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Abstract

The Au(111) complex Au(OAcH),(tpy) (OAC™ = OCOCFs; tpy = 2-(p-tolyl)pyridine)
catalyzes the anti addition of trifluoroacetic acid (HOAC) to acetylene to furnish vinyl
trifluoroacetate. The Au(l11) vinyl complex Au(tpy)(OAcH)(CH=CHOAC) (vinyl group
bonded trans to tpy-N) is formed during the early stage of the reaction. The vinyl complex,
which has been isolated and structurally characterized, resists protolytic cleavage of the vinyl
group and therefore catalysis does not proceed by a simple formal insertion (i.e. coordination-
nucleophilic attack-protolysis at the site trans to tpy-N) mechanism. Experimental evidence,
including isotopic labeling, rather suggests that a double-insertion process is operative. The
unobserved Au(111) divinyl complex Au(tpy)(CH=CHOACc"), is a crucial intermediate for
which the true catalytic activity, comprising a coordination-nucleophilic attack-protolysis
sequence, occurs at the site trans to tpy-C. The overall mechanism is in full agreement with
DFT calculations and is a result of the considerable differences in the kinetic and
thermodynamic trans effects of tpy-N vs. tpy-C on each reaction step. The computational data
provide a rationale for the catalytic functionalization of acetylene trans to tpy-C, whereas
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ethylene (previously reported) only undergoes a stoichiometric insertion, and then comes to a
full stop, trans to tpy-N.
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INTRODUCTION

The functionalization of alkenes and alkynes under mild conditions is of great
practical and economic interest because readily available hydrocarbons may be converted to
value-added products. Such processes may be catalyzed by a plethora of metals and metal
complexes, and gold is especially recognized and attractive due to its ability to n-coordinate
alkenes and alkynes, causing them to be activated towards nucleophilic attack.™’ This has
given rise to a virtual explosion in the use of gold complexes to catalyze the chemical
transformation of alkenes, alkynes, and other unsaturated compounds during the last decade.
The use of gold complexes quickly matured to find applications in the catalytic
transformations of multiply functionalized precursors to complex organic structures. Less
attention has been paid to elucidate the details of the reactivities of the smallest alkenes and
alkynes, i.e. ethylene and acetylene, at gold complexes.

Acetylene has become less utilized as a potential C, building block for production of
commodity chemicals due to the availability of less expensive hydrocarbons from
petrochemical feedstocks. However, vinyl chloride is produced in China on a large scale by
acetylene hydrochlorination, with the use of mercury catalysts.®*® The use of mercury raises
obvious environmental concerns, and alternatives are thus considered. This has led to attempts
at developing analogous chemistry using supported gold catalysts. The acetylene
hydrochlorination process, described by Hutchings and coworkers and others, is a classic case
in this regard.*®?* Mechanistically, Hutchings and coworkers have proposed on the basis of
experiments and computations, that a coordination-nucleophilic attack mechanism, analogous
to that in Scheme 1, path A is operative. For the hydrotrifluoroacetylation of acetylene,
mercury based processes have been described in the patent literature,*%* but to our

knowledge, no Au catalyzed process has been reported.
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Scheme 1. Possible pathways for the insertion of an olefin into a [Au"]-Y bond (Y = Cl, OAc", CH3; OAc™ = OCOCF).

Although the differences between Au(l) and Au(l11) catalysis can be profound,®
studies on Au(l) continue to strongly dominate the field, in part due to the relative paucity of
efficient and robust protocols for preparation of Au(l11) complexes. Bi- and tridentate ligands,
including cyclometalated ones, have proven particularly useful to support Au(I11) species.?”*
Catalytic transformations involving Au(l)/Au(l11) redox cycles for effecting C-C and C-
heteroatom bond forming reactions at alkenes and alkynes have attracted considerable recent
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attention, including alkyne functionalization with Selectfluor.

The intermediacy of Au(l1l) alkene and alkyne complexes in these catalytic
transformations is evident. Nevertheless, there has to date appeared only one report* of a
structurally characterized Au(I11) alkene complex, AuMe,(cod)”, and two additional reports
on the isolation and/or NMR observation of Au(ll1) alkene complexes that are supported by
formally dianionic, CN~C pincer-type ligands.***> Au(lI1) alkyne complexes remain elusive,
although such species are frequently invoked in catalytic and stoichiometric transformations
and have been explored by computational means.*®*’ We recently reported a theoretical study
of the detailed bonding, electronic structures, and reactivity patterns of simple Au(l11) model
compounds of the type AuXs(L) and AuX,(L),", where L = C,H,4 or CoH,, and X = H, Me, or
CL®

The mechanism for the insertion of ethylene into an Au-O bond of Au(tpy)(OAcH); (1;
tpy = 2-(p-tolyl)pyridine, Scheme 2) was explored by our group by combining experiments
and DFT calculations.*® This non-oxidative functionalization of ethylene which leads to C-
heteroatom bond formation proceeds mechanistically as a formal insertion via ethylene

coordination followed by attack by external nucleophile (Scheme 1, path A), as opposed to



the C-C bond forming coordination-insertion reactions recently investigated, experimentally

and computationally, by Bourissou and coworkers* 49!

(Scheme 1, path B). Similar formal
insertions have been reported by the groups of Atwood>* and Bochmann.** Selective insertion
of ethylene into the Au-O bond trans to N of the chelating tpy ligand furnished
Au(tpy)(CH,CH,OACT)(OACH) (2, Scheme 2). Although the trans to tpy-C coordination site is
kinetically more accessible, the trans to tpy-N insertion product is thermodynamically
favored. Unfortunately, a catalytic process could not be achieved with this system, because

protolytic cleavage of the Au-C(sp®) bond in 2 does not occur.
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Scheme 2. Formal insertion of ethylene and acetylene at Au(OAcH),(tpy).

In this paper, we report that Au(tpy)(OAc"), (1), in contrast to its stoichiometric
reactivity towards ethylene, causes the catalytic formation of vinyl trifluoroacetate by the anti
addition of trifluoroacetic acid, HOAC', to acetylene. A detailed, combined experimental and
computational study unravels an unexpected complexity in this catalytic transformation. The
combined evidence suggests that this reaction proceeds via a double insertion pathway, in
which the first acetylene inserted product (3; Scheme 2) is the active catalyst involving an
unobserved Au(ll1) divinyl species as a crucial intermediate. The potential feasibility of an
analogous reaction pathway with ethylene as the substrate has also been analyzed.



RESULTS AND DISCUSSION

Reactions of Au(tpy)(OAcF), with Acetylene. When acetylene was bubbled through
a solution of 1 in trifluoroacetic acid-d (DOAcF) at ambient temperature and pressure, an
immediate reaction occurred. A *H NMR spectrum (Figure S21, ESI) acquired less than 5 min
after mixing revealed that ca. 50% of 1 had reacted to furnish the vinyl complex
Au(tpy)(OACcH)(CH=CHOACF) (3) (Scheme 3). The complete *H NMR spectra (vide infra) of
3 established that the formal insertion of acetylene into one of the Au—O bonds has taken
place selectively trans to tpy-N and in an anti fashion. This parallels the selectivity features of
the ethylene insertion at 1 previously described.*® In addition, signals due to the vinyl protons
in (E)-vinyl trifluoroacetate-d (4-d) (5 5.19 and 7.18, mutually coupled with trans 3J. = 13.6
Hz) were seen. The yield of 4-d, determined from NMR integration against an internal
standard, was ca. 20% based on the initial amount of 1. Finally, traces of (1E,3E)-1,4-
bis(trifluoroacetoxy)-1,3-butadiene (5) and Dtpy” were detected. It will be seen that 4-d
production is catalyzed by Au(lI1) and that 5 and Dtpy" results from catalyst deactivation,
initiated by protolytic cleavage of the Au-C and Au-N bonds of the Au(tpy) moiety.*® After
30 min, all of 1 had reacted and 3 was the only Au(tpy)-containing species seen in solution.
The yield of 4-d (NMR integration) now corresponded to ca. 200%, based on the initial
amount of 1. NMR signals due to 5 had grown in prominence (ca. 40% of the quantity of 3).
The amount of Dotpy™ had increased to ca. 50% of the quantity of 3. The reaction was
monitored by *H NMR for 24 h, at which time 4-d (along with traces of 4), 5, and D,tpy*
were the only species that could be detected and all 3 had decomposed. At this point, Dotpy”
and 5 had formed in essentially quantitative yields. No other significant changes occurred
after extended reaction times. The estimated turnover numbers for production of 4-d, based on
integration of the NMR signals of 4-d against the signal of an internal standard in multiple
experiments, were 13-15 per Au (see Table S1, ESI). A control experiment established that no
reaction occurred between acetylene and DOAcT in the absence of 1 or other sources of Au on
the time scale of these reactions. Clearly, Au species must be involved in what amounts to a

catalytic transformation of acetylene into vinyl trifluoroacetate.

In a complementary experiment, 1 was treated with acetylene and non-deuterated
trifluoroacetic acid, HOAc", in CD,Cl, (CD,Cl,: HOAC', 6:1 (v:v)), and the same products
were qualitatively formed; as expected, 4 and H,tpy” were now formed with no D
incorporation. The highest turnover numbers (21-24; see Table S1, ESI) were obtained in this

solvent mixture when acetylene was added at 0 °C before the reaction was monitored at



ambient temperature. This may be a result of combined effects of increased acetylene
solubility, larger production of 3, and possibly slower rates of catalyst deactivation at the

lower temperature.

The identity of 4 was confirmed by *H NMR analysis of a product mixture that was
spiked with a commercial sample. The disubstituted butadiene 5 has neither been isolated nor
been previously described, but its identity was inferred from the *H NMR spectrum as well as
COSY spectra. The 'H NMR spectrum of 5 exhibited a well-defined signal, attributed to the
protons B to OAc’, with a rather complicated splitting pattern at § 6.30 in DOAc’ (8 6.35 in
CD.Cl,, see Figures S22 and S25, ESI). A *H-'H COSY experiment (Figure S24, ESI)
demonstrated that this signal couples with another signal, attributed to the protons o to OAc",
further downfield at ca. § 7.4 in DOAC” (8 ca. 7.5 in CD,Cly). Although the latter in part
overlaps with signals from the tpy ligand, the signal appears to have the same intensity and
symmetrical appearance as the one at 3 6.30. The observed spectrum, in particular the
splitting pattern, strongly resembles that of the non-fluorinated analogue of 5, (1E,3E)-1,4-
diacetoxy-1,3-butadiene (see Figure S27, ESI).
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Scheme 3. Reaction between 1 and acetylene in DOAc™ (OAcT = OCOCF;). See text for details.

Preparation and Spectroscopic and Structural Characterization of the Acetylene
Insertion Product 3. No Au(l11) n-coordinated acetylene complex could be observed by *H
NMR during these reactions, neither at room temperature nor upon lowering the temperature
to -60 °C in CD,Cl,. A hypothetic acetylene n-complex must therefore be promptly captured
by HOACF or "OAC" to furnish 3. This vinyl complex appears to be a plausible intermediate in
the catalytic cycle, as a protolytic cleavage of its vinyl group with HOAc" would produce
vinyl trifluoroacetate. This would regenerate 1 and close the rather simple, putative catalytic

cycle depicted in Scheme 4. The diene 5 as well as Hotpy” would result from catalyst



decomposition under the acidic conditions. In order to investigate the possibility of this

mechanism, we sought to isolate and further investigate the observed insertion product 3.
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Scheme 4. Simplified, putative catalytic cycle for the trifluoroacetylation of acetylene.

When acetylene was bubbled through a solution of 1 in HOAC™ at 0 °C, the insertion
reaction still proceeded smoothly, whereas the catalytic production of vinyl trifluoroacetate
proceeded at a considerably slower rate. From the resulting solution, the insertion product 3

was isolated in moderate (40-42%) yields (Scheme 5).
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Scheme 5. Synthesis of Au(111) vinyl complex 3.

The *H NMR spectrum of isolated 3 was in perfect agreement with that observed in
the NMR-scale experiments. The formal insertion of acetylene trans to tpy-N was supported
by a 'H-'"H NOESY experiment which revealed a clear NOE correlation between the vinylic
proton o to Au (6 6.43) and the proton  to Au (6 7.31) in the tolyl part of the tpy ligand
(proton H® in ESI, Figure S8). The *F NMR spectrum of 3 in dichloromethane-d, showed
two well-defined, sharp peaks at 8(*°F) = —77.1 and —77.5 (Figure 1, top). A *F-'H HOESY
experiment showed that the & —77.1 signal arises from the OAcF ligand trans to tpy-C (See
ESI, Figure S10). Addition of ca. 1 equiv of HOAC' to the solution caused the signal at & —
77.1 to undergo significant broadening, whereas free HOAc" gave rise to a broadened signal
at 0 —78.2 (Figure 1, bottom). This broadening suggests the kinetic availability of the

coordination site trans to tpy-C and exchange of this OAc’ ligand with free trifluoroacetic



acid. These spectroscopic features are in close agreement with those of the ethylene insertion
product, 2.*® Furthermore, our previous investigation of 1 by **F NMR demonstrated that the
OACc' ligand trans to tpy-C exclusively undergoes fast and reversible dissociation in polar
media on the NMR time scale.*® Thus, a kinetic labilization of the OAc ligands trans to tpy-C
are consistently seen in 1, 2, and 3, in accord with a greater Kinetic trans effect of tpy-C than
tpy-N. Importantly, this provides an additional coordination site for incoming substrates. Our
recent report on a metallacycle formation from 1, where both the trans to tpy-C and the trans
to tpy-N coordination sites are utilized to incorporate ethylene, acetonitrile, and water,

corroborates the availability of this site.*
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Figure 1. °F NMR (188 MHz, CD,Cl,) spectra of Au(l11) vinyl complex 3: (Top) Spectrum of solution of 3 alone. (Bottom)
Spectrum of solution of 3, after addition of ca. 1 equiv of HOAGcF.

Although Au(l1) vinyl species are invoked as plausible intermediates in Au(l1l)
mediated reactions, there is still a paucity of well-characterized Au(l11) vinyl complexes,>>>°
only three of which have been structurally characterized.>**" Therefore, the molecular
structure of 3 was determined by a single-crystal X-ray diffraction analysis. An ellipsoid plot
of the structure is shown in Figure 2, along with selected metrical parameters. Detailed
crystallographic data and metrical parameters are given in the ESI.®° The crystal structure
contains two molecules (of which only one is shown in Figure 1) in the asymmetric unit, and
also exhibits open channels which contain disordered solvent molecules. The two molecules
in the asymmetric unit are almost identical and related by pseudosymmetry (see below and

ESI). The complex exhibits the slightly distorted square planar coordination geometry that is
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anticipated for a d® Au(111) complex, with angular distortions in the square plane as expected
for the 5-membered ring chelate structure. Importantly, the molecular structure shows that the
formal insertion has occurred trans to tpy-N and with a trans (E) geometry of the resulting
vinyl group, in full agreement with the conclusions based on the NMR analysis. The 7.3°
deviation of the C101-Aul0-N101 bond angle in the tpy chelate from the idealized 90 to
82.7(5)° and the Au-ligand distances Aul10-N101, Au10-C101, and Au10-0O101 are within
the ranges that have previously been reported by us for the related complexes
Au(tpy)(OACH,,%* Au(tpy)Me,®* Au(tpy)(CH.CH,OACTH)(OACH),* Au(tpy)-
(CH,CH,OCH,CF3)(OAcH),* and the recently reported metallacycle.>® The Au-C(sp®) bond
distance to the vinyl group, Au10-C113, is 2.027(13) A which is slightly shorter than the Au—
C(sp®) bond distances trans to tpy-N in the related complexes, but in the range (2.004(19)-
2.043(4) A) for Au—C(sp®) bonds in structurally characterized Au(l11) vinyl species.>®*" The
C113-C114 bond distance of 1.293(19) A is rather close to typical distances in disubstituted
C=C double bonds (trans 1,2-disubstituted alkenes, averaging 1.312(11) A%), and is the
shortest C=C bond distance in structurally characterized Au(l1l) vinyl complexes (range
1.311(3)-1.344(6) A).>>*" The structure of 3 displays parallel, displaced 7 stacking along
the b direction, and the relatively short distance between the parallel planes of the tpy ligands

alternates between 3.41 and 3.43 A for the two asymmetric units.
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Figure 2. ORTEP drawing of Au(ll1) vinyl complex 3, with 50 % probability ellipsoids. Selected bond distances [A] and
angles [°]: Au10-N101, 2.070(11); Au10-C101, 2.007(11); Au10-0101, 2.110(8); Au10-C113, 2.027(13); C113-C114,
1.293(19); C114-0103, 1.450(18); N101-Au10-0101, 96.5(4); C101-Aul0-N101, 82.7(5); C101-Aul0-C113, 92.2(5); C113-
Aul0-0101, 88.6(5); C101-Aul10-0101, 179.0(4); C113-Aul0-N101, 173.2(5); Aul0-C113-C114, 123.2(11); C113-C114-
0103, 115.3(14); Aul10-C113-C114-0103, 175.7(9). Disordered solvent molecules are omitted for clarity. The asymmetric
unit consists of two complexes, and the metrical parameters are given for the complex with the lower uncertainties in the
bond distances and bond angles.

On the Involvement of the Acetylene Insertion Product 3 in the Catalytic
Reaction. The successful isolation of the vinyl complex 3 offered unique possibilities to
check whether it is indeed an intermediate in the proposed catalytic cycle (Scheme 4). If this
were the case, each of the reaction steps — insertion and protolytic cleavage — should proceed
at rates that are in accord with the turnover rates of the catalysis. Furthermore, it should be
possible to access the same catalytic cycle starting with either 1 or 3. Since 1 and 3 coexisted
in solution during catalysis starting with 1, both species ought to coexist under approximate
steady-state conditions after a few turnovers if catalysis according to Scheme 4 is also
initiated with 3.

We were therefore surprised when it was found that a solution of the isolated vinyl
complex 3 in DOAC' in the absence of acetylene was remarkably stable. Even after days at

ambient temperature, there was no hint of conversion of 3 into the expected product of
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protolytic cleavage, 1; 4-d could also not be detected. This observation appears to rule out the

simple catalytic mechanism in Scheme 4.

Interestingly, when the solution of 3 in neat DOAC™ (or in CD,Cly:HOACT, 6:1 (v:v))
was again exposed to acetylene by bubbling through the solution, catalysis ensued; vinyl
trifluoroacetate now formed catalytically (estimated turnover numbers after 24 h, ca. 11-12
(12-15 in CD,Cl,/HOAC). Importantly, under these catalytic reaction conditions there was no
hint by *H NMR of 1 or other intermediates — again, seemingly ruling out the mechanism in
Scheme 4. The reaction was monitored by *H NMR until the catalytic activity ceased. At this
point, in addition to NMR signals arising from the Dtpy", the tell-tale spectroscopic

signatures of the decomposition product 5 were seen (see Figures S22 and S25).

Formation and Characterization of an Au(l11) C-bonded Enolate and its
Involvement in the Catalytic Reaction. We were intrigued by the observation of the
disubstituted butadiene 5 after extended reaction times in the catalytic reaction of 1 with
acetylene. The four-carbon chain of 5 must arise from coupling of two acetylenic C; units.
The possible involvement of 1, 3, 4, and acetylene all appeared possible. In order to probe for
the involvement of 4, a solution of 1 in HOAc" was treated with 10 equiv of 4. A slow
reaction ensued which, however, gave no detectable quantities of 5 or any other four-carbon
coupling products. Instead, during the course of six days a clean transformation of 1 to the C-
bonded Au(lll) enolate complex 6 (Scheme 6) occurred, without observable intermediates.
This new complex, isolated in 51-60% yield, exhibited a clear NMR fingerprint, with one
signal at 5 9.92 (t, J = 4.6 Hz) for the formyl proton, and the other at 6 3.14 (d, J = 4.6 Hz) for
the methylene group. When 6 was dissolved in DOAc™, *H NMR analysis revealed that H/D
exchange between the deuterated solvent and the methylene group occurred, presumably via
keto/enol tautomerization, evidenced by a decrease of the signal intensity for the methylene
group with an approximate half-life of 25 min under these conditions. This was accompanied
by apparent loss of coupling and the conversion of the formyl triplet signal into a singlet (see
ESI, Figure S20). The mechanism of formation of 6 remains uncertain and has not been
further investigated, but may involve the formal insertion of vinyl trifluoroacetate at 1
followed by elimination of trifluoroacetic anhydride. Subsequently, it was found that 6 also
can be obtained from vinyl complex 3, simply by a hydrolysis reaction in the presence of
HOAC".
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Scheme 6. The two routes for generating Au(l11) enolate complex 6.

The rather unexpected enolate complex 6 was subjected to a single-crystal X-ray
diffraction analysis. An ellipsoid plot of the molecular structure of 6 is shown in Figure 3,
along with selected metrical data. Detailed crystallographic data and metrical parameters are
given in the ESI. The molecular structure verifies the presence of the enolate ligand trans to
tpy-N, in agreement with the NMR data. The OAc' ligand is disordered over two well-defined
positions (see Figure S36, ESI). Two closely related Au(l11) acetonate complexes,
(phenylpyridine) Au(X)(CH,COMe) (X = Cl or NO3; CH,COMe trans to ppy-N), have been
structurally characterized.®® Complex 6 also exhibits a slightly distorted square planar
coordination geometry, with a 5-membered ring chelate bond angle of 81.69(9)°. The Au-
ligand distances Aul-N1, Aul-C1, and Aul-O2 are again within the ranges that have been
observed in the related Au(l11)-tpy complexes.*®**®* The Au-C(sp®) bond distance, Aul-C13,
is 2.069(2) A which is somewnhat longer than the Au-C(sp®) bond distances trans to tpy-N in
our Au(l11)-tpy complexes (range 2.038(4)-2.042(3) A) and quite similar to those observed in
the Au(l11) acetonate complexes (2.067(7) A for X = Cl and 2.059(5) A for X = NO3>). The
C13-C14 bond (1.468(3) A) and the C14—-01 double bond (1.212(3) A) distances are rather
close to the corresponding distances in aldehydes, 1.510(8) A and 1.192(5) A, respectively.®?
The crystal structure displays parallel, displaced n—= stacking along the b direction, with a

distance between the parallel planes of 3.485 A,

Interestingly, it was found that the enolate complex 6, when dissolved in DOAcF, also
catalyzed the addition of DOAC' to acetylene (ca. 7 turnovers, 24 h). During this reaction,

substantial decomposition to form unidentified products occurred.
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Figure 3. ORTEP drawing of Au(lIl) C-bonded enolate complex 6, with 50 % probability ellipsoids. Selected bond distances
[A] and angles [°]: Au1-N1, 2.090(2); Aul-C1, 2.006(2); Aul-02, 2.1016(17); Aul-C13, 2.069(2); C13-C14, 1.468(3); C14-
01, 1.212(3); N1-Aul-02,91.19(8); C1-Aul-N1, 81.69(9); C1-Aul-C13, 95.22(9); C13-Aul-02, 91.90(8); C1-Aul-02,
171.73(8); C13-Aul-N1, 176.91(8); Aul-C13-C14, 108.68(16); C13-C14-01, 125.8(2); Au-C13-C14-01, 111.9(2). The
OACF trans to C1 is disordered (see ESI).

A Double Insertion Mechanism for Catalysis? The experimental results described
thus far have demonstrated that in addition to 1, the two complexes 3 and 6,
with -CH=CHOAC" or -CH,CHO trans to tpy-N, respectively, were catalytically active, with
no detectable intermediates in the case of 3. This led us to surmise that the “real” catalytic site
actually might be the kinetically available coordination site trans to tpy-C, and that the
apparent catalysis by 1 occurred only via its initial transformation to 3. Further support for
this was obtained when Au(tpy)(NTf,)(Me), prepared in situ by treatment of previously
described® Au(tpy)(Br)(Me) with AgNTf,, was seen to cause the formation of vinyl
trifluoroacetate from acetylene in HOAc' (albeit only ca. 1 turnover, during 15 h), again with
no detectable intermediates by *H NMR. Also in this case, several other unidentified products

were obtained; no attempts were made to elucidate this any further.

The experimental results therefore led us to postulate a modified reaction mechanism

for the catalysis. Scheme 7 shows a double-insertion mechanism that appears to be consistent
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with experimental results described thus far. Here, the first insertion (a) generates the vinyl
complex 3 which, consistent with observations, does not undergo protolytic cleavage (b).
Instead, a second insertion (c) provides an unobserved divinyl complex 7 which undergoes
protolytic cleavage of the vinyl group trans to tpy-C, furnishing vinyl trifluoroacetate with
concomitant regeneration of catalytically active 3. Thus, the catalytic cycle involves 3 and 7,
whereas 1 merely acts as a precatalyst. The unobserved divinyl complex 7 would nicely

account for the formation of 5 via a reductive elimination pathway.
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Scheme 7. Double insertion mechanism for the trifluoroacetylation of acetylene catalyzed by 3, with 1 acting as a precatalyst.

In order to experimentally test the proposed double-insertion hypothesis by *H NMR,
a labelling experiment was designed (Scheme 8a). If the double insertion pathway operates,
then the reaction of 3 with acetylene-d, in HOAc" should provide vinyl trifluoroacetate-d,,
(Z)-CHD=CD(OAC) (4-d,), from catalysis trans to tpy-C during all catalytic cycles including
the first one. In contrast, catalysis trans to tpy-N would furnish non-deuterated vinyl
trifluoroacetate during the first cycle, then dideuterated during following cycles. Acetylene-d,
was prepared from CaC, and D,O by adaption of a reported procedure.®® When acetylene-d,
was bubbled through a solution of 3 in HOAC", 4-d, was formed as the dominant product
during the first turnover, as inferred from the appearance of a broad singlet at the chemical
shift § 4.96 for the proton located trans to the OAc’ group in vinyl trifluoroacetate. There was
no indication of vinyl trifluoroacetate-d, (4), which might arise from protolytic cleavage of
the Au-vinyl bond in 3, during the first and most diagnostic turnover. However, after the first
turnover and more extensive reaction times, acetylene-d; and do were seen to slowly form
giving rise to concomitant generation of 4-d; and non-deuterated 4, presumably due to D/H
exchange on acetylene in solution or n-bonded at Au. Thus, strong support is provided to the

proposed double-insertion catalytic pathway, in which the catalysis actually occurs trans to
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tpy-C (Scheme 7, rightmost cycle), and not trans to tpy-N as might be anticipated at first
glance. The occurrence of some residual reactivity in the position trans to tpy-N cannot be
excluded completely.

(a) =

/
\ N
AN
/Au H
AcFO %OACF
H
3 D
D—=0>D > H\%\OACF
HOAC™
D
Predominant product
during first turnover
(b) = | —
/ i /
N\ \
AN N\
Au D Au H
/
AcFO — ! AcFO —
OACF | ¢ o1 OAC
3-d; H ! Not observed during the reaction |
H——H - H%OACF 1 (when starting with 3-dy)
HOACF bomm oo

Scheme 8. Deuterium labelling experiments corroborate catalysis trans to tpy-C.

Due to the mentioned complications of the (presumably Au(l11)-promoted) D/H
exchange on acetylene, a complementary experiment was performed which circumvented this
problem. When 3-d, was reacted with acetylene-d; in the presence of HOAc™ no evidence for
formation of unlabeled 3 was seen at any time of the reaction, neither during the first turnover
nor later (Scheme 8b). This suggests that no protolytic cleavage of the Au-vinyl bond trans to
tpy-N occurs, and that no subsequent insertion of acetylene-dy has occurred at this position.
Furthermore, signals arising from 5 were observed also in this reaction (5 6.35 and ca 7.5);
however, the splitting pattern of the & 6.35 signal due to the proton B to OAc’ was now
simplified to resemble a doublet of triplets with a trans *Juy coupling of 12.2 Hz and 3J4p
coupling of 1.4 Hz, and the partially overlapping signal due to the proton o to OAc’
resembled a doublet (ESI, Figure S26). This suggests that 5-d, had formed by a reductive
elimination of one vinyl-d, group trans to tpy-N and one vinyl-do group trans to tpy-C.

The finding that 3, 6, as well as the methyl analogue Au(tpy)(NTf,)(Me) all catalyze
the formation of vinyl trifluoroacetate is now readily rationalized in that catalysis proceeds via
coordination of acetylene, nucleophilic attack by OAc™ and protolysis trans to tpy-C. By

virtue of the considerably greater trans effect of tpy-C (an aryl group) than tpy-N (pyridine),
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hydrocarbyl groups bonded trans to the tpy-C site should be more prone to protolytic
cleavage than groups bonded trans to tpy-N. Differences in thermodynamic and kinetic trans
effects of tpy-C vs. tpy-N have been observed and discussed previously;®® here, these effects
prove to be crucial for catalytic reactions of acetylene. These effects will be further discussed

in the context of DFT calculations of the mechanism (vide infra).

In view of the proposed mechanism, the formation of 5 and D,tpy” is readily
accounted for as catalyst deactivation products, arising from the divinyl complex 7 (Scheme
9). We recently reported that Au(tpy)Me. undergoes protolytic cleavage already at —78 °C.*®
The protolysis caused the selective cleavage of the Au—C(tpy) bond, which was followed by
reductive elimination of ethane from the resulting putative 3-coordinate intermediate; Au—Me
protolysis was not observed at all. If 7 behaves analogously, the 3-coordinate specie in the
middle of Scheme 9 would be generated, and reductive elimination of the two vinyl groups
would furnish 5, followed by complete decomposition and formation of H,tpy™ and Au(s) (the
mode of eventual Au(s) formation from Au(l) is unknown). Apparently, protolytic cleavage of
the Au—Me bonds in Au(tpy)Me is kinetically disfavored relative to the cleavage of the Au—
C(tpy) bond, reflecting a preference for protolysis of Au—C(sp?) bonds. On the other hand,
protolysis at 7 may occur competitively at two Au—C(sp®) bonds. Of these, protolysis of Au—
C(vinyl) trans to tpy-C must be favored over protolysis at Au—C(tpy). This is required in
order for catalysis to be kinetically preferred over deactivation. The trans effects of tpy-C vs.

tpy-N causes protonation of Au—C(vinyl) trans to tpy-N to be even slower.

Reductive F
Ac"'O A~ A
g + HOAc O/Q/ eI|m|nat|on NENF oAk
AN
Au+

Au 5
+ HOAc

7 cF + Au(l)* + Hutpy* + 2 "OAcT

Scheme 9. Suggested decomposition pathway for the divinyl complex 7 furnishing 5.

Nanoparticle Involvement? The results discussed so far are readily interpreted in
terms of the proposed double insertion pathway. Nevertheless, there is always a concern that

catalysis may be effected by Au nanoparticles,®’

whether originally present as a low-level
contaminant, or as a result of catalyst decomposition. Decomposition eventually occurred in
the systems described, and during the reaction a dark brown to black precipitate appeared
which is probably Au particles. This is particularly relevant, considering the activity of

metallic gold as a catalyst for vinyl chloride production from acetylene and HCI.**?! Whereas



18

it is readily envisaged that Au particles may be active catalysts also in our system, this
scenario does not appear to rationalize the results of the mechanistic investigation. In
particular, the compelling evidence gained from the labeling experiments support the notion
of a process catalyzed by molecular complexes. Nevertheless, a series of control experiments
were conducted in order to assess to what extent Au particles might be involved. The Au
particles originating from the catalyst decomposition were isolated and their reactivity was
investigated under the same reaction conditions as described for the homogeneous system.
Upon comparing the outcome of these experiments with the homogenous system, it was found
that the Au particles may be responsible for maximum ca. 4-13% of the total production of 4.

Full details of these control experiments are given in the ESI.

DFT Calculations: Reaction Mechanism.

A computational study of the catalytic trifluoroacetoxylation of acetylene with 1 was
performed using DFT (PBEO-D3/SDD(f),6-311+G**, with structures optimized in solvent
with the continuum SMD model; see Computational Details) calculations to test the
mechanistic proposal shown in Scheme 7, and to provide additional insight into the different
reactivity of acetylene and ethylene. Following our previous work*® on the ethylene insertion
into the Au—OAc” bond in Au(tpy)(OAcH),, and consistent with the formation of 3 during the
catalytic cycle, the mechanism which had been obtained with ethylene was the foundation for
computations using acetylene instead. This mechanism is a two-step process in which an
associative substitution of "OAc”™ by the substrate is followed by external nucleophilic
addition (Scheme 1, path A). This ligand substitution-nucleophilic addition sequence occurs
selectively in the position trans to tpy-N. However, as was done for ethylene, acetylene
insertion trans to tpy-N as well as trans to tpy-C were both considered in order to evaluate the

energetic differences of changing the substrate (Figure 4).
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15t insertion, trans to C 15t insertion, trans to N

<
S

TS8-3c
[24.8]

Figure 4. Free energy profile (in kcal mol™) for the first insertion of acetylene trans to tpy-C (red) and trans to tpy-N (black).
The energies of all minima and transition states in [brackets] are computed with HOAcF as the solvent. Transition state
geometries for the reaction steps that are inferred to occur (insertion trans to tpy-N) are shown in Figure 6.

The first step of the reaction, which is the ligand substitution, has a rather similar
energy profile when the reaction occurs trans to tpy-N or trans to tpy-C, with energies for 8
and 8c of ca 18 kcal mol™. In contrast, the nucleophilic addition step is kinetically and
thermodynamically preferred trans to tpy-N by 3.7 and 15.8 kcal mol™, respectively. This is
consistent with the observed insertion of acetylene trans to tpy-N and therefore the
spontaneous formation of 3 during the reaction. In addition, this reaction is clearly irreversible

since the energy barrier for the reverse process is > 40 kcal mol™.

As proposed earlier, two scenarios could be envisioned for completion of the catalytic
trifluoroacetoxylation of acetylene from 3 after the observed, initial insertion trans to tpy-N:
(1) protolytic cleavage of the Au-vinyl bond (Scheme 4); and (2) insertion of a second
molecule of acetylene into the Au—OAc" bond trans to tpy-C followed by protolytic cleavage
of the resulting Au—vinyl bond (Scheme 7, ¢ and d). These pathways were computationally
explored using 3 as the energy base level (Figure 5), since as pointed out above, the formation
of this species from 1 is irreversible. Protolytic cleavage of the Au-vinyl bond in 3, which is

trans to N, has an energy barrier (TS3-9) of 24.8 kcal mol™. Although this barrier could be
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surpassable, it appears too high for a reaction which occurs readily at ambient temperature,
and indeed no formation of the expected products 1 and 4 was observed by addition of
HOAC to 3. In contrast, the insertion of a second molecule of acetylene, this time trans to
tpy-C, has a somewhat lower energy barrier of 22.7 kcal mol™ (TS10c-7). This energy is 2.1
kcal mol™ lower than the same process (TS8-3c) from 1, in which the position trans to tpy-N
is occupied by an OAcF ligand. This energy difference, combined with the fact that the
position trans to tpy-N is blocked towards insertion at least by the coordination/nucleophilic
attack pathway, allows the second insertion, now trans to tpy-C, and subsequent formation of
the unobserved divinyl complex 7. Protolytic cleavage of the vinyl ligand trans to tpy-C from
7 has a rather low barrier of 14.3 kcal mol™ (TS7-11), which is consistent with the non-
accumulation of 7 during the catalytic reaction. This step leads to the formation of 11, from
which substitution of coordinated 4 by the "OAc™ anion promotes the forward, strongly

exergonic reaction and regenerates the activated catalyst 3 (AG = -19.7 kcal mol™, not shown

in Figure 5).
Protolysis trans to N 2" jnsertion trans to C + protolysis trans to C
TS3-9 Protolytic cleavage of ligand
. [24.8] TS10c-7 >
OACF [22.7]

TS3-10c
[19.3]

. .
©
< \A 7 <C\ /=/ 6.2 OAch OACF

u Au
/N
N" oA N 3\OACF /_/OACF <C\(?J/=/

+ C — F
OAcF + HOACF “ad N \// OAc

=/ 7 N\ 1
4 + N

h > 7 OAch

Figure 5. Free energy profile (in kcal mol™) for the protolytic cleavage of the Au—vinyl bond in 3 (blue), the insertion of
acetylene into the Au—OAc" bond in 3 furnishing 7 followed by protolytic cleavage of the Au—vinyl bond trans to tpy-C
(black), and protolytic cleavage of the Au—C(tpy) bond (red) in 7. The energies of all minima and transition states in
[brackets] are computed in HOACT. Transition state geometries for the observed reaction steps (reaction trans to tpy-C) are
shown in Figure 6. In order to maintain mass and charge balance, the energies of additional HOAcF, "OAc", and/or acetylene
have been included in the calculations where needed.
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The more facile protolytic cleavage of the Au—vinyl bond trans to tpy-C (TS7-11; AG*
= 14.3 kcal mol™) compared to the one trans to tpy-N (TS7-11c; AG* = 26.8 kcal mol™, not
shown in Figure 5) in 7, can be explained by the higher trans effect of the former site of the
chelate compared to the latter. In agreement with this, the Au-C(tpy) bond is also prone to be
protolytically cleaved in complex 7 since it is trans to the vinyl-C. The free energy barrier for
protolytic cleavage at tpy-C is 16.1 kcal mol™ (TS7-12), which is ca 2 kcal mol™ higher than
for the protolytic cleavage of the Au-vinyl bond trans to tpy-C (TS7-11). This difference,
albeit small, is consistent with the catalytic hydrotrifluoroacetoxylation of acetylene being
preferred (i.e., significant turnover numbers) over catalyst deactivation. Nevertheless, the
closeness of the two energy barriers is consistent with the observation of 5 during the

catalysis, since formation of the resulting tricoordinated Au(lll) species promotes reductive
15,69-73

elimination processes.

71..1.--
1.371
1.31 \
TS7-11 9

L]

J_I‘ TS10c-7
>

Figure 6. Transition state geometries involved in the reaction of 1 with acetylene. Distances in A.

Overall, the computational results on the reaction of 1 with acetylene in HOAc' are
consistent with the catalytic mechanism proposed in Scheme 7, in which the facile, observed

acetylene insertion trans to tpy-N should be considered to be an activation of the pre-catalyst
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1. The catalytic trifluoroacetoxylation reaction takes place trans to tpy-C in the true catalyst 3.
In order to explain why such catalytic reactivity is not observed with ethylene,*® the
thermodynamics of the three fundamental steps involved in the catalytic cycle, ligand
substitution, nucleophilic attack, and protolytic cleavage (A-C in Scheme 10) were computed
and compared for the substrates acetylene and ethylene (Table 1). The substitution of an OAc"
ligand by the substrate (step A) shows only small variations in free energy changes for both
acetylene and ethylene, in both trans to tpy-N and trans to tpy-C positions. By stark contrast,
the nucleophilic addition of “OAc" (step B) at the substrate bound trans to tpy-N is more
favorable by ca 16 kcal mol™ than addition to the substrate bound trans to tpy-C regardless
whether acetylene or ethylene is the substrate. Finally, and importantly, the nucleophilic
addition to coordinated acetylene is favored over addition to coordinated ethylene by ca 16
kcal mol™, applicable to reactions trans to tpy-C as well as trans to tpy-N. The latter
preference was also observed in our recent computational work on the insertion of ethylene
and acetylene into Au-X bonds (X = Cl, Me, and H) in simple Au(ll) model complexes.™
The strong thermodynamic preference for nucleophilic addition to acetylene compared to
ethylene is the result of two contributing and reinforcing factors. First, there is a lower energy
penalty for breaking one n-bond component in a triple bond compared to breaking the n-bond
in a double bond. Second, the nucleophilic attack generates a stronger Au—C(sp®) bond from
acetylene than the Au-C(sp®) bond which results from ethylene.”* These large energy
differences depend on the substrate in question as well as on the position of the bonded
substrate (trans to tpy-N vs tpy-C) and have remarkable consequences for the insertion
reactions (step A + B, Scheme 10). At the position trans to tpy-N, a reversible insertion
reaction is predicted (and observed*®) with ethylene, but the insertion will be irreversible with
acetylene under ambient conditions. On the other hand, trans to tpy-C, the insertion is
endergonic for ethylene but exergonic for acetylene (vide infra). Furthermore, in the ligand
protolysis step (C, Scheme 10), the thermodynamics is significantly affected only by whether
protolysis occurs trans to tpy-N or trans to tpy-C. Protolytic cleavage of the Au-C bond is
thermodynamically preferred trans to tpy-C by ca 17 kcal/mol for both acetylene and
ethylene, and is exergonic in all cases. Only small variations were observed by changing the
other non-tpy ligand (X in Scheme 10 and Table 1) from OAc’ to CH=CHOAc" or
CH,CH,OACc".
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Scheme 10. The three reaction steps for the catalytic trifluoroacetoxylation of acetylene and ethylene. X = OAcT,

CH=CHOACF, or CH,CH,OAC".

Table 1. Calculated free energy changes (kcal mol™) for reactions (A)-(C) in
Scheme 10.%

Acetylene Ethylene
-X = Reaction | rxn trans | rxn trans | rxn trans | rxn trans
totpy-C | totpy-N | totpy-C | to tpy-N
(A) 24.5 23.7 23.6 22.4
-OACc (B) -29.4 -44.4 -12.5 -29.4
(C) -17.3 -1.5 -22.1 -4.0
(A) 22.0 21.8 - -
-CH=CHOACc" (B) -28.3 -43.9 - —
(C) -15.9 0.1 - -
(A) _ _ 21.3 17.0
-CH,CH,0Ac" (B) _ _ -11.7 -25.6
(©) _ _ -20.6 -2.5

% These values have been computed with the same methodology and without
considering ion-pairs to facilitate comparison. Therefore the data may slightly
differ from the ones in Figure 4 and 5 and those published in our previous work

computed in HOAC'.

The thermodynamic data shown in Table 1 and the Kinetics already discussed show

that the simple catalytic cycle (single insertion + protonation; Scheme 4) will not proceed
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with acetylene. Even though the insertion trans to tpy-N to give 3 is preferred, kinetically and
thermodynamically (and, in practice, is irreversible) over insertion trans to tpy-C to give 3c
(Figure 4), the protolytic Au—vinyl bond cleavage trans to tpy-N in 3, which would complete
the cycle, has a higher energy barrier (TS3-9, 24.8 kcal mol™, Figure 5) than the alternative
insertion of acetylene trans to tpy-C in 3 (TS10c-7, 22.7 kcal mol™, Figure 5), which
facilitates the observed entry into the more efficient double cycle mechanism.

By contrast, with ethylene, the insertion trans to tpy-N (previously shown to exhibit
reversibility*®) could in principle, after reversal, allow for the considerably less favorable
insertion trans to tpy-C to furnish 3c-alk (see Scheme 11), provided that the subsequent
protolytic cleavage from this complex could help drive this reaction. However, the computed
energy barrier for the protolytic cleavage of the Au-C(sp®) bond in 3c-alk (Scheme 11, top) is
23.7 kcal mol™, which is prohibitively high since the formation of 3c-alk from 1 is already
endergonic by 11.1 kcal mol™ (= AG* + AG®; data from Table 1, entries for ethylene, X =
OAC, trans to tpy-C). Remarkably, when the same reaction was computed from 3c (Scheme
11, bottom), the energy barrier for the protolytic cleavage of the Au-C(sp?) bond in 3c is only
14.5 kcal mol™. Thus, there is a significant kinetic preference (AAG” ~ 9 kcal mol™) for
protolysis of the Au-C bond in the Au-CH=CHOAc" fragment compared to Au-
CH,CH,0ACcF, even though the latter is somewhat more favorable thermodynamically (AAG®
~ 1.5 kcal mol™). This is particularly relevant, because the protolytic cleavages in Scheme 11
must compete favorably with the protolytic cleavage at tpy-C in order for catalysis to occur
(otherwise, catalyst decomposition takes place, as evidenced by the formation of 5 and Htpy"
observed experimentally). In 7 (Scheme 7), protolysis at the tpy-C ligand is less favorable
than protolytic cleavage of the vinylic group Au—-CH=CHOACc" (TS7-12 vs TS7-11) trans to
tpy-C. However, the opposite preference is expected in 3c-alk (Scheme 11), for which
protolytic cleavage at tpy-C will be favored over CH,CH,OAc". Indeed, as mentioned earlier,
we have reported previously that protolytic cleavage at tpy-C occurs rapidly even at -60 °C

when Au(tpy)Me; is treated with trifluoromethanesulfonic acid.*®
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Scheme 11. Protolytic cleavage of Au-C(sp®) (top) and Au-C(sp?) (bottom) bonds trans to tpy-C.
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CONCLUSIONS

This study of catalytic acetylene functionalization, combined with our earlier
investigation of ethylene insertion reactivity,*® at Au(tpy)(OAcF), has led to fundamental
insight into crucial steps that are involved in the reactivity of C—C double and triple bonds at
Au(l1l). Three fundamental steps are involved in these transformations: (a) substitution of an
OACc' ligand by acetylene vs. ethylene; (b) nucleophilic attack by “OAc" at coordinated
acetylene vs. ethylene; and (c) protolytic cleavage of the Au-C(sp®) vs. Au—C(sp?) bonds.
Experimental and computational results are in excellent agreement and establish that the
thermodynamics and kinetics of each of these steps are profoundly affected by the nature of
the coordination site trans to where the particular transformation takes place, i.e. trans to tpy-
C vs. trans to tpy-N. Further elaboration and tuning of the chelating ligand, either of its
backbone or substitution pattern, should pave the way towards more active and robust Au(l11)

catalysts for small-molecule functionalization.

SUPPORTING INFORMATION

Experimental and computational procedures, characterization, crystallographic, and
computational data. This material is available free of charge via the Internet at

http://pubs.acs.org.
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