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The synthesis of the novel tripodal ligand [N(CH,CH,CH,OH)(CH,CH,SH),] Hs-4 is reported. The aliphatic tetradentate
ligand is equipped with an unsymmetrical NOS, donor set. It reacts with Ni(OAc),+4H,0 or Zn(BF4),-xH,0 to give
the complexes [Ni(H-4)], 5 and [Zn(H-4)], 6, respectively. The molecular structures of 5 and 6 have been determined
by X-ray diffraction. In both cases multinuclear, u-thiolato-bridged complexes, wherein the ligand coordinates with
only three (NS,) of the four donor groups, had formed. The dinuclear complex 5 adopts a butterfly geometry and
contains nickel(ll) ions in a square-planar NS; coordination environment. Cyclic voltammetry experiments indicate
that the nickel centers in 5 are electron-rich but not overly sensitive toward oxidation. Complex 6 is tetranuclear
and the four thiolato-bridged metal centers form a ring. It shows a distorted tetrahedral coordination geometry for
the zinc(ll) ions in an NS; coordination sphere. In both complexes the hydroxyl functionalized ligand arm of the
tripodal ligand remains uncoordinated.

the type N[CH-(CH,)-X]s (N =1: X = SH5 4 SRS NH,,’
NHMe, NMe,8 OH? n = 2: X = NH,,1° X = SH*®) and
tripodal tris(oxime)amine ligands have been studieth
addition, tripodal amine ligands of unsymmetrical topology
(both G and G chains are present between the central
nitrogen atom and %= NH,) are known'? A few related

Introduction

The coordination chemistry of the metal ions in metallo-
proteines is dominated by amino, hydroxo, and mercapto
groups of the amino acid side chaintn many cases the
existence of a binary N/O, O/S, or N/S coordination
environment around the metal ion was demonstrated, while
aternary N/O/S coordination environment is rarely observed. (3) (a) Eiund, H.; Jones, T. A.; Schneider, GZimc EnzymesBerlini,
Among the few examples for the latter are the nitrile I, Lucinat, C., Maret, W., Zeppezauer, M., Eds.; Birkbar: Boston,
hydratasé and the horseliver alcohol dehydrogenase. Basel, Stutigart, 1986, pp 39815. (b) Werth, M. T.; Tang, S.-F.;

. . ; Formicka, G.; Zeppezauer, M.; Johnson, M. IKorg. Chem.1995
Tripodal ligands have proven useful for the modeling of 34, 218.

active centers of metalloproteines. Besides tris(pyrazolyl)- (4) Trofimenko, SChem. Re. 1993 93, 943.

. . . (5) (a) Spies, H.; Glaser, M.; Pietzsch, H.-J.; Hahn, F. E.; Kintzel, O.;
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Figure 1. Ligands providing an NOSdonor set.

derivatives with phosphorus as central backbone atom have \) \) \) *““"’\) Ne= ‘)
also been describéd. (m (\:D < HN > (\::) C :)
The substitution of the ligand arms in a tripodal ligand °" #Ho™ 9% HO  OH HN OH HO Aowo
with different donor groups has recently attracted special ¢ H ! Ha-4
interest since such derivatives are of particular interest for Figure 2. Topology of unsymmetrically substituted tripodal ligands.
the modeling of unsymmetrically coordinated metal ions in . o
the active centers of metalloproteines. Tripodal ligands of Recently we reported on the synthesis and coordination
the type CHC[(CH2X)(CH,Y)(CH»2)] (X, Y, Z = PR, chermstr_y of th_e tetrad_entate, purely allphat|ctr|p0(_1al ligand
PR, NR:, SR, and OR) have been reported by Hutdder. F which is equped with a completely uns_ym_metng(NS-
However, these ligands, some of which were prepared donor set (Figure 2’ It was shown that this ligand reacts
enantioselectively, form no mononuclear chelate complexesWith nickel(ll) to give a dinuclear complex that exhibits a

with all donor groups coordinated to the same metal center remarkable reactivity toward oxygen. Aerial oxidation of the
owing to the small size of the carbon backbone. thiolate sulfur atom resulted in the unexpected formation of

a sulfinate complex with a®,0-bound sulfinato group. The
unusual reactivity of this complex prompted us to develop
further representatives of unsymmetrically substituted ali-

examples are the heptadentate ligaAdmdB, 5 which both phatic tripodal ligands. In a first study we reported on the
form dinuclear complexes, the tetradentate ligaGésand synthesis, solution thermodynamics, and coordination chem-
D,17 and the tripocE18 (FigL’Jre 1. istry of the unsymmetrically substituted ligan@sandH ,2°2

exhibiting NbO2% and NyO?°c ¢ donor sets, respectively.
(8) (a) Thaler, F.; Hubbard, C. D.; Heinemann, F. W.; van Eldik, R.; Ligand F was further modified by introduction of propyl

To our knowledge only a limited number of unsymmetri-
cally substituted tripodal ligands with a central nitrogen donor
atom and an NOsdonor set are known. Among the known

g‘;h_i”d'c‘?f'm%r: F%ifgn{-ilgggeéf'g‘gfzm:;‘g, Qér“!ﬁc?a?ﬁérgftb ligand arms for théd-donor functions, leading to ligaric!

vig, C. . . f r S in. . :

Orioli, P. L. Acta Crystallogr. 1968 B24 595. (c) Bertini, I.; H.ere we repqrt the synth.eS|s of th.e prewou.sly unknown
Ciampolini, M.; Dapporto, P.; Gatteschi, Inorg. Chem.1972 11, tripodal NOS ligand Hs-4 (Figure 2). Ligand 4 is derived
2254, . L .

(9) (a) Hahn, F. E.: Mohr, XChem. Ber199Q 123 481. (b) Chen, Y. from the relateq MOS IlganQF by substltutllqn of the amine
Liu, Q.; Deng, Y.; Zhu, H.; Chen, C.; Fan, H.; Liao, D.; Gao/iforg. group for a thiol group. Ligand 4 exhibits an unsym-
Chem.2001, 40, 3725 and references therein. metrical topology regarding both the donor set (Njo&hd

(10) (a) Shafer, J. L.; Raymond, K. Nhorg. Chem.1971 10, 1799. (b) . .
Rawji, G. H.; Lynch, V. M.Acta Crystallogr.1992 C48 1667. () ~ the ligand arm lengths (two ethyl chains and one propyl
Conolly, J. A.; Kim, J. H.; Banaszczyk, M.; Drouin, M.; Chin,|dorg. chain). In addition, we present the coordination chemistry

Chem.1995 34, 1094. (d) Conolly, J. A.; Banaszczyk, M.; Hynes, R. ~ ; ; ;
C.; Chin, J.Inorg. Chem.1994 33, 665. (e) Dittler-Klingemann, A. of Hy-4 with kaeI(”) and ch(”)'
M.; Hahn, F. E.; Orvig, C.; Rettig, SActa Crystallogr.1996 C52
1957. . .
(11) Goldcamp, M. J.; Edison, S. E.; Squires, L. N.; Rosa, D. T.; Vowels, EXpe”mental Section
N. K.; Coker, N. L.; Krause Bauer, J. A.; Baldwin, M.ldorg. Chem.
2003 42, 717. Materials and Analyses.All manipulations were carried out in
(12) (a) Fanshawe, R. L.; Blackman, A. (horg. Chem.1995 34, 421. an argon atmosphere. Solvents were purified by standard methods,

b) Dittler- Kli , A. M.; Hahn, F. B . Chem.1996 35, L .
(19)96! (ce)rDittIIre]z?iTr?ngann A, l?/l.'nOrvig nggHahr(]arT:. E.'GThaler freshly distilled, and degassed prior to use. Infrared spectra were

F.; Hubbard, C. D.; van Eldik, R.; Schindler, S, I. Inorg. Chem. recorded in KBr using a Perkin-Elmer IR 983 spectrometer. NMR

1996 35, 7798. (d) Ochs, C.; Hahn, F. E.;"gger, T.Eur. J. Inorg. spectra were recorded on a Bruker AM 250 spectrometer. Elemental
Chem.2001 1279. (e) Geue, R. J.; Sargeson, A. M.; Wijesekera, R.

Aust. J. Chem1993 46, 1021 analyses (C, H, N, and S) were performed on a Vario EL elemental
(13) (a) de Vries, N.; Davison, A.; Jones, A. Borg. Chim. Actal989 analyzer. El and-FAB mass spectra were taken on Finnigan MAT
165 9. (b) de Vries, N.; Cook, J.; Jones, A. G.; Davison,lrorg. 112 or Finnigan MAT 711 instruments. The UV/vis spectrunbof

Chem.1991, 30, 2662.

(14) (a) Soltek, R.; Huttner, G.; Zsolnai, L.; Driess, lAorg. Chim. Acta
1998 269, 143. (b) Jacobi, A.; Huttner, G.; Winterhalter, U.
Organomet. Chenl998 571, 231. (c) Vogelgesang, J.; Huttner, G.;  (18) Roas, D. T.; Krause Bauer, J. A.; Baldwin, Mldorg. Chem2001

was recorded in acetonitrile from 300 to 1100 nm at room

Kaifer, E.; Kircher, P.; Rutsch, P.; Cunskis, Bur. J. Inorg. Chem. 40, 1606.

1999 2187 and cited refs. (19) Ochs, C.; Hahn, F. E.; Antich, R. Chem. Eur. J200Q 6, 2193.
(15) (a) Berg, J. M.; Hodgson, K. Qnorg. Chem.1986 25, 1800. (b) (20) (a) Song, B.; Reuber, J.; Ochs, C.; Hahn, F. Egder, T.; Orvig, C.

Gutierrez, J. N.; Garcia, E. A,; Viossat, B.; Dung, N. H.; Busnot, A,; Inorg. Chem2001, 40, 1527. (b) Hahn, F. E.; Jocher, C.;dger, T.;

Hemidy, J. F.Acta Crystallogr.1993 C49 19. Pape, TZ. Anorg. Allg. Chem2004 629, 2341. (c) Xia, J.; Li, S.-
(16) Corbin, J. L.; Miller, K. F.; Pariyadath, N.; Wherland, S.; Bruce, A. A.; Shi, Y.-B.; Yu, K.-B.; Tang, W.-X.J. Chem. Soc., Dalton Trans.

E.; Stiefel, E. l.Inorg. Chim. Actal984 90, 41. 2001, 2109. (d) Xia, J.; Xu, Y.; Li, S.-A.; Sun, W.-Y.; Yu, K.-B;;
(17) Cornman, C. R.; Jantzi, K. L.; Wirgau, J. |.; Stauffer, T. C.; Kampf, Tang, W.-X.Inorg. Chem.2001, 40, 2394.
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Unsymmetrical Tripodal Ligand with NOg&Donor Set

temperature on a Perkin-Elmer Lambda 9 UV/vis/NIR spectropho-  3-Hydroxy-N,N-bis(2-mercaptoethyl)-propylamine, H-4. All
tometer. The magnetism was measured with a JM MSB 1251 functional groups ifN,N-bis[(2-acetylthio)ethyl]-3-aminopropionic
AUTO instrument. Cyclic voltammetry experiments were carried acid ethylesteB were reduced simultaneously by use of LiAIH
out with a Bank High Power Potentiostat Wenking HP 72 and a A sample of 1.367 g (36 mmol) of lithium aluminum hydride
Bank Scan Generator Wenking model VSG 83 using a three (LiAIH 4) was suspended in 50 mL of dry THF. Compow8¥8.215
electrode cell configuration (working electrode Pt; auxiliary elec- g, 10 mmol, dissolved in 20 mL of dry THF) was added dropwise

trode Pt; reference electrode Ag/AgCI/3 M KE&gjre = 435 mV).

The experiments were performed with 0.1 tBu;NPF; as sup-

porting electrolyte in acetonitrile with scan rates of 100 mV/s.
Ligand Synthesis.N,N-Bis(2-hydroxyethyl)-3-aminopropionic

to the vigorously stirred suspension at@©. The reaction mixture

was stirred overnight at ambient temperature, and residual LiAIH
was carefully hydrolyzed with 2.7 mL (0.145 mol) of degassed
water. All solids were removed by filtration under argon, and the

Acid Ethylester, 1. A sample of 12.01 g (0.12 mol) of acrylic acid  residue was suspended in 50 mL of degassed THF. The suspension
ethylester was added to 10.51 g (0.1 mol) of diethanolamine (both was saturated with C{by addition of small pieces of solid carbon
freshly distilled) while the reaction flask was cooling in an ice bath. dioxide? and filtered under argon. This procedure was repeated
The mixture was allowed to warm to room temperature and was up to 5 times. Evaporation of the solvent in vacuo yielded 1.3 g
stirred at this temperature overnight. The excess of acrylic acid (66.5%) of H-4 as a clear colorless oil. Mass spectrum (EI-MS)

ethylester was removed in vacuo yielding 2.05 g (100%) a$ a
colorless oil of purity sufficient for further reactiondd NMR
(CDCl;, 250 MHz): 6 = 4.16 (g, 2H, O®i,CHg), 3.62 (t, 4H,
NCH,CH,OH), 3.44 (s, 2H, OH), 2.88 (t, 2H, NG;CH,COOEY),
2.66 (t, 4H, G1,0H), 2.46 (t, 2H, G1,COOEt), 1.30 (t, 3H, CH.
13C{1H} NMR (CDCls, 62.90 MHz): 6 = 173.07 COOEt), 60.53
(OCH,CHj3), 59.44 (NCH,CH,OH), 56.02 (NCHCH,0H), 49. 66
(NCH.CH,COOEt), 32.63 CH,COOEt), 13.97 (Ch).

N,N-Bis(2-chloroethyl)-3-aminopropionic Acid Ethylester Hy-
drochloride, 2. A 2.053 g (0.01 mol) sample oN,N-bis(2-
hydroxyethyl)-3-aminopropionic acid ethylestewas dissolved in
50 mL of dry chloroform. To this solution was added dropwise
5.95 g (0.05 mol) of SOGI After addition of the thionyl chloride
the mixture was heated to reflux until the §€volution ceased.
Upon cooling of the yellow solution to room temperature a colorless
solid precipitated. Recrystallization of the solid from acetone yielded
1.950 g (70%) of bright white needles of the hydrochlorzddCl.
IH NMR (CDCl;, 250 MHz): 6 = 9.80 (s, 1H, NH), 4.24 (q, 2H,
OCH,CHj), 4.07 (t, 4H, CHCI), 3.60 (t+ t, 6H, NCH,CH,Cl and
NCH,CH,COOEt), 3.09 (t, 2H, B,COOEt), 1.27 (t, 3H, Ch).
13C{*H} NMR (CDCls, 62.90 MHz): 6 = 169.60 COOEt), 61.78
(OCH,CHg), 54.43 (NCH,CHCI), 49.47 (N\CH,CH,COOEt), 36.34
(CH,CI), 28.96 CH,COOETt), 14.01 (Ch). Anal. Calcd. for GH;4
CI3NO; (M, = 278.61): C, 38.80; H, 6.51; N, 5.03. Found: C,
38.50; H, 6.52; N, 5.11.

The ammonium saR-HCI was deprotonated with dilute aqueous
K,CO; solution and extracted with diethyl ether. After removal of

[M/z (rel int)]: 195 (1.31, [M]), 148 (100, [M— CH,SH]"), 104
(10.13), 88 (10.27), 61 (23.313H NMR (CDCl3, 250 MHz): 6 =
3.71 (t+ s, 3H, H,OH + CH,OH), 2.60 (m, 10H, NEI,CH,-
CH,0OH + NCH,CH,SH + CH,SH), 1.65 (m, 2H, ChHCH,CHy),
1.52 (s, br, 2H, SH)13C{H} NMR (CDCls;, 62.90 MHz): 6 =
62.95 (CHOH), 57.11 (NCH,CH,SH), 53.15 (NCH,CH,CH,OH),
28.71 (CHCH.CHy), 22.81 (CHSH).

Preparation of Metal Complexes. Synthesis of [Ni(H-4})} 5.
Triethylamine (218 mg, 2.2 mmol) andsH4 (140 mg, 0.7 mmol)
were dissolved in 20 mL of acetonitrile. This mixture was added
dropwise to a hot (50C) solution of Ni(OAc}-4H,0 (178 mg,
0.7 mmol) in 30 mL of acetonitrile. The mixture immediately turned
red, and after 15 min a brown precipitate had separated. The solid
was collected by filtration. Recrystallization from warm acetonitril
gave reddish brown crystals of [Ni(BN,, 5. Yield 152 mg (86%).
Mass spectrumiFAB-MS, 3-nitrobenzyl alcohol/DMSONz (rel
int)]: 503 (7.29, {Ni(H-4)}, + H]"). IR (v, cm1): 3372 (s, OH),
2925, 2855 (s, CH), 1462 (m, CH), 1054 (m, CO). UV/vis (H
CN, Amax NM) € (10 cn?mol~Y): 370 (sh), 425 (sh), 545 (90.3),
790 (sh). Anal. Calcd for GH3oN2Ni0O,S, (M, = 504.06): C,
33.36; H, 6.00; N, 5.56; S, 25.44. Found: C, 33.39; H, 6.00; N,
5.87; S, 25.36.

Synthesis of [Zn(H-4)}, 6. Triethylamine (364 mg, 3.6 mmol)
and H34 (234 mg, 1.2 mmol) were dissolved in 10 mL of
acetonitrile. This mixture was added dropwise to a solution of Zn-
(BF4)2:xH20 (287 mg, 1.2 mmol) in 20 mL of acetonitrile resulting
in the separation of a white precipitate. The solid was collected by

the solvent in vacuo the free amine was obtained as a colorless oil filtration and dissolved in DMSO. Slow diffusion of diethyl ether

which decomposed rapidly at room temperature.

WARNING: p-Chlorinated ethylamines are nitrogen deriva-
tives of mustard gas which are known to be extremely
carcinogenic.

N,N-Bis[(2-acetylthio)ethyl]-3-aminopropionic Acid Ethyl-
ester, 3.N,N-Bis(2-chloroethyl)-3-aminopropionic acid ethylester

into this solution gave colorless cubes of [Zndia, 6. Yield 123

mg (39.7%). Mass spectrumt-FAB-MS, 3-nitrobenzyl alcohol/
DMSO) [z (rel int)]: 842 (4.45,{Zn(H-4)}s + Zn]*"), 776 (3.23,
[{Zn(H-4)}4] ™), 581 (26.18,{Zn(H-4)}» + Zn]*), 519 (15.15,{Zn-
(H-4)}, + H]™), 258 (100, {Zn(H-4)} + H]1). IR (v, cnrY): 3354

(s, OH), 2924, 2850 (s, CH), 1449 (m, CH), 1084, 1054 (m, CO).

2 (13.93 g, 0.05 mol) and potassium thioacetate (13.705 g, 0.12 Anal. Calcd for GgHeoN4OsSeZns (M = 1034.76): C, 32.50; H,

mol) were dissolved in 100 mL of dry DMF. The solution was

stirred at ambient temperature for 60 min and for an additional 60

min at 60°C. During that period a precipitate of KCI formed. All

5.84; N, 5.41; S, 24.79. Found: C, 32.94; H,5.98; N, 5.67; S, 23.53.
Crystal Structure Analyses. Crystals of5 and 6 are stable in
air. Suitable specimens were mounted on an Enraf-Nonius CAD-4

solvents were removed in vacuo and the residue was extracted threeliffractometer at room temperatur®) ©r on a Nonius KappaCCD

times with dietyl ether. Removal of the solvent yielded 13.9 g
(86.6%) of3 as an air-sensitive yellow oitH NMR (CDCls, 250
MHz): 6 = 4.09 (q, 2H, OCGi,CHjg), 2.90 (t, 4H, NCG,CH,S),
2.79 (t, 2H, NGH,CH,COOEt), 2.60 (t, 4H, CEB), 2.39 (t, 2H,
CH,COOEt), 2.27 (s, 6H, B3C(O)SCH), 1.20 (t, 3H, OCHCHy).
13C{*H} NMR (CDCl;, 62.90 MHz): 6 = 195.72 (CHC(O)SCH),
172.24 (CHCOOEt), 60.29 (@H,CHs), 53.10 (NCH,CH,S), 49.24
(NCH,CH,COOEt), 33.01 CH,COOETt), 30.49 CH;C(O)SCH),
27.16 CH,S), 14.14 (OCHCHj).

diffractometer with a rotating anode generator at 198(2)6K (
Important crystal and data collection details are summarized in
Table 1. Raw data were reduced to structure factors by standard
methods. An absorption correction using SORTFAWas applied

to the raw data 06 (0.490< T < 0.681); no absorption correction
was performed on the data fér Both structures were solved by
direct methods and refined d#? by the full-matrix least-squares

(22) SORTAVBlessing, R. HJ. Appl. Crystallogr.1997 30, 421.
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Table 1. Summary of Crystallographic Data férand 6
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in the same molecule leading to an equilibrium between the

5 6 uncharged compound and the zwitterionic species. Generally,
formula GaHaNaNi,025 CoHodNaOsSeZa the_ po_sm_on of the e_qwhbngm shifts to the S|d_e of the
M, 504.06 1034.76 zwitterionic product if the linker between the involved
cryst size [mm] 0.30<0.18x 0.18  0.30x 0.25x 0.15 functional groups is shortened. It was shown previdiisly
alA] 14.842(5) 14.594(1) L . .
bIA] 5.9083(10) 12531(1) that this is due to an electrostatic interaction between the
c[A] 23.241(2) 23.022(1) positively charged ammonium group and the negatively
o [deg] 90.00 90.00 charged thiolato group, resulting in a stabilization of the
$ [deg] 99.07(2) 104.31(1) IO
v [deg] 90.00 90.00 zwitterionic molecule. Consequently, the SH groupgef
V[AY 2012.5(8) 4079.6(5) andy-aminoalkylmercaptanes exhilgK, values which are
z 4 4

space group

LiAIH, / THF

C2/c (no. 15)

P24/c (no. 14)

1. 8OCl, / HCCly
2. K,CO3/ H,0

surprisingly low in comparison to those of the unsubstituted
aliphatic mercaptanes. However, the formation of zwitterionic

pealed [g €M) 1.664 1.685 ¢ . rma _
# Mo Ko [mm™1] 2.296 2.771 Hs-4 (hydrochloride and thiolate), which is only sparingly
AIA] 0.71073 0.71073 soluble in organic solvents, can be suppressed by the
26 range [deg] 6< 20 < 50 6= 20 <56 . . .
unique data 1754 10028 introduction of CQ during workup?
obsvd datal[= 20(I)] ~ 1462 8583 Ligand H;-4 posseses both an unsymmetrical topology and
szz 8'%’52 g'ggg donor set. Due to the different length of the ligand arms (two
no. of variables 110 437 ethyl and one propyl chain) the ligand is capable of forming
peak/hole [e A3 0.73/-0.70 1.12+-0.50 both five- and six-membered chelate rings upon complex
Scheme 1. Preparation of the Ligand 44 formatlon. Furthermore, the aIk_yI arms are ;ubsntuted by
o thiol or hydroxyl groups, respectively. ThusH is capable
HO NP NN HO\/\MO/\ to provide a NOgcoordination environment for a metal ion
HO_/~NH —_— HO_ without any sterical strain due to the length and the flexibility
1 of the ligand arms.

Nickel and Zinc Complexes.The reaction of equimolar
amounts of [HNEf"5[H-4]?>~ and Ni(OAc)-4H,0 in aceto-
nitrile yielded a clear dark red solution from which reddish
brown crystals precipitate within minutes (Scheme 2). The
IR spectrum of these crystals shows no more resonance due
to an SH vibration but a broad OH resonance was observed
at 3372 cm®. No NMR spectra could be recorded due to
the poor solubility of the complex. The FAB mass spectrum
(positive ions) indicates that a dinuclear complex had formed.
This was corroborated by an X-ray crystal structure analysis
which showed the formation of complex [Ni(#). 5.

Complex5 resides on a crystallographic inversion center

and consists of two, nearly square-planar NjNBits sharing
one edge of their coordination polyhedra (Figure 3). The
folding angle between the planes defined by the four donor
atoms measures 10392 hus complex adopts a butterfly
geometry withsyn-endostereochemistry, which is typical
for bridging, chelating thiolate ligands as demonstrated by
Colpas et al® In addition, they pointed out that the folding

Ligand Synthesis.Ligand H;-4 was prepared in a four . S : .
: : . . arises from a combination of various factors such as the steric
reaction sequence as depicted in Scheme 1. Starting from

. . . - . constraints of the ligand backbone,Mili interactions, and
commercial diethanolamine addition of one equivalent of . : . .
. . . . ; S-S interactiong¢ In 5, the folding along the S1S1* axis
acrylic acid ethylester yields the tertiary amide The

hydroxy groups were converted into chloride substituents by brings the two nickel and the two sulfur atoms into close
. A . . contact (Ni-Ni* 2.6962(9) and S+S1* 2.867(2) A). This
use of thionyl chloride givin@. Subsequent reaction with

. : ; . : . is well below the sum of the van der Waals radii of the atoms
potassium thioacetate yields the dithioester substituted amine S : . . .
3. Finally, all donor groups were simultaneously liberated involved and indicates weak interactions between Ni and Ni

N ) .
by reduction with LiAlH,, which leads directly to the free as wel! as Sl. a_nd S.l - Altogether, complgiits \.Ne” |n7
ligand H-4. the series Qf S|m|.lar NlNgScompIexes reported pl’.eVIOEjgﬁﬁ

A problem during the purification of p4 arises from the As depicted in Figure 3 each nickel(ll) ion ib is

f acidic (SH) and basi Runctional cqordinate_d by one nit_rogen, and one termir_1al and two
presence of acidic (SH) and basic (Runctional groups bridging thiolato groups in a square-planar fashion. Selected

method using the SHEL2R24 programs. Hydrogen atoms were
added at geometrically idealized positions with fixed coordinates
(5) or were refined using a riding mode8)( Drawings were done
with ORTEP%

Results and Discussion

(23) SHELXS-97 Sheldrick, G. M.Acta Crystallogr.1990 A46, 467.
(24) SHELXL-97 Sheldrick, G. M.; UniversitaGottingen: Germany, 1997.
(25) ORTEP-3 Farrugia, L. J.; University of Glasgow: Scotland, 1999.

(26) (a) Franzen, Chem. Ber1957, 90, 623. (b) Benesch, R. E.; Benesch,
R.J. Am. Chem. Sod.955 77, 5877.
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Figure 3. ORTEP plot of one molecule of compléx Hydrogen atoms have been omitted.

Scheme 2. Preparation of the Ni(ll) and Zn(Il) Complexes of Ligand-#

Ni(OAG),"4H,0
NEts/CH3CN

Hy-4

Zn(BF 4),"xH,0
NEts/CH4CN

AL
R,

Table 2. Selected Bond Lengths [A] and Angles [deg] &

Ni-+-Ni* 2.6962(9) st-c2 1.827(4)
S1--S1* s2-Cc4 1.823(5)
Ni—S1 2.2138(12) N-C1 1.494(5)
Ni—S1* 2.1736(11) N-C3 1.503(5)
Ni—S2 2.1573(13) N-C5 1.497(5)
Ni—N 1.945(3)

S1-Ni—S2 178.80(5) Nit-S1-C2 112.38(13)
S1-Ni—S1* 81.61(5) Ni-S2-C4 98.80(15)
S1-Ni—N 89.03(10) Ni-N—C1 106.9(2)
S2-Ni—S1* 98.05(5) Ni-N—C3 110.5(2)
S2-Ni—N 91.18(10) Ni-N—C5 107.3(2)
S1*—Ni—N 168.77(10) C+N-C3 107.8(3)
Ni—S1-Ni* 75.83(4) C1-N-C5 112.3(3)
Ni—S1-C2 98.03(13) C3N-C5 111.8(3)

aSymmetry transformation used to generate equivalent positions: (*)
=X+ 3y, —z+ 3

bond lengths and angles férare shown in Table 2. The
deviation from perfect square-planar geometry is best
reflected by the angles\NNi—S1* [168.77(10j] and S1-
Ni—S2 [178.80(5)], whereas the NNi—S1 and N-Ni—

S2 angles show only negligible distortion [89.03(1@nd
91.18(10)]. A significant deviation from square-planar
geometry was also observed for the angle-8i—S1* of

the NiS, core [81.61(5). The Ni—N bond distance
measures 1.945(3) A, while the N& bond lengths are
slightly longer and vary in a small range between

2.1573(13) and 2.2138(12) A, with the shortest distance
found for the terminal thiolato sulfur atom S2.

Another structural feature d is the pendant hydroxy-
propyl arms. Recently we reported a similar situation for
related nickel(ll) complexes of a tripodal,8S ligand!®
where the hydroxy group was also linked to the central
nitrogen atom by a propyl chain. As observed 5ahis N,-

OS ligand used only three of the four donor groups while
the hydroxypropyl arm remained protonated and was not
involved in coordination. Theoreti¢dland solution thermo-
dynamic$® studies have shown that the stability of five-
membered chelate rings is significant higher than that of six-
membered rings. This was recently confirmed by a study of
a series of copper complexes with tripodal tetramine
ligands!?¢ In addition, coordination number four in complex
5 is also a consequence of the electronic situation at the
nickel centers. Cyclic voltammetry experiments (vide infra)
demonstrate that the highly thiophilic nickel(ll) ions are
electronically saturated by the soft, sulfur richy\®ordina-
tion sphere. Thus the coordination of further donors, as
observed for octahedral Ncomplexes with amine ligatiof$;:2

is not necessary.

(27) Hancock, R. DAcc. Chem. Red.99Q 23, 253.
(28) Dei, A.; Paoletti, P.; Vacca, Anorg. Chem.1968 7, 805.
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5?01
3
e
<~
2000 1000 0 -1000 -2000 Figure 5. ORTEP plot of the tetranuclear compléx Hydrogen atoms
E/mV— have been omitted.

Figure 4. Cyclic voltammograms ob; E vs Ag/AgCl in acetonitrile.
Top: scan to negative potential; bottom: full range scan starting to the

anodic direction. allowed absorption bands in the UV/vis spectréfimn

practice these transitions are scarcely observed as discrete

The cyclic voltammograms recorded for a solution of absorption bands, but in many cases they overlap to one
complex5 are depicted in Figure 4. Starting in the cathodic single signal between 450 and 600 nm, which causes the
direction (Figure 4, top) one quasireversible reduction peak red to brown color of such complexes. In the UV/vis
is found atE = —1420 mV vs Ag/AgCl in acetonitrile, ~ spectrum ob only one discrete absorption band is observed
corresponding to the process'Nt e~ — Ni'. The Ni species (545 nm, e = 90.3 x 10® cm?mol™?) resulting in the
is formed at a quite negative potential which indicates that intensely red color of the complex. Further absorptions are
the reduction does not happen readily. Upon application of observed as shoulders (370 nm, 425 nm) or as an ascent
a positive potential (Figure 4, bottom), an irreversible (790 nm).
oxidation event is observed Bt= +665 mV vs Ag/AgCl As mentioned in the Introduction the active site of
in acetonitrile. The low-potential oxidation step arises from HLADH consists of a zinc(ll) center that is tetrahedrally
the relatively facile oxidation of the nickel(ll) ions, and, surrounded by an NQSoordination environment. In this
together with the quite negative reduction potential, it context it is interesting to know if the reaction of the NOS
corroborates the assumption of an electron-rich metal centerigand H-4 with zinc(ll) ions leads to a mononuclear
due to thiolate coordination. In contrast to the dbmplex complex with tetrahedral or trigonal-bipyramidal coordination
the Ni" species is not stable, but highly reactive. It rapidly geometry. Alternatively, the formation of a multinuclear,
decomposes to a nonidentified product which gives rise to sulfur-bridged species similar ®can be expected. Owing
an additional, irreversible reduction peak at the reverse scanto the Lewis acidity of zinc(ll), chelating polyols such as

at E = —1080 mV vs Ag/AgCl in acetonitrile (Figure 4,
bottom).

When the scan limit was extended to more positive
potentials (up to+-2000 mV vs Ag/AgCl in acetonitrile) no

triethanolamine are often deprotonated upon complex forma-
tion3! Such a deprotonation of the hydroxypropyl arm in
Hs-4 would strongly increase both its capability to coordinate
and the stability of the resulting six-membered chelate ring,

additional oxidation events were observed. This correspondswhich might stabilize a mononuclear complex.

to the observation that compléxis stable in air as a solid
and in solution, and that no oxidation of the thiolato sulfur

Zn(BRy)2:xH,0O reacts with an equimolar amount of
[HNEts]) *5[H-4]?" to give a fine white precipitate (Scheme

atoms to sulfinato groups occurs, as described previously2). The IR spectrum of this solid is dominated by a broad

for related thiolato complexe§:1°2°

The molar susceptibilityym of 5 was determined by a
magnetic susceptibility balance. A value-108.5x 10
cm-mol~t was found, clearly proving the expected diamag-
netism for the square-planar'Nin 5. A d® ion like nickel-
(I) in an square-planar ligand field gives rise to four spin-

(29) (a) Buonomo, R. M.; Font, I.; Maguire, M. J.; Reibenspies, J. H.;
Tuntulani, T.; Darensbourg, M. YJ. Am. Chem. Sod995 117, 963.
(b) Tuntulani, T.; Musie, G.; Reibenspies, J. H.; Darensbourg, M. Y.
Inorg. Chem.1995 34, 6279. (c) Farmer, P. J.; Verpeaux, J.-N;
Amatore, C.J. Am. Chem. Sod994 116, 9355. (d) Mirza, S. A,
Pressler, M. A.; Kumar, M.; Day, R. O.; Maroney, M.Idorg. Chem.
1993 32, 977. (e) Mirza, S. A.; Day, R. O.; Maroney, M. lhorg.
Chem.1996 35, 1992.
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absorption band at 3354 crharising from an OH vibration.
No NMR spectra were recorded due to the low solubilty of
complex6. The FAB mass spectrum (positive ions) indicates
the formation of a multinuclear complex that is built up from
[Zn(H-4)] units since the fragment§Zn(H-4)}» + H]* and
[{Zn(H-4)} 3] are detected. Slow diffusion of diethyl ether
into a DMF solution of the white precipitate yielded clear
colorless crystals. The X-ray structure analysis of these
crystals revealed that the tetranuclear complex [ZA(4-6

had formed (Figure 5).

(30) Lever, A. B. PInorganic Electronic Spectroscopgnd ed.; Elsevier:
Amsterdam, The Netherlands, 1984.
(31) Hubert-Pfalzgraf, L. GCoord. Chem. Re 1998 178-180, 967.
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Table 3. Selected Bond Lengths [A] and Angles [deg] ®r

Zn1-S1 2.3366(6) Zn3S3 2.3543(6)
Zn1-S2 2.2753(7) Zn3S5 2.3557(6)
Zn1-S7 2.3514(6) Zn3S6 2.2801(7)
Zn1-N1 2.126(2) Zn3-N3 2.138(2)
Zn2-s1 2.3602(6) Zn4S5 2.3584(6)
Zn2-S3 2.3275(6) Zn4S7 2.3377(6)
Zn2-S4 2.2662(6) Zn4S8 2.2803(6)
Zn2—-N2 2.154(2) Zn4-N4 2.157(2)
S2-Zn1-S7 126.20(2) S6Zn3-S3 126.25(3)
S2-7n1-S1 114.78(2) S6Zn3-S5 116.62(2)
S2-Zn1-N1 90.89(5) S6-Zn3-N3 91.49(5)
S7-Zn1-S1 111.01(2) S3Zn3-S5 108.48(2)
S7-Zn1-N1 89.69(5) S3-Zn3-N3 88.76(5)
S1-Zn1-N1 119.99(5) S57n3-N3 123.33(5)
S4-Zn2-S1 125.86(2) S8Zn4-S5 127.08(2)
S4-Zn2-S3 118.29(2) S8Zn4-S7 114.97(2)
S4-7Zn2—-N2 91.17(5) S8Zn4—N4 90.22(5)
S1-Zn2-S3 105.63(2) S5Zn4—S7 108.83(29)
S1-Zn2-N2 89.52(5) S5Zn4—N4 89.67(5)
S3-Zn2-N2 123.55(6) S7Zn4—N4 123.21(5)
Zn1-S1-7n2 102.89(2) Zn3S5-Zn4 104.27(2)
Zn2-S3-Zn3 106.48(2) Zn4S7-Znl 104.72(2)

Complex 6 crystallizes asu-sulfur bridged tetramer.
Similarly to 5, one of the ethylthiolato arms of the ligand is
terminally coordinated while the other one is used for the
bridging of the [Zn(H4)] units, resulting in the formation
of a folded, tub-shaped 48, ring. The hydroxypropyl arm
of the ligand is protonated and remains uncoordinated. Thus,
the doubly deprotonated ligand 44- provides an N$
coordination environment for 2n The coordination geom-
etry around zinc is best described as distorted tetrahedra
Within the four [Zn(H4)] units the N-Zn—S angles vary
between 88.76(8)and 91.49(5), while the S-Zn—S angles
are significantly larger [125.86(2)127.08(2)] due to the
steric bulk of the thiolato sulfur atoms (Table 3). Within
the ZnS, ring the Zn-S—Zn angles fall in the range of
102.89(2)-106.48(2j, while the S-Zn—S angles are only
slightly larger [range 105.63(2)111.01(2)]. Thus, the
[Zn(H-1)] units are connected without any steric strain.

The Zn—-N bond distances range from 2.126(2) to
2.157(2) A. Two types of Za'S bond lengths were observed,
the shorter one connecting Zn to terminal sulfur atoms [range
2.2662(6)-2.2803(6) A] and the longer one for the ZISR
bonds [range 2.3275(6R.3602(6) A]. These parameters
indicate quite symmetrical-SR bridges.

The most interesting structural features ®fare the
noncoordinated hydroxypropyl arms of the ligand that
alternately stick out of the folded 48, ring. This behavior
arises apparently from the same reasons as seen for complex
5. The hydroxypropyl arm is not able to successfully compete
for a coordination site at the metal center due to low stability
of the six-membered chelate ring and the high bridging
tendency of the soft thiolato sulfur atoms. Furthermore, the
zinc atoms are electronically saturated by the sulfur rich NS
coordination sphere which makes the coordination of further
ligands obsolete. All these effects lead to a small coordination
number and a tetrahedral coordination geometry, but in
contrast to the situation in HLADH, thiolato bridging and
the formation of a tetranuclear species is preferred.

Conclusion

The coordination chemistry of ligand s+ helps to
understand the gouverning principles for the formation of
complexes with tripodal ligands. The coordination geometry
of 5 and6 is controlled by electronic effects since the ligand
arms of H-4 are highly flexible, and the ligand is capable
of providing an NOgcoordination environment without any
sterical strain. Owing to the sulfur rich donor set, the metal
centers in5 and 6 appear to be electronically saturated.
Complexes with high coordination numbers, as observed for
Ni" complexes with Iy ligands!? do not form and the
coordination geometry of small coordination number is
preferred (square-planar or tetrahedral). In contrast to the
coordination chemistry of tripodal Nigands!? where the
lengths of the ligand arms determine to a large extent the
coordination geometry, the geometry and coordination
number of complexes of ## is controlled by the substitution
pattern of the tripod.
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