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do not displace coordinated vanadium(V), indicating that V(V)
is not bound at the anion binding sites.

Criteria for Observable Sharp *'V NMR Lines in Tightly Bound
Systems. The observation of sharp ¥V NMR signals in the present
study contrasts with earlier work in which the signals of pro-
tein-bound vanadate were found to be very broad or even unob-
servable.!%?225 While at the present time our studies do not enable
us to predict 'V NMR line widths quantitatively, the following
qualitative discussion, in conjunction with the scheme of Figure
12 might serve as a useful guide in the search for other suitable
metal-protein systems. In general, the feasibility of 'V NMR
in such systems will depend on the location of r, with respect to
the window of motional correlation times between wy™! and wy, ™.
This is, to some extent, under the control of the experimenter.
Clearly, Figure 8 suggests the use of the highest possible magnetic
field strength. On the other hand, the same effect can, in principle,
be obtained by increasing 7. by lowering the temperature, in-
creasing solvent viscosity, or attaching the atom or molecule under
study to a large macromolecule. This strategy of deliberately
slowing down the reorientational motion in a liquid contrasts
sharply with the opposite approach frequently taken in the extreme
narrowing limit, where efforts are aimed at decreasing correlation
times by either raising the temperature or using low viscosity
solvents.

In addition, the feasibility of 'V NMR will depend on the
minimum achievable line width within this window, which is
essentially a function of the electric gradient tensor at the site
of the *1V nucleus and the 'V NMR line width outside of the
motional narrowing limit. The latter is usually governed by either
the 31V chemical shift anisotropy or (at low fields) second-order
quadrupolar perturbations, and thus depends also on the external
field strength used. In general, sharp lines are expected for
symmetric environments with small quadrupolar coupling constants
and chemical shift anisotropies. However, it is clear from the
above discussion, that under nonextreme narrowing conditions the

(45) Rehder, D. Inorg. Chem. 1988, 27, 4312, See ref 10 herein.

external magnetic field strength plays a much more crucial role
in balancing the effects of relaxation broadening and static
broadening, and thus 'V NMR signals observable at 11.7 T might
in certain cases be broadened beyond detectibility at a field
strength of 1.4 T or vice versa.

Implications of the Nonextreme Narrowing Condition for
Quantitative Spectroscopic Applications. In the present study, the
nonextreme narrowing condition results in the benefit of excellent
spectroscopic resolution which for most 'V NMR applications
is usually not achievable in the extreme narrowing limit. On the
other hand, this motional regime impacts certain quantitative
spectroscopic aspects of quadrupolar solution-state NMR, which
have to be borne in mind in future applications. First, the detection
sensitivity is decreased by a factor of 5 (for I = 7/,), hence
requiring the use of more concentrated solutions. In the case of
1V NMR of proteins we estimate a lower detection limit of 0.05
mM in 10-mm NMR tubes on 11.7-T magnets. Additional
complications arise from the flip-angle effect. Future chemical
applications will require systematic monitoring of the pulse angle
dependence over the entire chemical process to be studied and
quantitative accounting for any changes observed in the excitation
spectrum. Finally, chemical shifts will have to be viewed with
some caution, since dynamic frequency shifts will contribute to
the resonance positions measured. The latter can be evaluated
by field-dependent measurements and at the maximum available
field strength. Notwithstanding these methodological constraints,
quadrupolar central transition NMR in the nonextreme narrowing
limit is expected to offer many interesting new possibilities in future
studies of metal protein interactions.
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Abstract: Carbonylbis[3-(2-oxa-3-azabicyclo[2.2.2]octane)] (3) has a vIP of 8.20 eV and E°’ of 1.17 V vs saturated calomel
electrode (0.1 M n-Buy,NCIO,/CH;CN). The X-ray structure of crystalline 3, which exists in a conformation with one NO
group Z and the other E to the carbonyl group, is reported. 3 gives a cation radical having its “hole” instantaneously localized
on one NO unit. Analysis of the low-temperature ESR spectra of 3** in CH,Cl, for electron transfer between two equivalent
sites gave AG?,, near 3.5 kcal/mol between -84 and —30 °C. 3** exhibits a near-IR charge-transfer band which varies between
1320 nm in CHClI; and 1260 nm in CH;CN, and the band energy versus Marcus 4 value plot for five solvents is linear, as
expected for instantaneous hole localization. Extrapolation of this plot to ¥ = 0 gives a value of X; of 20.5 kcal/mol, producing

a A, value of 2.1 kcal/mol in acetonitrile using Hush theory.

The 2-oxa-3-azabicyclo[2.2.2]octyl ring system 1-R has proven
useful for study of electron loss equilibria as the R group is
changed. The bicyclic ring system Bredt’s rule kinetically protects
hydrogen loss « to both heteroatoms of the alkoxyamine unit, and
long cation-radical lifetimes are observed even when R is a pow-
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erfully electron-withdrawing carbonyl group and electron loss is
thermodynamically difficult.! A principal conclusion from a study
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Figure 1. Atom numbering employed for the X-ray crystal structure of
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Figure 2. Bond lengths and angles about the heteroatoms for crystalline
3.

of 1-R derivatives was that the cation radicals are best described
as having a 3e-7 NO bond even for acylated compounds like the
N-formyl derivative 2,! Neutral 2 clearly has strong amide
resonance; the nitrogen atom is planar (the average of the bond
angles at N, a(av) = 119.8°), the C=0 group is aligned with
the p orbital at nitrogen (the ON,C=0 dihedral angle is 1.5°
in crystalline 2, although the E form is more stable in solution),
and N,C=0 bond rotation is slow on the NMR time scale at room
temperature. 2°* was argued from its spin distribution and from
calculations to have little N-CO resonance interaction.! In this
work we consider electron loss from the urea derivative 3, which
has two formally equivalent sites for NO 3e~= bonds in the cation
radical. If the above conclusion about bonding in 1-R cation
radicals is correct, the “hole” in 3** might be localized in one of
the bicyclic rings, and the kinetics of electron transfer between
them could be considered. We argue that 3** does exhibit slow
electron transfer between its hydroxylamine units and carry out
a Hush analysis of its optical spectral properties.

Results

Neutral 3. 3 was prepared by acylating 2-oxa-3-azabicyclo-
[2,2.2]oct-5-ene hydrochloride with 1-COCI, followed by catalytic
hydrogenation, a method similar to that used for the compounds
previously studied.! Its X-ray crystal structure was obtained and
the atom numbering shown in Figure | used (the atom positions
in the line drawing shown are a projection of those in the crystal),
where it may be seen that hydroxylamine units are unsymme-
trically disposed with respect to the CO group. The N(1)O(2)
hydroxylamine unit is s-cis (Z) to the C=0 group and the N-
(2)O(3) units s-trans (E). The bond lengths and bond angles about
the heteroatoms are shown in Figure 2. Close intramolecular
nonbonded distances are O(1)0(2) (2.60 A), O(3)N(1) (2.62 A),
and O(1)C(10) (2.74 A), all significantly less than the ca. 2.9

van der Waals contact distance for these atoms. It will be noted
that both nitrogens are substantially pyramidal, but the carbonyl
carbon is planar [a(av) at C(13) is 120.0°]. «(av) at the Z
hydroxylamine nitrogen N(1) is 112.7° [“70% pyramidalized”
from a(av) = 120° for a planar atom toward the 109.5° for a
tetrahedral one], while that at the £ hydroxylamine nitrogen N(2)
is 114.3° (54% pyramidalized). The direction of pyramidalization
of the nitrogens is that which relieves the serious nonbonded steric

(1) Nelsen, S. F.; Thompson-Colon, J. A.; Kirste, B.; Rosenhouse, A.;
Kaftory, M. J. Am. Chem. Soc. 1987, 109, 7128.
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Figure 3. Projection of the atom positions about the heavy atoms of 3.

Table I. PES and CV Data® for Some
3-Acyl-2-0xa-3-azabicyclo[2.2.2]octanes

compd vIP, eV E®(EpH, V
2¢ 8.53 1.52 (0.07)
4° 8.13 1.15 (0.07)
3 8.20 1.17 (0.10)

?Conditions: 2 mM in 0.1 M »-Bu,NCIO,/CH,CN, scan rate 0.2
V/s at a Pt electrode, reported vs saturated calomel reference elec-
trode. ®Difference between the oxidation and reduction peak poten-
tials. ¢From ref 1.

interactions in this rather congested compound, as may be seen
in Figure 3, in which only the atoms attached to the heteroatoms
are shown for clarity, along with the dihedral angles the atoms
attached to nitrogen make with the C=0 group. Assuming that
the nitrogen lone-pair axes lie along the bisector of the CNO angles
in Newman projections down the N—C=0 bonds, the dihedral
angle between the more pyramidal Z hydroxylamine N(1) axis
and the carbonyl carbon p orbital axis is 31.8°, while the flatter
E hydroxylamine N(2) lone pair is perfectly aligned for conju-
gation with the carbonyl carbon p orbital axis (dihedral angle
0.1°). The N—C==0 distances in 3 are similar, and both sig-
nificantly longer than the 1.319 A of the planar nitrogen N-formyl
compound 2. The torsional twist angles of the bicyclo[2.2.2]octyl
rings are substantially different. The Z alkoxyamine bicyclic ring
resembles that of crystalline 2 (which is also Z) in being nearly
untwisted [the C(1)N(1),0(2)C(4) dihedral angle is 4.1°], and
the dihedral angle between the O(2) p orbital and the N(1)
lone-pair axes is 28.4°. The E alkoxyamine bicyclic ring is sig-
nificantly twisted [C(10)N(2),0(3)C(7) angle -23.4°], which
decreases the destabilizing O(3) p orbital, N(2) lone-pair inter-
action (dihedral angle 45.6°).

Cation Radical 3. The gas-phase vertical ionization potential
(vIP) measured by photoelectron spectroscopy (PES) and ace-
tonitrile solution formal oxidation potential (E°’) measured by
cyclic voltammetry (CV), for 3 are compared with these data for
its formyl- (2) and dimethylcarbamoyl- (4) substituted analogues

0]
&NJ\N/
o |
4

in Table I. The amide carbonyl substituted 1 derivatives 3 and
4 are both significantly easier to oxidize [8.3 (2) kcal/mol] than
is the formyl-substituted compound 2. Despite the possibility of
extra stabilization for 3** by charge delocalization over both
alkoxyamine units, E°®’ for 3 is no lower than that for 4, which
has only one alkoxyamine unit which clearly bears the majority
of the spin in the cation radical from the ESR spectrum of 4°*.
4'* has a nitrogen splitting of ~17.0 G, significantly higher than
that of the formyl-substituted compound 2**, which has a(N) of
13.43 G.! The ESR spectrum of 3** was studied by generating
this cation by tris(2,4-dibromophenyl)aminium hexachloro-
antimonate (5; E°’ = 1.70 V) oxidation of 3 in methylene chloride.

Br

Br @)gN"SbCle‘

5
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Figure 4. Experimental (left) and simulated (right) ESR spectra of 3°*.
The simulations use a(2H) = 5.0, a(2H) = 2.4, inherent line width 1.38
G, and the nitrogen splittings and exchange rate constants shown in Table
11.
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Table II. Best Fit Parameters for Simulation of the ESR Spectrum
of 3**

Ty °C a(N), G klha S-l AG*lha
-83. 18.04 3.7¢ X 10® 3.51 [11]
—65.4 18.3, 8.8, X 108 3.50 [7]
—47. 18.3¢ 1.7¢ X 10° 3.48 [8]
-29.5 18.5¢ 4.4 X 10° 3.46 [13]

9 Units, kilocalories per mole. Numbers in brackets are errors in the
last place quoted estimated at the 95% confidence level. Activation
parameters calculated from these data are AH*, = 3.7 & 0.7 keal/mol
and AS*,, = 0.9 £ 3.4 cal deg™! mol™!.

The half life of 3°* at room temperature under these conditions
was estimated to be 1 h from the decrease of its ESR signal
intensity; that for 4°* under the same conditions is ~ 10 min. The
room-temperature ESR of 3** exhibits five broad lines for two
equivalent nitrogens, a(N) about 9.35 G. As for 4**, the proton
splittings were not resolved. Decreasing the temperature causes
fine structure to appear in the center and outer lines, and the
relative intensity of the intermediate lines decreases, as expected
for slowing the rate of electron transfer between the NO units
of 3**. The ESR spectra of acylated 1 cation radicals for which

Hax 0

A
H

" Sx N R
6x O/

1-COR

good resolution was achieved exhibit two 2H splittings for the exo
hydrogens, the larger (range 4.0-4.5 G) assigned to H(5x,8x),
which increases as the nitrogen splitting increases when the acyl
substituent at N(2) is changed, and the smaller (range 2.3-3.1)
assigned to H(6x,7x), which decreases as the nitrogen splitting
increases.! In addition, splittings under 1 G were resolved in
favorable cases for H(5n,8n), H(1), and the hydrogens in the acyl
substituent. For example 2°* shows a(H(5x,8x)) = 4.11, a(H-
(6x,7x)) = 2.35, a(H(5n,8n)) = 0.71, and a(H(1,CHO)) = 0.56
G.! The ESR spectrum of 3** was simulated at various tem-
peratures using a(2H) = 5.0 G, a(2H) = 2.4 G, and a line width
of 1.38 G, adjusting for best visual fit varying a(N) and the rate
constant for thermal electron transfer between two equivalent sites
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Figure 6. Near-IR spectrum of 3** in CH,;CN, along with a Gaussian
sum fit to the first two bands (Ayex = 1250 nm, vy, = 280 nm, absor-
bance 0.61; Ayay = 980, vy, 220 nm, absorbance 0.40). The solution was
initially 0.98 mM in § and 6.1 mM in 3.

(the two bicyclic rings), k. The experimental and simulated ESR
spectra are compared in Figure 4, and the simulation parameters
are listed in Table II. These numbers give the Eyring plot shown
as Figure 5, which has a correlation coefficient of -0.994, and
an extrapolated AG*; at 25 °C of 3.4 + 0.3 kcal/mol.

The optical spectra of 3** and 4** in the UV and visible regions
were examined by using electrolytic generation in acetonitrile
containing 0.1 M tetrabutylammonium perchlorate to avoid in-
terference problems from chemical oxidants. Neutral 4 shows
a maximum at 255 nm (e 2200 M ¢cm™), and increased ab-
sorption after partial oxidation (concentration of 4°* not known
because decomposition is occurring) indicates maximums at ca.
230 and 390 nm for the cation radical. Neutral 3 has a maximum
at 219 nm (e 3600 M~! ¢cm™), and increased absorption was also
observed both near the maximum of neutral 3 and near 400 nm;
but in addition, 3** exhibits three broad, overlapping near-IR
bands. The spectrum in 0.1 M CH;CN/tetrabutylammonium
perchlorate shows maximums at 1250 (e 630 M1 cm™), 980 (410),
and 855 (280) nm. The e values were estimated by assuming a
100% yield of 3** in the oxidation of an excess of 3 with a known
amount of 5. The near-IR spectrum of 3** in acetonitrile gen-
erated by 5 oxidation is shown in Figure 6 along with a Gaussian
sum fit of the two longer wavelength bands. The near-IR of 3**
was only studied at room temperature. The near-IR absorption
for 3** seems clearly to be associated with the presence of two
NO groups in the molecule, as it is not observed for 4**. The
solvent dependence of the longest wavelength maximum appears
in Table III. 5 proved to be too unstable in DMSO to allow use
of this solvent, and we were unable to get enough 3 to dissolve
in ethyl carbonate to use it.
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Table III. Solvent Effect on Near-IR Absorption Maximum of 3**¢

solvent Marcus y Am, NM Ey
CHCl, 0.266 1320 21,6
CH,Cl, 0.381 1305 219,
PhNO, 0.384 1300 22.0,
PropC¢ 0.481 1280 22.3,
CH,CN 0.526 1260 22.7,

4Generated by § oxidation. ?Units, kilocalories per mole.

¢Propylene carbonate.

Discussion

Mixed-valence transition-metal complexes offer simplified
controlled electron transfer systems in which the distance between
the redox sites is fixed by ligands that bridge the metals. The
relationship between their intervalence transfer (IT) optical ab-
sorption bands and thermal electron transfer properties was de-
veloped by Hush.2 We shall only consider dimeric mixed-valence
compounds in which the redox sites are formally identical, the
seminal first example of which, 6, was reported in 1969 by Creutz

/~\
(NHg)sRuTT —N N—RuIII(NHg)
3’8 5
6

and Taube® and was followed by a blossoming of research in the
area.*

Although the nature of the redox sites is obviously quite dif-
ferent in organic cation radicals and transition-metal mixed-valence
complexes, 3** does have formally identical physically separated
sites for the hole and shares with metal complexes the spectral
property of a solvent-sensitive near-IR band. We shall discuss
its optical spectrum in terms of a classical Hush analysis. Robin
and Day? classified mixed-valence metal compounds on the basis
of the degree of resonance interaction between the metal centers:
Class I is used for compounds having such firmly trapped valences
that there is no resonance interaction and hence no intervalence
transition, class II for compounds with trapped valences that have
slight delocalization (this is the class to which Hush thenry ap-
plies), and class III for fully delocalized systems without separate
energy minimums for metal atoms in different oxidation states.
Applying the Robin and Day classes to organic compounds, the
cation radicals of bis(hydrazines) 7 and 8¢ show no intervalence

/N N N\

\N/\N/
N N
NN MeoN / -
2N NMe3 9
7
8

absorption’ despite the fact that it ought to occur in the visible
region, where sensitivity for its detection is high. We suggest that
these bis(hydrazine) cation radicals should be considered class
I organic cation radicals. Such large relaxation energies (energy
difference between the vertical cation radical and the relaxed,
adiabatic cation radical) occur upon electron loss from most

(2) (a) Hush, N. S. Trans. Faraday Soc. 1961, 57, 557. (b) Allen, G. C;;
Hush, N. S. Prog. Inorg. Chem. 1967, 8, 357. (c) Hush, N. S. Ibid. 1967,
8, 391. (d) Hush, N, S. Electrochim. Acta 1968, 13, 1005. (¢) Hush, N. S.
Chem. Phys. 1975, 10, 361.

(3) (a) Creutz, C.; Taube, H. J. Am. Chem. Soc. 1969, 91, 3988. (b)
Creutz, C.; Taube, H. Ibid. 1973, 95, 1086.

(4) (a) Creutz, C. Prog. Inorg. Chem. 1983, 30, 1. (b) Cannon, R. D.
Electron Transfer Reactions; Butterworths: London, 1980. '(¢) Meyer, T.
J. Acct. Chem. Res. 1978, 11, 94. (d) Sullivan, B. P.; Curtis, J. C.; Kober,
E. W.; Meyer, T. J. Nouv. J. Chim. 1980, 4, 643. (e) Taube, H. Ann. N.Y.
Acad. Sci. 1978, 481. (f) Meyer, T. J. Ibid. 1978, 496.

(5) Robin, M. B.; Day, P. Adv. Inorg. Radiochem. 1967, 10, 247.

(6) (a) Nelsen, S. F.; Hintz, P. J.; Buschek, J. M.; Weisman, G. R. J. Am.
Chem. Soc. 1975, 97, 4933. (b) Nelsen, S. F.; Willi, M. R.; Mellor, J. M,;
Smith, N. M. J. Org. Chem. 1986, 51, 2081.

(7) Kim, Y., unpublished work.
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Figure 7. Hush diagram for a dimeric species with neutral and cation-
radical centers.

Table IV, Comparison of A; and A, Values Obtained from eq 1-3 for
Urea Cation Radical 3** with Diruthenjum Complexes 10-12

compd A A? (CH;CN) dtA
3+ 20.5 2.1
10 16.2 5.8 6.9
11 16.8 12.3 11.1
12 17.8 13.1 13.2

4 Units, kilocalories per mole. Entries for 10-12 are calculated (see
ref 10) from the data of ref 9c, which lists 6.7, 12.5, and 16.1 for A, of
10-12, respectively. ?Estimated Ru,Ru distance (ref 9c).

hydrazines (approximately 1-1.5 eV)? that there is apparently
no significant resonance interaction even when reduced and ox-
idized hydrazines are forced to lie close to each other in space.
We are not aware of any example of an organometallic dimer
mixed-valence class I complex and suspect that quite large re-
laxation energies upon electron loss are required for Class I be-
havior. Many examples of class III organic cation radicals are
known, such as the cation radical of tetramethyl-p-phenylene-
diamine (9). 9°* could have different nitrogens, but instead clearly
exists as the delocalized cation with equivalent nitrogen atoms.
We do not doubt that many examples of class II organic cation
radicals are also possible, but are not aware of a previous attempt
to carry out a Hush analysis of one.

According to Hush theory, the energy of the IT absorption band,
E,, corresponds to the energy for vertical ET between the sites,
making the thermal ET barrier, which we shall call AH*,, (Eyring
rate theory is often not employed, but £, is an enthalpy, not a
free energy) one-quarter E,, because of the parabolic shape of
energy wells (eq 1; see Figure 7 for a pictorial representation).

Eq = 40H%, (1

E,, (which is the same as the Marcus A value for these systems)
is separated into inner shell, A; (internal geometry reorganization),
and outer shell, A, (solvent reorganization), terms (eq 2). This

Ep=XN+X 2)

solvent reorganization term is numerically calculated in eq 3.
A, = 332.4g(r,d)y 3)

glrd)y=1/r-1/d (4

Equation 3 uses a dielectric continuum model with the distance
parameter g(r,d) (eq 4) which is calculated from r, the effective

(8) (a) Nelsen, S. F.; Blackstock, S. C.; Kim, Y. J. Am. Chem. Soc. 1987,
109, 677. (b) Nelsen, S. F.; Rumack, D. T.; Meot-Ner (Mautner), M. Ibid.
1987, 109, 1373. (c) Nelsen, S. F.; Rumack, D. T.; Meot-Ner (Mautner),
M. Ibid. 1988, 110, 7945.
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Figure 8. Comparison of Marcus—Hush plots for 3** and 10-12. The
points measured in water are filled. The lines are linear regressions
ignoring the water points, extrapolated to ¥ = 0, where Ep is A,

radius of the localized charge represented as a sphere centered
at the metal atom, and d, the distance between the centers of the
metal atoms. The Marcus solvent parameter, v, is defined in eq
5, where n is the refractive index of the solvent at the sodium D

y=1/nt-1/¢ (&)

line and e its dielectric constant. The constant quoted in eq 3 is
that necessary to give A, in kilocalories per mol when the distances
in g(r,d) are in A, Both the predicted linearity of E,, versus v
plots and the 1/d dependence are found experimentally.* These
equations allow separation of the solvent reorganization (A,) from
the internal geometry reorganization (X;) portion of E,, and allow
evaluation of » from the d value, which is rather accurately known
from the known geometry of the bridging ligand. These equations
are commonly assumed to give accurate AH*,, values, which are
extremely difficult to determine experimentally for dimeric
mixed-valence metal compounds.

Figure 8 shows a Marcus-Hush plot of E,, versus v for 3°*
(as the circles), along with plots of Meyer’s series of class II
ligand-bridged diruthenium bis(Bipy) chloride (LRu) compounds®
10-12 for comparison, and Table I'V shows some data derived for

Ol e
N
N l / \
} Ru = L3Ru LsRuII —N O N—RuITILg
2 "~/

N
O 10

LSRUII o N@—@N_RUIIILS

1"

LaRuII—N O 4

12

these four compounds by using eq 1-3. It will be noted that the
E,, values for 3** plot as well versus v as those for 10-12, and
extrapolation to vy = 0 gives A; of 20.5 kcal/mol for 3**. This

O N—RuIII 4

(9) (a) Powers, M. J.; Salmon, D. J; Callahan, R. W,; Meyer, T. J. J. Am.
Chem. Soc. 1976, 98, 6731. (b) Callahan, R. W.; Keene, F. R.; Meyer, T.
J.; Salmon, D. J. Ibid. 1977, 99, 1064. (c) Powers, M. J.; Meyer, T. J. Ibid.
1980, 102, 1289.
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is of the order expected from previous work on acylated hy-
droxylamines. Deviations of E°’ values for 2 and hydrazine 13

Ky
N/
\

13

in E°’ vs vIP plots from the line formed by compounds with small
reorganization energies upon electron loss indicate that the internal
relaxation energy for 3 is ~46% that of 13.! The enthalpy of
cation-radical relaxation, AH,, for 13 has been measured at 23.3
keal/mol in the gas phase.®* We have pointed out that AH, is
close to half of the Marcus A, value.?

Despite the reasonable size of the A; value obtained from Figure
7, the sensitivity of E, to changes in solvent polarity is far smaller
for 3** than it is for any of the diruthenium intervalence com-
plexes.!®!!  For 10 and even 11, the Marcus-Hush charge spheres
interpenetrate. Powers and Meyer estimated » at about 6.0-6.4
A, greater than d/2 for both compounds (Table IV).* Neither
d nor r is simply defined for an organic compound, but the charge
spheres would be expected to interpenetrate even more for 3°*,
and the rationalization for eq 3 assumes that solvent is between
spheres representing the charge centers. It does not seem sur-
prising that the effect of solvent is substantially less than predicted
by eq 3 and 4 (as it is for 10).19 There is little room for solvent
between the bicyclic rings of 3°*.

Hush? derived the relationship between near-IR band position,
Pmax, and its minimum full width at half-height Ay, ,, for sym-
metrical, homonuclear organometallic IT complexes shown as eq
6. Equation 6 has proven very useful in assigning mixed-valence

Aul/z(cm‘l) = 48.06(vpq0)!/? (6)

dimers because Robin-Day class II compounds reliably show A»,
values slightly larger than the eq 6 prediction. On the basis of
over 100 complexes, Creutz* has stated that if the near-IR band
is narrower than eq 6 predicts, the complex is class III. For
example, the original Creutz-Taube dimer 6 shows Ay, of 1.4
X 103 em™, only 16% that of the eq 6 prediction, and complex
14 shows Ap)/, of 2.1 X 103 ecm™, 48% of the eq 6 prediction.!?

.
¢
NZ x
- ~
(NHgz)gRUTE RuTTT(NHy)g
14

N

Both are assigned as class I1I complexes,* are significantly more
stable relative to their redox homovalent relatives than would be
expected if resonance stabilization were not occurring, and do not
exhibit the linear solvent sensitivity with vy characteristic of class
IT complexes.

(10) The numbers in Table 1V differ somewhat from those in ref 9, because
we did not use the water data for any of the compounds in determining the
lines for extrapolation to v = 0. It is well established from intermolecular
kinetics studies that vy values for water and other hydroxylic solvents are
inappropriate ones for comparison of rates with those obtained in non-
hydroxylic solvents.!! The water point was used in determining the line for
10 and 12 but not 11 in ref 9c. Unfortunately the E, value for 12 plotted
in their Figure 1 is clearly not that obtained from the A, quoted in their Table
1V. The correct value for 12 in water deviates as much as that for 11 (see
our Figure 7). We believe it should be noted that eliminating the water points
affects the agreement of the experimental data for 10~12 with Marcus-Hush
theory in two ways. A; now appears to increase slightly with d; it should not.
Agreement of the A,(CH;CN) values calculated by substituting Meyer’s
estimated 4 and r values® into eq 4 and 3 with those obtained from the solvent
variation study is substantially improved: A, values of 3.8 kcal/mol for 10
(34% too low relative to the solvent variation result, Table 1V), 11.5 for 11
(7% too low), and 13.6 for 12 (4% too high). Agreement is excellent at larger
d, and as Meyer and co-workers point out, good agreement is not really
expected at small 4.5

5 (11) Grampp, G.; Jaenicke, W. Ber. Bunsenges. Phys. Chem. 1984, 88,
325, 335.
(12) Krentzien, H.; Taube, H. J. Am. Chem. Soc. 1976, 98, 6379.



2814 J. Am. Chem. Soc., Vol. 111, No. 8, 1989

3'* shows anomalous near-IR absorption compared to or-
ganometallic complexes in that three partially resolved bands that
decrease in ¢ as the wavelength becomes shorter are observed. The
longest wavelength band used in the analysis above is obviously
too narrow to fit eq 6. It is centered at 1250 nm (8 X 10° ¢cm™)
in CH;CN/0.1 M n-Bu,ClO, and is simulated (Figure 6) as a
Gaussian peak with full width of 280 nm (A»;/; = 1.8 X 10* cm™)
while the eq 6 prediction is 4.3 X 10° cm™!. Nevertheless, 3**
experimentally is not a delocalized, “class III” cation radical, but
has its hole instantaneously centered on one of its NO units. As
noted in Results, 3 is thermodynamically no easier to oxidize than
is 2, which only has one hydroxylamine unit to bear the spin and
charge; the dynamic ESR spectrum of 3** is consistent with spin
transfer between the two units becoming slow at low temperature,
and the solvent dependence for the near-IR band of 3** is con-
sistent with this localization. Furthermore, a substantial relaxation
enthalpy is associated with electron removal from a hydroxylamine,
and although ROR’N,C=O0 conjugation is large in the neutral
compound, it is essentially lacking in the cation radical.! Both
nitrogens must share conjugation with the C=0 group in neutral
3, but in the cation radical, the reduced nitrogen ought to be able
to increase its N,C=0 resonance interaction, and the spin localize
at the other NO unit, accompanied by a 90° twist about one
N—-(C=0) bond. Semiempirical MO calculations do predict such
localization in urea cation radicals, and it has been observed
experimentally for matrix-isolated tetramethylurea cation radical.!®
Perhaps one should consider not just the longest wavelength band
but all three near-IR bands in comparing to the Hush band width
eq 6. The total width of the three near-IR bands of 3°* at
half-height of the maximum is ~5.7 X 10% cm™, rather larger
than the usual increase over the eq 6 prediction that is observed
for bimetallic intervalence dimers. We do not know why the
near-IR region of 3** shows three narrow bands instead of the
broad band typical for organometallic compounds, or why the
overall shape of the three bands is so non-Gaussian (the largest
€ component comes at the longest wavelength). We do not doubt
that 3** has substantial hole localization in one bicyclooctyl ring,
and that the near-IR absorptions observed are connected with
charge transfer.!*

Dynamic ESR experiments conducted over a 54 °C range gave
estimates of AG*, (25 °C) of 3.4 (3) kcal/mol and AH*, of 3.7
(7) keal/mol in methylene chloride. This thermal ET barrier is
less than the 5.5 keal/mol E,,/4 value in the same solvent. Hush
pointed out that class II complexes must have some resonance
interaction, H g, to allow crossing between the energy surfaces
of the two largely localized ET forms (see Figure 7 for a pictorial
representation). Hush uses eq 7 to replace eq | when H,p is

Elh = Eop/4 - HAB + (HAB)Z/Eop (7)

significant compared to E,,/4. Using E;, as 3.4-3.7 keal/mol,
eq 7 gives H,p in the range 2,35-2.2 kcal/mol. Hush uses the
fractional delocalization at the transition state for ET, o?, cal-
culated from eq 8 with eq 9 to estimate the size of H,p for

o = (4.2 X 107*) eaxAry )2/ Vmaxd” (8)
HAB = OVmax (9)

binuclear metal IT complexes. A difficulty in applying these
equations to organic systems is that the structures do not have
a clear single-charge center to allow definition of d (we note that
this problem also exists in attenuated form for organometallics,
and that Meyer’s group ended up changing 4 from the Ru,Ru
distance in interpretation of the effect of 4 on the optical properties

(13) Qin, X.-Z.; Pentecost, T. C.; Wang, J. T.; Williams, F. J. Chem. Soc.,
Chem. Commun. 1987, 450.

(14) A reviewer suggested that vibronic coupling might be the cause of the
multiple bands in the near-IR of 3**, which would make the classical Hush
analysis inadequate. As pointed out in the next paragraph, the classical
analysis does not seem very adequate. The 1250 and 980 near-IR bands of
3** are separated by ~2200 cm™l. The IR spectrum of solutions containing
3** show medium intensity bands near 1780 and 1610 cm™!, but only very
weak absorption near 2000 cm™!.

Nelsen et al.

of 10-12). Using the shortest conceivable distance for 3**, the
2.33 A NN distance, gives o2 of 0.011, while it is 0.006 employing
the 3.3 A average of the NN and OO distances in the perpen-
dicular NO geometry expected for 3°*, when the observed 1.8 X
10? em™ band width of the 1250-nm (8.0 X 10% cm™) band is
employed. Equation 8 predicts under 1% delocalization for 3°*
if these assumptions are made. If the 5.7 X 10> cm™ band width
embracing all three observed near-IR bands is employed, o is
still under 2% if d is over 3.3 A (itis 0.017 at d = 3.3 A). With
eq 9, an «? of 0.01 is consistent with the ca. 2.3 kcal/mol H,g
value that fits the dynamic ESR, E,, comparison using eq 7.
Although 3 is no easier to oxidize than 4, we do not believe this
rules out a 2.3 kcal/mol (0.1 eV) value of Hag for 3**. E° s
determined by the energy gap between the neutral compound and
its relaxed cation radical, while H,p refers to resonance delo-
calization at the transition state for electron transfer. For a
compound with a rather large relaxation enthalpy, such as 3,
resonance delocalization in the relaxed cation radical and at the
transition state for ET should be substantially different.

Conclusion

The bis(/V-alkoxyurea) derivative 3 gives a cation radical that
is usefully considered an organic analogue of class II bimetallic
IT complexes. 3°* shows near-IR absorption corresponding to
charge transfer, and the solvent effect on E,;, using a standard
Marcus—Hush solvent polarity change analysis produces a large
A; value consistent with expectation based upon independently
determined relaxation energies of N-acylmonoalkoxylamine cation
radicals. The thermal barrier to ET in 3%, ca. 3.5 kcal/mol, is
significantly less than E,,/4, but is consistent with a ~2 kcal/mol
lowering of the ET barrier caused by delocalization between the
hydroxylamine centers (which are close in space) at the ET
transition state.

We suggest that the principal reasons for interest in dimeric
organic cation radicals in the context of Marcus—Hush theory are
that it is far easier to measure thermal barriers for them because
of more favorable magnetic properties of first-row elements than
transition metals and because significant structural variations are
easier to achieve. Much is now known about how AH, varies with
structure for nitrogen-containing cation radicals,® and cation
radicals exhibiting both class I and class III behavior are known.
We hope to be able to probe the regions of transition in behavior
and, most importantly, to explore the effects of changing distance
between the charge-bearing centers. Unfortunately, preliminary
work not worth presenting in detail has shown that acylated 1
derivatives are not the compounds to use for these studies. 3°*
proved to be uniquely long-lived in solution, and analogues with
its carbonyl group replaced by oxalyl, terephthalyl, and hexa-
hydroterephthalyl units all proved to lack the lifetime necessary
to make the measurements reported here for 3°*.7 We are now
surveying for more robust charge-bearing units with the desired
intermediate AH, values to use in studies that vary the distance
between the units.

Experimental Section

Carbonylbis[3-(2-oxa-3-azabicyclo[2.2.2]octane)] (3). A mixture of
0.30 g (1.88 mmol) of 2-oxa-3-azabicyclo[2.2.2]oct-5-ene hydrochloride
and 0.35 g (1.99 mmol) of 1-COCl in 3 mL of methylene chloride was
stirred for 12 h at room temperature and extracted with brine, and the
aqueous layer was extracted twice with 5-mL portions of ether. The
organic layers were dried over magnesium sulfate and concentrated to
give 0.26 g (56%) of monounsaturated 3, which was hydrogenated in
ethyl acetate over 10% Pd/C, giving 3 in 97% crude yield. The product
was filtered through Celite, which was washed with methylene chloride.
After concentration, the crude material was washed through a pad of
neutral alumina (activity grade 1) with 1:1 ethyl acetate/hexane, con-
centrated, and recrystallized (ethyl acetate/hexane), giving 3, mp
160-161 °C. Empirical formula was established by high-resolution mass
spectroscopy: 'H NMR (CDCl,) 6 4.13 (brs, 4 H), 2.18 (m, 8 H), 1.66
(m, 8 H); 3C NMR (CDCl,) § 71.5 (CH), 49.0 (CH), 24.8 (CH2), 23.3
(CH2); IR (CHCly) 1565 cm™.

Crystallography of 3: C,3H,,N,0;; orthorhombic space group Aba2;
a=10.247 (5), b= 21.109 (11), ¢ = 11.520 (6) A; the calculated density
for z = 8 is 1.344 g/cm®. The crystal structure was solved by MULTANS0'
and refined by SHELX.!* The refinement was performed in a full-matrix



J. Am. Chem. Soc. 1989, 111, 2815-2821 2815

Table V. Heavy-Atom Coordinates (X10%) and U, {'/; Trace U
(A2 X 10%)] for 3

atom X Y VA Ug

o(l) =200 (4) 2124 (2) 1708 S8 (1)
0(2) -2263 (4) 1547 (3) 2495 (6) 70 (1)
0@3) 1309 (4) 782 (2) 2855 (5) 46 (1)
N(1) -998 (4) 1319 (2) 2854 (6) 43 (1)
N(2) 1232 (4) 1443 (2) 2527 (6) 38 (1)
c) -945 (5) 1261 (3) 4143 (6) 45 (1)
C(2) -2015 (6) 809 (3) 4517 (8) S8 (1)
C(3) -3327 (8) 1095 (4) 4174 (9) 85 (2)
C4) -3064 (5) 1692 (3) 3459 (7) 53 (1)
C(%) -2439 (8) 2172 (3) 4232 (8) 66 (2)
C(6) -1156 (6) 1909 (3) 4689 (7) S2 (1)
c 1964 (6) 427 (3) 1916 (6) 48 (1)
C(8) 3408 (6) 582 (4) 2042 (8) 61 (2)
C9) 3515 (6) 1313 (4) 2091 (7) 54 (2)
C(10) 2253 (5) 1603 (2) 1660 (6) 40 (1)
C(11) 1869 (5) 1303 (3) 500 (6) 44 (1)
C(12) 1409 (6) 626 (3) 768 (7) S2 (1)
C(13) =23 (%) 1664 (2) 2315 (6) 38 (1)

least-squares procedure with H-atom positions riding on their bonded
heavy atoms. The agreement factors are R = 0.056 and R,, = 0.069 for
995 observed reflections [F, > 1.56(F,)] (out of 1096 measured unique
reflections). {w = 0.3782/[0*(F,) + 0.0194F?]}. The heavy-atom atomic

(15) Main, P,; Fiske, S. J.; Hull, S. E.; Lessinger, L.; Germain, G.; De-
clercq, S. P.; Woolfson, M. M. MULTANS80, A System of Computer Pro-
grams for the Automatic Solution of Crystal Structures from X-Ray Dif-
fraction Data; Universities of York, England, and Louvain, Belgium, 1980.

coordinates and U, data for 3 appear in Table V. Hydrogen atom
coordinates, bond length and bond angle tables, a stereoscopic view,
crystal-packing diagram, and anisotropic displacement parameters are
included in the supplementary material.

Near-IR spectra were recorded on a Cary 170 using 1-cm quartz cells.
Solvents were percolated through a column of activated basic alumina
or 4A molecular sieves (propylene carbonate) before use to remove hy-
droxylic impurities and deaerated with a stream of nitrogen.

ESR and PE spectra and cyclic voltammetry experiments were carried
out as previously described.! The dynamic ESR program of Heinzer was
employed.'$
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Abstract: Combined electrochemical and surface-enhanced resonance Raman scattering (SERRS) were used to investigate
the non-Nernstian response of a Ag electrode to glucose oxidase (GO) activity. Square-wave voltammetry measurements indicated
that AgO, was formed from the reaction of H,0,, a product of the enzymatic reaction, with the Ag surface. Dissolution of
the oxide layer, in turn, generates sufficient Ag ion to form a flavin-Ag* complex. The formation of this complex was proven
by a comparison of SERRS spectra obtained under a number of different conditions with the resonance Raman (RR) spectrum
of the chemically prepared complex. A mechanism incorporating the electrochemical and SERRS results is proposed. The
results demonstrate the potential of in situ SERRS for monitoring electrode surface reactions involving biomolecules. Furthermore,
the results caution against the use of Ag (or other reactive materials) as electrodes for electrochemical studies or sensor devices

involving GO catalysis.

I. Introduction

In the present study, in situ surface-enhanced resonance Raman
scattering (SERRS) spectroscopy was used to provide structural
information regarding the non-Nernstian, potentiometric response
of a Ag electrode to glucose oxidase (GO) activity. The SERRS
results, in combination with electrochemical measurements, have
suggested a plausible mechanism for the potentiometric behavior
that involves several reactions at the electrode surface.

SERRS has already been demonstrated to be a powerful
technique for the study of chromophore-containing systems. These
include a variety of biologically important molecules, such as
heme-containing proteins,! porphyrins,? and more highly organized
systems such as photosynthetic reaction centers® and membrane

* Author to whom correspondence should be addressed.

preparations from green plants* and photosynthetic bacteria.® The
strength of SERRS lies in its combined surface and resonance

(1) (a) Hildebrandt, P.; Stockburger, M. In Spectroscopy of Biomolecules;
Alix, A. J. P, Bernard, L., Manfait, M., Eds.; Wiley: New York, 1985; pp
25-30. Hildebrandt, P.; Stockburger, M. J. Phys. Chem. 1986, 90, 6017.
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