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Hydroamination of Alkynes with Ammonia: Unforeseen Role of the

Gold(I) Catalyst**

Gabor Kovdcs, Agusti Lledos,* and Gregori Ujaque*

The formation of nitrogen—carbon bonds represents a highly
valuable synthetic method to prepare products ranging from
chemical feedstocks to pharmaceutical materials. It is there-
fore not surprising that such reactions have been the focus of
catalysis research.l!! The use of ammonia as a reactant is
highly desired as the addition of NH; to C—C multiple bonds
represents a highly attractive process for C—N bond forma-
tion, and complete atom economy is achieved.”?! Nevertheless,
atom-efficient processes for combining NH; with simple
organic molecules are rather scarce.’! It is known that
transition-metal complexes can make N—H bonds reactive
for additional functionalization, however in most cases when
metals react with ammonia (there are some exceptions) the
supposedly inert Werner complex is formed. Hence, function-
alization of NH; was difficult to obtain until the groups of
Hartwigl! and Buchwald!® described the palladium-catalyzed
coupling of ammonia with aryl halides.

Hydroamination is the addition reaction of the N—H bond
of an amine moiety to an unsaturated carbon-carbon double
bond. Earlier, several metal complexes involving palladium,”!
rhodium,® ruthenium,” and platinum” centers were found
to be active catalysts for this process, and gold has been
recently identified as an efficient hydroamination cata-
lyst. 11113

Bertrand and co-workers recently reported a seminal
work describing the hydroamination of a variety of unac-
tivated alkynes and allenes™ catalyzed by gold complexes
prepared with a cyclic (alkyl)(amino)carbene (CAAC;
Scheme 1)."! The authors also carried out mechanistic
investigations, in which several gold complexes formed in
the presence of ammonia and 3-hexyne were detected. The
precursor complex reacted with ammonia to form the cationic

NH

R+ NH; [Au] {cat.) <

R R'

R——=

Scheme 1. Catalytic hydroamination of alkynes with ammonia.
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complex A, and with 3-hexyne to form complex B
(Scheme 2). The addition of NH; to complex B instantane-
ously forms complex A. However, A in the excess of the
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Scheme 2. Experimentally detected intermediates in solution.
Dipp =2,6-diisopropylphenyl.

alkyne substrate is transformed directly to the gold imine
complex C. One of the reasonable interpretations of these
data suggests that during the reaction NH; does not add to the
coordinated alkyne through an outer-sphere mechanism, but
the reaction proceeds through insertion of the alkyne into the
Au—N bond.

Herein we present the results of the theoretical inves-
tigation'"! of the reaction pathway that shows the particular
role of the gold catalyst and NH; in the reaction mechanism.
We have recently performed a detailed analysis of the
possible mechanistic pathways for the gold-catalyzed hydro-
amination of conjugated dienes and olefines with CbzNH,
(benzyl carbamate).l’l The most favorable reaction mecha-
nism involves 1) coordination of the unsaturated substrate to
the metal center, 2) nucleophilic attack of the amine moiety
on the C—C double bond, and 3) the key step of the reaction,
that is, the proton transfer from the NH, to the unsaturated
carbon atom, which is always facilitated by a proton-transfer
agent.

The relative stabilities of the actual complexes identified
by Bertrand et al. were initially analyzed.'® The calculations
showed that in solution, the Werner complex 1 that is formed
with NHj; is the most stable one, compared to the alkyne
complex 2; the calculations are in agreement with experi-
ments (Figure 1). These results show the remarkable differ-
ence between NH; and other N nucleophiles, such as
CbzNH,: the formation of [R;PAu(NH,Cbz)]" was much
less favorable from PR;AuOTf than that of the & complex
with the diene substrate.'”” Here, we carried out bond
dissociation energy (BDE) calculations for NH; and
CbzNH, on a series of [AuL]" species and showed that NH;
forms more stable complexes with Au' than with CbzNH,,
independently of the ligand.[')

The possible pathways for the nucleophilic addition of
NH; are the outer- (anti) and inner-sphere (syn) mechanisms.
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Figure 1. Energy profile in toluene for the outer- and inner-sphere
nucleophilic attacks. Solid line: relative energy values with the model
system; Dashed line: relative energy values with the real catalyst.
L=ligand (model or real CAAC).

In the syn pathway, ammonia attacks from the side adjacent to
the metal, as suggested by Bertrand and co-workers given the
proposal by Tanaka et al.” on the hydroamination of alkynes
with aniline. In contrast, for the anti pathway the nucleophile
comes from the other side of the alkyne.

The transition states for both possible nucleophilic attacks
(TS,,, and TS,,,) and the corresponding products (4, and
4, have been located on the potential energy surface
(Figure 1) and the structures are shown in Figure 2. We have
to mention that transition states corresponding to the
insertion of the alkyne into the N—H bond of NH; were not
possible to obtain. Regarding the energy barriers, TS, lies
19.0 kcalmol ™! above the most stable complex, 1, whereas the
barrier for the syn attack is 28.9 kcalmol . This shows that
the outer-sphere nucleophilic attack is strongly favored (by
9.9 kcalmol ™)l compared to the attack the side with the
metal (Figure 1). As the preference for the inner- versus
outer-sphere depends on the corresponding barriers for the
nucleophilic attack, 2 is the most favorable starting point for
the catalytic cycle despite the relative stabilities of the species
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Figure 2. Optimized transition-state structures for the inner- and
outer-sphere nucleophilic attacks.
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1 and 2 in solution. The energy difference between 1 and 2 is
10.8 kcalmol ™', and the tricoordinated complex 3 (see the
Supporting Information) was found as a minimum with the
model system, which lies only 12.6 kcalmol ™' above 1, thus
showing the facile interconversion between 1 and 2. On the
basis of these results, complex 1 is the resting state of the
catalyst, whereas species 2 is directly involved in the catalytic
cycle, an interpretation that is also in agreement with
experiments.[']

The most intriguing step of hydroamination is the proton
transfer from the nitrogen to the other carbon atom which
leads to product formation. As the final product is the
corresponding imine, two proton transfers have to take place.
The direct proton transfer from the NH; group (first proton
transfer) to the carbon atom is an unfavorable pathway
involving a stressed four-membered (CCNH) ring transition
state (TSp;, see the Supporting Information) with a barrier of
47.4 kcalmol™! (consistent with our previous results with gold
phosphines).l'”! Tt is already well known from the literature
that a counter anion® or a Lewis base® (which can also be
the reacting nucleophile) can play the role of a proton-
transfer agent, thus remarkably lowering energy barriers. In
previously studied gold-catalyzed hydroamination reactions,
we showed such a role for triflate anions"”*"! and carbama-
te.l” Since in the present case, the corresponding [B(C4Fs),]~
anion is too bulky to act as a proton-transfer agent, the best
candidates are the ammonia molecules, which are present in
excess in the reaction mixture.['

The transition state for the nucleophile-assisted proton
transfer from the NH; group to the unsaturated carbon atom
(TSp,) is shown in Figure 3. In TSp, an NH," is formed, thus

TSP1 TSTau

TSpy

Figure 3. Optimized geometries for the transition states involved in
the proton-transfer steps.

acting as a proton shuttle which can transfer the proton either
to the carbon or nitrogen atom. The energy barrier for the
first NH;-assisted proton transfer is quite low (5.5 kcalmol ™),
thus representing a feasible reaction step (Figure 4). In the
product (5) of the proton-transfer reaction the N atom is
planar and sp® hybridized (f}ncy; = 178.6°), whereas the C—C
bond has single bond character (d(C-C)=1.435 A); that is, a
protonated imine moiety is formed after the first proton
transfer.
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Figure 4. Energy profile in toluene for the proton-transfer steps.

To obtain the imine product, a proton has to migrate from
the NH, group to the carbon atom connected to the metal
center, thus breaking the Au—C bond and releasing the final
product of the reaction. It was found that not only the direct
proton transfer (TSpy, 54.4 kcalmol™), but also the nucleo-
phile-assisted (NH;) proton transfer (TSp,., 46.4 kcalmol™)
represent unfeasible reaction pathways (see the Supporting
Information). This at first surprising result can be explained
by the fact, that the proton shuttle is not strong enough of an
acid to break the Au—C bond when protonating the carbon
atom. Comparison of bond distances show that in the latter
case the transition state does not involve NH," (as it was
found for the first proton transfer), but in TSp, the
transferred proton lies between the protonating nitrogen
and carbon atoms (d(N-H)=1.341 A and d(C-H)=1.404 A
in TSp,), thus accounting for the high barrier.

An alternative mechanism is proposed here, wherein a
particular tautomerization involving the migration of the
cationic gold moiety from the carbon to nitrogen atom takes
place instead of a proton migration. This step leads to the
intermediate 6, which involves the formation of a C=C bond
(d(C-C)=1.337A) and an sp’-nitrogen center (Opncy=
116.4°) connected to the metal center (enamine tautomer).
The process takes place through TSy, (Figure 3 and Figure 4)
with a barrier of 16.4 kcalmol™'. As the formation of the
enamine tautomer involves rupturing the gold—carbon bond, a
subsequent ammonia-assisted proton transfer can take place,
similar to the first proton transfer, to form the final imine
product. The transition-state TSp, resembles TSy, that is, an
NH," is present in the transition state from which proton
transfer to the carbon atom leads to the imine intermediate 7,
which lies 9.1 kcalmol ! below 6; proton transfer to the NH
group leads to the corresponding enamine intermediate 6.
This transfer is in accord with the experimental results where
the analogous complex C was detected in solution.!'*!

The energy profile for the most favorable pathway of the
proton-transfer steps is shown in Figure 4. We can see that the
global barrier corresponds to the second proton transfer, TSp,
(23.7 kcalmol "), which is higher than that of the nucleophilic
attack (19.0 kcalmol™), thus the proton transfer represents
the global barrier for the whole mechanism. It is consistent
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with the fact that the reaction takes place in the
presence of excess ammonia, which serves not only
as nucleophile, but as proton-transfer agent in the
reaction.

On the basis of the theoretical analysis, we
propose the catalytic cycle for the hydroamination
of alkynes with NH; catalyzed by an CAAC/gold
complex!™ as shown in Scheme 3.

Analysis of the relative stabilities of the model
complexes analogous to the experimentally identi-
fied ones (A-C), showed that the most stable
species in solution is the Werner complex 1, which
is consistent with experimental data. These calcu-
lations also demonstrated a remarkable difference
between NH; and other N nucleophiles such as
benzyl carbamate, which we studied earlier; benzyl
carbamate does not tend to coordinate to the metal

first H* transfer

second H* transfer (NH; assisted)

(NHj; assisted)
(second
tautomerization) Me H_|+ NH2

Me\ f
\ ; gold migration

(first tautomerization)

Scheme 3. Catalytic cycle proposed for the reaction.

center. However, as the results also showed that formation of
the alkyne complex 2 from 1 is not very energetically
demanding (2 lies 10.8 kcalmol ' above 1 in energy) and the
energy barrier is reasonably low (9.9 kcalmol ™) for the outer-
sphere attack compared to that of the inner-sphere attack; the
alkyne complex 2 is the more favored one to be involved in
the catalytic cycle. In contrast, 1 represents the resting state of
the catalyst. We also showed that the proton-transfer steps,
which are required for the formation of the imine product,
take place with the assistance of the nucleophile which serves
as a proton-transfer agent and is present in excess in the
reaction mixture. Probably the most intriguing point of the
reaction mechanism is the one in which the gold moiety
migrates from the carbon to nitrogen atom, thus giving rise to
an unforeseen tautomerization. This tautomerization is a
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necessary step,” as a simultaneous second proton transfer
and rupture of the gold—carbon bond is energetically too
demanding.

BDE calculations confirmed that ammonia behaves
differently from the typically used nucleophiles, thus forming
strong complexes with the gold center. However, Bertrand’s
CAAC ligand does not render the formation of the alkyne
complex energetically unfeasible, thus facilitating the reaction
to take place. We also showed the peculiar role of Au' to be an
optimal system for the tautomerization processes in both the
activation of nucleophile-assisted proton-transfer steps and
the gold migration from the carbon to nitrogen atom, thus
giving rise to product formation. These factors can largely
contribute to the development of gold-catalyzed hydroami-
nation reactions with ammonia.
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methyl-pyrrolidine-2-ylidene) Au]* as gold catalyst. However, in
some cases calculations with the real CAAC ligand were carried
to check the reliability of the model system. Geometry
optimizations were carried out at BALYP/SDD-6-31G* level of
theory and single-point calculations on the optimized structures
were carried out at M06/SDD-6-311 ++ G(d,p) level of theory
using the SMD model for the solvent (details are provided in the
Supporting Information).
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our model ligand (see details in the Supporting Information).
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Supporting Information).
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sphere attack is not related to the model we used (see the
Supporting Information).
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Our calculations also showed that tautomerization in the free
enamine has high energy barriers, thus confirming the important
role of gold in this step (details are in the Supporting
Information.).
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