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Abstract

The diamagnetic d!-d! oxo-bridged dimer [{W VY (15-CsHs)»(CH3)}2(pu-O)J** (1°7)
undergoes a thermal disproportionation reaction in CD3CN to give the d® monomer
[WVI0)5-CsHs)2(OXCH3)]* (4*) and the acctonitrile-trapped d7 monomer {WIY (3y5-
CsHs)»(CH3)(NCCD3)]* (8+-d?). The reaction is first order in 1°*, and 'H NMR kinctic
studics between 54°C and 72°C have cstablished that there is a large enthalpic barner to
disproportionation with AH = 33.7 + 1.7 kcal- mole™! and a significant positive cntropy of
activation for this dissociative process (AS¥ = 25.1 + 52 cal K-!'mole’!), corresponding
10 AG¥ = 26.23 keal mole! at 25°C. The dimer 1°* is also subject to
photodisproportionation, and the barrier to thermal disproportionation of 12+ is sufficiently
Jarge to allow determination of the quantum yield for photodisproportionation of 12+ to 4+
and §* in CH3CN. The reaction was readily monitored by clectronic spectroscopy, since
the only visible absorptions in electronic spectra of 4* and §* are the tails of UV
absorptions at 330 nm (¢ = 525 L mole! em!) and 400 nm (¢ = 398 L. mole’! em-1),
respectively, while 12+ has a strong absorption at 525 nm (g = 23,600 L mole'! cm'ly in
the region characteristic of d!-d! dimers spin paired by a linear oxo bridge. Quantum yicld
determinations cstablished that 12+ photodisproportionates when irradiated in the UV

(®310 = 0.081) and when irradiated into the principal visible absorption (®s3g = 0.014).




Introduction

We recently reported that ferrocenium oxidation of [WIV(113-CsHs)~(CH3)(OCH3))
in methylethyitctone (MEK) led to formation of a W(V) dimer [{WY (-
CsH3)a(CH3)}(n-O)[PFe)a. (1[PFg)-). established crystallographically to have a hinecar
oxo bridge between the two metal centers. ! This material is diamagnetic both in solution
and in the solid state, despite the fosmal d!-d! electron count, and this can be attributed to
n-interactions between the fronticr orbitals of the metal centers and a filled p-orbital of the
bridging oxygen atom.2-3

The best known class of moiccules in which a lincar oxo bridge spin pairs two d!
centers are the Mo(V) oxo complexes in which a [MoVY>03]* core? containing two
mutually syn or anti terminal oxo ligands perpendicular to the Mo-O-Mo axis, is complened
by four bis-chelate dithiccarboxylate-type ligands such as an xanthate ([S2CORJ), 43
dithiocarbamate ([S>CNRa]),3:6 or dithiophosphate ([SaP(OR)»]) ligand.78 It is well
established that many of these [MoV503(S2EXp)4] complexes are in thermal equilibrium
with their Mo(1V) and Mo(VI) disproportionation products [Mo!YO(S-EX)-] and
[MoY102(S72EX1)5].9-1! and we recently reported that in the dithiocarbamate system such
equilibria can be photo-driven to give rise to marked photochromic behavior, .s established
in the specific cases of [MoV203{S>CN(CH>Ph)2}4] (2) and the isologous complex
[WV203{S2CN(CHAPh)2 }4] (3).12 We suggested that this new class of photochromic
transition metal complexes might find uscful technical applications in the areas of optical
memory systems and photoresists, '3 but determining the quartitative characienstics of the
photochromic behavior was difficult in the dithiocarbamate systems because of the rapidity
of the thermal recombination reactions.

Our initial synthetic reactions readily established that 12+, like 2 and 3, undergoes
facile photodisproportionation.! In the presence of CD3CN as a trapping agent this results
(Scheme 1) in clean photolysis 1o give [WY(15-CsHs)a(O)CHz)J* (4%) and [WIV (5.

C3sHs)2(CH3)(NCCD3)]* (5+-d?), but, in sharp contrast with the cascs of 2 and 3, this




occurs under conditions under which thermal disproportionation is slow. This mcant that
12+ provided the first case in which it was feasible to study independently the
photochemical and thermal disproportionation of a d!-d! dimer with a lincar oxo bridge,
and we now wish o report quantum yiclds for the photodisproportionation of 1°* in

CH3CN and kinclic paramcters for the thermal disproportionation of 12+ in CD3CN.

Experimental Section

General Procedures. All manipulations were carried out under a dry, oxygen-
free nitrogen atmosphere by means of drnybox or standard Schlenk techniques. Acctonitrile
(CH3CN) was distilled "rom Calis before use. Deuterated acctonitnile (CD3CN, 99 5% D,
Aldnch), and deuterated nitromethane (CD3NOa, 9% D, 1% v/v TMS, Aldrich) were
degassed by dry nitrogen purge before use. Ethylene glycol was used as received from
Aldrich Chemical Co. Electronic spectra were recorded on an IBM 9430 UV-VIS
spectrometer, fitted with thermostatted cell holders, while the solution temperature within
the cells was kept constant by means of a circulating bath of 50% aqueous cthylene glycol.
TH NMR spectra were recorded on a Bruker AF 300 spectrometer at 300 MHz; spectra
were recorded using the solvent signal as an internal standard. Photolyses were performed
using an Onel 200 Watt mercury-xenon arclamp as a light source and Oniel interference
filters were used as monochromators.

The compounds [{WY (133-CsHs)2(CH3)}a(n-O)[PFsla, (1[PFel2), [WVIi(n3-
CsHs)a(O)CH3)]PFe, (4PFg), and [WIV(n3-C3sHs)a(CH3)(NCCH3)}PFe, (3PF), were

all prepared according to previously published methods. !

Variable Temperature 'H NMR Studies. 'H NMR spectra were recorded on
a Bruker AF 300 spectrometer at 300 MHz. Temperatures within the NMR probe were
controlled by a Bruker vanable temperature unit, which was calibrated against boiling and

freczing distilled H20, and were monitored before and after each trial by monitoring the




chemical shifts of ethylene glycol resonances. A typical trial involved the loading of a
sample of 1[PFg)2 (ca 5 mg, 0.005 mmol) and 0 5 mL of CD3CN into an NMR tube in a
darkened room. The tube was maintained at -78°C in the dark untl the NMR probe had
been brought to temperature. Just prior to loadiag into the probe, the sample tube was
shaken scveral times to effect dissolution of 1|PFg)s.

The rate of thermal disproportionation of 12* in CD3CN was measured by
quantitatively monitoring the disappearance of the cyclopentadieny! resonance of 1°* via
integration. To obtain quantitative information from the NMR spectra, the long proton
translational relaxation time (Tj) of the cyclopentadienyl protons in 124 (T} =213 s - Ty
values were measured by the inversion-recovery method and analyzed by Bruker AFF300
software) required that a long pulse delay be employed to ensure full relaxation betw cen
pulses; for this reason a pulse delay of > ST} was used. Five sequential summed FID's
were used to generate the spectrum for each point in the kinetic analysis; the time at which
the third FID was accumulated was taken to be the time at which the observed spectrum had
been recorded. This process allowed approximately 10 - 30 time points to be collected
duning the 1 - 5 h experiment duration at each temperature.

The first-order rate constants (k;) for the thermal disproportionation of 12+ in
CD3CN were obtained from the slopes of plots of In([12+]}¢/[13+]) versus time (t) at nine
different temperatures. The In([17+]o/[1°+]p versus t plots were all linear for at least 3
half-lives. The free encrgies of activation (AG#) for the disproportionation at cach
temperature were then calculated from the Ky values by means of the Exning equation, 13
taking the transmission coefficient x = 1 as is usual in dynamic NMR studics.!5 The
activation enthalpics and cntropies (AH¥ and AS*) were calculated from the intercept and
slope of plots of AG¥ versus temperature (T).

The reported crrors in kj and temperature represent one standard deviation from the

Icast-squares fit of the experimental data, whereas the uncertainties in AG* were calculated




according 10 the equation derived by Binsch.'® Uncertainties in AH# and AS* were

estimated from extreme least-squares fits for AG¥ versus T plots.

Quantum Yield Determinations. Quantum yiclds were deternuned in a manner
similar to that reported by Wegner and Adamson for the measurement of the photeaquation
of Reinecke's salt. 17 An air cooled 200 Watt Oricl mercury-xenon arclamp was used as the
light source and the light was collimated to give a beam of about 1 cm? in arca which was
passed through a waier filter and a variable inis before monochromatization by appropriate
interference filters (Oriel; 310 and 530 nm). The collimated, monochromatic light beam
was passed through sample cells in a brass thermostated cell nolder, the temperature of
which was controlled to + 0.2°C using a circulating bath of 50% cthylene glycol/H2O. The
temperature within the cell holder was monitored by a Fluke K-type thermocouple.
Absorbances of irradiated samples were measured by rapidly transferring the cells to an
IBM 9430 spectrometer fitted with a second thermostatted cell holder, which was
connected to the same circulating bath as the irradiation cell holder through glass T-joints
and insulated rubber tubing. The lamp output was determined immediately before each
quantum yield measurement by means of an Aberchrome 540 chemical actinometer. This
consisted of a toluene solution of the heterocyclic fulgide, (E)-a-(2,5-dimethyl-3-furyl-
cthylidene)(isopropylidene)succinic anhydride!® of known concentration and volume
sealed inside a 1 cm quartz cell under vacuum. Aberchrome 540 undergoes a highly
reversible conrotatory ring-closure reaction to give deep red 7,7a-dihydro-2,4,7,7 7a-
pentamethylbenzolb]furan-5,6-dicarboxylic anhydride, and the known quantum yiclds for
the forward and reverse reactions were used to measure intensitics in the 310-370 nm and
436-545 nm ranges respectively from plots of the absorbance increase or decrcase at 494
nm versus time and application of the relation: T = (V/® 4 €4 D(AAN) where | is the intensity
in cinstein sec™!, V is the solution volume (3.00 x 10-3 L), @ 15 the forward or reverse

guantum yield for Aberchrome 540 photolysis (0.20 and 0.06), €4 is the extinction




coefficient for Aberchrome 540 at 494 nm (8,200 L mole-! em-1), 1 is the cell length (1.00
cm), and AA/L is the slope from the absorbance versus time plot (sec1).19

After the lamp intensity measurement, sample solutions of known volume were
allowed to cquilibrate thermally in the dark for at least 10 min and were then irradiated for
periods such that absorbance at 525 nm decayed no more than 10-15% from the absorbance
at t = tg. Concentrations of sample soluttons were chosen such that the absorbance at the
irradiation wavelength was > 1.7 absorbance units (> 98% incident intensity absorption)
and that the absorbance at the measuring wavelength (525 nm) was no larger than 22 - 2.3
absorbance units to ensurc readability. Quantum yiclds ® were deternuned from the slope
of plots of AA at 500 nm versus t by means of the same relationship as that above. Each
quantum yield reported at a particular wavcelength is the average of three values obtained in

independent runs.

Results and Discussion

Thermal Disproportionation of 1{PFgl. The 'H NMR spectrum of 12+ in
CD3CN is straightforward, and contains a large singlet at 6 6.09 assigned to the
cyclopentadieny! rings and a singlet at & 0.88 (with 2.4 Hz 183W satcllites) assigned to the
methyl group. The absence of other signals establishes that 1>* is the only
cyclopentadienyl-containing complex present in solution, and that 12+ s thercfore
kinetically or thermodynamically stable with respect to disproportionation in CD3CN at
room temperature. At higher temperatures, howeser, new coyclopentadieny ! signals
appeared at 6 5.16 and 6.58 and new mecthyl signals appeared at 8 0.22 and 1.28 in the H
NMR spectrum of a sample of 12+ in CD3CN. The new cyclopentadieny! signals were of
equal intensity and were located on cither side of the onginal ¢y clopentadienyl signal of
12+, and the new methyl signals were similarly of equal intensity and on either side of the

original methyl signal. Comparison of the new signals with those of authentic samples!




permitted unambiguous assignment to the expected disproportionation products 4* and §*,
produced as per Scheme [

We have determined the Kinctics of the thermal disproportionation reaction by 1H
NMR spectroscopy at temperatures from 54°C to 72°C using solutions which were ca 3
mmol L 1°* in CD3CN (sce Experimental Section for details of sample preparatior and
spectra acquisition). The reaction is remarkably clean and the disappearance of 1°* was
followed by monitoring the change in the integration of the cxclopentadienyl signal of 12+
rclative to the solvent signal. It was assumed that the integration is directly proportional to
the concentration of 12+, ([12+}). Data werc plotted assuming first-order kinctics in [124]
(as confirmed by the lincarity of the plots to three half-lives) and a representative plot of In
([17*]o/[124]0) vs. time is shown in Figure 1. The slopes of these plots were used to
obtain the first-order rate constants, ky, and, hence, the free energies of activation, AGHE, as
summarized in Table I1.

The scparation of AG¥ into its enthalpic and cntropic components allowed us o
determine that there is a large enthalpic barrier to disproportionation of 12+ (AHY =337 +
1.7 kcal mole’!) but that formation of the transition state is entropically favored with a
positive entropy of activation (AS¥ = 25.1 + 5.2 cal K-! mole-!). This value is reasonable
for a dissociative reaction, although the significance of the value is limited by the
uncertainty in its determination (this uncertainty largely reflects the narrow temperature
range over which it was practical to collect kinetic data - the boiling point of CD3CN
provided an upper bound, while the shurp temperature dependence of the reaciion meant
that the time scale of kinetic runs cxceeded the reasonably available blocks of NMR time
before the temperature could be lowered further than 54°C). The large AH¥ could reflect
the enthalpic cost of marked charge transfer in the transition state for disproportionation.

It is appropriate to compare these data with the values reported by Tanaka et al for
the disproportionation of [MoY03(S>EXp)4] (S2EX,, = SaCNEt, S2P(OENa, SaPPha) 1n

1.2-dichlorocthane on the basis of concentration-jump kinetics cxperiments ! The AGE




values for 17+ arc 7-8 keal mole ! larger than those for the molybdenum complexcs, in
rcasonable agreement with the increased Kinctic stability of 12+, but it is difficult to sce
why the moly bdenum complexes should have negligible entropies of activation for
dissociation as reported. If this is correct, it implies that AHT values for the molybdenum
systems arc only half that which we have observed for 17+, and the molybdenum data can
only be reconciled with that for 12+, and with the nature of the reaction, if the transition
state for disproportionation of [MoV203(S2EXp)4] complexes is much earlicr along the
reaction coordinate than it is for 12+, This could be the case if disproportionation is
esscntially initiated by a charge transfer which dominates the transition slate - reduced
stability of the 4+ oxidation state in the 5d tungstenocene dimer could markedly increase the
cnthalpic cost of such a charge transfer. [t should be noted, however, that this might be
expected to be a general factor in the Kinetics of disproportionation reactions of d1-d!
dimers with linear oxo bridges, and we have seen no qualitative cvidence for significant
differences between the photochromic behavior of [MoY203{S2CN(CH2Ph)>}4] and of
[WV203{S2CN(CHPh)2}4) 12

Photodisproportionation of 1{PFs]2 in CH3CN. We have previously
reported that solutions of 1[PFglz in CD3CN exhibit marked photosensitivity, decolorizing
in bright sunlight 1o give a mixture of {WY1(1}3-CsHs)2(O)}CH3z)]* (4*) and the trapped
W(IV) photodisproportionation product [W!IV(n)3-CsHs)>(CH3)(NCCD3)}* (5+-d3).!1 This
reaction 1s remarkably clean (sce Figure 2), and this, together with the anucipation on the
basis of the thermal disproportionation studics that disproportionation is not Kinetically
accessible at room temperature (1,2 = 33 d at 25°C), suggested that photolysis of 1°* in
acctonitrile would be suitable for quantum yield determinations. This was confinmed by a
Beer's Law plot of the visible maximum in the electronic spectrum of 12+ in CH3CN at

28°C, which was linear (R2 = 1.00) from concentrations of 2.49 x 103 mol L1 to 830 x




10-5 mole L-! and allowed determination of the extinction coetficient at 525 nm as 23,600 L
mole-! em-L.

The strong visible absorption of 12+ at 525 nm (see Figure 3 and Tablc 1) offered
an obvious approach to monitoring the photolysis using the decrease in absorbance at this
wavclength, and inspection of the electronic spectra of the photolysis products 4* and §*
(Figure 4 and Table I11) established that this would be strmghtforward experimentally since
ncither of the products have clectronic absorptions in this region. Monitoring at 525 nm
allowed determination of the quantum )‘iélds for photodisproportionation of 12* in CH3CN
following irradiatton at 310 nm and 530 nm as described in the Expenimental Section and
reported in Table 1V,

The quantum yiclds for photodisproportionation of 1= are moderate in both the
UV and visible regions of the spectrum, but show marked wavelength dependence. The
main visible absorption is photoactive, establishing that this energy 1s above the threshold
for disproportionation, but ®31g0 : Ps530 = 6, suggesting that the di 'soctative state is not the
lowest photoexcited state but could be a derived state which can be more efficiently
populated from higher excited states.20 This argument is consistent with our observation
that, although an intense visible absorption at ca 500 nm is an almost universal
characteristic of d!-d! dimers spin paired through a lincar oxo bridge,”! this absorption is
photoactive with respect 1o disproportionation in some systems (such as 12+ and the
dithiocarbamate complexes 2 and 3) but is photoinactive in other systems (such as the
dithiophosphate complexes {Moa" CG3{S>P(CR)2}a] (R = Et, Ph, Mey) 8

Since CH3CN 1s such an effective trapping rcagent, it was unclear how important a
rolc the CH3CN played in driving the photodisproportionation reaction. This was a
particularly central point to address in light cf Tyler's clegant demonstration that
photodisproportionation of [{Mo(n)3-CsHs)(CO)3}2] and related dimers involves imtial
homolysis followed by coordination of a donor ligand to form a 19-clectron species from

which the electron transfer step occurs. 22




The 1ange of potential alternative solvents was hinuted by the need for a highly polar
solvent (o dissolve dicationic 1°* but we were able to probe the importance of the solvent
by photolyzing 1 PFg)> in the less coordinating solvent, CHiNO2  This clearly
cstablished that the presence of CH3CN was not necessary 10 photodissociate 124, since
solutions of 12* in CH3NO> did change from purple (o yellow in color following
photolyvsis. Monitoring of this reaction by 'H NMR in CDiNOa revealed, however, that
the reaction had generated the pure W(VI) complex, 4% ; no signals could be obseryved
from the W(IV) complex, §*. This suggests that photodisproportionation is occurring, but
that the W(IV) complex 5* is sufficicntly reactive to abstract an O atom from CD3NO> We
had, therefore, been unable o eliminate solvent effects from the photolysis rcaction,
although we had also cstablished that the presence of a nitrile trapping reagent is not
required.

These experiments leave the exact mechanism of the photodisproportionation step
undetermined. Since the reduction docs require a metal to metal charge transfer at some
stage, however, it 1s tempting to speculate that this may involse an inorganic example of the
Sudden Polarization Effect,®* and experiments to test this hy pothesis are underway in the

laboratory.

Conclusions

The spin paired d!-d! oxo bridged dimer [{W(n3-CsHs)a(CH3)}a(n-0)]3+ (124)
undergoes first-order thermal disproportionation at moderately clevated temperatures 1n
CD3CN to give the d0 oxo complex {W(n3-CsHs)a(O)}CH3)]* (4*) and the d3-acetonitrile
trapped d2 complex [W(n3-CsHs)a(CH3)NCCD3)}* (5+-d3). The large cathalpy of
activation and favorable entropy of activation arc consistent with a dissociative transition
state in which an enthalpically expensive charge transfer is well advanced. The resulting
hall-life of 33 d at 25°C is sufficient to allow independcent study of the analogous

hotodisproportionation of 12+, This gives an equimolar mixture of 4* and §*, and the
p propo g cq

Il




12

maodest quantum Vield for irradiation in the visible regron (Psxp = 0 014) suggests that the
lowest photoexcited state does not lead directly to disproportionation but that this occurs
from a denved excited state which can be more efficiently accessed by UV arradiation (3

= 0 081).
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Figure 1. Representative first-order kinetics plot for the thermal disproportionation of

[{WY (3-CsH3)2(CHa) }a(u-0) [ PEg 2 (1{PFg)2) n CD2CN at 331 5 K.

Figure 2. 'H NMR spectrum of a solution of [{WY(n3-CsHs)r(CH3) }(n-0) ) PFe )

(1{PFe]2) in CD3CN: (a) before and (b) after photolysis.

Figure 3. Elcctronic spectrum of [{WY¥(15-CsH3)2(CH3) }2(u-O)J[PFe ]2 (1[PFgla) in

CH3CN.

Figure 4. Elcctronic spectra in CH3CN of: (a) [WVI(3-CsHs)a(O)(CH3) [P, (4PF),

(b) [WIV(1)3-C5H5)2(CH3)(NCCH3)]PFg (5PFg).




Table I. Summary of '"H NMR Spectra for Complexes 12+, 4%, and §* in CDICN

Compound Chemical Shift/ 6

HPFola ({W(n3-CsHs)a(CH) }2(1-O)[PFe]2 609 (s, 20 H, 4 CsHy),
088 (s, 6 H, 2 CH3)
4PFs  |W(n3-CsHs)2(0)(CH3)|PFe 658 (s. 10 H, 2 CsH3),
} 28 (s, 3 H, CH3)
5PFs [W(n3-CsH3)2(CHa)(NCCD2)}PFe 516 (s, 10 H, 2 CsHs),

022 (s, 3 H, CHy)

Table H. First-order rate constants (k) and free energics of activation (AG#) for
disproportionation of {{W " (1}3-CsHs)>(CH3)}2(n-0)}{PFe]> in CD3CN at various

temperatures (T).

T/K k; x 105751 AG* / keal mole!
327+ 03 7.78 + 0.35 254 + 01
330+ 03 847 £ 040 256 + 0}
332+ 03 138 +62 254 2 0.1
337+ 03 312+ 15 253+ 0.1
338+ 03 326+ 16 253+ 01
340 £ 03 43 1+ 20 253 + 0]
342 £ 03 689 + 36 251 201
343 £+ 03 793 £ 40 251 £ 01
3451 03 11226 250 + 0.1




Table 111. Elcctronic Spectral Bands of Complexes 15+, 4%, and §* 1n CH3CN

Compound Absorption maxima,

cm-! x 103 (Jog €)

1[PFels  [{WY(-C35Hs5)a(CHz2)¥2(n-0)1[PFa]s 190 (4.37), 254 (3 49).
323 (420). 379 (399)

4PFg  [W\I(35-CsHs)2(O)(CH3)JPFg 303 (2.72)

8PF¢ [WIV(35-C5H3)2(CH3)(NCCH3)]PFg 250 (2.60)

Table 1V. Disappcarance quantum yiclds for the 525 nm band of [{WY(y>-
CsHs)a(CH3)}2(1-0)][PFs)> in CH3CN at 28.0°C.

A (nm) conc. x 10*  intensity x 109 AAML x 10%  Quantum vicld,

(mole L-1)  (cinstein sec-! (sec') L))
310 1.47 3.59 235 0.080
229 0.081
234 0.083
avg. 0.08]
530 1.04 1.39 1.57 0.014
1.60 a.015
1.52 0014

avg. 0014
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