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Scheme 11. SCS Values for y-Methyl Substitution 

CHJ CH2X + ('H?CHn('HLX 
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(CH3)aCX * CH,jCH,I('H.j)?CX * ICH:&'H2)2CH:,CX * (CH3CHZ):jCX 
X = O H  -ti - 2  -11 

troduction at C2 of ethanol causes shielding, with the first and 
third methyl prompting larger changes than the second 
methyl. This same sort of behavior is observed for the  l3C 
shifts of the  terminal CHB in the  X = CH3 series. This is, of 
course, the well-known y effect9 in 13C NMR which is tradi- 
tionally rationalized in terms of 1,4-gauche interactions. The 
relative magnitudes of the y steric shifts in the two series 
correlate qualitatively with the increase in gauche relation- 
ships of the  nucleus under observation. 

A second series illustrating the effect of an  increasing 
number of y-methyls consists of the tertiary alcohols also 
shown in Scheme 11. The  y shifts are similar to those of the 
first series with the exception of an especially large SCS for 
the third substitution. Models suggest that  interactions among 
the  ethyl groups of triethylcarbinol should promote the  pop- 
ulation of conformers in which the  OH group is subjected to 
gauche interactions. 

An argument based on y interactions also rationalizes 
the chemical shifts of cyclopentanol and cyclohexanol, which 
are significantly deshielded relative to  an  acyclic analogue 
such as 3-pentanol. Incorporation of the y carbons into a five- 
or six-membered ring reduces gauche interactions with the 
O H  group. Thus, cyclohexanol, which in its equatorial form 
is devoid of such interactions, has a similar chemical shift to 
isopropyl alcohol, a model without y substituents. Some 
gauche interaction is present for the conformationally more 
flexible cyclopentanol and its chemical shift is intermediate 
to  those of cyclohexanol and 3-pentanol. 

The  introduction of &alkyl groups does not generally ap- 
pear to cause important changes in the "0 chemical shifts of 
alcohols, although a slight deshielding trend can be deduced 
from the data (Le., 5 -- 8 - 9 - 10; 12 - 13; 5 -+ 11; but see 
6 - 14). 

The  presence of heteroatomic substituents y to the OH 
group also provokes shielding, which is usually larger than that 
of CH3: CH3, -6; OH, -11; N(CH&, -12; C1, -8; and SCH:j, 
-2 ppm. Finally, trifluoroethanol is about 30 ppm more 
shielded than ethanol. 

In  summary, "0  chemical shifts of simple alcohols show a 
strong resemblance to  the behavior of a CH3 group anal- 
ogously situated, although the magnitudes of the substituent 
effects are generally much larger a t  the oxygen center. We are 
currently expanding our study to  other functional groups.10 
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Oxygen-17 Nuc lea r  Magnetic Resonance. 2. 
Cyclohexanones 

Summary: The  l70 chemical shifts of several substituted 
cyclohexanones have been measured. Substituent shifts have 
been derived for methyl substitution a t  various sites and it 
appears tha t  the  substituent shift for methyl substitution at 
the carbon adjacent to a carbonyl depends on the dihedral 
angle between these two groups. 

Sir: In connection with a study of the "0  NMR characteris- 
tics' of the carbonyl oxygen of ke tone~ ,~ ,3   ester^,^ 
etc., we have measured the 170 chemical shifts for a number 
of cyclohexanones. The well-defined conformational situation 
for cyclohexane derivatives allows for the empirical definition 
of substituent effects as a function of molecular geometry. 
Such information should prove invaluable in the application 
of conformational analysis to the interpretation of "0  data 
for acyclic carbonyl compounds. 

Table I. I7O and 13C Carbonyl Chemical Shifts of 
Substituted Cyclohexanones 

cyclohexanone 6 1 7 O a  Jl3C b 

parent 559.9 207.4 

3-methyl 561.8 207.0 
4-methyl 560.1 207.9 

208.6 
2-isopropyl 558.7 208.6 
2-tert- butyl 561.9 208.5 
2-n-propyl 552.2 209.1 
3-tert- butyl 561.4 207.6 

2-methyl j48.8 209.9 

2-ethyl 09x3 
- -  

4-tert- butyl 557.4 207.2 
2,2-dimethyl 554.9 211.2 
3,3-dimethyl ,572.3 207.1 

CIS- 2,g-dimethyl 540.8 2 10.1 

trans- 3.5-dimethyl 571.3 207.0 

4,4-dimethyl j61.4 207.4 

trans- 2,6-dimethyl 550.8 212.4 
czs-3,5-dimethyl 561.2 206.5 

cis- 2-methyl-4-tert- butyl 549.3 208.9 
3,3,5-trimethylcyclohexanone 570.0 207.2 
3,3,5,5-tetramethylcyclohexanone 576.5 207.2 

In ppm relative to external HzO; 30% by weight in dioxane 
In ppm relative to internal MedSi; 10% by with a drop of Hz"0. 

weight in CC14. Neat. 
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Scheme I Table 11. 170 and 13C Carbonyl Chemical Shifts of Some 
Bicyclic Ketones 

comDounds jilioa ji13Cb 

bicyclo [ 2.2.11 heptan-2-one 
1 -methylbicyclo [ 2.2.11 heptan-2-one 
e m -  3-methylbicyclo[2.2. I] heptan-2-one 
endo- 3-methylbicyclo[2.2.l]heptan-2-one 
3,3-dimethylbicyclo[2.2.1] heptan-2-one 
1,3,3-trimethylbicyclo[2.2.1] heptan-%one 
1,7,7-trimethylbicyc10[2.2.1] heptan-2-one 
bicyclo[2.2.2]octan-2-one 
3-methylbicyclo[2.2.2]octan-2-one 
3,3-Dimethylbicyclo[2.2.2]octan-2-one 

524.3 213.1 
514.ZC 213.8 
f117.7~ 215.7 
5O9.Oc 215.4 
503.4 217.6 
495.3 218.6 
520.1 214.3 
545.9 212.1 
539.4 215.4 
531.6c 217.4 

In ppm relative to external HzO; 30% by weight in dioxane 
In ppm relative to internal Me&; 10% by with a drop of H p O .  

weight in CC14. c 10% by weight in dioxane. 

Scheme I11 

Scheme I1 

I + 5 . 5  

The l70 chemical shifts a t  13.56 MHz for several substi- 
tuted cyclohexanones relative to  external HzO are given in 
Table L5 Also listed in Table I are the carbonyl 13C chemical 
shifts for 1OOh solutions in CC14.6 In Scheme I are shown several 
pairs of compounds differing only in the presence of a methyl 
substituent a t  a carbon adjacent to the carbonyl unit. When 
the added methyl substituent is oriented equatorially, there 
is a large shielding (Le. negative) substituent shift (-8 to -12 
ppm) as indicated by the SCS5 values given over the arrows. 
On the other hand, an axial methyl causes a smaller de- 
shielding effect. There appears to be some variation in the SCS 
value (2-6 ppm) depending upon the other substituents 
present, but the general trends are clear. Appreciable changes 
in the carbonyl I3C shifts accompany substitution adjacent 
to  the carbon and are deshielding in all cases. A more ex- 
tensive I3C study confirms this observation and indicates that 
an axial methyl has a larger effect.6 

There is also an important geometrical dependence of the 
shifts attending substitution a t  a carbon center one- 

removed from the carbonyl group as illustrated in Scheme 11. 
An axial methyl a t  this site induces marked deshielding (7-10 
ppm) of the l7O signal, whereas equatorial substitution results 
in only small shifts, generally deshielding. Interestingly, only 
small changes are observed in the 13C chemical shifts of the 
carbonyl carbons.6 

Increasing the size of a Cp alkyl group as depicted in Scheme 
111 also adds methyls three bonds removed from the carbonyl, 
albeit with more conformational ambiguity.s The indicated 
deshielding effects (3-5 ppm) are similar to those for axial C3 
substitution, although somewhat smaller in magnitude. Only 
the first pair of compounds differs significantly in their car- 
bonyl 13C shifts. 

More remote substitution in the ring or on the side chains 
does not result in I7O chemical shift changes much larger than 
experimental uncertainty; the 13C variations are also small. 

Other geometrical relationships for substitution adjacent 

C 3 . 2  

Scheme IV 

n 

& -6.6x &-s.fix ___* &$ 
-1 5.3N - 1 4 . 3 N  

0 0 0 

-10.1 i 

-18.9 

to the carbonyl group have been explored for the nonchair 
cyclohexanones incorporated in the bridged bicyclic ketones 
of Table 11. Thus,  the carbonyl group of bicyclo[2.2.2]octa- 
nones bisects the dihedral angle of the C3 substituents. 
Methyls a t  C3 give SCS values of -6 to -8 ppm, Le., shielding 
as for equatorial substitution in a chair cyclohexanone, but 
slightly smaller in magnitude. A qualitatively similar situation 
obtains in the bicyclo[2.2.l]heptanone series as shown in 
Scheme IV, although the SCS values for the more sterically 
hindered endo-methyls are strikingly larger (ca. -15 ppm). 
The substituent shifts for methyl introduction a t  C1 are also 
large and shielding (-8 to -10 ppm). Important deshielding 
effects of the carbonyl 13C signals accompany these substi- 
tutions adjacent to the ~ a r b o n y l . ~  Finally, a 6-ppm deshielding 
effect on the 170 resonance is promoted by the introduction 
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of two methyls at  Cy. The syn-methyl, which has a geometrical 
relationship to the  carbonyl group not unlike tha t  of an  axial 
C:i methyl in a chair cyclohexanone, is mobably the critical 

Photochemical Addition of Alkenes t o  
N-Methylphthalimide. Stereochemistry of 
the Addition 

influence here, although this point needs to be checked. 
Thus,  i t  appears that  methyl substitution a t  a carbon ad- 

jacent to the carbonyl results in variable substituent shifts 
depending on the dihedral angle such tha t  the  shift is largest 
when the methyl group is eclipsed with the carbonyl and de- 
creases with increasing dihedral angle, ultimately changing 
sign somewhere between 60 and 120'. The opposite trends 
observed for the I'O and 13C chemical shifts of most of these 
carbonyl compounds may be a result of an important contri- 
bution from carbonyl group polarization by the  substitu- 
ents. 

The  large deshielding "0 shift induced by an axial C3 
methyl is more difficult to understand. A through-space in- 
teraction seems most reasonable, bu t  this must surely take 
place through the  intermediacy of the intervening carbonyl 
carbon, a center which is itself not affected very much by the 
substituent. Nonetheless, it should be noted tha t  the  sub- 
stituent carbon-carbon bond in such compounds is reasonably 
proximate and roughly parallel to the axis of the carbon orbital 
involved in the x system of the carbonyl group, a situation 
which also obtains for an axial C? methyl and for the C2-sub- 
stituted series of Scheme 111. Whether such interactions are 
a common source of the deshielding substituent effects in 
these diverse situations. however, remains to be estab- 
lished. 

We are currently applying the information obtained in this 
study to the  utilization of ';O data in the  conformational 
analysis of acyclic systems.10 
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Summary: Irradiation of N-methylphthalimide in the pres- 
ence of cis- and trans-2-butene gave cis- 1,6,7-trimethyl- and 
t r a  ns - 1,6,7 -trim e t  h y 1 - 3,4 - benzo - 6,7 - d i h y d r  oaz e pin e - 2,s - 
dione, respectively, with greater than 95% stereospecificity, 
suggesting that the addition proceeds via a concerted ,2 + ,2 
addition. 

Sir: We recently reported the photochemical addition of 
dienes,' alkenes,2 and vinyl ethers3 to  N-methylphthalimide 
to give 3,4-benzo-6,7-dihydroazepine-2,5-diones and have 
shown that the remarkable sensitivity of the addition process 
to alkene ionization potential2 is due to  competitive electron 
transfer quenching of the phthalimide excited state by the  
alkene.4 Similar results have been found by Maruyama's 
group,j but the mechanism of the photochemical addition 
reaction is still open to question. Our initial suggestion on the 
gross mechanistic features of the  reaction included either a 
two-step process involving a biradical intermediate (2) which 
could close to 3' and subsequently open to the observed 
product, or a ,2 + ,2 addition of the  alkene to the  C(=O)N 
bond of the imide to give 3 directly as outlined in Scheme I. 

These mechanistic alternatives are amenable to  a simple 
test; the direct ,2 + .2 process must be stereospecific, whereas 
the biradical intermediate 2 could result in loss of stereo- 
chemistry on the alkene moiety. Our substrate of choice for 
this investigation was 2-butene and irradiation of a mixture 
of cis- and trans-2-butene provided a mixture of 4a and 4b. 

4a, R = CH; 4b, R = CH, 6 
5a, R = H 5b, R = H 

The determination of the stereochemistry of 4a and 4b is 
crucial to the study and should follow from analysis of the  
couplings observed for Hb in the  two isomers. The  spectrum 
of the mixture shows two doublets of quartets a t  6 4.46 ( J  = 
2.3,7 Hz) and 3.96 ( J  = 9.9,7 Hz). Stereochemical assignments 
for 5a and 5b have been made on the basis of equilibration 
resultsa in which the most stable isomer, with JH,H~ = 2.3 Hz, 
was assigned the  trans geometry (5a) and the isomer with 

Scheme I 

2 

\u 1 
1 

4 3 

a, R ,  = H; R, = CH, 
b,  R ,  = CH,; R, = H 
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