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shifts with surface Lewis acidity must await the results of ad-
ditional thermal desorption studies.

Conclusions

We have demonstrated that trimethylphosphine is a useful
NMR probe molecule for acid site characterization of zeolites
and, most likely, of catalytic surfaces in general. When tri-
methylphosphine is adsorbed on a 400 °C calcined H-Y zeolite,
both [(CH,);P-H]* species and, depending on desorption con-
ditions, physisorbed (CH,),P are detected. Clear evidence for
a phosphonium ion is found from well-resolved Jp_y coupling.
Calcination of H-Y at 500 °C and above gives rise to a number
of additional *!P resonances that can be assigned to Lewis sites.
These results support the concept of a heterogeneous Lewis site
distribution in calcined H-Y zeolites. A resonance that can be
ascribed to a (CH,;);P/Al,O; complex is noted at 500 °C and
above, providing independent evidence to support the previous
findings of Freude et al.2?®® Poorly resolved coupling for another

(41) Lozos, G. P.; Hoffman, B. M. J. Phys. Chem. 1974, 78, 2110.

species in the 500 °C calcined sample provides evidence for a site
that coordinates (CH,);P both to a proton and a Lewis acid. This
type of site may be responsible for the strongly acidic properties
of zeolites in heterogeneous catalysis.

Thermal desorption studies of the 400 °C calcined H-Y suggest
that there are at least two [(CH,);PH]* complexes: (1) a rather
immobilized phosphonium complex with a chemical shift of 2.3
ppm that dominates the spectrum from the sample degassed at
80 °C for 0.5 h and (2) a mobile phosphonium ion with a chemical
shift of —4.4 ppm which is observed for a sample degassed at 300
°C. The former complex appears to arise from interaction with
3550-cm™ hydroxyl groups and the latter with 3650-cm™ hydroxyl
groups.

Acknowledgment. We thank P. N. Tutunjian, R. A. Kemp,
and T. B. Malloy, Jr., for their valuable comments and discussions.
P. P. Gentempo is acknowledged for expert technical assistance.
This work was supported, in part, by the Robert A. Welch
Foundation under Grant A-257.

Registry No. (CH,),P, 594-09-2; AICL,, 7446-70-0; AL,O;, 1344-28-1.

Vibrational Circular Dichroism in Amino Acids and
Peptides. 9. Carbon-Hydrogen Stretching Spectra of the
Amino Acids and Selected Transition-Metal Complexes

M. Reza Oboodi, Brij B. Lal, Daryl A. Young, Teresa B. Freedman, and

Laurence A. Nafie*

Contribution from the Department of Chemistry, Syracuse University,
Syracuse, New York 13210. Received October 6, 1983

Abstract: Vibrational circular dichroism (VCD) spectra have been obtained in the carbon-hydrogen stretching region for
lactic acid, 21 a-amino acids, 5 bis(amino acid)copper(II) complexes, and a tris(alaninato)cobalt(III) complex. The spectra
of the amino acids, which include most of those that occur naturally, were obtained in D,O without pD adjustment. A common
feature of nearly all of these spectra is a positive VCD bias for the L-amino acids resulting from a broad band associated with
the methine C,*H stretching mode located near 2970 cm™ in the free amino acids. Evidence is presented that associates the
strong positive methine VCD intensity with the presence of an intramolecular hydrogen bond between the ND;* and CO,”
groups in the amino acids. Further intensification of this VCD band in the bis-copper (II) complexes is attributed to increased
bonding strength between the amine and carboxylic acid groups via the transition-metal bonds. The mechanism of positive
VCD intensity enhancement is proposed to arise from a current in a ring that is closed by the intramolecular hydrogen bond
or the transition-metal bonds. The remaining VCD features are associated with the CH stretching modes of the side chains

of the amino acids.

I. Introduction

The solution-state conformation of amino acids is of consid-
erable interest owing to the role that these molecules play in the
determination of the structure and function of small peptides and
proteins. The conformation of an amino acid involves the geometry
of the amine and carboxylic acid groups on the one hand and that
of the side-chain group on the other. The problem of specifying
the various torsional angles describing the conformational degrees
of freedom for amino acids in solution is formidable, although
significant progress has been achieved in recent years by using
NMR spectroscopy.! Vibrational spectroscopy has contributed
qualitatively to the problem; however, neither infrared nor Raman
spectroscopy has yet been used for quantitative determination of
amino acid conformations.?

(1) (a) Thomas, W. A. Annu. Rep. NMR Spectrosc. 1976, 6B, 1. (b)
Bystrov, V. F. Prog. NMR Spectrosc. 1976, 10, 41. (c) Deslauriers, R.; Smith,
I. C. P. Top. Carbon-13 NMR Spectrosc. 1976, 2, 1. (d) Jardetzky, O.;
Rgogl:)erts, 1G C. K. “NMR in Molecular Biology”; Academic Press: New York,
1981; p 143.
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A new approach to the determination of conformational details
in chiral molecules known as vibrational circular dichroism (VCD)
has been developed recently.’ In previous publications we have
reported VCD spectra in the CH stretching region for alanine,
simple alanyl peptides, and serine.* The combination of the
infrared absorption spectrum and the VCD spectrum, where the

(2) (a) Rao, C. N. R. “Chemical Applications of Infrared Spectroscopy”;
Academic Press: New York, 1963; p 480. (b) Parker, F. S. “Biochemical
Applications of Infrared Spectroscopy”; Academic Press: New York, 1970;
p173.

(3) (a) Nafie, L. A.; Diem, M. Acc. Chem. Res. 1979, 12, 296. (b)
Stephens, P. J.; Clark, R. In “Optical Activity and Chiral Discrimination”;
Mason, S. F., Ed.; D. Reidel: Dordrecht, 1979; p 263. (c) Mason, S. F. In
“Advances in Infrared and Raman Spectroscopy”; Clark, R. J. H., Hester,
R. E., Eds; Heyden: London, 1980; Vol. 8, p 263. (d) Keiderling, T. A. Appl.
Spectrosc. Rev. 1981, 17, 189. (e) Nafie, L. A. In “Vibrational Spectra and
Structure™; Durig, J. R., Ed.; Elsevier: Amsterdam, 1981; Vol. 10, p 153. (f)
Nafie, L. A. Appl. Spectrosc. 1982, 36, 489.

(4) (a) Diem, M.; Gotkin, P. J.; Kupfer, J. M.; Nafie, L. A. J. Am. Chem.
Soc. 1978, 100, 5644, (b) Diem, M_; Photos, E.; Khouri, H.; Nafie, L. A. J.
Am. Chem. Soc. 1979, 101, 6829.
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latter provides a new set of vibrational intensities possessing en-
hanced stereochemical sensitivity, serves to increase the infor-
mation content of the vibrational spectra. Although a wide range
of conformations may be consistent with the infrared absorption
spectrum, a much narrower range of conformations will be con-
sistent with both the VCD and the absorption spectrum. We have
recently analyzed the CH stretching VCD spectra of alanine-N-d;,
alanine-C,-d;-N-d;, and alanine-Cg-d3-N-d; in D,O solution and
have found close agreement between the observed relative VCD
intensities and calculated intensities using a localized molecular
orbital model and CNDO wave functions.” This work confirmed
our earlier qualitative assignments*® of the VCD spectrum of
alanine.

We have now extended our VCD studies in the CH stretching
region to include the majority of the naturally occurring amino
acids and a number of amino acid transition-metal complexes.®
The most striking feature that appears in the VCD spectra is a
strong bias toward positive VCD intensity for the L-amino acids.
As a result of this bias and the observation that all of the VCD
spectra exhibit a positive VCD maximum at the observed or
expected location of the C,H methine stretching mode, we recently
proposed a VCD chirality rule for the CH stretching region in
the amino acids and related molecules.’

Furthermore, we have postulated that this chirality rule arises
from a new mechanism for the generation of VCD intensity in
which the methine stretching motion induces an oscillating current
in an intramolecular ring to which it is attached. The oscillating
current then produces a magnetic moment that varies at the
methine stretching frequency. In the amino acids the ring is
formed by an intramolecular hydrogen bond between the amine
and carboxylic acid groups, whereas the two amino acid ligand
bonds close the ring in the transition-metal complexes. Elementary
considerations supported by molecular orbital calculations indicate
that very strong, positive VCD intensity can result from the positive
vector dot product of a magnetic transition moment, m, due to
current flow in a loop including the CO,™ and ND;* functional
groups, with the electric transition moment, g, of the stretching
of the C,H methine bond as illustrated in 1.
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The principal aim of this paper is to describe more fully the
spectroscopic evidence that has led us to propose the methine
chirality rule.” In addition, the proposed mechanism of the rule
will be further examined in the light of recent LMO-VCD cal-
culations for glycine-C,-d,. The correlation of intramolecular
hydrogen bonding with bias in the observed VCD spectra of amino
acids has significance for VCD as a probe of molecular self-as-
sociation and conformation. For example, the presence of a
ND,;*-CO,™ hydrogen bond places constraints on the equilibrium
torsional angle of the CO,™ group, which in turn has an influence
on the conformational behavior of the amino acid side chain.

A secondary aim of this paper is to formulate a basis for the
interpretation of VCD in the CH stretching region of amino acids
and their transition-metal complexes. This formulation involves
two contributions to the VCD: a broad positive methine stretching

(5) (a) Diem, M.; Polavarapu, P. L.; Oboodi, M.; Nafie, L. A. J. 4Am.
Chem. Soc. 1982, 104, 3329. (b) Lal, B. B.; Diem, M.; Polavarapu, P. L;
Oboodi, M.; Freedman, T. B.; Nafie, L. A. J. Am. Chem. Soc. 1982, 104,
3336. (c) Freedman, T. B.; Diem, M.; Polavarapu, P. L.; Nafie, L. A. J. Am.
Chem. Soc. 1982, 104, 3343.

(6) Oboodi, M. R. Ph.D. Thesis, Syracuse University, 1982.

(7) Nafie, L. A.; Oboodi, M. R.; Freedman, T. B. J. Am. Chem. Soc. 1983,
105, 7449,
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contribution and a perfect following contribution arising from the
VCD of the side-chain and methine C,H stretching vibrations.
The latter involves consideration of the rotameric distribution of
the side chain about the C,~C; bond as ascertained from NMR
studies.

II. Experimental Section

VCD spectra were obtained by using a dispersive grating instrument
that has been described previously.#® Spectral resolution in the CH
stretching region was 12-14 cm™. Absorption spectra were collected by
using a Nicolet 7199 FT-IR spectrometer at 4-cm™ resolution and are
displayed as double-beam absorbance spectra with the D,0O background
subtracted from the primary result. VCD base lines were established by
comparing the VCD traces of the L enantiomer to that of the corre-
sponding D enantiomer. The base line for alanine-Cg-d; has been de-
scribed previously.*®

The amino acids were obtained from standard commercial sources. In
the case of glycine, the enantiomers (S)-(-)-glycine-C,-d, and (R)-
(+)-glycine-C,-d, were prepared enzymatically,® starting from glycine-d,
and glycine-d,, respectively. The Cu(II) complexes were prepared and
purified according to published procedures.” The Co(III) complex was
also prepared® according to previous work,!? the (A)a’ isomer being
separated from other spatial isomers by column chromatography. The -
free amino acids and the Cu(II) complexes all contain labile protons, and
samples were first exchanged twice with D,O before sampling in a var-
iable path length cell.**

III. Results

In Table I we list the frequency and intensity of the spectral
maxima for the VCD and absorption of the free amino acids and
lactic acid. We note that all VCD maxima are positive, except
for glycine-C,-d,, and that they occur in a range between 3 X 107
and 16 X 10* L cm™ mol™.. The absorbance maxima vary over
a relatively wide range between 2 and 100 L ¢cm™ mol™. Also
listed are estimates of the net VCD area in the CH stretching
region, referred to as the VCD bias, the solubilities of the amino
acids,!! and percentages of rotamer populations about the C,—Cg
bond where this is relevant or known from NMR studies.!?2*

The VCD bias is significant because it is an indicator of vi-
brational motion of electronic charge that does not perfectly follow
the nuclear motion. Perfect nuclear following by electronic charge
is embodied in the fixed partial charge (FPC) model,? and this
model gives nearly zero VCD bias for a set of vibrational modes,
like the hydrogen stretching vibrations, that do not couple sig-
nificantly with other vibrational modes.*®®¢ The FPC model thus
predicts a local sum rule of nearly zero for VCD intensity in the
CH stretching region. Such a sum rule is clearly not obeyed for
the amino acids and is not required by VCD models®-? that allow

(8) Besmer, P.; Arigoni, D. Chimia 1968, 22, 494,

(9) Yasui, T. Bull. Chem. Soc. Jpn. 1965, 38, 1746.

(10) Douglas, B. E.; Yamada, S. Inorg. Chem. 1965, 4, 1561.

(11) “Handbook of Chemistry and Physics”, 55th ed.; CRC Press:
Cleveland, 1974; p C743.

(12) Ogura, H.; Arata, Y.; Fujiwara, S. J. Mol. Spectrosc. 1967, 23, 76.

(13) Kainosho, M.; Ajisaka, K.; Kamisaka, M.; Murai, A. Biochem. Bio-
phys. Res. Commun. 1968, 64, 425. Kainosho, M.; Ajisaka, K. J. Am. Chem.
Soc. 1975, 97, 5630.

(14) Martin, R. B.; Mathur, R, J. Am. Chem. Soc. 1965, 87, 1065.

(15) Fujiwara, S.; Arata, Y. Bull. Chem. Soc. Jpn. 1963, 36, 578.

(16) Cavanaugh, J. R. J. Am. Chem. Soc. 1967, 89, 1558.

(17) Hansen, P. E.; Feeney, J.; Roberts, G. C. K. J. Magn. Reson. 1975,
17, 249,

(18) Cavanaugh, J. R. J. Am. Chem. Soc. 1970, 92, 1488. Weinkam, A.
J.; Jorgenson, E. C. J. Am. Chem. Soc. 1973, 95, 6084.

(19) Fischman, A. J; Wyssbrod, H. R.; Agosta, W. C.; Field, F. H.;
Gibbons, W. A.; Cowburn, D. J. Am. Chem. Soc. 1977, 99, 2953,

(20) Hansen, P. E.; Batchelor, J. G.; Feeney, J. J. Chem. Soc., Perkin
Trans. 2 1977, 50.

(21) Birgersson, B.; Drakenberg, T.; Neville, G. A. Acta Chem. Scand.
1973, 27, 3923.

(22) Ellenberger, M.; Pogliani, L.; Hauser, K.; Valat, J. Chem. Phys. Lett.
1974, 27, 419. Pogliani, L.; Ellenberger, M.; Valat, J. Org. Magn. Reson.
1975, 7, 61.

(23) Abraham, R. J.; McLauchlan, K. A. Mol. Phys. 1962, 5, 195, 513.

(24) Deutsche, C. W.; Moscowitz, A. J. Chem. Phys. 1968, 49, 3257.
Deutsche, C. W.; Moscowitz, A. J. Chem. Phys. 1970, 53, 2530. Schellman,
J. A. J. Chem. Phys. 1973, 58, 2882. Schellman, J. A. J. Chem. Phys. 1974,
60, 343.
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Table I. VCD and Infrared Absorption Maxima, VCD Bias, Solubility, and C,—Cz Rotomeric Conformational Distribution for the Amino Acids

and Lactic Acid

Degs X 10%, 5pa,  VCD bias® X 109,

solubility? I 11 I11°

émax’ l’l'ﬂ 33

axs
L-amino acid Lem? mol? em™ %2 Lem?mol?!  Lom? mol? em™ %2 (H,0,25°C), g/kg (I) ary Iy

glycine-C,-d, ) 3020 -85 5 3020 250

alanine-Cg-d; +5 2970 +200 2 3020 167

alanine +11 2970 +285 14 2995 167

lactic acid +5.2 2920 +380 9 2995 v sol

serine +3 2970 +120 15 2960 422 284 10 62

cysteine +9 2975 +360 8 2955 100 45¢ 17 38

cysteine deuteriochloride +1 3000 +60 10 2950

asparagine +6 2970 +300 8 2955 28 504 12 38

glutamine +6 2970 +325 16 2945 26

phenylalanine +5 2970 +90 12 2940 28 5% 20 28

histidine +5 2985 +275 8 2935 42 48¢ 23 29

valine +7 2975 +175 70 2980 58 (59 (8 17D

leucine +16 2965 +200 100 2970 22 67" 21 12

isoleucine +15 2970 +105 100 2980 345 (50)° (12) (50)

threonine +12 2975 +50 32 2985 v sol 72y @D 0]

allo-threonine +5 2970 +250 31 2990 v so] a7y s 8)

penicillamine +9 2960 +120 38 2990 100

methionine +6 2980 +300 23 2930 56 51 40 9

lysine deuteriochloride +5 2980 +325 37 2950 737

arginine deuteriochloride +5 2970 +275 25 2950 856

proline +7 2990 +455 18 3000 1620 C,exo* C.endo

4-hydroxyproline +9 2990 +320 14 2950 361 C,exo!

allo-4-hydroxyproline +7.5 2970 +340 15 2955 C,exo!

aNet integrated VCD area fAe do. ?Reference 11. °See text for definitions of I, II, IIL, I, I', and III". Primed rotameric forms I, IT, and III’
are listed under the corresponding unprimed heading in parentheses. ?Reference 13. ¢Reference 15; data were obtained at pH ~14. /Reference 17.
gReference 18. *Reference 19; populations I’ and III’ were deteremined by *C chemical shifts and population I’ from coupling constants.
iReference 20. /Reference 21; data were obtained at pD ~2. ¥Reference 22. /Reference 23.

Table II. VCD and Infrared Absorption Maxima and VCD Bias for the Cu(II) Complexes and Co(I1I) Complexes of Amino Acids

Aepay X 104 Drnaxs Ae bias, Aégans Drnaxs
complex L cm™ mol™! cm™? L ¢m™2 mol™! L cm™ mol™! cm™! solvent
bis(L-alaninato)copper(II) +35 2950 +1400 32 2985 D,O
(A)a’-tris(L-alaninato)cobalt(IIT) +25 2955 +1625 33 2950 D,0
bis(L-serinato)copper(II) +15 2950 +900 35 2960 D,O
bis(L-valinato)copper(II) +25 2970 +1625 170 2975 D,0
bis(L-threoninato)copper(II) +30 2980 +1200 75 2980 D,0
bis(L-prolinato)copper(II) +30 2950 +1650 75 2990 D,0

charge flow or currents to arise that do not perfectly follow the
nuclear trajectories.

Solubilities are included in the table because they are relevant
to the ease of recording VCD spectra. The option of increasing
the path length for low-solubility samples is not available due to
a strong absorption of the solvent, D,O, even though we are
working in a window of relatively low background absorption. In
fact, we are unable to obtain the VCD spectra of tyrosine, tryp-
tophan, glutamic acid, and aspartic acid at neutral pD due to their
very low solubilities.

In Table II we provide a similar compilation of results for the
metal complexes. Solubilities were not a problem with the com-
plexes, and NMR data concerning C,—C; rotamer populations
of the Cu(II) complexes are not available due to paramagnetic
line broadening.

In the remainder of this section we will describe three groups
of spectra in a progression toward increasing complexity. By
establishing empirical results and discussing detailed assignments
for the more simple molecules, we will form a basis for drawing
conclusions and identifying trends for subsequent spectra.

Glycine-C,-d, and Alanine-Cs-d;. From the perspective of CH
stretching vibrations, these two molecules each have only a lone
a-methine stretching mode and represent the simplest of the amino
acid spectra. The alanine spectrum has been discussed previously’
and consists of the broad C,H stretching fundamental at 2968

(26) Abbate, S.; Laux, L.; Overend, J.; Moscowitz, A. J. Chem. Phys.
1981, 75, 3161. Moskovits, M.; Gohin, A. J. Phys. Chem. 1982, 86, 3947.

(27) Barnett, C. J.; Drake, A. F.; Kuroda, R.; Mason, S. F. Mol. Phys.
1980, 41, 455.

(28) Freedman, T. B.; Nafie, L. A. J. Chem. Phys. 1983, 78, 83. Freed-
man, T. B.; Nafie, L. A. J. Chem. Phys. 1983, 79, 1104.

(29) Freedman, T. B.; Nafie, L. A. J. Phys. Chem. 1984, 88, 496.

cm™ and three bands at 3015, 2944, and 2894 cm™!, which are
combination bands of the strong antisymmetric CO," stretching
fundamental at 1607 cm™ with the three next lower fundamental
transitions, the symmetric CO,™ stretch at 1410 cm™, and two
methine bending modes at 134] cm™ and 1291 cm™.. As seen
from Figure | the methine C_H stretch fundamental is the only
transition to exhibit a large VCD intensity. Its anisotropy ratio
is quite strong, g = Ae/e = 2.5 X 10™*, A weaker broad negative
VCD band at 3030 cm™ originates in the veo,™ + ven,” com-
bination band with Ae/e ~ -0.4 X 107,

In the same figure, we display the corresponding absorption
and VCD spectra for glycine-C,-d,-N-d;. Again there are four
bands. The C_H stretch fundamental has shifted to higher fre-
quency and appears as a shoulder at 2990 cm™. The combination
bands occur at 3018, 2940, and 2888 cm™! and arise from the same
four mid-infrared fundamentals as in alanine-Cg-d3-N-d;, namely
veo* at 1616 cm™, veo,* at 1413 cm™, and b¢ y modes at 1324
and 1270 cm™. In glycine-C-d,-N-d;, however, the methine C . H
stretching mode exhibits little if any VCD. On the other hand,
the CO,” combination band at 3018 cm™ has nearly doubled in
strength in both absorption and VCD spectra while maintaining
its anisotropy ratio at —0.4 X 10™*. In both alanine and glycine
the intensity of the C H absorption band is ¢ = 2 L em™ mol™".

From Table I we see that these two molecules have widely
differing values for the VCD bias, +200 L cm™2 mol™! for alanine
and -85 L cm™ mol™! for glycine. It follows that the nature of
the electronic charge flow, as distinct from the nuclear motion,
is quite different in these two molecules. Two possible structural
reasons for differences in electronic motion are evident. In glycine,
no charge can flow through the 3-position since it terminates with
a deuterium; however, in alanine the 3-carbon is a branch point
for three additional bonds. A second difference involves the
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Figure 1. VCD and absorbance spectra of (S)-(+)-L-alanine-Cg-d; and
(S)-(-)-glycine-C-d, in D,O. Spectral conditions: alanine, concentration
1.7 M, path length 200 um, Ae uncertainty £0.1 X 107% glycine, con-
centration 2.]1 M, path length 300 um, Ae uncertainty £0.2 X 107

torsional angle of the CO,” group, which may vary over a wider
range or have a different equilibrium position in glycine due to
the absence of the 3-carbon with its greater steric influence. These
points will be addressed further in sections IV and V.

Alanine and Lactic Acid. Both L-alanine-N-d; and L-lactic
acid-0-d, possess an o-hydrogen and three 8-hydrogens. Their
CH stretching absorption and VCD spectra bear a strong similarity
as shown in Figure 2. Their major difference is the position of
the C_H stretching mode, which lies at 2970 cm™ in alanine and
2917 em™ in lactic acid.*f In alanine, this mode is more strongly
mixed with the two antisymmetric methyl modes near 3000 cm™,
whereas in lactic acid the characteristically broad C H band is
more isolated, lying below the symmetric methyl stretch which
occurs near 2950 cm™ in both molecules. The VCD associated
with the symmetric methyl stretch and the Fermi-enhanced methyl
bending overtone in alanine is negative® whereas the sign of these
bands appears to be positive in lactic acid. The change in sign
is attributed to the shift of the methine band from above the
symmetric methyl band in alanine to below it in lactic acid as
discussed in section IV,

The amount of VCD bias is between +250 and +300 L cm™
mol™! in both molecules, which is also close to the value of +200
L cm2 mol™ for alanine-Cg-d3-N-d;. This is strong evidence that
the C,H stretching mode is responsible for the magnitude of VCD
bias. The bias in lactic acid supports the idea of intramolecular
hydrogen bonding between the OD and COOD groups in lactic
acid in analogy to the proposed ND;*-CO,™ bond in alanine. It
is also noteworthy that the VCD spectrum of alanine-C,-d;-N-d;
published earlier® shows methyl CH stretching VCD intensity but
virtually no VCD bias, again implicating the C,H mode as the
source of bias in this region.

Turning to the transition-metal complexes bis(1-alaninato)-
copper(II) and (A)a’-tris(L-alaninato)cobalt(III), we first note
that the broad methine absorption and VCD bands have shifted
from 2970 ¢m™ in alanine to 2950 ¢cm™ in the Cu(II) complex
and 2955 cm™ in the Co(IHI) complex.* There is only weak VCD,
if any, arising from the narrow symmetric methyl stretching
absorption band in this same region for both complexes. The
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spectra have an appearance that is midway between that of alanine
and lactic acid. The metal complex spectra have absorption
intensities that are stronger by a factor of ~3 compared to alanine.
An enhancement factor of 2 is expected for the Cu complex due
to a doubling in the number of alanine units per molecule, and
a factor of 3 for the Co complex. The VCD spectra of the two
complexes are similar in methine intensity, but the VCD couplet
due to the two methyl antisymmetric modes is much larger in the
case of Cu(II) due in part to the increased splitting of these two
modes, as can be seen in their absorption spectra. Due to the
general similarity in the appearance of these VCD spectra to those
of alanine and lactic acid, there apparently is little coupling or
splitting in this spectral region between vibrational transitions on
different ligands. It is also likely that the conformation in alanine
in the complexes is not drastically different from that of the
monomer in solution. It is of interest to note that a shoulder at
~3030 cm™ due to the CO,” combination band can be seen in
the absorption spectrum of alanine and that this shoulder is not
present in the other three absorption spectra in Figure 2 where
this group is not present.

The intensity per ligand of the methine VCD in the Cu and
Co complexes is ~17 X 10 and 12 X 10 L ecm™ mol™, re-
spectively, which is approximately in the range of the value in
alanine-N-d; as determined by curve fitting.’® In the alanine
complexes, however, there is likely less enhancement of the methine
VCD intensity from interaction with the antisymmetric methy!l
modes due to its shift to lower frequency. Compared to the more
isolated methine mode in alanine-Cy-d;- N-d3, the methine modes
in the complexes are very strong indeed. We also note that the
CO, group in the metal complexes is held in an orientation that
is both restricted and comparable to that for our proposed in-
tramolecular hydrogen-bonding mechanism for methine VCD
intensity in the free amino acids.’

From Table IT we note that the VCD bias is 1400 L ¢cm™ mol™
in the Cu(II) complex and 1625 L cm™ mol™ in Co(I1I) complex.
Normalizing to unit ligand bias we have ~700 and ~540 L cm™
mol! in the two complexes, respectively. This implies a stronger
intrinsic methine VCD intensity per alanine in the complexes
compared to free alanine. This in turn is evidence for stronger
vibrationally induced current in a ring that is now closed by the
two transition-metal bonds rather than a hydrogen bond. There
appear to be three factors that could contribute to enhanced VCD
bias due to the intramolecular rings formed by the metal complexes
compared to the free amino acids: (1) increased ring size, (2)
increased strength of the bonds that close the ring, and (3) the
increased numbers of electrons, including d electrons, that could
contribute to a ring current.

Serine and Cysteine. Although both serine and cysteine have
only three CH stretching modes compared to four for alanine and
lactic acid, their spectra are more complex to analyze due to the
existence of rotameric forms about the C,~C4 bond. Three dif-
ferent rotameric forms need to be considered as having distinct
stereochemical contributions to the observed vibrational spectra.
Following earlier conventions,'® we denote these rotameric
structures as

The rotameric distribution of serine (R = OD) has been de-
termined by NMR!*!# where it is found that rotamer III is 60%
populated, I is 30% populated, and II is 10% populated in D,O
at pD 5.0 and room temperature. In the DL crystal only rotamer
III is populated as determined by X-ray diffraction.*® The

(30) Shoemaker, D. P.; Barieau, R. E.; Donohue, J.; Lu, C.-S. Acta
Crystallogr. 1953, 6, 241.
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Figure 2. VCD and absorbance spectra of L-alanine, L-lactic acid, bis(L-alaninato)copper(II), and tris(L-alaninato)cobalt(III) in D,O. Spectral conditions:
alanine, concentration 1.7 M, path length 200 um, Ae uncertainty £0.08 X 1074 lactic acid, concentration 5.5 M, path length 150 um, Ae uncertainty
0.1 X 10 bis(L-alaninato)copper(I1), concentration 0.13 M, path length 300 um, Ae uncertainty £0.3 X 107 tris(L-alaninato)cabalt(III), concentration

0.25 M, path length 250 um, Ae uncertainty £0.2 X 107

distribution for cysteine, measured in basic solution, pD 14, has
been found to be'> 45% 1, 38% 111, and 17% 11. The most common
conformational preference of the amino acids is rotamer I, where
the side group is trans to the bulky CO,™ group; however, other
factors besides steric hindrance may play a role, such as elec-
trostatic attraction and solvent interactions. The preference for

rotamer I1I in serine indicates an electrostatic or hydrogen-bonding
attraction of the OD group for the ND;* group or the CO,™ group
or both. On the other hand, the SD group is bulkier and less
capable of forming strong hydrogen bonds.

The VCD and absorption spectra thus represent composites of
three stereochemically distinct rotamers. Nevertheless, the absence
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Figure 3. VCD and absorbance spectra of L-serine, L-cysteine, L-Cysteine hydrochloride, and bis(L-serinato)copper(Il) in D,O. Spectral conditions:
serine, concentration 3.3 M, path length 200 um, Ae uncertainty £0.1 X 107 cysteine, concentration 0.83 M, path length 200 um, Ae uncertainty £0.8
X 107 cysteine hydrochloride, concentration 0.8 M, path length 200 um, Ae¢ uncertainty £0.8 X 107 bis(L-serinato)copper(II), concentration 0.16

M, path length 200 um, Ae uncertainty +£1.0 X 107,

of splitting or band broadening indicates that the frequencies of
the vibrational modes are relatively unaffected by the rotameric
variation. In Figure 3 we assign the transition in serine at 3030
cm™ to the CO, antisymmetric combination band. The intensity
of this band is the same as in alanine-Cyg-d;-N-d; for both ab-
sorption and VCD. The C,H stretching mode is not resolved but
most likely is associated with the peak VCD frequency at 2970
cm™l. The band at 2895 cm™! is assigned as a Fermi-enhanced
overtone of the 1475-cm™ CH, bending vibration that interacts
with the symmetric CH, stretching mode. The unperturbed ov-

ertone would occur near 2930 cm™ but is lowered in frequency,
while the methylene frequency is raised beyond 2950 cm™ by the
Fermi interaction. Due to the strength of the 2895-cm™ band,
it appears that the unperturbed methylene frequency is close to
2930 cm™! and that a strong interaction has occurred. The positive
VCD shoulder at 2950 cm™ and the positive intensity at 2895 cm™
represent the distributed VCD intensity of this Fermi diad. Fi-
nally, the antisymmetric CH, stretching mode is assigned as the
shoulder in the absorption spectrum near 2990 cm™! and con-
tributes a small amount of positive VCD intensity.
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The assignments for cysteine are similar, but here no Fermi
resonance occurs due to the absence of a CH, bending band near
1475 em™ in the mid-infrared. The CO,” combination can be
seen as a high-frequency shoulder in the absorption, and negative
VCD intensity of the appropriate magnitude and frequency (~
3025 em™) is present. The absorption band at 3010 ecm™ is
assigned to the antisymmetric CH, stretch, while the symmetric
stretch appears at 2955 cm™. Both appear to contribute small
positive VCD intensity, as in serine. The methine stretch is taken
to be located at 2975 em™, corresponding to the maximum of the
VCD spectrum and the absorption intensity filling the gap between
the methylene modes.

The magnitudes of absorption and VCD intensities for serine
and cysteine are strikingly different. The VCD intensity of serine
is only one-third that of cysteine even though the absorption
intensities of serine are twice that of cysteine. The intensities thus
may be quite sensitive to conformational preferences and intra-
molecular interactions since otherwise serine and cysteine would
be expected to be chemically similar. Both VCD spectra are due
predominantly to CH stretching VCD. The factor of 3 increase
in magnitude of peak VCD intensity and VCD bias in cysteine
may be related to the strength of the intramolecular ring current.
It is likely that hydrogen bonding of the OD group within rotamer
IIT alters the nature of the ND;*—CO,™ association in a manner
that reduces or delocalizes the vibrational ring current. This does
not occur in cysteine where an above-average methine VCD is
present; the methine VCD intensity in serine is well below average.

The hydrochloride of cysteine exhibits a remarkably altered
VCD spectrum compared to that of cysteine. The protonation
of the CO,™ group and association of the ND,;* and Cl™ apparently
disrupt the intramolecular bond between the CO,” and ND,*
groups in the free base and lead to the loss of positive methine
VCD intensity. In addition the CO,” combination band and
negative VCD near 3030 ¢cm™! are absent in the hydrochloride.
The remaining VCD intensity has only a small VCD bias and can
be regarded as arising from the coupling of CH stretching motions
of the a-hydrogen and the two B8-hydrogens. Here the C.H
stretching mode contributes negative VCD, and the methylene
modes give positive VCD. Although we have not yet carried out
detailed measurements of VCD as a function of pD, by obtaining
spectra for cysteine and its hydrochloride, we have an indication
that the positive VCD intensity of the C,H mode and the overall
strong positive VCD bias may be lost in the amino acids at low
pD values.

The Cu(1I) complex of serine also shown in Figure 3 exhibits
very similar features to those of free serine, except for the absence
of the negative VCD absorption band at 3030 cm™ due to the CO,”
group. There is an approximate doubling of the absorption in-
tensity in keeping with two serine ligands per complex; however,
the VCD has increased by a factor of 5. Again, the enhancement
of VCD intensity may be due to an enhanced intramolecular ring
current, as pointed out for the alanine complexes. The methylene
modes and the Fermi overtone are also enhanced, indicating
methine stretching character or induced vibrational ring current
for these modes. The increase in the absorption intensity of the
broad band at 2955 cm™! relative to the Fermi band at 2895 cm™
appears to be due to the shift of the methine from 2970 cm™ in
free serine to 2950 cm™ in the complex, again as was observed
in alanine. The VCD maximum accordingly shifts to 2950 cm™!
in the complex. Finally we note that the VCD bias is 900 L cm™
mol™! for the complex or 450 L cm™ mol™! per ligand. The latter
is nearly 4 times the value for free serine. It is also the lowest
bias value of the metal complexes investigated and implicates a
rotameric influence that also results in serine having the smallest
VCD maximum (except glycine) of the free base amino acids
investigated.

Remaining Amino Acids. Spectra of the remaining amino acids
and Cu complexes listed in Tables I and II have been obtained®
but will not be presented here. Due to their increased complexity,
assignments and analyses comparable in detail to those presented
above are not yet possible. Nevertheless, a number of interesting
correlations with structure and conformational preference have
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been noted and these will be the subject of future publications.
The conformations I’, I/, and IV in Table I correspond to amino
acids having only one $8-hydrogen which in turn is trans to NDs*,
H,, and CO,", respectively. The rotameric preferences of these
amino acids are given in parentheses in Table 1.

Briefly, the VCD spectra of asparagine, glutamine, phenyl-
alanine, histidine, valine,” methionine, lysine deuteriochloride, and
arginine deuteriochloride are broad and largely positive. The
hydrochloride component of arginine and lysine is associated with
the amine function on the side chain only and does not disrupt
the VCD bias, as in the case of cysteine deuteriochloride. The
VCD spectra of leucine, isoleucine, threonine, allo-threonine,
pencillamine, proline, hydroxyproline, and allo-hydroxyproline
are in general stronger and more varied in their VCD intensity
patterns.

IV. VCD Calculations

The results of the previous section support the view that the
VCD spectra of the amino acids in the CH stretching region can
be understood in terms of three kinds of contributions: (1) VCD
from the methine C,H stretching vibration alone, (2) VCD from
coupling among the aliphatic CH stretching modes, and (3) VCD
from the combination and overtone vibrations. The first con-
tribution results in the large positive VCD bias observed in all
of these spectra at neutral pD, except glycine, and is proposed
to arise from the ring current mechanism involving an intramo-
lecular hydrogen bond, as discussed previously’ and above. The
second VCD contribution arises from the coupling of the stretching
motions in the various CH bonds among themselves. We assume
that for this contribution, the CH stretching motion in the side
chain does not activate the ring current mechanism and that the
bias of this contribution to the VCD spectrum is near zero. When
the motion of the C_H bond is included, without its ring current
contribution, one obtains a perfect nuclear following description
for this part of the VCD intensity which can be described by the
FPC model.* This model has been shown generally to work well
in the absence of electronic contributions to the vibrational motion
that are distinct from the nuclear motion. The third contribution
to the VCD spectra cannot be accurately calculated by any VCD
model developed to date.”? Reliable correlations between intensities
for overtones and combination bands and theoretical predictions
have only been made in the context of intensity borrowing from
fundamental transitions due to Fermi resonance. In the case of
glycine-C,-d; in Figure 1, however, the VCD appears to arise
directly from the combination bands without the borrowing of
VCD intensity from a more intense fundamental. In fact, the
negative VCD bias for glycine arises primarily from these com-
bination bands, and the VCD is close to zero for the lone, fun-
damental C_H stretching mode.

In order to understand the loss of VCD bias in glycine, as well
as the patterns of VCD superimposed on the C,H methine con-
tributions, that results from coupled CH side-chain motions in
the other amino acids, we have carried out two sets of VCD
calculations. The observed VCD spectra result from the super-
position of bands of varying half-widths and sign. A direct nu-
merical comparison with calculated rotational strengths, which
are proportional to the integrated intensities of individual vibra-
tions, requires a knowledge of band shapes, widths, and positions,
which lies beyond the goal of the present analysis. The calculated
rotational strengths reported here can, however, be qualitatively
compared with the observed sign patterns and sense and degree
of VCD bias.

In the first set of calculations we have extended the LMO-VCD
calculations of alanine that successfully accounted for the observed
VCD bias in L-alanine-N-d; and L-alanine-Cg-d3-N-d; to the C,H
stretching mode of (S)-(-)-glycine-C,-d,-N-d;. After modifying
the alanine force field to fit the observed C H stretching frequency
in glycine, we carried out LMO-VCD calculations as a function
of the CO," torsion angle. The results of these calculations are
given in Table III for three torsion angles. The angle listed as
0° corresponds to an orientation in which one of the oxygens of
CO,™ is directed midway between two opposing amine deuteriums
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Table III. Calculated Infrared Absorption and VCD Intensities for
the C,H Stretching Mode of (.S)-(-)-Glycine-C,-d,-N-d; vs. CO,"
Torsion Angle

torsion angle  rot. strength X 10%,  dipole strength X 10%,

of CO,, deg esu? cm? esu? cm?
0 0.275 2,58
20 0.505 3.00
90 -3.39 3.41

as in the glycine crystal structure, thereby forming a bifurcated
hydrogen bond. In reference to 1 with R equal to deuterium, the
plane of the CO,™ group bisects the DC,H angle as well as the
DND angle of the amine. If the CO, group is rotated clockwise
about the C,~CO, bond by 20° as viewed in 1, a more direct
hydrogen bond is formed with the lower of the hydrogen-bonding
deuteriums in ND,*. This orientation corresponds to that found
in the alanine crystal structure and is that used in the LMO-VCD
calculations for alanine referred to above.>* We notice in Table
III that the rotational strength for glycine increases from a small
positive value at 0° to a somewhat larger positive value at 20°.
These values are approximately an order of magnitude smaller
than those calculated for alanine. If the torsion angle is increased
t0 90° so that hydrogen—bonding interactions with the amino are
minimized, a rather large negative rotational strength is calculated.

Since little if any VCD is observed in the C,H stretching band
of glycine in Figure 1, these calculations are consistent with a
torsion angle near 0°, where the rotational strength is calculated
to be the smallest of the three angles. The torsion angle of 20°,
where hydrogen bonding to a single deuterium is dominant, yields
the larger positive rotational strength, but this value is still small
relative to that for alanine and is also consistent with the ex-
perimental results for glycine. The minimal hydrogen-bonding
orientation at 90° is the least probable orientation according to
these calculations.

As a final point concerning the LMO-VCD calculations of
(S)-(-)-glycine-C,-d,-N-d;, we note that for the same confor-
mation a major difference between this calculation and the
LMO-VCD calculation of L-alanine-Cg-d3-N-d; is the presence
of LMO displacements in the B-carbon bonds of alanine. We thus
attribute the stronger calculated and observed VCD bias in alanine
compared to glycine to be due to the presence of a §-carbon in
the former. In glycine there is only vibrational or nuclear chirality,
whereas in alanine and all the other amino acids in Table I the
presence of a 3-carbon provides a chirality in electronic structure
as well. Apparently, electronic chirality due to the S-carbon is
an important factor in the large magnitude of the positive VCD
bias of the L-amino acids.

In the second set of calculations we have used the FPC model
to determine a perfect following contribution for lactic acid, serine,
and cysteine. As discussed above, these contributions are to be
combined with the positively biased lone methine contribution (and
modified by considerations involving overtones and combination
bands) to obtain a VCD spectrum to be compared with experi-
ment. In a previous publication®® we showed that for alanine the
FPC model predicts a (+—+-) sign pattern from high to low
frequency for the two »cy,* modes, the vc y mode, and the vey,*
mode. The FPC result gives nearly zero bias but the observed
VCD spectrum can be understood as a superposition of the perfect
following pattern (FPC) and the strong, positive C,H ring current
contribution.

A similar VCD result is obtained for lactic acid. In Table IV,
the perfect following pattern determined from an FPC calculation
is seen to yield a (+—+-) contribution; however, in lactic acid
the C,H stretch becomes the lowest frequency mode. Even though
the vc y and vcy, frequencies are reversed compared to those for
alanine, the pattern is still the same. When the positive methine
ring current is included the pattern becomes (+—++), as observed,
and the spectrum is now positively biased. Note that by itself the

(31) Lehmann, M. S.; Koetzl, T. F.; Hamilton, W. C. J. Am. Chem. Soc.
1972, 94, 2657.
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Table IV, Perfect Following VCD Patterns for Coupled CH
Stretching Motions

freq, cm! rot. strength X 10%,
molecule obsd VCD* caled esu? cm?
lacticacid 3010 (vcu,™) 3005 +0.17
2992 (ven,™) 2992 -0.45
2948 (vep,') 2933 +0.76
2920 (ve u) 2914 -0.42
2890 (26cn,)
serine 2990 (vep,™) 2993 +0.81
2970 (v m) 2969 -3.12
2950 (vey,” 2948 +2.30
2895 (26cu,)
cysteine 3010 (ven,™) 3007 +0.54
2975 (ve,m) 2975 -3.61
2955 (ven,) 2960 +3.12
? Vibrational assignments given in parentheses.
H, H, Ho
H, Hyg H;
H 5 HG Hs
m.ethylene‘ methine methyleqe
onhsymmemc symmetric

Figure 4. Results of model calculations of the C,HCzH, fragment for
the rotamer I conformation. The relative phasing of the local CH
stretching moments results from the frequency ordering of the three
normal modes. The projections show for the ordering (vcu,”, ve u, VeH,')
from high to low frequency that the VCD patterin is (+-+). Principal
motions are depicted by heavier arrows than secondary coupled motions.

perfect following contribution possesses nearly zero VCD bias.

By further modification of the alanine (lactic acid) force field,
perfect following simulations have been carried out for serine and
cysteine. The results are provided in Table IV. The calculations
were carried out by substitution of one of the 8-hydrogens in
alanine with a deuterium. The resulting structure possesses two
B-hydrogens and an a-hydrogen, in correspondence to serine and
cysteine. Consideration of the three possible conformers of these
amino acids (I, I, and III as discussed earlier) reveals that I and
IT possess C,HCzH, fragments with opposite chirality, while
conformer III possesses a C,HCgH, fragment that is achiral and
is expected to have only a small perfect following contribution.
Referring to Table I, we see that both serine and cysteine have
a preference for conformer I over I1, and hence the observed VCD
pattern should contain a perfect following contribution corre-
sponding to that of conformer I.

Vibrational analysis yields the relative CH stretching motion
depicted in Figure 4 for both the serine and cysteine simulations.
The FPC VCD results in Table IV can be understood directly from
this figure since only the gauche hydrogens possess a chiral dis-
position. Employing the simple coupled oscillator-like expression
R,s#, X pg for the chiral pairs of hydrogens yields the qualitative
sign pattern (+—+) by inspection, When the methine ring current
contribution is added to this result, the observed VCD pattern
is obtained, namely (+++). As a final step, the negative CO;”
combination band near 3025 cm™! needs to be included.

The VCD spectrum of cysteine deuteriochloride in Figure 3
gives a clear glimpse of the perfect following contribution devoid
of interference from the methine ring current contribution. The
bias is negligible and the (+—+) sign pattern is quite evident. Even
a small negative VCD intensity due to the methine CH stretching
mode (opposite in sign to the ring current contribution) is present.

V. Discussion

The experimental and theoretical results presented above
demonstrate the importance of considering an intramolecular ring
current as a unique source of VCD intensity for the interpretation
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of amino acid spectra in the CH stretching region. Such a ring
current is induced by the motion of the C H stretching mode and
is sustained by an intramolecular association (hydrogen bond or
transition-metal bridge) between the carboxylic and amine
functional groups, both of which are attached to the a-carbon.
The remaining VCD features due to fundamentals can be ex-
plained qualitatively in terms of a perfect following contribution
of CH stretching modes involving the side-chain and a-carbon
hydrogens.

A variety of specific points can be enumerated that collectively
imply that the conformation of the amino acids in neutral pH (pD)
must allow an intramolecular hydrogen bond to form between the
zwitterionic CO,” and ND,* groups. The evidence for such a bond
consists of the following: (1) a positive VCD bias for all of the
amino acids, except glycine-C-d;, at neutral pD, (2) the
strengthening of VCD bias for the transition-metal complexes,
(3) the similarity of VCD patterns for the Cu complexes and the
free amino acids and the stereochemical similarity of the amino
acid conformations in the complexes to the proposed hydrogen-
bonded conformation, (4) LMO-VCD calculations of alanine-
N-d,, alanine-C,-d,-N-d;, and glycine-C,-d,-N-d, that are con-
sistent with a hydrogen-bonding orientation of the CO,™ group,
(5) the loss of VCD bias for cysteine deuteriochloride where
intramolecular hydrogen bonding may be disturbed at low pD,
(6) the strength of absorption and VCD intensity for combination
bands involving the CO, stretching modes and C,H bending
modes (vide infra), and (7) NMR rotameric preferences about
the C,~C; bond that show small populations for conformer II,
where the bulky substituent occupies space that would be sterically
hindered by the non-hydrogen-bonding oxygen in CO,” when the
entire group is in a hydrogen-bonding orientation.

The first five points in this list have already received extensive
discussion, whereas the last two points merit further consideration.
We have noted earlier that strong combination bands contribute
to the VCD spectra of glycine-C-d,-V-d; and alanine-Cyg-d;-N-d;
that arise from the antisymmetric CO, stretch and the C,.H
bending modes. With the CO,™ group in a position to form a
hydrogen bond with the amine, a degree of w-overlap will occur
between the C_H bond and the #-orbital on the CO, carbon atom,
as depicted in 2.

Rotation of the CO,™ group away from this orientation sharply
reduces this overlap and its source of electronic and vibrational
coupling. It can be seen that CO stretching motion that causes
the carboxylic carbon to move with respect to the C,H bond
changes the w-overlap and allows coupling with the C H bending
motions.

The sources of absorption and VCD intensity of the combination
bands in the 3000-cm™ region can be further understood from
studies of the mid-infrared fundamentals in alanine from which
the combination bands arise. The antisymmetric CO," stretching
mode, which contributes to all three combination bands, is by far
the most intense infrared fundamental. The normal coordinate
analysis for alanine, referred to above, closely fits the frequencies
of five alanine isotopomers. The calculated nuclear trajectories
for alanine-N-d; show a 10-20% contribution of methine bending
to the carboxylate modes at 1607 and 1409 cm™ and a corre-
sponding 10-20% contribution of carboxylate stretching to the
methine bending modes at 1337 and 1291 ecm™. Due to this
mixing, it is more probable that large anharmonic terms in the
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potential are present to provide significant intrinsic intensity for
combination bands involving these four modes.?> We have further
observed?? that the sign of the VCD of the methine bending modes
in alanine-N-ds, 1337 (=) and 1291 cm™ (+), is the same as that
of the corresponding combination band VCD in glycine, 2940 (-)
and 2888 cm™ (+). Most probably, the negative VCD intensity
of the »eo, + vcq,”* band derives from the coniribution to this
combination mode of methine bending, rather than the motion
of planar CO,".

The glycine VCD spectrum provides the first observation of
overtone or combination band VCD in the CH-stretching region
that clearly does not derive from Fermi resonance borrowing from
a fundamental. Such intrinsic VCD contributions can occur in
this region in other molecules as well and should be considered
when interpreting CH-stretching VCD spectra.

For the last point in the list we note from Table I that NMR
data support the following general conclusions. The rotameric
populations of the amino acids display a consistency to place,
whenever possible, 8-hydrogens trans to the ND,;* and to avoid
the placement of bulky substituents in that position. It is inter-
esting to note that this preference is consistent with a CO,™ torsion
angle in which one oxygen points toward the ND,* group (forming
a hydrogen bond) and the other by necessity points back in a
manner that sterically interferes with substituents on the #-carbon
that are trans to the ND;* group.

While the terms intramolecular hydrogen bond and vibrationally
induced ring current are rather specific in their description of the
VCD mechanism that we have proposed, a more quantitative
measure of their strength and spatial extent has not been presented.
Clearly such a refinement would be of considerable interest in
relation to this new VCD intensity mechanism as well as a more
detailed understanding of the conformational details of amino acids
in solution. A major question of theoretical interest that needs
to be resolved is the extent to which electronic current density
moves around the ring during the vibrational motion. Due to the
circular nature of such motion, is there a component of the current
that travels around the ring without changing the electron density
anywhere in the ring? Since the LMO model describes electronic
current in terms of displacements of centroids of charge, how
completely can the LMO describe ring currents? Recently we
developed a new approach to the calculation of VCD intensities
that involves the application of non-Born-Oppenheimer vibronic
coupling expressions for the calculation of VCD intensities.* It
is our expectation that these new theoretical expressions will
provide the means to answer the provocative questions posed above
regarding the nature of electronic ring currents in amino acids
and related molecules.

In order to further resolve remaining conformational and
mechanistic details in the amino acids additional experimental
and theoretical work is necessary. In particular VCD spectra as
a function of pD and other transition metals will reveal useful data
relating to conformation and to the ring current mechanism.
Direct calculations of vibrationally induced currents* will answer
the questions posed above regarding the nature of ring currents.
And finally, selective deuteration of side-chain hydrogens will
simplify the VCD spectra of the more complex amino acids and
lead to an improved relation between VCD and rotameric popu-
lations about the C,~C; bond.

Although the hypothesis of a ring current mechanism as an
explanation for the VCD intensity bias observed in the CH
stretching region of the amino acids and related molecules is so
far consistent with experiment, it must be pointed out that we have
not yet proven that ring currents are the actual source of the effect.
Until theoretical calculations have been performed which dem-
onstrate that ring currents are present and responsible for the VCD
bias and until other possible VCD mechanisms, such as the di-
pole-induced dipole mechanism,* are ruled out, the concept of

(32) Marcott, C.; Faulkner, T. R.; Moscowitz, A.; Overend, J. J. Am.
Chem. Soc. 1977, 99, 8169.

(33) Chernovitz, A.; Nafie, L. A., unpublished results.

(34) Nafie, L. A.; Freedman, T. B. J. Chem. Phys. 1983, 78, 7108. Nafie,
L. A. J. Chem. Phys. 1983, 79, 4950.
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vibrationally induced ring currents must remain a working hy-
pothesis and a conceptual model. It can be stated, however, that
more recent data obtained in our laboratory continue to be con-
sistent with the ring current hypothesis.
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Abstract: The intramolecular selectivity of the electrophilic reactions of Et*, i-Pr*, and Me,F* cations with substituted anilines,
including m-toluidine, m-anisidine, and m- and p-fluoroaniline, has been investigated in the dilute gas state at pressures ranging
from 100 to 720 torr by a radiolytic technique, complemented by chemical ionization mass spectrometry. The results indicate
an appreciable kinetic bias for the nitrogen atom, leading to predominant N-methylation by Me,F*. The reactivity of the
carbenium ions is complicated by the simultaneous occurrence of proton transfer, in particular to the NH, group, which increases
the relative extent of ring alkylation. The positional selectivity is characterized, aside from the usual orienting effects of the
substituents, by the enhanced reactivity of the ring positions ortho to an n-type substituent, irrespective of its activating or
deactivating properties. The effect is traced to the preliminary formation of an electrostatic adduct between the aniline and

the gaseous electrophile.

The current interest in gas-phase ionic reactions is largely
associated with their recognized value as simplified and generalized
models of the corresponding processes occurring in solution. In
particular cases, experiments carried out in the dilute gas state
may even represent the only practicable approach to the mech-
anistic study of specific reactions. A case in point is the attack
of electrophilic carbon on aromatic amines, whose conventional
study in solution is complicated by the ionization of the NH, group
promoted by the acids used as reactants or catalysts in Friedel-
Crafts reactions. As a consequence, the very nature of the sub-
strate is affected, which largely precludes the mechanistic study
of alkylation of free anilines.!

A recent paper from this laboratory has reported a radiolytic
and mass spectrometric study of the alkylation of the model
substrate, C¢HsNH,, with simple cations in the dilute gas state.?
The radiolytic approach proved particularly useful, providing direct
information on the positional selectivity of the substitution
measured under conditions of kinetic control, a feature of para-
mount relevance to allow meaningful comparison with solution-
chemistry studies. It should be noted in this connection that the
results obtained with structurally diagnostic mass spectrometric
techniques, e.g., MS/MS, have been found to reflect thermody-
namic, rather than kinetic, control.?

The present paper reports extension of the study to substituted
anilines, namely m-toluidine, m-anisidine, and m- and p-fluoro-
aniline, to focus the role of n-type substituents in dictating the

(1) See for instance: Stock, L. M.; Brown, H. C. 4du. Phys. Org. Chem.
1973, 1, 35.

(2) Attind, M.; Cacace, F. J. Am. Chem. Soc. 1983, 105, 1122,

(3) Wood, K. V.; Burinsky, D. J; Cameron, D.; Cooks, R. G. J. Org.
Chem. 1983, 48, 5236.

positional selectivity of the gas-phase alkylation and to gather
additional evidence on the direct partecipation mechanism sug-
gested by previous results.>*

The reagents used, i.e., Et*, i-Pr*, and Me,F* ions, have been
obtained respectively from the radiolysis of CH, (or C,Hg), C;Hg,
and CH;F, according to a technique extensively applied to the
study of gas-phase aromatic substitution, whose principles and
results have been recently reviewed.’

Experimental Section

Materials, The gases uses were research grade products from Math-
eson Gas Products Inc., with a stated purity of 99.99 mol %. Fluka AG
and Merk Co. were the source of the amines. m-Toluidine, m-anisidine,
and m- and p-fluoroaniline were research-grade chemicals and were
freshly redistilled before use, m-anisidine being further purified by
preparative GLC. The alkylated anilines used as reference standards in
the analysis of the products by GLC and GLC/MS were obtained from
Fluka AG or synthesized according to unexceptional procedures.

Procedure, The gaseous samples were prepared by conventional
vacuum techniques in a greaseless system as described elsewhere’® and
enclosed in sealed 250-mL Pyrex ampules. The -y irradiation was carried
out to a total dose of 2.5 Mrad, delivered at the rate of 1.06 Mrad h™,
in a 220 Gammacell from Nuclear Canada Ltd., within a thermostat set

(4) Participation of an n-type substituent in gas-phase aromatic substitution
has been suggested originally by the following: (a) Attind, M.; Giacomello,
P. Tetrahedron Lett. 1977, 2373, (b) J. Am. Chem. Soc. 1979, 101, 6040.
Predominant ortho substitution has been reported in the gas-phase alkylation
of anisole and phenol: (c) Attind, M.; Cacace, F.; Ciranni, G.; Giacomello,
P. J. Am. Chem. Soc. 1977, 99, 4401; (d) J. Chem. Soc., Perkin Trans. 2,
1979, 891; (e) Pepe, N.; Speranza, M. J. Chem. Soc., Perkin Trans. 2, 1981,
430; (f) Attind, M.; de Petris, G.; Giacomello, P. Tetrahedron Lett. 1982, 34,
3525.

(5) (a) Cacace, F. Radiat. Phys. Chem. 1982, 20, 99 and references
therein. (b) Speranza, M. Gazz. Chim. Ital. 1983, 113, 37.
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