ORGANIC
LETTERS

. ) 2007
Reconfigurable Four-Component Vol 8 No. 12

Molecular Switch Based on 23492352
pH-Controlled Guest Swapping

Sriparna Chakrabarti, T Pritam Mukhopadhyay, T Shirley Lin, * and Lyle Isaacs* '

Department of Chemistry and Biochemistry, University of Maryland,
College Park, Maryland 20742, and Department of Chemistry,
United States Naval Academy, Annapolis, Maryland 21402

Lisaacs@umd.edu

Received March 25, 2007
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CBI6]-1H B-CD-2 cBl6r2 B-CD-1

The four-component ensemble comprising CB[6], ~ f-CD, and guests 1 and 2 forms complexes CB[6] -1H* and $-CD-2 at pH < 7 but swaps
partners forming complexes CB[6] -2 and f-CD-1 at pH > 13. The intermolecular nature of the switching process suggests application as a
hasis for stimuli-responsive reconfigurable systems.

A major thrust in chemistry over the past several years haschines. We envisioned that it would also be desirable to
been the development of molecular scale devices that performreconfigure the connectivity of these parts in response to
useful functions in response to environmental stimuli. For environmental stimuli to create different systems as needed.
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motion within molecular and supramolecular systéms Zavalij, P. Y.; Isaacs, LJ. Am. Chem. So@2006,128, 14093—14102.
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allow the preparation of multicomponent molecular ma- ecules2005,38, 7225—7230. (d) Hwang, |.-W.; Kamada, T.; Ahn, T. K;;
Ko, D. M.; Nakamura, T.; Tsuda, A.; Osuka, A.; Kim, D. Am. Chem.
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report the preparation of a four-component system whose
guests undergo an intermolecular shuttling process in re-

sponse to changes in pH.

To prepare a system that is capable of intermolecular guest

swapping, we relied on the well-defined recognition proper-
ties of the cyclodextrifgCD) and the cucurbitfjuril family®
(CB[n]) of macrocycles. Figure 1 shows the structures of

Figure 1. Compounds used in this study.
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Figure 2. ™H NMR spectra recorded (400 MHz, 298 K, 8 mM
Na,SQO, in D,0) for (A) CB[6]-3H" with excess3 at pH 7.0; (B)
CB[6]-4 with exces#4 at pH= 13.0; (C) CBI[6] (2.5 mM),3 (3.0
mM), and4 (3.0 mM) at pH 7.0; (D) CBI6] (2.5 mM)3 (3.0 mM),
and4 (3.0 mM) at pH 13.0. Color code: fré® aqua,; freel, blue;
CBI[6]-3, green; CB[64, pink. Some resonances are unlabeled
because of spectral overlap.

2). We took advantage of the slow chemical exchange

the compounds used in this study. As our hosts, we selectedcommonly exhibited by CB{]-guest complexé&3to monitor

CBJ6] for its large binding constants, high preference for
cationic over neutral guestsand precedent for its use as a
bead in the preparation of molecular switcRgsCD was

the concentration of CB[6]-3Hand CBJ[6]-4as a function
of pH by*H NMR (Supporting Information). At pH 7 (Figure
2C), a CB[6}3H™:CBJ[6]-4 ratio of 73:27 is achieved, which

selected because it mainly distinguishes between guests basegflects preferential binding @ within CB[6] presumably
on hydrophobic size rather than charge. As guests, wedue to favorable NH--+O=C H-bonds that are not present

selectedl—4 that all contain alkylammonium tails suitable
for binding to CB[6]. We refer to compoundsand 2 as

within CBJ[6]-4. As the solution is made basic (pH 13.0,
Figure 2D),3H" is deprotonated t8, which now binds less

two-faced guestd because they also contain adamantane tightly than4 to CBJ[6]; the ratio of CB[6{3H":CBJ[6]-4 is

groups that are complementary to the cavity ®{CD.
Compoundd and3 contain cationic ammonium groups that

now 17:83, a complete reversal of the situation at pH 7.0.
Figure 3A shows a plot of the concentration of CBE{i*

undergo deprotonation at high pH, whereas quaternaryand CB[6}4 versus pH, which illustrates the efficiency of

ammonium salt®2 and4 remain cationic across the full pH
range.

Initial proof-of-principle experiments focused on the three-
component ensemble comprising CB[8], and4 (Figure

(5) Rekharsky, M. V.; Inoue, YChem. Rev1998,98, 1875—1917.

(6) (a) Lagona, J.; Mukhopadhyay, P.; Chakrabarti, S.; Isaadsgew.
Chem., Int. EJ2005 44, 4844-4870. (b) Lee, J. W.; Samal, S.; Selvapalam,
N.; Kim, H.-J.; Kim, K. Acc. Chem. Ref003,36, 621—630.

(7) (@) Mock, W. L.; Shih, N.-Y.J. Org. Chem1986,51, 4440—4446.

(b) Liu, S.; Ruspic, C.; Mukhopadhyay, P.; Chakrabarti, S.; Zavalij, P. Y.;
Isaacs, LJ. Am. Chem. So@005,127, 15959—15967. (c) Jeon, W. S.;
Moon, K.; Park, S. H.; Chun, H.; Ko, Y. H.; Lee, J. Y.; Lee, E. S.; Samal,
S.; Selvapalam, N.; Rekharsky, M. V.; Sindelar, V.; Sobransingh, D.; Inoue,
Y.; Kaifer, A. E.; Kim, K. J. Am. Chem. So@005,127, 12984—12989.

(8) (@) Mock, W. L.; Pierpont, 1. Chem. Soc., Chem. Comm@890,
1509—-1511. (b) Jun, S. I.; Lee, J. W.; Sakamoto, S.; Yamaguchi, K.; Kim,
K. Tetrahedron Lett2000,41, 471—-475. (c) Lee, J. W.; Kim, K.; Kim, K.
Chem. CommurR001, 1938—1939. (d) Sindelar, V.; Kaifer, A. Ehem.
Commun2006, 2185—2187. (e) Sobransingh, D.; Kaifer, A(g. Lett.
2006,8, 3247—3250.
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the switching process.

To extend this system toward a pH-controlled guest
swapping, we increased the complexity by working with both
CB[6] and3-CD along with two-faced guestsand2. We
hypothesized thatlH", 1, and 2—with their common
adamantane binding epitope—would exhibit comparable
values ofK, toward3-CD and that the pH-induced changes
in K, for CB[6]-1H" could be used to simultaneously swap
guestsl and 2 between CB[6] an¢3-CD. Figure 4A—F
shows 'H NMR control experiments recorded for two-
component systems at pH 7.0 or 13.0; Panels G and H of
Figure 4 show théH NMR spectra for equimolar mixtures
of CB[6], B-CD, 1, and2 at pH 7.0 and 13.0, respectively.
Figure 3B shows a plot of concentration versus pH based

(9) The pH switching experiments performed with mixtures of CB[6],
1, and2 showed comparable efficiency (Supporting Information).
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Figure 3. Plots of concentration versus pH for (A) three-component ad I @, bb, &2,
mixture comprising CB[6] (2.5 mM)3 (3 mM), and4 (3 mM);
(B) four-component mixture comprising CB[6] (1.25 mM3,CD = J
(2.25 mM),1 (1.25 mM), and2 (1.25 mM). Key: O, CBJ[6]-1; A, —_—
CBJ6]-2; O, CB[6]-3; <, CBI[6]-4. fi

9 s

G) ‘ | | ‘
on integration of the spectra recorded across the full pH At_ J"\h_ -_"nf_.‘\t_T_A.______J'-JLV.H-;. R -
(7.0—13.0) range. At pH 7.0, CBI[6] prefeisd™ over2 by % b
a factor of 84:16; mass balance dictafe€D exhibits an H)
equal but opposite preference ®over1.1° As the solution Wb
|

is made basic (pH 13.0)JH" is deprotonated, which reduces
its affinity toward CBJ[6] relative t@ which remains cationic
and therefore exhibits relatively constant affinity toward CB-
[6] as a function of pH resulting in an 11:89 CB[6]-TH  Figure 4. 1H NMR spectra recorded (400 MHz, 298 K, 8 mM
CBJ6]-2 ratio!* As CB[6] swaps partners, so dgg<CD with NaS0, in D,0) for (A) CB[6]-1 (1.25 mM/1.5 mM) at pH 7.0;
equa| but opposite efficiency_ (B) CB[6]2 (125 mM/1.5 mM) at pH 7.0; (Cﬁ-CD'1(1.25 mM/

; i~ 1.5 mM) at pH 7.0; (D)3-CD-1 (1.25 mM/1.5 mM) at pH 13.0;
To understand the fundamental thermodynamic require () B-CD-2 (1.25 mM/1.5 mM) at pH 7.0; (Fp-CD-2 (1.25 mM/

ments underpinning the success_ful swapping of gueatsd ~ 1.5'mM) at pH 13.0; (G) equimolar mixture of CB[6}-CD, 1,
2 between hosts CB[6] an@CD in response to changes in  and2 (1.25 mM, pH 7.0); (H) equimolar mixture of CB[6}-CD,
pH, we performed simulations of a hypothetical system 1, and2 (1.25 mM, pH 13.0). Color code: CB[6]-1, orange; CB-

comprising two hosts (CB[6] ang-CD) and two guestsg [6]-2, green;3-CD-1, pink; 5-CD-2, blue. Resonances for frde
andG2) with the program GEPASI. GEPASI uses starting 2"d2 and overlapped regions are not labeled.
concentrations, equilibrium constants, and an interaction
model as input and determines equilibrium concentrations
as output? Figure 5A,C shows the equilibria that we
considered and the valueskf that we assumed. We allow
guestG to exist in theG or GH* forms to mimic the

! Lk
IJIII |L = _."_.d“ I,\_JULAJ um/L_T_._._. _J.

’ T T
ppm 4 3 2 1 1]

behavior ofl and3. Figure 5B shows a thermodynamic cycle
connecting CB[6] and it$5 and GH' complexes, which
respond to pH changes. In the simulations (Figure BD),
we systematically increase the difference betwe€en; and

(10) Fast exchange between fhH€D complexes and significant spectral ~ Ke-a++ (highlighted in green) from 0 to 4K units!* The

overlap made independent determination gfCD-1] and [3-CD-2] magnitude of the difference betwedfciy and Ke.c+n
challenging. The equal but opposite preferencgg®D based on mass
balance considerations assumes the concentration ofsf@® is small,

which seems reasonable given its high affinity toward adamantane deriva-  (13) The changes in the concentration of CB&? andj3-CD-G2 as a

tives (ref 5). function of pH are not shown in Figure 5D for purposes of clarity; the
(11) The CBI[6]-1H complex remains protonated at pH 13 because of trends are parallel but opposite to those shown for the CB[6]/A@D

the large pK shift observed for CB[6] complexes. FoKpshifts in CB[n] complexes ofG andGH* (Supporting Information).

complexes see: Mohanty, J.; Bhasikuttan, A. C.; Nau, W. M.; Pal].H. (14) Because the species in Figure 5B are connected by a thermodynamic

Phys. Chem. R006,110, 5132—5138. cycle, the ratio of the equilibrium constants highlighted in green must equal
(12) () GEPASI can be downloaded free of charge at http:// that of those highlighted in red. To fully define the system, we also fix

www.gepasi.org. (b) Mendes, Bomput. Appl. Bioscil993,9, 563—571. log{ (Ks-cH)(Ke-c)} = log{ (Ks.c2)(Ks.c2) = 14}; this choice disposés.cn

(c) Mendes, PTrends Biochem. Sc1997,22, 361—363. (d) Mendes, P.; andKs.g symmetrically arounde.c2 (€.9.,Ks.c = 10° M™%, Kg.gn = 10°

Kell, D. B. Bioinformatics1998,14, 51-67. ML or Kg.g = 10° ML, Koy = 10° M~ 1),
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distribution ofKs.c andKs.g relative to the fixed value of
Ks.c2 that controls the overall behavior of the syst&or

A) CBI6) + GH* Ke-GH CBIFGH*  p-CD + GH* Kpah B.CD-GH* example, as thgl@ of GH* becomes more (less) posi_tive
Ko Kya the inflection points of the swapping curves move to hlgher
CBe] + G CBerG  pCD+G =—— P-CD:G (lower) values of pH (Supporting Information). Interestingly,
CBil + G2 —22 CpnG2  pOD+G2 —E2 fop.G2 \(’\g‘e”);og{ (h*%‘GH)(K&G_)} isfgre_:ater ((Ijess) than |‘{>Gr<]§‘%2)('l )
o ) 6-G2)}, the swapping efficiency decreases at hi ow
CEgIO e CREas GHe <2 G ope pH (Supporting In?oprm?ition). / k
Kg-gH C)Kgg2 = 107 M .
B) CB[6] + GH* CB[6]-GH* Kpa = 10°M In conclusm.n., we have demonstrated a four—cpmponent
Kooy | Koar=105M" system comprising CB[6}3-CD, 2, and pH-responsive two-
T Koo CB{S]_'G s KG-azj :gjn'_“ faced guegl that undergoes contrqlled mter—aggregate ggest
caa i swapping in response to changes in pH. GEPASI simulations
D) 1.25— 6-G+}5K“G+H provide insights into two deficiencies of the current system
= 1.00- o %8 tr_lat S|mult_aneously pr0y|de§ guidance for th_e future de-
E 7 90 signs: (1) incomplete switching even at pH 13 is due to the
§ 0757 8.0 high pK; of GH' and even higher K, of CB[6]-:GH™, and
E i : ;.g 7.0 (2) a K, shift of 2—3 units is sufficient to drive a swapping
8 —_/ 90 process of only modest fidelity, which suggests the need to
5 e ; 100 l couple the protonation/deprotonation of two or more pH-
o - : i L responsive groups (e.g., carboxylic acid to carboxylate and
4 6 8 10 12 14 pH

imidazolium to imidazole) to achieve efficient swapping.
Figure 5. (A) Equilibria considered, (B) thermodynamic cycle for  Most significantly, the thermodynamic cycle shown in Figure
CBI6]-G complexes, (C) input equilibrium constants, and (D) plot 5B establishes the conceptual equivalency of changes in
of concentration versus pH (CBMG + CB[6]-GH™, red lines; binding constant (e.gKs.cn VS Ke.g)—that has been implic-
B-CD-G + -CD-GH", black lines) as a function d{e.c+. [CB- ity used in as the driving force in the H-bonded oor 7

[6]] = [3-CD] = [G] = [G2] = 1.25 mM. interaction-based molecular shutflespolar organic media

with a pK, shift that will be critical for the development of
biomimetic systems that operate in aqueous solution. Last,
in contrast to the majority of single-component molecular
shuttles and devices which undergo intramolecular confor-
mational changéthe intermolecular nature of the swapping
process described here is particularly well-suited for the
reconfiguration of the components of multiple interconnected
molecular devices that together constitute a more complex
molecular machine in response to external stimuli.

represents thel, shift that occurs upon binding &H". It

is this K, shift that provides the change G, which is

the driving force for the pH swapping process. When there
is no pk; shift (pKy(G+H) = pKy(6-G+H) = 7.0; ApKy =

0), the system does not respond to changes in pHGnd
andGH™ form host-guest complexes with CB[6] an$#CD

in nearly equal amounts. As the difference i increased
(pKa(6-G+H) = 11.0; ApK, = 4), the fidelity of the guest
swapping process increases dramatigally; the swapping Acknowledgment. We thank the National Science Foun-
fidelity observed experimentally~(5:1, Figure 3B) corre-  ation (CHE-0615049), the National Institutes of Health

sponds to a pKshift of 2—3 units. _ (GM61854), and the United States Naval Academy for
Although the simulation shown in Figure 5D uses fixed financial support.

values ofKg.4 (pKa(G+H) = 7), Kﬁ—GH = Kﬁ_G = K/}_Gz =

10° M™%, andKe.c2 = 10" M™%, the fidelity of the guest Supporting Information Available: Experimental pro-
swapping process does not depend significantly on thesecedures, characterization data, aHcand3C NMR spectra
choices; instead, it is the magnitude of th&,shiftand the  for 2, experimental procedures atd NMR spectra for the
pH swapping experiments, and the GEPASI model file used
for the simulations. This material is available free of charge
via the Internet at http://pubs.acs.org.

(15) The behavior of the system remains similar when the common value
of Ky is sufficiently large to ensure complete complexation at the
concentrations of-CD employed in the simulations (e.g3-£D] = 1.25
mM; Kp = 10° M~%; Ky,~1 = 0.01 mM). WherK, ~ 10* M~1, decomplex-
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