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Abstract: The permanganate oxidation of alkenes has been studied both experimentally and computa-
tionally. Transition state structures were located for the reaction of permanganate ion with a variety of
monosubstituted alkenes at the B3LYP/6-311++G** level. Although the calculated activation energy for
the reaction with ethene was reasonable, the calculated effect of substituents, based on the energies of
the reactants, was much larger than that experimentally found. This was shown to be due to the formation
of an intermediate charge—dipole complex which led to the transition state. Reaction field calculations
found the complex to disappear in a high dielectric constant medium, and the range of activation energies
for the reaction in solution became quite small. MP2 calculations were carried out in order to have a
comparison with the DFT results. MP2—MP4 gave unusual results for calculations on permanganate ion
as well as chromate ion and iron tetraoxide. They also gave markedly unreasonable results for the activation
energy of the reaction of permanganate with ethane. CCSD/6-311++G** calculations gave satisfactory
results for permanganate ion and chromate ion. At this level of theory, the reaction of permanganate with
ethene was found to have a very early transition state, when the bond lengths of the reactants just began
to change. The reaction was calculated to be very exothermic (—69 kcal/mol), and this was confirmed via
calorimetry. The rates of permanganate oxidation of allyl alcohol and acrylonitrile were determined, and
they had similar reactivities. The kinetics and the products of the reaction of permanganate with crotonate
ion were examined in some detail.

1. Introduction that both oxygens are derived from permangahatgs suggests

One might expect that the permanganate oxidation of an a cyclic five-membe_red ring intermediate, as originally p_roposed
alkene such as crotonate ion would be a relatively slow reaction, Y Wagner Su?ftltuent effects on the rate of reaction are
First, it is a bimolecular reaction, and in addition, both reactants 9enerally smalf:>"The products of the reaction depend on pH,
have a negative charge. Thus there will be two unfavorable with diol formation favored at high pH, ketol formation favored
entropy of activation terms. Second, alkenes normally react N heutral solutiorf,and C=C bond cleavage occurring in acidic
readily with electrophilic species, and not nucleophiles. In Solutions?® Spectrometric studies have located a Mn(V) inter-
permanganate ion, the oxygens are more electronegative tha“{ned_late1 0|rl1lthe reactioht®Kinetic isotope effects have also been
manganesé,and as a result each oxygen bears about a one-Studied- . ) ) _ _
half negative charge. In the initial stages of the reaction, One approach to gaining further information concerning this
permanganate ion should appear as a nucleophile when ap_reaction is computational, and Houk and Strassner have located

proaching an alkene. Despite this, the reaction is remarkablya transition state for the oxidation of ethene at the B3LYP/6-

rapid with rate constants on the order of 100\ at 25°C, 31G* level!! They showed that the alternative [2 2]
requiring the use of a stopped-flow reactor and dilute solutions cycloaddition mechanism had a much higher activation energy.
in order to study the kinetick? (4) Boeseken, JRecl. Trai. Chim. Pays-Bad921, 40 553; 1928 47, 1083.

i i i (5) Wiberg, K. B.; Saegebarth, K. Al. Am. Chem. Sod 957, 79, 2822.
Much is known about the permanganate oxidation of alkenes. (&) Wagner, G.J. Russ. Phys. Chem. SAB95 27 219.

It leads to cis-hydroxylatiofand'®O labeling experiments show (7) Freeman, F.; Kappos, J. €.Org. Chem1986 51, 1654. Larger substituent
effects were found when the oxidation was carried out in acetic anhydride

T Yale University. (Nelson, B.; Henley, R. LTetrahedron Lett1995 36, 6375).
* Gaussian, Inc. (8) Lapworth, A.; Mottram, E. NJ. Chem. Sacdl925 127, 1628. King, GJ.
8 present address: J. Heyrovsky Institute of Physical Chemistry, Prague, gﬂgm gggllgssé, 71882‘23(2:°|eman’ J. E.; Ricciut, C.; Swern, 5.Am.
Czech Republic. _ o _(9) Allen, M. B.; Ruberg, SJ. Am. Chem. S0d 942 64, 948. Simfadi, L. I.;
I'Present address: Department of Physiology, University of Pennsylvania, Ja&y, M. J. Chem. SacPerkin. Trans 21973 1856. Jay, M.; Simandi,
Philadelphia, PA. L. I'; Maros, L.; Molna-Perl, 1.J. Chem. SogPerkin Trans. 21973 1565.
(1) Allred, A. L.; Rochow, E. GJ. Inorg. Nucl. Chem1958 2, 264. (10) Wiberg, K. B.; Deutsch, C.; Rocek, J. Am. Chem. Sod 973 95, 3034.
(2) Wiberg, K. B.; Geer, R. DJ. Am. Chem. Sod 966 88, 5827. Lee, D, G.; Brownridge, J. RI. Am. Chem. Sod973 95, 3033.
(3) Lee, D. G.; Brownridge, J. RI. Am. Chem. S0d 974 96, 5517. (11) Houk, K. N.; Strassner,. 0. Org. Chem1999 64, 800.
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Table 1. Results of B3LYP/6-311++G** Calculations for the 10
Permanganate Oxidation of Monosubstituted Alkenes?
X vb AHC  AG  AS'C AHI AG! AS¢
0
He 427 111 213 -—-342 —-398 -—28.7 -37.1
CHs 420 121 232 374 —407 —-28.9 -—39.6 /.,4:—)6
F 464 9.2 203 —-373 -543 -—-428 -385 2 e
CHOH 395 87 199 -37.6 —-44.6 -325 -23.4 £-10 N
SiH3 403 69 182 -—-378 -—38.2 —26.7 -—38.7 2
CRs 379 40 154 -38.2 —486 —36.8 —39.8 o
CCls 361 39 152 -376 —483 -—-36.4 —39.8 -20
CN 391 0.v 117 -371 -—-452 —-33.7 -—38.7 %
@
aUnits: v, cm; AH, AG, kcal/mol; AS cal/mol/deg, T = 298 K. %_30
b Calculated imaginary frequencies for the transition states;'cfActi- o
vation energies are relative to the energies of the two reactiBtergy T
changes for the overall reactiohHF/6-31H+G**: v = 1301, AH* =
20.4,AG* = 31.6,ASi= —37.6,AG, = —141.8. -40 s
At about the same time, we obtained corresponding results at
the B3LYP/6-31#+G** level. The activation energy derived 80 ) 5 4 s o . 5

from these calculations is compatible with the kinetic studies. Reaction coordinate

Subsequent calculations by Strassner and Busold dealt with thegjgure 1. Changes in energy along the reaction coordinate for the reaction
effect of alkyl substituents on the oxidation of crotonic agids  of acrylonitrile with permanganate in the gas phase. The energy of the
and with the reaction of permanganate ion with alkyHes. reactants is given as zero.

Our primary interest was in studying the reason for the very rapje 2. Intermediate Complexes and Solvent Effects for the
small substituent effects. We located the transition state for the Permanganate Oxidation of Monosubstituted Alkenes?

reaction of permanganate with acrylonitrile and other mono- X AHP AGY  AHS  AGY AHY AG!
subst!tuteq ethylenes using B3LYP/6-31+G**. The_ results H 19 03 9.9 201 -424 -313
are given in Table 1. A very large effect of substituents was CH; -2.8 2.5 10.8 220 -—-428 —30.9
calculated suggesting that acrylonitrile should react abofit 10 F —-64 -08 101 212 -51.0 —39.6
faster than allyl alcohol. A kinetic study (see below) indicated CHOH - —109 =57 107 219 -419  —298
. ' _ ; SiH3 04 -38 98 211 -392 276

that acrylonitrile was only 1.9 times as reactive as allyl alcohol, cr, —09 -18 9.9 214 —43.0 —31.2
in contradiction to the results of the calculations. A difference CCl -78 —-25 115 229 —432 313
-109 6.7 85 177 -390 —29.2

between experiment and calculations also is found in the work CN
of Strassner and BusotiThe experimental data of Freeman aEnergies are given as kcal/mdl,= 298 K. Calculated energies of
and Kappo&gave a range of 1.5 kcal/mol for theG* for the complexes relative to the reactants in the gas ptfaSalculated activation
oxidation of substituted crotonic acids, whereas the calculations parameters for the reaction in aqueous solutidDalculated overall energy
gave a range of 3.9 kcal/mol for these compounds. changes in aqueous solution.

The above calculations are for the gas phase. CCSD calcula-
tions described below made it apparent that there was an initial
charge-dipole complex that could be significantly stabilized

reactants are given asH; andAG. in Table 2. The unusually
high stability of the complex derived from allyl alcohol is due

. . to the formation of a hydrogen bond between the OH proton
with respect to the reactants. This type of complex has been LT
and a permanganate oxygen. The complex formation is, as

observed in other gas-phase reactions such\@sdgplace- . . -
ments!* One might have expected it to be small for the present expected, generally large with alkenes hav_mg large dipole
reaction, since the permanganate ion is large and the negativem?mb?m; ILZr;'ogld be notﬁd ;EhaG vqlues are Itn ger;eraflfleis d
charge is distributed over four oxygens. However, it was found [)e 'ah N | a ib e.cauTef € former |shmore strongly ariec el
to be significant. The B3LYP calculated energy changes along y the low vibrational frequencies that are not accurately
the reaction coordinate for the acrylonitrile reaction are shown calculated. ) _

in Figure 1. In the reaction, the initial approach of acrylonitrile ' @ polar solvent, the charge on permanganate ion will be
to MnO,~ has a ternnal H directed toward the MnQxygens, S'Fablhzed, and the |ntermegllate compleg would be expected to
As the distance becomes smaller, the cis hydrogens are directedliSappear, as was found with the2ZSreaction. The structure of
toward the MnQ@~ oxygens. Near the transition state, acryloni- the complex in the reaction with acrylonitrile was reoptimized

trile rotates to direct the-electrons toward the Mnp oxygens, ~ USing the PCM reaction field modélfor water as the solvent.
Snapshots of the structures along the reaction coordinate may! e WO reactants were found to move away from each other,

be found in the Supporting Information. In view of the complex ?‘”0,' Fhe final energy was within 0.1 kcal/mol of that for the
changes that occur, the reaction coordinate was just taken adndividual reactants. Thus, the complex was found to disappear

the average distance between the Mn and the acrylonitrile " solgtlon. ) N
carbons. Estimates of the energies of the reactants, the transition state,

With acrylonitrile, the initial complex is 12 kcal/mol stabilized ~@nd the products of the reactions of the alkenes with perman-

with respect to the reactants. The complexes were located forganate in aqueous solution were obtained using the PCM model,
each of the substituents, and their energies relative to the@nd the results are summarized in Table 2. HAt#}s andAG'

(12) Strassner, T.; Busold, M. Org. Chem2001, 66, 672.
(13) Strassner, T.; Busold, M. Phys. Chem. A2004 108 4455.
(14) Pellerite, M. J.; Brauman, J.J. Am. Chem. Sod 983 105 2672.

(15) Cappelli, S.; Corni, B.; Mennucci, B.; Cammi, R.; Tomasi.Phys. Chem.
A 2002 106 12331. Cossi, M.; Scalmani, G.; Rega, N.; Barone] \Chem.
Phys 2002 117, 43.
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Table 3. Calculated M—O Bond Lengths of MO, Species,

— -311+G*
—— mg% 6-3 G
—~¥ — mp4 sdq level FeO, MnO,~ Cro,~?
--X--mp4 -
experiment 1.610(8) 1.69
-49.6 HF 1.516 1.540 1.602
’ B3LYP 1.576 1.601 1.658
MP2 1.501 1.580 1.692
-49.8 MP3 1.660 1.489 1.574
MP4(SDQ) 1.523 1.606 1.770
50 MP4(SDQT) 1.520 1.560 1.750
QCISD >1.8 >1.8 >1.8
QCISD(T) 1.555 1.562 1.650
-50.2 3 cCcsD 1.602 1.590 1.636
=2 C CCSD(T) c 1.607 1.660
= 504 [
+ R 4 a Average Mnr-O bond length for tetraethylammonium permanganate
L . ~ - (Whang, D.; Chung, S.-K.; Kim, KActa Crystallogr 1991, C47, 2674).
506 - ™~ ~ v v KMnO, gave 1.607 (Palenik, G. lnorg. Chem.1967, 6, 503).° Average
i x -~ - value from several chromate salts (Deeth, RJ.JChem. Soc., Faraday
50.8 F te Trans. 1993 89, 3745).¢High level calculations find FeQto not be
R “o tetrahedrat®
B x\ L
-51— = ,/ 0llll|lll¥|l¥l||llll'[llll]llll
C X % A
_512 -||||||||||||||||T‘|-T*rrr|||||| : ccsD
14 145 1.5 155 16 1.65 1.7 -0.05 -w— CCSD(T)
r(MnO)
Figure 2. Effect of MP level on the calculated energy and bond length for -0.1

the permanganate ion. Energies are given ifrltomic units (hartrees).

are the activation parameters for the reaction in solution, and

AH, and AG, are the overall energy changes for the reactions

carried out in solution. The range of activation energies has

been markedly reduced. The PCM reaction field model has some -0.2

uncertainty, especially for agueous solutions. With this in mind,

the results suggest that the rates of reaction of most of the

alkenes might be expected to be similar in water. However,  “0-2%

acrylonitrile is still calculated to be more reactive than the other

alkenes' _03....I....I...._T_.:..F.I....I....
2. Permanganate lon.DFT methods provide one way in 145 15 155 16 165 17 175

which the HF energies may be corrected for the correlation

energy, and MP2 provides a different way in which to do so. It r(Mn-0)

is often helpful to compare the results using these two _Figure 3. Results of_CCS_D and (_:CSD_(T) calculations for the permanganate
procedured® ion. Energies are given in atomic units (hartrees).

The results of MP/6-31t+G** calculations for permanga-  about 0.15 H, much smaller than the difference between MP4-
nate ion are shown in Figure 2 and Table 3. Different levels (SDQ) and MP4(SDTQ.
lead to different equilibrium bond lengths. There is aremarkably ~ permanganate ion is not the only species that leads to
large calculated increase in energy on going from MP2 to MP3, problems with commonly used theoretical methods. The iso-
whereas a decrease is normally fodfdThe energy does electronic chromate ion and iron tetroxide behave in a similar
decrease with MP4(SDQ), but the full MP4 (including triple fashion. The results of these calculations are given in Table 3.
excitations) leads to a remarkably large further decrease in CCSD calculations are again more satisfactory for the chromate
energy. The unusual energy changes found with the MP seriesion, with both CCSD and CCSD(T) giving similar calculated
are not improved on going to QCISD and QCISD(T), and if Cr—0O bond lengths that are in satisfactory agreement with the
anything, the results are even less satisfactory (cf. Table 2 andexperimental data.
Supporting Information). Iron tetraoxide is different than the other compounds in that
The coupled cluster methods are generally considered to behigh level calculations find that it is not tetrahed¥aThere

among the more successful approaches using a single referencgoes not appear to be any experimental data regarding its
determinant? Both CCSD/6-313+G* and CCSD(T) give structure.

similar bond lengths for the permanganate ion that are in
satisfactory agreement with the experiments (Figure 3). The
decrease in energy on going from CCSD to CCSD(T) is only

-0.15

E + 1450.
LB B e e e

T

.

\

\\ —

~ .- e
—-— -

3. Computational Studies for the Permanganate
Oxidations

a. MP2 and MP4. In a number of cases, MP2 gives

(16) Cf. Wiberg, K. B.J. Org. Chem2003 68, 9322. Carlier, P. R.; Deora, N.; ; ; ; P
Crawford, T. D.J. Org, Chem2006 71, 1562, somewhat more satisfactory geometries and relative energies
(17) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, Allnitio Molecular
Orbital Theory Wiley: New York, 1986; p 90ff. (18) Cao, Z.; Wu, W.; Zhang, QTHEOCHEM1999 489, 165.
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Figure 5. Change in structural parameters along the reaction coordinate.

Figure 4. Change in energy along the reaction coordinate for the ethene
permanganate reaction.

2
N 0% & 0%
than DFT?® Despite the problems noted above in using MP2  Ow, ™ CHe 0., N / CHz
for the permanganate ion itself, the oxidation of ethene was Mn ’ L /M" ‘ 1355
studied at this level of theory. The B3LYP transition state was © \O/CHz 0 ,\@Q’m\o/CHz
taken as the starting point, and an MP2/6-8GF optimization o . ) )
to a transition state was carried out. It was shown to be a g:ggrg 6. Calculated transition state geometries: (left) B3LYP; (right)

transition state by observing only one imaginary frequency
(1254)’ which is unusua”y |arge_ The structure was close to Table 4. C_CSD/6-311++G** Calculated Energies for the Reaction
that of the B3LYP transition state. The energies of ethene and of MnO4~ with Ethene

permanganate ion were obtained at the same level of theory compound energy (H) Eel (kealimol)
(Table S3, Supporting Information). From these results, at 25  MnO4~ —1450.138 42

°C, AH* = 111 kcal/mol andAG* = 121 kcal/mol. In addition, fég‘z:‘;ms _1_57288-35"71‘; 273 00

the reactants were calculated to be 37 kcal/mol lower in energy  jsitial complex —1528.514 61 15 0.0
than the product! These results clearly indicate that MP2 isnot TS —1528.504 66 5.1 6.2
satisfactory for a study of this reaction. product —1528.621 95 —68.5

In view of the large change in energy for the permanganate

ion on going from MP2 to MP4, MP4/6-3#1G* calculations The transition state is found just after the electronic effects

were carried out for the reaction of ethene using the MP2 begin to appear and has a distance close to 3.25 A, with an
geometries. NowAH* increased to 266 kcal/mol! The energy energy of—1528.504 66 H. The energies of the reactants and

of the permanganate ion is reduced more than that of the e hroquct are listed in Table 4, and indicate\B* of 6.2
transition state on going from MP2 to MP4. Clearly, these |evels  -4mo| starting from the initial energy minimum. The overall

of theory are not satisfactory. change in energy for the reaction is very large9 kcal/mol),

b. CCSD. CCSD appeared to be satisfactory in the calcula- in accord with finding a very early transition state. The changes
tions for the permanganate ion, and therefore it was used toin the NBC® atomic charges along the reaction coordinate are
study the oxidation of ethene and allow a comparison with negligible before 3.3 A and then change monotonically to those
B3LYP. It was not possible for us to directly optimize to the of the product.
transition state since CCSD analytical second derivatives were \What is the difference between the B3LYP and CCSD
not available, and it was not practical to calculate the force calculations? Some information can be obtained by comparing
constants numerically. Instead, we calculated a series of pointsthe calculated geometries of the transition state and the products
along the reaction coordinate that was taken as the distance(Figure 6). It is clear that the B3LYP transition state is more
between the manganese and the center of th€ CThe energy  advanced than that found using CCSD, and this provides an
changes are shown in Figure 4, and the geometry changes ar@pportunity for substituent effects to become somewhat more
shown in Figure 5. As the reactants approach each other, therémportant.
is an initial drop in energy as is common for the gas-phase

i i i (19) Bartlett, R. J. I'Modern Electronic Structure Thearyarkony, D. R. Ed.;
reactions of ions with neutral compounds. The subsequent Advanced Series in Physical Chemistry, Vol. 2; World Scientific: Singapore,

energy increase before 3.4 A is probably mainly a repulsive 1995. Crawford, T. D.; Schaefer, H. F. Reviews in Computational
steric interaction between the two reactants as they approach ~ Ghemistry Lipkowitz, K. B., Boyd, D. B., Eds.; VCH Publishers: New
each other. (20) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88, 899.
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Table 5. CCSD/6-31+G* Calculated Energies for the Reaction of 25

Acrylonitrile with Permanganate p
—y=-0.026476 + 241.94x [R=0.99979

compound energy (H) E:el (kcal/mol)

MnO4~ —1449.947 49

acrylonitrile —170.330 61

reactants —1620.278 10 0.0

initial complex —1620.297 70 -12.3 0.0
TS —1620.286 02 -5.0 7.3
product —1620.395 88 —73.9 1.5

-—1y=-0.018095 + 134.73x |R=0.99963

CH2=CGHCN ,/m

K, sec”

The compound that was found to give the largest effect on
the rate of reaction in the B3LYP calculations is acrylonitrile. 1 ( —
It was not practical to examine the reaction at the CCSD/6- w
311++G** level because of its increased size and lower ~ CH2=CHCH20H
symmetry as compared to the ethene oxidation. CCSDA=31
appeared to be the highest level that was at all practical. Some
calculations for the permanganatethene reaction were carried
out at this level and gave results essentially the same as those
with the larger basis seAE* = 6.2 kcal/mol, initial complex
= —1.2 kcal/mol). The results of the calculations for the
permanganateacrylonitrile reaction are summarized in Table concentration, M
5.

0.004 0.006 0.008 0.01

o ) N o Figure 7. Effect of reactant concentration of the pseudo-first-order rate
The initial complex is stabilized by an amount similar to that constants for permanganate oxidation in neutral solutions.

found in the B3LYP calculations. This is followed by an increase ) )
in energy of 7 kcal/mol leading to a transition state with a between the crotonate ion and permanganate ion under pseudo-

reaction coordinate distance of 3.2 A. Here. the@ bond first-order conditions using an excess of the former is first-order

length has increased to 1.375 A indicating that the reaction hasin PéfmanganatéThe rate of reaction is also first-order in the
started to occur. The relative energies are comparable to thosefrotonate ion, and it is relatively independent of pH. The reaction
for the ethene reaction and are in agreement with the experi-Nas now been studied at a number of wavelengithhen a
mental observation that allyl alcodland acrylonitrile have ~ large excess of crotonate ion was used at pH 7, the absorbance
similar reactivities toward permanganate. This clearly results 8t 525 nm (permanganate maximum) decreased in a first-order
from a very early transition state that is followed by a fashion, as the absorbance at 420 nm increased in a correspond-

remarkably large decrease in energy on going to the products.ing fashion. The intermediate thus formeg (s relatively stable

With acrylonitrile, the latter is calculated to be74 kcal/mol. and presumably is a Mn(V) species. When a 2:1 ratio of
permanganate to crotonate was used, the final spectrum cor-
4. Kinetic Studies responded to that of the manganate ion (absorption maxima at

439 and 606 nm).

When the reaction was carried out in 0.1 M sodium hydroxide
and a high crotonate concentration, the change in absorbance
at 525 nm with time was the same as that at pH 7, but the
absorbance at 420 nm first increased and then decreased,
whereas the absorbance at 584 nm first decreased and then
increased. Again, when a low crotonate concentration was used,
solutions in order to avoid the base-catalyzed addition of water the final absort_)an_ce corresponded to that .Of the ma_nganate lon.

These data indicate that there are two intermediate species,

lonitrile. Th f i i 2 .
to acrylonitrile. The rates of reaction were determined at 525 A (420 nm) andB (584 nm). The spectra of these two species
nm using a stopped-flow reactor. The permanganate concentra-

. 4 : . were derived from a run using 0.1 M crotonate ion in 0.1 M
tion was 4 107 M, and the concentration of the organic sodium hydroxide, collecting a set of data for 28 wavelengths
compounds was between 0.002 and 0.01 M. The observed y ’ 9 gins.

pseudo-first-order rate constants are plotted against the alkeneThe data were analyzed using the following kinetic scheme:

concentration in Figure 7 and leads to a second-order rate

There are two aspects of the reaction that could profitably
be studied via an examination of the kinetics of the reaction.
The first is the relative reactivity of allyl alcohol and acryloni-
trile. It is not possible to study ethene because of its low
solubility. Allyl alcohol would appear to be a satisfactory water
soluble substitute.

The rates of reaction were determined in neutral aqueous

— kl k2
constant of 135 M! s71 for allyl alcohol and 242 M! s~ for MnO, + RHC=CHR—A —B
acrylonitrile. Thus, acrylonitrile is 1.9 times as reactive as allyl
alcohol. Here, k; and k, are the same for all wavelengths, and the

The steps that follow the initial reaction are also of interest, absorbancy indices of Mn(Vll) (the initial point) and of the
and they can be examined via a kinetic study. Here, a crotonateintermediates\ andB were derived for each wavelength. The
ion was chosen as the reactant because it would facilitate therate constants were obtained using the program LORAFhe

product studies. Our previous report showed that the reactionintegrated form of the rate expression for a pair of consecutive
reactions may be reduced to an exponential decay function:

(21) It would have been desirable to carry out CCSD calculations for the reaction
of allyl alcohol. However, it has an addition rotational degree of freedom, (22) For a preliminary report on this study, see ref 10.
and the DFT calculations indicate that the location of the proton is important. (23) Deutsch, C. J. Il€omputer Programs for ChemistripeTar, D. F, Ed.;
As a result, it was beyond our present computational capabilities. Benjamin: New York, 1972; Vol. IV.
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— a2t adti 0.8
Yij = ay €7+ a5 € + ag —6— MnO4-
H— A o
Here they; terms are the absorbance values at a series of 0.7 I
wavelengthsjj and a set of timesi), The constants may be
obtained by a nonlinear least-squares fitting procedure. The rate 06
constants; andk; are given bya, andas, and the absorbancy 05
indices of the reactant(;), intermediatedg;), and productd;)- ’
are derived fromay, ag, andas; o
2 0.4 \
E e .
AO Cj a5] 03
ko — kg L{
Aoc = Aofe) ~ g\ 0.2
1 j&/ L
Aveci ko = Avegi ki 0.1 B
Agep = ay + V- o [=a
2 1 0
350 400 450 500 550 600 650 700

Here A is the initial concentration of the reactant.

The spectra derived from the kinetic data are summarized in
Figure 8. The spectrum &k agreed with that found in the pH
7 runs.

The dependence & on the hydroxide ion concentration was 25
examined and gave the data shown in Figure 9. The experi- __y=0.3562L+&0209X R=0.0844
mental error at low hydroxide concentration is relatively large.
The data suggest a linear dependence on base, with possibly a

slow water catalyzed reaction.
The above kinetic runs were carried out using a large excess

of crotonate ion vs permanganate in order to avoid the oxidation o
of the intermediate by permanganate. This latter reaction could 1.5
be studied by carrying out the reaction using a constant _ o
permanganate concentration ¢4 10~4 M) and varying the =
crotonate concentration. When the permanganate had just 1
disappeared, the ratio of Mn(V) to Mn(VI) could be estimated /b
from the absorbance at 420 nm (mainly Mn(V)) and 600 nm o
(mainly Mn(VI)). The results of such a study are shown in
Figure 10.

Figure 8. Spectra of the permanganate ion and the two Mn(V) species
derived from the kinetic data.

0.5

5. Thermochemical Study o

One significant difference between the DFT and CCSD 0
calculations is found in the predicted overall energy changes 0 0.05 0.1 0.15 0.2 0.25
for the reaction with acrylonitrile=45 kcal/mol for DFT and HO
—73 kcal/mol for CCSD. These values are, of course, for the Figure 9. Effect of hydroxide ion concentration da.
gas phase, and the energy change in solution will differ as a
result of the heats of solution of the reactants and products. 6. Product Study
The results in Table 1 suggest that the overall energy change
may decrease somewhat on going to an aqueous solution.

The products of the oxidation of crotonate ion were studied
The kinetic results described above show that. in neutral using 1“C labeled crotonic acid. The reaction was carried out

solution, permanganate reacts with a large excess of an alkenéfmder two sets of reaction Cpndltlons. In the f.|rst, 250 mL ofa
(to avoid oxidation of the intermediate by permanganate) to give © X 10~* M crotonate solution were placed in one bulb and
a rather stable Mn(V) intermediate. The heat of reaction of 250 ML of 8x 1074 M permanganate were placed in the second.
permanganate with a large excess of allyl alcohol in aqueous "€ tWwo solutions were allowed to flow at a controlled rate
solution was determined calorimetrically gividdd, = —87 + into a small mixing chamber with a stirrer, and the mixed
2 keal/mol. This is in accord with the results of the cCSD Solution was collected in a flask. Under these conditions, the
calculations and considerably larger than the DFT prediction. final manganese species was Mn(VI). The excess oxidant was
It should be recognized that although the species formed in thereduced with bisulfite. To the product solution was added known
reaction is a Mn(V) derivative, it does not necessarily have the amounts of crotonic acid and threo-2,3-dihydroxybutyric acid.
structure that was calculated. It may well include a molecule The solution was made basic and evaporated to dryness.
of water making a five-coordinate Mn. The highly exothermic Methanolic HCI and trimethylorthoformate were added, and the
nature of the reaction is clearly consistent with a very early mixture was warmed to facilitate ester formation. After removal
transition state. It was not practical for us to try to calculate the of the more volatile material, the residue was separated by gas
energy of a hydrated Mn(V) intermediate at the CCSD level. chromatography giving methyl 2,3-dihydroxybutyrate and
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I{L-l ’\é;\ 7. Summary
[.:1 It is known from several studies that substituent effects on
0 & the oxidation of alkenes are relatively small. A substituent effect
0 0.05 0.1 0.15 02 study for cinnamic acids leads to a Hammettalue of 0.12

[crotonate] a.md in the pre§ent work, acrylonitrile was found to be only 2
Figure 10. Effect of crotonate concentration on the final ratio of Mn(V) times as regctlve as a"y,l alcohol. .
to Mn(VI) with an initial permanganate concentration 0f410-4 M. The reaction was studl_ed computationally. It yvas found that
B3LYP/6-31H+G** predicted much larger substituent effects,

Table 6. Results of Product Studies at 0 °C based on the energies of the reactants, than are found. This was

Yedinydroxybutyric Ycrotonic shown to be due to the formation of an initial chargipole
[crotonate], M HOL M acid® acid? complex that leads to products via the rate-determining step.
gX ig: 8-3 ggii iié PCM calculations indicated that the complex should disappear
0.2 0.2 06+ 1 99+ 1 in aqueous solution, and under these conditions, most of the
0.2 0.0 90+ 5 98+ 1 alkenes were predicted to have about the same activation energy.

] ) The activation energy for acrylonitrile was somewhat lower than
aci?ﬁ;f?;”&?{i%"ﬂﬂgg';gg;?"’r‘gg?ggf'thalarge excess of crotonic g5 for the other alkenes. MPMP4 were found to be
unsatisfactory for calculations for the permanganate ion itself
methyl crotonate. The determination of tH€ concentration and gave very large calculated activation energies.
was carried out with a scintillation counter, and this allowed = CCSD/6-31#-+G** calculations for the permanganate ion
the determination of the amount of crotonic acid that remained gave a satisfactory result, and therefore the transition state for
and the amount of dihydroxybutyric acid that had been formed. the reaction of permanganate with ethene was studied at this
In the second set of reactions, the permanganate solution wadevel of theory. It was found that there were no significant
added to an excess of crotonate with stirring over a period of structural changes until just before the transition state, indicating
4-5 h. Here, Mn(V) is the final product. The reaction solu- a very early transition state. This is in agreement with the very
tion was worked up as above. The results are summarized inlarge exothermic reaction that follows the transition state. A
Table 6. calorimetric study gave a very large overall change in energy.
With the low crotonate concentrations, the amount of  The kinetics of the reactions of allyl alcohol and acrylonitrile
permanganate was not sufficient to effect complete reaction were studied, and the latter was found to be only 1.9 times as
(a 1:2 ratio would be required for the formation of man- reactive as the former. A CCSD study of the oxidation of
ganate as the product), and as a result, some unreacted croacrylonitrile found the reaction to proceed in a fashion very
tonic acid was found. With 0.2 M sodium hydroxide, the similar to that for ethene.
major product is dihydroxybutyric acid, whereas, in neutral Kinetic data indicate that the initial reaction between per-
solution, the amount of this acid is markedly reduced. The manganate ion and crotonic acid has a first-order dependence
remaining product is presumably largely a ketol, formed on both reactants and is independent of hydroxide ion concen-
by the conversion of the Mn(V) intermediate to Mn(VI) tration. The initially formed Mn(V) speciesA( is relatively
followed by the conversion of the latter to the ketol and stable at pH 7 and can be observed when a high crotonate
Mn(1V). concentration is used. With lower concentrations, the oxidation
When a large excess of crotonate is used, the major productof A to Mn(VI) by permanganate becomes competitive with
is the dihydroxy acid in both neutral and basic solutions. Thus, the oxidation of crotonate, and with a 2:1 ratio of permanganate
the Mn(V) intermediate leads only to the dihydroxy product. A to crotonate, the product is a manganate species.
reasonable hypothesis (see Scheme 1) is that, in basic solution, At higher hydroxide concentrationgy is converted to a
the initial Mn(V) intermediate is opened by the hydroxyl ion at second Mn(V) species] at a rate proportional to the hydroxide
a rate competitive with the permanganate oxidation of the ion concentration. These data suggest the process shown in
intermediate, and the subsequent oxidation of the opened Mn-Scheme 1.
(V) species to Mn(VI) and hydrolysis of the latter lead mainly Oxidation of intermediaté by permanganate leads to a cyclic
to the dihydroxy acid. species that can lose a proton from carbon to give a ketol and
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Mn(IV). The product study suggests that oxidation of intermedi- acrylonitrile solutions were freshly prepared, and it was shown that
ate B by permanganate leads to an open species that largelyacrylonitrile is quite stable in neutral aqueous solutitiEhe rate of

gives d|0| as the product Hydro|y5|s Of eithAror B g|Ves oxidation of a"yl alcohol agreed with that obtained in our earlier Sﬂ.ldy
only the diol product. c. Calorimetric Study. The calorimeter consisted of a 30 mL

The study by Lee and Brownridgef the permanganate polyethylene bottle with a 100 ohm {C) thin film platinum resistance
thermometer inserted into its side and a magnetic stirrer. The

oxidation Of. cinnamic ac!d m. an aCIdI_C solution also found a thermometer had a temperature coefficient of 0.385 ohm/deg. The bottle,
Mn(V) speC|_es as a transient intermediate, and here the prOduc%Iong with a similar bottle for the reagent to be added, was placed in
of the reaction was benzaldehyde, formed by cleavage of theyjgnt fitting holes in a Styrofoam block. The first solution (20 mL)
C=C bond. The inorganic product was found to be Mn(lll). \was added to the calorimeter flask, and the second solution was placed
Thus, it appears that the intermediétén Scheme 1 decomposes in the other flask. The system was allowed to equilibrate for G0

in an acid solution (1 M HCIQ) to directly give Mn(lll) and min while the resistance was measured with a 6-digit ohmmeter. The
benzaldehyde. Under the acidic conditiors, is probably resistance became constant#0.001 ohm. The second solution (2
protonated, and this may account for the change in mode of mL) was then added with stirring, and after a short while the stirrer

reaction as compared to a neutral solution. was stopped. The final resistance was noted.
The calorimeter was calibrated using the known heat of reaction of
8. Experimental Section hydrochloric acid with sodium hydroxide-(L3.76 kcal/mol@* To the

a. Kinetics of the Permanganate Oxidation of Crotonate lonA calorimeter flask was ad_ded 10 mit N hydrochloric acid and 10
fresh potassium permanganate solution was prepared for each serieEnL of 1M .ally'l.alcohol in water. It was assu_med that aIIy'I_alco_hoI
of experiments. The concentration was &0 M, and it had a pH of would not S|gn|f|9antly affect_the heat. of reaction. After equnllbratlon_,
8.3. Sodium hydroxide solutions were preparedhfré N standard 2 ”?L of 1 N sodium hydroxide solution were ad_ded. The change n
solutions, and the kinetic experiments were carried out with an ionic resistance was 0.44% 0.004 ohm .(4 runs), leading to an effectlve'
strength of 0.7 M via the addition of sodium nitrate. In the stopped- heat capacity of the system containing 22.00 mL of an aqueous solution

flow studies, equal quantities of crotonate solutions containing sodium of 23.78+ 024 cal/deg.
hydroxide were mixed with the permanganate solution. Thus, the In the oxidation of allyl alcohol, 20 mL of 0.5 M allyl alcohol were
concentration of permanganate in the flow cell was 40~ M The’ added to the calorimeter flask. After equilibration, 2.00 mL of 0.1 M

stopped-flow apparatus used a 0.7 cm cell that was cooled to the desirecpotaSSIum permanganate were added dropwise with stirring in order

temperature, and the storage containers were kept at the sameto avoid oxidation of the intermediate by permanganate. Stirring was

temperature. The absorbance data at a given wavelength were digitizedS tOp%eg,sgin%tggsflns l reglstance V\r/f_lshnlc’te;' ;I'he ﬁhatng? n r?_s lsta?ce
and stored in a computer using 100 points per run. The time intervals was 0. ) ohm (3 runs), which leads to a heat of reaction o

were chosen so that at least 15 points would be collected for the first —88.74£20 Kcal/mol. o . .
half-life, and longer time intervals could be used for the latter part of d. C.alculatlong: The ab initio and PCM calculations were carried
each run. The runs were replicated from 5 to 20 times, and the data forOUt using Gaussian-03.
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