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lithiated allylic alcohol in eq 2 was cyclized in 64% chemical yield;
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the 1,2-trans 1,3-cis isomer constituted 88% of the product. We
intend to further explore and develop this potentially useful ob-
servation.

In summary, the zirconium-mediated cyclization of noncon-
jugated dienes provides an efficient, versatile,!* and stereoselective
route to functionalized carbocycles and heterocycles.

Supplementary Material Available: Details of the synthesis,
isolation, and characterization (\H NMR, 13*C NMR, HRMS,
elemental analysis) for all reported products (8 pages). Ordering
information is given on any current masthead page.

(13) Known limitations: Cyclization failed for 1,5-hexadiene and 1,8-no-
nadiene; diethyl diallylmalonate underwent competitive reduction of the
carbonyl group; substrates containing the allyl ether functionality gave sig-
nificantly diminished yields.

An ENDOR Study of Spin Distributions in
Octaethylmetalloporphyrin = Cation Radicals

P. O. Sandusky, A. Salehi,’ C. K. Chang,* and
G. T. Babcock*

Department of Chemistry
Michigan State University
East Lansing, Michigan 48824

Received March 7, 1989

= cation radicals of the metalloporphyrin family are biologically
important species, found as primary products of the photochemical
reaction in photosynthetic reaction centers and as oxidized in-
termediates in the enzymatic cycles of horseradish peroxidase and
catalase.! Classic ESR studies by Fajer and co-workers have
demonstrated that stable porphyrin = cation radicals of either the
2A,, or 2A,, ground state can be formed. 2A,, species such as
Zn tetraphenylporphyrin radical are distinguishable by large, ESR
resolvable nitrogen hyperfine couplings, whereas the ESR spectra
of 2A;, complexes, such as Mg octaethylporphyrin radical
(MgOEP™), display either meso proton couplings of only moderate
size or no resolved structure at all.? For systems without evident
hyperfine structure attempts have been made to assign ground
states based on optical spectra; the visible spectra of
Co'OEP**2Br~ and CoOEP**2Cl" are thought to be charac-
teristic of 2A;, radicals, whereas the distinctive spectra of
CullOEP**2CIO,” and Co"OEP*+2CIQ,” were taken as signatures
of the 2A,, state.> Although these assignments have formed the
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Figure 1. ESR and proton ENDOR spectra of ColOEP**2CIO,” glassed
in 1:1 CH,Cl,/toluene at 100 K. Insert: ESR spectrum, 0.65 mW
microwave power, 0.5 Gy, 12.5 KHz field modulation, 200 s sweep time,
200 ms time constant. A: ENDOR spectrum of | mM ColOEP**.
2C10,~. B: ENDOR spectrum of 1 mM Colll4,OEP**2C10,~. ENDOR
spectra were taken at 16 mW micowave power, 150 W rf power, 25 KHz
rf modulation, 2000 s sweep time, 2 s time constant, with the magnetic
field set at 3458.0 G (9.7027 GHz). C: Difference of spectra A and B
showing meso proton ENDOR features (note that the ordinate scale has
been expanded).

basis for much of the discussion in the porphyrin radical literature,*
they have been brought into question by several independent EPR,*
NMR,5 and resonance Raman studies.” ESR hyperfine coupling
is the physical parameter most unequivocally related to electron
spin density in organic radicals; unfortunately, none of the ESR
spectra of the principal species in question (Cul'OEP**2C10O,",
Col'OEP**2C10,", Co'OEP**2Br~, Co"OEP**2CI") display
resolved hyperfine structure.®  We report here measurements of
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Table I. 'H Hyperfine Constants (MHz) for MOEP* Radicals

ColllOEP*
Clo,” Crr MgOEP*  2A,° 2A,°
meso-a 1.9 4,0-5.0 4.1% 14,7 0.1
ethyl-8 2.6 2.1 2.0 1.2 2.4
ethyl-y 0.6 0.5 0.5

“Based on Q values from ref 2a and calculated spin densities from
ref 4a and 15. ®Resolved in ESR spectrum (ref 2a).

'H hyperfine couplings for Col*OEP**2ClO, and Co!'"OEP**-
2CI7, which were resolved by using ENDOR spectroscopy. Based
on the magnitudes of the meso proton hyperfine constants, we
;:onclude that the ground states of both species are predominately
Alu.

Because the ESR spectra of the chloride and bromide ligated
species of Co!"OEP™ proved difficult to power saturate in fluid
methylene chloride solutions, our ENDOR spectroscopy was done
on optical quality 1:1 methylene chloride/toluene glasses at 100
K>l Spectrometer settings were chosen so as to optimize the
resolution of the various ENDOR signals we observed. Owing
to different microwave power saturation characteristics, the op-
timal instrument settings for the halide ligated and perchlorate
ligated species were different. Optical spectra of the glassed
ENDOR samples, taken at 100 K on a Perkin Elmer Lambda
5 spectrophotometer equipped with a N, flow dewar, were identical
with the spectra of the fluid solutions taken at 298 K and es-
sentially identical with previously published room-temperature
spectra of CoMOEP**2Cl10,~, Co'MOEP**2Br-, and
Co!'QEP*+2CI".%™# The chloride and bromide ligated species
have nearly identical visible spectra.

The ENDOR spectrum of Coll'd,OEP**2ClO, readily allows
the assignment of the ethyl 8 and ethyl v hyperfine couplings as
2.6 and 0.6 MHz, respectively (Figure 1B).12  Although the
Co!'OEP**2ClO,” meso « proton and ethyl 3 proton bands overlap
(Figure 1 (parts A and B)), a fairly clear picture of the « proton
hyperfine powder pattern is resolved by subtracting the spectrum
of the meso-deuterated complex (Figure 1C). The meso proton
features display a rhombic powder pattern with turning points
at 3.1, 1.8, and 0.8 MHz (4, = 1.9 MHz).!3!* The ethyl 8 and

(8) The ESR spectrum of Cul'OEP**2ClO," is complicated by coupling
of the Cu(Il) § = 1/2 and = cation radical (ref 6b). Co'llOEP**2CIO,", which
is equivalent to the Cu(ll) species in terms of its optical spectrum, has a
narrow structureless ESR spectrum (7.5 Gp), while the ESR spectrum of
Co""OEP**2Br- is lifetime broadened b?' relaxation coupling to the ligating
bromides (50 Gy, at 50 °C, ref 3). Co UQEP**2CI" has been identified by
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1309-1311).
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Elsevier: Amsterdam, 1975; pp 765-766, 816-817. (c) Falk, J. E. In Por-
phyrins and Metalloporphyrins; Elsevier: New York, 1964; p 798.
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(11) For description of ESR and ENDOR instrumentation, see: (a) O’-
Malley, P. J.; Babcock, G. T. J. Am. Chem. Soc. 1986, 108, 3995-4001. (b)
Bender, C. J; Sahlin, M.; Babcock, G. T.; Barry, B. A,; Chandrashekar, T.
K.; Salowe, S. P,; Stubbe, J.; Lindstrom, B.; Petersson, L.; Ehrenberg, A.;
Sjoberg, B.-M. J. Am. Chem. Soc., submitted for publication.

(12) The relative magnitudes of the OEP ethyl v and ethyl 8 hyperfine
couplings, which have been determined for Cu!OEP* and Au'OEP* by NMR
shifts, are similar to those we observe for ColllOEP**2CI" and Co'llOEP**-
2C10," (ref 6b). In all cases the v proton coupling constant is 16-25% of the
B proton coupling.

(13) For an organic radical in a disordered matrix, & proton ENDOR lines
often display a rhombic powder pattern with turning points at 1.54;,, Ais,
and 0.54;,. (a) McConnell, H. M.; Heller, C.; Cole, T.; Fessenden, R. W.
J. Am. Chem. Soc. 1960, 82, 766. (b) Pooley, D.; Whiffen, D. H. Mol. Phys.
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points.
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Figure 2. ESR and ENDOR spectra of CollOEP**2CI- glassed in 1:1
CD,Cly-dg—toluene at 100 K. Insert: ESR spectrum taken at 0.65 mW
microwave power, 0.5 G, 12.5 KHz field modulation, 200 s sweep time,
200 ms time constant. A: ENDOR spectrum of | mM CollOEP**2CI".
B: ENDOR spectrum of 1 mM Co'lld,OEP*+2CI". ENDOR spectra
were taken at 32.4 mW microwave power, 150 W rf power, 150 KHz rf
modulation, 2000 s sweep time, 10 s time constant, with the magnetic
field set at 3461.0 G (9.7033 GHz).

ethyl v couplings observed in the Co"OEP**2CI" ENDOR spectra
are comparable to those found in the perchlorate ligated species
(Figure 2, Table I). In the spectrum of the chloride ligated
complex the ethyl bands obscure one of the three sets of the meso
proton turning point features. However, from the two resolved
powder pattern features the a proton A, can be estimated as being
between 4 and 5 MHz.

From the McConnell relation (A, = Qp; Q = -76 MHz) and
spin densities derived from SCF MO calculations,?*15 the meso
proton isotropic hyperfine couplings are predicted to be large in
2A,, ground-state radicals but very small in 2A}, systems (Table
I). The meso proton hyperfine coupling constant in the chloride
ligated Co'"OEP™ species is comparable to that observed for the
prototypical 2A |, radical, MgOEP*,% and it is noteworthy that
the visible spectra of these two species are quite similar. The meso
coupling of the perchlorate adduct is even smaller than that of
Coll!lOEP**2CI", and we thus conclude that the ground states of
both species are predominantly 2A,, in character. The perchlorate
ligated species is, if anything, less “?A,,-like” than the chloride
ligated form. Our results are in qualitative agreement with NMR
meso protons shifts indicating greater spin density at the meso
carbon in Co"OEP**2Br relative to CoOMOEP**2C10,; however,
we are puzzled by the lack of temperature dependence reported
for the NMR shifts.®®

The meso proton couplings of MgOEP™*, Co'l'OEP**2Cl", and
Coll"QEP**2C10O," are all similar and close to those predicted for
A, orbital occupancy. They are, however, somewhat larger than
would be expected for a purely 2A;, ground state (Table I).
Similarly, we have observed a ~1.5 G N coupling in the EN-
DOR spectrum of Co"OEP**2ClO,~. This splitting is significantly

(14) All of the ENDOR features of the perchlorate ligated Co'"OEP*
species, whether meso & proton, ethyl 8 proton, or ethyl 4 proton in origin,
are more intense in the lower half of the spectrum. This may indicate that
a cross relaxation step (Am, + Am, = 0) is involved in the radio frequency
enhanced relaxation pathways. Kevan, L.; Kispert, L. D. Electron Spin
Double Resonance Spectroscopy; John Wiley and Sons: New York, 1976.

(15) Fajer, J.; Borg, D. C.; Forman, A.; Dolphin, D.; Felton, R. H. J. Am.
Chem. Soc. 1970, 92, 3451-3459.
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smaller than the 2.2-2.9 G N couplings observed in 2A,, systems
such as ZnTPP*?2 The nitrogen hyperfine coupling in a 2A|,
radical has never been measured directly; however, an estimate
of 1 G for a 1*N coupling would seem reasonable for a purely 2A,,
ground state.>!316 Thus the couplings we observe suggest that
some mixing of the 2A,, state into the 2A, ground state may occur.
This type of mixing has earlier been proposed by O’Malley and
Babcock to account for 'H couplings observed in the ENDOR
spectrum of the oxidized reaction center chlorophyll in the Pho-
tosystem | of plant photosynthetic membranes.!” Recently,
Czernuszewicz et al. have addressed this question for MgOEP™*
and have concluded from Raman spectra that the A,, vibrational
modes mix the 2A,, state into a predominately 2A, ground state.™
While the possibility of orbital mixing and the mechanism by
which it may occur remain to be settied, the ENDOR data we
have presented here indicate that both the dihalide and diper-
chlorate cations are predominately 2A, in character, regardless
of their visible absorption spectra.
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Cytochrome oxidase contains four redox-active centers per
functional unit: cytochromes a and a, and the copper atoms, Cu,
and Cup. Cytochrome ¢, the physiological substrate of cytochrome
oxidase, transfers electrons to the cyt a and Cu, sites. These
reducing equivalents are transferred to the binuclear cyt a4Cug
center, which binds O, and reduces it to H,O. Although the
reaction between O, and cytochrome oxidase occurs too quickly
to be studied by conventional stopped-flow techniques, Gibson and
Greenwood! showed that photolysis of the cytochrome a;2*-CO
complex of the enzyme in the presence of O, could be used to
circumvent this limitation. Babcock et al.2 adopted this approach
and used time-resolved resonance Raman spectroscopy to study
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Figure 1. Time-resolved resonance Raman spectra of cytochrome oxidase
following initiation of the reaction with oxygen at room temperature. The
energy of the 532-nm photolysis pump pulse was 1.3 mJ, sufficient to
photolyze the enzyme-CO complex and initiate the O, reduction reaction.
The energy of the probe beam was 0.3 mJ for spectra A and B'* and 1.0
mJ for spectra C-E. The repetition rate for both the pump and probe
pulses (10-ns duration) was 10 Hz. The pump-probe delay was 10 us
for spectra A~D and 10 ns for transient spectrum E. The accumulation
time was 110 min for spectrum A, 70 min for spectrum B, 5 min for
spectra C and D, and 15 min for spectrum E.

the reaction of fully and partially reduced cytochrome oxidase
with O,. Although instrumental limitations restricted data ac-
quisition to the high-frequency (>1000 cm™) range, they con-
cluded that the reoxidation of cytochrome oxidase proceeds via
a cytochrome a,°*—O, complex that resembles oxymyoglobin and
oxyhemoglobin. Direct detection of iron/bound oxygen ligand
vibrations is necessary to test these conclusions as well as to provide
detailed information on subsequent intermediates in the dioxygen
reduction reaction. To this end we have developed techniques that
allow us to carry out low-frequency Raman detection under
flow/flash conditions; here we report »(Fe?*-0) for an early
intermediate in the cytochrome oxidase/dioxygen reaction.
Consideration of data on dioxygen adducts of other heme proteins
and model hemes indicates that this early intermediate is most
likely the cytochrome a32*-0, complex. Its »(Fe?*-0,) frequency
is elevated relative to that observed for the other systems, however,
from which we conclude that already at 10 us in the oxidase
reaction the O=0 bond is weakened, presumably in preparation
for its rupture in subsequent steps in the reaction.

The experimental techniques used for the measurements of
time-resolved Raman spectra have already been reported® with
the exceptions that the scattering volume was a free jet in air and
that 427-nm excitation was used as the probe wavelength.> The
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