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Abstract: The phosphate anion chelation properties of several sapphyrin derivatives, namely 3,12,13,22-tetraethyl-
8,17-bis[bis(hydroxyethyl)amino)carbonylethyl]-2,7,18,23-tetramethylsapphyif,12,13,22-tetraethyl-2,7,18,23-
tetramethyl-8,17-bis(hydroxypropyl)sapphyr),(and 3,8,12,13,17,22-hexaethyl-2,7,18,23-tetramethylsappl)rin (

are reported. X-ray diffraction studies of the dihydroxylated and decaalkyl deriva2iae®l 3 reveal that the
diprotonated forms of sapphyrin are capable of stabilizing 1:2 inner-sphere complexes with phosphate-derived
monoanions, such as diphenyl phosphate and monobasic phenyl phosphate. Similar analyses reveal that the
diprotonated form of dihydroxysapphyriis capable of forming a 1:1 chelate complex in the solid state with either
mono- or dibasic phosphoric acid. Solution-phase studies, invoRihgnd3!P NMR spectroscopy, confirm that

these same sapphyrins are capable of binding phosphate anions in organic solution, a conclusion that is supported by
qualitative fast atom bombardment mass spectrometric (FAB MS) and extractive partition studies. In the case of
phenylphosphonic acid and sapphy2irextraction studies were consistent with 2:1 and 1:1 phosphate-to-sapphyrin
binding stochiometries at pH 1.68 and 5.6, respectively. Similar studies using NMR and visible spectroscopy carried
out with the water-soluble tetrahydroxy sapphyrin derivatilfeand 2 indicate that these species bind phosphate
anion in both methanolic and aqueous solution. Calculated association constants are on the ortiét dfia0
methanol and OM~1 in 10 mM aqueous bis-Tris, pH 6.1.

Introduction however, in a number of ways. They contain, for instance, five,
rather than four, pyrrolic subunits. In addition, the sapphyrins
are best characterized as being 22, rather thanrd&ectron
aromatic systems and are green, rather than purple, in color.
The sapphyrins are also substantially larger than the porphyrins,

lated forms of many antiviral agers.Not surprisingly, possessing, for instance, an inner cavity of ca. 2.5 A radius

; o i i
therefore, considerable effort has been devoted recently to '[he(m‘?Iklng t_hem r__oughly 25% bigger than the porphyrins, for

) . which cavity radii on the order of 2.0 A are generally obsefyed
development of phosphate anion receptors and carriers. At

resent. however. onlv a few such svnthetic phosphate bindin As evidenced by solid-state X-ray diffraction analyses, the larger
Fnotifs ére knowr’f T¥1ese include yquarternpary gmiri’ésc Yeore size of sapphyrin allows the diprotonated form of this

polyamines and cyclic polyaminé&a guanidinium and guani- macrocycle to remain pla}nar without any signific_ant dist.ortion
dinium-like receptordi-29 metalloréceptor‘é‘”a' (of, e.g., the caused by the Coulombic and Van der Waals interactions of

. . . st the protons bound within its core. By contrast, the diprotonated
U.OZ salene t_ype), and mult_lple hydrogen bonding rec forms of porphyrins are known to be highly distorted in the
with well-defined geometries (based on, e.g., calixarene and

. . . solid state?2b In part because of this larger core size, sapphyrins
cyclodextrin frameworks). Only for a fraction of these is X . S .
- ; L . are also far more basic than the porphyrins, remaining effectively
confirmatory solid-state X-ray crystallographic information - 0 tonated at neutral pH and doubly protonated at or below
available#aa.ad.ataaa This stands in contrast to the generalized b y yp

problem of receptor-based anion recognition, for which a vast ca. '.OH 3.5 (for sapphynm, pK31=_4.8, a2 = 8.8; vide infra).
- . Jon . Typical, unsubstituted porphyrins, on the other hand, are
body of both solution-phase and solid-state binding information d | 4 ffectivel d
is now availablé. In this paper, therefore, we wish to present unprotonated at neutra pH and are effectively monoprotonate
o A ’ - only at quite low pH©

what we believe is a unique approach to phosphate anion
chelation. It is one that is based on the use of protonated R3
sapphyring, a specific pentapyrrolic subset of what is a general
class of large porphyrin-like macrocycles known as expanded
porphyrins’

The sapphyrins (e.d—3), first reported by Woodward some R? R®
30 years ag8 bear considerable resemblance to their far better- RS R?
studied porphyrin analogues (e.g. and 5). They differ, R’ R'

Phosphate anions and their derivatives are ubiquitous in
biology. They play a key role in a wealth of critical processes
ranging from information processihdo energy storage and
transductior?. They are also present in the active, phosphory-
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the chemistry of the sapphyrifidl as well as that of other
expanded porphyrin. In the course of this work, we have

"IKewal.

their protonated form% Initial evidence that the sapphyrin
macrocycle was capable of halide binding was derived from

recently discovered a unique feature of certain expanded single-crystal X-ray diffraction analyses. For example, in early
porphyrins, namely that they act as halide anion receptors inwork, it was found that in the fluoride complex [[28]2+-F]T,
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1994 116, 4194-4204. (ac) Dixon, R. P.; Geib, S. J.; Hamilton, A. ID.
Am. Chem. Sod 992 114 365-366. (ad) Hirst, S. C.; Tecilla, P.; Geib,
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Hamilton, A. D.J. Chem. Soc., Chem. Commu®91 1283-1285. (ag)
Sasaki, D. Y.; Kurihara, K.; Kunitake, 1. Am. Chem. Sod.99], 113

9685-9686. (ah) Rudkevich, D. M.; Stauthamer, W. P. R. V.; Verboom,

W.; Engbersen, J. F. J.; Harkema, S.; Reinhoudt, DI.Mm. Chem. Soc.
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the fluoride counter anion is encapsulated within the sapphyrin
core via a combination of simple Coulombic and H-bonding
interactions2 Later solution studies confirmed this binding
motif and found a high degree of selectivity for fluoride anion
over both chloride and bromidé!3

This halide anion binding behavior, which stands in marked
contrast to that of the simpler porphyrins, led us to consider
that sapphyrins might be capable of acting as receptors for other
biologically important anions, including phosphate. In previous
work involving U-tube type model membrane transport studies,
it was found that diprotonated sapphyrins can act as solution-
phase carriers for nucleotidésand nucleotide analoguég®ab
and provided a qualitative indication that sapphyrins can bind
or chelate phosphate anions in organic solvents. We also found
that a silica-bound sapphyrin system provided a useful solid
support for the HPLC separation of monomeric and short
oligomeric nucleotides at pH¥ and, as detailed in the ensuing
paper, found that certain water-soluble sapphyrins (£ dpind
DNA in aqueous pH 7 solutiola>
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In the present report, we wish to provide more quantitative phenylphosphonate) in question were titrated in. Apparent association
support for the idea that protonated sapphyrins can act as highlyconstants were determined using iterative, curve-fitting procedures
effective phosphate anion receptors. In particular, we wish to (Kalei_daGraph, version 3.0.2). After enteripg initial guesses for the
report the results of X-ray diffraction studies showing that the 2Ssociation constank{) and the difference in théz value of the
diprotonated forms of sapphyrin2 and 3 are capable of dimeric sapphyrin-bound phosphate complex and free sapptAgin (

stabilizing 1:2 complexes with diphenvl phosphate and monoba- these variables were allowed to float freely over the iteration.
gL P P yip P Association constants derived from UVisible titration data were

sic phenyl phosphate, respectively, and that the diprotonatedczcyjated from a plot of the observed change in the absorbance at 420
form of sapphyrir2 can bind either mono- or dibasic phosphate nm (a) of 1 as a function of the concentration of added phenyl
as a 1:1 chelate complex in the solid state. We also presentphosphate or phenylphosphonaté) (according to the following

the results ofH and3!P NMR solution-phase studies that, along formula:

with liquid—liquid extraction and FAB MS analyses, support

the conclusion that these two sapphyrins act as phosphate anion [(KC+KR+1)— «/(Kac + KR+ 1) — 4K ’CRIA,
receptors in both methanol and water solutions. Finally, we A= KR

present the synthesis of the water-soluble tetrahydroxysapphyrin a
denvat.lvel and show th_at ltacts as a phOSphat_e anion Chel,at'ng wherein R represents the initial, fixed concentration of sapphykin
agent in agueous solutidh. None of this chemistry, either in (generally 6x 10-6 M).

terms of the present solid-state and solution-phase phosphate” For the studies carried out in organic media, it was generally

anion recognition or previously reported nucleotide transpéft° ascertained (cf. Results and Discussion) that two types of complexes
is reproduced in the case of the corresponding porphyrins (e.g.were being formed, namely a weaker 1:2 sapphyrin-to-phosphate
4 and5). complex and a much stronger 1:1 complex as based on the shape of
the observed titration curves (shift versus sapphyrin/phosphate molar
ratio). As a general rule, it was found that experimental conditions
could be found (e.g., macrocyc® phosphate and sapphyrin concentra-
General Methods. H NMR spectra were recorded on General tions both at<3 mM concentrations in methanol) where various putative

Electric QE-300 (300 MHz) and GE GN500 instrumenfdP NMR phosphate- or sapphyrin-derived self-aggregation procé¥sesjani-
spectra were recorded on Nicolet NT-360 (81 MHz) and Bruker AM500 fested by deviations from Beer’s law behavior (UV-vis studies) or poor
spectrometers with phosphoric acid being used as an external referencefits to clean 1:1 and 1:2 binding profiles in the NMR analyses, could
UV —vis spectra were recorded on a Beckman DU 640 instrument using be safely ignored. However, this was not always the case (see Results
cuvettes of either 1 cm or 1 mm path length. Samples of high optical and Discussion). In these instances, quantitative conclusions were
density were studied as ca. 0.1-mm films. necessarily precluded. _ o

Purification of Sapphyrin and Porphyrin Macrocycles. Free- Extraction Studies. Solutions of phenylphosphonic acid (20 mL
base sapphyrins for NMR ftitration experiments were prepared from at0:05 M), at either pH 1.68 (free-acid) or 5.60 (sodium salt, generated

the corresponding diprotonated forms (as the bis-chloride or bis-tosylate In situ b_y addition of NaOH),_were stired for 20 hin the presence of
salts) as follows: A small sample of the sapphyrin salt (10 to 50 mg) L MM dichloromethane solutions of the free-base sapphyims3 or

was dissolved in 50 mL of dichloromethane and then washed with 20 Control porphyrirb (20 mL volume). The organic phase was separated,
mL of 1 M NaOH in a separatory funnel. The organic layer was then dried over sodium sulfate, ar_1d evaporat(_ed to drynes_s. The r_atlo of
separated off and dried over sodium sulfate. A final chromatographic S@PPhyrin-to-phosphonate anion present in the resulting material was
purification on neutral alumina was performed using dichloromethane/ then determined by integration of thel NMR spectra (comparing the
methanol (2-10% v/v) as the mobile phase. Sapphyrin and porphyrin integrated intensity of the sapphyrin methine protons to those of

samples used for NMR studies were thoroughly diiedacuo and phenylphosphonate) recorded in chlorofadroentaining 5% by volume
then stored under argon at15 °C prior to use. The original methanolds. The same results were obtained when phenyl phosphate

diprotonated sapphyrin salts were isolated by column chromatography (&S the free-acid for studies at pH 1.6 and as the sodium salt, generated
on silica gel using dichloromethane/methanol-(D% viv) and then 1N Situ by addition of NaOH, for studies at pH 5.6) was used in the
purified further by recrystallization from dichloromethane/pentane. The Place of phenylphosphonate. In other words, a 1:2 sapphyrin-to-
monohydrochloride salt of sapphyrwas prepared from the free- ~ Phosphate complex was observed at pH 1.6 and a 1:1 complex was
base form by washing with dilute hydrochloric acid (pH 5) and drying found at pH 5.6. Control extraction experiments with octaethylpor-
over magnesium sulfate. The corresponding bishydrochloridezsalt, phyrin resulted in no extraction of these or other phosphorylated species
2HCI, was prepared by washing WitL M HCI and drying over at pH 5.6. In addition, no MS evidence was obtained that could be
magnesium sulfate. Final purification of sapphytiand porphyrind considered as being consistent with phosphate binding (i.e., complex

was madevia reverse-phase column chromatography using methanol formation) in the case of porphyrinands. )
as the eluent. Phenylphosphonic acid, diphenyl phosphate, and phenyl  XTay Structural Analyses. Single crystals of sapphyrin sal8s
phosphate disodium salt were obtained from commercial suppliers SLCsHsOPO(OH)] and 2:2[(CsHsO).PO(OH)], corresponding to the
(Aldrich and/or Sigma Chemical companies) neutral 1:2 first coordination sphere complexes {2Pi"-2[CsHsOP-

- . L ) . (O)(OH)OT™ and [2H2]?"-2[(CsHs0)P(O)O], respectively, were
botBhlqﬂnNgl\ilt?uiﬁz.31-I|-3h?\l?ﬂséoscé)agcl:??ogggagrgtsr;\tﬁ rﬁsdsgrrgéniﬂgr; m obtarinedI by vap;or diflfu_sion o]f cri1iethyl ethe_r into diclhlororrllethane/
methanold, and visible spectroscopic studies carried out in both methanol (1:1 v/v) solutions of the appropriate complex salts. Two

methanol and aqueous bis-Tris buffer. ForHeand3'P NMR studies, sets of phosphoric acid-derived cryst@S[H;PQ]-0.68H0 and2-{Hs-

the concentration of the phosphorylated species was kept constantPQ‘]'HZO' corresponding to the charged and neutral 1:1 inner-sphere
2+, -1+ 2+, 2— i
(0.5-5 mM) and the change in the chemical shift was followed as a complexes [[2H2]*"+[H:PQ]"]" and [2H2]*"-[HPO* , respectively,

. . ; . L were studied. These were prepared by dissolving sapplgriim
function of increasing macrocycle concentration. For the visible %ghloroform/methanol (10:1 viv) and washing with phosphoric acid at

Experimental Section

Shecoscoi e e concentaton of macocyle e ket consrbi 1., T orgai ayer was Separte of an ar ovr 4gSO

: e . t was then redissolved in dichloromethane/methanol (9:1 v/v) with
the concentration of the phosphorylated species in question was
increased. For the NMR and vis studies carried out in organic solvents  (18) (a) Wilcox, C. S. InFrontiers in Supramolecular Reaelly and
(e.g., methanol), data reduction was performed using standard méthods Catalysis Schneider, H. J., Durr, H., Eds.; VCH: Weinheim, 1990. (b)
in accord with specific procedures outlined earffe:2>13.1 For the Lenkinski, R. E.; Elgavish G. A.; Reuben, J. Magn. Reson1978 32,

e g } : : o T 367—376. (c) Connors, K. ABinding ConstantsThe Measurement of
vis titrations carried out in aqueous media, bis-Tris buffer (10 mM, Molecular Complex Stabilityd. Wiley: New York, 1987, pp 24, 69, 189.

pH 6.1) was used. The concentration of the water-soluble sapphyrin (d) Sheridan, R. E.: Whitlock, H. Wl. Am. Chem. S0d.986 108 7120
was kept constant at/M while increasing quantities (62000 equiv) 7121. (e) Friedrichsen, B. P.; Powell, D. R.; Whitlock, H. &WAm. Chem.
of the phosphate species (e.g., phosphoric acid, phenyl phosphateSoc.199Q 112,8931-8941.
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Table 1. Crystallographic Dagafor Sapphyrin Salt8-3[CsHsOPO(OH)] (1), 2-3[H3PQy]-0.68H0 (11), 2:2[(CeHs0),PO(OH)] (Il ), and
2:[HsPOy-H20 (IV)

I Il [ v f
formula GgH70NsP:012 Ca2He2N5014P5+0.68H0 Cs4H71NsP-0s CazHssNsPOy
fw 1122.14 966.17 1100.24 775.90
a A 11.644(3) 11.518(4) 13.868(2) 10.497(5)
c A 17.594(6) 17.099(7) 17.352(2) 15.189(7)
b, A 14.624(3) 13.545(4) 14.6998(14) 12.928(5)
o, deg 90.90(2) 68.19(3) 66.057(9) 82.96(4)
B, deg 102.60(2) 75.06(3) 80.188(10) 81.13(4)
y, deg 97.99(2) 79.67(3) 63.054(8) 85.46(3)
V, A3 2892.1(14) 2383(2) 2881.6(6) 2017(2)
z 2 2 2 2
F(000) 1188 1025.6 1168 832
crystal system triclinic triclinic triclinic triclinic
space group P1(No. 2) P1 P1 P1
T,°C 25 25 25 —100
26 range, deg 445 4—45 4-45 4-45
scan/speed, deg/min -5 2-5 4.1-55 4-8
Pealo g/Cn® 1.29 1.35 1.27 1.28
no. of reflcns measured 8328 6949 10101 5630
no. of unique reflcns 7614 6263 7505 5284
Rint 0.032 0.020 0.020 0.043
u, et 1.61 1.88 1.30 1.24
transmission factérange 0.967-0.979 0.982-0.991 not applied not applied
crystal size, mm 0.14 0.21x 0.21 0.06x 0.08x 0.70 0.08x 0.26x 0.33 0.10x 0.10x 0.87
no. of reflcns used 3392 3430 2573 5284
no. of reflcns rejected 422F[< 4(o(F))] 2833 [F < 4(o(F))] 4932 [F < 4(o(F))] 0
R(F)cd 0.0995 0.0784 0.104 0.070
Ru(F) 0.0945 0.0759 0.0859 0.183
goodness of fft 1.932 1.863 1.682 1.076
no. of parameters 577 594 324 524
max |Ala| 0.12 <0.1 <0.1 0.12
min, max peaks (e/A —0.57,0.74 —0.40, 0.48 —0.47,0.72 —0.38, 0.64

aData forl andll were collected at room temperature and datdVorvere collected at-100 °C on a Nicolet P3 diffractometer. Data fot
were collected at room temperature on an Enraf-Nonius CAD4 diffractometer. All data were collected using graphite monochromatized Mo K
radiation,A = 0.71073 A. Lattice parameters were obtained from the least-squares refinement of 29 reflections witl220<117.9 for I, 36
reflections with 10.8< 26 < 18.6 for Il , 23 reflections with 8.2< 26 < 20.7 forlll , and 21 reflections with 8.% 20 < 19.3 for IV. ® Absorption
correction was based on measured crystal facéke functiony w(|Fo| — |Fc|)? was minimized wherev = 1/(o(F,)? + (0.02F)?). ¢R(F) = Y (|Fo|
— [F)T(IFol). Ru(F) = {IW(IFol? — |Fc|)ZSW|Fo|Z2 €S = [SW(|Fo| — |Fc)¥(n — p)]*3, wheren is the number of reflections amlis the
number of refined paramtersThe following definitions apply tdV which was refined ofr2. Ry = { SW(|Fo|? — |Fc|)D)¥ I W(|Fo|*} Y2, where the
weight, w, is defined as follows:w = 14 0%(|Fo|?) + (a*P)? + b*P}; P = [1/3*(maximum of (0 or|F,|?) + 2/3*|F.]]. The parametera andb
were suggested during refinement and are 0.0687 and 2.971, respectively. The convemtidexbased ofr where the 3485 observed reflections
haveF, > 4(c(Fo)). S= [IW(IFol? — |F¢)d%(n — p)]*2 wheren is the number of reflections amglis the number of refined parameters.

single crystals being obtained by slow vapor diffusion of diethyl ether raethyl-8,17-bis(carboxyethyl)-2,7,18,23-tetramethylsappHyi&® mg,

into this solution. This gave crystals with empirical compositin 0.1 mmol) was partially dissolved in dry dichloromethane (30 mL) and
[H3POy]5:0.68H0. Crystals with compositior2:[HsPQy]-H,O were to this suspension was added 0.5 mL of oxalyl chloride along with 1
obtained by extraction at pH 6.0 followed by an identical crystallization drop of DMF under argon. The resulting reaction mixture was stirred
procedure. Data foB-3[CsHsOPO(OH}] and 2-3[H3PO,]-0.68HO at room temperature fo3 h and then evaporated to dryness. The
were collected at room temperature on a Nicolet P3 diffractometer while sapphyrin bisacid chloride so produced was redissolved in dry dichlo-
data for 2-[H3POy]-H,O were collected at-100 °C on this same romethane (20 mL) and slowly added under argon to a solution of
instrument. Data foR-2[(Ce¢HsO).PO(OH)] were collected at room  diethanolamine (52.5 mg, 0.5 mmol) in dry dichloromethane (30 mL)
temperature on an Enraf-Nonius CAD4 diffractometer. All data were or tetrahydrofuran (30 mL), which also contained a catalytic amount
collected using graphite monochromatized Met Kadiation, A = (ca. 5 mg) of 4-(dimethylamino)pyridine and 0.2 mL of pyridine. The
0.71073 A. Details of crystals are listed in Table 1 with selected bond reaction mixture was stirred at room temperature for 24 h and then
lengths and angles being provided in the captions to Figurés Other evaporated to dryness. A solutiohbM NaOH (30 mL) was added
pertinent information, including X-ray experimental details for each and the resulting suspension stirred for an additional 10 min. The

complex, is included in the supporting information. precipitated product was then filtered off, washed with cold water (30
pK, Titration. An aqueous 2.5% Tween 20 (Aldrich Chemical mL), and driedin vacuo before recrystallizing from ethanol/hexane
Company) solution of the bishydrochloride salt of sapphytrid.0 x (1:3). The free-base sapphyrin so obtained was not soluble in water;

103 M) was prepared with argon-bubbled, doubly deionized water however, conversion to the readily water-soluble hydrochloric acid salt

(Barnstead, NANOpure II) and titrated with a carbonate free aqueous could be effected by adding 3 mL of 5% HCI and evaporating to

solution of 0.1 M NaOH (Aldrich Chemical Company) at 25 under dryness. Recrystallization from ethanol/hexane (1:3) then gave 75 mg

a steady stream of humidified Ar. pH values were read with an Orion (80%) of the bishydrochloride adduct ®f For1, *H NMR (300 MHz,

720 digital pH meter calibrated with pH 4.00 and 7.00 standard buffer CDCl3): ¢ -5.13 (2H, s, NH),—4.95 (1H, s, NH),—4.78 (2H, s, NH),

solutions. The resulting data points were plotted as pH versus 2.00 (6H, t, CHCH3), 2.12 (6H, t, CHCH3), 3.26 (8H, m, N®&1,CH,-

equivalents of NaOH added and a first derivative of the smoothed data OH), 3.48 (4H, t, CHCH,CON), 3.85 (8H, m, NCKHCH,OH), 4.02

points was taken. The resulting minima were used to determine the (6H, s, tH3), 4.18 (6H, s, El3), 4.47 (4H, g, G.CHs), 69 (4H, q,

pKa1 and [Ka2 of sapphyrinl. CH.CHz), 5.02 (4H, t, G1,CH,CON), 11.58 (2H, s, meso-H), 11.61
Syntheses.3,8,12,13,17,22-Hexaethyl-2,7,18,23-tetramethylsapphy- (2H, s, meso-H).*H NMR of 1 free-base (300 MHz, CDgith 10%

rin (3) was prepared as previously descrilsetf. Octaethylporphyrin CDsOD): 6 1.98 (6H, t, CHCH3), 2.11 (6H, t, CHCH3), 3.13 (4H, t,

(5) was made according to a published literature procetfure. CONCH,CHpy), 3.42 (4H, t, CHCH,CON), 3.59 (8H, t, CHCH,OH),
1,12,13,22-Tetraethyl-8,17-bis[bis(hydroxyethyl)amino)- (19) Sessler, J. L.; Mozaffari, A.; Johnson, M. ®rg. Synth1991, 70,

carbonylethyl]~2,7,18,23-tetramethylsapphyrin (1). 3,12,13,22-Tet- 68-77.
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3.91 (6H, s, CH), 4.09 6H, s, CH), 4.39 (4H, q, ®1,CH;s), 4.57 (4H,
s, (H,CH3), 4.94 (4H, t, G1,CH,CON), 11.16 (2H, s, methine), 11.18
(2H, s, methine).*3C NMR (75 MHz, CDC} with 10% CD,OD): &
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395 (120 000), 497 (9 300), 534 (7 100). Anal. Calcd faiHz:NeOs*
2H,0: C, 63.98; H, 7.79; N, 11.19. Found: C, 64.07; H, 7.84; N,
11.22.

12.46, 15.59, 16.02, 16.51, 17.76, 18.46, 20.52, 20.56, 23.23, 35.50,
36.39, 37.02, 51.63, 59.63, 60.67, 60.74, 75.66, 90.27, 90.50, 90.91,Results and Discussion
97.94, 127.17, 130.88, 135.74, 136.07, 137.14, 137.53, 142.55, 142.69,

172.98. FAB MSm/e(rel intensity) 862 (98, [M+ H]™), 863 (78, [M
+ 2H]"), 861 (56, [M]"). HRMS Calcd for GoHesN7Os 862.520676,
obsd 862.523102. UWvis (H;O, pH 7.0): Amax (€) 400 (98 000), 674
(4 200), 623 (5 600) Anal. Calcd forsgHs7N7Os-H,O: C, 68.23; H,
7.83; N, 11.17. Found: C, 68.11; H, 7.85; N, 11.04. Calcd for
CsoHe7N7Og2HCI: C, 64.23; H, 7.44; N, 10.49; Cl, 7.58. Found: C,
64.12; H, 7.61; N, 10.52; CI, 7.38.
1,12,13,22-Tetraethyl-8,17-bis(hydroxypropyl)-2,7,18,23-tetra-
methylsapphyrin (2). 4,4-Diethyl-5,5-diformyl-3,3-dimethyl-2,2-
bipyrrole'® (544 mg, 2.0 mmol) and 2,5-bis(5-carboxy-3-(hydroxy-
propyl)-4-methylpyrrol-2-yl)methyl)-3,4-diethylpyrrd®(1.028 g, 2.0
mmol) were dissolved in absolute ethanol (2.0 L) with heating. The
reaction mixture was allowed to cool to room temperature and

Equilibria of Interest. As was true for our earlier study of
halide anion binding to diprotonated sapphyidithe objec-
tives of the present study are basically 3-fold: first, obtain
structural information allowing for an assessment of how
phosphate anions might be bound to diprotonated sapphyrin in
the solid state; second, determine appropriate affinity constants
so as to establish the extent to which diprotonated sapphyrin
functions as a phosphate anion receptor under solution-phase
conditions; and, third, analyze, to the extent possible, the nature
of the interaction(s) between phosphate anions and diprotonated
sapphyrin in solution and determine if these correspond to what
is seen in the solid state. However, because much of our

p-toluenesulfonic acid monohydrate (1.5 g) was added. Air was underl_ylng interest in phosph_ate anion ch(_elat|on derives from
vigorously bubbled through the reaction mixture for 4 days. The @ desire to prepare sapphyrin-based carriers for the through-
ethanol solvent was then removed using a rotorary evaporator and themembrane transport of mono- and dianionic nucleotides at
product was isolated by column chromatography on silica gel using neutral pH, we also became interested in assessing the extent

dichloromethane/methanol 5% v/v) as the eluent. The bishydro-

to which the monoprotonated form of sapphyrin (the form that

chloride salt was prepared by washing a dichloromethane solution of js the dominant species at neutral 8Hmight be capable of

this sapphyrin wit 1 N HCI to give a 78% (1.151 g) yield of the
diprotonated product!H NMR for 2-2HCI (300 MHz, CDC}): ¢
—4.93 (2H, s, NH)~4.63 (1H, s, NH)~4.30 (2H, s, NH), 2.07 (6H,

t, CH,CH3), 2.16 (6H, t, CHCH3), 2.76 (4H, pentet, CHCH,CH,-
OH), 4.03 (6H, sCH3), 4.06 (4H, t, CHCH,CH,0H), 4.20 (6H, s,
CH3), 4.59 (4H, q, ®1,CHs), 4.68 (4H, q, G1,CHg), 4.77 (4H, t, G-
CH,CH;0OH), 11.59 (2H, s, meso-H), 11.66 (2H, s, meso-HC NMR

(80 MHz, CDCE): 6 13.15, 16.19, 17.84, 19.14, 21.85, 21.94, 25.04,

36.94, 62.25, 91.17, 97.53, 127.30, 128.38, 128.77, 131.77, 133.65,

134.46, 138.63, 140.54, 142.26, 143.88.this (free-base in MeOH):
Amax (€) 443 (230 000), 573 (1 800), 618 (6 400), 669 (6 800). HRMS
FAB calcd for G;HsaNsO, ([M + H] ™) 660.427751, obsd 660.428736.
Anal. Calcd for GoHssNsO»*2HCI-H,O: C, 67.19; H, 7.65; N, 9.33;
Cl, 9.44. Found: C, 67.25; H, 7.61; N, 9.41; CI, 9.35.
8,18-Diethyl-1,13-bis[bis(hydroxyethyl)amino)carbonylmethyj2,7,-
12,17-tetramethylporphyrin (4). 3,13-Bis(carboxymethyl)-8,18-di-
ethyl-2,7,12,17-tetramethylporphy#in(269 mg, 0.5 mmol) was con-
verted to its corresponding bisfitrophenyl) estef! This bisp-

nitrophenyl) ester (106 mg, 0.1356 mmol) was then added to dry

pyridine (150 mL) under argon at 5. This addition was followed
by the addition of diethanolamine (104 mg, 1 mmol). The resulting
reaction mixture was stirred for 4 days at %6 under argon in the
dark. The pyridine was then removidvacua A solution of agueous

acting as a phosphate anion receptor. Thus, the following
equilibria are of interest in terms of the present study:

[2H-Sapf" =[H-Sap] + H" K, (1)

[H-Sap] = Sap+ H" K, (2)

[2H-Sapf" + X" =[[2H-Sapf X" ]#""  K,, (3)
([2H-Sap}x)® V" 4+ X" =

[2H-Sapf-2X" 1" Ky, (4)

[H-Sap] + X" =[[H-Sap] -X"]*"" K, (5)

wherein Sap, [MSap], and [2HSap?* refer to the free-base,
monoprotonated, and diprotonated forms of sapphyrin, respec-
tively, and X'~ represents some anionic species such as a halide
anion g = 1) or an anionic phosphate entity such as phenyl
phosphate for whiclm = 1 or 2, depending on the pH. The

NaOH (0.1 N, 25 mL) was added and the resulting suspension stirred terms K,; and Kq» refer to the acid dissociation constants for

for 15 min. The product obtained was then filtered off, washed with
cold water (5 mL), and dried. The porphydns freely soluble under

the loss of one and two protons, respectively, from the
diprotonated form of sapphyrin; and, the teritg, K., and

acidic conditions (below pH 5). The free-base porphyrin was converted ¢\ refer to the association constants for the binding of the first

to the bishydrochloride salt by addition of 5% HCI (10 mL) followed

by evaporation to dryness. The solid was then crystallized from water

by adjusting the solution to pH 8. The mono- and dihydrochloride
salts of the porphyrid (4-2HCI and4-HCI) are freely soluble in water.
The free-base product for elemental analysis was obtaimedhe
addition of aqueous NaHG{xaking the resulting precipitate, washing
it with water, and drying.*H NMR (300 MHz, CDC}, with 3% TFA
viv): 6 —3.99 (4H, bs, M), 1.72 (6H, t, CHCH3), 3.48 (8H, t, NG -
CH,OH), 3.62 (6H, s, El3), 3.65 (8H, t, NCHCH,OH), 3.93 (6H, s,
CH3), 4.04 (4H, q, G1,CHs), 5.53 (4H, s, E,CON), 10.62 (2H, s,
methine), 10.81 (2H, s, methine}3C NMR (80 MHz, CDC}, TFA):

011.37,11.98, 16.48, 19.86, 31.58, 51.73, 59.37, 59.89, 98.10, 99.48,

and second molar equivalents of anionic substrate, ¥ the
diprotonated form of sapphyrin and the binding of a single
anionic substrate to the monoprotonated form of sapphyrin,
respectively.

In addition to the above equilibria, it is also of interest to
consider various anion exchange processes. Among those most
relevant to the present study are the following:

[[2H-Sapf"-X" 1@V 4 y™ =

112.26, 135.84, 138.11, 140.11, 141.04, 141.84, 142.23, 143.71, 158.65,

159.17, 171.62. FAB HRMS calcd for 48sNeOs [M + H]*
714.410484, obsd 714.411287. FAB HRMS calcd faiHgsNeOs [M] *
713.402659, obsd 713.400834. YVis (4-2HCI in MeOH): Amax (€)

(20) Sessler, J. L.; Mody, T.; Hemmi, G. W.; Lynch, Worg. Chem.
1993 32, 3175-3187.

(21) Hamilton, A.; Lehn, J.-M.; Sessler, J. I. Am. Chem. S0d.986
108,5159-5167.

[[2H-Sapf Y™™ + X" Ky, (6)
[[H-Sap] X" ] +y™ =
[H-Sapl Y™ 4™ + X" Koy (7)

where X'~ and Y™ are different anions being subject to possible
exchange, and the termfs.x andKiex are meant to denote the
simple one-to-one anion exchange processes in the case of the
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monomeric anion complexes of the di- and monoprotonated
forms of sapphyrin, respectively.

In a previous solution-phase stuthit was found that only
a single anionic halide substrate (i.e-, EI~, or Br-) was bound
with appreciable affinity to the diprotonated form of sapphyrin
3, [2H-3]2", in either dichloromethane or methanol. Thus, the
equilibrium process represented by eq 4 could be effectively
ignored, in spite of the fact that chloride anion was found to
form a 2:1 “sitting atop” complex with [2F8]?" in the solid
state. In the present instance, therefore, it was also considered
likely that only a single anionic phosphate entity would bind to
the diprotonated forms of sapphyrihs 3. However, depending
on pH and/or the degree of proton transfer from/to the
protonated/neutral forms of sapphyrin, phenyl phosphate and
phosphate can be considered as bearing negative charges as hidtigure 1. View of sapphyrin salg:[HsPO]50.68H0, corresponding
as 2 or 3, respectively. This greater charge density (representedo the 1:1 cationic inner-sphere complex [[24#*-[H.PQy] ], showing
by a value ofn > 1 in the above equations) and the increased the partial atom labeling scheme_. Therma[ eII_ipsqids are scaled to the
electrostatic attraction it might engender could then favor the 30% probability level. Dashed lines are indicative of a H-bonding
equilibrium of eq 4 under conditions where it would not be interaction. The relevant H-bond distances (A) and angles (deg) are

important for simple halide anion complexation. As a result the following: NI-HIN---Ol, N---O 2.849(9), H-O 2.046(9),
p P P ' ' N—H--O 147.8(8): N2H2N---O1, N---O 2.928(9), H--O 2.073(9),

several quglitative tests were carried out to dfeterminelwhetherN,H,_,o 158.3(8); N3-H3N-O1, N-++O 2.816(9), H-+O 1.968(9),
or not the diprotonated forms of sapphyrizs3 might, or might N—H-+-O 156.3(8); N4-H4N-+-01, N--+O 2.836(8), H--O 1.988(8),
not, be binding phosphorylated substrates with 1:2 stoichiometry N—H---0 156.4(7); N5-H5N---01, N-+-O 2.865(8), H--O 1.972(8),
in solution. These include both extraction experiments and FAB N—H---O 171.2(8). O1 is approximately centered above thglsine
MS analyses. Before turning to a discussion of these experi- and is offset by 0.16 A from a line perpendicular to thepine passing
ments, however, a consideration of the solid-state structures isthrough the center of the five nitrogen atoms.

in order. This solid-state structural information provides the

basic proof that diprotonated sapphyrins can bind phosphate @
species, at least under certain well-defined conditions. s:\\& e
_ . (S T NNy e

Description of Solid-State Structures. X-ray structures of AR A gx%
four phosphate complexes have been obtained, namely the 1:1 @5\@ @,‘I\@ >
inner-sphere, cationic complex of formally monobasic phos- éig - R "?g
phoric acid (dihydrogen phosphate) with diprotonated sapphyrin S ' - i,\fa
2, [[2H:2]2*+[HPOy] 7], the analogous neutral 1:1 complex ®
forme'd between dibasic phosphoric acid (hydrogen phosphate) %w ol
and diprotonated sapphyri) [2H:-2]2"-[HPO4)%-, the 2:1 inner- 8
sphere complex of monobasic phenyl phosphate with the 8
diprotonated form of sapphyri8, [2H-3]2"-2[C¢HsOP(O)- Figure 2. View of sapphyrin salp:[HsPQy]50.68H0, corresponding
(OH)OJ, and the 2:1 complex of diphenyl phosphate with 0 the 1:1 cationic inner-s_phe_re complex [EZ]-F*;[HZPQ]*F, showing
diprotonated sapphyrig, [2H-2]2+2[(CsHsO).P(O)O] . Rep- the phosphate aggregation in the crystal lattice. Six phosphate groups

resentations of these structures are given in Figured, With are linked in an array by strong hydrogen bonds. This array is terminated
9 Y by a sapphyrin macrocycle at each end. The aggregate shown lies

selected t_)ond distances and angles being given in the Caption%round an inversion center &, », %». The hydrogen atoms on the
to these figures. phosphate oxygens were not observed. The hydrogen bonding was
The latter two complexes bear considerable structural resem-inferred from the close ©-O contacts which ranged from 2.47 to 2.56
blance to the earlier reported structure of the dichloride complex A. These aggregates are H-bound to adjacent aggregates via H bonds
of [2H-3]2+.12 For instance, just as is true for the two chloride involving the side chains of the macrocycle and the phosphate oxygen
anions in the structure of [2d]2+-2CI, in both phosphate ester ~ atoms.
structures, the key ligated oxygen atoms of the phosphate ester ]
monoanions are held above and below the sapphyrin plane infor bona fidevan der Waals contact (ca. 3.4%4). On the
what is formally a “sitting atop” sense. As important, and again Other hand, interestingly, the phenyl subunits in the analogous
in analogy to the structure of [28]2-2CI-, these “upper” and 2:1 dlpher!yl phosphatesapphyrin2 cpmplex do not reside
“lower” oxygen atoms are held in place by three and two anywhere in the macrocycle plane (Figure 6). This leads us to
hydrogen bonds, respectively, and are displaced off the normalSuggest that although there is some correspondence between
through the center of the mean Bapphyrin plane. Unlike the thesg two structures, especially where the sapphyrm-to-anlon
chloride anion complex, however, there is an overall shape binding features are concerned, there remain some subtle
associated with the anionic portion of the receptsubstrate dlfferences that can only be ratlonah;ed_ln terms (_)f the overa_ll
ensemble. For example, in the phenyl phosphate structure@nion shapg and/or_ mode of crystallization. In this context, it
(Figure 4), the phenyl portions of the molecular anion are found 1S Perhaps interesting to note that the structure of-g2H-
to lie over a portion of the aromatic sapphyrin skeleton and 2[(CeHsO)P(O)O]” reveals a pure 1:2 sapphyrin-to-phosphate
assume near-planar conformations with one of the phenyl rings €OmMPplex (Figure 6), whereas that of the corresponding pheny|
making contact with the sapphyrin macrocycle at distances thatPhosphate complex, [28]27-2[CeHsOP(O)(OH)OT, displays
range from 3.5 to 3.6 A with a dihedral angle of @hile the an infinite hydrogen bonding array established by, among oth.er
other is characterized by a dihedral angle of ahd contacts  things, phenyl phosphate-to-phenyl phosphate interactions in-

ranging between 3.4 and 3.9 A. In both cases, it is clear that (22) Hunter, C. A.; Sanders, J. K. M. Am. Chem. Soc99Q 112,
at least some of the contact distances are close to those expectesb25-5534.
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Figure 5. View of sapphyrin sal8-3[CsHsOPO(OH}], corresponding

to the neutral 1:2 complex [2]2"-2[CsHsOP(O)(OH)OJ . The phenyl
phosphate groups form H-bound aggregates in the unit cell which form
an infinite array parallel to 6;1,1. Two phenyl phosphate groups are
directly bound to opposing sides of the macrocycle. Adjacent com-
plexes, related by an inversion center &M@, form H-bound dimers
(A). The phenyl phosphoric acid molecule forms a hydrogen bound

Figure 3. View of sapphyrin sal2-[HsPQs]-H,0O, corresponding to dimer to its inversion relative across 0/1,(B). This dimer forms a
the 1:1 neutral complex [243]2*-[HPO,]2~, showing the partial atom bridge linking the macrocyclic dimers centered at A and &4Q). D
labeling scheme. Thermal ellipsoids are scaled to the 30% probability iS located at 0,8 The hydrogen atoms of the phenyl phosphate groups
level. The coordination is 1:1 as in [[2B)2*-[H.PQ)]"]* but with a were not located. Hydrogen-bonding interactions are inferred from very
different mode of binding. In the present instance, there is a bifurcated close O--O contacts which range between 2.43(1) and 2.59(1) A.

H bond involving O1 which resides in the macrocyclic cavity and O3
with H5. Dashed lines are indicative of the H-bonding interaction. The
relevant H-bond distances (A) and angles (deg) for O1 are the
following: N1—H1:--O1, N---O 2.824(6), H--O 1.99(5), N-H---
160(4); N2-H2---01, N---O 2.797(6), H--O 1.78(6), N-H---
177(5); N3-H3---01, N--O 2.820(6), H--O 1.79(6), N-H--:
174(5); N4-H4---01, N---O 2.889(6), H--O 1.96(5), N-H---
173(4); N5-H5+--01, N+-O 3.032(6), H--O 2.37(5), N-H---
129(4). Those for O3 are the following: NH5---03, N---
2.720(6), H--O 1.83(6), N-H-+-O 163(5). The bifurcated H-bond angle
about O3--H5---O1 is 67(2]. O1 is approximately centered above the
Ns plane and is offset by 0.26 A from a line perpendicular to the N
plane passing through the center of the five nitrogen atoms.

000000

Figure 6. View of sapphyrin salR-2[(CsHsO).PO(OH)], corresponding

to the neutral 1:2 complex [24]2*-2[(CsHs0).P(0)OJ ", showing the
partial atom labeling scheme. The P and O atoms were refined
anisotropically, all other non-H atoms were refined isotropically and
are shown scaled to the 20% probability level. One diphenyl phospho-
nate group is H-bound to three NH groups of the macrocycle, while
the second is H-bound to two NH groups. The relevant H-bond distances
(A) and angles (deg) are the following: NHla:-O5,
) ) . ) 2.82(2), H--O 1.95(2), N-H:--O 162(1); N2-H2a--05,
Figure 4. View of sapphyrin sal8-3[CsHsOPO(OH}], corresponding 2.76(2), H--O 1.96(2), N-H--O 147(2); N3-H3a--O5,
to the neutral 1:2 complex [24]?"-2[CsHsOP(O)(OH)OT, showing 2.86(2), H--O 2.04(2), N-H---O 150(1); N4-Hda--O1,
the partial atom labeling scheme. Thermal ellipsoids are scaled to the2'82(2)' H--O 2.04(2), N-H+-:O 144(1); N5-H5a--O5,
20% probability level. Most hydrogen atoms have been excluded for 3 g2(2), H--0 1.96(2), N-H++-O 158(2).

clarity. The H-bonding interactions are indicated by dashed lines.

Relevant H-bond distances (A) and angles (deg) are the following: N1 makes this structure so unique is that it is characterized by a

zzzzz
00000

H1N---0O1, N---O 3.02(1), H:-O 2.13(1), N-H---O 173(1); N2- single bound dihydrogen phosphate counter anion tetheaed
H2N---01, N---O 2.90(2), H--O 2.18(2), N-H---O 137(1); N3~ five hydrogen bonds to a diprotonated sapphyrin receptor. This
H3N---01, N---O 2.84(1), H--O 1.98(1), N-H---O 158(1); N4- results in an umbrella-like arrangement in which the other three
H4N:--05, N-+-O 3.06(1), H-+O 2.31(1), N-H-+-O 140.6(9); N5- oxygen atoms of the bound,FQ,~ counter anion are splayed
H5N:+-05, Ne++O 2.84(1), H++O 2.05(1), N-H-+-O 147(1).

out like spokes on a wheel.
volving the “extra” two molecular equivalents of phenyl In this structure, the bound oxygen is 1.22 A above the mean
phosphoric acid present in the unit cell (Figure 5). Such Nssapphyrin plane and offset from its perpendicular by ca. 0.16
aggregation effects have been previously observed both inA. The central phosphorus is 2.62 A from this samgphine.
organic solvents (e.g., chloroforfh2bacetonitrilé29 and in the Nitrogen-to-bound oxygen (01) distances (A) are 2.849(9) (N1),
solid statda132and are discussed explicitly further on in this 2.928(9) (N2), 2.816(9) (N3), 2.836(8) (N4), and 2.865(8) (N5),
report. values that are completely consistent with the proposed hydrogen
The structure of [[2H2]2T[HPOQy] "] (Figure 1), in contrast bonding interactions. The actual protons, however, were not
to the above, has no direct precedent in the previous protonatedocalized in this structure (or in the ones discussed immediately
sapphyrin-halide anion structures and, apparently, is also above). Thus, the assignment of this structure as consisting of
without parallel in the phosphate anion chelation literature. What a cationic complex between diprotonated sapphyrin and mono-
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basic phosphoric acid is true only in a formal sense; it could be temperature). In the event, the absence of such complicating
formulated as well, for instance, as being a neutral complex interactions facilitated the design and interpretation of quantita-
formed between monoprotonated sapphyrin and free phosphorictive analyses:ide infra).

acid. Arguing against this latter interpretation, however, is the  Also facilitating the design and interpretation of quantitative
finding that the corresponding 1:1 phosphasepphyrin com- binding analyses is a choice of conditions (such as solvent,
plex, [2H-2]?"-[HPO4]?~ (Figure 3), formed following extrac-  concentration, and choice of receptor) that precludes appreciable
tions carried out at pH 6.0, is best formulated as being the mixed receptor-receptor aggregation. Such self-association processes
salt of diprotonated sapphyrin and dibasic phosphoric acid. In are known to plague many salt-type receptor systéraad are

this instance, the actual pyrrolic NH protons were localized in a known phenomenon in sapphyrin chemid#$324 It was

the difference map. Further, in this case, a second protonatedfound, however, that sapphyriis not only readily soluble in
sapphyrin-to-phosphorus oxygen (O35 2.715 A) interaction methanol, but remains largely monomeric in this solvent over
is seen that is not present in the structure of [ [H.PQ)]" a wide range of concentrations. For the free-base and mono-
(O3+-N5 3.148 A); this is as one might intuit for a complex hydrochloride forms, sapphyrirsapphyrin aggregation (dimer-
formed between a dicationic receptor and a dianionic phosphateization) becomes appreciable at ca. 1 mM in the absence of
species. phosphate as indicated by the presence of a Soret-like absorption

The availability of structural information for two sapphyrin  band atimax ~ 420 nm (ascribed to the dimeric form of
phosphate complexes, obtained as the result of crystallizationsSapphyrin) as well as atmax ~ 445 nm (assigned to the
carried out subsequent to extractions performed at two different Monomery®>  For the bishydrochloride salt (and the bis-
pH values (cf. Experimental Section), allows other interesting (dihydrogen phosphate salt)), no evidence of aggregation was
differences to be revealed. Prime among these are differencebtained even at concentrations as high as 3 mM (as determined
in overall phosphate-to-sapphyrin stoichiometry. While both Py good adherence to Beer's law behavior). Thus, under the
structures, corresponding to complexes [{23™[H.PO,] ]+ conqmons (_)f the NMR and UV_VIS titrations des_crlbed below,
(Figure 1) and [2F2]2*-[HPO4]2~ (Figure 3), are of a 1:1 nature the interactions of sapphyriwith various putative phosphate
as far as thelirect interactions with the sapphyrin nucleus are Substrates could generally be studied without concern for the
concerned, in the case of the former cationic complex effgcts of potenyally complicating self-gggrega.tlon equilibria.
([[2H+2)2++[H,POy]]*), two more per sapphyrin equivalents This was espeaal_ly true for those studies that involved use of
of HsPO; are found hydrogen bound in the unit cell (Figure 2). the bishydrochloride sal2-2HCI, and for those where the
On the basis of charge considerations, one of these is considere§oncentrations of the other sapphyrin species, nar2e#Cl
to be free phosphoric acid whereas the other is assigned as beingnd 2, were kept low (i.e., Uv-vis, early part of theé*'P and
H.PO;~. This second needed counter anion, while again 1 NMR titration profiles). o
displaying evidence for phosphate-to-phosphate aggregation in Unfortunately, such simplicity was not manifest in the case
the solid state (see above), is not proximate to the sapphyrinOf the water-soluble systewhen studied at neutral pH. Here,
core and thus plays no role in defining the details of complex- in & range of buffer systems, it was found that the sapphyrin
ation. As a result, one is left, as was true in the previously- €xisted in a highly aggregated form (as evidenced by charac-
reported fluoride anion complex, [[2B]2+-F-]*+ 213 with a teristic absorption bands witthax of 400 nn?5)_. However, as
system in which only a single negative anion is bound to an détailed more fully in the ensuing paper, it was found that
overall dication in the solid state and an indication, no matter addition of phosphate-containing anions to these aggregates
how subjective, that the equilibrium of eq 3 might serve to define 1€ads to the formation of first a phosphate-bound dimeric
the related chemistry in the solution phase. Interestingly, no SaPPhyrin speciesfax~ 420 nn) followed by the generation
such “extra” phosphoric acid equivalents were found in the case ©f monomerized sapphyrirphosphate complexesiax~ 450
of the second complex, [28]2*[HPO]2". nmed) at very high phosphate-to-sa}pphyrln ratios. While such.
changes could be used as the basis for quantitative analyses, in
general the presence these multiple equilibria complicated efforts
to determine phosphate-to-sapphyrin association constants in
water.

Solution-Phase Studies. Evidence for phosphate anion
complexation under noncrystalline conditions came from both
fast atom bombardment mass spectrometric (FAB MS) and
solvent-solvent extraction studies. In the first of these, the
free-base sapphyrirsor 3 were mixed with phosphoric acid,
phenyl phosphate (monosodium salt), phenylphosphonic acid,
diphenyl phosphoric acid, or the acid form of AMP in methanol
or methanotwater (1:1) in either a 1:1 or 2:1 stoichiometric
ratio (phosphate-to-sapphyrin). Then, after taking the resulting
solutions to dryness, the resulting product or product mixtures
were analyzed by positive ion FAB MS using nitrobenzyl
dalcohol as the matrix. The results, which are summarized in

Issues of Aggregation. There has been considerable discus-
sion about multiple equilibria as a complicating feature associ-
ated with phosphate anion recogniti#2¢ It has been clearly
shown that different phosphodiesters have a tendency to form
dimeric structures in chloroforfh@®and acetonitrilé2 In our
case, we have obtained direct evidence for phosphate-to-
phosphate interactions in single crystals of complexes3pH:
2[CeHsOP(O)(OH)OT and [[2H2])2"+[H.POy] ] (see discus-
sion immediately above). We have also seen evidence of
multiple equilibria, specifically phosphodiester dimerization,
during the course of NMR titrations involving sapphy#mand
diphenyl phosphate in methandy-{(cf. supporting information).
Fortunately, no evidence for such complicating equilibria was
observed in the case of titrations involving phenyl phosphate
or dihydrogen phosphate in methamij-here, as described in
the ensuing subsection, clean binding isotherms were obtaine
that, depending on the conditions, were readily interpretable in  (23) Maiya, B. G.; Cyr, M.; Harriman, A.; Sessler, J.1.Phys. Chem.
terms of the formation of either 1:1 or 2:1 phosphate-to- 1990 94,3597-3601.
protonated sapphyrin complexes. Apparently, the higher polar- 11§2‘21)9§E'2g§1A”d”9"5k" A.; Sessler, J. L). Am. Chem. S0d995
ity of methanol, relative to chloroform or acetonitrile, and the (25) As discussed previougland in the ensuing papéf visible
lower hydrophobicity of these two phosphate anions, as spectroscopy provides a very convenient means of assessing sapphyrin

; i ;i sapphyrin aggregation: The characteristic Soret-type absorbance band of
compared to diphenyl phosphate, is sufficient to prevent sapphyrin (free-base, mono- or diprotonated) appears at48®nm when

s_.ignificant phospha_te-to-phosphate aggregation under the condit is monomeric, at ca. 420 nm when it is dimeric, and at ca. 400 nm when
tions of our experiments (methandy; 0.5-3 mM, ambient it is more highly aggregated.




Protonated Sapphyrin. A Unique Phosphate Receptor J. Am. Chem. Soc., Vol. 118, No. 718G36

Table 2. Composition of 1:1 Sapphyrir2(and 3)—Phosphate Complexes As Determined by HR FAB MS

HR FAB MS
sapphyrin phosphate compositfon calcd found

3 phenylphosphonic acid [¢@H19N5)H2] - CesHsP O3 758.419905 758.420073
3 diphenylphosphate [(H49Ns)H2]-Ci2H10P Oy 850.446119 850.445856
2 phosphoric acid [(&Hs3NsO2)H2] -HPO 758.404649 758.405254
2 phenylphosphonic acid [(@Hs3N502)H3] - CeHeP Os 818.441034 818.439615
2 phenyl phosphate monosodium salt J#853Ns02)H;] -NaGHsP Oy 856.417893 856.417927
2 AMP [(C42Hs53N505)H5] - C1oH1aNsP Oy 1007.490838 1007.492544
2 AMP, CMP, GMP (1:1:1 ratid) 2:AMP (95%Y 1006.483013 1006.481323

2:CMP (81%} 983.479605 983.482851

2:GMP (90%}¥ 1023.485753 1023.485062

a Composition corresponds to [[2Bapf-[phosphate]]*. P Refers to observed ion intensities relative to base ped&llowing extraction of
sapphyrin2 with an equimolar mixture of nucleotides at pH 6%@®eaks corresponding to [M H]* species were also observed (1007.495; 984.487,
1024.4889).

Table 2, were in all cases consistent with an ionized 1:1 large upfield shifts were expected in both #iveand3!P spectra
sapphyrin-to-phosphate complex of the general form {[2H of sapphyrin-bound substrates, such as phenyl phosphate and
Sapft-[ROP(O)(OH)OT]™, where Sap denotes the free-base phenylphosphonate, that incorporate both these nuclei. As
form of either sapphyrir2 or 3.26 In fact, in no cases were discussed in greater detail below, this indeed proved to be the
peaks corresponding to 2:1 phosphate-to-sapphyrin adductscase.
observed. Thus, to the extent that such an extrapolation is 3P NMR Spectra. Initial NMR studies were performed in
reasonable, these mass spectrometric studies argue against 23,0 and DMSOsds as the solvents. Under these conditions,
inner-sphere complexes, such as those shown in Figures 4 angignals for both complexed and uncomplexed forms were
6, being the dominant species in solution. Nonetheless, it is to observed when sapphyrihwas mixed with, e.g., 0.33 molar
be appreciated that strictly speaking these mass spectrometriequiv of phosphoric acid. For the signals ascribed to the
analyses give no direct evidence for the composition of solution- sapphyrin-phosphate complex, upfield shifts of 7.1 and 7.5 ppm
phase phosphate anion bindipgr se Thus, the extraction  were recorded in BD and DMSOsds, respectively, at these
experiments were undertaken. molar ratios. In the case of the corresponding studies carried
Extraction experiments were carried out by monitoring the out using 0.33 molar equiv of phenylphosphonic acid (relative
extent to which phenylphosphonic acid (or its corresponding to 1), upfield shifts of 10.5 ppm were observed in@ Such
basic forms) was found to partition between dichloromethane large upfield shifts, which are thought to reflect the large ring
and water at pH 5.6 and 1.58 in the presence of sapphgrins current associated with the aromatic sapphyrin, are, of course,
and3 or porphyrin5. At these two pH values, the sapphyrin  readily interpretable in terms of complex formation. They thus
in question was expected to be either mono- and diprotonatedprovide qualitative support for the notion that sapphyrins bind
and thus capable of binding 1 or 2 equiv of phosphate, phosphates well in aqueous or other highly polar media, (
respectively. This was indeed found to be the case: At pH DMSO-ds). Unfortunately, we were unable to obtain more
5.6, the two sapphyrins in question served to “pull into” the quantitative conclusions (i.e., binding affinities) from these
organic layer 1.6t 0.06 equiv of phenylphosphonate (as judged experiments: Efforts to carry out full titrations in these solvents
by NMR integrations; cf. Experimental Section) whereas 2.0 were precluded by the low solubility of the free-base forni of
+ 0.04 equiv were extracted into dichloromethane when the and its known proclivity for self-association (i.e., dimerization,
same experiments were carried out at pH 1.58. The same resultaggregation).
were obtained for phenyl phosphate. In no cases, however, was In contrast to the above, it was found that complete binding
there any evidence of any significant extraction when porphyrin titrations could be carried out in methars-using several
5was used at either of these two pH extremes. Nor was therephosphate and phosphonate species as the substrates and
evidence of any appreciable partitioning of phenylphosphonate sapphyrin 2 as the receptor. Here, as described in the
out of water into dichloromethane if no macrocycle, either Experimental Section, increasing concentrations of sapphyrin
porphyrin or sapphyrin, was used. Thus, taken together, these2 were added to initial phosphate or phosphonate solutions (as
extraction experiments served to confirm qualitatively the notion the free-acid and monobasic potassium, tetrabutylammonium,
obtained earlier from various model through-membrane transportor triethylammonium salts) of 0.5 to 3 mM concentration and
studied>1® that appropriate, protonated sapphyrins are indeed the changes in th#P chemical shifts recorded. Interestingly,
capable of binding phosphate-derived anions in organic solution.in this solvent system, only averaged signals for e
NMR Analyses. More direct evidence for phosphate anion resonances were observed. Nonetheless, very large upfield shifts
binding in solution came from NMR analyses. Here, bbth for these signals were observed at or near saturation (Figures 7
and3P NMR methods were used. In both instances, the key and 8). This was true whether phenylphosphonate, phenyl
predicative idea was that the aromatic ring current of the phosphate, or dihydrogen phosphate was used as theZrifon.
sapphyrin nucleus, shifting to higher field the signals of In fact, in all cases, the extent of the induced upfield shift was
substrates held above it, would provide a “handle” that would very large compared to anything previously seen in the literature.
allow us to monitor the formation of a complex. Specifically,

(27) Detailed studies were not made using diphenyl phosphate as this

(26) Although the results of high-resolution FAB MS analysis are particular substrate was found to undergo significant self-association at the
consistent with 1:1 cationic complexes of the generalized formula concentrations studied0.5 mM) even in methanala.
[[2H-Sapft-[ROP(0)(OH)OT]*, the known tendency of big, porphyrin- (28) The magnitude of the shifts was always greater in the case of
like systems to lose and gain protons (and H atoms) under these ionizationphenylphosphonate than in the case of the dihydrogen phosphate which we
conditions (see, for example: Sessler, J. L.; Johnson, M. R.; Creager, S.interpret in terms of better binding interactions with phenylphosphonate.
E.; Fettinger, J. C.; Ibers, J. A. Am. Chem. S0d99Q 112 9310-9329) These we suggest could result from an extra stabilization arising from
makes a distinction between 1:1 complexes of the {RbF+[ROP(O)- favorabler—s stacking effects present in the case of the phenylphosphonate
(OH)OJ7 1" and [HSap] - [ROP(O)(OH)OT types difficult (corresponding complex and would be analogous to those seen in the solid-state structure
to the equilibria of eqs 3 and 5, respectively) by this means. of the 2:1 phenyl phosphatesapphyrin complex shown in Figure 4.
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[Macrocycle)/[Phosphoric acid]

"IKewal.

Table 3. Affinity Constants for the Binding of Phosphate and

2 oo o O o 4 . :
£ AA A Phenylphosphonate to Sapphy#rin Methanold, at Ambient
g olg L A 2:-2HCI Temperature As Determined fro## NMR, 'H NMR, and Visible
e Spectroscopic Measurements
1% KiP Ko K
3 . substrate methéd (M) M) (MY
E —
2,41 0 phosphoric aciti 3PP NMR® 12600 13900 500
o u phenyphosphonic acid 3P NMR* 16900 18200 3150
E m o 2-HCI IH NMR 16800 17200 3080
o 6] R s 5 vis® 3650
aBinding constant¥i; andK,, were determined from curve fitting
-8 0 2 ; é 8 analyses carried out using standard curve fitting programs (cf. ref 18).

K21 values were determined from exchange experiments that involved
replacing the initially-present chloride counter anion by the phosphate
or phosphonate anion in questionKa value for CI of 100 M (ref

Figure 7. Changes in phosphat®P NMR signal observed as
phosphoric acid is titrated with increasing quantitities of sapph3rin
sapphyrin monohydrochlorid@HCI), sapphyrin bishydrochlorid@{-

2HCI), and porphyrind in methanold,. For experimental conditions,

13) was used?Kj;, Kz, and Ky, values are averages of three
independent measurements; the estimated error is less-tbéf

¢ Determined from U\~vis spectroscopic titrations carried out in
MeOH. A standard curve-fitting program (cf. ref 18) was used for

see text. data analysis? Under the conditions of the experiment (62 mM)
no dimerization of sapphyri@—phosphate was observed. Likewise,
T 20@ no evidence for phosphate dimerization was observed under these
s om o o o o O 4 conditions.
£ AAAAA
f Po fas a 4 22h0 value of 100! M is assumed (based on prior work with
g 1% 3-2HCI)13
gEg ..o In understanding these titration experiments, it is important
e mO to appreciate that, from a phenomenological perspective, two
H L .0-0.0. m O 2-HCi basic types of phosphate binding are being observed. The first
= el involves anion binding concomitant with proton transfer and
0 - . r . occurs, for instance, when the free-base form of sapphyrin is
0 1 2 3 4 5 added to various phosphate free-acids. The second involves

[Macrocycle]/[Phenylphosphonic acid]

anion exchange and is relevant when, for instance, the bound

chloride counter anion originally present in [[ZP-CI~] " (the
dominant solution species formed wh22HCI is dissolved in
methano¥) is displaced by an added phosphate anion. Thus,
titrations involving the addition of sapphyrin free-b&s® either
phosphoric acid, phenyl phosphoric acid, or phenylphosphonic
) ) ) ) acid in methanob, gave rise to binding isotherms that were
For instance, whereas the induc® NMR chemical shifts  consistent with binding in accord with eq &) early on in
engendered by porphyrins are usually small (i.e., on the order the titration process (i.e., at phosphate-to-sapphyrin molar ratios
of —4 ppm in chloroforme?2but less thar-1 ppm in wate?®), >5) and eq 5K11) at later junctures where the phosphate-to-
shifts of nearly—7 ppm for phosphoric acid and more tha3 sapphyrin molar ratios are substantially decreased. Qualitatively
ppm for phenylphosphonic acid are observed with free-base similar behavior was also observed when the titrations were
sapphyrin2 in methanold, at the point in the titrations where  yn using 2-HCI as the added sapphyrin species: At low
1 molar equiv of sapphyrin had been addéd.ikewise, atthe  phosphate-to-sapphyrin ratidés; binding behavior consistent
point in the titration where 2.0 molar equiv of sapphy2ihad with phosphate binding according to eq 5 or facile phosphate-
been added to a solution of tetrabutylammonium dihydrogen for-chioride substitution behavidt.ex(eq 7— eq 5 in the limit
phosphate in CELCI2, a 16.0 ppm upfield shift in the phosphate  \hereKj; for chloride anion is infinitely small), is observed,
3P NMR resonance was observed; under identical conditions ywhile at higher ratios (i.e., early on in the titratiomjz-like

and at identical molar ratios, the control porphyrin engendered binding processes, associated with [23*-CI—+[phosphate]
proof,*a3%these spectroscopic findings are clearly consistent contrast, addition of2-2HCI to methanol, solutions of

Figure 8. Changes in phosphat&P NMR signal observed as
phenylphosphonic acid is titrated with increasing quantitities of
sapphyrin2, sapphyrin monohydrochloride2HCI), sapphyrin bis-
hydrochloride 2-2HCI), and porphyrird in methanoled,. For experi-
mental conditions, see text.

with the fundamental premise of this paper, namely that the phosphoric acid or phenylphosphonic acid gives rise to titration
protonated sapphyrins will bind phosphorylated substrates underprofiles (i.e., binding isotherms) that, except for data points
conditions where the porphyrins will not.
When the above titrations were run using free-base sapphyrinK,-like binding processes could still be important), are best
2 and the free-acid forms of the phosphate substrates in questioninterpreted in terms of phosphate-for-chloride exchange as
they gaveKi1 andKy, directly. They could also be run in such  defined by eq 6 andze Simple multiplication by 100 (the

a way as to givéK,; valuesvia anion exchange. For these latter
analyses, the titrations were run us2@HCI, for which aK;;

(29) (a) Aoyama, Y.; Nonaka, S.; Motomura, T.; Toi, H.; Ogoshi, H.
Chem. Lett1991 1241-1244. (b) Marzilli, L. G.; Banville, D. L.; Zon,

G.; Wilson, W. D.J. Am. Chem. S0d.986 108 4188-4192.

(30) These large shifts do not appear to be due to simple deprotonation
effects as confirmed by the fact that monobasic potassium and monobasic
triethylammonium salts of phenylphosphonic acid dispfd NMR

recorded at very high phosphate-to-sapphyrin salt ratios (where

value of Ky for the formation of [2H2]2*-CI~ in methanol)
thus gaveKs; for the phosphate species in question (cf. Table
3).31

In the case of phenylphosphonic acid studied in methanol-
ds, association constants were also obtained fiéinNMR

(31) Many other titrations were also carried out using a range of other
phosphate sapphyrin mixtures with both compounds being in various

resonances in methandl-that are displaced upfield by only 3.23 and 2.93  protonation states, e.g., free-base, mono- and diprotonated sapphyrin, free-
ppm, respectively, relative to those of the free-acid form.

acid, mono- and dibasic phosphate acids. See Supporting Information.
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Figure 9. Changes in phenyl proton NMR signals as phenylphosphoric Figure 10. Changes in phenyl proton NMR signals as phenylphos-

acid is titrated with increasing quantitities of sapphyzim methanol- phoric acid is titrated with increasing quantitities of sapphylrirror
ds. For experimental conditions, see text. experimental conditions, see text.

titrations (Figure 9) with the resulting values being likewise complex as would be expected under conditions such as these
included in Table 3. Here, advantage was taken of the fact thatwhere the sapphyrin nucleus is not only diprotonated but also
large upfield shifts in the phenyl proton resonances (a pair of exposed to a high relative phosphate concentration.
2H and 3H multiplets) are observed as the titration was allowed  As implied above, anion competition experiments could be
to progress. These shifts, as above, are ascribed to the sapphyrinsed to determine relative association constants for the phos-
ring current and the influence it exerts on the presumabtyr phorylated species relative to CIF~, and other anions. This
stacked phenyl ring above it. Thus, théseé NMR findings was done most easily by monitoring the relative shift indHe
for phenylphosphonate in methardhlare very much consistent  NMR resonances of 1:1 sapphyriphosphate or 1:1 sapphy-
with the solid-state structure obtained for the corresponding rin—phenylphosphonate solutions (molar ratios) in methanol-
phenyl phosphate complex (cf. Figure 4). ds in the presence and absence of 1 molar equiv of the competing

IH NMR analyses were also used to check the protonation anion (X°) being examined (Table 4). Sind&; values for
state of sapphyrin prior to and during tF# NMR titrations. H,PO,~ and PhP(O)(OH)O binding could be independently
This was done by monitoring the chemical shift of the sapphyrin determined from the full chloride anion exchange “titrations”
methine protons at different sapphyrin-to-phosphate ratios anddescribed above, these measurements provide a direct, but
comparing the values with those obtained under well-defined relative, measure of the association constants for the complex-
control conditions. In methandl;, the free-base sapphyrih ation of other anions, X Relevant results and control
yielded a chemical shift for the methine protons of 10.52 and experiments are summarized in Table 4.
10.89 ppm. For the corresponding monoprotonated phosphate- In methanolds, F~ was found to be the most strongly bound
bound species, the values were 11.58 and 11.65 ppm, and forof all anions studied. In fact, it was so strongly bound that an
the diprotonated sapphyrin species the value was 11.84 ppmaccurateK,e could not be readily obtained using the above
(only one signal observed). The same trend for the change of competition approactK(e < 0.1). This is not surprising, given
these methine protons could be followed in chlorofatrand the association constant,;, found for the binding of Cl (1¢?
chloroformd/methanolels mixtures (4:1). Recorded chemical M~1), dihydrogen phosphate (4®M~1), and F (10° M~1) to
shift values in pure chloroforrd-are as follows: free-base diprotonated sapphyrin. What was less expected, however, was
sapphyrin2, 10.62 and 10.82 ppm; monoprotonated phosphate- the finding that no other anion type studiediz( nitrate,
bound species, 11.34 and 11.43; diprotonated diphosphate boun@arboxylate, bromide, and perchlorate) was bound to diproto-
species, 11.80 and 11.85. For these control studies, thenated sapphyrin with an affinity approaching that observed for
phosphate or phosphonate substrate in question was used in itthe complexation of dihydrogen phosphate or monobasic
monoanionic form (i.e., BPO,~, PhP(O)(OH)O); these species  phenylphosphonate. Nonetheless, these results provide an
were generated either by addition of the appropriate amount of indication that the diprotonated forms of sapphyrin are not only
the sapphyrin free-base or by direct use of the phosphateeffectie but also reasonablelectie phosphate anion receptors.
monoanionic salts followed by titration with the monoprotonated  Visible Spectroscopy. Visible spectroscopy (vis) provided
HCI salt of sapphyrin. another means of monitoring the phosphate-to-sapphyrin com-

Some'H NMR experiments were also carried out in@ plexation processé<. In methanol, the Soret band of sapphyrin
using the water-soluble sapphyrin systém As was true in free-base2 undergoes a ca. 5-nm shift to the blue as a 1:2
the case of thé'P NMR analyses, however, poor solubility and diprotonated sapphyrisphosphate complex is formed. Dis-
a tendency toward aggregation precluded a quantitative NMR cernible changes in the Q-band region, reflecting changes in
study. However, at low pH values and using high phenylphos- the symmetry of the molecule, were also observed: Whereas
phonic acid-to-sapphyrin ratios (i.e., where the diprotonated form free-base sapphyria displays 3 Q bands, the 1:1 sapphy+in
of sapphyrin was expected to be dominant), it proved possible phosphate complexes, which are of lower overall symmetry,
to follow the changes in chemical shift (to higher field) for the are characterizedyb4 Q bands. On the other hand, the 1:2
phenyl protons as a function of increasing sapphyrin concentra-diprotonated sapphyrisphosphate complexes, which are of
tion.32 A typical binding profile generated in this way is shown higher molecular symmetry, are generally found to display but
in Figure 10. It displays a clear “break” at the point where 0.5 2 Q-type bands. These complexities limited the use of visible
molar equiv of sapphyrin free-bask had been added to a  spectroscopy in carrying out quantitative association constant
solution of phenylphosphonic acid inbO (initial pH 2.0). This determinations. In the case of phenylphosphonic acid, however,
is consistent with the formation of a 2:1 phosphate-to-sapphyrin observed changes in the optical signature of the Soret band as

- - - a function of concentration could be used to derikeavalue
(32) In these experiments, the sapphyrin methine protons could also be

monitored. As expected, these sets of signals also moved to higher field as(Cf. Figure 9 ir_‘ supporting information). Here, data redUCtion.
complexation was allowed to occur. was effected in accord with standard procedures (c.f. Experi-
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Table 4. Relative Binding Affinities Ke) of Sapphyrin for Various Anions, X in Methanoléd, As Determined from Competition
Experiments Involving Displacement of Initially-Chelated Monobasic Phosphatedi) or Phenylphosphonate and Monitored ¥ NMR
Spectroscopy

phosphat&species macrocycle aniomX 31p chem shifty (ppm) A6 (ppm) Krel
phosphoric acid none none 1.67
phosphate none none 1.99
phosphate 2 none —5.38 7.37
phosphate 2 Br- —5.00 0.38 19.4
phosphate 2 Cl- —5.19 0.19 38.8
phosphate 2 F 1.74 7.12 <0.1
phosphate 2 AcO~ —5.15 0.23 32.0
phosphate 2 CRCO; —5.16 0.22 33.5
phosphate 2 CeHsCO;, —3.48 1.90 3.9
phosphate 2 NO;~ —4.78 0.60 11.8
phosphate 2 ClOo,~ —4.60 0.78 9.1
phenylphosphonic acid none none 16.77
phenylphosphonate none none 13.84
phenylphosphonate 2 none 7.68 6.16
phenylphosphonate 2 F 13.50 5.82 <0.1
phenylphosphonate 2 Cl~ 7.79 0.09 68.4

a All spectra were recorded at a 1:1 phosphate-to-sappRymiolar ratio and a phosphate-to-sapphyito-X~ anion molar ratio of 1:1:1 unless
noted otherwise. The concentration of all components was 5 e external chemical shift reference is phoshoric acid and was set to 0.0 ppm.
¢ As the mono triethylammonium (or tetrabutylammonium) salts generated irf &ifsi.< 0.1; an accurate value could not be obtained by competition
as full saturation is already obtained in the presence of 1 equiv.offfoof of this came from a complete titration curve; see the complete titration
curve in Figure 3 of the supporting information.

0.8 T T diminution of the initial absorbance band &fax ~ 400 nm

with a concomitant growing in of two new bands~a427 and

450 nm. Although reasonable isobestic behavior was observed
in this titration, the nature of the species giving rise to this

0.6 [ - , - ) > :
spectral signature is still uncertain; they are tentatively assigned,
3 Ka=310M" however, as being phosphate-bound dimeric and monomeric
§ sapphyrin species in analogy to the above. Titrations involving
5 0.4 [ 0005 001 sapphyrinl and phosphoric acid, on the other hand, did not
8 [prenyiphosphonate] show a clean isobestic point. This precluded attempts to

determine effective binding constants for this particular substrate
receptor pair.

The apparent association constants for the formation of a
phosphate-bound dimeric sapphyrin species starting from the
aggregated form df were calculated by fitting the binding curve
of absorbance at 420 nm as a function of change in phosphate

350 400 450 500 anion concentration as detailed in the Experimental Section.
wavelength (nm) Such analyses yielded binding constants of 310, 280, and 300
Figure 11. Overlay of the visible spectra of a M solution of M~1 for phenylphosphonate, diphenyl phosphate, and phenyl
sapphyrinl recorded in the presence of increasing concentrations of phosphate, respectively; 160 and 190™or AMP and GMP,
phenylphosphonate in 10 mM bis-Tris buffer, pH 6.1. The insert shows respectively; and 130 and 110 M for CMP and UMP,
a plot of the absorbance at 420 nm _of sgpph)zrias a function of respectively. These binding constants are analogois tof
added phenylphosphonate in 10 mM bis-Tris buffer, pH 6.1. Also shown ¢ 5 50 thus somewhat comparable to the equilibrium constants
is an interpolative fit ) for the apparenK, of the dimeric form of measured in methanol. However. thev refer to the formation
sapphyrinl binding to phenylphosphonate; this value is 310'M ' L y rel
) ) o ] of a phosphate-bound sapphyuimer, not inner-sphere 1:1
mental S_ectlon). The value so obtained is |n_cluded in Table 3 complexes involving a sapphyrinonomer Further discussion
along with that derived from the NMR titrations alluded to  of this point, along with experimental justifications for the
aboye.. . . . _ spectral assignment, is provided in the ensuing paper.

Vis titrations could be carried out in 10 mM aqueous bis-  pK, Determinations. In prior work1516approximations for
Tris buffer (pH 6.1) by monitoring the spectral changes the acid disassociation constants of egs 1 and 2 were made by
associated with sapphyrin deaggregation. Specifically, the monitoring changes in the optical spectrum of sapphgrin
water-soluble sapphyrih when g'SSOWGd in such an aqueous  grganic solution (i.e., dichloromethane) as a function of a change
medium (concontration & 107° M) showed an absorbance in pH of an aqueous solution with which it was in contact.
band atimax~ 400 nm, corresponding to the aggregated form. Effective “kinetic K.’ values were also determined by monitor-
Addmg_ phenylphospgongtxr pffr:l)/zlg)hosphatﬁmo equIv) (33) While the measured values are precise, relatively large error bars
gave rise tmnenew an “max ™~ ﬂm, Corr_eSpon_ NG04 placed on these values because ionic strength was not maintained during
a phosphate-bound dimeric sapphyrin species (Figure 11).the course of the pH titration. Sapphytris insoluble under the constant
Adding increasing quantities {2000 equiv) of AMP, GMP, ioé\icdsttfength {?quiri\ments (typigally 100tm|\/I NaG)?lsec:j fort?]tandtaréi .

: . FE : : : PKa determinations. nonionic aetergent was employed In this stuay to

CMP, or UMP to identical initial sapphyrin solutions gave rise avoid difficulties involving the precipitation of the neutral macrocycle at
to two new bands, atmax~ 420 and 445450 nm, correspond-  high pH. Interestingly, the monocation of sapphyfiis clearly stable under
ing to phosphate-bound dimeric and monomeric sapphyrin these conditions, a phenomenon that, to the best of our knowledge, has not
species, respectively. The band 50 nm grew in more been observable with octaalkyl porphyrins in the presence of nonionic

. T ’ 2 detergents. See: Phillips, J. N.@Qurrent Trends in Heterocyclic Chemistry
noticeably in the case of AMP and GMP than it did when CMP  ajperts, A Badger, G. M., Shoppee, C. W., Eds.: Academic Press, Inc.:
and UMP were used. Adding diphenyl phosphate led to a clear New York, 1958; pp 36-39.

0.2
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11 0.03 phosphate anion receptors. The observed complexes, which can
10 ;"‘- - P be obtained using either the mono- or diprotonated forms of
9 . ,/ 0025 o sapphyrin, are thought to arise as the result of a propitious
8 { / 002 g combination of oriented hydrogen-bonding interactions and
PH i ' K favorable electrostatic attractions between the negatively charged
6 Ry L L, 0.015 — phosphate substrate and the positively charged mono- or
,.-" E / LRV + diprotonated sapphyrin cores. Thus, the basic structural features
5 /’ i 0.01 of sapphyrin (large core size, basic nitrogens, neutral and
4 protonated NH residues, etc.) are thought to be responsible for
3 —— 0.005 its distinct phosphate recognition behavior. Because of this link
0 100 200 300 400 500 . .
volume of 0.1 N NaOH (uL) between structure and function, we are presently trying to
Figure 12. The pH titration curve that results wh&m2HCI in a 2.5% ascgrta_lin which of these features is most import.a}nt in terms of
(w/w) aqueous solution of Tween 20 is titrated with NaGH ( Also mediating phosphate complex formation. Specifically, we are

shown is the first derivative of this curve (- --) with minima that trying to determine the extent to which modifications of the
correspond to K. values of 4.8 and 8.8. For experimental conditions, basic sapphyrin skeleton (e.g., O for NH replacement) are
see text. reflected in differences in phosphate anion binding affinity. Also,
as detailed in the ensuing paper, we have for some time been
interested in understanding how protonated sapphyrins and their
derivatives might interact with other, more biologically relevant
yphosphate-containing substrates.

ing the rate ofp-toluenesulfonate anion transport through a
dichloromethane barrier in our now-standard, Pressman-type Aq
I—CH,Cl,—Aq Il model membrane systeii:-16ab Both of
these studies served to show that, in the absence of an
particularly strong chelating anion, sapphyfiris effectively
diprotonated £ 95%) below ca. pH 3.0 and monoprotonated Acknowledgment. We thank Ms. Petra Sansom for her help
(>95%) for 4= pH =< 9. in carrying out the visible titration studies and for her and Mr.
With the advent of the new water-soluble sapphyr) ( Michael Choe'’s assistance with manuscript preparation. This
described in this report, it became possible to measurekhe p  \ork was supported by grants from the Texas Advanced

yalues for sapphyrin_more directly. A pH.titratic.)n carried out Technology Program (Grant No. 3658-280) and the NIH (Grant
in 2.5% Tween 20 using the well-characterized bishydrochloride No. Al 33577). Partial support from Pharmacyclics, Inc. (to

salt of tetra_hydroxysapphyrm gave values for Ka and fKas J.L.S.) and the Howard Hughes Medical Institute (to J.L.S. and
corresponding to the loss of one and two protons from the VK s al tefull K ledaed

starting diprotonated form, of 4.8 0.2 and 8.8+ 0.2, K.) is also gratefully acknowledged.

respectively?® It is gratifying that values obtained from this

measurement are largely consistent with earlier measurements: Supporting Information Available: Figures, tables, and text
Although doubly protonated at low pH, these measurements, giving summaries of further optical and NMR analyses and full
taken together, indicate that sapphyrin remains monocationic analysis of the X-ray diffraction data for inner-sphere complexes
at_ z;nd r_lealrFT(eutra: pH.bBy comga(;isorg ;%aalkzlporphyrins, [2H-3]2++2[CsHsOP(O)(OH)OT, [2H-2]2++2[(CsHsO)P(0)OT ,

with typical pKa2 values between 3.0 and 58are known to o12+. T+ o, o

be neutral entities at pH 7.0. Unfortunately, efforts to obtain [[2H-2]"-[HoPQJ7]", and [2H2™-[HPOJ™ (152 pages).
pKa values for porphyrind failed due to low solubility in
agueous solutions of neutral or basic pH.

This material is contained in many libraries on microfiche,
immediately follows this article in the microfilm version of the
journal, can be ordered from the ACS, and can be downloaded
Conclusion from the Internet; see any current masthead page for ordering

. information and Internet access instructions.
Taken together, the present results support the notion that

the protonated forms of sapphyrin function as highly effective JA9529605



