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This paper illustrates the use of a kinetically controlled exchange reaction to effect regioselective modification of a hydrogen-bonded assembly.
Both the bound anion and cation can control the exchange of ligand into the different layers of a synthetic G-quadruplex.

Organic synthesis relies on the proper sequence of reactionsgiving multiple, interconverting structures of similar free

many of them kinetically controlled, to make compounds energy. This kinetic instability is a problem if the goal is to

dense with functionality and stereochemistry. In general, obtain a single discrete structii&here have been a number

“noncovalent” synthesis of molecular assemblies lacks this of recent advances in trying to gain control over noncovalent

same level of kinetic contrdl? This limitation arises chiefly ~ synthesis. Crystal engineerifigdynamic combinatorial chem-

because noncovalent assemblies are usually kinetically labile,istry,> and the use of molecular chaperones are some of the

methods that have been used to prepare assemblies of defined

(1) For some reviews on “noncovalent” synthesis: (a) Whitesides, G. composition and stereochemistnAnother useful strategy

M.; Simanek, E. E.; Mathias, J. P.; Seto, C. T.; Chin, D. N.; Mammen, M.; in noncovalent synthesis is to follow a thermodynamic self-
Gordon, D. M.Acc. Chem. Re4995,28, 37-44. (b) Archer, E. A.; Gong,
H.; Krische, M. J.Tetrahedron2001, 57, 11391159. (c) Reinhoudt D.
N.; Crego-Calama, MScience2002,295, 2403—2407. (3) For a discussion about the challenges of thermodynamically controlled

(2) For some references on kinetic control in noncovalent synthesis: (a) self-assembly: Levin, M. D.; Stang, P.J. Am. Chem. So2000, 122,
Hasenknopf, B.; Lehn, J.-M.; Boumediene, N.; Leize, E.; Van Dorsselaer, 7428—7429.

A. Angew. Chem., Int. EA998,37, 3265—3268. (b) Davis, A. V.; Yeh, (4) (a) Desiraju, G. RAngew. Chem., Int. Ed. Engl995,34, 2311—

R. M.; Raymond, K. N. Proc. Natl. Acad. Sci. U.S.2002,99, 4793— 2327. (b) Moulton, B.; Zaworotko, M. hem. Re»2001,101, 1629—
4796. (c) Horn, M.; lhringer, J.; Glink, P. T.; Stoddart, JGhem. Eur. J. 1658.

2003,9, 4046—4054. (d) Yount, W. C.; Juwarker, H.; Craig, SJLAm. (5) (@) Huc, I.; Lehn, J.-MProc. Natl. Acad. Sci. U.S.A997 94, 2106
Chem. Soc2003, 125, 15302—15303. (e) Badjic, J. D.; Cantrill, S. J.;  2110. (b) Eliseev, A. V.; Lehn, J.-Mscience2001, 2331-2332. (c) Severin,
Stoddart, J. FJ. Am. Chem. So€004,126, 2288—2289. (f) Leung, D. H.; K. Chem. Eur. J2004,10, 2565—2580.

Fiedler, D.; Bergman, R. G.; Raymond, K. Angew. Chem., Int. EQ004 (6) () Paraschiv, V.; Crego-Calama, M.; Ishi-i, T.; Padberg, C. J.;
43, 963—966. (g) Litvinchuk, S.; Bollot, G.; Mareda, J.; Som, A.; Ronan, Timmerman, P., Reinhoudt, D. N. Am. Chem. So®002,124, 7638—
D.; Shah, M.; Perrottet, P.; Sakai, N.; Matile, 5.Am. Chem. So004, 7639. (b) Kerckhoffs, J. M. C. A.; van Leeuwen, F. W. R.; Spek, A. L.;
126, 1006710075. (h) Hori, A.; Yamashita, K.; Fujita, Mingew. Chem., Kooijman, H.; Crego-Calama, M.; Reinhoudt, D. Nngew. Chem., Int.
Int. Ed.2004,43, 5016—5019. Ed. 2003,42, 5717—-5722 2003.
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assembly process with a covalent modification that tailors
specific locations in the comple€’® In this communication,
we use kinetically controlled ligand exchange to selectively
modify a hydrogen bonded assemBly.

Relative to systems held together by coordination or
mechanically locked bonds, there are far fewer hydrogen
bonded assemblies that are kinetically stdBlgve have
previously shown that, in the presence of alkali(ine) salts,
16 units of the guanosine derivative-h form a stable
G-quadrupleX! This hexadecamer, containing four stacked
G-quartets held together by hydrogen bonds anetaipole

The regioselectivity of the ligand exchange reaction can
be controlled by the bound anionVe first conducted
exchange reactions by adding 16 equiv (1 equiv per equiv
of 1-h in the hexadecamer) of deuterated nucleoslde;*
to a CDCl, solution of [1-h}s-2B&T-4DNP~ (0.39 mM).

A complementary experiment was performed by adding 16
equiv of1-h to a solution of deuterated G-quadrupléxd] ¢
2B&"-4DNP". TheDs-symmetric G-quadruplex has distinct
“outer” and “inner” G-quartets, and ligand substitution was
monitored by*H NMR spectroscopy. As shown in Figure
1, H8 signals for the outer G-quartet 7679), inner G-quartet

interactions, also has 4 anion-binding grooves on its surface.

In Scheme 1, the spheres represent cations and the block

Scheme 1. Regioselective Pseudo-Self-Exchange Reaction of a
Guanosine Derivative into a Lipophilic G-Quadruplex
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represent anions. Both the cation and the anion influence
the thermodynamic and kinetic stability of the quadrupfex.
Below, we demonstrate regioselective control of the pseudo-
self-exchange reaction of deuteratétB 1-d with the 1-h
subunits in the G-quadruplex. The new observations in this
study are that the cation, anion, and solvent can control
relative and absolute rates of ligand exchange into different
layers of this G-quadruplex.

(7) For some examples of covalent postmodification reactions of non-
covalent assemblies, see: (a) Rowan, S. J.; StoddartJJAmM. Chem.
S0c.2000,122, 164—165. (b) Kidd T. J.; Loontjens, T. J. A.; Leigh, D. A,;
Wong, J. K. Y.Angew. Chem., Int. EQ003,42, 3379-3383. For the related
concepts of covalent capture and covalent casting: (c) Clark, T. D.; Ghadiri,
M. R. J. Am. Chem. S0d.995,117, 12364. (d) Archer, E. A.; Sochia, A.
E.; Krische, M. J.Chem. Eur. J2001,7, 2059—2065.

(8) For a noncovalent anion metathesis reaction: Kuehl, C. J.; Huang,
S. D.; Stang, P. . Am. Chem. So@001,123, 9634—9641.

(9) Approach described in this paper is conceptually similar to the “soft
chemistry” method used for preparing solid-state materials: Mallouk, T.
E. Chem. Mater2002,14, 1455—1471.

(10) For examples of hydrogen bonded assemblies that are kinetically
stable, at least on the NMR chemical shift time scale: (a) Rivera, J. M.;
Craig, S. L.; Martin, T.; Rebek, J., JAngew. Chem., Int. EQ000, 39,
2130—2132. (b) Hirschberg, J. H. K. K.; Brunsveld, L.; Ramzi, A,;
Vekemans, J. A. J. M,; Sijbesma, R. P.; Meijer, E. Mature 2000,407,
167—170. (c) Vysotsky, M. O.; Thondorf, I.; Bohmer, hem. Commun.
2001, 1890-1891. (d) Fenniri, H.; Mathivanan, P.; Vidale, K. L.; Sherman,
D. M.; Hallenga, K.; Wood, K. V.; Stowell, J. Gl. Am. Chem. So@001,

123, 3854—3855. (e) Prins, L. J.; Neuteboom, E. E.; Paraschiv, V.; Crego-
Calama, M.; Timmerman, P.; Reinhoudt, D. .0Org. Chem2002, 67,
4808-4820. (f) Philip, I. E.; Kaifer, A. EJ. Am. Chem. So2002,124,
12678—12679.

(11) For a recent review of our studies on lipophilic G-quadruplexes,
see: Davis, J. TAngew. Chem., Int. ER004,43, 668—698.

(12) Cation effects: Kotch, F. W., Fettinger, J. C.; Davis, JOFg.

Lett. 2000, 2 3277—3280.

(13) Anion effects: Shi, X. D.; Mullaugh, K. M.; Fettinger, J. C.; Jiang,
Y.; Hofstadler, S. A.; Davis, J. TJ. Am. Chem. So2003,125, 10830—
10841.
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Figure 1. H8 region of'H NMR spectra in CRCl,: (a) solution

of [1-h]162B&2™-4DNP- (0.39 mM) andl-d (6.2 mM) immediately
after mixing; (b) the sample in spectrum a after 4 days at room
temperature; (c) solution dfh (6.2 mM) and L-d];¢2B&*-4DNP-
(0.39 mM) immediately after mixing; (d) the sample in spectrum
c after 4 days at room temperature.

(6 7.13), and “free” G1 (6 7.73) are in slow exchange on
the chemical shift time scalé.The upper trace (Figure 1a)
was taken immediately after mixind.{h];e:2B&-4DNP-
and1-d. The G-quadruplex H8 signals were presentin a 1:1

(14) Synthesis ofl-d involved base-catalyzed H8/D8 exchange of
guanosine, followed by routine modification of the ribose. See Supporting
Information for experimental details on the synthesisled and on the
preparation and NMR characterization of the completely deuterated G-
quadruplex [1-dje-2B&-4DNP-.

(15) Free Gl is a mixture of oligomers, particularly dimers, in @Cl,.

For leading papers on self-association of guanosine derivatives in nonpolar
solvents, see: (a) Pranata, J.; Wierschke, S. G.; Jorgensen, WAm.
Chem. Soc1991, 113 2810-2819. (b) Sartorius, J.; Schneider, HChem.

Eur. J.1996,2, 1446—1452. (c) Gottarelli, G.; Masiero, S.; Mezzina, E.;
Spada, G. P.; Mariani, P.; Recanatini, Nelv. Chim. Actal998 81, 2078~

2092.
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ratio and signals for fre&-h were not noticeable. The spectra 4Pic and with [L-h],¢-2B&"-4DNP". Clearly, the externally

changed over time as ligand exchange betwekih]{s
2B&"-4DNP- and 1-d proceeded. Figure 1b, taken 4 days
after mixing shows a reduced signal for the outer G-quartet
(0.35 H) and a concurrent increase in releakéd(0.60 H).
Significantly, there was little change<8%) in the inner H8
signal, indicating that this layer was protected from exchange

bound anions can control the regioselective noncovalent
modification of this hydrogen bonded assembly. Under these
conditions, the more basic 2,6-DNP anion (relative to picrate)
protects the inner G-quartet from ligand exchange \lith

The regioselectivity of the ligand exchange reaction can
also be controlled by the bound catidtWhen [L-h]¢-2B&*+

with 1-d. Indeed, even after extended reaction times, H8 4DNP- and 16 equiv of.-d were combined in 5650% CD»-

integration for the outer G-quartet, inner G-quartet, and free

Cl,—CDsCN, equilibrium was attained within 4 h (Figure

1-hwas close to the 0.33:1.0:0.67 ratio expected if nucleoside 3a), as compared to days in gD,. In addition to this

exchange had occurred only with the outer G-qudftet.

Complementary kinetic experiments with the deuterated_

isotopomer [1-djs-2B&"-4DNP~ and 1-h confirmed the
substitution’s high regioselectivity (Figure 1c,d). After 4

days, the inner G-quartet remained completely deuterated.

A control experiment, in which a B4 G-quadruplex was
generated by extraction of (B§DNP, with a 50—50%
mixture of 1-h and1-d, showed equal incorporation dfh
and 1-d into all layers of the quadruplex, as expected for
self-assembly under thermodynamic control.

We reasoned that regioselective substitutioriLaf into
the outer G-quartet of [1-h}-2B&Z"-4DNP- was due to
kinetic stabilization of the inner G-quartets provided by the
hydrogen-bonded DNP anions (2,6-DNP phen#l, p=
3.96) To confirm this hypothesis, we compared exchange
of 1-d into [1-h];¢2B&™4Pic,'® a G-quadruplex containing
less basic, and more weakly bound, picrate anions (picric
acid K, = 0.38)221n the case of the Ba picrate assembly,
the deuterated nucleosided was incorporated into both the
inner and outer G-quartets at similar rates and without any
discernible selectivity. The equilibrium ratio of 0.5:0.5:1.0
for H8 signals of outer G-quartet, inner G-quartet, and free
1-h reflected indiscriminant incorporation &fd (16 equiv)
into [1-h]1¢2B&™-4Pic (1 equiv). Figure 2 shows a plot of

1.00 DNP
55 i i
83
EE o075
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0.50+ : ; — .
0 100 200 300 400
Time (h)

Figure 2. Integration of the H8 NMR signal for the inner G-quartet
in the exchange of 16 equiv dfd (6.2 mM) with [1-h];¢2B&? "
4DNP- and [1-h}e2B&+4Pic. Exchange was done at room
temperature in CECl,.

the inner H8 signal integration versus time for the exchange
reactions of 16 equiv of-d (6.2 mM), with [1-h];s-2B& "+

(16) When exchange was carried out at room temperature iFCGD
with 160 equiv ofl-d, incorporation into the outer G-quartet occurred faster
and to a much greater extert 5% incorporation after 4 days). Again,
less pseudo-self-exchange20%) was detected in the inner G-quartet after
4 days.

(17) Lagier, C. M.; Oliveieri, A. C.; Harris, R. KI. Chem. Soc., Perkin
Trans. 2,1998, 1791—-1796.

Org. Lett., Vol. 6, No. 23, 2004

a) Ba®

1.00+ "Free"
5
i Inner
& 0.50 Outer
@
£

0
0 100 200 300
Time (min)

b) K

1.00 1 Inner
[ —
h=]
2 0.50
@
=
@©
X

200

100
Time (min)

0 300

Figure 3. NMR integration of H8 signals in exchange reaction of
16 equiv of1-d (6.2 mM) with (a) [L-h];¢-2B&2™-4DNP~ and (b)
[1-h]164KT-4DNP-. Reactions were done at room temperature in
50—50% CRCN—CD.ClI,.

increased ratel-d was incorporated to the same extent into
both the outer and inner G-quartets bitj]1¢2Ba2t-4DNP-,

as measured by NMR spectroscopy. Presumably, the nucleo-
base—DNP hydrogen bond interactions that serve to protect
the inner G-quartet from exchange in &I, are weakened

in the more polar mixed solvent, leading to facile dissociation
of [1-h];¢2B&2™4DNP- and a consequent loss in the
regioselectivity of subunit exchange. To test this idea, we
compared exchange reactions fod with [1-h].e2B&*-
4DNP- and [1-h}er4K*+-4DNP~ in 50—50% CDCl,—CDs-

CN (Figure 3).

The major difference between these two G-quadruplexes
is the cation channel’'s occupancy. Crystal structures show
no cation between the inner G-quartets tfh];s2Ba+
4DNP~,3 whereas an octacoordinate™ Ks sandwiched
between these two G-quartets ;e 4K -4DNP-.1° We
reasoned that this centrally bound" Kation might well

(18) Picrate in [1-hjs-2B2&2*-4Pic exchanges 7-fold faster than a DNP
anion in [L-h]1¢-2Ba&+4DNP~. See EXSY NMR data in Table 2 of ref 13.

(19) Forman, S. L.; Fettinger, J. C.; Pieraccini, S.; Gottarelli, G.; Davis,
J. T.J. Am. Chem. So2000,122, 4060—4067.
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influence ligand exchange into the inner G-quartets. In together. By kinetically stabilizing the assembly via stronger
contrast to the indiscriminant exchangelsfl with [1-h] 6 ion—ligand interactions, certain regions of this hydrogen-
2B&"-4DNP- (Figure 3a), the reaction between 16 equiv bonded assembly are made resistant to the subsequent subunit
of deuterated nucleoside-d and [1-h}4K™-4DNP~ was exchange reaction. From a synthetic perspective, these
highly regioselective; the kinetic trace in Figure 3b shows a experiments demonstrate that noncovalent interactions can
marked preference for incorporation dfd into the outer be used to stabilize specific regions of large assemblies,
G-quartet. Apparently, the centrally bound Kation stabi- allowing for subsequent substitution reactions at other
lizes interquartet contacts and serves to restrict ligand locations to be precisely controlled. With the proof of
exchange into the inner G-quartets, even if the DNP anions principle now demonstrated by this pseudo-self-exchange
dissociate much more readily in this more polar sol¥8nt. reaction, the next step is to selectively incorporate diverse
These experiments again illustrate that an assembly’s com-functionality into these hydrogen bonded assemblies.
ponents, in this case the bound cation within the G-
quadruplex, can be tuned to enable regioselective noncovalent Acknowledgment. We thank the Department of Energy
modification. for financial support and the University of Maryland’s HHMI
This study has shown that regioselective ligand exchangeProgram for an undergraduate fellowship (M.I.). We also
into a synthetic G-quadruplex can be controlled by both the thank Allegheny College for undergraduate research summer
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(20) In 50:50% CIBCl,—CDsCN, variable-temperature NMR showed that ) ) ) )
DNP exchanges faster withif1]1-4K*-4DNP~ (coalescencg = —52°C, Supporting Information Available: Experimental and

AG* = 10.0 kcal/mol) than it does withLfh] ;¢ 2B&2*-4DNP- (coalescence . . ol .
T=—8°C, AG* =12.0 kcal/mol). Thus, the ligand exchange regioselectivity other selected spectroscopic data. This material is available

seen for the K G-quadruplex is not due to enhanced quadruplex—anion free of charge via the Internet at http://pubs.acs.org.
interactions, since DNP anions dissociate more readily from the K
G-quadruplex than they do from the B&-quadruplex. 0OL0483089
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