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Abstract: Thrc~~andmole~~~s~uc~es~1:f complexes ofRebt#s&cid(I) withpyrazinc (2)amdqtdnoxaline 
(3) have been determked by sin8le crystal X-ray d@actiot~ The tutit celis of the uystailine I :2 anil t3 each contain 
hvo crystaltogmphicalIy inakpendent moiectdes of their respective com@xes; aHfour complexs exhibit nearly 
synmeti, syn, two-point binding of the diamine gaests by the convergent carboql groups of 1. These data confvmthe 
original structural proposal of Rebek et al. (J. Am. Gem. Sot. 1987,109,2426-2433), and stand in c5n*asl to the 

ce~trd codtsion (one-point &ding) of Jorsens;en et ai.3 co~u~t~~ study qf tke complex qf Rebek% &a& and 
pyrasine (J. Am. Chem. Sot 1989. Ill, 755-757). In a&&ion. the X-ray structure qf Rebck’s diacid hydrochloride 
(1: HClj has been determined. In this complex, compotmd I is pro&ma& on the acrid&e nitrogen, and the chbxide 
coanterion participates in a “three-pobtt binding”, %hapzd, ~~n~~d netx.~k with& the akid ci& 

Rebek and co-workers have shown that the &acid 1 is an effective host for a variety of an-&es in chloroform 

solution, most notably the cyclic diamines pyrazine (2, Ka= I.4 x ld Ml), quinoxaline (3,2.3 x l@), and 

phenazine (4, 2.2 x ld) .l12 They have propose& primarily on the basis of NMR data, that “two-point biding” of 

these and other diamines by the ~n~gent carboxyf gmups of 1 is the likely mode of compkxation.1*2 However, 
this structural propOS& has been controversial: in 1989, Jorgensen et al. argued, on the basis of Monte Carlo 

sedation of the complex 1:2 in chiefs solution, that two-point binding (as illustrated below) is disfavomd, 

and that instead only one strong hydrogen bond is made in typical stmctums of the complex,3 
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Indeed, the relative ~~~m~s of the association consul for snores and diamines reported by Rebek 

et al. are not easily rationalized by a simple two-point binding model. For example, they absented a 1Zfold ratio of 

the rUa’s for the binding of pyrazine and the rnono~~ pale (5, ga = 1.2 x 1@ Ml).’ Since pyridine can 

make only one stmng hydrogen b&d with 1, one might expect the addition of a second hydrogen bond in the 

pyrazine complex to yield mane than a 12-fold increase in the association constant. In fact, the c~culadons of 

Jorgensen et al. which favor one-point binding of pyraziue reproduced the 12-fold ratio of Kis for pyrazine and 

pyridine, and they calculated that a K, ratio on the order of 400 would be expected if complex 1: 2 were to display 

“true two point binding”.3 On the other hand, the observed K, ratio for quinoxaline and pyridine is 192, a plausible 

ratio for two-point vs. one-point binding of the amines, but how can one account for the 1%fold increase in binding 

of 3 with respect to 2, when the two diamines have extremely similar geometries and basicities?*5 Rebek et al. 

argued that this increase in binding was due to favorable x-stacking interactions in the quinoxaline complex,lb and 

Jorgensen et al. did not address this issue.3 

At the very least, direct, reliable structural data are required to begin to resolve these diffi~ulties.~ We now 

teport the single crystal X-ray structums of the complexes of Rebek’s diacid with pyrazine and quinoxaline, which 

unambiguously establish two-point biding as the mode of complexation. In addition, we report the X-ray structure 

of the the hydrochloride of 1, a unique “three-point binding” complex of cbloti& ion which, by means of 

comparison with the diamine complexes, highlights the conformational flexibility of 1 .7 

RESULTS 

In our initial experiments, we attempted to crystallixe compound X from common organic solvents containing 

equimolar and excess amounts of the diamines 2 and 3. From the outset, smaI1, poorly diffracting crystals of 1:l 

complexes (as judged by NMR) of 1 and quinoxaline were obtained from simple alcohols, but it was only after 

many trials tbat a suitable specimen for structum determination was obtained from ethanol contaiuing a five-fold 

excess of 3. The crystals proved to be trlclinic, space group P i; 2 = 4; thus they contain two crystallographically 

i~~~ent molecules of the complex 1: 3 in the asymmetic unit, as well as one molecule of ethanol.* It is 

noteworthy that the unit cell parameters derived from the earlier, less good crystals f?om ethanol ate identical within 

experimental error to those of the final sample; thy is no evidence that the earlier samples were of a diffemnt 

crystal form. 

We were unable to obtain ~tisf~~ crystals of a pyraxine complex with 1 from ordinary solvents; 

achy, however, large single crystals of 1:2 were formed by the evaporation of solutions of 1 in liquid pyraxine 

(mp 58 “C) at 70 “C. At room temperature the crystals decomposed witbin a few hours by loss of pyrazine, but at 

235 K they were infinitely stable. These crystals also proved to be triclinic, space group P E 2 = 4, and they 

contained not only two independent molecules of the complex 1:2, but also five actions molecules of 

un~plex~ pyrazine in the disc unit8 

In addition to the diamine complexes, the hydrochloride of 1 crystallized readily from ace&&rile. These 

crystals are monoclinic, space group p2I/c, Z = 4, and they contain one molecule of 1: H Cl and one molecule of 

acetonitrile in the asymmetric unit.8 
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~am~tof~e~~~c~ts~~~s~ofl:2~dl:3,~~lution~d~~~tof~ 

crystal slructums yielded the geometries of four crystaIlographically independent complexes of diamines with 

Rebel& diacid. The two pyrazine complexes we designate 1: 2A and 1: 2B @igum l), and the two quinoxaline 

complexes l:3A and 1:3B (Figure 2). AU four complexes exhibit nearly symmetric, syn? two-point binding of 

their respective d&mines. and thus these data strongly support the original structural proposal of Rebek et al.” 

The two pyrazine complexes have very similar geometries. In complex 1: 2A the hydrogen-bonded N - Xl 

distances are 2,740 (7) and 2.776 (7) A, and in 1:ZB they am 2.757 (7) and 2.767 (7) A. The OW.*OH separation 

in complex 1:2A is 8.25 A, and in 1:2B it is 8.28 A. The latter values am only slightly less than the 8.4 A separ- 

ation specified by Jorgensen et ak3 for optimal syn two-point big of pyraziue, Thus the cleft in each host is 

large enough to accommodate two essentially collinear hydrogen bonds between the host and guest, and none of the 

pyrazine nitrogens lies mom than 0.20 A fmm the mean plane defined by the four carboxylic acid oxygens in each 

of theirrespective hosts. Notably, the W**N distances in the chelatedpyraziues in 1:2A and 1:2B, 2.785 (8) and 

2.798 (7) A, respectively, HIS essentially identical U) the N +*N distance observed in crystalline pyrazine, 2.796 A.” 

Fig. 1. The X-ray stmctm~~ of complexes 1:2A (above) and $:2B 

@C&V>. Rtarrai ell@soi& are &awn at the 50% probabili@ level. 
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The quinoxaline complex 1: 3A strongly resembles the pyrazine complexes, but the complex 1: 3B is 

substantially and instructively difkznt. In 1:3A the hydrogen-bonded N-*.0 distances are 2.761(7) and 2.790 (7) 

A, and the OI+ **OH separation is 8.36 A. Thus this cleft also permits a nearly collinear set of hydrogen bonds 

between the host and guest, and the quinoxaline nitrogens are no more than 0.06 A from the mean plane of ibe 

carboxyl oxygens. In complex 1:3B, however, the OH+ * *OH separation is anly 7.93 A, which appears to be too 

small for optimal chelation. The quinoxaline is pushed slightly out of the cleft, so that the quinoxaline nitrogens lie 

approximately 0.7 A above the plane of tbe carboxyl oxygens. Neverth$ess, symmetric two-point binding is 

maintained with the formation of two slightly bent hydrogen bonds. The N * *O distances in 1: 3B are 2.691(7) 

and 2.661 (7) A. 

Fig. 2. The X-ray structtues of complexes i:3A (above) and 1:3B (below). 
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~~~n~ti~of~~e~a~ut~~esofch~~on~c~p~~l:2A, 1:2B,and1:3Aamroughly 

simiiar, with the “omside” edge of each diamine tiited by varying degrees toward the a&dine nucleus. In 1: 3B, 

however, the benzene ring of the quinoxahne is swung away from the amidine. In the absence of a clear 

orientational pmfemnce in the four X-ray stmctums, it is probable that the diamines enjoy considerabie rotational 

freedom about the axis of chelation in solution. In this regatd, whiIe Rebek et al.lb proposed that x-stacking 

interactions between quinoxaiiue and acridine would account for the enhanced binding of 3 with respect to 2, in 

neither 1:3A nor 1:3B is them any evidence of such interactions. There is, however, x-stacking of quinoxahnes 

between molecules of complex 1:3B paired about an inversion center in the crystal structum, and interestingly botb 

1:2A and 1:2B exhibit x-stacking of the chelated pyrarines between pairs of complexes related by inversion 

symmetry. 

The structure of 1:HCI (Figure 3) is iu striking contrast to those of the diamine complexes. As expected, 

compound 1 is protonated on the acridine nitrogen, but the surprising result is the TMaped, three-point biding of 

the chknide counterion within the diacid cleft. The hydrogen bonding network is nearly symmetric, with 0 * *Cl 

distances of 3.134 (7) and 3.139 (7) A, and an N- . *CI distance of 3.101(7) A. Interestingly, the chkxide ion 

participates in no other hydrogen bonds in the crystal, and the chief intermolecuiar chloride contacts are to the 

hydrophobic back surfaces of the Kemp’s triacid moieties. We are unaware of any simihu hydrogen-bonding 

geometry for a chloride ion. In contrast to the diamine complexes, the carboxylic acids in 1:HCI adopt an anti3 

orientation for chioride chelation. Furthermore, the Om * *OH separation is only 6.21 A, a N12 A shorter than the 

average separation observed in the diamine complexes. 

Fig. 3. The X-my stmctum of 1:HCI. 
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DISCUSSION 

The crystal snuctutes of the pytaxine and quinoxaline complexes of Rebel& d&id sttongly support the 

ori8inal ptoposal of twopoiut blndiug in these and related diamine aunplexes of 1. Ii2 We cannot, of course, 

dim&y determine the sttuctum of these complexes in solution; however, the crystallogtaphically indepeudent 

complexes 1:2A, 1:2B, 1:3A, and 1:3B represent four separate determinations of the stmcture of Rebek’s 

adze complexes iu dlffetent local envimnments. The fact that all four exhibit two-point binding, while 

possessing significantly diffemnt coufoxmations and hydrogen-bonding geometties, is the best evidence that two- 

point binding will be the prefened mode of ~~ple~tion in other enwind as well. 

Why then do the Monte Cat10 simuhuions of Jorgensen et al? fail to show two-point binding in 1:2? 

Jorgensen et al. found that the cleft of 1 was unable to open wide enough to accomodate the two-point biiding of 

the guest; however, their c~~~don appears to have been too highly constmined The geometry of 1 employed in 

the simulation had been fully optimixed by molecular mechanics in the absence of a guest, but in the Monte Carlo 

simulation, ouly six torsional degrees of fmedom wem allowed: rotations about the two imide-acridlne N-C bonds, 

the two carboxyl C-C bonds, and the two carboxyl C-OII bonds3 These degas of fteedom ase lateral motious 

which permit only limited opening of the cIeft. 

‘Ihble I. Bending Distortions in Complexes of Rebek’s Diacid 1. 

Complex Imide Rendit& 

(180’- @>b 

Acridine Flex= 

(SO* - L&~N’C*N”) 

Acridine Twist! 

(LC%Sk”C’2) 

1:2A 5.1 (0*4)O, 3.1 (0.4)0 8.5 (O.l)O c 0.5 (0.4)” 

1:2B 4.1 (oqq 2.9 (0.4)” 5.4 (0. l)* c 1.8 (0.4)O 

1:3A 4.1 (0.6)‘, 5.6 (0.6)’ 4.0 (0. l)O c 10.7 (o.5>0 

1:3B 3.0 (O-6)*, 4.8 (0.6)* 9.3 (0.2)O d 7.3 (0.5)” 

IS-ICI -5.6 (0.8)‘, -3.4 (0.7)* 2.6 (0.2)“ 9.5 (0.7)O 

a Estimated standard deviations are given in pamntbeses (note 9). b B is the angle form& by 

the imide-ackline C-N bond with the plaue defined by the thme atoms linked by the dashed 

lines. c N15 and NN flex away from the d&nine guest d N15 and N% flex toward the 

d&mine guest. 
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Inspection of the crystal structtues indicates that several bending degrees of freedom are important for the 

widening of the cleft in the pyrazine and q~ox~ complexes and for the narrowing of the cleft in 1:HCl (see 

Table I). Paramount among these distcations is the bending at the junction of the acridine and the Kemp’s triacid 

moieties, largely due to pyramidalization of the imide nitrogens. This is most clearly seen in the superposition of 

the Rebek’s diacids of complex 1:3A (which has the widest cleft) and 1:HCI (the most narrow) in Figure 4. In the 

former, the hnide nitrogens are pyram&lized downwards, and in the latter, upwards. From the data in Table I, it 

may be seen that the average downward bending of the imide is about 4O in the diamine complexes, and the upward 

bending in the hydmchloride complex is also about 4’. However, because of the long lever arm between the imide 

nitrogen and the carboxyl group, an overall 8’ change in pymmidahration can account for an ahnost 1 A change in 

the width of the cleft. The trlcyclic acridine nuclei in the complexes also exhibit signiiicant flexing and twisting 

distortions (Table I). The effect of flexure on the Ofi + *OH separation is easily seen in the view of complex 1: 2A 

in Figure 5. The OW * *OH separation in this complex is 8.25 A, but the acid carbony * *O separation is only 

7.20 A. In each of the complexes, it is some combination of the imide bending, acridine flexure and twist, and 

rotations about the imide-a&line C-N bonds which permits opening of the Rebek’s diacid clefts, although not 

every complex exhibits all of these distortions to a si~c~t degree (see ‘Ihble I).lu 

Fig. 4. Side and top views of the superimposed structums of the Rebek’s 

diaclds in complexes 1:3A (bold lines) and 1:HCI (dashed line). 
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Pig. 5. Top view of complex 1:2A which illustrates the flexum of the a&dine nucleus 

and the diffbm~ce between the OH**OH and acid carbonyl O-*0 separations. 

In conclusion, the present stmctmal studies amply display the ability of Rebek’s diacid to form two-point 

hydrogen-bonded complexes with aromatic d&nines. Iu addition, they demonstrate that this molecule is quite 

flexible, and that small changes in critical framework bond angles may be ampliged into substantial displacements at 

the diamine binding site, By implication, computational studies on such delicate systems must be as Free as possible 

of artificial constraints which may bias the results in an unanticipated fashion. However, while these crystal 

stmctmes provide firm support for the two-poiut binding geometry, they do not explain the observed difference in 

the affiity of Rebek’s diacid for pyraxine and quinoxaline in solution, and further experimental or computation 

studies will be requited to elucidate this subtle seiectivity, 

EXPERIMENTAL SECTION 

C~~~t~u~n and X-ray sWn&e of1 :2. Compound 1 was prepared by the method of Rebek et al.ll 

Single crystals of 1: 2 were obtained by the concentration of solutions of 1 in liquid 2 at 70 ‘C. In a typical 

experiment, -3 mg of 1 were dissolved in -0.3 mL of hot pyraxine, and the solution was rapidly filtered, through a 

small piece of tissue paper stuffed into a Pasteur pipette, into a 13 x 100 mm test tube. The tube was placed in a oil 

bath at 70 ‘C!. and the pyraxine solvent slowly evaporated and solidified on the walls of the tube. After 2-3 h, 

crystals were observed in the remaining solution, and the mixture was drawn into a warm Pasteur pipette and 

immediately spread onto a piece of titer paper After the liquid pyraxine solid&d, orange crystals of the complex 

1:2 were selected from the mass of solid pymxine. 

Crystal data: C39H43N3~C4H4N2.2.5C4H4N2; triclinic, space group P E a= 13.859 (2) A, b = 17.613 

(3) A, c = 21.989 (3) A, a = 93.72 (1)‘. fl = 89.76 (Ho, y= 109.84 (l)O,V = 5038 (1) As, 2 = 4, Dcu = 1.269 

g/cm?. A prism measuring 0.12 x 0.20 x 0.55 mm was used for intensity rn~~~n~, which wem made with 4O 
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s 28 s 50* by using graphite ~~~ MO I& radiation (2 = ~.71~3 A) at 235 K on a Siemens P4 

diffractometer A total of 17,821 unique reflections were measured, of which 7193 were considered to be observed 

[Wol > 3o(&‘o)]. The stmcture was solved by molecular mplaeement and refined by full-matrix least-squams using 

the WELXTL PLUS software. In the final cycles of refinemenr, alI non-hydrogen atoms (except for those of a 

disordered pyrazine solvent mole&a) were refitted with anisotropic dispIaeement coefficients, the four carboxyl 

hy~ogens were refined with isottopic ~~ia~~nt coefficients, and a riding model with idealized geometry was 

used for all other hydrogens. Due to disorder, the nitrogen atoms in one of the pyrazine solvent molecules was not 

i&n~~ and this pyraxine was modelled with two Ce hexagons, which were refmed as rigid bodies with isotropic 

~spla~rn~t coefficients. ~e~e~at of 1261 pi convoy at&?($) = 0.0554, wR(F) = 0.0558, and S = 

0.99. 

X-ray sauce off:3. Crystals of 1:3 were obtained by the slow evaporation of solutions of 1 in ethanol 

cont~~g a five-fold excess of 3. Crystal data: C~~~~N~~~~~N~O.5~~~~ triclinic, space group P E a = 

12.680 (2) A, b - 17.987 (2) A, c = 19.792 (3) A, a = 77.41 (l)O, j3 = 86.22 (l)O, y= 78.55 (l)“,V = 4317 (1) As, 
Z = 4, II&t& = 1.285 g/cm3. A yellow prism rn~~ng 0.10 x 0.38 x 0.38 mm was used for intensity 

measurements, which were made with 4’ S 28 4 50’ by using graphite ~~~~~ MO Ka ~a~ (a = 

0.71073 A) at 235 K on a Siemens P4 ~~t~e~~ A totai of 15,292 unique reflections wem measuted, of 

which 5775 were considered to be observed [IF’,1 > 3ct(Fo)1. The structure was solved by molecular replacement 

and refined by fit%matrix least-squams using the SIBWIT., PLUS software. Iu the final cycles of mfine~n~ all 

non-hydrogen atoms were refined with anisotmpic displacement coefficients, the fonr earboxyl hydrogens wem 

refmed with isotropic element coefficients, and a riding model with ideal&d geometry was used for ah other 

hydrogens. Refinement of 1121 parameters converged at R(F) = 0.0574, wR(F) = 0.0556, and S = 0.98. 

X-ray structwe ofI:EZCI. Ckystals of 1:HCI were obtained from aeetonitrile. Crystal data: 

~3~~~N~~HC~~3~ rnon~~~c, space group P2,fc; a= 12.026 (2) A, b = 14.274 (3) A, c = 25.380 (4) A, 
fi = 114.22 (l)O,V = 3974 (I) As, 2 = 4, L)cala = 1.269 g&m3. A yellow prism measuring 0.10 x 0.10 x 0.18 

mm was used for intensity ~~~n~, which were made with 4“ S 26 S 50’ by using gmphite ~~~t~ 

MO Ka ~~~ (A. = 0.71073 A) at 296 K on a Siemens P4 ~~~rne~r. A total of 7044 unique refle&ons 

were measured, of which 2520 were considered to be observed [@‘ol > 20(&‘~)]. The structure was solved by direct 

methods and refined by ~li-~~x least-squares using the SHEm PLUS software. In the final cycles of 

~fm~ent, all non~hy~~n atoms were refined with artisotropic ~~l~rnent c~~~en~, and a riding model 

with idealized geometry was used for all but the three acidic hydrogens. These wem taken from the difference- 

Fourier map and idealized along the observed N-H and O-H vectors to 0.90 A and 0.85 A, respectively. The 

methyl H atoms of the aeetonitrile solvent molecule were not observed and were not included, Refinement of 487 

parameters converged at R(F) = 0.9789, wR(F) = 0.0617, and S = 0.92. 
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