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Abstract 

Solutions containing benzylviologen and the fluorescent 0x0-d’ ion MoOBr,(CH,CN)- . m acetonitrile slowly deposit crystals 
of the electron donor-acceptor complex (BV)[MoOBr,(H,O)]Br.CH,CN: C&H,,Br,MoN,OZ, triclinic, space group Pi; 
a = 11.349(l), b = 16.1048(g), c= 18.720(l) A; a=71.961(5), /3=76.375(7), y=82.484(6)“; Z=4; R(F) =0.048, R,(F) =0.046 for 
4135 reflections and 668 parameters. The two independent MO complex anions in the structure show MO-O distances of 
1.62(l) and 1.629(9) A. The fluorescence spectrum of the solid complex is similar in shape and intensity to those of other 
salts of Mo”OBr,(H,O)- with non-quenching cations. The relatively intense fluorescence of solid (BV)[MoOBr,(H,O)]Br.CH,CN 
suggests that electron transfer from MoVOBr,(H,0)-*(2E) to BV”, although slightly favorable thermodynamically, does not 
compete effectively with its rapid fluorescence. 
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1. Introduction 

Recently we began studying the photophysics and 
photoredox properties of MO(V) 0x0 complexes [1,2]. 
These complexes, which have the d1 electronic config- 
uration, exhibit unusually long-lived fluorescences 
(25-110 ns) in solution at room temperature. In the 
course of our studies of the photoredox properties of 
MoOBr$CH,CN)-, we explored its photochemical 
reactivity with the electron acceptor benzylviologen 
(BV’+). We found that solutions prepared from 
MoOBr,(CH,CN)- and BV2+ in acetonitrile slowly 
deposit yellow crystals. We have now identified the 
crystals as (BV)[MoOBr,(H,O)]Br.CH,CN (l), an un- 
usual example of a salt containing both an electron 
donor (Mo”OBr,(H,O)-) and an electron acceptor 
(BV2+). We report herein the crystal structure of 1 

and its solid-state fluorescence, which is attributable 
to Mo”OBr,(H,O)-. 1 fluoresces with approximately 
the same intensity as salts of Mo”OBr,(H,O)- with 
non-quenching cations. This indicates that electron 

Abbreviations: BV” = benzylviologen (l,l’-dibenzyl-4,4’-bipyridi- 

nium); Tp- = HB(3J-MeZpz)S- (hydrotris(3,5-dimethylpyrazol-l-yl)- 
borate); TCNQ = 7,7,8,8&tracyanoquinodimethane. 

* Corresponding author. 

transfer from the fluorescent MO” excited state (MO”*) 
to BV2+, though thermodynamically spontaneous 
(AG = -0.16 eV), is significantly slower than fluores- 
cence. 

2. Experimental 

2.1. Materials 

Benzylviologen dichloride (Sigma Chemical Co.) was 
converted to the tetrafluoroborate salt by metathesis 
with NaBF, in methanol [3], and the resulting BV(BF,), 
was purified by recrystallization from aqueous ethanol. 
Other materials and solvents were reagent or spectro- 
photometric grade and were used as received. 

Bu,N[MoOBr,(H,O)] can be prepared by the method 
described by Bino and Cotton [4]. However, we also 
isolated the same complex by a different procedure. 

Et,NTpMo(CO),l [51 was refluxed in 9 M HBr for 
-24 h, and the solution was allowed to cool to room 
temperature. Addition of excess Bu,NBr in 9 M HBr 
to the cooled solution produced a deep orange-yellow 
crystalline precipitate of Bu,N[MoOBr,(H,O)]. 

Yellow X-ray quality crystals of 1 formed in ace- 
tonitrile solutions containing Bu,N[MoOBr,(CH,CN)] 
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( N 0.05 M; prepared by dissolving Bu,N[MoOBr,(H,O)] 
in CH,CN) and BV(BF,), (N 0.005 M) in CH,CN on 
standing for 48-72 h at room temperature. 

2.2. Spectroscopic measurements 

IR spectra were recorded in compressed KBr pellets 
on a Perkin-Elmer model 1760X FT-IR spectrometer. 
Luminescence measurements were made on a Spex 
Industries Fluorolog 2 model F112X spectrometer (with 
Hamamatsu R406 PMT detector), and were corrected 
for the variation of detector sensitivity with wavelength. 
Solid samples for fluorescence measurements were 
ground in a mortar and placed in a 1 mm quartz 
spectrophotometer cell; enough material was used to 
fill the excitation beam completely. The samples were 
either pure 1 or a mixture of Bu,N[MoOBr,(H,O)] 
diluted with enough KBr to provide the same percentage 
by mass of MoOBr,(H,O)-. Electronic absorption spec- 
tra were recorded on an Aviv 14DS spectrophotometer. 

2.3. X-ray data collection, structure determination and 
refinement 

A parallelepiped of (BV)[Mo”OBr,(H,O)]Br~ 
CH,CN was mounted in a glass capillary in a random 
orientation (in the mother liquor from crystallization), 
and then placed on an Enraf-Nonius CAD4 computer 
controlled K-axis diffractometer. MO Kcu radiation was 
employed, with a graphite crystal monochromator in 
the incident beam. Cell constants were obtained from 
least-squares refinement using the setting angles of 25 
reflections in the range 3 < 8< 12”. 

Crystallographic computations were performed on a 
MicroVAX II computer using the SDP/VAX crystal 
structure determination package [6]. The structure was 
solved by direct methods (MULTAN82) [7] and refined 
by full-matrix least-squares. The positions of the MO 
and coordinated Br atoms were deduced from the initial 
E map. The remaining non-hydrogen atoms, including 
those of the CH,CN solvent of crystallization, were 
located in successive difference Fourier maps. Positions 
of the hydrogen atoms in the BV2’ moieties were 
calculated. These hydrogen atoms were included in 
structure factor calculations but their positions and 
isotropic temperature factors were not refined; no other 
H atoms were included. The function minimized in 
refinement was Cw(lFOl - IF&‘. Scattering factors and 
anomalous dispersion effects [8] were included in the 
calculation of FC. A summary of data collection and 
refinement parameters is given in Table 1. Final atomic 
coordinates for non-hydrogen atoms are listed in Table 
2. Interatomic bond distances and angles are collected 
in Tables 3 and 4, respectively. See also Section 5. An 
ORTEP [9] drawing of one of the two independent 
molecules in the asymmetric unit appears in Fig. 1. 

Table 1 

Data collection and refinement parameters for (BV)- 

[Mo”OBr,(H,O)]Br-CH,CN 

Formula 

Formula weight 

Color 

Habit 

a (A) 

b (A) 

G&,Br,MoN,Oz 
909.01 

yellow 

parallelepiped 

11.349(l) 

16.1048(8) 

c (A) 18.720(l) 

ff (“) 71.961(5) 

P (“) 76.375(7) 

Y (“) 82.484(6) 

v (A”) 3155.4(5) 

Z 4 

Space group pi 
Temperature (“C) 28kl 

P. (g cm-? 1.913 

A (A) 0.71073 (MO KLY) 

p (cm-‘) 67.1 

Crystal dimensions (mm) 0.40 x 0.42 x 0.52 

Transmission coefficient 0.752-0.999 

0 Range (“) l-22.5 

Scan type w2e 

Octants collected h kk +I 
Reflections measured 8232 

Reflections observedh 4135 

Parameters 668 

Intensity standards 5.7% increase 

R(F)’ 0.048 

k(F)“ 0.046 

GOF’ 1.707 

Max. shift/e.s.d. 0.01 

Max. residuals (e k’) 0.74 

Min. residuals (e A-‘) - 0.22 

Extinction’ 6.7(4)x lo-* 

“In Tables 1-4, e.s.d.s in the least significant digits of the values 

are given in parentheses. 

v> 30(I). 

=R = Clp<>I - JF,II/CIF,I. 
“R, = J(~v(~F~~ - IF,J)*ICWF,Z); w = 4~,2i(~y1) + (0.02~~~)~). 

‘GOF=J[Cw(IF,I - iFci)*@‘ub, -~par,m)l. 
‘Coefficient 6 in correction factor (1+~1J’ applied to F,. 

3. Results and discussion 

3.1. Electronic spectroscopy of metal-oxo complexes 

A number of complexes with metal-ligand multiple 
bonds have been studied by spectroscopic and pho- 
tochemical methods. Ballhausen and Gray analyzed the 
electronic absorption spectra of 0x0-d’ species, including 
the ‘vanadyl’ and ‘molybdenyl’ ions, in the early 1960s 
[lO,ll]. They proposed a simple bonding model (Fig. 
2) which has been the basis for numerous subsequent 
studies. Earlywork by Rillema and Brubaker with MO(V) 
and W(V) alkoxide complexes [12] showed that some 
of the MO(V) 0x0 species can be generated photo- 
chemically. However, there was little direct study of 
their excited states until the mid-1980s when the phos- 
phorescences of ReO,(py),’ and ReO,(CN),“- [13] 
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Table 2 Table 2 (continued) 
Atomic coordinates for (BV)[MoYOBr4(HzO)]Br. CH,CN 

x Y z UC, 6”) 

C15b 0.373(l) 0.568(l) 1.1659(g) 0.072(7) 

C16b 0.446(l) 0.635(l) 1.1332(9) 0.069(6) 

Clnl 0.409(l) 0.7120(9) 1.0876(8) 0.060(6) 

C18b 0.100(l) 0.7720(9) 0.5303(g) 0.056(6) 

C19b 0.124(l) 0.8536(g) 0.4631(7) 0.048(5) 

C20b 0.207(l) 0.912(l) 0.4554(9) 0.065(6) 

C21b 0.231(2) 0.982(l) 0.389(l) 0.088(8) 

C22b 0.168(2) 0.989(l) 0.3318(g) 0.089(7) 

C23b 0.083(Z) 0.934( 1) 0.3373(9) 0.083(7) 

C24b 0.063(2) 0.868(l) 0.4036(9) 0.071(6) 

Nlsb 0.344(l) 0.5380(9) 0.7805(g) 0.094(6) 

Clsb 0.379(l) 0.495(l) 0.736(l) 0.095(7) 

C2sb 0.420(2) 0.441(l) 0.6883(g) 0.080(7) 

“U,,= 113(a2a*2U,,+b2b*2Uz,+~2~*ZU~3+2aba*b*U,, C”S y+ 

2aca*c*U,, cos p+2bcb+c*UZ, cos a). 

Mola 

Brla 

Br2a 

Br3a 

Br4a 

Ola 

02a 

Br5a 

Nla 

N2a 

Cla 

C2a 

C3a 

C4a 

C5a 

C6a 

C7a 

C8a 

C9a 

ClOa 

Clla 

C12a 

C13a 

C14a 

C15a 

C16a 

C17a 

C18a 

C19a 

C20a 

C21a 

C22a 

C23a 

C24a 

Nlsa 

Clsa 

C2sa 

Molb 

Brlb 

Br2b 

BDb 

Br4b 

Olb 

02b 

Br5b 

Nlb 

N2b 

Clb 

C2b 

C3b 

C4b 

C5b 

C6b 

C7b 

C8b 

C9b 

ClOb 

Cllb 

C12b 

C13b 

C14b 

0.2220(l) 

0.1638(2) 

0.0371(2) 

0.2478(2) 

0.3798(2) 

0.3187(g) 

0.0914(8) 

0.0068(2) 

0.4812(9) 

0.031(l) 

0.471(l) 

0.382(l) 

0.295( 1) 

0.305( 1) 

0.397(l) 

0.134(l) 

0.217(l) 

0.202(l) 

0.097(l) 

0.013(l) 

0.580(l) 

0.542( 1) 

0.482(l) 

0.443(2) 

0.468(2) 

0.523(2) 

0.560( 1) 

- 0.060( 1) 

-0.019(l) 

0.057(l) 

0.097(2) 

0.059(2) 

-0.017(l) 

- 0.052( 1) 

0.453(l) 

0.379(2) 

0.294(2) 

0.2919(l) 

0.1041(l) 

0.2296(2) 

0.4991(2) 

0.3697(2) 

0.2344(S) 

0.3798(S) 

0.3267(2) 

0.248(l) 

0.128(l) 

0.294(l) 

0.279(l) 

0.214( 1) 

0.169(l) 

0.184(l) 

0.221(l) 

0.251(l) 

0.187(l) 

0.090( 1) 

0.063( 1) 

0.258(2) 

0.298(l) 

0.219(l) 

0.260(2) 

0.21063(g) 

0.1462(l) 

0.3165(l) 

0.2459(l) 

0.0822(l) 

0.2769(6) 

0.1143(5) 

0.93791(9) 

0.8921(6) 

0.5962(6) 

0.8252(8) 

0.7690(g) 

0.7794(7) 

0.8520(g) 

0.9050(g) 

0.5735(8) 

0.6318(8) 

0.7186(S) 

0.7373(8) 

0.6784(g) 

0.9543(9) 

1.0294(g) 

1.103(l) 

1.171(l) 

1.168(l) 

1.097(l) 

1.0283(9) 

0.5289(9) 

0.4742(g) 

0.3985(9) 

0.3492(9) 

0.3719(9) 

0.444(l) 

0.4938(9) 

0.3917(8) 

0.4297(9) 

0.476(l) 

0.27310(8) 

0.3766(l) 

0.2043( 1) 

0.1959( 1) 

0.3701(l) 

0.2032(6) 

0.3744(5) 

0.58520(9) 

0X031(7) 

0.7813(7) 

0.7350(9) 

0.7333(g) 

0.7982(g) 

0.8688(9) 

0.8704(9) 

0.7333(S) 

0.7394(g) 

0.7949(g) 

0.8439(9) 

0.8368(9) 

0.809( 1) 

0.7230(8) 

0.657( 1) 

0.577(l) 

- 0.00608(7) 

0.13741(S) 

- 0.00264(9) 

-0.15050(9) 

- 0.00779(9) 

- 0.0070(6) 

- 0.0033(5) 

0.12738(9) 

0.2280(5) 

0.3166(6) 

0.2907(7) 

0.3128(7) 

0.2687(6) 

0.2045(7) 

0.1865(7) 

0.3443(7) 

0.3313(7) 

0.2859(6) 

0.2591(7) 

0.2727(7) 

0.2060(g) 

0.2362(7) 

0.196(l) 

0.226(l) 

0.296(l) 

0.335( 1) 

0.3042(g) 

0.3318(8) 

0.2798(7) 

0.2985(8) 

0.2494(9) 

0.1793(S) 

0.1622(g) 

0.2118(8) 

0.0786(9) 

0.0419(9) 

- 0.0064(9) 

0.49933(7) 

0.51056(g) 

0.64314(9) 

0.50492(9) 

0.36527(9) 

0.4722(5) 

0.5318(5) 

0.50524(9) 

0.9438(6) 

0.6002(6) 

0.9161(7) 

0.8478(g) 

0.8035(7) 

0.8310(7) 

0.9020(8) 

0.6265(7) 

0.6916(7) 

0.7322(7) 

0.7023(7) 

0.6376(8) 

1.0194(8) 

1.0716(7) 

1.1052(7) 

1.1524(g) 

0.0367(4) 

0.0606(6) 

0.0601(6) 

0.0598(6) 

0.0679(6) 

0.060(4) 

0.049(3) 

0.0599(6) 

0.035(4) 

0.041(4) 

0.047(5) 

0.047(5) 

0.031(4) 

0.041(5) 

0.042(5) 

0.041(5) 

0.039(5) 

0.033(4) 

0.044(5) 

0.040(5) 

0.056(6) 

0.042(5) 

0.087(7) 

0.15(l) 

0.174(9) 

0.127(8) 

0.067(6) 

0.053(6) 

0.044(5) 

0.056(6) 

0.074(7) 

0.076(6) 

0.076(6) 

0.063(6) 

0.112(7) 

0.095(8) 

0.090(7) 

0.0397(4) 

0.0507(6) 

0.0671(7) 

0.0602(6) 

0.0635(6) 

0.059(4) 

0.050(3) 

0.0530(6) 

0.058(S) 

0.046(4) 

0.062(6) 

0.057(6) 

0.040(5) 

0.054(5) 

0.056(6) 

0.049(5) 

0.047(5) 

0.039(5) 

0.059(6) 

0.061(6) 

0.079(7) 

0.043(5) 

0.059(5) 

0.071(6) 

Table 3 

Interatomic distances (A) for (BV)[Mo”OBr,(H,O)]Br.CH,CN” 

a b a b 

Mol-Brl 2.519(2) 2.538(2) C8-C9 1.36(2) 1.39(2) 

Mol-Br2 2.526(2) 2.537(2) c9-Cl0 1.36(2) 1.36(2) 

Mol-Br3 2.537(2) 2.521(2) Cll-Cl2 1.46(2) 1.51(2) 

Mol-Br4 2.556(2) 2.531(2) C12-Cl3 1.38(2) 1.38(2) 

Mol-01 1.62(l) 1.629(9) C12-Cl7 1.33(2) 1.34(2) 

Mol-02 2.263(9) 2.314(9) c13-Cl4 1.37(3) 1.41(2) 

Nl-Cl 1.32(2) 1.35(2) c14-Cl5 1.39(5) 1.35(2) 

Nl-C5 1.33(2) 1.36(2) C15-Cl6 1.31(5) 1.35(2) 

Nl-Cl I 1.50(2) 1.48(2) c16-Cl7 1.38(3) 1.35(2) 

N2-C6 1.36(2) 1.32(2) C18-Cl9 1.47(2) 1.51(2) 

N2-Cl0 1.34(2) 1.34(2) c19-Czo 1.40(2) 1.37(2) 

N2-Cl8 1.51(2) 1.47(2) C19-C24 1.34(2) 1.39(2) 

Cl-C2 1.35(2) 1.34(2) c20-c2 1 1.36(2) 1.40(2) 

C2-C3 1.39(2) 1.37(2) c21-c22 1.41(2) 1.39(3) 

c3-c4 1.39(2) 1.38(2) C22-C23 1.35(2) 1.36(3) 

C3-C8 1.44(2) 1.46(2) C23-C24 1.37(2) 1.35(2) 

c4-c5 1.35(2) 1.39(2) Nls-Cls 1.19(3) 1.21(3) 

c6-c7 1.35(2) 1.38(2) Cls-c2s 1.46(3) 1.39(3) 

C7-C8 1.41(2) 1.38(2) 

“In Tables 3 and 4, the headings ‘a’ and ‘b’ denote data for atoms 

labeled ‘a’ and ‘b’ in Table 2. 

and of a tungsten carbyne complex [14] were first 
reported. Since then, a variety of metal-ligand multiply 
bonded systems, including d2 species containing the 
ReO,’ and ReN” chromophores, have been found 
to luminesce and to undergo photochemical redox re- 
actions. 

In the oxo-d2 species, the ground state is ‘A, (see 
Fig. 2; C,, symmetry assumed), arising from the (b2)’ 
configuration, and the emission is phosphorescence 
(3E + ‘A,, e --f b2). Luminescence from 0x0-d’ complexes 
was first observed by Winkler [15] in crystals containing 
the square-pyramidal MoOX,- ions (X = halogen). In 
these complexes, there are no spin-forbidden d-d tran- 
sitions, and the luminescence is one of the few examples 
of fluorescence (‘E + ‘B2, e-t b,) in a transition-metal 
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Table 4 

Bond angles (“) for (BV)[Mo”OBr,(H,O)]Br.CH,CN 

a b a b 

Brl-Mol-BR 90.12(8) 87.23(7) Nl-C5-C4 123(l) 120(l) 

Brl-Mol-Br3 165.49(9) 164.49(9) NZ-C&C7 122(l) 121(l) 

Brl-Mol-Br4 87.84(7) 89.48(7) 0%C7-C8 121(l) 122(l) 

Brl-Mol-01 97.4(4) 97.4(4) c3-a-c7 121(l) 122(l) 

Brl-Mol-02 81.8(Z) 83.7(Z) C3-C&C9 125(l) 123(l) 

BrZ-Mol-Br3 89.89(7) 88.45(7) C7-C&c9 114(l) 115(l) 

BrZ-Mol-Br4 168.83(9) 166.43(9) C%C9-Cl0 125(l) 121(Z) 

BrZ-Mol-01 96.9(3) 97.7(4) NZ-Cl&C9 119(l) 121(Z) 

BrZ-Mol-02 84.9(3) 85.0(3) Nl-Cll-Cl2 112(l) 114(l) 

Br3-Mol-Br4 89.35(7) 91.26(8) Cll-ClZ-Cl3 121(2) 120(Z) 

Br3-Mol-01 97.0(4) 97.9(4) Cl-C12-Cl7 122(Z) 120(Z) 

Br3-Mol-02 83.7(Z) 81.1(Z) C13-C12-Cl7 118(Z) 120(Z) 

Br&Mol-01 94.2(3) 95.8(4) ClZ-C13-Cl4 121(Z) 119(Z) 

Br4-Mol-02 84.0(3) 81.6(3) C13-C14-Cl5 119(3) 119(Z) 

Ol-Mol-02 178.1(4) 177.1(5) C14-C15-Cl6 120(3) 120(Z) 

Cl-Nl-C5 117(l) 120(l) C15-Cl&C17 120(3) 122(Z) 

Cl-Nl-Cl1 122(l) 124(l) ClZ-C17-Cl6 123(Z) 120(Z) 

CS-Nl-Cl1 121(l) 116(l) NZ-Cl&C19 110(l) 112(l) 

C6-NZ-Cl0 119(l) 119(l) C18-C19-C20 121(Z) 124(Z) 

C&NZ-Cl8 120(l) 118(l) C18-C19-C24 122(Z) 118(Z) 

ClISN2-Cl8 121(l) 122(l) CZO-C19-C24 116(Z) 118(Z) 

Nl-Cl-C2 123(l) 121(l) C19-C20-C21 122(2) 121(Z) 

Cl-C&C3 120( 1) 123(l) CZO-CZl-C22 120(Z) 117(Z) 

CZ-C3-C4 115(l) 117(l) CZl-C22-C23 118(Z) 125(Z) 

CZ-C3-C8 123(l) 124(Z) C22-C23-C24 120(2) 115(Z) 

c‘Gc3-C8 121(l) 119(l) C19-C24-C23 124(Z) 124(2) 

c3-WC5 121(l) 121(l) Nls-Cls-C2s 177(3) 177(Z) 

complex. More recently, we showed that a variety of 
MO” 0x0 complexes MoOX,LP (L= neutral ligand) also 
fluoresce in solution at room temperature, with lifetimes 
as long as 100 ns, and that they can be photooxidized 
by electron acceptors [l]. 

3.2. Preparation, crystallization and fluorescence of 

(BV)[MoOBr,(H,O)]Br.CH,CN 

We previously showed [l] that the powerful electron 
acceptor tetracyanoethylene (TCNE; E,,, = - 0.16 V 
versus Fc’/Fc [16]) q uenches the fluorescent excited 
state of MoOBr,(CH,CN) (E,,,(Mo”““*) = - 0.92 V 
versus Fc’/Fc) efficiently in CH,CN solution at room 
temperature. This is illustrated in reaction (1) below. 
We were also interested in comparing the rates of 
quenching and back-electron transfer steps with neutral 
and cationic acceptors. One of the most promising 
cationic acceptors appeared to be benzylviologen (BV* +; 
E,,,= - 0.76 V versus Fc’/Fc in CH,CN), which is 
among the easiest to reduce of the viologen family of 
pyridinium ions [17]. Quenching with BV” should 
occur according to reaction (2). 

Mo”OBr,(CH,CN) ~ * + TCNE - 

Mo”‘OBr,(CH,CN) + TCNE (1) 

Fig. 1. ORTEP [9] diagram of (BV)[Mo”OBr,(H,O)]Br~CH,CN, 

with ellipsoids at the 50% probability level. Molecule ‘a’ is shown: 

the geometry of molecule ‘b’ is similar. 

-aio 
/- h, (A_y2) / 

Fig. 2. Molecular orbital diagram for metal-oxo complexes MOX,L 

(C,,, symmetry), after Refs. [lo] and [ll]. 

Mo”OBr,(CH,CN))* + BV” - 

Mo”‘OBr,(CH,CN) + BV + (2) 

Although BV2+ is a poorer electron acceptor than 
TCNE, WC anticipated that the opposite charges of 
chromophore and quencher in reaction (2) might still 
lead to efficient quenching. Also, the BV’ radical cation 
is deeply colored, with E,;,, (603 nm) - 1.5 X 10’ MP ’ 
cm-’ [18], which should make it easy to detect by flash 
kinetic spectroscopy. However, neither a loss of fluo- 
rescence intensity nor transient signals characteristic 
of BV’ was observed when the experiments were 
performed. 

In the course of these experiments, yellow crystals 
formed in CH,CN solutions containing MoOBr,- 
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(CH,CN)- and BV’+; we have now identified them 
as 1. (Although the crystals are yellow, they appear 
slightly bluish, by comparison, when immersed in the 
mother liquor. This bluish color is probably due to the 
high-energy ‘tail’ of the *B, -+ ‘E transition centered at 
720 nm [l], which is shifted slightly to higher energy 
in the H,O complex relative to the CH,CN solution, 
and is also considerably more intense in the concentrated 
crystals than in the solution). 

Compound 1 contains both an electron acceptor 
(BV2+) and donor (MoOBr,(H,O)-). Similar do- 
nor-acceptor salts often exhibit low-energy bands in 
their electronic spectra that are attributable to charge- 
transfer transitions [19,20]. However, we found no such 
bands in the absorption spectra, either for solid 1 (KBr 
pellet) or for solutions containing BV2+ and Mo- 
OBr,(H,O) -. 

In our previous work [l] we showed that the flu- 
orescent excited states Mo”O* (2E) undergo oxidative 
quenching by several acceptors. (See the discussion of 
reactions (1) and (2) above.) We were somewhat sur- 
prised to find that benzylviologen did not quench the 
fluorescence of these ions measurably, because reaction 
of an excited molecule with a quencher of opposite 
charge is often strongly favored on electrostatic grounds. 
The new donor-acceptor salt 1 gave us an unusual 
opportunity to check if luminescence of MoOBr,(H,O)- 
would be quenched by BV2+ in the solid state. However, 
solid 1 still fluoresces (see Fig. 3) with approximately 
the same intensity as solid Bu,N[MoOBr,(H,O)]. 

3.3. Electron-transfer rates 

As mentioned above, the fluorescences of MO” in 
CH,CN solution are not quenched significantly in the 
presence of BV2’. There are several possible causes 
for this lack of quenching. First, the maximum con- 
centration of BV2+ available in these experiments is 

(BV)[MovOBr,(H20)]BrCH,CN fluorescence 

700 Bon 900 IO00 1100 1200 

h/Ml 

Fig. 3. Solid-state fluorescence spectrum of (BV)[Mo”OBr,- 

(H,O)JBr.CH,CN at room temperature, corrected for detector re- 
sponse. Excitation wavelength 436 am; emission bandpass 30 nm. 

relatively low (-0.01 M). Second, the excited-state 
lifetimes of the MO” complexes are short (25-110 ns) 
[l]. Finally, since AG for reaction (2) is not highly 
negative (-0.16 eV), k, is expected to be well below 
the diffusion limit [21]. All of these factors combine 
to make it unlikely that oxidative quenching of 
Mo”OBr,(H,O)-* by BV2+ can compete effectively 
with the decay of the MO” excited state. 

On the other hand, the solid-state fluorescence of 1 
is more informative, because the quenching reaction 
in the solid state is now first-order, as shown in reaction 

(3). 

Mo”OBr,(H,O)- *. 1 . BV2’ (s) - 

Mo”‘OBr,(H,O) . . .BV’ (s) (3) 

1 and (Bu,N)[Mo”OBr,(H,O)] fluoresce with ap- 
proximately the same intensity. This suggests that the 
solid-state quenching rate constant k, is smaller than 
the 2E-+ 2B2 fluorescence decay rate for MO”- 
OBr,(H,O)-, which is N 4 X 10’ SK’ (assuming that the 
photophysics of Mo”OBr,(H,O)- is similar in CH,Cl, 
solution [l] and in solid 1). Thus, even in the solid 
state, where there are close contacts between MO(V) 
and viologen ions (shortest anion-cation distances 
02a. . .C5b, 3.28(2) A, Brlb. . .N2a, 3.37(l) A; shortest 
Ma-cation distances Mola. . .C5b, 4.75(l) A, 
Molb. . .N2a, 5.12(l) A) electron-transfer quenching 
is not fast enough to compete effectively with fluor- 
escence decay. 

Our failure to observe quenching of MO”- 
OBr,(H,O)-* in solid 1 could indicate that our estimates 
of electrode potentials in solution are not valid in the 
solid state. However, the above upper limit for k, is 
consistent with recent studies of intramolecular electron 
transfer rates. For example, Fox et al. recently examined 
binuclear iridium(I) complexes with coordinated elec- 
tron acceptor groups [22]. For reactions of AG = - 0.08 
and -0.21 eV, they found rate constants of 3.5 x lo6 
and 1.7 x lo8 SK’ respectively. Thus, the lack of quench- 
ing in solid 1 is consistent with the potentials we have 
observed in solution. 

Experiments with other electron acceptors, especially 
more powerful ones, would have enabled us to carry 
out a more systematic analysis of the electron-transfer 
properties of these MO” 0x0 complexes. However, very 
few other acceptors are available that are as powerful 
as BV2+ and TCNE. 

3.4. Description of the structure of (BV)[MoOBr,- 
(H20)]Br* CH,CN 

The compound crystallizes in the triclinic space group 
Pi (No. 2), with two benzylviologen (BV*+) cations, 
two MoVOBrd(H,O)- complex anions, two bromide 
anions and two molecules of CH,CN in the asymmetric 
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unit. The atoms of the two crystallographically inde- 
pendent formula units have been labeled ‘a’ and ‘b’ 
in Tables 2-4. Fig. 1 shows an ORTEP drawing of the 
‘a’ formula unit. There is no obvious symmetry rela- 
tionship between molecules ‘a’ and ‘b’. 

The crystal structures of the pyridinium, tetraethy- 
lammonium, and tetraphenylarsonium salts of the 
Mo”OBr,(H,O)- anion have been reported previously 
[4,23]. The MO anions in 1 have similar pseudo- 
octahedral structures: the four equatorial Br- ligands 
in molecules a and b are planar within 0.036 and 0.020 
A, respectively, and the MO atoms are displaced out 
of that plane, toward the 0x0 group, by 0.282(l) (mol- 
ecule a) and 0.317(l) (molecule b) A. 

The bond lengths in the two anion complexes a and 
b are quite similar. Our distances (see Table 3) are 
also very close to the following values found by Bino 
and Cotton [4]: Mo=O, 1.62(2)& Mo-Br, 2.53(l) A 
(av.); MO-OH,, 2.32(2) A. Terminal Mo=O bond 
lengths for monooxo MO complexes are normally in 
the range 1.65-1.70 8, [24]. MrO bond distances are 
often longer in six-coordinate truns-MOX,L complexes 
than in the five-coordinate MoOX,- analogs; for ex- 
ample, the MosO bond lengths for Ph,As[MoOCl,] 
and Ph$As[MoOCl,(H,O)] are 1.61(l) [25] and 1.67(2) 
[26] 1 A, respectively. However, both in this work and 
in the previous study of Bino and Cotton, the MO-O 
distances are relatively short, both similar to that found 
for Ph,As[MoOCl,]. The reason for this is unclear. 

There is evidence for hydrogen bonding between the 
H atoms of the H,O ligands and the Br- counterions 
in the structure of 1. Each Br- is close to one H atom 
in each of two different MoOBr,(H,O) complexes, 
in a chain-like arrangement. The 0. . .Br distances (see 
Table 3) are within the range expected (3.17-3.38 A) 
for hydrogen bonds [27]; also, small peaks were observed 
(in positions that are reasonable for H atoms) between 
the 0 and Br atoms in the final difference Fourier 
calculations. We believe this hydrogen bonding con- 
tributes substantially to the stability of, the crystal 
structure 1. This interaction, which cannot occur in 
salts of the starting material MoOBrd(CH,CN)), may 
be responsible for the preferential crystallization of 
compound 1 even in the presence of a large excess of 
CH,CN. 

Each benzylviologen cation in the present structure 
consists of a bipyridinium group and two benzyl groups. 
A search of the Cambridge Crystallographic Database 
[28] revealed two other X-ray analyses of benzylviologen 
salts: (BV)I, [29] and (BV)(TCNQ), [30]. The bond 
distances and angles within the BV” cations in 1 are 
similar to those in the two previously published struc- 
tures. Also, the dihedral angles between the phenyl 

’ The geometry of MoOCI,(H,O)~ in (Et4N)3(H,0Z)[Mo2C18H]- 

[MoOCI,(H,O)] [26] is similar. 

rings and the nearest pyridine rings in 1 (112(l) and 
110(l)” in molecule a; 114(l) and 112(l)” in molecule 
b) are similar to those in (BV)I, (108”) and 
(BV)(TCNQ), (113”). The most readily apparent dif- 
ference is in the geometry of the bipyridinium moieties. 
The pyridine rings in the present structure are twisted 
relative to each other, with dihedral angles of 22.7(9) 
and 20(l)” for molecules a and b, respectively. In 
contrast, in both of the previous BV2+ structures, the 
cations lie on centers of symmetry; thus, the two rings 
of their bipyridinium moieties are constrained to be 

parallel. 

4. Conclusions 

The reaction of a benzylviologen salt (BV(BF,),) 
with the MO” 0x0 complex (Mo”OBr,(CH,CN)-) and 
H,O in CH,CN at room temperature leads to dis- 
placement of coordinated CH,CN and crystallization 

of (BV)[Mo”OBr,(H,O)]Br . CH,CN (1). X-ray analysis 
of 1 shows that the geometry of its component ions is 
similar to that previously reported for Mo”OBr,(H,O)- 
and BV2+. The d-d fluorescence of Mo”OBr,(H,O) 
in 1 is not significantly quenched by BV2’ ions even 
in the solid state. This is due to a combination of the 
relatively short lifetime of Mo”OBr,(H,O)- (- 25 ns 
in CH,Cl, at room temperature) and the small driving 
force for the excited-state electron transfer (AG = - 0.16 
eV). 

Among the areas of interest for these complexes is 
altering the thermodynamics of their redox reactions, 
so that they can be studied using a wider variety of 
electron-transfer quenchers. This will be of use both 
for a comparison of rates and thermodynamics (as 
discussed above) and to provide a better match with 
the requirements of useful redox reactions. We also 
plan to compare our results with those recently reported 
for d2 0x0 [31,32] and nitrido [33] complexes. 

5. Supplementary material 

Tables of calculated hydrogen-atom coordinates, an- 
isotropic displacement parameters, and observed and 
calculated structure factors are available from the au- 
thors. 
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