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Proton transfer between protonated formohydroxamic acid (FAsdj water molecules @gd—FAH—H,0)*

is studied theoretically. In a proton-relay mechanism, the carbonyl oxygen in formohydroxamic acid
(HCONHOH, FA) accepts a proton from the hydronium ions@H) and releases a proton either from the
amine group (N-H) or the N-hydroxyl (N-OH) of formohydroxamic acid to another,@8 molecule. The
movement of the two protons is not simultaneous but through a stepwise process. The catalytic effect of the
H,O molecule in reducing the proton-transfer barrier compared to the catalytic effect of pure formohydroxamic
acid through intramolecular proton transfer is substantial. The transfer barriers of the two protons in a relay
process are asymmetric. The proton on either the amine groupi{Mr the N-hydroxyl (N-OH) of FAH*

will be transferred to the second,® molecule, and the proton transfer is determined by the lerigthg
andRo...0, Which are related to the distance between FAtrd the second #D molecule. At the samBy...o
andRo...0, the proton on amino group (NH) has a transfer energy barrier lower than that of the proton on

the N-hydroxyl site by about 4.1 kcal/mol. If we elongate the distance between the two water molecules and
let protonated FA shuttle freely as a proton carrier between the two water molecules, then the energy barrier
for the movement of protonated FA increases slowly with the increase of the distance betweesOfwo H
separated by no more than 10 A. However, the proton-transfer barrier between protonated FA and water is
independent of the separated distance of the two water molecules.

Introduction Concerted mechanism:

Scheiner et at? has studied theoretically the proton transfer ____H..-o/\HH
between molecules containing oxygen atoms, such a®<H /O RO /O /oH R0
H—OH,)*, (H,0—H—OCH,)*, and (HO—H—O(OH)CH)". H C\ —_ “—“"'\ — "\
They also compared the transfer barriers with some more /N OH N——on N——0
complicated systems containing oxygen and nitrogen afoms, wo H H\O,..H"
such as (HO—H—NH3)*, (H,O—H—NH,CHO)", etc. Since ’ W H0*
proton transfer frequently occurred in biochemical systems, . )
especially between proteins, we chose formohydroxamic acid StePWise mechanism: ) o o
(FA) to mimic the simplest structure (NHO=C) in the protein /O HO' /OH Ho /
a-helix skeleton and studied theoretically the proton-transfer »——- — H— —_ H—C\
characters. Water molecule plays an important role in most of oM N OH N—0
the chemical reactions and was widely used as a solvent in the / Ve
reaction. In this paper, we added twe® molecules around ho M HO H HO"

the protonated formohydroxamic acid (FAHand studied the

inter- and intramolecular proton-transfer potential profile in the N-methyl derivatives, concluding that it behaves essentially as

an N-acid in the gas phase. Theoretical calculations in the

(H20—FAH—H0)" complex system. The formohydroxamic - .
acid molecule contains hydroxyl, carbonyl, and amino functional literaturé showed that b.Oth 'formo- and acetohydrqxamlc acids
should behave as N-acids in gas phase but O-acids in aqueous

groups. Therefore, it acts not only as a weak acid but also as a . . .
weak base. We let FA accept a proton at the carbonyl site of solution. The results for DMSO solution are not conclusive.
the structure from a hydronium ion and release the proton at Our recent calculatidYaI.so.showed that formohydroxamic acid
other via intramolecular proton transfer. Two proton transfers should act as an N-acid in the gas phase. Bagno étfiaim

i 1 15§ 7 i i -
are involved. They may be carried out through concerted or thelrthgtéqnliclg?; (1{\].’ N, and"0) Iretlgxanontnhm%measqre id
stepwise processes. ment, indicated that in agueous solution acetohydroxamic aci

Several studies were carried out to determine which proton is predominately an O-acid, whereas benzohydroxamic acid is

(N—H or N—OH) of hydroxamic acids is being transferred in predominately an l_\l-aad. In this paper, we use tW.QOH .
the tautomeric processes. Gal ef aheasured the gas-phase molecules_ along W'th the protc_mated formohydroxamic acid
FAH to simulate the inter- and intramolecular proton transfers

activities of acetohydroxamic acid and its O-methyl and in (H,0—FAH—H,0)". The result may provide answers to the
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Figure 1. Optimized geometries of a protonated formohydroxamic-aeidter complex. There are three different positions for the water molecule
around the protonated formohydroxamic acid. They are labeled K, L, and M. The HF and MP2 energies are in au and the bond lengths in A

Rp=2.825

Rp=2.712

R=6.579

Figure 2. Optimized geometries of #@®—FAH—H,O)*. The second bD is placed around the NH site (left graph) or the NOH site (right
graph). They were obtained without any prior assumption concerning their symmetry. All parameters were fully optimized.

Methods of Calculation. The Gaussian 94 set of ab initio
computer codéswas employed for all calculations. The
geometries of protonated formohydroxamic acid (FAM)ith
a neutral HO molecule were first optimized with the gradient
schemes included in the program package. Th® hholecule

the proton-transfer barriers. To create a double-well potential,
we extended the heavy-atom distaR®ran—Omn20) @ small
amount over the equilibrium distance. The secon@ IFholecule
was then added, @®---FAH---H,O)" (see Figure 2), and the
optimized complex structures were calculat®(O—0) and

was placed around the three functional groups (carbonyl, Rr(O—0) (the distances between the two heavy atoms to the

hydroxyl, and amino) of the FAH (see Figure 1) to calculate

left and right, respectively, of the FA molecule) were chosen
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TABLE 1: Binding Energies? of (H,O—FAH*) Complexes different possible sites are plotted in Figure 1, labeled as K, L,
(kcal/mol) and M. The calculated binding energy of the complex molecule
species HF MP2 is listed in Table 1. Since the geometry of protonated formo-

K 192 223 hydroxamic acid (HFA) does not change significantly from
L 18.5 21.4 that of FA, the factors that determine the magnitude of the

M 18.7 21.9 binding energy of the (bMD—HFA)™ complex are the strength

aBinding energy = E(FAH') + E(H,0) — E(FAH":-H,0). of the hydrogen bonding (NH---O or O-H---O) and the

b Calculated with fully optimized methods in the 6-B&** basis set. distance between the two heavy atoms. As the oxygen atom
¢ Energies calculated at MP2/6-8G**//HF/6-31+G**. has larger electron negativity, the hydrogen bonding strength

of O—H---O is greater than that of NH---O, and the distance

for several distances, the valuesrofandrg were varied, and between the two heavy atoms in structure K is the smallest
the potential profile of proton transfer was then obtained. This (2.598 A). Accordingly, the calculated binding energy follows
model could be considered as a combination of the formohy- the order K> M > L. Now we add another $© molecule
droxamic acid (as a peptide) and a pair of water molecules all around the (HFA-H,O)* complex and model the possible
situated within a protein and should thereby be subject to proton-transfer processes among these three molecules. From
constraints that prevent the molecules from approaching to theirtheoretical studie¥}1the best possible site of protonation on
optimal distance. Finally, the twoJ® molecules were placed FA is the carbonyl oxygen. Therefore, we first put the
10 A away, and the FA molecule was positioned near the first hydronium ion (HO"), the proton donor, around the carbonyl
protonated HO molecule. After accepting the proton from the group of FA and let the carbonyl oxygen accept the proton from
H3O" ion, FAH" acts as a proton carrier to shuttle between the the hydronium ion. The second,@ molecule acts as a proton
two separated water molecules and eventually transfers theacceptor, which may accept the proton from the protonated FA.
proton to the second#® molecule. The potential energy profile  There are two sites in the FAH that may release the proton.
was then calculated. This process was to examine the shuttlingOne is from the amine group (NH) and the other the
capacity of the formohydroxamic acid species. The polarized N-hydroxyl group (N-OH). We added the second,® mol-
split valence basis set with the diffuse function, 6+r&**, was ecule around these two sites separately and studied theoretically
used because Wibérgad verified that this basis set yielded the difference of the potential profiles of proton transfer in these
satisfactory agreement with experiments in his formic acid two circumstances.
calculation.lior single-point energy calculation, MP2/6-&t*// 1. Placing the Second KD around the Amine Group (N—
HF/6-31+G was employed for the complex systems of(h H). The fully optimized (HO—HFA—H,0)* complex is shown
~*FAH:-OHy)". in Figure 2. The calculated equilibrium length Bf and Rs
(the distances between the two heawypdHnolecules to the left
and right, respectively, of the FA molecule) is 2.632 and 2.825

The optimized structures of protonated formohydroxamic acid A, respectively. To obtain a double-well potential, we extended
combined with one water molecule (HEA-H,O) at three Rr andR_ accordingly. The transfer potential profile was then

Results and Discussion

A=28

HF=-396.16167
MP2=-397.23083 :
’% HF=-396.14867

MP2=-397.22650
n =

TS A'/B'

HF=-396.19222
MP2= -397.25605

TS B'/C' HF=-396.12137

MP2=-397.20247

HF=-396.13546
MP2= -397.20794

Figure 3. Optimized geometries of 'AB’, C', and their corresponding transition state structures'TBATSB/C'. R. andRg are kept at 2.800 and
3.000 A, respectively, when proton transfer proceeds. The HF and MP2 energies are given in au and the bond lengths in A.
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TABLE 2: Calculated Relative Energies of the Protonated TABLE 3: Proton-Transfer Barriers in (FAH *---H,0) and
(H20---FA---H,0) Complexes and Their Corresponding (H2O-+-FAH*---H,0) Systems
Transition State Structures (in kcal/mol) 1 5
species HE MP2 FAH* — OH2 FA<—H'OHy?
A’ 19.2 15.8 HF¢ mMp2d HFe MpP2
a ;SA/B 286’% lgg K’fe 25.0 16.4 9.6 4.1
’ ) L' 40.8 29.9 10.9 55
TSB/C' 44.5 33.6 .
c 35.6 30.2 M9 48.4 34.2 12.4 5.6
A" 18.8 15.5 3 4
m EA /B Zg'é 155'(:;’ H20-+*FAH* — OH,? H20-+*FA — H*OH
TSB'/C" 52.9 40.6 HF¢ Mp2 HF¢ mMp2
< 38 32 K +HO" 273 185 8.1 2.7
TSD/E 26.1 17'3 K' + HO 26.1 17.3 9.2 3.7
e £ 0'0 0.0 L'+ H,0O 445 33.6 8.9 34
. . ' k
TSE/F 520 377 M'" + H,O 52.0 37.7 9.9 3.7
F 42.1 34.0 aProton transfer from formohydroxamic acid to wateProton

transfer from water to formohydroxamic acfdCalculated with fully
optimized methods in the 6-31G** basis setd Energies calculated

at MP2/6-31%G**//HF/6-31+G**. © The geometry structure resembles
K, but R(O-+-0) = 2.800 A.f The geometry structure resembles L, but
R(N--O) = 3.000 A.9 The geometry structure resembles M, but
R(O-++0) = 3.000 A." The second water is added near the amino group,
andR(N---0) = 3.000 A. The second water is added near the hydroxyl

. . group, andR(O-+-0) = 3.000 A.i The second water is added near the
calculated by changing andrr separately and the transition  carbonyl group, an&(0-+-0) = 2.800 A. The second water is added
state obtained. As illustrated in Figure 3, the transfer of proton near the carbonyl group, amR{O-+-0) = 2.800 A.

started from the local minimum'Awhere the proton was first

attached to the left D molecule, to the transition state, T3A  analogous to those shown in Figure 3, except thatRkeén

B’, and then to another local minimum,Bvhere the proton each structure is kept at 3.125 A. The transfer process from A
was transferred to the FA molecule. The length efilbond to C turns the FA molecule from the keto to the iminol form.
in HFA* did not elongate during the transfer process {A However, the total energy barrier via this process is equal to
TSA'/B'). This implied that the proton transfer in this triad the difference of the relative energies between TSBand A.
preferred a stepwise process. This result was similar to theltis only 17.8 kcal/mol (MP2 of Table 2I), much smaller than
system of (NH—protonated imidazoleNHz)™ from Scheinef? the analogous conversion of FA through intramolecular hydro-
and by Nagaok# in keto—enol tautomeric system. The release gen transfer (46.1 kcal/mdlwithout any assistance of @

of the proton to the other # molecule was then followed from  molecules. Clearly, the catalytic effect of,® molecules is

B’ to the transition state TSE' and to then C It completed significant. The elongation d®s from 3.000 to 3.125 A in case

aEnergies are reported with respect tovthenR_. = 2.800 A and
Rr = 3.000 A.P Energies are reported with respect t¢ BhenR_ =
2.800 A andRs = 3.125 A.¢ Energies are reported with respect to E
when R. = 2.800 A andRz = 3.000 A.dCalculated with fully
optimized methods in the 6-31G** basis set. Energies calculated at
MP2/6-3HG**/[HF/6-31+G**.

the proton transfer ¥0" — FA — H,0. The calculated relative Il of the table increases the barrier to 25.1 kcal/mol. The distance
energies of all the species on the potential profile are listed in of Rg (on the condition of fixedR ) is crucial to the total energy
Table 2. The results d® = 2.800 A,Rg = 3.000 A andR_ = barrier in this two-proton transfer process.

2.800 A,Rs = 3.125 A are listed in cases | and Il of the table, 2. Placing the Second KHO around the N-Hydroxyl Group

and the corresponding structures are denoted'aB'AC' and (N—OH). The optimized structure in this configuration is shown

A", B", C", respectively. The basic structures in case Il are in the right part of Figure 2. The calculated equilibrium distances
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Figure 4. Schematic diagram of the relative energies for the species list in I, I, and Ill of Table 2. Numerical values are given in kcal/mol.
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Potential Energy Surface processes are also stepwise. However, in the change of
: geometries (E— TSE/F — F'), the second kD has a tendency
'_ TsHa 2L to move toward the first D molecule to form hydrogen
. [ i bonding. The calculated result was listed in Table 2Ill. The
[ | calculated reaction energies of A& TSA/B'—B' — ... C in
f ’ case | of the table is+14.4 kcal/mol (MP2, the difference
- t between Cand A), which is smaller than the 20.4 kcal/mol of
® 2 | f the reaction (D— TSD/E' — ... F) in case lll of the table.
' eSSy ! Thermodynamically, process | is more favored than Ill. The
y o TS HYHg ., 4 : i i
\ e ] energy barriers for process |, Il, and Il are also plotted in Figure
' 09 4. The major barriers in | and Il are from' B> C' (33.6 kcal/
-50 mol) and E — F (37.7 kcal/mol), respectively, whef and
Reaction Coardinste Rr are equal to 2.800 and 3.000 A in both processes | and Il
Figure ? StChen:ati(; Gliagtrfs_\"clj of tfflzergotgxtiageon)elg()éilltrfa&es ﬁescrib- Therefore, kinetically, process | is also more favored. That is,
Ing proton transier irom triads of E—FA=H, 0, AR, if the proton transfer were designed in thes;QH-FA—H,0)*
gngetthgp 1(£_FA'H3O)+ (). The separation of two 0 molecules triad, the second ¥ molecule acting as the proton acceptor
' prefer to be located around the amine site-(fl group). The
between the two heavy atomR, and Rg, are slightly longer Rk values in calculations for both | and 1l were fixed at 3.000
when compared to those of thefB+FA)* and (FAH—HO)* A. However, theRr in | represents the distance between N and
diads (in Figure 1R = 2.616 and 2.598 A an&z = 2.712 O atoms and that in Ill the distance between O and O atoms. In
and 2.673 A). A similar result was also seen in the first general, thesBr values in two cases should be different at the
circumstance wher®_ = 2.632 and 2.598 A anBr = 2.825 equilibrium structures, since the interaction forces between N
and 2.785 A. The strength of the H-bonding is significantly O and G--O are different. The calculated equilibriuRa values
decreased in ()0—FAH—H,O)* triads, since the central FAH of Ry...o andRo...o for the triads (in Figure 2) are 2.825 and
is acting as the proton donor to both® molecules. In this 2.712 A, respectively. If we elongated the bond distances of
section, the second B molecule is located right below the these two values with the same ratio instead of the same value,
FAH to accept the proton as easily as possible. We fixed the based orRo...o/Ro...0 = 2.712:3.0, thetRy...o/Rn-..o should be
equilibrium distances oR_ = 2.800 A andRz = 3.000 A and 2.825:3.125. The calculated corresponding energies are listed
performed the proton-transfer calculation to obtain the transfer in case Il of Table 2 (A — TSA"/B" — B" — ... C'). The
potential profile. The geometric structures for sequential steps calculated major energy barrier for this process is 40.6 kcal/
of proton transfer labeled'DTSD/E', E, TSE/F, and F are mol, when R_ and Rz are equal to 2.800 and 3.125 A,
analogous to the corresponding steps in Figure 3, except therespectively. It implies that process Ill (37.7 kcal/mol) is more
second HO is positioned around the-NOH site. The transfer  favored kinetically. The second,B prefers to be located around

s
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g &8 8 B B
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HF=-396.15290

HF=-396.14977

HF=-396.17346

HF=-396.16172

0 Jlr N ‘-.h‘,:
HF=-396.17208 %‘

HF=-396.12832

Figure 6. Optimized geometries of G, HHg, |, and their corresponding transition state structures. The protonated formohydroxamic acid shuttles
between the two D molecules separated at 10 A. The HF energies are in au.
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the N-hydroxyl site (N-OH) instead. Therefore, from the (H,O—FAH)" lowers the intramolecular proton-transfer barriers

comparison of the two setd, Il and II, Il —we know that the in a protonated FA system. However, the addition of the second
Rk value (the distance between FA and the secon® H H,O molecule, (HO—FAH—H,0)", increases the barrier of
molecule) is decisive in determining which proton<N or transfer process FAH — H,0 but decreases in the reverse
N—OH) is more easily released to the secorngDHn the triad process FA— H30 *. The proton-transfer barriers are sensitive
(H20—FAH—H0)". to the H-bond lengths. In our model, where the combination of
3. Effect of Single-HO and Double-H,0O Molecules.We formohydroxamic acid (as a peptide) and a pair of water

took the data of parts | and Ill of Table 2 and combined with molecules all situated within a protein prevents the molecules
other data to form Table 3. The upper section of Table 3 shows from approaching to their optimal distance, we have calculated
the proton-transfer barriers in (FAH H,O)™; the lower section the following results. WheiR. andRg are equal to 2.800 and
shows the barriers in #@—FAH—H,0)*. The data under  3.000 A as in I, then the two proton-transfer barriers are 2.7
column 4 are all smaller than the corresponding data underand 33.6 kcal/mol, respectively. In process Il, wh&nandRg
column 2, but the data under column 3 are larger than thoseare equal to 2.800 and 3.125 A, the two proton-transfer barriers
under column 1. This result shows that the added seco@ H are 2.8 and 40.6 kcal/mol, respectively. In process (Ill) with
to the system would increase the barrier of proton transfer of the second LD around the N-hydroxyl group, whét andRg

the reaction FAH — H,O but decrease the barrier of the are equal to 2.800 and 3.000 A, the two proton-transfer barriers
FA <— H3O" reaction. These are in good agreement with what are 3.7 and 37.7 kcal/mol, respectively. To determine which
Scheinef? has done in the (Ngimidozole-NH)* system. The proton (from the N-H or N—OH of FA) was transferred to the
addition of the second # on the other side of FA would second HO molecule, it is crucial to determine the intermo-
increase the basicity of FA and induce a tendency to retain thelecular distance between FA and,® We have proved a
proton on the central FA. At last we extended the distance completely opposite result at two different intermolecular
between the two KD molecules to 10 A and let FAHact as distances.

a proton carrier to shuttle between the molecules. The transfer
barriers and corresponding structures were studied. As shown
in Figure 5, there are two local minimum structures &hd
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