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Electrochemical Detection of Conformational
Equilibria in Tetraalkylhydrazines
Sir:

The potential at which electrochemical oxidation or re-
duction of a compound occurs is controlled by the E9, rate
of the heterogeneous electron transfer reaction, the rates of
chemical reactions of the reactant preceding electron trans-
fer, and rates of reactions of the product following electron
transfer. Structural effects on observed oxidation/reduction
potentials can appear through all of these factors. In partic-
ular, heterogeneous electron transfer rates have been dis-
cussed in terms of conformational and solvation changes ac-
companying electron transfer.! When it is considered, how-
ever, that different conformations of reactant species will
often exist, and that these conformations could have differ-
ent E° values and electron transfer rates, it seems possible
that different electrochemistry for different conformations
might be detectable.

Table I. Cyclic Voltammetry Data* for Hydrazines 1—4

Com- Temp Scan rate Ep0X Epred AE Ep0x’
pound (°C) (mV/sec) (mV) (mV) (m‘?) (mV)
1 +23 100 352 273 79 unobsd

—47 20 336 240 96 a

—47 50 a 228 503

—47 200 a 197 550

-72 100 a 106 738
2 +23 100 372 292 80 unobsd

-85 50 363 195 168 a

-85 100 389 173 216 a
-85 200 423 138 285 640

3 +23 100 468 380 88 unobsd
-55 20 440 334 106 a
-55 50 467 330 137 (ca. 700)
-55 200 a 298 774
-85 200 a 217 907

4 +23 100 418 341 77 unobsd
—65 50 483 250 233 unobsd
—65 200 578 205 373 unobsd

a Distortion due to this wave is apparent, but a clear maximum
was not observed.

A variety of tetraalkylhydrazines show electrochemically
reversible (or nearly reversible) oxidation at room tempera-
ture. We have discovered that lowering the temperature al-
lows the detection of two separate oxidation peaks by slow
scan cyclic voltammetry (cv) in some cases. The cv of the
six-ring hydrazines 1-4, which illustrate this phenomenon,
are discussed here.
R
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When 1-3 were oxidized at a gold electrode in butyroni-
trile (an excellent low temperature electrochemical sol-
vent?), they showed nearly reversible behavior* (Table I).
At —47°, 20 mV/sec scan rate, for 1, in addition to the
wave observed at room temperature,’ distortion was appar-
ent at higher potential (Figure 1b), and at faster scan rates
this grew into a clearly resolved peak (Figure Ic), designat-
ed as E,°¢ in Table I. At the faster scan rates, the first peak
(E°) had greatly decreased in size, and Ep° had shifted
to significantly higher values. Dimethylhexahydropyridaz-
ine (2) showed similar behavior, although appearance of
distortion for the E,°* peak only became apparent at lower
temperatures, and the E % peak remained clearly smaller
than the Ep°* peak, even at low temperatures and fast scan
rates. Dimethyltetrahydropyridazine (3) showed behavior
qualitatively similar to 1, the E,°* peak becoming far small-
er than the E,° peak at fast scan rates and low tempera-
tures. In contrast, diazadecalin 4 showed no sign of an E,°
wave at any temperature or scan rate.

These effects were all completely reversible, disappearing
when the temperature was raised. We suggest that the only
plausible cause for observing the Ep®* peak is that a more
difficultly oxidizable conformation of 1-3 is being oxidized
at low temperature and/or fast scan rates than under slow
passage, room temperature conditions. Different conforma-
tions must show different electrochemical behavior. We
suggest that the conformations responsible for Ep°* and
E,° may be assigned to ee and ae respectively,® on the
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Figure 1. Cyclic voltammetry curves for 1,2,3-trimethylhexahydropyr-
idazine (1), illustrating the appearance of the E;°* peak at low tem-
perature, and its movement to higher potential at faster scan rates.

basis of the relative sizes of these waves at low temperature
and fast scan rate.

Both 1 and 3 exist nearly exclusively in ae conformations,
as has been shown by low temperature !13C NMR7 for 1,
and by proton NMR and dipole moment studies for 3% (al-
though the ee conformation of 1 is clearly not as high in en-
ergy as that of 3, since it is easily observable as a minor con-
tributor to the room temperature photoelectron spectrum of
1°). The reason, then, that E,°* decreases in relative size at
low temperature and fast scan rate is that the more easily
oxidized ee conformation(s) are no longer being populated
rapidly compared to the scan rate. For 2, ee predominates
over ae, as has been shown by low temperature 13C NMR;!0
the E,* peak remains larger than the £, peak even at
low temperature and fast scan rate. Since hydrazine 4 exists
completely in the ee conformation,® no Ep°* wave is expect-
ed; none was observed.

The simplest kinetic schemes which will account for these
data are shown in Scheme I, where He. and H,. are the two

Scheme L Six-Ring Hydrazine Redox Pathways
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electrochemically different conformations of the hydrazine
{H). A different heterogeneous electron transfer constant
(ks) and « value would characterize each electrochemical
step. The major question to be answered is whether H,. oxi-
dizes directly to the stablest form of the radical cation (des-
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ignated H-* in Scheme I), or whether it gives a twisted rad-
ical cation closer in geometry to that of H,. (designated
H’-* in Scheme I). If the oxidation were to H'-* (the verti-
cal oxidation labeled E9,. in Scheme 1), E°,. could differ
significantly from E%.. INDO calculations on tetrameth-
ylhydrazine!! held in a conformation resembling ee (lone
pair-lone pair dihedral angle 4 large, near 180° °) gave the
energy of the highest occupied molecular orbital about 0.3
eV higher than that of the conformation resembling ae (6 ~
55°).° Since a higher energy should correspond to easier ox-
idation, this result would agree with the experimental obser-
vation of a higher oxidation peak potential for H,. than
H... No reduction wave corresponding to the Ep""’ wave
was observed; if H'-* is formed, it must rapidly relax to the
stable form of the radical cation H-*, which has been estab-
lished by ESR studies'? to have the two “lone pair” orbital
axes nearly coplanar.!? Alternatively, H,. might oxidize di-
rectly to H.*, as is shown in the diagonal equilibrium E9,.
of Scheme 1. If this were the case, E%. would have to be
very close to EC. for 1 and 2, since the ee and ae forms are
quite similar in free energy. Then the observation of the
E,°* peak at a significantly higher potential than the E,°*
peak would indicate slower electron transfer for H,, to give
H-* than for Hee to give H-*. Such a result is also plausible
because of the large change in geometry which must occur
upon removal of an electron from H,, (# ~ 55°) to give H.*
(6 near 0 and 180° nearly equal in energy!?), compared to
electron removal from Hee (8 near 180°). It is not yet possi-
ble to determine which type of pathway is being followed,
but we hope to return to this interesting question in the fut-
ure.

Different peak potentials for different conformations
could very well be general for compounds which have more
than one conformation available, since rotation about a sin-
gle bond will quite generally change the amount of func-
tional group interaction. An oxidation or reduction might
well proceed from a conformation which is almost com-
pletely unpopulated in the neutral form, as is the case for 3.
Scheme I allows (and indeed, requires) a direct connection
between electrochemical measurements and conformational
changes in the neutral form. The 10 kcal/mol barrier be-
tween 2ee and 2ae® was largely frozen out at —85°, 200
mV /sec. Low temperature cyclic voltammetry seems to be a
promising method for detecting conformational equilibria.
Experiments and data treatment techniques designed to elu-
cidate the rates and equilibria of Scheme I, and extend
these studies to other systems, are in progress.
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planar, and eclipsed at the alkyl groups (see H-*ecl), although the
staggered form (H-*stg) is not very much higher in energy, because
“‘double nitrogen inversion” in H-*ecl, which presumably goes through
H-*stg form as an intermediate, has a very low activation energy. 2
Twisting about the *‘three electron 7 bond”” to move ¢ very far from 0 or
180° is costly in energy.
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Oligonucleotide Synthesis Catalyzed by the Zn2* Ion
Sir:

Adenosine 5'-phosphorimidazolide (ImpA) is an activat-
ed derivative of adenylic acid that polymerizes on a polyuri-
dylate template to form short oligoadenylic acids.! In the
absence of a template or other catalyst, ImpA hydrolyzes to
adenylic acid (pA) and imidazole. Here we report that the
Zn?* ion catalyzes the formation of oligonucleotides from
nucleoside phosphorimidazolides in aqueous solution even
in the absence of a template.

The imidazolides, ImpU and ImpA, were prepared by a
modification of the procedures of Cramer et al.2 Reaction
mixtures (0.1 ml, pH 7.0), containing 0.025 M ImpA-8-'4C
(specific activity 0.12 mCi/mmol), 0.025 M ZnCl,, and 0.2
M N-ethylmorpholine as a buffer, were prepared at 0° and
kept at 0-50°. In all cases some precipitation occurred. Ali-

quots were withdrawn at various times and treated with 30
ul of 0.25 M EDTA solution to break down Zn** com-
plexes. The reaction mixtures were then subjected to paper
chromatography in l-propanol-15 M ammonia-water (55:
10:35, v/v) and to electrophoresis in 0.03 M potassium
phosphate buffer at pH 7.1. The yields of radioactive prod-
ucts were estimated by passing the chromatograms through
a radiochromatogram scanner with integrator.

As the reaction progressed, ImpA disappeared from the
reaction mixture, while adenylyl-adenosine 5’-phosphori-
midazolide (ImpApA)? and oligoadenylic acids with chain
length up to four (pApA, pApApA, and pApApApA) were
formed. In addition, the usual products of ImpA hydrolysis,
pA, and a small amount of P,P;-diadenosine 5-pyrophos-
phate (AppA),? appeared. ImpApA and oligoadenylic acids
were identified by cochromatography with authentic sam-
ples. Thé identification of ImpApA was confirmed by its
clean hydrolysis to pApA and imidazole under slightly acid-
ic conditions. The oligoadenylic acids obtained in this reac-
tion were completely degraded to pA by venom phosphodi-
esterase.*

The yields of the products are given in Table I. The maxi-
mal yield of oligoadenylic acids including ImpApA was
25.2%. ImpApA was formed after short reaction times and
disappeared at later times as pApA and pApApA accumu-
lated. The formation of the various products is explained in
Scheme I. Pyrophosphate formation (eq 2) was always a
minor reaction.

The ratio of the yield of oligoadenylic acids to that of pA
expresses roughly the efficiency of phosphodiester bond for-
mation. The maximum ratio was 0.45 at 0° in the presence
of Zn2* ion. In the control experiments in which ZnCl, was
omitted, the disappearance of ImpA was slow, and only
small amounts of pApA and pApApA were formed. The
Zn* ion increased the efficiency of phosphodiester-bond
formation by a factor of as much as 10.

Table I Yields of Products from Aqueous Solutions of ImpA in the Presence of ZnCl,

(ImpA): 2-5
(ZnCl,) Yield (%) linkage
Temp,€ Time (molar (pA)y/ of pApA
°C (days) ratio) ImpA PA AppA ImpApA pApA PAPADPA DPAPADPAPA DA (%)
o° 1 1:1 76.0 15.8 1.2 5.9 1.1 045
3 46.9 38.5 1.7 8.4 4.2 0.3 0.34
10 18.3 54.8 1.6 8.3 13.0 3.7 0.2 046 90
r.t. 1 15.8 64.9 1.8 4.4 10.9 2.3 0.27
7 2.8 72.3 1.8 0.9 16.7 4.3 1.2 0.32 87
37° 5 1.7 73.8 2.2 0.7 15.5 5.0 1.1 0.30 78
50° 1 3.1 75.6 1.1 0.3 14.6 4.6 0.7 0.27 76
0° 1 2:1 62.5 25.5 0.9 9.6 1.5 044
3 41.6 41.3 1.7 10.4 4.6 0.4 0.37
10 18.9 55.2 1.5 9.2 12.9 2.3 0.3 045 91
I.t. 1 20.7 59.6 1.4 6.0 10.1 22 0.31
7 3.9 74.1 2.2 0.7 16.4 2.7 0.27 89
50° 1 1.6 77.0 1.1 0.2 164 3.3 0.3 0.26 83
0° 10 1:0a 56.5 38.9 2.6 0.9 1.1 Trace 0.05
Lt 7 9.3 86.2 1.6 0.5 2.1 0.3 0.03
.t 7 1:1b 8.3 84.9 3.0 0.8 2.6 0.4 0.04
aControl reaction. ®MgCl, was used. °r.t. = room temperature.
Table II.  Yields of Products from Aqueous Solutions of ImpU in the Presence of MgCl, or ZnCl, 4
(ImpU):
(ZnCly) Yield (%)
(molar 2’5" linkage
ratio) ImpU pU UppU ImpUpU pUpU pUpUpU  (pU),/pA of pUpU (%)
1:1 5.8 81.4 3.6 0 8.8 0.4 0.11 86
2:1 3.2 83.3 1.9 0.2 10.1 1.3 0.14 86
1:1b 11.7 84.2 2.2 Trace 1.9 0 0.02 Not studied
1:0 13.9 80.3 3.8 0 2.0 0 0.02 Not studied

@At room temperature for 7 days. ?MgCl, was used.
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