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Figure 1. Alkylation of bicyclic [3.3.0] lactams. 

counterion). The transition state (ts) for each reaction was located 
as a saddle point on the reaction surface and unequivocally 
identified by a FORCE calculation yielding one negative force 
constant with the major vibration along the axis of the SN2 re
action. The endo ts was found to have a heat of formation of-69.9 
kcal/mol while the exo was found to have a heat of formation 
of -70.2 kcal/mol. Within calculation error, these are essentially 
the same. 

Since Meyers has observed generally higher selectivity in the 
addition of the second alkyl group, we considered the possibility 
that facial bias might be more manifest in these cases. The 
transition states for the endo and exo addition of methyl iodide 
to the monomethylated lactam 2 were located and found to have 
identical heats of formation at -75.9 kcal/mol. In looking for 
a possible steric bias, we also considered the modification to 1 
where the ring juncture methyl group was replaced by hydrogen. 
The ts for the exo methylation was located and has a heat of 
formation of-58.1 kcal/mol. The corresponding endo ts has a 
virtually identical heat of formation of -58.4 kcal/mol. We 
therefore conclude that no portion of the structural framework 
of these lactam enolates exerts any significant steric or electronic 
control on the diastereofacial selectivity observed in the alkylation 
reactions of these bicyclic lactams. 

We next considered the possibility that the observed diaster-
eoselectivity stemmed from factors external to the enolate 
structure. In particular, if the counterion (lithium) exhibits 
preference for one of the enolate faces, it could interfere with the 
approach of an electrophile to that face. In order to probe this, 
an unsolvated lithium was included in the calculations.'0'11 

If the oxygen-lithium bond in the enolate of 1 is allowed to 
completely optimize, the lithium preferentially bridges the enolate 
carbon and oxygen atoms. This may result from the artificial lack 
of external solvation, since physical studies of lithium enolates 
show that the most stable species involves little interaction with 
the enolate carbon.12 We do, however, notice an exo preference 
of 0.8 kcal/mol with the lithium out of plane by approximately 
33°. 

MOPAC13 (MNDO) calculations involving lithium species sol-
vated with 12-crown-4 resulted in transition-state geometries 
verified by FORCE calculations. The transition state for the endo 
addition of methyl iodide to the solvated lithium enolate of 1 was 
0.7 kcal/mol more stable than the corresponding exo transition 
state. The same result was found for the transition states involving 
methyl iodide addition to the solvated lithium enolate of 2, i.e., 
the endo transition state was found to be 0.7 kcal/mol more stable 
than the exo transition state. This difference clearly shows a 
preference for endo addition. 

Assuming that the change in entropy is the same for each endo 
and exo reaction pair, a difference of 0.7 kcal/mol in the heat 
of formation for reactions run between -100 and -78 0C corre
sponds to a product ratio of 88:12. Thus, a great deal of the 
selectivity seen in these reactions can be explained solely through 
consideration of preferential exo solvation, presumably due to 
favorable electrostatic interactions between the lithium and the 
pyramidalized nitrogen.14 In addition, the 12-crown-4 case is 

(10) Lithium, in AMPAC, is a sparkle tailored to look like an alkaline metal 
ion. 

(11) We did not rigorously demonstrate transition-state geometries in this 
step. 

(12) Jackman, L. M.; Lange, B. C. Tetrahedron 1977, 33, 2737. 
(13) QCPE Program No. 455, Version 5.0. 

the one expected to give the lowest selectivity since the solvation 
of the lithium involves one of the least sterically encumbered 
solvation shells possible. In a solution enolate, in which the steric 
effects due to solvation are much greater, the facial bias could 
be more substantial. These results seem to confirm the conclusion 
that the diastereofacial selectivity results from the nature of the 
enolate solvation. 
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(14) This type of preferential solvation is another example of the concept 
termed complex induced proximity effects (CIPE). Beak, P.; Meyers, A. I. 
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That the acidities of aromatic alcohols are enhanced upon 
photoexcitation has been recognized for several decades and has 
been the basis for several mechanistic and technological appli
cations.1 Among these are photopolymerization,2 photo-
depolymerization,3 pH jump experiments,1'1'4 and biological probes 
of the environment around proteins5 and micelles.6 Most of these 
studies have concentrated on the commercially available 1- and 
2-naphthols, their sulfonated derivatives, and 8-hydroxy-1,3,6-
pyrenetrisulfonate. Forster pKa values7 of substituted phenols have 
been determined,8 but for many applications phenols are not 
suitable because their absorption frequency is too high and 
fluorescence is weak. Naphthols exhibit excited-state p£a (p£a*) 
values in the range 0-3 and thus limit proton-transfer studies to 
aqueous solvents.1 In fact, previous studies of naphthol derivatives 
in aqueous alcohols9 and in the gas phase10 indicate that a cluster 

(1) For reviews, see: (a) Weller, A. Prog. React. Kinet. 1961, /, 189. (b) 
Ireland, J. F.; Wyatt, P. A. H. Adv. Phys. Org. Chem. 1976, 12, 131. (c) 
Huppert, D.; Gutman, M.; Kaufman, K. J. Adv. Chem. Phys. 1981, XLVlII, 
Part 2, 643. (d) Kosower, E. M.; Huppert, D. Amu. Rev. Phys. Chem. 1986, 
37, 127. 

(2) Mansueto, E. S.; Wight, C. A. J. Am. Chem. Soc. 1989, / / / , 1900. 
(3) Limburg, W. W.; Marsh, D. G. U.S. Patent 3,917,483, Nov 4, 1975. 
(4) (a) Clark, J. H.; Shapiro, S. L.; Compillo, A. J.; Winn, K. R. J. Am. 

Chem. Soc. 1979, 101, 746. (b) Gutman, M.; Huppert, D. J. Biochem. 
Biophys. Methods 1979, /, 9. 

(5) (a) Loken, M. R.; Hayes, J. W.; Gohlke, J. R.; Brand, L. Biochemistry 
1972, 11, 4779. (b) Gutman, M.: Nachliel, E.; Huppert, D. Eur. J. Biochem. 
1982, 125, 175. 

(6) (a) Correll, G. D.; Cheser, R. N.; Nome, F.; Fendler, J. H. J. Am. 
Chem. Soc. 1978, 100, 1254. (b) Kondo, H.; Miwa, I.; Sunamoto, J. J. Phys. 
Chem. 1982, 86, 4826. (c) Bardez, E.; Goguillon, B.; Keh, E.; Valeur, B. J. 
Phys. Chem. 1984, 88, 1909. (d) Gutman, M.; Nachliel, E. Biochemistry 
1985, 24, 2941. (e) IPichev, Y. V.; Demyashkevich, A. B.; Kuz'min, M. G. 
Khim. Vys. Energ. 1989, 23, 435. 

(7) Forster, T. Z. Elektrochem. 1950, 54, 531. 
(8) (a) Wehry, E. L.; Rogers, L. B. J. Am. Chem. Soc. 1965, 87, 4234. 

(b) Avigal, I.; Feitelson, J.; Ottolenghi, M, J. Chem. Phys. 1969, 50, 2614. 
(c) Schulman, S. G.; Vincent, W. R.; Underberg, W. J. M. J. Phys. Chem. 
1981, 85, 4068. 

(9) (a) Trieff, N. M.; Sundheim, B. R. J. Phys. Chem. 1965,69, 2044. (b) 
Huppert, D.; Kolodney, E. Chem. Phys. 1981, 63, 401. (c) Lee, J.; Griffin, 
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Table I. Properties of Cyano-2-naphthols" 

mp, 0C 
Am„ (neutral, abs) 
Xmax (neutral, em) 
K*x (anion, abs) 
\max (anion, em) 
P*a (H2O)" 
pKa* (Forster)' 
p/fa* (fluorescence)'' 
r, ns (neutral, Me2SO)* 
T, ns (anion, rise)* 
T, ns (anion, decay)* 

2-naphthol 

9.45 
2.8' 
2.8' 

5CN2 
202-3 
337 
419 
371 
522 

8.75 
-1.2 

1.7 
2.6 ±0.1 
2.50 ±0.15 

25.9 ± 0.1 

6CN2 
163-4 
338 
380 
360 
445 

8.40 
0.2 
0.5 
4.8 ±0.1 
5.0 ± 0.5 
8.0 ± 0.5 

7CN2 
185.5-6.5 
350 
405 
380 
503 

8.75 
-1.3 

2.0 
6.0 ±0.1 
6.5 ± 0.5 

38.5 ±0.5 

8CN2 
194-5 
342 
424 
382 
515 

8.35 
-0.4 
0.7 (0.8/ 
4.2 ±0.1 
4.2 ± 0.1 

15.1 ±0.2 
"Spectral and acidity data are for 1 X \0~* M aqueous solutions. Lifetime data are in Me2SO. *From absorption titration. 'Calculated from 

emission maxima using the Forster cycle. ''From fluorescence titration. 'Literature value (ref lb). -^Literature value (ref 16). *Errors represent 
standard deviations from "best fit" deconvolutions. 

of four or more water molecules is necessary for excited-state 
proton transfer. This, along with the previous observation that 
proton transfer does not occur in Me2SO," suggests that excit
ed-state proton transfer can only occur by a Grotthuss chain 
mechanism."'12 Such conclusions, however, may be based upon 
the readily available naphthols, which are only weakly acidic upon 
photoexcitation. Comparatively little effort has been directed 
toward the design and synthesis of substituted naphthols with high 
acidities suitable for nonaqueous environments. 

Weller studied a series of 2-naphthol sulfonates.13 The sul
fonate group, with a a value of 0.09,'4 is not the best electron-
withdrawing group, and it is known that several sulfonate-sub-
stituted naphthols and 8-hydroxy-1,3,6-pyrenetrisulfonate do not 
transfer protons to alcohols91" or Me2SO." Although the nitro 
substituent is one of the most electron withdrawing groups, ni-
tro-substituted aromatic compounds do not fluoresce,15 which 
indicates that if deprotonation occurs in the excited state, the anion 
singlet state has a relatively short lifetime and would not be 
suitable for use as either an indicator or a catalyst. One cya-
nonaphthol, 8-cyano-2-naphthol, has been investigated and found 
to have a relatively low pKa* value of 0.8,16 compared to 2.8 for 
2-naphthol.1 We have synthesized a series of cyano-2-naphthol 
compounds and found that, as expected, aqueous p£a* values were 
reduced compared to that of 2-naphthol. More importantly, these 
compounds exhibit efficient photopromoted proton transfer to 
neutral nonaqueous solvents, such as Me2SO. 

The greater photoacidity of 1-naphthol over 2-naphthol has been 
attributed to population of the 'La state in the former at the 
expense of the 'Lb state, whereas in 2-naphthol the states are more 
nearly degenerate.17 Both states are characterized by intramo
lecular charge transfer to the distal ring, but the former exhibits 
increased charge density at C-5 and C-8, as characterized by 
protonation at those positions within the lifetime of the excited 
state.18 Thus substitution at those positions by electron-with
drawing groups should lower the energy of the 1L3 state in 2-
naphthol and further enhance the excited-state acidity. In order 
to test this hypothesis, we synthesized 2-naphthols substituted in 
the distal ring by the cyano group, i.e., 5-cyano-2-naphthol (5CN2), 
6-cyano-2-naphthol (6CN2), 7-cyano-2-naphthol (7CN2), and 
8-cyano-2-naphthol (8CN2). In each case, the naphthol was 

(10) (a) Knochemuss, R.; Cheshnovsky, 0.; Leutwyler, S. Chem. Phys. 
Lett. 1988, 144, 317. (b) Knochenmuss, R.; Leutwyler, S. J. Chem. Phys. 
1989, 91, 1268. 

(11) Schulman, S. G.; Kelly, R. N.; Gonzalez, N. J. Pure Appl. Chem. 
1987, 59, 655. 

(12) Caldin, E.; Gold, V. Proton Transfer Reactions; John Wiley & Sons: 
New York, 1975. 

(13) Breitschwerdt, Von K.; Weller, A. Z. Elektrochem. 1960, 64, 395. 
(14) Ritchie, C. D.; Sager, W. F. Prog. Phys. Org. Chem. 1964, 2, 323. 
(15) Shioya, Y.; Yagi, M.; Higuchi, J. Chem. Phys. Lett. 1989, 154, 25. 
(16) Weller, A. 2. Elektrochem. 1960, 64, 55. 
(17) (a) Suzuki, S.; Baba, H. Bull. Chem. Soc. Jpn. 1967, 40, 2199. (b) 

Tsutsumi, K.; Shizuka, H. Z. Phys. Chem. (Wiesbaden) 1980, 122, 129. 
(18) (a) Harris, C. M.; Selinger, B. K. J. Phys. Chem. 1980, 84, 891. (b) 

Harris, C. M.; Selinger, B. K. Ibid. 1980, 84, 1366. (c) Shizuka, H.; Tobita, 
S. J. Am. Chem. Soc. 1982, 104, 6919. (d) Webb, S. P.; Philips, L. A.; Yeh, 
S. W.; Tolbert, L. M.; Clark, J. H. J. Phys. Chem. 1986, 90, 5154. 

Cyanonaphthol emission 
5-CN-2-NpOH 

.... 6-CN-2-NpOH 
— 7-CN-2-NpOH 

\ — 8-CN-2-NpOH 
\— 2-NpOH 

350 400 450 500 550 600 650 700 

Wavelength (nm) 

Figure 1. Emission from 2-naphthol and cyano-2-naphthols, normalized 
to neutral emission. 

readily obtained by treatment of a methoxytetralone (e.g., 6-
methoxy-1-tetralone for 5CN2) with trimethylsilyl cyanide, 
elimination with POCl3/pyridine, aromatization with sulfur/ 
Pd-C," and demethylation with sodium cyanide/Me2S0.20 

Absorption and emission studies as a function of pH revealed, 
as expected, significant Forster shifts and calculated excited-state 
acidities approaching over 4 ptfa units below that of 2-naphthol 
(see Table I). First approximations of the p#a* values in water 
were obtained from the inflection point of fluorescence titration 
curves, which yielded acidities significantly lower than the Forster 
acidities. As Krishnan, Lee, and Robinson21 have pointed out, 
failure of the Forster formalism is expected when acidities ap
proach 0 and entropic factors predominate. 

In solutions acidic enough to prevent excited-state dissociation, 
the neutral fluorescence of these cyanonaphthols was largely 
quenched. This behavior, which is similar to that observed for 
1-naphthol,18b,d indicates that dynamic quenching of neutral and 
anion fluorescence occurs, and as is the case for 1-naphthol, the 
pATa* values measured by fluorescence titration are probably higher 
than the true equilibrium values. Even so, the decrease in the 
excited-state p£a value due to the cyano substituents was sig
nificantly greater than the decrease in ground-state pA"a values, 
reflecting the greater importance of the anion charge-transfer state 
upon excitation. Perhaps most dramatic were the emission studies 
in Me2SO. Unlike 2-naphthol, the cyanonaphthols exhibited 
significant anion emission, identified by comparison with spectra 
of ground-state anions, indicating excited-state proton transfer 
to solvent (see Figure 1). This emission was particularly dramatic 
in the case of 5- and 8-cyano-2-naphthol, presumably reflecting 
population of the more acidic 1L3 state. Excitation spectra in-

(19) Harvey, R. G.; Jacobs, S. A. J. Org. Chem. 1983, 48, 5134. 
(20) (a) Harrison, 1. T. /. Chem. Soc, Chem. Commun. 1969, 616. (b) 

All materials gave satisfactory elemental and spectroscopic analyses. 
(21) Krishnan, R.; Lee, J.; Robinson, G. W. J. Phys. Chem. 1990, 94, 

6365. 
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dicated that all anion emission involved excitation of the neutral 
naphthols. 

Time-resolved single photon counting fluorescence spectroscopy 
in Me2SO enabled us to relate the steady-state observations to 
dynamic phenomena. In each case, the excited-state neutral 
lifetimes were attenuated and were within experimental error of 
the conjugate base rise times, indicating that deprotonation was 
the major source of neutral decay. Both 5CN2 and 8CN2 ex
hibited higher neutral decay rates than 6CN2 or 7CN2, although 
the effect was not as dramatic as in the steady-state results due 
to the anomalously short lifetime for the 6-cyano-2-naphtholate 
anion. 

By extending the range of excited-state acidities, cyanonaphthols 
provide further opportunities for proton-transfer studies in no
naqueous solvents and may provide entry into new photo-
polymerization catalysts. The observation that excited-state proton 
transfer from cyanonaphthols to Me2SO solvent can occur without 
benefit of a Grotthuss chain-transfer pathway if the excited-state 
acidity is high enough indicates that other mechanisms of ex
cited-state proton transfer are possible. Further studies are 
currently underway. 
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We report gas-phase quasiclassical trajectory calculations of 
reaction cross sections for the transfer of a light atom between 
two heavier atoms on potential energy surfaces which possess a 
barrier to reaction. It is found that reactant rotational energy 
is more efficient at promoting reaction than either translation or 
vibration, regardless of the reaction energetics. 

Investigation of the role played by each possible mode of 
reactant energy in enhancing the rates of elementary gas-phase 
exchange reactions has been an active area of research for the 
last three decades.1-7 In particular, the propensity rules for 
comparing the relative efficacy of translation and vibration have 
been exhaustively investigated both experimentally and theoret
ically1,2 and are summarized in the so-called "Polanyi rules".',2,8 

The possible role of rotational energy in enhancing reaction rate 
has not been studied in comparable detail; indeed it is often 
summarily dismissed as ineffective. The most recent review of 
rotational effects9 suggests that, in the most optimistic case, ro
tation may be comparable to translation in enhancing reaction, 
but that it will usually be much less effective than vibration. 
(However, one case10—a light-atom transfer—where rotation is 

(1) Polanyi, J. C. Ace. Chem. Res. 1972, 5, 161. 
(2) Polanyi, J. C. Science 1987, 236, 680. 
(3) Bauer, S. H. Chem. Rev. 1978, 78, 147. 
(4) Kneba, M.; Wolfrum, J. Annu. Rev. Phys. Chem. 1980, 31, 47. 
(5) Leone, S. R. Annu. Rev. Phys. Chem. 1985, 35, 109. 
(6) Gonzalez-Urena, A. Adv. Chem. Phys. 1987, 66, 213. 
(7) Vande Linde, S. R.; Hase, W. L. J. Am. Chem. Soc. 1989, / / / , 2349. 
(8) Kuntz. P. J.; Nemeth, E. M.; Polanyi, J. C ; Rosner, S. D.; Young, C. 
J. Chem. Phys. 1966, 44, 1168. 
(9) Sathyamurthy, N. Chem. Rev. 1983, 83, 601. 
(10) White, J. M.; Thompson, D. L. J. Chem. Phys. 1974, 61, 719. 
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Figure 1. Reaction cross section as a function of reactant energy for the 
hydrogen-transfer reaction, A + HB -» AH + B, on three different 
potential energy surfaces. Atoms A and B both have mass 19 amu; H 
has mass 1 amu. Note that translational energy is ineffective on the 
ENDO surface. 

comparable to vibration was reported.) Intuitively, it is often felt 
that rotational motion is "perpendicular" to the reaction coordinate 
and hence cannot assist in crossing the barrier to reaction. 
However, recent theoretical work"12 has clearly shown that ro
tational motion can couple to translation if there is significant 
stretching of the bond under attack. Several calculations have 
been published that confirm that rotation can increase reaction 
cross sections.9,13"18 

The transfer of a light atom has traditionally19,20 served as a 
model for hydrogen atom transfer and (although less appropri
ately) for proton and hydride transfer. We have compared the 
relative effectiveness of reactant translational, vibrational, and 
rotational energy on an exoergic, and endoergic, and a thermo-
neutral potential surface. For our model exoergic surface we used 
the potential number 5 of Muckerman,21 designed for F + H2, 
and for our endoergic system we used the I + H2 potential of Perry 
et al.22 Neither of these potentials is now considered to be of 
chemical accuracy. However, they have the advantage of being 
easily programmed, are readily accessible, and have already been 
the subject of several trajectory studies. For the thermoneutral 
system we used the accurate LSTH potential23 for H + H2. 

The reaction cross sections for the three systems are shown as 
a function of energy in Figure 1. In all cases, the zero of internal 

(11) Mayne, H. R. Chem. Phys. Lett. 1986, 130, 249. 
(12) Mayne, H. R.; Minick, S. K. J. Phys. Chem. 1987, 91, 1400. 
(13) Boonenberg, C. A.; Mayne, H. R. Chem. Phys. Lett. 1984,108, 67. 
(14) Kornweitz, H.; Broida, M.; Persky, A. J. Phys. Chem. 1989, 93, 251. 
(15) Amaee, B.; Connor, J. N. L.; Whitehead, J. C; Jakubetz, W.; Schatz, 

G. C. Faraday Discuss. Chem. Soc. 1987, 84, 387. 
(16) Alvarino, J. M.; Lagana, A. Chem. Phys. Lett. 1988, 144, 558. 
(17) Loesch, H. J. Chem. Phys. 1986, 104, 203; Chem. Phys. 1987, 112, 

85. 
(18) Sathyamurthy, N.; Toennies, J. P. Chem. Phys. Lett. 1988,143, 323. 
(19) Westheimer, F. Chem. Rev. 1961, 61, 265. 
(20) Bell, R. P. The Tunnel Effect in Chemistry; Chapman and Hall: New 

York, 1980. 
(21) Muckerman, J. T. In Theoretical Chemistry, Theory of Scattering: 

Papers in Honor of Henry Eyringr, Henderson, D. F., Ed.; Academic: New 
York, 1981; Vol. 6, Part A, Chapter 1. 

(22) Perry, D. S.; Polanyi, J. C; Wilson, C. W. Chem. Phys. 1974, 3, 317. 
(23) Truhlar, D. G.; Horowitz, C. J. J. Chem. Phys. 1978, 68, 2466; 1979, 

71, 1514E. Siegbahn, P.; Liu, B. J. Chem. Phys. 1978, 68, 2457. 
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