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Theoretical studies on the un-catalyzed and catalyzed aminations of ketene with NHz and (NHs)2, respectively,
were studied using MP2 and hybrid density functional theory of B3LYP at the 6-31+G(d,p) and 6-
311+G(3df,2p) basis sets in the gas phase and in benzene and acetonitrile solvents. In the gas phase reaction,
the un-catalyzed mechanism was the same as those previously reported by others. The catalyzed mechanism,
however, was more complicated than expected requiring three transition states for the compl ete description of
the C=0 addition pathways. In the un-catalyzed amination, rate determining step was the breakdown of enol
amide but in the catalyzed reaction, it was changed to the formation of enol amide, which was contradictory to
the previous findings. Starting from the gas-phase structures, al structures were re-optimized using the CPCM
method in solvent medium. In ahigh dielectric medium, acetonitrile, a zwitterions formed from the reaction of
CH>=C=0 with (NHs), I (d), exists as a genuine minimum but other zwitterions, | (m) in acetonitrile and I (d)
in benzene become unstable when ZPE corrected energies are used. Structural and energetic changes induced
by solvation were considered in detail. Lowering of the activation energy by introducing additional NH3
molecule amounted to ca. —20 ~ —25 kcal/mol, which made catalyzed reaction more facile than un-catalyzed

one.
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Introduction

Ketene is awell-known reactive species, and its structural
characteristics and reactions have been extensively studied
both experimentally? and theoretically.’>? In particular, the
hydration of ketene, the reverse of the dehydration of acetic
acid, has been considered a prototypical reaction, which in
solution, proceeds by addition of one or two H2O molecules
to the C=0 bond to form an enol intermediate, egs. (1a) and
(1b), and not addition to the C=C bond to form the carbox-
ylic acid directly, eqg. (1c). Thereis theoretica evidence that
the addition of (H20),, eg. (1b), is more favorable than that
of H20, eq. (18).%
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Amination of ketene is also of synthetic interest. In early
experimental® and theoretical studies* this reaction was
reported to proceed more favorably by addition to the C=C
bond rather than the C=0 bond, in contrast to the hydration

reaction mentioned above. However, more recent work in
the gas phase® and in solution phase® has found addition to
the C=0 bond to be more favorable than addition to the C=C
bond. Amination of ketene is therefore expected to be
analogous to hydration.

Two different mechanisms have been proposed to explain
the results of kinetic studies. Wagner and co-workers have
observed linear dependence of the rate constant on the
concentration of aminein the reaction of phenyl ketene with
diethylamine in acetonitrile solution, eq. (2),° suggesting
that only one amine molecule is present in the rate-limiting
step. In contrast, Satchell and co-workers have found that the
reactions of dimethyl ketene and diphenyl ketene with
anilines follow the rate law shown in eg. (3) in benzene and
in ether.>’ This implies that the reaction proceeds competi-
tively via two different amine species® Such mechanisms
are now established by theoretical studies of the hydration of
ketones,® the hydration and ammonolysis of S-lactams,’°
and the hydration™? and amination®® of ketenes. A second
amine molecule acts as a bifunctiona catayst to lower
activation energies.

Rate = ki[Aming] [K etene] 2
Rate = (ki[Aming] + k] Amine]?)[K etene] ©)

On thewhole, direct comparison of experiment and theory
has not been possible because most of the theoretical work
refers to the gas phase. Recent developments in computa:
tiona methodology enable us to study such reactions in
solution using continuum models™ In earlier work, the
solvation energy was estimated by single-point calculations
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on gas-phase optimized geometries, but geometry optimi-
zation of stationary points in a solvent has now become
possible and several such studies have begun to appear in the
literature.’? The work of Ngugen, and coworkers is especi-
aly noteworthy.® They examined the amination of ketenein
water solvent using the Onsager SCRF, PCM and SCI-PCM
electrogtatic continuum solvation models by reoptimization
of gas-phase stationary points, and found that the profile of
the reaction is not changed significantly.

In the gas phase, the formation of a zwitterionic inter-
mediate is unlikely because of its intrinsic ingtability. In
solution, however, such species can be stabilized by solv-
ation and studies should be therefore expanded to take these
species into account. Zwitterions, formed from the reaction
of ketene with tertiary amines,™® have in fact been identified
experimentally by UV and IR by use of time-resolved laser
flash photolyses™ and theoretically in AM1® or BLYP
calculations.’®

The addition of NH3 or a primary amine to ketene can
proceed by two different pathways, stepwise via a ketene-
nucleophile zwitterion, (1), or concerted via a neutral four-
center cyclic transition state as shown in Scheme 1. Experi-
mentally, evidence for the zwitterion (1) has been reported
by UV/VIS spectroscopict’ and IR studies.®® Thus Wagner
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and co-workers observed atransient intermediate with an IR
band at 1680 cm™* during the amination of ketene with di-
ethylamine.®® However, it is difficult to determine unambi-
guously whether (1) or (I1) is the initial intermediate,
because the characteristic IR absorption of the zwitterionic
ylide (1) is similar to the IR absorption for C=C bond
stretching of the enol amide (11). Since none of the previous
theoretical studies has considered a zwitterion as a transient
intermediate in the reaction of ketene with NH3 or aprimary
amine and the stability of the zwitterion (1) should depend
upon the reaction medium, additional theoretical studies are
needed.

In the present work, the amination of ketene by NH3 and
the (NH3)2 has been examined theoretically in the gas phase
and in benzene and acetonitrile.

Calculations

For the gas-phase reactions, dl stationary points were
optimized fully at MP2/6-31+G(d,p), B3LY P/6-31+G(d,p)
and B3LYP/6-311+G(3df,2p) leves of theory and charac-
terized by frequency calculations. Reactants, intermediates
and products exhibited no, and transition structures exhibit-
ed one imaginary frequency. Solvent effects in benzene (di-
electric constant = 2.247) and acetonitrile (dielectric con-
stant = 36.64) were considered by using the CPCM
methodology®® at CPCM-B3LY P/6-31+G(d,p) and CPCM-
B3LY P/6-311+G(3df,2p) levels. Geometries and energiesin
solution were aso fully optimized with the OPT=LOOSE
option to achieve convergence,® and characterized by fre-
quency calculations at each level. Reactant complexes (RC)
and product complexes (PC) are not considered in detail
because they do not exist in solution. All calculations were
performed with the Gaussian 98 program.?! Intrinsic reac-
tion coordinate (IRC) calculations? were performed at MP2/
6-31+G(d,p) and B3LYP/6-31+G(d,p) levels of theory to
confirm direct connection between transition structures and
minima on both sides of the potential energy surfaces. The
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Figure 1. Schematic diagram for the addition reactions of NH3 () and NH3 dimer (b) to ketene. (m) refers to the reaction with monomer and
(d) refersto the reaction with dimer. Four transition structures were found in (b) but some do not exist in the case of (8). Seetext for details.
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Figure 2. Optimized stationary structures for the addition reaction of NH; monomer to ketene at the B3LY P/6-311+G(3df,2p) level.
Geometrical parameters shown with each structure refer to the gas-phase, benzene (in parentheses) and acetonitrile (in sguare brackets).
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Figure 3. Optimized stationary structures for the addition of NHsz dimer to ketene at the B3LY P/6-311+G(3df,2p) level. Geometrical parameters
shown with each structure refer to the gas-phase, benzene (in parentheses) and acetonitrile (in square brackets). Bond lengths are in A.

different reaction sequences are summarized in Figure 1 and
the optimized stationary structures are shown in Figures 2
and 3.

Results and Discussion

The Gas-Phase Aminations of K etene. According to the
gas-phase computations of Sung and Tidwell,> amination of

ketene by attack on the C=0 bond to give an initial enol
amideis preferred over addition to the C=C bond to produce
an amide directly. These workers aso found amination by
dimeric (NHs), to be more favorable than amination by NHs.
The same results were obtained at the QCISD/6-311+G(d,p)/
IMP2/6-31G(d,p) theoretical level b

The zero-point energy (ZPE) corrected activation (AE;PE)
and reaction (AEZOPE) energy changes for the amination of
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Table 1. ZPE corrected activation and reaction energy changes (in kcal mol™) relative to the separated reactants for the amination process of
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ketene with NH3
Process Phase Level Reactant TS Product
TS1(m) I(m)
Ketene + NHz — 1(m) Acetonitrile B3LY P/6-31+G(d,p) 0.00 364 7.212
B3LY P/6-311+G(3df,2p) 0.00 6.03 6.70
TS2(m) I1(m)
Ketene + NHs Gas B3LY P/6-31+G(d,p) 0.00 28.81 -531
(C=0 addition) B3LY P/6-311+G(3df,2p) 0.00 32.63 —244
MP2/6-31+G(d,p) 0.00 28.67 -6.32
Benzene B3LY P/6-31+G(d,p) 0.00 25.85 —6.93
B3LY P/6-311+G(3df,2p) 0.00 29.82 -4.08
Acetonitrile B3LY P/6-31+G(d,p) 0.00 23.74 -8.22
B3LY P/6-311+G(3df,2p) 0.00 27.60 -5.59
TS3(m) P(m)
Ketene + NHs Gas B3LY P/6-31+G(d,p) 0.00 39.09 -32.99
(C=C addition) B3LY P/6-311+G(3df,2p) 0.00 42.95 —28.67
MP2/6-31+G(d,p) 0.00 39.71 -34.78
Benzene B3LY P/6-31+G(d,p) 0.00 37.14 -35.38
B3LY P/6-311+G(3df,2p) 0.00 41.00 -31.10
Acetonitrile B3LY P/6-31+G(d,p) 0.00 35.87 -37.11
B3LY P/6-311+G(3df,2p) 0.00 39.56 -33.00
11(m) TSA(m) P
I(m)—P Gas B3LY P/6-31+G(d,p) -531 30.40 -32.99
(uncatalyzed) B3LY P/6-311+G(3df,2p) —2.44 34.48 —28.67
MP2/6-31+G(d,p) -6.32 31.52 -34.78
Benzene B3LY P/6-31+G(d,p) -6.93 28.27 -35.38
B3LY P/6-311+G(3df,2p) -4.08 32.32 -31.10
Acetonitrile B3LY P/6-31+G(d,p) -8.22 26.97 -37.11
B3LY P/6-311+G(3df,2p) -5.59 30.78 -33.00

4This structure has one imaginary frequency at thislevel of theory. We use ZPE obtained at B3LY P/6-311+G(3df,2p) level instead.

ketene obtained in the present work are summarized in
Tables 1 and 2. The gas-phase results for NH3; addition
reported in Table 1 are condstent with those reported
previoudly, but the results for (NHs), addition reported in
Table 2 are not.

In the previous works,>® different transition structures
were found for the C=0 addition step 5a(TS)* at MP2/6-

1.030

5a (TS) TSS

31G(d) and TS8° at MP2/6-31G(d,p) levels. There is little
bond formation and cleavage in 5a(TS) but both are well
advanced in TS8. The difference can be understood upon
ingpection of TS1(d) and TS2(d) shown in Figure 3. The
former refersto the addition of NH3 hydrogen-bonded to the
catalytic NHs, its geometrical parameters are similar to those

of 5a(TS). Likewise, the geometrical parameters of TS8 are
similar to those of TS2(d). It seems that not al transition
structures were located in the previous works, possibly
because examination of the intrinsic reaction coordinate
(IRC) to search for minima present on both sides of the PES
was not performed. IRC caculations on TS1(d) and TS2(d)
a MP2/6-31+G(d,p) and B3LY P/6-31+G(d,p) levels show
that TS1(d) is connected to RC(d) and 1(d), and TS2(d) is
connected to I(d) and 11(d). This means that TS1(d) and
TS2(d) are genuine transition structures for addition to the
C=0 bond. The former is the saddle point leading to the
zwitterion, 1(d), and the latter leads to the enol amide inter-
mediate, I1(d). The zwitterionic character of 1(d) is seenin
its important charge distribution: in the separated reactants
the MP2/6-31+G(d) NBO? group charges on oxygen and
the attacking NH3 are —0.413 and —0.015 electrons, respec-
tively, the corresponding charges in I(d) are —0.707 and
+0.442 electrons respectively at MP2/6-31+G(d) level 24
Inclusion of additional species in the description of the
C=0 addition step makes the PES more complex - three
trangition structures and four intermediates are required.
Figure 4 depicts the gas-phase and solution-phase potential
energy diagrams. The rate-determining step for the gas-
phase C=0 addition is a cooperative process in which enol
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Table 2. ZPE corrected activation and reaction energy changes (in kcal mol™) relative to the separated reactants for the amination process of
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ketene with (NH3)2
Process Phase Level Reactant TS Product
TS1(d) 1(d)
Ketene + (NHs)z — 1 (d) Gas B3LYP/6-31+G(d,p) 2 0.00 268 3.59
B3LY P/6-311+G(3df,2p) 0.00 6.37 7.11
MP2/6-31+G(d,p) 0.00 1.99 2.50
Benzene B3LYP/6-31+G(d,p) 0.00 143 0.61
B3LY P/6-311+G(3df,2p) 0.00 3.70 385
Acetonitrile B3LY P/6-31+G(d,p) 0.00 175 -1.95
B3LY P/6-311+G(3df,2p) 0.00 414 1.79
TS2(d) 11(d)
Ketene + (NHs), Gas B3LYP/6-31+G(d,p) 0.00 9.62 -10.74
(C=0 addition) B3LY P/6-311+G(3df,2p) 0.00 14.76 -7.17
MP2/6-31+G(d,p) 0.00 913 -12.41
Benzene B3LYP/6-31+G(d,p) 0.00 4.89 -1254
B3LY P/6-311+G(3df,2p) 0.00 9.35 -9.62
Acetonitrile B3LY P/6-31+G(d,p) 0.00 1.16 -13.76
B3LY P/6-311+G(3df,2p) 0.00 6.07 -10.40
TS3(d) P(d)+NH3
Ketene + (NHa), Gas B3LY P/6-31+G(d,p) 0.00 14.61 -31.01
(C=C addition) B3LY P/6-311+G(3df,2p) 0.00 19.93 -2753
MP2/6-31+G(d,p) 0.00 - -32.39
Benzene B3LYP/6-31+G(d,p) 0.00 8.77 -34.79
B3LY P/6-311+G(3df,2p) 0.00 13.12 -31.96
Acetonitrile B3LY P/6-31+G(d,p) 0.00 356 -36.70
B3LY P/6-311+G(3df,2p) 0.00 8.38 -33.19
11(d) TSA(d) P+NH3
I1(d)— P+NHz Gas B3LY P/6-31+G(d,p) -10.74 3.70 -31.01
(catalyzed) B3LY P/6-311+G(3df,2p) -7.17 8.83 -2753
MP2/6-31+G(d,p) -12.41 4.41 -32.39
Benzene B3LY P/6-31+G(d,p) -1254 0.09 -34.79
B3LY P/6-311+G(3df,2p) -9.62 4.27 -31.96
Acetonitrile B3LYP/6-31+G(d,p) -13.76 211 -36.70
B3LY P/6-311+G(3df,2p) -10.40 2.06 -33.19

3(NHs3). has one imaginary frequency. We use ZPE obtained at B3LY P/6-311+G(3df,2p) level instead.

amide 11(d) from I(d) via TS2(d). In the previous studies,
reversible addition of NH3 to CH,=C=0 was assumed or the
rate-determining step was not identified.® In contrast, rate-
determining formation of enol amide was found in the
reactions of phenyl ketene and 2-pyridylketene with (NHs)2.
Table 3 summarizes the data found at B3LYP/6-311+
G(3df.2p). Although the eectronic energy of 1(d) is higher
than that of T S1(d) when the ZPE correction isincluded, the
zwitterion I (d) is confirmed as a genuine intermediate by the
frequency and IRC calculations.

This inversion of the energies of stationary points arises
from the one absence of one vibrational mode in the TSin
the region of the flat transition structure.?® In the gas-phase
amination the zwitterionic species 1(d) could be a transient
intermediate or a non-detectable species, despite its apparent
identification as a stable intermediate on the eectronic
energy PES. Consequently whether a zwitterionic mech-
anism exists in the gas-phase reaction of ammonia dimer
with ketene cannot be established.

There is an aternative cooperative process for the dimeric
(NHs), addition, in which one NH3 molecule carries out a 4-
centered addition to the carbonyl carbon, and the other NH3
acts as a general base catalyst (see l11). This structure could
not be located in the present work.

H O
c:o/' \\H----NHs
H/ \Nx'
W H
(1)

Amination of Ketene in Solution. The existence of a
zwitterion in the gas phase reaction is problematical as noted
above. Although a zwitterion is expected to be more stable
in solution the Onsager SCRF, PCM and SCI-PCM con-
tinuum models are unable to locate a zwitterionic species.®
In the present work, a zwitterion 1(m) corresponding to the
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Table 3. Summary of electronic energies (in au.) of stationary species for the un-catalyzed and catalyzed aminations of ketene and
imaginary frequency (in cm™) for the trangition structures at B3LY P/6-311+G(3df,2p)

) Gas Benzene Acetonitrile

Species - - -
Energy Imaginary freqg. Energy Imaginary freqg. Energy Imaginary freqg.

Ketene —-152.66269 - -152.66123 - —-152.65970 -
NHs —56.58688 - —-56.58827 - —-56.58870 -
(NH3)2 -113.17781 - -113.17891 - -113.17951 -
TS1(m) - - - - —209.24328 —-208
I(m) - - - - —209.24518 -
TS1(d) —265.83679 -133 —265.83807 -186 —265.83654 -186
I(d) —265.83690 - —265.84163 - —265.84471 -
TS2(m) —209.20079 -1684 —209.20559 -1729 —209.20768 -1770
TS2(d) —265.82223 -992 —265.82986 -904 —265.83502 -809
I1(m) —209.26147 - —209.26417 - —209.26490 -
11(d) —265.86050 - —265.86290 - —265.86390 -
TS3(m) —209.18270 -1802 —209.18620 -1843 —-209.18711 -1882
TS3(d) —265.81444 -563 —265.82440 -383 —265.83280 -111
TS4(m) —209.19691 -1975 —209.20058 -1972 —209.20150 —-1965
TSA(d) —265.83193 -625 —265.83863 442 —265.84224 -328
P —209.30266 - —209.30700 - —209.30871 -

addition of NH3 to CH,=C=0 has been found as a stable
structure in acetonitrile solvent and found a zwitterion | (d)
corresponding to the addition of (NHs), has been found as a
stable intermediate in benzene and in acetonitrile.

Asin the gas-phase reaction, the ZPE correction raises the
CPCM energy of the intermediate and reverses the relative
stabilities of the intermediate and the transition structure
leading to this intermediate. Thus I(m) is 3.57 kcal mol™
higher than TS1(m) a ZPE corrected CPCM-B3LY P/6-
31+G(d,p) and 0.67 kcal mol™ higher than TS1(m) at ZPE-
corrected CPCM-B3LY P/6-311+G(3df,2p) in acetonitrile.
This zwitterion is therefore expected to be unstable.

The relative stabilities of 1(d) and TS1(d) are basis set
dependent in benzene solvent, but the zwitterion 1(d) is a
genuine minimum in acetonitrile solvent. The ZPE corrected
energy leve of I(d) islower than that of T S1(d) by 3.70 kcal
mol~* at CPCM-B3LY P/6-31+G(d,p) and by 2.35 kcal mol
CPCM-B3LY P/6-311+G(3df,2p) levels, respectively. In [ (d)
a B3LYP/6-311+G(3df,2p) the C-N bond length decreases
on going from the gas phase (1.717 A) to benzene (1.615 A)
to acetonitrile (1.581 A) (Figure 3), suggesting that the
Zwitterion is stabilized in the more polar solvent.

Sructures. The optimized stationary structures on the
reaction coordinates in the gas phase and in solvents are
represented in Figures 2 and 3 for the un-catalyzed and
catalyzed reactions with NH3 and (NHs),, respectively. Struc-
tural changes can be examined in two ways, by changing the
nucleophile from NHs; to (NHs), or by changing the reaction
condition from the gas phase to two solvents. In the reaction
with NHjs, three trangition structures, TS2(m), TS3(m) and
TSA(m), which are tightly bound four-membered structures,
are located but become looser six-membered structures
when additional NH3; moleculeis participated in the reaction
system. Changes in geometrical parameters are more com-

plex when the reaction medium is varied. As can be seenin
Figures 2 and 3, the C=0 bond length becomes longer but
the C-N bond length becomes shorter as the solvent di-
electric constant increases. For example, the C=O bond
length of product acetamide at B3LY P/6-311+G(3df,2p)
level is1.215 A (gas phase), 1.219 A (benzene) and 1.226 A
(acetonitrile) but the C-N bond length is 1.364 A (gas
phase), 1.357 A (benzene) and 1.350 A (acetonitrile). Such
trends in the bond lengths are true for al other stationary
species except for TS1(d), TS2(d) and TSA(d). Especialy
the C-N bond length in TS1(d) is lengthened by 0.25 A on
going from the gas phase to benzene and further lengthened
by 0.11 A to acetonitrile. These structural changes suggest
that TS1(d) becomes earlier transition structure due to the
enhanced stabilization of 1(d) in higher diglectric constant
medium, which is in accordance with the Hammond postu-
late. %

Substantial bond length changes adso occur in the O-H
bond between the carbonyl oxygen and the transferring
hydrogen from NHs; at TS2(d) and C-H bond between the
terminal carbon (CY) and the transferring hydrogen at T S4(d)
as the solvent dielectric constant increases. These bond
length changes are much smaller in the reaction with NHs,
TS2(m) and TS4(m). For example, the O-H bond length is
shortened by 0.03 A in TS2(m) but is lengthened by 0.42 A
in TS2(d) from the gas phase to acetonitrile solvent. This
indicates that the solvent effects on the TS structures are
larger for reactions with (NHs), than with NHs.

Energetics. The energies reported in Tables 1 and 2 refer
to ketene + NH3 for the un-catalyzed reaction and to ketene
+ 2 NHjs for the catalyzed reaction. In such cases, the basis
set that describes atrangition structure or intermediate is the
combination of the basis set of the individual molecules.
Since individua reactants are therefore described by a



Aminations of Ketene in the Gas Phase and in Solutions

Table 4. Basis set superposition error? (BSSE) cal culated in the gas

phase using eg. (4)

Process level BSSE
Ketene + NHz — TS2(m) B3LY P/6-31+G(d,p) 1.58
B3LY P/6-311+G(3df,2p) 0.58
MP2/6-31+G(d,p) 7.62
Ketene+2NHz — 1(d)  B3LYP/6-31+G(d,p) 257
B3LY P/6-311+G(3df,2p) 0.58
MP2/6-31+G(d,p) 8.71
Ketene+ (NHs), — I(d) B3LYP/6-31+G(d,p) 1.60
B3LY P/6-311+G(3df,2p) 0.45
MP2/6-31+G(d,p) 6.87
2NHs — (NHa)2 B3LY P/6-31+G(d,p) 0.68
B3LY P/6-311+G(3df,2p) 0.09
MP2/6-31+G(d,p) 1.24
3inkea mol™.

smaller basis, their relative energies are artificially too high
and it is necessary to correct energy differences by the quan-
tity EBSSE where EBSE isthe basis set superposition error. We
calculated the BSSE correction using eg. (4) for the termole-
cular reactions of A+B+C — [ABC], inwhich [ABC] can be
either a stable complex or a trandgition structure on the
potential energy surface:?"%

BSSE = (EA~Expc) + (B —Eanc) + (E6 —Ecs)  (4)

Ineq. 4 Ex°° and Ej(sc, are the energies of A at the geo-
metry of A in [ABC] in the abisence and presence of the
ghost orbitals of BC, respectively. Since such calculations
are not applicable to the solvation model, only the gas-phase
BSSE corrections are collected in Table 4, which shows that
the BSSE is large for MP2 calculations, smaller for DFT
calculations, as is normally observed,® and amost negligi-
ble with 6-311+G(3df,2p) basis set. It seems that B3LY P/6-
311+G(3df,2p) can be used as a BSSE-free method.

In thiswork, we studied the amination of ketene at M P2/6-
31+G(d,p) level, which is the same basis set used by Sung
and Tidwell® and hybrid density functional method of
B3LYP level with same (6-31+G(d,p)) and larger (6-311+

G(3df,2p)) basis sets. The AE = and AE e for the gas-
phase aminations at B3LYP/6-31+G(d,p) and MP2/6-31+
G(d,p) levels are very similar, although the reaction energies
a the MP2 level are dightly more favorable by about 1-3
kcal mol™. In contrast, the AEjp and AE e at B3LYP/6-
311+G(3df,2p) level are much higher by about 4-7 kcal mol™

than those obtained at 6-31+G(d,p) basis sets. For instance,

the AE e for the gas-phase amination with NH3 [CH,=C

=0 + NH3; — CH3-C(=O)NH;] is —34.78, —32.99 or —28.67

kcal mol™ at MP2/6-31+G(d,p), B3LY P/6-31+G(d,p) and

B3LY P/6-311+G(3df,2p) levels, respectively. From the ex-

perimental heats of formation,® the reaction enthalpy (AH®)

for this processis—31.2 kcal mol ™. When the corresponding

AE e values are converted into reaction enthalpies (AH),

it becomes —36.3, —34.3 or —30.0 kcal mol ™ at each level of
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Figure 4. Schematic B3LYP/6-31+G(3df,2p) potential energy
diagrams (in kca mol™) in three different phases for the C=0
addition pathway (a) with NH3 and (b) with (NHs).. RC, PC and
unfavorable C=C addition pathway via TS3 are not shown for
clarity.

theory, which proves that B3LY P/6-311+G(3df,2p) levd is
more accurate in describing the exothermicity of this reac-
tion. Therefore, further discussions on the energetics will be
based on the theoretical values obtained at this level of
theory.

In the gas-phase reaction of ketene with monomeric NHs,
the reaction path through addition to the C=0 bond is a
stepwise mechanism via an intermediate enol amide as
shown in Figure 4. The rate-determining step is the second
step, which produces product, acetamide, from the enol
amide intermediate in al theoretica levels employed, i.e,
the AE;q for the second step is higher by 1.85 kcal mol™
than that for the first step. On the contrary, the reaction path
through addition to the C=C bond proceeds concertedly with
8.46 kcal mol™ higher AEJ than that to the C=O bond
addition. Gas-phase reaction with (NHs), also shows that the
C=0 addition step is more facile than the C=C bond addition
step but mechanistic change is observed in the stepwise C=0
addition because the addition step producing the enol amide
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Table 5. Summary of the solvation energies? (in kcal mol™) of all
stationary points

Exi (Benzene) Esi (Acetonitrile)
Ketene 0.92 187
NH3 -0.88 -1.14
(NHs)2 -0.69 -1.07
TS1(m) - -3.98°
TS1(d) -0.80 0.16
I(m) - -10.95
1(d) -2.96 -4.90
TS2(m) -3.02 -4.32
TS2(d) -4.79 -8.02
11(m) -1.69 -215
11(d) -151 -2.14
TS3(m) -2.20 277
TS3(d) -6.25 -11.52
TS4(m) -2.30 -2.88
TSA(d) -4.21 —-6.47
P =272 -3.79

3splvation energy = E (in solvent) — E (gas phase). "Optimized structure
in acetonitrile was used to calculate gas-phase energy as a single point
energy calculation.

intermediate has higher energy barrier than the breakdown
of the enol amide intermediate. Such mechanistic change is
possible because highly strained 4-membered TSA(m) is
changed to a less strained six-membered TS4(d) by intro-
ducing an additiona NHs. Therefore, the mechanistic infor-
mation derived from the false PES in the previous works>®
should be reexamined.

Using the complete PES obtained from thiswork, it would
be interesting to compare the solution phase results with the
gas-phase one. The reaction mechanisms in solutions are
very similar to those in the gas phase except for the
formation of the zwitterion | (d) as agenuine intermediate on
the ZPE-corrected PES in acetonitrile. Solvent effect can
play an important role in controlling the activation barriers
or reaction energies depending on the magnitude of solv-
aion energies of all stationary species. If the magnitude of
the solvation energy of reactant is greater (smaller) than that
of TS, the reaction requires higher (lower) activation energy,
and thus becomes unfavorable (favorable). Summary of the
solvation energies of al stationary points is represented in
Table 5. Solvation energy refersto the difference in energies
calculated in solvent medium (benzene or acetonitrile) and
in the gas phase. Due to larger dielectric constant, acetonitrile
exhibits somewhat larger solvation energy. The solvation
energies are in the range +0.9 ~ —6.2 kcal mol™ in benzene
and +1.9~-11.5 kca mol™ in acetonitrile. In the case of
neutral reactants, intermediate and product, relatively small
stabilizations occur but in the case of transition states and
2witterionic intermediates, larger solvation effects are observ-
ed due to increased charge separation. By lowering the
energies of TSs, the activation energy of each elementary
step become lower and thus make the reaction faster in
solvent medium. For example, the AEp for the rate-limit-
ing step of the reaction path through the C=0 bond addition
with NHs is lower by 2.16 and 3.70 kcal mol™ in benzene
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and acetonitrile, respectively, than in the gas phase. Similar
stabilizations (1.95 kca mol™ in benzene and 3.39 kcal
mol~ in acetonitrile) also occur for the reaction path through
the C=C bond addition. However, the reaction mechanism
favoring the C=0 addition to the C=C addition is till hold
even in solution-phase, i.e, SAE e [SAEjp (C=C) —
AEJq (C=0)], are 8.47 (gas phase), 8.68 (benzene) and
8.78 (acetonitrile) kcal mol™ for NH3 addition.

The magnitude of solvation energies for the reaction with
the dimeric (NHs), in solutions is much greater than those
with monomeric NHs. But such alarge solvent effect cannot
change the reaction mechanisms favoring the C=0 addition,
i.e., OAEZy are+3.77 and +2.31 keal mol™ in benzene and
acetonitrile, respectively. As is well known, introduction of
the secondary ammonia in the reaction decreases the acti-
vation barriers of al the reaction steps. However this pheno-
menon is more pronounced in the case of higher dielectric
constant medium, acetonitrile. For example, decrease in the
activation barrier by catalytic NHz molecule amounts to
-19.72 (gas phase), —22.97 (benzene) and —24.71 (aceto-
nitrile) kcalmol ™. This indicates that the solvent effects on
the AEJ: are larger for reactions with (NH3), than those
with NHa.

Conclusions

Ab initio and hybrid density functional method calcu-
lations were performed to study both the un-catalyzed and
catalyzed reaction mechanism of ketene with NH3 and the
dimer (NHs)., respectively, in the gas phase and in benzene
and acetonitrile solvent using 6-31+G(d,p) or 6-311+G(3df,
2p) basis .

The following conclusions are the same as discovered by
other researchers; (i) The pathway leading to the addition to
the C=0 bond requires lower activation barrier than that to
addition to the C=C bond regardless of solvation. (ii) The
catalyzed amination is more facile than the un-catalyzed
one.

However the detailed mechanisms are quite different from
those reported previoudy. In the gas phase catalyzed reac-
tion, zwitterion 1(d) is identified as a transient intermediate
by IRC caculations and three transition structures, T S1(d),
TS2(d) and TSA(d), are required to generate complete PES.
I (m) in acetonitrile and I (d) in benzene are located as energy
minima but become unstable or less stable when the ZPE
correction is applied to the electronic energies. However,
I(d) in acetonitrile is identified as a genuine minimum and
should be included in mechanistic consideration.

From the complete PES for the amination reactions found
from this work, we can conclude that the rate-determining
step for the un-catalyzed reaction is breakdown of enol
amide, 11(m), via TS4(m) but the rate-determining step for
the catalyzed reaction is formation of 11(d) via TS2(d),
which is opposite to the previous results. Therefore, the
interpretation based on earlier works should be modified and
reexamined. In order to consider thisin detail, more thorough
caculationsarein progressin thislab.
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