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Experimental studies of peptide bonds: Identification of the C3
conformation of the alanine dipeptide analog N-acetyl-alanine
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Rotational spectra of the biomimetic molecule, alanine dipeptide and the ddeN{&°N,)
isotopomer have been observed using a pulsed-molecular-beam Fourier transform microwave
spectrometer. The spectra reveal tunneling splittings from the torsional mode structure of two of its
three methyl rotors. The torsional states assigned includeAdrstate and twdAE-states(i.e., AE

and EA) for each isotopomer. TheAA-states are well-fit toA-reduction asymmetric-

rotor Hamiltonians. The “infinite-barrier-limit” rotational constants of th&\, isotopomer are
A=1710.97(8) MHz,B=991.89(9) MHz, andC=716.12(6) MHz. TheAE-states are analyzed
independently using “high-barrier” torsion-rotation Hamiltonians, vyielding observed-
minus-calculated standard deviations<0400 kHz. The fits improve substantial(y>100-fold for

the °N, isotopomey when analyzed in ap-axis frame wherep,=p.=0. The best-fit
torsion-rotation parameters provide accurdtebarriers andC; rotor axis angles for both methyl
groups. The observed angles are shown to uniquely correlate with those calculated for the acetyl and
amide methyl groups in th€S® conformational form. The/; barriers of the amide and acetyl
methyl groups are 84(8) cm ! and 98.42) cm ! for the'*N, and 84.11) cm ! and 98.6%8) cm™*

for the °N, isotopomers, respectively. These results are in good agreement with prior geometry
optimizations and with curren¥; barrier calculations which predict tHg5® conformation as the
lowest energy form in the gas phase. Under certain conditions, the spectrum is dominated by
transitions from a thermal decomposition product formed by dehydration of alanine dipeptide. This
molecule is tentatively identified as 3,5-dihydro-2,3,5-trimett®@{) 4H imidazole-4-ongCAS
registry #32023-9391 © 2003 American Institute of Physic§DOI: 10.1063/1.1528898

I. INTRODUCTION Gas-phase experiments, in which AAMA is isolated
from nearest neighbor interactions, are necessary for under-
N-acetyl-alanine N’-methylamide (AAMA) and standing the intrinsic conformational preferences of AAMA
N-formyl-alanine amidgFAA) serve as models for protein and how these may be influenced by solvent environments.
conformation studiés® because they possess two peptideResults from isolated-molecule experiments can be directly
bonds, and like polypeptides and proteins, the backbone comompared taab initio theoretical predictions. Some experi-
formation is determined by the orientation about the N—-C mental evidence for the presence of both @8 and theCs
and C—C” single bondgthese torsional angles are denotedconformations of isolated AAMA comes from gas-phase
¢ and ¢, respectively. Ab initio calculations consistently electron-diffraction experimenfsThese results, however,
identify the C$ conformation ¢p=—86° andy=79°) (Ref.  were tightly constrained to minimum-energd initio struc-
3) as the lowest energy backbone structure of the dipeptideures at relatively low levels of theory (HF/6-31% Inter-
analogs. This structure, shown in the top panel of Fig. 1, iestingly, recent calculations and liquid-crystal NMR experi-
characterized by a seven-membered ring stabilized by eents indicate that hydrogen bonding by four bridging water
strained, 2.22 A intramolecular hydrogen bond from themolecules may cause the polyproline Il conforma-
amide nitrogen to the carbonyl oxygen; the alandg is  tion (P,; ¢=—85° and#=160°) of AAMA to become
equatorial to the ringAb initio calculations also predict that predominant®
the C5 conformation ¢p= —156° andy=161°) is between Rotational spectroscopy is a proven technique for con-
1.7 and 7.4 kJ mol* above theCS9 minimum, depending on former identification and molecular structure determination.
the basis set and level of thedrffhe lower panel of Fig. 1 Different conformational isomers have unique, and often
shows that the€s structure has a much more strained amide-very different, moments of inertia and give rise to separate
to-carbonyl-oxygen hydrogen bond forming a five- rotational spectra. Even structural isomers in conformation-
membered ring. Other conformers of AAMA are estimated toally challenging systems can be distinguished by rotational
be more than 10 kJ mot above theCS® structure. spectroscopy, as illustrated by investigations of 1-pentene

0021-9606/2003/118(3)/1253/13/$20.00 1253 © 2003 American Institute of Physics

Downloaded 06 Jan 2003 to 129.6.168.150. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpoljcpcr.jsp



1254 J. Chem. Phys., Vol. 118, No. 3, 15 January 2003 Lavrich et al.

AAMA(14N ) formers differs from that of the amino acids. Spectra have

2 been observed for only one conformation of alaninamide,

b valinamide, and prolinamide. These structures have intramo-

C © T T}, lecular hydrogen bonds from the amide to the amine groups
¥ e Qa1 and are analogous to the higher energy amino acid confor-

mation. Two conformations have recently been detected from
leucinamide. Each retains the amide-to-amine hydrogen
bonding scheme with differences occurring in the orientation
of the isobutyl side chain. The amide-to-amine conformer is
preserved in the alaninamide—water comgtéxyhere the
water interacts with the amide group, accepting a hydrogen
bond from the amide and donating one to the carbonyl oxy-
gen. A rotational spectrum and structure have also been re-
ported recently for the cyclic dipeptide, diketopiperazine.
The backbone of the isolated molecule adopt€.asym-
metrical boat conformation, in contrast to the planar configu-
ration observed in the crystal phaSe.
The extensive theoretical interest in the AAMA model
b dipeptide and the limited experimental data characterizing
05 the structure of the isolated molecule warrant a thorough
LN P spectroscopic investigation. We have undertaken this spec-
® ' troscopic study to identify and characterize the conforma-
I @ tion(s) of AAMA using microwave spectroscopy. While con-
// formational identification is commonly made by means of

&ﬂ\\ /‘s n % isotopic labeling, in this study, we have taken a different
c =

A

yo

‘ \ approach. The structure of AAMA contains three methyl
® | ’@ groups, two of which cause torsion-rotation splittings in the
@ microwave spectrum by virtue of having loWs barriers.

@ The analyses of these spectra have enabled determinations of
two sets of angles that define the three dimensional orienta-
tions of the methyl groupsC5 axes in the principal inertial

FIG. 1. Ab initio structures of the€¥ (top) and theC (bottom conforma-  frame. These angles are shown to be unique taQffecon-

tions of AAMA. The Ramachandran angleg,and , define the different formational structure of AAMA and provide a structural

conformations. Tunneling splitting are observed only for theand T,  jdentification without the need for isotopic labeling.

methyl groups. In general, the methyl torsional level structure when re-

solved can make isotopic substitution analyses difficult and

subject to error. Rotational constants, for example, when
used to obtain substitution coordinates require corrections for

Y

through 1-dodecent: ! Rotational spectra have been as-
signed to four of the five low-energy 1-pentene conforrters . . .

and seven of the thirteen 1-hexene conforntnsp to 15 the effects of torsion-rotation interactions even Pestates
unique conformer spectra have been assigned for 1-obteneflt 10 _etz)ffectw?hazym_meltnc rotto:j I-_|am||ton|ans._He;re|n],ctwe
With sufficient isotopic data, rotational spectroscopy can alscgjescr' € _methods implemented n a convenient sottware

7 “ H 1 ” H H
precisely determine structural features such as bond Iength@terfaeé for the "high-barrier” rotational analysis of tha-

bond angles, and torsional angles. The torsional angles thgpd E-torsional states for molecules possessing one or more

define the different 1-pentene conformations, for example',”mathyl rotors.
were determined to within=0.5°.

.The s.tructu_res.of an increasi!wg nu_mbe.r of amino acid.s"' EXPERIMENT
amino acid derivatives, and peptide mimetics have been in-
vestigated by rotational spectroscopy. Spectra have been re- During the course of this work, several samples of
ported for two conformations of the amino acids gly¢hé®  AAMA from different chemical manufacturers were used.
and alaniné? The conformers can be characterized by theirFor the initial survey scans of AAMA, the sample purity of a
intramolecular hydrogen bonds. The lowest-energy conforcommercial sample (Chem-Impex Internationd) was
mational isomer has an intramolecular hydrogen bond fron>99% and used without further purification. For a number of
the amine to the carbonyl oxygen while the second isomeother experiments, a second commercial saniplCHEM
has an acid-to-amino-nitrogen hydrogen bond. Extensive isdBiosciences, Iné®) was also used at a stated purig99%.
topic substitution has been employed, and the structures dfhe >N and**C substituted compounds were custom synthe-
both conformations of glycine are now accurately known.sized as described below. To obtain sufficient vapor pressure
Rotational spectra of the amino acid derivativesprior to expansion, the nozzle reservoir was heated from 180
alaninamide®  prolinamide?*  valinamide?>  and  to 200 °C. Most amino acid and peptide related compounds
leucinamidé® indicate that the energy ordering of their con- can be somewhat unstable under elevated temperature con-
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. and excess NaOH. Intermediate compounds were character-
= Dlehydra“_on Product ized by FTIR and FTNMR(300 MH2) spectroscopy. The
2 plus Alanine Dipeptide final product was purified by repeated vacuum sublimations.
£
£
£ \ lll. THEORY
g - L_ l A < A Wl . .
- The molecular structure of AAMA contains three in-
_ Alanine Dipeptide equivalent methyl groups. For sufficiently low torsional bar-
. H riers, the pure rotational spectrum will contain additional
= splittings from (i) the torsional level structure andi)
T — torsional-overall rotational angular momentum coupling. The
14.0 15.0 16.0 torsion-rotation Hamiltonians appropriate to such problems

have been given before in both principal-axis and internal-
axis frames for one top->3two equivalent tops?—>¢ two
. . 8 .
FIG. 2. FTMW spectrum observed using a brass reservoir nozzle wherdl€guivalent top¥ and n-tops”® attached to an asymmetric
transitions from the dehydration product dominant. The lower spectrum obmolecule. For a single rotor, each torsional levelill split
served using a glass coated reservoir consists almost entirely of transitiongtg an A- and doubly-degeneraEstate in the absence of
from AAMA. . L . . .
rom torsion-rotation interactions. The number of split torsional
states increases to five for two inequivalent rotors, Ad.,

N ) AE-, EA-, and twoEE-states and to 14 for three rotofsAA-,
ditions and AAMA appears to be no different. In a number OfAAE, AEA., EAA, two AEE, two EAE-, two EEA., and
the experiments performed here, decomposiiiardehydra-  foyr EEEstates. Fon-methyl tops, torsion-rotation interac-
tion occurred when the sample was heated. Furthermore, thg)ns will lift the 2X-fold degeneracy of thé\, (E,, k=1

custom synthesized isotopomers appeared to contain smade|s to give a total of Bstates for each rotational state pair,
amounts of two impuriFies which gave rise to additional_line§|Jy|K|>_ Whereas kinetic coupling interactions between the
in the spectrum. Their spectra were also assigned in th'ﬁmneling rotors may be important for th&, E,, k=2
work and will be reported elsewhere. The thermal decomporeyels, there will always be onk,-state anch A, _,E-states
sition of AAMA was essentially eliminated by using a \yhere these interactions will be absent. For sufficiently high
Silcoste€f-coating on the reservoir nozzle. Figure 2 showsparriers, these states may be fit independéftiihe analysis
the spectrum from 14 to 16 GHz that was obtained usir_lg alf the A,_,E-state spectra can provide accurate structural
uncoated reservoir where the dehydration product dominateg, g pertaining to principal axis orientation of the réspas
(top trace and the coated reservofbottom tracg where gl as the torsional barrier height. The close proximity of

only transitions from AAMA are present. ~ two or more methyl groups may require higher-order terms
The rotational spectra were recorded using the Fouriery, the Fourier expansion of the torsional potential for an

transform - microwave (FTMW) spectrometers at NIST, accyrate description of the barriéfsGiven the large geo-
which are described in detail elsewhé?e” Survey scans  metrical separation of the methyl groups in AAMAY. Fig.

were recorded by averaging the digitized free induction deq) e shall assume the contributions of these higher-order
cays for 10-50 nozzle pulses followed by Fourier transforyerms are negligible.

mation at consecutive 500 kHz intervals. Uninterrupted e “high-barrier” Hamiltoniaf®** has been used suc-

scans covering 1 to 4 GHz intervals were sectioned togethefessfully to fitA- and E-state spectra obtained in both the
over the 12 to 20 GHz spectral region. microwave and UV for a wide variety of asymmetric-top

The molecular beam was produced by a 1.2 mm diampglecules. AAMA has three nonequivalent methyl groups
pulsed valvgGeneral Valve series)®riented parallel to the 5.4 therefore, lacks the elements of symmetry used to sim-

microwave cavity axis. Heated samples of AAMA were ex-plify the Hamiltonians given previously for two equivalent
panded with a mixture of helium and ne¢R0%/80% by  groups attached to asymmetric molecHig® For the general

volume at backing pressures 6#200 kPa. The rotational case ofn rotors, the effective Hamiltonian for tha, tor-
temperature in the expansion under these conditions is typkjonal level is

Frequency in GHz

cally =2 K. n
Isotopically enriched forms of AAMA were prepared HS'=AAPZ+BAPE+CAPZ+ Y X Eogwgy
from the enriched precursor material$N-alanine and k=1 g+g'=ab.c

5N-methyl amine. The synthesis of AAMA isotopomers Aa A a
from alanine followed a route similar to that used to prepare X(PgPg:+Pg Pg) + (4th-order termp @
isotopomers of alaninamié®and prolinamidé* The first where the sum ink runs overn methyl rotors. Here,
reaction, of alanine with acetic anhydride, forms the acetyEqgy)an= F(k)WE,%)(k)pa(k)pb(k), etc. are the coefficients of
group; this step also blocks the amine terminus from actingross terms that function to rotate the inertial frame and
as a nucleophile in subsequent reactions. Next the carboxyliggy=Agyl /14 (3=a,b,c) are structural parameters de-
acid was esterified witlp-nitrophenol and the coupling re- fined in terms of the moments of inertia of the methyl group,
agent dicyclohexylcarbodiimide. Finally, AAMA was formed 1), the whole molecule/,, and the direction cosines,
by reacting the activated ester with anhydrous methyl amina 4, . These latter quantities specify the relative orientation
generated in a vacuum line from methyl amine hydrochlorideof the threefold symmetry axis of the methyl rotor and prin-
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cipal inertial axesW, O(k)( U(k)) are the second-order per- Cg, and Ay . The process must be iterated until self-
turbation coefficients calculated for thestates ¢=0) of  consistent values of these parameters are obtained. Notice
the lowest torsional level(=0) and have been tabulated that theAg, etc. include contributions from all rotors. Fur-
elsewheré? The 4th-order terms have the same operatothermore Fg, may be calculated from Eq&2) and (6),

form as Watson’s quartic centrifugal distortion parametérs. ) AZ)\2

The coefficients of these terms may also include contribu- g k)=( 00(k) Ol(k) Radk ®)

tions from torsion-rotation interactions as described by : F o (Aa—Agk)

HerschbacHf! The A,-state rotational constamd,, correct  Apalogous expressions may be written in terms ofBrend
to second order in torsion-rotation interactions is C rotational constants. Finally, the torsional barrier is ob-

n tained from
AA:AF@‘FkZl F(k)\/\/g%gk)Pi(k)- (2 9
Vato =7 StoF - 9
ﬁZ
Fo=s—— 3 A modified form of Eq.(5) has been found to give sig-
2l g0 (k) - : .
nificantly improved fits of theA, ,E-state spectra of
| AAMA, i.e.
(k) ) )
p=1- > 7\2(k) ly 4
g=a,b,c

HE(k) Aé(k)P§+ Bé(k>P§+ CI’E(k)Pg—’— D, Pa
whereF gy =%2/21 4y andAg=1%2/21 ,, etc., are the rigid-
rotor constants of th&th methyl rotor and whole molecule, + >
respectively. Similar expressions to E§) may be written g#g’'=ab,c
for B, andCy,.

The effective Hamiltonian for thé,,_,E-state includes +(4th-order termy (10
additional terms that describe the angular momentum couSimilar to the theoretical treatment of hindered rotation
pling of the internal rotor and the overall rotational motion of based on the internal axis methtidhe Hamiltonian of Eq.

Egg 110(PgPyr Pg,Pg)+G;(k)P§

the molecule, (10) is transformed to a “rho” axis frame whergy,
=pc = 0. In effect, the Hamiltonian has been rotated elimi-
~ off . . . R
Hg(k):AE(k)P§+ Be(oP2+ CeoP2+ _2 DgPy naﬂ_}ng the coefficient®y,,, and Do of Eq. (5) from the
g=ab.c fit.”™ The rotational transformation is most conveniently ex-
pressed in terms of the Euler anglés,, x, of the direction
+ 2 Eos10.9(PgPg Py Py cosine matrix®
g#g'=a,b,c
3 —tan 1| (11
+G,P;+ (4th-order termpg (5) ¢= Do/’
where Dg(k)—F(k)Wo+1(k)Pg<k) and  Eo-149,99° VDZu+Di
—F(k)WO+1(k)pg(k)pg - We have elxpllcnly truncated the f=tan ! — D5 | 12
power series to a single cubic teriiv +)1(k) andW0+1(k) are adky
he first- an nd-order perturbation fficien Icu-
the first- and second-order perturbation coefficients calcu L= \/Da(k)JrDb(k +Dc(k)' (13)

lated for theE-torsional levelé? The rotational constants, ' _ _
Ag( . etc., now include the following second-order correc-Where y is arbitrary. The transformation introduces addi-

tions: tional contributions to the coefficients of the cross terms,
Egg, , already present in Eq5). In general, any two of the
_ 2) 2 2) three cross termg&k_ , , are sufficient to affect this transfor-
Aeto=Ar+ F1oW52 100 Pa + ,2 F ey Woo) pa(k g9

mation. Consequently, the third cross term of E4{0) is
(6)  highly correlated with the inertial parametdias are all of

The direction cosinel,(,, may be obtained from the pa- the cross termsto.; ) g¢, Of EQ. (5)] and generally not

rameters defined above and varied in the fit. However, further improvements in the stan-
dard deviation of the fit are realized by fixing the third cross
DawBrCr term at the optimal value obtained from refits of the data at

a(k

\/Da(k C2+ Dﬁ(k)Az C2 n D2 k)A2 Bz o stepped values of. Itis fl_thher no_ted that the t_rans_form_ation
from Eq. (5) to Eq. (10) is not unitary (otherwise, identical
where we have used the propery;+Nju+Aee=1.  results would be obtainédFor example, the operator forms
Similar expressions fax,, and\ are easily obtained by of the 4th order parameters are not subjected to this transfor-
permutation of the parameters in the numerator of @J.  mation. The matrix elements of these terms are calculated as
Once the direction cosines have been determined, the coefih Eq. (5) but now in thep-axis frame.
cient, Wéﬂ x may be calculated from the definition of The rotor axis angles and; barriers are obtained from
Dy - The reduced barrler parametsi , is found from the  the best-fit parameters of E(.0) after rotation via diagonal-
tabulated valué$ of W§?, ,, and the corresponding values ization of the inertial tensor back into the principal axis
of Woﬂ(k) are used to obtain improved values/A$, Bg,  frame. The direction cosines for this transformatioa., the
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eigenvectors are used to redefine the componerilgyy , Torsional States in AAMA (14N )
Dy, and Dy from D;(k). The rotor axis angles and, S 100% a-type 2
barriers are calculated as before with the aid of Ed@sand rot
(9). The graphical user interfad&Ul) program,i8952’ pro- Expt
vides an interface to all of the parameters in E§sand(10)
and the transformations between the principal axis@agis
frames. A separate console-based program is also integrated =, o
with the GUI to perform the barrier calculations which in- s ‘M 1“”‘ ‘ [ il
clude corrections up to 4th-order for one or more rotors. g EA
= O T DA 0 10
IV. RESULTS AA
A. Dehydration product (M T N I A AT TT P
. L . Expt-AA-AE-EA

Microwave spectra of AAMA were initially obtained us- " l s
ing a brass reservoir nozzle heated to 180 °C. The top trace 12000.0 20000.0
of Fig. 2 shows the observed spectrum from 14 to 16 GHz. v(MHz)

Transitions were aSSigned to two separate spectra CharaCt%‘G. 3. Observed spectrum of AAMA&op) and simulated spectra of the
istic of A- andE-state methyl torsional state transitions. The AA, AE-, and EAstates. The observed lines remaining following the re-
rotational constants obtained from the least squares fit of thewoval of transitions from the three simulated spectra are shown as the
Astate  spectrum  are A=2307.225(4) MHz, B  DPottom trace.

=1666.860(2) MHz, an€€C=1041.390(2) MHz. These in-

ertial parameters are, however, inconsistent with any possible

conformational structure of AAMA. To verify this, rotational Structure of AAMA was synthesized and its spectrum ana-
constants were calculated for different geometries defined biyzed in a similar manner. The assignment of 60 transitions
successive rotations about each of the two dihedral angles, resulted in an O—C standard deviation of 1.5 kHz. The best-
and ¢, at 1° intervals. These ang]es are defined in F|g 1 fo|f|t rotational constants for both iSOtOpomerS that include Wat-
the C structure. In general, the calculated constants wer&0Nn's quartic distortion parameters in theeduction(repre-
nearly always smaller than observed values. Additional specséntation 1Y) are given in Table VII. The standard
tra of the I5N—14N, “N—1°N, and 2-13C labeled isoto- uncertainties k=1 or 1 o) reported are those obtained di-
pomers were also recorded using the brass nozzle assembl§ctly from the fit. Despite the difference in the accuracy of
The substitution coordinates determined from a Kraitchmarthe measurements, the distortion parameters of AAMA and
analysié’ identify a dehydration product formed by cycliza- AAMA( '15N2) are nearly the same to within the experimental
tion of the AAMA molecule followed by nucleophilic attack uncertainty.

of the amide nitrogen lone pair at the carbonyl carbon of the

acetyl. The analysis and structure of the dehydration product

[3,5-dihydro-2,3,5-trimethy(9CI) 4H imidazole-4-one; C. AE-state %nd EA-state analyses of AAMA

CAS registry #32023-93{Will be reported elsewhere. and AAMA (°N)

The rotational analysis of th&E-states of AAMA began
with the removal of thé\A-state transitions using features of
the software’” Beginning with theAA-state rotational con-

The upper trace in Fig. 3 shows the pure rotational specstants, theK,=0 lines were first included in the least-
trum of AAMA from 12 to 20 GHz obtained using the coated squares fit. Adding ik ,= 1 transitions required variation of
reservoir nozzle. Initial guesses for tieé\-state rotational the linear termD,, in Eq. (5) and upon including th&,
constants were obtained from tlad initio values reported =2 lines, all three linear parameters could be reliably fit.
for the C$9 structure” Quantum numbers were first assigned With the observed-calculated residuals near 100 kHz, it be-
to experimental frequencies for the strongest serieK of came increasingly difficult to predict the locations of the
=0 transitions and stepwise refinements in the fit to @y. higherK, lines using the Hamiltonian of E@5). Adding the
were made by including increasingly highét, levels. 4th-order terms of Eq(5) to the fit resulted in uncertainties
AAMA contains two'“N nuclei and therefore, nuclear quad- in the parameters that exceeded their values and were, there-
rupole coupling of the twd=1 *N nuclei results in a com- fore, meaningless. To proceed further with the assignment, it
plex hyperfine splitting pattern for each rotational line. Nowas necessary to transform to the Hamiltonian given in Eq.
attempt was made to fit the quadrupole structure but rathef10) using Egs.(11)—(13). Refits of the data that included
the rotational line centers were estimated near the center dfth-order terms reduced the O—C standard deviatio® 16
gravity of the clusters, which spanned up#d.0 MHz in  kHz. The predictive quality of the model permitted the as-
many cases. As a consequence of the broadened asymmetsignment of all remaining lines.
lines, the observed minus calculated standard deviation of 52  Similar fitting strategies were used to assign a second
assigned lines was 15 kHz, which is more than an order-ofEA-state of AAMA and the AE- and EA-states of
magnitude larger than the measurement precision of 2 kHAAMA( **N,). The magnitudes of the tunneling splittings in
To eliminate the'®N hyperfine structure, the doubfeN  the AE- and EA-states relative to the corresponding transi-

B. A ,-state analyses of AAMA and AAMA  (**N,)
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TABLE |. Observed transition frequencies for théA-state of TABLE Il. Observed transition frequencies for théE-state of
AAMA( MN,). AAMA( 2N,).
Transition frequency Obs— Calc Transition frequency Obs— Calc
J KL K. J  KI KI (MHz) (kHz) J KL, K. Y K! K! (MHz) (kHz)
7 1 7 6 1 6 10550.7732 -35 7 0 7 6 0 6 10 453.2092 -3.0
7 0 7 6 0 6 10 567.7615 —-14 6 4 2 5 4 1 10 468.5861 -16.3
8 1 8 7 1 7 11 987.9980 -2.8 6 4 3 5 4 2 10 508.4023 78
P o0l LSl EmEmoA e 2 5 s s 2 weses
7 5 3 6 5 2 122006303  —16.2 S S Pt o
7 5 2 6 5 1 12 208.0505 —-12.2 : :
7 4 4 6 4 3 12 243.4977 03 8§ 1 8 7 1 7 12 083.6737 —2.5
7 2 5 6 2 4 12 770.1904 9.5 75 2 6 5 1 12189.9702 13.3
7 3 4 6 3 3 12 813.5615 ~19.2 7 5 3 6 5 2 12 219.8373 14.2
8 2 7 7 2 6 12 991.0964 —4.7 7 4 3 6 4 2 12 280.5500 7.5
8 1 7 7 1 6 13 138.5161 10.0 7 4 4 6 4 3 12 345.1538 -36.1
9 1 9 8 1 8 13 422.5412 7.4 7 3 5 6 3 4 12 387.4287 8.8
9 0 9 8 0 8 13 425.2326 5.9 7 3 4 6 3 3 12 569.9446 5.2
8 3 6 7 3 5 13 730.9939 8.1 7 2 5 6 2 4 12 665.2999 0.1
8 6 3 7 6 2 13927.5314 2.8 8 1 7 7 1 6 12 962.9949 25
S T T BT It
9 1 8 8 1 7 14 529.4237 15.9 9 0 o 8 0 8 13 316.4866 0.7
8 3 5 7 3 4 14 763.5786 48 9 ! o 8 1 8 13515.0294 —l4
10 1 10 9 1 9 14 855 9791 0.4 8 6 2 7 6 1 13 915.4338 12.8
10 o 10 9 0 9 14 856.9908 06 8 6 3 7 6 2 13 940.2677 -13.0
9 3 7 8 3 6 15 316.4725 -2.4 8 3 6 7 3 5 14 016.5659 —28.0
9 6 4 8 6 3 15 716.8430 13.6 8 4 5 7 4 4 14 214.2720 13.1
9 6 3 8 6 2 15721.9192 -1.7 8 2 6 7 2 5 14 217.0338 —-34.8
9 4 6 8 4 5 15 751.8020 13.9 9 1 8 8 1 7 14 382.4658 14.8
9 5 5 8 5 4 15 793.7805 16.9 8 3 5 7 3 4 14 565.3728 31.9
9 2 7 8 2 6 15 822.5754 —4.8 9 2 8 8 2 7 14 584.8991 26.4
9 5 4 8 5 3 15 878.4562 0.5 0 0 10 9 0 9 14 748.3857 38
o 2 9 9 2 8 15903.3624 9.6 0 1 10 9 1 9 14 946.5999 205
Rl 51 EmEON 2 ovo7osos o mwman
11 0 11 10 0 10 16 289.3542 7.4 9 2 [ 6 15609.8217 52
9 4 5 8 4 4 16 338.5182 0.4 9 6 3 8 6 2 157017415 -3
9 3 6 8 3 5 16 612.4535 2.1 9 5 4 8 5 3 15805.2453 1.5
100 3 8 9 3 7 16853.1874  —26.6 o+ 9 9 1 8 15809.0383  —19.9
0 2 8 9 2 7 17 194.5719 -30.8 9 5 5 8 5 4 15875.3448 2.5
11 2 10 10 2 9 17 342.5423 —51.9 10 2 9 9 2 8 16 011.2685 -16
11 1 10 10 1 9 17 357.4700 9.7 9 4 6 8 4 5 16 064.7587 8.0
10 5 6 9 5 5 17 594.2119 1.2 9 4 5 8 4 4 16 066.7157 -10.3
10 3 7 9 3 6 18 324.8632 40.2 11 0 11 10 0 10 16 180.3543 15.2
11 3 9 10 3 8 18 349.7460 25.2 11 1 11 10 1 10 16 378.3442 9.1
10 4 6 9 4 5 18 377.3983 3.3 9 3 6 3 3 5 16 467.5005 ~10.6
11 2 9 10 2 8 18 547.9920 -0.7 10 5 8 9 2 7 16 960.4375 56
12 2 11 11 2 10 18 777.5796 -15.6 10 3 8 9 3 - 17 092.8104 _88
12 1 11 11 1 10 18 783.8080 13.2
11 7 s 10 4 7 19 096.3956 oa 11 1 10 10 1 9 17 238.2533 15.8
n 5 2 10 5 6 19.378.9128 15 11 2 10 10 2 9 17 439.1750 -25
1 5 6 10 5 5 19 815.6154 -13.9 20 12 11 0 11 17612.3330 5.5
11 3 8 10 3 7 19 881.5665 -333 10 4 v 9 4 6 17 805.4030 26.5
2 2 10 1 2 9 19 920.2540 20.7 12 1 12 11 1 1 17 .810.1003 —-15.8
10 4 6 9 4 5 18 089.2640 -3.8
10 3 7 9 3 6 18 184.8284 15.7
11 2 9 10 2 8 18 343.4882 9.2
11 3 9 10 3 8 18 536.9841 -7.1
tions in theAA-state are shown in Fig. 4. The experimental 12 1 11 11 1 10 18 668.5192 7.3
lines for all assigned states are listed in Tables I-VI. The 12 2 11 11 2 10 18 868.4232 9.5
parameters obtained in the principal axis frames from least13 0 13 12 0 12 19044.3214 —-8.6
squares fits to Eq5) are summarized in Table VIl for both 13 1 13 121 12 19241.9305 01
AE-states and both isotopomers. In all four cases, the X 4 8 10 4 7 19429.0378 333
observed-calculated (G- C) standard deviations are more 2 ? 18 g 2 13 222"7‘323 i'i
than 100-fold Iarger t_han the_ measurem_ent precision. The 12 > 10 11 2 9 19 7529307 _349
parameters obtained in theaxis frame using Eq(10) are 12 3 10 11 3 9 19 958.8340 16.2

given in Table VIII. For bothAE-states of the*N, isoto-
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TABLE Ill. Observed transition frequencies for th&A-state of TABLE IV. Observed transition frequencies for théA-state of
AAMA( N,). AAMA( N,).
Transition frequency Obs— Calc Transition frequency Obs— Calc
J KL K. J  KI KI (MHz) (kH2) J K, K. ¥ KI K! (MHz) (kH2)
8 1 8 7 1 7 12 074.4413 -17.0 5 2 3 4 2 2 9151.2533 3.6
7 5 2 6 5 1 12 182.8025 12.6 6 1 5 5 1 4 10 287.7900 -0.1
roo5 3 6.5 2 12221.5505 6.1 6 3 4 5 3 3 10 348.2820 ~0.4
7 4 3 6 4 2 12 279.1598 -29.1 6 4 3 5 4 2 10 4049771 3.9
7 4 4 6 4 3 12 372.9663 21.8
7 3 5 6 3 4 12 375.2710 19.3 6 4 2 5 4 ! 10447.0492 -10
7 M B 4 12 B11 5306 . 7 1 7 6 1 6 10 485.3792 0.2
7 3 4 6 3 3 12 552 4602 76 7 0 7 6 0 6 10 502.1037 15
8 1 7 7 1 6 12 999.0339 ~18.5 6 3 3 5 3 2 10 762.4760 13
8 2 7 7 2 6 13 144.3970 20.9 4 3 2 3 2 1 10917.9131 —-14
9 0 9 8 0 8 13 335.2913 14.0 6 2 4 5 2 3 10977.4912 —-0.8
9 1 9 8 1 8 13 505.9161 45 4 3 1 3 2 1 10 985.2998 0.2
8 4 4 7 4 3 14 139.4231 2.7 5 2 3 4 1 3 11 313.5061 -0.6
8 2 6 72 5 14 175.0871 -1.0 7 2 6 6 2 5 11 431.0332 -0.1
8 4 5 7 4 4 14 262.0441 —-9.0 7 1 6 6 1 5 11 686.0871 -0.1
o 1 8 8 1 7 14 407.4111 2.9 8 1 8 7 1 7 11 913.5842 0.0
9 2 8 8 2 7 14 578.4929 7.3 8 0 8 7 0 7 11 920.3459 -0.6
10 0 10 9 o0 9 14 767.5122 -35
9 3 7 8 3 6 15 500.0640 -11.2 ; i i 2 i g 12 i?g%gg é;
9 2 7 8 2 6 15 673.1400 13.6 74 s 6 4 5 12 3016052 04
9 6 3 8 6 2 15 689.9349 13.1 : :
9 5 4 8 5 3 15 797 4250 16 7 2 5 6 2 4 12 695.2605 -2.7
0 1 9 9 1 8 15 830.0929 -16.2 v 3 4 6 3 3 12741.8365 -7
9 5 5 8 5 4 15 892.4151 15.7 4 4 o 3 3 0 12798.9048 -15
10 2 9 9 2 8 16 004.0732 ~11.6 4 4 1 3 3 1 12 807.6118 -15
9 4 5 8 4 4 16 066.8954 -11.4 4 4 0 3 3 1 12 808.8696 -0.9
9 4 6 8 4 5 16 098.5828 -31.0 8 2 77 2 6 12 911.8674 -3.4
11 0 11 10 0 10 16 199.8835 0.4 8 1 7 7 1 6 13 057.2851 -01
® 3 6 8 3 5 16 252.9498 —3.8 5 3 3 4 2 3 13113.3846 0.4
oo s 37 lowoms 20 5 o s g o0 @ ;e o
11 2 10 10 2 9 17 430.9250 6.4 g g g 5 ; g 12 gig'gggz :;;
10 7 4 9 7 3 17 447.5480 -16.5 : :
12 0 12 11 0 11 17 632.3290 95 8 5 4 7 5 3 13911.8498 0.1
0 4 7 9 4 6 17 771.5222 -186 g8 4 5 7 4 4 13 929.9747 2.2
12 1 12 1 1 1 17 802.1687 -7.7 8 5 3 7 5 2 13940.2752 -0.9
10 3 7 9 3 6 18 005.8364 5.4 8 4 4 7 4 3 14 237.0675 0.1
10 4 6 9 4 5 18 036.3500 -2.2 8 2 6 7 2 5 14 277.9648 1.2
11 2 9 10 2 8 18 389.7929 5.7 9 2 8 8 2 7 14 366.7410 -0.1
11 3 9 10 3 8 18 524.5545 —-25.6 9 1 8 8 1 7 14 439.6405 1.1
12 1 11 11 1 10 18 687.7477 3.8 5 4 1 4 3 1 14 488.9341 0.9
13 0 13 12 0 12 19 064.7824 -95 8 3 5 7 3 4 14 6799981 11
13 1 13 12 1 12 19 234.5029 3.7 10 1 10 9 1 9 14 763.6151 0.0
1 4 8 10 4 7 19 334.4617 2.3 o o 10 9 o 9 14.764.6051 04
11 5 7 10 5 6 19 712.9749 18.5
2 2 10 11 2 9 19 782.8049 —5.1 6 s 4 5 2 4 15108.9326 23
2 3 10 11 3 9 19 954.1211 0.1 $ 3 7 8 3 6 15224.8021 4.6
9 6 4 8 6 3 15 626.2263 -0.4
9 6 3 8 6 2 15 631.3767 -0.7
9 4 6 8 4 5 15 660.0114 -1.1
9 5 5 8 5 4 15 702.8472 -0.1
9 2 7 8 2 6 157 25.8960 1.7
pomer, the G- C standard deviations of more than 50 as- ¢ 5 4 8 5 3 15 788.1846 03
signed lines improve by more than 10-fold and like & 0 2 9 9 2 8 15 805.5794 -1.9
state, are limited in accuracy te=15 kHz from the 10 1 9 9 1 8 15 839.1259 -0.8
unresolved hyperfine structure. Even more remarkable arell 1 11 10 1 10 16 187.6570 1.4
the improvements realized for th&E- and EA-states of the 11 0 11 10 0 10 16 188.0202 —01
15\, isotopomer. The © C standard deviations of the fits ° 4 5 8 4 4 16 247.8542 —21
are both<3 kHz and nearly 100-fold better than obtained in 8 6 8 3 ° 16516.7340 11
o . : 10 3 8 9 3 7 16 751.5264 -13
the prlnglpal axis fr.ames' using E¢p). o 10 2 8 9 2 - 17 088.5022 0.0
The improved fits using Eq10) are primarily aresultof ;4 3 7, o 3 4 18 216.9175 25

the ability to adequately model in 4th order the centrifugal
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TABLE V. Observed transition frequencies for
AAMA( N,).

2003

thé\E-state of

Lavrich et al.

TABLE VI. Observed transition frequencies for th&A-state of
AAMA( N,).

Transition frequency Obs— Calc

Transition frequency Obs— Calc

JOK, K. J KL K! (MHz) (kHz) J K, K. OJ KL OKI (MHz) (kHz)
6 1 6 5 1 5 9164.4464 1.6 6 3 3 5 3 2 10 566.9569 -0.8
6 1 5 5 1 4 10 121.0933 0.9 7 1 7 6 1 6 10578.1463 0.7
7 0 7 6 0 6 10 389.1549 1.0 6 3 4 5 3 3 10 619.7537 0.2
6 4 3 5 4 2 10 447.8969 -0.7 6 2 4 5 2 3 10 711.8042 -0.9
6 3 3 5 3 2 10 560.1288 1.2 7 1 6 6 1 5 11 544.7515 7.0
6 3 4 5 3 3 10 578.1053 4.0 7 2 6 6 2 5 11 599.0990 4.1
7 1 7 6 1 6 10 586.0096 0.8 8 0 8 7 0 7 11 828.7020 55
4 3 2 3 2 2 10 724.0660 -0.4 8 1 8 7 1 7 11 999.9594 0.6
6 2 4 5 2 3 10 865.7746 0.3 7 5 3 6 5 2 12 151.3809 0.7
4 3 1 3 2 1 11 420.6105 8.1 7 4 3 6 4 2 12 208.4316 -1.2
7 1 6 6 1 5 11 492.1676 -0.6 7 4 4 6 4 3 12 302.6540 -0.6
7 2 6 6 2 5 11 633.8855 05 7 3 5 6 3 4 12 305.5876 -2.3
8 0 8 7 0 7 11.811.7172 0.0 7 2 5 6 2 4 12 440.8451 5.7
8 1 8 7 1 7 12 008.0234 05 7 3 4 6 3 3 12 479.7767 -3.1
7 5 3 6 5 2 12 149.2989 1.3 8 1 7 7 2 6 12 917.5002 0.4
7 4 4 6 4 3 12 274.4685 -1.1 8 2 7 7 2 6 13 064.8397 1.7
7 3 5 6 3 4 12 312.9820 -21 9 0 9 8 0 8 13 251.7397 -2.7
4 4 1 3 3 1 12 415.0542 25 9 1 9 8 1 8 13 422.4834 -25
7 3 4 6 3 3 12 500.7375 -0.7 8 6 3 7 6 2 13 856.9531 -0.6
7 2 5 6 2 4 12 591.8291 -1.8 8 3 6 7 3 5 13 864.2402 -1.2
8 1 7 7 1 6 12 884.1858 -1.9 8 5 3 7 5 2 13 896.6444 0.5
8 2 7 7 2 6 13 074.8319 0.4 8 5 4 7 5 3 13 957.8591 -2.1
9 0 9 8 0 8 13 234.5522 -0.1 9 1 8 8 1 7 14 317.7567 2.9
9 1 9 8 1 8 13 430.4483 -21 9 2 8 8 2 7 14 489.2993 0.5
8 6 2 7 6 1 13 834.9903 -2.2 10 0 10 9 o0 9 14 675.0274 0.4
8 6 3 7 6 2 13 859.7070 0.4 10 1 10 9 1 9 14 845.4313 1.3
8 5 3 7 5 2 13 904.7189 -25 9 3 7 8 3 6 15 411.9885 -0.9
8 3 6 7 3 5 13 930.4572 -0.7 9 7 2 8 7 1 15539.7754 0.3
8 5 4 7 5 3 13 950.9724 -1.0 9 7 3 8 7 2 15 568.2479 0.0
5 4 2 4 3 2 14 123.0482 -3.1 9 2 7 8 2 6 15574.9725 -5.8
9 1 8 8 1 7 14 294.8066 -0.2 9 6 3 8 6 2 15 599.5389 -1.2
8 3 5 7 3 4 14 484.9634 -0.2 9 6 4 8 6 3 15 645.8689 -1.2
9 2 8 8 2 7 14 494.4686 1.1 9 5 4 8 5 3 15 706.7203 3.4
6 3 3 5 2 3 14 632.3517 -6.9 10 1 9 9 1 8 15 731.8237 1.4
10 0 10 9 0 9 14 657.5095 15 9 5 5 8 5 4 15 802.2454 5.6
10 1 10 9 1 9 14 853.1090 -0.6 10 2 9 9 2 8 15 905.9308 —-4.0
9 3 7 8 3 6 15 490.3527 0.3 9 4 5 8 4 4 15 974.7431 0.1
9 2 7 8 2 6 15 515.7129 0.0 9 4 6 8 4 5 16 007.9618 -0.9
9 7 2 8 7 1 15 552.3554 2.0 11 0 11 10 0 10 16 098.4381 0.3
9 6 3 8 6 2 15 611.2550 0.4 9 3 6 8 3 5 16 161.5454 -2.3
9 6 4 8 6 3 15 647.2165 15 11 1 11 10 1 10 16 268.6037 0.9
10 1 9 9 1 8 15 712.5303 -1.2 11 1 10 10 1 9 17 150.8204 1.9
9 5 4 8 5 3 15 714.8487 -1.1
9 5 5 8 5 4 15 784.5502 0.8
10 2 9 9 2 8 15912.0108 0.1
9 4 5 8 4 4 15 977.5126 -0.4
11 0 11 10 0 10 16 080.5242 0.3 Simulated spectra of th8A-, AE-, and EA-states of the
1 1 11 10 1 10 16 275.8913 -1.0 19N, isotopomer are shown in Fig. 3 together with the ob-
9 3 6 8 3 5 16 374.1627 L1 served spectrum of AAMA. The remaining transitions fol-
11 1 10 10 1 9 17 132.8048 0.8 lowing th Lof all l dicted for th tat
n 5 10 10 2 9 17 3310429 05 owing the removal of a ines predicted for these states are
11 2 9 10 2 8 18 231.8758 0.3 shown as the lowest trace in Fig. 3. Attempts to assign the

remaining weak lines were not successful. They are not
likely associated with the third rotor’AE-state since transi-
tions are expected to appear with intensity comparable to the
assigned spectra. Therefore, we attribute the remaining lines
to the two EE-states which are expected to be twofold

distortion and torsion-rotation interactions. The importanceyeaker from nuclear spin weight arguments aldhe.
of these higher order terms are also realized from refits of the

AA-states. For example, the-GC standard deviations in-

crease to 119 and 75 kHz for AAMA and AAMAWN,),
respectively, when the 4th-order parameters are excluded As discussed above, the presence of three methyl rotors

from the fits.

V. DISCUSSION

in the structure of AAMA gives rise to a total of 14 torsional
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Torsional Tunneling Splitting in the spectrum. Of these states, #h&-state is fit to a stan-

1 dard A-reduction Hamiltonian and twé\E-states are fit to
in AAMA ( N2) effective torsion-rotation Hamiltonians. These same three
states have been assigned for the AAMN,) isotopomer
T ..~2K at 10-fold higher precision. In the following sections, the
results derived from the torsion-rotation parameters are used
> to identify from among the 28 possible statgsthe methyl
g 200 MHz o rptor associated with eachE-state and(ii) the confqrma-
2 (AE| 9 <8 9 <8 tional structure of AAMA. We conclude by comparing the
= o & Lol experimental structural data with predictions fra initio
theory.
EA 909< 808 919< 818
A. Methyl torsional state analyses of AAMA
15
AA 9,58, ” 9o e and AAMA (N
13300.0 13500.0 The parameters and uncertalnnes_ determln_ed foArke
v(MHz) state (Table VII), AE-, and EA-states in thep-axis frames

(Table VIII) were simultaneously included in a program to
FIG. 4. Expanded region of the AAMATN) spectrum illustrating the mag- jteratively refine the perturbation coefficients, rotor axis
nitude of the tunneling splitting from torsion-rotation interactions for the . . .
AE- and EA-states compared to the asymmetry splitting of f-state angles andv; barriers according the procedures described
doublet, Yo 84g, 910+ 815 above. These calculations were first performed using the

lower uncertainty parameters of the AAMRN,) isoto-

pomer in order to obtairrg, values for each rotor using
states. Furthermore, predictions fraab initio theory indi-  Eq. (8). The A, B, andC rotational constants were used for
cate theCg conformer is from 143 to 614 cnt higher in  the Fre determinations weighted in proportion to the dif-
energy than theC$® structuré and therefore, likely to be ferences in theAA- and AE-state (and EA-state rotational
populated in the 413 K reservoir nozzle prior to expansion. lfconstants. SincEg, is expected to be isotope independent,
the conformer population is “frozen in” during the expan- a similar calculation was performed for AAMA but for fixed
sion, the intensity of the transitions arising from @gcon-  values ofFg(, . A summary of the results and uncertainties
former are predicted between 10% and 40% of that observefbr both isotopomers is given in Table IX. The standard un-
for corresponding transitions of tt@$° conformer, assuming certainties are dominated by the uncertaintyFig,, as ob-
dipole moments of comparable magnitude for both structained from propagation of the uncertainties in the param-
tures. When taken together, the FTMW spectrum of AAMA eters.
at 2 K might be expected to contain up t&xX24 independent As evident in Table IX, the rotor axis angles akg
subspectra. barriers are well-determined for bo#-states and both iso-

The analyses of these spectra, however, have revealédpomers. The calculated barriers are nearly independent of

that three states account for the vast majority of the featureisotopomer as expected: thd&-state barriers for AAMA and

TABLE VII. Rotational constants of AAMA and AAMAYN,) obtained from fits in the principal axis frames.
Type A standard uncertaintiése., k=1 or 1o) are given, as determined from the least-squares fit.

AAMA( ¥N,) AAMA( N,)

Parameter AA AE EA AA AE EA
A/MHz 1717.371)  1712.2%5) 1713.41) 1706.21683)  1701.192) 1702.12)
B/MHz 992.9221)  992.8674)  991.371) 987.35891) 987.3093)  958.871)
CIMHz 716.4921)  716.0623)  716.3577) 712.0110%9)  711.595%2)  711.8799)
A;/kHz 0.1425) 0.13906)

A ¢ /kHz —0.302) —0.3403)

Ay /kHz 1.85) 0.842)
85/kHz 0.0313) 0.03513)

Sk IkHz 0.215) 0.121(4)

D,./MHz 356.11) 418.57) 352.51) 416.95)
Dy, /MHz 32.95) 237.62) 34.1(4) 233.12)
D./MHz 98.693) 84.497) 97.493) 84.728)
Ga/MHz 0.085) —0.0237) 0.325)
K —0.447 —0.448 —0.448 —0.446 —0.443 —0.447
N —97.90 —99.31 —99.31 —98.26 —98.74 —97.62
Assigned 52 60 49 60 53 42
alkHZ® 15.2 195 395 15 146 345

4nertial defect,Al=505 379(1C — 1/A—1/B).
bObserved- calculated standard deviation of the fit.
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AAMA( 15N,) are 98.42) and 98.689) cm L the EA-state  TABLE VIIl. Rotational constants of AAMA and AAMAPN,) from fits in

. 1 . p-axis frames. Type A standard uncertainties., k=1 or 1o) are given, as
barriers are 84(@) and 84.11) cm -, respectively. In con- determined from the least-squares fit.

trast, some change in the rotor axis angles might be antici

pated for the two isotopomers since the orientation of the AAMA( Ny) AAMA( **N,)
principal axis frame will generally have a mass dependencé, . meter  AE EA AE EA
The differences in these angles are, in fact, small with mag
She mem S mne p
The ob_served differences in theA- find AE-_state(and o /MHi 891:2313; 763_'9&)5) 886:9;(2; 760.8 4%
EA-statg “rigid-rotor” constants determined using Eq&) A, /kHz 0.1867) 0.495) 0.1731) 0.531)
and(6) are also reported in Table IX. These differences pro-a, /kHz  —1.6310  —1.93) —-0.972) —2.279)
vide some measure of the validity of the approximationsAk/kHz 4.23) 0.22) 1.618) 0.60(5)
made in the high-barrier model. The predicted values ofs/kHz 0.213) 0.0913) 0.2989)
8¢ IkHz 1.1(2) —-0.527) 0.732) —0.442)

AAR, ABg, a'nd'ACR for the _AE—states of bo'Fh isotopomgrs DUMHz  371.781) 489.861) 367.3711) 487.7382)
are nearly within the experimental uncertainty of the fittedg; /i, +107.612 -100.9975 +107.84220 —110.8151)
constants. This is, however, not the caseHérstates where, E; /MHz -115.485 +335.1338) —112.0316)  —330.4062)

for example, the values afBg are near 0.1 MHz. System- E,/MHz —235.1558  —15.09559 +235.1558 —15.095 59
atic differences are seen to exist for all of the parameter§s/MHz ~ —0.02744)  —0.02783) —0.026479)  —0.028 317)
although of smaller magnitude. In an attempt to account fofSs'9ned €0 49 53 42

. e _ . alkHZ® 16.3 15.6 1.96 2.62
these differences, additional barrier calculations were per-=

formed that included denominator and 4th-order correction&rixed at correspondingN value.

to the rotational constanfd. The corrections amount to “Optimal values obtained by scanniggand fixed in fit.

<0.001 MHz and do not explain these differences. Refits of OPServed calculated standard deviation of the fit

the data that included the cubic tern@,P:, G.P? and

Cross termsG pu( PP+ PpP.Py+ P,P?2), etc., as well as

the parameterl,P>, did not improve this situation. Al- peptide chains. The following error function is defined to

though the reasons are not yet fully understood, the discremorrelate the experimentally derived angles with the specific

ancies are small and do not invalidate the use of this modemethyl groups and to identify the conformational form of
AAMA,

B. Conformational assignment of AAMA

2
15
and AAMA (PN2) Eg.y)= \/ DYDY IR (19
The rotor axis angles determined for tA&- and EA- k=1g=ahc |
calc

states have provided structural information pertinent to théfhe direction cosine anglesl,,, etc., are the rotor axis
conformational form of AAMA. The orientation of the amide angles for each rotok, calculated in the principal axis frame
and carbonyl methyl groups are seen to depend principallgs a function of the two Ramachadran anglgsnd i (see
on the torsional anglesp and ¢, that define the backbone Fig. 1). All other structural parameters were fixed at the val-
conformation as a result of the rigid framework of the two ues calculated for the BSLYP/G-SICbptimizedcgq geom-

TABLE IX. Experimentally derived angles of the methyl-rotor axes relative taatHe andc principal axes and methyl torsional parameters and barriers of
both AAMA and AAMA(**N,).

AAMA( ¥N,) AAMA( ¥N,) AAMA( *N,) AAMA( N,)

AA AE AA EA AA AE AA EA
0.1° e 34.41(12) e 47.682) fe 34.441) e 47.2084)
0,1° e 82.5810) e 48.421) “e 82.201) e 49.0013)
6.1° fe 56.6212) e 70.972) “e 56.691) e 70.7884)
w® —0.249 994 —0.360 226 —0.248 782 —0.359 459
s 8.179 192 6.777 151 8.199 950 6.785 104
w® 0.269 729 —0.132 472 0.367406  —0.175958 0.268494  —0.131895 0.366767  —0.175 692
Fr/cm ™t 5.300% 5.467 5.3004)° 5.4677)°
Vy/em? 98.42) 84.013) 98.658) 84.1(1)
AAR/MHZ® -0.076 —-0.064 -0.002 —0.08¢
ABR/MHZ® —0.002 +0.096 —0.003 +0.093
ACg/MHz® +0.021 —0.066 +0.018 —0.061
Agr/MHZ 1710.978) 1699.85%8)
Br/MHZz¢ 991.899) 986.369)
Cr/MHZ¢ 716.126) 711.646)

3Fixed at theFy values determined for theN, isotopomers.

PAverageF g value determined using E¢8) and weighted in proportion Ba—Agy» Ba—Bgg, andCa—Cegy) .
CAAR=AR—AEL, etc.

dAverage ofAA-, AE-, and EA-state values.
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etry. A further restriction, 0% gg?:(c)ggo°7 is imposed since dramatically underestimates the torsional barrier of the acetyl

the signs of the experimental angles are not determiised Methyl by more than 60 ciif. Both levels of theory predict
Eq. (7)]. Furthermore, six permutations are possible for thethe V3 barrier of the side chain methyl grouf4) at >900
two sets of observed angles and three methyl groups arm * which explains why a thirdAE-state is not resolved;
therefore, six surfaces were examined. Of these possibilitiedr Vs barriers>700 cm %, the A/E-state splittings would be
the two surfaces that have the deepest global minima argmaller than the 2 kHz measurement precision. Finally, no-
shown in Fig. 5. In the top panel, the rotor axis angles of theice that the calculatedrr constants of the acetyl methyl
acetyl (T;) and amide T,) methyl groups are correlated group are in excellent agreement with experiment but are
with those derived for théAE- and EA-states, respectively,
while these associations are reversed in the lower panel. The
top surface is, in fact, the only one of the six that has - _
E(¢,¥)<10° and serves to uniquely associate the two me- 180 T1=AE-state and T2=EA-state

thyl rotors andV3 barriers with the experimental data. The \ \S \ (/
global minimum value of 2.5° is located dt= —80.1° and K 7‘50 o a0\
=71.3° and unambiguously identifies the conformational 120 {C_« * \\
form of AAMA as the C% structure. Therefore, we find the >

methyl top attached to the acetyl end of AAMA has a barrier

of 98.42) cm ™! and the rotor attached to the amide group !

has a barrier of 84(3) cm . The absence of lines in the ,° O
spectra from theC5 conformer suggests efficient collisional /}() y zoC7 it 51 y

relaxation of this conformer to th€5% form during the jet- 30
cooled expansion. /
C. Comparisons with ab initio theory 0
AAMA has served as a model system for conformational -120 \ 11'53
4
JAN

v / degrees
o 3

&
o
1

studies of proteins and peptides and because of its small size 0
has been examined in depth at various levels of theory. The _4gg
backbone conformation in th€5% form is strongly influ- 180 -120 -
enced by the directional character and strength of the amide-

to-carbonyl intramolecular hydrogen bond which, in turn, ef-

(@S
60 0 60 120 1

80
¢ | degrees

fects the principal axis orientations of the amide and T,=EA-state and T,=AE-state

carbonyl methyl groups. Furthermore, the torsional barrier 180 ’\ N,/

heights and rotational constants of the two methyl rotors are % *

sensitive to the local steric and electronic environments at 43¢ \/ o ,

the termini of the hydrogen bond. &/_/70
For two points of comparison with these resudtb,initio \/60

studies were performed on t& structure of AAMA(*“N,) o 807

at B3LYP/6-31G and MP2/6-31G levels of theory using @

the GAUSSIAN program suité® At the optimized geometries, % i ()

the rotational constants, the rotor axis angles and rotor con- @ 0 /\ 5 v

stants,Fr, were determined for each of the three methyl > o) ?

groups. Additional optimizations were performed to estimate > _gg -

the V3 torsional barrier heights. For these calculations, each /

methyl group was rotated about i%&; axis by 60° and held A

fixed while all other coordinates were permitted to fully re-  -120 1 .

lax. Theab initio results are summarized in Tables X and XI. ™~ 5 / \( e
The B3LPY and MP2/6-31& calculated rotational con- 180 —'80\\I . . ' [/ s

ithi 0, 0, i i-
stants are within 1.4% and 0.7%, respectively, of the experi 180 120 -60 0 60 120 180

mental “rigid-rotor” constants for thé*N, isotopomer. The
rotor axis angles predicted for the acetyl methyh) and ¢ / degrees
methyl amide roups are only in modest agreement
ith t}|f1 .Q—Z) tgl d Ft) ith d y. ti t gth 2| FIG. 5. Contour plots of the error surfaces defined by @4) for the T,
Wi € experimental data, wi i .eVIa lons greater ar.] 'rbnde methyl rotors as a function of the two Ramachandran angies)d
some cases. The average deviations of these angles improyecs. Fig. 1). For each pair of angles, the principal axis frame is found via
by <20% at the global minimum values gfand given by diagonalization of the inertial tensor matrix. The rotor axis angles are cal-
Eq (14) (see Table X TheV3 barriers are overestimated at culated from the principal axis coordinates. All structural parameters except

., ¢ and ¢ are held fixed at the optimized values obtained from the
the B3LYP level of theory for both the acetyl and amide B3LYP/G-31G optimizedC$% structure. The regions corresponding to the

methyl groups by 14% and 4%, respectively while this trendywo lowest energy structuregg?andCs, are indicated. Contours inside 10°
is reversed at the MP2 level. Interestingly, the MP2 theoryfor the C$?structure are shown at 2° steps.
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TABLE X. Observed and calculated rotational constants and dihedral anglesarbonyl oxygen. These data are unbiased by the interactions
for the C7° structure of AAMA at the B3LPY/6-31G and MP2/6-31G  nf 5 golvent environment and therefore, may serve as bench-
levels of theory. . ' .
mark data for tests of theoretical models and more impor-
ce ce Cs tantly, for validation of current force fields derived for pep-
tides and proteins.
The barriers to internal rotation of the methyl amide and

B3LYP* O-C MP2 Oo-C MPZ2

A/MHz 16919  +19.1 16996 +11.4  2869.0 acetyl methyl groups are consistent with ttig barriers de-
B/MHz 9835  +84 9927 -81 = 6579 termined for other biomimetic molecule#- and E-state
C/MHz 061 ~10.0 9.9 —38 5985 spectra have recently been assigned for a number of aceta-
@l°P —-82.8 +2.7 -831 431 158.4 mide derivatives with methyl groups in both the acetyl posi-
ylo® +727  -14 4778  +52 -1613 tion and theN-methyl positions. Several other molecules
E(e. )" 32 07 43 -08 32 with the same basic framework of alanine dipeptide have
AE/kJ mol 14 0 0 7.35 also been examined. A future goal of this work is to compare

theoretical algorithms developed to assign rotational spectra
of molecules containing one or more symmetric rotors. To

#Same as theoretical results reported in Ref. 7.
b$(C3N,C,C,) and(N,C,C,N,) define dihedral angles. Observed values

defined at the global minimum of E¢L4). this end, four independent theoretical methods have been
°Defined according to Eq14). used to analyze various molecules in this data set. In this
“Cs energy given relative t€7". RHF AE=1.71kJmol * from Ref. 7. paper, thessgs progrant’ has been used. For other molecules

in this series, Kleinet® Ohashi*® and Hirotd’ have em-

underestimated by 3%—-4% for the amide methyl group aPoned their fitting programs.

both levels of theory.
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