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ene to afford 5.3 g (78%) of 12: mp 169-172’ (dec); ir (KBr) 3320 
(NH), I710 (carbamate C=O), 1685 cm-1 (acid C=O); nmr 
(DMSO-d6) 61.32 (t, 2 H,  ring CHz), 1.85 (9, 1 H,  CHCOsR), 3.10 
(m, 1 H, CHN), 7.10-8.10 (m, 7 H,  2-naphthyl). 

Anal. Calcd for C15H13N04: C, 66.41; H, 4.83; N, 5.16. Found: C, 
66.71; H,  4.95; N, 4.90. 

Registry No.-2, 53229-56-4; 3, 53229-57-6; 6, 53229-58-6; 7, 
53229-59-7; 8, 53229-60-0; 11, 53403-91-1; 12, 53229-62-2; 13, 
6860-35-1; 14, 53229-63-3; 15, 53229-64-4; 16, 53229-65-5; 17, 
53229-66-6; 18, 103-40-2; SOCl2,7719-09-7; cis- 2-carbomethoxycy- 
clopropanecarboxylic acid, 31420-47-0; cis- cyclopropane-1,2-di- 
carboxylic acid anhydride, 5617-74-3; benzyl alcohol, 100-51-6; 
trans-cyclopropanedicarboxylic acid, 696-75-3. 
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Fourier transform carbon-13 nuclear magnetic resonance spectra have been obtained for 42 simple epoxides. A 
set of additivity parameters have been developed which allow the calculation of the expected chemical shift of the 
carbon atoms of the epoxide functional group. The effect of adjacent unsaturation is also discussed. 

Carbon-13 nuclear magnetic resonance (13C nnir) spec- 
troscopy has become an extremely important research tool 
in the structural elucidation of organic  compound^.^ To in- 
terpret the 13C nmr spectra of any particular compound it 
is usually required to examine the 13C nmr spectra of close- 
ly related compounds containing similarly substituted car- 
bons. A number of methods have been developed to aid in 
the assignment of the carbon resonances. One method in 
particular has proved to be quite useful for the assignment 
of carbon resonances. Using least-squares analyses, a sys- 
tem of substituent parameters has been developed for a 
number of compound types. These parameters are then 
used to predict the carbon chemical shifts of related com- 
pounds. This method ha5 been most successfully applied 
by Grant,j Roberts,6 and Djerassi.’ We have extended this 
method to aliphatic epoxides and obtained a series of em- 
pirical substituent ‘parameters which should prove very 
useful in the assignment of structure to molecules contain- 
ing the epoxide functionality. 

Experimental Section 
A. Preparation of the Epoxides. The epoxides were either ob- 

tained commercially or synthesized by peracetic acid oxidation of 
the appropriate olefin. The structures of the epoxides were con- 
firmed by proton magnetic resonance spectroscopy. 

B. I3C Spectra. The carbon-13 chemical shifts were obtained on 
a Bruker HX-90-E instrument equiped with a Bruker-Nicolet 
Data System, Model B-NC-12. The spectra were recorded at  22.6 
MHz with 5-wsec pulse widths applied a t  1-sec intervals. All of the 
chemical shifts were measured relative to 10% internal TMS using 
45% CDC13 as solvent. At these concentrations 1000 pulses were 
used to obtain a reasonable signal-to-noise ratio. Complete proton 
decoupling was used to obtain the chemical shifts and single-fre- 
quency-off-resonance decoupled spectra were used to assign the 
resonances of the epoxy carbons in questionable cases. No at- 
tempts were made to assign the other carbons in the molecules. 

C. Least-Squares Solutions. The least-squares solutions were 
obtained by using a modification of the BMD03R8 regression anal- 

ysis program for the CDC 3161 computer a t  California State 1Jni- 
versity, Los Angeles. The program computed the least-squares em- 
pirical value for the substituent parameter, the 96% confidence 
limits for the parameters, the deviation between each calculated 
and experimental chemical shift, the standard error of prediction, 
and the multiple correlation coefficient.3 

Results and Discussion 
Recently several papers have appeared on the subject of 

the I3C spectra of epoxides. Tori and KomenolO have stud- 
ies the conformational effects in steroidal epoxides. Anet 
and Servis have investigated the conformational analysis of 
cycloheptane oxide by 13C spectroscopyll and Anet has also 
studied the 13C spectra of a series of di-, tri-, and tetra- 
epoxides12 and assigned additivity parameters to these 
classes of polyepoxides. However, there has not been a de- 
tailed study of simple epoxides. We now wish to report 
such a study. 

In calculating the chemical shifts of the epoxy carbon 
atoms, substituent effects shown in Chart l a  were used. 
These are defined in the same manner as those defined by 
Roberts in his study of acyclic alkenes.6 Using this method, 
the substituent effects for carbon 3 of trans- 3,4-epoxy-5- 
methylheptane are given as a + /3 + a’ + 28’ + 7’ (Chart 
Ib). In addition to the substituent parameters a ,  p, y, a’, p’, 
and y‘, it was found that better results were obtained if a 
cis correction factor was included when a and cy’ were locat- 
ed cis to one another. Finally a gem correction factor was 
also included when a system contained two a parameters. 
Thus the substituent effects of carbon 4 of cis- 4,5-epoxy- 
4-methyloctane are given as 201 + /3 + y 4- a’ + p’ i- y’ + 
gem factor + cis factor (Chart IC). The 13C nmr shift of any 
epoxide can be calculated by addition of the appropriate 
substituent parameters to the chemical shift of ethylene 
oxide. The values obtained for the substituent parameters 
are given in Table I. 
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Chart I Table I 
Substituent Parameters  for Epoxide Carbons 

ff (48)‘ 8.3 * 0.5b 
P (32) 4.4 * 0.2 
Y (19) -0.9 * 0.2 

p’ (32) -0.9 * 0.2 
Y’ (19) 0 .2  * 0.2 

CY’ (48) 7 . 1  + 0.3 

c is  factor (15) 
gem factor (9) 

-2.7 j: 0.4 
-4.3 * 0.6 

Standard e r ro r  of estimate 0.85 
Multiple correlation coefficient 0.99 

a The numbers in parentheses represent the number of occur- 
rences of that  parameter. * Values are given in parts per million 
(ppm). 

In Table I1 the observed chemical shifts are given for 10 
of the 30 simple epoxides used to generate the parameters 
shown in Table I. The calculated chemical shifts for each of 
these 10 epoxides are also given in Table I1 along with the 
residuals. The complete carbon nuclear magnetic resonance 
spectra of all 30 compounds are available as supplementary 
material. See paragraph on supplementary material a t  the 
end of this paper. 

These substituent parameters generally parallel but are 
somewhat lower in magnitude than the parameters found 
by Roberts in his study of acyclic alkenes.6 The a and p 
substituent parameters are deshielding as they are for the 
alkanes studied by Grants6 The a’ parameter is deshielding 
as expected since the substituent is actually p to the carbon 
atom in question. However, this contrasts with the alkene 
series where the a’ parameter was found to be shielding.6 
The y and p’ parameters are all shielding. They are small in 
magnitude and may be of only minor significance. The y’ 
parameter is the same value as the error in the y’ parame- 
ter and thus this parameter can be excluded. 

A. Definition of the Substituent Effects Used in Calculation of the 
Chemical Shift of Carbon A 

/O\ c.,-c,-c,,-c,-c-c,,,-c~-c.,, 
B. Substituent Effects of Carbon 3 of trans- 3,4-Epoxy-5-methyl- 

heptane 
” 

C. Substituent Effects of Carbon 4 of cis-4,5-Epoxy-4-methyl- 
octane 

The cis and gem parameters point up the great impor- 
tance of steric factors in these systems. They are probably 
due to the so-called “steric compression shift” introduced 
by Grant.13 This steric effect is shielding in nature and is 
directly related to  the force component along the HJ3C 
bond associated with nonbonded hydrogen-hydrogen in- 
teractions. It is apparently due to an induced polarization 
of charge along the HJ3C bond. One could also rationalize 
the y and (3’ parameters as steric compression shifts. It 
should also be pointed out that compounds which contain 
the gem factor give the largest deviation between calculat- 
ed and observed chemical shift values. This could be due to 
either the smaller number of examples which contain the 
gem factor or to a nonlinear nature of steric effects. 

Table I1 
Calculated and Observed 13C Chemical Shifts for a Series of Simple Ep0xidesa.b 

R 

Compd R R‘ R‘ I R”’ Carbon Obsd Calcd Residual 
~ - ~~ ~~~~~ ~ 

1 H H H H A 40.6 
2 CH3 H H H A 47.5 48.4 -0.9 

B 47.2 47.1 0.1 
3 n-C3H, H H H A 51.9 51.9 0.0 

B 46.7 46.5 0.2 
4 i-CdH, H H H A 51.1 51 .O 0.1 

B 47 .O 46.8 0.2 
5 sec-C5H11 H H H A 57.0 56.3 0.7 

B 46.7 45.7 1.0 
6 n-C3H, CH3 H H A 56.5 55.9 0.6 

B 53.5 53.6 -0.1 
7 C2H5 CZH, H H A 60.6 61.2 -0.6 

B 51.5 52.5 -1 .o 

B 54.1 54.6 -0.5 

B 52.4 51.9 0.5 
1 0  CZH, C2H5 CH3 H A 64.4 65.7 0.3 

B 58.5 58.2 0.3 

8 CZH, H H CH3 A 60.7 59.8 0.9 

9 C 2 H 5  H CHS H A 58.1 57.2 0.9 

11 CH3 CH3 CH3 CH3 A 61.2 61.2 0.0 
a The chemical shift data are relative to internal TMS and are given in pbm. The complete I3C nmr data for these and other similar 

compounds are given in the supplementary material. 
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Table I11 
Effect on Unsaturation on 13C Chemical 

Shift of Epoxidesa,b 
~~ 

Compound Carbon Obsd Calcd 

4 59.3 59.2 
5 55.8 54.4 

LJyp 
0 

3 59.6 59.2 
2 54.3 54.4 

4 53.7 56.0 
5 52.4 52.2 

dC 1 62.6 61.5 
C,H ,, 

a The chemical shift data  are relative to internal TMS and are 
'given in ppm. The complete carbon magnetic resonance spectra 
for these and similar compounds are included in the supplementary 
material. 

The effect of adjacent unsaturation on the 13C chemical 
shift of the epoxy carbons is minimal as is shown in Table 
111. Even the effect of an aromatic ring can be approximat- 
ed by our additivity parameters. This has also been ob- 
served with alkenes. Allylic carbons usually have a chemi- 
cal shift very close to the analogous saturated molecule. 
Cycloheptatriene is a striking example of the insensitivity 
of I3C chemical shift to the hybridization of the adjacent 
carbons.14 The lone sp3 hydridized carbon appears at 28.8 
ppm downfield from TMS while the chemical shift for cy- 
cloheptane is 28.5 ppm. 

Table IV presents evidence that adjacent unsaturation 
can have a pronounced effect if the epoxy group and the 
olefinic group are oriented properly. The saturated cyclo- 
pentyl and cyclooctyl epoxides come very close to the cal- 
culated value using our additivity parameters for acyclic 
epoxides. The cyclohexyl system deviates significantly 
from the calculated value. This may be due to a steric com- 
pression shift caused by interaction between the epoxy 
group and the proton on carbon 4 of the ring. The approxi- 
mately 4-ppm upfield shift from the calculated value in cy- 
clohexene oxide is consistent with this argument. The con- 
jugated alicyclic epoxides show a pronounced upfield shift 
for the epoxy carbon atom adjacent to the unsaturation as 
compared to  the other epoxy carbon atom. This effect is 
largest in the 3,4-epoxycyclohexene system where the dif- 
ference in chemical shift between the two epoxy carbons is 
7.8 ppm. 

The largest conjugative interaction between the epoxy 
group and the olefinic T bond would be expected in the bi- 
sected conformation shown below. This prediction is based 

on a comparison with the corresponding cyclopropyl sys- 
tem.15 In this conformation the overlap between the dark- 
ened orbitals of the epoxy group and the P system would 
be the greatest. Models indicate that  the cyclohexenyl sys- 
tem most closely approximates this bisected geometry, and 
thus one would expect a significant conjugative interaction 
in this case. Such an interaction would lead to an electron 
deficiency a t  the carbon in question and give the observed 
upfield shift. The geometry in the other cases is much dif- 
ferent from the bisected geometry needed for maximum 
overlap and a smaller effect would be expected. 

Table IV 
Unsaturated Cyclic EpoxidesaJ' 

Compound Carbon Obsd A6 

1 56.6 

3 55.8 2.4 
4 58.2 

1 51.3 

3 46.2 
4 54 .o 

1 55.1 

7.8 

3 52.8 
4 57.2 4.4 

aThe  chemical shift data are relative to internal TMS and are 
given in ppm. Complete 13C data for these and similar compounds 
are found in the supplementary material. 
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