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ability of approximately 0.25 Hz for the excess 
broadening of the outer lines of the H-2 multiplet by 
dephasing of H-2 spins in 4 via the known hyperfine 
interaction9 (a = 4.06 G) with the unpaired electron 
in the allyl radical. Such broadening effects are well 
known in nmr spectra of molecules undergoing rapid 
exchange with small amounts of paramagnetic species10 

and give rise to a contribution to the nmr line width, 
T2,ex~~\ given by eq 5 (assuming the lifetime, TR , of the 
radical is less than the relaxation time of the unpaired 
electron).10b Thus, TR ^ 1 X IQ-8 sec or fce ^ I X 107 

T - l — -* 2,ex — 
2 ( O T R ) »/4 

T[1 + (arRy/4] 
(5) 

M - 1 sec -1 which is in excellent agreement with the 
previous estimate and is independent of the estimate of 
allyl radical concentration. 

The estimate of the rate constant for thermoneutral 
iodine atom transfer thus shows that this process, at 
least for the allyl system, proceeds at a rate several 
orders of magnitude faster than radical recombination. 
If such rates also are characteristic of nonconjugated 
alkyl radicals,11 they can easily explain the transfer of 
nonequilibrium nuclear spin populations to alkyl 
iodide reagents undergoing free-radical reactions. 
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Rearrangements of Dihydrodicyclopentadiene 
Derivatives in Phosphoric Acid. 1,4-Hydride Shifts 

Sir: 

In 1948 the dehydration of 9-exo-hydroxytetrahydro-
exo-dicyclopentadiene (I) with orthophosphoric acid 
was reported to give l,2-dihydro-e;c0-dicyclopentadiene 
(II).1 Later the product was found to be 9,10-dihydro-
exo-dicyclopentadiene (III).2 The behavior of several 
compounds related to I in phosphoric acid under a set of 
standardized conditions has now been studied, and we 
wish to report that alcohols I and IV and alkenes II and 
V afford III and 9,10-dihydro-e«cfo-dicyclopentadiene 
(VI) in very nearly a constant ratio. 

(1) H. A. Bruson and T. W. Riener, J. Amer. Chem. Soc., 70, 2809 
(1948). 

(2) P. von R. Schleyer and M. M. Donaldson, ibid., 78, 5702 (1956); 
P. Wilder, Jr., and G. T. Youngblood, ibid., 78, 5706 (1956). 

Products were identified by retention times using 
gas-liquid partition chromatography on a 5 ft X Vs 
in., 10% diisodecyl phthalate on 60-80 Chromosorb W 
column at 50° and 25 ml/min helium flow rate and by 
their nmr traces.3 Peak areas were determined by 
weighing the excised graph paper and product mixture 
compositions were calculated assuming equivalent 
thermal conductivities for the isomers. 

The reaction of alcohol I with phosphoric acid (1:1 
by weight) at 150° for 30 min gave a mixture of alkenes 
containing 65 % III and 25 % VI, and alcohol IV gave 
67 % III and 25 % VI. Alkene II under the same con
ditions gave 63% III and 23% VI while alkene V 
yielded 67 % III and 20% VI. In each reaction, small 
amounts (9-14%) of the alkanes, endo- and exo-
tetrahydrodicyclopentadienes, were observed. On di
lution of alcohol IV with H3PO4 and CHBr3, as an 
immiscible cosolvent, to concentrations of 6 X 1O-4 

M, a constant amount of olefin (98 %) was obtained in 
a ratio of 9:1 (cf. Table I). The product alkenes III 

Table I 

Concn of IV, mol I . - 1 

9 .4(1 :1 by wt)« 
1.2» 
1.2 in H3PO4 + 1 ml of CHBr3

6 

0.12 
0.012« 
0.012 in H3PO4 + 5 ml OfCHBr3

6 

0.012 in H3PO4 + 10 ml of CHBr3"-6 

0.012 in H3PO4 + 20 ml OfCHBr3".6 

0.0012» 
0.0012 in H3PO4 + 5 ml OfCHBr3".6 

0.0006 in H3PO4 + 5 ml of CHBr3
0.6 

%m 
67 
73 
67 
68 
51 
85 
84 
82 
56 
89 
89 

% V I 

25 
17 
20 

C
T

v 

6 
10 
10 
11 
6 
9 
9 

% 
saturated 

8 
10 
13 
16 
43 

5 
6 
7 

38 
~ 2 
~ 2 

" Average value of duplicate runs; deviation from mean ± 1 % . 
6 The addition of CHBr3 as an immiscible cosolvent greatly in
creases the effective dilution factor. The slow diffusion of organic 
alcohol into H3PO4 from CHBr3 greatly enhances the dilution 
effect over the apparent dilution factor. 

and VI were found to b* ;ompletely stable under the 
conditions employed, ^ t 180° and 60 min, however, 
VI did rearrange to give 14 % III, the most stable of the 
four dihydrodicyclopentadienes. 

These results may be rationalized by a reaction 
scheme (Scheme I) involving equilibrated tautomeric 
ions (VII and VIII) or by a common intermediate IX. 
The endo ring fused reactants IV and V give cation VII 
or IX in which a 1,2 alkyl shift is competitive with an 
intermolecular or an intramolecular hydride shift. 
The exo ring fused reactants I and II give cation VIII 
or IX in which a 1,3 hydride shift is competitive with a 
1,2 alkyl shift. Dilutions to concentrations of 10 - 3-
10 -4 M have been used to minimize intermolecular 
hydride shifts.4 Our dilution studies show a limiting 
amount of olefin VI which at these concentrations would 
be expected to arise only from an intramolecular hydride 
shift. 

We have also dehydrated 9-exo-hydroxy-2,2-dimethyl-
9,10-dihydro-OTcfo-dicyclopentadiene (X)66 at 150° for 

(3) S. Cesca, M. L. Santostasi, W. Marconi, and N. Palladino, 
Ann. Chim. (Rome), 55 (7), 704 (1965). 

(4) P. von R. Schleyer, Angew. Chem., 81, 539 (1969); Angew. Chem., 
Int. Ed. Engl, 8, 529 (1969). 

(5) H. C. Brown and P. Geoghegan, J. Amer. Chem. Soc., 89, 1522 
(1967). 

(6) C. F. Culberson and P. Wilder, Jr., / . Org. Chem., 26, 4289 (1961). 
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Scheme I Scheme II 

° H. A. Bruson and T. W. Riener, /. Amer Chem. Soc, 67, 723 
(1945). * H. A. Bruson and T. W. Riener, ibid., 67, 1178 (1945). 
c Alcohol IV was prepared by reaction of enrfo-dicyclopentadiene 
with mercury(II) acetate6 followed by catalytic hydrogenation of 
the unsaturated endo alcohol. Alkene V resulted from the dehy
dration of alcohol IV via the Tsugaev method. •* P. D. Bartlett 
and A. Schneider, J. Amer. Chem. Soc, 68, 6 (1946); G. B. CIe-
mans, Ph.D. Thesis, Duke University, 1964. While alkenes III 
and VI are stable under the conditions of the reaction, both al
kenes are found to undergo exchange in the presence of D3PO4 un
der the standardized reaction conditions. 

30 min (Scheme II). The product, isolated in 85 % 
yield, is l,2-dimethyl-9,10-dihydro-e«<fo-dicyclopenta-
diene (XI). Further, both 2,2-dimethyl-l,2-dihydro-
endo- (XII)6 and 2,2-dimethyl-l,2-dihydro-exo-dicyclo-
pentadiene (XIII)6 afforded XI, also in 85% yield. 
Dilution of XII and XIII to lO"3 M in H3PO4 and 
CHBr 3 gave 14% XI, starting material, and traces of 
saturated hydrocarbon. The predominance of endo 
ring fused product in these cases suggests that the 1,4-

/ 1 

CH1Li / 

COOH 

COOH 
XV 

hydride shift is even more facile than in the nor-di-
methyl compounds. 

The stable alkene XI decolorized bromine in cyclo-
hexane, but was not hydrogenated when shaken over 
Adams ' catalyst for 4 hr. The proton magnetic 
resonance spectrum showed no vinyl protons, but did 
show two clear vinyl methyl singlets at 1.20 and 1.35 
ppm. The structure of XI was confirmed by oxidation 
with potassium permanganate to the diketone XIV, 
which was identified by comparison of glc retention 
times with a sample independently synthesized from the 
known dicarboxylic acid XV7 with methyllithium.8 

The cis-endo-dikctone XIV was characterized as its 
bis-2,4-dinitrophenylhydrazone, mp 210°. The cis-
exo-diketone was also prepared and its bis-2,4-dinitro-
phenylhydrazone melted at 221 °. 

The isolation of XI from alcohol X and olefins XII 
and XIII is consistent with an intramolecular 1,4 
hydride shift, followed by a Nametkin shift and loss of 
a proton. 
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Use of a Porous Electrode for in Situ Mass 
Spectrometric Determination of Volatile Electrode 
Reaction Products 

Sir: 

The interpretation of the origin of products isolated 
after a bulk electrolysis is frequently subject to the 
problems caused by chemical reactions occurring be
tween electrode intermediates and other species pres
ent in solution. In such situations, it is ordinarily 
considered desirable to identify an electrode intermedi
ate as soon as possible after its production at the elec
trode, i.e., at the electrode surface. We have developed 
a combined electrochemical-mass spectrometric tech
nique that allows in situ qualitative and quantitative 
analysis of volatile intermediates and products gen
erated during an electrochemical reaction. Our 
method uses a porous electrode, one side of which con
tacts the solution being electrolyzed, while the other 
side contacts the mass spectrometer's high-vacuum 
system. 

As will be reported in the near future,l we have used 
this electrode to identify the gaseous products NO and 
N2O generated at different potentials during the reduc
tion of NO 2

- in 0.1 M HClO4. The surface concentra
tions of these species have been determined quantita
tively (estimated error 5-10 %). We have also used the 
porous electrode under open-circuit conditions as a 
porous catalytic surface, verifying the well-known, 
spontaneous decomposition of hydrazine into nitrogen 
and hydrogen peroxide into oxygen. To our knowl
edge, this is the first report of the use of a controlled-
porosity surface to interface a mass spectrometer di
rectly to the site of a reaction. We believe this tech
nique will be extremely useful for studying heteroge
neous reactions involving gaseous products and/or reac-
tants. 

The electrode design we have used in the above-men
tioned studies is shown in Figure 1 and allows only gas 
to be transported into the mass spectrometer inlet 
system. The electrode was fabricated by rubbing 
finely divided platinum into the slightly wetted fine 
glass frit. An aqueous TFE-Teflon dispersion was 
gently sucked into the frit, dried and baked to fuse the 
Teflon, and the teflonization procedure repeated until 
no more liquid would pass through the frit when a 1-
atm pressure differential existed across it. Further de
tails are given elsewhere.2 

The purpose of this communication is to report the 
results we have obtained with the model system, the 
electrochemical generation of oxygen from 0.1 M 

(1) S. Bruckenstein and R. Rao Gadde, paper in preparation. 
(2) S. Bruckenstein and R. Rao Gadde, submitted for publication, 

Anal. Chem. 
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Figure 1. Schematic representation of porous electrode. Fritted 
end submerged in solution. Hitachi Perkin-Elmer RMU-6E 
instrument used. 

Figure 2. Mass-32 response vs. oxygen generation time. 

HClO4. Oxygen was generated from the oxygen-free 
perchloric acid solution at the porous electrode using 
selected constant anodic currents. 

The experiment shown in Figure 2 was performed by 
pumping out the vacuum system to 5 X 10-7 Torr, 
closing off the vacuum system from the pump, and re
cording the electron multiplier current at mass 32, 
using an X-time recorder, for the selected constant 
currents. The mass-32 response was calibrated in 
terms of moles of O2 in the mass spectrometer by intro
ducing a known quantity of oxygen. 

The mass-32 response in Figure 2 rapidly becomes 
linear, and the slope of the linear portion is a measure of 
the rate of the electrochemical production of oxygen. 
The straight line portions do not pass through zero 
time, and there is evidence in Figure 2 for sorption 
effects within the vacuum system. These effects do not 
interfere in the interpretation of the linear portion of 
the response-time line. 

Figure 3 is a plot of the limiting slope of the lines in 
Figure 2 vs. generation current. A straight line with a 
slope of 9.1 X 1O-7 mol of 02/C and a nonzero inter
cept corresponding to the leak rate of atmospheric oxy
gen into the mass spectrometer is obtained. The experi
mental slope indicates that 36 % of the electrochemically 
generated oxygen enters the vacuum system of the mass 
spectrometer. Similar collection efficiencies have been 
obtained for hydrogen generated by constant-current 
reduction of 0.1 M HClO4. These high collection 
efficiencies suggest that, in addition to gases, many or-
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