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Synthesis and Structural Characterization of Several Ruthenium Porphyrin Nitrosyl
Complexes
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The synthesis, X-ray crystal structures, and some spectroscopic and chemical properties of the nitrosylruthenium-
(1) porphyrin complexes Ru(TPP)(NO)(ONO), Ru(TPP)(NO)(OH), Ru(OEP)(NO)(ONO), and Ru(OEP)(NO)-
(OH) (TPP= tetraphenylporphyrinato dianion; OEPoctaethylporphyrinato dianion) derived from the analogous
Ru(ll) carbonyl complexes are reported. Also described are experiments which quantitatively demonstrate that
N0 is formed as a product of the synthesis scheme and that NO serves as the principal oxidant in the transformation
of N(II) to N(lll). The two TPP complexes are isostructural and consist of columns of molecules stacked along
the c axis. The two OEP complexes are also isostructural and can be considered as layers of OEP complexes
stacked along thé axis with solvent molecules situated at the cavities between layers. The nitrite ions are
coordinated in a unidentate fashion through the oxygen atom. Crystal data for Ru(TPP)(NO)(ON®I) €

789.79, space groug/m (No. 87),a = 13.6529(6) A,c = 9.7904(5) AV = 1825.02) B, z=2,p=1.437 g

cm~3, purple bipyramid, Bmax = 50.C°, R(F) = 4.87% for 86 parameters and 838 reflections with 20(l).

Crystal data for Ru(TPP)(NO)(OHR(: M = 760.79, space groug/m (No. 87),a = 13.5423(4) Ac = 9.7150-

(4)A, v=1781.7(1) B, 2= 2, p = 1.418 g cm3, dark red plate, @nax= 50.C, R(F) = 3.92% for 83 parameters

and 811 reflections with > 20(1). Crystal data for Ru(OEP)(NO)(ON&QH,CI, (3): M = 794.77, space group

P2; (No. 4),a= 10.7687(2) Ab = 21.0320(2) Ac = 8.5936(2) A 3 = 102.683(1), V = 1898.85(6) R, Z =

2, p = 1.390 g cm®, black plate, Pmax = 50.C°, R(F) = 6.23% for 453 parameters and 4702 reflections with

> 20(l). Crystal data for Ru(OEP)(NO)(OHJ,HsOH (4): M = 726.91, space group2; (No. 4),a= 10.8474-

(7) A, b=21.002(1) Ac = 8.3646(5) Ap = 103.571(1), V = 1852.4(2) R, Z= 2, p = 1.303 g cm3, brown

plate, Dmax = 45.C°, R(F) = 6.74% for 421 parameters and 3527 reflections with 20(1).

Introduction of investigations by members of this laboratory into the thermal
and photochemical reactivities of several different types of metal
nitrosyl complexed;” including certain nitrosyl metallopor-

phyrin complexes.

The discoveries that nitric oxide serves important roles in
mammalian bioregulation of functions such as vasodilation,
bronchodilation, and neurotransmission and is an important

constituent in immune response to infection have stimulated
intense interest in the chemistry and biochemistry of NO and
derivatives such as metal nitrosyl comple%ealso of interest

are precursor compounds that can serve to deliver NO to
biological targets on demarfdOne strategy would be to employ

a precursor that displays relatively low thermal reactivity but

is photochemically active to give NO when subjected to

electronic excitation. This proposition has been the stimulus
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In the course of these studies, it was found that nitrosyl
porphyrin complexes of the first-row transition metals prepared
in this laboratory? proved too labile, too reactive with dioxygen,
or both to be promising for practical applications in photo-
chemical NO delivery to specific targets in biological organisms.
As a consequence, our attention turned to the preparation of
ruthenium analogs, which were anticipated to be more stable.
The present article describes the synthesis from the carbonyl
analogs Ru(P)(CO), spectroscopic characterizations, and the
structures of several nitrosylruthenium complexes of tetraphen-
ylporphyrinate(2-) (TPP) and octaethylporphyrinate{2(OEP).

Also described are studies to elucidate the stoichiometry of the
reactions involved. Photochemical properties of these com-
pounds will be described elsewhére.

Notably, when these studies were initiated, the literature of
ruthenium nitrosyl porphyrin complexes was spdrséand the
structures of such Ru(P)(NO) species had not been reported. In
the interim, however, the syntheses and crystal structures of
several ruthenium nitrosyl porphyrins have been published,
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Ford, P. CJ. Am. Chem. S0d.997, 119 2853-2860.
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including one of the species, Ru(TPP)(NO)(ONO), described
in the present repott

Experimental Section

Materials and Procedures. Reagent grade methylene chloride for
synthesis and recrystallization was distilled from GaHder N directly
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Synthesis of Ru(TPP)(NO)(ONO) (1) and Ru(TPP)(NO)(OH) (2).
A red suspension of Ru(TPP)(CO)(EtOH) (200 mg, 0.254 mmol) in
deaerated CkCl, (60 mL) was entrained with NO (40 min), during
which all solids dissolved to form a deep red solution. After solvent
removal with a stream of argon, the product was redissolved in minimal
CH,Cl,, and the solution was loaded onto an alumina column. Elution
with CH.Cl; gavel as an olive green band on the column and a wine-

before use. Chlorobenzene was passed through a neutral activate@olored solution. Elution with 2% EtOH/GRI, freed 2 from the

alumina column and stored over activéitd A molecular sieves.
Column chromatography was performed on alumina (neutral activity
I; Sigma) or silica (76-230 mesh; Aldrich). Ruthenium dodecacarbonyl
(Strem Chemicals) anehesetetraphenylporphine (Aldrich) were used
as received. Ru(OEP)(CO) was obtained from Midcentury (Posen, IL)
and as a gift from Dr. Mikio Hoshino of the Institute of Chemical and

Physical Research (RIKEN), Wako-shi, Japan. The TPP analog Ru-

(TPP)(CO) was prepared by the literature method.

Both samples of Ru(OEP)(CO) were subjected to column chroma-
tography, on silica using Ci€l, as the eluent, to remove free-base
(H2.OEP) impurities before use in synthesis. A single, streaked band
was observed. lllumination with a hand-held fluorescent lamp indicated
that HLOEP eluted at the forefront of this band, so this strongly

column as a concise red band. Lustrous purple crystalg®21 mg,
56% yield) were recovered by slow evaporation ofCH in the dark.
Mauve crystalline2 (76 mg, 38% yield) was collected after addition
of EtOH (30% v/v) to the eluted solution. Spectral data TorUVv/
visible in CHCl; (Amax NM (€, M~cm™)) 333 (2.1x 10%), 410 (2.1
x 10, Soret), 564 (1.03 10%), 608" (4.2 x 10%); IR (KBr; cm™?)
1854 (vs), 1522 (s), 930 (m}H-NMR (CDCls; ¢, ppm) 9.00 (8H, s,
pyrrole 8), 8.28 (4H, dmJ = 6.8 Hz,orthg), 8.20 (4H, dmJ = 6.8
Hz, ortho), 7.70 (12H, mmeta para); FAB-MS (m/2 744 (100, Ru-
(TPP)(NOY), 714 (50, Ru(TPP)). Spectral data fo2: UV/visible in
CH.Cl (Amax, NM (€, M~t cm1)) 320 (2.0x 10%), 410 (1.4x 10,
Soret), 428, 556 (1.9x 10%), 592 (6.8x 10%); IR (KBr; cm™1) 1827
(vs), 1817" *H-NMR (CDCl; 6, ppm) 8.98 (8H, s, pyrrol@), 8.28

fluorescent portion was discarded. Several cycles were required to (8H, m,ortho), 7.80 (12H, mmeta, parg (hydroxo proton resonance

obtain pure free-base product as indicated by analytical thin-layer
chromatography on silica (686 on glass; Merck) with CbCl,. After

this procedure, recrystallization was accomplished from 3:3GTHH
EtOH. Unreacted free base was removed from Ru(TPP)(CO)(EtOH)
by column chromatography on alumina with @, as the eluent. The
free base HTPP eluted as a red fluorescent band, while Ru(TPP)(CO)

not observed); MSni/2 744 (100, Ru(TPP)(NO), 714 (63, Ru-
(TPP)"). Optical spectra ofl and 2 are included as figures in the
Supporting Information.

Ru(OEP)(NO)(ONO) (3) and Ru(OEP)(NO)(OH) (4). The OEP
analogs of the TPP complex&sand2 were prepared from Ru(OEP)-
(CO)(EtOH) using the procedure described above except that NO

remained on the column. Product recovery was then effected by the entrainment of the orange solution was maintained for only 3 min. The

addition of 2% 2-propanol in Cil,. Recrystallization was ac-
complished in air by the slow evaporation of a 3:1CH/EtOH solvent
mixture to give Ru(TPP)(CO)(EtOH). For both OEP and TPP
derivatives, the weakly bound EtOH liganid ¢ 10° M~ in CH,Cl,)
may be removed by dissolving the complex in £ and isolating
again.

All syntheses of nitrosyl compounds were performed under chro-

material isolated from the second red band obtained from chromatog-
raphy of the crude mixture contained some Ru(OEP)(NO)(OEt)
impurity, identified by Ru-bound ethoxy peaks-a2.73 (2H, q,J =

6.8 Hz) and—3.07 (3H, t,J = 6.8 Hz) ppm in théH-NMR spectrum.

To convert all of the material t4, a CHCl, solution (~10 mL) of the
mixture was stirred overnight in the dark with an equal volume of dilute
sulfuric acid (0.2 M), washed first with saturated aqueous NagiCO

matographic grade argon, which had been passed through an indicating®d then with deionized water, and dried over Mg%@d the solvent
oxygen trap (Chromatograph Research Supplies). NO (99.0% purity; Was removedn vacua A 200 mg portion of Ru(OEP)(CO)(EtOH)

Matheson) was purified of higher nitrogen oxides by passage through
a stainless steel column containing Ascarite Il (NaOH on a silicate
carrier; Thomas Scientific). Deaeration of solvents was accomplished
by entraining with argon for a minimum of 1 min/mL.

Instrumentation. Electronic absorption spectra were measured in
0.0202 cm Cafand 0.2 and 1 cm quartz cells on Hewlett-Packard
8452A diode array and Cary 118 (OLIS digital upgrade) spectropho-
tometers. Infrared spectra of solid samples in a KBr matrix and of
dichloromethane solutions were recorded with a Bio-Rad FTS-60 FTIR
spectrophotometer. Gas chromatography measurements were made
140°C on a Hewlett Packard 5830A gas chromatograph equipped with
a 12 ft Porapak Q (806100 mesh) column with a TC detector and
10% H in He as carrier gas (30 mL/min). NMR spectra were obtained
on Varian 200, 400, and 500 MHz spectrometers in GICHCI; at
7.260 ppm). FAB mass spectra (xenon atom bombardment of a
3-nitrobenzyl alcohol matrix) were obtained on a VG 70E double-
focusing mass spectrometer.

(12) (a) Kadish, K. M.; Adamian, V. A.; Caemelbecke, E. V.; Tan, Z;
Tagliatesta, P.; Bianco, P.; Boschi, T.; Yi, G.-B.; Khan, M. A,; Richter-
Addo, G. B.Inorg. Chem1996 35, 1343-1348. (b) During the course
of our studies, the crystal structure bfvas communicated to us by
George Richter-Addo of the University of Oklahoma and Karl Kadish
of the University of Houston and subsequently publisiéd@he crystal
structure solution ot, as well as difficulties in solving this structure,
is in accord with the data presented by these workers.

(13) (a) Bohle, D. S.; Goodson, P. A.; Smith, B. Polyhedron1996 15,
3147-3150. (b) Yi, G.-B.; Khan, M. A.; Richter-Addo, G. B. Chem.
Soc. Chem. Commuh996 2045-2046. (c) Yi, G.-B.; Khan, M. A;;
Richter-Addo, G. Blnorg. Chem1996 35, 3453-3454. (d) Hodge,
S. J.: Wang, L.-S.; Khan, M. A;; Young, V. G.; Richter-Addo, G. B.
J. Chem. SocChem. Commuril996 2283-2284.

(0.283 mmol) led to the isolation of 159 mg of deep purBl€79%
yield) and 41 mg of purple-red (21% yield). Spectral data fd3:
UV/visible in CHCl, (Amax, NM €, M~* cm™1)) 350" (3.5 x 107, 396
(1.42x 1P, Soret), 548 (6.7 x 10°), 574 (7.4x 10°); IR (KBr; cm™1)
1835 (vs), 1497 (s), 963 (s)H-NMR (CDCls; 6, ppm) 10.38 (4H, s,
mesg, 4.19 (16H, mJ = 7.5 Hz, diastereotopic €;CHz), 1.99 (24H,
t, J = 7.5 Hz, CHCHa); FAB-MS (m/2 709 (1.4, parent), 664 (100,
Ru(OEP)(NOY), 650 (32, Ru(OEP)(0O), 634 (38, Ru(OEP).
Spectral data fod: UV/visible in CH,Cl (Amax M €, M™% cm™Y))

346 (2.7x 109, 392 (9.1x 10/, Soret), 538 (11.%« 109, 572 (13.1

x 10°); IR (KBr; cm™) 1806 (vs);*H-NMR (CDCl; 6, ppm) 10.34
(4H, s, mesg, 4.16 (16H, m,J = 7.5 Hz, diastereotopic i;CHs),
2.04 (24H, t,J = 7.5 Hz, CHCHz3); MS (m/2 681 (14, parent), 664
(100, Ru(OEP)(NO)), 650 (20, Ru(OEP)(0), 634 (72, Ru(OEP)).
Optical spectra oB and 4 are included as figures in the Supporting
Information.

Detection of NNO. Experiments were carried out to determine the
stoichiometry of NO formation from the reaction of NO with Ru(P)-
(CO) (P = OEP or TPP) both in the solid state and in solution
(chlorobenzene). In a typical experiment, a solution of Ru(P)(GQX(
mg) in minimal CHCI, was added to a glass flask of known volume
(~30 mL; equipped with a Teflon valve for vacuum line connection
and a silicone rubber septum for sample removal via syringe), and the
CHCl, was then removed under vacuum. For reactions with solid
Ru(P)(CO), the flask was evacuated, refilled with the desired pressure
of NO and argon (to 760 Torr total), and left at room temperature for
at least 48 h in the dark. For solution reactions, deaerated chloroben-
zene (1 mL) was added to the flask, and the solution was degassed to
the point where only solvent vapor (10 Torr) remained in the head
space. Nitric oxide and argon were then introduced, and the solution
was stirred magnetically in the dark at room temperature for at least

(14) Sauve, A.; Groves, J. T. Reported at the 10th International Symposium 15 h

on Homogeneous Catalysis, Princeton, NJ, Aug 199; Poster B56.
(15) Barley, M.; Becker, J. Y.; Domazetis, G.; Dolphin, D.; James, B. R.
Can J. Chem 1983 61, 2389-2396.

In order to protect the column from halocarbon vapors, the volatiles
from the flask were transferred in three freetmnsfer-thaw cycles
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(Ti(PhCIl)= 228 K) at 195 K (dry ice/acetone) to another flask of known Table 1. Crystallographic Parameters for Ru(TPP)(NO)(ONO) (
volume at 77 K. After the second flask was allowed to warm to room and Ru(TPP)(NO)(OH)2)?

temperature, argorP(= 760 Torr) was introduced. Gaseous aliquots 1 2
(2.0 mL) for NbO analysis were removed through the septum with a —
valve-equipped gastight syringe (Hamilton) and analyzed by GC with  €Mmpirical formula 7%5"‘%’\‘603'?“ ?£2;5502RU

argon as the internal standard. A blank run in the absence of Ru(P)-

(CO) showed a background.® impurity in the NO sample, which color purple dark red

usually measured5% of the NO produced in the reaction of Ru(P)-

habit

bipyramidal

plate

(CO) with NO. The NO values reported in Table 5 were corrected gzgig: zlyzsetémrﬁ o'tgr;g%ﬁaslx 0.067 O'tle?tjagblnzaT 0.067
for this background. At least three injections were analyzed for each gnace group 14/m (No. 87) 14/m (No. 87)
run, and the reported results are the averaged values. a() 13.6529(6) 13.5423(4)
measurements in whidA(NO) at injection was estimated to be greater ¢ (A) 9.7904(5) 9.7150(4)
than 50 Torr, a weighted average ofQ\response factors versus Ar vV (A3) 1825.0(2) 1781.7(1)
and NO was employed to determiféN,O), since Ar and NO elute Z (molecules/cell) 2 2
together. T(°C) 20 20

Immediately following head space sampling, the porphyrin product  Peaic (g €T 1.437 1.418
was isolated by solvent removal under reduced pressure. It was then A(Mo Koy (A) 2 0.71073 0.71073
dissolved in CDGJ, and the!H-NMR spectrum was recorded. The  #4(M0 Ko (mm™) — 0.480 0.486

; ; : hkl data limits —18<h <17, -18 <h <17,

relative reactant and product concentrations from the reaction of Ru- 18<k <17 _18<kKk<15
(OEP)(CO) with NO were determined by integration of the well- 11<1<12 ' 1< < 12’
resolvedmeseproton resonances of OEP. Several unidentified peaks, max 2 (deg) 50 50
consisting of less than 10% of the porphyrin species, were also observed 4 f total data 4845 4795
in this region. Quantitation of the amounts of relative species from g of unique data 855 838
the Ru(TPP)(CO) reaction was not possible because of the insolubility R, (1) (%) 4.35 4.42
of these porphyrins. no. of obsd data, 838 811

Structure Determination. Suitable crystals were mounted on thin | > 20(l)
glass fibers with epoxy resin. Room-temperature single-crystal studies no. of parameters 86 83
for all four compounds were carried out on a Siemens Smart CCD R (%) 4.87 3.92

diffractometer equipped with a normal-focus 2.4 kW sealed-tube X-ray Rw (%) 14.05 9.22

source (Mo Ku radiation) operating at 50 kV and 40 mA with a two- GOF 1.304 1.282

dimensional CCD detector. Unit cell dimensions were determined by  aThe numbers in parentheses for all crystallographic tables are
a least-squares fit of reflections with> 100(l) and 10 < 260 < 56°. standard deviation$.R(F) = ¥ ||Fo| — |Fd||/3 |Fo| with Fo > 4.00(F).

The number of reflections used in the cell refinement is 2846lfor  ¢R,(F) = [SW(F2 — FAYSW(FAF°° with F, > 4.00(F). w =
2509 for2, 4846 for3, and 3804 ford. About 1.3 hemispheres of  1/[0%(Fo?) + (AP)? + B]. P = (Fo? + 2F2)/3; A= 0.046,B = 6.2657
intensity data were collected in 1321 frames for two tetragonal phasesfor 1; A = 0.0197,B = 4.9725 for2.

(1 and?2), and a full sphere of intensity data were collected in 2082

frames for two monoclinic phase8 &nd4). o scans were used inall  temperature by slow evaporation of a &Hy/EtOH (3:1 v/v) solution
cases with a scan width of 0.&nd an exposure time of 30 s per  protected from room light. The systematic absences were consistent
frame. The empirical absorption correction was based on the symmetry-with the 4, 14/m, andl4 space groups. The initial structure refinement
equivalent reflections, and other possible effects such as crystal decaywas done in thé4 space group, which did not show any evidence of
and absorption by the glass fiber were simultaneously corrected. Crystalordering of the NO and OH groups. Thus, in the final refinement, the
structures were solved by Patterson methods followed by difference centric space groupd/m was chosen. The NO and OH groups are
Fourier methods. Computations were performed using SHELXTL statistically distributed on two sides of the mirror plane. Final full-
running on a Silicon Graphics Indy 5000. Detailed crystal data for matrix refinements were performed agaifisand included anisotropic

the four structures described here are listed in Tables 1 and 2. thermal parameters for non-hydrogen atoms except those in the NO
(i) Complex 1. Purple crystals oflL were grown in air at room and OH groups. The hydrogen atoms were calculated usingtd C
temperature by slow vapor diffusion of £ into a CHCI, solution bond distance of 0.93 A and were refined isotropically. The positional
stored in the dark. The systematic absences observed in the reducegarameters of the hydrogen atoms were refined as riding parameters
data for1 were consistent with thé4, 14/m, and |4 space groups. of their parent atoms. The hydrogen atom of the OH group was not
However, attempts to refine the structure in the noncemrispace located. The maximum and minimum residual electron densities were
group did not reveal ordering of the NO and ONO groups. Thus, the 0.382 and—0.318 e A3.
final refinement was done in tHé/m space group. The NO and ONO (i) Complex 3. Dark brown crystals o8 were grown in the dark

groups are statistically distributed on two sides of the mirror plane. It by a||owing E&O to diffuse s|ow|y into an aerated QB|2 solution at

is notable that several other TPP nitrosyl complexes, including Co- room temperature. The space group was determined ®2bé&om
(TPP)(NO}® and Fe(TPP)(NOY! crystallize in an 8-fold disordered  the systematic absences and intensity statistics and was confirmed by
manner, which leads to the choice leffim over 14 as the preferred  the successful structure solution. Final full-matrix refinements were
space group®2° Final full-matrix refinements were performed against  performed againg®? for all reflections and included anisotropic thermal

F? and included anisotropic thermal parameters for non-hydrogen atomsparameters for non-hydrogen atoms. Hydrogen atoms were calculated
except those in the NO and ONO ligands. The hydrogen atoms were at ideal locations and were included in the structure factor calculation
calculated using a €H distance of 0.93 A and were refined as riding atoms. Parameter shifts in the final least-squares cycle were
isotropically. The positional parameters of the hydrogen atoms were smaller than 0.02 The maximum and minimum residual electron
refined as riding parameters of their parent atoms. The maximum and densities were 0.835 and0.546 e A3. A methylene chloride solvent

minimum residual electron densities were 0.458 ait372 e A3, molecule was discovered within the crystal.
(i) Complex 2. Deep red crystals d were grown in air at room (iv) Complex 4. Deep purple crystals of were grown by slow
evaporation in air of a CKCI,/EtOH (3:1 v/v) solution stored at room
(16) Scheidt, W. R.; Hoard, J. L1. Am Chem Soc 1973 95, 8281~ temperature and in the dark. The space grd®fy, was determined
8288. _ from the systematic absences and intensity statistics and was confirmed
(17) Scheidt, W. R.; Frisse, M. B. Am. ChemSoc 1975 97, 17-21. by the successful structure solution. An ethanol solvent molecule was
(18) 1"90932@'139'6:' Cohen, G. H.; Glick, M. . Am. ChemSoc 1967 89, discovered within the crystal. The large thermal parameters of this
(19) Glick, M. D.; Cohen, G. H.; Hoard, J. . Am. ChemSoc 1967, 89, solvent molecule suggest that it has large thermal motions. The distance
1996-1998. from the hydroxyl oxygen atom to the oxygen atom of the ethanol

(20) Timkovich, R.; Tulinsky, AJ. Am. ChemSoc 1969 91, 4430-4432. molecule is 2.53 A, suggesting the existence of hydrogen bonding. Final
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Table 2. Crystallographic Parameters for Ru(OEP)(NO)(ON®)) (
and Ru(OEP)(NO)(OH)4)

3 4
empirical formula G7H46NsO3zRUCEL CasHs1NsOzRu
fw 794.79 726.91
color black dark brown
habit plate plate

crystal size (mr)

0.27x 0.10x 0.017

0.5x 0.167x 0.033

crystal system monoclinic monoclinic

space group P2; (No. 4) P2; (No. 4)

a(h) 10.7687(2) 10.8474(7)

b (A) 21.0320(2) 21.002(1)

c(A) 8.5936(2) 8.3646(5)

S (deg) 102.683(1) 103.571(1)

V (A3) 1898.85(6) 1852.4(2)

Z (molecules/cell) 2 2

T(°C) 20 20

pealc (g cn3 1.390 1.303

A(Mo Ka) (A) 0.71073 0.71073

u(Mo Ka) (mm™)  0.597 0.465

hkl data limits —14<h <14, —1l4<h <14,
—28 <k <28, —27<k<27,
—-11<I<11 —-10<I1<11

max 2 (deg) 50 45

no. of total data 15530 12 230

no. of unique data 6579 4796

Rut(1) (%) 7.02 7.94

no. of obsd data, 4702 3527

I > 20(l)

no. of parameters 453 421

R (%) 6.23 6.74

Ry (%) 9.8° 13.84

GOF 1.023 1.033

aR(F) = X ||Fo| — |Fcll/X|Fol with Fo > 4.00(F). ® Ru(F?) = [YW(Fo?
— FAAYW(FA)F%5 with Fo > 4.00(F). w = 1/[03(Fo?) + (AP)? + B].
P = (F? + 2F2)/3, A = 0.036,B = 0.0837 for3, A= 0.0745B =
0.00 for4.

full-matrix refinements were performed againgt and included

anisotropic thermal parameters for all non-hydrogen atoms except those

Inorganic Chemistry, Vol. 36, No. 21, 1994841

Ru(TPP)(CO) and gaseous NO. In &, longer exposure
times to NO strongly favored production @&f(after isolation
and crystallization as described in the Experimental Section);
however, when ethanol was presehiyas the principal product
even after lengthy (30 min) reaction times. Both species
appeared to be diamagnetic, given the well-resoh-¢dNMR
spectra having normal proton line widths (see Experimental
Section).

Characterization of 1. Two structures fofl come to mind.
The first is a dinitrosyl complex, Ru(TPP)(Nwith one axial
ligand linearly bound as NO and the other in the bent
configuration as NO. The second is the nitrosyl nitrito
complex Ru(TPP)(N®)(ONO™) with a linear nitrosyl and an
O-coordinated nitrite in the axial sites. The 1522 ¢érband
observed forl lies at the lower limit of therno range reported
for coordinated nitroxyl anions, NO(i.e., a bent M-N=0,
>1500 cntl),2la yet just above the normal range for the
asymmetric stretchy,s of coordinated nitrito anions (1565
1370 cnmY).2! The new band at 930 cthis consistent with a
symmetric ONO stretch,vs, although again somewhat outside
the normal range (113@65 cntl). Previous reports of
dinitrosyl metalloporphyrin complexes include the product
described for the reaction of Ru(mesoporphyrin 1X dimethyl
ester)(CO) with NO to give a Ru(P)(N®3pecies withvyo at
1838 and 1786 cri in KBr.® Also reported were the reversible
reaction of Fe(TPP)(NO) with NO to give Fe(TPP)(N®)ith
vno =1870 and 1690 cri in Nujol?2 and the reaction of Os-
(OEP)(CO)(py) with NO to give Os(OEP)(N®With vno =
1778 and 1500 cni in KBr.2® Structural data were not given
for any of these complexes although a parent peaki/@f755
was seen in the mass spectrum of Ru(mesoporphyrin IX
dimethyl ester)(NQ)° The structure has been reported for a
related ruthenium complextrans-Ru(saten)(NO)(ONO)}THF
(saben = N,N'-ethylenebis(salicylideneaminato)), formed by
reaction of Ru(saén)(PPh), with NO in THF2* This clearly

of the solvent ethanol molecule, which was refined isotropically. SNOWS a nitrito ligandrans to the linear nitrosyl, and the IR
Hydrogen atoms, except that of the hydroxyl group, were calculated at SPectrum displays ano band at 1831 cmt and avadONO)

ideal locations. The positional parameters of hydrogen atoms were band at 1507 cmt (KBr). Thus, the IR spectrum df appears
refined as riding parameters of their parent atoms. Two common to be more consistent with a nitrosyl nitrito species rather than
isotropic thermal parameters for hydrogen atoms (one for those in the with a dinitrosyl complex.

methylene groups of the OEP complex and one for those on planar C  Although subsequent studies, especially those of the OEP
atoms) were refined. Parameter shifts in the final least-squares CVC'eanang described below, clearly support this conclusion, initial

were smaller than 0.88 The maximum and minimum residual electron
densities were 0.738 and0.864 e A3,

Results and Discussion

Synthesis of Ru(TPP) Nitrosyl Complexes.Reaction of a
CH.CI, suspension of Ru(TPP)(CO)(EtOH) with excess NO
resulted in complete loss of the carbomyb band at 1945 crmt

attempts to differentiate the two possible structures were
ambiguous. The FAB mass spectrum did not give a parent peak;
the highest mass and most intense peak was sesvzat44
(Ru(TPP)(NOY). Furthermore, there was considerable disorder
at the ONO (or NO™) site in the X-ray crystal structure, which
left open the possibility of a Ru(TPP)(NQYNO™) structural
assignment. However after re-examination according to a Ru-

in the IR spectrum and in the appearance of new bands Tpp)(NO)(ONO) model (see below), the refinement proved

consistent with thevyo expected for complexes of linear
nitrosyls (i.e., NG).21 Column chromatography of the reaction
solution led to isolation of two products. One specié$ (
displayed avno IR band at 1854 cmt (KBr) and two other
new bands at 1522 and 930 cthn The IR spectrum of the
second compoun®y displayed a singleno band at 1827 crrt
(KBr). The remaining IR bands of both and 2 could be
attributed to the Ru(TPP) moiety and were only minimally

to be better. While this issue was still in question, the low-
temperature €60 °C) X-ray crystal structure of the same
compound was resolved as Ru(TPP)(NO)(ONO) by Kadish,
Tagliatesta, Richter-Addo, and co-workers and personally
communicated to u¥ During the same period, Bohiet al.
also communicated to us their X-ray crystal structure solution
for the closely related Ru(TTP)(NO)(ONO) (TTE tetra-
tolylporphyrinato dianion) complex synthesized by metathesis

affected by the nature of the axial ligands. The ratio of the of Ry(TTP)(NO)CI with AgNQ.13

isolated products was (apparently) dependent upon the time of

Synthesis of Ru(OEP) Nitrosyl Complexes.Owing to the

NO exposure, the solvent medium, and the experimental WorkUp'ambiguities regarding the nature hfwe also prepared the Ru-

but both products were formed even from the reaction of solid

(21) (a) Nakamoto, Klinfrared Spectra of Inorganic and Coordination
Compounds 4th ed.; John Wiley & Sons: New York, 1986. (b)
Hitchman, M. A.; Rowbottom, G. LCoord Chem Rev. 1982 42,
55—-132.

(22) Wayland, B. B.; Olson, L. WJ. Am Chem Soc 1974 96, 6037
6041.

(23) Buchler, J. W.; Smith, P. DChem Ber. 1976 109, 1465.

(24) Carrondo, M. A. A. F. d. T.; Rudolf, P. R.; Skapski, A. C.; Thornback,
J. R.; Wilkinson, G.norg. Chim Acta 1977, 24, L95.
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Table 3. Electronic Spectral Data fat—4 and Their Carbonyl
Precursors in CkCl, at Ambient Temperature

Miranda et al.

Table 4. Effect of theTransLigand onvno Values for
Ru(P)(NO)(X) Complexes

Amax, NM (loge) vno (P=TPP) vno (P = OEP)
compd Soretband  Q(1,0) Q(0,0) X~ inKBr inCHxCl;(e)> inKBr in CH.CI; (¢)?
Ru(TPP)(NO)(ONO) ) 333 (4.31) 410 (5.32) 564 (4.01) 6083.65) OMe b 1780
Ru(TPP)(NO)(OH)2) 320 (4.30) 410 (5.14), 556 (4.28) 592 (3.83) OEt ¢ 1816 1794
428" OH-d 1827 1825 (1200) 1806 1814 (1300)
Ru(TPP)(CO)(EtOH) 345 (3.95) 411 (5.41) 528 (4.40) §8.48) Ccl- 1827 1844 (1300)
Ru(OEP)(NO)(ONO)J) 35C" (4.54) 396 (5.15) 548(3.83) 574 (3.87) ONO~ 1854 1860 (1400) 1835 1851 (1350)

Ru(OEP)(NO)(OH)4) 346 (4.44) 392 (4.97) 538 (4.05) 572 (4.12)
RU(OEP)(CO)(EtOH) 344 (4.13) 392 (5.34) 514 (4.20) 547 (4.56)

(OEP) analog by reaction of Ru(OEP)(CO)(EtOH) in £
with excess NO to give a product solution again displaying two
IR bands in thevyo region. Chromatography of this solution
led to isolation of two products; the major species \Basith
avno IR band at 1827 cmit (KBr) plus other new bands at
1497, 963, and 821 cm, and a lesser product waswith a
vno band at 1806 cmit (KBr). Other IR bands could be
attributed to the Ru(OEP) moiety and were minimally affected
by the nature of the axial ligands. Bubbling NO through a
solution of Ru(OEP)(CO) in neat GBI, for times as short as
5 min resulted in production o8 in yields >70%, while in
CH,CI,/EtOH, 4 was the major product>(90%) even after a
30 min entrainment with NO.

Characterization of 3. The IR spectrum o8 is quite similar
to that of 1. Thevno band at 1827 cmt is typical of a linear
M—NO;?12 the bands at 1497 and 963 cinfall within the
normal range fow,sandvs, respectively, for coordinated ONO
Additionally, the band at 821 cm corresponds to the ONO
bending mode (856810 cnt1).2! Furthermore, the FAB mass
spectrum gave a peakrmatz 709 corresponding to the Ru(OEP)-
(NO)(ONO)" parent peak foB, although its intensity was less
than 2% that of the peak at/z 664, which corresponds to Ru-
(OEP)(NOY. Finally, the X-ray crystal structure & was
resolved in thd”2; space group, which gave much less disorder
at the axial ligand sites (althoughvalues were higher owing

a Extinction coefficient in Mt cm™. ® Reference 10: Recrystallized
in 3:1 CH.CI/EtOH under argon? Recrystallized in air.

gy(r*) transitions) shift to shorter wavelength because mixing
of filled ey4(d~) metal orbitals with the emptyyer*) porphyrin
orbitals moves theygr*) orbitals to higher energy. The stronger
m-accepting properties of NQrelative to CO) apparently lower
metal d-orbital energies, which in turn decreases the interaction
with the g(*) orbitals and results in a bathochromic shift of
the Q bands. The identity of the various axial ligands X of the
nitrosyl complexes Ru(P)(NO)(X) has a lesser effect on the
positions of the Q and Soret bands (Table 3). This behavior is
in accord with the spectra for the series Ru(TPP)(CO)(L L
vacant< EtOH < Me,SO < py < pip, where it was shown
that the identity of L affects the intensity ratio of the Soret and
Q bands but has only a modest effect on the positions of the
Soret, Q(1,0), and Q(0,0) band maxiffa.

The nitrosyl stretching frequencies are listed in Table 4 for
various RU(P)(NO)(X) complexes. It is noted that, owing to
the strongr-back-bonding interactions between the metal and
NO, thevno for the linear nitrosyl is sensitive both to the nature
of the porphyrin and to the identity of the axial ligatrdnsto
it. For exampleyno is systematically+20 cnt?! higher for
complexes of TPP than for the OEP analogs. In additiqp,
shifts to lower frequency for more basic'X

Thermal and Photochemical Stability. In the dark,2 and
4 are stable in the solid phase or as solutions in noncoordinating

to disorder of the OEP ethyl groups and the presence of a solventSolvents for months. In contrast, solid samples of Ru(P)(NO)-
of crystallization within the lattice) and clearly demonstrated (ONO) proved unstable and underwent slow conversion to the
the presence of both a linear nitrosyl ligand and an O- respective Ru(P)(NO)(OH) after several weeks unless stored

coordinated nitrito ligand (see below).

Characterization of 2 and 4. The IR spectra of compounds
2 and4 display only single new bands at 1827 and 1806&m
respectively, consistent with linearly coordinated mononitrosyls.
Given the normal line widths of théH-NMR spectra, both

products were concluded to be diamagnetic and therefore are

Ru(ll) complexes, i.e., RYP)(NO)(X™). In analogy tal, the
highest observable molecular weight ion in the mass spectru
of 2was Ru(TPP)(NO). The highestn/'z peak and subsequent
fragmentation pattern were in accord with formulatiordcds
Ru(OEP)(NO)(OH). The OHligand was unexpected, as both
compounds were recrystallized from @E,/EtOH, so the sixth
ligand was anticipated to be OEt ThelH-NMR spectrum was
also consistent with formulation of as a hydroxo complex,

since ethoxy resonances (which should have occurred severaf

ppm upfield from TMS, given ring current effects from the
porphyrin ring) were not seen in spectra of the isolated praduct.
The apparent source of the OHs atmospheric moisture, as
the recrystallization was carried out under ambient conditions.
The crystal structures described below confirmed formulation
of both 2 and4 as the hydroxo species Ru(P)(NO)(OH).
Spectra. The electronic absorption spectral data fer4 in
CH.CI, are presented in Table 3. These spectra exhibit a shift
from thehypsopattern of Ru(P)(CO) to a morrmal pattern
upon NO substitution to give Ru(P)(NO)(X. For hypso
metalloporphyrins, the Q bands (ligand centerag @(r) —

under inert atmosphere. This reaction was significantly faster
in solution, especially when not protected from room light. In
coordinating solvents such as pyridine, all four compounds were
slowly converted to Ru(P)(k)over a period of days. These
reactions were accelerated photochemically. In aerated solution,
1—4 exhibited photochemical activity upon irradiation with 366

nm light. The UV/visible spectral changes observed upon

rnphotolysis varied in different solvents, which included benzene,

benzene/EtOH, CHl,, and pyridine. However, for a particular
porphyrin, the nitrito and hydroxy complexes were photolyzed
to common products. For example, in &, the photolysis

of 3 or 4 gave Ru(OEP)(NO)CI as the major photoproduct, as
shown by IR, UV/visible, and'H-NMR spectra and by

25) (a) Gouterman, M. IThe Porphyrins Dolphin, D., Ed.; Academic:
New York, 1978; Vol. lll, Chapter 1. (b) Buchler, J. W. Rorphyrins
and MetalloporphyrinsSmith, K. M., Ed.; Elsevier Scientific Publish-
ing Co.: Amsterdam, 1975. (c) The electronic absorption spectra of
metalloporphyrins generally exhibit three bands originating from
— g* transitions. Interactions with metal d electrons can perturb these
bands as well as cause the appearance of additional bands. The higher
energy band (386450 nm), termed the Soret band, is the origin B(0,0)
of the second excited singlet state and is extremely intensebj(k
10° M~1 cm™1). The intensities of the two visible-range Q bands are
about an order of magnitude lower than the Soret intensity, and these
bands are found between 500 and 700 nm with a separation of
approximately 1250 crt. The Q(0,0) band is the electronic origin of
the lowest energyrr* state, while the Q(1,0) band includes one mode
of vibrational excitation.

(26) Levine, L. M. A.; Holten, DJ. Phys. Chem1988 92, 714.
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Table 5. Results of NO Detection Experiments Scheme 1. Hypothetical Intermediates Enroute to Formation
starting material product yield of the Nitrosy!l Nitrito Complexes
0,
(«mol) (%) of N,O Q ﬁ -0
f 0,

RU(OEP)(CO) NO Ru(OEP)(C®) 4 3 othef umol % 2 NO . NO
8.5 36 23 8 58 11 45 69 CraD —o~ C ®aD
12.00 36 51 2 4 6 39 66 ) N Ne
12.2 36 49 3 42 6 43 69 L o* o N
18.4 153 0 21 71 8 131 70 1a) @) o]
10.8 36 30 9 57 4 6.3 83
12.6¢ 50 0 38 62 <2 10.2 81 Oy (R
54.3 310 0 10 85 5 478 88 N '

19.5 190 0 73 26 1 126 64

N
a All reactions were carried out for at least 15 h in the dark a#22 +2NO @

3°C. " Solid state ¢ In chlorobenzene (1 mL} In 3:1 chlorobenzene/ Ny N
ethanol (1 mL)£ Observable byH-NMR. fIncludes Ru(OEP)(NO)- ',‘r (0] [¢]
(OEt). 9 Unknown compound characterized Hy-NMR meseproton (o]
peak at 10.43 ppm in CDgI" Based on Ru(OEP)(CO) consumed.

-0

N

comparison to an independently prepared sarffplé. minor

2=0

primary photoproduct with highno (> 1850 cntt in CH,Cly)
and IH-NMR values tneseproton resonances at 10.43 ppm) N0
was also observed, which has yet to be identified. The

. ! . : N,
photochemical properties of these materials will be reported i o

elsewheré. ¥ a @)
Stoichiometry of the Reaction of NO with Ru(OEP)(CO). /

The reactions leading to the Ru(ll) nitrosyl products of the Q

synthesis scheme are not straight forward. Formally, both Ru-
(P)(NO)(OH) and Ru(P)(NO)(ONO) are in the Ru(ll) oxidation

state, as are the carbonyl analogs. However, at least formally,
the nitric oxide has undergone oxidation to N(lll) both for o,
coordinated NO and for ONO'. Since the metal is not (1 or 3) N
reduced, the likely oxidant in deaerated media is nitric oxide 0

itself. In this context, experiments to identify the reduced 1, e 6. Atomic Coordinates % 10% and Equivalent Isotropic

nitrogen product and to evaluate the reaction stoichiometries pisplacement Parameters{A 10%) for Ru(TPP)(NO)(ONO) 1)
were initiated to provide a more complete perspective regarding

@z

the chemical transformations leading to the above products. ;torln Xo y0 Zo :zqal
i i iti u

~ The dependence of the product ratio on synthetic conditions N(1()) laaaa) a0t 0 56((1;
initially suggested that Ru(P)(NO)(ONO) may be formed in c(1) ~1802(5) —1345(5) 0 60(2)
some manner by direct reaction of NO with Ru(P)(NO)(OR).  ¢(2) —2844(5) —1297(6) 0 67(2)
To evaluate this suggestion, a solution Dfin CHxCl, was Cc@3) —3098(6) —355(6) 0 70(2)
exposed to NO for 30 min. After solvent removal under C(4) —2236(5) 226(5) 0 59(2)
vacuum, the IR spectrum of the solid had three new bands at C(5)  —1241(5)  —2188(5) 0 60(2)
1845, 1517, and 930 cmiand the nitrosyl stretch characteristic gg% :%gg% :gég?g _ 1198(9) 183%
of 2 had a much reduced intensity. Thus, incomplete conversion c(8) —2572(6) —4455(5) ~1181(10) 111(3)
of 2 into 1 had occurred as the result of exposure to NO. (9) —2834(7) —4878(7) 0 97(3)
However, this observation proved to be misleading. Subsequent N(2) 0 0 1760(18) 113(19)
experiments were carried out where rigorous efforts were made 8% 8 8 iggggég ggggg
to ensure that dioxygen impurities were not present in a solution NG) 498(28) —285(36) 2806(28) 82(12)
of RU(OEP)(NO)(OR) and that the NO gas added was free of 0(3) 0 0 3777(42) 198(15)

other nitrogen oxide impurities. Under such conditions, there
was very little conversion into Ru(OEP)(NO)(ONO); thus, the @ The equivalent isotropic thermal parametey, is defined as one-
conversion of the alkoxy or hydroxy complex to the nitrito "d Of the trace of the orthogonalizad} tensor.
analog appears to involve reaction with the strong nitrosating
agents formed during NO autoxidatiéh.

Nonetheless, when the reaction of Ru(OEP)(CO) with NO
was carried out under rigorously deoxygenated conditions, the

nitrito complex still proved to be the major product in the solid
phase or in noncoordinating solvents. This implies the operation
of a mechanism independent of Ru(OEP)(NO)(OR) formation
or NO autoxidation by adventitious dioxygen. In order to further
- - - probe the nature of this reaction, the gaseous products of the

e e e onon.1eacton of Ru(OEP)(CO) with NO were examined by GC and

darkened to a color similar to that ¢f Solvent removal afforded a ~ mass spectral analysis, and both CO an® Mere identified.

dark purple crystalline solid. Spectral data: UVivisible in&CH (max Owing to interference from the NO signal, the amount of CO

nm (/10°, M " cm%) 354 (31), 399 (140, Soret), 4878.8), 547 released could not be quantified, but since there was no evidence

(6.6), 568 (6.8); IR (ChCl,, KBr) 1844 (1300 M cm %), 1827 cmiy; R s
IH-NMR (CDClg; 6, ppm) 10.39 (s, 4Hmes9, 4.19 (m, diastereotopic ~ 0f CO, formation, it will be assumed that CO was not oxidized

CHaCHs, 16H,J = 7.5 Hz), 2.01 (t, CKCHs, 24H,J = 7.5 Hz); during the synthetic sequence. As described in the Experimental
F@g;ﬁgsegxz(sg?og’%r)em)’ 669 (RU(OEP)(C), 664 (RU(OEP)-  gection, quantitative experiments were carried out to determine
(28) Ford, P. C.; Wink, D. A.; Stanbury, D. MEEBS Lett.1993 326, (by *H-NMR) the amount of Ru(OEP)(CO) consumed and the

1-3. amounts of Ru(OEP)(NO)(ONO) and Ru(OEP)(NO)(OR) formed.
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Table 7. Selected Bond Lengths and Angles for

Miranda et al.

Table 10. Atomic Coordinatesx10%) and Equivalent Isotropic

Ru(TPP)(NO)(ONO) 1) Displacement Parameters¥A 10%) for Ru(OEP)(NO)(ONO) 3)
Bond Distances (A) atom X y z U
Ru(1)-N(1 2.047(5 N(2rO(1 1.12(2
ROVNG im0 opN® Ll R Sl ED bl o
Ru(1-0(2)  1.90(2) O(3¥N(3) 1.23(2) NG Fathy —god 2ard) 229
N(1)~C(1) 1.378(9) C(2C(3) 1.332(11) NG A o) 390 9
N(1)—-C(4) 1.379(9) C(3yrC(4) 1.419(10) N% 2452263 645%33 3067((9)) 32%2))
C(1)-C(2) 1.424(10) C(5)C(6) 1.499(10) c(1) Z912(6) —1013(3) 819(9) 37)
Bond Angles (deg) C(2) 2408(6) —591(3)  —2028(9) 37(2)
N(1)-Ru(1>-N(1)  180.0 O(2)N(3)-0O(3)  108.0(30) C(3) 4244(6) 956(3) 1959(9) 37(2)
N(1)-Ru(1>-N(1)  90.0 Ru(1}O(2-N(3) 137.3(18) C(4) 936(6) 536(3) 4813(9) 38(2)
N(1)-Ru(1>-N(2)  90.0 Ru(1}N(2)-O(1) 180.0 C(11) 122(5) 87(5) 3987(8) 33(2)
N(1)-Ru(1}-0(2)  90.0 N(2)-Ru(1}-0O(2) 180.0 C(12) —980(6) —176(3) 4482(9) 37(2)
Ru(1>-N(1)-C(1) 126.3(5) N(1}C(1)-C(2)  108.1(6) C(13)  —1492(7) —626(3) 3373(9) 40(2)
N(1)-C(1-C(5)  125.6(6) C(1}C(2)—C(3) 107.7(7) C(14) —715(6) —635(3) 2173(9) 35(2)
C(2)-C(3)-C(4) 108.9(7) C(3}C(4)-N(1)  107.7(6) C(21) —175(8) —1036(4) —321(10) 33(2)
C(1)-C(5)-C(6) 116.4(6) C(51C(6)—-C(7) 121.4(4) C(22) —406(7) —1456(3)  —1678(8) 37(2)
C(23) 518(7) —1332(3)  —2493(8) 38(2)
Table 8. Atomic coordinates x10%) and equivalent isotropic C(24) 1337(7) —843(3)  —1638(8) 35(2)
displacement parameters%A 10%) for Ru(TPP)(NO)(OH) 2) C(31) 3223(6) —134(3)  —1179(9) 36(2)
" C(32) 4358(6) 108(5) —1630(8) 35(2)
atom X y z U C(33) 4869(7) 556(3)  —518(9) 37(2)
Ru(1) 0 0 0 34(1) C(34) 4073(6) 582(3) 617(9) 32(2)
N(1) —376(3) 1466(3) 0 38(1) C(41) 3557(7) 991(3) 3129(10) 34(2)
c(1) —1328(4) 1844(4) 0 41(1) C(42) 3798(7) 1383(4) 4562(11) 37(2)
c(2) —1257(4) 2908(4) 0 48(1) C(43) 2857(7) 1254(3) 5353(8) 37(2)
c(3) —300(4) 3144(4) 0 51(1) C(44) 2015(6) 795(3) 4405(8) 31(2)
C(4) 266(4) 2256(4) 0 41(1) C(15)  —1421(5) 35(6) 5925(7) 44(2)
C(5) —2194(3) 1294(4) 0 41(1) C(16)  —2115(7) 674(4) 5703(10) 64(3)
c(6) —3148(4) 859(4) 0 42(1) C(17)  —2643(6) —1031(4) 3351(9) 50(2)
c(?) —3592(3) 2129(4) 1194(5) 80(2) C(18)  —390L(7) —719(4) 2665(11) 68(3)
c(8) —4466(4) 2665(4) 1193(6) 90(2) C(25)  —1465(7) —1939(3)  —2076(9) 47(2)
c(9) —4891(4) 2930(4) 0 66(2) C(26)  —1140(9) —2578(4)  —1326(12) 87(3)
N(2) 0 0 1777(9) 91(14) C(27) 732(7) —1653(4)  —4000(10) 53(2)
0o(1) 0 0 2990(11) 74(4) C(28) 1637(9) —2209(6)  —3725(11) 84(4)
0(2) 0 —1928(12) 22(4) C(35) 4864(6) —125(4)  —2995(9) 51(3)
, , ) o C(36) 5613(8) —738(4)  —2669(11) 70(3)
aThe equivalent isotropic thermal parameta, is defined as one- c(37) 6013(6) 958(4) —478(10) 46(2)
third of the trace of the orthogonalizédj; tensor. C(38) 7225(7) 702(5) 558(11) 85(3)
C(45) 4920(7) 1820(3) 5022(9) 47(2)
Table 9. Selected Bond Lengths and Angles for Ru(TPP)(NO)(OH) C(46) 4667(8) 2474(4) 4329(12) 79(3)
2 c(47) 2675(6) 1555(3) 6855(9) 43(2)
Bond Distance (&) C(48) 1671(9) 2088(5) 6571(12) 73(4)
Ru(1)-N(1) 2.050(4) Ru(1y0(2) 1.873(11) N(5) 705(7) 635(3) 182(9) 38(2)
Ru(1)-N(2) 1.726(9) N(2}-O(1) 1.179(9) N(6) 2704(9) —810(4) 3793(11) 82(3)
N(1)-C(1) 1.387(6) C(>rC@) 1.334(7) O(1) 178(7) 1038(4)  —661(9) 82(2)
N(1)-C(4) 1.377(6) C(3)rC(4) 1.427(7) 0(2) 2688(6) —670(3) 2419(7) 48(2)
C(1)-C(2) 1.443(7) C(5)¥C(6) 1.502(7) 0(3) 3344(7)  —1250(4) 4341(10) 79(2)
cl(1) 4671(6) —2245(2) 354(6) 192(2)
Bond Angles (deg) cl(2) 2342(4) —2583(2) 1323(7) 199(2)
N(1)-Ru(1>-N(1)  180.0 N(@2FRu(1)-0(2) 180.0 c() 3414(19)  —2005(6) 933(16)  194(9)
N(1)-Ru(1}-N(1)  90.0 N(1>Ru(1}-0(2)  90.0 , _ _ o
N(1)—Ru(1)}-N(2) 90.0 RU(1yN(2)-O(1)  180.0 aThe equivalent isotropic thermal parametdy,, is defined as one-
Ru(1-N(1)-C(1) 126.03) N(1}yC(1)-C(2) 107.8(4) third of the trace of the orthogonalizéd); tensor.
N(1)—C(1)—C(5) 126.0(5) C(1}C(2)-C(3) 107.7(5)
C(2)-C(3)-C(4) 108.6(5) C(3YC(4)-N(1) 108.4(4) Ru(OEP)(CO) with NO might give3 directly followed by
C(1)-C(5)-C(6) 117.0(4)  C(5rC(6)-C(7) 121.2(3) alcoholysis or hydrolysis of this species to gigdeq 2). In

For the same reactions, the® formation was quantified by
GC analysis. These data are summarized in Table 5.

A balanced equation (eq 1) for the direct formation of Ru-
(OEP)(NO)(ONO) from the reaction of Ru(OEP)(CO) with NO

Ru(OEP)(NO)(ONO} HOR—
RU(OEP)(NO)(OR) NO,” + H' (2)

this case, the stoichiometry ok formation would be the same
as that for formation o8B (eq 1), i.e., 1:1.

Alternatively,4 could be formed directly by a redox pathway
with NO (e.g., eq 3). In that case, a 1:2 stoichiometry for the

Ru(OEP)(CO}- 4NO—
Ru(OEP)(NO)(ONO)- CO + N,O (1)

suggests a 1:1 stoichiometry for the formation gfONand3.

This is based on the assumptions that NO is the only oxidant

in the reaction (rather than,Qr other nitrogen oxides) and

that N,O is the only nitrogen oxide product other than those

still coordinated to Ru. formation of NO and4 would be predicted, since reaction of
Two pathways with different stoichiometries can be envi- 4 with NO does not lead t8 directly unless other oxidants are

sioned for the formation oft. For example, the reaction of present.

2RU(OEP)(CO) 4NO + 2HOR—
2RU(OEP)(NO)(OR)} H,0 + N,O + 2CO (3)
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Table 11. Selected Bond Lengths (A) and Angles (deg) for Table 12. Atomic Coordinates x10% and Equivalent Isotropic
Ru(OEP)(NO)(ONO) 3) Displacement Parameters3{A 10%) for Ru(OEP)(NO)(OH) 4)
Bond Distance (A) atom X y z WP
Ru(1)-N(1 2.067(5 N(5-0(1 1.177(9
ROLNG 20w Neo  dzagy  LAD SO D sy w0
Ru(1)-N(3) 2.056(5) N(6)-O(3) 1.188(9) NG) B96.10)  1o6e1s) 1080614 o
Ru(1)-N(4) 2.058(7) Cl(1-C(5) 1.63(2) NG S0y sesie T
Ru(1)=N(5) 1.758(7) CI2y-C(5) 1.76(2) N§4§ 7421%1)1) 9307%5% 6891((15)) 36((3))
Ru(1-0(@2) 1.984(6) C(1)  10758(9)  10977(5) 9188(13)  37(3)
N(1)-Ru(1>-N(2)  90.6(2) Ru(1}¥N(1)-C(11) 126.9(4) C(3) 5622(10) 8983(6) 8004(13) 46(3)
N(1)-Ru(1-N(@) 172.9(2) Ru(1}N(1)-C(14) 125.3(4) C(4) 8903(11) 9411(5) 5140(13) 43(3)
N(2)-Ru(1}-N(3)  89.6(2) Ru(1}N(2—-C(21) 125.4(6) C(11) 9713(9) 9851(6) 6007(13) 32(3)
N(1)-Ru(1>-N(4)  89.9(7) Ru(1}N(2)-C(24) 126.8(5) C(12) 10825(9) 10121(5) 5470(12) 41(4)
N(2)Ru(1)-N(4) 173.9(3) Ru(1}N(3)-C(31) 125.7(4) C(13) 11346(10)  10568(5) 6621(14) 38(3)
N(3)—Ru(1>-N(4)  89.4(2) Ru(1}N(3)-C(34) 126.7(5) C(14) 10567(10) 10584(5) 7827(13) 35(3)
N(1)-Ru(1}-N(5)  94.9(3) Ru(1}N(4)—-C(41) 127.0(6) C(21) 10076(11) 11021(6) 10380(17) 41(3)
N(2)Ru(1)-N(5) 93.6(2) Ru(1}N(4)-C(44) 125.7(5) C(22) 10269(10) 11451(4) 11773(13) 37(3)
N(@B)—-Ru(1>-N(5)  92.2(3) Ru(1}N(5)-0O(1)  174.0(8) C(23) 9339(10) 11337(5) 12604(13) 43(3)
N(4)—Ru(1>-N(5)  92.5(3) O(2}N(6)—0(3) 117.3(9) C(24) 8540(11) 10824(6) 11695(14) 47(3)
N(1)-Ru(1}-0(2)  89.6(2) Ru(1yO(2)-N(6)  122.0(6) C(31) 6642(10) 10068(11) 11222(15) 58(6)
N(2-Ru(1}-O(2)  84.5(3) N(5-Ru(1}-0(2) 175.2(3) C(32) 5540(9) 9843(6) 11703(12) 37(3)
N(3)-Ru(1}-0(2)  83.4(2) CI1}C(B)-Cl(2)  117.4(7) C(33) 5048(10) 9393(6) 10585(14) 44(3)
N(4)—Ru(1>-0(2) 89.4(2) C(34) 5808(10) 9372(5) 9374(15) 44(3)
C(41) 6396(10) 8946(5) 6832(12) 31(3)
If other oxidants, such as adventitious, @articipated, the ggig %%gggg ggggg; Zgégggg gg%
ratio would be lower than 1:2. Thus, rationalization of the nitrito ¢ (44) 7839(10) 9137(5) 5527(13) 36(3)
complex 3 via initial formation of 4 would require that the C(15) 11276(9) 9917(9) 4010(11) 54(3)
maximum stoichiometry of pD formation in that case not be C(16) 11933(12) 9264(6) 4259(17) 75(4)
greater than 0.5 Cc(17) 12480(10)  10980(5) 6629(14) 46(3)
o . C(18) 13718(12)  10675(7) 7455(18) 96(5)
As can be seen in Table 5, the molar ratio glONdetected C(25) 11311(12) 11916(5) 12183(15) 59(3)

to Ru(OEP)(CO) consumed ranged from 0.68 to 0.88, which, c(26) 11013(14) 12559(7) 11406(19) 90(5)
despite the care taken to transfer all volatiles from the solution C(27) 9098(12) 11656(6) 14128(16) 61(3)
to the sampling flask, should be regarded as lower limits. Thus, C(28) 8268(17)  12214(10)  13759(22)  125(10)
the observed\N,O/ARuU(OEP)(CO) ratios exceeding 0.5 sup- C(35) 5047(11) 10078(8) 13134(13) 61(5)

port the view thaB is formed in a direct manner (eq 1) and not gg% ggéigﬁg 12822((2; %gggg&i; ;283

by the intermediate formation &f followed by nitrosation of C(38) 2627(11) 9233(7) 9532(18) 88(5)
this species by NO autoxidation intermediates. On the other C(45) 5042(11) 8065(5) 4951(14) 53(3)
hand, these data do not allow one to clearly determine whether gg{% ?ggggﬁ; ;g%gg; gggggig 1g§((g))
;1 is for_med via a “direct” pathway such aseq3or by_ the |n_|t|al c(48) 8233(14) 7852(8) 3355(18) 79(6)
ormation of3 followed by the hydrolysis or alcoholysis to give N(5) 9107(12) 9373(5) 9860(15) 38(3)
4(egs 1 and 2). If both species were formed by initial formation (1) 9617(10) 8941(5) 10578(14) 85(4)
of 3, the predicted ratio would be 1:1, and the values reported 0(2) 7181(10) 10609(4) 7324(15) 55(3)
in Table 5 thus may simply reflect inefficiency in,® transfer gg’)) %ggg% i%g%ggig ggggggg ggggig
and analysis. Alternatively, 8 and4 are formed by indepen-

dent direct pathways as in egs 1 and 3, MMO/ARU(OEP)- () 6094(25) 12030(14) 9288(35) 235(13)

(CO) ratio will depend on the relative quantities of these two  ® The equivalent isotropic thermal parametes, is defined as one-
products formed in the competitive pathways. On the basis of third of the trace of the orthogonalizedj; tensor.

this model, the MO values in Table 5 would represent-73 . ) . )
102% vyields of the theoretical values. The nitrous oxide complel. finds precedence in the pentaam-

mineruthenium(ll) species Ru(NM(N.O)?" reported by Armor
and Taubé!

An alternative scheme (not depicted) for formation of the
nitrosy! nitrito product would be one in whidh or I, is oxidized
by oxygen atom transfer from the simple dimer ©NO to
give l4 plus NO directly. This would give the same stoichi-
ometry (1:1) as eq 1.

As noted above, there have been several literature reports of
dinitrosyl metalloporphyrin complexes that are analogous, to
although structural studies are lacking. In this context, it is

of N,O from I, and reaction with another equivalent of NO nc_ntable tha.t .the reaction of a toluene solutio.n of Co(TPP)(NO)
would regeneratk,. Simple linkage isomerization éf would with NO initially produced the paramagnetic compound Co-

- : _ _ TPP)(NO}».32 An increase in the pressure of NO above 20
ive the Ru(P)(NO)(ONO) specidgP = TPP) or3 (P = OEP). ( . . . - -

9 (PYNOX ) speciaq ) ( ) Torr resulted in reversible formation of a diamagnetic compound

(29) (a) Bottomley, F. Reactions of Nitrosyls. Reactions of Coordinated believed to be the result of the addition of a third nitrosyl ligand

Ligands Braerman, P. S., Ed.; Plenum Press: New York, 1989; Vol. (© form Co(TPP)(NO)(NO;). Some analogy can also be seen

2. (b) McLeverty, J. AChem. Re. 1979 79, 53.

(30) Gwost, D.; Caulton, K. Ginorg. Chem 1974 13, 414-417. (32) Wayland, B. B; Minkiewicz, J. VJ. Chem. So¢c.Chem. Commun.
(31) Armor, J. N.; Taube. HJ. Am. ChemSoc 1969 91, 6874-6876. 1976 1015-1016.

Metal complexes have long been known to promote the
disproportionation of NG%30 Scheme 1 is a proposed reaction
sequence for the formation of the nitrito complexesnd 3
without invoking the intermediacy & and4, respectively. The
key steps are the coordination of NO first to labilize the CO
and then to form the putative dinitrosyl complels)( Elec-
trophilic attack of free NO on the bent RINO moiety would
give a RYN(O)NO} species I) from which oxygen atom
transfer to a second equivalent d§)(gives a nitrous oxide
complex (¢) plus a nitro (N-bound Ng) complex (q). Loss
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Table 13. Selected Bond Lengths and Angles for

Ru(OEP)(NO)(OH) 4)
Bond Distance (A)
Ru(1)-N(1) 2.063(7) Ru(1¥N(5) 1.723(11)
Ru(1)-N(2) 2.061(11) Ru(1y0(2) 1.956(11)
Ru(1)-N(3) 2.059(8) N(5>0(1) 1.155(14)
Ru(1)-N(4) 2.056(12) O(3yC(5) 1.452(14)
Bond Angles (deg)

N(1)-Ru(1)-N(2)  89.8(3) N(4>Ru(1)>-0O(2) 87.6(3)
N(1)—Ru(1}-N(8) 174.9(4) N(5rRu(1}-0O(2) 177.8(5)
N(2)-Ru(1)}-N(3)  89.3(4) Ru(1}yN(1)-C(11) 124.2(7)
N(1)—Ru(1)}-N(4)  90.2(3) Ru(1)}N(1)—C(14) 126.8(6)
N(2)-Ru(1}-N(4) 175.8(5) Ru(1}N(2)-C(21) 125.9(9)
N(3)—Ru(1)}-N(4)  90.4(4) Ru(1yN(2)—C(24) 126.6(9)
N(1)-Ru(1)-N(5)  94.1(4) Ru(1yN(3)—C(31) 128.9(9)
N(2)—Ru(l}-N(5) 92.6(4) Ru(1)yN(3)—C(34) 124.7(7)
N(@3)—Ru(1)-N(5)  90.9(5) Ru(13N(4)—C(41) 128.0(9)
N(4)—Ru(1y-N(5) 91.6(6) Ru(1)}N(4)—C(44) 127.2(8)
N(1)—Ru(1}-O(2)  88.0(3) Ru(1}N(5)—-0(1) 173.7(12)
N(2-Ru(1}-0(2)  88.2(5) O(3)C(5)-C(6) 96.5(22) Figure 2. Molecular structure and numbering of atoms for Ru(TPP)-
N3)-Ru(1)-0@)  87.0(4) (NO)(OH) (2. Hydrogen atoms are omitted for clarity. Thermal
ellipsoids are drawn at the 50% level.

Figure 1. Molecular structure and numbering of atoms for Ru(TPP)-
(NO)(ONO) (). Hydrogen atoms are omitted for clarity. Thermal

ellipsoids are drawn at the 50% level, Figure 3. Molecular structure and numbering of atoms for Ru(OEP)-

(NO)(ONO) @). Hydrogen atoms are omitted for clarity. Thermal

. . . . lli id d t the 50% | I
in the reaction of [Fe(TPPYP with excess NO in deaerated €llipsoids are drawn at the oleve

toluene solution to give the nitrosyl nitro complex Fe(TPP)-
(NO)(NO,).3® The overall stoichiometry of the reaction was
proposed to be that shown in eq 4, although gaseous product
were not analyzed.

OH~ group in the TPP complexes leads a unit cell contraction
in all three axial directions. However, this is not seen for the
Iwo OEP complexes, as the sizes and orientations of solvent
molecules also have a sizable effect. As expected from the
[Fe(TPP)}O + 6NO— 2Fe(TPP)(NO)(NQ) + N,O (4) molecular symmetry of these complexes, the OEP complexes
2 crystallize in a lower space group symmetry than the corre-
X-ray Crystal Structures. Cell parameters and details of qundlng TPP complexes. The size of the central r“‘he”'“m
the data collection and final refinement are summarizedLfor cation match_es the size of the hole in the_ center of th_e _porphyrln
and 2 in Table 1 and for3 and4 in Table 2. The atomic ring; thus neither ruffling of the porphyrin ring nor lifting (or

coordinates and equivalent isotropic thermal parametéys, Iowering) of the ruth.enium center above (or below) the ring
are listed in Tables-69 and selected bond distances and angles plane is observable in any of the four complexes,
are given in Tables 1013, for 1—4, respectively. The It should be noted that, for the structures reported here, the
structures are depicted in Figures4. The ellipsoids in these ~ Substituents on the porphyrin rings dictate the crystal pzickmg
figures, which depict each atom, are consistent with the Mode, so whether one of the axial ligands is ONGr OH
equivalent isotropic and anisotropic thermal parameters. has negllglble_effect. In order to achieve efficient packing, the
Comparisons of Structures. All four compounds have linear ~ 1arger phenyl rings and ethyl groups apparently have precedence
or nearly linear nitrosyl ligands. However, the perfect linearity Over the smaller axial ligands.
(180°) of the TPP complexes may be a result of the symmetry ~ The crystal structures df and2 are nearly the same except
restriction. The replacement of the ON@roup by the smaller ~ in the identity of the ligandransto NO, consistent with the
similar spectroscopies of these two compounds. The 8-fold
(33) Settin, M. F.; Fanning, J. @norg. Chem 1988 27, 1431—1435. disorder in the axial positions for these structures compromises
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Figure 6. Unit cell packing diagram for Ru(OEP)(NO)(OH¥)(
showing three sheets of OEP complexes stacked along dies. The
Figure 4. Molecular structure and numbering of atoms for Ru(OEP)- dashed line represents the hydrogen bonding between the hydroxyl
(NO)(OH) (4). Hydrogen atoms are omitted for clarity. Thermal group and the ethanol molecule.

ellipsoids are drawn at the 50% level.

Figure 7. Two molecules of Ru(OEP)(NO)(OHMY) showing the
relative offset of porphyrin centers and conformation of ethyl groups.

rings located at the unit cell body center (Figure 5), which
produces an efficient packing mode. This may also explain the
Figure 5. Unit cell packing diagram for Ru(TPP)(NO)(OHJR)( absence of solvent molecules in the TPP complexes.
showing columns of molecules stacked along ¢reis. The disorder present il and 2 presents difficulties in
the accuracy of the bond distances and angles at these locationsjnambiguously determining the nature of axial ligands on the
so quantitative comparison of these data are of limited value. ruthenium center. To some extent, this issue was resolved by
The two TPP complexes have nearly identical packing diagrams; preparing the OEP complexes, which have lower crystal-
that for the hydroxyl species is shown here (Figure 5). In both lographic symmetry and thus do not have structural disorder at
complexes, the center of the porphyrin ring (i.e., the location the axial sites. The structures ®fand4 are similar in nearly
of the Ru cation) is at the unit cell origin, which has a point all parameters except for the identities of the ligdrahs to
group symmetry ofi4/m. Such a point group symmetry is NO and of the solvent molecules within the crystal lattices. The
consistent with the molecular symmetry of the TPP molecule. two OEP complexes have nearly identical packing modes; the
The molecules are stacked into parallel columns along the packing diagram for the hydroxyl phase is shown here (Figure
tetragonak axis. The axial ligands apparently do not generate 6). The crystal structure consists of sheets of OEP complexes
adequate intermolecular interactions to force molecules to align stacked along the crystallographi@xis with solvent molecules
in a single direction. This leads to the crystallographic disorder located in the cavities between the sheets. Within each sheet,
involving the statistical distribution of the nitrosyl and itans all porphyrin planes have the same orientation; however,
ligand. porphyrin planes in two adjacent sheets are oriented perpen-
Such a lack of interaction and the associated disorder candicular to each other (Figure 6). Fdr the shortest perpen-
also be understood from the overall packing of the molecules. dicular distance between two porphyrin planes of two OEP
When the TPP complexes are stacked into columns, a large voidcomplexes is 3.67 A. This is more thd A shorter than the
space surrounding the nitrosyl group and the ligaadsto it corresponding distance in the TPP complexes. The shorter
is generated. The perpendicular distance between two porphyrindistance in OEP complexes can be explained by the flexible
planes along the chain corresponds todlzial length, which conformation of the ethyl groups, which remain on one side of
is as long as 9.7 A in the hydroxyl phase (the distance betweenthe porphyrin ring near the region of overlap (Figure 7). In
two porphyrin planes is half of theaxis, 4.85 A, if the molecule  contrast, the phenyl ring is perpendicular to the porphyrin ring
at the unit cell body center is considered). Such a large void in the TPP complexes and protrudes above and below the
space might be reduced by moving two porphyrin rings more porphyrin ring.
closely together, which might lead to alignments, but this is  The conformation of the ethyl groups is an important feature
apparently prevented by steric interactions between the phenylof compounds3 and 4 and affects the overall packing of
rings. Instead, the void space is mostly filled with the phenyl molecules. The two ethyl groups on the same pyrrole ring are
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on the same side of the porphyrin ring. Four adjacent ethyl axial ligands would lead to a wide variety of crystal structures
groups are on the same side, while the other four adjacent ethylwhose packing modes seem to be determined by the principle
groups are on the opposite side. Such a conformation is theof closest packing. These results represent the first systematic
same as that in a recently synthesized Fe(OEP) compdund studies of ruthenium nitrosyl porphyrins and can serve as a
but differs from that in a Co(OEP) compléX. useful guide for the design and characterization of new metal
Summary. The reaction of nitric oxide with the ruthenium  nitrosyl porphyrins.
carbonyls Ru(P)(CO) (B TPP, OEP) leads to the formation
of the nitrosyl complexes Ru(P)(NO)(OH) and Ru(P)(NO)-
(ONO). Nitrous oxide is also formed in this reaction, and it is
proposed that the reaction proceeds via the formation of the

Ru(ll) dinitrosyl intermediate Ru(P)(N@)which is oxidized publication and Professor D. Scott Bohle (University of

by oxygen atom transfer from either free or Ru-coordinated Wyoming) for providing a copy of ref 13a before publication.

NoO,. The crystal structures of all four complexes have been We also are grateful to Professor Everly Fleischer (Universit
determined. The structural features of these compounds are in >0 are gra S y . ( rsity
of California, Irvine) for providing valuable advice regarding

agreement with the spectroscopic results. A comparison of theseh i f metall hvri |
structures shows that the crystal packing modes are determine& € preparation of metalioporphyrin Complexes.

to a large extent by the peripheral substituents on the porphyrin  Supporting Information Available: Listings of complete structure
rings and are relatively insensitive to the nature of the small refinement details, bond lengths and angles, anisotropic displacement
ligands present. We can expect that the interplay between theparameters for non-hydrogen atoms, and hydrogen coordinates and

size of porphyrin substituents and the size of relatively large iSotropic displacement parameters and figures showing the electronic
spectra of compoundk—4 in dichloromethane (34 pages). Ordering
(34) Senge, M. OActa Crystallogr.1996 C52 302-305. information is given on any current masthead page.
(35) Scheidt, W. R.; Turowska-Tyrk, Inorg. Chem.1994 33, 1314~

1318. 1C970065B
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