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Conformation of the Dipeptide Cyclo(L-Pro-L-Pro) Monitored by the Nuclear Magnetic
Resonance and Raman Optical Activity Spectra. Experimental and ab Initio Computational
Study
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Nuclear magnetic resonance (NMR) and Raman optical activity (ROA) spectra of the cyclic dipeptide were
measured and analyzed with respect to their ability to sense molecular structure and conformation. Data
obtained by both techniques were simulated using ab initio quantum mechanical computations. Calculated
chemical shifts, hydrogenhydrogen spir-spin coupling constants and ROA intensities agreed well with the
experimental values. The spigpin NMR coupling constants were found to be most suitable for estimating

of the conformational ratio. The ROA intensities provided additional information about the absolute
configuration. The relation of the NMR chemical shifts to molecular structure was obscured by the solvent
effect. The experimental results and calculated relative conformer energies suggest that equilibrium of three
conformations takes place in the solution at the room temperature with a preval@d8é)(of the conformation
present in the crystalline state.

Introduction The conformation is determined to a large extent by relatively
weak intramolecular nonbonded interactions as well as by
solvent effects, which are traditionally difficult to model by

empirical models. Thus more universal ab initio computational

Conformational equilibria of molecules in solutions are
challenging both experimentally and theoretically. This study
g;tpheecfsy (2?(:;]: rporg_b::;rn(:) gg)gﬁ:?tzri(éc?nmtigtstlagez;géers;:lnnsntechn[ques are desirable for thorough interpretation of the
optical activity (ROA) spectroscopies: (i) Both the NMR and experimental data: o ) ) )
ROA spectra reflect a second-order magnetic response of the Nuclear magnetic sh_leldmg a_nd corresponding chemical s_hlft
electronic cloud in the molecule, but provide different and in ©a&n be calculated relatively easily by current quantum-chemical
many ways complementary information about the molecular ab initio techniques. Typlcally,. cpupleqberturbed perturbation .
structure. (ii) The size of the molecule and the tricyclic system theories are used and an origin dependence of the results is
severely limiting its flexibility are in favor of advanced avoided via the gauge-independent atomic orbitals (GI&Os).
computations. Similar compounds were found in nature, and However, the dependence of the shifts on molecular conforma-
supposedly, the results and methodology can be generalized tdlqn is of.te.n obscured by solvent effects or cannot be modeled
other peptides. (iii) Finally, we wanted to test the accuracy of With sufficient accuracy.
the latest computational techniques developed for simulations The NMR spin-spin coupling constants are more sensitive
of the NMR spin-spin coupling and ROA intensities. to subtle conformational changes than chemical shifts and

Interpretations of NMR spectra are traditionally based on supposedly less influenced by the solvent. Reliable calculation
empirical relations between the chemical shifts, coupling of the coupling is computationally more demanding and
constant patterns and structural fragments present in thecomprises a sum of four different contributiohs:the Fermi
molecule. For example, Karplus-like equatibase extensively ~ contact (FC), diamagnetic spiorbit (DSO), paramagnetic
used for sugars or peptides, relating molecular conformation to Spin—orbit (PSO), and spin-dipolar (SD) term. Moreover,
vicinal spin—spin coupling constants. Obtained knowledge about electron correlation has to be included for their accurate
the torsion angles of coupled nuclei may be supported by the simulation. The uncorrelated coupled Hartré®ck (CHF)
measurement of the nuclear Overhauser effect (NOE). However,procedure, in many cases satisfactory for the shifts, consistently
detailed relation between NMR spectrum in a given solvent and overestimated the constants by about-2200%: For smaller

the structure and dynamics of the molecule is often unknown. systems advanced post-HF perturbation procedures provided
accurate constants and even reflected the solvent influence and
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proposed, such a combination of ab initio computations and Calculations
empirical Karlpus-like equatiorfsor the analytical sum-over-
states (SOS) schemeAlthough the SOS method reproduced
reasonably well signs and relative magnitudes of the coupling
for many cases, it failed for accurate absolute values. Mean-
while, the analytical coupledperturbed (CP) approach has been
implemented at the DFT levéP which enabled accurate
computations of the coupling with more modest computer
resources. Currently, we consider the analytical DFT/CP

Molecular geometry was optimized by energy minimization
at the BPW91%/6-311G** and levels using the Gausstaset
of programs. The COSMO mod&hs implemented in Gaussian
was used for estimation of the influence of aqueous environment
(e = 78) on conformation energies. The NMR spipin
coupling constants were obtained by the SOS method (for the
BPW91/6-311G** and MP2/6-31G** geometries) with the
. Becke-3LYP (B3LYP}? functional and 6-311G** basis func-
ttions using the program Réavritten in house, and at the CP/
B3LYP/6-31G** level using the COLOGNE 99 program
packagé® with the modified atomic basis of Huzinag49s5p1d/
5s,1p)[6s,4p,1d/3s,1p], usually referred to as IGLO-II. The ROA
intensities were simulated using harmonic force field computed
by Gaussian using the BPW91/6-311G** procedure. Finally,
the ROA tensors derivativEsvere constructed from the Becke-
3LYP/SOS/6-3%+G** derivatives of theG' andA (dipole—
guadrupole polarizability) tensors combined with the dipole
polarizabilityo. computed at the HF/CP/6-3H-G** level using
a method described elsewhéfeDue to the lack of reliable
theoretical methods, solvent corrections were not attempted for
the simulations of the NMR and ROA parameters.

also for the cyclo(L-Pro-L-Pro). In our implementation, all the

important terms in the magnetic Hamiltonian are included, which
previously led to excellent results for a trial set of smaller
molecules. The dipeptide provides another convenient bench-
mark, since the method has not yet been applied to larger and
flexible molecules.

Unlike for NMR, interpretations of ROA spectra are almost
entirely dependent on ab initio computational techniddes.
Natural complementarity of the two techniques stems also from
the sensitivity of ROA to the absolute configuration that is not
reflected by NMR spectra measured in achiral solvents. A close
relation between molecular structure and ROA intensities has
been established empirically for a variety of systems including
carbohydrates, peptides, and nucleic aéid3However, only
a limited agreement between simulations and experiment was
observed for more complex systems. Ab initio simulations are ~ Synthesis.The dipeptide was prepared by a standard fragment
restricted to smaller molecules because of the lengthy numericalcondensatiof? Purity of the resultant compound was better then
differentiation required for the construction of the electromag- 98%.
netic tensor derivative’$.Lately we proposed a computationally NMR Spectroscopy.NMR spectra of cyclo were measured
simpler and reasonably accurate simulation of ROA intenétties on the Varian UNITY-500 spectrometefH at 500 MHz;*3C
based on the SOS expansions and use it also for cyclo(L-Pro-at 125.7 MHz,'’O at 67.8 MHz and®N at 50.7 MHz frequency)
L-Pro) in this study. As shown below, accuracy of the SOS in CDCl. For estimation of the solvent effect on chemical shifts
method is sufficient for ROA, unlike for the NMR spirspin the'H and™*C NMR spectra were measured also D, CDs-
constants where it provides only informative values and the CP OD, CD;SOCD; and DO. All measurements were performed
procedure should be applied. at the room temperature-@98 K). Concentrations of about 5

Interestingly, all the spectral properties mentioned above mg of peptide in 0.5 mL solution was used for & and**C
reflect the electronic response to the magnetic perturbation NMR spectra and 50 mg/0.5 mL féfO and*>N NMR. *H and
caused either by the magnetic moments of the nuclei or by an**C chemical shifts are referenced to internal tetramethylsilane
external magnetic field. Moreover, the main NMR and ROA (TMS) in case of organic solvents and/or to sodium salt of
spectroscopic parameters are dependent on the second-orde¥-(trimethylsilyl)-1-propane sulfonic acid (DSS) in case oD
molecular property tensot4.The NMR shielding tensow, For 1N and 'O chemical shifts a secondary referencing to
nuclear spir-spin couplingd, and nuclear derivatives of the nitromethane and dioxane, respectively, was applied. Proton

optical activity tensos' can be all written as second derivatives chemical shifts and interproton coupling constants extracted
of the energy from resolution enhanced NMR spectra were refined by simula-

tion-iteration procedure (using program gNMR V4.0). The

E vicinal J(H,H) of the proline ring were interpreted in terms of

B=0,m=0 pseudorotation analysid2* This approach combines the gen-
eralized Karplus equatiott,the concept of pseudorotati®rand

Experimental Section

. s
(NMR shielding) o= (aBa

) 9°E a two-state model in a least-squares procedure. Calculations were
(NMR coupling) Jom = (8n8m)n—o,m:o performed with the program CONFPT.
ROA Experiment. Cyclo(L-Pro-L-Pro) was dissolved in
9 E doubly distilled deionized water to the final concentration of
(ROA) G'= _w(ﬁ)B_QE_O about 1 mol/L. Back-scattered ICP ROA and Raman spectra

were collected at the room temperature on the instrument built
whereE is the energy of the molecul® external magnetic  at the Charles University described in detail elsewR&féThe
field, E electric intensityw frequency of the light, and, m spectra were excited with the 514.5 nm line of argon laser
nuclear magnetic moments. Scalar parametis and o (Coherent Innova 305). The excitation power at the sample was
observable for an isotropic medium are defined as a 1/3 of the about 500 mW; the width of the spectrograph entrance slit was
traces of the tensotkande, respectively. For the ROA a back- set to 200um corresponding to a spectral width of about 10
scattering incident circular polarization arrangement was usedcm™1, the total acquisition time was 4.5 h. Experimental data
here and the corresponding intensity expression can be foundare displayed in the form of circular intensity different®—
elsewheré#> The analogy of the NMR and ROA theories I\, representing the ROA spectrum, and a corresponding circular
results also in similar problems associated with their computer intensity sumJR + I, representing the parent Raman spectrum
implementation, e.g., the need of field-dependent atomic orbitals (whereIR andIt are the Raman scattered intensities with right
in order to avoid origin dependence of the results. and left circularly polarized incident light, respectively). The
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X-ray in crystaf® as well as to the N (North)-conformation
obtained by the pseudorotation analysis of NMR dafd.
Conformationll, corresponding to the S (South) conformation
obtained by NMR, was not observed in the crystalline state.
Both conformations andll possess &, symmetry axis, while
conformationlll loses the symmetry and can be viewed as an
intermediate state between the first two forms (see Figure 2).
Figure 1. Atom and torsion angle definitions in cyclo(L-Pro-L-Pro).  In contrast to the five-membered rings the inner six-membered
ring is relatively rigid and not influenced by the conformation
of the side chains (compare anglgs, andw in Table 1). For
(Cy) conformerl, most of the angles (except) obtained at the

BPW91/6-31G** level are closer to the X-ray data than those

calculated by the MP2/6-31G** method, but this difference

is minor with respect to the experimental error. Also, the
II effect of crystal forces could not be involved in the computa-
(C2) tions.

Calculated Relative EnergiesCalculated relative energies
of the three conformers are listed in Table 2. Clearly, the
Il differences between the conformers are small and inconsistent
(Cy even if calculated at relatively high levels of approximations.
For example, the correlated methods of MP2 and BPW91
Figure 2. Optimized (BPW91/6-311G*) geometries of the three Provide the same ordering of electronic energies, but different
conformers (molecular symmetry is indicated in parentheses). from that obtained by the HF procedure. For BPW9L1, virtually
same energies are obtained with the two basis sets (6-31G**
opposite enantiomer, cyclo(D-Pro-D-Pro), was also studied at and 6-311G**), but the ordering is changed if the COSMO
the same experimental conditions and its ROA spectrum solvent modeld, = 78) is used. The B3LYP functional provides
exhibited almost perfect mirror symme. virtually same electronic energies for all the three conformers.
The ordering, however, is changed again when the vibrational
zero-point energy correction is considered or the Gibbs free
Molecular Conformers. Three equilibrium conformers re-  energies are compared. Thus the calculation of relative energies
ferred to ad, I, andlll (shown in Figure 2) were found for ~ alone does not provide reliable information on the conformer
cyclo(L-Pro-L-Pro). Their characteristic torsion angles (see populations in the sample. Since, however, the differences in
Figure 1) calculated at the BPW91/6-311G** and MP2/6-31G** relative energies are comparable with the Boltzmann quantum
levels are compared with experimental values in Table 1. (at the room-temperatur&€T ~ 0.6 kcal/mol), a semifree
Apparently, conformation corresponds to that found by the movement of the proline rings can be deduced.

Results and Discussion

TABLE 1: Calculated and Experimental Ring Torsion Angles in Cyclo(L-Pro-L-Pro)

BPW91/6-311G** MP2/6-31G** NMR
conformerl conformerll conformerill @ conformerl conformerll conformerill @ X-ray> N-form  S-form

@ —36.6 —39.3 —-38.0 —36.9 —35.9 —41.0 —-39.2 —-39.2 —38

P 38.1 44.5 42.3 41.3 394 48.7 44.6 44.6 37

w —-2.3 —6.0 —-4.7 —5.7 —4.6 —-8.3 —6.3 —6.4 -1

21 -31.1 19.4 —29.7 18.1 -325 25.7 —30.0 237 —34 —34 34
X2 37.1 —33.8 36.9 —33.0 39.4 —38.7 39.1 -37.9 36 39 —43
X3 —28.1 34.9 —29.2 35.0 —30.5 36.1 -32.2 36.9 —24 -29 36
Aa 8.7 —24.0 109 -—-25.0 10.4 —21.0 13.8 —23.2 1 9 —15
X5 14.3 3.0 11.9 4.4 13.8 -3.0 10.3 -0.3 21 15 -12

a For this conformer the two proline residues are not identftReference 30¢ The analysis deals with the five-membered rings only.

TABLE 2: Calculated Relative Energies (kcal/mol) of the Conformers

(a) Electronic Energies)
conformer HF 6-31G** MP2 6-31G** BPW91 6-31G** BPW91 6-311G** BPW91/COSM®311G** B3LYP 6-31G**

I 0 0 0 0 0 0
I 0.8 -0.9 -0.5 -0.5 0.7 -0.1
I 1.4 -0.3 -0.2 -0.3 0.7 0.0
(b) With Zero-Point Energies (ZPE) and Free Energies at 298®) (
HF/6-31G** BPW91/6-31G** B3LYP/6-31G**

conformer E + ZPE AG E+ ZPE AG E+ ZPE AG

I 0 0 0 0 0 0

I 0.9 0.6 -0.1 0.5 0.3 -0.8

I 1.7 19 -0.1 -0.2 0.2 0.0

aWater as a solvent was used, with default Gaussian parameters.
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TABLE 3: Experimental and Calculated Chemical Shifts (ppm)

Bour et al.

experimental

calculated for conformer:

nuclei CDC} CeDs DMSO CDh;OD DO I Il 2

13ch CO 166.40 165.91 165.90 168.63 171.02 164.2 163.0 164.2
Ca 60.56 60.32 59.66 61.76 63.41 67.6 66.4 66.9
Cp 27.70 27.88 27.10 28.74 29.97 33.3 30.6 31.9
Cy 23.36 23.22 22.78 24.19 25.37 28.8 28.7 28.7
Co 45.22 45.11 44.50 46.21 47.94 50.2 51.1 50.6

1P Ha 4.10 3.54 4.28 4.35 4.44 4.23 4.04 4.12
Hpc 231 2.13 2.12 2.29 2.32 2.07 2.99 2.57
Hp: 2.19 1.94 1.93 ~2.00 2.09 2.10 1.85 1.97
Hyc 2.02 1.34 ~1.86 ~2.00 ~2.00 1.95 1.55 1.75
Hyt 1.93 1.21 1.82 ~2.00 ~2.00 1.87 1.63 1.75
Hoc 3.53 3.36 ~3.35 ~3.52 3.56 3.36 4.14 3.75
Hoy 3.53 3.21 ~3.35 ~3.48 3.46 3.65 3.05 3.36

15N¢ N —249.29 —226.1 —223.6 —225.0

17Qd o} 302.87 346.8 337.7 342.2

aThe average value for the two proline residueReferenced to TMS: Referenced to nitromethan€Referenced to dioxane. The BPW91/6-
311G** level was used for the computation, at which the absolute reference values were calculated as 183.34 (C, TMS), 31.67 {H1,20\68),
(N, nitromethane), and 269.83 (O, dioxane) ppm.

TABLE 4: NMR Spin —Spin Coupling Constants$ in Cyclo(Pro-Pro), in Hz

nJ(H,H)
S0S/6-311G** CP/6-31G CP/IGLO-I® CP/IGLO-IIP expt

HH n | T | T | T i mo | T (in CeDs)
B 2 -0.15 0.16 —17.78 -16.81 —1327 -1221 -1342 —1239 -13.44 -12.77 —12.90

Y 2 0.00 015 —17.06 —16.80 —12.52 —1221 -1244 -1217 -1279 -1238 —12.65

dedy 2 0.54 047 -16.28 -16.15 —11.57 -11.47 -11.39 -11.49 -12.03 -11.83 —11.58

oBe 3 4.52 0.48 9.32 0.48 9.76 0.54 9.51 0.67 9.85 1.09 8.82
0B 3 2.38 1.01 7.40 9.90 6.33 8.62 6.70 9.05 6.39 9.67 7.37
Beye 3 2.48 2.72 7.03 7.44 6.07 6.27 6.18 6.44 6.66 7.43 7.36
Bert 3 5.69 0.18 12.70 0.57 12.71 0.61 12.81 0.56 12.52 0.42 10.29
Bye 3 0.22 5.29 0.57 11.80 0.63 12.00 0.61 12.02 0.47 11.70 3.80
Bon 3 2.34 2.61 6.69 6.86 5.78 6.02 5.88 6.18 6.33 6.92 6.84
vde 3 2.61 2.65 7.34 8.53 6.38 7.17 6.07 6.99 6.96 7.32 7.36
e 3 0.28 5.09 0.15 10.86 0.37 11.04 0.34 10.98 0.53 10.98 3.90
7106 3 4.87 0.19 10.50 0.15 10.81 0.31 10.92 0.31 10.48 0.32 8.43
701 3 3.25 2.08 9.59 6.04 8.33 5.16 8.04 5.02 8.86 5.47 8.40
0de 4 0.48 043 -181 -175 -0.76 -0.74 -0.78 -0.74 —-0.77 —0.76 -0.72

ody 4 010 -001 -106 —-081 —063 -057 —068 -052 -060 —0.53 —0.59

e 4 0.37 038 151 -155 -059 -061 -064 —061 —058 —0.61 ~0.50
Bde 4  —0.24 1.10 0.43 011 -0.18 099 —0.17 1.08  —0.20 0.91 0.60
Bide 4 0.37 038 -164 -154 -068 -055 -065 -055 —0.70 —0.64  —0.68
Bidy 4 094 —024 —021 0.48 063 —0.16 0.68 —0.16 0.45  —0.19 0.62
(%) 71° 20 77 23 77 23 77 23 78 22

a All constants were calculated using the B3LYP functiof@PW91/6-311G** optimized geometryMP2/6-31G** geometryd Calculated
molar ratios obtained by a root-mean-square fitting to the experimental values; two-state model is adopted; for cihfthenéve membered
rings are considered separatelArbitrarily normalized.

Isotropic Nuclear Magnetic Shielding. Calculated and mean-square deviations between the calculated and experimental
experimental chemical shifts are listed in Table 3. Typically, proton chemical shifts (0.14 and 0.46 ppm for conformations
computed values agree with experiment within an error of about and I, respectively) indicate that conformlkis preferred in
10%. The chemical shifts of heavy atoms seem to be relatively the sample.
less sensitive to the change of conformation than for hydrogen Nuclear Spin—Spin Coupling. The coupling constants
atoms. For example, computed shifts for the hydroggandiffer (namely, the vicinal couplings) are known to be very sensitive
by 0.92 ppm (about 50%) for conformatiohandll , while for to conformational changes. Indeed, as follows from Table 4,
carbons the biggest difference of 2.7 ppm)(Corresponds to  significant differences can be observed in the coupling constants
only about 10% of the absolute value and is comparable with calculated for the two conformations of the proline side chain.
expected computational error. Unfortunately, as follows from An occurrence of conformelil of cyclo(Pro-Pro) cannot be
comparison with the experimental values in Table 3, the evidenced by experimental NMR data, since one of its proline
conformational dependence predicted for the hydrogen atomsring adopts geometry present in conformeand the second
has same magnitude as the changes induced by the solvent. Weproline ring corresponds to conformiér In the time-averaged
suppose that the chemical shifts obtained with chloroform are experimental spectrum the presence of confortheapparently
most suitable for comparison with the data calculated for increases effective ratios of the conformers | dnldy the same
vacuum, because of the weak solvestlute interactions.  amount. Thus we adopt a two state model, which is also
Although benzene is less polar than CR@ typically induces supported by the small energy differences (see Table 2) among
large changes in the shifts. Using the chloroform data, the root- the conformers. Note, that the relative energies not only suggest
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independent movement of the two proline rings, but also their H-H Coupling Constants (Hz) in c-(L-Pro-L-Pro)
coupling constants in conform#ét (columns titled!l andlll '
in Table 4) virtually copy those calculated for the “pure” 14
conformersl andll. For example, theyS.: coupling constant 12 4 5 A
was obtained as 9.76 with the CP/IGL®4todel for conformer 10 1 n
I. This number is quite close to the value of 9.51 obtained by 2 8 A Conformation |
the same method for the proline ring adopting similar (crystal- % 6 1 u W Conformation I}
line-like) conformation in the conformdtl . The other con- 3 44 078% of | +22% of Il
formational minimum of the five member ring leads to a quite 24
different value of this constant, 0.54 and 0.67, predicted for 0 4 A Fu
the conformergl andlll , respectively. 2

The SOS values for couplings between the hydrogen atoms 20 2 4 6 8 101214
separated only by two covalent bonds= 2) are clearly quite Experimental
unrealistic, in accord with our previous experieAédhis short- Figure 3. Calculated and experimental nuclear spapin coupling

range coupling is much better reproduced by the CP techniqueconstants. Only the longer range coupling X 2, see Table 4) is
(columns 5-12 in Table 4), especially when the larger “NMR-  included.

optimized” IGLO-II basis set is used. Control computations (not
shown here) confirmed the general knowledge that the couplings Conf. 1
are not significantly influenced by the solvent, e.g., by formation

of hydrogen bonds, and thus can be really considered dependent

predominantly on molecular structure and conformation.

Calculated values of the coupling constants over more than
two bonds ( > 2) are generally less sensitive to the adopted Cont. 1
approximation. In accordance with previous observatibtiese —A—I‘MMWMW
constants obtained with the approximate SOS method follow
the CP values, but are underestimated by about 50%. The CP
constants fon = 3 obtained with the smaller basis (columns Conf. TII
5—6) are very close to those calculated with the bigger basis
set (columns #8 in Table 4); more pronounced basis set
dependence appears for the longest range interactiors).
Rather minor differences can be observed for the CP/IGRO-II
and CP/IGLO-IP computations, where the BPW91/6-311G** Conf. 1
and MP2/6-31G** equilibrium geometries were used, respec-
tively.

Since the experimental spitspin coupling constants are not
reasonably matched by the prediction for the pure conformers,
we suppose that a conformer equilibrium is present in the
sample. Then the experimentally observed coupling constants
correspond to a population-weighted sum of thealues of
individual conformers. Adopting the two-state model (for the
proline rings rather than molecular conformers), sum of the
square deviations between experimental and calculated couplings
can be minimized,

ROA Intensiyt

Conf. II

Conf. I

Raman Intensiyt

1500 1000 500
Wavenumber (cm™")

0 =X[J(exp)— (7'3(1) + »" J(1)]*— min

which provides the mole fractiong' of the conformers.
Because of the large systematic error of the SOS method, theFigure 4. Simulated Raman (lower part) and ROA (upper part) spectra
normalization §' + 7' =1) was introduced arbitrarily after the ~ Of the three conformations of cyclo(L-Pro-L-Pro).
fitting for this case. As can be judged from Table 4 and Figure Unlike NMR, due to the fast intrinsic response of ROA given
3, such a fit (withyy' ~ 0.78) provides a perfect agreement with by the light frequency, the conformations contribute separately
the experimental data. Obtained molar ratios (for the CP to the spectrum. As follows from the simulation of the ROA
computations) are virtually independent of the basis set and onand Raman spectra shown in Figure 4, the three forms of cyclo-
minor differences between the BPW91 and MP2 geometries. (Pro-Pro) provide unique signals almost in the entire range of
This result is also in agreement with the pseudorotation analysisrecorded frequencies. However, a lower sensitivity of the
based on the observed vicinal couplings since the generalizedtechnique as well as limited accuracy of the simulation does
Karplus equation and a similar two-state model for proline not allow full exploration of this potential. Only calculated
conformation predict about 80% of conformatidnin the spectrum of conformel provided satisfying agreement with
solution of cyclo(Pro-Pro). At the time-averaging situation the experimental spectrum, as shown in Figure 5. In fact, the
presence of conformatidil will result in apparent increasing  agreement is very good and a standard analysis would lead to
of conformations| and Il by the same amount and the the conclusion that only conformemwas present in the sample.
population oflll itself cannot be therefore determined by the Under this assumption most of the visible spectral features can
NMR data. be assigned to fundamental transitions as done in Table 5.

Raman Optical Activity. By this technique, in principle, all ~ Obviously, the correspondence between the experimental and
the conformations present in the sample should be resolved.simulated ROA sign patterns reliably confirms the absolute
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TABLE 5: Calculated Vibrational Frequencies (Conformer
I, in cm~1) and Their Assignment to Observed Transitions
N Cal. mode symmetry wcad @exp remark
E 64 B 1698.9 1635 amide(C=O0 stretch, 2 modes)
g 63 A 1697.2
« 62 A 1483.3 1492 Chiscissoring (6 modes)
2 Exp 61 B 1482.3
: 60 B 1459.3
59 A 1459.0
58 A 1450.7 1457
57 B 1450.6
56 A 1399.9 1414 amidi (2 modes)
z 55 B 1378.7
g Cal. 54 A 1327.5 1350 Chiwagging (6 modes)
E 53 B 1323.5
é 52 B 1310.2
3 51 B 1301.8
. 50 A 1299.4
i 0535 32 . Exp. 49 A 1296.2 1323
48 B 1274.6 @H bend (2 modes)
47 A 1263.4
1500 1000 500 46 B 1262.0 1284 complex CH bend
Wavenumber (cm™) 45 A 1257.7
44 B 1218.1
Figure 5. Comparison of simulated Raman and ROA spectra for 43 A 1216.1 1239 skeletal deformation
conformerl (solid line) to the experiment. Regions obscured by artifacts 42 A 1189.1 1205 amidil -+ skeletal deformation
in the experimental ROA spectrum are marked by asterisk (¥). The 41 B 1188.3
normal mode numbering corresponds to those in Table 5. The calculated 40 A 1167.3 1188 NC=* stretch
spectra drawn by the dotted line were obtained as a sum of the three 39 B 1166.7
conformers (74% of, 13% ofll, and 13% ofill ). 38 A 1144.0 1166 €C and N-Cstretch N-C
37 B 1138.4 N-C@ stretch
molecular configuration (L-,L-). ROA intensities of the modes 36 B 1111.7 1138 €C stretch, skeletal
involving the inner six-member ring (amideamidell in the deformation (11 modes)
Table 5) are, as expected, least sensitive to the conformational gi g igii'g 1113
changes (cf. Figure 4). Most of the modes, however, cannot be 33 A 10254 1055
localized because of the strong mechanical coupling in the 32 A 1016.4 1133
tricyclic system and the exciton coupling between iGg 31 B 985.6
symmetry-related molecular parts. 30 B 949.9 970
Since the analysis based on spspin coupling constants 29 A 930.3
reliably indicates that about 20% of proline rings adopt the 23 g g%)%'g 931
conformation more deviated from the molecular plane (see og B 885.8
Figure 2) and because the relative energies of conformhers 25 A 874.5 878 torsional deformation
and Ill are approximately equal (Table 2), we consider the 24 B 857.0 CG-CO, N-C stretch
conformer populations 74% of 13% ofll, and 13% oflll as 23 A 848.8 867 b
the most realistic. This ratio does provide the correct effective 22 B 832.6 b
population of conformetl obtained by the two state NMR gé g %g'i 790 E
model (20%-13% of Il + (%,)(13% oflll )). Such a mixture 19 A 729.4 739 b
of conformers would not change significantly the ROA spectrum 13 B 614.3 b
(dotted line in Figure 5), and hence it is consistent also with 17 A 611.4 632 b
the ROA data. 16 B 578.2 598 b
15 A 539.4 559 b
; 14 B 4742 507 b
Conclusions 13 A 454.1 482 b
Computed relative energies as well as the NMR and ROA 12 A 407.0 437 b
parameters contain incomplete information about molecular 11 A 363.2 b
conformation, but their combined analysis provided reasonable 18 E g’ég-g E
estimate of the conformer ratios for cyclo(L-Pro-L-Pro) in 8 B 243 8 b
solution. Both the NMR shielding and coupling constants are 7 A 215.9 b
sensitive to conformational changes, but for the shielding is this 6 B 194.9 b
dependence obscured by the influence of the solvent and limited 5 B 173.1 b
possibilities of the modeling. More reliable conclusions could 4 A 108.4 b
be drawn from the comparison of the theoretical and experi- g E 83'8 E
mental spir-spin coupling constants, indicating that about 20% | A 45.9 b

of the proline residues in the molecule adopt a conformation

differing from that found in the crystal. The ab initio modeling X & Harmonic force field was calculated at the BPW91/6-311G* level.
of the spin-spin couplings was proved to be a convenient and ~ Mostly delocalized deformations.

more universal alternative to the conventional empirical tech- spectra are more limited by experimental noise and computa-
niques based on the Karplus equations. The results are consisterttonal errors, but they reflect the conformation of entire molecule
with the analysis of the Raman and ROA spectra. The vibrational and are sensitive to its absolute configuration.
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