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Abstract: The reactions of N (NH3),, and (HN-H,0) with ketene have been studiedddy initio calculations.

Attack by the dimer (NH), or by (HsN-H»O) through
favored, with a preference of 12.8 kcal/mol for initi
giving the enol amide, as compared to initial addition

six-membered cyclic transition states is found to be
al addition of (yHto the C=0O bond of the ketene
to tle@bond to give the more stable amide directly.

These results are in contrast to previous theoretical studies for the reaction of monomgnidthKetene,

in which direct addition to the €C bond was reported to be favored, and for the reaction of ketene
with (H20),, in which addition to the &0 bond is calculated to be only 1.9 kcal/mol more favorable than
addition to the &C bond. The barrier vid Qs for the NHs-catalyzed rearrangement of the enol amide/

NH3 complex6 to the amide is 16.5 kcal/mol above
of an intermediate in ketene amination, and the b

that@&fconsistent with the experimental observation
arrier for reversidh tof the reactant complega is

4.0 kcal/mol lower than that for amide formation Vi&s, suggesting the initial amination may be revers-

ible. These results demonstrate that previous theoretical calculations of ketene amination used inadequate
levels of theory. The structure of the zwitterion &HC(O)NMes™ (14) from reaction of ketene with

NMes has also been calculated, and in the gas phase this reaction is calculated to be exothermic by only 0.6

kcal/mol.

The hydration of ketene and the microscopic reverse of the
dehydration of acetic acid are prototypical reactions of these

species that have been the subject of intensive theoretical
and experimental study:? After prolonged controversy there
is now agreement that in solution the hydration is driven by
in-plane nucleophilic attack by 4 on the carbonyl carbon of
the ketene leading to a carboxylic acid enol or enolate, with
the participation of other 0 molecules in hydrogen bonding
to the carbonyl oxygen and the attackingdHmolecule (egs 1
and 2). The most thorough calculatidhsf transition states
involving ketene and one or two,® molecules indicate that
structure? involving addition of (HO), to the carbonyl oxygen

is lowest in energy (eq 2), but that the structure involving
addition of (HO), to the G=C bond with proton transfer
perpendicular to the ketene plane tg i§ only 1.9 kcal/mol
higher in energy.

T University of Toronto.

* Trent University.

(1) (a) Tidwell, T. T.Ketenes Wiley: New York, 1995. (b) Nguyen,
M. T.; Hegarty, A. F.J. Am. Chem. Socl984 106 1552-1557. (c)
Skancke, P. NJ. Phys. Cheml992 96, 8065-8069. (d) Duan, X.; Page,
M. J. Am. Chem. So&995 117, 5114-5119. (e) Nguyen, M. T.; Sengupta,
D.; Raspoet, G.; Vanquickenborne, L. & Phys. Chenl995 99, 11883
11888.

(2) (a) Tidwell, T. T.Acc. Chem. Re499Q 23, 273-279. (b) Allen, A.
D.; Tidwell, T. T. J. Am. Chem. Sod 987, 109, 2774-2780. (c) Zhao,
D.-c.; Allen, A. D.; Tidwell, T. T.J. Am. Chem. S0d.993 115 10097
10103. (d) Egle, I.; Lai, W.-Y.; Moore, P. A.; Renton, P.; Tidwell, T. T;
Zhao, D.-cJ. Org. Chem1997, 61, 18—25. (e) Butkovskaya, N. I.; Manke,
G., ll; Setser, D. WJ. Phys. Chem1995 99, 11115-11121.

(3) (a) Lillford, P. J.; Satchell, D. P. Nl. Chem. Soc. B967, 360-
365; 1968 54—57. (b) Lillford, P. J.; Satchell, D. P. Nl. Chem. Soc. B
1970 1016-1019. (c) Lee, I.; Song, C. H.; Uhm, T. $.Phys. Org. Chem
1988 1, 83—90.

S0002-7863(97)02200-2 CCC: $15.00
Published on We

H H H OH
\ H,0 \ /O\\ \ /
/c:c: — ¢c=c” H— /c:c o)
/ ‘AL \
H H OH H OH
1
H H O H H o
\ H,0 \ g N H,0
¢ —c=0 "% /02:0\1\ 0%H = >c:c\ 0]
H o%H? H OH

1

The reaction of ketenes with amines has long been of
preparative use, but early kineti® and theoreticdP< studies
of this process were interpreted as involving direct addition to
the G=C bond, and have been subjected to detailed criti¢ism.
The reactions of ketenes with chiral amines have been exten-
sively studiec’, and the high stereoselectivities that have
sometimes been observed have been expléinasl arising
during the proton transfer to th&carbon from nitrogen in a
zwitterion formed by attack of the amine on the carbonyl carbon
of the ketene. More recent kinetic studies have utilized laser
flash photolysis generation of ketenes and ®®¥or |R®0c
detection for reactions in #D% or CHsCN %€ and have been
interpreted by a mechanism in which the amine attacks in the
ketene plane on the carbonyl carbon giving an intermediate enol
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amide (or zwitterion) which then isomerizes to the amide (eq

Sung and Tidwell

with imine$a? and imidazoleg? and have been examined by

3). An enol amide that subsequently rearranged to the amidecalculationgcd

was observed long ago by Quinkert and co-worf&tdy
photolysis of a 2,4-cyclohexadienone-at89°C in the presence
of cyclohexylamine, in which a UV absorption maximum at
465 nm was attributed to the enol amide, which on warming

formed the amide. More recently an enol amide has been

directly observed by*H NMR in the reaction of bis(2,4,6-
triisopropylphenyl)acetic acid with MBIH.5"9 Formation of a
species identified as a zwitterion or enol amide analogows to
from PhCH=C=0 and EtNH concomitant with the disappear-
ance of the ketene was observed by %Rwhile fluore-
nylideneketene4) also reacted with amines to give interme-
diates identified as zwitterions observed by both IR and UV
detectiorfb

05—
RoNH ’

Ph,C=C=0 Ph,C=C_

"NHR,®

RoNH

Ph,CHCO,NR; ?3)
4

“ oo
»

In a competition study the reaction of a dienylketene with a
1/5 mixture ofn-BuNH, and n-BuOH gave amide and ester

products in a ratio of 9.5, suggesting a 50-fold greater reactivity
of the aminé"i In aqueous solution the observed rate constant

for PhhbC=C=0 hydration is 275 s'%2 and this divided by
[H20] gives a formal second-order hydration rate constant of
4.95 M~1s71. The second-order rate constant for amination of
PhC=C=0 by n-BuNH; in H,0 is 3.52x 1(® M~1s1%aand
this leads to an estimated rate ratiokffi-BuNH,)/k(H.O) =
7.1 x 10* for PhhC=C=0 in H,O.

The reaction of ketenes witltiertiary amines leads to

MeO,C — 702140 K MeO,C (on
J=C=04N. ) > — @)
MeO,C MeO,C

A recent theoretical study of the reaction of Bkwith
formylketene (eq 5) revealed formation of an initial complex,
which gave a cyclic transition state with no enthalpic barrier at
the highest level of calculation (MP4(sdq)/6-31&2PVE//
MP2/6-31G*)8 However, there was still a significant entropic
barrier TAS = —16.4 kcal/mol). Competition experiments
indicated than-BuNH, was only 2.3 times more reactive than
n-BuOH toward CHCOCH=C=O in this reactiorfi
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The amination of ketenes promises to be the subject of
increasing attention in coming years, and we have undertaken
a synthetic and mechanistic study of ketene and bisketene
reactions with amines, comparable to our previous studies of
hydration and alcohol additior?8.9 Reported here is an ab
initio theoretical study of the reaction of ketene with N&hd
NMes.

®)

Results

Stationary structures were calculated with Gaussi#a fa4
the reaction of Ch=C=0 with both NH; and the dimer (Nh)2,
adding to the €&C and to the &0 bonds. Structures located
at the HF/6-31G* and MP2/6-31G* levels included prereaction
complexesempiy, transition structureSys, enol amide complex
with NH3 6, enol amide7, and amide8. For NH; and ketene
only a single comple®bempix Was found, while for (NH), there

zwitterions (eq 4), and the IR spectra of these have beenare two distinct complexe$acmpix and S5Cmpix, iNvolving

observed in matrixes at low temperatuf@g8and by UV and
IR with use of time-resolved laser flash photoly#€¢ The

association with the €0 and G=C bonds, respectively.
Transition structur® for the uncatalyzed conversion dfto 8

IR spectra of these zwitterions were calculated by using the was also calculated, as were the complex and transition structure

BLYP/6-31G* method’2 Similar zwitterions have been impli-

10for the NHs-catalyzed conversion afto 8. For addition of

cated in numerous reactions of ketenes catalyzed by tertiarythe complex HN---H,O to the G=O bond of CH=C=0 the
amines'2 and the X-ray structure of such a species has been structures of the complex and transition structdrke were

reported, and the structure calculated by AR 1Zwitterionic

calculated, as well as that of the resulting complexof the

structures have also been observed by IR in ketene reactionenol amide with HO.
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Table 1. Calculated Relative Energies (kcal/mol) of Stationary Points for Amination of Ketene

process levél reactant complex TS products
1+ (NH3)2 53cmp|>< 5as 6 7+ NH3
1+ (NHa) HF/6-31G* 0.00 —-3.71 11.77 —-9.31 —4.07
(C=0 addition) MP2/6-31G* 0.00 —-5.21 0.36 —-12.10 —2.97
MP2/6-3HG** 0.00 —4.70 1.73 —5.70
MP2/6-3HG** © 0.00 211 —5.64
MP3/6-31G* 0.00 —5.18 2.42 —7.18
MP4(sdtq)/6-31G* 0.00 —5.28 1.05 —0.90
1+ NH3 5Bcmpix Sbys 7+ NH3
1+ NHs HF/6-31G* 0.00 —2.14 45.90 —5.80
(C=0 addition) MP2/6-31G* 0.00 —3.04 30.03 —5.90
MP2/6-31+G** 0.00 —2.55 28.46 —7.69
MP3/6-31G* 0.00 -3.02 31.33 —-9.84
MP4(sdtq)/6-31G* 0.00 —3.05 32.50 —3.68
1+ (H3N'H20) 1lcmp|>< 11(5 12 7+ Hgo
1+ HsN-H0O MP2/6-31G* 0.00 —2.61 2.86 —8.23 0.27
1+ (NHs), 5Cempix 5Gs 8+ NHs
1+ (NHs) HF/6-31G* 0.00 —2.88 31.36 —35.85
(C=C addition) MP2/6-31G* 0.00 —4.66 13.14 —34.67
MP2/6-3H-G** 0.00 —4.17 13.45 —33.21
MP3/6-31G* 0.00 —4.22 16.70 —35.87
MP4(sdtq)/6-31G* 0.00 —4.57 16.89 —32.92
1+ NHs 5bempix 50 8
1+ NH3 HF/6-31G* 0.00 —2.14 57.14 —37.58
C=C addition MP2/6-31G* 0.00 —3.04 39.80 —37.60
MP2/6-31+G** 0.00 —2.55 39.61 —35.20
MP3/6-31G* 0.00 —-3.02 43.37 —38.53
MP4(sdtq)/6-31G* 0.00 —3.05 41.98 —35.70
7+ NH3 10cmpix 10s 8+ NH;
enol— amide HF/6-31G* 0.00 —7.14 21.90 —31.78
(NH;catalyzed) MP2/6-31G* 0.00 —9.91 7.33 —31.70
MP2/6-31G** 0.00 —8.69 9.34 —27.51
MP3/6-31G* 0.00 —9.12 13.21 —28.69
MP4(sdtq)/6-31G* 0.00 —9.49 9.20 —32.02
7 9 8
enol— amide HF/6-31G* 0.00 50.21 —31.78
(uncatalyzed) MP2/6-31G* 0.00 39.07 —31.70
MP2/6-31G** 0.00 38.91 —27.51
MP3/6-31G* 0.00 44.46 —28.69
MP4(sdtq)/6-31G* 0.00 39.78 —32.02
1+ N(CHa)s 13cmpix 13 14
1+ NMe; HF/6-314+-G* 0.00 —1.66 15.69 16.28
MP2/6-31G* 0.00 —0.85
MP2/6-3HG* © 0.00 —4.56 2.71 —2.05

aHF/6-31G* (including 0.9135 ZPVE) energies using HF/6-31G* geometries; all MP2, MP3, and MP4 energies using MP2/6-31G* optimized
geometry and 0.9646 MP2/6-31G* ZPVE except as notedP2/6-3H-G**//MP2/6-31+G** with 0.9135 HF/6-31G* ZPVES MP2/6-3H-G*//
HF/6-31+G* with 0.9135 ZPVE (HF/6-33+G*).

Energies (including zero-point vibrational energy, ZPVE) relative energies are given in Table 1, and complete energy
were calculated at the HF/6-31G*//HF/6-31G* level, and for details, dipole moments, and geometries are given in Tables
the MP2/6-31G* geometry at the MP2, MP3, and MP4(sdtq) 2—6 (Supporting Information). For comparative purposes the
levels. These levels were chosen for direct comparison to transition structur@ for addition of (HO), to the G=0 bond
similar calculations for the addition of @ and (HO), to of ketene at the HF/6-31G* level was recalculdfednd is
ketenel® To examine the possible polar nature of these speciesshown in Figure 1 together with the structures %ag, 6, 10,
calculations at the MP2/6-31G**//MP2/6-31G* level were also and1l
carried out, with the diffuse+) and hydrogen polarization Dimerization of 2 NH molecules to form (Nh). is calculated
function® For the key structuré&as, calculations were also  to be exothermic by 2.93 kcal/m#,while formation of the
carried out at the MP2/6-31G**//MP2/6-31+G** level. At complex HN-H,O from NH; + H,O is exothermic by 6.17
this level, the (NH), dimer was no longer cyclic but was kcal/mol. For addition of NH to ketene by the EN-H,O
linear?d As expected on the basis of previous expericfice, complex the hydrogen bond between nitrogen and th® H
the MP2/6-31G* barriers were significantly lower than those proton must be broken. The complex®tH3N with hydrogen
at the HF/6-31G* level, while the differences in the energy bonding of the NH proton to oxygen is not an energy minimum
changes to form the complexes and products were much lessstructure, but a calculated structure for the latter using a fixed
As discussed below, the energies at the various MP levels doO---H—N bond angle of 180 has an energy 3.52 kcal/mol
not appear strongly dependent on the particular level, lending higher than that of the former complex.
confidence that even higher levels of theory will not change  For examination of zwitterions formed from ketene reactions
the essential conclusions. Entropies and free energies were alsavith tertiary amines the structures and energies of the products
calculated, as described by Jorgensen &t alhe calculated from the reaction of CH+=C=0 with NMe; were also calcu-
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Figure 1. Calculated transition structures for addition of (N5a)
and (HN-H20) (11) to C=0 bonds of ketene, the NtHtomplex with
CH,=C(OH)NH; (6), the transition structure for Ny-tatalyzed isomer-
ization of CH=C(OH)NH, to CH;CONH; (10), and the HF/6-31G*
transition structure for (kD). addition to the €O bond of ketene
(2). Bond distances in A (MP2/6-31G* except HF/6-31G* ).

6 (craplx)
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lated. For these zwitterionic structures a diffuse function was
added to the basis set, and a prereaction comp8ixpix, a
transition statd 3, and a zwitterionic addudi4 were calculated

at the HF/6-3%+G*//HF/6-31+G* level. Single-point energies

Sung and Tidwell

were also calculated at the MP2/6-8G*//HF/6-314+G* level,

and gave a barrier of 2.7 kcal/mol for formidgs. At the MP2/
6-31+G* level no barrier or transition state could be found for
the formation ofl4. For the addition of NHto ketene only
enol amide and no energy minimum zwitterionic structures could
be found.

OB—
/ o
C3H,=cC! Cszc/
o .CHs \,\Il““'CHs
/ YCH, /) YCHj
13 CHg 14 Cfs

In previous studies of ketene reactions energies calculated
at the MP2/6-31G* level have given good quantitative agree-
ment with reaction barriers and overall energy changes and
are better than HF/6-31G* energi&$! In the present study
the transition state energies calculated at the MP2/6-31G* level
are significantly lower than those calculated at HF/6-31G*//
HF/6-31G*, but the energy changes calculated at various levels
for the MP2/6-31G* geometries are quite similar. Thus for
the transition stateSa—d and 10 the barriers relative to the
reactants vary by average values51.0 to 3.4) kcal/mol.
Similarly the MP2/6-3%G**//MP2/6-31+G** and MP2/6-
31G*/IMP2/6-31G* barriers to fornbas were very similar,
indicating diffuse and polarization hydrogen functions do not
significantly affect the results. A consistent set of energies was
obtained at the MP2/6-31G*//MP2/6-31G* level and so the
discussion below will refer to calculations at this level, unless
otherwise noted.

Discussion

The results show that the most favorable processes for ketene
amination involve initial attack at the=€0 bond of ketene by
either (NH), or (H3N-H»O). At the MP2/6-31G* level the
initial complexesbaor 11are 5.2 and 2.6 kcal/mol, respectively,
more stable than the reactants, while for the separated reagents
2 NH; and NH; + H,O formation of these complexes is
exothermic by 8.1 and 8.8 kcal/mol, respectively (Figures 2 and
3). The barriers for conversion of these complexes are 5.6 and
5.5 kcal/mol to give the hydrogen bonded enol amide complexes
with NH3 (6) or H,O (12) that are 12.1 and 8.2 kcal/mol,
respectively, more stable than the reactants. Dissociation of
the complexes to enol amideand NH; or H,O is endothermic
by 9.1 and 8.5 kcal/mol, respectively, while isomerizatior? of
to the amideB is exothermic by 35.2 kcal/mol.

By contrast the comple&c of (NHs), with the C=C bond
of ketene is 4.7 kcal/mol more stable than the reactants, but
there is a barrier of 17.8 kcal/mol viags for conversion of
this to the product amide, and this barrier is 12.8 kcal/mol greater
than that viebas for the addition to the &0 bond to give the
enol amide comple®. However, there is a further barrier via
10s for conversion ob to the amide, and the 8.8 kcal/mol lower
energy of10s compared tobgs measures the preference for
amide formation by &0 compared to &C addition. Thus
there is a strong kinetic preference for amination to proceed
via a complexed intermediate enol amigler 12, even though
direct formation of the amid@® is thermodynamically much
more favorable. This kinetic preference may arise from
hydrogen bonding to the ketenyl oxygen by the assisting NH
or H,O molecules leading to the enol in the transition states
and11, respectively. This calculated kinetic preference for enol
amide formation is in agreement with the experimental results
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cited above, in which transient enol amides (or zwitterions) have reaction in CHCN, which can hydrogen bond only to the amine

been observed in ketene amination by both®efeand IREb:C
detection.

Addition of monomeric NH is much less favorable than
reaction with either (NK), or H3N-H,O. There is only one
complex5b of NH3 with ketene, but the barriers for conversion
of this to amide or enol amide are 42.8 and 33.1 kcal/mol,
respectively.

By comparison, in the hydration of ketene the reaction of
dimeric species (kD) is also strongly favored, but there is a
preference of only 1.9 kcal/mol for addition to the=O as
compared to the €C bond, and the product GBO,H is 34.9
kcal/mol more stable than GHC(OH),.%¢

The energetics of the reaction of (Miland of (HN-H20)

protons, is faster.

Experimentally reactions of amines with ketenes insCN
have also been found to follow a first-order dependence on
[amine]fb€ as has the aminolysis of phenyl dithioacetates in
CH3CN.1% However, studies of association processes of amines
in CHsCN by IR0¢ and 'H NMR%d syggest that while the
nitrogen of CHCN forms hydrogen bonds with amines, these
interactions may not be so strong as to break up all amine
dimers. In studies of amination of ketenes by 3-chloroaniline
in diethyl ether kinetic terms in both [ArNf and [ArNH;]?
were found®b and in weakly hydrogen bonding nonprotic
solvents such second-order terms in [amine] are not unexpected.
However, a rate dependence on [amirddes not necessarily

with ketene are rather similar, with complexes 5.2 and 2.6 kcal/ imply reaction involving an amine dimer, as the aminolysis of
mol below the reactants, and with barriers of 5.6 and 5.5 kcal/ esters has long been known to involve two molecules of the

mol for conversion of the complexes to the enol amide
complexes6 and 12, respectively. The reported kinetics of
amination of PBC=C=0 in H,O show only a first-order

dependence on [amin&]but the absence of a dependence on
[aminef in HO may be understood as resulting from strong
hydrogen bonding of kD to the amine. Thus based on the

amine, one acting as a nucleophile and the second as a general
basel® In ketene amination such a process could involve initial
formation of an enol amides( 7, or 12) which is then converted

to the amide through a transition state suchl@s The first-

order dependence on [amine] in ketene addition i@ could
involve assistance by the solvent.

calculated energies of the individual species the reaction of eq The favored calculated pathway for amination of ketene by

6 is exothermic by 4.3 kcal/mol, and particularly in completely

(NHs), thus involves first the formation of the compl&a in

agqueous medium no detectable amine dimer will be present.which the nucleophilic N is in the ketene plane with &\E

Assistance by BD in the amination transition structures
analogous td.1 could also occur.

(H,0), + (NH3), — 2HOH---NH, (6)

Another interesting feature of the experimental studies of

amination in HO is the very small observed difference in
the rate constants for reaction of different amines with
PhC=C=0.2 Thus for a series of simple primary amines
in which the X, values of the amines varied by 5.3 log
units the relative reactivities changed by only a factor of

bond length of 2.961 A, while the second dlidolecule is above
the plane, with RH3 and GH* bond lengths of 2.201 and 2.308
A, respecitively. In the transition state these shorten to 1.954,
2.006, and 2.217 A, respectively. Upon conversion to thg NH
bonded enol amidé these bonds are fully formed (1.418, 1.016,
and 0.997 A, respectively), and®MNes above the ketene plane
hydrogen bonded to the enol OHA# 1.832 A). The energetic
changes for conversion of GHC=0 to CH;CONH, are
illustrated in Figure 2.

There are significant differences between the amination of
ketene by (NH), as compared to the hydration by B),. In

5.6. This also arises because of the strong tendency for thethe best calculations for the latter reacfibthe transition state

amines to hydrogen bond to,8 (eq 6), as this hydrogen

was reported to be nonplanar, but as show# (Rigure 1) the

bond must be broken in order for the amine to act as a tWo water oxygens are not far from the ketene plane. The
nucleophile toward the ketene. McClelland et al., have pointed hydration process has a significant barrier (19.9 kcal/ffalhd

out the importance of amine hydration in the reactivity of
amines with carbocatiori82 and conversion of the complex
HOH---NH3 to HoNH--OH, so the nitrogen may act as a
nucleophile is endothermic by 3.5 kcal/mol. The strength

enediol formation is calculated to be exothermic by 5.4 kcal/
mol.l¢ However, for (NH), addition in the transition statea

the nucleophilic nitrogen is in the ketenyl plane but the nitrogen
acting as a general base is above the ketene plane (Figure 1). A

of the hydrogen bonds would increase with increasing basi- measure of the degree of nonplanarity of a ring is the total of
city of the amines, and as a result the net reactivities are very the ring torsional angleswhich is 60.3 for TS 2 with (H-0),,

similar.

A further striking aspect of amination reactivity is the
comparison of the rate constants for reaction ofGHC=0
with n-BuNH, in H,0% and in CHCN,¢ which are 3.52x
1P and 1.1x 10" M~ s71, respectively. Thus the reaction is
31 times faster in CECN, although it might have been supposed
that this reaction forming a rather polar transition state would
be accelerated by the greater polarity of thgOHsolvent, as
has been observed for ketene hydration iROHCH;CN
mixtures?2¢ Evidently strong hydrogen bonding ofBuNH,
to H,O diminishes the nucleophilicity of the amine, and the

(10) (a) McClelland, R. A.; Kanagasabapathy, V. M.; Banait, N. S;
Steenken, SJ. Am. Chem. Sod992 114 1816-1823. (b) Oh, H. K,;
Woo, S.Y.; Shin, C. H.; Park, Y. S.; Lee,J. Org. Chem1997, 62, 5780~
5784. (c) Sinsheimer, J. E.; Keuhnelian, A. Ahal. Chem1974 46, 89—

93. (d) Peshekhodov, P. B.; Petrov., A. N.; Al'per, G. Russ. J. Gen.
Chem 1993 63, 854-856. (e) Marlier, J. F.; Haptonstall, B. A.; Johnson,
A. J.; Sacksteder, K. AJ. Am. Chem. Sod 997, 119, 8838-8842 and
references therein.

but is 155.8 and 105.0 for the TS with (NH)3 (5a) and with
NH3-OH, (11) (for comparison the value for cyclohexane is
336.0). Thus replacement of one or both of thgHmolecules

in TS 2 causes a significant deviation from coplanarity, and as
pointed out by a referee this evidently arises from the longer
bonds and H bonds in the structures for Nididition compared

to H,O addition. Formation oba has a very low barrier relative

to the reactants of 0.4 kcal/mol, and the overall process to form
enol amide from ketene and NHs exothermic by 3.0 kcal/
mol (Table 1). The much lower barrier for ketene reaction with
(NH3)2, compared to (bD), agrees with the experimental
observation§2h and the shorter €0 bond length in the
transition state for (Ng), compared to (KO), attack (1.206
versus 1.245 A, respectively) is consistent with an earlier
transition state in the former process. In the product enol amide

(11) (a) Sung, K.; Olbrich, F.; Lagow, R. J. Chem. Soc., Chem.
Commun1994 2157-2158. (b) Frey, J.; Rappoport, Z. Am. Chem. Soc.
1996 118 5182-5191.
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Figure 3. MP2/6-31G* energetic changes (kcal/mol) for reaction of
CH,=C=0 with H3N-H,O to form amide8.

H /0 For conversion of the intermediate enol amit® the amide
‘cH2=c'\ 8 the pathway catalyzed by NHhrough transition stat&0 is
NH, much more favorable than the uncatalyzed process, with a barrier
] relative to the reactants that is lower by 31.7 kcal/mol. The
tautomerization proceeds from the compfeaf the enol amide,
which is stabilized by 9.1 kcal/mol, artDs is 16.5 kcal/mol
above6. This high barrier explains why there have been several
o3 recordeq observations of enql amicﬁéfs‘-: even though the
o—H, 991 H;N----H\ conversion of7 to CH;CONH, is highly exothermic by 31.7
CH2=< e H 2 1 17.24 kcal/mol. By contrast in the amination of ketenes g% no
HeNooH “oHp=C e 39.03 enol intermediates were detected. This may be due to a more
NH, facile pathway for tautomerization involving assistance b@H
molecules, analogous to the Nldssisted pathway shown by
10.
Previous calculatior#8© predicted NH would prefer to add
to the C=C rather than the €0 bond of ketene, in contrast to
this study, and to the experimental resG#s$. This discrepancy
- may be attributed to the low levels of theory utilized in the

Figure 2. MP2/6-31G* energetic changes (kcal/mol) for (a) reaction Previous studies, namely simple’ ekeP? and MNDCP meth-

of CH,=C=0 with (NHs), to give amide enob and (b) conversion of ods.
6 to amide8. The NH; complex6 may return to the reactants Bas, which

is 4.0 kcal/mol lower in energy thahOs, which leads to the
coordination with NH gives a complex6 with hydrogen amide. This result suggests that the initial addition of3Né1
bonding of NH to the hydroxyl proton and amido nitrogen CH;=C=0 s reversible, as has already been found for
(Figure 1). For hydration the MP4 calculated preference for hydration of certain ketenes BO labeling!®

CH30</ +NH;

g NH

C=0 compared to &C addition by (HO), was only 1.9 kcal/ In summary, the calculated pathway for amination of ketene

mol,}¢ as contrasted to the 12.8 kcal/mol preference (MP2) found is shown to prefer initial attack on the=€ bond to give an

here for addition of (NH).. enol amide, in agreement with experiment but in contrast to
The calculatec\Svalues for addition of (Nk), to CH=C=0 previous theoretical studies. Reaction with Nslless favorable

to form 7 or 8 and NH; are—15.8 and—10.9 eu, whileASF to than with (NH), or with (HsN-H20), and reaction with the
form 5as or 565 are —45.2 and—55.2 eu, respectively (Table second species explains the experimental obserfatibat

3, Supporting Information). The resulting calculata@* of ~ aminations in HO are first order in [RNB]. Transition
16.3 kcal/mol for reaction of CH=C=0 with (NHa), is structures for conversion of the enol amide to the amide have
comparable to that reported by Birney efidor the reaction ~ been calculated, in which catalysis by Blid favored over the
of formylketene with NH (16.7 kcal/mol, eq 5). uncatalyzed process, in agreement with experiment.
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