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Introduction

The functionalization of alkenes has great practical and econ-
omic value in catalysis, and as the simplest of such building
blocks, ethylene is of particular interest." Gold is known for
its ability to m-coordinate and thereby activate alkenes and
alkynes towards nucleophilic attack, which is considered to
be a key step in gold catalysis.”® However, there are only
scarce reports of Au(m)-mediated functionalization of the sim-
plest olefin, ethylene. One important example was provided
by Atwood and co-workers (Scheme 1, top),” who demon-
strated that ethylene and propylene could be functionalized
stoichiometrically at the Au(u) complex Au(bipy)ClL," (bipy =
2,2"-bipyridine) in water to furnish Au(m) hydroxyalkyl pro-
ducts that were observed in solution by "H NMR spectroscopy
but not isolated. Reactions of ethylene and propylene with
HAuCl; and AuCls(tppts) (tppts = 3,3',3"-phosphanetriyltris-
(benzenesulfonic acid) trisodium salt) led to Au(m) hydro-
xyalkyl species, which upon heating underwent gold reduction
to the metal with concomitant formation of organic oxyge-
nated products (alcohols, aldehyde or ketone).® More recently,
Bochmann and co-workers (Scheme 1, bottom)'® showed that
ethylene slowly undergoes a formal insertion into the
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Incorporation of the simple, readily available, building blocks ethylene, water and acetonitrile into Au(tpy)
(OCOCFs3);, (tpy = 2-(p-tolyl)pyridine) in a one-step reaction leads to high yields of a new 6-membered
ring gold(i) metallacycle complex. The metallacycle has been characterized spectroscopically and crystal-
lographically, and the mechanism of its formation has been investigated with the aid of DFT calculations.
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Scheme 1 Reactions of ethylene at Au(i) complexes (OAcT = OCOCFs).

Au-OAc® bond trans to the pyridine-N in a diarylpyridine
CNC pincer complex to yield an Au(m) acetoxyalkyl complex
(OAc" = OCOCF;).

Our group recently reported a combined experimental and
computational study of the formal insertion of ethylene into
an Au-O bond of Au(tpy)(OAc"), (1; tpy = 2-(p-tolyl)pyridine;
Scheme 2, top).'! Selective insertion into the Au-O bond
trans to N of the chelating tpy ligand furnished Au(tpy)-
(CH,CH,O0Ac")(OAc") (2). Although the trans to C coordination
site is kinetically more accessible, the trans to N insertion
product is thermodynamically favoured and is formed by
nucleophilic attack by free "OAc" at the coordinated ethylene.
This discovery led to further investigations, and herein we
report that the coordinated and inserted ethylene molecule
can undergo further functionalization due to the availability of
the trans to C coordination site at Au.
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Scheme 2 Formal insertion of ethylene into an Au-O bond of
Au(tpy)(OAch), (1) and preparation of the metallacyclic Au(i) complex 3
from 1 and 2 (this work); (OAcT = OCOCFs).

Results and discussion
Synthesis and characterization

An attempt to crystallize a product mixture containing 2 from
acetonitrile led instead to the isolation of small quantities of a
new crystalline complex. Examination of these crystals by
single-crystal X-ray diffraction revealed that the new complex
was a Au(m) metallacycle 3 (Scheme 2, lower part). Synthesis of
larger quantities of 3 in about 80% yield was possible simply
by stirring 2 in wet acetonitrile for 5 days at ambient tempera-
ture. Alternatively, 3 can be obtained in comparable yields by
dissolving 1 in acetonitrile and adding water and ethylene.
Thus, an efficient synthetic protocol has been developed
wherein the three small, readily available building blocks
ethylene, water, and acetonitrile are incorporated into the Au(ur)
metallacycle complex 3 in just one step.

The molecular structure, based on the single-crystal X-ray
analysis, clearly indicated a complex which contained a new
6-membered chelate ring. Although the X-ray data and the
refined structure were of excellent quality, we were concerned
about the even slightest possibility of a NH vs. O misassign-
ment,'>"? and sought additional and independent verification
of the connectivity seen in the structure. Thus, the three
alternatives 3, 4, and 5 in Scheme 3 were initially considered.
The 6-ring chelates in these alternatives are formally derived
from Au, ethylene, acetonitrile, and one (3, 4) or two (5) equiv.
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Scheme 3 Possible structures of the metallacyclic Au(il) complex.
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of water. However, involvement of reagents arising from a
(possibly gold) catalyzed hydrolysis of acetonitrile, or from
impurities inadvertently present in this solvent, must also be
considered.

By positive-ion high resolution mass spectrometry (HRMS),
the parent ion at m/z = 451.1068 established the elemental
composition C;6H;3AuN,O for the cation (caled m/z =
451.1084), in accord with the presence of one N and one O
atom in the chelate ring. This composition, which eliminates
alternative 5, was corroborated by elemental analysis. Support
for the formulation of the N,O-containing chelate 3 was
obtained by 'H-'>N HMBC NMR spectroscopy. In the spec-
trum,q signals arising from two different N atoms are clearly
observed. One signal at §(**N{'H}) = —212 arises from the
chelate NH and correlates with the broadened 'H signal of the
NH group at §("H) = 10.28 and with the signal from the metal-
lacycle methyl group at §(*H) = 2.51, but not with the other
protons of the metallacycle. The other "N signal at §(*’N{'H}) =
—129 arises from the N atom in the tpy ligand and has a
correlation with the signal arising from the CH proton « to the
pyridyl-N atom at §(*H) = 9.33. The 'F NMR spectrum shows
only one signal, arising from the “OAc” anion. So as to further
unambiguously distinguish between alternatives 3 and 4, a
NOE experiment was performed. The "H-"H NOESY spectrum¢
shows a clear NOE interaction between the NH proton at
10.28 and the CH proton at 6 9.33. These H atoms are therefore
in close proximity, supporting the crystallographic analysis
and verifying that 3 does indeed represent the structure of the
metallacycle.

An ORTEP plot of the molecular structure of 3 is shown in
Fig. 1, with selected bond distances and angles. The Au(u)
centre has the expected square planar geometry. The deviation
of the C9-Au-N1 bond angle in the tpy chelate from 90 to
80.60(10)° is typical, and the Au-ligand distances Aul-N1,
Au1-C9, and Au1-C4 (sp®) are within the ranges that have pre-
viously been observed for the related complexes Au(tpy)Me,,"*
Au(tpy)(CH,CH,OACF)(OACF),"" and Au(tpy)(CH,CH,OCH,CF;)
(OAC")."" The N5-C3 (1.284(4) A) and C3-02 (1.332(3) A) bond
distances are consistent with the corresponding average N—C

(1.282 A) and C-O (1.325 A) in Pt(u) imino ether
complexes.’>??|| These distances are, however, distinctly

different from the distances in a [(tpa)Rh™]** (tpa = N,N,N-tri
(2-pyridylmethyl)amine) analogue to 3, in which the corres-
ponding N-C and C-O bond distances are 1.245(19) and 1.374
(17) A, respectively.”® The directionality of the N5---O1A inter-
action between the NH of the 6-membered ring and the
nearest O (O1A) of the trifluoroacetate anion suggests the pres-
ence of a hydrogen bond; in fact, the final refinement shows a
donor-acceptor distance (N5---O1A) of 2.8708(2) A. This is in
excellent agreement with the proposed structure 3. The crystal
structure of 3 is monoclinic, but with g = 90°. In addition, it is
twinned via a twofold rotation about the crystallographic a

9See ESI pages S5, S13, and S147 for details.
|| No structural examples of Au imino ethers were found via SciFinder.
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Fig. 1 ORTEP drawing of Au(i) complex 3, with 50% probability ellip-
soids. Selected bond distances (A), angles, and torsional angles (°): Aul—
C4, 2.042(3); Aul-C9, 2.019(3); Aul-N1, 2.126(2); Aul-N5, 2.092(3);
C3-NS5, 1.284(4); C3-02, 1.332(3); C17-02, 1.449(4); C4-C17, 1.510(4);
O1A~NS5, 2.8708(2); C4—Aul-C9, 92.39(12); C4—Aul-N5, 89.54(11); C9—
Aul-N1, 80.60(10); N1-Aul-NS5, 97.43(9); C4-Aul-N1, 172.99(11); C9-
Aul-N5, 174.24(12); C3-02-C17-C4, -70.8(4); Aul-C4-C17-02,
60.2(3); Aul-N5-C3-02, 26.5(5); C17-02-C3-N5, 21.8(5).
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Fig. 2 Packing diagram of structure 3 viewed along the a axis, showing
stacking between the tpy ligands. The thermal ellipsoids are displayed at
50% probability, and H atoms are omitted for clarity.

axis. The structure displays parallel displaced n-n stacking
along the a direction, and the distance between the intersect-
ing planes of the tpy ligands alternates between 3.42 and
3.44 A (Fig. 2).

DFT calculations were performed on the cations of 3, 4, and
5 in order to further assist with the verification of the struc-
ture. Gratifyingly, comparisons of the crystallographic data
with the optimized structures showed that the average r.m.s.
deviations of the atomic positions were considerably smaller
for 3 (average deviation 0.015 A) than for 4 (0.022 A) and 5
(0.032 A), lending further support for the structural
assignment.

This journal is © The Royal Society of Chemistry 2016
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Scheme 4 Potential role of acetamide in the formation of 3.

Mechanistic studies by experiment and DFT calculations

Initial mechanistic experiments probed whether a gold-
mediated or gold-catalyzed hydrolysis of acetonitrile to form
acetamide might be involved in the process (Scheme 4). First,
no formation of 3 was seen when 2 was treated with only aceta-
mide in CH,Cl, (Scheme 4A). Second, the reaction of 2 with
wet acetonitrile-d; in the presence of acetamide led to the
generation of 3-d; and a minor amount of 3 as inferred by inte-
gration of the metallacycle-methyl resonance at § 2.51 in the
"H NMR spectrum (Scheme 4B). These experiments suggest
that acetonitrile, and not acetamide, is the main reactant in
the formation of the metallacycle.

Scheme 5 shows a possible mechanism for the formation of
3. The unobserved cationic ethylene complex 6 is generated from
either 1 or 2, in agreement with our previous findings.'" The
hydroxyethyl complex 7 is formed from 2 after nucleophilic attack
by water, by analogy with Atwood’s study,’ and parallel to reac-
tion of trifluoroethanol with 2, which proceeds via 6 yielding
10."" Acetonitrile substitution for the "OAc" anion of 7 at the
kinetically most accessible position'" ¢rans to tpy-C furnishes a
crucial intermediate 8, which undergoes cyclization by an
intramolecular nucleophilic attack of the hydroxyethyl-O atom
on the nitrile-C atom of acetonitrile, analogous to the alcoholy-
sis of Pt(un)-coordinated nitriles to provide Pt(n) imino
ethers.>**> An ~OAc" anion assisted proton transfer from O to
N finally provides 3. Close analogues of the putative intermedi-
ates 7 and 8 exist and support their mechanistic viability. The
hydroxyethyl complex 7 is an analogue of Au(tpy)Me(OTf) and
Au(tpy)Me(OAc); both have been structurally characterized as
the pertinent stereoisomers with Me trans to N.>* Complex 8 is
closely related to [Au(tpy)Me(NCMe)][BF,] (9) which has been
prepared with the relevant stereochemistry at Au by bromide
abstraction from AuBrMe(tpy) with AgBF, in acetonitrile.>

The relative stability of all intermediates shown in Scheme 5
has been assessed by means of DFT calculations, which show
that they are all accessible under the experimental con-
ditions.§ The TS from 8 to 11 has also been computed (TS8-11,

§For an estimation of the transition state energies involved in the transform-
ation of 1 to 7, see ref. 11.
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Scheme 5 Postulated reaction mechanism for the formation of 3
(OAcF = OCOCFs). Framed species have been characterized by X-ray
diffraction in either this or previous (ref. 11) work. Free energies obtained
from DFT calculations in acetonitrile are given in kcal mol™.

Fig. 3 Optimized geometry for TS8-11 with selected bond distances (A).

Fig. 3) and it shows that cyclization is triggered by the deproto-
nation of the hydroxyl group by an external “OAc". This tran-
sition state is 13.0 kcal mol™" higher than 1 and involves an
effective energy barrier of 21.8 kcal mol™" relative to 2. The
long experimental reaction time required for this transform-
ation may be due to the existence of many equilibria, which
are dependent on the different reactant concentrations.

Concluding remarks

An eventual reductive elimination from 3 would generate
2-methyl-2-oxazoline, with an important heterocyclic ring struc-
ture. Previously, 2-oxazolines have been prepared by Sawamura
and coworkers***® by Au(i) catalyzed asymmetric aldol reactions

14722 | Dalton Trans., 2016, 45, 14719-14724
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of isocyanides and aldehydes. Hashmi and coworkers more
recently®**® prepared oxazolines by Au(i)-catalyzed cycloisomeri-
zations of propargyl amides. Interestingly, it has been recently
reported that cyclometallated Au(m) aryl-pyridine complexes
may act as efficient catalysts for the three-component synthesis
of propargylic amines from aldehydes, secondary amines, and
alkynes, and of substituted oxazoles from N-benzyl imines,
alkynes, and acyl chlorides.*"** The [(tpa)Rh™]*" analogue to 3
was synthesized in a two-step process by H,0, oxidation of a
coordinated ethylene, followed by reaction with acetonitrile
and NH,PF,.>* In this context, our one-step assembly of an
oxazoline from an alkene, a nitrile, and water represents a new
strategy with obvious possibilities in organic synthesis.*

In conclusion, the convenient and high-yield one-pot, four-
component assembly of a new cationic metallacyclic Au(ur)
complex has been described. In the process, the three small,
readily available building blocks ethylene, water, and aceto-
nitrile have been incorporated into one product. The trans-
formation demonstrates that both of the potentially labile
coordination sites in Au(tpy)(OAcF), can be utilized - a fact
that may be of importance for catalytic applications. The
metallacycle is constructed in such a fashion that the high
trans-effect (alkyl) end of the assembled chelate ligand
occupies the position that is trans to the low trans-effect
(N donor) of the tpy supporting ligand, and vice versa.

Experimental and computational
section
General experimental methods

Gold(m) complexes 1 and 2 were prepared by previously reported
procedures.''* Distilled water was used. CH;CN and CH,Cl,
were purified using a MB SPS-800 solvent purifying system from
MBraun. The gold(m) complexes studied here are not sensitive
to air, so inert atmosphere was not utilized, except for the syn-
thesis of 9 which is described in the ESI.f NMR spectra were
recorded on Bruker Avance DPX200, AVII400, DRX500, AVII600
and AV600 instruments at ambient temperature. 'H and '*C
spectra have been referenced relative to the residual solvent
signals. '’F has been referenced to CFCl; by using CgFg
(—164.9 ppm with respect to CFCl; at 0 ppm) as an internal
standard. The >N chemical shifts have been calibrated using
MeNO, as an external standard at 0 ppm. The peaks in the 'H
NMR and "*C NMR spectra were assigned by the aid of 2D NMR
techniques such as HSQC, HMBC, COSY, NOESY, and "H-"°N
HMBC according to the numbering scheme shown below. Mass
spectra (ESI) were obtained on a Micromass QTOF II spectro-
meter and a Bruker Daltronics maXislI spectrometer. Elemental
analysis was performed by Microanalytisches Laboratorium
Kolbe, Miilheim an der Ruhr, Germany.

4 3 3 4
\ /
AN 6
/Au\
R R
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Preparation of [Au(tpy)(C-N)"][TOCOCFj;] (3) from 1. Au(tpy)
(OCOCF3), (50.1 mg, 0.0847 mmol, 1.0 equiv.) was dissolved in
acetonitrile (3 mL). Water (10 pL, 0.55 mmol, 6.5 equiv.) was
added. Ethylene was bubbled through the solution at ambient
pressure for two minutes, and the flask was sealed with a glass
stopper. The reaction mixture was stirred at ambient tempera-
ture in the absence of light for 7 days. The reaction mixture
was filtered and the volatiles were removed under reduced
pressure furnishing 3 as a white solid (38.1 mg, 0.0675 mmol,
80%).

Preparation of [Au(tpy)(C-N)"[TOCOCF;] (3) from 2. Au(tpy)-
(CH,CH,OCOCF;)(OCOCF;) (50.1 mg, 0.0809 mmol, 1.0 equiv.)
was dissolved in acetonitrile (3 mL). Water (10 pL, 0.55 mmol,
6.8 equiv.) was added. Ethylene was bubbled through the solu-
tion at ambient pressure for two minutes, and the flask was
sealed with a glass stopper. The reaction mixture was stirred at
ambient temperature in the absence of light for 5 days. The
reaction mixture was filtered and the volatiles were removed
under reduced pressure furnishing 3 as a white solid (35.8 mg,
0.0634 mmol, 78%). 'H NMR (600 MHz, CD,Cl,): 6 10.28
(bs, 1H, NH), 9.33 (d, 1H, J = 5.4 Hz, H®), 8.08 (ddd, 1H, J =
8.0, 7.5, 1.4 Hz, H"), 7.96 (d, 1H, J = 8.0 Hz, H®), 7.71 (d, 1H,
J = 7.7 Hz, H*), 7.58 (ddd, 1H, J = 7.5, 5.6, 1.1 Hz, H"),
7.23-7.25 (m, 2H, H* and H®), 4.34 (m, 2H, OCH,), 2.73
(m, 2H, AuCH,), 2.51 (s, 3H, OCCH3), 2.44 (s, 3H, ArCHj;).
BC NMR (150 MHz, CD,Cl,): 6 175.2, 161.7, 149.8,
142.4, 142.3, 142.0, 141.9, 131.2, 129.4, 126.0, 124.9, 120.2,
66.5, 28.6, 22.0, 21.6. "TOCOCF; was not observed by >C NMR.
N{'H} NMR (600 MHz, CD,CL,): § =129 (N(tpy)), —212 (NH,
I/l = 78 Hz), as observed by "H-""N HMBC (see Fig. S127).
F NMR (188 MHz, CD,Cl,): § —78.1 (bs, CF;). MS (EST',
MeCN): m/z (rel.%): 451 (M — OCOCF;]", 100). MS (ESI",
MeCN): m/z (rel.%): 113 (JOCOCF;]~, 100) was observed among
other unidentified peaks. HRMS (ESI', MeCN): Found:
451.1068; caled for C;6H;3AuN,O: 451.1084 (+0.0016).
HRMS (ESI", MeCN): Found: 112.9859; calcd for C,F;0,:
112.9856 (—0.0003). Elemental analysis: Anal. Calcd for
CisHgAUF;N,05: C, 38.31; H, 3.22; N, 4.96. Found: C, 37.81;
H, 3.19; N, 4.59.

Computational details

Calculations were carried out at the DFT level as implemented
in the Gaussian09 software package.>® The hybrid PBE0+GD3
functional®>?® including Grimme’s model for dispersion
forces was used to optimize all geometries. This methodology
was selected because previous studies have proven its solid
performance in the modeling of Au(u) alkene complexes.®*'”
C, H, N and O were described with the all-electron triple-{
6-311+G** basis set,*®3° whereas Au was described with the
Stuttgart-Koln basis set including a small-core quasi-relati-
vistic pseudopotential.*®** Geometries were fully optimized
without any constraint. Vibrational frequencies were computed
analytically to verify that the stationary points found were
energy minima or transition states. All optimizations needed
for the mechanism proposal were carried out in solvent (aceto-
nitrile) using the SMD solvation model.**> Complexes 3, 4 and

This journal is © The Royal Society of Chemistry 2016
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5 were optimized in gas phase with the aim of comparing their
geometries with an X-ray crystal structure. Gibbs energies were
obtained for 7= 298.15 K and p = 1 atm. In the bimolecular
steps, these energies were corrected for the 1 M standard state
(T = 298.15 K and p = 24.465 atm). Further computational
details are given in the ESL.}
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