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SU hiMARY 

The capacity factors (k’) for sixteen tertiary N-alkylbenzamides in a reversed- 
phase chromatographic system are reported. Applying the solvophobic theory, the 
measured log k’ data from an acetonitrile-water eluent were used to calculate log ki 
(the log k’ in 100 % water). The values for the contact surface area, AA, between the 
benzamide-bonded ligand (stationary phase) complex were also calculated. The 
measured and calculated capacity factor data and other chromatographic parameters 
calculated from the solvophobic equations were found to be highly correlated with 
those molecular connectivity indices which quantitatively describe molecular bulk. 

INTRODUCTION 

In reversed-phase liquid chromatography (RPLC), control of the characteris- 
tics of the mobile phase is essential for the optimization of separation. The mobile 
phase composition significantly affects retention due to its hydrophobic/hydrophilic 
functional group seIectivity’*‘. Understanding the role of the eluent in solute reten- 
tion in RPLC is facilitated by considering the solvophobic theory as originally de- 
scribed by Sinanoglu and Abdulnu? and adapted to RPLC by Horv5th er 01.’ (see 
Appendix)). According to this theoretical treatment, creation of a suitable cavity in the 
mobile phase is just as important to the retention of a solute as the formation of a 
reversible solute-bonded ligand complex. The size and shape of the cavity formed in 
the solvent depends not only upon the molecular volume and surface area of the 
sohrte, but also on the properties of the soIvent, especially surface tension and dielec- 
tric constant6. RPLC is widely recognized as a valuable analytical technique; how- 
ever, its use for the study of molecular phenomena in solution is just beginning. 

Previous reports in this series ‘-lo have described the RPLC elution properties 

f Present address: USDA Forest Service. Southern Forest Eqe&nent Station, George W. Andrews 
Forestry sciences Laboratory_ Auburn University. AL 36849. U.S.A. 
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of several secondary N-alkylbenzamides, the prediction of capacity factor data for a 
totally aqueous mobile phase using the solvophobic theory and the determination of 
quantitative structure-retention relationships (QSRRs) by molecular connectivity in- 
dices’r_ The results of these studies showed, in general, that the length of the alkyl 
chain (carbon number), chain branching and the position of the branch relative to the 
attide nitrogen were the major factors controlling retention in the secondary N- 
alkylbenzamides In this report, a similar theoretical treatment is used to describe the 
RPLC retention of some tertiary N-alkylbenzamides (benzamides of N,N- 
dialkylamines and cyclic secondary amines). 

EXPERIMESTAL 

Tertiary benzamides were prepared from the appropriate secondary amines 
and benzoyl chloride as previously described’ except that the reaction mixture was 
heated to reflus for 12 h. A Waters (Milford, MA, U.S.A.) lMode1 6000A solvent 
delivery system, Model U6K injector, Model 440 UV absorbance detector, an Alltech 
(Deerfield. IL, U.S.A.) HPLC column water jacket and a Haake constant-tempera- 
ture circulator were used to determine chromatographic data. An Ultrasphere ODS 
(S-pm spherical porous particle) column (15 cm x 4.6 mm I.D.) from Altex Scientific 
(Berkeley, CA, USA.) was preceded by a 7 cm x 2.1 mm I.D. guard column dry 
packed with Whatman (Clifton, NJ, U.S_A_) COrPELL ODS (30-35 m)_ The col- 
umns were maintained at 25 i 02’C. The mobile phase consisted of acetonitrile- 
water mixtures pumped at a rate of 1 S ml/min. The ultraviolet detector was operated 
at 254 nm and 0.005 a_u_f_s. Other equipment, reagents, chemicals and procedures 
have been described previously’_ 

Regression analyses and molecular connectivity calculations were performed 
using an IBM 370/1X? (Computer Services, Auburn University). The program 
(CFUNC) used to calculate molecular connectivity indices was obtained from Dr. L. 
H. Hall, Eastern Nazarene College, Quincy, MA. More detailed discussion of these 
calculations is found in ref. 9. Calculations involving the solvophobic theory are 
described in the Appendix. 

RESULTS AND DISCUSSION 

Ten N,N-disubstituted benzamides were prepared from the appropriate sec- 
ondary amines and benzoyl chloride; in addition, six tertiary benzamides were pre- 
pared from cyclic amines. The physical properties of the compounds are presented in 
Table I. Most of these amides are oils at ambient temperature and were purified by 
column chromatography on silica ge17. The available infrared and ultraviolet absorp- 
tion data suggest that the amides are electronically similar. 

The experimentaily measured values of the capacity factors, k’, in acetonitrile- 
water are reported in Table II_ As with various other benzamides prepared in this 
laboratory’-lo, data gathered in aqueous methanol eluents were not adequately de- 
scribed by the solvophobic theory and are not included in this report. Application of 
the solvophobic theory (see Appendix) to the measured k’ data in acetonitrile- 
water did however produce satisfactory results. The values of the solvophobic regres- 
sion coefficients B. C and (A + E) for the N,N-dialkyl derivatives and the benzamides 
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TABLE I 

PHYSICAL PROPERTIES OF SOME TERTIARY BENZAMIDES 
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of cyclic amines are reported in Table III. The correlation between B and (A + E) for 
the N,N-dialkylbenzamides is described by eqn. I 

B = -1.032 (A + E) - 15.947 r = -0-9999 (1) 

and plotted in Fig. 1, while that for the benzarm ‘des of cyclic amines is given in eqq. 2 

B = -1.030 (A + E) - 16-614 r = -0-9999 (2) 

and pIott& in Fig. 2. Eqns. 1 and 2 are remarkabiy similar to each other and to the 
regression of B versus (A i- E) for the secondary benzarm ‘des analyzed on this column 
(see eqn. 11 in ref. 8 and eqn. 9 in ref. 10). In the determination of eqn. 1, the point for 
N,N-di-n-hexylbenzamide was omitted. This point lies well off the line def&d by the 
remaining N,N-dialkyl derivatives and may be another example of the anomalous 
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TABLE II 

EXPERIMENTALLY DETERMINED LOG k’ VALUES FOR TERTIARY BENZAMIDES 
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behavior simiiarly eshibited by large alkyl chain solutes described in a previous 
report _ lo This anomalous behavior for long alkvl chain benzamides can be attributed 
to solute conformational changes or a critical chain length effect. A folding back of 
the hydrocarbon chain upon itself or association of the two alkyl chains in the case of 
the long chain NJN-diaIkyibenzamides can produce an intramolecular hydrophobic 
effect. The result of this association is a drastic alteration in the size and shape of the 
solvent cavity displaced by this compound as compared to the unassociated state. 
Alternatively. these observations can also be explained by the critical chain length 
elect described by Berendsen and De Galan”. This theory suggests that the degree of 

TABLE III 

SOLVOPHOBIC P-AR&METERS OF SOME TERTIARY BENZAMIDES 

Compound .Yo. B c (A i- E, r 

1 -3-l-Ll2 124.851,898 318.551 0.9982 
2 -213_39 243.967.276 191.228 0.9!%34 
_ 

: - - 114_00 110.34 27i.707.5M 259.295.23s 91863 90.946 0.9936 0.9925 
5 - 1 so-29 263.559.239 129.699 0.9969 
6 - I i4.82 284_526.230 94.955 0.9953 
7 5.64 264.101,335 - 20.774 0.9917 
S 7.51 254,864,58 1 -22.167 0.9805 

9 -934 247,930,9 12 - 5.878 0.9859 
10 -231.13 1.524,156,405 173.900 0.9897 
11 -261.13 251_441,922 237.126 0.9987 
12 - 197.82 25~lS7,065 175.962 0.9984 
13 - 147.38 259,404,897 126.953 0.9976 
14 - 121.89 259,cl?,O66 102.171 0.9981 
I5 - 135.54 267,178,469 115.366 0.9977 
16 -3:X12 236,083,@%0 308.215 0.99ss 
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1.454 1.224 1.032 0.702 

2.007 1.735 1.539 1.347 1.168 1.024 0.836 
0.340 0.099 
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0.03 I 

association between the solute and bonded ligand (alkyl stationary phase) varies with 
the chain length of each species and reaches a maximum at some critical chain length. 

The values of B and (A + E) for all sixteen tertiary beuzamides were regressed 
on the molecular connectivity indices, and the best two-variable combinations are 
given in eqns. 3 and 4: 

B = 458.371(48.776) ‘$’ - 18.232(2.090) (Ox)” - 2232.750(206.254) 
r = 0.9501 
(A + E) = -419.597(42_819) Ox” + 16.469(1.834) (Ox)* + 2061.877(181.0::; 
r = 0.9581 

(AcEI 
400 

Fig. 1. Aot of the solvophobic parameters B versus (A + E) as derived from data obtained 06 the 
Ultrasphere ODS column (UE795) for some N,N-dialkylbenzamidess. 

Fig_ 2. Plot of the solvophobic parameters B versus (A + E) as derived from data obtained on the 
Ultrasphere ODS column (UE795) for some cyclic benzamides of secondary amines. 
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The indices chosen represent steric bulk and do not encode relative degree of branch- 
ing_ The numbers in parentheses in these equations represent the standard error. 

The values for the soIvophobic parameter C (Table III) were used to calculate 
Lijl, the contact surface area of the solute-bonded ligand complex (see Appendix, eqn. 
Al). The calculated contact surface areas of the N,N-dialkylbenzamides and the 
bnzamides of cyclic amines are reported in Table IV. In general, the dA values 
increase with an increase in the total number of alkyl carbons and decrease with chain 
branching. These trends can be seen in compounds l-3 and 7-9 in Table IV. Interest- 
ingly, the NJ-di-n-butyl derivative (compound 7) was predicted to exhibit about the 
same contact surface area as the N-methyl-N-butyl amide (compound 5) and less 
than that of the N-ethyl-N-butyl derivative (compound 6)_ However, the calculated 
log k& values for these compounds increase with the total number of alkyl carbons_ 
Thus, the contact surface area for the solute-ligand complex is not the only factor 
involved in the reversed-phase retention of these solutes. The 2- and 3-methylpiper- 
idine derivatives (compounds 13 and 14) were predicted to have equivalent dA 
values while the 4-methylpiperidine derivative eshibited a slightly larger value for AA. 
The contact surface area predicted for the morpholine derivative was the smallest of 
the cyclic benzamides studied. 

The morpholine and pip&dine derivatives differ only in the replacement of a 
_methylene group with a polar oxygen atom. A comparison of the properties of the 
morpholine (compound 16) and piperidme (compound 12) amides should reelect the 
RPLC differences between an ether-type oxygen and the methylene group. Table IV 
shows a small decrease in LiA from piperidine to morpholine; however, there is a large 
decrease in log h&_ These observations again demonstrate that a major influence upon 
the retention of these compounds is the interaction of the solute with the solvent and 
the lowered X-k. for the amide of morpholine is the result of the solvophilic nature of 
the oxygen and not due to any large decrease in AA_ 

Regession of the molecular connectivity indices on AA, for the sixteen tertiary 
benzamides, produced the quadratic combination described by eqn. 5: 

TABLE IV 

CALCGLATED CAPACITY FACTORS AT 0% ACEI-ONITRILE (ACN) AND CALCULATED 
CONTACT SURFACE AREAS FOR SOME TERTIARY BENZAMIDES 
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TABLE V 

SELECTED iMOLECULAR CONNECTIWTY INDICES FOR SOME TERTiARY BENZAiMIDES 

“z 0.. 
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1. 
A 

1 
2 
-, 
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8.267% 6.7422 1 5.21521 
9.65180 8.15642 6.29122 

11.09601 9.57064 7.29122 
1 I.42228 9.89691 7.03658 
10.3ss90 8.86353 6.75322 
11.096oI 9.5706;) 7.29122 
12.51022 10.9S4S5 8.29122 
12.88890 11.36353 7.964% 
12.83649 11.31112 8.00290 
15.33565 13.81325 10.29122 
9.09601 7.57064 6.37701 
9.80312 8.27774 6.87701 

10.67336 9.14798 7.28769 
10.67336 9.1479s 7.27085 
10.67336 9.1479s 7.27085 
9.80312 7.97885 6.87701 

AA = 36.941(4.699) (I& - 486.608(73.810) ‘x _t 1680.118(286_742) 
r = 0.9619 (5) 

The molecular connectivity values chosen for the tertiary benzamides are listed in 
Table V. 

The values predicted for log k& (the capacity factor in a totally aqueous eIuent) 
by the solvophobic theory are given in Table IV. A Iinear relationship exists (Fig. 3) 
between the predicted log k:. and the total number of a&y1 carbon atoms (sum of the 
number of carbons in each chain) in those u&ranched N,N-dialkylbenzamides 
(Tabie IV). Eqn. 6 was derived from the linear regression of both the symmetrically and 
unsymmetrically disubstituted, unbranched benzamides: 

log k:, = 0.504 (no. of C atoms) + 1.891 r = 0.980 (6) 

When only the symmetrically disubstituted, unbranched compounds were consi- 
dered, the correlation coefficient was 0.994. Those disubstituted benzann ‘des contain- 
ing branched portions were scattered about the line described by eqn. 6. 

Eqn. 6 is plotted in Fig. 4 (curve I?) along with a curve which represents the log 
k; versus carbon number plot obtained using the same chromatographic column for 
the unbranched C,-Cs mono-N-alkylbenzamides (see Fig_ 2 and Table V, ref. 10). 
According to eqn. 6 (curve B, Fig. 4), the log kl, value predicted for N-methylbenz- 
amide (C,) is 2.395, and 1.891 for benzamide (C,). However, the log k; value 
predicted by the solvophobic theory from data on mono-N-alkylbenzamides (curve 
A, Fig 4) is 2.034 for N-methylbenzamide, and that actually measured is 1.957. If 
curve A is extended to the )’ axis, a value of 1.540 is predicted for benzamide (Cc). 

The offset of the two lines at the left-hand side of Fig. 4 (lower carbon num- 
bers) is probably due to the lack of including (in the extrapolation of eqn. 6 to the 3 
axis) the interaction of the amide proton (C,) or protons (C,) with the surrounding 
solvent. This interaction was studied previously by NMR spectrometry’. Differences 
in the electronic environment in the amide portion of secondary and tertiary benz- 
amides are also reflected in the UV and IR spectra. Conformational changes in the 
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Fig. 3. The relationship between predicted log kl values derived from data collected on the Ultrasphers 
ODS column (UE795) and the total number of alkyl carbon atoms for some N,N-dialkyibenzantides. ---. 
Extrapolated. A = branched, 0 = unbranched. 

Fig_ 4. The relationship between predicted log X-L values derived from data collected on the Ultrasphere 
ODS column (UE795) and the total number of alkyd carbon atoms for unbrancheci N-alkylbemides (A) 
and unbranched N.N-dialkylbenzamides (B). ---. Estrapolatrd. 

monosubstituted benzamides (as the number of carbon atoms increases) could reduce 
the intetaction between water and the amide proton, and explain the crossover of 
curves A and I3 shown in Fig. 4 at h&her carbon number. 

There appear to be at least two factors operating in the substitution of an 
amide hydrogen with an alkyl group: the increased solvophobic effect resulting from 
adding the alkyd group; and the decreased solvophilic effect caused by loss of the 
amide N-H. Thus, the addition of a methyl group to N-methyibenzamide to yield 
N-N-dimethylbenzamide produces a greater net increase in reversed-phase retention 
than the addition of a methyl group to yield N-ethylbenzamide. The use of the curves 
in Fig. 4 to predict the Iog k; value for benzamide (unsubstituted) probably yields an 
invalid estimate. In benzamide, there are two amide protons capable of interacting 
with the environment_ A better estimate of the Iog kk of benzamide may be to use the 
difference in Xr: values (dk;) of N,N-dimethyi- and N-methyIhenzamide to measure 
the total effect (increased soivophobic and decreased solvopkilic) produced by adding 
the methyl soup to the amide nitrogen (dk:, = 1.891 - 1.540 = 0.351). Then 
assuming, of course, that the first substitution will have the same effect on log X-; as 
the second substitution (and it may well not) the log X-L for benzamide is predicted to 
be 1.189. Unfortunately however, the log k:, of benzamide was not measured during 
this study. But this situation dramatically demonstrates the caution with which 
“parent” molecuIes for substituent contribution analysis should ‘be chosen_ 

A quadratic relationship in the first order connectivity level index was chosen 
as the best description of the predicted capacity factors in pure water for the sixteen 
tertiary benides: 

log k; = 3.551(0.419) (lx)’ - 45.049(6.583) ‘z + 149.506(25.590) 

r = 0.9737 

Eqn. 8 is the regression equation 

log k;,x AC9 = 2.037(0.267) ‘icy - 1.637(0.270) ox + 0.109(0.474) 
r = 0.9928 

(7) 

(8) 
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for the moiecular connectivity indices chosen to describe the retention of fifteen of the 
tertiary henzamides at 30% (v/v) acetonitrile (ACN) in water. (Data at this solvent 
composition were not collected for N,N-di-n-texylbenzamide.) Eqns. 7 and 8 contain 
no branching indices, although six of the sixteen tertiary benzamides studied were 
branched. The chosen indices are primarily descriptors of bulk with only one valence 
level term appearing in eqn. 8. The selection of valence level terms, xv, indicates that 
the nature of the atom is important to the correlation, however the choice of connec- 
tivity level terms, x: means that the identity of the atom is not a significant factor in 
the correlation_ 

CONCLUSIONS 

The log kk. values for these tertiary benzamides as well as other fundamental 
chromatographic parameters can be predicted from measured k’ data in acetonitrile- 
water using the equations of the solvophobic theory. The calculated contact surface 
area for the solute-l&and complexes increased with the number of alkyl carbons in 
the solute and decreased with chain branchin g. Molecular connectivity regressions on 
the measured and calculated chiomatographic parameters showed excellent corre- 
lations with those indices quantitatively describing molecular size. 

APPENDIX 

Eqn_ Al describes the reversed-phase liquid chromatographic retention of a 
solute when the mobile phase composition varies while temperature and flow-rate 
remain constant 

ln k’ = A + B2 + C;, + D(K’ - 1) V”‘3y + E i- In (RT/P,V) (Al) 

where 

A =rp- ~hw.asscc 
RT 

642) 

(A31 

with the approximation that !?S z 1 

C = NAAJRT (A41 
D = 4.836 N’13/RT (A5) 
E = AF,.,,_JRT (A61 

These expressions were derived from the application of the solvophobic theo$*” to 
chromatographic measurements’. Table AI enumerates the variables involved in 
eqns. Al-A6. 



240 M. J. M. WELLS, C. R. CLARK 

TABLE AI 

DEFINITION OF M_ATHEMATICAL VARIABLES 

VariaXes Definition 

.-I. B. C. D and E 
9 = 2(& - 1).(2& i 1) 
; 
KC 

Regression coe&ients 
2 is a function of c, the static dic!ectric constant of the solvent 
Surf2ce tension of the solvent 
hficroscopic cavity factor; curvature correction to convert the maero- 
scopic surface tension to microscopic dimensions 
Alerage molar volume of solvent 
Gas law constant 
Temperature in “K 
Atmospheric pressure 
Chromato_mphic npacity factor 
Retention volume 
Column void volume 
Characteristicconstznt for a given column (Iogarithm of the phase ratio) 
Avogadro’s number 
Free energy change for the interaction of solute and ligxurd in a hypo- 
thetical gas phase; wumed to occur by van der Waals forces only 
Van der Waals component of the free energy change for the interaction 
of the solute with the sohenr 
Molecular volume of the complex, vs‘, is assumed KO be a multipIe of the 
molecular v0lum.e of the solute. rs 
Static dipole moment of the solute 

~0 is the permittivity constant, and z, is the polarizability of the solute 

Contact surface area of the solute-ligand complex 

Rearranging eqn. Al yields 
In k’ _ D(x’ - 1) p37 - In (RT/P,V] = (A + E) + B9 f Cy (A3 

which can be reduced to: 

X=(Ai Q + B9 + Cy (AS) 

The statistical analysis system procedure SYSREG (SAS Institute, Inc., P-0. Box 
10066, Raleigh, NC 27605) was used on an IBM 370/L% computer (Computer Ser- 
vices, Auburn University, AL) to determine the regression coefficients B and C as well 
as the intercept (A + E)_ This process has lxxn discussed in detail elsewhere’. 
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