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Catalytic Cavitands

An Introverted Bis-Au Cavitand and Its Catalytic Dimerization of
Terminal Alkynes
Naoki Endo,[a] Mao Kanaura,[a] Michael P. Schramm,[b] and Tetsuo Iwasawa*[a]

Abstract: A preparative synthesis of an inwardly oriented phos-
phoramidite-Au dinuclear resorcinarene cavitand complex is de-
scribed, including a description of potent catalytic abilities. The
cavitand structure was determined by crystallographic analysis,
which revealed that the phosphoramidite P–N bonds point out-
side placing the two Au atoms inside. We explored the catalytic

Introduction

Natural supramolecules like enzymes integrate inwardly ori-
ented functionalities.[1] Proteins concentrate several functional
groups of amino acids toward guest molecules to create reac-
tion sites inside hydrophobic pockets. We know too that several
proteins incorporate multiple metals that activate otherwise in-
ert molecules inside their enclosed cavities.[2] An additional fea-
ture is that part of the enzymatic pocket remains open so that
guests can sample the space, enter and leave. Protein construc-
tion is both inspiring and daunting; atomic molecular machines,
perfectly organized to perform efficient catalytic chemical
transformations essential to countless biological operations.[3]

Whereas mother nature remains the teacher of such chemical
transformations, we continue to be her students. Using artificial
supramolecules we find similarities and new possibilities for
controlled molecular catalysts that simultaneously employ prin-
ciples from the fields of both supramolecular chemistry and
catalysis.[4] Although organic chemists have long sought to de-
velop catalysts bearing inwardly oriented functional substitu-
ents within specified chemical spaces,[5,6] such “introverted”
functionalized cavitands have not yet attained the status associ-
ated with powerful synthetic platforms.[7] Overcoming this his-
torical drawback will likely enable cavitands to have much
greater impact on the synthetic community; a properly con-
structed metal–cavitand hybrid may serve as a real tool for
gaining insights into new modes of chemical catalysis and dis-
covery of new transformations.[8]
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proclivity of the cavitand and found that it effeciently catalyzes
selective and direct dimerization of terminal alkynes to afford
conjugated enynes. Mixed dimerizations give rise to chemo-
selective products, and macrocyclization by intramolecular di-
merization are both trademark capabilities of the method.

We recently reported the synthesis of an introverted phos-
phorus-Au species tethered to a cavitand scaffold of triquinoxal-
ine-spanned resorcin[4]arene [Scheme 1 (a)].[9] The arrange-
ment of one Au atom, pointing inward and flanked by 3 aro-
matic walls, provided a new architecture for alkyne catalysis;
both hydration and Conia–ene reactions were demonstrated us-
ing this cavitand system. We think this arrangement holds great
promise for further investigations.[10] With an interior function-
ality capable of acting as a supporting ligand for complexation
with transition metals, new roads appear.[11–13] These findings
drove us to develop an introverted multi-metallated cavitand
as an effective catalyst in organic synthesis. The real question
we continue to pursue is “can these new organometallic-
cavitand hybrid frameworks enable new and potent chemical
transformations?”.

Results and Discussion

Diphosphoramidite 1 in Scheme 1 (b) was reported in 2008 by
our group; 1 was readily prepared as one of three possible iso-
mers (“in-in”, “out-out”, or “in-out”).[14] Reaction of 1 with
AuCl·S(CH3)2 afforded quantitative formation of bis-Au cavitand
2, and this approach was amenable to a preparatory 1.33 g-
scale of 2 [Scheme 1 (c)]. The molecular structure of 2 was
determined by crystallographic analysis, which made apparent
its introverted Au arrangements (Figure 1).[15] The two quinoxal-
ine walls flank the two metal centers. In our reported crystal
structure, we find a confined molecule of CH2Cl2 that is sand-
wiched between two gold atoms and the two quinoxaline
walls.[16]

In seeking to develop a reactivity profile for 2, we followed
the examples that we had previously explored for 1.[9] In exam-
ining the 2-mediated Conia–ene[17] reaction we were surprised
to find no evidence of cyclization – instead, bis-Au cavitand 2
brought two alkynes together to result in a dimerization event
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Scheme 1. (a) Mono-phosphoramidite; (b) diphosphoramidite 1; (c) complexation of 1 with AuCl·S(CH3)2 to yield 2.

Figure 1. ORTEP drawing of 2 with thermal ellipsoids at the 50 % probability
level: (a) top view; (b) side view from a quinoxaline wall; (c) side view from a
phosphoramidite moiety. The interior CH2Cl2 is deleted for ease of viewing,
and hydrogen atoms are omitted for clarity.
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(Scheme 2). The resulting enyne was isolated as the major prod-
uct in 45 % yield. Initial spectroscopic data were perplexing as
we were expecting a cyclohexane fragment. However, MS, COSY
and NOSY analyses allowed for a straightforward assignment.[18]

Scheme 2. Dimerization of methyl 2-acetyloct-7-ynoate.

The significance of this result was obvious to us. Cavitand 2
has potentially important abilities; the cavitand has two inward
Au atoms, and entices two reaction partners inside to carry out
a coupling reaction. As multiple reaction components were
used, control experiments with only Ag sources or with 2 alone
failed to consume any starting material.
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Encouraged by this preliminary result, we examined the di-
merization of commercially available 4-phenyl-1-butyne
(Scheme 3); 2 catalyzed the homo-dimerization to give a mix-
ture of two distinguishable isomeric enynes 3a and 3b. Both
products were labile, so the mixture was reduced to a single
aliphatic molecule 3c in 89 % yield. Interestingly, the ratios of
3a/3b were dependent on the reaction temperature (Table 1);
as the temperature was ramped from 0 °C to 105 °C, the ratios
of 3a/3b almost completely inverted from ca. 100:0 to 7:93.
However, complete mechanistic details for this temperature-
based isomerization are not yet fully known.

Scheme 3. Cavitand 2 catalyzed dimerization of 4-phenyl-1-butyne.

Table 1. Temperature-dependent ratios of 3a/3b produced as in Scheme 3.[a]

Entry Temp. [°C] Time [h] Yield [%][b] Ratio of 3a/3b[c]

1 0 24 53 ca. 100:0
2 r.t. 24 59 93:7
3 45 2 82 91:9
4 65 3 67 47:53
5 105 2 48 7:93

[a] Conditions: 4-phenyl-1-butyne (1.0 mmol, 130 mg), 2 (0.01 mmol,
19.7 mg), AgOTf (0.02 mmol, 5.1 mg), toluene (1.0 mL). [b] Isolated yields as
a mixture of 3a and 3b. [c] Molar ratios determined by 1H NMR spectroscopy
on the isomeric mixtures after purification.

Next, we evaluated the reactivity of 1-octyne and ethynyl-
benzene (Scheme 4). 1-Octyne was converted almost exclu-
sively into terminal alkene 4 in 83 % yield. In the case of
ethynylbenzene, virtually no reaction took place.

Scheme 4. Reactivities of (a) 1-octyne and (b) ethynylbenzene.

With these few examples completed we were able to begin
a search for a possible selective cross-dimerization. We were
excited to find that ethynylbenzene and 1-octyne were prefer-
entially coupled to give cross-dimer 5[19] as the predominant
product in 47 % yield (Scheme 5 and Table 2, Entry 1). A homo-
dimer was also formed under the reaction conditions but only
fractionally so (ratio 5/4 = 5.4:1). To absolutely confirm the
structure, we reduced 5 to (3-methylnonyl)benzene 6 in 82 %
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(Scheme 6) and, notably, two benzylic protons [δ = 2.61 ppm,
triplet, in CDCl3) were identified. It is likely that ethynylbenzene
plays the role of an electron-donor to an activated 1-octyne
that becomes an electron-acceptor. For reaction conditions with
CH2Cl2 and mesitylene only 5 was predominantly generated,
and the use of THF failed to produce anything (Table 2, En-
tries 2–4). Various silver sources were also examined as reaction
components (Table 2, Entries 5–8); AgBF4 and AgNTf2 proved
quite promising. As shown in Table 2, Entry 9, the formation of
5 was improved to 62 % yield[20] when the quantity of 1-octyne
was increased to 1.5 equiv.

Scheme 5. Cavitand 2 catalyzed cross-dimerization.

Table 2. Cross-dimerization conducted according to Scheme 5.[a]

Entry Solvent Ag source Yield of 5 [%][b] Ratio of 5/4[c]

1 toluene AgOTf 47 5.4:1
2 CH2Cl2 AgOTf 36 3.6:1
3 mesitylene AgOTf 32 4.3:1
4 THF AgOTf 0 –
5 toluene AgBF4 49 3.3:1
6 toluene AgSbF6 17 3.6:1
7 toluene AgNO3 0 –
8 toluene AgNTf2

[d] 51 3.1:1
9 toluene AgOTf[d] 62 3.4:1

[a] Conditions: ethynylbenzene (1 mmol, 102 mg), 1-octyne (1.2 mmol,
132 mg), 2 (0.01 mmol,19.7 mg), Ag source (0.02 mmol), solvent (1 mL), reac-
tion time 20 h. [b] Isolated yields after purification by silica-gel column chro-
matography. [c] Molar ratios determined by 1H NMR spectroscopy of the
crude products. [d] 1.5 mmol of 1-octyne was used.

Scheme 6. Structural elucidation of 5 by reduction to 6.

Using these initially optimized conditions, we explored fur-
ther optimization possibilities. Time and concentration were ex-
amined (Table 3). Decreasing concentration had a negative ef-
fect (Table 3, Entries 1, 3, and 5), whereas prolonged reaction
times increased yields, surprisingly at all concentrations to 62–
70 % (Table 3, Entries 2, 4, and 6). Reaction conditions described
for Table 3, Entry 4 afforded 5 in the highest yield of 70 % using
a 4.1:1 molar ratio of 5/4.

We again conducted thorough control experiments: (1) utiliz-
ing the mono-gold complex[9] shown in panel (a) of Scheme 1,
(2) using commercially available AuCl·PPh3, (3) using phos-
phorus-free AuCl·S(CH3)2, and (4) using the gold-free host 1.
Dimers were not observed in any case. Thus, the substructure
of dinuclear Au complex 2 is indispensable for producing cross-
dimer 5. At this time, treatment of 2 with silver could reason-
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Table 3. Evaluation of substrate concentrations in cross-dimerization reactions shown in Scheme 5.[a]

Entry Amount of toluene [mL] Time [h] Yield of 5 [%][b] Ratio of 5/4[c]

1 1 2 47 2.8:1
2 1 20 62 3.4:1
3 5 2 31 2.9:1
4 5 20 70 4.1:1
5 10 2 25 3.4:1
6 10 20 62 2.5:1

[a] Conditions: ethynylbenzene (1 mmol, 102 mg), 1-octyne (1.5 mmol, 165 mg), 2 (0.01 mmol, 19.7 mg), AgOTf (0.02 mmol, 5.1 mg). [b] Isolated yields after
purification by silica-gel column chromatography. [c] Molar ratios determined by 1H NMR spectroscopy of the crude products.

ably result in either a monocationic or dicationic gold complex;
these details require further treatment at a future time to de-
velop a complete understanding of the system.

Other alkyne pairs were tested for hetero-dimerization. As
illustrated in panel (a) of Scheme 7, the alkylalkyne partner
needs a CH2 group adjacent to the triple bond; for instance,
phenylethyl species 7 gave the hetero-dimer in 53 % yield. For
ethynylcyclohexane and tert-butylalkyne, neither hetero- nor
homo-dimers were generated, and almost all the starting eth-
ynylbenzene remained. In part (b), arylalkyne substituents were
added as potential partners for 1-octyne. The yields of naphthyl
species 8, methoxy species 9,[21] and nitrile species 10 were
39 %, 16 %, and 15 %, respectively. In all three cases the hetero-
adducts predominate over homo-dimer 4. Notably too, is that
excess starting arylalkynes, remained unreacted.[22] In panel (c),
we were happy to find that intramolecular cyclization of diyne
11 proceeded to give highly strained enyne in 38 % yield as a
major product. The very labile enyne was converted into nine-
membered ring 12 in 95 % yield. However, this catalytic system
lacks substrate generality; product scope was unfortunately nar-

Scheme 7. Cross-dimerization between: (a) ethynylbenzene and alkylalkyne,
(b) arylalkyne and 1-octyne, (c) intramolecular aryl- and alkylalkyne.
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row, internal alkynes failed to undergo reaction, and high-yield-
ing transformations were not achieved.

The reaction between 4-phenyl-1-butyne and 1-octyne gave
inseparable mixtures of two hetero-adducts and homo-adducts
3a and 4 (Scheme 8). This result is not surprising. Nevertheless,
the combination of C6H5–CCH and R–CH2CCH (for example,
Table 3, Entry 4) is an exquisite pair for selective formation of
hetero-adducts in high yields. Such specificity is the rule in en-
zymatic reactions, where precise combinations are the rule.
From the viewpoint of molecular recognition, cavitand 2 might
resemble enzymes more closely than we had originally envis-
aged.[23] Future cavitands might allow greater discrimination
based on the size of substrates, whereas 2 seems to remain
governed by electronics of the hetero-partners.

Scheme 8. Dimerization between 4-phenyl-1-butyne and 1-octyne.

A preliminary mechanistic investigation was performed us-
ing a deuterium-labeled terminal alkyne (Scheme 9). The dimer-
ization utilizing a 94 % D-labeled alkyne yielded a very complex
mixture. Hetero-8 and D-containing-8 were isolated in 49 %
with a 73:27 ratio.[24] The reaction also afforded homo-4 and
homo-D-containing-4 with a 69:31 ratio. The recovered starting
alkyne (21 %) lost a significant fraction of the D-label in the
process, retaining only 30 % of the original D-label. In addition,
the balance of deuterium did not agree between the 1-(D-eth-
ynyl)naphthalene and the deuterated products; ca. 70 % of the
total deuterium labels were gone. Given the observed shuffle
of deuterium, we consider that bis-Au compound 2 abstracted
both the alkynyl deuterium and alkyl proton to attach anew,
followed by generation of 1-ethynylnaphthalene and D-labelled
oct-1-yne, and dimerization between those alkynes to give 8,
D-containing-8, 4, and D-containing 4.

Thus, a primitive cycle for catalytic dimerization might be
depicted as in Figure 2. We envision that, initially, 2 reacts with
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Scheme 9. Cross-dimerization utilizing 1-(D-ethynyl)naphthalene.

AgOTf to yield the bis-Au cation species; the Lewis-acidic spe-
cies would selectively recognize a pair of alkyne triple bonds.
The molecular recognition tends to prefer ethynylbenzene and
1-octyne to two 1-octynes presumably due to steric and/or
electronic reasons, although the mechanism resulting in the se-
lectivity is not yet fully understood. Then, the deprotonation
step gives an Au acetylide, taking a TfOH in and out; this step
would be reversible since the experiment in Scheme 9 revealed

Figure 2. Plausible catalytic cycle for the 2-promoted dimerization reaction.
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deuterium shuffling. Finally, C–C bond formation through di-
merization occurs and is followed by the generation of cross-
dimer 5 (R = Ph) and homo-dimer 4 (R = C6H13) along with the
regeneration of the first bis-Au cation.

The obvious complexity of this system, including activation
with Ag to give a bis-Au cation species[25] that couples two
reaction partners, leaves most of the mechanistic aspects open
to further exploration. In this work our major interest was, first
and foremost, on new capabilities. Both metal centers can be
tuned by alteration of the P ligand, and both walls can be modi-
fied, perhaps through lengthening to further limit what can
enter – or perhaps what types of intermediates can be stabi-
lized. Such further efforts will clearly require extensive study
and careful planning.

Conclusions
The synthesis and characterization of a doubly, inwardly di-
rected AuCl-cavitand stands alone in the area of supramolecular
chemistry and has only a few parallels in the synthetic realm.
Natural examples of systems containing several catalytic sites
where two or more metals carry out surprising reactions do
exist. In this work, when ionized by treatment with Ag, a bis-Au
cavitand (2) displays efficient chemical reactivity as it selectively
dimerizes two terminal alkynes. With 2, an intermolecular di-
merization takes place even where a path to an intramolecular
product clearly should exist. This catalyst can be used to carry
out homo-dimerization as well as hetero-dimerization reactions,
and the latter can be done selectively with correct pairing of
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alkynes. Although yields remain modest, the presence of two
metal centers in the confined space allows us to achieve potent
chemical transformations. Development of a deeper under-
standing of how this system works and of new catalytic trans-
formations and new cavitands begins now.

Experimental Section
Gram-Scale Synthesis of Bis-Au Complex 2: Under N2, a solution
of 1[14] (1.05 g, 0.70 mmol) in toluene (14 mL) underwent addition
of AuCl·S(CH3)2 (432 mg, 1.68 mmol), and the mixture was stirred
for 30 min with confirmation that 1 had disappeared by TLC moni-
toring. After all the volatiles had been evaporated, the crude prod-
ucts were purified by short-plugged silica-gel column chromatogra-
phy (eluent: hexane/EtOAc, 2:1) to afford 1.33 g of 2 as white pow-
der materials in 96 % yield. 1H NMR (400 MHz, CDCl3): δ = 7.90 (dd,
J = 6.4, 3.4 Hz, 4 H), 7.58 (dd, J = 6.4, 3.4 Hz, 4 H), 7.410–7.406 (m,
4 H), 7.23 (s, 4 H), 5.73 (t, J = 8.2 Hz, 2 H), 4.58–4.55 (m, 2 H), 3.10
(d, 3JPH = 13.1 Hz, 12 H), 2.33–2.32 (m, 4 H), 2.21–2.19 (m, 4 H), 1.42
–1.27 (m, 72 H), 0.91–0.86 (m, 12 H) ppm. 13C NMR (100 MHz, CDCl3):
δ = 153.1, 152.0, 146.2 (d, JCP = 6.0 Hz), 140.1, 136.6, 135.9 (d, JCP =
2.4 Hz), 130.3, 128.7, 122.8, 117.9 (d, JCP = 3.8 Hz), 36.9 (d, JCP =
11.7 Hz), 35.8, 34.1, 32.7, 32.2, 30.5, 30.0, 29.7, 28.2, 23.0, 14.4 ppm.
31P NMR (162 MHz, CDCl3): δ = 111.9 ppm. MS (MALDI-TOF): m/z =
1932 [M – Cl]+. IR (neat): ν̃ = 2921, 2850, 1482, 1402, 1329, 1271,
1065, 989 cm–1. HRMS (MALDI-TOF): calcd. for C92H124Au2ClN6O8P2

[M – Cl]+ 1931.7975, found 1931.8026.

Synthesis of 3a, 3b, and 3c: Scheme 3, and Table 1, Entry 2. Under
N2, 2 (30 mg, 0.015 mmol) in a 20 mL Schlenk tube was dissolved
in dry toluene (1.5 mL), and AgOTf (7.7 mg, 0.03 mmol) was added
at room temperature. After 5 min of stirring, 4-phenyl-1-butyne
(0.21 mL, 1. 5 mmol) was added, and the reaction was monitored
by TLC for 24 h. The solvent was evaporated to give 240 mg of
crude product as a dark brown oil. Purification by short-plugged
silica-gel column chromatography afforded an isomeric mixture of
3a and 3b (NMR yields: 71 % and 2 %, respectively; actually, we
laboriously separated them in small amounts for taking NMR spec-
tra, but both were too labile to keep pure forms). Data for 3a: 1H
NMR (400 MHz, CDCl3): δ = 7.32–7.16 (m, 10 H), 5.21 (s, 1 H), 5.10
(s, 1 H), 2.88 (t, J = 7.5 Hz, 2 H), 2.78 (t, J = 7.5 Hz, 2 H), 2.64 (t, J =
7.5 Hz, 2 H), 2.40 (t, J = 7.5 Hz, 2 H) ppm. 13C NMR (100 MHz, CDCl3):
δ = 141.9, 141.0, 131.6, 128.83, 128.82, 128.7, 128.6, 126.6, 126.2,
120.7, 90.0, 81.8, 39.7, 35.5, 34.9, 21.8 ppm. MS (DI): m/z = 260 [M]+.
IR (neat): ν̃ = 3060, 3026, 2924, 2858, 1803, 1604, 1495, 1452, 1338,
1076, 1030, 897, 698 cm–1. HRMS (DART): calcd. for C20H21 [M + H]+

261.1638, found 261.1614. Data for 3b: 1H NMR (400 MHz, CDCl3):
δ = 7.31–7.17 (m, 10 H), 5.73 (t, J = 7.4 Hz, 1 H), 3.51 (d, J = 7.4 Hz,
2 H), 2.89 (t, J = 7.4 Hz, 2 H), 2.69 (t, J = 7.4 Hz, 2 H), 1.85 (s, 3 H)
ppm. 13C NMR (100 MHz, CDCl3): δ = 141.1, 141.0, 135.1, 128.85,
128.79, 128.72, 128.68, 126.6, 126.2, 119.4, 93.3, 81.0, 37.2, 35.6, 23.7,
22.0 ppm. To one-neck flask charged with an isomeric mixture of
3a and 3b (117 mg, 0.45 mmol) under H2 were added EtOAc (1 mL)
and Pd/C (12 mg, 10 wt.-%). After stirring for 8 h, the reaction mix-
ture was filtered through a pad of Celite, and the filtrate was con-
centrated in vacuo to give a mixture of yellow oil and white solid.
Purification by silica-gel column chromatography (eluent: hexane
only) afforded 3c of 107 mg (89 %) as a pale yellow oil. 1H NMR
(400 MHz, CDCl3): δ = 7.29–7.25 (m, 4 H), 7.18–7.16 (m, 6 H), 2.68–
2.51 (m, 4 H), 1.65–1.54 (m, 3 H), 1.44–1.16 (m, 6 H), 0.92 (d, J =
14.7 Hz, 3 H) ppm. 13C NMR (100 MHz, CDCl3): δ = 143.4, 143.2,
128.72, 128.69, 128.58, 128.56, 125.90, 125.87, 39.3, 37.0, 36.3, 33.8,
32.7, 32.1, 27.0, 19.9 ppm. MS (DI): m/z = 266 [M]+. IR (neat): ν̃ =
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3061, 2926, 2854, 1604, 1495, 1453, 1030, 742, 695 cm–1. C20H26

(266.43): calcd. C 90.16, H 9.84; found C 90.15, H 9.83.

Synthesis of 5: Table 3, Entry 4. Under N2, 2 (20 mg, 0.010 mmol)
was dissolved in dry toluene (5 mL), and AgOTf (5.1 mg, 0.02 mmol)
was added at room temperature. After 5 min of stirring, the ethynyl-
benzene (102 mg, 1.0 mmol) and 1-octyne (165 mg, 1.5 mmol) were
added, and the reaction was conducted for 20 h. The solvent was
evaporated to give a crude pruduct, and the following purification
by silica-gel column chromatography (hexane only) afforded
149 mg of 5 in 70 % yield as a yellow oil. 1H NMR (400 MHz, CDCl3):
δ = 7.44–7.42 (m, 2 H), 7.33–7.29 (m, 3 H), 5.40 (d, J = 2.0 Hz, 1 H),
5.29 (d, J = 2.0 Hz, 1 H), 2.24 (t, J = 7.5 Hz, 2 H), 1.59 (tt, J = 7.5,
7.5 Hz, 2 H), 1.38–1.26 (m, 6 H), 0.89 (t, J = 7.1 Hz, 3 H) ppm. 13C
NMR (100 MHz, CDCl3): δ = 132.2, 131.9, 128.6, 128.4, 123.7, 121.3,
90.3, 89.4, 37.6, 32.0, 29.0, 28.5, 23.0, 14.4 ppm. MS (DI): m/z = 212
[M]+, 142 [M + H – C5H11]+. IR (neat): ν̃ = 2925, 2854, 1799, 1608,
1442, 1306, 895, 752 cm–1. HRMS (DART): calcd. for C16H21 [M + H]+

213.1638, found 213.1610.

Synthesis of 12: Scheme 7 (c). Under N2, 2 (47 mg, 0.024 mmol)
was dissolved in dry toluene (12 mL), and AgOTf (12 mg,
0.048 mmol) was added at room temperature. After 5 min of stir-
ring, diyne 11 (220 mg, 1.2 mmol) was added and the reaction was
conducted for 22 h. The solvent was evaporated to give a crude
product, and the following purification by silica-gel column chroma-
tography (hexane only) afforded the corresponding enyne (83 mg)
in 38 % yield as a white oil; right after the purification, the enyne
turned into a yellow oil, and the NMR spectra revealed the distorted
nine-membered enyne was fragile. {1H NMR (400 MHz, CDCl3): δ =
7.28–7.15 (m, 4 H), 5.19 (s, 2 H), 2.81 (t, J = 6.7 Hz, 2 H) 2.57 (t, J =
5.9 Hz, 2 H), 1.93 (tt, J = 6.7, 6.7 Hz, 2 H), 1.82 (tt, J = 5.9, 5.9 Hz, 2
H) ppm. 13C NMR (100 MHz, CDCl3): δ = 148.7, 132.2, 129.2, 128.5,
128.3, 126.4, 123.7, 117.3, 103.4, 97.2, 36.9, 34.8, 29.3, 27.3 ppm. MS
(LCMS-IT-TOF): m/z = 183 [M + H]+. IR (neat): ν̃ = 3063, 2921, 2850,
1614, 1454, 893, 751 cm–1. HRMS (DART): calcd. for C14H15 [M + H]+

183.1168, found 183.1164.} Thus, the freshly prepared enyne was
provided to the next reduction step for the structural elucidation.
To the flask charged with the enyne (19 mg, 0.10 mmol) in EtOAc
(0.3 mL) under H2 was added a catalytic amount of 10 % Pd/C
(2 mg), and the mixture was stirred at room temperature for 17 h.
After the mixture had been filtered through a pad of Celite, the
filtrate was concentrated in vacuo to give a colorless oil of 12 in
pure form (18 mg, 95 % yield). 1H NMR (400 MHz, CDCl3): δ = 7.14–
7.07 (m, 4 H), 2.90–2.62 (m, 4 H), 1.93–1.84 (m, 1 H), 1.75 (dt, J =
11, 3.8 Hz, 1 H) 1.56–1.26 (m, 7 H), 0.83 (d, J = 6.3 Hz, 3 H) ppm.
13C NMR (100 MHz, CDCl3): δ = 142.8, 141.6, 130.1, 129.9, 126.4,
126.3, 38.0, 35.0, 32.4, 31.2, 30.7, 30.0, 24.7, 23.5 ppm. MS (LCMS-IT-
TOF): m/z = 189 [M + H]+. IR (neat): ν̃ = 2921, 2866, 1450, 749 cm–1.
HRMS (DART): calcd. for C14H21 [M + H]+ 189.1638, found 189.1632.

9-Methylenepentadec-7-yne (4): Yellow oil. 1H NMR (400 MHz,
CDCl3): δ = 5.19 (d, J = 1.5 Hz, 1 H), 5.11 (d, J = 1.5 Hz, 1 H), 2.30
(t, J = 7.0 Hz, 2 H), 2.11 (t, J = 7.5 Hz, 2 H), 1.56–1.24 (m, 16 H),
0.91–0.87 (m, 6 H) ppm. 13C NMR (100 MHz, CDCl3): δ = 132.8, 119.6,
90.4, 81.4, 30.8, 32.0, 31.7, 29.1, 29.0, 28.9, 28.4, 23.0, 22.9, 19.6,
14.42, 14.38 ppm. MS (DI): m/z = 135 [M + H – C6H13]+, 220 [M]+. IR
(neat): ν̃ = 2927, 2856, 1610, 1462, 1379, 891, 725 cm–1. HRMS
(DART): calcd. for C16H29 [M + H]+ 221.2264, found 221.2236.

(3-Methylnonyl)benzene (6): 1H NMR (400 MHz, CDCl3): δ = 7.29–
7.26 (m, 2 H), 7.19–7.15 (m, 3 H), 2.69–2.52 (m, 2 H), 1.68–1.58 (m,
1 H), 1.46–1.15 (m, 12 H), 0.92 (d, J = 5.8 Hz, 3 H), 0.89 (t, J = 7.2 Hz,
3 H) ppm. 13C NMR (100 MHz, CDCl3): δ = 143.6, 128.7, 128.6, 125.9,
39.3, 37.3, 33.9, 32.9, 32.3, 30.0, 27.3, 23.1, 20.0, 14.5 ppm. MS (DI):
m/z = 218 [M]+. IR (neat): ν̃ = 3027, 2954, 2923, 2854, 1496, 1455,
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1377, 1031, 743, 696 cm–1. C16H26 (218.38): calcd. C 88.00, H 12.00;
found C 88.07, H 12.31.

(3-Methylenepent-1-yne-1,5-diyl)dibenzene (7): Yellowish white
oil. 1H NMR (400 MHz, CDCl3): δ = 7.48–7.46 (m, 2 H), 7.35–7.18 (m,
8 H), 5.42 (d, J = 1.7 Hz, 1 H), 5.27 (d, J = 1.7 Hz, 1 H), 2.93 (t, J =
7.9 Hz, 2 H), 2.56 (t, J = 7.9 Hz, 2 H) ppm. 13C NMR (100 MHz, CDCl3):
δ = 141.7, 131.9, 131.2, 128.8, 128.62, 128.61, 128.5, 126.2, 123.5,
122.1, 90.0, 89.9, 39.4, 34.9 ppm. MS (DI): m/z = 232 [M]+. IR (neat):
ν̃ = 3026, 2922, 2856, 1946, 1803, 1491, 1306, 897, 750, 688 cm–1.
HRMS (DART): calcd. for C18H17 [M + H]+ 233.1325, found 233.1296.

1-(3-Methylenenon-1-ynyl)naphthalene (8): Colorless oil. 1H NMR
(400 MHz, CDCl3): δ = 8.34 (d, J = 8.3 Hz, 1 H), 7.85 (d, J = 8.0 Hz,
1 H), 7.82 (d, J = 8.0 Hz, 1 H), 7.68 (d, J = 7.1 Hz, 1 H), 7.57 (dd, J =
8.3, 8.3 Hz, 1 H), 7.52 (dd, J = 8.3, 8.3 Hz, 1 H), 7.43 (dd, J = 8.0,
8.0 Hz, 1 H), 5.53 (d, J = 1.2 Hz, 1 H), 5.37 (d, J = 1.2 Hz, 1 H), 2.35
(t, J = 7.5 Hz, 2 H), 1.69 (tt, J = 7.5, 7.5 Hz, 2 H), 1.42–1.32 (m, 6 H),
0.91 (t, J = 6.8 Hz, 3 H) ppm. 13C NMR (100 MHz, CDCl3): δ = 133.6,
133.5, 132.4, 130.6, 128.9, 128.6, 127.0, 126.7, 126.5, 125.5, 121.5,
121.4, 95.3, 87.6, 37.7, 32.0, 29.0, 28.6, 23.0, 14.5 ppm. MS (LCMS-IT-
TOF): m/z = 263 [M + H]+. IR (neat): ν̃ = 3057, 2925, 2854, 1604, 1460,
1396, 1304, 895, 796, 769 cm–1. HRMS (DART): calcd. for C20H23 [M
+ H]+ 263.1794, found 263.1766.

1-Methoxy-4-(3-methylenenon-1-ynyl)benzene (9): Pale yellow
oil. 1H NMR (400 MHz, CDCl3): δ = 7.38 (d, J = 8.3 Hz, 2 H), 6.84 (d,
J = 8.3 Hz, 2 H), 6.10 (d, J = 1.1 Hz, 1 H), 5.25 (d, J = 1.1 Hz, 1 H),
3.81 (s, 3 H), 2.23 (t, J = 7.5 Hz, 2 H), 1.58 (tt, J = 7.5, 7.5 Hz, 2 H),
1.38–1.25 (m, 6 H), 0.89 (t, J = 6.7 Hz, 3 H) ppm. 13C NMR (100 MHz,
CDCl3): δ = 159.8, 133.3, 132.4, 120.6, 115.9, 114.2, 89.4, 89.0, 55.6,
37.7, 32.0, 29.0, 28.5, 23.0, 14.4 ppm. MS (LCMS-IT-TOF): m/z = 243
[M + H]+. IR (neat): ν̃ = 2927, 2854, 1601, 1508, 1286, 1246, 1169,
1032, 893, 829 cm–1. HRMS (DART): calcd. for C17H23O [M + H]+

243.1743, found 243.1717.

4-(3-Methylenenon-1-ynyl)benzonitrile (10): Whitish yellow oil.
1H NMR (400 MHz, CDCl3): δ = 7.55 (d, J = 8.6 Hz, 2 H), 7.51 (d, J =
8.6 Hz, 2 H), 5.47 (d, J = 1.7 Hz, 1 H), 5.38 (d, J = 1.7 Hz, 1 H), 2.24
(t, J = 7.5 Hz, 2 H), 1.55 (tt, J = 7.5, 7.5 Hz, 2 H), 1.38–1.25 (m, 6 H),
0.89 (t, J = 6.8 Hz, 3 H) ppm. 13C NMR (100 MHz, CDCl3): δ = 132.4,
132.3, 131.6, 128.7, 123.1, 118.8, 111.6, 94.7, 87.7, 37.2, 31.9, 28.9,
28.4, 22.9, 14.4 ppm. MS (LCMS-IT-TOF): m/z = 238 [M + H]+. IR
(neat): ν̃ = 2925, 2856, 2227, 1606, 1500, 903, 837, 552 cm–1. HRMS
(DART): calcd. for C17H20N [M + H]+ 238.1590, found 238.1582.
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