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ABSTRACT: Density functional calculations and experiment
were used to examine the mechanism, reactivity, and origin of
chirality transfer in monophosphine Au-catalyzed monoallylic
diol cyclization reactions. The lowest energy pathway for
cyclization involves a two-step sequence that begins with
intramolecular C−O bond formation by anti-addition of the
non-allylic hydroxyl group to the Au-coordinated alkene
followed by concerted hydrogen transfer/anti-elimination to
liberate water. Concerted SN2′-type transition states were
found to be significantly higher in energy. The two-step cyclization pathway is extremely facile due to hydrogen bonding between
diol groups that induces nucleophilic attack on the alkene and then proton transfer between diol groups after C−O bond
formation. Importantly, intramolecular proton transfer and elimination provides an extremely efficient avenue for catalyst
regeneration from the Au−C σ-bond intermediate, in contrast to other Au-catalyzed cyclization reactions where this intermediate
severely restricts catalyst turnover. The origin of chirality transfer and the ensuing alkene stereochemistry is also the result of
strong hydrogen-bonding interactions between diol groups. In the C−O bond-forming step, requisite hydrogen bonding biases
the tethered nucleophilic moiety to adopt a chair-like conformation with substituents in either axial or equatorial positions,
dictating the stereochemical outcome of the reaction. Since this hydrogen bonding is maintained throughout the course of the
reaction, establishment of the resultant olefin geometry is also attributed to this templating effect. These computational
conclusions are supported by experimental evidence employing bicyclic systems to probe the facial selectivity.

■ INTRODUCTION

The use of gold complexes to catalyze organic transformations
has become an extremely active area of research, owing to the
ease of handling the catalysts, their functional group
compatibility, and the broad array of reactions that can be
effected under relatively mild conditions.1 Among the variety of
Au-catalyzed reactions developed, the addition of heteroatom
nucleophiles to carbon−carbon π-bonds (alkynes, alkenes,
allenes) stands as one of the most powerful transformations and
has therefore been the subject of continuous development. In
1998, Teles and co-workers reported the addition of alcohol
nucleophiles to alkynes catalyzed by Ph3PAu

+.2 Since then, a
large number of other groups have expanded the scope of the
reaction to include additional heteroatom nucleophiles and also
allene and alkene π-bonds.1,3 The progression of this work has
been reviewed.1,3 However, many details about these trans-
formations, such as the identity of the active catalyst (Au
complex or protic acid), remain unresolved.4

In the reactions of heteroatom nucleophiles with olefins, one
detail that is not fully understood is why the reaction conditions
required are typically much harsher than the conditions
required for allenes and alkynes (Scheme 1).5 In these
reactions, studies to probe the identity of the active catalyst
and relevant catalytic intermediates have turned up a variety of
interesting results. One such mechanistic detail is that

protonation of Au−Csp
3 σ-bond intermediates is difficult,6

presumably much more so than that of Au−Csp
2 σ-bond

intermediates, and therefore protodeauration of intermediate σ-
Au complexes in reactions of olefins is challenging and is likely
the origin of slow turnover frequencies. Direct experimental
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Scheme 1. Reaction Conditions for Au-Catalyzed
Hydroalkoxylation Reactions
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evidence involving the protonation step was reported on the
presumed hydroamination intermediate 8 (Scheme 2), isolated

after anti-aminoauration in the presence of base.7 Treatment of
this σ-complex with TsOH for 1 h in CDCl3 resulted in a 60:40
mixture of 10:8 with no protodeauration product 9 observed.
Calculations on this system are in agreement with the
experimental evidence and indicate that the elimination
pathway (8→10) is lower in energy than the protodeauration
pathway (8→9).7

Recently, there has been significant interest in harnessing σ-
Au intermediates for alternative uses, and, as competing
reactions that are often problematic with M−Csp

3 organo-
metallics such as protodemetalation are reduced, the ability to
do so with Au−Csp

3 σ-complexes may offer practical
advantages.8 Reported examples of further functionalization of
Au−Csp

3 σ-bonds include cross-coupling reactions, oxidative
coupling, reactions with other nucleophiles, halogenation, and
oxidation reactions.8,9 Several examples shown in Scheme 3
illustrate efficient addition of X−R to Au−C bonds.9

One of our groups has also developed Au-catalyzed reactions
that proceed without protodeauration of the σ-Au intermediate.
In 2008, Aponick and co-workers reported the Au-catalyzed
addition of alcohols to the π-bond of allylic alcohols (Scheme
4),10 which allows these simple electrophiles to function as
allene surrogates in Au-catalyzed reactions.5b,11 These systems
consist of a nucleophilic alcohol tethered to an allylic alcohol
such as 18. By the action of a gold(I) catalyst, these diols
cyclize to form 2-vinylheterocycles 19 instead of forming the

hydroalkoxylation product 20 resulting from protodeauration.
This reaction is quite general, and, in addition to alcohols,
heteroaromatic and nitrogen nucleophiles have since been
reported as well as substrates with propargylic alcohols as
electrophiles.12,13

The observation of an elimination reaction was somewhat
unexpected because the hydroxyl group is a poor leaving group
and the reactions are typically rapid, reaching completion in less
than 1 h. Additionally, in contrast to the reaction conditions
required for intramolecular hydroalkoxylation of isolated olefins
(5 mol % catalyst, toluene, 85 °C, 16 h),14 these conditions are
extremely mild (standard conditions: 1 mol % catalyst, CH2Cl2,
room temperature, 1 h), and the reactions even proceed at −78
°C, albeit slowly.15 From the outset, we were intrigued by the
reaction mechanism and considered possible explanations for
this disparate reactivity and also the high selectivity observed
(initially diastereoselectivity and later enantioselectivity, vide
inf ra). The transformation constitutes a formal SN2′ reaction,
and, of the conceivable pathways, we thought the most
plausible would likely be either a cationic mechanism that
could possibly involve the formation of a π-allylgold complex16

(pathway I, Scheme 5), a concerted SN2′ pathway (pathway II),

or a stepwise addition/elimination sequence (pathway III). We
have now undertaken a combined experimental−computational
interplay to distinguish among these pathways and clarify
possible alternatives that have been proposed.10,17,18 Herein we
report results that reveal the importance of hydrogen bonding
in substrate design that allows for efficient catalytic turnover of
σ-Au intermediates from allylic alcohol substrates. In addition,
our mechanistic analysis also explains the very high levels of
stereoselectivity observed in these dehydrative cyclization
reactions.

■ COMPUTATIONAL DETAILS
All stationary points were confirmed as minima or transition structures
by normal-mode vibrational analysis in Gaussian 09.19 The M06
density functional was used due to its superior performance for
organometallic systems.20 For the Au metal center the LANL2DZ
pseudopotential basis set was used in conjunction with the 6-31G(d,p)
basis used for all other atoms. All optimizations included implicit
dichloromethane solvent effects using the SMD solvent model.21

Solution-phase 298 K free energies (ΔG) were estimated by correction
of standard-state gas-phase free energies with SMD solvation free
energies (ΔGsolv). Reported 298 K enthalpies include ΔGsolv

Scheme 2. Studies on the Protonation of σ-Au Complexes

Scheme 3. Functionalization Reactions of σ-Au Complexes

Scheme 4. Au-Catalyzed Addition/Elimination Reactions

Scheme 5. Possible Reaction Pathways
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correction. All energies are reported in kcal/mol. All bond lengths are
reported in Å.

■ RESULTS AND DISCUSSION
In 2008, Aponick and co-workers reported the reaction
illustrated in Scheme 4.10 Surprisingly, exposure of both cis-
and trans-olefins 25 and 26 to the reaction conditions resulted
in the formation of the cyclized product 27, containing a trans-
double bond in comparable yield and after the same reaction
time (Scheme 6). This result was intriguing to us and suggested
several possible reaction mechanisms.

Although Au(I) complexes are widely considered soft π-
acids, they also can act as more traditional Lewis acids,22 and
these data seemed to initially suggest that a cationic or metal-
bound cation (π-allylgold) species may be an intermediate.
While an intermediate cation may lead to a mixture of products,
in our laboratory only trans-olefin products have been observed
to date. In contrast, Widenhoefer has reported the isolation of
cis-olefin products with amine nucleophiles,12g and, as will be
discussed below, Robertson reported forming cis-2-alkenyl-
tetrahydrofurans in a synthesis of (+)-isoaltholactone.18 To test
this notion, the olefins 28 and 29 were prepared and treated
under the reaction conditions. If the mechanism was cationic in
nature, both substrates would be predicted to undergo
ionization, forming a cation or the corresponding π-allylgold
complex, and after cyclization, both form 2-vinyltetrahydro-
pyran 23 (Scheme 7). In the event, the standard substrate 28

did indeed cyclize, consuming the starting material to form 23
in 15 min. In contrast, no reaction was observed with 29, even
under more forcing conditions such as increased catalyst
loading, heating to reflux in dichloroethane, or using AuCl3 as
catalyst.10

These experiments seem to rule out the likelihood of forming
a discrete allylic carbocation along the reaction pathway. This is
further supported by density functional theory (DFT)
calculations, which show that possible cationic intermediates
can be ruled out. Although gold hydroxide complexes are
known,23 Scheme 8 shows that the computed Au-mediated
heterolytic bond dissociation to give allyl cation 31 and
HOAu(PMe3) 32 requires an enthalpy change (ΔH) of 42.7
kcal/mol and a free energy change (ΔG) of 27.0 kcal/mol

relative to cationic Au(PMe3) coordinated diol 30. Similarly
high in energy, insertion of cationic (PMe3)Au

+ into the carbon
oxygen bond of the hydroxyl group to give 33 requires ΔH and
ΔG values of 41.6 and 42.0 kcal/mol, respectively.
Based upon these results, an alternative explanation for

forming the trans-olefin 27 from both 25 and 26 was required.
This led to the examination of enantioenriched substrates
containing a chiral center at the carbon bearing the allylic
hydroxyl group.24 It was found that substrates differing in olefin
geometry but with the same absolute stereochemistry at the
allylic alcohol carbon produced enantiomeric products with
only a small amount of enantiomeric excess (ee) lost during the
reaction (Scheme 9). The stereochemical transfer also

functioned in the same fashion when additional stereocenters
were present in the acyclic starting materials to selectively yield
diastereomeric products differing in the absolute stereo-
chemistry at the newly formed stereocenter.24 This allows for
selective access to either enantiomer of product from a single
chiral propargyl alcohol by reduction of the alkyne to either a
cis- or trans-alkene followed by Au-catalyzed dehydrative
cyclization.
Interestingly, the sense of chirality transfer in the products

was entirely consistent, leading to the facile prediction of the
absolute stereochemical outcome of the reaction (Figure 1).
This led to the proposal of the catalytic cycle shown in Scheme
10, which allowed for the possibility of either a syn- or anti-
alkoxyauration addition mechanism followed by elimination of
water to form the resultant olefin.
It should be noted that the stereochemistry observed in the

overall transformation is consistent with a concerted syn-SN2′
reaction, which could not be ruled on the basis of any
experimental data. In fact, Roberston and co-workers observed
the reactions in Scheme 11 and presented a mnemonic that is
highly suggestive of a concerted syn-SN2′ mechanism (Figure
2).18 It should be noted that the ancillary ligand (Ph3P) is not
included but would still be present and coordinated to the
metal center.
A large amount of work on the mechanism of SN2′ reactions

has been done, and both concerted and stepwise syn- and anti-

Scheme 6. Reactions of cis- and trans-Olefins

Scheme 7. Comparison of Standard and Alternative Allylic
Alcohol Substrates

Scheme 8. Reaction Enthalpies for Possible Carbocation
Pathwaysa

aFree energies are given in parentheses (kcal/mol).

Scheme 9. Chirality Transfer
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SN2′ mechanisms are known,25 but there have been no reports
on the mechanism of Au-catalyzed direct SN2′ reactions of
allylic alcohols. On the theoretical forefront, Streitweiser has
recently revisited the SN2′ reaction of allylic halides and has
outlined several interesting aspects of the reaction mechanism
with regard to coordination and solvation.26 If these data are
adapted to the present system, a syn-SN2′ mechanism would be
predicted if the catalyst could coordinate to both the incoming
hydroxyl group nucleophile and departing −OH leaving group
in a manner similar to the way Robertson’s mnemonic has
presented the catalyst/substrate interaction (Figure 2). As
mentioned above, Au(I) complexes can in fact serve as
oxophilic Lewis acids;22 however, this is not the role that has
traditionally been proposed in gold catalysis.1 Furthermore,
while three-coordinate gold(I) complexes are known,27 this is
not the typical role proposed for the catalyst in Au-catalyzed
reactions,1 and in fact an increasing number of crystal structures
showing two-coordinate, linear Au(I) π-complexes have been
reported.28

Robertson also notes in his report that the structural
elements of the substrate may play a role in determining the
stereochemical outcome of the reaction.18 The observation of
cis-olefin products and truncated fidelity in the chirality transfer
may be attributed to the presence of other stereocenters.
Furthermore, the 2,5-cis/trans relative stereochemistry is also
affected by these additional stereocenters, providing mostly 2,5-
trans products, in contrast to the preference for 2,5-cis observed
in systems without non-stereogenic allylic alcohols.10 Aponick

and co-workers also proposed that a secondary structural
element, namely hydrogen bonding, may perform an important
function in transition-state assembly.24,29 Gathering further
experimental evidence for the mechanism was challenging, and
we have now turned to DFT to decipher between concerted
and stepwise formal SN2′ pathways as well as to probe the
importance of hydrogen bonding and the factors dictating the
transfer of chirality.
To begin, we explored several possible mechanisms for

(trimethylphosphine)gold-catalyzed cyclization of the model
allylic diol 54 (Scheme 12). Cyclization of diol 54 leads to only
one of four possible tetrahydropyran diastereomers (55) shown
in Scheme 12.
As described above, the formation of an allyl cation followed

by cyclization required the cleavage of the C−O bond in a
highly endergonic process and was discounted for this reason.
We have considered several other possible mechanisms for the
cyclization of diol 54 (Scheme 13). The second mechanism
considered is also a stepwise process leading formally to the

Figure 1. Predictive model.

Scheme 10. Aponick’s Proposed Catalytic Cycle

Scheme 11. Robertson’s THF Synthesis

Figure 2. Robertson’s mnemonic.

Scheme 12. Allylic Diol Cyclization Studied with Density
Functional Calculations
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formation of SN2′ products. There are two possibilities that lead
to the observed stereochemistry in the chirality transfer
experiments. These possible mechanisms differ in the stereo-
chemistry of the addition and elimination. The first step of the
mechanism would involve a syn- or anti-addition of the
hydroxyl group and gold catalyst to the alkene, with the
second step of these pathways requiring the corresponding syn-
or anti-β-hydroxide elimination. Lastly, we also considered
direct, concerted SN2′ pathways.
Stepwise SN2′ addition begins with intramolecular addition

of the non-allylic hydroxyl group to the alkene. This can occur
with the gold catalyst coordinated to the same or opposite face
of the alkene as the allylic hydroxyl group and results in net syn-
or anti-alkoxyauration. Scheme 14 shows the lowest energy

transition states for syn- and anti-alkoxyauration. The overall
lowest energy transition state, TS-1-anti, involves the cationic
Me3PAu

+ coordinating anti to the forming C−O bond.
Pathways involving similar low-energy anti-addition transition
states have also previously been proposed on the basis of DFT
calculations.30 The alternative syn-addition transition state, TS-
1-syn, is 6.0 kcal/mol higher in enthalpy relative to TS-1-anti
and 5.5 kcal/mol higher in free energy relative to TS-1-anti. As
will be discussed in detail later, in both TS-1-anti and TS-1-syn
the diol groups participate in intramolecular hydrogen bonding.
Without diol hydrogen bonding, anti- and syn-addition
transition states are ∼5−15 kcal/mol higher in energy.
Besides these stepwise anti- and syn-addition transition states,

there is also the possibility for a concerted syn-SN2′ mechanism
(Scheme 13). Scheme 14 depicts the concerted transition state,
TS-1-con, where the cationic Me3PAu

+ coordinates the allylic
hydroxyl group to assist in C−O bond cleavage. In this
transition state, similar to TS-1-anti and TS-1-syn, there is

hydrogen bonding between diol groups, but TS-1-con is 16.6
kcal/mol higher in enthalpy and 14.8 kcal/mol higher in free
energy relative to TS-1-anti. We were unable to locate
transition states where the cationic Me3PAu

+ served to template
the reaction by coordination to both hydroxyl groups of the
diol (i.e., 52/53, Figure 2). One likely reason why TS-1-con is
much higher in energy than TS-1-anti is that coordination of
cationic Me3PAu

+ to the allylic hydroxyl group greatly
diminishes the ability of the oxygen to act as an electron pair
donor in the hydrogen-bonding interaction.
The activation enthalpy for TS-1-anti (ΔH⧧) is 8.4 kcal/mol,

and the free energy of activation (ΔG⧧) is 11.5 kcal/mol
relative to the alkene−Au(PMe3) complex 58 (Scheme 13,
Figure 3). In TS-1-anti, the forming C−O has a partial bond

length of 1.84 Å, and the π-bond is stretched from 1.37 Å in
(E)-58 to 1.44 Å in TS-1-anti. The hydrogen-bonding
interaction in this transition state is ideal, with a distance of
1.72 Å between the allyl hydroxyl group oxygen atom and the
non-allylic hydroxyl group proton. In Figure 3, the three-
dimensional representation of TS-1-anti shows that the
hydrogen-bonding interaction occurs in a nearly collinear
arrangement. The allylic hydroxyl group can be oriented in two
different conformations that give rise to nearly energetically
equivalent transition states TS-1-anti and TS-1alt-anti.
The complete enthalpy/free energy reaction coordinate

profile for gold-catalyzed cyclization of diol 54 via the
alkene−gold complex 58 is shown in Scheme 15. After TS-1-
anti, there is an endothermic intermediate INT-2 with an
enthalpy of 6.9 kcal/mol relative to the diol complex 58. This
intermediate has fully formed the C−O bond, and the
hydrogen-bonding interaction between the hydroxyl groups
becomes tighter with the distance between the allylic oxygen
atom and the non-allylic hydroxyl group hydrogen atom
reduced to 1.50 Å. However, the hydrogen atom has not been
transferred between hydroxyl groups. This intermediate has
also fully formed a C−Au bond at 2.14 Å and has almost
completely ruptured the alkene π-bond, which is stretched to
1.49 Å.

Scheme 13. Possible Cyclization Pathways

Scheme 14. Lowest Energy Stepwise anti-Addition, syn-
Addition, and Concerted SN2′ Transition States

Figure 3. Two lowest energy alkoxyauration alkene addition and water
release transition states. Enthalpies (free energies) are reported relative
to gold diol complex (E)-58 (kcal/mol).
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INT-2 resides in a very shallow well, and the barrier for
concerted proton transfer and water release via TS-2-anti
occurs with a ΔH⧧ and ΔG⧧ of 7.3 and 10.7 kcal/mol,
respectively, relative to (E)-58. In TS-2-anti the breaking allylic
C−O bond is stretched to 1.74 Å. The hydrogen is also
transferred simultaneous to C−O bond cleavage, and this
transfer is almost complete with a breaking O−H partial bond
length of 1.59 Å and the forming O−H partial bond length of
1.01 Å. The resulting tetrahydropyran product, (S)-P-58, with
cationic gold coordinated is exothermic by −4.1 kcal/mol and
exergonic by −3.4 kcal/mol relative to Au diol complex (E)-58.
The reaction pathway outlined in Scheme 15 resembles the

mechanism proposed by Paton and Maseras for Au-mediated
intermolecular allylic ether isomerization.30d Our computed
mechanism suggests that the rate-/turnover-determining
transition state is TS-1-anti on the basis of this free energy
surface. However, application of the energetic span model for
catalytic cycles suggests that both TS-1-anti and TS-2-anti
contribute to controlling the turnover frequency, due to their
roughly equal transition-state heights.31 At 298 K, the estimated
turnover frequency is ∼104 s−1 with TS-1-anti responsible for
0.8/1.0 of the turnover frequency dependency and TS-2-anti
responsible for 0.2/1.0 of the turnover frequency.
TS-1-anti is also stereo-determining, as this transition state

sets the tetrahydropyran stereocenter. In addition, TS-1-anti
also ultimately determines alkene stereochemistry because the
hydrogen-bonding interaction between diol groups is unlikely
to be broken along the reaction pathway, and transformation of
INT-2 to the product via TS-2-anti is generally an irreversible
step in the catalytic cycle.
In (S)-P-58, the expelled water remains in hydrogen bond

contact with the tetrahydropyran. Importantly, the water
produced in this reaction has the possibility to coordinate to
the cationic +Au(PMe3) to give [(OH2)Au(PMe3)]

+. Water
coordination is ∼5 kcal/mol exothermic compared to (S)-P-58,
suggesting that water poisons the electrophilic Au catalyst.
In the above calculations, PMe3 was used in place of PPh3,

which is employed under the standard reaction conditions.24 As
a control experiment, the chirality transfer reaction was tested
using Me3PAuCl in place of the Ph3PAuCl. As is shown in

Scheme 16, the chirality was indeed transferred in the same
sense and validates the use of PMe3 as a computational model.
We also note that we have employed a monomeric Au complex
as a catalyst model. This is reasonable, considering that Gagne ́
and Widenhoefer have recently shown that dimeric Au or Au/
Ag complexes are likely to only play off-cycle roles.32

The dehydrative cyclization reaction of monoallylic diol 26
was also modeled (Scheme 17). This diol differs from diol 54 in
that the methyl group is now replaced with a cyclohexyl group
at the stereocenter and is an experimental system that has been
shown to cyclize. The transition states and intermediates have
nearly identical geometries, but the activation barriers are
reduced by 2−3 kcal/mol.
Importantly, the mechanism outlined in Schemes 15 and 17

illustrates how the σ-Au intermediates INT-2 and INT-4 are
not dead ends. Under many intramolecular cyclization
conditions these intermediates would typically be unreactive
toward protodeauration and severely hinder catalyst turnover.
However, σ-Au intermediates INT-2 and INT-4 escape the
need for gold−carbon σ-bond protodemetalation because of
the available intramolecular proton transfer pathway between
hydroxyl groups. This pathway allows efficient regeneration of
the Au catalyst since water loss is facile.
Now that the lowest energy pathway for cyclization has been

outlined, we are in position to explain why anti-alkoxyauration
alkene addition is lower in energy than syn-alkoxyauration
alkene addition. Three-dimensional representations of TS-1-syn
and TS-1alt-syn are shown in Figure 4. The ΔH⧧ and ΔG⧧

Scheme 15. Enthalpy (Free Energy) Surface for Cyclization of Diol Complex (E)-58 (kcal/mol)

Scheme 16. Chirality Transfer Using Me3PAuCl Precatalyst
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values for TS-1-syn are 14.4 and 17.0 kcal/mol, respectively,
relative to gold-coordinated diol complex (E)-58. In this syn-
addition transition state, the alkene-coordinated cationic +Au-
(PMe3) orients at a ∼45° dihedral angle relative to the forming
C−O bond rather than a 90° dihedral angle that would be
expected for true syn-addition. The Au(PMe3) group twists out
of the way to allow for the most favorable possible
intramolecular hydrogen bonding between diol groups. In
TS-1-syn the O···HO distance is 1.93 Å. This is about 0.1 Å
longer than the hydrogen bond contact distance in TS-1-anti.
However, hydrogen bonding is not the only reason why this
twisted geometry is adopted in the syn-transition state. When
the hydrogen-bonding interaction is disconnected, the twisting
remains. For example, in TS-1alt-syn (Figure 4), the non-allylic
hydroxyl group is oriented so that the hydrogen-bonding
interaction is severed, but the twisting of Au remains. This
transition state has an activation barrier ∼5 kcal/mol higher
than that of TS-1-syn. It should be noted that all transition
states without hydrogen bonding are higher in energy than the
transition states that involve hydrogen bonding. The transition-
state geometry of TS-1alt-syn suggests that the twisting is also
the result of repulsion between the Au metal center and the
hydroxyl groups.
To understand the stereoselectivity, we have also computed

the lowest energy transition state that gives the unobserved

diastereomer 57 (Scheme 12) of the tetrahydropyran product
55. Figure 5 shows TS-5-anti that is the lowest energy
transition state with the opposite tetrahydropyran stereocenter
and cis-alkene configuration after water elimination. In TS-5-
anti there is again hydrogen bonding between diol groups and
anti-addition to the alkene, similar to that in TS-1-anti. The
ΔH⧧ and ΔG⧧ values for TS-5-anti are 9.7 and 13.4 kcal/mol,
respectively, relative to the gold diol complex (E)-58. These
barriers are 1.3 and 1.2 kcal/mol higher in enthalpy and free
energy, respectively, than the barriers for TS-1-anti. The
geometry of TS-5-anti is nearly identical to that of TS-1-anti
for the forming C−O bond and the hydrogen-bonding
interactions. However, in TS-5-anti the methyl group at the
allylic hydroxyl stereocenter is now in an axial position and
results in allylic A1,3 strain to achieve both hydrogen bonding
between diol groups and anti-gold addition. Transition states
leading to unobserved stereoisomers 56 and 44 are also higher
in energy, since these transition states require disconnection of
the intramolecular diol hydrogen bonding.
Since allylic A1,3 strain, as a result of diol hydrogen bonding,

controls the stereoselectivity of this reaction, replacement of
the methyl group in 54 with a cyclohexyl group to give diol 26
results in an increase in the computed energy difference
between the competing transition states. The free energy
difference between TS-3-anti and the next lowest energy

Scheme 17. Enthalpy (Free Energy) Surface for Cyclization of Allylic Diol Complex (E)-69 (kcal/mol)

Figure 4. syn-Alkoxyauration alkene addition transition states.
Enthalpies (free energies) are reported relative to gold diol complex
(E)-58 (kcal/mol).

Figure 5. Lowest energy alkoxyauration alkene addition transition
state leading to the non-observed tetrahydropyran diastereoisomer 57.
Enthalpy (free energy) reported relative to gold diol complex (E)-58
(kcal/mol).
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diastereomeric transition state for diol 26 is 2.3 kcal/mol, which
corresponds to the greater than 20:1 ratio observed
experimentally.
Experimentally, Scheme 9 and Figure 1 showed that the

cyclizations of cis- and trans-allylic diols 34 and 35 are
stereospecific. Computational analysis of a model cis-allylic diol
revealed that the mechanistic pathway followed is highly similar
to that for cyclization of 54. Figure 6 shows the lowest energy
transition state for Au-catalyzed cyclization and water release of
the cis-allylic diol complex (Z)-58.
TS-6-anti again shows that anti-addition is most favorable

compared to syn-addition or concerted addition. The main
difference between TS-6-anti and TS-1-anti is that, to allow for
the intramolecular diol hydrogen-bonding interaction, the cis-
allylic diol adopts a cis-decalin-like geometry, whereas the trans-
allylic diol transition state adopts a trans-decalin-like geometry.
Again, the reaction stereoselectivity is controlled by this

intramolecular hydrogen-bonding interaction. Another differ-
ence is that the water release transition state TS-7-anti is
slightly higher in free energy than the cyclization transition
state.
Figure 6 also shows transition state TS-8-anti that results in

an unobserved stereoisomer from cyclization of the cis-allylic
diol. Similar to the cyclization of the trans-allylic diol, allylic A1,3
strain-type interactions result in TS-8-anti having a 4.4 kcal/
mol higher free energy barrier than TS-6-anti and a 3.9 kcal/
mol higher free energy barrier than TS-7-anti. The calculated
free energy surface for this pathway is included as Scheme 18.

To probe the potential hydrogen-bonding effects and
possibility for chemoselectivity in synthetic applications, the
nature of the leaving group was varied (Table 1). Interestingly,
when the traditional leaving group ability is increased, the yield
of the reaction decreases, as evidenced by the hydroxyl group
providing by far the best conversion and yield (entry 1).
Conversion can be improved with longer reaction times, and
with a methoxy leaving group, the product could be isolated in
69% yield with 18% of the starting material recovered if the
reaction was allowed to stir for 48 h (entry 3, footnote c).
These ether substrates were also tested in chirality transfer

Figure 6. (Top) Lowest energy cyclization and water release transition
states. (Bottom) Lowest energy transition state giving the unobserved
stereoisomer for the cis-allylic diol. Enthalpies (free energies) reported
relative to the ground-state gold cis-allylic diol complex (kcal/mol).

Scheme 18. Enthalpy (Free Energy) Surface for Cyclization of cis-Allylic Diol Complex (Z)-58 (kcal/mol)

Table 1. Leaving Group Effects

entry leaving group R yield (%)

1 OH C6H11 96a

2 OTBS C6H11 12a

3 OMe C6H11 9a,c

4 OAc C6H11 <5b

5 Cl H 0b

aIsolated yield. bYield determined by 1H NMR, 500 MHz. c69%
isolated yield with 18% recovered starting material when the reaction
was allowed to stir for 48 h.
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experiments (Scheme 19). Using the standard conditions, but
with higher catalyst loadings (5 mol %), after 2 h the

tetrahydropyran products were obtained in high yield, and the
chirality was efficiently transferred with the same sense of
chirality as the standard substrates. This efficient chirality
transfer, albeit a slower reaction, is also consistent with the
proposed hydrogen bonding in the transition state.
The observed yields (Table 1) appear to correlate with a

nearly inverse relationship to leaving group ability. Stated in
another way, the reaction proceeds best with electron-rich
leaving groups. This phenomenon was studied computationally
with acetate as a leaving group, and it was found that the
activation barriers for alkoxyauration and elimination both
increase. Figure 7 shows the lowest energy cyclization transition

state and both stepwise and concerted HOAc release transition
states. The anti-addition transition state, TS-9-anti, has ΔH⧧

and ΔG⧧ values of 11.5 and 15.5 kcal/mol, which are 3.1 and
4.0 kcal/mol higher than the barrier found for TS-1-anti. The
larger barrier for TS-9-anti is the result of the poor hydrogen-
bonding acceptor ability of the OAc group compared with a
hydroxyl group. This results in the hydroxyl group participating
in C−O bond formation of the tetrahydropyran being less
nucleophilic.

Unlike the reaction mechanism of allylic diols, where proton
transfer and water release occur in the same step, the lowest
energy pathway for turnover of the σ-Au intermediate formed
from TS-9-anti occurs in two steps, where there is a discrete
proton transfer that occurs prior to HOAc group dissociation
via TS-11-step. This pathway, with an activation enthalpy of
12.4 kcal/mol, is 3.3 kcal/mol lower in energy than the
concerted proton transfer and HOAc release via TS-10-con.
Interestingly, the poor leaving group ability of HOAc,
compared to H2O, results in TS-10-step becoming turnover
frequency determining rather than the anti-addition transition
state TS-9-anti.
These results again highlight the need for a facile route for

turnover of the σ-Au intermediate generated from intra-
molecular cyclization. When proton transfer occurs between
hydroxyl groups, water is efficiently expelled. However, proton
transfer to a group such OAc leads to a much less efficient
expulsion of HOAc and much slower turnover of the σ-Au
intermediate.
As described above (Scheme 11, Figure 2), Robertson and

co-workers have reported gold-catalyzed cyclization of
monoallylic diols 45, 48, and 50 that give tetrahydrofurans
46, 47, 49, and 51.18 Interestingly, the observation of a ∼2:1
mixture of tetrahydrofurans 46 and 47 is in contrast to the
cyclization of diols reported by Aponick and co-workers that
gave only one stereoisomeric product with respect to both the
geometry of the newly formed olefin and the stereocenter.24

Additionally, while 48 and 50 afforded only the predicted trans-
olefin products, the sense of chirality transfer for cyclization of
45 was opposite to that observed previously in Aponick’s
examples involving tetrahydropyrans. These results were quite
thought-provoking, and the mechanism for this system was also
studied computationally.
For monoallylic diols 45, 48, and 50, the lowest energy

pathway for cyclization again involves stepwise anti-addition.
The C−O bond formation and proton transfer/water release
transition states TS-12-anti and TS-13-anti lead to the alkene
46, while TS-14-anti and TS-15-anti give the trans-alkene 47.
Inspection of transition states TS-12-anti/TS-13-anti and TS-
14-anti/TS-15-anti reveals why they are competitive (Figure
8). On the basis of the stereoselectivity for the Aponick
systems, one would expect TS-12-anti and TS-13-anti to be
favored over TS-14-anti and TS-15-anti since there is a lack of
allylic 1,3-strain. However, the forming tetrahydrofuran ring
system adopts a conformation that orients the phenyl group in
a pseudoaxial position. In contrast, in TS-14-anti and TS-15-
anti, there is allylic 1,3-strain, but the phenyl group is oriented
in an equatorial position on the forming tetrahydrofuran ring.
As a result of these competing effects, there is no significant
diastereomeric preference for cyclization of diol 45. In contrast,
in the transition states for the cyclization of diols 48 and 50,
these effects are additive to give high stereoselectivity.
The complete enthalpy/free energy surface for Au-catalyzed

cyclization of 45 to 46 is shown in Scheme 20. On the basis of
the free energies, the energetic span model31 assigns TS-13-
anti, with ΔG⧧ = 15.6 kcal/mol, to be turnover frequency
determining by 0.7/1.0, and TS-12-anti, with ΔG⧧ = 15.1 kcal/
mol, to be turnover frequency determining by 0.3/1.0.
For generation of the alternative diastereoisomer, the ΔG⧧

for TS-15-anti is 19.0 kcal/mol. Unfortunately, the free energy
difference between TS-13-anti and TS-15-anti is overestimated
since the experimental ratio of 46:47 is ∼2:1.

Scheme 19. Chirality Transfer with Methyl Ether Leaving
Groups

Figure 7. Alkoxyauration and acetic acid elimination transition states
for the substrate bearing an acetate leaving group (Table 1). Enthalpies
(free energies) are reported relative to the ground-state gold alkene
complex (kcal/mol).
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While these data are consistent, in light of Robertson’s
suggestive mnemonic (Figure 2), further experimental data on
the syn- versus anti-addition and the importance of hydrogen
bonding were collected using bicyclic systems 73−75 (Figure
9). As is shown in Figure 9, the reactivity was predicted to
increase from 73 to 75 on the basis of the ability to hydrogen
bond and the accessibility of the correct olefin π-face for anti-
alkoxyauration. While 73 cannot achieve the geometry
necessary for hydrogen bonding, 74 and 75 would be predicted
to easily attain the required conformation. With these
compounds, anti-alkoxyauration should be much more readily
accomplished upon complex formation with 75, as the exo-π-
face should be readily accessible in comparison to the requisite
endo-π-face in 74.

In the event, the predicted reactivities were borne out. As can
be seen in Scheme 21, upon exposure of 73 to the standard
reaction conditions, with the exception of increased catalyst
loading (5 mol %), no reaction was observed. In contrast,
diastereomer 74 underwent slow conversion to yield 76 in 83%
after 24 h, and an extremely rapid reaction was observed for 75.

Figure 8. Alkoxyauration and water release transition states for
monoallylic diol 45. Enthalpies (free energies) are reported relative to
the ground-state gold diol complex of compound 45 (kcal/mol).

Scheme 20. Enthalpy (Free Energy) Surface for Cyclization of Monoallylic Diol 45 (kcal/mol)

Figure 9. Bicyclic systems as mechanistic probes.

Scheme 21. Au-Catalyzed Cyclization of Bicyclic Diols
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Using 1 mol % catalyst, 75 provided 77 in 96% yield after a 2
min reaction time.
Computational modeling of bicyclic systems 73−75, which

was performed prior to experiment, is consistent with the
observed experimental reactivity. No anti-addition transition
state was located for 73 due to the absence of hydrogen-
bonding interactions. For bicycles 74 and 75, the anti-addition
transition states are shown in Figure 10. TS-16-anti that

corresponds to cyclization of 74 has an activation enthalpy of
17.5 kcal/mol. This is significantly higher than the 8.4 kcal/mol
activation enthalpy found for TS-1-anti for the acyclic system
and consistent with the lower yield and longer reaction time. In
contrast, TS-17-anti that corresponds to cyclization of 75 has
an activation enthalpy of only 10.6 kcal/mol due to ideal
hydrogen bonding and the ability for the Au catalyst to
coordinate to the non-hindered exo-π-face, resulting in a facile
cyclization process.

■ CONCLUSIONS

In summary, mechanistic studies highlight the importance of
hydrogen bonding in the Au-catalyzed cyclization of allylic
diols. After extensive DFT calculations and further experiments
on substrates designed to probe the reaction mechanism,
cationic and concerted SN2′-like pathways can effectively be
ruled out, and a two-step anti-alkoxyauration/anti-elimination
mechanism, consistent with all data observed to date, is
proposed. This pathway relies on hydrogen bonding to not
only template the stereochemistry of the reaction but also
accelerate the rate by increasing the leaving group ability of the
hydroxyl group and obviating the need for intermolecular
proton transfer steps. The reaction is a further demonstration
that pathways alternative to protodeauration can readily be
achieved and lead to highly useful reaction products.
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