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Imidazo[1,2a]pyrazine-3,6-diones are unusual compounds composed ofdkaeino acid fragments. These
bicyclic amidines (BCAs) form under high temperatures or with the use of strong dehydrating reagents. We
gave insight into the mechanisms of BCA formation via gas-phase pyrolytic and silica-catalyzed reactions of
glycine (Gly) anda-aminoisobutyric acid (AIB) with related diketopiperazines (DKPs), using quantum chemical
calculations. The entire process requires four steps: (1) O-acylation of DKP with free or silica-bonded amino
acid, (2) acyl transfer from the oxygen to the nitrogen atom, (3) intramolecular condensationNofitdyd

DKP into a cyclol, and (4) elimination of water. To study step (1) at silica surface (modeled3iyCzb—

OH cluster), we employed two-level ONIOM calculations (AM1:UFF, B3LYP/3-21G:UFF and B3LYP/6-
31G(d):UFF); all gas-phase reactions were studied at the AM1, B3LYP/3-21G and B3LYP/6-31G(d) levels.
The catalytic effect of silica was observed for both Gly and AIB: the activation energy in the O-acylation at
the surface was lower by more than 9 kcal mahs compared to the gas-phase process. Contrary to the
exothermic O-acylation, the gas-phase transfer reaction (step 2) was exothermic in both cases, but more
favorable for Gly. The cyclocondensation of N-acylated DKPs into BCAs (steps 3 and 4) is endothermic for
Gly and exothermic for AlB.

1. Introduction CHART 1: Bicyclic (BCA, Left) and Tricyclic (TCA,
Right) Amidines Derived from a-Amino Acids?

The importance of amino acid, peptide and protein chemistry X &

for all Terrestrial life made this research area one of the best-

R
R R
explored areas of contemporary chemistry. The infinite number R N\‘)<NH R?Nw 0
of combinations of ca. 2@-amino acids, producing the well- N N—j
known bioorganic compounds, contemplates two general ways R>§/NV(K >T<\ R
of interconnecting amino acid residues, namely in the form of 4 o N R
linear and cyclic peptide chains. This fact is so natural and trivial R R ROR
that one can hardly think of other existing covalent patterns to  ® Systematic names: 2,3,5,6,7,8-hexahydroimidazoglpgrazine-
unite a few amino acid fragments. 3,6-dione and 2,3,_5,7,8,10-hexahydrodiimidazoB;JZ,—Z’-d]pyrazine-
Nevertheless, such patterns do exist, and their unusual®-8-dione. respectively.
formation mechanisms represent a field that is necessary to
explore and understand. In particular, an important class of
bicyclic compounds called imidazo[1&pyrazines$ includes
several amidines derived frooramino acids. Mechanisms of
their formation in different reaction systems are not completely
understood, although chemical synthesis of the few known . . - .
derivatives was reported long ago. By using harsh Condensmg|nterm_olecglar cycloc_ond_ensatlon of the amino amd monomers
agents PtGlor SOCb, were synthesized bicyclic and tricyclic or their activated derivatives would play a crucial role. Then,

amidine-type derivatives (BCA and TCA, respectively; Chart ;hﬁ mostbcritiﬁa! SéeFr)‘ rgust blt_a the fo.rmationllofd(jipepf[(ijdes,
1) of a-aminoisobutic acid (AIB; also called-methylalanine), oflowed Dby their dehydrocyclization into cyclic dipeptides

first by Jones et &2 and then by Titlestad and Ati.7 Both commonly called piperazine-2,5-diones or diketopiperazines

groups employed linear peptides of AIB as starting materials. (PKPS)- However, the condensation processes are hardly

The former group described a method for BCA synthesis from possible under homogeneous conditions, and heterogeneous
AIB—AIB —AIB tripeptide. In addition to that, the latter group catalysis on mineral surfaces such as clays, alumina and silica

managed also to synthesize TCA using related tetra or pen_turned out to be a better practical way to explain the peptide

tapeptides instead. We would like to emphasize that theseCha'n elongation under moderate temperature condifions.

approaches have to use harsh condensing agents to be successful,-rze explanatuzjn of deSS'Ele. m?cham_smsh of amino acid
whereas it is well-known that peptide formation in an aqueous condensation and peptide chain elongation has a paramount

solvent environment without condensing reagents is unfavorable!MPortance for prebiotic chemistry and the problem of the origin
of Life. During past decades, a number of related prebiotic

* Author for correspondence: Phone: (52) 55 56 22 47 39, ext. 224. Scenaria were proposed. For example, d_Ue to the abundance of
Fax: (52) 55 56 16 22 33. E-mail: basiuk@nucleares.unam.mx. metal cations (e.g., Na, Ca, Al, and Fe) in clays and seawater,

both kinetically and thermodynamicafyA high sensitivity to
hydrolysis and a high activation energy to cross the transition
states can inhibit the product formation. Because the amidines
are composed of amino acid structural units, one can think that
BCAs and TCAs can form through a mechanism where
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the salt-induced peptide formation reaction was suggested toSCHEME 1
be the simplest and most universal mechanism to produce
peptides from amino acid building blocksNevertheless, most HO.
studies in this aré&3°focus on the role of catalytically active
inorganic oxide surfaces. In turn, pure cation-free silica and R
alumina became the most commonly used models of clays and R? -H0 R' R* Q R?
other complex minerals, where the role of surface silicon and . H
aluminum atoms in the process of amino acids activation became "N NH — o & N NH
another specific problem. In particular, silanol SiOH and Rl =si~ I NH I H
aluminol AIOH groups were proposed as the surface active sites r*> 0 ) R! g2 0
capable of reacting with amino acids to produce ester-type bonds
X—0—R (where X= Si or Al; R = amino acid acyl}° These
surface compounds are believed (by some authors) to play the
role of “activated intermediates” in the heterogeneous catalysis R’ R!
of polycondensation of amino acids into peptidesThe R N\ R’
incorporation of dehydration catalysts such as silica into the
reaction system, might influence the entire process in three , , 0

i ) . R'=R’>=H (Gly)
ways: (1) it offers a surface where the amino acids are R'-R*=CH, (AIB) R!

: . . 3

concentrated through adsorption and chemically linked, (2) the
catalytic process can help to reduce the height of activation 3
barrier, and (3) it can generate dehydration products such as
DKPs, which are capable per se of acting as acylation agentsthe N-acylation of monocyclic DKP1j either with a single
for further peptide chain elongation. amino acid molecule (e.g., under gas-phase pyrolytic conditions;

We also attempted to give an insight into the mechanisms of above) or with amino acid covalently linked to §i|ica surface
amino acids interaction with silica and alumina surfaces with through the ester-type bond (below). We believe that the
an emphasis on prebiotic chemistry aspétt3 The ester-type ~ N-acylated DKP 2) is an intermediate in both cases. No
“activated intermediates” were found indeed chemically active €Xperimental evidences have been afforded so far, and under
only on the silica surface, where the composition of final these circumstances, theoretical mechanistic studies would be
condensation products varied depending on the degree of surfac&€ry helpful. Quantum chemical calculations already helped to
dehydration. The formation of linear peptides was more favor- 9ive some insight into the prebiotic amino acid chemistry at
able when at least small amounts of water were available, Surfaces’~**The real catalytic system of interest are very large
whereas DKPs were major products on silica with a higher @nd thus computationally very demanding, limiting the re-
degree of dehydration, in particular upon amino acid sublimation S€arches to relatively small model systems. For example,
in the presence of silica at ca. 20024 Furthermore, the DKP  Udliengo et af” studied the amide bond formation between
yields were high enough to allow for a novel method of their 9lycine and ammonia to simulate the formation of Gly-Gly
preparation to be designéi2s namely for DKPs derived for dlpe_ptlde. Another necessary and helpful S|mp!|f|cat|on is _the
glycine, alanine, valine, leucine and proline. The products, choice of small Si-containing clusters to simulate silica
however, contained some colored impurities, whose chloroform Surface’=#4
extraction and preliminary analysis by mass spectrometry ~The goal of the present theoretical study was to compare the
revealed the presence of BCAs and TCAs (except for proline) two routes of BCA formation (Scheme 1) for two representative
at a percent leve® All those results indicated that our amino acids, Gly and AIB. The choice of amino acids allows
knowledge of the amino acid chemistry under harsh temperaturefor taking into account the effect ef-substituent. Because the
conditions remains very incomplete. above goal forced us to keep the three amino acid residues intact,
without any simplification, the only way to reduce the computa-
tion cost for the silica-catalyzed process was to choose small
surface clusters and to employ a hybrid quantum mechanical/
molecular mechanical technique.

More recently, by using the hyphenated technique of gas
chromatographyFourier transform infrared spectrosceayass
spectrometry (GEFTIR—MS) we found that the same BCAs
and TCAs can also be detected in the experiments on catalyst-
free amino acid pyrolysis at 50C 31-320bviously, the pyrolysis _ _
is not an appropriate method to generate the amidines, becausé: Computational Details

it simultaneously produces a large number of simple decom-  Because amorphous silica consists of a network of tetrahedric
position products and thus makes separation gnd purlflcatlonSiO4 building blocks with a random orientation, a serious
of BCAs and especially TCAs extremely complicated or even computational problem appears when one wants to optimize its
impossible?*** On the other hand, introducing silica gel into  geometry. In resistance to tetrahedric rigid anglesSD-O,

the reaction system and reducing the amino acid sublimation sopme Si-O—Si angles can change without substantial energetic
temperature to 266300°C allowed us to afford the BCAyields  effects from 130 to their linealization with as small a barrier

of 1-10% (according to rough estimaté8)The bicyclic as 0.4 kcal moiL.4° Due to the high flexibility of S-O—Si
amidine derived from AIB was successfully separated from the angles; it is possible to model a silica surface with a small cage
condensation products (mainly DKP) obtained in this way, and where the degrees of freedom related te-Girotations are
its crystal structure was characterized by X-ray diffracfion.  gliminated. In this way, the catalytic SiOH sites can be
Thus, the thermochemical process with or without catalyst, adequately represented, along with a considerable saving in the
which was apparently very common under prebiotic conditions, calculation cost. Our selection of the silica-modeling cluster was
is able to form the amidines along with DKPs in appreciable based on the previous studies by Sauer 2 ahd Ugliengo’s
amounts. The suggested two mechanisms of BCA fornétidh group#—44 In particular, Sauer et &f. proposed a cage-like
are shown in Scheme 1, where the amidB)ecéin form through model belonging to the class of hydridosilasesquioxanes, which
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TABLE 1: Energies (in kcal mol—) Relative to the Reactant
Level for Reaction Complexes (RCs), Transition States (TSs)
and Products (Ps) for the Formation of BCA
2,3,5,6,7,8-Hexahydroimidazo[1,Z]pyrazine-3,6-dione (3; R
= H) from One Gly Molecule and One Molecule of Related

DKP2
AM1 B3LYP/3-21G B3LYP/6-31G(d)
gas phase SiO gasphase SiO gasphase SiD
RC1 —-4.9 1.8 —-21.0 —98 —-8.7 1.7
TS1 53.8 76.0 20.8 21.4 38.2 39.5
P1 15.6 35.0 -153 13.4 17.1 20.4
RC2 0.0 0.0 0.0
TS2 52.5 12.9 18.9
P2 —9.6 —23.4 —16.3
RC3 0.0 0.0 0.0
TS3 65.5 34.1 41.4
P3=RC4 12.6 1.3 3.0
TS4 78.8 46.9 50.8
Figure 1. H;Sig01,—OH cluster employed for the ONIOM2 calcula- P4 13.7 14.4 6.2

tions of silica-catalyzed reactions. The atoms represented by ball-and-
stick model (QSi—OH) were treated with quantum mechanics; the
remaining atoms represented by tube model were treated with UFF
molecular mechanics.

aEnergies for the gas-phase reaction were calculated at AM1,
B3LYP/3-21G and B3LYP/6-31G(d) levels of theory. Energies for the
silica-catalyzed DKP acylation with Gly surface ester were calculated
at ONIOM2 AM1:UFF, B3LYP/3-21G:UFF and B3LYP/6-31G(d):UFF
. . . levels of theory. For the very first step in the gas-phase and silica-
carries one hydroxyl group to represent the isolated silanol group catalyzed processes, which is a bimolecular reaction, relative energies
at the silica surface. The suitability of the$lgO;,—OH cluster were calculated according to the following formulAE, = E; — (Ea
was further proved by Ugliengo’s group in terms of vibrational + Eoke) WhereE is absolute energy is RC1, TS1 or P1; Ais Gly or
features'! isotropic NMR chemical shieldinf, and the interac- its lsurfflalce ester. All thde Lurth]?r chelmi_cal trans_formationslanle mémc_)-h
: - 3 o : molecular reactions, and therefore relative energies were calculated wit
t!on with NHs molecule?® In addltlo_n to that, hyb”d. computa- respect to the level of the corresponding reaction complexes RC
.tlc.)r? schemes (e.g., ONIOM), which do not require a full ab according to the following formula:AEx = Ex — Erg wWhereE is
initio treatment, can be adopted to model very large fragments absolute energyx is TS or P;i = 2,3.
of siliceous materials. For example, the physisorption o;NH o _
molecule at the isolated SiOH group was studied by means of TABLE 2: Energies (in kcal mol™) Relative to the Reactant

; ; ; ; Level for Reaction Complexes (RCs), Transition States (TSs)
ONIOM2 technique using the octahydrosilasesquioxane cluster,and Products (Ps) for the Formation of BCA

where only the @8i—OH fragment was selected for the high- 2,2,5,5,8,8-Hexamethyl-2,3,5,6,7,8-hexahydroimidazo[1a-
level descriptiorf* We employed the same ;HigO;,—OH pyrazine-3,6-dione (3; R= CH3) from One AIB Molecule
cluster (Figure 1) and the same high-level fragment for the and One Molecule of Related DKP

ONIOMZ2 calculations of the silica-catalyzed acylation of DKPs AM1 B3LYP/3-21G  B3LYP/6-31G(d)
derived from Gly and AIB. Along with the €5i—OH fragment,
the high level also included the full organic part, namely the

gas phase SiD gasphase SiO gasphase SiD

; ~ At RC1 —4.8 48 —-21.0 -—-141 -108 —7.0
g?tﬁépondmg DKP and the ester-type surface derivative of Gly Ts1 £g 719 158 8.8 36,5 30,7
. _ _ P1 182 296 -—16.3 15 19.8 11.7
The Gaussian 03W suite of prograthsvas used for all RC2 0.0 0.0 0.0
calculations. Stationary point geometries for the gas-phase TS2 51.5 19.6 24.1
reactions were optimized at a single theoretical level, with a P2 —2.8 -11.2 —44
semiempirical (pre-optimization) or density functi RC3 0.0 0.0 0.0
y functional theory
o TS3 57.8 22.0 31.5
(DFT) method. For the silica-catalyzed process, we employed P3—RC4 77 ) 59
a hybrid two-level quantum mechanical/molecular mechanical Tg4 731 36.9 416

(QM/MM) technique to take advantage of the division of the p4 6.3 1.2 -75

system into a critical QM region and a noncritical MM region.

The ONIOM2 schent® implemented in Gaussian 03W uses computationally demanding due to the presence of six CH
microiterationd’ to optimize the MM region for each optimiza-  groups and their high rotational freedom. Only B3LYP/6-31G-
tion step in the QM region. The regular Berny algorithm using (d) SCF energies and geometries are discussed in the text; AM1
nonredundant internal coordinates was used for the high-leveland B3LYP/3-21G SCF energies are specified in Tables 1 and
optimizations. The low level comprising a major part of the 2 for comparison.

cluster modeling silica, does not participate in the formation

and rupture of chemical bonds; it served to simulate only steric 3 Results and Discussions

influence of the surface, and was described with the UFF force

field.*® The high level was treated with AM1 or DFT. The DFT As mentioned in the previous section, the high level was
calculations were performed with Becke's three-parameter treated with AM1, B3LYP/3-21G and B3LYP/6-31G(d), and
hybrid functionat® and Lee, Yang and Parr’s (LY®)correlation UFF force field was used for the low-level description (that is,
functional. B3LYP method was used in conjunction with the AM1:UFF, B3LYP/3-21G:UFF and B3LYP/6-31G(d):UFF,
3-21G! and 6-31G(d? basis sets. The stationary point geom- respectively). Similarly, single-level calculations with the AM1,
etries were fully optimized and characterized as minima (no B3LYP/3-21G and B3LYP/6-31G(d) methods were used to
imaginary frequencies) or first-order saddle points (one imagi- study the gas-phase steps of BCA formation. The calculated
nary frequency) by calculations of vibration frequencies. energies (in kcal mol; relative to reactant level) of optimized
Naturally, studies of the AIB systems turned to be much more stationary point geometries for the Gly and AIB reactions are



7434 J. Phys. Chem. A, Vol. 110, No. 23, 2006 Contreras-Torres and Basiuk

(a) 151

TS 4

- 87
(-21.0)

(b) TS1(Si)

P1(Si)

20.4
(13.4)
Reactants __RC1(Si)

0 17

Figure 2. Relative energy profiles (energies in kcal m9lfor the formation of BCA derived from Gly: (a) the gas-phase reaction sequence,
computed at the B3LYP/6-31G(d) and B3LYP/3-21G (upper and lower values, respectively); (b) the silica-catalyzed DKP acylation with Gly
surface ester, computed at the ONIOM2 B3LYP/6-31G(d):UFF and B3LYP/3-21G:UFF (upper and lower values, respectively). Optimized structures
for the stationary points are shown in Figures 3 and 4.

specified in Tables 1 and 2, respectively. Figure 2 shows energythose for Gly RC1. Recently we studied the basis set effect in
profiles for the Gly reactions, and Figures 3 and 4 represent B3LYP calculations of harmonic frequencies for Gly derived
details of all the stationary point geometries (reaction complexes, BCAs and TCAs, in particular for 2,3,5,6,7,8-hexahydroimidazo-
RCs, transition states, TSs, and products, Ps) found for this[1,2—a]pyrazine-3,6-dion&% where no convincing improvement
reaction. Analogous data for the AIB reaction sequences arewas found beyond 6-31G(d) basis set. For the latter case, the
shown in Figures 57. For the silica-catalyzed processes, N—H stretching mode was observed at 3598 énTherefore,
alternative to DKP acylation with amino acid molecule is the H-bondingin Gly RC1 decreases thg, frequency by 64 cmt.
acylation with ester-type “activated intermediate”. Once the Instead of the free Gly and AIB molecules in the gas-phase
acylated DKP formed at the surface, it can desorb, and further process, as the acylating reactant for the silica-catalyzed process,
dehydrocyclization into BCA can proceed in the gas phase. we considered Gly and AIB amino acids chemically bound to
(Strictly speaking, we cannot exclude that the latter can occur silica-modeling cluster ¥8igO;,—OH*-44 through an ester-type
on silica surface as well. However, we believe that the critical linkage. The linkage can be formed by the condensation of the
step is DKP acylation, which therefore was the only one COOH group of the amino acid and the SiOH group of the
considered in detail in the present study.) surface releasing one water molecule. According to our previous
It becomes evident from Figures-Z that the entire reaction  results, this process is favorable under anhydrous conditions
sequences include four major transition states. Hydrogen bond-and elevated temperaturés’ The ester-type linkage can be
ing plays an important role for all the stationary points. For the identified in IR spectra due to thec—o band at 17561760
first reaction complexes (RC1s) we analyzed not only inter- cm™ 1242729 For several decades, it was believed to be an
atomic distances related to the hydrogen bonds and bonding“activated intermediate” in the silica-catalyzed intermolecular
energies but also stretching vibration frequencies-efbonds condensation of amino acid%:2224-28.30 On the other hand,
of the proton-donor molecules. In Gly RC1 (gas-phase reaction; recent quantum chemical calculations by Ugliengo’s gf#up
Figure 3), the carboxylic group is coordinated to the peptide did not confirm the enhanced reactivity of this linkage. We
bond of DKP, where the H-bonded groups form a six-membered hoped to provide an additional insight for our particular type
ring. The resulting OH-O separation is 1.777 A, whereas NH  of surface reactions.
--O is notably longer, 2.163 A. Besides that, the carboxylieHD Like the gas-phase Gly RC1 (Figure 3), its silica-bound
bond and N-H of DKP slightly increase in length, by 0.022 counterpart Gly RC1(Si) is stabilized by two H-bonds (Figure
and 0.004 A, respectively. Figure 8 shows electrostatic potential 4). In this case, both bridges are NHD, with the separations
distribution for Gly and related DKP molecules, where negative of 2.232 and 2.134 A. Both bridges are NHD (2.176 and 2.052
potential is predominantly located around lone electron pairs A) for AIB RC1(Si) as well. However, the presence of bulky
of the oxygen atoms in €0 groups, thus explaining the geminal CH groups in AIB DKP does not allow its NH group
H-bonding pattern observed. The bonding energy for this to approach the oxygen atom of the-8)—C linkage. Instead,
reaction complex is 8.7 kcal mdl as calculated with BSLYP/  the NH group forms a H-bond with one of the siloxane oxygen
6-31G(d) (Table 1 and Figure 2). For the AIB reaction, the atoms of the HSisO1,—OH cluster. Despite the above steric
H-bond separations in RC1 are insignificantly different, namely obstruction, the formation energy for AIB RC1(Si) is 8.7 kcal
OH---O of 1.759 A and NH-O of 2.221 A (Figure 6). Asa  mol~! lower than that for Gly RC1(Si), as calculated at the
whole, AIB RC1 geometry is very similar to the one for Gly ONIOM2 B3LYP/6-31G(d):UFF level of theory. Although the
RC1, but at the same time more stable, by 2.1 kcalin@able energetic stability for both RC1(Si) complexes is lower as
2 and Figure 5). As regards harmonic vibration frequencies compared to their gas-phase counterparts (by 10.4 and 3.8 kcal
(nonscaled, calculated at the B3LYP/6-31G(d) theoretical level), mol~! for Gly and AlB, respectively), the catalytic effect of
the normal stretching modes- and N—H for Gly RC1 were silica can be seen by comparing reaction enthalpidswhere
at 3282 and 3534 cm, respectively; for AIB RC1, they were  all the acylation reactions turn to be highly endothermic. For
at 3250 and 3515 cm, respectively, that is slightly lower than ~ Gly, they are 25.8 and 18.7 kcal mélfor the gas-phase and
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5 9:‘{?374
RC1 TS1
-8.7 38.2

0.0

11719 418

9

TS4
50.8 6.2

Figure 3. Optimized geometries for reaction complexes (RCs), transition states (TSs) and products (Ps) for the gas-phase formation of BCA
derived from Gly, computed at the B3LYP/6-31G(d) level of theory. Selected interatomic distances (in angstroms), dihedral angles (in degrees) and
SCF energies (in kcal mol) are specified.

J "1‘.571
CURCIKS) . . o TSI(S) o 7 P1(S)

o 17 g 39.5 20.4

Figure 4. Optimized geometries for reaction complex (RC1(Si)), transition state (TS1(Si)) and product (P1(Si)) for the silica-catalyzed DKP
acylation with Gly surface ester, computed at the ONIOM2 B3LYP/6-31G(d):UFF level of theory. The atoms represented by ball-and-stick models
were treated with B3LYP/6-31G(d) quantum mechanics; the atoms represented by wire frame models were treated with UFF molecular mechanics.
Selected interatomic distances (in angstroms), dihedral angles (in degrees) and SCF energies (imRcatersgecified.

silica-catalyzed reactions, respectively, and for AIB, they are stabilization of reaction complexes, which is more favorable
30.6 and 18.7 kcal mot for the gas-phase and surface reactions, under homogeneous conditions.

respectively (all values relative to the level of RC1s). These As another criterion of reactivity in the systems studied, the
values show the importance of hydrogen bonding for the activation energief\E, (relative to the level of RC1s) were
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(a) - TS 4

1.2)

(b) TSI(Si)
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1.5)
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Figure 5. Relative energy profiles (energies in kcal mglfor the formation of BCA derived from AIB: (a) the gas-phase reaction sequence,
computed at the B3LYP/6-31G(d) and B3LYP/3-21G (upper and lower values, respectively); (b) the silica-catalyzed DKP acylation with AIB
surface ester, computed at the ONIOM2 B3LYP/6-31G(d):UFF and B3LYP/3-21G:UFF (upper and lower values, respectively). Optimized structures
for the stationary points are shown in Figures 6 and 7.

compared. For Gly, their values are 37.8 and 46.9 kcal-ol calculations, after slightly distorting the transition state geometry
for the surface and gas-phase reactions, respectively; for AIB, found previously. All the transition states found exhibited one
the corresponding values are 37.7 and 47.3 kcalfdlhus, imaginary frequency in their vibration spectra. In particular, the
here the catalytic effect of silica is clearly seen as well, becausecalculated absolute values for imaginary frequencies were 717
it reduces the activation energy by more than 9 kcal thii (Gly TS1), 634 (Gly TS1(Si)), 855 (AIB TS1) and 278 cin
both cases. The above data were calculated at the highest leve{AIB TS1(Si)) at the B3LYP/6-31G(d) theoretical level.
employed, that is, with B3LYP/6-31G(d). For the lower-theory Although the piperazine rings in Gly and AIB DKPs undergo
calculations, i.e., with AM1 and B3LYP/3-21G (Tables 1 and no substantial distortion, the rotation around the@bond in
2), the trend is similar, so that these methods can apparently befree and silica-bound amino acids has to be very considerable
validated for the use with more extended molecular systems of to allow for the quaternization of carbon atoms &£Q groups.
analogous chemical nature. In Gly TS1 (Figure 3), this C atom approaches the carbonyl
We calculated the Gibbs free energies (relative to the level oxygen (Qarony) atom of DKP by 1.777 A; in Gly TS1(Si)
of reactants) for stationary points in the gas-phase and silica- (Figure 4), this distance becomes even shorter, 1.671 A.
catalyzed O-acylation reactions. The values calculated at 298Simultaneously, the O atoms of OH {f@oxy,) and S-O—C
K (AGy9g) are summarized in Table 3. One can see that all the coordinate to the amide hydrogen gk atoms of Gly DKP
O-acylation products are thermodynamically unstable, with with the O+-H distances of 1.138 and 1.316 A, respectively.
variable AG,gg values of 25.2-34.1 kcal mot?. A fraction of AIB TS1 and TS1(Si) geometries exhibit similar features
13 kcal mot® on average is introduced by entropic effects in (Figures 6 and 7), with (O)&O=C distances of 1.708 A in
each system. For the gas-phase reaction between Gly and DKPAIB TS1 and of 1.674 A in AIB TS1(Si); the oxygen atoms of
the reaction barrier iAG* = 49.2 kcal mot?, which is 2.1 OH and S+0O—C coordinate to khigeatoms of AIB DKP with
kcal mol! lower than the barrier computed for the silica- O-:-H distances of 1.167 and 1.428 A, respectively. The
catalyzed process. On the other hand, the catalytic effect of silicaincreased N-H bond length in DKPs (e.g., to 1.374 A in Gly
can be seen for AIB, although the activation barrier for the silica- TS1 and 1.323 A in AIB TS1), preceding the loss of a water
catalyzed proccess is only 3.3 kcal mblower as compared  molecule, is compensated by shortening of theQ¢=0) bonds
to the gas-phase process. On the basis of the transition statéo the values typical for double bonds (1.289 and 1.294 A,
theory, the reaction rates were calculated as well, by taking the respectively).
reactants as the reference state and using the concenttation  As mentioned above, the Gly acylation reactions in the gas
= 1. In the case of Gly, we found that the silica-catalyzed phase and on silica are endothermic by 25.8 and 18.7 kcafmol
reaction at 298 K has a rate of 1.541072°s™1 L mol~%, which respectively (values relative to the level of RC1s). For AlB,
means that this reaction would not proceed at room temperature they are endothermic by 30.6 and 18.7 kcal mhalespectively.
However, when recalculated for the average temperature of 473TS1 and TS1(Si) structures indicate that the reaction mechanism

K commonly used in our previous experimepts?831.32.35.36 includes an attack of the carbonyl C atomsa{Geny) of amino

this rate dramatically increases to 3.221071° s71 L mol™1. acid or surface ester on the amide oxygen atomg,(@ in

For AIB, the reaction rates behave similarly, giving the value DKPs, along with transfer of the amide protons to the hydroxylic
of 2.46 x 1071°s1 L mol~1 for 298 K and 4.19x 1097 s1 or silanol O atoms, respectively. Simultaneous cleavage of the
L mol~1 for 473 K, which is the highest rate for the reactions carboxylic HO-C(=0) and ester Si© C(=0) bonds produces
considered here. P1 and P1(Si), respectively. Due to the proximity to SiO, the

As was logical to expect, the search for transition states was Ccamonyiatom in surface esters is more acidic (as a Lewis acid)
the most challenging task in our calculations (rational function than in the corresponding free amino acids. The-HZF=0)
optimization, RFO, by Simons et #.was employed). It and SiOG-C(=0) bond strength along with electrophilic/
dramatically complicates when one has only a limited (or nucleophilic characteristics of the atoms involved in the
incorrect at all) idea on the transition state structure. We used formation of new covalent bonds can be adequate descriptors
TS and QST3 search methods. In cases when transition state$or the reaction mechanisms and thermodynamics. For the
were found by the TS method, they were confirmed by QST3 O-acylation reactions under study, we employed the following
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Figure 6. Optimized geometries for reaction complexes (RCs), transition states (TSs) and products (Ps) for the gas-phase formation of BCA
derived from AIB, computed at the B3LYP/6-31G(d) level of theory. Selected interatomic distances (in angstroms), dihedral angles (in degrees)

and SCF energies (in kcal md) are specified.

descriptors: (1) the HOC(=0) and SiG-C(=0) bond strength;
(2) electrophilicity of the carbonyl and amide C atoms; (3)
nucleophilicity of the silanol, hydroxyl and amide O atoms; (4)
nucleophilicity of the amide N atoms.

These coefficients for €0 overlap in the HG-C(=0) and

SiO—C(=0) bonds for Gly, related surface ester and stationary
points in the gas-phase and silica-catalyzed reactions are
specified in Table 4. The SCF values obtained at the B3LYP/

The bond strength depends on the degree of overlap of 6-31G(d) and ONIOM2 B3LYP/6-31G(d):UFF levels of theory
electronic clouds for neighboring atoms. The elements of the \ere refined by single-point calculations with the 6-314G-

density matrixPy,, quantify the contribution to electronic energy
due to the cross-products bbasis functiongs chosen to build
molecular orbitals:

b

¢ = chiXs

where the elements of the density matRy, for a closed-shell
system are defined as

n2 b b

Py = 2222@;%%’3{5 t=1,2,..bu=1,2,..b
J=1r=1s=

(d,p) basis set. Natural atomic charges calculated for the gas-
phase reaction with the program NBO Version°3dt the same
theoretical level are listed in Table 5. Unlike Mulliken and other
partition schemes, the NBO scheme is not altered by diffuse
functions. From the values in Table 4, one can see that the
coefficientsPy, decrease from Gly and its surface ester to the
corresponding products, where the-O bond of HO-C(=0)

and SiC-C(=0) does not exist anymore, and therefore the
coefficientsPy, are very low and even negative for the gas-
phase P1. One can also see that th€d®ond strength in Si©
C(=0) is higher as compared to that in HQ(=O0). This strong
amino acid bonding to silica makes the formation of RC1(Si)
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P1(Si)
11.7

Figure 7. Optimized geometries for reaction complex (RC1(Si)), transition state (TS1(Si)) and product (P1(Si)) for the silica-catalyzed DKP
acylation with AIB surface ester, computed at the ONIOM2 B3LYP/6-31G(d):UFF level of theory. The atoms represented by ball-and-stick models
were treated with B3LYP/6-31G(d) quantum mechanics; the atoms represented by wire frame models were treated with UFF molecular mechanics.

.

)
TS1(Si)
30.7

_J LI REISH XL
7.0

Selected interatomic distances (in angstroms), bond angles, and dihedral angles (in degrees) and SCF energies (i) kealspetified.

Figure 8. Molecular electrostatic potential isosurfaces (at 0.03 au) for
Gly and related DKP. Yellow and blue lobes correspond to negative
and positive potential, respectively.

TABLE 3: Gibbs Free Energies at 298 K (in kcal mol?;
Relative to the Reactant Level) for Reaction Complexes
(RCs), Transition States (TSs) and Products (Ps) in the
Gas-Phase and Silica-Catalyzed O-Acylation of DKPs with
Amino Acids and Their Surface Esters, Respectively

reaction RC TS P
Gly gas phase 1.9 49.2 28.2
Gly silica-catalyze#l 15.6 51.3 34.1
AIB gas phasé 0.3 475 30.3
AIB silica-catalyzed 5.2 44.2 252

@ The energies were calculated at the DFT B3LYP/6-31G(d) (gas-
phase reactions) and ONIOM2 B3LYP/6-31G(d):UFF (silica-catalyzed
reactions; SCF energies) levels of thedriRC1, TS1 and P1 in Figure
3. ¢RC1(Si), TS1(Si) and P1(Si) in Figure 4RC1, TS1 and P1 in
Figure 6. RC1(Si), TS1(Si) and P1(Si) in Figure 7.

TABLE 4: C —0O Bond Strength for Gly, Related Surface
Ester and Stationary Points in the Gas-Phase and
Silica-Catalyzed Reactions, Calculated at the B3LYP/
6-311++G(d,p) Level of Theory (Single-point Calculations
on the B3LYP/6-31G(d) and ONIOM2 B3LYP/6-31G(d):UFF
Geometries)

coefficentsPy,
Gly/ester RC1 TS1 P1
HO—-C(=0) 0.464 0.115 —0.195 —0.178
SiO—C(=0) 0.546 0.512 0.099 0.017

endothermic by 1.7 kcal mol versus the exothermic one-8.7

TABLE 5: Natural Atomic Charges, HOMO and LUMO
Energies (in eV) Calculated at the B3LYP/6-311++G(d,p)
Level of Theory (Single-point Calculations on the B3LYP/
6-31G(d) Geometries) for Gly, Related DKP and Stationary
Points in the Gas-Phase O-acylation Reaction

Gly DKP RC1 TS1 P1

Cearbonyl 0.783 0.805 0.804 0.799

cabonyl ~ —0.610 —0.603 —-0.574 —0.584
Ohydroxyl 0.690 —0.747 —0.824 a
thdroxyl 0.484 0.515 0.472 a

amide 0.674 0.687 0.667 0.605
Oanmide —0.620 —0.657 —0.655 b
Namide —0.633 —0.623 —0.622 —0.498
Hamide 0.400 0.423 0.480 a
Oester —0.582
ELumo 0.17 0.35 —0.18 —-0.84 —1.47
Enomo —6.79 —6.83 —6.31 —7.19 —6.95

aFor P1, the charges foriaoxy, Hhydroxy @and Himige@re not specified,
because these atoms form water molect@esterin P1 is formerly
Oamide in DKP.

density as a result of the formation of new chemical species
(i.e., RCs, TSs and Ps) can be identified by comparing the
atomic charges in reactants. The natural atomic charges for Gly,
related DKP and stationary points in the gas-phase O-acylation
reaction are listed in Table 5. The values for the C and H atoms
in Gly, DKP, RC1, TS1 and P1 (the H atoms in P1 belong to
water molecule to be eliminated, and their charges are not
relevant anymore) are all positive, whereas all the values for
the N and O atoms are negative. In this way, electrophilic
properties of the carbon atoms and nucleophilic properties of
the oxygen atoms govern the formation of O-acylated products.
For example, Gamonyl iS more electrophilic in RC1 and TS1
than in Gly, and then its degree of electrophilicity is partially
recovered in P1. The electrophilic character gfgincreases
from DKP to RC1, and then strongly decreases to P1. The
stronger electrophile is obviouslyc&hony Likewise, the nu-
cleophilicity of Ghydroxyl cOnsiderably increases (by 0.134 charge
units) from Gly to TS1, inducing a strong attraction of amide
proton Himige resulting in the formation of water molecule in
P1. As regards the conversion ofqfge—Namige into & double
bond, it is seen that Mige reduces its nucleophilic character,

kcal mol™) for the gas-phase RC1. On the other hand, this gives first gradually from DKP to TS1 and then dramatically to P1.

rise to the catalytic effect by reducing the activation barrier by
9.1 kcal mot* for the surface reaction.
Although bond overlap density is used as a criterion of the

Finally, from the charge on Qerin P1, one can see how the
nucleophilic character of Qigedecreased after it became a part
of the new ester bond. The preference to form the O-acylated

bond strength, natural atomic charges characterize the electroversus N-acylated product can be explained by comparing the

philicity of carbon atoms and the nucleophilicity of O and N
atoms. According to the NBO theory, the change in electronic

charges on @higeand Nymige@toms in RC1, which are-0.657
and—0.623, respectively, whereas in free DKP they-af620
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and—0.633, respectively. Thus, the charges api@and Nimige underwent rotation. (It is unlikely to require high energy, and
atoms change upon the formation of RC14.037 and-0.010 we did not perform transition state search for this process.) As
units. For comparison, the charges afafenyiand Qiydroxyl 2tOMS a result, the dihedral angle-NC—C—N changes from 1735
in Gly change by 0.022 anet0.057 units due to the hydrogen in Gly P2 to —87.6° in Gly RC3, and a new weak hydrogen
bonding in RCL1. bonding is observed between the N&hd C=0O groups (Figure
The occupation numbers for valence orbitals (VOs) for Gly 3), with a separation of 2.233 A. Similarly, the dihedral angle
Cecarbonyl @ls0 change along the reaction coordinate. Natural N—C—C—N changes from 12528n AIB P2 to —107.6 in AIB
population analysis showed that no changes can be observed irRC3 (Figure 6), and the corresponding N#D=C distance is
the Rydberg (Ry) orbitals, whereas all the populations redis- 2.172 A. Again, this is a monomolecular process, and therefore
tribute within VOs. In turn for RC1, the Grmonyi Ocarbonyiand TS3 and P3 energies were calculated relative to the RC3 energy.
Namide@toms exhibit no changes in their natural populations (i.e., The amino nitrogen atom has to approach the carbonyl carbon
2p orbitals). At the same time, changes in the populations of 2s atom of the piperazine ring, and the presence of the carbonyl O
and 2p VOs occur for Qdroxy and Qumidge respectively, which atom complicates the process. This circumstance explains high
both bear a negative charge. The population changesjaik energies of Gly TS3 and AIB TS3, of 41.4 and 31.5 kcal Thol
and Himige (Whose positive charge increases steadily along the respectively. At the same time, it is not obvious why the
reaction coordinate) are in their 1s VOs. A decrease in the chargetransition state energy in the case of Gly (withazsubstituents)
density on Gmige and Nimige in RC1 as compared to DKP is is by ca. 10 kcal mol! higher as compared to the value for
accompanied by a charge transfer frommlge to Oamige The AIB. Both TS3 geometries exhibit typical features with quat-
negatively charged atomsafdge and Quydroxyl attract Hydroxyl ernized C atoms, with the transient (H)NC distance of 1.569
and Himide thus forming two hydrogen bridges through their and 1.558 A for Gly TS3 and AIB TS3, respectively. Both
2p and 2s VOs, respectively. In other words, both amino acid products P3 belong to the class of cyclefi§? in which the
and DKP molecules act simultaneously as electron/proton donorsformerly carbonyl C atom remains quaternized, being covalently
and acceptors. Nevertheless, the above analysis defines thdonded to NH and OH groups. The formation of Gly P3 is
following order for the importance of orbital interactions in slightly endothermic by 3.0 kcal mol, whereas the process is
H-bonding: exothermic to the same degree (2.9 kcal miplfor its AIB
counterpart.
Oy +*Hys > OpprerHyg The last step necessary for BCA formation is the elimination
of water from cyclols. The P3 molecules are rigid, no confor-
In addition, from the frontier orbital energies calculated (Table mational change is necessary to convert them into RC4 (that
5) one can see that the high energy of bonding HOM@.2 is, P3s are totally identical to RC4s; Figures 3 and 6), and
eV) in TS1 correlates with the increase of positive charge on therefore we calculated TS4 and P4 energies relative to the level
Cearbonyiand of negative charge on the leaving atomydaxy. of RC3. Of all the steps studied, this process requires the highest
That is, Garnony becomes more electrophilic and, vice versa, energy: Gly TS4 and AIB TS4 energies are 50.8 and 44.5 kcal
Onydroxyl b€COMes more nucleophilic. At the same time, anti- mol-2, respectively. Besides that, it again turns to be exothermic
bonding LUMO in TS1 with the energy of0.8 eV reduces  for AIB BCA (=AIB P4) contrary to Gly BCA €Gly P4).
the negative charge onMdemaking it less nucleophilic toward ~ Comparing the heats of formation for P3 and P4, one can
Cearbonyl conclude that the two-step BCA formation from N-acylated DKP
The above data demonstrate that our original hypothesis onis notably less favorable for Gly than for AIB.
the DKP acylation mechanism, both in the gas phase and on
the silica surface (Scheme 1), was incorrect. Instead of the direct
N-acylation, the reaction takes place in two steps: (1) O- The entire process of imidazo[1pyrazine-3,6-dione for-
acylation, and (2) transfer of th@-acyl group (Gly or AIB mation from DKP and a free or silica-bonded (ester-linked)
moiety) to the nitrogen atom. At the same time, the product of amino acid requires four steps: (1) O-acylation of DKP with
O-acylation is the same compound for the gas-phase and surfacéhe free or silica-bonded amino acid; (2) acyl transfer from the
reaction, and we continue to believe that its further conversion 0xygen to the nitrogen atom of DKP ring; (3) intramolecular
into BCA can occur in the gas phase. condensation of thi-acyl DKP into a cyclol; (4) the elimination
P1 and P1(Si) O-acylation products lose the water molecule of water molecule. Thus, the mechanism in Scheme 1 suggested
and H:SigO1,—OH cluster, respectively, and thus convert into  €arlier is incorrect, because the first step is the O-acylation of
the same reaction complex RC2 (for Gly, Figure 3; for AIB, DKP, and not N-acylation. The catalytic effect of silica was
Figure 6). The next reaction step is a monomolecular transfer observed for both Gly and AIB derivatives: the activation
reaction, and therefore, TS2 and P2 energies were calculatecenergy in the O-acylation at the surface was lower by more
relative to the RC2 energy. The barriers separating RC2s andthan 9 kcal mol! as compared to the gas-phase process.
P2s are rather high, 18.9 (Gly TS2) and 24.1 kcal Th¢AIB Contrary to the exothermic O-acylation, the gas-phase transfer
TS2). The larger value in the latter case can be explained by reaction (step 2) was exothermic in both cases, being much more
steric influence of the geminal GHjroups in AIB derivatives. ~ favorable for Gly. The cyclocondensation of N-acylated DKPs
The distances (O)&O=C are slightly shorter than (O)&N into BCAs (steps 3 and 4) is endothermic for Gly and
distances, namely, 1.836 vs 1.938 A in Gly TS2, and 1.831 vs exothermic for AIB.

1.954 A in AIB TS2. Finally, the formation energies for Gly Acknowledgment. We appreciate financial support from
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