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Reductive Elimination Leading to C-C Bond Formation in Gold(lll)
Complexes: A Mechanistic and Computational Study

Luca Rocchigiani,*® Julio-Fernandez-Cestau, Peter H. M. Budzelaar*"™ and Manfred Bochmann*?

Abstract: The factors affecting the rates of reductive C-C cross-
coupling reactions in gold(lll) aryls were studied using complexes
that allow easy access to a series of electronically modified aryl
ligands, as well as to gold methyl and vinyl complexes, using the
pincer compounds (C"N*C)AuR (R = Cg¢Fs, CH=CMe,, Me and p-
C¢HsX, where X = OMe, F, H, BU, Cl, CFs;, or NO,) as starting
materials (C"NAC = 2,6-(4-Bu'C¢Hs).pyridine dianion). Protode-
auration followed by addition of 1 equiv. SMe, leads to the
quantitative generation of the thioether complexes [(C"N-CH)-
AuR(SMe,)]". Upon addition of a second SMe; pyridine is displaced,
which triggers reductive aryl-R elimination. The rates for these cross-
couplings increase in the sequence k(vinyl) > k(aryl) >> k(CsFs) >
k(Me). Vinyl-aryl coupling is particularly fast, 1.15 x 107 L mol™ s™
at 221 K, while both Ce¢Fs and Me couplings encountered higher
barriers for the C-C bond forming step. Using P(p-tol); in place of
SMe; greatly accelerates C-C couplings. Computational modelling
shows that in the C”"N bonded compounds displacement of N by a
donor L is required before the aryl ligands can adopt a conformation
suitable for C-C bond formation, so that elimination takes place from
a four-coordinate intermediate. C-C bond formation is rate limiting.
In the non-chelating case, reductive C(sp®)-C(sp®) elimination from
three-coordinate cations [(Ar')(Ar)AuL]" is almost barrierless,
particularly if L = phosphine.

Introduction

Reductive elimination leading to C-C bond formation
constitutes the product-generating step in many transition
metal—catalyzed reactions. Given that gold catalysts have in
recent years become a major research focus,™ reductive
elimination and C-C bond forming reactions of gold(lIl)
complexes have attracted particular attention.””! Early pioneering
work showed that the reductive elimination of ethane from
neutral gold(lll) methyl complexes is slow, which explains their
thermal stability,® but in Me-Au(OTf)(H-0) is accelerated when
the water ligand is displaced by PPhs.® Cationic dimethyl
complexes [Me,AulL,]* were found to eliminate ethane faster
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than neutral complexes, and the rate of reductive elimination
was shown to depend on L in the sequence L = PMe3 < PMe,Ph
< PMePh; < PPhs.”! Recent computational models showed that
methyl-methyl elimination from Me,AuCIl(PPhs) is kinetically
inaccessible due to the directionality of the Au-C bond, which
needs to weaken before a compensating C:---C bond can
develop.®™ On the other hand, Toste and co-workers found that
the rate of ethane elimination from [MeAu(PRs)2]" (R = Me, Et)
was enhanced by a factor of up to 10" in the presence of
catalytic quantities of a supramolecular cage, provided the cage
cavity was spacious enough to accommodate the cation. This
effect highlights the importance of steric factors in lowering the
barrier of reductive eliminations.”? However, C(sp®)-C(sp®)
couplings remain generally challenging.
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The reductive elimination leading to aryl-aryl cross-coupling
products in cyclometallated C*N chelate gold(lll) complexes was
first shown by Vicente et al. to be induced by the addition of
PPhs, which was thought to displace the nitrogen donor prior to
the C(sp?)-C(sp?®) bond forming step. This reaction proceeds at
room temperature (Scheme 1A).® More recently, You et al.
reported the catalytic ortho-arylation of cyclometallating 2-
arylpyridines with arylboronic acids using AuBrz or (C"N)AuBr,
as a catalysts in the presence of an oxidant; this phosphine-free
system requires forcing conditions (130 °C, Scheme 1B).”! On
the other hand, ortho-substituted and electron-withdrawing aryls,
such as mesityl and CgFs, give thermally stable, isolable cations
[LoAUuAr]" (L = N or P-donor ligand), which in spite of their
conformational  flexibility —are resistant to  reductive
elimination. %

The nature of the species involved in catalysis is often
speculative, while the range of studies on well-defined
complexes is so far limited to specific alkyls or aryls and does
not yet allow a general picture to be drawn of the factors that
favour reductive elimination. For example, in mechanistic studies
on the selective cross-coupling of arenes with arylsilanes to give
Ar-Ar' catalyzed by phosphine-free gold(lll) catalysts,
intermediates of the general structure (Ar)(Ar')AuX, have been
proposed but the nature of X (neutral or anionic ligand)
remained undefined."?

More precise information about the structure of species
involved in reductive elimination is available for phosphine
complexes (RsP)AuUCI(RY(R?), where R* = aryl and R? = either
fluoroaryl or CFs. Nevado showed that the aryl-aryl coupling
reactions from neutral gold fluoroaryl complexes require high
temperatures (150 °C) and, in the presence of sacrificial
oxidants, can be extended to the catalytic direct coupling of p-
xylene with CgFsB(OH), (Scheme 1C).**'¥ variations of the
phosphine ligand in similar cross-coupling reactions of
perfluoroaryls at 85 — 150 °C showed that the steric
requirements of the phosphines seem to play a larger role than
their electronic properties.”™ In all these cases elimination was
thought to proceed from a four-coordinate phosphine complex.

Much faster elimination rates were found in the otherwise
challenging reductive C(sp?)-C(sp?) coupling of aryls with CFs,
provided the halide ligand was removed with a silver salt,
generating a three-coordinate species [(RzP)Au(aryl)(CF3)]".
Under these conditions the aryls p-Ce¢HaX (X = H, F, Me, OMe)
all undergo aryl-CF3 coupling within less than a minute at or
below room temperature (Scheme 1D).™ The reductive aryl-aryl
coupling of in-situ generated (and non-isolable) (PhsP)AuCIAr;
(Ar = p-CeH4F) proceeds exceptionally rapidly even at -52 °C
and, far from being favoured by ligand dissociation and
formation of a three-coordinate species, was found to be
strongly accelerated by the addition of phosphine. It was
proposed that under these conditions chloride displacement
leads to the formation of [(PhsP)AuAr ,]* cations, which are too
unstable to accumulate in detectable concentrations but give
very rapid C-C coupling (Scheme 1E).!” It is entirely possible
that even the reductive elimination from the neutral
(PhsP)AUCIAr®; is preceded by ligand rearrangement to transient
[(PhsP):AuArT,]", such that the measured rate refers to that
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rearrangement and not to the actual C-C coupling step. However,
CsH4F appeared to be an “exceptionally fast” case, and this
reaction was not extended to other aryls. Computational
modelling of this reaction proposed a contribution of heavy-atom
tunneling to the bond formation rates in the system
(PhsP)AuUCI(RY)(R? and suggested that the rate of aryl-aryl
coupling in [(PhsP).AuAr,]" should be 10* times faster than was
actually observed.’®

It is evident therefore that the rates of C-C coupling reactions
in gold(lll) complexes are subject to strong ligand effects, with
both three-coordinate and four-coordinate transition states likely
involved. Even isostructural cationic systems [L,AuR;]" show
behavior ranging from high thermal stability to extremely rapid
reductive elimination, with rates varying as a function of L and R
by many orders of magnitude. In an effort to elucidate the factors
governing reductive C-C bond forming reactions in gold(lll)
systems, we were looking for a system which gave easy access
to a wide range of aryl, alkyl and alkenyl complexes and which
would react at comparable rates for all types of C-ligands, in a
range suitable for monitoring by NMR spectroscopy. We
therefore concentrated on (C*N~C)Au-R pincer complexes,*®??
since these compounds are synthetically readily accessible and
reductive elimination can easily be induced by a protocol
involving protolytic cleavage of one pincer Au-C bond,?*2
followed by addition of a donor ligand L (Scheme 2). We report
here the mechanism of reductive aryl-R coupling, where R =
aryl, vinyl or methyl, together with the identification of the role of
donor ligands and computational modelling of these reaction
sequences.
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Scheme 2. General pathway for reductive aryl-R elimination in gold(lIl)
complexes.

Results and Discussion

Reductive Eliminations induced by SMe;
The complexes (C*NAC)AUAr* 1a — 1g (Ar* = p-Ce¢HsX, where X
= a, OMe; b, F; ¢, H; d, Bu: e, Cl; f, CF3; g, NOy) were
synthesized by heating (CAN"C)AuOH in toluene with the
corresponding boronic acids in good yields (C"N*C = 2,6-(4'-
BU'CeHa)-pyridine dianion). The electronic effect of the para-
substituent X is evident from the **C NMR shifts of the Au-C(Ar")
atom in 1 and increases linearly with the op parameter of X =
OMe (6c = 138.2), H (147.8) and NO; (158.6 ppm).
C(aryl)-C(CeH4X) Reductive Elimination. Although reductive
eliminations are most frequently induced by phosphine ligands,
we found that SMe; plays the same role but is less subject to
steric factors and gives reaction rates that can be conveniently
followed by NMR spectroscopy. Preliminary tests showed that
the reaction of (C*N~C)AuAr°™® with the strong solid Bransted
acid [H(OEt,)2][H2N{B(CeFs)s}o]*” (HAB,) at room temperature
leads to the quantitative generation of the protodeauration
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product [(C*N-CH)AuU(Ar°M)(OEt,)]*, which is stable towards C-
C coupling over a period of several hours. The addition of 1
molar equivalent of SMe, displaced the ether ligand to give
[(CN-CH)Au(Ar°™)(SMe,)]" (2a), which is thermally sufficiently
stable in CD.Cl, solution to be characterized by NMR
spectroscopy. Heating this solution to reflux for 5 minutes
triggered reductive elimination and quantitative formation of the
cross-coupling product 3a. On the other hand, the addition of 5
equivalents of SMe, to 2a at the same temperature induced
immediate reductive elimination, which was too fast at room
temperature to follow the kinetics. It is evident that the addition
of the first SMe, molecule leads to a resting state, and a second
SMe; is required to trigger fast reductive elimination. This
implies substitution of the pyridine donor, which enables the
geometric flexibility required to reach the coupling transition
state (Scheme 3). This scenario resembles that observed by
Vicente et al. for the action of PPhs on (C"N)gold chelates
(Scheme  1A).B
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Protodeauration of the p-fluorophenyl complex 1b at 25 °C,
followed by addition of four molar equivalents of SMe; at -50 °C
showed that at this temperature only the adduct [(C*N-CH)Au-
(ArF)(SMe2)]" (2b) was formed, in spite of the presence of
excess SMe,. On raising the temperature to -10 °C reductive
elimination was observed, and 2b was converted into 3b over a
period of about 1 hour (Figure 1).

Reactant decay and product formation are monoexponential
under these conditions. Given that coordination of the first SMe;
leads to a resting state and the second molecule of SMe;
triggers C-C coupling, a second-order rate law can be
assumed, -d[Au]/dt = k[Au][SMe;] (where Au = [(C"N-CH)Au-
R(SMe)]"). Experiments at three different SMe, concentrations
gave an average k = 1.17 x 1072 L mol™ s™ (CDCl,, -10 °C).

Table 1. Kinetic data for the reductive elimination from protodeaurated pincer
complexes in CD,Cl,.

The hlgh reactivity of gOld(l”) aryls [Aulo (mM) | T (K) | [SMe;] I kz (L mol™s™) I Kzay (LMol s7%)
[(MesS),Au(Ar')(Ard)]" is in sharp contrast with the thermal 23 (CH.OMe)
stability of the platinum analogues (Me;S).PtR; (R = Ph, p-tol), 155 563 702 239x10°7
which undergo substitution of the SMe; ligands but no reductive 142 803 = 3AX102 5.841.5 x 102
N ) ) ) 81,
C-C coupling.”*” 12.1 756 5.64x10 -
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1 aX=0Me;bX=F;cX=H; - -
dX=BubeX=ClfX= CFy; 14.6 100.2 2.02x10°° 2.240.2 x 107
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B
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SMe, A‘u@\ fast 165 263 88.0 3.47x10°
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Scheme 3.‘SMe2 induced C(sp®)-C(sp?) reductive elimination in bis(aryl)- 14.0 263 154.81 1.78x10
gold(ity cations. 15.0 841 1.85x10°° 1.940.1 x 10
9.1 94.3 2.05x10 °
S, 2f (CsH4CFa)
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Figure 1. Left: Evolution of the aliphatic region of the *H NMR spectrum of 2j (Me)
[(C™N-CH)AU(Ar®™)(OEL)]" (a), after addition of 4 SMe, at —50 °C (b), and 132 [ 208 | 2147 ] - | 38£03x107

upon raising the temperature to —10 °C (c, d) (CD,Cl,). Right: Kinetics of the
conversion of 2b into 3b at -10 °C.

The complexes 1c — 1g react similarly to give intermediates and
C—-C coupling products that were characterized by *H/**C NMR
(Experimental Section). The reaction rates were measured
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at -10 °C in CD,Cl, and the results of the data interpolation are
reported in Table 1. All the reactions show very similar second-
order rate constants, of the order of 102 L mol™ s, which
means that the electron donating or withdrawing character of X
does not have a significant effect on the apparent rate of C—C
coupling.

The Hammett plot of the Au-CsH4X derivatives as a function
of the op parameter (Figure 2) shows a V-shaped correlation
with very moderate p values of —1.8 (left) and 0.5 (right). There
is a linear decrease in rates going from electron-donating to
electron-withdrawing substituents in the series from X = OMe to
X = F, although rates increase again for X = NO,. The
mechanistic reason for this variation has been explored by
computational modelling (vide infra), although its origins proved
difficult to pinpoint. In any case, the effect of aryl p-substituents
is small compared to the differences in rates when the aryl ring
is changed to CsFs, vinyl or methyl.

057
04, ®OMe
03{
02] e.tbu
0.1
0.0 “oH
] . eCl."
-0.1 "7 eCF,
0.2 1
0.3 1 e
04 -02 00 02 04 06 08
o

NO,
o

Inkik,

P

Figure 2. Correlation of reductive elimination rates of p-substituted gold(lIl)
aryls 2a — g with the Hammett parameter oP.

Aryl-C¢Fs,  Aryl-Vinyl and  Aryl-Methyl Reductive
Eliminations. In order to extend the study, the same HAB; /
SMe; elimination protocol was applied to (C*"N*C)AuC¢Fs (1h).
Contrary to what was observed with the other aryl species, the
protodeaurated complex [(C*N-CH)Au(CesFs)(SMe)]* (2h) is a
rather stable product, even in the presence of 20 equivalents of
SMe,. Monitoring the reaction over the course of several days
shows that slow reductive elimination does take place, to give
39 (Scheme 4). At 25 °C the reaction is complete after 7 days,
leading to a rate constant of 1.5 x 107> L mol™ s™*. Considering
that the reaction of the other aryls are too fast to be followed at
room temperature and extrapolation from -10 °C gives a
minimum k > 1 s for the formation of 3a — 3g, the reaction
leading to 3h is about five orders of magnitude slower.

The opposite rate trend was found for C(sp?)-C(sp?) cross-
couplings where one coupling partner was a vinyl ligand. Gold
vinyl species constitute an important class of C(sp?) groups; they
are intermediates in nucleophilic activation of alkynes, and
subsequent C-C bond formations of gold vinyls have been
extensively incorporated into synthetic methodology."®™ To
investigate Au-vinyl reactivity, we targeted (C*"N~C)AuCH=CMe;
(1i), which was obtained in good yield by reacting (C*"N~C)AucClI
with BrMgCH=CMe; in THF. Protonation of 1i with HAB; in
CD,Cl, at -10 °C followed by addition of 12 equivalents of SMe,
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caused instantaneous reductive elimination of 3i, an indication
that vinyls react significantly faster than aryls.

At -52 °C the reaction is slow enough for the kinetics to be
followed by *H NMR spectroscopy. Assuming the same second-
order rate law as for aryls, a rate constant k = 1.15 x 10~ L mol*
st (at 221 K) was obtained. This compares with the rate of
reductive elimination of 4,4'-difluorobiphenyl from
PPhsAuCI(Ph%), plus PPh3 (0.019 L mol* s7).%" Most likely, our
process is still slower than the latter because the pyridine
displacement by SMe; is slower than the chloride displacement
in (PhsP)AuCI(PhF); by PPhs.
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Scheme 4. SMe,-induced aryl-CgFs, aryl-vinyl and aryl-methyl reductive
elimination reactions.

Cross-coupling reactions involving sp®-carbon are most
challenging. Protodeauration of (C*N~C)AuMel®? (1j) with HAB,
in CD,Cl, gave [(C"N-CH)AuMe(OEt,)]" which is stable in
solution at room temperature for several days. As was the case
with the Au-CsFs complex, adding an excess of SMe; replaced
the ether but did not induce further reaction. Reductive
elimination occurred only very slowly over the course of weeks,
to give the methyl-substituted arene 3j, with an estimated rate
constant of 3.8 x 107° L mol™ s, about one order of magnitude
slower than the pentafluorophenyl complex. The rates of SMe,-
induced reductive C-C cross-coupling reactions in these gold(lll)
aryls therefore decrease in the order
k(vinyl) > k(aryl) >> k(CsFs) > k(Me)

Reductive elimination in pyrazine-based CANP*AC
complexes. The results obtained so far with C*N~C complexes
of type 1 indicated that the barrier for C—C coupling likely
involved pyridine displacement. Pyrazine is about five orders of
magnitude less basic than pyridine.?® It was therefore of interest
to compare the reductive elimination process of CANPAC
complexes 1 with the analogous pyrazine compounds
(C*NP*AC)Au(aryl) 4,27 which could be expected to be
substitutionally more labile.

(C NP*AC)Au(p-CsHsOMe) 4a was be obtained from the
reaction of (CANP“AC)AUOAC™ and p-MeOCsH4B(OH), (OAcF =
trifluoroacetate). Protonation of 4a can occur on two sites, the
Au-C bond and the wuncoordinated pyrazine-N atom.
Unfortunately, the reaction of 4a with 1 equivalent of
[H(OEL,),][AB;] at room temperature gave a broad and
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unresolved *H NMR spectrum, hampering the characterization of
the reaction mixture. Nevertheless, addition of SMe, to this
solution produced very cleanly the reductive elimination product
6a. Even at -10 °C the formation of 6a was too fast to be
monitored by *H NMR spectroscopy, while at -52 °C only the

expected deep-red protonated species 5a was seen (Scheme 5).

On the other hand, if protonation is carried out at room
temperature followed by cooling to -52 °C and addition of SMe;
at that temperature, reductive elimination was observed
immediately, without any induction period. Under these
conditions the apparent rate of reductive elimination is
significantly faster than with the pyridine system, and faster than
the rate reported previously®” for [(PhsP),Au(CsHsF)2]"
complexes. Because of the broadness of the NMR signals, the
possibility cannot be excluded that reductive elimination already
takes place on protonation, even before SMe; is added, with the
non-coordinated N-atom of pyrazine acting as donor. Whatever
the precise pathway, it is clear that under identical protocols the
pyrazine complexes give substantially faster reductive C-C
coupling than their pyridine analogues.

In order to get a better understanding of the protonation
process, we investigated the reactivity of (CANP* C)AuCl 7,
which cannot give reductive elimination. The *H NMR spectrum
obtained upon mixing 7 with HAB, (molar ratio 1:1) suggests the
formation of the binuclear complex 8, in which a neutral pyrazine
complex stabilizes a cationic Au-C cleavage product by N-
coordination (Scheme 5). As NMR diffusion measurements
show, the two sets of signals diffuse together and show mutual
NOE interactions. Complex 8 appears fairly stable and does not
react with a second equivalent of HAB,. The addition of SMe,
cleanly generates one single species, which on the basis of
NMR studies (diffusion, NOE, VT) was identified as the bis-SMe;
adduct 9. Translating the formation of 9 to gold aryl complexes,
it seems likely that 9 closely resembles the species that
immediately precedes the C-C coupling reaction.
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N N
[ [ ] N
N 1.0 HAB, N 5 SMe; i
Wy ! 4 N
Au B " o0 Bu Au Bu
221K 'Bu O 'Bu
OMe
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C

+
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AU = ABy
| ?Mez
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& 208K ,‘:‘ ’N\$
Au
c |
7 8 Bu e

Scheme 5. Reactions of pyrazine-based gold complexes.
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Reductive Elimination induced by P(p-tol)s.

The results for complexes of type 1 discussed above serve to
show that the rate of reductive C—C coupling is affected by the
rate of displacement of the pyridine ligand by SMe,. If the
pyridine is not displaced, C-C reductive elimination does not
take place. For comparison with SMe,, and in order to relate
these reactions to those reported previously for gold phosphine
complexes (Scheme 1), experiments were carried out with tris(p-
tolyl)phosphine as donor ligand. P(p-tol); is not only more
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coordinating than SMey, it is also sterically more demanding,
and this has consequences for the types of reaction
intermediates that are generated.

Unlike the reaction with SMe,, adding 1 molar equivalent of
P(p-tol); to [(C*N-CH)Au(CsHsF)(OEt)]" at room temperature
generated not one species but a mixture, which contains no free
phosphine. The composition of this mixture could not be
determined but plausibly includes the species shown in Scheme
6. There was however no formation of the product of reductive
elimination 3b, which implies that, like SMe;, adding one
equivalent of phosphine does not trigger fast C-C bond
formation. Eventually reductive elimination happens very slowly,
consistent with a low equilibrium concentration of a bis-
phosphine precursor species for C-C coupling.

A [
'B 'BU B ‘BU
u Al u
&

—
E—

u

U\L Al ~Rr
L
R = p-CeH4F
+L L -L L = P(p-tol) -L L L
S

N* +2L

T, 2
u A
IU\OEtz 2L

Scheme 6. Possible equilibria on addition of 1.0 equivalents of P(p-tol); to
[(CAN-CH)Au(p-C¢H4F) (OEL,)]".

However, over a period of several days, this mixture converted
into_a single species. Analysis of the 2D NMR spectra showed
that reductive elimination had finally occurred and that the
product contained an [AuP(p-tol)s]” cation bound to the pyridine.
The py-bound gold(l) is released on addition of a second
equivalent of phosphine.

On the other hand, treatment of [(C*"N-CH)Au(CsH4F)(OEt,)]*
with two equivalents of phosphine from the beginning gives
instantaneous reductive elimination at room temperature; no
intermediates were observed. The second equivalent of
phosphine has the effect of speeding up the reductive
elimination step from days to seconds. At -52 °C, on the other
hand, the addition of two equivalents of phosphine leads to
guantitative formation of the mono-phosphine adduct [(C*N-CH)-
Au(CsH4F)(Ptol3)]” 10b (8p = 31.3), leaving 1 equivalent of free
P(p-tol)s, with no trace of reductive elimination (Scheme 7).
Evidently, at that temperature, coordination to pyridine is
preferred to a second phosphine. The methyl groups of P(p-tol);
appear as two signals in 2:1 ratio, indicative of hindered rotation.
Two isomers are possible for 10b, with P either cis or trans to C.
Calculations showed that both isomers are of almost equal
energy, possibly due to competition between steric bulk and
trans effect, with P trans to C being marginally more stable by
1.6 kcal/mol. Upon warming solutions of 10b to temperatures
above -20 °C reductive elimination occurs very fast to give C-C
coupling; intermediates such as [(C-N-CH)Au(CsH4F)(Ptols),]"
were not detected.
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Scheme 8. Pathways for SMe,-triggered aryl-aryl coupling reactions (S = solvent)

of P(p-tol); at -52 °C gives the bis(phosphine) adduct 11
(Scheme 7), indicated by (i) the appearance of two 3'P doublets

However, for Au-Me complexes bis-phosphine intermediates of
at 8 27.5 and 26.0 (3Jpp = 15.0 Hz), (ii) diffusion NMR which

type [(ArsP);AUR'R?]" do become observable. Treating the
methylgold complex [(CAN-CH)AuMe(OEt,)]" with 2 equivalents
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shows no free phosphine, (iii) a dipolar NOE interaction between
the Au—Me resonance and only one set of phosphine-aryl
signals, and (iv) *"H NMR signals around 8 ppm for free rather
than coordinated pyridine. As was the case for 10b, intermediate
11 is thermally unstable, and on warming to room temperature
reductive elimination was observed within minutes. Evidently
P(p-tol)s induces C(sp?)-C(sp®) reductive elimination orders of
magnitude faster than SMe.

Computational Modelling.

We turned to density functional calculations in order to (a) help
understand the observed trends and (b) check to what extent the
results for the CAN-CH ligand can be extrapolated to more
general organogold(lll) chemistry.

Computational studies were done for a model C*N”C ligand
lacking the 'Bu substituents at the phenyl rings, using Gaussian
09.%81 Geometries were optimized at the B3LYPEY/SVPEY |evel
(LANL2DZ with corresponding ECP at Au®Y) including a
PCM(dichloromethane) solvent correction.® The nature of
stationary points was checked by vibrational analyses. Improved
single-point energies were obtained with the TPSSH®
functional and the cc-pvTZ basis sett (and using the
corresponding ECP at Au®®), again including a
PCM(dichloromethane) correction. These were combined with a
DFT-D3 dispersion correction® (zero damping) and with the
thermal corrections (enthalpy and entropy) at 298 K, obtained
from the B3LYP/SVP vibrational analyses. All energies
mentioned are Gibbs free energies.

Reaction path. Elimination paths involving zero, one or two
SMe; ligands per gold atom were studied for the parent system
[(CAN-CH)Au(Ph)]* (A), where the 'Bu groups of (C"NAC)AuPh
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(1c) were omitted from the model. The reactions are
summarized in Scheme 8, and Scheme 9 shows the
corresponding free energy profile. The structures of a few key
transition states are presented in Figure 3.

B
[=]
I

AG (kcal/mol)
N
IS]

(=]
L

20 -

Scheme 9. Free energy profile for SMe, assisted reductive elimination from
[(CAN-CH)AuPh]" (A). In red and italics the corresponding values for pyrazine
analogue A".

Unassisted reductive elimination from A via TSae , i.€. pyridine
substitution by solvent, has a prohibitively high calculated barrier
of 34.1 kcal/mol, in line with the observation that 2c is stable in
solution. The main reason for this large barrier is that
coordination of the pyridine donor cannot be maintained during
the elimination; this is not a general feature of three-coordinate
Au species as will become clear later on.

Figure 3. Structures of key transition states on the reductive elimination path (distances in A, angles in italics).

Coordination of one SMe, ligand in the empty "pocket" of A to
give B is exergonic by 13.7 kcal/mol and presumably has a low
barrier. There is some steric crowding caused by the dangling
CH arm of the C”N-CH ligand, resulting in nonplanarity of the
complex, but SMe; is a small donor that fits fairly well into the

pocket. Reductive elimination from B via TSgp (Figure 3) has a
smaller but still sizeable barrier of 23.5 kcal/mol, corresponding
to a reaction that is not very fast at room temperature, in
agreement with the observation of 2c by NMR.
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The four-coordinate complex B is coordinatively saturated and
does not bind a fifth ligand. A fully dissociative path for binding
of the second SMe,; molecule is high in energy (via C, 28.1
kcal/mol) and not compatible with observed reactivity. However,
we were able to locate transition state TSge (Figure 3) for
concerted displacement of pyridine by an incoming SMe; ligand.
It features elongated Au-N (2.52 A) and Au-S (2.97 A) bonds as
expected, and an N-Au-S angle of 85° indicating an Sn2-
retention type mechanism. The barrier for this displacement is
low (11.1 kcal/mol), so this would be a fast pre-equilibrium at
room temperature. However, the displacement is slightly
endergonic (3.4 kcal/mol), so one would not expect the
bis(thioether) complex F to be observable by NMR. From F, the
barrier for C-C coupling via TSgg is only 13.8 kcal/mol. Since B
is the resting state for this thioether-induced coupling, the
effective barrier (that would correspond to experimental
kinetics®™) is 17.2 kcal/mol, consisting of a contribution from py
displacement (B—F, 3.4 kcal/mol) and the subsequent
elimination (F-TSgs, 13.8 kcal/mol). Based on the energy
profile, this would be the rate-limiting step for the preferred
elimination path in the presence of excess SMe;, and the
calculated barrier is compatible with a reaction that can be
"frozen out" by cooling.

The whole profile was recalculated for the pyrazine analogue
A' of A (see Scheme 8). Differences are found to be modest.
Pyrazine is more weakly coordinating, which results in more
exergonic binding of the first SMe, (A'—B', -15.3 vs -13.7
kcal/mol), less endergonic binding of the second one (B'—F', 1.0
vs 3.4 kcal/mol) and a slightly lower effective elimination barrier
(B'->TSgrg, 15.4 vs 17.2 kcal/mol). Easier elimination is in
qualitative agreement with experiment.

Substituent effects. To analyze substituent effects in more
detail, we used simplified model systems that don't feature
"dangling aryl arms": [(C*N)Au(Ar)SMe,]* to study pyridine
displacement, and [(Ph)Au(Ar)(SMey),]" (n = 1, 2) to study
reductive elimination. The ligand Ar was varied over the set of
substituents studied experimentally: Ar = p-CsHaX (X = OMe, 'Bu,
H, F, Cl, CF3, NOy), CsFs, Me and CH=CMe; ("Vin"). The results
are summarized in Table 3.

Pyridine displacement in the C*N complexes has a higher
barrier (by 5.5 kcal/mol for X = H) and is more endergonic (by
4.7 kcal/mol) than for the C*N-CH complex, presumably due to
the crowding caused by the dangling -CH arm weakening the
Au-py bond. The calculated displacement barriers for X = OMe
to X = NO; do not vary by much (spread of 1.1 kcal/mol) but
show an almost perfect anti-correlation with the experimental
relative barriers, indicating that py displacement is unlikely to be
rate-limiting. The methyl complex has a clearly lower barrier than
all C(sp? type substituents.

Reductive elimination from three-coordinate [(Ph)Au(Ar)SMe,]*
is remarkably facile, having a barrier <6 kcal/mol for all Ar
groups studied. Inspection of the geometries (see Sl, Figures
S27 — S29) shows that these eliminations have very early
transition states. Such complexes are expected to eliminate
instantaneously and would not be isolable. There is hardly any
variation in the OMe - NO; series (all ~ 3 kcal/mol); C¢Fs and Vin
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couple more easily (~ 1.8 kcal/mol) while Me has the highest
barrier (5.7 kcal/mol).

Table 3. Substituent effects on displacement and elimination barriers (L =
SMey).

Py Binding

Ar displacement # Elimination ® energy °
AGT AG (Ph)Au(ArL* (Ph)Au(AnL," 2"L

CgHsOMe 17.70 10.66 2.72 11.88 -17.20
CgHatBu 16.94 9.57 3.16 12.31 -16.50
CsHs 16.57 9.00 3.17 13.39 -17.08
CeHiF 16.73 8.12 3.19 13.26 -17.83
CeH,ClI 16.77 8.70 3.24 13.22 -18.08
CsH4CF3 17.00 8.41 3.13 13.27 -18.79
CgHsNO, 16.81 8.74 3.50 12.36 -18.22
CoFs 16.00 10.19 1.85 16.27 -24.46
Me 14.39 9.83 5.73 21.67 -16.25
Vin 17.13 10.80 1.72 10.17 -15.52

? Displacement of the coordinated py group in [(C*N)Au(Ar)SMe,]" by SMe,.
° Reductive elimination from [(Ph)Au(Ar)SMe,]" or [(Ph)Au(Ar)(SMey)a] .
¢ Energy change for [(Ph)Au(Ar)SMe,]" + SMe; — [(Ph)Au(Ar)(SMey)]".
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Figure 4. Relative (vs H) free energy barriers AAGT for reductive elimination
vs. substituent Hammett o,: calculated (m) for [(Ph)Au(Ar)(SMe,).]" and
observed (4) for [(CAN-CH)Au(p-CsH4X)]" in the presence of SMe,.

In the presence of an excess of SMe,, formation of the
bis(thioether) complex [(Ph)Au(Ar)(SMe,),]" would be essentially
guantitative, with a binding energy of ~ -17 kcal/mol (more for
CeFs, less for Me and Vin). The barriers for elimination from
these four-coordinate complexes are ~ 13 kcal/mol, i.e.
substantially higher than from the three-coordinate complexes,
and the transition states are later (see the Sl). Nevertheless, the
non-dissociative path is preferred: the effective barrier for the
dissociative path [(Ph)Au(Ar)(SMez)s]" — ([((Ph)Au(Ar)SMe,]" +
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SMe, is ~ 21 kcal/mol, of which ~18 kcal/mol comes from
dissociation and 3 kcal/mol from the actual coupling barrier.
Substituent effects for the p-substituted phenyl groups (X = OMe
to NO,) are modest (11.9 - 13.4 kcal/mol), but the fair agreement
between calculated and experimental relative barriers (Figure 4)
supports the assignment of the actual C-C coupling step as the
rate-limiting step also for the C*N-CH systems. Here, elimination
of CeFs has a larger barrier than the p-substituted phenyls (16.3
kcal/mol) and methyl-aryl coupling is much more difficult still
(21.7 kcal/mol). On the other hand, coupling to Vin is easier
(10.2 kcal/mol) than to aryl groups. These results match well
with the experimental observations.

The predicted extremely easy C-C coupling in three-coordinate
[(Ph)Au(Ph)SMe;]" of 3.2 kcal/mol agrees with computational
results by Dattal® for neutral three-coordinate complexes, but
contrasts sharply with the prohibitive coupling barrier in
corresponding three-coordinate complex A ([(C*N-CH)Au(Ph)]",
34.1 kcal/mol). This is not caused by the different nature of the
third ligand (py vs SMe,) but rather by the geometric constraints
imposed by the C*N-CH ligand backbone, which force a loss of
most of the py coordination before C-C coupling can begin. To a
somewhat smaller degree, the same applies to elimination from
[(Ph)Au(Ph)SMe,]" (13.4 kcal/mol) vs [(C*N-CH)Au(Ph)SMe,]
(23.5 kcal/mol). It is only in the bis(thioether) complexes that
these geometric effects are lost and [(C*"N-CH)Au(Ph)(SMe,).]"
starts behaving like a "normal" four-coordinate complex. Thus,
the constraints imposed by the CAN-CH ligand backbone are
essential in stabilizing the bis(aryl) complexes against reductive
elimination: ligand addition here facilitates reductive elimination,
in an inversion of the normal stability order.

Phosphine ligands. C-C coupling is more usually associated
with phosphine ligands. Evaluation of the whole reaction path
including one or two complete P(p-tol); ligands was not feasible
because of size and conformational issues, so we restricted
ourselves to evaluation of the binding of P(p-tol); in the "in-
pocket" (IP, cis to py) and "out-of-pocket" (OP, trans to py)
coordination sites of A (Scheme 8). P(p-tol); does not fit
comfortably in the limited space of the IP site, but coordination at
the OP site requires the formation of an unfavourable trans Ar-
Au-Ar arrangement. At the level of theory used here, for [(C*N-
CH)Au(p-CsH4F)]", the two effects mostly cancel, leaving a 3.2
kcal/mol preference for the IP site (which reduces to 1.6 kcal/mol
when the ligand 'Bu groups are included in the modelling). We
conclude that these isomers are close in energy and could both
be components of the mixture of intermediates mentioned in
Scheme 6.

Beyond this, we used PMe; as a generic phosphine model.
Since this has very different steric properties we did not attempt
to model ligand displacement, and instead concentrated on Au-L
bond strength and reductive elimination. Results are
summarized in Table 4. PMes binds more strongly than SMe; in
comparable situations, by about 11-13 kcal/mol. The C-C
coupling barriers are rather similar for corresponding PMe; and
SMe; complexes. In particular, the extremely low barrier for
elimination from a three-coordinate complex is also seen for this
phosphine ligand.
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Table 4. Comparison of SMe, and PMe; behaviour in Ph-Ph reductive
elimination

Reaction SMe; PMes
L-Au Binding *

A-B 4371 -24.78
B—F 343 951
[LAUPhs]" — [L,AuPh;]* -17.08  -28.08
Elimination ®

B—TSeo 2348  20.03
F—TSrs 1379 1527
AGT, [LAUPh,]* 317 101
AGT, [L,AuPh;]* 13.39  14.67

® Free energies of SMe,/PMe; binding and free energy barriers for C-C
reductive elimination, in kcal/mol.

Conclusions

Reductive C-C cross-coupling reactions can be induced in
(CANAC)AUR pincer complexes by a protocol involving Au-C
cleavage by H* followed by the addition of a donor L. While no
reaction takes place if L = OEt;, C-C coupling is induced by
stronger donors such as L = SMe; and P(p-tol)s. The
intermediates [(C*N-CH)ArR(L)]* proved to be observable,
thermally comparatively stable species. Within the series of p-
substituted aryls CgHaX, the rates of reductive elimination were
remarkably little affected by the electron donating or withdrawing
properties of X. Displacement of the pyridine donor of the C*N
chelate ligand by a second equivalent of L proved essential in
order to provide the conformational flexibility necessary for facile
C-C bond formation; elimination here therefore takes place from
a four-coordinate transition state [(Ar')(Ar)AuL,]*. CANPAC
pyrazine complexes reacted significantly faster than their
pyridine analogues, likely reflecting the weaker coordination of
pyrazine. Computational modelling showed that in gold(lll)-CsFs
complexes pyridine displacement is comparatively facile but this
is compensated by a higher barrier to C-C elimination, which
explains the experimental finding of slow Ar-C¢Fs coupling. By
contrast, vinyl-aryl cross-coupling reactions proved to be fast
even at -52 °C. The rates of aryl-R C-C cross-couplings
decrease in the sequence k(vinyl) > k(aryl) >> k(CsFs) > k(Me).
Phosphines induce faster reductive elimination than SMe,, for
both energetic and steric reasons, although their action is
complicated by cis/trans isomerization. Modelling also suggests
that in non-chelating systems three-coordinate species,
[(AYAAAUL)T', if formed, would eliminate instantaneously,
underlining the potential of gold(lll) catalysts in smooth C-C
bond forming reactions.
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