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Abstract: Two heptakis(2,3,6-tri-O-methyl)-S-cyclodextrin (TMe-3-CD) molecules strongly include the
peripheral substituents at the 5- and 15-positions of the charged meso-tetrasubstituted porphyrins, PorSub,
[TPPS4 (Sub = p—CeH4-SO3_), TPPOC3PS (p-CeH4-O-(CH2)3-p-C6H4-SO3_), TCPP (SUb = p—C6H4-C02_),
and TPPOC3Py (p-C¢H4-O-(CH2)3-Py*Br-), where Pyt = N-alkylpyridinium] in agueous ethylene glycol.
The binding constants (K; and K3) and the rate constants (ki and k) for formation of the 1:1 and 2:1
complexes of TMe-$-CD and PorSub, were determined. Both the binding constants and the rate constants
for anionic TPPS,, TCPP, and TPPOC3PS were much larger than those for cationic TPPOC3Py. The
smaller k; and k; values for TPPOC3Py indicate a higher barrier for penetration of a cationic guest into the
TMe--CD cavity. The methyl groups at the rims and the cavity wall of the host are positively polarized due
to the inductive effect of the ethereal oxygens. The positively polarized rims and interior of the host cavity
should prevent the penetration of the cationic substituent of TPPOC3Py into the TMe-3-CD cavity. The 2:1
TMe-p-CD—PorSub, complexes are extraordinary stable in aqueous solutions, even in the case of cationic
TPPOCS3Py. Formation of both 1:1 and 2:1 complexes is promoted by negative and large enthalpy changes,
suggesting a strong van der Waals interaction as the main binding force.

Introduction nated TPPOCS3A (Table 1). THé values for the 1:1K;) and

2:1 complexation processel
It is expected that cyclodextrin (CD) provides a microscopi- P P 4

cally apolar environment around the center of a porphyrin ring Port CD Ky Por—CD

and prevents self-aggregation of the porphyrin if the CD @)
molecules deeply include the substituents at the meso positions K,
of the porphyrin. If CDs actually show such a function, they Por-CD + CD = CD—Por-CD (2)

might act as th? simples_t apoprote_in models. Several StUdieshave been determined by means of absorption spectroscopy in
have been carried out with interactions of water-soluble por- 0.05 M succinic acid buffer at pH 5 and 8C to be (7.7+

phyrins and CDs. Naturally occurring porphyrins such a5 0.7)x 10*and (5.9+ 1.1) x 10* M~1, respectively The result
deutgroporphynn IX, hematoporphyrin IX and coproporphyrln indicates a strong ability of th®-methylateds-CD to yield
lll, without ary! groups at the_meso posr_uons_of _the porphyrins, the 2:1. Mosseri et al. studied complexation of anionic metal-
form very weak complexes wit+CD, having binding constants loporphyrins such as Fe(llNTPRSand Zn(ITPPS with

—1; 1 i
(K) of about 16-35 M1 in water! The weak complexation of B-CDA5 Although they reported the 4:1 complexes LD

thesg porphy.rins Is ascribgd o the absef‘ce of appropriate C,D “and metalloporphyrins, the stoichiometry of the complexes needs
binding sites in the porphyrins. In comparison, several synthetic

; S : . be reconsidere®iThe complexation of an anionic porphyrin free
porphyrins having ionic aryl substituents at the meso positions

. base with nativg3-CD was examined by Ribet al” On the
have been shown to form relatively stable complexes of CDs @ y

and the porphyrins. Inclusion of the ionic aryl substituents of a
porphyrin by CD was first reported by Manka and Lawrefce,

who found the formation of a trans-type 2:1 complex of

heptakis(2,6-di@-methyl)5-CD (2,6-DMe#-CD) and proto-
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Table 1. Abbreviations of 5,10,15,20-Tetrasubstituted Porphyrins

abbreviation substituent

TPPS, —@-SOaNa

TCPP —O'OOzNa

TPPOC3PS _O'O'(CHQ)s‘@'SOSNa
TMPyP -@v—cmcr

TAPP —@—N(CHa)z”CI'
TPPOC3Py —)-0-CHo)s Nt ) Br
TPPOC2Py —@-O-(CHZ)Z—@ Br
TPPOC3A ~)-0- CH)~NH" X
PC3Py —(CH2)3-@ cr

PC7Py _(CH2)7_® or

basis of'H NMR data, they assumed the formation of a trans-
type 2:1 complex of-CD and TPP$having a structure similar

to that of TPPOCS3A. Other research groups, however, reported

theK values for complexation of TPR®ith 5-CD (440-5600
M~1) by assuming a 1:1 compléx10 In previous papers,12
we reported different behavior of CDs toward cationic and

center of the porphyrin to provide a microscopically apolar
environment.

Previous studies in this area are mostly qualitative and
speculative. Quantitative investigations on both static and
dynamic behavior of the complexation make it possible to
understand totally the interactions between ionic porphyrins and
CDs. The present study reveals the novel properties of TMe-
B-CD as the host for ionic porphyrins and the mechanism for
extremely strong complexation in such a hegtiest system.

Experimental Section

Preparation of Porphyrins. TPPOC2Py and TPPOC3Py (Table 1)
were prepared according to the procedures described in the lite¥ature.
TPPS, purchased in the protonated form (Tokyo Kasei), was dissolved
in water and passed through a DOWEX HCR-W?2 ion-exchange column
(Na form) to obtain the TPRSetrasodium salt. Elemental analysis
indicated the formation of N&PPS:7H,O. TCPP (Table 1) in the
protonated form (Tokyo Kasei) was dissolved in water and neutralized
with equimolar NaOH. Water was evaporated, and the residue was dried
under vacuum. TPPOC3PS was synthesized as follows. A mixture of
4-(3-bromopropyl)benzenesulfonyl chloride (10 mmol), phenol (8
mmol), and KCO; (14.5 mmol) in 100 mL of acetone was stirred for
16 h at room temperature under Ar. The reaction mixture was filtered
to remove KCO;, and acetone was evaporated from the filtrate. The
residue was dissolved in chloroform and washed with water saturated
with NaCl. The residue obtained after evaporation of the chloroform
was purified by silica gel column chromatography with chloroferm
hexane (3:2) to yield pure phenyl 4-(3-bromopropyl)benzenesulfonate
(99% vyield). The product was identified Bi# NMR and FAB-MS.
Phenyl 4-(3-bromopropyl)benzenesulfonate (11.3 mmol) was reacted
with 5,10,15,20-tetrakis(4-hydroxyphenyl)porphyrin (0.59 mmol) in 100
mL of DMF containing KCO; (39 mmol) with stirring for 3 days under
Ar. After evaporation of DMF, the residue was dissolved in dichlo-
romethane and washed with water saturated with NaCl. The dark purple

anionic guests: anionic compounds can penetrate into thesolid obtained by evaporation of dichloromethane was purified by silica

hydrophobic CD cavities, while cationic ones cannot. As partial
confirmation of this model, we presented the appar&gtalues

of the various diprotonated porphyrins in the presence of CDs.
The K, value of anionic TPPSin water (5.4) drastically
decreases upon complexation with heptakis(2,3,8-methyl)-
B-CD (TMe3-CD) (ApKa = 5.0), while the effect off-CD is
much weakerApK, = 1.2).1H NMR spectroscopy reveals the
formation of the trans-type 2:1 complex of TNeeE€D and
TPPS in which the secondary OGHyroup sides of the CD

gel column chromatography with chloroforrmethanol (100:1) to
obtain pure 5,10,15,20-tetrafdés[3-(4-phenoxysulfonylphenyl)propoxy]-
pheny} porphyrin (32% yield). The product was identified hy NMR

and FAB-MS. 5,10,15,20-TetraKi4-[3-(4-phenoxysulfonylphenyl)-
propoxy]phenyl porphyrin (22.5umol), methanol (5 mL), and 1,4-
dioxane (50 mL) were placed in a flask, and 30 mL of 10 M aqueous
NaOH was added. After being stirred at 80 for 48 h, the reaction
mixture was neutralized by additiori ® M aqueous HCI and dissolved

in 400 mL of water. After the mixture was washed with chloroform,
water was evaporated under reduced pressure, and the residue was

molecules face each other. On the other hand, cationic TMPYP gissolved in methanol. The inorganic salt was removed by filtration.

(Table 1) does not interact with eith8fCD or TMe{3-CD at
all (ApKa = 0). Another cationic porphyrin, TAPP, shows little

The solid that precipitated upon addition of acetone was collected by
filtration. Such a desalting procedure was repeated three times, and

tendency to bind to any CDs. On the basis of these results, thethe dark brown solid finally obtained was washed with watetone

following model is proposed:

(1) The cavities of botl-CD and TMeg-CD are favorable
for loading anionic porphyrin guests but unfavorable for cationic
ones.

(2) p-CD forms a relatively weak complex with TPRS

(3) TMe-5-CD has a strong tendency to include the peripheral
aryl groups of TPPS and two TMeg-CD molecules cover the

(8) Sur, S. K,; Bryant, R. GJ. Phys. Chem1995 99, 4900-4905.

(9) Venema, F.; Nelissen, H. F. M.; Berthault, P.; Birlirakis, N.; Rowan, A.
E.; Feiters, M. C.; Nolte, R. J. MChem—Eur. J. 1998 4, 2237-2250.

(10) Mosinger, J.; DeumjeM.; Lang, K.; Kubd, P.; WagnerovaD. M. J.
Photochem. Photobiol. 2000 130, 13—20.

(11) Kano, K.; Tanaka, N.; Minamizono, H.; Kawakita, €hem. Lett1996
925-926.

(12) Kano, K.; Tanaka, N.; Minamizono, H. IKlolecular Recognition and
Inclusion Coleman, A. W., Ed.; Kluwer: Dordrecht, The Netherlands,
1998; pp 19%196.
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(4:1), to give TPPOC3PS. Anal. Calcd fogHssN4O1sNas: C, 57.62;
H, 4.71; N, 3.36. Found: C, 57.98; H, 4.43; N, 3.41.

Other Materials. TMe-3-CD (Nacalai) was purchased and used as
received.3-CD (Nacalai) was washed with THF using a Soxhlet
extractor to remove the antioxidant and dried.

SpectroscopyAbsorption spectra were recorded on a Shimadzu UV-
2100 spectrophotometeid NMR spectra were taken using a JEOL
JNM-A400 spectrometer (400 MHz). Sodium 3-trimethylsilyl[2,2,3,3-
2Hy]propionate (TSP, Aldrich) was used as an external standard. FAB
MS spectra were recorded on a JEOL JMS-700 spectrometer.

Methods. Determination ofK; and K, values was performed by
measuring the absorption spectral changes of a porphyrin §[PoZ]

x 1078 or 2 x 10°° M) as a function of CD concentratidf.Na,COs
was used to adjust pH. Titration curves obtained by plotting the changes

(13) Schneider, H.-J.; Wang, M. Org. Chem1994 59, 7473-7478.
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in optical densitiesAA) at four wavelengths (Q-bands) vs [GDYere
analyzed by a nonlinear least-squares method (damping Gilesgon
method) using a computer program developed by one of the authors
(Y.K.). The reproducibility of the data was checked by repeating all
experiments at least three times.

The complexation and dissociation rate constakisk;, k-1, and
k-2) were determined by followin@\A after the solutions of CD and

[TMe-BCD], =

2 o X
porphyrin were rapidly mixed using a UNISOKU stopped-flow 32X 10°M HEPHEPY Hi Wo
apparatus with a multichannel photodiode array. M
08.0x10°M
k
Por+ CD%1 Por—CD 3) M }UU'L
©40x10° M
k M
Por—CD + CD <= CD—Por-CD (4) .
ks 920x10°M
M i
The data were analyzed by a nonlinear least-squares method (damping 10x 163
Gauss-Newton method) using the computer program REDAP devel- OLOx10"M
oped by Kuroda et &Ff Five time courses, obtained by altering [TMe- ”‘h—JL”U"M-—%
[-CDJo, were fitted by a set ok, k-1, kz, andk—, values to heighten b)5.0x10% M
the reliability of this method. The reliability of this method was checked A_JU\H____
by another analytical method, kindly offered by Prof. R. Pasternack oM H™
(Swarthmore College), where unknown parameters are reduced to three 2 M—L—‘
(ki, k-1, andky) by assuming [Porfk [TMe-3-CD]. The agreement of
both methods was satisfactory (Supporting Information). " "
95 2.0 85 8.0 75

13C spin-lattice relaxation timesT;) were measured for TMg-
CD (0.1 M) and a mixture of TMg-CD (0.1 M) and TPP$(0.05 M) , . 8/ppm . .
in D,O under Ar using a JEOL JNM-A400 spectrometer. The F9ure 1. *HNMR spectra of TPP&1.0 x 107° M) in D0 at 25°C in
. : : : the absence and in the presence of various amounts of FFRIB-
inversion-recovery pulse sequence (£82—90°), with a relaxation
delay at least 5 times longer than the longestwas employed. The HX H" HL  H™

data were analyzed by curve fitting using a program loaded in the NMR P ’_@ow CH.C _O .
apparatus. Reproducibility was checked by repeating the experiments ° 2CHaCHy =58

at least three times. THE values for TPPSalone were measured in [TMe-B-CDJ, =
DMSO-ds because TPR0.05 M) in DO aggregates spontaneously. He )
) 6.4x 102M H,”’l HmHil:o_ o
Results HP-PHBPY R" W
IH NMR Spectroscopy. The 1H NMR spectral changes of h32x10°M ‘
TPPS (1 x 1073 M) were measured in D as a function of J\
[TMe-B-CD]Jo, and the results are shown in Figure 1. TRPS »L6x10°M M h
has been known to aggregate spontaneously in aqueous solution N
at high concentration and/or in the presence of inorganid%alt. H8.0x10°M “ h
As shown in Figure 1, the signal due to the ortho protond (H A
of TPPS (1 x 1073 M) is broadened in BO without TMe#- 940x10°M j
CD, while that due to the meta protons"{-Happears as a sharp sl A
doublet. The broadening of°Hs ascribed to self-aggregation 920x10°M ﬂ Mﬂ !
of TPPS. New!H NMR signals appear upon addition of TMe-
B-CD, and the growth of the signals levels off at [TMecD]o 910x10°M N
= 2 x 1073 M. The NMR spectrum is composed of two sets of s
the signals due to TPRSomplexed with TMe3-CD. The bSO x 104 M

A P b

assignment of each signal was achieved by measuringl H

COSY and ROESY spectra of the TRPIMe-3-CD complex JoM

(Supporting Information). ThéH NMR spectrum also reveals - ,

the formation of the trans-type 2:1 complex of TMe=D and 9.0 8.5 80 7.5 7.0

TPPS. Other types of complexes cannot explain such a simple 8/ ppm

1H NMR spectrum. Figure 2. *H NMR spectra of TPPOC3PS (1:0 103 M) in D20 at 25

°C in the absence and in the presence of various amounts of SFUIB-
“i” represents the protons inside the CD cavity.

(14) (a) Conners, K. ABinding ConstantsThe Measurement of Molecular

Complex StabilityJohn Wiley & Sons: New York, 1987; Chapter 4. (b) i i
Kano, K.; Hasegawa, Hl. Am. Chem. So2001, 123 10616-10627. In the case .Of TRPOCBPS (Flgl.'lre 2)' two sets of Slgnals due
(15) Kuroda, Y.; Kawashima, A.; Ogoshi, Kkhem. Lett 1996 57—58. The to two phenyl rings in the free and included forms were observed

REDAP program may be obtained by request from Kuroda (e-mail: \yjth TPPOC3PS until two equivalent amounts of Ti#ED
ykuroda@ipc.kit.ac.jp).

(16) (a) Pasternack, R. F.; Huber, P. R.; Boyd, P.; Engasser, G.; Francesconiwere added, though splits of the signals df End H™, H”
L.; Gibbs, E.; Fasella, P.; Venturo, G. C.; Hinds, L. de&lCAm. Chem. o ' m wn oy
Soc 1972 94, 4511-4517. (b) Corsini, A.; Herrmann, Olalanta1986 and H ! and H" and H (when_a : Indlcates_ the proton
33, 335-339. belonging to the group included in the CD cavity) were very
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0.5 ————T———— — ————— ] Table 2. Bin_ding Constants for C_omplexation of Charged
 10* [TMe-B-CD], / M o2 .  s13mm ] Porphyrins with TMe-3-CD in Various Solvents at 25 °C
b 10.0 // 3 porphyrin solvent? Ky/M-1 Ka/M-L
o4r T4 , 3 TPPS EG-H,0 (3:1) (2.0+13)x 10° (5.8+ 1.5)x 10*
: 10 oo ] TPPS EG 0 0
o 3.0 4“"‘ ] TPPOC3PS EG (8Z222)x 10° (9.1+1.3)x 10
8 2.0 el TPPOC3PS  CHOH (2.9+£0.9) x 1® (2.940.2) x 10
2 1 e ] TPPOC3PS  DMSO 0 0
9 05 10°[TMe-p-COIp/M TCPP EG-H,0 (3:1) (1.7+1.4)x 10* (2.0+1.1)x 1P
e : TPPOC3Py EGH,O (1:1) (4.6£2.4)x 10* (4.4+1.6)x 1(P
0.2 f TPPOC3Py EGH,0 (3:1) (2.3£0.9)x 168 (9.4+0.2) x 10°
. TPPOC3Py EG 0 0
aTheK values for complexation of TPR#$ H,O and EG-H,0 (1:1),
TPPOC3PS in kD, EG-H,0 (1:1), and EG-H,0 (3:1), TCPP in HO
and EG-H,O (1:1), and TPPOC3Py in glyceroH,O (1:1) were not
determined because thgK, values were too large.
0.0 T D ]
450 700 example. Regular changes with seven isosbestic points were
p g g p
‘ Wavelength /nm _ observed. Other porphyrifiTMe-3-CD systems show similar
ggf)’e 3~tAb_SOTPt'°_“ spectra OftTPf%(;scPé (25215005 '\I") '“tE(é;Hzo spectral changes. The titration curves obtained are shown in
. containing various amounts 0 al . Inset. anges . . . .
in absorbances\A) of TPPOC3Py (2.0< 10-5 M) upon addition of TMe- the inset of Figure 3, where. the foyr titration curves plotted at
B-CD in EG-H,0 (3:1) at 25°C. The solid lines are the best fit to an  different wavelengths were fitted with a setiof andK> values.
equation f?f the 1:1 and 1:2 equilibrig; = 2300+ 900 M1, K» = 9400 The titration curves for all systems studied here were not fitted
+ 200 ML,

with an equation for 1:1 complexation but were well fitted with
the equation for 2:1 complex formation. The binding constants
obtained are summarized in Table 2. To the best of our
knowledge, only one example has been reported oKthend

small. Since no signals were observed for free TPPOC3PS
because of self-aggregation, thé NMR spectrum of the por-

phyrin in the presence of 2 10* M TMe-4-CD is ascribed K> values for complexation of porphyrin with CD. Dick et al.

o the 2:1 complgx. At [TMeﬁ'.CD]O > 2x 1(T3 M, the signals reported the; andK; values for complexation of TPPOC3A
due to the terminal _phenyl rings fHand H") as well as th(_a and 2,6-DMe8-CD to be (7.7+ 0.7) x 10* and (5.94 1.1) x
met_a pr_otor_15 of the inner onesT-of TPPOC3P_S startto split, 1 M1, respectively, in water at pH 5.0 and 803 The results
again yielding two sets of clearly separated signalH™, obtained here in EGH,0 (3:1) make possible a comparison
o _|4mr o' __|J.m’ P
Ho—=HT, and H—H .)' Such mf?lrked spliting seems to be ¢ e binding behavior of cationic TPPOC3Py with that of
due to formation of 3:1 and/or 4:1 complexes O_f TH&D anionic porphyrins. Both th&; andK; values for the anionic
and TPPOC3PS. The ROESY spec’Frum of the _2.1 complex of porphyrins (TPP$ TCPP, and TPPOC3PS) are much larger
TMe-f-CD and TPPOCSPS (Supporting Information) shows the a1 those for cationic TPPOC3Py. The binding constants for
strong cross-peaks bety\_/eer? df the guest and the protons at the TPPOC3PSTMe-3-CD complex were too large to be
the 3- (H-3) and 5-positions of the host (H-5) and'lef the determined, even in EGH,O (3:1). Previously, we found that
guest and H-5 of the host. The TMBED molecules of the 50 TMPyP and TAPP scarcely interact with The-
2:1 complex penetrate deeply to cover the center of the cp 1112 3,4ging from these results, we can conclude that the
porphyrin ing. . . stability of cationic porphyrirr TMe-3-CD complexes is lower
Meanwhile, the formation of only the trans-type 2:1 COMpIeX a1 that of anionic porphyrin complexes. Comparing the results
of TMe-$-CD and TPPOC3Py was verified by means of NMR ¢, 1ppg with those for TPPOC3PS, it can be concluded that
spectroscopy (Supporting Information). Self-aggregation of this o complex of TPPC3PS having the amphiphilic peripheries

porphyrin has been studied previousiyJpon addition of TMe- is much more stable than that of TRRfving more hydrophilic

p-CD, the higher self-aggregates were dissociated t0 the yojnheries. TPPOC3PS forms the trans-type 2:1 complex, even
TPPOC3Py monomer by forming the trans-type 2:1 complex. j, neat EG (dielectric constamt= 37.7) and methanol(=
Binding Constants. The K values for complexation of all 32.63), but not in DMSO = 46.6).

charged porphyrins with TMB-CD in water were too large to The complexation of TPRSwith nativef-CD in water was

be determir}ed. In all cases, the absorption spectra_l changes oEllso examined. Previous studies reported the binding constants
the porphyrins were saturated at 2 equiv concentration of TMe- ¢, the 1:1 complex of3-CD and TPP$8-10 The absorption

B-CD, indicating the formation of the .extremely stable 2:1 spectral changes of TPPB water upon addition g8-CD were
complexes of TMgs-CD and the porphyrins in water. We then  o4qred (Supporting Information). Under the present condi-

employed aqueous org'a.nic solvents to' reducekthgalues. tions ([TPPS] = 2 x 107 M), TPPS does not aggregate
Under the present condltlons_ for_meaSL_mng absorptlgn SpeCtra'spontaneoust. At highgt-CD concentrations, deviation from
Beer-Lambert's law was maintained with all porphyrins used o, jsoshestic point was observed, clearly indicating simultaneous
in aqueous organic solvents without CD, even in pure water. ¢, mation of the 1:1 complex and a complex having a stoichi-
Therefore, self-aggregation of the porphyrins need not be ometry other than 1:1. The titration curves for this system were

considered. The absorption spectral changes of TPPOC3PY i \well with the equations for 2:1 complexation. Tha and
75% (v/v) ethylene glycol (EG)25% HO (EG-HO (3:1)) K, values in water (but not in aqueous EG) at’#5are (1.7+
upon addition of TMe3-CD are shown in Figure 3 as a typical 0.3) x 10* and (2.3+ 0.4) x 10° M1, respectively. The,

(17) Kano, K.; Fukuda, K.; Wakami, H.; Nishiyabu, R.; Pasternack, RI.F value is considerably larger than the reported values, which have
Am. Chem. So@00Q 122, 7494-7502. been evaluated assuming formation of only the 1:1 comfi&.

9940 J. AM. CHEM. SOC. = VOL. 124, NO. 33, 2002
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TPPOC3Py: R = -O(CH,);-Py*CrI
Figure 4. Change in rotational freedom of the peripheral substituents of TPPOC3Py upon complexation wifhGMe-

TMe-B-CD

Table 3. Rate Constants for Formation and Dissociation of 1:1 and 2:1 Complexes of TMe-3-CD and Charged Porphyrins in Aqueous EG

at 25 °C
porphyrin solvent ky/M-1s1 K_q/s7t k/M-1s1 K_ols~t
TPPS EG—H0 (3:1) (3.0£0.9) x 10# 46+0.1 (5.3 0.4) x 10¢ 0.43+0.01
TPPOC3PS EGH,0 (3:1) (1.8£0.1) x 1P 0.244+0.01 (3.9£0.1) x 10 (4.8+£0.3)x 1073
TPPOC3Py EGH,0 (1:1) (1.3 0.1) x 10* 0.41+0.01 (3.6£0.1) x 1C® (2.6+£0.1)x 102
TPPOC3Py EGH,0 (3:1) (8.7£0.2) x 10° 3.9+0.1 (1.9+£0.1) x 1¢® 0.16+ 0.01
TPPOC2Py EGH,0 (1:1) (1.1£0.1) x 10¢ 0.35+0.01 (3.7£0.1) x 1C® (3.2+£0.5)x 102

Table 4. Thermodynamic Parameters for Complexation of TPPS, and TPPOC3Py with CDs

1:1 complex 2:1 complex
system solvent AH°/kJ mol~! AS°/Jmol~tK™! AH°/kJ mol~! AS°/Jmol~tK™!
TPPS/TMe-3-CD EG-H,0 (3:1) —61+9 —121+ 29 —46+ 4 —62+12
TPPS/-CD H,O 10+ 4 119+ 13 —-5+1 48+ 3
TPPOC3PS/TMeg-CD EG —40+ 4 —50+ 12 —37+2 —31+5
TPPOC3Py/TMg3-CD EG—H,0 (1:1) —72+9 —152+ 32 —35+6 -9+ 20
TPPOC3Py/TMg3-CD EG—H,0 (3:1) —44 42 —86+ 6 —25+2 -9+7
TPPOC3Py/TMegs-CD DMSO—-H,0 (1:1) =77+ 4 =171+ 12 —42+ 4 —39+ 13

No complex was formed in EGH,0 (1:1). The ability of3-CD large enthalpy change@\H°) promote the 1:1 and 2:1 com-
to form a complex with TPPSis much weaker than that of  plexation, while the negative entropy changas$Y) suppress
TMe-3-CD. the complexation. A large entropy loss was observed, especially
Kinetics. To further probe the basis for a cavity of CD being for 1:1 complex formation. Essentially the same patterns were
favorable for loading an anionic guest but unfavorable for a obtained for the case of TPPOC3Py. The thermodynamic
cationic one, rate constants for the forward and backward parameters for the complexation of TPPOC3Py with Tf4e-
processes (eqgs 3 and 4) were determined. The time courses ofD in EG-H;O (1:1) are studied here for comparison. The first
the optical density changedA) of a porphyrin after mixing step, formation of the 1:1 complex, is associated with negative
with various amounts of TME-CD were fitted by a set ofy, and largeAH® and AS’, while AS® dramatically increases in
k_1, ko, andk_, values (Supporting Information). The results the second complexation, formation of the 2:1 complex.
are listed in Table 3. Thi values for the anionic porphyrins  Rotational motion of three peripheral substituents seems to be
(TPPS and TPPOC3PS) are much larger than those for the Seriously restricted when a TM&CD molecule includes a
cationic ones (TPPOC3Py and TPPOC2Py) under similar P-CeHa-O-(CH)s-Py" group (Figure 4), yielding a negative and
solvent conditions. This result verifies our previous conclusion largeAS’. Meanwhile, the second complexation, formation of
that the CD cavity is more favorable for loading an anionic the 2:1 complex, does not lead to a major reduction in the
guest than a cationic oé12Comparison of the data obtained ~motional freedom of the 1:1 CBporphyrin complex. This
for TPPOC3Py with those for TPPOC3PS is the best way to Might be the reason for the negative but st in the second
determine the difference in complexation between cationic and Step. Essentially the same discussion can be applied for the other
anionic porphyrins. Thé; value for TPPOC3PS in EGH,0 systems, except for TPRSS-CD. Thermodynamic patterns for
(3:1) is ca. 20 times larger than that for TPPOC3Py, while the complexation of TPPSwith native 5-CD in water are com-
k_, value for TPPOC3PS is ca. 16 times smaller than that for pletely different from those with TM@-CD. The first com-
TPPOC3Py. Therefore, the stability constant for the 1:1 complex plexation of TPP$with -CD is promoted by the positive and
of TPPOC3PS is over 300 times larger than that for TPPOC3Py largeAS’. HereAH? is positive. The second step of complex-
in EG—H,0 (3:1). TheK; andK; values evaluated from the ation is also dominated by the entropy term. There are several
rate constants are in agreement with those obtained from the€xamples of CD complex formation which are accompanied by
spectral titrations, within the range of the experimental error. Positive AS’ values'®19 Dehydration from host and/or guest
Thermodynamics. Thermodynamic parameters provide fur- UPON complexatiqn has been_assumed as a main reason for the
ther insight into the charge discrimination for complexation by POSitiveAS’ 1820Since both primary and secondary OH groups
CDs. The thermodynamic parameters for the present system§)f B-CD are solvated by water, extensive dehydration from both

were determined from the van't Hoff plots (Supporting Informa- "ims of the /-CD cavity should occur when a peripheral
tion). The results are listed in Table 4. In the complexation of Substituent of the guest penetrates into the CD cavity. Dehydra-

TPPS with TMe-3-CD in EG-H,0O (3:1), the negative and  (18) Rekharsky, M. V.; Inoue, YChem. Re. 1998 98, 1875-1917.
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Figure 5. 13C NMR spectra of TMg3-CD (0.1 M) in D,O at 25°C in the
absence and in the presence of various amounts of ZPES" denotes
the 13C nucleus of TMe3-CD at then-position.

Figure 6. Complexation-induced chemical shift chang@s) (= Jsee —
dobg Of the 13C nuclei of (a) TMeB-CD and (b)3-CD complexed with
TPPS in D20O: (a) [TPPS]¢/[TMe-3-CD]o = 0.05 M/0.1 M; (b) [TPPS/

tion also occurs from the charged guest. Therefore, it is quite [#-CDlo = 0.08 M/0.01 M.

reasonable to assume that a positi®’ is ascribed to the

increase in freedom of the system due to desolvation from both

B-CD and TPP$upon complexation. Of course, dehydration

from both host and guest also occurs in complexation of TMe- )0 4<21 Therefore pe-

aqueous solution, pgd-methylated CDs such as TMe-and
TMe-3-CDs are more flexible than native CDs suchoasand
p-CDs because of the absence of intramolecular hydrogen
methylated CDs change their con-

p-CD. Strong van der Waals interactions between guest and,imations upon inclusion of guests (induced-fit-type complex-

TMe-(-CD seem to hide the contribution of dehydration to the
thermodynamic parameters.

13C NMR Spectroscopy and!3C Spin—Lattice Relaxation
Times. To study the dynamic behavior of complexation of the
2:1 complex of TMeB-CD and TPPg 13C NMR spectra and
13C spin-lattice relaxation timesT;) were measured. THEC
NMR spectral changes of TMB-CD (0.1 M) were taken in
D,0 as a function of [TPP, and the results are shown in Fi-
gure 5. Each signal was assignedbi~13C COSY and CO-
LOC (correlation spectroscopy via long-range coupling spec-
trum). At [TPPS]o < 0.05 M ([TMef3-CD]o/[TPPS]o < 2.0),
13C signals due to bound and free TMecD were detected
independently. At [TPP& = 0.05 M ([TMe3-CD]y/[TPPS]o
= 2.0), all signals were ascribed to the 2:1 complex of TMe-
B-CD and TPP$ The signals due to th&®C nuclei at the 1-
and 4-positions (C-1 and C-4, respectively) markedly shift to
lower magnetic fields upon complexation with TRP3n

(19) (a) Lewis, E. A.; Hansen, L. 0. Chem. Soc., Perkin Trans1873 2081~
2085. (b) Halle, D.; Schm, A.; Shehatta, I.; Wadsd. J. Chem. Soc.,
Faraday Trans1992 88, 2859-2863. (c) Inoue, Y.; Hakushi, T.; Liu, Y.;
Tong, L.-H.; Shen, B.-J.; Jin, D.-S. Am. Chem. Sod 993 115, 475-
481. (d) Inoue, Y.; Liu, Y.; Tong, L.-H.; Shen, B.-J.; Jin, D.-&.Am.
Chem. Soc1993 115 10637-10644. (e) Rdiger, V.; Eliseev, A.; Simova,
S.; Schneider, H.-J.; Blandamer, M. J.; Cullis, P. M.; Meyer, A. Chem.
Soc., Perkin Trans. 2996 2119-2123. (f) Godnez, L. A.; Schwartz, L.;
Criss, C. M.; Kaifer, A. EJ. Phys. Chem. B997 101, 3376-3380. (g)
Ross, P. D.; Yamashoji, Y.; Inoue, ¥. Phys. Chem. B997, 101, 87—
100.

(20) Kano, K.; Kitae, T.; Shimofuri, Y.; Tanaka, N.; Mineta, €hem—Eur. J.
200Q 6, 2705-2713.
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ation)2! It has been known that the signals due to C-1 and C-4
of TMe-3-CD shift most markedly upon inclusion of a guét.
In complexation with TPPS TMe-3-CD changes its conforma-
tion to optimize the intermolecular interactions. Complexation-
induced chemical shift changes (CIS¢) of native 5-CD are
shown in Figure 6, together with those of TMecD. All 13C
signals of$-CD are scarcely affected by TPPSuggesting that
the structure of-CD is hardly altered upon complexation with
TPPS. The structure of-CD is stabilized by the intramolecular
hydrogen bonding between the secondary OH groups at the
2-positions and at the 3-positions of adjacent glucopyranose
units23

The T; values of the!*C nuclei of TMeB-CD were de-
termined by an inversionrecovery method. The inversien
recovery pattern (Supporting Information) was analyzed to
obtain aT; value for eacH3C nucleus. The results are listed in

(21) (a) Harata, K.; Uekama, K.; Otagiri, M.; HirayamaJrInclusion Phenom.
1984 2, 583-594. (b) Harata, K.; Uekama, K.; Otagiri, M.; Hirayama, F.
Bull. Chem. Soc. Jpnl987 60, 497-502. (c) Harata, K.; Tsuda, K.;
Uekama, K.; Otagiri, M.; Hirayama, B. Inclusion Phenor988§ 6, 135
142. (d) Kano, K.; Ishimura, T.; Negi, Sl. Inclusion Phenom. Mol.
Recognit1995 22, 285-298. (e) Black, D. R.; Parker, C. G.; Zimmerman,
S. S,; Lee, M. L.J. Comput. Chem1996 17, 931-939. (f) Botsi, A;;
Perly, B.; Hadjoudis, EJ. Chem. Soc., Perkin Trans.1®97, 89—94.

(22) Botsi, A.; Yannakopoulou, K.; Perly, B.; Hadjoudis,JEOrg. Chem1995
60, 4017-4023.

(23) (a) Saenger, WAngew. Chem198Q 92, 343-361. (b) Chacko, K. K.;
Saenger, WJ. Am. Chem. Sod 981, 103 1708-1715. (c) Steiner, T,;
Mason, S. A.; Saenger, W. Am. Chem. Sod99Q 112, 6184-6190. (d)
Harata, K.Chem. Lett1984 641-644.
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Table 5. 13C Spin—Lattice Relaxation Times (NT;) of TMe-3-CD (0.1 M) in D20 in the Absence and in the Presence of TPPS, and
ZnTPPS, (0.05 M) at 25 °C
NTi/s
system c-1 c-2 c-3 C-4 c-5 c-6 C-2Me C-3Me C-6Me

TMe-3-CD 0.20 0.21 0.21 0.20 0.20 0.24 2.49 2.13 2.58

TMe-3-CDITPPS 0.19 0.19 0.20 0.18 0.20 0.22 2.73 1.92 2.55

TMe-5-CD/ZnTPPS 0.20 0.20 0.21 0.19 0.20 0.23 2.70 2.06 2.61
Table 6. 13C Spin—Lattice Relaxation Times (NT;) of TPPS, and Discussion

ZnTPPS,4 (0.05 M) in DMSO-ds and Those of TPPS,4 and
ZnTPPS, (0.05 M) in D20 in the Presence of TMe-3-CD (0.1 M) at
25°C

NT./s

system co ce cm cm (o] Cfry
TPPS/DMSO-ds 0.19 0.20
TPPS/TMe-3-CD 0.15 0.17 015 0.17
ZnTPPS/DMSO-ds 0.21 0.21 0.15
ZnTPPS/TMe5-CD 0.15 019 0.16 0.18 0.15 0.16

Table 5 asNT; values, whereN is the number of directly
attached hydrogens. In the absence of TRH® NT; values

of the 13C nuclei (C-1-C-5) which are the components of the
glucopyranose ring are almost constant (8:2@21 s). TheNT;
value of C-6 is larger than those of other nuclei because C-6 is

The motivating interest in this work is the mechanism for
interactions of charged guests with neutral CD hosts. There are
several examples of inclusion of anionic guests to hydrophobic
CD cavities?® In contrast, inclusion of cationic guests into CD
cavities is scarcely known. A few stud#€s?® on inclusion of
cationic guests into CD cavities suggest that a cationic guest
can slip through a hydrophobic CD cavity to form pseudoro-
taxane, if the final inclusion complex is thermodynamically
stable. Concerning the interactions of porphyrins having cationic
peripheries with CD, Manka and LawreRaeported first the
2:1 rotaxane-type complex of TPPOCS3A and 2,6-DSA€D
in aqueous solution. In all of these cases, the cationic parts of
the guests are located at the outside of the CD cavities. We
found previously that TMPyP and TAPP, whose cationic

the methylene carbon attached to the glucopyranose ring andPeripheries are attached directly to the porphyrin ring, form very

has more freedom of motion as compared with the ring carbons.
Upon complexation with TPRSthe NT; values of all carbon
nuclei except for the methyl carbon at the 2-position (C-2Me)
become smaller than those of T\MeED alone. Although the
changes in thé\T; values are small, it may be concluded that
the fluctuating motion of TMg-CD is reduced upon complex-
ation with TPPS.

TheT; values of TPPHwere also determined, and the results
are summarized in Table 6. To observe the pyrfearbon,
the zinc(ll) complex of TPPSZnTPPS) was also used as the
guest?* The signal of the pyrrol@-carbons of free base TPPS

unstable complexes with any CD, though a corresponding
anionic guest, TPRSforms a very stable 2:1 complex with
TMe-B-CD112The TMef-CD-TPPS complex is so stable that
the formation of this 2:1 complex can be detected by means of
MALDI-TOF MS (Supporting Information). These results
suggest that the inside of a CD cauvity is favorable for loading
anionic guests but not for cationic ones. To generalize this
feature of CD, we studied the interactions of cationic porphyrins
having an ability to form pseudorotaxanes with CD in more
detail. To the best of our knowledge, only one example has
been reported with kinetics on complexation of ionic guests with
CD, which shows that multicationic groups at the ends of a

is broadened because of tautomerism of the deuteriums attaChe?;uest decelerate penetration of the guest intgf@D cavity

to the pyrrole nitrogens. Since both TRP&nd ZnTPP$
aggregate spontaneously i@ at high concentration, the

because of a repulsive interaction between the host and the
guest?® Kinetic study will certainly provide definite evidence

measurements of the relaxation times of these porphyrins weres, . ion selectivity of CD.

carried out in DMSQds, which is more viscous than)D. The

NT; values of the phenyl carbons of TPP8nd ZnTPP$
significantly decrease upon complexation with TIgED,
suggesting that the rotational motion of the peripheral substit-
uents is strictly restricted by inclusion. TINT; values of the
carbons of the phenyl rings fGnd C") which are located at
the outside of the CD cavity are smaller than those of the phenyl
rings (G° and GM) included in the CD cavity. There may be
some probability of rotation for the phenyl rings included in
the CD cavities, though the rotation of the phenyl rings
sandwiched between two CD molecules is strictly inhibited. The
NT; values of C and C" of TPPS and ZnTPPgare 0.15
0.16 s, which are the same as ti&; values of thes-carbons

of pyrroles (G and G/®). The relaxation times g§-pyrrole
reflect the motion of the whole complex. Therefore, it can be
concluded that the rotational motion of the phenyl rings
sandwiched by the CD molecules is completely restricted.

(24) ZnTPP$galso formed a very stable 2:1 complex with TMe=D, and the
K; andK; values in EG-H,0 (3:1) were (8.2+ 4.3) x 10° and (9.2+
1.7) x 10® M1, respectively.

Since theK values for complexation of the porphyrins used
in this study with TMeB-CD in water were too large to be
determined, the measurements were carried out in aqueous EG
solutions. In the same solvent, tke andK; values as well as
thek; andk; values for the anionic porphyrins are much larger
than those for the cationic ones. Both theandk, values for

(25) For example, see: (a) Van Etten, R. L.; Sebastian, J. F.; Clowes, G. A.;
Bender, M. L.J. Am. Chem. S0d 967, 89, 3242-3253. (b) Bergeron, R.

J.; Channing, M. A.; Gibeily, G. J.; Pillor, D. MI. Am. Chem. So0d 977,
99,5146-5151. (c) Bergeron, R. J.; Channing, M. A.; McGovern, K. A.
J. Am. Chem. Sod 978 100, 2878-2883. (d) Gelb, R. I.; Schwartz, L.
M.; Cardelino, B.; Fuhrman, H. S.; Johnson, R. F.; Laufer, DJAAmM.
Chem. Soc1981, 103 1750-1757. (e) Gelb, R. I.; Schwartz, L. M.; Radeos,
M.; Laufer, D. A.J. Phys. Cheml983 87, 3349-3354. (f) Eftink, M. R.;
Andy, M. L.; Bystrom, K.; Perlmutter, H. D.; Kristol, D. §. Am. Chem.
Soc 1989 111, 6765-6772. (g) Kano, K.; Mori, K.; Uno, B.; Goto, M.;
Kubota, T.J. Am. Chem. S0d99Q 112, 8645-8649.

(26) Matsue, T.; Kato, T.; Akiba, U.; Osa, Them. Lett1985 1825-1828.

(27) (a) Yonemura, H.; Saito, H.; Matsushima, S.; Nakamura, H.; Matsuo, T.
Tetrahedron Lett1989 30, 3143-3146. (b) Saito, H.; Yonemura, H.;
Nakamura, H.; Matsuo, TChem. Lett199Q 535-538. (c) Yonemura, H.;
Kasahara, M.; Saito, H.; Nakamura, H.; MatsuoJTPhys. Chem1992
96, 5766-5770.

(28) Herrmann, W.; Keller, B.; Wenz, Gvacromoleculesl997 30, 4966~
4972

(29) Kawéguchi, Y.; Harada, Al. Am. Chem. So@00Q 122, 3797-3798.
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cationic TPPOC3Py in EGH,O (3:1) are over 1 order of The phenyl rings attached directly to the porphyrin ring are
magnitude smaller than those for anionic TRBSI TPPOC3PS.  very important for stabilizing the complexes. All porphyrins
These results clearly reveal that an anionic guest penetrates intavhich form stable TMe3-CD complexes have such phenyl
the CD cavity more easily than does a cationic guest. What is rings. Meanwhile, no complexes are formed in the cases of
the reason for such a difference in inclusion phenomena betweerPC3Py and PC7Py (Table 1), whose meso positions are
anionic and cationic guests? substituted by the alkyl groups with the pyridinium moiety at

Solvation to a guest molecule may affect the rate of theterminals. The alkyl groups are too small to provide effective
complexation. If cationic TPPOC3Py is solvated by thgOH van der Waals contactd. The effect of guest structure on
and/or EG molecules more strongly than anionic TPBS complexation as well as the thermodynamic parameters clearly
TPPOC3PS, the complexation of this cationic guest should suggests strong van der Waals interactions between the host
proceed more slowly. However, it is unlikely. The energy and the guestas the essential force for forming stable inclusion
required for desolvation from TPRSr TPPOC3PS should be ~ complexes. Diederich et al. proposed a mechanism for strong
larger than that from TPPOC3Py, because the Sgoup in van der Waals interactions in aqueous solufdiihe effects
the anionic porphyrin is hydrated strongly through the hydrogen- of EG on reduction irk value may be explained by Diederich’s
bonding interactio® We have to consider another mechanism. mechanism.

An answer may be derived by considering the microscopic = The thermodynamic parameters for complexation of TPPS
polarity of the CD cavity. The electronegative oxygen atoms with native3-CD in water are completely different from those
are regularly arranged at the upper and lower rims of the CD for complexation with TMe3-CD. Namely, both of the com-
cavity. Since the numbers of the oxygen atoms on the primary plexation processes are driven by the positih& values. There
OCHs group side (upper side) and on the secondary @§blup are several examples of entropically dominated complexation
side (lower side) of TMg8-CD are 7 and 14, respectively, the of anionic guests with neutral or cationic CEs2° Such
inside of the CD cavity as well as the methyl groups at the phenomena are explained by dehydration from both host and
rims seems to be polarized positively via an inductive effect. guest upon complexation, yielding an entropic g&iff Benz
Mulliken’s population obtained from the MOPAC calculation and co-workers measured the negative and lakg#¥ and
supports this assumption (Supporting Information). The nega- relatively small but positivAS’ for complexation of ionene-
tively polarized charges on the ethereal oxygens at the rims of 6,10 witha-CD. They claimed the participation of hydrophobic
the CD cavity may be dispersed through hydrogen bonding with interactions in complexatiof?. If classic hydrophobic interac-
the water and/or EG molecules. Therefore, an anionic guest cantions contribute to the present complexation, then posiige
penetrate into the positively polarized CD cavity. Meanwhile, should also be observed in the complexation of TRAED,

the positively polarized rims and interior of the TNe€D which is more hydrophobic thgt+CD. The dehydration from
cavity may act as a barrier for penetration of a cationic guest. 5-CD seems to play an important role in the present system.
None of the porphyrins examined in the present study form Such a drastic difference in thermodynamics betw#&D and
complexes with TMg3-CD in DMSO, though a relatively stable  TMe-3-CD causes the difference in inclusion phenomena of
2:1 complex with TPPOC3PS is formed in neat EG or methanol. charged porphyrins and CDs.

Since no hydrogen bonds are formed between DMSO and TMe- ) )

B-CD, the anionic guest may be repelled by the negatively _Acknowledgment. This work was supported by a subsidy to
polarized rims of the CD cavity. It has been shown that 5,15- RQAST of Doshisha University from the Ministry of Education,
diphenylpoprhyrin, a neutral porphyrin, forms a trans-type 2:1 Science, Sports and Culture, Japan. We thank Professor Robert
complex with 2,6-DMe8-CD in DMSO3! It can be considered, F. Pasternack at Swarthmore College for his encouragement and

therefore, that protic polar solvents such asOHEG, and stimulating discussion. We also thank Dr. Kazuhiko Ibuki at
methanol play an important role in reducing the electrostatic Doshisha University for the helpful suggestions about determi-

repulsion between negatively charged guests and CD. nation of binding constants.

In all of the complexation processes of TWiecD, bothAH® Supporting Information Available: ROESY spectra of the
andAS’ show negative values. The thermodynamic data indicate Tyje-38-CD—TPPS complex, '1H NMR spectral changes of
the absence of participation of classic hydrophobic interactions T\je_8-CD upon complexation with TPRSvan't Hoff plots
?n complexa}tion. The negative and larged® values. can bg for determination ofAH®> andAS® for the TPPOC3Py TMe-
interpreted in terms of the strong van der Waals interactions B-CD system, the inversicrrecovery pattern for determination
between host and guest. The large®’ value for the second  of T, of the 3C nuclei of the ZnTPPS-TMe-3-CD complex,
complexation step compared with that for the first step suggests\1aLpI-TOF MS of the TPP$—TMe-3-CD complextH NMR
that the reduction in the freedom of rotational motion in the gpectral changes of TPRP8pon complexation wittB-CD, a
first step is more serious than that in the second step. Thetaple indicating reliability of the analytical method for deter-
restriction of rotational motion of the peripheral substituents of mination of the rate constants, and the analytical data of
TPPS upon complexation with TM@-CD is confirmed from  TppOC3PS and its precursors (PDF). This material is available

the 13C spin-lattice relaxation times. It is interesting that the fee of charge via the Internet at http://pubs.acs.org.
rotational motion of the sulfonatophenyl groups sandwiched by

two CD cavities is restricted more seriously than the rotational JA020253N
motion of those included by TMB-CD (Table 6).
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