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by EFF calculations.! Experiments to extend these
structures to create artificial receptors suitable for chiral
discrimination between molecular substrates are in prog-
ress.

Experimental Section

Gereral. 'H NMR spectra were measured on the Bruker
WH-270 spectrometer, or on the Varian FT-80 spectrometer, at
concentrations of (1-2) X 102 mol L-1. Chemical shifts are re-
ported in ppm on the ¢ scale relative to tetramethylsilane (TMS)
as internal standard.

Infrared spectra were measured using the Nicolet-510 FTIR
spectrometer at concentrations of (1-2) X 102 mol L1, Absorption
frequencies are given in cm™. UV-vis and circular dichroism (CD)
spectra were measured using a Hewlett-Packard diode array
spectrophotometer Model 8450A and a JASCO J-500C spectro-
polarimeter, respectively.

Chromatographic purifications were performed by column
chromatography, using aluminum oxide, silica gel 60 (70-230-mesh
ASTM), or flash chromatography using silica gel 60 (230-400-mesh
ASTM). The homogeneity of the compounds was examined by
thin-layer chromatography (mostly silica-coated plates, Merck),
using at least two different solvent systems and two visualization
methods (i.e. flucrescence quenching, iodine, ninhydrine). Solvents
and commercially available reagents were of analytical grade.
Protected amino acids were purchased from Sigma.

Preparation of H,NCH(/-Bu)CONH-i-Pr, 3a. N,N-Di-
cyclohexylcarbodiimide (2.56 g, 12.4 mmol), and 4-(dimethyl-
amino)pyridine (50 mg) were added to a solution of Cbz-L-leucine
(3 g, 11.3 mmol) and (1.302 g, 11.3 mmol) N-hydroxysuccinimide
in dry THF (50 mL) at 0 °C. The reaction mixture was allowed
to stand at 4 °C overnight. The formed dicyclohexylurea was
filtered and washed with THF. Isopropylamine (0.974 mL, 11.3
mmol) was added to the combined active ester solutions, and the
reaction mixture was stirred at room temperature for 2 days. The
THF was then evaporated, and the crude mixture was chroma-
tographed on neutral alumina (CHCl;) to afford CbzNHCH(:-
Bu)CONH-i-Pr in 63% yield as an oil. IR (nujol): 1686 (OCO-
NH), 1643 cm™ (CONH). 'H NMR (80 MHz, CDCly): 7.33 (m,
5H, Ar H), 7.0 (d, 1 H, J = 5.8 Hz, CONH-i-Pr) 5.10 (s, 2 H,
ArCH,), 5.8 (m, 1 H, OCONH), 4.86-3.98 (m, 2 H, CH of Leu and
CH of i-Pr), 1.71-1.32 (m, 3 H, CH,; and CH of i-Bu), 1.11 (4, 6
H, J = 6.5 Hz, CH; of i-Pr), 0.92 ppm (d, 6 H, J = 5.4 Hz, CH;,
of i-Bu).

A solution of protected CbzNHCH(-Bu)CONH-i-Pr (2.3 g, 7.53
mmol) in ethanol was added to a suspension of Pd/C (5%) (0.576
g) in ethanol (50 mL). The mixture was hydrogenated at at-
mospheric pressure for 1 h, filtered, and evaporated to dryness
to provide 3a as an oil in 92% yield. IR (CDCL): 1657 cm™
(CONH). 'H NMR (80 MHz, CDCly): 7.01 (bs, 1 H, CONH-i-Pr),
4,18-3.91 (m, 1 H, CH of i-Pr), 3.32 (dd, J = 3.6 and 10 Hz, 1 H,
CH of Leu), 1.82-1.57 (m, 3 H, CH, and CH of i-Bu), 1.14 (4, 6
H, J = 6.4 Hz, CH; of i-Pr), 0.94 ppm (m signals, 6 H, CH; of
i-Bu).

Preparation of EtC{CH,O0CH,CONHCH(i-Bu)CONH-i-
Prly, la. The same procedure as used earlier for compound 1b®
was employed for synthesizing the derivative la using L-
NH,CH(-Bu)CONH-i-Pr (3a) as amine. The crude mixture was
purified by rapid chromatography on neutral aluminum oxide
(CHCl1;-MeOH, 98:2 and 95:5) to remove pentachlorophenol and
then by flash chromatography on silica gel (CHCl;-MeOQH, 98:2,
97:3, 95:5, and 90:10) to provide 1a in 17% yield as a solid, mp
73-76 °C. IR (10 mM, CDCl;); 3427 and 3317 (NH), 1664 cm™
(CONH). 'H NMR (270 MHz, CDCL;): 7.20 (d, 3 H, J = 8.6 Hz,
CONH-Leu), 6.36 (d, 3 H, J = 7.7 Hz, CONH-i-Pr), 4.44 (m, 3
H, CH of Leu), 4.02 (m, 3 H, CH of {-Pr), 3.98 (s, 6 H, CH,CO),
3.45 (s, 6 H, CCH,0), 1.69-1.48 (m, 9 H, CH, and CH of :-Bu),
1.15-1.10 (m, 18 H, CH; of i-Pr), 0.95-0.91 (m, 18 H, CH; of i-Bu),
0.87 ppm (t, 3 H, CH; of Et).

Preparation of EtC{CH,0CH,CH,CONHCH(i-Bu)CONH-
i-Prly, 2a. The same procedure as employed earlier® for compound
2b was employed for synthesizing compound 2a, using tris-
phenolate 2 and amine L-NH,CH(;-Bu)CONH-i-Pr, 3a. The crude
mixture was purified by rapid chromatography on neutral alu-
minum oxide (CHCl,-MeOH, 98:2, 95:5, and 90:10) to remove

pentachlorophenol and then by chromatography on silica gel
(CH,Cl,-MeOH, 98:2 and 95:5) and afforded a white glassy solid,
2a, in 57% yield, mp 203-5 °C (after precipitation from aceto-
nitrile). FAB MS (3-nitrobenzyl alcohol): 813 (M + H)*. IR (10
mM, CDCl;/CD,CN): 3304 (NH), 1652 em™ (CONH). H NMR
(270 MHz, CDCl,): 7.70 (d, 3 H, J = 8.4 Hz, CONH-Leu), 6.68
(d, 3 H, J = 7.9 Hz, CONH-i-Pr), 4.45 (m, 3 H, CH-Leu), 4.01
(m, 3 H, CH-i-Pr), 3.63 (m, 6 H, OCH,), 3.18 (AB q, 6 H, CCH,0),
2.56 and 2.42 (2 m, 6 H, CH,CO), 1.65 (m, 9 H, CH, and CH of
i-Bu), 1.32 (g, 2 H, CH, of Et), 1.14 (m, 18 H, CH; of i-Pr), 0.93
(m, 18 H, CH,; of i-Bu), 0.79 ppm (t, 3 H, J = 7.5 Hz, CH; of Et).
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Introduction

We have recently reported studies!-® on reactions of
molecules with two equivalent functional groups (X), where
reagent R converts X to product functional group P as
depicted in Scheme I. We demonstrated that when the
functional groups in X,, XP, and P, operate independently,
and the reactions are irreversible, the fraction of each
compound in the final product mixture can be accurately
predicted by a system of simple equations.!? One im-
portant consequence of the independence of the groups
is that X, is exactly twice as reactive as XP (i.e., ky/k; =
x = 0.5). Deviations from this behavior (k,/k, = 0.5) give
a quantitative measure of intramolecular interactions be-
tween the functional groups in X, and XP. Such devia-
tions have been detected in several reactions such as
acetylation of the ortho isomer of bis(hydroxymethyl)
benzene (x = 0.61),2 substitution reaction of several a,w-
dibromoalkanes with KCN (x = 0.61 to 1.15),% and nu-
cleophilic addition reaction of 1,10-cyclooctadecanedione
with several nucleophiles.* By contrast, the acetylation
of m- and p-bis(hydroxymethyl)benzene? as well as of
1,8-hexanediol?® gave results in complete agreement with
the independent group model (ky/k; ~ 0.5).

The new results reported herein demonstrate other im-
portant aspects of this study, including their applicability

(1) Macomber, R. S.; Bopp, T. T. Synth. Commun. 1980, 10, 767.

(2) (a) Constantinides, I.; Lourdes-Guerra, M.; Macomber, R. S. J.
Phys. Org. Chem. 1990, 3, 789. (b) Unpublished results.

(3) Constantinides, 1.; Macomber, R. S. J. Phys. Org. Chem. 1992, 5,
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(4) (a) Macomber, R. S.; Hemling, T. C. J. Am. Chem. Soc. 1986, 108,
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Synop. 1989, 270; J. Chem. Res., Miniprint 1989, 2001.
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to organic synthesis and to heterogeneous reactions.
Chemists often face the problem of carrying out a reaction
at just one of two similar groups in a substrate molecule.
In many cases the solution to this problem requires so-
phisticated strategies for deactivation (protection) of one
of the groups, as well as extreme experimental care. Thus,
there is always an interest in the development of improved
and simplified methodologies to accomplish the desired
selectivity.” We show below that kinetic studies on the
reaction of the three isomers of bis(hydroxymethyl)benzene
(1) with solid manganese dioxide (Scheme IT) indicate that
in certain cases this reagent can be used for selective
mono-oxidation of symmetrical unsaturated diols.

Results

It is well-known that solid manganese dioxide oxidizes
unsaturated alcohols to the corresponding unsaturated
aldehyde or ketone.! The reaction can be performed in
a variety of solvents, and over-oxidation to carboxylic acid
is generally not observed. The elucidation of the mecha-
nism of this reaction has proven difficult because of its
heterogeneous nature. However, a large a-C-H isotope
effect has been observed. Specifically, undeuterated benzyl
alcohol reacted 18 times faster than a,a-dideuteriobenzyl
aleohol, and a-deuteriobenzyl alcohol gave predominantly
deuterated oxidation product.” These results are con-
sistent with the mechanism shown in Scheme III, with
rate-limiting a«-C-H bond cleavage and transfer of the
hydrogen atom from the alcohol to the oxidant.” The rate
of the reaction is known to be influenced by many factors,

(5) (a) Ogawa, H.; Spina, K. P. J. Am. Chem. Soc. 1985, 107, 1365. (b)
Nishiguchi, T.; Taya, H. J. Am. Chem. Soc. 1989, 111, 9102. (c) Costello,
A. T.; Milner, D. J. Synth. Commun. 1987, 17, 219.

(6) (a) Fatiadi, A. J. Synthesis 1976, 65, 133. (b) Fatiadi, A. J. In
Organic Synthesis by Oxidation with Metal Compounds; Mijs, W. J., de
Jonge, C. R. H. 1, Eds.; Plenum Press: New York, 1986; p 119. (c)
Korshunov, P.; Vereshchagin, L. I. Russ. Chem. Rev. 1966, 35, 942,

(7) Goldman, I. M. J. Org. Chem. 1969, 34, 3289.
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Table I. Reaction of 4 with MnO, in THF at 45 °C

reaction
performed
run [4)o M quantity of MnQ,° under kb
1 0.10 0.08 argon 1.13
2 0.20 0.18 argon 0.50
3 0.08 0.08 argon 0.09
4¢ 0.08 0.08 oxygen 0.16
5 0.11 0.08 oxygen 0.25

¢ Quantity of MnO, expressed in moles of MnO, added/L of or-
iginal reaction mixture. ®Rate constants are in units of 10 L
mol™ s71, ‘Runs 3 and 4 were performed in parallel using the same

‘batch of MnO,.

including the activity of the oxidant, impurities that are
present, the solvent and temperature, the structure of the
substrate, and the relative amounts of the reactants.

Pratt and Van de Castle®® compared the rates of oxi-
dation of different alcohols with MnO,. The results imply
the presence of radical intermediates, as initially suggested
by Henbest.®> The decreased rates observed in benzyl
alcohols possessing large a-substituents were ascribed to
less efficient adsorption on the reagent surface due to steric
effects.

In order to establish optimal experimental conditions,
the reaction between benzyl alcohol (4) and MnO, (Scheme
IV) in THF solvent under an inert atmosphere was mon-
itored by HPLC and 'H-NMR spectroscopy. Commer-
cially available MnO, (J.T. Baker, practical grade) was
found to react very slowly with 4, especially in non-
hydrocarbon solvents (diethyl ether, THF). Previous work
on the activity of various forms of the oxidant suggests that
¥-MnO, is the most efficient toward benzyl alcohol.?
Indeed, this dark-brown amorphous powder, prepared
from MnSO, and KMnO, in water at 60 °C and then dried
to a constant weight at the same temperature, gave con-
veniently fast oxidation.

Perhaps surprisingly, it was found that the reaction of
4 with y-MnO, exhibits linear kinetics to at least 80%
reaction (correlation coefficient of 20.989) according to the
following phenomenological rate law:

rate = k[4](mol of MnO,/L of reaction mixture)

The number of moles of MnO, initially present was cal-
culated as the mass of oxidant divided by its molecular
weight (86.94). To confirm the purity (molar oxidizing
capacity) of the MnO,, a limiting amount of the reagent
was reacted with an excess of 4. The amount of benz-
aldehyde ultimately produced showed that the MnO, ox-
idized 0.95 % 0.06 molar equiv of the alcohol.
Unfortunately, Table I shows that although the kinetic
data for a given run are strictly linear, the derived rate
constant varies significantly from run to run, not only when
different initial concentrations are used but also with
similar initial concentrations in different runs. This
probably results from changes in the activity of MnO, as

(8) (a) Pratt, E. F.; Van de Castle, J. F. J. Org. Chem. 1961, 26, 2973.
(b) Henbest, H. B.; Stratford, M. J. W. Chem. Ind. 1961, 1170.

(9) Vereshchagin, L. L; Gainulina, S. R.; Podskrebysheva, S. A.; Gai-
voronskii, L. A.; Okhapkina, L. L.; Vorob’eva, V. G.; Latyshev, V. P. Zh.
Org. Khim. 1972, 8, 1129,
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Table II. Kinetic Data for the Reaction of p-1 and m-1

with MnO,/THF
run {1],, quantity temp,
compd noo M of MnO,S® &, xed k? °C
p-1 6 0.01 0.02 14 %02 26
(1.5)
7 0.06 0.10 1.6£03 26
(1.5)
8 0.06 0.10 14£0.2 45
(1.4)

9 015 026 075 1304 098 45
(L1
10 016 026 018 17+06 031 45

(1.6)

av 1.5x£0.2

m-1 11 0.10 0.15 1.15 0.10%0.04 0.12 45

0.10)

12 010 0.14 068 00903 0061 45
(0.14)

13 015 0.26 062 018%+03 0.11 45
(0.20)

av 0.12 = 0.05

¢Expressed in (moles of MnO, added/L of original reaction
mixture). ®Rate constants are in units of 104 L mol? 81, ¢« =
ko/k;. Values in parentheses calculated with the method described
in ref 11. 4Error limits are standard deviations.

it ages. The same linear kinetic behavior was observed
when the reaction was performed under oxygen. However,
parallel runs (3 and 4, Table I) show a 756% increase in the
rate constant in the presence of oxygen, although no
change in the stoichiometry of the reaction was apparent,
indicating that the reaction is not simply catalytic in MnO,.

No over-oxidized carboxylic acid product was produced,
regardless of whether the reaction was performed under
an inert atmosphere or under oxygen. However, a small
amount of 1,4-butanedial was detected by GC/MS in the
final reaction mixture. Control experiments showed that
THF is slowly oxidized by MnO, to give this product.

High performance liquid chromatography and 250-MHz
'H-NMR spectroscopy were again used for kinetic analysis
of the reactions of the isomers of diol 1 with MnO, (Table
II). In order to extract rate constants k, and k,, the
relative amounts of 1, 2, and 3 were all monitored as a
function of time in this competitive-consecutive reaction
scheme. The method developed by Wideqvist?*'® was used
to determine x (=k,/k,) in the case of p-1 and m-1. These
values of x were compared with those determined inde-
pendently by our recently reported computational me-
thod.!! As shown in Table II, both methods give com-
parable results.

Generally, Wideqvist's method is able to determine the
rate constant k;. However, although the correlation
coefficients for the appropriate graphs were excellent
(20.995), identical runs gave significantly different %,
values (runs 9, 10, and 11-13, Table II), just as was found
in the case of 4. Nonetheless, the excellent reproducibility
observed for the « (=k,/k,) value for all data points
throughout all runs demonstrates that both k, and k, are
affected equally by the variable activity of the MnQ,. As
a consequence, the x values are believed to be accurate and
can serve as the selectivity criterion for mono-oxidation.
Values substantially lower than 0.5 demonstrate that the
reaction is synthetically useful for mono-oxidation of un-
saturated diols.

(10) (a) Wideqvist, S. Acta Chem. Scand. 1962, 16, 1119. (b) Wi-
deqvist, S. Ark. Kemi 1955, 79, 4838.
(11) Macomber, R. S.; Constantinides, I. J. Chem. Educ. 1991, 68, 985.
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In the case of o0-1 the reaction is less straightforward.
In addition to 0-2 and 0-3, two cyclic products (5 and 6)
were detected by *H NMR and GC/MS. The presence

OH 0
53 53
5 8

of lactones such as 6 in this and similar reactions has been
reported previously in the literature.!? Hauptman and
Blaskovits!? rationalized the formation of 6 as resulting
from oxidation of the postulated primary product 5, ac-
cording to Scheme V. We have found that proton NMR
studies not only provide evidence for the presence of 5 in
the reaction mixture but also strongly suggest that there
is a facile equilibrium involved between 0-2 and 5, since
the concentration ratio [5]/{0-2] (~2.7) was found to be
constant throughout the reaction. This result is consistent
with earlier findings by McClelland and co-workers.1®
Although the equilibrium constant K was measured by
NMR using acetone-dg as solvent (after filtration of the
reaction mixture and evaporation of the THF), the for-
mation of product 6 and the good reproducibility of the
value of k,/k,’ throughout each run together suggest that
the change of the solvent (from THF to acetone-dg) does
not significantly alter this equilibrium.

By measuring the concentration of all the species in-
volved (0-1, 0-2, 0-3, 5, and 6) as a function of time, rate
and equilibrium constants k,, k,, ks, and K (Table III)
could be determined by the methods described above for
p-1 and m-1. However, in this case  is determined as (&,
+ ky')/k,. The values for the rate constants in Table III
demonstrate that for o-1 k, is an order of magnitude larger

than both k, and k,’; the values of k, and ky’ are compa-
rable.

Discussion

The present results, summarized below and in Tables
I-III, show that the first oxidation of ortho and meta 1 with
manganese dioxide is an order of magnitude faster than
the second. Thus, from a synthetic standpoint, solid MnO,
can be successfully used to mono-oxidize the ortho and
meta diols. By contrast, in the case of the para isomer the
second oxidation is 50% faster than the first.

It is clear that heterogeneous oxidations are controlled
not only by the inherent oxidizability of the substrate but
also by adsorption/desorption effects.®»!* It has been

(12) (a) Hauptmann, S.; Blaskovits, A. Z. Chem. 1966, 6, 466. (b)
Bhattacharjee, D.; Popp, F. D. J. Heterocycl. Chem. 1980, 17, 315. (c)
Ruden, R. A.; Bonjouklian, R. J. Am. Chem. Soc. 1975, 97, 6892. (d)
Marshall, J. A.; Cohen, N. J. Am. Chem. Soc. 1968, 87, 2773. (e) Marshall,
J. A,; Cohen, N.; Hochstetler, A. R. J. Am. Chem. Soc. 1966, 88, 3408. (f)
Corey, E. J.; Nicolaou, K. C.; Melvin, L. 8. J. Am. Chem. Soc. 1975, 97,
654. (g) Corey, E. J.; Kim, S.; Yoo, S.; Nicolaou, K. C.; Melvin, L. S.;
Brunelle, D. J,; Falek, . R.; Trybulski, E. J.; Lett, R.; Sheldrake, P. W.
J. Am. Chem. Soc. 1978, 100, 4620.

(13) Harron, J.; McClelland, R. A,; Thanachan, C.; Tidwell, T. T. J.
Org. Chem. 1981, 46, 903.

(14) Harfenist, M.; Barley, A.; Lazier, W. A. J. Org. Chem. 1954, 19,
1608.
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CH,OH CH,0H CH,0H
CH,0H
CH,OH
CH,0H
kok = 15 ky/k, = 0,12 (kg + ky'Vk; = 0.08

ko/ky = 0.06

previously suggested that, in general, electron-donating
substituents on aromatic rings stabilize (while electron-
withdrawing groups destabilize) benzylic radicals.'® Re-
cently, a o* scale was developed by Arnold!® to describe
quantitatively the effects of meta and para substituents
in homogeneous radical substitution reactions at benzylic
positions. The ¢* values most relevant to the present study
are 4-COMe, 0.060; 4-Me, 0.015; 3-Me, 0.002; 3-CO,Me,
-0.014. These values lead to the prediction that, provided
the reaction is controlled mainly by the ease of benzylic
C-H oxidation (i.e., homolytic cleavage), the MnO, oxi-
dation of p-2 should proceed faster than that of p-1 by a
factor of ~100%45 (=1.11), while m-2 should undergo oxi-
dation slower than m-1 by ~10709¢ (=0.96). Our results
(Table II) are in the correct direction but of larger mag-
nitude, suggesting a p value substantially greater than 1
for this reaction.

Our results are also qualitatively consistent with the
results of extended Hiickel calculations!? on these struc-
tures (1, 2, 5, and the corresponding benzyl radicals 7, 8,
and 9). The atomic coordinates for the energy-minimized

H OH H OH HO o

9% \o/ 0
" CH,0H /‘C=0
H
7 8 9

structures were obtained from molecular mechanics cal-
culations.’® The calculated bond dissociation energies of
the benzylic C-H bonds of the appropriate structures were
derived by the equation below and are given in Table IV.

BDE = calcd energy of radical species +
energy of formation of H* — calcd energy of precursor

It can be seen from this table that the calculated BDE of
the benzylic C~H bond of p-1 (5.31 eV) is larger than the
value for p-2 (5.02 eV). By contrast, the BDE of the same
C-H bond of m-1 (5.18 eV) is less than that of m-2 (5.31
eV). These values seem to be largely controlled by whether
or not the C=0 in 2 is positioned to engage in through-
resonance with the unpaired electron. The situation is
more complicated in the case of the ortho isomer. Ex-
tended Hiickel calculations (Table IV) suggest it should
be easier to cleave the benzylic C-H bond in o0-1 (4.33 V)

(15) (a) Zavitsas, A. A.; Pinto, J. A. J. Am. Chem. Soc. 1972, 94, 7390.
(b) Pryor, W. A,; Church, D. F,; Tang, F. Y.; Tang, R. H. In Frontiers of
Free Radical Chemistry; Pryor, W. A,, Ed.; Academic Press;: New York,
1980; pp 355-379. (c) Minisci, F.; Citterio, A. In Advances in Free
Radical Chemistry, Volume 6; Williams, G. H., Ed.; Heyden & Sons Ltd:
London, 1980; pp 65-153.

(16) Arnold, D. R. In Substituent Effects in Radical Chemistry; Viehe,
H. G., Janousek, Z., Merényi, R., Eds.; D. Reidel Publishing Company:
Dordrecht, 1986; pp 171-188.

(17) QCMPOL11 is available from the Quantum Chemistry Program
Exchange, Department of Chemistry, Indiana University. It was devel-
oped by J. Howell, A. Rossi, D. Wallace, K. Haraki, and R. Hoffman and
converted by J. E. Bartmess and D. Thomas.

(18) Molecular Mechanics calculations were performed using Discover
version 2.7.0 (Biosym Technologies, San Diego, CA).
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than those in 0-2 (4.94) and 5 (5.98). Although this is
consistent with our findings that k,/k, = 0.06 and k,’ <
ks (Scheme V), the BDE for 5 seems too large to account
for the more modest differences between k,’ and &, (k,'/k,
= 0.038) as well as k,’ and k, (k,'/k, = 0.61). This may
reflect the limitation of representing the chemisorbed
radical intermediate (cf. Scheme III) as an isolated free
radical.

Conclusions

The oxidation of the ortho and meta isomers of 1 with
¥-MnOQ, in THF gives predominantly products of mono-
oxidation (0-2, 5, and m-2). By contrast, dialdehyde p-3
is the major product of the reaction of p-1, even when just
1 equiv of the oxidant is used. The differences in behavior
between the three isomers are well correlated with the
calculated homolytic bond dissociation energies of the
benzylic C-H bonds, indicating that adsorption/desorption
effects are probably of only minor importance.

Experimental Section

General. The instruments used included the following: Bruker
AC 250 (NMR); Hewlett Packard Model 5995 (MS); Spectra-
Physics SP 8800 with Spectra 100 variable wavelength UV detector
and Hewlett Packard 3394 integrator (HPLC). The HPLC
analyses were performed with a 235 X 4.70 (i.d.) mm Whatman
P/5 ODS 3 reversed phase column. The response factors for each
aldehyde product (P) relative to the starting alcohol (A) were
determined by HPLC analysis of standard solutions and appli-
cation of the equation Rfp = (moles of P/moles of A)(signal area
for A/signal area for P). Standard solutions were prepared from
pure materials or reaction mixtures quantitatively analyzed by
'H NMR. The response factors are given below. The numbers
in parentheses represent the wavelength setting of the HPLC
detector. Benzaldehyde, 0.011 (A = 252 nm); p-2, 0.013 (A = 261
nm); p-3; 0.011 (A = 261 nm); m-2, 0.019 (A = 261 nm); m-3, 0.020
(A = 261 nm).

Materials. The three isomers of 1 and 3 were supplied by
Aldrich Chemical Company. p-1 was recrystallized from chlo-
roform and o-1 was sublimed prior to use. Benzyl alcohol and
benzaldehyde were distilled under N;. THF was freshly distilled
over potassium. Manganese sulfate (MnSO,H,0) was supplied
by Fisher Scientific.

Preparation of Active y-MnOQ,.* To a 2.0-L round-bottomed
flask containing 75 g of MnSO,H,0 in 1.4 L of water immersed
in an oil bath at 60 °C was added slowly 0.5 L of an aqueous
solution containing 50 g of KMnO,. After the solution was stirred
for 90 min, the precipitate was filtered and washed thoroughly
with water. The solid material was oven-dried at 60 °C for several
days to give 49.6 g (77% yield) of a dark-brown amorphous
powder, which was kept in a dessicator.

Kinetic Method. After argon was bubbled for several minutes
through a mixture of the desired amount of MnQ, in 10.0 mL of
THF in a two-neck 25-mL round-bottomed flask inserted in an
oil bath at 45 + 0.1 °C, a balloon was fitted on one neck and a
stopcock with a septum on top of the other neck. More argon
was added until the balloon was inflated, and then a 10.0-mL
solution of THF containing the desired amount of the diol (or
benzyl alcohol) was added via syringe. Aliquot portions (0.1-2
mL) of the continuously stirred heterogeneous mixture were

(19) (a) Giovanoli, R.; Bernhard, K.; Feiknecht, W. Helv. Chim. Acta
1968, 51, 355. (b) Giovanoli, R.; Stahli, E.; Feitknecht, W, Helv. Chim.
Acta 1970, 53, 4563.
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Table III. Kinetic Data for the Reaction of o-1 with MnO,/THF at 45 °C

run [0-1]e, M quantity of MnO,®  k,* K9 (R + k) K (ky/ k)" kobh (ky)**
14 0.040 0.13 2.2 0.10 (0.09) 0.22 2.6 1.6 0.135 0.084
15 0.026 0.15 0.08 (0.05) 2.7 14

16 0.090 0.15 0.07 (0.07) 2.8 1.2

av 0.08 £ 0.02 2.7+0.1 14 £ 0.2

*Expressed in (moles of MnO, added/L of original reaction mixture). ®Rate constants k,, k,, and k' are in units of 10 M 571, *Error
limits are standard deviations. ¢ Values in parentheses calculated with the method in ref 11. *Mean of a point-by-point «. /Calculated from
ky, + ks = xk;. #Mean of a point-by-point K (=[5]/[0-2]). *Calculated from k, + k5’ and k;/ky’. ‘Mean of a point-by-point ky/ky’ (=[o-

3]K/[6D.

Table IV. Bond Dissociation Energies of Benzylic C-H
Bonds from Extended Hiickel Calculations

compd BDE, eV compd BDE, eV
o-1 4,33 m-2 5.31
0-2 4.94 p-1 5.31
5 5.98 p-2 5.02
m-1 5.18

withdrawn every 2-6 h, filtered, diluted with water, and analyzed
by HPLC (or filtered, evaporated, dissolved in acetone-ds/TMS
and analyzed by 'H-NMR spectroscopy). Absolute concentrations
of 1 (or 4), 2, and 3 (or benzaldehyde) were determined from
HPLC or 'H-NMR integrations (corrected for response factors)
and the known initial concentration of the alcohol. The unreacted
amount of MnQO, at each analysis time was calculated from its
known initial amount less the total amount of aldehyde product(s)
formed. Thus in the reaction of benzyl alcohol (moles of MnO,/L
of original reaction mixture) = (initial moles of MnQO,/L of original
reaction mixture) - [benzaldehyde] and in the reaction of the diols
(moles of MnO,/L of original reaction mixture) = (initial moles
of MnO,/L of original reaction mixture) - (2] - 2[3].

The apparent rate constant & for the reaction of benzyl alcohol
was determined by a usual second-order rate plot. The deter-
mination of the apparent rate constants for the consecutive-
competitive reactions of p-1 and m-1 was performed as before??
by the graphical integration method of Wideqvist.'® For each data
point the value of In ([1],/[1]) and © (=} junreacted moles of
MnOQ,/L of original reaction mixture} dt) were determined. The
value of &, was found as the slope of a linear plot of In ([1],/[1])
versus ©. Then for each data point, the value of x (=k,/k,;) was
determined from the equation

1

(-8
k=1 [1]o (1l
The « value for a given run was the mean of the point-by-point
« values. From this value, k, was calculated (k, = xk;). The value
of « was determined also by a computational method, the details
of which can be found in ref 11. For the kinetic analysis of the
reaction of o-1 the concentrations of o-1, 0-2, 0-3, 5, and 6 were
determined from 'H-NMR integrations and the known initial
amount of 0-1. The unreacted amount of MnO, was calculated
from the equation (moles of MnO,/L of reaction mixture) = (moles
of MnO; initially added/L of reaction mixture) — [0-2] - 2[0-3]
- [58] - 2[6]). The value of k; was determined graphically as
described above. The « value in this reaction (Scheme IV) defined
as k = (ky + ky)/k; was determined from the equation

1 (11 Y] 021 +15]
k-1 [1'([0-110) ]'T =0

The « value for a given run was again the mean of the point-
by-point « values.

Partial 250-MHz proton NMR and mass spectral data of the
species involved in this reaction are given below. In each case
these data were consistent with previously published lower res-
olution spectra. Spectra of pure material in acetone-dg/ TMS were
obtained for o-1 and 0-3, whereas the data for 0-2, 5, and 6 were
obtained by GC/MS and 'H-NMR analysis of the reaction mixture
after the appropriate treatment. Acetone-dg/TMS was used for
all NMR analyses; peaks marked with an asterisk are those used
for determining relative amounts of reactants and products.
Acetone or THF was used as a solvent for the GC/MS analyses.

The numbers in parentheses in the MS spectra are relative
abundances.

0-1: TH NMR% § 4.31* (t,J = 4.8 Hz, 2 H), 4.71 (d, J = 4.8
Hz, 4 H), For the MS spectrum, see ref 2a.

0-2: '"H NMR* § 447 (t,J = 5 Hz, 1 H), 5.08* (d, J = 5 Hz,
2 H), 10.28* (s, 1 H); MS m/z 136 (10), 135 (13), 119 (13), 118
97), 92 (11), 91 (21), 90 (82), 89 (100), 87 (8), 86 (9), 85 (5), 79
(15), 77 (28), 74 (7), 65 (7), 64 (13), 83 (65), 62 (34), 61 (14), 59
(13), 53 (7), 52 (7), 51 (25), 50 (24), 49 (7), 43 (5), 40 (8), 39 (48),
38 (17), 37 (12).

0-3: 'H NMR? § 10.54* (s, 2 H); MS m/z 135 (3), 134 (26),
133 (15), 107 (3), 106 (36), 105 (100), 79 (2), 78 (19), 77 (99), 76
(13), 75 (8}, 74 (18), 73 (4), 63 (6), 62 (6), 61 (4), 53 (5), 52 (14),
51 (72), 50 (50), 49 (7), 39 (16), 38 (11), 37 (9).

5: 'H NMR? § 4.91 (d, J = 13 Hz, 1 H), 5.12* (dd, J; = 2 Hz,
J, = 13 Hz, 1 H), 5.58 (d, J = 7.5 Hz, 1 H), 6.41 (dd, J, = 2 Hz,
Jy=17.5Hz, 1 H); MS m/z 119 (12), 118 (96), 91 (5), 90 (68), 89
(100), 87 (14), 86 (8), 85 (4), 64 (12), 63 (54), 62 (25), 61 (12), 59
(17), 51 (10}, 50 (13), 43 (12), 41 (8), 40 (5), 39 (37), 38 (16), 37
(12)

6: 'H NMR®" § 5.36* (s, 2 H); MS* m/2 134 (33), 133 (16),
106 (29), 105 (85), 89 (8), 78 (18), 77 (100), 76 (14), 75 (10), 74
(19), 73 (7), 63 (10), 62 (8), 61 (6), 53 (8), 52 (18), 51 (71), 50 (48),
49 (9), 39 (19), 38 (13), 37 (13).
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v-Butyrolactones have emerged as important synthons

and building blocks for the synthesis of complex natural
products.? Their stereochemistry and conformational
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