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measuring competitive kinetic hydrogen isotope effects in the IR 
laser photolysis of 2-methyl-2-propoxide-1,1,1-d3 (1) and 2- 
methyl-2-propoxide-l,~,l,3,3,3-d6 (2). Simultaneous detection 
of the relative intensities of the partially deuterated product enolate 
ions permitted measurement and separation of both secondary 
and primary effects. 

An unusually large secondary isotope effect (loss of CH3 favored 
over loss of CD,; pulsed laser, 1.9 (1.2/D) for 1 and 1.7 (1.2/D) 
for 2; C W  laser, 6.9 (1.9/D) for 1) and a small primary effect 
(pulsed, 1.6 for 1 and 2; CW, 2.0 for 1) were observed.”-12 Before 
these results could be interpreted it was imperative to ensure that 
the small primary effect was not an artifact of the pumping 
process. In a multiple-channel system, the branching ratio (isotope 
effect) is a function of the excess energy of the reacting species, 
which for an IRMP process is primarily determined by the C 0 2  
laser pumping rate. Since pulsed CO, lasers can give large 
pumping rate constants, it is likely that the ions are decomposing 
somewhat above thresh01d.l~ So that the intensity dependence 
of the isotope effects could be investigated, the d3 alkoxide 1 was 
subjected to low-power continuous-wave (CW) C 0 2  laser pho- 
to lys i~ . ’~  In this case, the reacting ions must be decomposing 
right at threshold. These experiments indicate only a slight change 
in the primary effect (2.0) but a very large amplification of the 
secondary effect (6.9). 

We believe that the isotope effect results are consistent only 
with a stepwise mechanism (eq 2). The unusually large secondary 
effect essentially requires a severe loosening of the methyl group 
in the transition state relative to the ground-state reactant.16 Such 
a requirement is easily fulfilled by invoking an intermediate methyl 
radical” or anion in which the v2 umbrella mode is considerably 
looser than that in a bound methyl (617 vs. 1364 cm-I). The small 
primary effect is indicative of a highly asymmetric transition state, 
consistent with the large exothermicity (ca. 35-40 kcal/mol) of 
the second step in eq. 2. While the small primary effect may also 
be consistent with a bent four-center transition state (eq l ) ,  it is 
difficult to rationalize the large secondary effect in terms of the 
relatively tight transition state in this concerted mechanism. The 
most convincing evidence against the concerted pathway is the 
large difference in energy dependence of the secondary and 
primary effects (Le., the extreme variation in the secondary effect 
with little change in the primary effect). In a concerted mech- 
anism involving only one transition state, the secondary and 
primary effects which result only from differences in zero-point 
energies and state sumsI8 would be expected to exhibit similar 
energy dependences. This large difference in energy dependence 
of the isotope effects strongly suggests that the secondary effect 
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occurs in a rate-limiting step while the primary effect occurs in 
a subsequent rapid product-determining step. Our multistep 
scheme (eq 2) can easily accommodate the large variation in the 
secondary effect due to the rate-limiting first step (loss of methyl), 
and the slight changes in the primary effect that would be expected 
for such an exothermic hydrogen transfer in the second step.lg 

This general stepwise mechanistic scheme can easily be extended 
to a variety of reactions. Since the photochemically generated 
intermediate in this scheme is also an intermediate in a proton- 
transfer reaction, bimolecular reaction dynamics” can be probed. 
These and related studies that rely heavily on the present mech- 
anistic study will be forthcoming. 
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Dyes were first used to sensitize oxidation by Windaus and 
Brunken’ after the phenomenon of photodynamic action had been 
discovered by Raab in 1900.2 Many synthetic applications of 
dye-sensitized oxidation processes preceded the papers of Foote 
and Wexler3 and Corey and Taylor: which established that singlet 
oxygen, a reactive intermediate originally postulated by Kautsky 
and de Bruijn,j was responsible for such processes. 

When immobilized to polystyrene/divinylbenzene beads, the 
xanthene dye rose bengal (1) is unique in being an effective 
heterogeneous photosensitizer.6 In the context of understanding 
the site of immobilization of the dye to the polymer support,6a 
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K.-C.; Krebs, A.; Kemper, R. J .  Am. Chem. SOC. 1976, 98, 6758. (d) Turro, 
N .  J.; Ito, Y.; Chow, M.-F.; Adam, W.; Rcdriquez, 0.; Yany, F. Ibid. 1977, 
99, 5836. (e) Wasserman, H. H.; Ives, J. L. Ibid. 1976, 98, 7868. (0 Schaap, 
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Burns, P. A.; Schaap, A. P. Ibid. 1978, 100, 318. ( h )  Zaklika, K. A,; Thayer, 
A. L.; Schaap, A. P. Ibid. 1978, 100, 4916. (i) Mirbach, M .  J.; Henne, A,; 
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an investigation of chemical reactions of rose bengal was un- 
dertaken. In spite of the enormous volume of literature on 
structural and spectroscopic characteristics of the fluorescein dyes 
such as rose bengal and their excited states,' and an even more 
enormous volume of literature on synthetics and other applications 
of these  compound^,^ 1 is structurally complicated, difficult to 

(7) (a) Orndorff, W. R.; Hemmer, A. J. J.  Am.  Chem. SOC. 1927, 49, 
1272. (b) Zanker, V.; Peter, W. Chem. Ber. 1958, 91, 572. (c) Rohatgi, K. 
K.; Mukhopadhyay, A. K. Photochem. Photobiol. 1971,14, 551 Chem. Phys. 
Lett. 1971, 12, 259; J.  Indian Chem. SOC. 1972, 49, 1311; J.  Phys. Chem. 
1972,76,3970. (d) Mpez Arbeloa, L. J. Chem. SOC., Faraday Trans. 2.1981, 
77, 1725; 1981, 77, 1735; J.  Phofochem. 1982, 18, 161. (e) Leonhardt, H.; 
Gordon, L.; Livingston, R.  J .  Phys. Chem. 1971, 75, 245. (f) Guyot, G.; 
Arnaud, R.; Lemaire, J .  J .  Chim. Phys. 1975, 72, 647. (g) Yuzhakov, V. I. 
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Phys. Lef t .  1973, 22, 309. (i) Martin, M. M. Ibid. 1975, 35, 105; 1976, 43, 
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Colleter, J.-C.; Levillain, P.; Fompeydie, D. C. R .  Seances Acad. Sci. 1981, 
292,965. (p) Chen, S.-C.; Nakamura, H.; Tamura, Z. Chem. Pharm. Bull. 
1979, 27, 475. (9) Fompeydie, D.; Onur, F.; Levillain, P. Bull. SOC. Chim. 
Fr. 1979, 375; 1982, 5 .  (r) Fompeydie, D.; Rabaron, A,; Levillain, P.; 
Bourdon, R. J.  Chem. Res. Synop. 1981, 350; J. Chem. Res., Miniprint 1981, 
1052. ( s )  Fompeydie, D.; Levillain, P. Bull. SOC. Chim. Fr. 1980, 459. (t) 
Hanson P. Adu. Hererocycl. Chem. 1980, 27,61. (u) Oster, G.; Oster, G. K.; 
Karg, G. J.  Phys. Chem. 1962, 66, 2514. (v) Zwicker, F. F.; Grossweiner, 
L. I. Ibid. 1963, 67, 549. (w) Kimura, K.; Miwa, T.; Imamura, M. Bull. 
Chem. SOC. Jpn. 1970, 43, 1329, 1337. 

(8) (a) 'Singlet Molecular Oxygen", Benchmark Papers in Organic 
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Press: New York, 1979. (f) Foote, C. S.; Uhde, G. Org. Photochem. Synth. 
1971, I ,  60, 70. ( 9 )  Maruyama, K.; Narita, N.  J.  Org. Chem. 1980,45, 1421. 
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Table I. Spectral Data of the Rose Bengal DerivativesQ 

uc=o, cm-' "OH, c111-l A,,,, n m  

1 <1600 5 5 8 , 5 1 9  
2 1730 564, 524 
3 (5) 1730 3410 5 6 4 , 5 2 4  

4 9 6 , 4 0 7  
6 1780. 1730 4 9 4 , 4 0 0  

4 9 4 , 3 9 5  
7 1770 3430 5 5 8 , 5 1 9  

<300 
8 1780 <300 

<300 

solvent 

MeOH 
MeOH 
MeOH 
CH,CI, 
MeOH 
CH,CI, 
MeOH 
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CH-CI, 

1 '  

I U C = O  in KBr and A,, in MeOH and CH,Cl,. 
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Figure 1. Absorption spectra of the rose bengal derivatives in the visible 
region a s  a function of the dissociation state. 

purify,'" and sufficiently perverse so as to isomerize, ionize, or 
in other ways modify as a function of solvent even in the unlikely 
event that something approaching a pure material is obtained at  
one stage or another in the purification process. 

We have established the molecular composition of nonpolar 
analogues of rose bengal and, in the process, have clarified the 
structural characteristics of the parent dyestuff. Our experiments 

(9) (a) Pooler, J. P.: Valenzeno, D. P. Med. Phys. 1981,8,614. (b) Pooler, 
J .  P.; Valenzeno, D. P. Phofochem. Photobiol. 1979, 30, 581; (c) Ibid. 1982, 
35, 343. (d) Pimprikar, G. D.; Noe, B. L.; Norment, B. R.; Heitz, J .  R. 
Enuiron. Entomol. 1980, 9, 785. (e) Sakurai, H.; Heitz, J. R. Ibid. 1982, 11, 
467. (0 Acher, A. J.; Rosenthal, I. Water Res. 1977, 11, 557. (g) Acher, 
A. J.; Elgavish, A. Ibid. 1980, 14, 539. (h) Halmann, M.; Levy, D. Phofo- 
chem. Photobiol. 1979, 30, 143. (i) Hupf, H .  M.; Wanek, P. M.; O'Brien, 
H .  A,,  Jr.; Holland, L. M. J.  Nucl. Med. 1978, 19, 525. 6 )  Alvarez, J. J.  
Radioanal. Chem. 1981,65, 167. (k) Hallaba, E.; El-Bayoumy, S.; El-Sha- 
boury, G. Ibid. 1981, 65, 171. (I) Conn, H. J .  In  'Biological Staining", 9th 
ed.; Lillie, R. D., Ed.; The Williams and Wilkins Co.: Baltimore, 1977. (m) 
Watson, B. D.; Haynes, D. H. Chem-Biol, Interact. 1982, 41 ,  313.  (n) Hull, 
D. S.; Green, K.; Csukas, S.; Livingston, V. Biochim. Biophys. Acta 1981,640, 
231. 

(10) (a) Peeples 11, W. A.; Heitz, J .  R.  J.  Liq. Chromatogr. 1981, 4, 5 1 .  
(b) Gandin, E.; Piette, J.; Lion, Y .  J .  Chromatogr. 1982, 249, 393. (c) Some 
purification methods have been published in not easily accessible literature: 
Franken, T.: Ph.D. Thesis, Bonn, West Germany, 1969. 
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suggest caution in the use of rose bengal for photophysical ex- 
periments in view of the various structural isomers available to 
the molecule in differing environments. Each of these structural 
isomers may have different excited-state characteristics for they 
have obviously different spectra. 

Rose bengal (1) was heated in DMF with 1.5 equiv of benzyl 
chloride as a model for the reaction with chloromethylated 
polystyrene/divinylbenzene. We demonstrate below that the 
benzyl ester 2 was produced (Scheme I). When repeated with 
2.5 equiv of benzyl chloride in an attempt to convert both the 
carboxylate and the phenolate centers of 1 into an ester and an 
ether, respectively, the reaction led to the same deep purple 
product, 2, which was insoluble in CH2C12. The absorption 
spectrum of 2 in MeOH had the same shape as that of I with 
a small red shift of the absorption maximum, and the IR of 2 was 
that of an ester (1730 cm-’) (Table I, Figure 1 ) .  Elemental 
analysis indicated the incorporation of only one benzyl group in 
both experiments. 

The reaction of benzyl chloride and rose bengal in acetone/ 
water (5050) afforded a bright orange-red product 3, which was 
soluble in CH2CI2, leading to a solution of the same color.” A 
solution of 3 in MeOH, however, had a distinctly different deep 
red color. The IR spectrum of 3 showed an O H  stretch at 3410 
cm-’ suggesting deprotonation of the phenolate function. The 
absorption spectrum in MeOH of both 2 and 3 was the same, 
whereas the spectrum of 3 in CH2C12 was totally different (Figure 
1). 

It has been reported repeatedly that the planes of the 2’- 
carboxyphenyl group and of the xanthene moiety of fluorescein 
dyes are perpendicular to one another and that the latter is largely 
responsible for the absorption characteristics of the molecule in 
the visible regi01-1.’~ Therefore, it was concluded that upon 
a change of solvent from MeOH to CH2C12 a major change takes 
place in the xanthene portion of 3. The benzyl ester of rose bengal 
has a protonated phenol group under the latter conditions, the 
protonation being due to the hydrochloric acid formed from partial 
hydrolysis of benzyl chloride in the aqueous solvent in which the 
reaction was carried out. While 3 is soluble in CH2C12, its 
monosodium salt, 2, is not. When 3 is dissolved in a more polar 
solvent, MeOH, the phenolic O H  bond dissociates. Additional 
structural proof was obtained by the addition of a few drops of 
HC1 to either a solution of 2 or 3 in MeOH. The absorption 
spectrum of the resulting solution was the same as that of a 
solution of 3 in CH2C12. The acidity of the phenolic proton and 
the solvent dependence of the structure of 3 might interfere with 
its effectiveness as a singlet oxygen sensitizer, especially in the 
synthesis of acid-sensitive hydroperoxides. 

In order to block the phenolate function, an attempt was made 
to prepare the 6-0- acetyl derivative of 3 by refluxing with acetic 
anhydride. Surprisingly, this reaction did not yield the expected 
orange-red 6-0-acetyl rose bengal benzyl ester, 4, but the colorless 
diacetyl derivative of the lactonic form of rose bengal, 8 (IR band 
at  1780 cm-I). Its structure was also firmly established by in- 
dependent synthesis from 1 via the lactonic modification of rose 
bengal, 7.’* Both 7 and 8 are colorless compounds soluble in 
CH2Clz with no absorption in the visible region and no absorption 
for 8 in MeOH. The absorption spectrum of 7 in MeOH, however, 
is the same as that of 1 indicating complete dissociation with 
accompanying conversion to the quinoid modification. We suggest 
that 8 is formed instead of 4 as a consequence of the highly 
polarized character of the C-0 bond in the benzyl ester. After 
the introduction of the first acetyl function at  the 6 - 0  position, 
the 3 - 0  attacks acetic anhydride aided by an electron push caused 
by attack of the ester oxygen on the slightly positively polarized 
C(9). This forces elimination of the benzyl cation. 

( I  1) Hurd, C. D.; Schmerling, L. J .  Am. Chem. SOC. 1937, 59, 112. 
(1 2) Compound 7 was prepared by dropwise addition of concentrated HCI 

to an aqueous solution of I .  Then, 8 was prepared by refluxing 7 with acetic 
anhydride. 

(13) Synthesis of 5 by refluxing a solution of 1 with 5 equiv of ethyl iodide 
in acetone/water 50% v/v. When a smaller excess of Et1 is used a 
corresponding to a lactone is found in the IR spectrum. 

In a slightly different approach, 1 was converted to its ethyl 
ester 5, which has a less polarized C-0 bond.13 Refluxing with 
acetic anhydride yielded the bright red colored 6-0-acetyl rose 
bengal ethyl ester, 6 (1780 and 1730 cm-’ for acetyl and car- 
boxylate esters, re~pectively).’~ The absorption spectrum of 6 is 
the same in MeOH and in CH2C12. The evolution of the spectra 
of 1-6 with structure resembles that observed for the ionization 
of eosin.’q Furthermore, a 6 - 0  monoester of fluorescein described 
recently had an absorption spectrum similar to 8, though shifted 
to shorter  wavelength^.'^ 

The work presented above shows the elusive structural nature 
of rose bengal and the dependence of its structure on subtle 
changes of environment. The close relationship between the 
dissociation state of the xanthene moiety of rose bengal and the 
appearance of the absorption spectrum has been clearly established. 

Preliminary experiments have shown that 6 is a useful singlet 
oxygen sensitizer. Our work is continuing with an investigation 
of the experimentally discernable differences in the photochemistry 
of the structurally modified rose bengal derivatives.16 
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(14) Spectral parameters of 6: UV-vis A,,, (log c )  494 nm (4.03), 
395(4.22), A,,, (log e )  441 nm (3.87); 80 MHz ‘H NMR (CDC13, Me,Si6, 
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Aromaticity and antiaromaticity have been the most difficult 
and the most fascinating subjects in organic chemistry ever since 
Kekule’s intuitive idea in 1865.’ The Hiickel aromaticity rule 
has played the leading role in the theory of aromaticity2 providing 
one a simple method of prediction that in the cyclic conjugate 
*-electron system such an aromaticity appears if the number of 
the atoms in the conjugated system is 4n -t 2 whereas antiaromatic 
unstability dominates if the number is 4n. The Hiickel rule is 
generally obtained by solving the secular equation consisting of 
unspecified quantities, a and p, which are called Coulomb and 
resonance integrals. Although most of aromaticity and anti- 
aromaticity are realized in the a-electron systems, the Hiickel 
secular determinant does not restrict the type of basic atomic 
orbitals. This suggests that such an effect can be reproduced in 
the arrangement of hydrogen atoms serving a simple model for 
energetic analysis of aromaticity or antiaromaticity. Along such 
a guiding line, we performed an M O  theoretical calculation on 
the system placed as a regular polygons. 

(1) Kekule, A. Bull. SOC. Chim. Fr. 1865, 3, 98. 
(2) (a) Armit, J. W.; Robinson, R. J .  Chem. SOC. 1925, 1604. (b) Rob- 

inson, R.  Spec. Pub[.-Chem. SOC. 1967, No. 21, p 47. 
(3) STO-6G is a code which shows that a Slater-type atomic orbital is 

simulated by six Gaussian functions (Hehre, W.; Ditchfield, R.; Stewart, R. 
F.; Pople, J. A. J .  Chem. Phys. 1970, 52, 2169). 

(4) (Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, J. A. J .  Chem. Phys. 
1980.72.650) In the 6-31 1G** method the Is orbital of hydrogen is expressed 
by three groups of Gaussian functions with different orbital exponents plus 
p-type functions called polarization functions. 
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