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the presence of only one compound. Upon distillation of the resi- 
due [105' (25 mm)], 5.0 g (95% yield) of 1,3-diacetoxybenzene (2) 
was isolated. The product was identified by comparison of its ir 
and iimr spectra with authentic sample prepared by acetylation of 
3 with AczO. 

1,4-Cyclohexanedioiie (5.0 g, 0.045 mol) was aromatized as in the 
above case with concentratzed HaSO4 (4.27 g, 0.045 mol! in 50 mol 
of AcpO and 50 ml of AcOll. After wotk-up and distillation of the 
residue, 8.1 g (93% yield) of 1,4-diacetyoxybenzene was isolated. 

Aromatization of 1,2-cyclohexanedione (5.0 g, 0.045 mol) with 
4.27 g (0.045 moi) of  p12SO4 in AcnO-Ac@H solvent afforded after 
distillation 7.8 g (90% yield) o f  1,2-diacetoxybenzme. 

Isolation of Intermediates in the Aromatization of 1,3-Cy- 
clohexanedione. The aromatization was done as hefore except 
that only 0.13 g (1.3 mmol) of concentrated M z S 0 4  were used. 
After work-up, a glc analysis indicated the presence of only one 
compound. It was identified as the monoenol acetate of 1,3-cyclo- 
hexanedione (12): ir (neat) 5.65 (-OAc), 6.7. (C-C), 5.96 p (C=O); 
nmr (CDC13) 6 5.59 (s, 1 H, >C=CH-), 2.21 [s, 3 H, CH3- 

When the aromatization was done as in the previous example 
except that the reaction mixture was quenched at  reflux, about 
10--15% of 2 was isolated along with 85-90% of 12. 

Aromatization of 1,2-Cyelohexanedione in Ac2O. The aroma- 
tization of the title compound was done as before except that  100 
ml of Act0 was used as solvnet instead of Ac20-AcOH. After 
work-up, a glc analysis indicated the presence of two compounds. 
The first (70%) was identified as 1,2-dihydroxybenzene diacetate 
by comparison of its ir and nmr spectra with an authentic sample 
prepared by acetylation of eatecho! wit,h AczO. The second com- 
pound (25%) is tentatively identified as 1,2,3-trihydroxybenzene 
triacetate. Further identification of this material and the t,ype of 
aromatization will be fully discussed in a separate paper. 

Aromatization of 5 ,5-8imethyl-1,3-cyelohex~~e~~one.  The 
t,itle compound (9.0 g, 0.065 mol) was aromatized with 7.0 g (0.072 
mol) of concentrated HzS04 in 100 ml of AczO as in the above ex- 
ample. After work-up and distillation of the residue [115-125' (0.3 
rnm)], 11.4 g (80% yield) of 4,5-dimethyl-1,3-diacetoxyhenzene was 
isolated. Hydrolysis of the product afforded I1 as identified by ir 
and nmr and comparison with known material. 

Sublimation and recrystal!ization from benzene gave pure 1 I, 
mp 135-135.5" (reported 135.5-136u2 and 133-1 34.5', 134-135'"). 

Preparat ion and Aromatization of 2-Methylcyclokexane- 

C (=O) 01. 

1,S-dione. Into a 1-1. flask equipped with a condenser, drying tube, 
dropping funnel, and thermometer were charged 300 ml of abso- 
lute methanol and 21.6 g (0.94 mol) of sodium metal in small piec- 
es, followed by 112.0 g (1.0 mol) of 1. The solution was then cooled 
to 1 5 O ,  and 162.0 g (1.14 mol) of methyl iodide in 50 ml of metha- 
i t01 was added slowly through the dropping funnel over a period of 
0.5 hr. The solution was then refluxed for 3.5 hr followed by evapo- 
ration of the solvent. Water (400 ml) was then added and the resi- 
due and solids thus formed were filtered (62.0 g, 50% yield), mp 
199 -204'. Recrystallization from benzene gave pure 8, mp 205- 
206' (reported'* 205-207O). 

Aromatization of 8 (3.0 g. 0.024 mol) with 2.34 g (0.024 mol) of 
concentrated Has04 in 50 ml of AczO, as in the previous cases, af- 
forded after hydrolysis 2.5 g (85% yield) of 9, mp 97-98O, 106- 
107.5" when molten compound was seeded with authentic sample 
(reported** 96-97', 106-108", and 106-108°13). 

Registry No.-1, 504-02-9; 2, 108-58-7; 4, 637-88-7; 6, 765-87-7; 
8, 1193-55-1; 10, 126-81-8; 11, 527-55-9; 11 diacetate, 35236-36-3; 
12,50557-37-4. 
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The proton nmr parameters which establish the stereochemistry and conformation of the diols 1-4 are de- 
scribed. The relation between the I3C chemical shifts of the carbon atoms and the stereochemistry of the diols is 
analyzed with regard to  substituent effects and vicinal interactions. 

In a recent investigation of the metabolism OS toluencl 
we had occasion to prepare a series of 3-methylcyclohex- 
ane-1,2-diols to confirm the stereochemistry assigned to a 
reduction product of the metabolite encountered. We de- 
scribe here the proton nmi spectra which establish the con- 
figuration of these materials, and an investigation of the 
relation of the I3C chemical shifts of the series to the con- 
figurations. 

Klein and IJunkelblum2 have recently described the 
preparation and characterization of three S-methylcyclo- 
hexane-1.2-diols. The all-trans equatorial configuration I 

was assigned to the diol obtained by the hydroboration of 
3-methyl-2-cyclohexenone. The assignment was antici- 
pated from the mode of preparation and supported by the 
appearance of H-2 as a triplet a t  2.80 ppm, J = 9 Hz. The 
trans,cis diol, configuration 2, was obtained from the reac- 
tion of 3-methylcyclohexene with hydrogen peroxide and 
formic acid. The nmr spectrum defied analysis, but the au- 
thors inferred from its complexity that the isomer exists in 
rapid equilibrium between the conformations 2a and 2b. 
The cis,trans isomer 4 was obtained from the reaction of 3- 
methylcyclohexene with either potassium permanganate or 
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wet silver acetate and iodine. The assignment was based on 
the appearance of H-2 as a doublet of doublets, J = 3 and 9 
Hz. This isomer possessed an infrared spectrum consonant 
with an intramolecular hydrogen bond between the cis- 
hydroxyl groups. 

Although these authors mention the cis,cis isomer, its 
mode of preparation was identical with that given for the 
cis,trans isomer, and no nmr data were reported for the 
compound. The preparation of an incompletely character- 
ized isomer of the series by hydrogenation of 3-methylcy- 
clohexane-l,2-dione has been d e ~ c r i b e d . ~  In our hands hy- 
drogenation of 3-methylcyclohexane-1,2-dione over plati- 
num produced a mixture rich in a new diol. This material 
was purified via its monobenzoate, the proton nmr spec- 
trum of which indicated the cis,cis stereochemistry. Sapon- 
ification of the monobenzoate provided a pure sample of 
the parent diol. 

I t  was now possible to examine the proton nmr spectra of 
the four isomers at 220 MHz, a t  which higher frequency the 
chemical shifts and coupling constants of H-1 and H-2 
could be clearly distinguished. These appear in Table I. 
The data on the trans,trans isomer 1 and the &,trans iso- 
mer 4 are in substantial agreement with those reported by 
the earlier authors.2 The coupling constants of 4 were con- 
firmed by decoupling experiments. I t  is clear that the ear- 
lier difficulty in the interpretation of the spectrum of the 
trans,cis isomer 2 resulted from the small difference of the 
chemical shifts of H-1 and H-2. At higher fields, the cou- 
pling constants were readily determined. The data on the 
new diol 3 fit the anticipated cis,cis stereochemistry. 

The data listed in Table I for 1, 3, and 4 correspond well 
to the generalizations which have been developed for pro- 
tons on cyclohexane rings in the chair conformation:4 diax- 
ial couplings are large, ca. 9 Hz; axial-equatorial couplings 
are smaller, approximately 3 Hz. The two equatorial pro- 
tons (H-2 in 3 and H-1 in 4) occur ca. 0.6 ppm at  lower 
field than the axial protons. It is known that the presence 
of a vicinal equatorial substituent shifts an axial proton 

Table I 
Pmr Parameters 

- 
1 2 s 4 

H-1 3.32 ppm 3.64 ppm 3 .25  ppm 3 .98  ppm 
H-2 2.84 ppm 3.45 ppm 3 .81  ppm 3 .20  ppm 
J i ,  9.6 HZ 8.8 Hz 2.8 Hz 3 .0  Hz 
J23 9.6 Hz 4.8 Hz 2.8 Hz 9.0 Hz 
J I G  10.4 Hz 10.0 Hz 4.9 Hz U 

4.6  Hz 4.4 Hz 12 .9  Hz U 

a Coupling constants could not be determined. 

Table I1 
13C Chemical Shiftsa (in ppm) 

____ _I_ 

1 2 9 4 

c -1 75.1 70.4 73.9 69.8 
C -2 83.1 76.9 72.7 77.5 
c -3 37.8 33.6 35.6 33.2 
c -4 33.6 30.3 28.1 32.7 
c -5 23.6 19.3 23.6 19.3 
C -6 33.3 32.4 26.7 3 1.4 
CH, 18.4 12.8 18.1 18.4 

Chemical shifts of C-4 and C-6 may be interchanged. 

further upfield.5 In the case of H-2 of 1 the presence of two 
vicinal equatorial substituents results in the remarkable 
shift of 2.84 ppm. Thus, although it might well be antici- 
pated that the presence of three vicinal substituents might 
force the system into unusual conformations, the proton 
data demonstrate that the properties of these three materi- 
als can be examined within the framework of normal chair 
forms, with alternative conformations contributing only a 
minor proportion of the equilibrium population. However, 
the diol 2 evidently exists as a mixture of two conforma- 
tions of similar importance, for observed chemical shifts 
are intermediate between the typical values for axial and 
equatorial protons, and the coupling constants observed do 
not conform to the generalization6 that the ratio of trans to  
cis couplings must be greater than 2.0. The earlier specula- 
tion on this material must be valid.7 

spectra of these materials were now determined 
(Table 11). The peaks resulting from complete proton de- 
coupling were readily differentiated by off-resonance de- 
coupling, allowing the immediate identification of the 
methyl carbons as the only quartets, and the 3-carbons as 
the only doublets a t  high field. In each spectrum, the trip- 
let a t  highest field could reasonably be assigned to C-5, as 
the 3-methyl and 1-hydroxyl groups must shift C-4 and C-6 
downfield. Of the remaining two triplets, which did not dif- 
fer by more than 1.4 ppm, a tentative assignment was made 
to conform with the expectation that benzoylation would 
not affect the chemical shift of the carbon atom most dis- 
tant. When this criterion was not available, the carbon 
atom at  lower field was assigned to C-4, consistent with 
earlier observations of the effect of substituting methyl or 
hydroxyl groups.* 

To aid in the assignmedt of the 13C chemical shifts the 
monobenzoates 8,9, 10, and 11 were prepared from the cor- 
responding diols or alcohol (Table 111). Benzoylation shift- 
ed the proton resonances sufficiently to allow very ready 
differentiation of C-1 and C-2 in the diols by single proton 
decoupling. The chemical shifts of the remaining three car- 
bon atoms in the diols could now be assigned by compari- 
son with the effects produced by the benzoylation of 3- 
methylcyclohexanol (cf. Table IV). 

The assignment of the chemical shifts now allowed the 
examination of the substituent effects in known conforma- 

The 
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Table I11 Table V 
Chemical Shiftsa of Benzoates (in ppm) Substituent Effects 

__I -- 
b 8 9 10 i i  

1-5‘ 1-6 i-rC 9 - 5 d  4-1’ 

c -1 73.8 67.3 76.5 67.8 
c -2 40.6 77.8 71.7 80.7 
c -3 31.6 30.6 35.6 30.9 
c -4 34.1 30.0 26.7 32.7 
c -5 24.0 19.2 23.5 19.1 
C -6 31.3 29.5 24.6 31.3 
CH, 22.3 16.0 18.0 18.1 

a Chemical shifts of C-4 and C-6 may be interchanged. 

Table JV 
I3C Shifts (in ppm) of Model Compoundsa 

5 6 1 

c -1 70.5 75.7 76.4 
c -2 44.6 75.7 40.3 
c -3 31.5 33.0 33.8 
c -4 35.3 24.5 25.8 
c -5 24.3 24.5 25.3 

CH3 22 .4~  18.7 
a Assignments are those of previous workers. The shifts here de- 

C -6 34.2 33.0 35.6 

termined differed only slightly from the previous values. 

tions. Previous workers have studied such effects within cy- 
clohexyl systems.8 I t  is quite generally observed in the sim- 
ple systems that carbon atoms bearing axial substituents 
are more shielded by approximately 6 ppm than those with 
equatorial substituents, and that such an axial substituent 
produces a, similar upfield shift in atoms in a gauche rela- 
tion to it. The present study allows the examination of the 
effect of stereochemical relations upon the chemical shifts 
of hydroxyl-bearing carbons. 

Such comparisons are not readily made for the diol 2, be- 
cause it exists as a mixture of similar proportions of the two 
conformers 2a and 2b. However, comparison of the ob- 
served chemical shifts with those of the all-equatorial iso- 
mer 1 shows the effect of the contribution of forms bearing 
the axial substituents. Of these, the most obvious effect is 
upon the methyl group, of which the chemical shift is some 
6 ppm to higher field than those of the other isomers. In 2b, 
each ring carbon either bears an axial substituent, or exists 
with an axial substituent three bonds away. In 2a, this is 
true of C-1, -3, and -5 .  As a consequence, the chemical 
shifts of all of the ring carbons occur to higher field than 
those of 1. 

In attempts to relate IT! chemical shifts to  structure and 
stereochemistry, Grant, et a1.,9 and Roberts, et al., l 1  have 
been concerned with the additivity of substituent effects in 
substituted cyclohexanes. In the case of alkylcyclohexanols, 
Roberts, et al., have shown that introduction of an axial 
methyl or hydroxyl group results in different cy, 6, and y 
shifts than does introduction of an equatorial methyl or hy- 
droxyl group. We were interested in learning if the parame- 
ters established for alkylcyclohexanols could be transferred 
to these diols. In order to establish the effect of introducing 
an axial or equatorial methyl and/or hydroxyl group we de- 
termined the l% spectra of cis- 3-methylcyclohexanol ( 5 ) ,  
t r a n s -  1,2-cyclohexanediol (6), and t rans -  2-methylcyclo- 
hexanol (7) (see Table IV). The effect of adding an equato- 
rial methyl a t  C-3 can then be determined from a compari- 
son of the spectra of 1 and 6. A comparison of the spectra of 
5 and 7 with 1 yields the parameters associated with intro- 

c -1 4.6 -0.6 39.5 3.4 34.2 
c -2 36.5 5.4 4.7 28.4 1.1 
c -3 6.3 4.8 -2.5 4.1 - 7 . 1  
c - 4  -1.7 9.3 -0.2 -7.2 -1.1 
c - 5  -0.7 -0 .9  - 2 . 2  

0.3 8.0 -7 .5  6.1. C-6 -0.9 
CH, -4.4 -0.3 -4.3 -0.3 

-0.7 -6.5 

a The addition of an equatorial hydroxyl a t  C-2.6 The addition of 
an equatorial methyl at  C-3.  the addition of an equatorial 
hydroxyl a t  C-1. C - l  of 7 is taken to correspond to  C-2 of 1. d The 
addition of an axial hydroxyl at  C-2. eThe addition of an axial 
hydroxyl at  C-1. 

Table VI 
Effect of Configurational Changes 

3-1‘ 4 - i b  

c -1 -1.2 ( P J C  
c -2 -3.6 ( p e )  
c -3 -2.2 (P,) -4.6 ( y e )  

c -5 0.0 -4.3 (./(HI) 
C -6 -5.6 (r(H)) -1.9 ($(HI) 

Effect of changing C-2 hydroxyl from equatorial to axial. 
* Effect of changing C-1 hydroxyl from equatorial to axial. c The 
values reported earlier, with the signs reversed to correspond to the 
different reference, are Be = -1.7 f 0.3 and ye = -2.8 & 0.3 ppm 
(13). 

ducing an equatorial hydroxyl group. The observed differ- 
ences are tabulated in Table V and are quite similar to 
those previously observed,ll when the addition of the sub- 
stituent does not involve the formation of an additional 
gauche interaction with a vicinal substituent. In such cases 
(e .g . ,  the effect upon C-2 of the addition of the hydroxyl a t  
C-l) ,  the downfield shifts are reduced by approximately 3 
ppm. Similarly, comparison of 3 with 5 and 4 with 7 shows 
the effect of adding the axial hydroxyl group a t  C-2 and C- 
I, respectively. Earlier observations of this effect give a ,  
37.8, @, 5.5 and y, -7.2 ppm.10J2 The effects of adding the 
axial hydroxyl to form 3 and 4 are similar a t  the y-carbon 
atom but are again diminished for a and @ in situations in 
which new gauche interactions with vicinal groups result. 

In the course of examining the 13C spectra of inositols 
and sugars Roberts, et al., have developed some parame- 
ters to describe the effect on the @ and y carbon atoms of 
changing the stereochemistry of a hydroxyl group from 
equatorial to axia1.13814 “Be” is the change produced by al- 
tering a hydroxyl group from equatorial to  axial observed 
in the chemical shift of a carbon (3 to the site of the alter- 
ation and bearing an equatorial hydroxyl. Values for @,, ye,  
and 6, can be obtained from a comparison of 3 with 1 and 4 
with 1. These values are given in Table VI along with Rob- 
erts’ values. The agreement is poor and suggests that  Rob- 
erts’ parameters apply rather specifically to the sugars. 

This study has demonstrated that the chemical shifts of 
the ring carbons for this series of diols can be correlated 
with the stereochemistry of the substituents. As the num- 
ber of substituents on the parent system increases, steric 
factors, changes in geometry, and vicinal effects partly vi- 
tiate the use of parameters previously developed for sub- 
stituent effects in establishing the stereochemistry of high- 
ly substituted systems. 

c -4 -5.5 (AH)) -0.9 (b(H)) 



Pmr and Stereochemical Assignments of Ketones and Olefins 

Experimental 
The proton nmr spectra were determined on a Varian HR 220- 

MHz spectrometer in CDC13 using tetramethylsilane as an internal 
reference. The chemical shifts are accurate to f0 .02 ppm. The 13C 
spectra were obtained on a Varian XI,-100 spectrometer equipped 
with a Digilab Fourier transform accessory, using the same solvent 
and reference. Chemical shifts are accurate to f0.05 ppm. 

Preparation of the Diols. Compound 1 was prepared by hydro- 
boration of 3-methylcyclohexenone as described by Klein and 
Dunkelblum, mp 39-40° (reported2 mp 39-40'). 

The trans,cis diol 2 was prepared by oxidation of 3-methylcyclo- 
hexene with 30% hydrogen peroxide-90% formic acid as described 
for trans- 1,2-cyclohexandiol.17 The crude diol was crystallized 
from hexane and recrystallized from isooctane, mp 94-95' (re- 
ported2 mp 91-92O). The &,trans diol 4 was prepared by 0 ~ 0 4 -  
HzOz-tert -butyl alcohol oxidation of 3-methylcyclohexene as well 
as from the solvolysis of the dibromide (prepared by brominating 
the olefin in carbon tetrachloride a t  0') with silver acetate in ace- 
tic acid-water. The diol crystallized from hexane-ethyl acetate, 
mp 81-82' (reportedlj mp 81-82'). 

The monobenzoate 9 and 11 were obtained by reaction of equi- 
molar quantities of 2 or 4 and benzoyl chloride in pyridine. The 
monobenzoate was purified by chromatography on silica gel, yield- 
ing an oil whose proton and 1% nmr spectra were consistent wlth 
the structure assigned. 

The benzoate 8 was prepared from a s -  3-methylcyclohexanol as 
described for 9: 'H nmr 6 5.00 (q, J = 3.5,6.5 Hz), 4.00 (m),  0 98 ( J  
= 7 hz). 

The cis,cis isomer 3 was prepared using a procedure similar to 
that of Garanti and Marchesini3 in which 3-methylcyclohexane- 
1,2-dione16 was hydrogenated in ethanol over PtO2. Nmr spectra 
of the crude diol showed it to be a mixture of cis,cis and cis,trans 
diols. The diol mixture, 3.783 g (2.9 mmol), was treated with ben- 
zoyl chloride, 4.51 g (3.2 mmol), in 25 ml of pyridine overnight at  
room temperature. The reaction mixture was poured into dilute 
HC1, extracted into ether, washed with aqueous NaHC03, dried, 
and concentrated to yield 6.569 g (97%). The monobenzoate 10 was 
crystallized from methanol-water to yield 4.05 g (62%): mp 82-83'; 
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'H nmr 6 4.92 (m, J = 11.4, 4.8, 2.6 Hz), 3.92 (t, J = 2 Hz). Anal. 
Calcd for C 14H1803: C, 71.77; H, 7.74. Found: C, 71.66; H, 7.61. 

The monobenzoate (6.9 g) was hydrolyzed by refluxing in 50 ml 
of methanol, 2.5 g of KOH, and 10 ml of HgO followed by extract- 
ing into ethyl acetate. The diol was crystallized from hexane-ethyl 
acetate, m p  64-65', Anal. Calcd for C7H1402: C, 64.58; H, 10.84. 
Found: C, 64.37; H, 10.91. 

Registry No.-1, 15806-70-9; 2, 19700-12-0; 3, 52730-58-2; 4, 
19700-14-2; 5,  5454-79-5; 6, 1460-57-7; 7, 7443-52-9; 8, 52699-45-3; 
9, 52748-17-1; IO, 52759-91-8; 11,  52759-90-7. 
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The proton magnetic resonance assignments of a series of related polycyclic cyclopentanones and their precur. 
sor olefins are compared. Stereochemical assignments are based upon observed coupling constants between brid- 
gehead and cyclopentanone protons with iron pentacarbonyl induced coupling leading to exo-trans-exo products. 
The strengths of the shielding cones of ketonic and olefinic linkages are compared. 

Recently, reports1,2 of iron carbonyl coupling of olefins 
leading to cyclopentanone derivatives of the type illus- 
trated in reactions 1, 2, and 3 have appeared and the mech- 
anism3 of this reaction considered. A particularly impor- 
tant aspect of the reaction, both synthetically and as it re- 
lates to mechanistic considerations, is product stereochem- 
istry. Olefin reactivity and product stereochemistry are 
sensitive to the presence of bulky groupla  and complexing 

2 0  - 

groups2a a t  the 7 position of 1 with significant stereochemi- 
cal changes being observed when 7,7-dimethoxybenzonor- 


