(49) L. A. Mitscher, J. V. Juvarkar, W. Rosenbrook, Jr.,, W. W, Andres, J.
Schenck, and R. S. Egan, J. Am. Chem. Soc., 92, 6070 (1970).

(50) E. P. Dudek and M. L.. Snow, /norg. Chem., 5, 395 (1966).

(51) D.R. Eaton, J. Am. Chem. Soc., 87, 3097 (1965).

(52) A. Johnson and G. W. Everett, Jr., J. Am. Chem. Soc., 94, 1419 (1972).

(53) F. Réhrscheld, R. E. Ernst, and R. H. Holm, J. Am. Chem. Soc., 89,
6472 (1967).

(54) F. Rohrscheid, R. E. Ernst, and R. H. Holm, lnorg. Chem., 6, 1315

(1967).

(55) F. Roéhrscheid, R. E. Ernst, and R. H. Holm, Inorg. Chem., 8, 1607
(1967).

(56) W. DeW. Horrocks, Jr., and E. S. Greenberg, inorg. Chem., 10, 2190
(1971).

(57) Recent evidence suggests that contact broadening, which can be effec-
tive over a longer range, may also be important for certain Cufll) com-
plexes (J. K. Beattie, private communication).

(58) P. C. Chieh, G. C. Messmer, and G. J. Palenik, inorg. Chem., 10, 133
(1971).

(59) M. Cohn and J. Reuben, Acc. Chem. Res., 4, 214 (1971).

(60) A. S. Mildvan and M. Cohn, Adv. Enzymol. Relat, Areas Mol. Biol., 33, 1
(1970).

2405

(61) N. E. Rigler, S. P. Bag, D. E. Leyden, J. .. Sudmeier, and C. N, Reilley,
Anal. Chem., 37, 872 (1965).

(62) W. DeW. Horrocks, Jr., and J. P. Sipe, Ill, J. Am. Chem. Soc., 93, 6800
(1971).

(63) (a) R. B. Von Dreele and R. E. Hughes, J. Am. Chem. Soc., 93, 7290
(1971); (b) R. E. Hughes, H. Muxfeldt, and R. B. Von Dreele, ibid., 93,
1037 (1971).

(64) J. Donohue, J. D. Dunitz, K. N. Trueblood, and M. S. Webster, J. Am.
Chem. Soc., 85, 851 (1963).

(65) S. N. Vinogradov and R. H. Linnell, "’"Hydrogen Bonding”, Van Nostrand-
Reinhold, New York, N.Y., 1871, Chapter 4.

(66) N. V. Sheberstova, M. E. Perelson, and A. D. Kuzovkov, Khim. Prir. Soe-
din., 10, 67 (1974).

(67) Caswell and Hutchison?® have presented fluorescence, absorption, and
CD spectral evidence that Mg(ll) and Ca(ll) bind TC in different confor-
mations in 90% methanol.

(68) Unfortunately the new signal at 3.4 ppm is not sufficiently well resolved
to detect a conformation change through a change in C4—H-C4a—H spin
coupling (see Figure 7).

(69) R. K. Blackwood and A. R. English, Adv. Appl. Microbiol., 13, 237
(1970).

Fenton’s Reagent. VI.
Rearrangements During Glycol Oxidations!
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Abstract: The acid-catalyzed rearrangement RCOHCHOHR — RCOCHR proposed by Norman? on the basis of ESR mea-
surements has been confirmed during the oxidation of ethylene glycol and 2,3-butanediol both by studies of reaction stoichi-
ometry and product isolation. Results are consistent with a rapid collapse of the radical to a radical cation which competes
with its oxidation by Fe3*. Similar processes are confirmed with glycol derivatives, ethylene chlorohydrin and glycol mono-
phosphate, and the scope and significance of the reaction are discussed.

In 1966, two groups®? reported that, in acid solution, hy-
droxyl radical attack on ethylene glycol yields a product
with an ESR spectrum consistent with structure 2, rather
than the expected 1.

HOCHCH,OH O=—CHCH,
1 2

Norman’s group examined the reaction further and pro-
posed that the result is the consequence of an acid-catalyzed
loss of ~OH from 1, to yield a radical cation which on pro-
ton loss yields 2 (the two steps perhaps being concerted).

H+

HOCHCH,OH — HOCH—CH; — O=CHCH, (1)

They showed that the process was quite general for glycols,
and that similar loss of CI~ occurred from chlorohydrins.
Subsequently, they demonstrated that the same sort of
reaction occurs when similar radicals are produced by HO-
addition to enol derivatives.* Since their conclusions were
based solely on ESR spectra of transient intermediates, we
have reexamined these processes by studies of the stoichi-
ometry of Fenton’s reagent reaction in such systems and by
product isolation. In general, our results confirm and extend
their model.

Stoichiometry of Fenton’s Reagent Oxidation of Glycols

Combining Norman’s proposed reactions with our own
data on hydroxyl radical reactions with a variety of sub-
sirates,> we would anticipate reaction scheme 2 (using eth-
ylene glycol as a model). If H,O; is added to a Fe?*-sub-
strate system, to the extent that reaction follows path B, the
stoichiometry (moles of H,O» consumed/mole of Fe2* oxi-

3
1
Fe2+ + H202 -

y Fe® + H* + c,:Ho
R

CoHg0, +CHOH 4 CH,OH
Fed* + HO» —— l (A) (2)
wlrer % CHOH
OH CHO

NS
" H0 + CIH — -CH,
o2+, H*

-CH, [reen

(B) CH;CHO

dized) would be the same as if no glycol were present; i.e.,
the ratio 2AH,0,/AFe?* will be 1.5 However, path A re-
generates Fe?*, and this path predicts that the ratio will in-
crease linearly with the ratio [substrate]/[Fe?*]. Actual ra-
tios should depend upon the concentrations of acid and
Fe3* and the resulting relative importance of the two paths.

Results with ethylene glycol are shown in Figure 1 and
nicely confirm the model. In 0.05 M HCIQO4 and only the
small amount of Fe?* formed in the oxidation, chain
lengths are only slightly larger than unity. Addition of 0.16
M Fe**, however, gives long chains at high [substrate]/
[Fe?*] ratios, but these again are drastically reduced in 0.5
M acid. Results with 2,3-butanediol, Figure 2, are similar
but less pronounced. (The small drop in chain length at
high substrate/Fe3* ratios is probably an experimental arti-
fact due to poor titration end points at high glycol concen-
trations.) Plainly the collapse to radical cation has an enor-
mous effect on the oxidation chain length; the dashed lines
in Figures 1 and 2 show the predicted stoichiometry if only
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Figure 1. Stoichiometry of ethylene glycol oxidation: (circles) [H*],
0.05 M. no [Fe3*]; (squares) [H*], 0.05 M, [Fe3*], 0.16 M; (dia-
monds) [H*],0.5 M, [Fe3+],0.16 M.

path A was followed, using values of k3/k, determined as
described below.

The data in Figures | and 2 can in principle be analyzed
quantitatively to yield the relative contributions of paths A
and B and, in principle, the ratios k3/k>.” Results are sum-
marized in Table I.

This treatment does not give very reliable values of k3/
k, particularly when the change in stoichiometry is small.
A better technique is to examine the retardation by glycols
of the chain oxidation of methanol under conditions when
glycol oxidation predominantly follows path B2 Under
these conditions

A[Fe’]
24[H,0,] — a[Fe¥] =
ky [Fe]
F3ueon) | MeOH]

k3 ayeon [glycol]
k3eom | MeOH]

Plots of (3) for both glycols are shown in Figure 3 and, tak-
ing k3(MeOH)/k, = 4.035 gives for ethylene glycol k3/k
= 4,89 (which might be corrected to 6.11 since under these
conditions only about 80% of its oxidation is going via B)®
and for butanediol k3/k> = 8.08. If we take k; = 3 X 108,
an average value from radiation-chemistry results,!? these
ratios yield k3 = 1.8 X 10° for glycol and k3 = 2.4 X 10°
for butanediol. Corresponding values from radiation chem-
istry are 2 X 10% and 1.35 X 10%0 a quite satisfactory
agreement, in view of the uncertainties in radiation results.

3)

Product Studies

Semiquantitative product studies by GLC analysis pro-
vide direct qualitative confirmation for reaction scheme 2.
Results with butanediol are shown in Table II. At low acid
and high Fe3*, the product is primarily acetoin from path
A. At high acid without added Fe3*, it is 2-butanone via
path B. The drop in yield of 2-butanone in the inverse addi-
tion experiment (slow addition of Fe2* to H,O,-substrate)
where [Fe?*] is very low presumably represents loss of in-
termediate radicals through dimerization rather than re-
duction.

Chain Length
2.0
]
! o
! 0]
1.5 F
0]
9 o
o 0o o
Lok 0o
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0.5
0 L B Il s
° b 8 12
[Butenedicl]/{Fe2*)

Figure 2. Stoichiometry of 2,3-butanediol oxidation. Conditions and
symbols the same as in Figure 1.

X alFe®*)/(28(H202] - a[Pe?*])

3ir 0
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Figure 3. Plots of eq 3: (squares) ethylene glycol (slope 1.14); (circles)
2,3-butanediol (slope 2.01).

Table I. Reaction Paths in Glycol Oxidations
Substrate [H*] [Fe**] %pathB  k3/k,

Ethylene glycol 0.05 0 66 (13)
0.05 0.16 4-12 6.4
0.5 0.16 34 7.5

Butanediol 0.05 0 90-100
0.05 0.16 60-70
0,5 0.16 77-83

Acetaldehyde was also obtained (28%) in an ethylene
glycol oxidation in 0.5 M acid without added Fe3*. With no
acid and 0.16 M Fe3*, none could be detected.!!

Discussion

Our results show that Norman’s reaction scheme, based
on ESR data, is consistent both with the products of glycol
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Table II. Products of Oxidation of 2,3-Butanediol
% yield
[Fe?*] [Fe**] [HCIO, ] 2-Butanone Acetoin
0.04 0 0 36 30
0.04 0.16 0 19 67
0.04 0 0.2 50 0
0.06 0 0.1 38 7
0.064 0 0.1 18 7

2 Inverse addition, see text.

Table III. Stoichiometry of Oxidation of Glycol Derivatives
Chain length
HOCH, HOCH,- HOCH,-
[H*] [Fe**] CH,OH CH,Cl CH,0PO,*"
0.05 0 1.47 1.20 1.26
0.05 0.16 5.00 1.25 3.33
0.50 0.16 2.46 1.23 2.16

oxidation by the Fe?*-H;0, system and with reaction stoi-
chiometry, and that proper analysis of the data indicates a
high rate of hydroxyl radical attack consistent with other
data. They also demonstrate conclusively that oxidized and
rearranged products, e.g., acetoin and 2-butanone from bu-
tanediol, arise from a common intermediate radical, and we
can make a rough estimate of its life. We have estimated
the rate constant for reaction of the CH,OH radical with
Fe3t+ as = 4 X 10 1./mol sec. If we assume a similar value
for the radical from butanediol, its pseudo-first-order reac-
tion rate in 0.16 M Fe3* solution would be 6.4 X 107, How-
ever, from Table I, in 0.5 M acid, it is disappearing twice as
fast by collapse to its radical cation, corresponding to a rate
constant of 1.28 X 108, or an average life of 7.8 X 10~° sec.
If the collapse is first order in [H*], in 0.05 M acid, its life
should be 7.8 X 1078 sec, a result consistent with the
change in partitioning between paths A and B in Table L
With the same assumptions, under similar conditions, the
life of the radical from butanediol is about one-eighth as
long.

Norman has shown that radicals from chlorohydrins un-
dergo a similar collapse and has proposed a general process
where -X is any one of a variety of good leaving groups.

OH X OH
H+

| |
RC —CHR —HX + R—C—CHR — RCOCHR (4)

We have briefly looked at the stoichiometry of oxidation
of some glycol derivatives, Table III, with results that con-
firm such a path and indicate that chloride and phosphate
are better leaving groups than ~OH. To us, these elimina-
tions may be most profitably thought of as very rapid solvo-
lyses of radicals, analogous to the solvolysis on nonradical
species like tertiary halides and alcohols, and represent a
new and potentially important branch of radical chemis-
try.'? Although Norman implies that all require acid catal-
ysis, it is hard to see why this should be the case for leaving
groups which do not require protonation in ordinary sol-
volyses. For the chlorohydrin in Table III, acidity has no
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significant effect, although the chain lengths are too short
for the experiment to be conclusive (with phosphate at these
pH’s, acid sensitivity might be expected since both mono-
and diprotonated species must be present, and the second
should be a better leaving group).

The scope of such processes remains to be determined,
but it seems likely that the requirements are a strongly sol-
vating medium (here, water), a good leaving group (as de-
fined in conventional solvolyses), and the presence of strong
electron-supplying groups in the radical to stabilize the re-
sulting radical cation. Norman’s results indicate this last to
be the case, as does our finding of more rapid elimination in
the butanediol reaction compared with ethylene glycol, and
also our previous failure to detect any such process (as evi-
denced by liberation of Cl7) in the oxidation of 2,2,2-tri-
chloroethanol.’ Of course, as we have shown here, the possi-
bility of detecting such a process will depend upon the life-
time of the initial radical and the rates of competing reac-
tions by which it is consumed.

Finally, we note that the reaction provides another inter-
esting example of a coupled process in which the energy of a
redox reaction is used to bring about a transformation (here
a pinacol-type rearrangement) in which no net oxidation or
reduction is observed.

Experimental Section

Stoichiometric experiments were carried out as in our previous
papers® by adding H,O; to Fe?*-substrate systems under N3 and
determining the Fe2* oxidized.

Glycol monophosphate was prepared by reacting ethylene oxide
with 0.6 M disodium phosphate solution for 2.5 hr at 30°. It was
used without further purification, and may have contained some
ethylene glycol. Accordingly the results may be of only qualitative
significance.

Products were determined by GLC analysis using known refer-
ence compounds and internal standards.
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