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ABSTRACT: A gold complex with a naphthalene-di-imide-

functionalized N-heterocyclic carbene (NHC) ligand was prepared >

and characterized. The electrochemical studies reveal that the Ar-NH - /
-iNER2

complex is able to undergo two successive reduction events,

+e

nBu
associated to the reduction of the NDI moiety of the NHC ligand. H\ r°
Once the redox-switchable properties of this Au(I) complex were neu- \NN* Au-Cl
proven, the complex was tested in the hydroamination of terminal H nBu
alkynes. The activity of the neutral complex was moderate-to-high ey
for this reaction, but the one-electron reduced species did not ﬂ

be toggled oft and on several times by successively adding a

reducing agent (cobaltocene) or an oxidant (acetylferrocenium

tetrafluoroborate). The results indicate that the rate-determining step of the catalytic cycle is the nucleophilic attack of the amine on
the Au-coordinated alkyne.

show any activity in the reaction. The activity of the catalyst could
KEYWORDS: redox-switchable, hydroamination of alkynes, gold, mechanism, N-heterocyclic carbene, homogeneous catalysis

H INTRODUCTION rate-determining step (RDS) of the reaction, a conclusion that
was also supported by some previous experimental studies.’
However, exceptions to this general behavior have been
observed. For example, the most strong electron-donating

During the past decade, gold complexes have flourished as the
most attractive catalysts for the electrophilic activation of
alkynes toward a large variety of nucleophiles.’ The progress in

the field has been boosted by the fact that new synthetic phosphines are not efficient in facilitating the hydroamination,”
applications have been found and because detailed mechanistic and the same trend was recently found for the case of
studies have helped to unveil the essential features of these mesoionic carbene (MIC) ligands,” although these observa-
reactions. Gold complexes have been identified as efficient tions may be ascribed to changes in the steric properties and/
catalysts for the hydroamination of alkynes,2 a process that can or stability of the catalyst concomitant to the changes in their
be regarded as the most atom-efficient method for the electronic properties. In addition, the use of redox-switchable
introduction of nitrogen fragments into organic molecules.’ gold(I) catalysts shows that the activity of the in situ oxidized
Detailed experimental and computational studies have been catalysts outperforms the activity of their reduced forms.”
made in order to unveil the influence of the steric and Redox-switchable ligands are useful to unveil mechanistic
electronic properties of phosphines’ and N-heterocyclic aspects of catalytic reactions because the electron-donating
carbene” (NHC) ligands on the hydroamination of alkynes. character of the ligand can be modulated without substantial
The first step of the catalytic cycle is the electrophilic changes in their steric properties. Therefore, these two last
activation of the alkyne, which is consequently favored by examples reveal that — at least for these particular cases — very
electron-poor ligands. The second step involves the likely, the RDS stage of the cycle is the nucleophilic addition of
nucleophilic attack of the amine on the alkyne, which is the amine to the triple bond of the alkyne, rather than the

facilitated by electron-withdrawing ligands, providing a gold—
vinyl intermediate. Then, the following step of the reaction is
the so-called protonolysis (or protodeauration), which involves
the migration of the proton from the N—H bond to the carbon
bound to the gold atom and generates the final imine product.
This step is accelerated by strong electron-donating ligands.
Hence, the effect of the ligand electronic factors is ambivalent.
The mechanistic studies suggest that the protonolysis is the
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Scheme 1. Preparation of NDI-NHC complexes 3—5
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protodeauration. However, further strong evidence to support
this conclusion is needed.

Redox-active ligands can modify their electron-donating
character by accepting or releasing electrons.'® This means that
the catalytic activity (or selectivity) of the metal complex
depends on whether the redox-active ligand is acting in its
neutral or oxidized/reduced forms. NHC ligands have been
particularly fruitful in the generation of photo-'' and redox-
switchable catalysts,'”” among which, gold—NHC complexes
have provided a number of very interesting examples.””"?
Notably, ferrocene has been the cornerstone of gold-based
redox-switchable catalysts”'>'* due to its amenability to
synthetic modification, stability, and redox properties.

We recently described an NHC ligand functionalized with a
naphthalene diimide (NDI) moiety that behaved as an
effective redox-switchable ligand in the rhodium- and
iridium-catalyzed cyclization of alkynoic acids."> Given that
all redox-switchable gold catalysts tested in the hydroamination
of alkynes used so far are based on ferrocenyl-containing
complexes,””' "¢ we thought that the introduction of a NDI-
functionalized ligand in this gold-catalyzed reaction could
provide a new perspective that may shed some light on the
mechanistic aspects of the process. Ferrocenyl-containing
redox-switchable ligands allow us to change the redox state
of the ligand between a neutral and an oxidized state;
therefore, the redox event involves reducing the electron-
donating character of the ligand upon oxidation. Our new
NDI-NHC ligand can modulate its electronic character
between three oxidation states, as the neutral ligand can
enhance its electron-donating character upon two successive
one-electron reductions. This means that the redox events
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shown by ferrocenyl- and NDI-functionalized ligands modify
the electronic properties of the catalyst in exact opposite
directions. Based on this idea, we now report the preparation
of a new NDI-NHC ligand and its coordination to gold. The
catalytic activity of this complex and its redox-switchable
character were studied in the hydroamination of alkynes. As
will be discussed in the following sections, these studies allow
us to extract essential information regarding the mechanistic
aspects of this catalytic reaction.

B RESULTS AND DISCUSSION

The NDI-functionalized imidazolium salt [2](BF,) was
pre7pared by mono-annulation of NDI-tetraamine compound
1,"” with trimethylorthoformate in the presence of HBFE,, as
depicted in Scheme 1. Note that [2](BF,) is a mono-
imidazolium salt resulting from the mono-cyclization of 1;
therefore, it differs from the NDI-functionalized bisazolium salt
that we described recently.'” The NDI-azolium salt [2](BF,)
was isolated as a reddish compound that was characterized by
NMR spectroscopy and electrospray ionization mass spec-
trometry (ESI-MS). The 'H NMR spectrum of [2](BF,)
shows the characteristic resonance due to the C2—H protic
proton at 9.70 ppm. The ESI-MS spectrum shows the base
peak at m/z = 673.736, assigned to [2*]. The preparation of
gold complex 3 was performed by deprotonating [2](BF,)
with potassium bis(trimethylsilyl)Jamide (KHMDS) at —78 °C,
followed by addition of [AuCl(SMe),]. The 'H NMR
spectrum of 3 is consistent with the twofold symmetry of
the molecule and shows that the signal due to the protic C2—
H proton disappeared. The '*C NMR spectrum shows the
distinctive signal due to the Au—C_, .. carbon at 186.6 ppm.
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Figure 1. Cyclic Voltammograms and differential pulse voltammetry experiments (DPV) of [2](BF,) () and 3 (b), in dry CH,Cl, with a 0.1 mM
analyte and 0.25 M [N(nBu),][PF,]. Measurements performed at 100 mV s™' and referenced versus ferrocenium/ferrocene.

The cyclic voltammograms of [2](BF,) and 3 are displayed
in Figure 1. The CV data for [2](BF,) reveal two reversible
well-separated redox events associated with the sequential one-
electron reductions of the NDI moiety of the imidazolium
cation. The first process (E;;, = —1.05 V vs Fc*/Fc)
corresponds to the one-electron reduction of [2*] to the
radical neutral species [2°], while the second event (E,/, =
—1.40 V vs Fc*/Fc) is assigned to the formation of the doubly
reduced anion [27]. For this data set, the peak potentials are
independent of the scan rate, as expected for reversible
processes (see the Supporting Information for full details). The
cyclic voltammogram of 3 shows one reversible reduction wave
(Ey;, = —1.22 V vs Fc'/Fc) followed by a second quasi-
reversible process (E;, = —1.55 V vs Fc'/Fc). The peak
potentials and peak separations of the first process are
independent of the scan rate. For the second reduction
event, E; values are slightly shifted to more extreme potentials
with increasing scan rates, thus indicating a quasi-reversible
process.'® In any case, these potentials are more negative than
those shown for [2*] as a consequence of the neutral character
of 3 compared to the cationic nature of [2*]. As the catalytic
reactions that we will describe below were performed in the
presence of NaBAR', we also performed electrochemical
studies of 3 in the presence of NaBAR" (see Figure S19 in the
Supporting Information for details). These experiments
showed that the first reduction wave was reversible and
appeared at the same potential as that for 3 in the absence of
NaBARF, while the second wave was irreversible. This
experiment suggests that the non-reversible second reduction
wave shown by 3 may be ascribed to the slow loss of the
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chloride ligand, as the addition of a chloride scavenger as
NaBAR" turns the second reduction event irreversible.
UV—vis spectroelectrochemical (SEC) studies were per-
formed in order to retrieve information about the nature and
stability of the species formed upon one- and two-electron
reductions of [2](BF,) and 3. The experiments were
performed using an optically transparent thin layer electro-
chemical (OTTLE) cell in CH,Cl,, by progressively applying
more negative potentials while recording the corresponding
UV-—vis spectra. The resulting series of spectra can be seen in
Figure 2. As can be observed in Figure 2a, the UV—vis
spectrum of [2](BF,) shows a vibronically resolved band with
its maximum peak at 450 nm. Upon application of
progressively increasing negative potentials, the band associ-
ated to [2*] decreased, while a new vibronically coupled band
at 550 nm attributed to the one-electron-reduced species [2°]
appeared. Further electronic reduction gave rise to the
appearance of two bands with peak maxima at 300 and 545
nm, assigned to the doubly reduced anion [27]. In a similar
manner, UV—vis SEC experiments were performed using gold
complex 3 (Figure 2b). The UV—vis spectrum of 3 shows one
vibronically resolved band with its maximum peak at 545 nm,
attributed to transitions centered in the NDI core of the NHC
ligand. The application of progressively increasing negative
potentials resulted in the decrease of this band, with the
concomitant appearance of new featureless bands centered at
555, 425, and 310 nm associated with the formation of [37].
The application of more negative potentials resulted in the
progressive disappearance of these three bands, with the
concomitant appearance of a new weak band at 650 nm. These
changes are due to the disappearance of [37] with the
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Figure 2. UV—vis SEC monitoring reduction of [2](BF,) (a) and 3
(b) in CH,Cl, {0.1 M [N(nBu),][PF¢]}. The electrochemical
reduction was performed applying progressively lower potentials
with a Au working electrode, Pt counter electrode, and Ag wire
pseudo-reference electrode. The solid lines represent the spectra of
the starting (red), singly reduced (blue), and doubly reduced (black)
species.

concomitant appearance of the doubly reduced species [3*7],
which is unstable. It is important to mention that the
application of a positive potential once [3*7] was formed
allowed us to recover only partially the starting neutral
complex 3. This is evidenced by the decrease in the intensity of
resulting complex 3 obtained by a full cycle involving the 3 —
[37] —» [3*7] = [37] — 3 transformation, in agreement with
the non-reversible (quasireversible) character of the
[37]=[3"] step. On the contrary, when the process was
allowed to produce the one-electron reduction alone [3 —
(37)], application of a positive potential allowed us to fully
recover original complex 3, as a consequence of the
reversibility of the first reduction step (see Figure 1b).

As we mentioned above, we expected that the reduction of
the NDI-functionalized NHC should increase the electron-
donating character of the ligand. In order to quantify this
effect, we obtained iridium—carbonyl complex S, which was
obtained by bubbling CO in a CH,Cl, solution of [IrCI(NDI-
NHC) (COD)] complex 4, as it is shown in Scheme 1. The
details about the preparation and characterization of 4 and §
can be found in the Supporting Information. The IR (CH,CL,)
spectrum of 5 shows the two C—O stretching bands at 2068
and 1987 cm™, which translates to a Tolman electronic
parameter (TEP) of 2053 cm™! after using the well-accepted
correlation.'” This TEP value is very similar to that shown by
our previously reported pyrene-functionalized NHC ligands.”
To explore the relationship between the redox state of the

4468

NDI-NHC ligand and its donicity, we sought to perform
infrared SEC experiments, which allowed us to measure the
shift in the v of § upon reduction of the NDI unit. As can be
observed in the series of spectra shown in Figure 3, the

0.3+
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T T
2000 1950

T
2050

Wavenumber(cm'1)

Figure 3. IR-SEC monitoring reduction of § in CH,Cl, {0.1 M
[N(nBu),][PF4]}. The solid lines represent the IR spectra of § (red),
[5°7] (blue), and [5*7] (black) species.

progressive reduction of § is accompanied by a decrease in the
intensity of the bands at 2068 and 1987 cm™!, while two new
bands appear at 2062 and 1982 cm™'. These new bands are
attributed to the one-electron reduced species [5°7]. Further
reduction to lower potentials results in the disappearance of
the signals at 2062 and 1982 cm™" and the appearance of a new
set of bands at 2060 and 1980 cm™!, which are assigned to the
doubly reduced species [5°7]. This means that the first
reduction produces an average A(CO) shift of —5.5 cm™,
while the second reduction shifts 2(CO) by another —2 cm™,
therefore indicating that the ligand is able to increase its
electron-donating character in a two-step tunable way. We find
important to point out that this A(CO) shift produced upon
reduction of the NDI-NHC ligand is significantly lower
compared to the shift that we observed for another related
NDI-functionalized NHC ligand that we described recently.'
For the exploration of the catalytic activity of complex 3, we
decided to study the hydroamination of alkynes. As mentioned
in the introduction, several studies have shown that the RDS of
this reaction is the protodeauration.‘“S However, some
authors,”*" including us,” have reported that the presence
of ligands on the Au(I) coordination sphere that is amenable
to oxidation shows how the oxidized form of the complex
outperforms the activity of the neutral form. Given that the
oxidation of the redox-active ligand features a more acidic gold
center and thus increases the electrophilicity of the
coordinated alkyne ligand, these latter results point toward
the nucleophilic attack on the alkyne as the RDS of the
catalytic cycle, as was already pointed out recently by Paradies,
Breher, and co-workers.” In this scenario, we thought that the
presence of a ligand that is amenable to reduction in complex 3
could provide a good insight for clarifying this controversy.
We first tested the activity of 3 in the hydroamination of
phenylacetylene with four different amines. The reactions were
performed in acetonitrile at 90 °C, using NaBAR" as the
chloride scavenger, and the evolution of the reaction was
monitored by gas chromatography (GC). As can be observed
from the data shown in Table 1, using a catalyst loading of 1
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Table 1. Activity of Complex 3 in the Hydroamination of
Phenylacetylene with Arylamines”

cat. load. time ield
entry aryl (%) additive (h) (%)"
1 Ph 1 none 8 82.5
2 2-MeC4H, 1 none 8 77.2
3 4-MeC¢H, 1 none 8 75.3
4 2,4,6-Me;C¢H, 1 none 8 76.9
S Ph 0.5 none 8 49.2
6 Ph 2 none S 90.0
7¢ Ph 1 [CoCp,] 8 0

“Reaction conditions: 0.5 mmol phenylacetylene, 0.55 mmol aryl
amine, 1 mol % 3, and 2 mol % NaBARF in 1 mL of CH;CN at 90 °C.
“Yields calculated by GC using anisole (0.5 mmol) as the internal
standard. Final yields were also confirmed by '"H NMR spectroscopy.
“One equivalent of cobaltocene was added related to the amount of
the catalyst.

mol % produced yields of the imine products in the range of
75—82% after 8 h of reaction. For the case of the reaction
between phenylacetylene and aniline, reduction of the catalyst
loading to 0.5 mol % produces a significant decrease in the
yield down to 49% (entry S), while doubling the amount to 2
mol % increases the product yield up to 90% in just S h (entry
6).

Next, we performed kinetic studies in order to determine the
reaction rate orders with respect to the catalyst and to the two
substrates of the reaction. For the determination of the
reaction order in the catalyst, we used the variable time
normalization analysis, which consists of the visual comzparison
of the variably normalized concentration profiles.”> The

catalytic reactions were monitored using three different
concentrations of 3 (0.5, 1, and 2 mol %). As can be observed
from the graphic shown in Figure 4a, the normalized profiles
match with a first order in 3 (the Supporting Information
shows the normalized concentration profiles for a 0, 0.5, and 2
order in the catalyst). The reaction order in phenylacetylene
and aniline was determined by measuring the initial rates of the
reaction by changing the concentration of one of the substrates
while maintaining a constant concentration of the other one.
As can be seen from the linear fitting of the plots shown in
Figure 4b,c, the reactions showed a first-order dependence on
both substrates, which suggests that both of them are involved
in the rate-limiting step, in agreement with previous reports.”*
These data are also in agreement with a mechanism that falls
into the category of reactions involving the nucleophilic attack
of an amine on a gold-activated alkyne, followed by the
nucleophile-assisted nitrogen-to-carbon atom—proton trans-
for.SP23

In order to determine the effect of the increase in the
electron-donating ability of the ligand in this catalytic reaction,
we performed the studies in the presence of cobaltocene. With
a redox potential of —1.33 V (vs Fc*/Fc),”* cobaltocene is a
suitable additive for the one-electron reduction of our Au—
NHC catalyst since the first reduction potential of 3 is —1.12
V. When the reaction between phenylacetylene and aniline was
performed using a 1 mol % loading of 3 and the same amount
of cobaltocene, we observed that the reaction produced
negligible amounts of the imine product (Table 1, entry 7).
This result could be ascribed to the deactivation of the catalyst
as a consequence of the increasing electron-donating character
of the ligand in [37] with respect to the neutral catalyst 3. This
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Figure 4. Determination of the reaction order with respect to the catalyst (a), aniline (b), and phenylacetylene (c). The determination of the order
with respect to the catalyst was determined by using the variable time normalization analysis,**” while the order on the substrates was determined

using the method of initial rates.
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interpretation would be in favor of considering the nucleophilic
attack on the triple bond of the alkyne as the RDS of the
catalytic process. However, the suppression of the activity of
the reduced catalyst could also be attributed to the
decomposition of the catalyst during the reaction, a possibility
that we could not discard even though the CV studies and the
SEC experiments showed that [37] is a rather stable species. In
order to obtain stronger evidence about the influence of the
electron-donating process in the reaction, we decided to
evaluate if we could toggle between the active and inactive
forms of the catalyst along the course of the reaction (Figure
5). First, we allowed the reaction to evolve for 90 min at 90 °C
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e N o o --2
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Figure 5. Plots showing the hydroamination of phenylacetylene with
aniline using 1 mol % of 3 (red empty circles) and with sequential
additions of cobaltocene and [Fe(5>-CsH,COCH,;)Cp](BE,) [(Fc™*)-
(BF,)] (blue triangles). The reactions were performed in CH;CN at
90 °C, using phenylacetylene (0.5 mM) and aniline (0.55 mM). The
evolution of the reaction was monitored by GC, using anisole as the
internal standard. Final yields were also corroborated by 'H NMR
spectroscopy. The rate constants were obtained assuming a first-order
reaction (see the Supporting Information).

in the presence of 3 (1 mol %), and we observed that the
reaction evolved until 25% of product formation. Then, one
equivalent of [CoCp,] was added; thus, the catalyst was
transformed to [37], which showed null activity during the
following 60 min. After this time, acetylferrocenium tetra-
fluoroborate {[Fe(1*-CsH,COCH,)Cp](BF,)} was added in
order to oxidize the catalyst back to its active form, 3, and we
let the reaction to evolve for 90 min, after which 44% of the
product was formed. The experiment was repeated by
subsequent additions of [CoCp,] and [Fe(n*-C;H,COCH,)-
Cp](BE,), which allowed us to produce a total of two
activation and deactivation cycles. An interesting point is that
the activity of the catalyst can be restored almost completely
after each addition of [Fe(s’-CsH,COCH,)Cp](BF,), as can
be observed by comparing the three rate constants obtained for
the time gaps when the catalyst was in its active form (Figure
5). To make the comparison clearer, Figure S also represents
the results of a parallel experiment showing the time-
dependent reaction profile of the hydroamination of phenyl-
acetylene with aniline using 1 mol % of 3, without the addition
of any external redox additive. A quick visual analysis of this
plot allows us to observe that this profile is perfectly parallel to
the profile in which the catalyst is active in the switch-on/
switch-off experiment, all along the reaction profile. This
experiment shows that the catalyst can be “switched off” upon
addition of [CoCp,] but also and more importantly that it can
be further “switched on” upon addition of an oxidant, thus
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strongly suggesting that the addition of cobaltocene does not
decompose the catalyst but transforms it into a dormant form.
This observation clearly demonstrates that the catalyst is stable
in both the active (neutral)/inactive (reduced) states and that
the extended durations in the inactive form do still allow full
recovery of the activity upon subsequent oxidation.

B CONCLUSIONS

In summary, we prepared a naphthalene-di-imide-function-
alized NHC ligand that was coordinated to gold(I). The CV
studies reveal that the complex exhibits two reduction events,
with the first one being reversible. The SEC analysis of the
complex shows that the first reduction produces a species that
is sufficiently stable to reversibly return to the original neutral
species without observable decay of the intensity of the bands
of the Uv—Vis spectrum. The NDI-NHC—Au(I) complex was
tested in the hydroamination of phenylacetylene with four
different anilines, where it showed good activity in the
production of the resulting imine. On the other hand, the
reactions carried out in the presence of cobaltocene resulted in
the complete deactivation of the catalyst. In addition, the
neutral catalyst can be deactivated and further activated several
times without detectable decay of activity of the neutral
(activated) form. These results give clear evidence that the
activity of the catalyst is quenched when the ligand is reduced
with the concomitant increase in its electron-donating
strength, therefore strongly suggesting that the RDS of the
catalytic cycle is the nucleophilic attack of the amine on the
triple bond of the gold-coordinated alkyne. This conclusion
becomes even more evident when we combine our results with
those published previously regarding the use of other redox-
switchable gold(I) catalysts with ligands that are amenable to
oxidation,” for which the oxidation of the ligand results in the
enhancement of the activity of the catalyst.

Our results also highlight the importance of redox-
switchable catalysts for elucidating mechanistic aspects of a
catalytic cycle. We think that the study of the influence of the
electron-donating of the ligand in a catalytic process can be
performed more accurately by using ligands with tunable
electron-donating power, than by systematically changing the
nature of the ligands. The studies performed by changing
ligands are accompanied by a modification of a number of
factors (electron-donating power, steric crowding, stability,
etc.) that may lead to misinterpretations of the results, while
the studies performed with redox-active ligands may provide
accurate information about the electronic nature of the ligand
while maintaining all other parameters untouched.
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