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The new 1,10-phenanthroline containing 1:1 proton—transfer compound LH,, [pyda-H,])**[phendc]?~, was synthesized
from the reaction of 2,6-pyridinediamine, pyda, and 1,10-phenanthroline-2,9-dicarboxylic acid, phendc-H,, and
characterized by elemental analysis, ES—Ms, IR, *H, *C NMR, and UV/vis spectroscopies. Subsequently, the first
example of [phendc]>~ containing anionic complex [pyda-H],[Co(phendc),]-10H,0, was prepared, using the above
novel proton-transfer compound, and structurally characterized by single-crystal X-ray diffraction. The complex
crystallizes in the space group P2,/n of the monoclinic system with four molecules in a unit cell of dimensions a
=11.877(3) A, b = 31.473(9) A, ¢ = 12.915(4) A, and 8 = 116.223(5)°. The structure has been refined to a final
value for the crystallographic R factor of 0.0524 based on 9021 observed independent reflections. The complexation
reactions of pyda, phendc-H,, and LH, with H* as well as LH, with Co(ll) in aqueous solution were investigated
by potentiometric pH titrations, and the equilibrium constants for all major complexes formed are described. The
results are presented in the form of distribution diagrams revealing the concentrations of individual complex species
as a function of pH. The results revealed that, at a pH range of 5.2—6.2, the major complex species is [(pyda-
H)];[Co(phendc),], similar to the isolated crystalline complex.

Introduction synthesis of multidentate chelating agents with phenanthro-
line moieties3 8 The spectroscopic studies of the complex-
ation of phenddH, with EL?" has been reportelt has been
introduced as a powerful sensitizing ligand for*Eipn°:

and an E#&" chelator in the sensitive measurement of
molecules of biological interest, i.e., fibronectin, by time-
resolved fluorescence spectrophotométdit has also been
applied in the preparation of antibodies with the ability to

1,10-Phenanthroline is a well-known N-heterocyclic chelat-
ing agent with a rigid planar structure. The metal chelating
properties of 1,10-phenanthroline have been widely utilized
in all aspects of coordination chemistrgs well as in its
recent applications to develop biomimetic models of met-
alloenzymedand to prepare supramolecufeslf-assembling
systems, or metal complexes with interesting anticancer
properties?® (4) Goodman, M. S.; Hamilton, A. D.; Weiss,d.Am. Chem. S02995

1,10-Phenanthroline-2,9-dicarboxylic acid, phehtichas 117, 8447. , _
been widely employed as an appropriate intermediate in the ® $")¥V oo éaﬁ”&;ﬁ'g’rﬁ'g'ﬁészz%%qsig'iu%f’(E')'Z'lifg?,“.q_z;'fa}n%'?i,"’
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Scheme 1. Synthesis of LH and [pydaH];[Co(phendc)]-10H,O CompleR
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[pyda.H], [Co(phendc),] . 10H,O
a(i) SeQ, 1,4-dioxane, reflux, 4 h; (i) HN@(60%), reflux, 3 h; (iii) 2,6-pyridinediamine, EtOH (95%), reflux, 9G, 20 min.

specifically recognize and measure ¥0° To the best of ~ Whenever the hydrogen bonding associations result in
our knowledge, despite some solution studies on the com-complete proton transfer to the nitrogen atom, an ionic
plexation of this ligand with metal ions, there is only one compound is produceW, not a cocrystal. Recently, we
report on the crystal structure of its isolated Mg(ll) com- reported a case in which a double proton transfer from 2,6-
plex1® The reported [Mg(phendc)@d)s]-2H,O complex is pyridinedicarboxylic acid, pyd¢l,, to pyda resulted in the
a neutral complex in which one [phendichnion participates  formation of a novel self-assembled [pytia]?*[pydc]?~
in the complexation as a tetradentate ligand. systemt’ We, then, succeeded to use this self-assembled
In this context it appeared of interest to synthesize a new system in the preparation and characterization of Bi(lll),
[phendc} containing compound which may find general  Cr(lll), Zn(Il), Co(ll), and Cu(ll) complexes, some of which
use for the preparation of novel metalrganic coordination ~ possess the [pyeld]" species as counterion and self-
compounds of 1,10-phenanthroline derivatives. Thus, the assemble into two or three dimensions via simultaneous ionic
study was aimed by using 2,6-pyridinediamine, pyda, as a and hydrogen bonding interactiotfsin general, molecular
proper lewis base to produce a novel water-soluble proton-associations between carboxylic acids and Lewis bases result
transfer compound,.H,, (Scheme 1) acting as a suitable in more hydrogerbonding associations with considerable
ligand for the preparation of the first example of [pheddc]  stability upon a structure-making process which can be used
containing anionic complexes. This would enable us to assayin designing a novel layered crystalline matetfal.
the biologically in vitro and in vivo activities of the In the present study, we demonstrate the application of
complexes as well as their interaction with DNA. Such the proton-transfer methodology in the preparation of the
activities have been known and reported for some of the first example of a 1,10-phenanthroline containing anionic
m?l't(? ldcz;)tr:ptlﬁéfj r?;\}e'lgé%iegs\r);?;?Iilsﬁuec.cessfuI attem &12) () Smith, G.; Wermuth, U. D.; White, J. MUSL. J. Chem200, 54,

' pts at’ ~ 171, (b) Smith, G.; Wermuth, U. D.; Bott, R. C.; White, J. M.; Willis,
employing proton transfer from carboxylic acids to both A. C. Aust. J. Chem2001, 54, 165. (c) Smith, G.; Bott, R. C.; Rae,
heterocyclic and substituted amine nitrogéh$According éés[)ééé{vgfsé.fkgﬁngﬁtc%'H(.:T;msi/?i%?, ﬁg’ :’u:’;lt: J(fj)cﬁg‘r;]tlhégg';
to the “rule-of-thumb” presented by EttErin a system with 52, 71. . _

a multitude of hydrogen-bonding functionalities, such as the 13) éa@e%”fghéfﬁ;’ 1S7g]g.hktS'L5r¥éﬁl't})<.' é.-;' g;’:&afdGCByHn Suf(t i.;
1:1 cocrystal of isonicotinamide and benzoic aCithe best Kennard, C. H. L.; Whittaker, A. KAust. J. Chem1994 47, 300.

hydrogen-bond donor and the best hydrogen-bond acceptof14) Etter, M. C.Acc. Chem. Res.99Q 23, 120.
(15) Aakery, C. B.; Beatty, A. M.; Helfrich, B. A, Angew. Chem., Int.

will preferentially form hydrogen bonds to one another. Ed. 2001, 40, 3240
(16) Swift, J. A.; Pivovar, A. M.; Reynolds. A. M.; Ward, M. 3. Am.
(10) Park, K.-M.; Yoon, |.; Seo, J.; Lee, Y. H.; Lee, S/Rta Crystallogr Chem. Soc1998 120, 5887.
2001, E57, m154. (17) Moghimi, A.; Ranjbar, M.; Aghabozorg, H.; Jalali, F.; Shamsipur, M.;
(11) (a) Lerman, L. SJ. Mol. Biol. 1961, 3, 18. (b) Downey, K. M.; Que, Yap, G. P. A.; Rahbarnoohi, H. Mol. Struct 2002 605, 133.
B. G.; So, A. G.Biochem. Biophys. Res. Comma®8(Q 1, 264. (c) (18) (a) Ranjbar, M.; Moghimi, A.; Aghabozorg, H.; Yap, G. P.Anal.
Sigman, D. SAcc. Chem. Resl986 19, 180. (d) Kumar, C. V.; Sci. 2002 18, 219. (b) Ranjbar, M.; Aghabozorg, H. Moghimi, A.;
Barton, J. K.; Turro, N. JJ. Am. Chem. Sod 985 107, 5518. (e) Yanovsky, A.Anal. Sci.2001, 17, 1469. (c) Ranjbar, M.; Aghabozorg,
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Co(ll) complex using a novel proton-transfer compouhth, Table 1. Crystallographic Data for [pyd&]2[Co(phendc)]-10H0

[pydaH]2*[phendc}. The ionicLH , compound is poten- ~ Complex

tially capable of forming self-assembled metal complexes. emplrlcal formula GgH4sCoN10O1s 3, deg 116.223(5)

It could also be an interesting case of the supramolecularSpace group '93311;52,\‘0 14 \Z/A 3331(2)

and foldamer chemistfy because of the presence of two T ¢ 133 Deaicg g CT3 1.521

bifunctional building blocks, pyda and phenrHg. The pyda A(MoKo), A 0710 7(2) /FA&TNHQ( bsd dat) 8'3324/0 1205

11.877 obsd datd) 0. .

contains two stereochemically suitable amine groups for 2 b A 31.473(9) RIAWRZ (all data) ~ 0.0740/0.1448

interactive association via hydrogen bonding. This report also . A 12.915(4)

includes the solution studies of the complexation reactions

: a — o — [Felll ol WR2 = 2 — F2)? FdY2, w=
of pyda and phendel, with H™ andLH , with H* and Co(ll). 1,[02%02) a lg)_logg;z‘)l];z‘pi 2’,\/:02 T %g)(,'; FETRWFYE w

Experimental Section Dark green crystals of the complex, suitable forbéy analysis,
General Methods and Materials.IR spectra (2064000 cnr?) were obtained by slow evaporation of the solution at room
were recorded as KBr pellets or Nujol mulls using a Perkin-Elmer temperature. A few minutes after removing the crystals from the
843 spectrophotometétd and™*C NMR were recorded on a Bruker  mother liquor, washing with distilled water, and drying in air, they
DRX 500-Avance or Bruker AC-250 instruments. Chemical shifts would turn into a greenish powder. Yeild: 27 mg (44%). IR
are reported on thé scale relative to tetramethylsilane (TMS).  (KBr): 3383 (s), 3120 (s), 16801583 (s), 1565 (m), 1492 (w),
Electrospray mass spectra (ES-MS) were obtained using MS 80R1458 (m), 1375 (s), 1308 (m), 1267 (w), 1200 (w), 1167 (m), 1125
FA and Varian Saturn 2000 GC MS spectrometers. Elemental (w), 975 (w), 867 (w), 840 (w), 800 (m), 783 (m), 712 (w), 648
analyses were carried out by Heraeus CHN-O-Rapid elemental (w), 617 (w), 583 (w), 560 (m), 480 (w), 432 (w), 375 (w), 333

analyzer. UV/vis spectra were recorded on a spectromé&teilips (w), 283 (w) cntl. Anal. Found (Calcd for €H2gCoN;oOg:
PU 8750. Melting points were determined using an Electrothermal 6H,0): C, 50.62 (49.63); H, 4.25 (4.38); N, 15.73 (15.23).
IA-9100 aparatus and are uncorrected. X-ray Structure Analysis. Analysis on prismatic dark green

All chemicals, except those mentioned, were obtained from single crystals of [pyddd],[Co(phendc) -10H,0 was carried out
commercial suppliers and used as received without further purifica- on a Bruker SMART CCD area detector diffractometer (Ma K
tion. The synthetic precursors, 1,10-phenanthroline-2,9-dicarbox- radiation, graphite monochromatdr= 0.710 73 A) at—133°C
aldehydé*2and 1,10-phenanthroline-2,9-dicarboxylic atiéiwere (140 K). Diffracted data were corrected for absorption using the
prepared according to the literature methods. SADABS program. Some softwaf@sincluding SMART (data

Proton-Transfer Compound LH,, [pyda-H;]2"[phendc]?. collection), SAINT" (cell refinement and data reduction), SHELX-
This compound was prepared by refluxing the equimolar amounts TL (version 5.10, structure solution & refinement; molecular
of pyda and phendtl, for 20 min at 90°C in 95% ethanol, and  graphics and publication material), and SHELXL-97 were used. A
the LH , compound was subsequently obtained by partial evapora- crystal of dimensions 0.& 0.3 x 0.4 mn? was mounted in a glass
tion of the solvent at room temperature and recrystallization of the capilary, and the data were collected in the range %.87< 30.17T,
resulting cream compound from water. Mp: 2224°C.H NMR with —16 < h < +16, —44 < k < +42,—-18 < | < +18. The
(DMSO-ds, 500 MHz): 6 5.87 (d,J = 7 Hz, H-3,5; py), 7.36 (t, structure was solved by direct method and refined by full-matrix
J=17 Hz, H-4; py), 8.14 (s, H-5,6; phen), 8.45 @+ 7 Hz, H-3,8; least-squares based &#. The crytallographic data are listed in
phen), 8.66 (dJ = 7 Hz, H-4,7; phen) ppmt:C NMR (DMSO- Table 1. The ORTEP diagram of the Co(ll) complex represents
dg): 0 95.04 (C-2,4; py), 124.05 (C-3; phen), 128.42 (C-5; phen), the atoms by thermal ellipsoids drawn at the 50% probability level.
130.53 (C-4a; phen), 138.24 (C-4; phen), 143.74 (C-4; py), 145.43  Potentiometric pH Titrations. All pH measurements were
(C-10b; phen), 151.65 (C-2,6; py), 154.41 (C-2; phen), 168.73 carried out with a model 632 digital pH meter equipped with a
(COO; phen) ppm. IR (Nujol): 34463250 (s), 3200 (m), 3080  combined glasscalomel electrode. The base used for potentio-
(m), 2006-1800 (m), 1720 (m), 1695 (m), 1660 (m), 1600 (M), metric pH titrations was carbonate free sodium hydroxide, which
1553 (w), 1500 (w), 1440 (s), 1405 (w), 1380 (s), 1350 (w), 1320  was standardized against primary standard oven-dried potassium
1295 (w), 1170 (m), 990 (w), 940 (w), 860 (m), 835 (m), 785 (m), hydrogen phthalate. A C&iree atmosphere for the base was
740 (m), 715 (s) cmt; (KBr): 636 (w), 607 (w), 560 (m), 427 ensured throughout. The potentiometric apparatus used consisted
(w), 360 (m), 300 (w) cmt. UV/vis: A, = 235.3,1, = 285.6,4, of a 50-mL glass jacketed cell, a constant-temperature bath (MLW
= 329.6 nm. MS-ES, CHOH and NaCl as carriersiyzz 110.0 thermostat, 25.@ 0.1 °C), a combined glass electrode, and a 10-
[(pyda+ H)*], 131.9 [(pydat+ Na)']. MS—ES, 0.2% formic acid mL capacity Metrohm piston buret, for which the tip was sealed in
in CH30OH and CHCN as carriery/z. 173.0, 203.1, 214, 233.8,  the cap of the titration cell with a clamp and O-rings. Atmospheric
269.2 [phenddHs] *, 279.2, 331.0, 363.1, 388.3, 403.4, 425.4,512.6, CO, was excluded from the titration cell with a purging steam
590.1. Anal. Found (Calcd for{gH;sNs04-H>0): C, 57.22 (57.72); of purified nitrogen gas. The electrodes were calibrated in the
H, 4.43 (4.33); N, 17.51 (17.71). thermostated cell with standard acidase to read pH directly

[pyda-H],[Co(phendc)]-10H,0. A solution of Co(CHCOO)- (pH = —log [H']). The value ofK,, = [H*][OH"] used in the
4H,0 (15.7 mg, 0.06 mmol) in water (10 mL) was slowly added calculations was 1037823 The concentrations of pyda, phendc
to a stirring aqueous solution (50 mL) bH , (50 mg, 0.13 mmol). H,, andLH ; solutions were 2.0< 1073, 8.0 x 1073, and 7.89x

(19) MacDonald, J. C.; Dorrestein, P. C.; Pilley, M. M.; Foote, M. M.;  (22) (a) Bruker.SAINT", Program for data reduction and correctipn

Lundburg, J. L.; Henning, R. W.; Schultz, A. J.; Manson, JJLAm. version 6.01; Bruker AXS: Madison, WI, 1998. (b) Bruk&MART,
Chem. Soc200Q 122 11692. Bruker molecular analysis research toolersion 5.059; Bruker
(20) Huc, I.; Maurizot, V.; Gornitzka, H.; Leger, J.-MChem. Commun AXS: Madison, WI, 1998. (c) Sheldrick, G. MSADABS, Brukér
2002 578, and references therein. Siemens area detector absorption correction prograsrsion 2.01;
(21) (a) Chandler, C. J.; Deady, L. W.; Reiss, J.JAHeterocycl. Chem Bruker AXS: Madison, WI, 1998. (d) Sheldrick, G. MbHELXTL,
1981 18, 599. (b) Wang, T.; Bradshaw, J. S.; Huszthy, P.; Kou, X.; Structure determination software suiteersion 5.10; Bruker AXS:
Dalley, N. K.; Izatt, R. M.J. Heterocycl. Cheml994 31, 1. Madison, WI, 1998.
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10~ M, respectively. A 9.446< 102 M sodium hydroxide solution Table 2. Selected'®C Data (ppm, DMSQd) of [pydaH;]?,

was used in the titrations of pyda and phethtic while a 7.844x phendeH,, andLH

1072 M solution was applied in the case lofl ,. The ionic strength c()? [pydaH2* [phendeH2] LH,

was adjusted to 0.1 M WI.th NaNpBefore an experimental pomt CG.5) (oY) 95.6 — 95.0

(pH) was measured, sufficient time was allowed for establishment  ¢(a) (py) 144.8 _ 143.7

of equilibrium. Ligand protonation constants and its metal com- C(2,6) (py) 152.% 151.7

plexes’ protonation, stability, and hydrolysis constants were cal-  C(2.9) (phen) - 148.8 154.4
C=0 (phen) - 166.8 168.7

culated using the program BEST methods described by Martell and

Motekaitis2* 2 The numbering system applied is the one normally used for pyridine

. . and phenanthroliné. Taken from ref 17.
Results and Discussion P

Synthesis and Characterization of Proton-Transfer ~ Table 3. UV/Vis Data (nm) of phendétz, pyda, and.H.

Compound, LH,. The strategy adopted in the synthesis of compd o A2 A3
LH ,is outlined in Scheme 1. It involves the initial oxidation phendeH2 234.4 285.6

of neocuproin with Seg) to the corresponding dialdehyde pyda 241.9 331.0
1,20 followed by further oxidation with HN@ (60%) to LH2 2353 2856 3296

prepare dicarboxylic acid. 2°° Subsequent reaction afwith

pyda under reflux condition in ethanol (95%) afforded » shift for the directly attached carbons to the carboxylate anion

i ! group was previously observed for doubly deprotonated
as a proton-transfer compound. The synthesiktép was [pydc]?~ tool’ It was found that neither the carboxylate

I rri in th li rinding the tw : .
also carried out in t © SO d state by grinding the .t ° anions nor the directly attached carbons to the protonated
components together (in the presence or absence of triethyl-

amine), reaction being indicated by a change in color of the a?;?:sssnes were much affected by the proton-transfer
resultant powder. Although the yield for both methods was P '

almost the samex70%), the former was found to be more The results of ES-MS under two carrier conditions, a
convenient and easier to scale-up. The melting poiii-of mixture of CHhOH/NaCl and a mixture of 0.2% formic acid

was sharp and different from the starting materials. in CH;OH/CHCN, showed two important peaksraz 110.0

A search in the literature on the characterization of the @nd 269.2. These data confirm the existence of [gitia
proton-transfer compounds involving carboxylic acids and @nd [Phenddd]” fragments irLH > aggregate, in agreement
amines indicated that IR spectroscopy has been widely used/ith the results obtained from NMR. The application of the
as a diagnosticly useful tool for investigation of the nature ES-MS technique on our previous proton-transfer compound
of the interaction in such compoun#sThe most definitive ~ Prepared from dipicolinic acid and pyda showed a proper

feature in the composite spectrum is the presence of strongMolecular ion peak’ However, in the present case, the
asymmetric and symmetric carboxylate stretching frequencies@PPropriate ion peak corresponding #d , was not observed
at 15506-1610 and 13001420 cntl, respectively?® As gnder the condition applied. It shoulq be noted that the carrier
reported in the Experimental Section, the first feature in the Influences the pattern of the resulting spectrum.
IR spectrum ofLH , is the characteristic loss of the broad ~ Finally, the formation of 1:1 proton-transfer compound
carboxyl O-H stretching frequency (25668300 cnt?) LH  in solution was further confirmed by UV/vis data (Table
together with the presence of asymmetric and symmetric 3). Which shows the characteristic bands of both phenan-
carboxylate stretching frequencies at 1600 and 1380tcm  throline and pyridine units.
respectively. Additional evidence for the formationldf » Synthesis and Characterization of [pydaH].[Co-
can be achieved from the presence of a broad medium bandphendc)]-10H;0. The reaction olL.H > with 0.5 M equiv
between 18062000 cn1?, confirming the presence of 0of Co(CHCOO)-4H,O afforded a green solution from
ammonium salt. which dark green crystals were obtained. The crystals
The NMR spectroscopic studies were conducted to further changed into green powder upon drying in air, due to the
characterize the chemical structureldfi ,. A comparison partial loss of water of crystallization. Elemental analysis
between'H and 3C NMR spectra ofLH, and the corre-  of the powder compound confirmed the chemical formula
sponding dicarboxylic acid, recorded in DMS#-clearly [pydaH],[Co(phendcy-6H,0. One of the features of the IR
indicated the presence of both 1,10-phenanthroline anddata of the Co(ll) complex is the separation between
pyridine rings inLH ,. From the selecte#!C NMR data of ~ va{COO") and v{(COQO") that has been often used to
[pydaH2]2*, phendeH,, andLH, (Table 2), it is apparent  diagnose the coordination modes in the carboxylate ligéhds.
that C(2) and C(9) (phen) shift greatly downfieldl € 5.65 The separation for unidentate carboxylato groups 200
ppm) upon deprotonation of phen#fz. Such a downfield  c¢cm™*, whereas it is<200 cnt! in bidentate one$.? Thus,
the separation of 257 crhin the present Co(ll) complex
(23) Schwarzenbach, G.; Flaschka Gemplexometric Titrationsvethuen: - jndicated a unidentate coordination mode for the coordinated
(24) Martell, A. E.; Motekaitis, R. JDetermination and Use of Stability ~ carboxylate groups. The coordinated COSretching band

Constants2nd ed.; VCH: New York, 1992. appeared at 15901650 cnt! and lattice waters at 3260
(25) (a) Lynch, D. E.; Thomas, L. C.; Smith, G.; Byriel, K. A.; Kennard,
C. H. L. Aust. J. Chem1998 51, 867. (b) Smith, G.; White, J. M.

Aust. J. Chem2001, 54, 97. (27) Deacon, G. B.; Phillips, R. Loord. Chem. Re 1980 33, 227.
(26) Williams, D., H.; Fleming, |.Spectroscopic Methods in Organic  (28) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coor-
Chemistry 5th ed.; McGraw-Hill: London, 1995. dination CompoundsPart B, 5th ed.; Wiley: New York, 1997.
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Figure 1. The molecular structure of the [Co(pheng&)complex.

3550 cnrt (asymmetric and symmetric OH stretching) and Table 4. Selected Bond Distances (A), Bond Angles (deg), and
1600-1630 cnt! (HOH bending). Another feature of the 1°rsion Angles (deg) for [pydailz{Co(phendc)-10H.0

IR spectrum was the presence of a band at 283'emfich gwmg; géggggg; 86(}1-?&)13) iéﬁgé)m)
is within the range of 1806290 cnt! considered for Co-N(2) 21135(15) 0(2yC(13) 1262(2)
v(Co—N).28 Co—N(4) 2.0409(15) o(7C(28) 1.256(2)
X-ray Crystal Structure of Co(ll) Complex. Among a Co-0(2) 2.3241(13) O(8)C(28) 1.258(2)
number of proton-transfer compounds obtained from car-  y)-co-n(1) 75.16(5) N(4)-Co-N(1) 134.84(6)
boxylic acids and amino derivatives of nitrogen heteroaro-  N(4)—Co—N(3) 76.31(6) N(2)-Co—N(3) 97.17(6)
; N(2)—Co—0(2) 70.29(5) N(1)}Co—N(3) 111.60(5)
matulzzsbfew X-ray crystal stru_ctures have been reported to N(&)—Co-0(7) 75.15() N4 Co—N(2) 149.81(6)
dater#” Our efforts to get suitable single crystal bH », N(1)—Co—0(7) 86.56(5) 0(7 Co-0(2) 92.80(5)
however, failed. Therefore, to reconfirm tHatl , exists as N(3)—Co—0(2) 85.56(5) N(1}Co—0(2) 143.11(5)
a proton-transfer compound, single-crystal structure deter- N@~Co—0(7) 109.30(6) O(7yCo-N(@) 151.24(5)

. —Co—0(2 79.76(5
mination of the resulting Co(ll) complex was undertaken. N@&)=Com0(2) ©)

Moreover, we were interested in observing the influence of mgg—go—mgg—ggg l?g-ég((ﬁ)) H((al;}ggg)):ggé)):gg —122-1?2()17)
. . . —Co— — . .
the c_our_1ter|on [pydd,]?t in Fhe complexation as well as N(4)—Co-N(1)~C(10) —1.97(17) N(23-C(1)-C(13}-0(2) 7.2(2)
the ligation and stereochemistry of the complex. N(3)—Co—N(1)—C(10) —93.96(14) N(4)-C(24)-C(28)-0O(7) 2.1(2)
The molecular structure of the complex with atom sgg—go—mg;—ggg ;?i?;(ZZ()M)Cé?fﬁ);ggg)):gg;)):gg; 1?3&238
. . . —Co—N(2)— _ _110.
numberlngl scheme and the crystal. packing diagram aréy 1) Co-N(3)-C(15) 48.38(16) C(2)C(1)-C(13)-0(2) —168.82(17)
presented in Figures 1 and 2, respectively. The selected bondi(1)-co—N@4)-C(24) 68.21(15) C(23)C(24)-C(28)-0(7) 179.81(17)
distances and angles and intermolecular hydrogen-bondO(7)-Co-N(2)-C(1) —96.88(13) C(9C(10)-C(14)-O(3)  25.7(3)
distances are listed in Tables 4 and 5, respectively. An O Co-N(4)~C(24) ~96.92(13) C(9y C(10}-C(14)-0(4) ~155.11(17)
important feature of the crystal structure is the presence of Table 5. Selected Hydrogen Bond Distances (A)
[pydaH]* ion and complexation of 1,10-phenanthrolinedi-

C o afld ) N(5K)—H(5B)---0(38) 217  O(2S)H(3--0O(1) 1.88
carboxylic acid in its doubly deprotonated form as a tridentate  N(4K)—H(4N)---O(4)  1.78  O(4S}H(4")-+-02 1.91
ligand. The lattice consists of [phendc] [pydaH]*, and N(2K)—H(2B)---O(5) =~ 1.96  O(10SyH(10")---O(5)  1.94

water molecules. It is clear the presense of [py" in N(LK)~H{IN)--O®)  1.86

the LH, ligand facilitates the formation of an anionic

complex. The metal center is hexacoordinated by four X
nitrogen atoms (N(EYN(4)) of phenanthroline rings, and two ~ &round the cobalt center in Ce®; (N(1), N(3)) segment.
oxygen atoms (O(2), O(7)) of carboxylato groups of The two [phendc ligands are almost perpendicular to each

respectively, providing a distorted tetrahedral arrangement

[phendc}- tridentate ligands. The metal to nitrogen distance Other (Table 4), and both free uncoordinated carboxylates

varies from 2.0409(15) to 2.2674(15) A. The two longer are linked bidentically to [pyd#i]* cations (Figure 2) via

Co—N distances (Table 4) are concerned with those (N(1), strong hydrogen bonding interactions (Table 5). The water
N(3)) that are closer to the free uncoordinated carboxylate molecules are also hydrogen-bonded to both free and
groups. The two CeO bond lengths are not the same coordinated carboxylates as well as to the cations and play

(2.2021(14) and 2.3241(13) A). The NAE0—0O(2) and a crucial role in the crystal structure framework. This might

O(7)-Co—N(3) bond angles are 143.11(5) and 151.2%4(5) be the reason the partial loss of lattice waters, upon drying
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Figure 2. Unit cell packing diagram of [pyd&l];[Co(phendc)]-10HO.

in air, resulting in its subsequent change into a powderish structure of this self-assembled compound, it was found that
compound. The [pyd&l]*™ cations are also potentially the two protonated sites are tweNH, nitrogens. Interest-
susceptible to having hydrogen-bonding interactions. There-ingly, once this compound participates in the complexation
fore, because of the existence of both ion-pairing and reaction with metal ions, the double protonated cationic
extensive H-bonding, this complex should have a high lattice counterion [pydeH,]>" is changed to single protonated
energy. [pydaH]* counterion with the protonated site being the
It is interesting to note that the protonated site in the pyridine nitrogen, similar to the examples mentioned for the
cationic counterion in the Co(ll) complex is the pyridine single proton-transfer compounds. On the basis of the
nitrogen. The same behavior has also been observed in theexamples given for both single and double proton transfer
complexation of the previously reported proton-transfer to pyda, it is predicted that the two protonated sites in the
compound; [pydaH]. [pydc]?, with some cation& Thus, case ofLH ; are two—NH; nitrogens, as depicted in Scheme
an interesting issue in connection with proton transfer from 1. The isolation of suitable single crystalsldfl , for X-ray
carboxylic acids, as donor, to amines, as acceptor, is thehas not been successful yet.
protonated site. The literature survey shows that there are Solution Studies.To obtain some information about the
examples of single proton-transfer compounds resulting from protonation constants of the building blocks of thd», in
amino nitrogen heteroaromatic compounds, in which the ring preliminary experiments, the fully protonated forms of the
nitrogens are protonated, e.g. 2-aminopyrimidine with 2- diamine (pyda) and diacid (phenti) were titrated with a

nitrobenzoic acid? trinitrobenzoic acid? salisylic acid®® standard NaOH solution in 50:50 ethan@later solution.
and dihydroxybenzoic acitf; 3-amino-1,2,4-triazine with  The resulting equilibrium potentiometric pH titration profiles
4-nitrobenzoic acid? dinitrobenzoic acid! and pydeH,;3? are shown in Figure 3a,b, respectively. The protonation

8-aminoguinoline with nitro-substituted benzoic acitfand constants K" = [HuL]/[H m-nL][H]) were calculated by
2-aminopyridine with 2,6-dihydroxybenzoic adi. The fitting the potentiometric pH data to the program BE&T.
more closely related examples reported recently are singleThe results are listed in Table 6. The species distributions
proton transfer from 2,4,6-trinitrobenzoic atitland 2- of the tested compounds pyda and phendc are shown in
nitrobenzoic acitfdto pyda. The most relevant example is Figure 4. It is seen that both compounds exist solely in
a very recently reported ca$€fpydaH], [pydc]?-, which completely deprotonated form at pH 9, while the three
can be synthesized from a double proton-transfer reactionprotonated forms of pyda and four protonated forms of
between pyddd, and pyda. On the basis of the X-ray crystal phendeH, show their maximum amounts at about pH 7.2
and lower.

(29 @r/;‘sctg'”()%r Egeftmg’gg‘ﬁ'ng{{% K. A; Kenard, C. H. lActa The cumulative stability constani8,, of H* complexes
(30) (a) Lynch D. E.; Smith, G.; Freney, D.; Byriel, K. A.; Kenard, C. H. with pyda, phendc, antH ; as well as the resulting Go
L. Aust. J. Cheml994 47, 1097. (b) Lynch, D. E.; Smith, G.; Byriel,  complex withLH , are defined by eq 1 (charges are omitted
K. A.; Kenard, C. H. L.Acta Crystallogr., Sect. @994 50, 1291. £ - lici
(31) Lynch, D. E.; Smith, G.; Byriel, K. A.; Kenard, C. H. lActa or simplicity).
Crystallogr., Sect. (1992 48, 1265.

32) Smith, G.; Lynch D. E.; Byriel, K. A.; Kenard, C. H. Aust. J. Chem _r’j)_r_
2 1995 48, 11%3. Y pM+qL +rH — MquHr ﬁpqr= M quHr]/[M] p[L] q[H]r
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Figure 3. Potentiometric pH titration curves of four systems in 50:50
water/ethanol solutions: (a, top) 22010-3 M pyda; (b, second from top)
8.0 x 1073 M phendeHy; (c, third from top) 7.89x 1074 M LHy; (d,
bottom) 7.35x 104 M LH; in the absence and presence of 34304

M Co?" at 25°C and ionic strength of 0.1 M (NaN{d

where L is the ligand, M is the metal ion, H is the proton,
andp, g, andr are the respective stoichiometric coefficients.
Since the ligand and complex activity coefficients are
unknown, theB,, values are defined in terms of concentra-

tions. The errors are minimized by use of a high constan

ionic strength (0.1 M NaNg) and low ligand concentration.
A literature survey on thely, values of phendél, showed

no experimental data. The four log protonation constants (34)
(6.96, 3.42, 3.26, and 2.56) for the phendc system are ss)

Moghimi et al.

Table 6. Stoichiometry 0.9.r), Notations, Logarithm of Cumulative
Stability Constangs(log ), Logarithm of Protonation Constants (169
for the Four H-pyda, H™-phendc, H-LH , and H™-Cc?**-LH ; Systems
at 25°C and lonic Strength of 0.1 M (NaN{

ligand max at
(L) cation (.q.r) notation log8 logK (%) pH
pyda HF (0.1.1) [pydaH]* 722 722 98.6 5.0
(0.1.2) [pydaHj]?* 10.12 290 54.0 25
(0.1.3) [pydaH3]3+ 1228 216 559 20
phendc (0.1.1) [phendd]~ 6.96 6.96 96.6 5.2
(0.1.2) [phenddHz° 10.38 342 36.2 3.4
(0.1.3) [phenddHs]* 13.64 3.26 495 28
(0.1.4) [phenddHs?" 16.20 256 77.6 20
L (0.1.1) [L-H]” 791 791 719 7.2
(0.1.2) [L-Hy° 1440 6.49 859 54
(0.1.3) [L-Hg* 18.72 432 678 3.7
(0.1.4) [L-Hq?%" 21.76 3.04 427 29
(0.1.5) [L-Hg]3" 2420 294 215 26
(0.1.6) [L-Hg)** 26.82 2.62 327 23
(0.1.7) [L-H75" 29.11 237 63.6 20
Co*t  (1.1.0) [Cd.]° 11.37 11.37 376 6.8
(1.1.1) [Cd-H]* 16.69 532 794 39
(1.1.2) [Cd.-Hg?* 1959 290 31.2 3.0
(1.2.0) [Cd.j]* 15.76 6.17 146 7.0
(1.2.1) [CdH]™ 23.01 725 260 7.0
(1.2.2) [Cd.*Hj]° 29.76 6.75 576 5.7

aUncertainties in the cumulative stability constants estimatedt@$
of the last significant digit.

comparable to the corresponding values reported for 2,6-
pyridinedicarboxylic acid by Crans et &.The three log
protonation constants in 2,6-pyridinedicarboxylic acid are
4.49, 2.03, and 0.5. The former being the value for pyridine
nitrogen. Two other sources have reported close values
(4.633%* and 4.76) for the protonation of pyridine nitrogen
of this diacid. According to a recent publicati¢hthe three
pK4's for 4-(4-aminophenylethynyl)pyridine-2,6-dicarboxylic
acid are as 3.54, 2.58, and 1.01. It is noted thatAKeof
0.7 corresponding to twe-COOH functions of phendtl,
is very close to the required value 0.6 that has been
considered for statistical separation for two noninteracting
carboxylic groups belonging to the same molecule. This
difference in 2,6-pyridinedicarboxylic acid, for instance, is
1.57 as reported by Buzli et al3®

As it is seen from Table 6, three protonation constants
were obtained for the pyda system. The kg 7.22 value
corresponding to the pyridine nitrogen is quite far from two
other values, 2.90 and 2.16, that are attributed to-tiH,
nitrogens. As expected, theKp value of pyda pyridine
nitrogen is greater than the reported 6.82 and 5.25 v&lues
for 2-aminopyridine and pyridine nitrogens, respectively.
From a comparison between the lggvalues of the two
—COOH functional groups of phendd, and the two first
higher values of the pyda system, it can be predicted that
proton transfer from phened, to pyda can take place in

¢ solution so that a double-proton-transfer compoutb is

(33) Crans, D. C.; Yang, L.; Jakusch, T. Kiss,lfiorg. Chem 2000 39,
4409.

Lewis, M. R.; Deerfield, D. W.; Hoke, R. A.; Koehler, K. A.; Pedersen,
L. G.; Hisky, R. G.J. Biol. Chem.1988 263 1358.

Tichane, R. M.; Bennett, W. B. Am. Chem. Sod 957 79, 1293.

presented in Table 6. The first two values correspond to the (36) Platas-Iglesias, C.; Giguet, C.; Afdie.; Binzli, J.-C. G.J. Chem.

two phendc nitrogens, and the last two represent the(37)
protonation of carboxylic functions. The obtained values are

1622 Inorganic Chemistry, Vol. 42, No. 5, 2003

Soc., Dalton Trans2001, 3084.
Weast, R. CCRC Handbook of Chemistry and PhysigSth ed.; CRC
Press: Cleveland, OH, 197%; p D-128.
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Figure 4. Distribution diagrams for pyda, phentiy, andLH, in the
absence and presence of?Csystems (from top to bottom).

produced, although tha log KM value of the proton donor

immediately obvious, the potentiometric titration curve of
theLH , system is depressed significantly in the presence of
Co*" ion, emphasizing the occurrence of some metal ion
complexation with_LH ; in solution. The resulting protonation
constants ofLH, system, as calculated by the program
BEST?*are also presented in Table 6. A comparison between
the protonation constants of theH , system and those of
the two components, pyda and phertdl; from which it is
formed, indicates some expected measurable differences due
to the transfer of two protons of the diacid to the diamine
molecules, in the process of proton-transfer compound
formation in solution. The occurrence of such proton denor
acceptor interaction would presumably cause an increase in
the protonation constants of pheride (especially theK ;"
andK;" values), while a decrease in those of the pyda. It is
interesting to note that the species distribution of lthé,
system shown in Figure 4c is also indicative of some changes
in the extent and position of protonated species, in compari-
son with those of the free diamine and diacid (Figure 3a,b).
The abbreviations 1=, LH™, LHs", and L,H,?>~ in Figure
3c,d denote the[pyda][pydc}?-, {[pydaH][phendc},
{[pydaH2][phendeH]}*, and{[pydaH].[phendc}}? spe-
cies, respectively.

The potentiometric pH titration curve dfH, in the
presence of Co ion was fitted to the program BEST, to
calculate the cumulative stability constants of the likely
complexed species in solution. The results are also included
in Table 6, and the species distribution diagranibff, in
the presence of Co ion is shown in Figure 4d. As it is
seen, among different 1:1 complexes, CoLH species with
an extent of about 80% at a range of about pH-3L& forms
the most abundant species in solution, while the maximum
amounts of CoL (at pH 7.0) and Coklat pH 3.0) are about
38 and 31%, respectively. On the other hand, a £iL
complex is formed to an extent of about 57% in a range of
about pH 5.2-6.2, while the amount of CgH and,
especially, Cok species even at about pH 7.0 is much lower
than that of the CojH, complex. Interestingly, our previous
reportd®de on the solution complexation studies of Co(ll)
and Cu(ll) with the self-assembled system [pHid[pydc]
(pydcH, = 2,6-pyridinedicarboxylic acid), indicated that the
complexes [(pyde)]z[Co(pydc)] and [(pydaH)]2[Cu-
(pydc)] are formed to an extent of about 41 and 44% in
ranges of about pH 4:04.5 and pH 3.55.5, respectively.
The X-ray crystal structures obtained for the isolated Co(ll)
and Cu(ll) complexes in those cases were exactly similar to

and proton acceptor in the present case has not reached tthe mentioned predominate solution structures. Thus, the

the required 3.75 value suggested in the literattihaterest-

ingly, upon complexation of 2 mol dfH, with Co(CHs-
COOQ), the two initial doubly protonated [pyelds]?"

counterions ofLH, are changed to two single-protonated
[pydaH]t, the [pydaH],[Co(phendc)] complex is formed,

and 2 mol of acetic acid are generated in solution.
The equilibrium potentiometric pH titration profiles bH

in the absence (panel ¢) and presence offGon in a 1:2
(C?":LH ) ratio are also included in Figure 3. As it is

(38) Johnson, S. L.; Rumon, K. A. Phys. Chem1965 69, 74.

previous and the present solution studies strongly support
the predominance of the formation of [(py&8].[Co(pydc})]

and [pydaH],[Co(phendc) species in ranges of about pH
4.0-4.5 and pH 5.2-6.2, respectively, with a stoichiometry
similar to that of the isolated crystalline complexes.

Conclusion

The present work has demonstrated that phé#dand
pyda are appropriate proton donor and proton acceptor in
the preparation of the protertransfer compountlH ,. This
has been concluded from both the characterization of the
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isolated resulting compound and the potentiometric solution 1,10-phenanthroline moiety, are expected to provide logical
studies. The protonation constants of thé, are different biological activities for the resulting complex. The in vitro
from the primary components, pyda and pheftic from biological activities of this complex are under investigation.
which LH ; was obtained. This well-designed novel proton-

transfer compound provides a suitable route for preparing Acknowledgment. The authors wish to thank Dr. H.
the first structurally characterized anionic metatganic Rahbarnoohi and Dr. M. F. Rastegar for performing the mass
coordination compound [pyeld],[Co(phendc)-10H,0. The spectroscopy measurements and Dr. B. B. Averkiev for the
potentiometric pH titration data clearly indicate that among crystal structure determination. Financial support by Teacher
different possible 1:1 complex species in solution, gk Training and Razi Universities is gratefully acknowledged.
species is the major one in a range of about pH-5.2.

This is strongly in support of that of the isolated crystalline ~ Supporting Information Available: Tables giving crystal data
complex. The anionic Co(ll) complex thus obtained involves and structure refinement, all atomic coordinates, bond lengths and
cationic counterions that play an important role in construc- f'ingles,. an.isotropic thermal parameters,.hydrogen coordinates and
tion of extensive H-bondings among [pherfd¢]pydaH]*, isotropic dlsplgce_mgnt parameters, tgrs,lon apglgs, an_d—aray(
and lattice HO molecules. Some useful properties of this crystallographlc file in CIF format. This material is available free
complex such as water solubility and susceptibility to have of charge via the Internet at http://pubs.acs.org.

extensive H-bonding interactions as well as possessing thelC025725D
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