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The water-gas shift (WGS) reaction is an important process for the generation of hydrogen. Heterogeneous
gold catalysts exhibit good WGS activity, but the nature of the active site, the oxidation state, and competing
reaction mechanisms are very much matters of debate. Homogeneous gold WGS systems that could shed light
on the mechanism are conspicuous by their absence: gold(l)-CO is inactive and gold(ll)-CO complexes were
unknown. We report the synthesis of the first example of an isolable CO complex of Au(lll). Its reactivity de-
monstrates fundamental differences between the CO adducts of the neighboring d® ions Pt(ll) and Au(lll):
whereas Pt(I1)-CO is stable to moisture, Au(lll)-CO compounds are extremely susceptible to nucleophilic attack
and show WGS reactivity at low temperature. The key to understanding these dramatic differences is the donation/
back-donation ratio of the M-CO bond: gold-CO shows substantially less back-bonding than Pt-CO, irrespective
of closely similar v(CO) frequencies. Key WGS intermediates include the gold-CO, complex [(CANAC)Aul,(n-CO,),
which reductively eliminates CO,. The species identified here are in accord with Au(lll) as active species and a

carboxylate WGS mechanism.

INTRODUCTION

The water-gas shift (WGS) reaction is an important process for the
industrial generation of hydrogen, as well as for improving the purity
of H, for fuel cell applications by removing CO (1). Because the re-
action is exothermic (CO + H,O — CO, + H,, AH, = —41.2 kJ/mol), it is
favored by lower reaction temperatures, which has encouraged the
development of low-temperature catalysts. Heterogeneous catalysts
including those based on platinum and gold supported on various
metal oxides show good activity (2, 3), with gold exhibiting a signifi-
cantly lower activation energy than platinum (4, 5). However, the mech-
anism of the WGS reaction is as yet poorly understood, with redox,
formate, and carboxylate pathways being discussed (2, 3, 6-8). There
is uncertainty in particular about the nature of the active species: its
oxidation state, whether it is dispersed and mononuclear, or whether it
is a metal nanoparticle or a metal ion. Song and Hensen (8) have sum-
marized the mechanistic complexity and favor the involvement of
gold nanoclusters, whereas Flytzani-Stephanopoulos and colleagues
put forward cogent arguments for dispersed gold in high oxidation
states, formulated as Au(O),(OH),(Na), with gold in an octahedral
coordination geometry (9, 10).

Homogeneous complexes offer obvious advantages for the study of
reaction mechanisms. Studies on homogeneous WGS systems go back
to Hieber’s work on iron carbonyls (11); this and later work on Ru and
other metal carbonyls (12) suggested the predominance of the carbox-
ylate mechanism (Fig. 1).

However, no such studies exist for gold catalysts. Until now, well-defined
gold-CO complexes that could be used for mechanistic investigations were
only known for gold(I), for example, AuCl(CO) (13, 14) and the cations
[LAuCO]" (L = phosphine or carbene ligand) (15-19). No WGS activity
has been reported for any of these. By contrast, isolable CO complexes of
Au(IIT) were unknown; hence, their reactivity could not be explored.
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The lack of Au(III)-CO complexes is surprising. Au(III) and Pt(II) are
isoelectronic d® ions that typically give isostructural complexes. Carbonyl
complexes of Pt(II) have been known since the 19th century; they were
the first transition metal-CO complexes ever made (20). Evidently, the
platinum-gold analogy, which generally serves well, does not extend to
CO adducts. However, although Pt(II) carbonyls show characteristically
high v(CO) frequencies, which suggest electrophilic carbonyl C atoms
(21, 22), they have been proven to be stable to the attack of water and
do not show WGS-type reactivity (23, 24).

Given the strongly positive redox potential of Au®t (Ey=1.52V)
and the reducing power of CO, the absence of isolable Au(III) car-
bonyl derivatives seemed entirely plausible. However, we found that
CO complexes of Au(III) are readily accessible through the appro-
priate choice of stabilizing ligands and report here the synthesis of
[(CANAC)Au-CO] "X salts, where X is a noncoordinating anion.
The cyclometalated CANAC pincer ligand [(CANAC) = 2,6-bis(4-
Bu‘CgHs),pyridine dianion] had previously enabled the isolation of
Au(III) hydride, alkene, and peroxide complexes (25-27). Moreover,
these Au(III)-CO complexes show facile WGS-type reactivity, in stark
contrast to their Pt(I) congeners.

RESULTS

Treatment of (CANAC)AuOACcT (OACF = trifluoroacetate) with B(CgFs);
in dichloromethane at —30°C gave a single product in quantitative yield
[by "H NMR (nuclear magnetic resonance) spectroscopy], formulated
as [(CANAC)Au]"[(CgFs)sBOACT] (1). This intermediate is sufficiently
stable at —20°C to permit subsequent reactions with weak donor ligands.
Thus, treatment with CO gas cleanly generated [(CANAC)Au-CO]*
[(CeF5);sBOACT]™ (2a), which can be precipitated with light petro-
leum and was isolated as a yellow microcrystalline solid (Fig. 2). The
13C-labeled analog [(CANAC)Au-"2CO]* (2a-*C) was similarly obtained.
The same product was obtained when the ethylene complex [(CANAC)Au
(CHIT[(CeFs)sBOACT]™ (26) was exposed to CO at —20°C. The ligand
exchange process is monitored by "H NMR spectroscopy (fig. S6). Over
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a period of 30 min, the signal for bound ethylene at  6.25 disappeared,
accompanied by spectral changes confirming the quantitative formation
of the CO complex. The hexafluorophosphate salt 2b was prepared by
reacting (CANAC)AuOAC! with [Ph;C][PFs] and CO in CH,Cl, at
—30°C. The CO complexes 2a, b are temperature-sensitive and must
be handled at temperatures lower than —10°C.

0 10
H_ M—C//
H*, CO l M—H Ie

Fig. 1. Principles of the carboxylate mechanism, based on the classical
work on iron and ruthenium carbonyls (71, 12).

These reactions can be conveniently monitored by "H NMR spec-
troscopy (Fig. 2). The signals in the aromatic region of the spectrum are
highly diagnostic, in particular the triplet resonance of the H atom in
the para position of the pyridine ring, and they confirm that, within
detection limits, the reactions are clean and quantitative. The >C
NMR signal of coordinated CO in 2a, b is observed at 8 167.6 (cf. &
184 for free CO).

The most sensitive tools for probing the nature of the Au(IIl)-CO
bond in these compounds are vibrational spectroscopy and chemical
reactivity. The v stretching frequency of 2a is observed at 2167 cm
compared to 2143 cm! of free 2CO. The v stretch of the *C-labeled
version 2a-">C is found at 2143 cm™". The value found for 2a is close to
that of CO bound to Au®" centers in titania-supported heterogeneous
gold-CO oxidation catalysts (2158 cm™") (28), which suggests that
the CO bonding in our complexes closely mirrors that found in heter-
ogeneous catalysts (29).

On the other hand, the differences in infrared (IR) parameters
between structurally related Pt(II) and Au(III) are more pronounced;
for example, the Pt(II) pincer complex [(NANAC)Pt-CO]* shows a
v(CO) vibration at 2094 cm ™" (24), that is, substantially lower than that
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Fig. 2. Synthetic routes to Au(lll)-CO complexes. Left inset shows the diagnostic aromatic region of the "H NMR spectra of (CANAC)AUOACT (bottom),
intermediate [(CANAC)AU]* [(C4Fs)sBOACT] (1) (middle), and product [(CANAC)Au-COJ* [(C4Fs)sBOACT] (2a) (top) (300 MHz, CD,Cl,, —30°C), confirming quan-
titative generation of the CO complex. Right inset shows the CO stretching bands of 2a and of 2a-"3C in CH,Cl, solution at —20°C, accompanied by the
corresponding bands for '2CO, and '*CO,, respectively, resulting from the reaction of the Au(lll)-CO complex with traces of moisture.
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of 2 [(NANAC) = 2-(CsH;N)-6-(CsHy)pyridine]. Evidently, the back-
bonding contribution in Au(III)-CO is significantly weaker than that in
its Pt(II) congeners. This is reflected in dramatic differences in chemical
reactivity: whereas the [(NANAC)Pt-CO]" compound could be re-
crystallized from boiling methanol, the Au complexes 2a, b are highly
sensitive to temperature and nucleophilic attack on CO (vide infra).

To explain the reactivity differences between the carbonyls of
Pt(II) and Au(III), we probed the nature of the Au-CO interaction
by density functional theory (DFT) calculations. Simulation of the
[(CANAC)Au(CO)]" cation revealed that the highest occupied mo-
lecular orbital (HOMO) shows no electron density in the Au-C region
(Fig. 3), and there is also no evidence for an Au-C n-bonding contribu-
tion in other high-energy occupied orbitals, that is, HOMO-1, HOMO-2,
and HOMO-3 (fig. S20). The lowest unoccupied molecular orbital
(LUMO) does show nt-symmetry around the Au-C vector but is some
0.138 Ha higher in energy than the HOMO (for comparison, the
HOMO-1 is only 0.021 Ha below the HOMO).

Natural bond orbital analysis classifies the Au-C interaction as a
single bond, with major contributions from gold derived from the 6s,
6p,» and 6d,.,» molecular orbitals. Support for formulating the Au-CO
interaction as a single 6-bond was provided by further analysis of the
DFT structure. The donation/back-donation (d/b) ratio, as estimated by
charge decomposition analysis (CDA), proved to be particularly in-
formative: [(CANAC)Au(CO)]" shows a d/b ratio of 2.26, compared
to a value of only 1.54 [(NANAC)Pt(CO)]", in line with a relatively
stronger back-bonding in Pt(II)-CO complexes.

This view is further reinforced by the bond analysis of cis-PtCl,(CO),,
a complex that shows v stretching frequencies of 2178 and 2137 cm™
(vs and vy, respectively, in benzene solution) (22), closely comparable to
the value of 2167 cm™" found for 2. However, the d/b ratio of PtCL,(CO),
is only 0.65; that is, despite the high stretching frequency, the back-
donation from Pt(II) to CO is relatively much stronger than that in
Au(III). Although high CO frequencies above those found for free CO
(2143 cm™") are generally taken as diagnostic for high electrophilicity,
it is the d/b ratio, rather than the v value, that best explains the chem-
ical reactivity.

This difference in d/b ratios between the two d® systems Pt(II) and
Au(III) has consequences. The low-temperature solution IR spectra
of 2a and 2a-">C in CH,Cl, were always accompanied by bands at
2338 cm ! for '*CO, and 2273 cm™! for °CO, (Fig. 2). Because the CO,
must have originated from the CO complex, this observation pointed
to a gold-mediated WGS reaction due to the presence of traces of mois-
ture condensation under the recording conditions (-20°C), an indica-
tion of the facile nucleophilic attack by water on the cationic gold-CO
complex, in contrast to Pt(II) carbonyls. To demonstrate the reaction

pathways of the Au(III)-CO system, we decided to use (CANAC)AuOH
(30) as a surrogate for water, because this would allow precise stoichi-
ometry control and facilitate the reaction monitoring by NMR spec-
troscopy. If WGS reactions were observed, the process would of course
lead to the formation of (CANAC)Au-H instead of H,, and again, this gold
hydride gives a unique NMR signature (25). The expected reactions are
summarized in Fig. 4. Reactions A, B, and C are part of a WGS cycle ac-
cording to the carboxylate mechanism.

Bubbling CO through a solution of (CANAC)AuOH for 30 s at room
temperature, followed by the replacement of excess CO by N, does
indeed generate the hydride (CANAC)AuH, in agreement with reaction
steps A and B. This sequence implies the formation of an unstable
carboxylate intermediate (CANAC)Au-COOH, which readily decom-
poses by B-H elimination, to give CO, and (CANAC)AuH (Fig. 4).

Hydrolysis of the gold(III) hydride, with liberation of H, and regen-
eration of (CANAC)AuOH (reaction C), would close the cycle. However,
this step cannot proceed under the neutral reaction conditions used for
the NMR experiments because the Au-H bond in (CANAC)AuH is
highly covalent; the complex is stable to water and mild acids. DFT
calculations confirm the observed reactivity, with enthalpy values of
—141 and —28 kJ mol " for reaction steps A and B, respectively, whereas
C is endothermic (+95 kJ mol ™).

A different outcome was observed when a benzene solution of
(CANAC)AuOH was exposed to CO and left to crystallize in the dark
for 20 hours. The yellow crystalline product was identified as the CO,
complex (CANAC)Au(u-xCixkO-CO,)Au(CANAC)-CsHg (3-CgHss).
The formation can be explained by the reaction of (CANAC)Au-
COOH with (CANAC)AuOH with elimination of water, reaction D
(Fig. 4), with a calculated reaction enthalpy of ~31 k] mol . The same
product was obtained by treating the gold(III) oxide {( CANAC)Au},(u-O)
with CO; this reaction proceeds even with the crystalline oxide in the
solid state. Such reactivity is central to CO oxidation with heterogeneous
gold catalysts (28). Complex 3 is the first CO, complex of gold in any
oxidation state.

The crystal structure of 3-C4Hg confirmed the presence of a bridging
CO, ligand that adopts a ]J—KC:KZO position between two Au(III)
centers (Fig. 4). There is disorder because CO, gives two linkage iso-
mers, each with 50% occupancy, similar to that described before for
complex [2,6-C¢H3(CH,P'Pr,),Pd] >(u-CO,) (31). The Au-C bond to
CO,, 2.11(1) A, is long compared to conventional Au—C(sp3) and
Au-C(sp”) bonds [for comparison, the bonds to ethyl and aryl ligands in
(CANAC)AuEt and (CAN)Au(C4H,F)(OACY) are 2.042(8) and 2.029(7) A,
respectively (32)]. The short C=0 (1.18 A) and long C-O (1.29 A)
distances, together with the interatomic angles, point to a low degree
of charge delocalization in the CO, ligand.

Fig. 3. Molecular orbitals involved in Au-CO bonding, showing, from left to right, HOMO-1, HOMO, and LUMO in [(CANAC)Au(CO)]* as
simulated by DFT. None of the lower-lying occupied orbitals shows any n-bonding interactions along the Au-CO vector.
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Fig. 4. Gold(lll)-mediated WGS reactions showing reaction steps A to C, the formation of the Au(lll)-CO, complex 3 via pathway D, and the
reductive elimination of CO, from 3 (step E). The colors indicate the H atoms that are diagnostic for monitoring these processes by "H NMR spectros-
copy, with associated chemical shifts. In the molecular structure of [(CANAC)Aul,(u-k C:xO-CO,)-CgHe (3-CsHg), thermal ellipsoids are set at 50% probability
level and hydrogen atoms and the solvent were omitted for clarity. The CO, group is 50% disordered between two positions; the box shows the central core
of the other position. Selected bond distances (in angstoms) and angles (in degrees) are as follows: Au(1)-C(26) 2.11(1); C(26)-O(1a) 1.18(1); C(26)-0(2) 1.29(2);
0O(2)-Au(1) 2.036(9); Au(1)-N(1) 1.999(6); Au(1)-C(1) 2.064(8); Au(1)-C(17) 2.068(8); N(1)-Au(1)-C(26) 169.5(5); Au(1)-C(26)-O(1a) 129(1); Au(1)-C(26)-O(2") 104(1);

0(1a)-C(26)-0(2) 126(1); Au(1)-0(2)-C(26) 114(1); N(1)-Au(1)-0(2) 160.5(3).

Complex 3 is stable under ambient conditions in the solid state. How-
ever, heating the solid to 80° to 120°C under vacuum leads to the reduc-
tive elimination of CO, and formation of the known (25, 27, 33)
thermally stable Au(II) dimer, [Au(CANAC)], (Fig. 4). The CO, elimina-
tion also proceeds easily in solution, and even though it forms a gold(II)
product, it is calculated to be exothermic, AH = —96 kJ mol .

Computational models of the WGS process on gold nanoclusters
tend to assume that the CO, product is weakly C-bonded to a gold atom
before desorption (6, 8). The binuclear CO, bonding in 3 would seem to
suggest the possibility of alternative bonding modes and the involve-
ment of gold species in higher oxidation states during this process.

The evidence for the Au-COOH intermediate mainly relies on the
observation of the follow-on products, 3 and (CANAC)AuH. This
pathway gains support, however, by the analogous reaction of CO with
the alkoxide (CANAC)AuOMe (30), which gives the methyl carboxylate
(CANAC)Au-COOMe (4) as a white crystalline solid. Compound 4 is
thermally stable, and there is no reaction of 4 with excess (CANAC)
AuOH to produce 3 and MeOH.

As an alternative to the carboxylate pathway in the WGS reaction, a
formate pathway has been suggested, where CO formally inserts into
the O-H bond of Au-OH to give Au—-OC(O)H (7, 8). Alternatively,
formic acid may be generated by hydrogenolysis of a metal-COOH spe-
cies. The search for this reaction pathway was, however, unsuccessful
for our system: Complex 4 is stable under 4 bar of H, up to 80°C
without any sign for the presence of methyl formate. The attempted
hydrogenolysis of 3 (4 bar of H,) exclusively led to the reductive elim-
ination of CO,. In any case, in the present system, the hydrogenolysis of
Au-COOH to Au-H + HCOOH is effectively thermoneutral (by DFT,
AH = -4 kJ mol ™).
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This work has shown that, given suitable supporting ligands, CO
complexes of Au(IIl) can indeed be isolated, nearly 150 years after
the preparation of the isoelectronic Pt(II) analogs. This has allowed a
detailed comparison of their reactivity. The susceptibility to nucleophil-
ic attack and DFT modeling suggest a minimal contribution by back-
donation to the Au-CO bond, which contrasts with structurally related
Pt(I)-CO complexes. The d/b ratio, obtained by way of CDA, proved to
be a more reliable indicator of chemical reactivity than the vco frequen-
cies and explains subtle but important differences in metal-CO bonding
between the neighboring elements platinum and gold. The result is
WGS-type reactivity in the gold system at low temperature and the
absence of such reactions for platinum(II) carbonyls. These studies have
enabled the use of a homogeneous gold system to probe the viability of
the carboxylic mechanism proposed for the WGS reaction catalyzed on
gold surfaces and provide support for gold(III) ions in this process.

MATERIALS AND METHODS

General

Unless otherwise stated, all manipulations were performed using stan-
dard Schlenk techniques under dry nitrogen or using Saffron Scientific
or MBRAUN glove boxes. Nitrogen was purified by passing through
columns of supported P,05 with moisture indicator and activated
4 A molecular sieves. Anhydrous solvents were freshly distilled from
appropriate drying agents. (CANAC)AuOH (30), (CANAC)Au(OAcY)
(30), [(CANAC)AU],0 (27), (CANAC)AuH (25), [(CANAC)Au], (25),
[(CANAC)Au(n’-CoH,)][B(CsFs)5(OACT)] (26), and B(CoFs)s (34)
were prepared using literature methods. [Ph;C][PFg] (Sigma) was used
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as purchased. Natural abundance CO (BOC) and 13co (Euriso-Top)
were used as purchased or dried before use passing through columns
with activated 4 A molecular sieves.

"H, C{'H}, and '°F spectra were recorded using a Bruker Avance
DPX-300 or a Bruker Avance DPX-500 spectrometer. Deuterated
solvents were dried over CaH,, degassed by three freeze-pump-thaw
cycles, and stored on 4 A molecular sieves before use. 'H NMR spectra
(300.13 MHz) were referenced to the residual protons of the deuterated
solvent used. '*C{'"H} NMR spectra (75.47 MHz) were referenced inter-
nally to the D-coupled °C resonances of the NMR solvent. IR spectra
were recorded using a Perkin Elmer Spectrum 65 FT-IR spectrometer
with a diamond attenuated total reflectance attachment or using liquid
cells with KBr plates.

Synthesis of [(CANAC)AU][B(CsF5)sOACt] (1)

(CANAC)AUOAC" (15 mg, 23.6 umol) and B(CgFs5)5 (12 mg, 23.6 umol)
were charged into a J. Young NMR tube and cooled to —78°C. To this,
we added precooled (-78°C) CD,Cl, (0.6 ml), generating a yellow
solution. The sample was inserted into an NMR spectrometer probe
head precooled to —40°C. Obvious signs of decomposition were ob-
served above —20°C by 'H NMR spectroscopy, which coincided with
a darkening of the solution from yellow to brown. The numbering sys-
tem used for assigning the 'H and '*C NMR signals of the CANAC
ligand is as follows:

'"H NMR (fig. S1, 300 MHz, CD,Cl,, —25°C) 8 7.88 (t, J=8.0 Hz, 1H,
H'),7.41t07.33 (m, 5H), 7.23 (d, ] = 1.0 Hz, 2H, H®), 1.22 (s, 18H, H'").
BC{*H} NMR (75 MHz, CD,Cl,, —25°C) & 163.92 (C?), 157.65 (C),
144.65 (C*), 144.42 (C"), 127.14 (C%), 126.57 (C°), 118.05 (C?), 35.69
(C'), 30.54 (C*). Resonances for C°, C? and the B(CgFs);0Ac! anion
were not observed because of the short acquisition time. '°F NMR
(282 MHz, C¢Dg) & —76.96 (s, 3F, OACF), —135.08 (d, 6F, ] = 22.5 Hz,
0-CgFs), —161.47 (t, 3F, ] = 20.3 Hz, p-C4Fs), —166.38 to —166.56 (m, 6F,
m-CgFs).

Synthesis of [(C/\N/\C)AuCOI[B(C6F5)30AcF] (2a)

Method 1. (CANAC)AuOACc" (100 mg, 0.16 mmol) and B(C4Fs)s
(80.5 mg, 0.16 mmol) were charged into a Schlenk flask and cooled to
—78°C. To this, we added CH,Cl, (30 ml) precooled to —78°C. The mix-
ture was warmed to —30°C and CO gas was bubbled through the mix-
ture for a few seconds. The mixture was kept at —30°C for 1 hour. While
keeping the mixture below —10°C, the solvent was evaporated, yielding
2a as a bright yellow powder.

Sample preparation for IR spectroscopy: an aliquot of a CH,Cl,
solution of 2a was injected into a liquid IR cell that was precooled with
dry ice. The IR spectrum was recorded immediately (fig. S2). The com-
pound proved thermally too labile for elemental analysis.

Rosca et al. Sci. Adv. 2015;1:e1500761 16 October 2015

Method 2. Ina]. Young NMR tube, [(CANAC)Au] [B(CeFs);0AC]
(1) was generated as described above by mixing (CANAC)AUOAC"
(15 mg, 23.6 umol) with B(C¢Fs); (12 mg, 23.6 umol) at —50°C. The 'H
NMR spectrum of 1 was then recorded at —40°C. '*CO or >CO was
bubbled through the solution for a few seconds, and the sample was
injected into the NMR spectrometer precooled to —40°C. The con-
version from 1 to 2a could be monitored over the course of 2 hours
at —20°C (figs. S3 to S5).

Method 3. InaJ. Young NMR tube, [(CANAC)Au] [B(CeFs);0AC]
(1) was generated as described above by mixing (CANAC)AuOACH
(15 mg, 23.6 umol) with B(C¢Fs); (12 mg, 23.6 umol) at —50°C. The 'H
NMR spectrum of 1 was recorded at —40°C. Ethylene was then added to
generate [(CANAC)Au(C,Hy)] [B(CeFs);0AC], and the mixture was
treated with CO gas for a few seconds at —40°C. The solution was
transferred into the NMR spectrometer probe precooled to —20°C,
and the conversion of [(CANAC)Au(C,H,)]* to [(CANAC)Au(CO)]*
was monitored (fig. S6).

'"H NMR (300 MHz, CD,Cl,, —20°C) & 8.05 (t, ] = 8 Hz, 1H, Hl),
7.79(d,J =2 Hz,2H, H®),7.62 (d,] = 8 Hz,2H, H’), 7.52 t0 7. 48 (dd, ] =
8,2Hz, H? overlapping with d, ] = 8 Hz, H®, 4H), 1.34 (s, 18H). *C{*H}
NMR (75 MHz, CD,Cl,, —20°C) & 168.22 (Cg), 167.35 (AuCO), 166.67
(C%), 159.25 (C7), 146.22 (C*), 144.78 (C'), 133.91 (C?), 127.17 (C°),
126.99 (C°), 118.74 (C?), 35.76 (C'%), 30.55 (C'"). Resonances for the
[B(C4F5);OAC"]™ anion were not observed because of the short acqui-
sition time. '’F NMR (282 MHz, CD,Cl,, —40°C) & -76.68 (s, 3F,
OAdY), —133.56 (br s, 3F, 0-C4Fs), —159.36 (br s, 3F, p-C4Fs), —164.86
(br s, 6F, m-CgFs). IR (CH,CL solution): v(**CO) 2167 cm™.

Synthesis of [(CANAC)Au(*3CO)I[B(CeFs);0ACt] (2a-'3C)

The same conditions used for the synthesis of 2a were applied, but *CO
was used instead of >CO. The complex shows the same spectroscopic
pattern to 2a except for a clear higher intensity of the signal at 167.35
parts per million (ppm) in the ">C NMR and a shift of the v(CO) band
in the IR spectrum. IR (CH,Cl, solution): v(**C0O) 2143 cm™! (fig. S2).

Synthesis of [(CANAC)AuCO][PF¢] (2b)

(CANAC)AuOACc" (100 mg, 0.16 mmol) and [Ph;C][PF] (62 mg,
0.16 mmol) were charged into a Schlenk flask and cooled to —78°C.
To this, we added CH,Cl, (30 ml) precooled to —78°C. The mixture
was warmed to —30°C and CO gas was bubbled through the mixture
for a few seconds. The mixture was kept at —30°C for 1 hour. While
keeping the mixture below —20°C, the CH,Cl, solution was layered
with light petroleum (1:1 v/v) and was stored at —20°C. The spectro-
scopic parameters were identical to those of 2a, but the compound
proved thermally too unstable to allow isolation.

Synthesis of [(CANAC)Aul,(p-kC:x0-CO,) (3)

Method 1. CO gas was bubbled for 30 s through a solution of
(CANAC)AuOH (100 mg, 0.18 mmol) in benzene (30 ml). The solution
was then left to stand in the dark for 20 hours, yielding 3 as dark-yellow
crystals (41 mg, 40%). The crystals were suitable for x-ray diffraction.

"HNMR (500 MHz, CD,Cl,, 293 K; fig. $7): 8 8.18 (d, J = 2.1 Hz, 2H,
H®"%),7.83 (t,]=82Hz, 1H,H' > "), 7.80 (d, ] ~ 2 Hz, 2H, H* ™" ¥)
overlapped with (t, ] ~ 8 Hz, 1H, H' ® "), 7.53 (d, ] = 8.2 Hz, 2H, H® " %),
7.42(d,J=8.0Hz,2H,H**"?),7.36 (d,]=8.2 Hz, 2H,H>*"*),7.28 (d,
J=8.0 Hz, 2H, H> " *), 7.23 (dd, ] = 8.2, 2.1 Hz, 2H, H* ), 7.19
(dd,J=8.2,2.1 Hz, 2H, H®°*®),1.20 (s, 18H, H'! °" ') 1.18 (s, 18H,
H' or 1 BC{'H} NMR (126 MHz, CD,Cl,, 293 K) & 170.69 (-CO,-),
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168.06 (C°/C”), 164.94 (C*/C*'), 163.50 (C*/C*), 154.99 (C’/C”),
15439 (C7/C7), 146.83 (CY/CY), 144.65 (C*/CY), 14326 (CY/CY), 141.79
(CHCY)y, 134.41 (C¥/CY), 131.65 (C¥/CP), 124.68 (C°/C°), 124.65
(C°/C) 124.14 (C°/CF), 12345 (C°ICY), 116.19 (CY/C*), 11581 (C*/C),
35.17 (C'/C'?), 35.04 (C'°/C'?), 31.08 (C''/C'"), 30.93 (C''/C™).
Anal. calcd. (found) for Cs;HsoN,Au,0, (1116.89): C 54.84 (54.70);
4.51 (4.68); 2.51 (2.47).

Method 2. CO gas was bubbled for 30 s through a solution of
[(CANAC)Au],0 (20 mg, 0.018 mmol) in CH,Cl, (5 ml). This solution
was layered with light petroleum (boiling point, 40° to 60°C) and
allowed to stand at —30°C for 48 hours, yielding 3 as a polycrystalline
solid (10 mg, 49%) with identical spectroscopic properties to the sample
obtained by method 1.

Synthesis of [(CANAC)Aul,(p-kC:k0-"3CO,) (3-'3C)

The same conditions used for the synthesis of 3 were applied, but *CO
was used instead of '*CO. The *C NMR spectrum of the mixture was
recorded (fig. S8). The main difference is the higher intensity of the
signal at 170.69 ppm, which corresponds to the bridging CO, ligand.

Thermolysis of [(CANAC)Aul,(1-kC:k0-CO,) (3 and 3-'3C)

Method 1. A Schlenk flask was charged with 3 (20 mg, 0.017 mmol).
The dry solid was heated at 120°C under vacuum for 16 hours. The
resulting residue was dissolved in CD,Cl,. The quantitative conversion
of 3 to [(CANAC)Au], was confirmed by '"H NMR spectroscopy.

Method 2. *CO gas was bubbled for 30 s through a solution of
[(CANAC)Au],0 (5 mg, 0.005 mmol) in CD,Cl, (5 ml) and stored un-
der *CO for an additional 5 min. After this time, the reaction was
subjected to three freeze-pump-thaw cycles and stored under N, at
60°C. Monitoring by "H and >C NMR spectroscopy at 25°C confirmed
the conversion of [(CANAC)Aul,(u-k C:kO->CO,) 3-1*C to [(CANAC)
Au], and *CO, (fig. S9).

Reactivity of (CANAC)AuOH with CO

Fast reaction conditions: CO gas bubbled for 30 s through a solution of
(CANAC)AuOH (5 mg, 9 umol) in CD,Cl, (2 ml). Then, the reaction is
subjected to three freeze-pump-thaw cycles, stored under N,, and
monitored by "H NMR spectroscopy at 25°C. The spectrum showed ad-
ditional signals that corresponded to the formation of (CANAC)AuH
(figs. S10 and S11).

Reaction of (CANAC)AuOH and [(CANAC)Aul,0 with CO in
the solid state

A Schlenk flask was charged with (CANAC)AuOH (5 mg, 9 pmol) or
[(CANAC)Au],O (5 mg, 4 umol) and pressurized with 2 bar of CO.
After stirring for 8 hours, the flask was subjected to three cycles of evac-
uation followed by N, addition. One portion of the solid was used to
record the IR spectrum; the rest was dissolved in CD,Cl,. The 'H
NMR spectrum confirmed the presence of a mixture of the correspond-
ing starting material together with [(CANAC)Au],(n-xC:ixO-CO,) 3
and [(CANAC)Aul], (fig. S12). The IR spectrum showed the emergence
of a shoulder at 1624 cm™ for the v(C=0) band (fig. S13).

Attempted hydrogenolysis of [(CANAC)Aul,(p-kC:k0-CO5) 3
A high-pressure NMR tube was charged with [(CANAC)Au],(u-kCixO-
CO,) 3 (5 mg, 4 umol) in 5 ml of CD,Cl,, pressurized with 4 bar of H,,
and warmed to 60°C. After 8 hours, full conversion into [(CANAC)Au],
was observed, without any detectable amounts of formic acid.

Rosca et al. Sci. Adv. 2015;1:e1500761 16 October 2015

Synthesis of (CANAC)AuCO,Me 4

CO gas was bubbled through a solution of (CANAC)AuOMe (10 mg,
18 umol) in CH,CI, for 5 min, in the presence of 4 A molecular sieves.
After stirring under a CO atmosphere for an additional 5 min, filtration
through celite, evaporation of the filtrate to dryness, and washing with
light petroleum afforded 4 as a white solid that was dried in vacuo
(figs. S14 to S16). '"H NMR (300 MHz, CD,Cl,, 20°C): 6 7.83 (t, ] =
8.0 Hz, 1H,H'"),7.73 (d, ] = 2.0 Hz, 2H, H%), 7.55 (d, ] = 8.2 Hz, 2H, H’),
7.45 (d,] = 8.0 Hz, 2H, H?), 7.30 (dd, ] = 8.2, 2.0 Hz, H°), 3.93 (s, 3H, Me,
CO,Me), 1.34 (s, 18H). C{'H} NMR (75 MHz, CD,Cl,, 20°C): § 175.55
(COOMe), 156.03 (C®), 154.99 (C%), 147.64 (C7), 143.16 (C*), 134.84 (C),
12595 (C°), 125.59 (C?), 124.73 (C°), 117.10 (C?), 52.69 (COOCH}), 36.04
(C'), 31.88 (C'). Anal. calcd. (found) for CogH30N,;Au,0, (609.51):
C 55.18 (55.67); 4.96 (4.75); 2.30 (2.60). IR: v('?C=0) 1675 cm ™.

Reaction of (CANAC)AuOMe with *CO

'3CO gas was bubbled through a solution of (CANAC)AuOMe (5 mg,
9 umol) in CD,Cl, (2 ml) for 10 min at —30°C (fig. S17). Further, CD,Cl,
was added to restore the evaporation losses. The mixture was subjected
to three freeze-pump-thaw cycles, stored under N,, and monitored by
"Hand ">C NMR spectroscopy. The 'H NMR spectrum shows a pattern
identical to 4, but the signal at 3.93 ppm appeared as a ">C-coupled
doublet. In addition, because of the difficulty of drying *CO as thor-
oughly as '>CO, the complex appeared mixed with 3-'*C and
[(CANAC)Au],, because of the hydrolysis of (CANAC)AuOMe, which
generates CH;0OH and (CANAC)AuOH and opens the path to 4 and
reductive CO, elimination (figs. S17 and S18).

Attempt of hydrogenolysis of [[CANAC)AuCO,Me] 4

A high-pressure NMR tube was charged with (CANAC)AuCO,Me 4
(5 mg, 9 umol) in CD,Cl, (5 ml), pressurized with 4 bar of H,, and warmed
to 60°C. No formation of methyl formate was detectable after 1 week.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/1/9/e1500761/DC1

Text

Fig. S1. "H NMR (CD,Cl,, —25°C) spectrum of 1.

Fig. S2. Superposition of the IR spectra of [(CANAC)Au'?CO][B(C4Fs)sOACT] 2a and [(CANAC)
Au'>COI[B(CF5);0ACT] 2a-"3C.

Fig. $3. "H NMR spectrum of 2a (CD,Cl,, —20°C).

Fig. S4. Stacked plot of the aromatic region of the 'H NMR spectra (CD,Cl,, —20°C) of (CANAC)
AUOAC", [[CANAQ)AU(CH,CI,)T* 1, and [(CANAC)AU(CO)]" 2a.

Fig. S5. "*C NMR (CD,Cl,, —20°C) spectrum of 2a'3.

Fig. S6. Monitoring by 'H NMR (CD,Cl,, —20°C) of the conversion of [(CANAC)Au(m>-C,H,)]" to
[[CANAQ)AU("CO)* (2a).

Fig. S7. "H NMR spectrum of 3 (CD,Cl,, 25°C). The inset shows the t-butyl resonances.

Fig. $8. "*C NMR spectrum of complex 3-'3C (CD,Cl,, 25°C).

Fig. 9. Monitoring by 'H and "*C NMR spectroscopy of the thermolysis of complex 3-'3C in
CD,Cly.

Fig. $10. "H NMR spectra of a solution of (CANAC)AUOH in CD,Cl, under 2 bar of CO at room
temperature at different reaction times.

Fig. $11. Aromatic and hydride regions of the "H NMR spectra of a solution of (CANAC)AUOH in
CD,Cl, and after CO addition for 30 s.

Fig. $12. "H NMR spectra in CD,Cl, at room temperature of the aromatic region of [(CANAC)Au]
,0 before and after its exposure to 2 bar of CO in the solid state.

Fig. $13. Superposition of the IR spectra of [(CANAC)Au],O in the solid state and after exposure
to 2 bar of CO for 8 hours.

Fig. S14. "H NMR spectrum of 4 (CD,Cl,, 25°C).

Fig. S15. Superposition of the IR spectra of (CANAC)AuCO,Me 4 (red) and (CANAC)AuOMe
(blue) in the solid state.
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Fig. S16. "H NMR monitoring of the conversion of (CANAC)AuOMe into (CANAC)AuCO,Me 4
under 2 bar of '2CO at 25°C.

Fig. S17. Reactivity of (CANAC)AuOMe and 'CO in the presence of moisture.

Fig. S18. Reaction of (CANAC)AuOMe with CO.

Fig. $19. HOMO-1, HOMO-2, and HOMO-3 for [(CANAC)Au(CO)I*.

Fig. S20. Enthalpy and Gibbs free energy values for reaction steps as calculated by DFT (T =
298.15 K).

Table S1. Selected crystal data and structure refinement details for 3-CgHs.

Table S2. CDA and d/b ratios of 2, [[CANAN)Pt(CO)]*, and Pt(CO),Cl,.

DFT coordinates
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