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Treatment of Zn(II) and Cd(Il) hydroxide complexes of the tris(2-pyridylmethyl)amine (TPA) ligand with
COS or CS, in protic solvents (MeOH or EtOH) resulted in [(TPA)Zn-SC(S)OCH3]ClO4 (1), [(TPA)Zn-
SC(O)OCH3]BE4 (2), [(TPA)Zn-SC(O)OCH3]ClO4 (3), [(TPA)Zn-SC(O)OCH,CH3]BF, (4), [(TPA)Cd-
SC(S)OCH3]ClO4 (5) and [(TPA)Cd-SC(O)OCH5]ClO4 (6). The molecular structures of 1, 2, 5 and 6 were
determined by X-ray crystallography. Complexes 2, 3 and 4, unlike 1, 5 and 6, are easily hydrolyzed upon
treatment with water in CH5CN to give zinc hydrosulfide complexes of the form [(TPA)Zn-SH]X (X = BF,~
(7) and ClO4 (8)), as evidenced by spectroscopic methods and the crystal structure of 7. These complexes
may be prepared more directly by (a) reacting equimolar amounts of TPA, Zn(ClO4),-6H,0 and
Me4NOH-5H,0 with COS in CH3CN or (b) treating [((TPA)Zn),(p-OH),](Cl04), with H,S. Moreover, reac-
tivity and density functional theory computational studies comparing the cationic hydrosulfide com-
plexes 7 and 8 with the neutral zinc hydrosulfide complexes supported by tris(pyrazolyl)borate
ligands have been conducted and subtle differences between the two types of hydrosulfide complexes

have been determined.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Extensive research efforts have been directed at understanding
carbon dioxide (CO,) insertion into coordination complexes be-
cause of its biological significance to carbonic anhydrase (CA) [1].
CA, which is a zinc-containing enzyme common to animals, plants
and bacteria, catalyzes the reversible hydration of CO, to bicarbon-
ate [2]. The enzyme is involved in numerous processes within liv-
ing organisms, such as cellular respiration, photosynthesis, and pH
regulation [3]. However, research aimed at understanding inser-
tion of sulfur-containing heterocumulenes, such as carbonyl sul-
fide (COS) and carbon disulfide (CS;), into zinc-containing
complexes has been rather limited [4,5]. This is surprising since
studies have shown atmospheric COS is fixated by CA in plants, li-
chens and algae [6] and CS, is fixated by CS, hydrolase (3TEN), a
zinc-containing enzyme similar to CA, in thermophilic archaea
[7]. Furthermore, few studies [8] have examined heterocumulene
insertion into cadmium-containing complexes, even though a cad-
mium carbonic anhydrase (3BOB) is formed by marine diatoms in
zinc-poor environments [9].
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The active site of CA consists of a tetrahedral Zn** ion coordi-
nated by three histidine residues (His-94, His-96 and His-119)
and a water molecule [10]. The proposed mechanism of COS fixation
by CA [4], which is shown in Scheme 1, involves deprotonation of
the coordinated water molecule (pK; ~ 7) to form a zinc hydroxide
complex (B). Insertion of COS into the metal-hydroxide bond results
in the formation of [(His)sZn-SC(O)OH]" (C) that readily decom-
poses to form the cationic zinc hydrosulfide complex [(His)sZn-
SH]" (D). The proposed final step is protonation of the hydrosulfide
ligand and release of H,S at neutral pH. However, many questions
remain unresolved regarding desulfurization of the zinc hydrosul-
fide complex (D) and how it occurs near a neutral pH.

Prior studies by Parkin and co-workers [11], Vahrenkamp and co-
workers [5,12] and Anders and co-workers [13] to make [(L)Zn-SH]|"
(where n =0 or +1) complexes, akin to intermediate D in Scheme 1,
made use of substituted tris(pyrazolyl)borate (Tp*M¢) and neutral
azamacrocyclic ([12]aneNs) tripodal ligands (Chart 1). The authors
found that the Tp*M¢ ligand was the only ligand capable of stabiliz-
ing the [Zn-SH]" moiety [ 14]. For instance, an attempt by Ender et al.
to make a cationic [([12]aneN3)Zn-SH]" complex with the neutral
[12]aneNs ligand (Chart 1) resulted in ZnS formation [13]. As such,
a number of Tp*MeZn-SH complexes supported with different
substituted pyrazolylborate ligands have been characterized
[5,11,12]. The remarkable stability of the Tp*™¢Zn-SH complexes


http://dx.doi.org/10.1016/j.ica.2012.01.040
mailto:ericbrown3@boisestate.edu
http://dx.doi.org/10.1016/j.ica.2012.01.040
http://www.sciencedirect.com/science/journal/00201693
http://www.elsevier.com/locate/ica

84 N.G. Spiropulos et al./Inorganica Chimica Acta 386 (2012) 83-92

H
- H < 5
o CH* o = o’Ns

| 2+ _— | 24 JEE— . | 2+
His 41"~ His His 4 His His 4"~His
H|s His His

+H*/H,0 . o

-HzS His’ In His -CO,
D

Scheme 1. Proposed catalytic mechanism of COS hydrolysis by carbonic anhydrase.
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Chart 1. Ligands used or cited in this work.
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has been attributed to the ability of the Tp*M¢ ligand to encapsulate
the labile hydrosulfide ligand and, thus, prevent demetallation and
formation of insoluble zinc sulfides.

The tris(2-pyridylmethyl)amine (TPA) ligand (Chart 1) was
chosen as the supporting ligand in this study primarily because
[((TPA)Zn),(p-OH),](Cl04), has already been shown to undergo
insertion reactions with heterocumulenes, such as CO,, under basic
conditions [15]. Additional reasons why we chose to use the TPA
ligand is that (a) it can be modified with steric substituents [16]
and hydrogen bond donors [17] and (b) it would result in a cationic
rather than a neutral hydrosulfide complex. TPA has the advantage
of yielding a cationic active site model, rather than Tp which is an
anionic biomimetic ligand. As such, there is potential with TPA to
better model the CA chemistry.

Herein, we describe the insertion reactions of [((TPA)M),(Lt-
OH),]?* where M = Zn, Cd with CS, and COS in protic (MeOH, EtOH)
and aprotic solvents (CH5CN). Overall, O-alkyl dithiocarbonate and
thiocarbonate complexes are formed under protic conditions
(MeOH and EtOH). Particularly important, complexes [(TPA)Zn-
SC(0)OMe]* and [(TPA)Cd-SC(O)OMe]" were formed and, accord-
ing to the Cambridge Structural Database, represent the first struc-
turally characterized examples of Zn or Cd complexes containing
an M-SC(O)OR fragment. In addition, new synthetic methods un-
der aprotic (CH3CN) conditions resulted in cationic complexes of
the general formula [(TPA)Zn-SH]*. These complexes were charac-
terized by 'H and '3C NMR, IR, and electrospray mass spectrometry
(ESI-MS) and, in one example, by X-ray crystallography. Further-
more, theoretical calculations were used to compare the electron-
ics and predict the reactivity of the TPA/Tp ZnSH complexes. Taken
together, the results provide new detail for routes to synthetic
Zn-SH complexes and the relative characteristics of the two
predominant CA models (Tp and TPA).

2. Experimental
2.1. General data

All reactions were performed using standard Schlenk techniques
under an atmosphere of dry nitrogen gas. Solvents and reagents

were obtained from commercial sources in analytical grade quality
and used as received unless noted otherwise. The solvents tetrahy-
drofuran (THF), methanol (MeOH), ethanol (EtOH) and acetonitrile
(CH3CN) were dried with CaH, and distilled prior to use. NMR spec-
tra were recorded on a Bruker AVANCE III 600 NMR. Chemical shifts
(5) for 'H or '>C NMR spectra were referenced to residual protium in
the deuterated solvent. IR spectra were measured using a Perkin El-
mer Spectrum 100 spectrometer. Elemental analyses were per-
formed by Atlantic Microlabs of Norcross, GA. High resolution
electrospray mass spectra were recorded on a Bruker Daltonics
Maxis QTOF instrument. The ligand tris(2-pyridylmethyl)amine
(TPA) was made by following a previously reported procedure [18].

2.2. Synthesis and characterization

2.2.1. Preparation of [(TPA)ZnSC(S)OMe]ClOy, (1)

To a solution of tris(2-pyridylmethyl)amine (290 mg,
1.00 mmol) dissolved in dry methanol (40 mL) was added
Zn(Cl0O4),-6H,0 (373 mg, 1.00 mmol). After stirring for 5 min,
KOH (56 mg, 1.00 mmol) was added which caused immediate for-
mation of a white precipitate. Carbon disulfide (228 mg,
3.00 mmol) was then added and the reaction was stirred overnight.
The solvent was removed under reduced pressure and the residue
extracted with dichloromethane (15 mL) and filtered through Cel-
ite. The volume was reduced (~3 mL) and addition of diethyl ether
(20 mL) caused the formation of a pale yellow solid. The solid was
collected, washed with diethyl ether (10 mL) and dried under vac-
uum (409 mg, 75%). Colorless crystals suitable for crystallographic
characterization were obtained by diethyl ether diffusion into ace-
tonitrile at room temperature. '"H NMR (CDsCN, 600 MHz): & 8.72
(d, 3H), 8.06 (t, 3H), 7.59 (t, 3H), 7.54 (d, 3H), 4.24 (s, 6H), 3.87
(s, 3H). '3C NMR (CDsCN, 150 MHz): § 225.2, 155.0, 148.6, 141.2,
125.0, 124.6, 60.07, 56.97. IR (ATR, cm™'): 2981, 1609, 1576,
1485, 1446, 1436, 1373, 1314, 1295, 1272, 1199, 1131, 1111,
1081, 1066, 1052, 1022, 1001, 990, 944, 907, 836, 774, 761, 732,
719. Anal. Calc. for C;oH,1ZnCIN4OsS,: C, 42.71; H, 3.76; N, 9.96.
Found: C, 42.52; H, 3.71; N, 9.84%.

2.2.2. Preparation of [(TPA)ZnSC(O)OMe|BF,, (2)

To a solution of tris(2-pyridylmethyl)amine (800 mg,
2.80 mmol) dissolved in dry methanol (50 mL) was added zinc tet-
rafluoroborate (658 mg, 2.80 mmol). After stirring for 5 min, KOH
(155 mg, 2.80 mmol) was added and the headspace gases were re-
moved by vacuum. Carbonyl sulfide was then bubbled through the
solution and the reaction was allowed to stir under a COS atmo-
sphere for 24 h at room temperature, during which time a white
precipitate formed. The solid was collected and extracted with
dichloromethane (2 x 20 mL). The dichloromethane solution was
concentrated (5 mL) and addition of diethyl ether (20 mL) resulted
in a pale yellow solid. The solid was collected, washed with diethyl
ether (3 mL) and dried under vacuum (602 mg, 41%). Colorless
crystals suitable for crystallographic characterization were ob-
tained by diethyl ether diffusion into methanol at room tempera-
ture. '"H NMR (CD5CN, 600 MHz): 6 8.73 (d, 3H), 8.07 (t, 3H), 7.61
(t, 3H), 7.57 (d, 3H), 4.19 (s, 6H), 3.57 (s, 3H). '*C NMR (CDsCN,
150 MHz): § 176.5, 155.2, 148.9, 141.2, 125.0, 124.7, 56.3, 52.8.
IR (ATR, cm‘l): 2946, 1647, 1609, 1575, 1482, 1435, 1375, 1319,
1298, 1273, 1184, 1164, 1114, 1048, 1022, 978, 956, 909, 835,
812, 770, 73, 687. Anal. Calc. for Cyo0H,1ZnBF4N4O,S: C, 45.01; H,
3.97; N, 10.50. Found: C, 44.84; H, 4.01; N, 10.53%.

2.2.3. Preparation of [(TPA)ZnSC(0)OMe]ClOy, (3)

To a solution of tris(2-pyridylmethyl)amine (250 mg,
0.86 mmol) dissolved in dry methanol (40 mL) was added
Zn(Cl0O4),-6H,0 (320 mg, 0.86 mmol). After stirring for 5 min,
KOH (48 mg, 0.86 mmol) was added and the headspace gases were
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removed by vacuum. Carbonyl sulfide was then bubbled through
the solution and the reaction was allowed to stir under a COS
atmosphere for 24 h at room temperature, during which time a
white precipitate formed. The solid was collected and extracted
with dichloromethane (20 mL). The dichloromethane solution
was concentrated (~5 mL) and addition of diethyl ether (15 mL) re-
sulted in a pale yellow solid. The solid was collected, washed with
diethyl ether (5 mL) and dried under vacuum (138 mg, 30%). 'H
NMR (CD5CN, 600 MHz): § 8.63 (d, 3H), 8.02 (t, 3H), 7.57 (t, 3H),
7.53 (d, 3H), 4.10 (s, 6H), 3.67 (s, 3H). '3C NMR (CDsCN,
150 MHz): § 178.4, 154.8, 149.4, 140.5, 125.2, 125.0, 57.0, 53.7.
IR (ATR, cm™!): 2943, 2013, 1646, 1609, 1575, 1487, 1453, 1435,
1375, 1318, 1298, 1272, 1185, 1161, 1129, 1114, 1081, 1052,
1024, 976, 956, 909, 838, 814, 768, 730, 686. Anal. Calc. for
Co0H21ZnCIN4O6S: C, 43.97; H, 3.87; N, 10.26. Found: C, 43.69; H,
3.94; N, 10.10%.

2.2.4. Preparation of [(TPA)ZnSC(O)OEt|BE,, (4)

To a solution of tris(2-pyridylmethyl)amine (250 mg,
0.86 mmol) dissolved in dry ethanol (50 mL) was added zinc tetra-
fluoroborate (206 mg, 0.86 mmol). After the addition of KOH
(48 mg, 0.86 mmol), the headspace gases were removed by vac-
uum. Carbonyl sulfide was then bubbled through the solution
and the reaction was allowed to stir under a COS atmosphere for
24 h at room temperature. The solvent was then removed under
reduced pressure and the residue extracted with dichloromethane
(10 mL) and filtered through Celite. The dichloromethane solution
was concentrated (3 mL) and addition of diethyl ether (20 mL) re-
sulted in a white solid. The solid was collected, washed with
diethyl ether (3 mL) and dried under vacuum (150 mg, 32%). 'H
NMR (CD5CN, 600 MHz): 5 8.73 (d, 3H), 8.07 (t, 3H), 7.61 (t, 3H),
7.55(d, 3H), 4.19 (s, 6H), 3.98 (q, 2H), 0.92 (t, 3H). 1*C NMR (CDsCN,
150 MHz): § 175.7, 155.2, 148.9, 141.2, 125.0, 124.7, 61.9, 56.3,
13.4. IR (ATR, cm™'): 3435, 2963, 2870, 1543, 1461, 1362, 1316,
1294, 1253, 1230, 1202, 1128, 1082, 1047, 1023, 997, 950, 876,
851, 810, 748, 734, 723, 690. All attempts to obtain analytically
pure material were not possible for this compound. As evidenced
by 'H NMR, samples always included small amounts of
[(TPA)Zn-SH]CIO4 (8) resulting from the hydrolysis of 4.

2.2.5. Preparation of [(TPA)CdSC(S)OMe]ClO,, (5)

To a solution of tris(2-pyridylmethyl)amine (250 mg,
0.86 mmol) dissolved in dry methanol (40mL) was added
Cd(Cl0O4),-6H,0 (360 mg, 0.86 mmol). After stirring for 5 min,
KOH (48 mg, 0.86 mmol) was added which caused immediate for-
mation of a white precipitate. Carbon disulfide (328 mg,
5.00 mmol) was then added and the reaction was stirred overnight.
The solvent was removed under reduced pressure and the residue
extracted with dichloromethane (15 mL) and filtered through Cel-
ite. The volume was reduced (~3 mL) and addition of diethyl ether
(15 mL) caused the formation of a pale yellow solid. The solid was
collected, washed with diethyl ether (5 mL) and dried under vac-
uum (213 mg, 41%). Colorless crystals suitable for crystallographic
characterization were obtained by pentane diffusion into dichloro-
methane at room temperature. 'H NMR (CD5CN, 600 MHz): 5 8.76
(d, 3H), 8.00 (t, 3H), 7.56 (t, 3H), 7.51 (d, 3H), 4.17 (s, 6H), 4.12 (s,
3H). 13C NMR (CDsCN, 150 MHz): & 230.7, 154.8, 149.4, 140.3,
125.0, 124.9, 63.5, 57.3. IR (ATR, cm™'): 2942, 1642, 1605, 1576,
1483, 1435, 1373, 1313, 1271, 1204, 1147, 1074, 1051, 1018,
899, 835, 767, 733. Anal. Calc. for CyoH;;CdCIN4OsS,: C, 39.42; H,
3.47; N, 9.19. Found: C, 39.19; H, 3.48; N, 9.00%.

2.2.6. Preparation of [(TPA)CdSC(O)OMe]ClOy, (6)

To a solution of tris(2-pyridylmethyl)amine (300 mg,
1.03 mmol) dissolved in dry methanol (40 mL) was added
Cd(Cl0O4)2-6H,0 (433 mg, 1.03 mmol). After the addition of KOH

(58 mg, 1.03 mmol), the headspace gases were removed by vac-
uum. Carbonyl sulfide was then bubbled through the solution
and the reaction was allowed to stir under a COS atmosphere for
8 h at room temperature, during which time a white precipitate
formed. The solution was filtered and the filtrate solvent was re-
moved under reduced pressure. The residue was extracted with
dichloromethane (20 mL) and filtered through Celite. The dichloro-
methane solution was concentrated (3 mL) and addition of diethyl
ether (20 mL) resulted in a white solid. The solid was collected,
washed with diethyl ether (3mL) and dried under vacuum
(162 mg, 27%). Colorless crystals suitable for crystallographic
characterization were obtained by diethyl ether diffusion into
methanol at room temperature. 'H NMR (CDs;CN, 600 MHz): &
8.64 (d, 3H), 8.03 (t, 3H), 7.57 (t, 3H), 7.52 (d, 3H), 4.10 (s, 6H),
3.67 (s, 3H). 13C NMR (CDsCN, 150 MHz): 6 178.4, 154.8, 149.5,
140.5, 125.2, 125.0, 57.0, 53.7. IR (ATR, cm™!): 3564, 3093, 2950,
2013, 1636, 1604, 1575, 1484, 1442, 1428, 1372, 1317, 1301,
1267, 1191, 1125, 1077, 1053, 1017, 1002, 982, 963, 903, 891,
836, 816, 768, 737, 687. Anal. Calc. for CyoH,;CdCIN4O6S-CH50H:
C, 40.33; H, 4.03; N, 8.96. Found: C, 39.82; H, 3.61; N, 9.39%.

2.2.7. Preparation of [(TPA)ZnSH|BEF,, (7)

To a solution of tris(2-pyridylmethyl)amine (250 mg,
0.86 mmol) dissolved in dry methanol (30 mL) was added zinc tet-
rafluoroborate (206 mg, 0.86 mmol). After the addition of KOH
(48 mg, 0.86 mmol), the headspace gases were removed by vac-
uum. Hydrogen sulfide was then bubbled through the solution
and the reaction was allowed to stir under a H,S atmosphere for
24 h at room temperature, during which time a white precipitate
formed. The solid was collected and extracted with dichlorometh-
ane (2 x 10 mL). The dichloromethane solution was concentrated
(5 mL) and addition of diethyl ether (20 mL) resulted in a white so-
lid. The white solid was collected, washed with diethyl ether
(5 mL) and dried under vacuum (160 mg, 39%). Colorless crystals
suitable for crystallographic characterization were obtained by
diethyl ether diffusion into THF at room temperature. '"H NMR
(CD5CN, 600 MHz): 6 8.98 (d, 3H), 8.07 (t, 3H), 7.63 (t, 3H), 7.54
(d, 3H), 4.16 (s, 6H), —1.52 (SH, s, 1H). *C NMR (CDsCN,
150 MHz): & 155.2, 148.8, 141.1, 125.0, 124.6, 56.4. IR (ATR,
Cm_l): 3454, 3067, 2981, 1609, 1575, 1484, 1437, 1374, 1315,
1294, 1268, 1160, 1049, 1021, 906, 839, 765, 733. HRMS (ESI,
Pos) calculated for [C1gH19N4SZn]*: 387.0616 found 387.0619. Anal.
Calc. for CigH19ZnBF4N,S: C, 45.45; H, 4.03; N, 11.78. Found: C,
45.28; H, 4.09; N, 11.67%.

2.2.8. Preparation of [(TPA)ZnSH]CIOy, (8)

2.2.8.1. Method A. To a solution of [(TPA)ZnSC(O)OMe]ClO,4 (3)
(120 mg, 0.22 mmol) dissolved in acetonitrile (30 mL) was added
80 pL of water (4.44 mmol, 20 equiv.). The reaction was allowed
to stir for 1 week. The acetonitrile solution was then concentrated
and addition of diethyl ether (20 mL) resulted in a white solid. The
solid was collected, washed with diethyl ether (5 mL) and dried
under vacuum to give 8 (50mg, 47%). 'H NMR (CD;CN,
600 MHz): § 8.99 (d, 3H), 8.06 (t, 3H), 7.63 (t, 3H), 7.54 (d, 3H),
4.15 (s, 6H), -1.52 (SH, s, 1H). 3C NMR (CDsCN, 150 MHz): ¢
155.1, 148.8, 141.1, 125.0, 124.6, 56.4. IR (ATR, cm™!): 3071,
2915, 2020, 1608, 1575, 1484, 1437, 1371, 1316, 1296, 1270,
1160, 1076, 1053, 1021, 981, 908, 838, 766, 733. HRMS (ESI, Pos)
calculated for [CigH;9N4SZn]*: 387.0616 found 387.0615. Anal.
Calc. for C;gH19ZnCIN4O4S: C, 44.27; H, 3.92; N, 11.47. Found: C,
44.01; H, 3.92; N, 11.29%.

2.2.8.2. Method B. To a solution of tris(2-pyridylmethyl)amine
(250 mg, 0.86 mmol) dissolved in dry acetonitrile (6 mL) was
added Zn(ClO4),-6H,0 (0.32g, 0.86 mmol). (CH3)4NOH-5H,0
(156 mg, 0.86 mmol) was then added and the headspace gases
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were removed by vacuum. After stirring for 15 min, COS was then
bubbled through the solution and the reaction was allowed to stir
under a COS atmosphere for 24 h at room temperature. The solu-
tion was filtered and the filtrate solvent was concentrated (5 mL)
and addition of diethyl ether (20 mL) resulted in a pale yellow so-
lid. The solid was collected, washed with diethyl ether (4 mL) and
dried under vacuum to give 8 (310 mg, 73%). The 'H and '>*C NMR
spectra are identical to the spectra of 8 generated from Method A.

2.2.8.3. Method C. To a solution of tris(2-pyridylmethyl)amine
(300 mg, 1.03 mmol) dissolved in dry acetonitrile (40 mL) was
added Zn(Cl04),-6H,0 (384 mg, 1.03 mmol). After the addition of
KOH (58 mg, 1.03 mmol), the headspace gases were removed by
vacuum. Hydrogen sulfide was then bubbled through the solution
and the reaction was allowed to stir under a H,S atmosphere for
24 h at room temperature, during which time a white precipitate
formed. The solid was collected and extracted with dichlorometh-
ane (2 x 10 mL). The dichloromethane solution was concentrated
(5 mL) and addition of diethyl ether (15 mL) resulted in a white so-
lid. The solid was collected, washed with diethyl ether (5 mL) and
dried under vacuum to give 8 (150 mg, 30%). The 'H and '*C NMR
spectra are identical to the spectra of 8 generated from Method A.

2.2.9. General procedure used to determine hydrolytic stability of 1-6
via "H NMR

Water (10-25 equiv.) was added to an NMR tube containing the
appropriate thiocarbonate or dithiocarbonate complex (1-6, typi-
cally 4-25 mg) in CD3CN (0.75 mL). An NMR spectrum was ob-
tained immediately upon mixing and then every 24 h for eight
days. For complexes 1, 5 and 6, the spectra were unchanged after
8 days, indicating that 1, 5 and 6 are stable towards hydrolysis at
room temperature. For 2, 3 and 4, quantitative conversion to 7 or
8 (the hydrolysis product formed depends on the counterion of
the original thiocarbonate complex) was observed within 48 h.

2.2.10. Preparation of [(TPA),Cd](ClOy4)5, (9)

To a solution of tris(2-pyridylmethyl)amine (250 mg,
0.86 mmol) dissolved in dry acetonitrile (30 mL) was added
Cd(Cl04),-6H,0 (360 mg, 0.86 mmol) followed by (CH3)4,NOH-5H,0
(156 mg, 0.86 mmol). After stirring for 15 min, CS, (66 mg,
0.85 mmol) was then added to the solution and the reaction was
allowed to stir for 24 h at room temperature, during which an
insoluble bright yellow precipitate formed. The solution was fil-
tered and the filtrate was concentrated (5 mL) and addition of
diethyl ether (20 mL) resulted in a pale yellow solid. The solid
was collected, washed with diethyl ether (4 mL) and dried under
vacuum to give 9 (330 mg, 87%). Colorless crystals suitable for
crystallographic characterization were obtained by diethyl ether
diffusion into methanol at room temperature. '"H NMR (CDsCN,
600 MHz): § 7.76 (t, 3H), 7.51 (d, 3H), 7.46 (d, 3H), 6.87 (t, 3H),
4.32 (s, 6H). '3C NMR (CDsCN, 150 MHz): 6 155.1, 148.4, 138.9,
124.5, 123.8, 57.5. IR (ATR, cm’l): 2850, 2017, 1602, 1575, 1480,
1436, 1375, 1308, 1288, 1261, 1218, 1153, 1079, 1052, 1007,
984, 962, 908, 837, 774, 759, 737. A similar reaction using COS in-
stead of CS, results in formation of 9 but in a 24% yield.

2.2.11. Reaction of 8 with CHsl to form [(TPA)ZnI]ClO,4, (10)

To a solution of 8 (50 mg, 0.10 mmol) dissolved in dry acetoni-
trile (15 mL) was added 5 equiv. of CHsI (32 pL, 0.51 mmol). The
solution was stirred for 10 days at room temperature to ensure
complete conversion to product. The solvent was then removed
under reduced pressure leaving a white residue. Diethyl ether
(2 x 10 mL) was added and the solid was triturated into a fine crys-
talline powder. The powder was collected and dried under vacuum
(45 mg, 78%). Colorless crystals suitable for crystallographic
characterization were obtained by diethyl ether diffusion into

acetonitrile at room temperature. The unit cell parameters are
identical to the structure of [(TPA)Znl]ClO4 reported by Canary
and co-workers [19]. 'H NMR (CDsCN, 600 MHz): ¢ 9.26 (d, 3H),
8.08 (t, 3H), 7.69 (t, 3H), 7.57 (d, 3H), 4.20 (s, 6H). '>C NMR (CD5CN,
150 MHz): 6 155.0, 149.4, 141.6, 125.0, 124.9, 56.4. IR (ATR, cm™):
3725,3704, 3633, 3030, 2010, 1610, 1574, 1483, 1437, 1369, 1316,
1297, 1272, 1227, 1159, 1129, 1077, 1054, 1023, 1001, 980, 966,
908, 896, 837, 780, 762, 731.

2.2.12. Reaction of 8 with "BulLi to form [(TPA)LiClO,], (11)

To a stirred solution of 8 (100 mg, 0.20 mmol) dissolved in dry
acetonitrile (15mL) at —70°C, 10.0 equiv. of "BuLi (0.33 mL,
1.6 M in hexanes) was added dropwise. The resulting cloudy mix-
ture was allowed to slowly warm to room temperature and stirred
for 24 h. The solvent was then removed under reduced pressure
and the residue extracted with dichloromethane (10 mL) and fil-
tered through Celite. The volume was reduced (~3 mL) and addi-
tion of diethyl ether (5 mL) caused the formation of a white
solid. The solid was collected, washed with diethyl ether (3 mL)
and dried under vacuum (45 mg, 57%). Colorless crystals suitable
for crystallographic characterization were obtained by diethyl
ether diffusion into dichloromethane at room temperature. 'H
NMR (CD;CN, 600 MHz): § 8.70 (d, 3H), 7.83 (t, 3H), 7.37 (m, 6H),
3.90 (s, 6H). '*C NMR (CDsCN, 150 MHz): 6 158.7, 149.4, 138.2,
123.2, 123.2, 58.0. IR (ATR, cm™'): 3366, 3028, 2877, 2846, 2191,
1991, 1643, 1600, 1573, 1480, 1431, 1375, 1316, 1297, 1274,
1212, 1155, 1135, 1108, 1096, 1067, 1048, 1008, 975, 958, 937,
902, 831, 761. Anal. Calc. for C;gHgLiCIN4O4: C, 54.49; H, 4.57; N,
14.12. Found: C, 54.83; H, 4.73; N, 14.56%.

2.2.13. Reaction of 8 with NaH to form [Nax(TPA)5(ClO,),], (12)

To a stirred solution of 8 (100 mg, 0.20 mmol) dissolved in dry
acetonitrile (15 mL), 20 equiv. of NaH (100 mg, 4.0 mmol) was
added. The resulting cloudy mixture was stirred for 24 h at room
temperature. The solution was filtered and the solvent was re-
moved under reduced pressure. The residue was then extracted
with dichloromethane (12 mL) and filtered through Celite. The vol-
ume was reduced (~3 mL) and addition of diethyl ether (8 mL)
caused the formation of a white solid. The solid was collected,
washed with diethyl ether (3mL) and dried under vacuum
(40 mg, 48%). Colorless crystals suitable for crystallographic char-
acterization were obtained by diethyl ether diffusion into dichloro-
methane at room temperature. 'H NMR (CD5CN, 600 MHz): § 8.59
(d, 3H), 7.73 (t, 3H), 7.32 (t, 3H), 7.26 (d, 3H), 3.76 (s, 6H). *C NMR
(CD3CN, 150 MHz): § 158.2, 149.9, 137.2, 123.7, 122.6, 59.3. IR
(ATR, cm™'): 3841, 3753, 3675, 3651, 3616, 2846, 1597, 1571,
1479, 1437, 1371, 1315, 1300, 1270, 1215, 1156, 1095, 1062,
1048, 1004, 989, 977, 959, 926, 903, 835, 764. Anal. Calc. for
C36H3sNa,ClNgOg: C, 52.37; H, 4.40; N, 13.57. Found: C, 52.65;
H, 4.48; N, 13.51%.

2.3. X-ray crystallography

Suitable crystals were obtained from slow vapor diffusion and
mounted on a glass fiber using hydrocarbon oil and cooled under
a nitrogen stream to 150(1) K. A Nonius Kappa CCD diffractometer
(Mo Ko radiation; 4 =0.71073 A) was used for data collection. Unit
cell parameters were determined from 10 data frames with an
oscillation range of 1°/frame and an exposure time of 20 s/frame.
Indexing and unit cell refinement based on the reflections from
the initial set of frames were consistent with monoclinic P lattices
for 7,9, 11 and 12, triclinic P lattices for 1 and 5, an orthorhombic P
lattice for 2 and a tetragonal P lattice for 6. The intensity data for
each compound was then collected. These reflections were then in-
dexed, integrated and corrected for Lorentz, polarization and
absorption effects using DENZO-SMN and SCALEPAC [20]. The
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space group for each compound was determined from the system-
atic absences in the diffraction data. The structures were solved by
a combination of direct and heavy atom methods using SIR 97 [21].
Compound 2 contains a BF, anion disordered over two positions
with an 83:17 occupancy ratio. Compound 5 contains two crystal-
lographically independent molecules per unit cell. Compound 6
contains a CH30H molecule that is within H-bonding distance of
atom O1 of 6. Compound 7 contains two crystallographically inde-
pendent molecules and one molecule of THF per asymmetric unit.
Compound 12 contains a disordered perchlorate anion with a
64:36 occupancy ratio. Compounds 1, 9 and 11 contained only
one molecule per asymmetric unit, no co-crystallized solvent and
no positional disorder. All non-hydrogen atoms were refined with
anisotropic displacement parameters. All hydrogen atoms were
placed in ideal positions and assigned isotropic displacement coef-
ficients U(H)=1.2 U(C) or 1.5 U(Cpewny1) and allowed to ride on
their respective carbons using sHelxi-97 [22]. A summary of the
crystallographic data and parameters for 1, 2, 5, 6 and 7 are found
in Table 1 and for 9, 11 and 12 in Table S1.

2.4. Computational methods

All calculations were carried out using caussian 03 [23]. Geome-
try optimizations were carried out using the 6-311 + G(d,p) basis
set for all atoms, except for Zn, for which the Stuttgart effective
core potential basis set was used [24]. Among various density func-
tionals considered here, TPSSH [25] was chosen as the functional
for geometric and electronic analysis given that gas phase optimi-
zation with TPSSH was best able to reproduce geometries from
crystal structures for the TpZn-SH [12] and [(TPA)Zn-SH]* com-
plexes (Table S2). Geometries were also optimized in acetonitrile
solvent with TPSSH using the IEF-PCM implicit solvent model. Wi-
berg bond indices and natural population analysis (NPA) charges
were computed using the nso 3.1 program [26]. For the purpose
of calculating Mulliken charge populations and Fukui nucleophilic-
ity indices, calculations were carried out with the more balanced 6-
31G(d,p) basis set (except again using the Stuttgart effective core

potential basis set for Zn), which has been used successfully to this
end in related studies [27,28]. The Fukui nucleophilicity index for
an atom has been calculated using the N-electron equilibrium
geometry and taking the difference in Mulliken charge population
for the atom in the N-electron and (N-1)-electron cases [29].

3. Results and discussion

3.1. Synthesis of alkyl thiocarbonate and dithiocarbonate complexes
1-6

Our aim was to prepare [(TPA)M-SH]* complexes (where
M =Zn or Cd) via insertion of COS or CS, into the metal hydroxide
bond followed by elimination of CO, or COS to give the cationic
metal hydrosulfide complexes. Instead, the formation of O-alkyl
thiocarbonate and dithiocarbonate complexes was observed.
[(TPA)Zn-SC(S)OCH;]ClO, (1), [(TPA)Zn-SC(O)OCH;|BF,  (2),
[(TPA)Zn-SC(0)OCH3]Cl04 (3), [(TPA)Zn-SC(O)OCH,CH3]BE, (4),
[(TPA)Cd-SC(S)OCH5]Cl04 (5) and [(TPA)Cd-SC(O)OCHs5]ClO4 (6)
were synthesized in 27-75% yield using the synthetic route out-
lined in Scheme 2. The compounds were obtained by the reaction
of equimolar amounts of TPA, the appropriate metal salt, and
KOH in either dry methanol or ethanol followed by bubbling of
COS or addition of CS,. Compounds 1-6 were characterized by 'H
and 3C NMR, IR, elemental analysis (CHN) and, for 1, 2, 5 and 6,
by single-crystal X-ray crystallography. One possible mechanism
for formation of products 1-6 could be the esterification of
[(TPA)M-SC(E)OH]" (M =Zn, Cd; E=0, S) by the protic solvent
(MeOH or EtOH), where [(TPA)M-SC(E)OH]" is the product initially
formed after heterocumulene insertion into the M-OH bond. How-
ever, we cannot rule out the possibility that 1-6 may result from
heterocumulene insertion into an M-OR (R = alkyl group) rather
than an M-OH bond. Trace amounts of a metal alkoxide species
may be in equilibrium with the metal hydroxide in alcoholic
solvents, as observed with the Tp®M¢ systems [30].

The spectroscopic data for complexes 1-6 are very similar, sup-
porting the assignment that complexes 3 and 4, for which crystals

Table 1
Summary of X-ray crystallographic data and parameters.®

1 2 5 6-CH3;0H 7-THF
Formula C20H21ZnCIN4O5S, Cy0H21ZnBF4N40,S Cy0H21CdCIN4O5S, C21H25CdCIN4O7S C40H46Zn,B2FgNgS,
Formula weight 562.35 533.69 609.38 625.36 1023.33
Crystal system triclinic orthorhombic triclinic tetragonal monoclinic
Space group P1 Pbca P1 P4, P24/n
a(A) 9.01650(10) 15.7630(3) 12.41510(10) 12.15630(10) 12.0202(6)
b (A) 10.47920(10) 13.9487(2) 14.3038(2) 12.15630(10) 13.5953(6)
c(A) 13.2119(2) 20.4444(4) 14.8828(2) 17.20910(10) 27.6430(14)
o (°) 105.7602(5) 90 62.8664(5) 90 90
£ (%) 102.4322(6) 90 87.4922(7) 90 97.3819(19)
v (°) 97.5275(7) 90 84.3322(7) 90 90
vV (A3%) 1149.14(2) 4495.18(14) 2340.57(5) 2543.09 4479.9(4)
z 2 8 4 4 4
Deatle (Mg m—3) 1.625 1.577 1.729 1.633 1.517
T (K) 150(1) 150(1) 150(1) 150(1) 150(1)
Color colorless colorless colorless yellow colorless
Crystal size (mm) 0.35 x 0.30 x 0.25 0.25 x 0.23 x 0.15 0.35 x 0.25 x 0.20 0.25 x 0.18 x 0.10 0.28 x 0.13 x 0.03
Absorption coefficient (mm~') 1.407 1.244 1.266 1.094 1.240
0 range (°) 1.66-27.89 2.79-27.49 1.64-27.50 2.65-27.47 1.77-26.39
Completeness to 0 (%) 99.5 99.8 99.6 99.9 954
Reflections collected 10230 9745 20151 5732 13461
Independent reflections 5450 5147 10712 5732 8340
Parameters 383 318 595 313 569
Ri/wR, (all data)P 0.0296/0.0648 0.0562/0.0875 0.0298/0.0603 0.0232/0.0471 0.1336/0.1275
Goodness-of-fit 1.034 1.044 1.068 1.094 1.020
Difference in peak/hole (e/A—3) 0.588/-0.437 0.414/-0.423 0.665/-0.635 0.575/-0.338 0.552/-0.488

2 Radiation used: Mo Kot (2=0.71073 A).

® Ry =S|IFol — IFll/SIFol; wR = [SIW(Fo? — FP1/IS(Fo?)*1]'/2, where w = 1/[s*(Fo*) + (aP)* + bP].
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%6 M=Cd,E=0,R=CH;, X=ClO,

Scheme 2. Zn(Il) and Cd(II) alkyl dithiocarbonate and thiocarbonate complexes 1-6. Asterisks indicate those complexes characterized by X-ray diffraction.

suitable for X-ray crystallography have not been obtained, have
atom sequences similar to complexes 1, 2, 5 and 6. Particularly
diagnostic in the 'H and '>C NMR is the observation of the -OCH3
resonances for 1-3 and 5-6 and the -OCH,CHj; resonances for 4.
Evidence for the thiocarbonate group in complexes 2-4 and 6
and the dithiocarbonate group in complexes 1 and 5 is provided
by '®C NMR, with the observation of carbon resonances at
~177 ppm and 228 ppm, respectively. In the FTIR, a band at
~1645 cm™~! was assigned as the C=0 vibration of the thiocarbon-
ate ligand for complexes 2-4 and 6. However, the C=S vibration for
the dithiocarbonate ligand was not observed in complexes 1 and 5
due to overlapping vibrations associated with the ClIO,~ and BF;~
anions.

3.2. X-ray structures of complexes 1, 2, 5 and 6

The molecular structures of [(TPA)Zn-SC(S)OCH3]ClO4 (1) and
[(TPA)Zn-SC(O)OCH3]BF, (2) are shown in Figs. 1 and 2. A sum-
mary of the X-ray crystallographic data and refinement parameters
for the two complexes is provided in Table 1. Complexes 1 and 2
are monomeric and the zinc ion in each complex is coordinated
by four nitrogen atoms from the TPA ligand and a sulfur atom from
either an O-methyl dithiocarbonate or O-methyl thiocarbonate
ligand. The dithiocarbonate and thiocarbonate ligands in 1 and 2
are oriented such that the more sterically demanding —-OCHj3 unit
of the ligands is pointed away from zinc. The coordination environ-
ment around the zinc ion in each complex can be described as dis-
torted trigonal bipyramidal. The tertiary amine nitrogen atom of
the TPA ligand and the sulfur atom of the dithiocarbonate ligand
in 1 or thiocarbonate ligand in 2 occupy the axial positions. The
75 values of 0.83 for 1 and 0.89 for 2 (where 75 =0 is expected
for an idealized square pyramidal geometry and 75 = 1.0 for an ide-
alized trigonal bipyramidal geometry [31]) are similar and indicate
the same degree of distortion from an idealized trigonal bipyrami-
dal geometry. Surprisingly, a search of the Cambridge Structural
Database for a complex containing the fragment M-SC(O)OR where
M = Zn or Cd resulted in no structures. However, examples of metal
complexes, besides Zn or Cd complexes, containing an alkyl thio-
carbonate group have been reported [32].

The binding mode of the dithiocarbonate and thiocarbonate li-
gands in 1 and 2 can be described as monodentate. In 1, the
Zn1-S1 and Zn1---S2 distances are 2.3590(4) and 3.2994(5) A,
while in 2, the Zn1-S1 and Zn1---01 distances are 2.3332(5) and
3.273(16) A. The Zn1---S2 distance in 1 and Zn1---01 distance in
2 are clearly too long for any type of interaction. The S1-Zn1-N2
bond angles in 1 and 2 are almost linear (175.30(3)° for 1 and
172.98(4)° for 2) consistent with monodentate binding modes for
the dithiocarbonate and thiocarbonate ligands. The Zn-S distances
are similar between the two complexes (2.3590(4)A in 1 and

Fig. 1. Representation of the cationic portion of the X-ray structure of 1 with
thermal ellipsoids drawn at 50% probability level and hydrogen atoms omitted for
clarity. Important bond lengths (A): Zn1-S1 2.3590(4), Zn1- - -S2 3.2994(5), Zn1-N1
2.0790(13), Zn1-N2 2.2685(13), Zn1-N3 2.1142(13), Zn1-N4 2.0805(13), S1-C19
1.7325(17), S2-C19 1.6544(17). Bond angles (°): S1-Zn1-N1 104.62(4), S1-Zn1-N2
175.30(3), S1-Zn1-N3 97.88(4), S1-Zn1-N4 105.09(4), N1-Zn1-N2 77.40(5), N1-
Zn1-N3 110.54(5), N1-Zn1-N4 125.29(5), N2-Zn1-N3 77.42(5), N2-Zn1-N4
76.67(5), N3-Zn1-N4 109.53(5), C19-S1-Zn1 99.91(6), S2-C19-S1 125.55(10).

l-—‘\ Zn1 l
< [
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Fig. 2. Representation of the cationic portion of the X-ray structure of 2 with
thermal ellipsoids drawn at 50% probability level and hydrogen atoms omitted for
clarity. Important bond lengths (A): Zn1-S1 2.3332(5), Zn1---01 3.273(16), Zn1-N1
2.1065(16), Zn1-N2 2.2630(16), Zn1-N3 2.1005(16), Zn1-N4 2.0700(16), S1-C19
1.744(2), 01-C19 1.206(3). Bond angles (°): S1-Zn1-N1 102.58(5), S1-Zn1-N2
172.98(4), S1-Zn1-N3 97.36(5), S1-Zn1-N4 108.38(5), N1-Zn1-N2 76.64(6), N1-
Zn1-N3 115.14(6), N1-Zn1-N4 119.88(6), N2-Zn1-N3 76.91(6), N2-Zn1-N4
77.70(6), N3-Zn1-N4 110.37(6), C19-S1-Zn1 100.99(7), 01-C19-S1 127.14(17).

2.3332(5) A in 2) and compare well with other five-coordinate zinc
complexes [33]. However, the Zn-S distance in both complexes is
significantly longer when compared to the values of four-coordi-
nate Tp™™MeZn-SC(S)OR’ complexes (when R’ = Et, 2.264 A; R’ = Me,
2.244 A) [30b,34].
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Fig. 3. Representation of the cationic portion of the X-ray structure of 5 with
thermal ellipsoids drawn at 50% probability level and hydrogen atoms omitted for
clarity. Important bond lengths (A): Cd1-S1 2.5160(5), Cd1-S2 3.0535(5), Cd1-N1
2.2969(15), Cd1-N2 2.4268(14), Cd1-N3 2.3934(15), Cd1-N4 2.3199(16), S1-C19
1.7222(19), S2-C19 1.6641(19). Bond angles (°): S1-Cd1-N1 116.95(4), S1-Cd1-N2
163.13(4), S1-Cd1-N3 93.07(4), S1-Cd1-N4 113.48(4), N1-Cd1-N2 71.15(5), N1-
Cd1-N3 102.92(5), N1-Cd1-N4 116.49(5), N2-Cd1-N3 70.29(5), N2-Cd1-N4
71.70(5), N3-Cd1-N4 110.38(5), C19-S1-Cd1 92.18(6), S2-C19-S1 124.95(11).

Fig. 4. Representation of the cationic portion of the X-ray structure of 6 with
thermal ellipsoids drawn at 50% probability level and hydrogen atoms (except the
hydrogen on 07) are omitted for clarity. Important bond lengths (A): Cd1-S1
2.4715(6), Cd1-01 2.978(2), Cd1-N1 2.2955(18), Cd1-N2 2.4191(18), Cd1-N3
2.3301(18), Cd1-N4 2.3203(19), S1-C19 1.733(3), 01-C19 1.214(3), 02-C19
1.348(3). Bond angles (°): S1-Cd1-N1 117.06(5), S1-Cd1-N2 168.68(5), S1-Cd1-
N3 98.60(5), S1-Cd1-N4 107.19(5), N1-Cd1-N2 73.06(7), N1-Cd1-N3 113.09(7),
N1-Cd1-N4 109.84(7), N2-Cd1-N3 71.72(7), N2-Cd1-N4 71.97(7), N3-Cd1-N4
110.46(7), C19-S1-Cd1 92.89(8), 01-C19-S1 126.08(19).

The molecular structures of [(TPA)Cd-SC(S)OCH3]ClO4 (5) and
[(TPA)Cd-SC(O)OCH5]ClO4 (6), which are the cadmium analogs of
1 and 2, were also determined by X-ray crystallography. Their
structures are shown in Figs. 3 and 4 and their crystallographic
data and refinement parameters are listed in Table 1. When com-
pared to 1 and 2, the structures of 5 and 6 are similar but differ-
ences do exist between the zinc and cadmium analogs. For
instance, the dithiocarbonate ligand in 1 is monodenate but in 5
the dithiocarbonate ligand could be classified as weakly anisobid-
entate. The two Cd-S distances of the dithiocarbonate ligand are
2.5160(5) and 3.0535(5) A. The Cd1---S2 distance (3.0535(5) A) is
longer than the sum of the covalent radii (2.56 A), but significantly
shorter than the sum of the van der Waals radii (3.38 A), indicative
of a weak interaction. The S1-Cd1-N2 angle (163.13(4)°) in 5 com-
pared to the S1-Zn1-N2 angle in 1 (175.30(3)°) is also considerably
smaller. The smaller S1-M-N2 (M = Zn or Cd) angle in 5 illustrates
how the large cadmium atom has adjusted for the Cd1---S2 inter-
action at the expense of the S1-Cd1-N2 angle.

Fig. 4 shows the structure for [(TPA)Cd-SC(O)OCHs5]ClO,4 (6).
Complex 6 is, to the best of our knowledge, the first structurally
characterized cadmium complex containing an O-alkyl thiocarbon-
ate ligand. The geometry of the cadmium center is distorted trigo-
nal bipyramidal (75 =0.86), where three pyridine nitrogen atoms
(N2, N3 and N4) make up the equatorial positions and N2 and S1
the axial positions. In addition, a methanol molecule is hydrogen
bonded to O1 of the thiocarbonate ligand. The Cd ion in 6 is located
0.69 A (compared to 0.76 A for 5) above the equatorial plane
defined by the three pyridine nitrogen atoms, which is significantly
farther than the Zn ion in 1 and 2 (~0.47 A). The Cd1-S1 and
Cd1---01 distances of the thiocarbonate ligand are 2.4715(6) and
2.978(2) A, respectively. The Cd1-.-01 distance is approximately
the same as the van der Waals distance (3.10 A) indicating the
thiocarbonate ligand in 6, similar to 2, has a monodentate coordi-
nation mode. The Cd1-S1 distance (2.4715(6) A) is shorter than the
Cd1-S1 distance (2.5160(5) A) in 5 but is similar to Cd-S distances
observed in cadmium complexes with thiolate ligands (2.47-
2.55 A) [35] but shorter than cadmium complexes with bidendate
alkyl dithiocarbonate ligands (2.65-2.86 A) [33a].

3.3. Synthesis of cationic zinc hydrosulfide complexes

Three general routes to cationic zinc and cadmium hydrosulfide
complexes of the form [(TPA)M-SH]* (M = Zn or Cd) were explored
(Scheme 3) [14]. Of these routes, methods A and B represent new
methods for making Zn-SH complexes, while method C has been
used to make TpZn-SH complexes [12] but not cationic [LZn-
SH]" (where L = ligand) complexes.

Method A investigated the hydrolytic stability of complexes 1-6
towards water. Prior studies by Vahrenkamp had shown that
TpE*MezZn-0C(0)OR complexes are easily hydrolyzed to Tp®"-
Mezn-OH [36]. Interestingly, the related Tp““™Me¢Zn-OC(O)OR
complexes are stable in water/alcohol mixtures, suggesting the
more encapsulating Tp““™Me Jigand is responsible for the increased
stability [5]. The stability of complexes 1-6 towards hydrolysis was
initially examined by 'H NMR. Treatment of 2, 3 and 4 in CD;CN
with water results in the quantitative formation of [(TPA)Zn-
SH]X (X =BF4;~ (7) and ClO4~ (8)) within 48 h. The hydrolysis of 3
on a preparative scale yielded 8 in a 47% yield. A detailed descrip-
tion of the characterization of 7 and 8, including the X-ray struc-
ture of 7, follows in the next section. Interestingly, under the
same conditions, 1, 5 and 6 show no signs of hydrolysis, even after
8 days.

Method B involves the reaction of equimolar amounts of TPA,
M(ClO4),-6H,0 and Me4NOH-5H,0 with COS or CS; in CH3CN. This
procedure is similar to the procedure used to make 1-6 except the
protic solvent (MeOH or EtOH) and KOH have been replaced with
CH5CN and Me4NOH-5H,0 (Me4NOH-5H,0 was used as the base
because of the poor solubility of KOH in acetonitrile). The rationale
for switching the solvent to acetonitrile was to prevent incorpora-
tion of the solvent into the products, as was observed with the for-
mation of 1-6 in alcoholic solutions. Treatment of TPA,
Zn(Cl04),-6H,0 and Me4NOH-5H,0 with COS yielded [(TPA)Zn-
SH]|ClO4 (8) in a 73% yield. Surprisingly, replacing COS with CS,, un-
der the same reaction conditions, does not result in a zinc hydro-
sulfide (as evidenced by the absence of a SH resonance in the 'H
NMR) but an unidentified mixture of products.

The reaction was also run using Cd(ClO4),-6H,0 but, rather than
isolating a cadmium hydrosulfide, an insoluble yellow precipitate
(presumably CdS) and a soluble species containing only TPA reso-
nances in the "H NMR were obtained. X-ray crystallography iden-
tified the soluble species as [(TPA),Cd](ClO4), (9), resulting from
ligand redistribution (see Fig. S1 for structure of 9). The structure
of 9 has been reported by Bebout [37]. However, the structure of
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Scheme 3. Different methods for preparing [(TPA)Zn-SH]|" complexes. Yields are for preparative scale reactions.

9 obtained by Bebout et al. crystallized in a different space group
(P1), as a result of a co-crystallized toluene molecule.

Method C explored the direct method of treating the cadmium
and zinc hydroxide complexes with H,S. This procedure is used to
make Tp*MeZn-SH complexes from Tp®™¢Zn-OH [5]. Bubbling of
H,S through a CH50H solution of [((TPA)Zn),(p1-OH),](X), (where
X =BF4;~ or ClO47) led to the formation of 7 and 8 in a 39% and
30% yield, respectively. Repeated attempts to make a cadmium
hydrosulfide from [((TPA)Cd),(1-OH),](ClO4), and H,S always
resulted in insoluble CdS.

3.4. Characterization of [(TPA)Zn-SH]" complexes 7 and 8

Complexes [(TPA)Zn-SH]BF, (7) and [(TPA)Zn-SH]CIO4 (8) were
characterized by 'H and '>C NMR, IR, elemental analysis (CHN),
electrospray mass spectrometry (ESI-MS) and, for 7, by X-ray crys-
tallography. The compounds are stable in acetonitrile but begin to
decompose within one day after dissolution in chloroform. The
spectroscopic data for complexes 7 and 8 are identical, supporting
the claim that 8 is similar in structure to 7. In the 'H and '>C NMR,
the three pyridyl groups in both complexes are equivalent, indica-
tive of tridentate coordination of the TPA ligand to the zinc center.
The SH resonance for 7 and 8 is observed in CD;CN as a singlet at
—1.5 ppm. Exchange of this resonance with deuterium occurs with
D,0 or CD30D, consistent with the assignment of the —1.5 ppm
resonance as the SH proton. The "H NMR chemical shift value for
the SH proton in 7 and 8 also falls within the range (-2.1 to
—1.0 ppm) observed by the zinc hydrosulfide complexes
Tp®MeZn-SH (R = phenyl, 3-pyridyl, 4-picolyl and t-butyl) [12].
The IR spectra of 7 and 8 did not show a v(SH) vibration.

Fig. 5. Representation of the cationic portion of the X-ray structure of [(TPA)Zn-
SH]BF, (7) with thermal ellipsoids drawn at 50% probability level and hydrogen
atoms (with the exception of the S-H hydrogen atom) are omitted for clarity.
Important bond lengths (A): Zn1-S1 2.3207(14), Zn1-N1 2.089(4), Zn1-N2
2.308(4), Zn1-N3 2.086(4), Zn1-N4 2.080(4). Bond angles (°): S1-Zn1-N1
106.25(12), S1-Zn1-N2 176.33(10), S1-Zn1-N3 104.39(12), S1-Zn1-N4
100.14(11), N1-Zn1-N2 76.10(15), N1-Zn1-N3 115.46(14), N1-Zn1-N4
110.14(16), N2-Zn1-N3 76.77(15), N2-Zn1-N4 76.31(14), N3-Zn1-N4 118.31(15).

The structure of the cationic portion of [(TPA)Zn-SH]BF, (7) is
shown in Fig. 5. The complex is mononuclear and the zinc ion is
five-coordinate and displays approximately trigonal bipyramidal
geometry. The hydrogen atom of the SH group was not located in
the difference Fourier map, but its presence is supported by one
tetrafluoroborate anion per cation and by 'H NMR (singlet at
—1.5 ppm). The hydrosulfide and tertiary amine occupy the axial
positions, while the three pyridyl rings occupy the equatorial posi-
tions. The structure is identical to [(TPA)Zn-SH]|BPh,, which has
just recently been published [14].
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Table 2
Comparison of Zn-SH ligation in the TpZn-SH and [(TPA)Zn-SH|" complexes.

TpZn-SH (gas phase)

TpZn-SH (acetonitrile)

[(TPA)Zn-SH]" (gas phase) [(TPA)Zn-SH]" (acetonitrile)

Bond distance (A) 2.219 2.236 2.280 2.289
Wiberg bond index 0.453 0.447 0.399 0.386
Table 3

Mulliken charge populations computed for Zn and the SH ligand in the TpZn-SH and [(TPA)Zn-SH|* complexes.

TpZn-SH (gas phase)

TpZn-SH (acetonitrile)

[(TPA)Zn-SH]" (gas phase) [(TPA)Zn-SH]" (acetonitrile)

Zn 0.411 0.416 0.533 0.549
SH ~0.266 -0.280 -0.303 -0.328
Charge difference 0.678 0.697 0.836 0.877
A comparison of the metrical parameters around the zinc ion

Table 4

between the active site structure of human carbonic anhydrase II
(HCA 1I) bound with anionic hydrogen sulfide (1CAO) [38] and
the model complexes [(TPA)Zn-SHIBF, (7) and Tp®M€Zn-SH
(R = phenyl, 3-pyridyl or 4-picolyl) [12] shows important differ-
ences and similarities. For instance, the Zn-S distance
(2.3207(14) A) in 7 is significantly longer compared to the Zn-S
distance in HCA Il (2.2 A) and Tp*MeZn-SH (Zn-S,,,=2.214 A).
The longer Zn-S bond can be attributed to the coordination of
the tertiary amino nitrogen of the TPA ligand which elongates
the trans Zn-SH bond distance. In addition, we would like to note
that there are three potential hydrogen bonding interactions to the
SH ligand in the 1CAO active site (Thr199 side chain hydroxyl
group and crystallized waters HOH338 and HOH218) that may af-
fect how SH ligates to Zn?* in 1CAO. As such, not having such inter-
actions in the TPA and Tp complexes means that the structural
comparisons, while interesting, should be considered with this
caveat in mind. Finally, the Zn-Npyrgine bond distances
(Zn-Nayg =2.09 A) and S-Zn-Npyridine angles (S-Zn-N,g = 103.6°)
in 7 are more similar to HCA II (Zn—Nan=2.13A and S-Zn-
Navg = 110.8°) compared to Tp*™°Zn-SH (Zn-N,,¢ = 2.06 A and S-
Zn-N,,e = 123.8°).

3.5. Computational comparison between [(TPA)Zn-SH]* and TpZn-SH

DFT calculations provide evidence for a stronger ligation of
hydrosulfide to the zinc center in TpZn-SH than in [(TPA)Zn-SH]*
(Table 2). The Zn-S distance in the former is shorter by 0.061 A
in the gas phase and similarly by 0.053 A in acetonitrile. This is
consistent with the Zn-S Wiberg bond index being 0.054 greater
in the Tp complex in the gas phase and 0.061 greater in acetoni-
trile. Likewise, there is a greater polarity in the Zn-SH bond in
the TPA complex. Examination of the Mulliken charge populations
on Zn and the hydrosulfide ligand (Table 3) in the two complexes
reveals a greater difference in charge between the metal center
and SH ligand in the TPA complex versus the Tp complex. This
measure of bond polarity shows a small increase in going from
the gas phase to acetonitrile solvent. The same trend is observed
if NPA charges are considered (Table S3). Finally, Fukui nucleophi-
licity indices for the hydrosulfide ligand in TpZn-SH and [(TPA)Zn-
SH]" (Table 4) indicate that the SH ligand is more nucleophilic in
the Tp complex, consistent with the reactivity trend observed upon
methylating the two hydrosulfide complexes with methyl iodide
[12].

3.6. Reactivity of [(TPA)ZnSH]|CIO,, (8)
Preliminary reactivity studies were performed with [(TPA)Zn-

SH]CIO4 (8) and comparisons were made to the more thoroughly
studied Tp®MezZn-SH system. Prior studies by Rombach and

Fukui nucleophilicity index for the SH ligand in the TpZn-SH and
[(TPA)Zn-SH]" complexes.

TpZn-SH (gas phase) [(TPA)Zn-SH]* (gas phase)
0.742 0.535

Vahrenkamp [12] had shown that the zinc-bound hydrosulfide in
the Tp™™MeZn-SH system is alkylated by CHsl to give Tp"™MeZnI
and methanethiol. In contrast to Tp™™MeZn-SH, the reaction of
CHsl and 8 at room temperature is extremely slow, requiring about
9 days for completion, as evidenced by 'H NMR. This result is sup-
ported by the DFT calculations, which suggest a decreased nucleo-
philicity for [(TPA)Zn-SH]* compared to TpZn-SH. Treatment of 8
on a preparative scale in CH3CN with CHsl (~5 equiv.) resulted in
the isolation of [(TPA)ZnI]ClO4 (10) in a 78% yield. The product
was identified by 'H and '3C NMR and X-ray crystallography. For-
mation of 10 was evident in the 'H NMR by the absence of the SH
resonance present in 8 and the downfield shift of the TPA reso-
nances. Crystals of the product were obtained and gave identical
unit cell parameters for [(TPA)Znl]ClO4, which has been previously
characterized by X-ray crystallography [19].

Attempts to make an unknown metallothiolate via deprotona-
tion of the hydrosulfide ligand in 8 using n-butyllithium and NaH
failed. The deprotonation reactions resulted in the elimination of
zinc sulfide and formation of the products [(TPA)LiClO,4] (11) and
[((TPA)Na),(p-ClO4)2] (12), respectively. The composition of 11
and 12 were determined by spectroscopic methods (NMR, IR), ele-
mental analysis and X-ray crystallography. The structures for both
complexes are provided in Figs. S2 and S3 in the Supporting infor-
mation. Compound 11 is monomeric and the lithium ion is bound
by the TPA ligand and the perchlorate anion in a trigonal bipyrami-
dal geometry. Conversely, 12 is dimeric with each sodium ion coor-
dinated to a TPA ligand and two bridging perchlorate anions.
Interestingly, the Tp®™MeZn-SH reaction with n-butyllithium re-
sults in SH substitution to form Tp®“™MezZn-C,H, instead of ZnS
elimination [12].

4. Conclusion

The insertion of COS and CS, into the M-OH bond of
[((TPA)M)2(p-OH);](Cl04), (M = Zn, Cd) in alcoholic media results
in O-alkyl thiocarbonate and dithiocarbonate zinc and cadmium
complexes. These complexes were characterized by spectroscopic
methods and, in several cases, by X-ray crystallography. Complexes
2 and 6 represent the first examples of structurally characterized
Zn and Cd complexes containing a M-SC(O)OR (M =Zn, Cd and
R =alkyl group) fragment. The O-alkyl thiocarbonate zinc com-
plexes were determined to be susceptible to hydrolysis resulting
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in zinc hydrosulfide complexes of the general formula [(TPA)Zn-
SH]". Several other synthetic routes were also described for making
[(TPA)Zn-SH]" complexes. Furthermore, reactivity and DFT studies
comparing cationic [(TPA)Zn-SH]* with neutral TpZn-SH were
conducted and many similarities and differences between the
two complexes were found.
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Computational details and the molecular structures and crystal-
lographic data and refinement parameters for 9, 10 and 11 are
provided. CCDC 838215, 838216, 838217, 838218, 838219,
838220, 838221, and 838222 contain the supplementary crystallo-
graphic data for compounds 1, 2, 5, 6, 7, 9, 11, and 12. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.ica.2012.01.040.
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