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’ INTRODUCTION

R-Amino acids play an essential role in life. They not only
participate in a plethora of physiological events, but also con-
stitute the building blocks of peptides and proteins. The side
chain diversity of the twenty genetically coded R-amino acids
together with their intrinsic conformational flexibility make
possible the wide variety of shapes and functions exhibited by
proteins. The statistical analysis of crystallized proteins has
yielded a great deal of information about the conformational
preferences of R-amino acids when incorporated into peptide
chains.1 In comparison, much less is known about the conforma-
tional behavior of these building blocks considered as individual
entities bearing the amino and carboxylic acid functionalities in
the nonderivatized neutral form (NH2, COOH). In condensed
phases, amino acids are known to exist as ionized species.
Moreover, in such environments, the ubiquitous intermolecular
contacts may mask the structural properties inherent to the
molecule under study. Therefore, only the gas phase provides
adequate conditions to investigate the intrinsic structural proper-
ties of neutral amino acids.

Gas-phase studies are yet hampered by the difficulty to vaporize
high-melting-point solids that, like amino acids, undergo thermal
decomposition. Laser ablation (LA) has emerged as an attractive
alternative to surmount the limitations associated to classical
heating methods.2 We have successfully applied this vaporization
technique in combination with molecular-beam Fourier transform
microwave (MB-FTMW) spectroscopy to delineate the conforma-
tional profile of different nonvolatile biologically relevant com-
pounds, including several coded R-amino acids: alanine,3 valine,4

leucine,5 isoleucine,6 proline,7 serine,8 cysteine,9 threonine,10 and
aspartic acid.11 Our LA-MB-FTMW system12 combines the ad-
vantages of laser-based vaporization and rotational spectroscopy in
the environment of virtual isolation provided by a supersonic jet.
An extremely high sensitivity and resolution is thus attained, as
illustrated by the detection of some 15N and 13C species at natural
abundance.7b,13,14 Furthermore, rotational spectroscopy is particu-
larly suitable to study the conformational propensities of flexible
molecules since it yields accurate structural information for each
individual conformer present. Prior to our investigations, structural
determinations of gaseous R-amino acids by microwave spectros-
copy were limited to glycine15 and alanine.16

Although much work remains to be done in this field before
the conformational landscape of all proteinogenic R-amino acids
is known, the picture corresponding to those containing a
nonfunctionalized aliphatic side chain is now complete. The
coded aliphaticR-amino acids (including Gly) display a common
structural profile governed by the hydrogen-bonding interactions
established between the COOH and NH2 moieties. Thus, all
glycine,15 alanine,3,16 valine,4 leucine,5 and isoleucine6 have been
shown to exist in the gas phase as a mixture of two conformers
characterized by backbone geometries that are almost completely
independent of the side-chain size (some variations are observed
for glycine, vide infra). In all cases, the more populated form
(I, Figure 1) exhibits a cis arrangement of the COOH group and a
bifurcated hydrogen bond linking both amino hydrogen atoms to
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ABSTRACT: The natural nonproteinogenic R-amino acid 1-aminocy-
clopropanecarboxylic acid (Ac3c) has been vaporized by laser ablation
and studied in the gas phase by molecular-beam Fourier transform
microwave spectroscopy. Comparison of the experimental rotational
and 14N nuclear quadrupole coupling constants with the values predicted
ab initio for these parameters has allowed the unambiguous identification
of three Ac3c conformers differing in the hydrogen bonding pattern. Two of them resemble those characterized before for the coded
aliphaticR-amino acids. Remarkably, a third conformer predicted to be energetically accessible for all of these amino acids but never
observed (the so-called “missing conformer”) has been found for Ac3c, close in energy to the global minimum. This is the first time
that such a conformer, stabilized by an N�H 3 3 3O(H) hydrogen bond, is detected in the rotational spectrum of a gaseous R-amino
acid with a nonpolar side chain. The conjugative interaction established between the cyclopropane ring and the adjacent carbonyl
group seems to be responsible for the unique conformational properties exhibited by Ac3c.
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the carbonyl oxygen (N�H 3 3 3OdC). The higher-energy con-
former detected (II, Figure 1) is stabilized by a hydrogen bond
between the nitrogen lone-pair electrons and the hydroxyl group
(N 3 3 3H�O), which requires a trans-COOH unit.

A third type of hydrogen bond can be formed within the
amino acid backbone, namely that with the hydroxyl oxygen
acting as the hydrogen-bond acceptor (N�H 3 3 3O�H). In
fact, conformers stabilized by this interaction (III, Figure 1)
have been predicted to be energetically accessible for all coded
aliphatic R-amino acids3�6,15,16 but never observed by micro-
wave spectroscopy. Conformers I and III differ mainly in the
orientation of the COOH group, which is rotated by ca. 180�
around the CR�C(O) bond. Interconversion between them
may therefore occur, provided that the energy barrier is low
enough. Accordingly, the failure to detect type III conformers in
the jet-cooled rotational spectra of coded aliphatic R-amino
acids (indeed, of all R-amino acids with a nonpolar side chain
investigated to date either genetically coded3�6,15,16 or not17,18) has
been attributed to conformational relaxation to the more stable I
form during the cooling process associated to the supersonic-
jet expansion.3�6,15e,16�19 An argument supporting this hypoth-
esis is the observation of type III species in serine,8 cysteine,9

threonine,10 and aspartic acid11 as a consequence of the hydro-
gen-bonding interactions established between the polar groups
in the side chain (OH/SH/COOH) and those in the main chain.
One may wonder whether the existence of a functionalized side
chain able to form hydrogen bonds with the backbone is a
prerequisite for the existence of conformer III in the cooled
rotational spectrum of an R-amino acid. We hypothesized that
R-amino acids lacking a polar side chain but exhibiting structural
features leading to hindered rotation about the CR�C(O) bond
would also present a III form amenable to detection. The
nonproteinogenic 1-aminocyclopropanecarboxylic acid, known
in the abbreviated form as Ac3c, was selected to check the validity
of this statement.

Ac3c is a naturally occurring R-amino acid endowed with
outstanding biological and pharmacological properties.20 More-
over, when included into peptide chains, Ac3c and its derivatives
bearing additional substituents in the ring have shown remark-
able conformational properties.21 Such a structural behavior
presumably stems from the electron-donating capacity associated
to the cyclopropane ring. The three-membered carbocycle has
long been known for its ability to act as aπ-electron donor and to
conjugate with adjacent electron-acceptor centers such as multi-
ple bonds, aromatic rings, and carbenium ions.22 The earliest
evidence for this phenomenon was obtained almost one century
ago from the reactivity23 and UV spectra24 of compounds
containing a cyclopropane ring linked to a carbonyl group. The
models for cyclopropane bonding proposed by Coulson and

Moffitt,25a and Walsh25b in the late 1940s stimulated the
investigation of the factors that affect the conjugative ability
of the three-membered ring, involving mainly carbonyl-derived
π-acceptors (COX) and with special emphasis on the spatial
requirements. Spectroscopic studies26 as well as the analysis of
X-ray structures27 of a large number of carbonyl-substituted
cyclopropanes provided conclusive evidence that this interac-
tion is highly dependent on conformation. Electron transfer
from the cyclopropane ring to the carbonyl substituent requires
efficient overlapping of the interacting orbitals, and this has
been shown to be maximal when the plane defined by the COX
system bisects the three-membered cycle. This orientation
corresponds to the so-called s-cis (synperiplanar) and s-trans
(antiperiplanar) bisected conformations (Figure 2), which
differ in a 180� rotation about the CR�C(O) bond. In the
intermediate position, the two orbitals systems are orthogonal
and overlapping is minimal.

According to electronic effects, the s-cis and s-trans bisected
conformations should be equally favored for COX substituents.
Numerous experimental and theoretical studies on the simplest
carbonyl-substituted cyclopropane, cyclopropanecarboxaldehyde28

(X = H), have shown that this compound exists in the two
bisected forms, with the s-trans conformer being slightly more
stable (energy differences generally not exceeding 100 cm�1 have
been described). Comparison with the behavior exhibited by
cyclopropanecarboxylic acid28h,i,29 (X = OH) and cyclopropyl
methyl ketone28k,30 (X =Me) suggests that it is the steric demand
of the X group that accounts for the predominance of one of the
bisected forms. It has been established that the bulkier the X
group, the higher the preference for the s-cis conformation. Thus,
the s-cis population increases in the series COH < COOH <
COCH3. For the two latter substituents, the s-trans conformer is
destabilized by about 350 and 700 cm�1, respectively. In
cyclopropanecarboxylic acid, both the s-cis and s-trans bisected
forms present a cis arrangement of the COOH group. Most
importantly, conjugation between the three-membered cycle and
the carbonyl substituent not only restricts the orientations
allowed to the substituent to the bisected conformations but
also hinders rotation about the CR�C(O) bond. Torsional
energy barriers in the neighborhood of 2000 cm�1 have been
reported for the compounds mentioned28�30 and for other
simple carbonyl-substituted cyclopropanes investigated.31 The
aforementioned structural features made us consider Ac3c a
promising candidate for detection of the III conformer depicted
in Figure 1.

Figure 1. Different conformer types that can exist in R-amino acids
according to the intramolecular hydrogen bonds established between
the amino and carboxylic acid groups. Those detected by microwave
spectroscopy for the coded aliphatic R-amino acids (I, II) are
encircled.

Figure 2. Schematic representation and Newman projections along the
C(O)�CR bond illustrating the relative orientation of the cyclopropane
ring and the carbonyl substituent in the s-cis and s-trans bisected
conformations. The CdO bond is eclipsed with the bisector of the
cyclopropane Cβ�CR�Cβ0 angle in s-cis and with the CR�H bond in
s-trans.
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’EXPERIMENTAL SECTION

The LA-MB-FTMW spectrometer has been described in detail
elsewhere.10,12b A sample of Ac3c (mp 231 �C) was obtained as
previously reported.32 This compound has recently become available
from commercial sources. Finely powdered Ac3c was mixed with
minimum quantities of a commercial binder and pressed to form
cylindrical target rods. The rods are accommodated in a special pulsed
injection nozzle located at the backside of one of the mirrors forming the
Fabry-P�erot resonator. The molecules are vaporized with 532 nm green
pulses (∼10 ns) of a Q-switched Nd:YAG laser focused to give
irradiances ca. 108 W cm�2. The ablation products are seeded in an
inert gas stream and entrained into a vacuum chamber, where they
expand supersonically to form a molecular beam between the mirrors of
the Fabry-P�erot resonator. Neon at stagnation pressures ca. 5 bar was
used as the carrier gas with nozzle openings of 0.3�0.7 ms. A microwave
pulse of 0.2�0.4 μs (1�30 mW) is then applied to the center of the
resonator through a coaxial antenna to cause the macroscopic polariza-
tion of the molecules in the beam. The emission signal produced upon
molecular relaxation (free-induction-decay, FID) is recorded in the time
domain and subsequently Fourier-transformed to the frequency domain
to obtain the rotational spectrum. Due to the collinear arrangement of
the supersonic jet and the resonator axis, each line of the spectrum
appears as a Doppler doublet. The frequencies of the rotational
transitions are calculated as the arithmetic mean of the two Doppler
components. The accuracy of the frequency measurements is estimated
to be better than 3 kHz.

’RESULTS AND DISCUSSION

Theoretical calculations have been used to identify the most
stable structures of Ac3c and to predict their molecular properties
relevant for the analysis of the rotational spectra. The three
conformations in Figure 1, differing in the orientation of the
amino and carboxylic acid groups and the hydrogen-bonding

interactions connecting them, were considered as starting geo-
metries. Full geometry optimizations were performed using
second-order Møller�Plesset perturbation theory in the frozen
core approximation with a Pople’s 6-311++G(d,p) basis set.33

This level of theory has been proven to satisfactorily predict the
molecular properties of amino acids in our previous studies. The
spectroscopic parameters calculated for the three low-energy
conformers of Ac3c are listed in Table 1, where their geometries
and relative energies are also shown. The Cartesian coordinates
of all atoms in the principal inertial axis system are given in the
Supporting Information. Calculation of relative stabilities was
improved by including the zero-point vibrational contributions
derived using the B3LYP functional in the harmonic approxima-
tion. Conformer I was predicted to be the global minimum, with
II and III exhibiting relative energies of 411 and 119 cm�1,
respectively. Accordingly, the gaseous equilibrium mixture of
Ac3c should contain significant amounts of all three conformers.
Moreover, all of them should be amenable to detection, as non-
negligible values have been predicted for their electric dipole
moment components along at least one inertial axis (Table 1).
However, it should be born in mind that similar considerations
regarding energy accessibility and dipole moment values applied
to the I, II, and III conformers characterized theoretically for the
coded aliphatic R-amino acids studied before, yet the latter form
eluded experimental detection in all cases.3�6,15,16 The same
holds true for the R-amino acids bearing a nonpolar side chain of
nonproteinogenic nature investigated to date.17,18

The conformational searches in the microwave spectra were
next performed using the calculated spectroscopic parameters in
Table 1 as a guide. In particular, the rotational constants (A, B, C),
which depend on the mass distribution and geometry, and the
14N nuclear quadrupole coupling constants (diagonal elements
χaa, χbb, χcc), which reflect the chemical environment around

Table 1. Molecular Properties of the Low-Energy Conformers of 1-Aminocyclopropanecarboxylic Acid (Ac3c) Calculated
ab Initioa

aOptimized structures at the MP2/6-311++G(d,p) level of calculation. bA, B, and C are the rotational constants; χaa, χbb, and χcc are the
14N nuclear

quadrupole coupling constants (diagonal elements of the quadrupole coupling tensor); μa, μb, and μc are the electric dipole moment components.
c 1 D ≈ 3.3356 � 10�30 C m. dUncorrected for zero-point vibrational energies. eRelative electronic energies including B3LYP/6-311++G(d,p)
harmonic zero-point vibrational energies.
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the nitrogen nucleus, are invaluable tools for conformer
identification.10 Additionally, the microwave power required
to optimally polarize a certain conformer and the intensity of
the transition lines observed should be consistent with the
calculated magnitude of the electric dipole moment compo-
nents along the principal inertial axes (μa, μb, μc).

According to the data in Table 1, rotational spectra with Je 8
in the 4�12 GHz region were expected for the three Ac3c
conformers. The search started on the basis of the predictions
made for the II form. The large value of its μa electric dipole
moment component (Table 1) should result in an intense
rotational spectrum. Initial surveys soon identified the character-
istic μa-type R-branch 20,2r10,1 and 21,2r11,1 rotational transi-
tions. These measurements were extended to other μa- and μb-
type R-branch transitions, which led to the assignment of a first
rotamer for Ac3c. No transitions obeying μc-type selection rules
could be observed, indicating a very small or zero electric dipole
moment component along the c axis. The absence of μc-type
transitions and the low microwave power needed for optimal
polarization of the μa- and μb-type transitions pointed to the
detection of conformer II. Apart from the instrumental Doppler
effect doubling, all measured transitions were split into several
close hyperfine components attributable to the nuclear quadru-
pole coupling interaction originated by the presence of a 14N (I=1)
nucleus. This confirmed that the spectrum was generated by a
molecule containing a single nitrogen atom. All measured
transitions were fitted using the Hamiltonian H = HR

(A) + HQ,
where HR

(A) represents the Watson’s A-reduced semirigid rotor
Hamiltonian34 and HQ is the nuclear quadrupole coupling
interaction term.35 The Hamiltonian matrix was directly
diagonalized36 to yield the spectroscopic parameters listed in
the second column of Table 2. The experimental rotational
constants obtained matched nicely with those predicted ab initio
for conformer II (Table 1), thus providing further support for its
identification. However, definitive confirmation of the identity of
this conformer came from the agreement between the measured
and calculated 14N nuclear quadrupole coupling constants
(Tables 1 and 2). The latter parameters are extremely sensitive

to the orientation of the amino group with reference to the
principal inertial axes and provide independent guidance for
conformer discrimination.

Once the analysis of conformer II was concluded, the spec-
trumwas surveyed for additional species. After long scans, a set of
μb-type R-branch transitions of a second rotamer exhibiting the
expected 14N nuclear quadrupole coupling hyperfine patterns
was readily assigned. No transitions following μa- or μc-type
selection rules could be detected, suggesting negligible dipole
moment components in these directions, as predicted for the
type I form (Table 1). The analysis of the rotational transitions
measured was performed using the same Hamiltonian and
provided the parameters given in the first column of Table 2.
Comparison of the experimental rotational and nuclear quadru-
pole coupling constants obtained for this rotamer with the
calculated values in Table 1 allowed the unequivocal identifica-
tion of conformer I.

In our previous studies of R-amino acids containing a non-
polar side chain,3�6,17,18 no transitions attributable to other
conformers remained in the spectra after the assignment of
rotamers of the I and II types. We were pleased to observe that
this was not the case in the present work. The search was pursued
since a significant number of transitions, presumably belonging
to conformer III, still remained unassigned in the rotational
spectrum of Ac3c. After discarding the lines corresponding to the
I and II forms, μa- and μb-type R-branch transitions of a third
rotamer were assigned. The observation of 14N nuclear quadru-
pole coupling hyperfine structures confirmed the presence of a
nitrogen-containing species. Analysis of the rotational transitions
yielded the parameters listed in the third column of Table 2. The
good agreement between these data and the predicted rotational
and 14N nuclear quadrupole coupling constants in Table 1
provided the definitive proof to identify the new rotamer as III.
It is worth noting that unambiguous discrimination between the
I and III species could not have been done on the basis of the
rotational and 14N nuclear quadrupole coupling constants alone,
since both conformers present a similar distribution of the heavy
atoms and an identical orientation of the amino moiety. Accord-
ingly, the two forms should exhibit close values for the rotational
and nuclear quadrupole coupling constants, as in fact was
predicted ab initio and found experimentally (Tables 1 and 2).
However, the different magnitude of the dipole moment com-
ponent along the a axis calculated for the I and III conformers is
in accordance with the detection of μa-type transitions only for
the latter and unequivocally verifies the assignment made.

No transitions imputable to other conformers were left
unassigned in the rotational spectrum of Ac3c. A full list of the
transition frequencies measured for the three rotamers is pro-
vided as Supporting Information.

Therefore, the so far called “missing conformer” for its ability
to elude detection in apparent contradiction to the theoretical
predictions, has finally been observed in the jet-cooled rotational
spectrum of anR-amino acid containing a nonpolar side chain. As
mentioned above, the type III conformer was predicted to be
energetically accessible for all aliphatic R-amino acids investi-
gated but never observed.3�6,15�17 Its elusiveness has been
attributed to conformational relaxation to the more stable I form
during the supersonic expansion.3�6,15e,16�19 Thus, it has been
proposed that the III conformer is actually populated in the initial
equilibrium mixture formed but disappears during the strong
cooling associated to the adiabatic expansion. Such a cooling
process is expected to bring all species initially present in the

Table 2. Experimental Rotational Parameters of the Three
Conformers Observed for 1-Aminocyclopropanecarboxylic
Acid (Ac3c)

parametera I II III

A/MHz 3973.82253(93)b 3951.76469(89) 4026.9318(12)

B/MHz 2656.29291(47) 2678.63298(43) 2618.61756(57)

C/MHz 1838.42702(39) 1844.94862(33) 1831.11726(53)

ΔJ/kHz 0.234(17) 0.245(13) 0.241(22)

Pc/uÅ
2 21.2684 (5) 21.3158 (5) 21.2497(7)

χaa/MHz �4.4849(17) �3.4242(13) �4.6145(21)

χbb/MHz 2.9016(27) 1.8420(22) 2.9396(36)

χcc/MHz 1.5832(27) 1.5822(22) 1.6748(36)

σ/kHz 1.7 1.7 2.0

N 24 36 24
aA, B, and C are the rotational constants; ΔJ is the quartic centrifugal
distortion constant; Pc = 1/2 (Ia + Ib � Ic) is the planar moment of
inertia, conversion factor: 505379.1 MHz uÅ2; χaa, χbb, and χcc are the
14N nuclear quadrupole coupling constants (diagonal elements of the
quadrupole coupling tensor); σ is the rms deviation of the fit; N is the
number of fitted transitions. b Standard error in parentheses in units of
the last digit.
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mixture to their ground vibrational states but some local minima
may concomitantly collapse to lower-energy forms if they are
separated by affordable barriers (a threshold value of 400 cm�1

has been proposed for systems involving one degree of freedom
at room temperature37). Other plausible explanations for the
failure to detect III are a low population in the beam or a very
small dipole moment or a combination of both factors making
this conformer fall below the detection limit. However, this is
rather unlikely considering the theoretical predictions and the
extremely high sensitivity of our instrument. The possibility that
computations greatly overestimate the stability of this conformer
type cannot be completely discarded but seems little probable.
The fact that conformers of the III category predicted to be
thermally accessible have actually been detected8�11 in R-amino
acids bearing a polar side-chain able to establish hydrogen bonds
with the backbone provides an argument in favor of conforma-
tional relaxation. The observation of III in Ac3c further supports
the existence of this species in the pre-expansion equilibrium
mixture of other aliphatic R-amino acids. Furthermore, it verifies
our initial hypothesis that type III conformers can be detected in
the absence of polar substituents.

The observation of the III conformer in Ac3c is highly
remarkable but not completely unexpected according to the
considerations in the Introduction section. Relaxation from the
III to the I form involves rotation around the CR�C(O) bond
and this conformational change should be highly restricted in
Ac3c due to conjugation between the cyclopropane ring and the
carboxylic acid. We have studied theoretically the interconver-
sion between the I and III forms of Ac3c at the MP2/6-311+
+G(d,p) level of theory. A barrier around 2000 cm�1, centered at
the position where the interacting cyclopropane and carbonyl
orbitals are perpendicular, has been encountered (Figure 3). This
value is in line with those reported for other carbonyl-substituted
cyclopropanes28�31 and high enough to preclude interconver-
sion between the I and III conformers of Ac3c. In comparison,
energy barriers below 400 cm�1 have been calculated for the
CR�C(O) torsion associated to the III f I conversion in
aliphatic R-amino acids previously studied.3,17,19

The detection of the III Ac3c conformer also proves that
hampering relaxation from the III to the I form may be achieved
through side-chain to main-chain interactions different from
hydrogen bonding. Prior to the study of Ac3c, the conformational
landscape observed for all of the R-amino acids investigated,
independently of their coded or noncoded character or their side-
chain nature, was found to be the consequence of the hydrogen

bonds established between the polar groups in themolecule. This
is the first occasion on which interactions other than hydrogen
bonding are shown to be responsible for the stabilization of a
particular conformer type in an R-amino acid. It is worth
mentioning that in our studies of β-alanine38 and γ-aminobutyric
acid,39 i.e., the glycine homologues bearing one or two additional
methylene groups in the backbone respectively, some confor-
mers were found to be stabilized by an interaction between the
amino and carbonyl groups different from hydrogen bonding,
namely of the n f π* type. Therefore, the analysis of Ac3c has
allowed the characterization of an intramolecular force able to
govern the conformational propensities of the backbone not
detected before in the ensemble of amino acids (of the R, β, or
γ type) studied in the gas phase.

Notably enough, the presence of the cyclopropane moiety is
more effective in hindering the III f I relaxation process than
hydrogen bonding has proven to be in the polar R-amino acids
investigated (serine,8 cysteine,9 threonine,10 and aspartic acid11).
In fact, the number of type III conformers predicted to be
thermally accessible for such compounds is superior to that
observed (note that the presence of a polar side chain increases
the number of energy minima for a given backbone arrangement
and therefore various conformers of the I, II, and III categories
have been characterized as low-energy minima for these amino
acids). This suggests that precluding rotation about the CR�
C(O) bond through the intramolecular hydrogen-bonding net-
work generated by the presence of a polar side chain is effective in
a limited number of cases. Moreover, the energy barriers
hindering the III f I relaxation in such positive cases10,11 were
estimated to be around 1000 cm�1, that is, substantially inferior
to that calculated for Ac3c (Figure 3). It should be noted that
partial relaxation has been observed38 between conformers of
β-alanine separated by a barrier of 1000 cm�1. Accordingly,
conjugation between the cyclopropane ring and the carboxylic
acid is the most effective interaction in hindering the CR�C(O)
torsion, and therefore the III f I conformational relaxation,
among those detected to date in R-amino acids. Indeed, for the
very first time in our investigations, the number of conformers
observed in the jet-cooled rotational spectrum of an amino acid
does comprise all of the energetically accessible forms corre-
sponding to the equilibrium distribution predicted by ab initio
computations.

The relative abundances of the Ac3c conformers detected in
the supersonic jet have been obtained considering the intensities
of four μb-type R-branch transitions measured for all three
(20,2 r 11,1, 21,2 r 10,1, 31,3 r 20,2, and 30,3 r 21,2). The
intensities of these lines should be proportional to the concen-
tration of each species in the beam scaled by the corresponding
μb electric dipole moment component (Table 1). On this basis,
the approximate population ratio has been estimated to be I: II:
III = 6: 1: 3, which is in good agreement with the relative energies
calculated ab initio (Table 1). Furthermore, no variation in the
line intensities was observed when argon was used instead of
neon as the carrier gas. This result reinforces the idea that no
conformer interconversion occurred since heavier gases are
known to favor this process.37 It should be emphasized that
Ac3c is the only amino acid investigated so far by these methods
for which conformational relaxation can be discarded.

The conjugation established between the three-membered
cycle and the adjacent carbonyl group also influences the
geometry of the Ac3c conformers. For the three species detected,
there is an excellent agreement between the measured and calculated

Figure 3. Profile of the interconversion between the I and III con-
formers of Ac3c through rotation about the CR�C(O) bond calculated
at the MP2/6-311++G(d,p) level.
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rotational constants. Thus, scale factors ranging from 0.997 to
1.003 bring the predicted parameters in Table 1 into coincidence
with the experimental ones in Table 2, which means a maximum
deviation of 0.3%. This indicates that the actual geometries of the
Ac3c conformers very close resemble those calculated ab initio
(Table 1). All of them present a Cs symmetry, with the backbone
heavy atoms lying on the plane that bisects the cyclopropane ring.
The experimental value obtained for the planar moment of
inertia Pc (Table 2), which reflects the mass contributions out
of the ab inertial plane, is consistent with that expected for a Cs

symmetry in all three conformers, with two equivalent out-of-
plane cyclopropane methylene groups and amino hydrogens.
The nonobservation of μc-type transitions is also consistent with
a Cs symmetry, for which a zero electric dipole moment
component along the c axis is expected (Table 1).

Although the geometry of the Ac3c conformers could be
regarded as a direct consequence of the nonchiral nature of the
molecule, the structure of rotamer III deserves particular com-
ment. Its Cs symmetry cannot be attributed to the symmetrical
character of the cyclopropane side chain since the Cs symmetry
exhibited by the I and II forms in glycine is not maintained in the
type III conformer. Thus, the glycine I and II conformers have
been shown to present a planar heavy-atom skeleton, whereas
the III form is predicted to be nonsymmetrical, with the
N�CR�CdO dihedral angle deviating significantly from pla-
narity (a CR�C(O) torsion near 30� has been calculated40). A
similar pattern applies to the chiral aliphatic R-amino acids
studied,3�6,17 although in these cases the I and II forms are
characterized by a quasi-planar heavy-atom backbone (deviations
slightly above 10� have been observed for alanine3) and a higher
deformation from planarity is predicted for III. It ensues that the
geometry of conformers I and II in glycine is related to the
symmetrically substituted R carbon but clearly another factor
operates in the III species that is responsible for the distortion
from the planar framework.

The amino group acts as a hydrogen-bond donor in both the I
and III minima (Figure 1). In the former case, a bifurcated
interaction is established with the carbonyl oxygen whereas only
one amino hydrogen is linked to the hydroxyl oxygen in III. The
different orientation of the lone-pair orbitals of each oxygen type
could be at the basis of the different relative arrangement adopted
by the hydrogen-bond donor and acceptor in these species. If such
is the case, then optimization of the hydrogen-bond interaction
should be responsible for the different geometry regarding back-
bone planarity displayed by the I and III conformers in the aliphatic
R-amino acids so far studied. It appears that the III Ac3c conformer
does not follow this trend and this distinct behaviormay be ascribed
again to the conjugative ability of the cyclopropane ring. Optimiza-
tion of the hydrogen bond in III apparently requires torsion around
the CR�C(O) angle which, in the case of Ac3c, implies the devia-
tion of the carbonyl group from the preferred bisected conforma-
tion (Figure 2) and a concomitant less efficient overlap of the
cyclopropane and carbonyl interacting orbitals at a high energy cost
(asmuch as 500 cm�1 for a 30� torsion; Figure 3). It seems that the
energy penalty associated to deviation from the bisected position is
superior to that derived from a less favorable hydrogen-bond
geometry and, as a consequence, the III conformer in Ac3c retains
the planar backbone geometry and the symmetrical bifurcated
hydrogen bond encountered in the I form. TheCs symmetry of the
III species in Ac3c can thus be viewed as a further proof of the
conjugative interaction established between the three-membered
cycle and the contiguous carbonyl group.

From the above discussion, it becomes apparent that not only
the detection but also the shape of the III Ac3c conformer is
particular. The cyclopropane unit clearly exerts a large influence
on the structural propensities of Ac3c, in contrast to the aliphatic
side chains previously studied. Ac3c is indeed the first R-amino
acid investigated in the gas phase in which a nonpolar side chain
is seen to be a major determinant of the backbone structure.

At this stage, one may wonder about the role played by the
amino group in the conformational propensities observed for Ac3c
apart from its participation in hydrogen bonding. The question
arises as to whether any specific interaction between the amino
group and the cyclopropane ring could be responsible, to a certain
extent, for the conformational behavior exhibited by Ac3c. In
contrast to the well-established capacity of the three-membered
carbocycle to donate electron density to π-acceptors,22,26,27 its
interaction with electron-rich substituents like the amino group
is more complex and not completely understood.22b,27,41 Cyclo-
propylamine has been shown to exist as a mixture of two confor-
mers.41,42 The lowest-energy form is characterized by a symmetrical
structure, in which the two N�H bonds are staggered with respect
to the cyclopropane bonds and the nitrogen lone-pair orbital points
toward the cycle.41,42 This arrangement corresponds to that en-
countered in the I and III conformers of Ac3c. The minor
cyclopropylamine conformer is about 700 cm�1 higher in energy
and presents the amino group rotated by ca. 130�with respect to the
preferred orientation.42b,c,g Although conjugative interactions were
initially invoked42a to explain the structure of the dominant
conformer, the finding that the energy barriers associated to torsion
around the N�C angle are similar in cyclopropylamine and
isopropylamine42c provided a solid argument against the existence
of π-electron transfer from the amino to the cyclopropane bonds.
The structure of cyclopropylamine is currently assumed to be
mainly the consequence of minimization of the repulsive interac-
tions between the electron-rich regions in the molecule.

While the orientation of the amino group in the I and III
conformers of Ac3c corresponds to that predominating in
cyclopropylamine, that in II is not among those characterized
as energy minima for the parent compound. It seems, therefore,
that the amino group in Ac3c is able to adopt conformations that
are not favorable in the absence of the neighboring carboxylic
acid. In comparison, the marked propensity of cyclopropanecar-
boxylic acid to adopt a bisected conformation (Figure 2) is
strictly maintained in Ac3c, even when, as seen for the III
conformer, this implies a less favorable geometry for the intra-
molecular hydrogen bond. Thus, the conformational propensi-
ties of cyclopropanecarboxylic acid prevail over those of
cyclopropylamine. In fact, the role played by the amino group
in Ac3c does not seem to differ much from that observed in other
R-amino acids and no evidence has been found for it being
responsible for the structural singularities observed for Ac3c.
Accordingly, such structural features should be ascribed exclu-
sively to the cyclopropane-carbonyl conjugation. The fact that
the II Ac3c conformer is higher in energy than I and III may be
due to the less favorable orientation of the amino group with
respect to the cyclopropane ring discussed above but also to the
trans arrangement of the COOH group (Figure 1), which is
known to be much less favorable than the cis state.43

’CONCLUSIONS

Three different conformers have been detected in the rota-
tional spectrum of 1-aminocyclopropanecarboxylic acid (Ac3c).
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Their structure has been unambiguously assigned by comparing
the values observed experimentally for the rotational and quad-
rupole coupling constants with those provided by ab initio
calculations. Their relative abundances in the cooled jet are
coincident with those predicted theoretically, suggesting that the
conformer distribution has been preserved during the expansion.

The side chain plays a primary role in driving the conforma-
tional properties of Ac3c. This is in sharp contrast with the
behavior exhibited by the aliphatic R-amino acids studied before
bymicrowave spectroscopy. Thus, a type III conformer stabilized
by an N�H 3 3 3O�H hydrogen bond has been observed for the
first time among R-amino acids devoid of a functionalized side
chain. Moreover, this Ac3c conformer is almost isoenergetic with
the global minimum (I) and interconversion between them is
hindered by an extremely high energy barrier. The fact that the III
conformer detected presents Cs symmetry is also striking. The
conjugative interaction established between the cyclopropane
ring and the adjacent carbonyl group appears to be at the basis of
the particular structural features of Ac3c.

This is the first R-tetrasubstituted R-amino acid characterized
in the gas phase by rotational spectroscopy. However, the distinct
conformational behavior observed for Ac3c should be ascribed to
the conjugative ability of the cyclopropane ring rather than to its
R-tetrasubstituted character, although a simultaneous influence
of both factors cannot be discarded. Studies to discern to which
extent R-tetrasubstitution may affect the conformational pro-
pensities of R-amino acids are in progress.

Although the conformational preferences determined for gas-
eous Ac3c in this work are not expected to be strictly maintained
when incorporated into a peptide chain, the results obtained help
understand the particular structural behavior observed for peptides
containing cyclopropane R-amino acids. They also constitute a
valuable proof that nonproteinogenic amino acids may display
conformational features different from that characterizing the
coded R-amino acids and therefore be useful in the design of
peptides with singular structural properties.
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