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The formation of a sitting-atop (SAT) complex of Cu(ll) ion with 5,10,15,20-tetraphenylporphyritpgHin
acetonitrile has been observed, and the kinetic parameters for the formation were determined as Kgflows:
(3.6+0.1) x 1® mol~tdm? s 1 at 25.0°C, AHs¢" = 56+ 5 kJ molt, andASs¢" = 46+ 19 I mott K-1. The

IH NMR spectrum of the SAT complex (Cugkpp)?™) indicated that two pyrrolenine nitrogens coordinate to the
Cu(ll) ion and that two protons bound to the pyrrole nitrogens remain. The protons were abstracted by the
addition of pyridine (py) as the Bragnsted base to give the Cu(tpp) metalloporphyrin. In the presence of py, the
product for the reaction of the Cu(ll) ion with,kbp was Cu(tpp) instead of the SAT complex. The observed
conditional rates for the formation of Cuftdpy+ and Cu(tpp) were interpreted by the contribution offGu
Cu(pyy", and Cu(py)*" species, and the second-order rate constants of the SAT complex formatioksyvere
(3.54 0.3) x 10* mol~t dm?® s~ for Cu(pyf" andks; = 90 4 2 mol~ dm? s~ for Cu(py)?". Deprotonation

rates were measured by following the reaction between the SAT complex and py as a function of the py
concentration, and the second-order rate constant was determined to He@2A8x 10° mol~* dm® s1. The
present kinetic results have indicated that the SAT complex exists during the course of the metalation process
and that the SAT complex formation is a rate-determining step.

Introduction and this intermediate was called a sitting-atop (SAT) complex,
. _in which two pyrrolenine nitrogens coordinate to the metal ion
Many metalloporphyrins and analogues, such as hemoglobin, 54 two protons on the pyrrole nitrogens still remain. The
myoglobin, and chlorophyll, play significant roles in vi¥o? ~  gyigtence of the SAT complex could explain the experimental
The function of these metalloporphyrins occurs at the axial site inetics of the metalation for several porphyrins MN-
of an incorporated metal ion, and the majority of studies on the dimethylformamide (DMF}2-15 acetic acid dimethyl sulfox-
metalloporphyrin focus on the axial siteOn the other hand, ide (DMSO)17 and H0.1819 However, whereas the formation
the metalloporphyrin formation reaction is also one of the most .qnstant of the SAT complex was reported as being on the order
important processes in biological systems, and the importanceqs 12— 104 mol-1 dn# for Cu(ll) and Zn(ll) ions in DMF2.14
has been pointed out in relation to the biosynthesis of Feihe.  yhe fast reaction corresponding to the formation of the SAT
The metalloporphyrin formation mechanism is not, however, compjex was not observed. Furthermore, the reports on the
well established, not only in biological systems but also in yatection of the SAT complex have been very limited, only in

simple systems in vitré In 1960, Fleisher and Wang proposed o jjiar system&-23 and kinetic investigations of the SAT
that an intermediate should exist in the metalation protess, complex formation have never been examined.

The metalloporphyrin formation (reaction 1) between a metal
(1) da Silva, J. J. R. F.; Williams, R. J. Phe Biological Chemistry of ion (Mn+) and a genera| porphyrin éﬁ) Certair"y proceeds by

the ElementsClarendon Press: Oxford, 1991. - b .
(2) Fenton, D. EBiocoordination ChemistryOxford Science Publica- multlple steps. At least two steps, I.e., the coordination of the

tions: Oxford, 1995.

(3) Lavallee, D. K.Mol. Struct. Energl1988 9, 279. (12) Funahashi, S.; Yamaguchi, Y.; Tanaka,Bdll. Chem. Soc. Jpri984
(4) The PorphyrinsDolphin, D., Ed.; Academic Press: New York, 1978; 57, 204.
Vols. VI and VII. (13) Funahashi, S.; Yamaguchi, Y.; Tanaka, IMorg. Chem.1984 23,
(5) Blackwood, M. E., Jr.; Rush, T. S., lll; Medlock, A.; Dailey, H. A;; 2249.
Spiro, T. G.J. Am. Chem. S0d.997 119 12170. (14) Robinson, L. R.; Hambright, fnorg. Chim. Actal991, 185, 17.
(6) Lloyd, S. G.; Franco, R.; Moura, J. J. G.; Moura, |.; Ferreira, G. C.; (15) B.-Ackerman, M. J.; Lavallee, D. Knorg. Chem.1979 18, 3358.
Huynh, B. H.J. Am. Chem. S0d.996 118 9892. (16) Funahashi, S.; Saito, K.; Tanaka, Bull. Chem. Soc. Jpri981, 54,
(7) Conn, M. M.; Prudent, J. R.; Schultz, P. &.Am. Chem. S0d.996 2695.
118 7012. (17) Pasternack, R. F.; Vogel, G. C.; Skowronek, C. A.; Harris, R. K;;
(8) Taketani, S. IrRegulation of Heme Protein Synthedisijita, H., Ed.; Miller, J. G. Inorg. Chem.1981, 20, 3763.
AlphaMed Press: OH, 1994. (18) Hambright, P.; Chock, P. Bl. Am. Chem. S0d.974 96, 3123.
(9) Dailey, H. A.Biosynthesis of Heme and ChlorophyNcGraw-Hill: (19) Turay, J.; Hambright, Rnorg. Chem.198Q 19, 562.
New York, 1990. (20) Fleischer, E. B.; Dixon, RBioinorg. Chem1977, 7, 129.
(10) Lavallee, D. K.The Chemistry and Biochemistry of N-Substituted (21) Burnham, B. F.; Zuckerman, J.J.Am. Chem. Sod.97Q 92, 1547.
Porphyrins VCH: New York, 1987. (22) Letts, K.; Mackay, R. Alnorg. Chem.1975 14, 2993.
(11) Fleischer, E. B.; Wang, J. H. Am. Chem. Sod.96Q 82, 3498. (23) Macquet, J. P.; Theophanides,dan. J. Chem1973 51, 219.
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n+ - (n=2)+ + under a nitrogen atmosphere, we confirmed that water less th&n 10
M+ Hzp == M(p) +2H (1) mol dnv2 did not affect any results.

) ) ) Spectrophotometric Titration. To determine the formation con-
pyrrolenine nitrogens to Rt and the deprotonation of the  stants of Cu(lly-py complexes in AN, spectrophotometric titrations
pyrrole proton should be involved in the overall process of were performed. The measurement apparatus consisted of an automatic
reaction 1. According to previous kinetic experimehits;? buret (E665, Metrohm), a glass titration vessel, a flow cell (light path
however, the apparent reaction proceeded in a single step. To= 1 cm), a Teflon coated diaphragm pump (E-30, Kyoritsu), and a
elucidate the metalation mechanism, kinetic observation for eachUV —Vis spectrophotometer (UV-265FW, Shimadzu). The Cu(ll) ion
step is needed. Prevention of the deprotonation of the pyrrole solution was titrated with a py solution, and the absorption spectra for

protons will be achieved by the appropriate selection of solvents each titration point were recorded after achieving equilibrium. The
with low Brensted basicity, because released protons cannotObtained absorbance data were analyzed by the least-squares calculation

- - using the program MQSPEC over the wavelength range-860 nm?3!
be stabilized in such a solvent. In general, we must use g e prog Q g g

. - EXAFS Measurements. The sample solutions for the extended
noncharged metal species such asMX = halogenide) as a X-ray absorption fine structure (EXAFS) measurements were absorbed
source of metal ions, because a solvent with low basicity cannotn porous glass disks, which were sealed in a polyethylene bag in order
solvate the free metal ion. The use of such metal species,to prevent moisture ingress and evaporation of AN. X-ray absorption
however, leads to complexity in the mechanistic analysis of the spectra were measured in the vicinity of the Cu K-edge using the BL-
metalation reaction. The conflict concerning the selection of 10B station at the Photon Factory of the National Laboratory for High

solvent and metal was overcome by the use of acetonitrile (AN) Energy Physic23 The white synchrotron radiation was monochro-
in this work. matized by a Si(311) channel-cut crystal. The incident and transmitted
X-ray intensities were simultaneously measured by an ionization

The basicity of AN is much lower than that of other aprotic chamber with a length of 17 and 31 cm, filled with blas and a 3:17

solvents, such as DMF, DMSO, and pyridine (8%)2¢ On the mixture of Ar and N gas, respectively.
other hand, it is well-known that AN is a good solvent fqr the The details of EXAFS data analysis were previously repoitéd.
metal salts, such as M(CK and M(CESQy)n, though its  The model function of EXAFS oscillatiopeadk) is given ad !
donating ability is not so gredt. Thus, the use of AN is the
best selection for the mechanistic investigation of the metalation K=
o8 . - . Xcal

reactionz® In this work, we performed kinetic measurements N or
between the Cu(ll) ion and 4pp in AN and first succeeded in = - 2 i

o L —VF.(7,K) sin{2kr. — a;(K)} exd| =204 — —| (2
detecting directly the SAT complex and evaluating independ- z 2 () sinf2ke; = o4()) ! @
ently its formation and deprotonation kinetics. First of all,
equilibria and structures of Cu(ll) complexes in the presence
of py in AN were characterized in order to determine the initial
state for the reaction systems subsequently investigated.

] krj

whereF;( k) is the backscattering amplitude from eactNp§catterers

j at a distance; from the Cu center.g; is the Debye-Waller factor,

A is the mean free path of an ejected photoelectron, &g is the

) ) total phase shift. The values Bf(s,k) anda(k) reported by McKale
Experimental Section et al. were usett The parameter&, andA were determined by an

) ) EXAFS spectrum of an aqueous solution of Cu(ll) ion as a standard

Materials. A Sm"i" excess of GISOH Was_dropped |n_to suspended sample on the basis of the structure parameters determined by the X-ray

CuO (Wako, 99.99%) in water. The solution was stirred for a day, dgiffraction method®# The obtained values df, and . were kept

residue_s were filtered, and the resultant solution was th_er_l concentrated, o nstant during the course of the structural analysis of the other sample

to obtain blue crystals of Cu(;IED)s'(CF3803)2. The containing water solutions, and the values of oj, andN;, were optimized as variables.

was completely expelled by heating at 3W0, and a Wh'tf powder of ¢ jeast-squares calculations for refinement of the structure parameters

CU(CESQ)Z_ was obtaolned. Anal. Found: Cu, 17.6%. Calcd for were applied to the Fourier filterddy(k) values so as to minimize the

CU(CES_Q;)Z- Cu, 17.6%. o _ _ error-squares sumy{kosdk) — KycadK)}2 Calculations were
Pyridine (Wako, Pr. G.) was distilled twice under nitrogen atmo- performed using the program REX (Rigak#).

sphere after dehydration using 4A molecular sievegipp{Dojin) was NMR Measurements. *H NMR spectra for sample solutions were

used without further purification, because it was spectrophotometrically aasured using an AMX400 FT-NMR spectrometer (Bruker) at 400.13
confirmed that the existence of impurities, such as 5,10,15,20-tetra- \iyz and 21+ 1 °C for the following sample solutions: (1) 4.9

phenylchlorine, was negligible. 5,10,15,20-Tetraphenylporphyrinato- 15-2 mol dnr3 of Hatpp in CDCE, (2) 1.0 x 104 mol dnv2 of Hatpp
copper(ll) (Cu(tpp)) was synthesized according to a reported proce-
dure?®30 Acetonitrile was dried over 4A molecular sieves and distilled

under nitrogen. Sample solutions were prepared by dissolving each

(31) Suzuki, H.; Ishiguro, Snorg. Chem.1992 31, 4178.
(32) Nomura, MKEK Report 85-7National Laboratory for High Energy

reagent in AN under a nitrogen atmosphere in order to prevent Physics: Tsukuba, 1985.
contamination by water in air. The content of water in the sample (33) Nomura, M.; Koyama, AKEK Report 89-16 National Laboratory
solutions was confirmed to be less thanx510-2 mol kg™ by the for High Energy Physics: Tsukuba, 1989.

Karl—Fisher method. Although all the measurements were carried out (34) {%%‘iaég'igsygimom’ K.; Ozutsumi, K.; Funahashijigrg. Chem.

(35) Inada, Y.; Ozutsumi, K.; Funahashi, S.; Soyama, S.; Kawashima, T.;

(24) Barrette, W. C., Jr.; Johnson, H. W., Jr.; Sawyer, DAflal. Chem. Tanaka, M.Inorg. Chem.1993 32, 3010.
1984 56, 1890. (36) Sayers, D. E.; Stern, E. A,; Lytle, F. Whys. Re. Lett. 1971, 27,
(25) lzutsu, K.Acid—Base Dissociation Constants in Dipolar Aprotic 1204.
Sobents Blackwell Scientific Publication: London, 1990. (37) Stern, E. APhys. Re. B 1974 10, 3027.
(26) Lias, S. G.; Liebman, J. F.; Levin, R. D. Phys. Chem. Ref. Data (38) Lytle, F. W.; Sayers, D. E.; Stern, E. Rhys. Re. B1975 11, 4825.
1984 13, 695. (39) Stern, E. A.; Sayers, D. E.; Lytle, F. \Whys. Re. B 1975 11, 4836.
(27) Gutmann, VThe Donor-Acceptor Approach to Molecular Interac- (40) Lengeler, B.; Eisenberger, Phys. Re. B 198Q 21, 4507.
tions Plenum Press: New York, 1978. (41) Lee, P. A;; Citrin, P. H.; Eisenberger, P.; Kincaid, B. Riv. Mod.
(28) Although the solubility of Hpp is quite low in AN, the high molar Phys.1981, 53, 769.
absorptivity of Htpp in the visible region permitted runs of metalation  (42) McKale, A. G.; Veal, B. W.; Paulikas, A. P.; Chan, S. K.; Knapp, G.
reactions. S.J. Am. Chem. S0d.988 110, 3763.
(29) Dorough, G. D.; Miller, J. R.; Huennekens, F. 81.Am. Chem. Soc. (43) Ohtaki, H.; Radnai, TChem. Re. 1993 93, 115.
1951 73, 4315. (44) Marcus, Y.Chem. Re. 1988 88, 1475.

(30) Adler, A. D.; Longo, F. R.; Kampas, F.; Kim,J.Inorg. Nucl. Chem. (45) Teranishi, T.; Harada, M.; Asakura, K.; Asanuma, H.; Saito, Y.;
197Q 32, 2443. Toshima, N.J. Chem. Physl1994 98, 7967.
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Table 1. Experimental Conditions for EXAFS Measurements

Ceu Coy mole fraction

sample solvent mol dn13 mol dnr3 Cu?r Cu(pyy+ Cu(py)r?" Cu(py)?" Cu(py)?*
W H,0 0.482 1.00 0 0 0 0
PO AN 0.498 0 1.00 0 0 0 0
P1 AN 0.498 0.303 0.46 0.48 0.06 0 0
P2 AN 0.498 0.919 0.01 0.21 0.72 0.06 0
P3 AN 0.498 1.21 0 0.02 0.55 0.41 0.02
P4 AN 0.498 1.69 0 0 0.04 0.53 0.43
P5 AN 0.498 2.21 0 0 0 0.01 0.99

in CDsCN, and (3) a CBCN solution containing 7.& 10~ mol dn3
of Hatpp and 3.5x 1072 mol dn13 of Cl?™.

Kinetic Measurements. Absorption spectra were recorded on a
UV —vis spectrophotometer (UV-265FW), and the spectral changes for Cu-N(ankf  Cu-N(py)e  Cu—N(anh!

Table 2. Structure Parameters of the Cufthy Complexes in
Acetonitrile*

the fast reactions were followed by a stopped-flow rapid-detection N rlpme N r/pne N r/pne
system (RSP-600-06, Unisoku). The absorbance changes for the Cu@ny” 2 199 > 218
reaction between the Cu(ll) ion andtip were monitored at 416 nm. Cu(py)(any* 3 202 1 199 5 530
A stopped-flow three-sample mixer (newly developed and now com- Cu(pyh(an)?* 2 202 2 202 2 230
mercially available RS-3, Unisoku) with three sample syringes and two Cu(py)x(an)?* 1 205 3 202 2 232

mixing chambers was used for the kinetic measurements of the Cu(py)x(any?* 4 204 2 237
deprotonation reaction; after a first mixing of AN solutions of the Cu(ll) .
ion and Htpp, the absorbance changes at 414 nm for the deprotonation  *Eo = 9002.6+ 0.3 eV,41 = 594 + 19 pm.” The ¢ value of 5.9

were followed by a subsequent mixing of the first mixed solution and PM, Which was obtained from the data of sample PO, was used for all
samples® The o value of 5.8 pm, which was obtained from the data

a py solution. of sample P5, was used for all samplé$he o values were 16.7, 15.8,
Results and Discussion 13.8, 13.2, and 11.1 pm for Cu(af), Cu(py)(any**, Cu(pyp(an)**,
Cu(pyl(an)?t, and Cu(py)an)?*, respectively® Error ofr is estimated
Equilibria and Structures of Pyridine Complexes of Cu(ll) to be ca. 1 pm.
lon in Acetonitrile. The Cu(ll) ion solutions (the initial
concentration= 2.45 x 1072 and 4.51x 103 mol dm3) were The values ofCc, and Cpy of the sample solutions for the

titrated with the py solutions of 0.544 and 0.551 mol &m EXAFS measurements and the calculated mole fraction of each
respectively. An example of the titration curve at 700 nm is Cu(ll)—py complex are summarized in Table 1. The observed
shown in Figure S1A (S: Supporting Information). The EXAFS oscillationsy.ndk) weighted byk3 and the Fourier

observed spectral data were analyzed by the least-square$ransforms are shown in Figures S2 and S3, respectively. The
calculation on the basis of eq 3 main peaks (ca. 160 pm) in Figure S3 were attributed to the

4 nearest Ct-N or Cu—0 interactions. In AN, the longer GuC

_ 2+ nonbonding interactions appeared in thange 206-300 pm,
A= pA GCU(pyw,i[Cu(py)n ] ©) where the multiple scatterings would also be included. In the
case of the sample solutions containing py, the peaks originating
whereA is the absorbance at wavelengindecygy)2*, is the from the nonbonding CurC(py) interactions and the multiple
molar absorption coefficient of Cu(py) at wavelength. The scatterings were also observed around -3900 pm. The
total concentrations of the Cu(ll) iorC¢y) and py Cpy) are intensities of these peaks gradually increased with respect to
described by eq 4 using the formation constayf the Cu(ll)— an increase iiCyy. In this work, the main peaks (85 r/pm <
py complexes defined &%, = [Cu(pyh?T][Cu?t]~1 [py] ™. 205 in Figure S3) were extracted and used for the structural
4 analysis. The Fourier filtered and the calculated EXAFS
— 102t 2+ n oscillations are consistent with each other, as shown in Figure
Cop=[CuTT+ £ AolCUIIpyT, S4, and the obtained structure parameters are summarized in
4 Table 2.
C.,=[py] + Z nﬂn[Cu2+][py]” (4) For the structural analysis of the CufHpy complexes, the
» & structure parameters around the Cu center f @ad Cu(py)?+

were first determined from the data of samples PO and P5 (see
Table 1), respectively. Because sample P1 contained béth Cu
and Cu(pyj", the contribution of Cu(py) to the k3 ondK)
function was extracted using the Fourier filteregi(k) values

of sample PO on the basis of mole fractions. The structure
parameters of Cu(pyy" were similarly determined from the
data of samples P4 and P5. In the case of samples P2 and P3,
ther values for three kinds of interaction, i.e., €M(an)q (the
nitrogen of AN in the equatorial site), GUN(py)eq (the nitrogen

of py in the equatorial site), and €WN(an)ky (the nitrogen of

AN in the axial site), and ther value for the Cu-N(an)x
interaction were optimized by fixing th& values for all
interactions and the values for Cu-N(an)kqand Cu-N(py)eq

Py- Because the obtained values of samples P2 and P3 were

(46) Sun, M. S.. Brewer, D. GCan. J. Chem1967, 45, 2429, accepted as the mean values of some Cufii) species

(47) Cox, B. G.; Parker, A. J.: Waghome, W. E.Phys. Cheml974 78, (Cu(pyy* and Cu(pyy** for sample P2; Cu(py}* and Cu-
1731. (py)s%* for sample P3), the structure parameters of Cufdy)

The obtained absorption spectra of the Cufpy¥pecies are
shown in Figure S1B, and the valuesffat 25.04+ 0.1°C are
as follows: logB/mol~t dm?®) = 6.4+ 0.5, log(3/mol~2 dmP)
= 11.9+ 0.6, log3z/mol—3 dm°) = 15.8 + 0.6, and logBs/
mol~* dm!?) = 18.54 0.6. In water, the corresponding values
were reported as 2.60, 4.54, 5.80, and 6.70, respecti@#lys
reasonable that the formation constants in AN are much larger
than those in water due to the weaker solvation of AN for the
Cu(ll) ion. This is consistent with the negative value56.3
kJ molY) of the transfer free energy of €ufrom AN to
water4” We have used thg, values in order to calculate the
distribution of the species in the sample solutions containing
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0.10 Cu(tpp) &max= 414 nm) and has a characteristic broader Soret
band compared with those of,tgp and Cu(tpp). This fact
0.08 suggests that the porphyrin ring in the product should be
distorted. According to théH NMR results described just
below, in addition to the above results, we have concluded that
the product of the reaction between®and Htpp is the SAT
complex (Cu(Htpp)}?"), which is stable at least for a few hours
in AN.

Figure 1B shows'H NMR peaks assigned to NH and
0.00 B-pyrrole protons for Hpp in CDCE and the SAT complex in
400 450 500 550 CD4CN, and the chemical shift values are summarized in Table
Wavelength / nm 3 together with the reported values foptpp 5253 Although
the SAT complex contains the paramagnetic Cu(ll) ion having
B-pyrrole B S =1/2, thep-pyrrole protons have been clearly observed as
seen in some low-spin Fe(Ilporphyrin complexe&*>5 The
N-H H NMR spectra of Htpp in CDCE and CRXCN were almost
\ identical, and the signals of the-NH and -pyrrole protons
; = - were observed at a ratio of 1:4 in intensity. The finding that
9.0 86 -2.0 —2.4 —2.8 the signal of the N-H protons in the SAT complex was clearly
observed at-2.05 ppm relative to TMS strongly indicated that
the N—H protons remain in the SAT complex (Cutidp¥*).
N-H In contrast to the case ofkbp, two kinds of-protons for the
/ SAT complex were observed with a ratio of 1:1, which had
A twice the area of the peak for\H protons. The peaks, one a
—— singlet and the other a doublet, were attributed to the protons
9.0 86 -20 -24  -28 in the pyrrolenine group coordinated and in the pyrrole group
4 (relative to TMS) / ppm not coordinated to the Cu(ll) ion, respectively. A similar
Figure 1. Spectral change for the formation of the SAT complex (A) splitting was reported for Hpp ’?‘t the low temperature 6f80
andH NMR spectra for Htpp and the SAT complex (B): (A) the  ~C, because the NH tautomerism at such a low temperature
spectra at 10.4, 20.4, 30.4, 40.4, and 60.4 ms after the start of thewas frozerP?53 where the signal of th@-pyrrole protons of
reaction, [Htpplo = 1.5 x 1075 mol dn13, [Cu?*] = 5.47 x 10~* mol the pyrrole groups with NH protons was observed at a lower
gngﬁrglrédpzrgt-ﬁso(-é \:v(f:s;r(flige)lg)]?o?e;gs (C’J;B:rNrét‘i%g%rgﬁzdg n"j"gd field relative to that of the pyrrolenine groups without the N
of Hatpp in CDCE) and the 7SAT complex (lower, GCN solution Erotons (seg Tabledf:’f). ;I;]heé)f\_gl)_osne trlendlln CTﬁm(ljcal SIhIIt Wai’
containing 7.0x 10-2 mol dnv2 of Hatpp and 3.5x 1072 mol dnr2 of ovyever, observed for the complex, 1.e., .e ou. et peal
Ct). assigned to thg-pyrrole protons appears at a higher field (see
Figure 1B). This indicates that the two pyrrolenine nitrogens

were determined on the basis of mole fractions, and they were Without an N-H proton bind to the paramagnetic Cu(ll) ion,

in agreement with each other within the experimental uncertain- because the dipotedipole and scalar coupling interactions with
ties. the paramagnetic ion lead to their downfield shfft? Fur-

thermore, the peak for NH protons was shifted downfield

consistent with the mean value (204.6 pm) of the-Gubond relative to that .of I—ljtpp. This is a;cribgd to poth the.disto.rtion
lengths of Cu(py) (OCOCR), in a single crystdf and was by of the porphyrln ring and the dipotedipole |nteract|on with
5 pm longer than that of the CtN(an)q of Ci2* in AN. The the paramagnenc ion. Beca}use the protons in Htpp are
longer M—N bond lengths in pyridine derivatives compared to Nighly shifted to the upper field due to the ring current of the
those in AN were also reported for Mn(11) and Ni(ll) ioA%:5! planar porphyrin ring, the distortion of the porphyrm ring in
The fact that a gradual increaseriwas observed with respect  the SAT complex then leads to the downfield shift. Two types
to an increase in the number of py molecules around the Cu ©f Porphine skeletonsl(and2 in Chart 1) are possible for the
center for both the CuN(an)q and Cu-N(py)eq interactions SAT cpmplex with pyrrolenine nitrogens coordlnatmg to the
reflects the stronges-donation of py compared to that of AN, Cu(ll) ion. The observedH NMR spectrum determines the
Characterization of the SAT Complex in Acetonitrile. symmetrical structure of, because in the case @fthe two

Figure 1A shows the spectral change for the reaction betweenﬂ-protons of the pyrrolenine ring are not identical. Furthermore,
Cw* and Htpp in AN. This process was completed within the clear splitting of two kinds gf-protons indicates that the

ca. 100 ms even in an excess?Cwoncentration of the order N-H tautomer_lsm in the SAT complex is not so fast with
of 104 mol dm3 and was extremely fast in comparison with respect to the time scale of tfid NMR measurements at 2
the usual metalloporphyrin formation of the Cu(ll) i&#517.19 1°C.

The absorption spectrum of the produéffx = 406 nm) is

apparently different from those ofap (Amax = 417 nm) and (52) Storm, C. B.; Teklu, YJ. Am. Chem. S0d.972 94, 1745.
(53) Storm, C. B.; Teklu, Y.; Sokoloski, AAnn. N.Y. Acad. Scil973

0.06

0.04

Absorbance
Absorbance

0.02

Ther value of the Ca-N(py)eqinteraction in Cu(pyy+ was

206, 631.
(48) Pradilla, S. J.; Chen, H. W.; Koknat, F. W.; Fackler, J. P.Ining. (54) Momot, K. I.; Walker, F. AJ. Phys. Chem. A997 101, 9207.
Chem.1979 18, 3523. (55) Tan, H.; Simonis, U.; Shokhirev, N. V.; Walker, F. A.Am. Chem.
(49) Kurihara, M.; Ozutsumi, K.; Kawashima, J. Sol. Chem1995 24, So0c.1994 116 5784.
719. (56) Berliner, L. J.; Reuben, Biological Magnetic Resonanc®lenum
(50) Inada, Y.; Funahashi, ®nal. Sci.1997 13, 373. Press: New York, 1993.
(51) Inada, Y.; Sugata, T.; Ozutsumi, K.; Funahashinsrg. Chem1998 (57) Bertini, |.; Luchinat, CNMR of Paramagnetic Molecules in Biological

37, 1886. SystemsBenjamin: California, 1986.



Kinetics of the Sitting-Atop Complex of Copper(Il) Inorganic Chemistry, Vol. 37, No. 21, 1998523

Table 3. Values of Chemical Shift for lpp and the SAT Complex

o (relative to TMS)/ppm

solute solvent N-H phenylE) phenylfn,p) pyrrole(3)?
Hatpp CDCk —2.77(s) 7.7£7.78(m) 8.20-8.23(m) 8.84(s)
Hatpp CD:CN —2.87(s) 7.86-7.87(m) 8.22-8.25(m) 8.85(s)
Hatpp? CDCIl/CS, —3.33(s) 7.8(m) 8.3(m) 8.75(s)
HatppPe CDCl/ICS, 8.90(d), 8.61(s)
Cu(Hetppyt CDsCN —2.05(s) 7.3+7.50(m) 8.16-8.12(m) 8.66(d), 8.77(s)

aWhen two values are represented, the former is the value @-th®n the pyrrole groups with NH proton and the latter is that of the other.
b Reference 52¢ At —80 °C.

Chart 1 value of 56 kJ moi! for the SAT complex formation in
comparison with that for the solvent exchange is attributable to
the distortion pre-equilibrium of the porphyrin ring. To distort
the highly conjugatedr-system of the porphyrin ring must
require a positive enthalpy change as calculated by Scheidt et
al. using molecular mechanié%.The distortion pre-equilibrium
should also lead to a large positive value &8 due to the
increase in intramolecular freedom of the stretching and bending
modes in the porphyrin ring. Thus, we have concluded that

1 2 the SAT complex formation is followed by the reaction scheme
as follows:
Table 4. Rate Constantdor Formation and Deprotonation of the «
SAT Complex . H,tpp Ko, HztppT 5)
Formation
ksgmol L dnP st (3.6+£0.1)x 10° K
AHsg/kJ molt 56+5 CU" + H,tpp' = CU™+--H,tpp' (6)
ASs¢ /I molFt K1 46+ 19
ksymol™* dm?s™* (3.6+0.3) x 10* K,
ksZmol~t dm? st 904+ 2 Cu2+-"H2tppT = Cu(Hztpp)” (7)
Deprotonation
K-pz/molt dm? s7? (23+£0.1)x 1? where Kp and Kos represent the distortion pre-equilibrium
k-roKsdmol=2 dmP s~ (5.1+0.5) x 10° constant and the outer-sphere association constant between the
a At 25.0 4+ 0.1 °C. distorted Htpp (Hqtpp’) and C@*, respectively. The rate-
determining step (reaction 7) is thought to be the exchange with
Formation Kinetics of the SAT Complex in Acetonitrile. a dissociative-interchange mechanism between a bound AN
The conditional first-order rate constantgy for the SAT molecule at the axial site and a pyrrolenine nitrogen g

complex formation were determined under the pseudo-first-order The succeeding chelate ring closure step to form the SAT
conditions with excess Cu(ll) concentratioB) (Table S1) complex, in which Htpp coordinates to the Cu(ll) ion as a
and evaluated to be proportional®@g, as shown in Figure S5.  bidentate ligand, is generally faster than the coordination of a
Thus, kops Values were given akyps = ksgCcu.  The second- first donor atom.

order rate constarkso, the activation enthalppHsgf, and the Zero intercept of the plot df,ps values as a function ¢y,
activation entropyASs¢* for the SAT complex formation were  as shown in Figure S5, suggests the quantitative formation of
determined to be (3.6 0.1) x 10° mol~* dm® s1 at 25.0+ the SAT complex, and the overall formation constant can be
0.1°C, 56+ 5 kJ mol?, and 464 19 J moi'! K1, respectively estimated to be larger than Lthol~? dmé. As seen in the
(Table 4). formation constants of the Cu(tpy complexes, the larger

Usually, the rates of both solvent exchange and complexation formation constant of the SAT complex in AN rather than in
reactions of the Cu(ll) ion are extremely fast due to the lability the other solventd17is due to the weaker solvation ability of
at elongated axial sites. The valuesAdfi* andAS' for solvent AN for the Cu(ll) ion. Furthermore, in comparison with the
exchange were respectively reported as 11.5 kJhawld—21.8 formation constant of Cu(py) (81 = 10°* mol~1 dmd), the
J mol! K=1in H,0,58 24.3 kJ mot! and 8.1 J moll K1 in larger value for the SAT complex formation supports thgtpl
DMF,%® and 17.2 kJ mol! and —44.0 J mof! K1 in coordinates to the Cu(ll) ion as a bidentate ligand, because the
methanok%61 and it has been interpreted that the reaction basicity of Htpp is smaller than that of p§# 66 This is
proceeds via a dissociative-interchange mechanism at a labilizedconsistent with the determination of structurdy 'H NMR.

axial site. Although unfortunately thAH¥ value in AN has Formation Kinetics of SAT and Cu(tpp) Complexes in the

not been available, it is estimated to be-2® kJ moi? by Presence of Pyridine. The spectral changes for the reaction

analogy to the trend oAH* values for the first-row transition  of Hutpp with the Cu(ll}-py complexes in the presence of

metal(ll) ions in HO, DMF, and methand®? The largerAH* various amounts of py showed that the reaction product was

(58) Powell, D. H.; Helm, L.; Merbach, A. El. Chem. Phys1991, 95, (63) Cheng, B.; Munro, O. Q.; Marques, H. M.; Scheidt, W.JRAm.
9258. Chem. Soc1997 119 10732.

(59) Powell, D. H.; Furrer, P.; Pittet, P.-A.; Merbach, A.EPhys. Chem. (64) The reported i, value of Htpp* (4.4 in water§® is smaller than that
1995 99, 16622. of Hpy™ (5.3 in water)%® The trend of basicity in AN is usually the

(60) Poupko, R.; Luz, ZJ. Chem. Phys1972 57, 3311. same as in waté®,

(61) Helm, L.; Lincoln, S. F.; Merbach, A. Enorg. Chem198§ 25, 2550. (65) Aronoff, S.J. Phys. Cheml958 62, 428.

(62) Wilkins, R. G.Kinetics and Mechanism of Reactions of Transition (66) Smith, R. M.; Martell, A. E.Critical Stability ConstantsPlenum
Metal ComplexesVCH: New York, 1991. Press: New York, 1975.
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Figure 2. Plots of logarithmic values of conditional first-order rate  Figure 3. Plot of logarithmic values okqps for Cu(tpp) formation
constants for formation of the SAT complex (circles) and Cu(tpp) shown in Figure 2 as a function of log([py)/mol df). Circles, triangles,
(triangles) as a function doE,,, where (a)Ccy = (1.41-1.50) x 104 and squares represent the valueSat= (1.41-1.50) x 1074, (2.98-

mol dm 3, (b) Ccy = (2.98-3.01) x 10°* mol dnv3, and (c)Ccy = 3.01) x 104, and (7.677.79) x 10~* mol dnT3, respectively.
(7.67-7.79) x 10 mol dnT3.

the slope of the loglog plot of kopd[CU2T] against [py] is varied
from 1 to 2. Thus, it can be deduced that the reacting Cu(ll)
species are Cu(py) and Cu(py)?". The reactions to form

changed from the SAT complex (Figure S6A) to Cu(tpp) (Figure
S6B) with increasingC,y. It was indicated that Cu(tpp) was
not formed until the concentration of free py ([py]) exceeded Cu(tpp) are then expressed as reactions 12 and 13kaad

twice the total concentration ofj-pp_([Hzt_pp]o). Th|s clearly values were analyzed using eq 14.
means that a proton acceptor, py in this case, is necessary to

form Cu(tpp) in AN. Unobservable formation of the SAT ks
complex in the sample solutions with [py} 2[H2tpplo suggests Cu(py)2+ + Hztppi Cu(tpp)+ 2pr+ 12)
that the formation constant of the SAT complex with Cu(d¥) i
will be decreased with an increasing number rof The "
conditional first-order rate constant&y) determined as a Cu(py)22++ Hztppi Cu(tpp)+ 2pr+ (13)
function of C,y at 25.04 0.1°C (Table S2) are plotted against Py
Cypy in the case of three differeic, in Figure 2.

The change irkops for the SAT complex formation (circles Kops = Ks7 [CU(pyF '] + ks, [Cu(py),”'] (14)
in Figure 2) was perfectly reproduced by taking into consider-
ation the contribution of Cu(pyy and Cu(py)*" species and  Under the experimental conditions where the Cu(tpp) formation
no contribution of Cu(pyf* and Cu(py)*" species, as shown  occurs, the contribution of Gt is negligible because of its

in egs 8-10. extremely small concentration. It is reasonable that the protons
‘ released by reactions 12 and 13 will be stabilized by the
CU™ + ngpﬂ Cu(Hztpp)2+ (8) coexisting py. The rate constants were determined as follows:

ksi = (2.6 & 0.8) x 10* mol~* dm? st andks; = (1.34 0.6)

N kst ot x 107 mol~t dm® s71. The finding that the values dé; and
Cu(pyY" + H,tpp— Cu(H,tpp)(py),”" + (1 — m)py, ks2 are almost identical to those &&; andks;, respectively,
m=0,1 (9) indicates that the SAT complexes should be formed in the
) process of the Cu(tpp) formation and that the SAT complex
'S2 1 - N
Cu(py)22+ + H,tpp— Cu(Hztpp)(py)er + (2 - n)py, formation should be a rate-determining step for the Cu(tpp)

formation, becausé&s; andks; might be much smaller than
ks1 and ksy, respectively, if the SAT complex formation is a
Under the present experimental conditions£filo = 1.5 x pre_-equilibrium state prior to a rate-determining deprotonation.
106 mol dnv3, Ce, = 1.46, 2.98, and 7.7% 104 mol dn 3, This conclusion was also supported by the results of the
andC,y, = (1.75-14.3) x 104 mol dm3), kepsis given by eq deprotonation rates of the SAT complex (vide infra). Using
11, because it is acceptable that the formation and dissociation@!l Points in Figure 2 according to eq 11, the valuesgfand

rates of the Cu(IP-py complexes are more rapid than the Kszwere finally determined to be (3:6 0.3) x 10* mol™* dm®
formation rate of the SAT complex. stand 90+ 2 mol dm? s™! at 25.0+ 0.1 °C, respectively

(Table 4). The calculated curves in Figure 2 reproduce very

Kops = kso[CU2+] + kg l[Cu(py)2+] + kg Z[Cu(py)22+] (11) well the experimentak,ps values over the whole range Gf.
It should be noted that the rate constant of the SAT complex

n=0-2 (10)

By a least-squares analysis fixing tfig (n = 1—4) andksg formation gradually decreases with an increasing number of py
values independently determined, the second-order rate constantsolecules coordinating to the Cu(ll) iokso > ks1 > Ksp, though
were obtained as followsks; = (2.7 & 1.1) x 10* mol~! dm? the Cu-N(an)q bond length becomes longer with respect to
standksy = (7 & 2) x 10° mol~t dm?® s71, the number of py molecules around the Cu(ll) ion (vide supra).

The kops values of the Cu(tpp) formation (triangles in Figure It has been known that the exchange of a bound solvent is
2) also decreased with increasifg,. As shown in Figure 3, labilized by the coordination of an electron donor to the metal
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0.5 . . 7 . The final spectrum was perfectly identical to that of the
A 4 008 independently prepared Cu(tpp), which was characterized by a
0.4} ‘_l specific absorption peak of Cu(tpp) at 535 nm. The values of
ot 0.06 3 log(konds™1) for the deprotonation of the SAT complex (Table
S 03 ' § S3) are then plotted against log([py]/mol d#in Figure 4B.
'g 5 The slope of the plot is changed from 1 to 2. THgs values
2 02 0.04 2 have been analyzed using eq 15 derived according to the reaction
< < scheme of eqs 1619,
0.1 0.02
Kobs= K_pa[PY] + K_p1oKselpyl® (15)
0.0 l ! ' ' 0.00
400 450 500 550 . Kep .
Wavelength / nm Cu(Hytppy " + py == Cu(py)(Htppy (16)
2 T T T ] K
B Cu(HytppY ™ + py— Cu(Htpp) + Hpy"  (17)
‘l- 1 L - k,
2 Cu(py)(HtppY"* + py — Cu(py)(Htpp)" + Hpy" +
N (I—m)ypy, m=0,1 (18)
- ol |
g Cu(py),(Htpp)" + py =+ Cu(tpp)+ Hpy" + mpy,
m=0,1 (19)
-1t 1 s L . - . . .
3 2 1 whereKspis the equilibrium constant for binding of py to the

Cu(ll) ion in the SAT complex, and-n1 and k-y2 are the

. A Absorot wal ch during the deprotonation of th second-order rate constants for the deprotonation of pyrrole
igure 4. Absorption spectral change during the deprotonation of the ,t6ns in Cu(HtppR*+ and Cu Htpp?*, respectively. The
SAT complex by pyridine in acetonitrile (A) and the lotpg plot of Eontribution o(f tﬁg)zother Cu((IFI)-)ygg/ c%?r):plexesp can bg ruled

conditional first-order rate constants of the deprotonation against [py] .
(B). In (B), circles and triangles respresémy; values aCc, = 1.94 x out by the independence kfysfrom Ccy. Because the plot of

10~ and 4.41x 10~ mol dnT3, respectively. kobs @gainst [py] was through the origin, we could also ignore
a reaction pathway of the self-deprotonation of the SAT

center”~7% The trend in rates of SAT complex formation with  complex. This finding was consistent with the results obtained
Cuw?", Cu(pyft, and Cu(py)*" is opposite to the expectation in pure AN. The kinetic parameters at 254 0.1 °C were

from the change in the CtN(an)qbond length and the electron  then obtained as followsk_; = (2.34 0.1) x 102 mol~* dm?®
donation by the coordinating py. The solvent exchange on the st andk_p2Ksp= (5.1+ 0.5) x 10° mol~2dnf s~1 (Table 4).
Jahnr-Teller distorted Cu(ll) ion proceeds with the fast intra- In effect, the conditional rate evaluated using these parameters
molecular axiat-equatorial (ax/eq) interconversion, and at that exceeds the conditional rate for the Cu(tpp) formation between

log ( [py] / mol dm~3)

time, all three N(an)yCu—N(an) axes can interconveft.® For Hotpp and the Cu(Ih-py complexes in the presence of py. This
Cu(pyy" with an unsymmetrical coordination sphere, the ax/ fact strongly supports that the SAT complex formation is the
eq interconversion is limited only for two N(anCu—N(an) rate-determining step in the overall metalation process. The

axes. In the case of Cu(pyJ, in which the py molecules are  report that there is no isotope effect on the rates for the
reasonably coordinated in cis geometry, the exchange of AN metalation of Htpp and Dtpp with the Zn(ll) ion in DMF1is
molecules in equatorial sites is thought to proceed by direct consistent with the present conclusion.

exchange with the AN molecules in the second coordination The overall deprotonation of the SAT complex may be
sphere, because interconversion is impossible, and thus the ratgeparated into two steps corresponding to the stepwise proton
should be much slower. The decrease in the rate constants oflissociations (eqs 20 and 21).

the SAT complex formation can be interpreted by a decrease

in the frequency of the ax/eq interconversion. This is the first Cu(H,tppf" + py = Cu(Htpp) + Hpy™  (20)

report of the systematic determination of the rates for the

complexation of a series of Cu(ll) species. Cu(HtppY + py = Cu(tpp)+ pr+ (21)
Deprotonation Kinetics of the SAT Complex. For the

overall metalation process ofstpp, the release of the A\H The deprotonation reaction of the anticipated intermediate,

protons is required for its completion. Figure 4A shows the Cu(Htpp)', is considered to be faster than that of Catfipf",
spectral change in the reaction between the SAT complex andbecause the distance between the central copper and a remaining
py. Because the regeneration of fregipp by the addition of ~ pyrrole nitrogen with a proton in Cu(Htpp)must be shorter

py was not observed during the course of the reaction, py than those in Cu(kpp)y**. If the first deprotonation (reaction
directly reacted with the SAT complex. There were clear 20)is a pre-equilibrium state prior to a rate-determining second
isosbestic points at 405 and 425 nm, and the absorbance changéeprotonation (reaction 21), the apparent absorbance change for
at 414 nm was first order with respect to the SAT complex. deprotonation must not show first-order kinetic behavior. The
present results then indicate that the first deprotonation is a rate-
(67) Hioki, A.; Funahashi, S.; Tanaka, Nhorg. Chem.1986 25, 2904. determining step for the overall deprotonation.

(68) Ishii, M.; Funahashi, S.; Tanaka, Mhorg. Chem.1988 27, 3192. The deprotonation can also be observed in the presence of

(69) %'Sin;é '\f;S;SFOllmahaSh" S.; Nakasuka, N.; Tanakajirg. Chem. other bases, such as 4-phenylpyridink{pf its conjugate acid
(70) Cusanelli, A.; Frey, U.; Richens, D. T.; Merbach, AJEAmM. Chem.

Soc.1996 118 5265 and references therein. (71) Lavallee, D. K.; Onady, G. Mnorg. Chem.1981, 20, 907.
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in water = 5.49), 3-hydroxypyridine (€. = 5.23), and
isoquinoline (K, = 5.40) but cannot be observed in the case
of a weaker base such as pyrazing{pg= 0.97)72 It should be
noted that, because water can act as a base, proton abstraction
was observed in the presence of a large amount of waker (p
= —1.74) over 0.1 mol dm?. According to our preliminary

R = KDKOSKSAT[MSGH][H 2P

R,= K—HzilK—HlilKRcilk—SAT[HS+] M)

(28)
(29)

These expressions for the metalation and demetalation rates can

experiments, the deprotonation rates correspondirg 4@ in

explain some previously observed trends as follows: (1) the

the case of py were dependent on the Brgnsted basicity of theparallel dependence of the metalation rate on the solvent

bases, i.e., the rate was on the order of 4-phenylpyrigine
isoquinoline> py > 3-hydroxypyridine> pyrazine> water.

exchange rate and the lability of a bound solvent due to the
ksat Stepid1518.19.7477 (2) the acceleration of the metalation

Metalloporphyrin Formation Mechanism. We can gener-  rate for the nonplanar porphyrins due to Hgstepi012-15.78-81
ally describe the mechanisms of metalloporphyrin formation on (3) the dependence of the metalation rate on the Brgnsted
the basis of the present crucial results obtained in AN, together basicity of porphyrins due to tHear stepi48283(4) the [H]%-
with the previously reported results for a variety of metal ions dependent rate law for the demetalation due tathgandKj,
and porphyrins. The resolvable elementary reactions during thesteps34-86 (5) the dependence of the metalation rate of the
metalation processes of a general porphyrinpjHwith a charged porphyrins on the ionic strength due toKbe step®”
hexasolvated divalent metal ion in a usual donating solvent (S) yowever, the pathway such as the second order with respect to
are summarily expressed by the distortion of the porphyrin ring meatal ion concentration found in DMEand acetic acit for
(eq 22), the outer-sphere encounter formation (eq 23), the netajation of Htpp is not involved. The formation and

e_xchange of a bound solvent mplecule with a first pyrrolenine deprotonation kinetics of the SAT complex, obtained by the
hirogen (eq 24), the chelate ring closure to form the SAT strategic use of AN as a solvent with very weak basicity, have

pomplex (eq 25), the first deprotonation of the pyrrole nitrpgen been independently first demonstrated in this work, and we have
in the SAT complex (eq 26), and the second deprotonation to unified the reaction scheme for the overall metalation of the

form a metalloporphyrin (eq 27).

porphyrin.
K
H,p — Hsz, Kp=— (22) Acknowledgment. This work was supported by the Grants-
k-p Ko in-Aid for Scientific Research (Nos. 09874131, 10440221,
10740305, and 10874081) from the Ministry of Education,
o " E) o + ko Science, Sports and Culture of Japan and the Kurata Research
MSg™ + Hop o MSg™ -+*Hap', Kos= K os (23) Grant from the Kurata Foundation. The EXAFS measurements
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ke kR Supporting Information Available: Conditional first-order rate

o ", 2+ _ "RC constants for the SAT complex formation in AN (Table S1), for the
MSs(Hp) E MS,(Hp)™ + S, Kpc= FRC (25) formation of the SAT complex and Cu(tpp) in the presence of py (Table

S2), and for the deprotonation of the SAT complex (Table S3); the

titration curves and absorption spectra (Figure S1) for the complexation
reactions of the Cu(ll) ion with py in AN, the observed EXAFS
oscillations (Figure S2), the Fourier transform magnitude (Figure S3),
the Fourier-filtered and calculated EXAFS oscillations (Figure S4), the
kobs Values for the SAT complex formation as a functionGaf, (Figure

k*Hl

MS,(H,p)*" + S* == MS,(Hp)" + HS*" + S,
Kn1

k_
Kop = — (26)

1 S5), and the changes in absorption spectra corresponding to formation
of the SAT complex and Cu(tpp) in the presence of py (Figure S6) (8
. K o N K o pages). Ordering information is given on any current masthead page.
* — * — -
MS;(Hp)" + S <—kH2 M(p) + HS*" + 3S, K_,, ey 1C980420D
(27)

(74) Choi, E. I.; Fleischer, E. Bnorg. Chem.1963 2, 94.

(75) Fleischer, E. B.; Choi, E. I.; Hambright, P.; Stone,lAorg. Chem.
1964 3, 1284.

(76) Kingham, D. J.; Brisbin, D. Alnorg. Chem.197Q 9, 2034.

(77) Tabata, M.; Tanaka, Mnorg. Chem.1988 27, 203.

(78) Shah, B.; Shears, B.; Hambright,IRorg. Chem.1971, 10, 1828.

(79) Funahashi, S.; Ito, Y.; Kakito, H.; Inamo, M.; Hamada, Y.; Tanaka,
M. Mikrochim. Acta, Wien 11986 33.

?80) Shimizu, Y.; Taniguchi, K.; Inada, Y.; Funahashi, S.; Tsuda, Y.; Ito,
Y.; Inamo, M.; Tanaka, MBull. Chem. Soc. JprL992 65, 771.

(81) Aizawa, S.; Tsuda, Y.; Ito, Y.; Hatano, K.; Funahashingrg. Chem.
1993 32, 1119.

(82) Reid, J. B.; Hambright, Rnorg. Chem.1977, 16, 968.

(83) Shamim, A.; Hambright, Rnorg. Chem.198Q 19, 564.

(84) Shears, B.; Shah, B.; Hambright, > Am. Chem. Sod971 93, 776.

(85) Rahimi, R.; Sutter, T. P. G.; Hambright, P. Coord. Chem1995
34, 283.

The value ofkp is reported to be 4.6« 10’ s™1 at 25°C for
5,10,15,20-tetrakis(-methylpyridyl)porphyrin in watef3 and

the pathway ofkos is accepted to be diffusion-controlled.
Furthermore, thégc step is generally considered to be faster
than the coordination of a first donor atoksA7). The present
results indicate that thiesat path is a rate-determining step for
the metalation process in the presence of py as a proton accepto
in AN. According to reactions 2227, the forward and
backward rates for reaction R{andR;) are described by eqs
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