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Model systems for the reaction of amines with esters were
investigated with ab initio methods. Ammonia and methyl-
amine were used as models for primary amines, and formic
acid, methyl acetate, phenyl acetate, and p-nitrophenyl ace-
tate were chosen to represent typical esters. Geometry opti-
mizations were performed for all systems with the HF/6-
31G** method, and relative energies were evaluated by
using MP2/6-31G** single-point energies. The lowest bar-
riers are found for the reaction of methylamine with p-nitro-
phenyl acetate. Reaction occurs in this case according to a

direct displacement pathway, in which all bond formation
and breaking occurs in a single step. Complexation of the
transition structures by dimethyl ether or dimethoxyethane
leads to much the same changes as observed for variation of
the leaving group. Based on the ab initio data a force field
for the calculation of transition state-catalyst complexation
was developed. This force field as well as ground state com-
plexation energies were employed to predict catalytic activi-
ties for a number of polyethers, polyalcohols, and pyrans,
which in part, were also investigated experimentally.

The aminolysis of esters has been studied frequently as
a model process for the formation of peptide bonds. The
mechanism of this reaction has been investigated in detail
in water!!?! as well as in a variety of organic solvents[?.
Catalysis of this reaction has attracted considerable atten-
tion, due to the attractive goal of selective peptide synthesis.
A number of enzymes catalyze the formation of peptide
bonds®#. Modified versions of subtilisin have proven es-
pecially valuable for synthetic purposes in this re-
spect>%-7-81 Catalytic antibodies have also been found to
catalyze the aminolysis of amino acid esters®® !9, In organic
media, the aminolysis of esters is general acid-base cata-
lyzed!!-'1. The aminolysis of adenosine esters with butylam-
ine and aminoadenosine have been studied on a variety of
templates by Rebeck et al. in connection with the obser-
vation of selfreplication. The catalytic structures used in-
clude binding sites for the adenine moiety as well as cata-
lytically active centers!!?l. Transition metal Lewis acids have
been found to be effective aminolysis catalysts!'3l, Polye-
thers weakly catalyze the reaction of primary amines with
phenyl acetates, and the use of structurally different ethers
provided some insight into the structure of the transition
state of the rate determining step!'¥). This latter study em-
ployed p-nitrophenyl acetate and a-butylamine as substrates
in chlorobenzene solution. This choice warrants a sufficient
reaction rate even in the absence of catalysts as well as easily
detectable reaction products. We will therefore use the same
system to test the catalytic activities of modified polyethers.
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For a reaction as well investigated as the aminolysis of
esters, one should assume the development of catalysts to
be a straightforward matter, requiring only the design of
molecules to afford transition state stabilization![', Follow-
ing this principle, the recipe for the de novo design of a
catalyst could be as follows: (1) Find the lowest energy reac-
tion pathway for the uncatalyzed reaction under study. (2)
Determine the structure of the highest transition state on
this pathway. (3) Design a catalyst that recognizes this tran-
sition structure better than any other structure on the path-
way. (4) Synthesize the catalyst and study its catalytic
properties. Using a combination of quantum mechanical
and force field methods, we have set out to test this pro-
cedure for the reaction of primary amines with p-nitro-
phenyl acetate.

Ab initio Study of Various Model Systems
Ammonia and Formic Acid

This small model system has been investigated before
with ab initio methods!!’l. Also, the catalytic effects of
H;0*, H,0O, and OH™ have been studied for this sys-
tem!!%17]. Generally, three different reaction pathways
should be considered for the uncatalyzed reaction based on
earlier studies and on experimental results (Figure 1). The
first pathway leads from reactants 1 and 2 to zwitterionic
intermediate 6. Proton transfer from nitrogen to oxygen via
transition structure 7 gives the uncharged tetrahedral inter-
mediate 8. The final products water (3) and formamide (4)
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can be formed from 8 by first transferring a proton between
hydroxy groups and then eliminating water from zwit-
terionic intermediate 10. This first pathway might best be
termed “fully stepwise”, since all C—O/C—N bond for-
ming- and breaking steps occur separately and proton
transfer 1s completely uncoupled from these steps. The for-
mation of zwitterionic intermediates such as 6 and 10 can
be avoided by merging the C—X bond forming/breaking
steps together with the proton transfer processes. The un-
charged tetrahedral intermediate 8 is then formed via tran-
sition structure 12, and the final products are obtained via
transition structure 13. This second pathway can best be
termed “addition/elimination” pathway, since nucleophilic
addition to the C—O double bond first leads to formation
of the tetrahedral intermediate and then elimination occurs
to regenerate the C=0 bond. The third reaction pathway
avoids formation of intermediates altogether by cleaving the
C—0 bond at the same time as the C—N bond is formed.
Concomitant proton transfer as in transition structure 14
avoids the formation of charged products. The C—O double
bond does not participate in this reaction pathway, which
will be termed “direct substitution” pathway.

6-31G** level. We tested which theoretical method is suit-
able for the study of larger model systems and whether zwit-
terionic intermediates could be found as stationary points
with any of these theoretical models!'®l. This was not the
case at any of these levels; transition structures of rather
similar geometry (Figure 2) are obtained in every case. A
second conformer exists for 13, in which the non-transfer-
able water hydrogen atom points away from the formamide
nitrogen. Energetically, this structural isomer is at most
levels slightly less favorable than 13. A different confor-
mation is also possible for transition structure 14, in which
the non-transferable water hydrogen atom points away from
the carbonyl oxygen atom. This second structure is several
kcal/mol less stable than 14 and is not even a stationary
point at the HF/3-21G level. Four different conformers of
intermediate 8 have been optimized, and the most favorable
one is shown in Figure 2.

In general, increasing the basis set from 3-21G to 6-
31G** leads to structurally later transition states, while in-
clusion of electron correlation reverses this trend. Similar
compensatory effects of basis set size and treatment of elec-
tron correlation have been observed for geometries of

Figure 1. Possible reaction paths for the reaction of formamide + water to formic acid + ammonia
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14 %ii,, H
0 H o 0
HaN + HO)LH > H,O + H,N )LH
1 2 3 4

In their earlier computational study, Loew et al.!'! stud-
ied the potential energy surface at the ab initio HF/3-21G
level and evaluated relative energies by single point calcu-
lations at the MP4(FC)/6-31G** level of theory. Only tran-
sition states 12 and 13 from the addition/elimination mech-
anism and transition state 14 from the direct substitution
pathway could be found. This was also true at the ab initio
HF/STO-3G and the semiempirical MNDO level. It there-
fore appears that the formation of zwitterionic intermedi-
ates like 6 or 10 and the corresponding transition states 5,
7.9, and 11 are energetically too costly in the gas phase.
We have studied this system at the Hartree-Fock level with
3-21G and 6-31G** basis sets and at the correlated MP2/
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ground state molecules beforel!®). The effects observed here
are, however, not very dramatic. Reaction barriers were cal-
culated from MP2/6-31G** single point energies on geo-
‘metries calculated at the three different theoretical levels,
with zero point energy corrections calculated at the level of
geometry optimization. Based on the very similar results
obtained at all three levels, we have chosen the combination
of MP2/6-31G** energies with HF/6-31G** geometries for
the study of all remaining model systems.

The addition/elimination pathway via transition struc-
tures 12 and 13 is slightly preferred over the direct substi-
tution pathway via 14. It is worth noting that the rate limit-
ing step along the addition/elimination pathway consists in
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Figure 2. Stationary points in the reaction of ammonia with formic acid; geometries are given at the HF/3-21G, HF/6-31G**, and MP2/
6-31G** levels of theory; relative energies are obtained from single point MP2/6-31G** energies, corrected for differences in zero point
vibrational energies at the level of geometry optimization
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water expulsion from tetrahedral intermediate 8. Formation
of 8 is endothermic by 6—7 kcal/mol, while the overall reac-
tion is essentially thermoneutral.

A Larger Model System: Methylamine and Methyl Acetate

Replacing ammonia with methylamine (15) is a signifi-
cant step toward modeling a-butylamine, with respect to
size as well as basicity!"*l, Methyl acetate (16) is used as a
simple ester model, which introduces some of the steric bulk
in aryl acetates. The ground state geometries of 15 and 16,
two transition state structures 17 and 18 for addition of
methylamine to the C=0 bond, and transition state struc-
tures 19 and 20 for the direct displacement of the methoxy
group in methyl acetate have been optimized at the HF/6-
31G** level (Figure 3). Structures 17 and 18 differ in the
cis and trans orientations of the two methyl groups. The
same is true for structures 19 and 20. All four structures
contain methyl acetate in the s-cis conformation. The corre-
sponding s-trans structures are higher in energy by at least
5 kcal/mol, if they can be located as stationary points at
all. In order to characterize the transition structures 17—20
further, atomic charges have been calculated from the HF/6-
31G** electrostatic potential (ESP) by using the CHELPG
methodY, The sums of all atomic charges for the methyl
amine moieties are included in Figure 3.

The activation barriers for this system (Figure 3) are
lower than those calculated for the corresponding structures
in the ammonia + formic acid system (Figure 2). The low-
est activation barrier for the addition/elimination pathway
leading via transition structure 18 is now +35.5 kcal/mol,
down from +39.0 kcal/mol in the formic acid/ammonia sys-
tem. This is the barrier for formation of the tetraheral inter-
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mediate alone, and the transition structures for decompo-
sition of the tetrahedral intermediate have not been optim-
ized for this system (see discussion below). An even larger
lowering of the activation barrier can be found for the direct
substitution pathway via structure 19, which now has a bar-
rier of +36.2 kcal/mol, down from 42.1 kcal/mol for struc-
ture 14. As a consequence, the two pathways have barriers
of similar magnitude in the methylamine/methyl acetate sys-
tem.

Even though proton transfer occurs concertedly with
changes in C—O and C—N bond orders in all structures
17—20, the synchronicity of these processes is quite differ-
ent in the two pathways. In the addition/elimination tran-
sition structures 17 and 18, the similar magnitude of N—H
and H—O bond lengths as well as the low charge separation
between methylamine and methyl acetate are indicative of
a truly concerted, synchronous addition reaction. This is
not so in the direct substitution pathway, in which proton
transfer has hardly begun, while C—O bond cleavage and
C—N bond formation are almost complete in 19 and 20.
As a consequence, the charge separation in these structures
is significantly larger as compared to 17 or 18. In order to
test, whether zwitterionic intermediates are located some-
where on the reaction coordinate, the intrinsic reaction path
was followed from structure 19 in forward and backward
direction for twenty steps in mass-weighted internal coordi-
nates with a step size of 0.2 au. Selected structures and geo-
metric parameters are shown in Figure 4. The sequence of
bond-forming and -breaking in the overall reaction can best
be described as follows: Up to the transition state, the meth-
ylamine molecule approaches the carbonyl carbon atom, as
the methoxy group is cleaved off simultaneously. Proton

1513



H. Zipse, L. Wang, K. N. Houk

FULL PAPER

Figure 3. Ground and transition states in the reaction of methylamine with methyl acetate optimized at the HF/6-31G** level of theory;
activation barriers at the MP2(FC)/6-31G**//HF/6-31G** + AZPE level are shown (in kcal/mol); cumulative ESP charges, g(am), ob-
tained from fitting the HF/6-31G** electrostatic potential are given for the methylamine moieties

17
AE=+36.4
q(am)=+0.27

18
AE=+35.5
q(am)=+0.28

transfer does not occur during this stage. After the reaction
passes transition structure 19, the N—~C and C—~O bond
distances are essentially frozen while proton transfer now
occurs for the next 20 kcal/mol down the reaction path. The
barrier for this reaction might therefore best be explained
by the necessity of creating an electrostatically favorable
situation for proton transfer.

Methylamine and Phenyl Acetate

The methylamine + phenyl acetate system differs from
the experimental one only by the replacement of #-butylam-

20

AE=437.9
q{am)=+0.46

19
AE=+36.2
q(am)=+0.47

ine by methylamine and by omitting the 4-nitro substituent
in the phenyl ring.

The preferred conformation of phenyl acetate (21) is non-
planar (Figure 5). The planar conformer is a rotational
transition state which is only 1.0 kcal/mol higher at the
MP2(FC)/6-31G**//HF/6-31G** level. Four transition
states 22—25 for the reaction of 21 with methylamine have
been found (Figure 5). In structures 22 and 23, addition
occurs to the carbonyl double bond to form tetrahedral in-
termediates. The trans orientation of the two methyl groups
in 22 is slightly preferred over the syn orientation in 23.

Figure 4. Selected geometric and energetic data from the intrinsic reaction coordinate calculation for the reaction of methylamine with
methyl acetate according to the direct displacement pathway; distances are in A and energies in kcal/mol

R(C-N)=1.70 1.61 1.53 1.51 1.50
R(C-0)=1.52 1.70 1.98 2.02 2.03
R(N-H) =1.00 1.01 1.08 1.32 1.46
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The introduction of the pheny! group lowers the activation
barrier by 3.60 kcal/mol. This lower barrier is associated
with significant changes in the geometry of the transition
structures (Figure 5 vs. 3). Larger changes can be observed
for the direct substitution pathway via structures 24 and 25.
The introduction of the phenyl group leads to a lowering
of the barrier of ca. 9 kcal/mol. The expulsion of the alkox-
ide leaving group is more advanced and proton transfer is
less advanced in 24 as compared to 19. Summation of ESP
charges over all atomic centers of the amine moiety also
shows that charge transfer between amine and acetate is
larger for the phenyl-substituted system 24 (+0.55) than for
19 (+0.47). Structure 24 is similar in its electronic and
structural properties to the ion pair intermediate proposed
by Gandour et al.l'¥], Structure 24 might therefore best be
termed an “ion-pair like transition state”. It is important,
however, to emphasize that 24 constitutes a unique tran-
sition structure and that no ion pair minimum has been
found along the reaction pathway. The introduction of the
p-nitro substituent into the phenoxide leaving group is likely
to lead to even larger charge separation due to better stabil-
ization of the negative charge, especially in the transition
structures of the direct displacement reaction pathway.
Transition structure 24 was therefore extended by introduc-
tion of a nitro group in the p position of the phenyl group
and reoptimized (Figure 6).

There is a strong structural resemblance between tran-
sition structure 27 for the direct displacement reaction be-
tween p-nitrophenyl acetate and methylamine and 24. Intro-
duction of the nitro group causes no major geometrical
changes but lowers the activation barrier by almost 10 kcal/

mol! Again, the bond distance between the phenoxide oxy-
gen and carbonyl carbon or amine hydrogen suggest an ion-
pair like character for this transition structure.

The above results are in accord with the mechanistic
analysis of Menger et al., who observed a large dependence
of the reaction rate on the leaving group, but little effect of
acyl substituents®. The cyclic transition structures found
here were excluded at that time only because they were
thought to imply similar degrees of C—O bond breaking
and O—H bond formation. That cyclic transition states do
not necessarily have to be synchronous is clearly visible in
structures 24 and 27, both of which are cyclic transition
states, but with very different C—O and O—H bond orders.

The high preference for concerted acyl transfer over the
addition/elimination mechanism found here is supported by
kinetic isotope effects'®) as well as Bronsted correlations
for acyl transfer reactions involving esters with good leaving
groups2®~¢l - Computational®®*%! as well as experimen-
tal?29l gas phase studies of nucleophilic substitution reac-
tions in acyl halides also favor the direct substitution mech-
anism. The direct displacement transition structures found
here might therefore not be as exotic as they appear at
first sight.

Variation of Transition Structures in the Presence of
Catalytically Active Molecules

The size of the phenyl acetate model system makes the
study of additional structural and energetic effects of cata-
lysts impractical. Since it has become clear from the last
two model systems that the direct displacement reaction
pathway is by far preferred for the uncatalyzed reaction,

Figure 5. Ground and transition states in the reaction of methylamine with phenyl acetate optimized at the HF/6-31G** level of theory;
activation barriers AE at the MP2(FC)/6-31G**//HF/6-31G** + AZPE level are shown (in kcal/mol); charges, g(am), refer to cumulative
ESP charges for methylamine

22
AE=+31.9
q(am)=+0.33

23
AE=+32.1
qlam)= +0.33
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25
AE=+28.9
q(am)=+0.55

24
AE=+26.6
q(am)=+0.55

1.835
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Figure 6. Ground and transition states in the direct displacement

reaction of methylamine with p-nitrophenyl acetate at the MP2/6-

31G**//HF/6-31G** level of theory; the activation barrier is given

in kcal/mol and the charge g(am) refers to cumulative ESP charges
for methylamine

26

27
AE=+17.1
g(am)= +0.55

transition structure 19 from the smaller methylamine +
methyl acetate system has been used to study the response
of transition state structure to the presence of catalysts.
Since various polyethers have been used to catalyze this re-
action!'¥]] the first catalyst chosen in this study is dimethyl
ether.

Dimethyl ether forms only a weak complex with methyl-
amine. The lowest-energy structure of this complex 28 is
bound by 3.7 kcal/mol and contains a long N—H---O hydro-
gen bond. Rotation around this bond is facile and leads to
other complexes of almost identical energy. The N—H--O
bond is considerably shorter in transition structure 29 than
in ground state complex 28 (Figure 7). Dimethyl ether
forms a hydrogen bond to the proton that does not undergo
N to O transfer. Even when the ether was docked to the
hydrogen atom in transition structure 19 that undergoes N
to O transfer, structure 29 was obtained after geometry op-
timization. Complexation by dimethyl ether leads to in-
creased N—C bond formation and C—O bond cleavage.
Also, hydrogen transfer is far less evolved in 29 as com-
pared to 19. Overall, the effects of ether complexation are
the same as compared to improvement of the leaving group
in that both modifications lead to increased zwitterionic
character of the transition structures.

Use of the bidentate 1,2-dimethoxyethane (DME) has
much the same effect as compared to dimethyl ether. Again,
a weak complex 30 is formed with methylamine. Com-
plexation actually occurs with only one of the amine pro-

1516

Figure 7. Transition structures for the reaction of methylamine with
methyl acetate in the absence and in the presence of ethers (HF/6-
31G**)

ey,
=

tons, and this proton binds closer to one of the DME oxy-
gen atoms than to the other. In transition structure 31 both
ether oxygens complex the amine hydrogen atom that is not
undergoing transfer. The geometric changes of transition
structure 31 are essentially the same as observed for di-
methyl ether.

Figure 8 shows the energetics of the reaction with and
without ether catalysts. The stronger hydrogen bonding of
ethers to transition structures as compared to the amines
translates into strong catalysis. The intrinsic barrier for re-
action of methylamine with methyl acetate decreases from
+36.1 to +27.4 kcal/mol through catalysis by dimethyl
ether. The complexation energy of dimethyl ether is —3.7
kcal/mol with methylamine and —12.4 kcal/mol with tran-
sition structure 19. DME is not a better catalyst as com-
pared to dimethyl ether, because the complexation of the
transition structure is about the same, —12.5 kcal/mol,
while the methylamine/DME complexation energy is —5.4
kcal/mol.

Liebigs Ann. 1996, 15111522
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Figure 8. Variation of the activation barrier in the methylamine + phenyl acetate reaction inclusion of catalytically active ethers (MP2/
6-31G**/HF/6-31G** + AZPE(HF/6-31G**)) [kcal/mol]
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To compare the structural variations caused by catalysis,
Pauling bond orders were calculated according to equation
(1) for the most favorable transition structures on the direct
displacement pathways. Equation (1) relates bond order n,,
to a reference bond order ng by a factor, which includes the
differences in bond lengths of the two structures(?3,

R() - Rp}
0.6 M

Hy = Ry exp{

Four bond orders are of interest for this reaction. To con-
struct a More O’Ferrall-Jencks diagram, the difference in
the two variables describing proton transfer (N—H and
O-—H bond order) is plotted on the y axes, and the differ-
ence between the variables describing acyl transfer (C—N
and C—0 bond order) is plotted on the x axis. Even though
these bond order differences do not describe the transition
structures exactly, it allows the description of the overall
reaction in a two-dimensional More O’Ferrall-Jencks dia-
gram (Figure 9). All direct displacement transition struc-
tures investigated here are located in the lower right half of
Figure 9. This is a visual representation of the fact that
changes in C—N and C—O bond order far precede proton
transfer. Also, the spread of transition structures along the
C—O/C—N coordinate is much smaller as compared to that
along the N—H/O—H coordinate. In structural terms this
implies that the transition structures vary much more in the
degree of proton transfer than in acyl transfer. Systematic
trends can also be identified for variations in the substrate.
Improvement of the leaving group from methoxy to
phenoxy or p-nitrophenoxy shifts the transition structures
mainly downward, that is, transition structures are much
earlier in terms of proton transfer. A similar effect can be
observed for ether catalysis, which shifts the transition
structure from 19 towards the lower right corner. The com-
bined effects of catalysis and a good leaving group will
likely shift the transition state further to the lower right

Liebigs Ann. 1996, 1511—1522

corner of Figure 9. Structure 24 is closest to an ion-pair
like transition structure and has subsequently been used for
molecular modeling,.

Merging ab initio and Force Field Data

Studying even larger systems with quantum mechanical
methods is not feasible because of the large conformational
space which must be investigated. A force field represen-
tation of 24 for use with the AMBER force field®¥ in its
all-atom version as implemented in Batchmin 4.01>51 (AM-
BER*) was therefore developed. The ab initio structure of
transition state 24 was held rigid in all force field calcu-
lations, while the structure of the catalyst as well as all inter-
molecular degrees of freedom were allowed to vary. In order
to keep the transition structure fixed to its ab initio ge-
ometry, harmonic constraints were added between every
atom and its position in space with very high force con-
stants. Distance and angular force field constants were set
to values of 800—850 kJ mol™! to reduce the flexibility
further. Torsional potentials within substructure 24 were all
set to 0.0 kJ mol™!. Parameters for the description of inter-
molecular interactions were obtained by adopting Lennard-
Jones parameters for amides and esters from the literature
and by using atom-centered charges derived by fitting the
HF/6-31G** electrostatic potential and scaling by a factor
of 0.752%, Coulomb parameters for the catalyst molecules
were taken from the AMBER force field. At the beginning
of conformational searches, the transition state structure
was manually surrounded by the catalyst. This complex was
used as starting point for Monte Carlo searches in which
all free torsions, rotations, and movement up to 1 A of the
catalyst molecule was varied within 9000 steps to find the
structure of lowest energy. This procedure was repeated for
the complex of amine with the glyme catalysts to calculate
complexation energies.
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Figure 9. More O’Ferrall-Jencks diagram for the aminolysis reaction
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We began by investigating the complex of triglyme (32)
with transition structure 24 in order to first calibrate our
model and then compare to known experimental results.
The most favorable complex 33 obtained as described above
is shown in Figure 10. The glyme chain wraps around 24
such that each of the amine hydrogen atoms coordinates to
two polyether oxygen atoms. According to the H-O dis-
tances, the transferred amine hydrogen atom is coordinated
less tightly to the polyether chain as compared to the se-
cond amine hydrogen atom. Figure 10 also shows sche-
matically two strategies for the improvement of the catalytic
activity of polyethers.

1) The flexibility of the free glyme chain is significantly
reduced upon binding to the transition structure. Exper-
imentally, this translates into high activation entropies. This
problem can be alleviated by freezing the polyether chain in
a reactive conformation. The restriction of conformational
space is possible for example by integration of the polyether
chain into ring systems. In principle, this goal can be
achieved by annulation (dashed lines A or B in Figure 10)
or to a C—0O—C unit (motive B). A restricts only one tor-
sional angle, while B influences two torsional angles of the
polyether chain.

2) While complexation with the glyme chain satisfies the
electrostatic requirements of the amine moiety in 24, no sta-
bilization occurs for centers of negative charge accumu-
lation such as the phenoxide oxygen atom and (to some
extend) the carbonyl oxygen atom. Extending polyether
catalysts by some functional groups capable of hydrogen

1518

BO(c.0) - BOcN) \R/lk + o7

Figure 10. Complex 33 obtained from triglyme (32) and transition
structure 24

bonding such as shown by the H-X groups in Figure 10
should therefore lead to improved catalytic properties.

3) A third way of altering, perhaps improving, the cata-
lytic potential of glymes consisting in varying the oxygen to
oxygen distance along the polyether chain. This can readily
be achieved by using O—C—0 or O—C—-C—-C~-0O instead
of O—C—C~-0O units.

Liebigs Ann. 1996, 1511-1522
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We have experimentally determined catalytic rate con-
stants for a number of modified polyether catalysts, which
incorporate one or more of the above three points of im-
provement. For reference, the catalytic activities of smaller,
linear glymes have also been determined experimentally and
included in Table 1. Structures of all investigated systems
are given in Scheme 1.

Scheme 1
/0\/\0/ /O\/\o/\/o\ /O\/\O/\/O\/\O/
34 35 32
EO)/O\/\O/\/O\/\/ EOJ/O\/\o’\/O\/\OH
37 38
HOC~on HO_~y~_OH HO A~ g~ Ou~op
39 40 41
HO\/\O/\/O\/\O/\/OH HO\/\O/\’O\/\O/
42 43

Table 1. Kinetic data for all catalysts investigated in this study

Catalyst concentration keat (22°C)2 Akeat AEAb
{mmol -1} [12 mol-2 s-1] [kcal mol-!]
32 4.3-21.4 0.320 (0.308) +3% -4.0
34 8.2-40.8 0.024 (0.018) +45% -2.3
35 5.5-27.4 0.150 (0.174) +5% -3.5
18C6 (36) 4.1-16.5 0.029 (0.022) +56% .
37 7.7-45.9 0.054 +8% -3.9
38 5.5-27.4 0.112 5% -
39 11.0-44.0 0.112° +2.5% -2.8
40 7.5-22.5 0.244° +6% -2.3
41 7.2-28.8 0.531 +11% -2.9
42 4.5-22.3 0.463 9% -3.0
43 4.5-24.7 0.430 8% -3.8
2 Values given in parentheses are taken from ref.U4l. — ® Barrier

lowering as calculated with the AMBER* force field (see text). —
¢ T range 23-25°C.

The first three entries in Table 1 list catalytic activities for
glymes 32, 34, and 35. These are in very good agreement
with those measured before!!*l. The increasing activity can
well be rationalized by the increasing number of hydrogen
bonds between glyme oxygen atoms and amine hydrogen
atoms in 24. The low catalytic activity of 18-crown-6 can
also easily be rationalized since the ring size of this crown
ether does not permit complete binding of 24. Binding of
18-crown-6 to 24 is, of course, also possible in a side-on
mode, but this requires a significant deformation energy of
the catalyst. The low activity of 37, which is less than for
35, came somewhat as a surprise. Since 37 contains 35 as a
substructure extended with a tetrahydropyran ring, a larger
catalytic efficiency was expected. The same disappointing
result was obtained for 38. In both cases, this can be due
to either O—C—O motives being less catalytically active as
compared to O—C—C—0O sequences, or to unfavorable con-
formational properties of the tetrahydropyran substruc-
tures. The low efficiency of 38 is especially surprising since
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all polydiols show higher catalytic activities than the corre-
sponding glymes. This is already visible for ethylene glycol
(39), which shows catalytic effects identical to 38. The tran-
sition state/ethylene glycol complex shows only one hydro-
gen bond between the amine hydrogen atom and one of the
glycol oxygen atoms. The second oxygen atom is involved
in intramolecular hydrogen bonding. The same situation is
found in the transition structure complex with 41 (Scheme
2).

Scheme 2
Vamn
Q" o—.m
. 9“‘&
‘O/ SN O

Increasing the chain length even further to 42, both nega-
tively charged centers of transition structure 24 can be
reached as depicted in Figure 10. Surprisingly then, the best
catalyst in this series is 41 and not 42 (Table 1). This result
cannot be rationalized on the basis of complex 33. Capping
one OH terminus in 41 with a methyl group as in 43 lowers
the activity slightly, capping the second OH group has a
larger effect. The most important result from Table 1 is,
however, that catalysis by polydiols is not even a factor of
two better as compared to the corresponding glymes! It
must therefore be concluded that the expected catalytic ef-
fects of the additional hydrogen bonds as schematically de-
picted in Figure 10 do not result in the expected significant
rate enhancements.

To gain better insight into the structural basis of poly-
ether and polydiol catalysis, we define a numerical model
for the activation barrier lowering AEa(cat) caused by
these catalysts.

Scheme 3

transition structure

transition structure -
complex

(24 * cat)

AE(TS)

(reactants * cat)

According to Scheme 3, AE,(cat) is given as the differ-
ence between the activation barriers of the catalyzed and
uncatalyzed reaction, but can also be calculated as the dif-
ference between the complexation energy of the ground
state AE/(GS) and the complexation energy of the tran-
sition structure AEL(TS):
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AEj(cat) = Ea(cat) — Ea(uncat) = AE(GS) — AEL(TS) (2)

The complexation energy of the transition structure 24
AEJ(TS) is directly available from our initial investigation
of the complexes between 24 and catalysts. We can obtain
an estimate of the catalytic potency of catalysts by sub-
tracting the ground state complexation energy. We have
used the same methodology as described for the transition
state complexes to study complexes between catalysts and
methylamine or phenyl acetate. Whatever complex provided
the stronger complexation energy was used as the model for
the ground state complex. As defined in equation (2), more
negative values of AE(cat) correspond to better catalytic
properties. Assuming the activation entropies for catalysis
by a family of structurally similar molecules to be compar-
able, the relative activation energy AF(cat) should corre-
late with the relative catalytic rate counstant k. according
to equation (3).

AE(caty = 2.3 RT log k.o (3)

Plotting log k. vs. AEa(cat) gives a satisfactory corre-
lation for the subgroup of glyme catalysts and a correct
prediction of k.. for AE5 = 0 for this group (Figure 11).
However, no general correlation between log k.o vs. AEa-
(cat) can be seen when all catalysts are included. Unsatisfac-
tory correlations were furthermore obtained with scale fac-
tors for Coulomb parameters of 1.00 or 0.50, with and
without solvent models, with and without MD confor-
mational sampling, and with ground state complexes con-
sisting of catalysts + amine, catalyst + ester, or catalyst +
amine + ester. The low predictive accuracy of our force
field model is likely to be due to the small differences in
catalytic efficiency of the catalysts used here. Since the accu-
racy of force fields generally does not exceed *1 kcal/mol,
the correct prediction of small variations in catalytic rate
constants is simply not possible. A somewhat better corre-
lation between calculated and experimentally determined
data could be found for all substrates if only ground state
complexation energies were considered (Figure 12). The
complexation energy Eomp used here is the energy differ-
ence between separate reactants and a three-component
ground state complex (catalyst + amine + ester). The better
predictive value of this latter method is at least in part due
to the fact that variations in E,omp are more than twice as
large as variations in AE,. Also, the ground state model
allows a much more flexible relative orientation of the two
reactants, while the transition state model employs one
fixed transition state geometry for all catalysts.

As a last step in our study, we have used both AE, and
Ecomp to evaluate the catalytic potential of candidates
44—47 (Table 2). Structure 44 is composed of a rigid bipyri-
dine backbone and two galactose-derived side chains. The
side chains differ in their ability to form hydrogen bonds.
The “binding site” of 44 is ideally suited to bind the two
reactants, and a very high complexation energy is obtained.
The predicted barrier lowering, in contrast, is not much
higher than calculated for the glyme catalysts. Structure 45
uses the same side chains, but a much more flexible bridge.
This increased flexibility leads to a significantly lower bind-
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Figure 11. Correlation of the activation energy lowering AE, vs.
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Figure 12. Correlation of complexation energy of the three compo-
nent ground state complex vs. log ke,
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ing energy, but a much better theoretical barrier lowering.
Structures 46 and 47 have been conceived as cyclic poly-
ethers, which are (1) large enough to completely bind the
transition structure 24 and (2) include amide functionalities
oriented such that hydrogen bonds are formed to the car-
boxylate oxygen atom in 24. This “oxy-anion hole” motive
derived from proteases!!®! is not very successful in this case,
however, since neither E oy nor AE, are signficantly dif-
ferent from the values obtained for glymes. The structures
obtained for 46 and 47 in the absence of substrate show
that the low predicted activity is due to the collapse of the
binding site under concomitant formation of hydrogen
bonds between amide hydrogen and ether oxygen atoms.
Before binding of the substrate, these hydrogen bonds have
first to be broken again. Comparing the predicted catalytic
potential of compounds 44—47, one has to conclude that
rigidity appears to be one of the crucial characteristics of
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successful catalysts. We are currently investigating different
strategies for the synthesis of compounds 44—47.

Table 2. Predicted ground state complexation energies Eomp and
activation barrier lowering AE, for catalysts 44—47

Ecompl AEA
[kcal/mol] [kcal/mol]
44 -29.1 -4.3

O, o _% ‘\O
o] o) o] wO
{E(‘ 45 | 241 62

o} o
J/i ]% 4 | 203 44
) NH }‘1 o}
(CHp)y;
l/\o/\l
(o} 0:\L
OINH }\l o 47 214 -3.5
(CHo)y
Conclusion

The ab initio investigation of several model systems for
the reaction of esters with primary amines highlights the
importance of single-step, direct displacement pathways.
Especially in those models with good leaving groups, the
concerted direct displacement pathway has a much lower
barrier than the addition/elimination pathway. Com-
plexation of the direct displacement transition structures by
simple ethers leads to significantly lower barriers. The most
favorable transition structure obtained for the reaction of
methylamine with phenyl acetate has been used in combi-
nation with force field modeling to elucidate the origin of
catalytic activity of polyethers. While the variations in cata-
lytic efficiency of the catalysts investigated here was too
small to be reproduced directly with the transition state mo-
del, a good correlation was found between catalytic ef-
ficiency and theoretically predicted complexation energies
between reactants and the catalyst.
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Experimental

Chlorobenzene (Merck), 4-nitrophenyl acetate (Aldrich), glyme
(Merck), diglyme, triglyme, triethyleneglycol monomethyl ether,
tetraethylene glycol, triethylene glycol, ethylene glycol (Merck), and
18-crown-6 were used as received. n-Butylamine was dried with cal-
cium hyride, purified by fractional distillation from calcium hydride
and stored under nitrogen for short times only. Diethylene glycol
was fractionally distilled under reduced pressure (145—149°C/
40—50 mbar) and fractionally crystallized by partial freezing.

Kinetics: Reactions were carried out by pipetting 2.5 ml of a
butylamine/catalyst/chlorobenzene solution (0.117 M in #-butylam-
ine) into a 3-ml cuvette, injecting 0.030 ml of a 0.01 m ester/chloro-
benzene solution, stoppering and shaking the cuvette and measur-
ing the absorbance of the produced p-nitrophenol for about two
half-lives at constant wavelength (A = 320 nm). UV data were mea-
sured with a Cary 118c spectralphotometer. Rate constants kg,
were obtained by fitting absorbance A(¢) versus time data to equa-
tion (4) where absorbance after completed reaction A, absorbance
before reaction 4y and k., are iteratively optimized.

A(D) = Au — (Ao — Ag) - € Kot )

24 to 48 data points of absorbance A4(#) with constant time intervals
were used for computational fits. All k., values were determined
by at least three measurements. Kinetic measurements were re-
peated for a range of different catalyst concentrations (see Table
1). The rate law found for the catalyzed reactions is!':

kobs = kalamine)® + k., Jamine][catalyst] 5)

Under pseudo-first order conditions, the catalytic rate constants
k..r are obtained by plotting k,,/[amine] vs. [catalyst]. The rate
constant k, for the self-catalyzed background reaction was meas-
ured as 0.0681 + 0.02 1> mol~2 s, in good agreement with the
literature value of 0.0651014),

Supplementary Information is Available from the Authors on Re-
quest: Eleven (11) pages with structures of all optimized stationary
points in Gaussian archive format.
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