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Figure 2. Structure of the Nb,Se;,% ion (a) in comparison to that of the
Mo,S;50,% ion (b).?

reasonable yield two new chalcogenides of Ta and Nb: K,Ta,S;,
and K;Nb,Se,;. These contain the discrete anions Ta,S;,* and
Nb,Se,,%, which bear striking resemblances to closely related W
and Mo species prepared by solution methods.

Transparent orange crystals and polycrystalline material of
formula K,Ta,S,; were prepared from the reaction among K,S,
Ta, and S (in 3:2:5 mole ratio) in a sealed evacuated quartz vessel
that was kept at 800 °C for 48 h and then cooled at 100 °C/h.
Electron microprobe analysis of the air- and moisture-sensitive
crystals established their homogeneity and the presence of K, Ta,
and S. The Guinier powder pattern suggested a novel structure
type; i.e., lines for intercalated TaS,; were not detected, nor was
the K;TaS,-type structure. The presence of a TaS,>" unit was
also ruled out by spectroscopic data since a characteristic IR band
at 424 cm™! was lacking. However, the spectroscopic data did
suggest the presence of S, ligands, terminal Ta=S moieties, and
Ta-bridging S anions.2? The structural details of the Ta,S;;>
anion were determined by a single-crystal X-ray diffraction study
on a thin translucent orange platelet of K,Ta,S;;.2*

The crystal structure of K Ta,S;, consists of well-separated K*
and Ta,S;,* ions (Figure 1a). The Ta-Ta distance of 3.442 (1)
A in the Ta,S;;* anion indicates no bonding between the Ta
atoms. The Ta atoms are linked by one S*~ anion with an average
Ta-S distance of 2.479 (5) A and two S, ligands with average
Ta-S and S-S distances of 2.579 (5) and 2.076 (7) A, respectively.
Each Ta atom is also bound to an additional S;>~ ligand with
average Ta-S and S-S distances of 2.465 (5) and 2.076 (9) A,
respectively. The coordination sphere of each Ta atom is com-
pleted by a short Ta=S interaction (average Ta—S distance =
2.235 (5) A) to form a Ta,(i-S) (u-n%,1'-S3),(1%-S,)(S),* anion
with Ta in the 5+ oxidation state. This anion is closely related
to the recently reported [NEt,],[Mo0,S,0,]** complex prepared
in solution; it contains the Mo,(u-8)(n2-S,)4(0),*" discrete anion
(Mo, 6+) (Figure 1b). In contrast to the Ta species, each Mo
atom shows only a weak intramolecular (rather than a bonding)
interaction to a neighboring S,?” ligand. The [PPh,],[W,S;,]®
complex, prepared by solution chemistry, provides another example
. of a similar anion, W,(u-8)(92-S,)4(S),*".

K;Nb,Se,, was prepared through the reaction of Nb metal with
K,Se and Se (in a 1:3:10 mole ratio) at 375 °C for 100 h with
a 3 °C/h cooling rate to room temperature. Black chunky crystals
were obtained upon dissolution of the excess melt with water. The
structure was determined by single-crystal X-ray diffraction

(23) IR (Nujol, CsI): Ta—S;; »(Ta—S), 331 (m), 319 (m), 301 (m) cm™;
v(ST-S), 520 (m) cm™); ¥(Ta==8), 505 (s) cm™'; »(Ta—S—Ta), 452 (s)
m™,

c

(24) Crystal data for K,Ta,S,;: orthorhombic, C3,-Pbc2,, Z = 4, a = 7.409
A b=13074(1) A, c=17881(3) A, V=1732 A?at -166 °C;
1850 independent reflections measured out to 260(Cu Key) = 75°; R(F)
= 0.049 on 1790 reflections having F,2 > 3a(F,2).

(25) Coucouvanis, D.; Hadjikyriacou, A. Inorg. Chem. 1987, 26, 1-2.

methods? after the homogeneity of the crystals and the presence
of K, Nb, and Se were confirmed by electron microprobe analysis.
The final formula, K;Nb,Se,;;, was verified by quantitative
analyses.

The crystal structure of K;Nb,Se,; consists of well-separated
K* and Nb,Sé,,5 ions. Within the Nb,Se,,% anion (Figure 2a)
each nonbonding Nb pair (Nb--Nb distance = 3.679 (3) A) is
bridged by three Se,?" ligands with an average Nb-Se contact
of 2.683 (3) A and Se~Se interaction of 2.358 (3) A. Each Nb
atom is bound to a terminal Se anion to form a Nb-Se bond
showing an average bond length of 2.361 (3) A. The coordination
sphere of the Nb atoms is completed by the addition of two Se,?
ligands (average Se-Se distance = 2.371 (4) A) per Nb pair. One
Se,?" ligand is bound to a Nb atom in a typical n?-fashion while
the second Se,?" links the other Nb atom to a neighboring dimer
yielding a tetrameric anion best described as [Nb,(u-n%n!'-
Se,)3(17-Se,)(Se),]2(u-n'-Se,)® with Nb in the 5+ oxidation state.
This species is related to a soluble molybdenum oxysulfide,
[Et,N1,[Mo0,S;50,4]%° (Mo, 6+) (Figure 2b). Again the major
structural difference is related to the bridging n?,5'-Q,?" ligands.
In the Mo complex, the metal pairs are bridged by only one S,
unit while the other two 8,2~ ligands show only weak intramo-
lecular interaction yielding a [Moy(u-n,7"-S,)(9%-S5)3(0)2}2(p-
n'-S;)% ion.

As evidenced by the structures of K, Ta,S;; and K;Nb,Se,,
traditional solid-state synthesis provides a potentially useful route
to new anionic chalcogenide species and possibly the only means
to Nb and Ta analogues of Mo and W chalcogenide anions. The
stability of these Nb and Ta anions in the solid-state can be
exploited in an attempt to obtain isolated ions in solution for
subsequent chemistry. The generation of quasi-isolated polyatomic
Zintl,2" polyarsenide,?® and metal arsenide?® anions has been
achieved via the solubilization of their alkali-metal compounds.
Presently, the solubilization of K,Ta,S;, and K;Nb,Se,, is being
explored.
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Bromide-Assisted Hydrogen Peroxide Disproportionation
Catalyzed by Vanadium Bromoperoxidase: Absence of
Direct Catalase Activity and Implications for the Catalytic
Mechanism

Vanadium has been known for decades to be an essential ele-
ment;! however, the first vanadium-containing enzymes, a bro-

(1) For recent reviews see: Chasteen, N. D. Struct. Bonding 1983, 53, 105.
Boyd, D. W.; Kustin, K. Adv. Inorg. Biochem. 1984, 6, 311.
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Figure 1. Halide-assisted disproportionation of hydrogen peroxide (di-
oxygen measurements made as described in Figure 2): (A) H,0, (0);
(B) H,0, + 0.095 M KBr (O); (C) V-BrPO + H,0, (4); (D) V-BrPO
+ H,0, + 0.095 M KBr (3); (E) V-BrPO + H,0, + 0.095 M KI (*).
All solutions were 2 mM H,0, in 0.095 M phosphate buffer (pH 6.5).
The enzyme concentration is 50 ng/mL on the basis of the Bio-Rad
protein assay using bovine plasma albumin as the standard. The O,
formation rate for V-BrPO + H,0, was followed for at least 40 min with
no change in the rate observed in (C).

moperoxidase?’ and a nitrogenase,** have only been discovered
very recently. Vanadium bromoperoxidase (V-BrPO) was first
isolated from the marine alga Ascophyllum nodosum and found
to catalyze the bromination of monochlorodimedone (MCD) using
hydrogen peroxide as an oxidant.® Bromoperoxidase enzymes
are well-known in marine organisms, including Fe!®Heme-BrPO"#
and the recently discovered non-heme iron(III)-containing bro-
moperoxidase (Feyy-BrPO).> While all the bromoperoxidases
are similar, particularly in the nature of substrates brominated
(e.g., B-diketones, 8-keto acids, phenols, etc.),'® FeHeme-BrPO
differs significantly from V-BrPO in the overall reaction chemistry
catalyzed. We report below that unlike the FeHeme haloper-
oxidases (including BrPO and chloroperoxidase), which catalyze
the disproportionation of hydrogen peroxide (i.e., “direct catalase”
activity)?!!
2H202 - 02 + 2H20

V-BrPO only catalyzes the disproportionation of H,0O, in the
presence of Br™or I". We also report that the rate of dioxygen
formation in the bromide-assisted catalase reaction is equal to the
rate of MCD bromination, suggesting that both reactions proceed
through a common intermediate, the production of which is
rate-limiting. Moreover, while V-BrPO does not utilize H,0O, in
the absence of bromide or iodide, neither does H,0, inactivate
the enzyme.

While the role of the FeHeme moiety in bromoperoxidase
activity has been shown to be an electron-transfer catalyst pro-
ceeding through Heme*Fe!Y=0,’ the role of vanadium in V-BrPO
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Figure 2. Inhibition of dioxygen formation during MCD bromination
(reactions initiated by addition of H,0, (final concentration 2 mM) to
0.095 M phosphate buffer (pH 6.5), 0.095 M KBr, 47.5 uM MCD, and
50 ng/mL V-BrPO at 25 °C): (A) bromination of MCD monitored at
290 nm (—); (B) O, formation measured with a YSI Clark-type di-
oxygen electrode in the presence of MCD as described (---). O, elec-
trode measurements were made on N,-sparged solutions. V-BrPO was
isolated and purified from A. nodosum according to the published pro-

cedures.b!4
Table I*
d[O,)/dt during®¢ d[0,]/dt aftert™

[MCD], MCD bromination, MCD bromination,

oM uM/min -d[MCD]/ds #M /min

0 10.4

40 2.0 (0.8) 10.2 (0.2) 10.1 (0.7)

50 1.3 (0.1) 10.8 (0.1) 9.9 (0.3)

70 1.0 (0.2) 10.4 (0.3) 10.3 (0.2)

95 0.5 (0.1) 10.7 (<0.1) 9.8 (0.6)

av 10.5 (0.5) 10.0 (0.3)

9 All rates are an average of three determinations with the standard
deviation given in parentheses. While the absolute magnitudes of the
rates of MCD bromination and dioxygen formation vary with storage
and the age of the enzyme, the ratio of -d[MCD]/dt to d[O,]/d# still
remains 1. The assay buffer is described in the caption of Figure 2.
®The MCD bromination rates and the O, formation rate during bro-
mination are reported for the first 10% of reaction. ¢Reported rate is
obtained from the steepest slope of O, ppm vs time plot. 40O, evolution
rates are corrected for the instability of H,0, (i.e., Figure 2A), which
is <10% of the maximum O, rate observed.

is not yet known. V-BrPO is characterized by a single V(V) ion
per subunit, which can be removed by dialysis at low pH against
EDTA, rendering the enzyme inactive.2> The bromoperoxidase
activity can be fully restored only after recoordination of vanadate,?
and aqueous vanadate does not function as a catalyst. The vanadyl
BrPO derivative does not catalyze the bromination of MCD,? nor
is a VO?* ESR signal observed during turnover,!? suggesting that
the one-electron-reduced state of VV-BrPO is not in the catalytic
cycle.

Figure 1 shows that V-BrPO does not catalyze the direct
disproportionation of hydrogen peroxide (Figure 1C), which is
in distinct contrast to the case for the FeHeme haloperoxidases.’
Addition of bromide, however, initiates rapid dioxygen evolution,
which ceases when the hydrogen peroxide is completely consumed,
indicating bromide-assisted catalase activity (Figure 1D).!* Todide
assists the catalase reaction more efficiently than bromide (24.3
uM O, evolved/min at 0.95 mM I~ (Figure 1E) vs 10.4 ¢eM

(12) de Boer, E.; van Kooyk, Y.; Tromp, M. G. M.; Plat, H.; Wever, R.
Biochim. Biophys. Acta 1986, 869, 48.

(13) Bromide is indeed a catalyst of hydrogen peroxide disproportionation
as confirmed by monitoring the Br™ concentration with a bromide-se-
lective electrode. The bromide concentration decreases to a steady-state
concentration during turnover and returns to its initial concentration
when the peroxide is consumed.
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O,/min at 0.095 M Br"), reflecting the larger oxidation potential
of iodide. Figure 1B shows that a solution of H,0, and Br~ at
pH 6.5 does not produce O,, despite the favorable potential, and
Figure 1A demonstrates that a solution of H,O, is stable with
respect to disproportionation under the conditions of these ex-
periments.

Figure 2 shows a profile of the rate of MCD bromination
(Figure 2A) and the rate of dioxygen formation (Figure 2B), both
in the presence of 47.5 uM MCD catalyzed by V-BrPO. The rate
of dioxygen formation catalyzed by V-BrPO, 10.0 uM/min, is
identical with the rate of MCD bromination, 10.5 uM/min at
40-95 uM [MCD] (see Table I). Moreover, the maximum rate
of O, formation is independent of the presence of MCD, since
the rate of O, formation in the absence of MCD is 10.4 uM/min.
That the ratio of the rate of MCD bromination to dioxygen
formation is 1.05 £ 0.05 suggests that both reactions proceed
through a common intermediate, which in analogy to FeHeme-
BrPO may be an enzyme-bound OBr~ moiety, an enzyme-bound
Br moiety, HOBr, or Bry;™. Any of these can react with MCD
to give the brominated product or with another 1 equiv of H,O,
to produce O, and Br~ at rates much faster than that for the
production of the intermediate, %1415 Chloride (<0.5 M) does
not affect the rate of MCD bromination nor the O,-formation
rate, although fluoride inhibits both reactions.

This is the first report of halide-dependent catalase activity for
V-BrPO. This feature is shared with Feny-BrPO, which is re-
ported to have equivalent rates of MCD bromination and oxygen
evolution in the halide-dependent catalase reaction,’ but is dis-
tinctly different from the FeHeme haloperoxidases and many other
FeHeme peroxidases, which have appreciable catalase activities
in the absence of halide ion.”!! The identical rates of MCD
bromination and Br-assisted O, formation and the lack of O,
formation in the absence of bromide suggest the possible mech-
anism

- V- P -
Hp0p + Br™ BP0 wintermediate” (i.e., HOBr, Brg, Enz-OBr,

or Enz-8r)
kﬂMCDV \k,[H,o,]

Br-MCD 0, + Br™ + H,0

During the bromination of MCD, a slow rate of O, formation is
evident in Figure 2B, although, this rate is 80-95% less than the
rate of O, formation in the absence of MCD or after all MCD
is consumed. Even at much higher MCD concentrations (i.e., up
250 uM), the rate of O, formation is not completely shut off,
indicating that k,[MCD] competes with k,[H,0,] for reaction
with the “intermediate”. V-BrPO also catalyzes the bromination
of uracil or cytosine, forming the 5-bromo derivatives,'¢ although
neither uracil nor cytosine is an efficient substrate, even at 10 mM
concentrations, since dioxygen evolution (i.e., k,[H,0,]) is con-
comitant with bromination (i.e., k;[pyrimidine]).

In conclusion, we have shown that, unlike FeHeme haloper-
oxidases, V-BrPO cannot catalyze the direct disproportionation
of H,0, in the absence of bromide or iodide. The catalase activity
of FeHeme haloperoxidases may be a consequence of the elec-
tron-transfer function of the FeHeme moiety since Heme*FelV==0
can oxidize H,0,, leading to direct catalase activity, or oxidize
Br~, leading to bromination and Br-assisted catalase reactivity.
We are continuing our investigation of the role of the vanadium(V)
ion to determine whether V-BrPO functions as an electron-transfer
catalyst or a Lewis acid catalyst of bromide oxidation by hydrogen
peroxide.

Abbreviations: 2-chloro-5,5-dimethyl-1,3-dimedone, MCD;
bromoperoxidase, BrPO; chloroperoxidase, CI1PO.
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General Synthetic Route to the Dirhenium Octahydrides
Re,Hg(PR,), from the Triply Bonded Complexes
Re,ClL,(PR;),. An Unexpected Structure for the Complex

Re,Hg(dppm), (dppm = Ph,PCH,PPh,)

The so-called “agno-hydrides” of rhenium were first described
in detail by Chatt and Coffey in 1969 and formulated as
[ReH,(PR;),]; (x < 7 and PR; = PEt,Ph, PPh;).! Later work
by Bau et al.? identified these complexes as having the novel
hydrido-bridged structure Re,(u-H)4H4(PR;)4. The most com-
monly used method for the synthesis of these complexes and the
more recently prepared dimethylphenylphosphine derivative
Re,Hg(PMe,Ph),? involves the thermal decomposition of the
corresponding mononuclear heptahydride complexes ReH,(PR3),
(i.e., the original Chatt and Coffey procedure).*® Subsequently,
the isolation of Re,Hg(PMe;), has been reported,’ although its
synthesis involves a different recipe. In view of the novel chemistry
that is now being uncovered for dirhenium polyhydride com-
plexes,!%!? we have sought to devise a simple synthetic metho-
dology that would be suitable for an extensive range of phosphine
ligands and so provide a single uniform synthetic strategy for
Re,Hg(PR;3),. We can now report the successful development of
such a route for PR; = PMe;, PEt;, P-n-Pr;, PMe,Ph, PEt,Ph,
PMCth, thPCHzPth (dppm), and thPCHzCHzPth (dppc)
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