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Abstract: The radical cations of both tetramethyl and tetraethyl sym-hexahydrotetrazine have the odd electron localized in
one hydrazine unit, and intramolecular electron transfer between the methylene bridged hydrazine units is slow on the ESR
time scale. The intermolecular electron transfer rate is also unusually slow between 3,3,7,7-tetramethyl-1,4-diazabicyclo-
[3.3.0)octane and its radical cation, because less than 0.7 g of line broadening is observed when the ESR spectrum of the
radical cation is recorded in a solution over 0.8 M in the neutral hydrazine.

We recently reported! that the radical cation of tetraaza-
tricyclododecane (1) gives an ESR spectrum showing split-
tings for four equivalent nitrogens and two sets of eight
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equivalent hydrogens at —100°. Although all that is re-
quired by this ESR result is a low activation energy for
electron transfer among the nitrogens, we argued from the
low E| 2 for electrolytic oxidation that the charge was actu-
ally delocalized over all four nitrogens in 1.*. The structure
of 1 shares with that of Dabco (2) the feature of having eth-
ylenediamine units held with their lone pair (C-C) lone pair
units approximately colinear. Substantial changes from this
geometry make large changes in the amount of lone pair-
lone pair interaction as measured by photoelectron spectros-
copy? and cause the radical cations to have such short life-
times that their re-reduction is not detectable in a cyclic
voltammetry experiment.? Because of the unusual effect of
methylene bridging to enable 1,3 interactions between two
units to occur in 1, we thought it would be of interest to ex-
amine the monocations of sym-hexahydrotetrazines 3,

yvhich incorporate two methylene-bridged tetraalkylhydraz-
ines.

Results

Hexahydrotetrazine ESR Spectra. From the known ESR
spectra of six ring hydrazines,® it is easy to distinguish
whether the odd electron is localized in one hydrazine unit,

which will give a spectrum with two equivalent nitrogen
splittings and a(N) near 13 G, from that of a four nitrogen
delocalized or rapidly equilibrating 3-* = 3'* system,
which would have four equivalent nitrogens with a splitting
about half as large. Both 3. (R = CHj3) and 3-* (R =
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CH,CH3) give ESR spectra of the former type at room
temperature, clearly demonstrating that intramolecular
electron transfer is slow. Similar spectra were observed both
by electrolytic oxidation in acetonitrile, and chemical oxida-
tion in butyronitrile. The splittings observed appear in
Table I. The ESR spectrum of 3-* (R = CH,CH3) showed
only rather broad lines, and we were unable to resolve the
difference between a(N) and a(CH>). The observation of a
four hydrogen quintet with the splitting expected for a 1,2-
diethylhydrazine* and of such a large nitrogen splitting
clearly requires localization of the odd electron in only one
hydrazine unit, however. For 3.* (R = CH3), we could re-
solve the difference between a(CH3) and a(N). Because of
the accidental equality of a(CHai)-a(N) and a(N)-
a(CH3;), however, most of the lines observed consist of over-
lapping components having different magnetic quantum
numbers. Although the relative intensities of the observed
lines at room temperature were fairly close to those expect-
ed on the basis of the degeneracies of the lines, large devia-
tions appeared at low temperatures. As expected from the
low temperature ESR spectra of other tetraalkylhydrazine
radical cations,* anisotropic line broadening seriously
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Table 1. Hyperfine Splittings for sym-Hexahydrotetrazine
Radica) Cation ESR Spectra@

Compd a(N) a(CH,) a(alkyl)
3 (R =CH,) 14.56 (2) 15.67 (4) 13.43 (6)
3+ (R=CH,CH,) ca. 12.9(2) ca. 12.9 (4) 8.6 (4)

2 At room temperature in butyronitrile, tris(p-bromophenyl)-
aminjum hexachloroantimonate as oxidant.

broadens the Mn # 0 components, and there is also an al-
ternating line width effect broadening the Mcy, = odd
lines. Because of the great amount of overlap and complexi-
ty of the spectra, we were unable to analyze these effects
quantitatively and were unable to reach the low tempera-
ture limit for the methylene splittings. The alternating line
width effect is expected for the localized cation 3-* because
of the presence of the second, unoxidized hydrazine group
in the ring. Even though rapid double nitrogen inversion oc-
curs at the oxidized hydrazine, inversions should be much
slower in the unoxidized hydrazine portion of the molecule,
leading to inequality of the methylene hydrogen splittings
at low temperature. We were unfortunately not able to in-
vestigate 3-* at high temperatures because both examples
were too unstable.

The lack of rapid electron transfer between the two hy-
drazine units of 3.* is a rather surprising result (see Discus-
sion) so we attempted some experiments to determine
whether the hydrazine-hydrazine radical cation system is
unusually slow in intermolecular electron transfers, as well
as intramolecular ones.

Cyclic Voltammetry. A slow enough electron transfer
from a hydrazine to an anode would result in quasi-revers-
ibility® and consequent broadening of the cyclic voltamme-
try (CV) waves. In our earlier CV study of tetraalkylhydra-
zine oxidation,” we noted that diisopropyl five ring hydra-
zines 4 and 5 gave somewhat larger peak-to-peak wave sep-
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4, R=Pr; X=CH.

arations (AE, values of 120 and 130 mV, respectively) than
their ethyl analogs 6 and 7 (85 to 70 mV, respectively). This
suggested that electron transfer might be slower for 4 and §
than for 6 and 7, and that quasi-reversibility might have
been detected for the isopropyl compounds. Closer exami-
nation showed, however, that at least part of the extra
broadening previously observed was caused by surface ef-
fects since frequent cleaning of the gold electrode enabled
us to observe AE, values between 80 and 90 mV, much
closer to the 57 mV expected for a completely electrochemi-
cally reversible oxidation. We abandoned our attempts to
determine heterogeneous transfer rates from the CV wave
shape because of these serious surface contamination phe-
nomena.

Homeogeneous Electron Transfer Rates. We next turned
our attention to homogeneous electron transfer between
neutral hydrazine and hydrazine radical cation. In recent
studies by the groups of Bard® and Brunning,® rate con-
stants were measured for a number of neutral cation pairs
by fast exchange limit experiments. We employed 8 in simi-
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lar studies, because it has (for a tetraalkylhydrazine radical
cation) rather few lines in its ESR spectrum. Surprisingly,
electrolytic oxidation of a 0.65 M solution of 8 did not lead
to collapse of the hyperfine,structure of 8-*. Since all of
Bard and Bruning's systems were well into the fast ex-
change limit (collapsed hyperfine) at such high concentra-
tion of neutral species, it is clear that the rate constant for
homogeneous electron transfer for 8-8.% is far below the 3
X 10% to 6 X 10° |./mol sec range of their compounds. We
were unable, unfortunately, to attain narrow line widths for
8.", perhaps because of a combination of unresolved methyl
splittings, unresolved second-order splittings in the intense
lines, and instrumental broadening at the high modulation
amplitudes (0.4 G) necessary for observation of the outer
line. Nevertheless, we observed a line width of 0.73 £ 0.02
G for the outer line of 8., generated both by electrolytic
oxidation of a 1073 M solution of the hydrazine and by oxi-
dation of a 0.83 M solution to a similar radical concentra-
tion. This requires & for 8-8-* intermolecular electron ex-
change to be less than ca. 107 1./mol sec since AH, the line
broadening due to electron exchange, is given by®

AH=(1—-m) (N)k/1.52 X 107
where (1 — &) is a statistical correction having a value of

1.0 for the outer line used, and »V is the concentration of
neutral hydrazine.

Discussion

The ESR spectra definitely demonstrated that both 3.+
(R = CHj3) and 3-* (R = CH2CH3) have the odd electron
localized in one hydrazine unit. This result is consistent
with the earlier CV study,” in which the six ring bishydraz-
ines had higher oxidation potentials than dimethylhexahy-
dropyridazine, as would be expected for the localized cat-
ion, since NCH; substituents on a hydrazine would be elec-
tron withdrawing compared with CCH,, substituents.

Additionally, the ESR result shows that electron transfer
between the hydrazine units is slow on the ESR time scale.
The ESR spectrum would be maximally broadened when
electron transfer occurs with a rate comparable to Aa Hz
[where Aa is the difference in coupling constants for the ex-
changing splittings, about 2.8 X 10%a (gauss) Hz in our
case since splittings in the hydrazine unit not bearing the
positive charge are too small to observe]. The lack of inten-
sity distortions in the spectrum of 3-% indicates that the ex-
change rate is much less than about 4 X 107 Hz. This result
is rather unusual since intramolecular electron transfers be-
tween equivalent sites bridged by methylene groups are usu-
ally rapid on the ESR time scale. The most studied cases
have been those of electron transfer between aromatic rings
in radical anions. Transfer is fast in diphenylmethane
anion!® and the 4,4’-dinitro compound'! and, when the
rings are connected by two alkyl chains in the paracyclo-
phanes, electron transfer remains fast with two and three
methylene connecting bridges but becomes slow in [4.4]par-
acyclophane anion.'? Interesting results on nitro-substituted
dibenzobicyclo[2.2.2]octyl and triptycene anions, which are
substituted ortho bis-bridged aromatic systems, have been
reported by Terabe and Konaka.'? They found several cases
which showed rapid or intermediate electron transfer rates
and one in which the electron was apparently localized in
one ring on the ESR time scale. The rate of electron trans-
fer is strongly influenced by ion pairing effects, as Gerson
and coworkers have found in several cases, including most
recently, spirobifluorene radical anion.'? The high homoge-
neous electron transfer rates for several radical cation-neu-
tral systems®? suggest that similar intramolecular transfer
rates would be observed in radical cationic systems, al-
though such experiments have not been done.
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It is, then, unusual that slow electron transfer is observed
between the bismethylene bridged hydrazine units of 3-% in
polar solvents at room temperature, and we believe that it is
a definite indication that some property of the hydrazine-
hydrazine radical cation electron transfer must be responsi-
ble for this result. That this process is also remarkably slow
intermolecularly is indicated by the failure of the 8-8-% sys-
tem to be in the fast exchange region at over 0.8 M concen-
tration of 8.

The conformations of 3 (R = CH;) and 3 (R =
CH,CHy3) have been elucidated by Katritzky and cowork-
ers using dipole moments and NMR,!4 and 3 (R = CH3) is
now known to exist as a rapidly equilibrating mixture of 3A
and 3B, whereas 3 (R = CH,CH3) is a 80:20 mixture of 3C
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and 3A/3B. ESR evidence for methyl-substituted hexahy-
dropyridazine radical cations indicated that these species
actually exist in boat-like conformations.!> Large confor-
mational differences clearly must exist between the 8 ~ 60
or 180° conformations in neutral 3 molecules, and the 8 ~
0° conformation of 3.+ (8 is the lone pair-lone pair dihedral
angle).

The case of 3-* is in direct contrast to that of 1.+, in
which the cation actually assumes an intermediate geome-
try in which all four nitrogens are equivalent. Although this
requires a conformational change since 1.% is presumably in
the eclipsed D4 conformation and 1 seems certain to be in
the expected, torsionally twisted S4 conformation,' this con-
formational change is not very costly in energy since, even
in neutral 1, interconversion of the two S4 conformations is
rapid on the NMR time scale at —90°, requiring it to have
a low activation energy.'® In contrast, for 3-* to have four
equivalent nitrogens, or to have both hydrazine units in 8 =
0° conformations, so that electron transfer would not re-
quire an accompanying change in 6, 3. would need to
achieve conformation 9, which would clearly involve consid-

R7 ~7"~g
9
erable nonbonded interaction strain. Apparently, the energy
saving in increased delocalization does not equal the cost in
conformational strain, for the positive charge is localized in
one hydrazine unit.

One possible reason for an unusually slow electron trans-
fer rate in hydrazines is the large conformational change in-
volved in going from hydrazine to hydrazine cation radical.
Tetraalkylhydrazines are approximately tetrahedral at ni-
trogen and possess lone pair-lone pair angles (8) of near
90°,'” unless cyclic substituents are present which force

other rotation angles to be assumed.'® Tetraalkylhydrazine
radical cations possess 8 near 0° and are considerably flat-

R
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ter at nitrogen than the neutral compounds, although the
degree of bending appears to be quite sensitive to struc-
ture.* Great geometrical changes must take place during
the electron transfer then, and we suggest that the necessity
of such geometrical changes occurring could result in sub-
stantial lowering of the electron transfer rate compared
with most compounds, in which geometrical changes during
electron transfer are much less important.

The idea that a large conformational change would result
in a slow electron transfer is not a new one and has been
previously used to rationalize the slow heterogeneous elec-
tron transfer rate for reduction of cyclooctatetraenes.'®-2!
Such effects are also apparent in the slow rates for hetero-
geneous two-electron transfers observed for azacyclooctate-
traenes2? and perhaps for some dimethylamino-substituted
butadienes,?? although the latter case is less certain because
observation of the effects on the CV which may be caused
by a slow rate is dependent upon the electrode composition.
Since the CV waves of tetraalkylhydrazines are reversible
(or nearly reversible),” the rate slowing is clearly not as pro-
nounced for hydrazine oxidation as it is for cyclooctate-
traene reduction.

Another possibility for the apparent slow electron trans-
fer rate of hydrazines is that it is caused simply by the high
degree of charge localization in hydrazine radical cations.
The positive charge is localized on the two nitrogens, except
for hyperconjugation effects, Hale?* has summarized a sim-
plified theoretical treatment in which the reorganization en-
ergy, the work required to take the atoms and molecules in
the environment of the reactant from their equilibrium posi-
tions to their equilibrium positions in the product, is consid-
ered to consist of two terms, “inner” and “outer.” The
“inner”” term refers to bond length and angle changes ac-
companying electron transfer and would be the one affected
by the conformational change arguments discussed above.
The ‘“outer” term is caused by electrostatic contributions.
According to the theory,24 the “inner” term is an order of
magnitude larger for cyclooctatetraene than it is for planar,
aromatic hydrocarbons, but the “outer” term is also some-
what larger, and these terms are of similar magnitude. The
“outer” term is extremely sensitive to the *‘size” of the ion
formed, and the rate of electron transfer in hydrazines
would be predicted to be dominated by the “outer’ electro-
static term if the theory were applied.

Both conformational change and electrostatic effects
could be factors in lowering electron transfer rates in hydra-
zines, and experiments are under wav to determine the rela-
tive importance of these factors.

Experimental Section

The synthesis of the compounds employed*” and the ESR tech-
niques used* have been previously described.

A Princeton Applied Research Model 170 instrument was used
for the coulometric oxidations and CV experiments. The solvent
employed was Burdick and Jackson Labs, Inc., acetonitrile or Al-
drich Chemical Co., butyronitrile, 0.1 M, in tetrabutylammonium
perchlorate.
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Abstract: The rates of loss of water from a series of specifically deuterated cyclohexanols have been measured at times as
short as 50 psec following field ionization (F1) and at longer times extending to 10 usec. 1t is concluded that Fl does not in-
duce ring cleavage in the molecular ion prior to water loss. A previously unidentified 1,2 elimination is the fastest process ef-
fecting loss of water; loss of water initiated by 1,4-hydrogen transfer is a slower process. It is suggested that, following elec-
tron impact (El) at 70 eV, the more energetic molecular ions undergo rapid ring cleavage to form acyclic isomers, which
may delay for up to microseconds before decomposing to eliminate water.

Cyclohexanol stands out as an archetypal reaction system
in mass spectrometry. Friedel et al.? reported its electron
impact (El) mass spectrum in 1956 and drew attention to a
major peak corresponding to loss of water from the molecu-
lar ion. By labeling specifically with deuterium, Djerassi et
al.3 found that approximately 40% of this C¢Hio-* peak in
the El mass spectrum originated through elimination of the
hydroxyl group and hydrogen from C-4, approximately 40%
through elimination of the hydroxyl group and hydrogen
from C-3 or C-35, and 10-20% through elimination of the
oxygen atom together with two C-3 or C-5 hydrogens. The
cis-4 hydrogen is lost to a greater degree than the trans
counterpart,® supporting the proposal® that elimination is
initiated by 1,4-hydrogen transfer across a boat-type struc-
ture of the intact cyclohexanol ion. Photoionization mea-
surements® show that water is lost to a greater extent from
trans-tert-butylcyclohexanol than from the cis epimer,’
again in accord with 1,4 transfer within a boat form. Fur-
ther support for this 1,4 transfer can be drawn from the EI
mass spectra of cyclohexanediols.>® The loss of the hydrox-
yl group and a hydrogen from C-3 or C-5 has been inter-
preted?>%19 as diaxial 1,3 elimination in a chair-type struc-
ture; analogous diaxial elimination has been suggested for
water loss from hydroxy steroids.!':!? More recently, Green
et al.'> have shown that, in the EI mass spectrum, the
choice of hydrogen removed from C-3 is not stereospecif-
ic,!* in contrast to the 80% cis-specific removal of hydrogen
from C-4. Green et al.!? interpret the lack of stereospecifi-
city as evidence that the ring has opened prior to water loss

involving these hydrogen atoms. The mechanism proposed
by Djerassi et al.,’ and supported by later work,'4 in which
cyclohexanol isomerizes to the hexanal ion seems to account
for water loss involving two hydrogens from C-3 and C-5.
Ward and Williams'® have reported EI metastable abun-
dances for loss of water from specifically deuterated cyclo-
hexanols and conclude that some degree of H/D randomi-
zation probably occurs prior to water elimination.'> Holmes
et al.!* have also studied the EI metastable arising from
water loss. They conclude that there is no H/D randomiza-
tion preceding water loss from the ring-intact molecular ion
but that, in the a-cleaved ion, there is some exchange be-
tween the hydroxyl and the C-2 and C-6 hydrogen atoms.
These workers'* suggest that the markedly reduced speci-
ficity!®!% in the metastable region as compared with the
normal mass spectrum arises because there is a greater
abundance of ring-opened species among the longer lived
ions.

We report novel kinetic data as to the loss of water from
specifically deuterated cyclohexanols over a time range
from 50 psec to 10 usec following field ionization (FI). The
essential feature of the method!¢-'® employed, which is re-
ferred!® to as “field jonisation kinetics (FIK)", is that de-
composition of one charged molecule to another charged
molecule occurs within a steep potential gradient (100 MV
m™!') so that the translational energy of the ionic fragment
is dependent upon the position on the gradient at which de-
composition occurred. The distribution of translational en-
ergy of the fragment ions is the quantity actually measured,
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