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A study of proton transfer in models of a single peptide uNinfethylacetamide) and diamidb¥acetyl-
N!-methylglycinamide) as well as the influence of a single water molecule on proton transfer is presented
here. Three proton pathways in protonakédhethylacetamide are considered: isomerization, inversion, and
1,3-proton shift. The isomerization step exhibits the lowest energy barrier. When a single water molecule
was added, no significant influence on proton isomerization was observed. In the diamide model, the
isomerization-jump mechanism of proton transfer along diamide carbonyl oxygens was inspected, and the
proton isomerization steps were found to be the most energy-demanding proce$gdscél mot?t). The
presence of a single water molecule leads to a different, lower-energy-barrier proton-transfer mechanism
with proton exchange. The highest energy barrier is only 7.6 kcat'mBbssible competing pathways are

also discussed.

Introduction CHART 1

Recently, interactions of peptides or proteins with protons O ok 02
have been very extensively studied both experimentally and )k )k _)]\
theoretically! 12 There is no doubt that these interactions in a N— N N—
water environment play a crucial role in all biological systems. | I I
Their role starts with catalysis in many enzymatic reactfns, | H n H H

especially in amide bond hydrolysisnd extends to bioenergetic

proton transport. From the structural point of view, the he oxygend®!! These sites differ very little in electronic
formation of hydrogen-bonded bridges between water and gnergies, and they are separated by only a small energy barrier.
protonated peptides can change geometries and conformationajynen zero-point energy is added to the final energy, the two

equilibria, resulting in different biological activity. Gas-phase inima disappear and the transition state between the original
studies on proton transfer are becoming very important with inima becomes a new minimum.

the development of new peptide- and prot.em-seque'ncmg The interaction of a proton with the carbonyl oxygen of the
methods based on mass spectroscopy. This is due mainly to

th f soft ionizati thod h as fast atom bombard amidic group leads to two structures, which &/ isomers.
€ use o 5014 ionization MetMods Such as fast atom bOMBArG-rase o isomers can interconvert by proton isomerization
ment (FAB)!* matrix-assisted laser desorption/ionization

SR - around the double bond on the carbonyl group. Because this
(MALDI), 1> and electrospray ionization (ESf.18 These studies : i P : .
are important for the understanding and interpretation of the process is energy-demanding, it is probable that this step wil

h t of lex f tation data obtained f be rate-limiting!! The least energy-favorable sites for proton
uge amount of complex Iragmentation data obtained from connecting are nitrogens of amide groups. From these sites, the
measured spectra.

. : . ) . proton can be transferred to the neighboring carbonyl oxygen.
Oligopeptides and proteins contain several positions where s transfer has a very high activation barrier. However, in
the proton can be attached. These are notably the terminal amingy,o presence of some protic compounds, such as water or
group, carbonyl oxygens, amide nitrogen atoms of peptide ehanol this process proceeds via a proton-exchange mech-
backbone, and also basic side chains (lysine, arginine, histidine).;nism with significantly smaller barriers than pure proton

The best position on the peptide backbone where the proton ,sferts

can be bonded is the terminal amino group because it has the
highest basicity. The resulting ammonium salt is usually
stabilized by a bridge with a terminal carbonyl oxydeérOther
sites very suitable for_the at_tachment of a proton are _carbonyl molecule assistance.
oxygens. The contact is particularly effective when the interact-

ing proton is stabilized by another carbonyl oxygen. Two very The study is preferentially focuse_d on the energy-favora_ble
close energy minima exist in this case with the proton between proton-transfer pa_thways from the f|_r st o the s_,econd te"T“”a'
of the molecule. It is not the goal of this work to find all possible

* Corresponding author. E-mail: ikoca@chemi.muni.cz conformations and proton-transfer pathways between all acces-
* Masargk University. - mnkez. sible sites. Such a problem, solved by DFT study (B3LYP/6-
* Technische Universitaviiinchen. 31G*) on the similar system&-formylglycylglycinamide and

Here we present a study of proton transferNrmethyl-
acetamidel( andN?-acetylN'-methylglycinamidel( ) accord-
ing to the peptide model (see Chart 1) with and without water
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glycylglycine dipeptide, can be found in refs 10 and 11. SCHEME 1

However, we cannot use glycylglycine for our purposes. The H

main reason is that the unblocked terminal amino group either ([) ATSinv ATS2
directly interacts with the proton or, at least, will have a strong "
influence on proton interactions with other parts of the molecule. )LN/ ; )LJ\
Also, the C-terminal carboxyl group exhibits very different Heon i o N 0
electronic distribution compared to the amidic group. This would | ./ | N/ )L M
influence interactions on the first and second carbonyls. N inversion N $\
Therefore, we have used different models in this paper which im

will, in our opinion, much better mimic the situation in a real H

peptide, especially that composed of a polyglycine chain. This AO-E o AO-Z
will allow us to separate contributions coming only from the )L'/
interaction with the carbonyl oxygen (modglfrom interactions i
in which also the stabilizing effects of other atoms contribute

(modelll). Terminal methyl groups, which are included in both
modelsl andll, ensure that the electron density will be almost
identical to that of polyglycine. Moreover, the methyl groups
also much better mimic steric interactions which may occur
between the interacting proton and the model peptide. Addition-
ally, we use the same type of functional (B3LYP) in this paper
as used by the above authé?d! but we include polarization
functions on heavy atoms as well as hydrogens and also
diffusion functions on heavy atoms. This improves mainly the
description of longer-distance interactions. Generally, all the
above changes imply a model situation that is closer to real
peptides. This is especially important for the case when a water
molecule is included. It allows us to better understand the
process, and it is also on the way to transferring future studies
to a biologically more realistic environment.

ATS1

corrected with the zero-point vibrational energy. The thermo-
dynamic functions such as the enthalpy and Gibbs energy were
calculated for 298.15 K and 101325 Pa. The zero-point
vibrational energies that were used for their calculation were
scaled by a standard value. Although our model contains methyl
groups, the calculated thermochemistry energies are not cor-
rected to these possible low-energy-barrier internal rotors, as
we do not expect that they will make a key contribution to the

( final results. The relative energies are differences between
energies of individual structures and a reference structure that
has all energy quantities equal to zero (each model has its own
reference structure).

Abbreviations

Computational Details . .
P . ) ) The names of structures used in the paper are derived from
All stationary points on the potential energy surface (PES) prefixes of the studied models, e.d. for N-methylacetamide

presented here were localized at the density functional theory ;DA for N2-acetylNL-methylglycinamide, and several affixes.
(DFT) level employing the hybrid B3LYP functional (USing  agfixes O andN mean an oxygen or nitrogen atom where the
E_Becke’s t_hree-parameter exchange functiﬁ_’rﬂnd the correla- proton is bonded, respectively. DA, we focus only on oxygen
tion functional from Lee, Yang, and P&) with the 6-31-G*  ,10nation; therefore, affixe® andN are not used. Affixe@
basis sezt in the Gaussian 98 (G98) molecular modeling 5n4E denote the configuration of a proton on a carbonyl double
package? Minima were found using standard optimization ong I 4 cyclic structure is created with proton interaction,
technique, and first-order transition states were found using thei,an the affixc is used. The presence of a single water molecule

Berny transition-_state optimization_ al_gor?thm with an explicitly is apbreviated by thev affix. Carbonyl oxygens are numbered
calculated Hessian at the first optimization step. The nature of ¢ depicted in Chart 1. All transition states are denoted by

all stationary points was detgrmined by vilbrational analysiS.USi”_g numberedr'S affixes. Alternative structures that differ in energy
the same method and basis set. All minima presented in this ;.o apbreviated by affia.

study have all real vibrational frequencies, and the first-order
transition states have only one imagjnary vibratipnal frequency. rasults and Discussion
The structures that were used for final calculations were found
with the same hybrid density functional but a smaller basis set, N-Methylacetamide. N-Methylacetamide was chosen as
6-31G(d,p). [Two apostrophes in basis notation means param- the simplest model which represents the situation on a single
etrization by Petersson and co-workéts9 Trial structures for peptide unit. The proton as a strong acidic species can be bonded
this calculation level were found in all cases by a proton to basic parts oN-methylacetamide in three ways. Two possible
coordinate driving. The driving was performed by relaxed positions are localized on the carbonyl oxygen, which has
potential energy surface scan implemented in G98. This two lone electron pairs lying in the plane of the amide group.
technique is based on the incremental change of the protonThis situation allows the proton to be attached to oxygeR in
internal coordinate with the optimization of the remaining (AO-E) or Z (AO-Z) configuration. The last place where the
coordinates. The distance between the proton and some oxygeiproton could be connected is the amide nitroggNR), which
atoms, or the dihedral angle defining the position around the has only one lone pair (Scheme 1).
carbonyl double bond, was usually chosen as the driven internal  All computational studies are dependent on the calculation
coordinate, with the step size from 0.1 to 0.15 A for distance methods used, and it is always necessary to validate their
and from 10 to 15 for dihedral angle. The structure with the precision. The best way to do that is to compare their results
maximum energy was then considered to be a trial transition with experimental data. Unfortunately, data that would describe
state and submitted to the full transition-state optimization as proton transfer in our models are not available. However, proton
described above. The structures with the minimum energy wereaffinity, which is closely related to our study and which is
considered to be trial minimum and fully optimized. experimentally known foN-methylacetamide, can be used for
The notation of electronic energy used in the text is the energy the method validation. By definition, the proton affinity is the
resulting from quantum-chemical calculation, and it is not negative of the enthalpy of the hypothetical protonation reaction
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Figure 1. Water-assisted proton isomerization in protondteshethylacetamide. The black arrow points at the transferred proton.

TABLE 1: Proton Transfer in Protonated TABLE 2: Water-Assisted Proton Isomerization in
N-Methylacetamide—Relative Electronic EnergiesAE, Protonated N-Methylacetamide—Relative Electronic Energies
Enthalpies AH, and Gibbs EnergiesAG of Minima and AE, Enthalpies AH, and Gibbs EnergiesAG of Minima and
Transition States (All in kcal mol~1) Transition State (All in kcal mol ~1)
structure AE AH AG structure AE AH AG
AO-E 0.00 0.00 0.00 AO-Ew 0.00 0.00 0.00
ATS1 10.75 9.42 10.53 ATS1w 10.19 8.50 10.48
ATSinva 23.34 AO-Zw 3.80 3.65 4.19
AO-Z 2.75 2.58 3.20
ATS2 54.81 50.99 51.65

since the steric hindrance between the proton anlthesthyl
group should be higher than that between the proton and the
& Hypothetical transition state for the inversion process. Relative o-methyl. Therefore, this would imply exactly the opposite
enthalpy and Gibbs energy were not calculated since the structure ispahavior.
optimized with constraint (for a description of the constraint, see the During the inversion mechanism, the proton always remains
tex). in the plane of the carbonyl group, and it moves by rotation
around the carbonyl oxygen. Such a configuration change on a
double bond is known to be preferred in the case of the
azomethin derivative®¥. However, we were not able to find any
' first-order saddle point for this process. To be still able to
; . consider the pathway, we used for comparison the energy of
The experimental val@ of proton affinity for N-methyl- constrained geometry in which the angle, comprised by the
acetamide is 212.4 kcal mdl The calculated proton affinities carbonyl carbon, the oxygen, and the attached proton, was 180
for the protonation processes that lead to all three protonatedy/iprational analysis of the hypothetical inversion transition
isomers AO-E, AO-Z, andANP, are 213.1, 210.5, and 196.5  giateaTSinv showed that it exhibits two imaginary vibrations.
kcal mol1, respectively. The highest calculated value should Its relative electronic energy, 23.4 kcal mbMwith respect to

be a significant part of the experimental value because structureaq_ g is approximately 2 times higher than the barrier of the
AO-E is the most thermodynamically stable product of all the isomérization pathway.

protonation processes. The difference between this calculated 1o process with the highest activation barrier is the 1,3-

value and the experimental value of proton affinity is less than proton shift betweemO-Z and ANP isomers. We found that

1 keal mol™. This confirms that the method is suitable for the the Gibbs activation barrier toward structuBIP is 49.1 kcal

study of proton transfer in protonatééimethylacetamide and, -1 This value is comparable to the calculated barrier on

as we assumed, also for the study of proton transfer in protonatedy,o very similar protonated formamide syst&hwhich is 52.1

diamide that will be discussed later. kcal moll (B3LYP/6-31++G**). The difference may be
We have considered proton transfer among all three isomersascribed to using a different basis set and mainly to the different

(AO-E, AO-Z, and ANP) of protonatedN-methylacetamide.  electronic properties of the amide group due to the methyl
There are several ways that it could be performed (Scheme 1).groups inN-methylacetamide.

ANP 16.83 16.63 16.37

of species M that leads to cation MHThe proton affinity of
N-methylacetamide is then the negative of the enthalpy change
of its protonation leading to the protonated forms, which are
however, the point of our interest.

The first is proton rearrangement frohO-E to AO-Z, which Since we were not able to find any energy-favorable inversion
could prOCGEd.Wa |Somerlzat|0n or an !nversmn mechanism. pa’[hway and the isomerization pathway found has a barrier
The other possible way is a 1,3-proton shift fré®-Z to ANP. almost 4 times lower than that of the 1,3-proton shift, we only

The direct transfer fronAO-E to ANP is probably not suitable  considered the isomerization path in further calculations that
because the proton is in a very unfavorable position. Therefore, glso included a water molecule.

this path was not explored further. If a single water molecule is coordinated to protonated
The isomerization mechanism is accomplished by proton N-methylacetamide, the energy and geometric parameters of
rotation around the carbonyl double bond from struc@ E proton isomerization are slightly changed. In isom&&-Ew

to AO-Z. The transition statATS1 of this one-step mechanism and AO-Zw, and the transition state of proton isomerization,
has a relative Gibbs energy of 10.5 kcal molvith respect to ATS1w, the water molecule is connected to the system by a
structureAO-E, which is more stable than isom&O-Z by very strong hydrogen bond between the proton and water oxygen
3.2 kcal mof? (Table 1). Interestingly, the proton in transition atom (Figure 1). The calculated energies for these structures
stateATS1 is not situated perpendicular to the amide plane. It are given in Table 2. The bond between the attached proton
is about 8 shifted toward structurBO-Z. This can be explained  and the carbonyl oxygen in all structures is elongated by about
by different the electronic properties BfandZ configuration 0.05 A compared to that in protonatéd-methylacetamide
half-spaces. Steric hindrance should not contribute to this shift, (Table 3). This effect is most noticeable in the case of transition
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Figure 2. Stationary structures on the potential energy surface of the protonated diamide. The black arrow points at the attached proton.

TABLE 3: Comparison of Proton Isomerization in Protonated N-Methylacetamide without and with Single Water Molecule
Stabilization (Distancesd in A and Dihedral Angles D in Degrees)

structure D(CC=0H") d(Ht*—0=C) d(C=0) d(=C—N) structure D(CC=0H") d(Ht*—0=C) d(C=0) d(=C—N) d(H,O—H")
AO-E —-0.7 0.972 1.314 1.304 AO-Ew 0.0 1.015 1.298 1.311 1.563
ATS1 98.4 0.971 1.331 1.302 ATS1w 97.3 1.032 1.303 1.311 1.483
AO-Z 180.0 0.973 1.309 1.310 AO-Zw 179.5 1.014 1.294 1.315 1.587

stateATS1w, but it does not influence the isomerization energy probably the higher gas basicity bfmethylacetamide (204.9
barrier toward structurdO-Zw. The higher reaction Gibbs kcal mol?, ref 25) than that of water (157.7 kcal mé| ref

energy of proton isomerization frolO-Ew to AO-Zw might 25). Stable complexes with an oxonium cation can be expected
be caused by higher steric hindrance between the water and thén the presence of more water molecuiébgcause the basicity
methyl group on the amide nitrogen in structéx®-Zw. of such a water cluster is higher.

Basicity of the water molecule induces the second possible  N2-Acetyl-N-methylglycinamide. N?-Acetyl-N*-methylgly-
proton-transfer scheme. In this hypothetical situation, the proton cinamide (diamide) was used according to the peptide model
transfer begins by proton movement frdvamethylacetamide  for studying interactions with a proton. The natural dipeptide
to water. During the second step, the oxonium cation is moved contains a basic amino group on the N-terminal that preferen-
to the opposite configuration, and the transport is finished by a tially interacts with the proton because of its strong basicity.
backward proton jump from the oxonium cationNemethyl- Therefore, we modified this dipeptide by terminal blocking (see
acetamide. We were not able to find a stable complex betweenChart 1,l1 ). This modification keeps the situation on both amidic
the oxonium cation andN-methylacetamide while inspecting  groups similar to real oligopeptides, and the diamide used can
this path. The proton always jumps backNanethylacetamide be considered as a part of a repeating motif in glycin polypep-
during optimization of such structures. The reason for this is tide.
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The situation in the protonated diamide is more complicated TABLE 4: Relative Electronic Energies AE, Enthalpies AH,
than that in protonateN-methylacetamide because of the two and Gibbs EnergiesAG of Minima and Transition States on

the Potential Energy Surface of Protonated Diamide (All in
carbonyl oxygens. Generally, the proton can be connected o) cal mol-Y). and Dihedral Angles D; and D, Describing the

carbonyl oxygens in four ways: twand twoZ configurations  Rejative Position of the Transferred Proton (All in deg)
for each oxygen atom. However, we have localized many more sructure AE . AH AG  Dy(CC—OM)* Dy(CC—0PH):

stationary states for the proton interaction. In the first structure,

DA-1E, the proton is attached to the first oxygen, O1, of the DA-1E 000 ~ 0.00  0.00 4.0
diamide inE configuration (see Figure 2). The similar structure gﬂgi 5.76 4.50 5.98 _ 82.1
a 1220 10.78 11.09 101.1

DA-2Z has the proton connected to the second carbonyl oxygen,pa-1zc —-961 —11.23 —9.97 162.1 7.9
02, inZ configuration. In both structureBA-1E andDA-2Z, DATS2c —9.57 —12.48 —10.71 159.9 7.0
the proton is not stabilized by the adjacent oxygen O2 and O1, DA-2Ec  —9.61 —11.17 -9.90 157.1 5.9
respectively. This is not feasible because the short chain betweerPATS3 550 416 6.07 —108.2
the carbonyl groups does not allow the proton to get closer to DA_Tssa lg'fg ?'gg 13'&? _17362'0
the adjacent oxygen. Nevertheless, the adjacent oxygen interactpyatsa 487 398 503 176.9 '
with the partially charged carbon of the protonated carbonyl, pa-1z -063 —-1.09 -0.85 180.0
which is close enough. In the opposite proton configurations DATS5  0.84 —0.01 1.19 —6.0
(1Z and E), the situation is completely different. There are DA-2E —-1.41 -1.47 -0.93 —9.3
two structuresPA-1Zc and DA-2Ec, in which the proton is aFor oxygen atoms numbering, see Chart 1.
strongly stabilized by the adjacent oxygen. In the remaining
two structuresDA-1Z andDA-2E, the proton is not stabilized. 15 DATS1a DATS3a

We have studied the path of proton transfer leading from 101 N
DA-1E to DA-2Z, which could represent proton transfer from DATS1 DATS3 3
N-terminal to C-terminal in protonated oligopeptides. The first g 51 o
step of the process is proton isomerization fra@nto Z 3 0
configuration on the first carbonyl oxygen. In contrast to Z‘? w
protonatedN-methylacetamide, it could be performed in two < 5 g
ways that are distinguished by proton stabilization with the DA-1Zc DA-2Ec
adjacent carbonyl oxygen in the transition state. The relative  -107
Gibbs energy of isomerization transition sttaTS1awithout DATS2¢
proton stabilization is 11.1 kcal n1ol with respect tdDA-1E, ) 15 ] ] )
and this is comparable with the value obtained AGFS1 in g;g;rag. Gibbs energy profile of proton transfer in the protonated

protonatedN-methylacetamide (10.5 kcal md). The absolute

value of the proton dihedral angle {01.2°) in DATS1ais also h kabl : h h

similar to that in transition statATS1 (98.4). The reason for such a remarkable energy increase because the system reaches
. S . S . structureDATS2c.

the different sign is that the isomerization takes place in the

opposite half-space of the carbonyl group. In the second situ-

ation DATSI), the Glibbs. energy barrier with respect 10 s 51 A and that from the second one is 1.20 A) in the most
DA-1E is 6.0 kcal mot*, which is appro_X|mater 50%_Iower, energy stable structulBATS2c. These distances are between
and the absol_ute value of the proton dl_h_edral angle is smaller y o distance found for an ordinary=0*—H bond (0.97 A in

by about 26 with respect to that of transition StalATS1a. It protonatedN-methylacetamide) and the distance observed for

implies that the stabilization of the proton with the adjacent hydrogen bond in a complex between protonatemethyl-
carbonyl oxygen in transition stal@ATS1 s very significant.  5cetamide and single water molecule, which is in the range from

After the first isomerization step, the proton is moved to its 1.48 to 1.56 A.
best energy location, where both adjacent carbonyl oxygens The last step of proton transfer froBA-1E to DA-2Z is
stabilize it. There are two minim&A-1Zc¢ andDA-2Ec, which further isomerization on the second carbonyl group in two
are separated by low-lying transition stdbATS2c. When possible ways, again withDATS3) and without DATS3a)
complete thermochemistry is taken into account, the situation proton stabilization by the adjacent carbonyl oxygen. The
is changed to one single minimum on the Gibbs energy surfacecalculated relative energies of all the structures are summarized
that corresponds to the structW&TS2c. Such findings are in  in Table 4. The relative Gibbs energies described for the proton
agreement with the conclusions in refs 10 and 11. This would transfer discussed above are pictured in Figure 3.
imply that electron density changes on the amidic groups caused Side pathways can further complicate proton transfer along
by the substitution do not principally influence the behavior of the diamide chain. In the proton-transfer scheme discussed
the proton when both carbonyl oxygens stabilize it. However, above, the proton stabilization by adjacent carbonyl oxygens
it is necessary to keep in mind that the geometry and electron-in DA-1Zc and DA-2Ec structures is broken by proton
ic energy differences are very low for all three structures, isomerization on the first and second carbonyl double bonds,
DA-1Zc, DATS2c, andDA-2Ec. This may imply a significant respectively. However, the proton can remain in its configura-
inaccuracy in calculated thermodynamics contributions. Also, tion, and the stabilization can also be broken by rotation of
anharmonicity, which is another factor that may play a role, is carbonyl groups with respect to each other. During breaking of
not included in calculations because of its computational the hydrogen bond between the proton and the second carbonyl
demands. Anharmonicity may be especially important in the oxygen in structurddA-1Zc, the system is passing transition
case ofDA-1Zc and DA-2Ec. Once the distance between the structureDATSA4, in which the oxygen of the second carbonyl
proton and the closer oxygen decreases, the energy of the wholestill interacts with the proton but another interaction also arises
structure strongly increases due to repulsion of both atoms, whilewith the first amide hydrogen. This interaction becomes dom-
the proton movement in the opposite direction does not lead to inant in structurddA-1Z. Stabilization (as in structuf@A-1E)

The proton is located almost in the middle between the
adjacent carbonyl oxygens (the distance from the first carbonyl
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o1

DATS4cw .

Figure 4. Water-assisted proton transfer in the protonated diamide (mechanism A). The black arrow points at the original transferred proton, and
the gray one points at the proton that is transferred after proton exchange with the water molecule.

) TABLE 5: Water-Assisted Proton Transfer in the
between the first carbonyl carbon and the second carbonyl Protonated Diamide (Mechanism A)-Relative Electronic

oxygen is not possible due to structural restrictions (all backbone Energies AE, Enthalpies AH, and Gibbs EnergiesAG of
atoms are lying in one plane). On the other hand, if the bond Minima and Transition States (All in kcal mol %), and
between the proton and the first carbonyl oxygeDi2Ec is Dihedral Angles D; and D, Describing the Relative Position
breaking, then stabilization of the proton with the first amide ©f the Transferred Proton (All in deg)

nitrogen exists in both the transition stATS5 and the final structure  AE AH  AG Dy(CC=0'H)2 Dy(CC=0H')2
structureDA-2E. This interaction causes the highest out-of- pa1ew 000 000 0.00 28
plane deformation for the nitrogen of the first amide bond DATS1cw 2.06 117 4.32 40.7
in DA-2E structure. The Gibbs energy barriers of the paths DA-1Ecw  2.06 171 3.21 43.0
leading fromDATS2c (minimum on the Gibbs energy surface) DATS2cw  3.10 056  4.36 78.9
to DA-1Z andDA-2E structures are 15.7 and 11.9 kcal migl DA-2Ecw  —1.94 —2.95 —0.41 146.5 9.2

. . . DATS3cw 5.20 322 7.17 102.9
respectively. These barriers are smaller than the Gibbs energypa.ozew 457 409 6.88 1331
barriers, 16.7 and 16.8 kcal md| of the isomerization steps  DATS4cw 4.82 3.86 7.47 142.6
leading to structureBA-1E andDD-2Z, respectively. The two DA-2Zw 3.04 283 355 178.3

structuresDA-1Z andDA-2E, are almost on the same energy  a g, oxygen atoms numbering, see Chart 1ntéans the proton
level compared to geometries in which the configuration of the griginates from the water molecule. For further discussion of proton
proton is the opposite, e.gQA-1E or DA-2Z. This implies exchange, see text.
that proton transfer frorDA-1E to DA-2Z may not be the only
preferred pathway, because the hydrogen bond breaking inis very close to that i\-OEw (1.570 A inDA-1E, 1.563 A in
DATS2c, which exhibits similar transition energy values, may A-OEw). The first step of proton transfer is to create a cyclic
be a competing process. In other words, once the system reachestructureDA-1Ecw (transition stateDATS1cw) in which the
structureDATS2c, it may continue in the direction of proton  proton still remains irE configuration (dihedral angle is 40;7
transfer, but it also may not do so because it can be transformedfor definition, see Table 5). The water molecule forms a bridge
into DA-1Z and DA-2E, which are out of the proton pathway between the proton and the second carbonyl oxygen. Proton
along the diamide chain. transfer continues by proton isomerization (transition state
The influence of the water molecule on proton transfer in DATS2cw), during which the proton exchange occurs. The
the case of the protonated diamide is much stronger than thatresult of the previous two steps is the most stable structure
in protonatedN-methylacetamide. Two considerably different DA-2Ecw, in which the proton is connected to the second
mechanisms of proton transfer, A and B, were found for this carbonyl oxygen irE configuration. This proton originates from
system. First, mechanism A will be described. The starting one of the water hydrogens, and the proton that started the whole
structureDA-1Ew has a configuration like that of structure process becomes one of the exchanged water hydrogens. Proton
DA-1E, except that the water molecule is bonded with a strong transfer is then finished in two consequent steps. The first one
hydrogen bond to the proton (Figure 4). The length of this bond is proton isomerization (transition stadATS3cw), leading to
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8 TABLE 6: Water-Assisted Proton Transfer in the
7 2 3 2 Protonated Diamide (Mechanism Bj)-Relative Electronic
- S 3 =3 8 Energies AE, Enthalpies AH, and Gibbs EnergiesAG of
= 0 e % 2 N 0 Minima and Transition States (all in kcal mol~1), and
g 5 S a 74 3 < Dihedral Angles D; and D, Describing the Relative Position
E 4 o a4 of the Transferred Proton (All in deg)
= —)1H)a —)2H)a
5 3 DATECw structure AE  AH  AG Dy(CC=0H)* D,(CC=02H)
<2 DA-1Ew 0.00 0.00 0.00 2.8
1 DATS5w 12.05 9.67 1217 —97.3
DA-2Ecw  —1.94 —295 —-0.41 146.5 —-9.2
O T DA-1Ew DA-2Ecw =i DATS6cw —1.43 —2.45 109  —147.7 15.7
-1 DA-2Ecwa —1.44 —1.77 0.03 —138.6 20.1
: ; : ; i DATS7w 10.27 8.49 10.28 —96.8
Figure 5. Gibbs energy profile of water-assisted proton transfer in DA-27w 304 283 355 178.3

the protonated diamide (mechanism A).

a For oxygen atoms numbering, see Chart 1.
CHART 2

The second possibility is the situatiot/() with an oxonium
cation coordinated to the diamide. The last possibiMyleads
to the water molecule being coordinated to the proton that is
located between adjacent carbonyl oxygens. Unfortunately, we
did not succeed with any attempts to find any of these
hypothetical structures. Structul¥ is probably not stable
because of the low basicity of the water molecule. Here, the
situation is very similar to those discussed in the case of the
second hypothetical proton-transfer mechanisnNimethyl-
acetamide. Structur® probably does not exist because of

! greater stress in the smaller cycle. It is apparent that the number
_HY of freely rotatable bonds is higher fBrA-2Ecw (four torsions)
o) than forV (only two torsions). Structur#ll is very similar to
structureDA-2Ecw. Therefore, we expected to find it but failed
in this attempt. One of the reasons could be the different basicity
of the two carbonyl oxygen sitesZland ZE.

Proton transfer in the protonated diamide with a single water
molecule can also proceed by a different mechanism (mecha-
structureDA-2Zcw. In the last step, the water bridge is broken nism B). The configuration change fromto Z that occurs on

WO ]
o} }o*
)\\N/(N_
| |
H H

DA-2Ecw v

(transition stat®ATS4cw). In the resulting structur®A-2Zw,
the proton has again the same configuration aBA2Z and
is stabilized by the water molecule equally as AD-Zw.

both carbonyl oxygens is different for this mechanism compared
to mechanism A. While two steps are necessary for such a
change in mechanism A, only one step (direct isomerization)

Calculated energies for this proton-transfer mechanism are givenis required in mechanism B. Proton transfer will be considered

in Table 5.

to go fromDA-1Ew to DA-2Zw for easier comparison of both

The water-assisted proton transfer is less energy-consumingmechanisms. The first step begins with proton isomerization
(see Figure 5). If both potential and Gibbs energy are comparedon the first carbonyl double bond, leading to structDfe2Ecw.
with the results of proton transfer in diamide, it is apparent that The proton in the transition state of this stdpATS5w, is
the barriers in the majority of the steps are much lower. When attached in the opposite half space of the amide bond (Figure
there is no water molecule present in the calculated system,6), so the water molecule cannot form a bridge with the adjacent
then the highest barriers on the pathways frbw-1E and carbonyl oxygen as it was in mechanism A. However, the
DA-2Z belong to isomerization steps (Gibbs energy 6.0 and adjacent carbonyl oxygen stabilizes the whole structure by
3.0 kcal mot?, respectively). However, when a water molecule interaction of the partially charged carbonyl group carbon with
is present, then cyclic structurd3A-1Ecw andDA-2Zcw, are the attached proton. As has been shown in mechanism A, also
formed, with Gibbs barriers of 4.3 and 3.9 kcal mbl here proton exchange with a water molecule occurs during the
respectively. The isomerization itself takes place with signifi- first isomerization step. In the next step, a small conformation
cantly smaller barriers toward the most stable structure change across transition st&1ATS6cwto structureDA-2Ecwa
DA-2Ecw (the Gibbs energy barriers are 1.2 and 0.3 kcaf ol occurs on the diamide chain. Proton transfer is then finished
respectively). The water molecule also causes a decrease in théy proton isomerization[ATS7w) on the second carbonyl
energy difference between structui@s-1Ew and DA-2Zw double bond, with the same geometry characteristics as in the
and the most stable structul@A-2Ecw. As a consequence, first step. A summary of the calculated energies for mechanism
the two highest energy barriers for the water-assisted protonB is given in Table 6, and the Gibbs energy profile of the whole
transfer are 4.8 and 7.6 kcal md) respectively, compared to  pathway fromDA-1Ew to DA-2Zw structure is shown in Figure
16.7 and 16.8 kcal mot for the non-water-assisted mechanism. 7. It is apparent from comparison of the two mechanisms that

The lowest energy during the whole proton-transfer pathway the rate-determining step in mechanism B has a higher Gibbs
is observed for structur®A-2Ecw, in which the proton is energy barrier (12.5 kcal mol) than that in mechanism A (7.6
located between the two carbonyl oxygens. However, the kcal mol?l). This confirms that the water stabilization via
question is whether other structures with significant stabilization bridges found in mechanism A is necessary for low-energy-
effect exist in this area (Chart 2). One may imagine a situation barrier proton transfer.
(1) in which the proton is connected to the first carbonyl It was found in the study of proton transfer in diamide that
oxygen instead of the second one, as itis in strud&e2Ecw. some pathways from structuBBATS2c compete with the direct
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DA-1Ew

DATS5w

)
i

DATS6cw

\ v

v DA-2Zw
Figure 6. Water-assisted proton transfer in the protonated diamide (mechanism B). The black arrow points at the original transferred proton, and

the gray one points at the proton that is transferred after proton exchange with the water molecule.
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Figure 7. Gibbs energy profile of water-assisted proton transfer in W‘
the protonated diamide (mechanism B).
proton transfer along the diamide chain. Some competing - | k
pathways will be presented here. The structure of our interest “F“ DATSOw DA-2Ew

is now DA-2Ecw. It has geometry similar to that of structure

DATS2c but is more flexible due to the presence of the water
molecule. Two side pathways were found. In the first pathway,
the bond between the proton and the second carbonyl oxygen - .
in the starting structurg)A-ZEcw is longer. Since thig is gg presented as transition stdlATS9w. The resulting structure

regular bond (not a hydrogen bond), proton exchange with one of this pathway is structurBA-2Ew, in which the proton is
of the water hydrogen atoms occurs. It must be noted that theS|tuated inE configuration on the second carbonyl oxygen and

... _the structure is stabilized by the interaction of the first carbonyl
rE)xygen with the hydrogen atom of the second amide group,
similar to the observation in structuBsA-1Zw. The electronic
energy barrier of this process (1.93 kcal mdlis smaller than
that for the first pathway because a weaker hydrogen bond is
breaking. The calculated relative energies along the both
pathways are collected in Table 7.

Figure 8. Important structures on two pathways competing with water-
assisted proton transfer along the diamide chain.

stateDATS8w (Figure 8). The resulting structure of this process
is DA-1Zw. In this structure, the proton is situated in config-
urationZ on the first carbonyl oxygen, and the second carbonyl
oxygen interacts with the hydrogen of the first amide group.
StructureDA-1Zw is less stable than the starting structure
DA-2Ecw by about 1 kcal molt, and the process has the Gibbs
energy barrier about 6 kcal mdltoward the resulting structure.
In the second possible pathway, the hydrogen bond between

the first carbonyl oxygen and the water hydrogen atom is broken. We have shown that the most favorable path of proton transfer
Unfortunately, the transition state of this process was not fully in N-methylacetamide is the isomerization process with Gibbs
localized, and only a guess structure from proton driving is energy barrier 10.5 kcal mol (from E proton configuration).

Conclusions
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