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sition state. There are insufficient data from this work to evaluate 
whether or not destabilizing electrostatic interactions contribute 
to the low reactivity of XArCH(CF3)"

1". 
The results of theoretical calculations show no stabilization of 

CF3CH2
+ by fluorine bridging but some stabilization by homo-

conjugation of the fluorine lone pair electrons with the cationic 
center.270 The latter effect may contribute to the low reactivity 
OfXArCH(CF3)"

1". 
Bimolecular Substitution Reactions. No SN2 reactions between 

XArCH(CF3)Y and the potent nucleophiles N3", I", and Br" were 
observed in these studies of reactants with electron-donating ring 
substituents. This is a further example of the extreme resistance 
of a-CF3-substituted substrates to bimolecular substitution re
actions.13"15 The results reported here support the relationship 
proposed to exist between the mechanism for nucleophilic sub
stitution at saturated carbon and the lifetimes for the real or 
hypothetical carbocation intermediates of these reactions.8,10'11,S1 

It was previously shown that the addition of electron-withdrawing 

(51) Young, P. R.; Jencks, W. P. J. Am. Chem. Soc. 1977, 99, 8238-8248. 
Jencks, W. P. Ace. Chem. Res. 1980, 13, 161-169. 

Ylides may be defined as molecules in which a positively 
charged heteroatom is connected to a carbon atom carrying an 
unshared pair of electrons. Two fundamentally different ap
proaches to the generation of ylides exist. The ubiquitous and 
synthetically useful ylides of phosphorus, sulfur, and nitrogen are 
commonly prepared by deprotonation of the analogous onium salts. 
This methodology is less well applicable to oxonium salts, which 
strongly prefer nucleophilic displacement to deprotonation.1 

Nevertheless, Olah recently generated dimethyloxonium methylide 
by deprotonation and desilylation of appropriate oxonium ions.2 

The deprotonation route to oxonium ylides is believed to play an 
important role in the zeolite-catalyzed conversion of methanol to 
ethylene.3"5 

(1) Perst, H. Oxonium Ions in Organic Chemistry; Verlag Chemie-Aca-
demic Press: Weinheim, FRG, 1971. 

(2) Olah, G. A.; Doggweiler, H.; Felberg, J. D. J. Org. Chem. 1984, 49, 
2112. 

ring substituents at XArCH(CH3)Y leads to a change from an 
S N I to an SN2 substitution reaction mechanism for the addition 
of methanol, acetate, and azide at roughly the point where the 
ion-sandwich "intermediate" [Nu"-XArCH(CH3)

+-X"] ceases to 
exist for the lifetime of even one bond vibration and is transformed 
from an intermediate to a transition state.11 It has been established 
in the present work that this simple relationship holds for the 
reactions of XArCH(CF3)Y, since XArCH(CH3)Y and 
XArCH(CF3)Y with the same ring substituent (<rx

+ < -0.32) react 
by the same S N I mechanism through intermediates ArCH(CH3)"

1" 
and ArCH(CF3)+, respectively, with nearly the same lifetimes. 
It remains to be determined if there is an enforced change to a 
coupled-concerted mechanism for bimolecular substitution reac
tions at XArCH(CF3)Y as the intermediate XArCH(CF3)"

1" is 
destabilized by electron-withdrawing ring substituents (<r+ » 
-0.32). 
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The alternative approach to ylides involves the interaction of 
carbenes with the unshared electron pairs of heteroatoms.6 The 
oxygen compounds that have been utilized for the intermolecular 
trapping of carbenes include 2-phenyl-l,3-dioxolane,7 styrene 

(3) (a) Olah, G. A. Pure Appl. Chem. 1981, S3, 201. (b) Olah, G. A.; 
Doggweiler, H.; Felberg, J. D.; Frohlich, S.; Grdina, M. J.; Karpeles, R.; 
Keumi, T.; Inaba, S.; Ip, W. M.; Lammertsma, K.; Salem, G.; Tabor, D. C. 
J. Am. Chem. Soc. 1984,106, 2143. (c) Olah, G. A.; Prakash, G. K. S.; Ellis, 
R. W.; Olah, J. A. J. Chem. Soc, Chem. Commun. 1986, 9. (d) Olah, G. 
A. Ace. Chem. Res. 1987, 20, 422. 

(4) (a) Rimmelin, P.; Taghavi, H.; Sommer, J. J. Chem. Soc, Chem. 
Commun. 1984, 1210. (b) Rimmelin, P.; Brenner, A.; Fischer, K.; Sommer, 
J. Ibid. 1986, 1497. 

(5) Hellring, S. D.; Schmitt, K. D.; Chang, C. D. J. Chem. Soc, Chem. 
Commun. 1987, 1320. 

(6) For reviews, see: (a) Nikolaev, V. A.; Korobitsyna, I. K. Mendeleev 
Chem. J. (Engl. Transl.) 1979, 24, 88. (b) Ando, W. Ace. Chem. Res. 1977, 
10, 179. (c) Kirmse, W. Carbene Chemistry, 2nd ed.; Academic Press: New 
York, 1971; Chapter 11. 

(7) Gutsche, C. D.; Hillman, M. J. Am. Chem. Soc. 1954, 76, 2236. 
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Abstract: Arylcarbenes carrying alkoxyalkyl groups in the ortho position have been generated by flash pyrolysis and photolysis 
of appropriate tosylhydrazone sodium salts. In the gas phase and in aprotic solvents, interaction of the carbenes with the lone 
electron pairs of oxygen competes efficiently with insertion into C-H bonds. Both five- and six-membered cyclic oxonium 
ylides have been generated. The ylides 23, 37, 61b, and 74 undergo 1,2 shifts of benzyl groups with ease, even if ring contraction 
to highly strained benzocyclobutenes is involved (23, 74). The oxonium ylides 37 and 61b strongly prefer the nonconcerted 
Stevens rearrangement to the [2.3] sigmatropic Sommelet rearrangement, in contrast to analogous ammonium ylides. Alkyl 
shifts occur to a very minor extent, if at all. Evidence is presented that alcohols intercept both the carbenes and the oxonium 
ylides. Protonation of the ylides leads to cyclic oxonium ions, which undergo nucleophilic cleavage of the C-O bonds. 
Acid-catalyzed decomposition of the appropriate diazo compounds gives rise to six-membered, but not to five-membered, cyclic 
oxonium ions, thus confirming the different intramolecular reactivities of arylcarbenes and benzyl cations. The efficiency 
of carbene interception increases with increasing acidity of the medium, suggesting nucleophilic behavior (protonation) of 
the arylcarbenes. 
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Table I. Product Distributions Obtained from 14 and 15 i \ 
conditions 

15, 285 0C (IO"3 mmHg) 
15, hv, diglyme 
14, hv, MeOH" 
14, hv, EtOH" 
14, hv, r-BuOH* 

9 

2.3 
2.5 
0.3 

product distributions, % 

12 16 17 18 19 20 

22.1 63.5 8.9 5.5 
21.0 52.4 10.2 16.4 

1.0 2.4 15.7 78.6 
1.8 3.1 28.5 64.2 
4.0 5.8 42.5 47.3 
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19 
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oxide,8 allylic ethers,9,10 aliphatic ethers,11,12 allylic acetals,13 and 
oxetanes.14 Most recently the intramolecular generation of ox-
onium ylides by rhodium(II)-catalyzed decomposition of appro
priate diazoketones has been reported.15'16 For the majority of 
these reactions, direct C-O insertion is not readily distinguished 
from the formation and subsequent rearrangement of oxonium 
ylides. Conclusive evidence for a two-step mechanism comes from 
the [2.3] sigmatropic rearrangements observed with allylic sub-
strates.9'10'13-15'16 

In the present work we attached alkoxyalkyl groups to the ortho 
position of phenylcarbene (1). Obvious variables are the length 
n of the "spacer", determining the ring size of an eventual oxonium 
ylide 2, and the nature of the alkoxy substituent. Our major goal 
was to compare the Stevens rearrangement, 2 —>- 3 + 4, with the 
analogous reactions of ammonium and sulfonium ylides. The 
carbenes 1, generated by thermolysis and photolysis of diazo 
compounds, undergo the well-known insertions into C—H and 
C = C bonds (if present) competitively with electrophilic attack 
at oxygen. In addition to studies under gas-phase and aprotic 
conditions, protic solvents were also employed. Hydroxyl groups 
intervene at two stages of the overall reaction, intercepting the 
carbene 1 as well as the ylide 2. Protic solvents thus provide 
additional insights into reactivity and mechanisms (Scheme I). 

Results and Discussion 
[2-(Methoxymethyl)phenyl]carbene (22). The reported route 

to 2-(methoxymethyl)benzaldehyde (13) is anodic oxidation of 

(8) Nozaki, H.; Takaya, H.; Noyori, R. Tetrahedron Lett. 1965, 2563. 
(9) Kirmse, W.; Kapps, M. Chem. Ber. 1968, 101, 994. 
(10) (a) Ando, W.; Yagihara, R.; Kondo, S.; Nakayama, K.; Yamato, H.; 

Nakaido, S.; Migata, T. J. Org. Chem. 1971, 36, 1732. (b) Ando, W.; Kondo, 
S.; Nakayama, K.; Ichibori, K.; Kohoda, H.; Yamamoto, H.; Imai, I.; Na
kaido, S.; Migita, T. J. Am. Chem. Soc. 1972, 94, 3870. 

(11) (a) Iwamura, H.; Imahashi, Y.; Kushida, K. Tetrahedron Lett. 1975, 
1401. (b) Iwamura, H.; Imahashi, Y.; Kushida, K.; Aoki, K.; Satoh, S. Bull. 
Chem. Soc. Jpn. 1976, 49, 1690. 

(12) Olah, G. A.; Doggweiler, H.; 
2116. 

(13) Doyle, M. P.; Griffin, J. H.; 
Chem. 1984, 49, 1917. 

(14) (a) Friedrich, K.; Jansen, U. 
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Felberg, J. D. J. Org. Chem. 1984, 49, 

Chinn, M. S.; van Leusen, D. J. Org. 

; Kirmse, W. Tetrahedron Lett. 1985, 
193. (b) Kirmse, W.; Chiem, P. V. Ibid. 1985, 197. 

(15) Pirrung, M. C; Werner, J. A. J. Am. Chem. Soc. 1986, 108, 6060. 
(16) Roskamp, E. J.; Johnson, C. R. / . Am. Chem. Soc. 1986, 108, 6062. 

18a.17 We prepared 13 by oxidation (Jones, 61%; PCC, 74%) 
of the analogous benzyl alcohol l l ,1 8 which was obtained from 
phthalide (8) by way of 10.18 Conventional procedures afforded 
the tosylhydrazone 14 and its sodium salt 15. 

Flash pyrolysis of 15 produced 3,4-dihydro-li/-2-benzopyran 
(12),19 7-methoxybicyclo[4.2.0]octa-l,3,5-triene (16),20 2-(2-
methylphenyl)oxirane (19),21 and 2-ethylbenzaldehyde (2O)22 

(Scheme II and Table I). All compounds were identified by 
comparison of their spectra with those of authentic samples. 
Insertion of the carbene 22 into the C-H bonds of the methoxy 
group is the only reasonable route to 12. The four-membered ring 
of 16, however, may arise by insertion into the benzylic C-H bonds 
as well as by Stevens rearrangement of the oxonium ylide 23 
(Scheme III). In order to distinguish between these alternatives, 
the labeled tosylhydrazone sodium salt [2H2]-15 was prepared from 
deuteriated phthalide23 and pyrolyzed. Within the limits of 2H 

(17) Garwood, R. F.; Naser-ud-Din; Weedon, B. C. L. J. Chem. Soc, 
Perkin Trans. 1 1975, 2471. 

(18) Mann, F. G.; Stewart, F. H. C. / . Chem. Soc. 1954, 2819. 
(19) Abramo, J. G.; Chapin, E. C. J. Org. Chem. 1961, 26, 2671. 
(20) Arnold, B. J.; Sammes, P. G.; Wallace, T. W. / . Chem. Soc, Perkin 

Trans. 1 1974, 409, 415. 
(21) Marshall, P. A.; Prager, R. H. Aust. J. Chem. 1977, 30, 141. 
(22) Crow, W. D.; McNab, H. Aust. J. Chem. 1979, 32, 123. 



Generation of Oxonium Ylides from Arylcarbenes J. Am. Chem. Soc, Vol. Ill, No. 4, 1989 1467 

Scheme IV Scheme V 

E-2£ 16 

oo° 
25 

^W 
26 

19 

C6 
27 

-or? 
z-24 

-»/ Y CH3 

oc° 
20 

NMR detection, no deuterium was found a to the methoxy group 
of 16 (<5 5.0) while the methylene group was fully deuteriated (<5 
3.4 and 3.1). The virtually exclusive route to 16 is C-O insertion, 
presumably via ylide 23. C-H insertion occurs only into the OCH3 

group, as confirmed by the formation of [1-2H2]-12. 
Precedent with (2-methoxyphenyl)carbenes22,24 suggested that 

hydrogen transfer to give alkoxycarbene 21 might ultimately lead 
to 19. According to this mechanism, [2H2]-15 should give rise 
to [2,3-2H2]-19. In contrast to these expectations, the deuterium 
was located in the methyl group of 19, pointing to 16 as the 
precursor of 19. In fact, thermolysis of 16 at 275 0C afforded 
19 and 20 (ca. 6:1). Subsequent conversion of 19 into the aldehyde 
25 appeared to be acid-catalyzed and was suppressed in the 
presence of triethylamine. Above 80 0C, 16 is known to equilibrate 
with (£)-a-methoxy-o-xylylene [{E)-24], which may be scavenged 
by dienophiles.20 A strong preference for outward rotation of 
alkoxy groups has also been noted in the cyclobutene-butadiene 
rearrangement.25 However, at the much higher temperatures 
employed here, inward rotation of OMe is likely to compete. The 
methoxy group of (Z)-24 is suitably disposed for shifts of hydrogen 
and methyl, leading to 19 and 20, respectively. The pyrolysis of 
7,7-dimethoxybicyclo[4.2.0]octa-l,3,5-triene (26) to give methyl 
2-ethylbenzoate (28) involves an analogous methyl shift of a,a-
dimethoxy-oxylylene (27)26 (Scheme IV). 

In summary, we may safely conclude that 19 and 20 are sec
ondary products arising from the thermolysis of 16 rather than 
from the carbene 22. The only reactions of 22 observed in flash 
pyrolyses are C-O insertion (~*16) and C-H insertion (—*12) in 
a 3.5:1 ratio. C-O insertion occurs selectively into the benzyl-
oxygen bond, despite the ring strain of 16. A strong preference 
for benzyl over alkyl migration is characteristic of Stevens re
arrangements.27 Thus, our results are fully consistent with in
tervention of the ylide 23. 

The photolysis of 15 in diglyme afforded 16 and 12 in a slightly 
lower ratio (2.5:1), as compared with flash pyrolysis (Table I). 
The formation of two additional products, 1,3-dihydroisobenzo-
furan (17)28 and l,2-bis(methoxymethyl)benzene (18a),17 is 
probably due to protic contaminants of the solvent or to inter-

(23) (a) Nelsen, S. F. /. Org. Chem. 1973, 38, 2693. (b) Nunez, 0.; 
Sammes, P. G. J. Chem. Soc, Perkin Trans. I 1983, 1453. 

(24) Crow, W. D.; McNab, H. Aust. J. Chem. 1979, 32, 99. 
(25) Kirmse, W.; Rondan, N. G.; Houk, K. N. J. Am. Chem. Soc. 1984, 

106, 7989. 
(26) Moss, R. J.; White, R. 0.; Rickborn, B. J. Org. Chem. 1985, 50, 5132. 
(27) For reviews, see: (a) Johnson, A. W. Ylide Chemistry; Academic 

Press: New York, 1966; Chapter 7. (b) Stevens, T. S. Prog. Org. Chem. 1968, 
7, 48. (c) Pine, S. H. Org. React. (N.Y.) 1970, 18, 403. (c) Lepley, A. R.; 
Giumanini, A. G. In Mechanism of Molecular Migrations; Thyagarajan, B. 
S., Ed.; Wiley-Interscience: New York, 1971; Vol. 3, p 297. (d) Zugravescu, 
I.; Petrovanu, M. N-YUd Chemistry; McGraw-Hill: New York, 1976; 
Chapter 2. 

(28) (a) Korat, M.; Tatarsky, D.; Ginsburg, D. Tetrahedron 1972, 28, 
2315. (b) Arimatso, S.; Yamaguchi, R.; Kawanisi, M. Bull. Chem. Soc. Jpn. 
1974,47, 1693. 
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molecular oxonium ylide formation with diglyme. In methanol, 
17 and 18a predominated while very minor amounts of 12 and 
16 were obtained. The series of alcohols, methanol, ethanol, and 
tert-butyi alcohol, led to a gradual increase of 17 at the expense 
of 18 (Table I). A small fraction of l-(methoxymethyl)-2-
methylbenzene (9) was also observed. The origin of 9 is unclear 
since tosylhydrazones as well as diazo compounds and carbenes 
are amenable to reduction in basic media. 

As was pointed out above, l,2-bis(alkoxymethyl)benzenes 18 
may arise by O-H insertion of the carbenes 22 as well as by 
nucleophilic cleavage of the oxonium ions 31. In order to assess 
the contributions of these intermediates, [2H2]-15 was photolyzed 
in ethanol. l-(Ethoxymethyl)-2-(methoxymethyl)benzene (18b) 
derived immediately from the carbene [2H2]-22 would retain the 
deuterium in the methoxymethyl group whereas intervention of 
the oxonium ion [2H2]-31 would distribute the deuterium equally 
between the benzylic positions (ignoring secondary isotope effects). 
The 1H NMR signals of 18b were assigned by comparison with 
the symmetrical ethers. The fractions of [2H2]-18b (82%) and 
[2H2]-18b' (18%) obtained from [2H2]-15 were estimated from 
the residual signal intensities of the benzylic protons. We conclude 
that 36% of 18b originates from the oxonium ion 31 while 64% 
arises directly from the carbene 22. In ethanol the oxonium ion 
31 partitions to give 17 and 18b in a 1.2:1 ratio (Scheme V). 

Two routes to the oxonium ion 31 are conceivable: protonation 
of the ylide 23 and protonation of the carbene 22, followed by 
intramolecular nucleophilic substitution (22 —* 30 —• 31). As a 
test for the latter alternative, the diazo compound [2H2]-29 was 
prepared by mild thermolysis of [2H2]-15 and subjected to acid-
catalyzed decomposition in ethanol. This procedure, designed to 
generate the benzyl cation [2H2]-30 via dediazoniation, afforded 
[2H2]-18b only; within the limits of NMR detection, no [2H2]-18' 
was formed. Obviously, the intramolecular substitution, 30 —* 
31, cannot compete with intermolecular trapping of 30 to give 
18b. In contrast, the carbene 22 partitions between intramolecular 
and intermolecular processes in a 1.3:1 ratio (16 + 17 + 0.36-
18b:0.64-18b). The dramatic differences in intramolecular re
activities of benzyl cations and singlet phenylcarbenes have been 
rationalized in terms of much higher rotational barriers of the 
cations.29 Rotation about the bond connecting the sp2 carbon 
of the carbene or cation with the ring must occur in order for 
intramolecular substitution to take place. Our results with 22 and 
30 confirm these ideas. 

By excluding alternative routes to the oxonium ion 31, we have 
demonstrated that alcohols protonate the oxonium ylide 23 ef
ficiently and fast enough to quench the Stevens rearrangement, 

(29) Kirmse, W.; Kund, K.; Ritzer, E.; Dorigo, A. E.; Houk, K. N. J. Am. 
Chem. Soc. 1986, 108, 6045. 
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Table II. Product Distributions Obtained from 33 Scheme VII 

conditions 

Li salt, hv, diglyme" 
Li salt, hi>, DMF* 
Na salt, A, 280 °CC 

conditions 

hv, MeOH, 0.2 M 
NaOMe'' 

35 

22.2 
17.2 
42.0 

35 

4.1 

product distributions, % 

36 38 39 40 41 

75.9 
80.2 

0.3 21.0 10.8 17.9 1.4 

product distributions, % 

36 38 49 17 51 52 

0.9 8.0 60.4 22.5 (19.5) (3.0) 

"1.9% of 49. '2.6% of 2-[(benzyloxy)methyl]toluene. cTwo un
identified compounds, 5.1 and 1.5%. rf2.4% of 2-[(benzyloxy)methyl]-
toluene and one unidentified product (1.7%). Products 51 and 52 have 
been disregarded in the normalization to 100% since 17, 51, and 52 
arise from the same precursor. 

Scheme VI 

- C H = * hV.A 

,Ph OX. - OC 0 . .Ph 

Ph 

32 x = o 
33 X = NNHTs 

34 35 

4 2 R = H 

43 R = THP 

23 -* 16. Methanol, ethanol, and rert-butyl alcohol do not differ 
much in that regard (a slight increase of the Stevens product 16 
is seen with decreasing acidity of ROH; Table I). The next step, 
nucleophilic attack at the oxonium ion 31, is more profoundly 
affected by the nature of the alcohol. The sterically less hindered 
methyl site is preferred over the benzylic sites with increasing bulk 
of the nucleophile, thus lowering the 18:17 ratio (Table I). 

[2-((Benzyloxy)methyl)phenyl]carbene (34). In the preceding 
section, the ring contraction of the oxonium ylide 23 was attributed 
to the preferential migration of benzyl groups in the Stevens 
rearrangement. For further support of this interpretation, we 
extended our studies to the carbene 34, in order to generate an 
oxonium ylide with endocyclic and exocyclic benzyl groups. The 
tosylhydrazone 33 was prepared from phthalide (8) by an adaption 
of the methods outlined for 14 in Scheme II. Photolyses of the 
lithium salt of 33 (preferred to the sodium salt because of its 
enhanced solubility) in aprotic solvents proceeded cleanly, albeit 
with poor yields (20-25%). The major products were readily 
identified as 3,4-dihydro-3-phenyl-l#-2-benzopyran (35)30 and 
1-benzyl-1,3-dihydroisobenzofuran (38). The structure of 38 was 
confirmed by an unequivocal synthesis, starting from benzylide-
nephthalide. Although the C-H bonds available for carbene 
insertion are now benzylic, ylide formation remains predominant. 
The rearrangement of the oxonium ylide 37 proceeds exclusively 

(30) Vaulx, R. L.; Jones, F. N.; Hauser, C. R. J. Org. Chem. 1964, 29, 
1387. 
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51 R=CH3 

52 R-H 

with migration of the exocyclic benzyl group (Table II). 
Flash pyrolysis of the sodium salt of 33 afforded a more complex 

product mixture. In addition to 35 and 38, substantial amounts 
of 2-(2-phenylethyl)benzaldehyde (39)31 and 1,2-diphenylethane 
(40) as well as several minor components were detected. Com
parison (GC) with authentic samples indicated 7-(benzyloxy)-
bicyclo[4.2.0]octa-l,3,5-triene (36)20 and l,3-dihydro-l-(2-
methylphenyl)isobenzofuran (41) as minor products. Compound 
41 was prepared from 2-bromobenzyl alcohol (42) as outlined in 
Scheme Vl. It should be emphasized that 36 and 41 have been 
identified only by their GC retention times and that the figures 
in Table II constitute upper limits of their relative yields. 

The results of the pyrolysis suggest that the ring-contracting 
Stevens rearrangement of the oxonium ylide 37 may compete with 
migration of the exocyclic benzyl group at elevated temperatures. 
We note that 39 could arise by thermolysis of 36 (cf. 16 —• 20; 
Scheme IV). The formation of 40 may be due to the escape of 
benzyl radicals from the radical pair presumably27 intervening 
in the Stevens rearrangement, 37 -* 38 (however, we did not 
observe a complementary product, e.g. 17). Such side reactions 
would explain the low relative yield of 38 in thermal, gas-phase 
reactions as compared with photolytic, condensed-phase experi
ments (Table II). 

The small to negligible yields of 41 indicate that the Sommelet 
rearrangement is at best a minor reaction path of the oxonium 
ylide 37. In contrast, base-induced formation of the analogous 
ammonium ylide 46 from the ammonium salt 45 afforded the 
Sommelet product 48 at low to ambient temperature and the 
Stevens product 47 at 80-180 0C32 (Scheme VII). A strong 
preference for the Sommelet rearrangement was also observed 
with benzyldialkylammonium methylides at 25 °C.33 The tem
perature dependence has been interpreted in terms of a higher 
enthalpy of activation for the dissociative, two-step Stevens re
arrangement as compared with the concerted, [2.3] sigmatropic 
Sommelet process. Against this background, our experience with 
37 suggests more facile homolysis of oxonium than of ammonium 
ylides (although, in general, C-O bonds are stronger than C-N 
bonds). 

The reactions of the carbene 34 with methanol conform to those 
of the methyl analogue 22, l-[(benzyloxy)methyl]-2-(methoxy-

(31) Harris, T. D.; Roth, G. P. J. Org. Chem. 1979, 44, 2004. 
(32) Wittig, G.; Streib, H. Liebigs Ann. Chem. 19S3, 584, 1. 
(33) (a) Nakao, M.; Sato, Y. J. Org. Chem. 1987, 52, 1844. (b) Shirai, 

N.; Sato, Y. J. Org. Chem. 1988, 53, 194. 
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Table Hl. Product Distributions Obtained from 55 Scheme IX 

a. 
b. 
a, 
b, 
a. 
b, 

precursor 
conditions 

Na salt, A, 320 0C 
Na salt, A, 320 0C 
Na salt, hv, diglyme 
Na salt, hv, diglyme 
0.2 M NaOMe, hv 
0.2 M NaOMe, hv 

56 

81.3 
34.8 
36.0 
35.5 

5.7 
5.7 

product distributions 

58 

0.2 

2.4 
1.6 
1.2 
1.2 

59 

5.0 
5.0 
0.8 
5.0 

0.7 

60 

1.4 
3.7 

71.5 
78.3 

62 

8.3 

0.7 

,"% 
65 

1.3 
16.8 

33.1 

5.7 

12 

0.7 

54.7 

16.1 
8.9 

"Unidentified and trivial products (e.g., aldehydes, azines, nitriles) 
have been omitted; they account for the difference to 100%. 

methyl)benzene (49) being the major product. Quenching of the 
Stevens rearrangement of the oxonium ylide is less efficient for 
38 than for 23, as the exocyclic benzyl group of 38 migrates more 
readily. The intermediacy of the oxonium ion 50 is indicated by 
nucleophilic displacement to give 1,3-dihydroisobenzofuran (17) 
as well as an equimolar amount of benzylic products 51 and 52 
(Table II and Scheme VIII). 

[2-(2-MethoxyethyI)phenyl]carbene (57a) and [2-(2-(Benzyl-
oxy)ethyl)phenyl]carbene (57b). The procedures outlined above 
for phthalide were applied analogously to 3,4-dihydro-li/-2-
benzopyran-1-one (53) in the preparation of the tosylhydrazones 
55. Extending the side chain by an additional CH2 group places 
C-H bonds in the most favorable position for intramolecular 
insertion.22t24,34 Not surprisingly, the carbenes 57 afforded the 
2-indanyl ethers 56 as major products while C-H insertion to give 
four- and seven-membered rings (58 and 59, respectively) occurred 
to a minor extent (Table III). The Stevens rearrangement of 
the oxonium ylide 61a requires alkyl migrations, known to proceed 
reluctantly.27 In fact, only flash pyrolysis of the 55a sodium salt 
produced 62a and 65a in small amounts. On the other hand, the 
facile migration of the exocyclic benzyl group in 61b afforded 65b 
as a major product. On photolytic generation of the carbene 57a, 
the oxonium ylide 61a appears to terminate as 3,4-dihydro-l//-
2-benzopyran (12), but the course of this transformation remains 
unclear. Protic impurities (i.e., formation of the oxonium ion 64) 
cannot be responsible as photolysis of the diazo compound 66a 
in hexafluorobenzene gave similar results. No 12 was obtained 
from the readily rearranging ylide 61b, which is exclusively di
verted to 65b in aprotic solvents. The product expected from the 
Sommelet rearrangment of 61b was searched for with the aid of 
an authentic sample (see the Experimental Section) but was not 
detected (Scheme IX). 

In methanolic solution, partial quenching of both the carbenes 
57 and the oxonium ylides 61 is observed. The diethers 60 are 
formed at the expense of C-H insertion (56, 59) and Stevens 
rearrangement (65b). The intervention of oxonium ions (64) is 
supported by nucleophilic displacement of the exocyclic substituent 
to give 12 (Table III). Acid-catalyzed decomposition of the diazo 
compound 66a in ethanol also afforded 60a (R/ = Et, 91%) and 
12 (9%). Thus, in contrast to the lower homologue 30 (Scheme 
V), the benzylic cation 63a does undergo intramolecular nu
cleophilic substitution with formation of 64a. As a consequence 
of the extended chain, the oxygen of 63a can approach the vacant 
p orbital without concomitant rotation about the Ar-CH2

+ bond. 
[2-(l,3-Dioxolan-2-yl)phenyl]carbene (71). The carbene 71 was 

included in our study in order to explore the intramolecular 
generation and reactions of a bicyclic oxonium ylide. A published 
route, starting from 2-bromobenzaldehyde (67), served to prepare 
6835 and its tosylhydrazone 69. In contrast to previous examples, 
C-H insertion was not a prominent reaction in the flash pyrolysis 
of the sodium salt of 69. A trace of the spirocyclic acetal 70 was 
detected by GC with the aid of an authentic sample20 (Table IV). 
l,4-Epoxy-l,3,4,5-tetrahydro-2-benzoxepin (72) was isolated from 
the product mixture and identified by 1H NMR and COSY 

(34) (a) Gutsche, C. D.; Bachman, G. L.; Coffey, R. S. Tetrahedron 1962, 
18, 617. (b) Baer, T. A.; Gutsche, C. D. J. Am. Chem. Soc. 1971, 93, 5180. 

(35) (a) Munro, D. P.; Sharp, J. T. J. Chem. Soc, Perkin Trans. I 1984, 
849. (b) Hartman, G. D.; Phillips, B. T.; Halczenko, W. J. Org. Chem. 1985, 
50, 2423. 
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Table IV. Product Distributions Obtained from 69 

conditions 

Na salt, A, 320 0C 
Na salt, A, 300 0C 
Na salt, A, 280 0C 
Na salt, hv, diglyme 
hv, MeOH, 0.4 M NaOMe 
hv, MeOH, 0.2 M NaOMe 
hv, MeOH, 0.1 M NaOMe 
hv, MeOH, 0.05 M NaOMe 
hv, CF3CH2OH, 0.2 M NaOR 

70 

0.3 
0.5 
0.5 

0.7 
0.6 
0.2 
0.2 

prod 

72 

9.5 
6.7 
9.7 
6.6 
0.7 
0.8 
0.1 
0.1 

uct distributions, 9? 

75 

38.7 
57.7 
68.2 
66.1 

7.0 
6.4 
2.1 
1.8 
1.8 

78 

28.7 
28.3 

6.9 

73 

47.6 
48.0 
77.8 
83.0 
98.2 

J 

76 

42.6 
42.1 
17.0 
12.4 

"Unidentified and trivial products (e.g., aldehydes, nitriles) have 
been omitted; they account for the difference to 100%. 

spectra. Insertion into the methylene groups of the acetal accounts 
for ca. 10% of 71. The major product was tetrahydrobenzo-
[3.4]cyclobuta[l,2-6]dioxin (75), accompanied by phthalaldehyde 
(78). With increasing temperature, 78 increased at the expense 
of 75. Pyrolysis of 75 afforded 78 as the only product in an 
apparent [2 + 2 + 2]cycloreversion. Photolysis of the sodium salt 
of 69 in diglyme afforded 75 and 72 in a 10:1 ratio; 78 was not 
observed. The Stevens rearrangement of the oxonium ylide 74, 
proceeding with migration of the endocyclic benzyl group, is 
analogous to that of 23. The high ratio of ylide formation to C-H 
insertion of the carbene 71 may be attributed to the availability 
of two equivalent oxygen atoms as well as to the rather strained 
transition state leading to 72 (Scheme X). 

Photolyses of 69 in ROH-RONa afforded the ether 73, re
taining the original acetal structure, and the tetrahydro-2,5-
benzodioxocin 76. Hydrolysis of 76 occurred with extreme ease, 
yielding 2-[(2-hydroxyethoxy)methyl]benzaldehyde. Most likely, 
73 originates from the carbene 71. Nucleophilic cleavage of the 
oxonium ion 77 is an eventual route to 73 and the only route to 
76. The 73:76 ratio was found to depend on the nature of the 
alcohol and on the concentration of the base (Table IV). With 
decreasing concentration of methoxide, 73 increased at the expense 
of 76. In trifluoroethanol, 73 was obtained exclusively. The more 
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acidic media lead to more efficient quenching of the carbene 71. 
These observations support the notion that arylcarbenes behave 
as nucleophiles toward alcohols.6c '25,36 

Conclusion 

Cyclic oxonium ylides are readily generated from arylcarbenes 
carrying alkoxalkyl groups in the ortho position. Interaction of 
the carbenes with the lone electron pairs of oxygen competes 
efficiently with insertion into C - H bonds. While intramolecular 
C - H insertions of arylcarbenes lead preferentially to five-mem-
bered rings,22,24'34 the generation of oxonium ylides appears to be 
less sensitive to ring size. Some of our examples (22, 34, 71) 
compare C - H insertions to give six-membered rings with the 
formation of five-membered oxonium ylides, others (57a,b) afford 
five-membered carbocycles and six-membered oxonium ylides. 
The latter case is clearly less favorable for ylide formation. The 
differences (factors of 2-4 may be estimated from the product 
distributions) are not dramatic in terms of AG* but sufficient to 
discourage the application of six-membered ylides in synthesis. 

The oxonium ylides 23, 37, 61b, and 74 undergo 1,2 shifts of 
benzyl groups with ease, even if ring contraction to highly strained 
benzocyclobutenes is involved (23, 74). However, when both 
exocyclic and endocyclic benzyl groups are available (37), the 
exocyclic group migrates almost exclusively. The oxonium ylides 
37 and 61b strongly prefer the Stevens rearrangement to the [2.3] 
sigmatropic Sommelet rearrangement, in contrast to analogous 
ammonium ylides.32,33 In terms of the radical-pair mechanism 
of the Stevens rearrangement,27'37 these observations suggest more 
facile homolysis of oxonium ylides as compared with ammonium 
ylides. Accordingly, alkyl shifts occur to a very minor extent if 
no benzyl groups are available. 

We have presented evidence that alcohols intercept both the 
carbenes and the oxonium ylides. Protonation of the ylides leads 
to oxonium ions, which undergo nucleophilic cleavage of both 
exocyclic and endocyclic C - O bonds. Six-membered cyclic ox
onium ions (64) are also accessible from the appropriate benzyl 
cations (63), but five-membered cyclic oxonium ions (31) are not. 
The different intramolecular reactivities of arylcarbenes and benzyl 
cations have been rationalized in terms of the higher rotational 

barriers of the cations.29 The efficiency of arylcarbene interception 
increases with increasing acidity of the medium, suggesting 
protonation of the carbenes, although direct (concerted) O - H 
insertion is not excluded. All carbene reactions reported here are 
tentatively assigned to the singlet state. Photosensitization affected 
the product distributions but slightly. The singlet and triplet states 
of arylcarbenes are thought to equilibrate rapidly.38 As a rule, 
both direct and sensitized photolyses of diazo precursors are 
dominated by the higher reactivity of the singlet. Exceptions are 
known,39 and work aimed at exploring the potential role of triplet 
arylcarbenes is continuing. 

Experimental Section 

General Methods. Melting points were determined on a Kofler hot-
stage apparatus and are uncorrected. 1H NMR spectra were obtained 
at 80 (Bruker WP 80) and 400 MHz (Bruker AM 400). Chemical shifts 
in CDCl3 are reported in <5 relative to tetramethylsilane as an internal 
standard, unless otherwise indicated. Gas chromatography (GC) was 
performed by the use of a Siemens Sichromat equipped with glass ca
pillary columns. Varian Aerograph 920 instruments equipped with 
packed glass columns were used for preparative gas chromatography 
(PGC). High-pressure liquid chromatography (HPLC) was carried out 
with LDC (Milton Roy) chromatographs and refractometric detection. 

2-(Methoxymethyl)benzaldehyde Tosylhydrazone (14). To a solution 
of sodium dichromate (13.8 g, 53 mmol) in water (160 mL) and con
centrated sulfuric acid (5.2 g, 53 mmol) was added a solution of 2-
(methoxymethyl)benzyl alcohol ( l l ) 1 8 (8.0 g, 53 mmol) in ether (160 
mL). The mixture was stirred at room temperature for 3 h. The organic 
phase was separated, washed with water, and dried over MgSO4. Dis
tillation in vacuo afforded 4.8 g (61%) of the aldehyde 13," bp 60 0C 
(0.05 mmHg). Alternatively, 11 (7.6 g, 50 mmol) was oxidized with 
PCC40 (16.15 g, 75 mmol) in dichloromethane (110 mL) for 1.5 h at 
room temperature to give 5.53 g (74%) of 13. 

Aldehyde 13 (2.53 g, 16.9 mmol), />-toluenesulfonylhydrazine (3.14 
g, 16.9 mmol), and anhydrous ethanol (20 mL) were heated for 3 h at 
60 0C. The mixture was stirred for an additional 3 h at room temper
ature and kept overnight at -20 0C. The tosylhydrazone 14 (4.88 g, 
91%) was filtered with suction and recrystallized from methanol; mp 
108-110 0C. 1H NMR: 6 2.40 (s, 3 H), 3.33 (s, 3 H), 4.52 (s, 2 H), 
7.2-8.1 (m, 10H). Anal. Calcd for C16H18N2O3S: C, 60.36; H, 5.70; 
N, 8.80. Found: C, 60.47; H, 5.66; N, 8.80. 

Flash Pyrolysis of IS. To a solution of 14 (3.18 g, 10 mmol) in 
anhydrous THF (40 mL) was added sodium hydride (60% dispersion in 
mineral oil, 0.40 g, 10 mmol) in small portions. The mixture was stirred 
for 2 h, pentane (80 mL) was added, and stirring was continued for 2 
h. The sodium salt (3.36 g, 99%) was filtered with suction and stored 
in the dark in vacuo. 

The sodium salt 15 (0.34 g, 1 mmol) was added slowly in vacuo (ICT4 

mmHg) to a flask preheated to 285 0C (metal bath). The volatile 
products (90 mg, 67%) were collected in a trap cooled with liquid ni
trogen. The products 12,1916,2Q 19,21 and 2022 were analyzed by GC and 
isolated by successive HPLC (Lichrosorb-Merck Si 60, hexane-ether, 
20:1) and PGC (carbowax + KOH). The deuteriated tosylhydrazone 
[2H2]-14 and sodium salt [2H2]-15 was processed analogously. Relevant 
NMR data of the parent and deuteriated products follow. 12: 1H NMR 
S 2.88 (t, J = 5.6 Hz, 2 H), 4.00 (t, J = 5.6 Hz, 2 H), 4.79 (s, 2 H), 
6.9-7.5 (m, 4H) . [2H2]-12: 2H NMR (CCl4, 61.42 MHz) 6 4.70. 16: 
1H NMR 6 3.12 (dd, 7 = 1 4 and 2 Hz, 1 H), 3.48 (dd, 7 = 1 4 and 4 Hz, 
1 H), 3.50 (s, 3 H). 5.00 (dd, J = 4 and 2 Hz, 1 H), 7.0-7.5 (m, 4 H). 
[2H2]-16: 2 HNMR (CCl4) 6 3.1 and 3.4(1:1). 19: 1H NMR <5 2.43 
(s, 3 H), 2.71 (dd, J = 5.6 and 2.6 Hz, 1 H), 3.16 (dd, J = 5.6 and 4 
Hz, 1 H), 4.01 (dd, J = 4 and 2.6 Hz, 1 H), 7.2 (br s, 4 H). [2H2]-19: 
2H NMR (CCl4) 5 2.38. 

Photolyses of 14 and 15. A solution of 15 (0.34 g, 1 mmol) in an
hydrous diglyme (30 mL) was irradiated (medium-pressure mercury arc, 
Pyrex vessel) for 2 h at room temperature. The mixture was diluted with 
pentane-ether (1:1) and washed with water in order to remove the di
glyme. The organic layer was dried over MgSO4, concentrated, and 
analyzed by GC. Solutions of 14 (318 mg, 1 mmol) in 0.2 M 
NaOMe-MeOH, 0.2 M NaOEt-EtOH, and 0.2 M KOr-Bu-r-BuOH 
(30 mL) were treated analogously. The products 1728 and 18 were 

(36) (a) Tomioka, H.; Suzuki, S.; Izawa, Y. J. Am. Chem. Soc. 1982,104, 
1047. (b) Tomioka, H.; Tabayashi, K.; Ozaki, Y.; Izawa, Y. Tetrahedron 
1985, 41, 1435. (c) Tomioka, H.; Hayashi, N.; Sugiura, T.; Izawa, Y. J. 
Chem. Soc., Chem. Commun. 1986, 1364. 

(37) Partial racemization has been demonstrated for the Stevens rear
rangement of oxonium ylides.'4^ 

(38) For recent reviews, see: (a) Griller, D.; Nazran, A.; Scaiano, J. C. 
Ace. Chem. Res. 1984, 17, 283. (b) Schuster, G. B. Adv. Phys. Org. Chem. 
1986,22,311. 

(39) Homberger, G.; Dorigo, A. E.; Kirmse, W.; Houk, K. N. J. Am. 
Chem. Soc, in press. 

(40) (a) Corey, E. J.; Suggs, J. W. Tetrahedron Lett. 1975, 2647. (b) 
Piancatelli, G.; Scettri, A.; D'Auria, M. Synthesis 1982, 245. 
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isolated by PGC. 18a:17 1H NMR ,5 3.37 (s, 6 H), 4.50 (s, 4 H), 
7.15-7.45 (m, 4 H). 18b: 1H NMR 6 1.23 (t, J = 6.8 Hz, 3 H), 3.37 
(s, 3 H), 3.53 (q, J = 6.8 Hz, 2 H), 4.52 (s, 2 H), 4.55 (s, 2 H), 7.2-7.4 
(m, 4 H). 18c: 1H NMR 5 1.30 (s, 9 H), 3.39 (s, 3 H), 4.49 (s, 2 H), 
4.54 (s, 2 H), 7.2-7.5 (m, 4 H). 

In order to assign the benzylic methylene groups of 18b unequivocally, 
a sample of [2H2]-18b was prepared by ethylation (NaH, EtI, THF, 1-h 
reflux) of [2H2J-Il. The 1H NMR spectrum of this sample displayed a 
signal at 5 4.55 (s, 2 H) while the signal of 18b at 5 4.52 was missing. 
The photolysis of [2H2]-14 in 0.2 M NaOEt-EtOH afforded a mixture 
of [2H2]-18b and [2H2]-18b', displaying signals at 5 4.52 (s, 0.36 H) and 
6 4.55 (s, 1.64 H). Thus 82% of the label is located in the methoxymethyl 
group and 18% in the ethoxymethyl group. 

Acid-Catalyzed Decomposition of [2H2]-29. The sodium salt [2H2]-15 
(342 mg, 1 mmol) was flash-pyrolyzed at 210 0C. The products collected 
in the cold trap were dissolved in ethanol (2 mL), and p-toluenesulfonic 
acid (10 mg) was added. The mixture was stirred for 30 min at room 
temperature and then neutralized with solid sodium carbonate. The 
product distribution (9, 3.1%; 12, 24.4%; 16, 41.8%; 18b, 28.3%; 20, 
2.4%) indicated that the preparation of [2H2]-29 was accompanied by 
substantial thermal decomposition (leading to 12, 16, and 20). The ether 
[2H2]-18b from this experiment was isolated by PGC. The 1H NMR 
spectrum proved to be identical with that of the sample prepared above 
from [2H2J-Il; i.e., no signal at <5 4.52 was observed. In accordance with 
this result, 17 was not detected among the products. 

2-[(Benzyloxy)methyl]benzaldehyde Tosylhydrazone (33). A solution 
of phthalide (8) (26.8 g, 0.2 mol) and potassium hydroxide (11.2 g, 0.2 
mol) in methanol-water (85:15, 100 mL) was heated at reflux for 1 h. 
The solvents were evaporated, and the residue was dried in vacuo at 110 
0C. The potassium 2-(hydroxymethyl)benzoate (38.0 g, 0.2 mol) thus 
obtained was dissolved in anhydrous DMF (200 mL). Sodium hydride 
(4.8 g, 0.2 mol) was added in small portions with stirring. When the 
evolution of hydrogen was complete, benzyl bromide (68.4 g, 0.4 mol) 
was added dropwise. The mixture was heated for 10 h at 80 0C, cooled 
to room temperature, and partitioned between water and ether. The 
organic phase was dried over MgSO4 and evaporated to give 48.0 g (72%) 
of benzyl 2-[(benzyloxy)methyl]benzoate. 1 HNMR: 5 4.61 (s, 2 H), 
4.97 (s, 2 H), 5.32 (s, 2 H), 7.1-8.05 (m, 14 H). Anal. Calcd for 
C22H20O3: C, 79.50; H, 6.06. Found: C, 79.43; H, 6.04. 

A solution of benzyl 2-[(benzyloxy)methyl]benzoate (33.2 g, 0.1 mol) 
and sodium hydroxide (8.0 g, 0.2 mol) in ethanol-water (8:2, 125 mL) 
was heated at reflux for 10 h. The solvent was evaporated to dryness, 
and the residue was dissolved in water. The aqueous solution was ex
tracted repeatedly with ether and then acidified with hydrochloric acid. 
The precipitate was purified by partitioning between aqueous NaHCO3 

and ether to give 16.5 g (68%) of 2-[(benzyloxy)methyl]benzoic acid; mp 
99-101 0C. 1H NMR: <5 4.65 (s, 2 H), 4.97 (s, 2 H), 7.1-8.1 (m, 9 H), 
9.9 (br s, I H ) . Anal. Calcd for C15H14O3: C, 74.36; H, 5.82. Found: 
C, 74.28; H, 5.73. 

To lithium aluminum hydride (2.85 g, 75 mmol) in ether (300 mL) 
was added dropwise with stirring a solution of 2-[(benzyloxy)methyl]-
benzoic acid (12.1 g, 50 mmol) in ether (100 mL). Upon completion of 
the addition, the mixture was refluxed for 1 h. It was then cooled to 0 
0C, and sufficient water was added to give a flaky precipitate of alu
minum hydroxide. The precipitate was filtered and washed with ether. 
The combined ether solution was dried (MgSO4) and concentrated in 
vacuo to give 9.1 g (80%) of 2-[(benzyloxy)methyl]benzyl alcohol. 1H 
NMR: 6 2.95 (br s, 1 H), 4.57 (s, 2 H), 4.64 (s, 2 H), 4.66 (s, 2 H), 
7.3 (br s, 9H) . Anal. Calcd for C15H16O2: C, 78.92; H, 7.06. Found: 
C, 78.95; H, 7.03. 

Oxidation of 2-[(benzyloxy)methyl]benzyl alcohol (6.4 g, 35 mmol) 
with PCC (11.3 g, 52.5 mmol), following the literature procedure,40 

afforded 5.0 g (63%) of 2-[(benzyloxy)methyl]benzaldehyde (32). 1H 
NMR: 6 4.65 (s, 2 H), 4.96 (s, 2 H), 7.3-8.0 (m, 9 H), 10.2 (s, 1 H). 
Anal. Calcd for C15H14O2: C, 79.62; H, 6.24. Found: C, 79.59; H, 6.31. 

The tosylhydrazone 33, mp 123-124 0C, was prepared in 79% yield 
as described previously in the preparation of 14. 1H NMR: 5 2.36 (s, 
3 H), 4.49 (s, 2 H), 4.61 (s, 2 H), 7.1-7.9 (m, 14 H), 7.93 (s, 1 H). Anal. 
Calcd for C22H22N2O3S: C, 66.98; H, 5.62; N, 7.10. Found: C, 66.92; 
H, 5.61; N, 7.21. 

Reactions of 33. To a solution of 33 (495 mg, 1.25 mmol) in an
hydrous THF (5 mL) was added lithium hydride (10 mg, 1.25 mmol). 
The mixture was stirred at 0 0C for 2 h. Pentane (200 mL) was then 
added, and stirring at 0 0C was continued for 2 h. The lithium salt (0.52 
g, 100%) was filtered with suction and dried in vacuo. Dilute solutions 
(0.025 M) of the lithium salt in diglyme and DMF were photolyzed as 
described previously in the photolysis of 15. Product distribution (Table 
II) and yields (diglyme, 24%; DMF, 22%) were estimated by GC with 
dibenzyl ether as an internal standard. The major products, 3530 and 38 
(see below), were isolated by HPLC (silica gel, «-hexane-ether, 19:1). 

1H NMR: (35) S 3.03 (d, J = 5.8 Hz, 1 H), 3.06 (d, J = 8.6 Hz, 1 H), 
4.75 (dd, J = 8.6 and 5.6 Hz, 1 H), 5.02 (s, 2 H), 7.0-7.6 (m, 9 H); (38) 
<5 3.10 (d, J = 6.4 Hz, 2 H), 5.05 d (J = 2.0 Hz, 2 H), 5.52 (U, J = 6.4 
and 2.0 Hz, 1 H), 7.0-7.4 (m, 9 H). 

The sodium salt of 33 (0.50 g, 1.2 mmol) was prepared and flash-
pyrolyzed, as described previously for 15, to give 0.10 g (40%) of volatile 
products. In addition to 35 and 38, 2-(2-phenylethyl)benzaldehyde (39)3' 
[1H NMR: <5 2.8-3.5 (m, 4 H), 7.1-7.9 (m, 9 H), 10.18 (s, 1 H)] and 
1,2-diphenylethane (40) were isolated by HPLC; small amounts of 7-
(benzyloxy)bicyclo[4.2.0]octa-l,3,5-triene (36)20 and l,3-dihydro-l-(2-
methylphenyl)isobenzofuran (41, see below) were detected by GC on two 
different columns. 

The photolysis of 33 in 0.2 M NaOMe-MeOH was carried out as 
described for 14. GC indicated l-[(benzyloxy)methyl]-2-(methoxy-
methyl)benzene (49, see below), 1,3-dihydroisobenzofuran (17),28 and 
benzyl methyl ether (51) as major products. Small amounts of 35, 36, 
38, and benzyl alcohol were also detected (Table II); the combined yield 
(internal standard) was 74%. 

l-Benzyl-l,3-dihydroisobenzofuran (38). Reduction of benzylidene-
phthalide with zinc and aqueous potassium hydroxide (92% yield), fol
lowed by reduction of benzylphthalide with lithium aluminum hydride 
(61% yield) afforded l-[2-(hydroxymethyl)phenyl]-2-phenylethanol,41 mp 
99-101 0C. To a solution of triphenylphosphine (1.31 g, 5 mmol) and 
diethyl azodicarboxylate (1.13 g, 6.5 mmol) in chloroform (50 mL) was 
added at 0 0C with stirring a solution of the diol (1.14 g, 5 mmol) in 
chloroform (100 mL). The mixture was stirred for 2 h at 0 0C and then 
concentrated in vacuo. Flash chromatography on silica gel («-pentane-
ether, 3:1) was followed by HPLC (silica gel, /i-hexane-ether, 19:1) to 
give 0.75 g (71%) of 38. 1H NMR: S 3.10 (d, J = 6.4 Hz, 2 H), 5.05 
(d, J = 2.0 Hz, 2 H), 5.52 (tt, J = 6.4 and 2.0 Hz, 1 H), 7.0-7.4 (m, 
9H) . 

l,3-Dihydro-l-(2-methylphenyl)isobenzofuran (41). To a stirred 
mixture of 2-bromobenzyl alcohol (9.35 g, 50 mmol) and 3,4-dihydro-
2/Z-pyran (10.1 g, 0.12 mol) was added concentrated hydrochloric acid 
(5 drops). When the exothermic reaction had subsided, more 2-bromo
benzyl alcohol (9.35 g, 50 mmol) was added. The mixture was stirred 
for 10 h at room temperature, diluted with ether, and neutralized with 
solid NaHCO3. The solution was filtered, dried over MgSO4, and con
centrated. Distillation in vacuo gave 25.4 g (94%) of the tetrahydro-
pyranyl ether 43, bp 92-94 0C (10"3 mmHg). 1H NMR: 6 1.4-2.0 (m, 
6 H), 3.4-4.1 (m, 2 H), 4.5-4.9 (m, 1 H), 4.75 (s, 2 H), 7.0-7.9 (m, 4 
H). 

To the Grignard reagent prepared from 2-(2-bromobenzyloxy)tetra-
hydropyran (1.0 g, 3.7 mmol) and magnesium turnings (0.1 g, 4.1 mmol) 
in 5 mL of THF (2-h reflux) was added a solution of 2-methylbenz-
aldehyde (0.45 g, 3.7 mmol) in THF (2 mL). After 10 h at room 
temperature, ether (100 mL) and saturated aqueous NH4Cl (20 mL) 
were added. The organic phase was separated, dried (MgSO4), and 
concentrated to give 0.87 g (75%) of 44. 1 HNMR: b 1.45-1.95 (m, 6 
H), 2.07 (s, 3 H), 3.55 (br s, 1 H), 3.5-4.1 (m, 2 H), 4.45-5.25 (m, 1 
H), 4.84 (s, 2 H), 6.27 (br s, 1 H), 6.95-7.75 (m, 8 H). 

A solution of 44 (0.78 g, 2.5 mmol) in ether (10 mL) and concentrated 
hydrochloric acid (10 mL) was stirred for 1Oh at room temperature. The 
mixture was partitioned between water and ether. The organic phase was 
repeatedly extracted with aqueous NaHCO3, dried over MgSO4, and 
concentrated in vacuo. The product was purified by HPLC (silica gel, 
n-pentane-ether 95:5) to give 0.35 g (67%) of 41. 1 HNMR: b 2.40 (s, 
3 H), 5.23 (br s, 2 H), 6.42 (br s, 1 H), 6.95-7.35 (m, 8 H). Anal. Calcd 
for C15H14O: C, 85.86; H, 6.71. Found: C, 85.80; H, 6.72. 

l-[(Benzyloxy)methyl]-2-(methoxymethyl)benzene (49). To a solution 
of 2-[(benzyloxy)methyl]benzyl alcohol (0.9 g, 4 mmol) in anhydrous 
THF (10 mL) was added sodium hydride (0.15 g, 6 mmol) in small 
portions. The mixture was refluxed for 30 min. Methyl iodide (1.1 g, 
8 mmol) was added, heating at reflux was continued for 10 h, and the 
mixture was then partitioned between water and ether. The organic 
phase was dried (MgSO4) and concentrated in vacuo. The product was 
purified by HPLC (silica gel, rc-pentane-ether, 9:1) to give 0.82 g (86%) 
of 49. 1H NMR: b 3.37 (s, 3 H), 4.54 (s, 2 H), 4.57 (s, 2 H), 4.63 (s, 
2 H), 7.25-7.45 (m, 9 H). Anal. Calcd for C16H18O2: C, 79.31; H, 7.49. 
Found: C, 79.24; H, 7.48. 

2-(2-Methoxyethyl)benzaldehyde Tosylhydrazone (55a). 3,4-Di-
hydro-l//-2-benzopyran-l-one (53)42 was converted to 2-(2-methoxy-
ethyl)benzyl alcohol18 by way of methyl 2-(2-methoxyethyl)benzoate. 
The procedure was identical with that used in the preparation of 32. 
Oxidation of the benzyl alcohol with PCC40 gave 2-(2-methoxyethyl)-
benzaldehyde (54a) in 92% yield. 1H NMR: & 3.27 (t, J = 6.2 Hz, 2 
H), 3.30 (s, 3 H), 3.63 (t, J = 6.2 Hz, 2 H), 7.25-7.65 (m, 3 H), 7.75-7.9 

(41) Booth, G. G.; Turner, A. F. / . Chem. Soc. C 1966, 668. 
(42) Bonadies, F1; Di Fabio, R.; Bonini, C. /. Org. Chem. 1984, 49. 1647. 
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(m, 1 H), 10.25 (s, 1 H). The tosylhydrazone 55a was prepared in 61% 
yield as described previously in the preparation of 14; mp 83-85 0C 
(recrystallized from ether-n-pentane). 1H NMR: b 2.40 (s, 3 H), 2.96 
(t, J = 6.6 Hz, 2 H), 3.27 (s, 3 H), 3.50 (t, J = 6.6 Hz, 2 H), 7.15-7.95 
(m, 9 H), 8.07 (s, 1 H). Anal. Calcd for C17H20N2O3S: C, 61.42; H, 
6.06; N, 8.43. Found: C, 61.40; H, 6.06; N, 8.49. 

Reactions of 55a. The sodium salt of 55a was prepared and flash-
pyrolyzed as described previously for 15. The yield (GC) of volatile 
products was 46%. 2-Methoxyindan (56a)43 [1H NMR: 5 2.93 (dd, J 
= 16.4 and 5.0 Hz, 2 H), 3.20 (dd, J = 16.4 and 6.4 Hz, 2 H), 3.37 (s, 
3 H), 4.25 (U, J = 6.4 and 5.0 Hz, 1 H), 7.15 (br s, 4 H)], 7-(meth-
oxymethyl)bicyclo[4.2.0]octa-l,3,5-triene (58a) (see below), 1,2,4,5-
tetrahydro-3-benzoxepin (59a),44 1-methoxyindan (62a),45 3,4-dihydro-
1-methyl-l//-2-benzopyran (65a)46 [1H NMR: b 1.65 (d, J = 6.4 Hz, 
3 H), 2.68 (ddd, J = 16.0, 5.6, and 3.6 Hz, 1 H), 3.07 (ddd, J = 16.0, 
9.2, and 4.4 Hz, 1 H), 3.82 (ddd, J = 11.2, 9.2, and 4.4 Hz, 1 H), 4.18 
(ddd, J = 11.2, 5.6, and 3.6 Hz, 1 H), 4.87 (q, J = 6.4 Hz, 1 H), 7.0-7.3 
(m, 4 H)], and 3,4-dihydro-2//-2-benzopyran (12)" were identified by 
comparison with authentic samples. Photolyses of the sodium salt of 55a 
in diglyme and of 55a in 2 M NaOMe-MeOH, carried out as described 
previously for 15 and 14, respectively, gave the same compounds in 
different ratios (Table III), with l-(2-methoxyethyl)-2-(methoxy-
methyl)benzene (60a, R' = CH3) as an additional product. 

Methylation of bicyclo[4.2.0]octa-l,3,5-triene-7-methanol,47 as de
scribed previously in the preparation of 49, afforded 58a in 68% yield. 
1H NMR: 5 2.89 (dd, J = 13.1 and 2.0 Hz, 1 H), 3.40 (dd, J = 13.1 
and 4.9 Hz, 1 H), 3.44 (s, 3 H), 3.5-3.9 (m, 3 H), 7.05-7.3 (m, 4 H). 
Compound 60a (R' = CH3) was obtained analogously from 2-(2-meth-
oxyethyl)benzyl alcohol in 84% yield. 1H NMR: b 2.95 (t, J = 7.2 Hz, 
2 H), 3.36 (s, 3 H), 3.40 (s, 3 H), 3.60 (t, J = 7.2 Hz, 2 H), 4.49 (s, 2 
H), 7.15-7.45 (m, 4 H). 

Acid-Catalyzed Decomposition of the Diazo Compound 66a. The 
procedure used was identical with that used in the preparation of 29. 
However, much lower temperatures were sufficient for the decomposition 
of the sodium salt of 55a, e.g. 60 0C (10"3 mmHg). Thus, in contrast 
to 29, 66a was not contaminated with products of its thermolysis. The 
diazo compound 66a was decomposed by p-toluenesulfonic acid in ethanol 
to give 12 (8.9%) and l-(ethoxymethyl)-2-(2-methoxyethyl)benzene (60a, 
R' = C2H5) (91.1%). For comparison, the latter compound was prepared 
in 84% yield by ethylation (NaH, EtI) of 2-(2-methoxyethyl)benzyl 
alcohol. 1H NMR: 5 1.24 (t, J = 7.0 Hz, 3 H), 2.94 (t, J = 7.2 Hz, 2 
H), 3.36 (s, 3 H), 3.55 (q, J = 7.0 Hz, 2 H), 3.60 (t, J = 7.2 Hz, 2 H), 
4.52 (s, 2H) , 7.15-7.4 (m, 4 H). Anal. Calcd for C12H18O2: C, 74.19; 
H, 9.34. Found: C, 74.26; H, 9.29. 

2-[2-(Benzyloxy)ethyl]benzaldehyde Tosylhydrazone (55b). 3,4-Di-
hydro-l#-2-benzopyran-l-one (53)42 was converted to 2-[2-(benzyl-
oxy)ethyl]benzoic acid (70%), 2-[2-(benzyloxy)ethyl]benzyl alcohol 
(91%), and 2-[2-(benzyloxy)ethyl]benzaldehyde (54b, 98%) by proce
dures that were identical with those used in the preparation of 32. 1H 
NMR: (54b) 5 3.32 (t, J = 6.2 Hz, 2 H), 3.70 (t, J = 6.2 Hz, 2 H), 4.47 
(s, 2 H), 7.2-7.55 (m, 8 H), 7.75-7.9 (m, 1 H), 10.24 (s, 1 H). Anal. 
Calcd for C16H16O2: C, 79.97; H, 6.71. Found: C, 79.91; H, 6.82. 

p-Toluenesulfonylhydrazine (3.8 g, 42 mmol) was dissolved in re-
fluxing methanol. The aldehyde 54b (10.0 g, 41.5 mmol) was added, and 
the mixture was refluxed for 24 h. Concentration in vacuo gave a viscous 
residue, which was extracted with n-pentane-ether (2:1). The solid 
obtained by evaporation of the extracts was recrystallized from methanol 
to give 6.4 g (38%) of 55b, mp 93-95 0C. 1H NMR: 5 2.34 (s, 3 H), 
2.95 (t, J = 7.0 Hz, 2 H), 3.54 (t, J = 7.0 Hz, 2 H), 4.42 (s, 2 H), 
7.2-7.85 (m, 13 H), 8.23 (s, 1 H), 11.32 (s, 1 H). Anal. Calcd for 
C23H24N2O3S: C, 67.62; H, 5.92; N, 6.86. Found: C, 67.53; H, 5.99; 
N, 6.96. 

Reactions of 55b. The sodium salt of 55b was prepared and photo-
lyzed in diglyme as described for 15. The product mixture was separated 
by HPLC (silica gel, n-hexane-ether, 9:1) to give 56b + 59b (see below), 
l-benzyl-3,4-dihydro-l//-2-benzopyran (65b)48 [1H NMR: 5 2.7-2.9 (m, 
2 H), 3.03 (dd, J = 14.2 and 8.0 Hz, 1 H), 3.25 (dd, J = 14.2 and 4.4 

(43) Hiickel, W.; Egerer, W.; Moessner, F. Liebigs Ann. Chem. 1961, 645, 
162. 

(44) (a) Dimroth, K.; Pohl, G.; Follmann, H. Chem. Ber. 1966, 99, 634. 
(b) Canuel, L.; St. Jacques, M. Can. J. Chem. 1974, 52, 3581. 

(45) (a) Friedrich, E. C; Taggert, D. B.; Saleh, M. A. J. Org. Chem. 1977, 
42, 1437. (b) Tuschka, T.; Naito, K.; Rickborn, B. J. Org. Chem. 1982, 48, 
70. 

(46) Rieche, A.; Schmitz, E. Chem. Ber. 1956, 89, 1254. 
(47) (a) Cava, M. P.; Mitchell, M. J. J. Org. Chem. 1962, 27, 631. (b) 

Horner, L.; Subramaniam, V. V1; Eiben, K. Liebigs Ann. Chem. 1968, 714, 
91. 

(48) (a) Thibault, J. Ann. Chim. (Paris) 1971, 6, 263. (b) Schmitz, E.; 
Rieche, A. Chem. Ber. 1956, 89, 2807. 

Hz, 1 H), 3.6-3.9 (m, 1 H), 4.0-4.25 (m, 1 H), 5.03 (dd, J = 8.0 and 
4.4 Hz, 1 H), 7.15-7.35 (m, 9 H)], l-[2-(benzyloxy)ethyl]-2-(methoxy-
methyl)benzene (60b, R = CH3) (see below), 2-[2-(benzyloxy)ethyl]-
benzaldehyde (54b) (8%), 2-[2-(benzyloxy)ethyl]benzonitrile (see below) 
(12%), and 2-[2-(benzyloxy)ethyl]benzaldehyde azine (see below) (25%). 
The fraction containing 56b + 59b was separated by HPLC (silica gel, 
rc-pentane-ether, 95:5) to give 2-(benzyloxy)indan (56b)49 [1H NMR: S 
3.11 (d, J = 6.0 Hz, 2 H), 3.15 (d, 6.0 Hz, 2 H), 4.44 (quin, J = 6.0 Hz, 
1 H), 4.57 (s, 2 H), 7.15-7.40 (m, 9 H)] and an impure sample of 
2-phenyl-l,2,4,5-tetrahydro-3-benzoxepin (59b) [1H NMR: 5 2.79 (ddd, 
J = 15.7, 4.9, and 0.8 Hz, 1 H), 2.91 (d, J = 15.7 Hz, 1 H), 3.40 (ddd, 
J = 15.7, 11.2, and 2.3 Hz, 1 H), 3.49 (dd, J = 15.7 and 9.7 Hz, 1 H), 
3.66 (ddd, J = 12.3, 11.2, and 0.8 Hz), 4.30 (ddd, J = 12.3, 4.9, and 2.3 
Hz, 1 H), 4.46 (d, J = 9.7 Hz, 1 H), 7.1-7.4 (m, 9 H). 7-[(Benzyl-
oxy)methyl]bicyclo[4.2.0]octa-l,3,5-triene (58b) was assigned by GC 
comparison with an authentic sample (see below). The presence of 
l-(benzyloxy)indan (62b) was excluded with the aid of an authentic 
sample.50 

The flash pyrolysis of the sodium salt of 55b gave 1,2-diphenylethane 
(40) (9%), 2-[2-(benzyloxy)ethyl]benzonitrile (13%), and three uniden
tified products (17%) in addition to 56b, 59b, and 65b. The azine was 
not detected in the pyrolysate, due to its low volatility. The decompo
sition of azines is known to give rise to nitriles.51 The photolysis of 55b 
in 0.2 M NaOMe-MeOH, as described for 14, proceeded most cleanly 
(67% yield) to give 60b (R' = CH3) as the major product (Table III). 
The minor components were identified by GC. 

Reference Samples. Benzylation of bicyclo[4.2.0]octa-l,3,5-triene-7-
methanol47 (NaH, benzyl, bromide) as described previously in the 
preparation of 49, afforded 58b in 92% yield. 1H NMR: 6 2.87 (dd, J 
= 14.5 and 2.1 Hz, 1 H), 3.2-3.5 (m, 1 H), 3.73 (d, J = 1.5 Hz, 2 H), 
3.6-3.9 (m, 1 H), 4.57 (s, 2 H), 7.05-7.35 (m, 9 H). Anal. Calcd for 
C16H16O: C, 85.68; H, 7.19. Found: C, 85.66; H, 7.30. 

l-[2-(Benzyloxy)ethyl]-2-(methoxymethyl)benzene (60b, R = CH3) 
was obtained by methylation of 2-[2-(benzyloxy)ethyl]benzyl alcohol, as 
described previously in the preparation of 49. 1H NMR: S 3.03 (t, J = 
7.2 Hz, 2 H), 3.40 (s, 3 H), 3.73 (t, J = 7.2 Hz, 2 H), 4.50 (s, 2 H), 4.55 
(s, 2 H), 7.2-7.4 (m, 9 H). Anal. Calcd for C17H20O2: C, 79.65; H, 
7.86. Found: C, 79.46; H, 7.72. 

The aldehyde 54b (0.24 g, 1 mmol), hydroxylamine hydrochloride 
(0.28 g, 4 mmol), sodium acetate (0.33 g, 4 mmol), and glacial acetic 
acid (20 mL) were refluxed for 10 h. The mixture was filtered, the 
filtrate was concentrated in vacuo, and the residue was partitioned be
tween water and ether. The organic phase was washed with aqueous 
NaHCO3 and with water, dried over MgSO4, and concentrated in vacuo. 
The product was purified by HPLC (silica gel, «-pentane-ether, 9:1) to 
give 0.23 g (97%) of 2-[2-(benzyloxy)ethyl]benzonitrile. 1H NMR: 5 
3.17 (t, J = 6.6 Hz, 2 H), 3.79 (t, J = 6.6 Hz, 2 H), 4.53 (s, 2 H), 
7.2-7.75 (m, 9 H). Anal. Calcd for C16H15NO: C, 80.98; H, 6.37; N, 
5.90. Found: C, 80.86; H, 6.41; N, 6.03. 

The aldehyde 54b (0.24 g, 1 mmol), hydrazine hydrate (25 mg, 0.5 
mmol), and ethanol (10 mL) were refluxed for 10 h. The mixture was 
diluted with water and extracted with ether. The extracts were dried 
(MgSO4) and concentrated in vacuo. The product was purified by 
HPLC (silica gel, n-pentane-ether, 75:25) to give 0.20 g (84%) of 2-
[2-(benzyloxy)ethyl]benzaldehyde azine, mp 53-55 0C. 1H NMR: 6 
3.18 (t, J = 7.0 Hz, 4 H), 3.72 (t, J = 7.0 Hz, 4 H), 4.50 (s, 4 H), 
7.25-7.4 (m, 16 H), 8.0-8.15 (m, 2 H), 9.0 (s, 2 H). Anal. Calcd for 
C32H32N2O2: C, 80.64; H, 6.77; N, 5.88. Found: C, 80.79; H, 6.77; N, 
5.92. 

l-(2-Methylphenyl)-3,4-dihydro-l//-2-benzopyran. To a solution of 
3,4-dihydro-l//-2-benzopyran (7.4 g, 55 mmol) in benzene (50 mL) was 
added bromine (8.9 g, 56 mmol) with irradiation (2000-W sunlamp). 
Upon complete decolorization, anhydrous pyridine (4.5 mL) was added. 
The solution of l-bromo-3,4-dihydro-l//-2-benzopyran46 thus obtained 
was added with stirring under nitrogen at -5 °C to the Grignard reagent 
prepared from 2-bromotoluene (9.44 g, 55 mmol), magnesium turnings 
(1.35 g, 55 mmol), and ether (25 mL). The mixture was stirred for 2 
h at room temperature and then refluxed for 1 h. Saturated aqueous 
NH4Cl (50 mL) was added, the organic phase was separated, and the 
aqueous phase was extracted with ether. The combined organic solutions 
were dried (MgSO4) and concentrated in vacuo to give 7.4 g (60%) of 
crude product, part of which was purified by HPLC (silica gel, n-pen-

(49) Majima, T.; Pac, C; Nakasone, A.; Sakurai, H. J. Am. Chem. Soc. 
1981, 103, 4499. 

(50) Whitesides, G. M.; Grocki, J. J.; Holtz, D.; Steinberg, H.; Roberts, 
J. D. J. Am. Chem. Soc. 1965, 87, 1058. 

(51) (a) Zimmerman, H. E.; Somasekhara, S. J. Am. Chem. Soc. 1960, 
82, 5865. (b) Van der Stouw, G. G.; Kraska, A. R.; Shechter, H. J. Am. 
Chem. Soc. 1912,94, 1655. 
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tane-ether, 95:9). 1H NMR: 5 2.37 (s, 3 H), 2.65-3.4 (m, 2 H), 3.95 
(ddd, J = 11.2, 9.0, and 4.0 Hz, 1 H), 4.24 (ddd, J = 11.2, 6.0, and 4.0 
Hz, 1 H), 5.95 (br s, 1 H), 6.65-7.35 (m, 8 H). Anal. Calcd for 
Ci6H16O: C, 85.68; H, 7.19. Found: C, 85.61; H, 7.22. This compound 
should be formed by Sommelet rearrangement of the ylide 61b but was 
not detected among the reaction products of 55b. 

2-(l,3-Dioxolan-2-yl)benzaIdehydeTosylhydrazone (69). The tosyl-
hydrazone 69 was obtained from the analogous aldehyde 6835 in 94% 
yield as described previously in the preparation of 14; mp 129-131 °C. 
1H NMR: & 2.37 (s, 3 H), 3.8-4.2 (m, 4 H), 5.83 (s, 1 H), 7.3-7.85 (m, 
8 H), 8.31 (s, 1 H), 11.45 (br s, 1 H). Anal. Calcd for C17H18N2O4S: 
C 58.94; H, 5.24; N, 8.09. Found: C, 58.88; H, 5.32; N, 8.17. 

The sodium salt of 69 was prepared and flash-pyrolyzed as described 
previously for 15. Pyrolysis of 1.2 g (3.25 mmol) of the sodium salt 
afforded 0.35 g (66%) of volatile products. Spiro[bicyclo[4.2.0]octa-
l,3,5-triene-7,2'-[l,3]dioxolane] (7O)20 and phthalaldehyde were iden
tified by comparison (GC) with authentic samples. Separation by HPLC 
(silica gel, n-hexane-ether, 8:2) yielded 1,4-epoxy-1,3,4,5-tetrahydro-2-
benzoxepin (72) [1H NMR: 5 2.58 (br d, J = 17.0 Hz, 1 H), 3.37 (br 
dd, J = 17.0 and 4.6 Hz, 1 H), 3.66 (dd, J = 7.3 and 4.6 Hz, 1 H), 3.96 
(dd, / = 7.3 and 6.1 Hz, 1 H), 4.83 (dddd, J = 6.1, 4.6, 1.9, and 0.8 Hz, 
1 H), 5.97 (s, 1 H), 7.05-7.25 (m, 4 H)], 2,3,4a,8b-tetrahydrobenzo-
[3,4]cyclobuta[l,2-6]dioxin (75) [1H NMR: & 3.74 (s, 4 H), 5.34 (s, 2 
H), 7.35 (br s, 4H) . 13CNMR: 6 61.7,73.8,123.7,129.9,145.8. Anal. 

The fascinating subtleties involved in the photochemistry of 
vitamin D3 has stimulated a high level of research in the light-
induced transformations of simple, 1,3,5-hexatrienes and related 
systems.1 A key concept has emerged from these combined studies 
that is applicable to the analysis of excited singlet states in general: 
the Non-Equilibration of Excited-state Rotamers, or N E E R 
principle. First advanced by Havinga2 to explain anomalies in 
vitamin D3 photochemistry, it was latter extended to the analysis 
of the chemistry of simple hexatrienes3 where it has its most 
fundamental application. In these systems, the yield of cyclo-
hexadiene is increased by substituents at the 2- and 5-positions, 
consistent with the NEER principle that concludes that the various 
conformers of the excited singlet of the triene {t-Z-t, c-Z-t, c-Z-c) 
can not interconvert within the lifetime of that state (Scheme I). 

Further studies by Dauben4 confirmed the importance of the 
equilibrium, ground-state population of the c-Z-c conformer, as 

(1) (a) Jacobs, H. J. C; Havinga, E. Adv. Pholochem. 1979, / / , 305. (b) 
Denny, M.; Liu, R. S. H. Nouv. J. Chim. 1978, 2, 637. (c) Malatesta, V.; 
Willis, C; Hackett, P. A. J. Am. Chem. Soc. 1981, 103, 6781. (d) Dauben, 
W. G.; Phillips, R. B. J. Am. Chem. Soc. 1982, 104, 355. 

(2) Havinga, E.; Schlatmann, J. L. M. A. Tetrahedron 1961, 16, 146. 
Havinga, E. Chimia 1962, 16, 145. Jacobs, H. J. C; Gielen, J. W. J.; 
Havinga, E. Tetrahedron Lett. 1981, 22, 4013. 

(3) Vroegop, P. J1; Lugtenburg, J.; Havinga, E. Tetrahedron 1973, 29, 
1393. 

(4) Dauben, W. G.; Rabinowitz, J.; Vietmeyer, N. D.; Wendschuh, P. H. 
J. Am. Chem. Soc. 1972, 94, 4285. 
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Calcd for C10H10O2: C, 74.06; H, 6.21. Found: C, 73.97; H, 6.26.], and 
2-(l,3-dioxolan-2-yl)benzonitrile52 (9-10%). 

Photolyses of 69 in NaOMe-MeOH were carried out as described for 
14. The major products were isolated by HPLC (silica gel, H-pentane-
ether, 9:1). 2-[2-(Methoxymethyl)phenyl]-l,3-dioxolane (73, R = CH3): 
1H NMR 5 3.37 (s, 3 H), 3.95-4.15 (m, 4 H), 4.60 (s, 2 H), 6.05 (s, 1 
H), 7.25-7.65 (m, 4 H). Anal. Calcd for C11H14O3: C, 68.02; H, 7.27. 
Found: C, 68.04; H, 7.10. l-Methoxy-l,3.4,6-tetrahydro-2,5-benzodi-
oxocin (76, R = CH3): 1H NMR d 3.32 (s, 3 H), 3.3-3.8 (m, 4 H), 4.58 
(d, J = 12.4 Hz, 1 H), 5.04 (d, J = 12.4 Hz, 1 H), 5.58 (s, 1 H), 7.0-7.25 
(m, 3 H), 7.7-7.85 (m, 1 H). Anal. Calcd for C11H14O3: C, 68.02; H, 
7.27. Found: C, 68.16; H, 7.29. Traces of hydrochloric acid or of 
aluminum trichloride converted 73 (R = CH3) to 2-(2-hydroxyethoxy-
methyl)benzaldehyde. 1H NMR: 5 1.37 (br s, 1 H), 3.15-3.3 (m, 2 H), 
3.4-3.55 (m, 2 H), 4.73 (s, 2 H), 6.95-7.25 (m, 3 H), 7.35-7.5 (m, 1 H), 
9.92 (s, 1 H). 

Photolysis of 69 in 0.2 M CF3CH2ONa-TFE afforded almost exclu
sively 2-[2-((2,2,2-trifluoroethoxy)methyl)phenyl]-l,3-dioxolane (73, R 
= CF3CH2). 1H NMR: 5 3.84 (q, J = 8.6 Hz, 2 H), 3.95-4.15 (m, 4 
H), 4.87 (s, 2 H), 6.00 (s, 1 H), 7.25-7.7 (m, 4 H). Anal. Calcd for 
C12H13F3O3: C, 54.96; H, 5.00. Found: C, 55.10; H, 5.06. 

(52) (a) Steinbeck, K. Chem. Ber. 1979, 112, 2402. (b) Anderson, E.; 
Capon, B. J. Chem. Soc, Perkin Trans. 2 1972, 515. 
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influenced by steric factors, on the cyclization to form cyclo-
hexadiene products. In a related study, Baldwin5 drew a corre
lation between the conformational bias in a cyclohexadiene and 
the stereochemistry of the triene cycloreversion product. 

On the basis of these fundamental investigations, we devised 
a synthesis of the novel natural material ikarugamycin (1) in which 
one of the three separate, key concepts that we employed for 
stereochemical control is illustrated in Scheme II and involved 
the photoinduced closure of triene 2 to cyclohexadiene 3. Critical 
to the control of stereochemistry at the new chiral centers at C-13 
and C-14 was the concept inherent in the N E E R principle that 
closure of the singlet photoexcited state of a triene would occur 
more rapidly than conformational changes. Indeed, it has been 

(5) Baldwin, J. E.; Krueger, S. M. J. Am. Chem. Soc. 1969, 91, 6444. 
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Abstract: A series of closely related trienes was transformed to cyclohexadienes by photocyclization. The diastereoselectivity 
observed for the series can be rationalized as the result of conformational bias in the ground states of the starting trienes. 
The results thereby lend experimental support to the Non-Equilibration of Excited Rotamers or NEER principle. 


