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Macrocycles continue to attract interest in light of their
unique properties and abundance in natural products. Over
the past decade, ring-closing olefin metathesis (RCM) has not
only emerged as a powerful method for macrocyclization[1]

but has inspired the development of ring-closing alkyne
metathesis (RCAM)[2] and macrocyclic ene-yne metathesis.[3]

Despite the convenience of olefin metathesis, numerous
examples have been documented in which ring strain and
entropic factors have spawned new and imaginative routes to
coercing ring closure. Among these, templates,[4] dilution, and
gearing elements[5] have been employed in directing macro-
cyclization processes.

Our interest in the synthesis of the quinone natural
product longithorone C[6] led us to investigate the preparation
of 12-membered macrocyclic paracyclophanes by olefin
metathesis. Numerous attempts to cyclize various substituted
[12]paracyclophanes using the Grubbs first generation cata-
lyst, such as benzyl ester 1a, met with failure. Treatment with
the Grubbs second generation catalyst also led to similarly
low yields of dimeric products [Eq. (1)].[7] Furthermore,
variation in the concentration and the nature of the aromatic
substituents consistently led to preferential dimer and/or
oligomer formation. Although 1a likely exists in a variety of
conformations in solution, we sought reaction conditions that
would favor the conformation 1-S (S= stacked) with p–p-
stacking interactions versus the conformation 1-O (O= open)
[Eq. (1)]. The resulting shielding of one face in 1-S would
decrease the degrees of freedom for rotation in the olefin-
bearing side chains and thus increase the probability of
forming the desired macrocycle.

Consequently, we envisioned exploiting a perfluoro-
phenyl–phenyl interaction as a novel gearing element to
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favor the desired intramolecular macrocyclization. These
nonbonding interactions are the result of the orthogonal
electron densities of aromatic and perfluoro aromatic com-
pounds.[8, 9] As a consequence of their predictable preference
for face-to-face stacking with other aromatic compounds in
the solid state,[10] these interactions have attracted consider-
able interest in medicinal chemistry[11] and materials sci-
ence.[12] Surprisingly, relatively little use of these interactions
in catalysis has been demonstrated, despite the tremendous
utility of intramolecular p–p interactions in synthetically
useful face-selective transformations.[13] A sole example of
such quadrupolar interactions in the solution state was
previously observed by Marsella et al. ,[14] which is in contrast
to p-cation–arene interactions, whose applicability in the
solution state was recently demonstrated by Yamada and
Morita for the face-selective addition of nucleophiles to
pyridines.[15] Herein, we report the development of a strategy
that exploits quadrupolar perfluorophenyl–phenyl interac-
tions, analogous to p-cation–arene interactions, for the
construction of macrocycles.

Based on precedent,[10,11] fluorinated ester 2a was
expected to prefer the solution-state conformation 2-S to a
much greater degree than 1a would prefer conformation 1-S
[Eq. (2)]. Consequently, fluorinated ester 2a was treated with

the Grubbs first generation catalyst, and a dramatic change in
product selectivity resulted, thus solely affording the cyclized
cyclophane 2b in 41% yield.[16]

Higher yields of paracyclophane 2b were observed using
the Grubbs I versus Grubbs II catalyst; the second generation
catalyst was shown to affect ring opening of 2b, and the
formation of oligomers was observed. Solvent studies
revealed that the quadrupolar-interaction gearing element
was effective in selectively forming the desired cyclophane in
a variety of solvents. However, the rate of metathesis is

significantly decreased rel-
ative to reaction in
CH2Cl2.

[17] Ring-closing
metathesis in THFafforded
negligible product after
48 h at 40 8C despite the
addition of two additional
aliquots of catalyst
(5 mol%). Similar reaction
times and catalyst loading
were necessary for macro-

cyclization with hexanes as the solvent at 40 8C (20% yield of
2b, 58% conversion). Interestingly, reaction in benzene at
40 8C gave 2b in 29% yield (57% conversion), and no dimer
products were observed, thus suggesting that the excess
benzene does not interfere with the intramolecular perfluor-
ophenyl–phenyl interaction.

Avariety of structures were cyclized by using this protocol
(Table 1).[18] The site of metathesis had little effect on the
yields of macrocyclization for [12]paracyclophanes. Diene 4
gave a slightly higher yield of the corresponding monomeric
cyclophane (5 : 48%) than diene 1a (2 : 41%; Table 1,
entries 1 and 2, respectively). Further substitution of the
aromatic nucleus had little impact on the yields of the
cyclizations. The cyclization was found to be tolerant of a free
hydroxy group (entry 3) and the addition of an additional
electron-withdrawing ester substituent (entry 4). The addition
of a second pentafluorobenzyl ester group had no effect on
the yield of the macrocyclization, whereas the corresponding
dibenzyl ester provided the dimer in only 39% yield. Larger
ring sizes that produced solely dimeric products upon treat-
ment with the olefin-metathesis catalyst gave good yields for
the macrocyclic products following attachment of the pendant
pentafluorobenzyl moiety. The [13]paracyclophane 11 was
produced in 57% yield, whereas substitution of the penta-

fluorobenzyl ester for a methyl
ester produced only dimeric
products under identical con-
ditions (entry 5). Although the
corresponding benzyl ester of
diene 12 yields the monomeric
[14]paracyclophane in 51%
yield, substitution for a penta-
fluorobenzyl ester provided an
increased yield of 63%
(entry 6). When the site of
metathesis was moved closer
to the aromatic core, the yield
of macrocyclization decreased

to provide 15 in 36% yield (entry 7). Interestingly, diene 16,
which possesses an additional arene moiety fused to the
aromatic group, also gave the corresponding naphthyleno-
phane 17 in 42% yield (entry 8). Examination of the 1H NMR
spectrum of 17 revealed diastereotopic signals for the protons
of the methylene groups adjacent to the naphthenolic oxygen
atoms and the ester oxygen atom, thus indicating an element
of planar chirality. The trisubstituted olefins found in the
cyclophane natural product longithorone C (Scheme 1)
prompted us to explore their formation by using the penta-
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fluorophenyl–phenyl interactions to influ-
ence macrocyclization. Standard conditions
all favored the formation of dimeric or
oligomeric products.[19] As we were enticed
by the possibility of a relay ring-closing
metathesis protocol[20] in tandem with the
gearing effect of the pentafluorophenyl–
phenyl interaction, diene 18 was prepared
and subjected to ring closure. Unfortu-
nately, a very low yield of cyclized product
19 was observed and a linear dimer was
isolated as the major product (entry 9).[21]

Subsequently, diene 20 was synthesized to
preferentially favor initial metathesis of the
relay segment versus intermolecular dime-
rization (Scheme 1). Although the addition
of a Me group to the terminal olefin may
result in a slower rate of macrocyclization,
the nonproductive intermolecular processes
are slowed to a much greater extent and
cyclophane 21 was isolated in 68% yield.
Cyclophane 21 was isolated as a single
isomer with the tertiary olefin in the Z con-
figuration. Furthermore, the methylene
groups adjacent to the phenolic oxygen
atoms and the ester oxygen atom all dis-
played diastereotopic signals in the
1H NMR spectrum, thus revealing a possi-
ble element of planar chirality. Preliminary
experiments (heating in C6D6) have
revealed that cyclophane 21 is configura-
tionally stable at 50 8C in [D6]benzene.

The exact nature of the observed gear-
ing effect in solution is still debatable,[22]

despite the well-documented preference of
perfluoroarenes and phenyl groups for face-
to-face stacking. To probe the mechanism of
the gearing effect further, molecular mod-
eling studies were performed to explore
whether a face–face or “slipped”[8] arrange-
ment of both arenes were possible in the
solution-state conformations. Accurate ab
initio studies of aromatic clusters must
include electron correlation to obtain good
representations of dispersion and electro-

static forces that are responsible for
conformation stability. High-level
treatment of electron correlation
or the use of large basis sets was
precluded because of the large size
of the molecules in question. The
initial geometric optimizations for
benzyl ester 1a was performed by
using semiempirical methods
(AM1)[23] and afforded conformers
1-S and 1-O (Scheme 2). Conformer
1-O displayed the “open” confor-
mation, in which the benzyl ester is
elongated away from the aromatic

Table 1: Macrocyclizations by olefin metathesis exploiting perfluorophenyl–phenyl interactions.[a]

Entry Metathesis precursor Cyclophane Yield [%]

1 1a n=4, m=4, R1=H 2 41
2 4 n=3, m=5, R1=H 5 48
3 6 n=4, m=4, R1=CH2OH 7 41
4 8 n=4, m=4, R1=CO2CH2C6F5 9 39

5 10 11 57

6 12 n=5, m=5 13 63
7 14 n=8, m=2 15 36

8 16 17 42

9 18 n=8, R1=H 19 10

[a] Substrate was added dropwise over 2 h to a solution of Grubbs I catalyst (10 mol%) in CH2Cl2 at
reflux for 15 h ([Ru]=4H10�4

m).

Scheme 1. Macrocyclic olefin metathesis exploiting perfluorophenyl–phenyl interactions and relay ring-closing
metathesis to form tertiary olefins. Reagents and conditions: a) 22 (10 mol%), CH2Cl2, D, 15 h, (68% yield
based on recovered starting material). Mes=mesityl, Cy= cyclohexyl.
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core of 1a. A conformation was observed that resembles 1-S,
in which the arene unit of the benzyl ester moiety is
orientated underneath the aromatic core in a slipped-type
arrangement.

The Moller–Plesset (MP2)[24] perturbation theory with a
6-31G* basis set was then used to provide more accurate
energies for each conformer. Conformer 1-S is estimated to be
more stable than 1-O by approximately�3.9 kcalmol�1 based
on the difference of their relative heats of formation.
Conformational analysis of the perfluorinated ester 2a by
using semiempirical methods (AM1) also revealed an open-
type conformer 2-O, in which the pentafluoroarene is
elongated and oriented away from the aromatic core
(Scheme 2). The minimum energy conformer was identified
as 2-S, in which the p–p overlap is predicted to a much greater
extent than that observed for benzyl-substituted 1-S

(Scheme 3). Conformers 2-
O and 2-S were further
refined (MP2), and confor-
mer 2-S is estimated to be
more stable than 2-O by
approximately �24.0 kcal
mol�1.

These calculations
highlight the fact that both
stacked conformers 2-S and
1-S are preferred relative
to their respective open
conformers 2-O and 1-O.
Conformer 2-S is preferred
to 2-O to a much greater
extent than the benzyl ana-
logues (1-S�1-O��4 kcal
mol�1 vs. 2-S–2-O�
�24 kcalmol�1). Impor-
tantly, the nature of the
p stacking in 2-S differs
considerably from 1-S
(Scheme 3). The arene
units are offset in 1-S, and
minimal overlap is

observed. In contrast, conformer 2-S exhibits a face-to-face-
type interaction with considerable overlap of the aromatic
core and pentafluoroarene. For example, the distance
between C1 and C1’ in conformers 1-S and 2-S are almost
identical (3.27 and 3.22 H, respectively). However, C4’ is
much closer to C4 in 2-S than 1-S (4.08 and 5.61 H,
respectively). It is possible that the energetic preference for
conformer 2-S in conjunction with its superior p overlap is
what leads to the inclination towards macrocyclization.

It is important not to infer that the difference in energy
between conformers is due solely to the aromatic interactions.
There is no quantitative comparison of the molecular-strain
energy with the relative energy gained through the perfluor-
ophenyl–phenyl interactions. Although the strain energy can
be estimated by using empirical potential functions,[25] the
evaluation of strain energy by semiempirical or ab initio
calculations is tenuous. In comparing the relative differences
in the MP2-optimized energies of the various conformers, the
strain energy is dominant in all cases, thus the energy
difference includes not only the aromatic–aromatic interac-
tions but also a preferred conformation for the alkyl chains.

In summary, we have developed a novel gearing element
to affect difficult macrocyclizations by using ring-closing
olefin metathesis. Data obtained from molecular-modeling
studies suggest a possible quadrupolar interaction between
the pentafluorobenzyl appendage and the cyclophane core
which orients the substrate in a conformation that favors
macrocyclization. We have also developed a protocol for the
preparation of stereodefined tertiary olefins in conjunction
with a relay ring-closing-metathesis strategy. The presence of
the tertiary olefin produces a configurationally stable cyclo-
phane in select cases, thus inhibiting rotation of the macro-
cycle at temperatures that exceed 50 8C. Currently, we are
optimizing conditions for ring-closing ene-yne and alkyne

Scheme 2. Modeling studies of possible conformations that lead to productive metathesis.

Scheme 3. p–p Overlap in benzyl and pentafluorobenzyl conformers
1-S and 2-S, respectively.
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metathesis and pursuing a total synthesis of longithorone C by
using the methods described herein. Although p-cation–arene
interactions continue to be exploited in organic synthesis,
pentafluorophenyl–phenyl interactions represent a novel and
complimentary p-shielding element. Considering that intra-
molecular p–p interactions can be powerful conformation-
controlling elements in various face-selective addition/cyclo-
addition reactions,[13] the development of chiral auxiliaries
based upon solution-phase quadrupolar interactions have
significant potential for a variety of chemical reactions.

Experimental Section
General procedure :A solution of 20 (25 mg, 0.04 mmol) in anhydrous
CH2Cl2 (40 mL) was added dropwise over approximately 2 h to an
anhydrous solution of Grubbs II catalyst (3.5 mg, 0.004 mmol) in
CH2Cl2 (60 mL) at reflux. The solution was cooled to room temper-
ature after 13 h at reflux. Silica gel was added, and the reaction
mixture was concentrated and purified by chromatography on silica
gel (hexanes/EtOAc= 7:1) to afford 16 mg of 21 (68%) as a clear oil.
1H NMR (300 MHz, CDCl3): d= 7.35 (d, J= 2.7 Hz, 1H), 7.06 (dd,
J= 9.0, 3.2 Hz, 1H), 6.92 (d, J= 9.0 Hz, 1H), 5.43 (dd, J= 22.9,
8.6 Hz, 2H), 5.07 (m, 1H), 4.56 (d, J= 11.4 Hz, 1H), 4.47 (d, J=
11.4 Hz, 2H), 4.02 (m, 1H), 3.95 (m, 1H), 1.97 (m, 2H), 1.64 (m, 2H),
1.57 (s, 3H), 1.40–1.13 ppm (m, 10H); 13C NMR (75 MHz, C6D6): d=
165.3, 152.6, 151.4, 133.5, 130.2, 124.0, 122.9, 122.5, 120.0, 78.8, 67.6,
53.4, 30.0, 29.4, 27.6, 27.4, 27.3, 25.9, 24.0, 14.0 ppm; HRMS (ESI):m/
z calcd for C25H25O4F5 ([M+H]+): 485.1746; found: 485.1734 .

20 (clear oil): 1H NMR (300 MHz, CDCl3): d= 7.33 (d, J= 3.6 Hz,
1H), 7.04 (dd, J= 9.1, 3.6 Hz, 1H), 6.89 (d, J= 9.1 Hz, 1H), 5.94 (m,
1H), 5.75 (m, 1H), 5.44 (m, 2H), 5.42 (s, 2H), 5.31 (ddd, J= 18.0, 3.2,
0.2 Hz, 1H), 5.21 (m, 1H), 4.40 (s, 2H), 4.09 (d, J= 6.6 Hz, 2H), 4.00–
3.93 (m, 4H), 2.78–2.60 (m, 2H), 2.11 (m, 2H), 1.77 (s, 3H), 1.74 (m,
2H), 1.63 (d, J= 6.45 Hz, 3H) 1.34 ppm (m, 7H); 13C NMR (75 MHz,
CDCl3): d= 165.9, 153.8, 152.4, 135.2, 135.1, 131.2, 125.0, 124.1, 121.4,
120.0, 117.8, 117.6, 115.4, 74.1, 71.7, 70.1, 66.6, 54.0, 29.9, 29.7, 29.62,
29.61, 27.2, 26.3, 14.5, 13.2 ppm; HRMS (ESI): m/z calcd for
C32H38O5F5 ([M+H]+): 597.2643; found: 597.2634.
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