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The diamino-dithiolato N,S; ligand N,N'-bis-2-methyl-mercaptopropyl-N,N’-dimethylethylenediamine, Hy(bmmp-dmed),
and its nickel (1) and zinc (2) complexes have been prepared and their reactivities with hydrogen peroxide investigated.
Complex 1 yields a mixture of sulfenato (RSO™), 4, sulfinato (RSO, ™), 3, and sulfonato (RSO3™), 5, products upon
addition of H,0,. Products are separable by column chromatography. Stoichiometric addition of H,O, to 2 yields
an inseparable mixture. Excess peroxide addition results in oxygenation of the ligand to the disulfonate, 6, and
decomplexation of zinc. Complexes 1, 2, and 3 and compound 6 have been investigated by X-ray crystallography,

and their structures are reported. Density functional theory

(DFT) calculations of 1 and 2 reveal significant sulfur

p character in the HOMO of each complex. However, 1 also shows significant metal d character that is sz-antibonding
with respect to the sulfur p orbitals. Complex 2 shows little metal character in the HOMO. Implications of the
HOMO with respect to S-centered reactivity and metal ligand distances in S-oxygenated products are provided.

Introduction

The nucleophilicity of transition metal thiolates is well
established, including reactivity toward oxygen and oxygen
transfer agents to yield S-oxygenate®ne, two, or three
oxygens may add per sulfur yielding sulfenato, sulfinato, or

sulfonato complexes, respectively. To date, S-oxygenates o
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small structural changes compared to the thiolate precursorspridge Isotope Laboratories. Standard Schlenk techniques using

with predictable electronic effects. Similar observations  nitrogen and a B¥filled glovebox were used in synthesis of the

have been more recently reported for iron and cobalt. complexes, although once obtained most of the pure products were

Whereas S-oxygenation of several transition elements hasStable in air.

been reported, such reactivity of zinc-thiolates has been Physical Methods. Elemental analyses were obtained from

largely unexploredt?2 Mldwe§t Microlab (Indianapolis, IN) or Galbraith Laboratorles_, Inc.
The biological roles of zinc-thiolates include$f-zinc (Knoxville, TN). IR spectra were recorded on a Thermo Nicolet

fi . d . ich zi lkvlati Shas Avatar 360 spectrometer at 4 chresolution. Electronic absorption
inger proteins and cysteine-rich zinc alkylation prot : spectra were recorded with an Agilent 8453 diode array spectrom-

In the former, the metal serves a structural role and protectSeer ysing 1 cm path length cells. NMR spectra were obtained on

cysteine from disulfide formation. In the latter, the role of a varian Inova500 500-MHz spectrometer. Cyclic voltammetric
the zinc is to enhance the nucleophilicity of cysteine. In con- measurements were performed by using a PAR 273 potentiostat
trast to many transition elements, S-oxygenation has not beerwith a three-electrode cell (glassy carbon working electrode, plati-
reported upon exposure of zinc-thiolates to oxygen. Studiesnum wire counter electrode, and Ag/AgCl reference electrode) at
by Wilcox et al.reveal that zinc “protects” the thiolate moiety = room temperature.
upon exposure to hydrogen peroxide resulting in lessened Crystallographic Studies. X-ray crystal structures were deter-
formation of disulfide and thiolsulfinat&:321t is intriguing mined by Dr. Mark Mashuta at the X-ray diffraction laboratory in
that some metals enhance the reactivity of coordinated the chemistry department at the University of Louisville. Details
thiolates whereas others protect the thiolate from reactivity. °f X]z dsta Co:legt'z&agg;ef'gi?en;@are d'srl?{ed n Tagle L.

In this paper, we report the synthesis and oxygenation of ark-purpie 9. 23> 0.17mnt crystal of1 mounted on
nickel and zinc derivatives of the ligamdiN'-bis-2-methy- a glass fiber was used for X-ray crystallographic analysis. Data

. S were collected at 293(3) K using the—20 scan technique on an

mercaptopropyN,N’-dimethylethylenediamine, {bmmp-

; : ; ) ; . Enraf-Nonius CADA4 diffractometer equipped with a Mo tube and
dmed). This provides a unique side by side comparison of 4 gcingillation detector. A triclinic unit cella = 6.162(2) A,b =

two metals with different influences on sulfur reactivity: 20.734(7) A.c = 12.334(7) A8 = 98.56(2), V = 1558(1) &, Z
nickel (thiolate activation) and zinc (thiolate protection). The = 4, andpcacs= 1.369 Mg/n3 yielded 2742 unique reflections, to
nickel derivative is closely related to a £8)Ni complex a 29 max = 50.00, that were corrected for absorption (trans-
previously reported by Reedijck and Darensbourg and mission min/max= 0.57/0.77;,u = 1.496 mn1?) usingy-scans.
displays similar reactivit§” While the focus of the previous ~ The structure was solved by direct methods in the space group
study was S-oxygenation of nickel dithiolates with respect P2/ using SHELXS-9& and refined by least-squares methods
to S-oxygenate product distribution, this study is directed at °" F? using SHELXL-97% incorporated into the SHELXTL

the role of the metal. Experimental observations presented(v .6'12) suite of programs. Al non‘hydrogen.atom.s were ref'ned
in the current paper are compared with theoretical investiga- anisotropically. Hydrogen atoms were placed in their geometrically

. L . . ?~" generated positions and refined as a riding model. Methylene Hs
tions that reveal significant differences in the electronic | ore included as fixed contributions Witi(H) = 1.2 x

structure of nickel and zinc dithiolates. Ueq{attached C atom) while methyl groups were allowed to ride
(the torsion angle which defines its orientation was allowed to
refine) on the attached C atom, and these atoms were assigHgd
Materials and Reagents.All chemicals were obtained from = 1.5x Ueq For all 2742 unique reflectionsR(int) = 0.052), the
commercial sources and used as received unless otherwise notedinal anisotropic full-matrix least-squares refinementérior 155
Isobutylene sulfide was prepared according to literature methefds ~ variables converged at R% 0.049 and wR2= 0.129 with a GOF
and stored under Nat —20 °C. Reagent-grade solvents were dried 0f 1.08.
using standard techniques and distilled under nitrogen prior to use. A 0.23 x 0.14 x 0.06 mn? colorless single crystal o2 was
Deuterated solvents (CD4ICDsOD) were obtained from Cam-  mounted on a 0.05 mm CryoLoop with Paratone oil for collection
of X-ray data on a Bruker SMART APEX CCD diffractometer.
(29) Murakami, T.; Nojiri, M.; Nakayama, H.; Odaka, M.; Yohda, M.; The SMART*? software package (v 5.625) was used to acquire a
ng;Eai%ég.; Takio, K.; Nagamune, T.; EndoPtotein Sci.2000 9, total of 1868 30-s framey-scan exposures of data at 100 K to a
(30) Tsujimura, M.: Odaka, M. Nakayama, H.; Dohmae, N.; Koshino, H.; 26 max= 54.78 using monochromated Mgd&radiation (0.71073
Asami, T.: Hoshino, M. Takio, K.: Yoshida, S.: Maeda, M.: Endo, I. A) from a sealed tube and a monocapillary. Frame data were

Experimental Section

@1 ;.A? CWh_tIem. SBtzgoJa i25 101153}181213598 120, 7375-7376 processed using SAINT (v 6.22) to determine final unit cell
u, Y.; Wilcox, D. E.J. Am. Chem. So . - — — —
(32) Wilcox, D. E.: Schenk, A. D.. Feldman, B. M.. Xu, ¥ntioxid. Redox ~ Parametersa = 7.083(3) A.b = 11.497(4) Ac = 20.830(7) A,
Signaling2001, 3, 549-564. V = 1696.3(10) & and to produce ravhkl data that were then
(33) Demple, B.; Jacobsson, A.; Olsson, M.; Robins, P.; Lindahl).T.  corrected for absorption (transmission min/ny0.75/0.90u =
Biol. Chem.1982 257, 3776-3780. A i 4
(34) Myers, L. C.. Jackow, F.. Verdine, G. 11, Biol. Chem 1995 270 1.678 mntl) using SADABS* (v 2.02). The structure was solved
6664-6670.
(35) Myers, L. C.; Terranova, M. P.; Ferentz, A. E.; Wagner, G.; Verdine, (39) Sheldrick, G. M. SHELX-90Acta Crystallogr.199Q A46, 467—473.
G. L. Sciencel993 261, 1164-1167. (40) Sheldrick, G. MSHELX-97. Program for the Refinement of Crystal
(36) Myers, L. C.; Terranova, M. P.; Nash, H. M.; Markus, M. A.; Verdine, Structures University Gdtingen: Gidtingen, Germany, 1997.
G. L. Biochemistryl992 31, 4541-4547. (41) SHELXTL ¢6.12), Program Library for Structure Solution and
(37) Mills, D. K.; Font, I.; Farmer, P. J.; Hsiao, Y. M.; Tuntulani, T; Molecular Graphics Bruker Advanced X-ray Solutions, Inc.: Madi-
Buonomo, R. M.; Goodman, D. C.; Musie, G.; Grapperhaus, C. A.; son, WI, 2001.
Maguire, M. J.; Lai, C. H.; Hatley, M. L.; Smee, J. J.; Bellefeuille, J.  (42) SMART v5.625; Bruker Advanced X-ray Solutions, Inc.: Madison,
A.; Darensbourg, M. YInorg. Synth.1998 32, 89-98. WI, 2001.
(38) Snyder, H. R.; Stewart, J. M.; Ziegler, J. B.Am. Chem. Sod.947, (43) SAINT, v6.22; Bruker Advanced X-ray Solutions, Inc.: Madison, WI,
69, 2672-2674. 2001.
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Ni(ll) and Zn(ll) Dithiolates

Table 1. Crystal Data and Structure Refinement fgr2, 3, and6

1 2 3 6
empirical formula GoH26N2SNi C12H26N2SZNn Ci12H26N2S,02Ni C12H28N206S,
fw 321.18 327.84 353.18 360.48
temp (K) 293(2) 100(2) 293(2) 100(2)
wavelength (A) 0.71073 0.71073 0.71073 0.71073
cryst syst monoclinic orthorhombic monaclinic monoclinic
space group P2i/n Pbcn R21/n P2i/c
unit cell dimens
a(A) 6.162(2) 7.083(3) 6.601(2) 11.5838(11)
b (A) 20.734(7) 11.497(4) 12.502(4) 12.4871(12)
c(A) 12.334(7) 20.830(7) 20.447(5) 12.0844(12)
p (deg) 98.56(3) 97.63(2) 98.660(2)
V (R3) 1558(1) 1696.3(10) 1677.8(6) 1728.1(3)

z 4 4 4 4

d(calcd) (Mg/n?) 1.369 1.284 1.398 1.386

abs coeff (mm?) 1.496 1.678 1.405 0.336

cryst size (mr)
cryst color, habit

0.48x 0.23x 0.17
dark purple block

0.23x 0.14x 0.06
colorless plate

0.49x 0.26x 0.17
orange prism

0.33x 0.21x 0.02
colorless plate

6 range for data 2.58-25.00 1.96-27.39 2.0+27.5 1.78-28.12
collection (deg)
index ranges —-7<h=<7 —-8<h=<8 —-8<h=<8 —-16<h=<16
O0<k=24 —14=<k=<14 0<k=16 —16=< k=16
0=<1=<14 —26=<1=<26 —26=<1=<26 —-15=<1=<14
reflns collected 2873 12545 7686 14837
indep reflns 2742 1830 3846 4007
[R(int) = 0.0526] R(int) = 0.061] [R(int) = 0.0376] R(int) = 0.045]
completeness t6 max 99.60% 95.00% 99.80% 95.20%
abs correction 1 scans SADABS 1 scans SADABS
min and max transm 0.57 and 0.77 0.753 and 0.904 0.73 and 0.83 0.893 and 0.992
refinement method c c c c
data/restraints/ params 2742/0/155 1830/0/81 3846/0/178 4007/0/312
GOF onF? 1.088 1.017 1.008 1.039
final Rindices R1= 0.048, R1=0.043, R1=0.039, R1=0.037,
[ > 20(1)]2P wR2=0.122 wR2=0.079 wR2=0.086 wR2=0.081
Rindices (all data® R1=0.057, R1=0.142, R1= 0.058, R1= 0.056,
wR2=0.129 wR2=0.088 wR2= 0.096 wR2= 0.086

largest peak and hole-@&3)

1.146 and-0.662

0.324 and-0.279

0.892 and-0.463

0.488 and-0.298

AR1= J|[Fol — IFcll/Z|Fol. "WR2 = {T[W(Fe? — FA)2/ S [W(F?)?} 2 wherew = ¢/o%(Fo?) + (ap)? + bp. GOF= S= {3 [w(Fs? — FAZ/(n — p)*2

¢ Full-matrix least-squares df?.

by direct methods and refined d¥ using SHELXTL. All non- strategy described above f@rat 100 K to a 2 max = 58.94.
hydrogen atoms were refined anisotropically. Hydrogen atoms were Compoundb crystallizes in the monoclinic space groBp,/c with
placed in their geometrically generated positions and refined as aunit cell parametera = 11.5838(11) Ap = 12.4871(12) Ac =
riding model as described above fdr For all 1830 unique 12.0844(12) A8 = 98.660(23, V = 1728.1(3) B, Z = 4, and
reflections R(int) = 0.061), the final anisotropic full-matrix least- o _,.s= 1.386 Mg/n3. There were 4007 raw independent reflections
squares refinement d# for 81 variables converged at R10.043 corrected for absorption (transmission min/ma0.89/0.99: =
and wR2= 0.088 with a GOF of 1.01. 0.336 mnTY) using SADABS (v 2.02). The structure was solved
X-ray structural analysis fo was performed at 293(2) Kona by direct methods and refined d¥ using SHELXTL. All non-
0.49 x 0.26 x 0.17 mn? orange prism using an identical data hydrogen atoms were refined anisotropically. All hydrogen atoms
acquisition strategy described above foCompounds crystallizes were located by difference maps and refined isotropically. For all
in the monoclinic space grougR,/n with unit cell parametera = 4007 unique reflectionsR(int) = 0.045), the final anisotropic full-
6.601(2) Ab = 12.502(4) A.c = 20.447(5) A f = 97.63(2), V matrix least-squares refinement Bafor 312 variables converged
= 1677.8(6) &, Z = 4, andpeaca = 1.398 Mg/ni. There were 3¢ R1 = 0.056 and wR2= 0.086 with a GOF of 1.04. Additional
7686 total reflections collected to & 2nax= 54.92 and corrected details of the X-ray structural analysis for2, 3, and6 including

for ibsor_ption (transmission min/max 0.57/0.77;u = 1.496 atomic coordinates, anisotropic displacement parameters, as well
mm™) 95|ngzp-szcaqs. The structure was solved by direct methods as complete lists of bond lengths, angles, and torsion angles are
and refined or? using SHELXTL. All non-hydrogen atoms were available in CIF format in Supporting Information.

refined anisotropically. Hydrogen atoms were placed in their . .
SynthesesN,N'-Bis-2-methyl-mercaptopropyl-N,N’-dimeth-

geometrically generated positions and refined as a riding model -2 . "
with fixed contributions described above forFor all 3846 unique  Y'€thylenediamine, H(bmmp-dmed). Under anaerobic conditions,

reflections R(int) = 0.038), the final anisotropic full-matrix least- N:N'-dimethylethylenediamine (1.2 mL, 11 mmol) was added to a

squares refinement dF? for 178 variables converged at R10.058 50 mL Schlenk flask along with a 10-fold excess of isobutylene

and wR2= 0.096 with a GOF of 1.01. sulfide (12.0 mL, 122 mmol). The mixture was then stirred under
X-ray structural analysis fo was performed on a 0.38 0.21 a nitrogen atmosphere at 7€ for 12-24 h. Upon cooling, the

x 0.02 mn# colorless plate using an identical data acquisition ©€XCe€SS isobutylene sulfide was removed by vacuum evaporation
yielding a colorless oil*H NMR was performed to verify product

formation.'H NMR (CDCl): ¢ 1.32 (s, 12 H), 1.44 (s, 2H), 2.41
(s, 4H), 2.49 (s, 4H), 2.70 (s, 6H). Yields are quantitative.

(44) Sheldrick, G. M.SADABS 42.02), Area Detector Absorption Cor-
rectiory University Gdtingen: Gdtingen, Germany, 1997.
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(bmmp-dmed)Ni (1). A dry, degassed toluene solution (100 mL)
of nickel acetylacetonate (13.8 g, 53.7 mmol) was added to a dry,
degassed toluene solution (25 mL) of(Bmmp-dmed) (14.3 g, 54.0
mmol) in a 250 mL Schlenk flask. A purple solid precipitated
immediately, and the mixture was stirred overnight at’@2 The
mixture was filtered to obtain the crude product. The purple solid
was washed with 2 50 mL portions of toluene and 2 100 mL
portions of diethyl ether, and then allowed to air-dry (crude yield

Scheme 1

Ni(acac)z

aY

N

Ha( bmmp-dmed)

Sk

Grapperhaus et al.

NaH, ZnCl,

11.9 g, 68.5%). Column chromatography (aluminum oxide, 0.4 m N\ /S \N\ /S

length) was employed using acetonitrile to elute a purple band that ( /N\ EN/Zn

was found to be the pure product (7.95 g, 45.7%). Recrystallization N S P s

from diethyl ether diffusion into a saturated methanol solution \7<

yielded X-ray quality crystals. Calcd (Found) for NiEl,eN,S;: 1

C, 44.88 (44.99); H, 8.16 (8.32); N, 8.72 (8.65). NMR measure- 2

ments were carried out in GON at room temperaturéH NMR: HO

5 1.3 (s, 6H), 1.46 (s, 6H), 2.18 (br, 1H), 2.39 (s, 2H), 2.55 (s, 2 Zl H2°2l

2H), 2.81 (br, 1H), 3.08 (br, 6H}3C NMR: ¢ (ppm) 33.95, 37.18, P o

46.63, 60.20, 75.95. N ~X So )L <
(bmmp-dmed)Zn (2). Under anaerobic conditions, an ethanolic N SOx ~ 0 ~

solution of H(bmmp-dmed) (2.85 g, 10.8 mmol) was added to a ( \Ni/ N ’\! OH;, NS

solution of NaH (2 equiv, 0.52 g, 22 mmol) in ethanol. The mixture N/ \s (N/ \SoHs (N,H

was allowed to stir at room temperature for an hour, upon which s \7< - P -

an ethanolic solution of zinc chloride (1.47 g, 10.8 mmol) was %ls\\ %s\\

slowly added via cannula to the deprotonated ligand(iNamp- o O o O

dmed). The cloudy mixture was then stirred for 48 h. The solvent X= ;: g 5 6

was then removed under vacuum to give a white solid, which was
washed first with water and then diethyl ether. Remaining sodium

salts were removed by dissolution of the crude product into filtrate was reduced in volume to about 5 mL, and an equal volume
dichloromethane and extraction with water. Evaporation of the Of dry ether was added. The green precipitate thus obtained was
dichloromethane layer yielded a crude product that was washedfiltered and washed with ether and vacuum-dried (37 mg, 25%).

with ether (1.06 g, 30%). X-ray quality crystals were obtained from
evaporation of a saturated dichloromethane-diethyl ether solution.
Calcd (Found) for ZnGH,eN,S;: C, 43.96 (43.78); H, 7.99 (7.66);
N, 8.54 (8.33). NMR measurements were carried out in GRCI
room temperature!H NMR: ¢ 1.41 (s, 6 H), 1.45 (s, 6H), 2.41
(d, 2H), 2.50 (d, 2H), 2.61 (d, 2H), 2.63 (s, 6H), 2.86 (d, 2KE
NMR: ¢ (ppm) 34.06, 37.23, 47.32, 56.87, 71.40.

(bmmp-O,-dmed)Ni (3) and (bmmp-O-dmed)Ni (4). To a
solution of1 (1.00 g, 3.11 mmol) in CkDH (200 mL) at—78°C
was added 2 equiv (0.65 mL, 6.24 mmol) of®} (30% aqueous)
in CH3OH (50 mL) dropwise with stirring owea 2 hperiod. The
reaction mixture was allowed to slowly warm to room temperature
and stirred for 24 h. After removal of solvent, the red-orange residue
was then dissolved in acetonitrile and purified by chromatography
on an alumina column. The following products were separated: the
starting complex, followed by a gold band3, and an orange band,
4. A small amount of green produds)(did not elute. Removal of
solvent led to the isolation of a crude product with a yield ranging
between 10% and 30% for compl&x Similar yields of4 were
obtained.

X-ray quality crystals o8 were obtained by ether diffusion into
a saturated MeCN solution. IR (KBp) (cm™%): 1181, 1047 (&
0). Calcd (Found) for NigH26N2S,0,: C, 40.81 (39.89); H, 7.42
(7.25); N, 7.93 (8.06). Attempts to isolatein crystalline form
were unsuccessful. IR(KBr) (cm™1): 949 (S=0). Calcd (Found)
for NiC1,H26N,S,0-H,0: C, 40.58 (40.83); H, 7.95 (7.66); N, 7.89
(7.18).

(bmmp-Og-dmed)Ni (5). A solution of 1 (105 mg, 0.33 mmol)
in MeCN was cooled te-78 °C in a dry ice-acetone bath. D,
(30% & , 6 equiv, 0.25 mL, 1.96 mmol) was added slowly, and
the reaction mixture was stirredrfd h and stored overnight at 4
°C. The mixture was anaerobically filtered to remove a small
amount of lightly colored solid yielding a blue-green filtrate. The

2862 Inorganic Chemistry, Vol. 43, No. 9, 2004

IR (KBr) v (cm™1): 1234, 1166, 1115, 1024 £5D). Calcd (Found)
for NiC1,H26N2S,06(H20),: C, 31.80 (30.62); H, 6.67 (6.65); N,
6.18 (6.33).

Ho(bmmp-Os-dmed) (6).To a dichloromethane solution (25 mL)
of 2 (180 mg, 0.55 mmol) was added 1.0 mL (9.7 mmol) of 30%
H,O,. The reaction mixture was vigorously stirred for 48 h. A white
precipitate was anaerobically filtered and then redissolved into
water. The aqueous portion was then dried to give crude product.
X-ray quality crystals were grown from slow evaporation of a
saturated aqueous solution. However, due to the apparent decom-
position of the product, satisfactory elemental analysis was not
obtained. IR (KBr) (cm1): 3089 (N-H), 1232, 1166, 1114, 1024
(S=0). ESI-MS": m/z 361.

Results and Discussion

Synthesis and Characterization. The synthesis and
reactivity of the nickel and zinc derivatives of the ligand,
N,N'-bis-2-methyl-mercaptopropy;N'-dimethylethylenedi-
amine H(bmmp-dmed), are shown in Scheme 1. While
Hx(bmmp-dmed) is in many ways similar to othes3che-
lates previously reported, the presence of methyl substituents
on the episulfide ring render the ethylene carbon relatively
unreactive, preventing direct synthesis of(linmp-dmed)
by standard method$:*> Rather, addition of excess isobu-
tylene sulfide in a neat reaction with the diamine results in
guantitative conversion to the;& chelate. The excess isobu-
tylene sulfide is then removed under vacuum at room temper-
ature yielding pure l{bmmp-dmed). A similar method was
used previously in our laboratory for the synthesis of a related

(45) Grapperhaus, C. A.; Bellefeuille, J. A.; Reibenspies, J. H.; Darensbourg,
M. Y. Inorg. Chem.1999 38, 3698-3703.



Ni(ll) and Zn(ll) Dithiolates

N,S,S* (S* = thioether) ligand®47 Addition of Hy(bmmp-
dmed) to Ni(acag)in toluene yields the expected nickel
complex,1, whereas the zinc derivativg, can be prepared
by addition of ZnC} to Na(bmmp-dmed) in ethanol. The
reaction ofl with Cu(l) to make a bimetallic complex was
previously reported®

Both the nickel and zinc dithiolatelsand?2 are stable to
air in the solid state and in solution. Although the oxygen
sensitivity of nickel thiolate complexes to yield nickel

Table 2. Electrochemical Data from Cyclic Voltammetry in
Acetonitrile for 1, 3, and 4P

complex Ered V (AEp, mV) Eox,t V
1 —1.92 (106) +0.41
3 —1.56 (137) +0.77
4 —1.75 (103) +0.48

a All potentials are measured at a scan rate of 200 mV/s at a glassy
carbon electrode referenced to Ag/AgER—5 mM solutions with 0.1 M
TBAHFP as supporting electrolytéeThe process is irreversible. The
potential recorded i&p. (reductions) oiEpa (oxidations) measured at 200

S-oxygenates is well established, it is also known that mV/s.

addition of methyl substituents on thecarbon significantly
reduces S-centered reactivit§’ This is consistent with the
behavior ofl and2. Both 1 and2 do, however, react with

H,0, to yield S-oxygenated products. As shown in Scheme

1, addition of stoichiometric quantities of,8, to 1 yield a

red-orange mixture of products. Separation by alumina

column chromatography allows recovery of unreacted

followed by a golden-brown band and an orange band. A

light green band remains at the top of the column. Addition
of excess quantities of X, yields a green solution from
which a homogeneous green precipitate is obtained.

From infrared analysis, the three oxygenated products can

be assigned. The golden-brown produ8t, displays in-
tense bands at 1047 and 1182 @émThis is similar to
bands observed for previously reported NigBISR),
nickel mono-sulfinato complexé$:” The orange product,
4, displays a peak at 949 crhsimilar to bands observed
for Ni(S(O)R)(SR), nickel mono-sulfenato complexXekhe
green complexb, displays several intense bands at 1234,
1166, 1115, and 1024 crhsuggesting its assignment as an
O-bond disulfonate compleé. The UV—vis spectra of3
and4 are consistent with their assignments. Wherkdss-
plays a visible band at 480 nm, attributed to a sulfur to meta
charge transfer, this band is shifted3rand4. Complex3
displays a band at 447 (580) nm nearly identical to the band

at 448 (270) nm reported for the closely related monosul-

finato complex observed previously reporfeGomplex4
displays bands at 360 and 477 nm. The poor solubilit$ of
prevented obtaining its U¥vis spectrum. However, the light
green color of this product is indicative of nickel(ll) in an
octahedral environment and is qualitatively the same as th
fully characterized nickel(ll) disulfonato complex previously
reported by ReedijR’ On the basis of IR and U¥vis

Table 3. Selected Bond Distances (A) and Bond Angles (deg)ifa,
and3

1 3 2
Ni—S1 2.1479(10)  2.1339(9) 251 2.237(1)
Ni—S2 2.1612(10) 2.1152(9) 21 2.130(3)
Ni—N1 1.930(3) ~ 1.945(2) S1Zn—-S1  144.24(7)
Ni—N2 1.950(3)  1.959(2) NiZn-N1'  86.9(2)
s2-01 1.468(3)
S2-02 1.470(3)
S1-Ni—-S2  95.16(4)  97.19(3)
N1-Ni—N2 88.11(12)  89.06(10)

equiv) of HO, to 2 yields S-oxygenation, as determined by
IR spectroscopy, although distinct products could not be
isolated. Upon adding a large excess (17.6 equiv) £

a homogeneous product is obtained as a white precipitate,
6. Following purification, this product displays bands in the
IR, 1232, 1166, 1114, 1024 cth that are nearly identical
to the disulfonato-nickel complex However, ESI-MS ob
displays a major peak at’z = 361 with an isotopic envelope
consistent with [H(bmmp-dmed-@]*. Only a small peak
assignable to a zinc-containing speciesvét = 422.9 is
observed. Recrystallization o yields pure, metal-free

| product (vida infra).

Electrochemical Investigations. The electrochemical

gPparameters of complexés3, and4 are summarized in Table
2. The complexes display the expected behavior based on
the work of DarensbouryComplex1 displays a reversible
event at—1.92 V that is assigned as 'Nireduction and an
irreversible event at-0.41 V that is presumably ligand-
centered. Addition of a single oxygen atorm, shifts the
ereduction potential positive by 170 mV consistent with the

lessened donor ability of the sulfur upon addition of an

electrophilic oxygen. Addition of a second oxygen to yield

characterization, the identities of the oxygenated products3 further shifts the potentials by an additionall90 mv

of 1 are assigned as monosulfena® fnonosulfinate 4),
and disulfonate §). To our knowledge, this is the first

example of the oxygenation of a coordinated thiolate to yield

all three distinct oxygenation levels of sulfur in a single
reaction.

Whereas the sulfur-oxygenation of nickel thiolates is well
developed, less attention has been focused on the oxygenati
of zinc thiolates. Addition of stoichiometric quantities (2

(46) Grapperhaus, C. A.; Patra, A. K.; Mashuta, Mlrfdrg. Chem2002
41, 1039-1041.

(47) Grapperhaus, C. A.; Li, M.; Patra, A. K.; Poturovic, S.; Kozlowski,
P. M.; Zgierski, M. Z.; Mashuta, M. Snorg. Chem2003 42, 4382~
4388.

(48) Linck, R. C.; Spahn, C. W.; Rauchfuss, T. B.; Wilson, SJRAm.
Chem. Soc2003 125, 8700-8701.

resulting in a reduction potential of1.56 mV and an
oxidation potential of+0.77 V.

X-ray Crystal Structure Analyses. The structures of
complexed—3 as well ass have been determined by single-
crystal X-ray techniques. Selected bond distances and angles
for the nickel complexed and3 are provided in Table 3
owvith similar values for the zinc dithiolat&,

Complex1 crystallizes as dark purple blocks in tR&,/n
space group from diethyl ether diffusion into a saturated
methanol solution. A view of the molecular structurelag
shown in Figure 1. The bmmp-dmed ligand backbone adopts
a pseudo-square-planar geometry about the central Ni atom.
The donor environment is slightly twisted (14)Xoward a
tetrahedron. (The tetrahedral twist is defined as the angle of
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Figure 1. ORTEP view of1 showing 50% probability displacement
ellipsoids. H atoms are not shown.

Figure 4. ORTEP view of6 showing 50% probability displacement
ellipsoids. Selected H atoms shown.

methyl groups on the nitrogens are transoidal. The $li
bond distance is insensitive to the oxygenation level of the
sulfur: Ni—S(1), 2.1339(9) A; Ni-S(2), 2.1152(9) A (vida
infra). The Ni-N(1) and Ni-N(2) bond distances of 1.945-
(2) and 1.959(2) A are largely unchanged from the thiolato
precursor. The S(2)O(1) and S(2)O(2) bond distances are
1.468(3) and 1.470(3) A.

Crystals of 6 isolated from the oxygenation d@ are
colorless plates in the2;/c space group. The crystal structure
clearly shows no coordinated metal atom as indicated by the
ORTEP diagram illustrated in Figure 4. Compouhexists
as a di-zwitterion with two protonated nitrogen atoms and
two deprotonated sulfonic acid moieties. Although formally
Figure 3. ORTEP view of3 showing 50% probability displacement  zwitterionic, the separation of charge is dissipated by the
ellipsoids. H atoms are not shown. presence of two intramolecular hydrogen bonds. The H(1n)
i i i hydrogen is positioned between N(1) and O(3) with a
intersection between a plane defined by N1, N2, and X1 and N(1)—H(1n)—O(3) angle of 140.8with a N(1)-H(1n) bond
S1, S2, and X1 where X1 is the centroid of a plane define_d distance of 0.83(2) A and a H(1m)O(3) distance of 2.129
by N1, N2, S1, and S2. For a square planar complex, this & '1(2n) is similarly positioned between N(2) and O(4) with
value is expected to be zero, whereas a tetrahedral complex, N(2)-H(2n)-0(4) angle of 139.9with a N(2)-H(2n)
would yield a value of 90)! The nickel sulfur bond distances bond distance of 0.90(2) A and a H(2nP(4) distance of
of 2.1479(10) and 2.1612(10) A are typical of square-planar, 2.136 A. As a result of the hydrogen bondirgjadopts a

N-S,Ni diamino-dithiolato complexes. The nickel nitrogen  onfiguration much like the disulfonate ligand in (dsdrg-O
distances of 1.930(3) and 1.950(3) A are also standard. Theyj 67 Thus, the two H ions sit in the metal-binding cavity

N(1)—Ni—N(2) and N-Ni—S bond angles are slightly less g in place of the anticipated metal, zinc. The-S bond
than the ideal 90while the S(1)-Ni—S(2) angle is obtuse,  gistances to the oxygens involved in H-bonding, 1.4120-
95.16(_4)’. Th_e methyl groups on the nitr_ogen atoms are (12) A for S(1)-0(3) and 1.4365(13) A for S(2)O(4), are
transoidal as in other ethylene bridgegi-Ni complexes:’ slightly shorter than the non-H-bonding-® bond distances
The zinc diamino-dithiolate?, crystallizes as colorless  of 1.4922(13) A for S(1>0O(1) and S(1)-0(2), 1.4590(13)
plates in the orthorhombic space groBpcnfrom dichlo- A for S(2)—-0(6), and 1.4742(13) A for S(DO(5).
romethane/diethyl ether. A representation of the molecular  Theoretical Investigations.Theoretical investigations of
structure of2 is shown in Figure 2. The geometry about zinc 1 and2 were undertaken to further the understanding of the
is best described as distorted tetrahedral. SImIIaI,tthe metal’s influence on Oxygenation reactions. To S|mp||fy
N(1)—Zn(1)-N(1) bond angle is 86.9(2)with N—Zn—S computer effort, the methyl substituents on the cartiots
bond angles near 90 N(1)—Zn(1)-S(1) = 91.42(9). sulfur were omitted froml and 2. The B3LYP exchange-
Although these angles are apparently constrained by thecorrelation functional with the 6-31g(d) basis set was
five-membered rings resulting from coordination to Zn, the employed to optimize structures of the modified models,
S(1)-Zn(1)-S(1) angle, 144.24(7) has no such constraints.  which are denoted* and 2*. The Gaussian 98 suite of
The tetrahedral twist angle f@is 72.4. The Zn-S bond  programs for electronic structure calculations was used to
distances of 2.237(1) A are slightly longer than the corre- gptain full population analysis while Molekel was used for
sponding nickel complex. The ZN bond distances of  visualizatior’® A comparison of theoretical and experimental
2.130(3) A display a similar trend. bond distances and angles is provided in Table S1. Overall,
The monosulfinato comple8 crystallizes in theP2,/n the experimental values are reproduced satisfactorily by the
space group from acetonitrile. Figure 3 shows a representa-calculations. The slight overestimations in terms of bond
tion of the molecular structure & The geometry aboutthe  lengths (0.020.05 A) and bond angles<@°) are within
nickel is pseudo-square-planar with a modest tetrahedralthe accuracy of the B3LYP functional.
twist angle of 12.8 The bond angles are similar fowith Figure 5 shows an orbital energy level diagram for com-
acute N-Ni—N and N-Ni—S bond angles, but an obtuse plexesl* and2*. The relative metal and sulfur contributions
S(1-Ni—S(2) bond angle, 97.19(3) Also, as in1, the are provided in the Supporting Information. The results for

Figure 2. ORTEP view of2 showing 50% probability displacement
ellipsoids. H atoms are not shown.
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Figure 5. Energy level diagrams fol* and2* from DFT calculations.

1* are similar to those previously reported for a,@)Ni
complex by Darensboufd.For complex1*, the frontier
region, LUMO to HOMG-8, contains orbitals with sig-
nificant metal and sulfur character. For compkxthe orbi-
tals are divided into a sulfur dominated region, LUMO to
HOMO—6, and a zinc d-orbital region, HOM@L4 to
HOMO-—22. The lack of metatsulfur interaction ir2 results

from a mismatch in the energies of the zinc and sulfur orbitals

and is not a result of symmetry, or geometry. This is
consistent with the lower energy of zinc(ll) d orbitals as
compared to nickel(ll).

The molecular orbital diagram df* can be understood
in simple terms by modifying the d orbital splitting pattern
for a square-planar arrangemenwedflonor ligands to include
two sr-donors, Figure 6. Note theaxis is assigned perpen-
dicular to the metatligand plane, they-axis bisects the
S—Ni—S angle, and th&-axis bisects the NNi—S angle
in accordance with DFT calculations. Thegpbitals of sulfur

Figure 6. Qualitative molecular orbital
sm-bonding inl.

diagram of the NB, d—p

Figure 7. Representation of the HOMO df*.

Figure 8. Representation of the HOMO @*.

are added as ligand group orbitals, either in-phase, denotecadmittedly simplified, it conveys a general representation of

as LGOt, or out-of-phase, denoted as LGGas shown in
Figure 6. LGO- has the proper symmetry to overlap with
the d orbital in either an antibonding (HOMO) or bonding
(HOMO-5) manner. Similarly, LG@ combines with the
d,, orbital yielding HOMO-1 and HOMG-6. This re-
sults in the following molecular orbital assignments: LUMO
(dky), HOMO (d; — LGO—), HOMO-1 (d,, — LGO+),
HOMO-2 (dp), HOMO-3 (d¢-2), HOMO—4 (d,, +
LGO+), HOMO-5 (d; + LGO—-). Although this view is

(49) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C,;
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R.
L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara,
A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.;
Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle,
E. S.; Pople, J. AGaussian 98revision A.11.4; Gaussian, Inc.:
Pittsburgh, PA, 1998.

the key bonding features of the frontier orbitals and is
consistent with the DFT calculations. Faf, similar sym-
metry arguments could be made, but the difference in energy
between the sulfur and zinc d-orbitals precludes overlap.

Concluding Remarks

Insight into the reactivity of the nickel- and zinc-thiolates
1 and2 can be ascertained from the structural models of the
parent compoundg,* and2*. Of particular interest is the
nature of the HOMO, which contains the nucleophilic elec-
tron pair. Figures 7 and 8 show the HOMO orbital Bf
and 2*, respectively. The HOMO of each complex shows
significant sulfur p-character consistent with the observation
that bothl and2 possess nucleophilic thiolates. The HOMO
of 1* and 2* differ, however, in the metal’'s contribution.
Understanding the role of the metal in the HOMO is key to

(50) Bellefeuille, J. A.; Grapperhaus, C. A.; Derecskei-Kovacs, A.; Reiben-
spies, J. H.; Darensbourg, M. Yhorg. Chim. Acta200Q 300-302
73-81.
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same trend is observed here, Table 3. This has been attributed
to a combination ofo- and m-effects that result upon
oxygenation of a coordinated thiolate. Upon oxygenation,
the thiolate’s lone pair(s) becomes involved in@ bonding,
eliminating the z-donor ability of the sulfur. As the
m-interaction was antibonding, this should decrease the
metat-sulfur bond distance. However, this effect is countered
by a decreased-donor ability of sulfur-oxygenates relative
to thiolates. This is equivalent to saying the ligand field
Figur«_e 9. Asimplified view of theqz-interaqtions between_a singl_e sulfur Strength of the &wenatehas increased relative to the,Que
p-orbital and a single metal d-orbital for zinc (left) and nickel (right). as the latter is a-donor and the former is not. However,
for zinc, complex2, there is no significant metakulfur
sr-interaction. Thus, oxygenation results only in a decrease
in o-donor ability and, hence, a measurable increase in&Zn
h . . . — bond distance. In the case &fthe Zn—S bond dissociates.
e HOMO of the nickel complet* contains significant The same bond length effect, although-Z8RR remains

metal charac_ter that '3‘5‘”“90”0"”9 W't,h respect to the coordinated, is observed upon alkylation of nickel and zinc
sulfur lone pairs, Figure 7. This has previously been referred thiolatess?

to as a Yr-repulsion” that increases the nucleophilicity of
coordinated thiolates*" 51 Another way to describe the
effects of “r-repulsion” is to look at the effect of the metal
on the energy of the thiolate lone pairs. Interactions that
increase this energy will result in an enhanced thiolate
nucleophlllm_ty. As sh(_)wn_ln Figure 6.’ the HOMO M_ IS lone pair. Additionally, the metalsulfur z-antibonding

an ant|b(_)nd|ng combination of the f||[ed met%“"fb'ta' interaction, and its loss upon oxygenation, is largely respon-
and the filled out-of-phase sulfur p-orbitals (LGQ Figure sible for the similar M-Suioae and M-Soxygenaiebond dis-

g displays a.S|r?pI|f|eifd view tc;f tra—t()jondmg llnteractlg)[] tances for nickel. While the zinc thiolaihas the proper
etween a single sulfur p-orbital and a single metaf'*t symmetry for a similar metalsulfur z-interaction, the rela-

orbital. In thg case of nickel, the energy 9f th? me_tall-(.j and tively low energy of the zinc d orbitals precludes significant
sulfur-p orbitals are comparable, resulting in significant overlap with the sulfur lone pair orbitals. Thus, the metal
_overlap_. Thgs, t_he_e_nergy Of the HOMO (the out-oprhase center does not enhance the nucleophilicity of the coordinated
|ntera<_:t|0n) IS glgnlflgantly higher than that of t_he_ highest igate. Additionally, the absence of metaulfur s-interac-
_occupled atomic orbital (the sulfur_ P'_‘“b'ta')- This increase ons results in significant bond length increases, or even
";] e';%aloenhaqffs th? nucl:]!eoghmcgy ﬁf the complexf. ﬁs cleavage, upon oxygenation of zinc-thiolates. A combination
the Is still largely sulfur-based, the presence of the ¢ ypeqe nucleophilic and structural effects may partially
nickel center increases the nucleophilicity of the coordinated explain the relatively large number of reported nickel S-oxy-
thiolate. ] ) ) ] . genates, but nonexistence of structurally characterized zinc
The HOMO of the zinc-thiolat@* is localized essentially S-oxygenates.

on the two sulfur atoms. The relatively low energy of the )
zinc d-orbitals precludes significant zinc-thiolateinterac- Acknowledgmentis made to the donors of the Petroleum

tions (see Figure 9). The energy of the HOMO is not Research Fund, administered by the American Chemical
influenced byz-interactions with the zinc, and therefore, the Society, for partial support of this research (ACS PRF#37663-
nucleophilicity of the zinc-thiolates is not enhanced by the G3)- Partial funding also provided by the National Science
presence of the metal. This does not imply the zinc-thiolate Foundation (CHE-0238137). C.S.M. thanks the Graduate
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understanding the metal’s influence on the sulfur's nucleo-
philicity, since the electrons in the HOMO are a nucleophilic
pair.

In conclusion, a key difference between the nickel and
zinc thiolates1 and 2 is the presence of metasulfur
m-interactions in the former, but not the latter. The metal
sulfur r-antibonding interaction enhances the nucleophilicity
of the coordinated thiolate by raising energy of the sulfur

spin Fe, Co, and Ru, it has been observed that metdfur on 1* and 2* in txt format. Additional table. This material is

bond distances in S-oxygenates are similar or even slightly available free of charge via the Internet at http://pubs.acs.org.

shorter than that in the corresponding metal-thioldté* The 1C035205Y
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