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Abstract: The mononucleoside, ftert-butyldimethylsilyl)-2,3'-O-isopropylidene isoguanosine (iso&)has a strong
affinity for alkali metal cations. Previously, it was shown that isB@elf-assembles via hydrogen bonds to give a
stable tetramer, (isoG¥, in organic solvents (Davis et al. Org. Chem1995,60, 41674176). The isoG tetramer

4 can then coordinate metal cations. In this present study, vapor phase osmometry andHukhER experiments
confirmed that iso& self-assembles via complementary hydrogen bonds to form tetrdmbftolecular models
obtained from molecular dynamics and MM2 energy minimization indicate that the isoG te#tasneowl-shaped,

with four C2 oxygens located on the tetramer’s convex surface. It is likely that these four oxygens on the tetramer’s
convex face coordinate cations. Potassium picrate was used to determine the stoichiometry of the ceoGkx

and its K binding affinity. Both'H NMR and UV-vis spectroscopic analysis demonstrated that i2d@ms an
octamer, (iISoG}K™ (5), in the presence of potassium picrate in CP&hd C3CN. The octamer (iso@K™ (5)

has a single set dH NMR resonances, even at90 °C, consistent with @4-symmetric head-to-head stacking of
two tetramers around the central Kation. Analysis of the picrate’s optical spectra indicated that the picrate salt
of (isoGl-K* (5) is a separated ion pair in CD£Iconsistent with the K being sandwiched between two isoG
tetramers. Picrate extraction experiments revealed that @€piS)an impressive ionophore, with atkassociation
constant (lodk, = 8.2 M™1) approaching that of 18-crown-6 ether derivatives. Indeed, NMR competition experiments
for K* binding between dicyclohexano-18-crown-6 and isdGnfirm that the K binding constants in CDglffor

the crown ether and for the self-assembled ionophore are of the same magKifudd. @ M~1).

Introduction tion23 An alternative ionophore design, therefore, involves the

use of noncovalent interactions to build molecular self-as-
lon complexation and transport are fundamental to many semblies that bind metal catioh8.

chemical and biological processes, and the metal-binding Self-assembled ionophores may be particularly valuable in
properties of many natural and synthetic ionophores have been

iadl ; ; (2) For a review on molecular self-assembly, see: Lawrence, D. S.; Jiang,
studied* Almost aI_I of the known_lonophores are constrained T Levett, M.Chem. Re. 1995 95, 2229.
by covalent bonds into a preorganized conformation that enables (3) For some interesting self-assembled structures, see: (a) Persico, F.;

metal ion binding. The use of noncovalent interactions to Wuest, J. DJ. Org. Chem1993 58, 95. (b) Branda, N.; Wyler, R.; Rebek,

construct self-assembled structures has attracted recent atterfi" %Sgﬁgg%gﬁ/f‘ %{6% fg'éﬁ)e'r‘:]argggggéll?g f?r’a’(‘é"’;' giﬁaxmggn’

S. C.; Zeng, F.; Reichert, D. E. C.; Kolutchin, Sciencel 996 271, 1095.

* Corresponding author. (4) For examples of self-assembled ionophores, see: (a) Schepartz, A.;
® Abstract published iridvance ACS Abstractdfarch 1, 1997. McDevitt, J. P.J. Am. Chem. Sod989 111, 5976. (b) Schall, O. F,;
(1) (a) Izatt, R. M.; Pawlak, K.; Bradshaw, J. S.; Bruening, RChem. Robinson, K.; Atwood, J. L.; Gokel, G. W. Am. Chem. S0d.991, 113
Rev. 1995 95, 543. (b) Izatt, R. M.; Bradshaw, J. S.; Pawlak, K.; Bruening, 7434. (c) Schall, O. F.; Robinson, K.; Atwood, J. L.; Gokel, G. WAm.
R. L.; Tarbet, BChem. Re. 1992 92, 1261. (c) lzatt, R. M.; Pawlak, K.; Chem. Soc1993 115 5962. (d) Bell, T. W.; Jousselin, HNature 1994
Bradshaw, J. S.; Bruening, R. Chem. Re. 1991, 91, 1721. 367, 441.

S0002-7863(96)03213-1 CCC: $14.00 © 1997 American Chemical Society
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the development of ion-selective sen$aad in the recovery Ha—Hs NH
and purification of rare earth metals and radioactive isotépes. Ne 2
It is often challenging to recover a metal ion after its complex- ¢ sét )
ation. Because of the high association constants, harsh condi- s o SN Y0
tions are required to remove a metal ion from its ionophore tBu Me,Si0 v t-Bu Me,SiO
complex? An ionophore that is held together by hydrogen o

. . o_ 0 o__0O
bonds, however, should release the cation after a protic solvent X X

is added to a metal ion complex that is dissolved in a nonprotic
organic solvent.

Nature uses weak intermolecular forces to form self-as-
sembled structures. One example is the G-quatjef¢rmed
from four hydrogen bonded guanosirfé$. The G-quartet has
the properties of an ionophore, since it is able to coordinate
metal cations in its central cavity. The G-quartets have modest

K* and N& selectivities, and cation ligation further stabilizes o ' o
IsoG self-association has precedent, as poly(isoguanlyic acid)

coaxial stacking of individual G-quart.eit’s. The G-quartet forms aggregates and the oligonucleotide 44dGiT4) also
structure has recently become the basis for the design of self- ; 4
forms tetraplex structures, both in the presence of N&

assembled ionophores. Gottarelli and co-workers showed thatRecentIy, we demonstrated that the monoribonucleoside isoG

2 forms an extremely stable self-assembly via intermolecular
hydrogen bonds in CDg,| CDsCN, and aceton€s.> On the

IsoG 2 A3

Intrigued by the G-quartet’s ability to complex metal cations,
we have been investigating the remarkable ionophore properties
of a related nucleoside, thé-Gert-butyldimethylsilyl)-2,3'-O-
isopropylidene isoguanosine (iso&) 1soG 2, with an oxygen
at the purine C2 position, is an oxidized analog of adend3ine

R— N \N -H Y />—H basis of multinuclear NMR data, we proposed that a C
symmetric tetramed is the fundamental unit in the isoG self-
N S assembly (Scheme 1). IsoG differs from G in the transposition
XN L H N : A
H-N, H H.  N-H of the purine’s C2 carbonyl and C6 amino group. This simple
Ho o N“<N change in hydrogen bond donor and acceptor groups signifi-
\ M cantly stabilized the isoG tetramérelative to the corresponding
H_</ \ X _-Ng_N-R G quartetl. We proposed that the structural basis for the
N 7_'/ stabilization of the isoG tetramdrwas due to intermolecular
R H base-sugar hydrogen bonds that are not possible for the G
quartet.
G Quartet 1
) ) ) Scheme 1
an organic-soluble nucleoside,3-didecanoyl-2deoxy-G, can H
extract alkali metal picrate salts from water to fornMound B | N=
> / H—N =
octamers: N =N M\
. — _ . — | NgoH—N_ |
(5) Davis, J. T.; Tirumala, S.; Jenssen, J. R; Radler, E.; Fabrig, D. N YN'
Org. Chem.1995 60, 4167. HN J K*
(6) (a) Supramolecular Chemistry I-Directed Synthesis and Molecular H ' \
Recognition Weber, E., Ed.; Springer-Verlag: New York, 1993. (b) N ‘1 H T
Marsella, M. J.; Swager, T. Ml. Am. Chem. S0d.993 115 12214. (c) V0 | N—H
Marsella, M. J.; Newland, R. J.; Carroll, P. J.; Swager, TJMAmM. Chem. N//Q -0
Soc.1995 117, 9842. IS
(7) (@) Nakagawa, K.; Inoue, Y.; Hakushi, 3. Chem. Soc., Chem. =N — NS JN
Commun1991, 1683. (b) McDowell, W. J.; Case, G. N.; McDonough, J. L\N 'I\“H‘ AN
A.; Bartsch, R. A.Anal. Chem.1992 64, 3013. (c) Zhangyu, Y.; Ranqi, H

K.; Men, Q.; Binghan, W.; Bin, ZJ. Chem. Soc., Chem. Commad894
1753. (d) Casnati, A.; Pochini, A.; Ungaro, R.; Ugozzoli, F.; Arnaud, F.;

Fanni, S.; Shwing, M.; Egberink, R. J. M.; De Jong, F.; Reinhoudt, D. N. (Is0G)q 4 (Is0G)g-K" 5
J. Am. Chem. S0d.995 117, 2767.
W (821(63 F’JedEFISEn, _C-SJ- Cvm., Cche,\r?r- ?0%9539%9%01177-3 (b) Du, H. S ; The self-assembled isoG tetramdds also a potent ionophore.
ood, D. J.; shanl, S.; al, C. .alanta A . H H
(9) For G-quartets formed from nucleotides, see: (a) Gellert, M.; Lipsett, Ea.Ch C2 O).(yge.n in the is0G tetfamer has a r.]onbond?d elegtron
M. N.; Davies, D. R.Proc. Natl. Acad. Sci. U.S.A962 48, 2013. (b) pair that points into the tetramer’s central cavity, enabling cation
Pinnavaia, T. J.; Miles, F. T.; Becker, E. D. Am. Chem. S0d.975 97, coordination. For example, addition of Kl to isd&3n acetone-
7198.‘(0) Zimmerman, S. B]_. Mol. Biol. 1976 106, 663. (d) Borzo, M.; ds resulted in formation of the octamer, (iSC@@Q"’ (5) (Scheme

Petellier, C.; Laszlo, P.; Paris, A. Am. Chem. Sod.98Q 102, 1124. (e . : -
Fisk, C. L.. Becker,E. D.: Miles, H. T: Pinnavaia, ngAmIZChem_ S(o)c. 1)5 IsoG octames is likely a sandwich complex stabilized

1982 104, 3307. (f) Bouhoutos-Brown, E.; Marshall, C. L.; Pinnavaia, T. by potassium’s coordination of two isoG tetramers.

JB' J-hAmt- CheBm- 50%985, 104 557$j§93hwa|gﬁ|er¥i §]{3 Af\gSB;éggR-(h?-; In this work, use of potassium picrate has made possible an

ouhoutsos-Brown, E.; Pinnavaia, T.JJPhys. Chen , . P i ot

West, R. T.; Garza, L. A.; Winchester, W. R.. Walmsley, J.Mucleic accurate determ_lnatlon of the st0|c_h|ometry qrﬂddésoc!atlon

Acids Res1994 22, 5128. (i) Jiang, F. S.; Makinen, M. Whorg. Chem. constant of the isoG-K complex, since the picrate anion can

1995 34, 1736. be analyzed by bothH NMR and UV spectroscopy. Impor-
(10) For leading references regarding G-quartets in oligonucleotides,

see: (a) Sen, D.; Gilbert, WNature1988 334, 364. (b) Williamson, J. R., (11) (a) Pinnavaia, T. J.; Marshall, C. L.; Mettler, C. M.; Fisk, C. L.;

Raghuraman, M. K.; Cech, T. Rell 1989 871. (c) Sundquist, W. |.; Klug, Miles, F. T.; Becker, E. DJ. Am. Chem. So&978 100, 3625. (b) Detellier,

A. Nature 1989 342 825. (d) Wang, Y.; Patel, D. Biochemistry1992 C.; Lazlo, PJ. Am. Chem. So&98Q 102,1135. (c) Eimer, W.; Dorfriiler

31, 8112. (e) Smith, F. W.; Feigon, Blature 1992 356, 164. (f) Cheong, J. Phys. Chem1992 96, 6790. (d) Xu, Q.; Braunlin, W. HBiochemistry
C.; Moore, P. BBiochemistryl992 31, 8406. (g) Aboul-ela, F.; Murchie, 1993 32, 13130.

A. I. H.; Lilley, D. M. J. Nature1992 360, 280. (h) Kang, C.; Zhang, X.; (12) Gottarelli,G.; Masiero, S.; Spada, G. . Chem. Soc., Chem.
Ratliff, R.; Moyzis, R.; Rich, A.Nature 1992 356, 126. (i) Wang, K; Commun.1995 2555.
McCurdy, S.; Shae, R. G.; Swaminathan, S.; Bolton, PBléchemistry (13) Golas, T.; Fikus, M.; Kazmierczuk, Z.; Shugar,Bur. J. Biochem.

1993 32, 1899. (j) Laughlan, G.; Murchie, A. I. H.; Norman, D. G.; Moore, 1976 65, 183.
M. H.; Moody, P. C. E; Lilley, D.; Luisi, B.Sciencel994 265 520. (14) Seela, F; Wei, C; Melenewski, Alucleic Acids Re€.996 24, 4940.
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tantly, the isoG mononucleosideis able to extract potassium
picrate from water into CDGl Both 'H NMR and optical
spectroscopic analysis demonstrate that i20d@Grms (isoGy-

K* 5in the presence of potassium picrate in both CDétld
CDsCN. In addition, molecular modeling and variable tem-
perature!H NMR data support the hypothesis of head-to-head
coaxial stacking of two tetramers to give (is@@®)* 5. Picrate
extraction experiments have also provided isoG'sa$sociation
constant in CDGl Both picrate extraction experiments and
competition experiments with dicyclohexano-18-crown-6 reveal
that (isoGy-K* 5, held together by noncovalent interactions,
has a K binding strength approaching that of the covalent
crown ether.

Results and Discussion

Characterization of isoG Self-Association by Vapor Phase
Osmometry. IsoG 2 was prepared, with minor modifications,
as previously described.Our first paper relied on extensive
NMR studies to demonstrate isoG self-association. The NMR
data were consistent with the tetramer, (isp&Yeing the basic
unit in isoG self-association in organic solvents. In this present

J. Am. Chem. Soc., Vol. 119, No. 12, 192771

Table 1. *H NMR Chemical Shifts (ppm) for 1Iso@ in CDCl;
and CIXCN in the Absence and Presence of Ricraté

CDCl; CDsCN
resonance CDGl  with K*Pic CD:CN with K*Pic
NH1 13.03 13.93 13.03 14.01
NH6A 10.70 10.84 10.70 10.78
NH6B 6.98 6.75 7.09 6.90
H8 7.48 7.79 7.58 7.83
H1 5.76 5.62 5.79 5.64
H2 4.98 4.83 5.00 4.83
H3 4.76 4.83 4.81 4.83
H4' 451 4.31 4.52 4.37
HY 3.84 3.95 3.91 3.98
H5" 3.71 3.79 3.76 3.81
CH3 1.79 1.66 1.78 1.66
CH3 141 1.38 1.40 1.33
t-Bu 0.75 0.86 0.76 0.84

SiMe —0.03 0.09 —-0.01 0.08

SiMe —0.06 0.09 —0.03 0.06

21s0G 2 self-assembles to give (isof3) in the absence of potassium
picrate. 1so@ forms (isoG)-K* 5in the presence of potassium picrate.

study, we have characterized hydrogen-bonded association by The solvents used in the pres@dtNMR study were CDG
a technique other than NMR spectroscopy, namely vapor phaseand CRCN. Prior to performing K binding experiments, we

osmometry (vpo¥> Molecular weights for iso& and the
analogous 5(tert-butyldimethylsilyl)-2,3-O-isopropylidene ad-
enosine (A)3 were determined in dichloromethane solution at
37 °C with concentrations of 30, 60, and 90 mM. In both cases,

confirmed that the tetramef was the predominant species in
these solvents. For example 5 mM solution of isoG2 in
either CXCN or CDCk showed a single set dH resonances

at room temperature (Table 1). The individual resonance

vpo measurements were made against benzil (mw 210) as aassignments were made from a series of 2D homonuclear and

standard. The experimental molecular weight of 12125

for isoG 2 was close to the expected molecular weight of 1753
for the self-assembled tetramer, (isq@) As a control, the
experimental molecular weight of 8 was determined to be
355 under similar conditions. This value is close to the
molecular weight of 422 for monomeric 8 Unlike isoG2,

heteronuclear NMR experiments. The chemical shifts for both
the exchangeable and nonexchangeable hydrogens corresponded
to those previously assigned to the isoG tetrather

The 'H NMR resonances for the exchangeable protons are
particularly diagnostic for monitoring self-assembly, hydrogen
bonding, and cation binding. In polar solvents such as DMSO-

A 3 should not self-associate to any significant degree in organic d; or CD;0D, the isoG monomer’s NH1 imino and NH6

solvents. These vpo measurements clearly indicate thatasoG

exocyclic amino protons are not observed at room temperature

self-associates in a non-hydrogen bonding solvent to form a because of exchange with solvent. In less competitive solvents
tetramer. Detailed information about the self-assembled tet- such as CDG| acetoneds, and CRCN, however, théH NMR

ramer’s structure were then determined ustHgNMR spec-
troscopy.

IH NMR Data Indicates That isoG 2 Self-Associates in
Organic Solvents To Give a Bowl-Shaped Tetramer.Both
the isoG self-assembly and™Kbinding processes are readily
monitored by 'H NMR spectroscopy. In aprotic organic
solvents, isoG monome and (isoG) 4 have distinct groups
of TH NMR resonances that are in slow exchange at room
temperature. The isoG tetramer’s extraordinary kinetic stability
makes analysis of the monomeetramer equilibrium straight-
forward. Thus, we previously used variable temperafitte
NMR to show that isoG tetraméris extremely stable even in
the modestly competitive acetonlgsolution, withK, = 10°—
10" M—3, AH = —18 kcal/mol, andAS;es = —19 eu® As
pointed out by a reviewer, but prior to our vpo results showing
a tetramerK, values are model dependent. While our NMR
data are most consistent with a tetramer structieeywould
necessarily be lower for a dimer, whig would be much higher

resonances for isoG’s exchangeable protons are observed as
sharp lines, even at temperatures as high &45-or example,

in CDsCN at 25°C the signal at 13.03 ppm corresponds to the
isoG tetramer’s imino NH1, while the resonances at 10.70 and
7.09 ppm are due to the exocyclic amino protons, Niaéd
NH6g. Importantly, the chemical shifts for the NH1 imino
resonance and the Ni{Besonance are the same in CB&hd

in the more polar CECN, while the chemical shift of NH6is
affected only slightly by the change in solvent (Table 1). The
solvent independence of the NH1 and NHéhemical shifts,
and the small solvent dependance of NH@rovides strong
evidence that all three of isoG’s exchangeable protons are
shielded from solvent and involved in intermolecular hydrogen
bonds.

Previously,'H—H NOESY experiments in acetorm-con-
taining excess Kl provided evidence for isoG self-association
in the presence of K In this present study, we also used NOE
experiments to demonstrate that isBGelf-assembles in GP

for an octamer. The above vpo results, however, strongly CN and CDC} even in the absence of potassium salts. Thus,
support the thermodynamic parameters that were previously unique, long-range NOEs confirmed isoG self-association in

determined assuming a tetramer model.

(15) Vapor phase osmometry measurements of iBa@@d A3 in CHy-
Cl; at 37 °C were done by Schwarzkopf Microanalytical Laboratory,

Woodside, NY using a Wescan 233 vpo instrument. For a discussion of
the use of vpo to characterize the molecular weights of other hydrogen

both CD;CN and CDC}. For example, a 2D ROESY experi-
ment in CRCN showed dipolar interactions between both the
exocyclic amino NH protons and the ribose Hand H2 protons
(Figure 1)1 These NH-H1',H2 NOESs can only arise from

bonded aggregates see the series of papers by Seto and Whitesides: (djitermolecular interactions between different isoG monomers,

Seto, C. T.; Whitesides, G. M. Am. Chem. Sod993 115 905. (b) Seto,
C. T.; Mathias, J. P.; Whitesides, G. M. Am. Chem. Sod993 115
1321. (c) Seto, C. T.; Whitesides, G. M. Am. Chem. Sod993 115
1330.

since the intramolecular N-H1',H2' distances are much too

(16) Bothner-By, A. A.; Stephens, R. L.; Lee, J.; Warren, C. D.; Jeanloz,
R. W.J. Am. Chem. Sod.984 106, 811.
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H8

NH6
NH6 l | B

23 ﬂ f |Fso
—5.5

= |
i|6.0

PPM 1(').0 91.0 al.o 7.0
Figure 1. A region of the 2D ROESY NMR spectrum of isa&(39
mM) in CD3CN at 0°C. The horizontal axis, from 11-86.9 ppm, shows
the resonances for NHGH8, and NH@. The vertical axis, from 63
4.3 ppm, shows the resonances for the ribosg H2', H3, and H4
protons. The NOEs between the exocyclic Ndshd NH; amino protons
and the ribose Hland H2 protons are boxed for emphasis.

great for'H—!H dipolar interactiond?” Molecular models of
isoG dimer and trimer structures are inconsistent with these
NOEs. These intermolecular NHH1',H2 NOESs are consistent,
however, with a hydrogen-bonded tetramer.

Our model for the structure of isoG tetramkis depicted in
Figure 218 The isoG tetramet is stabilized by hydrogen bonds
between the 'ml_no NH1 O_f one monomer and the C2 carbonyl was obtained after molecular dynamics and energy minimization using
oxygen of an adjacent pyrlne base as well as by hydrogen bond%he CaChe molecular modeling program (ref 18). Some atoms are
between an NHgdonor in one base and an N3 acceptor in the gmitted for clarity. (A) Top view looking into the isoG tetramer’s central
adjacent isoG monomer (Figure 2A). These two béssse cavity. The dotted lines represent hydrogen bonds. The tetramer’s four
hydrogen bonds would be further strengthened by secondaryO2 atoms are filled for emphasis. Double-headed arrows represent the
electrostatic attractions between NH1 and N3 and betweenC6NH,-H1',H2 NOEs highlighted in Figure 1. (B) Side view of the
NH6, and O2!° The isoG tetramer’s structure is consistent bowl-shaped tetramet.

with the observed long-range C6MHI1',H2 NOESs in Figure ) ) .
1. In tetramer, the exocyclic amino protons are within 3:0  independence of théH chemical shift suggests that Nkiés
3.6 A of the adjacent monomer’s Hand H2 protons. shielded from solvent and involved in an intermolecular

hydrogen bond. The chemical shift of 7.09 ppm for NH6
CDsCN (Table 1), while upfield of the unusually downfield
shifted NH& (o 10.50 ppm), is still relatively deshielded for a

Figure 2. A ball and stick model of the isoG tetramérThe structure

Another interaction that may be crucial for the isoG tetramer’s
extraordinary stability is an intermolecular baseigar hydrogen
bond between adjacent isoG monomers. Molecular models of ; .
the tetrame# show that the exocyclic amino NH®f one isoG nucleobase amino proton. For example, W|Il|ams a_nd ShaVY
monomer is within hydrogen bonding distance of an adjacent found that the non-hydrogen bonded G amino proton in the (C:
fibose 02 atom @ N6Hg—02 2.10 A, <N6--Hg—-O2 146). G), tetramer has a resonance at 4.94 ppm in GDXEI-57

. °C.20 Also, the non-hydrogen bonded amino protons in the
Such intermolecular baseugar hydrogen bonds are not pos- !
sible in the G-quartet. As proposed in our earlier p&pie d(TGsT) G-quadraplex are observed between 5.85 and 6.05 ppm

oC i 21
presence of these additional hydrogen bonds would stabilizeat_f_sh Cz'ng,'_.lzo' lid tecti the isoG’s rib
the isoG tetramer relative to the G-quartet. Again, the solvent € 2,5-1Sopropyliaene protecting group on the IS0%>'s rbose
appears to be crucial for the bassugar interactions and for
(17) Neuhaus, D.; Williamson, M. Fthe Nuclear @erhauser Effect in the tetramer’s structural stability. By limiting the sugar's
Structural and Conformational Analysi¥CH Publishers: New York; 1989; conformational mobility and orienting Ofbor an intermolecular

pp 63-103. ; ; ; ; ;
(18) Using the CaChe Molecular Editor program (Version 3.5), a model hydrogen bond with NHgin an adjacent monomer, the bicyclic

of (isoG), 4 was built using 12 intermolecular hydrogen bonds (NH1 to ?SOprOPY_”dene preorganizes isoG mon_orﬁémr self-assembly
02, NH6, to N3, and NHg to 02). A low-energy structure was obtained  into the isoG tetrame#.22 These four intermolecular NH6

by first performing molecular mechanics (MM2) calculations. The 12 o base-sugar hydrogen bonds help enforce a distinct
explicit hydrogen bonds were removed and a molecular dynamics simulation

on this structure for (isoG)4 was then performed to give a family of curvature t_o isoG tetramer MOIeCUlar models show that isoG
tetramer structures. The dynamics simulation was performed at 300 K, with tetramer4 is bowl-shaped, with the four C2 oxygens located
alps pre-?qyilibfatioggm? and timg frt]epstof 1th- The dynamiCSdS@U'at_iO“ on the bowl’'s convex surface (Figure 2B). Analysis of the low-
was sampled every 20 steps, and the structures were saved. Ten iso L

tetramer structures were randomly selected from the dynamics simulation. nergy structure 'nfj'cate that the N602 hydrogen.bonds
Energy minimization (MM2) gave 10 new structures, all with energies that Cause the tetramer’s four bases to be nonplanar, with average

were within 2.5 kcal/mol of each other. The low energy isoG tetramer values for hydrogen bond angles eN1--H--O2 154, <N6-
structure is depicted in Figure 2.

(19) (a) Jorgensen, W. L.; PranataJJAm. Chem. So&99Q 112 2008. (20) (a) Williams, N. G.; Williams, L. D.; Shaw, B. Rl. Am. Chem.
(b) Pranata, J.; Wierschke, S. G.; Jorgensen, W. Am. Chem. Sod991, So0c.1989 111, 7205. (b) Williams, N. G.; Williams, L. D.; Shaw, B. R.
113 2810. (c) Murray, T. J., Zimmerman, S. C.Am. Chem. S0d.992 Am. Chem. Sod99Q 112, 829.

114, 4010. (d) Fan, E; van Arman, S A,, Kincaid, S., Hamilton, A.D. (21) Aboul-ela, F.; Murchie, A. I. H.; Norman, D. G.; Lilley, D. M. J.

Am. Chem. Sod 993 115, 369. J. Mol. Biol. 1994 243 458.
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10T —NH1
D) l
0.8
N CDC13
E 0.6 CD3CN R N
2
Y ‘
o B) x
<
0.2
A AN

0.0

T 1 T T
ppm 140 13.5 13.0 125

Figure 4. A region of the 500 MHZH NMR spectra of iso@ (2.9

mM) in the presence of varying amounts of potassium picrate ig- CD
CN at 25°C. The signals correspond to the isoG imino NH1 proton
(13.0—14.0 ppm): (A) without potassium picrate, (B) with 1 equiv of
Figure 3. Bar graph of the'H chemical shift changes caused by potassium picrate per 12 isoG monomers, (C) with 1 equiv of potassium

addition Of- excess pOtaSSium pinatEEt 5 mMsolution of isoG2 in picrate per e|ght isoG monomers, and (D) with 1 equiv of potassium
CDCI3 (SO|Id baI’S) and C&:N (hatChed barS) picrate per six isoG monomers.

-0.2

-0.4

NHINGAN6B H8 H1' H2' H3' H4' H5' H5"

Resonance

-HA--N3 128, and<N6--HB--O2 146°. While these hydrogen including NH6, NH6g, H1', H2, and H4, underwent more
bonds are not linear, their angles are within the range of modest, but significant, chemical shift changes afterak{dition.
hydrogen bond angles typically observed in the crystal structures|mportantly, Figure 3 also shows that thil chemical shift

of nucleosides and nucleotid&* Also, the bowl-shaped  changes upon formation of the isoGtkkomplex are similar in
structure would help relieve unfavorable electrostatic repulsion cp,CN and CDC4. Moreover,*H chemical shifts for the isoG-
between the lone pair electrons on the four oxygen atoms thatk + complex do not change with temperature over the range of

are directed into the tetramer’s central caftylt is these four —30°C to 25°C in CDsCN and over the range 667 °C to
oxygens on the tetramer’s convex face that are well oriented 25 °c in cDClL. The solvent and temperature independence
for coordination of metal cations. of these'H NMR spectra, particularly for the hydrogen bonded

Stoichiometry and Structure of the IsoG-K* Complex. A protons NH1, NH@, and NH@, clearly indicate formation of
Head-to-Head Octamer. The isoG isopropyliden2 has a high a stable isoG-K complex in solution.

affinity for various metal cations, particularly Nand Kt, in
organic solvents. Our previous NMR binding studies used Nal
and Kl as titrants$. In this study, potassium picrate and sodium
picrate, which can be analyzed By NMR and UV spectros-
copy26 were used to obtain more accurate values for the
stoichiometry and binding affinity of the isoG3Kcomplex.
Cation binding by the isoG tetramémas readily monitored
by 'H NMR spectroscopy. The isoG tetramersl NMR
spectrum in both CECN and CDC4 changes significantly upon
potassium picrate addition (Table 1 and Figure 3). For example
in the presence of excess Kthe NH1 imino proton resonance
shifted downfield by approximately 1.0 ppm, and the H8
resonance shifted downfield by 0.25 ppm. Other resonances

Using IH NMR spectroscopy, a potassium picrate titration
in CD3CN revealed the stoichiometry of the isoG-Komplex.
As depicted in Figure 3, the isoG NH1 resonance is particularly
sensitive to K binding, being shifted downfield by 0.99 ppm
in the presence of excess potassium picrate. The NH1 resonance
in tetramer 4 occurs at 13.04 ppm in GCN at room
temperature (Figure 4A). Addition of substoichiometric potas-
sium picrate caused the isoG NH1 signal to shift downfield
(Figure 4B). In CRCN at room temperature, thdd NMR
'signals for (isoG) 4 and the K bound species are in fast
exchange, giving rise to a single set of averaged NMR
resonances. The NH1 resonance reached a limiting value of
'14.03 ppm after addition of 1 equiv of potassium picrate per 8
(22) Marlow, A.; Davis, J. T., unpublished results. Detailed 500 MHz €quiv of isoG monomeg (Figure 4C). Titration of excess

;HDAIXQAFZQ 3ex(lgeArimen(t;S show thaé’-frrl?Dl\l/lSI-(Zﬁ-ObMe IisoG anr:i 5t- potassium picrate, beyond this 1/8 ratio, resulted in narrowing
-2,3-0OAc isoG, compounds that lack the bicyclic ring that exists ; ; ; ;

in isopropylidene2, are completely monomeric in CDCand CXCN at of “n.e widths but Caused.no further Chem'c?" Shlﬁ changgs for
room temperature. Nonspecific aggregation ‘ef-BDMS-2,3-OMe isoG the '30_(3 resonances (Flgure 4D). This tiration experiment
and 3-t-BDMS-2,3-OAc isoG is only observed below"®. Significantly, clearly indicates formation of the octamer (is@®)" 5 in CDs-

both of these “acyclic” isoG derivatives, like isd&form octamers in the CN
presence of potassium picrate. TH820Me-K*t octamer, unlike isopro- ’ . . . .
pylidene octamel5, has an NHG proton whose chemical shift is very Both solid and aqueous picrate extractions confirmed that

temperature sensitive. For example, the chemical shift fordNhiéhe 2,3 - (isoGl-K* 5 is also formed in CDGl First, the insoluble

OMe-isoG K" octamer is 6.38 ppm at 28C in CDCk. At —40 °C this ; ; g ;
resonance is downfield shifted to 6.85 ppm. The NHésonance in the potassium picrate was quantitatively extracted into GI¥@len

K+ octamer5, on the other hand, occurs at 6.78 ppm over the same & Suspension of the salt was stirred in the presence of a 10 mM
temperature range. That isoG’s Ngl6hemical shift is sensitive to the 2 solution of isoG derivativ@. Integration of théH NMR spectra

and 3 sugar substituents clearly indicates that sugar-base interactions areaftar notassium picrate extraction revealed an 8:1 ratio of isoG
important in the isoG self-assembly process. Details of the synthesis,

structural characterization, and metal cation binding properties of these and2 tO picrate anion.

OthgrsngGﬁ analggSA Vyik/lb? the Sukbjef_'t Qhatfutlﬁz? rJePéJ_ft-l " | For a self-assembled ionophore to be practical it should
19é5)7 g ) o P Malosynzska, . Mitra, Tt 7. Blol Mactomol. - extract metal salts from water into an organic solution.

(24) The crystal structure of an intramolecular G-quadraplex formed from Importantly, isoG nucleosid2 quantitatively extracted potas-
d(GGGGTTTTGGGG) shows one of the hydrogen bonded G residues to sjum picrate from water into CD&l Thus, a 10 mM solution

be buckled by 25from the plane containing the other three G bases, see: ; ; : :
Kang, C.. Zhang, X.., Ratliff, R.. Moyzis, R: Rich, Alature 1992 356 of isoG 2 in CDCl; was shaken with a 25 mM solution of

1126. potassium picrate in water. Bolid NMR and UV measure-
(25) For a similar argument in discussing the cyclic structures of ments revealed that isoG derivatextracted potassium picrate
polyinosinic acid and polyguanylic acid, see: (a) RichBfochim. Biophys. i i ; K+ ; ; )
Acta1958 29, 503, (b) Zimmerman. S. B.- Cohen, G. H.: Davies DR, M0 CDCk o give (iS0G)-K™ 5. Figure 5 shows isoG's UV
Mol. Biol. 1975 92, 181. vis spectra in CDGI before and after potassium picrate

(26) Coplan, M. A.; Fuoss, R. Ml. Phy. Chem1964 68, 1177. extraction. The N1-keto tautomer of isoG derivatives has an
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Wavelength (nm) Figure 6. Optical spectra of CDGlsolutions of various ionophore-

. . . . K+ complexes after potassium picrate extraction from water. The region
Figure 5. Optical spectra of a CD@kolution of is0G2 (0.11 mM): from 33p0—490 nm F;hows theppicrate anion’s absorbance: (A) %8-

(A) before potassium picrate extraction and (B) after extraction of an
aqueous potassium picrate (3.0 mM) solution. Integration of the isoG ?(;02\’\1%-?]1(,\;)7'7”'\/')’ (B) [2.2.2]cryptate (22.4M), and (C) Is0G2
absorption at 295 nm and the picrate absorption at 378 nm indicates" '
formation of (isoGy-K* 5. —— .

O A e

E— K+ Kk Kt

the band at 378 nme (= 16 900 ML) corresponds to the picrate pai: S % ~§
anion’s absorption maximum. After picrate extraction, the —— =
relative absorbance values for isoG and picrate in the GDCI HH T HT TH
layer indicated the presence of 8 isoG monomers per equiv of Figure 7. lllustration of possible stacking modes to form (ise®)"
picrate, consistent with the formation of (ise@J* 5. Similar 5 from the bowl-shaped tetramdr HH, head-to-head; HT, head-to-
NMR and UV-vis analysis of titration and extraction experi- tail; TH, tail-to-head; TT, tail-to-tail. The proposed HH stacking for
ments with sodium picrate showed that is@®inds N& as a (isoG)-K* 5 is boxed.
tetramer in both CDGland in CXCN (data not shown).

The (isoG)-K* 5 most likely forms by coaxial stacking of  lidene2, to give the respective ionophore-igicrate complexes.
two isoG tetramers around a centraf Kation (Scheme 1).  The UV-vis spectra of the organic phase after potassium picrate
Coaxial stacking of tetramers around 6 well-known for the ~ €xtraction demonstrated that the (ise®)" picrate 5 is a
related G-quartet®:! It is reasonable that such a sandwich Separated ion pair in CDgEI In the 1:1 crown-ether K
complex, with the K coordinated to eight isoG O2 atoms, Ccomplex, which exists as a contact ion pair in nonpolar
would exist as a separated ion pair in organic solvents. As solvents® the picrate anion absorption maximum was observed
outlined below, analysis of the picrate’s optical spectra provided at 365 nm. The picrate’s absorption band moved to 378 nm in
strong evidence that (isogK* 5 is, indeed, a separated ion the [2.2.2]cryptate-K complex. The [2.2.2]cryptand, unlike
pair in CDCk. Smid first demonstrated that potassium picrate’s 18-c-6, encapsulates*o give a separated ion pair. Signifi-
absorption band undergoes a significant bathochromic shift in cantly, the picrate’s absorption band in (isg®)" 5was similar
the presence of macrocyclic ionophores that can encapsulatén bandshape and wavelength maximum (378 nm) to that
K* and stabilize separated ion pairs in organic solvé&hfEhis observed for the [2.2.2]cryptatetKcomplex. This spectro-
bathochromic shift was found to be diagnostic of separated ion scopic analysis demonstrates that a similar environment exists
pairs formed after potassium picrate extraction by macrocycles around the picrate ion in (isogK* 5 and in the [2.2.2]cryptate
from water into CHCl,. Thus, Inoue showed that the 18-crown- complex. The structure of (isogK* 5 in CDCl; is, then,
6:potassium picrate complex absorbed at 369 nm, but that theconsistent with a separated ion pair, with th& 8andwiched
picrate’s absorbance was shifted to 375 nm when extracted bybetween two tetramers and the picrate anion removed from
[2.2.2]cryptanc®® Complexation by [2.2.2]cryptand would  contact with its K counterion.
result in a more separated ion pair than would coordination by  As depicted in Figure 7, two tetramers can stack in four
18-crown-6. The picrate’s electronic spectra, therefore, can possible orientations: either head-to-tail, tail-to-head, tail-to-
provide important information about cation-ligand geometry in  tal, or head-to-head. For example, both X-ray diffraction and
solution. solution NMR data have indicated that G-quartets formed from

In our experiments, depicted in Figure 6, potassium picrate 5'-GMP stack predominantly in a head-to-tail orientation in the
was extracted from water into CDClby three different  presence of K. In the absence of fast chemical exchange
ionophores, 18-crown-6, [2.2.2]cryptand, and isoG isopropy- between the two tetramers, a head-to-tail or tail-to-head octamer

i i should give twd'H NMR signals for each monomeric hydrogen,
36&?7(2))(25&?'?:'1;JWel??éTlﬁgzzilrjnﬁérZ& fk*jlfag;;; ?h’?ﬁf‘ﬁgﬁ%h%g;sﬁ, since positions in the top and bottom tetramer are different by
1843. symmetry. Consistent with these arguments, thé®P head-

(28) (a) Wong, K. H.; Bourgoin, M.; Smid, 3. Chem. Soc., Chem.  to-tail octamer gave two sets 8H NMR signals in watef!
g"g‘rmucr‘#é’;f‘gggé(?? 9‘3?’“3[918'2”_' M.; Wong, K. H.; Hui, J. Y.; Smid, J. Similarly, Gottarelli also interpreted the dO%Jb{iI’]ngH NMR

(29) Inoue, Y.; Fujiwara, C.; Wada, K.; Tai, A.; Hakushi, I..Chem. signals to indicate that Kcomplexes of 35'-didecanoyl-2
Soc., Chem. Commuh987, 393. deoxy-G formed head-to-tail octamers in CRE]

absorbance maximum at 295 nm £ 11 100 M™1),27 while 2
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A (A) (IsoG) 4, (B) (IsoG)-K* 5 formed by extraction of potassium
T l I picrate from water into CDGJ and (C) a 1:1 mixture of (isoGK* 5
PPM14.0 12.0 10.0 8.0 6.0 4.0 and dicyclohexano-18-crown-6.
Figure 8. 500 MHZH NMR spectra of a CDGlsolution of (isoGy- affinity in CDCls, as determined by picrate extraction, is the
K* 5 (2.5 mM). The solution was formed by extraction of potassium same as that for dicyclohexano-18-crowAt6Cram has noted
picrate from water into CDG! (A) At 25 °C and (B) At—67 °C. that K, values calculated from the picrate extraction method

can have large errors whéhvalues are>0.8, whereR values
refer to the molar ratios of picrate ion to host in the organic
layer at equilibriunt® Since theR value for the isoG octamer

Table 2. K* Associates Constant&y) for Various lonophores
R log Ka —-AG

entr ionophore valug (M™% (kcal/mol ref .
y - P M5 ( ) - 5wasR = 0.88, as determined by UV spectroscopy, we were
1 (is0G2)s 0.88 8.2 113 thiswork  concerned about the accuracy of comparing picrate extraction
2 A3 0.05 <3.0 <5.5 this work K | for (i 5 and dicvcloh 18 6. Th
3 dicyclohexano-18-c-6  0.81 8.2 13 31 a values for (iso& 5 and dicyclohexano-18-crown-6. Thus,

a direct competition experiment for *Kbinding in CDC}
“Rvalue is the molar ratio of picrate ion to host in the organic layer petween iso@ and dicyclohexano-18-crown-6 was carried out.
at equilibriumz? A solution of the picrate salt of the octamer, (ise®)" 5, in
CDCI; was prepared by extraction of potassium picrate from
water. Addition of 1 equiv of dicyclohexano-18-crown-6 to
the (isoG)-K* 5 solution resulted in formation of two sets of
isoGH resonances in a 2.7:1 ratio (Figure 9). Separate NMR
resonances for (isog¢ and (isoG§-K* 5 indicate that the
tetramer and the K-bound octamer are in slow exchange in
CDCl; at room temperature. The major NMR resonances
corresponds to those for a cation-free tetramer, (isd@¥hile
the minor set of NMR signals corresponds to resonances for
(isoGl-K* 5. This NMR competition experiment indicates that
isoG has a K association constant of the same magnitude as

Variable temperaturéH NMR spectroscopy indicated that
(isoGx-K* 5, unlike 3-GMP and 35-didecanoyl-2deoxy-
G, does not stack in a head-to-tail orientation. Figure 8 shows
the 'H NMR spectrum of a CDGlsolution of (isoG)-K™ 5 at
two different temperatures, 25 antb7 °C. At room temper-
ature, there is a single set¥1 NMR resonances for the octamer
5. It could be argued that (iso&K™ 5 exists as a head-to-tail
octamer and that fast exchange of the tetramers might give rise
to time-averagedH NMR signals at 25°C. Lowering the
temperature by 90C, however, did not change the appearance

of the isoG octamerH NMR spectrum (Figure 8B). Even at that of dicyclohexano-18-crown-6. Inded, for dicyclohex-

—67°C in CDC, (isoG) K™ 5 displayed only a single set of ano-18-crown-6 is only three times greater than that for the self-

resonances, with the same chemical shifts as were observed al ssembled ionophore, (isa@i* 5. It is remarkable that the

: . " ) , .
room temperature. Since (iso " 5 has a single set ot isoG octamer5, a noncovalent assembly, has & Kinding
NMR resonances even at low temperature, we conclude that. . «iant approaching that of an 18-c-6 crown ether. As

the octamer does not form by head-to-tail stacking of tetramers. mentioned in the Introduction, self-assembled ionophores may

In co_Ptrastkt_o he?q-toc-;tall stacking, e'trl‘;r head-to-head or tail- have applications in the selective extraction and recovery of
to-tall stac [l)ng or1so D tetramers wouh. %lveDa—ksymrEetrlc metal cations. Future experiments will focus on characterizing
octamer. Due to itsDs-symmetry, which makes the tWo e metal cation selectivity of this self-assembled ionophore.
component tetramers identical, head-to-head and tail-to-tail Summary. We have demonstrated that the organic-soluble
octamers would e_xh|b|t_a single set b resonances. _Based isoG derivative2 is a potent K ionophore, as it quantitatively
on structural considerations, a head-to-head orientation of tWO o tracts potassium picrate from water into CR@ give
isoG tetramers is more likely than tail-to-tail stacking. The (is0G)-K+ 5. Molecular modeling and NMR and UV spec-
molecular model in Figure 2 shows that the_ bowl-shaped isoG troscopic data indicate that the octarbés a head-to-head stack
tetramer4 has four C2 oxygens located on its convex surface. ¢4 howl-shaped isoG tetramers. The self-assembled iono-
Two isoG tetramers would prefer to stack in a head-to-head phore’s K association constant in CDL(K, = 108 M%)
geometry, rather than tail-to-tail, to best coordinate thection approaches that of covalent 18-crown-6 aderivatives The
(Flgure_ 7). stability of the (isoG§-K* octamer5 is remarkable, and these
The isoG Octamer 5 Is a Potent K lonophore. We next gy, gies provide an excellent foundation from which to develop

d_etermined _the association cor_lstaﬁg)(for K+ bin(_iing by even better self-assembled ionophores.
(isoGx-K* 5in order to compare it with the covalent ionophore,
dicyclohexano-18-crown-6. Experimental Section
The K* association constants in CR@ere determined using General Methods. All solvents were reagent grade and were

Cram’s picrate extraction meth8l. Association constants for  distilled before use. Solvents used for NMR spectroscopy were-99.0
(isoG} 5 and dicyclohexano-18-crown-6 are presented in Table 99.9% deuterium enriched. The CR®¥as distilled from BOs under
2. AlogKj,value of 8.2 Mlindicates that the self-assembled (31) Koening, K. E.; Lein, G,M.; Stuckler, P_; Kaneda, T.; Cram, D. J.

isoG octameb is a potent K ionophore. 1soG’s K binding J. Am. Chem. Sod.979 101, 3553.
(32) Redfield, A.; Kunz, S. DJ. Magn. Reson1975 19, 250.
(30) Helgeson, R. C.; Weisman, G. R.; Toner, J. L.; Tarnowski, T. L.; (33) Burke, S. D.; O’'Donnell, C. J.; Porter, W. J.; SongJYAm. Chem.

Chao, Y; Mayer, J. M.; Cram, D. J. Am. Chem. Sod.979 101, 4928. S0c.1995 117, 12649.
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nitrogen. Elemental analysis was done by Schwarzkopf Microanalytical layer was recorded, and the isoG:picrate stoichiometry was determined

Laboratory, Inc. (Woodside, NY).

Sample Preparation. Synthesis of the 'Bt-BDMS-isoguanosine
(isoG) isopropyliden and 3-t-BDMS-adenosine (A) isopropylidene
3was as described Prior to thetH NMR experiments, isoG derivative
2 was purified by flash chromatography on silica gel using 10:%-CH
Cl,:EtOH as eluant.

Preparation of Potassium Picrate. Potassium picrate was prepared
by neutralizing picric acid with an equal molar amount of potassium
hydroxide in EtOH. Solid impurities were removed by filtration. The
resulting potassium picrate, which precipitated from solution, was
recrystallized twice from water and dried in a vacuum desiccator for 2
days. CharacterizatiortH NMR (500 MHz, C;CN): ¢ 8.60 (s, 2H);

UV (THF) Amax 357 nm (16 900). Anal. Calcd forg8,N3sO/K: C,
27.95; N, 15.73; K, 14.63. Found: C, 27.35; N, 15.75; K, 13.91.

NMR Experiments. The 'H NMR spectra were recorded on a

Bruker AMX-500 MHz spectrometer, and chemical shifts are reported

by integration of the appropriate resonances.

Determination of isoG’s K* Association Constants Ki). All
optical measurements were made af€%n a Milton Roy 2000 Diode
Array spectrometer. The water used in the preparation of all solutions
was first passed through a Nanopure ion exchange purification system.
All glassware used i, determinations was cleaned by first washing
thoroughly with water and acetone, washing again with distilled water,
and submerging in concentrated3®, for 24 h. The glassware was
rinsed with distilled water, immersed in saturated NaHG@ 5 h,
washed thoroughly with water, and oven-dried at $@0for 15 h.

Association constants were determined using Cram’s picrate extrac-
tion method®32 Picrate salts were vacuum dried before use. Agueous
solutions of potassium picrate (7.5 mM) were prepared using nanopure
water. Into each of four 3 mL centrifuge tubes was transferred 0.50
mL of the aqueous picrate solution. Aliquots (0.50 mL) of a CPCI
solution of isoG2 (7.5 mM) were added to each centrifuge tube. To

in ppm relative to the nondeuterated solvent peak. The temperatureensure adequate mixing of the layers, the samples were vortexed for 5

was controlled tat0.1°C. The spectral window was 16 ppm fb.
Typical *H 90° pulse widths were 1Ls. Data processing was done
with Triad (Tripos) software on a SUN sparc station. The 1D spectra
were processed by zero-filling to 32 K and multiplied by a Lorentzian
function (0.3-1 Hz) prior to Fourier transformation. The ROESY
experiment on iso@ (39 mM) in CD;CN at 0°C was obtained using
TPPI quadrature detectidh. The data were collected with an F2
spectral window of 8064 Hz and 2048 data points for each FID, with

64 transients for each of the 512 separate experiments. A 200 ms spin-

locking time was used wita 4 srelaxation delay. The 2D matrix was
zero-filled to 1024 (t1)x 4096 (t2) data points and multiplied by a
sine bell window function in each dimension. Both zero and first order
phase corrections were applied.

Potassium Picrate!H NMR Titrations. A solution of potassium
picrate in CRCN (7.5 mM) was titrated in gL portions into a solution
of isoG 2 (5.0 mM) in CD:CN. The stoichiometry of the isoG-

min at high speed. The tubes were centrifuged for 1 min to drive the
CDCl; layer to the bottom. Aliquots (0.0050 mL) of the organic layer
were carefully taken from each tube with a Hamilton Gastight syringe,
transferred to 5 mL volumetric flasks, and filled to the mark with;€H
CN. For each aliquot, a blank was also made by measuring the same
volume (0.0050 mL) from the CDglayer of a HO blank and diluting

to the mark with CHCN in a 5 mLvolumetric flask. The absorbance

of each sample was measured against the blank solution at 378 nm.
Equation 1 was used for the calculation of fRevalue, the molar
ratio of picrate to iso@ in the CHC} layer after extraction, where

is the measured picrate concentration determined by UV spectroscopy
after dilution in CQCN, D is the dilution factor, andH; is the initial

concentration of iso@ in CHCL.
R = cD/H, Q)

Association constants were calculated from eq 2, whéras the

potassium picrate solution could be verified by comparing the integra- gistribution constant of potassium picrate between water and §HCI

tion of the picrate’s'H resonance at 8.66 ppm with the integration of

Gi is the initial potassium picrate concentration in wakéis the volume

the isoG resonances. The solution was vortexed for 2 min in the NMR f water, andv* is the volume of the CHGllayer. Thekq value for

tube, and theAH NMR spectra were recorded at 26. A relaxation

potassium picrate was obtained from the literafdre.

delay of 10 s between scans was used to ensure accurate integration of

the picrate and iso@H resonances.

Potassium Picrate Extraction 'H NMR Experiments. Both

K= RIK4(1 — R{[G, — RHI(V/V))? &)

aqueous and solid extraction experiments were performed to determine! N following assumptions were made while using eq 2: (a) potassium

the stoichiometry of (iso@K* 5. (A) Aqueous extractions: To a
centrifuge tube containing 1 mL of a 5.0 mM solution of is@Gn
CDCl; was added 1 mL of a 7.5 mM solution of potassium picrate in
distilled water. The mixture was covered and vortexed for 10 min at

room temperature. The biphasic solution was centrifuged to force the

organic layers to the bottom of the tube. An aliquot (400 uL) of the
CDCl; layer was carefully removed, and il NMR spectrum were
recorded at 500 MHz. The stoichiometry for (is@®)" 5 was
determined by comparing the integration of the picratelsesonance

at 8.66 ppm with the integration of the isoG resonances. (B) Solid
phase extractions of potassium picrate into CPD@Excess potassium
picrate was addedota 5 mM solution of isoG2 in CDCl;. The
suspension was stirred for 20 min at room temperature. After filtration
of the excess potassium picrate the NMR spectrum of the CDGl

picrate is dissociated in water; (b) potassium picrate is monomeric in
CHCI;; (c) isoG 2 is insoluble in water; and (d) only 1 equiv of'K
binds to the isoG octamer complex.
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