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Abstract—Diels—Alder cycloaddition of hexacyclo[7.5.1.0"%.0%".0%!2.0'"*|pentadeca-2,4-diene-7,15-dione (1) to ethyl propiolate
proceeds with mw-facial selectivity to afford two cycloadducts, 4b and Sb (product ratio: 4b/5b=80:20). Thermal [4+2] cycloaddition of
hexacyclo[7.5.2.01‘6.05"3.08"2.010‘14]hexadeca—2,4—diene—7,16—dione (2) to ethyl propiolate affords two isomeric cycloadducts, i.e. 6¢ and 6d
(product ratio: 6¢/6d=40:60). Cycloadducts 6¢ and 6d are formed with a high degree of endo m-facial selectivity but with only modest
proximal/distal regioselectivity. The corresponding [4+2] cycloaddition of 2 (diene) to dimethyl acetylenedicarboxylate (dienophile)
produced a single cycloadduct, 7b. These observations have been further examined by employing Hartree—Fock relative energies of
transition states presumably formed enroute to the various products. Interestingly, filled orbital electrostatic repulsion between the incoming
dienophile and the C=0 groups in the diene substrate does not appear to be a significant factor that might influence m-facial selection in this
[4+2] cycloaddition. Finally, thermal [4+2] cycloaddition of cyclopentadiene (diene) to dienophile 3 proceeded with a high degree of
m-facial selectivity to afford a single cycloadduct, 9b. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

Elucidation of stereoelectronic effects on w-facial dia-
stereoselection in Diels—Alder reactions and control of
regioselection in [4+2] cycloadditions to cyclic dienes
have received considerable attention from mechanistic and
synthetic organic chemists in recent years."? Constrained,
cage-annulated cyclohexa-1,3-dienes (e.g. functionalized
hexacyclo[7.5.1.0"6.0%13-.0%12.0'"*| pentadeca-2,4-dienes
of the type 1, Scheme 1) in which conformational ambigu-
ities are minimized have received particular attention as
substrates in Diels—Alder reactions of this type.'” The
stereoselectivities observed in cycloadducts formed via
[4+2] cycloadditions between dienes of the type 1 and a
wide variety of olefinic and acetylenic dienophiles have
been rationalized in terms of a combination of steric and
electronic effects. As part of a continuing program designed
to explore the origins of m-facial selectivity and regio-
selectivity in constrained, cage-annulated cyclohexa-1,3-
dienes,”™ we now report the results of experimental and
theoretical investigations of Diels—Alder cycloadditions of
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1 and a homologous cage-annulated diene (2)° with ethyl
propiolate. In addition, we examined the Diels—Alder
reaction of dimethyl acetylenedicarboxlate (DMAD) to 2.
As an extension of these studies, the Diels—Alder reaction of
cyclopendiene with 1 was examined.”™® We now report the
results of a corresponding study of the thermal [4+2]
cycloaddition of cyclopentadiene to 3-carbethoxyl-4-
hydroxyhexacyclo[11.2.1.0%'2.0°°.0°130'*!*]hexadecane-
11-one (3, Scheme 2).*

2. Experimental results

Diels—Alder reactions of 1 and 2 with ethyl propiolate were
performed by refluxing equimolar solutions of the diene and
dienophile in toluene for 6 and 5 days, respectively. The
former reaction proceeded with m-facial selectivity to afford
a mixture of two isomeric cycloadducts, i.e. 4b and 5b
(Scheme 1; product ratio: 4b/5b=80:20).

Based on the fact that the corresponding reaction of 1 with
methyl propiolate has been reported to proceed with
complete m-facial specificity to afford 4a,' the structure
of the major product of Diels—Alder reaction of 1 with
ethyl propiolate was assigned structure 4b (Scheme 1).
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Scheme 1.

This conclusion is reinforced by the results of quantum
chemical calculations (vide infra). It should be noted that
the products 4a, 4b, (5a) and 5b are obtained as racemic
mixtures.

The corresponding reaction of 2 with ethyl propiolate
proved to be m-facially specific. Thus, [4+2] cycloaddition
proceeds via exclusive approach of the dienophile toward
the endoface of the diene moiety to afford only two of four
possible isomeric cycloadducts (i.e. 6¢ and 6d, Scheme 1).
However, in contrast to the observed syn w-facial specifi-
city, the proximalldistal selectivity of this cycloaddition
reaction was modest (product ratio: 6¢/6d=40:60). The
structures of the two cycloadducts thereby obtained (6¢
and 6d) were established unequivocally by application of
single crystal X-ray crystallographic methods (vide infra).

Thermal reaction of 2 with DMAD proceeds with a high
degree of m-facial selectivity to afford a single [4+2]
cycloadduct, 7b (35% yield, Scheme 1). The cycloaddition
occurs via preferential attack of the dienophile upon the
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‘syn-face’ of the diene m-system. This cycloaddmon
proceeds in accordance with the Alder—Stein rule.’ The
observed preferential mode of approach of the dienophile
upon the syn-face of the diene moiety is closely analogous
to the previously observed facial selectivity that
accompanies Diels—Alder cycloadditions of cyclic and
acyclic dienophiles to 1.'¢7¢3%7

Compound 3 was heated with cyclopentadiene to promote
thermal [4+2] cycloaddition. A single 1:1 cycloadduct, 9b
(Scheme 2), was isolated from this reaction in 80% yield.
The structure of 9b was established unequivocally via
application of X-ray crystallographic methods.

Interestingly, cycloadduct 9b appears to have been formed
in a manner that is closely analogous to the correspondmg
[4+2] cycloaddition of cyclopentadiene to 1.° Thus, under
the conditions employed to promote reaction, disrotatory
six-electon electrocyclic ring opening of 3 occurs to
afford 8, which subsequently is trapped in situ by cyclo-
pentadiene to produce 9b. The [4+2] cycloaddition
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proceeds selectively; preferential attack of cyclopentadiene
(diene) occurs at only one of the three C=C double bonds in
the hexatriene m-system in 8 (dienophile). The diene also
proceeds via exclusive attack upon the ‘anti-face’ of the
dienophile m-system (see Scheme 2), thereby affording the
corresponding endo cycloadduct, 9b, in a manner, once
again, that is consistent with predictions based upon
consideration of the familiar Alder—Stein rule.®

3. Results of quantum chemical calculations

As noted above, Diels—Alder cycloaddition of diene 1 with
ethyl propiolate proceeds with some degree of syn m-facial
selectivity to afford two [4+2] cycloadducts, i.e. 4b and Sb.
Single-point energy calculations have been performed at the
Hartree—Fock level of theory with the 3-21G basis set on
AM1® and PM3° optimized geometries for transition states
[4b]” and [5b]”, which lead presumably to the formation of
4b and 5b, respectively. The results thereby obtained,
shown in Table 1, indicate a clear energetic preference for
approach by the dienophile (ethyl propiolate) toward the syn
face of diene 1. This observation is in qualitative agreement
with experiment. Insight into the nature of thermal cyclo-
addition of 2 to ethyl propiolate is also provided by the
computational results. Inspection of the HF/3-21G//AM1
results shown in Table 1 indicate that all four calculated
transition states (i.e. [6a]” —[6d]”) are in qualitative agree-
ment with experiment. The computational results indicate a
clear kinetic preference for approach by the dienophile
(ethyl propiolate) toward the syn face of diene 2. However,
no clear preference is indicated for the mode of syn m-facial
approach by the dienophile that results in formation of 6d

Table 1. Calculated relative transition state energies (kcal mol ") for various modes of Diels—Alder cycloaddition of ethyl propiolate to dienes 1 and 2

Experimental
product ratio

HF/3-21G//PM3
HF/3-21G//AM1

[6a}

Experimental
product ratio --

HF/3-21G//PM3 7.7
HF/3-21G//AM1 92

[5b)*

20
38
47

R
- o]
1,2
~"\ O
(o}
-  [6cF ?__ [6d]*
40 60
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(via transition state [6d]”) as the major cycloadduct.™
Although the relative energies obtained by using PM3
optimized geometries succeed in predicting that the
(unobserved) cycloadducts 6a and 6b are unlikely to be
formed as products of this reaction, the HF/3-21G//PM3
methodology nevertheless fails to predict that 6d is
minimally preferred kinetically vis-a-vis 6c.

Calculated (HF/3-21G//AM1) relative energies obtained for
Diels—Alder reactions that proceed via transition states
[6a]”—[6d]” have been published previously.2d However,
the results that appear in Table 1 differ significantly from
the corresponding, previously published (HF/3-21G//AM1)
relative energies. In fact, the earlier semi-empirical results
were obtained by using SPARTAN (version 5.0), and the
single-point calculations were obtained by using a former
version of Gaussian that is now known to have been
improperly compiled in-house for the computer that ran
the executable version of the code. The results presented
in Table 1 are intended to correct those errors.*®

Calculated relative transition state energies for [4+2]
cycloaddition of DMAD to 2 appear in Table 2. In this
case, predictions based upon the computational results
agree qualitatively with the experimentally observed
cycloaddition pathway, which proceeds via approach of
the dienophile upon the syn face of diene 2, thereby
affording 7b.

The computational results obtained for [4+2] cycloaddition
of cyclopentadiene to 8 are also shown in Table 2. Only
transition states [9a]” and [9b]”, which correspond to anti
facial attack of cyclopentadiene upon the dienophile, could
be located. This result reflects the fact that the triene moiety
in 8 is perturbed from its expected planar geometry by the

Table 2. Calculated relative transition state energies (kcal mol™Y) for
various modes of Diels—Alder cycloaddition of cyclopentadiene to diene
3 and DMAD to diene 2

/
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HF/3-21G//PM3 2.1 0.0
HF3-21G//AM1 33 0.0
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OH OH
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HF/3-21G//PM3 70 00
HF3-21G//AM1 36 00

cage system, as is the case in 3, with the result that the triene
is puckered and the m-orbitals of the dieneophile in 8 point
‘inward’ (syn-face) and ‘outward’ (anti-face). As illustrated
in Scheme 2, in order to form 9¢ or 9d, cyclopentadiene
must orient itself inside the triene moeity of the 11-
membered ring in 8. As a consequence, approach by cyclo-
pentadiene toward the syn face of the dienophile is sterically
hindered. Examination of the computational results for
the energetics of transition states [9a]7é vs [9b]” reveals
that all treatments are consistent with kinetically preferred
formation of 9b.

4. Summary and conclusions

Diels—Alder cycloaddition of diene 1 with ethyl propiolate
proceeds with a high degree of syn m-facial selectivity to
afford two [4+2] cycloadducts, i.e. 4b and Sb (product
ratio: 4b/5b=280:20). The corresponding cycloaddition of
diene 2 with ethyl propiolate proceeds with a high degree
of syn m-facial selectivity but with only modest proximal/
distal regioselectivity. Diels—Alder cycloaddition of 2 with
DMAD proceeds with exclusive addition to the syn face to
afford 7b. Cyclopentadiene reacts with 8, a reaction inter-
mediate that is produced via thermal electrocyclic ring-
opening of 3, via exclusive approach toward the anti face
of 8 to produce 9b. In this example, approach by cyclo-
pentadiene toward the syn face of 8 is hindered due to the
conformational effects of ring strain imposed by the cage in
8 upon the conjugated triene system. The relative energies
obtained from Hartree—Fock single-point calculations with
the 3-21G basis set and geometries that correspond to
transition state optimizations performed with AM1 correctly
model the formation of the experimentally observed Diels—
Alder cycloadducts. The results based on PM3 geometry
optimizations were slightly less successful.

5. Experimental
5.1. General

Melting points are uncorrected. Proton and '“C NMR
spectra were obtained at 200 MHz by using a Varian
Gemini-200 FT-NMR spectrometer. Elemental micro-
analyses were performed by personnel at M-H-W
Laboratories, Phoenix, AZ.

5.1.1. Thermal reaction of 1 with ethyl propiolate. To a
solution of diketone 1 (250 mg, 1.11 mmol) in toluene
(20 mL) was added ethyl propiolate (164 mg, 1.67 mmol),
and the resulting solution was refluxed for 6 days. The reac-
tion mixture was allowed to cool to ambient temperature
and then was concentrated in vacuo. The residue was further
purified via flash column chromatography on silica gel by
eluting with 20% EtOAc/hexane. Pure 5b (50 mg, 15%) was
thereby obtained as a colorless microcrystalline solid: mp
139-141°C; IR (CHCl3) 2974 (m), 1741 (s), 1701 (s), 1253
(s), 1082 (m) cm™'; "H NMR (CDCl5) & 1.31 (t, J=6.9 Hz,
3H), 1.94 (dd, J,=10.0 Hz, 2H), 2.42-2.71 (m, 5H), 2.90
(s, 1H), 3.61 (t, J=5.2 Hz, 1H), 4.02-4.35 (m, 3H). 6.52 (t,
J=6.2 Hz, 1H), 6.63 (t, J=6.2 Hz, 1H), 7.50 (d, /=6.9 Hz,
1H); *C NMR (CDCl5) & 14.3 (q), 37.1 (d), 37.7 (d), 39.9
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(d), 40.2 (d), 41.7 (t), 43.9 (d), 44.0 (d), 53.9 (d), 54.3 (d),
60.3 (s), 60.7 (1), 61.2 (s), 132.9 (d), 134.4 (d), 139.9 (s),
144.8 (d), 164.7 (s), 210.6 (s), 210.8 (s). Anal. caled for
CaoH,504: C, 74.52: H, 5.63. Found: C, 74.36; H, 5.70.

Continued elution of the chromatography column afforded a
second cycloadduct, i.e. 4b (220 mg, 61.5%), as a colorless
microcrystalline solid: mp 179-180°C; IR (CHCl;) 2980
(s), 1739 (s), 1710 (s), 1261 (s), 1084 (m) cm™'; '"H NMR
(CDCly) 6 1.20 (t, J=7.3 Hz, 3H), 1.87 (dd, J=11.6 Hz,
2H), 2.54 (m, 5H), 2.8 (s, 1H), 3.62 (t, J=5.2 Hz, 1H),
4.01-4.22 (m, 3H). 643 (t, J=6.2Hz, 1H), 6.56 (t,
J=62Hz, 1H), 7.32 (d, J=7.3Hz, 1H); “C NMR
(CDCl3) 6 14.2 (q), 36.9 (d), 37.9 (d), 39.9 (d), 40.0 (d),
41.7 (t), 43.9 (d), 44.0 (d), 54.2 (d, 2 C), 60.3 (s), 61.2 (s),
61.8 (1), 133.7 (d), 135.2 (d), 139.3 (s), 144.1 (d), 164.0 (s),
210.8 (s), 211.0 (s). Anal. calced for C,o0H3O4: C, 74.52: H,
5.63. Found C, 74.58; H, 5.73.

5.1.2. Thermal reaction of 2 with ethyl propiolate. To a
solution of 2 (300 mg, 1.26 mmol) in toluene (20 mL) was
added ethyl propiolate (200 mg, 1.89 mmol), and the result-
ing solution was refluxed for 5 days. The reaction mixture
was allowed to cool to ambient temperature and then was
concentrated in vacuo. The residue, a colorless solid
(350 mg), was further purified via column chromatography
on silica gel by eluting with 1:7 EtOAc/hexane. Pure 6d
(200 mg, 47.2%) was thereby obtained as a colorless micro-
crystalline solid: mp 202-203°C; IR (CHCl3) 2966 (m),
1712 (s), 1698 (s), 1244 (s), 1234 (m), 1087 (m) cm™'; 'H
NMR (CDCl;) 6 1.28 (t, J=7.5Hz, 3H), 1.62 (AB,
Jag=10.0 Hz, 1H), 1.81 (AB, JAg=10.0 Hz, 1H), 2.24-
2.89 (m, 9H), 3.94-4.32 (m, 3H). 6.45 (t, J=6.3 Hz, 1H),
6.84 (t, J=6.3 Hz, 1H), 7.53 (d, J=5.8 Hz, 1H); '*C NMR
(CDCly) 6 14.7 (q), 39.1 (d), 39.6 (1), 40.5 (t), 40.6 (d), 41.4
(d), 42.2 (d), 43.3 (d), 43.6 (d), 44.3 (d), 54.6 (d), 60.8 (1),
63.8 (s), 64.2 (s), 131.8 (d), 136.3 (s), 141.5 (d), 149.9 (d),
164.9 (s), 210.8 (s), 216.7 (s). Anal. calcd for C21H2004: C,
74.98: H, 5.99. Found: C, 74.84; H, 6.25. The structure of 6d
was established unequivocally via application of X-ray
crystallographic methods (vide infra).

Continued elution of the chromatography column afforded a
second cycloadduct, i.e. 6¢ (150 mg, 35.5%), as a colorless
microcrystalline solid: mp 198°C; IR (CHCl;) 2988 (m),
2962 (m), 1724 (s), 1707 (s), 1246 (s), 1219 (s), 1087 (m)
cm” s "THNMR (CDCl,) & 1.28 (t, J=7.5 Hz, 3H), 1.59 (4B,
Jag=10.0 Hz, 1H), 1.78 (AB, Joz=10.0 Hz, 1H), 2.23-2.82
(m, 9H), 4.19-4.37 (m, 3H), 6.59-6.66 (m, 2H), 7.17 (d,
J=6.0 Hz, 1H); >C NMR (CDCl;) 14.8 (q), 39.6 (d), 39.7
(v), 40.5 (t), 40.7 (d), 41.4 (d), 41.7 (d), 42.5 (d), 43.8 (d),
44.7 (d), 54.5 (d), 60.8 (t), 63.4 (s), 64.9 (s), 139.6 (d), 140.2
(d), 140.8 (d), 145.1 (s), 164.9 (s), 210.3 (s), 217.3 (s). Anal.
calcd for C,;H,004: C, 74.98: H, 5.99. Found: C, 75.12; H,
6.16. The structure of 6¢ was established unequivocally via
application of X-ray crystallographic methods (vide infra).

5.1.3. Control experiment. A solution of isomerically pure
6d (30 mg, mp 201-203°C) in toluene-dg (1.5 mL) was
placed in a 5 mL round-bottom flask. The flask was fitted
with a small water-jacketed condenser, and the solution was
refluxed for 5 days. The solution was allowed to cool, and its
proton and ?C NMR spectra were obtained. These spectra

were found to be identical in all respects to the correspond-
ing spectra of the sample of isomerically pure 6d that had
been used for the control experiment. The solution was
concentrated in vacuo; the mp of the residue thereby
obtained was found to be 200-203°C. The fact that 6d
survives prolonged heating unchanged attests to the thermal
stability of 6d under conditions that essentially duplicate the
thermal reaction of 2 with ethyl propiolate by which 6¢ and
6d were synthesized.

5.1.4. Thermal reaction of 2 with DMAD. A solution of 2
(120 mg, 0.50 mmol) and DMAD (100 mg, 0.70 mmol) in
dry benzene (10 mL) was refluxed for 50 h. At that time,
TLC analysis of the reaction mixture revealed the absence
of unreacted 2. The reaction mixture was concentrated in
vacuo, and the residue was purified via fractional recrystal-
lization from CHCls/hexane. Pure 7b (67 mg, 35%) was
thereby obtained as a colorless, microcrystalline solid: mp
247-248°C; IR (KBr) 2962 (m), 1714 (s), 1639 (m), 1602
(m), 1423 (m), 1259 (m), 1055 (m) cm~'; "H NMR (CDCl5)
6 1.51 (AB, Jog=10.6 Hz, 1H), 1.77 (AB, Jog=10.6 Hz,
1H), 2.25-2.85 (m, 8H), 3.72 (s, 3H), 3.75 (s, 3H),
3.86-3.90 (m, 1H), 4.20-4.30 (m, 1H), 6.50-6.65 (m,
1H), 6.67-6.80 (m, 1H); “C NMR (CDCl;) & 38.8 (t),
39.8 (d), 40.1 (), 40.6 (d), 40.9 (d), 41.4 (d), 43.3 (d),
44.0 (d), 44.1 (d), 52.0 (d), 52.1 (s), 54.0 (s), 62.0 (s),
63.2 (s), 132.4 (d), 140.1 (s), 140.2 (d), 147.8 (s), 165.5
(s), 1659 (s), 209.3 (s), 215.0 (s). Anal. caled for
CxH0¢: C, 69.46; H, 5.30. Found C, 69.25; H, 5.46.
The structure of 7b was established unequivocally via appli-
cation of X-ray crystallographic methods."'

5.1.5. Thermal reaction of 3 with cyclopentadiene. A
solution of 3* (600 mg, 1.93 mmol) and freshly cracked
cyclopentadiene'? (190 mg, 2.87 mmol) in dry toluene
(20 mL) was refluxed for 24 h. The reaction mixture was
allowed to cool gradually to ambient temperature and then
was concentrated in vacuo. The residue was purified via
column chromatography on silica gel by eluting with 1:6
EtOAc/hexane. Pure 9b (550 mg, 80%) was thereby
obtained as a colorless microcrystalline solid: mp 143—
144°C; IR (KBr) 2964 (s), 1732 (s), 1651 (s), 1412 (w),
1303 (w), 1259 (m), 1095 (w) cm™'; '"H NMR (CDCl3) &
1.21-1.39 (m, 5H), 1.59-1.81 (m, 3H), 2.16-2.34 (m, 2H),
2.54-3.23 (m, 7H), 4.19-4.27 (q, J/=7.5 Hz, 2H), 5.22-
5.24 (br s, 1H), 6.02 (d, 1H), 6.23-6.44 (m, 2H), 6.88 (s,
1H); *C NMR (CDCl;) 6 14.8 (q), 36.3 (1), 41.4 (d), 41.6
(d), 43.4 (s), 44.1 (d), 44.5 (d), 46.0 (d), 47.3 (s), 49.1 (d),
53.6 (d), 55.4 (d), 61.0 (s), 71.0 (t), 98.9 (s), 130.8 (d), 135.7
(d), 136.2 (d), 136.5 (d), 138.6 (d), 140.4 (s), 164.6 (s),
172.0 (s), 220.2 (s). Anal. caled for C,4H,404: C, 76.57;
H, 6.43. Found: C, 76.46; H, 6.49. The structure of 9b
was established unequivocally via application of X-ray
crystallographic methods (vide infra).

5.2. X-Ray structure determination of 6d (Cambridge
Crystallographic Data Centre Deposition Number
164911)

X-Ray data on compound 6d were collected at 213 K on a
Bruker SMARTTM 1000 CCD-based diffractometer. A
total of 1321 frames were collected at a scan width of 0.3°
and an exposure time of 10 s/frame. The frames were
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Table 3. X-Ray data collection and processing parameters for 6¢, 6d and 9b

Compound 6¢ 6d 9b
Formula C21H2(]O4 C21H2004 C24H2404
Size (mm) 0.22x0.24 X 0.26 1.2x0.18 X 0.14 0.09 x0.22 % 0.31
Space group C2/c Pna2(1) P2y/n

a(A) 23.761 (3) 17.4352 (17) 7.8006 (8)
b (A) 7.8436 (8) 7.5688 (7) 12.7681 (9)
c(A) 17.549 (2) 24.600 (2) 18.530 (1)
(a (°) 90 90 90

B (©) 102.40 (2) 90 97.019 (9)
L% (°°) 90 90 90

vV (A% 3194.3 (7) 3246.3 (5) 1831.7 (2)
Z-value 8 8 4

Dy (g cm ) 1.399 1.377 1.365
w(em Y 0.90 0.189 0.86

T (K) 293 213 293

20 max (°) 44 56.54 44

Total reflections 2184 18349 2563

Unique reflections 2088 6478 2375

Riy 0.055 0.0655 0.017
I1=30(]) 1063 6478* 1614
Parameters 145 454 253

R, R, 0.0672; 0.0676 0.0614; 0.1457 0.038; 0.040
(A/0) max . <0.04 =0.01 <0.01

Pmaxs Prmin €AT) 0.31; —0.21 0.262; —0.235 0.17; —0.16

* Number of reflections =20 (1).

processed with the SAINT software package'’ by using a
narrow-frame integration algorithm, and the structure was
solved and refined by using SHELXTL." An empirical
absorption correction was applied. Pertinent crystal, data
collection and refinement parameters are given in Table 1.

5.3. X-Ray structure determination of 6c and 9b
(Cambridge Crystallographic Data Centre Deposition
Numbers 167383 and 167382, respectively)

Crystal and data collection and solution details are given in
Table 3. Standard procedures in our laboratory (S.G.B.)
have been described previously.'” Data were collected on
an Enraf-Nonius CAD-4 diffractometer equipped with
graphite-monochromated MoKa radiation (A=0.71073 A)
and corrected for Lorentz and polarization effects and
absorption (¥ scans, correction from 0.83 to 0.99). The
structures were solved by using direct methods (SIR)'® and
difference Fourier syntheses and were subjected to full-
matrix least-squares refinement.'” Disorder of the ethyl
group was observed in 6c¢; refinement of occupancy factors
revealed this to be in a ratio of 3:2. In 9b, all non-hydrogen
atoms were treated with anisotropic thermal parameters,
while in 6¢, only the ester group was refined in this fashion
due to the paucity of data. Hydrogen atoms were located
from difference maps and included in the model in
idealized positions (where possible) [dc_p=0.95=,
U(H)=1.3 Uq(attached atom)] and were not refined.
Scattering factors were taken from the usual source.'® No
variation of w(Fy—F,) vs Fy or (sin /1) was observed.

5.4. Computational methods

Geometry optimizations were executed separately by
applying the AM1® and PM3° semi-empirical methods in
Gaussian 98'° to obtain all of the transition states reported
herein. Second derivative vibrational frequency analyses

were performed on stationary points to verify they are
saddle points of order 1. Single-point Hartee—Fock level
calculations were subsequently performed on these extrema
with the 3-21G basis set.

Acknowledgements

We thank the Office of Naval Research [Grant NO0014-98-
1-0478 (A. P. M.)] and the Robert A. Welch Foundation
[Grants B-0963 (A. P. M.) and P-0074 (W. H. W.)] for
financial support of this study. The majority of the compu-
tational support was provided by the University of North
Texas Academic Computing Services with utilization of
their Linux cluster computer resources under the direction
of Duane Gustavus. Additional support was granted by
Boston University with access to their SGI/Cray Origin2000
through the National Computational Science Alliance
(NCSA). We thank Dr Jaroslaw Romanski for having
performed the control experiment to demonstrate the
thermal stability of 6d, as described herein.

References

1. (a) Macaulay, J. B.; Fallis, A. G. J. Am. Chem. Soc. 1990, 112,
1136-1144. (b) Okamoto, T.; Ohwada, T.; Shudo, K. J. Org.
Chem. 1996, 61, 3155-3166. (c) Coxon, J. M.; O’Connell,
M. J.; Steel, P. J. J. Org. Chem. 1987, 52, 4726-4732.
(d) Pandey, B.; Zope, U. R.; Ayyangar, N. R. Synth. Commun.
1989, 19, 585-596. (e) Coxon, J. M.; Maclagan, R. G. A. R,;
McDonald, D. Q.; Steel, P. J. J. Org. Chem. 1991, 56, 2542—
2549. (f) Coxon, J. M.; Fong, S. T.; McDonald, D. Q.; Steel,
P. 1. Tetrahedron Lett. 1993, 34, 163—-166. (g) Mehta, G.;
Padma, S.; Reddy, S. H. S.; Nethaji, M. J. Chem. Soc., Perkin
Trans 11994, 2049-2050. (h) Mehta, G.; Karra, S. R. J. Org.
Chem. 1989, 54, 2975-2978. (i) Mehta, G.; Padma, S.;



A. P. Marchand et al. / Tetrahedron 57 (2001) 8629-8635 8635

Pattabhi, V.; Pramanik, A.; Chandrasekhar, J. J. Am. Chem.
Soc. 1990, 112, 2942-2949. (j) Coxon, J. M.; Fong, S. T;
Lundie, K.; McDonald, D. Q.; Steel, P. J.; Marchand, A. P.;
Zaragoza, F.; Zope, U. R.; Rajagopal, D.; Bott, S. G.; Watson,
W. H.; Kashyap, R. P. Tetrahedron 1994, 50, 13037-13048.
(k) Mehta, G.; Uma, R.; Jagadeesh, M. N.; Chandrasekhar, J.
J. Chem. Soc. Chem. Commun. 1998, 1813—1814.

. For reviews of m-facially diastereoselective Diels—Alder reac-
tions that involve cage-annulated dienes, see: (a) Coxon, J. M.;
Froese, R. D. J.; Ganguly, B.; Marchand, A. P.; Morokuma, K.
Synlett 1999, 1681-1703. (b) Mehta, G. M.; Uma, R. Acc.
Chem. Res. 2000, 33, 278-286. (c) Gung, B. W.; le Noble,
B. Thematic issue on diastereoselection. Chem Rev. 1999, 99,
1067-1480. (d) Marchand, A. P.; Chong, H. S.; Ganguly, B.;
Coxon, J. M. Croat. Chem. Acta 2000, 73, 1027—1038.

. (a) Kushner, A. S. Tetrahedron Lett. 1971, 3275-3278.
(b) Pandey, B.; Zope, U. R.; Ayyangar, N. R. J. Chem. Soc.,
Chem. Commun. 1990, 107-110.

. Marchand, A. P.; Chong, H.-S.; Shukla, R.; Sharma, G. V. M.;
Kumar, K. A.; Zope, U. R.; Bott, S. G. Tetrahedron 1996, 52,
13531-13538.

. Marchand, A. P.; Shukla, R.; Burritt, A.; Bott, S. G.
Tetrahedron 1995, 51, 8733-8738.

. For a discussion of the Alder—Stein rule of “maximum
accumulation of unsaturation” that governs transition states
in many Diels—Alder cycloaddition reactions, see: (a) Alder,
K.; Stein, G. Angew. Chem. 1937, 50, 510-519. (b) Alder, K.;
Stein, G.; von Buddenbrock, F.; Eckardt, W.; Frercks, W.;
Schneider, S. Justus Liebigs Ann. Chem. 1933, 514, 1-33.
(c) Martin, J. G.; Hill, R. K. Chem. Rev. 1961, 61, 537-562
and references cited therein. (d) Oppolzer, W. Angew. Chem.,
Int. Ed. Engl. 1984, 23, 876-889. (e) Loncharich, R. J.;
Brown, F. K.; Houk, K. N. J. Org. Chem. 1989, 54, 1129-
1134. (f) Jorgensen, W. L.; Lim, D.; Blake, J. F. J. Am. Chem.
Soc. 1993, 115, 2936-2942. (g) Garcia, J. 1.; Martinez-
Merino, V.; Mayoral, J. A.; Salvatella, L. J. Am. Chem. Soc.
1998, 120, 2415-2420.

. Coxon, J. M.; McDonald, D. Q.; Steel, P. J. Advances in
Detailed Reaction Mechanisms; Coxon, J. M., Ed.; JAI
Press: Greenwich, CT, 1994; Vol. 3, pp. 131-166.

8. (a) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart,

10.

11.

12.

13.
14.

15.

16.

17.

18.

J.J.P. J. Am. Chem. Soc. 1985, 107, 3902—-3909. (b) Hehre,
W. J.; Radom, L.; Schleyer, P.vonR.; Pople, J. A. Ab Initio
Molecular Orbital Theory; Wiley-Interscience: New York,
1986.

(a) Stewart, J. J. P. J. Comp. Chem. 1989, 10, 209-220.
(b) Stewart, J. J. P. J. Comp. Chem. 1989, 10, 221-264.
Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; G. E. Scuseria,
G. E.; Robb, M. A.; Cheesman, J. R.; Zakrzewski, V. G.;
Montgomery, J. A., Jr.; Straatman, R. E.; Burant, J. C;
Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, K. N.;
Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.;
Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford,
S.; Ochterski, J.; Petersson. G. A.; Ayala, P. Y.; Cui, Q.
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari,
K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.;
Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J;
Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.;
Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen, W.;
Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. A. Gaussian 98, Revision A.9,
Gaussian Inc., Pittsburgh, PA, 1998.

A crystal of 9b was examined by S. G. B. by using X-ray
diffraction methods. Although the crystal was not of sufficient
quality to permit precise structural analysis, the atom-atom
connectivities were thereby established unequivocally to be
the same as those proposed herein for 9b.

Moffett, R. B. Organic Syntheses, Collect. Vol. 4; Wiley: New
York, 1963 pp. 238-241.

SAINT, version 6.02, Bruker Analytical X-ray Systems, Inc.
SHELXTL, version 5.1, Bruker Analytical X-ray Systems,
Inc.

Mason, M. R.; Smith, J. M.; Bott, S. G.; Barron, A. R. J. Am.
Chem. Soc. 1993, 115, 4971-4984.

Burla, M. C.; Camalli, M.; Cascarano, G.; Giacovazzo, C.;
Polidori, G.; Spagna, R.; Viterbo, D. J. Appl. Crystallogr.
1989, 22, 389-393.

MOoIEN, An Interactive Structure Solution Procedure Enraf—
Nonius; Delft: The Netherlands. 1990.

International Tables for X-ray Crystallography, Kynoch
Press: Birmingham, UK, Vol. IV, 1974; pp. 99, 149.



