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Abstract: Alkynes substituted with electron-withdrawing groups participated in various intermolecular reac-
tions with olefin substrates, including [4 + 2] annulation of propiolic acids, intermolecular metathesis-type
reaction and carboalkoxylation involving allylethers.
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Introduction

In the past decade, homogeneous gold catalysis has been one of the most active areas of research in transition
metal catalysis [1]. Due to the exceptional alkynophilic ability of gold complexes to activate n-bonds toward
nucleophilic attack, a variety of tandem transformations have been made possible that occurs with rapid
increase in the molecular complexity. In the interaction of Au-activated alkyne with nucleophile, substitu-
ents on the alkyne may have a pronounced effect on the regioselectivity and more importantly in promoting
intermolecular reactions. Intermolecular reactions often do not require elaborate, pre-assembled substrates
and thus should have more diverse applications. However, gold catalyzed intermolecular reactions have been
less frequently reported than the intramolecular counterpart [2], presumably due to the inherent entropic
penalty as well as the dominant role of orbital interactions in the transition states in gold catalysis.

Here the donor- or acceptor substituents may induce an enhanced charge interaction and thus coopera-
tive activation of alkynes along with w-acids could promote efficient intermolecular reactions. Compared to
the widespread use of ynamides [3], the effect of acceptor-substituents such as an ester or a sulfone has been
less explored. In this paper, we report our recent study on the effect of these substituents in intermolecular
gold-catalyzed reaction.

[4 + 2] Annnulation of propiolic acids

The slow intermolecular reaction involving alkenes could lead to competitive side reactions, such as olefin
polymerization and isomerization [4]. We projected acceptor-substituted alkynes such as propiolic acid might
promote faster reaction of alkenes with gold-activated alkynes relative to these side pathways. A synergistic
activation of the triple bond of propiolic acids by the Au-catalyst and by the acceptor substituents (-COOH)
may result in an intermolecular nucleophilic addition of olefins onto alkynes, followed by the intramolecular
trapping of the carbenium ion by the carboxylic acid, leading to a formal [4 + 2] cycloaddition (Scheme 1) [5].
The resulting products, o,p-unsaturated-4-lactones form the core of diverse biologically active compounds,
such as fostriecin and leustroducins.

Our initial tests started with styrene derivatives employing catalysts formed in-situ from [tBu,P(o-
biphenyl)Au]Cl (5 mol%) and AgSbF, (5 mol%) in CHCL,. The reaction of styrene 1a efficiently afforded the
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Scheme 1 Formal [4 + 2] cycloaddition of propiolic acid.

corresponding lactone 3a in 75 % after 4 h at room temperature (eq. 1). However, electron-rich 4-MeO deriva-
tive 1b failed to give the desired product and instead resulted in an extensive oligo- and polymerization of 1b
that presumably catalyzed by the gold complex itself [4a] or by the acid [4c]. Based on our previous study on
the cationic trapping by tert-butyl ester [6], t-butyl propiolate 2b was employed as a surrogate of propiolic
acid (eq. 2). To our delight, the reaction of 2b in the absence of added alkenes resulted in an efficient forma-
tion of 3¢ (74 %), where Au-catalyst likely induced liberation of isobutene 1c, followed by the [4 + 2] annula-
tion. This experiment indicated that relatively polarized 1,1-disubstituted alkenes, such as 1c, participated as
efficient olefin donors.

o}
[tBu,P(o-biphenyl)AulCI (5 mol%) o
SN AgSbF (5 mol%) |
+ =—CO,H (1)
R CHCl3, RT, 4 h
R
1a R=H 2a (5 equiv) 3a75%
1b R=OMe 3b0%
o)
o [1Bu,P(o-bipheny)AuICI (5 mol%) | “[Au]. o
/k AgSbF (5 mol%) 2z~ "OH o
[ 2
 OBu CHCl, RT, 10 h /J\ ) @
2b 1c 3c74%

As shown in Table 1, the scope of [4 + 2] annulation covers not only 1,1-disubstituted alkenes (1d-g), but also
1,2-disubstituted (1h-i) and tri-substituted (1j-k) alkenes, although symmetrical 1,2-disubstituted alkenes

Table1 [4 + 2] Annulations with alkenes®.

[(Bu,P(o-biphenyl)Au]CI (5 mol%)

R AgSbF (5 mol%)
6
=—=—-CO,R + R"
2 R')\/ CHCl,, RT
Method A (2a) 1d-o 3d
Method B (2b) (5 equiv) °
o)
o}
AllO | |
iPr
3d, 85 % 3e, 60 % 3f,67 % 3g, 70 % 3h, 54 % 3i, 56 %
4h (B) 25hB71) 1h(B) 4h(A) 2h( A) 12 h (A)
o o
o) o)
Ph" X n-Hex |
. Ph
3j,57 % 3k, 55 % 31, 58 % 3m, 57 % 3n, 50 % 30,73 %
4h(A) 2h (A, 7.7:1dr)° 2h(B) 2h(B) 4h(A) 18 h (A)¢

2Method A: propiolic acid (2a); Method B: tert-butyl propiolate (2b).
®The ratio of 3e:3;j.

‘Diastereomeric ratio.

dAllene (1 equiv) and 2a (5 equiv).
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such as cyclopentene (1i) underwent markedly slower reaction. For substrates such as 2-methylbut-1-ene, 1e
that are sensitive to acid-catalyzed isomerization (i.e. into 1j), use of tert-butyl propiolate (2b) gave the better
yield of 3e than 2a because the concentration of propiolic acid can be kept to a minimum during the reaction.
With a silyl substituent that can stabilize B-cation, even mono-substituted alkene (11) produced the 31 albeit
with a mediocre efficiency. The scope of the current reaction could be extended to 1,3-dienes (Im-n) and
an allene (10). Direct conversion of commercially available 1-phenyl-1,3-butadiene into goniothalamin (3n)
showcased the utility of the current protocol.

Working model for the [4 + 2] annulation was based on the analogy to the gold-catalyzed intramolecular
cyclization of 1,n-enynes [1] and the key intermediate involves the resonance between the cyclopropyl gold
carbene (A) and the homoallyl cation (A’) (Scheme 2) [7]. The overall cis-addition in the [4 + 2] annulation
observed in 3h, 3i and 3Kk can be attributed to a faster intramolecular trapping than the rotation of C-C bond
in A’. Preliminary asymmetric [4 + 2] reaction was also attempted based on the above mechanism employing
commercially available ligands. Given that the initial adduct from the alkynes and alkenes takes the form of
A and A’, the key interaction necessary for the enantiofacial discrimination of the alkene was assumed to be
steric repulsion between R? and carboxylic acid. In accord with this analysis, a tri-substituted alkene (1j) gave
a better enantioselectivity than styrene (1a) and tert-butyl propiolate (2b) gave better enantioselectivity than
propiolic acid (2a). Using (R)-DM-Segphos, upto 65 %ee of 3j was obtained as a preliminary result.

AuL)] Au(L) Au(L
> (0]
% AL =
R2 .
> R3 R "RS

R2

Scheme 2 Working model for the interaction of propiolic acid with alkenes.

[(R)-DM-Segphos](AuCl), (2.5 mol%) _ 0]
. o AgSbF, (5 mol%) o
/~ /J\OIBU DCE, RT, 24 h

1j (5 equiv) 2b 3j, 66 % (65 % ee)

Skeletal reorganization leading to metathesis-type reaction

Within the vast body of literature on the 1,n-eyne cycloisomerization, skeletal reorganization leading to
metathesis-type reactivity has attracted a considerable attention [8], due to the intriguing mechanism as well
as synthetically utility of the 1,3-dienes formed in an atom-economical manner. In the intermolecular metath-
esis-type structural reorganization between alkenes and alkynes, stereocontrol of the two double bonds in
the acyclic 1,3-diene products is a prime issue, similar to the case of Ru-catalyzed enyne cross metathesis [9].

In the course of our study on the intermolecular [4 + 2] reaction, we found that medium-sized cycloalk-
enes (1p and 1q) gave unexpected enyne cross metathesis-type product (eq. 4, Scheme 3) [5]. Notably, this
intermolecular transformation required as little as 1.5 equiv of excess alkenes for effective coupling of alkynes
and alkenes. In the reaction of symmetrical acyclic alkenes, such as cis- and trans-oct-4-ene (1r and 1s), an
interesting stereospecificity was observed; the stereochemistry of starting olefin determined the E/Z stereo-
chemistry of the unconjugated double bond in the diene product (egs. 5 and 6). Notably, stereoisomerically
pure 4r and 4s (by GC) were obtained from the respective Z or E isomers of starting olefins. In addition to
propiolic acid (2a), ethyl propiolate (2c) as well as p-toluenesulfonyl acetylene (2d) also effectively coupled
into the corresponding 1,3-dienes in a stereospecific manner. However, terminal alkyne such as 1-octyne or
phenylacetylene did not participate in this reaction.

Interestingly, the same catalytic system used for the [4 + 2] annulation ([tBu,P(o-biphenyl)Au]Cl and
AgSbF, in CHCL,) also proved best for the enyne cross metathesis-type structural reorganization and the
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[tBu,P(o-biphenyl)Au]CI (5 mol%)

AgSbF (5 mol%) CO,H
OH ( CHCI,, RT, 6-8 h . @

n

Y

2a 1p, n=1 4p, 71 %
1q, n=2 4q, 77 %
(1.5 equiv)

[#Bu,P(o-biphenyl)Au]CI (5 mol%)

npPr
/i . _ AgSbF (5 mol%) PV/E/C%H (5)
AL P pr CHCI,, 60 °C, 3 h npr
2¢

1r (1.5 equiv) 4r, 67 %
o . [Bu,P(0-bipheny)Au]CI (5 mol%) | npr
/J\ . nPr o AngF6 (5 mol%) CO.H ©)
&~ TOEt T\ pr CHCI,, 60 °C, 3 h |
” nPr
c _ )
1s (1.5 equiv) 4s,73%

[tBu,P(o-biphenyl)Au]CI (5 mol%)

— Ts . AgSbFg (5 mol%) AT -
- N CHCI, RT, 1h

2d 1j (3 equiv) 5], 58 %

Scheme 3 Enyne cross metathesis-type structural reorganization.

nature of olefins 1 dictated the reaction pathways. Relatively polarized olefins such as those in Table 1 that
can effectively stabilize the carbenium ion in the reaction with the Au-activated alkyne (Scheme 2) underwent
smooth [4 + 2] annulation with propiolic acid (2a). However, these olefins were generally poor substrates
toward metathesis. For example, the reaction of 2-methylbut-2-ene (1j) with 2c was sluggish, but the reaction
with more polarized 2d gave instead a conjugate addition product 5j (eq. 7).

The fact that the same catalyst promote both [4 + 2] annulation and metathesis-type rearrangement
highly indicates a common intermediate A/A’ in this reaction dichotomy (Schemes 2 and 4). The first mech-
anistic scenario that was examined was a possibility that the cyclopropyl Au-carbenoid (such as A) from
1r and 2c may evolve into a cyclobutene derivative 6r, followed by electrocyclic con-rotatory ring opening.
However, when an independently prepared 6r was ring-opened at 110 °C in CHCL, (sealed tube), 1,3-diene 7
was obtained with the known torque-selectivity (eq. 8, ‘outward’ con-rotatory) [10] and no trace of 4r ethyl
ester was observed in the reaction mixture. The reaction in the presence of the Au(I) catalyst also required
heating at 110 °C and provided the same 1,3-diene isomer. This clearly ruled out a possible involvement of a
cyclobutene intermediate 6r in this metathesis product formation.

nPr Et
110 °C O 82 % with Au(l)-cat. 8
—CHCIS Pr _//_<\_ P 78 % without Au(l)-cat. @)
nPr O,Et

(sealed tube)

6r 7
(no 4r ethyl ester
was observed)

Further mechanistic insight for the stereospecific 6-bond reorganization was obtained from DFT computa-
tional study (Scheme 4) [5]. Once the cyclopropyl Au-carbenoid A forms, preferential migration of distal
bond (C3-C4) over the vicinal bonds (C2-C4 or C2-C3) occurs via TS1-t to form C1-C3 bond (B-t) with con-
comitant weakening of C2-C3 bond. The following cleavage of C2-C3 is accompanied by the formation of two
double bonds between C2-C4 and C1-C3. The alternative migration of C3—C4 bond through TS1-c to form
C4-C1bond has higher activation barrier than TS1-t by 5.7 kcal/mol, because the formation of C4—C1 bond is
accompanied by an increasing steric repulsion between C4-Me and COOH.
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Scheme 4 Mechanistic interpretation; relative free energies (in kcal/mol, CHCL)) are shown in parentheses.

Tandem alkoxylation/Claisen rearrangement of allyl ethers

Intramolecular carboalkoxylation initiated by the alkoxy addition of allyl ethers onto triple bonds, followed
by O-alkyl shift led to a development of various heterocycle syntheses [11]. Although allyl alcohols have been
known to undergo corresponding intermolecular reaction with allyl shift [12], less nucleophilic allyl ethers
have not been reported to undergo intermolecular reactions prior to our work [13, 14].

Allyl ethers have shown markedly decreased efficiency in the [4 + 2] annulation or metathesis-type
reaction due to the inductive effect of oxygen atom and thus the decreased electron-density in the n-bond.
Instead, the reaction of allyl ethers with propiolates occurred with O-addition onto alkynes and the follow-
ing sigmatropic allyl 1,3-shift resulted in B-alkoxyacrylates or 2-alkoxyvinylsulfones with (Z)-stereohemistry
(Scheme 5). As in the intramolecular counterpart [11], the charge-induced Claisen rearrangement occurred
under an exceptionally mild condition.

In the reaction of (E)-I-methoxynon-2ene 8a with ethyl propiolates 2c, the effect of ligand, counter-anion
and solvent was examined. The most effective catalytic system was found to be pre-formed Au(PPh,)SbF, (5
mol%) in CH,NO, and for a full conversion, 10:1 ratio of ethyl propiolate/allyl ether was required (eq. 9). Con-
trary to the [4 + 2] annulation or metathesis where [tBu,P(o-biphenyl)Au] * complex was the most suitable, the
allylalkoxylation was most efficient with the less bulky PPh, ligand, which presumably reflect the increasing
steric interaction between [Au(L)] moiety and R? substituent in the transition state from C into D (Scheme 5).

[Au(PPh,)ISbF, OFEt

OMe
o MeO,C
nHex/\) + =—CO,Et (8 mol%) ? f/ (9)
(10 equiv) CH3NO,, -15°C, 10 h nHex —
8a 2c 9a (92 %)

The reaction of allyl ethers with p-toluenesulfonylacetylene (2d) was much faster than that of propiolates.
In this case, only 3 equiv of excess olefin gave a complete conversion of 2d. However, depending on the allyl

oA A Path A A OR!
OR — AUJQ/GFﬂ [3,3] Ali_\ﬁ_ol:ﬂ -Aut A
RZ/\)\F{“ Rz\/\Lm (A=CO,R, R2 g R3 B
R3=H R R
8 Cc ) D 9
A
Path B
1
(A= M‘ Au)\/OR .
R3 £ H) ) s _— 9 + 9
R R (3.3] [1.3]
NN
E

(ion-dipole pair)

Scheme 5 Tandem alkoxylation/Claisen rearrangement
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ethers used, varying amount of alkoxy addition adduct 11 and hydration product 12 was observed in the
reaction mixture, which was especially severe for slower reacting allyl ethers. The alkoxy addition adduct 11
most probably formed from a premature dissociation of allyl cation from C before the Claisen rearrangement
(Scheme 5) and the hydration product 12 resulted from the reaction of 2d with adventitious water (eq. 10).

O(CH,),Ph Au(PPh,)CI (5 mol%)
AgSbF (5 mol%)
PhW + =Ts 6
i CHClg, -15°Ct0 0 °C
(3 equiv) 15h
& 2d
(10)
O(CHy),Ph O(CH,),Ph
57 s A O(CHj),Ph
+ + Ts___ + p-TolO,S_ _CHO
Ph(H,C)y” > Ph(HC)y” 7 7 ~
10b 10b' 11 12
75 % (10b: 10b' = 13:1) (11, 12 in trace amount)

In the reaction of allyl ethers 8 with propiolates or tosylacetylene, several trends became apparent
(Scheme 5). Substrates 8 having R? substituents (y-substituted allyl ethers) generally provided higher yield of
9 than those without R% However, those with R® substituent (c.-branched allyl ethers) were poor substrates
with both 2c¢ and 2d. With tosylacetylene 2d, o-branched allyl ethers gave a low ratio of [3,3]/[1,3]-shift prod-
ucts (9/9°) in a low overall yields of 9. The mechanism for the [1,3] shift product (9°) formation was inspected
through cross-over experiments (eq. 11), which indicated that no cross-over occurred between o-branched
allyl ethers 8c and 8d. Furthermore, addition of an isolated 2-alkoxyvinylsulfone 11 to the reaction mixture
did not result in an incorporation of 11 in the product 9/9°.

OMe
n_Pr/\)\Me Te _— 9c + 9¢' (38 %, 9¢:9¢' = 1:1.6)
8¢ (3 equiv) 2d (1 equiv) + Ts
¥ (11)
O(CH2)2Ph AU(PPh::)/SbFS Ph(CH2)20 = . _Me
5 mol% o
Mem X Me E)HCIG ) Me 9d (14 %)
8d (3 equiv) 74 % yield No crossover product

The ratio of 9/9’ turned out to be dependent on the steric demand at the allylic termini (R? and R?). While
the reaction of 8c with 2d gave a mixture of 9¢/9¢’ (1:1.6) in 40 % yield, that of 8e (R? = H, eq. 12) provided a
mixture of 9e/9e’ in a ratio of >20:1 favoring the apparent [3,3] shift product. The mechanistic scenario that is
the most consistent with these experiments with a-branched allyl ethers and sulfonyl acetylene 2d is shown
in Path B (Scheme 5). a-Branched allyl ethers evolve to 9 and 9’ via initial dissociation into E. Absence of
cross-over indicated the formation of a tight ion-dipole pair between vinyl gold and allyl cation. Then the
ratio of 9/9’ is determined by the steric effect at the allylic termini, favoring nucleophilic attack of the vinyl
gold in E at the less hindered allyl terminus [14]. Alternative sigmatropic [1,3]-shift seemed less likely because
such a rearrangement should occur with antara-facial selectivity due to the orbital symmetry.

Au(PPhg)SbFg OnCatli7 OnCaft7
OnCgHy7 (5 mol%) Ts 7 Ts A
\/I\ + Ts—— —»C G P + P (12)
Me. ) HCls Me Me
8e (3 equiv.) 2d (1 equiv.) ge ge'

34 % (9e:9¢" = >20:1)

Conclusions

In summary, intermolecular transformations were scrutinized to understand and to utilize the interaction
of the acceptor-substituted alkynes with olefins or allyl ethers. The three types of reactions outlined here do
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not occur without the acceptor-substituted alkynes, which underscores the synergistic interaction of these
substituents in bringing about the intermolecular reactions. From the mechanistic understanding gained in
these processes, it should be possible to derive asymmetric variants, for example, in the [4 + 2] annulation
and allylalkoxylation in the future. Such efforts are in process in this laboratory.
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