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NMR spectroscopy allows identification of B as the 1,5-
bonded diene 2, as previously reported by several groups37-10
(4:5:4 pattern at 6 3.5, 4,5, and 5.4 for the COT protons on the
metal-bonded carbons, the Cp protons, and the COT protons
on the nonmetal-bonded carbons, respectively). Furthermore,
careful inspection of the spectrum (Figure 2) reveals that the
singlets'! at & 5.1 and 4.7 may be ascribed to species A, with
integrated intensities of 1.6-1 (8§ COT protons:5 Cp protons)
allowing identification of the 6 5.1 ppm resonance as being due
to the cyclooctatetraene protons. Excluding the unlikely pos-
sibility that species A contains a planar COT ring, we must
conclude that it is a fluxional compound. Based on the known
fluxional compounds (COT)M(CO); (M = Fe, Ru, Os),!13.14
we assign a structure to this species in which the COT ring is
bonded as a 1,3 diene to the cobalt (3). Although a reversible
isomerization of a 1,3- and 1,5-bonded metal diene seems to
be without precedent, we note that Smith and Maitlis have
recently isolated thermally unstable 1,3-bonded COT com-
plexes (COT)M(n>-CsMes) (M = Rh, Ir) which rearrange
irreversibly to the 1,5-bonded isomers at 20 °C. Significantly,
the 1,3-COT resonances are singlets.!3

At higher temperatures each resonance in the (COT)CoCp
spectrum broadens, showing that the temperature dependence
to the spectrum observed previously'%:!2 is due to the kinetics
of the isomerization process, rather than to fluxionality of the
1,5-bonded compound. Quantitative aspects of the NMR
temperature dependence are being studied.!®

Bulk electrochemical reduction at —2.2 V produced a so-
lution containing only the 1,3-bonded anion (37). A frozen
solution of the anion displayed an intense electron spin reso-
nance spectrum with cobalt hyperfine splittings. The original
mixture of 2 and 3 was regenerated by electrolytic reoxidation
of the solution.

All of these data are consistent with the following chemistry
of (COT) CoCp:

(1,3-7*COT)CoCp === (1,5-9*-COT)CoCp

‘ne'( -18V) le-<-2.0v>

(1,3-7*-COT)CoCp ™ «— (1,5-n*-COT)CcCp~

Clearly, the 1,5 isomer is the more stable of the neutral
compounds, but the 1,3 isomer is favored in the anion. The shift
in stability may be due to the ability of the 1,3 isomer to delo-
calize the extra electron of the anion among the four metal-
bound olefinic carbons. It is apparent from these results that
the nature of a metal-polyolefin bond may be sensitive to the
formal oxidation state of the metal, and that electrochemical
methods may prove useful in designing ways to reversibly alter
the nature of the metal-olefin bond.

Acknowledgments. We gratefully acknowledge the support
of the National Science Foundation in this work (Grant CHE
76-83668).

References and Notes

(1) Part 1: J. D. L. Holloway, W. L. Bowden, and W. E. Geiger, Jr., J. Am. Chem.
Soc., 99, 7089 (1977). Part 2: J. D. L. Holloway and W. E. Geiger, Jr., ibld.,
101, 2038 (1979).

(2) M. A. Bennett, Adv. Organomet. Chem., 4, 353 (1966).

(3) H. P. Fritz and H. Keller, Chem. Ber., 95, 158 (1962); Z. Naturforsch. B,
16, 348 (1961).

(4) E. O. Fischer, and H. Werner, "Metal m-Complexes’’, Vol. 1, Elsevier,
Amsterdam, 1966, p 119 ff.

(5) H. W. Quinn and J. H. Tsai, Adv. Inorg. Chem. Radiochem., 12, 217
(1969).

(6) B. Dickens and W. N. Lipscomb, J. Am. Chem. Soc., 83, 4862 (1961); J.
Chem. Phys., 37, 2084 (1962).

(7) A. Nakamura and N. Hagihara, Bull. Chem. Soc. Jpn., 33, 425 (1960).

(8) Samples of 3 prepared by refluxing CpCo(CO), and COT under nitrogen
with UV irradiation® were carefully purified by several fractional sublima-
tions to free the sample entirely of the dimer (CpCo),COT.

(9) The starting compound is air stable and simple nitrogen-blanketing tech-
niques were sufficient for most voltammetric experiments. Some bulk

0002-7863/79/1501-3408$01.00/0

Journal of the American Chemical Society [ 101:12 [/ June 6, 1979

electrolyses have been carried out in a glove box under nitrogen. Supporting

electrolyte was 0.1 M tetrabutylammonium hexafluorophosphate. Solvents

were prepared and equipment was employed as described previously: W.

L. Bowden, J. D. L. Holloway, and W. E. Geiger, Jr., Inorg. Chem., 17, 256

(1978). Potentials are referred to the aqueous saturated calomel elec-

trode.

S. Otsuka and A. Nakamura, Inorg. Chem., 5, 2059 (1966).

These peaks are clearly visible in previously published spectra of this

compound, but have either been ignored or ascribed to persistent impurities

(see ref 10 and 12).

(12) C. Bertelo, Ph.D. Thesis, Princeton University, 1975.

(13) F. A. Cotton, Acc. Chem. Res., 1, 257 (1968).

(14) F. A, Cotton in ’Dynamic Nuclear Magnetic Resonance”, L. M. Jackman
and F. A. Cotton, Eds., Academic Press, New York, 1975.

(15) A. K. Smith and P. M. Maltlis, J. Chem. Soc., Dalton Trans., 1773
(1976).

(16) These studies are being pursued In conjunction with Dr. C. H. Bushweller
of our department.

(10
(11

Jerry Moraczewski, William E. Geiger, Jr.*
Department of Chemistry, University of Vermont
Burlington, Vermont 05405

Received February 8, 1979

Fluorescence Lifetime of all-trans-Retinal at 77 K!
Sir:

all-trans-Retina] (1) shows spectroscopic anomalies such
as diffuseness of the absorption spectrum at 14-300 K,2 exci-
tation wavelength (Aex) dependence of ¢F,>® temperature
dependence of radiative lifetime,’ 72, calculated from the
relation 7r/¢F = 7{, an unusually large “Stokes” shift,>-” and
a large disparity between 7§ from the integrated absorption

band (Bu < Ag) and 7f from the measured quantity,
TF/¢F.2>

(1)

Of these anomalies, the A.x dependence of ¢ is most in-
triguing. Recently, it has been shown that the A.x dependence
can be largely accounted for in terms of a hydrogen-bonded
all-trans-retinal as the emitting species.* Thus, an intrinsic
fluorescence quantum yield of al/-trans-retinal has been shown
to be independent of A¢x within 25%.4® An equilibrium in-
volving a dimeric a//-trans-retinal (fluorescent) has also been
suggested as an additional contributor to the wavelength de-
pendence.*c6

Since the A4 dependence of ¢f has not been examined in
terms of fluorescence lifetime which can be used to discrimi-
nate contributions of the ground-state and excited-state
properties of retinal to the wavelength-dependent fluorescence,
we have measured 7f of all-trans-retinal in ethanol as a
function of Aex. We have chosen ethanol as the solvent for the
following reason: the A, dependence of ¢ persists in ethanol,
even though (a) nearly all of the retinal should be hydrogen
bonded to the solvent molecules during freezing to and at 77
K5 and (b) a rapid proton tunneling within the retinal-ethanol
H-bonding pair, RC=0--HOtE, may occur along the H-
bonding potential curve in the excited state. If the latter occurs
prior to fluorescence emission, the expected Aex dependence
of ¢ due to the H-bonding of retinal can be minimized because
of the inequality between equilibrium constants, K and K*, in
the ground and excited states, respectively:

(RC=0)(EtOH) > K* = (RC=0%*)(EtOH)
(RC=0--HOLtE) (RC=0*...HOtE)
The above inequality is predicted from the increase in w-elec-

K=
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Table I. The Fluorescence Lifetime and Quantum Yields of all-
trans-Retinal as a Function of Excitation Wavelength

Aex, NM Tr£0.1ns ¢rF £ 0.002
440 0.61 0.064
420 0.73 0.033
400 0.75 0.025
380 0.69 0.017
360 0.67 0.012
340 0.76 0.015

tron density of the carbonyl oxygen of all-trans-retinal from
1.399 in the ground state to 1.414 in the excited state.

Immediately prior to the measurements of fluorescence
intensity and lifetime data, all-trans-retinal (Sigma Chemical
Co.) was purified on silica gel TLC in n-hexane-ethyl acttate
(30:5, v/v) and then extracted into freshly distilled spectro-
quality ethanol (U.S. Industries). All procedures were carried
out in near darkness.

The fluorescence lifetime measurements were madeon an
SLM Model 480 phase-modulation fluorometer previously
described® and fitted with a holder for liquid nitrogen optical
Dewar and cell. All measurements were made with a 1-kW Xe
arc lamp as a light source at 1-nm excitation band pass. Cor-
rected emission spectra were measured on a Perkin-Elmer
MPF3 spectrofluorometer at 77 K. The excitation bandpass
was kept constant at 2 nm throughout the measurement. The
relative quantum vield of fluorescence was calculated from the
relationship

1§(p)dD

LEDL) (s a3y n

where ¢F is the quantum yield of the reference compound,
riboflavin tetrabutyrate® or 9,10-diphenylanthracene,'® n, and
ns are refractive indexes of reference and sample solutions at
77 K, respectively, and Ir and A, are fluorescence intensity
and absorbance, respectively. The absorbances for reference
and sample at each wavelength were kept within 5% in order
to minimize errors due to the series approximation to the
(A45/4Y) term in the above equation and the difference in
spectral shape of the excitation spectra of reference and sam-
ples at a given wavelength band pass (2 nm). In addition, the
absorbances at each Acx were kept within £12% in order to
minimize errors due to light scattering.

Table I presents the measured fluorescence lifetimes and
quantum yields as a function of exciting wavelength. Each
lifetime is an average of at least 20 phase shifts and modulation
measurements. It can be seen that the lifetimes remain es-
sentially constant across the excitation band covering the ab-
sorption maximum and the long wavelength edge region, while
the fluorescence quantum yields are wavelength dependent in
the same spectral region.

The results in Table [ strongly suggest that the fluorescence
of all-trans-retinal in ethanol at 77 K is largely due to one
emitting species, as the phase shift and modulation lifetimes
were identical within 200 ps, indicative of a single component
decay. Nonetheless, the fluorescence quantum yield depends
upon Aex (Table I and ref 5 and 6) for all-trans-retinal in
ethanol at 77 K. This suggests that a rapid interconversion
between free and H-bonded retinal does not occur during the
excited-state lifetime (cf. reason b above).

It is also noteworthy that the fluorescence quantum yield
of retinal still shows Aex dependence in the presence of a sat-
urating concentration of KI (85 mM) which enhances fluo-
rescence as a result of R—C=0-.K* complex formation.’ The
lifetime also increases with KI by a factor of 2.!!

¢F=¢l,:"(
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Quinuclidin-4-yl
Sir:

Long-range orbital interactions in saturated systems can
occur either by “through-space” or “through-bond’” mecha-
nisms.!~# The bridgehead positions in a bicyclooctane struc-
ture’ provide a particularly attractive framework for studies
of such interactions. The lone pairs on the two nitrogen atoms
of diazabicyclooctane (1) provide a four-electron case. Both
experimental®-8 and theoretical:34 evidence suggest that there
is a very strong (~1.6 ¢V) interaction between these two or-
bitals. Calculations!-3* indicate that direct overlap is small and
that the interaction occurs by a “through-bond” coupling of
the nitrogens’ lone-pair orbitals with the low-lying ¢ C-C bond
orbitals. One-electron systems include bicyclooctyl® (2) and
the quinuclidine radical cation!© (3). The magnitudes of aH?
in the EPR spectra of 2° and 3'%imply that, while there is some
“through-bond” coupling to the 4 position, it is not particularly
strong.'! That is, in 2 and 3 the unpaired spin is localized at the
formal radical center. Therefore, these radicals are not stabi-
lized!2 and, because they are bridgehead radicals, may even
be slightly destabilized. The most important three-electron
cases previously studied are 4, the radical cation of 1,5:13-15 and
the radical cations derived from structurally related bicyclic
diamines'® and cyclic disulfides.!”-!8

The EPR spectrum of 4 shows two equivalent nitrogens and
twelve equivalent hydrogens.®!? This was initially interpreted
as a fast electron transfer between the nitrogens,® which implies
a fairly weak interaction between localized orbitals and, pre-
sumably, a radical which is, at most, only slightly stabilized.
However, it seems much more likely that 4 is very strongly
stabilized.#7.8:13-15 Hoffmann et al.? first suggested “the
electron is in fact delocalized over the molecule” and this view
is supported by the results of a PES study of 1,7 by a more

| 2
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