(3)-C(4)-N(3) 108.7(1.0)
C(4)-N(3) 1.49(2)

Torsion angles (°) in the diethylenetriammonium cation

N(1)-C(1}-C(2)-N(2) —77.4(1.2)
C(1)-C(2)-N(2)-C(3) —173.1(1.0)
C(2)-N(2)-C(3)-C(4) —~178.8(9)
N(2)-C(3)-C(4)-N(3) —169.8(9)

* Primes denote atoms at § — x, y, + — z.

range 16 < 0 < 20°. The intensities of 2 546 reflections were
collected using the 6-20 scan technique with individual profile
analysis.'® One reflection was measured after 1 h as a check of
the alignment of the crystal and instrument stability. 1400
Reflections having 7/ > 3o (/) were considered as ‘observed’
and used in the analysis. After the usual Lorentz and polariz-
ation reduction, the intensities were put on absolute scale
by a least-squares method. Correction for absorption was
carried out using the empirical method of North et al.'” with
minimum and maximum correction 1.01—1.48. Location of the
mercury atom from the Patterson map led to the full structure
by standard Fourier methods. Refinement, carried out by full
matrix least-squares, anisotropically for Hg and Cl, iso-
tropically for N and C gave a R value of 0.058. The hydrogen
atoms were located in a AF map and introduced in a calculation
of final structure factors. The refinement converged at R =
0.048, R’ = 0.051. The function minimized in the refinement
was ZIw(|F,| — |F)? using the weighting scheme w =
k/(c*F, + gF?2).19 Reflections, affected by extinction or counting
error were excluded from the final refinement (200, 110,020, 121,
—402, 602, 022, 402, 103, 013, 213, —933, 204, —404, 755, 206,
006, 717, 618). The atomic scattering factors and corrections for
anomalous dispersion were applied using the values given in the
International Tables.!® Final atomic co-ordinates are reported
in Table 2. Bond distances and angles are given in Table 3. All
the calculations were performed on the CYBER 76 computer of
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the Centro di Calcolo deil’ltalia Nord Orientale di Bologna
with the SHELX system program,'® with financial support
from the University of Parma. An ORTEP view of the
[HgCls]* " anion is shown in Figure 1, and a projection of the
structure along the [ 100] axis in Figure 2.

Results and Discussion

Description of the Structure—The structure consists of
diethylenetriammonium cations, chloride ions, and discrete
pentachloromercurate anions.

The mercury atom, situated on a two-fold axis, is bonded to
two chlorines in a linear arrangement [Hg—CI(1) 2.327(4) A,
CI(1)-Hg-Cl(1") 178.8(1)°] with the Hg-Cl bond slightly
elongated compared to that in gaseous HgCl, [2.252(5) A1.2° In
this way we may consider the mercury atom as possessing the
‘characteristic’ 2! two-co-ordinated structure, with two covalent
bonds. Three chlorine atoms, two of them related by a two-fold
axis [CI(2) and CI(2')] and the third placed on the same axis,
approach the mercury in the equatorial plane at 3.029(3) and
2.962(5) A; thus we get the ‘effective’ co-ordination number for
the mercury. Since five mercury—chlorine contacts are less than
the sum of van der Waals radii,>!22 the true co-ordination
number 1s five.

CH1")

ci2)

Cl(2)

$ Cl{3)

Figure 1. ORTEP view of the [HgCl;]®~ anion showing the atomic
numbering and thermal motion ellipsoids (40%;)

2531

A precise description of the geometry is obtained by means of
the criterion of Muetterties and Guggenberger,?? evaluating the
dihedral angles formed by the normals to adjacent triangular
faces of the co-ordination polyhedron. The values of these
angles are 38.7(1), 75.9(1), and 75.9(1)°, which correlate with the
limiting forms (53.1° for the ideal trigonal bipyramid and 0° for
the tetragonal pyramid), indicating an intermediate co-
ordination geometry for the mercury atom.

The linear arrangement of Cl(1}-Hg—Cl(1") and related
Hg—Cl distances suggest that the structure can be classified as
containing a discrete HgCl, unit, constrained by the symmetry
and slightly perturbed by the longer equatorial Hg—Cl contacts.
In fact Hg—Cl distances in HgCl, crystals are 2.284(12) and
2.301(14) A, and the Cl-Hg-Cl angle 178.9(5)°.24

The shortness of the axial bond is evident from the fractional
bond orders calculated from Pauling’s empirical relationship
d(n) = d(1) — 0.60 log n, where d(n) is the bond distance for
fractional bond order # and d(1) is the single bond distance,?*:2¢
The values obtained using d(1) = 2.29 A 2! are 0.87 for the axial
bond and 0.09 and 0.06 for the two different equatorial bonds.
These values are compared in Table 4 with those of other
[HgCl,]* ™ moieties.

In the present compound the Cl(4) and CI(5) anions com-
plete the 1:8 stoicheiometric Hg:Cl ratio in the crystal for
Z = 2. These ionic chlorine atoms and the diethylenetriamine
triprotonated cation occupy the spaces between the penta-
chloromercurate anions.

The axial compression of the [HgCl]*~ units may be
rationalized on experimental bases, by considering the network
of hydrogen bonding present in the molecule (Table 5). In fact
diethylenetriammonium cations are bonded to co-ordinated
and unco-ordinated Cl atoms via hydrogen bonds, in some cases
strong and medium strong (H--..Cl ranging from 2.06 to
2.17 A) and in others weak (H ... Cl ranging from 2.35 to
2.76 A), these last corresponding to bifurcated hydrogen bonds.
Only the CI(1) atom, with a short bond to mercury, is not
involved in hydrogen bonding. This again implies a distinct
HgCl, unit in the molecule, which makes the approach of three
equatorial ligands a low-energy process, thus the mercury—
chlorine distances are predominantly determined by hydrogen
bonding. Previous findings,® 27 with which our results ap-
parently disagree, are not applicable to the present [HgCls]*~
anion, which may be considered the first true example of a
simple d'° metal, albeit distorted, in which axial bonds are
markedly lower than equatorial bonds (see Table 6). On the
other hand, two-co-ordination is common for mercury, prob-
ably deriving from the high promotional energy of 65> —— 6s6p
for mercury (524 kJ mol™') involved in the formation of two
covalent bonds 28 and the presence of pseudo-HgCl, molecules,

Figure 2. Projection of the structure along [100] axis
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Table 4. Axial and equatorial bond distances and fractional bond orders () in [HgCls]> ~ moieties
d(Hg-Cl),, /A n d(Hg—Cl),, /A n

[H,dien],HgCly*° 2.327 0.87 2.962, 3.029 0.09, 0.06

[Cr(NH,)][HgCl,]* 2518 0.42 2.640 0.26

[Co(NH,),][HgCl,]* 2.869, 3.158 0.11, 0.04 2.383, 2.447 0.70, 0.55

[Co(NH,),][HgCl,]* 2.871, 3.038 2418, 2.431
“ This work; formulated as [(H,dien),Cl;][HgCl;]. ® Ref. 8a. © Ref. 8¢; orthorhombic modification. ¢ Ref. 86; monoclinic form.
Table 5. Possible hydrogen bonds * Table 6. Comparison of bond lengths (A) in related structures

N-H-...Cl H---CJA N-...CI/A N-H...Clf Anion M-Cl,,. M-Cl,,. Difference

N(1)-H(1) - - - CI(2) 213 322(1) 177 [Cdcl;>- 2.561 2.526 0.036
N(1)-H(2) - - - CI(4") 551 326(1) 126 [cdcip>- 2.3912 2.2964 0.0948
N(])—H(Z) ves Cl(sii) 267 3.46(1) 130 [chls]3 4 2.640 2.518 0.122
N(1)-H(3) - - - CI(5) 235 3.33(1) 150 [HeCls] 2.995 2377 0.668
N(2)-H(8) - - - CI(5) 2.06 3.05(1) 164 “ Ref. 7.” Ref. 5.7 Ref. 7a.“ This work; M—Cl,, 2.995 A is the mean value.
N(@2)-H(@9) - - - CI(4") 2.08 3.04(1) 169
N(3)-H(14) - - - CI(5") 217 321(1) 164
NQG)-H(15) - - - CI(3) 2.16 3.14(1) 160 ' N
N(3)-H(16) - - - CI(2") 2.76 3.36(1) 120 may be considered as comprising two units, one linear HgCl,
N(3)-H(16) - - - CI(5") 2.59 3.27(1) 127 and one trigonal HgCl,, which could present distinct vibrations.

*Symmetry codes: i —4 +x, 1 —y, —} + 2z ii —x, y, =} — 2
i -3 +x -y, —d+zivl—x, —y, —z;vi-—xy—-11-—
vix,y— 1,z

NN

B

only perturbed by interactions with some weakly bonded
chlorine atoms, is well ascertained.?®:3°

The network of hydrogen bonds also influences the con-
formation of the diethylentriammonium cation, which can be
described by using the torsion angles quoted in Table 3.
Furthermore, chloromercurate units are connected along the
axis by weak van der Waals contacts Hg+++ CI(3") ('x, | + y,
z) = 3.676(5) A.

Vibrational Spectra—The far-i.r. and Raman spectra of the
[HgCl,]%~ anion are interpreted on the basis of D, symmetry.
This type of symmetry allows three Raman-active and two
L.r.-active mercury—chlorine stretching vibrations [2A4;(R) +
As(ir) + E'(ir)].

The structural feature of the present compound is such that it

In particular those arising from axial HgCl, [A47(R) and
Aj(i.r.)] must appear at higher energies than those arising from
equatorial HgCl, [47(R) and E'(i.r, R)]

By comparing the vibrational spectra of [H,dien],HgCl,
with those of the triprotonated amine hydrochloride and of
[Hidien],Hg,Cl,,, the i.r. bands appearing at 334 and 265 cm™!
may be assigned to Hg—Cl vibrations in axial nearly linear
HgCl, and equatorial trigonal HgCl, units, respectively. Other
bands appear in the ir. spectrum at too low energy (ca. 200
cm™') to be assigned to terminal Hg-Cl bonds.

In the Raman spectrum (difficult to record, since the
compound decomposes under laser radiation) a strong intense
band at 290 cm™’, by its shape and position, is assigned to the 4}
vibration arising from the HgCl, unit. In fact, owing to a small
distortion from linearity of the HgCl, unit as in the compound
studied, the antisymmetric Hg—Cl stretching mode should be
very strong in the i.r., but weak in the Raman spectrum. On the
other hand, the symmetric mode will be at lower frequency and
show a reversed intensity in the i.r. and Raman spectra.

Our assignments of the Hg—Cl vibrations of the HgCl, unit
agree well with the values reported in the literature for

Table 7. Comparison of Hg—Cl distances, Cl-Hg—Cl angles, and Hg-Cl, stretching frequencies in compounds containing nearly linear HgCl, units

d(Hg-Cl)/A
HgCl, (gas)
HgCl, (molten) 2.26
[NEt,1,[Cl,HgCl,MCl,HgCl,]HgCl, “ 226,225

[Hbzpipz]{Hg,Cl,]° 2.28(3), 2.24(3)
Ph,SO-HgCl, 2.291(4), 2.289(4)
heg-2HgCl, ¢ 2.298, 2.319
2Me,SO-3HgCl, 2.309(6), 2.310(6)
(H, ttN(HgCly), " 2.307(5), 2.319(5)
Bu",SO-HgCl, 2.33(1), 2.35(1)
[H,dien],HgCl, 2.327(4)
pyo-HgCl, ¥ 2.316(16), 2.339(15)
{Co(NH,),][HgCl5] 2.870, 3.158

V(HgCly)ayym/  V(HEC)ym/
Cl-Hg-Cl/° cm ! (ir) cm! (Raman) Ref.
413 358 33
ca. 180 378, 372 313 33
180 371 b
168.2(9) 363 318 30
172.4(1) 362 308 d
175.9 353 fg
166.0(2) 345, 339 288 d
169.7(2) 345 290 i
167.0(5) 348 298 d
178.8(1) 334 290 J
163.1(9) 338, 314 !
260 8¢

“M = Pd or Pt. > R. M. Barr, M. Goldstein, T. N. D. Hairs, N. McPartlin, and A. J. Markwell, J. Chem. Soc., Chem. Commun., 1974, 221.
¢ [Hbzpipz]* = N-benzylpiperazinium cation. ¢ P. Biscarini, L. Fusina, G. Nivellini, and G. Pelizzi, J. Chem. Soc., Dalton Trans., 1981, 1024. < heg =
MeO(CH,CH,0),Me. / R. Iwamoto, Bull. Chem. Soc. Jpn., 1973, 46, 1123. ¢ G. Wulfsberg, Inorg. Chem., 1976, 15, 1791. * H,ttf = tetrahydro-
tetrathiafulvalene. ' M. D. Glick, W. H. llsley, and A. R. Siedle, Inorg. Chem., 1981, 20, 3819. / This work. ¥ pyo = pyridine N-oxide. ' T. B. Brill and

D. W. Wertz, Inorg. Chem., 1970, 9, 2692.
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compounds containing nearly linear HgCl, groups (Table 7). A
close correlation between the frequencies of vibrations and
distances of Hg—C1 bonds has been well established for other
chloromercurates(1).26-3%33
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