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SUMMARY 

The structure and conformation of alicyclic cis- and rrans-%hydroxycar- 
boxylates were studied by gas chromatographjr. As these substances serve as 
starting materials for the synthesis of stereospecific alicyclic compounds, it was of 
major importance to establish the stereochemical uniformity of each isomer. Further, 
the study of the structure and conformation of the iosmers was important per se, as 
these compounds, containing hydroxy and carbethoxy groups in vicinal positions, are 
prone to form intramolecular and intermolecular hydrogen bonds. Gas chromatogra- 
phy was the method of choice for the study of these hydrogen bonded structures. 

INTRODUCTION 

The synthesis of ck- and trapzs-2-hydroxycyciopentanecarboxylic acid’, cis- 
and trans-2-hydroxycyclohexanecarboxylic acid2, cis- and trans-%hydroxycyclo- 
heptanecarboxylic acid3” and cis- and rra~zs -2-hydroxycyclooctanecarboxylic acid4 
has been reported_ In the study of these compounds, infrared (IR) and nuclear magi 
netic resonance (NMR) spectroscopy5*6 were primarily used for the conformational 
analysis of intramolecular and intermolecular hydrogen bonds and the elucidation of 
the preferred conformation of the substituents. In addition to spectroscopic studies, 
Castells and Palaus also used viscosity measurements to confirm that the k-isomer of 
2-hydroxycyciohexanecarboxylic acid is less associated than the trans-isomer_ In the 
course of conformational analyses, Baumann and M6hrle7*8 determined the equilibri- 
um constants of the isomers9 and found that equatorial hydroxy groups promote a 
more pronounced association than axial groups. The preferred conformation of Ia 
and ib (Fig. I) was established, in a _&em with literature datalo, by Baumann and 
M6hr!e on the basis of NMR spectra8 and by Berm&h et aL4 on the basis of both IR 
and NMR spectra, and the measurement of the rate of chromic acid oxidation and 
dissociation constan&. According to NMR spectra, in ck-2-hydroxycyclohexane- 
carb~xylic acid the equatorial position may be assigned to the carboxy group and the 
axial position to the hydroxy group6. 

L By calculating the dipole-moments of compounds I-III (Fig. l), a means was 
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established for establishing configuration-physical data relationships”. In earlier 
studies the retention index-molecular structure relationship for alicyclic cis- and 
rrm2s-Zhydroxycarboxylates was studied by gas chromatography with the help of 
empirical equations’” on the basis of the additivity of gas chromatographic interac- 
tiO!l!S_ 

In this study the conf@ration of isomers of compounds I-iv (Fig. l), the 
interactions of vicinal hydroxy and carbcthoxy grou_ps and the interactions of the 
stationary phase and individual groups were examined in detail. 

lcn=l I b:n=l 

Ha:n=2 ilb: n=2 

3a:n=3 lUb:rd 

!vo: n=L iVii: n=L 

Fig. 1. Mode1 compounds 

EXPEP’MEXK-AL 

Materials and reagents 

Tke silylating agents hexamethyldisilazane ( HIMDS) and trimethylchloro- 
silane (TCIMS) were obtained from Pierce (Rockford, IL, U.S.A.) and the stationary 
phases SE-30 and Reoplex 400 and the carrier Chromosorb W AW DMCS (SO-100 
mesh) from Applied Science Labs. (State College, PA, U.S.A.). The synthesis of 
modeli compounds was reported in refs. 4 and 11. 

Gas cr’uomatography 
An HP 5830 gas chromatograph equipped with a flame-ionization detector was 

used_ The glass columns (2 m x 4 mm I.D.) were packed with the stationary phases 
SE-30 (5 %) and Reoplex 400 (20 %) (columns A and B, respectively). The injection 
temperature was 24O”C, the column temperatures were (A) 120°C and (B) 16O’C and 
the detector temperature was 240°C. The carrier gas (nitrogen) flow-rate was 45 
ml/min_ 

Derit-arization 
Amounts of I mg of compounds I-IV were made to react with the siiylating 

reagent pyridine-HMDSTMC (2:2:1) at room temperature for 1 h. A 1-N volume 
of each sample was injected into the apparatus_ 

RESULTS AND DISCUSSION 

The physical data for ethyl cfs- and tram-2-hydroxycyclopentanecarb&ylate 
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(Ia and b), ethyl cis- and trans-2-hydroxycyclohexanecarboxylate (Ha and b), ethyl 
cis- and trans-2-hydroxycyclopheptanecarboxylate (IIIa and b) and ethyl cis- and 
trarrs-2-hydroxycyclooctanecarboxylate (Na and b) are compiled in Table I. The 
physical data for the &r-isomers are generally higher than those for the rrarzs-isomers, 
except for their boiling points and viscosities. These types of compounds follow Van 
Alkel’s rulel’, and the higher boiling points of the trans-isomers may be due to 
associated molecules. This property of the molecules is retained under gas-chromato- 
graphic conditions, also as is apparent from the relative retention data in Table II, the 
rrans-isomers being eluted from both columns with higher retention times than the 
&-isomers. Compared with the more hindered &-isomers, in the rrans-isomers the 
equatorial hydroxy group can interact freely with the stationary phase, resulting in 
higher retention times. Mohrle and Baumanng, in assessing the equilibrium constants 
of the compounds, concluded that association is much better promoted by equatorial 
than by axial hydroxy groups. Under gas chromatographic conditions no significant 
association occurs, but it remains an inherent property of the trans-isomers to interact 
more intensely than c&-isomers with the stationary phase. Evaluating the separation 

TABLE I 

PHYSICAL DATA FOR ALICYCLIC ETHYL cir- AND rrans-2-HYDROXYCARBOXYLATES 

Compound Isomer B.p. (“C) nzg $’ (lit.) 

Measured Liferature ‘Measured Literature 

Ethyl bhydroxy- 
cyclopentane- 
earboxylate 

Ethyl .2-hydroxy- 
cyclohesane- 
carboxyiate 

Ethyl 2-hydroxy- 
eycloheptane- 
carboxylate 

J%hyI 2-hydroxy- 
cyc!wztast~ 
carboxylate 

cis 

Iruns 

Cir 

ln2ns 

cis 

rraJs 

CiS 

trmrs 

129430 
(42 mmHg) 

139-140 
(42 mmHg) 

134-13s 

(3Q-40 
mmH.@ 
143-144 
(3Q-40 

mmHg) 

142-143 
(40 mmH& 
148-149 
(40 m=wzI 

147-148 

(40 _g) 
151-152 
(40 -Hg) 

54-56 
(0.1-0.2 

mmHzz) 
(ref. 10) 
57.5-60 
(O.l-tI.2 

mmHg) 
(ref. 10) 

120-121 

(30 mmHg) 
(ref. 17) 

1.4551 1.4551 (ref. 10) 0.075 (ref. 10) 

1.4536 1.4534 (ref. 10) 0.054 (ref. 10) 

I.4600 1.4600 (ref. 17) 0.109 (ref. 17) 

1.4596 1.4596 (ref. 17) 0.191 (ref. 17) 

1.4684 1.4683 (ref. 11) 

1.4670 I.4675 (ref_ 17) 

1.4750 

1.4749 
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TABLE II 

RELATIVE RETENTIONS AND SEPARATION FACTORS OF ALICYCLIC ETHYL cir- AND 
rrms-2-HYDROXYCARBOXYLATES 

Compur~ R&afire rermrio.* Sepmatbnfactor(~:* 

5% SE-30, 2q/; PEGA. J:,(, SE-30, 20”/, PEGA, 
120°C 16O’C IB=C 160°C 

Iz 45% 4.74 
Ib 5.30 7.70 l-18 1.62 

IIa 7.10 6.70 - IIb 7.90 8.90 1.12 t33- 

Iila 13.70 9.82 
IIIb 15.00 13.10 l-09 1.33 

IVa 26.77 17.83 
Ivb 26.77 22_86 1.00 . 1.2s 

CycIohexa- 1.00 1.00 
Il0: (2 min) (2.2 rain) 

l t’ relative to cyclohe.xanol = l_OO_ 

I- 

factors in Table II, it is apparent that the highest value was obtained in the gas 
chromatography of compounds Ia and b. This is in good agreement with spectros- 
copic data:*, confirming that there is a strong intermolecular interaction in the Ib 
isomer. At the same time we faiIed to achieve the separation of isomers IVa and b on 
SE-30_ Compounds with a cyclooctane skeleton are the 6rst representatives of 
medium-sized rings. The cyclooctane ring is flexible and the apolar stationary phase 
fails to promote the preferential positioning of the isomers which would permit 
separation. There exists a complex equilibrium as regards isomer conformation. The 
buiky carbethoxy group assumes preferentially an equatorial position, while the 
smaller hydroxy group may be either equatoriai or axiaI. However, there is no ques- 
tion of an exclusively equatorial or axial orientation, only of a major proportion of 
one of the conformers_ In Fig. 2 a representative example of the conformational 
equilibrium of compounds Ia and b is demonstrated. 

Fig_ 2_ Confotmational equilibrium of ethyl cti- and mans -2-hy~o~~~~iop~~~xylate. 
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TABLE III 

RELATIVE -NTfONS AND SEPARATION FACCORS OF TRIMETHYLSILYLATED ALICYCLIC 
=HYL cik- AND rrms-2-HYDROXYCAREOXYLATES 

COlt7pOK?ld Rejative retention* Separation factor (ir;- 

3-A SE-30 20% PEGA 3-A SE-30 2% 
PEGA 

l_W”C Ido’C i6O’C I_W’C 160°C izo’c i‘?wc 160°C I_XI’C 160°C 

Ia 

Ib 
Cydohera- 

IlO1 

9.83 2.56 
a.00 1.71 

0.81 0.66 

IIa 
IIb 
Cycloixxa- 

no1 

I.00 0.84 

IiIa 
Illb 
Cycloksa- 

II01 

I.00 i.00 
(2.4 tin) (6.4 min) 

10.00 4.27 
IO_00 3.55 
1.00 1.00 

(IA min) (6.4 min) 

II.00 6.15 
II_00 6.25 
1.00 1.00 

(0.65 min) (6.4 tin) 

1.00 1.00 

IVa 15.00 7.51 1.00 1.00 
IVb 15.00 7.51 
Cyclohexa- 1.00 I.00 

II01 (0.52 min) (4.6 min) 

l t’ relative to cycIohexanol = l_CKl. 

tz, 

If the compounds are trimethylsilylated and subsequently submitted to gas 
chromatography (Table III), the elution order of compounds Ia and b and IIa and b is 
reversed, and compounds IIIa and b and IVa and b could not be separated on either 
of the stationary phases--The existence of an intramolecular hydrogen bond between 
the carbethoxy and hydroxy groups, reducing the poiarity of the parent molecule, 
which is consequently eluted at a lower retention time, is conkmed by the reversal of 
the elution order following derivatization. In the presence of the protective group no 
intramolecular hydrogen bond is formed and the components are eluted according to 
their physical properties. The rate of interaction between the trimethylsilyl cis- and 
rrans-isomers and the-stationary phase is reduced, in .the case of compounds IIIa and 
b and IVa and b, -to such an extent that.the isomers cannot even be separated (see the 
separation factors in Table III). The OL values in Table 11 decrease with increasing ring 
size; as the strength of intramolecuhrr hydrogen bonds is lowered even the cis-isomers 
may shoy stronger interactions with the stationary phase. 

.-The separation may-be &ected, in addition to hydrogen bond interactions, by 
the existence of different conformers_ Under the conditions of gas chromatography 
the bulky trimethylsilyl group is in an equatorial position whereas the carbethoxy 
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group of compounds Ia and b and IIa and b may be either in an axial or an equatorial 
position. In compounds IIIa and b and IVa and b the bulky trimethylsiiyl group is 
always equatorial and the carbethoxy group conne&ed to the carbon atom may easiiy 
take on a conformation where there is practically no difference between the angle of 
the two groups in the cis- and tra,zs-isomers. 

In Fig. 3 the conformational equiIibrium of compounds IIa and b and IIa and 
b-T&IS is demonstrated- 

=7-O” 
110 

coocpc, 

cooc-pc, 

e 
lib OH 

Fig 3. Conformational equilibrium of coqmmis IIa and b and Ha- and b-TMS. 

In the studies of intermolecular hydrogen bonds the retention indices of the 
compounds were measured as a function of column temperature. With increasing 
temperature the retention index increments of the c&isomers were scarcely surpassed 
by those of the trans-isomers (Table IV). The interaction between the hydroxy and 
cartithbxy groups was reduced in the cis- and rranr-isomer, respectively, with in- 
creasing column temperature and increasing ring size_ 

The interaction between the stationary phase and the axial and equatorial 
hydroxyi groups was enhanced. 

The increa5e in retention indices with increasing column temperature indicates 
that both isomers are prone to enhanced association and interaction with the 
stationary phase. The importance of solubility differences in the separation of the 
isomers is well demonstrsrteo by the standard molar fr& energy differences (Table-V). 
Withisomers of compounds I-III it can be concluded that the higher are the negative 
values the higher are the solubility differences between the pairs of isomers_ As the 
conformation and the standard moiar free energy-differences are &rongl* co&Sated, 
it is assumed that the stronger the stabilizing effect exerted by the station&z ph&se on 
the isomers the better is the separation. -__ - 
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TABLE IV 

RETENTION INDICES OF ALICYCLIC ElHYL cis- AND mms-2-HYDROXYCARBOXYLATES 
AS A FUNGI-ION OF COLUMN TEMPERATURE 

Stationary phase: PEGA. 

caMpouJzd rsonier Column temperature (“C) 

1% 160 170 180 

if btf I* b* If b’+ it b* 

Ethyl 2-hydroxy- cir 
cyclopentane- truns 
carboxylate 

Ethyl 2-hydrosy- cis 
cyclohesane- tram 
carboxylate 

E&y1 Zhydroxy- cis 
cycloheptaae- trans 
carbosylate 

Ethyl 2-hydrosy- cis 
cy&octane- trans 
carboxyIate 

1934 0.159 1944 0.165 1964 0.151 1974 0.141 
2074 0.157 2082 0.154 2101 0.146 2110 0.141 

2003 0.157 2017 0.154 2038 0.146 2048 0.141 
2106 0.157 2116 0.154 2134 0.146 2144 0.143 

2168 0.157 2180 0.154 22GL 0.155 2218 0.148 
2273 0.157 2283 0.160 2306 0.146 2318 0.14s 

2310 0.159 2328 0.161 2353 0.146 2361 0.148 
2377 0.159 2391 0.161 2416 0.160 2422 0.140 

* I = retention index (index tits). 
* b = slope of n-alkane CUNC. 

TABLE V 

SEPARATION FACTORS (Y) MEASURED AT 12O’C AND CALCULATED STANDARD MOLAR 
FREE ENERGY DIFFERENCES OF ALICYCLIC ETHYL n-s- AND trum-I-HYDROXY- 
CARBOXYLATES d(dG)’ 

Compound Statiomq phase 

5% SE-30 -W% PEGA 

A(AG;’ z* A (AC;’ z* 
(caljmole) (cal/moie) 

Ethyl 2-hydroxy- - 129.0 
cydOpeIltane- 

carboxylate 

I.18 -548.1 2.02 

Ethj12-hydroxy- - 59.9 1.08 -440.7 1.76 
cyclohexam- 
cafboxylate 

Ethyl Z-hydioxy- - 67.2 1.09 -356.6 1.58 

cycloheptanc- 
carbo_xylate 
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The &.lcO) vaIues were calculated from the equation 

Ll(.Ll@) = --R7lnz 

The z values are given in Table V. 
Vapour pressure differences alsd play an important role in the separation of the 

isomers. Isomers of compounds I-III could be separated by fractional distillation on 
a high-resolution column. The separation of isomers IVa and b required multiple 
fractionation and a stereochemically uniform product could be obtained only by 
preparative gas chromatography4. 

On the basis of relative retentions, the temperature dependence of the retention 
index and standard molar free ener_q data, it can be concluded that the preferred 
conformation of the substituents promotes mainly intramokcular and partly inter- 
molecular interactions in the c&-isomers, whereas in the rrmzs-isomers the intermokc- 
ular interactions are uniformly predominant, Le., hydrogen bonded structures exist 
even under the conditions of gas chromatography. 
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