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It is demonstrated that our reported equilibrium treatments

(Kaexp defined below) with concentration involve dissociated
complexes, while those who$g expare invariant with concen-
tration involve ion-paired complexésThe study of ion pairing

in competitive complexation is important because many com-
plicated supramolecular systems contain more than two ionic
specied. Some examples include self-assembly of pseudoro-
taxanes and pseudopolyrotaxafeacid—base controlled mo-
lecular shuttleg? photoinduced electron-transfer triaisaind a
molecular elevatofd Here we report a successful application
of our equilibrium treatments to a competitive complexation
system involving two guestsl|,N'-dimethyl-4,4-biyridinium bis-

(2) Colquhoun, H. M.; Goodings, E. P.; Maud, J. M.; Stoddart, J. F.;
Williams, D. J.; Wolstenholme, J. B. Chem. SocChem. Commuri983
1140-1142. Ashton, P. R.; Fyfe, M. C. T.; Martinez-Diaz, M.-V.; Menzer,
S.; Schiavo, C.; Stoddart, J. F.; White, A. J. P.; Williams, BCem. Eur.

J. 1998 4, 1523-1534. Huang, F.; Fronczek, F. R.; Gibson, H. WAm.
Chem. Soc2003 125 9272-9273. Huang, F.; Gibson, H. W.; Bryant, W.
S.; Nagvekar, D. S.; Fronczek, F. R.Am. Chem. So2003 125 9367
9371. Chen, L.; Zhao, X.; Chen, Y.; Zhao, C.-X.; Jiang, X.-K.; Li, Z.JT.
Org. Chem2003 68, 2704-2712. Huang, F.; Fronczek, F. R.; Gibson, H.
W. Chem. Commur2003 1480-1481. Huang, F.; Zhou, L.; Jones, J. W.;
Gibson, H. W.; Ashraf-Khorassani, Mtchem. Commur2004 2670-2671.
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that take into account ion-paired guest and non-ion-paired 3241. Huang, F.; Guzei, I. A.; Jones, J. W.; Gibson, HGem. Commun.

complexes can be applied to competitive complexations.
Satisfactory results were obtained for a system with two
cationic guestsN,N'-dimethyl-4,4-biyridinium bis(hexafluo-
rophosphate) 1) and dibenzylammonium hexafluorophos-
phate 2)] having a common counterion and a single neutral
host dibenzo-24-crown-83), even though for this system
one exchange process is slow and the other fast ofHhe
NMR time scale. The competitive complexation protocol

2005 1693-1695. Huang, F.; Switek, K. A.; Gibson, H. WChem.
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mination ofK,Kipg (the product of the ion-pair dissociation
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the host with the resultant free cation) for new systems from
ion-paired guests that form complexes that are not ion paired

Applications of ionic compounds in supramolecular chemistry
can be dated to Pederson’s discovery of the alkalai meta
templated synthesis of crown ethéfBaraquat derivativésand
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used guests in supramolecular chemistry. lon pairing has bee
a subject of much recent interest in supramolecular chenfistry.
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(hexafluorophosphat&)1) and dibenzylammonium hexafluo-
rophosphate(2), and one host, dibenzo-24-crown-8,(both
of whose 1:1 complexes are not ion paifédlhis serves as a

further test of these treatments and provides a convenient method

for the determination oKaKipg, the product of the ion-pair

dissociation constant and the association constant for the host

with the resultant free cationic guest, for ion-paired guests that
form complexes that are not ion paired through use of competi-
tive complexation systems.

The association constants for 1:1 hegtiest complex forma-
tion in the literature are generally not explicitly defined, but
since the units are M, it is assumed that they are of the form

= [Complex]/[Host], JGuest],.

a exp

where [Complex}= [Host]. = [Guest], [Host],c = [Host]o —
[Complex], and [Gues}} = [Guestp — [Complex]. Here the
subscripts “c” and “uc” denote complexed and uncomplexed
species, respectively.

The following treatment is based on the assumptions that (a)
the monocationic or dicationic guest exists in solution as a
monomer, GX~ or GZ*2X~, which is predominantly ion paired,
(b) upon dissociation of the guest salt, it is the free monocation
G™ or dication G* that forms the complex, which is not ion

= [HG,* X 17K pg 1G> 2X1[H]

Kaexpr= [HG 1[G %" 2XI[H] = K, Kipa /X 17 (eq 1)

Equation 1 can be rewritten &8s

[HG12+]0 5/[612+2X ] 5[H]05
05K|pd1 /[X ] (eq 2)

apl

aexpl

For a monocationic guest,GX~ and the same host H we
derive

|pd 2

G, X =G, + X~

ap2

G,  + H=22HG,"
|pd2 [GZ ][X ]/[GZ+X ]
[G,"] = Kipg G, X VX ]

Kap2= [HG, VHIIG ']

paired, and (c) there are no other species present in the solutions.
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For a dicationic guest 572X~ and host H we derive

|pd 1

G, 2X” ==G*" + 22X~

apl

G,”" + H==HG/*"
Kipa.r =[G IIX 1[G,272X7]
[G1*'] = Kipg [G* 2X VX 17

Kap= [HG* IHIG 2

(7) (@) Ashton, P. R.; Glink, P. T.; Martinez-Diaz, M.-V.; Stoddart, J.
F.; White, A. J. P.; Williams, D. JAngew. Chemint. Ed. Engl 1996 35,
1930-1933. (b) Ashton, P. R.; Ballardini, R.; Balzani, V.; Baxter, |.; Credi,
A.; Fyfe, M. C. T.; Gandolfi, M. T.; Gmez-Lpez, M.; Martnez-Draz,
M.-V.; Piersanti, A.; Spencer, N.; Stoddart, J. F.; Venturi, M.; White, A. J.
P.; Williams, D. J.J. Am. Chem. Socl998 120 11932-11942. (c)
Ballardini, R.; Balzani, V.; Clemente-Lep M.; Credi, A.; Gandolfi, M
T.; Ishow, E.; Perkins, J.; Stoddart, J. F.; Tseng, H.-R.; Wengel, Sm.
Chem. Soc2002 124, 12786-12795. (d) Badjic, J. D.; Balzani, V.; Credi,
A.; Silvi, S.; Stoddart, J. FScience2004 303, 1845-1849. (e) Loeb, S. J.
Chem. Soc. Re 2007, 36, 226-235.
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Kap2= [HG2+] X Kipd,2[62+x ]MH]

Kaexpz= [HG; VG, X THI = Kyp Kipa /IX T (e 3)

For the competitive situation involving both guestg@X~
and G"X~ with the common host H, the free counterions X
arise from dissociation of both guest salts and also from both
complexation processes. That is, the extent of complexation of
both guests is reduced relative to simple binary complexations
not only by the competitive binding of the other guest, but also
because of increased concentration of the common counterion
as a result of the dissociation of the guest salts and their
competitive complexation. The effect on the dicationic guest
will be greater because the extent of complexation depends on
the square of the concentration of the anion (eq 1), while the
complexation of the monocation depends only on the first power
of the anion concentration (eq 3). From egs 2 and 3, we derive

(10) An astute reviewer suggested that the intermediate gdIKG might
be involved in this process. We have considered this possibility from several
points of view. First, generation of Xvia formation of the intermediate
G12"X~ but without its complexation by the crown ether can be shown not
to significantly alter the mathematical analysis under certain plausible
conditions (see the Supporting Information). Another possibility is that
ionization yields only G*X~ and not G?" and that complexation of
G12*X~ to form HG;2" X~ occurs, this being the only complex that exists;
this situation corresponds exactly to the complexation of dibenzylammonium
salts with dibenzo-24-crown-8, i.e., the formation of a free “cation” that is
complexed as a non-ion pair, as previously repott&tis possibility can
be ruled out, since the equations for that situatiare not obeyed by the
1-3 system. Other more complicated possibilities include the latter scenario
augmented by ionization of & X~ to G;?*, with either no complexaton
of the latter or additional complexation of the latter free dication; the
mathematical treatments of these scenarios are complex and not readily
solved in closed form. Therefore, in accord with Einstein’s statement that
“Everything should be made as simple as possible, but not simpler.” (http://
www.fys.ku.dkA~raben/einstein/) and the fact that eq 2 provides a reasonably
satisfactory fit of the rather extensive data B over a broad range of
concentrations and ratisye consider the present treatment to be adequate
for evaluation of competitive experiments as described herein.



[HG2+]/[HG 12+] 0.5 —
(Kap Kipa /Kap 1 Kipa HIG2 X TH *[G,*72X717%
(eq4)
and
Ka,exp,éKa,exp,f'5 = Kap,%ipd,ZIKap,lo.sKipd,10.5 (eq 5)

In the present study with paraquat guéstdibenzylammo-
nium gues®, and dibenzo-24-crown-8) as the common host
[HG*] = [Ue, [HG:] = [2c, [G*"2X ]o — [Ue = [L]ue,
[G2"X7]o — [2]c = [2]ue, @nd [H] = [3]o — [1]c — [2]c = [3]uc,
and eq 4 can be rewritten as

[21/[1]>°
(Kapé(ipd,Z/Kap,10.5Kipd,10.5){ [2]uc[3]uc0.5/[1]u00'5} (eq 6)
For solutions with various concentrations of gudsésd2 and

host3, a plot of [2]J/[1]%® vs [2]ud 3]ud-Y[1]ud® should yield
a straight line with the slope dfap Kipd,2Kap, £ Kipa, 1> and

an intercept of zero based on eq 6. This slope is also equal to

Ka,exp,#Kaexp, P2 based on eq 5.

Our previous study of complexation of paraquat guestth
dibenzo-24-crown-83) showed thakap 1 = 106 (+42) M1
andKipg1 = 4.64 £1.86) x 1074 M2 in acetoneds.®

Kaexps-2 Values (Table 1) were calculated on a point-by-point
basis fromKa expz-2 = [3]{[3ud2]uc. Kaexpz2 Varied up to
3.7-fold and decreased when initial concentrationd afr 2
increased, in accord with eq 3. A ledpg plot of eq ? for the
complexation between dibenzylammonium saland crown
ether3 in acetoneds is shown in Figure 1. The slope, 0.998, of
the best fit line at low concentrations of h@ts very close to

the ideal value, 1, for the case where the complex is 100%

dissociated and,, 43] < 1. The slope, 0.534, of the best fit
line at high concentrations &is close to the ideal value, 1/2,

for the case where the complex is completely dissociated and 7 33

Kap43] < 1. From the intercepts of these two linég, > and
Kipa,2 Were calculated to be 123:@1) Mt and 3.03 £0.74)
x 1072 M, respectively, in acetones.!* In less polar 3:2 CDGI
CDsCN we previously founKap, = 5.6 (£0.6) x 10> M1
andKipg2 = 2.6 (£0.7) x 1072 M.5> These data indicated that

the association constant for the complex is more sensitive to
the polarity of the solvent than dissociation constant of the guest

salt. Previously it was observed thatgalts were generally
the most dissociated so dissociation constants gfsaks are
relatively less sensitive to the polarity of the solvent than those
with other counteranions!?

[31/[2040° = Kap Kipa.z 18lud(1 + Koy 431,0°°  (eq 7)

For the study of competitive complexation of guek&snd?2
with host3, nine solutions were prepared with the constant initial
concentration of paraquétand varied initial concentrations of
secondary ammonium s&tand crown etheB. The percentage

(11) According to eq 7,the intercepts of the two lines in Figure 1 give
log(Kap, Kipd, ) = 1.33 #0.12), Kap Kipa 2° = 21.4 &1.0) M5 and
l0g(Kap,2Kipa, 29 = 0.286 ¢-0.015),Kap, 2 Kipa, > = 1.93 0.07). From
these value&qp 2andKipa,2 were determined. Errors are based on errors of
the intercepts.

(12) Schmid, R.; Kirchner, K.; Dickert, F. Lnorg. Chem.1988 27,
1530-1536. Nelson, S. F.; Ismagilov, R. B. Phys. Chem. A999 103
5373-5378.
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FIGURE 1. Log—log plot of eq 7 for the complexation between
dibenzylammonium gue&and dibenzo-24-crown-8 ho3tin acetone-
ds at 22°C.

TABLE 1. Kaexp2Values at Different Initial Concentrations for
the Complexation between Guest 2 and Host 3 in Acetonds at 22
°C

2o [3lo %3 [Zcor (81 [2u  [Bluc  Kaexps2
mM)  (mM) complexed (mM) (mM) (mM) (MY
6.00 6.00 0.544 3.27 2.73 2.73 437
6.00 3.00 0.633 1.90 4.10 1.10 421
3.00 1.50 0.482 0.723 2.28 0.777 409
3.00 2.00 0.469 0.938 2.06 1.06 428
3.00 1.00 0.523 0.523 2.48 0.477 444
3.00 0.500 0.544 0.272 2.73 0.228 438
12.0 1.20 0.623 0.747 1.13 0.453 147
3.00 6.00 0.337 2.02 0.977 3.98 521
3.00 3.00 0.431 1.29 171 171 444
6.67 20.0 0.289 5.77 0.895 14.2 454
6.67 18.3 0.310 5.67 0.997 12.6 450
10.0 30.0 0.292 8.77 123 212 336
100 275 0.314 8.64 136 189 335
10.0 25.0 0.335 8.39 1.61 16.6 313
10.0 225 0.371 8.35 1.65 142 357
10.0 20.0 0.401 8.03 197 120 339
10.0 8.00 0.644 5.15 4.85 2.85 373
1.50 0.500 0.397 0.199 1.30 0.301 507
0.670 0.369 0.247 1.08 0.423 539
1.00 1.00 0.282 0.282 0.718 0.718 545
240 0.600 0.459 0.275 2.12 0.325 399
225 0.750 0.440 0.330 1.92 0.420 409
2.00 1.00 0.391 0.391 1.61 0.609 398

a Calculated from integrations of peaks of aromatic protons of complexed
and uncomplexe@. P “c” means complexed: “uc” means uncomplexed.

of complexed paraqudtwas calculated based on chemical shift
change of H (fast exchanged,while the percentage of com-
plexed dibenzylammonium saR was calculated based on
integrations of peaks corresponding te éf complexed and
uncomplexed species (slow excharig@gable 2). On the basis
of these data, a plot of eq 6 for this competitive complexation
was made (Figure 2). The intercept of the plot is zero within
experimental error, while the slope, 16:51.0) M~%5, agrees
with the value OfKap,é(ipd,Q/Kap,lo‘sKipd,lo‘S, 16.8 3.3) M=05,
calculated from the results of individual complexations between
3 and 1 and betweer8 and 2. Stated another way, from our
knowledge ofKgp 2> and Kipg,2 from Figure 1 and the slope of
Figure 2 we calculat®ap Kipa,1 = 5.11 1.07) x 1072 M; the
directly measured value was 4.923.92) x 1072 M.6 This
study provides a further test of these equations and demonstrates
that they are also appropriate for competitive complexations of
two ion-paired salts with a common counterion that both produce
non-ion-paired complexes.
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TABLE 2. Percentages of Complexed Guests 1 and 2 at Different Kap,Kipg,1 for the fast exchange system can be easily obtained

!nitial Concentrations for the Competitive Complexation by Host 3 from the slope ifKap %ipd 5 is known.

In Acetoneds at 22 °C _ _ In summary, we demonstrated that our equilibrium treatments
[1o [2lo [3lo fractionl fraction2 of individual complexations involving ion-paired mono- and
(mM) (mM) (mM) complexed complexed dicationic guests with neutral hosts in formation of non-ion-
1.00 2.00 2.00 0.366 0.289 paired complexes are also appropriate for competitive com-
1.00 2.00 4.00 0.541 0.441 plexation studies. The research presented here provides a
1.00 2.00 8.00 0.719 0.683 . hod for the d N o
100 4.00 200 0311 0215 convenient method for the determination KfKip for new
1.00 4.00 4.00 0.485 0.416 systems from ion-paired guests that form complexes that are
1.00 4.00 8.00 0.678 0.633 not ion paired through use of competitive complexation studies.
1.00 8.00 2.00 0.247 0.172
1.00 8.00 4.00 0.404 0.302 Experimental Section
1.00 8.00 8.00 0.567 0.501

3 was purchased and used as received. All other compounds were
2Based on chemical shift changes of &hdAo = 1.32 ppm’® P Based prepared by literature procedur@sAll solutions were prepared as
on integrations of peaks corresponding todficomplexed and uncomplexed  follows. Precisely weighed amounts of dried compounds were added
25 into screw cap vials. Acetonds was added with to-deliver
volumetric pipets. Then specific volumes of each fresh solution
0.20 were mixed to yield the desired concentrations. For example, to
prepare a solution of 1.00/2.00/2.00 ny?/3, 0.500 mL of 3.00
mM 1, 0.500 mL of 6.00 mM2, and 0.500 mL of 6.00 mN\8 were

o 0159 added into a screw cap vial with 0.500 mL to-deliver pipéks.
0'5 i NMR data were collected on a temperature-controlled 400 MHz
o spectrometer. Acetond was chosen as the solvent because all
S Delly o7 y=-0.000444 + 16.5% compounds used here have good solubilities in it. Error bars were
= s R =0.979 calculated by using at5% deviation in percent complexation.
I~ i Linear regressions were performed with the entire error range
=0 LT (abscissa and ordinate) at each data point; standard errors in both
B the intercept and slope coefficients based on regression were used
g to determine_error_s i_n association constants of -hgaest com-
" 0.000 0.004 0.008 0.012 plexes and dissociation constants of salts.
[2]uc[3]uc°'51[1]uc‘]'5 (M) Acknowledgment. We acknowledge the National Science

Foundation for the financial support of this research through
FIGURE 2. Plot of eq 6 for the competitive complexation of paraquat DMR0097126 (H.W.G.) and the Environmental Management
guestl and dibenzylammonium gue&tby dibenzo-24-crown-8 host  Science Program, Office of Science, U.S. Department of Energy
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and K exp1 have (_jifferent yalues at different initial host and_ Supporting Information Available: More discussion on eq 2.
guest concentrations. This provides a new and very facile This material is available free of charge via the Internet at
method for the determination &€,y Kipa,1 Values, which are http://pubs.acs.org.

more difficult to determine, since in a fast-exchange system such
as 1-3 the chemical shift changes at different initial host and
guest concentrations would have to be obtained for determina-  (13) Synthesis ofl: Luong, J. C.; Nadjo, L.; Wrighton, M. SI. Am.

tions in the normal way. Here from a plot of eq 6 by using Chem. Soc1978 100 5790-5795 and references therein. Synthesig:of
. . f K di | d and Ashton, P. R.; Chrystal, E. J. T.; Glink, P. T.; Menzer, S.; Schiavo, C.;
Integrations of peaks corresponding to complexed and uncom-gpencer, N.; Stoddart, J. F.; Tasker, P. A.; White, A. J. P.; Williams, D. J.

plexed states oR-3, a slow-exchange system, the value of Chem. Eur. J1996 2, 709-728.
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