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Mechanistic Study of Gold(I)-Catalyzed Hydroamination of Alkynes:
Outer or Inner Sphere Mechanism ?**

Alexander Zhdanko* and Martin E. Maier*

Abstract: An experimental mechanistic study of the gold(I)-
catalyzed hydroamination shows the formation of conforma-
tionally flexible auro-iminium salts Au-Im, which originate
from the protonation of a vinyl gold species. Rotation around
the C—CAu bond is the reason for the loss of stereospecificity
of protodeauration, which explains the stereochemical result of
the Stradiotto reaction. The ambiguity about inner or outer
sphere mechanism is thus resolved in favor of the outer sphere
mechanism.

Gold(I)-catalyzed hydroamination of alkynes is an impor-
tant synthetic tool for the functionalization of C=C bonds.™
Like some other processes in gold catalysis, it was already
described in 1987, but did not receive much attention until
around 2000, when the interest in gold catalysis started to rise.
Nowadays, the scope of gold(I)-catalyzed hydroamination of
alkynes is not limited to the synthesis of imine or enamine
structures by the formal addition of various N—H reagents
onto the C=C bond.”* Rather, a number of complex cascade
reactions were reported, using this addition as one step within
a complicated multistep process.”! However, the hydroami-
nation reaction often requires harsh conditions, which limits
its scope. Last but not least, the development of the method is
also limited because of the lack of understanding of the
reaction mechanism. In several studies gold—amine complexes
[LAu(amine)]|* were identified as reaction intermediates. This
fact, together with the stereoselective formation of syn-E in
the intermolecular reaction described by Stradiotto and co-
workers, was considered as sufficient evidence for the inner
sphere mechanism (Scheme 1).”*% However, ionic organo-
gold complexes formed upon intramolecular 5-endo-dig and
5-exo-dig addition of a tertiary amine moiety described by
Bertrand and co-workers!”! as well as a single vinyl-gold
complex described by Hashmi and co-workers,® provided
evidence for the outer sphere mechanism. It should be
stressed, that according to the current understanding of
protodeauration, the outer sphere mechanism should lead to
the product of anti-addition (anti-E), which is in contradiction
to the formation of syn-E described by Stradiotto and co-
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Scheme 1. Short representation of inner and outer sphere mechanism
proposed for the hydroamination of alkynes.

workers.®¥ As it stands, there is still an unresolved ambiguity:
should the reaction generally be considered as proceeding
through an inner or outer sphere mechanism (Scheme 1)?

As part of our studies on mechanisms of gold catalysis,”’
we report herein an experimental NMR investigation of the
mechanism of the gold(I)-catalyzed hydroamination of
alkynes. We describe the key organo—gold intermediates
originating from catalysts [Ph;PAuNCMe]|" SbF,~ (1) and
[L2AuNCMe]* SbF,~ (2) (L2 = o-(di-tert-butylphosphino)bi-
phenyl) as well as the chemistry of gold complexes relevant to
the process, leading to a consensus: the gold(I)-catalyzed
hydroamination reaction is best described by the outer sphere
mechanism, whereas the inner sphere mechanism cannot be
accepted anymore as an explanation.

The addition of catalyst 2 (4 mol%) to alkyne-amine S1 in
CDCI; led to a sluggish catalytic reaction. Monitoring by
"H NMR spectroscopy showed the immediate formation of
two organo-gold species Aul and Au2, but after a few
minutes only Au2 remained (Scheme 2). After 8 h 60-70%
conversion of S1 was achieved, giving a mixture of enamines
E1E2 as the main product.” In a stoichiometric study,
1.5 equiv of S1 reacted with 1 equiv of 2 in CDCl; instantly
giving complex Au2 which was isolated in its individual state
(80% yield, 100% yield in situ) and fully characterized by
NMR spectroscopy and X-ray analysis. However, reaction of
a slight excess of 2 with S1 led to the immediate formation of
Aul (>90 % in situ). Reaction of the sterically less hindered
catalyst 1 led to a mixture of diaurated species D1 and Au3.

Complexes Aul-Au3 are depicted as auro-iminium salts
and not as gold enamine m-complexes. This structure assign-
ment and understanding of bonding follows from the NMR
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Scheme 2. Reactions of amine S1 with catalysts 1 and 2.

spectra in solution and X-ray analysis. The '"H NMR spectrum
of pure Au2 in CD,Cl, at room temperature contains simple
signals (including the doublet at 1.91 ppm, J, =8.9 Hz of the
CH,Au group), but at low temperature the spectrum shows
a complicated pattern (Figure 1). Structural parameters
determined from the solid structure of Au2 are between the
typical values for known gold-enol ether complexes and
gold—ene-1,1-diamine complexes (Figures?2 and 3).'Y This
unambiguously characterizes the alkyl enamine E1 as a ligand
with a high degree of slippage when coordinated to gold.
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Figure 1. "H NMR spectra of Au2 at various temperatures in CD,Cl,.
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Figure 2. Structure of the Au2 cation in the solid state. All hydrogens
are omitted except for the CH,Au fragment.
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atom distances:
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Figure 3. Slippage mechanism and structure comparison of represen-
tative gold—enol ether,"'¥ gold—enamine, and gold—ene-1,1-diamine
complexes.""!

Correspondingly, Au2 exhibits a high degree of n'-coordina-
tion mode to gold and a predominant loss of the double-bond
character of the C1—C2 bond; this enables easy rotation
around this bond and therefore Au2 should rather be
considered an alpha auro-iminium salt than a m-alkene
complex. This property is the key to understand the stereo-
chemical outcome of alkyne hydroamination reactions (see
below).

In order to conclude about the role of auro-iminium salts
in the hydroamination mechanism, the origin of these species
has to be established. First, the chemistry of Aul and Au2 was
studied. The addition of free S1 to a solution of Aul led to the
rapid rearrangement of Aul, thereby forming Au2 (with
concomitant slow catalytic reaction). The same occurs upon
addition of a moderately strong nucleophile (Me,S) to Aul.
However, the addition of CI™ as a strong nucleophile either to
Aul or Au2 led to complete liberation of [L2AuCl] and the
formation of free enamines E1/E2 as an equilibrium mixture
(Scheme 3). It becomes clear that the rearrangement of Aul
to Au2 is simply a ligand exchange with free E1, giving the
thermodynamically more stable Au2. This process can be
considered as catalytic in enamine (or another nucleophile).
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b QAAuLZ
CDCly, rt.
AuL2
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rearrangement through ligand exchange with exo-enamine E1:
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Scheme 3. Reaction of auro-iminium salts with nucleophiles.
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To confirm that Au2 arises as a product of ligand exchange
and not as a direct participant of the catalytic cycle, we
performed the hydroamination of S1 in the presence of an
acid  (1,8-bis(dimethylamino)naphthalene triflate  salt,
PrSpH*-OTf"). Under these conditions the formed enamines
are immediately protonated, giving iminium salt I1 as a single
final product (Scheme 4).'?) Because of the negligible con-

Bn
PrSpH* OTF (1.1 equiv) o p Adl

cat. 2 (4%), CDCls | resting state

: Bn
NHBN  cat. 2 (4% Bn PN
/\/ ( o) N Ph : N Ph
Ph s2 cDCl, U’ ;
E3 | Aud AuL2

resting state

Scheme 4. Observation of resting states.

centration of free enamine at all times, the rearrangement of
Aul to Au2 should be suppressed. Indeed, gold was exclu-
sively present as Aul (directly evidenced from NMR spectra).
This confirms that Aul is the primary organo-gold inter-
mediate, originating from pure 5-endo-dig cyclization, and
that Au2 is a thermodynamically more stable isomer origi-
nating from ligand exchange with free E1. In addition, the
application of phenyl-substituted alkyne-amine S2 leads to
single enamine E3. Accordingly, the single auro-iminium salt
Aud was observed as a resting state (Scheme 4).

In the next step the mechanism of the formation of the
auro-iminium salt was analyzed. Since the 5-endo-dig cycliza-
tion cannot be triggered by a proton, we hypothesized that the
auro-iminium salt Aul forms as a result of the protonation of
vinyl-gold complex B1, which itself is undetectable because
of its very high affinity to protonation (Scheme 5). Indeed,
attempts to deprotonate Au2 to generate exo-vinyl-gold
failed, suggesting that this species is highly basic (and
definitely more basic than simple enamines). To confirm the
vinyl-gold complex as an essential organo—gold intermediate,
we studied substrate S3 having a sulfonamide functionality to

Bn
Bn\ e N .
LY J— - {‘I (_2/ Aut
AuL2 Aul 2
vinyl gold B1
NHTs 2, Ts + MeyS Ts
| | PrSp N n-Bu§| or picoline N nBu
s3 — | )i - .
CDClj, r.t. /\--IAuL2 (_Z/
B D2 AuL2 g2 AuL2
cat. 2 (1.9%), Ts Ts
tBu,yPy (3.4%) N 2 N
S3 nBu -~ . n-Bu
i J » g
0,073y CPClar T4, 10 min UH <hifted loft C s
100% Au5

Scheme 5. Origin of auro-iminium. Confirmation of the intermediacy of

vinyl-gold.
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reduce the basicity of the relevant species. When S3 was
treated with 1,8-bis(dimethylamino)naphthalene (PrSp) and
catalyst 2, the diaurated species D2 was generated as the
single organo—gold product. Upon treatment with K,CO;,
Me,S, or picoline, D2 readily gives rise to B2 (Scheme 5). In
addition, diaurated species were found in the aforementioned
reaction of S1 with catalyst 1 (D1, Scheme 2). Even though B1
or B2 cannot be directly observed under normal catalytic
conditions, the formation of the diaurated species confirms
that vinyl-gold indeed has to be an intermediate of the
hydroamination process, because diaurated species are
known to be the product of trapping vinyl-gold intermediates
with an LAu* unit."*! Correspondingly, the auro-iminium
salt is considered to be the product of protonation of the
vinyl-gold species.

After the work of Bertrand and co-workers,”! these
observations further confirm the outer sphere mechanism at
least for intramolecular gold-catalyzed hydroamination reac-
tions since the formation of vinyl-gold complex B as an
essential intermediate is simply not possible by an inner
sphere mechanism. However, there is no reason to assume the
mechanism to be different for the intermolecular version.!!
So far, the stereochemical outcome of the intermolecular
hydroamination reaction as described by Stradiotto and co-
workersP was the only experimental evidence which was
seemingly inconsistent with the outer sphere mechanism.
However, from now on with the knowledge of the nature of
auro-iminium salts, it is possible to correctly explain these
experimental results also with regard to this mechanism. Thus,
even though the anti-addition of an amine onto a gold—alkyne
complex would lead to vinyl-gold in a stereospecific manner,
this stereochemical information is completely lost upon
formation of the conformationally flexible auro-iminium
salt Au-Im, which makes the overall protodeauration process
no longer stereospecific, unlike it is generally considered for
other vinyl-gold species (Scheme 6a). It is clear, that via Au-
Im, gold will also catalyze the isomerization of one geo-
metrical isomer of an enamine into another until the
thermodynamic equilibrium is reached, regardless of the
exact stereochemical outcome of the ligand exchange itself
(Scheme 6b).1! Likewise, the isomerization of enamines will
additionally occur through the classical protonation/deproto-
nation pathway promoted by traces of Brgnsted acid in the
reaction mixture. In literature, the E-enamine is known to be
thermodynamically more stable than the Z-enamine, and this
simple fact explains the selective formation of E-enamine in
the reaction described by Stradiotto and co-workers."" The

NR, "NR,
H* %J\ \Kéu
a) z — NR;
AulL H AuL LA H
Au-lm
+
NR, (LA NR;
b) % _— %J\ —+‘ \%\NRZ
H H A AT

Scheme 6. a) Loss of stereoselectivity due to protodeauration and
b) isomerization of enamines through auro-iminium salt Au-Im.
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overall stereochemical outcome of the reaction is thus
determined solely by the thermodynamics of the final
enamines. With this explanation, the consensus is reached
that gold-catalyzed hydroamination reactions should be
described by the outer sphere mechanism, same as other
hydrofunctionalization reactions of alkynes."”!

To confirm this conclusion experimentally, we generated
auro-iminium salt Aué from the corresponding E-ES. The
"H NMR spectrum of Au6 exhibits a similar temperature
dependence as was described above for Au2, confirming the
rotation around the C1—C2 bond (see the Supporting
Information). Addition of Me,S to a solution of Au6
regenerates E-ES with >95% stereoselectivity, Scheme 7.

O
Ph [L2AUNCMe]* SbFg [ j Ph
. +
Ph%\N o-dichlorobenzene N ‘_,_,H%\N
H K/O over CaH, ph T2 Ph Ph K/O
E-ES Aué AuL2 Z-E5
T Me,S, CDCly |

~[L2AuSMe,]*

Scheme 7. Preparation of an enriched sample of Au6 and its conver-
sion back to E-ES5.

The fast rotation of the C1—C2 bond in Au6 implies that the
formation of this compound is independent of the initial
geometric configuration of the double bond at the enamine.
Therefore, the same compound would be formed from the
corresponding Z-isomer of ES. This argument together with
the stereoselective regeneration of E-ES from Aué confirms
the mechanism of enamine isomerization which is proposed in
Scheme 6 and that our explanation of the stereochemical
outcome of the intermolecular hydroamination reaction is
consistent with the outer sphere mechanism.

To gain a deeper understanding of the course of the
hydroamination process, we determined the binding affinity
of the L2Au" unit to representative neutral compounds using
the ligand exchange with auxiliary nucleophiles with known
binding affinities (Scheme 8)."®! From the ligand strength
series it is clear that simple alkyl amines and alkyl enamines
would be > 10° stronger ligands than the alkyne substrate.
Not surprisingly, [LAu(amine)]" complexes were previously
as well as in our research observed as resting states. It appears
that the ligand exchange equilibrium strongly disfavors the
formation of the activated gold—alkyne complex A. This is the
principal reason why hydroamination reactions often require

R R
L2AuNU'l + Nu" L2AuNu"l + Nu'

hexyne-3 << Pic <Et;NH < E1 <DMAP

P L NN
64240“ﬂ\\\\\\319§ﬂ///}

E4, E5 [b] equilibrium constants:
TosNHMe [ < hexyne-3 < MeCN [a] in CDCl3, Ref. [18]
PhC=CPh [b] in CDCl3, this work

Scheme 8. Binding affinity scale for L2Au* (pic=4-picoline).
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elevated temperature. However, the situation improves sig-
nificantly when amide substrates with a reduced binding
affinity to gold are used. For example, the reaction of S3 takes
only a few minutes (or less), whereas the reaction of S1
requires many hours (Schemes 5 and 2). The same accounts
for the reactivity series established by Tanaka and co-workers
(anilines with electron-deficient substituents react faster)."

In summary, the gold-catalyzed hydroamination reaction
is described by the outer sphere mechanism which is also the
case for other hydrofunctionalization reactions of alkynes.
The process includes the formation of gold—-enamine com-
plexes as intermediates. These complexes exhibit a loss of the
double bond character, which enables an easy rotation around
the C—CAu bond, and therefore they are viewed as auro-
iminium salts. Because of the rotation, the liberation of an
enamine from the auro-iminium salt upon ligand exchange is
not stereospecific. This is responsible for the fact that the
protodeauration of enamine-derived vinyl-gold complexes B
is not stereospecific, thereby constituting the fundamental
difference from other protodeaurations known to occur with
retention of the configuration at the double bond.' Via
intermediate auro-iminium salts, gold will also catalyze the
isomerization of one geometrical isomer of an enamine into
the other until the thermodynamical equilibrium is reached.
Furthermore, the positional rearrangement of the enamine
double bond can occur as a Brgnsted-acid-catalyzed process.
It can be concluded, that the gold-catalyzed hydroamination
reaction yields enamines as a thermodynamically controlled
mixture of isomers and can only be selective if the dominant
isomer is considerably more stable than the other. The overall
mechanism of the gold-catalyzed hydroamination reaction
appears to be similar to hydroamination reactions catalyzed
by other transition metals (e.g. palladium(IT1)? and iridium-
(TIT)2Y),
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