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Efficient direct en-yne metathesis of strained macrocyclic systems is possible using highly active-Grubbs
Hoveyda second-generation catalyst and when exploiting fluoroa@meae gearing interactions. These
interactions are effective even under high reaction temperatures and in the presence of a competitive
sr-rich solvent such as toluene. These results suggest that efficiemtstacking orz—Ip interactions
between auxiliaries containing pentafluorophenyl and 3,5-bis(trifluoromethyl)phenyl groups are responsible
for the good yields of macrocyclization products. The 3,5-bis(trifluoromethyl)benzyl gearing elements
provide higher yields and great&-selectivity in the macrocyclic en-yne metathesis to form model
paracyclophanes that could be applied toward the preparation of members of the longithorone family of
natural products.

Introduction chemistry. Although the preparation of macrocyclic systems can
be challenging because of entropic factors and/or ring strain,

A frequent challenge in the synthesis of complex natural synthetic chemists have shown that many reactions can be
products is efficient formation of macrocyclic structutes. altered to afford a macrocyclic variant. Most often in the total
Indeed, a variety of natural products that possess varying sizessynthesis of macrocyclic natural products, a linear structure is

of carbocyclic and heterocyclic rings systems with fascinating constructed and fully elaborated, possessing most of its stereo-
biological activities have been isolatéddence, macrocycles  centers and/or complex functionality already stereodefined.
have come to play an important role in biology, medicine, and Typical retrosynthetic strategy has macrocyclization occurring

near the end of the synthesis. The macrocyclization methods

(1) For reviews on macrocyclization in synthesis, see: (a) Blankenstein,

J.; Zhu, J.Eur. J. Org. Chem2005 10, 1949-1964. (b) Yeung, K.-S.; (2) (a) Shu, Y. ZJ. Nat. Prod 1998 61, 1053-1071. (b) Newman, D.
Paterson, |Angew. Chem., Int. EQR002 41, 4632-4653. (c) Wipf, P. J.; Cragg, G. M.; Snader, K. MNat. Prod. Rep200Q 17, 215-234. (c)
Chem. Re. 1995 95, 2115-2134. (d) Laughrey, Z. R.; Gibb, B. Qop. Firstner, A.Eur. J. Org. Chem2004 5, 943-958. (d) Van de Weghe, P.;
Curr. Chem 2005 249, 67—125. Eustache, JCurr. Top. Med. Chem2005 5, 1495-1519.

10.1021/jo070568r CCC: $37.00 © 2007 American Chemical Society
Published on Web 07/18/2007 J. Org. Chem2007, 72, 63976408 6397



Collins et al.

JOC Article

often employ two different functional groups that come together prompted the development of macrocyclic alkyne metathesis
to form the cycle. Normally these reactions do not create as an alternativét
stereocenters because the influence of the macrocyclic structure Although the use of olefin metathesis in natural product
on their formation is difficult to predict. The Yamaguchi synthesis is well-established, the use of en-yne metathesis is
macrolactonization is an excellent example of such a reaction relatively poorly explored. This is surprising for a number of
that under optimized conditions favors macrocyclization to form reasons. There has been an increased amount of study dedicated
a lactonée® While the synthetic strategy described above is both to understanding the mechanism of en-yne metathesis and how
convergent and aesthetically pleasing, it can be improved. A it can be exploited to afford substituted cyclic molecufe¥.
more efficient approach would be to develop macrocyclization Most importantly, en-yne metathesis differs from olefin and
reactions that would not only form the macrocycle but also, in alkyne metathesis in that it has the potential to form a multitude
doing so, create new important functionality present in the Of different products using the same relatively simple function-
natural product in a stereo-, regio-, and chemoselective fashion.2lities of an alkene and alkyne. In macrocyclic en-yne metath-
In addition, it would be important to develop reactions that result esis, it Is pOSS|bIe to afford bOth, Qndo and exo products that
in the formation of carboncarbon (C-C) bonds. This would POSSESS different ca_rbon cqnnecnvn}éihe co_mplgxny of the
result in an increase in convergence and a more efficient resu_ltln_g products is multiplied when c_onS|der|ng that each

) ) . cyclization mode could afford botE- andZ-isomerst® The exo
synthesis as much more complexity would be possible per

. . L mode of metathesis can also be rendered more complex if
synthetuc ope.ratlon. Mgcrocycllzatlons to fornﬂ.rc bonds that combined with a tandem cross-metathesis. Despite this flex-
_result N an ncrease n molecular ct_)mp_lexﬂy have becqme ibility, the ability to form a variety of products can also be
increasingly important. The macrocyclic Ni-catalyzed coupling  5plematic. Macrocyclic en-yne metathesis rarely affords a sole
of a_ldghydes_ and alkynesind the Ru-catalyzed cycloisomer-  harmodynamic product with complete selectivity. This can lead
ization’ reaction are examples of reactions that can undergo t problems in purification of the desired product as the products
macrocyclization and produce significant levels of new func- often possess similar physical properties. Indeed, there is

tionality in the process.

significant potential in macrocyclic en-yne metathesis; however,

Olefin metathesis has emerged as one of the “go-to” methodsthe challenge is to develop methods to control the products

for macrocycle formation, especially as it forms a new©
bond?° Despite this advantage, it is still influenced by ring strain

formed, via either substrate or catalyst contfl.
An additional level of complexity can be introduced into the

and entropic factors that can be difficult to overcothAt times, macrocyclization process when strained systems are formed. In
this can force a reexamination of the synthetic route and a returnsuch cases, the restricted rotation of functional groups such as
to a more “traditional” retrosynthetic disconnectibrit is also aromatic or heteroaromatic groups can result in the formation
possible that the intermediate preceding macrocyclization canof an element of planar chirality. This is not uncommon as there
also adopt conformations that are unfavorable toward macro-are many classes of biologically active natural products that
cyclization!2 This has stimulated the development of imagina- POSsess strained macrocycles, many of which exhibit elements
tive new routes to coercing ring closure by olefin metathesis Of planar chlrahty%? In such cases, conformational controlling
employing relay ring closing metathed&sThe difficulty in elements or “gearing elements” are employed to help promote

controlling the isomeric distribution of products has also Successful cyclizatiof In a strict sense, the term “geared
molecule” makes reference to molecules where a level of strain

is present because of unavoidable steric crowding, the result of
which is a rigidified structure typically incorporating bonds
exhibiting restricted rotation. Although the term “gearing effect”
or “gearing element” has become increasingly used to describe

(3) For some examples of macrocyclization reactions that do create
stereocenters, see: (a) Doyle, M. P.; Hu, W.¢tin. J. Chem2001, 19,
22—29. (b) Doyle, M. P.; Hu, W.; Phillips, I. M.; Wee, A. @rg. Lett.
200Q 2, 17771779. (c) Doyle, M. P.; Hu, WJ. Org. Chem200Q 65,
8839-8847.

(4) Inanaga, J.; Hirata, K.; Saeki, H.; Katsuki, T.; Yamaguchi,BulIl.
Chem. Soc. Jpri979 52, 1989-1993.

(5) For other examples of procedures for macrolactonization, see: Moslin,
R. M.; Jamison, T. FJ. Am. Chem. So2006 128 15106-15107.

(6) (a) Knapp-Reed, B.; Mahandru, G. M.; Montgomery].JAm. Chem.
Soc 2005 127, 13156-13157. (b) Colby, E. A.; O’'Brien, K. C.; Jamison,
T. F.J. Am. Chem. So@005 127, 4297-4307.

(7) (a) Trost, B. M.; Harrington, P. E.; Chisholm, J. D.; Wrobleski, S.
T.J. Am. Chem. So2005 127, 13598-13610. (b) Trost, B. M.; Matsubara,
S.; Caringi, J. JJ. Am. Chem. S0d 989 111, 8745-8746.

(8) (a) Gradillas, A.; Perez-Castells, Angew. Chem., Int. ER00G
45, 6086-6101. (b) Ghosh, S.; Ghosh, S.; Sarkar,JNChem. Sci2006
118 223-235.

(9) Nicolaou, K. C.; Bulger, P. G.; Sarlah, Bngew. Chem., Int. Ed
2005 44, 4490-4527.

(10) Callins, S. K.J. Organomet. Chen2006 691, 5122-5128.

(11) For an example of a switch in synthetic strategy due to macrocyclic
ring strain, see: (a) Leonard, M. S.; Carroll, P. J.; Joullie, M.JMOrg.
Chem 2004 69, 2526-2531. (b) Bressy, C.; Piva, Gynlett2003 1, 87—

90. (c) Liu, X.-X.; Pilarinou, E.; McLaughlin, J. LTetrahedron Lett1999
40, 399-402. (d) Sabitha, G.; Swapna, R.; Babu, R. S.; Yadav, J. S.
Tetrahedron Lett2005 46, 6145-6148.

(12) Wang, X.; Bowman, E. J.; Bowman, B. J.; Porco, J. A.Alrgew.
Chem., Int. Ed2004 43, 3601-3605.

(13) (a) Wallace, D. JAngew. Chem., Int. EQR005 44, 1912-1915.

(b) Hoye, T. R.; Jeffrey, C. S.; Tennakoon, M. A.; Wang, J.; ZhaoJH
Am. Chem. So2004 126, 10216-10211.

(14) (a) Mortreux, A.; Coutelier, Ql. Mol. Catal. A: Chem2006 254,
96—104. (b) Fustner, A.; Davies, P. WChem. Commur2005 18, 2307
2320. (c) Mulzer, J.; Oehler, Hoop. Organomet. Chen2004 13, 269~
366.

(15) (a) Galan, B. R.; Giessert, A. J.; Keister, J. B.; Diver, SI.TAm.
Chem. Soc2005 127, 5762-5763. (b) Diver, S. TJ. Mol. Catal. A: Chem
2006 254, 29-42. (c) Lippstreu, J. J.; Straub, B. B. Am. Chem. Soc.
2005 127, 7444-7457. (d) Randl, S.; Lucas, N.; Connon, S. J.; Blechert,
S. Adv. Synth. Catal2002 344, 631-633. (e) Sashuk, V.; Grela, K.
Mol. Catal. A: Chem?2006 257, 59-66.

(16) (a) Clark, D. A.; Kulkarni, A. A.; Kalbarczyk, K.; Schertzer, B.;
Diver, S. T.J. Am. Chem. So2006 128 15632-15636. (b) Hansen, E.
C.; Lee, D.Acc. Chem. Res200§ 39, 509-519. (c) Peppers, B. P.;
Kulkarni, A. A.; Diver, S. T.Org. Lett 2006 8, 2539-2542. (d) Maifeld,

S. V.; Lee, D.Chem=—Eur. J 2005 11, 6118-6126. (e) Diver, S. T.;
Giessert, A. JChem. Re. 2004 104, 1317-1382. (f) Poulsen, C. S.;
Madsen, RSynthesi003 1, 1-18.

(17) (a) Hansen, E. C.; Lee, D. Am. Chem. SoQ004 126, 15074~
15080. (b) Hansen, E. C.; Lee, D. Am. Chem. SoQ003 125 9582-
9583.

(18) Prunet, JAngew. Chem., Int. E2003 42, 2826-2830.

(19) Furstner, A.Angew. Chem., Int. ER003 42, 3582-3603.

(20) For other examples of the use of substituted methylenes as gearing
elements, see: (a) Commeureuc, A. G. J.; Murphy, J. A.; Dewis, M. L.
Org. Lett.2003 5, 2785-2788. (b) Kim, S. H.; Figueroa, |.; Fuchs, P. L.
Tetrahedron Lett1997 38, 2601-2604.
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FIGURE 1. Members of the longithorone family of natural products.

functional groups that influence certain molecular conforma-

tions, regardless of the level of rigidity of the molecule, the
term “conformational control element” will be used. If en-yne

metathesis is to develop into a reliable technology for total
synthesis, new methods are necessary that may control one o
several characteristics of the resulting products (endo vs exo

mode of cyclization,E:Z selectivity, stereochemistry). One

possible solution to this problem is through the development

of conformational control elements or auxiliaries that may
control some of these factors.
The most popular conformational control element is to

position a substituted methylene group adjacent to an aromatic
ring or planar heterocycle. This conformational control element

was elegantly exploited by Shair and co-workers in their
synthesis of longithorone A.The longithorone family of natural

products are farnesylated quinones, whereby the farnesyl unit
is wrapped around the quinone core to produce a rigid

cyclophane structure (Figure 2)Higher members of this family

are dimers of two cyclophanes and are thought to arrive

biosynthetically via intramolecular DietsAlder reactions be-

tween two appropriately functionalized [12]paracyclophanes.
Shair and co-workers used an intramolecular macrocyclic en-

yne metathesis in a biomimetic strategy to form the [12]-
paracyclophane structur&and 4 (Scheme 1). The reaction
was extremely difficult, requiring large catalyst loadings,

JOC Article

and control the various variables in the en-yne metathesis would
be of value. Herein we report the development of fluoroarene
arene interactions and novel aromatic auxiliaries to promote
intramolecular macrocyclic en-yne metathesis that influence the
resulting geometry of the formed internal olefin.

Results and Discussion

As part of a research program targeted toward the total
synthesis of members of the longithorone family of natural
products, we focused on the development of new protocols for
macrocyclization. The major synthetic challenge associated with
the total synthesis of these macrocyclic quinones was likely the
formation of the strained [12]paracyclophane cores. Our group
has been investigating novel gearing elements that are based
on noncovalent interactions. During studies directed toward the
preparation of longithorone & we developed a novel confor-
mational control element technology based upon perfluoro-
arene-arene interactions. We have recently reported that
perfluoroarene-arene interactions in the solution state can be
used to achieve difficult macrocyclizations using olefin me-
tathesis (Scheme 2.

For example, when the pentafluorobenzyl e&iés treated
with Grubbs first-generation catalyst1), the macrocyclé is
Pbtained in 41% yield. No cyclization is observed with any other
ester group. We have studied the mechanism of the gearing
effect via molecular modeling using both AM1 and MP2 levels
of theory, suggesting the gearing effect is a result of an
energetically more stable—s stacking conformei5-S that
exhibits a significant degree of overlap with the aromatic core
and aids in gearing the alkenyl sidechains for productive
metathesis. It is surprising that this interaction has seen limited
use in synthesis and catalysis. A sole example of such
quadrupolar interactions in t®lutionstate had been previously
observed by Marsella and co-worké&pNoncovalent interac-
tions such asm—sm interactions are known to contribute
significantly to the conformational stability of biological
systemg® Consequently, the study of the effects of the inclusion
of pentafluorophenyl groups and the resulting quadrupolar
interactions in peptides have attracted increased attefttion.
addition, intramolecular— interactions have long been known

(23) Kato, T.; Nagae, K.; Hoshikawa, M.etrahedron Lett1999 40,
1941-1944.

(24) (a) El-Azizi, Y.; Schmitzer, A.; Collins, S. KAngew. Chem., Int.
Ed. 2006 45, 968-973. (b) Collins, S. K.; El-Azizi, Y Pure Appl. Chem

extended reaction times, and the presence of an ethylene2006 78, 783-789.

atmosphere, and most importantly, the presence oftthe
butyldimethylsilyl-protected alcohol adjacent to the aromatic

(25) Marsella, M. J.; Wang, Z.-Q.; Reid, R. J.; Yoon,®tg. Lett.2001,
3, 885-887.
(26) For application of perfluoroaren@rene interactions in biological

ring was essential for any productive cyclization to occur. The systems, see: (a) Hunter, C. A.; Lawson, K. R.; Perkins, J.; Urch, L. J.

control of theE:Z ratios and atroposelectivities were dependent ngnm&:ﬁgfﬁ‘ E%ﬁkzigog%ni 37307314;1 ?C?l'\—ﬂgsg; (E) Xv-atcee{:iewénlbcgrk _
on the nature of the product and not the removable conforma- Diedérich, FAngew. Chém., Int. E&OOS 42, 12’1&.12.’50. For aseI’eciiori’

tional control element. Because few conformational control of other studies on perfluoroarenarene interactions and their applications,
elements have been investigated, the development of novelsee: (d) Babudri, F.; Farinola, G. M.; Naso, F.; RagniORem. Commun.

: PP - At 2007, 10, 1003-1022. (e) Bacchi, S.; Benaglia, M.; Cozzi, F.; Demartin,
gearing auxiliaries that would promote efficient macrocyclization F.. Filippini. G.: Gavezzotti, AChem-—Eur. J. 2006 13, 3538-3546. (7)

Vanspeybrouck, W.; Herrebout, W. A.; van der Veken, B. J.; Lundell, J.;
Perutz, R. NJ. Phys. Chem. R003 107, 13855-13861. (g) Collings, J.
C.; Roscoe, K. P.; Thomas, R. L.; Batsanov, A. S.; Stimson, L. M.; Howard,
J. A. K.; Marder, T. BNew J. Chem2001, 25, 1410-1417. (h) Kilbinger,
A. F. M.; Grubbs, R. HAngew. Chem., Int. E2002 41, 1563-1566. (i)
Adams, H.; Blanco, J. L. J.; Chessari, G.; Hunter, C. A.; Low, C. M. R.;
Sanderson, J. M.; Vinter, J. @hem=—Eur. J. 2001, 16, 3494-3503.

(27) (a) Gorske, B. C.; Blackwell, H. B. Am. Chem. So@006 128
14378-14387. (b) Woll, M. G.; Hadley, E. B.; Mecozzi, S.; Gellman, S.
H. J. Am. Chem. So@006 128 15932-15933.

(21) (a) Layton, M. E.; Morales, C. A.; Shair, M. D. Am. Chem. Soc
2002 124, 773-775. (b) Morales, C. A.; Layton, M. E.; Shair, M. Proc.
Natl. Acad. Sci. U.S.A2004 101, 12036-12041.

(22) (a) Fu, X.; Ferreira, M. L. G.; Schmitz, F. J. Nat. Prod 1999
62, 1306-1310. (b) Davis, R. A.; Carroll, A. R.; Quinn, R.J. Nat. Prod
1999 62, 158-160. (¢) Fu, X.; Hossain, M. B.; Schmitz, F. J.; van der
Helm, D. J. Org. Chem1997, 62, 3810-3819. (d) Fu, X.; Hossain, M. B.;
van der Helm, D.; Schmitz, F. J. Am. Chem. Sod994 116, 12125~
12126.
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SCHEME 1. Preparation of Functionalized Macrocycles by En-yne Metathesis by Shair and Co-Worke?3
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SCHEME 2. Development of a Perfluoroarene-Arene Conformational Control Element
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to play important roles in stereoselective reacti&iRecently, of [11]paracyclophanes via metathe¥iSecond8A represents

m—pyridinium cation interactior’8 have emerged as syntheti- a simplistic model of the [12]paracyclopharizand4 prepared
cally useful tools for face selective transformatihgve chose by Shair and co-workers, possessing the same number of atoms
to investigate whether we could expand the scope of the gearingin the macrocyclic ring and having the en-yne metathesis occur
elements that function via intramolecular-sr interactions to at exactly the same position along the ansa-bridge (Figute 2).
other macrocyclization protocols. Our interest in the higher Initial Screening/Optimization of Reaction Conditions. We
members of the longithorone family of natural products (such decided to base our initial investigations into whether the
as longithorone A and longithorone ) persuaded us to investigateperfluoroarene auxiliaries could be used for macrocyclic en-
macrocyclic en-yne metathesis. We immediately set forth to yne metathesis by applying the optimized conditions reported
develop a methodology that would be synthetically useful for by Shair and co-workers during the synthesis of longithorone
the preparation of functionalized macrocycles useful in natural A. These reaction conditions included the use of an ethylene
product synthesis. We initially chose to investigate the macro- atmosphere. Although it is known that these conditions can lead
cyclization to form the strained [12]paracyclophane eS8ty to preferential cross-metathesis between ethylene and the alkyne
for several reasons. We assumed that no products resulting frommoiety of the en-yne metathesis precursors, the resulting dienes
exo cyclization would be formed because prior investigations have been shown to undergo subsequent olefin metathesis to
had demonstrated that it was not possible to form these typesyield 1,3-diene products. This strategy, termed “indirect en-
yne metathesis” can result in yields aBd& selectivities higher

(28) Corey, E. J.; Ensley, H..B. Am. Chem. Sod975 97, 6908- than those of the “direct en-yne metathesis” that occurs between

6909. (b) Evans, D. A.; Chapman, K. T.; BisahaJJAm. Chem. Soc.  alkyne and alken&’32 Hence, the initial investigations of
1988 110, 1238-1256.

(29) Yamada, S.: Morita, Gl Am. Chem. So@002 124 8184-81g5,  macrocyclization oA with G1 (10 or 20 mol %) in CHCI
(30) (a) Jones, G. Bletrahedron2001, 57, 7999-8016. (b) Jones, G.
B.; Chapman, B. JSynthesisd995 475-497. (31) See Supporting Information for details.
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FIGURE 2. Target [12]paracyclophanes to be formed via en-yne metathesis.

SCHEME 3. Catalyst Optimization to benefit from higher reaction temperatufésiowever, when

h, the macrocycl8A was obtained in an isolated yield of 38%

| the macrocyclization was performed in toluene at 1CGor 2
3.

with an E:Z ratio of 1:3.3.

! GlorG2(20mol %
. i r OH\%G ?:H(:cé,ﬂsr? & . f . o These yields approach what we have observed for macrocy-
1 atm ethylene clizations via olefin metathesis, despite the fact that these
(M =04 710 + m cyclizations form macrocycles bearing 1,3-dienes that are
o GH2 20 mol %), 2h £ F o7 considerably more strained than those bearing a simple olefin.
FO O, M=04m0 F - F FOO Ve This is evident from the preference for the formation of a cis
7A 8A o }k\ olefin within the macrocycle. Thi#H NMR spectra also clearly

show that the methylene protons of the auxiliary are diaste-
reotopic, indicating the formation of atropisomers due to the
ansa-bridge’s restricted rotatiéh.

It is also important to note that only traces of the macrocycle
are ever observed in the absence of the pentafluorophenyl
auxiliary (eq 1).The absence of the perfluorobenzyl conforma-
tional control element results in the formation of a linear dimer
and oligomerization Modifying the reaction concentration,
at reflux were performed under an atmosphere of ethylene (1 hature of the catalyst, or_the_ method of s_ubstrate addition fa_iled
atm). Incomplete conversion GfA (56%) was observed after 0 afford any macrocyclization when using the corre_spo_ndlng
15 h, and purification of the reaction mixture afforded only a Methyl ester o A. These results suggest that a combination of
12% yield of macrocycl®A (Scheme 3). The macrocycle was higher temperatqres and reactive ca’galysts can be useq to help
formed with complete endo selectivity and BiZ ratio of 1:1. affect macrocyclic en-yne metathesis. Perhaps what is most
The major product of the reaction was the 1,3-dierigolated notable is _tha@ the auxmary gearing element efficiently d|r<_e(_:ts
in 31% yield resulting from cross-metathesis of ethylene with macrocyclization even in a solvent capable of competitive
the pendant alkyne. In an effort to improve conversion, we Z-interactions. Th|§ may point to fluormat'ed aromatics as an
repeated the protocol with Grubbs’ second-generation catalystattractive alternative for use in catalysis over pyridinium
G2 (Scheme 3). Although we succeeded in improving conver- cations®®
sion (86%) and reducing the amountfisolated in 12% yield),
the yield of the desired produ®A was only marginally

[\ \
MesN._ _NMes MesN._ _NMes
with G1: 8A (12 %, E:Z1:1) 9 (31 %) \r‘\\a T «Cl
with G2: 8A (17 %, E:Z1:1) 9 (12 %) fRu-“Ph Ru=
with GH2 (CH,Cl,, 40 °C): 8A (23 %, E:Z 1:1.6) cl | CI/ |
with GH2 (PhMe, 110 °C): 8A (38 %, E:Z 1:3.3) PCys i-Pr’O
G2 GH2

4
0'(/\)\\ G2 (CH,Cl,, 40 °C)

improved to 17%:Z, 1:1). The macrocycl8A is believed to or
be formed via a direct en-yne metathesis process, because GH2 (PhMe, 110°C) g o M
subjecting9 to similar reaction conditions does not promote MeQ, c?“@
ring closure and only oligomerization was observed. In an effort o MeO o
. P O, Never Observed
to evade the formation dd, we eliminated ethylene from the MEN
reaction conditions and investigated the use of more reactive Me-7A Me-8A

Grubbs-Hoveyda-type catalysts (Scheme 3). Upon treatment

of 7A with Grubbs-Hoveyda second-generation catayGH?) Although the yields of the macrocyclic en-yne metathesis
in CH,Cl, at 40 °C, 9 was completely eliminated from the reactions were comparable to those obtained with traditional

reaction profile and the starting material was completely conformational control elements, we felt further improvements
consumed. In addition, the yield 8A had improved to 23%  Were possible. We also desired a conformational control element
(E:Z, 1:1.6). Typically, macrocyclization can be improved by that might increase the preference for formiglefins in the
using higher temperatures; however, this has been shown toProduct, as was necessary if a total synthesis of the longithorone
afford side products that are difficult to separate from the desired family of natural products was to proceed.

product3® Nonetheless, other RCM reactions have been shown Auxiliary Development. In an effort to develop even more
efficient conformational control elements to aid in difficult

(32) Funk, T. W.; Efskind, J.; Grubbs, R. I@rg. Lett.2005 7, 187—
190. (34) Wojtkielewicz, A.; Morzycki, J. WOrg. Lett.2006 8, 839-842.

(33) At high temperatures or prolonged heating, migration of the alkene  (35) The methylene signals of the ansa-bridge are also observed to be
to form a more substituted olefin can occur. Subsequent metathesis woulddiastereotopic. In addition, several methylene signals can sometimes be
result in the loss of propene during the reaction. The products can be very observed resonating between 65 ppm. This shielding effect has been
difficult to separate; see ref 3a. For another example of the loss of propene observed in other rigid macrocycles. See: Furstner, A.; Krausé, Birg.
during a macrocyclization, see: Joe, D.; Overman, LT&rahedron Lett. Chem 1999 64, 8281-8286.

1997, 38, 8635-8638. (36) Yamada, S.; Morimoto, Yletrahedron Lett2006 47, 5557-5560.
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TABLE 1. Evaluation of Different Fluoroarene Conformational Control Elements for the Formation of Strained [12]Paracyclophaned

GH2 R . FiC
(20 mol %) F.
. PhMe, A, 2 h - =
Em:?:t jf-ii;;mg ~ »  |facrocycle =A s
[M]=0.4*10 F CF;
F
Entry Precursor Macrocycle Aryl Yield (%) Z:E  Entry Precursor Macrocycle  Aryl Yield (%) Zz:E
[ O° Op°
/
VN2 A N LN
A o o 'b
° L‘*A:yl
TA 8A A 38 9.6:1 20A A 34  1:83
10B 1B B a7 6: 1 22B B 54 1:8
0.0
O. O O )
o° | Aryl f\// =
Aryl Q
o] o K] /o Ke)
2 § M s
- (o] o) b (o] (e
o L‘Aryl' O L‘*Aryf
12A 13A A 35 1:1.4 24A 25A A 43 3.6:1
14B 15B B 59  >1:25 26B 278 B 69 2:1
[O¢°
Ayl N | S
Q A0 0
3 6 .
’O Q (o) o]
Aryl™N, i (
o "o 4 Aryl
A 3336 331 28A 204 A 51 18:1
B 49 25:1 30B 31B B 53 1:10

aReported yields are after isolation by silica gel flash chromatograpiiyratios are determined b4 NMR.

macrocyclic en-yne metathesis reactions, we investigated replac-1) (Table 1, entry 1). When the auxiliary was exchanged for
ing the five fluorine atoms of the pentafluorobenzyl auxiliary the CR-bearing auxiliary, the yield increased further atiB

for other electron-withdrawing substituents. We hoped that with was isolated in 47% while the isomeric ratio decreased
proper optimization, even higher, more synthetically useful 6:1. Although it looked as if the GFbearing auxiliary was more
macrocyclization yields could be obtained. We also wondered E-selective, we decided to investigate moving the position of
whether these conformational control auxiliaries could be used metathesis along the ansa-bridge to confirm this hypothesis. We
to control the resulting:E ratios of the products. In modifying  have previously observed that this can have a significant effect
the auxiliary, we decided to avoid using other pentahalogen- on the yield of metathesis. When the site of metathesis was
substituted aromatics, because we feared that an increase in thenoved a single carbon further along the chain, we again
steric bulk might result in repulsion between the auxiliary and
aromatic core and a less efficient control over substrate (37) For examples of the use of the {2ffoup in catalysis and biological
conformation in solution. We had already observed that a nitro ﬁ'&??&?%béefé, é%ggoel,élz;_ '(:gj)k{gnoé?'L_*f'z;h'\gﬁfuco_'%ﬁgf_‘?’l'vgnfe”ﬂ&
group could be used to affect the formation of trace quantities G : Butora, G.; Pasternak, A.; Parsons, W. H.: Mills, S. G.; MacCoss, M.;
of [12]paracyclophane products in macrocyclic olefin meta- Vicario, P. P.; Zweerink, H.; Ayala, J. M.; Goyal, S.; Hanlon, W. A;;

thesis24® However, we did not want to construct auxiliaries with ~ ¢ascieri, M. A.; Springer, M. Sioorg. Med. Chem. Let2006 16, 3735~
3739. (c) Vargas, A.; Hoxha, F.; Bonalumi, N.; Mallat, T.; Baiker, JA.

multiple NG, groups and considered a &£Broup, another  caia 2006 240, 203-212. (d) Diezi, S.; Ferri, D.; Vargas, A.; Mallat, T.;
excellent electron-withdrawing group, as an alternativin Baiker, A.J. Am. Chem. So006 128 4048-4057. (e) Betageri, R.;
addition, Tidwell and co-workers had reported that efficient Zhang, Y.; Zindell, R. M.; Kuzmich, D.; Kirrane, T. M.; Bentzien, J.;

7-stacking was observed in the solid state between a tolyl group gef?f)éﬂm'v'é _C,?P;tcgiap_‘jégsigd[af Jéglé;zr':‘; 'éoh%ﬁdxs'gs a[‘gi’&z)'r;gSh'h’

and a bis-(3,5)-trifluoromethyl grouf§.We decided to inves-  Med. Chem. Let2005 15, 4761-4769. (f) Guiu, E.; Caporali, M.; Munoz,
tigate the use of a (3,5)-bistrifluoromethylbenzyl ester as a B.; Muller, C.; Lutz, M.; Spek, A. L.; Claver, C.; van Leeuwen, P. W. N.
gearing element (Table 1). M. Organometallic2006 25, 3102-3104. (g) Schlosser, Mingew. Chem.,

. . . % vield d Int. Ed. 2006 45, 5432-5446. ) ] ]
When 8A was formed, it was isolated in 38% vyield an (38) Allen, A. D.; Kwong-Chip, J. M.; Mistry, J.; Sawyer, J. F.; Tidwell,

favored the formation of a predominatefyisomer Z:E, 9.6: T.T.J. Org. Chem1987, 52, 4164-4171.
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observed the same trend (entry 2). CyclophbB& was isolated afforded41A in 33% yield and arc:Z ratio of 1:24° While the

in 35% vyield with a nearly equal ratio &f.E isomers present  usage of the Cfbearing auxiliary did not improve th&E ratio
(ZE, 1:1.4). However, switching to the GfBearing auxiliary of the product, we did observe higher yields4®B using this
resulted in a jump in the isolated yield ah8B was isolated in auxiliary (41%). To the best of our knowledge, this is the first
59%. Furthermore, théH NMR spectra showed a single use of the relay ring closing metathesis strategy in macrocyclic
conformational isomerZ.E > 1:25). This particular example  en-yne metathesis.

demonstrates that the auxiliary is having a dramatic effect on
the isomeric ratio of the products. Next, we investigated the
influence of switching the relative position of the side chains

Molecular Modeling. The success of the 3,5-(trifluorom-
ethyl)benzyl ester group as a conformational control auxiliary
prompted us to conduct a series of molecular modeling

W'tth r;aspe;:t tOT.':‘ (I.Ve\l.fl tf;zzlkynyl S'bde.ghg'tn |tshorth(3 tq thg experiments to help understand why the substitution of the five
ester functionality). Whe was submitted to the optimize fluorine atoms by two Cigroups provided increased yields in

metathesis conditions, the pentafluorobenzyl ester CyCIOphanemacrocyclization. We decided to use a model system similar

17A_‘ was |§0I§ted n 3336% y'6|(.j and e>.<h|b|teq &E ratio of to that used in our previous studies (§e&cheme 23! Previous
3.3:1. Switching to the Gfbearing auxiliary did not have a L .
: . T . . . reports of the stacking interactions of perfluoroarenes and other
dramatic effect on th&:E ratio, giving a slightly higher quantity ) ; .
of the E-isomer (2.5:1). However, once again the yield of the arenes in the solid state point toward a preference for a face-
A ' J y to-face orientation (conformer Figure 4)*243In addition, our

. o ;
cyclophane productl98 increased to 49%. This trend of previous molecular modeling studies using AM1 and MP2 levels

increasing yields was also observed in the formation of f theorv al ted that_ interactions mav be r .
cyclophane®1A and23B, as the yield o23Bis ~20% higher of theary also suggeste 7 Interactions may be respo
sible for the gearing effect. However, we postulated two other

than that observed fo21A, but the isomeric ratio remains . . . .
possible noncovalent interactions that could influence the

essentially the same (entry 4). The aromatic core could be . . o
modified as well while maintaining the same trends. The solution-state conformation of the macrocyclization substrates
(Figure 4). Doyon and Jain have previously shown that

naphthyl en-yne@4A (entry 5) cyclized to affor®5A in 43% ; X . . o o
yield with a Z:E ratio of 3.6:1. However26B did not provide F—Haromaticinteractions provided increased binding affinities of
inhibitors of carbonic anhydragélf a similar interaction was

27B with a significantly higherE-selectivity, although the . X
present, we would expect a conformation resemblingrigure

product was once again observed in higher yield (69%). The . X X ”
addition of a second pentafluorobenzyl group (entry 6) also 4) to be favored. However, previous studies have identified that

afforded the corresponding [12]paracyclophane pro8@étin all five fluorine a_toms are required for efficie_nt conf(_)rmational
519% yield with anZE ratio of 1.8:1 (Figure 3). In contrast, ~CcONtrol, suggesting that one or twe-Haromaicinteractions are
30B afforded the cyclophane produgiB in a yield similar to unllkgly to be responsible for the.r.nacrocycllzatlon. We a!so
that of 29A (53 vs 51%). However, thE-selectivity was high, theorized that a conformer exhibiting an oxygen lone -pair
and a 1:1(Z:E ratio was observed. These results reinforce the @rene (Ip- interaction) could be possible considering the
belief that subtle changes in the structure of the macrocycle relative electron deficiency of the gearing element and the
can alter the resulting:Z ratios significantly. However, it is ~ Proximity of the oxygen atoms in these model systems
clear that, while it is not possible to completely override the (conformerlil, Figure 4). An elegant study by Gung and co-
thermodynamic preference of the system, the auxiliary is being Workers showed that tpr interactions can influence solution-
shown to be capable of influencing the resultant isomeric ratio State conformation®In addition, electron-deficient-systems

of products. To date, there has not been a catalyst-controlledhave been shown by ad initio calculations to engage in favorable
method devised to influence these ratios, although Grubbs

Hoveyda-type catalysts bearing un.sym_metr'cal NHC Ilgands (40) We have not yet identified which is the major isomer. However,
have been shown to affedt:Z ratios in cross-metathesis we tentatively assign the major isomer as beingztisomer, on the basis
reactions and may have promise in en-yne metathesis ad9vel|. of the tendency to favor th&-isomer in the formation of all other [12]-

. . . paracyclophanes reported herein. Interestingly, duHHgNMR studies
Larger rings bearing less strain, such as [13]paracyclophanesaimed at identifying theZ-isomer,41A was heated at 110C in DMF-d;

could also be formed efficiently (Table 2). The [13]paracyclo- o;ﬂtarzni%:n,\m% no deiqradation was observed with only minor coalescence
: : 0% \si : . of the signals.
phane33A was obtained in 31% yield, and the loss in strain (41) Although the model systems in our study contain two olefinic side

was apparent as the-isomer was favoredZE, 1:9). Once chains instead of an alkyne and alkene side chain, this minor structural
again, using the GFbearing auxiliary provided the cyclophane change is unlikely to alter the solution-state conformations in a significant

H H H H H. . manner.
35Bin increased yield (45%) and with higkselectivity Z:E (42) (2) Gung, B. W.: Amicangelo, J. G. Org. Chem2006 71, 9261

> 1:25). As a matter of fact, regardless of the placement of the 9270. (b) Martin, C. B.; Mulla, H. R.; Willis, P. G.; Cammers-Goodwin,
side chains relative to the ester (entry 2) or of substitution on A. J. Org. Chem1999 64, 7802-7806.

: : ; 0 (43) (a) Watt, S. W.; Dai, C.; Scott, A. J.; Burke, J. M.; Thomas, R. L;
the aromatic core (entry 3), the yields were typicai$p0% Collings, J. C.. Viney. C.. Clegg, W.. Marder, T. Bngew. Chem.. Int.

and the cyclophanes37B, 39B) were obtained in highe- Ed. 2004 43, 3061-3063. (b) Collings, J. C.; Roscoe, K. P.; Robins, E.
selectivity E > 1:25). G.; Batsanov, A. S.; Stimson, L. M.; Howard, J. A. K.; Clark, S. J.; Marder,
T. B. New J. Chem2002 26, 1740-1746. (c) Collings, J. C.; Batsanov,
We also sought to apply the fluoroarererene technology A’ s Howard, J. A. K.; Marder, T. BCan. J. Chem2006 84, 238-242.
to the formation of more substituted 1,3-dienes (Scheme 4). We(d) Collings, J. C.; Batsanov, A. S.; Howard, J. A. K.; Dickie, D. A;;
i i i Clyburne, J. A. C.; Jenkins, H. A.; Marder, T. B. Fluorine Chem2005
prepared_ the precur.SdDA be_arlng the appropriate extension 126, 515-519. (e) Collings, J. C.; Burke, J. M.; Smith, P. S.; Batsanov, A.
to exploit a relay ring closing strategy.When 40A was S.; Howard, J. A. K.; Marder, T. BOrg. Biomol. Chem2004 2, 3172~
subjected to the optimized reaction conditions, the cyclization 3178.
(44) Doyon, J. B.; Jain, AOrg. Lett.1999 1, 183-186.
(45) (a) Gung, B. W.; Xue, X.; Reich, H. J. Org. Chem2005 70,
(39) Vehlow, K.; Maechling, S.; Blechert, ©rganometallic2006 25, 7232-7237. (b) Gung, B. W.; Xue, X.; Reich, H. J. Org. Chem2005
25-28. 70, 3641-3644.
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FIGURE 3. Determination ofZ:E isomeric ratios in [12]paracyclophanes.

Ip—a interactions'® Thus, we believe a conformation resembling compared to our previous study would help to shed light on
Il is also plausible, where the pendant arene would interact the various conformational possibilities of the arenes in these
with the phenolic oxygen that is ortho with respect to the ester systems.

group. Consequently, we conducted a new series of molecular To further probe the mechanism of the conformational control
modeling studies using a DETlevel geometric and energy effect, molecular modeling studies were performed in a series
analysis. It was hoped that the use of this higher level of theory of steps® First, the initial geometry optimizations fd@r were
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TABLE 2. Evaluation of Different Fluoroarene Conformational
Control Elements for the Formation of [13]Paracyclophaned

GHz2

(20 mol %)
PhMe, A, 2 h

M]=04*10*

i FsC
F 3
F
= A =B
F CF5
F

Aryl

En-Yne Starting
Material

Entry Precursor Macrocycle Yield (%) Z:E

0\¢0

Aryl or\/\\

el

31
45

1.9
>1:25

[
©
>
o P

=1

38B B 51 >1:

aReported yields are after isolation by silica gel flash chromatography.
Z:E ratios are determined bjH NMR.

SCHEME 4. Relay Ring Closing En-yne Metathesis

JOC Article

face-face Oxygen - Arene

F-Harom

FIGURE 4. Potential noncovalent interactions that could influence
the solution-state conformation &f

Subsequently, we resubmitted the “closed” conformer to a DFT
level geometric and energy analysis. We once again observed
an “open” conformeb-O* and a stacked or “closed” conformer
5-S* (Figure 5)5! DFT calculations showed that the closed
conformer was more favored by0.20 kcal/mol than the closed
conformer. Importantly, the nature of the closed conforf&¢
differs considerably from that &-S previously obtained through
calculation using AM1 and MP2 levels of theory. In fact, in
5-S* the auxiliary does not overlap efficiently with the arene
core, instead opting to sit over the pendant oxygen atoms in
these systems (Figure 5). This sort of-fp interaction has been
previously studied using hexafluorobenzene and a molecule of
H,0 using the MP2/6-31G** level of theor{f.We then pursued

a similar analysis of the analogous 3,5-(trifluoromethyl)benzyl
ester44 to discover if similar Ip-zr interactions were also
responsible for controlling conformer distribution and perhaps
productive macrocyclization.

The analysis of the analogous 3,5-(trifluoromethyl)benzyl
ester44 was performed in the following manner. Starting with
the 5-S the five fluorine substituents were exchanged for two
CFRs groups to givedd. Subsequently44 was refined using the
MP2 level of theory in which only the torsion angles about the
ester functionality were allowed to vary. The resulting conformer
was then further refined via a DFT level geometric and energy
analysis. We again observed two distinct conformations, in
which the stacked or “closed” conforméd-Swas preferred

[~O~° A\ GH2 - over the “open” c_onforme44-0 by —1.28 kcal/mol (Figure
Ayl 4 i (20 mol %) 6). These calculations suggest that both stacked confolgts
r\/> o) PhMe, A, 2 h _ 0 ~0 and 44-S are preferred compared to their respective open
@;_ Vi M]=0.4*10% 0}'@ conformers5-O* and44-0O. The conforme#4-S however, is
N R F.C [ ‘?w preferred to44-O to a much greater extent than tbeS* to
40A Aryl = CoFs N Q\ 1A Ayl = CeFs 5-O*. This suggests that conforméd-Sis highly likely to
42B Aryl = CgH5(CF3), 43B Aryl = CgH3(CFa), predominate in solution. It should be noted that the rates of
F CFy reaction of both the “stacked” and “open” conformer, and hence
F the distribution of their respective macrocyclization products,
33% 41 %
ZE21 Z:E 2.3:1

performed using semiempirical methods (ANPip afford both

maximum and minimum energy conformers. These conformers

(47) (a) Koch, W.; Holthausen, M. C. |A Chemist's Guide to Density
Functional Theory;Wiley-VCH: Weinheim, 2002. (b) Burke, K.; Wer-
schnik, J.; Gross, E. K. W. Chem. Phys2005 123 062206.

(48) Accurate ab initio studies of aromatic clusters must include electron

displayed either an “open” conformation where the benzyl ester correlation to obtain good representations of dispersion and electrostatic
is elongated away from the aromatic core or a “closed” forces that are responsible for conformation stability. Because of the large
conformation in which the arene of the benzyl ester is positioned size of the molecules in question, high-level treatment of electron correlation

. . - or the use of large basis sets was precluded.
underneath the aromatic core in a slipped type arrangement. (49) Calculations were performed usiHgperchemversion 7.5; Dewar,

MP2%0 perturbation theory with a 6-31G* basis set was then M. J. S,; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J.FAm. Chem. Soc

; ; 1985 107, 3902-3909.
used to provide more accurate energies for each conformer. (50) Moeller, C.. Plesset, M. $hys. Re. 1934 46, 618-622.

(51) We have assigned the compound numise® and5-O* to these
conformers obtained from DFT analysis to distinguish them from those of
an earlier study obtained from MP2 analysis that were assigned the
compound numbers-S and5-O.

(46) (a) Gallivan, J. P.; Dougherty, D. Rrg. Lett 1999 1, 103-105.
(b) Scheiner, S.; Kar, T.; Pattanayak,JJ.Am. Chem. So002 124
13257-13264.
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FIGURE 5. Conformational analysis d.

W

FIGURE 6. Conformational analysis of4.

FIGURE 7. Conformations of#4-Sand5-S* exhibiting Ip— interactions.

depend on the relative energies of the transition states leadinghave demonstrated that a £3ffoup is better at inducing arene

to those products. If the activation barrier from each ground- arene interactions than a single F at#m.

state conformer were equal, the dlfferen(_:e in energy _between Once again, in conformet4-S the auxiliary prefers to sit
those ground states would be reflected in the transition-stategyer the pendant oxygen atoms of the aromatic core (Figure
energies and would be responsible for the observed product7). Gung and co-workers observed similar-p interactions
distribution. However, the barrier for reaction of the stacked for arenes bearing a Sing|e Qgroup even in solvents Capab|e
conformersd4-Sor 5-S* may be even lower than that of their  of forming weak CH-O hydrogen bond& Their study did not
open conformers, since th? stacked” conformations are be“eV_edinclude strongly electron-deficient arenes such as the pentafluo-
to orient th_e alkyl _S|de chaln_s close_r together, thereby decreasingrobenzyl and 3,5-bis(trifluoromethyl)benzyl ester group$in
the entropic barrier for their reaction. In the case of the open and 44, respectively. However, it is clear that effective mac-
conformer, the activation barrier of the dimerization reaction is rocyclization observed with substrates bearing the @fxiliary

apparently lower than that of the macrocyclization. may be explained by the superior energetic stability of thedp
The origin for the highly favoredi4-S may be due to the interaction of44-Sversus5-S*,

electronic nature of the GRSubstituents. Although bears five Although these calculations provided better insight into the

aromatic fluorine atoms, they can act simultaneously as both noncovalent interactions responsible for macrocyclization and

o-withdrawing ands-electron-donating group8.In contrast,  why the CF auxiliary was superior to the pentafluorobenzyl

the two CF; groups ares-withdrawing, but are devoid of any  ayxiliary, we were intrigued whether these conformational
i-donating capability. This may allow for the existence of a ¢ontrol elements could be used for all-carbon systems, such as
less electron-rich aromatic auxiliary, thereby increasing the tnose that would be explored in the context of a total synthesis
possibility for stabilizingz-interactions. Gung and co-workers  of members of the longithorone natural products. Consequently,
we performed an identical conformational search#6@and46,

(52) Hansch, C.; Leo, A.; Taft, R. WChem. Re. 1991, 91, 165-195. in which the phenolic oxygen atoms have been replaced with
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FIGURE 8. Conformational analysis of5 and46 models systems.
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FIGURE 9. Conformers46-Sand45-Sexhibiting efficientz-overlap of the pendant auxiliary and arene core.

methylene groups (Figure 8). Once again, the DFT conforma- highly active GrubbsHoveyda catalysts and when exploiting
tional and energetic analysis identified two major conformers fluoroarene-arene interactions. This interaction is effective even
corresponding to the “open” and “stacked” conformations under high reaction temperatures and in the presence of a
previously observed. In the pentafluorobenzyl ester containing competitivesz-rich solvent such as toluene. These results suggest
45, the “stacked” conformed5-Sis preferred to the “open”  that efficientr—x stacking displayed in a variety of solvents
conformer45-O by —0.55 kcal/mol. Satisfyingly, in this case for both the pentafluoropherdfP and 3,5-bis(trifluoromethyl)-
the arenes are slightly offset and a great degree-@¥erlap is phenyl groups could prove valuable in the design of new
observed (Figure 9). Interestingly, the “stacked” conforafer catalysts and ligands in asymmetric catalysis. In macrocycliza-
S, exhibiting arene-arene interactions, is preferred energetically tion reactions, the yields of cyclophane products are comparable
to a greater extent than the “stacked” confor@es* exhibiting or better than those previously obtained via macrocyclic olefin
Ip—z interactions. This suggests that these auxiliaries should metathesis, despite the fact that the 1,3-diene functionality
be equally as effective in the macrocyclization of all-carbon resulting from en-yne metathesis creates a rigidified ansa-bridge
cyclophanes. Similarly, the “stacked” conform#8-S of the with restricted rotation. The 3,5-bis(trifluoromethyl)benzyl
CFs-bearing substrate also showed a face-to-face type arene conformational control elements provide higher yields and
arene interaction with considerable overlap of the aromatic core greater E-selectivity in the macrocyclic en-yne metathesis.
and pendant arene. THé-Sconformer was preferred by0.41 Although “indirect” en-yne metathesis has been shown to afford
kcal/mol over 46-O, representing a decrease in energetic higher yields of metathesis products with higfselectivities,
preference for a “stacked” conformation relative 44-S in the 3,5-bis(trifluoromethyl)benzyl gearing elements are a rare
which Ip— interactions were present. This suggests that the display of an auxiliary capable of effecting “direct” en-yne
3,5-bis(trifluoromethyl)phenyl group is more sensitive te-ip metathesis macrocyclization with similarly high yields ahé
interactions than the pentafluorophenyl group. These resultsselectivities. The efficient gearing of the macrocyclization
predict that the superiat-overlap observed in the all-carbon  substrates has been investigated through molecular modeling
series, combined with the energetic preference for the corre-and suggests that both4ar and 7—x interactions can be
sponding “stacked” conformations, will lead toward efficient responsible for productive macrocyclization. Although study of
macrocyclization. the nature of Ip-7 interactions has attracted interest, the
In summary, we have demonstrated that efficient direct en- macrocyclizations described here demonstrate a practical ap-
yne metathesis of strained macrocyclic systems is possible usingplication of these noncovalent interactions. Energetic differences
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