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reductive elimination. Combined experimental and computational investigations lead to the first evidence of a direct

intramolecular C(sp®)-N(sp®) bond formation from a monomeric [(CAN)AuCl,] gold(lll) complex. We show that bidentate

ligated Au(lll) systems bypass transmetallation to form C(sp*)-N(sp?) species and NHC-Au-Cl. Mechanistic investigations of

the reported transformation reveal a ligand-induced reductive elimination via a key Au" intermediate. Kinetic studies of the

reaction studied support a second-order rate process.

Introduction

Rudimentary steps associated with transition metal-catalyzed
processes can be appropriately tuned to improve reaction
efficiency.l'2 Additionally, synthesis of stable metal complexes in the
process require innovative synthetic maneuvering. Reductive
elimination affords a key product-releasing step in catalytic and
stoichiometric transformations in organic synthesis. The use of d
metal centers including palladium(ll), platinum(ll), nickel(ll) to form
new C-Cand C-X (X=S, O, I, N, P), bonds have been well studied and
their mechanistic insights sufficiently unraveled®®. These studies
have led to useful cross-coupling reactions, such as the formation of
arylamines from C(spz)—N elimination, evidenced by the Buchwald-
Hartwig cross-coupling reaction.”® Other high-valent pt"Y, pdV, NiV
and Rh"
formation.”™ While these have been well advanced, synthetic

complexes have been employed in reductive C—X bond

transformations associated with Au(lll) need further exploration.

Thus, a vast chemical space exists to explore reductive elimination
. 15-17

using gold centers.
Reductive elimination can be an intricate part of decomposition

mechanisms associated with transition metal compounds with high
oxidation states including gold(lll)m'lg. In seminal investigations,
Kochi®®? and Tobias®® showed carbon-carbon coupling using
alkylgold(l1l) and Vicente demonstrated that unsymmetrical biaryls
can be generated via carbon-carbon coupling from cis-diarylgold(lIl)

with concomitant Au(l) species formed as proof of reductive

-25 (

elimination®*® (Scheme 1A). Work by Toste probed the kinetic rates
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of carbon-carbon reductive elimination”® via associative ligand
exchange (Scheme 1B) and further investigated halide-dependent
mechanisms of reductive elimination of Au(III)S’ 7 Recent examples
of C(spz)—C(sp2)28'31, C(spz)—X32'33, and C(spz)—NSL"36 (Scheme 1C) bond
formation from putative monomeric species of Au(lll) reveal
electronic and steric impact on reactivity and synthesis. Work so far
to understand the fundamentals of Au-catalyzed C(spz)—N formation
as well as electronic and steric effects on reaction rates and
mechanism remains unexplored.

Scheme 1. reductive elimination

Au""Halide Species. A-B) C — C reductive elimination from gold. C)

Ligand-induced involving

precedent for gold(l)-catalyzed intermolecular C — N bond. D)
Evidence for intramolecular C— N bond formation from gold(ll1).
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We envisioned that reductive elimination from a rigid cyclic biaryl
system facilitated by a nucleophile would be a representative model
to study C(spz)—N(spz) bond formation and importantly offer an
operationally simple but rapid strategy to access Au(l) for potential
applications (Scheme 1D). Specifically, phosphine coordinating
ligands and in situ-generated carbene nucleophiles could induce
intramolecular C(spz)—N formation from a well characterized
cyclometalated (C,N) Au(lll) motif. The example of the gold-mediated
C-N reductive elimination presented leads to the concomitant
generation of NHC-Au-Cl or NHC-Au-NHC under normal atmospheric
conditions in low to moderate yields. Additionally, mechanistic
insights and kinetic investigations into this novel reaction system are
described.

Results and discussion

Cognizant of the stability of (C,N)-cyclometalated Au(lll) complexes,
we designed a strategy that would employ the neutral,
cyclometalated gold(lll) motif, 1 and 1'. We found these complexes
to be air-stable and in addition, bears carbon atoms that could yield
a favorable five-membered cyclized product following reductive C—N
bond formation.

The reactivity of the well-defined complex towards reductive
elimination was next explored. Using an equimolar suspension of 1
or 1’ and imidazolium salts (2a-e) in 1,4-dioxane, the solution was
heated at 100 °C in the presence of a tetrabutylammonium
acetylacetonate salt (NBuy(acac), Scheme 2). As expected, "H-NMR
of the reaction mixture after 10 min showed complete
disappearance of the methine peak of imidazolium salts (2a-e),
indicative of carbene formation, which facilitates conversion to
respective reductively eliminated Au(l) products, 3 and 4a-e from 1.
The reaction yields for 3 varied depending on the substrate, typically
from 73 — 7% as deduced by proton NMR. We reason that, the X-ray
structure of [(C"N)AuCIZ]37 reveals a longer Au—Cl bond trans to the
aryl carbon, which provides feasibility for ligand exchange with
approaching donor ligands.

We were fortunate to obtain single crystals from slow evaporation of
the reaction mixture. The yellow crystals were suitable for X-ray
diffraction (Figure 1). The structure of 3 shows a slightly puckered
planar geometry with C—N bond distances comparable to other
benzoylpyridinium salts.®®

Given that most reductive elimination studies are driven by
thermolysis, we conducted control experiments to demonstrate that
the observed C—N bond formation was not simply a result of thermal
elimination, but a nucleophile-promoted reductive elimination.
Compound 4a was not observed when 1 was heated to 100 Cin 1,4-
dioxane or 80 C in acetonitrile for 10 min. Furthermore, in support
of nucleophile-promoted reductive elimination, treatment of 2a with
1 without a base did not produce 3 or 4a (Figure S39). We
hypothesized that in situ carbene generation following the
deprotonation of the methine proton in 2a by NBu,(acac), NaHCO3,
or KOtBu results in a carbon nucleophile that initiates reductive
elimination. We note that the use of NBu,(acac) leads to a clean
conversion to reductive elimination products in a remarkably shorter
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Scheme 2. Carbene-promoted
organogold(lll)
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Figure 1. X-ray crystal structure of 3. Thermal ellipsoids set at 50%
probability. For 3, a single cation is shown, the actual structure had
two crystallographically independent cations plus an extended
polymeric [AgCl,] chain anion.

time of 10 min, compared to relatively longer reaction times with
NaHCO; or KOtBu. It can be attributed to the strong basicity of
NBug(acac), which contributes to its effectiveness as base in the
presence of gold. We further expanded the scope of nucleophiles to
study the effect of electronic and steric diversity of imidazolium salts
on reductive elimination (Scheme 2). Salts bearing aromatic
substituents generated clean reactions with no side products.
Assessing the functional group tolerance of this reaction, we used an
imidazolium salt with a phenolic group (2c) as the carbene source. To
our delight, NHC-Au(l)-Cl, 4c, formed bearing phenolic side arms.
Scheme 3. Phosphine-promoted reductive elimination from
organogold(lll)
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Figure 2. (a) Reaction profile for the formation of 4a from 1 monitored by "H-NMR and the consumption of 2a. (b) A linear plot of 1/[2a]

vs. time implies second-order kinetics, kis 0.1080 M'l-s'l, 1.00 equiv. of NBug(acac) at 80 °C.. (c) Comparison of reaction rates: Bl represents

the reaction of 1 and 2a and e is for that of 1 and 2e. Both experiments were performed at 80 °C and 1.75 equiv. of NBu,(acac) was used,
respectively. k is 1.9286 Mts? (R2=0.9966) for @ and 0.0954 M5 for @ (R2=0.9944). (d) Comparison of reaction rates: B represents the
reaction of 1 and 2a and e is for that of 1' and 2a. Both experiments were performed at 80 °C and 1.75 equiv. of NBug(acac) was used,
respectively. k is 1.9286 M™s™ (R>=0.9966) for M and 0.3111 M™s™ for e (R>=0.9907).

Having established the reactivity of the (C,N)-cyclometalated
gold(Ill) complex, 1, towards reductive elimination, we tested
whether phosphine coordination could achieve the same result
(Scheme 3). Bidentate phosphine, 2f, gave rapid conversion (5
min) to Au(l) phosphine complex and the pyridinium cation (3) at
room temperature, the product was confirmed by X-ray
crystallography as in figure 1 and mass spectrometry. Overall, we
discovered a reductive elimination protocol to produce an
unprecedented C(spz) - N(spz) bond formation using
imidazolidene or phosphine ligands with NHC-Au(l)-Cl or
phosphine-Au(l) compounds. From these studies, we
demonstrated that C(spz) — N bonded and Au(l) compounds can
be generated rapidly in respectable yields under air-stable
conditions for numerous applications from neutral Au(lll).

This journal is © The Royal Society of Chemistry 20xx

Kinetic studies for the steric and electronic properties of the NHC
and [(CAN)AuCI;]. Mechanistic underpinnings of the described
reductive C — N bond formation were derived from 'H-NMR
spectroscopic studies. Mixtures of varying molar equivalents of
complex 1, 2a, and NBug(acac) in CD3CN at 80 °C were used as
model reactions. Consumption of 1 in acetonitrile followed
second-order reaction kinetics, which were monitored by
integrating peaks from 2a or 4a (Figure 2(a) and S42-45)

Kinetic investigations of the reaction of 1 with 2a (using
NBuy(acac); equiv. =0.75, 1.00, 1.25, 1.50 and 1.75) under second-
order conditions were performed, inspired by the proposed
mechanism of the reductive elimination process. A second-order

J. Name., 2013, 00, 1-3 | 3
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dependence on the reactants was observed, as highlighted by the
linear dependence of 1/[2a] versus time when equimolar starting
concentrations of 1 and 2a were used ((Figure 2(b), [NBug(acac) =
activated 2a]. In addition, a plot of rate versus concentration in
Figure S50 shows a non-linear relationship, indicative of a second-
order process. NMR monitoring of the conversion of 2a enabled
the determinaation of an experimental rate constant (k= 0.1080
to 1.9286 M's™ from 0.01024 to 0.01610 M). The reaction rate
was accelerated by increasing NBud(acac) concentration,
indicative of a kinetic salt effect.
An Eyring analysis over a temperature range (24 — 80 °C) in CH;CN
provided kinetic parameters of the rate-determine step, AH* = 6.4
+ 1.2 kcal/mol, AS” = -0.044 + 0.004 kcal/mol K, and AG* = 18.3
0.07 kcal/mol at 273.15 K (Figure S51). This reveals that the
reductive elimination from Au(lll) not only has low enthalpy of
activation but negative entropy of activation, which is consistent
with the proposed associative mechanism.

A G (H) e N
kcal mol™!

== CH;CN
(IEFPCM)

Journal Name

We then chose 2e as a substrate for comparative kinetic studies
to evaluate the steric and electronic effe%ﬁ{ﬁ%‘_{'&?fé@%@@?{é@i
reaction. The reaction was performed under similar experimental
conditions (i.e. CD5CN at 80 °C) as described for 2a. To monitor the
reaction, the peaks were integrated from 2e and 4e (7.60 and 7.28
ppm, respectively), which were the protons on the imidazole ring
(Figure S46-48). Similar to the reaction of 1 with 2a, the reaction
of 1 with 2e follows a second order profile. Strikingly, figure 2(c)
shows that the reaction of 1 with 2a is 20 times faster than that of
1 with 2e. Mesitylene groups of 2a seem to make a positive
contribution to the increased reaction rate, which is in good
agreement with previous data that measured nucleophilicity of
NHCs.* In addition, we probed how the electron properties of
[(CAN)AuUCI,] affected the rate by performing the reaction with 1',
2a, and NBuy(acac) (1.75 equiv.) in CD;CN at 80 °C.

—
L2 17.6 ~

- (-22.1) o
-21.6 (eed Z.
(-18.9) ..

Figure 3. Computed overall free energy profile of the intramolecular C-N reductive elimination process at the wB97x-D/def2-TZVP level of

theory in implicit acetonitrile.
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The proton peaks at 7.18 or 7.12 ppm of 2a and 4a respectively, were
used to monitor the reaction. A second order kinetic profile was
deduced. In Figure 2(d), a significant difference in reaction rates was
observed, the reaction of 1 with 2a was 14 times faster than that of
1' with 2a. The only distinction between 1 and 1' is carbonyl vs.
methylene group respectively. The carbonyl group is likely to impart
electron withdrawing effects that renders the gold center more
electropositive relative to the methylene cyclometalated gold, 1’.
Improved reactivity of 1 as a result of the benzoylpyridine ligand
dictates the rate of reaction. In support of this phenomenon, we
calculated Fukui indices using three different atomic charges
schemes (Mulliken and Lowdin charges, as well as Hirshfeld
partitioning), and the indices were calculated as previously
described™®. All three charge methods delivered an increased
electrophilicity at the Au center for 1 in comparison to 1’ (see Sl for
details). For reliable results, an all-electron relativistic approximation
(zeroth order regular approximation, ZORA) was used together with
ORCA 4.*"* Taken together, the experimental kinetics are consistent
with ligand-induced reductive elimination, a clear departure from
the zero- or first-order kinetics widely reported for unimolecular
thermolysis.

Theoretical studies of reaction mechanism. To gain insight into the
mechanism of the reaction and its energy profile, we turned to DFT
calculations. A first stable intermediate by associative ligand-
exchange was calculated 13.8 kcal/mol lower in free energy than the
approaching reactants (IM1, Figure 3). We experimentally detected
the intermediate, IM1 via ESI-MS (Figure S54). A first transition state
(TS1), 9.3 kcal/mol above the reactant complex was found to precede
the formation of IM1, as confirmed by intrinsic reaction coordinate
calculations (IRC). An elongated Au-Cl bond at 2.68 A, trans to Au-C
bond of the cyclometalated Au(lll) complex, was observed with an
approaching carbene, confirming the associative ligand-exchange
proposition. Following the formation of the Au(lll) intermediate IM1,
we observed a second transition state (TS,,), only 6.8 kcal/mol above
the IM1 level. Although two possible pathways to C-N reductive
elimination were envisaged, no theoretical evidence supports a
concerted mechanism during which the Au-N bond is cleaved while
the new C-N sp2 is formed. Indeed, for the second path, two
subsequent events were found, which first involve the breakage of
the metal-nitrogen bond through a trigonal pyramidal transition
state (TS,.), well-known for substitutions on square pyramidal
complexes (here, the attack of the chloride ion back on the metal
center) and secondly, the formation of the tricyclic aromatic system
(TS,p, AG =40 kcal/mol), concomitantly with the release of the Au(l)
complex and the chloride ion. This reductive elimination step further
brings a strong thermodynamic drive to the reaction. This was also
confirmed by IRC pathways (Figure 3). Therefore, the experimentally

This journal is © The Royal Society of Chemistry 20xx
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elucidated X-ray structure of 3 coupled with ESI-MS of the key
intermediate (IM1) in combination with computational methods lead
to the proposed mechanism of intramolecular C-N reductive
elimination via associative ligand exchange.

General Information All reagents were purchased from either
Oakwood Chemicals, VWR, Acros, or Aldrich, and used without
further purification. Compounds 1 and 1’ were prepared according
to literature procedure and well characterized prior to usage43'44. All
reactions were carried out under normal atmospheric conditions.
Deuterated solvents were purchased from Cambridge Isotope
Laboratories (Andover, MA). ' NMR spectra were recorded on a
Varian Unity 400/500 NMR spectrometer with a Spectro Spin
superconducting magnet in the University of Kentucky NMR facility.
Chemical shifts in 'H NMR spectra were internally referenced to
solvent signals (1H NMR: DMSO at & = 2.50 ppm and CDCl; at § =
7.26). Electrospray ionization mass spectrometry (ESI-MS) was
performed on an Agilent Technologies 1100 series liquid
chromatography/MS instrument. High-resolution mass spectra
(HRMS) were obtained by direct flow injection (injection volume =5
or 2 uL) ElectroSpray lonization (ESI) on a Waters Qtof API US
instrument in the positive mode (CIC, Boston University). Typical
conditions are as follows: capillary = 3000 kV, cone = 35 or 15, source
temperature = 120 °C, and desolvation temperature = 350 °C. Bulk
purity of new compounds was assessed by combustion elemental
analysis for C, H, N. Elemental analysis was carried out at the
microanalysis lab at University of lllinois Urbana Champaign using
Perkin Elmer 2440, Series Il with a combustion temperature of ~2000
'C and accuracy of 0.3% abs. Reactions were monitored using
aluminum backed silica-gel thin-layer chromatography (TLC) plates
(Silicycle, TLA-R10011B-323, Canada) and visualized under low-
wavelength light (254 nm) or stained with iodine on silica for
visualization with the naked eye. Purification of reactions was
performed using silica-gel (Silicycle, P/N: R10030B (SiliaFlash®F60,
Size: 40-63 um, Canada) chromatography. The CombiFlash® Rf+
Lumen, Teledyne ISCO was used purification of some compounds.
Quantum chemical calculations using Gaussian® were performed on
the University of Kentucky high-performance computing (HPC)
facility.

Synthesis of Au(IMes)Cl (4a). Under normal atmospheric conditions,
dichloro(2-benzoylpyridine)gold(lll), 1 (20 mg, 0.04 mmol) and 2a (15
mg, 0.04 mmol) were dissolved in 5 ml of 1,4-dioxane with
NBug4(acac) (29 mg, 0.09 mmol), and the solution was stirred and
refluxed at 110 °C for 20 minutes. The color changed from pale
yellow to purple and the reaction solution was monitored by TLC in
5% MeOH - DCM. 4a showed a spot of Rf ~ 0.9 and Rf ~ 0.8 is for 3 on
TLC. 4a was separated by silica-gel chromatography with DCM as

J. Name., 2013, 00, 1-3 | 5
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eluent (Yield: 12 mg, 51 %) and then eluent was changed to 25 %
ethyl acetate in Hexane to separate 3 (Yield: 5 mg, 40%). For 4a, H
NMR (400 MHz, acetonitrile-d;) 6 7.36 (s, 2H), 7.11 (s, 4H), 2.37 (s,
6H), 2.11 (s, 12H); *C NMR (101 MHz, chloroform-d): & 173.29,
139.73, 134.64, 134.59, 129.44, 122.13, 21.11, 17.73. For 3, 'H NMR
(400 MHz, Chloroform-d) & 16.33 (s, OH), 8.56 (d, J = 4.4 Hz, 1H), 8.00
(d,)=7.8Hz, 1H), 7.86 (t, ) = 7.7, 1H), 7.55 (t, ) = 7.6, 1H), 7.48 (t, ) =
7.5, 1.4 Hz, 1H), 7.42 (dd, ) = 7.6, 1.3 Hz, 1H), 7.28 (d, J = 1.5 Hz, 1H),
1.87 (s, 6H). *C NMR (101 MHz, Chloroform-d) & 197.71, 190.95,
154.88, 148.92, 140.69, 137.22, 135.69, 132.38, 131.17, 129.77,
127.73, 126.81, 123.45, 113.27, 24.40. LRMS (ES-API) (Methanol,
m/z): calcd for C17H1gNO5 [M+H] 282.1, found: 282.1.

Synthesis of Au(IDip)Cl (4b). Under normal atmospheric conditions,
dichloro(2-benzoylpyridine)gold(lll), 1 (22 mg, 0.049 mmol) and 2b
(22 mg, 0.053 mmol) were dissolved in 5 ml of 1,4-dioxane with
NBuy(acac) (33 mg, 0.096 mmol), and the solution was stirred and
refluxed at 110 °C for 90 minutes. The color changed to purple and
the reaction solution was monitored by TLC in 5 % MeOH in DCM. 4b
showed a spot of Rf ~ 0.9 and Rf ~ 0.8 is for 3 on TLC. The product
was separated by flash silica-gel chromatography with gradient
elution. (0 to 5 % MeOH in DCM) (4b: Yield: 15 mg, 56 % and 3: Yield:
7 mg, 47 %). For 4b, "H NMR (400 MHz, Chloroform-d) 6 7.48 (dd, J =
8.1,7.5Hz 1H), 7.27 (d, J = 7.8 Hz, 2H), 7.15 (s, 1H), 2.54 (hept, J = 6.8
Hz, 2H), 1.33 (d, J = 6.9 Hz, 6H), 1.20 (d, J = 6.9 Hz, 6H); *C NMR (101
MHz, chloroform-d) & 175.42, 145.55, 133.94, 130.70, 124.23,
123.02, 77.30, 76.98, 76.66, 28.79, 24.43, 24.00; HRMS (ESI) (DCM,
m/z): calcd for C,7H36AUCIN, [M+Na] 643.2130, found: 643.2137.

Synthesis of Au(lOH)CI (4c). Under normal atmospheric conditions,
dichloro(2-benzoylpyridine)gold(lll), 1 (25 mg, 0.056 mmol) and 2c
(16 mg, 0.056 mmol) were dissolved in 6 ml of 1,4-dioxane with
NBug(acac) (40 mg, 0.116 mmol), and the solution was stirred and
refluxed at 110 °C for 40 min. The reaction was monitored by TLC in
5 % MeOH in DCM and the solution color was purple at completion.
3 showed a spot of Rf ~ 0.8 and 4c is for Rf ~ 0.5 on TLC. 4c and 3
were separated by silica-gel chromatography with 25 % ethyl acetate
in Hexane as eluent (4c: Yield: 4 mg, 14 % and 3: Yield: 7 mg, 44 %,
respectively). For 4c, "HNMR (400 MHz, DMSO-dg) 6§ 9.97 (s, 2H), 7.88
(s, 2H), 7.55 (d, J = 8.7 Hz, 4H), 6.92 (d, J = 8.6 Hz, 4H). *C NMR (101
MHz, DMSO-d6) & 167.74, 157.97, 130.67, 126.51, 123.24, 115.79.
Anal. Calc. for CysHy,AuCIN,O, 0.87CgH14: C 43.39; H 4.35; N 5.01.
Found: C43.99; H3.77; N 5.18. For 3, "H NMR (400 MHz, Chloroform-
d) 5 8.56 (d, ) = 4.8 Hz, 1H), 8.00 (d, J = 7.8 Hz, 1H), 7.86 (t, ) = 7.7 Hz,
1H), 7.61 (d, J = 7.5 Hz, 1H), 7.55 (t, ) = 7.5 Hz, 1H), 7.48 (t, J = 7.6 Hz,
1H), 7.42 (dd, J = 7.6, 4.8 Hz, 1H), 7.27 (d, J = 7.4 Hz, 1H), 1.87 (s, 6H).
3C NMR (101 MHz, Chloroform-d) § 197.73, 190.98, 154.82, 148.92,
140.63, 137.25, 135.66, 132.38, 131.20, 129.76, 127.75, 126.85,
123.46, 113.25, 24.43.

Au(ICy)BF, (4d). Under normal atmospheric conditions, dichloro(2-
benzoylpyridine)gold(lll), 1 (21 mg, 0.046 mmol) and 2d (15 mg,
0.046 mmol) were dissolved in 5 ml of 1,4-dioxane with NBu,(acac)
(32 mg, 0.093 mmol), and the solution was stirred and refluxed at
110 °C for 15 minutes. The color changed from pale yellow to purple
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and the reaction solution was monitored by TLCin 5 % lleOH in PCM.
4d showed a spot of Rf ~ 0.9 and Rf ~ 0.5 BFoitBLomTLED Behivals
separated by silica-gel chromatography with DCM as eluent (Yield:
12 mg, 56 %) and then eluent was changed to 25 % ethyl acetate in
Hexane to separate 3 (Yield: 1 mg, ~ 7 %). For 4d, 4 NMR (400 MHz,
DMSO-dg) 6 7.59 (s, 2H), 4.45—-4.33 (m, 2H), 1.97 - 1.88 (m, 4H), 1.87
—1.69 (m, 8H), 1.67 (d, J=12.9 Hz, 2H), 1.39 (q, J = 13.2, 12.6 Hz, 4H),
1.26 — 1.11 (m, 2H); 3C NMR (101 MHz, chloroform-d) & 168.27,
117.12, 77.33, 77.01, 76.69, 60.90, 34.02, 25.27, 25.05; HRMS (ESI)
(DCM, m/z): caled for CisH,4AuCIN, [M+Na] 487.1191, found:
487.1187.

Synthesis of Au(ItBu)BF, (4e). Under normal atmospheric conditions,
dichloro(2-benzoylpyridine)gold(lll), 1 (20 mg, 0.04 mmol) and 2e (12
mg, 0.04 mmol) were dissolved in 5 ml of 1,4-dioxane with
NBug4(acac) (29 mg, 0.09 mmol), and the solution was stirred and
refluxed at 110 °C for 10 minutes. The color changed to purple and
the reaction solution was monitored by TLC in 50 % ethyl acetate in
hexane. 3 showed a spot of Rf ¥ 0.9 and Rf ~ 0.5 is for 4e on TLC. 4e
and 3 were separated by silica-gel chromatography with 50 % ethyl
acetate in hexane. (For 4e, Yield: 16 mg, 88 %. And for 3, Yield: 9 mg,
73 %) For 4e, 'H NMR (400 MHz, DMSO-ds) 6 7.50 (s, 2H), 1.80 (s,
18H). *C NMR (101 MHz, DMSO-d¢) 6 165.81, 117.78, 58.44, 31.18;
HRMS (ESI) (DCM, m/z): calcd for Ci1H50AuUCIN, [M+Na] 435.0878,
found: 435.0875.

Synthesis of Au(IMes)Cl (4a) with 1'. Under normal atmospheric
conditions, dichloro(2-benzylpyridine)gold(lil), 1' (20 mg, 0.04 mmol)
and 2a (15 mg, 0.04 mmol) were dissolved in 5 ml of 1,4-dioxane with
NBuy(acac) (30 mg, 0.09 mmol), and the solution was stirred and
refluxed at 110 °C for 10 minutes. The color changed to pale purple
and the reaction solution was monitored by TLC in 25 % ethyl acetate
in hexane. 3’ showed a spot of Rf ~ 0.9 and Rf ~ 0.5 is for 4a on TLC
plate. 3’ and 4a were separated by silica-gel chromatography with
25 % ethyl acetate in hexane. (For 4a, Yield: 12 mg, 51%. And for 3’,
Yield: 7 mg, 56 %) For 3, "4 NMR (400 MHz, Chloroform-d) & 8.50 (d,
J=4.9 Hz, 1H), 7.56 (td, ) = 7.6, 1.9 Hz, 1H), 7.39 (d, J = 7.9 Hz, 1H),
7.34 (td, ) =7.5,1.6 Hz, 1H), 7.27 (td, ) = 7.4, 1.6 Hz, 1H), 7.14 - 7.05
(m, 2H), 7.02 (d, J = 7.9 Hz, 1H), 4.02 (s, 2H), 1.63 (s, 6H). *C NMR
(101 MHz, CDCI3) & 191.13, 160.14, 149.71, 139.72, 136.54, 136.42,
132.12,131.17,128.55,127.50,123.62, 121.40, 113.53, 77.48, 77.16,
76.84,42.85, 23.83.; LRMS (ESI) (Methanol, m/z): calcd for C;7H15NO,
[M+H] 268.1338, found: 268.13.

Synthesis of Au(IDip)Cl (4b) with 1'. Under normal atmospheric
conditions, dichloro(2-benzylpyridine)gold(lil), 1' (20 mg, 0.04 mmol)
and 2'b (19 mg, 0.04 mmol) were dissolved in 5 ml of 1,4-dioxane
with NBug(acac) (30 mg, 0.09 mmol), and the solution was stirred and
refluxed at 110 °C for 10 minutes. The color changed to pale purple
and the reaction solution was monitored by TLC in 25 % ethyl acetate
in hexane. 3’ showed a spot of Rf ~ 0.9 and Rf ~ 0.5 is for 4'b on TLC
plate. 4'b and 3’ were separated by silica-gel chromatography with
25 % ethyl acetate in hexane. (For 4'b, Yield: 10 mg, 37 %. And for 3’,
Yield: 6 mg, 48 %)
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Synthesis of Au(IOH)CI (4c) with 1'. Under normal atmospheric
conditions, dichloro(2-benzylpyridine)gold(lil), 1' (20 mg, 0.04 mmol)
and 2'c (13 mg, 0.04 mmol) were dissolved in 5 ml of 1,4-dioxane
with NBug(acac) (30 mg, 0.09 mmol), and the solution was stirred and
refluxed at 110 °C for 10 minutes. The color changed to pale purple
and the reaction solution was monitored by TLC in 25 % ethyl acetate
in hexane. 3’ showed a spot of Rf ~ 0.9 and Rf ~ 0.5 is for 4'c on TLC
plate. 4'c and 3’ were separated by silica-gel chromatography with
25 % ethyl acetate in hexane. (For 4'c, Yield: 9 mg, 42 %. And for 3’,
Yield: 9 mg, 73 %)

Au(ICy)BF, (4d) with 1'. Under normal atmospheric conditions,
dichloro(2-benzylpyridine)gold(lll), 1' (20 mg, 0.04 mmol) and 2'd (15
mg, 0.05 mmol) were dissolved in 5 ml of 1,4-dioxane with
NBuy(acac) (30 mg, 0.09 mmol), and the solution was stirred and
refluxed at 110 °C for 10 minutes. The color changed to pale purple
and the reaction solution was monitored by TLC in 25 % ethyl acetate
in hexane. 3’ showed a spot of Rf ~ 0.9 and Rf ~ 0.5 is for 4'd on TLC
plate. 4'd and 3’ were separated by silica-gel chromatography with
25 % ethyl acetate in hexane. (For 4'd, Yield: 8 mg, 39%. And for 3’,
Yield: 5 mg, 40 %)

Synthesis of Au(ItBu)BF, (4e) with 1'. Under normal atmospheric
conditions, dichloro(2-benzylpyridine)gold(lil), 1' (20 mg, 0.04 mmol)
and 2'e (12 mg, 0.04 mmol) were dissolved in 5 ml of 1,4-dioxane
with NBug(acac) (31 mg, 0.09 mmol), and the solution was stirred and
refluxed at 110 °C for 10 minutes. The color changed to pale purple
and the reaction solution was monitored by TLC in 25 % ethyl acetate
in hexane. 3’ showed a spot of Rf ~ 0.9 and Rf ~ 0.5 is for 4'e on TLC
plate. 4'e and 3’ were separated by silica-gel chromatography with
25 % ethyl acetate in hexane. (For 4'e, Yield: 11 mg, 60%. And for 3’,
Yield: 8 mg, 64 %)

Reaction of 1 + 2f. Under normal atmospheric conditions, dichloro(2-
benzoylpyridine)gold(lll), 1 (20 mg, 0.04 mmol) and (R,R)-(-)-2,3-
bis(t-butylmethylphosphino)quinoxaline, 2f (15 mg, 0.04 mmol)
were dissolved in 5 ml of dichloromethane. The reaction solution was
stirred at room temperature. The color changed to purple and the
reaction solution was monitored by TLC in 5 % methanol in
Rf of 3 is ~ 0.0 and Rf of Bis-[2,3-bis(tert-
butylmethylphosphino)quinoxaline]gold(l) chloride is ~ 0.3 on TLC.

dichloromethane.

Bis-[2,3-bis(tert-butylmethylphosphino)quinoxalinelgold(l) chloride
was separated by silica-gel chromatography with 5% methanol in
DCM and 3 was isolated by putting 3-absorbed-silica(dark gray) in
CH3CN with sonication after using 100% MeOH as eluent. (For 3,
Yield: 12 mg, 57 %. And for Bis-[2,3-bis(tert-
butylmethylphosphino)quinoxaline]gold(l) chloride, Yield: 22 mg, 25
%) LRMS (ESI) (MeOH, m/z): calcd for 3, Ci,HsNO™ [MH+H] 184.1,
found: 184.1.

Kinetic Modeling of Reductive Elimination from the reaction

(C,N)-cyclometalated Au(lll) (1) + IMes-Cl (2a). Under normal
atmospheric conditions, dichloro(2-benzoylpyridine)gold(lll), 1 (30.0
mg, 0.07 mmol) and IMes-Cl, 2a (23 mg, 0.07 mmol) were dissolved
in 7 ml of CD3CN. The reaction mixture was separated into 7 vials, to
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which different amounts of NBu,(acac) (0, 0.75, 1.00, 1.25, 1.0,
1.75, and 2 equiv.) were added. After thorough mixiAg) thelredztion
solution was transferred to NMR tubes, and quickly inserted into the
preheated (80 °C) NMR probe and 'H NMR spectra were collected at
60 sec interval. Twenty spectra were obtained for each NMR tube.
During each scan, NMR tubes were spun at 20 Hz. In order to
investigate the reactant and product change, two NMR peaks were
chosen: 7.17 ppm for the reactant and 7.12 ppm for the product. The
former corresponds to the proton of benzene ring of free 2a, the
latter to the proton of the benzene ring in Au(IMes)Cl, 4a.

(C,N)-cyclometalated Au(lll) (1) + ItBu-BF; (2e). Under normal
atmospheric conditions, dichloro(2-benzoylpyridine)gold(lll), 1 (30.0
mg, 0.07 mmol) and ItBu-BF,, 2e (18 mg, 0.07 mmol) were dissolved
in 7 ml of CD3CN. The reaction mixture was separated into 7 vials, to
which different amounts of NBujg(acac) (0, 0.75, 1.00, 1.25, 1.50,
1.75, and 2 equiv.) were added. After thorough mixing, the reaction
solution was transferred to NMR tubes, and quickly inserted into the
preheated (80 °C) NMR probe and 'H NMR spectra were collected at
60 s interval. Twenty spectra were obtained for each NMR tube.
During each scan, NMR tubes were spun at 20 Hz. In order to
investigate the reactant and product change, two NMR peaks were
chosen: 7.60 ppm for the reactant and 7.28 ppm for the product. The
former corresponds to the proton of imidazole ring of free 2e, the
latter to the proton of the imidazole ring in Au(ItBu)BF,, 4e.

(C,N)-cyclometalated Au(lll) (1') + IMes-Cl (2a). Under normal
atmospheric conditions, dichloro(2-benzylpyridine)gold(lil), 1' (4 mg,
0.01 mmol) and IMes-Cl, 2a (4 mg, 0.01 mmol) were dissolved in 1 ml
of CD3CN. 1.75 equiv. of NBuy(acac) was added. After thorough
mixing, the reaction solution was transferred to NMR tubes, and
quickly inserted into the preheated (80 °C) NMR probe and 'H NMR
spectra were collected at 60 s interval. Twenty spectra were
obtained. During each scan, NMR tube were spun at 20 Hz. In order
to investigate the reactant and product change, two NMR peaks
were chosen: 7.17 ppm for the reactant and 7.12 ppm for the
product. The former corresponds to the proton of benzene ring of
free 2a, the latter to the proton of the benzene ring in Au(IMes)Cl,
4a'.

Computational details. Calculations have been achieved using
Gaussian16 Rev. A.03. Geometries of the investigated systems were
fully optimized at the spin-restricted density functional theory level
using the dispersion-corrected wB97x-D exchange-correlation
functional®. The balanced polarized triple-zeta quality basis set def2-
TZVP from Ahlrichs and co-workers*”™® has been used for all atoms,
which comprises the use of a quasi-relativistic Stuttgart-Dresden
core potential for the Au metal center. For the calculation of Fukui
indices, an all-electron scalar relativistic approximation (zeroth order
regular approximation, ZORA)41 was used as implemented in ORCA
4* potential energy surface minima found upon optimization were
confirmed by frequency calculations and free energies were
corrected to account for the =zero-point energy. Optimized
geometries were verified as minima (i.e. zero imaginary frequencies).
The Synchronous Transit-Guided Quasi-Newton (STQN) method**™°
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was used for locating transition structures and these were verified as
first-order saddle points by frequency calculations (i.e. one and only
one imaginary frequency). Transition structures were further verified
to connect the desired reactants and products by integrating the
intrinsic reaction coordinate,51 using the Hessian-based Predictor-
Corrector integratorsz. These reaction paths were calculated using
the split valence version of the basis set (def2-SVP), recomputing the
analytical Hessian at each point.The bulk solvent effects have been
included through the Integral Equation Formalism version of the
Polarizable Continuum Model (IEF—PCM)53. Oxidation states of key
intermediates were determined usinglocalized orbital bonding
analysis (LOBA) as implemented in the Q-Chem code (QChem 5.0)54.

Conclusion

In summary, we uncovered the first direct, intramolecular C(spz)—
N(spz) bond formation from rigid (CN)-cyclometalated gold
backbones proceeding via second-order kinetics. Using a rigid
cyclometalated gold(lll), we systematically studied its C(spz)—N(spZ)
bond reductive elimination process and applied DFT calculations to
elucidate potential mechanism. We discovered key Au(lll)
intermediates (IM1 and IM2), which support an associative ligand
pathway. The mechanism and scope of these reactions broaden our
understanding of ligand-induced reductive elimination reactions
using Au(lll) and provide strategies to obtain C-N bond formation and
Au(l) reagents for biological and electronic applications in a facile
manner and at ambient temperature. This work ignites studies on
underdeveloped gold-catalyzed C—N bond formation.
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