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ABSTRACT: Oxidant-free Au(I)/Au(Ill)-catalyzed cross-cou- ® ®e o
pling has been recently enabled by the use of bidentate P,N- Electron  Oxidative  Reductive  Input

Donation Addition Elimination

ligands. To further develop these P,N-ligands, computational
studies were performed to understand their effects on the oxidative
addition of aryl iodide electrophiles with Au(I). Using this
mechanistic understanding, six new electron-rich P,N-ligands
were synthesized. The ligand exchange equilibrium and reductive
elimination were then characterized by using a Au(III)-mediated S-
arylation reaction. The results detailed herein provide new
fundamental insights in Au(I)/Au(III) ligand design.

he advent of oxidant-free Au(I)/Au(IIl) redox catalysis step in these reactions. Moreover, no elucidation of the ligand’s
has been enabled by careful ligand choice to provide an electronic effects on any of the elementary organometallic steps
alternative to well-defined, two-electron Pd(0)/Pd(II) redox was performed.
catalysis despite the higher redox potential of Au(I)/Au(III) To determine the effects of the P,N-ligand on the rate of
compared to that of Pd(0)/Pd(1I) (E° = 1.41 to 0.92 V, oxidative addition with Au(I) species, the reaction for the
respectively)." Most notably, the hemilabile bidentate P,P- and oxidative addition of iodobenzene with P,N-ligated Au(I)
P,N-ligands have recently received significant attention due to reagents was computed. The proposed mechanism begins with

their ability to stabilize the Au(III) center.””” Other C,N' -ligands halide abstraction by AgSbFq to form a cationic gold species with
have also been investigated to mediate these transformations®’ the SbF¢~ counteranion (SM). Subsequent coordination of the

along with tridentate, pyridyl-based species.'”'" These ligated iodoarene forms the iodine-coordinated intermediate (Intl)
Au(I)/Au(IIl) complexes have been used for the catalytic that undergoes a formal oxidative addition generating the
construction OfC(SII>2)—C(SP2);3'12'13 C(sp?)-N,"*7'C(sp?)— Au(III) complex (P).> By modulation of the amine and
0,18 C(s;z)—Se, ? C(sz)—S,4’19’20 and C(SPZ)—C(SP3) bond diphosphine components of the ligand, one can examine their
formation.”" Modification of the hemilabile P,N-ligand to effects on the oxidative addition barrier. Initially, the free-energy
incorporate chirality has also generated platforms for diagrams were computed with di-1-adamantylphosphine (1,
enantioselective transformations.””>> Generally, these catalytic PAd,), di-tert-butylphosphine (2, P'Bu,), and dicyclohexylphos-
methods use a P,N-ligated Au(I) precatalyst, often (Me- phine (3, PCy,) P,N-ligated Au complexes with a dimethylami-
DalPhos)AuCl, in the presence of a silver salt and base to no group as the N-substituent at the ®B97X-D /6-311+G(d,p),
enable these valuable transformations. SDD, SMD(dichloromethane)//B3LYP-D3/6-31G(d),

In order to further develop new and/or improved reactivity, it LANL2DZ, and SMD(dichloromethane) level of theory.
is critical to understand the role of the ligand with regard to each Despite having significantly different steric profiles, these ligands
elementary step of the reaction cycle. Recently, our groups have very similar free energies of activation (16.4—18.2 kcal/
reported the use of stopped-flow/UV—vis spectroscopy to mol, Figure 1A) for oxidative addition (AG,), suggesting that
monitor the rates of the ligand exchange and reductive this reaction may be driven primarily by the electronic effects of

elimination for Au(Ill)-mediated S-arylation.”" This mecha- the P,N-ligand. To test this hypothesis, calculations were
nistic insight led to the development of a sterically less bulky
P,N-ligand that improved the rate of thiol coordination to the
Au(TI1I) center from 2,560 to 16,600 M~' s™*. However, the less ReC_Eived: October 27, 2024
bulky ligand slowed the reductive elimination from 7.92 to 1.28 Revised:  December 3, 2024
s”!, highlighting the opposing effect on rates for these AccePted: December 5, 2024
elementary steps. While these steric effects were examined for Published: December 9, 2024
the ligand exchange and reductive elimination, they were not

determined for the oxidative addition, which is often the limiting
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Figure 1. A) Reaction coordinate diagrams for the oxidative addition of iodobenzene with PAd,- (1), P'Bu,- (2), and PCy,-based (3) P,N-ligated
Au(I) complexes calculated at the @B97X-D/6-311+G(d,p), SDD, SMD(dichloromethane)//B3LYP-D3/6-31G(d), LANL2DZ, SMD-
(dichloromethane) level of theory. B) Calculated AG,,* and AGy,, for the oxidative addition of iodobenzene with different diphosphine and

amine substituents on the P,N-ligated Au complex.

performed with smaller dialkylphosphine P-substituents,
namely, diisopropylphosphine (4, P'Pr,) and dimethylphos-
phine (5, PMe, ), which had AG,,* values of 17.3 and 17.4 kcal /
mol, respectively (Figure 1B). This confirms that there is llttle
steric dependence of the diphosphine substituent on the AGp,¥.
By examining more electron-deficient diphosphine substituents
on the P,N-ligand scaffold, namely, diphenylphosphine (6,
PPh,) and dihydrophosphine (7, PH,), a AAG,* of >2.7 keal/
mol for 6 and 7 compared to 1—5 was observed. Furthermore,
the N-substituent was varied as other DalPhos ligands have been
shown to induce valuable catalytic transformations.'***~*° In
agreement with the calculations for the diphosphine-modified
P,N-ligands, the more electron-deficient amlnes, piperidine (8)
and morpholine (9),>"*” have higher AG,* values of 19.7 and
22.4 kcal/mol, respectively. Notably, the free energy of reaction
(AGg,y,) is endergonic for the 8 and 9 ligated complexes, likely
due to the less donating amine poorly stabilizing the cationic Au
center. For each dimethylamino-substituted P,N-ligated com-
plex (1—7), AGy,, is exergonic and the equilibrium favors the
formation of the Au(III) oxidative addition complex (P). Taken
together, these results demonstrate that while there is no
observable steric effect significantly influencing the oxidative
addition barrier, more electron-rich ligands do lower the AG, i
and vice versa (Figure 1B).

In order to improve the kinetics of the oxidative addition for
P,N-ligated Au(I) complexes, we sought to add electron-
donating groups to the aryl rings both para and meta to the N-
substituent (Figure 2). Accordingly, the effects of methyl,
methoxy, and dimethylamino substituents were computationally
examined as weak, mild, and strong electron donating groups,

Entry | Substituent | AG,,* (kcal/mol)
~7 SbFs |t 1 H 17.8
‘(\ @/@ 10 pMe 17.4
mQ\F{ — 1 p-OMe 17.7
/w/ﬁ«\u"/,@ 12 p-NMe, 16.1
! 13 m-Me 15.4
TSon 14 m-OMe 17.8
15 m-NMe, 13.7

Figure 2. Calculated AG,, A for the oxidative addition of iodobenzene
with aryl substituents at the p- or m-site on the P,N-ligated Au complex.
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respectively.”” When these substituents are para to the N-
substituent, there is no change (AAG,¥ < —0.4 kcal/mol) for
both the methyl (10) and methoxy (11) groups compared to the
unsubstituted ligand (1). However, with the dimethylamino
substituent (12), there is a AAG,¥ of —1.7 kcal /mol compared
to that of 1. These minimal changes for 10 and 11 are likely due
to the nitrogen of the P,N-ligand being out of the plane of the
ring and being unable to effectively receive electronic donation
from the added substituents. When the substituents are meta to
the amine, more significant decreases in AGg,* for the methyl
substituent (13, AGo,* = 15.4 kcal/mol) are observed, likely
due to the increased donating capacity of the substituent to the
phosphorus of the P,N—Iigand.33 However, there is no change
with the methoxy substituent (14, AGo,* = 17.8 kcal/mol). We
propose that this is due to the ability of the methoxy substituent
to act as both an inductively withdrawing group and a resonance
donating group, whlch counteract any effects that would lead to
a change in AG,,*F. W1th the electron-rich dimethylamino
substituent (15), a AGO ¥ value of 13.7 kcal/mol was calculated.
This value is 4.1 kcal/mol lower than that of 1, further
emphasizing the ability of electronic effects to modulate the
oxidative addition barrier (Figure 2).

Given that the aforementioned aryl modifications show either
no change or a decrease in the oxidative addition barrier (Figure
2), we sought to synthesize these ligands and their
corresponding Au(I) complexes and Au(IIl) oxidative addition
complexes (OACs) to examine their reactivity in the ligand
exchange and reductive elimination. To prepare these Au(III)
compounds, the P,N-ligands were synthesized via Pd-catalyzed
C(sp®)-P cross-coupling with di-1-adamantylphosphine from
the ortho-halo-dimethylaniline. These ligands were then
metalated to access the Au(I) complex. Oxidative addition
with Au(I), a silver salt, and an aryl iodide generated the Au(III)
OAC (Figure 3A). P,N-Ligands containing p-methyl (16), p-
methoxy (17), and p-dimethylamino (18) substituents relative
to the aniline were synthesized in 56—68% yield, and the ligands
containing m-methyl (19), m-methoxy (20), and m-dimethyla-
mino (21) substituents relative to the aniline were isolated in
57—84% yield (Figure 3B, see the SI for details). Notably, all
ligands were isolated by flash column chromatography, and most
can be stored under open air conditions with no appreciable
formation of the phosphine oxide for months. However, 21
showed some degradation to the phosphine oxide product over

https://doi.org/10.1021/acs.orglett.4c04045
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Figure 3. A) General scheme to synthesize P,N-ligands, Au(I) complexes, and Au(III) OACs. B) Structures of electron-rich P,N-ligands synthesized.
C) Structures of Au(I) complexes synthesized. D) Structures of Au(III) OACs synthesized.

A B Aryl Substituent | Kgq (M) | kge(s™)
Ha 306 7.92
SbF,
o 5 IseFs p-Me (28) 291 4.52
mQR ) w f\( Qk 141 MeONOO MM Tris £ g(\ p-OMe (29) 341 4.24
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Figure 4. A) Reaction mechanism for the Au(III)-mediated S-arylation of GSH from reagents 28—33. X is ambiguous due to counterions in the
reaction buffer. B) Ky, and kj are obtained from stopped-flow/UV—vis spectroscopy rate measurements. See the SI for details. N/A = not applicable
due to insolubility of 33 in the reaction conditions. *Values determined previously.”* C) TSy for the Au(III)-mediated S-arylation of GSH. X is

ambiguous due to counterions in the reaction buffer.

4 weeks on the bench, emphasizing the relatively electron-rich
diphosphine on this scaffold. These P,N-ligands were then
metalated using HAuCl,-3H,0 and 2,2’-thiodiethanol to afford
Au(I) complexes 22—27 as white solids in 70—95% yield
(Figure 3C, see the SI for details). The P,N-ligated Au(III) para-
toluene OACs 28—33 were prepared using stoichiometric Au(I)
and AgSbF, with excess para-iodotoluene. These Au(III) OACs
were synthesized in 68—94% yield and are all bench-stable solids
that can be stored outside of the glovebox with no additional
precautions (Figure 3D, see the SI for details). These complexes
are isolated with the chloride ligand coordinated to Au(III),
likely due to the lower solubility of Agl.

To characterize the reactivity of the OACs in the ligand
exchange and reductive elimination, Au(IIl)-mediated S-
arylation was performed with glutathione (GSH) as a model
reaction. Stopped-flow/UV—vis spectroscopy was used to
profile both the ligand exchange equilibrium and the rate of
reductive elimination (Figure 4A). Rate measurements were
performed for each of these complexes using a S uM solution of
the Au(IIl) reagent with superstoichiometric GSH to induce
pseudo-first-order conditions (see the SI for details). Complex
33 was not soluble under these conditions and therefore was
unsuitable for the kinetics experiments. All of the equilibrium
constants (Kg,) for the rapid ligand exchange elementary step
for 28—32 favor the formation of the S-coordinated

https://doi.org/10.1021/acs.orglett.4c04045
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intermediate (Int3) with values from 277 to 708 M~" (Figure
4B). Reductive elimination from Int3 via TSy (Figure 4C)
generates the S-arylated product (GSH-pTol) and the Au(I)
byproduct. For the p-substituted Au(III) OACs, there is a
minimal difference in the reductive elimination rate constant
(kgg) for both the methyl (28) and methoxy (29) substituents at
4.52 and 4.24 s7', respectively. With the p-dimethylamino
Au(III) OAC (30), there is a notable decrease in the kg value to
2.40 s~'. Examining the m-substituted Au(III) OACs, kg values
of 2.61 7" for the methyl substituent (31) and 4.93 s™" for the
methoxy substituent (32) were determined (Figure 4B). These
results indicate that more electron-rich ligands influence the
corresponding Au(III) complexes to undergo slower reductive
elimination, with the p-dimethylamino (30)- and m-methyl
(31)-substituted P,N-ligands having the lowest kg values. Also,
the slower rates of reductive elimination for these ligands agree
with the observation that the reverse reaction (i.e., oxidative
addition) was accelerated with these substituents (Figure 2). As
such, we propose that kg for the m-dimethylamino Au(III)
OAC (33) would be the lowest among the P,N-ligated Au(III)
OAC:s tested herein. Additionally, the computed free energy of
reductive elimination (AGg;¥) of methanethiol from 33 is 1.3
kcal/mol higher in energy than the calculated unsubstituted aryl
complex (see the SI for details).”* The results presented herein
are in general agreement with previously calculated Au(I)/
Au(III) systems3’4’ll as well as Pd(0)/Pd(II) systems that can
modulate the rates of oxidative addition and reductive
elimination based on the electronic properties of the ligand.****

In this report, both the steric and electronic effects of the P,N-
ligated compounds were elucidated for the oxidative addition
from Au(I) compounds. Using this mechanistic insight, six new
electron-rich P,N-ligands were synthesized, four of which are
synthesized in two steps from commercially available starting
materials. The corresponding P,N-ligated Au(I) complexes and
organometallic Au(III) OACs were isolated. Finally, stopped-
flow kinetic analysis was performed on five of these Au(III)
OAC:s to examine the ligand exchange equilibrium and the rates
of reductive elimination.’® Taken together, this work provides
key understanding of the elementary steps of P,N-ligated Au(I)/
Au(III) redox reactions and may allow for the tailoring of ligands
to effectively perform Au(I)/Au(IIl)-catalyzed’” or -mediated
reactions.
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