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Several rhenium(v)-benzylidyne complexes [Re(CR)(pdpp),Cl]* [R = CgH;Me;-2,4,6, pdpp =
o-phenylenebis(diphenylphosphine)], [Re(CR)L,(CO)(H,0)C1]* [L = PPh;, P(C4H,OMe-p); or PMe,Ph]
and trans-[Re(CR)(dppe)(CO),Cl1]* [dppe = 1,2-bis(diphenylphosphino)ethane] have been prepared.

The structures of trans-[Re(CR)(pdpp),Cl]ClO,-CHCIl;-0.25MeOH and [Re(CR)(PPh;),(CO)(H,0)CI]CIO,-
1.5MeOH have been determined by X-ray analyses. The Re=C distances are 1.802(5) and 1.784(8) A respectively.
In acetonitrile and dichloromethane the complexes show intense absorption bands at 318-330 nm and weak ones

at 405-450 nm, the latter being tentatively assigned to d,, —— d.. (d,..d,.) transitions. Photoexcitation in the
solution. solid or glassy state gives intense orange to red emissions, and the emitting states are tentatively
assigned to *f(d,,)'(d,.)']. The variation in non-radiative decay rate constants for the emissions of the
rhenium(v)-benzylidyne complexes are consistent with a prediction from the energy-gap law. The excited states
are better oxidants and reductants than the ground states. The values of E°(ReV*~Re') and £°(Re¥'-Re"*)

in acetonitrile have been determined using spectroscopic and electrochemical data as well as by Stern~Volmer

quenching experiments.

The design of photoluminescent metal complexes with long-
lived excited states for photoinduced electron-transfer reactions
has been an area of considerable interest. Recent studies have
revealed the intriguing photo-physical and -chemical propertics
of d%-metal complexes in which the metal atom is multiply
bonded 1o a heteroatom, such as oxygen and nitrogen.! # In
some of these complexes the *[(d,,)'(d,.)'] excited states have
been found to be long lived and emissive in solution at room
temperature. It was anticipated that population of an electron
in the d . orbital would weaken the metal-ligand multiple bond.
Thus these complexes, if suitably designed, are potent rcagents
for photoinduced atom-transfer reactions.

Previously, Mayr and others > reported that d? tungsten(1v)—
alkylidyne complexes are luminescent. However, these tungsten
complexes have emission lifetimes hardly greater than | ps in
solution at room temperature, rendering difficult some of the
Stern-Volmer kinetic experiments. The rich photoluminescence
and photochemical properties displayed by rrans-dioxo- and
nitrido-rhenium(v) complexes* led us to investigate the
photo-physical and -chemical properties of the isoelectronic
rhenium(v) benzylidyne complexes, with an objective to
develop highly reactive metal-benzylidyne complexes through
light excitation. Rhenium(v)-alkylidyne and -benzylidyne
complexes have been reported,® but their photochemical
propertics have not been noted. Herein we describe the spectro-
scopic and photoredox properties of several rhenium(v)-
benzylidyne complexes containing phosphine ligands.

Experimental

All  mantpulations were carried out under a nitrogen
atmosphere using standard Schlenk techniques. Solvents were
distilled over sodium-benzophenone (tetrahydrofuran and
toluene), CaH, (dichloromethane) and Na, K alloy (light
petroleum. b.p. 40-60 °C). Dichloromethane for photophysical
studies was washed with concentrated sulfuric acid, 10%

t Non-STunit employed: eV =~ 1.60 x 10719 J.

sodium hydrogencarbonate and water, then dried by calcium
chloride and distilled over calcium hydride. Acetonitrile was
distilled over potassium permanganate and then calcium
hydride. The other solvents used were of analytical grade.
The compounds [Re,(CO),,] (Strem), 2.4,6-trimethylbenzoyl
chloride (Lancaster), trifluoromethanesulfonic anhydride,
(CF;S0,),0 (Aldrich), o-phenylenebis(diphenylphosphine)
(pdpp. Strem), triphenylphosphine (Merck), tris(p-methoxyphe-
nyl)phosphine (Strem), methyldiphenylphosphine (Strem) and
1,2-bis(diphenylphosphino)ethane (dppe, Aldrich) were used as
received; [Re{C(O)C¢H,Me;-2,4,6}(CO);] was prepared by
the literature method.®® The pyridinium salts for quenching
studies were prepared by refluxing the corresponding pyridines
with methyl iodide in acetone-ethanol (1:1, v/v) for 4 h,
followed by metathesis in water using potassium hexafluoro-
phosphate and recrystallization from acetonitrile-dicthyl ether.
Amine quenchers were purified according to literature
procedures.’

Preparations

trans-[ Re(CCyH,Me;-2,4,6)(CO),CI1][O,SCF,] 1. The com-
pound [Re{C(O)C¢H,Me;-2,4,61(CO),] (1.68 g, 3.56 mmol)
was dissolved in dichloromethane (30 cm?®) and the solution
chilled to —40 °Cin an acetone-solid CO, bath. Trifluorometh-
anesulfonic anhydride (0.60 cm?*. 3.56 mmol) in dichlorometh-
ane (10 cm?®) was added dropwise while stirring rapidly. After
stirring at —40 °C for 30 min the solvent was removed, and the
residue washed with toluene (2 x 5 cm?) and light petroleum
(4 x 15¢m?) to afford the yellow product 1 (yield = 95%). Mass
spectrum (positive FAB): m/z 465 (M ™), 437 (M™* — CO), 409
(M* — 2CO) and 355 (M* — 4CO). IR: v(C=0) 2144m,
2117m, 2094m and 1993m cm .

trans-[ Re(CC H,Me;-2,4,6)(pdpp),C1]1CIO, 2. A mixture of
complex 1 (0.40 g, 0.65 mmol) and pdpp (0.58 g, 1.30 mmol) in
tetrahydrofuran (40 cm?®) was refluxed for 12 h. A bright yellow
solution was obtained. The solvent was removed in vacuo and
the yellow solid dissolved in methanol (10 cm®). The product
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was precipitated with LiClO, (0.50 g) and then recrystallized by
diffusion of diethyl ether into a chloroform solution containing
a small amount of methanol (yield ~50%) (Found: C, 56.20;
H. 4.40. Calc. for C,,H;,Cl,0,P,Re-1.5CHCI1;-0.25CH;OH:
C, 56.25; H, 4.00%,). Mass spectrum (positive FAB); m/z 1246
(M")yand 799 (M* — pdpp). NMR (CD,Cl,): 'H, § 7.72-6.27
(50, aryl H), 2.06 (s, 3, p-Me) and 1.58 (s, 6, 0-Me); '°C,
5 268.8 (Re=C), 145.2-127.6 (aryl C), 21.6 (p-Me) and 21.1
(0-Me); *'P, & 31.3.

[Re(CC(H,Me;-2,4,6)(PPh,),(CO)H,0)CI]CIO, 3. A mix-
ture of complex 1 (0.40 g, 0.65 mmol) and PPh, (0.68 g, 2.6
mmol) in tetrahydrofuran (40 cm?®) was refluxed for 16 h. A
bright yellow solution was obtained. The solvent was removed
in vacuo and methanol (10 cm?) added to dissolve the complex.
The unreacted PPh; was filtered off. Lithium perchlorate (0.50
g) was added to the filtrate followed by diethyl ether (30 cm?).
Yellow crystals of the complex gradually deposited (yield
~30%). Mass spectrum (positive FAB): m/z 905 (M* — H,0)
and 643 (M* — H,0 — PPh,). IR: ¥(C=0) 1988s cm !. NMR
(CDCl,): 'H, 8 7.70-6.60 (32, aryl H), 2.21 (s, 3, p-Me¢) and 1.70
(s, 6, 0-Me); '3C, & 204.0 (CO), 143.3-128.5 (aryl C), 21.9
(p-Mc) and 19.3 (0-Me); 3'P. § 14.4.

[Re(CCH;Me;-2,4,6){P(C;H,OMe-p);},(CO)(H,0)CI][O;-
SCF;] 4. A mixture of complex 1 (0.40 g, 0.65 mmol) and
P(C,H,OMe-p); (0.92 g, 2.6 mmol) in tetrahydrofuran (40 cm?)
was refluxed for 12 h to give a bright yellow solution. The
solvent was removed in vacuo and methanol (10 cm?) added
to dissolve the complex. The unreacted phosphine was filtered
off and the filtrate evaporated to dryness to give the crude
product, which was chromatographed on a silica gel (230-400
mesh) column with light petroleum~diethyl ether (1:1 v/v) and
then diethyl ether—dichloromethane (5:1 v/v) as eluent. The
solvent mixture was removed in vacuo and the yellow solid
recrystallized from ethanol-dichloromethane (5:1 v/v) to give
yellow crystals (yield x=20%) (Found: C, 56.50; H, 4.60. Calc.
for C54H5CIF,0,,P,ReS.6C,H,0O: C, 56.40; H, 4.75%). Mass
spectrum (positive FAB): m/z 1085 (M™ — H,0) and 733
[M* — H,0 — P(C4H,OMe-p),]. IR: ¥(C=0) 1978m cm '
NMR (CDCl,): 'H, § 7.65-6.44 (26, aryl H), 3.75 (s, 18, OMe).
2.14 (s, 3, p-Me) and 1.75 (s, 6, 0-Me); '3C. § 277.0 (Re=C),
206.1 (CO), 160.6-113.1 (aryl C), 55.1 (OMe) and 21.7 (Me).

[Re(CC¢H,Me;-2,4,6)(PMePh,),(CO)(H,0)C1]CIO, 5. A
mixture of complex 1 (0.40 g, 0.65 mmol) and PMePh, (0.40
cm?, 2.1 mmol) in tetrahydrofuran (40 cm?) was refluxed for
12 h to give a bright yellow solution. This was evaporated to
dryness under vacuum. The unreacted PMePh, was removed by
washing the subsequent product mixture with light petroleum.
A yellow oil was obtained which was dissolved in methanol (10
cm?). Upon addition of LiClO, (0.50 g) and cooling to —80 °C
yellow crystals of the product formed (yield x~20%) {Found:
C. 53.90; H, 4.40. Calc. for [Re(C, oH,,)(C;3H,3P),(CO)-
(H,0)CI]ClO,-3C,H,O: C. 53.35; H, 4.65%,. Mass spectrum
(positive FAB): m/z 781 (M* — H,0), 753 (M™ — CO —
H,0) and 581 (M* — PMePh, — H,0). IR: %C=0) 1984s
cm . NMR (CDCl,): 'H, 8 7.86-6.46 (22, aryl H), 2.34 (s, 6, 0-
Me), 2.14 (s, 3, p-Me) and 1.59 (s, 6, PMe); }*C, § 278.3 (Re=C),
205.9 (CO), 141.7-127.5 (aryl C), 21.8 (Me) and 12.8 (PMe).

trans-[ Re(CCH,Me,-2,4,6)(dppe)(CO),CI]CIO, 6. A mix-
ture of complex 1 (0.20 g, 0.32 mmol) and dppe (0.25 g, 0.64
mmol) in tetrahydrofuran (20 cm?®) was refluxed for 6 h to give a
bright yellow solution. This was evaporated to dryness in vacuo
and the solid residue dissolved in methanol (5 cm?). Upon
addition of LiCl10, (0.30 g) a yellow solid precipitated. This was
purified on a silica gel (230400 mesh) column packed with
diethyl ether using chloroform as eluent (yield = 70%) (Found:
C. 53.35; H, 4.55; Cl, 6.25. Calc. for C;3H;;Cl,O4P,Re-
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2C,H,0:C, 52.95; H, 4.15; Cl, 6.80%). Mass spectrum (positive
FAB): m/z 807 (M™) and 751 (M* — 2CO). IR: WC=0)
2006m and 1968m cm '. NMR (CDCl;): & 7.82-6.99 (22, aryl
H), 2.26-2.10 (4, CH,), 1.84 (s, 6, 0-Me) and 1.64 (s, 3, p-Me);
13C, 8 279.1 (Re=C), 198.3 (CO), 188.9 (CO), 144.2-126.9 (aryl
(). 26.5 (CH,), 21.9 (p-Me) and 18.5 (0-Me).

Crystallography

Crystals of trans-[Re(CC,H,Me;-2,4,6)(pdpp),C1]CI0,-CH-
Cl5-0.25MeOH were obtained by diffusion of diethyl ether into
a chloroform-methanol (10:1) solution. A pale yellow prism
crystal with dimensions 0.20 x 0.20 x 0.60 mm was used for
X-ray analysis. Intensity data were collected on a Rigaku
RAXIS-IIC imaging-plate system using Mo-Kx radiation (A =
0.710 73 A) from a Ru-200 rotating-anode X-ray generator
operating at 50 kV and 90 mA at room temperature. The data
were corrected for absorption and Lorentz-polarization effects.
The structure was solved by Patterson and Fourier methods
and subsequently refined on F by full-matrix least squares using
the SHELXTL-PC package.® The last least-squares cycle was
calculated with 785 parameters, p, and 9220 reflections, »,
LIF, > 10o(]F )] out of 12080 unique data measured. The
final Fourier-difference map showed residual extrema in the
range of +0.95to — 1.40 e A *. The perchlorate ion has two
equally populated orientations, and the chloroform solvent
molecule exhibits two-fold disorder about one of the C-Cl
bonds. The residual electron density which persists in a void in
the crystal can be modelled by atom C(72) with half-site
occupation, which is approximately equivalent to 5 of a
methanol molecule in regard to scattering power. The
crystallographic data are summarized in Table 1. Selected bond
distances and angles are listed in Table 2.

Crystals of [Re(CC,H,Mej;-2,4,6)(PPh;),(CO)H,0)Cl]-
ClO,-1.5MeOH were obtained by slow diffusion of diethyl
ether into methanol solution of the complex. A golden needle
crystal with dimensions 0.08 x 0.10 x 0.20 mm was used for
X-ray analysis. The last least-squares cycle was calculated
with 466 paramecters, p, and 7486 reflections, n, [|F,| >
3o(|F,[)] out of 8524 unique data measured. The final
Fourier-difference map showed residual extrema in the range
of +0.92to —0.68 ¢ A *. In each complex the H atoms were
generated geometrically knowing the hybridisation state of the
parent C atom. In the case of a CH; group attached to a planar
aromatic ring (e.g. phenyl or pyridyl), its approximate
orientation was established provided at least one H atom could
be located from a difference map. The CH; group was then
treated as a rigid group. All H atoms were assigned fixed
isotropic thermal parameters and allowed to ride on their
respective parent C atoms. Selected bond distances and angles
are listed in Table 3.

Atomic coordinates, thermal parameters and bond lengths
and angles have been deposited at the Cambridge Crystallo-
graphic Data Centre (CCDC). See Instructions for Authors,
J. Chem. Soc., Dalton Trans., 1996, Issue 1. Any request to the
CCDC for this material should quote the full literature citation
and the reference number 186/74.

Physical measurements

Infrared spectra were recorded on a Nicolet 20FXC FT-IR
spectrophotometer, UV/VIS absorption spectra on a Milton
Roy Spectronic 3000 diode-array spectrophotometer, 'H, '3C
and *'P NMR spectra on a JEOL 270 MHz Fourier-transform
spectrometer with SiMe, (*H and '3C) or H;PO, (3'P) as
internal reference. Elemental analyses were performed by
Butterworth Laboratories (UK). Mass spectra were obtained
on a Finnigan Mat 95 mass spectrometer. Cyclic voltammetry
was performed with a Princeton Applied Research (PAR)
model 175 universal programmer and a model 273 potentiostat
coupled to a Kipp & Zoner X-Y recorder. A conventional two-
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Fig. 1 A perspective view of [Re(CC¢H,Me;-2.4,6)(pdpp),Cl]*

compartment cell was used with Ag-AgNO; (0.1 mol dm * in
acetonitrile) as the reference electrode and ferrocenium-
ferrocene as the internal standard. The supporting electrolyte
was tetrabutylammonium hexafluorophosphate (0.1 mol
dm ?). Glassy carbon was used as the working electrode.
Steady-state emission spectra were recorded on a SPEX 1681
FLUOROLOG-2 series FI111AI spectrometer. The emission
spectra were corrected for monochromator and photomultiplier
efficiency, and for xenon-lamp stability. Emission quantum
yields were determined by the literature methods.® Emission
lifetimes were determined and flash-photolysis measurements
were performed with a Quanta Ray DCR-3 pulsed Nd-YAG
laser system (pulse output 355 nm, 8 ns). The emission signals
were detected by a Hamamatsu R928 photomultiplier tube and
recorded on a Tektronix model 2430 digital oscilloscope.
Stern- Volmer quenching experiments were carried out with
degassed acctonitrile solutions of the metal complex and

P~ Cit4l

112

Fig. 2 A perspective view of [Re(CC¢H,Me,;-2.4.6)(PPh,),(CO)-
(H,0)C1]*

quenchers (Q). In each case a linear plot of 1/t vs. [Q] was
obtained from which the quenching rate constants &, were
deduced according to the equation, 1o/t = 1 + &,1,[Q], where
T, and 7 refer to the luminescence lifetimes in the absence and
presence of Q.

Results and Discussion
Syntheses

The literature methods®® for the synthesis of rhenium(v)-
alkylidyne and -benzylidyne complexes containing chelating
diphosphine ligands usually require many steps. In this work,
trans-[Re(CC¢H,Me;-2,4,6)(CO),CI][0O,SCF,] 1., which was
formed by the reaction of [Re{C(O)C4H,Me;-2.4,6](CO)s]
with trifluoromethanesulfonic anhydride in dichloromethane,
has been found to be a good starting material for rhenium(v)-
benzylidyne complexes. The same reaction reported by
Williams and Schrock ¢! was found to give [Re(CC H,Me;-
2,4,6)(CO)4(O;SCF;)][0O5SCF;] which is insoluble in
common organic solvents. Complex 1, however, is soluble in
tetrahydrofuran, acetonitrile, methanol and chloroform. We
speculate that the co-ordinated chloride comes from the
dichloromethane. The reactions of 1 with several phosphine
ligands have been studied in this work. Depending on the
phosphine ligands, either two or four CO are substituted as
depicted in Scheme 1. In the synthesis of 2 the displacement of
four CO is probably due to the strong co-ordinating power of
pdpp. For 3, it is difficult to locate the carbyne carbon in the
'3C NMR spectrum, but its structure has been determined by
X-ray crystallography.

Crystal structures

Figs. | and 2 show the respective perspective views of complexes
2 and 3. The structures feature the first examples of rhenium(v)-
2,4,6-trimethylbenzylidyne complexes. In 2 the Re-C(61)
distance of 1.802(5) A is somewhat longer than the predicted
range 1.721-1.751 A from the sum of the covalent radii of Re and
sp-C atoms,®® but comparable to the Re=CNHR distances in
trans-[ReCI(CNHR )(dppe),]1BF, [1.798(30) A. R = Me;
1.802(4) A, R = H1,%* where there is a m-electron delocal-
ization within the Re=C-NHR unit. It is likely that the
Re=CC,H ,Me; moiety in 2 behaves in a similar fashion. The
Re-C(61)-C(62) angle of 175.2(5)° is close to linearity and
this is not unexpected for a co-ordinated benzylidyne. The
C(61)-Re—-ClI(1) angle of 174.4(2)° is approximately linear and
the long Re-Cl distance of 2.497(2) A is due to the large trans
effect of the benzylidyne ligand.
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Table 1 Crystallographic data for complexes 2 and 3

2

trans-[Re(CC4H,Me;)(pdpp),Cl}ClO,-CHCI;-0.25MeOH

Formula C,,,5H4,ClO, ,sP,Re
M 1472.5
a/A 13.316(1)
biA 14.497(1)
/A 18.597(2)
2f° 94.31(1)
B/° 110.60(1)
v/° 94.58(1)
U/A® 3325(2)
D /gcm3 1.471
piem ! 21.73

R 0.043

R 0.058

S 0.94

3
[Re(CC4H,Me;)(PPh,),(CO}H,0)CI]CIO,-1.5MeOH
Cas.sHyoCl O, sPyRe
1071.0

11.862(2)

13.446(3)

17.252(3)

100.88(3)

105.35(3)

98.60(3)

2548(1)

1.386

25.99

0.055

0.086

1.72

* Details in common: triclinic, space group PT (no. 2); Z = 2; R = Z(|F,| — |FD/ZIF,|; R = [Zw(F,| — |[FDYZw|F,|?]} S = [Sw(F,) —
[F)2/(n — p)1: w = (6?|F,] + 0.000 002|F,|?)"! for complex 2 and (6?|F,| + 0.001|F,|?)"! for 3.

Table 2 Selected bond distances (A) and angles (°) for complex 2

Re-P(1) 2465(2)  Re-P(2) 2.460(2)
Re-P(3) 2460(2)  Re-P(4) 2.481(2)
Re-Cl(1) 2497(2)  Re-C(61) 1.802(5)
C(61)-C(62) 1.460(7)

P(1)-Re-P(2) 81.0(1)  P(1)-Re-P(3) 99.3(1)
P(2)-Re-P(3) 170.4(1)  P(1)-Re-P(4) 164.7(1)
P(2)-Re-P(4) 99.3(1)  P(3)-Re-P(4) 77.9(1)
P(1)-Re-Cl(1) 77.8(1)  P(2)-Re-Cl(1) 80.9(1)
P(3)-Re-CI(1) 89.7(1)  P(4)-Re-Cl(1) 87.1(1)
P(1)-Re-C(61) 97.92)  P(2)}-Re-C(61) 94.9(2)
P(3)-Re-C(61) 94.6(2)  P(4)-Re-C(61) 97.3(2)
Cl(1)Re-C(61)  174.4(2) Re-C(61)-C(62)  175.2(5)

Table 3 Selected bond distances (A) and angles (°) for complex 3

Re-O(1w) 2.250(6) Re-ClI(1) 2.408(2)
Re-P(1) 2.521(2) Re-P(2) 2.484(2)
Re-C(37) 1.784(8) Re-C(47) 1.970(6)
C(37)-C(38) 1.424(11)

O(lw)-Re-CI(1) 81.8(1) O(1w)-Re-P(1) 87.7(2)
CI(1)-Re-P(1) 92.5(1) O(1w)-Re-P(2) 87.2(2)
Cl(1)-Re-P(2) 83.2(1) P(1)-Re-P(2) 173.7(1)
O(1w)-Re-C(37) 174.9(2) CI(1-Re-C(37) 103.3(2)
P(1)~-Re-C(37) 92.6(2) P(2)-Re-C(37) 92.8(2)
O(1w)-Re-C(47) 86.4(3) CI(1)-Re-C(47) 168.2(2)
P(1)-Re-C(47) 86.3(2) P(2)-Re-C(47) 97.0(2)
C(37)-Re-C(47) 88.5(3) Re-C(37)-C(38) 179.4(5)

Me

Complex 3 has a distorted-octahedral structure. The
benzylidyne ligand is trans to a co-ordinated water with a
C(37)-Re-O(1w) angle of 174.9(2)°. The extremely long
Re-O(1w) distance of 2.250(6) A is in accordance with the large
trans-labilizing effect of the benzylidyne group. The Re-C(37)
distance of 1.784(8) A is slightly shorter than that in 2, but,
presumably, a m-clectron delocalization still exists within the
Re=CC4H,Me; unit. The Re~C(37)-C(38) angle of 179.4(5)° is
similar to the related 175.2(5)°in 2. The two triphenylphosphine
ligands are trans to each other with P(1)-Re-P(2) 173.7(1)°. The
chloride group is cis to the benzylidyne ligand, and the Re-Cl
distance of 2.408(2) A is shorter than that in 2 in which the
chloride is trans to the benzylidyne ligand.
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Electronic absorption and emission spectra

The UV/VIS spectral data for the complexes are listed in Table
4. As a representative example, the absorption spectrum of 2
is shown in Fig. 3. In general, the complexes exhibit intense
absorption bands at 318-330 nm and weak absorptions in the
405-470 nm region. The large absorption coefficients observed
for the high-energy bands suggest their origins as charge-
transfer transitions, presumably Re¥ — n* (Re=CC4H,Me;,)
or Re¥ — (phosphine)*. With reference to previous spectro-
scopic works by Winkler and Gray!® on dioxorhenium(v)
complexes and Mayr and co-workers® on tungsten(iv)-
alkylidyne complexes, the energies of the 5d orbitals of
rhenium(v)-alkylidyne complexes are likely to be in the order:
d,, < d.(d,.d,.) <d,:_;: <d.. The low-energy absorptions
probably arise from a d,,——d,. (d,.d,) transition.
Changing the solvent from dichloromethane to acetonitrile has
little effect on the UV/VIS spectra.

Excitation of the complexes in solution, solid or glassy states
at 300-450 nm gives intense orange to red emissions. The
photophysical data are summarized in Table 5. The large
difference in emission and lowest-allowed absorption energies
and the long emission lifetimes suggest that the transitions
involved are due to spin-forbidden processes. The *[(d,,)'(d,«)']
is most likely to be the emissive state.

The low-temperature emission spectra of the complexes are
rich in vibrational fine structure. Fig. 4 shows the emission
spectra of complexes 2 and 5 at 77 K. The vibrational
progressions in the two cases average around 1050 cm ' and are
assigned to the v(Re=CC,H,Mej,) stretch in the *[(d,,)"(d,)']
excited states. Vibronic structured emission has previously been
reported for the dioxorhenium(v) system.!

The auxiliary ligands do affect the photophysical data for the
rhenium(v)-benzylidyne complexes. As shown in Table 5,
changing the non-chromophoric ligands results in a systematic
variation in E,,. The radiationless decay constants increase
as the emission maxima shift to lower energies. Fig. 5 shows
a plot of In k, vs. the emission energy E.,. The observed
linear correlation is consistent with the energy-gap law for
radiationless transitions.!® This predicts that, for a series of
related excited states based on the same chromophore, the
radiationless decay rate constants are largely determined by the
vibrational overlap between the ground and excited states.
Using the expression derived by Englman and Jortner,'® in the
low-temperature and weak vibrational coupling limit &, is
given approximately by equation (1). In this equation AE is the

ko = 2rV?[h)(3mhoyAE)* exp (—S) exp (—YAE/hoy) (1)
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Tabled The UV/VIS spectra data for the complexes (R = C H,Me;-
2.4.6) at room temperature

Eqmy,/dm’?
Complex Temmax/ M mol! cm!
2 [Re(CR)}pdpp),CIICIO, 318 13 800
410¢ 450
3 [Re(CR)(PPh,),(CO)H,0)CIICIO, 321 13 900
420 220
4 [Re(CR)P(C H,OMe-p);},(CO)- 320 5920
(H,0)C11[0;SCF,] 430° 270
5 [Re(CR)(PMePh,),(CO)H,0)CIICIO, 320 12 100
405¢ 470
6 [Re(CR)(dppe)(CO),CI]CIO, 330 7 290
450 200
“In dichloromethane. * In acetonitrile.
_g 2.0
gl
E
£
2
2 1.0 x20
Al T T T 1] Al T 1
200 300 400 500 600
AMnm
Fig. 3 The UV:VIS absorption spectrum of complex 2 in acetonitrile

Emission intensity (arbitrary units)

800

Fig. 4 Emission spectra at 77 K: (a) [Re(CC,H;Me;-2,4,6)(pdpp).-
CI]CI0,, glassy state in n-butyronitrile, A, cimion = 320 nm; (b)
[Re(CCH,;Me;-2.4.6)(PMePh,),(CO}H,0)CIICIO,, solid state,
A = 350 nm

excitation

internal energy gap between the upper and lower states, Wy is
the frequency of the deactivating mode or modes, V is the
electron-tunnelling matrix element, y and S are defined in
equations (2) and (3) respectively and A; is the dimensionless

y = In QAE/ZhoA?) — 1 (2)

Table 5 Excited-state decay parameters for the emission of the
complexes in dichloromethane at room temperature

Complex 103E, /em™  t/ps  @m kst kst
2 17.45 208 0042 202 x 10* 461 x 103
3 17.24 2.25 0.0020 8.89 x 102 443 x 10°
4 17.01 1.76 0.0067 3.81 x 10 5.68 x 10°
5 16.37 0.95 0.0046 4.84 x 10° 1.05 x 10°
6 17.64 3.35 0.0035 1.05 x 10° 297 x 10°
"
1387 ™
.\\\
N
.
13.4
x‘é .‘\\
=
130} NN
N
12.6 .
16.5 17.0 175

10°E/ cm™

Fig.5 Plotoflnk,, vs. E,,, for emission of the rhenium(v)--benzylidyne
complexes in dichloromethane at room temperature

S = 13A7 (3)

fractional displacement between the equilibrium nuclear
configurations of the ground and excited states for the
complex’s jth normal mode. In comparing a series of related
excited states, if the deactivating mode or modes remain
common and variations in ¥ and S are relatively small, as is the
case for a series of polypyridyl complexes of osmium(u),*!
equation (1) can be simplified to (4) where AE is assumed to be

In knr = (ln B - S) - (‘YEemJ'hmM) (4)

E.,. If the assumptions are valid a linear relation should exist
between In &, and E,,,. From the results shown in Fig. 5 there is
a good agreement between theory and experiment. Thus the
rhenium(v)-benzylidyne complexes are another good example
of the application of the energy-gap law to the excited states of
organometallic complexes.

Electrochemistry and excited-state reduction potentials

Complex 2 shows well defined electrochemical properties. In
acetonitrile solution, reduction of the complex has not been
observed even at a potential of —2.0 V vs. Ag-AgNO, (0.1 mol
dm™3). However it displays a reversible oxidation couple with
E, at 1.15 £ 0.02 V. Constant-potential electrolysis at 1.2 V
established n = 1.0 + 0.1, suggesting that the electrode
reaction is a one-electron oxidation process. This is tentatively
assigned to the oxidation of Re¥ to Re"!. Should this be the
case, this would mean the generation of a highly oxidizing
rhenium(vi)-benzylidyne complex. However, the oxidized
product was unstable on the time-scale of this experiment ( &30
min to 1 h). The excited-state reduction potential for reaction
(5) was estimated using equation (6) where E,_, is the zero—zero

ReY' + e —— ReVv* (5)

E°(ReY'-Re"*) ~ E (Re¥-Re") — E, o(Re**) (6)
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Fig. 6 Plot of In k, vs. E°(A*") for the oxidative quenching of
complex 2 by pyridinium acceptors in degassed acetonitrile: (@)
experimental data; (—) theoretical curve
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Fig. 7 Plot of In k,/ vs. EX(D*'°) for the reductive quenching of
complex 3 by amine donors in degassed acetonitrile: symbols as in Fig. 6

emission energy. From the low-temperature emission spectrum
[Fig. 4(a)], Eq_o(Re¥*)is estimated to be 520 nm (2.38 eV). Thus
E°(ReY'-Re"*)is —1.23 V vs. Ag-AgNOj, that is —0.90 V vs.
SCE, suggesting that the *[(d,,)'(d,.)!] state of complex 2 is a
good one-electron reductant,

In contrast to complex 2, the cyclic voltammogram of 6 in
acetonitrile shows no oxidation couple even at potentials up to
+2.0 V vs. Ag-AgNO; (0.1 mol dm™3). This is not surprising
since the co-ordinated CO in 6 should not favour oxidation of
the metal complex. However, an irreversible reduction wave at
an E,_of —1.87 £ 0.02V, tentatively assigned to the reduction
of Re¥ to Re'Y, was observed. Although the Re¥-Re!Y couple is
irreversible, E,. can be taken as the upper limit of E,(Re"-
Re'). The excited-state redox potential for reaction (7) can be
estimated using equation (8). The E°(ReY*-Re'Y) of 6 is,

ReV* + e —— Re'v (7)

E°(ReV*-Re") > E((Re¥-Re"Y) + E, o(Re'*) (8)
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Fig. 8 Plot of In k,/ vs. EX(D*'°) for the reductive quenching of
complex 6 by amine donors in degassed acetonitrile; symbols as in Fig. 6

therefore, estimated to have an upper limit of 0.72 V vs. Ag-
AgNOj; or 1.05V vs. SCE taking E, o(Re"*) to be 480 nm (2.59
eV) from the emission spectrum at 77 K.

Photoinduced electron-transfer reactions

Not surprisingly, the luminescence of complex 2 is quenched by
pyridinium acceptors and the others having carbonyl ligands
are quenched by amine donors. To understand further the
electron-transfer reactivity of the *[(d,,)'(d,.)'] excited states, a
study of the luminescence quenching by a series of quenchers
having different E° values was undertaken. The quenching rate
constants were obtained from Stern-Volmer plots corrected
for the diffusion-controlled rate constants. The results are
summarized in Tables 6-8. The rate constants exhibit a
dependence upon the reduction potentials of the pyridinium
salts or the amine oxidation potentials. The values of E°(Re!V-
ReY*) or E°(Re¥*-Re'Y) were obtained by three-parameter,
non-linear least-squares fits using equation (9),!° where the

(RT/F)Ink, =
(RT/F)In K ,kv,5 — [M1 + AG,;3/A)% /4] (9)

symbols refer to the reactions shown in Schemes 2 (for 2) and 3
(for 3 and 6), K,, = k,,/k,,, v,3 1s the effective nuclear
vibrational frequency, x 1is the electronic transmission
coefficient (x = 1 for a bimolecular electron-transfer reaction)
and A is the total reorganization energy associated with the
inner and outer co-ordination spheres. For oxidation
quenching, AG,;, the standard free-energy change of the
reaction, is given by equation (10), and for reduction

AG,;/V = E°(Re¥'-Re¥¥) — E(A*%) + w, — w, (10)
quenching, it is given by cquation (11). In both equations w,
AG,;/V = —F°(Re¥*-Re™) + E(D*0) + w, —w, (11)

and w, are the respective work terms for bringing the reactants
and products to the mean separation for the reactions. For
weak interactions the work terms are due to coulombic
interactions and, therefore, are practically zero when at least
one of the two reaction partners is neutral. Thus AG,; can
simply be taken as in equation (12) for oxidation quenching and
(13) for reduction quenching.
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Table 6 Rate constants for the oxidative quenching of complex 2 by pyridinium salts in acetonitrile at room temperature

(AT AV
Quencher (A)* vs. SCE ko/dm? mol ! 57! In &,
N,N’-Dibenzyl-4,4'-bipyridinium -0.35 (1.56 £ 0.10) x 108 18.87 * 0.06
N.N'-Dimethyl-4,4’-bipyridinium —0.45 (1.24 + 0.03) x 108 18.64 + 0.02
4-Cyano-N-methylpyridinium —0.67 (1.04 + 0.02) x 108 18.46 £ 0.02
4-Methoxycarbonyl-N-methyl- -0.78 (2.14 £ 0.04) x 107 16.88 + 0.02
pyridinium
4-Amido-N-ethylpyridinium -0.93 (1.57 £ 0.10) x 10° 14.3 + 0.06

* All compounds are hexaftuorophosphate salts.

Table 7 Rate constants for the reductive quenching of complex 3 by amine donors in acetonitrile at room temperature

E(DT-D)V

Quencher (D) vs. SCE ky/dm®*mol 's ! Ink,/*

N.N.N'.N'-Tetramethyl-1,4-phenylenediamine 0.11°" (1.06 = 0.02) x 10%° 23.84 + 0.04
1,4-Phenylenediamine 0.39 (5.73 £ 0.14) x 10° 22.81 + 0.03
Phenothiazine 0.53% (2.27 £ 0.10) x 10° 21.66 + 0.05
Benzidine 0.55¢ (2.13 £ 0.03) x 10° 21.59 £ 0.02
Diethylaniline 0.70¢ (1.21 + 0.07) x 108 18.62 + 0.05
Dimethylaniline 0.78¢ (1.05 + 0.02) x 108 18.47 + 0.02
Diphenylamine 0.834 (1.21 + 0.03) x 107 16.30 + 0.03
Aniline 0.98¢ (7.31 £ 0.37) x 10° 13.50 + 0.05
p-Chloroaniline 1.07* (2.88 + 0.03) x 10° 12.57 + 0.01

Uk, = (1 k) — (k) where kg = 2 x 101 dm® mol 's . ? Ref. 14, Ref. 13, ¢ Ref, 12.

Table 8 Rate constants for the reductive quenching of complex 6 by amine quenchers in acetonitrile at room temperature

E(D*-D);V

Quencher (D) vs. SCE ko/dm?® mol 's'! Ink,

N.N,N',N'-Tetramethyl-1.4-phenylenediamine 0.11 (1.10 £ 0.04) x 10'° 23.92 £ 0.08
1.4-Phenylenediamine 0.39 (5.38 + 0.09) x 10° 22.72 £ 0.02
Phenothiazine 0.53 (4.17 £ 0.12) x 10° 22.39 + 0.03
Benzidine 0.55 (3.12 £ 0.12) x 10° 22.03 £ 0.05
Diethylaniline 0.70 (5.60 + 0.18) x 108 20.17 £ 0.03
Dimethylaniline 0.78 (3.18 £ 0.12) x 108 19.59 + 0.04
Diphenylamine 0.83 (6.97 * 0.06) x 107 18.06 + 0.01
Aniline 0.98 (5.87 £ 0.24) x 10° 15.59 + 0.03
Hydroquinone 1.03 (1.34 + 0.10) x 10® 14.11 = 0.07
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Fig. 9 Transient difference absorption spectrum recorded 20 ps after
355 nm excitation of a degassed acetonitrile solution of complex 2 (10 *
mol dm ?) and N,N'-dimethyl-4,4’-bipyridinium hexafluorophosphate
(10 * mol dm %) at room temperature

AG, iV = E°(ReV'-Re¥*) — E(A*"°) (12)

AG,,'V = —E°(ReY*-Re") + E(D*°)  (13)
Figs. 6- 8 show the theoretical curves obtained upon fitting
of the data by equation (9). The value of E°(ReV'-Re"*) for
complex 2 is —0.85(5) V vs. SCE and E°(ReY*-Re') is
+0.89(6) for 3 and +0.88(2) V for 6. The results obtained
from Stern-Volmer quenching experiments agree well with

k , kay .
[Re¥]** + A™ kv—_l_:[Re‘]**...A‘f kﬁ[Re”]'*,A

[

[Re"})?" + A
Scheme 2

ks kys ;
[ReY]** + D* \k:‘[ReV]**...D‘—A:[Re"]‘ D*

2
Ao

[Rel\/] +D*
Scheme 3

our estimation from spectroscopic and electrochemical data.
The excellent agreement of the experimental data with those
predicted from Marcus theory suggests that electron transfer is
the predominant luminescence quenching mechanism of the
excited states. This is further supported by the results of flash-
photolysis experiments. Upon flashing a degassed acetonitrile
solution of 2 and N,N’-dimethyl-4,4'-bipyridinium hexafluoro-
phosphate the relatively long-lived N,N’-dimethyl-4.4'-bipyri-
dinium radical with i, at 400 and 610 nm was produced
(Fig. 9). Similarly, flashing a degassed acetonitrile solution of
3 and N,N,N’ N'-tetramethyl-1,4-phenylenediamine gave the
N,N,N',N’'-tetramethyl-1.4-phenylenediamine radical cation,

J. Chem. Soc., Dalton Trans., 1996, Pages 2827-2834 2833


http://dx.doi.org/10.1039/DT9960002827

which shows an intense broad absorption band ranging from
525 to 600 nm.'®

It is not surprising that co-ordinated CO affects the redox
properties of the excited states. The two strong o-donor ligands
pdpp would make the Re¥ more electron rich, so the excited
state of complex 2 is strongly reducing. On the contrary, the
n-acceptor level of the co-ordinated CO makes the excited
state of 3-6 casily reduced and accounts for their oxidizing
properties.

Conclusion

The present work highlights that rhenium(v)-benzylidyne
complexes are of interest in organometallic photochemistry.
These complexes should be easily accessible and their excited-
state properties easily tuned by ligand modifications. Given the
antibonding nature of the d,. orbital, the Re=sCC4H,Me; bond
is likely to be weakened in the *[(d,,)*(d,.)'] excited state. Thus
it would not be surprising to find these complexes undergo
photoinduced CC¢H,Me, group-transfer reactions.
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