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NMe2 and OCH2CH3), 4.5-5.3 (m, 3, 3CH), 6.34 (s, 1, CHOEt), 
8.40 and 9.38 (both s, 2, 2 purine CH). Anal. (C17H24N6O3) C, H, 
N. 

The yellow glass 9a was dissolved in 2 N HC1 (50 ml) and the 
solution stirred for 10 min. The pH was then adjusted to 9 by ad
dition of 6 N NaOH (ca. 23 ml). The resulting solution was satu
rated with NaCl and then extracted with CHC13 (3 x 100 ml). 
The CHCI3 solution was dried (CaSO*) and then evaporated, 
leaving 10a as a white solid foam (4.27 g, 70% from 7a), suffi
ciently pure for use. Chromatography on a preparative tic plate 
developed in 10% MeOH-CHCl3 gave a sample which crystallized 
with difficulty from EtOAc: mp 85-88°; [a]5 8 9 -18.0°, [a]578 

-18.9°, [a]546 -21.8°, [a]i3e -40.4°, [a]3 6 5 -78.8° (c 1.3, MeOH); 
ir similar to that of racemate 10, identical with that of enantio-
mer 10b. Anal. (Ci4H20N6O2) C, H, N. 

A sample of the enantiomer 10b was prepared in the same way 
from 9b. An analytical sample was prepared by chromatography, 
giving 10b as a white crystals: mp 85-88°; [alsss +17.9°, [a]s78 
+ 18.9°, [a]546 +21.8°, [a]«« +40.4°, [a]3 6 5 +78.8° (c 1.0, MeOH). 
Anal. C, H, N. 

A sample of the racemate 10 was prepared in the same way 
from 9. Crystallization from EtOAc gave 10 as white granules 
(72% from 7): mp 147-150°. Recrystallization from EtOAc gave 
white granules: mp 150-151°; mixture melting point with an au
thentic sample prepared by an alternate route2 undepressed; and 
ir identical with that of the authentic sample. 
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Lincomycin (see Figure 1) is an ant ibiot ic produced by 
Streptomyces lincolnensis which has been shown to be ef
fective against gram-posi t ive bac t e r i a . 1 - 4 Current ly avail
able evidence indica tes t h a t l incomycin inhibi ts prote in 
synthesis by ac t ing a t the 50S r ibosomal subun i t . 5 - 1 3 

However, t he precise mode of act ion has not been clearly 
es tabl ished by the s tudies conduc ted t h u s far. A theoret i 
cal model which ra t ional izes m a n y s t ruc tu re -ac t iv i ty rela
t ionships of l incomycin-re la ted ant ib iot ics is presented in 
the compan ion pape r . 1 4 
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Chemical modification of the l incomycin molecule has 
produced a series of analogs wi th significantly different 
potency t h a n l incomycin . 1 5 Among the most interest ing 
analogs are those differing only in the na tu re a n d / o r con
figuration of the C(7) subs t i t uen t s . For example , l incomy
cin, which possesses an R configuration a t C(7), is twice 
as effective in the s t a n d a r d p la te assay wi th Sarcina lutea 
as t he S stereoisomer, 7-epil incomycin. Fur the rmore , 
7(S)-chloro-7-deoxylincomycin (c l indamycin) and 1(R)-
chloro-7-deoxylincomycin (7-epicl indamycin) are bo th 
more effective t h a n l incomycin in the S. lutea assay; the 
act ivi ty of c l indamycin shows a fourfold e n h a n c e m e n t 
while 7-epicl indamycin exhibi ts a twofold improvement . 
As yet, no satisfactory ra t ionale for these differences has 
been suggested. 

Ab Initio Calculations on Large Molecules Using Molecular Fragments. Lincomycin 
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Ab initio Hartree-Fock SCF calculations have been carried out using the molecular fragment approach for a series 
of molecular species, chosen to model the pyrrolidine and amide portions of the antibiotic lincomycin as well as 
portions of the carbohydrate moiety in several analogs. The effects of various chemical modifications on the elec
tronic structure and preferred conformations are studied and related to available experimental data. It is found 
that protonation of the nitrogen atom of the pyrrolidine ring modifies the electronic structure of the ring substan
tially, and the likely effect of protonation on antibacterial activity is discussed. In addition, modifications of the 
sugar side chain can cause interactions with the amide and pyrrolidine moieties, and the effect of these interac
tions on conformational stability and antibacterial activity is discussed. 
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Figure 1. Lincomycin. 
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Figure 2. Models of 2-pyrrolidinecarboxylamide moiety. 

In the current study, L-prolinamide has been used to 
characterize the pyrrolidine and attached amide unit por
tions of the lincomycin molecule. Additional calculations 
have been performed on N-(l-hydroxy-3-R-2-butyl)aceta-
mide, where R = OH or CI, in order to simulate the envi
ronment of the sugar side chain in lincomycin, 7-epilin-
comycin, clindamycin, and 7-epiclindamycin. The effects 
of chemical modification on the electronic structure and 
molecular conformation have been studied via ab initio 
molecular fragment SCF calculations,16"30 in order to 
quantify the kinds of interactions to be expected in these 
moieties. The molecular fragment basis sets used in these 
calculations are completely specified in Table I. 

Several molecular species, I-IV, that were considered as 
models of the pyrrolidine and attached amide unit por
tions of lincomycin in the current study are shown in Fig
ure 2. The nuclear geometry of the pyrrolidine ring in I-IV 
and the amide unit in I and II were essentially taken from 
the X-ray geometry of lincomycin hydrochloride.31 The 
amide unit geometry in III and IV was estimated from the 
X-ray geometry of cycloserine.32 The molecular species, 
V-XII, employed to investigate the effects of chloro and 
hydroxyl substituents at position 7 in the sugar moiety of 
lincomycin are shown in Figure 3. Geometries for the 
chlorine-containing molecules were taken from the X-ray 
data of clindamycin hydrochloride monohydrate. In order 
to provide a point of reference to the lincomycin molecule 
and to facilitate discussion, the atoms in the model struc
tures portrayed in Figures 2 and 3 have been arbitrarily 
numbered in accordance with the convention which has 
been adopted for lincomycin. 

Conformational Energies. The total energies of species 
I and II (see Figure 2) were followed as a function of 8. 8 
UC(3')-C(2 ' )-C(A)-0(A) for I, where C(A) and 0(A) des
ignate the carbonyl atoms of the amide unit] is the dihe
dral angle that specifies the conformational relationship 
between the pyrrolidine ring and the amide unit. In I, 8 = 

- D. J. Duchamp, The Upjohn Co., private communication. 
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Figure 3. Models of substituted N-methylacetamide moiety. 
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Figure 4. Conformational energy vs. 8 curves for species I and II. 
Each curve has been independently zeroed at the lowest calculat
ed energy conformation. 

0° is the angle at which the C(A)-0(A) and C(2')-C(3') 
bonds are eclipsed, 8 = 120° is the angle at which the 
C(A)-0(A) and C(2')-N(1') bonds are eclipsed, and 8 « 
240° is the angle at which the C(A)-0(A) and C(2')-H(2') 
bonds are eclipsed. 8 is defined analogously for species 
II-IV and IX-XII. 8 is restricted to only 8 ~ 300° in species 
III and IV because of the constraint of ring formation. 
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Table I. Molecular Fragment Data" 

Fragment type 
FSGO 
type 

C-H 
C inner shell 
C-H 
C-ir 
C inner shell 
N - H 
N inner shell 
N - H 
N-LP 
N inner shell 
N - H 
N-LP 
N inner shell 
N - H 
N - T 

N inner shell 
N - H 
N - T 
N inner shell 
O-H 
O-LP 
0-7T 
0 inner shell 
O-H 
O-LP 
O-TT 

O inner shell 
O-H 
O-LP M 
O-LP (p) 
O-TT 

0 inner shell 
O-H 
O-LP 
0 inner shell 
Cl-H 
Cl-LP 
CI L shell 
CI K shell 

FSGO 
distance 

from 
"heavy" atom 

1.23379402 
0.0 
1.13093139 
± 0 . 1 
0.0 
0.80547793 
0.0 
0.88573239 
0.25630919 
0.001010436 

0.87735349 
0.25523498 
0.00099090* 
0.75201903 
± 0 . 1 
0.0 
1.43289062 
± 0 . 1 
0.0 
0.89817053 
0.43956045 
± 0 . 1 
0.00105807* 
0.72000000 
0.21978022 
±0.21978022 
0.00056894* 
0.76467773 
0.21614258 
± 0 . 1 
± 0 . 1 
0.00057129'* 
0.74365356 
0.43956044 
0.00077105/ 
1.42011414 
0.98360656 
0.15564202 
0.00001750 

FSGO 
radii 

1.67251562 
0.32784375 
1.51399487 
1.80394801 
0.32682735 
1.50046875 
0.27770068 
1.53557305 
1.58812372 
0.27735920 
1.52791683 
1.58328000 
0.27732014 
1.39424495 
1.50625972 
0.27684894 
1.43289062 
1.27477905 
0.27768390 
1.37154785 
1.30597656 
1.12771117 
0.24112528 
1.33207031 
1.31823242 
1.05151794 
0.24023926 
1.23671871 
1.28753780 
1.19741696 
1.12242182 
0.24028227 
1.35682617 
1.30568359 
0.24051208 
1.57674255 
1.61593323 
0.42207336 
0.10780945 

Species in 
which fragment 

was used 

I -XII 

I -XII 

II, X, XII 

I 

III, IV, IX, XI 

I -XII 

IV 

IV 

I, II 

III , V-XII 

V-XII 

VII, viii, xi, x: 

CH, (Td), B(C,H) = 2.05982176 

•CH3 (sp2), B(C,H) = 1.78562447 

NH.+ (Td), fl(N,H) = 1.95021656 

:NH, (sp3), i?(N,H) = 1.93131912 

:NH3 (sp5), i?(N,H) = 1.91242167 

:NH, (sp2), JR(N,H) = 1.93131910 

NH,+ (sp2), fl(N,H) = 1.87084729 

H 20 (sp2), #(0 ,H) = 1.81415494 

•OH (sp2), J R ( 0 , H ) = 1.81415494 

•OH (sp), iJ(O.H) = 1.54774058 

H20 (sp3),e fl(O.H) = 1.81415494 

HC1 (sp3),''fl(CLH) = 2.40754389 

"All distances are reported in atomic units (1 au = 0.529172 A). See H. Shull and G. G. Hall, Nature {London), 184, 1559 
(1959). 'This is the distance from the nitrogen nucleus along the C3 axis away from the lone pair. 'This is the distance from 
the oxygen nucleus along the d axis away from the <r lone pair. dThis is the distance from the oxygen nucleus along the OH 
bond toward the hydrogen nucleus. ePolarization of the lone-pair orbitals causes deviations from sp3 hybridization. The 
angle, ZLOL (in degrees), formed by lines from the centers of the lone-pair orbitals to the oxygen nucleus is adjusted to 
account for the polarization by means of the following relationship: ZLOL = 215.5629 - 1.083117 ZHPH - 0.003312919-
ZHOH2 . 'Distance measured along the Ci axis from the O nucleus toward the region where the hydrogen atoms are located. 
»The arrangement of orbitals in the HC1 fragment is shown schematically in the following diagram. 

The chlorine nucleus is positioned at the center of the cube and the orbitals associated with the fragment are located on lines 
directed from the center through the corners of the box. The symbol • fixes the line upon which the H nucleus, bond orbital, 
and K-shell FSGO are positioned. The corners marked with O and • fix the lines for the L-shell and lone-pair orbitals, re
spectively. 

The conformational energy vs. 8 curves for species I and 
II are displayed in Figure 4, and each conformational en
ergy curve has been independently zeroed at the lowest 
calculated energy conformation. Energies were calculated 
at 30° increments in 8 for species I and II, except that the 
point 8 = 90" was replaced by the point 8 » 97.29°, which 
corresponds to the angle found in an X-ray crystallograph-
ic study.31 

The absolute minimum for I occurs at 8 ~ 300°. In this 
conformation, a hydrogen bond is formed between the 
amide hydrogen corresponding to that of lincomycin and 
the pyrrolidine nitrogen [N(l')], forming an approximately 
planar five-membered ring structure. On the other hand, 

the conformational energy curve for II (the protonated 
form of I) has an absolute minimum at 8 « 120°. In this 
conformation, a different hydrogen bond is formed be
tween the amide oxygen [0(A)] and the quaternary 
amine hydrogen cis to the amide unit from pyrrolidine, 
forming another approximately planar five-membered ring 
structure. It should be emphasized that the conformation
al energy curves for I and II are quite different, implying 
that in solution the populations of the various conformers 
are dependent on pH. The species (similar to I) in which 
the pyrrolidine N-H is cis to the amide unit have not 
been considered, since, in lincomycin, this group is a 
methyl group instead of a hydrogen, and the methyl group 
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Figure 5. Newman projection of the lincomycin molecule viewed 
along bond from C(7) and C(6). 

would be expected to be trans to the amide group for ste-
ric reasons. 

Thus, a consideration of the conformational energy 
curves for I and II leads to the conclusion that the abso
lute minimum energy conformation for unprotonated (at 
pyrrolidine N) lincomycin as a function of 8 is expected to 
be near 8 = 300°, and the absolute minimum for proton-
ated (at pyrrolidine N) lincomycin is expected to be near 
8 = 120°. The stability of this "protonated conformation" 
is supported by the results of an X-ray crystallographic 
study of lincomycin hydrochloride by Davis and Partha-
sarathy,31 in which the value of 8 was found to be 97.29. 
In the current study, the energy of the 8 = 97.29° confor
mation was found to be only 1.2 kcal/mol above the ener
gy of the absolute minimum at 8 = 120°. 

The large difference in preferred conformation between 
protonated and unprotonated lincomycin takes on added 
significance in light of the conclusion by Heman-Ackah 
and Garrett12 that the unprotonated form of lincomycin is 
responsible for its antibacterial activity. Also, it has been 
found that, when formaldehyde is condensed with lincom
ycin or an active analog to form an imidazolidine ring 
(similar to III) utilizing the pyrrolidine and amide nitro
gens, the resulting product is biologically active in vitro 
and in vivo.** Ring formation, of course, fixes the pyrrol
idine and amide units in the conformation at 8 = 300°, 
which has been predicted to be the most stable conforma
tion for unprotonated lincomycin in the current study. 
Thus, it appears that there may be an optimum confor
mation for lincomycin for biological activity, occurring at 
8 = 300°. 

A Newman projection of the lincomycin X-ray structure 
viewed along the bond from C(7) to C(6) is presented in 
Figure 5. It is noted that rotation about the C(6)-C(7) 
bond brings the 7-OH and 8-CH3 groups into proximity 
with the amide unit as well as C(5), H(5), and 0(1) of the 
pyranose ring. However, other portions of the molecule, 
more distantly removed from the C(6)-C(7) bond, may 
have a less important effect on the rotational motion. For 
this reason, species V is utilized as a simple model which 
incorporates the major interactions that occur in the lin
comycin molecule upon rotation about the C(6)-C(7) 
bond. In a similar manner, structures VI-VIII simulate 
the major interactions in 7-epilincomycin, clindamycin, 
and 7-epiclindamycin, respectively. Although these model 
structures would not be adequate to investigate rotation 
about the C(5)-C(6) and C(6)-N(A) bonds in the sugar 
side chain, it is assumed that steric constraints favor the 
conformation observed in the X-ray structures of lincomy
cin and clindamycin.tt Evidence supporting this assump
tion is provided by nmr data3 3 which show that the con
formation about the C(5)-C(6) bond is the same in aque
ous solution as in the solid state for these molecules. 

In using models V-VIII to investigate the preferred con-

**A. D. Argoudelis, The Upjohn Co.. private communication. 
ttX-Ray studies (ref 31) indicate that the hydrogens on C(5) and C(6) 

are trans. The hydrogens on C(6) and N(A) are also trans. 

Figure 6. Conformational energy as a function of 01 for various 
values of x in the lincomycin moiety, V. 

formation about the C(6)-C(7) bond, only values of x 
UN(A)-C(6)-C(7)-X, where X = 0(7), Cl(7)] which 
yield a staggered configuration were employed in the cal
culations since serious steric conflicts occur when the 
bulky groups attached to C(6) and C(7) tend to eclipse 
one another. Owing to the possibility of forming intramo
lecular hydrogen bonds involving the 7-OH group, rotation 
about the C(7)-0(7) bond was also considered in species 
V and VI. In these cases, w UC(6)-C(7)-0(7)-HO(7)] was 
varied in 60° increments from 0 to 300°. 

The conformational energy curves for V are portrayed in 
Figure 6. As a result of severe repulsions between 8-CH3 
and 0(1), the conformation with x ~ 300° is the least fa
vored regardless of the value of to. The lowest energy con
formation is found when x ~ 180° and u> = 60°. In this 
case, there is an intramolecular hydrogen bond between 
HO(7) and 0(1) which serves to stabilize the conforma
tion. A secondary minimum occurs at x = 60° and co = 
300°, which is very close to the geometry of the lincomycin 
X-ray structure. Although there is an energy separation of 
1.4 kcal/mol between the primary and secondary minima, 
the difference may not be significant due to the frequent 
overestimation of rotation barriers in the molecular frag
ment procedure.tl In any case, the energies of the two 
states are similar enough that interactions not included in 
the simple model {e.g., long-range intra- and intermolecu-
lar forces) may be decisive in determining the favored 
conformation about the C(6)-C(7) bond in lincomycin. 
For example, a hydrogen-bonding solvent, such as water, 
would likely disrupt the intramolecular hydrogen bond in 
order to produce two (or more) hydrogen bonds through 
solvent-solute interactions. Thus, the pmr spectrum of 
lincomycin indicates that the conformation with x = 60° 
is favored in D2O solution.33 

As shown in Figure 7, the conformation of VI yielding 
the lowest energy is found at x = 180° and w = 60°. Since 
all other conformations exhibit calculated energies ex
ceeding 5 kcal/mol above the minimum, the effects of 
long-range interactions are less likely to stabilize the mol
ecule in a different conformation. Hydrogen bonding be
tween HO(7) and 0(1) apparently provides the major con
tribution to the stability of the favored conformation in 
species VI as well as V. 

Tables II and III contain the results of calculations util-

JtThis exaggeration of barriers that is observed is generally a constant 
amount for rotation around similar kinds of bonds {e.g., C-C bonds), al
though the particular amount varies for different bonds. This has the re
sult that conformational energy surfaces predicted by the molecular frag
ment technique are too restrictive and may not show the proper amount of 
molecular flexibility. See ref 34 for a more complete discussion of the ad
vantages and disadvantages of the initial formulation of the molecular 
fragment method as used here. 
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Table II. Conformational Energies as a Function of % in 
the Clindamycin Moiety, VII 
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Figure 7. Conformational energy as a function of u for various 
values of x in the 7-epilincomycin moiety, VI. 

izing the 7-chloro-7-deoxy models, VII and VIII. Species 
VII exhibits a highly stable conformation when x = 300°, 
which corresponds with nmr findings33 and the X-ray 
structure - of clindamycin. The lowest energy for species 
VIII was calculated at x = 60°. This conformation is com
patible with the results obtained from analysis of the pmr 
spectrum of 7-epiclindamycin in D2O solution.§§ How
ever, the model exhibits another low-energy conformation, 
when x = 180°, that may be populated to a significant ex
tent. 

The calculations performed with species IX-XII were 
designed, in part, to study the effects of long-range inter
actions between portions of the carbohydrate moiety and 
pyrrolidine ring in models resembling lincomycin and 
clindamycin. Only a few conformations were selected to 
check the validity of results yielded by models I, II, V, 
and VII. In referring to structures IX and X, the values of 
9, x, and w serve to fix the conformation employed in a 
particular calculation since bond lengths, bond angles, 
and all other torsional angles were taken from the X-ray 
structure. Similarly, the values of 9 and x suffice to de
scribe the conformations of XI and XII. Henceforth, a 
particular conformation will be designated by notation 
(0,X,w), where the values of the angles are given in the 
order shown. In the species containing a 7-C1 substituent 
in place of 7-OH, the angle u is deleted from the notation. 

The calculated conformational energies obtained for the 
selected conformations of IX-XII are listed in Table IV. In 
structures IX and X, values of 9 were taken as either 300°, 
corresponding to the favored conformation of species I, or 
97.98°, taken from the X-ray structure of lincomycin hy
drochloride. Analogously, 6 was chosen to be either 300° or 
117.5° in XI and XII. The values of x and w in IX and X 
were taken from the two lower energy conformations of V. 
In structures XI and XII, the value of x from the X-ray 
structure of clindamycin hydrochloride was utilized, since 
it also produced the best calculated energy in species VII. 

In some cases, the long-range interactions embodied in 
IX-XII cause significant quantitative differences in con
formational energies relative to the energies obtained with 
I, II, V, and VII. For example, the difference between con
formations with 9 = 97.98° and 9 = 300° is approximately-
20 kcal/mol in species I and 12 kcal/mol in species IX. 
Large differences are also noted between the results ob
tained with species II and X in which N(l ' ) is protonated. 
Nevertheless, models IX-XII yield conclusions in qualita
tive agreement with the results of the simpler models. 

Molecular Orbital Structure. Preliminary calculations 
showed that the highest pair of occupied molecular orbit-

§§The coupling constant J67 is approximately 3 Hz while Jse is roughly 
10 Hz. These values suggest that H(6) is gauche to H(7) and trans to H(5) 
in D20 solution of 7-epiclindamycin. 

Conformation x, deg AE, kcal/mol 

H^ 1 .CH, 

HOH.C J NHCCH3 
CI 

H i C m c l v 
HOH.C " J ^ N H C C H ; 

H 

csVv 
HOK.Cy^NHCCHj 

CH; 

300 

60 

180 

0.0 

12.9 

18.9 

Table III. Conformational Energies as a Function of x in 
the 7-Epiclindamycin Moiety, VIII 

Conformation x, deg &E, kcal/mol 

H 

HOH,C J NHCCH, 

CL 1 .CH, 

HOH.C J NHCCHj 
H 

HOH..C T >'HCCH, 

60 

180 

300 

0.0 

1.0 

4.2 

Table IV. Conformational Energies of Lincomycin and 
Clindamycin Moieties IX-XII 

Moiety 

IX 

X 

XI 

XII 

Conformation 

(300,180,60) 
(300,60,300) 
(97.98,180,60) 
(97.98,60,300) 
(97.98,180,60) 
(97.98,60,300) 
(300,180,60) 
(300,60,300) 
(300,298.8) 
(117.5,298.8) 
(117.5,298.8) 
(300,298.8) 

Conformational 
energy" 

0.0 
1.9 

12.5 
13.7 
0.0 
5.0 

32.9 
40.1 

0.0 
16.3 
0.0 

52.5 

"Energy given in kilocalories per mole relative to the 
conformation of a particular moiety with the lowest calcu
lated energy. 

als as well as the lowest unoccupied molecular orbital of I 
was localized in the amide unit, even with a methyl group 
substituted for the hydrogen [H(l')] at the pyrrolidine ni
trogen [N(l')] and/or a propyl group substituted for a hy
drogen [H(4'(3)] at the trans 4' position of the pyrrolidine 
ring. Therefore, the chemically most interesting molecular 
orbitals (the higher occupied and lower unoccupied mo
lecular orbitals) could be studied without the presence of 
the methyl or propyl groups mentioned above, which are 
found on the pyrrolidine ring of lincomycin. These groups 
do, however, affect the biological activity of lincomy-



588 Journal of Medicinal Chemistry. 1974, Vol. 17, No. 6 

© ® ^ H 

0 To 

0 7Tn 

C N -

Figure 8. Local amide unit orbital symmetries. 

cin,12 •35-38 but the results of the current study indicate 
that it is unlikely that their role is an electronic one. The 
propyl group appears to function as a "space filler" for a 
good fit at the active site and/or increases the lipophili-
city of the molecule so as to improve transport across the 
cell membrane. 

As noted earlier, with a few exceptions, the next to 
highest occupied MO (NHOMO), highest occupied MO 
(HOMO), and the lowest unoccupied MO (LUMO) in 
each of I-IV are quite localized in the amide unit and may 
be identified as having the symmetries of the highest pair 
of occupied MO's (crn,Trn) and lowest unoccupied MO (ira) 
of formamide (see Figure 8). Assuming that nucleophilic 
attack will occur most readily at the sites defined by the 
LUMO and electrophilic attack will occur most readily at 
the HOMO, it may be concluded that reactivity will be 
centered primarily at the amide unit, and modifications of 
the molecular structure that affect the MO's located in 
the vicinity of the amide unit may have marked effects on 
the reactivity of the molecule. 

In all species, I-XIII, the LUMO is localized in the 
amide unit and has 7ra symmetry. In species I, II, IV-IX, 
and XI, the HOMO is localized in the amide unit and has 
7rn symmetry. In III, the HOMO is primarily of <rn sym
metry in the amide unit, and there are also secondary 
contributions from the pyrrolidine nitrogen lone-pair re
gion. The HOMO in X is dominated by contributions 
from the lone-pair orbitals of 0(1), 0(4), and 0(7). In XII, 
the lone-pair orbitals of 0(1) and 0(4) are major contribu
tors to the HOMO. 

The NHOMO in I, II, and V-VIII is localized in the 
amide unit and has an symmetry. The NHOMO in III is a 
7rn MO localized in the amide unit. The NHOMO in IV is 
localized in the pyrrolidine nitrogen lone-pair region. In 
IX and X, the NHOMO is dominated by contributions 
from the lone-pair orbitals of 0(1), 0(4), and 0(7). The 
lone-pair orbitals of 0(1) and 0(4) are the primary con
tributors to the NHOMO of XI and XII. Apparently, hy
drogen bonding interactions between 4-OH and 0(A) 
serve to stabilize the amide <rn orbital in IX and XI rela
tive to V and VII. 

It should be noted that protonation of the pyrrolidine 
nitrogen in I to obtain II causes a marked lowering of the 
orbital energies of the NHOMO, HOMO, and LUMO. The 
same effect was observed in comparing IX and XI with 
their respective protonated counterparts, X and XII. As
suming that changes in orbital energies may be correlated 

Shipman, Christoffersen. Cheney 

Figure 9. Fraction (/) of drug concentration in unprotonated form 
as a function of the pH for lincomycin (A), 7-epilincomycin (B), 
clindamycin (C), and 7-epiclindamycin (D). 

with changes in reactivity, the protonated species would 
be expected to be more susceptible to nucleophilic attack 
and less susceptible to electrophilic attack at sites in the 
amide moiety. 

Discussion 

In examining the data obtained from the quantum me
chanical studies just described, it appears that several 
points, both specific and general, can be made regarding 
the electronic and geometric structure of lincomycin and 
its analogs, and their relationship to the activity of the 
drugs. The data from the current studies are, of course, 
best utilized in conjunction with in vitro results rather 
than in vivo results. 

The role of the hydrocarbon side chain attached to the 
pyrrolidine ring at the 4 position appears to be simply 
that of a "space filler" for a good fit at the active site 
and/or as a lipophilic moiety to increase the lipophilicity 
of the entire molecule, and in doing so, to improve trans
port across the cell membrame. The hydrocarbon side 
chain does not significantly perturb the electronic struc
ture of the amide unit. 

The conformational energy studies indicate that the un
protonated [at pyrrolidine nitrogen, N(l ' )] form of lincom
ycin, which is believed to be the form responsible for anti
bacterial activity,12 is most stable in an approximately 
planar five-membered ring structure, stabilized by a hy
drogen bond between the amide hydrogen and the pyrrol
idine nitrogen. The observed in vitro activity of the form
aldehyde condensation products (similar to V), which are 
held in the approximate preferred conformation (8 = 300°) 
of unprotonated lincomycin because of the constraint of 
ring formation, supports this observation. 

The calculations performed with models IX-XI1 indi
cate that long-range steric interactions between the carbo
hydrate and pyrrolidine moieties are significant but do 
not alter the conclusions derived from simpler models re
garding molecular conformation of a given analog. How
ever, when comparing different analogs having modifica
tions at C(7), the relative stabilities of the protonated and 
unprotonated species could be affected by changing the 
nature and magnitude of the long-range interactions. 

An experimental measure of these effects is provided by 
the differences in pKa among the lincomycin analogs with 
modifications at C(7). As shown in Figure 9, if the pH of 
the medium is in a range roughly corresponding to that of 
human blood, a significantly greater proportion of clinda
mycin molecules (pXa ~ 7.3) will exist in the unprotonat
ed form than of 7-epiclindamycin (pXa ~ 7.5), as might 
be expected from the relative activities of these analogs. 
On the other hand, lincomycin (pXa ~ 7.6) will have a 
smaller unprotonated population than the less active ana
log, 7-epilincomycin (pKa « 7.3), under the same pH 
conditions. If the uncharged molecule is required for opti-
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mal passage through the bacterial cell wall, 7-epilincomy-
cin should reach the receptor site in greater concentration 
than lincomycin. Hence, it would appear that other fac
tors are responsible for the low level of activity of 7-epilin-
comycin. Quantitative comparison between the 7-Cl and 
7-OH analogs must take into consideration the dif
ference in lipid-water solubility of the uncharged species 
as well as pKa differences. However, the differences in 
pKa between the 7-Cl analogs and lincomycin indicate 
that the relative concentrations of unprotonated molecules 
could partially account for the relative in vitro activities 
of these drugs. 

In comparing the preferred geometries found for each of 
the 7-substituted analogs, it is seen that the 7-epilincomy-
cin model, unlike the others, forces a relatively bulky C(7) 
substituent to occupy the position trans to the amide 
group. Although the lincomycin and 7-epiclindamycin 
models also yield low-energy conformations with OH or CI 
trans to the amide, alternative conformations with similar 
energies are found to be available for these analogs in 
which H(7) is located in that position. On the basis of 
these findings, the low activity of 7-epilincomycin could 
result from adverse steric interactions involving 7-OH 
which reduce the affinity of the drug for the receptor. " 

The available data can also be used to predict results 
for similar molecules that were not included explicitly in 
the calculations, namely, the 7-methoxy analogs. Since 
the stability of the conformation with x = 180° in 7-epil
incomycin results from the formation of an intramolecular 
hydrogen bond between HO(7) and 0(1), replacement of 
HO(7) by a methyl group will alter the conformation 
about the C(6)-C(7) bond. Thus, for example, the pre
ferred value of co [zC(6)-C(7)-0(7)-CH3] in 7(S)-me-
thoxy-7-deoxylincomycin will likely be 180° in order to 
minimize steric interactions between the methyl group 
attached to 0(7) and the bulky groups attached to C(6). 
In this case, the points in Figure 7 corresponding to w = 
180° may be expected to give reasonable estimates of the 
conformational energies resulting from different values of 
X- Comparison of these points shows that the conforma
tion with x = 300° is considerably more stable than the 
other two staggered conformations. Hence, the unproto
nated form of this molecule is predicted to assume the 
conformation (300,300,180) which places OCH3 in the 
same spatial location as CI in clindamycin. It is inter
esting to note that the 7(S)-OCH3 analog is as active as 
clindamycin in the standard plate assay with S. lutea.39 

Using a similar line of reasoning and the data in Figure 6, 
unprotonated 7(i?)-methoxy-7-deoxylincomycin is predict
ed to have two equally stable conformations, (300,60,180) 
and (300,180,180). This analog exhibits an in vitro activity 
of 1.3 relative to lincomycin against S. lutea.i0 Thus, nei
ther of the 7-methoxy analogs forces a group bulkier than 
a hydrogen atom to assume a position trans to the amide 
unit, and both are more active than lincomycin. 

Conclusions 

The model structures studied in this work serve to dem
onstrate a number of effects associated with various modi
fications of the pyrrolidine ring and the sugar side chain 
in lincomycin. The geometric and electronic changes ac
companying protonation of the amine nitrogen, N(l ' ) . 
may be highly important since the free base appears to be 
more active than the quaternary salt. Of particular inter-

==According to the theoretical model for the antibacterial activity of lin
comycin outlined in ref 14, 0(1) is involved in binding at the ribosome. 
Since the intramolecular hydrogen bond between HO(7) and 0(1) in 7-epi
clindamycin would effectively preclude interaction with the ribosome at 
0(1), the low activity might also result from this circumstance. 

est is the stabilization of the amide ira, wn, and <rn orbitals 
caused by protonation. Alterations at C(7) in the carbohy
drate moiety lead to variations in long-range steric inter
actions between the C(7) substituents and moieties of the 
pyrrolidine ring, which affect the relative stabilities of the 
protonated and unprotonated species. Stabilization of a 
sugar side-chain conformation with a bulky group trans to 
the amide unit appears to have a deleterious effect on the 
antibacterial activity, possibly due to unfavorable steric 
interactions at the receptor. 
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Lincomycin. chloramphenicol, and erythromycin are 
antibiotics with diverse molecular structures which, nev
ertheless, produce similar effects in various experiments 
designed to study their mode of action. All three antibiot
ics inhibit ribosomal protein synthesis while allowing 
RNA and DNA synthesis to continue.1-3 Each of the drugs 
forms a reversible one-to-one complex with the 50S sub-
unit of the bacterial ribosome.4-7 Furthermore, competi
tion for binding at the ribosome occurs when any two of 
the three antibiotics are present in the system.7 '8 In stud
ies9-13 using the puromycin reaction to model ribosome-
catalyzed peptide bond formation, the drugs produce 
marked inhibitory effects, although the extent of inhibi
tion depends on the assay employed. These facts led 
Monro, et a/.,14 to suggest that the antibiotics bind at 
overlapping sites at the peptidyl transferase center of the 
50S ribosomal subunit. 

Interesting differences in the actions of lincomycin, 
chloramphenicol, and erythromycin have been noted by 
various workers. Certain erythromycin-resistant strains of 
Staphylococcus aureus display cross resistance toward lin
comycin but not chloramphenicol.15 '16 The three antibiot
ics also exhibit different effects on substrate binding at 
the peptidyl transferase center of the 50S subunit.17-20 

For example, erythromycin appears to stimulate binding 
of CACCA-Leu and CACCA-(Ac-Leu) while lincomycin 
inhibits the binding of both fragments. On the other 
hand, chloramphenicol apparently stimulates binding of 
the Ac-Leu substrate and inhibits the binding of the Leu 
substrate. As stated by Monro, et al.,14 different effects, 
such as these, could be observed even if the antibiotics 
bind at overlapping sites since the molecules differ in size, 
shape, and other properties. However, some investiga
tors2 1 '2 2 have suggested that the drugs must act through 
allosteric mechanisms on account of these dissimilar ef
fects. 

In the current study, various structural relationships are 
noted between lincomycin, chloramphenicol, erythromy
cin, and a moiety of peptidyl tRNA which is postulated to 
bind at the locus of peptidyl transferase. The structural 
correlations are employed to develop a simple chemical 
model for the mechanism of peptide bond formation at 
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(40) B. Bannister, J. Chem. Soc, Perkin Trans. 1, 1676 (1973). 

the ribosome and the interactions of the drugs at the pep
tidyl transferase center. Many similarities and differences 
in the effects of the three antibiotics may be rationalized 
in terms of the model. In addition, the model provides a 
basis for understanding relationships between biological 
activity and features of the chemical structure exhibited 
by several drug analogs. 

Description of Model. The process of bacterial protein 
synthesis requires binding of peptidyl tRNA at the P site 
and aminoacyl tRNA at the A site of the 70S ribo
some.23,24 Since template mRNA is bound at the 30S 
subunit, the interaction with tRNA in that portion of the 
ribosome involves codon-anticodon recognition which de
termines the sequence of amino acids in the protein. Spe
cific binding to the 50S ribosomal subunit occurs in the 
region of the peptidyl transferase catalytic center. Monro, 
et al.,14 have proposed that interactions at the P site of 
peptidyl transferase involve the 3'-terminal nucleotide 
grouping CCA, which is common to all species of tRNA, 
and are favored by acylation of the a-NH2 group of the 
attached amino acid. They also suggested that the termi
nal CA binds specifically at the A site of peptidyl trans
ferase. 

The reaction to form the peptide bond may be postula
ted to occur as shown in Scheme I where T nOH is the car
rier tRNA molecule for the amino acid with side chain Rn 

and X denotes the previously synthesized segment of the 
protein chain. Although the species designated as III may 
only have a transitory existence, the primary function of 
peptidyl transferase would be to facilitate its formation 
and direct its break-up into the elongated peptidyl tRNA 
molecule, IV, and the released tRNA molecule, V. Thus, 
it would be possible to make useful inferences regarding 
the nature and relative positions of ribosomal binding 
sites at the peptidyl transferase center if the detailed 
structural features of III were known. By considering a 
system consisting only of the terminal adenosine nucleo
tide of tRNA and the attached peptidyl or aminoacyl 
groups, a simple model for species III is developed in suc
ceeding paragraphs. 

If lincomycin, chloramphenicol, and erythromycin are 
specific inhibitors of peptidyl transferase, as indicated by 
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Lincomycin, chloramphenicol, and erythromycin are antibiotic inhibitors of bacterial protein synthesis which are 
postulated to act by blocking the peptidyl transferase site at the SOS ribosomal subunit. Correlations between 
structural features of these antibiotics and the terminal moieties of the natural substrate molecules, peptidyl and 
aminoacyl tRNA, aid in rationalizing the observed competitive binding of these species at the catalytic site for 
peptide bond formation. Investigations of the electronic and geometric structure of the terminal moiety of peptidyl 
tRNA have been carried out using the ab initio SCF-FSGO method with 3-0-(JV-glycylglycyl)ribose as a model. 
These studies give insight into the relationship between chemical structure and biological activity for the natural 
substrate as well as the antibiotic inhibitors of peptidyl transferase. The results of the studies indicate that it is 
not necessary to postulate allosteric mechansims of action to explain the effects of the drugs. 


