





174319-3 Electronic structures of cyclic dipeptides

TABLE I. Geometric and electronic properties of the dipeptides.

J. Chem. Phys. 133, 174319 (2010)

cGG cLP cPP
Molecule cc-pVTZ! 6-31G** Crystal str.” cc-pVTZ! Crystal str.** cc-pVTZ* Crystal str.*
Ring perimeter (A) R} 8.66 8.68 8.59 8.68 8.65 8.68 8.60
RZ 8.36 8.27
Rs 7.54 7.54 7.50
Angles (°) C(9)C(1)N(2) 116.10 115.62 115.1 116.28 110.9 116.01 117.2
C(1)N(2)C(6) 126.14 125.64 126.0 125.64 113.5 125.37 126.8
N(2)C(6)C(7) 114.42 113.96 118.9 114.00 114.0 113.92 113.8
C(9)C(10)C(11) 115.15 113.06 1134
C(6)N(2)C(3) 112.15 112.25 110.8
N(2)C(6)C(5) 102.62 102.82 102.0
Dihedral angles (°) C(1)N(2)C(9)N(8) —166.32 —163.02 —155.83 —154.44
C(7)N(8)C(6)N(2) —166.32 —163.02 —160.96 —160.33
C(1)N(2)C(6)C(7) —24.16 —28.54 -1 —23.72 —41.5 —24.96 —17.1
C(7)N(®)C(9)C(1) ~24.16 —28.54 -1 ~26.70 —415 ~31.82 ~19.0
C(9)C(1)N(2)C(6) 8.42 9.05 1 —0.89 6.2 —0.73 0.7
C(6)C(7)N(8)C(9) 8.42 9.05 1 5.67 6.3 6.65 2.8
Pseudorotation phase (P)(°) 18.93 1.96
Puckering amplitude (v,,,)(°) 38.62 62.47
Dipole moment (Debye) 0.69 0.84 1.47 1.54
(R*)(a.u.) 917.18 3731.81 5371.11

“The theoretical calculations have been conducted on the basis of the B3LYP model.

PReference 9.
“Reference 30.

“Estimated standard deviations are in the range of 0.002-0.004 A for bond lengths and 0.015°-0.03° for bond angles.

(Ref. 31) remain almost unchanged, regardless of the leucine
or phenylalanine side groups. For example, the perimeter of
the piperazine ring changes by only 0.02 A from ¢GG with a
single ring to cLP and cPP, whereas Rq and Rs of the bicyclic
dipeptides cLP and cPP are equal, indicating that the dipep-
tide side chains do not affect the hexagonal and pentagonal
rings.

Figure 1 displays the optimized structures of the three
dipeptides using a recently developed interactive 3D pdf
technique.21 Double clicking the figure online or the portable
document format (PDF) file on a computer will allow view-
ing of the embedded 3D structures in the pdf file. The inte-
rior angles describe the piperazine and pyrrolidine rings of
the dipeptides and do not change significantly; there is a
common C(6)—N(2) bond in cLP and cPP. Also the dihe-
dral angles do not change significantly, except for the
C(9)C(1)N(2)C(6) angle, which differentiates the point
group symmetry of ¢cGG (C,) from cLP and cPP (C,). It was
found previously9 that the structure of cGG is a boat configu-
ration, which is also confirmed in the present study. We fur-
ther found that the dihedral angle in cGG between the flag
side and the bottom side of the boat, i.e., C(1)N(2)C(9)N(8)
is —166.32° in ¢GG, whereas this angle in cLP and cPP is
—155.83° and —155.44°, respectively. Due to the C; sym-
metry, the piperazine boat is not symmetric in cLP and cPP,
so that the dihedral angle of the other side of the boat, i.e.,
C(7)N(8)C(6)N(2), is —160.96° and —160.33°, respectively,
for cLP and cPP, indicating a larger distortion of the hexago-
nal ring in cLP and cPP. Nevertheless, the boat structure in
cLP and cPP is very similar, regardless of the phenyl or
leucine group.

The dipeptides cLP and cPP contain a five member pyr-

rolidine ring with a side shared with the piperazine ring. Five
member rings usually undergo pseudorotation,32 which can
be defined by a pair of parameters such as the pseudorotation
phase, P, and the pseudorotational amplitude, vm.3 3 The pseu-
dorotation of the pyrrolidine ring was examined, with N(2)
being the analog of O in tetrahydrofuran in the cited work.
The values of the pseudorotational phase parameter, P, of
cLP and cPP, also given in Table I, are 1.96° and 18.93°,
respectively, approximately the *,T (twist) and °E (envelope)
configurations in the pseudorotational wheel,** both in char-
acteristic North conformation. The pseudorotational ampli-
tude, v, of cLP is nearly half of that of cPP, indicating that
the phenyl ring in cPP indeed causes larger puckering of the
pyrrolidine moiety in the dipeptide cPP. However, as both
cLP and cPP have u,>20°>* namely, 38.62° and 62.47°,
respectively, the pyrrolidine rings of cLP and cPP are puck-
ered rather than flat as shown in Fig. 1. For the pyrrolidine
ring of free proline, on the other hand, P=115.81°, which
locates free proline between the twist °, T and envelope |E,
for an East conformation and 55.72° for its amplitude v,.
The proline moiety of the bicyclic dipeptides changes the
pseudorotational phase significantly, in order to coordinate
with the hexagonal diketopiperazine ring. However, the
pseudorotational amplitude, v,,, of cLP and cPP responds to
the side groups in opposite ways, indicating that the side
functional groups, isobutyl or phenyl, impact differently on
the proline moiety in cLP and cPP.

The potential energy has been calculated as a function
of rotation of the flexible dihedral angle &
=C(11)C(10)C(9)N(8) of cLP and cPP, respectively, using
the potential energy scan technique. Two minimum energy
conformations are found for each of the dipeptides, that is, at
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TABLE II. Vertical valence binding energies of cGG, cLP, and cPP dipeptides using outer valence Green function theory and the DFT based SAOP model.
For the OVGF model, pole strengths are given in parentheses; only those with values>0.85 are shown. The orbitals calculated at higher binding energies are
listed in the supporting information.

cGG cLP cPP
1P (eV) IP (eV) IP (eV)
Orbital SAOP* OVGF® Orbital SAOP* OVGF Orbital SAOP* OVGF®
15b° 10.86 9.34 (0.90) 57a° 10.46 8.53 (0.90) 65a° 10.42 8.60 (0.90)
15a 11.06 9.69 (0.91) 56a 10.56 8.91 (0. 90) 64a 10.48 8.89 (0.90)
14b 11.35 10.22 (0.90) 55a 11.08 9.70 (0.90) 63a 10.77 8.54 (0.90)
14a 11.51 10.26 (0.90) S54a 11.20 9.87 (0.90) 62a 10.84 9.06 (0.90)
6la 11.11 9.73 (0.89)
60a 11.26 9.88 (0.89)
“SAOP/et-pVQZ.
"OVGF/6-31G".
‘HOMO.
6=61.69° and 185° for cLP, and for cPP 6=65.60° and 300°, i ‘\1/.
separated by high energy barriers of 35.83 and 41.16 eV, Exp f ¥
respectively. The global (5<<100°) and local (6> 100°) f fd\ﬁb, N
minimum energy structures of cLP and cPP differ by 7.38 & I s SN NN
and 7.39 eV in energy, respectively. Thus the present study N W/C>
focuses on the global minimum energy configurations of cLP P °
and cPP. cPP

Table II gives the calculated vertical ionization potentials SAOP

of the dipeptides in the outer valence space of the dipeptides
in the energy region of interest here, namely, the outer 4 or 6
molecular orbitals. The full list of calculated values is listed
in the supplementary material.” The spectroscopic pole
strengths calculated using the OVGF/6-31G* model are all
larger than 0.85, indicating that the single particle approxi-
mation used in the models is valid and appropriate in this
study. In a previous calculation of outer valence vertical ion-
ization potentials of benzene, for which excellent and well
resolved experimental results are available,”® the perfor-
mance of the SAOP model was excellent except for the first
ionization potential; this is often the case for biomolecules.*®
Contributions from satellite states are negligible in this re- N
gion of interest. As seen in this table, the agreement between
the SAOP and outer valence Green function theory (OVGF) .Exp \
models apparently improves at larger binding energy, which i 'J\\_Jdcba
was also found in benzene.* 0
Figure 2 compares the measured and simulated vertical {OVGF L2
ionization spectra (both SAOP and OVGF) of the dipeptides ""\")e
in the outer valence region. The models used in the simula- 5
tions reproduce the major peaks of the experiment in the |3A0P
three dipeptides. Because the compounds are related struc-
turally, they exhibit certain similarities, in particular a com-
mon structure in the binding energy range of approximately
9-11 eV. Although the spectra are not well resolved in the
experiment, the frontier occupied orbitals in the region of
9-11 eV are well separated from the other valence orbitals
and are reproduced by the simulated spectra well. The OVGF
model shows significantly better agreement with the experi-
mental spectra in this energy range. The Highest Occupied

13 10 q
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FIG. 2. Valence ionization spectra of cPP (upper), cLP (middle), and cGG
(lower). Dotted lines: experiment; thin lines: theory based on the
OVGF/6-31G" model (spectra are shifted by +0.46, +0.36, and +0.38 eV,
respectively, for cPP, cLP, and cGG); thick lines: theory based on the SAOP/
et-pVQZ model [spectra are shifted by —1.50 eV (cPP), —1.39 eV (cLP),
and —1.16 eV (cGG)]. The FWHMs are adjusted in the simulation to best

Molecular Orbital (HOMO)-Lowest Unoccupied Molecular
Orbital (LUMO) gap has been used as a simple indicator of
kinetic stability, that is, stability with respect to the activated

match the experimental spectra. The HOMO-LUMO gaps are: 5.28 (cGG),
5.13 (cLP), and 4.67 eV (cPP) based on SAOP/et-pVQZ model. The frontier
valence orbital vertical ionization energies (OVGF/6-31G") are marked a,
b, c, d, e, and f using small vertical bars on the spectra.
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cPP
(f) 60a (e) 61a (d) 62a (c) 63a (THOMO)  (b) 64a (NHOMO) (a) 65a (HOMO)
11.26 (9.76) eV 11.11 (9.62) eV 10.84 (9.34) eV 10.77 (9.28) eV 10.48 (8.98) eV 10.42 (8.92) eV
cLP @\ ‘ %
(d) 54a (¢) 55a (THOMO) (b) 56a (NHOMO) (a) 57a (HOMO) 10.46
11.2 (9.81) eV 11.08 (9.69) eV 10.56 (9.17) eV 9.07) eV
cGG

Y

(c) 14b (THOMO)
11.35 (10.19) eV

(d) 14a
11.51 (10.35)

¥ @

(b) 15a (NHOMO)
11.06 (9.9) eV

(a) 15a (HOMO)
10.86 (9.7) eV

FIG. 3. The frontier valence orbitals of the dipeptides marked a—f in Fig. 2.

complex of any further chemical reactions.”” The HOMO-
LUMO gap of the dipeptides decreases as the size of the side
group becomes larger. For example, the HOMO-LUMO gap
is 5.28 eV in ¢GG, which decreases to 5.13 eV in cLP and to
4.67 eV in cPP, an energy drop of 0.15 eV from cGG to cPP
but of 0.61 eV from cGG to cPP. A large HOMO-LUMO gap
implies high kinetic stability and low chemical reactivity,
because it is energetically unfavorable to add electrons to a
high-lying LUMO to extract electrons from a low-lying
HOMO, and so to form the activated complex of any poten-
tial reactions.”’

The spectral peaks in the region of 9-11 eV shown in
Fig. 2 are due to four (¢cGG and cLP) and six (cPP) frontier
orbitals. The calculated vertical ionization energies of the
frontier orbitals are marked as small vertical bars above each
of the simulated spectra in Fig. 2, and the orbitals that are
responsible for these spectral peaks are given in Fig. 3.
While 4 frontier orbitals are responsible for the spectral
peaks in the 9-11 eV region in ¢cGG and cLP, for cPP there
are 6 because two highest occupied molecular orbitals of the
phenyl side chain appear in this energy range or are mixed
with the diketopiperazine states. The calculated energies of
the spectra are shifted to lower binding energy to match the
experimental spectrum, by an average of —1.35 eV for the
SAOP calculations, and by +0.40 eV for the OVGF calcula-
tions. The valence spectra show three peaks for cGG and two
for cLP and cPP at lower binding energy. It is a known fact
that for biomolecules,”’*® the OVGF theory produces IPs
that are closer to the measured value than the SAOP theory
in the outer valence region. For example, in the energy re-
gion of 9-11 eV, the SAOP model underestimates the split-
ting for ¢cGG, and predicts two partly resolved peaks, while
the OVGF model gives a better simulation of spectra in this
region. Similarly for cLP the SAOP model underestimates

the separation of the two peaks, while the OVGF model cor-
rectly predicts three resolved peaks. For cPP, the separation
of the peaks is again underestimated by the SAOP model but
well reproduced by the OVGF model, as the OVGF model is
based on the one-particle Green function and is applicable to
the outer valence region. The OVGF model becomes un-
available when the hole state moves inwards where the
SAOP model provides more accurate results and the compu-
tational costs either prevent the OVGF model from being
applied to larger molecules or restrict it to small and often
insufficient large basis sets. In their Table II, Ganesan et al>®
compared the valence ionization energies of benzene with
best available theoretical and experimental results and Fig. 4
of Selvam et al.”' compared the valence ionization potentials
produced using a number of models including the OVGF and
SAOP models for larger molecules such as nucleosides.

In ¢GG, the orbitals 15b (HOMO) and 15a (NHOMO,
the next HOMO) contribute to the first and second peak, and
14b (THOMO, the third HOMO) and 14a (the fourth
HOMO) contribute to the third experimental peak, as indi-
cated by the small vertical bars labeled a, b, ¢, and d. The
orbitals are dominated by the 2p electron lone pairs on the
oxygen atoms of the two keto C=0 moieties. From a local
symmetry point of view, the HOMO (15b) and NHOMO
(15a) of cGG, are dominated by in-plane p electrons of O, N,
and C, implying o and ¢* bonding in c¢GG, whereas the
THOMO (15a) and fourth HOMO 14a are dominated by the
out-of-plane p electrons that are potentially responsible for
7 and 7 bonding. In addition, the HOMO (15b) and LUMO
(16a) of cGG exhibit different orbital symmetry and the low-
est lying virtual orbital with the same symmetry as the
HOMO (15b) is the second LUMO (16b) leading to a higher
energy gap of 5.28 eV for cGG.

In cLP, the contributions to frontier orbitals are again
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FIG. 4. C 1s spectra of ¢cGG (lower), cLP (middle) and cPP (upper curve). Dots and lines: experiment; lines: theory at the LB94/et-pVQZ level. Thick lines:
Gaussian broadening of FWHM=0.57 eV; thin lines: broadening of FWHM=0.08 eV. The theoretical spectra have been shifted in energy by +0.98 eV for

¢GG, and +0.62 eV for cLP and +0.58 eV for cPP.

dominated by the diketopiperazine ring with a small contri-
bution from the leucine side chain (56a) and stronger contri-
butions from the proline ring (57a, 55a, and 54a). For ex-
ample, the HOMO (57a) and THOMO (55a) have substantial
orbital character from the proline ring whereas the NHOMO
and 4th HOMO receive small contributions from the isobutyl
side chain of cLP. All these frontier orbitals in cLP show
similarities to their respective orbitals in cGG, although the
orbitals in cLP exhibit a certain distortion due to the reduc-
tion of its point group symmetry. The top keto C(1)=0O in
the frontier orbitals of cLLP exhibits 7-like bonding character
whereas the bottom keto C(7)==0 exhibits in-plane o-like
symmetric bonding character, except for the NHOMO (56a)
that is dominated by ¢* bonding character.

The frontier orbitals of cPP are, however, very different,
although the orbitals are dominated by the diketopiperazine
ring and retain certain similarities to those of cLP. The most

significant differences are (a) six frontier orbitals contribute
to the spectral peaks at 9—11eV, rather than four orbitals in
cLP and cGG, and (b) three phenyl dominant frontier orbitals
in cPP, including the HOMO (65a), THOMO (63a) and
fourth HOMO (62a) as shown in Fig. 3. The latter makes
cPP significantly different from ¢GG and cLP as the frontier
orbitals in ¢cGG and cLP are all dominated by the diketopip-
erazine ring. The three phenyl dominant orbitals in cPP stem
from the doubly degenerate HOMO (le,,) of benzene inter-
acting with the diketopiperazine moiety. The phenyl domi-
nant HOMO (and LUMO) in cPP explains the significantly
larger decrease of the HOMO-LUMO gap in cPP among the
dipeptides. The THOMO (63a) of cPP is almost entirely
dominated by the phenyl m-orbital, whereas the HOMO
(65a) and the fourth HOMO (62a) show interaction with the
top keto C(1)=0(1), which is located closer to the phenyl
moiety and therefore enhances the intramolecular interaction,
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TABLE III. Experimental and theoretical (LB94/et-pVQZ) C 1s core level binding energies and intensities.

Expt., Intensity Theor. energies Hirshfeld charges
Sample (eV, =0.05 eV) (stoichiometric ratio) (eV) (a.u.)
cGG A 294.20 2(2) C(7) 292.90 (B), C(1) 292.90 (A) C(7), C(1) 0.169
B 292.50 1.93 (2) C(6) 291.62 (B), C(9) 291.62 (A) C(6), C(9) —0.006
cLP A 293.52 1.84 (2) C(7) 292.60, C(1) 292.33 C(7) 0.164, C(1) 0.157
B 291.79 3.4 (3) C(6) 290.16, C(9) 291.37, C(3) 291.46 C(6) 0.024, C(9) 0.027, C(3) —0.01
C 290.63 5.0 (4) C(4) 290.89, C(5) 290.14, C(11) 290.16, C(4) —0.061, C(5) —0.059, C(11) —0.016,
C(10) 290.00 C(10) —0.065
D 290.27 0.74 (2) C(12) 289.45, C(13) 289.48 C(12) —0.113, C(13) —0.115
cPP A 293.40 1.9 (2) C(7) 292.60, C(1) 292.39 C(7) 0.164, C(1) 0.157
B 291.74 3.4 (3) C(6) 291.50, C(9) 291.50, C(3) 290.94 C(6) 0.024, C(9) 0.03, C(3) —0.009
C 290.60 7.0 (7) C(4) 290.20, C(5) 290.19, C(10) 290.18, C(4) —0.061, C(5) —0.059, C(10) —0.064,
C(11) 290.05, C(13) 289.71, C(15) 289.70, C(11) 0.008, C(13) —0.043, C(15) —0.043,
C(12) 289.70 C(12) —0.047
D 290.20 1.7 (2) C(16) 289.69, C(14) 289.67 C(16) —0.045, C(14) —0.045

through the C(10)—C(9) bridge. The bottom C(7)=0(7)
keto in cPP plays a minor role in these phenyl dominated
orbitals. The other frontier orbitals are composed of contri-
butions from the diketopiperazine and proline rings, almost
in one-to-one correspondence with cLP. For example, apart
from the leucine influenced NHOMO (56a) in cLP, the
HOMO (57a), THOMO (55a) and fourth HOMO (54a) of
cLP are similar to the NHOMO (64a), fiftth HOMO (61a),
and sixth HOMO (60a) in cPP.

At higher binding energy than about 11 eV, the OVGF
calculations match the overall shape of the cGG spectrum
better than SAOP, while the latter method seems to be a little
better for cLP and cPP. However given the complexity and
high density of states in the spectra we do not enter into a
detailed discussion here.

In Fig. 4, we show the experimental and theoretical C 1s
photoemission spectra of the three compounds, and the data
is summarized in Table III, together with their Hirshfeld
charges calculated using the same model. The spectrum of
cGG is relatively simple and consists of two peaks, due to
core emission from carbon atoms in the C=O and peptide
chemical environments, as assigned by our simulated spec-
trum. A global energy shift of +0.98 eV for cGG, +0.58 eV
for cLP and +0.62 eV for cPP has been applied to the simu-
lated spectra in order to correct systematic errors.'”** The
agreement with theory is satisfactory. The DFT LB94/et-
pVQZ model is known to underestimate the core ionization
potential of carbon® when doubly bonded with O as in the
keto group (Table IV). Nevertheless, the spectral peak A at
294.20 eV of cGG is clearly assigned to the carbon atoms

doubly bonded to oxygen, C(1)==0, C(7)=0, whereas
peak B at 292.50 eV is assigned to the carbon atoms singly
bonded to nitrogen and carbon that is, C(6)—N and
C(9)—N. The Hirshfeld charges given in the same table
support such an assignment. In addition, the ratio of intensity
is 2:1.93, very near to the stoichiometric ratio of 2:2, and the
small discrepancy is due to the limitations of defining the
peak tails, and probably also to different cross-sections for
excitation of satellites.

Cyclic ¢GG is quite different from the linear dipeptide
Gly-Gly."” All the carbon atoms in linear Gly-Gly (Ref. 17)
are in different chemical environments due to its C; point
group symmetry, although the amino carbon atoms,
C(6)—N and C(9)—N, have only small chemical shifts that
cannot be resolved experimentally.l7 Their energy, 292.50
eV, is very similar to that of the corresponding carbon atoms
in ¢cGG, 292.32 eV. The carbon atom bonded to O in the
linear peptide has a binding energy of 293.85 compared with
294.20 eV in the cyclic compound, which is also a small
difference.

For cLP and cPP, the agreement with theory is quite
satisfactory and the overall shapes of the spectra are well
reproduced, although the energy of peak A from C(1) and
C(7) is still underestimated. In cLP, the separation of the
main peak C from its shoulder D is slightly overestimated,
and the positions of peaks B and C are shifted from the
experimental positions. A similar effect is seen for these fea-
tures in the spectrum of cPP. The three C Is spectra exhibit
certain similarities. Although they are energy shifted, peaks

TABLE IV. Experimental and theoretical (LB94/et-pVQZ) N and O 1s core level binding energies.

Theor. N 1s Hirshfeld charges Theor. O s Hirshfeld charges
Sample  Expt. N 1s (eV, £0.05 eV) (eV) (a.u.) Expt. O 1s (eV, £0.05 eV) (eV) (a.u.)
cGG 406.29 404.644 (B) N(2) —0.108 537.45 534.289 (B) O(1) —0.331
404.644 (A) N(8) —0.108 534.289 (A) O(7) —0.335
cLP 405.53 404.343 N(2) —0.062 536.95 533.867 O(1) —0.334
404.276 N(8) —0.110 534.046 O(7) —0.331
cPP 405.53 404.40 N(2) —0.062 536.95 533.93 O(1) —0.333
404.30 N(8) —0.111 534.09 O(7) —0.331
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A and B in cLP and cPP are dominated by the diketopipera-
zine moiety, with peaks A due to the doubly bonded carbons,
C(1) and C(7), and peaks B mostly due to the singly bonded
carbon atoms of the diketopiperazine moiety, C(6) and C(9).
Peak B in cLP and cPP has an asymmetric shape, due to a
contribution from C(3) in the pyrrolidine moiety, approxi-
mately 0.5 eV away from the C(6) and C(9) peaks. This C(3)
site has a chemical environment that is similar to the other
single C—N bonded sites, C(6) and C(9). Therefore, peaks
B in the cyclic dipeptides are composed of contributions
from the singly bonded carbon atoms bonded to nitrogen
atoms and the asymmetric shape of B indicates the difference
in the chemical environments of carbon atoms in the dike-
topiperazine and pyrrolidine moieties.

The peaks C and D of the bicyclic compounds are due to
contributions of the side chain functional groups. The posi-
tions of the peaks in cLP and cPP are not the same, and the
asymmetry of peaks C and D is opposite. For example, in
cLP, C is the main peak and D represents the shoulder on the
lower energy side. The shoulder D is associated with the
isobutyl side chain C(12) and C(13), i.e., the two methyl
groups at the end of the leucine functional group. However,
in cPP, the peak D, which is located at the higher energy side
of the spectrum, becomes the main peak. A more detailed
inspection of the simulated spectra reveals that in fact, the
main peak C in cLP becomes the shoulder in cPP as five of
the phenyl carbon atoms contribute to the larger peak D at
the low energy peak. In the cLP spectrum, the main peak C is
due to the bridge carbon atoms: C(10) and C(11) of the leu-
cine group, and C(4) and C(5) of the proline group. In the
case of cPP, the shoulder C has a similar origin to peak C of
cLP.

The experimental and simulated N 1s core level spectra
are shown in Fig. 5. Diketopiperazine possesses a center of
symrnetry15 and thus the nitrogen atoms are symmetrically
equivalent, and the core levels have the same binding energy.
The asymmetry is therefore not due to the presence of dif-
ferent components, but is determined by the Franck—Condon
envelope. The experimental N 1s energies of cLP and cPP
are equal, and both are 0.8 eV lower than that of diketopip-
erazine, similar to the shift of the outer valence orbitals. In
fact, the differences between the single cyclic cGG and bi-
cyclic cLP and cPP are not just a simple global energy shift,
but also splitting of the two nonequivalent nitrogen atoms in
cLP and cPP. We attribute the shift to the effect of different
chemical environment caused by the side functional groups.
The theoretical N 1s energies of cLP and cPP are 1.20 eV
lower than the experimental values, and theory predicts that
the two nitrogen core levels are very close together, sepa-
rated by 70 meV. In cPP, the binding energy splitting is
slightly larger, 100 meV. Thus, the asymmetric line shape is
almost entirely due to the Franck—Condon envelope.

The oxygen core level spectra are shown in Fig. 6 and
their peak shapes are similar to but more nearly symmetric
than the N 1s peaks. The predicted splittings for cLP and cPP
are again small, 180 meV for cLP and 160 meV for cPP, and
the theoretical energies are about 2.9 eV lower than the ex-
perimental values. As in the case of the nitrogen core levels,
the O 1s binding energies of cLP and cPP are equal, and
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FIG. 5. N 1s spectra of ¢GG (lower), cLP (middle), and cPP (upper curve).
Dots and lines: experiment; lines: theory at the LB94/et-pVQZ level. Thick
lines: Gaussian broadening of FWHM=0.59 eV, thin lines: broadening of
FWHM=0.03 eV. The theoretical spectra have been shifted in energy by
+1.65 for cGG, +1.25 eV for cLP and +1.19 eV for cPP.

shifted from the value for diketopiperazine. The shift is
smaller, 0.5 eV, and is again attributed to the effect of differ-
ent chemical environments caused by the side functional
groups. From the theoretical results, it appears that the func-
tional groups of the side chains of the amino groups do not
affect the piperazine ring strongly, as only small splittings
are calculated.

V. CONCLUSIONS

Outer valence and core photoemission spectra of the
three cyclic dipeptides cyclo(Glycyl-Glycyl), cyclo(Leucyl-
Prolyl), and cyclo(Phenylalanyl-Prolyl) have been measured
using synchrotron radiation soft x-ray spectroscopy in the
gas phase. The spectra have also been simulated quantum
mechanically using density functional theory, and agree rea-
sonably well with the measurements. The present study cor-
relates the observed spectra with the electronic structures of
the cyclic dipeptides through the simulated spectra. The iso-
tropic geometric properties of the dipeptides such as the pe-
rimeters of the diketopiperazine ring and pyrrolidine ring of
proline remain almost unchanged. All the hexagonal dike-
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FIG. 6. O 1s spectra of cGG (lower), cLP (middle) and cPP (upper curve).
Dots and lines: experiment; lines: theory at the LB94/et-pVQZ level. Thick
lines: Gaussian broadening of FWHM=0.78 eV; thin lines: broadening of
FWHM=0.05 eV. The theoretical spectra have been shifted in energy by
+3.09 eV for c¢GG, +3.01 eV for cLP and +2.91 for cPP.

topiperazine rings are present in the boat conformation and
the pyrrolidine ring has various degrees of puckering. The
bicyclic dipeptides, cLP and cPP in fact enhance the boat
configuration, compared to cGG. However, the pyrrolidine
pseudorotational amplitudes split into opposite directions
when compared to free proline.

Similarities in the outer valence and core photoemission
spectra of the cyclic dipeptides are observed, indicating that
the diketopiperazine structure dominates their electronic
structures. In the outer valence space, a group of frontier
orbitals in the energy region of 9—11 eV is well separated
from other valence orbitals. The HOMO-LUMO gap de-
crease reflects changes in their chemical bonding characters.
More importantly, although similar in their IPs and spectra,
the energy region of 9—11 eV of cLP and cPP reveals signifi-
cant bonding character changes from minor contributions of
the alkyl side chain in cLP (orbital 56a) to dominant aro-
matic phenyl side chain contributions in half of the six fron-
tier orbitals in cPP including the HOMO (orbitals 65a) and

J. Chem. Phys. 133, 174319 (2010)

orbitals 63a and 62a. For the C 1s spectra, the major spectral
peaks at higher binding energy are dominated by the dike-
topiperazine ring, whereas the asymmetry and the large
peaks at lower energy are contributions of side isobutyl, phe-
nyl and pyrrolidine groups. For the N 1s and O Is spectra,
the measured spectra present one peak, while theory indi-
cates that the peaks have weak splittings not resolved experi-
mentally. The effects of the side isobutyl and phenyl func-
tional groups on the N 1s and O 1s spectra are not the same.
The splitting in the N 1s spectra of cLP is smaller than that of
cPP, but is opposite for the O 1s spectra. For diketopipera-
zine, due to the symmetry, the two nitrogen and two oxygen
atoms are symmetrically equivalent, so only a single peak is
expected and found experimentally.
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