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SUMMARY 

Molecular connectivity indices were compared with measured and calculated 
reversed-phase liquid chromatographic retention-data for the C,-C, N-alkylhenz- 
amides. 1Molecular connectivity is a topological index which encodes fundamental 
structural information about a molecule_ The calculated indices are presented as bar- 
graph spectra and in tabuiar form. The various parameters of the solvophobic theory 
used to calculate log k: values for the amides were also compared to connectivity 
data. Highest correlations with k’ were obtained for connectivity data which describes 
molecular bulk, branching? and site of branching in the hydrocarbon portion of the 
molecule. 

INTRODUCTION 

High-performance liquid chromatography (HPLC) is currently the most rap- 
idly growing technique of the separation sciences’. Of all of the HPLC techniques_ 
those involving reversed-phase application dominate the literature_ Understand- 
ing of the retention process in reversed-phase liquid chromatography (RPLC) is 
growing, but much of the work published is still qualitative in nature and there is a 
need for increased quantitation of the obtained retention data. 

One method of accounting for hydrophobic selectivity in RPLC is to correlate 
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retention values with a topological index which encodes structural information about 
the solute. Topological features of molecules can be quantitated by an easily com- 
putable set of molecular connectivity indices_ These indices were first introduced by 
Randic’, and further developed by Kier and Hal13. The connectivity index, z. is a very 
fundamental parameter which reflects the shape and interatomic connections of a 
mokule. ~Manv studiesam have demonstrated that physicochemical and biological 
properties which depend upon the topology of a molecule may be related to the 
connectivity index. 

Molecular connectivity calculations have been compared with gas-liquid chro- 
matographic retention data-’ 1 _ The simple connectivity index as originally defined 
has been used by Karger et czl.” and more recently by Colin and Guiochon13 to 
evaluate hydrophobic effects in RPLC. The index has since been refined and ex- 
panded by Kier and Hall3 to allow for differences in the identities of atoms and in 
bond ordersx4_ In this study. relationships betlveen predicted and measured chroma- 
tographic data and the expanded molecular connectivity indices will be pursued. 

ESPERIMEVI-AL 

The chromatographic data used in this study has been previously reported” as 
has the application of the solvophobic theory to the chromatographic datax6. Xd- 
ditionally. some data obtained using a 25 cm x 4.60 mm I.D. Partisil ODS (10 pm) 
column purchased from Whatman (Clifton_ NJ, U.S_A.) is also included in this study. 
Chromatographic procedures employed with this column \vere identical to those 
described previously * ’ with the exception that the Partisil ODS column was operated 
at ambient temperature without a guard column. 

RESULTS AKD DISCL’SSIO?i 

The reversed-phase liquid chromatographic retention of the C,-C5 N-alkyl- 
benzamides has been investigated and the physical characteristics of these com- 
pounds described”. In Part II of this series’” chromatographic parameters for the 
C,-C, N-alkylbenzamides were predicted by application of the solvophobic 
theory’--‘” to measured retention data. The purpose of this article is to associate the 
predicted parameters as well as the actually measured chromatographic capacity 
factors \.i-ith structural features of the molecules. 

Understanding of the structural meaning of connectivity indices is facilitated 
by bar graph spectra3 of the mzl values for the C,-C, N-alkylbenzamides involved in 
this study (Fig_ I)_ The horizontal azxes in Fig 1 represent the order_ in_ and the 
vertical axes the magnitude of mzI values; t = type_ These graphs can be visually 
compared to find trends in structure_ A smooth falloff in the spectrum is observed for 
those compounds having long-chain portions_ (Comparc the methyl, ethyl. II-propyl, 
it-buty!_ and n-pentyl derivatices-) The spectrum becomes more jagged (due to greater 
‘z values) with an increase in the amount of branching in the N-alkyl chain. The 
uJ_aphs of the w-r.-butyl, [err_-pentyl. and neopentyl compounds have high ‘z and ‘zC 
\aIues and non-zero values of *z, due to the presence of carbon atoms assigned a b 
\-alue of four (i.e.. a quaternary carbon). 

The number of terms for each subgraph-type of molecular connectivity index 
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Fig. 1. Bar-graph spectra of the “‘xI values for the C,-C, N-alkgfbenzamides: P = path; C = cluster: 
PC = path;cluster; R = benzoyl. 

(path. P. cluster. C, and path/cluster, PC) is presented for the C,-C, N-alkylbenz- 
amides in Table I_ The chain terms, CH (arising from an enclosed figure). were omitted 
since there are no 3rd, 4th. or 5th order chain terms possible for these compounds. 
Also, every compound has one 6th order chain term due to the presence of the 
aromatic ring. 

By the use of the Statistical Analysis System procedure RSQUARE (SAS In- 
stitute, Raleigh. NC, U.S.A.) various parameters were screened against all possible 
two-variable combinations of the connectivity level (z) and valence level(z‘) indices? 
their inverses and their squares through sixth order. When the best combinations 
were selected, procedure SYSREG was used to evaluate the coefficients. 

Coinparisofz of 10s A-’ whcs with rnolerdur comerti~it_v h&es 

The method of predicting the log k, values for O”,; acetonitrile on both the 
Partisil ODS-2 and Ultrasphere ODS columns was discussed previously16. The mo- 
lecular connectivity indices were regressed on the predicted log X-i values for the 
sixteen C,-C, N-alkylbenzamides (Table IV, ref. 16). and the best two variable com- 
binations chosen are given in eqns. 1 and 2: 

Partisil ODS-2 
log k; = 0.070 (0.013) [5&J2 + 20.930 (0.917) [6&J? + 2.154 (O.OS2) 

r = 0.9855 (1) 
Ultrasphere ODS 
log k, = 0.634 (O-026) [‘z’] + 0.326 (0.031) [‘-‘&I-I - 3.991 (0.267) 

r = 0.995 (2) 
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The numbers in parentheses in all equations are the standard error of the 
regression coefficients. The values of the chosen connectivity indices are given in 
Table II. The results (eqns. 1 and 2) should be compared and contrasted with the best 
regression equations obtained for the sixteen compounds at other solvent composi- 
tions and on other columns (eqns. 3-9; MeOH = methanol, ACN = acetonitrile): 

Partisil ODS 

log &a, MCOH = 0.024 (0.005) [‘x& + 

Partisil ODS-2 

log &5% McoH = 0.053 (0.006) [&-J’ + 

log k&y; hleOH = 0.041 (0.004) pxpJ2 + 

6.879 (0.349) [“;(;]’ + 0.200 (0.031) 
r = 0.9347 (3) 

12.625 (O-463) [“&]’ + 0.500 (O-041) 

r = 0.9922 (4) 

8.439 (0.303) [6x;]’ + 0.055 (0.027) 
i- = 0.9927 (5) 

log LJ, ACS = 0.068 (0.006) [‘xpcl’ + 13.500 (0.416) [“x;]’ + 0.490 (0.037) 
I’ = 0.9946 (6) 

1% LJ, ACX = 0.054 (0.004) [5&’ + S-697 (0.304) [6# + 0.001 (0.027) 
I- = 0.9935 (7) 

Ultrasphere ODS 

log &5% hIeOH = 0.056 (0.007) [sxr,Jz + 13.334 (0.519) [“&]’ f 0.162 (0.046) 
r = 0.9912 (8) 

log k& Ac- = 0.077 (0.006) [jxi,,--’ + 14.520 (0.450) [“x;;l’ •t- 0.123 (0.040) 
r = 0.9946 (9) 

The log k’ values predicted by eqns. 1-9 are listed in Tables III and IV_ When 
a connectivity level (;c) value is chokn in a regression of this type, it implies that the 
nature of the atom itself is not important_ However, if a valence level (x’) value is 
selected, the identity of the atom (carbon 1’s. oxygen LX nitrogen, etc.) is important 
to correlation with a given property_ In eqns. 1 and 3-9, the same connectivity 
parameters were chosen as the best descriptors of retention in these systems_ This 
implies that the same structural features were important to the chromatographic 
retention process at various eluent compositions on these columns. However, at 0 o/0 
acetonitrile on the Ultrasphere ODS column different structural parameters were 
selected_ The most apparent anomalies in the predicted log k’ values (Tables III and 
IV) appear to be: (1) a consistently higher predicted value for the lethylpropyl 
derivative, and (2) in all cases except one a reverse order of elution to that observed 
is predicted for the isopentyl and n-pentyl derivatives_ 
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A subset (Table V) of the pertinent connectivity values from Table II illustrates 
the relationships observed. Branching increases the value of ‘zpc in the order: rz-butyl 
< isobutyl < sec.-butyl < tert.-butyl. sec.-Butyl has a larger ‘xpc value than isobutyl 
because ihe branch occurs on the carbon atom attached to the amide nitrogen‘ atom. 
The 6xb values are decreased by branching in the same order to the increase of the ‘zpc 
indices. 

Conzparisotz of sohophobic regression coefficietzis witiz mole~zzlar cotuzectisity indices 
The solvophobic theory’7-‘9 was used in Part 1116 of this series to determine 

values for the chromatographic parameters B, (A t E), and C. The values obtained 
for (A i E) and B (Tables II and III, ref- 16) were screened against the molecular 
connectivity indices for the sixteen C,-C, N-alkylbenzamides and the results are 
given in eqns. 10 and 11 for the Partisil ODS-2 column and in eqns. 12 and 13 for the 
Ultrasphere ODS column: 

Partisil ODS-2 
B = 10.559 (1.572) &,J’ + 2653.980 (162.014) [“&I’ - 409.965 (14.350) 

z- = 0.9810 (10) 

(A -I- E) = - 10.206 (l-525) [‘&]’ - 2584.280 (157.215) [“z;.]’ + 383_320(13.925) 
I‘ = 0_9Sll (ll) 

Ultrasphere ODS 
B = 101.329 (21.223) [‘# - 1195.4SO (252.722) ‘z -t 3312.993 (746.060) 

F = 0.8014 (12) 

(-4 + E) = -99_020 (20.660) [‘z]” i 1168.690 (245-974) ‘z - 3256.500 (726.140) 

I’ = 0.5022 (13) 

The best two-variable combination chosen for B and (-4 i E) was the same for 
each column. This is not unreasonable since a high degree of correlation between the 
variables B and (A + E) has already been established (see eqns. 10 and 11, ref. 16). 
The correlation between the connectivity indices and the values of B and (A + E) 
derived from the Ultrasphere ODS column is unexpectedly poor. Eqns. 10 and 11 
involve a pathjcluster term. which accounts for branching in these molecules. as well 
as a path term which is greater for those compounds that are less branched_ How- 
ever. the first-order connectivity level index (quadratic relationships of eqns. 12 and 
13) is not usually considered to account best for molecular branching. The values of 
the molecular connectivity indices which appear in eqns. 10-13 are reported in Table 
Il. 

Table VI presents the calculated values for ‘%z&& for the Cz-Cj N-alkylbenz- 
amides. This ratio describes the relative amount of branched to unbranched por- 
tions in these compounds_ In the straight-chain homologs the ratio decreases as the 
number of methylene groups increases. Not unexpectedly, the rerr_-butyl- and tei-t_- 
pentylbenzamides have the largest values for the ratio. 
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TABLE V 

CONNECTIVITY DATA COMPARED TO LOG k’ FOR THE BUTYLBENZAMIDES 

For general structure. see Table I. 

R Parrisil ODS-2 
10s k’ 

%c “r; 

CH,(CH,h 3-916 1.31495 0.15953 
(CH,),CHCHI 3-756 1.46999 0.16543 
CH,CH&H(CH,) 3.63s 1.810$3 0.15137 
(CH,),C 3.765 1.63716 0.23 I59 

__-__ __- _____-__ 

The third regession coefficient derived through application of the solvophobic 
theory was the parameter C. The value of C was determined for the C,-C5 N- 
alkylbenzamides (Tables 11 and III, ret 16) and used to evaluate AA. the contact 
surface area of the associated soiute-bonded I&and complex (Table V. ref. 16). Re- 
sults of the best two-variable regression of connectivity indices on AA (in A’) are 
@Len in eqns_ 14 and 15: 

Partisil ODS-2 
rl.4 = 0.337 (0.039) [‘z]~ + 36.429 (6.130) [&.]-’ i 42.87s (6.112) 

I- = 0.9220 (14) 

Ultrasphere ODS 
4,-I = -703-697 (36.660) [‘z]-’ i- 21-030 (3.191) [s&-1 i- 147-197 (XlS7) 

r = 0.9535 (15) 

TABLE VI 

COMP_~RISON OF BRANCHED TO U.XBRXNCHED PORTIOSS IN-THE C,-Cs X-ALKYL- 
BENZA,CIIDES 

For general sxucture. see TabIe I. 

R h%K 9; 

CH, 11.60-l 
CH,CH2 9.589 
CH,CH2CH, 7.110 
(CH,),CH 10.x9 

CH,(CHZ)J 5.777 
(CH,)2CHCHz 7.463 
CH,CHICH(CH,) 927s 

(CH,),C 13.411 
CH,(CH,L 5.09 1 
(CH&CHCH&H= 5.363 
CH,CH,CH(CH,)CH, 6.365 
CH,CHICH,CH(CH,) 7.825 
(CH,CH,),CH 8.177 
(CH,),CCHZ 3.69-I 
(CH,),CHCH(CH,) 10.03-t 
CH,CH2C(CH& 11.510 
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The correlation of molecular connectivity with LIA was much better for the Ultra- 
sphere ODS column than for the Partisil ODS-2 column_ Solute structure alone may 
not account for all of the variation in the contact surface area, since the solvent as 
well as the bonded ligand itself must play a part in determining the contact surface 
area between the solute and the ligand- Because the configurations of the two bonded 
phases may not be alike due to differences in bonding conditions, the fact is under- 
standable that different connectivity indices were chosen to correlate with the contact 
surface area, AA, on these two columns. 

The molecular connectivity indices were also regressed on the calculated total 
molecular surface areas (TSA) for the C,-C, N-alkylbenzamides and the results are 
described by eqn. 16: 

TSA = 37.212 (1649)r~ - 55.877 (12.105) [‘a‘]-’ + 15.980 (13.620) 
I’ = 0.9971 (16) 

The ‘x’ index does reflect some degree of branching because the value of the index 
increases with increases in the number of short branch points_ The connectivity in- 
dices correlated with TSA are not the same as the indices chosen as the best variables 
for dA on either column. 

COKCLUSIONS 

A high degree of correlation was observed between molecular connectivity 
data and measured and calculated reversed-phase chromatographic retention data_ 
The results suggest that bulk. branching, and site of hydrocarbon branching are the 
controlling factors in the retention of the C,-C5 N-alkylbenzamides and molecular 
connectivity allows for the quantitation of these molecular features. The same con- 
nectivity indices were chosen upon regression of retention data obtained on different 
columns_ Inconsistent correlations were observed between the solute-bonded ligand 
contact surface area and molecular connectivity indices. 

APPENDIX 

The calculations of the molecular connectivity indices through sixth order for 
N-methylbenzamide, I. are outlined_ The atoms of the molecular structure are re- 
ferred to as vertices. and the bonds are called edges. Each non-hydrogen atom (ten in 
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this example) is assigned a vertex value (6) equal to the number of non-hydrogen 
atoms connected to it, and a vertex valence value (8) calculated by subtracting the 
number of hydrogen atoms attached to that atom from the number of valence elec- 
trons in the atom. These values are given in Table Al for N-methylbenzamide. 

TABLE AI 

VERTEX AND VERTEX VALENCE VALUES FOR N-METHYLBENZAMIDE 

Arom number 

I 2 3 1 5 6 7 s 9 10 

d 3 2 z 3 2 2 3 1 2 1 
b’ 4 3 3 3 3 3 4 6 4 I 

The vertex values, 6, are used to calculate the connectivity level indices, z, in 
which the nature of the atom is not taken into consideration_ These indices were 
expanded by allowing for differences in the identity of atoms and differences in bond 
order by introducing a valence level index, z’, which is calcu!ated by using the vertex 
valence values, 5‘. 

The molecular structure is broken down into parts called subgraphs. If a graph 
is taken as being composed of vertices alone (Le.. no edges), the order of this index is 
zero order. The number of edges, or bonds. in a subgraph is the order of that sub- 
graph and appears as the leftside superscript to the symbol, z. or z\‘_ There are four 
types of subgraphs which may be present in a molecule: paths, clusters, pathichtsters, 
and chains which appear as the subscripts P, C, PC, and CH respectively. If no 
subscript appears it is understood to be a path index. 

The actual number of subgraphs of each order, III (through sixth order). and 
type. t, present in N-methylbenzamide are listed in Table A?_ The dashes in this table 
indicate that for a given order it is not possible to have a subgraph of that type in any 
molecule. Some of the representative subgraphs present in N-methylbenzamide are 
illustrated in Fig_ Al. 

TABLE AZ 

NU;LIBER OF TERMS (I) FOR ORDER (nz) OF ‘“z, INDICES FOR N-IMETHYLBENZXMIDE 

0 - - - - 
I 10 - - - 
1 11 - - - 

3 I4 2 1 -u-- ---- - 
4 14 0 7 0 
5 13 1 17 0 
6 s 0 19 I 
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0 
? 

. c..l(- c 

Fig. Al. Representative subgraphs (solid lines) of X-mrthylbenzamidr. 

Zero order indices are calculated by summing the reciprocal square roots of the 
vertes values, 6, or of the vertex valence values, 6‘. For subgraphs of order higher 
than zero, the reciprocal square root of the products of the 6 or 6‘ values assigned to 
the atoms participating in a bond or bonds is the value for that subgraph. All of the 
subgraph values are summed to give the z or z’ indices for the molecule_ lMolecular 
connectivity calculations were performed on the IBM 370/1X$ Computer Services, 
Auburn L’niversity. The program (CFUNC) used to calculate molecular connectivity 
indices was obtained from Dr_ Lowell Hall (Eastern Nazarene College, Quincy, MA, 
U.S.A.). More detailed discussion of these calculations can be found in the litera- 
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