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Abstract: The anodic oxidation of tetraphenylhydrazir§ and various 5,6-dihydrobenzg¢innoline derivatives

(2—10) in liquid SO, and CHCI, was studied by cyclic voltammetry at different temperatures. All compounds
could be oxidized to their respective dications and in some cases to their trications. The unusual results indicate a
high internal reorganization energy during the first oxidation step. X-ray structure determinations and other findings
reveal that the electron transfer reactions are accompanied by structural changes of the molecular framework. The
mechanism of oxidation will be dicussed in terms of different variants. Digital simulations and experimental data
give strong evidence for an,EE=DISP mechanism.

1. Introduction

/l o )t )

The oxidation of hydrazines with a gauche or an antiperiplanar @‘\N—- ,N—N,< LN ~\=
orientation of the adjacent lone-pair orbitals on the N atoms () \O / U

leads to radical cations with a nearly planar structural frame-

work. This flattening in the oxidized state can be explained by ae ee

a change in the hybridization of the N atoms from & &pa Figure 1. 1,2-Dimethylhexahydropyridazine: ee and ae conformations

sp? state. The destabilizing repulsive interaction between the and the flattened structure of its radical cation.

lone pairs in the neutral molecules is replaced by a stabilizing

three-electrortwo-orbital bonding interaction in the radical and is an indirect measure of the internal reorganization energies
cations! that are connected with the conformational changes.

The electrochemical behavior of cyclic aliphatic hydrazines A similar mechanism (£—DISP) with simultaneous electron
was intensiveiy investigated by Nelsen and Evans et al. by transfer and conformational flattenlng of the molecular frame-
means of cyclic voltammetr. They attributed their experi- ~ Work is discussed for the reduction of cyclooctatetraetie.
mental findings to the existence of two different conformers In contrast to th|s, a quadratlc reaction scheme is favored for
with an axiai' equatoriai (ae) or an equatoriail equatoriai (ee) the .r_ed_uctlon of bianthrone IdenVa“VeS. In th|S case, bOth
arrangement of the substituents in the neutral state of the@quilibrium conformers are first reduced to their respective
molecules, like 1,2-dimethylhexahydropyridazine (Figure 1), and radlcal_anlons, followed by _the transformation to the thermo-
proposed a triangular reaction scheme. During cyclic voltam- dynamically most stable anion confornfef. _
metric experiments, both conformers are oxidized to the same ~With regard to the oxidation of aryl-substituted hydrazines,
radical cation, but the reduction of this cation (in the reverse ©nly the radical cations formed first have so far been described
scan) leads only to the ee conformer. The standard potentialsas persistent speciési® To our knowledge, however, nothing
for the oxidation of the ee and the ae conformers are almost!S known about the parthUIar conformational effects in the
the same, but there is a big difference in the heterogeneous rat€ ™ (3) ajiendoerfer, R. D.; Rieger, P. H. Am. Chem. S08965 87, 2336
constants of the two oxidation processes. The oxidation of the 2344, ‘
ae conformer takes place at a much slower rate than the_ (4)Huebert, B. J.; Smith, D. El. Electroanal. Cheml971, 31, 333~
corresponding ellectr.on transfer Wl_th the ee conformgr. Nelsen (é) Smith, W. H.: Bard, A. JJ. Electroanal. Cheml977 76, 19-26.
and Evans explain this by a higher internal reorganization energy  (6) Hammerich, O.; Parker, V. Dicta Chem. Scand., S 1981,35,
of the ae conformer during the oxidation process. According 39?7_)4(0§'0| B A E D. HL Am. Chem. Sod981 103 839

; : ; a) Olsen, B. A.; Evans. D. Hl. Am. Chem. So
to this model, the Confo.rmatlonal ﬂatten.lng of the molecular 843. (b) Olsen, B. A;; Evans, D. H.; AgranatJl.Electroanal. Cherml982
framework takes place simultaneously with the charge transfer 136 139-148.
(8) (a) Matsue T.; Evans, D. H.; AgranatJl.Electroanal. Chen1984

T Universita Freiburg. 163 137-143. (b) Matsue, T.; Evans, D. H. Electroanal. Cheml1984
* Max-Planck-Institut. 168 287—298.

® Abstract published irAdvance ACS Abstractdjay 1, 1996. (9) (a) Neugebauer, F. A.; Bock, M.; Kuhiieer, S.; Kurreck, HChem.
(1) (@) Nelsen, S. F.; Hintz, P. J. Am. Chem. Sod 972 94, 7108- Ber. 1986 119 980-990. (b) Neugebauer, F. A.; Kuhitser, SAngew.

7113. (b) Nelsen, S. F.; Weisman, G. R.; Hintz, P. J.; Olp, D.; Fahey, M. Chem., Int. EdEngl. 1985 24, 596-597; Angew. Chem1985 97, 589~
R.J. Am. Chem. S0d 974 96, 2916-2923. (c) Nelsen, S. F. Hydrazine, 590.

Hydrazine Cation Radical Electron Transfer Reactions.Malecular (10) (a) Cauquis, G.; Genies, Metrahedron Lett1971, 3959-3962.
Structures and Energeticdiebman, J. F., Greenberg, A., Eds.; VCH (b) Cauquis, G.; Delhomme, H.; Serve, Detrahedron Lett1971 4649
Publishers, Inc.: Deerfield Beach, FL, 1986; Vol. 3, Chapter 1, p 1. 4652. (c) Cauquis, G.; Genies, M.; Serve,Tetrahedron Lett1972 5009~

(2) (@) Nelsen, S. F.; Echegoyen, L.; Evans, D.JHAm. Chem. Soc 5012. (d) Cauquis, G.; Chabaud, B.; GeniesBuYIl. Soc. Chim. Fr1973
1975 97, 3530-3532. (b) Nelsen, S. F.; Echegoyen, L.; Clennan, E. L.; 3482-3486. (e) Cauquis, G.; Delhomme, H.; Serve Hlectrochim. Acta

Evans, D. H.; Corrigan, D. AJ. Am. Chem. So0d 977, 99, 1130-1134. 1975 20, 1019-1026.
(c) Nelsen, S. F.; Clennan, E. L.; Evans, D. HAm. Chem. Sod 978 (11) Svanholm, U.; Parker, V. Dl. Am. Chem. Sod972 94, 5507
100, 4012-4019. 5508.
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Oxidation and Structure of 5,6-Dihydrobenzo[c]cinnolines

Chart 1

3 4 R=H
5 R=Me
7 8 9 10
R R 6 R=H
611 7 R=6,11-Me,
12 =7.10-
5 4N-N13 8 R=7,10-Me,
9 R=89-Mec,

a1
2

10 R = 6,11-(OMe),
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Table 1. Crystallographic Data and Refinement Parameter3 of
and10

3 10
formula C24H13N2 C17H13N202
fw 334.42 282.35
crystal system orthorhombic monoclinic
space group Pbca F2:/n
a, 12.667(3) 12.919(2)

b, A 17.872(5) 5.519(1)
c, A 15.642(3) 20.112(4)
b, deg 97.48(2)
v, A3 3541(3) 1422(1)
z 8 4
F(000) 1408 600
Dealcss g CNT2 1.254 1.319
u, et 0.687 0.817
no. of measd reflcns 4055 3269
(sin0il < 0.67 A Y
no. of obsd reflensl[> 20(1)] 1640 2211
refinementR/R,2 0.055/0.033 0.082/0.067
maxAp, e A3 0.16(4) 0.78(9)
crystal size, mrh 0.1x0.2x0.2 0.2x0.3x0.4

2R= 3 (IFol = IFel)/ZIFol, Ry = {[XW(IFol — IFc)Z/[ZWIFo7} "2

1H-benzof]pyrazolo[1,2a]cinnoline 6),?* 2,3-dihydro-6,11-dimethyl-
1H-benzof]pyrazolo[1,2a]cinnoline (7),?? 2,3-dihydro-7,10-dimethyl-
1H-benzof]pyrazolo[1,2a]cinnoline @),% 2,3-dihydro-8,9-dimethyl-
1H-benzof]pyrazolo[1,2a]cinnoline ©),%2 and 2,3-dihydro-6,11-

course of the oxidation of these hydrazines, which can be traceddimethoxy-H-benzo|pyrazolo[1,2a]cinnoline (L0)*? were available
by electrochemical methods. Recently, we observed an unex-in our laboratory or were prepared as described in the literature.

pected “two-electron” transfer in the cyclic voltammogram of
5,6-dihydro-5,6-diphenylbenzgginnoline @) and, furthermore,

NMR Results. *H (500 MHz) and**C NMR (126 MHz) data (CB
CN, temperature range72 to —38 °C) of 2—6 and of9 are given in

demonstrated the reversible formation of the mono-, di-, and the supporting information.

trications of benzaflbenzo[3,4]cinnolino[1,2]cinnoline Q) in
liguid sulfur dioxide!® Encouraged by these findings, we
comprehensively investigated the anodic oxidation of tetra-
phenylhydrazineX) and various 5,6-dihydrobenz§innoline
derivatives 2—10) by cyclic voltammetry and digital simulation

X-ray Structure Determinations of Compounds 3 and 10 Single
crystals of the colorles3and the yellowl0were grown from methanol
and ethyl acetate, respectively. Diffraction data were collected at 22
°C on an Enraf-Nonius CAD-4 circle diffractometer, using graphite-
monochromated Mo K radiation ¢ = 0.710 69 A,w—26 scanning
technique). Lattice parameters were determined from least-squares fit

and elucidated a general electrochemical reaction mechanisnysing 30 reflectionsq range: 16-14°). The structures were solved

for this class of compounds. Furthermore, not only the

by direct methods (MULTAN) and were refined by full-matrix least-

heterogeneous but also the homogeneous (disproportionationkquares minimizing w(AF)? with the weighting scheme = [o(F)?
rate constants for the oxidation of the hydrazines could be + (0.0F)? % Hydrogen atoms were refined with isotropic and all
determined, and relationships between the thermodynamic andother atoms with anisotropic temperature fact8rtomic scattering
kinetic parameters of the redox processes and the structuralfactors and anomalous-dispersion corrections were taken finten-

characteristics of the molecules were established.

2. Experimental Section

Materials. The compounds tetraphenylhydrazirig,® benzof]-
benzo[3,4]cinnolino[1,2]cinnoline Q),° 5,6-dihydro-5,6-diphenylben-
zo[c]cinnoline @),° 5,6-dihydro-5,6-dimethylbenzdkinnoline @),%2
5,6-dihydro-1,5,6,10-tetramethylbengfinnoline (),'8°2,3-dihydro-

(12) Forrester, A. R.; Hay, J. M.; Thomson, R.®rganic Chemistry of
Stable Free RadicajsAcademic Press: London, 1968; p 123.

(13) Das, M. R.; Patankar, A. V.; Venkataraman Aoc. Indian Acad.
Sci 1961, A53 273-295.

(14) Abakumov, G. A.; Pomerantseva, L. Zh. Obshch. Khim1966
36, 1921-1924;J. Gen. Chem. USSF966 36, 1913-1915.

(15) Cheng, J.-D.; Shine, H. J. Org. Chem1975 40, 703-710.

(16) Pankratov, A. N.; Morozov, V. L.; Mushtakova, S. P.; II'yasov, A.
V. Izv. Akad. Nauk SSSR, Ser. Khih984 1483-1487;Bull. Acad. Sci.
USSR, Di. Chem. Sci1984 33, 1363.

(17) Berti, C.; Greci, L.; Andruzzi, R.; Trazza, A. Org. Chem1985
50, 368-373.

(18) (a) Neugebauer, F. A.; BambergerChem. Ber1972 105 2058~
2067. (b) Neugebauer, F. A.; Weger, H.Phys. Chem1978 82, 1152
1157.

(19) (a) Dietrich, M.; Heinze, J.; Fischer, H.; Neugebauer, FAAgew.
Chem., Int. Ed. Engl1986 25, 1021-1023;Angew. Chenil986 98, 999—
1000. (b) Dietrich, M.; Heinze, J1. Am. Chem. Sod99Q 112 5142-
5145,

(20) Wieland H.; Gambarjan, 8er. Dtsch. Chem. Ge$906 39, 1499-
1506.

national Tables for X-Ray CrystallograpRy The crystallographic data
and the parameters of structure refinement are given in Taffle 1.
Purification Procedures. Commercially available sulfur dioxide
(SO, MessetGriesheim) was condensed -a70 °C under nitrogen
atmosphere in a glass vessel equipped with basic alumina (ICN, Super
B1) and a magnetic stirrer. The vessel was then partly evacuated, and
the solvent was refluxed for one-half hour in the temperature range
between—40 and—10 °C, depending on the quality of the vacuum.
After this procedure, SQwas condensed under vacuum conditions in
a thoroughly dried flask and stored there prior to use-@0 °C.
Technical grade dichloromethane was stirred for several days with
concentrated sulfuric acid. The organic phase was washed with water
until all of the acid had been removed, followed by stirringhnat1 M
aqueous sodium carbonate solution, and subsequently washed again
with water. Then the solvent was successively dried over calcium
chloride, potassium carbonate, and calcium hydride and finally distilled

(21) Farnum, D. G.; Alaimo, R. J.; Dunston, J. 81.0rg. Chem1969
32, 1130-1134.

(22) Neugebauer, F. A.; Fischer, Bl.Chem. Soc., Perkin Trans1289
1349-1353.

(23) B. A. Frentz and Associates Inc., Structure Determination Package,
4th revised edition, College Station, TX, and Enraf-Nonius, Delft, The
Netherlands, 1982.

(24) International Tables for X-Ray Crystallographigtynoch: Birming-
ham, England, 1974; Vol. IV.

(25) Atomic coordinates, bond lengths and angles, torsional angles, and
thermal parameters have also been deposited at the Cambridge Crystal-
lographic Data Center, England.
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Table 2. Bond Distances, Bond Angles, and Torsional Angles of the Hydrazine Segm#ni3imnd 10

Dietrich et al.

12 2b 3 10
N—N, A 1.390 1.437(2) 1.428(4) 1.369(3)
N—C(ar), A 1.420 (av) 1.436(2) [C(ABN] 1.410(5) [N(5)-C(4a)] 1.401(3) [N(4y C(4a)]
1.414(3) [C(B1)>-N] 1.416(5) [N(5)-C(A1)] 1.400(4) [N(13)-C(12a)]
1.424(3) [C(A1)—N'] 1.437(5) [N(6)-C(6a)]
1.419(3) [C(B1)—N'] 1.437(5) [N(6)-C(B1)]
N—C(CH,), A 1.457(3) [N(4)-C(3)]
1.446(3) [N(13y-C(1)]
OCNN, deg 116.8 (av) 109.4 [C(A1)NN 114.5(3) [C(4a)N(5)N(6)] 106.7(2) [C(3)N(4)N(13)]
113.8 [C(B1)NN] 115.0(3) [C(AL)N(5)N(6)] 116.8(2) [C(4a)N(4)N(13)]
110.1 [C(AT)N'N] 111.0(3) [C(6a)N(B)N(5)] 108.2(2) [C(1)N(13)N(4)]
113.3 [C(BI)N'N] 111.6(3) [C(B1)N(6)N(5)] 116.5(2) [C(12a)N(13)N(4)]
OCNC, deg 126.3 (av) 121.6 [C(A1)NC(B1)] 124.0(3) [C(4a)N(5)C(A1)] 118.8(2) [C(3)N(4)C(4a)]
120.4 [C(AT)N'C(BT)] 118.4(3) [C(6a)N(6)C(B1)] 121.0(2) [C(1)N(13)C(12a)]
a (av), deg 120.0 114.9 [N] 117.8 [N(5)] 114.1 [N(4)]
114.6 [N] 113.7 [N(6)] 115.2 [N(13)]
OCNNC, deg —60.7 [C(A1)NNC(B1)] —98.5(3) [C(A1)N(5)N(6)C(6a)] 37.3(2) [C(3)N(4)N(13)C(1)]
—59.1 [C(B1)NNC(A1)] —80.1(3) [C(4a)N(5)N(6)C(B1)]  —46.6(3) [C(4a)N(4)N(13)C(12a)]
161.3 [C(A1)NNC(AT)] 177.7(1) [C(3)N(4)N(13)C(12a)]
79.0 [C(B1)NNC(B1)] 173.0(2) [C(4a)N(4)N(13)C(1)]
6.c deg 74.4 59.9 89.3 175.4

a|jt.2% structure of3-molecule at 20C; data ofa-molecules show no significant deviatiofd.it.2° © Lone pair-lone pair twist angle assuming
that the lone pair orbital axes bisect the CNC angles in a Newman projection down-tRebbind3!

Table 3. Selected Torsional Angles (deg) 8fand 10 with esd’s in Parentheses

10

3
C(4)-C(4a)-N(5)—N(6) 143.5(4)
C(4)—C(4a)y-N(5)—C(A1) —66.5(4)
C(10b)-C(4a)y-N(5)—N(6) —34.1(4)
C(10b)-C(4a)-N(5)—C(A1) 116.0(4)
C(B1)-N(6)—C(6a)y-C(7) —86.3(3)
C(B1)~N(6)—C(6a)-C(10a) 93.5(3)
N(5)—N(6)—C(6a)-C(7) 142.7(3)
N(5)—N(6)—C(6a)-C(10a) —37.5(3)
C(4a)-N(5)—C(A1)-C(A2) —0.7(5)
N(6)—N(5)—C(A1)—C(A6) —32.7(4)
N(5)—N(6)—C(B1)—C(B6) —37.5(4)
C(6a)-N(6)-C(B1)-C(B2) 12.7(5)

C(2)C(1)-N(13)-N(4)
C(2)-C(1)-N(13)-C(12a)
C(2)-C(3)-N(4)—N(13)
C(2}-C(3)-N(4)—C(4a)
C(3)-N(4)—C(4a)y-C(5)
C(3YN(4)—C(4a)-C(82)
N(13)N(4)—C(4a)-C(5)
N(13)-N(4)—C(4a)-C(8a)
C(8b)}-C(12a)-N(13)—-C(1)
C(8b}-C(12a)-N(13)—N(4)
C(12)-C(12a)-N(13)-C(1)
C(12}C(12a)-N(13)-N(4)

—26.0(2)
—164.2(3)
-32.1(2)
—166.6(3)
—21.6(3)
164.8(2)
—151.8(2)
34.6(3)
164.7(2)
29.6(3)
—20.0(3)
~155.1(2)

under nitrogen atmosphere. The purified dichloromethane was stored The crystal structure of tetraphenylhydrazidgifas already

in a thoroughly dried flask at @C in the dark. The anodic potential
limit with tetrabutylammonium hexafluorophosphate (TBAPRs

supporting electrolyte lies at2.8 (vs Ag/AgCI).

Electrochemical Measurements.All electrochemical experiments
were carried out in specially constructed cells containing an internal
drying column with highly activated alumirf&?” The working

electrode was a Pt disk sealed in soft glass (1.00 mm diameter).

solution.

Potentials were calibrated with ferrocere .352 V vs Ag/AgCl).

potentiostat and a PAR 175 programmer.

Philips Model PM 8131 XY recorder. For the higher scan rates a

Model TRC 4070 Krenz transient recorder was used.

Digital Simulations. Digital simulations were carried out using the
implicit Crank—Nicolson technique. All boundary conditions were

formulated implicitly?®

3. Results and Discussion

3.1. Crystal Structures of 1, 2, 3, and 10 and Conforma-
tions of 1-10 in Solution. Bond distances, bond angles, and

torsional angles of the hydrazine segmentljr2, 3, and 10

appear in Table 2, and further selected torsional angle3 of

and 10 are given in Table 3.

(26) Kiesele, HAnal. Chem 1981, 53, 1952-1954.

(27) Hinkelmann, K.; Heinze, J.; Schacht, H.-T.; Field, J. S.; Vahren-

kamp, H.J. Am. Chem. S0d.989 111, 5078-5091.
(28) Stozbach, M.; Heinze, 1. Electroanal. Chem1993 346, 1.

been reported® Owing to considerable delocalization of the

nitrogen lone pairs of electrons into the adjacent phenyl

(1.39 A).

substituents, the tertiary nitrogens are approximately plamar [
(av) = 120°] and the N-N bond becomes remarkably short
Lone-paif-lone pair repulsion is minimized as

A ptindicated by thed torsion angle of the lone-pair orbital axes
wire, wrapped around the glass of the working electrode, was used asabout the N-N bond, (JnNN'n’) ~ 75°. Substantial steric
the counterelectrode. The reference electrode was an Ag wire on whichinteraction of the adjacent phenyl substituents, on the other hand,
AgCl had been deposited electrolytically, immersed in the electrolyte leads to the observed enlargement of theNC-C angle (128)
and to the phenyl torsion angles ranging front 1@ 4¢°.2°

A similar orthogonal arrangement of the diphenylamino
The measurements were performed with an AMEL Model 553 mpgjeties is expected fdk in solution, in order to comply with

Data were recorded with a e 0w Jone pair-lone pair repulsion and the steric requirements
of the large phenyl substituents. There is no direct evidence of
a restricted rotation i, but 'H-NMR studies of a derivative

of 1, i.e. tetrakis(3,5-dtert-butylphenyl)hydrazine, showed a

restricted rotation about the-NC bonds with a barrier of 9.2
kcal mol-1.18a On oxidation to the corresponding radical cation
1+, the molecular structure dfis completely changed to yield

an approximately planar hydrazinium moiety with restricted
rotations not only about the-NN bond but also about the-NC

bonds within the ESR time scalal8a

The X-ray crystal structure o2 has been published else-

where3® Surprisingly, 2 crystallizes as separate enantiomers
in the chiral space group2;. The crystal structure reveals twist

(29) (a) Hoekstra, A.; Vos, A.; Braun, P. B.; HornstraAéta Crystal-

logr., Sect. B1975 31, 1708-1715. (b) Hoekstra, A.; Vos, AActa
Crystallogr, Sect. B1975 31, 1722-1729.
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Figure 2. Molecular structure of in the crystal.
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Figure 3. Molecular structure of3 in the crystal with the atom-
numbering scheme.
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Figure 4. Molecular structure o10in the crystal in a side view along
the molecular plane.

conformations for the 1,2-dihydropyridazine rings. Both ni-

J. Am. Chem. Soc., Vol. 118, No. 21, 3(®5%

117.8, N(5) appears to be nearly planar. The “p-rich”
hybridization at this nitrogen is also pointed out by the relatively
short bonds to C(4a) and C(Al). N(6), on the other hand, is
substantially less flatp. (av) = 113.7. The bonds to the
adjacent C(6a) and C(B1) are a little longer2®0) than those

of N(5), but still indicate some interaction of the electron lone
pair with the coupledr-systems. The torsional anglebetween
the lone-pair orbital axes of about 8fts with the expected
geometry for minimizing lone paiflone pair repulsion. The
central 1,2-dihydropyridazine ring exists in a twist conformation,
where both phenyl substituents occupy pseudoaxigbésitions
(Figure 3). This is clearly the sterically least hindered arrange-
ment.

The steric situation 08 suggests that the& conformer is
also the predominant conformer in solutiot and13C NMR
data of 3 show no significant temperature dependence in the
range+72 to —38 °C. This agrees with the presence of only
the da conformer or with & = &€ (nitrogen inversion) and
aa = €¢ (ring inversion) equilibria, which, for steric reasons,
are shifted predominantly to théaaside.

Compound4 is sterically less restricted. Unfortunately its
crystal structure is not known. For dissolvégdone expects a
rapidly equilibrating & = ad = €a mixture by nitrogen
inversion and, furthermore, théseconformer being accessible
by ring inversion & = €¢€. H and3C NMR spectra o# in
the temperature range72 to—38 °C remain almost unchanged.
Additional methyl substitution in the 2,9-positions, compound
5, sterically impedes the ring inversion. Again the¢ and3C
NMR data in the range+72 to —38 °C show no significant
changes.

Owing to the short trimethylene bridge in the 2,3-dihydro-
1H-benzoE]pyrazolo-[1,2a]cinnoline series§—10), da con-
formers are no longer possible. Of these compounds, Dhly
provided crystals suitable for X-ray analysis. The crystal-
lographic data and selected bond distances, bond angles, and
torsional angles ofOare given in the Tables13. Its biphenyl-
2,2-diyl component is flatter than i and 3, thus giving the
central 1,2-dihydropyridazine ring a half-twist conformation with
substantially nonplanar nitrogens andaiav) of 114.%2 and

trogens, showing slightly different geometries, are substantially 115.2, respectively. The trimethylene bridge is attached to the

nonplanarp (av) =~ 115°. The torsion angl@ about the N-N
bond of about 60 corresponds to a favorably low lone pair
lone pair interaction. Racemization @fcan occur by N-N

nitrogens in epositions (Figure 4). Consequently, the torsional
anglef between both lone-pair orbital axes increases td,175
leading to an unfavorably large lone palone pair interaction,

axis rotation requiring double 1,2-dihydropyrazine ring reversal which effects the significant bending of the nitrogens from
coupled with double biphenyl rotation and has the very high planarity. This adverse interaction seems to be caused in part

racemization barrier of 27.1 kcal mdl(pre-exponential factor
A =6.52x 10"). The high racemization barrier is apparently

by an increased lone pairr-system interaction, indicated by
relatively shorter N(4)C(4a) and N(13)C(12a) bond distances

related to strong steric interactions between the hydrogens in(1.40 A). This view seems to be supported by the remarkably

1,17- and 8,10-positions (these are the'-Byglrogens in the
eclipsed 2,2biphenylene moieties, Figure 2), in addition to the
lone pair-lone pair interaction in the transition stafe.In the
temperature range-70 to —38 °C, thelH and13C NMR data
of 2 show no notable temperature dependence.

The crystallographic data & are listed in Table 1, and the
atom-numbering scheme &fis shown in Figure 3. Selected

short N(4-N(13) bond length of 1.369 A. However, due to
large thermal vibration of the nitrogens the-N and N-C bond
distances appear to be shorter than they are. The pronounced
anisotropy of these vibrations leads to a maximal rms amplitude
of 0.3 A in the direction of the lone pairs, and the fifaalue

of 0.082 reflects mainly the high residual electron density about
the two nitrogens.

bond distances, bond angles, and torsional angles of this The crystal structure of0 suggests that the'& conformer
compound are given in the Tables 2 and 3. Due to the may pe the predominant one in solution. We cannot exclude,

correlative substitution pattern at the hydrazine moiety, ione
might have expected a,Gxis bisecting the N(5)N(6) and

however, a rapidly equilibrating'@ = a€ mixture. NMR
studies of6 and 9 in the range+72 to —38 °C showed no

C(10b)-C(10a) bonds. The geometry about both nitrogens, sjgnificant temperature dependence of tHeand13C signals.

however, is found to be different. Derived from (av) =

(30) Fischer, H.; Krieger, C.; Neugebauer, F.Afgew. Chem., Int. Ed.
Engl. 1986 25, 374-375; Angew. Chem1986 98, 341-342.

(31) (a) Nelsen, S. F.; Wang, Y.; Powell, D. R.; Hayashi RJKAm.
Chem. Soc1993 115 5246-5253. (b) Agmon, |.; Kaftory, M.; Nelsen, S.
F.; Blackstock, S. CJ. Am. Chem. S0d.986 108 4477-4484.

3.2. Cyclic Voltammetry. (a) Tetraphenylhydrazine (1).
The cyclic voltammetric investigation df was carried out in
liquid sulfur dioxide at temperatures betweef0 and—40 °C.
The compound dissolves in $@ith a deep yellow color.

At a temperature of-20 °C we succeeded in oxidizingto
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the dication in two reversible oxidation step§(= 0.795 V,

Eg = 1.645 V). The electrochemically generated dication
turned out to be stable within the time scale of the voltammetric
experiment. At—40 °C, the standard potential of the dication
formation shows a shift t& = 1.620 V.

The large potential interval betweé} andES suggests that
the positive charges of the mono- and dication levels are
localized mainly on the nitrogen atoms and that the second
electron transfer is probably accompanied by a further internal
molecular reorganization, i.e. an increased flattening of the
central N-N framework. This is in accordance with the crystal
structure ofl?® and the ESR-ENDOR results of the radical cation
1-+.9%a18a Derived from the ESR data, i, theN-phenyl rings
are distorted about the-NC(ar) bond by~ 30°, and the N atoms
each have a spin density of ca. 0.25.

(b) Benzof]benzo[3,4]cinnolino[1,2-a]cinnoline (2). Com-
pound 2 was investigated in liquid sulfur dioxide in the
temperature range 6f20 and—70 °C and in dichloromethane
at different temperatures betweetri0 and—80 °C. o)

Like 1, the solution oR in liquid SO, showed a deep yellow
color, while the dichloromethane solution was colorless.

At —50°C in SQ,, we succeeded in generating the trication
of 2 with a lifetime of 0.3 s. Under these conditions, the
standard potentials for the mono-, di-, and trication formation nd
areEY = 0.560 V,E5 = 1.165 V, andEJ = 2.745 V. [ oswa

The standard potentials of the second and third oxidation steps
are temperature dependent and show a shiftbfmV °CL,

During the cyclic voltammetric experiments in dichlo-
romethane_, the reversible oxidation to the dication was observedFigulre 5. Cyclic voltammograms for the oxidation 8fin liguid SO/
at all mentioned temperatures. The standard potentials for theo_1 M TBAPRs, T = —50°C, v = 100 mV s, c = 8 x 10 M: (a)

formation of the mono- and the dication a%0 °C areE; = one-cycle voltammogram; (b) multisweep voltammogram between 0.6

0.485 V andEy = 1.180 V. and 1.45 V; (c) multisweep voltammogram betwee®.05 and 1.45
The second standard potential shows a temperature-dependerst.

shift of 0.5 mv°C1,
The first electron transfer during the oxidationdbccurs at During multisweep experiments betweet®.07 and+1.53 V

a potential 240 mV lower than that of the corresponding no oxidation peak appeared that could be associated with the

oxidation of 1. This shows that the formation of the radical reduction peak aE;C (Figure 5¢). There is even no change at

cation 2t is thermodynamically easier than &f" due to the —70 °and sweep rates up to 20 Vs

better conjugation in the more planarized system and the stronger A decrease in temperature or an increase in the scan rate leads

N-lone-pair repulsion of the neutral species. The completely to strong potential shifts of the oxidation peakig in anodic

bridged framework facilitates apparently also the second electrongjrection and the reduction peak Eéc in cathodic direction,

transfer, thus leading to a smaller interval betweEéi)nand while the values OfE;a and ESC change only slightly. The

Eg- same is true of the cyclic voltammograms in dichloromethane.
The solvent dependence of the first oxidation potential as Figure 6 shows the cyclic voltammograms fn CH,Cl, at

well as the temperature dependence of the second and subsefour different temperatures.

quent oxidation potentials were observed for all investigated By changing the substrate concentration fronx 103 M

hydrazines and will be discussed at the end of this section. to 4 x 1073 M a current-shoulder at 0.900 V appears on the
Neither 1 nor 2 exhibited any unusual behavior during the rising portion of the oxidation peak E;l)a (Figure 7a).

regular electrochemical investigations. Multisweep experiments at80 °C in the potential range
(c) 5,6 Dihydro-5,6-diphenylbenzog]cinnoline (3). Like between 0.565 and 1.470 V show the same features as the

the above-mentioned compounds.also dissolves in liquid  corresponding voltammograms in liquid sulfur dioxide. During

sulfur dioxide with a yellow color. the second and the following cycles an additional oxidation wave
Its cyclic voltammogram at-50 °C and a sweep rate of 100 gt Ega = 0.935 V appears, which grows from cycle to cycle,

mV s~tin the potential range between 0.0 and 1.48 V shows a while at the same time the oxidation wavesg loses intensity

high anodic wave aE;, = 1.08 V during the forward sweep,  (Figure 8a). This new oxidation wave and the reduction wave

followed by two reduction waves &, = 0.18 V andE,; = atE>, = 0.800 V belong to the same redox pair with a standard

0.81 V in the reverse sweep (Figure 5a). Moreover, there is a potential of EY = 0.870 V.

trace crossing effect VISIb|'e in the potential range between 0.88° A; _3q °C, the oxidation peak eﬁzadecreases very rapidly

and 0.94 V. If the scan is reversed befdg is reached, a  from cycle to cycle and disappears completely at the end of the

new oxidation wave afsaz 0.87 V appears during the second  third cycle (Figure 8c).

and subsequent scans, while at the same time the oxidation wave a change of working electrode leads to different shapes of

at E, loses intensity from cycle to cycle (Figure 5b). The the cyclic voltammograms. Figure 7b shows a voltammogram

oxidation wave aE,f‘.,1 and the reduction wave Ef,c belong to of 3in CH,Cl, at a scan rate of 100 mV 5and a temperature

the same redox pair with a standard potentiaEg)h 0.840 V. of 20 °C in the potential range between 0.0 and 1.2 V using a

a)

T T T 1
0.0 05 10 15

E [vs. Ag/AgCI]/V
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T=-80°C
v =200 mV/s

?).5 {o X ) 10
E [vs. Ag/AgCl]/V E [vs. Ag/AgCI]/V
Figure 6. Experimental (a) and simulated (b) cyclic voltammograms
of 3 in CHyCl, at four different temperatures,= 100 mV s?, ¢ =
1.1 x 1073 M; specific simulation data in Table 4.

a.) b.)
I 2.51A 1 A
00 E 10 is 00 05 10 15
E [vs. Ag/AgCIIV E [vs. Ag/AgCIIV

Figure 7. Experimental cyclic voltammograms 8fin CH,Cl,/0.1 M
TBAPF:: (a)c=4 x 10°3M, T=20°C, v = 100 mV s%; (b) using

a freshly annealed Pt wire electrodes= 1 x 10°M, T = 20°C, v

= 100 mV s. Simulations are given in the supporting information,
specific simulation data in Table 4.

freshly annealed platinum wire as the working electrode. Two
oxidation peaks are visible &, = 0.700 V andEz, = 0.950

V with two corresponding reduction Waveslﬁg,rC = 0.555V
andE2 =0.890 V. At a scan rate of 20 mV &the difference
betweenE1 andE;, drops to 125 mV.

(d) 5,6 D|hydro 5 6-dimethylbenzog]cinnoline (4). Com-
pound4 dissolves in S@(c = 8 x 107* M) with a yellow
color, while the CHCI, solution is colorless.

The cyclic voltammogram oft in SO, at —13 °C in the
potential range betweern-0.06 V and 1.24 V shows two
oxidation peaks aE =0.470V andE2 0.965 V and in the
reverse sweep two corresponding reductlon peakE at=
0.350 V andE = 0.900 V (Figure 9a). While the second

J. Am. Chem. Soc., Vol. 118, No. 21, 3055

T =-80°C
v =200 mV/s
a) b)
- -1 1 — T 1
05 10 15 05 10 15
E [vs. Ag/AgCl]/V E [vs. Ag/AgCI]/V
= 30 °C
=100 mV/s
c) d)
r T 1 T
05 10 15 05 15
E [vs. Ag/AgCl]/V E [vs. Ag/AgCl]/V

Figure 8. Multisweep voltammograms for the oxidation ®fn CH,-
Cl,/0.1 M TBAPF;, c= 1.1 x 1073 M: (a) experiment] = —80 °C,

v = 200 mV s?; (b) simulation of a, parameters in Table 4; (c)
experiment,T = —30 °C, v = 100 mV s?; (d) simulation of c,
parameters in Table 4.

AL

r — T 1 T T T 1

-02 0.3 0|,8 13 -02 03 08 13
E [vs. Ag/AgCI]/V E [vs. Ag/AgCI]/V
Figure 9. Cyclic voltammograms o# in liquid SG,/0.1 M TBAPF;,
c=8x10*M: () T=—13°C,» =200 mV s} (b) T= —50°C,

v = 100 mV s, freshly polished electrode.

determined to beEg = 0.940 V, the broad shape of the first
oxidation wave and the higAEp; value of 120 mV are very
unusual and allow a determination ET only with the help of
digital simulations.

Decreasing the temperature drastically changes the cyclic
voltammograms. At50 °C the first oxidation peak has shifted
to 0.770 V, while the reduction peak IE;C has moved to 0.270
V (Figure 9b). Furthermore, an additional shoulder on the
cathodic side of the second oxidation wave appears at 0.850 V.
The shapes of the second oxidation and the corresponding
reduction wave are almost unchanged, but their position on the
potential axis has shifted in the cathodic direction, so Eat

oxidation wave and the corresponding reduction wave have thenow has a value of 0.905 V. A further decrease in temperature
normal shape of a cyclic voltammogram and the standard to —70 °C leads to the complete disappearance of the first

potential of the corresponding redox pair could be easily

oxidation peak below the second oxidation wave. The first
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@) v=20mV/s Scheme 1. ECE-EEC Mechanism|E3,| > (|ES, < |ES,|)

A f— A+ (AZ*’)

B — BY —

Iozm

b) v =100 mV/s

B1’ "Bl B2’ "B2

As mentioned in the Introduction, different electrochemical
reaction mechanisms were discussed for the case of electron
transfer reactions accompanied by structural changes. Any of
these mechanisms might have explained the unusual shapes of
the cyclic voltammograms o8 and 4. The following will
describe our way of finding the correct reaction mechanism with
the help of digital simulation as well as thermodynamic and

I 05 uA

o i | }
; ﬁ
o

) v=1V/s kinetic considerations.
The first mechanism we will discuss here is the ECEEEEC—
IQ A DISP mechanism (Scheme 1) which we proposed in our
preliminary communicatio®? According to this reaction
. scheme, the neutral molecule A'daconformation regarding
to theN,N'-phenyl or theN,N'-methyl substituents in the case
of 3 or 4) will be oxidized in a single electron transfer step to
19 o+ o8 12 oa o8 the radical cation A of the same geometry at the redox
E [vs. Ag/AgCIl/V E [vs. Ag/AgCI]/V potential ES,. After this electron transfer, the molecular
Figure 10. Experimental (left) and simulated (right) cyclic voltam-  framework flattens to form the radical cation*'B The
mograms for the oxidation efin liquid SO/0.1 M TBAPF;, ¢ = 8 x conjugation between the N atoms in the flattened molecule is
107 M, le —70°C: (@)v=20mV s (b) » =100 mV s*%; (c) v increased to such an extent that the standard potefE}iabf
IZ)1 V s specific simulation data in supporting information (Table o raqox pair B/B2* has a lower value thaﬁgl. Thus the

cyclic voltammogram in Figure 5a shows only a single oxidation
reduction wave shows a further shift in the cathodic direction Wave, which corresponds to the oxidation of A to*Athe
(Figure 10). transformation of A" to B**, and the further oxidation of ‘B

The cyclic voltammograms oft in SO, at —70 °C and to B2". In the reverse sweep the reduction éf Bo neutral B,
different scan rates are presented in Figure 10. At a sweep rateévhich transforms to the thermodynamically more stable A form
of 20 mV s! a spike at 0.830 V is visible (Figure 10a), which in a following irreversible “chemical” reaction step, is visible
shifts in the anodic direction if the scan rate is increased. The (EEC sequence). The trace crossing, which appears in the cyclic
spike changes to a shoulder on the rising part of the secondvoltammogram of Figure 5a can be explained with a fast

oxidation wave (Figure 10b) in the range of 100 mV* &nd homogeneous disproportionation reaction of the type
finally disappears beneath this oxidation wavé & st (Figure
10c). 2+ K et o+

At —50 °C we succeeded in generating the tricatiorait BT +ATBT HA @

a standard potential oEg = 3.270 V during the cyclic
voltammetric experiments in SO Thermodynamically, the left side of this equilibrium is
The voltammograms in Cil, at —60 °C show two favored, but the homogeneous reaction, which transforriis A
reversible oxidation waves with the following standard potentials to B**, controls the equilibrium kinetically. This kinetic control
E? = 0.295 V andE) = 0.875 V. leads to an extraproduction ofBwhen the potential in the
The temperature- and scan-rate-dependent changes in th&yclic voltammetric experiment reaches the standard potential
shapes of the voltammograms in @k are not as drastic as  of the B/B?* redox pair. The additional anodic current, which
in SO,. occurs during the reverse sweep in the crossover region, is a
During all measurements the shapes of the voltammogramsresult of the reoxidation of the extraproduced B
turned out to be very sensitive to the condition of the platinum  The simulated cyclic voltammograms using this mechanism
working electrode. The strongest shifts in potential of the first fit very well with the experimental voltammograms &f°
oxidation and the first reduction peaks could be observed at a Another promising mechanism is th¢g=-DISP mechanism
freshly polished electrode. At a used electrode the first electron (Scheme 2). According to this reaction scheme, the oxidation
transfer seemed to be much more reversible. This contradictsof the neutral compound A takes place with a small heteroge-
“normal” experimental experience. Reproducible results could neous rate constant because of the conformational change of
be obtained only at freshly polished electrodes. the molecule that occurs simultaneously with the charge transfer.
3.3. Discussion of Different Electrochemical Reaction  The charge transfer step A~ B*" + e does not have a
Mechanisms. Crystal structure and ESR/ENDOR investigations measurable rate until the standard poteril q,. is reached.
show that electron transfer reactions with these cyclic hydrazinesTherefore, the cyclic voltammogram in Figure 5a shows only a
are accompanied by structural changes of the molecular single anodic wave, while in the reverse sweep, two cathodic
framework. waves, corresponding to the reduction ¢f'Bo B+ and B*
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Scheme 2. EEE—DISP Mechanism|EJ| > |E|, k& < KJ.

A (A*9) (A%
E?k?A\
-e”
(B) B+ ——— B>
B2k
to A, are visible. Important for this mechanism is the dispro-
portionation reaction $
00 04 08 12 16
AL BZ+%ZB’+ @) E [ vs. Ag/AqCI]/V
—d
5
The equilibrium constant of this reaction can be calculated )
on the basis of the thermodynamic standard potentials of the o b)
two electron transfer steps with the help of the following 7
formula 233
£ 71
nF, o 0
Kais = XM g7{Ee-+g2+ — Eng-+) ®3)
xXun
9
If the difference between the standard potentials is positive,
the equilibrium of the disproportionation reaction is on the side 3
of the radical cations. As soon as the first dications are
produced, they react with neutral molecules by generating radical ‘c‘r?
cations. That means that a single radical cation, which will be 00 04 _08 12 16
heterogeneously oxidized, generates two radical cations via the E[ vs. Ag/AgCl]/V

comproportionation (disproportionation) reaction. Because of L . ) . )
this homogeneous autocatalysis, the current during the forward™'9ure 11- Digital simulation of an [£-DISP meChamSmbs'mU'at'on
data: E; = 0.830 V,04 = 0.545,k; = 1.0 x 107 cm s'%; E, = 1.000

sweep of the cyclic voltammograms increases strongly within V. o — 050K = 15 x 102 L D= 10x105cn?st K

a small potential range and reaches a much higher value than" 2 = ~-27:%2 ™ &9 % msso= 0 s & X

. = kyg x (6912) L. (8)kg = 1600 ¢ (=), 16 L (---), 1.6 CL () s}

in the case of pure heterogeneous control. The heterogeneou%b) ke = 0

control does not start until all of the neutral molecules within ' _

the diffusion layer have been consumed by the comproportion- structural changes of the respective molecular frameworks,
ation reaction. The signal of this autocatalysis in a cyclic which take place simultaneously with the charge transfer

voltammogram is a spike. rea(_:tions. S _ _

We did not observe this spike effect during our cyclic Figure 11 shows digital simulations qf cycll_c voI_tammograms
voltammetric investigations a8. The voltammograms of on the basis of aniEq—DISP mechanism with different rate
show such a spike only at low temperatures and low sweep Constants of the disproportionation reaction at consté.
rates (Figure 10). But this is not sufficient to exclude the-E It is obvious _that the ox[dat|on wave Ios_es its splke character
DISP mechanism from our considerations. with decreasingky and shifts toward anodic potentials. At rate

gonstants in the range 16/cls(c = concentration of the
substrate), the shape of the oxidation wave is the same as in
the case of a purely heterogeneously controlled charge transfer

action. Moreover, the simulations reveal that under certain
conditions the disproportionation reaction leads to a trace
crossing effect without the simultaneous appearance of the spike
effect.

Thus, the EE mechanism with a slow disproportionation
reaction is a promising candidate to explain the shapes of the
cyclic voltammograms o8 and4, and we actually succeeded

So far, we have assumed that homogeneous electron exchang
reactions like the above-mentioned disproportionations have very
high rate constants. Typical values for the rate constants of
electron exchange reactions in the gas phase are in the range
102 and 133 L mol~1 s71. Exceptions are electron exchange
reactions between alkylhydrazines, whose rate constants-dre 3
orders of magnitude lower. Nelsen et3alwere able to
determine the rate constant of the electron transfer reaction
between the radical cation of the anti form and the neutral syn

form of 8,8-bis(8-azabicyclo[3.2.1]octane) in acetonitrile with  *7™. lating th h L vol hnd 4
the help of cyclic voltammetry. This constant had the surpris- In simulating the experimental voltammograms3oand 4 on
the basis of this mechanism with reasonable kinetic and

ingly low value of 2.6x 1%L mol~1s™1. Nelsen et al. confirm . . . :
the low rate constants of the electron transfer reactions betweenthermOdymjlrnIC parameters. Figures¥® (Figures +-4 in the

alkylhydrazines in the gas phase as well as in solution with supporting _information) show both the experimental and the
computer-simulated voltammograms.

(32) Heinze, JAngew. Chem., Int. Ed. Endl984 23, 831—847; Angew. In comparing the two mechanisms, some serious experimental
Chem 1984 96, 823-840. and theoretical reasons speak in favor of th&-EISP

(33) Laviron, E.J. Electroanal. Chem1983 148 1-16. mechanism

(34) Nelsen, S. F.; Cunkle, G. T.; Evans, D. H.; Haller, K. J.; Kaftory, . L .
M.: Kirste, B.: Kurreck, H.: Clark, TJ. Am. Chem. Sod985 107, 3829 Firstly, in the case of both mechanisms, the changes of the

3839. multisweep voltammograms 8f(Figure 8) as temperatures rise
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Scheme 3. Square Redox Scheme Assuming Homogeneous mechanistic interpretation of the experimental data.

Equilibria for the Neutral and the Cationic Species X-ray structure analyses reveal dan a€ and for3 an ad
-e conformation in the solid stateH-NMR investigations of the
Y N — (A%) dihydrocinnolines do not allow a clear decision on whether there
B, is also only one conformation present in solution or whether
there is a fast equilibrium between different conformations. On
. rkv the assumption that in case ®fand4 the main component in
BA _ BA solution is the & conformation A, which is in fast equilibrium
kABj kap with a cation-like & or €€ conformation B, the explanation
of the cyclic voltammograms a3 and4 is shown in reaction
- -e” scheme 3.
B _— B* —— B Because of its cation-like structure, the conformation B has

ED K, Eg, koo a lower oxidation potential than A. If the potential during a

cyclic voltammetric experiment reaches the standard potential
are explained by an increase in the rates of the correspondingEg;, B will be oxidized to B*, and will therefore be with-
disproportionation reactions. But even at very high dispropor- drawn from the equilibrium between A and B. At *high”
tionation rates, digital simulations of the EEEEC-DISP temperatures, which in the case #fmeans at temperatures
mechanism in agreement with thermodynamic and kinetic above—70°C, the rate constarkg has such a high value that
considerations never showed such a rapid decrease in theB is steadily generated by the equilibrium reaction. Thus the
intensity of the oxidation wave 4, as observed in the case ~ Oxidation wave aE,, in Figures 9 and 10 should represent the
of compound3 at —30 °C. On the other hand, there is very oxidation of a species which is thermodynamically less favored
close agreement between the simulations of the multisweepand in solution is only present in small amounts.

voltammograms on the basis of theEEDISP mechanism and At _IOV_V temperatures, the rate at which B is produced by the
the experimental voltammograms (Figure 8). These results areequilibrium reaction is not fast enough. Thus the cyclic
sufficient to exclude the ECE reaction scheme. voltammograms show only one oxidation wave, which should

Secondly, the cyclic voltammetric experiments with a plati- represent the following ECE sequence:
num wire as the working electrode also contradict the ECE —e - e op
EEC-DISP mechanism (Figure 7b). The attempt to explain A—-—A"—B" —8B (5)
these voltammograms with the help of the EGEEC-DISP This is valid only if the oxidation of A occurs at a measurable
mechanism leads to the conclusion that the oxidation peak atrate once the standard potentiz), has been reached.

E,. and the reduction wave &, belong to different confor- But the experimental observations contradict this mechanism.
mations and therefore to different electron transfer steps, whichwith decreasing temperature or increasing scan rate, the
are followed by fast conformational changes in the molecular oxjdation peak aE;a should become less intense, while at the
framework. The reaction steps# A** + e~ — B*" and B* same time a new oxidation wave, corresponding to the produc-
+ & — B — A can be described as,& reactions. Inthe  tjon of A**, should occur. Assuming that this new oxidation
kinetically controlled region of such a reaction, the equation waye is positioned below the oxidation peak of thé"B

for the peak potential is as follows: formation, with decreasing temperature, this wave should
RT RT  [RT increase in intensity relative tcE;a. But this was never
E,=E;,— —=0.780+_—— In _51 (4) observed. With decreasing temperature the oxidation peak at
nF 2nF - InF o E;a shows only a shift in anodic direction. In accordance with

- these results Nelsen et #l.stated from theoretical AM1
T?e scan rate dependence of the potential 'dlfferd:‘sf;;e— calculations that a twisted *A has no energy minimum and
E,. derived from this equation is much higher than the herefore a square scheme would not be very conceivable.
observed one. _ _ Another possibility is that a GE—DISP mechanism [equi-
Thus, fast gonformatlonal changes following the electron |iprium between the'a and the %/(€¢) conformations of the
transfer reactions can be ruled out. But there are also somepairal species or 4] is valid over the whole temperature range
arguments againstowfollow-up reactions. The ECEEEC—  jyyestigated. This reaction type which corresponds to a
DISP mechanism with slow chemical reactions is only possible triangular scheme has been discussed by Nelsen and ¥vans
if the two conformations have nearly identical standard potentials for the structurally related hexahydropyridazine derivatives.
for the formation of the corresponding radical cations. The Ajthough cyclic voltammetric experiments and simulations
irreversibility of the homogeneous follow-up reactions surely cannot rule out the existence of a fast equilibrium between
requires highAG values and, therefore, high standard potential gjtferent conformations of the dihydrocinnolines in solution,
differences. Moreover, in the case of a slow reactior&, both thermodynamic and kinetic considerations, as well as the
the multisweep voltammograms 6fin SQ, at the platinum  apsence of any proof of the existence of B, are strong evidence
disc electrode should show an additional oxidation peak to; the “simple” EE—DISP mechanism which substitutes the
corresponding to the oxidation of B. But this was never Ece—EEC-DISP mechanism which substitutes the ECE
observed in the voltammograms &f _ EEC-DISP mechanism proposed forméflyon the basis of
The same arguments hold for compouhdTherefore, it was inadequate experimental data.
not possible to simulate and explain the voltammogram8 of 3 4 Results of the Digital Simulations on the Basis of the
and 4 on the basis of an ECEEEC-DISP mechanism  gE_pISP Mechanism. Table 4 shows the values of the
involving the irreversible steps*A — B** and B— A with homogeneous and heterogeneous electron transfer steps con-

thermodynamically and kinetically meaningful parameters. nected with the formation of the mono- and dications3ah
The introduction of a square reaction scheme with reversible CH,Cl,, which were determined with the help of digital

chemical steps (Scheme 3) offers a new strategy for the

(36) Nelsen, S. F.; Chen, L.-J.; Petillo, P. A.; Evans, D. H.; Neugebauer,
(35) Ryan, M. D.; Wilson, G. SAnal. Chem1982 54, 20R—27R. F. A.J. Am. Chem. S0d993 115 10611-10620.
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Table 4. Diffusion Coefficients and Data of the Heterogeneous and Homogeneous Electron Transfer Rea@ion€H{Cl,/0.1 M TBAPK
at Various Temperaturgs

TECC) EB-EX(V) D(cms? a K (ems? oz K (cms? Kais ki(LM™tsY)  kg(LM s
+20 0.310 46<10° 033 13x10% 050 65x102 2.1x10° 1.4x 10° 6.7 x 107
+20° 0.310 46x10°% 033 16x10°% 050 6.5x 102

-30 0.285 23<10% 042 83x107 050 7.6x10° 8.1x10° 1.8x 10° 2.2x 1073
-50 0.275 14<10° 041 13x107 050 4.2x10° 1.6x 10° 1.8x 10 1.1x 104
-80 0.260 36<107 043 84x 10 050 4.8x10*% 6.1x 10° 9 15x 10°®

a All kinetic data were determined by digital simulation and subsequent fitting procedures, assumifig-81FP mechanism. Normally, the
experimental voltammograms were obtained by measurements at “old” Pt electrBdeshly annealed Pt wire electrode.

simulations on the basis of theEE-DISP mechanism. Similar  Taple 5. Extrapolated Redox Potentials of the Compoufe<.0
values are obtained for the electrochemical oxidatior af in SO, and CHCI, at 25°C

SC. compd solvent E2 (V) E3 (V) EJ (V)
As can be seen, the heterogeneous rate consthmfsthe

monocation formation are some orders of magnitude smaller % 202 0.795 1.690
. L . 0’} 0.560 1.240 2.820
than the corresponding valué§ of the dication formation CH,Cl, 0.485 1.220
within the temperature range of the experiments. This is 3 SO 0.755 1.000
generally valid for all investigated compounds. CHCl, 0.610 0.920
The activation energies determined from Arrhenius plots are 4 SG, 0.395 0.975 3.345
13.44 0.5 kcal mot? for the first and 5.4+ 0.3 kcal mot? 5 gg;cu 8'222 8'328
for the second hete_rogeneogs el_ectron tra_nsfer a_ndﬂ(mS_B 6 SO, 0.150 0.805 3325
kcal mol™* for the disproportionation reaction. This confirms CH,Cl, —0.070 0.740
the theory that the heterogeneous and homogeneous formation 7 SO, 0.120 0.695 3.040
of the monocation is impeded by a simultaneously occurring CH.Cl, —0.135 0.635
structural reorganization of the molecular framework. 8 CH:Cl —0.150 0.590
. . . . 9 SG 0.330 0.795 2.955
Digital simulations using the data of Table 4 match the 10 CH,Cl —0.135 0.505

experimental voltammograms d@ in CH)Cl, at different
temperatures very well, as can be seen in Figure 6. The gliphatic hydrazines. Thé® values are smaller when the

multisweep voltammograms & in CH.Cl, at =30 and—80  torsion angled between the orbital axes of the lone pairs on

°C (Figure 8) could be simulated with the same data. the nitrogens in the neutral state of the molecules differs from
The occurrence of a current shoulder on the rising part of the structure of the radical cation. The same behavior is not

the oxidation peak in the voltammograms ®»in CH.Cl, as easy to detect in the case of the dihydrocinnolines because these

the substrate concentration increased, which was explained bycompounds have not only different torsional angles but also
an increase in the disproportionation rate, can also be simulatedyjtferent conformational mobilities owing to the varied bridging.
without any change in the simulation parameters, except for 5o it is obvious that compour@iwith a torsional angle of
the concentrations (Figure 7a and supporting information).  gge has much smallek® values under the same environmental
To obtain a good fit with the voltammogram 8in CH.Cl2 - ¢onditions than compouri) whose structure in the neutral state
at the platlnum wire glectrqde (Figure 7b and supporting (see the crystal structure a0, 6 = 175°) clearly resembles
information) using the simulation parameters of the correspond- tha radical cation conformationf (= 0° or 18C%). But
ing voltammograms obtained at the platinum disk electrode compound2 with a torsional anglé of 60° and with a very
(Figure 6, Table 4), only the h(iterogeneous rate 1consln%1nt high rate constark; relative to3 and 7 does not fit into this
had to be changed f_r%m 1810%t0 1.6x 10cms™. The scheme. This can be explained by the low internal reorganiza-
fact that no change ik, was necessary for a good fit leads to  tjon energy required for the completely bridged framework.
the conclusion that electron transfer reactions at an annealed=rther studies are in progress.
platinum wire are not, in general, faster than reactions at a 35 pjscussion of the Potentials.To be able to compare
polished platinum disk. A possible explanation of this behavior the oxidation potentials of the investigated dihydrocinnolines,
is that the annealing of the platinum wire produces a thin layer the standard potentials at 26 were calculated with the data
of oxide. This layer catalyzes the conformational changd of  of the ferrocene calibrations on the assumption of a temperature-
at the surface of the electrode and therefore increases the ral§lependent potential shift of the standard poteriof the
of the first electron transfer. The second electron transfer gocond electron transfer step of 1 @1 in SO, and 0.5 mV
reaction as well as the homogeneous charge transfer reactionsc-1 i cH,Cl, (Table 5).
are not affected by this catalysis. _ _ In the case of all dihydrocinnolines, the values of the standard
Simulated voltammograms of compouddit all the experi- —  otentials in S@are always higher than the respective values
mental data very well. Even the spike effect which is typical i cH,cl,. A possible explanation for this phenomenon is the
for the autocatalytic generation of the radical cation Bould  apjjity of SO, to form charge-transfer complexes with aromatic
be simulated with great accuracy. Further details of the 54 nitrogen compound&:3® The yellow or orange colors of
simulations are placed in the supporting information. the solutions of the dihydrocinnolines in $@re a clear
In the case of all investigated compounds, the heterogeneouspgjcation of the formation of complexes. This complexation
rate constants of the first electron transfer step are much smallefs iher stabilizes the neutral states of the molecules. and this
and the corresponding activation energies much higher than thejg 5 o higher oxidation potentials in $@ comparison to
respective values of the dication formation (Table 4). Details cp ¢,
of the rate constants and activation parameters are presented in
the supporting information. (37) Booth, D.; Dainton, F. S.; Ivin, K. Jrans. Faraday Sacl1959

, . 55, 1293-1309.
Nelsen and Evaidound a correlation between the torsional (38) Hata, T.; Kinumaki, SNature 1964 203 1378-1379.

angle 6 of the N lone pairs and thk‘l’ values of different (39) Purrington, S. T.; Wilder, Rl. Org. Chem1965 30, 2070-2072.
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Owing to the nearly planar biphenyl-2;@iyl bridges in2, a tion,*0 we find in the investigated dihydrocinnoline series the
smaller internal reorganization energy than in the case of following correlation between the standard potentials of the first
compoundLl or 3 is required for the electron transfer. Further- electron transfer reactions and the torsional afigiéthe neutral
more, the N lone pairs i (6 = 60°) interact more strongly  state of these molecules. The more the torsional angle of the
with each other than the respective orbitald iffree mobility; neutral species resembles the torsional angle of the radical cation
in the crystald = 74°) and3 (6 = 89°). Therefore the first (60 = 0°, 180), the lower is the observed standard potential
electron transfer o2 may be accompanied by release of lone- Eg. The explanation for this is that a radical-cation-like
pair repulsion. structure of the neutral molecule leads to the strongest possible

The relatively lower first oxidation potentials of the 5,6- destabilizing interaction between the lone pairs on the N atoms
dihydro-5,6-dimethylbenzolcinnoline @) and the 2,3-dihydro-  and requires only little internal reorganization on oxidation.
1H-benzog]pyrazolo[1,2a]cinnolines6, 7, 8, and 10 are the Therefore, compoun8, with the strongest deviation from the
result of the nearly planar molecular framework which under- radical cation structure, shows the highest oxidation potential
goes only little changes in the first electron transfer. Cor- Eg, while the 2,3-dihydro-#-benzof]pyrazolo[1,2a]cinno-
respondingly, larger potentiaIE‘f are observed, when the lines 6—10) with their radical-cation-like structures are oxidized
planar arrangement is affected by specific, space demandingat lower potentials. The standard poteni&lof compound?,

substitution, e.g. by the 1,10-methyl groupsSror the 8,9- which has a torsional angle of 60°, lies between the above
methyl groups ird. cases.

The 2,3-dihydro-H-benzog]pyrazolo[1,2a]cinnolines show
the following sequence of standard potentials for the first and 4. conclusions
second electron transfer:
The unusual shape of the voltammograms of the investigated

E(l’: 8<7=10<6<9 5,6-dihydrof]cinnolines can be explained by anBE=DISP
mechanism with a slow disproportionation reaction. Combining
Eg: 10<8<7<6=9 cyclic voltammetric experiments and digital simulations enabled

us not only to elucidate the best fitting reaction mechanism but
The sequence of the standard potentials of the radical cationalso to perform a quantitative analysis of the heterogeneous and
formation can be explained by a strong localization of the homogeneous electron transfer steps.
positive charges on the N atoms of the dihydrocinnolines. The
most pronounced cation stabilizing effect of methyl groups will ~ Acknowledgment. This work was supported by the Deutsche
be expected in para position relative to the electron-deficient Forschungsgemeinschaft, the Volkswagenstiftung, and the Fonds
center. Therefore, the radical cation of the 7,10-dimethyl- der Chemischen Industrie.
substituted compourtdlis the best stabilized one with the lowest
standard potentiaE(l)_ The high standard potential of com- Supporting Information Available: Tables of positional
pound9 with methyl groups in 8- and 9-positions indicates that, parameters and anisotropic thermal parameters and listings of
in this case, the cation-stabilizing effect of the methyl groups structure factors foB and 10, NMR data for2—6 and9, and
is suspended by steric effects. tables and figures of electrochemical results (25 pages). This
The strongest influence of the substituents is measured inmaterial is contained in many libraries on microfiche, im-
the case of the trication formation because in this case the chargenediately follows this article in the microfilm version of the
is removed not from the lone pairs on the N atoms but from journal, can be ordered from the ACS, and can be downloaded
the 5,6-dihydrobenzolcinnoline framework. Therefore, the  from the Internet; see any current masthead page for ordering
standard potentidt) of compound? is 285 mV lower than the ~ information and Internet access instructions.
corresponding standard potential of the primary compoéind 3950722+
In agreement with the results of Nelsen and E¥arained
from studies of aliphatic hydrazines and their later interpreta-  (40) Nelsen, S. FAcc. Chem. Re4981, 14, 131-138.




