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Oxo—sulfidobis(dithiolene)tungsten(VI) complexes were prepared
in situ by the reaction of oxobis(dithiolene)tungsten(V) precursors
with hydrosulfide (SH™). The complexes, characterized by UV-
vis, electrospray ionization mass spectrometry, IR, and resonance
Raman spectroscopies, model the proposed coordination environ-
ment and observed hydrolytic reactions of members of the aldehyde
ferredoxin oxidoreductase family of tungsten enzymes.

addition of sulfide®> To account for the above observations,

it has been proposed that the tungsten(VI) center of the active
site is coordinated by one terminal oxo, one terminal sulfido,
and two dithiolenes adopting a six-coordinate structure, as
shown in Figure 2. In synthetic modeling studies, a
limited number of mononuclear oxeulfidotungsten(VI)
compounds such as Cp™NO)(S)L (L = CHz~ and
CH,SiMey),”8 Tp*WV(O)(S)L' [L' = CI~, OPh, SPh,
SePh, SPPh™, and ()-mentholatef, WV'(O)(S)(OSiPh),-

Tungsten has been recognized as an essential element fofMe,phen) (PhP)[Cp*WV'(0)(S)(Se):t and (EZN)[WV'-
the enzymatic activity of certain enzymes from hyperther- (0)(S)(OSiP&)(bdt)[!2 have been reported. However, these

mophilic archaea, which thrive near 10@€.! Tungsten

model compounds do not precisely replicate the six-

enzymes have been classified into two major families, the coordinate oxe-sulfidobis(dithiolene)tungsten(VI) structure
formate dehydrogenase (FDH) family and the aldehyde proposed for the active sites of the tungsten AOR enzymes

ferredoxin oxidoreductase (AOR) familyThe tungsten

(Figure 1). Therefore, the individual roles of the oxo, sulfido,

center of the FDH family has been well characterized by and two dithiolenes as well as of the six-coordinate tungsten-
X-ray crystallography and extended X-ray absorption fine (VI) structure proposed for the active sites are a subject to

structure (EXAFS) analysgas well as by excellent synthetic
modeling studied.On the other hand, the precise tungsten

be addressed by using more suitable synthetic coumpounds.
Recently, we reported that the five-coordinate molybde-

environment in the AOR family is still unclear partly because num(1V) complex, (EfN);[Mo"O(bdt)], is oxidized to the

of the high electron density of the tungsten atom and the six-coordinate molybdenum(V1) complex, (&, [MoV'O,-
heterogeneous nature of the molecules in the crystal exam+{bdt),], in the presence of 2 equiv of OHn CHsCN, where
ined? However, the X-ray crystallographic analysis has the possible intermediate (&t);[MoVO(OH)(bdt}] is suc-
revealed that the tungsten(VI) center is coordinated by two cessively deprotonated and oxidiZ&€dhis result stimulated
pyranopterin dithiolenes and by no protein side chain us to investigate the reaction of oxobis(dithiolene)tungsten-

although additional ligands were not well resolfe@dn the

(V) compounds with SH to obtain novel (EiN),[W"Y'(O)-

other hand, the EXAFS result showed the existence of two (S)(bdt}] (1) and (E;N)[WVY'(0)(S)(SC:Ph),] (4), which

atoms at 1.7 and 2.0 A from the tungsten(VI) ceAtetand

are the first oxe-sulfidobis(dithiolene)tungsten(VI) com-

the enzymatic activity was found to be enhanced by the pounds. bdt and S&,Ph are two of the dithiolene ligands
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Figure 1. Proposed structure of the active sites of the AOR family.
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Figure 2. (a) Titration of2 (4.8 x 1074 M) with Et4zNSH in GHsCN at
—80 °C (inset: plot of the absorption at 613 nm against {Bf2]). (b)
Time-dependent spectral changes for the reactich(6f0 x 10~* M) and
EtzNSH (5.0x 10~3 M) at —80 °C. These spectra were recorded every 12
s (inset: plot ofkeps (S71) Vs [ELNSHY]).
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Figure 3. Negative-ion ESI-MS spectrum of a reaction solutior2¢5.0
x 1073 M) and 1 equiv of EfNSH [insets A and B: observed (above) and
calculated (below) isotopic distributions fod-fe]~ and [L—bdt—e],

respectively].
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Figure 4. IR spectra of (2.5 x 1073 M) in CH3CN (left) and a reaction
solution of2 and 1 equiv of EfNSH (right).

signals attributable to an equimolar mixture band 3 in

the diamagnetic region with the expected integration ratios
as indicated in ref 18 Furthermore, in the IR spectrum,
the strongv(WV=0) stretching band at 947 crh of 2
disappeared upon treatment with 1 equiv ofN&BH and

employed most often in modeling the active-site structures instead two new strong bands appeared at 907 and 899 cm

of tungsten enzymes as well as molybdenum dhd&dhe

(Figure 4). The band at 907 crthwas identical with av-

spectroscopic features and reactivities of the complexes argqW!V=0) stretching band of an authentic sample 2f

reported in this Communication.

Figure 2a shows U¥vis spectral changes for the titration
of (EuN)[WVO(bdty] (2) by ELNSH in GHsCN at—80°C.
The intensity of an absorption band centered at 613 néh of

prepared separately. On the basis of the results of Uy,
ESI-MS, EPR!H NMR, and IR studies, we conclude that
is converted into 0.5 equiv af and 0.5 equiv of3 upon
reaction with 1 equiv of SH In such a case, the IR band at

decreased with an increase in the new broad absorption bandg99 cnt! can be assigned to gWY'=0) stretching band
(392, 503, and 644 nm) in the visible region. The spectral of 1. Another [W/'(O)(S)F* compound,4, was similarly

changes were completed when 1 equiv QNEH was added
to the GHsCN solution of2. These new bands were different
from those of [W'O,(bdt)]?~,*> [W"V O(bdtp)?~, 5 [W(bdt)s]"

(n =0, 1, and 2)°° [WV'O(S)(bdt)]?~,16 and [W'O4(S)-

prepared in situ from (EN)[WYO(SC,Phy)2] (5)?* and Ej-
NSH (see Figures S2S5 in the Supporting Informatiof}:23
The third-order rate constaktfor v = —k[EtzNSHJ? was

(bdt)[?~.*2 Figure 2b shows time-dependent spectral changes(14) (a) McMaster, J.; Tunney, J. M.; Garner, C.®og. Inorg. Chem

for the reaction o2 with 10 equiv of EXNSH in GHsCN at

—80 °C, where decay of the absorption band at 613 nm of

2 obeyed first-order kinetics (Figure S1 in the Supporting
Information; Kops (1) = —In{(Ar — Ax)/(A0 — Ax)}/t).
Interestingly, the apparent first-order rate constégy

exhibited second-order dependence on the concentration o
EuNSH, as is clearly shown in the inset of Figure 2b, and

the third-order rate constamhtfor v = —k[Et;NSH]? was
calculated to be 1.0« 10° M2 s, A CH3CN solution
containing2 and 1 equiv of SH exhibited an electrospray

ionization mass spectrometry (ESI-MS) spectrum having

peak clusters attributable to [¥NO)(S)(bdt}]?>~ (1) and
[WVO(bdtp]?~ (3) at Mz = 512 and 480 (Figure 3),
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Scheme 1. Proposed Mechanism for the Conversion Procesg®f
into 0.5 equiv ofl/4 and 0.5 equiv oB3/6 upon Reaction with 1 equiv
of SH—

2— o ,S
shHs [ (W 1%
N R—§ /V\\’\S
r.d.s R
R S\(/s
intermediate B

2/5
fast

3/6

calculated to be 1.% 10®* M2 s71 (Figures S2 and S3 in

Table 1. Vibrational Frequencies (cm) for Oxo—sulfidotungsten(VI)
Complexes

complex v(W=0) v(W=S)

(EuN)2[W(O)(S)(bdtp]* (1) 899 (IR) 476 (IR)
(EtN)[W(O)(S)(SCaP))® (4) 865 (IR) 465 (IR)
(ELN)[W(O)(S)(OSiPi)(bdt)P 949, 911 (IR) 477 (IR)
(R9-Tp*W(O)(S)(—)-mentholaté 930 (IR) 480 (IR)
Tp*W(O)(S)(OPhy 935 (IR) 480 (IR)
Tp*W(O)(S)(SPhy 925 (IR) 480 (IR)
Cp*W(0)(S)(CHy)¢ 930 (IR) 497 (IR)
W(O)(S)(OSiPh)>(Mesphen} 933 (IR) 480 (IR)
(PhyP)[Cp*W(O)(S)(Se)] 871 (IR) 450, 444 (IR)
FORY 874 (rR)

aThis work.? Reference 12 Reference 99 Reference 8¢ Reference
10. f Reference 119 Formaldehyde ferredoxin oxidoreductdse.

adding a small amount of @, as monitored by the UV
vis and ESI-MS (Figure S6 in the Supporting Information)

the Supporting Information). A possible mechanism for the gpectral changes. The hydrolytic reaction well mimics an in-
conversion process is shown in Scheme 1. The reaction ofactivation process found in active sites of the AOR family,

2/5 with SH™ generates SHadduct [W/(O)(SH)(dithio-
lene}]?" (intermediate A), and another SkHicts as a base
to deprotonate from the SH group, producingi®)(S)-
(dithiolene})®~ (intermediate B). Then, redox reaction of the
generated [W(O)(S)(dithiolene)]>~ and anothe®/5 quickly
occurs to yieldl/4 and3/5. On the basis of the second-order
dependence on the SHconcentration, the deprotonation
process may be the rate-determining step.

where the active tungsten center is hydrolyzed to the inactive
dioxotungsten(VI) center ([WO]?") in the absence of
sulfide.

In summary, this paper reported the first in situ generation
of oxo—sulfidobis(dithiolene)tungsten(VI) complexes that
model the proposed active-site structure for the AOR family
of tungsten enzymes. The complexes were characterized by
UV—vis, ESI-MS,*H NMR, IR, and rR spectra and were

The resonance Raman (rR) spectrum of a reaction solutionfoynd to mimic the coordination environment including the

of 2 and 1 equiv of EfNSH in CH;CN showed one distinct
band centered at 476 ci(Figure 5). This was unambigu-
ously assigned to thgWV'=S) stretching band df because
the authentic sample & did not exhibit any rR bands in
this region when it was irradiated with a 632 nm-Hde
laser. The rR bands fo(W"'=0) andv(W"'=S) stretching
bands of4 appeared at 865 and 465 ch respectively
(Figure S5 in the Supporting Information). ThéNV'=0)
stretching band values of and 4 are close to that of
formaldehyde ferredoxin oxidoreductase (FOR; 874 Ym
in the AOR family?® suggesting that and4 serve as suitable
active-site models. The lower(WV'=0) and »(WV'=S)
stretching band values dfand4 than those of compounds
listed in Table 1 except [Cp*W(O)(S)(Se)t suggest that

W=E (E = O, S) bond strengths and hydrolytic reactions
of the tungsten center of the AOR family.
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Supporting Information Available: Experimental details and
first-order plots of the reactions @ with excess ENSH (Figure
S1), titration of5 with E4NSH and time-dependent spectral changes
for the reaction of5 and excess BNSH (Figure S2), first-order
plots of the reactions d& with excess ENSH (Figure S3), ESI-
MS and rR spectra of a reaction solutionSoéind an equivalent of

strong electron donation by the dianionic dithiolenes to the E4NSH (Figures S4 and S5), and the ESI-MS changel db
tungsten(V1) centers effectively decreases the terminal (EuN)[W"'Oy(bdt)] (Figure S6). This material is available free

O — WY and S— W"! donations, providing the weakened
WVI=0 and W'=S bonds. Thus, comple% coordinated
by stronger electron-donating dithiolenegC&h, than bdt
gives weaker W=0 and W'=S bonds.

Complexesl and 4 were immediately converted to the
corresponding (BN)[WV'Ox(dithiolene)] in CHsCN by

N

900 800 700 600 500 400
Raman Shift (cm™

Figure 5. rR spectrum of a reaction solutlon 2f(5.0 x 1074 M) and 1
equiv of EkNSH in CHsCN at room temperature using a Hie ion laser
with excitation at 632 nm (asterisks indicate solvent peaks).

8462 Inorganic Chemistry, Vol. 46, No. 21, 2007

of charge via the Internet at http://pubs.acs.org.
IC7012733

(20) Sugimoto, H.; Sakurai, T.; Miyake, H.; Tanaka, K.; Tsukubelndrg.
Chem 2005 44, 6927.

(21) Goddard, C. A.; Holm, R. Hnorg. Chem 1999 38, 5389.

(22) Because BNSH is irreversibly oxidized at ca=0.3 V vs SCE in
CHsCN, [WYO(dithiolene)]~ complexes, which exhibit a WwW!v
couple above-0.3 V, are stoichiometrically reduced to [¥YD(dithio-
lene}]?~ complexes upon reaction with 1 equiv of JHEH. We
observed that (BN)[WVYO(3,6-dichloro-1,2-benzenedithiolagEx-
hibiting a reversible W/W'V redox process at0.27 V vs SCE was
reduced to the (EN)[W'" O(3,6-dichloro-1,2-benzenedithiolafe)ith
1 equiv of EsNSH in CHCN.

(23) Because théH NMR spectrum of a CBCN solution containings
and 1 equiv of SH showed much overlapped signals in the range
from 6.5 to 7.5 ppm, these signals could not be assigned unambigu-
ously.

(24) 2 is converted into 0.5 equiv of (BY)[WVY'O,(bdt)] and 0.5 equiv
of (EuN)2[W'VO(bdt)] upon reaction with 1 equiv of ENOH.

(25) Only rR spectrum oPyrococcus furiosus§OR has been reported so
far®



