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Abstract Synthesis of complexes cis,cis-WYOXL
(X=Cl, NCS), cis,trans-WYOXL (X=Cl, OPh, SPh)
and cis,trans-WY'E,L (E,=0,, OS, S,) of the title li-
gand LH, are reported. cis,cis- WVOCIL crystallises in
space group P2,/c with a=13.6541(9) A b=17. 1555(11)
A, c=18198(2) A, B=95. 294(6) V=1770. 4(3) A3 and
Z=4 while the cis,trans isomer crystallises in space
group P2;/n w1th a=10361(3) A, b=14. 141(4) A,
c=12213(5) A, B=102.56(3)°, V=1747(2) A® and
Z =4, cis,trans- W‘“SzL crystallises in space group P2,/n
with a=10.645(2) A, b=13. 929(2) A, c=12.189(2) A,
B=103.14(2)°, V= 1760(1) A3 and Z=4. A short
CH;- - - ClI distance of 3. 067(7) A and an acute OWCI
angle of 94.1(2)° are seen in cis,cis-W YOCIL, which
converts to the cis,frans form on heating in MeCN. The
latter isomer features a CH;- - - Cl distance of 3.38(2) A
and an OWCI angle of 105.1(8)°. Electrochemical and
EPR data are reported. In particular, cis,trans-W V'E,L
may be reduced to [WVE,L] ~. EPR properties of these
anions and those of complexes WYOXL are discussed
in the context of WV centres in tungsten enzymes.
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thylpyrazol-1-yl)borate anion -
transferred - SCE saturated calomel electrode -
tetrahydrofuran - X monanionic ligand.

Introduction

A biochemistry of tungsten has emerged recently and
undergone rapid development [1]. It is a feature of
thermophilic organisms found in hot marine sediments
and hydrothermal vents where the thermodynamic and
kinetic properties of tungsten-pterin centres appear to
favour their evolution over those of molybdenum [1-4].
The known tungsten enzymes play key roles in the as-
similation of carbon from sources such as carbon diox-
ide, complex carbohydrates or proteins. The specific re-
dox couples involved have very low potentials
(= —400 mV versus the standard hydrogen electrode).

A crystal structure of the aldehyde oxidoreductase
of Pyrococcus furiosus has revealed a square pyramidal
tungsten centre bound to two 1,2-dithiolate bidentate
ligands provided by a pterin cofactor (Fig. 1) [5, 6]. It
was not possible to identify positively the other ligands
in the crystallised form. Chemical and EXAFS studies
of active forms are consistent with the presence of
W=0, W=S and/or W-SH functions [1, 5, 7]. A sec-
ond class of enzymes, exemplified by tungsten formate
dehydrogenase, would appear to feature cysteine or se-
lenocysteine in addition to the two 1,2-dithiolate biden-
tate ligands [1, 8]. These enzymes may be structurally
similar to the molybdenum formate dehydrogenase en-
zyme whose crystal structure was reported recently [9].
A hydroxo rather than an oxo ligand is proposed for
the Mo(VI) state. Despite these fascinating insights, the
detailed nature of the active sites in the tungsten en-
zymes remains to be defined. The presence of oxo, hy-
droxo, thio, mercapto, thiolato, selenolato and O- and
N-donor ligands are all possible. The chemistry is ex-
pected to involve tungsten in oxidation states IV-VI as
these dominate established compounds bearing the
above ligands.
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Fig. 1 Aldehyde oxidoreductase from Pyrococcus furiosus (reso-
lution 2.3 A): the tungsten atom is coordinated to two pterin 1,2-
dithiolate ligands whose sulfur atoms lie in an approximate
square plane [6]. Two other non-protein ligands may be present
to complete a distorted trigonal prismatic site. The phosphate
groups from each pterin cofactor bind to a six-coordinate Mg?>*
ion

The WY'O, group is relatively unreactive, and na-
ture may use sulfur and/or selenium ligands to enhance
the oxidative capacity of tungsten centers [1, 3]. Com-
plexes WYIOSX(L-N;) and WY'S,X(L-N;) featuring
the tridentate ligand L-N;=hydrotris(3,5-dimethylpy-
razol-1-yl)borate anion and monodentate anions X
have been isolated and their chemistry explored [10,
11]. Interconversion of bis(ene-1,2-dithiolate) com-
plexes of WY'O,, W'VO and WY'O(7>-S,) centres cou-
pled to enzymatically relevant reactions, such as the ox-
idation of aldehydes to carboxylic acids, has been de-
monstrated [12, 13].

The present paper reports isolation and characteris-
ation of W(VI) and W(V) complexes of the ligand LH,
(Structure I). Cis,cis and cis,trans isomeric forms of
WYOXL (X=monoanion) are described as well as
cis,trans-WY'E,L (E>=0,, OS, S,). The latter may be
reduced to [WVE,L] ~ anions.

Experimental section

Materials

Synthesis of tungsten compounds was performed using standard
Schlenk techniques under purified dinitrogen. Reagent grade sol-
vents were dried and fractionally distilled under dinitrogen. Mi-

_CH;

N

Structure 1 Ligand LH,

croanalyses were performed by either the Analytische Laborato-
rien, Elbach, Germany or Atlantic Microlabs Inc., Norcross,
Georgia, USA.

The ligand LH, [14, 15], cis-WY'O,(acac), [16], and (pyH),
[WYOCIs] [17] were synthesised by literature methods. NaOPh
was prepared by the reaction of NaOH with phenol [18], while
NaSPh was prepared similarly from NaOH and freshly distilled
thiophenol.

cis,trans-WO,L

A solution of LH, (0.92 g, 3.0 mmol) in CH,Cl, (5 cm?®) was ad-
ded dropwise to a stirred suspension of cis-WO,(acac), (1.20 g,
2.90 mmol) in MeOH (70 cm?). After 3 h, the fluffy yellow preci-
pitate was filtered off in air, washed with MeOH and dried under
vacuum. A second crop was obtained by refluxing the filtrate for
4 h. Recrystallisation from a CH,ClL,:Et,O (1:1) solution af-
forded a yellow, microcrystalline product which was washed with
Et,O and dried under vacuum (0.98 g, 66%). Anal. Calcd for
Ci6H 15N, 0,8, W: C 37.1, H 3.5, N 5.4. Found: C 37.0, H 3.5, N 5.3.
EI-MS: m/z 518. '"H NMR (CDCl;) 7.33-7.40 (m, Ph, 4 protons),
7.10-7.26 (m, Ph, 4), 3.78 (s, CHs, 6), 3.35 (d, 10.5 Hz, CH,, 2),
3.12 ppm (d, 10.4 Hz, CH,, 2).

cis, trans-WS,L

A suspension of B,S; (0.53 g, 4.5 mmol) and cis,trans-WO,L
(0.28 g, 0.55 mmol) in benzene (20 cm?) was refluxed for 21 h and
the solvent removed under vacuum. Soxhlet extraction using
CH,Cl, (60 cm?) afforded an orange solution which was reduced
to 15 cm?. Precipitated product was filtered off and redissolved in
CH,Cl, (15 cm?). This solution and the original filtrate were ap-
plied separately to silica gel 60 columns (mesh 70-230, 37 cm X 1.8
cm diameter) in air. Upon elution with CH,Cl, (10 cm? min 1),
the first (orange) bands were collected, concentrated and layered
with n-hexane. Dark red rhombic crystals were washed with n-
hexane and dried under vacuum (0.025 g, 8%). Anal. Calcd for
Ci6H1sNoS,W: C34.9, H3.3,N 5.1, S 23.3. Found: C34.8, H3.3,N
5.1, S 23.2. EI-MS: m/z 550. '"H NMR (CDCl;): 7.1-7.4 (m, Ph, 8),
3.82 (s, CH3, 6), 3.22 (m, CH,, 2), 2.94 ppm (m, CH,, 2).

cis,trans-WOSL
Method 1

The second (light pink) band from the chromatography of the ori-
ginal filtrate (see above) was discarded and a third (orange) band
collected. This was concentrated and layered with n-hexane.
Orange crystals were washed with n-hexane and dried under va-
cuum (0.030 g, 10%).

Method 2

A solution of Bu4NSH (0.18 g, 0.69 mmol) in thf:MeCN (10:1,
8 cm?) was added dropwise to a stirred solution of cis, trans-W"O-
CIL (0.12 g, 0.22 mmol) in thf (10 cm?). After 3 h, distilled H,O
(50 cm?) was added aerobically. The orange precipitate was fil-
tered, washed with H,O and dried in air. It was dissolved in a
minimum of CH,Cl, and applied to a silica gel 60 column (mesh
70-230, 10 cmx2.6 cm diameter) in air. Upon elution with
CH,Cl, (4 cm? min '), the first (orange) band was collected, con-
centrated and layered with n-hexane. The thin, dark red sheet
crystals were washed with n-hexane and dried under vacuum
(0.070 g, 60%). Anal. Caled for C;sH;sN,OS;W: C 36.0, H 3.4, N
5.2,$18.0. Found: C 35.9, H3.3,N 5.3, S 18.1. EI-MS: m/z 534. '"H
NMR (CDCl;): 7.30-7.45 (m, Ph, 4 protons), 7.07-7.24 (m, Ph, 4),
4.06 (s, CHs, 3), 3.58 (s, CH3, 3), 3.40-3.20 (m, CH,, 2), 3.09-2.95
ppm (m, CHo, 2).



cis,cis-WOCIL

A solution of LH, (1.24 g, 4.07 mmol) in CH,Cl, (10 cm?®) was
added dropwise to a stirred suspension of (pyH),[WOCIs] (1.80 g,
3.35 mmol) in EtOH (50 cm?). After 1.5 h, the volume was re-
duced to 30 cm? and the red precipitate filtered off, washed with
MeOH and dried under a vacuum (1.32 g, 73% ). Recrystallisation
from a CH,Cl,:MeOH (2:1) solution at —16°C afforded dark
red microcrystals which were washed with MeOH and dried un-
der vacuum (36% for recrystallisation step). X-ray quality crystals
were grown anaerobically by layering n-hexane (2.2 cm®) onto a
solution of cis,cis-WOCIL (17 mg) in CH,Cl, (2.5 cm?). Crystals
were isolated after three days at room temperature and dried un-
der vacuum. Anal. Calcd for C;cH;sCIN,OS,W: C 35.7, H 3.4, N
5.2. Found: C 35.6, H 3.5, N 5.1. EI-MS: m/z 537.

cis,trans-WOCIL

A solution of cis,cis-WOCIL (0.20 g, 0.37 mmol) was stirred in air
in CH,Cl, (50 cm?) for 2 h and filtered through Celite to remove
a white precipitate. IR spectroscopy indicated that the latter was a
mixture of a polyoxotungstate and oxidized ligand. The filtrate
was concentrated (5cm?®) and layered with n-hexane (7 cm?).
Dark red crystals were washed with n-hexane and dried under
vacuum (0.10 g, 52%). Anal. Calcd for C;sH,;3CIN,OS,W: C 35.7,
H 3.4, N 5.2. Found: C 35.5, H 3.2, N 5.1. EI-MS: m/z 537. This
complex was also obtained by refluxing cis,cis-[ WOCIL] in MeCN
overnight and purified by chromatography (silica gel, CH,ClL).

cis,cis-WO(NCS)L

A solution of NaNCS (0.060 g, 0.73 mmol) in EtOH (5 cm?®) was
added dropwise to a stirred suspension of cis,cis-WOCIL (0.38 g,
0.71 mmol) in CH,Cl, (30 cm?). After 2.5 h, the solution was fil-
tered through Celite, the filtrate reduced to 10 cm® and Pr'OH
(5 cm?®) added. After standing at —20°C for 11 h, the purple mi-
crocrystals were filtered off, washed with Pr‘OH and ether and
dried under vacuum (0.29g, 73%). Anal. Caled for
Ci7HsN;0S;W: C 36.4, H 3.2, N 7.5. Found: C 36.3, H 3.3, N 7.4.
EI-MS: m/z 560.

cis,trans-WO(OPh)L

A solution of NaOPh (0.10 g, 0.88 mmol) in thf (8 cm?) was added
dropwise to a stirring suspension of cis,cis-WOCIL (0.31 g, 0.58
mmol) in thf (40 cm?). After 2.5 h, the solvent was removed under
vacuum, the residue extracted with a minimum volume of CH,Cl,
and the solution applied to a silica gel 60 column (mesh 70-230,
29 cm x2.3 cm diameter) in air. Upon elution with CH,Cl, (13
cm? min '), the first (pale pink) band was discarded and the sec-
ond (orange-brown) band collected. Evaporation of solvent
yielded an orange-brown amorphous solid (0.17 g, 49%). Anal.
Caled for C,,H»3N,O,S,W: C 44, H 3.9, N 4.7. Caled for
C,H»;3N,0,S,W.0.33CH,Cl,: C 43.0, H 3.8, N 4.5. Found: C 42.8,
H 3.8, N 4.4. EI-MS: m/z 595.

cis,trans-WO(SPh)L

A solution of NaSPh (0.17 g, 1.3 mmol) in EtOH (6 cm?) was ad-
ded dropwise to a stirred solution of cis,cis-WOCIL (0.35 g, 0.64
mmol) in thf (40 cm?). After 2.5 h, the solvent was removed under
vacuum, the residue extracted with CH,Cl, (150 cm?), the volume
reduced to ca. one-third under vacuum and the solution applied
to a silica gel 60 column (mesh 70-230, 28 cm X 2.3 cm diameter)
in air. Upon elution with CH,Cl, (12 cm?® min 1), the first (pale
yellow) and second (pink) bands were discarded. The third (pur-
ple) band was collected. Evaporation of solvent yielded a bright
purple amorphous solid (0.13g, 33%). Anal. Caled for
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C,Ho3N,OS;W: C43.2, H3.8,N 4.6, S 15.7. Found: C 43.1, H 3.9,
N 4.5, S 15.6. EI-MS: m/z 611.

Physical techniques

Powder infrared spectra were recorded on a Bio-Rad FTS-60A
Fourier Transform spectrophotometer using a Digilamp diffuse
reflectance accessory in a KBr matrix. EPR spectra of fluid solu-
tions (room temperature) or frozen glasses (77 K) were obtained
on a Varian E-line spectrometer incorporating a Varian E-101
microwave bridge using diphenylpicrylhydrazyl (g=2.0036) as
reference. UV-visible spectra were recorded on a Hitachi 150-20
spectrophotometer between 800 and 300 nm at a scan rate of 400
nm min~'. Electron impact mass spectrometric measurements
were made on a V. G. Micromass 7070F spectrometer operating
at 70 eV. The EI-MS values quoted are those of the most intense
peak in the parent ion isotope pattern. 'H and *C NMR spectra
were recorded on Varian Unity 300 (300 MHz) or Bruker Aspect
3000 (300 MHz) Fourier Transform spectrometers using CHCl,
(6=17.26) as an internal reference. Electrochemistry was perform-
ed using a Cypress CS-1090 Electroanalysis System, Version 6.1/
2V and a Cypress CYSY-IR Potentiostat. Solutions, typically
0.5 mM in 0.1 M supporting electrolyte, were prepared anaerobi-
cally. Voltammetry at macroelectrodes used a glassy carbon (d=3
mm) disc working electrode. Voltammetry at microelectrodes
used a platinum (23 p) electrode. The reference electrode consist-
ed of an Ag*/Ag electrode incorporated into a double salt bridge
containing supporting electrolyte to minimise contamination. The
auxiliary electrode was a platinum wire. All systems were refer-
enced to SCE using Fc*/Fc (0.39 V in MeCN, 0.57 V in CH,Cl,)
as an internal standard [15].

Crystal structure determinations

Single crystals were grown as detailed above. Crystallographic
data are given in Table 1, positional parameters in the supple-
mentary material and selected interatomic distances and angles in
Table 2. Accurate cell parameters were obtained from least
squares refinement of the setting angles of 25 reflections. Intensi-
ty data were collected using an Enraf-Nonius CAD-4 MachsS sin-
gle-crystal X-ray diffractometer using MoK« radiation (graphite
crystal monochromator); A=0.71073 A. The data were corrected
for Lorentz and polarisation effects, but a correction for extinc-
tion was only applied for cis,trans-WOSL. Absorption effects
were numerically evaluated by Gaussian integration [19, 20]. All
structures were solved using a combination of Patterson map and
difference synthesis, using SHELXS-86 [23] and refined using a
full-matrix least squares refinement procedure on F, using
SHELX-76 [19], apart from cis,trans-WOSL, which was refined
on F2, using SHELXL-93 [24]. Anisotropic temperature factors
were applied to each of the non-hydrogen atoms. For cis,cis-
WOCIL, cis,trans-WOCIL and cis,trans-WS,L the atomic scatter-
ing factors of the C, H, N, O, S and CI atoms were those incorpo-
rated in the SHELX-76 program system, while the atomic scatter-
ing factors for W, and for all the atoms in cis,trans-WOSL, were
taken from International Tables [21]. Corrections were made for
anomalous dispersion [22]. Analyses of variance after the final re-
finements showed no unusual features. Further details applicable
to each of the structures are given below.

cis,trans-WS,L

Three reflections, monitored after every 9600-s X-ray exposure
time, showed no significant variation in intensity. All of the hy-
drogen atoms, located from the difference map, were constrained
at geometrical estimates with a common isotropic temperature
factor being assigned to the hydrogens on each methyl carbon
and each aromatic ring. Final refinement converged with
R=0.034, Rw=0.038, with the maximum peak height in the final
difference map being 1.72 ¢ A ~3, close to the tungsten atom.
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Table 1 Crystallographic data

cis,cis-WOCIL

cis,trans-WOCIL

cis,trans-WOSL

cis-trans-WS,L

Formula
Color

Scan method
Data collected
No. of unique data

26max, deg
Data refined
Rﬂ

Ry

shift/esd

max diff peak
e A3

C,6H3CIN,OS,W
Dark red

537.8
0.12x0.29x0.57
13.6541(9)
7.1555(11)
18.198(2)
95.294(6)
1770.4(3)

4

P2,/c
2.02
68.6
/20
5638
4049

55

3409 [Fo*>3a(Fo?)]
0.039

0.052

0.00

3.58

C,6H5CIN,OS, W
Dark red

537.8

0.12x0.37 x0.67
10.361(3)
14.141(4)
12.213(5)
102.56(3)

1747(2)

4

P2i/n
2.05

55

2748 [Fo?>30(Fo?)]
0.095

0.117

0.01

1.80

Red
534.4

0.34x0.15x%0.10

10.409(1)
14.205(1)
12.092(1)
103.07(1)
1741.6(3)
4

P2i/n

2.04
70.0

3989

2892 with Fo?>20(Fo?)

55
3989
0.141
0.338°¢
0.00
3.56

Cl 6H1 8N254W
Dark brown

550.4

0.38x0.05x%0.13

10.645(2)
13.929(2)
12.189(2)
103.14(2)
1760(1)
4

P2,/n
2.08

55

2R=3|Fol —|Fcll/Z| Fo

© Ry =[Sw(Fo?—Fc?)*3(Fo?)?]"?

*Ry=3wllFol —|Fcll*/3|Fol?

Table 2 Selected interatomic
distances (A) and angles (°)

for cis,trans-WS,L,
cis,transWOCIL and
cis,cis-WOCIL?

cis,trans-WS,L cis,transWOCIL cis,cis-WOCIL
W-(84, O) 2.137(1) 1.82(2) 1.691(5)
W-(S3 Q1) 2.146(2) 2.321(8) 2.395(1)
W-N1 2.471(4) 2.23(1) 2.255(5)
W-N2 2.479(4) 2.48(2) 2.461(4)
W-S1 2.382(1) 2.41(1) 2.372(1)
W-S2 2.387(1) 2.40(1) 2.391(2)
(S4, 0)-W-(S3, C) 105.6(1) 105.1(8) 94.1(2)
(S4, O)-W-N1 93.3(2) 91.4(9) 105.5(2)
(S4, 0)-W-N2 162.1(2) 158.3(9) 175.8(2)
(84, 0)-W-s1 103.4(1) 110.1(8) 100.3(2)
(84, O)-W-S2 89.7(1) 88.2(8) 101.7(2)
N1-W-N2 74.1(2) 74.5(9) 77.6(2)
N1-W-S1 77.0(1) 81.8(8) 81.4(2)
N1-W-S2 83.9(1) 93.6(8) 152.2(2)
S1-W-S2 157.3(1) 161.1(5) 88.1(1)
S2-W-N2 76.7(1) 76.6(6) 75.7(1)
(S3, CI)-W-N1 159.1(2) 162.8(8) 89.4(2)
(S3, C1)-W-N2 89.2(2) 90.9(6) 82.9(1)
(S3, C1)-W-1 89.7(1) 87.9(4) 164.5(1)
(83, CI)-W-S2 104.8(1) 91.7(5) 94.5(1)
(84, 0)---C7 3.325(6) 2.95(3) 3.409(9)
(S84, 0)---C10 5.433(6) 5.17(3) 4.980(8)
(84, 0)---S1 3.550(2) 3.48(2) 3.150(6)
(84, 0)---82 3.195(3) 2.96(2) 3.196(6)
(S84, 0)---(S3, CI) 3.410(3) 3.30(2) 3.029(5)
(S3,CnH---C7 5.452(6) 5.42(3) 3.315(7)
(S3,Cl)---C10 3.276(6) 3.38(2) 3.067(7)
(S3,C1)---S1 3.197(3) 3.283(12) 4.723(2)
(S3,C1---S2 3.593(3) 3.389(13) 3.513(2)

#The numbers in parentheses are the estimated standard deviations for the last digit



cis,trans-WOSL

Many crystals of this complex were found to have broad diffrac-
tion peaks, indicating that they were disordered. Attempts to ob-
tain better crystals by changing the crystallisation conditions were
unsuccessful. The crystal eventually chosen appeared to be the
best available, on the basis of peak widths and cell parameters.
Three reflections, monitored after every 9600-s X-ray exposure
time, showed a 4% decrease in intensity; corrections were applied
to the data. After anisotropic refinement of all atoms initially lo-
cated (R=0. 16) the resulting difference map showed a peak of
height 7.6 ¢ A =3 close to the tungsten atom together with other
peaks close to the sulfur and oxygen atoms, which indicated that
the structure was disordered in a similar fashion to that observed
for cis,trans-MoOCIL, with some of the molecules in the crystal
being rotated by approximately 180 degrees about the pseudo
twofold axis compared to the others [15]. Both components were
included in the refinement, with a refinable site occupation factor
assigned. For the minor component, anisotropic temperature fac-
tors were able to be assigned only to the W atoms; all other atoms
were assigned isotropic temperature factors. During the refine-
ment, all the the C-S distances were constrained to 1.75 A, while
for the minor component the sulphur, oxygen and nitrogen atoms
were constrained to have similar geometry to that of the major
component. All hydrogen atoms were included for the major
component at geometrical estimates; no hydrogens were included
for the minor component. Refinement on F?, using a weighting
scheme of the type [o(Fo?)+0.0002 P*>+201.36 P]~', where
P=(Fo*+2 Fc?)/3, gave final values of R=0.141 and wR=0.338,
where wR=[2w(Fo*— Fc?)?/3(Fo*)?]"2. An isotropic extinction
correction of the form Fc*=Fc[1+0.001 y Fc? A%/sin(26)] "4,
where y=0.0032(5), was applied to the calculated structure am-
plitudes. The final occupancy factors for the two components
were 0.65(2) and 0.35(2), respectively. During the refinement, the
anisotropic temperature factors of several of the carbon atoms
were constrained to near isotropic values to prevent them becom-
ing non-positive definite. The final difference map showed several
peaks with heights in the range 2.0-3.6 ¢ A ~ 3, indicating that the
disorder was more complicated than described by the model. At-
tempts to further model this disorder were not successful. The
high final R values are a result of this disorder.

cis,cis-WOCIL

Three reflections, monitored after every 7200-s X-ray exposure
time, showed a 2% decrease in intensity; corrections were made
in accordance with this variation. All of the hydrogen atoms were
located from the difference map and were constrained at geomet-
rical estimates with a common isotropic temperature factor being
assigned to the hydrogens on each methyl carbon and each aro-
matic ring. Final refinement, with a weighting scheme of type
[0?(F)+0.0013 F?] 7', gave R=0.039 and Rw=0.052, with the
maximum peak height being 3.58 e A ~3, close to the tungsten
atom.

cis,trans-WOCIL

Three reflections, monitored after every 9600-s X-ray exposure
time, showed a 2% decrease in intensity; corrections were made
in accordance with this variation. After anisotropic refinement of
all atoms initially located (R=0. 16) the resulting difference map
showed a peak of height 7.9 e A ~3 close to the tungsten atom
together with other peaks close to the sulfur, oxygen and chlorine
atoms, indicating that the structure was disordered in a similar
fashion to that observed for the molybdenum analogue [15] and
cis,trans-WOSL (see above), with some of the molecules in the
crystal being rotated by approximately 180 degrees about the
pseudo twofold axis compared to the others. Both components
were included in the refinement, with a refinable site occupation
factor assigned. For the minor component, anisotropic tempera-
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ture factors were able to be assigned only to the W atom, while all
other atoms were assigned isotropic temperature factors. During
the refinement the atoms of the aromatic rings of the minor com-
ponent were restrained to ideal geometry, while the other atoms
were restrained to have similar geometry to that of the major
component. All hydrogen atoms were located for the major com-
ponent and were fixed at geometrical estimates, but not included
in the refinement; no hydrogens were included for the minor
component. Final refinement, with a weighting scheme of type
8. 129[0’2(F) +0.00015 F?] ', gave R=0. 095 and Ry =0.117, with
the maximum peak height being 1.8 ¢ A =3, close to the two posi-
tions of the disordered tungsten atom. The final occupancy fac-
tors for the two components were 0.73(1) and 0.27(1), respect-
ively.

Results
Characterisation of new complexes

cis,trans-WY'O,L is prepared by direct reaction of cis-
WO,(acac), and ligand LH,. B,S; converts it to the
WYIOS and WVY'S, analogues but in low yield. The
WVYIOS compound can be isolated in 60% yield by con-
version of cis,trans-WYOCIL with SH ™~ to [WYOSL] ~
followed by aerial oxidation. cis,cis-WYOCIL results
from direct reaction of (pyH),[WYOCIs] with LH,. It
can be converted to the thermodynamically more stable
cis,trans species by reflux of an anaerobic solution in
MeCN or by stirring a CH,Cl, solution in air. For the
latter case, control experiments indicated a require-
ment for both O, and CH,Cl, but not for H,O. Decom-
position occurrs under these conditions in thf or
MeCN. Reaction of NaX with cis,cis-WOCIL provided
WVYOXL. For X=NCS, the cis,cis isomer results, while
for X =0Ph or SPh, the cis,trans isomer is obtained.

Parent ions are observed for each complex in elec-
tron impact ionisation mass spectra. The experimental
mass spectra of cis,trans- and cis,cis-WOCIL were indis-
tinguishable. Characteristic W =E) (E=0, S) modes
are present in infrared spectra of WO,L, WOSL and
WS,L (Table 3). The infrared spectra of WOXL are
very similar to those of the analogous molybdenum
compounds [15], indicating that the spectroscopic dif-
ferences associated with ligand conformation are main-
tained in the tungsten system. In particular, the relative
intensities of the absorptions at approximately 895 and
845 cm ~! are an indicator of ligand stereochemistry in
WOXL complexes (Table 3). Electronic spectra are
qualitatively similar to the molybdenum analogues [15],
but the lowest energy absorption is blue shifted (Table
4). Again, stereochemical assignment is possible: the
cis,cis isomers show a prominent shoulder on the latter
band.

'"H NMR data (see Experimental section) are consis-
tent with effective C, point symmetry for WY'E,L
(E=0, S), confirming the presence of the cis,trans iso-
mers in solution. The spectrum of WOSL indicates C;
point symmetry, consistent with either the cis,trans or
cis,cis isomer. Intense absorptions characteristic of thio-
or thiolate-to-metal charge transfer transitions are pres-
ent in electronic spectra (Table 4).
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Table 3 Infra-red maxima

1 Complex Isomer WW=0) WW=S) Intensity at
(em ™) 895 > 845
cm ™ 1 f) a
WO,L cis,trans 943, 903
WOSL cis,trans 928 492
WS,L cis,trans 499, 487
WO(NCS)L cis,cis 957, 947 2034 (NCS) Yes
WOCIL cIs, Cis 960, 948 Yes
WOCIL cis,trans 964 No
WO(OPh)L cis,trans 947 1239 (CO) No
638 (WO)

WO(SPh)L cis,trans 939 No

Table 4 Electronic spectra (nm)

2 Criterion of stereochemistry (see text)

Complex Isomer Solvent A (log )

WO,L cis,trans  MeCN 334 (3.76), 368 sh

WOSL cis,trans CH,CL, 341 (3.61), 447 (3.59)

WS,L cistrans CH,Cl, 377 (3.71), 4.10 sh, 444 (3.74)

WO(NCS)L cis,cis MeCN 370 (3.67), 495 (3.53), 570 sh

WOCIL cis,cis  MeCN 332 (3.57), 390 sh, 476 (3.36),
553 (3.13)

WOCIL cis,trans  MeCN 317 (3.54), 353 sh, 380 sh, 513
(3.54)

WO(OPh)L cis,trans CH,Cl, 380 (3.56), 479 (3.57)

WO(SPh)L  cis,trans CH,Cl, 318 sh, 378 (3.58), 544 (3.62)

Molecular structures

X-ray crystallography confirms the presence of the
cis,trans isomer in WS,L (Fig. 2), isostructural with
cis,trans-Mo¥'O,L [14]. The average W =S bond dis-
tance of 2.14 A (Table 2) lies within the 2.06-2.18 A
range observed for such links and is very close to those
observed in cis-WS,(OPh)(L-N;) and (n°-CsMes)
WS,(CH,SiMes) [11, 25]. The trans influence of the
thio ligands imposes relatively long W-N distances of
247 and 2.48 A. Non-bonded interactions determine
the detailed coordination geometry, as seen in related
systems [15]. In particular, differential interactions be-
tween thio ligand S3 and the two N(Me)C¢H,S chelate
fragments provide two distinct S3-W-S1,2 angles (89.7,
104.8°) and S3---S1,2 distances(3.20, 3.59 A). The

Fig. 2 Molecular structure of cis,trans-WS,L with 50% probabili-
ty displacement. Hydrogen atoms are omitted

smaller angle and distance occurs when the W-S3 vec-
tor is parallel to the chelate plane and the larger when
it is perpendicular (Fig. 2). Equivalent geometry is seen
around thio ligand S4 (Table 2).

The structure of WOSL is disordered, with some of
the molecules in the crystal rotated by approximately
180° about the pseudo twofold axis compared to the
others. The derived structure is of low quality but does
confirm the stoichiometry and the presence of the
cis,trans isomer.

The molecular structure of cis,cis-WOCIL is iso-
structural with its molybdenum analogue (Fig. 3a) [15].
It features a short Cl- - - C10 distance, 3.07 A, and acute
O-W-CI bond angle, 94° (Table 2), symptomatic of the
steric crowding characteristic of this stereochemistry
[15]. Conversion to the more stable cis,trans isomer
changes these parameters to 3.38 A and 105°, respec-
tively (Fig. 3b, Table 2).

Electrochemistry

Cyclic voltammograms of cis,trans-WYO(OPh)L at a
glassy carbon electrode (d=3 mm) in MeCN (0.13 M
Bu,NBF,) reveal an oxidation at 230 mV vs SCE and a
reduction at —1250 mV (Fig. 4). Quantitative data are
consistent with each process being a reversible, one-
electron event (Table 5) [26]. Steady-state voltammo-
grams at a platinum micro-electrode (d=23 ) support
this conclusion: plots of E versus In(iy —i)/i are linear,
the slopes providing estimates of 1.1 for the number of
electrons, n, transferred in the processes (X =OPh; Ta-
ble 5) [27, 28]".

[WY'OXL]* +e~=WVYOXL (1)
WYOXL +e~ =[W'VOXL]~ )

! For reduction of cis,trans-WYO(OPh)L (X=OPh, SPh) and
-WS,L, steady state voltammograms at v=10 mVs ~! showed an
oxidative return wave which did not closely retrace the reductive
wave, suggesting irreversibility. These observations are similar to
those seen in the molybdenum systems [15]. At higher scan rates
(20-50 mVs ~'), the behaviour was that expected for a reversible
process. A likely explanation is interference due to absorption of
products to the electrode surface at the slow scan rate of 10
mVs ™! employed to ensure steady state conditions



Fig. 3 Molecular structure of a cis,cis-WOCIL and b cis,
trans-WOCIL with 50% probability displacement. Hydrogen
atoms are omitted

Similar results are seen for the other cis,trans com-
pounds, X=SPh, ClI (Table 6). For cis,cis-WOCIL with
Bu,NBF, as electrolyte, a quasi-reversible [26] oxida-
tion is observed at 615 mV and an irreversible reduc-
tion process at —930 mV with an associated reoxida-
tion centred around 380 mV. With Et,NCI as electro-
lyte, both primary processes are irreversible.

Complexes cis,trans-WO,L, -WOSL and -WS,L' in
MeCN or CH,Cl, (0.1 M Bu,NBF,) exhibit single re-

Table 5 Cyclic voltammetric data for cis,trans-WO(OPh)L?
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Fig. 4 Cyclic voltammogram of cis,trans-WO(OPh)L in MeCN
(0.5mM, 0.13 M Bu,NBF,, 21°C, 100 mV s ')

duction events as their only observable redox process.
Quantitative data are consistent with reversible, one-
electron couples (Table 6); for example:

WV102L +e = [WVO2L] N (3)

Electron Paramagnetic Resonance

Table 7 lists spectral parameters for each complex
WYOXL (5d"). Each anisotropic component consists of
a central resonance from molecules containing even
isotopes of tungsten (/=0, 85.6 atom% ) flanked by two
hyperfine lines from molecules containing odd isotopes
(I=1/2, 14.4 atom% ). Linewidths are usually broader

v, Epa, Epc: AEpa El/27 ipm ipC? .pa/im IpcV >
mV s ! mV mV mV mV mA M ! mA M ! mA s'2 mV ~1?2
Couple 1
20 265 200 65 233 5.5 5.6 1.0 40
50 260 200 60 230 9.0 9.3 1.0 42
100 260 200 60 230 12.7 13.0 1.0 41
200 265 200 65 230 15.9 16.4 1.0 37
500 265 195 70 230 25.8 26.6 1.0 38
1000 265 195 70 230 37.7 38.5 1.0 39
Couple 2
20 —1215 —1275 60 —1245 6.6 6.0 1.1 42
50 —1220 —1280 60 —1250 10.0 9.0 1.1 40
100 —1220 —1280 60 —1250 13.7 12.8 1.1 41
200 —1215 —1285 70 —1250 18.4 16.8 1.1 38
500 —1210 —1285 75 1245 28.7 27.5 1.0 39
1000 —1210 —1290 80 —1250 41.3 39.1 1.1 39

20.46 mM, 0.13 M Bu,NBF,, MeCN, 16 °C, glassy carbon electrode (d=3 mm). Potentials versus SCE using ferrocene as an internal

standard
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Table 6 Electrochemical data®®

Complex Isomer Solvent Reversibility E\»% or E,*, AE,® ipalipe n'
(electrolyte®) mV mV
WO,L cis,trans MeCN (BF;) Rev —1505 67 1.1 1.0
WOSL cis,trans Rev —1090 69 1.1 1.1
WOSL cis,trans CH,CI, (BF;) Rev - 970 89 1.0 1.0
WS,L cis,trans Rev - 970 81 1.0 1.1
WO(NCS)L cis, cis MeCN (BF;) Q-rev 630 69 1.4 1.1
Q-rev - 775 65 0.9 1.1
WOCIL cis, cis Q-rev 615 61 12 1.1
Irrev - 930
MeCN (C17) Irrev 465
Irrev — 900
WOCIL cis,trans MeCN (BF;) Q-rev 630 61 1.0 1.1
Rev —1015 62 1.1 1.0
MeCN (C17) Irrev 610
Rev — 995 65 1.1 1.0
WO(OPh)L cis,trans MeCN (BF;) Rev 230 59 1.0 1.1
Rev —1250 60 1.1 1.1
WO(SPh)L cis,trans MeCN (BF;) Q-rev 505 67 1.6 1.2
Rev — 895 65 1.0 1.2
cis,trans CH,Cl, (BF;) Rev 615 73 1.1 13
Rev — 785 72 1.0 1.0

# Potentials versus SCE using ferrocene as an internal standard
©0.4-0.6 mM

€0.12-0.13 M, Bu,N * salt

4 Estimated from cyclic voltammetry at a glassy carbon electrode
(dia=3 mm) or steady state voltammetry at a platinum

Table 7 EPR parameters?®

micro-electrode (dia=23 ). Quoted for rev or g-rev processes
only

© Observed by cyclic voltammetry (v=100 m Vs~'). E, quoted
for irrev processes

f Estimated from the slope of the graph E versus In(ij—i)/i de-
rived from steady state voltammetry

Species? g A(*W), 10 ~* cm ! A(*H), 10 ~* cm ! Ref.
1 2 3 av 1 2 3 av 1 2 3 av
cis,cis-WO(NCS)L" 1.949 1856 1.837 1.88 94 66
cis,cis-WOCIL® 1951 1.842 1822 1.87 94 57 60 70
cis,trans-WOCIL" 1933 1.833 1.808 1.85 96 69 60 75
cis,trans-WO(OPh)L" 1903 1.824 1.803 1.83 88 58 85 80
cis, trans-WO(SPh)® 2.006 1.864 1.855 190 &4 41 53 60
[WO(SPh),] ~ 2018 1903 1903 1936 781 44.4 44.4 55.1 18
[WO(bdt),] ~ 2.044 1931 1911 1962 78 40 37 52 44
[WO(edt),] ~ 2105 1919 1.894 1.973 45
[WO(SePh),] ~ 2086 1923 1923 1971 740 433 433 50.6 18
cis,trans-[WO,L] ~¢ 1.859 1.707 1509 1.70
cis,trans-WO(OH)L* 1.892 1.804 1.804 1.83 87 16
cis,trans-[WOSL] ~¢ 1953 1.770 1.690 1.79 75 ~67
cis,trans-WO(SH)L*® 1.999 1.857 1844 1.90 86 ca. 40 11 16 ca.15 ca. 14
Aldehyde oxido- 1.989 1901 1.863 1918 52 27 46 42 2,39
Reductase (active)?
Sulfite oxidase® 40
(low pH) 1.98 1.89 1.87 1.91 81 ~41 ~41 ~54 ~7
(high pH) 1.93 1.87 1.84 1.88
Formylmethanofuran 2.049 2012 1964 2.008 48 43 28 40 41
Dehydrogenase’
Formate dehydrogenase® 2.101 1.980 1.950 2.010 42

# Estimated directly from the spectra for the synthetic species re-
Eorted here

Spectra measured in 25:1 thf:MeCN, 0.10 M (Bu})BF,. W conc.
about 5 mM
¢ Generated in 25:1 thf: MeCN, 0.05 mM (Buf)SH
9 Low potential, active form (poised at —450 mV versus standard
hydrogen electrode) from Pyrococcus furiosus

¢ Tungsten-substituted molybdenum enzyme from tungsten-
treated rats, sulfite-reduced, parameters estimated from pub-
lished spectra

f Tungsten-substituted molybdenum enzyme from Methanobac-
terium wolfei in air

g€From Clostridium thermoaceticum (poised at —450 mV versus
standard hydrogen electrode)



than for molybdenum analogues due to greater aniso-
tropy of the g and A matrices [17, 29]. Spectra of the
cis,cis and cis,trans forms of WOCIL are shown in Fig.
5.

WO,L in MeCN (0.1 M Buy,NBF,) was reduced by
controlled potential electrolysis at —1.5V (Table 6).
The solution was transferred rapidly by cannula to an
EPR sample tube and frozen immediately. A highly an-
isotropic signal was observed and assigned to
[WYO,L]~ (Table 7) by analogy with the correspond-
ing molybdenum system [14, 30]. When reduced in the
presence of H,O (1.5 M), the spectrum exhibited dim-
inished anisotropy and the features occurred as dou-
blets. Generation in the presence of H,O caused the
doublets to collapse, indicating that the superhyperfine
structure arises from coupling to a single proton. The
signal is assigned to WYO(OH)L. Reaction of Bu,NSH
with cis,trans-WYOCIL or -WY'OSL in thf:MeCN
(25:1, 0.1 M Bu,NBF,) results in a broad EPR signal
(g=1.787) in mobile solution, assignable to
[WYOSL] . Its frozen solution spectrum is shown in
Fig. 6a. Reaction with cis,cis-WYOCIL also generates
this signal, but its much lower intensity suggests that
EPR-silent species are also formed. Addition of two
equivalents of CF;CO,H to [WYOSL]~ at —100°C
gave a red solution which, when frozen, exhibits a spec-
trum with doublets on all three components (Fig. 6b).
The signal is assigned to WYO(SH)L. This signal is re-

9.320 GHz
(2)

1 1 1 1 1 ! ! 1 1

335 3.55 375

Field (mT)

Fig. 5 EPR spectra of WOCIL in thf: MeCN mixture (10:1; 0.1 M
Bu,NBF,), 77 K: a cis,cis; b cis,trans
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Fig. 6 EPR spectra in thf:MeCN (10:1, 0.1 M Bu,NBF,), 77 K: a
[WYOSL]~; b WYO(SH)L

placed by a new one (g=1.904) upon warming. The
new signal has no resolved proton coupling and may
also be generated by reaction of cis,cis-W YOCIL with
four equivalents of SH ~ at room temperature. The na-
ture of the species responsible is not known. Similar be-
haviour obtains for the equivalent molybdenum system
[14]. Although WOSL and WS,L have similar reduc-
tion potentials (Table 6), attempted reduction of the
latter with SH ~ failed to generate EPR-active species.

Discussion

The properties of the complexes cis,trans-WY'O,L,
-WY'OSL, -WVIS,L and -WYOXL (X=Cl, OPh, SPh)
and of cis,cis-WYOXL (X=Cl, NCS) isolated in the
present work can be compared with the molybdenum
analogues Mo“'O,L and MoYOXL [14, 15]. The ste-
reochemistry of quadridentate ligand L observed in
complexes MoYOXL depends upon the steric proper-
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ties of anionic ligand X. A cis-S,S conformation leads to
a short H;C- - - X distance and an acute O-W-X bond
angle, which destabilizes that arrangement relative to
the trans-S,S conformation. The cis,cis isomers have not
been observed for sterically demanding ligands X such
as OPh and SPh. For the MY'E,L complexes, the
cis,trans isomer only has been isolated in substance.
The cis,cis isomer imposes an anionic thiolate ligand
trans to oxo or thio (see Fig. 3) which is disfavored by
the strong w-donor properties of those ligands in
M(VI) species. In addition, an acute EME bond angle
between cis M=E (E=0 or S) functions is destabilized
by repulsion between the multiple bonds.

As expected, the tungsten complexes WYOXL are
more difficult to reduce than their molybdenum ana-
logues [15, 31]. Shifts of 270-450 mV are observed. The
reversible behaviour of the three cis,frans complexes
(X=Cl, OPh, SPh) highlights the relative stability of
that stereochemistry relative to cis,cis and the simpler
behavior of these tungsten complexes relative to the
molybdenum analogues. Access to W(VI) and W(IV)
species from a W(V) complex (Egs. 1, 2, Fig. 4) has
been observed previously only in certain hindered
[WYO(SR),4] ~ systems [32].

In the presence of excess chloride, cis,cis-MoOCIL
and -WOCIL exhibit different electrochemistries (Ta-
ble 6). One-electron reduction of the former is reversi-
ble in excess chloride but irreversible in its absence.
This was attributed to the presence of a rapid equili-
brium between [Mo'VOCIL]~ and Mo"OL [15]. Un-
der the same conditions, reduction of WOCIL remains
irreversible, suggesting that the equivalent equilibrium
more strongly favours dissociation of chloride ligand.

Each of the complexes cis,trans-WY'O,L, -WY'OSL
and -WV'S,L exhibits a reversible WY/WV couple (e.g.
Eq. 3). This highlights the ability of ligand L to sterical-
ly inhibit the chemical changes which normally follow
reduction of MY'O, (M=Mo, W) and related centres
[14]. The E;, value for WO,L is about 500 mV more
negative than that of MoO,L [15] and 400 mV more ne-
gative than that of WOSL (Table 6), respectively. Simi-
lar properties hold for MY'O,CI(L-N;) and
MYIOSCI(L-N3) [11, 33]. It is apparent that substitution
of terminal thio for oxo at WV'Q, centers causes E;,,
values to fall into the range observed for Mo 'O, spe-
cies and so to become biologically accessible. The E;,,
value of WS,L is very similar to that of WOSL (Table
6). This observation is contrary to the progressive posi-
tive shifts observed in the pseudo-tetrahedral hydroxy-
lamido complexes Mo Y'E,(CsH;(NO), (E,=0,, OS,
S,) [34]. This feature is not understood but may be re-
lated to the sulfur-rich environment of WS,L.

Isolation in substance of WY'OSL and WVIS,L and
of similar species with ligand L-N5 [10, 11] contrasts
with the instability of the six-coordinate molybdenum
analogues. The only stable molybdenum species of this
type isolated to date, MoOS(S,PPr})(L-N;) and
MoO(S,py)(L-Ns), feature steric or redox “protection”
[35, 36].

The well-behaved redox properties of the W(VI)
species allow generation of reduced forms [WYO,L]~
and [WYOSL] ~ and their conjugate acids WYO(OH)L
and WYO(SH)L. Characterisation of the equivalent
molybdenum species in solution assisted assignment of
the centres responsible for the characteristic EPR sig-
nals of molydo-enzyme species [14, 30, 37-39]. EPR
data for tungsten centres in enzymes are just becoming
available (Table 7) [1, 40-43]. A full listing is given in
[2]. The broader linewidths of W spectra compared to
Mo spectra make it difficult to resolve hyperfine cou-
plings in 1D spectra. The EPR parameters derived in
the present study (Table 7) have been estimated direct-
ly from the spectra, and so there is uncertainty about
the influence of non-coincidence of g and A tensor
axes.

[WYO,L]~ and [WYOSL]~ exhibit g; parameters
below 1.7, which leads to g,, values below 1.8. As such
features are not apparent in any of the enzyme spectra
[1], WYO, and WYOSL centres are unlikely to be pres-
ent in the known systems.

Mirroring a similar trend for oxo-molybdenum(V)
centers [44], there is some evidence for a correlation
between g,, and the number of thiolate ligands in oxo-
tungsten(V) species: 1.83 {WO(OH)L, WO(OPh)L},
1.90 {WO(SH)L, WO(SPh)L}, 1.94 {{[WO(SPh)4] ~}. Aoy
would appear to decrease in the same order (Table 7).
A comparison with the parameters of active aldehyde
oxidoreductase from P. furiosus provides some support
for the current working model of a WYO(OH)(S)s_4
site [1]. It is important not to over-interpret the present
preliminary data available for the enzyme and synthetic
species. For example, a simple comparison of g,
A('®W) and A('H) parameters of tungsten-substituted
molybdenum sulfite oxidase (low pH) and WYO(OH)L
suggest that a WYO(OH) center is responsible for the
enzyme spectrum. This correlates with the assignment
of a MoYO(OH) centre to the equivalent native en-
zyme spectrum [2]. However, the parameters observed
for WO(OH)L, for active aldehyde oxidoreductase and
for sulfite oxidase indicate that the influence of the oth-
er ligands on a putative WYO(OH) centre is important.
There is a particular need for bis(1,2-dithiolato)tungs-
ten centres without oxo groups, given the apparent im-
portance of centres such as Mo Y (OH)(Se-Cys)(S), in
molybdenum formate dehydrogenase [9]. The high g
values observed for tungsten formate dehydrogenase
and formylmethanofuran dehydrogenase (Table 7) are
consistent with WY(OH)(Y-Cys)(S)s (Y=S, Se) in
those systems [1, 42].
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