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We wish to report the first measurements of **Hg NMR chemical shift data for a series of homoleptic Hg(ll)
complexes with thiacrown ligands and related aza and mixed thia/aza macrocycles. In mercury(ll) complexes containing
trithiacrown through hexathiacrown ligands, we observed ***Hg NMR chemical shifts in the range of —298 to —1400
ppm. Upfield chemical shifts in these NMR spectra are seen whenever (a) the number of thioether sulfur donors
in the complex is decreased, (b) a thioether sulfur donor is replaced by a secondary nitrogen donor, and (c) the
size of the macrocycle ring increases without a change in the nature or number of the donor atoms. Changes in
noncoordinating anions, such as hexafluorophosphate and perchlorate, have little effect on the *Hg chemical
shift. For several complexes, we observed 3J(%°Hg—'H) coupling in the range of 50-100 Hz, the first example of
proton—mercury coupling through a C-S thioether bond. Also, we obtained unusual upfield *C NMR chemical
shifts for methylene resonances in several of the thiacrown complexes which correspond to distortions within the
five- and six-membered chelate rings bound to the mercury ion. We report the X-ray crystal structure of the complex
[Hg(18S6)](PFe). (18S6 = 1,4,7,10,13,16-hexathiacyclooctadecane). The molecule crystallizes in the rare trigonal
space group P3mil with hexakis(thioether) coordination around the Hg(ll) center confirming previous X-ray
photoemission spectroscopic data on the compound. The lack of an observable *Hg NMR signal for the complex
is the result of the identical length (2.689(2) A) of all six Hg—S bonds. We additionally report the X-ray structure
of the complex [Hg(9N3),](ClO4), (IN3 = 1,4,7-triazacyclononane) which shows hexakis(amine) coordination of
the 9N3 to form a distorted trigonal prismatic structure. Solution dissociation of the one of the 9N3 ligands from the
mercury ion is confirmed by multinuclear NMR experiments. For six-coordinate macrocyclic Hg(ll) complexes, N6
donor sets have a preference for trigonal prisms while S6 donor sets favor octahedral structures.

Introduction NMR offers several advantages including a larger chemical

The coordination chemistry of mercury(ll) has received SNift range, stronger heteronuclear coupling, and faster
increased attention lately, in part, because of the concerng'€laxation times which enable more rapid data collection.
regarding its environmental and toxicological impacts. Given these favorable attributes, there is considerable current
Although'3Cd NMR studies have been performed on many interestin employing this nucleus as a metallobioprobe and
of Cd(ll) complexes, particularly with thiol and thiolate €xpanding the availablé*Hg NMR data for its coordination
ligands!* reports of'®*Hg NMR measurements are much compounds.Even more limited are reports 6"Hg NMR
more limited>® Both nuclei have spins of 1/2, anf®Hg

(4) Pregosin, P. S. Idransition Metal Nuclear Magnetic Resonance
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measurements on thioether complexes, especially for thia-
crown complexes. This aspect of Hg coordination chemistry
is somewhat surprising giving the general thiophilic nature
of heavy metals such as mercury, the biological relevance
of Hg—sulfur binding, and the potential for thioether-based
ligands to be developed as heavy metal environmental
remediators. Indeed, a publication by Baumann and co-
workers cites the use of a polystyrene-bound pentathiacrown
ligand which completely removes mercury(ll) from aqueous
solution?

The goal of this report is to expand NMR studies using
19%Hg NMR to include homoleptic thiacrown complexes and
related macrocyclic ligands. We believe that thiacrown
complexes of Hg(ll) are particularly well suited for the
development of key empirical structurepectroscopic cor-
relations in'**Hg NMR spectroscopy. Thiacrowns are less
labile sulfur donor ligands than their acyclic analogues and,
accordingly, may alleviate rapid exchange problems which
are sometimes problematic for this nucleus. During the past
fifteen years, several crystal structures of mercury(ll)
complexes involving thiacrown ligands have been obtained,
and they constitute examples of well-defined mononuclear
and binuclear complexes for empirical structuspectro-
scopic relationship¥-1° The thiacrowns and other related
ligands discussed in this paper are illustrated in Chart 1. The
polythioether macrocycles have the ability to force different
coordination modes on the Hg(ll) center, in contrast to the
tetrahedral and linear geometries usually observed in the
coordination chemistry of this ioff.These unusual mercury-

(1) geometries are presented in Chart 2 and include square

planar (), square pyramidal €5 and octahedral @b
structures. Our group is interested in examining how
structural modifications within the thioethers affect their
ability to bind toxic heavy metals and other transition metal
ions, and we have now prepared a series of new Hg(ll) metal
complexes with several macrocyclic polythioeth¥rs®
Furthermore, we are now engaged in the development of a
set of structuratspectroscopic correlations employitiHg
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R. J.Inorg. Chem2002 41, 2529.
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Commun.199§ 1637.
(10) Blake, A. J.; Holder, A. J.; Hyde, T. I.; Reid, G. ScHes, M.
Polyhedron1989 8, 2041.
(11) Setzer, W. N.; Guo, Q.; Grant, G. J.; Hubbard, J. L.; Glass, R. S;
VanDerveer, D. GHeteroat.Chem199Q 1, 317.
(12) Pickardt, J.; Shen, Z. Naturforsch., BL993 48, 969.
(13) Wilhelm, W.; Deeken, S.; Berseen, E.; Saak, W.tzen, A.; Koch,
R.; Strasdeit, HEur. J. Inorg. Chem2004 2301
(14) Helm, M. L.; Loveday, K. D.; Combs, C. M.; VanDerveer, D. G.;
Grant, G. Jlnorg. Chim. Acta2002 338, 182.
(15) Helm, M. L.; VanDerveer, D. G.; Grant, G.J.Chem. Cryst2003
33, 625.
(16) Setzer, W. N.; Tang, Y.; Grant, G. J.; VanDerveer, Dlrérg. Chem.
1991, 30, 3652.
(17) Alcock, N. W.; Herron, N.; Moore, Rl. Chem. Soc., Dalton Trans.
1977, 394.
(18) Jones, T. E.; Sokol, L. S. W. L.; Rorabacher, D. B.; Glick, MJB.
Chem. Soc., Chem. Commui@79 140.
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Chart 1. Structures of Thioether Ligands Discussed in This Paper
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Chart 2. General Coordination Modes of Thiacrown Ligands with

Hg(ll)
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and other heavy metal NMR spectral data for the charac-
terization of thiacrown complexes, as they remain relatively
unexplored in that capacity. Our hope is that such strueture
spectroscopic correlations will prove useful in the further
development of remediation and detection agents for mer-
cury, cadmium, and lead environmental contamination, and
we believe that accumulation of chemical shift data can be
useful in the continued development ¥fHg NMR spec-
troscopy as a probe for biological molecules. For example,
a recent report of a mercury complex with a macrocyclic
ligand shows the ligand to be an excellent and selective
fluorescent chemosensor for Hg(thbut its solution struc-
ture remains uncertain. We believe th&Hg NMR offers

the promise for the determination of solution state structures
on molecules such as these. In pridHg NMR studies,
changes in the nature of the donor atoms, the coordination
number, and complex geometry all influenced the chemical
shift of the Hg nucleu$,and we will accordingly examine
how these different structural factors in macrocyclic com-
plexes affect their NMR spectra. The evaluation of solution

(21) Prodi, L.; Bargossi, C.; Montalti, M.; Zaccheroni, N.; Su, N.; Bradshaw,
J. S.; Izatt, R. M.; Savage, P. B. Am. Chem. So200Q 122, 6769.
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structures by NMR complements solid-state measurementsNMR (CDsNO,, 25 °C): 6 3.32 (s, with twol%Hg satellites,

and can provide a direct probe of how the ligand is
complexed to the metal in solution. To our knowledge, our
work represents the first detailed study of thiacrown com-
plexes using®Hg NMR spectroscopy.

Experimental Section

Materials and Measurements.Commercially available thiac-

3J(*°*Hg—1H) = 51.3 Hz).13C{'H} NMR (CDsNO,, 25 °C): ¢
31.1 (s). No'®Hg NMR signal could be detected for a 20 mM
solution of the complex after 3 days of data collection.
Preparation of [Hg(18S6)](ClOy), (1b). A solution of 18S6
(41.2 mg, 0.114 mmol) in 8 mL of MeN{Qwvas added to a solution
of Hg(ClO,),-3H,0 (52.0 mg, 0.115 mmol) in 2 mL of MeNO
and 4 drops of acetic anhydride. A colorless precipitate formed
immediately. The precipitate was filtered, washed with ethex (3

rown, azacrown, and mixed aza thiacrown ligands and mercury 5 m| ), and vacuum dried to yield 66.3 mg (76.5%) of [Hg(18S6)]-
reagent salts and solvents were used as received without additionalc|o,), as a colorless microcrystalline solid. Anal. Calcd fapG.

purification. The ligand 12S3 (1,5,9-trithicyclododecane) was
prepared by the reported proced&t&he previously reported Hg-
(I complexes [Hg(9S3)(ClO,), (7a) (9S3= 1,4,7-trithiacyclo-
nang,'* [Hg(9S3}(PR)2 (7b),'° [HY(10S3)](ClO,). (8a) (10S3
= 1,4,7-trithiacyclodecang* [Hg(10S3}](PFs)2 (8b),*° [Hg(15S5]-
(PR)2 (9) (15S5= 1,4,7,10,13-pentathiacyclopentadecafigind
[Hg(18SINL)](PFs)2 (10¥® (185N, = 1,4,10,13-tetrathia-7,16-
diazacyclooctadecane) were prepared as previously repQaed.
tion!!! Although the perchlorate salts prepared in this report do
not appear to be shock-senséi they should be handled with
caution and only irvery small quantities. Mercury is a toxic hea
metal and its compounds should be treated accordingly.
Infrared spectra were obtained on a Nicolet Impact 4100 FT-IR

Cl,OsHgSs: C, 18.96; H, 3.18, S, 25.30. Found: C, 19.05; H, 3.32,
S, 25.25 FT-IR (KBr, cm™Y): v 2968, 2918, 1546, 1411, 1258,
1204, 1135, 10921067 (s, b, CIQ"), 924, 899, 859, 710, 619
NMR (d5-DMSOQO, 25°C): ¢ 3.32 (s, with twol%Hg satellites,
3J(**Hg—1H) = 49 Hz). 13C{H} NMR (d®-DMSO, 25°C): ¢
29.2(s). No¥Hg NMR signal could be detectedf@ 5 mM
solution of the complex in®DMSO after 3 days of data collection.
Preparation of [Hg(9N3),](ClO 4); (2). The hexafluorophosphate
salt of this complex cation has been previously synthesized, but
no structural or spectroscopic data were repotted.solution of
1,4,7-triazacyclononane, 9N3, (63.6 mg, 0.492 mmol) in 7 mL of
CH3OH was added to a solution of Hg(CGff2 3H,0 (102 mg, 0.225
mmol) in 10 mL of CHOH, and the mixture was stirred overnight.

spectrometer using dry preweighed KBr packets (500 mg) and an » \yhite microcrystalline precipitate of [Hg(9NGICIO.), formed

ATR accessory. Elemental analyses were performed by Atlantic

Microlab Inc. of Atlanta, GeorgiatH, 3C{H}, and1°*Hg{1H}
NMR spectra were obtained on a Varian Gemini 300 MHz

spectrometer operating at 300.1, 75.46, and 53.73 MHz, respec-

tively, using CQNO, for the deuterium lock. The CINO, was
used as the reference for thd and 3C{1H} NMR spectra. The
19%Hg{*H} NMR spectra were collected at 26 using a delay time
of 1.0 s and referenced to a 0.10 M solution of Hg(¢$dn D,O
at —2250 ppn®8 The referencing for all of th&*Hg{H} NMR
spectra was verified using concentrated HggNGn D,O which
gave a chemical shift of 2400 ppm, matching its literature value.
Synthesis of Hg(ll) Complexes.The new complexes were

prepared either as perchlorate salts using the method of Rosen an

which was filtered, washed with anhydrous diethyl ether(30
mL), and vacuum dried. Addition of 75 mL of diethyl ether to the
filtrate yielded a second crop of crystals. Both precipitates had
identical FT-IR spectra so they were combined to yield 111 mg
(69.4%) of [Hg(9N3)](ClO4), as a white solid. FT-IR (KBr, cm'):

v 3332 (NH), 3254 (NH), 2926, 2845, 1560, 1461, 1357, 1280,
1236, 1103 (s, Cl®), 995, 887, 840, 801, 624, 555. Slow diffusion
of diethyl ether into a concentrated MeM@®olution formed
colorless prisms which were suitable for X-ray diffraction and NMR
studies.'H NMR (CD3NO,, 25 °C): 6 4 non-first order broad
poorly resolved multiplets centered at 3.24 (6H, methylene), 3.08
6H, methylene), 2.91 (6H, methylene), 2.77 (6H, methylene), and

broad singlet at 2.99 (6H,\H). 133C{*H} NMR (CD3NO,, 25

Busch* or as hexafluorophosphate salts using the method of °C): 0 45.2 (), 45.0 (), 43.9 (s1°Hg{ *H}-NMR (CDsNO,, 25

Schraerl®
Preparation of [Hg(18S6)](PF). (1a). An X-ray photoemission

spectrum of this compound has been reported, but no synthetic,

crystallographic, or spectroscopic data were inclut¥esl mixture

of HgSQ, (39.0 mg, 0.131 mmol) and 18S6 (53.0 mg, 0.147 mmol)
(18s6 = 1,4,7,10,13,16-hexathiacyclooctadecane) in 12 mL of
water/methanol (1:1 v/v) was refluxed for 1.45 h. The solution was
initially yellow but became colorless during reflux. When the
solution was cooled to room temperature, /R (88.0 mg, 0.540
mmol) was added, and a white precipitate formed immediately.
After the solution was cooled at @ for 1 h, the colorless solid
was filtered, washed with ether 8 10 mL), and air dried to yield
93.0 mg (84.0%) of [Hg(18S6)](RJ: as a white crystalline solid.
Colorless crystals suitable for X-ray studies were grown from the
solution by solvent diffusion of diethyl ether into a Mek§&blution.
FT-IR (KBr, cm™%): v 2987, 2935, 1422, 1292, 1267, 1189, 1150,
1116, 1047, 1025, 935, 853 (s, £k 667, 560(s, PF), 473.1H

(22) Adams, R. D.; Perrin, J. Unorganic Syntheseslohn Wiley and
Sons: New York, 2002; Vol. 33, p 119.

(23) (a) Blake, A. J.; Reid, G.; Schder, M. Polyhedron199Q 9, 2931.
(b) For a review of the coordination chemistry of 18N2S4 complexes,
see: Reid, G.; Sclider, M. Chem. Soc. Re 199Q 19, 239.

(24) Rosen, W.; Busch, D. Hnorg. Chem.197Q 9, 262.

(25) Nelson, A. J.; Reynolds, J. G.; Baumann, T. F.; Fox, GAppl. Surf.
Sci.200Q 167, 205.
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°C): 0 —948 (s,v12 = 141 Hz),—1313 ppm (Sy12 = 167 Hz) in
a 1.0/1.1 ratio, respectively.

Complexation Studies of Hg/12S4 Complexes (3 solution
of 1,4,7,10-tetrathiacyclododecane (12S4) (81.0 mg, 0.337 mmol)
in 12 mL of hot anhydrous MeNfwas added to a solution of
Hg(ClOy)2:3H,0 (45.0 mg, 0.0992 mmol) in 2 mL of anhydrous
MeNO, and 4 drops of acetic anhydride. When the mixture was
cooled to room temperature, a white solid precipitated which was
confirmed by NMR measurements to be unreacted 12S4 ligand.
The excess ligand was removed by filtration, and the solution was
concentrated to half volume using a rotary evaporator. A volume
of anhydrous diethyl ether (75 mL) was then added to the solution,
and a white precipitate formed immediatelyhe precipitate was
removed by filtration, washed with anhydrous diethyl ethex(3
10 mL), and vacuum dried to yield 48.0 mg of a white solid. FT-
IR (KBr, cm™): v 2987, 293, 1547, 1430, 1366, 1305, 1275, 1189,
1094 (s, CIQ"), 896, 857, 680, 620H NMR (CD3sNO,, 25 °C):
6 3.41 (s).23C{H} NMR (CD3NO,, 25°C): 6 30.8(s). Anal. Calcd
for C15H32C|208Hg%: C, 21.83,H, 3.66, S, 29.13. Found: C, 19.05;
H, 3.32; S, 25.25. Calcd for the [Hg(12S4)](C)[Hg(12S4}]-
(ClOy), mixture (1:1): C, 19.0; H, 3.2; S, 25.3. A satisfactory

(26) Stockheim, C.; Wieghardt, K.; Nuber, B.; Weiss, J.rkéo U.; Haupt,
H.-J.J. Chem. Soc., Dalton Tran$991, 1487.
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analysis consistent with the exclusive formation of either a mono- MeNGO, and 4 drops of acetic anhydride. The solution was
or bis-12S4 complex was not obtained. However, our analyses areconcentrated using a rotary evaporator. A volume of anhydrous
consistent with the presence of both complexes in a near 50/50diethyl ether (70 mL) was then added to the solution, and a white

mixture2”

The hexafluorophosphate salt was also prepared. H{6®4
mg, 0.204 mmol) was refluxed for 16 h with 12S4 (108 mg, 0.449
mmol) in 150 mL of HO/MeOH (1:1 v/v). Because of the limited
solubility of the 12S4 ligand, an additional 20 mL of gEN was
added to the reaction mixture, and the solution was filtered to
remove excess 12S4. A mass of M (0.130 g, 0.798 mmol)

precipitate formed immediatelfThe precipitate was removed by
filtration, washed with anhydrous diethyl ether 310 mL), and
vacuum dried to give 53.0 mg (85.1% yield) of [Hg(14S4)](QkO
H,0 as a white solid. Anal. Calcd for;gH,,Cl,0HgS:: C, 17.51;

H, 3.23; Cl, 10.34. Found: C, 17.46; H, 3.52; Cl, 10.36. FT-IR
(KBr, cm™): v 3614 (O-H), 2979 (C-H), 2931, 2426, 2245, 2017,
1629, 1430, 1292, 1258, 1090 (s, G 900, 861, 831, 621 (€

was added to the solution which was concentrated on a rotary S).*H NMR (CDsNO,, 25°C): ¢ 3.49 (8H, s,~CH,CH,—), 3.35

evaporator and cooled td @or 12 h. A white precipitate formed
which was removed by filtration, washed with anhydrous diethyl
ether (3x 10 mL), and vacuum dried to give 28.4 mg (19.0%
yield) of [Hg(12S4)](PFk). as a white microcrystalline solid. Anal.
Calcd for GeHsPoF1o2HOSs: C, 13.15, H, 2.21, S, 17.64. Found:
C, 16.34; H, 3.06; S, 21.39. Calcd for the [Hg(12S4)HRF
[Ho(12S4))(PFe), mixture (1:1): C, 16.5; H, 2.8; S, 21.8. Despite

(8H, t,3J(*H—H) = 5.50 Hz,—CH,CH,CH-), 2.38 (4H, q2J(*H—
1H) = 5.50 Hz, —CH,CH,CH,—). 13C{1H} NMR (CDsNO,, 25
°C): 8 36.7 (4C, s,—CH,CH,—), 34.5 (4C, s;/~CH,CH,CH,—),
28.7 (2C, s,—CH,CH,CH,—). 19%Hg{H} NMR (CDsNO,, 25
°C): 0 —827 (1. = 436 Hz).

NMR Characterization of [Hg(9S3),](CIO ) (7a), [Hg(9S3)]-
(PFe) (7b), [Hg(10S3)](CIO,) (8a), [Hg(10S3)(PFe) (8b), [Hg-

repeated recrystallizations, again we could not obtain a satisfactory (15S5)](PF)2 (9), and [Hg(18SN,)](PFs)2 (10). Saturated samples

analysis for either a mono- or a bis-12S4 complex as the
hexafluorophosphate salt. FT-IR (KBr, ci: v 2945, 2917, 2890,

2814, 2594, 2426, 2359, 1421, 1290, 1211, 1138, 1034, 834 (s,

PFRs7), 559 (s, PE), 452.1H NMR (CD3NO,, 25°C): 6 3.44 (s).
13C{1H} NMR (CD3NO,, 25 °C): o 30.9(s).19Hg{H} NMR
(CD3N02, 25 oC)Z o —718 (S,Vl/z = 159 HZ).

Preparation of [Hg(12S3)](CIO4), (4). A solution of 1,5,9-
trithiacyclododecane (12S3) (61.4 mg, 0.276 mmol) in 8 mL of
anhydrous MeN@was added to a solution of Hg(CJi3-3H,0
(42.0 mg, 0.0926 mmol) in 2 mL of anhydrous MeNénd 5 drops
of acetic anhydride. The solution was concentrated to half volume
using a rotary evaporator. A volume of anhydrous diethyl ether
(75 mL) was then added to the solution, and a white precipitate
formed immediately. The precipitate was removed by filtration,
washed with anhydrous diethyl ether {310 mL), and vacuum
dried to give 52.3 mg (66.9% yield) of [Hg(12SRECIO,), as a
white solid. Anal. Calcd for gH3,Cl,0sHgSs: C, 25.61; H, 3.68;

S, 22.78; Cl, 8.40. Found: C, 25.53; H, 3.73; S, 22.39; ClI, 8.38.
FT-IR (KBr, cmY): v 2977, 2931, 1547, 1425, 1365, 1275, 1189,
1100-1050 (s, ClQ™), 894, 855, 679, 623*H NMR (CDsNOy,
25°C): 0 3.47 (12H, b sp-methylene), 2.44 (6H, b $i-meth-
ylene).23C{H} NMR (CDsNO,, 25 °C): ¢ 36.5 (6C, so-meth-
ylene), 27.4 (3C, s3-methylene)1**Hg{*H} NMR (CD3;NO,, 25
°C): 0 —795 (s,v12 = 136 Hz).

Preparation of [Hg(16S4)](CIlO,), (5). The crystal structure of

in CD3NO; of the compounds were prepared for the NMR studies
which were carried out at 2. 19Hg{1H} NMR chemical shifts
and corresponding line widths are below along W#B{ *H} NMR
and!H NMR data not previously published.

7a.'H NMR (CD3NO;,, 25°C): 6 3.27 (m, ABCD pattern with
19%Hg satellites3J(***Hg—1H) = 71 Hz).13C{*H} NMR (CD3NO,,
25°C): 6 28.5 (s).1%Hg{'H} NMR (CD3NO,, 25 °C): 6 —275
(s,v12= 47 Hz). Variable-temperatutéC{'H} NMR studies (C-
NO,): 45°C, 28.5 ¢/ = 4 Hz); 22°C, 28.5 {1, = 3 Hz); 0°C,
28.5 (12 = 3 Hz); —29 °C, 28.5 {1, = 4 Hz) (see Supporting
Information Figure 4a and b for spectra).

7b. 'TH NMR (CD3NO,, 25 °C): 6 3.26 (m, ABCD pattern).
13C{1H} NMR (CD3NO,, 25 °C): 6 28.4 (s).1%Hg{H} NMR
(CDsNO,, 25°C): 6 —273 (s,v12 = 28 Hz).

8a.H NMR (CDs;NO,, 25°C): 6 3.52 (8H, b m), 3.48 (8H, b
m), 3.26 (8H, vb s), 2.35 (4H, vb sC{'H} NMR (CDsNO,, 25
°C): 0 34.9 (4C, b s), 33.3 (4C, b s), 30.3 (4C, b s), 29.1 (2C, vb
s). Variable-temperatur®C{1H} NMR studies in CRCN show
the disappearance of these four resonance=28t°C, suggesting
a fluxional process (see Supporting Information Figuré®#ig{ 1H}
NMR (CD3NO,, 25°C): ¢ —598 (s,v1, = 326 Hz).

8b. 'H NMR (CDsNO,, 25°C): ¢ 3.52 (8H, b m), 3.48 (8H, b
m), 3.25(8H, vb s), 2.34(4H, vb sBC{*H} NMR (CDsNO,, 25
°C): 0 34.9 (4C, b s), 33.2 (4C, b s), 30.2 (4C, b s), 29.1 (2C, b
s).19%Hg{ *H} NMR (CDsNO,, 25°C): ¢ —596 (S,v1, = 161 Hz).

this compound has been previously reported, but no NMR data were 9 1H NMR (CDsNO,, 25°C): ¢ 3.8-3.0 (vb s).23C{'H} NMR

given (16S4= 1,5,9,13-tetrathiacyclohexadecah&]he complex
was prepared by the published methdid. NMR (CD3NO,, 25
°C): ¢ 3.40 (16H, t2J(*H—1H) = 6.00 Hz,a-methylene with two
19%Hg satellites2J(**°*Hg—1H) = 93.6 Hz), 2.46 (8H, tIJ(*H—1H)
= 6.15 Hz,5-methylene)3C{H} NMR (CD3NO,, 25°C): 6 36.3
(8C, s,a-methylene with twd®*Hg satellites2J(19Hg—13C) = 24
Hz), 24.7 (4C, s-methylene).®*Hg{'H} NMR (CD3NO,, 25
°C): & —1120 (s,v12 = 322 Hz).

Preparation of [Hg(14S4)](ClOy),H,O (6). The structure of

this complex has been previously reported, but we report here its

synthesis by a higher yield route as well as its spectroscopictata.
A solution of 1,4,8,11-tetrathiacyclotetradecane (14S4) (38.3 mg,
0.143 mmol) in 8 mL of anhydrous MeN@vas added to a solution

of Hg(ClOy),-3H,0 (41.2 mg, 0.0908 mmol) in 2 mL of anhydrous

(27) We would note that for the cadmium(ll) analogue, we have obtained
a crystal structure of the bis-12S4 complex in the solid state which
rapidly loses one 12S4 ligand in solution. Helm, M. L.; Hill, L. L.;
VanDerveer, D. G.; Grant, G. J. Manuscript in preparation, 2005.

(CD3NO,, 25°C): 0 33.1 (vb s,v1 = 51 Hz). **Hg{*H} NMR
(CD3NO,, 25°C): 6 —484 (s,v1, = 335 Hz). Variable-temperature
13C{1H} NMR studies (CRNO,): 45 °C, 33.1 {1, = 14 Hz); 25
°C, 33.1 {12 = 17 Hz); 0°C, 33.1 ¢, = 23 Hz); —19°C, 33.1
(v12 = 30 Hz); =29 °C, 32-34 (peak too broad to measure line-
width) (see Supporting Information Figure 9).

10.%%Hg{H } NMR (CD3sNO,, 25°C): 6 —737 (s,v12= 124
Hz), —816 (s,v12 = 211 Hz). The!H and3C{1H} NMR spectra
of the complex have been previously reporiéd.

X-ray Data Collection, Structure, and Solution. Crystals of
la and 2, suitable for X-ray diffraction, were grown by slow
(multiday) solvent diffusion of diethyl ether into a concentrated
MeNO, solution at ambient temperatures. A summary of key
crystallographic details for both structures is presented in Table 1.
Selected bond distances and angles in both structures are presented
in Table 2. For the two structures, intensity data were collected on
a Siemens SMART 1K CCD diffractomet&rand the structures
were solved using direct metho#fs.
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Table 1. Crystallographic Data Summary for [Hg(18S6)]¢pH1a)
and [Hg(9N3)](ClO4)2-MeNO; (2)

la 2
empirical formula GoH24F12HgPSs Ci3H27CI,HgN7O10
fw (amu) 851.20 712.91
cryst size (mm) 0.48 0.04x 0.02 0.53x 0.36x 0.24
appearance colorless, needles colorless, needles
cryst syst trigonal monoclinic
space group P3m1l P2:/n
a(A) 11.4427(16) 9.5125(19)

b () 11.4427(16) 9.840(2)
c(A) 5.4851(11) 26.205(5)
o (deg) 90 90

£ (deg) 90 94.79(3)
y (deg) 120 90

V (A3) 621.97(18) 2444.3(8)
z 1 4

Pealed (g €m3) 2.273 1.937

u (mm™1) 6.911 6.576

T (K) 298(2) 173(2)
reflns collected 5418 17854
reflns unique 433 3930
Rmerge 0.0397 0.0386
R® 0.0398 00318
RP 0.1102 0.0754

aR; = Y ||Fo| — |Fel|/3|Fol for observed datat 2o(1). °Re = { ¥ [W(Fc?
— FAA/ 3 [w(F2)} 2 for all data.

Table 2. Selected Bond Distances (A) and Angles (deg) for
[Hg(18S6)](PR)2 (18) and [Hg(IN)(CIO4)*MeNO2 @)

[Hg(18S6)IPFs)2 (1a)
Hg(1)-S(1) 2.689(2) Hg(1)y S(1)#2 2.689(2)
s—C 1.791(9) cC 1.480(17)
S(L)#1-Hg(1)-S(1)#2 180.0 S(L#1-Hg(@®S()#3  97.79(6)
S(L#2-Hg(1F-S(1)#3  82.21(6) C(2)#6-SEC(2) 111.2(8)
C(2)#6-S(1y-Hg(1) 101.8(3)  C(#7-C(2)S(1) 121.3(5)
[Hg(9N3)](ClO4)MeNO2 @)
Hg1-N16 2.412(5) Hg:N10 2.412(5)
Hg1-N4 2.448(6) Hgt-N13 2.442(5)
Hg1-N7 2.353(4) Hg+N1 2.443(5)
N16-Hgl-N10 74.2(2) N16-Hg1-N13 73.0(9)
N16-Hgl-N13 72.85(16)  N4Hgl-N7 73.97(19)
N7—Hgl-N1 73.46(18)  N4-Hgl-N1 73.5(2)
N16-Hgl—-N4 89.57(18)  N4Hgl-N13 142.2(2)
N10-Hgl-N4 134.6(2) N16-Hg1l-N7 142.5(2)
N10-Hgl-N7 140.2(2) N13-Hgl-N7 99.79(16)
N16-Hgl-N1 134.4(2) N16-Hgl-N1 87.98(18)
N13—-Hgl-N1 141.68(18)

a Symmetry transformations used to generate equivalent atoms:y#1
X—VY,z#2Y,—Xx+Yy,—z+ 1, #3—X+y, —X z #4—X, —y,—z+ 1, #5
X—VY, X —z+ 1, #6—X+VY, Y,z #7 —X —X+y, —z+ 1; #8—x+y +
1—x+ 1,z and #9—y+1,x — vy, z

For 1a, theh, k,andl ranges used during its structure solution
and refinement were-12/13, —13/13, and—6/6. Of the 5418
measured reflections, 433 were unique. The merginglues on
intensities were 0.0472. The structure was refined by a full-matrix
least-squares method & using 433 unique reflections and 35
parameters. The residuals were as follows: for reflections ith
> 20(l), R=0.0397,R, = 0.1101, and GO 1.094 and for all
reflections,R = 0.0398 andR, = 0.1102. In the last D map, the
deepest hole was-0.855 e/&, and the highest peak was 1.085
els,

(28) The programs used for data collection, solution, and refinement of
this structure were as followsSMART version 5.054SAINT", version
6.01;SHELXTL version 5.1; Bruker AXS: Madison, WI, 1998999.

(29) (a) Sheldrick, G.MSADABSBruker AXS: Madison, WI. (b) Blessing,

R. H. Acta Crystallogr.1995 A51, 33.

5700 Inorganic Chemistry, Vol. 44, No. 16, 2005

Helm et al.

Cl2)

ClzCl

Cl2F)
[olein)}

ci2n

2J)
Cl2Al o2)

Figure 1. Thermal ellipsoid perspective (50% probability) of the cation
in [Hg(18S6)](PK).. (1a).

For 2, the h,k, and| ranges used during its structure solution
and refinement were-11/10,—11/11, and—31/31. Of the 4340
measured reflections, 3930 were unique. The mergrglues on
intensities were 0.0295. The structure was refined by a full-matrix
least-squares method 6@ using 3930 unique reflections and 358
parameters. The residuals were as follows: for reflections with
> 20(l), R=0.0318,R, = 0.0754, and GO 1.096 and for all
reflections,R = 0.0386 andR, = 0.0730. In the last D map, the
deepest hole was1.064 e/, and the highest peak was 1.775
elhs,

Results and Discussion

SynthesesMercury(Il) complexes were generally prepared
under anhydrous conditions from mercury perchlorate or
using the procedure of Rosen and Busch in order to minimize
hydrolysis problem$! For two of the complexes, the
perchlorate salt proved to be too insoluble for NMR study,
and an alternative hexafluorophosphate salt was prepared
from mercury(ll) sulfate to increase solubility Hexafluo-
rophosphate salts were also prepared for several complexes
to compare the effects of the nature of the anion upon
chemical shift. The FT-IR spectra of the complexes con-
firmed that both the macrocycle and the noncoordinating
anion (either ClO4 or PF6’) were present. Complexation
of Hg(ll) by the thiacrown ligand was typically confirmed
by downfield shifts in both théH and'3C{'H} NMR spectra
of the complexes compared to the free ligands, except where
noted below. Compoundsaand2 were further characterized
by single-crystal X-ray crystallography.

Structures. X-ray Structure of [Hg(18S6)](PFs).. The
structure crystallizes in a trigonal unit cell with the rare space
groupP3m1, and a thermal ellipsoid perspective is shown
in Figure 130 Each unit cell is surprisingly compact and
consists of a singular molecular unit with one [Hg(1836)]
cation and two PF6anions with only C and H occupying
general positions within the cell. No solvents are incorporated
into the lattice. For homoleptic hexadentate 1856 complexes,

(30) To our knowledge, only 11 compounds in the current Cambridge
Crystallographic Database have structures which exhibit this particular
space groupCambridge Structural Databaseersion 5.26; Cambridge
Crystallographic Data Centre: Cambridge, U.K., 2004.
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® 000 ‘00 Figure 3. Thermal ellipsoid perspective (50% probability) of the cation

Figure 2. Space filling model of packing diagram for [Hg(18S6)]¢pF in [Hg(9N3)](ClO4)2:MeNO2. @a).
(1a); 3329 atoms are shown. View is paralleld@xis of the crystal.

. . . molecular unit per unit cell. There have been three previous
two diastereoisomers are possible as shown below, a mes?eports of the structures of complexes of 18S6 and H(#,

Lsomer am: adl racfegécgac()j |st0mzr. (?n thehba5|s ]?f the and all of them have exclusively been heteroleptic complexes
nown preference o onds 1o adopt gauche conforma- -, bridging halides, resulting in dimeric and polymeric

yons, th.e.meso isomer is the preferrled stere0|§omer, andstructures. Our report represents the first structural example
indeed, it is the structure that we obtairfédhe cation has

. . : of a mononuclear 18S6 complex with mercury and demon-
a molecular point group ob3d for this particular stereo-

. Th lusi f this diast X ._strates that a homoleptic hexakis(thioether) environment
ISOmEr. 1he exclusive presence of this diastereolSOMer 1S, q,nq the jon can indeed be obtained with 18S6, provided
confirmed by a single resonance in tH€ NMR spectrum

a noncoordinating anion like hexafluorophosphate is present.
of the complex. The Hg—S bond distances in our homoleptic complex are
+ + shorter than those of the heteroleptic complexes which exhibit
Hg—S distances ranging from 2.7165(5) to 2.8765(5¢&¢
Importantly, our structural results also confirm the hexakis-
(thioether) environment in the compound as was previously
assigned on the basis of X-ray photoemission spectroscopic
measurements by Nelson and co-workérs.

X-ray Structure of [Hg(9N3),](ClO4),. The structure
Meso Rac crystallizes in a monoclinic unit cell with the space group
) ) P2/n, and its thermal ellipsoid perspective is shown in Figure
All six Hg—S bonds are equal in length, and the observed 3. Each unit cell contains four molecular units with one
bond distance is 2.689(2) A. The distance is similar te-Sg [Hg(9N3)]2 cation and two perchlorates all occupying
bond lengths seen in other hexakis(thioether) Hg(Il) general positions within the cell. One MeN@olecule per
complexes, [Hg(9S3P* (Hg—S = 2.68-2.69 A) and  complex is incorporated into the lattice. Two 9N3 ligands
[Hg(10S3)]*" (Hg—S=2.69-2.71 A)*** One distinction,  are coordinated in bis fashion (N6 environment) to the Hg(ll)
however, is the effect of the rigid 1856 encapsulating the center in a distorted trigonal prismatic structure. The trigonal
mercury ion. Whereas the mercurgulfur distances are  pjanes defined by the three nitrogen donors in each 9N3
necessarily identical in the 18S6 structure, the six other ligand (NI-N4—N7 and N16-N13—N16) are nearly eclipsed.
hexakis(thioether) structures show definite distortions in their There are six different HgN bond lengths which range from
S6 coordination spheres via either an elongation, which is 2.353(4) to 2.448(6) A with an average Hiy bond length
the more common, or compression of the-+§bonds.**° of 2.418(5) A. These structural results are similar to those
The S-Hg—S chelate angle in the structure is 82.21(6) of [Hg(18N6)R+ which is also a trigonal prismatic N6
much smaller than an ideal octahedral value but one complex and also shows six different Hy bond distances
commonly observed in five-membered chelate rings in the ¢ average 2.44(2) & The distances are slightly longer
9S3 and 10S3 mercury(ll) complex€s:® There is litle  than those found in six-coordinate N6 complexes with
difference in the €C or C-S bond lengths in the  ponmacrocyclic ligands such as pyridine and phen which
coordinated 18S6 ligand compared to the structure of the range from 2.400(5) to 2.445(5) & Also, they are longer
free 18S6™ than the Hg-N bonds found for small mixed donor four-
A packing diagram of the structure is shown in Figure 2 qordinate macrocycles (e.g., 12N3S) where the Hg(ll)
with the view oriented along the axis of the crystal. The
Cs axes for both the complex cation and the hexafluoro- (32) Tsuchiya, T.; Shimizu, T.; Hirabayashi, K.; Kamigata,NOrg. Chem.

phosphate anion lie parallel to tleeaxis of the crystal. As @3) ilOOS 68, '\3;48&- tkovic-Calogavic, [Z. Kristallogr. 1995 210 36
. . . . . . . erceg, M.; Matkovic-Calogovic, . Kristallogr. .
can be seen, the packing is quite efficient, resulting in a single (34) Herceg, VE Matkovic_Calogovic, Dicta Crystag”ogr_lggz ca8q

1779.
(31) Wolf, R. E.; Hartman, J. A. R.; Storey, J. M. E.; Foxman, B. M.; (35) Carrondo, M. A. A. F. de C. T.; Felix, V.; Duarte, M. T.; Santos, M.
Cooper, S. RJ. Am. Chem. S0d.987, 109, 4328. A. Polyhedron1993 12, 931.
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cannot be complexed within the macrocyclic ring Hg
average= 2.37 A)3637 However, the Hg-N distances in
the azacrown complexes are shorter than those found in large
mixed donor macrocycles. For example, the complex
[Hg(18SN,)](PFs)2. contains Hg-N distances that are
2.473(14) A2 while the Hg-N distances in [Hg(18pD4)I]
(18N,O, = 1,4,10,13-tetraoxa-7,16-diazacyclooctadecane)
are 2.724(10) Re

In the current structure, the-NHg—N chelate angles are
highly compressed from normal octahedral values, ranging
from 72.1(15) to 76.7(13) and average 73.7(13)The C-N
and C-C distances range from 1.453(11) to 1.486(10) A
and 1.501(13) to 1.520(9) A, respectively. They average
1.469(8) and 1.510(9) A, respectively, with both the T
and C-C bonds being slightly shorter on average than those
in the Cd(ll) analogué® The N—N distances between pairs
of nitrogen donors in each trigonal face range from 3.372(5)
to 3.669(5) A with the N14N16 distance being much

Helm et al.

Table 3. %°Hg NMR Chemical Shifts for Homoleptic Hg(ll)
Complexes

rligand complex ligand environment chemical shift (ppm)

9S3 [Hg(9S3](ClO4)2 S6 —275

9S3 [Hg(9S3))(PFe)2 S6 —273
[Hg(10S3)(ClO4), S6 —598

10S3  [HQY(10S3)(PFs)2 S6 —596

12S3  [HY(12S3)(ClO4)2 S6 —795

1254 [Hg(12S4)](P§2 S4 —718

1454 [HQ(14S4)](ClIQ)2 S4 —827

16S4  [HQ(16S4)](ClQ)2 S4 —1120

1585  [Hg(15S5)](ClQ)2 S5 —484

18S6 [Hg(18S6)](P§2 S6 not observed

18S6 [Hg(18S6)](Cl®)2 S6 not observed

185Nz [Hg(18SIN2)](PFe)2 SN2 —737,—816

9N3 [Hg(9N3Y](ClO4) N6 —948,-1313

mercury(Il) complexes containing thiacrown and azacrown
ligands in this report are presented in Table 3, and a graphical
overview is given in Figure 4. A representatit¥éHg NMR
spectrum for the complex [Hg(L0SRCIO,), is shown in

greater compared to the other two distances. The angle ofigure 5. We have obtaine#*Hg NMR data on these

rotation of one triangular face relative to the other fs 3
slightly larger than ©for an ideal trigonal prism. Both 9N3
ligands adopt the symmetrical [333] conformati®riThe
oxygen atoms in the perchlorate orient toward the rectangular
faces of the trigonal prism, and the anions lie between the
complex cations, similar to other Hg(ll) trigonal prismatic
structures?® The Hg(ll) complex of 9N3 is in contrast with
[CA(9N3Y](CIO4), which shows a distorted octahedral
structure’® The metal ligand distances follow the expected
trend of the ionic radii with the HgN distances longer than
the Cd-N distances (average 2.361(1) A). Furthermore, the
9N3 complex is in contrast with the four structures of
[Hg(9S3))%", each with a different anion, but all with a
distorted octahedral environment around Hg(ll) ceffte®
Thus, the two different donors sets (N6 vs S6), in six-
coordinate mercury(ll) coordination chemistry for both
cyclononane and cyclooctadecane macrocycles, result in twi
different geometries, trigonal prism and octahedron, respec-
tively. Indeed, trigonal prismatic Hg(ll) structures are limited
to nitrogen donor ligands whereas hexakis(thioether) coor-
dination shows exclusively octahedral geometffefs.

NMR Spectroscopy.’®*Hg NMR Studies. The paucity
of available *®Hg NMR chemical shift data on small
structurally characterized molecules containing thioether and

amine donor ligands has been an impediment in the develop-

ment of the technique as a metallobioprobe for protein active
sites?®44The®**Hg NMR chemical shift data for the thirteen

(36) Marcus, S. T.; Bernhardt, P. V.; Grondahl, L.; Gahan, LP&yhedron
1999 18, 3451.

(37) Ashfar, S.; Marcus, S. T.; Gahan, L. W.; Hambley, T. st J.
Chem.1999 52, 1.

(38) Malmsten, L.-AActa Crystallogr.1979 B35 1702.

(39) Berry, S. M.; Bebout, D. C.; Butcher, R. lhorg. Chem.2005 44,
27.

(40) Strasdeit, H.; Dhume, A.-K.; Weber, M.; Pohl, Acta Crystallogr.
1992 C48 437.

(41) (a) Dale, JTetrahedrorl974 30, 1683. (b) Dale, JActa Chem. Scand.
1973 2, 1115.

(42) Heinzel, U.; Mattes, RPolyhedron1992 11, 597.

(43) Wright, J. G.; Natan, M. J.; MacDonnell, F. M.; Ralson, D. M.;
O’Halloran, T. V.Prog. Inorg. Chem199Q 38, 323.

(44) Utschig, L. M.; Wright, J. G.; Dieckmann, G.; Pecoraro, V.;
O’Halloran, T. V.Inorg. Chem.1995 34, 323.
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complexes exclusively in CIDO, at 25 °C to minimize
solvent, solvolysis, and temperature effects. Furthermore, we
have used only the perchlorate salt of these complexes to
minimize anion effects except in those few instances where
the perchlorate salt proved too insoluble and a hexafluoro-
phosphate salt was used instead. However, as can be clearly
seen for the 9S3 and 10S3 complexes, changing between
these two anions produces only a minor 1 or 2 ppm change
in the®*Hg NMR chemical shift of the complex cation. Note
that all four 9S3 and 10S3 Hg(ll) complexes have been
crystallographically characterizé®i!*16Furthermore, there
are few differences in the line-widths of the mercury NMR
signals for identical complex cations. Thus, changes in
noncoordinating anions have little effect upt#Hg NMR
chemical shifts.

Curiously, we have not been able to observ®dg NMR
ignal for the 18S6 complex. This observation is true for
both the PF8 salt of [Hg(18S67i" in CDsNO, as well as

its ClO4 salt in F-DMSO. The lack of the observed NMR
signal cannot be a sensitivity problem for the complex since
we readily detect the characteristic NMR singlet of the
complex within 100 transients. Nor can this be a problem
with ligand exchange since the proton spectra clearly show
3J(*%*Hg—'H) coupling, eliminating ligand exchange. We
propose that the lack of @Hg NMR signal is the result of

S

S4
S5
N2S4 N
S6
. 1454
1283 -827
1555 (10S3) 1254 | 18N284 | (ana), 1654
-484 718 4 816 y  -948 -1120
| |
-200 -400 -600 -BOO -1000 -1200
ppm
Figure 4. 19Hg NMR chemical shifts for compounds in this report.
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Figure 5. 199Hg NMR spectrum of [Hg(10S3)ClO4); in CD3NO;.
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Figure 6. 19Hg NMR spectrum of [Hg(9N3)(ClOy)z in CD3sNOs.

the unusual environment around the Hg nucleus. Given that12S4 series of tetrathiacrown complexes. Also, the trend and
all six Hg—S bond lengths are identical, there is an increase magnitude of the chemical shifts we observed are similar to
in the rate of relaxation of the nucleus, resulting in a those reported in methylmercury complexes with the trithia-
broadened NMR signal. Experiments are currently underway crowns 9S3 and 12S8.Smaller chelate rings show down-
with the Cd(ll) analogue to see if a similaFCd NMR field **Hg NMR chemical shifts in the thioether complexes.
behavior is obtained. The mercury(ll) complex with the Four-coordinate thioether complexes show upfiéleHg
related hexadentate macrocycle, [Hg(283](PFs)., shows NMR chemical shifts relative to four-coordinate thiolate
two distinct'®*Hg NMR resonances at737 and—816 ppm mercury complexe®. Interestingly, thel®®Hg NMR line
(see Supporting Information Figure 1). The two peaks widths in tetrathioether complexes are significantly larger
correspond to two different diastereoisomeric forms of the than in the tetrathiolate complexes which have typical line
Hg complex which result from the relative orientations of widths in the 475 Hz range (compared to the 15030
the two NH protong? Although the reported X-ray crystal Hz range for the thiacrown complexes).
structure only yielded a single diastereoisomer, the presence We observed twé*Hg NMR resonances for [Hg(9Ng)
of both diastereoisomers in solution had been detected from(ClO,), in CDsNO,, and its spectrum is shown in Figure 6.
13C NMR work. Our**Hg NMR data confirm both are ~ We propose that both a mono-9N3 and a bis-9N3 complex
indeed there, and the ratio of the two diastereocisomers inare present in solution, giving rise to the two signals. The
the spectrum is approximately 1:2737 ppm peak/816 downfield peak is assigned to the [Hg(9M3) complex
ppm peak). while the upfield peak is assigned to a mono-9N3 Hg(ll)
We observed®Hg NMR chemical shifts in the range of  species, probably with water occupying a fourth coordination
—273 ppm to—1120 ppm for the homoleptic thiacrown site on the mercury. Better-donor ligands which contain
complexes. Several empirical trends can be seen in Table 3oxygen or nitrogen coordination sites result in increased
First, there is a definite correlation between the chemical shielding, and the upfield peak also has a larger line width
shift and the number of thioether sulfur donors. As the which is consistent with a less symmetrical coordination
number of coordinated sulfurs increases, tfielg NMR sphere around the mercuryThe replacement of one 9N3
resonance shifts downfield. That is, as the coordination ligand with water, present in GINO,, is thus supported by
number increases, the Hg nucleus is increasingly shiftedthe observed upfield chemical shifts. The ratio of the mono/
downfield, possibly because of an electron-withdrawing bis species obtained via integration of the t##1g NMR
effect by the thiacrown ligand. These data are similar to the peaks is nearly 1:1. Additionally3C NMR measurements
observations of thé**Hg NMR chemical shifts in Hg(ll) on the complex show three peaks, again consistent with the
complexes with thiolate ligand8.Second, whenever an presence of [Hg(9N3)*", a second mono-9N3 Hg(ll)
amine nitrogen donor replaces a thioether sulfur donor, therecomplex, and the uncomplexed 9N3 ligand in solution. The
is an noticeable upfield shift. This is seen in a steady complexity of the proton NMR spectrum prevents clear
transition for the hexakis(thioether) environment (S6) through identification of the three species. We would note that the
the SN, environment to the hexakis(amine) (N6) environ- Cd(ll) analogue, [Cd(9N3)?", shows only a single resonance
ment. Increased shielding of mercury nuclei has been in both its'3C and*3Cd NMR spectra, suggesting that only
previously reported whenever a nitrogen or oxygen donor one complex is presenting in solutiéhAlso, the predomi-
replaces a sulfur doné#* Third, whenever the ring size  nate species in complexation studies of 9N3 with Cd(ll) in
of the thioether macrocycle increases with the number of
sulfur donors remaining the same, there is a definite upfield “® %?Ckmeye“ B.; Contreras, Rnnu. Rep. NMR Spectrosd92 24,
chemical shift. The third trend is best seen in the 16S4 to (46) Carson, G. K.; Dean, P. Anorg. Chim. Actal982 66, 157.
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Figure 7. H NMR spectrum of [Hg(16S4)](Cl&), in CD3NO,.

aqueous solution is a mono species ([Cd(ON3IF) and type relationship, but the large variations in H§ bond
not the bis complef’ The contrast of the solution behavior distances (16S4, HgS = 2.597(2) A; 18S6, HgS =
of the Cd(Il) and Hg(ll) complexes of 9N3 may result from 2.689(2) A) could also be a critical factor. Nevertheless, the
the different structures (octahedral vs trigonal prism) or a presence of the mercunproton coupling is an important
heightened sensitivity toward solvolysis for Hg(ll). indicator of slow ligand exchange in the three Hg(ll)
Proton NMR Studies. Proton NMR studies were gener- complexes.
ally used to verify thiacrown complexation to Hg(ll) via 13C NMR Studies. Downfield 3C NMR chemical shifts
downfield chemical shift changes relative to the free ligand in the ligand are usually seen upon its coordination to Hg(ll),
and coupling in the spectra. However, the most distinctive and we have used these chemical shifts to confirm ligand
feature in the proton NMR spectra of the complexes is the complexation. However, several complexes contain unusual
presence ofJ coupling between the-methylene protons  upfield *3C NMR chemical shifts, most notably for the
of the coordinated thiacrown and tH&Hg nucleus. We o-methylene carbons in [Hg(9SHCIO,).. Here the single
observe this coupling for three complexes, [Hg(1634)]  resonance of the coordinated 9S3 is shifted by 6.5 ppm
[Hg(9S3))%", and [Hg(18S6Y}", and the representativiél upfield relative to the free ligand. Other researchers have
NMR spectrum for the 16S4 complex is shown in Figure 7 noted this shift and explained it by “the electrophilic effect
(*H NMR spectrum for the 9S3 complex is shown in Figure of the mercury ion” or “relativistic effects® However, we
10 in the Supporting Information). The presence of the two believe that the upfield chemical shift arises from the
19%Hg satellites can be clearly seen, and they are centereddistortions in the tetrahedral environment arounddh@e-
on the a-methylene proton signal. Tha(***Hg—H) cou- thylene carbon in the coordinated 9S3 ligand. TheG=-S
pling is superimposed on the homonuclear coupling betweenangle in the structure averages 117(Rjghly distorted from
the two sets of methylene protons. There are two aspects ofan ideal tetrahedral valdé.Indeed, a plot of'3C NMR
the coupling that are noteworthy. First, the value is large chemical shift (ppm) vs the-SC—C angle (degrees) for the
(94 Hz), indeed among the largest reported for this type of six structurally characterized Group 8 and Group 12
coupling?® Values for3J(***Hg—'H) coupling constants in  [M(9S3)]?" octahedral complexes shows a linear correlation
nitrogen donor systems typically fall in the 280 Hz range. of 0.951 (see Supporting Information Figure 3). This trend
Also, to our knowledge, this is the first case of observed is most distinctly observed for the Group 12 complexes
3J(***Hg—H) coupling occurring via a carbersulfur thio- which have!*C NMR chemical shifts of 30.49 ppm for
ether bond. Additionally, we observe &J(***Hg—'C) Zn(Il), 29.60 ppm for Cd(ll), and 28.50 ppm for Hg(ll) with
coupling between the-methylene carbon in the 1654 and a high linear correlationR? = 0.99) between these data and
the mercury nucleus (see Supporting Information Figure 2). the S-C—C angle in their structures. The distortion within
Curiously, this is one of the smallest couplings of this type the 9S3 chelate rings results from the smalleMs-S angles
observed?® The values of théJ(***Hg—*H) couplings in the in the heavier congeners. For example, theH§—S chelate
three complexes range from 94 Hz in the 16S4 complex to angle in [Hg(9S3)?" is 82.7(1). Furthermore, we see
52 Hz in the 18S6 complex, a difference of almost a factor similar upfield changes in th8-methylene resonances for
of 2. Interestingly, the HgS—C—H dihedral angles in the  both the 16S4 and 14S4 Hg(ll) complexes, upfield shifts by
two structures also differ significantly (156¢2)s 93.4(2)). 4.9 and 1.3 ppm compared to the free ligands, respectively.
Changes in the coupling could possibly come from a Karplus- In contrast, thex-methylene resonances in both complexes
are shifted downfield relative to free ligand with a 4.6 ppm

(47) fgfma, L. J.; Diaz, H.; Margulis, T. Nnorg. Chim. Actal995 232, downfield shift for the 16S4 complex. There is a significant
(48) Bebout, D. C.. Bush, J. F.: Crahan, K. K.: Katner, M. E.; Parrish, D. degree of ring strain in the six-membered chelate rings in
A. Inorg. Chem.1998 37, 4641. the two complexes. Again, the €C—C angles in these
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structures are associated with a high degree of ring strainintermolecular exchange between the 10S3 ligand and Hg(ll),
and distortion from idealized tetrahedral environments. For like we observe for the 15S5 complex, because we cannot
example, the €C—C angle is 117(2)in the structure of observe separattC NMR resonances for the ligand and
[Hg(16S4)f+.16 complex. Thus, out of this series, only [Hg(983) appears

We have performed variable-temperatdf€ NMR ex- not to undergo a ligand exchange process.
periments on several of the Hg(ll) complexes to study the
dynamics of ligand exchange on the mercury center. The Conclusions
[Hg(9S3)]?" complex shows no line broadening in its single
resonance over a 7% temperature range (see Supporting
Information Figure 4a and b). The lack of a temperature
effect on the line width suggests there is no ligand exchange
process occurring, in agreement with the presence of
mercury-proton coupling in the complex (see above). We

vl\;ougjsgotzi .th?:] there is a ;eactlon ggt:\;v?en 3SI3 f\hnd For three complexes, we obser#!'*Hg—H) coupling in
[Hg(9S3}*" in the presence of excess 'gand. In e 4,0 ranges of 50100 Hz, the first example of proten

predse;lceggf 92‘?3 Iigar|1dt, }he re;t;]nancti:es for tbt?th the Iigandmercury coupling through a-€S thioether bond, indicative
and [Hg(9S3)]*" completely vanish and cannot be seen even of slow ligand exchange. Upfiel¥C NMR chemical shifts

Idown E[o _t29 t(;éscetehSul%pSOSrt:_r'lg Illnformatllon glgureh&é). in the complexes relative to free ligand appear to result from
h contrast, a € g(l) complex does show a distortions around the carbon from the ideal tetrahedral

ligand exchange process which has been previously nOteck/aIues. The complex [Hg(18S6)](BF crystallizes in an

becagfe :he-tﬁrisence of a smg(lje lbrO?g rte?onetmcc?[%ls nolﬁnusual space groupB8m1) with six equivalent Hg-S bond
consistent with its square pyramidal solid-state structdire. lengths. The equivalency of the coordination environment

The resonance of [Hg(15S3j]shows significant line width effects the relaxation of th*Hg nucleus, resulting in the

effects with temperature, but we cannot observe slow lack of an observable NMR signal. The [Hg(OMEEIO.),

exprlanfgt(; of thle 15t85 Ilgz;nd do‘f[\.m-ﬁlﬂi C, t?.e frle:gzmg 5 complex forms a distorted trigonal prismatic structure, and
point of the solvent (see Supporting Information Figure 5a solution dissociation of the one of the 9N3 ligands from the

and b). Furthermore, variable-temperature experiments m'mercury ion in solution is detected in NMR experiments.

yolvmg the complex and excess 15S5 I|g_an_d show that an For six-coordinate Hg(ll) complexes, macrocyclic amines
intermolecular ligand exchange process is involved as we

. dprefer trigonal prismatic structures, while thiacrowns exclu-
cann_ot observe distinct resonances for b(_)th the complex an Sively show octahedral geometries.
the ligand (see Supporting Information Figure 5c¢ and d). A
similar exchange of the 12S3 ligand is also clearly seen in  Acknowledgment. This research was generously sup-
the broad peaks iffC NMR spectrum of its Hg(ll) complex  ported by grants from Merck/AAAS, the Petroleum Research
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ligand shows just a simple four liféC NMR (see Support-
ing Information Figure 8). These data also support an

For homoleptic thiacrown ligand$?*Hg NMR chemical
shifts occur in the range of298 to —1400 ppm. The
chemical shifts are sensitive to the number of sulfur donors,
replacement of sulfur donors with nitrogen donors, and the
ring size of the macrocycles. However, changes in nonco-
ordinating anions do not appear to affect the chemical shift.

Supporting Information Available: Additional NMR spectra
and crystallographic data for the two structures in CIF format. This
(49) Similarly, the 10S3 ligand also undergoes a reaction with [Hg- Material is available free of charge via the Internet at http:/

(10S3)]%" as demonstrated in it33C NMR titration data (see pubs.acs.org.

Supporting Information Figure 8). We observed averaged NMR signals
for the coordinated and free 10S3 ligand. 1C050500Z2
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