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1. Introduction

Thanks to its unusual stability, metallic gold has been used
for thousands of years in jewelry, currency, chinaware, and
so forth. However, gold had not become the chemists’
“precious metal” until very recently. In the past few years,
reports on gold-catalyzed organic transformations have
increased substantially. Thanks to gold-based catalysts,
various organic transformations have been accessible under
facile conditions with both high yields and chemoselectivity.

Although previous reviews have covered a broad scope
of reactions on gold catalysis, the high speed of publication
on gold still demands an outlook on recent developments
that are important to the synthetic community. We cover here
literature published between the beginning of 2004 and the
end of 2007 and focus on new organic reactions with gold
as the active species. This review will be organized into
several sections; each section contains similar reaction types
or reaction mechanisms with discussion.
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2. Gold-Catalyzed Nucleophilic Additions

2.1. Gold-Catalyzed Cyclizations with Olefins as
Nucleophiles

Several groups reported on gold(I)-catalyzed cyclization
of enynes in 2004, with gold carbenes implicated as reactive
intermediates.> Numerous transformations have been devel-
oped based on in situ gold carbene generation and most have
already been reviewed in detail.' To avoid redundancy, only
limited space will be devoted to this class of reactions.

Recent studies by Toste et al. have shown that propargylic
acetates are rearranged by cationic gold(I) complexes. This
report spurred further effort into these systems. It was shown
that in situ generated gold carbenes are trapped by alkenes
to form cyclopropane derivatives.* The reaction is highly
cis selective, with diastereoselectivity greater than 20:1 in
some cases. A screen identified Solvias’ chiral (R)-DTBM-
SEGPHOS as an effective ligand in enantioselective cyclo-
propanation, albeit with modest ee (Scheme 1).

In a different study reported by Echavarren et al. on gold
carbenes generated in 1,6-enyne rearrangements,” olefins are
trapped by cyclopropyl gold(I) carbenes before they have a
chance to rearrange further. The use of a nitrogen-heterocycle-
carbene (NHC) ligand over a phosphine one was crucial to
suppressing side reactions. Interestingly, the ligand screen
also revealed that comparable yields could be attained in the
absence of any ligand (Scheme 2).

Gold(III) salts are less-frequently used in cyclizations than
gold(I) salts, perhaps due to their propensity for increased
byproducts generation as well as their relatively high
oxidative potentials. Zhang et al. constructed substrates which
can undergo acetoxy migration to an alkyne, where the
resulting vinyl-gold(Ill) intermediate is trapped by a proximal
allylic cation.® Typical gold(I) catalysts such as PhsPAuSbFs
do not catalyze the reaction. Instead, the authors found that
the bidentate 2-pyridine carboxylate to be an ideal ligand
for the AuCl; promoted rearrangement. The benefits of this
ligand were first demonstrated by Hashmi in the synthesis
of tetrahydroisoquinolines’ (Scheme 3).

Like alkynes, allenes are also promising synthons in gold-
mediated rearrangements. Several groups have explored the
1,6-allenyne cycloisomerization reaction. The outcome of the
reaction has a marked dependence on which catalyst was
used. For example, while simple salts like AuCl; and AuCl
furnish hydrindienes exclusively, Ph;PAuSbFg gives solely
Alder-ene products. Malacria et al. attribute this dramatic
change in product distribution to the anions as opposed to
the ligands, although the role of different ligands was not
reported8 (Scheme 4).

Afterward, Gagné et al. studied the isomerization of 1,6-
allenenes.” Vinyl cyclohexenes are obtained in good yields
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and modest ee (up to 77% in one case) by employing (R)-
3,5-xylyl-BINAP(AuOTY), as the catalyst (Scheme 5).

Malacria et al. further expanded the substrate scope to
include propargylic acetates, which are known to undergo
[3,3]-sigma tropic shifts. Vinyl allene intermediates form if
the starting substrates are conjugated enynes. Vinyl allenes
can then undergo an aura-Nazarov rearrangement and are
situated specifically to trap a pendant olefin, forming multiply
fused carbocycles under mild conditions'® (Scheme 6).

The generation and use of all-carbon 1,3-dipoles that can
cyclize onto alkenes has recently been developed by Zhang
et al."! This formal [3 + 2] cyclization is accessible only by
using Hashmi’s gold(III) catalyst, and the reaction is highly
diastereoselective, suggesting that a concerted dipolar cy-
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cloaddition occurs. The end product contains an all-carbon
quaternary center. Toste et al. expanded the reaction scope
by showing [2 + 2] that allenene cyclizations are also
possible.'? Enantioenriched products can be obtained using
standard dinuclear biarylphosphines as ligands (Scheme 7).

These cyclizations in Scheme 7 suggest that vinyl allenes
should also have the potential to undergo similar rearrange-
ments. Indeed, Toste demonstrated that highly substituted
pentadienes are obtained under mild conditions.'> Enan-
tioenriched substrates give completely racemic products,
suggesting that the cyclization is not concerted (Scheme 8).

2.2. Gold-Catalyzed Nucleophilic Additions Using
Nitrogen Nucleophiles

Both inter- and intramolecular hydroamination of alkynes
catalyzed by both gold(I) and gold(IIl) have been reported
earlier.' In the past few years, the scope of alkyne
aminations has been significantly broadened with gold
catalysts."

Ortho-alkynylanilines are known to be suitable substrates
for gold-catalyzed indole syntheses. However, Li et al.
showed that, in the presence of a terminal alkyne, the
intermolecular hydroamination occurs first.'> The resulting
Schiff bases can then cyclize onto the pendant alkyne. Indole
does not undergo hydroamination with terminal alkyne in a
control experiment. AuCls efficiently catalyzes this reaction
with neat substrate, although addition of AgOTTf gives higher
yields under milder conditions (Scheme 9).

In another example of intramolecular hydroamination of
alkynes with imine derivatives, Shin et al. reported that
homopropargylic trichloroacetimidates can rapidly undergo
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6-exo-trig cyclizations in the presence of PhsPAuBF, under
mild conditions (T = 0 °C).'¢ They had success with both
terminal and internal alkynes, and in all cases, the anti-
addition product is obtained exclusively (Scheme 10).
Nakamura et al. showed that a similar reaction profile is
accessible with ortho-alkynyl-tertiary-N-sulfonylanilines,
where the sulfonyl group migrates during the amination.'”
AuBr; (as well as InBr3) is the best catalyst for the synthesis
of 3-sulfonylindoles. In several cases, sulfonyl migration is

\ S
/ metalla-Nazarov

OAc OAc

not limited to C3, yielding other isomers. A crossover
experiment revealed that the formal aminosulfonylation
occurs intramolecularly (Scheme 11).

Like tertiary anilines, pyridines also serve as nucleophiles
for intramolecular additions. Gevorgyan’s laboratory screened
a plethora of metals, and most, including gold(I) and
gold(II), are competent catalysts for this reaction.'® With
similar substrates, they demonstrated that main group func-
tionalities containing silicon, tin, and germanium will
undergo migration.'® The germanium migration is the first-
ever reported. The mechanism involves a cascade reaction
via isomerization to a gold-vinylidene, followed by a hydride
shift (Scheme 12).

Toste et al. exploited gold(I)’s ability to act as a transition
metal in conjunction with its 7 acidity in a variation of the
Schmidt reaction, where a nucleophile with a latent leaving
group attached can add intramolecularly to an unactivated
alkyne.?® At this point, rather than proto-deauration, gold
backbonds electron density to the substrate, expelling N». A
catalyst screen identified the dinuclear bisphosphine
(dppm)Au,Cl, activated by AgSbFs as the most effective
combination for the pyrrole synthesis. If the propargylic
carbon is tertiary, then the 1,2-hydride shift is replaced by
an OTBS shift, or even a ring expansion product (MG =
migrating group) (Scheme 13).

Allenes are fertile ground for new reactivity in intramo-
lecular nucleophilic additions. Indeed, the 5-endo-dig cy-
clization of a-aminoallenes with AuCls occurs under very
mild conditions (0 °C to room temperature) in good to
excellent yields (70—95%).?" Surprisingly, the degree of
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R Major products® (Scheme 14).
38-95% Yamamoto et al. reported the more challenging intermo-
s lecular hydroamination of allenes, proceeding with quite high
SOzR chirality transfer.”® They propose that the catalyst is not
N\ o N\t acting merely as a Lewis acid but is complexed to the amine
N R Rag s N R prior to addition. Two equivalents of aniline was used which
B2 2 R? may explain why the chirality transfer is successful. Aniline
was certainly also acting as a Br@nsted base/proton shuttle
Minor

chirality transfer appears to have a dependence on the
protecting group employed on the nitrogen, where the highest
diastereoselectivity resulted in the absence of any protecting
group. Of course, this high diastereoselectivity is achieved
at the expense of longer reaction times. Widenhoefer et al.
later reported similar results with not only nitrogen,? but
also oxygen®® and carbon nucleophiles.>* Lee et al. showed

here. In a later report, the same group reported that cationic
gold(I) catalyzes the same reaction between allenes and
morpholine to give allylic amines. This is the first example
of gold-catalyzed intermolecular hydroamination with ali-
phatic amines?’ (Scheme 15).

Toste et al. reported the enantioselective intramolecular
hydroamination of allenes.”® This is noteworthy as he was
the first to show gold is competent in transmitting chiral
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information to its substrates. The problem is inherently
difficult for gold(I) since it strongly prefers a linear coordina-
tion geometry, which positions the substrate furthest from
the ligand. Nonetheless, his group employed chiral bispho-
sphines and uncovered a strong counterion effect, both of
which were crucial to achieving high enantioselectivity.
Widenhoefer subsequently published similar results with
carbamates and carboxamides.** He found that the relative
size of R; to R, strongly influenced both enantio- and
diastereoselectivity. Similarly sized substituents gave lower
ee with concomitant higher de and vice versa when the
substituents are increasingly different in sterics (Scheme 16).

He et al. first demonstrated that Au(I) promotes the
hydroamination of alkenes.?* With 5% Ph;PAuOTf at 85 °C,
both inter- and intramolecular additions of tosylamide occur
in good to excellent yields. A mechanistic analysis confirmed
that a frans-addition mechanism is operative. Generally, most
of the gold-catalyzed hydroamination of olefins could also
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be catalyzed by catalytic amount of HOTf.>**! As a control
experiment, they studied the *'P NMR of Ph;PAuOTf at 85
°C and found that the AuPPh;" species does not interact
with TsNH; and indeed interacts with norbornene or cyclo-
hexene. They further synthesized PhsPAuNHTS, which could
not catalyze or undergo the olefin hydroamination reaction
but did react with strong Br@nsted acids immediately to
release TsNH,.>° However, a comprehensive understanding
of the mechanism is still necessary (Scheme 17).

Widenhoefer, Che, and Shi largely extended the hy-
droamination reaction scope. Widenhoefer et al. found that
the bulkier phosphine ligand P(#-Bu),(o-biphenyl) increases
yields substantially using carbamates,*” carboxamides,** and
ureas.>* Che et al. reported that both inter- and intramolecular
hydroamination of olefins with sulfonamides, carbamates,
and carboxamides occurs under microwave irradiation in only
30 min.*> A remarkable reaction found by Che et al. showed
that an intramolecular olefin addition occurs even in 90%
water’® (Scheme 18).

He’s group also used conjugated dienes as substrates for
hydroamination using the same catalyst.*>*” Many com-
monly encountered carbamates as well as sulfonamides added
at room temperature with good to very high yields. Although
the reaction occurs via 1,2- and 1,4-addition, compounds that
are symmetric about C3 give the same products. In early
2008, Ujaque et al. published DFT calculations on the
intricate details of this reaction and unearthed some surprising
results concerning its mechanism,*® namely, the importance
of the counteranion in subsequent steps. Their calculations
found direct proton transfer from nitrogen to carbon to be
enthalpic by 51.5 kcal/mol. However, a lower energy
pathway was identified where triflate facilitates H,N—C=0
to HN=C—OH tautomerization followed by proton transfer
from oxygen to carbon, with a global barrier at 26.2 kcal/
mol (Scheme 19).
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If the terminal olefin above is replaced with a cyclopro-
pane, homoallylic amines can then be accessed through a
ring opening process.”” Hammett plots of the PhsPAuOTf
versus HOTY catalyzed processes yield similar p values (pau "
= —2.1 and py" = —1.8) and demonstrates how alike Au™
and H' are. In a similar reaction by Shi et al,** methyl-
enecyclopropanes undergo a tandem ring-opening/intramo-
lecular hydroamination at elevated temperatures. Pyrrolidines
were synthesized in fair to good yields with Ph;PAuOTf
(Scheme 20).

2.3. Gold-Catalyzed Nucleophilic Additions Using
Oxygen and Sulfur Nucleophiles

Utimoto reported the first gold-catalyzed hydration and
hydroalkoxylation of alkynes as early as 1991.*' Since then,
much effort has focused on exploiting this initial discovery.'
It was found that a double intramolecular hydroxylation of
alkynes can give high yields of bicyclic ketals under very
mild conditions with either AuCl or AuCl;.*? Although
Michelet and Genét propose directing group assistance from
one of the alcoholic side chains, it seems just as likely that
the solvent (MeOH) could attack first, followed by an
intramolecular displacement of a Lewis acid activated MeO-
leaving group. Krause demonstrated that a tandem cycloi-
somerization-hydroalkoxylation is also possible when the
substrate has only one OH group; ** however, Br@nsted acid
cocatalyst is required. Barluenga reported similar results. If
the substrate contains a pendant olefin instead of an alcohol,
the olefin can attack the oxonium intermediate, and itself be
trapped by solvent, analogous to the Prins reaction** (Scheme
21).

Inspired by a finding from Hashmi’s laboratory, Liu et al.
showed that a slew of fully substituted dihydrofurans and furans
are accessible from (Z)-2-en-4-yn-1-ols in very good to excellent
yields.*> Very electron-deficient substrates and those contain-
ing amines are more challenging. Both AuCl; and
PhsPAuOTT enable reactivity and, in some cases, with as
low as 0.1% catalyst loading (Scheme 22).

A considerable improvement to the Meyer-Schuster rear-
rangement of propargylic alcohols to a,/-unsaturated esters
was discovered by Dudley et al.*® The reaction is mild (5
min. at room temperature in many cases), but is wanting in
stereoselectivity. One control reaction shows that TsOH could

Li et al.
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only give 15% product in 1 h, while AuCl; could give 86%
product in less than 5 min, which highlights the advantage
of gold for this particular example (Scheme 23).

70% total

Genét and Michelet showed that carboxylic acids also add
to alkynes, in very good to excellent yields, despite their
lower nucleophilicity.*” Depending on the electronic nature
of the alkynyl substituent, 5- or 6-membered lactones are
formed. The 5-membered lactones can be generated with
complete stereoselectivity (Scheme 24).

Hashmi et al. published work on the formation of oxazoles
via N-propargylcarboxamide cyclization.*® He was able to
trap the methylene dihydrooxazole intermediate at lower
temperatures. Isolated yields from room temperature ex-
amples were typically excellent (>95%) (Scheme 25).
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In an effort to differentiate gold from Br@nsted acid as
the true catalyst, Gevorgyan employed the HOTf sponge,
2.,4,6-tri-tert-butylpyrimidine (TTBP), a bulky base known
to not coordinate to metals.** In a full investigation on
propargylic acetate rearrangement/cyclization reactions, his
group used a small excess of this base, and found no
diminution to reactivity. This control demonstrated the true
nature of the catalyst and could be a useful tool for future
reports in gold catalysis which does not include a proton
transfer process.'’ O-labeling studies on this reaction show
conclusively that the carbonyl oxygen attacks first in a 1,2-
shift, generating a gold carbenoid, which subsequently
undergoes a cascade nucleophilic attack/cycloisomerization.
This mechanism differs from one in which a [3,3]-sigmatro-
phic shift occurs, followed by 1,2-shift, all of which would
change the outcome of the labeled oxygen. Similarly,
propargylic carbonates give cyclic enol carbonates>® (Scheme
26).

In the carbonyl addition to alkynes, Hashmi et al.
employed Boc-protected alkynylamines to undergo similar
cyclizations to produce oxazolinones, although the scope is
limited to terminal or silyl-protected alkynes.>! Shin reported
highly diastereoselective cyclizations of 3-O-Boc-1,5-
enynes.’” -Bu group serves as a leaving group, and this
process leads to highly substituted cyclohexene-fused car-
bonates (Scheme 27).

Since it has been established that ketones can add
intramolecularly to alkynes, the reactivity of the intermediates
generated has recently been under investigation. Yamamoto
et al. hypothesized that an appropriate length tether between
the alkyne and ketone could position the resultant cyclic
oxonium to proceed through a [2 + 2] carbocyclization,
yielding cyclic enones.” The fate of the carbonyl can be
dictated by the use of terminal or internal alkynes, as well
as the specific tether length (Scheme 28).

Similarly to carbonyls, epoxides are also nucleophiles for
intramolecular alkyne attack. Hashmi et al. showed that the
cyclization is induced with AuCls in modest to good yields.>*
Free alcohols are tolerated and do not participate in the
reaction. Shi et al. found when a three-carbon spacer is added
between epoxide and alkyne functionalities, a highly regio-
and diastereoselective cyclization of alkynyl epoxides will
occur, followed by an intermolecular addition of another
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molecule of water or alcohol.>> Meanwhile, Liang et al.
reported a similar intermolecular alcohol addition to alkynyl
epoxides, in which a one-carbon spacer with a leaving group
was used to facilitate the formation of furan products.”®
Hotha et al. utilized propargyl as a leaving group to make
different glycosides® (Scheme 29).

Widenhoefer’s work on allene hydroaminations also
demonstrated that alcohols could undergo the same reac-
tion,” and soon thereafter, Krause showed that S-hydroxy-
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allenes undergo a similar 6-endo-dig cyclization to dihydro-
pyrans.>® When chiral BINAP type ligands were employed,
Widenhoefer et al. were able to achieve high ee’s at —20
°C to give furan or pyran derivatives.”® If enantioenriched
allenes are used, perfect chirality transfer ensues (Scheme
30).

In their research on the intramolecular enantioselective
hydroalkoxylation and hydroamination of allenes, Toste et
al. proposed using chiral binaphthol-derived phosphate anions
to boost enantioselectivity.’® Notably, in some cases where
neither ligand nor anion induce satisfactory enantioselectivity,
they used a combination of both, significantly enhancing the
reaction efficiency (Scheme 31).

While most groups which work on gold-catalyzed rear-
rangements employ substrates that undergo proton, or carbon-
based functional group, shifts, Gevorgyan’s laboratory has
shown that other members of the main group elements are
prone to these sorts of migrations. Their first report on these
processes showed that gold is ideal for mediating halogen
shifts in haloallenyl ketone isomerizations.®® The reaction
profile is unique in that it furnishes halofurans regioselec-
tively depending on the oxidation state of the metal. This is
an excellent example of the regiodivergent role that gold’s
oxidation state can play on the reaction outcome. Because
of the higher Lewis acidic nature of gold(Ill), binding to
the substrate is thought to occur at oxygen, whereas the softer
gold(I) preferentially binds the allene. A halirenium species
is implicated as the intermediate. Substrates can contain
iodide, bromide, and even chloride to a lesser extent, in yields
ranging from 48—97% (Scheme 32).

The same group found if the halogen is replaced with two
alkyl groups, an unprecedented 1,2-alkyl shift will take place,
but harsher reaction conditions are necessary.®’ While
optimization of the catalyst system identified In(OTf); as the
best catalyst, Ph;PAuOTf is also suitable. Che et al. reported
that allenones react smoothly to give furan derivatives with
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a gold(Ill) porphyrin complex. This catalyst is recyclable
with TON up to 8300°% (Scheme 33).

Gagosz’s group worked on a similiar system with allenyl
carbinol esters.®® They used a bulky gold(I) catalyst in this
system and, instead of cyclization, substrates undergo a 1,3-
shift, yielding 1,3-butadien-2-ol esters. The reaction is
generally stereoselective, favoring the E-isomer, which could
possibly be attributed to 1,3-diaxial strain in the intermediate
(Scheme 34).

He et al. first reported the intermolecular addition of both
phenols and carboxylic acids to simple olefins with
Ph;PAuOTT at 85 °C.**%* Some terminal olefins eventually
migrate to an internal position to give mixed products, but
further migration does not take place. Allylic benzenes,
however, do not migrate to more stable styrenes. Different
functional groups are tolerated (Scheme 35).
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Corma et al. reported a gold(IlI)-catalyzed intermolecular
addition of alcohols to alkenes.®” Interestingly, a catalytic
amount of copper(Il) chloride significantly enhances the
stability of gold(IIT) catalyst to increase the yields. Both
styrenes and simple aliphatic olefins are reactive. The major
side products include chlorination and oxidation of the olefins
and dehydration of the alcohols (Scheme 36).

Despite the propensity for thiols to bind to gold, which
would be expected to nullify its ability to act as a catalytic
candidate, Krause et al. found that an intramolecular hy-
drothiolation of allenes takes place.®® This is the first gold-
catalyzed C—S bond formation. He posits that the gold—thiol
complex should be the preferred species in situ with perfect
chirality transfer observed. Aul is also efficient in some cases
(Scheme 37).

He et al. found Ph;PAuBF; to be a highly active catalyst
for the addition of a wide variety of sulfur nucleophiles to
conjugated dienes.®” A number of functional groups are
tolerated including OH, NO,, and OMe. While NH, is not
tolerated, it can be protected as Cbz to permit addition.
Unfortunately, attempts to add simple thiols to simple olefins
failed, even at 100 °C (Scheme 38).

Nakumura’s group was able to employ Pd, Pt, and Au
salts in the cyclization-isomerization of o-alkynylanilines as
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well as o-alkynylphenols, given that a suitable migratory
group is available (e.g., allyl, acyl, etc.). The corresponding
cyclizations for o-alkynylthiophenols are not feasible for Pd
due to catalyst poisoning. They found that AuCl or AuCls,
however, are ideal for promoting the cyclization, which is
the first protocol for directly synthesizing 2,3-disubstituted
benzothiophenes.®® Similar candidate catalysts, such as
AuBr;, PtCly, and AgOTf do not support any reaction.
Although the reaction is sensitive to the electronic require-
ments of the migrating group, it is remarkably tolerant of
the sterics of the substrate. The catalyst loading is quite low,
conditions mild, and all yields excellent (Scheme 39).

The same group further studied the cyclization of (ortho-
alkynylphenylthio)silanes into thiophene derivatives. They
believe a vinyl gold species is the reaction intermediate which
then subsequently undergoes 1,3-silyl-demetalation. They
detected 1:1:1:1 crossover products by reacting two different
(ortho-alkynylphenylthio)silanes together. O, S-acetal sub-
strates gave crossover products only in trace amounts®
(Scheme 40).

2.4. Gold-Catalyzed Nucleophilic Additions Using
HX

While the first gold-catalyzed hydrochlorination of alkynes
was reported as early as 1976, 7Y it was not until 2007 that
the first hydrofluorination of alkynes appeared.”’ Sadighi et
al. found that (NHC)gold(I) fluoride reversibly inserted into
internal alkynes, demonstrating the first gold-mediated C—F
bond formation. Replacing F~ with the less coordinating
BF, enables catalysis with Et;N+<3HF as a source of HF to
give good to very good yields of vinyl fluorides. Additions
across the alkyne are always in an anti fashion, giving a
mixture of regioisomers that depends on the electronic nature
of R. It should be noted that PhNMe,* HOTT cocatalyst and
KHSO, additive greatly increase yields (Scheme 41).

2.5. Gold-Catalyzed Nucleophilic Additions Using
Carbon Nucleophiles

Generally, two types of carbon nucleophiles are commonly
utilized in gold catalysis: electron-rich arenes and 1,3-
dicarbonyl compounds. We will discuss the utilization of
electron-rich arenes in a separate section and only cover 1,3-
dicarbonyl nucleophiles in this section. Recently, gold
catalysts were shown to efficiently catalyze the addition of
1,3-dicarbonyl compounds to carbon-carbon multiple bonds.

In 2004, Toste et al. reported a gold(I)-catalyzed Conia-
ene reaction of [5-ketoesters with tethered alkynes to give
o-vinylated ketones in excellent yields. They proposed a
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mechanism involving attack of 1,3-dicarbonyl nucleophiles
on a Au(I)—alkyne complex, which is supported by deuterium-
labeling experiments. No reaction occurs with diesters and
poor reactivity is observed with internal alkynes.”* They also
found that if the triple bond is moved one carbon closer, the
reaction gives almost exclusive 5-endo-dig products in
excellent yields under the same conditions’> (Scheme 42).

Conventional [AuPPhs] " did not show much reactivity in
the 6-exo-dig cyclization of acetylenic keto esters. Sawamura
et al. developed a novel triethynylphosphine—gold complex,
which shows significantly higher reactivity in the 6-exo-dig
cyclization of acetylenic keto esters.”* They believe the bulky
caps on the ethynyl ends create a catalytic pocket which is
crucial for the reactivity (Scheme 43).

Echavarren et al. also reported that 1, 3-dicarbonyl
compounds act as carbon nucleophiles in addition to prop-

Li et al.
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argyl carboxylates.”> They found that Au[P(z-Bu),(o-biphe-
nyl)]JOTf is the best catalyst, giving enol carboxylates in high
yields and chemoselectivity. The mechanism likely involves
a gold(I)-carbene or gold(I)-allene (Scheme 44).

Li et al. reported a gold(Ill)-catalyzed intermolecular
addition of 1,3-diketones to olefins.”® Because of the high
Lewis acidity of the AuCl3/3AuOTf catalyst system, dimethyl
malonate and f-ketoesters decompose and do not undergo
the reaction. There is no detectable diasteroselectivity with
the gold(III) system at room temperature. Shortly after, they
found by lowering the reaction temperature to 0 °C, dienes,
trienes, and cyclic enol ethers also react with diketones to
give good yields.”” Sterically hindered dienes give lower
yields (Scheme 45).

Much success has been achieved in the intramolecular
addition of 1,3-dicarbonyls to unactivated olefins with
palladium catalysts. However, most reactions go through a
6-endo-trig pathway. Che et al. reported that gold(I) is
capable to catalyze the 5-exo-trig and 6-exo-trig cyclization
of a variety of 3-ketoamides to form 5- or 6-membered cyclic
lactams in excellent yields.*® Au[P(-Bu),(o-biphenyl)]Cl
turned out to be the best catalyst, while gold(I) supported
by less bulky phosphine ligands gave lower yields. Diaste-
reoselectivities are as high as 4:1. Not surprisingly, they
found f3-esteramides and 1,3-diamides could not undergo the
same reaction, maybe due to the decreased enol concentra-
tion. Notably, the reaction is still efficient in aqueous media.
The water leveling effect ruled out the Br@nsted acid
possibility and suggests the Lewis acidity of gold is still
robust with a carefully chosen ligand and substrates (Scheme
46).

2.6. Gold-Catalyzed Tandem Nucleophilic
Additions

Kozmin et al. reported an efficient and diastereospecific
tandem assembly of 1,5-enynes tethered with oxygen or
nitrogen nucleophiles to give heterobicyclic systems, via an
exclusive 6-endo-dig (or 5-endo-dig) cyclization.78 Gold(III)
and gold(I) catalysts could both be used for different
substrates (Scheme 47).

Michelet and Genét et al. reported a tandem enyne
cyclization/intermolecular addition of nitrogen nucleo-
philes.”” When 1,5-enynes undergo gold catalyzed cycliza-
tions, the incipient carbocations generated have the potential
to be trapped with nucleophiles. Sulfonamides, carbamates,
and anilines are all suitable substrates for this reaction.
Similarly, Gagosz et al. carried out a tandem 1,5-endo-enyne
isomerization/alkoxylation.®* A range of alcohols are suitable
for addition including phenols, carboxylic acids, cyclohex-
anol, and even water (Scheme 48).
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Dixon et al. reported an interesting gold(I)-catalyzed
cascade of alkynoic acids and primary amines.®' Multiring
heterocyclic products are produced in good yields. They
believe that the alkynoic acids will form enol lactone
intermediates, which subsequently react with primary amines
to form N-acyl iminium intermediates. The tethered electron-
rich heterocycles then attack the iminium to yield multiring
heterocyclic products. Terminal and internal alkynes are
suitable for additions. To probe the nature of the active
catalyst for the final two steps in the sequence, control
experiments using a phosphorine base (BEMP) and/or HOTf
confirmed that indeed a Lewis acid assisted Br@nsted acid
is responsible for this part of the reaction (Scheme 49).

Larock et al. used conjugated alkynyl enones as substrates
that undergo tandem intramolecular carbonyl addition/
intermolecular nucleophilic attack to generate highly sub-

\ 64-97%
o)

Hko + m Hk NuH
X\/& H2

stituted furans.®* Notably, a variety of different nucleophiles
add successfully, including alcohols, S-diketones, indoles,
and even arenes. Schmalz et al. later showed that substituting
the olefin with cyclopropane leads to ring-expansion prod-
ucts.® Yields are quite good with a range of alcohols and
some heterocycles acting as nucleophiles (Scheme 50).
Liu et al. demonstrated that two equivalents of nucleophile
also add to dienals with concomitant loss of oxygenated
byproducts.®* Depending on the specific nucleophiles used,
the regiochemistry of the product differs, with 1,4- and 1,2-
additions acting as competing pathways. Substrates with
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complex structures (Scheme 51).
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In their study of the intramolecular hydroalkoxylation of
alkynes, Hashmi et al. found interesting dimerization prod-
ucts which are produced through a gold-catalyzed benzylic
C—H activation pathway.®> From isotope labeling experi-
ments, they found the ketone oxygen comes from the alcohol,
which supports the ketone oxidation and benzylic C—H
mechanism. His report agrees with He’s simultaneous finding
on benzylic C—H activation (Scheme 52).

3. Gold-Catalyzed Friedel—Crafts Reactions and
C—H Activations

3.1. Friedel—Crafts Reactions via Arylgold

Gold(IIT) has been known for more than 70 years to
activate aryl C—H groups to form aryl—gold(Ill) com-
plexes.® This is achieved by simply mixing gold(III) chloride
with benzene in hexanes. Aryl hydrazines are also oxidized
by (NBus)AuCly or (NBug)AuBry into their corresponding
aryl—gold(III) complexes.®” After several quiet decades,
utilizations of aryl—gold(III) species in organic transforma-
tions began to appear. Since Hashmi’s first report in 2000,*®
gold-catalyzed hydroarylations have been explored with
various substrates by several research groups. Because of
the strong Lewis acidity of gold(IIl), it is difficult to ascertain
the reaction mechanism that involves a C—H functionaliza-
tion to form an aryl—gold(III) species versus a Friedel—Crafts-
type reaction catalyzed by a gold Lewis acid.

Li et al.

Hashmi et al. first reported that 2-methylfuran efficiently
adds to methyl vinyl ketones using AuCls in CH;CN.*® They
also discovered that if an alkyne group is tethered with the
methyl vinyl ketone, a tandem reaction takes place to afford
phenol products. In this process, five new bonds form in a
domino process.®” He et al. studied the reaction of hetero-
cycles and electron-rich arenes with electron-deficient olefins
or alkynes.”® It was found that, when electron-deficient
alkynes and heterocycles were used as substrates, dual-
addition products of heterocycles to alkynes were the only
product, which suggests electron-deficient olefins to be more
reactive than corresponding alkynes in this reaction (Scheme
53).

Hashmi et al. also detected similar reactivity between
2-methylfuran and unactivated alkynes with 2.5%
[(Mes;PAu),CI|BF,; (Schmidbaur-Bayler salt).’' Reports of
direct hydroarylation of simple olefins by gold are rare. Liu
et al. found that gold(IIl) can catalyze addition of protected
indoles to vinyl arenes and trisubstituted olefins using the
DNA-encoding and DNA-programed assembly of substrate
pairs.? Most reactions could also be catalyzed by a catalytic
amount of strong Br@nsted acids (Scheme 54).

Li et al. reported that a gold(III) catalyst system catalyzes
an efficient annulation of phenols and dienes to give various
benzofuran plroducts.93 Cationic Ph;PAuOTf shows no
product formation, perhaps due to degradation of dienes by
cationic gold(I). He et al. reported a similar process to form
benzofurans through a PhsPAuOTf-catalyzed Claisen rear-
rangement of aryl allyl ethers. This is followed by a tandem
phenol addition.” If 2,6-substituted aryl allyl ethers are used,
a further [3, 3] rearrangement occurs to give the para-
substituted product. Gold(IIl) is also capable of catalyzing
this reaction with a lower efficiency. As shown by control
reactions, gold(IIT) works better for mediating the Claisen
rearrangement, while gold(I) is more efficient at catalyzing
the phenol addition step (Scheme 55).

Arcadi et al. reported another tandem reaction using
2-alkynyl-phenylamines with o,(3-enones that affords sub-
stituted indoles with a catalytic amount of NaAuCly in
ethanol.”> When an ionic liquid is used as the solvent, similar

results are obtained (Scheme 56).

In 2003 and 2004, Reetz and He reported a gold(IIl)-
catalyzed hydroarylation of normal alkynes and electron-
deficient alkynes, respectively.”®®” In the latter case, this
reaction was extended into an intramolecular version to give
coumarin derivatives as products. It is noteworthy that the
hydroarylation of electron-deficient alkynes is not catalyzed
by strong Br@nsted acids (Scheme 57).

Shortly after, Echavarren et al. reported an interesting
intramolecular reaction of indoles with tethered alkynes.”®
Gold(I) and gold(IT) show 7-exo-dig and 8-endo-dig chemose-
lectivity to give 7- or 8-membered cyclic products, respec-
tively. Bulkier [P(+-Bu),(o-biphenyl)]AuCl gives higher exo
selectivity when compared to simple Ph;PAuCl. In some
cases, allenes are the major products and react further to
afford tetracyclic products with the gold(I) catalyst® (Scheme
58).

Nolan et al. reported an intramolecular hydroarylation of
propargylic acetates catalyzed by an NHC-gold(I) catalyst.'®
Propargylic acetates undergo a rearrangement into allenes
with tandem hydroarylation to furnish substituted indenes.
Notably, this reaction requires strictly anhydrous conditions;
if water is present, the same substrates give conjugated enone
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and enal products.'®" Higher temperatures or microwave
assistance are required in the latter case (Scheme 59).

Wang et al. reported that propargylic sulfides and dithio-
acetals rearrange to give indenes as shown by Nolan et
al.'%%1%2 A 1 3_nucleophilic attack of the thioether to the
alkyne may be the first step to generate a putative gold-
carbenoid intermediate (Scheme 60).
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Toste et al. reported a synthesis of benzonorcaradienes
catalyzed by gold(I) using a tandem cyclopropanation/
hydroarylation strategy.'> When styrenes and propargyl
ester-containing diynes are the substrates, formation of three
carbon—carbon bonds and two rings (3- and 6-membered)
is achieved in one step. A supporting phosphine ligand is
necessary; simple gold(I) and gold(IIl) chloride could only
achieve the cyclopropanation step (Scheme 61).
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Liu et al. discovered a gold-catalyzed intramolecular cy-
cloaddition of diynes with tethered arenes.'® On the basis of
deuterium-labeling, they believe the first reaction step is the
intramolecular arylation of one alkyne to form vinylgold(I),
which then undergoes either a 5-exo-dig addition or Nazazov
cyclization to give the final product (Scheme 62).

A gold(I)-catalyzed tandem Friedel—Crafts addition/car-
bocyclization between enynes and electron-rich arenes was
reported by Genét and Michelet.'% They believe the enyne
cyclization occurs first to give a transient carbenic intermedi-

Li et al.
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ate which is subsequently attacked by the electron-rich arene.
A similar system was also reported almost simultaneously
by Echavarren'® (Scheme 63).

Very recently, Schreiber et al. reported the synthesis of
a-pyrones from diynes and electron-rich arenes catalyzed
by a gold(I) species.'®” The first step is proposed to be the
rearrangement of the alkyne to an allene, which is supported
by racemization of enantio-enriched substrates (Scheme 64)
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substrates. Widenhoefer et al. reported an efficient intramo-
lecular indole addition to tethered allenes.>* Notably, if the
axially chiral 2-allenylindole is used, almost exclusive
E-alkene forms as the product. With one substitution at the
C(2) position of the 4,5-hexadienyl chain, a 5:1 cis—trans
diastereoselectivity is obtained. The asymmetric version of
this reaction was also developed by the same group using a
chiral bisphosphine ligand.'®® The same ligand was used in
the asymmetric hydroalkoxylation/hydroamination reaction
(Scheme 65).

In addition to indoles, Fujii, Ohno, and co-workers
reported a gold(I)-catalyzed intramolecular addition of simple
arenes to tethered allenes to produce quinolines and benzo-
furans. Electron-donating substitutions on the arene are
required for the reaction which preferentially produces
6-membered rings'® (Scheme 66).

In addition to hydroarylation of carbon—carbon multiple
bonds, addition of arenes to C=0 and C=N bonds are also
interesting reactions. Direct hydroarylation of aldehydes or
ketones are rare because the resulting alcohols react with
another molecule of arene to give the condensation prod-
uct.'' Li et al. first reported the gold(IIl)-catalyzed direct
addition of electron-rich arenes to imines.''! They found that
only electron-rich arenes (i.e., 1,3,5-trimethoxybenzene) react
with unactivated imines (e.g., PhnC=NTs). If the activated
imine TsNH=CHCO,Et is used, a much broader arene scope
could be employed. Simple arenes, such as benzene and
toluene, undergo the reaction smoothly to give products in
34—85% yields (Scheme 67).

In 2004, He et al. reported an inter- and intramolecular
hydroarylation of epoxides with AuCly/3AgOTf.''> The
intramolecular reaction is stereospecific. More importantly,

an intermolecular reaction of 1,3,5-trimethoxybenzene with
propylene oxide affords the addition only at the less hindered
terminal carbon. This is in contrast to the well-known Lewis
acid/Br@nsted acid catalyzed Friedel —Crafts reaction which
forms C—C bonds at the more substituted carbon. The
reaction most likely goes through an Sy2 mechanism, which
involves an aryl—gold(IIl) species (Scheme 68).

Wu et al. reported an efficient addition of arenes to tosyl-
protected aziridines.''® This reaction may go through a
Friedel—Crafts-type pathway as the arene attacks the more
reactive benzylic carbon. Aliphatic aziridines fail to react
(Scheme 69).

Arcadi et al. found that gold(III) can catalyze coupling
reactions between N-containing heterocycles and 1,3-
dicarbonyl compounds.''* The enol form of the 1,3-
dicarbonyl compounds seems to react with the heterocycles.
A tandem process was also developed by using 2-alkynyl-
phenylamines, which gives indoles with NaAuCly (Scheme
70).

A gold(Ill)-catalyzed alkylation reaction of arenes using
primary alcohol sulfonate esters was reported by He in
2004.' If a Friedel—Crafts mechanism is involved, one
would expect secondary alkylation products due to a car-
bocation rearrangement. However, when pentamethylbenzene
is used, almost exclusive primary alkylation product is
observed, which suggests the formation of an aryl—gold(III)
intermediate in a Sn2-type mechanism. When benzene is
used, 90% of the product mixture is secondary alkylation
product. The use of mesitylene decreases the secondary
product to ~50%. When 1,2,4,5-tetramethylbenzene is used,
less than 5% secondary alkylation product is detected. With
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pentamethylbenzene and a primary alcohol sulfonate ester
next to a secondary benzylic carbon, exclusive primary
alkylation product is obtained. The chemoselectivity increases
with methyl substitution, or with the increase of electron
density on the ring. However, more electron-rich heterocycles
could not undergo the same reaction; based on our knowl-
edge, a heterocycle—gold(IlI) complex has yet to be reported
in the literature (Scheme 71).

We propose that gold-catalyzed hydroarylation could go
through either a Friedel—Crafts-type mechanism or an
aryl—gold(IIl) intermediate. Heteroatoms in heterocycles are
good ligands for gold(III), which prevents the formation of
aryl—gold(III). Thus, reactions involving most heterocycles
may go through a gold(IIl)-catalyzed Friedel—Crafts mech-
anism. When hydrocarbon arenes are employed, the reactivity
of aryl—gold(III) species increases with the increased electron
density of the ring. The Friedel—Crafts pathway may
dominate with less electron-rich arenes, while the aryl—gold(III)
pathway dominates with electron-rich arenes.

3.2. Activation of sp-C—H by Gold

Gold is known to react with alkynes in two different ways.
It acts as a Lewis acid, which is the common case for internal
alkynes. With terminal alkynes, gold can substitute the
terminal position and form a gold-acetylide. Gold-acetylide
species are believed to be stable and were not commonly
utilized in organic synthesis until recently.

Li et al. first utilized an in situ formed gold-acetylide as
an intermediate to react with different aldehydes, alkynes,
and amines to afford propargyl amines with good yields in
water.''® Only a catalytic amount of gold is necessary and
the reaction can also be catalyzed by copper and silver, both
of which are well-known to form metal-acetylides.''” Gold
nanoparticles and layered double hydroxide-supported gold
(LDH-AuCly) are also capable of catalyzing this reaction.''®
Che et al. further developed this reaction by using salen
ligands on gold(Ill), which helps to lower the reaction
temperature to 40 °C.''"> One additional benefit of the low
reaction temperature is that cyclic chiral amines can be used
as asymmetric auxiliaries. Good to excellent diastereoselec-
tivities are achieved with bulkier auxiliaries on the amine.
Shortly after, Liu et al. reported that, if pyridine-2-carbox-
aldehyde is used instead of a simple aldehyde, the pyridine
lone pair attacks the neighboring alkyne intramolecularly to
give functionalized indolizines via the proparygyl amine
intermediates'?° (Scheme 72).

Cyclic (alkyl)(amino)carbenes (CAAC) are a new family
of NHC ligands with one nitrogen in the traditional NHC
ligand replaced with a carbon, which makes the ligand more

Li et al.

electron-donating.'?" Bertrand et al. recently showed that a
CAAC-supported gold(I) complex can catalyze the coupling
between enamines and terminal alkynes to produce allenes
in good yields.'** They proposed that gold-acetylide species
form together with 1 equiv of ammonium salt only when
the enamines were added. The reaction then goes through a
gold-carbene pathway as shown in Scheme 73.

Although gold-acetylide species are broadly utilized to
prepare propargyl amines, there is no report on gold-
catalyzed propargyl alcohol synthesis to our knowledge. Gold
is relatively oxophilic and may irreversibly bind the propargyl
alcohol, arresting the catalytic cycle. Li et al. reported that,
by tethering an alkynyl group to the ortho position of an
aryl aldehyde, the propargyl alcohol—gold complex is shown
to undergo an intramolecular nucleophilic addition to give
1-alkynyl-1H-isochromenes.'** Not surprisingly, simple aryl
aldehydes do not succeed in this reaction. The chelation effect
of the neighboring alkynyl group was proven to be crucial
and the proposed intermediate is similar to the one Yama-
moto and Asao proposed earlier.'** The same group found
that, if salicylaldehyde is used, the reaction goes through a
completely different pathway to afford isoflavanones.'*> The
chemoselectivity of the reaction is intriguing and the authors
proposed that the carbonyl proton is activated by gold(I),
which subsequently adds to the alkyne. A similar reaction
with o-tosylaminobenzaldehyde gives azaflavanones in lower
yields and only aromatic alkynes work in the reaction'?®
(Scheme 74).

Recently, Che et al. discovered a gold(I)-catalyzed syn-
thesis of dihydroquinoline and quinoline from aromatic
amines and terminal alkynes.'”’” Microwave irradiation
facilitates the reaction in some cases. They proposed a
mechanism in which a gold-catalyzed hydroamination of the
alkyne gives an enamine intermediate, which tautomerizes
to a ketimine. The ketimine intermediate then reacts with
another molecule of alkyne to yield a propargylic amine,
which then undergoes an intramolecular hydroarylation to
yield the final dihydroquinoline product. Both primary and
secondary aromatic amines give good yields in this reaction
(Scheme 75).

Gold-mediated coupling reactions have also been stud-
ied. Fuchita et al. reported a Sonogashira type coupling
reaction with terminal alkynes by using a stoichiometric
amount of arylgold—lutidine complexes.'*® Corma et al.
recently found that gold nanoparticles supported on CeO,
are reusable catalysts for the Sonogashira coupling between
terminal alkynes and iodobenzenes; however, homocoupling
products from alkynes and iodobenzenes were also de-
tected.'?” On the basis of X-ray photoelectron spectroscopy,
gold nanoparticles supported on CeO, contain gold(0),
gold(I), and gold(IIT) species. Gold(0), gold(I), and gold(II)
complexes were prepared and tested with parallel control
experiments with palladium catalysts. The results revealed
that (a) gold(0) is not catalytically active; (b) gold(IIl) is
responsible for the homocoupling products; (c) gold(I) shows
good reactivity and selectivity for the Sonogashira reaction.
The selectivity of the reaction is similar to the parallel
controls conducted with palladium. Similarly, gold also
catalyzes Suzuki-type coupling reactions; however, the
reaction conditions and substrate scope need further im-

provements to be useful.'*°
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4. Gold-Catalyzed Hydrogenations and Oxidations

4.1. Gold-Catalyzed Hydrogenations and
Dehydrogenations

Hydrogenation of different organic substrates has been
reported with various forms of gold for many decades.’
Molecular hydrogen can be activated by various soluble gold
species and gold surface.'*! In 2005, Xu et al. reported that
isolated Au®" ion could mediate the selective hydrogenation
of 1,3-butadiene with a Au’"/ZrO, catalyst.'**> A similar
homogeneous hydrogenation system was also reported with
gold(IIT)."3?

Gold selectively hydrogenates a.,f3-unsaturated carbonyl
substrates into unsaturated alcohols, which then undergo
isomerization and further hydrogenation into saturated
alcohols.'**!3% Different metal oxide supports significantly

Catalytic Intermediates

impact both reactivity and selectivity. Milones et al. found
that the nature of the iron oxide support influences the
reaction more than the morphology of gold particles.'*
Electron transfer from the reduced support to produce
negatively charged gold particles may help in generating the
active reaction sites.

In 2006, Corma et al. discovered that metal-oxide sup-
ported gold could efficiently mediate selective hydrogenation
of nitro complexes into their corresponding amino prod-
ucts.'*® The predominant selectivity toward hydrogenation
of nitro groups (generally >90%) makes it a very valuable
method to produce substituted anilines. Shortly thereafter,
Corma et al. reported a further application of the supported
gold catalyst to selectively hydrogenate a.,3-unsaturated nitro-
complexes into corresponding oximes. Importantly, the
catalyst remains highly selective even with another nitro
group present in the substrate’*” (Scheme 76).

Homogenous hydrogenation catalyzed by ligand-supported
gold was less explored than its heterogeneous counterpart.



3256 Chemical Reviews, 2008, Vol. 108, No. 8

Scheme 74
R2
CHO f
[ 5% MegPAUCI
“« * R? H,OfToluene, 80°C 0
N Z
R R!
\ up to 89%
CHO
@ 1% AUCN/25% PBug
OH R3 Toluene, 80°C
up to 78%
(0]
CHO 4
@[ 1% AUCN/25% PBug ©\)§/R
Toluene, 80°C
NHTs N
Ts
up to 70%
Scheme 75
5 H 2
N NH « 5% IPrAuUOTf | X N R
| . \\R2 15% NH,PFg, CHgCN P
T 150 °C, microwave R!
R R2
‘ up to 94%
H
SN H X N\ N N R?
I \{ |// R2 |// j\
R1/ = R R1 R1 R2
N RS
NH 5% IPrAuOTf
\ (<]
+ \\Rs CHaNQ, 1.t
RB
up to 95%
Scheme 76
NO,

| x gold @
Pd, Pt numerous products, poor selectivity
NO,
NO,
™ O

98% 2%

R= -alkene, -CHO, -CN, -CONH,

% \

Corma et al. studied Schiff-base gold complexes (both
homogeneous and heterogeneous) in hydrogenation reac-
tions."*® They showed that the nature of the solvent plays
an important role in the homogeneous cleavage of H,. The
same group also reported the only currently known enanti-
oselective hydrogenation, catalyzed by a gold—methyl-
Duphos complex (Scheme 77).
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Metallic gold films mediate dehydrogenation of alkanes
and alkenes at elevated temperatures.139 In 1999, Hosomi
et al. reported an interesting gold(I)-catalyzed dehydroge-
native homocoupling of tributyltin hydride into hexabutyld-
istannane in very high yields. They noticed a color change
in solution and release of hydrogen gas.'*’ In 2003, Arcadi
et al. reported a gold(Ill)-catalyzed pyridine synthesis.'*’
Dehydrogenation is the last step; however, another equivalent
of propargyl amine is required to absorb the released
hydrogen. Ito and Sawamura reported the dehydrogenation
of alcohols and silanes catalyzed by a gold(I)—xantphos
complex.'*? Different functional groups are well-tolerated
in this transformation. A gold-hydride mechanism cannot be
confirmed (Scheme 78).
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4.2. Gold-Catalyzed Oxidations

Both heterogeneous and homogeneous gold-catalyzed
oxidation chemistry have been explored recently and we will
only briefly cover heterogeneous oxidations and focus more
on the homogeneous gold catalysis.'

In 2005, Hutchings et al. reported an oxidation of alkenes
with air over nanogold catalysts'** (Scheme 79). Different

Scheme 84
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oxidation products such as epoxides, ketones, and alcohols
were detected. Meanwhile, Friend et al. reported a selective
oxidation of styrene on an oxygen covered Au(111) surface
to yield styrene epoxide, benzene acetic acid and benzoic
acid with less than 20% complete combustion products.'**
Selective oxidation of alcohols into carbonylic compounds
has been studied by Hutchings, Corma, Christensen, and
others.'*

In 2006, Friend et al. re orted a method of adding NHj; to
styrene to yield aziridines.'*® Evidence shows that NH; reacts
with the O,-adsorbed Au(111) to give a reactive NH, (x =
1, 2) species, which may be responsible for the reaction.
Corma et al. also reported a gold-nanoparticle catalyzed
homocoupling reaction of boronic acids.'*’ They also
demonstrated that homogeneous gold catalysts supported by
salen ligands efficiently catalyze the homocoupling of various
aryl-boronic acids.'*® Sakurai et al. reported that poly(N-
vinyl-2-pyrrolidone) supported gold nanoparticles are capable
of catalyzing the homocoupling of potassium aryltrifluo-
roborates under aerobic conditions.'*”

Bulk gold (~1000 nm) also exhibits catalytic abilities.
Angelici et al. reported that bulk gold catalyzes a reaction
between isocyanide, primary amine, and dioxygen to give
carbodiimides, instead of formamidine, which would be more
likely to form under homogeneous conditions.'>® If isocya-
nide is replaced by CO ureas are the product with isocy-
anates as intermediates.'”' Secondary amines are effectively
dehydrogenated into their corresponding imines under similar
conditions in the presence of oxygen.'*? Notably, only 1 atm
of oxygen is sufficient for all of these reactions (Scheme
80).

Oxidation reactions mediated by homogeneous gold
catalysts have also been developed. In 2005, Shi et al.
reported a gold(I) neocuproine system to oxidatively cleave
carbon—carbon double bonds of different styrenes in water
to afford carbonylic products.'>® TBHP is the oxidant which
gives ketones in moderate to good yields. This system does
not oxidize epoxides into ketones and the addition of TEMPO
inhibits the reaction, which suggests that this reaction may
not go through an epoxide-ketone pathway but rather
involves a radical-based process. As a follow-up study, they
found that the same gold system is also capable of catalyzing
the oxidation of secondary benzylic alcohols into their
corresponding ketones with dioxygen.'>* Primary benzylic
alcohols give both aldehydes as well as carboxylic acids as
products. The same group also reported a an anionic-AU(I)
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diketimine system that selectively oxidizes benzylic and
aliphatic alcohols into their corresponding carbonylic prod-
ucts.'> Notably, primary alcohols give corresponding alde-
hydes as the major products. Dioxygen or air at 1 atm is
sufficient as the oxidant (Scheme 81).

In the course of investigating cyclization of enynols with
cationic PPh;AuOTf, Liu et al. found that dioxygen could
cleave the carbon—carbon double bond formed by the
intramolecular addition of a hydroxyl group to a carbon—carbon
triple bond.">® Good yields are achieved in general and
spirolactones are obtained in a few cases. Different phos-
phine-supported gold(I) catalysts are active; however, gol-

undergo a similar cleavage reaction, while simple olefins do
not. Addition of 2,6-di-tert-butyl-p-cresol or 4-hydroxy-
TEMPO inhibits the reaction, suggesting a radical-based
mechanism (Scheme 82).

Olefin epoxidation mediated by homogeneous gold is
much less developed. Cinellu et al. discovered that a
Au(IIT)—oxo complex supported by bipyridine transfers the
oxo group to cyclic alkenes such as norbornene.'>’ However,
a stoichiometric amount of gold(II)—oxo complex is neces-
sary to facilitate this reaction. Yuan et al. reported a gold(III)-
catalyzed oxidation of sulfides to sulfoxides with 30%
hydrogen peroxide in good yields and chemoselec-
tivities!*8(Scheme 83).

Osuka et al. reported an interesting synthesis of bro-
minated, directly fused diporphyrins in minutes by using
stoichiometric amount of gold(II) chloride and an excess
amount of silver triflate.'>® This method significantly
improves the reaction yields if compared with the traditional
methods using Sc(OTf)/DDQ (e.g., 9%)'®° (Scheme 84).

Toste et al. recently found that sulfoxides could serve as
an oxygen donor to gold(I)-carbenoids to yield carbonylic
products.'® The intramolecular version of this oxo-transfer
process involves an intramolecular alkynyl sulfoxide
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rearrangement to give benzothiepinone products in good
yields. Notably, sulfimines also undergo this transformation
to form an enamine with good yields. Meanwhile, Zhang et
al. reported a similar intramolecular redox system.'®* Instead

are further oxidized and rearrange into o.,y-diketones (Scheme
85).

Later, the intermolecular version was reported by Toste
et al. using diphenylsulfoxide as the oxygen donor.'®?
Different reactions involving gold(I)-carbenoids generated
the carbonylic products in good to excellent yields. Different
transition metals also catalyze the same reaction; however,
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Scheme 93

lwasawa et al.

R? R!
I

N
1-10% AuBrg N
N~ Bu RN
+ #Z70 toluene, r.t. Y OBu
X
R2 R2
60-89%
R1
R j[uz shift]
I+ N
N [3+2]
R2 o OBu
Au Au

Helmchen et al.

£, ,?J\ 5% PhgPAUSDFg Xﬁé}
\—\ p3” ~R4 DCM,-45°Ctor.t. R

N\ H R
\ 27-91%

X=C(COzMe),, C(SO,Ph),

the complex IPrAu™
(Scheme 86).

Liu et al. reported a Et;PAuCl-catalyzed oxidative cy-
clization of 2-ethenyl-1-(prop-2'-yn-1'-ol)benzenes into naph-
thyl aldehydes and ketones using H,O, as the oxidant.'®*
They also proposed a gold-carbene intermediate. One
interesting note about this reaction is that silver cocatalyst
is not necessary, which is crucial for many gold-catalyzed
organic transformations. The leveling effect of the water/
THF mixed solvent system might help explain this. When
naphthyl alcohols are subjected to the same conditions, only
a small amount of naphthyl aldehyde is formed, which
supports gold-carbene as the intermediate. PtCl, also shows
similar reactivity (Scheme 87).

In the first example of its kind, Nolan et al. reported that
an NHC gold(I) complex activates diazo ethyl acetate and
inserts the carbene group into N—H, O—H, and more
interestingly, the aromatic C—H bonds.'®> When styrene was
used as the substrate, the C—H insertion on the benzene ring
was preferred over cyclopropanation. It is a unique reactivity
known only to gold (Scheme 88).

Gold-catalyzed organic transformations involving nitrene
intermediates are much less studied. He et al. showed that

gives the best diastereoselectivity

Li et al.

simple gold(I) salts and phosphine-supported gold(I) com-
plexes are inefficient in mediating olefin aziridination.
Nitrogen-based ligands, such as 4, 4', 4" -tri-tert-butyl-2,2":
6',2"terpyridine (rBustpy) supported gold(I) efficiently cata-
lyze olefin aziridination with the use of the commercially
available oxidant PhI(OAc), and sulfonamides.'®® Styrenes
and sulfonamides bearing different functional groups are
good substrates. Sulfonamide-tethered olefins and activated
aliphatic olefins also undergo this reaction. This system also
mediates carbene insertion into benzene (Scheme 89).

He et al. also found that simple gold(III) chloride has
unique reactivity and catalyzes the reaction between
electron-rich arenes and the nitrene precursor PhI=NNs
(Ns = p-nitrosulfonyl) to give aromatic C—H insertion
products.'®” A Friedel—Crafts-type process is not favored
for two reasons: (i) heterocycles, which are the best substrates
for Friedel—Crafts reactions, do not react; and (ii) if an
activated benzylic C—H bond is present, the reaction occurs
at both the aromatic and benzylic positions'®® (Scheme 90).
An aryl—gold(IIT) species is probably generated from the
reaction of AuCls with the aromatic C—H bond in the first
step, which further reacts with PhI=NNs. If a weak
neighboring benzylic C—H is present, gold may shift to form
the benzylic—gold species, which then further undergoes
nitrene insertion. Further mechanistic study is required to
support the hypothesis.

5. Other Reactions

One of the most well-known gold-catalyzed Diels—Alder
reactions is a benzannulation reported by Asao and Yama-
moto.'?* Early examples include the benzannulation of
enynals with alkynes and olefins both intra- and intermo-
lecularly.'** This method has been utilized in the total
synthesis of (+)-ochromycinone and (+)-rubiginone B2,
which will be discussed later.'® They further developed the
benzannulation reaction with enynal and enol, the mechanism
of which involves an aurate intermediate that is formed by
the nucleophilic attack of the carbonyl oxygen on the
electron-deficient alkyne.'’® The ate intermediate that reacts
with the enol form of the carbonyl substrate gives the
benzannulation product. Recently, the same group reported
a benzannulation reaction to make anthracene derivatives by
utilizing benzenediazonium 2-carboxylate as the benzyne
precursor171 (Scheme 91).

Another important example is the phenol synthesis starting
from furan substrates. Hashmi et al. first explored this field
and largely broadened the reaction scope. This work has been
reviewed recently.' In newer work, by furnishing the furan
with a 2-ketal group, they could stabilize the reaction

COR
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intermediate in the presence of gold(Ill), and a tandem
Diels—Alder reaction with N-phenyltriazolindione occurs to
give polycyclic products'’*(Scheme 92).

Iwasawa et al. reported the [3 + 2] cycloaddition of N-(o-
alkynylphenyl)imine, which proceeds via a metal-containing
azomethine ylide in situ with olefins.'”® PtCl, and AuBr;
show better catalytic reactivity compared to other metals.
Helmchen et al. reported the intermolecular addition of
aldehydes and ketones to 1,6-enynes to give polycyclic
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Scheme 97
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products.'” They believe the in situ generated gold-carbene
attacks the carbonyl group to give the final product (Scheme
93).

(5)-Cy-SEGPHOS(AuOBz),-catalyzed enantioselective cy-
cloadditions of munchnones with electron-deficient alkenes
was reported by Toste et al.'”> The reaction seems to go
through a 1,3-dipolar addition pathway. Good to excellent
ee’s are achieved along with good yields (Scheme 94).

Prim et al. reported that NaAuCly catalyzes the amination
and azidation of benzylic alcohols.'’® The same group
developed another intriguing method to make enynes from
propargyl alcohols with allyltrimethylsilane.'”” Various al-
cohols and thiols are also suitable nucleophiles. They found
that propargyl alcohols readily undergo rearrangement into
o.B-unsaturated ketones in a manner similar to propargyl
alcohol esters and allyl alcohol esters. Enantioenriched
propargyl alcohol only results in racemic product, suggesting
a carbocation intermediate. Takai et al. reported a similar
reaction using a thenium/gold dual catalyst system, the details
of which will not be covered in this review'’® (Scheme 95).

Toste et al. reported an intramolecular carboalkoxylation
of alkynes including the shifting of a methoxide group.'”
If water is present, the enol ethers further hydrolyze into
indanones, which can be prevented by adding molecular
sieves. When two different substrates react in one pot, they
do not detect any crossover product, suggesting that gold(I)
activates the alkyne instead of an ionization of the benzylic
ether. The possibility of a close ion pair cannot be completely
excluded. Notably, if an enantio-enriched substrate is used,
the chirality remains with only a small deterioration (Scheme
96).

Zhang reported a useful method to make o-iodoenones
by utilizing the facile rearrangement of propargylic acetates
catalyzed by gold(I) in the presence of NIS. With large
aliphatic substitutions on the substrates, mainly Z-configu-
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ration products were generated, while aromatic substitutions
diminish the selectivity. Meanwhile, Kirsch et al. utilized a
similar strategy to make iodo-aldehydes in a tandem cy-
clization/pinacol rearrangement of 3-silyloxy-1,5-enynes
catalyzed by gold(l)18I (Scheme 97).

Catalysis is crucial for the polymerization of different
organic substrates into functional materials. Only limited

JE

S

DIBAL-H
OPMB
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Me,,.
N AgNOg NIS_ %
= DMF, 0 °C
OTBS oTBS

(+)-fawcettimine

success has been achieved so far on gold-catalyzed poly-
merizations. In 2006, Ghosh et al. reported [3-(N-tert-
butylacetamido)-1-(2-hydroxycyclohexyl)imidazol-2-ylide-
ne]AuCl catalyzes the ring-opening polymerization of
L-lactide.'®? Under solvent-free melting conditions, low to
moderate molecular weight polylactide polymers are pro-
duced with a narrow molecular weight distribution. Silver
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with the same ligand could also catalyze the same reaction
(Scheme 98).

To the best of our knowledge, direct polymerization of
substrates with unsaturated bonds has not been reported.
Rasika Dias et al. recently reported two intriguing gold(I)
ethylene complexes, showing that gold(I) ethylene adducts
have more covalent character than other metals.'®® This
finding is helpful for further understanding and developing
the gold-catalyzed insertion into olefins.

6. Applications of Gold Catalysis in Total
Synthesis

Gold-catalyzed reactions have already been utilized in the
total synthesis of various natural products. As an early
example, Bachi et al. utilized the classic gold-catalyzed
asymmetric aldol reaction with isocyanoacetate, originally
reported by Hayashi in the enantioselective total synthesis
of (—)-a-kainic acid."®* In other cases, although the key steps
catalyzed by gold are not enantioselective, the chirality is
well-maintained from the enantio-enriched substrates under
different reaction conditions.

Asao and Yamamoto et al. reported an enantioselective
total synthesis of (+)-ochromycinone and (+)-rubiginone B2
by using the intramolecular version of the gold-catalg/zed [4
+ 2] benzannulation they developed previously.'® Their
report shows this method is suitable to construct complex
2,3-dihydrophenanthren-4(1H)-one skeleton, an important
building block, in one facile step (Scheme 99).

Nelson et al. reported an enantioselective total synthesis
of (—)-rhazinilam by utilizing a gold-catalyzed annulation
of enantioenriched allenes with high yields and de.'®®
Floreancig et al. reported the enantioselective total synthesis
of (+)-andrachcinidine using a gold-catalyzed intramolecular
nucleophilic substitution and hydration of enantio-enriched
alkynyl ether tethered with an amine functional group'®®
(Scheme 100).

Krause et al. reported the enantioselective total synthesis
of (—)-isocyclocapitelline and (—)-isochrysotricine using
gold-catalyzed allene cycloisomerization with enantioen-
riched allene substrates.'®” Similarly, Forsyth et al. reported
the construction of the A-D rings of azaspiracid, which
contains the trioxadispiroketal core structure, using a gold-
catalyzed nucleophilic bis-spiroketalization'®® (Scheme 101).

Toste et al. utilized a key step of gold-catalyzed 5-endo-
dig carbocyclization of enantioenriched iodoacetylene teth-
ered silyl enol ethers in their total synthesis of (+)-
fawcettimine.'® Notably, the hydrindanone core and a
quaternary center were installed in one facile step, and a 62%
yield was achieved over three steps (Scheme 102).

7. Conclusion

It is obvious that currently gold catalysis is in a crucial
developing stage. The discovery of new reaction categories
that could be catalyzed by gold has slowed down, while
gold(I)-catalyzed asymmetric organic transformations have
accelerated. Satisfactory results have been reported in both
yields and ee’s. Although currently the reaction scope is
limited, the future of gold asymmetric catalysis remains
bright.

On the other hand, the utilization of gold catalysts in total
synthesis is intriguing. All the total syntheses described above
involve using enantioenriched substrates and the chosen gold-
catalyzed steps retain the chirality instead of installing the

Chemical Reviews, 2008, Vol. 108, No. 8 3263

chirality. With the development of asymmetric gold catalysis,
much more effort will probably be spent in the key steps of
total synthesis in the near future.
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