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Abstract: When calculations of proton hyperfine coupling constants of free radicals from hydroxybenzenes (phenol, 1,2- and
1,4-dihydroxybenzene, 1,2,3- and 1,2,4-trihydroxybenzene) and epinephrine were done using the INDO (intermediate neglect
of differential overlap) method, experimental data for 1,2-dihydroxybenzene, 1,4-dihydroxybenzene, and 1,2,4-trihydroxyben-
zene were exactly reproduced. Calculations for the remaining hydroxybenzenes served to explain the experimental data quali-
tatively. The hyperfine coupling constants of the radical from epinephrine could be assigned from the present calculations. Al-
though past calculations were done to determine structures of a quinol type, we found in the INDO calculations that semiqui-
none radicals have a quinoidlike structure. In these radicals, the C-O bond lengths are fairly short, the adjacent C-C bond
lengths relatively long, and the next C-C bond lengths in the rings relatively short. The proton hyperfine coupling constants
of the radical formed by the oxidation of epinephrine in alkaline ethanol media were measured by electron spin resonance ab-
sorption spectroscopy and the magnitudes were 1.28, 2.61, and 0.59 G. The splitting constants calculated by means of the

INDO method were consistent with the observed values.

Introduction

Most radicals from hydroxybenzenes can be easily produced
in alkaline ethanol solution and there are numerous reports!-11
concerning experimental proton hyperfine coupling constants.
Geometries which reproduce the experimental data exactly
have apparently not been documented. As stated by Pople,!2
the calculated results in the INDO method for the semiqui-
nones were not supported. The ab initio calculations do not
reproduce the observed data. In all these calculations or oth-
ers,13-17 the geometries of the semiquinone radicals were
considered to be hexagons or a close resemblance and the C-O
bond lengths were estimated to be those of a quinol type. The
calculated results by Pople also can be reproduced in the
geometries of a quinol type.

In the present INDO calculations, we found that these
semiquinone anion radicals have a quinoidlike structure, with
the rings which are fairly distorted from regular hexagons and
the short C-O bond lengths. Lack of success with past calcu-
lations may be due to lack of adequate consideration that the
molecular geometries of these radicals are distorted as com-
pared to a regular hexagon;i.e., they are of quinoidlike struc-
tures. The INDO method has been widely used in studies of
radicals and the sigmatropic shifts.!#-25 The INDO calcula-
tions in studies of proton hyperfine splitting constants of
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semiquinones have not been successful; however, this method
may still be used providing that the geometries of quinone type
are reinvestigated.

Pyrocatechol, epinephrine, and related compounds are
substrates for the COMT (cathechol-O-methyltransferase)
and the relationship between their biological activities and
chemical structures has not been well determined.

The authors have reported that the diuretic actions of tria-
zine derivatives? principally depend upon the force of the
charge transfer at their active centers, and that the carbonic
anhydrase inhibitory actions of sulfonamide derivatives?’
parallel the formal charge of the sulfonamide groups.

Information on molecular geometries of the radicals from
hydroxybenzenes and epinephrine is required to determine the
structure selectivity by the COMT or the meta/para ratios of
the O-methylated products. In the present work, calculations
of the proton hyperfine coupling constants of semiquinone
anion radicals and epinephrine anion radical were made using
the INDO method as well as the HMO and the McLachlan
methods. We measured the ESR spectra of epinephrine radi-
cal, calculated its proton hyperfine coupling constants, and
made assignments. Molecular geometry which well explains
the observed proton hyperfine splitting constants of epinephrine
radical was obtained.
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Figure 1. ESR spectrum of the radical from epinephrine in 0.02 mol of
NaOH per liter of ethanol.

Experimental Section

The ESR spectra of the free radical from epinephrine were obtained
by autoxidation of L-epinephrine in alkaline ethanol solution. The ESR
spectra of this compound have often been reported;®-2% however, no
data are available on the quantitative proton hyperfine coupling
constants. We reinvestigated this radical and determined the hyperfine
coupling constants. L-Epinephrine (commercial) was dissolved in
ethanol containing 0-1.6% sodium hydroxide. The spectra were re-
corded at a room temperature of 25 °C on a Japan Electron Optics
Laboratory JEX-3BX spectrometer and a Hitachi MES-4001 spec-
trometer with a 100 kHz modulation.

Calculations of Spin Densities. The INDO method and its appli-
cations to the hyperfine coupling constants have been described by
Pople and colleagues.'2!1%.2 Using this method we investigated the
geometries of the radicals from phenol, 1,2- and 1,4-dihydroxyben-
zene, 1,2,3-and 1,2,4-trihydroxybenzene, and epinephrine. The INDO
computer program was provided by the Quantum Chemistry Program
Exchange, Indiana University, and translated into FACOM 230-75
FORTRAN of Kyoto University Data Processing Center. The Carte-
sian coordinates necessary for the calculations were obtained from
the program termed XYZDR, which was coded by the authors and
contains the drawing program with the XY plotter, CALCOMP
770-763. The digital computer FACOM 230-75 is based on binary inner
memories and 72 bits in a double precision. The digital computer M
190 of Kyoto university Data Processing Center as well as FACOM
230-75 was used. The computer M 190 is 64 bits in a double precision.
The covergence was judged at 1076,

Results and Discussion

Hyperfine Coupling Constants of the Radical from Epi-
nephrine. The ESR spectrum of the radical from epinephrine
in 0.02 mol of NaOH per liter of ethanol is presented in Figure
1. These are eight spectral components (2 X 2 X 2). When
measurements were carried out in 0.02-0.1 mol of NaOH per
liter of ethanol, those eight lines of the spectrum were observed
to be stable. In 0.4 mol of NaOH per liter of ethanol, the stable
spectrum as shown in Figure 2a was observed. In 0.2 mol of
NaOH per liter of ethanol, the spectrum gradually changed
from the type in Figure 1 to the type of Figure 2a. In ethanol
saturated with NaOH, the spectrum shown in Figure 2b was
observed at about 10 min after the preparation. Figure 2a
appears to be similar to the ESR spectrum of the radical from
epinephrine in acid solution as reported by Borg?8 (1965), and
Figure 2b to be similar to that from adrenochrome in 0.1 N
NaOH also reported by this author.

The spectrum consisting of eight clear lines shown in Figure
I was observed to be stable in alkaline ethanol solution con-
taining NaOH in low concentration (e.g., 0.02 mol/L). Such
spectrum was not stable or was not detected in alkaline ethanol
solution with a high concentration (e.g., 0.4 mol/L) of NaOH
(Figure 2a). Even in ethanol solution with a low concentration
of NaOH, the spectrum of epinephrine radical varies from the
pattern in Figure | to that in Figure 2b via that in Figure 2a
with passage of time. These variations of the ESR spectra are
considered to correspond to the stages of the autoxidation of
epinephrine; the chemical structure of epinephrine radical is
considered to vary with the stage of autoxidation. The mea-
sured values of splitting constants of the radical from epi-
nephrine were 1.28 (A43),0.59 (A4s),and 2.61 (A4g) G. The as-
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Figure 2, ESR spectra of the radical from epinephrine in 0.4 mol of NaOH
per liter of ethanol and ethanol saturated with NaOH.
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signment of splittings was done from the INDO calculations
in this report.

The results of the present INDO calculations validate that
the radical corresponding to the spectrum in Figure | is the
epinephrine radical.

Calculation of Splitting Constants by Hiickel Molecular
Orbital Method (HMO) and McLachlan Method. Electronic
structures of hydroxybenzenes (phenol, 1,4- and 1,2-dihy-
droxybenzene, 1,2,3-, 1,3,5-, and 1,2,4-trihydroxybenzene) and
epinephrine were calculated by means of the w technique of
the HMO method. The slightly modified w technique reported
by Ettinger3® was used. The Coulomb integrals ag’s were in
the proximity of « + 28 at convergence in the iteration of w
technique. The resonance integrals 8..,’s were calculated by
the iterative method using the relationship between bond order
and bond length, and these values were in the proximity of 0.63
when the iterative calculations converged. The electronic
structure of epinephrine was calculated containing OH of the
8 position in the form of the hyperconjugated structure. The
values of parameters aop’s and B¢c-on’s for this structure were
« + 0.63 and 0.63, respectively.

The splitting constants by the HMO method as well as by
the McLachlan method were calculated (Table I). The relation
proposed by McConnell was used in the calculations of the
splitting constants. The magnitude of Q was 22.5G. The cal-
culated splitting constants qualitatively agree with those ob-
served. According to the assignment by the INDO calculations,
the calculated splitting constants of the radical from epi-
nephrine as determined by the HMO method were not in
agreement with the observed values. These HMO calculations
were unsuccessful as estimation of the values of parameters
of the 8-hydroxyl group was difficult. The calculated splitting
constants of p-semiquinone anion radical by the McLachlan
method and of pyrogallol semiquinone anion radical by the
HMO method are quantitatively in good agreement with the
observed values while the values of semiquinone anion radical
from 1,2,4-trihydroxybenzene appear to favor the assignment
by Lott and co-workers.!! The calculated values of pyrogallol
semiquinone anion radical were in good agreement with the
observed values, reported herein for the first time. The calcu-
lated splitting constants of o-semiquinone anion radical by the
HMO method did not fit the experimental constants. These
results suggest that conformations of the aromatic rings of
these radicals are not the regular hexagon type, and that par-
ametrization corresponding with the geometries is difficult.



Shinagawa, Shinagawa /| MO Studies of Radicals from Hydroxybenzenes 69

(-378) (195)
(a) (b)

(-6.94) (418)

Figure 3. Calculated splitting constants of phenoxy radical (parenthesized)
and its geometries.

Table L. Calculated Splitting Constants of Radicals from
Hydroxybenzenes and Epinephrine by HMO and McLachlan
Methods

Splitting constants, G

Posi- w McLachlan
Radicals tion Obsd technique  method
Phenoxy radical 2 6.6 2.43 2.7675
3 1.96 1.305 2,61
4 104 6.615 4.635
p-Semiquinone 2 2.37 1.845 2.565
anion radical
o-Semiquinone 3 3.65 0.135 1.8
anion radical 4 0.95 4,1625 3.5775
Pyragallol 4 9.96 0.9 2.115
semiquinone 5 541 5.3775 3.96
anion radical
Semiquinone 1.3 0.65 0,27 1,6875
anion radical 5 4.8 4.80 3.465 3.1725
from 1,2,4-tri- 6 0,6 1.35 0.6525 2.0925
hydroxybenzene
Anion radical 3 1.28 0.18 1.35
from 5 0.59 2.0925 2.1375
epinephrine 6 2.61 0.405 1.26
0]

gl
o] R

6 5

Because the ESR spectrum of m-semiquinone anion radical
in alkaline ethanol solution in our experiments consisted of
15-17 lines and was unresolved, the spin densities of this rad-
ical could not be calculated. The proton hyperfine splitting
constants of this radical have been reported,?®> and its spin
densities have not been calculated. The calculations of its spin
densities will be reported by our group after the spectrum has
been confirmed.

INDO Calculations. Phenoxy Radical. The observed splitting
constants!~4 have been reported to be 6.6 (45), 1.96 (43), and
10.4 (A44) G. In spite of many calculations!3'4 including ab
initio, there are apparently no reports which explain the ob-
served splitting constants even qualitatively. The calculated
values reported by Pople and his co-workers!® were —4.1 (A4,),
2.2 (A3), and —3.4 (A4), and were similar to the values (3.78,
—1.95, 3.11) calculated for the geometry of the hexagonal ring
in Figure 3a. Both calculated values show the reverse trend to
the observed ones. The values obtained from the geometry in
Figure 3b, however, show a similar trend to the observed ones,
that is, 4, A3, and A4 are —6.94, 4.18, and —10.37 G, re-
spectively. The fairly good agreement between the calculated
values and the observed ones is due to the calculations for a
quinoidlike structure. The molecular geometry of phenoxy
radical is considered to be of a quinoidlike structure. The re-
lationship between some bond lengths and the total energies,
meta/ortho or para/ortho ratios of the calculated splitting
constants of phenoxy radical are shown in Figure 4. The bond
lengths C,-Cs, O;-C,, and C3~C, varied from 1.30 A to 1.42
A, from 1.10A to 1.22 A, and from 1.40 A to 1.50 A, respec-
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Figure 4. Total energies, meta/ortho and para/ortho ratios of calculated
splitting constants of phenoxy radical as functions of bond lengths. Total
energy, meta/ortho and para/ortho ratios of calculated splitting constants
as a function of (a) C,~C; bond length (in the range from 1.30 Atwo142
A), (b) 0,-C, bond length (in the range from 1.10 A to 1.22 &), (c) C3-Cy4
bond length (inlthe range from 1.40 A to 1.50 A). 0—O0, calculated
meta/ortho ratio; ®—0, calculated para/ortho ratio; —-—-—-— , ob-
served meta/ortho ratio; — — — — — , observed para/ortho ratio;
O—0, total energy.

tively. The calculated splitting constants for the geometry in
Figure 3b were the closest to the observed values among the
60 or so geometries we calculated.

p-Semiquinone Anion Radical. Some of the calculated
splitting constants by the empirical’ or semiempirical methods
using some sets of parameters were reported to agree with the
observed values of 2.37 G for p-semiquinone anion radical.
These parameters in the empirical method, however, were not
applicable to the splitting constants of other semiquinone
radicals. The necessity of different parameters for different
semiquinones reflects the variety of the molecular geometries
of semiquinones. The calculated value by the INDO method
was reported by Pople and his co-workers to be 0.9 G and we
found the splitting constant calculated for the geometry of
regular hexagon to have a similar value to that reported by
Pople et al.!? In the present calculations, relationships as shown
in Figure 5 were found between bond lengths (or bond angles)
and the total energies (or the splitting constants) of p-semi-
quinone anion radical. Figure 6 shows five geometries which
are likely for the p-semiquinone anion radical. The calculated
splitting constants for these five geometries are in good
agreement with the observed ones. The total energy of the
radical shown in Figure 6 differs and the radical of Figure 6a
gives a minimum energy among the five geometries. Therefore,
the geometry in Figure 6a is the most likely for the p-semi-
quinone anion radical.

The calculated value of 17O hyperfine coupling constant in
this work is 7.6 and those of 13C are —2.85 (A4,) and 3.1 (A45)
G.

0-Semiquinone Anion Radical. Calculations!?1> were made
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Figure 5. Total energies and the calculated splitting constants of p-semiquinone anion radical as functions of bond lengths or bond angles. Total energy
and the calculated splitting constant as a function of (a) C3~Hj bond length (in the range from 1.08 Ato1.14 A), (b) C3C4Cs bond angle (in the range
from 127° to 129.5°), (c) C4—O4 bond length (in the range from 1.10 A to 1.13 A), (d) C3-C4 bond length (in the range from 1.43 A to 1.50 &), (e)
C,-C5 bond length (in the range from 1.30 A to 1.40 A). 0—0, calculated splitting constant; O—0, total energy; - - - -, observed splitting con-
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Figure 6. Resulting geometries of p-semiquinone anion radical. Their
total energies (au) are (a) —78.661 789, (b) —78.665968, (c)
—78.499 030, (d) —78.495808, (¢) — 78.501 978. Their calculated
splitting constants (G) are (a) —2.3706, {b) —2.3682, (c) —2.3710, (d)
—2.3742, (e) ~2.3724.

to determine the splitting constants of the o-semiquinone anion
radical yet none have explained the geometry of this radical.
The calculated splitting constants by the INDO method re-
ported by Pople and his co-workers!> were —1.9 (43) and 0.2
(A4) G. The splitting constants calculated by us for the ge-

H
(-0-9524)

Figure 7. Resulting geometry of o-semiquinone anion radical and its cal-
culated splitting constants (parenthesized). The total energy is
—78.872 039 au.

ometry with the regular hexagon showed a trend similar to data
in Pople’s report, that is, —1.91 (43) and —0.3 (44) G. The
geometry in Figure 7, however, gives the splitting constants
—3.65 (A3) and —0.95 (A44) G, which are in perfect agreement
with the experimental data. This geometry should be the most
likely conformation of o-semiquinone anion radical.

Pyrogallol Semiquinone Radical. The observed splitting
constants of pyrogallol semiquinone radical are 5.66 (A4s) and
0.99 (A4, Ag) G. Values of the calculated splitting constants
of this radical differ from the observed ones. The magnitude
of the splitting constants calculated by us suggests that this
radical has no hydroxyl group. Among the splitting constants
of various conformations, those of monoanion radical (Figure
8b) showed a reverse trend to the experimental splitting con-
stants, and those of dianion radical (Figure 8a) showed a trend
similar to the observed ones. According to the present calcu-
lations, the bond lengths of three C-O bonds were not equiv-
alent. The inside C-O bond was shorter than two outside C-O
bonds. The outside C-O bond was equivalent from the sym-
metry of the radical.

Semiquinone Anion Radical of 1,2,4-Trihydroxybenzene.
The observed splitting constants of 1,2,4-trihydroxybenzene
were reported by Stone and Waters? to be 1.3 (A43), 4.8 (A45s),
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Figure 8. Resulting geometry of pyrogallol semiquinone radical and cal-
culated splitting constants (parenthesized).
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Figure 9. Resulting geometries of semiquinone anion radical from
1.2,4-trihydroxybenzene and calculated splitting constants (parenthes-
ized).

and 0.6 (A4¢) Oe. Lott and his colleagues!! reinvestigated this
radical and proposed another assignment, 0.62 (43), 4.80 (A5),
and 1.35 (A4g) Oe, with the aid of Hiickel MO and McLachlan
methods. According to the present INDO calculations, the
assignment by Lott and his co-workers was preferred. The
calculated splitting constants for the geometry in Figure 9a
were 0.62 (A3), 4.80 (A45), and 1.35 (A44) G. These values are
in better agreement with the observed ones than the calculated
constants for the geometry in Figure 9b. The calculated
splitting constants for the geometry in Figure 9b were 1.3 (A43),
—4.8 (4s),and —0.7 (44) G. The total energy for the geometry
in Figure 9a, —95.544 689 au, was lower than that for the ge-
ometry in Figure 9b, —95.472 866 au. In the geometry in
Figure 9a, the C4-O,4 bond length was larger than the two C-O
bond lengths, and one of these was equivalent to the other.
Semiquinone Anion Radical of Epinephrine. The observed
splitting constants of semiquinone anion radical of epinephrine
were 1.28 (A43), 0.59 (A4s), and 2.61 (A4g) G. The assignment
of the splittings was determined with the aid of the present
calculations. Epinephrine contains the side chain connecting
to the fourth atom of the catechol ring. The calculated splitting
constants of this radical vary corresponding to the geometry
of the catechol ring or the conformation of the side chain. The
assignment, however, was not so applicable to the variation of
geometries or the conformations of this radical. In Figure 10,
the splitting constants and the total energies of different
geometries and conformations of semiquinone anion radical
of epinephrine are plotted. From this figure and unpublished
data the observed splitting constant 2.61 G corresponds to the
position of the sixth hydrogen atom, 1.28 G to the position of
the third hydrogen atom, and 0.59 G to the position of the fifth
hydrogen atom. Both the calculated splitting constant and the
total energy were applicable to the variation of geometries of
the catechol ring and not so applicable to that of conformations
of the side chain of this radical. The geometry of the catechol
ring of the semiquinone anion radical of epinephrine is pre-
sumably quite similar to that in Figure 11 (geometry (a)). The
splitting constants calculated from the conformation con-
taining the geometry (a) of the catechol ring and the side chain
Il are —1.5230 (A43),0.8182 (A4s), and —2.5598 (A44) G. Those
calculated from the conformation containing the geometry (a)
and the side chain IV are —1.3563 (A43), 0.9037 (A4s), and
—2.6103 (A4¢) G. The actual conformation of semiquinone
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Figure 10. Calculated splitting constants for some conformations of epi-
nephrine anion radical and their total energies. —, splitting constant at

the position of the third hydrogen atom; — — —, splitting constant at the
position of the fifth hydrogen atom; - - - -, splitting constant at the position
of the sixth hydrogen atom; —-—-—-— , total energy. @, geometry of the

ring HB shown in Figure | 1a;%0, geometry of the ring HB shown in Figure
11b; O, geometry of the ring HB shown in Figure 1 I¢; O, geometry of the
ring HB shown in Figure [ 1d; A, geometry of the ring HB shown in Figure
I 1e; 1, conformation of the side chain R shown in Figure 11 I; II, confor-
mation of the side chain R shown in Figure 11 II; I11, conformation of the
side chain R shown in Figure 11 III; IV, conformation of the side chain
R shown in Figure 11 IV; V, conformation of the side chain R shown in
Figure 11 V.

anion radical is presumably close to the conformation con-
taining the geometry (a) of the catechol ring and the side chain
v

Conclusion

Theoretical spin densities obtained from molecular orbital
calculations have been used to interpret the ESR spectra of
radicals of hydroxybenzenes; however, the difficulties en-
countered may be for the most part due to their assumed
conformations based on the structure of a quinol type. Using
the INDO calculations for several radicals of hydroxybenzenes
and epinephrine, we found conformations that may interpret
the experimental hyperfine splitting constants of protons.

The present INDO calculations showed that all molecular
geometries of these radicals of hydroxybenzenes are of qui-
noidlike conformations; therefore, the calculations of semi-
quinones should be done according to structures of a quinoid
type. The observed value of the splitting constant for p-semi-
quinone anion radical, 2.37 G, was reproduced exactly by
calculations which assumed that this was quinoid type of the
planar aromatic ring. The most likely geometry of p-semi-
quinone anjon radical has the minimum total energy among
the geometries which have the values of the calculated splitting
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Figure 11. Resulting geometries of the hydroxybenzene ring (HB) and conformations of the side chain (R) of epinephrine anion radical.

constants, 2.37 G. The INDO calculations for the molecular
geometries of a quinoid type reproduced exactly the experi-
mental splitting constants of o-semiquinone anion radical and
the semiquinone anion radical of 1,2,4-trihydroxybenzene
which as well as pyrogallol semiquinone radical was suggested
to be of the dianion type.

In the semiquinone anion radical of 1,2,4-trihydroxyben-
zene, the C;-0, bond length was equivalent to the C,-0O5 bond
length, and the C4-O,4 bond was longer than the other two C-O
bonds. In the pyrogallol semiquinone radical, the C;-O, bond
length was equivalent to the C3-O; bond length, and the C,-O5
bond was shorter than the other two C-O bonds. The INDO
calculations reproduced the experimental splitting constants
of phenoxy radical except for the value of the position of the
third hydrogen atom. Some C-O bonds of the radicals of these
hydroxybenzenes were a quinoidlike type, that is, shorter than
those of regular hydroxybenzenes.

In conclusion, the molecular geometries of the radicals from
hydroxybenzenes proved to be not of a quinol type but of a
quinoid type. The present INDO calculations showed that the
C-0O bond lengths of these radicals are, in general, fairly short,
the adjacent C-C bond lengths in the rings relatively long, and
the next C-C bond lengths in the rings relatively short. The
proton hyperfine splitting constants of o-semiquinone, p-
semiquinone anion radical, and the anion radical of 1,2,4-tri-
hydroxybenzene were explained quantitatively with the aid of
the INDO calculations. The splitting constants of the phenoxy
radical and pyrogallol semiquinone anion radical were ex-
plained qualitatively. The ESR spectrum of semiquinone anion
radical of epinephrine was studied and the observed splitting
constants and their assignments were determined.
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