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Peracid Promoted Epoxidations of Substituted Norbornenes and Norbornadienes
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Abstract: MCPBA promoted diastereoselective epoxidations of functionalized norbornenes and norbornadienes have been
performed. The experimental results thereby obtained have been evaluated by using semiempirical (AM1) quantum chemical
modeling. The AM1 computational results are consistent with experiment and correctly predict the major product of all
MCPBA promoted epoxidations studied hercin. Product characterization was assisted via the results of X-ray crystallographic

structural analysis in the case of 10a md by comparison of calculated vs. experimental 13C NMR chemical shifts of the
cyclopropyl carbon atoms in 12a and 12b.© 1999 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION

Peracid promoted epoxndatlom of alkenes is a familiar and synthetically useful reaction. ! Bartlett
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mation of ihe two oxirane C-O bonds and the sequence of events that is involved in C-O bond formation and in
hydrogen-transfer remains controversial 3-7 Recently, Singleton ef al.8 have employed high-precision experimental
kinetic isotope effect (KIE) data along with the results of high-level theoretical transition structure calculations to
definc the geometry of the epoxidation transition state. The results thereby obtained suggest that the new oxirane
C-O bonds are formed in nearly synchronous fashion.®

As part of a continuing study that involves the synthesis and crystal density modeling of polycarbocyclic
oxiranes,? we have undertaken an experimental and theoretical study of n-facial selectivities that accompany per-

acid promoted epoxidations of 5,6-disubstituted, 7,7-disubstituted, and 5,6,7,7-tetrasubstituted norbornenes and
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norbornadienes (Scheme 1). As part of this study, we have employed semiempirical calculations (AM1 Hamil-
tonian)11 to predict the preferred reaction pathway by which peracid approaches the norbornene C=C double
bonds in each of these substrates during the epoxidation reactions under consideration.

Scheme 1
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RESULTS

A. Experimental Results. Reaction of a solution of 4%¢ in CHzCly with m-chloroperbenzoic acid

(MCPBA) at 25 °C resulted in the formation of a mixture of the corresponding epoxides, i.c., 10a and 10b

(Scheme 2; product ratio 10a : 10b = 8: 1). The resulting mixture of isomeric epoxides was separated via column

chromatography, and the individual isomers were characterized. The major product of epoxidation of 4 was

demonstrated unequivocally to possess structure 10a via application of X-ray crystallographic methods (see the
Experimental Section).

Scheme 2
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Simiiariy, MCPBA promoted epoxidation of 517 produced a mixture of epoxides 11a and 11b (Scheme
2; product ratio 11a : 11b = 3.6 : 1). Once again, the product mixture was separated via column chromatography,
and the individual isomers were characterized. Despite considerable effort, we were not able to obtain a good qual-
ity single crystal of either isomer; hence, X-ray crystallography could not be employed to determine the structure
of either isomer (11a or 11b). Instead, we turned to computational methods in an effort to predict the distribution

of products that result via MCPBA promoted epoxidation of § (vide infra).
MCPRA promoted epoxidation of a solution of 610 in CH,Cl, at 25 °C
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the minor epoxidation product 12b. Subsequent efforts to obtain a good quality single crystal of 12b were not
successful. In this case, a combination of NMR spectral anaiysis and computational methods were employed in an
cffort to account for the observed product distribution (vide infra).

B. Computational Results. The relatively large size of the systems of interest effectively precluded the
use of high-level ab initio theoretical methods. Accordingly, semempirical molecular orbital computational meth-
ods were used to model the transition states for the various epoxidation reactions studied herein. The results there-
by obtained could be compared with the corresponding results of previously published B3LYP studies which

demaongtrated that npmmd p?nnd tiong of alkenes pnv‘gpd via Spif irncyclic transition states 8
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epoxidaiion of eihyiene. The compuied iransition siate siructiire, i.¢€., 13a (Figure 1), indicaies thai a spirocyciic
geometry is adopted in which C-O bonds are formed in synchronous fashion. The approximate plane in the spiro-
cyclic transition state that contains the performic acid moiety is skewed relative to the plane defined by the devel-
oping oxirane moiety. The AM1 calculated angle between the two spiro rings was determined to be 88.6°. The
geometry of the transition state that was amrived at via semiempirical AM1 calculations is in substantive agreement
with the corresponding results calculated at the B3ALYP/6-31G* level of theory that were reported previously by
Singleton and co-workers.®

Figure 1. Transition state geometries for performic acid promoted cpoxidation of ethylene (13a) and propene
(13b and 13¢). Calculated bond distances are in A,
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The resuits of the B3LY P/6-31G* computed transition structures for performic acid promoted cpoxidation
of propene suggest that new C-O bond formation proceeds in slightly asynchronous fashion 8 Interestingly, four
transition geometrics are predicted by the results of calculations performed at the MP2/6-31G¥* level of theory for
performic acid promoted epoxidation of propene, whereas only two transition states were observed at B3LYP/6-
31G* level B The corresponding AM1 results also show asynchronocity for the propene-performic acid transition
states. Furthermore, the results of AM1 calculations also lead to only two transition structures for performic acid

promoted epo; xidation nfnrrmemﬂ- (ie., 13band 13¢, F ure 1),
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tion reactions encouraged us to continue o utilize the much less time-intensive AM1 calcula-
tions as a means to predict stereoselectivities in performic acid promoted epoxidations of more complex, n-facially
differentiated alkenes. To this end, we next examined a series of substituted norbornenes and norbornadienes as
epoxidation substrates.

The fact that a spirocyclic transition state is predicted for peracid promoted oxidation of alkenes suggests
that there will be two possible transition states that correspond to each mode of approach by peracid toward the
exo- and endo-n-face of a C=C double bond in norbornenes and norbornadicnes. The lower energy of the two
transition states obtained for each mode of =-facial attack by peracid will be compared.

The AM1 calculated transition states for performic acid promoted epoxxdatlon of norbornene and nor-
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possible transiiion siaies are slighily asynchronous. The exieni

seen to be somewhat more pronounced for exo than for endo approach by the oxidant i
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Figure 2: AM1 calculated transition states for performic acid peroxidation of norbornene (14-exo and 14-endo)
and norbornadiene (15-exo and 15-endo).

Peracid promoted epoxidations of norbornene and norbornadiene, like most electrophilic additions to the
C=C double bonds in these systems, usually proceed via predominant (or even exclusive) approach of the oxidant

toward the exo face of the substrate.12 In agreement with this experimental observation,13 we find that

ara Lne 1ace LNne CITICI1 LIS €AD 1MEnLat all 14 C
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endo is -1.9 kcal-moi-1.

However, in contrast to the behavior of norbornenc and norbornadiene, MCPBA promoted oxidation of
7, 7-dimethylnorborn-2-ene (7) and of syn-7-bromonorbornene (8) both proceed with predominant approach of
the electrophilic epoxidizing agent upon the endo n-face of the C=C double bond in the substrate.}4 Once again,
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this experimental observation is borne out by the results of AM1 calculations; here, we find that the calculated
(AM1) AE = Egxo - Eendo values for these diastereoisomeric transition states are +2.5 and +4.6 kcal-mol-1,
respectively.

This same computational approach then was applied to performic acid promoted epoxidations of substrates
1-6 and 9 (Scheme 1). In this connection, it should be noted that MCPBA promoted epoxidations of 1,9 2,15
and 3 %0 and 916 have been remned to nmceed with exclusive formation of the corresponding exo-epoxide, in
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each case. In the present study, we find that the corresponding MCPBA promoted epoxidations of 4, 5, and 6 all
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exo and endo epoxides in which the exo pr product predominates (vide supray).

Transition state caiculations have been performed at the AM1 level of theory by using performic acid as a
model for MCPBA. The resuits of these caiculations are summarized in Table 1. The results thereby obtained for
1-6 indicate that epoxidation should occur preferentially upon the exo face of each substrate. Thus, the transition
state for exo epoxidation is predicted on the basis of AM1 computational results to be preferred energeticallyvis-a-
vis that for the corresponding endo epoxidation in 1-3 by -9.6, -8.0, and -4.4 kcal-mol-1, respectively. In com-
parison, the corresponding preference for exo epoxidation in 4-6 is somewhat lower (i.e.,-3.9,-3.3, and -1.2 kcal-

mol-1, respectively), in agreement with experimental observations.

Table 1. Calculated (AM1) transition state energy differences, AE = Egxo - Eendo, in keal-mol-1, for performic
acid promoted epoxidations of substituted norbornenes and norbormadienes.

AE = Eexo - Eendo
Substrate (kcal-mol-1)

norbornene -1.7
norbornadiene -1.9
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However, this effect is not nearly as pronounced as the fu‘f‘,"mmy\‘,".},n" effect of methylation or bromination {asin
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Finally, the results of transition state calculations for performic acid promoted epoxidation of 7,7-dimecth-
oxynorbornene (9, Table 1) indicate that approach by the oxidizing agent toward the exo face of 9 is preferred en-
crgetically over the corresponding endo face approach, a prediction that is borne out by experiment.16 In contrast
to this result, it was noted above that the corresponding reaction of 7,7-dimethylnorbornene (7) proceeds via pre-
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dominant attack of the oxidizing agent upon the endo face of the substrate (vide supra). It is tempting to ascribe the
observed differences in behavior of these two substrates toward epoxidizing agents to the operation of hydrogen
bonding by the syn-OCH3 substituent in 9, which helps to direct the incoming electrophilic oxidizing agent
toward the exo face of the substrate.16 The AM1 calculated exo transition state geometry indicates that the peracid
-OOH hydrogen atom forms a hydrogen bond with the syn-OMe oxygen atom in 9 (Figure 3). Similar substrate-
directed effects in the epoxidation of allyl alcohol with performic acid have been reported. 17
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respective 13C NMR spectra.

It was noted that the 13C NMR chemical shifts of the cyclopropyl carbon atoms differ significantly in 12a
and 12b. Gaussian 94'8a has been employed to calculate the 13C NMR chemical shifts of the cyclopropyl carbon
atoms in these systems by using gauge-independent atomic-orbital (GIAO) computational methodology. 18> The
13C NMR chemical shifts for 12a and 12b have been calculated at the hybrid ab initio HF-DFT B3LYP/6-
311+G** level of theory.1? The calculated chemical shifts thereby obtained appear in Table 2, where they are ex-
pressed in parts per million (8) downfield from the corresponding isotropic 13C NMR chemical shift calculated for

tetramethylsilane (TMS) at the same level of theory. The cyclopropyl carbon atom numbenngs are shown in
Scheme 1.
Tab!e 4 RRAVD/A2A11L01%% palonlatad and eynermnmentally nheerved 13— A chemiral chifte for the nrvluete
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formed via MCPBA promoted epoxidation of 6
Cyclopropyl carbon 5(12a) / 8(12b) §(major product) / §(minor product)
atom number (PPM, calculated) (PPM, observed)
C(11) 47.1/65.0 39.8/582
1A N7 IO N A ! £ QN
i) .11 7.1 U.47 0,0
C(13) 148/6.6 11.9/5.2
As can be seen by inspection of the data in Table 2, the trend shown by the calculated 13C NMR chemical
ohifte Fre tha runlamenag] anrhian atanme in 122 and 1%h ara in onnyd agrasmant with avnarimant Raced nnan thoce
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The AM1 calculated transition states geometries for performic acid promoted epoxidation of ethylene and
propenc are consistent with those derived from the corresponding results of previously published® B3LYP/6-
31G* calculations. In the present study, a simple AM1-derived computational model was used to predict the
course of MCPBA promoted epoxidations of several -facially differentiated alkenes. The predictions based upon
the AM1 model have been found to be qualitatively in good agreement with previously published experimental
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and & vis-a-vis that of Z and §, respectively. However, this effect is noi as pronounced as the corresponding
effect produced by syn-CH3 and syn-Br, as in systems 7 and 8, both of which are predicted (AM1) to undergo
stereoselective epoxidation that results via approach of the peracid upon the endo n-face of the norbornene C=C
double bond, in agreement with experiment.14 Finally the results of AM1 calculations permit us to rationalize the
observed preference of 7,7-dimethoxynorbornane to undergo stereoselective MCPBA promoted exo cpoxidation
in terms of selective stabilization of the exo transition state via intramolecular hydrogen bonding.

Melting points are uncorrected. !H and 13C NMR spectra were obtained at 200 MHz and 50 MHz,
respectively, by using a Varian Gemini 200 nuclear magnetic resonance spectrometer. Infrared spectra were ob-
tained on a Midac Model 100 FTIR spectrophotometer. High-resolution mass spectral data reported herein for
iZb were obtained by Professor Jennifer S. Brodbeit ai the Mass Spectrometry Facility at the Department of
Chemistry and Biochemistry, University of Texas at Austin by using a ZAB-E double sector high-resolution mass

snectrometer ( Micromass Manr'hpetpr England) that was onerated in the chemical ionization mode . Elemental
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microanalytical data were obtained by personnel at M-H-W Laboratories, Phoenix, AZ.

Epoxidation of 4. A solution of 4% (250 mg, 1.12 mmol) in CHCl; (25 mL) was pre-cooled to 0-5
°C via application of an external ice-water bath. To this cooled solution was added dropwise with stirring
MCPBA (251 mg, 1.45 mmol) in Lngz (5 mL), and the resumng mixture was stirred at 0-5 °C for 0.5 h. The

: CO'ld bath was removed, and the reaction mixture was allowed to warm gradually to ambient temperature
2]
*

ng during 24 h. The reaction mixture was washed sequentially with saturated aqueous NaHCO3 (5 x 10

mL) and water (2 x 25 mL), dried (MgSQOy) and filtered, and the filtrate was concentrated in vacuo. The residue
(181 mg, 67%) was purified via column chromatography on silica gel by eluting with 20% EtOAc-hexane. Work-
up of the first chromatography fraction afforded pure 10a (160 mg, 60%) as a colorless microcrystalline solid: mp
148-149 °C; IR (KBr) 3005 (w), 2976 (w), 1665 (s), 1591 (s), 1298 (s), 850 (s) cm-!; IH NMR (CDCl3) 5 1.59
(broadened AB, Jog = 9.0 Hz, 1 H), 1.96 [((AB), Jag = 9.0 Hz, J=2.1 Hz, 1 H],3.58 (s, 2 H), 3.69 (m, 2 H),
7.64-7.73 (m, 2 H), 8.00-8.11 (m, 2 H); 13C NMR (CDCI3) § 39.5 (1), 42.8 (d), 57.6 (d), 1263 (d), 132.6 (s),
133.6 (d), 159.7 (s), 1817 (s). Anal. Caled for CisH005: C,75.62; H, 4.23. Found: C,7520; H,4.09
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Continued elution of the chromatography column afforded a second fraction. Workup of the second chro-
matography [raction afforded the minor reaction product, i.e., 10b (21 mg, 8%) as a colorless microcrystalline
solid: mp 152-153 °C; IR (KBr) 3004 (w), 2973 (w), 1665 (s), 1590 (s), 1296 (s), 851 (s) cm'!; IH NMR

(CDCl3) 8 2.23 (broadened AB, JAg = 9.0 Hz, 1 H), 2.34 [(AB), Jag = 9.0 Hz, J=1.7 Hz, 1 H], 3.55 (broadened
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Epoxidation of 5. A solution of 510 (300 mg, 1.59 mmol) in CH2Cl2 (20 mL) was pre-cooled to 0-5
°C via application of an external ice-water bath. To this cooled solution was added dropwise with stirring

. . . . .
MCPBA (411 mg, 2.30 mmol) in CHzCl; (5 mL), and the resulting mixture was stirred at 0-5°C for 0.5 h. The

cold bath was removed, and the reaction mixture was allowed to warm gradually to ambient temperature with
stirring during 24 h. During this time, the progress of the reaction was monitored via thin layer chroma-tographic
(tlc) analysis. The reaction was quenched via addition of 10% aqueous NaHCO3 (60 mL), and the resulting
aqueous suspension was extracted with CH»Cl2 (3 x 20 mL). The combined organic extracts were washed
sequentially with water (3 x 10 mL) and brine (20 mL), dried (MgSO4) and filtered, and the filtrate was concen-
trated in vacuo. The residue (179 mg, 55%) was purified via column chromatography on silica gel by elutmg with

AINCL e A~ L W Al £ tha Rect ~h + daw; £ +a €
20% EtOAc-hexane. Workup of the first chromatography fraction afforded pure 11a (140 mg, 42.6%) as a

colorless mmrncrvemlhne solid: mp 11R-119 °C; IR (KBr) 2963 (w), 1685 (s), 1671 (s), 1567 (w), 1388 (w),

...... LR X2 ) RS SVl § 7

1284 (w), 849 (m) cm-1; 1TH NMR (benzcne-dﬁ) 6084 [(AB), JaB = 60HZ J-—I OHz,1H], 1.61 (AB),Jag=
6.0Hz,J=10Hz, 1 H], 2.86 (s,2 H),3.10 (m, 2 H), 5.94 (s, 2 H); 13C NMR (benzene-dg) § 40.4 (1), 43.06 (d),
58.1 (d), 136.4 (d), 1579 (s), 1843 (s); Anal. Caled for C11HgOa: C,70.21; H, 4.28. Found: C,70.33; H, 4.27.

Continued ciution of the chromatography column afforded a second fraction. Workup of the second chro-
matography fraction afforded the minor reaction product, i.e., 11b (39 mg, 12%) as a colorless microcrystalline
solid: mp 190-191 °C; IR (KBr) 3039 (w), 1664 (s), 1298 (w), 1056 (w), 876 (m) cm- 1 1H NMR (benzene-dg) §

SUaake. i f R4 E By L S AN AR =P J3 ANLRD RLLANCRS

2.18 [t(AB),JAB 9.0Hz,J=12Hz,1 H}, 230 [t(AB)( Jag =90 Hz, J'-l 8Hz,1 H], 3.43 (broadened quintet,
J=1.0Hz, 2 H),3.89(d,J=3.0Hz, 2 H), 6.63 (s, 2 H); 13C NMR (benzene-de) 5 42.2 (1), 53.2 (d), 61.0 (d),
136.6 (d), 147.0 (s), 184.8 (s); Anal. Calcd for C;11HgOs3: C,70.21; H,4.28. Found: C,69.97; H,4.27.
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Epoxidation of 6. A soiution of !¢ (200 mg, 1.00 mmoi) in CH2Cli2 (20 mL) was pre-cooled o 0-5
°C via application of an ex%“mal ice-water bath. To this cooled solution was added dropwise with stirring
MCPRA (241 mg, 1.40 mmol) in CHyClp (S mL) andthe_e tlting mixture wag stirred at()§°C for0.5h. The

w1th stirring during 24 h. Dunng this time, the progress of the reaction was monitored via thin layer chroma-
tographic (tic) analysis. The reaction was quenched via addition of 10% aqueous NaHCO3 (30 mL), and the
resulting aqueous suspension was extracted with CHaCl3 (3 x 10 mL). The combined organic extracts were
washed sequentiaily with water (3 x 10 mL) and brine (20 mL), dried (MgSO4) and fiitcred, and the fiitrate was
concentrated in vacuo. The residue (140 mg, 65%) was purified via column chromatography on silica gel by

cluting with 20% EtOAc-hexane. Workup of the first chromatoeranhyv fraction afforded a mixture of 12a and

cluting with 20% EtOAc-hexane of the first chromatography fraction afforded a mixture of 12a an
12b. We were unable to isolate 1somencally pure 12a from the crude reaction product mixture via column
chromatographic punfication; IH NMR of a mixturc of 12a and 12b (CDCl3) § 0.21-0.29 (m, 1.2 H), 0.43-0.51
(m, 0.8 H), 0.69-0.77 (m, 0.8 H), 0.79-0.88 (m, 12 H), 297 (d, /=32 Hz,04 H),3.14 (s, 0.6 H),3.66 (s, 0.6
H),3.98 (d,J = 3.3Hz, 0.4 H), 6.65 (br s, 2 H); 13C NMR (CDCl3) 8§ 043 (1), 5.2 (1), 6.9 (1), 11.9 (1), 398 (s),
48.0 (d), 49.9 (d), 52.4 (d), 58.1 (s), 59.7 (d) 1363 (d), 136.6 (d), 146.7 (s), 157.6 (s), iB4.2 (s), 184.6 (s).
Continued elution of the chromatography column afforded a second fraction. Workup of the second chro-
matography fraction afforded the minor reaction product, isomerically pure 12b (10 mg, 5%) as a colorless
microcrystalline solid: mp 240-241 °C; IR (KBr) 1647(s), 1322 (s), 1097 (s), 836 (s) cm™1; TH NMR (CDCl3) 8
0.43-0.51 (m, 2 H), 0.69-0.77 (m, 2 H), 2.97 (t,J = 1.6 Hz,2 H),3.98 (d,J = 3.3 Hz, 2 H), 6.65 (br s, 2 H); 13C
NMR (CDCl3) 85.2 (1), 6.9 (1), 48.0 (d), 52.4 (d), 58.1 (s), 136.6 (d), 146.7 (s), 184.6 (s). Exact mass (CI

HRMS) Caled for Ci3H003: [My + H]* 215.07082. Found: [M; + H}* 215.07127.



L)

A. P. Marchand et al. / Teirahedron 55 {199%) 8313-8322 8321

correction based on azimuthal scang nf several reflections was nnnhpd “Ihl(‘h resulted in transmission factors

ranging from 0.92 to 1.00. Data were corrected for Lorentz and polanzanon effects. The structure was solved by
direct methods (SHELXS86)2! and was refined and was expanded by using Fourier techniques (DIRDIF94).22
The non-hydrogen atoms were refined anisotropically. Hydrogen atoms were included but not refined. Neutral
atom scattering factors were taken from Cromer and Waber.23 All calculations were performed by using teXsan 24

Table 3. X-ray data collection and processing parameters for 10a

Formula Ci15H1007 v (%) 90 Unique reflections 2412

Size (mm) 020x030x040 V (A3) 1101.9 (4) Rint 0.025

Space Group  P2y/c Z-value 4 Observed 1727
Reflections I = 36()

a(A) 11.645 (2) Dealc (g-cm3) 1436 Parameters 325

b(A) 8.700 (3) picml 8.25 R,Rw 0.140,0.101

c(A) 11.736 (2) T(X) 296 (A/S)max 0.00

o (®) 90 26max (°) 157.0 Omax: Pmin (€A3)  0.25;,-024

B(°) 112.06 (1) Total reflections 2526
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