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AC°acid(benzyne) = 372 kcal mol"1,19 kcal mol"1 more acidic than 
benzene and 2 kcal mol-1 more acidic than the methyl group in 
toluene.6 From this gas-phase acidity and the reported heat of 
formation of benzyne,7 we can calculate A//f(II) =131 kcal mol-1.8 

Since the gas-phase acidities of carbanions correlate well with those 
in solution,5 the dehydrophenyl anion could well be a useful 
synthetic intermediate. In fact, the lithium salt of the dehydro
phenyl anion has been postulated as an intermediate in the reaction 
of 2 equiv of alkyllithiums with aryl sulfones.9 

With other alcohols, II undergoes exothermic proton transfer 
with formation of an ion-dipole complex consisting of benzyne 
and an alkoxide ion, within which further reactions can occur. 
For example, ferr-butyl alcohol-O-rf reacts with II to give C6-
H4DO", which we formulate as the deuteriophenoxide ion (III), 
as well as some /erf-butoxide anion (Scheme I). An analogous 
process is observed with ethyl and isopropyl alcohol in competition 
with hydride transfer within the benzyne-alkoxide complex to 
produce the phenyl anion. Reaction of II with tert-butyl mer-
captan leads to thiophenoxide ion. 

Benzyne is considerably less acidic than HF (A(7°add = 366 
kcal mol-1). and it is therefore surprising that II rather than F" 
is the nearly exclusive ionic product of the collision-induced 
dissociation of anion I. Indeed, if HF is added to the flow tube 
containing II, proton transfer to form F" and addition to form 
C6H4F" occur readily. To test for the possible concerted loss of 
HF, we synthesized o-deuteriofluorobenzene, allowed it to react 

^ CID 

rv 
U C6H3" + DF (2a) 

C6H2D - + HF (2b) 

(6) The absence of deuterium exchange with D2O indicates that benzyne 
is at least 10-15 kcal mol"1 more acidic than H2O (AG 0 ^ = 384 kcal mol"1); 
see: Grabowski, J. J.; DePuy, C. H.; Van Doren, J. M.; Bierbaum, V. M. J. 
Am. Chem. Soc. 1985, 107, 7384. 

(7) The A//({benzyne) = 118 ± 5 kcal mol"1 is from the following: Pollack, 
S. K.; Hehre, W. J. Tetrahedron Lett. 1980, 21, 2483. A//f(II) = A#°acid-
(benzyne) + A//f(benzyne) - AiZ1(H

+). A//°lcid(benzyne) is determined from 
the measured AC0

acili and an estimate of the entropy of protonation; see: 
Bartmess, J. E.; Mclver, R. T., Jr. In Gas Phase Ion Chemistry; Bowers, M. 
T., Ed.; Academic Press: New York, 1979; Vol. 2. 

(8) Because the proton transfers are slow and it is not practical to carry 
out bracketing from the reverse direction, our value of AG°aci(i(benzyne) must 
be termed an estimate and we cannot assign errors. The acidities of the 
alcohols used in this study have uncertainties of approximately ±2 kcal mol"1. 

(9) Stoyanovich, F. M.; Marakatina, M. A. Zh. Org. KHm. 1980,16, 2251 
and references therein; J. Org. Chem. USSR (Engl. Transl.) 1980, 16, 1915. 

(10) Chloride and bromide ions are the exclusive product ions from 
analogous CID reactions of the chlorophenyl and bromophenyl anions. 

(11) Optimizations were carried out by using Gaussian 86 and its internal 
basis sets: Frisch, M. J.; Binkley, J. S.; Schlegel, H. B.; Raghavachari, K.; 
Melius, C. F.; Martin, R. L.; Stewart, J. J. P.; Bobrowicz, F. W.; Rohfling, 
C. M.; Kahn, L. R.; DeFrees, D. J.; Seeger, R.; Whiteside, R. A.; Fox, D. J.; 
Fleuder, E. M.; Pople, J. A. GAUSSIAN 86; Carnegie-Mellon Quantum 
Chemistry Publishing Unit: Pittsburgh, PA, 1984. 

(12) For recent calculations on benzyne, see: (a) Radom, L.; Nobes, R. 
H.; Underwood, D. J.; Li, W.-D. Pure Appl. Chem. 1986, 58, 75. (b) Bock, 
C. W.; George, P.; Trachtman, M. J. Phys. Chem. 1984, 88, 1467. 

with HO", and injected IV (eq 2). When subjected to CID 
conditions, IV yields nearly equal amounts of deuterated and 
undeuterated ions, implicating the intermediacy of fluoride-
benzyne complex V in the reaction. We do not understand why 
V does not merely lose F". However, simply proposing another 
structure for II does not eliminate the problem because II, 
whatever its structure, reacts readily with HF.10 

Using ab initio techniques, we have investigated the structure 
of the 2,3-dehydrophenyl anion calculationally. An optimization 
at the 6-31+G* level11 including a frequency analysis indicates 
that it is a minimum on the potential surface with the ring highly 
distorted compared to that in benzyne,12 the angle between the 
three methynyl carbons being nearly 160°. Such a large geometry 
change upon protonation could account for its slow proton transfer 
rate. 

Substituted dehydrophenyl anions can also be formed in this 
way. In particular, the carbanion formed by proton abstraction 
from p-difluorobenzene produces the fluorodehydrophenyl anion 
(VI). Loss of a second HF molecule occurs readily, to form C6H". 
Because this ion shows none of the high reactivity of II, we believe 
an initially formed diynyl anion (VII) undergoes an electrocyclic 
ring opening to produce a polyacetylide ion, VIII (eq 3). Such 

-HF -HF 

VII 

H C = C C = C C = C " (3) 

VIII 

a Woodward-Hoffmann allowed transformation to form a stable 
ion is possible from VII; an analogous reaction of II would produce 
a vinyl anion. Further experiments designed to shed light on the 
mechanism of HF loss in these ions are in progress. 
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Recently we reported that double bonds attached by a three-
atom tether ortho or para on acetophenone quench the ketone 
triplet1 and in the process undergo 2 + 2 cycloaddition to the 
benzene ring,2 both very efficiently. We now find that 1-buten-
oxy-2-acetonaphthones and 2-butenoxy-l-acetonaphthones both 
undergo high-yield internal 2 + 2 cycloadditions from their triplet 
states, but with much different rate constants. These reactions 
represent the first examples of 1,2-addition of simple alkenes to 
triplet naphthalenes. The rate differences suggest significant 
radical character in the rate-determining step for cyclization. 

The isomeric sets of ketones in Scheme I (prepared by standard 
SN2 chemistry) produce high chemical yields (70-90% isolated) 
of the acetylbenzo-2-oxatricyclo[5.4.0.0''5]undecadienes upon 
near-UV irradiation in benzene.3,4 These cyclizations are entirely 

(1) Wagner, P. J.; Nahm, K. J. Am. Chem. Soc. 1987, 109, 4044. 
(2) Wagner, P. J.; Nahm, K. J. Am. Chem. Soc. 1987, 109, 6528. 
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Scheme I 

hv 

1a: 
1 b: 
1c: 

Rj = R2 — H 
n-j = CH3 Rj = H 
R̂  = H Rj = CH2CH3 

3a 
3 b 
3c 

hv 

2a: R1 = R 2 = H 
2b: R1 = CH3 R2 = H 
2c: R 1 = H R2 = CH2CH3 

4a 
4 b 

Table I. Photokinetics for Some But-3-en-l-oxyacetonaphthones" 

ketone 1/T* I INTc.rf 
* q 

la 
2a 
lb 
2b 
Ic 

0.23 
0.01 
0.17 
0.04 
0.31 

8.8 
3.0 
6.7 
1.7 

12.5 

7.8 
2.0 
5.7 
0.7 
11.5 

2.0 
0.03 
1.1 
0.07 
3.8 

"In benzene at 25 0C. 'Direct decay measurement in CH3OH. 
'All rate constants in units of 105 s"1. dk™r = 1/T - 1 X 105. efccyc = 
0/T. 

triplet-state reactions: product formation can be sensitized with 
Michler's ketone and is readily quenched by low concentrations 
of conjugated dienes or ;ra«s-stilbene, with &qr values of 4000-
25 000 M"1 in benzene. The long triplet lifetimes were verified 
by flash kinetics.5 Photokinetics data for the five compounds that 
cyclize are listed in Table I. Compound 2c undergoes only 
cis-trans isomerization of the double bond. Compound Ic forms 
an apparently equal mixture of both diastereomers of 3c. 

McCullough reported similar 2 + 2 intramolecular cyclo-
additions upon direct irradiation of the isomeric 2-, 4-, and 6-

(3) Solutions 0.04 M in C6D6 in argon-flushed NMR tubes were irradiated 
at 313 nm and followed by NMR. For preparative experiments, 250 mg of 
reactant in 50 mL of benzene was irradiated under nitrogen for 6-40 h at 
ambient temperature with a Hanovia 450-W medium-pressure mercury arc 
filtered by Pyrex. Conversion ranged from 50% to 100%. 

(4) Major products were readily isolated by column or thin-layer chro
matography; several minor byproducts have not yet been characterized. 3b: 
IR 1700 cm'1; MS m/e 171, 186 (base), 254 (M+); 1H NMR (CDCl3) S 1.00 
(s, 3 H, CH3), 1.61 (ddd, /AB = 12.5 Hz, JAX = 11.0 Hz, /AY = 7.4 Hz, 1 
H, OCH2CZZ2), 1.68 (ddd, /AB = 12.5 Hz, JBX = 6.1 Hz, JBY = 1-5 Hz, 1 
H, OCH2CZZ2), 1.78 and 2.88 (AB quartet, 2 H, / = 12.5 Hz, cyclobutane 
CH2) 2.13 (s, 3 H, CH3CO), 3.96 (ddd, JAX =11.0 Hz, /AB = 9.0 Hz, /AY 
= 6.0 Hz, 1 H, OCZZ2), 4.24 (ddd, /AB = 8.9 Hz, JBX = 7.2 Hz, JBY = 1.5 
Hz, 1 H, OCZZ2), 5.66 and 6.48 (AB quartet, 2 H, J = 10.0 Hz, CH=CH), 
7.05-7.10 (m, 1 H, aromatic), 7.15-7.30 (m, 3 H, aromatic); 13C NMR 
(CDCl3) S 22.1, 26.7, 38.0, 38.9, 51.4, 55.6, 68.9, 88.8, 125.9, 127.3, 128.2 
(2), 128.9, 129.0, 132.2, 133.0, 206.0. 4b: IR 1700 cm"1; MS m/e 171, 186 
(base), 254 (M+); 1H NMR (CDCl3) S 1.18 (s, 3 H, CH3), 1.59 (ddd, JAb 
= 12.2 Hz, 7AX = 11.0 Hz, /AY = 7.7 Hz, 1 H, OCH2CZZ2), 1.72 (ddd, JAB 
= 12.2 Hz, /BX = 5.5 Hz, J3W = 1.3 Hz, 1 H, OCH2CZZ2), 1.83 and 3.13 (AB 
quartet, 2 H, J = 12.5 Hz, cyclobutane CH2), 2.00 (s, 1 H, CH3CO), 3.91 
(ddd, 7AX = 11.0 Hz, yAB = 9.0 Hz, /AY = 5.5 Hz, 1 H, OCH2), 4.09 (ddd, 
yAB = 9.0 Hz, yBY = 1.4 Hz, JBX = 7.7 Hz, 1 H, OCH2), 5.56 and 6.54 (AB 
quartet, 2 H, / = 10.0 Hz, CH=CH), 6.78 (dd, I H , / = 7.5, 1 Hz, 1 H, 
aromatic), 7.07-7.25 (m, 3 H, aromatic); 13C NMR (CDCl3) 5 21.8, 26.9, 
39.3, 40.5, 50.8, 55.7, 68.8, 88.9, 126.5, 126.8, 127.9, 128.4, 128.9, 129.6, 
131.1, 137.8, 205.1. The chemical shifts and splitting of the vinyl AB quartet 
are almost identical with those reported for the similar cycloadduct reported 
in ref 6. Other products 3 and 4 had similar spectra. 

(5) We thank Dr. Tito Scaiano at the NRC in Ottawa for his hospitality 
in allowing the use of his flash kinetics apparatus. The decay of triplet 
naphthalene absorption at 425 nm was monitored in methanol solvent. 

(2-oxa-4,5-dimethyl-4-hexenyl)-l-cyanonaphthalenes.6 The first 
isomer is similar electronically to our compounds 2a-c but pho-
tocyclizes in high quantum yield (0.69). These reactions are known 
to proceed from singlet exciplexes6,7 and have rate constants of 
at least 108 s"\ since 95% of monomer fluorescence is quenched 
by the double bond.6 The lowest 7r,7r* singlet states of the 
naphthalenes have excitation energies >85 kcal/mol.6 The lowest 
7r,7r* triplets of la and 2a have excitation energies of only 58.1 
and 56.7 kcal/mol, respectively.8 It is remarkable that these 
low-energy excited states can cyclize, given the loss of resonance 
energy and the gain in ring strain that accompany cycloaddition. 
The only other well-characterized cycloaddition to triplet naph
thalene is the 1,4-addition of a-morpholino- or a-(alkanethiyl)-
acrylonitriles to 1-acetonaphthone reported by Dopp.9 

It is evident that the l-alkenoxy-2-acetylnaphthalene triplets 
1 react more rapidly and more efficiently than their positional 
isomers 2. Since unsubstituted acetonaphthones have triplet 
lifetimes of 10 ns under the same experimental conditions, only 
some of the quantum inefficiency arises from triplet decay com
petitive with reaction. The values of &q

INT in the table equal the 
measured 1/T values minus IXlO 5 and represent internal reaction 
with the double bond. The k<.yc values represent the effective rate 
constants for cyclization. The fact that 2c undergoes primarily 
cis-trans isomerization, while Ic forms cycloadduct efficiently, 
indicates (1) that a biradical intermediate precedes cyclization, 
since the energetics forbid any electron or energy transfer to the 
double bond, and (2) that biradical closure is less efficient from 
the 2-alkenoxy system than from the 1-alkenoxy system. 

hv 

The absolute values and the large positional dependence of these 
triplet rate constants require explanation. The lower rate constants 
for the triplet reactions relative to those for singlets probably reflect 
the lower energy content of the triplets but also may reflect 
different electron distributions and mechanisms for the two 
electronic states. Therefore the strong regioselectivity is partic
ularly revealing. The same phenomenon is well-known in the 
di-x-methane rearrangement of triplet naphthobarrelenes.10 

Bonding of the a-naphthyl position to a double bond is faster than 
vinyl-vinyl bonding, which in turn is faster than bonding at the 
/3-naphthyl position. The di-7r-methane reaction appears to involve 
initial radical-like addition of the aromatic to a double bond;11 

the similarity in selectivity invites mechanistic comparison. 

(6) McCullough, J. J.; Maclnnis, W. K.; Lock, C. J. L.; Faggiani, R. J. 
Am. Chem. Soc. 1982, 104, 4644. 

(7) (a) Taylor, G. N. Chem. Phys. Lett. 1971, 10, 355. (b) O'Connor, D. 
V.; Ware, W. R. J. Am. Chem. Soc. 1979, 101, 121. 

(8) la and 2a show phosphorescence 0,0 bands in methyl-THF at 77 K 
of 492 and 504 nm, respectively. These compare with 482 and 507 nm for 
2- and 1 -acetonaphthone in methylcyclohexane-isopentane: Herkstroeter, W. 
G.; Lamola, A. A.; Hammond, G. S. J. Am. Chem. Soc. 1964, 86, 4537. 

(9) Dopp, D.; Kruger, C; Memarian, H. R.; Tsay, Y.-H. Angew. Chem., 
Int. Ed. Engl. 1985, 24, 1048. Dopp, D. Memarian, H. R.; Kruger, C; Raabe, 
E. Chem. Ber. 1989, 122, 585. 

(10) Zimmerman, H. E.; Bender, C. O. /. Am. Chem. Soc. 1970, 92, 4366. 
(11) For a thorough discussion of the di-jr-methane reaction, see: Zim

merman, H. E. In Rearrangements in Ground and Excited States; deMayo, 
P., Ed.; Academic Press: New York, 1980; Vol. 3, p 131. 
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Zimmerman ascribed the regioselectivity to a greater spin density 
at the a-position of excited naphthalenes,10 as has since been made 
more evident from measured hyperfine interactions in triplet 
naphthalenes.12 

If this reaction of triplet naphthalenes involves weak charge-
transfer (CT) interaction of the excited aromatic with the double 
bond followed by radical addition to form a five-membered ring, 
as appears to be the case for the similar singlet reactions5 and for 
analogous triplet benzenes,1'13 both steps would be affected by the 
relative unpaired spin density at the carbon bearing the alkenoxy 
group. As in all such two-step processes,14 it must be determined 
which step is rate-determining. We first must deal with any 
consequences of the slightly lower triplet energy of 2a relative to 
la. This difference would not affect the first step, since 2a's 
reduction potential is lower than la's, but it might affect the second 
step if bond formation were becoming endothermic. However, 
the di-7r-methane rearrangement has no such energy difference 
yet shows the same selectivity. We suggest that the low rate 
constants and the high regioselectivity indicate a low driving force 
for the first CT step, such that the second step (biradical for
mation) is facilitated only slightly by charge separation and 
therefore dominates rate constants. The fact that terminal alkyl 
substitution on the double bond slightly enhances &q

INT while a 
3-methyl depresses it is further evidence for radical cyclization 
character in the rate-determining step.12,15 The values of fc<,INT 

deduced for la and 2a, 8 X 105 and 2 X 105 s"1, are in exactly 
the same ratio as the spin densities at the 1- and 2-positions in 
triplet naphthalenes, 0.23 and 0.06,12 respectively; the lb/2b rate 
ratio is twice as large. 
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(12) (a) Hirota, N.; Hutchison, C. A., Jr.; Palmer, P. J. Chem. Phys. 1964, 
40, 3717. (b) Mispelter, J.; Grivet, J.-Ph.; Lhoste, J.-M. MoI. Phys. 1971, 
2/, 999, 1015. 

(13) Wagner, P. J.; Sakamoto, M. J. Am. Chem. Soc. 1989, / / / , 8723. 
(14) Wagner, P. J.; Truman, R. H.; Puchalski, A. E.; Wake, R. J. Am. 

Chem. Soc. 1986, 108, 7727. 
(15) Beckwith, A. L. J.; Ingold, K. U. In Rearrangements in Ground and 

Excited States, deMayo, P., Ed.; Academic Press: New York, 1980; Vol. 1, 
pp 185-201. 
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The discovery that coenzyme Bj2 contains a stable Co-C bond1 

and the subsequent recognition of the homolysis of this bond in 
Bl2-dependent catalysis2 have stimulated a considerable amount 

f Georgia Institute of Technology. 
' Emory University. 
! Hong Kong University of Science & Technology. 
(1) (a) Lenhert, P. G.; Hodgkin, D. C. Nature 1961, 192, 937. (b) 

Hodgkin, D. C. Science 1965, 150, 979. 

of work aimed at elucidating factors promoting the enzymatic 
cleavage of this organometallic bond.2 Valuable insights have come 
from structural studies of well-defined organocobalt B12 models 
by X-ray diffraction methods in the solid state and NMR spec
troscopy in solution.3 While vibrational spectroscopic techniques 
(i.e., IR and Raman) hold the promise of providing molecular 
information in both the solid state and solution, their utility in 
directly probing the nature of the Co-C moiety has been rather 
limited. Early IR studies of organocobalt complexes containing 
the (DH)2 equatorial ligand system (DH = monoanion of di-
methylglyoxime) revealed a Co-C-related absorption band.4 Its 
assignment to the Co-C stretching mode remains controversial 
because the 320-cm"1 value is too low compared to those found 
in other organocobalt complexes and its isotopic shift (6 cm"1, CH3 
vs CD3) is significantly smaller than that expected for a stretching 
mode. Resonance Raman investigations of organocorrins with 
visible laser excitations inevitably ran into the trouble of pho-
toinduced sample decomposition.5 Even though photolysis could 
be alleviated by using the rapid-flow technique, the resonance 
Raman spectra obtained yielded no information about the Co-C 
bond.6 A recent report7 tentatively identified a Raman line at 
506 cm"1 as the Co-CH3 stretching mode in solid (4-tert-butyl-
pyridine)Co(DH)2CH3, but the resonance Raman spectrum re
corded with 514.5-nm excitation exhibited severe fluorescence 
interference and was further complicated by photolysis.8 

We describe here the first application of near-infrared-excited 
Fourier transform (FT) Raman spectroscopy9 to study photolabile 
organocobalt compounds. By using near-IR excitation at 1.064 
^m, this new technique precludes electronic transitions and thus 
completely eliminates fluorescence interference and Co-C bond 
photolysis, problems encountered with visible laser excitations. 
As a result, high-quality FT-Raman spectra have been obtained 
for coenzyme B12 itself and for a number of organocobalt B12 
models10 of the type LCo(DH)2R (where L = neutral axial ligand, 
R = alkyl axial ligand) both in the solid state and in solution. 
Although interpretation of the B12 coenzyme spectrum requires 
additional studies, the nonresonant FT-Raman spectra of the 
models provide particularly rich information about the Co-C bond 
and allow several important issues concerning this organometallic 
bond to be addressed, such as conclusive identification of the Co-C 
stretching frequency, the trans ligand influence, and the envi
ronmental effect. 

Figure 1 depicts FT-Raman spectra of pyCo(DH)2CH3 (py = 
pyridine) and its deuterated derivative, PyCo(DH)2CD3, obtained 
in the solid state. Three isotopically sensitive lines are detected. 
The symmetric stretching and deformation modes of the axial 

(2) (a) Halpern, J. Science 1985, 227, 869. (b) Halpern, J. In B12; Dol
phin, D.; Wiley: New York, 1982; Vol. 1, p 501. (c) Halpern, J.; Kim, S. 
H.; Leung, T. W. J. Am. Chem. Soc. 1984, 106, 8317. (d) Finke, R. G.; 
Schiraldi, D. A.; Mayer, B. J. Coord. Chem. Rev. 1984, 31, 105. (e) Hay, 
B. P.; Finke, R. G. J. Am. Chem. Soc. 1986,108, 4820. (f) Hay, B. P.; Finke, 
R. G. J. Am. Chem. Soc. 1987, 109, 8012. (g) Summers, M. F.; Marzilli, 
L. G.; Bresciani-Pahor, N.; Randaccio, L. /. Am. Chem. Soc. 1984,106, 4478. 
(h) Marzilli, L. G.; Summers, M. F.; Bresciani-Pahor, N.; Zangrando, E.; 
Charland, J.-P.; Randaccio, L. J. Am. Chem. Soc. 1985, 107, 6880. 

(3) (a) Bresciani-Pahor, N.; Forcolin, M.; Marzilli, L. G.; Randaccio, L.; 
Summers, M. F.; Toscano, P. J. Coord. Chem. Rev. 1985, 63, 1. (b) Toscano, 
P. J.; Marzilli, L. G. Prog. Inorg. Chem. 1984, 31, 105. (c) Marzilli, L. G.; 
Parker, W. 0., Jr.; Charland, J.-P.; Summers, M. F.; Randaccio, L.; Bres
ciani-Pahor, N.; Zangrando, E. In Frontiers in Bioinorganic Chemistry; Xa-
vier, A. V., Ed.; VCH: Weinheim, FRG, 1986; p 647. 

(4) (a) Roshchupkina, O. S.; Rudakova, I. P.; Pospelova, T. A.; Yurkevich, 
A. M.; Borod'ko, Yu, G. J. Gen. Chem. USSR (Engl. Transl.) 1970, 40, 432. 
(b) Shrauzer, G. N.; Windgassen, R. J. J. Am. Chem. Soc. 1966, 88, 3738. 

(5) (a) Mayer, E.; Gardiner, D. J.; Hester, R. E. J. Chem. Soc, Faraday 
Trans. 2 1973, 69, 1350. (b) Wozniak, W. T.; Spiro, T. G. J. Am. Chem. Soc. 
1973, 95, 3402. 

(6) Salama, S.; Spiro, T. G. J. Raman Spectrosc. 1977, 6, 57. 
(7) Ervin, A. G.; Shupack, S. I.; Byler, D. M. Spectrosc. Lett. 1984, 17, 

603. 
(8) Golding, B. T.; Kemp, T. J.; Nocchi, E.; Watson, W. P. Angew. Chem., 

Int. Ed. Engl. 1975, 14, 813. 
(9) (a) Chase, D. B. J. Am. Chem. Soc. 1986, 108, 7485. (b) Chase, D. 

B. Anal. Chem. 1987, 59, 88IA. 
(10) Organocobalt complexes, LCo(DH)2CH3 (L = pyridine, H2O, tri-

phenylphosphine, trimethylphosphine, and tricyclohexylphosphine), were re
ported previously; see ref 3a. 
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