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This paper reports the results of experimental work on the
aminolysis of penicillin (6-APA) and monobactam (az-
treonam) antibiotics by propylamine or ethanolamine. In
general, aztreonam is slightly more reactive than 6-APA, des-
pite the common assumption that the amide bond should be
less activated in monobactams. Intriguingly, when eth-
anolamine acts as the nucleophile, the corresponding rate
law has a kinetic term proportional to [RNH,|[RNH3*]. To
complement the experimental observations, the rate-deter-
mining free energy barriers in aqueous solution for various
mechanistic pathways were computed by standard quantum
chemical methodologies. From previous theoretical work it
was assumed that the aminolysis of B-lactams proceeds

through mechanisms in which either a water molecule or a
second amine molecule may act as bifunctional catalysts, as-
sisting proton transfer from the attacking amine molecule to
the leaving amino group. The energy barriers as computed
have moderate values (ca. 26-34 kcal'‘mol™') and reproduce
most of the experimentally observed kinetic trends. Further-
more, the calculations predict that positively charged eth-
anolamine molecules can act as bifunctional catalysts as well,
thus explaining the presence of the kinetic term proportional
to [RNH,][RNH3"] in the rate law.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

Introduction

The major antigenic determinant of penicillin allergy de-
tected by the immunological system is the penicilloyl group
bound by an amide linkage to e-amino groups of lysine
residues in plasma proteins.!!? In addition, allergy skin
tests for the determination of IgE antibodies to penicillins
consist of the penicilloyl reagent resulting from aminolysis
of the B-lactam ring by polylysine or Human Serum Albu-
min (HSA) carrier molecules.®! In order to understand
these biochemical processes in more detail, the aminolysis
of B-lactam compounds has been extensively studied
experimentally,~13]

For a series of primary monoamines, it has been found
that the importance of the different reaction pathways re-
sulting in the disappearance of the B-lactam compounds
from aqueous amine solution depends on the pK,, on the
concentration of the amine and on pH. The experimentally
observed pseudo-first order rate constant kg, is made up
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of several terms corresponding to the various reactive pro-
cesses. This is expressed by the following Equation (1).

Kops = ka + kl[RNHz] + kz[RNHZ][RNHZ] + 1
ko[RNH,][OH ] M

kpm is the first order rate constant for the hydrolysis reac-
tion, which is normally less than 15% of k., except under
high pH conditions, in which alkaline hydrolysis becomes
the most important process. The kinetic constants corre-
sponding to uncatalysed (k;) and amine-catalysed (k,) ami-
nolysis are the predominant terms when weakly basic am-
ines react with B-lactams in the biologically relevant pH
range from 6 to 8. For strongly basic amines, the amine-
catalysed (k,) and hydroxide-catalysed (k3) processes con-
tribute most to the aminolysis reaction, the k, term being
more important through increasing amine concentration.

Kinetic experiments have provided a mechanistic insight
into the different routes for aminolysis of B-lactams. Most
importantly, the non-linear dependence of the rate of amin-
olysis (kobs—kpr) of benzylpenicillin and 6-B-aminopenicil-
lanic acid upon hydroxide ion concentration has been inter-
preted in terms of the formation of a zwitterionic tetra-
hedral intermediate T* by a stepwise mechanism (sce
Scheme 1).'':3 In addition, the Bronsted B-values on the
pK, of amines for uncatalysed (k;) and amine-catalysed (k»)
aminolysis have values close to unity.”!'l From conven-
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tional interpretation of the Brensted plots,'¥ it has been

assumed that an amine molecule carries a unit positive
charge at the relevant rate-determining Transition Struc-
tures (TSs) through the uncatalysed (k;) and amine-cata-
lysed (k») routes. This has been seen as consistent with the
stepwise mechanism through zwitterionic intermediates T*
proposed both for the specific and for the general base-
catalysed aminolysis of all types of p-lactam com-
pounds.!'-13 General and specific base catalysis of the reac-
tion would occur by proton transfer from T* to a molecule
of amine or a hydroxide anion, respectively, to form T,
which then would break down to products (see Scheme 1).I]

B=0OH’", RNH,
+ [ kBl
Nt RNH, =——= RNH,——N_ " N
g \ e k-, [(BH'] T 0}
uncatalyzed \ catalyzed
products products
Scheme 1

Computational modelling predicts that the aminolysis of
penicillin-like compounds in aqueous solution[!>1¢l can
proceed through concerted mechanisms in which either a
water molecule or a second amine molecule plays a crucial
role as bifunctional catalyst in assisting proton transfer
from the attacking amine molecule to the departing amino
group (see Scheme 2). These theoretical results have also
shown that a purely uncatalysed mechanism is not competi-
tive with the water-assisted mechanism, which should there-
fore be the most important contributor to the k; term.[']
The computed rate-determining TSs are characterized by a

nearly formed N(amine)—C(B-lactam) bond while the four-
membered ring is hardly cleaved. These TSs have positive
charges on the nucleophilic moiety (water-assisted process)
or the catalytic amine molecule (amine-assisted route), thus
explaining the reported positive Brensted B values on k
and k, for the reaction between benzylpenicillin and a series
of amines."!

Clearly, the theoretical description of the aminolysis reac-
tion of B-lactams in Scheme 2 does not assign a crucial role
to the zwitterions T* proposed in Scheme 1. In fact, theor-
etical optimization of T* structures in solution found them
to be very unstable intermediate species with very short
mean lifetimes before fragmentation into reactants even in
strongly polar media.l'”-'® Similarly, in a recent computer
simulation of the model reaction NH; + HCOOH —
HCONH, + H,O in aqueous solution,!'?! it was discovered
that although T*-like structures are formed at the begin-
ning of the ammonolysis path, their lifetimes vary from 1
picosecond to only a few femtoseconds. In this scenario, the
transition states sketched in Scheme 2 should be considered
the most important critical structures, their geometries and
energetics determining the mechanism of the aminolysis re-
action of penicillins regardless of the actual lifetimes of the
previous T*-like structures in solution.

In principle, the mechanistic routes assisted by either
water or amine could well occur during the aminolysis of
other bicyclic B-lactam compounds such as cephalosporins,
penems, carbapenems, and the like. For monobactam anti-
biotics characterized by the presence of a N-sulfonate
group, however, another competitive mechanism in aqueous
solution might occur, according to quantum chemical cal-
culations.??! In this alternative mechanism, the N-SO;~
group plays an active kinetic role by assisting proton relay
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from the attacking amine to the departing amino group and
simultaneously favouring rupture of the B-lactam ring to
give an open-chain intermediate (see Scheme 3).

This paper gives a report of a combined theoretical and
experimental investigation of the aminolysis of penicillins
and monobactams. Besides complementing previous work
on the aminolysis of B-lactams, this article pursues a two-
fold goal. On the one hand, it further demonstrates the
ability of the theoretically proposed mechanisms to explain
experimental data. A comparison is made of theoretically
predicted and experimentally observed kinetic effects in-
duced by the structure of the B-lactam (6-APA versus az-
treonam; see Scheme 4) and the nature of the nucleophile.
Emphasis is placed on the relative importance of the k; and
k> kinetic terms in Equation (1), since these are presumably
the most relevant processes for the biochemical activity of
B-lactam antibiotics. On the other hand, kinetic parameters
for the aminolysis of aztreonam (the first monobactam
antibiotic to be marketed) are reported for the first time.
Several competing mechanisms for the aminolysis of a
monobactam model compound are theoretically charac-
terized in order to estimate the actual kinetic impact of the
N-SO5~ group. Overall, the results shed new light on the
differences and similarities in structure and function of
monocyclic and bicyclic B-lactam antibiotics. Moreover,
these results are also of methodological interest, since they
highlight the achievements and weaknesses of standard
quantum chemical methodologies in helping interpretation
of experimentally measured kinetic data for organic reac-

tions in solution.
\N/COZH

H,N S, s H N/0
J;l\': ' NHp SN H
[0} o S /) N, Me
o so,
6-APA

(penicillin)

aztreonam
(monobactam)

Scheme 4

Results and Discussion

Experimental Kinetics

As mentioned in the Introduction, the aminolysis of -
lactams studied in aqueous solution, in the presence of ex-
cesses of amines and at constant pH follows pseudo-first
order kinetics. The pseudo-first order rate constant kg, Ob-
tained by a least-squares treatment from the slope of the
semilogarithmic plots of the residual concentration versus
time, is the sum of a first order hydrolysis rate, k,,;, and the
first order rate constant depending on the concentration of
amines, kymine, 50 that once the value of k,y is known for
each pH, k,mine can be determined readily.

In this work, experiments were carried out in which kg
was experimentally determined as a function of the concen-
tration of the amine, with the pH, ionic strength and tem-
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perature kept constant. The plots of kyps and kumine versus
the total amine concentration ([amine]r) for each pH
showed an upward curvature at any pH value, which is in-
dicative of a term second order in amine. The first order
rate constant k,mi,. apparently obeys the previously re-
ported general relationship for penicillins and
cephalosporins,*~ 131 which can be rewritten in the follow-
ing form by dividing Equation (1) by the total amine buffer
concentration, where o is the fraction of the free base of
the amine. Equation (2) predicts that plots of k,mine/[am-
ine]y versus [amine]r will provide k>, o = k., as the slope
and a(k; +k; [OHT]) = ki, as the intercept (see Figure 1).
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Figure 1. Second order rate constants for the reaction between pro-
pylamine and aztreonam in water at the indicated pH as a function
of total amine concentration at 30.0 °C and 0.25 M ionic strength

Komine 2 -
m =ka+k,a [amme]T +k, a[OH ] )

On the other hand, plots of k.,/a versus a gives straight
lines, as illustrated in Figures 2 and 3 for the aminolysis of
Aztreonam and 6-APA with propylamine and ethanola-
mine, respectively. The intercepts of these plots at o = 0
and a = 1 give the rate constants for any term in the rate
law proportional to [RNH,][RNH;"] and [RNH,]? respec-
tively (i.e., k»).

Plots of k;, against o are non-linear and show upward
curvature (not shown). This indicates that the hydroxide
ion-catalysed reaction makes a significant contribution to
the observed rate even in buffer solutions. A plot of k;,/a

”-_? 16.00 Aztreonam
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Figure 2. Plots of third order rate constants, k.,/a (from the slopes
of graphs as in Figure 1), versus the fraction of free base (o) of the
buffer for the reaction between aztreonam or 6-APA and propyl-
amine in water; the ordinate intercepts at o = 0 and a = 1 give the
catalytic constants for the acidic and the basic species of the buffer
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Figure 3. Plots of third order rate constants, k.,/o. (from the slopes
of graphs as in Figure 1), versus the fraction of free base (a), of
the buffer for the reactions between aztreonam or 6-APA and etha-
nolamine in water; the ordinate intercepts at o = 0 and o = 1 give
the catalytic constants for the acidic and the basic species of the
buffer

versus hydroxide ion concentration is linear and provide k3
as the slope and k; as the intercept (see Figures 4 and 5).
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Figure 4. Plots of second order rate constant, k;,/o. (from the inter-
cepts of graphs as in Figure 1), versus the activity of hydroxide ion
for the reactions between aztreonam or 6-APA and propylamine in
water; the slope gives k3 and the intercept k;

The values of the ki, k>, and k3 constants for the amino-
lysis processes of 6-APA and aztreonam with propylamine
and ethanolamine are summarized in Table 1. The corre-
sponding kinetic constants determined for benzylpenicillin
in previous work!® are also shown for comparison. Both 6-
APA and benzylpenicillin exhibit similar reactivities against
amine nucleophiles. On the other hand, the k;, k>, and k3
constants for aztreonam are not far from those for the peni-
cillins. However, a more detailed comparison between the
kinetic data of 6-APA and aztreonam in reaction with pro-
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Figure 5. Plots of second order rate constant, k;,/o. (from the inter-
cepts of graphs as in Figure 1), versus the activity of hydroxide ion
for the reactions between aztreonam or 6-APA and ethanolamine
in water; the slope gives k3 and the intercept k;

pylamine indicates that aztreonam is more reactive, es-
pecially in the case of the &k route, by a factor of 34. This is
in contrast with common assumptions that the amide bond
should be more activated in penicillins than in monobac-
tams, due to the greater pyramidalization of the endocyclic
N atom in the bicyclic penicillins. On the other hand, the
kinetic constants for ethanolamine as the attacking amine
tend to be lower than those for propylamine except in the
case of the k; route in reaction with 6-APA. This is usually
interpreted in terms of the lower nucleophilicity and basic
strength of the amino group of ethanolamine in relation to
propylamine. Intriguingly, non-negligible terms were found
in the rate law proportional to [RNH,][RNH;"] for etha-
nolamine in reaction either with aztreonam or with 6-APA.
This result contrasts with previous reports on the amino-
lysis of benzylpenicillin,®” in which only hydrazine pre-
sented a non-negligible k, term on [RNH,][RNH;*].

Theoretical Characterization of Transition Structures

To find out whether the theoretically proposed mecha-
nism can account for the kinetic trends shown by the k;
and k, values in Table 1, a series of TSs were characterized
for the aminolysis of two model compounds (APA and
MONO, see Scheme 5) in reaction with methylamine and
ethanolamine. The model compounds APA and MONO
mimic the nucleus of 6-APA and aztreonam, respectively.
The 6-amino group of APA was simulated in its depro-
tonated (neutral) form, as the corresponding pK, in water

Table 1. Rate constants for the reactions of 6-APA, aztreonam, and benzylpenicillin with amine buffers at 30.0 °C and ionic strength

0.25m
B-Lactam Amine pK, ky Jeol2 Je,lP) ks
L-mol~'min~"! L?mol~2min~! L?mol 2min~! L2mol 2min~!

6-APA Propylamine 10.79 2.50-1072 6.66 ~0 5.34-10°
Ethanolamine 9.73 9.04:1072 0.455 0.0186 1.46:10%

Aztreonam Propylamine 10.79 0.851 15.24 ~0 5.76:10°
Ethanolamine 9.73 5.18:1072 1.56 0.469 2.54:107

Benzylpenicillin Propylamine 10.79 7.92:10°2 63 ~0 2.88:10°

(ref. [9]) Ethanolamine 9.73 0.336 4.65 ~0 6.60-10?

[al For the kinetic term proportional to [RNH,]? (see text for details). [ For the kinetic term proportional to [RNH,][RNH;*] (see text

for details).

4164 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

WWW.eurjoc.org Eur. J. Org. Chem. 2003, 4161—4172



Aminolysis of -Lactam Antibiotics

FULL PAPER

has been reported to be only 4.9.21 For computational
economy, methylamine was used in the calculations instead
of the propylamine used experimentally.

H
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o
o N\ﬁ 0 Ngo-
o S0,
o.
APA MONO

Scheme 5

Table 2 brings together the relative energy components
(AEeiees AGgorutions €tc.) for the most important TSs relevant
to the different reactive processes (i.e., APA + methylamine,
APA + ethanolamine, MONO + methylamine, MONO +
ethanolamine). The various energy terms in Table 2 are
given with respect to separated reactants. In this respect, all
the water-assisted processes are assumed to be bimolecular;
that is, the B-lactam model compound reacts with a dimer
formed between the ancillary water molecule and the nucle-
ophilic amine.

Both the water- and the amine-catalysed mechanisms
were considered for the aminolysis of MONO and APA
with methylamine or ethanolamine. In addition, a third
mechanism for the ethanolamine reaction was investigated,
in which the hydroxy group of the amine plays an active

kinetic role as a bifunctional catalyst. The electronic and
geometrical features of this class of TSs have been thor-
oughly discussed in previous work on analogous sys-
tems!'>1% and so they will not be reviewed here. Similarly,
the most favourable pathway with assistance of the N-SO;
group has been carefully analysed in reference.?”? All the
molecular geometries and energies of the TSs as calculated
are listed in the Supporting Information (see footnote on
the first page of this article).

Reaction between the APA Model and Methylamine

In agreement with previous calculations on 3a-carboxy-
penam,1®l water-assisted methylaminolysis of APA through
the TS spal structure is less efficient than the amine-assisted
process through TSpps2 (see Scheme 6), the computed
AG,o1uiion barriers being 33.5 and 28.4 kcal'-mol ™!, respec-

¥ t
HN S HaN S
C]
°\>—‘N2@ B
NH pH O _N} . 0
HiC gy . T e N ©
55 o
H CHs
TS4pal TSapa2
Scheme 6

Table 2. Relatives energies (kcal-mol™!) with respect to reactants of the rate-determining transition structures considered in the aminolysis

reactions studied theoretically

B'LaCtam Nucleophile Cata'lyst AEelec[a] AGrot»vib[b] AGcage[C] AAGsolvalion[d] AGsolulion[e]
APA CH;NH, H,0 TS \pal 264 48 2.4 —0.1 33.5
APA CH,NH, CH,NH, TS \pp2 195 89 4.8 —48 28.4
APA CH,OHCH,NH, (nucleophile)-OH TS \pa3 337 42 2.4 ~6.1 34
APA CH,OHCH,NH, H,0 TS \ppda 193 56 2.4 3.0 30.3
APA CH,OHCH,NH, H,0 TS \ppdb 296 2.4 2.4 -35 30.9
APA CH,OHCH,NH, H,0 TS \ppdc 257 43 2.4 35 359
APA CH,OHCH,NH, CH,OHCH,NH, TS \pp5a 154 7.1 4.8 13.1 40.4
APA CH,OHCH,NH, CH,OHCH,NH, TS \paSb 28 104 4.8 17.3 353
APA CH,OHCH,NH, CH,OHCH,NH, TS \ppSc 163 7.0 4.8 6.7 34.8
APA CH,OHCH,NH, CH,OHCH,NH, TS \pa5d 171 77 4.8 43 339
APA CH,OHCH,NH, CH,OHCH,NH, TS \paSe 48 118 4.8 13.5 349
APA CH,OHCH,NH, CH,OHCH,NH, TS \pa 5 256 5.7 4.8 -31 33.0
APA CH,OHCH,NH, CH,OHCH,NH, TS \pr6 122 69 4.8 12.6 36.5
APA CH,OHCH,NH, CH,OHCH,NH;* TS \ps6-H* —484 6.9 4.8 69.5 32.8
MONO CH,NH, (B-lactam)-NSO;~ TSyonol 239 4.6 2.4 -0.8 30.1
MONO CH;NH, (B-lactam)-NSO;~ Inono2 2.6 55 2.4 -1.0 29.5
MONO CH;NH, (B-lactam)-NSO;~ TSyono3 27 63 2.4 3.9 353
MONO CH;NH, H,0 TSyionod 20 63 2.4 ~0.6 30.1
MONO CH;NH, CH,NH, TSyono3 209 9.8 4.8 -9.1 26.4
MONO CH;NH, CH,NH, & (B-lactam)-NSO;~ TSmono6 190 7.1 4.8 24 28.5
MONO CH;NH, CH,NH, & (B-lactam)-NSO;~ Iyono? 157 74 4.8 75 35.4
MONO CH;NH, CH;NH,; & (B-lactam)-NSO5;~ TSyono8 16.3 7.3 4.8 10.4 38.8
MONO CH,OHCH,;NH, (nucleophile)-OH TSmono? 31.3 5.2 2.4 —44 34.5
MONO CH,OHCH,NH, H,O TSmono10 204 5.7 24 —-34 25.1
MONO CH,OHCH,NH, CH,OHCH,NH, TSmonoll 26.3 7.6 4.8 -9.9 28.8
MONO CH,0OHCH,NH, CH,OHCH,NH, TSmonol2 120 79 4.8 19.3 44.0
MONO CH,OHCH,NH, CH,OHCH,NH," TSmonol2-H* —489 7.9 48 71.7 355

[al B3LYP/6-31+G* energies.

Eur. J. Org. Chem. 2003, 4161—4172

] From B3LYP/6-31+G* frequencies. [ Estimated as shown in ref.?), [9] Single-point HF/6-31+G* PCM
SCREF on the gas phase B3LYP/6-31+G* geometries. (1 AGoiution = AEetec T AGropviv + AGeage + AAGgorvation-
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tively (see Table 2). The corresponding energy difference of
5.1 kcal'mol ! is the result of the placement of a positive
charge on the catalytic amine, which in turn results in a
more favourable electrostatic interaction with the p-lactam
carboxylate and an important polarisation of the solvent
continuum.

Reaction between the APA Model and Ethanolamine
Assisted by the Ethanolamine Hydroxy Group

The corresponding TS structure for this mechanism
(TSapa3, see Scheme 7) has an energy barrier of 34.2
kcal'mol. TS pa3 presents a relatively high AE,.. barrier
(33.7 kcal'mol ™), which reflects the unfavourable syn con-
formation adopted by the ethanolamine moiety in order to
assist proton transfer from the attacking amino group to
the B-lactam N atom.

Reaction between the APA Model and Ethanolamine
Assisted by Water

Three different conformers of the water-assisted TS were
located (TSspada, TSopadb, and TS,padc), with AGgoiution
energy barriers of 30.3, 30.9, and 35.9 kcal-mol ™!, respec-
tively. These TS structures, which correspond to concerted
processes on the B3LYP/6-31+G* PES, basically differ in
the conformation of the hydroxy group of the nucleophile
(see Scheme 8). The lowest energy barrier corresponds to
TSpada, in which the ethanolamine hydroxy group inter-
acts with the catalytic water molecule through a short hy-
drogen bond (O—H-+O = 1.662 A).

Reaction between the APA Model and Ethanolamine
Assisted by a Second Amine Molecule

For the reaction between APA and ethanolamine cata-
lysed by the amine group of a second ethanolamine mol-
ecule, six concerted TS structures with different confor-
mations, both of the nucleophilic and of the ancillary etha-
nolamine molecules, were located (see Scheme 9). In this

@I({)Z\I\}_(S o case, the lowest AE, barrier (only 2.8 kcal-mol™!) corre-
HN """" 1\}1{ 5+0 o sponds to TSspaSb, in which the carboxylate PB-lactam
@ KH/O group establishes a short hydrogen bond (O--O = 2.63 A)
o= with the hydroxy group of the catalytic moiety. However,
this arrangement of the polar groups is strongly disfavoured
TSapa3 by solvent effects according to the PCM calculations
(AAGo1yation= +17.3 kcal-mol ™), the overall energy barrier
Scheme 7 being 35.3 kcal'mol~!. Reciprocally, if the hydroxy groups
H,N § H,N S i H,N S i
o’ og o0 ]j:
o etdro || 980ma 00
GHN H 0O @HN H 00O H yg g 00
L H._: j H. : O _J®H. ;
oH-~ 98- HO 8- 05~
H H H
TSspada TSapadb TS, padc
Scheme 8
B T+ 7 RES hE:
N S N NS
oo || B, | | Bt
4 = \‘ O L o . > \‘ O
I@)NH 0\) I@&H H %NH
K/OH |\/0
L - L OH .
TSapaSa TS,paSb TS,paSc
B 1+ 7 T+ [ hE:
LN S NS N S
() )\ 2
\*2:{1\{ J (0] eg\)'::(N)\FO @g o N)\O,:O
j%n © HN, o 9O HN%H ©
+0 \_OH 4O Lo 40 H
L - L _ L OH .
TS, pa5d TS s pa5e TS o pa5f
Scheme 9
4166 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim WWW.eurjoc.org Eur. J. Org. Chem. 2003, 4161—4172



Aminolysis of -Lactam Antibiotics

FULL PAPER

of both the nucleophilic and catalytic amines are simul-
taneously oriented towards the solvent continuum at
TSapaSf, the intrinsic energy barrier is much larger
(AE .. = 25.6 kcal-mol ') and there is no desolvation pen-
alty (AAGyopation= —3.1 kcal'mol™'). Overall, the latter
conformer, TS ps5f, is predicted to be the most stable TS,
with a global AGyqution barrier of 33.0 kcal-mol ™!, although
this is only 1.3 and 2.3 kcal'mol™' below TS,psaSb and
TSpaSe, respectively.

Reaction between the MONO Model and Methylamine
Assisted by the p-Lactam N-SO3;~ Group

The N-SO;™-assisted mechanism proceeds in a stepwise
manner, passing through an open-chain intermediate (see
Scheme 3).2%1 The rate-determining event through which
the B-lactam ring is cleaved, thus forming the open-chain
intermediate, has been characterized.?” In order for this
process to occur, two transition states (TSyonol and
TSmono3) and a tetrahedral intermediate (Injono2) Were
located; these are very similar geometrically and energeti-
cally in the gas phase. If solvent effects are taken into ac-
count, TSyiono3 becomes the highest critical structure
along the AGyuion profile, given that it has a much less
ionic character than those exhibited by TSyionol and the
tetrahedral intermediate. The global AG,guion for the N-
SO; -assisted mechanism amounts to 35.3 kcal'‘mol~!.

To discover whether a second amine molecule and the N-
SO;~ group could catalyse the cleavage of the monobactam
ring more efficiently together, a nucleophilic attack of one
amine molecule concomitant with proton transfer from the
nucleophilic amine to the N-sulfonate group assisted by the
second amine molecule was simulated. Three critical struc-
tures were located: two TSs and a closed-ring tetrahedral
intermediate (i.e., TSyono06 — Imono? — TSmonod).
These are very close both in energy and structure [sce
Table 2 and the Supporting Information (see footnote on
the first page of this article)]. We found that the presence
of the ancillary amine molecule increases the desolvation
penalty both of the tetrahedral intermediate Iyjono? and
of TSymono8, which are less stable in solution than
TSmonob by 6.9 and 10.3 kcal'mol ™!, respectively. Overall,
this mechanism is not competitive with the N-SO; ™ -assisted
mechanism passing through TSyiono03-

Reaction between the MONO Model and Methylamine
Assisted by Water or by a Second Amine Molecule

With regard to water-assisted (TSyono4) and amine-as-
sisted (TSyiono3) aminolysis of the MONO model, the cor-
responding TSs at the B3LYP/6-31+G* level are analogous
to those obtained for the APA model (TSpal and TSspa2).
The calculations performed predict that the methylamine-
assisted process passing through TSyonod (AGoiution =
26.4 kcal-mol ') is 3.7 kcal'mol ™! more favourable than the
water-assisted processes (AGsomtion = 30.1 kcalmol™').
Both TSyono4 and TSyionoS are more stable in aqueous
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solution than TSyono3, by 5.2 and 8.9 kcal'mol !, so the
N-SO;~ assisted process would not be competitive.

Reaction between the MONO Model and Ethanolamine

Three one-step mechanisms were considered for the reac-
tion between MONO and ethanolamine, with catalysis in-
volving: (a) the ethanolamine hydroxy group, (b)a water
molecule, and (c) a second ethanolamine (i.e., the N-SOs-
assisted pathway was not considered). The first mechanism
with intramolecular catalysis has an estimated barrier of
34.5 kcal'mol ™! in solution. For the water- and amine-as-
sisted processes, the conformations of the ethanolamine
molecules in the corresponding TSs are similar to those
shown by the most stable TS conformers located for the
APA-cthanolamine system. The computed AGgovation Dar-
riers are only 25.1 kcal'mol™! (water-assisted) and 28.8
kcal'mol ! (amine-assisted).

Comparison between Theoretical and Experimentally
Measured Results

To find out whether the theoretical description of amino-
lysis of B-lactams achieved is consistent with the basic kine-
tic trends revealed by experimentally obtained kinetic re-
sults, the computed differences in the AGjy0n barriers for
the different model systems and reaction mechanisms were
compared with experimentally ascertained differences in ac-
tivation energies (AAES*P). The AAES® values were derived
from Arrhenius’s equation, with a common pre-exponential
factor being assumed for all aminolysis processes. The
AAGgo1ution and AAES*P terms, which characterise the kine-
tic preference for the k; over the k, route as well as the
kinetic impact of the B-lactam (penicillin vs. monobactam)
and the nucleophile (methylamine versus ethanolamine),
are laid out in Tables 3—35.

Kinetic Preference for the Water-Assisted Route over the
Amine-Assisted Route

In previous work!"™! it was proposed that the water-as-
sisted mechanism is the most important contribution to the
ky term for the aminolysis of B-lactams. This proposal is
further supported by these calculations on the APA and
MONO model systems. For the aminolysis of monobac-
tams, for example, the water-assisted route turns out to be
5.2 kcal'mol~! more favourable than the N-SO;~ assisted
process. Similarly, the intramolecularly catalysed pathway
for reactions between B-lactams and ethanolamine would
not be competitive. Therefore, if the experimentally deter-
mined kinetic term proportional to [amine] (k) is inter-
preted as being in fact catalysed by water, in consonance
with the theoretical results, the observed rate constant k;
should be divided by 55 wm (i.e., the concentration of pure
water) before comparison with the other kinetic constant
k».22 This has been done in order to derive the experimen-
tal AAES*P values reported in Table 3.
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Table 3. Kinetic preference of the water-assisted route (k;) relative
to the mechanism assisted by a second amine molecule (k,) as esti-
mated from experimental rate constants and quantum chemical cal-
culations. AAE, and AAG values in kcal'mol ™!

AE(ky) — AE(k>)

B-Lactam  Nucleophile AAEZ® = —RTIn-  AAGgoiution
[(k,/55M)/Ks]

APA RNH, 5.6 5.1

APA CH,OHCH,NH, 3.3 2.7

MONO  RNH,® 4.1 3.7

MONO CH,OHCH,NH, 4.5 -3.8

[a] R =CH;CH,CH>- (exp.)/CHj3- (theor.).

Experimentally, all the kinetic data indicate that the am-
ine-assisted route (k,) is clearly more favourable than the
water-assisted mechanism (k;), by ca. 3—6 kcal'mol~!. This
kinetic preference is very well reproduced by the calcu-
lations for the reactions between methylamine and either
APA or MONO (see Table 3). Moreover, analyses of the
different energy components contributing to AGjugion al-
low this kinetic preference to be unequivocally interpreted
in terms of solvent effects stabilizing the catalytic methyl-
ammonium moiety at the corresponding amine-assisted TSs
(for example, TS,pa2 is significantly stabilized by solvent,
having a AAGgyation value of —4.8 kcal'mol ™~ !; see Table 2).
In contrast, the calculated AAGg,uiion Values corresponding
to the reactions between APA/MONO and ethanolamine
are qualitatively incorrect (—2.7/—3.8 kcal'‘mol™!) when
compared with the AAES*P values for 6-APA and aztreonam
(3.3 and 4.5 kcal'mol ™!, respectively). This discrepancy can
be traced to an overestimation of the desolvation penalty
by the HF/6-31+G* SCRF PCM calculations when two
molecules of ethanolamine are present in the same solvent
cage. Moreover the B3LYP/6-31+G* level'may well over-
estimate the short hydrogen bond interaction between the
nucleophilic ethanolamine and the catalytic water molecule
at TS, pada and TSyonol10.

Influence of the p-Lactam Structure

From the experimentally derived results summarized in
Table 1, it seems that, in the cases studied here, the B-lactam
structure has a moderate influence over the kinetic con-
stants k; and k,, but in a different manner. For the water-
assisted processes (k), this effect also depends on the nat-
ure of the nucleophile: aztreonam reacts more rapidly than
6-APA with propylamine (AAESP = 2.1 kcal-mol ™), but it
is slightly slower in reacting with ethanolamine (AAES*P =
—0.3 kcal'mol™!). On the other hand, aztreonam is consist-
ently slightly more reactive by the amine-assisted pathway,
by 0.5 and 0.7 kcal'mol ',

The computed AAGguion Values for the APA and
MONO systems predict that the monobactam structure
should be more reactive than the penicillin model by ca.
2—5 kcal'mol ! in all reactions considered. This theoretical
prediction qualitatively reproduces the experimentally ob-
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served kinetic trend shown by the AAES*P terms for propyl-
amine. In contrast, the calculations performed here do not
account for the small experimentally observed kinetic ef-
fects of the B-lactam structure for the reaction processes
with ethanolamine, particularly in the case of the water-
assisted pathway (k; route, see Table 4). This was not en-
tirely unexpected, given that the relative stability of the
TSmonol0 structure seems most probably to be over-
estimated by our theoretical calculations (see above). Never-
theless, it does appear that the calculations can help under-
standing of the kinetic effects of the P-lactam structure.
Thus, the relative positions of the carboxylate/ N-sulfonate
groups with respect to the reactive amide bond and the
OH /RNH;"-like catalytic moieties could affect both the
intrinsic stability of the TSs and their interaction with the
solvent continuum. For example, inspection of the AE .
and AAGyation €nergy components in Table 2 for the am-
ine-assisted processes shows that the N-SO;~ group of
MONO increases the AE... energy barrier and simul-
taneously reinforces solvent stabilization with respect to the
APA system. The latter effect dominates, thus explaining
the higher reactivity of MONO through the k, route. On
the other hand, most of the monobactam rate enhancement
in the water-assisted reaction with propylamine could be
due to weaker repulsion between the hydroxide-like moiety
and the N-SO; group than between the hydroxide—like
moiety and the carboxylate group of 6-APA.

Table 4. Kinetic influence of the B-lactam structure on the amino-
lysis mechanisms (k; and k») as estimated from experimental rate
constants and quantum chemical calculations. AAE, and AAG val-
ues in kcal'mol ™!

AE (APA) — AE (MONO)

Mechanism  Nucleophile AAEP® = —RTIn-  AAGoiution
(kAPA/kMONO)

k| RNH, 2.1 3.4

k CH,0OHCH,NH, -0.3 5.2

k> RNH, 0.5 2.0

k> CH,0OHCH,NH, 0.7 4.2

[al R =CH;CH,CH,- (exp.)/CH;-(theor.).

Influence of the Nucleophile

The experimentally obtained data in Tables 1 and 5 reveal
that ethanolamine is, in general, less reactive than propyl-
amine during the aminolysis of both 6-APA and aztreonam,
with AAESP= ~ —1, —2 kcal-mol~!. There is, however,
one exception, corresponding to the water-assisted (k) ami-
nolysis of 6-APA, in which ethanolamine turns out to be a
better nucleophile (AAEF*P= +0.8). Theoretical calcu-
lations on the APA and MONO model systems predict the
same kinetic trends, except for the k; route in the monobac-
tam model.

Common interpretations assume that the nucleophilic
strengths of the monoamines are correlated with their pK,
values, hence explaining the lower reactivity of ethanol-
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Table 5. Kinetic influence of the nucleophile on the aminolysis
mechanisms (k; and k») as estimated from experimental rate con-
stants and quantum chemical calculations; AAE, and AAG values
in kcal-mol ™!

AE(RNH,*) — AE(CH,OHCH,NH,)
AAE® ~ —RTln- AAG

Mechanism f-Lactam solution
(kRNH2/kCH20HCH2NH2)

k APA 0.8 3.2
ki MONO —17 5.0
k, APA -1.6 —46
ks MONO 1.4 2.4

@l R = CH3CH,CH,— (exp.)/CH;— (theor.).

amine (pK, = 9.7) in relation to propylamine/methylamine
(pK, = 10.6—10.7). Calculations for the amine-assisted pro-
cesses performed in this work support this interpretation,
given that the most stable TSs with ethanolamine have in-
trinsic energy barriers (AE, ) of ca. 4—>5 kcal-mol ! higher
than those of the equivalent TSs involving methylamine (see
for example the TS ps2 and TS, psSf energy components
in Table 2). In these TSs the hydroxy groups of the etha-
nolamine molecules point toward the solvent bulk; that is,
they do not interact with the reactive atoms. However, an-
other TS conformer, in which the nucleophilic ethanola-
mine is hydrogen-bonded to the B-lactam carbonyl O atom,
is only 1.9 less stable (TSspaSc). The presence of this intra-
molecular hydrogen bond significantly reduces the AE,.
barrier, but impairs electrostatic solute-solvent interactions
at the TS, increasing the AAG,yjyaiion term. Moreover, the
most stable TS for the reaction between APA and one etha-
nolamine molecule (TS pada) turns out to be largely stabil-
ized by intramolecular OH--O contact between the etha-
nolamine moiety and the catalytic water, resulting in a low
AE,. barrier of 19.3 kcal-‘mol ™. It therefore seems that the
reactivity of ethanolamine is modulated by three factors:
the intrinsic nucleophilicity of the attacking amino group,
the ability of ethanolamine to provide intramolecular hy-
drogen-bonds, and also solvent effects. This combination
of kinetic factors causes theoretical prediction of relative
AGsonution Values to be less trustworthy for ethanolamine
than for methylamine reaction systems, owing to lesser
“cancellation of errors”.

Bifunctional Catalysis Exerted by Ethanolammonium
Molecules

In principle, the experimentally detected kinetic term in
the rate law proportional to [CH,OHCH,NH,]-
[CH,OHCH,NH;*] can be interpreted in terms of a
mechanism in which the nucleophilic attack by the neutral
amine molecule would be assisted by the hydroxy group of
the protonated amine molecule through bifunctional cataly-
sis. The question naturally arose of whether theoretical cal-
culations could support this hypothesis.

Unfortunately, the presence of the charged ammonium
group in CH,OHCH,NH;" makes B3LYP/6-31+G* ge-
ometry optimisations in the gas phase unrealistic for simu-
lation of the actual reaction in solution, owing to charge
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neutralisation between the B-lactam carboxylate and the
positively charged amine molecule. To circumvent this diffi-
culty, it was decided first to investigate the reactions be-
tween the APA/MONO models and ethanolamine catalysed
by the hydroxy group of a second ethanolamine molecule
in its basic (uncharged) form. The corresponding TS struc-
tures, fully optimized on the B3LYP/6-31+G* PES, were
then neutralised by attachment of a proton to the free am-
ino end of the catalytic fragment while the geometry of the
rest of the system was kept frozen (see Scheme 10). Sub-
sequently, single-point B3LYP/6-31+G* and HF/6-31+G*-
SCRF PCM calculations were performed on the neutralised
structures. In this way, it proved possible to estimate the
AGgouiion barriers corresponding to aminolysis of APA/
MONO assisted by  the  positively  charged
CH,OHCH,NH;" molecule. The energetic results are col-
lected in Table 2, while views of the optimized structures
used in these calculations are included in the Supporting
Information.

HN 8 T HN S t
SO B .| S8 Ao
SN gy H E N 5+
®NH. H 00 — ®NH. H 00
o~ 03~ on~ 98-

NH, ©@NH,4

TS, pab TS,pa6-H'

(fully optimized) (not relaxed)
Scheme 10

In the neutral and fully-optimized TSs with catalysis by
the hydroxy group of the second ethanolamine molecule
(TSApa6 and TSyiono012), the nucleophilic ethanolamine is
hydrogen-bonded to the catalytic hydroxy moiety of the se-
cond ethanolamine molecule (as in the comparable water-
assisted TSs) while the free amino group of the catalytic
ethanolamine points towards the solvent continuum. The
AGgorution barriers computed for TS,ps6 and TSyionol2
are quite high: 36.5 and 44.0 kcal-mol ™!, respectively. The
magnitude of these values confirms that the ethanolamine
hydroxy group is a worse catalyst than the amino group, in
all probability because of worse solvent stabilization of the
NH,CH,CH,O™ catalytic moiety than of the ammonium-
like  NH3;*CH,CH,OH (see the AAGgaion values in
Table 2). Both TS,pa6 and TSyono12 Were converted into
their  protonated  counterparts (TS,ps6-H*  and
TSmonol12-H™) by attachment of a proton to the amino of
the catalytic moiety. Although relaxation effects upon the
protonation process were neglected, the estimated AGyopution
barriers were quite moderate: 32.8 and 35.5 kcal-mol ™! for
the APA and MONO model compounds. Quite remarkably,
these figures are very close to AGgouion Darriers corre-
sponding to the ethanolamine-assisted processes (TSapa3
and TSmonoll), thus suggesting that the protonated
CH,OHCH,NH;" molecules may have an active kinetic
role as bifunctional catalysts during the aminolysis of (-
lactam antibiotics.
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Summary and Conclusions

Kinetic experiments have been performed in order to
characterise the reactivity of monobactam antibiotics (az-
treonam) against amine nucleophiles relative to that of
penicillin compounds (6-APA). The magnitude of the ex-
perimentally determined kinetic constants [k, k,, and k3
appearing in the rate law in Equation (1)] shows that az-
treonam is slightly more reactive than 6-APA, despite com-
mon assumptions that the amide bond should be less acti-
vated in monobactams. It may be interesting to note that
these kinetic results are consistent with the experimentally
determined rate for aztreonam covalent linkage to the ¢-
amino groups of lysine residues in HSA plasma proteins
(70% of the initial aztreonam fixed to HSA after 24 hours
of reaction?), which is higher than that reported for
benzylpenicillins (3% after 48 hours#). Furthermore, the
kinetic influence of substitution on the attacking nucleoph-
ile was also investigated. Most remarkably, for ethanola-
mine in reaction with either aztreonam or 6-APA, the corre-
sponding rate law has a kinetic term proportional to
[RNH,][RNH;"], in contrast with previous reports on the
reaction between benzylpenicillin and ethanolamine.”!

To gain a better understanding of the various effects con-
trolling the rates of the reactions between B-lactams and
amines, the molecular details of the reactive processes were
investigated by quantum chemical calculations. The APA
and MONO model systems shown in Scheme 5 were con-
sidered in order to compute the rate-determining AGojution
barriers corresponding to various reaction mechanisms, all
involving bifunctional catalysis by water, a second amine
molecule or the N-sulfonate groups of monobactams (the
electronic and geometrical features of these mechanisms
have been discussed in previous theoretical work!'>-2%),

The theoretical results confirm the ability of the water-
assisted (k) and amine-assisted (k,) mechanisms to explain
experimental data on the aminolysis of B-lactams. Thus, the
computed AGyouion barriers have moderate values ranging
from ca. 26 to ca. 34 kcal'mol™!'. For the aminolysis of
monobactams, the previously proposed N-SO; -assisted
mechanism®? turns out to be 5.2 kcal'mol™! less stable
than the water-assisted route. Moreover, the theoretical cal-
culations undertaken here satisfactorily reproduce several
experimentally observed kinetic trends: the prevalence of
the amine-assisted mechanism (k, term in the rate law) over
the water-assisted route (k) and the higher reactivity exhib-
ited by the monobactam. Nevertheless, the most interesting
prediction made by these calculations is that the kinetic
term in the experimental rate law proportional to
[CH,OHCH,NH,]-[CH,OHCH,NH;"] can be interpreted
in terms of the bifunctional catalysis performed by the
hydroxy group of the protonated amine molecule. Finally,
from comparison between experimental and theoretical
data, it was concluded that combination of standard DFT
gas-phase calculations with SCRF solvation methodologies
can yield relative AGguion barriers with semiquantitative
accuracy and give valuable insights into the various factors
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controlling the rate of chemical processes in the condensed
phase.

Experimental Section

Materials: Aztreonam was supplied by Squibb & Sons, Inc. (New
Jersey, U.S.A.). 6-Aminopenicillanic acid (6-APA), propylamine
and ethanolamine were obtained from SIGMA-ALDRICH
CHEMIE GmbH (Germany). The amines were purified by distil-
lation prior to use. Other chemicals were commercial products of
analytical grade. All the water used was purified by a Milli-Q-Re-
agent Water System (Millipore Bedford, MA, U.S.A.).

Analytical Procedure: The residual antibiotic concentration was de-
termined by a reversed-phase high-performance liquid chromatog-
raphy (RP-HPLC) method. An Alliance® HPLC System liquid
chromatograph (Waters, Mildford, MA, U.S.A.) equipped with a
2695 Separations Module and a 996 Photodiode Array Detector
were used. The separation was carried out with a Phenomenex C18
(2) Luna Column (5pm; 150 X 4.60 mm). The mobile phase used
was as follows: 0.05 m, pH 6.50, sodium phosphate/methanol solu-
tion (84:16, v/v). The flow rate was maintained at 1 mL-min~!. All
separations were carried out at ambient temperature and detection
of antibiotics was performed at 237 nm. The mobile phases were
prepared fresh on the day of analysis and were filtered through a
Millipore filter (0.45-pum. pore size). The f-lactam compounds were
determined by comparison of the peak areas with those of similarly
chromatographed standards. Calibration curves for the p-lactam
compounds were prepared daily.

Kinetic Procedure: The amines were used both as buffers and as
nucleophiles. The solutions were freshly prepared and the pH val-
ues were measured at 30 °C by use of a WTW pH-meter (pH, 526)
equipped with a combined electrode with integrated temperature
sensor (Sentix 97T). All reactions were conducted at 30.0£0.1 °C,
and the ionic strength was adjusted to 0.25 m with potassium chlo-
ride. In some cases in which buffer capacity was too low, the pH
of the kinetic solution during the reaction was maintained with a
pH-stat (Titrimeter assembly consisting of a E-614 Impulsomat, a
E-655 Dosimat and a E-632 pH-meter from Metrohm, Herisau,
Switzerland).

The initial B-lactam compound concentration was 1—2 X10~%
mol-L™!. Samples of reaction solutions were withdrawn at appro-
priate time intervals and the B-lactam compound remaining was
analysed by HPLC. The observed pseudo-first order rate constants,
kobss Were calculated by a generalised least-squares method and the
values of other rate constants were derived by a linear least-
squares method.

Ionization Constants: The pK, values used for the calculation were
reported values.”) The pK, of propylamine was 10.79 and that of
ethanolamine was 9.73. Hydroxide ion concentration was taken as
antilog (pH — pK,,) with pK,= 13.83.%

Computation: Molecular geometry optimisations followed by ana-
lytical frequency calculations were performed at the B3LYP/6-
31+G* level of theory®>?¢! by use of the Gaussian 98 suite of pro-
grams.?” In previous work on the aminolysis of 2-azetidinone,!'3:17]
it had been discovered that the B3LYP density function combined
with double- basis sets provides relative electronic energies (AE;je.)
quite close (=1, 2 kcal'mol™!) to those predicted by the
G2(MP2,SVP) composite approach,®8! which takes account of the
effect of larger basis sets and more refined N-electron treatments.
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To take account of condensed-phase effects on the kinetics of the
reaction, we used the UAHF (united atom Hartree—Fock) param-
eterisation?” of the polarizable continuum model®% (PCM) includ-
ing both electrostatic and non-electrostatic solute-solvent interac-
tions and simulating water as solvent. The HF method combined
with a double-{ basis set and the UAHF PCM model reproduces
the experimental solvation energies of 43 neutral molecules and 27
ions well, with mean errors of 0.2 and 1 kcal'mol~! for neutral
solutes and ions, respectively.””! For example, the HF/6-31+G**
solvation energies (with the gas-phase B3LYP/6-31+G** geo-
metries) for OH~, CH;0~, CH;COO~, CH3;NH;" are —108, —93,
=79, and —70 kcal/mol, respectively, which compare quite well
with the corresponding experimentally determined values of —106,
—95, —77, and —70 kcal'mol~!. The corresponding B3LYP/6-
31+G* UAHF PCM values are —104, —88, —75 and —-71
kcal'mol~!, so B3LYP tends to underestimate the solvation ener-
gies of anions, particularly that of the alkoxide CH;0~. The Gibbs
energies of solvation (AGyyation) Of all the critical structures re-
ported in this work were therefore then computed from single-point
HF/6-31+G* PCM-UAHF calculations on the B3LYP/6-31+G*
gas-phase geometries. It should also be noted that the topologies
of the systems were controlled so that the UAHF radii of all the
atoms was the same in analogous structures. The SCRF calcu-
lations were carried out with the gas-phase geometries, since similar
optimized geometries had been found both in the gas phase and in
solution in previous work on the aminolysis of 2-azetidinone.[*!]
Furthermore, in the same work,*! the relative AGyyation values
for the structures along the reaction energy profile were practically
identical, regardless of the geometries used (i.e., whether gas-phase
or solvated geometries). Similar observations have been reported
for the ammonolysis of formic acid.['”]

In order to estimate the free energy barrier in aqueous solution
(AGolution) for the aminolysis processes, various energy terms were
combined in accordance with the following Equation (3).

AG =AE, + AGEST 4 AAG +AG 3)

salution elec rot, vib solyation cage

AE,. is the energy difference at 0 K at the B3LYP/6-31+G* level,
AGESPhase are the vibrational and rotational contributions evalu-
ated within an ideal gas, rigid rotor, and harmonic oscillator
approximations®?! and with the use of the B3LYP/6-31+G* ana-
lytical frequencies (the change in AG,y i, On going from the gas
phase to solution is neglected), AAG yivation 18 the difference in the
HF/6-31+G* SCRF PCM solvation energies between the TS struc-
ture and reactants, and AG,,. is a translational free energy contri-
bution associated with the bringing of the reacting fragments into
the same solvent cage. From the reference®3 it was assumed that
AG, is determined solely by concentration factors: for standard
conditions (I M), AG,g has a value of 2.4 kcal'mol~! for bringing
two specific molecules next to each other if identical molar volumes
are assumed (see referencel?! for full details). It is to be noted that
this AG,g term can be seen as an alternative to the inclusion of a
free energy term evaluated in the gas phase (i.e., AGESRhase 1),
which would strongly overestimate the entropic penalty of confin-
ing the reactants together in the condensed phase. Other definitions
of AG,g. energy involving both vibrational and rotational degrees
of freedom as well as the desolvation penalty have been proposed
in the literature,*¥ although theoretical computations are quite ex-
pensive, given that molecular dynamics simulations and potential
of mean force calculations with appropriately selected restraints are
required for each particular system.3
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Unfortunately, agreement between ab initio absolute AGyguion bar-
riers and experimentally measured values is notoriously difficult to
achieve, mainly because very high levels of theory are required for
accurate prediction of the AE. energies, but also in view of the
uncertainties in the SCRF methodology, the approximate esti-
mation of the AG,g4. energy, and so forth. Thus, even small relative
errors in the calculations can have very large effects on absolute
rates. In practice, the estimation of relative AGyyuion Values of re-
lated systems can be carried out with much more confidence by use
of quantum mechanical methods coupled with continuum models
thanks to partial mutual cancelling out of errors.

Supporting Information

Figures showing the optimized geometries and energies of all the
structures considered in this work (9 pages, see footnote on the first
page of this article).
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