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STRUCTURAL STUDIES OF POLYETHER
COORDINATION TO MERCURY(II) HALIDES:
CROWN ETHER VERSUS POLYETHYLENE
GLYCOL COMPLEXATION

ROBIN D. ROGERS,* ANDREW H. BOND and JANICE L. WOLFF
Department of Chemistry, Northern Illinois University, DeKalb, IL 60115, U.S.A.

{ Received 6 March 1992, in final form 3 August 1992)

The crystal structures of several crown ether and polyethylene glycol complexes of HgX, (X=Cl, Br, 1)
have been investigated. The crown ether complexes studied are [HgX,(18-crown-6)] (X=Br, I} and
{Hgl ,(dibenzo-18-crown-6)]-CH,CN. In each case Hg resides in the cavity of the ether resulting in
hexagonal bipyramidal geometry with axial, terminal halides. The covalently bonded halides reside closer
to Hg than the oxygen donor atoms. Five polyethylene glycol complexes have been structurally
characterized: [(HgCl,);(EO3)], [HgX,(EO4)] (X=Br, I), [HgCl,(EO5)), and [HgBr,(EO5)HgBr,],
(EQ3 =triethylene glycol, EO4 =tetraethylene glycol, EQS = pentaethylene glycol). The EO4 and EQS
glycols mimic crown ethers by forming an equatorial girdle around Hg although in each case one alcoholic
terminal end does not coordinate to the metal ion. Each complex also has two covalent, nearly linear,
axial halides coordinated to Hg. In [(HgCl,)5(EO3)], the glycol is linear and coordinates to three Hg
atoms all on the same side of the glycol ligand. This structure is polymeric via chloride bridging.

KEY WORDS: 18-crown-6, dibenzo-18-crown-6, polyethylene glycol, triethylene glycol, tetraethylene
glycol, pentaethylene glycol, mercury(Il), chloride, bromide, iodide, X-ray structure.

INTRODUCTION

Mercury because of its environmental importance, has attracted the attention of
scientists seeking to design synthetic ionophores capable of selectively complexing
and transporting it.! ~* 18-Membered macrocycles with six donors (e.g., 18-crown-6)
have been found to have an appropriate size for favourable interaction with Hg. This
has been confirmed with X-ray structures of [HgX,(18-crown-6)] (X=CI*, I°, SCN¢)
and [HgCl,(dibenzo-18-crown-6)].” Current research in this area seeks to replace
oxygen donors with softer nitrogen and sulfur donors in 18-membered macrocycles
in order to take advantage of the soft nature of Hg.® =12

Several investigations of HgX, compounds complexed with linear polyethers have
resulted in the isolation of different structural types.!>”!® The majority of the
structures have a linear X-Hg-X fragment coordinated to an equatorial girdle of
oxygen donor atoms.!* 1618 The structures with five donor atoms coordinate with
internal O-Hg-O angles of ca 60°, similar to those observed for 18-membered

* Author for correspondence.
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macrocycles with six donors. IR, NQR, Raman, and '*C NMR studies suggest that
in solution even the short acyclic polyethers can form linear structures in which the
ether coordinates to two or more metal ions.?®~23

We were drawn to the present study of Hg polyether complexes by the variety of
structural types possible for HgX, polyethylene glycol (PEG) complexes. We
have previously observed PEG coordination mimicing out-of-cavity crown ether
coordination (in bismuth(III) halide complexes?*), mimicing in-cavity crown ether
coordination (in bismuth(III) nitrate complexes*® and in a few late lanthanide (III)
chloride complexes?®27), wrapping hard donor lanthanide(II) ions in a helical
fashion,?® and in one rare instance acting as a monodentate ligand.?®-*® Adding to the
expected structural diversity in Hg complexation were possibilities of polymeric halide
bridging, differences in Hg-X covalent bonding as X varies from Cl to I, and for the
PEG complexes, the possibility of significant intermolecular hydrogen bonding.

This report details our structural results for short chain (4 to 6 donor) PEG
complexes of HgX, (X=Cl, Br, I). The complexes [(HgCl,);(EO3)], [HgX,(EO4)]
(X=Br, I), [HgCl,(EOS5)], and [HgBr,(EO5HgBr,], have been structurally
characterized. For comparison we include the crystal structures of three HgX, crown
ether complexes [HgX,(18-crown-6)] (X=Br, 1) and [Hgl,(dibenzo-18-crown-
6)]'CH;CN. In the discussion we compare these with the limited number of similar
structures reported in the literature.

EXPERIMENTAL

Preparation of Complexes

CH,CN and CH,OH were distilled from CaH, and stored over 4A molecular sieves
prior to use. The metal salts, PEGs, and crown ethers were used as purchased without
further purification. All melting points are uncorrected.

[HgCl,(18-crown-6)]

To HgCl, (0.1364 g, 0.50 mmol) were added 3:1 CH,CN:CH,OH (5cm?) and
18-crown-6 (0.1322 g, 0.50 mmol); the latter instantaneously produced a precipitate.
The mixture was stirred at 60°C for 1 h, then centrifuged to remove the solid. The
supernatant was decanted and stored at 5°C for 1.5 h during which time crystals had
formed. The crystals were confirmed to be [HgCl,(18-crown-6)] by comparison of
the unit cell parameters with those reported by Paige and Richardson.* The precipitate
was dried in vacuo prior to combustion analysis. Anal.: caled. C, 26.90, H, 4.51%.
Found for precipitate: C, 26.88; H, 4.85%.

[HygBry(18-crown-6)]

To HgBr, (0.1800g, 0.50 mmol) were added 3:1 CH,CN:CH,OH (5c¢m? and
18-crown-6 (0.1329 g, 0.50 mmol), the latter immediately producing a white precipitate.
The mixture was stirred at 60°C for 1h, then centrifuged to remove the persistant
white precipitate. The supernatant was decanted and stored at 5 and —10°C for 24 h.
Slow evaporation produced crystals. The precipitate and crystals were dried in vacuo
prior to combustion analysis. Melting range: 154-192°C. Anal.: caled. C, 23.07; H,
3.87%. Found for precipitate: C, 23.26; H, 4.20%. Found for crystals: C, 27.81; H,
4.71%.
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[Hgl,(18-crown-6)]

To Hgl, (0.2270g, 0.50 mmol) were added 3:1 CH,CN:CH;OH (5c¢m?® and
18-crown-6 (0.1331 g, 0.50 mmol). The solution was stirred at 60°C for 1 h and a white
precipitate formed. The solid was centrifuged and the supernatant decanted and
stored at 5 and —10°C for 48 h. Slow concentration provided diffraction quality
crystals. The precipitate was dried in vacuo prior to combustion analysis. Melting
range: 170-180°C. Anal.: caled. C, 20.05; H, 3.37%. Found for precipitate: C, 20.26;
H, 3.51%.

[ Hyl, (dibenzo-18-crown-6) ]-CH;CN

To Hgl, (0.2270g, 0.50mmol) were added 3:1 CH,CN:CH,OH (5c¢m?® and
dibenzo-18-crown-6 (0.1836 g, 0.51 mmol). The reaction solution turned white with
stirring at 60°C for 1 h. The precipitate was centrifuged and the supernatant decanted
and stored at 5 and —10°C for 48 h. Slow evaporation provided diffraction quality
crystals. Both the precipitate and the crystals were dried in vacuo prior to combustion
analysis. Melting point: 188-191°C. Anal.: calcd. C, 30.87; H, 3.18%. Found for
precipitate: C, 30.51; H, 3.27%. Found for crystals: C, 30.20; H, 3.00%.

[(HgCl,)5(EO3)]

To HgCl, (0.1362 g, 0.50 mmol) were added 3:1 CH,;CN:CH,;0H (5cm?) and EQ3
(67 x 10~ cm?, 0.50 mmol). The solution was stirred at 60°C for 2.25 h and promptly
placed into storage at 3°C for 48 h. Slow evaporation afforded crystalline material
that decomposed in air. Crystals for the diffraction study were mounted in an Ar
atmosphere saturated with the reaction solvent and were stable during the course of
data collection. Melting range: 117-170°C. Anal.: caled. C, 7.47; H, 1.46%. Found:
C, 5.64; H, 1.33%.

[HgBr,(EO4)]

To HgBr, (0.1802 g, 0.50 mmol) were added 3:1 CH,CN:CH,OH (5 cm3) and EO4
(86 x 10~ ® cm?, 0.50 mmol). Stirring at 60°C for 2 h was followed by storage at 3°C
for 168 h and —10°C for 48 h. Slow concentration afforded clear crystals. Melting
point: 75°C. Anal.: caled. C, 17.32; H, 3.27%. Found: C, 17.36; H, 3.43%.

[Hgl,(EO4)]

To Hgl, (0.2773 g, 0.50 mmol) were added 3:1 CH;CN:CH,OH (5cm?®) and EO4
(86 x 10~% cm?, 0.50 mmol). The reaction solution was stirred at 60°C for 2.25 h, and
then centrifuged to remove undissolved Hgl,. The supernatant was stored at 3°C for
216 h (followed by slow evaporation). A microcrystalline product formed and this
was dissolved in 2 cm? of the solvent mixture, stirred at 60°C for 1.75 h, and slowly
concentrated to provide diffraction quality crystals. Decomposition range: 49-62°C.
Anal.: caled. C, 14.81; H, 2.80%. Found: C, 16.33; H, 2.97%.

[HgClL(EO5)]
To HgCl, (0.1360 gm 0.50 mmol) were added 3:1 CH;CN:CH;O0H (5 cm?) and EO5
(106 x 10~ ¢ cm?3, 0.50 mmol). The mixture was stirred at 60°C for 2.25 h, then stored
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at 3 and —10°C for 48 and 120 h, respectively. Evaporation to dryness was followed
by dissolution as above and stirring at 60°C for 1.5 h. Slow evaporation afforded
hygroscopic crystals. Melting point: 75°C. Anal.: caled. C, 23.56; H, 4.35%. Found:
C, 24.19; H, 4.54%.

[ HgBr,(EOS)HgBr, ],

To HgBr, (0.1800 g, 0.50 mmol) were added 3:1 CH,CN:CH;OH (5 cm?) and EOS
(106 x 1076 cm3, 0.50 mmol). The solution was stirred at 60°C for 2 h and stored at
3 and —10°C for 168 and 48 h, respectively. Slow evaporation produced crystalline
material. Melting range: 75-87°C. Anal.: caled. C, 12.52; H, 2.31%. Found: C, 14.02;
H, 2.76%.

X-ray Data Collection, Structure Determination, and Refinement

A single crystal of each complex was mounted in a thin-walled glass capillary flushed
with argon and transferred to the goniometer ([(HgCl,);(EO3)] had to be mounted
in an argon atmosphere saturated with the reaction solvent). Space groups were
determined either from systematic absences (P2, /n, P2,/c) or by successful solution and
refinement of the structures (P1). Crystal data and data collection and refinement
parameters are summarized in Table 1. Positional parameters are givenin Tables 2to 9.

The geometrically constrained hydrogen atoms (except for [HgCl,(EOS)]) were
placed in calculated positions 0.95A from the bonded carbon atom and allowed to
ride on that atom with B fixed at 5.5A% The alcoholic hydrogen atoms were not
included in the final refinements. Except as noted, non-hydrogen atoms were refined
anisotropically. Details specific to each structure are given below.

[HgX,(18-crown-6)] (X=Br, 1)
After finding the preliminary unit cell for X =1, it initially appeared that this compound
was C-centered monoclinic with a=11.238, b=13.151, c=8.608A, f=130.7°. This
cell was similar enough to that already reported for [Hgl,(18-crown-6)] (a = 13.049(5),
b=11.241(3), c=9.285(2)A, B=134.89(3°) in C2/m)°® to cause concern. A thorough
investigation, however, revealed the transformed cell to have triclinic equivalences.
This situation was also reported for [HgCl,(18-crown-6)]; however, a higher symmetry
cell (R3) was found and finally utilized in that refinement* (The CT cell initially
investigated by Paige and Ruchardson* for this X =Cl compound had dimensions
a=10.444(2), b=11.458(1), c=7.7451A, «=90.04(1), B=82.21(2), y=90.01(1)°).
[CdI,(18-crown-6)] was found to crystallize in yet another cell, Pnma, with
a=16.563(3), b=27.996(5), c =8.382(2)A.31

Neither the X=Br or I derivative crystallizes with the same unit cell, nor does it
possess crystallographic symmetry as high as the molecule would permit. The difficulty
in determining these structures seems to lie in the linear X-Hg-X fragment which
dominates X-ray scattering. The symmetry permitted by the alignment in the unit
cells of these linear units is higher than permitted by the entire complex. The weak
contributions to the overall scattering by the C, H, and O atoms are often missed,
resulting in indications of higher symmetry. It is still not clear, however, why these
complexes do not crystallize in identical higher symmetry space groups.
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Table2 Final fractional coordinates for [HgBr,(18-crown-6)]

Atom  x/a y/b z/c Bleqv)*
Hg 0.000 0.000 0.000 1.89
Br —0.1409(1) —0.01529(7) 0.2615(1) 299
O(l) 0.3142(8) 0.0480(5) 0.1702(8) 229
0(2) 0.0538(8) 0.1822(5) 0.1149(9) 2.52
0O(3) —0.2245(8) 0.1457(5) —0.1186(8)  2.35
C(1) 0.305¢1) 0.1292(7) 0.261(1) 234
C(2) 0.226(1) 0.2047(7) 0.148(1) 2,99
C(3) —0.037(1) 0.2540(7) 0.026(1) 2,73
C(4) —0.219(1) 0.2225(7) —0.002(1) 2.54
C(5) —0.391(1) 0.1108(7) -0.159(1) 2.74
C(6) —0.378(1) 0.0271(7) -0.270(1) 247

*Bleqv)=4/3[a’f;, + 5By, +c*B35+ ab(cosy)f, » + ac(cosff, 3 + be(cosa)B, 1.

Table 3 Final fractional coordinates for [Hgl,(18-crown-6)]

Atom  x/a y/b z/c B(eqv)
Hg 1.000 0.000 1.000 2.78
I 0.7883(1) 0.0642(1) 0.7240(1) 420
o) 1.353(1) 0.306(1) 1.045(1) 3.67
02 1.205(1) 0.365(1) 1.282(1) 3.77
0O3) 0.794(1) 0.076(1) 1.157(1) 4.02
C(1) 1.471(2) 0.451(2) 1.231(2) 3.52
C(2) 1.334(2) 0.503(2) 1.249(2) 449
C(3) 1.068(2) 0.397(2) 1.304(2) 4.16
C(4) 0.937(2) 0.240(2) 1.330(2) 4.66
C(5) 0.669(2) —0.081(2) 1.171(2) 5.89
C(6) 0.527(2) —0.243(2) 0.979(2) 4.18

[Hgl,(dibenzo-18-crown-6) ]-CH;CN

The presence of solvent molecules reduced the percentage of observed reflections
(observed/measured =22%). Carbon and nitrogen atoms were refined isotropically
to keep the data to parameter ratio as high as possible. Methyl hydrogen atoms were
included as a rigid group with rotational freedom at the bonded carbon atom
(C-H=0.95A, B=5.5A%),

[(HgCl,)3(EOQ3)]

The combination of crystal decay and a very large absorption correction combined
to reduce the data quality. Carbon atoms could not be anisotropically refined, and
the R values are high.

[HgCl,(EO5)]

Initial examination of crystals of this complex gave a unit cell with ¢ one half of its
final value and absences corresponding to P2,/m. Further examination revealed
several reflections present with ¢ doubled (to its current value) and [ odd. For the
current data set, the reflections with [ odd are, in general, weak.
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Table 4 Final fractional coordinates for [Hgl,(dibenzo-
18-crown-6)] CH;CN

Atom  x/a yib zfc Bleqv)

Hg 1.3368(2) 037052)  0.34923(7) 2.52
I(1) 1.0492(4)  03634(3) 0.3463(1)  3.56
12) 16249(4)  03868(3) 0.3485(1)  3.69
o)  12903) 05072  0.260(1) 3.19
O@2)  13133)  0619(2)  0.35659) 3.1
0(3)  13533)  0470(3)  0.444(1) 4.69
O@d)  14073)  0235(2)  0.44239)  3.17
O(5)  13673)  0.108(2)  03470(9) 279
0®6)  1306@)  02613)  0.254(1) 425
Cl)  1.266(5  0.637(4)  0.269(1) 6(1)
C)  1353(5)  0.6874)  0.316(2) 6(1)
C(3)  13934)  0657(4)  0.406(1) 4.59)
C4)  1.334(5)  0598(4)  0.444(2) 6(1)
C(5) 13045  03994)  0.482(2) 48(9)
C6)  1325(5)  0277(4)  0.480(2) 4.79)
C(7)  14054)  0.099(3)  0.432(1) 3.5(8)
C(8)  1480(4)  0.068(4)  0.387(1) 42(9)
C9) 14155  0090(4)  0.301(1) 51)
C(10)  1287(4)  01324)  0.256(1) 48(9)
C(11)  L190(5)  0.3214) 021701 3.4(8)
C(12)  L188(6)  0453(4)  0.2250) 5(1)
C(13)  1.091(6)  0.516(5  0.190(2) 6(1)
C(14)  0985(6) 04585  0.157(2) (1)
C(15)  100%5)  0.330(4)  0.1552) 4.009)
C(16)  1.108(3)  0.257(5  0.186(2) 6(1)
C(17) 12855  0.196(5)  0.513(2) 1)
C(18) 12143  0241(4)  0.551(2) 6(1)
C(19)  L169(5)  0.369(5)  0.549(2) 1)
C(20) 1231(5) 04415  0.517(2) 6(1)
N 07825  0.132(5) 0522 8(1)
CQl)  0840(6)  0.141(5  0.488(2) 1)
C(22)  0918(6)  0.179(6)  0.448(2) 92)

[ T T T S T T T S-S " S H R Y T TR S S I Y

*Isotropic refinement.

The mercury, two chlorine, and most of the oxygen atoms were readily located
and refined. The two terminal oxygen atoms exhibited very high thermal motion and
it became apparent that these positions were disordered. Two orientations of each
were located and refined in alternate least-squares cycles. Refinement of the occupancy
factors revealed a major form (O(1), O(6) at 60%) and a minor form (O(1), O(6) at
40%). The origin of the disorder was obvious. Only five of the six oxygen atoms are
coordinated to Hg. In the major conformation O(1) is coordinated and O(6) is not.
This situation is reversed in the minor conformation in which O(6) is coordinated
and O(1) is not. With two orientations of the terminal alcohols it was expected that
the ethylene linkages leading to these atoms would also be disordered. While that is
undoubtedly true, due to the proximity of the disordered positions we could not
resolve the disorder. These atoms and the disordered oxygen atoms all exhibit large
thermal ellipsoids.
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Table 5 Final fractional coordinates for [(HgCl,);(EO3)]

Atom  x/a /b zfc Blegv)

Hg(1) 0.1570(1)  0.8136(1) 0.89267(8) 223
Hg(2) 0.0893(1) 0.4892(1) 0.65611(8) 2.10
Hg(3) 0.0480(2)  0.1560(1) 0.77660(9)  2.61
cl1) 0283(1)  0.78929)  1.0619(6) 297

Cl2) 0.015(1)  0.8266(9) 0.72506)  2.97
Cl3)  —0037(1)  0496809) 0.8314(6)  2.88
Cl(4) 0.2298(9) 04856(9) 04853(5) 270
Cl(s) 0.173(1)  0.1527(%) 0.953%(5) 298
Cl6)  —0.1031)  0.167709) 0.61126)  3.31
o(1) 0452(4)  0943(3)  0.838(3) 490
oQ) 0.391(3)  0.647(2)  0.761(1) 2.40
0Q3) 0.3353)  0346(2)  0.743(1) 2.69
o) 0297(3)  00643)  0.644(2) 385
c(1) 0.5734)  0872(4)  0.762(3) 456 °
Q) 0472(4)  0.7433)  0.693(2) 345 @
c3) 0.511(4)  0.587(4)  0.822(3) 426) ®
@) 04134)  04484)  0.839(2) 386) °
cls) 0464(5)  0.287(4)  0.676(3) 507 ®
Cl6) 0.380(4)  0.166(3)  0.589(2) 355 ¢

“Isotropic refinement.

Table 6 Final fractional coordinates for [HgBr,(EO4)]

Atom  x/a y/b z/e B(eqv)

Hg 0.08574(7)  0.5055(1)  0.39512(2) 254
Br(1) —0.0569(2) 0.3288(2) 0.31899(8) 3.69
Br(2) 0.2219(3) 0.6280(2)  0.48490(8) 3.89

o)  —0.176(1) 0.723(1) 037775 337
0(2) 0.121(1) 0.776(1)  0.3310(4) 298
003) 0.363(1) 0.517(1)  0.3386(4)  3.04
OW4) 0.354(1) 0254(1)  04177%(5) 304
O(5) 0.3242) 0.196(2) 0.5308(5) 4.44
c1)  —0.14502) 0870(2)  0.3474@8)  3.72
C(2) -0.039(2) 0.839(2) 0.3023(7) 3.56
B 0.238(2) 0758(2)  0.2920(7) 372
C(4) 0.396(2) 0.682(2) 0.3244(7) 3.50
C(5) 0.509(2) 0.433(2) 0.3681(8) 392
C(6) 0.467(2) 0261(2)  0377%7) 333
C(7) 0.310(2) 0.090(2) 0.4345(8) 4.33
C(8) 0.221(2) 0.112(2)  048658)  4.02
[HgBr,(EOQ5)HgBr,],

Two conformations of the C(5-C(6) ethylene unit were resolved and refined in
alternate least-squares cycles. The major conformation (C(5)~C(6)) refined to 60%
occupancy, while C(5)~C(6) refined to 40% occupancy. These atoms were treated
isotropically throughout the final stages of refinement.
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Table 7 Final fractional coordinates for [Hgl,(EO4)]

Atom  x/a y/b z/c B(eqv)
Hg 0.17950(7) 0.01570(6) 0.20319(5) 3.01
I(1) 0.1369(1) 0.2349(1) 0.374849)  3.77
12) 0.21051)  —0.1466(1) 0.00474(8) 3.72
o(1) —0.083(1) —0.194(1) 0.225(1) 448
0(2) 0.247(1) —0.240(1) 0.3102(8) 3.04
03) 0.510(1) 0.008(1) 0.3222(8) 3.02
04) 0.470(1) 0.252(1) 0.1848(8) 3.05
O(5) 0.343(2) 0.296(2) —0.0359(9) 4.72
C(1) —0.046(2) —0.330(2) 0.271(2) 4.50
C(2) 0.108(2) —0.283(2) 0.358(1) 3.68
C(3) 0.401(2) —-0.217(2) 0.390(1) 2.85
C4) 0.533(2) —0.147(2) 0.335(1) 3.19
C(5) 0.638(2) 0.080(2) 0.279(1) 328
C(6) 0.606(2) 0.250(2) 0.273(1) 423
o) 0.434(2) 0.405(2) 0.163(1) 3.90
C(8) 0.298(2) 0.383(2) 0.059(2) 483

Table 8 Final fractional coordinates for [HgCl,(EOS5)]

Atom  x/a y/b z/c Bleqv)
Hg 0.55811(9) —0.75585(5)  0.42547(5) 3.83
Cl(1) 0.7237(7) —0.8199(4) 0.5425(4) 5.40
CK2) 0.4075(8) —0.6706(4) 0.3172(4) 5.79
o) 0.862(8) —0.621(3) 0.419%(5) 14.62
Ooy*  1.009(8) —0.549(5) 0.3716) 14.33
0(2) 0.834(2) —0.777(1) 0.317(1) 542
0O(3) 0.563(2) —0.9031(8) 0.3127(8) 4.09
04) 0.320(2) —0.8902(8) 0.4454(9) 424
O(5) 0.276(2) —0.7248(9) 0.5352(9) 493
0(6) 0.252(7) —0.532(2) 0.510(3) 12.51
o6y 0.537(9) —0.600(4) 0.556(4) 9.26
(1) 0.946(5) —0.629(2) 0.366(3) 10.19
C2) 0.912(4) —0.699(2) 0.285(2) 8.07
C(3) 0.807(3) —0.851(2) 0.251(2) 7.08
C(4) 0.726(3) —0.930(2) 0.295(2) 6.63
C(5) 0.465(3) —0.980(1) 0.348(2) 6.15
C(6) 0.291(3) —0.948(1) 0.366(1) 4.70
C( 0.163(2) —0.867(1) 0.480(1) 4.11
C(8) 0.206(3) —0.809(1) 0.565(2) 5.08
CY) 0.313(4) —0.666(2) 0.609(1) 6.14
C(10)  0.367(6) —0.579(2) 0.578(3) 9.48

20(1), O(1Y, O(6), and O(6) are disordered with occupancy factors of 60% for
the unprimed positions and 40% for the primed positions.

RESULTS

[HgX,(18-crown-6)] (X=Br,I)
An ORTERP illustration of the X =Br complex is given in Figure 1. Both the Br and
I analogues have essentially the same structure as the previously reported chloride*
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Table9 Finalfractional coordinates for [HgBr,(EO5)HgBr,],

Atom  x/a y/b z/c B(eqv)

Hg(1) 0.1862(2) 0.3260(1) 0.72780(8) 2.29
Hg(2) 0.0062(2) —0.0115(1) 0.85024(9) 2.89
(4)

Br(1) 0.0467 028053) 0.86382)  3.22
Br(2) 0.2884(d) 033234) 057732)  3.51
Br(3) 0.2378(4) —00136(3) 09967(2)  3.43
Br(4)  —024654) —0.12173) 0.6997(2)  3.62
o) 0.247(2) 00702)  0.747(1) 2.62
o) 0.526(3) 03352)  0.820(1) 2.98
0(3) 0.421(3) 0.569(2)  0.842(2) 3.88
o) 0.066(3) 0.5502)  0.731(2) 5.03
0(5)  —0.14503) 0.30822)  0.586(1) 3.75
o)  —0.134(3) 0.112(2)  0.426() 435
() 0.432(4) 0.090(3)  0.780(2) 3.69
C2) 0.536(4) 0219(3)  0.864(2) 3.92
ci3) 0.631(4) 0461(3)  0.890(2) 3.08
@) 0.596(5) 0.5793)  0.847(3) 5.80
C(5) 0.376(6) 0.678(5)  0.806(3) 359) °
C(6) 0.180(8) 0.663(6)  0.792(4) 5(1) .
csye 0.35(1) 0.672(8)  0.860(6) 5(2) »
C(6y 0.26(1) 0.680(8)  0.748(6) 5(2) .
C(7)  —0.0505) 0551(3)  0.647(2) 512
C®)  —0.206(5) 0417(4)  0.609(3) 486
co) —0281(4) 0.180(3)  0.538(3) 446
C(10)  —0.209(5) 0076(3)  0.502(3) 4.19

*Isotropic refinement. *The ethylene unit C(51-C(6) is disordered into two orientations
with 60% occupancy (C(5}-C(6}) and 40% occupancy (C(Sy—C(6)).

and iodide® complexes; however, none of the four structures appears to be
crystallographically isostructural. Each complex can support 3 symmetry, but only
[HgCl,(18-crown-6)]* possesses such crystallographic symmetry and crystallizes in
the space group R3. The previously reported iodide complex crystallized in C2/m with
the Hg atom residing on a 2/m site.’ The two complexes reported here are the lowest
symmetry yet determined, each residing on a centre of inversion in P2,/c (X=Br) or
P1 (X=]).

The low symmetry caused us concern in our solution of these structures and indeed
both cells appear to indicate higher symmetry. However, every such cell examined
was rejected either on the basis of lack of consistent equivalent reflections or the
presence of supposedly systematically absent reflections. It is possible, given the nature
of the bromide and iodide ions that very long and weak intermolecular interactions
result in packing arrangements that do not allow the higher symmetry. The resulting
structures do provide valuable bonding information and do not appear to suffer the
effects of high correlations between parameters.

Each linear X-Hg-X fragment sits in the centre of a D,, 18-crown-6 molecule. The
hexagonal arrays of oxygen atoms around Hg are planar to within 0.24A with oxygen
atom deviations alternating direction. The Hg-X distances (Table 10) in the four
18-crown-6 structures follow the trend associated with increasing halide size and
range from Hg-Cl=2.314(1)A to Hg-1=2.6237(7)A. The average Hg-O distances
appear to increase in the order Cl< Br <I with an 11 difference in Hg-O separations
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Figure 1 [HgBr,(18-crown-6)] represented by 50% probability ellipsoids for thermal motion. The
hydrogen atoms have been arbitrarily reduced. The Hg atom resides on a crystallographic centre of
inversion. The symmetry code ‘a’ refers to %, 7, z.

in the chloride complex (2.825(4)A) versus our determination of the iodide analogue
(2.869(4)A). Despite the different space groups and symmetries, the bonding parameters
for both X =1 determinations are essentially identical.

[Hgl,(dibenzo-18-crown-6) ] CH,CN

Figure 2 illustrates this complex. The Hg geometry is 6-coordinate, hexagonal
bipyramidal with the two iodides in axial positions. The hexagonal plane of oxygen
atoms is planar to within 0.12A and Hg resides 0.02A out of this mean plane. The
Hg-I distances (Table 10) differ by 5S¢ with the longer I(2) coordinated outside the
fold of the benzo substituents (the two benzene ring planes intersect at an angle of
102°). The Hg-1 average separation (2.62(1)A) is identical to that observed for
[Hgl,(18-crown-6)].

The Hg position appears to be slightly off centre, closer to O(1)-O(3) than O(4)-O(6),
resultini in a range of 0.22A (7.36) in Hg-O separations. The Hg-O average distance
(2.81(7)A) is essentially identical to that found for the structurally similar complex
[HgCl,(dibenzo-18-crown-6)).”

The solvent molecules may interact weakly with the iodine atoms via the C-H
acidic protons. Closest solvent contacts are C(methyl)~I=3.76(6) and 4.15(6)A.
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Figure 2 [Hgl,(dibenzo-18-crown-6)]-CH;CN.

[(HgCl,)5(EO3)]

This complex crystallizes with a linear polyether coordinated to three different linear
HgCl, fragments each of which participates in secondary donor interactions with
three additional chlorides. The atoms in the asymmetric unit are labelled in Figure
3. The overall coordination results in polymeric chains along unit cell direction b
with the chains connected into sheets at every other Hg position (Hg(2)) with two
bridging chlorides (CI(3), Cl(4)). The polymeric nature of the bonding can be seen in
Figure 4. The EO3 ligand is linear along b; the chains are connected into sheets along
c. Further polymeric interactions are generated by the hydrogen bonding between
the alcoholic ends of the EO3 ligand and the chlorides.

Each mercury is pentagonal bipyramidal with two axial covalently bonded chlorides
and five equatorial donor groups (two oxygen atoms and three chlorine atoms). The
equatorial atoms have an average deviation from the planes of 0.33A. Hg(2) (which
is involved in the crosslinking of the chains) deviates 0.17A from its pentagonal
coordination plane versus 0.06 and 0.01A for Hg(1) and Hg(3), respectively. The
equatorial atoms around Hg(2) are also the most distorted with a maximum deviation
of 0.52A. The pentagonal planes for Hg(1) and Hg(3) are nearly coplanar (6 = 8°) while
the average dihedral angle between the similar planes in Hg(1)/Hg(2) and Hg(2)/Hg(3)
average 57°.

The Hg-Cl covalent interactions average 2.303(5)A and fall within a narrow range
(0.015A) despite the differing numbers of secondary intractions of each chloride. Hg-Cl
secondary donor interactions range from 3.070(7) to 3.468(9)A. The longest
corresponds to the triply bridging CI(3).

Two alcoholic oxygen atoms are both terminally coordinated to one Hg each at an
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Figure4 SYBYL (Tripos Assoc., St. Louis, MO, U.S.A.) representation of the be plane in [(HgCl,),(EQ3)].
The more darkly shaded atoms are carbon atoms.
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identical Hg-O separation of 2.66(3)A. Etheric oxygen atoms each bridge two Hg atoms
with an average Hg-O distance of 2.84(3)A.

[HgX,(EO4)] (X=Br,I)

The X=Br and X=I analogues are structurally identical although not crystallo-
graphically isostructural. An ORTEP illustration of the bromide complex is presented
in Figure 5. Differences may be related to the possibility of intermolecular hydrogen
bonding between O(5) and I(2) in a molecule other than the hydrogen bonded dimer.
There is a slightly better fit for such a hydrogen bonding scheme as determined by
the contact geometries than is observed for the bromide analogue.

Several structural features observed for these complexes are found for all subsequent
PEG complexes reported here. First, the PEG ligands wrap in a crown ether-like
fashion around the equatorial plane of a linear X-Hg-X moiety; however, instead of
completely encircling Hg, one end of the PEG chain does not coordinate the metal
ion. This creates an open side toward which the X-Hg-X angle is bent producing
significant (10-14°) deviations from linearity for this group. In addition, the Hg-O
separations closest to the open side exhibit the longest such distances.

All of the HgX,/PEG complexes appear to be 7-coordinate with a geometry that
resembles a hexagonal bipyramid with one open site. In the EO4 complexes the fifth
coordination site appears to be a very weak donor interaction from a halide of a

Figure 5 [HgBr,(EO4)]. The Hg-Br(2)* distance is long {4.157(2)A) but in a geometrically significant
position. The dimeric unit shown resides around a crystallographic centre of inversion. The symmetry
code ‘a’ refers to x, 1-y, 1-z.
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neighboring molecule in the hydrogen bonded dimers. The distances are long
(Hg-Br(2)* =4.157(2)A, Hg-1(2)*=4.041(1)A); however, they are in geometricall
significant positions. Each resides in the equatorial plane (maximum deviation=0.25
for any of the five equatorial atoms in either structure) with O(1)-Hg-X(2)* angles of
75.1(2)° (Br) and 78.5(3)° (I). This positions an open site between the long Hg-X(2)?
and longest Hg-O separations (Hg-O(4)=2.95(1)A, Br; 3.060(9)A, I). In the EO5
complexes discussed below, a fifth oxygen atom resides in the position occupied by
X(2)? in these structures.

In addition to the Hg-X(2)? interactions, the EO4 complexes dimerize via hydrogen
bonding. The contact geometries suggest that the major hydrogen bonding pattern
includes a hydrogen bond from O(1) to the uncoordinated O(5)* and from O(5) to
X(2) as depicted in Figure 5. We cannot rule out the possibility of a hydrogen bond
from O(5) to an X(2) atom in a symmetry related molecule not depicted in Figure 5.
Despite the hydrogen bonding to X(2)%, the Hg-X distances are equivalent.

The EO4 ligands adopt a D, like conformation found for 18-crown-6 with the
exception of the O(4)-C(7)-C(8)-O(5) fragment. The C-O-C-C torsion angles are all
anti and the O-C-C-O angles alternate + g except that O(4)-C(7)-C(8)-O(5)is g~ rather
thang™. A g~ angle would have brought O(5)into position for coordination to Hg.

(l;'igurlg 6 One orientation of [HgCl,(EOS)]. In the alternate orientation O(6) is coordinated and O(1) is
angling.
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Figure 7 Four asymmetric units of [HgCl,(EOS5)] including two of each orientation of the terminal
groups. Some of the hydrogen bonding possibilities are depicted.

[HgClL(EOS5)]

The structure of this complex is depicted in Figure 6. The structure is disordered
such that either O(1) or O(6) can be coordinated to Hg but not both at the same
time. This creates an equatorial plane of five oxygen atoms around a slightly bent
Cl-Hg-Cl fragment. Again, one site in a hexagonal plane is open with the longest
Hg-O separations next to the open site (either Hg-O(1), O(5) or Hg-O(2), O(6)).

The conformation of the EOS ligand is nearly identical to the EO4 complexes
discussed above. C-O-C-C torsion angles are all anti and the O-C-C-O torsion angles
alternate +g except for the angle involving the uncoordinated oxygen atom which
is gauche but of the opposite sign.

The hydrogen bonding appears to be exclusively between the alcoholic oxygen
atoms. Alcoholic atoms both accept and donate hydrogen bonds in the uncoordinated
orientation and donate only when coordinated to Hg. The disorder and some of the
resulting possible orientations for hydrogen bonding are depicted in Figure 7.

[HgBry(EO5)HgBr,],

This complex crystallizes as a 2/1 (Hg/EOS) complex rather than the 1/1 complexes
observed for the EO4 and EOS chloride reactions. Figure 8 illustrates the dimeric
nature of the complex. Hg(1) is coordinated to an EOS5 molecule and two bromides.
One bromide and the coordinated alcoholic atom (O(1)) bridge Hg(1) to Hg(2). Hg(2)
has an additional terminal Br interaction and is bridged to an Hg(2) position related
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Figure 8 [HgBr,(EO5)HgBr,],. The dimer resides around a crystallographic centre of inversion.

by a centre of inversion producing the dimer depicted in Figure 8. The Hg(2)-Hg(2)*
vector corresponds to unit cell direction ¢, with the long dimension of the dimer
aligned in the general direction of the bc diagonal.

The 7-coordinate Hg(1) has a coordination environment nearly identical to that
found for [HgCl,(EO5)] and has several features in common with all of the PEG
structures described in this paper which wrap Hg. The glycol ligand equatorially
wraps Hg(1) with one terminal alcoholic oxygen atom (O(6)) uncoordinated. This
results in the pseudo-hexagonal bipyramidal gecometry with one open site observed
for the other PEG/Hg complexes. A bending of the axial Br(1)-Hg(1)-Br(2) angle
(170.2(1)°) toward the open site is again observed. The five coordinated oxygen atoms
are planar to within 0.36A with Hg(1) <0.004A out of this mean plane.

The Hg(1)-Br(1) bond length (2.459(4)A) is only slightly lengthened over Hg-Br(2)
{2.436(4)A) despite its donor bridging interaction with Hg(2). The pattern of Hg-O
separations is again similar to the other PEG/Hg structures. The two oxygen atoms
closest to the open area have the longest Hg(1)-O distances (2.88(2)A for both the
alcoholic, bridging O(1) and the etheric O(5)). O(2) and O(4) are the next furthest at
Hg(1)-O=2.72(2) and 2.77(2)A and O(3) has the shortest Hg(1)-O contact of 2.69(2)A.
The range in Hg(1)-O separations is 0.19A.

The five-coordinate Hg(2) has a severely distorted geometry: either trigonal
bipyramidal with axial covalent bromide bonds (Br(3), Br(4)) or square pyramidal
with Br(4) in the axial position. The Hg(2)-O(1) distance of 2.70(2)A is actually 0.18A
shorter than the Hg(1)-O(1) separation of 2.88(2)A. The two covalent Hg-Br
interactions differ by 6. The bridging Hg(2)-Br(3) distance is the longer at 2.450(3)A
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with Hg(2)-Br(4)=2.432(3)A. The Hg(2) coordination environment is completed by
two bridging Br donor interactions Hg(2)-Br(1)=2.937(4)A and Hg(2)-Br(3)* = 3.253(4)A.

There are two unique hydrogen bonds in the asymmetric unit. O(1) donates a
hydrogen bond to O(6) in a symmetry related dimer. O(6) donates intramolecularly
to Br(2).

DISCUSSION

Table 10 presents comparative data for HgX, polyether complexes. From this data
and the structures described earlier, trends in Hg(II) polyether complexation are
evident. First, Hg is large enough to perturb the normal conformation of 18-membered,
6-donor, macrocyclic ethers. These crown ethers coordinate Hg in a hexagonal plane
with consistent internal O-Hg-O angles of ca 60°; however, to do so the O-C-C-O
torsion angles must expand to an average near 75° (the normal O-C-C-O torsion
angles are closer to +60° in 18-crown-6). In addition, deviations of the individual
oxygen atoms from the hexagonal planes in the 18-crown-6 structures average 0.23A.
When compared to the more appropriately sized (for 18-crown-6) Pb2* ion, the stress
on the crown ether is apparent. In [Pb(NO;),(18-crown-6)],>3 the O-C-C-O torsion
angles relax to an average of 64° and the oxygen atom deviations from the hexagonal
planes average 0.16A.

The stress on the macrocyclic ring can even be observed in the more rigid
dibenzo-18-crown-6 derivatives. Dibenzo-18-crown-6 has less conformational flexibility
than 18-crown-6 and consequently, instead of an expansion of all of the O-C-C-O
torsion angles and equivalent Hg-O distances as found for 18-crown-6, Hg is displaced
away from the centre of dibenzo-18-crown-6. There is only a 0.092A range in Hg-O
distances for all five structural characterizations of Hg/18-crown-6 complexes, while
a range of 0.224 is observed in [Hgl (dibenzo-18-crown-6)]*CH,CN. The Hg position
is closer to O(1)-O(3) than O(4)-O(6). It is interesting to note that the ethylene
O-C-C-0 torsion angles on the side closest to Hg average 61°, while the two such
angles on the side farthest from Hg average 79°.

The stress placed on the 18-membered macrocycles is relieved by opening the chain.
EO4 and EOS5 mimic a crown ether by attempting to encircle Hg; however, their
acyclic nature allows them to relieve the stress created by the large Hg by increasing
Hg-O separations. In the 18-crown-6 complexes a very narrow range of Hg-O distances
is observed (0.074A maximum for [HgBr,(18-crown-6)]). In the PEG and glyme-like
structures listed in Table 10 (except for the linear EOQ3 complex) there is a much
wider range of Hg-O separations (0.16-0.34A). This arises from the pincer-like
complexation of the PEG ligand. The PEGs attempt to form a hexagonal array
around Hg with internal O-Hg-O angles approaching 60°; however, without the
constraint of being cyclic the O-C-C-O torsion angles average a more normal 64°.
This produces shorter Hg-O distances in the centre of the PEG ligand with
progressively longer distances towards the ends of the PEG chains. In each PEG
structure one end of the chain does not coordinate the metal ion and each Hg has
one open site in what would be a hexagonal array around the metal ion. This
pseudo-hexagonal bipyramidal geometry with one open site and a coordination
number of only 7 may be a favourable one for Hg. It has been observed in other
crown-like molecules with cycles larger than 18 members.3¢37
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Given the differences in halide, polyether coordination, and coordination number,
the average Hg-O distances in all of the compounds are quite similar with only a
0.14A range. This is a result of the crown ether complexes all having fairly equal
Hg-O separations, while in the PEG structures the shortest and longest Hg-O distances
are observed. Both features of these complexes are a direct result of the ligand strain
discussed above. It is also interesting to note that the differences in Hg-O (alcoholic)
versus Hg-O (etheric) distances are due to geometric position rather than to the
basicity of the donors.

A comparison of the nearly linear X-Hg-X fragment in all compounds in Table 10
reveals very little difference in Hg-X distance for a given halide. The ranges in average
Hg-X (covalent) distances are 0.063A for X =Cl, 0.050A for X =Br, and 0.022A for
X =1. This observation is made despite a range in coordination number from 5-7, a
varible number of bridging donor halide interactions in some of the complexes,
hydrogen bond acceptance by some of the halides, and a range in X-Hg-X angles of
26.6°. The PEG structures all exhibit a bending of this fragment toward the open
side of the molecule.

The EO3 structure, [(HgCl,);(EO3}], is the only example of a coordination type
involving a linear PEG. This coordination mode is similar to that predicted by Frére
et al.?3 for complexation of HgCl, with PEGs from aqueous or ethanolic solutions.
Under our complexation conditions the normal mode of coordination for PEGs is
a wrapping pattern which mimics crown ether coordination. Given our observed
pattern for PEG complexes however, if EO3 were to coordinate in a similar fashion,
only three equatorial coordination sites would be occupied. In the observed structure
with a linear PEG, each Hg ion adopts a more normal pentagonal bipyramidal
geometry, with no open coordination sites. The only compressed angles in the
pentagonal planes are the O-Hg-O angles which (like all of the PEG structures)
average near 60° (61.8(8)°).

CONCLUSIONS

Mercury can coordinate in the cavity of 18-membered, 6-donor macrocycles, but only
by expansion of the O-C-C-O torsion angles. PEGs will normally mimic crown ethers
in forming an equatorial girdle of oxygen donors; however, the O-C-C-O torsion
angles relax to ca 65° and this results in a pincer-like coordination of Hg. Hg-X
distances are fairly invariant despite coordination number and other interactions the
halide ions participate in. Given the trends observed here it would be interesting to
further study these conclusions with polyethers that form 6- rather than 5-membered
chelate rings, and to investigate the effects of more covalent interactions with softer
donor atoms.
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