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IR spectroscopic results, combined with earlier crystallo-
graphic and spectroscopic evidence on Fe and Ru nitrosyl
complexes, indicate that metastable h1-O and h2-NO linkage
isomers are formed on low-temperature irradiation of the
nitrosyl metalloporphyrins (OEP)Ru(NO)L (L = O-i-C5H11,
SCH2CF3); the new compounds are stable at low tem-
perature, but revert to the ground state on warming.

Nitric oxide (NO) plays a crucial role in several biologically
important processes such as intercellular signal transduction,
blood pressure regulation, and cytotoxic activity of immune
systems.1 NO is synthesized in vivo by the enzyme NO
synthase, which contains a (por)Fe(SR) heme active site.2 NO is
now known to be produced by several heme-containing
denitrifying enzymes.3 One of the major biological functions of
NO is to bind to the metal center of heme-containing soluble
guanylyl cyclase, resulting in activation of the enzyme.4 NO is
also known to bind to other heme-containing biomolecules such
as cytochrome P450, Hb, Mb, cytochrome c oxidase, and heme-
containing nitrite reductases.5

The photochemistry of nitrosyl metalloporphyrins and
-hemes reveal photodenitrosylation (A) and recombination (B)
processes [eqn. (1)]6–8 that are probably governed by factors

that include metal oxidation state and the identity and
orientation of the trans (proximal) ligand. Distal pocket
residues also play a role in the geminate recombination of NO
in heme proteins.10 The results of kinetic studies of photo-
chemically induced loss and recombination of NO with
hemoproteins9,10 and metalloporphyrins11,12 suggest that re-
combination is a fast and multistage process at room tem-
perature. Clearly, the mechanisms of NO approach, release and
subsequent binding to heme and heme models require further
investigation.

Until recently, established or proposed descriptions of NO
binding to the metal center in heme or heme models have been
restricted to N-binding of the NO group to the metal in either
linear or bent forms. We have reported novel X-ray crystal
structures of coordination and organometallic compounds with
photoinduced O-bound (h1-O) and side-on (h2-NO) bound
nitrosyl groups.13–15

These compounds were of the {MNO}6 and {MNO}10

formulations.16 We were thus interested in determining if such
linkage isomers could exist for group 8 {MNO}6 nitrosyl

metalloporphyrins of the form (por)M(NO)X with X trans to
NO. Here, we report the first spectroscopic detection of h1-O
and h2-NO linkage isomers of nitrosyl metalloporphyrins.

Irradiation of (OEP)Ru(NO)L [LNO-i-C5H11 1,† SCH2CF3
2;†17 KBr pellets; 330 < l < 460 nm; Xe lamp]18 at 20 K for
15 min results in IR spectral changes that are attributed to the
formation of metastable states possessing h1-O and h2-NO
linkage isomers (Table 1). For example, irradiation of the
alkoxide compound 1 (uNO 1791 cm21) results in a reduction of
intensity of the original uNO band, and the appearance of new
bands at 1645 and 1497 cm21. Difference spectra from the
samples before and after 15 min of photolysis are shown in Fig.
1(a). Upon 15N labeling, these 1791 and 1645 cm21 bands are
downshifted by 36 cm21 (expected shift of 34 cm21 based on
simple two-body model), whereas the 1497 cm21 band is
downshifted by 17 cm21. Similar results are observed during
photolysis of the thiolate compound 2 [Fig. 1(b) and Table 1].

The following observations support the assignment of the
new bands as being due to photoinduced h1-O and h2-NO
linkage isomers at 20 K, respectively.

(i) Photolysis does not produce free NO which has an
absorption band at 1880 cm21.19

(ii) The intensities of the parent nitrosyl bands were restored
after the photolysis had ceased and the samples were warmed to
room temperature and cooled back to 20 K. Thus, the light-
induced reaction is thermally reversible, indicating the forma-
tion of a metastable species. For compound 1, the new band at
1645 cm21 can be seen only below 160 K, while the second new
band at 1497 cm21 can be generated only below 80 K. For
compound 2, the new bands are generated simultaneously upon
irradiation at temperatures below 60 K. In all cases the photo-
induced bands persist for at least several hours if the initial
temperature is maintained.

(iii) Both new bands are subject to the 15N-isotope shift, and
thus associated with uNO (Table 1). Thus, the isotope shifts of
the h1-O uNO bands are 36 and 27 cm21 for photoexcited 1 and
2, respectively. The isotope shifts of the h2-NO uNO bands are
17 and 19 cm21. Similar uNO downshifts of 19 and 14 cm21

upon 15N labeling were recently reported for Cr(h2-NO)20 and
V(h2-NO),21 respectively, generated in an Ar matrix .

Table 1 Wavenumbers (cm21) and shifts of IR absorption bands of nitrosyl
and light-induced isomers with iso- and side-on bound nitrosyl of
complexes 1 and 2

u(RuN–O) u(RuO–N) u[Ru(h2-NO)]

(OEP)Ru(NO)(O-i-C5H11)
14N 1791 1645 (2146) 1497 (2294)
15N 1755 1609 (2146) 1480 (2275)
u(14N) 2 u(15N) 36 36 17

(OEP)Ru(NO)(SCH2CF3)
14N 1788 1660 (2128) 1546 (2242)
15N 1753 1633 (2120) 1527 (2226)
u(14N) 2u(15N) 35 27 19
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(iv) The observed decreases in uNO upon conversion from
nitrosyl to isonitrosyl (h1-O) and to side-on (h2-NO) bound
nitrosyl (Table 1) are very similar to those recorded for other
excited Fe, Ru, Os and Ni nitrosyl complexes.14,15,22–27 DFT
calculations on the nitrosyl linkage isomers in Na2[Fe(CN)5-
(NO)]·2H2O28 predict related downshifts of uNO by 108 and 320
cm21 for the h1-O and h2-NO isomers, respectively.

(v) Downshifts in a number of porphyrin skeletal modes (in
the region 1600–900 cm21)31,32 by 3–5 cm21 upon photolysis
are also consistent with the data available for six-coordinate
Fe(ii) porphyrins which indicate that the reduction of p-acid
character of the axial ligand causes downshifts of the skeletal
absorption bands.33

Finally, we report that we have observed similar linkage
isomers in two other complexes (OEP)Ru(NO)(Cl) 3 and
[(OEP)Ru(NO)(py)]+ 4, thus expanding the range of com-
pounds to include those having O-, S-, halide- and N-donors
trans to NO.

In summary, we conclude that the low-temperature IR
spectroscopic evidence presented here indicates that h1-O and
h2-NO linkage isomers are achievable metastable states in
nitrosyl metalloporphyrins.
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labeled analog was prepared using 15N2labeled isoamyl nitrite. Crystallo-
graphic data for 1: dark2red monoclinic crystals, space group Pn, a =
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22.236(4), b = 91.80(3)°, V = 1961.6 Å3, Z = 2, T = 298 K, m = 0.641
mm, R1 = 0.062, wR2 = 0.138, GOF = 1.1. CCDC 182/1396.

1 Nitric Oxide: Biochemistry, Molecular Biology, and Therapeutic
Implications, ed. L. Ignarro and F. Murad, Advances in Pharmacology,
Academic Press, San Diego, 1995, vol. 34; Nitric Oxide: Principles and
Applications, ed. J. Lancaster, Academic Press, San Diego, 1996; Nitric
Oxide, ed. L. Packer, Methods in Enzymology, Academic Press, San
Diego, 1996, vol. 268, 269; 1999, vol. 301.

2 M. A. Marletta, Cell, 1994, 78, 927.
3 T. C. Hollocher, in Nitric Oxide: Principles and Applications, ed. J.

Lancaster, Academic Press, San Diego, 1996, pp. 289–344; P. A.
Williams, V. Fülop, E. F. Garman, N. F. W. Saunders, S. J. Ferguson
and J. Hajdu, Nature, 1997, 389, 406; T. C. Hollocher and J. B. Hibbs,
Jr., in Methods in Nitric Oxide Research, ed. M. Feelisch and J. S.
Stamler, John Wiley and Sons, New York, 1996, pp. 119–146.

4 Y. Zhao, C. Hoganson, G. T. Babcock and M. A. Marletta, Bio-
chemistry, 1998, 37, 12 458 and references therein.

5 L. Cheng and G. B. Richter-Addo, in Porphyrin Handbook, ed. R.
Guillard, K. Smith and K. M. Kadish, Academic Press, San Diego, in
press.

6 E. A. Morlino and M. A. J. Rodgers, Prog. React. Kinet., 1998, 23, 91;
P. C. Ford, J. Bourassa, K. Miranda, B. Lee, I. Lorkovic, S. Boggs, S.
Kudo and L. Laverman, Coord. Chem. Rev., 1998, 171, 185.

7 M. Hoshino, K. Ozawa, H. Seki and P. C. Ford, J. Am. Chem. Soc., 1993,
115, 9568.

8 A. F. Duprat, T. G. Traylor, G.-Z. Wu, M. Coletta, V. S. Sharma, K. N.
Walda and D. Magde, Biochemistry, 1995, 34, 2634.

9 K. N. Walda, X. Y. Liu, V. S. Sharma and D. Magde, Biochemistry,
1994, 33, 2198.

10 M. L. Carlson, R. Regan, R. Elber, H. Li and G. N. Phillips, J. S. Olson
and Q. H. Gibson, Biochemistry, 1994, 33, 10 597; J. S. Olson and G. N.
Phillips, J. Biol. Chem., 1996, 271, 17 593.

11 I. S. Zavarine, A. D. Kini, B. H. Morimoto and C. P. Kubiak, J. Phys.
Chem. B, 1998, 102, 7287.

12 E. A. Morlino and M. A. Rodgers, J. Am. Chem. Soc., 1996, 118,
11 798.

13 P. Coppens, D. V. Fomitchev, M. D. Carducci and K. Culp, J. Chem.
Soc., Dalton Trans., 1998, 865.

14 D. V. Fomitchev, T. R. Furlani and P. Coppens, Inorg. Chem., 1998, 37,
1519.

15 M. D. Carducci, M. R. Pressprich and P. Coppens, J. Am. Chem. Soc.,
1997, 119, 2669.

16 J. H. Enemark and R. D. Feltham, Coord. Chem. Rev., 1974, 13, 339.
17 G.-B. Yi, M. A. Khan and G. B. Richter-Addo, Inorg. Chem., 1996, 35,

3453.
18 The experimental set-up allows simultaneous IR data collection and

photolysis of a sample maintained at cryogenic temperature: K. A.
Bagley, E. C. Duin, W. Roseboom, S. P. J. Albracht and W. H.
Woodruff, Biochemistry, 1995, 34, 5527.

19 K. Nakamoto, Infrared and Raman Spectra of Inorganic and Coordina-
tion Compounds, Part B, John Wiley and Sons, New York, 1997, p.
149.

20 M. Zhou and L. Andrews, J. Phys. Chem. A, 1998, 102, 7452.
21 M. Zhou and L. Andrews, J. Phys. Chem. A, 1999, 103, 478.
22 J. A. Güida, O. E. Piro, P. S. Schaiquevich and P. J. Aymonino, Solid

State Commun., 1997, 101, 471.
23 Th. Woike, H. Zollner, W. Krasser and S. Haussühl, Solid State

Commun., 1990, 73, 149.
24 Th. Woike and S. Haussühl, Solid State Commun., 1993, 86, 333.
25 D. V. Fomitchev and P. Coppens, Inorg. Chem., 1996, 35, 7021.
26 J. A. Güida, O. E. Piro and P. J. Aymonino, Inorg. Chem., 1995, 34,

4113.
27 O. Crichton and A. J. Rest, J. Chem. Soc., Dalton. Trans., 1977, 986.
28 B. Delley, J. Schefer and Th. Woike, J. Chem. Phys., 1997, 107,

10 067.
29 M. F. Sisemore, M. Selke, J. N. Burstyn and J. S. Valentine, Inorg.

Chem., 1997, 36, 979, and references therein; R. B. VanAtta, C. E.
Strouse, L. K. Hanson and J. S. Valentine, J. Am. Chem. Soc., 1987, 109,
1425; C.-H. Yang, S. J. Dzugan and V. L. Goedken, J. Chem. Soc.,
Chem. Commun., 1985, 1425.

30 L. M. Proniewicz, I. R. Paeng and K. Nakamoto, J. Am. Chem. Soc.,
1991, 113, 3294.

31 X. Y. Li, R. S. Czernuszewicz, J. R. Kincaid, P. Stein and T. G. Spiro,
J. Phys. Chem., 1990, 94, 47; C. Piffat, D. Melamed and T. G. Spiro,
J. Phys. Chem., 1993, 97, 7441.

32 T. Kitagawa and Y. Ozaki, Struct. Bonding (Berline), 1987, 64, 71.
33 T. G. Spiro, in Iron Porphyrins, ed. A. B. P. Lever and H. B. Gray,

Addison-Wesley, MA, 1983, vol. 2, pp. 91–152.

Communication 9/05285B

Fig. 1 Difference spectra (spectrum after irradiation minus spectrum prior to
irradiation for 15 min) for the 14N and 15N labeled compounds (a)
(OEP)Ru(NO)(O-i-C5H11) and (b) (OEP)Ru(NO)(SCH2CF3). The bimodal
structure of some of the shifted bands is attributed to crystalline disorder and
two possible orientations of the NO group. Conversion percentages are
estimated as 1 and 1.5% for (a) and (b), respectively.
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