A\C\S

ARTICLES

Published on Web 07/27/2002

Dissociation Energies and Charge Distribution of the Co —NO
Bond for Nitrosyl- a,f,y,0-tetraphenylporphinatocobalt(ll) and
Nitrosyl- o,f,y,0-tetraphenylporphinatocobalt(lll) in Benzonitrile
Solution

Xiao-Qing Zhu,* Qian Li, Wei-Fang Hao, and Jin-Pei Cheng*

Contribution from the Department of Chemistry, State Key Laboratory of Elemento-Organic
Chemistry, Nankai Unéersity, Tianjin 300071, China

Received February 7, 2002

Abstract: The first two series of Co—NO bond dissociation enthalpies in benzonitrile solution were
determined for 12 cobalt(ll) nitrosyl porphyrins and for 12 cobalt(lll) nitrosyl porphyrins by titration calorimetry
with suitable thermodynamic cycles. The results display that the energy scales of the heterolytic Co"'—NO
bond dissociation, the homolytic Co"'—NO bond dissociation, and the homolytic Co"—NO bond dissociation
are 14.7—23.2, 15.1-17.5, and 20.8—24.6 kcal/mol in benzonitrile solution, respectively, which not only
indicates that the thermodynamic stability of cobalt(ll) nitrosyl porphyrins is larger than that of the
corresponding cobalt(lll) nitrosyl porphyrins for homolysis in benzonitrile solution but also suggests that
both cobalt(lll) nitrosyl porphyrins and cobalt(Il) nitrosyl porphyrins are excellent NO donors, and in addition,
cobalt(l11) nitrosyl porphyrins are also excellent NO* contributors. Hammett-type linear free energy analyses
suggest that the nitrosyl group carries negative charges of 0.49 + 0.06 and 0.27 4 0.04 in T(G)PPCo"NO
and in T(G)PPCo"NO, respectively, which indicates that nitric oxide is an electron-withdrawing group both
in T(G)PPC0'"NO and in T(G)PPCo"'NO, behaving in a manner similar to Lewis acids rather than to Lewis
bases. The energetic and structural information disclosed in the present work is believed to furnish hints
to the understanding of cobalt nitrosyl porphyrins’ biological functions in vivo.

Introduction biomolecules, such as hemoglobin, myoglobin, and soluble
guanylate cyclas&> Many iron nitrosyl porphyrins have been
examined as model compounds during such stufthes,other
metalloporphyrins such as cobalt porphyrins are also known to
form nitrosyl derivatived. The substitution of iron by cobalt in
heme and synthetic porphyrins has also gained prominent
attention in a biological setting; for example, cobalt nitrosyl

The discoveries that nitric oxide serves important roles in
mammalian bioregulation of functions such as vasodilation,
bronchodilation, and neurotransmissitrave stimulated intense
interest in the chemistry and biochemistry of NO and derivatives
such as metal nitrosyl complexé€specially of interest are
nitrosylmetalloporphyrin complexes that can serve to deliver
NO to biological targets on demafdtudies into the binding - :

(4) (a) Stone, J. R.; Marletta, M. Biochemistryl994 33, 5636, and references

of nitric oxide (NO) by metalloporphyrins would have aided therein. (b) Hurshman, A. R.; Marletta, M. Biochemistryl995 34, 5627.

our understanding of how NO interacts with heme-containing (c) Yu, A. E.; Hu, S.; Spiro, T. G.; Burstyn, J. N. Am. Chem. S0d.994
116 4117. (d) Traylor, T. G.; Sharma, V. Biochemistryl992 31, 2847.
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(1) (a) Feldman, P. L.; Griffith, O. W.; Stuehr, D.Ghem. Eng. New$993 26, 63. (g) Craven, P. A.; DeRubertis, F. Biochim. Biophys. Actd983
71, 26. (b) Karupiah, G.; Xie, Q.; Buller, R. M. L.; Nathan, C.; Duarte, C.; 745 310. (h) Hurshman, A. R.; Marletta, M. Biochemistry1995 34,
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1992 89, 11651. (e) Stamler, J. S.; Jai, L.; Bonaventura, C.; Bonaventura, 2847.
J. Nature 1996 380, 221. (5) Selected reviews on the biology of NO: (djtric Oxide: Biochemistry,
(2) (a) Palmer, R. M. J.; Ferrige, A. G.; MoncadaN&ature1987, 327, 524— Molecular Biology, and Therapeutic Implicatignignarro, L., Murad, F.,
526. (b) Ignarro, L. J.; Buga, G. M.; Wood, K. S.; Byns, R. E.; Chaudhuri, Eds.; Advances in Pharmacology 34; Academic: San Diego, CA, 1995.
G. Proc. Natl. Acal Sci. U.S.AL987, 84, 9265-9269. (c) Hibbs, J. B., Jr.; (b) Moncada, S.; Palmer, R. M. J.; Higgs, E. Rharmacol. Re. 1991,
Taintor, R. R.; Vavrin, ZSciencel987, 235 473-476. (d) Furchgott, R. 43, 109. (c) Ignarro, L. JAnnu. Re. Pharmacol. Toxicol199Q 30, 535.
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porphyrin has been explored as an isoelectronic model for
oxygenated protohenfeln fact, the NO adducts of cobalt-
substituted myoglobin and hemoglobin are also kn8wrjec-

tion of cobalamin Cbl(lll) in rodents can prevent and reverse
pathological results caused by an overproduction of'RIObl-

(1) can quench NO-mediated inhibition of leukemia cell
proliferatiort! and prevent and reverse the relaxation of isolated
smooth muscle by NO and NO-donating compoutidsddition

of an i.v. dose of Cbl(lll) to intact conscious dogs significantly
increased resistance to blood flow, which was suggested to resul
from interference with endogenous N&Such biological effects
have been interpreted to result from the formation of Cbkill)
NO from Cbl(Ill) and NO213|mportantly some cobalt nitrosyl
porphyrins such as (protoporphyrin-1X)Co(NO) were found to

activate soluble guanylate cyclase to a greater extent than do

the Fe and Mn analogué$Since cobalt tetraphenylporphyrins

can act as model compounds for cobalamins and especially

vitamin B;, and because cobalt nitrosyl porphyrins are present
and because of their biological importance in vivalevelop-
ment of the Ce-NO bond energy scale in solution for a series
of cobalt nitrosyl porphyrins has been a strategy goal in our
research program for a long time.

In our previous paper$, we have conducted a study on
heterolytic and homolytic ¥*NO bond (Y= N, O and S)
dissociation energies for a seriesalpha w-acceptor-bearing
N-, O-, and S-nitroso compounds. In this paper, we wish to
report the first direct determination for the €bO bond
dissociation energies of nitrosgl3,y,0-tetraphenylporphina-
tocobalt(ll) [T(G)PPCWGNQO] and nitrosyle,f,y,0-tetraphen-
ylporphinatocobalt(lll) [T(G)PPCBNQ] in benzonitrile solution
in terms of calorimetric measurement of cation (N@nd T(G)-
PPCd coordination incorporated with electrochemistry through
a thermodynamic cycle and clarify the nature of the-GlD
bond in T(G)PPCHNO and T(G)PPC®NO using Hammett-
type linear free energy analyses.

(8) Scheidt, W. R.; Hoard, J. L1. Am. Chem. Sod.973 95, 8281.

(9) (a) Hori, H.; Ikeda-Saito, M.; Leigh, J. S.; Yonetani,Biochemistryl982
21, 1431. (b) Yu, N.-T.; Thompson, H. M.; Mizukami, H.; Gersonde, K.
Eur. J. Biochem1986 159, 129.

(10) Greenberg, S. S.; Xie, J.; Zatarain, J. M.; Kapusta, D. R.; Miller, J. S.
Pharmacol. Exp. Therl995 273 257—265.

(11) Brouwer, M.; Chamulitrat, W.; Ferruzzi, G.; Sauls, D. L.; Weinberg, J. B.
Blood 1996 88, 1857-1864.

(12) (a) Rajanayagam, H. A. S.; Li, C. G.; Rand, MBJ. J. Pharmacol1993

3-5. (b) Rand, M. J.; L| C GEur J. Pharmacol1993 241, 249—
254

(13) (a) Rriou, B.; Gerard, J.-L.; LaRochelle, C. D.; Bourdon, R.; Berdeaux,
A.; Giudicelli, J. F.Anesthesiology991, 74, 552-558. (b) Kruszyna, H.;
Magyar, J. S.; Rochelle, L. G.; Russell, M. A.; Smith, R. P.; Wilcox, D. E.
J. Pharmacol. Exp. Thef.998 285 665-671. (c) Rochelle, L. G.; Morana,
S. J.; Kruszyna, H.; Russel, M. A.; Wilcox, D. E.; Smith, R. P.
Pharmacol. Exp. Therl995 275, 48-52.

(14) (a) Burstyn, J. N. IrAbstracts of Papers210th National Meeting of the
American Chemical Society, Chicago, IL; American Chemical Society:
Washington, DC, 1995; INOR 254. (b) Reynolds, M. F.; Graham, J. P.;
Dierks, E. A.; Burstyn, J. N.; Bursten, B. E. kbstracts of Paper210th
National Meeting of the American Chemical Society, Chicago, IL; American
Chemical Society: Washington, DC, 1995; INOR 095.

(15) (a) Wolak, M.; Stochel, G.; Hamza, M.; van Eldik Rorg. Chem 2000
39, 2018. (b) Zheng, D.; Birke, R. L1. Am. Chem. So2001, 123 4637.

(c) Richter-Addo, G. B.; Hodge, S. J.; Yi, G.-B.; Khan, M. A,; Ma, T.;
Caemelbecke, E. V.; Guo, N.; Kadish, K. Morg. Chem1996 35, 6530.

(16) (a) Ly J.; Wang, K.; Wittbrodt, J. M.; Wen, Z.; Schlegel, H. B.; Wang, P.
G.; Cheng, J.-PJ. Am. Chem. So001, 123 2903-2904. (b) Cheng,
J.-P.; Xian, M.; Wang, K.; Zhu, X.-Q.; Yin, Z.; Wang, P. G.Am. Chem.
Soc.1998 120, 10266. (c) Zhu, X.-Q.; He, J.-Q.; Li, Q.; Xian, M.; Lu,
J.-M.; Cheng, J.-PJ. Org. Chem200Q 65, 6729-6737. (d) Zhu, X.-Q.;
Xian, M.; Wang, K.; Cheng, J.-Rl. Org. Chem1999 64, 4187-4190.
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Figure 1. Absorption spectral changes observed for a benzonitrile solution
of 2.25 x 1076 M T(p-OCHs)PPCd at various NG concentrations (see
the arrows in the figure). Initial: [N®] = 0.25 x 1076 M; 1. [NO*] =
0.50x 1075M; 2. [NOT] =0.75x 10°¢M; 3: [NO*] = 1.0x 1076 M;

4: [NO*] = 1.25x 106 M; 5 [NO'] = 1.5 x 106 M; 6: [NO*] =
1.75x 106 M; 7: [NO*] =2.0x 106 M.

A nm

Results and Discussion

T(p-OCHg)PPCd reacts with NO to yield T(-OCHs)PPCd!'-
NO,” which is subjected to UMvis analysis to exhibit peaks
at 419 and 535 nm for PEOCHz)PPCd and peaks at 438 and
545 nm for Tp-OCHz)PPCA'NO in benzonitrile solution.
Figure 1 shows the absorption spectral changes observed for a
benzonitrile solution of 2.25¢ 10® M T(p-OCHz)PPCd at
various NO concentrations. With the increase of [NPthe
electron spectra showed a decrease in absorbance at 419 and
535 nm with a concomitant increase at 438 and 545 nm and
gave two good isosbestic points suggesting a 1:1 stoichiometry
of the reaction of Tg-OCHz)PPCd with NO™ that can be
simply expressed as eqg 1. Obviously, according to reaction 1,
the heterolytic CHf—NO bond dissociation energy of g
OCHz)PPCA'NO is just equal to the reaction enthalpy change
(AHx) of T(p-OCHs)PPCd with NO* simply by switching
the sign of AH, (eq 5)! and the latter can be directly
determined by titration calorimetry. The homolytic 'CeNO
and Cd—NO bond dissociation energies of T(G)PPINO and
T(G)PPCAHNO can be obtained according to eqs 6 and 7, which
were derived from the suitable thermodynamic cycles as shown
in Schemes 1, respectively. It should be pointed out herein that
we used the term free energy chand&er to replace the
enthalpy chang@Het in eqs 6 and 7 for the electron transfer
processes. The validation of using free energy chahGer
instead of enthalpy changeHer for electron transfer processes
is that entropies associated with electron transfer are negligible,

(17) Richter-Addo, G. B.; Hodge, S. J.; Yi, G.; Khan, M. A;; Ma, T
Caemelbecke, E. V.; Guo, N.; Kadish, K. Morg. Chem1996 35, 6530~
6538.

(18) In Figure 1, T-OCHz)PPCd in benzonitrile solution gives peaks at 419
and 535 nm, which are close to the corresponding characteristic absorption
peaks of free T$-OCHs)PPCd in toluene at 417 and 531 nm, respectively,
suggesting that no coordination effects of benzonitrile as an axial ligand
on T(-OCHg)PPCd occur in the benzonitrile solution of fHOCH;)PPCd,
which is also supported by Walker and Kadish’'s wat&ince benzonitrile
does not coordinate to f{OCH;)PPCd, the heterolytic C§—NO bond
dissociation energy of PfOCH;)PPCAH'NO in benzonitrile solution
unambiguously is equal to the reaction enthalpy chamrgé.) of T(p-
OCHz)PPCd with NO* simply by switching the sign oAH .
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Figure 2. Isothermal titration calorimetry (ITC) for the reaction of

T(G)PPC0"NO

The three types of CoNO bond dissociation energy inves-
tigated in this study are the following:
T(G)PPCY'NO — T(G)PPCY + NO*

AH,(Cd"-NO)=7? (2
T(G)PPCE'NO— T(G)PPCY' + NO

AH,,.{CA"—NO)=? (3)
T(G)PPCINO — T(G)PPCY + NO

AH,,,{CA'-NO)="? (4)

where G = p-OCHgs, p-CHs, H, p-Cl, p-Br, p-NO,, p-iPr,
m-OCHz, m-CHs, m-Cl, m-Br, and m-NO,, and the Roman
numeral indicates the charge on the cobalt.

AH,(Cd"—NO) = —AH,, (5)
AH,ondCA"—NO) = AH, (Cd"—NO) —

23.06E,,(NO"/NO) — E, (TPPCJ)] (6)
AH,,n{CA'—=NO) = AH, (Cd" —NO) —

23.06E,,(NO"/NO) — E,,(TPPCINO)] (7)

The titration calorimetry was performed in benzonitrile
solution at 25°C on a CSC 4200 isothermal titration calorimeter.

NO*CIO,~ with T(p-CH3z)PPCd in benzonitrile solution at 25C. Titration
was conducted by adding 10 of NO*CIO4~ (2.24 mM) every 300 s into
the benzonitrile solution containing HCH3)PPCd (1.37 mM).

Table 1. Reaction Heat of NO*CIO4~ with T(G)PPCo" (kcal/mol)
along with Redox Potentials of T(G)PPCo" and T(G)PPC0o'NO in
Benzonitrile Solution

no. substituent (G) =AHp,? Ei1(T(G)PPCo'NO)P E12(T(G)PPCo")y
1 p-OCHs 23.2 0.887 0.581
2 p-CHs 21.9 0.923 0.621
3 p-iPr 21.9 0.925 0.608
4 m-CHz 20.8 0.945 0.646
5 p-H 20.3 0.962 0.676
6 m-OCH; 20.1 0.967 0.684
7 p-Cl 18.5 1.014 0.731
8 p-Br 18.9 1.015 0.733
9 m-Cl 18.1 1.055 0.772
10 m-Br 17.5 1.058 0.775
11 m-NO, 14.7 1.105 0.844
12 p-NO2 141 1.131 0.872

aMeasured in benzonitrile solution at 2& in kcal/mol by titration
calorimetry. The data given are average values of at least two independent
runs, each of which was again an average value of 7 consecutive titrations.
The reproducibility was< 0.4 kcal/mol.¢ Measured in benzonitrile solution
at 25°C in volts by CV vs ferrocenium/ferrocene redox couple. Reproduc-
ible to 5 mV or better.

obtained by area integration of each peak except the first one
(calibration graph, see Figure 2). Twelve reaction heatsHx,)
of T(G)PPCd with NO™ in benzonitrile solution and redox
potentials of T(G)PPCband T(G)PPCHNO in benzonitrile
solution are listed in Table 1. Heterolytic and homolytic'Ce
NO bond dissociation energies for T(G)PPQO and ho-
molytic Cd'—NO bond dissociation energies for T(G)PPRO®
as well as the free energy changes of one-electron transfer from
T(G)PPCH to NO" to form T(G)PPCH and NO are sum-
marized in Table 2.

Table 2 shows thakHne(C0" —NO)’s, AHpomd Co" —NO)’s
of 12 T(G)PPCH —NO, andAHnomd Co'—NO)’s of 12 T(G)-
PPCd—NO in benzonitrile solution cover a range of 14.1
23.2 kcal/mol (henceforth abbreviated as kcal), a range of-15.1
17.5 kcal, and a range of 20:24.6 kcal, respectively.

Prior to use, the instrument was calibrated against an internal Comparing theAHpe{Cd" —NO)'s, AHnomd Cd" —NO)’s, and
heat pulse, and the functional response was verified by deter-AHpomd Co'—NO)’s with those of the N-NO bonds inN-
mination of the heat of dilution of a concentrated sucrose nitrosophenylureas\Hne{N—NO) of 52.4-62.0 kcal AHpome

solution and comparison with the literature vatd@he reaction

(N—NO) of 23.1-33.1 kcal]itb-d those of the @NO bonds

heat was determined following eight automatic injections and in O-nitrosobenzoates AHne{O—NO) of 25.7-32.3 kcal,

(19) Arnett, E. M.; Amarnath, K.; Harvey, N. G.; Cheng, J.J?PAm. Chem.
Soc.199Q 112 (1), 344-355.

(20) Gucker, F. T.; Pickard, H. B.; Planck, R. \W..Am. Chem. Sod 939 61,
459.
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Table 2. Heterolytic and Homolytic Co"'-NO and Co'"—NO Bond
Dissociation Energies (kcal/mol) of T(G)PPCo""NO and
T(G)PPCo'"'NO along with Free Energy Change of One-Electron
Transfer from T(G)PPCo' to NO* (kcal/mol) in Benzonitrile
Solution?*

AHheI AHhomo Athmo
no. substituent (Co"-NO) 2 (Co"-NO) (Co"-NO)° AG*
1 p-OCHs 23.2 175 24.6 5.7
2 p-CHs 21.9 17.2 24.1 —4.7
3 p-iPr 21.9 16.9 24.2 -5.0
4 m-CHs 20.8 16.6 23.5 —4.2
5 p-H 20.3 16.8 23.4 —-35
6 m-OCH; 20.1 16.8 23.3 -3.3
7 p-Cl 18.5 16.3 22.8 2.2
8 p-Br 18.9 16.7 23.3 —2.2
9 m-Cl 18.1 16.8 23.4 -13
10 m-Br 175 16.3 22.8 -1.2
11 m-NO, 14.7 15.1 20.8 0.4
12 p-NO, 141 15.2 21.1 11

aTaken as—AHx, (from eq 5). The data given are average values of at

Inspecting of the relationship @Hpets andAHpomes of Co'' —

NO with the remote substituent G in detall, it is interesting to
find that when the substituent G is an electron-donating group
(EDG) or a weak electron-withdrawing group (EWG), thie et

of Cd"—NO is larger than the correspondinddomeof Co'' —

NO, but when the substituent G is a strong EWG (such ag NO
the AHpets of Cd"' —NO become smaller than the corresponding
AHnomoS. This result suggests that when the substituent G is a
EDG or weak a EWG, T(G)PP®dNO has good NOreleasing
property, but when the substituent G is a strong EWG, the T(G)-
PPCd'NO becomes a good donator of the cation NThe
reason is that when the substituent G is a EDG or a weak EWG,
the oxidation potential of T(G)PP®ois smaller than the
reduction potential of NO (E12(NO*/NO) = 0.8265 V vs
Fc*/9), which, of course, results in one-electron transfer from
T(G)PPCH to NO™ to yield the products that were formed
directly by homolytic C@ —NO bond dissociation. However,

least two independent runs, each of which was again an average value ofwhen the substituent G is a strong EWG, the oxidation potential

7 consecutive titrations. The reproducibility 0.4 kcal/mol.P< Derived
from eqs 6 and 7 from Scheme 1, takiBg(NO™/NO) = 0.8265 V vs
Fc™0 in benzonitrile solution. Uncertainty is estimated to 8.5 kcal/
mol. 4 Free energy change of one-electron transfer from T(G)PRCNO"

in benzonitrile solution, which was approximately equal to the difference
betweenAHhomo and AHpe; for the Cd'—NO bond.

AHhomd O—NO) of 32.5-38.6 kcal]t%¢and those of the SNO
bonds in Snitrosophenylthiols AHne{S—NO) of 38.755.0
kcal, AHhomd S—NO) of 18.0-25.9 kcal}%@ demonstrates that
the Co-NO bonds in both T(G)PPAINO and T(G)PPCH

NO are much weaker than the-WO and G-NO bonds in
terms of heterolysis or homolysis, but the strength of th&-Co
NO bond is close to that of the-NO bond for homolysig?
These results indicate that both cobalt(lll) nitrosyl porphyrins
and cobalt(ll) nitrosyl porphyrins are a better NO donor than
the series ofalpha w-acceptor-bearing N-, O-, and S-nitroso
compounds? and additionally, the former is also a better NO
contributor than the N-, O-, and S-nitroso compounds, which
not only supports the previously experimental observation that
cobalt nitrosyl porphyrins can activate nitric oxide in its transfer
process in vivé* but also provides guidance on the direction
of NO transfer among different NO carries (such as N, O, S,
and Co) in vivo.

Examining AHneis of Cd"—NO and the corresponding
AHpomos of CA"—=NO in columns 3 and 4 in Table 2, we found
that the AHpets of Co"—NO are generally larger than the
corresponding\Hnomes of Ca''—NO, but the difference is not
large, which is remarkably different from the cases afNO,
O—NO, and S-NO bond dissociations mentioned above.

(21) The values of CoNO bond energies offered in Table 2 are the values in
solution rather than in the gas phase, and the solvation effects are included
rather than cleaned up. As is well known, the concepbaid energy in
solutionis different from the classical concept bbnd energy in the gas
phase the former contains solvation effects, but the latter does not contain
solvation effects. In fact, the conceptlodnd energy in solutiohas been
extensively used in the literature, and the energy scales of many different
types of bond dissociation energies in solution [such asdYY—0O, and
Y-C (Y =N, 0O, S, C, etc.) in KO, DMSO, CHCN, etc.] have been
established by many research groups in the world. The reason is that the
values ofbond energy in solutignsometimes, are much more important
than the values obond energy in the gas phase many chemical or

biochemical reactions in which chemists are interested, because they occur

in solution.

The values of NNO and S-NO bond dissociation energies offered herein
were determined in acetonitrilé.Since the polar solvation constants of
acetonitrile ¢ = 37.5) are much larger than that of benzonitride< 25.2)
(see: lIsaacs, N. Shysical Organic Chemistrylst ed.; John Wiley &
Sons: New York, 1987; Chapter 5, p 180), the values ©ND and S-NO
bond energies in benzonitrile solution, in fact, should be larger than the
values in acetonitrile.

(22)
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of T(G)PPCd becomes larger than the reduction potential of
NOT, and T(G)PPCH of course, is stable together with NO
in benzonitrile solution. Obviously, whether NGor NO is
released from T(G)PP®NO can be regulated by changing the
remote substituent G.

As is well known, there exist two type important species of
cobalt nitrosyl porphyrins in vivo, i.e., cobalt(lll) nitrosyl
porphyrins and cobalt(ll) nitrosyl porphyrins. To compare the
thermodynamic stability of cobalt(lll) nitrosyl porphyrins with
cobalt(ll) nitrosyl porphyrins in vivo, examination &Hnomes
(Cd'-=NO)'s and AHuomd Co"-NO)’'s was conducted. The
results show thahHpomd Cd'—NO)'’s are generally quite larger
than the correspondinyHnomd Co"' —NO)’s, indicating that the
stability of T(G)PPCWNO is larger than that of the correspond-
ing T(G)PPCH'NO. This result not only validates the previous
prediction that the thermodynamic stability of cobalt(Il) nitrosyl
porphyrins is larger than that of the corresponding cobalt(lll)
nitrosyl porphyrins in vivo but also suggests that cobalt
porphyrin takes part in transport of NO in vivo potentially by
the following channel: cobalt(ll) porphyrin captures an NO
molecule from a free NO molecule, S-nitroso compound, or
other activated NO-donor such as activated iron(lll) nitrosyl
porphyrins to form a cobalt(ll) nitrosyl porphyrin, which then
directly delivers NO or contributes NO and N@fter oxidation
by one-electron transfer to biological targétsAccording to
the magnitudes oAHnomd Cd" —NO) andAHp{Cad" —NO), it
is conceived that NO would be released more easily thari NO
from cobalt(lll) nitrosyl porphyrins, sincAHue(Cd"—NO) is
generally larger than the correspondififinomd Co" —NO) for
T(G)PPCH' NO, except the complex where the remote sub-
stituent (G) is a strong electron-withdrawing group (such as
group NQ).

To clarify the nature of the CeNO bond in cobalt nitrosyl
porphyrins, the effects of the remote substituents (G) on the
Co—NO bond dissociation energies were examined. A Hammett-
type free energy analysis for th&Hpe(Co"—NO), AHnomes
(Cd"—NO), and AHn,mdCd'—NO) provides three excellent
lines with slope values of2.056+ 0.07,—0.481+ 0.07, and
—0.7924+ 0.09, respectively (Figure 3), which shows that the
Hammett linear free energy relationship holds in the three Co
NO bond dissociation reactions (eqgs 2, 3, 4). The negative slopes

(23) Mu, X. H.; Kadish, K. M.Inorg. Chem.199Q 29, 1031-1036.
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Scheme 1
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AG, AHpn
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Figure 3. Hammett plots 0fAHhe{Cd" —NO) (H), AHhomd CO" —NO) (@),
AHpomd C0'—NO) (a), andAGet (¥) Vs 40. The compound numbers and
half-wave potentials are listed in Table 2.

for AHpe(C0" —NO), AHpomdCd" —NO), and AHnomd CO'—

NO) reflect the effective positive charge decrease at the cobalt

in the three Ce-NO bond dissociation processes, and the

magnitude of the slope values is a measure of the effective

charge change at the cobalt atom, because the only differenc
is the oxidation number of the cobalt atom and the nitric oxide
for the three dissociation reactioffsComparing the magni-

tudes of the three slope values, it is found that the absolute

value of the three line slopes islopeAHne(Co"—NO)| >
|slopeAHnomd CA'—NO)| > |slope AHhomd Cd" —NO)|, indi-
cating that the charge change at the cobalt would decrease i
the following order: TPPCBNO (heterolysisy)> TPPCANO
(homolysis)> TPPCd'NO (homolysis) in the CeNO bond

dissociation processes. To quantitatively describe the effective
charge change at the cobalt in the three dissociation reactions

a Hammett-type free energy analysis was done on the one
electron-transfer reaction of T(G)PPCaith NO™ (see Figure

3). The line slope ofAGet vs 40 is 1.618 £ 0.07, which
indicates that the slope value of 1.618 is equivalent to the
oxidation number increase of one unit at the cobalt atom on
going from T(G)PPCb to T(G)PPCH', and from which it is
easily available that the slope 82.0564 0.07 for T(G)PPCH-

NO heterolysis is equivalent to the oxidation number decrease

of 1.27 4 0.04 units at the cobalt atom from T(G)PPQ%O

to Cd'(G)TPP. Similarly, the slope 0f0.792+ 0.09 for Cd/-
NO(G)TPP homolysis is equivalent to oxidation number de-
creases of 0.4% 0.06 units at the cobalt atom from T(G)-
PPCANO to T(G)PPCb. These results directly mean that the
oxidation number of the cobalt atom in T(G)PPGI® and in

(24) Page, M.; Williams, AOrganic and Bio-organic Mechanismddison-
Wesley Longman Limited: 1997; Chapter 3, pp-5A.

Scheme 2. Charge Distritbution of the Co—NO Bond in
Nitrosyl-o.,3,y,0-tetraphenylporphinatocobalt(ll) and
Nitrosyl-a,3,y,0-tetraphenyl Porphinatocobalt(lll) in Benzonitrile
Solution

(249+006)c [(-049 +0.08)

e

T(G)PPCH' NO is 2.494 0.06 and 3.27% 0.04 rather than 2
and 3, respectively, and as viewed from the other side, the
nitrosyl group carries a negative charge of 049.06 units in
T(G)PPCHNO and a negative charge of 0.270.04 units in
"r(G)PPCH'NO (Scheme 235 This result suggests that NO in
both T(G)PPCHNO and T(G)PPCBNO is an electron-
withdrawing group behaving in a manner similar to Lewis acids
rather than to Lewis bases, which well clarified an important
and debatable question: Is the nature of NO in metal nitrosyl
“porphyrins more similar to Lewis bases or Lewis actfis?

To support the above proposal that NO is an electron-
withdrawing group in T(G)PPC™NO and T(G)PPCBNO, we
examined the oxidation potentials and the reaction center sites
of the following two reactions:

T(G)PPCYNO — T(G)PPCY'NO + e~
E,[T(G)PPCY'NO/T(G)PPCAENQ]

T(G)PPCY — T(G)PPCY' + e~
E,,[T(G)PPCA'/T(G)PPCY]

(25) The main reason is that d-electrons of the cobalt atom partially feed into
the empty orbits of NO in T(G)PPCoNO [see references: (a) Wayland, B.
B.; Minkiewicz, J. V.; Abd-Elmageed, M. E.. Am. Chem. Sod 974 96,
2795. (b) Mingos, D. M. Plnorg. Chem1973 12, 1209. (c) Pierpont, G.
C.; Eisenberg, RJ. Am. Chem. Sod.971, 93, 4905.
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Figure 4. Hammett plots oE1[T(G)PPCd'NO/T(G)PPCHNO] (M) and
E12T(G)PPCH'/T(G)PPCd] (®) vs 4o in benzonitrile solution, 0.1 M
BusN*CIO4~. The compound numbers and half-wave potentials are listed
in Table 1.

From columns 4 and 5 in Table 1, it is clear that the oxidation
potential of T(G)PPCENO is significantly larger than that of
the corresponding T(G)PP&awhich indicates that T(G)PPo
NO is much more difficult to lose an electron than the
corresponding T(G)PPpin other words, the electrochemical
reaction center atom in the former reaction is a poorer electron
donor than that in the latter reaction. To determine the reaction
center site of electron transfer in the two oxidation reactions,
Hammett-type redox potential analysis for the two reactions was
made (Figure 4). The result provides two excellent straight lines
with slopes of 0.056+ 0.002 ¢ = 0.992) and 0.068- 0.002
(r =0.995), respectively. Since the reaction center site of TPP-
(G)Cd' oxidation is at the metal cobalt atothit is conceived
that the reaction center site of T(G)PPGKD oxidation would
also be at the cobalt atom rather than at the nitrosyl axial ligand
in T(G)PPCHNO. The main reason is that a good Hammett
linear free energy relationship holds in this reaction. If the
reaction center were at the nitrosyl axial ligand rather than at

T(G)PPCYNO would be smaller than that of the cobalt in T(G)-
PPCd on the basis of the reactivityselectivity principle
(RSP)%8

Conclusions

The first two series of CoNO bond dissociation enthalpies
were determined in benzonitrile solution for 12 cobalt(11) nitrosyl
porphyrins and for 12 cobalt(Ill) nitrosyl porphyrins by direct
titration calorimetry with appropriate thermodynamic cycles. The
results show that the energy scales of the heterolytlt-@dO
bond dissociation, the homolytic @e-NO bond dissociation,
and the homolytic C6—NO bond dissociation are 14-23.2,
15.1-17.5, and 20.824.6 kcal/mol in benzonitrile solution,
respectively, which not only indicates that the stability of cobalt-
(1) nitrosyl porphyrins is larger than that of the corresponding
cobalt(lll) nitrosyl porphyrins for homolysis in benzonitrile
solution but also suggests that both cobalt(l1l) nitrosyl porphy-
rins and cobalt(Il) nitrosyl porphyrins are excellent NO donors,
and in addition, cobalt(Ill) nitrosyl porphyrins are also excellent
NO™ contributors. Hammett-type linear free energy analyses
on the nature of the CeNO bond in T(G)PPCoNO suggest
that the nitrosyl group carries negative charges of @:4®.06
and 0.274 0.04 in T(G)PPCBHNO and in T(G)PPCBNO,
respectively, which indicates that nitric oxide is an electron-
withdrawing group in both T(G)PPEdO and T(G)PPC#H-

NO, behaving in a manner similar to Lewis acid, which, to our
knowledge, appears to be the first work to quantitatively describe
the charge distribution of cobalt nitrosyl porphyrins using
experimental methods. The energetic and structural information
disclosed in the present work is believed to furnish hints to the
understanding of TPPCoNO biological functions in vivo.

Experimental Section

Materials. The para- and meta-substituted tetraphenylporphyrin free
bases T(G)PPH where G= p-OCH;, p-CHs, H, p-Cl, p-Br, p-NO,,
p-iPr, mOCHs, mCHg, m-Cl, m-Br, andm-NO,, were synthesized by
condensation of the precursor benzaldehydes and pyrrole using the
method of Adler et at? and chromatographed on silica gel with
dichloromethane at least once before use. The corresponding cobalt

the cobalt atom, no good Hammett linear free energy relationship derivative, T(G)PPCh was obtained by refluxing the free-base

could be unambiguously observed for this reaction, since the
angle of Ce-N—0O in T(p-OCHg)PPCANO is about 119.6(4)t”
which indicates that the-orbital of the nitrosyl axial ligand is
not able to overlap significantly with porphyrin-orbitals.
According to the experimental results that the oxidation potential
of T(G)PPCHNO is larger than that of the corresponding T(G)-
PPCd and the reaction center sites in the two reactions are all

at the cobalt atom, a reasonable proposal can be made that th

positive charge at the cobalt in T(G)PPOWD assuredly is
larger than that at the cobalt in the corresponding T(G)PPCo
which also suggests that NO would be an electron-withdrawing
group behaving in a manner similar to a Lewis acid in T(G)-
PPCANO. In fact, if we carefully inspect the line slope values
for the two reactions, we would find that the line slope for T(G)-
PPCANO oxidation (slope= 0.0564 0.002) is slightly smaller
than that for T(G)PPCboxidation (slope= 0.0684 0.002),
which indicates that the electron density of the cobalt atom in

(26) Laverman, L. E.; Ford, Rl. Am. Chem. So®001, 123 11614-11622.
(27) Walker, F. A.; Beroiz, D.; Kadish, K. Ml. Am. Chem. Sod976 98 (12),
3484-3489.
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porphyrins with Co(CHCO,)»*4H,0 in dimethylformamide by the
method of Adler et af® The products were chromagraphed at least
three times as described above for T(G)RPtHe final time using
benzene as the solvent. Each time only the center cut was retained.
Visible spectraimax €) of the T(G)PPChcomplexes were very similar

to those reported previously for FHOCH;)PPCd.3! T(G)PPCHNO

was synthesized as described in the literatUiighe nitrosating reagent
NO*CIO,~ was prepared by a literature methBdAll solvents were

geated according to standard procedures.

Spectrophotometric Titrations. Spectrophotometric titrations were
performed on a U-3000 spectrophotometer, with digitized absorbance
data being recorded on a Pentium-586 computer.

Isothermal Titration Calorimetry (ITC). Reaction of NO
(NO'CIO,4™) with a,,y,0-tetraphenylporphinatocobalt(ll) and its de-

(28) Schmidt, M. W.; Baldrige, K. K.; Boatz, J. A.; Elbert, S. T.; Gordon, M.
S.; Jensen, J. H.; Koseki, S.; Matsunnage, N.; Nguyen, K. A.; Su, S. J,;
Windus, T. L.; Dupouis, M.; Montgomery, J. A. Comput. Chenl993
14, 1347.

29) Alder, A. D.; Longo, F. R.; Finarelli, J. D.; Goldmacher, J.; Assour, J.;
Korsakoff, L.J. Org. Chem1967, 32, 476.

(30) Adler, A. D.; Longo, F. R. Kampas, F.; Kim, J. Inorg. Nucl. Chem
197Q 32, 2443.

(31) Walker, F. A.J. Am. Chem. Sod.97Q 92, 4235.

(32) Markowitz, M. M.; Ricci, J. E.; Goldman, R. J.; Winternitz, P.J-.Am.

Chem. Soc1957, 99, 3659.
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rivatives in benzonitrile solution was rapid and clean, giving the
corresponding complex product nitrosy)g,y,0-tetraphenylporphina-
tocobalt(lll) in nearly quantitative yieléf ITC titration experiments
were performed in benzonitrile solution at 2& on a CSC 4200
isothermal titration calorimeter. Prior to use, the instrument was

NO*CIO,") into the reaction cell (1.00 mL) containing 1.37 mM T(G)-
PPCd. Injection volumes (1@L) were delivered at 0.5 s time intervals
with 300 s between every two injections. The reaction heat was obtained
by area integration of each peak except for the first one.

Electrochemical Experiments. All electrochemical experiments

calibrated against an internal heat pulse. Data points were collectedyere carried out by CV (sweep rate, 100 mV/s) using a BAS-100B
every 2 s. The reaction heat was determined following eight automatic g|ectrochemical apparatus in benzonitrile solution under an argon

injections from a 200uL injection syringe (containing 2.24 mM

(33) The formation of Ti§-OCHs)PPCd'NO from the reaction of NO with
T(p-OCHg)PPCd may be further confirmed according to the following
experimental results: (i) The reaction product of NONO*CIO,~) with
T(p-OCHg)PPCd was reduced by the single-electron reducing agent
ferrocene to give TFOCH;)PPCAINO and ferrocenium in nearly quantita-
tive yield. (i) The reaction enthalpy change offfQCHs;)PPCd with NO*
was determined to be23.2 kcal/mol much more negative than that of the
one-electron transfer from f{OCH;)PPCd to NO™ (AGer = —5.7 kcal/
mol), which indicates that the final reaction product opTYCH;)PPCd
with NO™ unambiguously is the complex FHOCHs)PPCd'NO rather than
the free Tp-OCHg)PPCd' and the free NO in benzonitrifé.Concerning
the mechanism of FEOCHs)PPCd'NO formation, a reasonable proposal

can be made according to the negative or little positive free energy change

required for one-electron transfer frompFQCHg)PPCd to NO* that the
reaction of Tp-OCHy)PPCd with NO* may be initiated by one-electron
transfer to form T-OCHz)PPCd' and NO, which then rapidly combine
into the final reaction product B{OCHz)PPCd'NO:

T(G)PPCY + NO" == T(G)PPCY' + NO 22" 1(G)ppcd' NO

atmosphere. BINTCIO,~ (0.1 M) was employed as the supporting
electrolyte. A standard three-electrode assembly consisted of a glassy
carbon disk as the working electrode, a platinum wire as counter
electrode, and 0.1 M AgN#Ag (in benzonitrile) as reference. All
sample solutions were 1.0 mM. The ferrocenium/ferrocene redox couple
(Fc™) was taken as an internal standard. Reproducibility is generally
smaller than 5 mV.
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