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Abstract—The NMR spectra of 2-AFP And 3-AFP in ncutral, acid and alkaline solutions have been obtained and
completely analysed to give the 'H, "F and the "’C chemical shifts and the HH., HF and CF coupling constants. In
the analysis the use of FT spectra with inversion recovery sequences enabled an unambiguous assignment of the
complex proton region to be made in certain cases due to the different relaxation times of the protons. The rotamer
populations and hence relative encrgics have been obtained from the 'Jy, couplings. using calculated rotamer
couplings which explicitly include the arientation dependence of electronegative substituents. A MO investigation of
the rotamer energies of the zwilterions, anions and cations is given. The inclusion of the counter-ion into the CNDOQ
wave function gives calculated rotamer energies in complete agreement with those observed for 2-AFP. In 3. AFP,
the counter-ion method cannot fully compensate {or the larger interactions between the charged groups. Calculations
on related molecules including B-alanine show this is a general effect, possibly due to the solvated water molecules.

The determination of the precise conformation of
biologically active molecules in solution, and the
relationship between conformation and biological activity
are amongst the major problems of medicinal chemistry .’
Two powerful techniques for the study of these problems
are NMR and MO methods. The NMR technique and in
particular the use of vicinal ‘Jy, couplings is one of the
most reliable and general methods for conformational
studies in any media and has been widely used recently.” *
Also much effort has been expended to attempt to utilise
the advanced MO techniques now extant to predict
molecular energies in solution.’* The major difficulty with
this method is to simulate the effect of the solvent water
molecules around the solute and this is particularly
important for charged species. One promising method of
overcoming this problem is the super-molecule approach
of Pullman et al, in which the co-ordinated water
molecules are explicitly considered in the MO cal-
culations.*” An alternative complementary method is to
include the counter-ion in such calculations and this
method gave promising results in the case of histamine * [t
was thus of some interest to see whether such an
approach would be valid for a more complex molecule,
and two molecules providing a comprehensive test of both
the NMR and MO methods are 2-amino-3-fluoropropanoic
acid (2-AFP)t and 2-fluoro-3-amino propanoic acid
(3-AFP).3 2-AFP is a potentially useful active an-
tibacterial agent® which has only recently been prepared
in large quantities;'® 3-AFP. a metabolite of the anti-
tumour drug S-fluore uracil’” produced marked be-
havioural changes in mammals in a recent study."”

We present here the complete analysis of the NMR
spectra of these compounds in acid, neutral and alkaline
media, and these show in particular the usefulness in the
analysis of complex spectra of the Inversion-Recovery

t(ften described as 8-fluoro-a-alanine or 3-fluoro alanine.
$Often described as fluoro-S-alanine. In order 1o avoid any
ambiguity. we shall use the systematic nomenclature here.

pulse technique. Also a simple method for the deter-
mination of ‘J.u couplings in multi-functional ethanes is
given which ecnables the rotamer populations to be
estimated, and these rotamer populations and thercfore
relative energies are compared with an MO treatment of
the molecules, with and without the counter-ions. A
preliminary account of the MO calculations has been
given."

EXPERIMENTAL AND SPECTRAL ANALYSIS

A commercial sample of 3-AFP {(Koch-light Labs) was
dissolved in D;O soln (100 mg 1n 2 ml, .e. 0.5 M, pH 5.5) and conc
HCl and powdered NaOH added successively to achieve acid (pH
1.5) and alkaline (pH 11.8) solns without excessive dilution.

The 'H spectra were obtained on a Vanian HA-100 spectrometer
using DSS as internal reference for the acud and neutral solns and
t-butanol for the alkaline soin. 94.1 MHz "*F spectra referred to
external CF,CCl, and 25.2MHz "C spectra using internal
t-butanol reference were obtained on a Vanan XL-100-15
spectrometer. The V'C spectra were run on the FT mode with
proton noise decoupling, sweep 5000 Hz, pulse width 25 usand AT
0.4 sec. [n addition cxpanded spectra were obtained (SW 200 Hz,
PW 80 us, AT 10 scc). The FID's were transformed into 2048 real
data points, giving a digitisation accuracy of =0.1 Hz (200 Hz SW)
and =20.1ppm (5000 Hz SW). Sample temperatures on both
spectrometers are 29°C (undecoupled) and 37° (XL- 100} with noise
decoupling.

Similar procedures were used on a 20 mg sample of 2-AFP
obtained as a gift (Hoffmann-1.a Roche, Basle). 'H and ''C spectra
were obtained on a Varian XL-100-15 spectrometer in pulsed FT
mode, Smm tube, 0.4 m! soln at pH 1, 7 and 10.

To avord overlap of the relatively strong HOD peak with the AB
spectrum of the CH,F protons, the solvent peak was removed by
the Inversion-Recovery technique, applying a suitable (180-r-90-
T). pulse sequence. For solutions of pH =1 (DCUD,0). it was
noticed that the longer relaxation time of the a-proton relative to
the ~CH,F protons allowed for selective removal of the peaks due
to this proton (Fig. 1), using a similar pulse sequence with r
suitably reduced This allows hidden bands due to the CH,F
proton pattern to be resolved, and the analysis to be completed.
This technique, previously used for T, measurement in carbo-
hydrates.'* can be applied to any complex spin system in which
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Fig. 1. The proton magnetic spectrum of 2-amino-3-fluoropropanoic acid (2-AFP) in DCL./D,0, pH ~ 1.0, (a) normal

FT spectrum with pulse width 25 usecs (52° flip angle) showing the large residual HDO peak; (b) HDO peak removed

by (180-7-90-T). pulse sequence (7 - 8.2 sec); (c) H, removed by (180-7-90-T), pulse sequence (1 = 5.0 sec) HDO peak
inverted.

*possible impurity peaks.

one of the nuclei has a significantly longer relaxation time than the
others. The difficulty experienced in the analysis of the spectra of
2-AFP due to the closcly-coupled nature of the methylene
spectrum at all pH's (8. ~ 3-5 Hz, ]\ - 10 Hz), was consider-
ably emphasised by the presence of the relatively large residual
solvent peak. and techniques involving selective removal of one
nucleus relative to another aid the analysis significantly.

The 'H and "*F spectra of both molecules are formally ABCX
(X =F) spin systems.” In 3-AFP the C, proton was always
sufficiently removed from the C, methylenes so as to commence
the analysis as an ABMX system. From this the complete ABCX
iteration using LAOCN3 could be immediately performed.'* The
analysis identifies the C, proton (H,) but does not of course

distinguish the methylene protons. The "'C ['H] spectra were
first-order. Attempts to observe the ''C ['°F] spectra were
unsuccessful, probably due to the long relaxation times of the
carbons.

The results from these analyses are collected in Tables | and 2,
together with the probable and r.m.s. errors (LAOCN3). These are
typically ca. 0.03 and 0.08 Hz respectively for 3-AFP suggesting
that the couplings are in general accurate to ca. 0.1 Hz, except for
the HF couplings (0.2 Hz in some cases). [n 2-AFP although the
r.m.s. errors are about the same, the probable errors, particularly
for D,O soln, are much higher (0.1$ Hz) reflecting the very closely
coupled nature of the spectrum. The acid and alkaline solution
spectra gave. however, reasonable r.m.s and probable crrors.
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Table 1. Chemical shifts (ppm)” for 3-AFP and 2-AFP in neutral,
acid and alkaline solutions

Ha H. H. F« ¢:. ¢ o

1.AFP

neutral 3530 3384 S.081 18845 879 422 1737
acid 3603 3480 5247 18983 864 415 1709
alkaline 3.039> 2954* 4808 18813 924 437 1764
2-AFP

neutral 487 4.84 4.06 $s8 829 1714
acid 23 518 464 S4.¢ 821 1696
alkaline 4.89 488 78 70 874 1792

*Proton shifts (8,) downficld from DSS: fluorine shifts (é°*)
upfield from CFCIl, (external). and carbon chemical shifts (8,)
from tBuOH (5. CH, 31.9), or dioxan (8. CH; 67.4).

*From tBuOH using 8, (Me) 1.232.
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The rotamer populations. Inspection of Table 2 shows
that the coupling constants for the two amino-acids are
quite different, even though the same substituents are
present in the two molecules, and also the couplings often
change considerably with pH. These changes may
reasonably be ascribed to varying proportions of the
rotamer populations in the diffcrent media (e.g. the effect
of pH on the vicinal *J,y coupling of a-alanine, in which
no rotational isomerism is possible, is insignificant’).
Intrinsic solvent and pH dependency has been reported
for *J, couplings'” and for HF couplings'® but we shall be
concerned largely with the ', couplings. There are three
non-equivalent rotamers for both compounds (Fig. 2),
thus in order to obtain the rotamer populations from the
observed couplings it is necessary to estimate the
couplings in the individual rotamers. In such calculations

Table 2. NMR coupling constants (Hz) for 3-AFP and 2-AFP in neutral, acid and alkaline media

HH HF CF
an *J ac e Jox Jax Jmx rm.s. '3 o :J(-.’ ‘1. "
3.AFP
necutral -13.98 31 8.68 50.58  28.11 17.73 0.08 184 213 13
(0.03) (0.04) (0.04) (0.03) (0.05) (0.05)
acd -14.18 n 823 4992 277 1854 0.07 184 28 2.1
(0.03) (0.04) (0.04) (0.03) (0.04) (0.04)
alkaline 1438 312 673  S133 2656 2832 0.08 181 210 214
(0.03) (0.06) (0.06) (0.03) (0.09 (0.09)
2-AFP Jax Tux Jex 'J ’J ")
neutral -10.71 $.42 213 4598 4740 2958 0.07 169 200 63
004  (0.15 (0.15) (0.12) (0.1 (0.04)
acid 1097 423 269 4551 4725 3000 0.06 171 200 5.2
0.0 0.03) (0.04) (005 (0.05) (0.04)
alkaline -9.56 49§ N 4681 4749 2994 0.02 166 194 76
0.02) (002 (0.2) (004 (0.059 (00N
2-AFP
co, co; co,
H, H, F F H,
o N N H
H;;N N; HJN H) 3 3
F H, H,
A B (o}
N 10.5 5.0 0.2
J’J 3.9 10.3 1.3
3-AFP
C(S, co, . . C6,
NH
u' N, N2 3 u:‘" H‘
F s Hy F H, F H,
NH, H, M,
A 8 [
5.0 0.2
dis 105
Jas 2.1 0.5 3.

Fig. 2. The possible rotamers and the calculated 'Jy couplings (sec text) for 3-AFP and 2-AFP.
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it is crucial that the substituent orientation of such
electronegative substituents as fluorine (and oxygen) with
respect to the coupling protons be considered explicitly.
However, we make the simplifying assumption that the
rotamer couplings depend only on the substituent
oreintation and electronegativity. Thus for the trans
coupling (J,) as all orientations of the substituents with
respect to the couplings protons are identical (see Fig. 2)
and both molecules have identical substituents we take
only one value of J, for both. Ison ef al. in a similar
study of the conformations of catecholamines

Ph-CH(OH)-CH,-NH.R in aqueous solution obtained a
value of J, of 11.2Hz from cyclic model compounds
(morpholines) with the same substituents.” Using the
equations of Abraham and Gatti® to correct for the
difference between oxygen and fluorine gives J, for the

C-CHF-CH:NH, fragment as 10.5 Hz.

The problem of calculating the gauche onented
couplings is more difficult, as the orientation dependence
of the couplings on the substituents can be pronounced.
and the couplings are also dependent on the actual value
of the dihedral angle between the coupling protons thus
making the use of cyclic analogues more questionable.
For the case of 1,2-disubstituted cthanes XCH,CH,Y
Abraham and Gatti obtained a series of equations relating
the various couplings to the substituent electronegativity
and orientation and these have been widely and suc-
cessfully used in conformational studies.’*"

However, thcy are not applicable as given for
multisubstituted fragments. A simple scheme based on
these equations for predicting gauche couplings in
multisubstituted ethanes is as follows.

Consider any gauche coupling (Scheme A). There are

H

I,

X

only two different positions with respect to the coupling
protons of any substituent X; X, where the substituent is
trans(anti) to one of the coupled protons and X, where it
is gauche to one of the coupled protons. To a first
approximation we may write an additive relationship
(eq™ 1).

I =T+ Y (X, + X)) (M

Using the data of Ref. 20 with eqn (1) gives immediately
the substituent parameters of Table 3. These then give
consequently the rotamer couplings of Fig. 2. It is,
however, important to note that these substituent
constants are subject to the same limitations as the
equations of Ref. 20, in particular the assumptions of
additivity of substituent effects and the neglect of dihedral
angle variations are both possible sources of error.

Table 3. Substituent parameters for J,*" (Hz)

RAYMOND J. ABRAHAM ef al.

However, these at least do take account of substituent
orientation, which has often been neglected previously.'
The effects of substituent orientation shown in the
calculated couplings of Fig. 2 are clearly large. the gauche
couplings vary from 0.2 to 5.0 Hz.

With these rotamer couplings, the populations of the
rotamers may be calculated from the observed 'J,u
couplings (Table 2) from the standard eq™ (2)

Ji(obs) = n g - n.JT‘, - I'LJ(,A,
Jay(obs) = nJ4 + npl¥, + nJS, (2)

where l=n,y+n, # 0.

However, it is first necessary to assign the signals of the
methylene protons and for this qualitative considerations
of the rotamer populations are required. In 3-AFP
zwitterion the observed couplings of ca. 8.7 and 3.2 Hz
are characteristic of a trans oriented and gauche oriented
coupling. This implies a preponderance of either rotamer
A or B (Fig. 2. In B-alanine zwitterion

(H\N-CH,CH,CO: ) in D,0 solution the energy difference
between the trans and gauche rotamers has been
determined as 0.0 kcal/mole (sce later). Electrostatic
considerations alone would thus suggest that as the
negatively charged F atom in 3-AFP would be expected to
strongly prefer the gauche orientation with the NH,
group, rotamer A is the preferred rotamer. This
qualitative argument, which will be shown to be fully
supported by the MO calculations, immediately assigns
H, as Ha (Table 2) and H; as H.. This is also supported
by the *Ju couplings, as in rotamer A J,, which is a
gauche oriented coupling, should be much less than Jux. a
trans oriented coupling, as is observed. If rotamer B was
preferred there would be two ')y, gauche couplings which
are not observed.

In 2-AFP there is again one larger (ca. 5.4 Hz) and one
smaller (ca. 2Hz) coupling and the assignment again
follows from the relative stabilities of rotamers A and B,
as in C there is no trans coupling. Reasoning on similar
lines to 3-AFP, rotamer A, with a gauche F-NH,
interaction would be expected to be more stable than B
with a gauche F-CO, interaction. This immediately
assigns H, to H. (Table 2) and H: to Ha.

The application of eq™ 2 to the observed couplings in
any solution gives three equations in the three unknowns
nanc and thus the rotamer populations can be obtained
immediately. These are given in Table 4. The relative
rotamer free encrgies can be obtained directly from these
in the normal manner and making the usual assumption
that the rotamer entropies are all equal these free energies
then become internal encrgies and are given in Table S.
These will be considered together with the results of the
MO calculations (next section). It is pertinent to note here
that for a reasonably populated rotamer an error of 5% in
the estimated population would give an energy change of
0.2 kcal/mole, and this is a reasonable estimate of the
uncertainty in these values.

Table 4. Rotamer populations of 3-AFP and 2-AFP as the

rwitterion, cation and anion

- 3-AFP 2-AFP
= "0‘2 Xt X0 na Na n, Na Ny n
H C Br N Cl (¢} F zwitterion 077 011 012 05 00 0.50
X, 00 02 0.5 0.s 0.7 09 1.1 cation 073 o010 o017 038 003 059
X, 00 -06 -11"  -14 -16 -18  -26 anion 060 008 032 042 009 049
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Table $. Observed and calculated rotamer energies® (kcal/mole) for 2-AFP And 3-AFP

Eu-F E~Ea

Ea Ew E, calc. obs. calc. obs.
2-AFP
2witterion* 488 -4 -2 s.x] s 2.6} 00
(+Counter-ions)’ 169.7 - 1646 - 169.5 49 © 0.2 '
cation® -4717 -4 -417 u\] 17 0.0} ~03
(+counter-ion) -1983> -195.1* -19858 34 : -0.2 .
Anion*’/ =252 =215 -9 0_4] 10 3.1} _o1
(+counter-ton) -9.2 -909 -91.5 0.6 : 0.1 ’
3-AFP
zwitterion -216" -402° -453 S I] 00 174'} 12
( + counter-ions) 167.5* 168.6° 1724 3K : 49 )
cation -8 -2 -S514 54:} 03 4,51 09
(+¢ounter-ion) - 199.0¢ 197.3¢ 2008 3¢ : - 1K :
anion®* -286 - 30.5 30.9 0 4] 08 2..‘] 0.4
( + counter-ion) -101.7  -1043 -1049 0.6 -32

*The binding energy (CNDQO) is the tabulated energy - 3000 kcal/mole w, = 90°(b);

120°(c). - 90°(d): O°(e).
'NH, H,;, *NH,;H,..

For the less populated rotamers the encrgy differences
are less accurate and in particular F,-E, in 3-AFP is an
energy difference between two minor constituents and
therefore is much more dependent on the assumptions
made in the analysis. For example if J3 was increased
from 2.1 to 3.0 Hz, then the populations in the zwitterion
become 0.82 (A); 0.02 (B) and 0.18 (C), giving Ex-E.
and E.—E. values of 1.4and 1.0 kcal/mole respectively (ca.
0.0 and 1.2 in Table $).

With these rotamer populations the observed values of
"Jir can be used to further check the assignments made
earlier. Assuming merely one value of J, and J, then
values of 160 (J)) and 32.0 (J) combined with the
populations of Table 4 give for 3-AFP in neutral, acid and
alkaline solution values of J.; of 17.9, 18.7 and 21.2 and of
Ju 283, 27.7 and 25.5 in good agreement with the
observed values.

For 2-AFP using the same J, and J, values, the
calculated values of J,; are 24.0, 25.6 and 23.8 Hz all
somewhat less than the observed values (29.6, 30.2 and
29.9) but with the correct trend. In view of the assumption
of onc J, and one J, value, these results support the
assignments of the methylene protons made earlier.

Rotamer energy calculations. We now wish to calculate
the rotamer energics and in particular to note the effect of
introducing the counter-ions in such calculations. We use,
as previously, the CINDO programme of Pople ef al., *
which has been widely used in similar calculations, and
this is used in the CNDO approximation.” One difficulty
with such MO programmes in these calculations is that
they underestimate the repulsive interactions between
atoms, and as a consequence of this the minimum energy
separation of two oppositely charged ions is much closer
than is observed experimentally.”*** Thus standardised,
not minimised bond lengths and distances must be used.
Also the problem of determining the minimum energy
conformation for each of the possible rotamers with and
without the counter-ions is a complex one. There are
three dihedral angles which can in principle be varied. the
CiC.C:M, (M =F or N) angle (W)), the C.C,C.O: angle
(W,) and the dihedral angle about the CN bond (Fig. 3).
Furthermore the orientation of the proton on the carboxyl
group in the cation has to be defined as well as the
conformation of the amino group in the anion. Finally, the
positions of the counter-ions need to be defined. Thus in

NIJ
Na_27
1 .-
. X¢)
' (]
[ /lu
o,—¢C,
UEL] Hy
/7 M
. s
c '/|oo
- C,
e [EY)
F- 148
0
101 M
H, N, B
wr d
His

Fig. 3. 2-amino-3-fluoro propanoic acid (2-AFP) cation and

2-Fluoro-3-Amino propanoic acid (3-AFP) zwitterion, with the

nomenclatyre and geometry used in the calcujations. W, is the
CC,C:M, dihedral angle and W, in C,C,(,0, dihedral.

order to curtail the calculations it is necessary to make
some simplifying assumptions concerning the molecular
geometries. The importance of using the correct geometry
in MO calculations has been repeatedly emphasised, and
this is also the case here as far as the absolute energies are
concerned. However, as we shall show later reasonable
modifications of the geometry have very little effect on
the relative rotamer energies, which are the parameters
under study. Thus our approach was to use initially
standard geometries in order to investigate the effects of
the counter-ions in these calculations and subsequently to
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test the validity of these standardised energies by

particular calculations with more refined geometries.
The standard bond lengths™ used are shown in Fig. 3,

and the bond angles were taken as tetrahedral or 120°. The

positions of the counter-ions, in this case Na and Cl, were

obtained from the known ionic radii of Na, Cl, NH,and O™
and as previously® the counter-ions were placed in positions
dictated by symmetry and the absence of stenic effects (Fig.
3).

There still remains the problem of the three dihedral
angles, and the conformations of the CO,H and NH;
groups. It has been shown repeatedly that groups with

3-fold symmetry such as CH, and r:JH, can be placed in
the classical staggered position in such calculations
without serious error and this procedure was followed

here for the NH, group. Furthermore, although this is not
such a good assumption, this procedure was adopted for
the C\C,C.M, dihedral (W,) and the rotamer energies were
calculated for the classical values of this angle, 60, 180
and 300. This is not too serious an approximation in those
cases in which the rotamer energies are similar in
magnitude, as the hindering potential will then be to a
good approximation a 3-fold potential having minima at
the staggered positions. For those cases in which there is a
large energy difference between the rotamers due to
major interactions between the substituent groups, for

example between the NH, and CO: in 3-AFP zwitterion,
this approximation is more open to question. However,
there is no other procedure, because in such a case
searching for the minimum energy conformation by
CNDQO will result in an incorrect geometry due to the
approximations in the wave function mentioned earlier.
Fortunately, the cases for which the calculated cnergies
are lcast accurate are also those for which the ex-
perimental energy differences are least accurate, due to
the small amounts of one rotamer being present. This will
be considered subsequently.

Finally, the orientations of the carboxyl and amino
(NH,;) groups were obtained by searching for the
minimum energy conformations, with the restriction that
the amino group is tetrahedral and retains the staggered
orientation about the CN bond. This, of course, is not the
casc for the carboxyl as the intrinsic barrier to rotation for

the symmetric CO: group as in CH,-CO: will be 6-fold
and therefore very small, for example in CH.NO: which
is iso-clectronic V., equals 6.0 cal/mole as compared to
methylamine 1.976 kcal/mole. As the molecules now give
different results it is necessary to consider them
scparately.

2-Amino-3-fluoro propanoic acid (2-AFP). In practice
the molecular energy was calculated for various values of
W: and for the different conformations of the amino group
specified by any two of H,,, H,; and H,, (Fig. 3). Table §
gives the resultant conformations and minimum energies
for the three rotamers together with the calculated and
observed rotamer energy differences E,-E. and E—E..
We note that these energy differences may be considered
to be the F---NH, and F---CO. (gauche to trans)
interactions in this molecule (Fig. 2).

In the zwitterion the minimum energy conformation is
for W, - 120° and this is the preferred conformation of
many a-amino acid zwitterions in the crystal.” Rotamer B
is of much higher energy than the other rotamers, both in
the free molecule and counter-ion calculations, as
observed.

RAYMOND J. ABRAHAM el al.

Interestingly although rotamer C is also of much higher
cnergy than rotamer A in the free molecule calculations,
implying repulsion between the fluorine and carboxyl
substituents; in the calculations including the counter-ions
rotamers C and A have identical energies, and this is also
observed experimentally. This shows that even when the
carboxyl group has a formal negative charge, in solution
there is little repulsive interaction between the fluorine
and the carboxyl group. This may be considered as another
example of the very interesting interaction between
clectronegative substituents, in which for example in
1.2-disubstituted ethanes, electronegative substituents
show a marked preference for the gauche conformation,
even though considerations based solely on charge
distribution would indicate otherwise.™ On the other hand
both calculations and observation show the marked
preference of the fluorine for the gauche conformation with

respect ot the NH, group, and this is very likely due to
electrostatic attraction.

In the cation a similar situation prevails though both
calculations show that rotamer B is comparatively much
more stable than in the zwitterion. In this case, however,
the calculated energy difference (Eg-E) is still con-
siderably larger than the observed value, and this is the
only serious disagreement of the calculated and experi-
mental data for this molecule. In contrast the energy
difference (E.~E,) calculated by cither method is the
same and in complete agreement with the observed value.
Comparison of the calculated energy differences (E~E.)
for the zwitterion and cation show very clearly the
influence of the counter-ion, in that in the isolated
molecule case the zwitterion calculations are ca. 3

kcal/mole in error, due to the F---CO, interaction. Both
by adding the counter-ion, and by protonation, (as in the
cation), this spurious excess interaction is removed giving
the correct energy difference.

In the anion rotamer B is slightly more stable,
comparatively than in the cation, and the calculated
energy differences (Ey-E. for both calculations) agree
very closely with the observed value. Once again the free
molecule calculation of E.~E, gives 100 high a value, as

again we have the uncompensated F---CO, interaction.
Introducing the counter-ion gives good agreement in
this case also. Note that the preferred conformation of the
amino group is always NH H,, (Fig. 3), i.c. with the
nitrogen lone-pair in a trans (anti) orientation to the
carboxyl group. In this conformation the orientation of
the F atom in rotamer C with respect to the amino group is
analogous to that of the chlorine w.r.t. the OH in
2-chloroethanol.” In this compound although the
preference for a gauche conformation was originally
ascribed to H-bonding, more recent studies have indicated
that specific H-bonding is a relatively minor interaction
and the cause of the preference for the gauche
conformation is probably simply eclectrostatic interac-
tion.” Thus there does not appear to be any strong
specific intramolecular hydrogen bonds in 2-AFP, and
certainly there is no indication that H-bonding makes any
major contribution to the rotamer energies.
2-Fluoro-3-amino propanoic acid (3-AFP). The MO
calculations for 3-AFP are also given in Table § together
with the observed relative energies Eg-E. and E—E.,
which now may be considered to represent the F---NH,
and the NH,---CO, (trans to gauche) interactions (Fig. 2).
In the zwitterion the free molecule calculations show as
expected the large attraction between the two charged
groups, giving rotamer A considerable excess energy.
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This excess energy is much diminished in the counter-ion,
but even so the calculations do not predict that A is the
most stable rotamer, which is the experimental result.
This is not too surprising as we are attempting to
compensate for a very large electrostatic attraction by the
counter-ion technique (see later). Somewhat more sur-
prising is the result for E,~E.. Here the calculations
predict, as expected. a sizeable attraction between the

fluorine and NH, groups. as indeed was observed in 2-AFP
{calc. 4.9 kcal/mole; obs. >2). In 3-AFP in contrast the
observed value of Eg~F. is ca. 0. It has been noted that
this AE is less accurate than the other values. Even so,
this discrepancy is too large to be accounted for by
experimental error.

Interestingly. the same phenomenon is seen in the
results for the cation. The calculated value of E~E,
decreases markedly, again as expected, the value of
E.~E. in the free molecule cation being the same as for
the zwitterion plus counter-ions. This was also the case
for 2-AFP demonstrating again that the effect of the
counter-ion is very similar to protonation of the carboxyl,
i.e. primarily a removal of negative charge. Also the
calculated values of Eu-F, are unchanged in going from
zwilterion o cation, as weould be expected if this is

simply an F---NH, interaction. Once more the expeni-
mental value is much less than the calculated one.

The same general pattern is seen in the anion in that
again rolamer A has a calculated encrgy much higher than
observed, the calculated value of E.-E, again being of the
wrong sign. In this case, however, the relative energies of
rotamers B and C are well reproduced, both the free
molecule and counter-ion calculations giving similar
results. The values for this energy difference in the
3-AFP anion compare very well with the corresponding
values in the 2-AFP anion, suggesting that the interaction
of an amino group and fluorine atom is roughly
independent of the other groups present and is ca
0.8-1.0kcal/mole in favour of the gauche orientation.

DISCUSSION

The general picture emerging from the calculation is
that the counter-ion model gives calculated rotamer
energies to almost experimental accuracy for 2-AFP, but
fails to reproduce even the order of the rotamer energies
for 3-AFP.

An obvious reason for this, mentioned above, is that in
2-AFP the interactions are between uncharged (F, H
atoms) and the charged amino-acid moiety, whereas in
3.AFP we are attempting to remove the much larger
interactions between two charged groups.

It could be argued. however, that as the precise
molecular geometry used in MO calculations is so
important the agreement obtained here for 2-AFP is
fortuitous. Thus we have repeated some of these
calculations using the more refined nontetrahedral
geometry recently given for amino-acid zwitterions and
cations.™ In the zwitterion the major difference from the
standardised geometry of Fig. 3 is for the carboxyl group,
in that the C.C.0. angles are 117.0° and 0.C.0. angle 126
in the cation the carboxyl geometry is C.C. =0 122.0°
C.O.H. 112.0°. These new geometries gave calculated
rotamer encrgy differences in precise agrecment with
those of Table §, although of course the actual molecular
energies are very different. For example in 2-AFP
zwitterion (plus counter-ions) the calculated rotamer
energies were -180.3 (A); -175.0 (B) and -180.1 (O)
kcal/mole giving E,-E. and E—E, values of 5.1 (¢f. 4.9)
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and 0.2 (cf. 0.2) kcal/mole. A similar calculation for
2-AFP cation gave rotamer cnergy differences of 3.7 (cf.
34) and -04 (cf. -0.2) kcal/mole. Also varying the
positions of the counter-ions has little effect on the

rotamer energies, decreasing the NH--- Cl distance from

22310 1.6 A (the minimum energy position from CNDO)
gives identical rotamer energies for the zwitterion, though
the calculated molecular energies are 40 kcal/mole more
stable. Thus we may safely conclude that any reasonable
change in the molecular geometry will not alter the
agreement obtained between the calculated and observed
rotamer energics.

A related question is whether the much larger
interactions between the charged groups in 3-AFP would
also be unaffected by changes in the molecular geometry.
To examine this and simultaneously to test the counter-
ion method in a related molecule we considered §-alanine.
A recent precise determination of the proton couplings
has been recorded, giving N(J+J) equal 13.55Hz2.”
Using this with the values of N, and N, for this fragment
given previously of 11.67 and 17.37 Hz gives immediately
the rotamer populations and hence E_-F, of 0.0 kcal/mole
(the calculated value of Ny, the value for ‘free rotation’
is 13.57 Hz). Note that this method avoids any ambiguity
over the assignment of the proton couplings.

Using the same method and standardised geometry as
for 3-AFP, the calculated energy difference (E,-E,) for
B-alanine zwitterion was -20.1kcal/mole in the free
molecule, decreasing to —8.2 kcal/mole on adding the
counter-ions. Incorporating the more refined geometry for
the CO; group given earlier and with C.C.C. and C.CN.
angles of 111.0° only alters these values to —18.0 and
-7.3kcalimole. Thus we may conclude that the 3-AFP
result (for E~E,) is general and that any reasonable
geometry will not remove the large spurious calculated
stabilisation of ca. 6 kcal/mole favouring the gauche

conformation of the NH, and CO.
molecules.

It is of some interest to consider whether other methods
based on similar approximate wave functions could
resolve this discrepancy or whether it is the approximate
nature of the wave function which is really responsible.

The super-molecule approach of Pullman et al has
recently been applied to the related case of GABA
(y-amino butyric acid).” In the isolated molecule, the
folded gauche-gauche conformation is much more stable
than any other form, but in the super-molecule in which
three water molecules were attached to both the CO), and
NH." groups, the calculations showed that there were
many conformations of similar energies, in agreement
with experiment. If these results can be extrapolated to
B-alanine they suggest that the free rotation in B-alanine
is due to the compensation of the electrostatic attraction
of the charged groups by repulsions involving the
attached water molecules, i.e. the effective “size’ of the
charged groups has been increased by hydration.

The alternative possibility is that the CNDO ap-
proximation under-¢stimates the steric effects present in
these molecules, as it is well known that the inter-atomic
repulsions calculated by CNDO are usually too low. A
simple test of the extent of this discrepancy is to consider
sterically similar but uncharged molecules for example, to

groups in these

replace NH, by the isoelectronic Me group in the
calculations. We have therefore calculated the gauche-
trans ecnergies, again using the same methods and
geometry for similar molecules. In n-butane and pro-
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panoic acid, the calculated values of E,-E, are -0.3 and
-1.0kcal/mole., both cq. !kcal/mole lower than the
observed values (0.6 and 0.4kcal/mole). In sodium
propanoate, the discrepancy is larger (calc. ~3.3, obs.
0.3 kcal/mole), but of course this calculated value is
obtained from the counter-ion method.

In conclusion these considerations suggest that only a
small part of the discrepancy found in the calculated
interaction of the two charged groups is due to the wave
function used. The effects of the solvated water molecules
would appear to be the most probable answer. In contrast
the approximations in the wave function could well
account for much of the discrepancy in the value of
Eus-E. found for 3-AFP (Table $). In this case there are
two adjacent gauche-gauche interactions, i.e. rotamer C
is much more sterically crowded than A or B. In this the
calculated CNDO energy for C would be expected to be
much lower than the true energy, as found. Support for
this explanation is found in the fact that in the anion, this
discrepancy disappears, and this is consistent with the
smaller effective size of the amino group. Furthermore,
this anomaly is not found in the analogous 2-AFP rotamer
C, as here the much smaller F atom has little steric effect
even in this case.

Acknowiedgements—R J.A. and P.L. acknowledge S.R.C. Grants
towards the purchase of the Varian XL-100 and HA-100
spectrometers and an S.R.C. maintenance award (1o P.L..).

REFERENCES
'Pt XX, R. J. Abraham and P loftus, J. Chem. Soc. Perkin
Trans. II. 1142 (1976).
*Molecular and Quantum Pharmacology: Proceedings of the
Seventh Jerusalem Symposium (Fdited by E. D. Bergman and B.
Pullman). D. Reidel, Dordrecht, Holland (1974).
‘P. Partington, J. Feeney and A. S. V. Burgen, Mol. Pharm. 8,269
(1972); R. J. Cushley and H. G. Mautner, Tetrahedron 26, 2151
(1970).
*C.R. Ganellin, E. S. Pepper. C N.J. Portand W. G. Richards, J.
Med. Chem. 16, 610 and 616 (1973).
‘L. B. Kier, Molecular Orbital Theory in Drug Research.
Academic Press, New York (1971).
*B. Pullman and J. Port, Mol. Pharm. 18, 360 (1974).
'B. Pullman, P. Courriere and H. Berthod, J. Med. Chem. 17,439
(1974).

RAYMOND J. ABRAHAM ¢f al.

*R. J. Abraham and D. Birch, Mol. Pharm 11, 663 (1975).

*J. Kollonitsch, L. Barash, F. M. Kahan and H Kropp. Nature
London 243, 346 (1973).

'"H Gershon, M. W. McNeil and E. D. Bergmann, J. Med. Chem.
16, 1407 (1973).

YT Oishi, H. Shiraki, K. Mincura and H Takahira, Yakugaku
Zasshi 93, 749 (1973).

"H. Koenig and A. Patel, Arch. Neurol Chicago 23, 155 (1970).

"'R. J. Abraham, Environmental Effects on Molecular Structure
and Properties (Edited by B. Pullman) p. 41. D. Redel.
Dordrecht, Holland (1976).

"I.. D. Hall and C. M. Preston, J. Chem. Soc. Chem Comm. 1319
(9.

"R. J. Abraham, The Analysis of High Resolution NMR Spectra.
Elsevier, Amsterdam (1971).

"*H. Ogura, Y. Arata and S. Fujiwara, J. Mol. Spect. 23, 76 (1967).

"]. R. Cavanaugh, J. Am. Chem. Soc. 89, 1558 (1967); M D.
Johnston and M. Barfield, J. Chem Phys. 88, 3483 (1971).

'*R.J. Abraham and R. H. Kemp, J. Chem. Soc. B, 1240 (1971): G.
Govil and H. J. Bernstein, J. Chem. Phys. 47, 2818 (1969).

""R. R. Ison, P. Partington and G. C. K. Roberts, Mol. Pharm. 9,
756 (1973).

®R. J. Abraham and G. Gatti, J. Chem. Soc. B, 961 (1969).

'J. A.Pople and D. V. Bevendge. Approximate Molecular Orbital
Theorv. McGraw-Hill, New York (1970).

. A.Pople, D. P. Santry and G. A. Scgal, J. Chem. Phys. 43,8129
(1969).

*'A. Johansson, P. Kollman and S. Rothenberg. Theorer. Chim.
Acta 29, 167 (1973).

“*M. Perricaudet and A. Pullman, FEBS letters 34, 222 (1973).

*Tables of Interatomic Distances. Supplement, The Chemical
Society, Special Publication No. 18 (1965).

*Handbook of Chemistry and Physics, 45th Edn. The Chemical
Rubber, Cleveland (1964).

N. L. Owen, Internal Rotation in Molecules (Edited by W. J.
Orville-Thomas), Chap. 6. Wiley, l.ondon (1974).

?R. E. Marsh and J. Donohue, Advanc. Protein Chem. 22, 236
(1967).

*R. J. Abraham and P. Loftus, J. Chem. Soc. Chem. Comm. 180
(1974).

“R. G. Azrak and F. B. Wilson, J. Chem. Phys. 52, 5299 (1970).

*'M Sundaralingam and E. F. Putkey, Acta Cryst. B26, 790 (1970);
A. Mostad and C. Romming, Acta. Chem. Scand. B28, 1161
(1974).

“B. Beagley, Molecular Structure by Diffraction Methods, Vol. 1.
Chap. 2. The Chemical Society, l.ondon (1973).

G E. Wilson, private communication.

“B. Pullman in Ref. 13, p_ 55,



