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SUMMARY

Relative retentions and Kovits retention indices of sixteen crowded aliphatic
ethyl or methyl esters (R, R,CHCO,R or R, R,R;CCO,R; R = ethyl or methyl) have
been systematically determined on nine stationary phases of increasing polar charac-
ter from the non-polar branched-chain hydrocarbon Cgz,H,,¢ to the highly polar
cyanopropylsiloxane Silar-10C. A qualitative pattern showing the retention be-
haviour of the branched acyl group of the esters is developed. An unexpectedly strong
contribution of polar effect occurs with highly congested acyl groups in «,x,z-trialkyl
esters.

INTRODUCTION

The pioneering work of James and Martin? in gas chromatography showed the
effect of non-polar solvents and solutes on retention and, although the influence of
the interaction of donor and acceptor groups in both species has been recognized,
only qualitative applications have been possible. The elution of non-polar solutes on
non-polar solvents according to boiling point or molecular weight has been extended
to studies of simple esters which are of increased polar character® where the elution
order frequently follows the boiling points but is influenced by the shape of the
molecule and the resulting steric hindrance. Where steric hindrance occurs, some
screening of the interactive carbonyl group is possible and the increased retention
expected with the use of more polar stationary phases is reduced.

Chain branching of the acyl group has been examined by considering the n-
alkyl esters of pivalic and pentanoic acids on polysiloxane stationary phases of vary-
ing polar character®. The retention of both series increased with increasing polarity of
the stationary phase, although with the pivalates the expected retention is reduced.

* Part X1V of the series “Gas chromatography of esters™. For Part XIII, see ref. 1.
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The effect is due to partial shielding of the polarizable groups of the esters from the
interactive groups of the solvents. The retentions of the isoalkyl pivalates and n-
pentanoates on the same stationary phases followed those of the normal esters, but
the retentions of both series of esters were further reduced by the branched acid chain.

The retention of branched-chain esters has also been reported by Eidus ez al.®,
who published retention plots of «,a-dimethylalkanocic acids and their isobuty! esters
on a polar column, viz., 18 9 diethylene glycol succinate with 4 9/ phosphoric acid.
The retention order was a,x-dimethyl series < a-methyl series < a-ethyl series, and
the first members of the dimethyl esters on both plots, viz., pivalic acid and isobutyl
pivalate, showed substantially reduced retentions compared with those of the other
members of the series.

Recent developments in data processing with topological analysis®® allow a
better understanding of the competition between polar and steric effects on the specif-
ic interactions between the solute and stationary phases. This information is neces-
sary for physico-chemical developments such as simuldtion of adsorption and reac-
tivity in catalysis® or for analytical purposes where structural interpolation or ex-
trapolation is used with structure-retention relationships in order to establish data
banks® 2. With this aim, systematic studies have been undertaken with hydrocarbon
compounds and alkenes by gas-liquid chromatography®-7-'!, by gas-solid chromato-
graphy by emphasizing the effect of the support by the use of non-specific graphitized
thermal carbon black!® and with specific adsorbents by using different cationic forms
of ion exchangers®14.

In this study we investigated structural effects in highly congested alkylacyl
groups, using a new series of hindered esters. Chain branching or lengthening makes
different contributions to retention if it occurs in the acyl group or in the alkanol
chain®’, and the effect in the vicinity of the carbonyl group was studied using a
homologous set of hindered ethyl esters.

The paper considers the retention behaviour of a series of crowded esters, viz.,
a,-dialkyl- and «,a,c-trialkyl-substituted acid groups of ethyl esters, on a series of
stationary phases of increasing polar character. A qualitative pattern showing the
retention behaviour of the branched acyl group of the esters is developed. An un-
expectedly strong contribution of the polar effect is present with highly congested
alkyl groups in «a,a,a-trialkyl-substituted esters.

EXPERIMENTAL

Syuthesis

The structures of the esters are given in Table 1. The procedures used for the
preparation of the esters are summarized in Fig. 1 and outlined below.

o-Monosubstituted esters. Most of the compounds were commercially
available, the others were prepared by esterification of the corresponding acids!®.

a,a-Disubstituted acids. The o,o-disubstituted acids were prepared by Creger’s
method'. To a solution of 10.1 g (100 mmoles) of freshly distilled diisopropylamine
(i-Pr,NH) at 0°C, in 100 ml of tetrahydrofuran (THF), were added 100 mmoles (1
equiv.) of n-propyllithium (#z-PrLi) in pentane. After stirring for 10 min, 45 mmoles
of the acid in THF were added slowly and the mixture was stirred for 2 h. The alkyl
iodide (1.10 equiv.) in THF containing hexamethylphosphoric triamide (HMPA)
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TABLE 1
STRUCTURES OF THE SERIES OF 19 HINDERED ESTERS. R;R,R,CCO,R

All are ethyl esters except No. 14, which is a methyl ester. Abbreviations: Me = methyl; Et = ethyl; Pr =
propyl; Bu = butyl.

No.  Name R, R, R; R Graph (acx!
gl‘Oll[)}
1 Ethyl pentanoate n-Pr H H Et N

2 Ethyl 2,2-dimethylpropanoate Me Me Me Et :}' -

3 Ethyl 2-methylbutanoate Et Me H Et e

4 Ethyl hexanoate n-Bu H H Et '\_/ \_/'

5 Ethyl 2,3-dimethylbuianoate i-Pr Me H Et = T=e—

6  Ethyl 3.3-dimethylbutanoate tBu H H Et  oSe—e—

. —
7 Ethyl 2-ethyl-2-methylbutanoate Et Et Me Et :_2 ==
8 Ethyl 2-ethyl-3-methylbutanoate i-Pr  Et H Et >
.\.
9 Ethyt 2.2,3-trimethylbutanoate i-Pr Me Me Et °’.§._
10 Ethyl 2,3,3-trimethylbutanoate -Bu  Me H Et :}>._
1t Ethyl 2,2-diethylbutanoate Et Et Et Et P~ i
12 Ethyl 2-isopropyl-3-methylbutanoate -Pr iPr H Ei E;:>-_.
-~

13 Ethyl 2-ethyl-3,3-dimethylbutanoate t-Bu Et H Et < >.
o=

14 Methyl 2.2,3,3-tetramethylbutanoate -Bu Me Me Me 3= :}._

*

.

15 Ethyl 2-isopropyl-3,3-dimethylbutanoate -Bu  i-Pr H Et ::->-—

16  Ethyl 2-ethyl-2.3.3-trimethylbutanoate rBu Bt Me Et 3
- -—:; -—
.

17 Ethyl 3,3-dimethyl-2-terz.-butylbutanoate t-Bu  -Bu H Et :/ >._
>
.

18 Ethyl 3.3-dimethyl-2-isopropyl-2-methylbutanoate ¢-Bu /i-Pr Me Et :: N\,
'/./
s

19 Ethyl 3.3-dimethyl-2,2-diethylbutanoate -Bu  Et Et Et TN\
c—e e

(0.20 equiv.) was added and stirring was continued overnight. The usual work-up was
performed to give the a,a-disubstituted acids shown in Table II.

a,a-Disubstituted esters. The o,u-disubstituted acids were treated with an
excess of freshly distilled thionyl chloride, refluxed for 1 h and poured into absolute
ethanol. After stirring for 2 h, the usual work-up (pouring the mixture on to ice,
alkalinization. extraction) yielded the esters shown in Table IIL.
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Fig. 1. General procedure for the preparation of the esters.

t-Bu-i-PrCHCOOEt has been described previously'” and #-Bu,CHCOOELt by
Newman ef al.'® and Abruscato and Tidwell'®.

a,o,0-Trisubstituted esters. To a solution of diisopropylamine (i-Pr,NH) [3.15
equiv. in HMPA-THF (1:2) at 0°C] were added 3 equiv. of n-PrLi in pentane. After
stirring for 10 min the «,x-disubstituted ester (I equiv.) in HMPA-THF (1:2) was
added slowly and the mixture was stirred for 2 h. Alkyl iodide (3 equiv.) in THF was
then added with an exothermic reaction, during which the mixture was allowed to
warm io ambient temperature. After stirring overnight, work-up was performed as
usual®®.

The physical properties of the compounds are given in Tables II and I11. All of
the products were identified by their IR spectra (Perkin-Elmer 225), 'H NMR spectra
(Jeol C 60 HL) and mass spectra (Jeol D 100).

Chromatographic analysis

Chromatography was carried out using 12 ft. x 0.25 in. O.D. columns packed
with 109 stationary phase on Chromosorb W AW DMCS, each operated isother-
mally at 120°C.

TABLE II

SYNTHESIS OF THE INTERMEDIATE ox-DISUBSTITUTED ACIDS, R;R,CHCOOH.
YIELDING AFTER TREATMENT WITH THIONYL CHLORIDE AND ETHANOL CORRE-
SPONDING ESTERS

R, R, Boiling point (°C)

Experimental Literature
t-Bu  7-Bu 78-79* 727418
-Bu  Et 62-63 (25 mmHg) 61-63 (25 mmHg)'°

-Bu Me 72-74 (18 mmHg) —
i-Pr  i-Pr 112-114 (15 mmHg) 112-114 (15 mmHg)**
-Pr Et 125-132 (15 mmHg) -
i-Pr  Me 99-102 (18 mmHg) 105-107 (22 mmHg)*?

* Melting point.



GLC BEHAVIOUR OF ALIPHATIC ESTERS 129

TABLE [II

SYNTHESIS OF 2.2-DISUBSTITUTED (R,;R,CHCOOEt) AND 2.2.x-TRISUBSTITUTED ESTERS
(R; R,R;CCOOEY)

R, R, Ry Boiling point ("C)

Experimental Literature
Me Me H 110-111 112
Et Me H 132 131133 (730 mmHg)??
i-Pr Me H 51-32 (48 mmHg) 51-53 (48 mmHg)!’
-Pr Et H 48 (15 mmHg) 53-55 (18 mmHg)!’
i-Pr i-Pr H 72-74 (18 mmHg) 82-88*3
-Bu  Me H 61-63 (25 mmHg) 61-63 (25 mmHg)'”
-Bu  Et H 67-72 (30 mmHg) 828847
-Bu  i-Pr H 78-82 (15 mmHg) -
-Bu -Bu H 98-103 (15 mmHg) —
i-Pr Me Me 156158 -
i-Pr  i-Pr Me 100--102 (38 mmHg) 100-102 (38 mmHg)'”
i-Pr i-Pr FEt 84-86 (15 mmHg) 83-87 (15 mmHg)!"
-Bu  i-Pr Me 96-98 (14 mmHg) 91-92 (12 mmHg)"’
-Bu  Et Et 108-110 (15 mmHg) 108-110 (15 mmHg)**
1-Bu 99-102 (10 mmHg) 98-103 (10 mmHg)'~

i-Pr Et

To increase the speed and accuracy of the determination of retention data. a
Hewlett-Packard 5750 research gas chromatograph was interfaced with a 16K PDP
11/40 digital computer. The chromatograph employed a splitter and individually
operated detectors. and retentions could be compared against values on a standard
stationary phase. Injection was carried out with a Hewlett-Packard 7670A automatic
sampler. Calculations of dead time and retention indices were conducted mathemati-
cally within the system, the injector being programmed to allow regular standardiza-
tion with an alkane mixture.

RESULTS AND DISCUSSION

The influence of molecular weight. the effect of specific interactions between
the hindered esters and the stationary phases of various polarities and the effect of
branching in the acid chain. i.e.. in the acyl group, can be deduced from the data in
Table I'V and from Fig. 2. These acyl groups exhibit three different degrees of substi-
tution (I, 2 and 3, respectively, in R,CH,CO,Et, R,R,CHCO,Et and
R, R,R;CCO,Et) with linear or branched-chain alkyl groups. The simplest ethyl
esters, i.e., the pentanoates (compounds 1. 2 and 3) have an acyl group with four
carbon atoms. Their retentions, compared on the non-polar stationary phase SE-30.
decrease with increasing degree of substitution of these acyl groups:

Et Me
AN AN
CH— > Me—C—
yd yd
Me Me

n-Pr-CH,— >
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Fig. 2. Retention indiccs (I.U.) of hindered esters (ordinate) for nine stationary phases of increasing
polarity. The variation in selectivity of these esters and even of the retention order for some of them with

the more polar Silar phases can be observed.
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The hexanoate esters have an acyl group with five carbon atoms. and allow
comparison of the ester with a neopentyl group with one containing an isopropyl and
a methyl group, which has a higher retention on all of the stationary phases studied:

i-Pr
AN
CH— > 1-BuCH,—
v

Me

The retention increases by about 450 index units (I.U.) from the non-polar C4;H, -,
up to the highly polar Silar-10C, and the relative retentions, estimated from the range
of'the Kovits retention index, &/, decreases from 30 1.U. on SE-30to 14 1.U. on Silar-
10C. i.e.. by a factor of about 2 (Fig. 3).

The retention order of heptanoate esters. which have six carbon atoms in the
acyl group (compounds 7. 8, 9 and 10), is as follows on most stationary phases:

i-Pr Et i-Pr -Bu
AN AN AN AN
CH— < Et—C— > Mec—C— > CH—
yd e e yd
Et Me Me Me

The first two groups. /i-PrEtCH~ and Ei,MeC—, exhibit very similar retentions. the
maximal range of ¢/ being only 5 I.U. A slight inversion of retention seems to take
place with the non-polar Cy;H, .. but it is at the limit of the experimental precision.
The range of Kovdts retention indices for the above set of four compounds is 25 L.U.
on Cy,H, -, and only 20 [.U. on Silar-10C. despite an increase in retention of about
500 1.U. with this very polar stationary phase (Fig. 3).

Comparison of the retentions of the ethyl ester --BuMeCHCO,Et (compound
10) and the methyl ester 1-BuMe,CCO,Me {(compound 14) with the same total carbon
number shows the relative influence of substitution by a methyl group in the «-
position of the acyl group instead of substitution by a methyl group in the z-position
of the alkanol group. Replacement of a hydrogen atom by a methyl group in the «-
position of the acyl group increases the retention by 25 [.U. on the non-polar C,-H, -
and by 48 1.U. on Silar-10C. For less crowded esters, substitution by a methyl group
in the x-position of the acyl group contributes less to the retention (about 56 [.U. on
the polar Silar-3CP). as has been shown on a statistical basis by topological analysis”.

The octanoate esters (compounds 11. 12 and 13) have an acyl group with seven
carbon atoms. The =.«,«-trisubstituted Et;CCO,Et ester shows the greatest reten-
tion:

Et i-Pr -Bu
AN AN AN
Et—C— » CH— > CH—
- ~ P
Et i-Pr Et

The range of Kovits retention indices on the non-polar SE-30 is large. 8/ = 50 L.U.
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Fig. 3. Retentions of hindered esters expressed as Kovits retention indices (K.I.) at 120°C on non-polar
SE-30 stationary phase and on highly polar Silar-10C stationary phase versus the carbon number (nC) of
the acyl groups. For nC = 7 the highly congested a,a,a-trisubstituted esters exhibit unexpectedly the
highest retention and the greatest sensitivity to the polarity of the stationary phase. @, a,x-Disubstituted
esters; A, o,a,x-trisubstituted esters.

compared with 25 I.U. on C4;H, ;¢ and about 18 1.U. on SE-30 for the above set of
four heptanoate esters. However, there is a considerable increase in the range 6/ when
the polarity of the stationary phase increases; 6/ = 101 1.U. on the very polar Silar-

.o .—4 Qe @ e @
.\\\./ e, e
SN T, )

'\ \Nro/ ! \ ro

LAEEAN

Fig. 4. (a) Superposition of elementary ester chemical graphs gives a trace characteristic of the studied
population of 16 crowded esters. (b) Trace of a population of 99 esters with low or medium steric strains
and which has been the subject of a previous physico-chemical study’. [The pattern (COOC) is taken as

the focus FO).
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10C. and this increase in 3/ by a factor of 2 increases greatly the difference in retention
between the a,x,x-trisubstituted and the «,x-disubstituted esters.

The two nonanoate esters (compounds 15 and 16) have eight carbon atoms in
the acyl group. One is o,a,a-trisubstituted and the other is o,x-disubstituted. A
marked difference in retention is observed on Cy;H, 4, where 6/ = 52 1.U., and again
this selectivity increases almost by a factor of 2 on the more polar Silar-10C, where 6/ =
97 1.U.

t-Bu t-Bu

AN AN
Et —C—> /C H—
Me i-Pr

In a C4 acyl group the contribution of the (Et, Me) and i-Pr groups is scarcely
differentiated and in the presence of a 7-Bu group an (Et, Me) group exhibits a
stronger retention than the i-Pr group.

The effect of the degree of substitution (x.x- and «.x,-) is also apparent with
the decanoate ethyl esters (compounds 17, 18 and 19). The order of retention for the
nine carbon atom acyl groups is as follows on the more polar stationary phases:

t-Bu t-Bu -Bu
AN
i-Pr —C—=~Et —C—> CH—
e e
Me Et 1-Bu

but an inversion of the retention order is observed for the first two esters, of the o, o, %-
substituted type, when the polarity of the stationary phase decreases from the
medium polar PEG 400 to the non-polar Cg;H, 4.

For this set of compounds the range of 4/ is large even with the non-polar
CgsH, 46, where 61 = 69 1.U., and d/ increases greatly with increasing polarity of the
stationary phase, to 126 1.U. on Silar-10C. The difference in retention between the
o,0- and o,u,a-esters increases from 55 [LU. to 111 L.U. on the same stationary phases.

CONCLUSION
O
Il

If the structure <C-O-C ¥ is used as a basis, /.e., as the focus FO, the crowded
esters which have been systematically studied here have chemical graphs which are
included in the trace shown in Fig. 4a, as defined by topological analysis®-7. Com-
parison with Fig. 4b, for a series of 99 aliphatic esters?>-?® studied previously by
topological analysis’, indicates possible strains in the acyl groups of this series of
hindered esters.

This study offers a coherent series of compounds for investigating contri-
butions of steric effects to possible screening of the interactive carbonyl group and for
studying how the increased retention expected with the use of more polar stationary
phases is relatively reduced.
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As the acyl groups of the set of esters studied are limited to the first environ-
ment defined by two layers of concentric carbon atoms. then as the carbon number of
the acyl group is increased the overall steric effects of the constitutive substituents are
increased from C, to C,.

The following trends are observed:

(a) On non-polar stationary phases the crowded ethyl esters are eluted accord-
ing to their molecular weight, i.e., according to the carbon atom number of the acyl
group. The lower members with acyl groups (C,—C¢) have a medium steric effect as
evaluated with the revised Taft steric constants — E5 (1 < — Eg < 3.54)*". The con-
tribution of steric groups to lowering the retention is predominant and the degree of
substitution of the a-carbon of the acyl group has a minor influence.

(b) When the polarity of the stationary phase is greatly increased, the higher
members with acyl groups (C,;—C,) have a strong steric effect (5.01 < E5 < 7.56). The
difference in retention between the «,a.x-trisubstituted esters and their isomeric o«. -
disubstituted isomers is increased by a factor of 2. The considerable increase in
retention for the trisubstituted «,x.x-esters with an acyl group containing seven or
more carbon atoms must be emphasized. Fig. 1 shows that on the polar Silar
stationary phases the compounds are not eluted according to their molecular weight.
A trisubstituted «.a.z-octanoate is eluted after a disubstituted x«.z-nonanoate or a
trisubstituted «,x,x-nonanoate, which is eluted after a «,x-disubstituted decanoate.

Et 7-Bu t-Bu -Bu
AN AN AN N
Et—C— > CH— and Et —C— > CH—
/ yd yd e
Et i-Pr Me -Bu
(C-) (Cs) (Cy) (Cy)

Therefore. when a highly congested alkyl group is present. even if some screening of
the interactive carbonyl is possible. the increased relative retention expected with the
use of more polar stationary phases is not reduced but increased. This is opposite to
what would have been expected by extrapolation of the behaviour of esters with an
alkyl group with a medium steric effect’. This suggests that the polarity of the car-
bonyl group is increased with such congested alkyl groups. causing stronger specific
interactions.

Although the data presented here provide qualitative indications of the in-
fluence of branching on retention in the acyl group of aliphatic esters. a quantitative
analysis of these effects and of the specific interactions needs to be established with a
DARC topological analysis®®. Further, a complementary quantitative study is cur-
rently underway to determine precisely the competition between polar and steric
effects based on information deduced from IR spectroscopic data and relative to the
corresponding hindered acids, in order to explain the unexpected sensitivity to po-
larity of the stationary phase in the case of highly congested alkyl groups.

ACKNOWLEDGEMENT

We thank J. E. Dubois for fruitful discussions and for his interest in this work.



GLC BEHAVIOUR OF ALIPHATIC ESTERS 137

REFERENCES

1 J. R. Ashes. J. K. Haken and S. C. Mills. J. Chromatogr.. 187 (1980) 297.

2 A.T.James and A. J. P. Martin, Biochem. J.. 63 (1956) 144,

3 J. R. Ashes and J. K. Haken, J. Chromatogr.. 60 (1971) 33.

4 J. K. Haken, D. K. M. Ho and M. Wainwright. J. Clnomuatogr.. 106(1975) 327.

5 Y. A. T. Eidus, S. D. Perozhkov and K. V. Puziskii, Zh. Anal. Khim.. 22 (1967) 1306.

6 J. R. Chrétien and J. E. Dubois, Anal. Chem.. 49 (1977) 747.

7 J. R. Chrétien and J.-E. Dubois, J. Chromarogr.. 158 (1978) 43.

8 J. R. Chrétien. J.-E. Dubois, R. F. Hirsch and R. J. Gaydosh. J. Clromatrogr.. 207 (1981) 1i3.

9 J. E. Dubois and J. R. Chrétien. J. Chromatogr. Sci.. 12 (1974) 811.

10 J. R. Chrétien and J.-E. Dubois. J. Chromatogr.. 126 (1976) 171.

11 J.-E. Dubois, J. R. Chrétien. L. Sojak and J. A. Rijks. J. Chromatogr.. 194 (1980) 121.

12 J. E. Dubois and J. C. Bonnet. Anul. Chim. Acta. 112 (1979) 245.

13 Z. Krawiec, M. F. Gonnord. G. Guiochon and J. R. Chrétien, Anal. Chem., 51 (1979) 1655.

I4 R. F. Hirsch. R. J. Gaydosh and J. R. Chrétien. Anal. Chem.. 52 (1980) 723.

15 A. L. Vogel. Practical Organic Chemistry, Lowe and Brydone. London, 3rd ed.. 1970, p. 379.

16 P. L. Creger. J. Amer. Chem. Soc.. 89 (1967) 2500 92 (1970) 1396; J. Org. Chem.. 37 (1972) 1307.

17 C. Lion. J. E. Dubois and Y. Bonzougou, J. Chem. Res.. (S)46. {M)826 (1978).

18 M. S. Newman. A. Arkell and T. Fukunaga. J. Amer. Chem. Soc., 82 (1960) 2498.

19 J. Abruscato and T. T. Tidwell. J. Org. Chem.. 37 (1972) 4151.

20 J. E. Dubois and 1. A. MacPhee. J. Chem. Soc., Perkin Trans. 1. (1977) 694.

21 C. Lion and J. E. Dubois. Tetrahedron, 29 (1973) 3417.

22 R.C. Weast (Editor). Handbook of Chemistry and Physics. Chemical Rubber Co.. Cleveland. OH. 53rd
ed., 1972-73.

23 C. Lion and J. E. Dubois. J. Chem. Res., (S)44, (M)365 (1980).

24 C. Lion, J. E. Dubois, J. A. MacPhee and Y. Bonzougou. Tetraliedron, 85 (1979) 1176.

25 J. R. Ashes and J. K. Haken, J. Clromarogr., 101 (1974) 103.

26 J. R. Ashes and J. K. Haken. J. Chromuarogr.. 118 (1976) 183.

27 J. A. MacPhee, A. Panave and J. E. Dubois. Tetrahedron 34 (1978) 3553.



