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already found low activation barriers for elimination of ethylene 
from metallacyclobutanes (eq 7 with only one X a metal).24 

The results reported herein may well be related to the recently 
reported retention of stereochemistry upon chemisorption of cis-
and mm-2-butene on Pt(111).25 
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In contrast to Ru(bpy)3
2+ and Os(bpy)3

2+ (bpy = 2,2'-bi-
pyridine) the lowest excited state of Fe(bpy)3

2+ is LF (ligand field) 
rather than MLCT (metal-to-ligand charge transfer) in character.1 

Replacement of a bpy by two stronger field CN" ligands to give 
Fe(bpy)2(CN)2 does not alter this ordering.2 Here we report 
observations that show that in water this ordering is retained for 
Fe(bpy)(CN)4

2~ even with its stronger ligand field but that the 
extraordinary solvent sensitivity of this complex3'4 can be used 
to access the MLCT state: the MLCT state is observed in the 
weak acceptor solvent5 acetone. 

The two MLCT maxima of (TBA)2[Fe(bpy)(CN)4] (TBA = 
tetrabutylammonium ion) shift from 346 and 482 nm in water 
to 455 and 725 nm in acetone, respectively—a shift of 7000 cm"1 

or 20 kcal mol"1.3 This solvent dependence has been attributed 
to donor-acceptor interactions.3"5 Strong acceptor solvents remove 
electron density from the metal center via interaction with the 
lone-pair electrons of the cyanide ligands thereby stabilizing the 
Fe(II) state of the complex with respect to the Fe(III) state. Thus 
the MLCT transitions occur at higher energies in strongly ac
cepting solvents such as water than in weakly accepting solvents 
such as acetone.6 The Fe(bpy)(CN)4

2~ ion with its relatively 
strong ligand field7 is therefore a good candidate for a complex 
in which solvent might be used to reverse the order of the MLCT 
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Figure 1. Difference spectra recorded during 532-nm excitation of Fe-
(bpy)(CN)4

2~ in H2O (a) and acetone (b). The spectra were determined 
with 6 X 10"4M solutions in 2-mm path length cells. 
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Figure 2. Ground-state (solid line) and approximate excited-state (cir
cles) absorption spectra of Fe(bpy)(CN)4

2" in H2O (a) and acetone (b). 

and LF states.9 

The excited-state lifetimes and spectra of (TBA)2[Fe(bpy)-

(9) (a) From the absorption and (uncorrected) emission data recently 
reported for the MLCT state of Ru(bpy)(CN)4

2" in water10 and the estimated 
singlet-triplet splitting of 3000 cm"1,'6 the Stokes shift for Ru(bpy)(CN)4

2"" 
in water is calculated to be about 5600 cm"1, corresponding to an excited-state 
distortion energy of ~2800 cm"1. Assuming a similar distortion energy for 
the MLCT state of Fe(bpy)(CN)4

2" and a singlet-triplet splitting of 2000 
cm"1,915 the minimum of the triplet MLCT state of Fe(bpy)(CN)4

2" is esti
mated to lie ~9000 cm"1 above the ground state in acetone (in contrast to 
~16000 cm"1 in water), (b) Kober, E. M.; Meyer, T. J. Inorg. Chem. 1982, 
21, 3697. 
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(CN)4] in water and acetone were determined by picosecond 
transient absorption spectroscopy.811 In both solvents transient 
absorption kinetics were pulse-width limited, indicating excited-
state lifetimes shorter than 25-30 ps. Although the decay kinetics 
for the complex in the two solvents appeared similar, the spectra 
of the transient species were not. The difference spectrum recorded 
during 532-nm (25-ps) excitation of Fe(bpy)(CN)4

2~ in H2O is 
shown in Figure la and that recorded during 532-nm excitation 
of the same complex in acetone is shown in Figure lb; similar 
results were observed for excitation at 650 nm.12 

Approximate absorption spectra of the transient species gen
erated from the difference spectra are shown in Figure 2.13 The 
excited-state absorption spectrum for Fe(bpy) (CN)4

2" in water 
(Figure 2a) exhibits only weak, featureless absorption from 360 
to 800 nm. By contrast, the spectrum of the transient formed in 
acetone (Figure 2b) has two major absorption features: a sharp 
band at 370 nm and a weaker one maximizing near 525 nm. The 
spectrum in Figure 2b bears a close resemblance to that of the 
2,2'-bpy radical anion1,14 and is very strong evidence that the 
transient generated by 532- or 650-nm excitation of Fe(bpy)-
(CN)4

2" in acetone is an MLCT (Fera(bpy")) state.15 The absence 
of bands at 370 and 525 nm in Figure 2a and the resemblance 
to the transient spectra of Fe(bpy)3

2+ and Fe(bpy)2(CN)2 dem
onstrate that a LF state is produced when Fe(bpy) (CN)4

2- is 
excited at 532 nm in water. 

These results demonstrate the dramatic effect of solvent on the 
photophysical properties of a solute molecule.16 The coarse tuning 
of MLCT excited-state energies by modifying the ligands has been 
fairly widely exploited.4,11,16,17 The additional dimension of solvent 
variation permits a continuous fine tuning of MLCT state energies 
over a comparable range. When used together, ligand and solvent 
tuning of excited-state energies creates an extraordinary degree 
of flexibility in selecting the properties of a photosensitizer. 
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The development of NMR techniques for determining pro
ton-proton distances, r,-,, from cross-relaxation rates, <ry, or NOE's 
has greatly enhanced our knowledge of the three-dimensional 
structure of molecules in solution.1 To obtain quantitative dis
tances from such experiments, however, one must also know the 
correlation time, rc, for the relaxation processes since <r,y = 
(74ft2//-y6)/(co0,rc). Although rc may be obtained by measuring 
a at different field strengths, B0 = u0/y, a more common practice 
is to determiney(o>0, TC) by measuring <r for a pair of protons whose 
separation is known a priori. Unknown distances may then be 
calculated from the relation rtJ = ^("'///"W)1 '6- This approach 
requires that f(co0,rc) is the same for all pairs of protons and that 
there is some proton pair suitably resolved for calibration purposes. 

Here we show how TC, and thus internuclear distances, may be 
determined by a novel method involving measurements of both 
longitudinal (c9) and transverse2,3 (<r±) cross-relaxation rates. The 
experiments may be done at a single field strength and require 
no calibration pair nor assumptions about /(O>0,TC) for different 
protons. The method is based on the fact that at and o± have 
different dependencies on TC. 

As Bothner-By and co-workers first showed23 <r± for a pair of 
nonequivalent protons separated by rtj which undergoes isotropic 
reorientation can be expressed as 

(*L)</ = (7 4 f t7 l0r , / ) (3 / ( l + <VTc2) + 2)rc (1) 

This equation may be compared with the well-known expression 
for er J 

(*,)</ = (74ft2 /10r, /)(6/(l + 4a>0V) - l)rc (2) 

For short TC (CO0TC « 1), the ratio (T1Jax has a limiting value of 
1, while for long TC (O>0TC « 1), the limit is -0.5. At intermediate 
values of TC in the range -1 < log U0TC <1, there is a smooth 
transition between these limits such that one can determine TC 

uniquely from the ratio of (T1 to cr±. Once TC is known, r^ can 
be calculated directly from eq 1 or 2. 

Transverse cross-relaxation is observed in the rotating frame 
with the spins oriented along an effective spin-locking field, <oe 

= 7-Beff = 7(A2 + fisL2)1^2* which makes an angle, /3 = sin"1 

(SSL/Beff) with the longitudinal component, A, of the applied field 
in the rotating frame.2,4 In practice offsets, A cannot be ignored 
so that the cross-relaxation rate as observed in the rotating ref
erence frame must be expressed as5 

(ORF)</ = cos ft cos ft(cr(|),y + sin ft sin ft(cr±)y + 

(74^VlOr,/) sin2 ft sin2 ft((l + 4 ^ V ) " 1 - l)rc (3) 

In solutions, a>e
2rc

2 « 1 so the last term in eq 3 can safely be 
ignored. Clearly, when BSL » |A|, /3 = 7r/2 and <rRF = a±. 
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