7526 J. Am. Chem. Soc. 1987, 109, 7526-7528

i

98
8p
oo
op "H
AGQ@ Fl
gc
AS@@
\ g0

31P

Figure 2. Partially decoupled 270-MHz 'H-*!P correlation spectrum of
the C3’H region of d(CGCGAATTCGCG), recorded with scheme B.
Both negative and positive peaks are shown. Along the top, a regular
resolution-enhanced *'P spectrum is shown; the inset shows a cross section
through the C3’H cross peak of C1, displaying the antiphase nature of
the doublet components. 'P interactions to the C4’ and C5’ protons are
“decoupled” in the F, dimension. An exponential line narrowing of 1.5
Hz has been used in the F, dimension. Assignment of *'P resonances for
which the C3’H resonances are unresolved was obtained from correlation
with C4’H (supplementary material).

Table I. C3’ H-P Coupling Constants (Hz) in
d(CGCGAATTCGCG), and Dihedral ¢ Angles (Deg)

C3’'H selective

nucleotide scheme A scheme B 'Hflip  enmr®  exuray”
C1 6.4 6.3 6.4 158 156
G2 3.7¢ 3.8 34 172 179
C3 b 5.5 5.8 161 183
G4 b 40 40 170 189
AS 2.8 3.3¢ 2.6¢ 178 180
A6 b 2.8¢ 2.3¢ 181 183
T7 2.74 3.0° 2.3¢ 181 181
T8 3.0 3.4¢ 2,64 177 187
C9 5.0 5.0 5.1/ 163 188
G10 b 39 4.2 170 90
C11 5.2 5.2 5.1/ 164 173

4 C3’H resonance only partly resolved. ®Coupling could not be de-
termined because of overlap of the C3’ protons. “Overestimate of the
actual size of the coupling because of partial cancellation of the anti-
phase doublet components. “*“Pairs of overlapping *'P resonances.
£Based on eq 1, using the average coupling, excluding values labeled
with a and ¢ superscripts. " From ref 9, averaged over the two non-
equivalent strands.

by scheme B. This partial decoupling also gives a significant
increase in sensitivity at the expense of the correlations to the C4/
and C5’ protons that are absent in the spectrum. As shown in
the inset in Figure 2, the Jpy doublet splitting is antiphase. Partial
cancellation of such antiphase resonances will occur if the line
width is of the same order as the coupling constant. This is the
case for the correlations to the C3’ protons of A6 and T7.
Therefore, the Jpyy values measured for these nucleotides represent
upper limits for the actual couplings. Considering that the at-
tenuation caused by partial cancellation within the cross peak is
nearly identical for A6 and T7, the couplings must be of similar
magnitude. These couplings can be measured more accurately
with a selective proton-flip experiment,® the *'P-detected version
of scheme A. Couplings measured with the three different
techniques are listed in Table I. In this table, the corresponding
e angles (obtained by adding 120° to the ¢ angles calculated from

eq 1) are compared with X-ray crystallographic data, showing
substantial differences.” A detailed structural analysis of this
dodecamer, based on coupling constants and NOE buildup rates,
will be presented elsewhere.®

The idea of measuring unresolvable couplings by suppressing
other splittings, using semiselective pulses, is also applicable to
the measurement of homonuclear couplings and can provide in-
formation hitherto inaccessible.
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There is considerable experimental evidence'~!2 supported by
numerous theoretical studies!*"1? to show that the radical cation

* Dedicated to the memory of Dr. Machio Iwasaki who passed away June
17, 1987.

*Author to whom correspondence and requests for reprints should be
addressed.
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Figure 1. First-derivative ESR spectra of the 9,10-octalin oxide radical
cation in CFCl,. The simulated spectra shown beneath the experimental
spectra were calculated (see text) by using the parameters in Table I, a
line width of 2.7 G, and rate constants for ring inversion in 1 of 7.1 X
107 571 (163 K), 5.6 X 107 7! (160 K), 2.50 X 107 s (150 K), and 1.11
X 107 s7' (140 K).

formed from oxirane under both gas-phase and solid-state con-
ditions is the planar C---C ring-opened oxallyl isomer. In fact,
the low barrier to the isomerization'>'%!? usually dictates that only
the ring-opened form can be detected spectroscopically from
monocyclic®12 and bicyclic'b!? oxiranes at 77 K. These elusive
cyclic cations should be accessible, however, in polycyclic oxiranes
where steric constraints prevent C-C opening of the oxirane ring,’
and here we report the first ESR characterization of ring-closed
oxirane cations with a one-electron C-C bond.?

The cation of 9,10-octalin oxide [11-oxatricyclo[4.4.1.06]un-
decane] (1) was generated radiolytically?! in CFCl; at 77 K, and

Ho Ha Ha, He
() () ()
Hy ‘. ‘.. - .} Hy
v " " =~ 9
| '

its ESR spectrum showed a marked temperature dependence below
the softening point (165 K) of this matrix, as illustrated in Figure
1 where simulated spectra (vide infra) are also presented. In terms
of the most stable half-chair transoid ring conformations shown
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Table I. ESR and Related Structural Parameters for the Radical
Cations of 9,10-Octalin Oxide (1) and syn-Sesquinorbornene Oxide
(2) in a CFCl; Matrix

HgCsC,p, H,CsCope
radical B-'H hyperfine dihedral dihedral
cation  couplings®, G angles®, deg  angles¢, deg g
1 35.8 (2H,)* +4.4 (5.2) 7.3 2.0050
258 (QH,)¢  £32.6 (32.3) £27.7
11.5 QH¢ +124.4 (124.4) +122.6
1.5 (2H)4  +87.4 (78.2) +89.0
2 24.2 (4Hp) £(36.3) 2.0069

4The estimated uncertainty in the hyperfine couplings is £1.5 G for
1and £0.5 G for 2. ®Calculated from the hyperfine couplings assum-
ing the Heller—McConnell cos?4 equation,® a planar configuration at
C,, and that the H,CH, and H,CH, phase angles are both equal to
120°. By using these assumptions and the Powell method’ for 2 non-
linear least-squares error minimization, the proportionality constant in
the cos?d equation® was also determined to be 36.1 G. The 4 values in
parentheses were calculated directly from the couplings by using this
latter value. ‘AM1-UHF calculated values for the optimized geometry
having d(C,, C,/) = 2.214 A and planar a-carbons. “H, is axial, anti
to O, and H, is equatorial on the same carbon; H, is axial, syn to O,
and H, is equator]al on the same carbon. ¢Heller, C.; McConnell, H.
M. J. Chenm. Phys. 1960, 32, 1535, /Powell, M, T. D. Comput J.
1964, 7, 303.

in 1, the rigid-limit spectrum for this carbon-centered C, structure
at low temperature is expected to show hyperfine coupling to the
four completely equivalent pairs of 8-hydrogens represented by
H,, Hy, H,, and H,. Also, because the dynamic effect of ring
flipping brings about the interconversion of H, and Hy and of H,
and Hy, the spectrum at elevated temperatures should consist of
a quintet of quintets. However, this fast-exchange limit is not
accessible within the available temperature range, and the key
to the spectral interpretation is the recognition of a novel alter-
nating line width effect.

The usual result of slow exchange effects in the above spin
system is to selectively broaden the M = £1 components in both
the primary (2H,, 2H,) and secondary (2H,, 2H,) quintets.??
Consequently, the unbroadened lines corresponding to the coa-
lescence spectrum normally constitute a triplet of triplets, the
apparent splittings being twice the quintet splittings. However,
the coalescence spectrum at 160 K (Figure 1) also shows a doublet
of doublets with precisely the same splittings as for the aforesaid
triplets. These extra lines are in fact the M; = &1 components
of the primary quintet with a substructure corresponding only to
the M; = £1 components of the secondary quintet. In other words,
the spectrum shows an alternating substructure of triplets and
doublets arising from a change of parity in the line width alter-
nation.

It can easily be shown that this striking effect results from an
internal relation between the coupling constants (Table )%

a(2H,) - a(2Hy) = a(2H,) - a(2H,)
which establishes that the position of line components meeting
the condition
M\(2H,) + M,(2H,) = M(2H,) + M,(2H,)

will remain invariant upon exchange. Our results are illustrated
with the aid of the stick plots in the correlation diagram of Figure

(22) This transoid structure was also calculated to be the most stable for
the neutral molecule with use of the MM2 program,; see, e.g.: Clark, T. 4
Handbook of Computational Chemistry; J. Wiley and Sons: New York, NY,
1985; Chapter 2, p 112.
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(24) It should be noted that this relation does not require that H, and H,
be at one site with Hy and H, at the other, as found in the present case w1th
a(2H,) > a(2H,) and a(2H,) > a(2H,). Retaining these inequalities for
definition purposes, the same relationship between the spin states would also
apply if H, and H, were at one site and H, and H, at the other. This latter
case may in fact be of more general interest in other kinds of exchange
problems since the average coupling at each site now remains the same. In
other words, if the average coupling at each site is the same for the two sites
undergoing exchange, the internal relation between the coupling constants is
prescribed and therefore not fortuitous.
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Figure 2. Stick diagram reconstructions of the 9,10-octalin oxide radical
cation 1 spectra for (a) slow, (b) fast, and (c) intermediate rates of
exchange between 2H, and 2H, and between 2H, and 2H,. The inten-
sities of the line components in stick plot b are shown at half scale, and
the lines connecting the components in plots a and b show the correlations
between nuclear spin states.

2. Thus, the 140-K spectrum in Figure 1 corresponds to the 13
line groups for the rigid-limit spectrum in plot a, while the coa-
lescence spectrum at 160 K fits the reconstruction in plot ¢ of line
components whose resonances remain unaltered by exchange (plots
a and b). Simulations of the temperature-dependent spectra were
made by using the modified Bloch equations for a two-jump
model,? and the interconversion rate constants used to obtain the
fits in Figure 1 obeyed an Arrhenius relation with 4 = 5.6 X 102
s' and E, = 3.66 kcal mol™!., These parameters are very similar
to those reported for ring inversion in the cyclohexyl radical® and
the cyclohexanesemidione radical anion.?

An obvious corollary is that dynamic effects should be absent
in the rigid cation of syn-sesquinorbornene oxide (2). In

1+

agreement, its ESR spectrum showed no temperature dependence
and consisted of a quintet from coupling to the four equivalent
bridgehead hydrogens (Table I). Together with the absence of
significant g-anisotropy for both 1 and 2, the detection of angu-
lar-dependent couplings for hydrogens in 8 positions with respect
to the oxirane ring carbons strongly supports the assignment to
carbon-centered rather than oxygen-centered cations. Although
high-level ab initio MO calculations predict a 2B, ground state
rather than the analogous carbon-centered 2A, state for the
ring-closed parent oxirane cation,!® the change in the state ordering
on going to these rigid species is attributable to the effect of

(25) Ogawa, S.; Fessenden, R. W. J. Chem. Phys. 1964, 41, 994.
(26) Russell, G. A.; Underwood, G. R, Lini, D. C. J. Am. Chem. Soc.
1967, 89, 6636.

alkylation which is known to destabilize the a, relative to the b,
orbital in methylated oxiranes.?’

In fact, AMI calculations?® confirm that 1 possesses a 2A
ground state with transoid C, symmetry. Moreover, the calculated
dihedral angles for the optimized geometry are in excellent
agreement with those deduced from the ESR analysis (Table I).
Also, the AMI calculations reveal that the spin density is largely
concentrated in the 2p orbitals of the a-carbons?® which assume
a nearly planar configuration with a highly elongated C,—C,’ bond
distance of 2.21 A. Clearly, the C-C bond must be very weak
in these intermediate CC(o) species, and their observation is
probably only feasible when rotation about the C-O bonds to the
more stable oxallyl radical cation®'%¢19 is prohibited, as by the
bicyclic ring systems in the present case.
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We report here how the changes in the cyclic voltammetric
(CV) behavior of tris(1,10-phenanthroline)cobalt(III), Co-
(phen);**, in an aqueous medium upon addition of DNA can be
used to probe the interaction between these species. Coordination
complexes of 1,10-phenanthroline and 4,7-diphenyl-1,10-
phenanthroline with Ru(II) and Co(III),'? and other metal
chelates®™ that intercalate between the stacked base pairs of native
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