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Ahotrad-Diel+Aldcr addition of bicydic azo compounds to cyclic dicnes would prod= bisN,N’-hicyclic 
hydrazincq but this reaction proves to be endothermic. The greater b&city of the adduct than of the azo 
compound makc~theaddition &on 13.6-14.1 kcalmol-’ lcsacndothcrmic(inwatcr)ifthcprotonatcdazo 
compound is aapbycd ixutead of the morel compound, and the addition reactiona proceed well in 
acttonitril~ifHBF,~Et~Oiruradtopotc~ltetheuocompoundkforcaddingthedi~e.R~tiorurofthe 
neutral hy~uderivad~~ZIdirrrbicycf0[222]oct-2cnc(J)with l~clohcxadicne(6)adfr0m 2,S 
diazabicyclo[2.2.l]hcpt-2-cnc (lo) with 6 and l,3-cycloheptadicne (7,11, and 13, rupactivcly) as well as the 
saturated hydrazincs derivai by catalytic hydrogenation (9.12, and 14, rapectivdy) arc reported. The neutral 
adduct of 1OH + and cyclopwadienc, 15, prova to be too therm.Ay unrtrMc for isolation, md the saturatai 
form, 16, is prepared by diimidc raluction of lSH+. The neutral hydrazincs all give radical cations and 
dications with a-able solution &times, and 91’ (BFJ, is the fmt blabk hybrrine dication. The 
thermodynamics of cloctron loss for these hydrazinw pzc studied by cyclic voltammctry, and prove to be 
dominated by non-bonded stcric interactions bctwtm the alkyl groups. Compound 9 is the most easily 
oxidized hydrazinc known, at A??” = - 0.54 V vs SCE. 

The tctraalkylhydrazine-tctraaIkylhydrazine cation 
radical electron transfer equilibrium of Eq. (1) is 

-e 

+e 

remarkably sensitive to the alkyl groups attached to 
nitrogen, especially when they are linked into ring~.~ 
Changes in the ring sizes change the ehapc of the 
molecule near the nitrogens, which is very important 
for the electron transfer. Unstrained neutral hydrazincs 
prefer nearly tetrahedral nitrogens and a lone pair-lone 
pair dihedral angle 0 near 90” (see I). Unstrainad 
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hydrazinc radical cations prefer nearly planar 
nitrogens (lone pair hybridization near pure p), have a 
strong preference for coplanar lone pair axes (0 = 180 
or OO), and have an N-N bond length about loo/o 
shorter than neutral hydradnes. A modest amount of 
bending at nitrogen in hydrazinc cation radicals is 
extrtmcly easy, and there are two tm of 
conformations which keep the lone p& 8x#1 in the 
preferred coplanar arrangement, syn and mrri bent 
ones. In bent species, the stabilized a-rich lone pair 
combination orbitals mix with the nitrogen d bond 
orbitalg and as shown by spectroscopic rcsultq2 this 
mixing proves to be substantially greater for syn than 
for anti bent structures. 

An additionat point of interest is that the 

pyramid&y at nitrogen (and hence the lone pair 
hybridization) in the neutral form proves to be rather 
sensitive to 8. The effect on lone pair energy is rather 
large. The average lone pair energy of the diequatorial 
alkyl group form of dimethylhexahydropyridazine, ee, 
is 14 kcal mol - ’ stabilized relative to that of the axial- 
equatorial form ea in the gas phase.’ The ionization 
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potentials of these conformations q hoover, the 
same because the lone @-lone pair aplitt& is much 
higberforthe~ca180”ssthanfor~8cu40”~Low 
temperature cyclic voltamm&ry (CV) experiments 
have demonstrated that em has a mu& sm&r 
heterogtnaous electron tran&r rate constant than 
does ac, which we have attributed to their d&rencc in 8 
VdUC9.* 

Testing the effect of hydraxine geometry on the 
electron transfer rate requirea study of hydrazines 
having a wide range of 8 values. Acyclic hydra&as 
have 8 near 90”, hexahydropyridazines exist as 
mixturea of 60” and 180” conformations, the ratio 
dcptnding upon substitucnta, and bicyclic hydrazines 
which have one CNNC dihedral angle held nearo” have 
8 near 120”. Because of the inherent preftrence for 
perpendicular lone pairs, 8 = 0“ hydrazinea wiIl only 
result when structural featuru force the CNNC angk~ 
on both sides to be near 0”. Prior to this work, only four 
tetraalkylhydrazinesfor which8neptO“conformations 
wm WWIFM were known, l+ em for d&Mine 
derivatives, The gemdialkyl pyraz&&re rings of l-3 
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apparentlyforcecnvelopeconformationswith thegem- 
dialkyl carbon out of the plane of the other four atoms, 
as photoelectron spectroscopy studies indicate a 0” 8 
value for thtse compounds. Compound 2 is the most 
easily oxidized hydrazinc known at E”’ = -0.20 V (VI 
SCE in acetonitrilt containing 0.1 M tetra-a- 
butylammonium perchlorate, used throughout this 
work), presumably because of steric compression in the 
neutral ‘form which is relieved when the nitrogens 
flatten upon electron removal. The polycyclic caged 
hydrazinc 4, prepared by met hods developed by Bernig 
and Htig,’ is the most thermodynam.i&ly difficult 
tetraalkylhydrazint to oxidize (E”’ = 0.81 V4) yet 
reported, presumably because tbe geometry about the 
nitrogens cannot relax much upon electron removal. 
Although diaziridine derivatives have very high 
fractions ofs hybridization in their lone pairs because of 
their small CNC angles and are doubtless more dif6cult 
to oxidize, they show irreversible electrochemistry, so 
the thermodynamics oftheirelectrontransfers have not 
been accurately measured. 

Establishing the detaiIed geometry of the cation 
radical requires its isolation and X-ray crystallographic 
structure determination. Tetraalkylhydrazine cation 
radicals have only proven isolable when their 
structures hold the C,-H bonds perpendicular to their 
p-rich lone pair orbitals, a structural fcaturcs we have 
called “Bredt’s ruIe protection”. This has been 
accomplished with bfs-N,N-bicycloalkyl structures II, 
which are easily made by coupling the bicyclic N- 
chloroamine monomers with aIkyllithiumsl These 

tetra-p-branched hydrazines have proven to exist in 
0 = 180” conformations in the neutral form, and the 
bicyclicringsusuaIlyforcetheCNCanglestobesmalkr 
than in unstrained hydraxines and cause the radical 
cations to be mrti bent. We felt it would be important to 
study the bls-N,N’-bicyclic hydra&es exempli6ed by 
III. Since they are Bredt’s rule protected like II, one 
would expect them also to have isolably stable radical 
cations. The structural constraints of III are 
subst.antialIydiBerent than thoseofTI. ForIQthcCNC 
angles are forced to be unusually large, and both 
CNNC dihedral angles are held near O”, which ought to 
lead to 0” 8 values in the neutral compound. The 
unusually large non-bouded interactions in the neutral 
compound might lead to nitrogen atoms which are 
flatter than usual, causing E” values to be unusaalIy 
low and geometry ch&es between the neutral and 
radical cationic forms to be smaIler than usual, giving 
faster kinetics for electron transfer. The avaiIabi.l.ity of 
hydra&es III with various ring sizes would allow 
examination of a series of # near 0” compounds with 
varying amounts of pyramidality at nitrogen and non- 
bonded interactions, and for study of efectron transfer 
equilibria and kinetics, as well as x-u mixing in their 
radical cations. This work describes a method for the 
synthesis of hydrazines of type III and the electron 
transfer thermodynamics of several examples.* 

Results 
Preparation of III. Synthesis of III by alkylation 

methods did not s4c~fl attractive because elimination 
would be a problem. DieIs-Alder addition of an am 
mmpound to a cyclic diene, shown for the case of 2,3- 
diazabicyclo[2.2.2]oct-2cne (5) and cyclohexadiene 
(6) to give adduct 7 (E-q. 2) is obviously an attractive 
route to an example of III., but a survey of the literature 

5 6 7 

did not revcaI sucousful addition of any azoalkane to 
any diene (Eq. 3). The retro reaction, tiermd cleavage 
of tetrahydropyridazinc IV is a we&known process, 

(3) 

IV 

which has been studied for several R = methyl cases in 
bicyclic systems, showing unusual stereochemistry.9 
Although only the rrcrnr methyl isomer &a is ob 
served spectroscopically for &34limethyI-&3- 
diazabicycloC2.2.21 act-5cne (8), its thermal cleavage 
gives a z/e ratio of the azomethane formed of 5.6.‘* This 
indicates that the activation energy for retro-Diels- 
Alder cleavage oft he undetected 8ss isomers (and/or its 
8aa isomer) is smaller than that for the &m isomer by 

more than the ground state energy difference between 
&IU and &E, a result which is the opposite of that we 
would expect based on stericinteractions. In agreement 
withthisresult,thetricyclicanalogueof8whichismost 
stable in the cis fused geometry, 3, has a half-life at 100” 
of about 16 ruin, while the decomposition of 8 is 
considerably slower+ and was studied at 250”. lo The low 
thermal stability of 3 makes it clear that the addition 
reaction of Eq. (2) would have to be achieved at a low 
temperature to have any hope of isolating adduct 7. 

In attempts to use acid to catalyze the addition of Eq. 
(2) we discovered that a stoic&metric amount of 
HBF, makes the addition proceed elBciently, but that 
excess acid polymerizes the cyclohcxadicnt more 
rapidly than it adds to the azo compounds (Scheme 1). 
A convenient way to run the reaction proved to be to 
carefully pump excess reagent off the solid SH*BF, 
produced by treatment of 5 with fluoroboric acid 
etherate and to conduct the reaction with cyclohexa- 
diene in acetonitrilt at 50”. Heyman and Snyder ’ ’ were 
the first to report isolation of protonated bicyclic azo 
compounds, as the perchlorate salts. Although 7 is 
isolable at room temperature, it slowly cleaves. 
Compound 7 is efficiently reduced to 9 by Pd/BaCOs in 
ethyl acetate with added potassium carbonate, but 
more than 1 mol of hydrogen was absorbed with several 
other catalystdolvent combinations. All four steps of 
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Scheme 1. 

Scheme 1 arc efficient, and 9 was obtained in 93% 
o~crall yield from 5. 

2,3-Mazabicyclo C2.2. l] hept-2cnt 10 was also used 
for the reaction, allowing preparation of 11 and 12 from 
cyclohexadicne, and 13 and 14 from 1,3qclohcpta- 

IO 11 12 13 14 

1SH’ 16 

dicne. As might bc expected, addition to lOH+ is more 
rapid than to SH’, and cyc~ohcxadicnc adds more 
rapidly than does cyclohcptadicne. We were concerned 
that the greater sensitivity to acid of cyclopcntadicnc 
than the larger cyclic dicncs might make lOH+ 
polymcrixc cyclopcntadicne faster than it adds, but we 
were able to successfully isolate 1Si-I’ and, after 
diimide reduction, to obtain the saturated III adduct 
16. Deprotonation of 1!5H+ at room temperature just 
gave 10 and cyclopentadienc, cleavage of 15 being 
complete before a ‘H-NMR opachun could be 
reccrdod. 

The dissymmetry of 10 with respect to its CNNC 
plane makes two isomcric adducts available with cyclic 
dienes, exemplified by the cyclohcxadicnt adducts xlls 
and xl la shown below. We employ x for exe and n for 
endo with respect to the [221] system derived From the 

xlla 

820 compound, and s for syn and a for ortti with respect 
to the olcen group remaining from the dienc after 
m&-Alder addition. The endo conformations are 
related to those shown by double nitrogen inversion 
but arc more stcrically crowded, and would isomer& 
to the above conformations eYen if they were formed 
faster. To get a fdg for the relative energies of thcsc 
confolmations, we have carried out Allinger MM2 
calculations12 on tbc related hydrocarbons A (Table 1). 
No force is yet available for any mokcule with bonded 
httcroatoms, and although the hydrocarbons A will 
obvioualy&roaIigUydi&rcntpreferredbondkn&s 
and angles at the & carbons than the nitrogens of 

Table 1. Reaul~ of MM2 cakulatioxm on ds-fwaI 
tctracydo[611.1 ‘** * olqti-er, A 

Compound 

nAa 

Stcric cllcrgy 

(kcai mol * ‘) % (“1 6.v (“I 

423 109.7 125.5 
45.0 110.6 128.1 
44.8 111.3 130.2 
51.5 112.6 134.8 

hydrazincs 11, we sumt that bccausc the principal 
stcric differences are similar for isomers of A and 11, the 
energy or&ring ofti conformations ought to be the 
same.Tablc 1 giva thtstcriccoergies,thcaYcragcofthc 
three Yaknce bond anglca at C2 and at C, (a,,), and the 
dihedral angk between the rings fused at positious 2 
and 7 (#,,). As expected, conformation xAn is calculated 
to bc tha most stabk conformation. Having the dicnc 
add endo to the bicyclohcptenc system (ti) or the 
bicycloheptcne system mrri to the double bond of the 
bicyclooctcne system (xA.a), introduces more stcric 
energy and causes flattening at C2, C,, as indicated by 
the increase in q, and #,,. 

Only one isomer of 11 was detected by NMR, and it 
shows a large separation bctwaen the signals for the two 
protons attached to C13, which appear at 0.64 (br. d., 
i = 10 Hz) and 2.42 8 (br. d., J = 10 Hz). In the 
hydrogenated compound 12, thasc protons come at 
1.25 and about 2.10 b (o~crlappcd by protons at 
Cg, C,,). WC suggast that these chemical shifts for 11 
may only be rationalized for the xlls conformation, 
where the CIa methylene group is forcad into the 
shielding region of the Cb=CJ bond. Similarly, only 
one isomer was observed for 13 and lSH+, and the 
diazabicyclohcptanc one carbon bridge must bc syn to 
the vinyl group of these compounds also, from the 
chemical shifts of the protons (Experimental). All three 
cases, then, give the stereochemistry of approach to the 
dicne predicted by the Alder eado rule if attack is from 
the less hindered exo face of the au, compound. Because 
MM2 calculations on the related hydrocarbons give 
the result that this adduct is also the thermo- 
dynamically most stable one, this may not be a kinetic 
result. NcYtrthclcss, only the products having the two 
carbon bridge formed from the diene syn to the one 
carbon bridge resulting from the azo compound were 
formed in a detcctablc amount. 

Results and discussion 
Proton driven Die&Alder reacfims. In previously 

unpublished work, Hollinscd lo studied the cleavage 
of 3 to 6 and azo compound 4,4diethylpyrazoline 
in DMS0d6, finding a half-life at 69” of 12.8 h, 
corresponding to AC* (69”) of 27.7 kcal mol- I. 
Studies over a temperature range of 69-99” gave AH: = 
31.2&- 1.0 kcal mol- I, 
mol- I, 

ASt = 10.4* 2.7 cal deg. - I 
The cyciohcxadicne adducts of diazabicyclo- 

octcne S and diazabicyclohcptcnc 10 arc significantly 
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less thermally stable than this. Only rough kinetics at 
one temperature have been determined by ‘H-NMR 
for 7 and 11, following their decomposition in CDCl,. 
Half-lives at 50” of 2.1 h for 7 (corresponding to AG# ca 
25.1 kcal mol- I) and 5.5 h for 11 (AG* ca 25.5 kcal 
mol- I) were observed. Engel ’ 3 has measured the strain 
energy of 10 to be 5.3 kcal mol - * greater for 10 than that 
of I,edimethyl-5. For comparison, MM2 calcu- 
lations 1 2 on the hydrocarbon analogues (N replaced by 
CH) give a 3.2 kcal mol - ’ greater steric energy for the 
analogue of 11 than for that of 7, but give a 4.2 kcal 
mol- i lower steric energy release upon cleavage for the 
hydrocarbon analogue of 11 than for that of 7, so a 
prediction of which transition state would lie lower in 
energy for the hydrocarbons is not clear. Similar rates 
for decomposition of 11 and 7 seem plausible, but we 
certainly would not have been able to confidently 
predict which should have heen the stabler towards 
retro-DickAlder reaction. As stated above, the 
d~orbomene-cyclopentadiene adduct 15 is much 
less stable than either 7 or 11, and &WCS rapidly at 
room temperature. The hydrocarbon analogue of 15 is 
calculated to have a 9.8 kcal mol- 1 higher stcric energy 
than that of 11, and to release 8.4 kcal mol - ’ more 
strain upon retro-DiebAlder cleavage, so the 
instability of 15 is expected. 

In no case was any adduct observed at equilibrium, 
indicating that the Die&Alder addition reactions 
giving III are endothermic. Diels-Alder reactions are 
usually reliably exothetmiq because two z bonds e 
converted to two Q bonds during the reaction, which is 
usually exothermic enough to over-ride other factors. 
Not only does Eq. (2) introduce an unusual amount of 
strain for a Die&U&r reaction (all four carbons a to 
the N-N bond of the product are branched), but an 
unusuaUyweak 0 bond is produced, the N-N bond in 
itsleast stable 8 = 0” configuration. The acid of Scheme 
1 cannot simply be catalyzing addition of the axe 
compound to the ditne; a catalyst does not make an 
endothermic reaction occur. The acid provides a 
favorable driving force for the addition reaction, as 
shown in the schematic freeenergy diagram of,Fig. 1. At 
the top is shown the endothermic reaction of 5 and 6 

Fig. 1. 

Tabk 2. Aqueous pK, valuca for Ill 
derivatives and bicydic azo wmpounda 

Compound PK* 
+ 

z+ 
9.73 (4) 

10.37 (2) 
11H’ 9.05 (I) 
1W’ 10.02 (2) 

sH+ 
10H+ 

0.4 
,1.4 

(the energy ofthe pair is shown as a) to give 7(the energy 
shown as b). We wrote a fra proton on each side of the 
topequation, whichdoesnot changetherelativecnergy 
ofaorb.Theazocompoundisaweakbase,andwiU 
protonate,givingSH+ and6,withanenergyshownasc. 
The a-c energy gap represents the %t.rengthn of the 
N-H bond of S-I+. Hydra&es are much stronger 
ba8~sthanartazocompounds,andthttnergygapfrom 
b to 7H+ (which appears at energy d) will be greater 
than the a-c gap. The bottom equation is clearly 
exothermic, as the addition reaction goes in high yield. 

The question of how much driving force is gcncrated 
by the acid is obviously a significant one. A factor of ten 
in an equilibrium constant represents a AG” increment 
of - R T In IO, or 1.36 kcal mol - I at room temperature, 
so the bottom reaction is 1.36 ApK, kcaI mol- * more 
exothetic than the top one, where ApK, = PK. 
(protonated hydra&e) -pK, (protonated au, 
compound). We report room temperature pK, values 
in water for some of the molaxks of interest in Table 2. 
The hydrazine pK, values were determined by 
titration of a 5 mM solution of the base with 0.01 M 
HCIOI solution, measuring the pH with a w 
electrode. These protonatai III derivative-s all show 
pK, values above 9, so they are signi&antly more basic 
than tetramethylhydrazine (p& of Me,N,H+ is 
6 x 10”). The interplay between electronic and steric 
effects on hydratine pK, values is a complicated topic, 

5 6 7 

o”r’ 
NH+ 

bond strength 
I 

-d 

SH’ 6 7H’ 

and pmtonrtd am 
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whichwillnotbcdiscussadind~~butginccitis 
clear that more easily oxidized hydra&es are more 
basic, l s it is not surprising that 9 is the most basic 
hydrazinc yet studied. The azo compounds were not 
basic enough to study by direct aqueous titration, and 
we used the Bunnett and OIscn’4 approach of 
measuring shifts in ‘H-NMR for solutions in aqueous 
sulfuric acid. The data from Table 2 giver increments in 
driving force of 9.3 pK, units (12.6 kcal mol- I) for the 
addition giving 7 and 10.4 pK, units (14.1 kcal mol- i) 
for that giving 11. Protonation of azo compounds 
clearly provides a powerful thermodynamic driving 
force for Diels-Alder reactions, and we suggest that the 
reactions discussed here may be usefully described as 
being “proton driven”. There seems to be no reason to 
believe that these reactions have concerted [4 +2] 
cycloaddition mechanisms. Such reactions are ex- 
tremely sensitive to steric hindrance, and these cases 
may well go through cationic interme&tcs. 

The above thermodynamic considerations are 
independent of mechanism, and one could imagine a 
tiny equilibrium concentration of adduct (such as 7 in 
Scheme 1) being protonated by acid to remove 7, 
driving the unfavorable 5 + 4 equilibrium by removal of 
product. It seemed unlikely that this would be the case, 
because with HBF, as the acid, extremely little 
unprotonated 5 would be present in the solution, and 
there seems little doubt that 5H+ would add faster to a 
diene than would unprotonated 5. The huge pK, 
difference between 5 and 7 makes this idea that one is 
merely trapping a small equilibrium amount of adduct 
easy to test. In practice, we were unable to observe any 
adduct formation upon adding acetic acid to a mixture 
of either 5 and cyclohexadienc or 18 and cyclopenta- 
diene, even after heating for long periods of time. The 
use of a strong enough acid to protonate the 820 
compound seems to be experimentally nczusary to get 
the addition reaction to proceed at a useful rate. 

Resdts and dixwsion 
IsoIcrtion of II temaikylhy&azine dication. Although 

the kinetically protected his-N,N-bicydic hydrazines 
(type II) 9,9 - bi - 9 - azabicyclo[3.3.1)nonane,7 17, and 
8,8’ - bi - 8 - azabicycio[3,2.l]octane,” 18, exhibit 

17 18 

reversible second oxidation waves by CV, showing that 
thtirdicationslastsacondeinaccto~itrilesolution,they 
do not appear to be very much longer-lived than this. 
Twocloctron oxidation with NO+PF, (EO’ 
(NO,NO’) is 1.27 V under our conditions) is only 
slightly exothcrmic for these compounds, and NMR 
studies showed that the dications were formed more 
slowly than they decomposed when two-electron 
oxidationwaaattemptadTbelowE”,‘valucfor9of0.86 
V makes formation of p’ using NO+ aig&icant.ly 
exotic, and ga8 is vigorously evolved when 9 is 
mixed with NO’PF,. ‘H-NMR studies showed that 
* + formation is e&ient, and it proved isolable in 8 1% 
yield by vapor won crystallixation from the 
a&o&rile solution with ether. The NMR e&n&al 
shiftsofv* showlargcdo~eldshiftx~omrhoseof9; 

in the ‘H-NMR, the bridgehead hydrogens are shifted 
from 2.7 1 to 6.23 S, and the mcthylene hydrogens from 
2.27 and 1.64 to 2.73 and 2.116, while the bridgehead 
carbons move from 52.8 to 81.3 S and the methylene 
carbons from 28.1 to 30.3 6. The most interesting 
spectral properties of 92 + salts art their UV spbctra. We 
observe in a&o&rile &, run.&227 (8400), 317 (2600) ---- 
for 9 ‘(PF,‘), and 224 (524X)), 314 (1500) for 
92+(BFT)2. The small shifts upon changing counterion 
imply that charge transfer betwczn the ions is not 
important in these transitions. The long wavelength 
band is not caused by tl, x+ absorption, which will h at 
longer wavelength for the radical cation 9+ than for 
92+ * Thu radical cation has one electron in the K* 
orbital, which ought to lower the n-z* energy gap 
substantially relative to the filled x+zmpty R* gap of 
p+, yet the long wavdcngth maxima observed for the 
two9”‘saltsart~and52MIredshifted~omthcx~+ 
maxima of thogC salts of 9’. The unusuaIly large 
nitrogenchargedensityof~’ shouldstronglystabilize 
both R and 1c+ relative to those of the radical cation 
which ought to make the Q-IP gap of 92’ unusually 
small. We suggest that the band near 315 nm should be 
assigned to such a transition. MNM> calculations on 
92’ give the 1~ orbital lower in energy than the ~7 
orbitals, a very unusual result which is in keeping with 
the unusual charge density stabilization of the n orbital, 
but we obviously do not know how accurate MNDO 
calculations on such a species are. A shoulder at 260 nm 
intbeUVspectrumofl7+ hasbeenassignedtoa~-rc* 
absorption band, I* but the expected substantial 
diflizrenccs in both Q and K orbital energies of 17+ and 
92+ do not allow a reasonable comparison of the 
observed UV maxima. 

The solid v+(PFi)z obtained from acetonitrile 
solution is an acetonitrilt solvatt with beautifully 
developed crystal faces. Although ‘H-NMR measure- 
ments on freshly prepared material indicate two 
acetonitrile molecules per 92 + unit, solvent is rapidly 
lost upon exposure to air, and we have observed ratios 
as low as 0.5 on old material. The combustion analysis 
was consistent with a ratio of 1.8. The crystals rapidly 
become opaque upon removal from acetonitrile, and 
despite many tries, we have been unable to mount the 
crystals for X-ray crystallography, even in capillary 
tubes containing acetonitrilt, without losing diIlrae- 
tion, presumably caused by solvent loss, nor have we yet 
been able to grow X-ray quality crystals which do not 
contain solvent. 

Although 92+ is a powerful oxidant., its NMR 
spectrum persists for hours in water, so it is surprisingly 
unreactive to nucleophilic addition. Attempted 
reactions on 9’+ under several conditions gave a 
similar product, which shows three multiplets between 
5 and 6 S in its ‘H-NMR s-m. We believe, but have 
not proven, that this product comes from N-C bond 
cleavage and deprotonation, giving 19, 

0 

NO+ oxidation of 7 does not give 72+, but auses 
decomposition of the tctracyclic system. This is not 
surprising, because 7’+ has allylic C-N bonds. We 
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Table 3. Elcctrockmical data for his-N,N’-bkyclic 
hydrazincs’ 

7 - 0.25 
9 -0.53 

11 + 0.06 
12 - 0.26 
13 - 0.04 
14 - 0.22 
16 +O.Ol 

E; 
p$ 

0.95 0.86 [0.08] [0.07-j 
0.95 [0.09] 

[0:07-J 
0.92 [0.08 J 
1.04 [0.08] 

[O.lO] 1 .o I [O.o!q 
[O.lO] 1.12 [0.17-J 

l Roomtempcraturc, I-2mM hydrazineinacctonitriltcon- 
taining0.1 M tetrabutylammonium perchlorate, 200 mV s - 1 
scan rate, at a gold electrode, vs SCE. 

already know that the cation radicals from 3-acyl-2- 
oxa-3-azabicyclo[2.2.2]oct-5cncs 20 are short-lived 
at room temperature, in contrast to their S&saturated 
JUMIOgues,‘g and the same trend occurs for bicyclic 
peroxide radical cations,20 where the unsaturated 
compounds are short-lived even at low temperature, 
although their saturated analoguea are long-lived even 
at room temperature. We suggest that 12+ ckavcs an 
allylic N-C bond, producing principally a dienc 
analogue of 19, which is consistent with the NMR 
spectrum of the crude decomposition product. 

Results and discussion 
Thermodynamics for electron loss. The thermody- 

namically significant formal potentials for oxidation 
of bis-N,N’-bicyclic hydrazincs are summarized in 
Table 3. Compound 9 is noteworthy as the most easily 
oxidized tetraalkylhydrazine yet reported. It is 19.8 
kcal mol - 1 easier to remove an electron from 9 than it is 
from tctramethylhydrazine, and not surprisingly, 9 is 
rather air sensitive. Samples exposed to air contain 
enough radical cation to give a strong ESR spectrum. 
The reason for the easy oxidation of 9 is clearly the fact 
that neutral 9 is quite strained. The syn dimethylene 
bridges of its bicyclo[2.2.2]octyl groups arc pushed 
into each other unless the nitrogens are unusually 
flattened. Stcrically induced flattening at nitrogen is 
tspc.cially costly in energy for 9 because its bicycloalkyl 
groups force both internal CNNC angles to be near O”, 
so 8 must be near 0”. When the nitrogen lone pairs of a 
hydrazinc are forced to lie near coplanarity, the 
nitrogens prefer to increase their lone pair s 
hybridization to lengthen the N-N bond and decrease 
lone pair-lone pair overlap.’ Non-bonded steric 
interaction should be reduced in 9’, because hydrazine 
radical cations prefer much flatter nitrogens than do 
neutral hydrazincs. The range in case of oxidation of the 
his-N,N’-bicyclic hydrazincs of Table 3 is quite large, 
corresponding to a 12.5 kcal mol-’ more difficult 
electron loss from 16 than from 9. Changing one bridge 
on each side of the molecule from two carbons to one 
will clearly decrease thesize of non-bonded interactions 
in the neutral compound, and also ought to make a 
planar radical cation more strained, so it is not 
surprising that E”’ is more positive for 16 than for 9. We 
have explored the question of whether the Ei’ values of 
Table 3 may be quantitatively understood in terms of 
steric interactions between the rings by using MM2 
calculations.’ 2 No force field is available for 
hydrazincs, but the important non-bonded steric 
interaction differcnccs between different compounds in 

Table 3 ought to be similar for the hydra&es and their 
hydrocarbon analogucs with N replaced by CH, 
despite the substantially more d.ifGcuJt flattening at the 
central bridgehead positions in the hydrocarbons and 
the minor differences in preferrad bond lengths. One 
would ccrta.inly not expect the stcric energies of the 
hydrocarbons to reflect those ofthc hydrazincs because 
of these differcnm, but the trends in change of 
geometry as the steric interactions arechanged ought to 
be similar, and we have compared first E”’ with the 
geometric parameters reflecting sterically induced 
geometry change at the central bridgehead carbons, u_ 
and #,.* Figure 2 demonstrates that there is a 
surprisingly good correlation between the hydrazinc 
E”’ and the calculated hydrocarbon analoguc a1, for 0” 
hydrazincs. The line shown is based on the saturated 
his-N,N’-bicyclic compounds 9,12,14, and 14, as well as 
the monobicyclic 2 and bis-monocyclic 1. The only 
compound to deviate more than 0.04 V in E”’ from the 
line (r = 0.95, average deviation 0.04 V) is 12; its 
deviation is -0.12 V. A similar plot of E”’ vs #,, shows 
more scatter (t = 0.82, average deviation 0.08), and 
places 12 close to the line while moving 16substantially 
off the line (deviation +0.21 V). The unsaturated 
hydrazincs 7,11, and 13 are each substantially harder to 
oxidize than their saturated analogucs, and the fact that 
aach is also less strained is clearly important. For less 
constrain4 examples, a tetrahydropyridazinc has been 
found to be 0.10 V harder to oxidize than its 
hcxahydropyridazine analogue, l6 presumably because 
of the inductive difference between the vinyl and 
saturated carbon atoms. When 0.10 V is subtracted 
from the observed E”’ for 7,11, and 13, to allow for this 
inductive difference, these compounds also fit the line 
well in Fig. 2 ; they are shown as open squares. Although 
the correlation of Fig. 2 works surprisingly well for 
these type III hydrazincs, hydrazincs with dihedral 
angles substantially different from 0” arc far harder to 
oxidize than the line in Fig. 2 predicta, whether or not 
these compounds contain bicycloalkyi part-stn~cturcs ; 
the compound coming closest to the line we have 
found yet is 1,5diazabicycl0[3.3.0)odaac, the d&thy- 
lated analoguc of 1, which falls +0.13 V from the line. 
Its 8 value is estimated at 30” from its photoelectron 
spectrun~,‘~ so it also has significantly interacting syn 
lone pairs, although they probably have a larger 
dihedral angle than all of the compounds ofTabk 3. We 
suggest that the correlation of Fig. 2 supports the idea 
that steric differences are the major reason for the wide 
range in E”’ valuea of Table 3, and expect it to be useful 
in predicting oxidation potentials for other 0” 
hydra&es. We do not of course, expect that the a,, 
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values cakulatcd for the hydrocarbon anabguca will 
neocssarily be close to those of the hydra&es, nor that 
the changes in E”’ observed reflect only strain in the 
otutral form. 

The bfi-N,N’-bicyctic hydrazincs of Table 3 are all 
kinetically protected against dcprotonation of their 
oxidizd forms, and it is not surprising that they all 
show reversible second ckctron loss by CV. E”,’ for 9 is 
the smallest yet measured, at 0.86 V, but AI? = G 
- Ei’ is the largest, at 1.39 V, correspouding to an 
cndothcrmicity for clcctron transfer diopropor- 
tionation (J9+] +92++90) of 32 kcal mol- I. The 
decrease in non-bonded interaction which 11c- 
companies flattening upon loss of the first electron is 
substantial, but further ffattcning upon loss of the 
second electron probably costs very little energy, and 
also releases little or no additional steric strain. 
Salvation cIfccts might also be involved in making AE” 
unusually large for 9. We have previously notod that E”; 
for 8,8’-bi-8-azabicyclo[32lJoctane is 1.14 V for the 
anti isomer, but substantially lower at 1 .Ol V for the syn 
isomer,aIthough both stcricandekctronicintcractioas 
would lead one to expect that the anti isomer would be, 
if anything slightly easier to oxidize than the jyn 
isomer.l’b We suggested that since the di&encc 
observed cannot be rationalized on the basis of the 
organic cations alone, it was most likely that solvent 
and/or counterion approach to the nitrogens was 
involved in causing the observed result. The nitrogens 
of all these examples of III are certainly unusually well 
protectad by their alkyl groups from close approach of 
solvent and counterion. 

We now consider more quantitative comparisons of 
the difference in ease of oxidation between saturated (S) 
and unsaturated (U) examples of these type III 
hydrazincs. St&c intcracGon between the syn bridg& is 
decreased when the nitrogens flatten out upon electron 
removal. If this flattening dccn=cd the steric 
incera~onbetweenthesyn~d~toansgli~bkvalue 

in both the S and U examples, as it would if tbc 
nitrogens were flat enough in the cation radicals, the 
ditrermcc in G vale would allow calculation of the 
difference in stcric strain between the S and U 
compowds,becausc~~ = E”‘(U,U+)-E”‘(S,S+)is 
equal to an inductive term and a stcric term, and the 
inductive term is known to be about 0.10 V. See Fig 3 
for a graphical depiction ofthe potentials used here. We 
thercforc expect that when the nitrogens of the cation 
radicals are Bat enough, Eq. (4) will hold : 

Steric strain diEtrance, 

kcal mol” = 23.06 (M$‘-0.10) (4) 

where AP, Y = E”(U, U l ) - E”(S, S ‘). For 9 and 7, 
ELI. (4) gives a 4.2 kcal mol- 1 greater strain energy for 
neutral 9, the S compound, than for the U compound 7. 
A separate cstimatc of the steric strain difference 
between 9 and 7 can be made by comparing the 
difIerencc in the ease of hrst and second electron loss for 

E;’ 6: s2*) - 
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thGsG compounds. If all of thc’steric ‘strain di%rGna 
between 9 and 7 is rtiGaaGd upon loss of the first 
eloctro~ none is left to affect the second electron loss, 
and the inductive Gff~cts should cancel b~causc the U 
and S uompounds arG considered sGparately. The 
~turat~ compound U should have a smallGr E”; 
-E‘;’ vdw than the saturated compound S by the siu: 
of the same steric strain term as in Eq. (4), so we argue 
that if m. (4) is valid, Eq. (5) should alao hold : 

steric strain ciifkcna, 

kcal mol-” = 23.06 (AAE”), (51 

where AAP, V = ~(S}-AEe~. ~~tion{5~ gives 
4.4 kcal moi’ r greater strain in 9 than in 7, within 
Gxp~rimGntal error (about O.23 kcal mol- l, 0.01 v) of 
that givah by E!q. (4). Gttting the samG uurn~ from 
Eqs (4) and (5) suggests to us that our assumption that 
the nitrogGn of bath cation radicals are flat tnough so 
thcle is littlt stcric interaction bctwGcn the sytr bridge 
in the cation &i&s is at least appro~~ly corrGct. 
Similarly, comparing IQwith its unsatnraM analoguc 
13givtsa 1.8 kcalmol” grGaterstericstrainin lrlusing 
Eq. (4} and 8 1.6 kcal mol- 1 cGfkctxcc using E!q. (9, 
again within oar txperimcntal error of bciag the samt. 

Equations (4) and (5)obviously will not hold if them 
still is significant steric interaction betwaen thG syn 
bridges in either radical cation, or if the strain energy 
caused by angle strain at the nitrogen atoms difftrs 
signi6cantly for the S and U compounds being 
companxi. This appears to happen for 12 and 11, whGrG 
the smaller bicyclic rings presumably force: q, to be 
smalls. Here Eq. (4) gives S.1 kcal mol - ’ (0.22 v) and 
Eq. (5) gives 6.7 kcal mol’ ’ (0.29 V), value8 which diikr 
~~~~y coanpared to ~x~~~ error. It is 
certainly not obvious that either value is &SC to the 

steric energy diffkrence between these two compounds, 
which wewo~d~ve~~ would ~s~~~~for 
9 vs 7. This is the result obtainad for thy hydrocarbon 
analogues by MM2 calculations, although lwer note that 
12 deviates badly in the plot of Fig. 2, the observed E”’ 
bring daftly moft negative than the MM2 
calculations on the hydrocarbon analoguc pradictad, 
WG U&t'tU&~y cJUiISOt CX&iM! What bappans in the 
next k>nreJt homo~ogo~ pair, because 15 proved to bc 
too unstabk to isolate. 

CONCLUSIONS 

The “proton-drivGn” DiGls-AldGr r&on of 
proto~at~ azo compounds with cyclk diencs makes 
efficient preparation of &-N,N’-bicyclic hydrazincs of 
typG III possible. X’hG nitrogens of 9 arG forced to be 
gauzy &attcned, xsulting in 9 being the most easily 
oxidizzd hydrazinc yet prcpar~d, and it ie also the tit 
hydra&e to give an isolable dication. Other 
txamples of III prepared hGrt have si~~~~y 
varying amounts of non-bonded interaction and 
degrGG8 of pianarity in both the neutral and radical 
cation oxidation status, but aR probably have lent pair- 
lone pair dihedral angles 8 rather nGar 0”. We expect 
this s~rics of compounds to prove; significant for 
probing structural effkcta on the sizt of geometry 
change bctwcen oxidation statues of organic com- 
pound& relating tlltsiza Of the geometry Cbangc to tbt 
kinetics for ~kctron transfer and for cstabtishing the 

rdationshtp bttwttn thG amount of pyramidal&y at 
nitrogen and spectral propGrti(#~. 

EXPERIMENTAL 

Pmparatitions of 7H+, 7,9,9*NO;, and 9’+(PF& have 
appcamd in the auppluncntaty material of Rd. 8. 

53 - LMazi&&yclt?[2.Zl]hcpt - 2 - #W tm@m*ae 
{lOH+j. A soln of 1.51~ @Ml57 mol) of 10 in 25 ml of’lnhyd 
et&r was oocrldd to 0” and ~uoro~c pdd die&yktkr 
compfcx(191 mi)wasaddedslowIytot.k&fingsolnviar 
dry syringe. lQH+ precipitate immedk@ly. The stber was 
~a~~.~d2S~w~~~~~~nd 
cvapomtion, the did was evamated (Q.03 Ton) foit 2 h, and 
stored under Nz at 0” for later use. 

sp-2;7-~~e~~~~[6.2~i3~*.~~~c-~-~~ll). 
0nebquivakntofHBF,*Et1013.01~)~ad&odtoa8~ 
solnof2.Og I@(21 mmot)in20mlacetoni*tbemixturewikS 
cooled to 0”. and 1 equiv ofcyclohexadicsM wasadded(2 ml) to 
yidd a clear, slightly ydlow ah. After 16 h at CP, *H-NMR 
showed thst the reaction had gone to ~ti~~~ 

TX product wa~prccipM=cd byaddingdry er,andisoMedby 
filtration. Wurhing with Et@ and drying gave 4.2 g of 1IH + 
f75%yitkt).ToastirtadmixnutoflOgpowdrradNaOHin60 
mldryttherwssaddad2gofthis~~Afttt8~uadtr 
Nz for 2 4 the solid was removed by ‘tIltration, asd the ether 
evaporated to yield 1.24 g of crude 11. RcuyaMkation from 
hcx&ne at - 78” gave 0.96 g of 11(7Pk yield fkom 1 lH+, 54% 
yield overall), m.p. 85-86” ; ‘H-NMR (crx=lrd : d 6.33 {t[J 
= 4.43, HP&, 3.60 (br.q Hi,&, 3.45 (but, H,,&, 242 (br.d 
[J = 10.4], H&l, 2.0 (br,d[J = 7.4). H1,,,,& 1.26-1.60 (m, 

118 ,,.‘LO*@MJ - 10.41, 
~~~~~~~~~~~~~~~~ 6 1333 (C;,t*), 63.3 
K, sb 54.5 iC1,S. 33.5 G.,X 31s KG,), 260 GA& 
em&ical formula C1 lHldNl estabkkd by hi& noktion 
MS. 

2.7 - ~~~~~~~~~~~6.~2~~ 3s6 * ~~‘1~~~~2~ Pum 11 
from above 1235 mg, I .33 mmol) was dissolved Gz 5 ml EtQAc 
and added 10 a Hz cquiiibrakd mhtwe of 2Oml Eta&, 170 
mg, loD4 Pd on BaCOs catalyst, and 100 mg K&Q. After 
absorption of 1 equiv H, at atmwpberic paarttre, Hz uptake 
stem and the MAXI was titered thn>ugh arlita. The EtCMc 
was removed by rotary evaporation to yieki 224 In@ of l&a 
~~whittJotid(yield95~~m.p.6~~;ffI-NMRfCM=15): 
8ZMibt r,H,,i. 2 I? ibr s+ H,,@), ZlO@r. @J = 9.3, Hi,,, 
H*,,,,,L I96tbr 4[J = J I], H, ~,&1.46--1.70 (m, Hs..,, 
H hs., K,,,.~J, 1.41 0.x. dCJ = 9-Q HII..& 1.25 @I? 
= 10.21, H,,,); ‘GNMR {‘HI (CDCl& 6 61,4 (CL& 49.8 

G,& 342 KG3 32.3 KG,,). 29.1 Gt,ra.k 2.22 (CP*lof: 
tw@ckal formula C, lHisNo estabU&cl by hi& resdutio~ 

MS. 
anti-Z& Di4zatctt4cycfo~?.21.23~7.0i~7t~~- 14-M 

(13). A soln of 0.60 g (33 mmol) of IOH’ and 0.31 g (33 mmol) 
~loheptadi~in10mJ~,cNwasstimd~dbaatcdst40° 
fix 16 b, by which time the soln &ad hvaad btrk yellow. Af?er 
row #auction ofs&lrmk. Lbc solid WBS wasbed twice with 
crberaodt\~cuatcd.gi\rngO.;l76gt309~o)ofsnwft13H~ Thzf 
mat&~ was muted ~II.II 20 ml aahjd &MY, and 2.5 g cnsbed 
NaOH peUcrs.~~~I for Z h at rcwn temp,and filtered of!f Coa- 
~rrauoogare~drtIJasabro~Nsbriquidin3ls’oyvttM(0 193 
g),wtichwastubltmcd~t 30 toacoldfinprco~kdnith~tct 
to give a whw wbd wluth melts near room temp. ‘H-NM R 
(~,):66.13(~J-S.5,4J].2H~.Z30-3.51(m.2H).238 
(dqJ = lO.B,24,2H), 1.WI+91 (m. IOH), I.78 (d[J = iO.8l. 
2H); “C-NMR (CDCI,): 6 130.9 (d), 65.8 (d), 58.1 (d), 32.9 
(t,C,3.31.9(t), 19.1 (t,CI);cmpinimlTonn~C,,H,,N,wPs 
ctrtabkhecl by high resolution MS. 

anti - 2,8 - ~~afe&f~ycf~7.2.1 .23*‘.~~~~~~~~~~ /14& 
Cnide 13 (193 w f mmol) was hydrogcnatad by tb~ method 
us4d for 12 giving 87 mg mde 14. Puriiicrtioa by Ku@rohr 
di~tiilaticm at 5&7W, 0.03 mm Hg &svc 14 a8 a white sotid, 
m,p. 28-W ; ‘H-NMR (‘CDC13) z’ 6 3.35 (bra, 2HA 2.98 cbrs 
2H), l.d&212 (m, 15H)&2fd[J - ll.lf, 1H); L’C-NMR 
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I ‘H} (aocton&): S 64.0(d), 54.3 (d),37.7(t), 34.3(t+C& 31.4 
t), fl.6 (6 c,), 19.1 ($ C,&; empirical fonnufa’c,,H;,~~ 

was established by high resolution MS. 
anti - 27 - &l!&tr~yc~[6_21.1~*~. o”‘]dodeccmc (14). 

278 g lOH+ (15.7 mmd) in 30 ml CH,CN were ax~lal to o”, 
and 2 ml (1.55 cquivs, 24 mmol) of My cracked 
cyclo~~dienc added o_ver a 2 min period, and warmed to _.- 
room kmp for 10 min. The f&&as011 of 1SH + ~a.9 indicatui 
by ‘H-NMR (CD ,CN) : c5 6.59 (m, 2H), 4.83 (br.q 2H), 2.47 (d[J 
= II], II-I), 2.00 (4J = 81 IH), 1.87-1.58 (m, 5H), 1.24 (4J 
= I I], IH). The mixture was cooled to 0” and transferred 
via cannula to a 250 ml three neck flask containing 13.5 g 
KOF-N=N--C02K (4.4 cquiv), and 50 ml CH,CN at 
0’ and quipped with a reflux condenser. AcOH (10 g, 10.2 
cquiv)in30mlCH,CNwasaddcdviaadroppingfunmlovcra 
lOminpcriod.Thcmixturcwasktptat0”andstirradfor3h, 
and then stirred overnight at room temp. A&r gravity 
filtration, solvents were removed by rotary evaporation 
followed by evacuation to yield 3.9 g of an orange colored oil. 
Tothisresiduewasadda1I5OmlEt,Oand IOgcrushedNaOH 
pellets. After stirring for 3 h, the solid was 6lti and the 
solvent removed to yield 1.4 g of a siightly yellow liquid., which 
was Kugclrohr distilled and then sublimed to give 0.96 g (37% 
yield) of 16 as a clear liquid. ‘H-NMR (CDCI,): b 3.56 (br.s, 
H~,,),3.40(br~H,.,),2.26Ibr.dt~J = 8.2,22],H1,3, 1.89(m, 
H,,,& l.31-1.60(m,H,,,,,,H,.,,, HP,.,o~, HI 13 1-17MJ 
= 11.11, H,&; “GNMR (‘H) (CDCl,): 6 61.6 (C,.,), 56.5 
(C3.6)r41.4(C,LX33.2(C,Ih31.9(Cs,,oX25.2(C4,~);em~~~ 
formula C12Hz0NI was established by high resolution MS. 

pK, Derennination of hyhzhes. The potdioxnctric 
crpcriments wm carried out with a Microprocessor pH 
Millivolt Meter 8 11 (Orion Restarch) wing a glass Automatic 
Temperature Compensation probe (Model 917002, Orion 
Research) as the pH electrode. Before each titration, the pH 
meter was doubly standardized to achieve a 99& 1% slope. 
Triply distilled water, &crated with N, for 3 h, was used for 
all solos. Titrations were carried out in a 50 ml 3-neck flask, 
under N,, with stirring at 25.0&0.1”. Hydrazints (30 ml of 
0.005 M sol@ in 0.1 M TEAP were titrated with 0.01 M 
HC104. Between each addition of acid., 2-5 min equilibration 
time ~8s allowed before recording the pH reading. TIC 
cquiv&ncc point was obtained from a plot of pH vs volume of 
added base, and the pK, determined as the pH at half the 
quivalencc point, using a graphics program written by Willi 
for a0 IBM PC computer. 

pK, Dnermht’ aon of azo compowh Reagent grade 
concentrated H$O, was standard&d by titration with 
standardized NaOH soli~. This 95.6f 1% H,SO, soln was 
then diluted by weight with triply distilled Hz0 to obtain 
H,SO, sofns of lesser concentrations. Au, compound (0.1 
mmol, 0.01 M) and 80 mg (0.05 Mj of Me,NH’HSO; (aa 
referenoc)werethcndissolvedin 10mlofeachconoentrationof 
HISO,. Proton FT-NMRs of the s&s were obtained on an 
IBM by presaturating the H+ peak. Bridgtbcad chemical 
shifts were then obtained vs the Mc,N reference peak. Data 
wereanal+ by themethod of @met and O!~en._‘~ Aqlot qf 
chemical shift of the bridgehead proton vs %HzSOd shows a 
clear break. The ionizatibn ratio was aalculatid ti 2 = (Au,, 
- Av,)/(Av, -Av, +), where AvO is the chemical shift of the 
neutral au, compound bridgehead hydrogen, Av,. the 
chemical shift of the fully protonatccl azo compound, and Av, 
the observad chemical shift. A plot of log(l) + Ho vs H, 
+log (C,.) f?om the Bunnctt~lsen quation then gives an 
intercept equal to pK,, using those points which are on the 
breaking portion of the titration curve. The slope observed for 
Sli + was -0.542 (r = 0.995) and for 1OH + ,0.192 (r = 0.952). 

Decompdhn rrrtes. Sample were run 8-18 mol % in 
CDC& containing t-butylbenzene as an internal stradard. 
Samples wcfe placed in a constant temperature bath (SO* 1”) 
for a measured time period, quenched at - 78”, and the ‘H- 
NMR spectra recorded. The rate of disappearancc of the 
hydrazinc was measured by intenratina the ol&ic Drotons 

and comparing this to the integration of the phcnyl protons of 
the intsrnal standard. 

E&r-y. All elaztroch~ was run at ambient --.-. 
ttip at approximat$?Zn~irate conantr8~on in 
CH,CN (Burdick and JscLson ?Xstillad in Gloa”). Tetra-n- 
butyl ammonium pcrchlorp& used m supporting electrolyte, 
was obtained from Eastman and racryrm from 1:1 
HIO/EtOH. The gold planar a-ode has been described 
previously.* In genti the ehctrode was polished to a mirror 
link41 and used directly. Cyclic voltammetry was performed in 
a standard three cladrode cell. The counter electrode was a I in 
length of coiled platinum wire, and the refemna ckctro& was 
a Coming ceramic junction SCE which was’isolatad hoGthe 
main compartment by a cracked glaaa bead. Voltammograma 
were obtained in a static soln, stirring between scans being 
accomplished by bubb&ing N1 through a s*gc needle. The 
instrument employed mnsisted of a Princeton Applied 
Research (PAR) 173 Potentiostat/Galvanometer, a PAR 175 
Universal Programmer, and a PAR 179 Digital Coulometer. 
Scans at a rate below l V s-’ were recorded on a Houston 
Instruments’Omnigraphic 2ooo” x-y recorder, while those at 
fast scan rates were photographed from a Tektronix 5ooo 
storage -pc. 
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