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Molecular Structure of Proline

Wesley D. Allen,*!"! Eszter Czinki," and Attila G. Csaszar+™™

Abstract: The molecular structures of
the two lowest-energy conformers of
proline, Pro-I and Pro-II, have been
characterized by ab initio electronic
structure computations. An extensive
MP2/6-31G* quartic force field for
Pro-1I, containing 62835 unique ele-
ments in the internal coordinate space,
was computed to account for anhar-
monic vibrational effects, including
total zero-point contributions to isoto-
pomeric rotational constants. New 7,
and improved r, least-squares structur-
al refinements were performed to de-
termine the heavy-atom framework of
Pro-1, based on experimentally meas-
ured (A. Lesarri, S. Mata, E.J. Coci-
nero, S. Blanco, J.C. Lopez, J. L.

Introduction

Proline (Pro) is unique among
the natural amino acids in that
its amino group is fixed within
a pyrrolidine ring (Figure 1).
Structural studies on Pro-con-
taining peptides frequently find
Pro in (- and y-turns, and Pro
residues relatively often exhibit
a cis peptide bond.!! Further-
more, L-Pro is a favorite orga-

Alonso, Angew. Chem. 2002, 114, 4867,
Angew. Chem. Int. Ed. 2002, 41, 4673)
rotational constant sets of nine iso-
topomers and our ab initio data for
structural constraints and zero-point vi-
brational (ZPV) shifts. Without the ab
initio constraints, even the extensive
set of empirical rotational constants
cannot satisfactorily fix the molecular
structure of the most stable conformer
of proline, a 17-atom molecule with no
symmetry. After imposing the ab initio

constraints, excellent agreement be-
tween theory and experiment is found
for the heavy-atom geometric frame-
work, the root-mean-square (rms) re-
sidual of the empirical rotational con-
stant fit being cut in half by adding
ZPV corrections. The most significant
disparity, about 0.07 A, between the
empirical and the best ab initio struc-
tures, concerns the »(N---H) distance of
the intramolecular hydrogen bond.
Some of the experimental quartic cen-
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trifugal distortion constants assigned to
Pro-II have been corrected based on
data obtained from a theoretical force

uartic
b field.
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Figure 1. Structure of and atomic numbering in the two lowest-energy conformers of neutral proline.

nocatalytic agent for assembling stereochemically complex
molecules from achiral building blocks.>®! These observa-
tions have prompted investigations into the relationship be-
tween cis—trans isomerism and ring puckering. Experimen-
tal*™'" and theoretical™'" structural studies on neutral pro-
line have helped to establish those structural features of Pro
that may change during peptide or protein formation and
catalytic processes.

In the last three years three relevant studies'*!*'" have
been published on the structural and energetic features of
neutral proline. First, Stepanian et al." reported the results
of computations with an aug-cc-pVDZ basis set!'®!" at vari-
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ous levels of theory. A study'” by two of us improved upon
these results by performing focal-point analyses® 2! with
basis sets as large as cc-pVSZI'*?2 and correlation treat-
ments as extensive as CCSD(T), together with small cor-
rections for auxiliary physical effects, including relativistic
contributions,” to arrive at definitive relative energy pre-
dictions. When the results of our detailed ab initio structural
investigation,l'” which contained rotational constants and
quartic centrifugal distortion constants for 18 conformers of
Pro, was sent for publication, no experimental results were
available for comparison. In fact, it was noted in refer-
ence [17] that “the theoretical estimates given for the as yet
unobserved conformers should be most valuable in search-
ing for these conformers by MW and MMW spectroscopy.”
Since then Lesarri et al.,l'"”! by using laser-ablation molecu-
lar-beam Fourier-transform microwave (MW) spectroscopy,
have reported sets of spectroscopic constants for the two
lowest-energy conformers Pro-I and Pro-II, as well as r,
structural parameters for Pro-I. The observation of Pro-I
and Pro-II has been aided by their very substantial dipole
moments."”! The experimental study of Lesarri et al.l'
prompted us to further extend our ab initio treatment of
Pro, and the results are reported herein.

From our earlier high-level focal-point extrapolations,!'”!
which included core correlation and even relativistic correc-
tions in establishing the energy (enthalpy) ordering of the
conformers of proline, we predicted that only four conform-
ers have relative energies less than 10 kJmol™ and only two
lie below 6.5 kImol™'. These two conformers, Pro-I and Pro-
II shown in Figure 1, have relative energies of 0.0 and
2.2 kJmol ™', respectively, and basically share the same struc-
tural features, differing only in the puckering angle of the
pyrrolidine ring. Both Pro-I and Pro-II were deemed to be
present in the carefully executed and novel MW experi-
ments of Lesarri and co-workers.'” We restricted the ab
initio structural study reported herein to these two observed
conformers to maximize the rigor of our treatment.

Computational Methods

In the calculations reported in reference [17], all the geometry optimiza-
tions were performed at the DFT(B3LYP)/6-311 44 G**> Jevel, which
has proved to be dependable for this class of molecule.'*?**! Neverthe-
less, it is preferable to optimize geometries by using purely ab initio tech-
niques. Therefore, the equilibrium structures of Pro-I and -II have been
reoptimized in this study at the frozen-core (FC) and all-electron (AE)
MP2EY Jevel by using the 6-31G*P and cc-pVTZ!'™®?! basis sets. To ac-
count for zero-point vibrational effects in the detailed MW rotational
constants, force-field expansions of the vibrational potentials were com-

puted. In addition to MP2(AE)/cc-pVTZ quadratic force fields for both
conformers, an extensive anharmonic force field in curvilinear internal
coordinates was computed for Pro-I by using finite differences of tightly
converged MP2(FC)/6-31G* second derivatives.”™” This anharmonic force
field included all the force constants of type Fy, Fju, and Fy, for all 45 in-
ternal degrees of freedom, totalling 62835 unique elements, which is vir-
tually unprecedented for correlated ab initio methods. All force fields
were computed for the respective equilibrium structures in order to
avoid the nonzero force dilemma.”® The electronic structure computa-
tions were performed with the TURBOMOLEP* and Gaussian 985 pro-
gram packages.

After the determination of the quartic force field for Pro-I in the internal
coordinate representation, an analytic nonlinear transformation to Carte-
sian space was performed with the INTDER2000 program,***3") which
implements B tensor formulae®®*! through fourth order for all common
internal variables. Upon subsequent linear transformation of the force
field to the reduced normal coordinate space, vibrational anharmonic
constants (y;), vibration-rotation interaction constants («;’), and quartic
and sextic centrifugal distortion constants were determined for each iso-
topomer using the formulae of vibrational second-order perturbation
theory (VPT2) as applied to the standard vibration-rotation Hamiltonian
for semi-rigid asymmetric top molecules.®*? This procedure has been in-
vestigated extensively in systematic ab initio studies of vibrational anhar-
monicity in our laboratories.”>*! The computation of spectroscopic con-
stants from input force fields was performed by employing both the
ANHARM™% and ASYM40! programs. In determining the total vi-
brational contributions to ground-state rotational constants, Coriolis reso-
nances need not be considered because all resonance denominators
cancel in the summation over normal modes. An INTDER2000 input file
specifying the internal coordinate set for Pro-I and containing all ele-
ments of the quartic force field is available as Supporting Information.™?!

Results and Discussion

As the data in Table 1 show, the directly computed ab initio
equilibrium rotational constants may deviate substantially
from the experimentally measured vibrationally averaged
ones both for Pro-I and Pro-II. Generally the MP2(FC)/cc-
pVTZ equilibrium constants give superior comparisons, dis-
playing differences of 20-31 MHz with the empirical rota-
tional constants for the better characterized Pro-I conform-
er. Note that in the Pro-I case the corrections for vibrational
averaging computed from the MP2(FC)/6-31G* anharmonic
force field, amounting to 0.6-1.0% of the rotational con-
stants, significantly reduce the differences with experiment
to 7-12 MHz, in accord with the high accuracy of theoretical
vibration-rotation interaction (a;) constants that is usually
observed.*7 The theoretical differences between the vi-
brationally averaged rotational constants of the parent iso-
topomer and those of the substituted ones of Pro-I, as re-
ported in Table 2, reproduce the experimentally measured
values remarkably well. The shift in the A, constant for the

Table 1. Rotational constants [MHz]| for the parent isotopomers of conformers Pro-I and Pro-II.

Level Pro-1 Pro-1I
A(Ag) B.(B,) C(Co) A(Ag) B.(B,) C(Co)
RHF/6-31 + G* 3847.7 1628.6 1373.4 4196.4 1531.1 1251.3
B3LYP/6-311+4 G** 3730.2 1641.5 1369.5 4030.2 1551.4 1246.9
MP2(FC)/cc-pVTZ! 3704.3 1708.7 1428.2 3816.1 1673.9 1322.9
(3666.1) (1698.1) (1419.1)
Expt.! (3673.9) (1688.4) (1407.4) (3923.6) (1605.9) (1279.8)

[a] Zero-point vibrational contributions to the rotational constants were determined from MP2(FC)/6-31G* vibration-rotation interaction constants.

[b] Ref. [10].
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Table 2. Isotopic shifts of rotational and quartic centrifugal distortion constants for Pro-L1%

Parent Bc, Bc, Bc, Bey B, 5N ND oD £l

A, 3666.06 —-17.30 —49.94 —30.76 —-8.82 0.14 —35.54 —110.71 —72.48 0.29
(3673.90) (~16.97) (~49.80) (~30.27) (~9.37) (0.16) (~35.83) (~110.91) (~75.33)

B, 1698.14 —-3.37 -3.19 —18.84 —24.04 -10.32 —6.06 —18.19 -2.79 0.25
(1688.42) (=3.25) (—324)  (—19.02)  (=2379)  (~1025) (=5.87) (~17.65) (=3.40)

C, 1419.11 —0.02 —-9.46 —12.11 —18.03 -7.19 —6.70 —13.26 —-12.13 0.18
(1407.38) (0.00) (~9.29) (—12.30) (~17.82) (=7.11) (~6.62) (~13.08) (~12.67)
Ay 0.5611 —0.0070 —0.0103 0.0015 —0.0122 —0.0053 —0.0105 —0.0365 —0.0061
(0.6341) ©0) 0) ) 0) ©0) (~0.014) (~0.0401) (~0.033)
A —1.9548 0.0066 0.0600 —0.0118 —0.0139 0.0098 0.0300 0.2409 0.1023
(—2.402) ) 0) ) 0) ) (0.060) (0.162) (4.45)
Ax 4.3182 0.0047 —0.1603 —0.0127 0.0615 —0.0051 —0.0770 —0.6074 —0.2273
(5.118) (0) (0) (0) (0) (0) (0.022) (0) (0)
oy 0.0984 —0.0035 —0.0003 —0.0013 —0.0025 —0.0012 0.0015 —0.0113 0.0034
(0.1210) (0) (0) (0) (0) (0) (=0.008) (0) (0)
Ok 0.5956 —0.0176 —0.0383 0.0150 —0.0043 —0.0016 0.0048 0.0097 —0.0228
(0.581) (0) (0) (0) (0) (0) (0) (0) (0)

[a] Shifts are given for the isotopically substituted species relative to the absolute values listed for the parent molecule. MP2(FC)/cc-pVTZ values are
listed first with measured quantities from reference [10] in parentheses. All theoretical rotational constants include MP2(FC)/6-31G* zero-point vibra-
tional corrections. See Figure 1 for numbering of the atoms. The units assumed for the vibrationally averaged rotational constants and the A-reduced
quartic centrifugal distortion constants are MHz and kHz, respectively. Points of significant disparity are printed in boldface. [b] Mean absolute differ-

ence between theoretical and experimental isotopic shifts. The statistics for A, exclude the outlying datum for the OD isotopomer.

OD isotopomer is clearly an outlying datum in this compari-
son, as the theoretical result differs by 2.85 MHz from the
experimental value, whereas the corresponding mean abso-
lute deviation for the other isotopomers is only 0.29 MHz.

For Pro-I, changes in the isotopically substituted quartic
centrifugal distortion constants mostly support the con-
straints introduced by Lesarri et al."” due to the lack of suf-
ficient experimental line information, although there are a
few striking disparities, such as 4;x(OD) and Ax(ND). More
importantly, data presented in Table 1 and Table 3 suggest
that the experimental quartic centrifugal distortion (QCD)
constants, Ax and d, of Pro-II are not valid.F**¥ By using
the method of predicate observations, Demaison®* observed
that 1) setting d¢ to zero was a somewhat unfortunate
choice of Lesarri et al.l'”! as its value is relatively large, as
predicted correctly by ab initio calculations; 2) the spectro-
scopic constants A and Jd¢ are highly correlated, so that re-
fitting these constants results in different but much im-
proved values, Ax=28.2(25) kHz and 6x=0.91(14) kHz; 3)
the originally reported value for A¢ was given in MHz and
not in kHz; and 4) 4;, Ak, and J; are well determined.

Based on their vibrationally averaged rotational constants
for nine isotopomers, Lesarri etal.'”) published selected
structural parameters of Pro-I, including bond lengths, bond
angles, and torsion angles of mostly heavy atoms of the pyr-
rolidine ring. With the aid of our fully optimized MP2(FC)/
cc-pVTZ geometry, we undertook a new least-squares re-
finement (LSR) to determine empirical structural parame-
ters for Pro-1. To achieve this goal a new computer program,
MolStruct, written in Mathematica,” has been developed.
Performance of the code was checked by application to syn-
thetic rotational constant data for the nine isotopomers of
concern, generated from the optimized MP2(FC)/cc-pVTZ
structures. Upon constraining diverse sets of internal coordi-
nates to their MP2(FC)/cc-pVTZ values and then perform-
ing LSR on the rest, we were always able to achieve facile
convergence to an exact fit of the synthetic rotational con-
stants, even from rather poor initial guesses of the structural
variables. The preliminary studies on the synthetic rotational
constant data provided important information on how well
determined the structural parameters are under various
choices of constraints.

Table 3. Computed and experimental rotational and quartic centrifugal distortion constants for the two experimentally observed (parent and "“N) iso-

topomers of Pro-IL

Rotational constants [MHz]

QCD constants [kHz]

A B C Ay A Ag oy Ok
Parent
B3LYP/6-311+4 G** 4030.19 1551.36 1246.91 0.37 -1.36 5.56 0.11 0.95
MP2(AE)/cc-pVTZ 3837.02 1693.76 1339.05 0.88 —3.32 8.95 0.14 0.65
Expt. 3923.56 1605.88 1279.80 1.02 —4.65 —0.01 0.25 [0.00]
BN
B3LYP/6-311+4 G** 3988.01 1547.60 1241.97 0.37 —1.38 5.51 0.11 0.91
MP2(AE)/cc-pVTZ 3796.19 1689.06 1333.28 0.87 —3.35 8.87 0.13 0.58
Expt. 3880.40 1602.38 1274.92 1.01 —4.62 [-0.01] 0.26 [0.00]

[a] The calculations refer to equilibrium rotational and QCD constants, while experiment (Expt.) refers to vibrationally averaged experimental constants
from reference [10]. Note that according to a refitting performed by Demaison,*! based on predicate observations, the experimental QCD constants
[kHz] of the parent isotopomer change to 4;=1.025(6), A4;x =—4.59(4), Ax =8.2(25), 6,=0.247(3), and Ax =0.91(14).
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Although the isotopomeric rotational constant data for
proline are extensive, they are insufficient to define a geo-
metric structure without the imposition of numerous con-
straints. To wit, there are 45 geometric degrees of freedom
for proline, but only 27 empirical rotational constants in the
data set. It is stated in reference [10] that the “only” con-
straints imposed on the original structural refinement were
the planarity of the carboxy group and the local C,, symme-
try of the three methylene units. However, these specifica-
tions technically only reduce the problem to 31 variables, so
there must have been other assumptions that were not
stated. The number of separate geometric parameters re-
ported in reference [10] for proline is 14.

We are in a position to impose more realistic and reliable
constraints on the structural refinement of proline, based on
our MP2(FC)/cc-pVTZ optimum geometric parameters. For
example, the MP2(FC)/cc-pVTZ wagging, twisting, and
rocking angles of the methylene groups range from —6.3 to
5.7°, as opposed to zero when local C,, symmetry is as-

Table 4. Geometric constraints of Pro-I structural fits.!?!

sumed. Likewise, the C—C bond lengths display a variability
of 0.01 A instead of a common value. After extensive test-
ing, we found that the 33 MP2(FC)/cc-pVTZ geometric con-
straints shown in Table 4 could be imposed without signifi-
cant reduction in the goodness of the structural fit. These
constraints 1) fully determine all the hydrogen positions
with respect to the heavy-atom framework, 2) specify the in-
ternal structure of the -COOH moiety, and 3) fix the differ-
ences in the C—C, C—N, and C—O bond lengths. With 12 geo-
metric parameters remaining after enforcing the constraints,
the empirical rotational constants can be fitted quite well:
the weighted rms error is only 0.0645 MHz, no residual is
over 1 MHz, and no correlation coefficient exceeds 0.91.
The results are listed under ry(Fit 1) in Table 5. There is gen-
eral but not precise agreement with the structure in refer-
ence [10], the most notable disparities, 3-4°, occurring for
7(C5-N-C,-Cy) and 7(N-C,-C4-0), the tilting and internal ro-
tation angles of the -COOH group, respectively. The ry(Fit
1) mean bond distances differ by 0.010-0.018 A from their

1. r3.4)—r(2,3) = —0.0046 13. 7(5,16) = 1.0932 25. 6(12,3,13)=108.78°

2. 1(4,5)—r(2.3) = —0.0087 14. 1(5.17)=1.0880 26. 6(2,3,12) +60(4,3,12)—0(2,3,13)—0(4,3,13) = —6.26°
3. 1(2,6)—r(2.3)=0.0021 15. 0(7,6,8) = 124.00° 27. 6(2,3,12)—6(4,3,12)—6(2.3,13) + 6(4,3,13) =3.24°
4. 1(1,5)—r(1,2) = —0.0000 16. 0(6,8,11)=102.16° 28. 0(2,3,12)—0(4,3,12) + 0(2,3,13)—0(4,3,13) = —3.04°
5. 1(6,7)—r(6,8) = —0.1291 17. 6(12,10)=112.13° 29. 0(16,5,17) = 108.46°

6. (8,11)=0.9905 18. 6(3,2,10)=112.07° 30. 6(1,5,16) + 6(4,5,16)—0(1,5,17)—60(4,5,17) = —2.36°
7.1(1,9)=1.0104 19. 0(2,1,9)=111.56 31. 6(1,5,16)—60(4,5,16)—6(1,5,17) + 6(4,5,17) =4.54°
8. 7(2,10)=1.0890 20. 6(5,1,9)=111.72° 32. 0(1,5,16)—0(4,5,16) + 0(1,5,17)—0(4,5,17) = —1.28°
9. 7(3,12) =1.0903 21. 6(14,4,15)=108.47° 33. 1(7,6,8,11)=179.39°

10. 7(3,13) = 1.0864 22. 0(3,4,14)+0(5,4,14)—0(3,4,15)—0(5.4,15) =5.71° 34. 9(2,6,8,7)=0.41°

11. r(4,14)=1.0871 23. 0(3,4,14)—0(5.4,14)—0(3,4,15)+0(5.4,15) =0.81°

12. 7(4,15)=1.0907 24. 0(3,4,14)—0(5.4,14)+0(3.4,15)—0(5.4,15) =1.14°

[a] Based on the MP2(FC)/cc-pVTZ optimum structure. Units are A for distances (r), and degrees for bond (6), torsion (7), and out-of-plane (y) angles.

See Figure 1 for labeling of the atoms.

Table 5. Structural parameters of Pro-L*"!

Expt. MP2(FC)/ ro(Fit 1) ro(Fit 2) ro(Fit 3) ro(Fit 4) ro(Fit 1)

Ret. [10] ce-pVTZ (~5,-15) (—6,-16) (-3,-4)
r,(C—N) 1.451(6) 1.479 1.465(8) 1.467(12) 1.469(9) 1.456(9) 1.473(4)
1,o(C—C) 1.544(16) 1.529 1.547(4) 1.548(6) 1.545(5) 1.550(8) 1.530(2)
H(Cs—0) 1.340(10) 1.337 1.327 1.305(124) 1331 1.330 1.328
1(C¢=0) 1.210(10) 1.208 1.198 1.218(97) 1202 1201 1.198
0(0=C,—0) 124.909) 124.0 124.0 124.1(30) 124.0 124.0 124.0
0(C,~C—0) 1162(8) 113.4 116.1(8) 117.0(59) 1153(9) 115.3(13) 1153(3)
O(N-C,—C,) 111.0(9) 109.8 110.5(7) 109.8(47) 1103(8) 111.1(13) 110.4(3)
0(Cs—N—C,) 108.3(9) 108.6 109.5(6) 109.6(8) 109.3(6) 109.3(8) 109.1(3)
O(N-C,—Cs) 105.7 106.5(10) 106.3(11) 106.4(12) 107.6(15) 105.7(4)
0(C{—Cs—N) 103.7(1) 103.3 103.6 103.5 103.6 103.5 103.6
6(Cs—C,—Cs) 101.9(9) 101.9 101.9 101.9 101.9 101.9 101.9
1(CsN-C,—Cy) 121(1) 1165 117.5(14) 117.3(24) 117.5(16) 117.5(22) 117.1(6)
1(N-C,—C4—0) 0(2) 23 3.9(22) 4.1(35) 3.7(23) 3.7(36) 3.3(9)
7(C-C,-N—Cs) 2(2) 25 ~0.7(10) ~1.0(12) —0.6(11) ~0.8(13) ~277(4)
1(C,-C—Cs—Cy) 138(2) 1373 139.4(5) 139.4(6) 139.4(6) 139.5(6) 138.4(2)
r(N--H) 1.915(6) 1.809 1.922 1.922 1.925 1.922 1.881
r(O—H) 0.991 0.991 0.991 0.968(16) 0.991 0.991
0(C—0O—H) 102.2 102.2 102.2 103.4(11) 102.2 102.2
H(N—C,)—r(N—Cs) 0.000 0.000 0.000 0.000 ~0.030(26) 0.000
HCs—Cy)—1(C5~Cy) 0.002 0.002 0.002 0.002 0.012(46) 0.002
Rms resid. [MHz] 0.0645 0.0636 0.0629 0.0664 0.0342

[a] See footnote [a] to Table 4. Standard errors of fit are given in parentheses. [b] Fit 1 imposes all constraints 1-34 listed in Table 4; Fits 2—4 release con-
straints (5,15), (6,16), and (3,4), respectively, from Fit 1. The weights in the fits to the experimental rotational constants are set to the reciprocal uncer-

tainties.
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Table 6. Zero-point vibrational corrections [MHz] to rotational constants of Pro-I isotopomers.?!

Parent 53, B, BC, B, B3¢, SN ND oD
AAy 382754 38.1881 37.9842 37.5943 37.9435 38.0869 37.6450 37.2504 36.7852
BB, 10.5853 10.4239 10.4109 10.4818 10.4832 10.4506 10.5628 10.0590 10.8617
C~C, 9.0674 8.9457 8.9461 8.9751 8.9648 8.9527 8.9728 9.2756 9.1590

[a] Computed from the MP2(FC)/6-31G* cubic force field. See Figure 1 for labeling of the atoms.

MP2(FC)/cc-pVTZ r, counterparts, whereas the agreement
for bond and torsion angles is within 1.0° and 2.1°, respec-
tively, except for the angle 6(C,-C4-O). This exception re-
veals one striking difference between the ry(Fit 1) and
MP2(FC)/cc-pVTZ structures; namely, in the empirical
structure the -COOH group is rocked outward by almost 3°,
which increases the hydrogen-bonded r(N---H) distance from
1.81 to 1.92 A. Because the experimental r(N--H) distance
is dependent on the changes in the rotational constants
upon deuterium substitution in the hydrogen bond, the dis-
agreement between theory and experiment seen above for
the shift in the A, constant for the OD isotopomer is signifi-
cant. We return to this issue below after accounting for
zero-point vibrational effects.

The degree of accuracy of the empirical determination of
the proline structure can be gauged by performing addition-
al fits with various relaxations of constraints. As detailed in
Table 5, ry(Fit 2) shows that the internal structure of the car-
boxy group is not well defined by the empirical data, which
is not surprising since no oxygen substitutions were includ-
ed. In ry(Fit 3) the release of constraints on the hydroxy hy-
drogen causes the O—H bond to contract by 0.023 A, and in-
creases 0(C-O-H) by 1.2°, but barely has an effect on the
hydrogen-bonded distance r(N--H). Finally, ry(Fit 4) reveals
that the differences in the C—C and C—N bond lengths are
poorly determined and spuriously exaggerated if the
MP2(FC)/cc-pVTZ constraints are removed. Nonetheless, it
is clear from the various fits that two key parameters, the
ring puckering angle 7(C,-C;-Cs-C,) and the hydrogen-
bonded distance r(N-+H), are well determined by the data
set of empirical rotational constants.

Theoretical results for the total zero-point vibrational
(ZPV) contributions to the rotational constants of the nine
isotopomers of Pro-I appear in Table 6. These quantities
were computed as one-half of the sum of the MP2(FC)/6-
31G* vibration—-rotation interaction constants («;). In order
to obtain empirically based r, parameters for Pro-I, our vi-
brational corrections were added to the (A, B, C,) con-
stants of reference [10], and another least-squares structural
refinement was executed with the (Fit 1) constraints of
Table 4. This accounting of vibrational effects satisfyingly re-
duced the weighted rms residual in the fit by almost a factor
of 2, to 0.0342 MHz. The resulting r, parameters, listed in
the last column of Table 5, also show substantial improve-
ments in relation to their MP2(FC)/cc-pVTZ counterparts.
For example, the ry(Fit 1)—r(Fit 1) effect decreases the
average C—C distance by 0.017 A, the twist angle 7(C;-C,-N-
Cs) by 2.0°, and the flap angle 7(C,-C;-Cs-C,) by 1.0°, bring-
ing them to within 0.001 A, 0.2°, and 1.1°, respectively, of
the corresponding MP2(FC)/cc-pVTZ values. Also signifi-
cant is the !/; reduction of the disparity seen above for the
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hydrogen-bonded N--H distance: ry(Fit 1)=1.922 A and
ro(Fit 1)=1.881 A versus r.(MP2(FC)/cc-pVTZ)=1.809 A.
An equivalent trend is seen in the carboxylic rocking angle
0(C,-C4-O). Thus, ZPV effects on r(N--H) are large, but in-
sufficient to bring theory and experiment into full accord for
this parameter, which is important to the accurate character-
ization of the intramolecular hydrogen bond in gaseous pro-
line. For all other geometric variables there is excellent
agreement between the empirically based r.(Fit 1) values
and the best (MP2(FC)/cc-pVTZ) theoretical predictions.
Resolution of the r(N--H) issue will require electronic struc-
ture computations on an even larger scale to determine fully
converged ab initio limits for this sensitive parameter. More-
over, further experimental work is needed to investigate the
isotopic-shift anomalies in the reported spectroscopic con-
stants of the OD isotopomer and to obtain rotational con-
stants for new isotopomers to fully define the empirical
structure of the carboxy group.
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