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Very high activities were observed in the redox-induced hydroamination
of alkynes by employing a redox-active gold() complex featuring an
electron-deficient, terphenyl-substituted phosphonite-based ligand.
The hydroamination proceeds roughly two-fold faster with the in situ
oxidized catalysts than with their reduced form.

Tertiary phosphines (PR;) and phosphites (P{OR};) represent
some of the most important classes of ligands in transition
metal chemistry and their steric and electronic properties can be
easily adjusted." Although many variations of P-donor ligands
have been described in the past, the development of new
phosphines with exceptional donor*™* or acceptor® capacities or
steric properties® remain in the focus of current research activities.
The driving force most often originates from the unsatisfied
demand to modify and adjust the properties of phosphine metal
complexes, e.g. to face activity, selectivity, or stability issues in the
field of homogeneous catalysis. Landmark examples include, for
instance, the well-known biaryl phosphines developed by Buch-
wald and co-workers (I, Chart 1), which found ubiquitous
applications in homogeneous catalysis.® One of the most
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Chart 1 Selected metal complexes with Buchwald-type ligand architectures
(I-1) from the literature; target structure IV of this study.
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important structural features of these ligands is the weak -
for catalyst stability nonetheless crucial - arene n-interactions
with the metal centre. In recent years, elegant variations of
Buchwald-type biaryl phosphines have been reported by various
groups.”'® Our group could recently show that the biaryl
structural motif can also be included in redox-active phosphine
ligands, in our case [1]phosphaferrocenophanes (II, Chart 1).""
Palladium complexes thereof have been successfully applied in
redox-induced" Buchwald-Hartwig amination reactions. Further-
more, we have successfully applied these types of ligands in
redox-induced rhodium-catalysed hydrosilylation reactions and
found that it is possible to alter the activity and selectivity of the
catalyst by using a stimulus-responsive phosphine ligand.'*"*
Inspired by the recent developments in homogeneous gold(i)
catalysis,” in particular in catalytic hydroaminations,'® we
became interested in studying redox-responsive P-donor ligands
in this area.

Gold-catalysed hydroamination reactions have been intensively
studied in recent years. Xu and co-workers provided a compre-
hensive study on the influence of steric and electronic effects of
phosphine ligands in the three major stages of the catalytic cycle
in gold catalysis, also including catalytic hydroaminations of
alkynes."” The first stage consists of the initial electrophilic activation
of the unsaturated bond, which appears to be favoured by electron-
poor ligands. In contrast, the so-called protodeauration in the
second stage of the catalytic cycle is accelerated by electron-rich
ligands. Although the factors influencing the catalyst deactivation
are more complex, biaryl-decorated phosphine ligands were
found to be beneficial in terms of catalyst stability. To this end,
a very active gold(1) complex (I, Chart 1)'* has been recently
presented showing high efficiency at very low loadings (25 ppm)
and relatively low temperatures (50 °C) in the gold-catalysed inter-
molecular hydroamination of alkynes. It is commonly accepted that
for this type of catalysis, the protodeauration step'® is rate-
determining, which should - in principle - be even more
accelerated by increasing the donor-strength of the ligands.
However, exceptions from this rather simple recipe have also
been observed, such that most electron-rich phosphines are not
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very efficient in triggering the hydroamination reaction.”® We
therefore became interested in studying electron-poor ligands
in gold-catalysed hydroamination reactions and in elucidating
the influence of a redox-switch on the catalyst performance.
Based on our previous experiences in redox-switchable/-induced
catalysis and our general interest in cooperative effects in multi-
metallic complexes,” we targeted the ferrocene-based phosphonite
ligand IV featuring both a redox-switchable entity and a Buchwald-
type ligand architecture (Chart 1).

Although aryl- and alkyl-substituted 1,3-dioxa-2-phospha-[3]-
ferrocenophanes have already been described before by Herber-
hold and co-workers,** their coordination chemistry or further
substitution of the P-bound ligand has not been reported so far.
The ligands of interest (1: R = Ter = 2,6-Mes,C¢H3; 2: R = Ph;** 3:
R = tBu®®) were synthesised according to (or by adapting) the
literature protocol from 1,1’-ferrocenediol and RPCl, and
obtained as orange crystals after work-up (ESIt). The ligands
were fully characterised, also including the molecular structures
of 1 and 3 (Fig. 1). The gold(1) complexes 4-6 were prepared in
good yields (65-69%) by treating 1-3 with [Au(tht)Cl] in thf
(Scheme 1). The successful coordination of the ligands was
verified by *'P NMR spectroscopy. All >'P NMR chemical shifts
show the expected upfield shift of ca. Adzp = 32-34 ppm upon
k"P-coordination (e.g: d31p (1) = 183.8 ppm and d5,p (4) = 147.8 ppm).
The structures of the complexes were determined by X-ray diffrac-
tion of suitable single crystals and confirmed the identities of the
products (Fig. 1). All gold complexes display the expected linear
coordination and typical Au-P bond lengths of ~221 pm. The
intermetallic distances between the Fe and the Au atoms vary from
d(Fe- - -Au) = 418.6(1) pm in 4 to 423.1(1) in 5 and 426.4(1) pm in 6,
respectively. As discussed above, low-coordinate gold complexes
with Buchwald-type ligands show arene m-interactions.>® Also in
our case, short Au---Cgyy contacts of the gold atoms to one
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Fig. 1 Molecular structures of 1 and 3—6. Selected distances (pm) and
angles (°): 1: Fel---P1 337.6(2); 3: Fel---P1 330.8(1); 4: Fel---P1 339.4(1),
Fel---Aul 418.6(1), P1-Aul 220.7(1), C100-C105-C115-C116 86.42; 5:
Fel.--Aul 423.1(1), P1-Aul 220.3(1); and 6: Fel.--P1 338.4(2), Fel---Aul
426.4(1), P1-Aul 221.4(1).
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Scheme 1 Synthesis of 1-6.

mesityl group of the terphenyl substituent were identified for 4
(d(Aul---C115) = 308.0(5) pm and d(Au1-C116) = 313.5(6) pm;
< (dihedral angle) C100-C105-C115-C116 = 86.42°), which are
shorter than typically found for gold(i) complexes of biaryl
phosphonites.>® Hence, a stronger stabilising effect during
catalysis may be anticipated. To determine the steric demand
of the studied [3]ferrocenophanes 1, 2 and 3, their buried
volumes (%Vy.)** were calculated using the crystal structure
data of the gold complexes and a fixed d(P-Au) of 228.0 pm. As
expected, the terphenyl substituted ligand 1 (50.9%) is relatively
bulky and similar to the known JohnPhos ligand (also 50.9%).
For 2 and 3, %V}, values of 34.8% and 33.8%, respectively, were
calculated. Although we have also determined the Tolman
electronic parameter (TEP) for 1 (2063.0 cm ') from its
iridium() complex [(k'P-1)Ir(CO),Cl],>* we refrain from a further
discussion due to known problems in categorising phosphite-
type ligands with TEP values.>®

The electrochemical properties of all title compounds (1-6)
were probed with the aid of cyclic voltammetry (Fig. S3-1/2 and
Table S3-1, ESIY). The ES), values for the (quasi)reversible iron-
centred oxidations (AE, = 0.12-0.21 V; i,c/ip, = 1) depend on the
coordinated transition metal fragment. Large anodic shifts of
the iron-centred redox events are observed when the pure
ligands (e.g. 1: EY, = 0.03 V) are compared with their gold complex
(e.g. 4: EY, = 0.30 V). In line with our previous studies,"*’ this
trend provides indications for a good electronic communication
between the metal atoms, although slightly weaker than in the
[1]ferrocenophane complexes reported earlier by our group.'*?
Nevertheless, it should be possible to alter the electronic properties
of the gold(1) atom by simply changing the oxidation state of the
ferrocene unit. The results prompted us to apply the stimulus-
responsive metal complexes in redox-induced catalysis.

The application of complexes featuring [n]metallocenophanes
as ligands in redox-switchable/-induced catalysis is limited to only
some reports.""'**” In gold(1) catalysis, redox-responsive carbene
complexes have been successfully applied by the groups of
Sarkar,?® Peris** and, more recently, Heinze.>®” In order to
investigate the applicability of the bimetallic complexes reported
herein, we have studied the hydroamination of terminal alkynes
using 4-6 and in situ generated 4°-6"° as catalysts. All reactions
were performed in C¢Dg at room temperature with NaBAr" as a
chloride scavenger and were monitored by 'H NMR spectroscopy
(referenced to an internal standard).

The Au(1) catalysts 4-6 were evaluated in the hydroamination
of terminal and internal alkynes using primary amines as
nucleophiles.?" First, we investigated the addition of aniline
(7a) to phenylacetylene (8a) in the presence of 0.1 mol% gold
catalyst in either the reduced or oxidized form (see Fig. 2a-c).

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a—c) Reaction profiles of the gold-catalyzed addition of aniline (7a,

1.1 equiv.) to phenylacetylene (8a, 1.0 equiv.) using 0.1 mol% of (a) 6/6*, (b)
5/5* and (c) 4/4™ at room temperature (25 °C) in C¢Ds; (d) kinetic analysis
and second order rate constants of the gold-catalyzed hydroamination
(0.1 mol%) of phenylacetylene (8a) with Ph-NH, (7a, blue): kreg7a = 32 M~ h™%
Kox-7a = 54 Mt h™! and Dipp-NH, (7b, green): kreq-76 = 10.2 M~t h%;
Kox-7a = 22.5 M~ h™%: solid circles: 4, open circles: 4*; (e) hydroamination
with Mes-NH, (7c); 0.01 mol% 4 (keq-7c = 7.7 M~ h™) and 4* (kox.7¢c =
12.9 M~th™Y; (f) hydroamination with Mes-NH, (7c), 0.001 mol% 4 (K,eq-7¢ =
0.8 Mt h™) and 4" (Kox7c = 1.7 M~ h™Y). Control reactions without any
Au complex but a pure oxidation reagent gave zero hydroamination.

The ¢Bu-substituted complex 6 displayed medium activity in the
hydroamination, nevertheless significant efficiency differences
between the reduced and the oxidized form are apparent. The
corresponding phenyl-derivative 5 was inferior to 6 and the
reaction did not yield higher conversion than 50% (Fig. 2b),
most probably a result of catalyst decomposition. Again, the
oxidized form displayed higher activity than the reduced form.
As a third system, we tested the terphenyl-substituted derivative
4 (Fig. 2c). This system displayed remarkable activity in the
reduced and oxidized forms, giving 80% and 88% conversion,
respectively, after 16 h at room temperature (25 °C). Notably,
the reaction profiles of these catalytic reactions did not display
catalyst degradation, as indicated by the second order rate plot
up to 88% conversion (see Fig. S5-1, ESIT). The short Au-Mes
contact, identified in the solid-state structure, has a stabilizing
effect on the catalytically active cationic gold complex, which
explains the poor performance of 5 and 6 in the hydroamination.

Also, the more sterically encumbered 2,6-diisopropylphenyl-
amine (Dipp-NH,, 7b, green) was active in the gold-catalyzed
hydroamination. Kinetic analysis of the Ph-NH, and Dipp-NH,

This journal is © The Royal Society of Chemistry 2019
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addition to the alkyne 2a displayed second order behavior,
suggesting the nucleophilic attack of the amine as the rate-
determining step (see Fig. 2d). The hydroamination proceeds
roughly two-fold faster with the oxidized catalyst 4" than with
its reduced form (4) for both amines (kox.7a/kred-7a = 1.7; kox-71/
krea7b = 2.2). However, the hydroamination of 8a proceeds
significantly faster with Dipp-NH, (7b, green) than with aniline
(7a, blue), probably as a result of the increased nucleophilicity.
This picture is supported by the substantial rate increase of the
hydroamination when Mes-NH, (7¢, red) was used as a nucleo-
phile. In fact, the reaction became too fast to obtain reliable
kinetic data and the catalyst loading needed to be reduced to
0.01 mol% and 0.001 mol% (Fig. 2e and f). The catalyst shows
high stability under both conditions up to high conversions.
Also for this reaction, app. two-fold rate increase was observed
(0.01 Mol1% 4: koyye/kred.7e = 1.7; 0.001 MO1% 4: koysp/krea.rp = 2.1).
The turnover frequencies for this catalytic reaction at room
temperature are 784 mmol s~ and 1857 mmol s~ * for 4 and
4%, respectively. Thereby, impressive turnover numbers (TON) of
66.000 (4) and 82.000 (4") were obtained in ca. 24 h at room
temperature. It is important to note that only a few catalysts exist
that allow for TON higher than 5.000 for the hydroamination of
terminal alkynes. Lavallo and co-workers reported gold() com-
plexes of a very bulky phosphine and obtained after 24 h a similar
TON value of 67.000 at 10 ppm catalyst loading for the hydro-
amination of PhC= CH (8a) with Mes-NH, (7¢), albeit at 50 °C.*>
In our case, the reactions are performed at room temperature;
furthermore, the TON can significantly be increased by in situ
oxidation of catalyst 4.

These kinetic data strongly support the nucleophilic addition of
the amine to the activated triple bond as the rate-determining step
in these phosphinate ester-derived Au catalysts in contrast to the
unimolecular protodeauration of electron-rich phosphine-derived
Au catalysts.

Furthermore, the catalyst system 4 was employed in the
hydroamination of electron-rich, electron-deficient and aliphatic
alkynes (Scheme 2). The electronic nature of the alkyne has a
significant impact on the efficiency. Electron-donating groups
(compare 9c and 9g) slowed the reaction down, which supports
the notion of the nucleophilic attack being the rate-determining
step. Nevertheless, all reactions went to full conversion within
24-9 hours. However, when a strongly electron-deficient alkyne is
applied, the reaction becomes unproductive. The fluorinated
imine 9d is only formed in trace amounts (7%) as a result of
inefficient alkyne activation by the catalyst, irrespective of the
oxidation state of the iron. Aliphatic alkynes were only reluctantly
hydroaminated within 24 h in medium yields. The hydroamina-
tion reactions were generally faster or gave higher yields when 4"
was applied, which gives rise to externally stimulated catalyst
modification. Overall, we observed high activities and impressively
high TON by employing a redox-active gold(1) complex featuring an
electron-deficient phosphonite-based ligand with Buchwald-type
architecture in the redox-induced hydroamination catalysis of
alkynes. Very low catalyst loadings (down to 10 ppm) and very
mild conditions (room temperature) were used. Second order
rate kinetics were observed for the addition to phenyl acetylene,

Chem. Commun., 2019, 55, 5323-5326 | 5325
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Scheme 2 Hydroamination of alkynes. Yields are given for 4 (upper value)
and 4* (lower value); humbers in parentheses correspond to reaction
times in [h]. Reactions were conducted on a 0.1 mmol scale in dg-benzene
with 0.1 mol% 4 and 0.1 mol% NaBAr" as activating agents. 4* was generated
in situ prior to the reaction by addition of 0.1 mol% [Fc(OAC)I[A{OC(CF3)3}4].
The yields were determined using 1,3,5-(MeO)sC¢Hs as an internal standard;
“reactions were conducted using a 1 mol% catalyst/activator.

suggesting the nucleophilic attack of the amine as the rate-
determining step for this catalyst system. In these studies, the
hydroamination with the three amines 7a-c¢ proceeds 1.7 to
2.1 times faster with the in situ oxidized catalysts than with their
reduced form.
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