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ABSTRACT
Redox-Ncutral Catalytic Spirocyclization of para-Mcthoxy Aryl Alkynoate Esters
Mark Docto Aparece

Spirocycles are a class of molecules consisling of a quaternary atom at the junction of
two fuscd rings. This structural motif is found in a number of biologically active natural products
and pharmaceuticals, Current strategies to synthesize these structures include classical methods
such as alkylation and rearrangement, as well as more modern methods reported in the past
decade which utilize electrophilic halogen reagenis. As parl ol our research inieresis in
clectrophilic transition metal catalysts to cffect powerful transformations, we developed the first
redox-neutral spirocyclization of para-methoxy aryl alkynoate esters using homogeneous gold
catalysis. The reaction proceeds at ambient temperature in dichloromethane with 5 mol %
loading each of Au(PPh3)CI catalyst and AgOT[ activator. The addition of 1 equivalent of water
was found to be cssential for the success of the reaction, playing a crucial role as a nucleophile in
the proposed reaction mechanism. During our investigation of the substrate scope of the reaction,
we found that substrates bearing various groups on the alkyne underwent spirocyclization in
good o excellent yields in shorl reaclion (imes, In addition, both electron-rich and electron-
dcficient aromatic rings were well tolerated under these reaction conditions. However, substrates
bearing strongly deactivating groups on the alkyne failed to react. Using our conditions, we were
also able to directly access the tricyclic core of the antifungal compound perenniporide A, a
spirocyclic secondary metabolile of Perenniporia sp., a [ungus found in the Chinese medicinal

plant fallopia japonica.

Thesis adviser: Dr, Paul A, Vadola
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L Introduction

Spirocycles and the History of Spirocyelization Reactions. Spirocycles arc a class of
molecules consisting of a quaternary atom at the junction of two fused rings. The synthesis of
quaternary centers is one of the most challenging tasks in synthetic chemistry, making
spirocycles an atlraclive largel for organic chemists, In addition lo their unique siructure and
rcactivity patterns, spirocyclcs arc present in a varicty of organic molccules, such as biologically
active natural products and pharmaceuticals (Figure 1),' and have even found applications in
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Figure 1. Selected spirocyclic natural products

Spirocycle formation has been shown to be challenging when employing classical
synthetic approaches,” a few examples of which are given in Scheme 1. Alkylation methods,
such as those employing enolale chemistry,” and rearrangement reactions, such as the Lewis
acid-promoted Nazarov cyclization of dicnones,” have proven difficult duc to the steric
congestion associated with quaternary centers. Moreover, many of these methods are plagued
with functional group compatibility issues as stoichiometric amounts of highly reactive reagents
are often required lo ellect the desired translormation, For instance, the [3+2] c¢ycloaddition
rcaction between the @ f-unsaturated ketone shown in Schemce 1 and triisopropyl allylsilanc
proceeds at cold temperatures using stoichiometric amounts of TiCl,.”

The most modern of these cyclization reactions is the ring-closing metathesis, One
example is the [ormation ol a spirocyclopentene [rom a gem-diallyl dicarbonyl compound using
the first generation Grubbs catalyst (Scheme 1).” However, ring-closing mectathesis reactions
often require dilute conditions to avoid competing intermolecular reactions. In light of the many
limitations involved in synthesizing spirocycles using classical techniques, novel methodologies

that access these structures directly and under mild conditions are particularly desirable.



Scheme 1. Selected classical cyclization methods
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In 1987, Kita and coworkers reported the intramolecular ipso-cyclization of 3-(para-
hydroxyphenyl} propionic acids to spirolactoncs mediated by phenyliodosyl bis(trifluoroacctate)
(PIFA), a hypervalent iodine reagent (Scheme 2).* In this reaction, the aromatic ring undergoes
oxidalive dearomalizalion [orming a highly rcaclive carbocation which, [ollowing nuclcophilic
interception by the carboxylic acid, furnishes the spirolactone. Just over a decade later, Ciufolini
and coworkers disclosed the formation of spirolactams from phenolic oxazolines using
iodobenzene diacetate (DIB) as a way to complement Kita’s spirolactonization method (Scheme
2)” In subscquent years, other spirocyclization mecthods proceeding via oxidative

dearomatization by hypervalent iodine reagents have been reported,'”



Scheme 2. Spirocyclization via oxidative dearomatization
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A report by Kikugawa and coworkers in 2003 makes use of the hypervalent ioding
rcagent [hydroxy(losyloxy)iodolbenzene (HTIB) in the ipso-cyclization of N-mcthoxy-(para-
halophenyl)amides {Scheme 3)."' However, this methodology is unique among those which
utilizc hypervalent iodinc rcagents: the mechanism procceds not through the oxidative
dearomatization of the aromatic ring, but rather through the oxidation of the N-methoxyamide to
a nitreniun cation. This highly reaclive intcrmediate undergoes attack by the aromatic ring and
subsequent hydrolysis to lurnish the spirocycle. This simple reversal in reaclivily pallem gives
risc to the possibility of milder conditions to activate tethered functional groups for nuclcophilic
attack by the aromatic ring as an alternative to the harsh conditions associated with oxidative

dcaromaltization.



Scheme 3. Spiracyclization via nitrenium cation intermediate
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The key paper in the field which follows this principle was published in 2005 in which
Zhang and Larock discloscd a highly cfficient route in the synthesis of spirolactones via the
intramolecular ipso-halocyclization of 4-(para-methoxyaryl)-1-alkynes using electrophilic
diatomic halogens, such as I, Bry, or ICI (Scheme 4).'* This method is based on a reaction
previously reported by Fanghinel and coworkers, the substrate scope of which was not

thoroughly investigated by Fanghiinel but exploited solcly for mechanistic studics.'”

Scheme 4. Inframolecular jpse-cyclization of 4-(para-methoxyaryl)-1-alkynes
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In this reaction, the halogen source reacts with the alkynyl moiety o [orm a highly
reactive halonium intermediate, which is attacked by the ipso-carbon of the aromatic ring in a
Friedel-Crafts-type fashion; demethylation as the final step yields the spirolactone. Since
Larock’s report, the last decade has seen a number of ipso-cyclization reactions utilizing a
variety ol electrophilic halogen sources, such as CuBr and 1,3-dibromo-5,5-dimethylhydantoin,
to activate pendant alkynes'” and alkenes' into nucleophilic ipso-attack by the aromatic ring,

resulting in a diverse array of spirocyclic structures (Scheme 5).

Scheme 5. Selected halospirocycles formed from electrophilic halogen sources
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Based on the mechanism of the Larock methodology, the use ol these electrophilic
halogcnating reagents results in the incorporation of a halogen atom—mniost commonly iodine—
into the structure of the newly forged ring. This is an attractive feature ot this method as the
halogen atom scrves as a synthetic handle (or (urther manipulation such as substitution with
azide, nitro, and thiocyanate' and Suzuki-Miyaura cross-coupling reactions' (Scheme 6},

. . . . . . . 3h
Functionality is oftcn absent in spirocycles formed using morce classical techniqucs.
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Scheme 6. Derivatization of halospirocycles
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Howgcver, if the halogen atom is not desired in the final molccule, it nust be removed in
an additional siep. Therefore, methods which [orge spirocycles withoul halogen incorporation
are particularly desirable. Another major limitation of the Larock methodology and its variations
1s that these reactions require stoichiometric amounts ol halogen-based reagents, which can be
caustic and hazardous. Furthcrmorc, halogenating rcagents arc known to be incompatible with a
varicty ol [unctional groups duc to their high reactivily, which may lcad to increased production
of byproducts or waste formed from undesired side reactions.

As part ol our research program aimed al using electrophilic (ransition metal calalysts (o
cffect powerful transformations, the Vadola group decided to investigate their potential as
substitules [or halogen-based reagenls in spirocyclizalion rcactlions. Transition metal catalysts
pose scveral advantages to electrophilic halogenating reagents as only sub-stoichiometric
amoun(s of metal with respect 1o the substrate(s) are required Lo ellect the desired
transformation, making these metal catalysts safer to usce and more cnvironmentally benign. In
addition, they arc casicr (o handle and posc much higher [unctional group tolcrance comparcd (o
halogen-based reagents. We were particularly interested in the possibility of gold to effect this

translormation due to its known carbophilicily as a soll a-Lewis acid.
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Homogeneous Gold Catalysis. The electrophilic activation ol w-systems by gold cations
has been known since at lecast 1991 when Utimoto reported the Au(lll)-catalvzed addition of
nucleophiles such as alcohols and water across alkynes to form acetals and ketones,
respectively.'® Six years later, this method was improved and further developed by Teles whose
method utilizes a Au(T) salt.'™ These same transformations have long been known to occur with
Hgll} salts, but the development of a cationic gold catalyst as an altcrnative to stoichiometric
amounts of toxic mercury substances has made these reactions particularly valuable in industrial
settings due to the nontoxicity of gold compared to other transition metals, as well as the

possibility of extremely low catalyst loadings' ™ (Scheme 7),

Scheme 7. Au-catalyzed addition of nucleophiles across alkynes
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93%
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Prior to these publicalions, there have been few examples in the litcrature which cmploy
gold-based compounds in homogeneous catalysis, which is due in no small part to the prevailing
attitude at the time ol gold being expensive and inert;'* some have ventured to call it the “least

»19

useful of the noble metals as catalysts”™ and even “catalytically dead.”” Subsequent years
lollowing these reports by Utimoto and Teles have scen cxponcential growth in the numbcer of
publications on gold ca,talysis.zl A key advance in the field was reported in a 2003 publication by
Reelz and Sommer in which they disclosed the Au-catalyzed hydroarylation ol aryl alkynes
(Scheme 8).% This was followed shortly afterwards with a report by He on the hydroarylation of
cthyl propiolatcs™ as well as an intramolceular variant and computational mechanistic study by

Nevado and Echavarren®* These reactions all proceed through the activation of the alkyne via

Au-n complexation which induces a Friedel-Cralis-type C—C bond [orming event.
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Scheme 8. Au-catalyzed hydroarylation of aryl alkynes
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The cifectivencss of gold in promoling these addition reactions across alkynes is duc Lo
its carbophilicity, Gold and other transition metals such as platinum and palladium are excellent
n-Lewis acids due to the high degrec of overlap between the alkenyl or alkynyl w-orbitals and the
empty d-orbitals of the metal center; back-donation from the filled d-orbitals of the metal into the
antibonding s*-orbitals of the ligand also contribulcs (o the carbophilicily ol these transition
metals.”

Gold is an cxceptionally soft carbophilic Lewis acid duc to rclativistic cffects. In atoms
with high nuclear charge (Z), such as the late transition metals, the electrons in the s-orbitals
have a higher allinity [or the nucleus. In order (o avoid spiraling into the nucleus, these clectrons
must increase their average velocity close to the speed of light. Consequently, their relativistic
mass increascs. Since the Bohr radius is inverscly proportional to mass, this incrcasc in mass
induces a contraction of the s-orbitals, which propagates to all s-orbitals, resulting in higher
shiclding (deercased cllective nuclear charge Z*) between the nucleus and the ouler ¢~ and f-
electrons. This in turn causes the &~ and f~orbitals to become larger and therefore more receptive
to binding by m-systems. > *

One of the many papers that were published during the aforementioned “gold rush™ of the
last two decades was a 2012 report by the Samces group on the synthesis of coumarins via the

inframolecular hydroarylation of aryl and indolyl alkynoates using Au(PPh3)CI as the catalyst
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and AgSbF; as the activator (Scheme 9).* Silver salts are known (o increase the electrophilicity
of gold centers by triggering a metathesis, which Icads to the precipitation of silver halide salts
with concomitant generation of “naked” Au(T} cations.”® This highly electrophilic Au cation
undergoes complexation with the alkynyl moiety, which is attacked by the aromatic ring from
the position ortho to the alkynoate lether. Subsequen( rearomaltization and protodemetalation

furnishes the coumarin.

Scheme 9. Au-catalyzed intramolecular ortho-cyclization of indolyl alkynoates

0% M NHBoo AUPPhg)CIAGSbF; Oy oy Me NNHBOC
o {5 mol %) N 3
N DCE:1.,4-dioxane, ri. N
N 93% N
Sames 2012

From thc transition mctal chemistry described by Samcs ct al., we were inspired to
investigate the possibility of ipso- rather than ortho-cyclization of aryl alkynoates to form
spirocycles in a Larock-lype (ransformation. Hercin, we report the [first redox-neutral
spirocyclization of para-methoxy aryl alkynoate eslers using homogeneous gold catalysis under

ambicnt conditions.
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11. Results and Discussion

Optimizing the Reaction Conditions. Wc began our investigation of ipso-cyclization
conditions using aryl alkynoate 1a as the lead substrate (Table 1), which is readily prepared from
the esterification of para-methoxyphenol and 2-butynoic acid promoted by diisopropyl-
carbodiimide (DIC).>* As a starting point, we used the Sames conditions of 5 mol % each of
Au(PPh;)YCI catalyst and AgSbFy activator in a 1:1 solution of dichlorocthane (DCE} and 1.4-
dioxane as the solvent (Table 1), Promisingly, we observed both spirocycle 2a and coumarin 3a,

the product mixture slightly favoring the coumarin.

Table 1. Initial discovery of the ipsc-cyclization of substrate 1a“

Me
AP Ph O AgX” G Me VeO Me
MeO Il {8 mal %) . § . ° m
\©\O o DCE:1,4-dioxane, rt. O o N0
1a za O 3a
b 8
"AGX” Yield Yield
2a (%) 3a (%)
AgSbFg 39 48
AgBF, 53 19
AgOTf 93 0

“Reaclions performed al room (emperature with 5 mol % Au(PPhs)CI/AZOTI. "Determined by "H NMR o[ the crude
reaction mixture with para-nitrobenzaldehyde as an external standard.

Since it 1s known that counterions can modulate the reactivity of’ Au(l) cations (due to
dcgree of coordination, clectrostatic cllects, cle.), we decided 1o experiment with other silver salt
additives. When AgBF. was used, we were able to favor formation of 2a over 3a in a 2.79:1
ratio. When AgOTf was uscd, we were able to exclusively form 2a. However, this result proved
irreproducible and inconsistent in later trials, giving a mixture of 2a and 3a in variable ratios,
Disappointingly, couniarin was obscrved o be the major product in thesc cascs.

We then systematically tested variables that could contribute to the irreproducibility of
our initial AgOTf result, including the quality of the Au(PPha)}Cl catalyst and/or the AgOTf
activator and the type of reaction vial used. None of these factors altered the outcome of the
recaction. Since the methyl group from the methoxy arcnc is ultimately lost during
spirocyclization, we speculated that the removal of this methyl group would be mediated by the

presence of a nucleophile such as water in the reaction mediuni.
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Table 2. Optimization of the ipso-cyclization of substrate 1a®

Me O Me Me e
s . M O
Me0\©\ !‘t conditions N % . & m . Meo\©\ ﬁo
o) e 0" ™0 o 0
2a ©O 3a 4a

1a

H>0 ) Yiekd® Yield® Yield®  Unreacled®
Entry Salvent Conc. (M) (equiv.) Time 2a (%} 3a (%) 4a (%) 12 (%)

1 DCE:1,4-dioxane 0.05 4] &5h 26 74 0 0
2 DCE:1,4-dioxane 0.05 05 5h 60 10 trace 0
3 DCE:1.4-dioxane 0.05 1 5h 93 0 0 0
4 DCE 0.05 4] 6h 6 85 0 0
] DCE 0.05 1 30 min 91 0 3 0
& DCE, anhydrous 0.05 1 20 min 91 0 4 0
7 1,4-dioxane 0.05 1 5h a7 0 0 0
8 Et0Ac 0.05 1 22h a1 0 trace

9 MeaCN 0.05 1 30h 10 70 0 0
10 THF 0.05 1 30h 32 45 0 0
1 MeNO, 0.05 1 1h 58 26 3 0
12 benzene 0.05 1 30h 67 5 6 0
13 MeOH 0.05 1 30h 31 trace 31 0
14 ProOH 0.05 1 30h 9 54 o] frace
15 DCM 0.05 1 30 min 98 0 2 0
16 DCM, anhydrous 0.05 1 20 min 95 0 2 0
17 DCM 0.05 0 &h 15 61 0 0
18 DCM 0.1 1 1h 94 0 2 0
19 DCM 0.2 1 75h 82 0 4 0

“Reactions performed al room temperature with 5 mol % Au(PPhy)CI/AgOTT "Determined by 'H NMR ol the crude
reaction mixture with para-nitrobenzaldehyde as an external standard,

To our delight, the addition of 1 cquivalent of watcr was cffcctive to once again bias the
reaction in favor of the desired spirocycle with no observed coumarin, tforming 2a in 93% yield
by '"H NMR (Tablc 2, entry 3). When 0.5 cquivalents of water were added, the vield of 2a
dropped 1o 60% and 3a was [ormed in 10% yield (Table 2, eniry 2). Given the known loxicitly ol
1,4-dioxane, we tested our modified reaction conditions using only DCE as the solvent and found
that 2a was formed in 91% yield by "H NMR in only 30 minutes with no observed coumarin
{Table 2, entry 5). Using only 1,4-dioxanc as the solvent gave a beller yicld of 97% vicld 2a
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(Table 2, entry 7), but since 14-dioxane is toxic and DCE is relatively uncommon, we were
promipted to cxplore other solvent options.

A rigorous solvent screen revealed dichloromethane (DCM) as the superior solvent for
this reaction at 0.05 M concentration of 1a, furnishing 2a in 98% yield by 'H NMR in 30 minutes
(Table 2, entry 15). A small amount ol f-kelo esler 4a also [orms under these conditions,
rcsulting from conjugate addition of watcr into the Au-activated alkyne. No significant
difference in either reaction time or percent yield was observed when anhydrous DCM (Table 2,
entry 16) was used with exogenous water as opposed to “wet” DCM from a bench top bottle.
Presumably, fortuilous waler thal was present in either the solvents or a previous balch of 1a was
sufficient to favor the formation of 2a in our initial discovery of the reaction.

Identifying the Tdeal Catalyst System. With these new reaction conditions in hand, we
then screened a variety of gold catalysts and silver activators against 1a (Table 3), We also chose
o screen other electrophilic transition metal complexes. Platinum and palladium, for example,
arc also known to activate alkynes into Fricdel-Crafts-type attack by aromatic rings.” Copper is
another carbophilic metal known to activate alkynes into nucleophilic attack.

We were pleased to find our original catalyst/activator combination of
Au(PPh;)C/AgOTI was still the best system (Table 3, enlry 7). The platinum and copper
catalysts did not rcact at all, and the palladium catalysts gave poor yiclds, cven after prolonged
reaction time (24 hours). All other gold and silver combinations were not as selective or high-
yielding. Interestingly, (p-CFiPh);PAuC/AgOTT and (dppm){AuCl),/AgOTf both proved to be
compelent systems as well, exclusively giving 2a in excellent 'H NMR vyields (Table 3, entries
11 and 13) with no obscrved 3a or 4a. Whilc thcse conditions procecded with complete
conversion and no side products, we ultimately decided on Au(PPh;)CI/AgOTf as the ideal
catalyst/activator system, as Au(PPh;)Cl is much cheaper than the other gold catalysts. As a
conlrol, we tested to see il the reaction would work with only Au(PPh3)Cl or AgOTIL As
cxpected, the reaction fails without a silver salt to activatc the Au(PPh;3)Cl catalyst (Table 3,
entry 16). Interestingly, 2a forms in 6% yield when AgOTY alone is used (Table 3, entry 17).
This 1s most likely formed from the Bronsted acid-promoted spirocyclization of the substrate by
the small amount ol trific acid generaled in solution. This hypothesis 1s consistent with [indings
by Hartwig and coworkers in which they obscrved that triflic acid is the truc catalyst in many

reactions utilizing metal triflate complexes.™
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Table 3. Catalyst screen of the ipso-cyclization of substrate 1a”

he O, Ve Me Me
MEO\Q ﬂi catalvathcivator N % . Meom . Meo\©\ bo
0"0 DCM, HE?t.ﬁ equiv.) O { o070 o0
1a 2a 3a da
Entry Catalyst {5 mol %) Activator (5 mol %) Time :aie(lnif) :;': E;I;S ;(aie(lgjl:) Un;ze;c;/i?df’
1 PtCly - 24 h 0 0 0 100
2 Ptl, - 24 h 0 0 0 100
3 {dppp)PA{OTH), - 24 h 52 0 0 25
4 [(R)-BINAPIPd{OTH)»H.O - 24 h 45 0 0 17
5 Cu(OTN, - 24 h 0 0 0 100
6 {MeCN),CuPF, - 24 h 0 0 0 100
7 Au{PPh3)CI AgOTf 30 min 98 0 2 4]
8 AU(PPh,)CI AgShF 1h 58 19 10 0
9 Au{PPh3)CI AgBF, 22 h a7 trace 7 0
10 Au{PfBuz)CI AQOTS 40 min 77 0 16 0
1 {CF5Ph);FAUCI AgOTf 15h 83 0 0 0
12 {IPrAUCI AgOTf 18 min 66 0 31 0
13 {dppm){AuCI)s AgOTF 40 min 89 0 0 0
14 Au(IPriBF s{MeCN) - 1h 26 10 55 0
15 {PhsPAL);OBF, - 22 h 80 trace 8 0
16 Au{PPh3)Cl - 24 h 0 0 0 100
17 - AQOTF 24 h s} 0 0 94

“Reactions perlormed at 0.05 M 1a. "Determined by 'H NMR ol the crude reaction mixture with para-
nitrobenzaldehyds as an extemal standard.

Substrate Scope of the ipso-Cyclization of Aryl Alkynoate Esters. Treatment of la
with 3 mol % of Au(PPh;)CIVAgOTY and 1 cquivalent of water in DCM afforded the desired
product 2a in 98% '"H NMR vyicld (90% isolated yield after column chromatography) with
complete consumption of the starting material in only 30 minutes at ambient temperature. We
then decided to investigate the substrate scope of this reaction with diflerent aryl alkynoate esters
dcrived from para-methoxyphenol and various alkynoic acids.

As cxpecled, the substrale bearing the cthyl group 1b behaved similarly to the lecad
substrate in both reaction time and isolated yield of 2b (Table 4, entry 2). We found that phenyl-

bearing 1¢ and unsubs(ituled 1d also exclusively gave the desired spirocycles 2e and 2d in good



Table 4. Substrate scope of the ipso-cyclization of para-methoxyphenyl alkynoates®

R AU{PPh,)CIIAGOTY o R
qQ,
MeO | | {5 mol %) . 4
\©\ DCM, H,0 (1 equiv) o
o7 0 rt.

0
Entry Substrate Product Time Yield” (%)
Me Q Me
Ma0
1 ‘@\ I :o \? 30 min a0
o0 o
1a 2a
Et o} Et
MeaO,
2 ‘@\ I :o| \;> 40 min 86
o0 %
1b 2b
Ph [8) Ph
Ma(.
3 ‘@\ I :OI \'\> 1h 85
0" =0 5
1¢ 2c
H () H
MeO,
4 \©\ I :o\ \? 3h 74
o0 O
1d 2d
TMS o} H
5 Meo\@\ i :ol ) 20h 25 (2d)
oo RS 18 (3d)
1e .
H
00
3d

“Reactions performed at 0.05 M substrate. "solated vields averaged over three (rials.

vields (Table 4, entries 3 and 4), showing that large groups and reactive terminal alkynes are well
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tolerated under our reaction conditions. However, the substrate with the terminal trimethylsilyl

(TMS) group le did not furnish the desired TMS-bearing spirocycle, leading to a complex

mixture consisting primarily ol desilylated spirocycle 2d and coumarin 3d in 25% and 18%

isolated vields, respectively (Table 4, entry 5}, The acidic medium of the reaction is most likely

responsible [or the loss ol the TMS moiety,
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We then decided (o investigale the scope ol our reaclion on aryl alkynoates derived [rom
various methoxy phenols and 2-butynoic acid. The Wolff-Kishner reduction of 2-hydroxy-5-
methoxy benzaldehyde 3 furnished phenol 6, the precursor to 1f, following a literature
procedure.®’ Likewise, the regiosclective acid-catalyzed methylation of 2,6-dimethyl

hydroquinane 7 to give phenol 8, the precursor (o 1g, is also known (Scheme 10),”

Scheme 10. Synthesis of substrates 1f and 1g

M
NHENHszo MzO Me—=—CO,H ®
» MeO Il
Ho’\/o"' OH  DIC, DMAP {10 mol %) @
150 °C Me DCM, 0 °C SEY
46% 6 61% Me ¢
Me
HO Me MeOH MeQ i Me——CO;H
\E:I _— © ¢ > MeO Me”
OH H,S0, OH DIC, DMAP (10 mol %) @
Me A Me DCM, 0 °C 0770
83% 61% Me
7 8 ° 19

Synthcsizing the phenol precursors of alkynoatc csters 1h, 1i, and 1j procceded to be
more challenging. The synthesis of these phenols was attempted following a recent report by the
Ackermann group in which they describe the Ru-catalyzed para-hydroxylation ol anisoles in the
presence ol PIFA.” However, when we tried (o replicate their procedure to synthesize 1h and 1j,
we found that our 'H NMR spectra did not match theirs; most notably, the phenol peaks were
absent. Furthermore, when we subjected the products of these reactions to our standard DIC-
promoled csierilication conditions, no reaction was obscrved. Afier much dcliberation, the
products of the Ru-calalyzed reaciions were deltermined nof 1o be the desired phenols, but rather
their trifluoroacctate csters 9 (Scheme 11). This suspicion was confirmed by GC-MS: indeed, the
M peak of the isolated product matched the predicted m/z value of the aryl trifluoroacetate.

Fortunaicly, cslers are readily cleaved in aqueous acidic solution, and a modiflicd workup
procedure with this in mind was [ormulated. Upon completion ol each reaction, rather than
diluting thc rcaction mixturc in watcr as per the authors™ protocol, the solvent was removed in
vacuo and the remaining residue was dissolved in a 1:1 solution of 10% HCI and THF. Stirring

this solution at room temperature for 30 minutcs 1o an hour [ollowed by standard extractive
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Scheme 11. Synthesis of substrates 1h, 1i, and 1j

R
MeO )/R [RuCl,{p-cymena)]. MeO _AR MO~
[ (2.5 mal %) - [ | Pt
P » F~0H 0" ™CF;
PIFA, DCE, 80 °C 9
Ackermann 2013 expected isolated
R [RuCly(p-cymene]], . Me—=—COH e e
MeO I 4 (25mal %) MeO._ L, Meo |
o PIFA, DCE, 80 °C - I P OH DIC, DMAP {10 mal %} \O\
foifowed by DCM, 0 °C 00
aguecLs acidic workup
R Yield (%)
3-Me (57%) 1h (81%])
3,5-diMe {54%) 1i (80%)
2-MeQ (50%) 1j (60%)

workup and chromatography afforded the desired free phencls in modest yields. Esterification of
these phenols with 2-buiynoic acid then proceeded as normal (Scheme 11).

When subjected to our reaction conditions, these substrates all gave the corresponding
spirocycles. Notably, 1f and 1g gave products in 97% and quantitative yields, respectively (Table
3, entries 1 and 2). This excellent result for 1g is most likely due to the two methyl groups
Manking the ipso carbon, which would preclude coumarin formation. We had predicted that 1
would lead to a mixture of products, as steric hindrance from the methyl group ortho to the ester
would promote a 1,2-migration ol the newly-formed bond [rom the ipso carbon to the ortho
position, forming the competing coumarin product (see Scheme 18). We were pleased to
discover that this was not the casc.

1h underwent cyclization in good yield as well (Table 5, entry 3), but 1i gave 2i in only
65% yield (Table 5, enfry 4). The TLC of the reaction showed more product spots compared (o
the other substrates, accounting for the lower yield. This may be due to the electronic structure of
this substratc: by having both mcthyl groups metfa 1o the ester moictly, the clectron density is
increased at the orrho positions, which potentially lowers the activation barrier for side reactions
such as coumarin [ormalion,

The substrate bearing two methoxy groups 1j performed well, giving 2j in 92% yield
{Table 5, entry 5). In order to conlirm that the methoxy group para rather than ortho 1o the cster

group becomes demethylated, the reaction was tested on the ortho-methoxy aryl alkynoate Tk.



Table 5. Substrate scope of the ipso-cyclization of various para-methoxyaryl 2-butynoates?

Me o
AL(PPhy)CIAgOTS

R
MOy, !t {5 mol %)
@\0 o DCM H:0 (1 equiv)
rt

R
% Me

Entry Substrate Product Time Yield? (%)
Me
0 Me
MeC I\l )
1 N 50 rmin a7
070 Meo
Me o
11 2f
Me Me
0 Me
MeO._~ e .
2 AN 30 min quant.c
o" =0 Meo
Mg o
19 2g
Me
0 Ve
MeO I .
3 J@\ Mo A 30 min 90
Me 0"Y0 o
O
1h 2h
Me
Me Me (0] Ve
MeC I\l )
4 Me N 30 min 65
Me: 030 o
&
1i 2i
Me
0, Me
MeO Il
©\ 3 1h gz
Q
070 OMe
OMe )
1j 2
Me Me
€ I bo 3h 2"
o0 0”0
OMe CMe
1k 4k
Me
0, Me
MeO | |
N 1h a6
0”0 BrO
Br o
11 21

“Reactions performed at 0.05 M substrate. "Tsolated vields averaged over three trials unless otherwise noted.

“Isolated vield averaged over two trials,

22
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Having the methoxy group para lo the ester tether increases the electron densily ol the ipso
carbon, thus cnhancing its nuclcophilicity. When the methoxy group is in the errho position, this
effect is less pronounced, making the ipso carbon less nucleophilic, Indeed, 1k failed to undergo
ipso-cyclization; the substrate gave a complex mixture of products out of which the f-keto ester
4k was 1solated as the major producl in 22% yield (Table 5, entry 6).

All aryl alkynoatcs described so far contain clectron donating groups on the aromatic
rings, which enhance their nucleophilicity, We then decided to test our reaction on less activated
substrates, which bear electron withdrawing groups in addition to the methoxy group. We found
the bromao compound 11, prepared [rom the esterilication of 2-bromo-4-methoxyphenol and 2-
butvnoeic acid, performed well, giving 21 in 86% vield in 1 hour (Table 3, cntry 7). As an added
bonus, the bromine atom could serve as a synthetic handle for further transformations such as

cross coupling reactions,
Scheme 12. Reaction of substrate 1m under cyclization conditions

AUPPhy)CI/AGOTT
L (5 mol %) m
\@\ DCM, HQO (1 equnr) MeO o X0

MeO 11 (25%)
2m (23%) 10 (24%)

The substrate bearing the aldehyde Im was synthesized from the esterification of 2-
hydroxy-5-methoxy benzaldchyde and 2-bulynoic acid. When subjecled to our reaction
conditions, 1Tm gave a mixture of products: the desired spirocycle 2m in 23% vield and the
dimethoxyacetal 10 in 24% yield (Scheme 12), The formation ol 10 comes as no surprise given
the continual liberation of MeOH molecules from the substrate molecules and the acidic reaction
medium. Interestingly, coumarin 11 was also formed in 25% vicld but not through the ortho-
cyclization of the aromatic ring as described before. Instead, we proposed that water undergoes
conjugate addition into the Au-activated alkyne ol 1m [ellowed by prolodemetalalion to give
enol intermediate 12, This species then undergoes an aldol condensation onto the aldehyde to
give 11 (Scheme 13).
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Scheme 13. Proposed mechanism for the formation of 11 from 1m

Me M'i‘./@ "‘\\ ‘CP Me
MeQ ﬂl auPPhy  MeO ‘II\E-\:QU(PPhS) H.0  protocemetalation Meo@tﬁ;w
—_— » » -
00 00 o0
0% H 0% ™H 12
im
Me
OH Me
MeO 0 -H0 MeO
«— 0
fogle] H
07N0

1
We then decided to investigale substirales bearing cleciron wilhdrawing groups on the
alkyne, which may reduce its proclivity for a-coordination with the Au(l) cation. We found the
alkynyl bromidc In, which is formed from the bromination of Id, gives 2n in 74% vicld
(Scheme 14). This product is particularly interesting as the newly formed ring contains a
bromine atom at the f-position. This makes our methodology complementary to that ol Larock
which incorporates halogens at the e-position, opening several potential avenues for further

derivatization.

Scheme 14. Complementary methods in the synthesis of halospirocycles

Laroci's meﬁhuﬁ

0 R
MeO ICl (2 equiv.}
@ DCM -789C 0 S

0
This method:
Br AU{PPha)CIAQOTE O Br
VeO I Gmo%k) {
O DCM, H,0 (1 equiv.) O
o ™0 rt. 5
74%
1n 2n

We were then inleresled in lesting our reaclion on a subsirale bearing a pyridine ring
attached to the alkyne Lo, as the pyridyl group is not only clectron withdrawing but is also Lewis
basic. This substrate would therefore test the limits of the cationic Au(l} catalyst when an sp’-
hybridized basic nitrogen atom is present in the reaction. We envisioned that 1o could be derived
[rom the Sonogashira cross-coupling of Id with 3-bromopyridine (Scheme 15}, Unfortunately,

all attcmpts to synthesize lo failed. This is likely duc to 1d undergoing conjugate addition by
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either an alkynyl copper species in solution or an amine base, preventing the transmetalation step

with the palladated pyridine specics required to complete the catalytic cycle.

Scheme 15. Attempts to synthesize 10 via Sonogashira cross-coupling reactions

~N
=

Sonogashira

H
IVIeO\@\ ﬂi + Br\m canditions . Meo Il
P 77 >
oNo o L&
1d

0" =0
1o

We rccognized the antifungal natural product percnniporide A 13 could potentially be
synthesized using our ipso-cyclization method (Scheme 16). Perenniporide A is a recently
isolated sccondary metabolite of Perermiporio sp., a [ungus [ound in the Chinese medicinal plant
Fallopia japonica and the weevil Euops chinesis, which feeds on the plant.”® To demonstrate our
proposed idea, as well as access more elaborale spirocyclic structures, substrates derived (rom 4-
methoxy-1-naphthol were subjected to our reaction conditions. Methyl-bearing substrate 1p gave
2p in cxcellent yield afier 10 hours (Table 6, entry 1}, We were especially delighted 1o find that
unsubstituted 1q gave 2q in good yield (Table 6, entry 2), since this spirocycle forms the

tricyclic core ol perenniporide A.

Scheme 16. Natural product-inspired investigation of naphthyl-derived alkynoate ester substrates

OMe

wrr bk e g 0O
pm:::;;;(g:? Ejf . naphthyl-derived
& alkynoates

As a [inal test of the efficacy ol our reaction on subsirates with clectron withdrawing
groups appended to the alkyne, methyl ester 1r was synthesized from the deprotonation of 1q

with #-butyllithium and subscquent reaction with methylchloroformate (Scheme 17).
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Table 6. Substrate scope of the ipso-cyclization of 4-methoxynaphthyl alkynoates®

OMe o]
AU(PPha)CI/AQOTE
Oe {5 mol %) O‘
R " R
O‘n/ DCM, H2(r3t(1 aquiv.) Q"7
0 h o
Entry Substrate Product Time Yield? (%)
OMe Q
1 Me O‘ 10 h 89
Me
o” )
ip O C 2p
OMe 0
2 H Q‘ 4 h 77
OT/ Q3
19 © O 29
OMe
. O
- Ivlg
o F
i O
4c 1r - 18 h N.R.
54 1r -- 35h N.R.

“Reactions parlormed al 0.05 M substrate, *Tsolated yields averaged over three (rials, “Reaction ran in DCE at 50 °C,

“Reaction ran in DCE at 80 °C

Howcver, when we subjected 1r to our rcaction conditions, no rcaction was obscrved

(Table 6, entry 3). Changing the solvent to DCE and heating to 50 °C and 80 °C at prolonged

reaction times also failed to produce the spirocycle (Table 6, entries 4 and 5). Presumably, the

second esler significantly depolarizes the Au-coordinaled alkyne and weakens binding (o the

Au(l) cation, making the & system inactive to Fricdel-Crafts attack by the aromatic ring.

Scheme 17. Synthesis of substrate 1r

OMe
1. Buld, THF,
O
H
0 F R
19 O ClI” "OMe
78 °Ctort

29%

OMe

CC

CO:Me

1r
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Proposed Mechanism. A proposed reaclion mechanism 1s given in Scheme 18,
Coordination of the alkynyl group on 1a to the Au(l} cation gives complex L. The carbon ipso to
the ester moiety then attacks the activated alkyne in a Friedel-Crafts-type fashion at the position
heta to the carbonyl, forming the cationic spirocycle 11 as a key reactive intermediate. Under
anhydrous conditions, IT can undergo a slow 1,2-alkenyl shill to give IIT; accessing IIT directly
from 1 is unlikcly as the carbon with the highest clectron density is the ipso carbon on the
aromatic ring. Furthermore, this 1,2-shift was proposed by Fanghidnel and coworkers in their
mechanistic studies of iodocyclizations: by substituting various alcohols as the nucleophile in the
reaction medium, they observed that the methoxy group on the arene was replaced by the
corresponding alkoxy substituent in the coumarin product.”® This product could enly be obscrved
if I is formed during the course of the mechanism. Rearomatization of TIT to form TV followed

by protodemetalation gives the coumarin 3a and regenerates the gold catalyst.

Scheme 18. Proposed reaction mechanism of the ipso- vs. ortho-cyclization of 1a
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In the presence ol waler, however, 11 can readily undergo nucleophilic atlack by waler (o
give demcethylated intermediate V with concomitant liberation of mcthanol and proton by onc of
two possible mechanisms: cither walter can direetly atlack the methyl group of the oxocarbenium

in an Sn2 fashion (Scheme 19, path a), or it can attack the carbonyl carbon to form hemiacetal
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Scheme 19. Two possible mechanisms for the formation of V from 1l

Fath a:
D
Mezio Me 0 Me
HzoM —>
0 —AuPPhs)  MeoH L - AuPPhy)
®
1 (o) -H v o}
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H0®
MeO
H30 e O?’AU(PPP@) %AuPPhe) I\lleOH O?’Au (PPhs)

VI, which then undergoes proton transfer and climination to reform a carbon-oxygen double
bond (Scheme 19, path b); the latter mechanism was proposed by Fanghiingl as the most likely
pathway."”

Protodemetalation of V forms the spirocycle 2a and completes the catalytic cycle. The
spirocyclic product is always observed by TLC al the onsct ol the rcaction, implying that ils
formation is quite fast. The undesired coumarin product is observed to form much later over the
course of the reaction, Thus, nucleophilic attack by water on II to give V must occur much (aster
than the competing 1,2-alkenyl shift to give 1. This is also compelling evidence for the facile
ipso-cyclization ol I as a key step to [orm II rather than the less [avorable ortho-cyclization (o

form 111,
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II. Summary and Future Directions

A ncw mcthod to synthesize spirocycles via the redox-neutral ipso-cyclization of para-
methoxy aryl alkynoate esters was developed and its scope investigated. This transtormation
utilizes a gold catalyst as a benign alternative to spirocyclization methods reported in the past
decade which employ stoichiometric amounts of halogen-based reagents. Furthermore, this
rcaction proceeds under ambient conditions and with 1 cquivalent of water, precluding the need
to use moisture-free techniques required of most other methods. Both electron-rich and electron-
deficient aromatic rings were well-tolerated under these reaction conditions.

Future projects could explore the spirocyclizalion of subsirates such as aryl alkynamides
14 and allcynyl benzyl ketones 15, or even homologized species such as 16 (Figure 2). It would
also be interesting to test substrates that lack the carbonyl group such as propargyl ethers 17,
propargyl amines 18, and homopropargyl substrates 19; we anticipate that these substrates would
require more forcing conditions as the removal ol the electron-withdrawing carbonyl moiety
significantly decreascs the polarizability of the alkyne, which may be crucial for the reactivity
and/or regiospecificity of our reaction. Nevertheless, these substrates would diversify the types

of spirocyclic products that could be accessed using transition metal catalysis.

R R
R
MEOO M Meow MeD &fo
o o LY
o
14 15 16
R R R
MeOO ﬂ| MeO© ﬂl MeO\Q\J|
0 A
A
17 18 19

Figure 2. Potential substrates for spirocyclization

Another [uture project could explore conditions that render this iransformation
stereoselective, which has hitherto been unreported. During our catalyst screen, we observed that
the chiral catalyst [(R)-BINAP]PA{OT{), H.O was capablc of forming the spirocycelic product of
our lead substrate (Table 3, entry 4}, a promising find in spite of the low yield. Reactions with a
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high level ol stereochemical induction are highly desirable, and this potential medilication to our
mcthodology would add to the cver-growing toolbox of stercosclective reactions.

Perhaps even more exciting would be the application of our method to the synthesis of a
natural product, especially if an enantioselective variant of our reaction were developed. The
spirocyclic core of the perenniporide A 13 was easily accessed during the course ol this
rcaction’s development, so ¢ven if the total synthesis of this molccule using our gold-catalyzed
spirocyclization reaction does not come to fruition in the near future, this preliminary result

suggests that it is possible.
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IV.  Experimental Procedures and Characterization Data

General Remarks

All chemicals were obtained from commercial courses and were used without further
purification. Nuclear magnetic resonance (NMR) specira were recorded on a Bruker 300
instrument. 'H NMR spectra recorded in CDCly solutions were referenced to TMS (0.00 ppm).
'"H NMR spectra recorded in DMSO-ds solutions were referenced to the residual solvent peak at
2.50 ppm. °C NMR spectra recorded in CDCly and DMSO-d, were referenced to the residual
solvent peaks al 77.16 ppm and 39.52 ppm, respeciively. High-resolution mass specira (HRMS)
were acquired by clectrospray ionization (ES+). Reactions were monitored by TLC analysis
using EtOAc/hexanes and/or Et;(O/hexanes mixtures as the eluent and visualized using UV light
followed by potassium permanganate stain and/or ceric ammonium molybdate stain, Flash

column chromatography was conductled on silica gel (230-400 mesh).

General Procedure for the DIC-promoted Esterification of 4-Methoxyphenols and
Alkynoic Acids. A procedure described previously was followed with minor modifications.”” To
a solulion of alkynoic acid (1.2 equiv.) in dichloromethane (DCM, 0.25 M) cooled (o 0 °C in an
icc-water bath was added diisopropylcarbodiimide (DIC, 1.5 cquiv.) and the solution was stirred
for 5 minutes, 4-methoxyphenol (1 equiv.) was added followed by a solution of 4-
(dimethylamino)pyridine (DMAP) in DCM (10 mol %, 0.5 M), and the reaction mixture was
stirred at 0 °C. Upon consumplion of the slarting malerial as determined by TLC, the reaction
mixturc was passcd through a pad of Celite which was washed with & minimal amount of DCM.
The filtrate was concentrated under reduced pressure and the residue was puritied by flash
column chromatography to afford pure product.

4-methoxyphenyl 2-butynoate (la). The general procedure was lollowed using 2-
butyneic acid and 4-mcthoxyphenol. The reaction mixture was stirred at 0 °C for 30 minutcs.
Isolation by flash column chromatography (10% Et;O/hexanes) afforded 1a (85%) as an
amorphous white solid, '"H NMR (CDCls, 300 MHz) 8 7.05 (d, / = 9.3 Hz, 2H), 6.89 (d, J = 9.0
Hz, 2H), 3.80 (s, 3H), 2.06 (s, 3H); "C NMR (CDCl;, 75 MHz) & 157.6, 1524, 143.5, 1222,
114.5, 87.9, 72.1, 55.6, 4.0; HRMS (ES+) m/z caled. for CiHy Qs [M+H]™ 191.0708, found
191.0706.
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4-methoxyphenyl 2-pentynoate (1b). The general procedure was [ollowed using 2-
pentynoic acid and 4-methoxyphenol. The reaction mixture was stirred at 0 °C for 1 hour.
Isolation by flash column chromatography (10% Et;O/hexanes) afforded 1b (82%) as a viscous
yellow oil. 'H NMR {(CDCl5, 300 MHz} 6 7.05 (d,./=9.3 Hg, 2H), 6.89 (d, /= 9.3 Hz, 2H), 3.80
(s, 3H), 2.41 (g, J = 7.5 Hz, 2H), 1.25 (1, J = 7.5 Hz, 3H); *C NMR (CDCl3, 75 MHz) 8 157.7,
152.7, 143.7, 122.3, 114.6, 93.2, 72.3, 55.7, 12.7, 12.6; HRMS (ES+) m/z caled. for Ci;H130;3
[M+H]" 205.0865, found 205.0859.

4-methoxyphenyl 3-phenylpropiolate (1c). The general procedure was followed using
phenylpropiolic acid and 4-methoxyphenol. The reaction mixture was stirred at 0 °C [or 90
minutes. [solation by flash column chromatography (10% Et;O/hexancs} afforded 1e (75%) as an
amorphous white solid. "H NMR (CDCls, 300 MHz) § 7.63 (d, J = 6.9 Hz, 2H), 7.49 (m, 1H),
7.41 (m, 2H), 7.11 (d, J = 9.3 Hz, 2H), 6.92 (d, J = 9.0 Hz, 2H), 3.82 (s, 3H); C NMR (CDCls,
75 MHz) 6 157.7, 152.8, 143.6, 133.2, 131.0, 128.7, 122.2, 119.3, 114.6, 88.6, 80.3, 55.7; HRMS
(ES+) m/z caled. for CisH1303 [M+H]" 253.0865, found 253.0859.

4-methoxyphenyl propioelate (1d). The general procedure was followed using propiolic
acid and 4-methoxyphenol. The reaction mixture was stirred at 0 °C for 1 hour. Isolation by flash
column chromatography (10% Et;O/hexanes) allorded 1d (59%) as an amorphous white solid.
'"H NMR (CDCl;, 300 MHz)} § 7.07 (d, J = 9.3 Hz, 2H), 6.90 (d, / = 9.3 Hz, 2H), 3.80 (s, 3H),
3.06 (s, 1H); “C NMR (DMSO-ds, 75 MHz) 6 157.5, 151.2, 142,8, 122.4, 114.6, 81.4, 74.3,
55.5; HRMS (ES+) m/z caled. for CgHyO3 [M+H]" 177.0552, found 177.0548.

4-methoxyphenyl 3-(trimethylsilyl)propiolate (le). The general procedure was
followed using 3-(trimcthylsilyl)propiolic acid and 4-mcthoxyphenol. The reaction mixturce was
stirred at 0 °C for 40 minutes. Tsolation by tlash column chromatography (5% Et;O/hexanes)
afforded Te (37%) as a viscous yellow oil. '"H NMR {(CDCl;, 300 MHz) 6 7.05 (d, J = 9.3 Hz,
2H}), 6.89 (d, J = 9.0 Hz, 2H), 3.79 (s, 3H), 0.28 (s, 9H); "C NMR (CDCls, 75 MHz) 6 157.8,
151.8, 143.6, 1223, 114.7, 96.7, 94.2, 55.7, -0.8; HRMS (ES+) m/z caled. for Ci3;H;70,S8i
[M+H]' 249.0947, found 249.0943,

4-methoxy-2-methylphenyl 2-butynoate (1f). The general procedure was followed
using 2-butynoic acid and 4-methoxy-2-methylphenol. The reaction mixture was stirred at 0 °C
for 20 minutcs. Isolation by flash column chromatography (5% Et:O/hcxancs) afforded 1f (61%)
as an amorphous white solid. "H NMR (CDCl;, 300 MHz) ¢ 6.95 (d, J = 8.4 Hz, 1H}, 6.77-6.70
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(m, 2H), 3.78 (s, 3H), 2.18 (s, 3H), 2.06 (s, 3H); "C NMR (CDCl;, 75 MHy) d 157.7, 152.4,
142.4, 131.3, 1225, 116.4, 112.1, 88.0, 72.2, 55.7, 16.6, 4.1; HRMS (ES+)} m/z calcd. for
C1oH 1305 [M+H]" 205.0865, found 205.0858.

4-methoxy-2,6-dimethylphenyl 2-butynoate (1g). The general procedure was followed
using 2-butynoic acid and 4-methoxy-2,6-dimethylphenol. The reaction mixtlure was stirred at 0
°C for 3 hours. lsolation by flash column chromatography (10% Et;O/hexancs) afforded 1g
(48%) as an amorphous white solid. 'H NMR (CDCls, 300 MHz) 6 6.60 (s, 2H), 3,76 (s, 3H),
2.15 (s, 6H), 2.07 (s, 3H); °C NMR (CDCl3, 75 MHz) 6 157.4, 152.1, 141.3, 131.2, 113.8, §7.8,
72.1, 55.6, 16.7, 4.1; HRMS (ES+) m/z caled, lor Ci3Hs05 [M+H]™ 219.1021, found 219.1017.

4-methoxy-3-methylphenyl 2-butynoate (1h). The general procedurce was followed
using 2-butynoic acid and 4-methoxy-3-methylphencl. The reaction mixture was stirred at 0 °C
for 90 minutes, Isolation by flash column chromatography (20% Ef;O/hexanes} afforded 1h
(81%) as an amorphous white solid. "H NMR (CDCls, 300 MHz) 6 6.93-6.90 (m, 2H), 6.79 (m,
1H), 3.81 (s, 3H), 2.20 (s, 3H), 2.05 (s, 3H); C NMR (CDCls, 75 MHz) 6 115.9, 152.7, 143.2,
128.2, 1235, 119.1, 110.4, 87.9, 72.3, 55.8, 16.4, 4.1; HRMS (ES+) m/z caled. for Ci13H130;
[M+H]" 205.0865, found 205.0860.

4-methoxy-3,5-dimethylphenyl 2-butynoate (1i). The general procedure was [ollowed
using 2-butynoic acid and 4-methoxy-3,5-dimethylphenol. The reaction mixturc was stirred at 0
°C for 25 minutes. Isolation by flash column chromatography (20% Et;O/hexanes) afforded 1i
(80%) as an amorphous white solid. 'H NMR (CDCl;, 300 MHz)Y: & 6.76 (s, 2H}, 3.70 (s, 3H),
2.27 (s, 6H), 2.06 (s, 3H); *C NMR (CDCls, 75 MHz) 6 155.1, 152.5, 145.5, 132.3, 121.3, 87.9,
72.3,59.9, 16.3, 4.1; HRMS (ES+) m/z caled. for C3H;505 [M+H]" 219.1021, found 219.1015.

2,4-dimethoxyphenyl 2-butynoate (1j). The general procedure was followed using 2-
butynoic acid and 2,4-dimethoxyphenol, The reaction mixture was stirred at 0 °C for 90 minutes,
Isolation by (lash column chromatography (5% Et;0O/hexanes) alforded 1j (60%) as a viscous
yellow oil. '"H NMR (CDCl;, 300 MHz) 6 6.98 (d, ./ = 8.7 Hz, 1H), 6.54 (d. /= 2.7 Hz, 1H), 6.44
(dd, J= 8.7 Hz, J= 2.7 Hz, 1H), 3.82 (s, 3H), 3.79 (s, 3H), 2,05 (s, 3H); "C NMR (CDCl;, 75
MHz} 6 158.9, 1521, 151.8, 132,9, 122.8, 104.0, 100.4, 88.0, 72,1, 56.0, 55.8, 4.1; HRMS (ES+)
m/z caled. for C12H304 [MHH] 221.0814, found 221.0811,

2-methoxyphenyl 2-butyneate (1k). Thce gencral procedure was followed using 2-

butynoic acid and 2-methoxyphenol. The reaction mixture was stirred at 0 °C. Tsolation by flash
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column chromatography (10% E(;O/toluene) allorded 1k (74%) as an amorphous white solid. 'H
NMR (CDCl;, 300 MHz) 6 7.25-7.19 (m, 1H), 7.09-7.06 (m, 1H)}, 6.99-6.92 (m, 2H), 3.85 (s,
3H), 2.06 (5, 3H); "C NMR (CDCl;, 75 MHz) 6 151.6, 151.1, 139.1, 127.5, 122.8, 120.9, 112.6,
88.0, 72.1, 56.0, 4.2; HRMS (ES+) m/z caled. for CHyO3 [M+H] 191.0708, found 191.0706.

2-bromo-4-methoxyphenyl 2-butynoate (11). The general procedure was [ollowed using
2-butynoic acid and 2-bromo-4-mecthoxyphcnol. The reaction mixture was stirred at O °C for 50
minutes, Isolation by flash column chromatography (20% Et;O/hexanes) atforded 11 (46%) as an
amorphous white solid. 'H NMR (CDCl3, 300 MHz) 6 7.14 (d, /= 3.0 Hz, 1H), 7.06 (d, / = 9.0
Hz, 1H}, 6.86 (dd, J = 9.0 Hz, J = 3.0 Hz, 1H), 3.79 (s, 3H), 2.08 (s, 3H); "C NMR (CDCl;, 75
MHz). & 158.3, 151.6, 141.2, 123.9, 118.4, 116.3, 114.4, 88.9, 71.9, 56.0, 4.2; HRMS (ES+) m/z
caled. for CyH oBrOs [M+H]" 268.9813, found 268.9809.

2-carbaldehyde-4-methoxyphenyl 2-butynoate (1m). The general procedure was
followed using 2-butynoic acid and 2-hydroxy-5-methoxybenzaldehyde. The reaction mixiure
was stirred at 0 °C for 2 hours. Isolation by flash column chromatography (20% Et:O/hcxancs)
and recrystallization from Bt;O/hexanes afforded 2m (70%) as white needles. 'H NMR (CDCl;,
300 MHz} & 10.14 (s, 1H), 7.37 (dd, /= 2.4 Hz, J = 0.9 Hz, 1H), 7.17-7.15 (m, 2H}, 3.86 (s,
3H), 2.10 (s, 3H); "C NMR (CDCl;, 75 MHz) 6 188.1, 158.1, 152.0, 145.2, 128.5, 124.4, 1224,
112.5, 89.5, 71.7, 56.0, 4.2; HRMS (ES+) m/z caled. for Ci2Hy O, [MHH]™ 219.0657, found
219.0653.

4-methoxynaphthyl 2-butynoate (1p). The general procedure was followed using 2-
butynoic acid and 4-methoxy-1-naphthol. The reaction mixiure was stirred at 0 °C for 30
minutes. [solation by flash column chromatography (10% Et;O/hexancs) afforded 1p (56%) as
an amorphous beige solid. "H NMR (CDCls, 300 MHz) ¢ 8.27 (d, /J=7.5 Hz, IH), 784 (d, J =
7.8 Hz, 1H), 7.33 (m, 2H), 7.19 (d, J = 8.4 Hz, 1H), 6.76 (d, / = 8.4 Hz, 1H}, 4.00 (s, 3H), 2.10
(s, 3H); "C NMR (CDCl;, 75 MHz) § 154.0, 152.7, 139.5, 127.3, 127.3, 126.4, 126.0, 122.6,
121.0, 118.0, 102.9, 88.4, 72.3, 55.9, 4.2; HRMS (ES+) m/z caled. for CisHi;0; [M+H]"
241.0865, found 241.0863.

4-methoxynaphthyl propiolate (1q). The general procedure was followed using
propiolic acid and 4-methoxy-1-naphthol. The reaction mixture was stirred at 0 °C lor 1 hour,
Isolation by flash column chromatography (10% EtO/hexancs) afforded 1q (57%) as an
amorphous beige solid, "H NMR (CDCI;, 300 MHz) § 8,28 (d, J = 7.8 Hz, 1H), 7.84 (d, J = 7.8
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He, 1H), 7.55 (m, 2H), 7.22 (d, J = 8.4 Hy, 1H), 6.77 (d, J = 8.4 He, 1H), 4.01 (s, 3H), 3.12 (s,
1H); "*C NMR (DMSO-ds, 75 MHz) 6 153.4, 151.4, 138.4, 127.7, 126.4, 126.2, 125.3, 122.1,
120.4, 118.6, 103.6, 82.0, 74.1, 55.9; HRMS (ES+) m/z caled. for Ci4H,105 [M+H]™ 227.0708,
found 227.0703.

Synthesis of 4-methoxyphenyl 3-bromopropiolate (In). Following a litcrature procedure for
the bromination of terminal alkynes,”® AgNO; (25.5 mg, 0,15 mmol, 0.1 equiv) was added to a
solution of 4-methoxyphenyl propiolate (264.0 mg, 1.5 mmol, 1 equiv.) in acetone (0.5 M)
followed by NBS (294.0 mg, 1.65 mmol, 1.1 equiv.}. The reaction mixiure was stirred al room
temperature for 5 minutes. Upon consumption of the starting material as determined by TLC, the
reaction mixture was filtered through a pad of Celite which was washed several times with
acetone. The filtrate was concentrated under reduced pressure and the residue was purified by
[ash column chromatography (20% Et;O/hexanes) to allord Im (52%) as an amorphous yellow
solid. 'H NMR (CDCl;, 300 MHz) 6 7.05 (d, /= 9.0 Hz, 2H), 6.89 (d, ./ = 9.0 Hz, 2H), 3.79 (s,
3H); *C NMR (CDCl;, 75 MHz) § 157.9, 151.3, 143.5, 122.1, 114.7, 72.6, 55.7, 55.3; HRMS
(BES+} m/z caled. for CroHygBrO; [M+H]™ 254.9657, found 254.9659.

Synthesis of 4-methoxy-3,5-dimethylphenol. Following a modificd literaturc procedurc.™
[RuClz(p-cymene)]; (38.3 mg, 0.0625 mmol), [bis(trifluoroacetoxyliodolbenzene (PIFA, 1.18 g,
2.75 mmol}, DCE (10 mL}, and 2,6-dimethylanisole (354 pL, 2.5 mmol} were added to an oven-
dried 50 mL round bollom [lask. The reaclion mixlure was stirred at 80 *C lor 3 hours under N»
atmosphere. The reaction mixture was allowed to cool to room teniperature, and the solvent was
removed /s vacuo. The remaining residue was dissolved in a 1:1 solution of 10% HCI and THF
{40 mL), and the solution was stirred at room temperature for 30 minutes to an hour. The
solution was extracted with EIOAc (40 mL x 3), and the combined organic phases were washed
with water (80 mL} and brinc (40 mL), dried over NapSQOs, filtered, and concentrated under
reduced pressure. Tsolation by flash column chromatography (20% Et;O/hexanes) afforded 4-
methoxy-3,5-dimethylphenol (197 mg, 57%) as an amorphous white solid, whose 'H and *C

NMR spectra are consistent with the lileralure data.’’
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General Procedure for the ipso-Cyclization of Aryl Alkynoates. All reactions were conducted
at 0.05 M concentration of substrate in DCM with 5 mol % of catalyst and additive. AgOTf (2.6
mg, 0.01 mmol} and Au(PPh3)CI (4.9 mg, 0.01 mmol) were weighed into a 4-mL glass vial
equipped with a magnetic stir bar. DCM (4 mL} was added to the vial and the solution was
stirred [or 2 minutes, Water (3.6 pl., 0.2 mmol, 1 equiv.) was added and the solution was stirred
for an additional 2 minutcs prior to addition of the substrate (0.2 mmol, 1 cquiv.). The vial was
sealed under air with a solid Teflon lined screw-cap and the reaction mixture was stirred at room
temperature. Upon consumption of the starting material as determined by TLC, the solvent was
removed under reduced pressure and the residue was purilied by (lash column chromatography
to afford purc product.

2a. The general procedure was followed using 1a (38.0 mg, 0.2 mmol). The reaction
mixture was stirred at room temperature for 30 minutes, Isolation by flash column
chromatography (50% Et;O/hexanes) allorded 2a (31.6 mg, 90%) as an amorphous while solid.
"H NMR (CDCl;, 300 MHz) 6 6.53 (d, J = 10.5 Hz, 2H), 6.46 (d, /= 10.5 Hz, 2H), 6.10 (q, J =
1.5 Hz, 1H), 1.93 (d, J = 1.5 Hz, 3H); "C NMR (CDCls, 75 MHz) 6 184.0, 171.3, 166.4, 143.2,
131.9, 119.3, 83.9, 12.6; HRMS (ES+) m/z caled. for CyoHeOs [M+H]" 177.0552, found
177.0549,

2b. The gencral procedure was followed using 1b (40.8 mg, 0.2 mmeoel). The rcaction
mixture was stirred at room temperature for 40 minutes, Isolation by flash column
chromatography (50% Et,O/hexanes) afforded 2b (32.6 mg, 86%) as an amorphous white solid.
'"H NMR (CDCl3, 300 MHz) 6 6.54 (d, J = 10,2 Hz, 2H), 6.44 (d, J = 10.2 Hz, 2H), 6.09 (1, J =
1.8 Hz, 1H), 2.15 (qd, / = 7.2 Hz, J = 1.8 Hz, 2H), 1.21 (. = 7.2 Hz, 3H); ’C NMR (CDCl;,
75 MHz) 4 184.1, 172.6, 171.4, 143.5, 131.7, 117.4, 83.6, 20.1, 11.5; HRMS (ES+) m/z caled.
for C11H O3 [M+H]T 191.0708, found 191.0706.

2c. The general procedure was [ollowed using le (50.4 mg, 0.2 mmol). The reaction
mixturc was stirred at room temperaturc for 1 hour. Isolation by flash column chromatography
(40% Et,O/hexanes) afforded 2¢ (40.2 mg, 85%) as an amorphous white solid. "H NMR (CDCls,
300 MHz) d 7,.52-7.46 (m, 3H), 7.42-7.37 (m, 2H), 6.72 (d, J = 10.2 Hz, 2H), 6.57 (s, 1H), 6.51
(d, J = 9.9 Hz, 2H); "C NMR (CDCl;, 75 MHz) ¢ 184.2, 170.6, 165.4, 143.5, 132.2, 131.9,
129.5, 129.0, 127.3, 117.0, 81.5; HRMS (ES+) m/z calcd. for CisH103 [M+H]" 239.0708, found
239.0706.
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2d. The general procedure was [ollowed using 1d (35.2 mg, 0.2 mmeoel}. The reaction
mixturc was stirred at room temperature for 3 hours. [solation by flash column chromatography
(50% Et;O/hexanes) afforded 2d (24.0 mg, 74%) as an amorphous white solid. "H NMR (CDCls,
300 MHz) § 7.17 (d, /= 5.7 Hz, IH), 6.55 (d, /= 10.2 Hz, 2H), 6.41 (d, ./ = 10.2 Hz, 2H), 6.36
(d,J =5.7 Hz, 1H); "C NMR (CDCl;, 75 MHz) 6 183.7, 171.5, 154.5, 142.4, 131.4,123.8, 82.0:
HRMS (ES+) m/z caled. for CoHeO3 [M+Na]™ 185.0215, found 185.0219.

2f. The general procedure was followed using Lf (40.8 mg, 0.2 mmol}. The reaction
mixture was stirred at room temperature for 50 minutes. [solation by flash column
chromatography (50% E(,O/hexanes) allorded 2f (36.7 mg, 97%} as an amorphous white solid.
'H NMR (CDCls, 300 MHz) 6 6.48 (d, J = 9.9 Hz, 1H), 6.42 (dd, J = 9.9 Hz, J = 1.5 Hz, 1H),
6.33(q,/=1.5Hz, 1H), 6.14(q,J = 1.5 Hz, IH), 1.85(d,/ = 1.5 Hg, 3H), 1.82 (d,J = 1.5 Hz,
3HY, PC NMR (CDCls, 75 MHz) 8 184.7, 171.8, 166.9, 152.5, 143.4, 131.6, 130.0, 119.5, 86.0,
16.8, 12.3; TIRMS (ES+) m/z caled. for CyT1;,0; [M+H]" 191.0708, found 191.0703.

2g. The general procedure was followed using 1g (43.6 mg, 0.2 mmol). The rcaction
mixture was stirred at room temperature for 30 minutes, Tsolation by flash column
chromatography (50% Et,O/hexanes) afforded 2g (42.0 mg, quantitative yield) as an amorphous
white solid. "H NMR (DMSO-d, 300 MHx) 8 6.48 (q, J= 1.5 Hz, 1H), 6.35 (s, 2H), 1.77 (d, J =
1.5 Hz, 3H), 1.75 (s, 6H); ""C NMR (CDCls, 75 MHz) & 184.5, 172.3, 167.5, 152.6, 129.9, 119.6,
88.4, 16.7, 12.1; HRMS (ES+) m/= caled. for C12H 305 [M+H]" 205.0865, found 205,0865,

2h. The general procedure was followed using 1h (40.8 mg, 0.2 mmeol). The reaction
mixture was slirred al room temperalure [or 30 minutes. Isolation by [lash column
chromatography (40% Et;O/hexancs) afforded 2h (32.7 mg, 90%) as an amorphous whitc solid.
'"H NMR (CDCls, 300 MHz) 8 6.50 (dd, /= 10.2 Hz, /= 3.0 Hz, |H), 6.44 (d, /= 9.9 Hz, 1H),
6.29(q, /= 1.5 Hz, 1H), 6.05 (d, / = 1.2 Hz, 1H}, 1.97 (d,/ = 1.2 Hz, 3H), 1.90 (d, / = 1.2 Hz,
3H); “C NMR (CDCls, 75 MHz) 8 184.9, 171.5, 167.0, 143.0, 139.3, 138.1, 131.8, 118.9, 84.5,
15.9,12.7; HRMS (ES+) m/z caled. for CiiHyO3 [MJrH]Jr 191.0708, found 191.0706.

2i. The general procedure was followed using 1i (43.6 mg, 0.2 mmol). The reaction
mixture was stirred at room temperature for 30 minutes, [solation by flash column
chromatography (40% E(,O/hexanes) allorded 2i (26.7 mg, 65%) as an amorphous while solid.
"H NMR (CDCls, 300 MHz) 6 6.26 (s, 2H), 6.01 (d. /= 1.2 Hz, 1H), 1.97 (s, 6H), 1.88 (d,J =
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1.2 Hz, 3H); "C NMR (CDCly, 75 MHz) 6 185.7, 171.8, 167.6, 139.0, 137.9, 118.5, 84.5, 16.1,
12.7; HRMS (ES+) m/z caled. for C2H,30; [M+H]" 205.0865, found 205.0861.

2j. The general procedure was followed using 1j (44.0 mg, 0.2 mmol). The reaction
mixture was stirred at room temperature for 1 hour. Isolation by flash column chromatography
(75% Et,0/hexanes) allorded 2j (37.7 mg, 92%) as an amorphous white solid. "H NMR (CDCls,
300 MHz) J 6.39 (dd, /= 9.9 Hz, /= 1.5 Hz, 1H), 6.30 (d, /= 9.9 Hz, 1H), 6.08 (q.J = 1.5 Hz,
1H), 5.74 (d, J = 1.5 Hz, 1H), 3.75 (5, 3H), 1.89 (d, J = 1.5 Hz, 3H);, "C NMR (CDCl;, 75
MHz) 4 186.0, 171.7, 167.4, 165.6, 139.0, 131.6, 119.3, 104.3, 83.8, 56.6, 12.5; HRMS (ES+)
m/z caled. Tor C1Hp 04 [MH+H]T 207.0657, found 207.0653,

2L, The general procedure was followed using 11 (53.8 mg, 0.2 mmeol). The reaction
mixture was stirred at room temperature for 1 hour. Tsolation by flash column chromatography
(50% Et;O/hexanes) afforded 21 (43.7 myg, 86%) as an amorphous white solid. 'H NMR {CDCl5,
300 MHz) d 6.94 (d, J=1.5 He, 1), 6.65 (d, J=9.9 Hz, 11}, 6.51 (dd, J=9.9 Hz, J= 1.5 Hy,
1H), 6.21 (g, ./ = 1.5 Hz, 1H), 1.91 (d, / = 1.5 Hz, 3H); ’C NMR (CDCls, 75 MHz) ¢ 184.0,
171.3, 166.4, 1432, 1319, 119.3, 83.9, 12.6; HRMS (ES+) m/z caled. for CoHyBrO; [M+H]"
254.9657, found 254.9662.

2m. The general procedure was [ollowed using 1m (43.6 mg, 0.2 mmol). The reaclion
mixturc was stirred at room temperature for 2 hours. Isolation by flash column chromatography
(50% Et,O/hexanes) afforded 2m (9.5 mg, 23%) as an amorphous yellow solid. 'H NMR
(CDCls, 300 MHz) 6 9.68 (d, /= 0.3 Hz, 1H), 7.00 (d, /= 1.5 Hz, TH), 6.56 (dd, /=99 Hz, /=
1.5 Hz, 1H), 6,49 (dd, /=9.9H,J = 0.3 He, 1H), 6.20 (g, J= 1.5 Hz, 1H), 1.85 (d, / = 1.8 Hy,
3H); C NMR (CDCl;, 75 MHz) § 189.6, 184.4, 171.2, 164.2, 145.3, 144.9, 140.9, 131.2, 120.3,
82.5, 12.5; HRMS (ES+) m/z caled. for Cy HyOQ, [M+H]" 205.0501, found 205.0502.

2n. The general procedure was followed using 1n (51.0 mg, 0.2 mmol}. The reaction
mixture was stirred al room temperature for 22 hours. Isolation by [lash column chromatography
(20% Et,O/hexancs) afforded 2n (35.2 mg, 73%) as an amorphous beige solid. 'H NMR
(DMSO-ds, 300 MHz) § 7.154 (s, 1H), 6.93 (d, J = 9.9 Hz, 2H), 6.54 (d, J= 9.9 Hz, 2H); "°C
NMR (CDCl;, 75 MHz} § 183.5, 168.7, 1504, 141.0, 133.1, 124.1, 84,4, HRMS (ES+) m/~z
caled. for CoHgBrO; [M+H]" 240.9500, found 240.9502.

2p. The gencral procedure was followed using 1p (48.0 mg, 0.2 mmol}. The reaction

mixture was stirred at room temperature for 10 hours. Isolation by flash column chromatography
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(50% Et,O/hexanes) alforded 2p (40.3 mg, 89%) as an amorphous while solid. 'H NMR
{DMSO-ds, 300 MHz) 6 8.07 (dd, /= 7.8 Hz, J = 1.2 Hz, 1H), 7.75 (dt, J = 7.5 Hz, /= 1.5 Hz,
1H), 7.65 (dt, /= 7.5 Hz, J = 1.2 He, 1H), 7.28 (dd, / = 7.8 Hz, /= 0.9 Hz, 1H), 7.00 (d. J =
10.2 Hz, 1H), 6.68 (d, J = 9.9 Hz, 1H), 6.43 (q, J = 1.5 Hz, 1H), 1.65 (d, J = 1.5 Hz, 3H); °C
NMR (CDCl;, 75 MHz} d 183.3, 172.3, 169.4, 143.6, 136.7, 133.8, 132.0, 130.9, 129.9, 127.4,
125.4, 117.7, 84.9, 12.7; HRMS (ES+) m/z caled. for Ci:H1O: [M+H]™ 227.0708, found
227.0701,

2q. The general procedure was followed using 1q (45.2 mg, 0.2 mmol). The reaction
mixture was stirred at room temperature [or 4 hours. Isolation by [lash column chromatography
(25% —> 50% Et;O/hexancs) afforded 2q (32.7 me, 77%) as an amorphous whitc solid. 'H NMR
(CDCls, 300 MHz) 6 8.19 (dd, /= 7.8 Hz,J = 1.2 Hz, 1H), 7.63 (dt, J="7.5 Hz, /= 1.8 Hz, 1H),
7.56 (dt, J= 7.5 Hz, J = 1.2 Hz, 1H), 7.25-7.23 (m, 2H), 6.67 (d,/ = 10.2 Hz, TH), 6.59 {d, J =
10.2 Hz, 1H), 637 (d, J = 5.4 Hz, 1H); C NMR (DMSO-ds, 75 MHz) & 182.8, 172.8, 158.4,
144.1, 136.5, 133.7, 130.4, 130.0, 129.8, 126.5, 126.2, 121.2, 82.7; HRMS (ES+) m/z calcd. for
C13He05 [M+H]' 213.0552, found 213.0545,
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'H NMR spectrum of 2a recorded in CDCl,
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'H NMR spectrum of 2¢ recorded in CDCI,
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'H NMR spectrum of 2f recorded in CDCI,
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'H NMR spectrum of 2g recorded in DMSO-d,
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'H NMR spectrum of 2h recorded in CDCl,
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'H NMR spectrum of 21 recorded in CDCl,
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'H NMR spectrum of 2m recorded in CDCl,
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'H NMR spectrum of 2n recorded in DMSO-d,
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'H NMR spectrum of 2p recorded in DMSO-d
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'H NMR spectrum of 2q recorded in CDCl,
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ABSTRACT
Redox-Neutral Catalytic Spirocyclization of para-Methoxy Aryl Alkynoate Esters
Mark Docto Aparece

Spirocycles are a class of molecules consisting of a quaternary atom at the junction of
two fused rings. This structural motif is found in a number of biologically active natural products
and pharmaceuticals. Current strategies to synthesize these structures include classical methods
such as alkylation and rearrangement, as well as more modern metheds reported in the past
decade which utilize electrophilic halogen reagents. As part of our research interests in
electrophilic transition metal catalysts to effect powerful transformations, we developed the first
redox-neutral spirocyclization of para-methoxy aryl alkynocate esters using homogeneous gold
catalysis. The reaction proceeds at ambient temperature in dichloromethane with 5 mol %
loading each of Au(PPh;)CI catalyst and AgOTf activator. The addition of 1 equivalent of water
was tound to be essential for the success of the reaction, playing a crucial rele as a nucleophile in
the proposed reaction mechanism. During our investigation of the substrate scope of the reaction,
we found that substrates bearing various groups on the alkyne underwent spirocyclization in
good to excellent yields in short reaction times. In addition, both electron-rich and electron-
deficient aromatic rings were well tolerated under these reaction conditions. However, substrates
bearing strongly deactivating groups on the alkvne failed to react. Using our conditions, we were
also able to directly access the tricyclic core of the antifungal compound perenniporide A, a
spirocyclic secondary metabolite of Perenniporia sp., a fungus found in the Chinese medicinal

plant Fallopia japonica.
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