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We recently described the conversion of Shen's1 hexacyclic 
bis(azo) compound 1 into compounds having identical dinitrogen 
units that are rather rigidly linked by 4 a bond shortest pathways 
and are rather stable in solution in both neutral and cationic 
oxidation states.2 One-electron reduction of the bis-ferf-butylated 
1 dication gave bis(hydrazyl) radical cation 2-+, and one-electron 
oxidation of the bis-(fert-butylmethylhydrazine) gave bis(hy-
drazine) radical cation 3,+. These species have one dinitrogen 
unit in the reduced and the other in the oxidized form, making 
them organic analogues of intervalence transition metal com
plexes.3 They show Hush-type charge transfer bands4 in the near-
IR and visible spectral regions, respectively: \ma,(CH3CN, 25 
0C) = 1199 nm for I+ and 548 nm for 3'+. ESR studies 
demonstrated that electron transfer (ET) between the dinitrogen 
units is fast on the ESR time scale for 2,+ at -73 0C and slow 
for 3-+ at 87 0C.2 We report here on the bis(hydrazine) radical 
cation 4,+, in which the "monomeric" dinitrogen unit is the 22/22 
sesquibicyclic hydrazine 5.5 The latter is isolable in neutral, +1, 
and +2 oxidation states and has a self-ET rate constant measurable 
by NMR line broadening.6 4-+ is the first system for which a 
Hush analysis of the optical spectrum3-4 may be directly compared 
with the rate of thermal electron transfer, providing a significant 
test of Hush theory.7 
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Although preparation of 5 by the proton-driven Diels-Alder 
addition of cyclohexadiene to protonated diazabicyclo[2.2.2]-
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octene followed by deprotonation and hydrogenation proceeds in 
high yield,5 preparation of 4 proved far more difficult. Formation 
of the bis (cyclohexadiene) adduct of diprotonated 1 proved very 
sensitive to conditions (1-H22+ is apparently acidic enough to 
polymerize cyclohexadiene), and there is little stereoselectivity, 
so that the diprotonated bis(cyclohexadiene) adduct is a nearly 
statistical mixture of three compounds, which were not separated. 
The most serious problems proved to be that retro-Diels-Alder 
cleavage of the neutral bis(cyclohexadiene) adduct proved faster 
than hydrogenation, and diimide reduction of the protonated 
adduct5"1 failed. The discovery by Wang8 that rhodium on alumina 
is highly selective for protonated sesquibicyclic hydrazine double 
bond reduction over N-NH+ and C-NH+ cleavage even in 
benzylic cases finally allowed preparation of 4 by hydrogenation 
of the diprotonated l-bis(cyclohexadiene) adduct.9 

First and second electron removal from 4 occur at E° values 
of-0.45 and -0.27 V vs SCE in CH3CN/0.1 M tetrabutylam-
monium perchlorate, respectively, allowing preparation of 4-+ 

solutions free from detectable amounts of neutral and dication; 
coulometric oxidation in acetonitrile or methylene chloride proved 
convenient for preparation of 4-+ from the small amounts of neutral 
material available. Solutions of 4-+ are violet-blue, Xm4x(CH3-
CN, 25 0C) = 614 nm,« = 770 M"1 cm"1. The absorption band 
for this nearly saturated species (it formally has one-half of a 
double bond) can only be plausibly attributed to a Hush-type 
charge transfer band.5d 

The ESR spectrum of 4-+ in butyronitrile shows the quintet 
due to coupling to two nitrogen atoms expected for the slow-
exchange region2 at -67 0C and the nonet due to coupling to four 
nitrogen atoms expected for the fast exchange region2 at 107 
0C.9 Rate constants obtained by simulation of seven spectra 
collected from -23 to 77 0C in acetonitrile give a linear Eyring 
plot9 from which fcet(25 0C) = 1.32(±0.04) X 108 s"1 was 
interpolated. Spectral characteristics of the visible band for seven 
solvents are summarized in Table 1. 

According to Marcus theory,10 the thermal energy barrier to 
electron transfer is one-quarter of the vertical ET energy gap X, 
which for a symmetrical complex showing a Hush CT band like 
4,+ is equal to the transition energy, £op. X is the sum of the 
solvent reorganization energy XoUt and the internal reorganization 
energy Xjn, and X011I may be approximated by eq 1. The 

Xout = 332.1(r-'-CT1H7) (1) 

proportionality constant given produces X0111 in kilocalories/mole 
when the average radius of a monomeric unit, r, and distance 
between the units' centers, d, are in angstroms. The term 7 is 
a solvent polarity parameter, 7 = nr2 - tfl, calculated from the 
refractive index at the sodium D line, n, and the static dielectric 
constant «s- In an alternate treatment also based on a dielectric 
continuum, X011I is proportional to Af(x) =f(t,) -/(n2), where 
f{x) = (x- l)/(2x + I)." Plots of £op vs 7 and vs &j{x) are 
both straight lines for CH2Cl2 and more polar solvents (r = 0.97, 
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Table 1. Hush Analysis of the CT Band of 4,+ 

solvent 

CH 3CN 
CH 3 NO 2 

CH3(CHj)2CN" 
(CH 3 ) 2NCHO 
(CH3)2SO 
CH2Cl2 

CHCl3 

nm 

614 
61S 
622 
628 
628 
650 
630 

£op "" "^max 
= X,kK 

(kcal/mol) 

16.29(46.6) 
16.I8 (46.3) 
16.O7 (46.0) 
15.92(45.5) 
15.92(45.5) 
15.38(44.0) 
15.8,(45.4) 

\wt» 
kcal/ 
mol 

9.0 
8.7 
8.4 
8.0 
8.0 
6.4 
7.8 

W 
8.2, 
8.1, 
8.0, 
7.54 

8.50 

7.98 

8.O5 

M-1 cm-1 

770 
835 
794 
850 
880 
900 
810 

V, cm-' 
(kcal/mol) 

1360(3.9) 
1400 (4.0) 
1360(3.9) 
1430(4.1) 
1500(4.3) 
1400 (4.0) 
1360(3.9) 

eq 3 for vi/2,
13a which only fits ei/2 of 4-+ if its hvm is 700 cm-'. 

Using a Hush formula which includes nuclear tunneling to 

" Corrected for 5% contamination with dication by subtraction of the 
dication spectrum. 

average Eop residual 0.15 kcal/mol, and r = 0.99, average E0? 
residual 0.10 kcal/mol respectively) and extrapolate to 37.6 kcal/ 
mol at zero solvent polarity parameter, where X0Ut disappears and 
-Eop = Xjn. Values of \out calculated using \;n = 37.6 kcal/mol 
are shown in Table 1. The X0111(CH3CN) of 9 kcal/mol for 4V+ 

when used with the AMI-calculated N-N' distance of 4.91 A as 
d in eq 1 produces an effective r value of 3.92 A, in excellent 
agreement with the r value of 3.95 A calculated from the X-ray 
structure of "monomer" 5.5c This suggests that X1n for 4-+ has 
been estimated reasonably accurately despite the long extra
polation involved. The least polar solvent, chloroform, shows a 
higher X011t value than the solvent polarity regressions predict by 
3.4 and 3.1 kcal/mol, respectively. We attribute this deviation 
to an ion-pairing effect; such effects should always be observed 
in solvents of low enough polarity. A similar anomaly for 
intermolecular self-ET rate constant ka has been observed for 
both sesquibicyclic hydrazines which have been studied in 
chloroform.6 Plots of ln(fcra) vs y are close to linear in the polarity 
range between acetonitrile and methylene chloride, but kn in 
chloroform is smaller than predicted by this line, consistent with 
X0Ut being larger than predicted by its polarity. These observations 
provide welcome confirmation that the intermolecular ET of 
monomeric hydrazines and the intermolecular ET of bis-
(hydrazines) are indeed comparable. If methylene chloride also 
exhibits a smaller ion-pairing effect, X0111 estimated from the solvent 
polarity plot would be too small; if X0Ut(CH3CN) were really 11 
kcal/mol, it would result in an effective r estimate using eq 1 of 
3.75 A. 

The ESR and optical data for 4-+ allow testing the predictions 
of Hush theory. Hush estimates the electronic coupling matrix 
element V (which is half the energy separation of the ground- and 
excited-state energy surfaces at the ET transition state) using eq 
2,4 which produces a Fof about 1400 cm-' (4.0 kcal/mol) for 4,+ 

(Table 1). The barrier-crossing frequency hvm has often been 

K[cm-'] = (2.06 X \Q-2/d)(hvm&xvxl2ifl
2 (2) 

accounted for in interpreting experimental rate data using a single 
effective frequency approximation.12 Values for hvm of 1500 cnr1 

or higher have usually been employed for aromatic compounds,' 2 ^ 
but sesquibicyclic hydrazines have many low-frequency pyra-
midalization modes contributing significantly to the ET barrier, 
and a significantly lower value of Av111 should be more appropriate 
for 4'+.12c The width at half-height of the 4-+ CT band, pi/2 = 
8200 cm-1 in CH3CN, is smaller than predicted. Hush employs 
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calculate ktt,
nb the observed rate constant requires Af1n of about 

1295 cm-1, which is quite poor agreement. Simple Hush theory 
using a single effective frequency approximation does not give 
the experimental CT bandwidth correctly, and it does not seem 
likely that the K value estimated using eq 2 is accurate. Equation 
2 will produce values of Vwhich are too high if CT band intensity 
has contributions from other sources, such as coupling to localized 
electronic excitations.14 The consistency between the Kobtained 
for 4,+ with the 3.3-3.9 range for V of six other saturated bis-
(hydrazyls) and bis(hydrazines) connected by 4 a bond shortest 
pathways in similar geometry,2 which have XmM(CH3CN) varying 
from 512 to 1199 nm, show that the constancy of Aj/max"i/2 « 
predicted by eq 2 occurs over a wide transition energy range, 
which suggests to us that coupling with localized electronic states 
in these saturated compounds is not a major problem. Somewhat 
smaller V values are consistent with the observed ka using the 
Golden Rule equation.9 It seems likely that the bandwidth 
problem arises from more than one hvm frequency being coupled 
to the electron transfer. Winkler and co-workers15 have suggested 
that eq 4, 

vil2 = [8 ln(2)(2fcB7\ut + X > i n eoth(A*ta/2*B^)]1/2 

(4) 
which separates X0Ut from Xjn effects and can employ more than 
one inner sphere frequency, is appropriate; the bandwidth can 
clearly be fitted using low-frequency pyramidalization modes 
and higher frequency bond stretching modes, both of which should 
contribute to Xjn. It is still not clear to us how to implement 
tunneling corrections accurately for multiple modes. Work is in 
progress to make analogues of I+ and 4-+ with the centers fixed 
at different distances to establish how the rate constant actually 
changes, and, in collaboration with Timothy Clark, to attempt 
to more accurately estimate V and the contributions of various 
hvm modes to X1n and for 4-+ and other compounds using 
computations. 
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