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61. exo-Stereoselectivity in Diels-Alder Addition of Halogenocyclopropenes to
Butadienes and Furans

by Paul Miiller*, Gérald Bernardinelli, Jean Pfyffer, Domingo Rodriguez, and Jean-Pierre Schaller

Département de Chimie Organique, Université de Genéve, 30, quai Ernest Ansermet, CH-1211 Genéve 4

(7.1.88)

The stereochemistry of the Diels-Alder reaction of 1,2-dichloro-3,3-difluorocyclopropene (5a) to 1,4-diphenyl-
1,3-butadiene (6) and 1,3-diphenylisobenzofuran (7) was unambiguously established by X-ray structure deter-
mination. In all cases known so far, tetrahalogenocyclopropenes add exo to open-chain dienes and furans. The
previously reported exo-addition product (2a) of 1-bromo-2-chlorocyclopropene (Sh) to 7 allows assignments of
the stereochemistry of other additions of 5b to furans. exo-Addition usually predominates, but in some cases
endo-adducts are also formed. This contrasts with reports in the literature that Sb adds preferentially endo to
open-chain dienes.

Introduction. — During the past years, we have applied Diels-Alder additions to
halogenocyclopropenes, followed by aromatization of the adducts, as the principal route
for synthesis of cycloproparenes [1]. Since cycloproparenes are planar, the relative config-
uration of the cycloadducts is lost in the subsequent step, and consequently presents only
a secondary interest in the context of synthesis, although, in principle, it may have some
consequences on the ease of the aromatization step [2]. However, when more and more
data on cycloadducts accumulated, we felt it desirable to assign the structures unam-
biguously, but encountered difficulties due to conflicting evidence in comparison with
literature data and to lack of conclusive criteria. Accordingly, we have obtained X-ray
crystallographic structures of four cycloadducts which allow us to assign the relative
configuration of most of our compounds by combination with NMR data. Our finding is
that 1,2-dihalogeno- and tetrahalogenocyclopropenes add with exclusive exo-prefer-
ence') to diphenylisobenzofurans and strong ‘exo’-preference to butadienes and furans.

Results, - In [5], we have reported the structures of the adducts 1 (from tetrachloro-
cyclopropene and 1-phenyl-1,3-butadiene) and 2a (from 1-bromo-2-chlorocyclopropene
(5b) and 1,3-diphenylisobenzofuran (7)). This series was now completed by X-ray deter-
mination of the structures of 3-H, and 4%).

The cycloaddition of 1,2-dichloro-3,3-difluorocyclopropene (5a) to 1,4-diphenyl-1,3-
butadiene (6) has been reported by us several years ago [8] (Scheme). At that time, the
‘endo’-configuration was assigned to the adduct 3 on the grounds of analogy to the

1) The ‘exo’and ‘endo’ descriptors are used to designate the orientation of the cyclopropane ring in the transition
states and in the products of the cycloaddition to furans. The use of these descriptors is extended, by analogy,
to cycloadditions of cyclopropenes to open-chain dienes [3] [4].

2y Data were collected on a Philips PW-1100 diffractometer (MoK,,). The structure was solved by direct methods
(MULTAN 80) [6] and refined by full-matrix least-squares analysis (XRAY 76) [7]. Crystallographic data
have been deposited with the Cambridge Data Center, University Chemical Laboratory, Lensfield Road,
Cambridge CB2 IEW, England.
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proposed structure of the adduct of perchlorocyclopropene to 6 [9]. Since no suitable
crystals of 3 could be obtained for X-ray analysis (presumably owing to twining), the
compound was subjected to catalytic hydrogenation to yield 3-H, (m.p. 136-138° (from

o

Fig. 1. Stereoscopic view of -1,c-6-dichloro-7,7-difluoro-c-2, c-5-diphenylbicyclof4.1.0 [heptane (3-H,)

EtOH); Fig. I).



546 HrLvETICcA CHiMICA AcTA — Vol. 71 (1988)

Fig. 2. Stercoscopic view of 1-1a,c-7a-dichloro-2,7-epoxy-1,1-difluoro-1a,2,7,7a-tetrahydro-c-2, c-7-diphenyl-1 H-
cyclopropaf b]naphthalene (4)

Table 1. Crystal Data, Intensity Measurement and Structure Refinement for Cyclopropene Adducts 1,2a,3-H,, and 4

1 2a 3-H, 4
Formuia C3H,Cly CyuH;¢BrClO C6H yCLF, Cy;H,,CLF,0
Molecular weight 308.0 423.7 3532 4153
Crystal system orthorhombic monoclinic triclinic monoclinic
Space group Pbhea P2y/c P-1 P2y/n
Crystal size {mm) 0.08 x 0.21 x 0.25 0.15x0.15x0.28 0.15x0.18x0.19 0.20 x 0.25
% 0.25

a[A] 7.2286 (13) 10.232 (3) 7.631 (2) 13.448 (3)
b {A] 15.986 (4) 8.907 (2) 9.844 (1) 10.408 (2)
c[A] 22,750 (7) 20.638 (9) 11.569 (2) 14.017 (3)
o] 90.0 90.0 106.80 (1) 90.0
BT] 90.0 101.78 (1) 93.89(1) 100.03 (1)
y [} 90.0 90.0 94.26 (2) 90.0
VA 8 4 2 4
D, [g-cm™) 1.56 1.53 1.42 1.43
Fooo 1248 856 364 848
u [mm™) 0.878 2.364 0.408 0.370
(510 6/A) e [ATN] 0.528 0.482 0.595 0.528
No. of measured reflections 1901 1935 2902 2664
No. of observed reflections 1042 1269 1912 1636
Criterion for observed |F,| > 4o (F,) |Fo| > 4a (F,) |Fo| > 4a (F,) {F,) > 40 (F,)

reflections and |F, > 8 and |F, > 8 and [F,>8 and |F, > 8
No. of parameters 154 234 208 254
Refinement (on F) full-matrix 2 blocks full-matrix 2 blocks
Weighting scheme w=1 w=1 w = l/g%(F) w=1
H-atoms calculated calculated calculated calculated
Max. and average 4/o 0.0010, 0.0002 0.347, 0.064 0.0036, 0.0008 0.672,0.024
Max. and min. 4p (eA7?) 043, —0.46 0.63, —1.05 0.32,-0.35 0.24,—0.28
S 1.94 3.08 2.49 2.31
R, R, (%) 5.2, 6.2, - 5.7,3.0 4.8, —

The cycloadduct 4 ( Fig. 2) was obtained upon mixing equimolar amounts of Sa and
1,3-diphenylisobenzofuran (7) in CH,Cl, at —20° and allowing the mixture to warm up to
r.t. Recrystallization from EtOH afforded transparent prisms (m.p. 113°). Table I sum-
marizes crystallographic data, and Table 2 shows relevant structural parameters of
compounds 1, 2a, 3-H,, and 4.

Discussion. — a) Adducts of 1,2-Dichloro-3,3-difluorocyclopropene (Sa). As demon-
strated by the structures of 3-H, and 4 in Fig./ and Fig.2, the cycloaddition of 5a
proceeds with both substrates in the exo-fashion. In the case of the addition to diphenyl-
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Table 2. Selected Bond Distances [A), Bond Angles [°), and Angles between Best Fitted Planes [°] for Cyclopropene
Adducts 1,2a,3-H,, and 4

c
¢

1 2a 3H, 4

X=Cl X=H X=F X=F
a 1.499 (11) 1.474 (13) 1.557 (6) 1.539(8)
b 1.523 (1) 1.517(15) 1.488 (6) 1.486 (8)
¢ 1.511 (1) 1.518 (14) 1.488 (6) 1.487(7)
« 59.2 (5) 58.1 (6) 63.1(3) 62.3 (4)
B 110.3 (4) - 109.1 (3) 108.0 (4)
7 166.9 110.4 124.0 108.8
s 250.2 114.6 115.4 118.0

isobenzofuran 7 it was shown that the exo-adduct 4 is the result of kinetic control of the
reaction. When 5a and 7 were mixed at —70° in CDCI, and the "F-NMR spectra was
recorded at low temperature (—70° to —20°), only the lines corresponding to the simulta-
neous presence of 4 and 5a were observed. Although the absence of detectable amounts of
the endo-isomers of 4 does not entirely rule out its occurrence as an intermediate in the
reaction, it supports the hypothesis that the cycloaddition is not reversible, and that there
is not stereomutation [10] occurring, which would interconvert an initially formed endo-
adduct into the exo-isomer 4. Analogous evidence could, however, not be obtained for 3,
because in this case the cycloaddition is carried out at elevated temperature (120°), and
the desired product is obtained only in low yield [6] together with decomposition prod-
ucts.

The preference for exo-addition to open-chain dienes and furans appears to be
general for tetrahalogenated cyclopropenes. While this work was in progress, we were
informed by Apeloig et al. [3] that perchlorocyclopropene adds exo to 6 and also to furan
(8a), and not endo, as previously assumed [2] [11]. It is very likely, therefore, that the
adduct 9 of 8a to 1,2-dichloro-3,3-difluorocyclopropene (5a) also has exo - rather than the
proposed endo-configuration [11]. This follows from comparison of the YF-NMR spectra
of 4,9, and 10. For 10, the exo-configuration of the cyclopropane ring has been estab-
lished [12]. In 4, 9, and 10, the F-substituent sy» to the O-bridge (F,) is strongly deshielded
and resonates at 55.6 (4), 49.3 (9), and 56.9 ppm (10), while F, appears at 32.0, 26.3, and
17.6 ppm. In contrast, cycloadducts of 5a to open-chain dienes exhibit resonance lines in
the range of 18 to 25 ppm (F.) and 31 to 36 ppm (F,) [1] [8] [13]. The deshielding by the




548 HEeLvVETICA CHIMICA ACTA — Vol.71 (1988)

O-bridge is also effective in the '"H-NMR spectra of adducts of furans to 5b and 5S¢ (see
below) and provides a criterion for configurational assignment.

Comparison of the structural data in Table 2 illustrates, in addition, the expected
weakening of the central cyclopropane bond upon replacement of the H-atoms by
F-atoms [14], which increases from 1.47 in 2a to 1.54 A in 3-H, and 4, while the lateral
cyclopropane bonds are slightly shortened by 0.03 A.

b) Adducts of 1,2-Bromochlorocyclopropene (Sb). The structure of the adduct 2a was
originally assigned exo on the grounds that one of the geminal cyclopropane H-atoms
appears at very low field in the 'H-NMR (3.20 ppm) which was attributed to shielding by
the O-bridge [4]. The H-atom ‘anti’ to the O-bridge resonates in the normal range (2.18
ppm). Since the exo-structure of 2a is now definitely established [5], this argument may be
applied with confidence to other adducts of 5b to isobenzofurans and furans. Table 3 lists
NMR data of compounds prepared in this and other laboratories, to which exo-configu-
ration may be attributed on these grounds. All additions to isobenzofurans are stereo-
selective exo, which is not the case with furans, where in two cases the endo-isomers were
also obtained. As expected [4], the cylcopropane protons of the endo-adducts resonate in
a narrow range at ca. 2 ppm.

Table 3. {H-NMR Data of Addition Products of 1,2-Disubstituted Cyclopropenes to Isobenzofurans and Furans®)

Compound J [ppm] H(H,,,,H,.) Ref.
Hsyn Hami [HZ]

2a R=Ph,X=Cl 3.20 2.18 7.0 [5]

2b R=Ph,X=Br 3.22 2.13 1.3 14}

2 R=H,X=Cl 2.79 1.82 7.3 [16)

2d R = Ph, X = SiMe, 2.96 1.98 5.5 [4

2e R = H, SiMe;%) 2.68 1.81 8.0 [
X=0l

11a R!'=R’=H, 2.70 1.70 7.0 {16}

exo X=Cl

11b R'=R?=H, 2.73 1.67 73 [4}

exo X =Br

11c R'=R?= Me, 2.58 1.51 7.0 [16]

exo X=Cl

11d R!=H, R?=Me, 2.65 1.60 7.0 [16]

exo X=Cl

11a R!=R?=H, 2.25 1.96 7.8 [16]

endo X=Cl

11b R!=RZ=H, 227 1.96 7.5 {4

endo X =Br

*)}  Details on the synthesis of these compounds will be reported elsewhere [16].
% Regioselectivity of addition undetermined.

Addition of 5b to furan (8a) at —20° leads to a ca. 9:1 mixture of exo/endo-isomers of
14a. The composition remains unchanged upon heating of the mixture to 60° for several
hours. The isomers could be separated by preparative TLC, and a 'H-NMR of the pure
endo-14a was obtained at room temperature. Separation of exo/endo-isomers has also
been achieved by Halton and coworkers [4] in the case of 14b. This implies that the
product composition is kinetically controlled as in the case of 4. The observation of
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2a-e 11a-d 11a,b
exo endo
a R'=R?=H,X=Cl
b R'=R?=H, X=8Br
¢ R'=R2=Me, X=ClI
d R'=H, R?=Me, X=Cl

endo-adducts is, however, restricted to the unsubstituted furan itself. The methyl- (8b)
and dimethyl-substituted (8¢) furan afford exclusively exo-adducts with Sb.

In contrast to these results, Apeloig et al. [3] recently presented conclusive evidence
based on X-ray structures and NOE experiments for preferred ‘endo’-addition of 1-
bromo-2-chlorocyclopropene (5b) to open-chain dienes.

c) exo/endo-Preference for Cycloaddition of Halogenated Cyclopropenes. In all cases
where the structures are unambiguously established, it is obvious that tetrahalogeno-
cyclopropenes add exclusively exo to 1,3-dienes and furans. In the light of this finding, the
structures assigned to such adducts [11] [18} may need revision. Addition of 1-bromo-2-
chlorocyclopropene to furans is preferentially ‘exo’, but ‘endo’-addition predominates in
reactions with open-chain 1,3-dienes. The parent cyclopropene has an intrinsic preference
for endo-addition to cyclopentadiene [19] and to open-chain dienes [3], but addition to 7
is exclusively exo, and 3,3-disubstituted cyclopropenes add preferentially exo to furans
[15]. The presence of bulky substituents at C(3) may overrule the endo-preference and
make ‘exo’-addition more favorable even for acyclic dienes [3] [20]. In addition, the
influence of the vinylic halogen atoms of the cyclopropene must be taken into considera-
tion: halogen substituents at dienophiles cause a strong preference for endo-addition [21]
and may even compete with carboxyl groups for the endo-orientation [22]. Obviously,
there must be a subtle balance between the intrinsic endo-preference of the cyclopropene
vs. that of the halogen atoms, and this is further complicated by the steric effect due to the
C(3) substituents of the cyclopropene and the preference of furans to react with cyclo-
propenes preferentially in an ‘exo’-mode. In our view, the various theoretical models
dealing with ‘exo’/‘endo’-preferences in Diels- Alder reactions [23] are not sufficiently
developed to allow sound predictions in such complicated situations.
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550 HeLVETICA CHIMICA ACTA — Vol. 71 (1988)

REFERENCES

{11 P. Miiller, D. Rodriguez, Helv. Chim. Acta 1986, 69, 1546; P. Miiller, H.C. Nguyen Thi, Isr. J. Chem. 1981,
21, 135; P. Miiller, M. Rey, Helv. Chim. Acta 1982, 65, 1157,

[2] B. Halton, P.J. Milsom, A.D. Woolhouse, J. Chem. Soc., Perkin Trans. 11977, 731.

[3]1 Y. Apeloig, D. Arad, M. Wallerstein, Abstracts, Int. Symposium ‘Organic Reactivity’ July 1987, Paris. Y.
Apeloig, D. Arad, M. Kapon, M. Wallerstein, submitted to Tetrahedron Lett.

[4] B.A. Dent, B. Halton, A. M_.F. Smith, Aust. J. Chem. 1986, 39, 1621.

[5] P. Miiller, G. Bernardinelli, D. Rodriguez, J. Pfyffer, J. P. Schaller, Chimia 1987, 41, 200.

6] P. Main, S.J. Fiske, S.E. Hull, L. Lessinger, G. Germain, J. P. Declerq, M.M. Woolfson: MULTAN-80, a
system for computer programs for the automatic solution of crystal structure from X-ray diffraction data,
University of York, 1980.

[71 J.M. Stewart, P. A, Machin, C. W. Dickinson, H. L.. Ammon, H. Heck, H. D. Flack, The XRAY"76 system,
Tech. Rep. TR-446, Computer Science Center, University of Maryland, College Park, MD, 1976.

[8] P. Miiller, R. Etienne, J. Pfyffer, N. Pineda, M. Schipoff, Helv. Chim. Acta 1978, 61, 2482.

[91 B. Halton, H. D. Woolhouse, H. M. Hugel, D.P. Kelly, J. Chem. Soc., Chem. Commun. 1974, 247; B. Halton,
P.J. Milsom, ibid. 1971, 814.

[10} C.W. Jefford, J. Mareda, J. C. Gehret, T. Kabengele, W. D. Graham, U. Burger, J. Am. Chem. Soc. 1976, 98,
2585.

[11] D.C.F. Law, S.W. Tobey, J. Am. Chem. Soc. 1968, 90, 2376.

[12] V. de los Heros, Ph. D. Thesis, University of Geneva, No. 1942, 1979.

[13] P. Miiller, J. Pfyffer, D. Rodriguez, unpublished results.

[14] R. Hoffmann, Tetrahedron Lett. 1970, 2907; R. Hoffmann, W. D. Stohrer, J. Am. Chem. Soc. 1971, 93, 6941;
H. Gunther, Tetrahedron Lett. 1970, 5173.

[15] M. A. Battiste, C.T. Sprouse, Tetrahedron Lett. 1970, 53, 4661; M. A. Battiste, M. A. Brennan, ibid. 1966,
5837; K. Tori, K. Kitanohoki, Y. Tanako, H. Tanida, T. Tsuji, ibid. 1964, 559; K. Geibel, J. Heindi, ibid.
1970, 2133.

[16] J.P. Schaller, Ph. D. Thesis, University of Geneva, in preparation.

[17] Y. Jacquier, Diploma Thesis, University of Geneva, 1986.

[18] P.B. Sargeant, J. Am. Chem. Soc. 1969, 91, 3061.

[19] K.B. Wiberg, W. Bartley, J. Am. Chem. Soc. 1960, 82, 6375; W.C. Herndon, L. H. Hall, Tetrahedron Leit.
1967, 3095; M. A. Battiste, C.L. Dyrup, R. E. Pincock, J. Haywood-Farmer, J. Am. Chem. Soc. 1967, 89,
1954.

{20] D.L. Boger, C.F. Brotherton, J. Am. Chem. Soc. 1986, 108, 6695; Tetrahedron 1986, 42, 2777.

[21] J.G. Martin, R.K. Hill, Chem. Rev. 1961, 61, 537.

[22] K. Alder, R. Hartmann, W. Roth, Liebigs Ann. Chem. 1958, 613, 6.

[23] D. Ginsburg, Tetrahedron 1983, 39, 2095; K.N. Houk, Tetrahedron Lett. 1970, 2621; R. Sustmann, G.
Binsch, Mol. Phys. 1971, 20, 9; E.W. Garbisch, Jr., R. F. Sprecher, .J. Am. Chem. Soc. 1969, 91, 6785; R.B.
Woodward, R. Hoffmann, ‘The Conservation of Orbital Symmetry’, Verlag Chemie, Weinheim, 1970.





