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Abstract—The values of physicochemical properties determine completely the sequence of chromatographic
elution of (2)- and (E)-isomers of 1,2-disubstituted unsaturated compounds and can therefore be used as
reference data for their GC-identification. The isomer with the minimum boiling point, relative density, and
refractive index has the least retention parameters. By the ratio of the values of these properties the (Z)- and
(E)-isomers form two groups: (Z) > (E) and (Z) < (E). This feature is due to the larger polarity of the (Z)-
isomers of asymmetrically substituted compounds containing polar substituents at the double bond C=C. The
discovered regularities may be extended to the cis- and trans-isomers of 1,2-disubstituted cycloalkanes and

even to the position isomers of substituted arenes.
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One of the challenges of the chromatography-mass
spectrometric identification of trace organic com-
pounds (when their preparative isolation and,
therefore, the use of NMR spectroscopy are impos-
sible) is to establish the structure of the carbon
skeleton of the isomeric molecules. The standard mass
spectra of many structural isomers are only slightly
different from each other, therefore generally such
problem is solved by the involvement of chromato-
graphic retention parameters, especially the retention
index (RI) possessing the greatest inter-laboratory
reproducibility. In the absence of reference RI values
they can be estimated from the values of the
fundamental physicochemical properties of organic
compounds [1].

Among these tasks, an important one may be
selected, which is not yet considered in the literature,
namely, the identification of (£)- and (Z)-isomers of
unsaturated compounds (n-diasterecomers). Its main
features are as follows:

— With a few exceptions, the standard mass spectra
of electron impact of (E)- and (Z)-isomers are almost
identical [2], hence the detection of these analytes
requires interpretation of the chromatographic reten-
tion parameters;
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— In various samples such isomers are often found
simultaneously, except the case of their formation in
stereospecific reactions (e.g., the presence of
individual isomers is typical for natural compounds);

— If a sample contains all possible (E)- and (2)-
isomers, their unequivocal identification is sufficiently
attained by the prediction of the sequence of their
chromatographic elution [3] (at the “before—after”
level). If only a part of the possible isomers is detected,
then the solution of this task requires the use of
absolute retention parameters thus becoming more
complicated.

This paper estimates the possibility of identification
of (E)- and (Z)-isomers of simple unsaturated organic
compounds based on the interpretation of their basic
physicochemical properties (including the normal
boiling point, relative density, and refractive index).
As the simplest compounds of this type the isomers
can be considered containing one 1,2-disubstituted
C=C double bond. In the presence in the structure of N
multiple C=C bonds the number of isomers in the case
of asymmetric structures increases to 2", and for
symmetric, up to 3 (N =2), 6 (N =3), 10 (N =4), 20
(N=15), etc.
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In considering this problem, two points are worth
mentioning. The first complicates the solution. For
objective reasons (incorrect assignment of the isomers,
impossibility of checking because of the unavailability
of individual substances, the effect of the special
structural features, etc.) the assignment of isomers
based on increase of their retention parameters
sometimes does not correspond to that expected from
the values of their physicochemical properties. The
second point concerns other types of isomers, first of
all o-diastercomers. Now only sporadic attempts are
known of the prediction of the sequence of their gas
chromatographic elution [4]; the same is true for the
cis- and trans-isomers of cyclic structures. The search
for possible approaches to the identification of the
simplest (£)- and (Z)-isomers should be seen as a
major prerequisite for the successful solution of these
more complex problems.

ZENKEVICH

The necessity to formulate the general rules for
predicting the order of chromatographic elution of (£)-
and (Z)-isomers is due to the fact that reliable values of
retention indices of both isomers are known
simultaneously only for the simplest of homologs of
different series. The same concerns the values of
physicochemical properties. If the unambiguous
assignment of isomers is impossible, then often their
sequence number at the elution is indicated, like
“isomer no. 1,” “isomer no. 2,” etc. Thus, to obtain the
most reliable conclusions about the correlation of
physicochemical properties and the chromatographic
parameters it is necessary to consider the simplest pairs
of (E)- and (Z)-isomers. It is important to note that the
method of calculation of RI for such isomers does not
exist to date. So, one of the known versions of additive
schemes [5] used in the database [6] provides equal
estimated RI values for (F£)- and (Z)-isomers.

Table 1. Physicochemical parameters and chromatographic retention indices of (£)- and (Z)-isomers of some 1,2-

disubstituted unsaturated compounds

Compound (molecular weight) Isomer Ty, °C a3’ ny RI*
L Tba RI (Z) > Tbs RI (E)
2-Butene (56) E 0.9 0.62 1.38 407+3
VA 3.7 0.64 1.39 418+6
1,3-Pentadiene (68) E 42.0 0.676 1.430 521+8
VA 44.1 0.691 1.436 53347
2-Pentene (70) E 36.4 0.648 1.379 507+4
VA 36.9 0.656 1.383 5134
1-(1-Propenyl)oxirane (84) E 101-102 0.872 1.438 696+10
VA 103-104 0.895 1.438 702+10
1,2-Dimethoxyethylene (88) E 94 - -
VA 101 - - -
3-Ethyl-2-penten-3-yne (94) E - - - 707
VA - - - 725
1,5-Heptadiene (96) E 94 - 685+4
VA - - 690
1,2-Dichloroethylene (96)° E 40 1.255 1.446 551+14
VA 60 1.287 1.450 596+11
5-Methyl-2-hexene (98) E 88.1 0.701 1.400 668+3
VA 89.5 0.699 - 678+4
4-Methyl-3-hexene (98) E 93.5 - 69143
VA 95.4 - 699+4
3-Hexen-1-ol (100) E 152-153.5 - 847+7
VA 156 - - 854
2-Methyl-3-chloropropenoic nitrile (101) E 126-128 1.076 1.457 -
VA 155-158 1.092 1.458 -
RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 83 No. 4 2013
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Table 1. (Contd.)
Compound (molecular weight) Isomer Ty, °C a3’ ny RI*
I. Ty, R1(Z2) > Ty, RI (E)
1,4-Octadiene (110) E - - - 769
VA - - - 772
2,5-Octadiene (110) 2E5E - - - 789
2E,SZ - - - 790
22,57 795
2,6-Octadiene (110) 2E,6F - - - 799
2E,6Z - - - 804
27,67 - - - 808
1,2-Dichloropropene (110) E 76.9 1.182 1.447
738+13
VA 92.5 1.187 1.454
770+14
2-Nonene (126) E 150.1 - - 902+2
VA 150.8 - - 912+2
3-Phenylpropenoic nitrile (129) E 249 1.029 1.584 -
VA 263.8 1.030 1.603 1233
2-Butenylbenzene (132) E 183-184 0.886 1.508 1053+7
VA - 0.890 1.524 1071
2,6-Dimethyl-2 ,4,6-octatriene (alloocymene) (136) E 188-192 0.814 - 1118+3
VA 196-198 0.817 - 1131+3
1-Bromo-2-chloroethylene (140) E 75.3 - - 627
Z 84.6 1.78 - 659
3-Hexenyl acetate (142) E - - - 97442
VA - - - 990+9
3,6-Dimethyl-1,3-octadien-5-one (tagetone) (152) E - - - 1129+6
V4 - - — 1138+4
Methyl 4-octenoate (156) E - - - 1096+3
VA - - - 1118+4
2-Dodecene (168) E 2155 0.761 1.433 120242
Z 216.5 0.765 1.434 121546
1,2-Dibromoethylene (184) E 108 2.267 1.550 73442
VA 112.5 2.285 1.543 76246
2-Pentadecene (210) E 270.2 - - 1500+2
VA 270.6 - - 1510+£2
II. Ty, RI (2) < Ty, RI(E)
3-Penten-1-yne (66) E 51.9 0.727 1.438
578+14
VA 44 0.727 1.437
53748
2-Butenoic nitrile (67) E 121 0.822 1.418
716+11
VA 107.7 0.820 1.422 644
2-Butenal (70) E - - - 678
VA 103 0.852 1.437
636+16
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Table 1. (Contd.)
Compound (molecular weight) Isomer Ty, °C a3’ ny RI*
1. Ty, RI (2) < T, RI(E)
1-Chloropropene (76) E 37 0.935 1.405 510+5
VA 32.8 0.935 1.406 495+7
2-Methyl-2-butenoic nitrile (81) E 138.2 0.831 1.432 723
VA 123.1 0.823 1.424 677+8
2-Pentenoic nitrile (81) E 144 0.827 1.427 737
VA 127 0.821 1.421 696
1-Methoxy-1-butene (86) E 76.7 - — —
VA 72 - - -
2-Pentyl-1-ol (86) E 139.1 0.847 1.434 76248
VA 137.8 0.853 1.435 -
2-Chloro-1-butene (90) E 68.1 0.920 1.422 6062
VA 63.5 0.915 1.419 590+3
2-Chloro-2-butene (90) E 70.6 0.924 1.424 6174
VA 62.8 0.914 1.419 589+5
2-Ethyl-2-butenoic nitrile (95) E 156 0.832 1.436 815
VA 139.5 0.823 1.428 772
Ethyl 2-butenoate (114) E 136.5 0.917 1.424 82544
Z 129-130 0.925 1.426 -
1-Propenylbenzene (118) E 178.3 0.906 1.551 1010+11
VA 167.4 0.902 1.543 994+14
1-Butenylbenzene (132) E 198.7 0.901 1.541 11057
VA 187.1 0.898 1.528 1070+7
2-Chloroethenylbenzene (138) E 197-199 1.111 1.573 1030+7
VA - - - 1000+8
1,2,3-Trichlorpropene (144) E 149 1.429 1.498 895+9
VA 137 1.402 1.500 85749
1-Pentenylbenzene (146) E 211212 0.902 1.532 1205+4
VA 202-203 0.876 1.515 1156+3
Propyl 1-propenyl disulfide (148) E - - - 1110
VA - - - 1102+2
3,7-Dimethyl-2,7-octadienal (152) E 228-229 0.891 1.488 1253+11
VA 220-225 0.868 1.516 1218+8
3,7-Dimethyl-2,7-octadienol (154) E 230 0.886 1.478 1240+11
VA 224-226 0.885 1.478 12165
B-Isopropoxystyrene (162) E - - - 1274
VA - - - 1252
Methyl cynnamate (162) E 262 - - 1357+11
VA - - - 1291
Ethyl cynnamate (176) E - 1.049 1.560 1444+13
VA 1364
Cynnamyl acetate (176) E - 1.054 1.560 1424+11
VA - - - 1376
1-Iodo-2-chloroethylene (188) E 116-119 2.219 1.583 —
VA 113-114 2.105 1.572 -

* A dash means no data known; some values of retention indices are reported without standard deviations; ® Here and hereinafter for Cl-
and Br-containing compounds the molecular weights corresponds to the mass numbers of light isotopes of the halogens (**Cl and "Br).
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Correlation of differences of chromatographic retention
indices of (Z) - and (E)-isomers with the differences in
their normal boiling points. Linear regression parameters:
ARI =aAT, + b: a 3.0+0.2; b —1.342.4; r 0.917; S, 12.

Moreover, modern methods of coding chemical
structures by means of molecular graphs [7] mostly are
not suitable for (2)- and (E)-isomers.

Table 1 compares the values of the basic physico-
chemical properties (normal boiling point, relative
density, and refractive index) and RI values of (£)- and
(Z2)-isomers of some unsaturated compounds with 1,2-
disubstituted C=C double bonds. For some compounds
the data are unknown, which is typical for information
systems both in organic chemistry and chromato-
graphy. The most important feature of the problem, as
reflected the structure of Table. 1, is that there are both
compounds for which the boiling point of (Z)-isomer is
higher than that of (E)-isomer (27 pairs of isomers in
the first part of Table 1.), and the compounds with the
Tv(Z) < To(E ) (25 pairs of isomers in the second part
of Table 1). For further discussion, the first group
compounds can be tentatively classified as having
“normal” Ty(Z)/Tw(E) ratio, and the second group as
having "reverse" ratio. However, to reach better results
in the discussion of this important feature it is useful to
discuss it a little later (see below).

An equally important feature of any pair of (£)- and
(E)-isomer is that in all cases the sequence of their
chromatographic elution uniquely corresponds to the
successive increase in their boiling points, which in the
presence of reference T, values allows a prediction of
the order of release of isomers from the chromato-
graphic column. This rule should be viewed as a
special case of a more general pattern, which deter-
mines the elution order of any structural isomers [3]

and forms the basis of their chromatographic identi-
fication. It should be noted that this law cannot be
explicitly found in the modern manuals on gas chro-
matography (see, for example, [8, 9]), which, of
course, should be corrected.

A more rigorous description of the dependence ARI =
RI(Z) — RI(E) vs. ATy, = TW(2)-T«(E) for different
classes of compounds using a single linear regression
equation is impractical due to the low value of the
correlation coefficient (» = 0.917). Plot of this
dependence shown in the figure illustrates a significant
spread of points, but confirms one-to-one corres-
pondence of signs of the quantities ARI and AT
[sign(ARI) = sign(ATy)], that is, full compliance of the
order of their elution sequence and the 7, values.
Moreover, since the value of the coefficient 5 in
absolute value is less than its standard deviation (b =
—1.3+2.4), hence it is not statistically significant and,
therefore, plot ARl = a AT, + b passes through the
origin. This is consistent with the obvious fact that at
the equal boiling points of (£)- and (Z)-isomers (AT, =
0) they cannot be separated by chromatography (ARI =
0). If T, of isomers are not equal, the first eluted is
always the isomer with a lower boiling point.

An interesting feature of the predictions of the
elution of isomers is a possiblity to use for this purpose
not Ty, but the properties like relative density (d5°) and
refractive indices (15°).

It is known that the chromatographic retention of
analytes on nonpolar phases is mainly determined by
two factors: the intensity of their dispersion interac-
tions with the stationary phase and their boiling points.
Energy of dispersive (van der Waals) interactions is
proportional to the electron polarizability of analyte
molecules (o) [10], which, in turn, is proportional to
their molar refraction (MRp):

MRp = (M/di")[(n5')* = 11/[(n5°)* + 2] ~ Naa, (1

where M, is the molecular weight, d3° is the relative
density, n3’ is the refractive index, Ny is Avogadro’s
number.

A distinctive feature of the isomers of any type
(both structural and o- and m-diastereomers) is the
close values of their molar refraction, the difference do
not exceed, as a rule, the errors in their determination
(~ £0.2 cm® mol™). Despite the obviousness of this
fact, it is expedient to confirm it by an example of
some of the compounds listed in Table 2.
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Table 2. Molecular refraction of some compounds

Compound Isomer | MRp, cm’ mol ™!
2-Methyl-3-chloropropenoic nitrile E 25.7
V4 254
1,2-Dibromoethylene E 26.1
V4 25.7
2-Pentenoic nitrile E 25.2
V4 25.0
1-Pentenylbenzene E 50.2
V4 50.3

Hence, at the minor differences between the molar
refraction the cause of inequality of retention indices
of any isomers, including (£) and (Z) isomers, is the
above discussed difference in their boiling points.
However, due to the problem in question, it is interest-
ing to assess the reason of the difference in the boiling
points of isomers, since these physicochemical charac-
teristics are also related to the intensity of intermo-
lecular interactions. The inequality of 7T}, of the isomers
is not consistent with the similarity in their molar
refraction, and therefore, with the small difference in
the energies of intermolecular interactions.

The cause of this discrepancy is simple enough.
From the data in Table 1 it follows that all isomers having
higher boiling points have a higher density. Conse-
quently, at the equality of their molar refraction and
therefore ofthe energies of their local intermo-lecular
interactions, the specific values of energy (per unit
volume of material) are different. To compensate the
significant effect of the higher density of one of the
isomers on its molar refraction [Eq. (1)], it possesses a
larger value of the refractive index. In other words, the
density decreases with increasing molar volume, which
leads to an increase in the energy of molecular interac-
tions. Given the unusual nature of this conclusion, it is
also useful to illustrate it in more detail by the example
of some data from Table 1, included into Table 3 .

For example, for 1,2-dichloroethylene (first part of
Table 1) the difference in 7, of the isomers is 20°C
[(Z) > (E)]. In parallel with the higher 7; value the (2)-
isomer is characterized by a higher density, (1.287)
compared to (£)-isomer (1.255) and the higher value
of the refractive index (1.450 compared to 1.446). In
the case of 1-propenylbenzene the 7} ratio of the
isomers is reverse: the Ty, of (Z)-isomer is less by 11°C,

Table 3. Physicochemical characteristics of (E)- and (Z2)-
isomers of 1,2-dichloroethylene and 1-propenylbenzene®

Compound T, " 2

(molecular weight) Isomer °C ds "D RI
1,2-Dichloroethylene E 40 |1.255|1.446| 551+14
(96)

VA 60 |1.287|1.450| 596+11
1-Propenylbenzene E 178.3|0.906 | 1.551 | 101011
(118)

VA 167.4(0.902 | 1.543 | 994+14

* The entries containing the highest values of all of these
characteristics simultaneously are printed in bold.

but this is reflected in an equally lower density [0.902
(2) < 0.906 (E)] and refractive index [1.543(Z) < 1.551

(E)].

Thus, to predict the sequence of chromatographic
elution of isomers can be used not only reference data
on their boiling points, but also (in the absence of such
data, for example, for high boiling compounds), the
relative densities and refractive indices. The isomers
characterized by the lowest values, compared to the
others, not only of boiling point, but also of density,
and/or refractive index, have minimum retention
parameters. All data in Table 1 are consistent with this
statement.

This conclusion deserves further comment. If it is
of general nature, it is expedient to confirm this by the
examples of not only of the (E)- and (Z)-isomers, but
at least of some structural isomers. Table 4 contains
the basic physicochemical properties, chromatographic
RI, and molar volumes of the four groups of isomeric
alkanes C,H,,+». The described dependence is clearly
seen also in this case: In all the isomers with lower T;,
the values of densities and refractive indices are also
smaller, which corresponds to an increase in the molar
volumes by 1.6-2.6 c¢cm® mol™, but their the molar
refractions remain therewith constant up to £0.1. Thus,
to predict the order of chromatographic elution of any
isomer not just the boiling temperature, but also such
properties as d;° and n5° may be used.

Given the above, we can come back to the
existence of two groups of (2)- and (F)-isomers (two
parts of Table 1), namely Ty(2) and RI (Z2) > Ty(E) and
RI(E) (“normal” sequence of boiling points and the
relative retention indices), and 7,,(Z) and RI(Z) < Ty(E)
and RI(E) (“reverse” order). It is easy to see that these
two fundamentally different cases do not directly
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Table 4. Physicochemical parameters of some isomeric alkanes

Isoalkane (molecular weight) Ty, °C dﬁo nlz)o RI Vm= M/d420, cm® mol™! MRp, cm’ mol™
n-Pentane (72) 36.1 0.626 1.357 500 115.2 252
2-Methylbutane (72) 27.9 0.620 1.354 474+2 116.3 252
2,2-Dimethylpropane (72) 9.5 0.612 1.349 41242 117.8 252
n-Hexane (86) 68.7 0.659 1.375 600 130.8 29.9
2-Methylpentane (86) 60.3 0.653 1.371 570+1 132.0 29.9
2,2-Dimethylbutane (86) 49.7 0.649 1.369 53742 132.8 29.9
n-Heptane (100) 98.4 0.684 1.388 700 146.5 345
2-Methylhexane (100) 90.1 0.679 1.385 666+2 147.6 34.5
2,4-Dimethylpentane (100) 80.5 0.673 1.382 630+2 148.9 34.6
n-Decane (142) 174.1 0.730 1.412 1000 194.9 48.4
2-Methylnonane (142) 166.8 0.726 1.410 964+2 196.0 48.5
2,7-Dimethyloctane (142) 160.0 0.724 1.409 929+2 196.5 48.5

depend on the chemical nature of the compounds:
nonpolar hydrocarbons, halogenides of medium
polarity, and highly polar nitriles exist in both parts of
Table 1. Thus, it is presumablethat any attempt to
formal-structural (chemometrics, see, for example, [7,
11]) to justify this separation of (E£)- and (Z)-isomers in
the two groups is of little promise, which is consistent
with their absence to date. However, this problem has
a relatively simple solution without the use of mole-
cular parameters and different topochemical descrip-
tors and does not require any complex calculations,
and it is consistent with the basic concepts of organic
chemistry about the polarity of substituents.

To the first part of Table. 1 [“normal” order of T,
and chromatographic elution, (Z) > (E)] belong 1,2-
disubstituted compounds in which in both positions of
the double C=C bonds are either alkyl substituents (in
general, the substituents with sp’-hybridized carbon
atoms), or of the non-polar substituents capable of
conjugation (Y = C=C , C=C, Ar), or polar functional
groups (X = Hal, Ar, OR, CN, etc.) which are arranged
symmetrically with respect to the C=C fragment. The
second group [the second part of Table 1., “reverse”
order of 7, and chromatographic elution of isomers,
(2) < (E)] consists of the compounds containing
double C=C bond with substituents of strongly
different polarity [W(CX) >> w(CY), where p is dipole
moment of the corresponding bond]. As a result, in the
(E)-isomers of the first group the two dipole moments
of the bond C-C and C-Y are largely compensated
(assuming no distortion of the flat structure of the

molecules), so that the resultant dipole moment of
molecule X(Y)-CH=CH-C(Y) is close to zero, as
illustrates the scheme below. In the case of (Z)-isomers
of the first group the dipole moments of the C—X or C—
Y are oriented so that the total dipole moment of the
molecule (us) can be estimated as pus = 2u cos (0/2),
where 0 is the bond angle (8 = 60°). For 1,2-
disubstituted unsaturated compounds of the second
group, the dipole moments of the C—X, and C-Y
groups, on the contrary, contribute additively to the
dipole moments of the of (E)-isomer resulting in py =
21, whereas in the case of (Z)-isomers, they still
should be close to the value of py =2u cos 30° (see the
scheme).

Tba RI(Z) > Tbs RI(E)

X,Y /\X,Y
\/\ \,
X X, Y

ps =0 Us = 2pncos30°

, Y

Tbs RI(Z) < Tba RI(E)
Y

NG Y
Nt

Us =21 Uz = 2pcos30°
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Table 5. Dipole moments of some compounds

Table 6. Dipole moments of compounds CH;X

Compound Isomer w, D
1,2-Dichloroethylene (96) E 0.70
VA 1.90

1-Bromo-2-chloroethylene (140) E 0
VA 1.57

1,2-Dibromoethylene (184) E 0
VA 0.75
1-Iodo-2-chloroethylene (188) E 0.57
VA 1.27
Azoxybenzene (198) E 1.71
VA 4.68

1,2-Diiodoethylene (280) E 0
A 0.75

CH;X u, D CH;X u, D
CH;-CH=CH, 0.36£0.01 || CH;—F 1.83+0.03
CH;—C¢H; 0.36£0.01 || CH5—Cl 1.88+0.02
CH;-N(CHj3), 0.62+0.02 || CH;~CO,CH; 1.7£0.1
CH;—C°CH 0.78+0.01 || CH;~CO,C,H; | 1.9%0.1
CH;-OCH; 1.340.1 CH;-CHO 2.740.1
CH;-1 1.61£0.02 || CH;~COCH; 2.840.1
CH;-OH 1.68+0.04 || CH;-NO, 3.4+0.2
CH;-Br 1.80£0.02 || CH;~CN 3.7+0.2

Larger dipole moments of isomers while the
dispersion components of intermolecular interactions
are approximately equal correspond to larger contribu-
tions of dipole-dipole component, which is manifested
in the larger boiling points and chromatographic
retention parameters.

This conclusion can be confirmed by comparing the
reference values of the dipole moments of the various
(2)- and (E)-isomers containing two polar substituents
at the double bond (listed by the increase in their molar
masses, see Table 5).

Thus, the existence of two groups of (2)- and (£E)-
isomers of unsaturated compounds (Table 1) can be
attributedto the differences in their dipole moments.
Such an explanation despite its simplicity has a fairly
good predictive capability. For example, dichloro-
alkenes with a fragment of the structure Cl-C=C-Cl
correspond to the “normal” patterns of variation of
properties of (E) and (Z)-isomers, while unsym-
metrically substituted monochloroalkenes or nitrites
with C=C-Cl or C=C-CN fragments quite naturaly
belong to the “reverse” group, etc. Thus, to predict the
sequence of chromatographic elution of (£)- and (2)-
isomers, alongside applying the values of their
physicochemical parameters, it is possible to use
common knowledge about the polarity of different
substituents in the molecules of organic compounds.

If necessary, it is possible as a first approximation
for the dipole moments of various functionally sub-
stituted alkenes to use the values of the dipole
moments of compounds CH3;X arranged in ascending
sequence of u values (see Table 6).

The above suggests a conclusion on the possibility
of other ways to estimateRI of (E)- and (Z)-isomers. If
the electron-withdrawing properties of the substituents
at the double bond C=C aftect the order of chromato-
graphic elution, it severely limits the possibility of
additive schemes. The only exception is the recently
proposed version, based on the selection of the most
appropriate precursors best matching the structure of
the considered compound [12, 13].

It may be suggested that the rules proposed above
for the simplest 1,2-disubstituted unsaturated com-
pounds are applicable for the compounds with tri- and
tetra-substituted C=C bonds. The examples listed in
Table 7 confirm the existence of two groups differing
by the ratio of their 7, and RI and one-to-one relation
between the T;, and R, although estimates of the total
electronic effects in the molecules bearing three or four
substituents may not be as unambiguous as in the
simple 1,2-disubstituted alkenes.

Some (relatively few) isomeric compounds, whose
properties of (Z) and (£) isomers do not meet the
above discussed pattern are worth mentioning. Some
examples of these anomalies are shown in Table. 8.

So, Ty, of (£)-3-methyl-2-pentene is less than that of
(E)-isomer, which is consistent with the values of RI,
but contradicts the ratios of densities [0.699 (Z) >
0.694 (E£)] and refractive indices [1.404 (Z) > 1.402
(E)] of these isomers. As noted above, there is always
some probability of incorrect assignment of structures
of isomers to the values of their physicochemical
properties and chromatographic retention parameters.
To reveal the causes of each of these abnormalities is
difficult, usually it requires the isolation of the isomers
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Table 7. Physicochemical parameters and chromatographic retention indices of (E)- and (Z)-isomers of some tri- and tetra-

substituted unsaturated compounds

20

Compound (molecular weight) Isomer ‘ Ty, °C ‘ dar ‘ no RI
I. Ty, R1(2) > Ty, RI (E)
3-Methyl-2-hexene (98) E 95.2 0.712 1.408 69845
VA 97.3 - - 706+3
4-Methyl-3-ethyl-2-pentene (112) E 114.3 0.735 1.421 756+4
VA 116 0.739 1.424 764+2
5,5-Dimethyl-2-hexene (112) E 104.1 0.707 1.406 708+6
Z 106.9 0.717 1.411 72245
2,3-Dichloro-2-butene (124) E 101.3 1.142 1.458 727£9
VA 125-126 1.162 1.459 808+13
II. Ty, RI (2) < Ty, RI(E)
2-Methyl-2-butenoic nitrile (81) E 138.2 0.831 1.432 723
VA 123 0.823 1.424 677+8
2-Bromo-2-butene (134) E 87-88 1.320 1.459 666
VA 83-84 - - -

Table 8. Some anomalies in the general pattern of the ratio of boiling points and chromatographic elution sequences of (E)-
and (Z2)-isomers of unsaturated compounds®

20

Compound (molecular weight) Isomer Ty, °C dar no RI
1. Exclusions from the rule 7y, RI (Z) > Ty, RI (E)
3-Methyl-2-pentene (84) E 70.4 0.694 1.402 618+4
VA 67.7 0.699 1.404 609+4
2,2-Dimethyl-3-hexene (112) E 105.4 - - 718+7
VA 100.9 - - 699+13
1,4-Dichloro-2-butene (124) E 155.5 - - 901+12
VA 152.5 - - 878+12
Dimethyl 2-butenedioate (144) E 193.2 - 1.406 993+2
VA 205 - 1.455 982+4
Diethyl 2-butenedioate (172) E 218 1.051 1.441 1163+3
VA 222.6 1.062 1.441 1140+3
Pentadec-7-ene (210) E 267.4 - - 1473
VA 266.1 - - 1464
II. Exclusions from the rule T, RI (2) < T;, RI (£)
2-Chloro-2-butene (90) E 62.8 0914 1.419 58945
VA 70.6 0.924 1.424 617+4

*In bold are shown the discrepancies in the values of physicochemical properties and retention indices.
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Table 9. Physicochemical properties and chromatographic retention indices of some

disubstituted cyclic compounds

cis-and trans-isomers of 1,2-

Compound (molecular weight) Isomer Ty, °C a3’ ng RI
I. Ty, RI (cis) > Ty, RI (trans)
1,2-Dimethylcyclopropane (70) trans 28.2 0.670 1.374 490+9
cis 37.0 0.694 1.380 515+4
2,3-Dimethylaziridine (71) trans 74.5 0.785 1.407 648+16
cis 82 0.800 1.412 658+14
2,3-Dimethyloxirane (72) trans 54.0 0.804 1.374 550+7
cis 60.0 0.828 1.383 574+11
2,3-Dimethylthiirane (88) trans 88-89 0.886 1.459 688+22
cis 101.8 0.928 1.475 718+2
1,2-Dimethylcyclopentane (98) trans 91.9 0.751 1.411 689+5
cis 99.5 0.773 1.421 724+6
1,2-Diethylcyclopropane (98) trans 86.5 - - -
cis 93.5 - - -
1-Methyl-2-propylcyclopropane (98) trans 88.9 - - -
cis 96.6 - - -
1,2-Dimethyl-3-chlorocyclopropane (104) trans 91.3 - - -
cis 100-102 - - -
1,2-Dimethylcyclohexane (112) trans 124.4 0.785 1.426 800+7
cis 129.7 0.794 1.435 828+6
1-Methyl-2-ethylcyclopentane (112) trans 121.2 - - 790+6
cis 128 0.785 1.427 82346
1-Methyl-2-propylcyclobutane (112) trans 116.2 0.737 1.409 -
cis 118.6 0.745 1.413 -
1,2-Dichlorocyclohexane (152) trans 193-194 1.184 1.490 1037+3
cis 206.9 1.202 1.495 1092+2
II. Ty, RI (cis) < Ty, RI (trans)
2,3-Dimethyloxirane-2-carbonitrile (97) trans 155 0.960 1.412 -
cis 142-143 0.950 1.406 -
2-Methyl-3-ethyloxirane-2-carbonitrile (111) trans 163-164 - - -
cis 156 - - -

in pure form, and re-defining their characteristics,
which is often extremely difficult. Isomers of a
compound like 2,2-dimethyl-3-hexene does not
correspond to the general rule of Ty(2) > Tu(E),
although its structural isomer 5,5-dimethyl-2-hexene is
consistent with it. In this case, the cause may be the
presence of tert-butyl group in the a-position to the
C=C double bond. Anomalous relation between the
properties of 1,4-dichloro-2-butene (Z)- and (E)-
isomers can be associated with a state of the
conformational equilibrium in which the dipole
moments of the two C—Cl bonds are mutually
compensated.

The most “mysterious” example in Table 4 is that
of the ethers of (E)- and (Z)-2-butenedioic acids. The
values of Ty, di° and np’ of (Z)-isomer (maleate)
regularly higher than those of (E)-isomers (fumarate),
which should uniquely identify the sequence of
chromatographic elution. However, the order of the
retention indices is reversed, i.e., RI(Z) < RI(E), which
is inconsistent with the physicochemical data. Analysis
of this discrepancy showed that the retention indices of
such esters, including dimethyl fumarate (993, 994)
[14, 15], dimethyl maleate (978, 979, 981, 984) [14],
diethyl fumarate (1160) [16], and diethyl maleate
(1081) [17, 18] were identified in a few papers as early
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Table 10. Boiling points and retention indices of disubstituted arenes

Substituents Isomer Ty, °C RI Substituents Isomer Ty, °C RI
Dimethyl- ortho 144.4 88549 Methyl-bromo- ortho 181.7 1018+11
meta 139.1 865+8 meta 183.7 1020£11
para 138.4 863+8 para 184.5 1029+10
Dibromo- ortho 224-225 1212411 Methyl-chloro- ortho 159.1 934+12
meta 218 1187+11 meta 161.9 938+12
para 220.4 1162+15 para 161.5 941+8

as in 1980s. It can be assumed that in these cases the
elution order of isomers was determined incorrectly,
but the RI values were identified correctly. As a result,
in the chromatographic identification of the same
isomers by other authors these errors were repeated.
The other reason for this anomaly, as in the case of
1,4-dichloro-2-butene, can be a position of the confor-
mational equilibrium in which the dipole moments of
the two alkoxycarbonyl groups are not antiparallel.

It should be noted in conclusion that all identified
patterns relating the chromatographic retention
parameters of (Z)- and (F)-isomers of unsaturated
compounds with their physicochemical properties are
applicable to the cis- and trams-isomers of 1,2-
disubstituted cyclic compounds (Table 9). The isomers
of this type also fall in two groups by the 7/RI ratio,
in each of which the compounds with the large boiling
point, relative density, and refractive index are
characterized by higher retention indices. For these
isomers also did not yet existed acceptable ways to
estimate RI, or at least, to predict the chromatographic
elution sequences. Moreover, the discussed relations
make it understandable why the ortho-isomers of
dialkyl- and dihalo-substituted arenes have maximum
T, and RI values compared with the meta- or para-
isomers, while these parameters are minimal for ortho-
isomers of monoalkyl-monohalo-sustituted arenes. The
cause in this case also should be the electronic effects
of the substituents (Table 10).

EXPERIMENTAL

The values of physicochemical characteristics of
(2)- and (E)-isomers of unsaturated compounds are
taken from the Beilstein Handbook and derived
reference editions [19-21]. The source of gas chro-
matographic retention indices on standard non-polar
polydimethylsiloxane stationary phases was the
database [6] and the author’s own database. All RI
values were averaged with the calculation of mean

values of standard deviations. The values of dipole
moments are calculated by averaging the data from the
reference books [21, 22], original publications [23—
25], and some online sources [26-29]. Statistical
analyzes were performed using the software Origin
(version 4.1).

REFERENCES

1. Zenkevich, 1.G., Novye metody rascheta gazokhro-
matograficheskikh  indeksov — uderzhivaniya  (New
Methods of Calculation of Gas Chromatography
Retention Indices), in 100 let khromatografii (Centenary
of Chromatography) Moscow: Nauka, 2003, p. 311.

2. Lebedev, A.T., Mass-spektrometriya v organicheskoi
khimii (Mass-Spectrometry in Organic Chemistry),
Moscow: Binom, 2003.

3. Zenkevich, 1.G., Zh. Fiz. Khim., 2003, vol. 77, no. 1,
p. 92.

4. Zenkevich, 1.G. and Kostikov, R.R., Zh. Org. Khim.,
2003, vol. 39, no. 8, p. 1127.

5. Stein, S.E., Babushok, V.I., Brown, R.L., and Linstrom, P.J.,
J. Chem. Inf. Model, 2007, vol. 47, p. 975.

6. The NIST 11 Mass Spectral Library (NIST11/2011/EPA/
NIH). Software/Data Version (NIST11); NIST Standard
Reference Database, Number 69, August 2011.
National Institute of Standards and Technology,
Gaithersburg, MD 20899, http://webbook.nist.gov (Oct.
2012).

7. Janezic, D., Milicevic, A., Nikolic, S., and Trinajstic, N.,
Graph Theoretical Matrices in Chemistry, Kragujevac:
Univ. Press, 2007.

8. Handbuch der Gaschromatographie, Leibnitz, E. and
Struppe, H.G., Eds., Moscow: Mir, 1988.

9. Modern Practice in Gas Chromatography, Grob, R.L.
and Barry, E.F., Eds., Hoboken, NJ: Wiley-Intersci. 2004.

10. Scott, R.P.W., Molecular Interactions in GC.
Encyclopedia of Chromatography, Cazes, J., Ed., 3rd
Edn. Boca Raton, FL: CRC Press, vol. 2, p. 1523.

11. Heberge,r K. and Zenkevich, 1.G., J. Chromatogr., A,
2010, vol. 1217, p. 2895.

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 83 No. 4 2013



690

12.

13.

14.

15.

16.

17.

18.

19.

20.

ZENKEVICH

Zenkevich, 1.G., Makarov, A.A., Schrader, S., and
Moeder, M., J. Chromatogr., A, 2009, vol. 1216, p. 4097.
Zenkevich, 1.G. and Ukolov, A.l.,, Zh. Obshch. Khim.,
2011, vol. 71, no. 9, p. 1479.

Herrmann, F., Dufka, O., and Churacek, J., J. Chro-
matogr., 1986, vol. 360, p. 79.

Peters, R.J.D., de Leer, E.W.B., and Versteegh, J.F.M.,
J. Chromatogr., A, 1994, vol. 686, p. 253.

Heydanek, M.G. and McGorrin, R.G., J. Agr. Food
Chem., 1981, vol. 29, p. 950.

Ramsey, J.D., Lee, T.D., Osselton, M.D., and Moffat, A.C.,
J. Chromatogr., 1980, vol. 184, p. 185.

Ardey, R.E. and Moffat, A.C., J. Chromatogr., 1981,
vol. 220, p. 195.

Spravochnik khimika (Chemist’s Handbook), Nikol’-
skii, B.P., Ed., Leningrad: Khimiya, 1971, vol. 2.
Svoistva  organicheskikh  soedinenii.  Spravochnik
(Properties of Organic Compounds. Handbook), Pote-
khin, A.A., Ed., Leningrad: Khimiya, 1984.

21.

22.

23.

24.

25.

26.

27.

28.

29.

CRC Handbook of Chemistry and Physics, Lide, R.C.,
Ed., 85th ed., Boca Raton, FL: CRC Press. 2004, p. 8.

Spravochnik khimika (Chemist’s Handbook), Nikol’-
skii, B.P., Ed., Leningrad: Khimiya, 1971, vol. 1.
Pajula, E., Seuranen, T., and Hurme, M., Chem. Eng.
(Computer-Aided),2001, vol. 9, p. 469.

Ballistreri, F.P., Fortuna, C.G., Musumarra, D., Pavone, D.,
and Scire, S., Arkivos, 2002, vol. 11, p. 54.

Krasnicki, A., Kisiel, Z., J. Mol. Spectrosc., 2011, vol. 270,
no. 1, p. 83.
http://www.cem.msu.edu/~reusch/OrgPage/solvent. htm
(Aug. 2012).
http://www.kayelaby.npl.co.uk/chemistry/3_7/3 71.html
(Aug. 2012).
http://www.usm.maine.edu/~newton/Chy251 253/Lec-
tures/Solvent (Aug. 2012).

http://www.chemistry.nmsu.edu/studntres/exercises/sol-
vents.htm (Aug. 2012).

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 83 No. 4 2013




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /RUS (Pfeps)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [14400.000 14400.000]
>> setpagedevice


