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Bis(2-formylphenyl) Ether (5). A solution of Cr03 (10 g, 
0.1 mol) in 2 N H 8 0 4  (200 mL) was added dropwise over 30 min 
to a solution of compound 416. (11.5 g, 50 "01) in acetone (200 
mL) at 0 "C under N* After the addition, the mixture was stirred 
for a further 15 min and was then quenched by addition of 2- 
propanol (15 mL). After 15 min, solid NaHC03 (14 g) was added, 
and the mixture was fitered through a sintered-glass fiiter. The 
filtrate was concentrated under vacuum and the residue was 
chromatographed on a silica gel column (100 g, hexanes/ethyl 
acetate 4:l) to give compound 5 (7.5 g, 67%), mp 77-77.5 "C [lit.'Bb 
mp 74 "C]: 'H-NMR 6 6.96 (d, J = 8.3 Hz, 2 H), 7.31 (m, 2 H), 
7.59 (m, 2 H), 8.00 (dd, J1 = 7.8 Hz, Jz = 1.8 Hz, 2 H), 10.51 (a, 

(CH), 135.78 (CH), 158.73 (C), 188.24 (CH); MS (EI) m / e  226 
(M+). Anal. Calcd for CllHloO3: C, 74.33; H, 4.46. Found: C, 
74.69; H, 4.51. 

10, l l -Dihydml l-hydroxydibenz[ bfloxepin-lO( 1lH)one 
(6) and lO,ll-Dihydrodibenz[bfloxepin-10,11-dione (7). To 
a solution of compound 5 (1.78 g, 7.5 mmol) in DMSO (3 mL) 
was added KCN (0.2 g, 3 "01) under Nz. The mixture was 
stirred at  rt for 4 h and was then filtered through a silica gel 
column (50 g, 70-230 mesh, hexanes/ethyl acetate 3:2) to give 
a crude mixture of 6 and 7 after evaporation. The crude mixture 
of 6 and 7 was purified by chromatagraphy on a silica gel column 
(50 g, hexanes/ethyl acetate 4 1 )  to afford 6 (0.42 g, 25%) and 
7 (0.12 g, 6%), respectively. However, the yields of 6 and 7 were 
4% and 22%, respectively, when the reaction was carried out for 
20 h and 7.5 mmol of 5 and 6 mmol of KCN were used. Compound 
6: yellowish solid, mp 79-81 "C. Compound 7 yellowish solid, 
mp 114-116 "C [lit.". mp 119 "c]. 

'H-NMR (6): 6 5.84 (8, 1 H), 7.15 (m, 1 H), 7.22 (m, 3 H), 7.36 
(m, 1 H), 7.62 (m, 1 H), 7.3 (m, 1 H), 8.09 (m, 1 H). %NMR 
(6): 6 75.37 (CH), 120.12 (CH), 121.71 (CH), 123.50 (C), 124.09 
(CH), 125.35 (CH), 126.54 (CH), 128.86 (CH), 130.24 (C), 130.82 
(CH), 135.88 (CH), 154.32 (C), 160.52 (C), 191.68 (C). MS (EI): 
m/e  226 (M+) (6). Anal. Calcd for C14HloOs: C, 74.33; H, 4.46. 
Found C, 74.28; H, 4.37. 

'H-NMR (7): 6 7.32 (m, 2 H), 7.42 (d, J = 8.2 Hz, 2 H), 7.66 

(CH), 126.32 (C), 131.80 (CH), 135.83 (CH), 156.97 (C), 186.53 
(C). MS (EI): m / e  224 (M+) (7).  Anal. Calcd for C14HB09: C, 
74.99; H, 3.59. Found C, 74.75; H, 3.51. 

10,l l-Dihydml 1-m&hoxydibenz[ bmxepin-lO( 11H)one 
(8). To a solution of 6 (226 mg, 1 mmol) in THF (5 mL) were 
added methyltzbctylammonium chloride (2 drop) and a solution 

2 H); "C-NMR 6 119.02 (CH), 124.43 (CH), 127.37 (C), 129.21 

(ABX, 51 8.2 Hz, 52 = 7.9 Hz, J 3  = 1.7 Hz, 2 H), 7.99 (dd, J1 
1.7 Hz, 2 H). 'W-NMR (7): 6 121.72 (CH), 125.60 7.9 Hz, J z  
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of NaOH (170 mg, 4 "01) in water (0.7 mL) under N2. To the 
resulting mixture was added dimethyl sulfate (285 bL, 3 mmol). 
The mixture was stirred at rt under N2 for 20 h. CHCh (30 mL) 
was added and the organic layer was washed with water (2 X 5 
mL) and dried (NGOJ. The solvent was removed under vacuum 
and the reaidue was chromatographed on a silica gel column (30 
g, hemea/ethyl acetate 21) to give 8 (136 mg, 56%), mp 179-181 
OC: 'H-NMR 6 3.59 (e, 3 H), 5.33 (d, J = 1 Hz, 1 H), 7.16 (m, 
4 HI, 7.36 (m, 2 HI, 7.49 (dd, J1 = 7.3 Hz, J 2  = 0.8 Hz, 2 HI; 

123.49 (CH), 126.76 (CH), 129.95 (CH), 150.50 (C), 174.98 (C); 
MS (EX) m / e  240 (M+). Anal. Calcd for c1&208: C, 74.99, H, 
5.03. Found C, 74.21; H, 5.26. 
10,11-Dimethoxydibenz[b,f']osepin (3). To a solution of 

compound 6 (226 mg, 1 "01) in THF (5 mL) were added NaH 
(72 mg, 3 m o l )  and dimethyl sulfate (315 mg, 0.24 mL, 2.5 d). 
The mixture was stirred at  rt under N2 for 4 h. The mixture was 
then diluted with CHC13 (30 mL). The organic layer was washed 
with water (2 X 5 mL) and dried (Na2S04). The solvent was 
removed under vacuum and the residue was chromatographed 
on a silica gel column (50 g, hexanes/ethyl acetate 4 1 )  to afford 
compound 3 as an oil (195 mg, 76%): 'H-NMR 6 3.80 (e, 6 H), 
7.15 (m, 4 H), 7.30 (ABX, J1 = 7.95 Hz, J z  = 7.66 Hz, J 3  = 1.81 

129.73 (CH), 143.98 (C), 157.54 (C); MS 0 m / e  264 (M+). Anal. 
Calcd for c1&40$ C, 75.58, H, 5.55. Found C, 75.16; H, 5.60. 
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Introduction 
The use of cation radicals in organic chemistry is a field 

of increasing interest. During the last decade, particularly 
the radical-cation Diels-Alder reaction' has been the 
subject of many mechanistic/theoretid2 and preparative 
investigations? The typical features of this reaction are 
the increase of reaction rates by several orders of magni- 
tude over thew of the neutral reaction coupled with a high 
regio- and chemoaelectivity. Therefore it is a promising 
tool for organic synthesis. The methods of computational 
chemistry and MO theory have been highly successful in 
studies of normal Diels-Alder reactions, so it is not as- 
tonishing that for radical-cation cycloadditions, quantum 

Reactions of Indole and Electron-Rich Dienes: A 
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chemical methods have also been used. In these studies, 
a nonsynchronous, concerted reaction path was calculated: 
Together with kinetic studies, these methods have proven 
to be of value in getting insight into the mechanism of this 
reaction2 Up to now, most me&mistic/theoretical studies 
of the radical-cation Diels-Alder reaction are, however, 
dealing with simple hydrocarbon compounds. 

Recently, we reported4 the use of indole as the elec- 
tron-rich dienophile in the [4 + 11 cycloaddition with 
electron-rich dienes catalyzed by photochemically induced 
electron transfer (PET). As catalyst, triarylpyrylium 
tetrafluoroborates 4 are used. In most cases, the reaction 
proceeds with complete regioselectivity, such that a sub- 
stituent in the 1-position of the diene is found in the 1- 
position of the tetrahydrocarbazole, whereas a substituent 
in the 2-position appears in the 3-position of the product. 
Substituted indoles were relatively unreactive. In this 
paper, we report the resulta of a semiempirical study on 
the features of this reaction (Scheme I). 

Method 
All calculations were carried out with the AMl-UHF6 method 

as implemented in the MND089 program! In previous studies, 
this method has proven to be suitable for predicting the properties 
of heterocyclic compounds7 and charged radicals8 aa well aa the 
potential surface for different types of reactions. The geometries 
of the starting materials and the intermediatea were fully op- 
timized using the Broyden-Fletchel-coldfarb-shanno (BFGS) 
algorithm. For the minimum energy reaction pathways (-1, 
the C-H bond length and augles in the benzene part of the indole 
nucleus were kept constant. For the indole radical cation, ad- 
ditional ab initio calculations at  the STO-3G-UHF level with th; 
same assumptions were carried out using the GAUSSIANS package. 

Results and Discussion 
The experimental results' strongly suggest that only 

indole is oxidized to ita radical cation under the reaction 
conditions. This is in agreement with the oxidation po- 
tential of indole (1.36 V v8 NHE), being the lowest in the 
reaction mixture. Thus, we made the assumption of a free 

(1) Bellville, D. J.; Wirth, D. D.; Bauld, N. L. J. Am. Chem. Soc. 1981, 

(2) Bauld, N. L. Tetmhedron 1989,45,5307. Mattay, J. Angew. Chem. 
103, 718. 

1987,99,849. 
(3) Harirchian, B.; Bauld, N .  L. J. Am. Chem. SOC. 1989,111, 1826. 
(4) Gieaeler, A.; Steckhan, E.; Wiest, 0. Synlett 1990,276. Gieseler, 

A.; Steckhan, E.; Wiest, 0.; Knoch, F. J. Org. Chem. 1991, 56, 1406. 
(6) Dewar, M. J. S.; Zoebisch, E.; Healy, E. F., Stewart, J. J. P. J. Am. 

Chem. SOC. 1987,107,3902. 

pertal 1989, & on a CONVEX C220. 

R.; Sanchez-Marcos, E. J. Chem. SOC., Perkin R a m .  ZZ 1990,66. 

(6) Thiel, W. MND089, Version 2.3 for CONVEX, University Wup- 

(7) Hidalgo, J.; Bal6n, M.; Carmona, C.; Munoz, M. A.; Pappaladro, 

(8) Higgh, D.; Thomeon, C.; Thiel, W. J. Comput. Chem. 1988,9,702. 
(9) Friach. M. GAUSSIAN86. Version 1.1, Cameuie-Mellon University, 

Table I. Results of AM1 and ab Initio Calculationo on 1% 
Geometric and Electronic Parameters of the Reactive 

Centers 
parameter" AM1-UHF STO3G-UHF 

H N i - C z )  134.5 132.3 
R(CZ43)  146.8 147.9 
R(C3C.d  141.3 141.8 
R(Cv.-NJ 143.4 144.3 
a N 4 z - C ~ )  110.1 109.4 
a(cZ43%a) 106.5 105.5 
p2 0.3173 0.3866 
p3 0.1537 0.1512 
Q2 0.130 0.297 
83 0.562 0.770 

a R = bond length in pm, a = bond angles in degree, Pi = charge 
density at carbon i with the values for hydrogen summed into the 
heavy atoms, Qi = spin density at carbon i. 

Table 11. Results of the AM1 Calculation for the 
Intermediates 6 and 6 Geometric and Electronic 

Parameters 
Darameter" 5 6 

234.7 
154.5 
374 
134.9 
148.3 
151.8 
138.5 
-0.154 
0.162 

-0.176 
-0.014 
-0.072 
0.801 

-0.527 
0.800 
1.472 

224.3 
372 
153.2 
143.4 
132.6 
152.7 
150.8 
-0.052 
-0.078 
-0.059 
0.111 
0.804 

-0.539 
0.808 

-0,066 
1.018 

a R ,  P,  and Q, same aa in Table I. 

indole radical cation, although the real situation may be 
more complicated. It wil l  be shown that the main features 
of the reaction are described correctly by these gas-phase 
calculations. In Table I, selected results of the semi- 
empirical and ab initio calculations of the indole radical 
cation are shown. On the basis of these resulta, the 
structure of 1+' can be represented as shown. 

6 \  5 s .  

7 7a 1 

1+' 

The results of both methods are comparable, showing 
that 1+' is planar with a high positive charge density in 
the 2-position and the radical character localized in the 
&position. An analysis of the molecular orbital interaction 
between 1+' and the diene within the framework of the 
frontier molecular orbital theory is not applicable to 
doublet species because the influence of the singly occupied 
molecular orbital (S0MO)'O is Micult to predict. For thie 
reason, such an analysis has been omitted. The differing 
electronic properties of Cz and C3 suggest a nonsynchro- 
nous reaction path, a mechanism which is ale0 supported 
by the calculations of Bauld et al.2J2 Consequently, the 
question is whether or not the initial bond is formed in the 
2-position or in the 3-position of 1+*, which leads to the 

(10) Fleming, 1. Grenzorbitale und Reaktionen organischeer Verbin- 
dungen; Verlag Chemie GmbH: Weinheim/Bergetraese, 1979; S. 243. 
Bellville, D. J.; Bauld, N. L.; Pabon, R.; Gardner, 9. A. J. Am. Chem. SOC. 
1983,106,3684. m&hg on a IBM 3081. 

- 
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Scheme 11. Reaction of 1 with Aoetoxy-l,3-cyclohexadienes 
under PET Conditions 
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Figure 1. MERP for reaction 1: (A) MERP for attack in the 
2-position of 1+' (intermediate 5); (m) MERP for attack in the 
3-position of l+* (intermediate 6). 

two different intermediates 5 and 6, respectively. In Table 
11, selected results" of the AM1 calculation for the two 
intermediates are shown. 

5 6 

The distance between C4 and Ch in 5 and analogously 
between C1 and CBa in 6 (374 and 372 pm, respectively) is 
much shorter than expected and similar to the distances 
in the "long bond complex" Bauld et al. found in semi- 
empirical and ab initio calculations of the [3 + 21 cation- 
radical cycloaddition,12 which leads to a comparable in- 
termediate. Also in several other processes involving 
radical cations, long bond intermediates have been calcu- 
lated.13 It is not clear whether or not these intermediates 
are the same as thw detected by mass spedroscopic14 and 
CIDNP16 techniques. The long bond complex 6 shows 
obviously a weak interaction between C1 and CBa, over- 
coming the steric repulsion. Hence, the preorientation of 
the cyclohexenyl ring system towards the reaction center 
CB, with contact of the van der Waals spheres of C1 and 
CBa represents a minimum on the potential surface. The 
results for the heat of formation suggest that the reaction 
proceeds via attack of 2a in the 3-poaition of 1+*, forming 
the intermediate 6 which is 10.4 kcal/mol more stable than 
5 (Table 11). To get further information on this behavior, 
we calculated the reaction paths for the two differing at- 
tacks of diene 2a and l+*. The reaction proceeds via the 
approach of the reactive centers C1-CBa and C4-C4,. 
Therefore, we dehed  R(C,-Csa) and R(C4-C3 as reachon 
coordinates, assuming that they describe the MERP cor- 
rectly. For modeling of the attack in the 2-position (A in 
Figure 11, we started from 5 and successively elongated 
R(Cl- under optimization of R(C4-C3 towards the free 
reactants 1" and 2a (left part of Figure 1). Towards 

(11) The value for s1 is Considerably higher than the expectation value, 
indicating the participation of higher state.  This has, however, no in- 
fluence on the reeulte. For a diecueeion of the UHF approach for open 
shell species, we, e.g.: Dewar, M. J. 5.; Olivella, S.; Stewart, J. J. P. J. 
Am. Chem. SOC. 1986,108,6771 and ref. 8. 

(12) Bellville, D. J.; Bauld, N. L. Tetrahedron 1986,42,6167. 
(13) B a d ,  N. L. J. Comp. Chem. 1990,11,898. Bellville, D. J.; Bauld, 

N. L. J. Am. Chem. Sac. 1982,104,6700. 
(14) Groenwald, G. 5.; G m ,  M. L. J. Am. Chem. Soc. 1984,106,6669. 
(15) Roth, H. D.; Schilling, M. L. J. Am. Chem. SOC. 1986,107, 716. 
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Figure 2. MERP for reaction 2 b  (A) MERP for attack in the 
Cposition of diene 2c (intermediate 9); (m) MERP for attack in 
the l-position of diene 2c (intermediate 10). 

product 3, R(C4-Ch) was shortened under optimization of 
R(C149,) (right part of Figure 1). However, during this 
second step no significant changes in R(C&J occur. The 
energy profiie for the attack in the 3-pit ion (W in Figure 
1) was calculated analogously starting from 6 by elongation 
of R(C4-C,) towards the reactants and shortening of R- 
(Cl-CBa) towards product 3. 

From these results, it seems clear that the reaction 
proceeds via initial attack in the 3-position of l+* because 
of the more favorable delocalization in 6, leading to a 
immonium ion/allyl radical intermediate. The energy 
barrier for the second step from intermediate 6 to product 
3 (18 kcal/mol) is sisnificantly higher than that calculated 
for the dimerization of l,&butadiene (7.9 kcal/mol)l8 and 
other hydrocarbon compounds.12 This is a result of the 
favorable charge delocalization in the immonium ion in- 
termediate. The existence of a relatively stable interma 
diate having the structure 6 is also supported by our ex- 
perimental hdinge4 that any substitution of the 2-poaition 
of 1 inhibits the reaction completely whereas in the case 
of 3-substitution products were formed in low yield. In 
these cases, the weak C1-Cg, interaction in the long bond 
complex 5 is not strong enough to overcome the steric 
repulsion in the second step of the reaction," In the 
corresponding case of a 3-substitution the C4-C, bond is 
strong enough to compensate for the steric repulsion in the 
first step. 

(16) Bauld, N. L.; Bellville, D. J.; Pabon, Cheleky, R; Green, G. J. 
Am. Chem. Soc. 1983,106,2318. Turecek, F.; Hanue, V. Maas Spectrom. 
Rev. 1984,486. 

(17) Accordingly, in the calculation of the transition state derived from 
2-methylindole and 2, the relative orientation of the ring system is 
changed in a way that R(C1-Ch) is increaeed. 
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The small energy barrier against bond formation in the 
first step has to be viewed critically, because in high level 
(6-31G* and MF'2/6-31G*//3-21G) calculations of model 
system it has been established that this energy barrier 
leading to the long bond intermediate vanishes with in- 
creasing level of computational rigour.18 However, from 
Figure 1, the reaction has to be classified as nonsynchro- 
nous-nonconcerted. 

Finally, we examined the regioeelectivity of the reaction 
(Scheme 11). As a test system, we chose the reaction of 
1 and acetoxy-l,3-cyclohexadienes (2b and 20) under the 
PET conditions as in Scheme I. 

According to the previous results, we only examined the 
attack on the 3-position. For the possible regioisomers of 
the reaction, the calculations were performed as discussed 
before. Starting from the two possible intermediatea 9 (A) 
and 10 (B) of reaction b, the MERP is shown in Figure 2. 

9 10 
AH( = 142.5 kcaVmd A h  = 150.9 kcaVmol 

Again, the MERP is in excellent agreement with the 
experimental results. The calculated AHf for the inter- 
mediate 9 leading to the exclusively observed product 8 
is 9.3 kcal/mol more favorable than that of the regioisomer 
10, hence describing the regioselectivity of the reaction 
correctly. Also in the very similar case of the reaction of 

A A ?Ac 

11 12 
Ah = 155.8 kcallmol AHl = 143.2 kcal/mol 

1 and 2b (reaction a), the intermediate 11 leading to the 
exclusively observed product 7 is 12.6 kcal/mol more stable 
than its regioisomer 12. 

In conclusion, the reeults of the calculations are in good 
agreement with the experimental results and the mecha- 
nism we proposed earlier? Though the approximation of 
free, uneolvatized radical cations is made, the regioselec- 
tivity and the influences of substituents in the 2- or 3- 
position are described properly. On the basis of experi- 
mental results and calculations, the reaction is non- 
synchronous-nonconcerted, involving a relatively stable 
intermediate. 
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The 4-anilidopiperidine opioid analogues, exemplified 
by fentanyl (I), are widely used in analgetic therapy.2 
While 1 is readily prepared, the 4-alkyl analogues, such 
as carfentanil(2), have been more diffi~ult.~ Especially, 
the conversion of nitrile 4 to ester 6 (Scheme I) has been 
plagued by low yields. We report a simple solution to this 
problem, the key to which is the direct conversion of an 
amide to the corresponding methyl ester.* 

1 2 

The first step in the synthesis (Scheme I) in Strecker 
addition of aniline and HCN to N-benzyl-4-piperidone 3. 
While the direct reaction works fairly well, the use of 
trimethylsilyl cyanide has been recommendedSa for this 
step. As a lees expensive altemative, we have found that 
sonication6 of the aniline/HCN addition significantly en- 
hances the yield. 

(1) Permanent address: Department of Chemistry, Mashhad Univ- 
ersity, Mashhad, Iran. 

(2) For an overview of the analgetic activity of thew piperidine de- 
rivatives, w: Jaffe, J. H.; Martin, w. R. In The Phurmacological Basis 
of Therapeutics, 6th ed.; Gilman, A. G., Goodman, L. S., Gilman, A, Eda, 
Maanillan: New York, 1980; pp 613-618. 

(3) For recent synthetic approaches to thie clase of analgetice, w the 
following. (a) Feldman, P. L.; Brackeen, M. F. J.  Org. Chem. 1990,66, 
4207. (b) Colapret, J. A.; Diamantidis, G.; Spencer, H. K.; Spaulding, T. 
C.; Rudo, F. G. J. Med. Chem. 1989,32,1968. (c) Bagley, J. R.; Wynn, 
R. L.; Rudo, F. G.; Doorley, B. M.; Spencer, H. K.; Spaulding, T. J. Med. 
Chem. 1989, 32, 663. (d) Casey, A. F.; Huckebp, M. R. J.  Phurm. 
Phurmacol. 19&3,40,606. (e) Janesene, F.; Torremans, J.; Janeeen, P. A. 
J. Med. Chem. 1986,29,2290. (0 Van Daele, P. G. H.; DeBruyn, M. F. 
L.; Boey, J. M.; Sanczuk, 5.; Agbn, J. T. M.; Janssen, P. A. J. Arzen- 
eim.-Forsch. Drug. Res. 1976, 26, 1621. (9) Van Beaver, W. F. M.; 
Niemegeers, C. J. F.; Janeeen, P. A. J. Med. Chem. 1974,17,1047. (h) 
Kudzma, L. V.; Severnak, 5. A.; Benvenga, M. J.; Bell, E. F.; Oasipov, 
M. H.; Knight, V. V.; Rudo, F. G.; Spencer, H. K.; Spaulding, T. J. Med. 
Chem. 1989,32, 2634. 

(4) Four procedures have previously been reportad for effecting thin 
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