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Abstract
Mechanistic investigation of gold(I)-catalyzed intramolecular allene hydroalkoxylation established
a mechanism involving rapid and reversible C–O bond formation followed by turnover-limiting
protodeauration from a mono(gold) vinyl complex. This on-cycle pathway competes with catalyst
aggregation and formation of an off-cycle bis(gold) vinyl complex.

Over the past decade, the applications of soluble gold(I) complexes as catalysts for organic
transformations, in particular the electrophilic activation of C–C multiple bonds, have
increased dramatically.1 In contrast to the extensive development of the synthetic aspects of
gold(I) π-activation catalysis, the mechanisms of these transformations remain poorly
defined and are derived largely from computational analyses.2 However, experimental
evidence pertaining to the mechanisms of gold(I) π-activation catalysis, notably the in situ
detection and/or independent synthesis of potential catalytic intermediates, has begun to
emerge.3–5 Perhaps most intriguing among these potential intermediates are the bis(gold)
vinyl complexes formed via the addition of nucleophiles to allenes or alkynes in the
presence of gold(I).5,6 However, the extent to which formation of bis(gold) species
represents a general phenomenon in gold π-activation catalysis remains unclear and lacking
is information regarding the behavior of bis(gold) vinyl species vis-à-vis mono(gold) vinyl
complexes4 under catalytic conditions.

Herein, we report the mechanistic investigation of the gold(I)-catalyzed intramolecular
hydroalkoxylation of 2,2-diphenyl-4,5-hexadien-1-ol (1) to form 2-vinyltetrahydrofuran 2
(eq 1),7 which represents the first mechanistic analysis of
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eq 1

gold-catalyzed hydroalkoxylation. Importantly, this investigation delineates the catalytic
behavior and interplay of the mono(gold) and bis(gold) vinyl complexes generated under
catalytic conditions and establishes the reversibility of C–O bond formation.8–10

In an effort to intercept gold vinyl intermediates in the gold(I)-catalyzed conversion of 1 to
2, a toluene suspension of 1, (L)AuCl [L = P(t-Bu)2o-biphenyl], AgOTs, and Et3N (1:1:1:2)
was stirred at room temperature for 1.5 h (Scheme 1).11 Aqueous workup and crystallization
from warm hexanes gave mono(gold) vinyl complex 3 in 87% yield as an air- and thermally
stable white solid that was fully characterized by spectroscopy and X-ray crystallography
(Figure 1). Treatment of 3 (31 mM) with (L)AuOTs (1 equiv) in CD2Cl2 at 0 °C led to
immediate (≤5 min) formation of the bis(gold) vinyl complex 4 in 98 ± 5% yield by 1H
NMR (Scheme 1). Complex 4 persisted indefinitely in solution at this temperature but
decomposed when concentrated and was therefore characterized in solution. Notably,
the 31P NMR spectrum of 4 displayed a 1:1 ratio of resonances at δ 61.7 and 60.9, which
established the presence of chemically inequivalent (L)Au fragments, while the large
difference in the 1H NMR shifts of the vinylic protons of 4 [δ 4.84 and 3.90] relative to
those of 3 [δ 5.48 and 4.45] established interaction of the vinyl moiety of 4 with both
(L)Au+ fragments.

To evaluate the relevance of vinyl gold complexes 3 and 4 in the gold-catalyzed conversion
of 1 to 2, we investigated the reaction of 1 with (L)AuOTs under stoichiometric and
catalytic conditions. Reaction of a equimolar solution of 1 (55 mM) and (L)AuOTs in
CD2Cl2 at −80 °C led to immediate (≤10 min) formation of a 1:1 mixture of 1 and 4 without
generation of detectable quantities of 3 or 2, which established the facility of both C–O bond
formation and aggregation relative to protodeauration (Scheme 2). Warming this solution to
−30 °C for 3 h led to formation of 2 in 94 ± 5% yield (1H NMR) with concomitant
regeneration of (L)AuOTs. When a solution of 1 (120 mM) and a catalytic amount of
(L)AuOTs (5 mol %) in CD2Cl2 at −30 °C was monitored periodically by 31P NMR
spectroscopy, resonances corresponding to 4 appeared immediately, persisted throughout
~95% conversion as the only detectable organometallic species, and then disappeared with
regeneration of (L)AuOTs (δ 53.5). Kinetic analysis of the gold-catalyzed conversion of 1 to
2 under similar conditions revealed a deuterium KIE of kH/kD = 5.3 upon substitution of 1
with 1-O-d (94% d).12

We likewise investigated the protonolysis behavior of vinyl gold complexes 3 and 4.
Treatment of mono(gold) vinyl species 3 with TsOH (2 equiv) at 25 °C led to immediate
(≤10 min) formation of tetrahydrofuran 2 in 99 ± 5% yield (1H NMR; Scheme 2).12

However, 1H NMR analysis of the reaction of 3 with TsOH (1.3 equiv) at −80 °C revealed
immediate (≤5 min) retrocyclization/aggregation to form a ~1:1 mixture of 1 and 4 in >90%
combined yield, along with traces (~8%) of 2 (Scheme 2). Warming this solution at 0 °C for
20 min led to complete (97 ± 5% yield by 1H NMR) conversion to 2 and (L)AuOTs
(Scheme 2). Independent kinetic analysis of the reaction of 4 (40 mM) with HOTs at 5 °C in
CD2Cl2 revealed ~zeroth-order dependence on [HOTs] from 38 to 152 mM with no
significant deuterium KIE (kH/kD = 0.9) for the reaction of 4 with DOTs (38 mM). Both
observations point to a mechanism for the conversion of 4 to 2 involving rate-limiting
disproportionation of 4 into 3 and (L)AuOTs followed by rapid protodeauration of 3;
however, it must be noted that the concentrations of both 4 and HOTs in these experiments
exceed those present under catalytic conditions by an order of magnitude.

The experimental observations describe herein and elsewhere7,13 support a mechanism for
the gold-catalyzed conversion of 1 to 2 involving rapid and reversible outer-sphere C–O
bond formation7 from the unobserved gold π-allene complex I13 to form mono(gold) vinyl
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complex 3 with release of HOTs (Scheme 3). Complex 3 undergoes turnover-limiting
protodeauration with HOTs to form 2 and (L)AuOTs or, alternatively, 3 is reversibly
sequestered by (L)Au+ to form 4 in an off-cycle pathway. All available evidence, notably
the large deuterium KIE of catalytic hydroalkoxylation, points to turnover-limiting
protodeauration, while the kinetics and KIE of the stoichiometric reaction of 4 with HOTs
argues strongly against the direct protonation of 4.

With a working mechanism in place, we sought to more fully delineate the interplay
between mono(gold) and bis(gold) vinyl complexes during catalysis and to likewise evaluate
the reversibility of C–O bond formation under catalytic conditions. To this end, we
performed a deuterium-labeling experiment that allowed the evolution of bis(gold) vinyl
complex 4 to be analyzed independently from on-cycle catalytic turnover. Specifically, an
equimolar mixture of 4 and HOTs (1.4 mM) was generated in situ from reaction of 1 and
(L)AuOTs (1:2) at −78 °C in CD2Cl2 (Scheme 4). This solution was treated with excess 1,1-
dideuterio-2,2-diphenyl-4,5-hexadien-1-ol (1-d2; 29 mM) at −78 °C, warmed to −45 °C, and
monitored periodically by 1H NMR spectroscopy (Scheme 4). Plots of [4], [4 + 4-d2], [2],
and [2 + 2-d2] versus time early in the reaction (2–7% conversion)14 provided initial rate
values for the consumption of 4 (k4 = (−3.8 ± 0.1) × 10−3 mM min−1) and 4 + 4-d2 (k4tot =
(−0.61 ± 0.02) × 10−3 mM min−1) and for the appearance of 2 (k2 = (0.74 ± 0.04) × 10−3

mM min−1) and 2 + 2-d2 (k2tot = (9.1 ± 0.1) × 10−3 mM min−1) (Figure 2). These data reveal
that the rate of total product formation [2-dx; x = 0,2] was ~2.5 times greater than was the
rate at which 4 was consumed, which, in turn, was ~5 times greater than the rate of
formation of 2 (Figure 2). Two important conclusions were drawn from these observations.
First, ~70% of catalyst turnover bypasses the bis(gold) vinyl complex 4-dx, which solidifies
assignment of 4 as an off-cycle catalyst reservoir. Second, ~80% of mono(gold) vinyl
complex 3 generated via disproportionation of protio 4 undergoes cycloreversion and ligand
exchange rather than protodeauration.15 Also worth noting was that over the same
conversion range noted above (2–7%), the total concentration of bis(gold) vinyl isotopomers
[4-dx, x = 0,2] decreased by ~8%, which presumably reflects the approach to the steady-state
distribution of (L)Au+ between 4-dx and on-cycle mono(gold) complexes (Scheme 3).

In summary, we have elucidated the mechanism of the gold(I)-catalyzed conversion of 1 to
2, which represents the first mechanistic analysis of gold-catalyzed hydroalkoxylation. The
two key conclusions drawn from these studies are that (1) bis(gold) vinyl complex 4 is an
off-cycle catalyst reservoir and (2) C–O bond formation is rapid and reversible under
catalytic conditions. The presence of an off-cycle intermediate provides both a target for
improving catalytic efficiencies and a rationale for the enhanced reactivity of sterically
hindered phosphine and carbene supporting ligands (vis-à-vis PPh3) in many gold(I)-
catalyzed reactions.1 Likewise, reversible C–O bond formation has important implications
regarding stereochemical control in gold(I)-catalyzed enantioselective allene
hydrofunctionalization.16 Specifically, the result suggests that extant mechanistic models
invoking stereochemically determining C–Nuc bond formation may require re-evaluation in
the context of stereochemically determining protodeauration of an equilibrating mixture of
diastereomeric gold vinyl complexes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
ORTEP diagram of 3. Ellipsoids are shown at 50% probability and hydrogen atoms have
been omitted for clarity. Selected bond lengths (Å) and angles (deg): Au1−C2 = 2.048(7),
Au1−P1 = 2.3163(16), C1−C2 = 1.333(11), C2−C3 = 1.518(10), C2−Au1−P1 = 174.3(2),
C1−C2−Au1 = 120.5(6), C3−C2−Au1 = 122.4(5), C1−C2−C3 = 117.0(7).
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Figure 2.
Concentration versus time plot for the cyclization of 1-d2 (29 mM) catalyzed by in situ
generated 4 (2 mM) in CD2Cl2 at −45 °C from ~2% to ~7% conversion: [2 + 2-d2] (black
◆); [2] (red ▲); [4 + 4-d2] (purple ●); [4] (green ■).
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Scheme 1.
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Scheme 2.
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Scheme 3.
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Scheme 4.
Pathways for the Consumption of 4 (1.4 mM) in the Presence of 1-d2 (29 mM) in CD2CI2 at
−45 °C
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