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Abstract: Aggregation of phenylacetylene macrocycles (PAMs) in solution has been studidd\dR spectroscopy

and vapor pressure osmometry. The association constant for dimeriz&fign, has been determined by curve

fitting the concentration dependence!sf NMR chemical shifts to a model for monomedimer equilibrium. The

reliability of the NMR-determined aggregation constants and aggregate size have been independently verified by
vapor pressure osmometry measurements. Thermodynamic parameters for association have been obtained from
van't Hoff analyses which show the aggregation to be favored enthalpically. The aggregation of PAMs bearing
variousendce andexcannular functional groups and PAMs of different geometry and ring size has been studied.
The type of pendant functional groups and the manner in which these groups are arranged on the macrocycle is
shown to strongly influence self-association. PAMs substituted with electron withdrawing groups (e.g., esters) are
more strongly associated than those bearing electron donating groups (e.g., alkyl ethers) or macrocycles bearing a
combination of the two substituents. The type of alkyl substituent on the ester or ether group is less important as
long as the substituent is not branched anéxs-annular. Endcannular alkyl ethers as well as branchexb

annular alkyl esters severely disrupt aggregation. Rigidity of the macrocycle also influences self-association. In
contrast to hexameric macrocycles, similarly substituted open-chain oligomers and a nonplanar macrocycle show
much weaker association. These findings are discussed in the context of face-to-fadateractions between
aromatic rings. Consideration has also been given-ta interactions between aromatic and ethynyl groups and
between a pair of acetylenes, but these are concluded to be less significant based on an analysis of data from the
Cambridge Structural Database.

Introduction aromatic hydrocarbons in solids is dictated by the molecular

a,8 i
Interactions between aromatic units play a significant role in SN@P€° Their model does correlate molecular shape and

supramolecular chemistry. It has been well documented thatPacking mode for a number of polyaromatic hydrocarbons, but
aryl groups prefer to associate in either an edge-to-face or anit does not take into consideration the electronic factors due to

offset, face-to-face orientatidn. Examples illustrating the  substituents, which are also known to be important.
importance and diversity of these interactions include the vertical

base pair_ associat_ion that stabilizes the double helical structure™ (5) (a) Benzing, T.; Tjivikua, T.; Wolfe, J.; Rebek, J., Sciencel988
of DNA,2 intercalation of small molecules between nucleotitles, 242 266. (b) Cram, D. JAngew. Chem., Int. Ed. Endl988 27, 1009. (c)

acking of aromatic molecules in crystalthe tertiary structures ~ Muehidorf, A. V.; Van Engen, D.; Warner, J. C.; Hamilton, A. D.Am.
pf tg inslb host— t bindi y dlm rty f Chem. Soc1988,110, 6561. (d) Zimmerman, S. C.; Wu, W. Am. Chem.
of proteins;® host-guest binding, and aggregation of por- 5, 1989 111, 8054. (¢) Pirkle, W. H.. Burke, J. A.; Wilson, S. B.Am.

phyrins in solutiorf. Offset, face-to-face-stacking interactions Chem. Soc1989 111, 9222. (f) Cochran, J. E.; Parrott, T. J.; Whitlock, B.
have been the subject of a number of investigatforiEhese J.; Whitlock, H. W.J. Am. Chem. Sod.993 114, 2269. (g) Suzuki, M.;

: Ohmor, H.; Kajtar, M.; Szejtli, J.; Vikmon, MJ. Incl. Phen. Mol. Rec
studies have addressed the role of molecular geofiétand 1094 18, 255. (h) Pirkle, W. H.. Selness, S. B, Org. Chem 1995 60,

electrostatic factors in promoting aromatic associatighi! 3252

Desiraju and Gavezzotti proposed that the packing of poly-  (6) (a) Alexander, A. EJ. Chem. Soc1937, 1813. (b) Hughes, AProc.
R. Soc. London, Ser. A936 155 710. (c) Abraham, R. J.; Eivazi, F.;

* Author to whom correspondence should be addressed. Pearson, H.; Smith, K. MJ. Chem. Soc., Chem. Comma876 698. (d)

T Current address: Motorola Inc., 1750 Belle Meade Court, Lawrenceville, White, W. In The Porphyrins Dolphin, D., Ed.; Academic Press: New
GA 30243. York, 1978, Vol. V, Chapter 7. (e) Schneider, H. J.; Wang, MOrg.

® Abstract published im\dvance ACS Abstractdanuary 15, 1996. Chem 1994 59, 7464. (f) Miura, M.; Majumder, S. A.; Hobbs, J. D.;

(1) (a) Burley, S. K.; Petsko, G. AAdv. Protein. Chem1988 39, 125. Renner, M. W.; Furenlid, L. R. Shelnutt, J. kaorg. Chem1994 33, 6078.
(b) Hunter, C. A.; Singh, J.; Thornton, J. M. Mol. Biol. 1991, 218 837. (7) For general references, see: (a) Tucker, E. E.; Christian, S. D.

(2) Saenger, WPrinciples of Nucleic Acid Structuré&Springer-Verlag: Phys. Chem1979 83, 426. (b) Ravishanker, G.; Beverridge, D.L.Am.
New York, 1984; pp 132140. Chem. Soc1985 107,2565. (c) Jorgensen, W. L.; Severance, DJLAm.

(3) Wakelin, L. P. GMed. Res. Re 1986 6, 275. Chem. Soc199Q 112,4768. (d) Tucker, J. A.; Houk, K. N.; Trost, B. M.

(4) (a) Desiraju, G. R.; Gavezzotti, A. Chem. Soc., Chem. Commun  J. Am. Chem. S0d.99Q 112,5465. (e) Linse, PJ. Am. Chem. S0d.992
1989 621. (b) Desiraju, G. RCrystal Engineering: The Design of Organic ~ 114,4366. (f) Leighton, P.; Cowan, J. A.; Abraham, R. J.; Sanders, J. K.
Solids Elsevier, New York, 1989. (c) Holligan, B. M.; Jeffrey, J. C.; Ward, M. J. Org. Chem1988 53, 733. (g) Hunter, C. A.; Sanders, J. K. M.

M. D. J. Chem. Soc., Dalton Tran4992 23, 3337. (d) Carter, P. W.; Am. Chem. S0d.99Q 112,5525. (h) Hunter, C. A.; Meah, M. N.; Sanders,
Dimagno, S. G.; Porter, J. D.; Streitwieser, A.Phys. Chem1993 97, J. K. M. J. Am. Chem. S0d.99Q 112,5773. (i) Anderson, H. L.; Hunter,
1085. (e) Grubbs, R. H.; Kratz, IChem. Ber1993 126 149. (f) Flock, C. A.; Meah, M. N.; Sanders, J. K. M. Am. Chem. S0d.99Q 112,5780.
M.; Nieger, M.; Breitmaier, E Liebigs Ann. Chem1993 4, 451. (g) () Hunter, C. A.Chem. Soc. Re1994 23, 101. (k) Duffy, E. M.; Jorgensen,
Takimiya, K.; Ohnishi, A.; Aso, Y.; Otsubo. T.; Ogura, F.; Kawabata. K.; W. L. J. Am. Chem. S0od994 116 6337. (I) Kurita, Y.; Takayama, C.;

Tanaka. K.; Mizutani. M.Bull. Chem. Soc. Jpn1994 67, 766. (h) Tanaka, SJ. Comp. Cheml995 16, 131. (m) Laatikainen, R.; Ratilainen,
Miyamura, K.; Mihara, A.; Fuijii, T.; Gohshi, Y.; Ishii, YJ. Am. Chem. J.; Sebastian, R.; Santa, Bl. Am. Chem. S0d.995 117,11006.
Soc 1995 117, 2377. (8) Desiraju, G. R.; Gavezzotti, Acta Crystallogr 1989 B45 473.
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Substituents strongly influence face-to-face stacking tenden-Chart 1
cies, though these effects cannot always be explained in terms
of intuitive donor-acceptor concepts. This is illustrated by the
surprisingly high association constant of complexes of 1,3,5-
trinitrobenzene with aromatic substrates having strong electron
withdrawing group$. Donor—acceptor concepts also fail to
explain why aromatic hydrocarbons associate strongly with
aromatic fluorocarbons in a face-to-face orientation. For
example, in the binary complex between benzene and hexa-
fluorobenzene (HFB), spectroscopic data provide no appreciable
evidence of intermolecular charge transferThese examples
point to the conclusion that intermolecular interactions other

than charge transfer must contribute significantly to face-to- 1: Ry=Rp=Ra=Ry=Rs=Rs=CO0CHy
face stabilization. Over the past two decades, evidence has 2: Ry=Rp=Rg=Ry=Rs=Rg=0COCsH,
accumulated which provides a consistent model emphasizing 3: Ry=Rp=R3=Ry=Rs=Re=CO0CHss
the role of other electrostatic forces in stabilizing or destabilizing 4: Ry=Rz=Rs=R4=Rs=Rs=CO0Cgth7
aromatic face-to-face stacking. In 1974, Brown and Swinton 5: Ry=Rz=R3=R4=Rs=Re=CO0CseHzs
demonstrated that the stability of the benzehi&B complex 6: Ry=Rz=Po=Ry=Rs=F,=C00CH
. . . 7: Ry=Rz2=R3=R4=Rs5=Rs=CH0"C4Hy

can be explained by quadrupelguadrupole interactions rather 8: Ry= Ry = Ra= Ry = Rs = Ro = OCaHo
than charge-transfer interactiol8. This has recently been 9: Ry= Ry = Rs=Ry=Rs = R = 0"CHrs
guantified by Williams in a detailed analysis of the origin of 10 : By= B = Ra = Ry = Rs = R = 0"C7H1s
the phase transition seen in the benzeH&B complex!d 11 : Ry= Ro = R3 = Ry = Rs = Rg = 0"CqHy7

Lately, electrostatic concepts have been recast into more 12: Ry= Rz = Rg = Ry = Rs = Rg = O"CyoHay
pragmatic models to provide chemically intuitive pictures of 13: Ry= Ry = Rs = COO™C4Hg, Ro= Ry = R = O"C4Hs
how electronic factors can influence aromatistacking. In 14: Ry=Ro=R3=C00"CaHy, Ry = Rs = R = 0"Catlg

1990, Hunter and Sanders introduced a model which illustrated

how the spatial distribution of charge imposed by the aromatic PAMs a suitable system for investigating aromatic interactions

geometry and its pendant substituents can account for face-to-in solution through studies of their self-association. The

face and edge-to-face preferenégsCozzi and Siegel have information gained from these studies will not only provide

introduced the term “polaw” to emphasize that aromatic insight into the nature of these interactions but will also

interactions are largely the result of electrostatics and that the contribute to the understanding of their supramolecular organ-

aromatic ring, including benzene, possesses a distinctly polarization, which is important for the development of tubular

charactef? mesophase$,porous organic solid¥,and organic monolayet®
The interaction energies involved in aromatic association are based on PAM building blocks.

small, making it especially difficult to study this phenomenon

in solution. Therefore, molecules in which these interactions Results

are amplified may be valuable for studying aromatistacking.

Here we report in detail the self-association of phenylacetylene

macrocycles (PAMSs) in solutiol?. These macrocycles can be . . . .
y ( ) Y aromatic chemical shifts of this macrocycle were very dependent

viewed as a collection of aromatic rings held in a rigid on concentratiod® At ambient temperature, the chemical shifts
framework which permit association phenomena to be studied . ) P '

L . S . in CDCI; of the two anisochronous aromatic protons varied from
even though the pairwise interaction between individual aromatic n N )
units is weak. PAMs are prepared by the cyclization of 0 8.12 to 7.23 and frond 7.81 to 6.89 as the concentration

sequence-specific phenylacetylene oligomers. Combinations Ofchanged. from_ 0.83 to 106 m_M (Figure 1). The Che”ﬁ'ca' shifts
ortho-, meta-, and para-substituted phenylacetylene monomerf the aliphatic protons, unlike those of the aromatic protons,

can give essentially any cyclic framework consistent with remained relat_i\_/ely unchgnged over the_ same concentration
polygons of the trigonal lattic¥. The size of the macrocyclic :ﬁg?rbn:gtﬁzdd:tcl)?c:]rylsn\(/)veer\(/el%%r;%?vzfdci:ebn;gﬁ:ﬂc%hnirgsis of
ring is governed by the number of monomer units in the o the H NMIFR)’ data in CDC}, the °C NMR chémical shifts
sequence, while the placement of the functional groups on the '

PAM is dependent on the comonomer order in the precursorwerﬁ less Zensmv_e fo changes 'E colr]:centrapon (I_:lgukr”e 2)
sequence. Therefore PAMs can be both site-specifically func- ‘ T es;e 0 se[I\_/anons_su_g%e_st t e:e -assomfatr(]a_s In chioro-
tionalized and adopt a variety of geometries (Charts 1 adg 2). Torm solution. To gain insight into the nature of this aggregation

The synthetic diversity available with this chemistry makes pheno.menon, we decided to fyrther invgstigatg th'e solution
behavior of PAMs by systematically varying their size, elec-

(9) Foster, R.Organic Charge-Transfer Complexe&cademic Press: tronic nature, and the orientation of their substituents (Charts 1

Lor(]fg)nly\/ltii?c;joefli?.v.' Van Engen, D.; Warner, J. C.; Hamilton, A. D. and 2)' Contrary tal, the chemical shifts of the aromatic

J. Am. Chem. S0d.988 110, 6561. protons in2 remained essentially constant over a large concen-
(11) (a) Hobza, P.; Selzle, H. L.; Schlag, E. WAm. Chem. So4994 tration range. The only difference between these isomeric

116 3500. (b) Brown, N. M. D.; Swinton, F. LJ. Chem. Soc., Chem.  pAMs is the mode of substituent linkage. Inthe carbonyl
Commun.1974 770. (c) Hernadez-Truijillo, J.; Costas, M.; Vela, Al.

Chem. Soc., Faraday Trang993 89(14) 2441, (d) Williams, J. HAcc. groups are directly attached to the phenyl rin_g§, whilg, ithey .
Chem. Res1993 26, 593. (e) Luhmer, M.; Bartik, K.; Dejaegere, A.; Bovy, ~ are linked through oxygen atoms. In addition, PAMs with
P.; Reisse, Bull. Soc. Chim. Fr1994 131, 603.

Qualitative NMR Observations. It became evident during
routine examination of théH NMR spectrum ofl that the

(12) Williams, J. H.Chem. Phys1992 167, 215. (17) Zhang, J.; Pesak, D. J.; Ludwick, J. J.; Moore, JJ.3Am. Chem.

(23) Williams, J. H.Chem. Phys1993 172, 171. Soc.1994 116 4227.

(14) Cozzi, F.; Siegel, J. $ure Appl. Chem1995 67, 683. (18) Zhang, J.; Moore, J. 9. Am. Chem. S0d.994 116, 2655.

(15) For a preliminary account of this study, see: Zhang, J.; Moore, J. (19) Venkataraman, D.; Lee, S.; Zhang, J.; Moore, IN&ure 1994
S.J. Am. Chem. S0d.992 114 9701. 371, 591.

(16) Young, J. K.; Moore, J. S. INlodern Acetylene Chemistrtang, (20) Shetty, A. S.; Stork, K. F.; Bohn, P. W.; Moore, J. S. Manuscript

P., Diederich, F., Eds.; VCH Publications: Weinheim, 1995; pp-4442. in preparation.
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Figure 1. Concentration dependencesf NMR spectra (360 MHz)
of 1 in CDCl; at room temperature.

Figure 2. 3C NMR (90 MHz) chemical shift differences\(d) of
various carbon nuclei of upon changing the concentration from 26
to 53.3 mM at ambient temperature in CRCI
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electron donating groups, such&as12, showed no concentra- I
tion dependent chemical shift changes even at temperatures as
low as 223 K. PAMs13 and 14, having an equal number of
ester and ether groups, exhibited chemical shift changes as a Concentration (mM)
function of concentration, but the magnitude of these changesFigure 3. Concentration dependence f NMR chemical shifts for
was smaller thanl. These observations suggest that the aromatic protons of and6 (in CDCl; at ambient temperature). The
association is sensitive to the electronic factors of the substit- Curves marked andB are for theexoannular and thendoannular
uents. protons, respectively.

To investigate hetero-association between donor and acceptor .
macrocycles, mixtures dfand7 as well asl and8 were studied of alkyl groups employed, provided they were unbranched. For
by 'H NMR titration2! The chemical shifts of as well as the ~ €X@mple, over the same ;:oncentratlor? _rar;ge, :A’M:j q
aromatic protons of (or 8) changed as the concentrationlof containing ester groups of varying chain lengths showe
increased. However, the change observedfar 8) was less chemical shift changgs Very S|m|l_ar to thoselofOn the other
than that observed fod in this mixture over the same hand, PAM 6 fgnctlonahzgd W'th tert-butyl ester groups,
concentration range. Clearly these titration experiments are Showed no significant chemical shift dependence on concentra-

complicated by competition between self-associatiod ahd tion _(_Figwe 3). These_ obse_rvations _indicate_d_ t_hat slight
hetero-association betwedrand7 (or 8). modifications to the steric environment in the vicinity of the

For PAMs containing ester substituents, the concentration aroma.tic framework significantly alters the solution aggregation
dependent chemical shift changes were insensitive to the typeP€havior of PAMs. _ _

(21) Wilcox, C. S. inFrontiers in Supramolecular Organic Chemistry Besides the. steric and electronic fz_;tctors,_ It Wa$ found th.at
and PhotochemistrySchneider, H.-J.: Durr, H., Eds.; VCH: New York, the concentration dependence of chemical shifts varied according
1991, pp 123-143. to how the substituents were arranged around the macrocyclic

Chemical Shift (ppm)

7.0 T T T T T T T T
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Figure 4. Concentration dependence ®f NMR chemical shift for Figure 5. van't Hoff plots of self-association constantsa{s,) for

the exaannular proton, of the aromatic ring with the ester substituent, PAMs 1, 13, 14, and17 in CDCls.

of 13, 14, and15 (in CDCl; at ambient temperature). ) o )
Table 1. Thermodynamic Data for Self-Association of PAMs in

skeleton. This is revealed by constitutional isom#gs-15. CDCls
Though PAMs13—15 all have an equal number of ester and Kassoc AG AH AS
ether groups, the magnitude of their chemical shift changes compd (M2  (kcal/molp  (kcal/mol)  (cal/motK)
varied considerably. As shown in Figure 4, PAN showed 1 60 24 ~50+0.2 ~924+08
no concentration dependent chemical shift changes while inthe 2 ~0
same concentration range, PAM3and14 had a chemical shift 6 ~0
difference ofd 0.31 andd 0.24, respectively. 115 the ether ; :8
groups areendeannular, while13 and 14 have excannular 13 18 17 51403 —13.6+ 10
substituents, but they differ in the order of these groups around 14 26 ~19 56403 —108+10
the macrocycle. 15 ~0

The rigidity and geometry of the PAMs also had a strong 17 11 -14 —33+0.2 —6.6+038
influence upon the magnitude of the concentration dependent 18 16 b b b
changes ifH NMR shifts. This is evident because th¢ NMR 2 At 293 K. b van't Hoff plot is not linear in the temperature range

of 16, the linear chain precursor g revealed no chemical shift ~ from 258 to 294 K.
changes as a function of concentration. PAMsand18, with
five and seven phenylacetylene subunits, respectively, showedthe above!H NMR observations. Osmotic measurements of

smaller chemical shift changes than PAM the solutions of PAMs were conducted in chloroform at 308 K
Quantitative Interpretation of the 'H NMR Data. A single using benzil as a standard. The stoichiometric molal concentra-
PAM molecule (i.e., monomeric species, M) can be considered tion was calculated from the weight of the solute, while the
to aggregate as follows colligative molal concentration was obtained by comparing its
VPO reading against that of ben2il. A plot of colligative
—M —M —M . L . .
M=M= My .. (1) concentration versus stoichiometric concentration3{os, 15,

16, and 17 gave a straight line with a slope of unity and an
If we assume that the monomedimer equilibrium is the intercept of almost zero indicating that these PAMs do not

predominant process, tfel NMR chemical shifts at different ~ @dgregate in chloroform solution. However, when the stoichio-
concentrations can be used to determine the dimerizationMetric concentration ol was plotted against the colligative

constant Kassoe USING curve fitting methods described in the ~concentration, a nonlinear plot was found (Figure 6). The
Appendix. Implicit in this assumption is that higher order colligative concentration was lower than the stoichiometric
aggregation beyond dimerization is insignificant in the concen- concentration indicating thal self-associates in solution.

tration range studied. Clearly at higher concentrations larger Hence, the VPO results are, qualitatively, in agreement with
aggregates may become more signific@ntSaunderHyne the lH NMR observations. The VPO data can be interpreted

analysis of our NMR data fat shows that the monomedimer guantitatively as outlined in the Appendix. This analysis reveals
model gives the best fit over the concentration range we have that higher order aggregation beyond the dimer is not significant
studied. This was further confirmed by the VPO measurements for these compounds in the concentration range studied here.
described below. From determinationtofsocas a function of The d|mer|zat!on constant deterr_mned from VPO is in very good
temperature, van't Hoff analyses were performed to obtain 2greement with the value obtained from té NMR study.
thermodynamic quantities for the aggregation of PAMs. The 1he dimerization constant df, in chloroform and at 308 K,
van't Hoff plots for PAMsL, 13, 14, and17 are shown in Figure ~ Was 40 and 35 M by VPO and NMR, respectively.

5 while the values foAH and AS are given in Table 1. The ) )

signs of AS and AH suggest that the aggregation of PAMs in  Discussion

solution is not an entropically driven process but thatitis slightly  ag 1 has no functional groups capable of hydrogen-bonding
favored enthalpically. it is believed that PAM association is the result of-
Vapor Pressure Osmometry Measurements.Vapor pres-  jnteractions. This is supported by the upfield shift of the
sure osmometry (VPO) was used to study the aggregate size agomatic protons due to the influence of the ring current from
well as to independently verify thi€assocvalues obtained from — he neighboring molecule. This idea is further supported by
(22) (a) Saunders, M.; Hyne, J. B. Chem. Phys1958 29, 1319. (b) the observation that only the aromatic protons show significant

Marcus, S. H.; Miller, S. 1.J. Am. Chem. Sod 966 88, 3719. For fitting
comparisions of our data to various models, see the supporting information.  (23) Schrier, E. EJ. Chem. Educl1968 45, 176.
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concentration-dependent chemical shifts. The chemical shifts
of protons on the aliphatic substituents are almost invariant to
concentration. Aromatic solvents are known to significantly
reduces-stacking interactions because the solvent molecules
effectively solvate the solufé:2> The absence of concentration
dependent chemical shift changes foin benzeneds, thus,
further supports a-driven association.

Our experimental observations indicate that electron with-
drawing substituents on the macrocycle favor self-association
in comparison to electron donating substituents, as indicated
by a comparison of the behavior &f 2, 7, and8.26 PAMs 1
and?2 are constitutional isomers in which the oxygen atom of 0.0 — 77T
2is directly linked to the phenyl rings as opposed to the carbonyl 0.0 5.0 10.0 15.0 20.0 25.0
carbon as irl. Hence, the ester groups Mfunction as weak Stoichiometric molal conc (m molal)
donors g, = 0.16), while those il are acceptorsx ~ (_)'44)'27 Figure 6. Colligative concentration obtained by VPO vs stoichiometric
An attempt was made to study the hetero-associatichasfd concentration for PAMS and6 in CHCL: at 308 K.

7 as well asl and 8 by NMR titration. Accurate values of

these hetero-association constants could not be obtained due to
the strong competition by self-associationlof

The self-association behavior of PAMs that have both electron
withdrawing and electron donating groups is diminished relative

to 1. PAMs 13 and 14, which are functionalized with ester  Figure 7. Stereoview of the carbon skeleton of PANMB. The
and ether groups, havekassocof 18 and 26 M1 respectively, conformation shown represents an energy minimum as determined by
while 1 has aKassoc Of 60 M1 (Table 1) at this same molecular mechanics using the QUANTA CHARMmM force fiéfd.
temperature. This is contrary to the intuitive notion that denor
acceptor interactions between the alkoxy and ester functionalities Another piece of evidence suggesting that PAMs associate
might favor aggregation. The values &AH and AS for PAM via a face-to-facer-stacking interaction is obtained by compar-
13 suggest that doneracceptor interactions between alkoxy and ing the concentration dependence'bf NMR chemical shifts
ester groups slightly favor-stacking enthalpically but disfavor ~ for constitutional isomersl3 and 15. The only difference
it entropically relative tol. Overall, the entropy effect between these two PAMs is that1sthe ether groups aendo
dominates near ambient temperature, resulting in a decrease irannular while in13 they areexcannular. Apparently, the
Kassodor 13. The difference imSvalues indicate that the dimer  combined steric bulk of the threndeannularn-butyl chains
pair of 13is more highly ordered than that @f This could be of the ether groups it5 prevent the molecules from approach-
due to the ordered sequence of substituents around the macroing each other in a face-to-face orientation.
cyclic frame in13as compared to the highly symmetric structure  The number of phenyl rings as well as the planar geometry
of 1. of the macrocycle has a significant effect on the self-aggregation
The sensitivity of the PAM association process to the steric of PAMs. Even thoughl6, 17, and 18 are substituted with
environment provides insight as to the geometry of the ag- n-butyl ester groups, thekassocis diminished compared ti
gregates. While the length of the alkyl chains of the ester groups (Table 1). The smalleKassoc0f 17 can be attributed to the
has no influence on the aggregation, branching of the alkyl decrease in number of phenyl rings. However, the value of
groups in the vicinity of the aromatic core, affects it drastically. AH for 17 is much lower than the value expected if a linear
PAM 6, with tert-butyl ester groups, shows no significant relationship existed betweekH and the number of aromatic
concentration dependent chemical shifts. The absence of self-units. The reason for this large decrease is unknown at the
association in this molecule was confirmed by VPO (Figure presenttime. Linear sequent&and PAM18have lowerK
6). Itis presumed that the bulkert-butyl groups prevent the  than 1 even though they contain six and seven meta-linked
PAMs from closely approaching each other, thereby hindering phenylacetylene monomer units, respectively. Molecular mod-
m—rn interactions. This observation suggests the notion that eling indicates that PAML8 has a rather flexible, nonplanar
PAM aggregation involves a face-to-face stacking rather than geometry. Thus, the-stacking interactions between individual
an edge-to-face orientation. Additional details about the dimer aromatic rings inl8 are apparently not favored in the various
geometry such as the extent of offset cannot be determined fromconformations that this macrocycle can adopt, one of which is
the available information. The crystal structure of a related depicted in Figure # This explains the decrease in self-
PAM molecule does however support the notion that the association even though there are potentially meneteractions
macrocycles stack in an offset face-to-face fashfon. per molecule in8. It should be noted that the van't Hoff plot
for 18 was not linear between 258 and 294 K. This may suggest
(24) For a similar example see Sanders, G. M.; van Dik, M.; van that 18 experiences complex conformational dynamics in this
\éﬁg:‘]“ig%% 5Aé? ‘é%r;zder Plas, H. C.; Hofstra, U.; Schaafsma, J. Qrg. temperature range whereby different conformations may have
(25) For a study on the influence of various solvents on dimerization of different association constants. Analogous reasoning can be
cyclophanes, see: (a) Bryant, J. A.; Knobler, C. B.; Cram, Dl JAm. used to explain whyi6, a linear oligomer with considerable

Chem. Soc199Q 112 1254. (b) Bryant, J. A.; Ericson, J. L.; Cram, D. J. i ibili ibi i -
3 Am. Chem. S04990 112, 1256, conformational flexibility, does not exhibit any solution ag

(26) This finding is consistent with the study of a series of doubly 9régation. These observations suggest that the planar geometry
substituted 1,8-diarylnaphthalenes in which it was found that electron Of PAMS is required to bring about thestacking induced self-
withdrawing groups on the aromatic rings cause a higher barrier of rotation gssociation. It can be reasoned that the well-defined, rigidly-

as a result of “less unfavorable” electrostatic interaction in the ground state. : :
See: () Cozzi, F.; Ponzini, F.; Annuziata, R.; Cinquini, M.; Siegel, J. S. held, planar geometry of hexameric PAMs promotes cooperative

Angew. Chem., Int. Ed. Engl995 34, 1019. (b) Cozzi, F.; Annuziata, R.;  Z-interactions among several pairs of aromatic rings in neigh-
Cinquini, M.; Siegel, J. SJ. Am. Chem. Sod 993 115 5330.

(27) Exner, O. InCorrelation Analysis in Chemistry: Recent#hces (28) Molecular modeling was done using QUANTA Version 4.0,
Chapman, N. B., Shorter, J., Ed.; Plenum, New York, 1978; p 439. Molecular Simulations, Inc.: Waltham, MA 02154.

Osmetic molal conc (m molal)
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Figure 8. Geometric parameters describing the spatial relationship
between acetylenic and aromatic moieties. The tilt angjeafd the
azimuthal angled) are indicated.

Figure 9. Plot of d vs azimuthal angleg() for the crystal structures
boring molecules without suffering a significant reduction in obtained from the CSD search. The area below the solid curve defines
conformational entropy. In other words, the individual phenyl the region where the carberarbon triple bond is projected within
rings of a PAM molecule are preorganiZetb achieve multiple ~ the perimeter of an aromatic ring.

w—a interactions. Consequently, weak interactions between a
single pair of aromatic rings that may be difficult to observe in tions between the aromatic and acetylenic moieties. Of these
small molecules are multiplied by the PAM molecular archi- only 27 structures (34 interactions) lie in the overlap region as

tecture. shown in Figure 9. This is lower than the value that would be
expected for a random distribution of points in space (i.e., a
What 77— Interactions Drive PAM Aggregation? cylinder of radius 1.40 A and height 10.0 A consists of ca. 1.6%

of the volume of a sphere of radius 10.0R) Close inspection
of the crystal structures in the overlap region revealed that there
was no correlation between the type of aromatic substituents
and the occurrence of overlap.

The orientation of the triple bond with respect to the plane
of the aromatic ring may also be used as an indicator of
acetylene-arener—u interactions. Maximurn— interactions

Aromatic —Acetylenex—ax Interactions. Up to this point,
the discussion has considered only aromasicomaticoz—m
interactions. In contrast to the wealth of information about
aromatic-aromatic interactions, much less is known about the
interactions between aromatic and acetylene moieties. Due to
the lack of such information, we consider here the possibility
that acetylenearene or acetyleneacetylener— interactions ; ’ ;
may provide the driving force for the observed PAM aggrega- Should occur when the mean tilt angt (s 90, i.e., the triple
tion. In order to gain insight into these interactions, the Pond lies parallel to the aromatic plane. However, the mean

Cambridge Structural Database (CSD, Version 308)as tilt angle @) for the structures in both the overlap and
surveyed for structures in which the distandebetween an ~ Nonoverlap region is ca. 90 This leads to the conclusion that
aromatic centroid and the center of the carboarbon triple the orientation of the two moieties is statistically constant over

bond lies within 10 A (Figure 8). The observed spatial aI_I space. Finally, th_e mean value d_f'for_structures falling

distribution of triple bonds relative to the plane of the aromatic Within the overlap region is 3.82 A which is somewhat smaller
fing was compared against a random distribution to identify than for those outside the overlap region (4.68 A). This
energetically significant interactions. Spatial overlap between difference, however, is likely due to the ability of a triple bond

an aromatic ring and a triple bond was analyzed by considering 2P0ve the aromatic ring (i.e., when they are in the region of
those triple bonds whose projection onto the aromatic plane fell ©V€rlap) to achieve a closer approach. Substituents on the ring's

within the phenyl ring perimeter. This information is presented Perimeter prevent a similar close approach outside the overlap
in Figure 9 whera is plotted against azimuthal angle The  region. We conclude that—z stacking between triple bonds
region that lies below the solid line is defined by the relationship nd aromatic rings is not a particularly significant noncovalent

given in eq 2 interaction. . . .
Acetylene-Acetylenex—s Interactions. z— interactions
d= 1.40 A 2 between a pair of acetylene moieties was also considered as a
~ sing possible driving force for PAM aggregation. To gain insight

into this interaction, the CSD was surveyed for structures in
which represents the regime where the center of the carbon which the distancex, between centers of carberarbon triple
carbon triple bond is projected within the aromatic perimeter bonds was withi 7 A (Figure 10). Spatial overlap between
(i.e., the center of the triple bond lies within a cylinder centered acetylenic moieties was analyzed by considering those triple
on an aromatic ring and of radius 1.40 A). The CSD survey bonds whose center could be projected between the carbon
identified 293 structures and in these there were 7711 interac-

(30) For a detailed analysis of the spatial distribution of aromatic
(29) Allen, F. H.; Kennard, OChem. Design Automation NewWw893 acetylene groups and a comparision to the random spatial distribution, see
1. the supporting information.
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Figure 10. Geometric parameters describing the spatial relationship
between two acetylenic moieties.

Figure 12. Geometric parameters describing the spatial relationship
between a pair of aromatic moieties. The tilt anglpand the azimuthal
angles ¢, and ¢,) are indicated.
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Figure 11. Plot of x vs angle¢, for the crystal structures obtained . 3
from the CSD search. The area below the solid curve defines the region i % -
where the center of one carbenarbon triple bond is projected within ' : ¥y :
the zz-cylinder of the other. R G AN o

atoms of another. This information is presented in Figure 11 —
wherex is plotted agains; (this plot is very similar to a plot k o
of dvs ¢p). The solid line divides the overlap and nonoverlap
regions of the centroid of one triple bond with thecylinder

of the other as defined by eq 3

r(A)

Region of no —
overlap

b Region! B
X=0'59A i=lor2 3 0 L L B e e
CoS¢, 0 45 90 135 180

The value of 0.59 A corresponds to half the length of a carbon 41 (degrees)

carbon triple bond. The CSD search identified 467 structures Figure 13. Plot ofd vs azimuthal anglegy) for the crystal structures
and 2105 acetylene pairs with separation distances less than -pbtaine.d from the CSD search. T'he area b.elow the. sqlid curve Fiefines
A. Of these, 204 structures (349 acetylene pairs) lie in the the region where one aromatic ring is projected within the perimeter
overlap region as shown in Figure 11. A comparison of the of the other.
spatial distribution of all data relative to a random distribution =~ To compare theser-stacking interactions to aromatic
indicates almost no difference (see supporting information). aromatic interactions, the CSD was surveyed for structures in
The orientation of one triple bond with respect to the other which the distancel, between the centroids of two aromatic
may also be used as an indicator of acetyleaeetylener—x rings, was within 7 A (Figure 12). Spatial overlap between a
interactions. Favorable association should occur when the mearpair of aromatic rings was analyzed by considering those
tilt angle @) is 0° (or 180), i.e., the triple bonds are parallel. aromatic rings whose projection onto the aromatic plane fell
However, the mean tilt angl&) for the structures in both the  within the perimeter of the other. This information is presented
overlap and nonoverlap region is very nean@r 18C¢). This in Figure 13 wheral is plotted against the azimuthal angie
leads to the conclusion that the orientation of the two moieties (this plot is very similar to a plot ofl vs ¢,). The region that
is statistically constant regardless of position. These observa-lies below the solid line defined using eq 2 is the regime where
tions lead to the conclusion that-7z stacking between triple  the centroid of one aromatic ring is projected within the
bonds is not a particularly significant interaction. perimeter of the other. The CSD survey identified 9425



1026 J. Am. Chem. Soc., Vol. 118, No. 5, 1996 Shetty et al.

structures and in these there were 48845 centroid pairs separatedhen macrocycles have ester and alkoxy groups in the same
by less than 7 A. Only the first ca. 10% of these data are plotted molecule, the donor and acceptor interactions between these
in Figure 13. The plot shows the appearance of clusters of datatwo groups does not promote strong aggregation. The type of
points indicating qualitatively significant differences in appear- alkyl group on the ester or ether derivatives is less important
ance from Figures 9 and 11. The spatial distribution of aromatic as long as the group is not branched aneikisannular. Endo
groups was compared to the random spatial distribution. This annular alkyl groups as well as branched alkyl groups severely
comparison indicated that the observed data deviated signifi- disrupt aggregation. The geometry and the size of the PAMs
cantly from a random arrangement. In particular, there is an also influence ther-stacking interaction. A planar and rigid
excess of contacts in the overlap region (see supporting framework enhances the interaction while a flexible nonplanar
information). Hence, these observations concur with the geometry inhibits it. These observations imply that the geometry
assumption that aromati@romatics interactions are energeti-  of the PAM dimer in solution involves face-to-fagestacking.
cally favorable. From our analysis of the three types of pairwise A simple model to explain this behavior is one based on
interactions we conclude that the aggregation of PAMs in minimization of quadrupolequadrupole repulsion. Thus, face-
solution is most likely driven byr—x interactions between  to-faces-stacking in self-associating systems is more favorable
aromatic units rather than that between aromadicetylene or for aromatic molecules which have a quadrupole moment near
acetylene-acetylene units. zero. Further understanding of aromatic interactions will
On the nature of the Aromatic—Aromatic z-Stacking improve our ability to control supramolecular organization, an
Induced Association of PAMs. In the light of these observa-  important consideration in the rational design of condensed
tions, we consider here the naturermefr interactions that favor ~ phases such as columnar liquid crystals, monolayer films, and
association of the PAMs. As mentioned in the introduction, crystalline solids.
various models have been proposed to address the role of ) )
molecular geometA#8and electrostatic factois®11in promot- Experimental Section
ing aromatic association. Dipotelipole and dipole-quadru- General Methods. The syntheses of the all macrocycles, exdgpt
pole interaction terms may be important for unsymmetrical and15, have been previously reportéd.Characterization data fd&
molecules. However, such terms do not explain the behavior and15 are given in the supporting information. All compounds give
of symmetrical molecules such as PAM Association of  safisfactory’H NMR, *C NMR, mass, and elemental analyses.
symmetrcal melecuies coud be axpiained i 1S of the VAIANE RS WS e r SRer o e
?L:Js:l;u2?153233rgfgrlgsgge;afgtrloansbai:—ﬁ gruoan(:g':iidrxi!rjlgg in a temperature was calibrated with 4% methanol in methdnolAll NMR

. . - : spectra were taken in CDgNith residual solvent peak as the reference.
face-to-face orientation, first proposed by Brown and Switfon  cpc), was assumed to expand linearly with temperature and have the
and later modified by Hefmalez-Trujillo et al.**¢ however, same expansion coefficient as CHE The curve fitting of *H
reveals that this interaction will always be repulsive éeif- chemical shift was performed on a Macintosh personal computer using
association(i.e., since self-association involves molecules with a BASIC program. Vapor pressure osmometry (VPO) was carried out
guadrupole moments of identical sign and magnitude). Thus, on a KNAUER vapor pressure osmometer with benzil as the calibration
guadrupole-quadrupole interactions cannot favorably contribute standard in CHGlat 308 K.
to the stability of self-associating aromatic rings in a face-to-
face geometry. It may be more useful however, to consider
quadrupole-quadrupole interactions in terms of their destabiliz- !H NMR Data Analysis. The method described below is
ing rather than stabilizing contribution to the overall energy. In pased on that developed by Horman and Dr&uxor the
fact, minimization of quadrupotequadrupole repulsion in the  dimerization of M, the following equilibrium is assumed
face-to-face geometry may be one of the most significant factors
that controls self-association afstacked aromatics. Consider- Kassoe
! , . 2M=—=M, (4)
ing quadrupole-quadrupole repulsion only, self-association
would be most favored when the quadrupole moment approache
zero. Quadrupole moments of zero magnitude would occur for
aromatic rings appended with the proper balance of electron

Appendix

Sfor which, the association constanKassoe and the total
concentration@) of the monomer are related by the following

withdrawing groups. These considerations suggest that theSXPression

driving force for self-association may come from van der Waals 1 2[M,)] c

interactions, which would be maximized by maximizing aro- = -2 (5)
matic—aromatic contact, consistent with the face-to-face ge- 2CK ssoc ¢ 2[M,]

ometry. Thus, aromatic systems substituted so as to render their_ o

quadrupole moment near zero, should have the greatest pro-This equation is of the form

pensity for self-associating in the face-to-face geometry. We 1

recognize that this analysis is oversimplified since solvation has y=x+71,-2 (6)
been ignored. Even so, its consideration will not change the

fact that quadrupolequadrupole energy of self-association in  Where x = 2[MaJ/c, y = */xCKassoe The parametex thus
the face-to-face orientation is minimized by a quadrupole represents the fraction of the species present as dimer. The value

moment of zero. of x for which 0 < x < 1 is given by

Conclusions x=@1=Y,)—J@A+Y)* -1 (7)

Aromatic 7—z interactions induce the self-association of |f it is assumed that the measured chemical shift is the weighted
certain phenylacetylene macrocycles as revealeHo}NMR average that of the monomer and dimer, then
and VPO. The electronic character and orientation of the aDi T o e TRy ST
i i _ iati nternational Critical Tables of Numerical Data: YSICS, emistry
substituents on the PAMs strongly mfluen_ces the self assomatmgan d TechnologyWashburn, E. W., Ed.: McGraw-Hill, New York, 1928:
tendency. As opposed to electron donating alkoxy or alkanoateyq, j, p 27.

groups, electron withdrawing ester group favor aggregation.  (32) Horman, I.; Dreux, BHelv. Chim. Actal984 67, 754.
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0; = 0g = X(0g — 0g) (8)
whered; is the measured chemical shift at concentratipwhile

do and g are limiting chemical shifts of monomer and dimer,
respectively. Equation 8 is a straight line relatihgo x with

a slope of—(dp—0dg4) and an intercept odo.

In the treatment of the experimental NMR data, one first
assumes Kassocvalue, calculateg using eq 6, and then performs
linear regression calculations according to eq 8. For the line
obtained, the standard deviatienf the experimental chemical

shifts ;) is calculated according to eq 9

(9)

whereN is the number of data points, ardis the chemical
shift obtained from the linear regression. For each value of
Kassog this linear regression gives values fgr do—d4, and thus,

d4. A large standard deviation indicates that the assukaed.

is far from the correct value. Hence, in order to obtain the most
accurate value foKzsseg it iS necessary to variassocover a
large range which in this case varied from 1@ 10* of the
best obtainedKsssoc Value. Therefore, unlike the Benesi
Hildebrand? or Wilcox—Cowarf* methods, the HormarDreux
method does not require the pre-estimation or extrapolation o
the limiting chemical shift of monome®) or dimer @g).
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In the above equationsy is the molal concentration of free
monomer g is the stoichiometric molal concentration, amgl

is the colligative molal concentration. A series expansion of
eq 10 gives the dimerization constakl, and higher order
association constants as follows

my

1

1= 2K,m, + 3Ky(m)? + 4K, (m)° + ... (11)

To determine the association constantsandms are first fitted
into the following polynomial expansion

Meitted) = zcnmsn (12)

For PAM 1, a fourth order polynomial gives a good fit of the
experimental data as indicated in eq 13

¢ Myiteq) = 1.10098n, — 0.100638° + 0.00399n." (13)

The curve fitting procedure used here is justified by the Nexty is obtained by numerically evaluating eq 10 using the
following observations: (1) The association constants obtained Mytinec) €XPression which affordsy as a function ofrs. Finally,

independently from the curve fitting of different aromatic
protons within the same molecule are consistent. For PAM
the room temperaturk,ssocin CDCls obtained from chemical
shifts of theexoaromatic proton is 62 M while that obtained
from the endoproton is 57 ML (2) do, obtained from the
fitting, is nearly identical to that obtained from the acyclic
sequencd 6 which behaves as a monomer in solution. ¢3)

anddq remain essentially constant over a wide temperature range
althoughKsssocChanges dramatically over the same range (see
supporting information). (4) There is a good agreement between

experimental data and the data obtained from the curve fitting.

VPO Data Analysis. The dimerization constang) for
PAM 1 was obtained by applying the method developed by
Sugawara and co-workers to the VPO data and is briefly
described below® In the VPO measurements, the experimen-
tally desired osmotic coefficient,3%-37is related to the activity
coefficient ¢) using the GibbsDuhem equatiof?

-1
Iny=(¢—1)+ ﬁ)”k(‘p—ms)dng (10)
where
_M
¢ my
and

(33) Benesi, H. A.; Hildebrand, J. H. Am. Chem. Sod949 71, 2703.

(34) Wilcox, C. S.; Cowart, M. DTetrahedron Lett1986 27, 5563.

(35) Sugawara, N.; Stevens, E. S.; Bonora, G. M.; TonioloJ.CAm.
Chem. Soc198Q 102, 7044.

(36) Robison, R. A.; Stokes, R. HElectrolyte Solutions Academic
Press: New York; 1959.

(37) Glasstone, SThermodynamics for Chemist¢an Nostrand: Prin-
ceton, NJ, 1947; pp 388392.

(38) Lewis, G. N.; Randall, M.; Pitzer, K. S.; Brewer, Thermodynam-
ics, 2nd ed.; McGraw-Hill: New York, 1961.

my/m; — 1 was fitted to a polynomial ofn, yielding the
following empirical relationship

m

- —1=0.11m, — 0.0141(n,)* + 0.00399(n;)°
1

(14)

Comparison of eq 14 with eq 11 gives the values of the
association constants as followi§; = 0.057 (mmj! =57 n!
~ 40 M™%, andK3 ~ 0.0,K4 ~ 0.0. The dimerization constant
(Ky) is consistent with the value #f,ssocobtained from théH
NMR study which is ca. 35 M! at 308 K in CDC}.
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