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The supramolecular assistance to Pd(0)/Cu(l)-catalyzed cyclotrimerization of stannylated norffornene
has been investigated to give molecular bdwj} in a stereoselective fashion. Following a divergent
strategy, racemic norborned@evas synthesized in satisfactory yield. Self-coupling, promoted by Pd(0)/
Cu(l) catalysis acting in synergy with CsF, yielded molecular by in a moderate 30% vyield. The
reaction diastereoselectivity is affected by the concentration of Cu(l) ahd i@sreasing quantities of

the cations enhanced tegnanti ratio of the isolated cyclotrimer from statistical (1:3) to a more desirable
(4.5:1) ratio, in favor of the molecular bodd,, *H NMR spectroscopic studies suggested the coordinating
affinity of 1sy,toward transition metals Cu(l), Ag(l), and Au(l), to account for the observed templation
effect. In particular, the tridentatiey, has been shown to bind to one Ag(l) cation in the assembly process
that is driven with enthalpyXH® = —19 + 2 kcal/mol,AS’ = —45 eu). The complete coordination was

not cooperative, and was hypothesized to be impeded with the adverse entropy. Accordingly, density
functional theory (BP86) calculations tf,,and its mone, bis-, and trisAg(l) complexes suggested that

the coordination of one to three silver cations is highly exothermic. The calculations also revealed that
the bowl constriction is necessary for the aromatic arms to become preorganized and bind to a silver
cation(s) AE ~ 8 kcal/mol). Ultimately, Ag(l) has been shown to assist the diastereoselective formation
of 1y, lending support to the notion of template-directed synthesis.

Introduction and cavitands with controllable conformational dynarhasd
regulatory operational mechanisibas the prospect of fun-
Broadening the scope and deepening the understanding ofjamentally addressing the relationship between recognition and
molecular recognition and assembly in an unnatural setting reactivity in artificial environment$The inspiration comes from
requires a steady development of functional hosts capable of

binding guests in a.constrlctlve manﬁ@'u.r research program, * Address correspondence to this author. Phone: (614) 247-8342. Fax: (614)
focused on the design and study of a family of molecular baskets 292-1685.
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FIGURE 1. (A) The cyclotrimerization of a racemic norbornene, promoted with a transition metal catalyst, typically yields a midyn&uofi
diastereomers; thanti compound is statistically favoreéd.(B) Presumably, a metal cation could assist the annulation to occur in a diastereoselective

fashion.

the natural world where biological molecules regulate the
binding, transition-state stabilization, and trafficking of mol-

compound is typically the principal constituent (Figure TA).
This statistical challenge limits access to greater quantities of

ecules via a sequence of controlled and synchronized confor-molecular baskets and is frustrating for subsequent molecular

mational changes.

Molecular baskets, of interest to our program, comprise a
Cs, symmetrical tris-norbornadiene framework (Figure 1A). The
structural framework provides a concave curvafuend is
synthesized via tris-annulation of a functionalized norbornene
with a transition metal cataly§tln general, the reaction gives
a synanti diastereomeric mixture whereby undesiradti
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recognition studies. A need for a practical diastereoselective
cyclotrimerization exists, and De Lucchi et al. have invested
considerable effort in developing effective synthetic routes and
understanding the annulation mechanigs.

The study presented here communicates an approach, whereby
the enantiodiscrimination of a racemic norbornene reactant is
assisted with a metal cation as template to direct the formation
of a molecular bowl in a diastereoselective fashion (Figure 1B).
In addition, the Stille-type cyclotrimerization has, for the first
time, been optimized with a palladium(0)/copper(l) catalytic pair
to act in synergy with Cs® Molecular bowl 1y, (Figure 2A)
has been designed in a modular way, and incorporates three
identicalo-phenylenediamine moieties in the quinoxaline form.
Conceivably, varying the nature of the diamine component will
afford access to a greater number of dynamic receptors and
baskets. More spacious inner space of the synthesized molecular
bowl is capable of reversibly adjusting its shape and size in
response to the presence of silver(l) cations, presenting a stimuli-
responsive and dynamic character of this emerging class of
hosts.
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FIGURE 2. (A) Synthesis of compounds,, and its'H NMR spectroscopic assignment. (B) Synthesis of compdin) Synthesis of com-

pound10.

Results and Discussion

Synthesis.The synthesis oflsy, is presented in Figure 2A.
Compounds2 and 3 were obtained independently, and then
subjected to condensation to gi¢eThe strategy is divergent
to allow for a number of accessible diamines, akin to 1,2-
diaminobenzend, to be ultimately used in the synthesis; in
this way, the versatility of the procedure is greatly enhanced
Furthermore, 5-norbornene-2,3-dio@eis easily obtained in
gram quantities from a DietsAlder reaction of vinylene
carbonat® and cyclopentadiene followed by the hydrolysis and
Swern oxidation of subsequently formed cycloadddcthe
bromination of4 was completed in boiling decalin at 158G to
circumvent WagnerMeerwein skeletal rearrangements (Figure
2A).12 Both cis andtrans addition of bromine took place, with
the stereochemistry of thas addition preferring theexoside
of the bicyclic ring!® Subsequent elimination of the halogen in
S5am assisted with-BuOK, and stannylation afforded bromo-
(trimethylstannyl)7. This compound is preset to undergo the
cyclotrimerization, when prompted with a transition metal
catalyst.

Cyclotrimerization Studies. Modularly designed has two
aromatic nitrogens with an intrinsic ability to complex transition
metals, perhaps, in the course of its coupling itit¢Figure

1B). That is to say, a metal cation can be hypothesized to act

(10) Newman, M. S.; Addor, R. WI. Am. Chem. Sod955 77, 3789~
3793.

(11) Kobayashi, T.; Kobayashi, $olecules200Q 5, 1062-1067.

(12) (a) Colter, A.; Friedrich, E. C.; Holness, N. J.; Winstein, SAm.
Chem. Socl1965 87, 378-379. (b) Walling, CAcc. Chem. Re4983 16,
448-454. (c) Tutar, A.; Taskesenligil, Y.; Cakmak, O.; Abbasoglu, R.;
Balci, M. J. Org. Chem1996 61, 8297-8300.

(13) Kobayashi, T.; Miki, K.Bull. Chem. Soc. Jpril998 71, 1443~
1449.

as a templaté in the formation of the cyclotrimer: the process
of enantiomeric discrimination, in the course of homocoupling
versus heterocoupling of racemicmay well be assisted with
the template to favor theyn product.

With this presumption, we first attempted the cyclotrimer-
ization of 7 using Cu(l) and Cu(ll) compounds to catalyze and
simultaneously template the formation of desiflggh (Table 1,

" entries 1-3). Copper-based reagents proved ineffective in
promoting the transformation: a mixture of unidentifiable
oligomers and destannylated products was typically observed.
It is important to note, though, that the cyclotrimerization of a
variety of stannylated norbornenes assisted with copper catalysts
had, as reported earlié¥/28dbeen proven useful. The self-
coupling of 7, under the Stille conditions, also failed to give
the desired produét It surprisingly, led to a transfer of two
methyl groups to the trigonal carbons Tto give 8 in 19%
yield (Figure 1B). The X-ray structural analysis confirmed the
identity of this compound?® The transfer of an alkyl group to
a trigonal carbon is typically a slow proce$sit is the sole
reason for the widespread use of trialkyltin derivatives in Stille
couplings, with alkyl groups as “nontransferable” ligands. Herein
observed simultaneous formation of two carb@arbon bonds

(14) For recent reviews explaining the principles of template-directed
synthesis see: (a) Jager, R.; VogtleARgew. ChemInt. Ed. Engl.1997,
36, 930-944. (b) Hubin, T. J.; Kolchinski, A. G.; Vance, A. L.; Busch, D.
H. Adv. Supramol. Chenil999 5, 237-357. (c) Arico, F.; BadjicJ. D.;
Flood, A.; Leung, K.; Liu, Y.; Stoddart, J. H.op. Curr. Chem2005 249,
203-261. (d) Lankshear, M. D.; Beer, P. Boord. Chem. Re 2006 250,
3142-3160.

(15) See the Supporting Information for more details.

(16) (a) Stille, J. K.Angew. Chem.Int. Ed. Engl.1986 25, 508. (b)
Farina, V.; Krishnamurthy, V.; Scott, W. @rganic ReactionsPaquette,
L. A., Ed; John Wiley & Sons, Inc.: New York, 1997; Vol. 50. (c) Espinet,
P.; Echavarren, A. MAngew. Chem.nt. Ed. 2004 43, 4704-4734.
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TABLE 1. The Cyclotrimerization of 7 into 1sy» Was Conducted under Modified Stille Conditions and Assisted with Cu(l), C$, and Ag(l)
Cations in a Template-Directed Fashion

inorganic component overall yield syn/anti
entry Pd catalyst Cu salt (%) (molar equiv} of 1,0 % 1
1 CuTc 0
2 Cul LiCl 0
3 Cu(NGy) 0
4 Pd(OAc)» LiCl 0
5 Pd(PPB)4 Cul (0) CsF (2.0) 0
6 PdCh Cul (4) CsF (2.0) 24 1:3
7 PdCh Cul (20) CsF (2.0) 29 1:1.4
8 Pd(PPB)4 Cul (20) CsF (2.0) 35 131
9 Pd(PPB)4 Cul (70) CsF (2.0) 23 2311
10 Pd(PP§)4 Cul (20) TBAF (2.0) 0
11 Pd(PPE)4 Cul (20) NaF (2.0) 0
12 Pd(PP§)4 Cul (20) CsF (1.0) 23 151
13 Pd(PPE)4 Cul (20) CsF (2.0) 24 451
CsCIQ; (8.0)
14 Pd(PP§)4 Cul (20) CsF (2.0) 20 4.4:1
AgOTf (2.0)

aWith respect to the quantity af. ° Isolated yield.

(Figure 1B) is uniqué® and likely facilitated by a slow  the procedure was applied in the cyclotrimerization 7f
transmetalation step whereby the transfer of an electron-deficientcompoundl was obtained as a mixture of tegnanti isomers
vinyl group is retarded in a sterically congested chemical in a moderate yield (Table 1; entries—8). The reaction

environment. In a Heck-type promoted self-couplingéofo diastereoselectivity has, intriguingly, been found to be a function
give 1 (Table 1; entry 4), the starting material was only partially of the amount of Cu(l): (a) in the absence of copper, there was
recovered? no reaction (Table 1; entry 5), (b) low amounts of copper (4%)

Baldwin et al. have recently revealed a synergistic effect of led to a 1:3 statisticayn/anti ratio of the diastereomers (Table
Cu(l) salts and fluoride anion in the Stille coupling of electron- 1, entry 6), and (c) higher concentrations of Cu(l) {Z®%)
deficient stannanes with vinyl/aryl halides and triflale¥vhen affordedl1syn as the major product (Table 1; entries9). It is

SCHEME 1. A Proposed Mechanism for the Cyclotrimerization of Racemic 7
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generally believed that Cu(l) accelerates the Stille coupling via LHe

enhancing the transmetallation step whereby a more reactive HdT-Ll |J-|_H° 'J:“*“’
organocopper intermediate is formed from the organostannane m i
(Scheme 120 The present case, evidently, implicates an ® —_— -

L 1

N
STV, (ORI S

additional Cu(l) role in the catalytic cycle: the cation perhaps
augments the reaction diastereoselectivity via templation (Figure
1B and Scheme 1). Alternatively; Fhas been hypothesized to

(d)

contribute in removing tin salts from the catalytic equilibrium, ) —— —1_:

which in turn supports the formation of more reactive organo- () ——— l_ . My
copper intermediate so that the reaction becomes accelerateg(a, o 1M o L L M
(Scheme 1¥¢ In the trimerization of7, the nature of the fluoride = = = e 5 5

counterbalancing cation has been revealed to be critical: cesium, ' - F]
but not BuN™ or Na*, supported the formation df (Table 1, _ )
entries 16-13). Even more, the increased presence of the large F'GURE 3. A series ofH NMR (500 MHz, 298 K) spectra of the

: : following: (&) 1syn (9.4 mM, C3CN/CDC, 5:1), (b) 1syn (9.4 mM,
and soft C$ cation (from 1.0 to 10.0 molar equiv) enhanced CD:CNICDCh, 5:1) and 3.3 mol equiv of CSRF(C) Ly (9.4 MM,

the reaction Qiastereoselectivity_ practically by a factqr of 3 CD,CN/CDCh, 1:1) and 4.4 mol equiv of [Cu(l)(CK¥EN)PFs, (d)
(Table 1, entries 12 and 13). Evidently, 'Cand Cu(l) cations 1y (2.3 MM, CDOD/CDCl, 1:1) and 4.8 mol equiv of AgOTf, (€)
work in synergy and their mutual presence is necessary for 1, (5.9 mM, CD:CN) and 6.2 mol equiv of [Au()PRICI, and (f)
converting7 into 1. Lsyn (9.4 mM, CD,CN/CDC, 5:1) and 3.3 mol equiv of CsRand 24
mol equiv of [Cu(I)(CHCN),PFs.1¢ For the'H NMR spectroscopic
assignment oflsy, see Figure 2A.

In a control experiment, we conducted the cyclotrimerization
of naphthobenzonorbornadiene derivaByéacking the aromatic
nitrogens (Figure 2C). Almost a statisticaInanti ratio (1:2.6) created the greatest perturbations in the NMR sighals.a
of the isolated cyclotrimet0was obtained, further supporting  control experiment® AgOTf was added to a solution of
the notion of template-directed formation o, molecular boWlloSyr{ami,lﬁ lacking the aromatic nitrogens. The

Catalytic Mechanism. A tentative mechanism for the chain- ~ absence of any detectable spectroscopic changes0igy is
type conversion (Figure 1B) afto 1 is summarized in Scheme  consistent with the notion that the heterocyclic arms are critical
1. Supposedly, Cu(l) and Cscations promote homo- over for coordinating to the transition metal catiéh.
heterochiral Coup"ng of racemit. That is to say, in case of In the titration experiment with a standard solution of AgOTf
homochiralC, symmetrical intermediates arg}, the coordina-  (0.168 M, CROD/CDCE = 1:1), the'H NMR signals oflsy
tion of the cations to the aromatic nitrogens can be hypothesized(2.3 mM, CDOD/CDCk = 1:1) shifted downfield as the
to assist their formation and the subsequent cross-coupling. Theconcentration of Ag(l) was gradually increased (Figure 4A). The
Coordination’ in particu|ar, can preorganize the homochiral break in the titration curve at 1.0 mM concentration of the metal
intermediate containing three norbornenes to the extent that thecation (Figure 4B) points to 1:1 binding stoichiometfyndeed,
activation energy for the benzene ring annulation is minimized the method of continuous variation (Job plot) confirmed this
(Scheme 1). In fact the analogo@ssymmetrical intermediates ~ Stoichiometric ratid®!® In addition, a MALDI-TOF mass
(only one shown in Scheme 1) must be twisted upon complexing SPectrometric measurement of a solutiodghand AgOTf also
the metal cations. The twisted and “out-of-plane” geometry Suggest the existence of th|;Ag]" complex as the major
would disfavor the transmetalation and the overall intramolecular Component of the mixtur& The nonlinear curve fitting of the
coupling providing a mechanism for the oligomerization. binding isotherm (Figure 4B) to a 1:1 equilibrium binding model

It is interesting to note that the increasing amounts of the ylellgges/l?Pl?%;ﬁ:entbassoc:jaltlon f(.:olgatal\lnl\ﬁgbzh (5'.6:l|: 1h6fz
synisomer, produced in the catalysis, suppressed the formation™ - Ihe observed low-tie ~ chemical Shitts
of the anti diastereomer (Table 1; entries-8, 12, and 13). In of th? S|gnal'_5 inilsyn (F|gur_e 4A)’ upon add.'t'on of Ag(l), are
that respect, the overall reaction yields, for all transformations, tcont?,:/stentdywth t?e coordtl_nat;]or: of a plt_)sm\_/ely charge?hAg(l)
were rather low and comparable (285%). One could antici- 0 two adjacent aromalic neterocyclic rings @'V“ €
pate that the enhanced formation of th@isomer, promoted coord.lnatlon reorganizes the electron de;nsny makllng the proton
with the “correct” metal cation, would also be accompanied by nu_clel magnetically desh|eI(_jed. Interestmgly, the signals for the
the increased overall reaction yield. Apparently, the undesired Erldge H/Ho protons experienced a considerable chanye (
“side” reactions (possible oligomerizations and such) are 0.22), desp't? th.e" angular position that depresses through-
kinetically favored to a great extent. The presence of the bond communication with the aromatic appendageSo

templating metal cations evidently upsets the kinetics of the %ﬁg?g?;g‘i?ieui:g\ée)rgﬁ's?g’ tt?]z g;%m:té;g(ﬁgg?t\ée :gtons
synanti formation, yet making the cyclotrimerization still not 9 g 9 P

competitive to the fast formation of the side product(s). to move away from the cepter of the arms. With such
) i ) conformational changes, the diamagnetic effect imposed on the
IH NMR Spectroscopic StudiesTo examine the complex-

ation afﬁn.ity of diff_erem metals toward m.OIecmar bO\fil:lyn (17) Wilcox, C. Frontiers in Supramolecular Organic Chemistry and
and to gain more insight into the templation mechanism, we PhotochemistrySchneider, H-J., Durr, H., Eds.; Wiley-VCH: Weinheim,
originally conducted a series & NMR spectroscopic titrations ~ Germany, 1991; pp 123143.

; e ; (18) (a) Connors, K. A.Binding Constants The Measurement of
(Figures 3 and 4). A gradual addition of cesium salt (G3R¥- Molecular Complex Stabilitywiley-Interscience: New York, 1987; pp 24

a solution oflsy, (3.5 mM, CD3CN) caused minor changes in  2g, (b) Blanda, M. T.; Horner, J. H.; Newcomb, NI. Org. Chem1989
its TH NMR spectrum (Figure 3b% In contrast, when [Cu- 54, 4626-4636.

indivi (19) (a) Wilcox, C. F.; Leung, C. J. Am. Chem. S0d.968 90, 336—
(CHLCN)JPFs, AgOTH, or [Au(PPR)ICI were individually 341. (b) Cole, T. W., Jr.; Mayers, C. J.; Stock, L. M.Am. Chem. Soc.

titrated to a solution Oj.syn(FigUre 3C_e), thelH NMR Signals 1974 96, 4555-4557. (c) Grubbs, E. J.; Wang, C.; Deardurff, L. &.
were affected: Cu(l) imposed the least change, while Ag(l) Org. Chem.1984 49, 4080-4082.
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FIGURE 4. (A) A series of'H NMR spectra (500 MHz, 298 K, CfD/CDCk, 1:1) of 15, (2.3 mM) recorded on gradual addition of 0.168 M
standard solution of AgOTf (CEDD/CDCE, 1:1) such that the final mixture comprises (a) 0, (b) 0.24, (c) 0.73, (d) 1.45, (e) 2.91, and (f) 4.84 mol
equiv of AgOTTf. (B) The nonlinear curve fitting of théd NMR chemical shifts of the kresonance irigy,to a 1:1 equilibrium modef23
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FIGURE 5. (a) Isothermal titration calorimetry (ITC) data for the titration of a solutiorlgf (0.173 mM, 1.40 mL) with a 1.75 mM standard
solution of AQOTf (CHCYCH3;OH = 1:1) at 300 K. (b) Computer simulated curve fitting afforded the thermodynamic parameters for the assembly.

Hap protons becomes less pronounced, which, we reason, therhost-guest complex AH° = —19 + 2 kcal/mol), and the
rendered the observed downfield changes. The -mstst enthalpy/entropy compensation effé¢The solvent reorganiza-
exchange, and the Ag(l) revolving abdlj, must be rapid on tion must also contribute, although in a more complicated
the NMR time scale, to explain the observed proton signals fashion.

corresponding to an averag€d, symmetrical species (Figure Theoretical Calculations. Density functional theory (DFT,
4A). BP86 functional) calculatioRs of the optimized geometry of
Isothermal Titration Calorimetry (ITC). The thermody- 1syn and its corresponding complex with a Ag(l) cationyfl

namic profile for the binding of Ag(l) tolsy, was further Ag]™ suggested a high thermodynamic stability of the complex
investigated with isothermal titration calorimetry (Figure 5). A (AE = —9.0 kcal/mol, Figure 6B). For the coordination to take
standard solution of AQOTf (1.75 mM, GBH/CHCE, 1:1) was place, two aromatic arms ity need to move toward the inner
successively added to a solution of hiigh (0.173 mM, CH- space to bring the aromatic nitrogens to the proper distakibe (
OH/CHCE, 1:1), contained in the sample cell. The total heat = 1.0 A). The conformational change is accompanied by the
released in the interactio’AH°) was measured to give the decrease in the dihedral angléd = 2.0°) and relocation of
binding isotherm (Figure 5A). The experiments showed that the the bridge protons somewhat away from the neighboring
assembly is exothermidAH°® = —19 + 2 kcal/mol). The fitting quinoxaline aromatic rings (Figure 6B); the calculation is indeed
to the one-site model revealdéd, = (1.4 + 0.2) x 10* M1 in agreement with the observéld NMR chemical changes for
(AG® = —5.7 £ 0.5 kcal/mol, 300.0 K) andN = 0.5 as Hap protons (Figure 4)What does preent three siber cations
independent fit parameters. The association constant is, apparfrom cooperatiely coordinating to the nitrogen ligands of the
ently, in fair agreement with the one obtained fromHeNMR bowl and thus causing its complete foldihg

titration (Figure 4B). The observed binding stoichiomet\) ( To address this matter, the synchronized inward/outward
is noticeably off the scale. Supposedly, the existence of two motion of the arms in the bowl itself has been subjected to a
other thermodynamic states, in which Ag(l) is coordinated to series of DFT calculations whereby each energy minimization
the second and third binding sitelig, can in part be accounted had the distance between the aromatic nitrogens constrained,
for the apparent “deviations” in the theoretical isotherm (Figure with all other parameters being fully optimized (Figure 6A).
5b) and the off-scale stoichiometry. The self-associatiobygaf The calculated potential energy profile for the bowl “swinging”
in solution can also contribute to the effect (see the paragraphturned out to be asymmetric: the bowl constriction about the

about the X-ray diffraction studies and Figure 7B). The (20) Ruloff, R Seelbach, U. T- Merbach. A E. K —
i i i ulolt, R.; Seelbach, U. 1.; Merbacn, A. E.; Klarner, F.JsiPnys.
formation of single complexetky,is to a large extent hampered Org. Chem2003 15, 189-196.

by entropy (Figure 5AS’ = —45 eu). This loss of entropy can, (21) (a) Perdew, J. FPhys. Re. B 1986 33, 8822. (b) Becke, A. D.
to a first approximation, be ascribed to the rigidity of the formed Phys. Re. A 1998 38, 3098.
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FIGURE 6. Energy minimized (DFT, BP86) conformation b, and calculated potential energy diagrams for the synchronized inward/outward
motion of its arms as a function of the diherdal angland the distance between the adjacent nitro@er({8) Energy minimized structures (BP86)
of mono, bis-, and tris-coordination complexes hf, with Ag(l).

} (B)

. . . . (A
energy well is endothermic, while the energy required to open

is more neutral (Figure 6A). The energy required to constrict
the dihedral anglesNo = 3.5°) and at the same time dislocate

the aromatic nitrogensAQ = 1.08 A) in 15, to preorganize

the molecule for coordination to three Ag(l) cations is higde(

> 8 kcal/mol, Figure 6A). The formation of three AN
coordinative bonds, based on these calculations, should, how-
ever, be sufficiently exothermic to make the overall complex-
ation thermodynamically favorable (at leas20.7 kcal/mol,

Figure 6B). On the other hand, the great entropic cost that FIGURE 7. (A) Energy minimized (DFT, BP86) conformation b§
. . . . — . ) yn
accompanies the binding of the first Ag(1) 1gyn (AS expy coordinated to three Cu(l) cations and containing CsF at its top rim.

—45 eu, Figure 5B) is likely to propagate to the second and (g) stick representation of the structure of thg, dimer in the solid
third coordination, making the overall interaction thermody- state (hydrogen atoms are omitted for clarity).

namically unfeasible.

Thermodynamic Considerations and Rational Summation level. The observed synergistic action of two cations, Cu(l) and
of the Supramolecular Assistance to CatalysisThe observed ~ Cs', in the templation oflsy, can thus, to an extent, be
low propensity of Cu(l) and Au(l) to coordinatively bridge the rationalized.
arms inlsy, (Figure 3) can now be ascribed to the copper size  In consideration of the Ag(l) aptitude toward coordinating
and the gold complexing character. In particular, the coordina- lsyn it is conceivable to presume for this cation to template the
tion of small Cu(l) and soft Au(l) cations can be hypothesized formation of the bowl as well. Indeed, when AgOTf (2.0 mol
to provide insufficient enthalpic driving force, which is neces- equiv) was used in the cyclotrimerization @f under the
sary to surmount the energy required for the bowl to acquire standard conditiondsy,was obtained in excess (Table 1, entry
its optimal binding geometry; the entropy effect needs to be 14)?? The reaction diastereoselectivity, in favor of tegn
taken into account, as well. In the case of copper, however, its isomer (4.4:1), lends support to the notion of a template-directed
interaction with1s,, and other intermediates in the course of mechanism (Scheme 1).
the cyclotrimerization (Scheme 1) is strong enough to provide ~ X-Ray Diffraction Studies. A single-crystal X-ray study of

sufficient transition-state stabilization to boost the reaction lsynrevealed a repeating motif comprised of two fully entangled
diastereoselectivity. molecular bowls, bridged with three molecules of water (Figure

7B).2*Each bowl places an arm in the cavity of its partner at
the 7—x stacking distance (3.5 A). Notably, thedeficient
portion of one arm is against therich portion of another. The
directional assembly in the solid state is thus in accord with
the electrostatic HunterSanders model for aromatic interac-
tions3! Furthermore, the observed ordering allows the bowl to
fill its inner space in the entropically most efficient manner,

(1syn)2

The coordinating affinity of Cu(l) towardlsy, with and
without cesium cation present in solution, is practically indis-
tinguishable (Figure 2c/f¢ Intriguingly, DFT calculations
(BP86) of energy minimized [} Cu(l)s]*"[CsF] suggest the
binding mode in which cesium facilitates the bowl constriction
via its cation-sr interaction with the aromatic arms at the top
rim (Figure 7A), thereby shortening the NN distance between
adjacent arms of the bow. The energy minimization of B (22) For an additional role of Ag(l) in improving Stille couplings see:

Cu(l)s|Cls, without cesium present, was proven to be problem- gronowitz, S.; Messmer, A.; Timari, Gl. Heterocycl. Chem1992 29,
atic, and did not undergo the expected convergence at the BP86.049-.
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i.e., by excluding the solvent molecules as potential external thus well preorganized to undergo the dimerization, and without
guests. The calculated bowl interior volume can be approximated considerable conformational adjustments fill its inner space in
to 205 A32 When positioned inside ofls, a partially the solid state.

incorporated quinoxaline arm (108.72)occupies 53% of the

available space, which is interestingly proportionate to packing Conclusions

coefficients (PC) of liquid$? This analysis needs to be taken . . .
with some caution, as it is difficult to obtain the accurate inner ~_1ransition metal-catalyzed transformations can be a subject

volume of 15, the molecule encompasses three sizable side of templation to boost the reaction stereoselectivity and ma-
portals and a large opening at the rim. Three water moleculesN€uver the desired formation of covalent bonds. Here, we
are organized such that two share both of their hydrogen atomsdeémonstrated a utility of template-directed synthesis for the
with quinoxaline nitrogens of the entangled bowls (Figure 7B). Preparation of a new family of bowl-shaped molecules. They
The remaining one serves as a hydrogen-bonding linker in COMprise a semirigid frame and adjustable size cavity capable

between them. On the basis of the experimentaHx-+N (2.9 of coordinating transition metal cations. Studies of encapsulation
R) and O-H-+O (2.8 A) distances, all of the hydrogen bonds 2and dynamic modulation of chemical reactivity with these
can categorized to be of a moderate strength3.8 A)330n reported hosts are in progress.

the basis of the solid-state data, it can be of interest to examine _ )
the possible dimerization dfy,in organic or aqueous solvents.  Experimental Section
Our preliminary data point to a monomeric form in CR@hd Typical Procedure for the Synthesis of Compound 1To a
likely dimeric in DO (10% DCI). The experimentally deter-  sojution of7 (0.050 g, 0.115 mmol) in anhydrous DMF (0.5 mL),
mlngd structgre 0flsyn eéncompassing a dlm.er, is almost  at room temperature and under an atmosphere of argon, were added
equivalent to its DFT energy-minimized form (Figure 6). In the cesium fluoride (0.035 g, 0.230 mmol), copper(l) iodide (0.004 g,
X-ray resolved structure, one of the aromatic armsldy is 0.023 mmol), and Pd(PB)a (0.013 g, 0.0115 mmol). The reaction
moved toward the bowl interioro. = 2.0°), while the other ~ mixture was heated at 4% for 17 h. Diethyl ether (20 mL) and
two are turned more distanAf = —0.27). The molecule is ~ Water (10 mL) were added successively, and the resulting solution
was filtered under vacuum. The solid residue was washed with
(23) The data collection crystal was a pale yellow rectangular rod with diethyl ether (50 mL) and ethyl acetate (50 mL), and the combined
a pointed end. Examination of the diffraction pattern on a diffractometer Organic phase was dried (b&0x) and concentrated under reduced
indicated an orthorhombic crystal system. All work was done at 150 K, pressure. The resulting solid was purified by column chromatog-
using a cryostream cooler. The data collection strategy was set up to measurgaphy (SiQ, toluene/acetone, 3:1) to yieltiyn as gray (0.0043 g,
an octant of reciprocal space with a redundancy factor of 3.6, which means p0o4) and1,,; as orange solids (0.0033 g, 15%).

that 90% of the reflections were measured at least 3.6 timasdw scans o 1]

with a frame width of 1.0 were used. Data integration, scaling, and merging Data for Compound 1yn Mp >430°C; *H NMR (CDCl;, 400
were done computationalff.Merging the data and averaging the symmetry MHZ) 6 7.78 (m, 6H), 7.42 (m, 6H), 4.86 (s, 6H), 2.96 (d, 3H,
equivalent reflections resulted in & value of 0.054. The structure was = 1.5 Hz), and 2.85 (d, 3H] = 1.5 Hz);*3C NMR (CDCk, 100
solved by the direct methods procedétéull-matrix least-squares refine- ~ MHz) 6 163.2, 139.9, 138.8, 128.8, 128.6, 60.8, 49.3; HRMS(ESI)
ments based oR? were performed computationaf§. 2’ The asymmetric m/z calcd for GeHpaNgH 577.2140 M + HJ*, found 577.2144.

unit contains two of the bowl-shaped molecules, with each containing a Data for Compound layi. Mp >430°C; H NMR (CDCls, 400

crystallographic mirror plane, three water molecules, and some regions of
disordered electron density. The solvents used for recrystallization were MHZ) 6 8.02 (m, 2H), 7.94 (m, 2H), 7.87 (m, 2H), 7.70 (m, 2H),

ethyl acetate and hexane, but neither of these molecules were recognizable’-56 (m, 4H), 4.68 (m, 6H), 2.80 (m, 5H), and 2.61 (d, TH+
in the disordered regions. The SQUEEZE procetfuné PLATON?® was 9.4 Hz);13C NMR (CDCk, 100 MHz)6 164.1, 163.8, 163.4, 139.9,
used to account for this disordered solvent. The total solvent accessible139.7,139.3, 139.2, 139.1, 139.0, 129.2, 128.9, 128.9, 128.9, 128.6,

void is 1549 &, and the electron count for this region is 200 electrons/unit .

cell. The hydrogen atoms on the bowl-shaped molecules were included in 23'72’2?261“63;0Hﬁ9'?6u4n9d25’7H7R2'\:/|L§:(3EWZ caled for GoHz4NsH

the model at calculated positions by using a riding model With) = ' ’ i . .

1.2Ue{attached atom). The hydrogen atoms of the water molecules were ~ COmpoundlay was proven difficult to purify with column

located on difference electron density maps and refined isotropically. All chromatography. Therefore, to verify its quantity produced in a

of these hydrogen atoms of the three water molecules are involved in anreaction, we used pentaerythrityl tetrabromide as internal standard

intermolecular hydrogen bonded network with the bowl-shaped molecules. tg reveal its concentration Y4 NMR spectroscopy.

The final refinement cycle was based on 8642 intensities and 460 variables 11 ;

and resulted in agreement factors of R1E).099 andvR2(F?) = 0.175. 3?()38mpzount(1$.8 ogo adsoll:jtlon of ItDMSOh(4.0 rfnL) and G‘Blzdd d

For the subset of data with> 20(1), the R1(F) value is 0.058 for 5143 ( 5.0 M ), al and under an aimospnere of argon, was adde

reflections. The final difference electron density map contains maximum trifluoroacetic anhydride (10.73 g, 51.10 mmol) dropwise over a

and minimum peak heights of 0.29 an®.27 e/&. Neutral atom scattering period of 1 h. Subsequently, bicyclo[2.2.1]hept-5-ene-2,3tHiol

factors were used and include terms for anomalous dispei&ion. (2.26 g, 17.93 mmol) dissolved in GAI, (12 mL) was added over
(24) DENZO: Otwinowski, Z.; Minor, WMethods Enzymology/ol. 10 min. The reaction mixture was allowed to stir-a18 °C for 2

276, Macromolecular Crystallography, Part A; Carter, C. W., Jr., Sweet, o : . -
R. M., Eds.: Academic Press: New York, 1997; pp 3326. h, after which it was quenched with triethylamine (9.54 g, 94.31

(25) Sheldrick, G. M.SHELXS-97 Universitat Gottingen: Gottingen, ~ Mmol). The mixture was then left to stir fd3 h at ambient

Germany, 1997. temperature, diluted with a solution of HCI (20 mL, 2.0 M), and
(26) Sheldrick, G. M.SHELXL-97 Universitat Gottingen: Gottingen, extracted with CHCI, (4 x 50 mL). The combined organic phase
Ge(rzrr;?nFy, 1997. L 33, Appl. Crystallogr.1999 32, 837838 was dried (NgSQ;) and concentrated under reduced pressure to

arrugia, L. JJ. Appl. Crystallogr. : —838. : : - . ST
(28) Sluis, P. V. D.: Spek, A. LActa Crystallogr 1990 A46 194. yield an orange oil. Pur2 was obtalned_lnna vacuuron distillation
(29) Spek, A. L Acta Crystallogr.199q A46, C34. (1.50 g, 60%). Bp 80C at 1.0 mmHg (lit.1* bp 145°C at 10.0
(30) International Tables for Crystallographyluwer Academic Pub- mm-Hg); IH NMR (CDCl;, 400 MHz) 6 6.51 (m, 2H), 3.31 (m,
lishers: Dordrecht, The Netherlands, 1992; Vol. C. 2H), 2.96 (d, 1H,J = 10.8 Hz), 2.49 (d, 1HJ = 10.8 Hz);13C
(31) (a) Hunter, C. A.; Sanders, J. K. Nl. Am. Chem. S0d.99Q 112, NMR (CDClz, 100 MHz)6 195.6, 137.7, 51.4, 43.6.
252J5:](k2n(1308|;f§£, Ss'o'ébgémfg;’ g'égz? Lawson, K. R.; Perkins, J.; Urch,  Compound 4. To a solution of2 (0.69 g, 5.65 mmol) in Ch
.(?;2)' The interior volume ofléyn was calculated following Rebek’s Clz (25.0 mL) was added 1,2-phenyleneQ|amB1éO.61 g, 5.65 .
protocol. See: Mecossi, S.; Rebek, J.,Ghem. Eur. J1998 37, 3303. mmol) over a period of 30 min. The reaction was allowed to stir
(33) Jeffrey, A. G.An Introduction to Hydrogen BondingOxford for 1._5 h and then con_centrated under reduced pressure. The
University Press, Inc.: New York, 1997; pp 11 and 12. resulting solid was purified by column chromatography ($iO
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toluene/acetone, 9:1) to affodd! as a light-yellow solid (0.726 g, Compound 8.To a solution of7 (0.05 g, 0.115 mmol) in dry
66%). Mp 129°C; 'H NMR (CDCl;, 400 MHz) 6 7.90 (m, 2H), DMF (1.0 mL), heated to 70C, were added palladium(ll) acetate
7.62 (m, 2H), 6.86 (s, 2 H), 3.95 (s, 2H), 2.75 (d, 1H5 8.7 Hz), (0.003 g, 0.011 mmol), triphenylphosphine (0.006 g, 0.023 mmol),
2.57 (d, 1H,J = 8.7 Hz);13C NMR (CDCk, 100 MHz) 6 166.4, and a trace amount of lithium chloride. The reaction was allowed
142.31, 139.2, 128.6, 128.6, 63.0, 49.6; HRMS(ES/) calcd for to stir for a period 61 h upon which additional portions (0.003 g,
CisHioNoH 195.0922 M + HJ*, found 195.0921. 0.011 mmol) of palladium(ll) acetate were added, each at 3, 4, 5,
Compounds &. To a cis-decaline (30.0 mL) solution of and 20 h. The solvent was concentrated under reduced pressure
(0.726 g, 3.74 mmol) at 150C was added a solution of bromine  and crude product was purified by column chromatography £SiO
(0.776 g, 4.86 mmol) ircis-decaline slowly over 10 min. The  toluene/acetone, 40:1) to affodas a light-yellow solid (0.005 g,
mixture was stirred at the same temperature for 20 min, upon which 19%).1H NMR (CDCls;, 400 MHz)6 7.90 (m, 2H), 7.60 (m, 2H),
the solvent was removed in vacuo. The residue was washed with3 g1 (s, 2H), 2.66 (d, 1H] = 8.6 Hz), 2.46 (d, 1HJ); = 9.4 Hz),
acetone, filtered, and purified by column chromatography £SiO 1 7g (s, 6H):13C NMR (CDCk, 100 MHz) 6 166.7, 143.4, 139.2,

hexanes/ChkCl,, 1:4) to afford5aand5b as tan solids (118 g, 90%) 128.6, 128.3, 58.7, 54.4, 13.6; HRMS(EBV)ZC&|Cd for GsHyaNoH
Data for Compound 5,. Mp 148 °C; 'H NMR (CDCl;, 400 223.1235 M + H]*, found 223.1231.

MHz) 6 8.03 (m, 2H), 7.74 (m, 2H), 4.39 (s, 2H), 3.91 (s, 2H), . o ) o

2.97 (d, 1H,J = 10.8 Hz), 2.39 (d, 1H] = 10.8 Hz):33C NMR Computational Details 3*All calculations for energy optimization

(CDCl,, 100 MHz)6 159.8, 142.0, 129.3, 55.7, 51.9, 41.9; HRMS- O Isynand its complexeslf,nAgl, [1synAdal, [1s,nAgsl, and [lsy
(ESI) miz calcd for GaHiBrN,H 354.9264 M + H]*, found Cs:Cu_j;] were completed with the Resolution of _Identlty Density
354.9263. Functional Theory (RI-DFT) methoc_i and by using format_e ions
Data for Compound 5,. Mp 139 °C; H NMR (CDCl, 400 attached to Ag(l) for charge neutrallzatléfn?j6 The Generalized
MHz) 6 8.11 (m, 1H), 8.04 (m, 1H), 7.74 (m, 2H), 4.84 (s, 1H), Gradient Approximation (GGA)_BP86 functhﬁ’%ﬂ was adopted.
4.12 (s, 1H), 3.84 (br, 1H), 3.81 (m, 1H), 2.76 (d, 1H, 10.9 Hz), 'heRI-DFTmethodwasusedasimplementedin TURBOMOLE:
2.45 (d, 1H,J = 10.6 Hz);13C NMR (CDCk, 100 MHz)6 159.1, The triple< plus polarization (TZVP) basis sets were used for the
158.9, 142.0, 141.7, 129.7, 129.6, 129.5, 129.2, 54.5, 54.3, 54.1,lighter elements, while for silver and cesium, relativistic effective
52.5, 45.6; HRMS(ESIiWz calcd for GgH;oBroN;H 354.9264 M core potential (ECP) and def-SV(P) basis sets were apfliied.
+ H]*, found 354.9262. Compounddsyn [1syrAgs], and [lsy;Cs:Cu] were optimized with
Compound 6. To a solution of5.p (1.15 g, 3.26 mmol) in assumedC;, symmetry. To compute the potential energy profile
anhydrous THF (40 mL), cooled to @, was added potassium  as a function of the NN distance inlsy, (Figure S30, Supporting
tert-butoxide (2.20 g, 19.5 mmol) portionwise. The reaction was Information), the relaxed potential energy surface was scanned along
allowed to stir for 2 h, quenched with water (5 mL), and the N=N trajectory (Table S12, Supporting Information).
subsequently extracted with diethyl ether {4 50 mL). The
combined organic layer was dried (Mg@@nd concentrated under Acknowledgment. We thank Professor Jon Parquette of the
reduced pressure. The resulting crude product was purified by ohio State University for useful suggestions. This work was
column chromatography (Sidtoluene/acetone, 20:1) to affofd  financially supported with funds obtained from the Ohio State

as a tan solid (0.825 g, 93%). Mp 12C; *H NMR (CDCl, 400 : ; ; ; : _
MHZ) & 7.94 (m, 1H), 7.92 (m, 1H), 7.65 (m, 2H), 6.87 (d, 1M, g;i\g%rggy and the National Science Foundation under CHE

= 3.3 Hz), 4.02 (m, 1H), 3.94 (m, 1H), 2.99 (m, 1H), 2.62 (m,

1H); 13C NMR (CDClk, 100 MHz)d = 164.4, 164.2, 139.7, 139.3,

139.2, 134.9, 129.1, 129.0, 128.9, 128.7, 62.4, 57.4, 51.0; HRMS-  Supporting Information Available: Additional experimental

(ESI) m/z calcd for GsHoBrN,H 273.0022 M + H]*, found and computational results, and spectra for all new compounds. This

273.0023. materialis available free of charge viathe Internetat http://pubs.acs.org.
Compound 7.To a solution of dry diisopropylamine (1.3 mL, JO701538G

9.15 mmol) in dry THF (9.0 mL) at 0C was added-butyllithium

(5.7 mL, 1.6 M in hexane) under an atmosphere of argon. The

reaction mixture was cooled t678 °C, and a solution o6 (0.500 (34) For recent studies employing the BP86 functional in investigating

g, 1.83 mmol) in THF (4.0 mL) was added dropwise over 10 min. organometallic systems, see: (a) Wang, F.; Li, L. MComput. Chem.

The resulting mixture was stirred for an additional 30 min before 2004 25(5), 669. (b) Silva, V. D.; Dias, R. P.; Rocha, W. &em. Phys.

. : : : . Lett. 2007, 439, 69. (c) Nakamura, A.; Ohshima, T.; Mashima, &.
a solution of trimethyltin chloride (0.44 g, 2.2 mmol) in THF (3.0 Organomet. Chem2005 690, 4373, For a recent comparison of DFT

mL) was added. Afte2 h at—78 °C, the reaction mixture Was  methods for organometallic systems, see: Furche, F.; Perdew]. Fem.
gradually warmed to room temperature, washed with water (15 mL), Phys.2006 124, 044013.

and extracted with diethyl ether (350 mL). The combined organic (35) Eichkorn, K.; Treutler, O.; @, H.; Haser, M.; Ahlrichs, RChem.
phase was dried (MgSfand concentrated in vacuo. The solid Phys. Lett.1995 242 652.

; e ; (36) Eichkorn, K.; Weigend, F.; Treutler, O.; Ahlrichs, Raeor. Chem.
residue was purified by column chromatography (Si@luene/ Ace. 1097 97, 119.

acetone, 20:10) to afford as an off-white solid (0.591 g, 75%). (37) Becke, A. D.Phys. Re. A 1988 38, 3098.

Mp 104-105 °C; *H NMR (CDCls, 400 MHz) 6 7.97 (m, 1H), (38) Scliger, A.; Horn, H.; Ahlrichs, RJ. Chem. Phys1992 97, 2571.
7.93 (m, 1H), 7.65 (m, 2H), 4.07 (dd, 18, = 3.4 Hz,J, = 1.6 (39) Ahlrichs, R.; Ba, M.; Haser, M.; Horn, H.; Kolmel, CChem. Phys.
Hz), 3.94 (dd, 1HJ = 3.2 Hz,J, = 1.7 Hz), 2.92 (dt, 1HJ; = 8.8 Lett. 1989 162 165.

Hz, J, = 1.7 Hz), 2.58 (dt, 1H); = 8.8 Hz,J, = 1.6 Hz), 0.27 (1, (40) Heser, M.; Ahlrllchs, R.J. Comput. Cheml989 10, 104.

9H, J = 27.6 Hz):3C NMR (CDCk, 100 MHz)d 164.9, 164.6, (41) Von Arnim, M.; Ahlrichs, R.J. Comput. Chenl998 19, 1746.

153.9, 145.6, 139.6, 139.4, 129.0, 128.9, 128.8, 128.8, 61.9, 59.5,5, \+2) Dedimann. P.; Furche, F.; Ahlrichs, @hem. Phys. Let2002 362

56.3, —8.8; HRMS(ESI)nVz calcd for GeH17BrN,SnH 436.9662 (43) The Turbomole basis set library is available via ftp from ftp:/
[M + H]*, found 436.9664. ftp.chemie.uni-karlsruhe.de/pub/basen.
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