
1120 

Mechanism of the Chromic Acid Oxidation of Secondary 
Alcohols. Evidence Which Establishes the Oxidative Cleavage 
as a One-Electron Process1 

Paul M. Navelc and Walter S. Trahanovsky 

Contribution from the Department of Chemistry, 
Iowa State University of Science and Technology, Ames, Iowa 50010. 
Received August 8, 1969 

Abstract: The chromic acid oxidation of 2-aryl-l-phenylethanols in aqueous acetic acid containing sodium acetate 
is shown to involve oxidative cleavage as well as ketone formation. Trapping experiments with oxygen show that 
the oxidative cleavage leads to a benzyl radical. Relative rates of ketone formation and oxidative cleavage of 2-
aryl-1-phenylethanols by chromic acid in 85% aqueous acetic acid containing 0.5 M sodium acetate are reported. 
Plots of the log of these rates against a for the substituent of the 2-aryl group show that good Hammett relationships 
exist with p = —0.10 ± 0.02 for ketone formation and —1.06 ± 0.04 for cleavage. The trapping experiments and 
the substituent effect for cleavage indicate that the oxidative cleavage of 2-aryl-l -phenylethanols by chromic acid is a 
one-electron oxidation, which strongly supports chromium(IV) as the chromium species which leads to cleavage. 
Under these conditions, the amount of cleavage observed is ca. 67% and is found to be independent of the concen
tration of chromium(HI) present. A mechanism is given which accounts for these results. 

Mosher and Whitmore reported, 25 years ago, that 
oxidation by chromic acid in acetic acid of sec

ondary alcohols which contain a quaternary a carbon 
gives products from a cleavage reaction in addition to 
the expected ketones.2 

R—CHOH-R' —>- R-CH=O + R'OH 

In 1956, Hampton, Leo, and Westheimer established 
that the cleavage brought about by chromic acid is due 
either to chromium(V) or chromium(IV), not to chro-
mium(VI).3 Since the highest amount of cleavage was 
found to be ca. 67 %, these workers favored cleavage by 
chromium(V) as outlined by Scheme I. They also pre-

Scheme I 
Cr(VI) + RCHOHR' —*- Cr(IV) + ketone (1) 

Cr(IV) + Cr(VI) —>- 2Cr(V) 
2Cr(V) + 2RCHOHR' —>• 2Cr(III) + 2RCH=O + 2R 'OH (2) 

sented the mechanism shown in Scheme II which in
volves cleavage by chromium(IV), but did not support 
it, since the scheme leads to only 33% cleavage even 
though it accounts for all other experimental results.4 

Scheme II 

Cr(VI) + RCHOHR' — > Cr(IV) + ketone 

Cr(IV) + RCHOHR' — > - R C H = O + R'- + Cr(III) (3) 

Cr(IV) + R ' • + H2O — > - Cr(V) + R 'OH + H + 

Cr(V) + RCHOHR' — > • Cr(III) + ketone (4) 

Recently Rocek and Radkowsky have shown that 
cyclobutanol is rapidly cleaved by chromium(IV) and 
is relatively unreactive toward chromium(V).5 More-

(1) (a) This work was partially supported by Public Health Service 
Grant No. GM 13799 from the National Institute of General Medical 
Sciences whom we thank for their support; (b) based on work by 
P. M. N. in partial fulfillment of the requirements for the degree of 
Doctor of Philosophy at Iowa State University; (c) National Aero
nautics and Space Administration Trainee, 1967-1969. 

(2) (a) W. A. Mosher and F. C. Whitmore, Abstracts, 108th Na
tional Meeting of the American Chemical Society, New York, N. Y., 
Sept 1944, p 4M; (b) W. A. Mosher and F. C. Whitmore, J. Amer. 
Chem. Soc, 70, 2544 (1948). 

(3) J. Hampton, A. Leo, and F. H. Westheimer, ibid., 78, 306 (1956). 
(4) Equation 3 was broken down into two steps in ref 3. 

over, we have reported that the eerie ammonium ni
trate oxidative cleavage of 2-aryl-l-phenylethanols is a 
one-electron process.6 Finally, Wiberg and Schafer 
have shown that chromium(V) behaves like chro-
mium(VI) and readily converts 2-propanol to acetone.7 

These recent findings5-7 suggest that chromium(IV) is 
responsible for the cleavage reaction, not chromium(V). 
If indeed cleavage is brought about by chromium(IV), 
then another scheme is needed in place of Scheme II to 
account for the ca. 67' % cleavage observed by West
heimer and coworkers.3 Such a scheme, Scheme III, 

Scheme III 

Cr(VI) + RCHOHR' — > Cr(IV) + ketone 

2Cr(IV) + 2RCHOHR' — > • 2Cr(III) + 2 R C H = O + 2R'- (5) 

2Cr(VI) + 2R'- —>~ 2Cr(V) + 2R'OH (6) 

2Cr(V) — > - Cr(VI) + Cr(IV) (7) 

has been presented by Rocek and Radkowsky.6 No
tice that a key step in this scheme is the disproportiona-
tion of chromium(V). Also note that summation of 
eq 5, 6, and two times (7) gives eq 2. 

The cerium(IV) oxidative cleavage of 2-aryl-l-phenyl
ethanols was shown to be a one-electron process. This 
conclusion was reached because the cleaved benzyl radi
cal could be trapped, and the p for the reaction was 
— 2.0, which is closer to the range of p's reported for 
benzyl radical reactions, —0.5 to — 1.5,8 than the —4.5 
to —6.5 range9 reported for benzyl cation processes.6 

This publication reports a similar study of the oxidative 

(5) J. Rocek and A. E. Radkowsky, / . Amer. Chem. Soc, 90, 2986 
(1968). 

(6) P. M. Nave and W. S. Trahanovsky, ibid., 90, 4755 (1968). 
(7) K. B. Wiberg and H. Schafer, ibid., 91, 933 (1969). 
(8) (a) P. D. Bartlett and C. Ruchardt, ibid., 82, 1756 (1960); (b) 

J. A. Howard and K. U. Ingold, Can. J. Chem., 41, 1744 (1963); (c) 
G. A. Russell and R. C. Williamson, Jr., J. Amer. Chem. Soc, 86, 
2357 (1964); (d) R. L. Huang and K. H. Lee, / . Chem. Soc, C, 935 
(1966). 

(9) (a) H. H. Jaffe, Chem. Rev., 53, 191 (1953); (b) H. C. Brown 
and Y. Okamoto, J. Org. Chem., 22, 485 (1957); (c) J. Amer. Chem. 
Soc, 80, 4979 (1958); (d) H. C. Brown, R. Bernheimer, C. J. Kim, and 
S. E. Scheppele, ibid., 89, 370 (1967); (e) V. J. Shiner, Jr., W. E. Bud-
denbaum, B. L. Murr, and G. Lamaty, ibid., 90, 418 (1968); (f) D. S. 
Noyce and G. V. Kaiser, J. Org. Chem., 34, 1008 (1969). 
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cleavage reaction of 2-aryl-l-phenylethanols brought 
about by chromic acid. 

Results 

Oxidation of 2.4 mmol of 1,2-diphenylethanol by 1.6 
mmol of chromium trioxide in 85 % aqueous acetic acid 
gave benzyl phenyl ketone and benzaldehyde as the 
only products. Benzyl alcohol must be rapidly oxi
dized to benzaldehyde under these conditions, since, in 
a reaction mixture that contained 1.2 mmol of/?-chlo-
robenzyl alcohol, oxidation of /j-chlorobenzyl alcohol 
to /7-chlorobenzaldehyde was so rapid that very little 
oxidation of 1,2-diphenylethanol took place. Thus, 
the oxidative cleavage of 1,2-diphenylethanol under 
these conditions gives two molecules of benzaldehyde. 
The ratio of benzaldehyde to ketone formed corre
sponded to ca. 25 % cleavage. When the reaction was 
made 0.1 M in sodium acetate, ca. 50% cleavage oc
curred. 

Higher concentrations of sodium acetate change the 
relative rates of oxidation such that benzyl alcohol can 
be obtained. From the chromic acid oxidation of 1,2-
diphenylethanol in 85 % aqueous acetic acid containing 
0.5 M sodium acetate under a nitrogen atmosphere, 
3 1 % benzyl alcohol (based on 1,2-diphenylethanol ox
idized) was obtained, which accounted for ca. 50% of 
the cleaved benzyl moiety. That the benzyl radical is a 
precursor of the benzyl alcohol comes from trapping 
experiments with oxygen. From an oxidation carried 
out in a comparable manner except that oxygen was 
bubbled through the reaction mixture, no benzyl alcohol 
was obtained even though a similar amount of cleavage 
was observed. In a control experiment, oxygen was 
bubbled through a heated chromium(III) solution con
taining benzyl alcohol, and no oxidation of the benzyl 
alcohol was observed. l-p-Tolyl-2-phenylethanol was 
oxidized in 93 % aqueous acetic acid containing 1 M 
sodium acetate, and the yield of benzyl alcohol was 
greatly diminished when the reaction was run under ox
ygen instead of nitrogen. In this case both benzalde
hyde and /j-tolualdehyde were produced, and the ratio 
of benzaldehyde to />tolualdehyde increased from 0.55 
for the run under nitrogen to 0.80 for the run under 
oxygen. These results clearly indicate that the cleavage 
reaction leads to a benzyl radical which can be trapped 
by oxygen to form benzaldehyde instead of benzyl al
cohol.10 Attempts to trap the radical by acrylonitrile 
or acrylamide, which was used for the cerium(IV) oxi
dations,6 lead to no change in the products and no pre
cipitate. Evidently the radical was oxidized too rapidly 
to be trapped by these olefins but can be trapped by 
oxygen. 

Relative rates of ketone formation and oxidative 
cleavage of 2-aryl-l-phenylethanols by chromic acid in 
85% aqueous acetic acid containing 0.5 M sodium ace
tate were measured by competition experiments. Equal 
molar amounts of two alcohols were treated with a 
limited amount of chromic acid and the amounts of un-
reacted alcohols and ketones were measured by nmr 
analysis. Under these conditions 55-70% cleavage of 
the 2-aryl-l-phenylethanols occurred.11 Relative rates 

(10) G. A. Russell, /. Chem. Educ, 36, 111 (1959). 
(11) Partial oxidation of the benzyl alcohols produced from the 

cleavage reaction accounts for the >67% cleavage of the 2-aryl-l-
phenylethanols and the variation of the amount of cleavage of these 
alcohols. 
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Figure 1. Plots of the logarithm of the relative rates of ketone 
formation(A)andcleavage(0)of 2-aryl-l-phenylethanols by chro
mic acid vs. a of the substituent of the 2-phenyl ring. 

were calculated using equations derived with the rea
sonable assumption that the rates of chromic acid oxi
dation of the 2-aryl-l-phenylethanols are first order in 
alcohol.12 In Table I are presented the relative rates 

Table I. Relative Rates of Ketone Formation and Cleavage of 
2-Aryl-l-phenylethanols, C6H5CHOHCH2CeH4Z" 

Z ki e tone ̂  ^cleavage^ 

P-CH3 0.98 ± 0.02 1.57 ± 0.05 
H (1.00) (1.00) 
P-Cl 0.93 ± 0.07 0.65 ± 0.05 
P-NO2 0.80 ± 0.04 0.15 ± 0.02 

° By chromic acid in 85% aqueous acetic acid containing 0.5 M 
sodium acetate at 85°. b Based on three runs. 

of ketone formation and cleavage for four alcohols 
which were obtained from competition experiments be
tween the /?-methyl and parent, /?-nitro and parent, and 
p-chloro and />-nitro alcohols. A />chloro and parent 
competition was run as a check and gave &CI/^H values 
of 1.03 and 0.70 for relative rates of ketone formation 
and oxidative cleavage, respectively. Plots of the log 
of these rates against a are shown in Figure 1. These 
plots show that very good Hammett relationships exist 
with p = —0.10 ± 0.02 for ketone formation and — 1.06 
± 0.04 for cleavage. Very good correlations with a+ 

were also obtained, giving p = —0.09 ± 0.02 for ketone 
formation and —0.96 ± 0.07 for cleavage, but the 
cleavage reaction does correlate a little better with a 
than (T+. The p of —0.10 for ketone formation is a 
good check on our method of measuring relative rates 
since the substituents on the 2-aryl ring are far from the 
hydroxyl group and thus should not affect the rates of 
ketone formation significantly. The p of — 1.06 for the 
cleavage reaction is in the range of those observed for 
processes involving benzyl radicals8 and is, in fact, even 
less negative than the p of —2.0 found for the cleavage 
by cerium(IV).6 

In order to show that the amount of cleavage was in
dependent of the concentration of chromium(III), prod
ucts of a chromic acid oxidation of 1,2-diphenylethanol 
were measured as a function of time, and the relative 
per cent cleavage was found not to change as the reac
tion proceeded. Moreover, an oxidation was carried 
out in the presence of added chromium(III) and the 
amount of cleavage was found to be 68 %, which is sim
ilar to the percentages observed in the absence of added 
chromium(III). 

(12) See ref 7 and references cited therein. 
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Discussion 
The trapping experiments and the substituent effect 

show that the oxidative cleavage of 2-aryl-l-phenyl-
ethanols by chromic acid is a one-electron oxidation 
which strongly supports chromium(I V) as the chromium 
species which leads to cleavage. Since ca. 67 % cleavage 
was observed, Scheme III is the most reasonable mecha
nism for the chromic acid oxidation of 2-aryl-l-phenyl-
ethanols. Scheme I must be rejected since it involves 
cleavage by chromium(V), and Scheme II must be re
jected since it leads to only 33 % cleavage even though 
the cleavage step involves chromium(IV). A conceiv
able reaction which could lead to a large amount of 
cleavage by chromium(IV) would be the reaction of 
chromium(V) with chromium(III) to give two molecules 
of chromium(IV); however, no evidence that chro-

Cr(V) + Cr(III) • 2Cr(IV) 

mium(III) affects the amount of cleavage was obtained. 
Scheme III also offers an explanation for the well 

documented fact that the amount of cleavage is in
creased by the addition of sodium acetate.3'13 A sig
nificant decrease in overall rate of oxidation is noted 
when sodium acetate is added to the reaction mixture.3 

Since the rates of oxidations by chromium(VT) and 
chromium(V) have identical dependencies on acid,7 

both the chromium(VI) and chromium(V) oxidations of 
the alcohol to ketone, eq 1 and 4, must be retarded. 
This means that disproportionation of chromium(V), 
eq 7, has a greater chance to occur, and thus more 
cleavage by chromium(IV) should result even if the oxi
dative cleavage step, eq 5, is retarded to the same extent 
as the ketone forming steps. 

Experimental Section 
Methods and Materials. Equipment has been previously de

scribed.14 Most reagents and solvents were obtained from com
mercial sources and purified when necessary. Chromium trioxide 
was obtained from Mallinckrodt and 1,2-diphenylethanol from 
Eastman. 

l-Phenyl-2-/;-tolylethanol. To 3.4 g (0.14 g-atom) of magnesium 
turnings in 300 ml of ether was added 10.6 g (0.066 mol) of a-p-
dichlorotoluene. To the stirred Grignard reagent was added 7.0 g 
(0.066 mol) of benzaldehyde. After 45 min of stirring, 250 ml of 
20% ammonium chloride was added to the reaction mixture, and 
the product was extracted with ether. The ether extract was dried 
(MgSO4) and concentrated; the product was recrystallized from 
hexane to give 3.6 g (25.6%) of l-phenyl-2-p-tolylethanol: mp 43-45 ° 
(lit.15 mp 44.6-46.2°); nmr (CDCl3) 5 7.26 (s, 5), 7.02 (s, 4), 4.78 
(t, 1, J = 6 Hz), 2.90 (d, 2, J = 6 Hz), 2.29 (s, 3), and 2.07 (broad s, 1). 

l-Phenyl-2-/>chlorophenylethanol was prepared from ce-p-di-
chlorotoluene by the procedure used for the preparation of 1-
phenyl-2-p-tolylethanol. The product was recrystallized twice from 
hexane to give 3.5 g (23%) of l-phenyl-2-p-chlorophenylethanol: 
mp 55-56° (lit.15 mp 55-56°); nmr (CDCl3) <5 7.7-7.2 (m, 9), 4.75 
(t, 1, J = 6.5 Hz), 2.82 (d, 2,J = 6.5 Hz), and 1.9 (broad, s, 1). 

l-Phenyl-2-/)-nitrophenylethanol. /vNitrobenzyl phenyl ketone 
was prepared by the method of Corey and Schaefer16 and recrystal
lized from methylene chloride-hexane: mp 143-144° (lit.16 mp 
143-144°); nmr (CDCl3), S 8.3-7.2 (m, 9), and 4.4 (s, 2). A 
quantity of 6.5 g of the ketone was reduced with sodium borohy-
dride by the procedure of Berti and Marsili.17 The reaction 
mixture was extracted with methylene chloride which was then 

(13) W. A. Mosher, W. H. Clement, and R. L. Hillard in "Selective 
Oxidation Processes," ACS Monograph No. 51, American Chemical 
Society, Washington, D. C , 1965, pp 81-88. 

(14) W. S. Trahanovsky and M. P. Doyle, J. Org. Chem., 32, 146 
(1967). 

(15) A. Feldstein and C. A. VanderWerf, J. Amer. Chem. Soc, 76, 
1626 (1954). 

(16) E. J. Corey and J. P. Schaefer, ibid., 82, 918 (1960). 
(17) G. Berti and A. Marsili, Ann. Chim. (Rome), Sl, 675 (1961). 

concentrated, and the product was precipitated by the addition of 
hexane. The precipitate was recrystallized twice from methylene 
chloride-hexane to give 5.0 g (76%) of l-phenyl-2-^-nitrophenyl-
ethanol: mp 90-91 ° (lit.17 mp 91-92°); nmr (CDCl3) 5 8.10 (d, 2, 
7 = 9 Hz), 7.30 (s and d, 7, J = 9 Hz), 4.90 (t, 1, J = 6.5 Hz), 3.12 
(d, 2,J = 6.5 Hz), and 2.13 (broad s, 1). 

l-/>-ToIyl-2-phenylethanol was prepared from benzyl chloride and 
/>-tolualdehyde by the procedure used for the preparation of 1-
phenyl-2-p-tolylethanol, yield 57.5%: mp 65-66° (lit.18 mp 68-69°); 
nmr (CDCl3) S 7.1 (broad s, 9), 4.7 (t, 1, J = 6.5 Hz), 2.9 (d, 2, 
J = 6.5 Hz), 2.3 (s, 3), and 1.8 (broad s, 1). 

Product Study of the Chromic Acid Oxidation of 1,2-Diphenyl-
ethanol. To 10 ml of 85% aqueous acetic acid were added 0.16 g 
(1.6 mmol) of chromium trioxide and 0.475 g (2.4 mmol) of 1,2-
diphenylethanol. After 4 hr at room temperature 25 ml of sat
urated sodium chloride (satd NaCl) solution and 25 ml of ether were 
added to the reaction mixture. The products were extracted into the 
ether layer which was then washed twice with saturated NaCl solu
tion, dried (MgSO4), concentrated, dissolved in deuteriochloroform, 
and analyzed by nmr. Two similar oxidations were carried out, 
with one reaction mixture being 0.1 M in sodium acetate and an
other containing 1.2 mol of />-chlorobenzyl alcohol and being 0.1 M 
in sodium acetate. 

Competitive Oxidations by Chromic Acid. To 7.5 ml of an 85% 
aqueous acetic acid solution which was 0.16 M in chromium tri
oxide and 0.5 M in sodium acetate was added 0.8 mmol of the two 
alcohols. After the solution was heated on a steam bath for 20 min 
and cooled, 0.565 g (0.267 mmol) of /j-methoxybenzophenone was 
added. The solution was transferred to a separatory funnel and 15 
ml each of saturated NaCl solution and ether were added. After 
extraction the organic layer was washed twice with 15-ml portions 
of 1 N sodium hydroxide and dried (MgSO4). The ether was dis
tilled and the residue was dissolved in deuteriochloroform and 
analyzed by nmr. 

Relative extraction ratios were determined as follows. Known 
amounts of the alcohols, the corresponding ketones, and the stand
ard were added to an artificial reaction mixture that had been pre
pared by reducing an 85 % aqueous acetic acid solution, which was 
0.16 Min chromium trioxide and 0.5 Min sodium acetate, with 1.4 
mmol of pinacol. This solution was then worked up and analyzed 
in the same manner as the reaction mixtures. These extraction 
ratios ranged from 0.956 to 1.06. 

The amounts of alcohols and ketones were determined by inte
gration of the nmr peaks for the methylenes of the alcohols (S ~3.0 
d), the methylenes of the ketones (S ~4.2 s), and the methyl of the 
standard (S 3.8 s). In most cases a sweep width of 500 Hz and the 
average of three integration sweeps per spectrum were used. In the 
runs involving the p-nitro alcohol the downfield peak of the p-
nitro alcohol and the upfield peak of the other alcohol were sep
arate, but the other two peaks were superimposed. It was deter
mined that for the three alcohols involved in these runs the ratio 
of the upfield to downfield peaks was (45.0 ± 0.3)/(55.0 ± 0.3). 
Thus the amount of each alcohol was determined by measuring 
one peak and multiplying by the approprirate factor to account for 
the other peak. In the cases of the p-methyl alcohol cs. the parent 
and the p-chloro alcohol vs. the parent the separations of the peaks 
for both the alcohols and ketones were small. Thus the peaks 
were expanded with a sweep width of 50 Hz (with the rf field low
ered to a point below saturation) and the areas of the peaks were 
measured by planimetry. In these runs all four alcohol peaks could 
be measured since the doublets overlapped, with one peak of each 
doublet between the two peaks of the other doublet. 

Relative rates of ketone formation are given by eq 8, and rel
ative rates of oxidative cleavage are given by eq 9, where Xa 

(Ax/'Cy)ketone = 

' ™x/™y/cleavage 

/log (X0/X()\ /KCtJ(X0 

Vlog(n/r f)/VKety /(7o 
_Xd 
Y1) 

X 
log (X0IX1) 

log (Y0/Y1) 

(X0 - Xs - Ketx)/(Z0 - * f) 

(8) 

(9) 
\(Y0 - Yt - Kety)/(7„ - Yt) 

and Xf are initial and final concentrations of alcohol X, K0 and 
Yt are initial and final concentrations of alcohol Y, and Ketx and 
Kety are final concentrations of the ketones produced from al
cohols X and Y, respectively. 

(18) B. M. Benjamin and C. J. Collins, / . Amer. Chem. Soc, 78, 
4752 (1956). 
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Chromic Acid Oxidation of l-p-ToIyl-2-phenylethanol in the 
Presence of Acrylamide or Acrylonitrile. To 50 ml of the normal 
reaction mixture was added 5 g of acrylamide or acrylonitrile. 
After the oxidation, the reaction mixture was worked up and ana
lyzed by nmr as described for the competition studies. 

Radical Trapping Experiments with Oxygen. A chromic acid 
oxidation of 1,2-diphenylethanol was carried out in the normal 
fashion except that oxygen was bubbled through the reaction 
mixture during the oxidation. In a control experiment, nitrogen 
was bubbled through the solution instead of oxygen. In another 
experiment, benzyl alcohol was added to a prereduced chromium 
solution, and oxygen was bubbled through the solution while it 
was heated for the same amount of time needed to oxidize the 1,2-
diphenylethanol. All of these runs were worked up and analyzed as 
described for the competition runs. 

l-p-Tolyl-2-phenylethanol was oxidized by chromic acid in 93% 
acetic acid being 1 M in sodium acetate, with oxygen bubbling 
through the reaction mixture in one run and nitrogen bubbling 
through the reaction mixture in another run. These runs were 
worked up and analyzed as described for the competition runs 
except that no standard was added. 

Al though the positive2 ,3 and negative4 ion mass 
spectra of ethyl nitrate have been studied in some 

detail, no study of the gas phase ion-molecule chemistry 
of this or any other nitrate has been reported. In view 
of the richness of the ion-molecule chemistry of the 
nitroalkanes,5 ion cyclotron resonance (ICR) spec
trometry has been used to study the positive and nega
tive ion-molecule reactions in ethyl nitrate. 

An I C R spectrometer6 '7 is capable of operating at 
pressures and ion residence times such that extensive 

(1) (a) Varian Postdoctoral Fellow, 1968-1969; (b) address cor
respondence to this author at the Chemistry Department, University of 
Minnesota, Minneapolis, Minn. 55455. 

(2) J. E. Collin, Bull Soc. Roy. Sci. Liege, 32, 133 (1963). 
(3) R. T. M. Fraser and N. C. Paul, J. Chem. Soc, B, 659 (1968). 
(4) K. Jager and A. Henglein, Z. Naturforsch., A, 11, 700 (1967). 
(5) P. Kriemler, submitted for publication. 
(6) J. D. Baldeschwieler, Science, 159, 263 (1968). 
(7) J. M. S. Henis, J. Amer. Chem. Soc, 90, 844 (1968). 

Products of the Chromic Acid Oxidation of 1,2-Diphenylethanol as 
a Function of Time. To 12.5 ml of 85 % acetic acid, 0.5 Min sodium 
acetate, was added 4 mmol of 1,2-diphenylethanol. In another 
flask 4 mmol of chromium trioxide was dissolved in 12.5 ml of the 
solvent. Both solutions were heated to 77°, flushed with nitrogen, 
combined, and kept at 77° under nitrogen. Aliquots of 5 ml were 
taken after 1, 5, and 10 min and were added to 10 ml of a cooled sat
urated NaCl solution. The standard was added with 10 ml of ether 
and the mixtures were worked up and analyzed as described for the 
competition runs. 

Products of the Chromic Acid Oxidation of 1,2-Diphenylethanol 
in the Presence of Added Chromium(III). 1,2-Diphenylethanol (1.6 
mmol) was dissolved in 7.5 ml of the prereduced chromium solution 
and 1.2 mmol of chromium trioxide was added. After the reaction 
mixture was heated for 20 min, 7.5 ml of 85% acetic acid, 0.5 M 
in sodium acetate, was added along with 0.565 g of the standard, 
and the mixture was worked up and analyzed as described for the 
competition runs. In the control experiment, the alcohol and 
chromium trioxide were dissolved in 7.5 ml of 85% acetic acid, 
0.5 M in sodium acetate. After heating, 7.5 ml of the prereduced 
chromium solution and 0.565 g of the standard were added and the 
mixture was worked up and analyzed. 

ion-molecule reactions can occur. Ion detection and 
mass resolution are based on the fact that an ion of 
mass m in a uniform magnetic field H moves in a circular 
orbit with angular frequency 

oic = qHjmc 

where q is the ion charge and c is the speed of light. 
If an rf electric field Ei(i) is applied perpendicular to H 
at the cyclotron frequency uc of one of the ionic species 
present, then those ions will absorb energy from the 
electric field and be accelerated to larger cyclo
tron orbits and kinetic energies. Sweeping the 
magnetic field while recording the power absorbed 
from a fixed-frequency marginal oscillator detector 
produces a mass spectrum of the ions in the spectrom
eter. In addition to this single resonance experiment, 
a double resonance technique is also available which 

Positive and Negative Ion-Molecule Reactions and the Proton 
Affinity of Ethyl Nitrate 

Peter Kriemlerla and S. E. Buttrill, Jr. lb 

Contribution from Varian Associates, Analytical Instrument Division, 
Palo Alto, California 94303, and the Department of Chemistry, 
Stanford University, Stanford, California 94305. Received September 9, 1969 

Abstract: Ion cyclotron single and double resonance techniques have been used to study the positive and negative 
ion-molecule chemistry of ethyl nitrate. The positive ion-molecule reactions can be divided into three classes: 
(1) transfer of NO 2

+ from CH2ONO2
+ and H2NO3

+ to ethyl nitrate to form C2H5N2O5
+; (2) protonation of ethyl 

nitrate by C2H3
+, C2H5

+, and CHO + ; and (3) fragmentation of protonated ethyl nitrate into H2NO3
+ and ethylene. 

Proton transfer reactions were used to determine that AWf(C2H5ONO2H
+) = 149 ± 3 kcal/mol, corresponding to a 

value of 180 ± 3 kcal/mol for the proton affinity of ethyl nitrate. The only negative ion-molecule reactions in 
pure ethyl nitrate are the reactions of C2H3O -, C2H5O -, and OH - to produce NO3-. Mixtures of ethyl nitrate with 
methanol, ethanol, 2-propanol, acetone, propionaldehyde, and /!-propyl chloride showed that most of the negative 
ion reactions were proton transfers, although several displacement-like reactions were also found. The N O 2

- ion 
was completely unreactive. A value of AWf(CH3O

-) = - 3 0 ± 6 kcal/mol is deduced from the observed proton 
transfer reactions. The large cross section at zero electron energy for the formation of N O 2

- by disso
ciative resonance capture makes ethyl nitrate an excellent detector for near-zero energy electrons. An electron 
impact excitation spectrum of carbon disulfide was obtained using the N O 2

- peak from ethyl nitrate to monitor the 
number of inelastically scattered electrons as a function of electron energy. 
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