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as further substantiation of the dioxetane CL mechanism for 
J-MVP and 7,8-Diol. 

The only experiment in which the CL yield of 7,8-Diol did not 
parallel that of J-MVP was in the low-temperature photosensi-
tization reactions. At room temperature, CL from 7,8-Diol was 
directly proportional to the amount of 1O2 produced during the 
irradiation period. At -78 0C, CL from 7,8-Diol shows rapid 
saturation with the time of irradiation. This inability to accu­
mulate a chemiluminescent intermediate from 7,8-Diol at -78 0C 
during long intervals of irradiation could be due to (a) secondary 
photochemical reactions of 1O2 with 7,8-Diol competing with the 
formation of a 9,10-dioxetane from 7,8-Diol or (b) low-temper­
ature inhibition of dioxetane formation, possibly by steric hin-
derance. The absence of accumulation, upon low-temperature 
irradiation, of a chemiluminescent intermediate from trans-
(methoxyvinyl)-2-methylpyrene implies that ortho-substituted 
vinylpyrenes may be better models to explain the anomalous 
behavior of 7,8-Diol at low temperature. 

The absence of a product of '02-induced CL of 7,8-Diol, isolable 
by HPLC and exhibiting a fluorescence identical with the CL, 
implies that the dialdehyde product is either unstable or reactive. 
However, the pyrene-1-carboxaldehyde product of J-MVP diox­
etane decomposition is isolable and stable, and its fluorescence 
emission spectrum is identical with the J-MVP dioxetane emission. 

Singlet oxygen induced CL from J-MVP has striking similarities 
with the CL from 7,8-Diol. These encbmpass (a) solvent effects 
on CL, (b) lifetimes of CL, (c) CL emission spectra, (d) activation 
energies, and (e) microsomal enzymatic CL. The differences in 
0CL can be attributable to the fact that J-MVP is much more 
reactive with 1O2 and that an ene reaction is possible with 7,8-Diol 
but is not possible with J-MVP. The evidence we have presented 
demonstrates the dioxetane mechanism for the CL of J-MVP by 
isolation of pyrene-1-carboxaldehyde, the expected dioxetane 
decomposition product whose fluorescence spectrum was identical 
with the observed J-MVP CL dioxetane emission spectra and by 
the parallel effects of solvent on J-MVP dioxetane CL and the 
fluorescence quantum yields of pyrene-1-carboxaldehyde. Except 
for the isolation of the proposed dialdehyde product of 7,8-Diol 
CL, the CL lifetimes, solvent effects, activation energies, and 
spectra of 7,8-Diol dioxetane parallel that of r-MVP. 

The factor 4>FL for a product excited state is probably lower 
than the photophysical fluorescence quantum yield of 6 (4>F\UOT)-
Excited states produced by photon absorption are governed by 

Recently, there has been considerable discussion concerning 
the oxidation state of the manganese species observed during the 

photoselection rules and initially have the conformation of the 
ground-state molecule in its ground-state solvent cage. Chemically 
produced excited-state products are not governed in their formation 
by photoselection rules, and their initial conformations relative 
to their solvent cages may be quite different. Therefore quenching 
of CL excited states may be significantly different from the 
quenching of photoexcited states. Lee and Seliger20 measured 
$CL(luminol) = 0.0125, whereas photoexcited $nuor of the ami-
nophthalic acid product was 0.3. Whether this large difference 
is attributable to a difference between chemiexcited </>FL and 
photoexcited $FIUOT

 o r t 0 a n effect on 0EX cannot be determined. 
The result is that the components of the product 0EX0FL cannot 
readily be evaluated from substitution of independently measured 
values of ^p1110,. measured by photoexcitation. Therefore ihe derived 
values of 0EX in Table III are minimum values. 

From Table III for J-MVP, 0CL(dioxetane) s 0.03 which is 
more than a factor of 2 higher than for luminol. However 'O2 

reactions with r-MVP (Scheme III) result in both dioxetane (10% 
yield) and apparently endoperoxide (87% yield) with an overall 
4>CL('-MVP) of 0.003. This high <f>CL and the high specificity of 
this CL for 1O2 make J-MVP an excellent probe for 1O2,37 since 
photon detection in the CL assay has a greater advantage in 
sensitivity than the use of non-CL chemical traps for 1O2, similar 
to fluorescence assay techniques compared with a spectrophoto-
metric assay, i.e., a factor of 105—106. It should be possible to 
detect 1O2 or 1O2 equivalents in cells using trace amounts of J-MVP 
or other second generation CL probes, where the presence of the 
probe may not interfere with normal physiological processes. 

Registry No. 1, 61443-57-0; 2, 77267-10-8; 4 (R1 = OMe; R2 = H), 
93265-41-9; 4 (R1 = H; R2 = OMe), 102699-15-0; 4 (R11R2 = 1,3-dit-
hian-2-yl), 102699-16-1; 4 (R, = OMe; R2 = H) (2-methoxy), 102699-
17-2; 4 (R1 = Cl; R2 = H), 102699-18-3; 4 (R1 = Bu-/; R2 = H), 
102699-19-4; 4 (R1 = R2 = H), 17088-21-0; 4 (R1 = H; R2 = OMe) 
(2-methoxy), 102699-20-7; 6, 3029-19-4; O2, 7782-44-7; 2-(trimethyl-
silyl)-l,3-dithiane, 13411-42-2; (methoxymethyl)triphenylphosphonium 
chloride, 4009-98-7; neopentyltriphenylphosphonium iodide, 3740-00-9; 
2-methylpyrene-l-carboxaldehyde, 102699-21-8; /V,./V,/V'-trimethyl-
ethylenediamine, 142-25-6; naphthalene-1-carboxaldehyde, 66-77-3; 
(methoxyvinyl)naphthalene, 102699-14-9. 

(37) Posner, G. H.; Lever, J. R.; Miura, K.; Lisek, C; Seliger, H. H.; 
Thompson, A. Biochem. Biophys. Res. Commun. 1984, 123. 869-873. 

permanganate ion oxidation of carbon-carbon double bonds.13 29 

Although it was thought that the observed manganese species was 

Permanganate Ion Oxidations. 17. Kinetics and Mechanism 
of the Oxidation of (is)-3-(2-Thienyl)-2-propenoates and 
(£')-3-(3-Thienyl)-2-propenoates in Phosphate-Buffered 
Solutions1 

Fillmore Freeman* and Lilian Y. Chang2 

Contribution from the Department of Chemistry, University of California—Irvine, Irvine, 
California 92717. Received December 2, 1985 

Abstract: The kinetics and mechanism of the permanganate ion oxidation of (£')-3-(2-thienyl)-2-propenoates and (£)-3-(3-
thienyl)-2-propenoates have been studied at 418, 526, 584, and 660 nm in phosphate-buffered solutions (pH 6.83 ± 0.03). 
The reaction is first order in permanganate ion and first order in substrate. A rate-determining step leading to the formation 
of a metallacyclooxetane or a cyclic manganate(V) diester is supported by low enthalpies of activation, large negative entropies 
of activation, small substituent effects, steric effects, and an inverse secondary deuterium kinetic isotope effect. The ambiphilic 
nature of permanganate ion is considered. 
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the long-sought elusive cyclic manganate(V) intermediate (2), it 
is now generally agreed that the inorganic product is soluble 
(colloidal) manganese dioxide.1,6"8'17 There also appears to be 
inconsistencies concerning the effects of substituents on the rate 
of permangana te ion oxidation of carbon-carbon double 
bonds.1'23-28'30 

O. .0 
'K ^ % // 
JC=C' + Mn — 
* ^ / \ 

0 — M n ^ 
P — 

thiophene ring, to compare the effects of benzene and thiophene 
nuclei, to apply linear free energy relationships to the thiophene 
ring31-37 and to the carbon-carbon double bond, and to determine 
whether the heterocycle would play a role in stabilizing the 
proposed transient manganate(V) intermediate (2). 

0 
n N 

K. X - O H 
— OH e=c; 

.XV' C = C d v-
o p 

- o ' ^o 

(1) 

Despite the fact that the permanganate ion oxidation of both 
aliphatic and aromatic carbon-carbon double bonds has been 
extensively studied, relatively little work has been carried out with 
heterocycle-substituted unsaturated systems. Thus, we have in­
vestigated the permanganate ion oxidation of the anions of 3-
(2-thienyl)-2-propenoic acids (3-12) and of 3-(3-thienyl)-2-
propenoic acids (13-15) in order to assess the influence of the 

(1) Part 16: Freeman, F.; Kappos, J. C. J. Org. Chem. 1986, 51, 1654. 
(2) (a) University of California, Irvine, President's Undergraduate Fellow, 

1984-1986. (b) University of California, Irvine, Undergraduate Research 
Fellow, 1985-1986. 

(3) Freeman, F.; Fuselier, C. O.; Karchefski, E. M. Tetrahedron Lett. 
1975, 2133. 

(4) Freeman, F. React. Spec. Chem. React. 1976, 1, 179. 
(5) Freeman, F.; Karchefski, E. M. Biochim. Biophys. Acta 1976, 447, 

238. 
(6) Simandi, L. I.; JSky, M.; Freeman, F.; Fuselier, C. O.; Karchefski, E. 

M. Inorg. CMm. Acta 1978, 31, L457. 
(7) Freeman, F.; Fuselier, C. O.; Armstead, C. R.; Dalton, C. E.; Davidson, 

P. A.; Karchefski, E. M.; Krochman, D. E.; Johnson, M. N.; Jones, N. K. / . 
Am. Chem. Soc. 1981, 103, 1154. 

(8) Freeman, F.; Kappos, J. C. J. Am. Chem. Soc. 1985, 107, 6628. 
(9) Simandi, L. I.; Jaky, M. / . Chem. Soc., Perkin Trans. 2 1973, 1856. 
(10) Simandi, L. I.; Jaky, M.; Son, N. T.; Hegedius-Vajda, J. / . Chem. 

Soc, Perkin Trans. 2 1977, 1794. 
(11) Jaky, M.; Simandi, L. I. J. Chem. Soc, Perkin Trans. 2 1976, 939. 
(12) Simandi, L. I.; Jaky, M. J. Am. Chem. Soc. 1976, 98, 1995. 
(13) Lee, D. G.; Brownridge, J. R. J. Am. Chem. Soc. 1973, 95, 3033. 
(14) Lee, D. G.; Brownridge, J. R. J. Am. Chem. Soc. 1974, 96, 5517. 
(15) Lee, D. G.; Brown, K. C. J. Am. Chem. Soc 1982, 104, 5076. 
(16) Lee, D. G. In Oxidation in Organic Chemistry; Academic Press: New 

York, 1982; Part D, p 175. 
(17) (a) Lee, D. G.; Perez-Benito, J. F. Can. J. Chem. 1985, 63, 1275. (b) 

Perez-Benito, J. F.; Lee, D. G. Can. J. Chem. 1985, 63, 3545. 
(18) Lee, D. G.; Nagarajan, K. Can. J. Chem. 1985, 63, 1018. 
(19) (a) Taylor, J. E.; Williams, D.; Edwards, K.; Otonaa, D.; Samarich, 

D. Can. J. Chem. 1984, « , 1 1 . (b) Taylor, J. E. Can. J. Chem. 1984, 62, 
2641. (c) Taylor, J. E.; Green, R. Can. J. Chem. 1985, 63, 2777. (d) Taylor, 
J. E. Synthesis 1985, 1142. 

(20) Wiberg, K. B.; Geer, R. D. J. Am. Chem. Soc. 1966, 88, 5827. 
(21) Wiberg, K. B.; Deutsch, C. J.; Rocek, J. J. Am. Chem. Soc 1973, 95, 

3034. 
(22) (a) Ogino, T. Tetrahedron Lett. 1980, 21, 177. (b) Ogino, T.; Mo-

chizuki, K. Chem. Lett. 1979, 443. 
(23) Toyoshima, K.; Okuyama, T.; Fueno, T. J. Org. Chem. 1980, 45, 

1600. 
(24) (a) Mata-Perez, F.; Perez-Benito, J. F. Can. J. Chem. 1985, 63, 988. 

(b) Mata, F.; Perez-Benito, J.; Arranz, A. Z. Phys. Chem. Neue Folge 1983, 
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1984, 141, 213. (d) Mata, F.; Perez-Benito, J. An. Quim. 1985, 81, 79. 
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(26) (a) Rappe, A. K.; Goddard, W. A., HI J. Am. Chem. Soc 1982, 104, 
448. (b) Rappe, A. K.; Goddard, W. A., HI / . Am. Chem. Soc 1982, 104, 
3287. 

(27) Eisenstein, O.; Hoffmann, R. J. Am. Chem. Soc. 1981, 103, 4308. 
(28) Sharpless, K. B.; Teranishi, A. Y.; Backvall, J. E. J. Am. Chem. Soc. 

1977, 99, 3120. 
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Experimental Section 

Melting points were determined in open capillary tubes with a Thom­
as-Hoover apparatus and are uncorrected. Elemental analyses were 
performed by Robertson Laboratory, Inc., Florham Park, NJ. 

IR spectra were obtained with a Perkin-Elmer 283 spectrophotometer, 
calibrated with the 1601-cm"1 absorption of polystyrene, in CCl4, as neat 
films, or as KBr disks. 

High-resolution mass spectra were obtained with a VG 7070E-HF 
mass spectrometer (70 eV). Medium-resolution mass spectra were ob­
tained with a Finnigan 9610 GC-EI-CI mass spectrometer with a Nova 
3 data system operating at an ionization potential of 70 or 100 eV. 
Chemical ionization mass spectra were obtained by using 2-methyl-
propane as the reactant gas. 

1H NMR spectra were recorded at 80 MHz (Varian FT-80A) and at 
250 MHz (Bruker WM-250) with the solvent(s) noted. Chemical shifts 
(5) are reported downfield from internal Me4Si (~0.5% for Fourier 
transform) at S 0.00. Apparent coupling constants (J) are reported in 
hertz (Hz). Because of the data digitization with the FT instrument, J 
values are ±0.40 Hz maximum but normally are accurate to ±0.20 Hz. 
13C NMR data were obtained with a Bruker WM-250 spectrometer. The 
NMR of previously prepared substrates agreed with literature values. 

Solutions were prepared immediately before use in water which had 
been deionized and then slowly distilled from an all-glass Corning 
mega-pure apparatus. Appropriate quantities of KH2PO4 and Na2HPO4 

to maintain pH and ionic strength were dissolved in the substrate solution. 
Ionic strength was also adjusted by adding KCl to the permanganate 
solution when necessary. Standard (Titrisol) potassium permanganate 
solutions were used. The pH values were determined on an Altex <t>60 
pH meter in the substrate solution before reaction and in the product 
mixture after oxidation. 

Substrates were recrystallized from aqueous ethanol before they were 
used. Liquid reagents were fractionally distilled under reduced pressure, 
and solvents were purified according to standard procedures. 

The kinetics were determined on a Durrum Model D-110 stopped-flow 
spectrometer which was connected to a Tracor-Northern 1710 Multi­
channel Analyzer. The data were transferred to an IBM PC for analysis 
and printing. Temperature was maintained with a Forma Model 2095-2 
refrigerated and heated bath circulator. 

Kinetic experiments were performed under pseudo-first-order condi­
tions with a large excess of substrate. The rates were determined by 
monitoring the disappearance of permanganate ion at 526, 584, and 660 

(31) Freeman, F. J. Chem. Educ 1970, 47, 140. 
(32) Jones, J. R.; Pearson, G. M.; Spinelli, D.; Consiglio, G.; Arnone, C. 

J. Chem. Soc, Perkin Trans. 2 1985, 557. 
(33) Tomasik, P.; Johnson, C. D. Adv. Heterocycl. Chem. 1976, 20, 1. 
(34) Consiglio, G.; Arnone, C; Spinelli, D.; Noto, R.; Frenna, V.; Fisi-

chella, S. J. Chem. Soc, Perkin Trans. 2 1985, 519. 
(35) Aluni, S.; Clementi, S.; Ebert, C ; Linda, P.; Musumarra, G.; Sjos-

trom, M.; Wohl, S. J. Chem. Soc, Perkin Trans. 2 1985, 485. 
(36) Noyce, D. S.; Lipinski, C. A.; Nichols, R. W. J. Org. Chem. 1972, 

57,2615. 
(37) Alberghina, G.; Amato, M. E.; Corsaro, A.; Fisichella, S.; Scarlata, 

G. J. Chem. Soc, Perkin Trans. 2 1984, 353. 
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nm or by observing the rate of formation of soluble (colloidal) manganese 
dioxide at 418 nm. The pseudo-first-order rate constants (k+) were 
calculated from plots of -In (A, - A.) or -In (A. - A1) on a first-order 
kinetics program. All rate constants are the average of two or more 
experiments. 

Spectra of manganese dioxide were obtained on a Beckman ACTA 
III or a Cary 219 spectrophotometer by recording the absorbance vs. time 
curves at preselected wavelengths and/or by repetitive scanning of the 
ultraviolet-visible region. 

(£)-3-(2-Thienyl)-2-propenoic acid (3) was recrystallized from 
aqueous ethanol, mp 145-146 "C [lit.38-39 mp 146-147 0 C]. 

(£)-3-Deuterio-3-(2-thienyl)-2-propenoic acid (4): Dideuterio(2-
thienyl)methanol, which was prepared by the LiAlD4 reduction of ethyl 
(2-thienyl)methanoate, was oxidized with pyridinium chlorochromate 
(PCC) to l-deuterio^-thiophenecarboxaldehyde:40^2 NMR (CDCl3) & 
6.2 (s, 1 H), 7.07-7.42 (m, 3 ThH). 

Condensation of l-deuterio-2-thiophenecarboxaldehyde with 1,3-
propanedioic acid38,39'43""45 gave (£)-3-deuterio-3-(2-thienyl)-2-propenoic 
acid (4), mp 145-145.7 0C. 1H NMR showed the absence of hydrogen 
at C-3. EIMS, m/z calcd for C7DH5O2S 155.0151; obsd 155.0141. 

(£)-2-Methyl-3-(2-thienyl)-2-propenoic acid (5) was prepared by 
condensation of 2-methyl-l,3-propanedioic acid and 2-thiophene-
carboxyaldehyde,38'43 mp 145.2-147.2 0 C [lit.44 mp 139.5-140 0 C]; 
EIMS, m/z calcd for C8H8O2S 168.0040; obsd 168.0040. 

(£)-3-Methyl-3-(2-thienyI)-2-propenoic acid (6) was prepared from 
hydrolysis of ethyl 3-methyl-(2-thienyl)-2-propenoate,44 mp 114-114.8 
0 C [lit.44 mp 112.5-113 0 C]. EIMS, m/z calcd for C8H8O2S 168.0245; 
obsd 168.0254. 

(£)-2-Phenyl-3-(2-thienyl)-2-propenoic acid (7) was prepared from 
2-thiophenecarboxaldehyde and 2-phenylethanoic acid,46 mp 187-187.5 
0C [lit.46 mp 190-192 0C]. EIMS, m/z calcd for C13H10O2S 230.0401; 
obsd 230.0405. 

(£)-2-Cyano-3-(2-thienyl)-2-propenoic Acid (8). In a 50-mL round-
bottomed flask equipped with a Dean-Stark water separator which in turn 
was attached to a reflux condenser were added 11.5 g (10.3 mmol) of 
freshly distilled 2-thiophenecarboxaldehyde, 7.87 g (9.35 mmol) of 2-
cyanoethanoic acid, 0.38 g (5 mmol) of ammonium acetate, and 30 mL 
of benzene.41 The mixture was refluxed until the theoretical amount of 
water (1.85 mL) was collected (4 h) and then refluxed for an additional 
1 h. The mixture was allowed to cool to 22-24 0C and filtered, and the 
solid was washed with two 5-mL portions of cold water. The crude solid 
was recrystallized from aqueous ethanol to give 12.8 g (76% yield) of 8, 
mp 232-234.5 0C. EIMS, m/z calcd for C8H5NO2S 179.0041; obsd 
179.0020. CIMS, m/z [MH]+ 180 (100%); ([MH]+ + 1) 181 (11.74%); 
([MH]+ + 2) 182 (6.6%). Anal. (C8H5NO2S) C, H, N, S. 

(£)-3-(5-Bromo-2-thienyl)-2-propenoic acid (9) was prepared as 
previously described,38"'45'47 mp 210-212 0 C [lit.44 mp 209-210 0 C]. 
EIMS, m/z calcd for C7BrH5O2S 233.9173; obsd 233.9149. 

(£)-3-(5-Methyl-2-thienyl)-2-propenoic acid (10) was prepared from 
5-methyl-2-thiophenecarboxaldehyde and 1,3-propanedioic acid,38'39,45'47 

mp 164-166 0C [lit. mp 165-166 0 C]. EIMS, m/z calcd for C8H8O2S 
168.0245; obsd 168.0257. 

(£)-3-(3-MethyI-2-thienyI)-2-propenoic acid (11) was prepared from 
3-methyl-2-thiophenecarboxaldehyde and 1,3-propanedioic acid,38,39,43"45 

mp 170-171.5 0 C [lit.44 mp 171.5-172 0 C]. EIMS, m/z calcd for 
C8H8O2S 168.0245; obsd 168.0254. 

(£)-3-(5-Nirro-2-thienyI)-2-propenoic acid (H)3 8 3 9 4 8 4 9 was prepared 
from 5-nitro-2-thiophenecarboxaldehyde, which was obtained from the 
hydrolysis of 5-nitro-2-thiophenemethanediol diacetate,48,49 and 1,3-

(38) (a) King, W. J.; Nord, F. F. J. Org. Chem. 1948,13, 635. (b) King, 
W. J.; Nord, F. F. J. Org. Chem. 1949, 14, 405. 

(39) Taniguchi, Y.; Kato, H. Chem. Pharm. Bull. 1973, 21, 2070. 
(40) Macco, A. A. deBrouwer, R. J.; Nossin, P. M. M.; Godefroi, E. F.; 

Buck, H. M. J. Org. Chem. 1978, 43, 1591. 
(41) Andrieu, C; Pinel, R.; Mollier, Y. Bull. Soc. Chim. Fr. 1971, 1314. 
(42) Chadwick, D. J.; Chambers, J.; Hargraves, H. E.; Meakins, G. D.; 

Snowden, R. L. J. Chem. Soc, Perkins Trans. 1 1973, 2327. 
(43) Massarani, E.; Nardi, D.; Tajana, A.; Leonardi, A.; Degen, L. Arz-

neim.-Forsch. 1974, 24, 1545; Chem. Abstr. 1975, 82, 57538d. 
(44) Miller, R. E.; Nord, F. F. J. Org. Chem. 1949, 15, 89. 
(45) Johnson, J. R. Org. Synth. 1955, Collect. Vol. 3, 426. 
(46) (a) Saikachi, H.; Taniguchi, Y. Yakugaku Zasshi 1967, 87, 1364; 

Chem. Abstr. 1968, 69, 2771a. (b) Bottari, F.; Lippi, G.; Macchia, B. Gazz. 
Chim. Ital. 1969, 99, 762; Chem. Abstr. 1970, 72, 12461a. 

(47) Mavrova, A.; Zhelyazkov, L. Khim. Ind. (Sofia) 1976, 48, 348; Chem. 
Abstr. 1977, 86, 121076p. 

(48) Tirouflet, J.; Fournari, P. C. R. Seances Acad. Sci. 1956, 243, 61; 
Chem. Abstr. 1957, Sl, 2726. 

(49) Carrara, G.; Ettorre, R.; Fava, F.; Rolland, G.; Testa, E.; Vecchi, A. 
J. Am. Chem. Soc. 1954, 76, 4391. 
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Figure 1. (a) Typical curve for the disappearance of permanganate ion 
at 526 nm at 25.0 0C. [MnO4"] = 4.00 X 10"4 M; [(£)-3-(2-thienyl)-
2-propenoate] = 4.00 X 10"3 M; [KH2PO4] = [Na2HPO4] = 0.2 M; pH 
6.86; n = 0.80. (b) Typical curve for the formation of soluble (colloidal) 
manganese dioxide at 418 nm during the permanganate ion oxidation of 
(£)-3-(2-thienyl)-2-propenoate (3). Experimental conditions are the 
same as in part b. 
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Figure 2. Typical pseudo-first-order plot for the rate of disappearance 
of permanganate ion at 526 nm. Temperature = 25.0 0C; [3] = 4.00 X 
10"3 M; [MnO4-] = 4.00 X 10^ M; [KH2PO4] = [Na2HPO4] = 0.20 M; 
pH 6.83; M = 0.80. 

propanedioic acid,38'39 mp 254-255 0 C [lit.39 mp 255-256 0 C]. EIMS 
calcd for C7H5O4NS 198.9939; obsd 198.9925. 

(£)-3-(3-Thienyl)-2-propenoic acid (13) was prepared from 3-
thiophenecarboxaldehyde and 1,3-propanedioic acid,3839 mp 151-152 0C 
[lit.46 mp 153-153.5 0C]. EIMS, m/z calcd for C7H6O2S 154.0088; obsd 
154.0077. 

(£)-2-Metbyl-3-(3-thienyl)-2-propenoic Acid (14). To a 150-mL 
round-bottomed flask fitted with a reflux condenser were added 8.72 g 
(74 mmol) of 2-methyl-1,3-propanedioic acid, 6.3 mL (85.9 mmol) of 
piperidine, and 46 mL (594.6 mmol) of azabenzene. After being refluxed 
for 24 h, the product mixture was cooled and poured into a mixture of 
92 mL of concentrated hydrochloric acid and 100 g of ice. The mixture 
was filtered, and the filtrate was washed (2X) with 30 mL of ether. The 
ether solution was extracted (2X) with 30 mL of 10% NaHCO3 solution. 
The precipitate was triturated with 100 mL of 10% NaHCO3 solution, 
40 mL of ether was added, and the layers were separated. The ether 
layer was extracted (2X) with 20 mL of 10% NaHCO3 solution. The 
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Table I. Kinetic Data for the Permanganate Ion Oxidation of 
(£>3-(2-Thienyl)-2-propenoate (3) and 
(£)-3-(3-Thienyl)-2-propenoate(13)" 
concn of 3 or 13 

X 103 M 

3 
4.00 
4.00 
4.00 
4.00 
1.30 
1.60 
2.20 
2.70 
4.00' 
4.00'' 
4.00' 

13 
4.Of/ 

[MnO4-], X 10" M 

0.40 
1.60 
2.00 
2.80 
4.00 
4.00 
4.00 
4.00 
4.00 
4.00 
4.00 

4.00 

k,b M"1 s-' 

1219 ± 80 
1267 ± 3 
1267 ± 6 
1306 ± 13 
1520 ± 6 
1499 ± 3 
1491 ± 15 
1442 ± 6 
1341 ± 10 
1418 ± 15 
1461 ± 75 

1071 ± 2 

-Temperature = 25.0 0C; [KH2PO4] = [Na2HPO4] = 0.20 M; pH 
6.83 ± 0.03; M = 0.80; X = 526 nm. 'Second-order rate constant = k 
= k+/[3] or kj{\3\. cAt 418 nm k = 1408 ± 4 M"1 s"1. 'At 584 nm. 
'At 660 nm. 'At 418 nm k = 1098 ± 2 M"1 s"1. 

6 -

5 -

UJ s ' 

« 3 - / ^ 

* ^^ 

• * 2 - . / ^ 

I - ^ > ^ 

0l<£— 1 1 1 1— 

0.0 1.0 2.0 3.0 4.0 
[ ( E ) - 3 - ( 2 - T H I E N Y L ) - 2 - P R 0 P E N 0 A T E ] X I 0 - 3 M 

Figure 3. Effects of (£)-3-(2-thienyl)-2-propenoate (3) concentration on 
the pseudo-first-order rate constants (k^) for the permanganate ion ox­
idation in 0.20 M KH2PO4-Na2HPO4 (pH 6.80, v = 0.80) at 25.0 0C. 
combined NaHCO3 extracts were combined and acidified to pH 2 with 
dilute HCl. Recrystallization of the solid from aqueous ethanol gave 4.2 
g (52.5%) of 2-methyl-3-(3-thienyl)-2-propenoic acid (14), mp 131-133 
°C. EIMS, m/z calcd for C8H8O2S 168.0245; obsd 168.0253. 

(£)-2-Cyano-3-(3-thienyl)-2-propenoic acid (15) was prepared from 
3-thiophenecarboxaldehyde and cyanoethanoic acid via the procedure 
described above.41 Recrystallization from aqueous ethanol gave 15, mp 
210-211 0C. EIMS, m/z calculated for C8H5NO2S 179.0041; obsd 
179.0030. 

Results 
Order of Reaction. The kinetics of the permanganate ion ox­

idation of the anions of 3-(2-thienyl)-2-propenoic acids (3-12) 
and 3-(3-thienyl)-2-propenoic acids (13-15) were determined 
under pseudo-first-order conditions in phosphate-buffered solutions. 
The rate of disappearance of permanganate ion was monitored 
at 526, 584, or 660 nm (Figure la) and the rate of formation of 
soluble (colloidal) manganese dioxide was observed at 418 nm 
(Figure lb). A first-order dependence on the concentration of 
permanganate ion is suggested by the linearity of the pseudo-
first-order plots (Figure 2) and by the consistent value of the 
pseudo-first-order rate constant ( ^ ) at 526 nm when the con­
centrations of (£')-3-(2-thienyl)-2-propenoate anion (3) and buffers 
were held constant and the concentration of permanganate ion 
was varied (Table I). The consistent values of the second-order 
rate constant at different concentrations of 3 and constant buffer 
and permanganate ion concentrations are in accord with a 
first-order dependence on the concentration of (£)-3-(2-thie-
nyl)-2-propenoate (3). A plot of k^, vs. [anion of 3] gives a straight 
line which passes through the origin with slope = k, which is 
indicative of a first-order dependence on the concentration of anion 

Table II, Effects of Buffer Concentration and Ionic Strength on the 
Rate of Permanganate Ion Oxidation of 
(£>3-(2-Thienyl)-2-propenoate (3)" 

[KH2PO4],* M 

0.025 
0.05 
0.10 
0.15 
0.15 
0.15 
0.20 
0.05 
0.10 
0.20 
0.30 
0.05 
0.30 

pH' 

6.68 
6.75 
6.79 
6.81 
6.63 
6.53 
6.75 
6.25' 
6.33' 
6.45' 
6.80 
6.24' 
6.80' 

M' 

0.10 
0.20 
0.40 
0.60 
0.80 
1.00 
0.80 
1.20 
1.20 
1.20 
1.20 
1.30 
1.30 

k" M-' s"1 

887 ± 8 
902 

1023 ± 13 
1268 
1379 ± 6 5 
1526 
1418 ± 15 
1505 ± 3 
1506 ± 6 
1490 ± 4 
1436 ± 26 
1559 ± 3 
1436 ± 26 

"[MnO4I = 4.00 X 10"4 M; [3] = 4.00 X 10"3 M; 25.0 0C; X = 526 
nm. '[KH2PO4] = [Na2HPO4]. 'pH of reaction medium after reac­
tion. 'Ionic strength adjusted with KCl when necessary. 'Second-or­
der rate constant = k = k^/[3]. 

Table HI. Activation Parameters for the Permanganate Ion 
Oxidation Substituted 2-Propenoates" 

X ' ^ S^-CH=C(R)COf 

X R 

H H 
H CH3 

H CN 
3-(3-thienyl)- 2-propenoate 

Table IV. Substituent Effects on 
(£)-3-(2-Thienyl)-2-propenoates° 

X Y R R 

AG', 
kJ mol"1 

55.3 
60.0 
60.8 
55.7 

AH*, 
kJ mol-

12.7 
14.1 
13.0 
12.7 

-AS", J 
k"1 mol"1 

143 
153.9 
160.3 
144.2 

the Permanganate Ion Oxidation of 

, 418 

*,* M"1 

nm 

S"1 

526 nm 

H H H H 1341 ± 10 
H H CH3 H 196 ± 1 188 ± 1 
H H H CH3 450 ± 7 402 ± 6 
H H C6H5 H 42 ± 4 
H H CN H 154 ± 3 133 ± 2 
Br'"' H H H 986 ± 46 1084 ± 12 
CH3 H H H 1399 ± 1 1473 
H CH3 H H 1436 ± 10 
NO2 H H H 1810 ±14 

"Temperature = 25.0 0C; [KH2PO4] = [Na2HPO4] = 0.20 M; n = 
0.80; pH 6.83 ± 0.03; [MnO4"] = 4.00 X \Cr* M; [anion] = 4.00 X 
10"3 M. 'Second-order rate constant = k = A ,̂/[anion], ' [MnO4"] = 
8.00 X 10"5 M; [anion] = 7.00 X 10"4 M. 'At 584 nm k = 1067 ± 62 
M"' s"1. 'At 660 nm k = 1134 M"1 s"1. 

Table V. Substituent Effects on the Permanganate Ion Oxidation of 
CE)-3-(3-Thienyl)-2-propenoates" 

H CO2" 

C=C"" 

ri VR 
w> 

H 
CH3 

CN 

*,* 
418 nm 

1098 ± 2 
194 ± 5 
524 ± 2 

M- s-1 

526 nm 

1071 ± 2 
287 ± 4 
514 ± 1 

"Temperature = 25.0 0C; [KH2PO4] = [Na2HPO4] = 0.20 M; pH 
6.82 ± 0.02; M = 0.80; [MnO4"] = 4.00 X 10"3 M. 'Second-order rate 
constant = k = k^j [anion]. 

3 (Figure 3). Moreover, a plot of In k^ vs. In [anion of 3] is linear 
with a slope of 1. 

-d[Mn04-]/df = [(£)-3-(2-thienyl)-2-propenoate] [MnO4-] 
(2) 

Buffer Concentration and Ionic Strength. Table II shows the 
effects of buffer concentration and ionic strength on the rate of 
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WAVELENGTH, 

Figure 4. Sequential scans (scan rate = 10 nm s"1) for the reaction of 
8.00 X 10"5 M (£>2-methyl-3-(2-thienyl)-2-propenoate (5) and 8.00 X 
1(T5 M KMnO4 in 0.20 M KH2PO4-Na2HPO4 (pH 6.83, n = 0.80). The 
reference cell contained 0.20 M KH2PO4-Na2HPO4. 

490 
WAVELENGTH, 

Figure 5. Sequential scans (scan rate = 10 nm s ') for the permanganate 
ion (4.00 X 10"s M) oxidation of (£)-2-phenyl-3-(2-thienyl)-2-propenoate 
(7, 4.00 X 10^ M) in 0.20 M KH2PO4-Na2HPO4 (pH 6.83, n = 0.80). 
The reference cell contained 0.20 m KH2PO4-Na2HPO4. 

permanganate ion oxidation of (£)-3-(2-thienyl)-2-propenoate (3). 
The plot of log k vs. square root of ionic strength is linear. 

Activation Parameters. Table III shows the values of A//* and 
A5* for the permanganate ion oxidation of several thienyl-sub-
stituted 2-propenoates. 

Substituent Effects. Tables IV and V show the effects of 
substituents on the rate of permanganate ion oxidation of car­
bon-carbon double bonds in (£)-3-(2-thienyl)-2-propenoates and 
(£')-3-(3-thienyl)-2-propenoates. 

Inverse Secondary Deuterium Kinetic Isotope Effects. A kH/kD 

= 0.95 was obtained from the permanganate ion oxidation of 
(£)-(2-thienyl)-2-propenoate (3, A: = 1395 M"1 s"1) and (£)-3-
deuterio-3-(2-thienyl)-2-propenoate (4, k = 1454 M"1 s"1) in 0.20 
M KH2PO4-Na2HPO4 buffers (pH 6.80, n = 0.80). 

Spectra of Manganese Product Figures 4 and 5 show successive 
ultraviolet-visible spectra for the permanganate ion oxidation of 
2-methyl-3-(2-thienyl)-2-propenoate (5, isosbestic point 464 nm) 
and 2-phenyl-3-(2-thienyl)-2-propenoate (7 isosbestic point 465 
nm). The spectra of both product mixtures are consistent with 
soluble (colloidal) manganese dioxide.1'6"8,15'18'24 

Discussion 

The kinetic data described above are in agreement with a 
bimolecular activated complex involving substrate and per­
manganate ion (eq 2). No direct evidence was observed for 
metallocyclooxetane 1 and the manganate(V) ester 2, although 
they may be transitory intermediates during the oxidation pro-
c e s s i,6-8,i5,i7a,22b,50-53 Typical ultraviolet-visible changes for the 
permanganate ion oxidation of double bonds (Figures 4 and 5) 
show excellent isosbestic points, which suggests a clean reaction 
with no buildup of an intermediate. However, if the manganate( V) 

(50) Arndt, D. Manganese Compounds as Oxidizing Agents in Organic 
Chemistry: Open Court Publishers: La Salle, IL, 1981; pp 208-209. 

(51) (a) Wagner, G. Chem. Ber. 1888, 21, 1230. (b) Wagner, G. Chem. 
Ber. 1888, 21, 3347. 

(52) Deutsch, C. J. Ph.D. Thesis, Yale University, New Haven, CT, 1972. 
(53) Wiberg, K. B.; Saegebarth, K. A. / . Am. Chem. Soc. 1957, 79, 2822. 

Figure 6. -log absorbance vs. log A for the manganese species (MnO2) 
obtained from the permanganate ion oxidation of (£)-3-(2-thienyl)-2-
propenoate (3) in 0.20 M KH2PO4-Na2HPO4 (pH 6.83, M = 0.80) at 
25.0 0C. Slope = 4.87 (correlation coefficient = 0.998). 

0.20 
0.30 

A 4 I 8 

0.40 

Figure 7. Absorbance at 526 nm vs. absorbance at 418 nm from the 
permanganate ion oxidation of (£)-3-(2-thienyl)-2-propenoate (3) in 0.20 
M KH2PO4-Na2HPO4 (M = 0.80:; slope = -5.47; correlation coefficient 
= 0.999. 

diester 2 is formed, it has a short lifetime and is very rapidly 
converted to soluble (colloidal) manganese dioxide. 

The colloidal nature of manganese dioxide is supported by a 
linear -log absorbance vs. log X plot (Rayleigh's law, Figure 
6) 1,6-9,15,18,24 Thus, the initially formed manganese dioxide would 
be expected to exist in solution in a mixture of colloidal particles. 
However, since colloidal manganese dioxide can adsorb phosphate 
ions on its surface,54'55 the flocculation process is slowed owing 
to the high density of negative electrostatic charge on the surface 
of the colloidal particles.24'56 Since the ratio of buffer concen­
tration to the concentration of manganese dioxide is large, es­
sentially all of the manganese dioxide formed during the reaction 
is initially solubilized. Thus, excellent linear plots of -log ab­
sorbance vs. wavelength (Figure 6) and of -4526 vs. /4418 are ob­
tained (Figure 7).56 

The kinetic data above are consistent with formation of a 
metallacyclooxetane (1,16) or a cyclic manganate(V) diester (2, 
17) in the rate-determining step (eq I).57,58 The inverse secondary 

(54) Hicks, M. G. U.S. Patent 4 268 487 1981; Chem. Abslr. 1981, 95, 
102548p. 

(55) (a) Narita, E.; Okabe, T. Ind. Eng. Chem. Prod. Res. Dev. 1982, 21, 
662; Chem. Abstr. 1982, 97, 188833d. (b) Narita, E.; Hashimoto, T.; Sakae, 
Y.; Okabe, T. Bull. Chem. Soc. Jpn. 1982, 55, 963. 

(56) The slowed flocculation process essentially extends the solubility 
lifetime of manganese dioxide-phosphate ion species. Other factors, including 
the size of flocculated manganese dioxide, and the orientation of the particles 
or the angle of incident radiation, are also important. In some experiments, 
kinetic data could not be obtained at 418 nm as a result of the flocculation 
process. 
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deuterium kinetic isotope effect (kH/kD = 0.95) from the oxidation 
of 3 and 4 indicates a change in hybridization from sp2 at C-3 
in the ground state to sp3 in the activated complex.13"15'18'30,59'60 

A cycloaddition mechanism between permanganate ion and the 
carbon-carbon double bond is also supported by the large negative 
values for the entropy of activation (Table Hi).20'26'28'30'53'61'62 

^ * r-

—C-

-Mn 

16 17 

(£)-3-(2-Thienyl)-2-propenoate (3, 1341 M"1 s"1) and (E)-
3-(3-thienyl)-2-propenoate (13, 1071 M"1 s"1), which react with 
permanganate ion at essentially the same rates (Table III and IV), 
are oxidized faster than (£)-2-butenoate (18, 286 M"1 s"1)1,8 and 
(£)-3-phenyl-2-propenoate (19, 590 M"1 s-1).1'8'61 If the attack 
of permanganate ion on the carbon-carbon double bonds in 13, 
15,18, and 19 were electrophilic in nature, 13 and 15 would be 
expected to react fastest owing to the strong resonance donor 
ability of the thiophene ring system which overrides its inductive 
withdrawal effect.63 

(57) Formation of TT and/or <r complexes may precede the formation of 
intermediate 1 or 2. Although formation of metallacycle 1 is consistent with 
the observed steric factors,"'28 it does not account for the amount of oxygen 
transfer in the oxidation of alkenes53 and alkynes.58 

(58) Jaky, M.; SimSndi, L. I. J. Chem. Soc, Perkins Trans. 2 1972, 1481. 
(59) Halevi, E. A. Prog. Phys. Org. Chem. 1963, /, 109. 
(60) Freeman, F.; Yamachika, N. J. J. Am. Chem. Soc. 1972, 94, 1214. 
(61) Littler, J. S. Tetrahedron 1971, 27, 81. 
(62) The rate-determining step may be preceded by rapid reversible for­

mation of a x complex. Rearrangement of this complex to the product-de­
termining cyclic manganate(V) diester is consistent with oxygen-18 and ste­
reochemical studies in other unsaturated systems. 

(63) On the other hand, phenyl, 2-thienyl, and 3-thienyl conjugation are 
expected to stabilize the ground state of the substrates and raise the energies 
of activation. 

Substitution of methyl for hydrogen at C-2 in 3 to give 5 and 
in 13 to give 14 slows the rate of oxidation owing to steric effects 
(eclipsing of the cis substituents in the activated complex). 
Substitution of a larger phenyl group for methyl in 5 to give 7 
also slows the rates of oxidation. Thus, steric factors are important 
in the permanganate ion oxidation of carbon-carbon double 
bonds.1 

Replacement of hydrogen by cyano at C-2 in 3 to give 8 and 
in 13 to give 15 also slows the rates of oxidation because of steric 
factors and electron-withdrawal effects (Tables III and IV). These 
data are consistent with an electrophilic attack by permanganate 
ion on the carbon-carbon double bond. 

The relatively small substituent effects observed with ring-
substituted 3-(2-thienyl)-2-propenoates (Table IV) may suggest 
a cycloadditions mechanism between oxidant and substrate. 
Resonance stabilization of the ground state by electron-attracting 
substituents would increase the activation energy and lead to 
reduced rates of oxidation. Permanganate ion reacting as an 
ambiphile may also account for the small substituent effects.1'8'64"66 

Thus, the transmission effects in the thiophene system are similar 
to those observed in the permanganate ion oxidation of phenyl-
substituted a,/3-unsaturated carboxylate ions.8,13"15,31'65 
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(64) The limited solubility of substrates precluded a more extensive study 
of substituent effects on the thiophene ring system. A concave upward LFER 
plot is expected if permanganate ion is ambiphilic. 

(65) Small p values have been reported for the permanganate ion oxidation 
of several unsaturated systems. 

(66) Since the reaction rates are determined by the difference in energy 
between the ground state and transition state, there may not be any merit in 
specifying the first step of a multistep reaction as being electrophilic or 
nucleophilic. 

6-Polysubstituted a-Cyclodextrins. Application of Korner's 
Absolute Method of Isomer Determination 
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Abstract: A rigioisomeric mixture of C-6 polysulfonated a-cyclodextrins was prepared by the reaction of a-cyclodextrin with 
mesitylenesulfonyl chloride in pyridine. All regioisomers in di-, tri-, and tetrasubstituted cyclodextrins were separated by 
reversed-phase column chromatography and assigned as to their regiochemistries by Korner's method. 

In the past decade, specific preparation of primary di- (or poly-) 
substituted /3-cyclodextrins has been studied in order to construct 
refined and sophisticated models of enzymes.1 Transannular 
disulfonate capping methods have been developed to activate 
6A.6B-, 6A.6C-, or 6A,6D-primary hydroxyls of 0-cyclodextrin.2 

For a-cyclodextrin, sulfonation on three (6A,6C,6E) primary 

* Kyushu University. Present address: Faculty of Pharmaceutical Sciences, 
Fukuyama University, Sanzo, Higashimuramachi, Fukuyama 729-02, Japan. 

'Kyushu University. 
' Fukuoka University. 

hydroxyls3 and transannular sulfonation on two primary hydroxyls4 

were reported, but the position of the substituent was left unclear 

(1) (a) Tabushi, I.; Kuroda, Y.; Yamada, M.; Higashimura, H.; Breslow, 
R. J. Am. Chem. Soc. 1985, 107, 5545. (b) Tabushi, I.; Kuroda, Y. Ibid. 
1984,106, 4580. (c) Tabushi, I.; Kuroda, Y.; Mochizuki, A. Ibid. 1980,102, 
1152. (d) Breslow, R.; Bovy. P.; Hersh, C. L. Ibid. 1980, 102, 2115. (e) 
Breslow, R.; Doherty, J. G.; Guillot, G.; Lipsey, C. Ibid. 1978,100, 3227. For 
reviews, see: Tabushi, I. Ace. Chem. Res. 1982,15, 66. Tabushi, I.; Kuroda, 
Y. Adv. Catal. 1983, 32, 417. Tabushi, I. Tetrahedron 1984, 40, 269. 
Breslow, R. Science (Washington, D.C.) 1982, 218, 532. Bender, M. L; 
Komiyama, M. Cyclodextrin Chemistry; Springer Verlag: Berlin, 1978. 
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