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Abstract - Intrasolecular proton transfer equilibris of acetamide and methyl
carbesate have beea studied by AM1 MO calculations. and the results asre
cospared vith those of the NNDO method. It vas fouad that the tvo semi-
enpirical methods predict essentially the same proton transfer mechanisa,
but NNDO temds to overestimste the activation barriers. Participstioa of one
solvate vater in the protoa transfer led to a considerable lovering of the
activation barrier, by nearly the same smount, in both methods. One notable
conflict betveen the two methods was that the methoxy-O-protonsted fors of
methyl carbamate, in the gas phase, can be » local energy aninisum vith NNDO,
vhereas it leads to dissociation into two species instead of an optimized
structure with ANl. It vas concluded that the MNDO method can be useful for
this type of process, especially vhen one is interested in the relative
activation barriers only.

INTRODUCTION

The mechanism of acid hydrolysis of amides i moderate acidic sedia depends on which protosated
fora is imvoived in the rate-detersining attack by vater.® It is therefore of interest to wader-
stand protonation behaviors of amides snd related compounds.® In a previous paper.® ve reported
the results of our WRDO NO studies on the intramolecular proton transfer equilibria of acetamide
and sethyl carbesate. Ve found that even one solvate vater molecule lovers the energy barrier to
proton transfer substantially, and the process proceeds in an intermolecular msnner through the
intersediacy of the vater molecsle via a triple-vell type potentisl energy surface. Ve hovever
noted that in various structures corresponding to the transition state(TS), proton bridges are
forwed betveen two heteroatoss, 0 and N. This may result in an unduly high energy barrier since
the hydrogen bonding energies are not properly accounted for in the MNDO method.® Ve therefore
have undertaken sisilar studies using the AN] method® in vhich such a deficiency inhereat to the
NNDO method is rectified, and have cospared the tvo sethods to see if there is any sechanistic
differences predicted betveen the tvo methods.

CALCOLATIONS
All calculations were carried out using the ANl progras.” Geometries of the species at
stationary pointa wvere fully optismized by the energy gradient aethod.® Transition states vere
characterized by confirsiag only one negative eigenvalue in the Hessian matrix.®
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RESULTS AND DISCUSSION
Relative stabilities(a AHe) of protonated tautosers calculated by the tvo methods, WWDO and
AN1 for acetsmide and methyl carbamate are compared in Table 1. Reference to this Table reveals
that : (i) The two methods agree in that the carbonyl-0-protonated tautomer is the more stable fors

Table 1. Relative stabilities(kcal/mol) of protoned tautomers of acetaaide,
(CHaCONH2)H* (HaO) ». and methyl carbamste. (CH»OCONH2)H* (Hz0)a. vith n = 0 and 1.

Progranm MNDO <= AN
Protonsted | Acetamide Nethyi carbamste Acetanide Methyl carbasate
tautomer
0- M- |Carbonyl{ N- |Methoxy|0-*>| N- |[Carbonyl| M- |Methoxy
n 0- 0- 0- 0-
0 0| 17.19 0/18.95} 38.12 0| 10.91 013.21 -
1 0 16.45 0|18.13] 38.27 o 9.3 0({10.33 -

(a) Dats from reference (4).
(b) Heat of formation, AH¢. for reference substrates are given in figures shoving
optimized geometries.

as found experimentally.® However, the erergy differences betveen the tvo tsutomers are smsller by
S ~ 9 kcal/mol vith AM] compared to those with NNDO. The ssaller energy differences suggest
thersodynamically sore facile tautomeric equilibration. This is consistent vith the experimentsl’®
as vell as theoretical’’ acid hydrolysis sechanisa. The nucleophilic attack of the M-protonated
fors by water in the rate determining step follows s rapid pre-equilibrius between the more stable
carbonyl-0-protonated and the N-protonated tautomers. (ii) The tvo methods predict that relstive
to the carbonyl-0-protonated form., the N-protonated tastoser of scetamide is thersodynamically more
favored than that of methyl carbasste, indicating the relative abundsnce of the N-protossted fore
vill be greater for acetamide under the same conditions.

In a striking contrast to these general agreements, a serious conflict vas noted between the
tvo semiempirical methods. The NNDO method predicts a stationary equilibrius point correspondiag
to the methoxy-0-protonated tautomer for methyl carbamate vith an optimized structure which is less
stable by 36 kcal/mol relative to the carbonyl-0O-protonated foras, vhereas no such optimized struc-
ture vas obtained vith ANl. Instead an attespt of optimization leads to complex (A), in which
partial bond cleavage has taken place. In order to elaborate on this satter further, ve have
carried out geometry optimization of a related structure (B), vith three methods, i.e., NNDO, AM]
and ab initio 3-21G basis set. The results showed that am optimized structure for (B) vas obtaia-
able only vith NNDO : the other tvo, AMl and 3-21G, gave instead coaplex (c), vhich is analogous to
(A).'T It appears therefore that the existence of the methoxy-0-protonated form is unlikely in
the gas phase, in viev of the fact that the ANl resuilts were more realistic im predicting facile
proton transfer equilibria, in Table 1. Ve disregarded the sethoxy-0-protonated form in our dis-

cussion of the proton transfer mechaniss sccordingly.
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Protons Tramsfer Nechasisa

(1) Protenated Acetanide :

i ] 0
I (ha0) "
/C‘ azQorl ¢
Hal (». HaM CHs
D (D

Schewe 1

The gas phase proton shift (n = 0) consists of two steps :

(i) Out of plane rotation of 0—H* around the C—0 bond fros the direction pointing the CHs growp
tovard the NHx group.
(ii) 1.3-proton shift®® froa the carboayi-0 to XK.

The potentisl energy profile representing the tvo steps is given in Figure 1, and geometries of
the species at the stationary points are collected in Figure 2. In this gas phase process, the TS
structsre corresponding to the rate determining step is a four-sembered ring involved in the
typical 1.3-proton shift. The TS structsre is very similar to that obtained by WRDO, but the
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Figure 1. Potential emersy profile for the proton tramsfer, (D — (ID).
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Flowre 2. Geomstries of species at statiomary points on the potential emergy profile for
the proton tramsfer, (D) —« (ID OGond leagths and sngles are In A and degree).
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activation barrier is lover by 12.8 kcal/mol compared to that by NNDO. The twe methods, thus, give
quite similar potential energy profiles vith a similar TS structure. but a higher energy barrier is
obtained vith NNDO. MNevertheless the gas phase activation barrier of 58.1 keal/mol obtaimed by AN
is still too high to be practicable.

Vhen ome soivate vater molecule participates in the proton transfer (n = 1), the barrier
becomes substantislly lovered. In this process, the overall reaction consists of three steps as
cen be seen in the potential energy profile presested in Figure 3 :

(i) Out of plane rotation of 0—H" toward the NHa group., sisilar to the gas phase process.
(i1) Deprotonation froa the carbonyl-O-protonated tautomer, (I), by the solvate wvater solecule.
(iii) Re-protonstion to form the N-protonated tautomer. (II), in the rate determining step.
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Figure 3. Potential emergy profile for the proton transfer, (I} ¢ He0 — (II) « HaO.

In addition to reactant (RC) and product complexes (PC), there are two intermsediate complexes (IC)
forned in betveen the three TSs. Optimized structures of all complexes and TSs are collected in
Figure 4. All of the complexes. (RC, IC and PC), and TS 1 are seea to coasist of a pair of proton
donor (protonated species) and acceptor fragments, vhereas in the TSs 2 snd 3 the proton forms »
bridge betveen the tvo frageents. These features are in good sgreeseat with the WNDO results of
proton transfer studies reported recently. The oversll proton transfer in a substrate vith two
basic centers(heteroatoss) A and B involving one solvate vater can be represeated in a simple fors
of Scheme 2. The structure of IC 1 differs from that of RC only in the direction of 0—H", and
there is a small rotational barrier, TS 1, in between ( step (i) sbove ).

* * * *
ABH + Ha0 — ABH—~~0Ha —> AB—H~OHs —o AB~~HOHx
Reactants RC and IC 1 TS 2 IC 2

* *» 1
BAH ¢ H20 +— BAH—~~0Hz *— BA—H~OHa
Products PC S3

Schene 2
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Figare 4. Geometries of species at stationary points on the potestisl emergy profile for the

proton transfer, (I) + Hs0 — (ID)

The activation barrier in this case is 16.2 kcal/mol as shown in Figure 3, vhich is lover by

41.9 kcal/mo! than that for the gas p

kcal/mol, wvas realized with NNDO with the participation of one vater molecule in the proton

Ha0 (ond lengthe and angles are in A and degree).
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hase process. (Quite sisflar barrier height lovering. by 41.7

transfer, although the barrier height was higher by 13.0 keal/mol compared with that obtaimed vith

AM]1. Comparison of AMl1 structeres with those of the correspoading species obtained by NNDO

indicates that the distance betveen the substrate proton and vater molecule is reduced. in general,

from ~2.5A (MNDO) to 2.0 ~ 2.2A (AN1) : an extra stabilizing interaction resulting in the

distance decrease should originate in the hydrogen bonding that is accounted for in ANl, since the

charge-dipole interaction is comson to both sethods.

Hovever, other structural festures of the

corresponding cosplexes and TSs on the potential energy profile are quite similar ia both sethods.

Noreover the essential mechanistic details vere also found to agree in the two methods.

(I1) Protonated Methyl Carbamate :
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The proton transfer process of protonated methyl carbamete in Scheme 3 is very siailar to that
= 0) protom

The potential energy profile for the gas phase (n

of protonated acetamide in Schese 1.
transfer in methyl carbamate is shown in Pigure 5. and the optimized structures of the species st
Reference to Figure 5 shovs that rotation of Cls

the stationary points are collected in Figure 6
in the methoxy group gives the TS 1, the proton rotatioa tovard the Nz group, as was fownd in the

scetsaide case, yields the TS 2, and lastly the 1.3-proton shift fros the carbonyl-0 to N is the
The overall process is again in good agreesent vith that

rate detersining step vith the TS 3
found with MIDO : here also the activation barrier is lover by 11.3 kcal/mol vith ANl compared to
the corresponding barrier height by NADO. The gas phase barrier to the proton shift seess still

too high ( ~ 58 kcal/sol ) to be practicable

Ale 132.62
(keal/mol) \
s 3
o
h \
I lo0.as
1 ' 82.47
1 —
™.87 20.53 / j(m
—_ .48 L, !
JT81 " T52 \ M4.63!
! C-pro(l) —
i O-pro @ 10.21
7.2’
(1
Reaction Coordinste

Figure 5. Poteatia! emergy profile for the proton transfer, (II) — (IV)
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Vhen oae solvate water molecule participates in the protos traasfer (n = 1), the process
proceeds via an intermolecwlar path., and the barrier height is depressed to 11.9 keal/mol
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, vhich is

Here again the ANl method gives substantially a

lower by 48.5 kcal/mol thas in the gas phase process. The potential emergy profile and the opti-

sized structures are presented in Figure 7 and 8

lover ( by 15.5 keal/wol ) activation barrier than the WWBD method. However the relative lovering

( 43.5 kcal/mol ) vith respect to the gas phase barrier is comparsble to the corresponding value
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Figure 7. Potential energy profile for the proton tramsfer, (IID + B —e (IV) + KD
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obtained vith the MNDO method ( 48.4 kcal/mol ). The overall process of proton transfer in methyl
carbamate is essentially the same as that in acetamide. and can be similarly represented as in
Scheme 2.

The activation barriers for the rate-limiting step relative to the protonated ground state,
i.e., carbonyl-0-protonated fors, are sussarized in Table 2 for the tvo protomated substrates
studied in this work.

Table 2. Activation barriers (kcal/mol) to proton transfers fros the dominant
carbony ) -0-protonated tawtosers ( Ground state ) to M-protonated tautomers.

MHDO ANl
Acetanide Mathy! carbasate Acetanide Nethyl carbasate
n carbonyl-0- carbonyl-0- carbonyl-0- carbonyl-0-
to M- to R- to N- to M-
0 70.87 71.78 58.09 60.45
1 29.14 27.43 16.15 11.91

The results of the present studies can be suamarized as follows.
(i) The AM1 and MRDO wethods agree in that the activation barriers of the gas phase intramolecular
proton transfers both in acetamide and methyl carbamate sre prohibitively high ( ~B80 kcal/mol ),
but the participation of even one solvate water molecule lovers the barriers considersbly and
lesds the processes to become practicsble via intermolecular paths.
(ii) The two semiempirical methods predict essentially the same proton transfer sechaniss, but WNDO
appears to overestimate the activation barrier.
(ifi) Lover activation barriers exhibited by the ANl method compared to those by MNDO, by 16.2 and
11.9 kcal/wol for acetamide and methyl carbamate, respectively, seem to better accoasodate the
experimental facts of the rapid proton transfer pre-equilibria prior to the A2 hydrolysis of the
tvo cospounds.
(iv) The difference in barrier height betveen that for the gas phase and that for the process vith
one vater molecule agrees remarkably vell in the tvo methods for the two compounds ; the WNDO
method is therefore useful even for the this type of processes involving hydrogen bonds vhen one
is interested in the relstive activation barriers only.
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