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Abstract

This dissertation deals with the interactions of organic S—nitroso (RS-N=0) and
C-nitroso (C-N=0) compounds with ruthenium and osmium porphyrins.

Chapter 1 of this dissertation introduces the fundamental issues involved in the
chemistry and biochemistry of organic S- and C-nitroso compounds. Thus, the syntheses
and properties of organic S— and C-nitroso compounds, and their reactions with heme
and heme models are reviewed in Chapter 1.

Chapter 2 of this dissertation describes the syntheses of the (OEP)Os(NO)(SR)
compounds via the addition of RSNO to (OEP)Os(CO) or via an alkoxide-thiolate
exchange reaction. Thus, the (OEP)Os(NO)(SR) compounds (R = Me, Et, iPr, 'Bu) were
prepared in 33-48% isolated yields by the formal trans-addition of the precursor
thionitrites (RSNO) across the metal center in (OEP)Os(CO). These nitrosyl thiolate
compounds were characterized by IR, 'H NMR, and UV-vis spectroscopy, and by FAB
mass spectrometry. Their IR spectra display bands in the 1751-1755 cm-! (KBr) range,
which is indicative of linear NO ligands in this class of compounds. The (OEP)Os(NO)-
(SCR'>CH,NHC(O)Me) (R' = Me, H) compounds were also prepared either by RSNO
addition to (OEP)Os(CO) (for R' = Me) or by an alkoxide-thiolate exchange reaction (for
R' = H). The solid-state molecular structures of the precursor RSNO thionitrite (for R' =
Me) and its disulfide were determined by single-crystal X-ray crystallography.
Protonation of these (OEP)Os(NO)(SCR'2CH2NHC(O)Me) complexes gave the amide-
bound [(OEP)Os(NO)(O=C(Me)NHCH,CR'.SH)]BF; derivatives. The latter cationic
compounds were also obtained by the sequential reaction of (OEP)Os(CO) with
HBF;-Et,0, followed by addition of the amide-thiol reagent.

Chapter 3 of this dissertation describes the syntheses of the monometallic nitrosyl
thiolate-thiol complexes and their novel bimetallic p—dithiolate derivatives by using an

alkoxide-thiolate exchange method or the formal trans-addition of RSNO. Thus, the

XViii



monometallic nitrosyl thiolate-thiol complexes of the form (por)Ru(NO)(S(CH2),SH)
(por = TPP, n = 2; TTP, n = 3—4) were prepared in 49-58% isolated yields from the
reaction of the (por)Ru(NO)(O-i-CsH ;) alkoxide precursors with HS(CH3),SH in
CH,Cl». The (OEP)Os(NO)(SCH,CH,SH) complex was also prepared in 70% isolated
yield from the reaction of (OEP)Os(NO)(O-i-CsH;;) with ethane~1,2—dithiol in
refluxing toluene. These monometallic nitrosyl thiolate-thiol complexes were fully
characterized by elemental analyses, infrared and 'H NMR spectroscopy, and by FAB
mass spectrometry. The symmetrical bimetallic [(por)Ru(NO)]2(u-S(CH;),S-S.S")
complexes (por] = por2; i.e., TPP/TPP, TTP/TTP) were also prepared by variations of
the procedures used in the preparation of their monometallic derivatives. The novel
unsymmetric [(TPP)Ru(NO)}(u—-SCH2CH,S-S.5)[Ru(NO)(OEP)] and [(OEP)Os(NO)]-
(u-SCH,CH,S-S.5)[Ru(NOXTTP)] complexes were also obtained, and the experimental
and simulated 'H NMR spectra of the protons of the u—dithiolate bridge indicate that all
four protons (-SCH,CH,S-) are inequivalent.

Chapter 4 of this dissertation deals with the first isolable nitrone adducts of
metalloporphyrins. Thus, the metalloporphyrin nitrone complexes (OEP)M(CO)(DMPO)
(M = Ru, Os; DMPO = 5,5-dimethyl-1-pyrroline N-oxide) were prepared in 61-75%
isolated yields from the reaction of (OEP)M(CO) with excess DMPO. These
(OEP)M(CO)(DMPO) complexes were fully characterized by elemental analyses,
infrared and 'H NMR spectroscopy, and by ESI mass spectrometry. The molecular
structures of (OEP)M(CO)YDMPO) were also determined by single—crystal X-ray
crystallography and reveal a sole n!-O binding mode of the nitrone ligand to the metal
centers in (OEP)M(CO)(DMPO).

Chapter 5 of this dissertation deals with the examination of the binding of
nitrosoarenes, pyridine, and 1-methylimidazole (1-Melm) to ruthenium porphyrins.
Thus, a series of the (por)Ru(ArNO); (por = TPP, TTP; ArNO = PhNO, o-t0INO, N(O)-
CeéHsOMe—p, N(O)CsH2(Me)OMe-p) complexes were prepared in 49-75% isolated

Xix



yields from the reaction of (por)Ru(CO) with excess ArNO. The mono-nitrosoarene
complexes containing the axial pyridine or 1-Melm ligand, namely (por)Ru(PhNO)(py)
(por = TPP, TTP) and (por)Ru(ArNO)(1-Melm) (por = TPP, TTP; ArNO = PhNO,
o0-t0INO, N(O)C¢HsOMe-p, N(O)CsHa(Me),OMe-p) were also readily prepared in
67-71% (for pyridine complexes) and 50-80% (for 1-Melm complexes) isolated yields,
respectively, from the reaction of the (por)Ru(ArNO), with 2 equiv of pyridine or
1-MelIm. These bis—- and mono—nitrosoarene complexes were characterized by infrared
and 'H NMR spectroscopy, and by FAB mass spectrometry. The assignment of the vno
of the coordinated ArNO groups in the IR spectra (KBr) was confirmed by the analyses
of the IR spectra of the !SN-labeled nitroso analogs. Their IR spectral data (KBr) reveal
that the vnos in these bis— and mono-nitrosoarene complexes decrease in the order
(por)Ru(ArNO)> (1346—-1350 cm-!) > (por)Ru(PhNO)(py) (1328-1332 cm-!) > (por)Ru-
(ArNO)(1-MelIm) (1306-1323 cm!). Eleven of these bis- and mono-nitrosoarene
complexes were also characterized by X-ray crystallography. All the nitrosoarene
ligands in these bis— and mono—nitrosoarene complexes are bound to the Ru(Il) centers
in a n!-N fashion. The molecular structures of the (por)Ru(ArNO), and (por)Ru(PhNO)-
(py) complexes show the perpendicular orientations of the axial ligands, whereas the
ArNO and 1-Melm ligands in (por)Ru(ArNO)(1-Melm) are oriented parallel to each

other.



Chapter 1. Introduction’

The chemistry of organic nitroso compounds (X-N=0) has received a great deal
of attention largely due to the fact that it is linked to the biological actions of nitric oxide
(NO). Importantly, some reports have suggested that such organic nitroso compounds are
capable of interacting directly with metal center in heme—containing biomolecules
such as myoglobin, hemoglobin, and cytochrome P450 to form adducts. Indeed,
this possibility of a direct interaction of X-N=O with heme has led our research
group to investigate, beginning in 1994, the reactions of X-N=0O with synthetic
metalloporphyrins.

It is well-known that the NO group or its activated forms may not only react with
metal compounds to form metal nitrosyl derivatives,' but also react with some organic
fragments to form X-N=0O species. The four main types of X-N=0O compounds are
shown in Figure 1.1, and they are the N-nitroso (nitrosamine), C-nitroso (nitrosoalkane,

nitrosoarene), O-nitroso (alkyl nitrite), and S-nitroso (alkyl/aryl thionitrite; nitrosothiol)

compounds.
R
AN
N—N R—N
N\ \
R / N o N o
N-nitroso C-nitroso
nitrosamines nitrosoalkanes
and nitrosoarenes
N=0 N=0
R-0” R-s”
O-nitroso S-nitroso
alkyl nitrites alkyl thionitrites

Figure 1.1. Four main types of X-N=0O compounds.

* Reproduced in part with permission from "Interactions of Organic Nitroso Compounds with Metals." Lee,
J.; Chen, L.; West, A. H.; Richter-Addo, G. B. Chem. Rev. 2002, 102, 1019-1065. Copyright 2002
American Chemical Society.



In this chapter, the syntheses and properties of organic S—nitroso and C-nitroso
compounds will be briefly described. Their reactions with heme and heme models will

then be discussed.

1. S-Nitroso Compounds
A. Organic Compounds

The S-nitroso functional group in alkyl thionitrites (RSNO, S-nitrosothiols) is
widely recognized to be an important functional group in the biology of NO. For
example, it has been proposed in some cases that metal—catalyzed release of NO from
S—nitrosoglutathione (GSNO) may be responsible for the RSNO activation of soluble
guanylyl cyclase (sGC),” although in other cases the activation of sGC could not be

explained by a simple NO release (from RSNO) pathway.’

1. Svnthesis

S-nitroso compounds are generally synthesized from nitrosation of the precursor
thiol (RSH) by various nitrosating agents (X-NO) such as CINO, N.O;, NO2, N2O3,
HNO>, and RONO (eq 1.1).}

RSH + XNO — RSNO + HX (1.1)

These in many ways resemble the formation of alkyl nitrites (RONO) from the
corresponding alcohols, although the essentially quantitative nature of RSNO generation
appears to be one major difference between S— and O-nitrosation.* Perhaps the most
common methods in the preparation of alkyl thionitrites utilize the reaction of RSH with
N2Oy4 (excess N2O, gives the RSNO; product), or alkyl nitrites (RONO) in aqueous
solution or in organic solvents, or acidified nitrite.>®* The S-nitrosation of thiols by alkyl

nitrites in aqueous solution or in organic solvents is especially useful (eq 1.2).""!
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RONO + RSH — ROH + R'SNO (1.2)

Importantly, S—nitrosation from alkyl nitrites might also have implications in biology. For
example, Doyle and coworkers reported that the Hb(SNO) product can be obtained from
the reaction of Hb with alkyl nitrites via S—nitrosation of hemoglobin (Hb) at the BCys93
residues."*

Some reports on the possibility of the direct reaction of RSH and NO are now
available, however, it is likely that other nitrogen oxides are the active nitrosating
species. Indeed, Sharma and coworkers have shown that NO by itself does not react with
thiols at pH 7.0 except in the presence of oxygen, and that N2Ojs is the active nitrosating
species."

Other less—common methods for the syntheses of RSNO include the reaction of
disulfides with N2Oy4 (to give RSNO and other products), or the photolytic reaction of

disulfides (RSSR; to give RS:) and NO.**

2. Spectroscopy and structure

RSNO compounds are generally red (1° or 2° alkyl thionitrites) or green (3° alkyl
thionitrites), and their UV-vis spectra display bands at 330-350 nm (£ ~103 M-lcm-!;
no,— n*) and 550-600 nm (& ~ 20 M-I cm-!; ny — t*)."

IR spectroscopy has been a particularly useful tool to identify the S—nitroso
group. Most RSNO compounds usually display N-O stretching frequencies in the
1480-1530 cm-! range.*'* !5N—isotope sensitive bands in the IR spectra of Ph3CSNO,
SNAP (S-nitroso—N-acetyl-penicillamine), and GSNO at 1479-1514 cm-! and 650-670
cm-! have also been assigned to Uno and Uns, respectively.'”

'H and !13C NMR spectroscopies have also been used to characterize RSNO
compounds. S—nitrosation generally shifts the a-proton resonance downfield by ~1 ppm

from those of the corresponding thiols or disulfides, and the a—carbon resonance is



shifted downfield by ~7-13 ppm (stronger shift for tertiary alkyl thionitrites).’
Single—crystal X-ray crystallographic studies have been very useful in
determining the orientations of the SNO groups in RSNO compounds. However, only a
few solid—state structures of RSNO compounds are known,'>** and these are listed in
Table 2.2 in Chapter 2. Importantly, the thionitrite functionality of S-nitrosocaptopril
exists in a syn orientation,'® whereas the structures of SNAP'*'" and Ph;CSNO" show
the anti orientation. The structure of Ar;CSNO compound (Ar = 3,5-bis(2,6—dimethyl-
phenyl)phenyl), however, reveals both the anti and syn orientations in a 0.67:0.33 ratio."
The X-ray crystal structure of Hb(SNO) has also been obtained at 1.8 A
resolution.®® The torsion angle of O—-N-S—C in this structure was 87° (i.e., neither syn or
anti), however, the previously—determined related structure of SNAP was used in the

modeling of the SNO groups of Hb(SNO).

3. Reactions
(1) Thermal or photolytic decomposition. RSNO compounds produce the disulfide
and NO by thermal or photolytic decomposition.® The interest in the use of RSNO

compounds as NO donors* has placed increased importance to this general reaction (eq

1.3).

2RSNO — RSSR + 2NO (1.3)

Wang and coworkers recently reported that S—-N bond homolysis requires less energy
than heterolysis by ~29 kcal/mol based on their results on the thermochemistry and
computational studies of various RSNO compounds.™

(2) NO transfer reactions. RSNO compounds are capable of nitrosating amines to
carcinogenic nitrosamines by NO transfer.*>> Interestingly, RSNO compounds are also

known to engage in S-transnitrosation reactions with other thiols (eq 1.4).

4



RSNO + R'SH <> RSH + R'SNO (1.4)

Importantly, these S—transnitrosations have some biological significance. For example,
S-transnitrosations between S-nitrosocysteine and glutathione (GSH) of red blood cells

to form GSNO have been reported.™

B. Interactions with Heme and Heme Models

It has been suggested by Marletta and Stone that RSNO may be able to bind
directly to the heme site of guanylyl cyclase (GC).* Our research group was thus
interested in investigating the interactions of RSNO with metalloporphyrins of the Group
8 metals as heme models. Surprisingly, there were no reports on the reaction of RSNO
with heme models prior to our group's work.

Indeed, our initial goal was to isolate adducts of RSNO with the Group 8
metalloporphyrins. However, the reaction of (OEP)Ru(CO) with 1 equiv of S-nitroso—
N-acetyl-L—cysteine methyl ester generated the unexpected nitrosyl thiolate (OEP)Ru-
(NO)(S-NACysMe) (S-NACysMe = N-acetyl-L—cysteinate methyl ester) instead of the
expected RSNO-ligated complex.’®**” This product was characterized initially by
spectroscopy and then by single—crystal X-ray crystallography as shown in Figure 1.2.
Thus, our group has observed that alkyl thionitrites react with metalloporphyrins of the
form (por)M(CO) (M = Ru, Os) to give the unprecedented formal trans—addition
products (por)M(NO)(SR) as shown in Figure 1.3.%%

IR spectroscopic studies suggest that the trans-addition reactions proceed via the
carbonyl thiolate complexes (por)M(CO)(SR), formed from the proposed homolysis of
the S-NO bonds in the putative (por)M(CO){n'-S(R)NO} adducts. A recent paper by
Ford, Richter—Addo, and coworkers on the kinetics of the reaction of RSNO with the
(OEP)Ru(CO) complex substantiates our group's initial proposal of initial S-binding of
RSNO compound.*!
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Figure 1.3. Proposed pathway for RSNO addition to Group 8 metalloporphyrins
(M = Ru, Os) to generate nitrosyl thiolate products.



Unlike the case of Rull and Os! porphyrins, the related reaction of RSNO
(S-nitroso-N-acetyl-L~cysteine methyl ester) with a ferrous heme model, namely
(TPP)Fe(THF),, resulted in the generation of the known five—coordinate (TPP)Fe(NO)
compound in almost quantitative yield (Figure 1.4).” The possibility of a net NO transfer
from RSNO to iron centers has implications in biology, and further research in this area is
warranted. Interestingly, such a direct NO transfer from RSNO to non-heme iron

complexes has been established recently.*

THF

Figure 1.4. Reaction of S-nitroso-N-acetyl-L-cysteine methyl ester
(RSNO) with (TPP)Fe(THF),.

II. C-Nitroso Compounds
A. Organic Compounds

The increased interest in the chemistry of organic C-nitroso compounds
(nitrosoalkanes and nitrosoarenes) is due partly to the fact that they can directly bind to
the metal centers in heme-containing biomolecules such as myoglobin, hemoglobin,
cytochrome P450, and guanylyl cyclase. Importantly, it was recognized more than a
century ago that nitrobenzene (PhNO>) poisoning was associated with the formation of an
adduct between a derivative of nitrobenzene and hemoglobin (Hb),”*** and a possible

adduct was proposed to be a Hb~PhNO species.*



1. Synthesis

A variety of methods have been used for the preparation of C-nitroso compounds,
and comprehensive reviews by Coombes and Williams have been published.** C-
nitrosation can usually be accomplished by:

(1) Oxidation of amines and N-substituted hydroxy:amines (e.g., by peroxy acids)

RNH, — RNHOH — RNO (1.5)

In some cases, the N-substituted hydroxylamine is obtained by reduction of the
nitro compound (RNO.,), and then oxidation of the hydroxylamine gives the desired
nitroso product.”

(2) H-replacement in C—H bonds. Nitrous acid and other nitrosating agents can
react with the C-H bonds adjacent to electron-withdrawing groups (eq 1.6; X = NO,,

CN, etc.) to result in C-nitrosation.

R.C(H)X — R.C(NO)X (1.6)

Nitrosation of ketones has been achieved in this manner. These nitrosations
frequently result in the formation of oxime tautomers R'CH=NOH as the final
products if the nitrosation occurs at a methylene or methyl group.

Kochi and coworkers have demonstrated the direct and selective nitrosation of

arenes (polymethylbenzenes and anisoles) by the nitrosonium NO* cation in

acetonitrile,” e.g.

C,H,OMe + NOBF, — p-ONC,H,OMe + HBF, (1.7)

Aromatic nitrosations using nitrosonium ethyl sulfate have also been reported.



Furthermore, the aromatic C—nitroso compounds as the final products may be prepared
by the reaction of alky! nitrites with substituted phenolate ions in aqueous solution.*

(3) Reaction of organometallic reagents with nitrosating agents. The coordinated
R groups in a number of organometallic compounds can be nitrosated by nitrosating

agents,” e.g.

{CH,(CH,),C=C}.Hg + 2CINO — 2 CH,(CH,),C=CNO + HgCl,  (1.8)

Similar reactions with Grignard and alkyllithium reagents have been reported.**¢*’
(4) Addition of nitrosyl halides or other XNO compounds across the double bonds
of alkenes. An example of this type of reaction (by CINO) is shown in eq 1.9.

R.C=CR, + CINO — R,(Cl)C-C(NO)R, (1.9)

(5) Nitrosation of alkanes by CINO. The formation of RNO caused by photolysis
of CINO has been reported. Thus, it is suggested that initial generation of Cl- (and NO)
by photolysis of CINO initiates production of R- radicals which then combine with NO to
give RNO. Photolysis of perfluoroalkyl iodides R¢l (Rg = CF3, C3F7) similarly generates

Rg which can react with NO to give RENO.*#!

2. Spectroscopy and structure

C-nitroso compounds can exist either as monomers or as dimers. In addition, the
dimers can be either cis (Z-dimers) or trans (E—dimers) as shown in Figure 1.5.

The spectral properties of RNO compounds depend on their structures either as
monomers or cis— or trans—dimers. The monomers are generally blue (aliphatic) or green
(aromatic) due to a weak n—nt* transition at 630—-790 nm, but the dimers are colorless.*

The trans—dimers of aliphatic RNO compounds have a =—mt* transition at ~276-291 nm,



and the absorption bands for the cis—dimers appear at 265-271 nm.

(0] o -0
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Z-dimer (cis) E-dimer (trans)

Figure 1.5. Dimerization of C-nitroso compounds.

Infrared spectroscopy has been very useful for the identification of C-nitroso
compounds.***** It is usually accepted that the NO stretching frequencies of monomeric
aliphatic RNO compounds are in the 1539-1621 cm-! range (e.g., CH3NO (1564 cm-!),
CF3NO (1595 cm-!), and nitrosocyclohexane (1558 cm-!)), whereas monomeric aromatic
ArNO compounds display vno in the 1488-1513 cm-! range (e.g., PANO (1506 cm-!),
p—-FCeH3NO (1511 cm-!), and p-ICcH;NO (1488 cm-!)). Gowenlock and coworkers
demonstrated that cis and trans isomers of dimeric RNO compounds can be distinguished
by examining their characteristic bands including Uno and unn.* In general, the rrans—
dimers show characteristic single strong bands due to vNo in the 1176-1290 cm-! region
for aliphatic RNO dimers, and in the 1253-1299 cm-! region for aromatic ArNO dimers.
The cis—dimers, on the other hand, show two bands in the 1323-1344 and 1330-1420
cm-! regions for aliphatic RNO dimers, and in the1389-1397 and ~1409 cm-! regions for
aromatic ArNO dimers. Nitrosoalkenes R,C=C(NO)R show uno bands in the 1420-1485
cm-! range,* and the vNo for CH3(CH,)3C=CNO has been reported to be at 1580 cm-1.”

Solution variable-temperature NMR spectroscopy has also been used by Orrell
and coworkers to study various substituted nitrosobenzenes.**** They observed that at
ambient temperature, the monomers were the major species in solution. However, lower

temperatures favored the formation of the RNO dimers, with the cis—dimer being favored
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over the trans—dimer.

Single-crystal X-ray crystallographic data for a number of nonaromatic and
aromatic C-nitroso compounds are now known and listed in Tables 1.1 and 1.2. The data
from microwave spectroscopy and electron diffraction for CH3NO, CF3:NO, CH3CH,NO,
and CCIF>NO are included for comparison.

Table 1.1 lists the data for nitrosoalkanes (NO bonded through the N-atom to an
sp> carbon atom). For the monomeric aliphatic RNO compounds, N-O bond lengths and
C-N-O angles generally fall in the ranges of 1.1-1.22 A range and 103-121°,
respectively. The dimeric compounds display N-N bond lengths of 1.22-1.33 A, which
are significantly shorter than a formal N-N single bond distance of 1.42 A,'* and imply
double-bond character to this unit. Only one X~-ray crystal structure of a non—constrained
cis—dimer of a nitrosoalkane has been determined, namely that of cis—(CH3NO).. The
N-N and N-O bond lengths in this compound are both 1.31(2) A.® Several X-ray
crystal structures of constrained cis<(RNO): compounds containing a "cyclic" (R)-link
have been reported.®** The structures of these constrained compounds show N-N and
N-O bond lengths of 1.29-1.32 A and 1.25-1.27 A, respectively. Importantly, the
increased N-O bond lengths in dimeric RNO compounds relative to those of monomeric
RNO compounds are consistent with a contribution of the dipolar structure (Figure 1.5).
The crystal structures of the aliphatic trans—(RNO), compounds reveal that N-N and
N-O bond lengths fall in the ranges of 1.22-1.33 A and 1.25-1.30 A, respectively.

Table 1.2 lists the crystal structure data for nitrosoarenes. The N-O bond lengths
in the monomeric nitrosoarene compounds generally fall in the 1.13-1.29 A range, with
the exception of a reported length of 1.34 A for a disordered component of 9-
nitrosojulolidine.” The related N-O bond lengths in the dimeric nitrosoarene compounds
fall in the rather narrow range of 1.25-1.28 A, although a bond length of ~1.35 A has
been reported for the trans—dimer of para-bromonitrosobenzene.** Both monomeric and

dimeric (trans) structures of para-iodonitrosobenzene are known, and the N-O bond
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Table 1.1. Structural Data for Nonaromatic C-Nitroso Monomers and Dimers

Compound mono/dimer | N-N(A) |C-N(A) [N-O(A) C-N-O(°) |refs
CH3;NO monomer 1.480 1.211 113.2 ol
CH;NO" monomer 1.49(3) 1.22(3) 1126(10) |*
CH3NO cis-dimer 1.31(2) 1.47(3) 1.31(2) 120.0(15) ¢
CH3NO trans-dimer 1.22 1.57 1.25 125 0
CF3NO* monomer 1.555(15) | 1.171(8) 121.0(16) 3
CF3;NO* monomer 1.546(8) 1.197(5) 113.2(13) 52
CF;NO monomer 1.512(16) | 1.198(4) 112.4(3) 5
CCIF;NO® monomer

syn form 1.567(S) 1.175(3) 110.8(12) #

gauche form 1.559(5) 1.179(3) 110.7(12)




€1

CH;3;CH,NO *

monomer

syn form 1.567(5) 1.175(3) 110.8(12) %
O,NCH,CH;NO trans-dimer 1.304(6) | 1.4704) 1.262(4) 121.38(30) | *
O;NCH,CH(Ph)NO trans-dimer 1.301(4) | 1.479(3) 1.269(3) 120.9(2) 5
Me;CHCH,NO trans-dimer 1.27(2) 1.51(2) 1.30(2) 120.5 o
CiMe;CCH(Me)NO trans-dimer 1.315(4) 1.500(3) 1.270(3) 120.02(19) | “4
-BuNO trans-dimer 1.309(2) | 1.533(2) 1.265(2) 119.65(14) |*
0,NCMe2NO trans-dimer 1.329(3) | 1.506(2) 1.251(2) 121.2(1) @
(B10Cy2H3;0)CH;NO trans-dimer 1.272(6) | 1.485° 1.293(6) 121.1° o
trans-dimer 1.308(6) 1.483(5) 1.269(4) 120.7(3) 62

-0

s




14!

_ 1.292(10) | 1.527(7) | 1.250(6) 135.4(5) 6
__n°
I
'—_"f\o B}
1.303(1) | 1.496(2) |1256(1) |1280(1) |®
N/O
1.490(2) | 1.264(1) | 127.4(1)
13072) |1.486(2) [1.259(1) |1280(1) [®
%N,o 1485(1) | 1.265(1) | 127.201)
1.318°  |1484° | 1.267° 124.2° Z
N’°
- 1478 | 1.261° 125.8°




S1

65

1.311(3) 1.490(3) 1.265(2) 126.6(2)

1.443(3) 1.258(2) 127.3(2)
cyclo-C3HsNO trans-dimer 1.312(2) 1.454(3) 1.276(2) 120.75(13) | %
cyclo-C4F71NO monomer 1.521(15) |1.20 111922) ¥
trans-dimer 1.321(2) 1.471(2) 1.272(2) 122.05(13) |*

4 0]
N

o monomer 1.573 1.246 106.8 o

%
N NO,




91

trans-dimer 1.319(6) 1.488(6) 1.272(6) 121.44) e
N
Q 0 trans-dimer 1.302(4) | 1.487(2) 1.274(3) 121.4(2) 5
N
NO,
< monomer 1.530(6) | 1.171(4) 113.2 "
% 0 ' o tl)l
a
o monomer 1.515(8) | 1.153(8) 113.7(7) "
s “ o




Ll

n

monomer 1.504(9) 1.178(7) 116.2(7)
Ph,(+BUISIO _ C)
N o °
o’ +
c monomer 1.505(7) 1.139(5) 116.5(6) 2
)
o .
c
monomer 1.52 1.16 117 »
CHBr
c 1.44° 1.21° 119°
N=O
monomer 1.542(10) | 1.121(10) 118.4(3) M
_cl
0.978(20)/
CN N=0




81

15

N=0 monomer 1.65(3) 1.10(2) 103(2)
Me
NO,
monomer
N—=0
N7 Moo form 1 1.51° 113° 119.5° 6
NO;
\
form 2 1.53¢ 1.19° 114.4° m

* Determined by microwave spectroscopy.

* Determined by electron diffraction.

“ Data obtained from the Cambridge Structural Database.
4 This value was constrained.

* Data for second molecule.

/ Data for disordered (minor) component.
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Table 1.2. Structural Data for Aromatic C-Nitroso Monomers and Dimers

Compound mono/dimer | N-N(A) [C-N@A) |NO@A) |CNO() |refs
o cis-dimer 1.321(5) 1.454(5) 1.268(4) 120.4(2) "
1.463(5) 1.261(4) 120.8(3)
o trans-dimer 1.318(5) 1.453(4) 1.265(3) 119.7(2) "
74
O
o |trans-dimer ~1.31 1.40 ~1.35 ~120 S0
74
s
trans-dimer 1.316(7) 1.467(6) 1.279(5) 120.3(4) st
0]
/
O
monomer 143° 1.21° 113.2° na




174

o |monomer 1.467(10) | 1.228(8) 113.6(6) 8
O
monomer 1.460(7) 1.203(8) 108.0(5) 8
//0
HoN —< >- N
(complexed with 18C6)
monomer 1.529(9) 1.178(8) 101(1) “
O
HoN N
(complex with 1/2 DC11-6B)
o | monomer b 1.390(11) | L.131(1) | 126.2(10) | ™
e
1.212(11) 115.2(10)
[1.445(11)) | [1.202(11) | [116.4(10)
1.292(11)] { 116.2(10))




1C

o monomer 1.367(2) 1.243(3) 116.1Q2) 86
e
(complex with DPA)
o | monomer b 1.438¢ 1.253 1109° 8
g
1.458 ¢ 1.215¢ 109.9¢
monomer 1.403(5) 1.256(5) 112.83) 8
P
PhHN'-'< >— N
monomer 1.426(2) 1.234(2) 114.3Q2) b
HOOC
0
/)
monomer 1.372(2) 1.276(2) 116.3(1) %

7
MeoN

NMe,

¢




[44

cis-dimer 4 d d d %
0
/)
Q P trans-dimer 1.308(3) | 1.460(3) 1.267(3) 120.5(2) "
N
COOH
. trans-dimer | 1.323(2) | 1.467(2) | 1.267(2) | 1209(1) |”
< § N//O
Pr
monomer 1.350(4) 1.281(3) 118.3(3) »
(FPONH._
QN/P 1352¢4) | 1.2853) | 118.203)
NH,
EtO,CCH=CH monomer 1.451(4) 1.229(3) 113.5(3) M
0
Y




| X4

NHMe monomer ° 1.371(3) 1.254(2) 116.8(2) %
N//o
1.354(3) 1.254(2) 116.8(2)
M60C monomer * 1.429(8) 1.16(3) 115.5(12) | *
N\ 1.2503)
Me0,C ~\\0 [1L.418()] | [1.221(5)] | [114.8(6)]
8 trans-dimer ~1.4 i
r
[0}
BI‘Q N//
Br
. cis-dimer 1.324(5) 1.439(6) 1.267(5) 120.6(4) b
'-'
120.8(4)




144

monomer 1.452(10) | 1.227010)° | 112.67(72) | »
8?}"" 1257034) | 1.34347)" | 107.908)
1.376(8) |1.430(8) |12748) |1288@) |™
14398) | 1.255(8) | 129.1(4)
1.340(3) | 1.460(3) 1.252(2) 120.5(2) o
14253) | 1.26302) | 118.3(2)
S
I
monomer 14195) | 1.2135) | 1138(5) |™
5=,




o
/
el
S CH,CHPh

monomer

1.41(2)

1.23(1)

114.7(12)

03

d

-

The data in ref 72 supersedes the data in ref 82.

Two molecules in the unit cell.

Data obtained from the Cambridge Structural Database.

Metrical data not reported.
Major component (83%).
Minor component (17%).




length in the monomer is ~0.07 A shorter than that in the dimer.™*'#

B. Interactions with Heme and Heme Models

There is great interest in examining the products formed when metabolites of
amines interact with heme biomolecules such as hemoglobin and cytochrome P450. The
oxidation of amines to hydroxylamines or nitroso compounds, and the reduction of the
N-oxidized derivatives are known to occur in some biological environments.'**'"* The
intermediate C-nitroso compounds can then bind to heme biomolecules, or are involved
in other reactions (such as metHb formation) in biological media.'"*''® Indeed, the study
of the interactions of C-nitroso compounds with heme and heme models is motivated, in
part, by the observation that various metabolites derived from amine oxidation or
nitroaromatic reduction are involved in possible inhibition of enzymatic activity of P450
or cyclooxygenase, and that such heme-RNO species are possible products in such

processes.

1. Myoglobin (Mb)
The formation of nitrosoalkane complexes of Mb has been observed by Mansuy

and coworkers.'""'"® Thus, the reaction of a number of nitroalkanes (RNO»; R = Me, Et,

i~Pr, pentyl, hexyl) with Mb in the presence of dithionite (pH = 7.4, phosphate buffer)
resulted in the formation of new complexes absorbing at 425 nm. It is also known that
nitrosoarenes react with Mb to generate the (Mb)Fell-ArNO adducts directly. Mansuy
also reported that the reaction of ferrous deoxyMb with PhNO at pH 7.4 gave the
adduct (Mb)Fel'-PhNO with Ay 427 nm.'*® Daniel Copeland in our group is currently

developing this research area.

2. Hemoglobin (Hb)

The reactions of C-nitroso compounds with Hb are quite complex due to the fact
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that four hemes are involved, and the observation that the Cys93 residue from the protein
B subunit (BCys93) may also take part in such reactivity.

Nitrosoalkane complexes of hemoglobin (Hb(RNO)) have been generated by
reduction of the precursor nitroalkane RNO> by dithionite in the presence of Hb. For
example, Mansuy and coworkers reported that for MeNO» and EtNO, compounds, the
reaction to generate the Hb(RNO) complexes (Amax 421 nm; R = Me, Et) was completed
within a 3 min period.''™''®* They proposed an N-binding mode of the RNO ligand based
on resonance Raman spectroscopy.'!”!*!

The interactions of nitrosoarenes with Hb are more complex. In general,
nitrosoarenes can react with Hb at the heme iron and/or at reactive cysteine residues, as

schematically shown in Figure 1.6 for nitrosobenzene.

PhNHOH
oxid. l reduc.

o]
/, i -
(Hb)Fe'wN / M PhNO M.. Hb~S-N(OH)Ph

Ph

Figure 1.6. Reactions of nitrosobenzene with hemoglobin.

The reactions of the cysteine group of Hb with nitrosochloramphenicol (NOCAP; a
possible metabolite chloramphenicol) have also been demonstrated by radioactive
labeling (e.g., the use of 14C-labeled NOCAP).'* It was shown that the heme group of
Hb was a second site for NOCAP binding, although this heme-NOCAP binding was not
very efficient probably due to steric reasons.

The formation of Hb(ArNO) complexes by reactions of Hb with substituted

nitrosoarenes has also been reported.’*!*"'%
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3. Leghemoglobin (legHb)
The X-ray crystal structure of the ferrous (legHb)Fe!l-N(O)Ph adduct from
Lupinus luteus has been obtained, and it reveals the N-binding mode of the PANO

ligand to the metal center (Figure 1.7).'*

-

Val110
N o

Figure 1.7. The heme site in the leghemoglobin-nitrosobenzene
complex.'?® The Fe-N(O), Fe~N(His), and Fe-N(porphyrin) bonds
are omitted for the sake of clarity. The X-ray coordinates were
obtained from the Brookhaven Protein Data Bank.

4. Soluble Guanylyl Cyclase (sGC)
The reaction of MeNO- with ferrous sGC in the presence of dithionite (pH 7.4, 10

°C) under argon resulted in the formation of a 425 nm-absorbing complex which is
attributed to a (sGC)Fe!l-MeNO complex.”® This complex was not very stable in
solution, and reverted to the five—coordinate ferrous sGC form within 30 min,

suggesting a dissociation of the MeNO ligand (which is unstable in the free unligated

28



form).

5. Cytochrome P450

It has been known for quite some time that some organic N-containing
compounds are able to form complexes absorbing at ~455 nm with cytochrome P450
during oxidative metabolism in microsomal systems, and there is the possibility that
when nitroso compounds bind to heme iron, they may inhibit P450 activity.

Mansuy and coworkers studied the interaction of several 1° and 2° nitro RNO,
compounds (R = Me, Et, n-pentyl, n-hexyl, cyclohexyl, cyclopentyl, benzyl (i.e.,
amphetamine)) with reduced P450, and observed the formation of 455 nm complexes.
They proposed that the ligand in these complexes with Amax = 455 nm was the nitroso
metabolite (RNO) which was generated from reduction of the nitro compounds, or after
oxidation of the amines (Figure 1.8).''®

It was also reported by Mansuy and coworkers that aryinitroso (ArNO: Ar = Ph,
p—chlorophenyl) complexes of NADPH-reduced liver microsomal P450 absorbing at 454
nm were generated by (i) direct interaction of the nitrosoarene in the absence of air
(oxygen), (ii) reaction of the arylhydroxylamine (ArNHOH) in the presence of air
(oxygen), or (iii) reaction of the nitroarene (ArNO2) in the presence of NADPH or
dithionite.'® Cho and coworkers later examined the direct interaction of PANO with
ferric P450, and they found that the (P450)Fel!'-PhNO adduct was produced from the

reaction of the ferric P450 with PhNO without added reductant.'*’

6. Nitric Oxide Synthase (NOS)

Nitrosomethane complexes of the oxygenase domain of NO synthase have been
produced when nitromethane (MeNO-) and dithionite reacted with recombinant iNOSoyy
and nNOS.y (pH 7.4, 50 mM HEPES; HEPES = 4-(2-hydroxyethyl)-1-piperazine-

ethanesulfonic acid).'® Other (NOSx,)Fell-RNO complexes were also similarly
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P450 TN328204
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Figure 1.8. Formation of nitrosoalkane complexes of cytochrome
P450 (R' = RCH(Me)-).
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generated from the reaction of nitroalkanes with INOSoxy, or nNOSyy, in the

presence of dithionite but in the absence of tetrahydrobiopterin.

7. Catalase

A (catalase)Fe'-PhNO complex (Amax 421 nm) has been proposed as a product

when PhNHOH was reacted with bovine liver catalase.'”®

8. Prostaglandin H Synthase (PGHS)

Mansuy and Mahy observed that when N-hydroxyamphetamine (AmphNHOH;
PhCH,C(Me)HNHOH) was added to a microsomal suspension of sheep seminal vesicles
under aerobic conditions in aqueous buffer (0.1M Tris—=HC], pH 8.1), a product with Apax
424 nm in the difference absorption spectrum formed.'” A similar reaction of purified
reconsitituted PGHS with AmphNHOH under aerobic conditions also led to the
formation of a similar product with Ap,x 421 nm which did not form under anaerobic
conditions. This 421 nm-absorbing species was proposed to be a (PGHS)Fe!!'~AmphNO
complex, since extraction with ethyl methyl ketone gave the non-protein (PPIX)Fe-
(AmphNO) (PPIX = protoporphyrin(IX) dianion) species. The (PPIX)Fe(AmphNO)
species was also obtained independently (eq 1.10). Incorporation of authentic ferrous

(PPIX)Fe(AmphNO) into apoPGHS also generated the (PGHS)Fell(AmphNO) species .

AmphNHOH " extraction
PGHS ——— (PGHS)Fe -N(O)Amph _———= (PPIX)Fe-N(O)Amph  (1.10)

Amax 421 nm apoPGHS
The analogous (PGHS)Fell-N(O)R complexes were also obtained from the

reaction of other N-substituted hydroxylamines such as i-PrNHOH and PhANHOH with
purified PGHS.
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9. Microperoxidase

Several nitrosoalkane complexes of microperoxidase 8 with Amgy~414 nm
containing the Fell-RNO group (R = Me, Et, Pr, i-Pr, hexyl, cyclohexyl, PhCH,CH-
(Me)-, (p—CIC¢H;)CH2CH(Me)-) have been reported to be generated when
microperoxidase 8 reacted with the hydroxylamine precursors or the nitroalkane

precursors under reducing conditions.'*

10. Heme model complexes

Metalloporphyrin complexes containing RNO ligands can generally be generated
from the reactions of RNO compounds or the precursor hydroxylamines with synthetic
metalloporphyrins. Such metalloporphyrin—nitrosoalkane complexes were obtained by
Mansuy and coworkers for Fe from the reaction of the ferric porphyrin with the precursor
hydroxylamines, and the (TPP)Fe(i-PrNO)(i-PrNH2) complex was characterized by
single-crystal X-ray crystallography.””! The X-ray crystal structure of (TPP)Fe(i-
PrNO)(i-PrNH,) revealed the N-binding mode of the nitrosoalkane ligand. Our research
group later demonstrated that the nature of binding of nitrosoarenes to iron porphyrins
depended on a number of factors including the formal oxidation state of the iron center.'**
Thus, our group prepared the iron porphyrin nitrosoarene complexes with different
oxidation states to examine the binding mode of nitrosoarenes to the metal center.
Interestingly, the solid—state structure of the formally ferrous complex (TPP)Fe(PhNO).
revealed an N-binding mode of the PhNO ligands (Figure 1.9, left), whereas the
corresponding structure of the ferric complex [(TPP)Fe(ONAr).}* (Ar = p-amino-
substituted benzene) revealed an O-binding mode of the nitrosoarene ligands (Figure 1.9,
right), presumably due to the contribution of the dipolar resonance form (Figure 1.10).

Metalloporphyrin C-nitroso complexes have been reported by our research group
and several other groups for Mn,' Fe,!'?¥7131.13+136 Ry U138 Qg 13 and Co.'** There

are two examples (Fe and Mn) displaying the O-binding mode of the C-nitroso ligand,
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Table 1.3. Selected Structural Data for C-Nitroso Complexes of Metalloporphyrins

Compound C-N(A) N-OA) |C-N-O(° refs
N-bonded C-nitroso groups
(TPP)Fe(i-PINO)(i-PrNH,) ° 1.55(2) 1.26(2) 117(1) 13
1.54(2) 1.26(2) 115(1)
(TPP)Fe(PhNO), 1.468(4) 1.2373) | 112.4(2) 132
1.467(3) 1.2273) | 112.6(2)
(TPP)Fe(PhNO)(py) 1.472(4) 1.249(4) | 113.23) 1%
(TPP)Fe(N(O)C¢H4NMe,-p)(py) 1.437(8) 1.252(6) | 112.3(6) 136
(TPP)Fe(PhNO)(1-Melm) ° 1.44409)- | 1.254(8)- | 109.9(3) - 16
1.453(2) 1.2673) | 111.%(8)




142

(OEP)Fe(PhNO)(1-Melm) ° 1.4486) | 1.269(5) | 111.7(4) 1
1.454(6) | 1.258(4) | 110.1(3)

[(TPP)Co(N(O)CeHsNMey-p)ICIO, | 1.35(2) 1.332) 109(2) 158
1.38(2) 1.27(2) 112(2)

(OEP)Ru(N(O)CgHsNMez-p), 1453(7) | 1.248(7) | 115.9(5) 138
1.4686) | 1.257(7) | 116.7(5)

(TPP)Os(PhNO), 1469(5) | 1.249(4) | 112403) 159
1458(5) | 1.2596) | 113.103)

(TTP)Os(PhNO), 1475(14) | 1.298(13) | 109.3(11) 159
1.43(2) 1.278(12) | 113.2(10)

(TMP)Os(PhNO); 1.40(2) 1.31Q2) 110.4(12) 1
1.45(2) 1252(12) | 112.59)
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(TTP)Os(CO)(PhNO) 1.39(3) 1.26(2) 120(2) 129

(OEP)Os(0-10INO), 1.481(14) 1.273(13) | 108.8(9) 139
1.441(14) 1.219(12) | 116.9(10)

O-bonded C-nitroso groups

[(TPP)Fe(ONCgH4NE1,)2]SbFe 1.323(11) 1.157(6) 118.7(7) 132
1.413(13)° | 1.062(8)" | 121.8(9)°

[(TPP)Mn(ONC¢H4NE(>);)SbFg 1.36(2) 1.057(10) | 121.9(12) 133
1.356(13)% | 1.109(8)° | 122.09)*

" Two molecules in the unit cell.
* Data for the disordered component.




however, all other complexes that have been structurally characterized by X-ray
crystallography display the N-binding mode. Single—crystal X-ray crystallographic data

for C-nitroso complexes of metalloporphyrins are listed in Table 1.3.

A\r
%N/ Ph N
P SN0 N©
Ar

(AI’ = p-RzNCsH4)

Figure 1.9. Nitrosoarene binding modes in ferrous (left)
and ferric (right) porphyrins.

a _@(: T N=®=@

Figure 1.10. Resonance forms of the C-nitroso p~-ONCgH,NR.

I11. Conclusion

In this chapter, I have attempted to present and discuss the fundamental issues
involved in the chemistry and biochemistry of organic S-nitroso and C-nitroso
compounds. With the increased attention given to the role of heme in binding and
activation of biologically important nitroso compounds, further studies of the
interactions of organic nitroso compounds with synthetic metalloporphyrins as heme
models continue to be needed to better understand their chemical behavior in the

presence of heme.
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Chapter 2. Synthesis, Characterization, and Protonation of
Octaethylporphyrin Osmium Nitrosyl Complexes
Containing Axial Thiolate Ligands®

Introduction

The renewed interest in the S—nitroso compounds (RSNO, thionitrites) stems from
the fact that the chemistry of the S—nitroso functional group in RSNO is linked to the
biology of nitric oxide, although the exact physiological relationship between RSNO and
NO remains to be discerned. For example, as described in detail in Chapter 1, thiol
groups (RSH) in proteins can be nitrosated,'* and it has been reported that the nitrosation
of the BCys93 residue of hemoglobin can occur under some conditions.”* The X-ray
structure of S-nitrosated hemoglobin has also been reported.’

The chemistry of RSNO compounds has been investigated by many research
groups, and excellent reviews on this topic have been published.'*'* A major
breakthrough in the chemistry of RSNO compounds came when Butler, Williams,
and coworkers reported that some trace metals (e.g., copper in buffered solutions)
catalyze the decomposition of the S-nitroso functional group.'” They have observed
that when trace metal ions are removed by addition of the metal ion chelator EDTA,
the RSNO decomposition was essentially halted, and the addition of excess metal
ions re—established the RSNO decomposition. It has now been established that
for the copper ion—catalyzed RSNO decomposition reaction, the active species

is Cu*, which is generated by the reduction of Cu2+ by thiolate anion (eqs 2.1 and

2.2)012.13

Reproduced in part with permission from “Synthesis, Characterization, and Protonation of
Octaethylporphyrin Osmium Nitrosyl Complexes Containing Axial Thiolate Ligands-X-ray Structures of
an Alkyl Thionitrite (RSNO) and its (OEP)Os(NO)(SR) Addition Product.” Lee, J.; Yi, G.-B.; Powell, D.
R.; Khan, M. A; Richter-Addo, G. B. Can. J. Chem. 2001, 79, 830-840. Copyright 2001 National Research
Council of Canada.
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Cu* + RS- — Cu’" + 1/2RSSR 2.1

Cu* + RSNO — Cu™ + RS- + NO 2.2)

The structures of the initially-formed Cu*-RSNO adducts (formed just prior to RSNO
decomposition) are not known, and both S-bound and N-bound structures have been
considered (Figure 2.1)."* Indeed, the role of metal ions in the decomposition of
biologically-active thionitrites (RSNO) continues to receive renewed attention in

chemistry and biochemistry of nitric oxide.

_NO 4
Cu*~S Cu*=N
\R NSR

Figure 2.1. Two possible structures of the initially-formed Cu*-RSNO
adducts (formed just prior to RSNO decomposition).

Our research group has also shown that metalloporphyrin carbonyl compounds of
the Group 8 metals (Ru and Os) react with RSNO to give the formal trans-addition
products, via initial S—coordination of the RSNO molecule which resuits in NO release,

followed by NO displacement of the CO ligand (Scheme 2.1).!"'%#

Scheme 2.1

0
C

0
N
>y B i
|
S
R

por =TPP, TTP, OEP
M =Ru, Os
R = alkyl, aryl
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Our research group was also interested in the chemical and spectroscopic
properties of the resulting six—coordinate (por)M(NO)(SR) compounds, since these are
potential structural models for the NO adduct of the (por)Fe(SR) groups in cytochrome
P450, chloroperoxidase, and NO synthase.” Furthermore, our group has been intrigued
by the recent results on the reaction chemistry of the (por)M(NO)(SR) compounds. Of
particular interest was our report that protonation of the ruthenium nitrosyl porphyrin
complex containing an amide-thiol ligand results in an S-bound to O-bound linkage
switch.”

In this chapter, the syntheses and characterization of an extended series of
(OEP)Os(NO)(SR) compounds (R = Me, Et, iPr, ‘Bu, C(Me)>CH,NHC(O)Me, CH2CH;-
NHC(O)Me) will be discussed. Prior to this work, the trans-additions of RSNO to
metalloporphyrins have mainly been performed for primary alkyl thionitrites. Only one
other example of thionitrite trans—addition was reported for the tertiary alkyl thionitrite,
namely MeC(O)NHCH.C(Me)»SNO." Our research group was thus interested in
extending the trans—addition reactions to secondary alkyl thionitrites, and also
determining whether the change of "R" group in RSNO compounds makes a difference in
the reactivity of RSNO (in the trans-addition) and in the spectroscopy of the final
product. Protonation of two (OEP)Os(NO)(SCR,CH>NHC(O)Me) (R = Me, H)
compounds will also be described. Furthermore, the single—crystal X-ray structure of an
organic thionitrite MeC(O)NHCH>C(Me).SNO will be reported, and will be compared
with the X-ray crystal structure of its (OEP)Os(NO)(SR) addition product which was
independently obtained by Dr. Geun—-Bae Yi of our research group. Prior to this work,
somewhat surprisingly, only four crystal structures of organic RSNO compounds had
been reported, despite the recognized importance of RSNO chemistry. This chapter
contains, to the best of my knowledge, the first RSNO/metal-complex pair to be

characterized by X-ray crystallography. The molecular structure of the disulfide {Me-
C(O)NHCH,C(Me)2S-}2 will also be reported.
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Experimental Section

All reactions were performed under an atmosphere of prepurified nitrogen using
standard Schlenk glassware and/or in an Innovative Technology Labmaster 100 Dry Box.
Solutions for spectral studies were also prepared under a nitrogen atmosphere. Solvents
were distilled from appropriate drying agents under nitrogen just prior to use: CH,Cl,
(CaHa,), hexane (CaHa), toluene (Na).

Chemicals. (OEP)Os(CO) was prepared by literature method.* HBF; (54 wt%
solution in Eto0), NOBF;, MeOH (99.8%, anhydrous), isoamyl nitrite (i-CsH;;ONO,
97%), '‘BuONO (96%), methanethiol (CH;SH, 99.5+%), ethanethiol (C;HsSH, 97%),
2-propanethiol ((CH3):CHSH, 97+%), 2-methyl-2-propanethiol ((CH3);CSH, 99%).
and N-Acetylcysteamine (95%) were purchased from Aldrich Chemical Co. and used as
received. The thionitrite MeC(O)NHCH,>C(Me).SNO was prepared by a literature
procedure.” Chloroform—d (99.8%) was obtained from Cambridge Isotope Laboratories.
Elemental analyses were performed by Atlantic Microlab, Norcross, Georgia. The
thionitrites (RSNO) were generated in situ from the reaction of ‘BuONO and their thiol
precursors either at low temperature (R = Me) or at room temperature (R = Et, ‘Pr, ‘Bu).

Instrumentation. Infrared spectra were recorded on a Bio-Rad FT-155 FTIR
spectrometer. Proton NMR spectra were obtained on Varian 400 MHz or 300 MHz
spectrometers and the signals referenced to the residual signal of the solvent employed.
All coupling constants are in Hz. FAB mass spectra were obtained on a VG-ZAB-E
mass spectrometer. UV-vis spectra were recorded on a Hewlett—Packard model 8453
diode array instrument. Wavelengths are reported with € values or as %—intensities for
the samples whose yields were too small for accurate concentration measurements.

Preparation of (OEP)Os(NO)(SR) Compounds (R= Me, Et, ‘Pr, ‘Bu). These
compounds were synthesized via a formal trans-addition of the RSNO across the metal

center. The following reaction is representative:
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To a stirred CH;Cl; solution (20 mL) of (OEP)Os(CO) (0.080 g, 0.107 mmol)
was added a previously prepared green mixture of 2-methyl-2-propanethiol and
‘BuONO (1:1.1 ratio by volume, 1:1 mol ratio, 0.16 mL in 4 mL of CH,Cl,, 10 min
mixing time). The mixture was stirred for 30 min, during which it tumed from pink red
to slightly dark red. The solvent was removed in vacuo, the residue was dissolved in a
CHsCly/hexane (1:3, 5 mL) mixture, and filtered through a neutral alumina column (2 x
20 cm) in air. The bright red band was collected, and the filtrate was dried in vacuo for 5
h to give (OEP)Os(NO)(S'Bu)-0.9CHCl; (0.041 g, 0.045 mmol, 42% isolated yield) as a
red powder. Anal. Calcd for C49Hs3Ns0;5;0s;-:0.9CH2Cl>: C, 53.48; H, 6.01; N, 7.62;
Cl, 6.95; S, 3.49. Found: C, 53.42; H, 595; N, 743;Cl, 6.75;S. 3.29. IR (CH.Cl,,
cm1l): uno =1758. IR (KBr, cm-!): vno = 1754 s; also 2964 m, 2932 m, 2871 m, 1468
m, 1452 m, 1382 w, 1375 w, 1316 w, 1272 m, 1154 m, 1112 w, 1056 m, 1021 m, 994 m,
963 m, 842 m, 745 m, 737 m, 718 w. !H NMR (CDCl;): & 10.29 (s, 4H, meso-H of
OEP), 5.28 (s, CH,Cl,), 4.14 (m, 16H, CH,CHj; of OEP), 1.96 (1, J = 8, 24H, CH,CHj of
OEP), -2.19 (s, 9H, SC(CH3)3). Low-resolution mass spectrum (FAB): m/z 813 {(OEP)-
Os(SC(CH3)3)]* (13%), 754 [(OEP)Os(NO)]* (100%), 724 [(OEP)Os]* (28%). UV-vis
spectrum (A, CH,Clz): 357 (100), 446 (49), 551 (20), 585 (16) nm.

The other (OEP)Os(NO)(SR) compounds were generated similarly as red

powders. The MeSNO reagent was prepared at low temperature (-78 °C) by reacting
condensed methanethiol with ‘BuONO in CH,Cl,.

(OEP)Os(NO)(SMe). 48% isolated yield. IR (CH2Cl;, em'!): uno = 1759. IR
(KBr, cm!): uno = 1755 s; also 2962 m, 2927 m, 2869 m, 1905 w, 1467 m, 1447 m,

1424 w, 1374 m, 1316 w, 1303 w, 1270 m, 1229 w, 1153 m, 1111 w, 1056 m, 1021 m,
994 m, 963 m, 873 w, 841 m, 802 w, 747 m, 737 m, 717 w. 'H NMR (CDCl3): §10.33
(s, 4H, meso-H of OEP), 4.17 (m, 16H, CH,CHj3 of OEP), 2.01 (1, J = 8, 24H, CH,CH;
of OEP), -3.11 (s, 3H, SCH3). Low-resolution mass spectrum (FAB): m/z 771 [(OEP)-
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Os(SCH3)]* (11%), 754 [(OEP)Os(NO)]* (100%), 724 [(OEP)Os]* (20%). UV-vis
spectrum (A (€, mM-! cm!), 1.64 x 105 M in CH2Cl»): 354 (53), 439 (28), 551 (12), 585
(9) nm.

(OEP)Os(NO)(SEt). 37% isolated yield. IR (CH.Cl,, cml): vno = 1758.IR
(KBr, cm!): vno = 1753 s; also 2964 m, 2929 m, 2868 m, 1640 w, 1584 w, 1466 m,
1450 m, 1373 w, 1314 w, 1272 m, 1230 w, 1153 m, 1112 w, 1057 m, 1021 m, 994 m,
964 m, 842 m, 802 w, 737 m, 718 w. 'H NMR (CDClI3;): § 10.30 (s, 4H, meso-H of
OEP), 4.15 (m, 16H, CH2CHj of OEP), 2.00 (t, J = 8, 24H, CH,CH; of OEP), -1.85 (t, J
= 8, 3H, SCH,CH5), -3.12 (q, J = 8, 2H, SCH>CHj). Low-resolution mass spectrum
(FAB): m/z 815 [(OEP)Os(NO)SCH:CH3)]* (6%), 754 [(OEP)Os(NO)]* (100%), 724
[(OEP)Os]* (22%). UV-vis spectrum (A, CH2Cl2): 354 (100), 441 (55), 551 (22), 585
(17) nm.

(OEP)Os(NO)(SPr). 33% isolated yield. IR (CH2Cly, cm-l): vno = 1754. IR
(KBr, cm-!): vuno = 1751 s; also 2963 m, 2928 m, 2869 m, 1471 m, 1464 m, 1457
m,1442 w, 1374 w, 1314 w, 1271 m, 1230 w, 1154 m, 1110 w, 1056 m, 1020 m, 993 m,
963 m, 841 m, 746 m, 737 m, 718 w. 'H NMR (CDCl3): 8 10.30 (s, 4H, meso—-H of
OEP), 4.15 (q, J = 8, 16H, CH>CH3; of OEP), 1.98 (t, J = 8, 24H, CH,CHj; of OEP),
-1.95 (d, J =7, 6H, SCH(CH3)>), <4.03 (m, 1H, SCH(CH3)2). Low-resolution mass
spectrum (FAB): m/z 799 [(OEP)Os(SCH(CH;)2)]* (12%), 754 [(OEP)Os(NO)}*
(100%), 724 [(OEP)Os]* (29%). UV-vis spectrum (A, CH>Clz): 354 (100), 441 (53),
551 (21), 585 (16) nm.

Preparation of (OEP)Os(NO)(SC(Me);CH;NHC(O)Me). To a stirred CH>Cl,
solution (20 mL) of (OEP)Os(CO) ( 0.080 g, 0.107 mmol ) was added MeC(O)NHCH,-
C(Me)SNO (0.019 g, 0.108 mmol). The mixture was stirred for | h, during which it
turned from pink red to slightly dark red. The solvent was removed in vacuo, the residue
was dissolved in CH2Cl> (10 mL), and the solution was transferred to the top of an

alumina column (2 x 20 cm). Elution with CH;Cl; in air yielded a pale brown band and a
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bright red band. The pale brown band was discarded, and the bright red band was
collected and taken to dryness in vacuo. The resulting red product was identified as
(OEP)Os(NO)(SC(Me),CH,NHC(O)Me) (0.021 g, 0.023 mmol, 21% isolated yield). IR
(CH2Cly, cm-!): vno = 1773; uco = 1681. IR (KBr, cml): o = 1764 s; vco = 1656 s
br; also 2964 m, 2932 m, 2872 w, 1561 m, 1510 m, 1465 m, 1450 m, 1370 m, 1275 m,
1231 w, 1154 m, 1112 w, 1057 m, 1022 m, 995 m, 963 m, 845 m, 749 vs, 717 w. 'H
NMR (CDCl3): 8 10.35 (s, 4H, meso—-H of OEP), 4.16 (m, 16H, CH,CHj3 of OEP), 1.98
(t, J = 8, 24H, CH,CHj; of OEP), 1.52 (br, 1H, SC(CH3);CH,NHC(O)CH3), 1.23 (s, 3H,
SC(CH3)>CH,NHC(O)CHs4), -0.88 (d, J =4, 2H, SC(CH3),CH>NHC(O)CH3 ), -2.08 (s,
6H, SC(CH3),CH,;NHC(O)CH3). Low-resolution mass spectrum (FAB): m/z 870
[(OEP)Os(SC(Me),CH.NHC(O)Me))*  (22%), 754 [(OEP)Os(NO)]* (100%), 724
[(OEP)Os]* (22%). UV-vis spectrum (A, CH>Cl2): 357 (100), 443 (48), 552 (20), 585
(17) nm.

Prior to this study, (OEP)Os(NO)(SC(Me),CH.NHC(O)Me) was also
independently prepared for X-ray crystallographic study by Dr. Geun-Bae Yi of our
research group.

Preparation of Disulfide {MeC(O)NHCH;C(Me)2S-}2 (R'SSR') A MeOH
solution of green thionitrite MeC(O)NHCH,>C(Me).SNO (0.010g, 0.057 mmol) was
refluxed with vigorous stirring for 3 h under a nitrogen atmosphere, during which the
color of the solution turned colorless. The solvent was dried in air, and a 'H NMR
spectrum of the residue in CDCl; showed the quantitative formation of the disulfide. 'H
NMR (CDCls) 8 5.80 (br, 2H), 3.30 (d, J = 6, 4H), 2.00 (s, 6H), 1.26 (s, 12H). Low-
resolution mass spectrum (FAB): m/z 293 [R'SSR'+ H]* (76%), 146 [R'S]* (15%), 114
[R']* (100%).

This previously unreported disulfide was also prepared from the decomposition of
thionitrite MeC(O)NHCH.C(Me),SNO in a CH;Cl>/MeOH solution (1:10) by light.
Suitable cryatals for X-ray crystallography were grown from a CH,Cl,/MeOH (1:10)
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mixture of the thionitrite precursor that had been left at ~10 °C under nitrogen for two
weeks.

Preparation of (OEP)Os(NO)(SCH;CH;NHC(O)Me). A mixture of (OEP)Os-
(NO)(O-i~CsH, ;) (0.050 g, 0.059 mmol)™ and excess HSCH,CH,NHC(O)Me (20 pL,
0.178 mmol) in xylene (20 mL) was refluxed under N> gas with vigorous stirring for 48
h. The solvent was removed in vacuo, and a 'H NMR spectrum of the residue in CDCl3
showed the presence of the desired thiolate product and unreacted excess thiol. The
residue was dissolved in a CH2Cla/hexane mixture (1:10, 55 mL), and this solution was
kept at -20 °C overnight. Precipitation of the solid was enhanced by mixing of the
CH:>Cla/hexane solution, and the supernatant solution was discarded. The remaining
solid product was dried in vacuo, the residue was dissolved in a CH»Cla/hexane (1:1, 5
mL) mixture, and the solution was transferred to the top of a neutral alumina column (1.5
x 15 cm). Elution with hexane in air removed unreacted thiol, and then elution with
CH»Cl, yielded a bright red band. This bright red band was collected and taken to
dryness in vacuo. The residue was dissolved in a CH2Cla/hexane (2:1, 15 mL) mixture,
and slow evaporation of the solvent mixture in air gave (OEP)Os(NO)(SCH,CHa,-
NHC(O)Me) (0.034 g, 0.039 mmol, 66% isolated yield). IR (CH:Cl,, cm-!):
wno = 1765; vco = 1665. IR (KBr, cm-!): vno = 1756 s; Voo = 1642 m br; also 2964
m, 2930 m, 2870 m, 1465 m, 1444 m, 1372 m, 1273 m, 1230 w, 1154 m, 1111 w, 1056
m, 1020 m, 994 m, 963 m, 843 m, 745 m, 736 m, 717 w. 'H NMR (CDCl;): 8 10.34 (s,
4H, meso-H of OEP), 4.16 (m, 16H, CH.CHj of OEP), 2.47 (br,1H, SCH,CH>NHC(O)-
CH3), 2.00 (1, J = 8, 24H, CH,CH; of OEP), 1.10 (s, 3H, SCH,CH,NHC(O)CH3), 0.22
(m, 2H, SCH,CH;NHC(O)CH3), -2.98 (m, 2H, SCH,CH,NHC(O)CH;). Low-
resolution mass spectrum (FAB): m/z 842 [(OEP)Os(SCH,CH.NHC(O)Me)]* (3%), 754
[(OEP)Os(NO)}* (100%), 724 [(OEP)Os]* (29%). UV-vis spectrum (A (¢, mM-! cm-!),
1.61 x 10-5 M in CH,Cl»): 354 (60), 441 (32), 551 (13), 585 (10) nm.



Preparation of [(OEP)Os(NO)(O=C(Me)NHCH,C(Me),SH)]BF4. To a stirred
CH,Cl; solution (15 mL) of (OEP)Os(CO) (0.020 g, 0.027 mmol) was added NOBF,
(0.003 g, 0.026 mmol). The color of the solution changed from pink red to slightly dark
red over a 30 min period, and an IR spectrum in CH>Cl> showed the replacement of the
1883 cm-! assigned to the vco of (OEP)Os(CO) with a new band at 1833 cm-! assigned
to the unoof [(OEP)Os(NO)IBFs. Solid HSC(Me),CH,NHC(O)Me (0.004 g, 0.027
mmol) was then added to the reaction solution, and the mixture was stirred overnight.
The solvent was removed in vacuo, and a 'H NMR spectrum of the residue in CDCl3
showed the presence of the desired product and a small amount of the known
(OEP)Os(NO)F. The residue was dissolved in a CH>Cla/hexane (1:10, 55 mL), and this
solution was kept at -20 °C overnight. Precipitation of the solid was enhanced by mixing
of the CH;Cly/hexane solution, and the supernatant solution was discarded. The
remaining solid product was washed with hexane (3 x 50 mL), and dried in vacuo. The
resulting product was identified as pure [(OEP)Os(NO)(O=C(Me)NHCH,C(Me)SH)}-
BF; (0.012 g, 0.012 mmol, 46% isolated yield) by 'H NMR. IR (CH:Cls, cm!):
uno = 1826; o =1599. IR (KBr, cm-!): uno = 1816 vs; Vco =1594 s br; also 2968 s,
2933 s, 2871 m, 1470 m, 1464 m, 1452 m, 1379 w, 1352 w, 1274 m, 1156 m, 1112 w,
1085 m, 1056 s, 1023 s, 996 m, 965 m, 849 m, 745 m, 736 w, 716 w. 'H NMR (CDCl;):
8 10.53 (s, 4H, meso-H of OEP), 5.73 (br, 1H, HSC(Me)CH,NHC(O)CH3;), 4.22(q, J =
8, 16H, CH,CHj; of OEP), 2.02 (t, J = 8, 24H, CH,CH; of OEP), -0.14 (s, lH,
HSC(Me).CH>NHC(O)CH3), —-0.56 (s, 6H, HSC(Me)>CH,NHC(O)CH3), -0.71 (d, J =6,
2H, HSC(Me).CH,NHC(O)CH3), -2.98 (s, 3H, HSC(Me),CH,NHC(O)CH3). Low-
resolution mass spectrum (FAB): m/z 901 [(OEP)Os(NO)(O=C(Me)NHCH,C(Me)>SH)}*
(9%), 754 [(OEP)Os(NO)}* (100%), 724 [(OEP)Os]* (27%). UV-vis spectrum (A,
CHCl,): 348 (sh, 90), 362 (93), 420 (100), 538 (26), 574 (39) nm.

Preparation of [(OEP)Os(NO)(O=C(Me)NHCH;CH,SH)]BF4. To a stirred
CH,Cl; solution (15 mL) of (OEP)Os(CO) (0.020 g, 0.027 mmol) was added NOBF,
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(0.003 g, 0.026 mmol). The color of the solution changed from pink red to slightly dark
red over a 30 min period, and an IR spectrum in CH,Cl> showed the replacement of the
1883 cm-! assigned to the vco of (OEP)Os(CO) with a new band at 1833 cm-! assigned
to the uno of [(OEP)Os(NO)]BF;s. Liquid HSCH,CH,NHC(O)Me (6 uL, 0.053 mmol)
was then added to the reaction solution, and the mixture was stirred for S h. The solvent
was removed in vacuo, and a 'H NMR spectrum of the residue in CDCl3 showed the
presence of the desired product and unreacted excess thiol. The residue was dissolved in
a CH)Cly/hexane (1:10, 55 mL), and this solution was kept at -20 °C for 2 days.
Precipitation of the product was enhanced by mixing of the CH,Cla/hexane solution, and
the supernatant solution was discarded. The precipitate was washed with hexane (5 x 50
mL), and then dissolved in CH,Cly/hexane (2:1, 6 mL). Slow evaporation of the solution
in a Dry Box gave [(OEP)Os(NO)(O=C(Me)NHCH.CH,SH)]BF4-CH,Cl, (0.010 g,
0.010 mmol, 38% isolated yield). Anal. Calcd for C40H53N¢028,0s;B|Fs-CH:Cla: C,
47.17; H, 5.31; N, 8.05. Found: C,47.24; H, 5.39; N, 8.00. IR (CH,Cl», cm-l): vno =
1826; vco = 1603. IR (KBr, cm!): uno = 1814 s; vco =1605 m: also 2964 m, 2932 m,
2873 m, 1574 m, 1466 m, 1450 m, 1441 m, 1378 w, 1357 w, 1315 w, 1274 m, 1230
w,1207 w, 1155 m, 1085 s, 1056 s, 1022 s, 996 s, 964 m, 849 m, 745 m, 736 m, 714 w.
'H NMR (CDCl3): 8 10.54 (s, 4H, meso-H of OEP), 5.74 (br, 1H, HSCH,CH,;NH-
C(O)CH3), 5.28 (s, CH2Cl»), 4.23 (g, J = 8, 16H, CH2CH3 of OEP), 2.02 (1, J = 8, 24H,
CH,CH; of OEP), -0.01 (t, J =9, 1H, HSCH,CH,;NHC(O)CH3), -0.41 and -0.53 (m’s,
4H of HSCH,CH;NHC(O)CH3), -3.04 (s, 3H, HSCH,CH,NHC(O)CH3). Low-
resolution mass spectrum (FAB): m/z 873 [(OEP)Os(NO)(O=C(Me)NHCH,CH,SH)]*
(11%), 754 [(OEP)Os(NO)]* (100%), 724 [(OEP)Os]}* (15%). UV-vis spectrum (A,
CHaClz): 346 (sh, 91), 361 (94), 421 (100), 539 (26), 575 (42) nm.

Protonation of (OEP)Os(NO)(SC(Me);CH,NHC(O)Me). To a CH)Cl, (10
mL) solution of (OEP)Os(NO)(SC(Me).CH>NHC(O)Me) (0.010 g, 0.011 mmol) was
added HBF4-Et:O (0.9 puL, 0.012 mmol). The reaction was monitored by IR
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spectroscopy, and the reaction stopped when the IR spectrum in CH,Cl, was almost
identical to that of authentic [(OEP)Os(NO)(O=C(Me)NHCH>C(Me)>SH)]BF4 (ca. 30
min). The solvent was removed in vacuo, and a 'H NMR spectrum of the residue in
CDCl3 showed the formation of the [(OEP)Os(NO)(O=C(Me)NHCH,C(Me)-SH)]BF; in
29% yield (by '"H NMR spectroscopy). The reaction mixture was stirred for a further 2 h,
the solvent was removed in vacuo, and a 'H NMR spectrum of the residue in CDCl;
showed the presence of [(OEP)Os(NO)(O=C(Me)NHCH2C(Me)-SH)]BF4, and the
known (OEP)Os(NO)F in a 56:4 ratio, together with other as—yet unidentified products.
Further reaction overnight yielded, by 'H NMR spectroscopy. [(OEP)Os(NO)(O=C(Me)-
NHCH>C(Me),SH)]BF4 and (OEP)Os(NO)F in a 67:7 ratio.

Protonation of (OEP)Os(NO)(SCH;CH;NHC(O)Me). To a CH>Cl» (10 mL)
solution of (OEP)Os(NO)}SCH>CH,NHC(O)Me) (0.010 g, 0.011 mmol) was added
HBF,-Et;0 (0.9 uL, 0.012 mmol). The mixture was stirred overnight. The solvent was
removed in vacuo, and a !H NMR spectrum of the residue in CDCl; showed the
formation of a mixture of [(OEP)Os(NO)(O=C(Me)NHCH,CH>SH)]BF; and the known
(OEP)Os(NO)F in a 78:15 ratio based on integrations of the meso-H’s of their OEP
ligands.

Results and Discussion

Synthesis of Nitrosyl Thiolate Complexes. The reaction of the alkyl thionitrites
(RSNO; R = Me, Et, ‘Pr, ‘Bu) with the (OEP)Os(CO) compound produces the
(OEP)Os(NO)(SR) complexes via a formal trans-addition reaction in 33—48% isolated
yields (Scheme 2.2). Thus, (OEP)Os(CO) reacts with the MeSNO reagent in CH,Cl, at

room temperature to generate the (OEP)Os(NO)(SMe) complex. The MeSNO compound

was generated in situ from the bubbling of gaseous MeSH through a stirred CH,Cl,

solution of ‘BuONO at -78 °C (dry ice bath). The formation of MeSNO was confirmed

by the color change of the solution mixture to red, consistent with the fact that the
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primary or secondary alkyl thionitrites are generally red, whereas the tertiary alkyl
thionitrites are green as mentioned in Chapter 1. The other (OEP)Os(NO)(SR) (R = Et,
iPr, ‘Bu) complexes were also generated similarly. The RSNO reagents (R = Et, ‘Pr, 'Bu)
were generated in situ from the reaction of liquid RSH compounds with ‘BuONO in

CH,C; at room temperature. EtSNO (primary alkyl thionitrite) and ‘PrSNO (secondary
alkyl thionitrite) are red, and ‘BuSNO (tertiary alkyl thionitrite) is green.

Scheme 2.2
o]
g N
(0 D oo L& O
|
por = OEP

\
R = Me, Et, Pr, Bu R

These red nitrosyl thiolate products are moderately air-stable in solution, and can
be stored in air in the solid state for at least 1 month without noticeable decomposition.
They are freely soluble in CH,Cl, but only slightly soluble in hexane. According to the
Enemark-Feltham notation,’*** these (OEP)Os(NO)(SR) nitrosyl thiolates products have
the {OsNO}¢ formulation, and are expected to have linear Os-NO linkages. Their
spectroscopic properties are consistent with their formulation as such. For example, their
IR spectra in CH,Cl, reveal strong bands in the1754—-1759 cm-!, which is indicative of
linear NO ligands for this class of compounds.” This range is similar to that observed
for related (OEP)Os(NO)(OR) alkoxide compounds,™*® but is higher than that observed
for the organometallic (OEP)Os(NO)R compounds (1703-1748 cm-!; R = alkyl, aryl).*

Our research group previously showed that the organometallic nitrosyl complexes

of osmium porphyrins are generated from the sequential reaction of (OEP)Os(CO) with
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NOPF; followed by reaction with RMgX (X = Cl, Br) (Scheme 2.3), and that the nitrosy!l
stretching frequencies in the (OEP)Os(NO)R (R = Me, Et, Pr, ‘Bu) compounds in
CH,Cl; decrease in the order (OEP)Os(NO)Me (1720 cm-!) > (OEP)Os(NO)Et (1710
cm-l) > (OEP)Os(NO)(:PPr) (1703 cm-!) = (OEP)Os(NO)(*Bu) (1703 cm-!). This order is

consistent with increased electron donation of the R groups.*

Scheme 2.3
0
Q N
- (i) NOPFg/CH,Cl, -
° (i) RMgX/THF
R
por = OEP _
R = Me, Et, 'Pr, 'Bu, p-C¢H,4F
X =Cl,Br

Interestingly, however, the IR spectra of the alkyl thiolate (OEP)Os(NO)(SR) compounds
in CH,Cl; show that the unos fall in a very narrow range: (OEP)Os(NO)(SMe) (1759
cm-!) = (OEP)Os(NO)(SEt) (1758 cm-!) = (OEP)Os(NO)(S'Bu) (1758 cm-!) > (OEP)Os-
(NO)(SPr) (1754 cm-!). These IR spectrospcopic data indicate that unlike the
organometallic (OEP)Os(NO)R compounds, the presence of the sulfur atom in these
(OEP)Os(NO)(SR) compounds may mask the direct interaction of the alkyl groups with
the metal center, causing a less dramatic variation in Os—NO back~donation of electron
density.

The 'H NMR spectra of the (OEP)Os(NO)(SR) compounds in CDCl; show that
the Smeso peaks of the OEP macrocycle decrease slightly from the (OEP)Os(NO)(SMe)
(10.33 ppm) to the (OEP)Os(NO)(S'‘Bu) (10.29 ppm), consistent with a slight cis-

influence of the axial thiolate ligands. For comparison, the s, peaks in the related
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(OEP)Os(NO)(OR) alkoxide compounds are at 10.44 ppm (R = Me) or 10.32 ppm (R =
Et, Pr, hexyl, cyclohexyl).” Similar cis-effects of axial ligands in (OEP)Os—containing
compounds have previously been examined by Buchler.”’ The upfield-shift of all the
peaks for the coordinated thiolate ligands in the 'H NMR spectra of these (OEP)Os(NO)-
(SR) compounds in CDCl; relative to those of the free thiols is consistent with the
expected influence of the porphyrin ring current. For example, the a-CH resonances for
the coordinated thiolate ligands appear upfield at ca.-3.12 ppm (for the SCH3 and
SCH>CHj; compounds) and at —<4.03 ppm for the SCH(CH3); derivative. The presence of
the two methyl substituents in the isopropyl group is expected to place the a~CH proton
in closer proximity to the porphyrin ring current. The f—CH protons also appear upfield
at -1.85 ppm (for SCH,CH3), -1.95 ppm (for SCH(CH3),), and -2.19 ppm (for
SC(CH3)3). The UV-vis spectra of these (OEP)Os(NO)(SR) compounds are similar to
that of the previously reported nitrosyl thiolate compound (OEP)Os(NO)(S-i~CsH}).”
In general, the mass spectra (FAB) of the (OEP)Os(NO)(SR) compounds show
ion fragments assigned to loss of the NO ligands or loss of the thiols. In the case of
(OEP)Os(NO)(SEt), however, the mass spectrum also shows the parent ion at m/z 815.
Amide-Containing Thiolate Complexes. Organic thionitrites containing other
heteroatoms such as S-nitroso—N-acetyl-penicillamine, S-nitrosoglutathione, and S-
nitrosocysteine are biologically relevant.'®!? Indeed, our research group has been
interested in determining the preferred binding or reaction modes of such thionitrites with
Group 8 metalloporphyrins and heme. Prior to this work, our group showed that the
reaction of (OEP)Ru(CO) with the amide—containing 1-(acetylamino)-2-methyl-
propane—2-thionitrite (containing a tertiary carbon next to sulfur) produces the nitrosyl
thiolate complex in 91% isolated yield.* Interestingly, protonation to this amide—
containing thiolate complex leads to a net rearrangement of the binding mode of the
resulting thiol ligand to give the cationic [(OEP)Ru(NO)(O=C(Me)NHCH,C(Me),SH)]-

BF, involving the amide—bound form of the thiol ligand. Our research group was thus
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interested in extending this protonation chemistry to the related amide—containing thiolate
ligated osmium complexes.

In this work, the reaction of 1 equiv of solid 1-(acetylamino)-2-methylpropane-
2-thionitrite with the (OEP)Os(CO) compound in CH2Cl; at room temperature results in
the formation of the red (OEP)Os(NO)(SC(Me)>CH>NHC(O)Me) in 21% isolated yield
via the formal trans-addition reaction (Scheme 2.4). Indeed, IR spectroscopic monitoring
of this reaction in CH,Cl, showed the replacement of the 1883 cm-! band due to the vco
of (OEP)Os(CO) with two new bands at 1773 and 1681 cm-! assigned to the vno and
vco of (OEP)Os(NO)(SC(Me).CH,NHC(O)Me), respectively.

Scheme 2.4
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This red product is moderately air-stable in solution and can be stored in air in
the solid state for at least one week without noticeable decomposition. It is readily

soluble in CH>Cl» but slightly soluble in hexane. Its IR spectrum shows bands at 1764
and 1656 cm-! (KBr) assigned to vno and vcp, respectively. The vno band is slightly
higher than those of the other (OEP)Os(NO)(SR) compounds (1751-1755 cm-!)
described earlier in this chapter, however, it also is within the range seen for linear NO
ligands in (por)Os(NO)-containing complexes.”® The vco of the amide group of the

thiolate ligand is close to that of the precursor thionitrite (1655 cm-!). The 'H NMR
spectrum of (OEP)Os(NO)(SC(Me);CH;NHC(O)Me) in CDCl; shows that the chemical
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shifts of all the peaks due to the coordinated thiolate ligand are almost identical to those
of the ruthenium analog (OEP)Ru(NO)(SC(Me),CH,NHC(O)Me).*! The UV-vis
spectrum of this complex is also similar to those of the other (OEP)Os(NO)(SR)
complexes. The mass spectrum (FAB) of this compound shows ion fragments at m/z 870
(loss of the NO ligand) or at m/z 754 (loss of the thiol).

Dr. Geun-Bae Yi of our research group was able to independently obtain single
crystals of the (OEP)Os(NO)(SC(Me),CH,NHC(O)Me) product suitable for X-ray
crystallography.”> The molecular structure of (OEP)Os(NO)(SC(Me)>CH,NHC(O)Me)

is shown in Figure 2.2.

Figure 2.2. Molecular structure of (OEP)Os(NO)(SC(Me)ZCI-lgNHC(O)Me).:’2

The Os—N(O) and N-O bond lengths are 1.781(5) and 1.126(6) A, respectively, and the
Os—-N-O bond is essentially linear with a bond angle of 176.8(5)°.

As mentioned in the introduction section, organic thionitrites continue to receive
renewed attention due partly to their biological roles. Although many research groups
have so far tried to obtain the crystal structures of these RSNO compounds, the number

of the structurally characterized RSNO compounds has been extremely limited largely
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Figure 2.3. (a) Molecular structure of MeC(O)NHCH,C(Me)>,SNO.
(b) View of the unit cell. Dashed line represents intermolecular
hydrogen-bonding.
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Table 2.1. Bond lengths (A) and angles (°) for MeC(O)NHCH.C(Me)>SNO

Bond Lengths (A)

C(1)-C(2) 1.508(2) C(5)-C(11) 1.533(2)
C(2)-0(9) 1.232(2) C(5)-S(6) 1.8290(17)
C(2)-N(3) 1.343(2) S(6)-N(7) 1.7545(17)
N@3)-C@4) 1.451(2) N(7)-0(8) 1.206(2)
C4)-C(5) 1.532(2) N(3)---0(9') 2.902(2)
C(5)-C(10) 1.532(2)

Bond Angles (°)
0(9)-C(2)-N(3) 122.37(16) C(10)-C(5)-C(11) 110.67(14)
0(9)-C(2)-C(1) 121.80(16) C(4)-C(5)-S(6) 110.80(10)
NQ@3)-C(2)-C(1) 115.83(15) C(10)-C(5)-S(6) 111.04(12)
C(2)-N(3)-C4) 122.25(14) C(11)-C(5)-S(6) 103.71(13)
N(3)-C(4)-C(5) 114.25(13) N(7)-S(6)-C(5) 99.44(8)
C@4)-C(5)-C(10) 109.19(15) O(8)-N(7)-S(6) 114.90(16)
C4)-C(5)-C(11) 111.37(14)

2 This represents an interaction between adjacent molecules, and is the distance between
the amide nitrogen and the carbonyl group of a different molecule (see Figure 2.3b).



due to their instability (i.e., most of RSNO compounds readily decompose to the
corresponding disulfide RSSR). Our research group has also been interested in
determining the structures of biologically important RSNO compounds over the last few
years.

Fortunately, the solid-state X-ray crystal structure of organic MeC(O)NHCH;-
C(Me)>SNO thionitrite was obtained in this work. The molecular structure of MeC(O)-
NHCH>C(Me)>,SNO is shown in Figure 2.3, and bond lengths and angles are listed in
Table 2.1. Surprisingly, only four other RSNO solid-state structures have been reported
in the literature prior to this work, namely those of S-nitroso-N-acetyl-penicillamine,****
Ph3CSNO,** S-nitrosocaptopril,’® and ArsCSNO (Ar = 3,5-bis(2,6-dimethylphenyl)-
phenyl)”’ (Figure 2.4).

SNO

H Ph
N4 N |
\ Ph— (.|7— SNO
o -
& “oH Ph
S-nitroso-N-acetyl-penicillamine PhaCSNO
o)
SNO
o—
C—SNO
CH
S-nitrosocaptopril Ar,CSNO

Figure 2.4. The structurally characterized RSNO compounds.
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Table 2.2. Metric Parameters for Structurally Characterized Alkyl Thionitrites

Compound N-OA) SN@A) CS@A) SNOEP) CSNE) ¢ refs
MeC(O)NHCH,C(Me),SNO  1.206(2)  1.754(2) 1.829(2) 114.9(2) 99.44(8) 178.51  this work
S-nitroso-N-acetyl- 1.199(2) 1.763(2) 1.833(1) 113.99(11) 10080(7) 1763 ¥
penicillamine?
S-nitroso-N-acetyl- 1.2063) 1.762(3) 1.842 114.92) 96.56(8) 17971 %
penicillamine¢
Ph3;CSNO 1.177(6) 1.792(5) 1.867(3) 114.0(4) 102.1(2) 1757 %
S-nitrosocaptopril 1.206 1.766 1.800 117.7 103.7 0.68 %
Ar,CSNO" (anti)  1.205(6) 1.781(5) 1.841(4) 111.4(6) 104.2(3) 1796 7

(syn)  1.189(12) 123.6(7) 73 v

2 Defined as the O-N-S-C torsion angle. ? Crystallized from methanol/water. ¢ Crystallized from acetonitrile.
4 Ar = 3,5-bis(2,6-dimethylphenyl)phenyl, with anti:syn ratio of 0.67:0.33.



Their selected structural parameters are shown in Table 2.2, as are those for MeC(O)-
NHCH>C(Me);SNO. The thionitrite functionality of MeC(O)NHCH>C(Me),SNO
(Figure 2.3) exists in an anti orientation, similar to that seen in S-nitroso—N-acetyl-
penicillamine and Ph;CSNO. The N(7)-S(6)-C(5)-C(4) torsion angle is 66.65(12)°,
whereas that of S(6)-C(5)-C(4)-N(3) is 54.10(17)°. Examination of the metrical
parameters of MeC(O)NHCH>C(Me).SNO and those of its Os derivative (Figure 2.2)
reveals an expanded bond angle around the sulfur atom in the Os compound (121.8(2)°)
relative to that in the free thionitrite (99.44(8)°). Furthermore, the amide C=0 bond
length of 1.232(2) A in the free thionitrite is slightly ionger than that in the Os derivative
(1.196(9) A), however, this may be a resuit of the moderate intermolecular C=0--HN
hydrogen-bonding® observed in the crystal structure of the thionitrite (see Figure 2.3b).

In addition, the molecular structure of disulfide { MeC(O)NHCH:>C(Me)2S-}2
was obtained (Figure 2.5), and this compound was generated from the decomposition of
thionitrite MeC(O)NHCH>C(Me)2SNO under laboratory lightning. Bond lengths and
angles are listed in Table 2.3. X-ray crystallographic study reveals that the molecule has
a crystallographically imposed center of symmetry. The bond angle of 105.82(8)° around
the sulfur atom is larger than that of the free thionitrite (99.44(8)°), but smaller than
that of (OEP)Os(NO)(SC(Me).CH,NHC(O)Me) (121.8(2)°). The amide C=0O bond
length of 1.233(3) A is almost identical to that of the free thionitrite (1.232(2) A),
indicating that the environment around the amide C=0 is similar to that observed for the
free thionitrite (i.e., the presence of intermolecular C=0---HN hydrogen-bonding) (see
Figure 2.5b). Although many disulfides had been characterized by X-ray crystallography,

to the best of my knowledge, only one example of the structurally characterized

RSNO/RSSR pair, namely Phy;CSNO* and (Ph3CS-)2,”® was known prior to this work.
The (OEP)Os(NO)(SCH>CH;NHC(O)Me) compounds (containing a primary
carbon atom next to sulfur) was also prepared from an alkoxide-thiolate exchange

reaction. Thus, the reaction of the amide—containing N-acetylcysteamine thiol with
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(b)

Figure 2.5. (a) Molecular structure of {MeC(O)NHCH,C(Me),S-},.
(b) View of the unit cell. Dashed line represents intermolecular
hydrogen-bonding.
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Table 2.3. Bond lengths (A) and angles (°) for {MeC(O)NHCH,C(Me),S-}2

Bond Lengths (A)
S(1)-C(5) 1.855(2) N(3)-C4) 1.457(3)
S(1)-S(1)#1 2.0441(11) C(4)-C(5) 1.535(3)
C(1)-C(2) 1.508(3) C(5)-C(8) 1.516(3)
C(2)-0(6) 1.233(3) C(5)-C(7) 1.526(3)
C(2)-N@3) 1.332(3) N(3)---0(6')2 2.814(3)
Bond Angles (°)
C(5)-S(1)-S(1)#1 105.82(8) C(8)-C(5)-C(N 111.8(2)
0(6)-C(2)-N(3) 123.0(2) C(8)-C(5)-C4) 111.8(2)
0(6)-C(2)-C(1) 121.0(2) C(7)-C(5)-C4) 110.70(19)
N(3)-C(2)-C(1) 116.0(2) C(8)-C(5)-S(1) 113.03(15)
C(2)-N(3)-C4) 124.76(19) C(7)-C(5)-S(1) 103.13(16)
N(3)-C(4)-C(5) 114.07(18) C(4)-C(5)-S(1) 105.94(14)

Symmetry transformations used to generate equivalent atoms: #1 -y+1, -x+1, -z+1/2
2This represents an interaction between adjacent molecules, and is the distance
between the amide nitrogen and the carbonyl group of a different molecule (see

Figure 2.5b).
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(OEP)Os(NO)(O-i—-CsH 1)) in refluxing xylene generates the desired (OEP)Os(NO)-
(SCH.CH,>NHC(O)Me) product in 66% isolated yield (Scheme 2.5).

Scheme 2.5
0 0
N N
|
A
| !
o) S
\ H
R \/N\/
(R = isoamyl \\
SR' = SCH,CH,NHC(O)Me) o

Relatively high temperatures (e.g., refluxing xylene) and long reaction times (ca.
48 h) are required for this reaction to proceed to completion. For example, the (OEP)Os-
(NO)(SCH2CH2NHC(O)Me) compound was not formed by the use of refluxing toluene.
Furthermore, the 'H NMR spectrum of the crude product mixture in CDCl; (after 48 h
reaction in refluxing xylene) only showed the presence of the desired thiolate complex
and unreacted organic thiol, implying a quantitative conversion to the product.

This red (OEP)Os(NO)(SCH,CH,NHC(O)Me) product is moderately air-stable
in solution and is stable in the solid state. It is readily soluble in CH2Cl, and slightly
soluble in hexane. Its IR spectrum as a KBr pellet shows bands at 1756 and 1642 cm-!
assigned to Vo and Ve, respectively. The uno and Vo bands are slightly shifted by 8
cm-! and 14 cm-! | respectively, to lower wavenumbers relative to those of the (OEP)Os-
(NO)(SC(Me),CH2NHC(O)Me) product of Scheme 2.4. The 'H NMR spectrum of
(OEP)Os(NO)(SCH2CH>NHC(O)Me) in CDCl; is also similar to that of the product of
Scheme 2.4, with the notable exception of the presence of the peak at -2.98 ppm due to

the ~-SCH>CHa— protons. All the peaks in the !H NMR spectrum due to the coordinated
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thiolate ligand are shifted upfield relative to those of the free thiol. For example, the
peaks for the OsSCH- protons appear at —2.98 ppm, which is shifted by 5.63 ppm
upfield from that of the free thiol ligand (at 2.65 ppm). The mass spectrum (FAB) of this
compound shows ion fragments at m/z 842 (loss of the NO ligand), or at m/z 754 (loss of
the thiol).

Protonation Reactions. Protonation of the amide—containing (OEP)Os(NO)(S-
C(R)>CH2NHC(O)Me) complexes (R = Me, H) with | equiv of HBF;-Et;0 in CH2Cl»
results in the formation of the cationic complexes containing the amide-bound form of

the thiol ligands shown in Scheme 2.6.

Scheme 2.6
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For the case where R = Me_ the amide-bound [(OEP)Os(NO)(O=C(Me)NHCH>-
C(Me)2SH)]BF4 product is obtained in 67% yield (by 'H NMR spectroscopy). IR (in
CH,Cl») and 'H NMR (in CDCl3) spectroscopic monitoring of this reaction reveals the
simultaneous formation of the known (OEP)Os(NO)F compound in 7 % yield (by 'H

NMR spectroscopy) which may presumably be from fluoride abstraction from the

tetrafluoroborate anion in [(OEP)Os(NO)]BF;. This amide-bound cationic [(OEP)-

71



Os(NO)(0O=C(Me)NHCH,C(Me),SH)]BF4 product was also obtained in 46% isolated
yield from the sequential reaction of (OEP)Os(CO) with NOBF; (to produce [(OEP)Os-
(NO)]BF,), followed by addition of the organic thiol. Similar by—products to those
formed in the protonation reaction (Scheme 2.6) are also observed in this reaction. This
cationic product is moderately air—stable in solution, showing signs of decomposition to
the known (OEP)Os(NO)F complex in solution over a one week period, however, it is
air-stable in the solid state. Its IR spectrum shows bands at 1816 and 1594 cm-! (KBr)
assigned to UNo and Ucp, respectively. The Unp is 52 cm! higher than that of the neutral
thiolate-bound precursor, consistent with less Os—NO back—donation in this cationic
complex. Furthermore, the shift in vco of the coordinated amide-thiol ligand from 1656
cm-! in the neutral osmium thiolate precursor to 1594 cm-! in the cationic derivative
indicates a lowering of the C=0 bond order in the cationic product complex, consistent
with O-binding of the amide functional group. This lowering of the C=0 bond order in
the coordinated amide-thiol ligand is best explained by a contribution of the dipolar
resonance structure (Figure 2.6, right). Thus, the dipolar resonance contribution might

stabilize the amide n'-O binding to osmium center.

"N S N. /[

N ame ——

HSR'/ \\o HSR'/ \0‘

Figure 2.6. Resonance forms of the amide-thiol ligand.
A similar IR spectral change has been observed in the related protonation reaction of
(OEP)Ru(NO)(SC(Me).CH,NHC(O)Me), for which our group was able to obtain X-ray

crystal structures of both the thiolate~bound starting complex and the amide-bound

product.* The 'H NMR spectrum of this cationic [(OEP)Os(NO)(O=C(Me)NHCH,-
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C(Me),SH)]BF; product (in CDCls) reveals that all the ligand peaks (except for the
C(CHj3)=0 peak) are shifted downfield from those of the coordinated thiolate in the
neutral thiolate precursor. The C(CHj3)=0 peak (at -2.98 ppm) is shifted by 4.21 ppm
upfield from that of the thiolate precursor, reflecting the closer proximity of C(CH3)=0 to
the porphyrin ring current due to the coordination of the amide C=0 to osmium center in
the cationic product. This 'H NMR spectroscopic feature is consistent with the

amide-bound form of the thiol ligand in the cationic product. The mass spectrum (FAB)

of this compound shows ion fragments at m/z 901 (loss of BFy), or m/z 754 (loss of BF4
and amide-thiol).

When R = H in Scheme 2.6, the [(OEP)Os(NO)(O=C(Me)NHCH>CH,SH)]BF4
derivative was obtained in 78% yield (by 'H NMR spectroscopy). The known fluoride
(OEP)Os(NO)F compound was also observed as the major by—product (in 15% yield by
'H NMR spectroscopy) in this reaction. The elementally—pure amide-bound cationic
[(OEP)Os(NO)(O=C(Me)NHCH,CH,SH)]BF; product was also obtained in 38%
isolated yield from the reaction of in situ generated [(OEP)Os(NO)]BF,; with the organic
thiol. This cationic compound is air-stable in the solid-state. The vno of the cationic
product (as a KBr pellet) is 58 cm-! higher than that of the neutral precursor. As was the
case where R = Me, the shift in vco of the coordinated ligand from 1642 cm-! in the
neutral thiolate precursor to 1605 cm-! in the cationic derivative also indicates a lowering

of the C=0 bond order in this amide~bound form of the thiol ligand in the cationic

product complex. The 'H NMR spectrum of this cationic product in CDCl; shows that
the SCH>— and the amide NH peaks are shifted downfield from those of the coordinated

thiolate in the precursor neutral complex, consistent with a placement of these groups

further from the metal center. Furthermore, the upfield—shift of the amide C(CH;3)=0

protons indicates an amide-binding to the metal center. The mass spectrum (FAB) of
this compound shows ion fragments at m/z 873 (loss of BF;), or m/z 754 (loss of BFs and

amide-thiol).
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Conclusion

In summary, a new series of stable nitrosyl thiolate (OEP)Os(i\IO)(SR) complexes
(R = Me, Et, Pr, ‘Bu) have been prepared from the formal trans—addition of the precursor
thionitrites (RSNO) across the metal center in (OEP)Os(CO). These osmium nitrosyl
thiolates have been characterized by infrared and 'H NMR spectroscopy, and by mass
spectrometry. For the (OEP)Os(NO)(SR) (R = Me, Et, Pr, ‘Bu) compounds, the change
of "R" group in the RSNO compounds does not show a significant difference in the
reactivity of RSNO in the trans-addition reaction. This work also demonstrates that
thionitrite rrans-addition can occur for a secondary alkyl thionitrite. Their IR spectra
reveal that unlike the related organometallic (OEP)Os(NO)R (R = Me, Et, ‘Pr, ‘Bu)
compounds, the presence of the sulfur atom in the (OEP)Os(NO)(SR) compounds results
in masking the direct interaction of the alkyl groups with metal center. Two such
(OEP)Os(NO)(SR) complexes with amide—containing thiolate ligands have also
been generated via the formal trans-addition or alkoxide-thiolate exchange reaction.
The addition of a proton to these complexes shows an interesting chemistry. Thus,
protonation of the amide—containing thiolate complexes with tetrafluoroboric acid results
in the formation of the amide~bound cationic derivatives via a net rearrangement of the
protonated amide—-thiol ligands. This implies a contribution of the dipolar resonance
structure of the amide—thiol ligand and the low affinity of thiols (RSH) for the cationic
Os-NO center. Importantly, a related pair of RSNO and RSSR compounds were also
characterized by single—crystal X-ray crystallography. With the increased interest in
thermal and photolytic decomposition of RSNO to RSSR and NO largely due to the
importance of RSNO compounds as NO donors, the structural information on

RSNO/RSSR pair compounds could potentially provide chemical insight on the nature of

this reaction.
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Chapter 3. Synthesis and Characterization of Thiolate-Thiol
Complexes of Ruthenium and Osmium Nitrosyl Porphyrins
and Their Symmetrical and Unsymmetrical
Dithiolate-Bridged Bimetallic Derivatives®

Introduction

As mentioned in Chapter 2, the increased interest in the syntheses of compounds
of the form (por)M(NO)(SR) (M = transition metal; por = porphyrinato dianion) is
largely due to the fact that they are potential structural models for the NO adducts of
cytochrome P450, chloroperoxidase, and NO synthase.' Qur research group has reported
the convenient syntheses of such (por)M(NO)(SR) compounds of Ru and Os by the
unusual formal trrans-additions of alky! thionitrites (RSNO) to the metalloporphyrin
carbonyl and non—carbony! precursors.”® Our group also prepared the nitrosyl thiolate
complexes of ruthenium porphyrins from the reaction of [(OEP)Ru(NO)(H20)]BF4 with

thiolate anions (Scheme 3.1).”

Scheme 3.1
[(OEP)Ru(NO)(H0)]" + SR~ ——= (OEP)Ru(NO)(SR)
(SR = SCH2CF3, SC5F4H)

Furthermore, Bohle and coworkers showed that the (TTP)Ru(NO)(OMe) alkoxide

compound can be effectively used for the syntheses of metalloporphyrin nitrosyl thiolate

* Reproduced in part with permission from "Synthesis and Characterization of Thiolate-Thiol Complexes of
Ruthenium Nitrosyl Porphyrins and Their Symmetrical and Unsymmetrical Dithiolate-Bridged Bimetallic
Derivatives.” Lee, J.; Yi, G.-B.; Khan, M. A,; Richter-Addo, G. B. Inorg. Chem. 1999, 38, 4578-4584.
Copyright 1999 American Chemical Society, and "Synthesis, Characterization. and Protonation of
Octaethylporphyrin Osmium Nitrosyl Complexes Containing Axial Thiolate Ligands-X-ray Structures of
an Alkyl Thionitrite (RSNO) and its (OEP)Os(NO)(SR) Addition Product.” Lee, J.; Yi, G.-B.; Powell, D.

R.; Khan, M. A_; Richter-Addo, G. B. Can. J. Chem. 2001, 79, 830-840. Copyright 2001 National Research
Council of Canada.
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compounds.®® Thus, the precursor (TTP)Ru(NO)(OMe) compound reacts with thiols
(RSH ; R = H, p-tolyl) to generate the (TTP)Ru(NO)(SR) compounds via an alkoxide-

thiolate exchange reaction (Scheme 3.2).

Scheme 3.2

(TTP)Ru(NO)(OMe) + RSH — (TTP)Ru(NO)(SR)
(R = H, p-tolyl)

Our research group has also examined spectroscopic and structural relationships
between the (por)M(NO)(SR) complexes and their alkoxide (por)M(NO)(OR) analogues
(M = Ru, Os).** In investigating these (por)M(NO)(SR) complexes, our group was
interested in examining the potential synthetic utility of (por)M(NO)(S(CH,),SH)
complexes that contain a thiolate functionality (bound to the central metal) and a free
thiol group. In particular, our group was interested in preparing the hitherto unreported
u—dithiolate complexes of the form [(por)M(NO)J2(u-S(CH;),S-S.,S"), since these
bimetallic porphyrin complexes containing p—dithiolate ligands might be an interesting
new class of compounds in terms of both synthetic and coordination chemistry. Although
related bimetallic porphyrin complexes containing bridging sulfido, alkyl, oxo, and
related ligands are known, somewhat surprisingly, there were no reports on pu~dithiolate
metalloporphyrins prior to this work. Furthermore, to the best of my knowledge, only two
examples of the (por)M(NO)—containing dimers were reported prior to this work. Thus,
Scheidt and coworkers recently reported the molecular structure of {[(OEP)Fe(NO)},-
(u-Prz) }(ClOg); (Prz = pyrazine) containing bridging pyrazine ligand.'’ Our group also
obtained the nitrosyl p~oxo dimer complex [(OEP)Os(NO)]2(u~O) as a by—product from
the sequential reaction of (OEP)Os(CO) with NOPFg followed by Grignard reagents
(Scheme 3.3), and this nitrosyl p-oxo dimer was characterized by X-ray

crystallography.'' Interestingly, it was observed that unlike other metalloporphyrin
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pu-oxo dimers, the u—O ligand in [(OEP)Os(NO)]>(u—-0O) is fairly unreactive towards acid
attack. Our group suggested that this might be due to the presence of two axial n-acid

NO ligands which withdraw electron density from the p~oxo bridge.'

Scheme 3.3
0O
Q N R

(i) NOPFg/CH,CI

por = OEP ‘
R = Me, Et, Pr, ‘Bu, p-CgHsF
X=Cl Br

|
R
O
N
JCBR
|
X

The ethane-1,2—-dithiolate (edt) ligand is known to exhibit diverse coordination
chemistry.'*'* In general, the ethane-1,2—dithiolate ligand may bind to metals in one of
five ways (Figure 3.1), and all these binding modes have been characterized by single—
crystal X-ray crystallography. Excellent work on the syntheses of type E complexes
containing "straight—chain" bridging ethane-1,2-dithiolate (edt) ligand, in which our
group was particularly interested, has been accomplished by Holm and coworkers. For
example, they reported the synthesis of the anionic complex {[FesS4(L- S3)]2(p—edt-
$,8Y}4- (L-S3 = 1,3,5-tris[(4,6—dimethyl-3-mercaptophenyl)thio]-2,4,6—tris(p—tolyl-
thio)benzene(3-)) from the reaction of single—cubane cluster [FesSs(L- S3)Cl)?- with
0.5 equiv of Na(SCH>CH,S) (Scheme 3.4), and this compound was characterized by X-
ray crystallography.'s
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Figure 3.1. Binding modes in metal-edt (edt = ethane-1,2-dithiolate)
complexes established by single-crystal X-ray crystallography.

Scheme 3.4

2[Fe4S4(L® S3)CIJ% + Nao[SCHoCHoS] — {[FesSa(L*Sa)la(u-edt-S,S)}+
+2NaCl

Although numerous transition metal complexes containing chelating ethane-1,2-
dithiolate and related ligands have been reported, surprisingly only a small handful of
transition metal complexes containing "straight—chain" bridging M(u-S(CH,),S-S,5"M’
units have been synthesized. Examples of the latter binding modes with transition metals
and other elements include those of Au,'"” Mo,"”® Zr,"” Fe,' Ti,® Sn,* and Sb.2

In this chapter, the syntheses of monometallic nitrosyl thiolate-thiol complexes of

the form (por)M(NO)(S(CH;),SH) (M = Ru, Os) will be discussed. The successful
syntheses of bimetallic ruthenium and osmium complexes containing p~dithiolate ligands
(edt = ethane~1,2—dithiolate; pdt = propane-1,3-dithiolate; btd = butane-1,4—dithiolate),

which use variations of an alkoxide-thiolate exchange method (described in Scheme 3.2)
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and formal trans-additions of alkyl thionitrites (RSNO), will also be described.
Importantly, their spectroscopic properties will be discussed in detail. Indeed, our
research group was interested in examining how the presence of two porphyrins and the
change of the chain length of the bridging dithiolate ligand affect the spectroscopic
properties of bimetallic p—dithiolate compounds. In particular, our group was interested
in the synthesis of unsymmetrical bimetallic p—dithiolate complex, since the presence of
two distinctly different porphyrins or metalloporphyrins in an unsymmetrical bimetallic
u—dithiolate complex is expected to make a big difference in the spectroscopy from the
related symmetrical bimetallic p—ditholate complex. To the best of my knowledge, these
are the first bimetallic porphyrin complexes containing p-dithiolate ligands to be

prepared for any metal.

Experimental Section

All reactions were performed under an atmosphere of prepurified nitrogen using
standard Schlenk glassware and/or in an Innovative Technology Labmaster 100 Dry Box.
Solutions for spectral studies were also prepared under a nitrogen atmosphere. Solvents
were distilled from appropriate drying agents under nitrogen just prior to use: CH2Cl»
(CaHa,), hexane (Na/benzophenone/tetraglyme or CaH;), toluene (Na).

Chemicals. Compounds (por)Ru(CO) (por = TTP, TPP),” and (OEP)Os(CO)*
were prepared by published procedures. Isoamyl nitrite (97%), (OEP)Ru(CO), ‘BuONO
(96%), ethane-1,2-dithiol (edtH;, HSCH,CH,SH, 90+%), propane-1,3-dithiol (pdtH,,
HSCH,CH,CH,SH, 99%), and butane-1,4—dithiol (bdtH,, HSCH,CH,CH,CH,SH, 97%)
were purchased from Aldrich Chemical Co. and used as received. Chloroform-d (99.8%,
Cambridge Isotope Laboratories) was vacuum distilled from CaH, under nitrogen prior to
use. Elemental analyses were performed by Atlantic Microlab, Norcross, Georgia.

Instrumentation. Infrared spectra were recorded on a Bio—Rad FT-155 FTIR

spectrometer. Proton NMR spectra were obtained on Varian 400 MHz or 300 MHz
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spectrometers and the signals referenced to the residual signal of the solvent employed.
All coupling constants are in Hz. FAB mass spectra were obtained on a VG-ZAB-E
mass spectrometer.

Preparation of (TPP)Ru(NO)(SCH2CH;SH). To a stirred CH>Cl; solution (20
mL) of (TPP)Ru(NO)(O-i-CsH;;)* (0.150 g, 0.180 mmol) was added ethane-1,2-dithiol
(50 uL, 0.54 mmol). The color of the reaction solution changed from purple to green
over a 10 min period. The solvent was removed in vacuo, and the residue was dissolved
in CH,Cl; (10 mL) and filtered through a silica column (160-200 mesh, 2.5 x 30cm). A
green band was collected, and the solvent removed in vacuo to give (TPP)Ru(NO)(SCH,-
CH,SH) (0.085 g, 0.102 mmol, 57%) as a green powder. Anal. Calcd for C46H330NsS,-
Ruy: C, 66.01; H, 3.97; N, 8.37; S, 7.66. Found: C, 65.87; H, 4.06; N, 8.27; S, 7.77. IR
(CHxCl, cm!): uno = 1803. IR (KBr, cm-!): vno = 1792 s; also 3052 w, 3025 w, 1595
m, 1527 w, 1487 w, 1447 w, 1348 m, 1305 w, 1262 w, 1206 w, 1176 m, 1072 m, 1014 s,
796 m, 752 's, 704 s, 527 w. 'H NMR (CDCl;): 8 8.94 (s, 8H, pyrrole-H of TPP), 8.25
(m, 8H of TPP), 7.76 (m, 12H of TPP), -0.09 (t, J = 8, IH, SCH,CH,SH), -0.78
(apparent q(dt), J = 8/ 8, 2H, SCH,CH,SH), -2.30 (t, J = 8, 2H, SCH>CH,SH). Low-
resolution mass spectrum (FAB): m/z 744 [(TPP)Ru(NO)]* (100%), 714 [(TPP)Ru}*
(58%).

Preparation of (OEP)Os(NO)(SCH;CH;SH). A mixture of (OEP)Os(NO)(O-
i-CsH,)* (0.100 g, 0.119 mmol) and excess HSCH,CH>SH (0.1 mL, 1.073 mmol) in
toluene (20 mL) was refluxed under N> gas with vigorous stirring for 48 h. The color
change of the solution was not observed. The solvent was removed in vacuo, and a 'H
NMR spectrum of the residue in CDCl3 showed the presence of the desired thiolate-thiol
product and some unreacted thiol. The residue was dissolved in a CH>Cly/hexane (2:1,
10 mL), and the solution was transferred to the top of a silica gel column (2 x 20 cm).
Elution with a CH>Cly/hexane (2:1) mixture in air yielded a pale red band and a bright

red band. After a pale red band was discarded, a bright red band was collected by
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eluting with CH>Cl,. The filtrate was dried in vacuo, the residue was dissolved
in a CH,Cly/hexane (10 mL, 3:1), and slow evaporation of the solvent mixture in air
gave (OEP)Os(NO)(SCH>CH,SH)-0.85CH>Cl, (0.076 g, 0.083 mmol, 70% isolated
yield). Anal. Calcd for C3gH49Ns0;S20s,-0.85CH,Cl2: C, 50.81; H, 5.56; N, 7.63:
Cl, 6.56; S, 6.98. Found: C, 50.67; H, 5.46; N, 7.46; CI, 6.88; S, 7.32. IR
(CH,Cl, cm-!): vno = 1764. IR (KBr, cm!): Uno = 1756's; also 2964 m, 2932 m,
2870 m, 1690 w, 1467 m, 1451 m, 1373 m, 1316 w, 1272 m, 1230 w, 1154 m, 1111 w,
1057 m, 1021 m, 994 m, 964 m, 842 m, 746 m, 737 m, 716 w. 'H NMR (CDCl3):
& 10.35 (s, 4H, meso-H of OEP), 5.28 (s, CH.Cl), 4.18 (m, 16H, CH.CHj; of OEP),
202 (t, J=8, 24H, CH,CH; of OEP),-0.30 (1, J=8, 1H, SCH,CH,SH), -1.17
(m, 2H, SCH,CH,SH), -2.76 (m, 2H, SCH,CH2SH). Low-resolution mass spectrum
(FAB): m/z 817 [(OEP)Os(SCH>CH,SH )]* (5%), 754 [(OEP)Os(NO)]* (100%), 724
[(OEP)Os]* (24%).

Preparation of [(TPP)Ru(NO)]x(u-edt-S,S"). To a CH.Cl2 (20 mL) solution of
(TPP)Ru(NO)(O-i-CsH,;)* (0.075 g, 0.090 mmol) was added ethane-1,2-dithiol (9 uL,
0.1 mmol). The reaction mixture was stirred for 1 h, during which time the color
changed from dark purple to green. More (TPP)Ru(NO)(O-i-CsH,;) (0.075 g, 0.090
mmol) was added, and the reaction mixture was stirred for a further 3 h. The solvent was
removed in vacuo, and a 'H NMR spectrum of the residue in CDCl; showed the presence
of the desired bimetallic product and (TPP)Ru(NO)(SCH,CH>SH) in a 1:2 mole ratio,
together with some unreacted (TPP)Ru(NO)(O-i-CsH,,). The reaction mixture was
stirred overnight. The solvent was removed in vacuo, and the residue was dissolved in a
CH>Cly/hexane (2:1) mixture and chromatographed through a silica column (2.5 x 30
cm). The first green band was collected, and the solvent removed in vacuo to give
[(TPP)Ru(NO)]x(pu—edt-S,S") (0.032 g, 0.020 mmol, 22% (based on Ru)) as a green
powder. Anal. Calcd for CooHggO2NoS2Ru2: C, 68.42; H, 3.83; N, 8.87; S, 4.06. Found:
C,68.27:H,4.01; N, 8.61; S, 4.21. IR (CHxCl;, cm'!): vno = 1802. IR (KBr, cm-!): vno
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= 1779 s; also 3052 vw, 3024 vw, 1596 m, 1528 w, 1486 m, 1440 m, 1349 m, 1306 m,
1260 w, 1208 w, 1175 m, 1071 s, 1014 s, 795 s, 751 s, 702 s, 666 w, 527 w. 'H NMR
(CDCls): § 8.52 (s, 16H, pyrrole-H of TPP), 8.00 (d, J = 7, 8H of TPP), 7.68 (m, 20H of
TPP), 7.44 (m, 12H of TPP), -5.73 (s, 4H, SCH,CH>S). Low-resolution mass spectrum
(FAB): m/z 745 [(TPP)Ru(NO) + H}* (100%), 714 [(TPP)Ru]* (35%).

Leaving the reaction mixture to stir overnight (ca. 12 h total reaction time)
resulted in an altered mole ratio (determined by 'H NMR spectroscopy) of the desired
bimetallic product, (TPP)Ru(NO)(SCH,CH;SH), and unreacted (TPP)Ru(NO)(O-i-
CsH, ;) of 3:2:2, however, decomposition products began to form as well. In our
experience, a 4-6 h reaction time maximized the formation of the desired bimetallic
product in 34-40% isolated yields (based on Ru).

Preparation of [(TTP)Ru(NO)]2(n-edt-S,S"). To a CH>Cl» (20 mL) solution of
(TTP)Ru(NO)(O—i-CsH,;)** (0.075 g, 0.084 mmol) was added ethane-1,2—dithiol (8
uL, 0.09 mmol). The reaction mixture was stirred for 1 h, during which time the color
changed from dark purple to green. More (TTP)Ru(NO)(O-i-CsH,;) (0.075 g, 0.084
mmol) was added, and the reaction mixture stirred for a further 3 h. The solvent was
removed in vacuo, and a 'H NMR spectrum of the residue in CDCl3 showed the presence
of the desired bimetallic product, (TTP)Ru(NO)(SCH, CH2SH),” and unreacted
alkoxide in a 1:2:2 mole ratio. The reaction mixture was stirred overnight. The solvent
was removed in vacuo, and the residue was dissolved in a CH»Cl-/hexane (2:1, 15 mL)
mixture and was chromatographed through a silica column (2.5 x 30 cm). The first green
band was collected, and the solvent removed in vacuo to give [(TTP)Ru(NO)]2(u—edt—
S.5") (0.045 g, 0.026 mmol, 31% (based on Ru)) as a green powder. Anal. Calcd for
CogH7602N1¢S2Ruz CH2Cla: C, 66.91; H, 4.42; N, 7.88; S, 3.61. Found: C, 66.85; H,
4.45; N, 797, S, 3.65. IR (CH,Cl;, cm-1): uyo =1788. IR (KBr, cm!): uno = 1770 s;
also 3022 w, 2918 w, 2865 w, 1527 m, 1511 m, 1494 m, 1446 m, 1349 m, 1304 m, 1268
w, 1212 m, 1182 m, 1108 w, 1073 m, 1014 s, 846 w, 797 vs, 7125, 522 5,450 w. 'H
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NMR (CDCls): é 8.53 (s, 16H, pyrrole-H of TTP), 7.88 (d, J = 9, 8H, o-H of TTP), 7.46
(d, J =17, 8H, o"-H of TTP), 7.26 (m, 16H, m-H of TTP), 5.28 (s, CH2Cl»), 2.68 (s, 24H,
CHj; of TTP), -5.73 (s, 4H, SCH,CH,S). Low-resolution mass spectrum (FAB): m/z
1690 [[(TTP)Ru(NO)]>(n—-SCH>;CH;S)]* (0.2%), 800 [(TTP)Ru(NO)J* (100%), 770
[(TTP)Ru]* (41%).

As was the case of the TPP analog, leaving the reaction mixture to stir overnight

(ca. 12 h total reaction time) resulted in an altered mole ratio of the desired bimetallic

product, (TTP)Ru(NO)(SCH2CH,SH), and unreacted (TTP)Ru(NO)(O-i-CsHy ) of ca.

the bimetallic product). In our experience, a 4-6 h reaction time maximized the
formation of the desired bimetallic product in 36—45% isolated yields (based on Ru).
Preparation of [(TPP)Ru(NO)}(u—edt-S,S)[Ru(NO)(OEP)]. To a CH.Cl, (20
mL) solution of (TPP)Ru(NO)(SCH>CH,SH) (0.050 g, 0.060 mmol) was added ‘BuONO
(50 uL, 0.40 mmol) for 10 min. To this solution was added (OEP)Ru(CO) (0.050 g,
0.075 mmol) and the solution was stirred for a further 10 min, during which time the
color changed from green to brown-purple. The solvent was removed in vacuo, and the
residue was dissolved in CH2Clo/hexane (1:1, 15 mL) and filtered through a basic
alumina column (2.5 x 30 cm). After removal of solvent, a 20:5:1 mixture of {(TPP)Ru-
(NO)}(n—edt-S,S)[Ru(NO)OEP)], [(TPP)Ru(NO)]2(u—edt-S,S"), and [(OEP)Ru(NO)],-
(u—edt—S,S)* was obtained (0.022 g, ca. 24% combined yield). This solid mixture of
the three bimetallic compounds was dissolved in CH.Cl>/hexane (1:1, 10 mL), and the
solution was chromatographed through a second basic alumina column (2.5 x40 cm). A
red band eluted first, overlapping with a second brown band. This second brown band
was collected, which consisted only of [(TPP)Ru(NO)](u—edt-S,S)[Ru(NO)OEP)] and
[(TPP)Ru(NO)]2(u—-edt-S,S°). After redissolving the mixture (obtained from the second
band) in CH;Cly/hexane (1:2, 10 mL), the solution was chromatographed through a basic

alumina column (2.5 x 40 cm). The first portion of a red-brown band was collected to
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give a small amount of [(OEP)Ru(NO)]2(n—-edt-S,S’) and some [(TPP)Ru(NO)J(u-edt—
S,S)[Ru(NO)(OEP)]. The second (major) portion of this brown band was also collected
to give spectroscopically pure [(TPP)Ru(NO)](u—edt-S,S)[Ru(NO)OEP)]-0.3CH:Cl»
(0.005 g, 0.003 mmol, 5% yield (based on Ru)). Anal. Calcd for Cg2H7602N10S2Ru2
‘0.3CH2Cl5: C, 64.80; H, 5.06; N, 9.18. Found: C, 64.99; H, 5.69; N, 8.77. IR (CH,Cl,,
cm-!): vnyo = 1786. IR (KBr, cm!): uno = 1770 s; also 2964 m, 2930 w, 2868 w, 1594
w, 1521 w, 1490 w, 1468 w, 1455 w, 1372 w, 1307 w, 1271 w, 1176 w, 1150 w, 1066 w,
1016 s, 996 m, 994 w, 908 w, 838 w, 796 w, 750 m, 733 m, 703 m. 'H NMR (CDCls):
3 9.74 (s, 4H, meso-H of OEP), & 8.46 (s, 8H, pyrrole-H of TPP), 7.96 (d, 4H, J =8, Ph
of TPP), 7.74 (m, 8H, Ph of TPP), 7.62 (m, 8H, Ph of TPP), 5.28 (s, CH:Cl,), 3.82 (m,
16H, CH-CH3; of OEP), 1.68 (t, 24H, CH,CH3 of OEP), -5.87 (app m (see text), 2H,
SCH,CH,S), -5.97 (app m (see text), 2H, SCH,CH,S).

Attempted Preparation of [(OEP)Os(NO)](u—edt-S,S )[Ru(NO)(TTP)]. To a
CH,Cl; (20 mL) solution of (OEP)Os(NO)(SCH2CH,SH)-0.85CH.Cl, (0.020 g, 0.022
mmol) was added ‘BuONO (5 uL. 0.04 mmol), and the reaction mixture was stirred for
10 min. To this solution was added (TTP)Ru(CO) (0.018 g, 0.022 mmol), and the
solution was stirred for a further 10 min, during which time its color turned from dark red
to brown-purple. The solvent was removed in vacuo, and a 'H NMR spectrum of the
residue in CDCIl3 showed the formation of a mixture of the desired mixed bimetallic
[(OEP)Os(NO)J(u—edt-S,S)Ru(NO)TTP)] and [(OEP)Os(NO)]2(u—edt-S,S") (a singlet
at —6.27 ppm) in a 70:1 ratio (by 'H NMR spectroscopy), together with several
unidentified products in total 29% yield. Attempts to obtain spectroscopically pure
[(OEP)Os(NO)]J(u—-edt-S,SHRu(NO)XTTP)] were unsuccessful, since it is unstable in
solution and there is little difference of solubility between this air-sensitive product and
by—-products. 'H NMR (CDCl3) § 9.81 (s, 4H, meso—H of OEP), 8.51 (s, 8H, pyrrole-H
of TTP), 7.87 (brd,J=7,4H of TIP), 7.46 (m, 12H of TTP), 3.85 (m, 16H, CH,CH;
of OEP), 2.73 (s, 12H, CH; of TTP), 1.71 (1, J = 8, 24H, CH,CH; of OEP), -5.92 (app m
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(see text), 2H, SCH>CH:»S), -6.01 (app m (see text), 2H, SCH,CH,S).

Preparation of (TTP)Ru(NO)(SCH2CHCH,;SH). To a stirred CH,Cl; solution
(20 mL) of (TTP)Ru(NO)(O-i-CsH;1)** (0.100 g, 0.113 mmol) was added propane-1,3—
dithiol (50 uL, 0.49 mmol). The color of the reaction solution changed from dark purple
to green over a | h period. The solvent was removed in vacuo, and the crude product was
dissolved in CH,Clo/hexane (1/1) and filtered through a silica column (2.5 x 30 cm). A
green band was collected. Solvent removal from the resulting green solution gave
(TTP)Ru(NO)SCH>CH,CH>SH)-0.4pdtH>-0.3CH,Cl,-0.4hexane (0.056 g, 0.055 mmol,
49%) as a green powder. Anal. Calcd for CsiH430NsS;Ru;-0.4pdtH,-0.3CH,Cl,-0.4
hexane: C, 65.26; H, 5.23; N, 6.93; S, 8.89 ; Cl, 2.11. Found: C, 66.52; H, 4.90; N, 7.24;
S, 9.24; Cl, 2.46. IR( CH1Cl; cm!): uno = 1799. IR (KBr, cml): vyo = 1779 s; also
3019 w, 2919 m, 2863 w, 1526 w, 1511 w, 1493 w, 1436 w, 1349 m, 1304 m, 1259 w,
1212 m, 1181 m, 1108 w, 1072 m, 1014 s, 846 w, 797 s, 714 m, 523 m. 'H NMR
(CDCls): & 8.93 (s, 8H, pyrrole-H of TTP), 8.12 (d, J = 8, 8H of TTP), 7.55 (d, J = 8, 8H
of TTP), 5.28 (s, 0.6H, CH,Cl»), 2.70 (s, 12H, CH3 of TTP), 2.63 (pdtH;), 1.88 (pdtH>),
1.31 (pdtH>), 1.27 (br, hexane), 0.88 (t, hexane), 0.54 (apparent q(dt), J = 7/8, 2H,
SCH,CH,CH,SH), -0.09 (t, J = 8, 1H, SCH,CH2CH,SH), —1.07 (apparent quintet, J = 7,
2H, SCH,CH,CH,SH), -2.55 (t, J = 7, 2H, SCH,CH,CH,SH). Low-resolution mass
spectrum (FAB): m/z 800 [(TTP)Ru(NO)]* (100%), 770 [(TTP)Ru]* (97%).

Preparation of [(TTP)Ru(NO)}x(u~pdt-S,S’). To a CH,Cl; (20 mL) solution of
(TTP)Ru(NO)(O-i-CsH,;)** (0.50 g, 0.056 mmol) was added propane-1,3—dithiol (6 uL.,
0.06 mmol) and the mixture stirred for 1 hr, during which time the color changed from
dark purple to green. To this solution was added more (TTP)Ru(NO)O-i-CsH;,) (0.500
g, 0.056 mmol) and the solution was stirred for 3 h, during which time the color changed
from green to red-green. The solvent was removed in vacuo, and a 'H NMR spectrum of
the residue in CDCl; showed the presence of the desired but unstable bimetallic product

and unreacted (TTP)Ru(NO)(O-i-CsH;) in a 4:1 mole ratio, together with an as-yet
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unidentified decomposition product (ca. 30%). The residue was dissolved in
CH,Cly/hexane (2/1) and chromatographed through a silica column (2.5 x20cm). The
first green band was collected, and [(TTP)Ru(NO)l:(p—pdt-S,5)-0.2CH:Cl; (0.015
g, 0.009 mmol, 16% (based on Ru)) was isolated as a green powder by solvent removal.
Anal. Calcd for Co9H7302N10S2Ru20.2CH,Cl;: C, 69.15; H, 4.59; N, 8.13. Found: C,
69.26; H, 4.82; N, 7.73. IR( CHCl> cm'!): uno = 1790. IR (KBr, cmi): ung = 1772 s;
also 3021 w, 2922 w, 1560 vw, 1526 w, 1510 m, 1495 m, 1445 m, 1350 m, 1305 w, 1213
w, 1182 m, 1108 w, 1073 m, 1015 s, 797 s, 714 m, 523 s. 'H NMR (CDCl3): § 8.63 (s,
16H, pyrrole-H of TTP), 7.93 (d, J = 8, 8H of TTP), 7.53 (d, J = 8, 8H of TTP), 7.47 (d,
J =8, 8Hof TTP), 7.28 (d, J = 8, 8H of TTP), 5.28 (s, 0.4H, CH,Cl5), 2.68 (s, 24H, CH;
of TTP), —4.18 (t, 4H, J = 8, SCH>CH,CH,S), —4.64 (app m, 2H, SCH,CH,CH,S). Low-
resolution mass spectrum (FAB): m/z 800 [(TTP)Ru(NO)]* (100 %), 770 [(TTP)Ruj*
(84%).

Preparation of (TTP)Ru(NO)(SCH;CH,;CH;CH,SH). To a stirred CH2Cl»
solution (20 mL) of (TTP)Ru(NO)(O-i-CsH,;)** (0.150 g, 0.169 mmol) was added
butane-1,4—dithiol (50 uL, 0.41 mmol). The color of the reaction solution changed from
dark purple to green over a 1 h period. The solvent was removed in vacuo, and the
residue dissolved in CH>Cly/hexane (2/1) solvent and filtered through a silica column
(2.5 x 30 cm). A green band was collected. The solvent was removed from this green
band, and (TTP)Ru(NO)(SCH,CH,CH,CH,SH)-0.2bdtH, (0.093 g, 0.098 mmol, 58%)
was isolated as a green powder. Anal. Calcd for CsoHgsONsS2Ru-0.2bdtHs: C, 67.06; H,
5.01; N, 7.41; S, 8.14. Found: C, 67.21;H, 547; N, 7.17; S, 8.10. IR (CH,Cl,, cm!):
uno = 1794. IR (KBr, cm!): uno = 1770 m; also 3024 w, 2921 m, 2851w, 1566 m, 1554
m, 1529 w, 1513 w, 1444 w, 1384 w, 1349 m, 1303 w, 1265 w, 1211 w, 1181 m, 1107 w,
1072 m, 1014 s, 797 vs, 714 s, 523 m. 'H NMR (CDCls): & 8.92 (s, 8H, pyrrole-H of
TTP), 8.10 (d, J = 8, 8H of TTP), 7.55 (d, J = 8, 8H of TTP), 2.70 (s, 12H, CH3 of TTP),
2.50 (bdtH3>), 1.70 (bdtH>), 1.33 (bdtHy), 1.27 (m, 2H, SCHCH,CH,CH,SH), 0.62 (t, J
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= 8, 1H, SCH,CH.CH,CH,SH), -0.26 (m, 2H, SCH,CH,CH,CH,SH), -1.35 (m, 2H,
SCH,CH>CH,CH,SH), -2.65 (t, J = 8, 2H, SCH,CH,CH,CH,SH). Low-resolution mass
spectrum (FAB): m/z 800 [(TTP)Ru(NO)}* (100%), 770 [(TTP)Ru]* (61%).

Attempted Preparation of [(TTP)Ru(NO)l;(u-bdt-S,S’). To a CH,Cl» (30
mL) solution of (TTP)Ru(NO)(O—i—CsH,;)** (0.100 g, 0.113 mmol) was added butane-
1,4—dithiol (14 pL, 0.12 mmol) and the mixture stirred for 1 hr, during which time the
color changed from dark purple to green. To this solution was added more (TTP)Ru(NO)-
(0-i-CsH; 1) (0.100 g, 0.113 mmol) and the solution was stirred for an additional 3 h,
during which time the color changed from green to red—green. Chromatography of the
resulting product(s) through a silica column gave a 5:1 mole ratio (by 'H NMR
spectroscopy) of [(TTP)Ru(NO)}»(u-bdt-S,S") and (TTP)Ru(NO)(SCH2CH.CH>CH;-
SH), and a small amount (ca. 10%) of a third product which appears to arise from the
decomposition of the bimetallic product. Attempts to obtain spectroscopically pure
((TTP)Ru(NO)]»(u—-bdt-S,S") was unsuccessful, since it is very unstable in solution and
decomposes to this as—yet unidentified product. 'H NMR (CDCl3) of [(TTP)Ru(NO)].-
(u—-bdt-5,5"): & 8.68 (s, 16H, pyrrole-H of TTP), 7.96 (d, /=8, 8H of TTP), 7.67 (d,
J=8, 8H of TTP), 747 (d, J=8, 8H of TTP), 7.29 (d, J =8, 8H of TTP), 2.66 (s,
24H, CH; of TTP), -3.11 (br, 4H, SCH,CH2CH»CH,S), -3.71 (br, 4H, SCH,CH,CH>-
CH-S).

Results and Discussion

Monometallic Thiolate-Thiol Complexes. The monometallic (TPP)Ru(NO)(S-
CH,CH;SH) thiolate-thiol complex was prepared by an alkoxide-thiolate exchange
reaction. Thus, the reaction of the (TPP)Ru(NO)(O-i—-CsH,;) alkoxide complex with
excess ethane-1,2-dithiol in CH,Cl, at room temperature generates the monometallic
thiolate—thiol derivative in 57% isolated yield as shown in Scheme 3.5. The

related tetratolylporphyrin complex, namely (TTP)Ru(NO)(SCH,CH,SH) was prepared
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similarly by Dr. Geun-Bae Yi of our research group.”

Scheme 3.5
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por = TPP (57%)
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The monometailic product of Scheme 3.5 is a moderately air-stable green solid,
showing no signs of decomposition in the solid state in air after 1 week. However, it is
air-sensitive in solution. This monometallic thiolate—thiol complex is soluble in CH,Cl,
and benzene, but is insoluble in hexane. Its IR spectrum (CH2Cl,) shows a band at 1803
cm! due to vNo. This is within the range observed for linear NO ligands in (por)Ru-
(NO)—containing complexes.' Its 'H NMR spectrum shows, in addition to the porphyrin
macrocycle signals, peaks at -2.30 ppm (t, SCH>CH,SH), -0.78 ppm (dt, SCH,CH>-
SH), and -0.09 ppm (t, SCH,CH,SH) assigned to the coordinated thiolate-thiol ligand.
These chemical shifts are very similar to those of (TTP)Ru(NO)(SCH2CH,SH), but are
shifted slightly downfield by ca. 0.2-0.5 ppm from those of (OEP)Ru(NO)(SCH,CH,-
SH)*® which was synthesized by Dr. Geun-Bae Yi (see below). This indicates that the
ring current effects of OEP macrocycle on the thiolate-thiol ligand are greater than

those of TPP or TTP macrocycle. The greatest shift occurs for the RuSCH>-hydrogens.
Thus, the chemical shifts of the a—methylene protons of the thiolate-thiol groups (i.e.,
Ru-SCH,CH,SH) are similar in the TPP (-2.30 ppm) and TTP (-2.31 ppm) cases, but
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Table 3.1. a-Methylene 'H NMR Shifts (CDCI5) for Group 8 Nitrosyl Porphyrin
Alkanethiolates

Compound S, ppm refs
Monomeztallic
(OEP)Ru(NO)SCH-CF3) -2.87 ’
(OEP)Ru(NO)SCH,CH{NHC(O)Me}C(O)OMe) -261,-3.16 *
(OEP)Os(NO)(SCH.CH3) -3.12 ‘
(TTP)Os(NO)(SCH,CH2,CHMe;) -2.73 *
(OEP)Os(NO)(SCH,CH2CHMe,) -3.26 :
(OEP)Os(NO)SCH,CH;NHC(O)Me) -2.98 ¢
(OEP)Ru(NO)(SCH-CH,SH) -2.78 ®
(TPP)Ru(NO)(SCH,CH2SH) -2.30 this work
(TTP)Ru(NO)(SCH,CH2SH) -2.31 3
(TTP)Ru(NOYSCH-CH>CH2SH) -2.55 this work
(TTP)Ru(NO)SCH-CH,CH,CH,SH) -2.65 this work
(OEP)Os(NO)SCH-CH-SH) -2.76 this work
Bimezrallic

[((TPP)Ru(NO)]2(u-SCH,CH,S-S,S") ~5.73 this work
[(TTP)Ru(NO)}2(n-SCH-CH,S-S,S") -5.73 this work
[(OEP)Ru(NO)]2(n-SCH2CH-S-S.S") -6.20 B
[(TTP)Ru(NO)]2(u-SCH-CH,CH,S-S.5") —4.18 this work
[(TTP)Ru(NO)}2(u-SCH>(CH;),CH-S-5.,S") -3.71 this work

92



are shifted upfield in the OEP case (-2.78 ppm). However, these chemical shifts of the
a—-methylene protons of the thiolate-thiol group are in the same region as those of other

alkanethiolate complexes of ruthenium nitrosyl porphyrins (see Table 3.1). The mass

spectrum (FAB) of (TPP)Ru(NO)(SCH,CH,SH) shows an ion fragment assigned to loss
of the thiolate—thiol ligand.

At the time, Dr. Geun-Bae Yi was also able to independently synthesize

(OEP)Ru(NO)(SCH,CH,SH) from the reaction of (OEP)Ru(CO) with the HSCH,CH>-

SNO (generated in situ from the reaction of ethane—-1,2—dithiol and ‘BuONO).** Thus,
(OEP)Ru(CO) reacts with a red mixture of ethane-1,2—dithiol and ‘BuONO in CH,Cl; at

room temperature to generate the desired monometallic thiolate-thiol complex via a

formal trans-addition of RSNO as shown in Scheme 3.6.

Scheme 3.6
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Interestingly, Dr. Yi found that unlike the TPP and TTP cases, the alkoxide-thiolate
exchange method described in Scheme 3.5 was not effective in preparing the (OEP)Ru-
(NO)(SCH;CH>SH) complex. Indeed, the reaction of (OEP)Ru(NO)(O-i-CsH,;) with
ethane-1,2—dithiol in CH,Cl; at room temperature did not produce the (OEP)Ru(NO)-
(SCH2CH,SH) complex. Our research group was thus interested in determining whether

the related (OEP)Os—containing derivatives can be obtained from the alkoxide-thiolate
exchange method. As in the case of (OEP)Ru(NO)(SCH,;CH,SH), the (OEP)Os(NO)-
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(SCH2CH,SH) complex was not generated from the reaction of (OEP)Os(NO)(O-
i~CsH;) with ethane-1,2—dithiol in CH;Cl; at room temperature. However, when
vigorous reaction conditions were employed, the (OEP)Os(NO)(SCH,CH,;SH) complex
was successfully produced via the alkoxide-thiolate exchange. Thus, the (OEP)Os(NO)-

(0O-i-CsH ;) alkoxide complex reacts with excess ethane-1,2-dithiol in toluene under
refluxing conditions for 48 h to generate the monometallic thiolate-thiol derivative in

70% isolated yield as shown in Scheme 3.7.

Scheme 3.7
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It was observed that the alkoxide-thiolate exchange method is more efficient in
preparing this (OEP)Os(NO)(SCH2CH>SH) complex in high yield compared with the
formal rrans-addition reaction. Thus, the 'H NMR spectrum (in CDCls) of the crude
product mixture (after 48 h reaction in refluxing toluene) reveals a quantitative
conversion of (OEP)Os(NO)(O-i-CsH;;) to (OEP)Os(NO)(SCH,CH;SH). Unlike the
ruthenium analog (OEP)Ru(NO)(SCH,CH,SH), this red (OEP)Os(NO)(SCH,CH,SH)
complex is moderately air-stable in solution, showing no signs of decomposition for at
least 8 h. It can also be stored in air in the solid state for at least one week without

noticeable decomposition. This osmium nitrosyl thiolate-thiol complex is freely soluble

in CH,Cl; but only slightly soluble in hexane.
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The IR spectrum of (OEP)Os(NO)(SCH2CH;SH) (as a KBr pellet) shows a band
at 1756 cm-! assigned to uno. Its 'H NMR spectrum shows, in addition to the
characteristic OEP signals, signals at —2.76 ppm (SCH,CH,SH), -1.17 ppm (SCH;CH>-
SH), and -0.30 ppm (SCH,CH,SH) due to the coordinated thiolate-thiol ligand. These
chemical shifts of the thiolate—thiol ligand in the (OEP)Os(NO)(SCH,CH,SH) complex
are very similar to those in the ruthenium analog. Although the mass spectrum (FAB)
does not show the parent ion, it shows ion fragments at m/z 817 (loss of the NO ligand) or
at m/z 754 (loss of the thiolate-thiol ligand).

The analogous 3-carbon and 4—carbon ruthenium thiolate-thiol complexes,
namely (TTP)Ru(NO)(SCH,CH>CH>SH) and (TTP)Ru(NO)(SCH;CH,CH>CH,SH)
were also prepared as green powders in 49% and 58% isolated yields, respectively, by the
alkoxide—-thiolate exchange method similar to that described in Scheme 3.5. Their IR
spectra (as KBr pellets) show bands at 1779 cm! (for the 3—carbon derivative) and at
1770 cm-! (for the 4—carbon derivative), respectively, assigned to uno. The a—methylene
proton chemical shifts for the three monometallic TTP complexes including (TTP)Ru-
(NO)(SCH-CH,SH) are slightly upfield shifted in the order edtH (-2.31) > pdtH (-2.55
ppm) > bdtH (-2.65 ppm) (see Table 3.1).

Bimetallic u-Dithiolate Complexes. In collaboration with Dr. Geun-Bae Yi, I
synthesized the symmetrical bimetallic [(por)Ru(NO)]2(u-edt-§,5") (por = TPP, TTP)
u—dithiolate derivatives, and the reaction proceeded in two steps as judged by 'H NMR
spectroscopy. For example, the reaction of the (TPP)Ru(NO)(O-i—CsH,,) alkoxide
complex with 1 equiv of ethane-1,2-dithiol produces the monometallic thiolate-thiol
derivative, and then the addition of 1 equiv of (TPP)Ru(NO)(O-i-CsH;,) to the reaction
mixture results in the generation of the desired bimetallic p—dithiolate derivative (Scheme
3.8). At the time, Dr. Geun—-Bae Yi also independently synthesized the related
octaethylporphyrin complex [(OEP)Ru(NO)]2(n—-edt-S,S°) by a variation of the formal

trans-addition reaction similar to the procedures used for the preparation of the
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unsymmetrical bimetallic complexes (see Schemes 3.9 and 3.10 shown below).”

Scheme 3.8
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In general, the final TPP/TPP and TTP/TTP bimetallic products are isolated in
low yields, due partly to the fact that the second step of the reaction is slow, and the
bimetallic products are thermally sensitive and decompose in solution as the reaction
progresses. Thus, it has been found that a 4-6 h reaction time generally results in fair
yields of the desired TPP/TPP and TTP/TTP bimetallic products. These bimetallic
complexes are very air-sensitive both in the solid state and in solution. Hence, the
chromatographic purification of the bimetallic complexes was performed under N,, and
the silica column was dried in vacuo over 3 h prior to the purification of the products.
They are soluble in CH>Cl; and benzene, but are insoluble in hexane.

Their IR spectra (CH2Cl,) show that the vno values (1802 cm-! for TPP complex
and 1788 cm! for TTP complex) are similar to those of their monometallic precursors.
As expected, the most noticeable change between these bimetallic derivatives and their

monometallic precursors lies in their |H NMR spectra. Their lH NMR spectra show the
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single peak at —5.73 ppm due to the p-edt dithiolate protons in both the symmetric
TPP/TPP and TTP/TTP bimetallic derivatives, indicating that all four protons (-SCH>-
CH,S-) are equivalent. Importantly, this value is shifted further upfield by ~3.4 ppm
from the corresponding a-methylener signals in the monometallic precursors, reflecting
the contributions of the ring currents effects from both porphyrins to the resonances of
the bridging dithiolate protons. Furthermore, this value is shifted slightly downfield by
0.47 ppm from the analogous [(OEP)Ru(NO)]2(u—edt-S,S") derivative (8 —6.20 ppm),
which is almost identical to the 0.47-0.48 ppm downfield shift observed for the
methylene protons in the monometallic (por)Ru(NO)(SCH2CH,SH) complexes when the
TPP (8 -2.30 ppm) and TTP (§ -2.31 ppm) derivatives are compared with the OEP
analogue (3 -2.78 ppm) (see Table 3.1). This is also consistent with the greater ring

current effects of the OEP macrocycle relative to those of the tetraarylporphyrin

macrocycles.

[Ru]
(Rul (Rl :
| s ,
S - CH
¢H (::Hz éHz
[ co{Ze) [
2 2
CH, |
S ] CH;
| S |
(Ru] | s
(Ru] |
[Ru]
[Ru]z(u-edt) [Ru2(u-pdt) [Ru]a(u-bdt)

[Ru] = (TTP)Ru(NO)

Figure 3.2. Proton chemical shifts of [(TTP)Ru(NO)]>(n—dithiolate)
complexes (in CDClj).
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The 3—carbon and 4—arbon bridged dithiolate derivatives of TTP have also been
prepared similarly. Interestingly, as the chain length of the bridging dithiolate ligand
increases, the chemical shifts of the a-methylene protons approach more closely those of
the monometallic complexes (i.e., less upfield shifted; Figure 3.2 and Table 3.1),
indicative of the increased distance between these protons and the second (more distant)
porphyrin. Furthermore, the signals for the central -CH>— protons are less upfield—
shifted in the order p—edt (-5.73 ppm) < u—pdt (-4.64 ppm) < u-bdt (-3.11 ppm) as seen
in Figure 3.2, indicative of less contributions of the ring current effects from the two
porphyrin units to the resonances of the central -CH»— protons due to increased distances
between these protons and the porphyrin rings.

The unsymmetrical mixed TPP/OEP bimetallic complex was also successfully
synthesized. However, this TPP/OEP mixed bimetallic complex could not be prepared by
the alkoxide-thiolate exchange reaction of Scheme 3.8. Rather, a variation of the formal
trans—addition reaction of RSNO to (OEP)Ru(CO) was employed to attain this synthetic
objective. Thus, the reaction of (TPP)Ru(NO)(SCH.CH>SH) with ‘BuONO followed by
addition of (OEP)Ru(CO) to the reaction solution generates the unsymmetrical TPP/OEP
bimetallic complex in very low isolated yields (ca. 5%) (Scheme 3.9). The putative
(TPP)Ru(NO)SCH,CH2SNO) complex could not be isolated because it is very
air-sensitive and thermally unstable. However, its formation was inferred from its
subsequent reaction with (OEP)Ru(CO) to give the desired bimetallic TPP/OEP product
of Scheme 3.9, namely [(TPP)Ru(NO)](p—edt-S,S)[Ru(NO)(OEP)]. Interestingly, the
symmetrical bimetallic complexes, namely [(OEP)Ru(NO)].(u-edt-S,S) and [(TPP)-
Ru(NO)J2(u-edt-S,5") were also formed as by—products through an as-yet unknown
mechanism. It has also been observed that the reaction of (TPP)Ru(NO)(SCH,CH2SNO)
with (OEP)Ru(CO) is more efficient in the formation of the desired bimetallic derivative
than the reaction of (OEP)Ru(NO)(SCH,CH2SNO) with (TPP)Ru(CO). Indeed, the 'H

NMR spectrum of the latter reaction mixture revealed the formation of the [(TPP)Ru-
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(NO))2(u—edt-S,S°) compound as a major product. This is consistent with our research
group’s earlier observations that RSNO additions to (OEP)Ru(CO) were cleaner than the
analogous additions to (TPP)Ru(C0Q).***¢

Scheme 3.9

& porfpor = TPP/OEP (5%)

A representative 300 MHz !H NMR spectrum of the crude product mixture of the
TPP/OEP mixed bimetallic preparation, showing only the region containing the
resonances of the bridging thiolate protons, is shown in Figure 3.3c. The single peak
at -5.73 ppm is due to [(TPP)Ru(NO)]2(u~edt-S,S") (Figure 3.3a), whereas the single
peak at —-6.20 ppm is due to [(OEP)Ru(NO)]>(u-edt-S,S") (Figure 3.3b). The piethora of
peaks in the center region is assigned to the bridging methylene protons of the
unsymmetrical [(TPP)Ru(NO)](u—edt-S,S)[Ru(NO)(OEP)] complex, and these protons
display an AA'BB' coupling pattern.”’ The position of the peaks (in 'H NMR spectrum)
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(b)

(c)

T T 11 1 T T T

-5.6 -5.8 6.0 62 FPM

Figure 3.3. Upfield region of the 300 MHz '"H NMR spectra of
(@) [((TPP)Ru(NO)Lx(n-edt-S,S), (b) [(OEP)RuU(NO)](1-edt-S,S),
and (c) the product mixture obtained during the preparation of
[(TPP)Ru(NO)](n—-edt-S, S)[Ru(NO)(OEP)].
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for the bridging methylene protons of the TPP/OEP mixed bimetallic complex is
reasonable, since the extent of the ring current effects of the TPP/OEP macrocycles in
[(TPP)Ru(NO)](u—-edt-S,S)[Ru(NO)(OEP)] is expected to be greater than that of two
TPP macrocycles in {(TPP)Ru(NO)J2(n-edt-S,S") but be smaller than that of two OEP
macrocycles in [(OEP)Ru(NO))x(u-edt-S,S").

The 400 MHz 'H NMR spectrum for these methylene protons is shown in Figure
3.4a. The computer simulation of this pattern is shown in Figure 3.4b, and gives Jap' =
Jas = 11.2 Hz, Jaa = Jpp = -12.2 Hz, Jog = 5 Hz, Jo'g = 3.7 Hz, and Avap = 51 Hz.
Needless to say, it is the presence of two distinctly different porphyrins in this novel
TPP/OEP derivative that causes the inequivalence of the p—edt protons.

A similar methodology (to that described in Scheme 3.9) was also employed to
prepare the heterobimetallic [(OEP)Os(NO)]j(u-edt-S,S)(Ru(NO)TTP)] derivative.
Thus, the reaction of (OEP)Os(NO)(SCH>CH,SH) with ‘BuONO generates the putative
(OEP)Os(NO)(SCH2CH,SNO) compound, which can then be reacted with (TTP)Ru-
(CO) to give the heterobimetallic [(OEP)Os(NO))(u—edt-S,S)[Ru(NO)(TTP)] derivative
(Scheme 3.10) in 70% yield by 'H NMR spectroscopy.

Scheme 3.10
0
\ OEP
(OEP)Os(NO)(SCH2CH,SH)
¢ 'BUONO

|
S
(TTP)Ru(CO)
[ (OEP)Os(NO)(SCH2CH2SNO) | —————
S

G

N
o
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(b)

Figure 3.4. Upfield region of the 400 MHz 'H NMR spectrum
of [(TPP)Ru(NO)](n—-edt-S,S)[Ru(NO)(OEP)]: (a) experimental
spectrum (sample in CDCl,), and (b) computer simulation.
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Although a spectroscopically pure sample of this air-sensitive compound was not
obtained (the major by-product was [(OEP)Os(NO)]) (u-edt-S,5")), the 'H NMR
spectrum of the product mixture (of Scheme 3.10) shows, in addition to the signals for
two porphyrin macrocycles (TTP and OEP), an AA’BB’ coupling pattern®’ consisting of
two clusters of peaks centered at ca. —5.92 ppm and -6.01 ppm (Figure 3.5) assigned to
the u—-SCH,CH,S~ protons; spectral simulation gave Jop: = Ja'g = 13.4 Hz, Jaa = Jpp' =
-12.6 Hz, Jop = 6 Hz, Jo's' = 3.6 Hz, and Avap= 43 Hz. Due to the presence of two
distinctly different metalloporphyrin moieties in this bimetallic derivative, it is not
surprising that the AA’BB’ coupling pattern observed is almost identical to that of the
related unsymmetrical [(TPP)Ru(NO)](u—edt-S,S)[Ru(NO)(OEP)] compound of Figure
34.

As in the case of [(TPP)Ru(NO)]}(u—edt-S,S)[Ru(NO)OEP)], there are several
notes of interest regarding the synthesis of [(OEP)Os(NO)}(u-edt-S,S)[Ru(NO)(TTP)].
The (OEP)Os/(TTP)Ru bimetallic complex was not formed via the expected alkoxide-
thiolate exchange reaction. For example, the reaction of the (OEP)Os(NO)(SCH>CH;-
SH) complex with (TTP)Ru(NO)(O-i—CsH;) did not produce the bimetallic derivative.
In addition, the reaction of (OEP)Os(NO)(SCH>CH,;SNO) with (TTP)Ru(CO) is more
efficient in the formation of the desired bimetallic derivative than the reaction of
(TTP)Ru(NO)(SCH2CH,SNO) with (OEP)Os(CO). Indeed, the latter reaction showed
the formation of the [(TTP)Ru(NO)]2(u—-edt-S,5") (Sscu2 -5.73 ppm) compound as the
major product (by 'H NMR spectroscopy). In any event, the successful reaction of
(OEP)Os(NO)(SCH2CH»SNO) with (TTP)Ru(CO) is consistent with our research group's
earlier observations that RSNO additions to (por)Ru(CQO) were faster and cleaner than the

analogous additions to (por)Os(CO).*

Conclusion

Monometallic thiolate-thiol complexes of ruthenium and osmium nitrosyl
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(a)

()]

-5.8 -$.0 Ppe
Figure 3.5. Upfield region of the 400 MHz 'H NMR spectrum

of [(OEP)Os(NO)](u-edt-S,S)[Ru(NO)TTP)]: (a) experimental
spectrum (sample in CDCl,), and (b) computer simulation.
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porphyrins have been prepared, and their novel symmetrical bimetallic p—dithiolate
derivatives have also been prepared. These monometallic and bimetallic complexes have
been fully characterized by elemental analyses, infrared and !H NMR spectroscopy, and
by mass spectrometry. To the best of my knowledge, these bimetallic p—dithiolate
complexes are the first examples reported for any metalloporphyrin. Interestingly, the 'H
NMR spectra of the symmetric TPP/TPP and TTP/TTP bimetallic p—edt dithiolate
complexes of ruthenium porphyrins show the single peak for the p—edt dithiolate
ligands, reflecting the equivalence of the u—edt protons. Furthermore, the chemical shift
of this single peak is shifted further upfield from the corresponding a-methylene signals
in the monometallic precursors, indicative of the increased ring current effects due to
the presence of two porphyrins. The 'H NMR spectra of the 3—carbon and 4—carbon
bridged dithiolate derivatives of TTP also reveal that as the chain length of pu—dithiolate
ligand increases, the chemical shifts of the a—methylene protons become similar to those
of the monometallic thiolate~thiol complexes, implying the decreased ring current effects
due to the increased distance between these protons and the second (more distant)
porphyrin. Importantly, two novel unsymmetrical bimetallic complexes, namely
[(TPP)Ru(NO)](u-edt-S,S)[Ru(NO)(OEP)] and [(OEP)Os(NO)](u-edt-S,S)[Ru(NO)-
(TTP)] have also been obtained, and the experimental and simulated !H NMR spectra
of the protons of the p-dithiolate bridge indicate that all four protons (-SCH>-
CH,S-) are inequivalent. These symmetrical and unsymmetrical nitrosyl bimetallic
complexes might be an interesting new class of compounds for further study. For
example, I observed that the reaction of symmetrical bimetallic [(OEP)Ru(NO)]2(u—edt-
5.5") complex with ca. 3 equiv of HBF4-Et;0 gives the previously reported [(OEP)Ru-
(NO)(H;0)]BF;® and free HSCH,CH,SH (by 'H NMR spectroscopy). Hence,
determining which sulfur atom is more reactive towards electrophilic attack between
(por)Os(NO)SCH2~) and (por)Ru(NO)SCH>-) moieties in [(por)Os(NO)](u-edt~
S.S)[Ru(NO)(por)] could be an interesting topic due to the importance of the
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trans—effects from the nitrosyl ligand to the axial ligand in the six—coordinate

nitrosyl metalloporphyrins. Furthermore, the [(por)Co(NO)](u—-edt-S,S)[Ru(NO)(por)]

complexes which may presumably contain both bent NO (in (por)Co(NO) fragment) and

linear NO (in (por)Ru(NO) fragment) could also be synthesized for the study of the

relative trans-effects between bent and linear nitrosyl ligands in the same compound.
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Chapter 4. Nitrones are Suitable Ligands for Heme Models: Synthesis
and Molecular Structures of the First Metalloporphyrin Nitrone
Complexes (OEP)M(CO)(DMPO) (M = Ru, Os;

DMPO = 5,5-dimethyl-1-pyrroline N-oxide)"

Introduction

Nitrones belong to the general class of RN(O)=X compounds (Xis a carbon-
linked group) (Figure 4.1),' and contain the C-nitroso functional group. They can be
readily synthesized by a variety of methods including (i) condensation of carbonyl

4

compounds (R>C=0) with hydroxylamines,> (ii) catalytic oxidation of secondary
amines or hydroxylamines by metal-peroxo complexes,”’ and (iii) oxidation of

N,N—disubstituted hydroxylamines by HgO, Ag>O, ferricyanide, and other oxidants.*®

= i —
I:‘/C N - ] C—N \\0
H -Bu C|)
o XS
Ph o~
PBN DMPO

Figure 4.1. Resonance forms of the nitrone functional
group, and two examples of nitrones.

* "Nitrones are Suitable Ligands for Heme Models: X-ray Crystal Structure of the First Metalloporphyrin
Nitrone Complex.” Lee, J.;. Twamley, B.; Richter-Addo. G. B. Chem. Commun. 2002, 380-381.
Reproduced in part by permission of The Royal Society of Chemistry.
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Nitrones are frequently used as spin traps.” In addition, they are useful precursors
in organic synthesis. For example, nitrones can react with olefins to generate the

5—-membered isoxazolidines via the [3+2] cycloaddition reaction (Scheme 4.1).*'°

Scheme 4.1
Hz
R’ /0‘ . 1 |
\—"h + R - R N\o
N\ g
RZ
R3

Interestingly, nitrones are now known to be produced during the oxidation of
some amines by cytochrome P450. Excellent work by Lindeke and coworkers has shown
that the in vitro metabolism of norbenzphetamine (PhCH.CH(Me)NHCH,Ph) by
cytochrome P450 gives the hydroxylamine and the nitrone metabolites.!' Guengerich
and coworkers also showed that cytochrome P450 catalyzes the oxidation of
cycloalkylamines to nitrones.'> Importantly, however, it has also been proposed that
some nitrones are capable of serving as ligands for cytochrome P450"’ and hemoglobin."
PBN (a-phenyl-terr-butylnitrone; Figure 4.1) has also been shown to decompose
photolytically to NO, which was trapped by heme and non-heme proteins to give
metal-NO products.”” Despite the obvious importance in heme—dependent biochemistry
and relevance to amine oxidation chemistry, no nitrone complexes of synthetic heme
models had been reported prior to this work.

Indeed, only a few metal complexes containing nitrones as ligands were known
prior to this work. To the best of my knowledge, the known metal-nitrone complexes
were prepared from one of six synthetic methods, and only the first method appears
general for the preparation of metal-nitrone complexes: (i) simple adduct formation of

nitrones with metal complexes,*'*'*'? (ii) decomposition of metal nitroxide complexes,'®
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(iii) addition of BuN=0 to a cationic Re carbyne complex,'® (iv) addition of ‘BuN=0 to
a Pt—coordinated ethylene,” (v) insertion of ArN=0 into the Fe=CHAr bond,”! and (vi)
reactions of oximes with Pt-allene complexes.” Furthermore, only a handful of metal
complexes of nitrones have been characterized by X-ray crystallography. There are three
main ways in which the nitrone ligands bind to metals in the structurally characterized

metal-nitrone complexes (Figure 4.2).

Nl NA NS

=N C==N
R/C % (l) Y%
Y P\
M M M L—=M
A.n'-0 B.un'-O C. -0L

Figure 4.2. Binding modes in metal-nitrone complexes established
by single-crystal X-ray crystallography.

Scheme 4.2
-Bu
Cu(htac), + H\C=?‘J<' — CN>
@r o~ (hf&c)zcllk L
N o¢

N-Bu

Examples of type A complexes in which the nitrone O-atom serves as an 7]’ donor
include those of Ti,'® Fe,**' Co,'" and Ge.'* Type B complexes containing u,n'-O
bridging nitrone ligands are known for Mn,**® Co,* and Ni.® The n*~-O,L metallocycles
(type C) are also generated when N-terr—butyl-a—(2-pyridyl)nitrone is reacted with

some metal hexafluoroacetylacetonate (hfac) complexes,® and the example of Cu is
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shown in Scheme 4.2. Related other metallocycles in which the metal-O-N=C group
occurs (metal = Re, Pt) have also been reported.'***

In this chapter, the successful syntheses and characterization of the first thermally
stable metalloporphyrin nitrone complexes will be described. The single—crystal X-
ray structures of these compounds will also be reported. Our research group was
interested in determining how nitrones bind to the metal centers in synthetic
metalloporphyrins, and how the coordinated nitrone ligands function in metalloporphyrin
nitrone complexes. Hence, the spectroscopic and crystallographic results on these
metalloporphyrin nitrone complexes will be discussed in detail in this chapter. To the best
of my knowledge, these are first examples of nitrone complexes reported for any

synthetic metalloporphyrin.

Experimental Section

All reactions were performed under an atmosphere of prepurified nitrogen using
standard Schlenk glassware and/or in an Innovative Technology Labmaster 100 Dry Box.
Solutions for spectral studies were also prepared under a nitrogen atmosphere. Solvents
were distilled from appropriate drying agents under nitrogen just prior to use: CH,Cl,
(CaH3), hexane (CaH,), heptane (CaH;), and toluene (Na).

Chemicals. (OEP)Os(CO) was prepared by the literature method.** (OEP)Ru-
(CO) and 5,5-dimethyl-1-pyrroline N-oxide (DMPO, 97%) were purchased from
Aldrich Chemical Co. and used as received. Chloroform—-d (99.8%) was obtained from
Cambridge Isotope Laboratories. Elemental analyses were performed by Atlantic
Microlab, Norcross, Georgia.

Instrumentation. Infrared spectra were recorded on a Bio—-Rad FT-155 FTIR
spectrometer. Proton NMR spectra were obtained on Varian 400 MHz or 300 MHz
spectrometers and the signals referenced to the residual signal of the solvent employed.

All coupling constants are in Hz. Electrospray mass spectrometry was performed using a
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Micromass Q-TOF instrument.

Preparation of (OEP)Ru(CO)(DMPO). Excess DMPO (0.1 g, ca. 0.9 mmol)
was added to a toluene (10 mL) solution of (OEP)Ru(CO) (0.030 g, 0.045 mmol) under a
nitrogen atmosphere, and the solution was heated to reflux for 15 min, during which it
turned from red to slightly dark red. The solvent was removed in vacuo, and the residue
was redissolved in CH;Cly/hexane (1:1, 10 mL). Slow evaporation of the solution under
a nitrogen atmosphere resulted in the generation of red crystals which were washed with

hexane (10 mL) and dried in vacuo to give the product (OEP)Ru(CO)(DMPO)
-0.19CHCl»-0.5H>O (0.027 g, 0.034 mmol, 75% isolated yield). Anal. Calcd for

C43HssNsO2Ruy-0.19CH>Cl,-0.5H,0: C, 64.83; H, 7.10; N, 8.75; Cl, 1.68. Found: C,
64.61; H, 6.97; N, 8.77; Cl, 1.45. IR (KBr, cm-{): vco = 1914 s; also 2961 m, 2930 w,
2869 w, 1593 w, 1538 vw, 1466 m, 1453 m, 1371 w, 1316 vw, 1304 vw, 1272 m, 1230
m, 1215 vw, 1198 vw, 1148 m, 1111 w, 1056 m, 1019 m, 991 w, 960 m, 840 m, 746 w,
712 vw, 666 vw, 583 vw. 'H NMR (CDCls): d 9.82 (s, 4H, meso-H of OEP), 5.28 (s,
CH,Cl»), 3.98 (m, 16H, CH,CHj of OEP), 1.88 (t, J = 8, 24H, CH,CHj3 of OEP). The
peaks for DMPO were very weak at room temperature. !H NMR (CDCl;, —40 °C):
d 9.81 (s, 4H, meso-H of OEP), 5.27 (s, CH,Cl»), 3.97 (m, 16H, CH-CHj; of OEP), 1.84
(t, J = 8, 24H, CH,CH; of OEP), 0.65 (br t, 2H of DMPO), 0.18 (m, overlapping 1H and
2H of DMPO), -1.67 (s, 6H, CH3 of DMPO). High-resolution mass spectrum (ESI) for
[((OEP)Ru(CO)(DMPO) + H]* (C43Hs¢NsO2Ru): m/z 776.3563. Calculated 776.3477.

A suitable crystal for structure determination was grown by siow evaporation of
toluene/heptane (1:1) solution of the compound at room temperature under inert
atmosphere.

Preparation of (OEP)Os(CO)(DMPO). Excess DMPO (0.1 g, ca. 0.9 mmol)
was added to a toluene (10 mL) solution of (OEP)Os(CO) (0.030 g, 0.040 mmol) under a
nitrogen atmosphere, and the solution was heated to reflux for 15 min, during which it

turned from pink red to dark red. The solvent was removed in vacuo, and the residue was
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redissolved in CH;Cly/hexane (1:2, 9 mL). Slow evaporation of the solution under a
nitrogen atmosphere resulted in the generation of dark red crystals which were washed
with hexane (10 mL) and dried in vacuo to give the product (OEP)Os(CO)(DMPO)
-0.5CHCl; (0.022 g, 0.024 mmol, 61% isolated yield). Anal. Calcd for C43HssNsO20s;
‘0.5CH,Cly: C, 57.63; H, 6.23; N, 7.72. Found: C, 57.66; H, 6.23; N, 7.59. IR (KBr,
cml): vco = 1883 s ; also 2961 m, 2931 w, 2868 w, 1598 w, 1466 m, 1452 m, 1371 m,
1316 vw, 1304 vw, 1273 m, 1232 m, 1191 w, 1149 m, 1111 w, 1056 m, 1019 m, 992 w,
961 m, 842 m, 742 w, 716 w. 'H NMR (CDCl3): & 9.66 (s, 4H, meso—-H of OEP), 5.27 (s,
CH,Cly), 3.95 (m, 16H, CH,CHj3 of OEP), 1.87 (t, J = 8, 24H, CH,CH} of OEP), 0.68 (br
t, 2H of DMPO), 0.30 (br s, 1H of DMPO), 0.22 (t, / = 7, 2H of DMPO), -1.60 (br s, 6H,
CH; of DMPO). High-resolution mass spectrum (ESI) for [(OEP)Os(CO)(DMPO)}*
(C43HssNsO20s)): m/z 865.3893. Calculated 865.3971.

A suitable crystal for structure determination was grown by slow evaporation of
CH,Cl»/hexane (1:2) solution of the compound at room temperature under inert

atmosphere.

Results and Discussion
The reaction of (OEP)Ru(CO) with excess DMPO in refluxing toluene for 15 min
produced the (OEP)Ru(CO)(DMPO) complex in 75% isolated yield (Scheme 4.3).

Scheme 4.3
toluene
por = OEP l

M =Ru, Os >®
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The osmium derivative (OEP)Os(CO)Y(DMPO) was also prepared similarly in 61%
isolated yield.

The IR spectrum of (OEP)Ru(CO)(DMPO) (as a KBr pellet) reveals a vco of
1914 cm-!1, which is 16 cm-! lower in energy than the vco of the starting (OEP)Ru(CO) at
1930 cm-! (Figure 4.3). The lowering of the vco is opposite to that seen for (OEP)-
Ru(CO)(N(O)C¢HsNMeo-p)**  which contains an N-bound nitrosoarene ligand that
behaves as a net n-acid in this complex, but is similar to that seen for (OEP)Ru(CO)-
(ONNE) (Vco 1910 cm-1)* which contains an O-bound axial nitrosamine ligand. This
IR spectroscopic feature indicates that like the nitrosamine Et;NNO ligand in
(OEP)Ru(CO)(ONNE,), the coordinated DMPO ligand in (OEP)Ru(CO)(DMPO) acts as
an electron donor towards the (OEP)Ru(CO) fragment, which makes more electron
density available for Rull-CO back-donation, thus causing the lowering of the vco. The
vco band of (OEP)Os(CO)(DMPO) (1883 cm-!) is also shifted by 11 cm! to lower
wavenumbers relative to that of the starting (OEP)Os(CO) complex (1894 cm!) (Figure
4.4), and is identical to that of the nitrosamine complex (OEP)Os(CO)(ONNEt,).*

The 'H NMR spectrum of (OEP)Ru(CO)(DMPO) in CDCl; shows that at room
temperature, the coordinated nitrone DMPO peaks are not clearly observed. However, the
nitrone DMPO peaks can be observed at low temperature (—40 °C) (Figure 4.5). Unlike
the ruthenium derivative, the 'H NMR spectrum (in CDCl3;) of (OEP)Os(CO)(DMPO)
displays peaks due to the coordinated DMPO at room temperature. Interestingly,
these 'H NMR features are opposite to those seen for the (OEP)M(CO)(ONNE,)
complexes (M = Ru, Os).*

In order to unambiguously determine the mode of linkage of the nitrone ligand
toward the metal center in (OEP)Ru(CO)DMPO), suitable crystals for a single—crystal
X-ray crystallographic analysis were grown. The molecular structure of (OEP)Ru-

(CO)YDMPO) is shown in Figure 4.6. Bond lengths and angles are listed in Tables 4.1

and 4.2, respectively.
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§ (OEP)Ru(CO)

2 (OEP)Ru(CO)DMPO)

Wevenameer (an-1)

Figure 4.3. IR spectra (KBr) of (OEP)Ru(CO) (top) and
(OEP)Ru(CO)(DMPO) (bottom).

116



Transmistance

Tisnsimatance

-10~4

§ (OEP)Os(CO)

Wavenumber (om-1)

_,___.)
—_—

€2y

TEZY wa=x=

g8 (OEP)Os(CO)XDMPO)

2000 1500 1000
Wevenumber (cm=1)

Figure 4.4. IR spectra (KBr) of (OEP)Os(CO) (top) and
(OEP)Os(CO)(DMPO) (bottom).
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Figure 4.5. Comparison of the change with temperature of the 300
MHz 'H NMR spectra of (OEP)Ru(CO)(DMPO) (in CDCly). (a) The
peak for meso protons of the OEP macrocycle. (b) The peak for two
CH; protons of the coordinated DMPO.
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Figure 4.6. (a) Molecular structure of (OEP)Ru(CO)(DMPO). (b) View
of the orientation of the nitrone ligand relative to the porphyrin skeleton.
(c) Perpendicular atom displacements (in units of 0.01 A) of the porphyrin
core from the 24—-atom mean porphyrin plane.

119



Table 4.1. Bond lengths (A) for (OEP)Ru(CO)(DMPO)

Ru(1)-C(37)
Ru(1)-N(3)
Ru(1)-N(4)
Ru(1)-N(2)
Ru(1)-N(1)
Ru(1)-0(2)
N(1)-C(18)
N(1)-C(1)
N(2)-C(3)
N(2)-C(6)
N(@3)-C(11)
N@3)-C(8)
N(4)-C(13)
N(4)-C(16)
N(5)-0(2)
N(5)-C(38)
N(5)-C(41)
Oo(1)-C(37)
C(1)-C(2)
C(1)-C(20)
C(2)-C(3)
C(3)-C(4)
C@4)-C(5)
C4)-C(23)
C(5)-C(6)

1.816(6)
2.051(9)
2.055(5)
2.058(4)
2.069(10)
2.214(4)
1.345(13)
1.388(10)
1.366(7)
1.380(7)
1.363(9)
1.394(12)
1.367(7)
1.368(7)
1.299(6)
1.312(9)
1.486(9)
1.167(7)
1.398(8)
1.446(8)
1.386(8)
1.451(7)
1.355(8)
1.506(7)
1.462(7)
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C(5)-C(25)
C(6)-C(N)
C(M-C(®)
C(8)-C(9)
C(9)-C(10)
C(9)-C(27)
C(10)-C(11)
C(10)-C(29)
C(11)-C(12)
C(12)-C(13)
C(13)-C(14)
C(14)-C(15)
C(14)-C(31)
C(15)-C(16)
C(15)-C(33)
C(16)-C(17)
C(17)-C(18)
C(18)-C(19)
C(19)-C(20)
C(19)-C(35)
C(20)-C(21)
C(21)-C(22)
C(23)-C(24)
C(25)-C(26)
C(27)-C(28)

1.498(8)
1.396(8)
1.376(10)
1.450(14)
1.380(12)
1.498(14)
1.443(8)
1.493(7)
1.380(8)
1.386(8)
1.465(7)
1.369(8)
1.494(7)
1.460(7)
1.499(8)
1.385(7)
1.411(9)
1.453(16)
1.359(13)
1.506(16)
1.515(7)
1.534(8)
1.536(8)
1.503(9)
1.500(9)



C(29)-C(30)
C@31)-C(32)
C(@33)-C(34)
C(35)-C(36)
C(38)-C(39)

1.547(8)
1.524(8)
1.511(8)
1.518(9)
1.458(10)

C(39)-C(40)
C(40)-C41)
C41)-C(42)
C(41)-C(43B)
C(41)-C(43A)

1.463(14)
1.539(13)
1.490(11)
1.527(15)
1.536(13)

Table 4.2, Bond angles (°) for (OEP)Ru(CO)Y(DMPO)

C(37)-Ru(1)-N(3)
C(@37)-Ru(1)-N4)
N(3)-Ru(1)-N@4)
C(37)-Ru(1)-N(2)
N(@3)-Ru(1)-N(2)
N(4)-Ru(1)-N(2)
C(@37)-Ru(1)-N(1)
N(3)-Ru(1)-N(1)
N(4)-Ru(1)-N(1)
N(2)-Ru(1)-N(1)
C(@37)-Ru(1)-0(2)
N(3)-Ru(1)-0(2)
N(4)-Ru(1)-0(2)
C(16)-N(4)-Ru(1)
0O(2)-N(5)-C(38)
O(2)-N(5)-C(41)

94.2(3)
91.4(2)
89.9(2)
93.1(2)
90.4(2)
175.48(18)
90.9(3)
174.8(3)
89.2(3)
90.2(3)
176.7(2)
82.5(2)
88.26(16)
126.7(3)
125.3(5)
123.0(6)
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N(2)-Ru(1)-0(2)
N(1)-Ru(1)-0(2)
C(18)-N(1)-C(1)
C(18)-N(1)-Ru(l)
C(1)-N(1)-Ru(l)
C(3)-N(2)-C(6)
C(3)-N(2)-Ru(1)
C(6)-N(2)-Ru(1)
C(11)-N(3)-C(8)
C(11)-N(3)-Ru(l)
C(8)-N(3)-Ru(l)
C(13)-N(4)-C(16)
C(13)-N(4)-Ru(l)
C(38)-N(5)-C(41)
N(5)-0(2)-Ru(1)
N(1)-C(1)-C(2)

87.29(16)

92.4(2)
107.2(8)
127.3(6)
125.4(6)
107.0(4)
126.8(4)
126.2(3)
107.2(7)
126.7(5)
126.1(6)
107.4(4)
125.9(4)
111.6(6)
122.2(3)
124.8(6)



N(1)-C(1)-C(20)
C(2)-C(1)-C(20)
C(3)-C(2)-C(1)
N(@2)-C(3)-C(2)
N(2)-C(3)-C(4)
C(2)-C3)-C4)
C(5)-C4)»-CR3)
C(5)-C(4)-C(23)
C(3)-C(4)-C(23)
C(4)-C(5)-C(6)
C(4)-C(5)-C(25)
C(6)-C(5)-C(25)
N(@)-C(6)-C(7)
N(2)-C(6)-C(5)
C(7)-C(6)-C(5)
C(®)-C(7)-C(6)
C(7)-C(8)-N(3)
C(7)-C(8)-C(9)
N(3)-C(8)-C(9)
C(10)-C(9)-C(8)
C(10)-C(9)-C(27)
C(8)-C(9)-C(27)
C(9)-C(10)-C(11)
C(9)-C(10)-C(29)
C(11)-C(10)-C(29)
N(3)-C(11)-C(12)

108.6(6)
126.5(5)
128.0(5)
124.8(5)
109.9(5)
125.3(5)
107.1(5)
128.2(5)
124.6(5)
106.9(5)
128.3(5)
124.8(5)
124.3(5)
109.0(5)
126.6(5)
128.5(6)
124.5(8)
126.6(8)
109.0(8)
106.7(9)
128.7(8)
124.5(9)
107.1(6)
127.1(7)
125.9(5)
124.5(6)
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N(3)-C(11)-C(10)
C(12)-C(11)-C(10)
C(11)-C(12)-C(13)
N(4)-C(13)-C(12)
N(4)-C(13)-C(14)
C(12)-C(13)-C(14)
C(15)-C(14)-C(13)
C(15)-C(14)-C(31)
C(13)-C(14)-C(31)
C(14)-C(15)-C(16)
C(14)-C(15)-C(33)
C(16)-C(15)-C(33)
N(4)-C(16)-C(17)
N(4)-C(16)-C(15)
C(17)-C(16)-C(15)
C(16)-C(17)-C(18)
N(1)-C(18)-C(17)
C(19)-C(35)-C(36)
O(1)-C(37)-Ru(1)
N(5)-C(38)-C(39)
C(38)-C(39)-C(40)
C(39)-C(40)-C(41)
N(5)-C(41)-C(42)
N(5)-C(41)-C(43B)
C(42)-C(41)-C(43B)
N(5)-C(41)-C(43A)

110.1(6)
125.5(5)
127.9(5)
125.1(5)
109.6(5)
125.4(5)
106.6(4)
129.1(5)
124.3(5)
106.6(5)
127.4(5)
126.0(5)
125.0(5)
109.8(4)
125.2(5)
127.3(6)
124.3(7)
114.3(6)
178.5(6)
112.3(7)
102.5(7)
107.1(7)
107.2(7)
114.3(9)
130.3(11)
108.7(10)



C(42)-C(41)-C(43A) 107.7(10)
C(43B)-C(41)-C(43A) 33.6(9)

N(5)-C(41)-C(40)
C(42)-C(41)-C(40)
C(43B)-C(41)-C(40)
C(43A)-C(41)-C(40)
N(1)-C(18)-C(19)
C(17)-C(18)-C(19)
C(20)-C(19)-C(18)
C(20)-C(19)-C(35)
C(18)-C(19)-C(35)

99.1(7)

110.8(8)

88.8(12)
122.1(9)
110.4(8)
125.4(8)
106.3(10)
127.6(10)
126.1(9)

C(19)-C(20)-C(1)
C(19)-C(20)-C(21)
C(1)-C(20)-C(21)
C(20)-C(21)-C(22)
C(4)-C(23)-C(24)
C(5)-C(25)-C(26)
C(9)-C(27)-C(28)
C(10)-C(29)-C(30)
C(14)-C(31)-C(32)
C(15)-C(33)-C(34)

107.5(7)
129.3(8)
123.3(5)
112.2(5)
111.3(5)
113.1(6)
114.3(6)
113.0(5)
113.8(4)
114.4(5)
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The Ru—C(O) and C-O bond lengths are 1.816(6) and 1.167(7) A, respectively,
and the Ru-C-O bond angle is 178.5(6)°. These data are similar to those determined for
other structurally characterized (OEP)Ru(CO)—containing complexes (Table 4.3).**
The Ru-N(por) bond lengths lie in the range 2.051(9)-2.069(10) A, and the Ru atom is
displaced by 0.11 A from the 24—-atom mean porphyrin plane toward the nt—-acid CO
ligand. The porphyrin macrocycle exhibits a dome distortion. The most chemically
interesting feature of the structure of (OEP)Ru(CO)(DMPO) is that the nitrone ligand is
bound to the Rul! center in a n'-O fashion. The axial Ru-O(nitrone) distance is 2.214(4)
A and lies within the 2.123(9)-2.348(3) A range observed for other non-nitrosyl Rull
porphyrins with O—donor ligands.******* The nitrone O-N and N=C bond lengths are
1.299(6) A and 1.312(9) A, respectively, and the Ru~O-N bond angle is 122.2(3)°. To
the best of my knowledge, the crystal structure of DMPO has not been reported.
However, the metrical parameters of the DMPO moiety in (OEP)Ru(CO)(DMPO) are
suggestive of a dominant contribution of the R2C=N*(R)-O" resonance form (Figure 4.1,
top left) for this ligand. For example, the nitrone N-C(38) bond length of 1.312(9) Ais
significantly shorter than the nitrone N-C(41) bond length of 1.486(9) A, implying
double-bond character to this N-C(38) unit.

The molecular structure of (OEP)Os(CO)(DMPO) was also obtained (Figure
4.7). Bond lengths and angles are listed in Tables 4.4 and 4.5. Unlike the X-ray crystal
structure of (OEP)Ru(CO)(DMPO), the overall data quality for the molecular structure of
(OEP)Os(CO)(DMPO) was limited due to the poor quality crystals resulting from the
presence of minor twin component. Furthermore, the axial nitrone group is highly
disordered and is indicated by its high thermal motion.

The Os-C(0) and C-O bond lengths are 1.836(19) and 1.24(3) A, respectively,
and the Os-C-O bond angle is 175.1(18)°. Prior to this work, to the best of my
knowledge, only seven other solid-state structures of the (por)Os(CO)-containing

complexes were reported,****'** and their selected structural parameters are shown in
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Table 4.3. Selected Structural Data for (OEP)Ru(CO)-Containing Complexes

Compound Ru-C(0) (A) | C-O(A) |Ru-C-O(°) | refs
(OEP)Ru(CO)(H;0) 1.785(4) 1.150(4) |178.53) |7
(OEP)Ru(CO)(Et;NNO) 1.788(9) 1.181(10) | 177.0(7) | =
(OEP)Ru(CO)(TEMPO) ° 1.798(5) 1.150(5) |178.6 »
(OEP)Ru(CO)(1-MeIm) 1.829(5) L156(5) |177.34) | *
(OEP)Ru(CO)(n!-por*)® 1.801(6) 1.165(7) | 179.7(6) 3
(OEP)Ru(CO)-Ceg 1.798 ¢ 1.144¢ [ 179.7¢ 2
(OEP)Ru(CO)DMPO) 1.816(6) 1.167(7) |178.5(6) | this work

* TEMPO = 2,2,6,6-tetramethylpiperidine-1-oxyl.
® por* = 5-pyridyl-10,15,20-triphenylporphyrinato dianion.
¢ Data obtained from the Cambridge Structural Database.
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(b)

Figure 4.7. (a) Molecular structure of (OEP)Os(CO)(DMPO). (b) View
of the orientation of the nitrone ligand relative to the porphyrin skeleton.
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Table 4.4. Bond lengths (A) for (OEP)Os(CO)(DMPO)

Os(1)-C(37)
Os(1)-N(1)
Os(1)-N(2)
Os(1)-N(3)
Os(1)-N(4)
Os(1)-0(1)
N(1)-C(4)
N(1)-C(1)
N(2)-C(6)
N(2)-C(9)
C(1)-C(20)
C(1)-C(2)
C(2)-C(3)
C(2)-C(21)
C@3)-C(4)
C(3)-C(23)
C4)-Ci5)
C(5)-C(6)
C(6)-C(M
C(M-C®)
C(7)-C(25)
C(8)-C(9)
C(8)-C(27)
C(9)-C(10)

1.836(19)
1.993(17)
2.026(13)
2.077(11)
2.103(18)
2.141(14)
1.35(3)
1.442)
1.412)
1.455(19)
1.38(2)
1.47(3)
1.43(2)
1.46(2)
1.41(2)
1.50(2)
1.442)
1.43(2)
1.42(2)
1.31(2)
1.51(2)
1.45(2)
1.54(2)
1.35(3)
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C(10)-C(11)
C(21)-C(22)
C(23)-C(24)
C(25)-C(26)
C(27)-C(28)
C(37)-0(2)

N(3)-C(11)

N(3)-C(14)

N(4)-C(19)

N(4)-C(16)

C(11)-C(12)
C(12)-C(13)
C(12)-C(29)
C(13)-C(14)
C(13)-C(31)
C(14)-C(15)
C(15)-C(16)
C(16)-C(17)
C(17)-C(18)
C(17)-C(33)
C(18)-C(19)
C(18)-C(35)
C(19)-C(20)
C(29)-C(30)

1.44(2)
1.54(3)
1.57(2)
1.45(3)
1.45(3)
1.24(3)
1.333(18)
1.37(2)
1.26(3)
1.34(2)
1.41(2)
1.32(3)
1.53(2)
1.50(3)
1.52(2)
1.29(2)
1.419(15)
1.446(18)
1.40(3)
1.46(3)
1.48(3)
1.50(3)
1.36(3)
1.57(3)



C@31)-C(32) 1.53(3) C(40)-C(41) 1.508(17)
C(33)-C(34) 1.54(3) C(41)-N(5) 1.457(15)
C(35)-C(36) 1.56(3) C(41)-C(42) 1.541(14)
C(38)-N(5) 1.340(16) C(41)-C(43) 1.54(2)
C(38)-C(39) 1.502(17) O(1)-N(5) 1.30(2)
C(39)-C(40) 1.509(18)

Table 4.5. Bond angles (°) for (OEP)Os(CO)(DMPO)

C(37)-Os(1)-N(1) 96.1(7) C(4)-N(1)-C(1) 102.1(15)
C(37)-0s(1)-N(2) 90.0(7) C(4)-N(1)-Os(1)  132.9(12)
N(1)-Os(1)-N(2) 87.8(6) C(1)-N(1)-Os(1)  125.0(12)
C(37)-0s(1)-N(3) 88.8(6) C(6)-N(2)-C(9) 101.6(12)
N(1)-Os(1)-N(3) 174.8(5) C(6)-N(2)-Os(1) 131.4(11)
N(2)-Os(1)-N(3) 90.3(4) C(9)-N(2)-Os(1)  127.0(10)
C(37)-Os(1)-N@4) 93.9(6) C(20)-C(1)-N(1)  126.1(16)
N(1)-Os(1)-N(4) 90.4(5) C(20)-C(1)-C(2) 123.1(15)
N(2)-Os(1)-N(4) 175.8(5) N(1)-C(1)-C(2) 110.8(16)
N(3)-Os(1)-N(4) 91.2(6) C(3)-C(2)-C(21) 126.4(16)
C(37)-0s(1)-0(1) 175.9(7) C(3)-C(2)-C(1) 105.5(15)
N(1)-Os(1)-O(1) 82.8(4) C(Q21)-C(2)-C(1) 128.0(16)
N(2)-Os(1)-0(1) 86.1(4) C4)-C(3)-C(2) 104.3(15)
N(3)-Os(1)-0(1) 92.2(5) C@4)-C(3)-C(23) 126.5(16)
N(4)-Os(1)-0(1) 90.0(6) C(2)-C(3)-C(23)  129.2(15)
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N(1)-C(4)-C(3)
N(1)-C4)-C(5)
C@3)-C4)-C(5)
C(6)-C(5)-C(4)
N(2)-C(6)-C(5)
N(2)-C(6)-C(7)
C(5)-C(6)-C(7)
C(8)-C(7)-C(6)
C(8)-C(7)-C(25)
C(6)-C(7)-C(25)
C(7)-C(8)-C(9)
C(7)-C(8)-C(27)
C(9)-C(8)-C(27)
C(10)-C(9)-N(2)
C(10)-C(9)-C(8)
N(2)-C(9)-C(8)
C(9)-C(10)-C(11)
C(2)-C(21)-C(22)
C(3)-C(23)-C(24)
C(26)-C(25)-C(7)
C(28)-C(27)-C(8)
0(2)-C(37)-0s(1)
C(11)-N(3)-C(14)
C(11)-N(3)-Os(1)
C(14)-N(3)-Os(1)
C(19)-N(4)-C(16)

117.3(16)
119.9(15)
122.9(17)
129.8(16)
117.7(15)
113.2(16)
128.5(17)
106.7(16)
130.8(16)
122.4(17)
110.3(13)
129.6(16)
120.0(14)
122.1(14)
129.9(14)
107.9(12)
129.1(14)
113.6(15)
109.5(16)
113.9(16)
113.6(17)
175.1(18)
111.2(14)
126.6(10)
122.2(12)

116.0(17)
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C(19)-N(4)-Os(1)
C(16)-N(4)-Os(1)
N(3)-C(11)-C(12)
N(3)-C(11)-C(10)
C(12)-C(11)-C(10)
C(13)-C(12)-C(11)
C(13)-C(12)-C(29)
C(11)-C(12)-C(29)
C(12)-C(13)-C(14)
C(12)-C(13)-C(31)
C(14)-C(13)-C(31)
C(15)-C(14)-N(3)
C(15)-C(14)-C(13)
N(3)-C(14)-C(13)
C(14)-C(15)-C(16)
N(4)-C(16)-C(15)
N(4)-C(16)-C(17)
C(15)-C(16)-C(17)
C(18)-C(17)-C(16)
C(18)-C(17)-C(33)
C(16)-C(17)-C(33)
C(17)-C(18)-C(19)
C(17)-C(18)-C(35)
C(19)-C(18)-C(35)
N(4)-C(19)-C(20)
N(4)-C(19)-C(18)

122.5(16)
121.3(12)
108.9(13)
124.8(12)
126.2(13)
107.9(15)
126.9(17)
124.5(15)
108.1(15)
128.7(16)
123.1(15)
131.2(19)
125.3(16)
103.5(15)
124.3(13)
129.7(12)
105.9(12)
124.4(11)
105.4(14)
128.7(16)
125.9(15)
106.6(16)
123.4(18)
130(2)

134(2)

105.7(19)



C(20)-C(19)-C(18)
C(19)-C(20)-C(1)

C(12)-C(29)-C(30)
C(13)-C(31)-C(32)
C(17)-C(33)-C(34)
C(18)-C(35)-C(36)
N(5)-C(38)-C(39)

C(38)-C(39)-C(40)
C(41)-C(40)-C(39)
N(5)-C(41)-C(40)

120.1(18)
121.9(14)
115.3(15)
111.3(17)
112.2(18)
113.6(18)
111.6(16)
100.0(15)
111.4(17)
100.0(14)

N(5)-C(41)-C(42)
C(40)-C(41)-C(42)
N(5)-C(41)-C(43)
C(40)-C(41)-C(43)
C(42)-C(41)-C(43)
N(5)-0(1)-Os(1)
O(1)-N(5)-C(38)
O(1)-N(5)-C(41)
C(38)-N(5)-C(41)

116(2)
136(2)
118.7(17)
98(2)
85(3)
123.2(12)
119.8(14)
125.8(14)
114.1(15)
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Table 4.6. Selected Structural Data for (por)Os(CO)-Containing Complexes

1€1

Compound Os-N(por) (A) | 0s-C(0)(A) | C-O(A) 0s-C-0(°) |refs
(OEPMe;)Os(CO)(py) 2.067 av. 1.828(5) L151(7) 178.9(14) “
(TTP)Os(CO)(Et;NNO) 2.055 av. 1.818(11) 1.140(12) | 177.9(10) %
(TTP)Os(CO)(PhNO) 2.077 av. 1.93(2) 1.144(5) 175(4) °
(TPP)Os(CO)(py) 2.062 av. 1.817(9) 1.190(9) 178.3(7) “
(TPP)Os(CO)(1-Melm) 2.052 av. 1.846(9) 1.150(10) | 176.8(9) 9
(OEP)Os(CO)(1-Mclm) 2.060 av. 1.817(13) L171313) | 177.009) »
(dpp)Os(CO)(py) * 2.050 av.’ 1.840° 1.184° 162.9* “
(OEP)Os(CO)(DMPO) 2.050 av. 1.836(19) 1.24(3) 175.1(18) this work

* dpp =2,3,5,7,8,10,12,13,15,17,18,20-dodecaphenylporphyrinato dianion.
® Data obtained from the Cambridge Structural Database.




Table 4.6. The average Os-N(por) bond length is 2.050 A, which is within the
2.050-2.077 A range observed for other structurally characterized (por)Os(CO)-
containing complexes.

Although the nature of disorder of the axial nitrone group precludes a meaningful
comparison of bond lengths and angles of the nitrone DMPO ligand in the Os compound
with the related (OEP)Ru(CO)(DMPO) complex, the structure of (OEP)Os(CO)Y(DMPO)
clearly indicates that the nitrone ligand is bound to the Os! center in a '-O fashion. The
axial Os—O(nitrone) and nitrone O-N bond lengths are 2.141(14) and 1.30(2) A,
respectively. The nitrone N=C and N-C distances are 1.340(16) and 1.457(15) A,
respectively. These values are also consistent with a dominant contribution of the
R>C=N*(R)-O" resonance form. The Os-O-N bond angle is 123.2(12)°.

Attempts to extend to other nitrones have not yet been successful. Nevertheless,
this work has formed the basis for future work in our lab on the metalloporphyrin-

induced reaction chemistry of nitrones.

Conclusion

In summary, the first metalloporphyrin nitrone complexes (OEP)M(CO)(DMPO)
(M = Ru, Os) have been prepared and fully characterized by elemental analyses, infrared
and 'H NMR spectroscopy, and by mass spectrometry. Importantly, a comparison of the
IR spectra of these compounds with those of (OEP)M(CO)(ONNEt;) (M = Ru, Os)
reveals that the nitrone DMPO and the nitrosamine EtaNNO ligands have a similar ligand
basicity in these compounds. The molecular structures of these complexes have also been
determined by single-crystal X-ray crystallography. The spectroscopic and
crystallographic results on these metalloporphyrin nitrone complexes show for the first
time that nitrones are suitable ligands for the metal centers in heme models, and that the

R,C=N*(R)-O" resonance contribution stabilizes the n'-O binding to the metal center.

Prior to this work, no structural information was available on how nitrones could interact
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with the metal centers in hemes. Hence, the study of the binding of nitrones to the

metal centers in synthetic metalloporphyrins could provide chemical insight on the nature

of the interactions of nitrones with hemes.
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Chapter 5. Synthesis, Characterization, and Solid-State Molecular
Structures of Bis- and Mono-Nitrosoarene

Complexes of Ruthenium Porphyrins’

Introduction

The binding of nitrosobenzene and related C-nitroso compounds (RNO; R =
alkyl, aryl) to the metal centers in heme biomolecules is a naturally-occurring
phenomenon, and evidence for RNO binding to the heme site has been established for
myoglobin,’ hemoglobin,> cytochrome P450,’ and guanylyl cyclase,* and other heme
biomolecules. For example, various amine—containing drugs can be metabolized by
cytochrome P450 to result in RNO formation and binding to the heme, and the tight
binding of the RNO group can inhibit the enzymatic activity. Furthermore, the formation
of the PhNO adduct of hemoglobin has been known to be associated with PhANO,
poisoning.’

As described in detail in Chapter 1, the formation of various nitrosoalkane and
nitrosoarene adducts of hemes has been observed from (i) the reaction of nitro
compounds with heme—containing biomolecules under reducing conditions and (ii) the
direct interaction of nitroso compounds with the metal centers in heme. The X-ray crystal
structure of the PANO adduct of leghemoglobin, namely (legHb)Fell-N(O)Ph, was
obtained.® Recently, Daniel Copeland of our research group was also able to observe that
when the ferric cytochrome P450 is reacted with primary and secondary aliphatic nitro
compounds (RNO»; R =Me, Et, propyl, i-Pr) in the presence of dithionite, the P450—
nitrosoalkane complexes are generated. He has also extended this to myoglobin.

There are nine main ways in which a C-nitroso compound may bind to metais.

° Reproduced in part with permission from "Synthesis and Solid-State Molecular Structures of Bis- and
Mono-Nitrosobenzene Complexes of Ruthenium Porphyrins.” Lee, J.; Twamley, B.; Richter-Addo, G. B.
Can. J. Chem. 2002, In press. Copyright 2002 National Research Council of Canada.
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All these binding modes have been confirmed by single—crystal X-ray crystallography,
and they are shown in Figure 5.1. The mode in which the C-nitroso compound binds
depends on a number of factors including the type, nature, and number of metal center(s)

and the type of "R" group in the RNO compounds (we have reviewed this area in ref. 7).

N-binding O-binding
Monometallic Bimetallic Monometallic
R R
O, R N—R N/
' A o N=N
| AN } [\
Q o]
M M M M \ /
A c p M
N,O-binding
Monometallic Bimetallic Tetrametallic
R
R
R R R N/
Q-
o—N ,L o—n" o—nN" / N
\/ w1 u /[~ \ ;o\ M / \M
M ~o- M M M M M "
E F G H 1

Figure 5.1. Binding modes in metal-RNO complexes established by single-
crystal X-ray crystallography.

Although fifteen structurally characterized C-nitroso complexes of metalloporphyrins are
known for Fe,*'° Mn,"' Ru,'* Os,"” and Co' (see Table 1.3 in Chapter 1), structural
information on the binding of C-nitroso compounds to metals (shown in Figure 5.1) has
so far been mostly obtained as a result of work with non—porphyrin compounds.’
Furthermore, very little information is currently available on the nature of the interaction
between C-nitroso compounds and the metal centers in heme. Hence, further structural
studies on synthetic C-nitroso complexes of metalloporphyrins are needed to better

understand the nature of the binding of C-nitroso compounds to heme centers.
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Our research group has indeed been interested, over the last few years, in
determining the binding modes of nitrosoarene (ArNO) to the Group 8 metalloporphyrins
as synthetic heme models. For example, our research group showed that nitrosobenzene
(PhNO) binds to ferrous d® porphyrin in an N-binding mode, whereas p—diethylamino-
substituted nitrosobenzene (p—-ONCgH4NEt;) binds to ferric d3 porphyrin in an O-
binding mode.’ Our group was particularly interested in RNO binding to Ru(ll)
porphyrins, since the latter species can serve as good models for low—spin d6 systems
similar to low—spin ferrous heme.

In this chapter, the syntheses and characterization of various bis- and
mono-nitrosoarene complexes of ruthenium porphyrins will be discussed. The first
examples of metalloporphyrin nitrosoanisole complexes will also be introduced. Our
research group recently showed that the p—aminosubstituted nitrosobenzenes could also
bind to d® metal centers in metalloporphyrins via the N-bining mode,"” although they are
bound to the d3 metalloporphyrins in a n!-O fashion, presumably due to the contribution
of the dipolar resonance form. Our research group was thus interested in determining
whether this reaction chemistry and O-binding mode could be extended to nitrosoanisole

compounds in which the dipolar resonance forms are also possible (Figure 5.2).

(@) o/)“@-"d -— = : N (R = Me, EY)
R R

(b) O/,N—Q—O\ e _O,N=< . ;=6\ LY
R R

Figure 5.2. Two examples of the C-nitroso compounds in which the
dipolar resonance forms are possible. (a) p-aminosubstituted nitroso-
benzenes and (b) nitrosoanisoles.
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The single—crystal X~ray structures of these bis— and mono-nitrosoarene compounds will
also be reported. Although the crystal structures of the mono-nitrosoarene complexes of
the form (por)M(ArNO)L were known for Fe,' no structural information was available
on the mono-nitrosoarene complexes of ruthenium porphyrins prior to this work.
Furthermore, only one crystal structure of a bis—nitrosoarene complex of ruthenium
porphyrin has been reported.”* Importantly, the effect of the axial pyridine or 1-MeIm
ligand on the orientation of the rrans ArNO ligand will also be discussed. Finally, the IR
and 'H NMR spectral data for these bis— and mono-nitrosoarene compounds will also be
analyzed as a function of porphyrin macrocycle, axial ligand, and nature of substituent in

ArNO.

Experimental Section

All reactions were performed under an atmosphere of prepurified nitrogen using
standard Schlenk glassware and/or in an Innovative Technology Labmaster 100 Dry Box.
Solutions for spectral studies were also prepared under a nitrogen atmosphere. Solvents
were distilled from appropriate drying agents under nitrogen just prior to use: CH.Cl,
(CaHa), hexane (CaH,), toluene (Na).

Chemicals. (TPP)Ru(CO) and (TTP)Ru(CO) were prepared by published
procedures.'* PhNO (97%), 0~toINO (97%), anhydrous pyridine (99.8%), and i—methyl-
imidazole (1-Melm, 99+%) were purchased from Aldrich Chemical Co. and used as
received. 4-Nitrosoanisole (p—~ONCgH4OMe) and 2,6-dimethyl—4—nitrosoanisole (p—
ONCgH2(Me),OMe) were prepared by literature methods.'* !SNOBF; was synthesized
by a published procedure'® using Na!SNO2 (99% isotopic purity, Isotec). Chloroform-d
(99.8%) was obtained from Cambridge Isotope Laboratories.

Instrumentation. Infrared spectra were recorded on a Bio—Rad FT-155 FTIR
spectrometer. Proton NMR spectra were obtained on Varian 400 MHz spectrometer and

the signals referenced to the residual signal of the solvent employed. All coupling
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constants are in Hz. FAB mass spectra were obtained on a VG-ZAB-E mass
spectrometer. UV-vis spectra were recorded on a Hewlett—-Packard model 8453 diode
array instrument. Wavelengths are reported with € values or as %-intensities for the
samples whose yields were too small for accurate concentration measurements.

Synthesis of p-O!NCgHsOMe. This !SN-labeled 4-nitrosoanisole was
synthesized by the direct nitrosation of anisole with !SNOBF, in acetonitrile (i.e., the
same procedure for the preparation of p~O!4NCgH;OMe)."* The 'H NMR spectrum of
p—-OSNCgHsOMe was identical to that of p—O14NCgHsOMe. IR (KBr, cm!): 1600 s,
1583 m, 1504 s, 1463 w, 1444 m, 1406 s, 1331 w, 1296 w, 1268 vs, 1190 m, 1112 vs,
1024 s, 840 vs, 756 m.

Preparation of (por)Ru(ArNO); compounds (por = TPP, TTP; ArNO =
PhNO, 0-toINO, N(O)C¢HsOMe-p, N(O)CgH2(Me)20OMe-p). These compounds were
prepared from the reaction of (por)Ru(CO) with the corresponding excess nitrosoarene
compounds. The following reaction is representative:

(TPP)Ru(CO) (0.100 g, 0.135 mmol) and excess PhNO (0.040 g, 0.362 mmol)
were dissolved in CH,Cl; (20 mL). The reaction mixture was stirred at room temperature
for 30 min, during which time it turned from red to brown. The solvent was removed in
vacuo. The residue was redissolved in CH>Cl» (10 mL), and the product solution was
transferred to the top of a neutral alumina column (2 x 20 cm) and eluted with CH2Cl; in
air. The brown product was collected and dried in vacuo. The residue was dissolved in
CH,Cl, (10 mL). Slow evaporation of the solvent in air gave crystalline (TPP)Ru-
(PhNO)» (0.086 g, 0.093 mmol, 69% isolated yield). IR (KBr, cm!): uyg = 1348 s
(overlapping with porphyrin band); also 3055 vw, 3024 vw, 1597 m, 1587 vw, 1529 w,
1487 w, 1454 w, 1441 w, 1306 m, 1208 w, 1177 w, 1157 vw, 1072 m, 1010 vs, 859 m,
833 w, 794 m, 754 s, 737 vw, 714 w, 702 s, 665 w, 528 vw. 'H NMR (CDCl): & 8.54 (s,
8H, pyrrole-H of TPP), 8.12 (m, 8H, o-H of TPP), 7.71 (m, 12H, m/p-H of TPP), 6.46
(br t, 2H, p—H of PhNO), 5.99 (br t, 4H, m-H of PhNO), 2.41 (brd, J = 6.8, 4H, o-H of
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PhNO). Low-resolution mass spectrum (FAB): m/z 851 [(TPP)Ru(NO)(PhNO)}* (26%).
821 [(TPP)Ru(PhNO)]* (19%), 714 [(TPP)Ru]* (100%). UV-vis spectrum (A (€, mM-!
cm-!), 5.18 x 106 M in CH,Cly): 307 (37), 411 (184), 525 (17) nm. A suitable crystal for
structure determination was grown by recrystallization of the compound from a
CH.Cly/hexane (1:10) mixture left for 1 week at =20 °C.

The other (por)Ru(ArNO); compounds were generated similarly, except for two
nitrosoanisole compounds. Two nitrosoanisole complexes (TTP)Ru(N(O)CgHsOMe-p)2
and (TTP)Ru(N(O)C¢Hz(Me)>OMe-p)> were synthesized in refluxing toluene (30 min
reaction time).

(TPP)Ru(0-t0INO);. 54% isolated yield. IR (KBr, cm'!): uyo = 1350 s (overla-
pping with porphyrin band); also 3055 vw, 3022 vw, 2956 vw, 2924 vw, 1597 m, 1529
w, 1482 w, 1440 w, 1307 m, 1278 w, 1207 w, 1176 w, 1157 w, 1071 m, 1010 vs, 879 m,
859 m, 794 m, 753 s, 715 m, 702 s, 663 w, 528 vw. 'H NMR (CDCl3): § 8.56 (s, 8H,
pyrrole-H of TPP), 8.05 (m, 8H, o-H of TPP), 7.70 (m, 12H, m/p—-H of TPP), 6.28 (br,
2H, p-H of 0-t0INO), 5.77 (br, 4H, m-H of 0-t0INO), 1.52 (br, 2H, o0-H of 0-toINO),
-1.23 (br, 6H, CH; of 0-tolNO). Low-resolution mass spectrum (FAB): m/z 835
[(TPP)Ru(o-toIlNO)}* (45%), 714 [(TPP)Ru]* (100%). A suitable crystal for structure
determination was grown by slow evaporation of CH2Cla/hexane (1:1) solution of the
compound at room temperature under inert atmosphere.

(TTP)Ru(PhNO);. 75% isolated yield. IR (KBr, cm-1): uno = 1346 s (overlapp-
ing with porphyrin band); also 3022 vw, 2921 vw, 1586 vw, 1529 w, 1454 w, 1305 m,
1212 w, 1181 m, 1108 w, 1072 m, 1010 vs, 858 m, 798 s, 766 m, 716 m, 691 m, 669 w,
643 vw, 524 m. 'H NMR (CDCl,): 6 8.54 (s, 8H, pyrrole-H of TTP), 7.99 (d, J = 8, 8H,
o-H of TTP), 7.50 (d, J = 8, 8H, m—H of TTP), 6.43 (br, 2H, p-H of PhNQ), 5.95 (br,
4H, m-H of PhNO), 2.67 (s,12H, CH3 of TTP), 2.38 (br, 4H, 0-H of PhNO). Low-
resolution mass spectrum (FAB): m/z 907 [(TTP)Ru(NO)(PhNO)]* (32%), 877 [(TTP)-
Ru(PhNO)J* (15%), 770 [(TTP)Ru]* (100%). UV-vis spectrum (A, CH,Cl,): 310 (18),
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413 (100), 525 (9) nm.

(TTP)Ru(o-toINO),. 71% isolated yield. IR (KBr, cm-!): uno = 1350 s (overla-
pping with porphyrin band); also 3022 vw, 2956 vw, 2921 vw, 1529 w, 1512 vw, 1480
vw, 1455 vw, 1306 m, 1278 vw, 1263 vw, 1212 w, 1181 m, 1115 w, 1107 w, 1071 m,
1011 vs, 880 m, 859 m, 798 s, 752 m, 719 m, 661 vw, 642 w, 525 m. 'H NMR (CDCls):
8 8.57 (s, 8H, pyrrole-H of TTP), 7.93 (d, J = 8, 8H, o-H of TTP), 7.49 (d, J = 8, 8H,
m-H of TTP), 6.25 (br, 2H, p-H of 0-toINO), 5.73 (br, 4H, m-H of 0-tolNO), 2.68
(s,12H, CH; of TTP), 1.53 (br, 2H, o-H of 0-t0INO), -1.26 (br, 6H, CH3 of 0-t0INO).
Low-resolution mass spectrum (FAB): m/z 891 [(TTP)Ru(o-t0INO)]* (24%), 770
[(TTP)Ru}* (100%). A suitable crystal for structure determination was grown by
recrystallization of the compound from a CH,Cla/hexane (1:2) mixture left for 3 weeks at
=20 °C.

(TTP)Ru(N(O)C¢HOMe-p);. 49% isolated yield. IR (KBr, cm-!): uno = 1348 s
(overlapping with porphyrin band); also 3020 vw, 2922 vw, 2836 vw, 1595 s, 1584 s,
1528 w, 1497 m, 1461 w, 1439 w, 1425 w, 1329 m, 1304 m, 1257 vs, 1212 w, 1180 m,
1134 s, 1109 m, 1070 m, 1031 m, 1009 vs, 866 m, 833 m, 797 s, 777 w, 716 m, 671 vw,
645 vw, 613 m, 525 m. 'H NMR (CDCl): 3 8.52 (s, 8H, pyrrole-H of TTP), 8.01 (d,J =
8, 8H, o-H of TTP), 7.50 (d, J = 8, 8H, m-H of TTP), 5.43 (br, 4H, m-H of N(O)-
CeH;0Me-p), 3.35 (brs, 6H, CH;0 of N(O)C¢H;OMe-p), 2.67 (s,12H, CH; of TTP),
2.56 (br, 4H, o-H of N(O)C¢H;0Me-p). Low-resolution mass spectrum (FAB): m/z 907
[(TTP)Ru(N(O)CcH;0Me-p)]* (61%), 770 [(TTP)Ru]* (100%).

(TTP)Ru(IN(O)C¢H40Me-p)3. IR (KBr, cm!): uno = 1318 s.

(TTP)Ru(N(O)CeH2(Me)20Me-p)2. 52% isolated yield. IR (KBr, cm-!): ung =
1346 s (overlapping with porphyrin band); also 3022 vw, 2962 w, 2922 w, 2863 vw,
1587 w, 1549 vw, 1528 w, 1474 w, 1447 w, 1413 w, 1304 m, 1263 m, 1222 m, 1180 m,
1105 s, 1070 m, 1009 vs, 967 w, 873 vw, 798 vs, 753 vw, 715 m, 694 w, 526 m. 'H
NMR (CDCls): § 8.56 (s, 8H, pyrrole-H of TTP), 7.99 (d, J = 8, 8H. 0-H of TTP), 7.50
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(d, J = 8, 8H, m-H of TTP), 3.21 (br s, 6H, CH30 of N(O)CsH2(Me),OMe-p), 2.67
(s,12H, CH; of TTP), 2.09 (br s, 4H, 0-H of N(O)CeH2(Me)2OMe-p), 1.45 (br s, 12H,
CH;3 of N(O)Cg¢H2(Me);OMe-p). Low-resolution mass spectrum (FAB): m/z 935
[(TTP)Ru(N(O)CsH2(Me)OMe-p)I* (31%), 770 [(TTP)Ru]* (100%). A suitable crystal
for structure determination was grown by recrystallization of the compound from a
CHa:Clay/hexane solution (1:10) left for 3 days at -20 °C.

Preparation of (por)Ru(PhNO)(py) compounds (por = TPP, TTP). These
compounds were prepared from the reaction of the precursor (por)Ru(PhNO); with 2
equiv of pyridine. The following reaction is representative:

To a CHxCl; (10 mL) solution of (TPP)Ru(PhNO), (0.020 g, 0.021 mmol) was
added 2 equiv of pyridine. This mixture was stirred at room temperature for 30 min,
during which time it turned from brown to red-purple. The solvent was removed in
vacuo. A 'H NMR spectrum of the residue in CDCI3; showed the quantitative formation
of (TPP)Ru(PhNO)(py), together with the presence of some unreacted pyridine.
Spectroscopically pure (TPP)Ru(PhNO)(py) was obtained in 71% yield by
recrystallization of the residue from a CH2Cly/hexane solution (1:3) at -20 °C. IR (KBr,
cm'!): Uno = 1328 s; also 3075 vw, 3052 w, 3023 w, 1598 m, 1529 w, 1485 w, 1442 m,
1346 m sh, 1308 m sh, 1217 w, 1177 w, 1155 w, 1071 m, 1008 vs, 888 vw, 833 vw, 793
m, 753 s, 714 w, 700 s, 664 w, 527 w. 'H NMR (CDCls): § 8.42 (s, 8H, pyrrole-H of
TPP), 8.05 (m, 8H, o-H of TPP), 7.65 (m, 12H, m/p—H of TPP), 6.40 (tt, J = 7.2/0.8, 1H,
p-H of PhNO), 6.09 (tt, J = 7.6/1.6, 1H, p-H of pyridine), 5.96 (m, 2H, m-H of PhNO),
5.24 (m, 2H, m-H of pyridine), 2.55 (m, 2H, o-H of PhNO), 1.76 (m, 2H, o-H of
pyridine). Low-resolution mass spectrum (FAB): m/z 900 [(TPP)Ru(PhNO)(py)1* (7%),
851 [(TPP)Ru(NO)(PhNO)]* (proposed; 24%), 821 [(TPP)Ru(PhNO)]* (40%), 793
[(TPP)Ru(py)]* (9%), 714 [(TPP)Ru]* (100%). UV-vis spectrum (A (¢, mM-! cm!), 3.30
x 106 M in CH>Cly): 308 (34), 411 (230), 533 (18) nm. Suitable crystals for X-ray
crystallography were grown from a CH;Cl/hexane solution (1:3) left for 1 week at
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=20 °C.

The (TTP)Ru(PhNO)(py) compound was generated similarly.

(TTP)Ru(PhNO)(py). 67% isolated yield. IR (KBr, cm!): uvng = 1332 s; also
3077 vw, 3023 vw, 2955 vw, 2920 vw, 1602 w, 1528 m, 1510 w, 1487 w, 1445 m, 1400
vw, 1347 m, 1306 m, 1262 w, 1212 w, 1181 m, 1153 w, 1108 m, 1069 m, 1037 vw, 1007
vs, 886 w, 847 vw, 800 s, 764 w, 754 w, 715 m, 691 m, 665 vw, 644 vw, 523 m. 'H
NMR (CDCl3): 88.42 (s, 8H, pyrrole-H of TTP), 7.94 (dd, J = 7.6/1.6, 4H, o-H of
TTP), 7.90 (dd, J = 7.6/1.6, 4H, o-H of TTP), 7.48 (br d, J = 7.6, 4H, m-H of TTP),
7.43 (brd, J=7.6,4H, m-H of TTP), 6.36 (tt, J = 7.2/0.8, 1H, p—H of PhNO), 6.07 (t&t, J
= 7.6/1.6, 1H, p-H of pyridine), 5.93 (m, 2H, m-H of PhNO), 5.22 (m, 2H, m-H of
pyridine), 2.65 (s,12H, CH3 of TTP), 2.52 (m, 2H, o-H of PhNO), 1.74 (m, 2H, o-H of
pyridine). Low-resolution mass spectrum (FAB): m/z 907 [(TTP)Ru(NO)(PhNO)}*
(proposed; 46%), 770 {(TTP)Ru]* (100%). UV-vis spectrum (A, CH2Cl»): 310 (10), 413
(100), 533 (5) nm. Suitable crystals for X-ray crystallography were grown from a
CH-Cla/hexane solution (1:5) left for 2 weeks at -20 °C.

Preparation of (por)Ru(ArNO)(1-Melm) compounds (por = TPP, TTP;
ArNO = PhNO, o0-toINO, N(O)C¢HsOMe-p, N(O)CeHy(Me)20Me-p). These
compounds were prepared from the reaction of the precursor (por)Ru(ArNO), with 2
equiv of 1-Melm. The following reaction is representative:

To a CH,Cl> (10 mL) solution of (TPP)Ru(PhNO); (0.020 g, 0.021 mmol) was
added 2 equiv of 1-Melm. This mixture was stirred at room temperature for 30 min,
during which time it turned from brown to red-purple. The solvent was removed in
vacuo. A 'H NMR spectrum of the residue in CDCl3; showed the quantitative formation
of (TPP)Ru(PhNO)(1-Melm), together with the presence of some unreacted 1-Melm.
Spectroscopically pure (TPP)Ru(PhNO)(1-MeIm) was obtained in 80% yield by
recrystallization of the residue from a CH,;Cly/hexane solution (1:3) at -20 °C. IR (KBr,
cm-l): Uno = 1322 s; also 3127 vw, 3052 w, 3022 w, 1596 m, 1529 m, 1482 w, 1440 m,
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1348 m, 1303 m sh, 1237 w, 1207 w, 1177 w, 1157 w, 1109 w, 1072 m, 1008 vs, 949 vw,
924 vw, 888 vw, 833 vw, 815 vw, 793 m, 752 s, 701 s, 665 w, 615 w, 527 w. 'TH NMR
(CDCls): 8 8.37 (s, 8H, pyrrole-H of TPP), 8.05 (m, 8H, o-H of TPP), 7.64 (m, 12H,
m/p-H of TPP), 6.39 (tt, J = 7.2/1.2, 1H, p—H of PhNO), 5.96 (m, 2H, m-H of PhNO),
4.74 (dd (apparent t), J = 1.2/1.2, 1H of 1-Melm), 2.64 (m, 2H, o-H of PhNO), 2.18 (s,
3H, CH; of 1-Melm), 1.58 (br dd (apparent br t), 1H of 1-MelIm), 1.22 (dd (apparent t), J
=1.2/1.2, 1H of 1-Melm). Low-resolution mass spectrum (FAB): m/z 903 [(TPP)-
Ru(PhNO)(1-MeIm)}* (18%), 822 [(TPP)Ru(PhNO) + H}* (19%), 796 [(TPP)Ru(l-
Melm)]* (51%), 714 [(TPP)Ru}* (100%). UV-vis spectrum (A (¢, mM-!cm!), 3.19 x
106 M in CH,Cl»): 307 (42), 413 (257), 533 (24) nm. Suitable crystals for X-ray
crystallography were grown from a CH;Cly/hexane solution (1:3) left for 2 weeks at
-20 °C.

The other (por)Ru(ArNO)(1-Melm) compounds were generated similarly.

(TPP)Ru(o-toINO)(1-Melm). 50% isolated yield. IR (KBr, cm'!): uyo = 1320 s,
1311 s; also 3127 vw, 3054 w, 3022 w, 2954 w, 2920 w, 1597 m, 1530 m, 1488 w, 1440
m, 1348 m, 1334 m, 1236 w, 1206 w, 1175 w, 1156 vw, 1108 w, 1090 w, 1070 m, 1007
vs, 948 w, 906 w, 834 vw, 818 vw, 793 m, 754 s, 714 w, 702 m, 665 w, 615 w, 529 w. 'H
NMR (CDCls): & 8.37 (s, 8H, pyrrole-H of TPP), 8.01 (m, 8H, o-H of TPP), 7.63 (m,
12H, m/p-H of TPP), 6.26 (ddd (apparent td), J = 7.6/7.6/1.2, 1H, p—H of 0-t0INO), 5.81
(brd, J = 7.6, 1H, m-H of 0-toIlNO), 5.74 (br dd (apparent br t), J = 7.6/7.6, 1H, m'-H of
0-toINO), 4.71 (dd (apparent t), J = 1.2/1.2, 1H of 1-Melm), 2.17 (s, 3H, CH3 of
1-Melm), 2.08 (dd, J = 7.6/1.2, 1H, o0-H of 0-t0INO), 1.50 (br dd (apparent br t), 1H of
1-Melm), 1.14 (dd (apparent t), J = 1.2/1.2, 1H of 1-Melm), -0.99 (s, 3H, CH3 of
o-t0INO). Low-resolution mass spectrum (FAB): m/z 917 [(TPP)Ru(o—-toINO)(1-
Melm)]* (17%), 835 [(TPP)Ru(o-toINO)]* (20%), 796 [(TPP)Ru(1-Melm)]* (39%), 714
[(TPP)Ru]* (100%). Suitable crystals for X-ray crystallography were grown from a

toluene/hexane solution (5:1) left for 1 week at-20 °C.
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(TTP)Ru(PhNO)(1-Melm). 57% isolated yield. IR (KBr, cm-!): uno = 1321 s;
also 3127 vw, 3020 w, 2953 vw, 2921 w, 2869 vw, 1530 m, 1506 w, 1449 w, 1348 m,
1287 w, 1237 w, 1212 w, 1181 m, 1108 m, 1092 w, 1071 m, 1007 vs, 947 vw, 886 w,
847 vw, 798 s, 764 w, 716 m, 694 m, 667 vw, 644 vw, 524 m. 'H NMR (CDCl;): 4 8.38
(s, 8H, pyrrole-H of TTP), 7.95 (dd, J = 7.6/1.6, 4H, o-H of TTP), 7.89 (dd, J = 7.6/1.6,
4H, o'-H of TTP), 7.47 (brd, J= 7.6, 4H, m-H of TTP), 742 (brd, J = 7.6, 4H, m'-H
of TTP), 6.36 (brt, J = 8, 1H, p—H of PhNO), 5.93 (br ¢, J = 8, 2H, m-H of PhNO), 4.71
(br dd (apparent br t), 1H of 1-Melm), 2.65 (s,12H, CH3 of TTP), 2.62 (br d, J = 8, 2H,
o-H of PhNO), 2.16 (s, 3H, CH; of 1-MeIm), 1.56 (br, 1H of 1-Melm), 1.20 (br dd
(apparent brt), 1H of 1-Melm). Low-resolution mass spectrum (FAB): m/z 959
[(TTP)Ru(PhNO)(1-Melm)]* (23%), 877 [(TTP)Ru(PhNO)}* (20%), 852 [(TTP)Ru(l-
Melm)]* (48%), 770 [(TTP)Rul* (100%). UV-vis spectrum (A, CH»Cl,): 310 (8), 414
(100), 533 (4) nm. Suitable crystals for X-ray crystallography were grown from a
CH,Cl>/hexane solution (1:5) left overnight at -20 °C.

(TTP)Ru(o-toINO)(1-Melm). 58% isolated yield. IR (KBr, cm-!): uno = 1311's
; also 3127 vw, 3021 w, 2954 vw, 2921 w, 2867 vw, 1529 m, 1514 w, 1479 w, 1442 w,
1347 m, 1284 w sh, 1237 w, 1211 w, 1181 w, 1108 m, 1072 m, 1008 vs, 947 vw, 906 w,
797 s, 755 w, 718 m, 672 vw, 658 w, 616 vw, 524 m. !H NMR (CDCl;): 3 8.38 (s, 8H,
pyrrole-H of TTP), 7.90 (dd (overlapping with o'-H of TTP), 4H, o-H of TTP), 7.87 (dd
(overlapping with o—-H of TTP), 4H, o-H of TTP), 7.45 (brd, J = 7.6, 4H, m-H of TTP),
7.41 (brd, J= 7.6, 4H, m-H of TTP), 6.23 (br ddd (apparent br td), J = 7.6/7.6/1.2, 1H,
p—H of 0-t0INO), 5.78 (br d, J = 7.6, 1H, m—H of 0-toINO), 5.71 (br dd (apparent brt), J
= 7.6/7.6, 1H, m'-H of 0-toINO), 4.68 (dd (apparent t), J = 1.6/1.6, 1H of 1-Melm), 2.64
(s,12H, CH; of TTP), 2.14 (s, 3H, CH; of 1-Melm), 2.05 (br dd, J = 7.6/1.2, 1H, o-H of
0-t0INO), 1.47 (br dd (apparent br t), 1H of 1-Melm), 1.11 (dd (apparent t), J = 1.6/1.6,
1H of 1-Melm), -1.01 (s, 3H, CH; of 0-10lNO). Low-resolution mass spectrum (FAB):
m/z 973 [(TTP)Ru(o-tolNO)(1-MeIm)]* (10%), 891 [(TTP)Ru(o-toINO)]* (26%), 852
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[(TTP)Ru(1-Melm)]* (45%), 770 [(TTP)Ru]* (100%). Suitable crystals for X-ray
crystallography were grown from a CH)Cly/hexane solution (1:3) left for 1 week at
=20 °C.

(TTP)Ru(N(O)C¢HsOMe-p)(1-Melm). 70% isolated yield. IR (KBr, cm-!):
uno = 1323 s, 1306 s; also 3127 vw, 3021 w, 2921 w, 1599 w, 1563 w, 1528 m, 1510 w,
1497 m,1460 w, 1441 w, 1348 m, 1246 s, 1212 w, 1182 m, 1156 w, 1108 m, 1072 m,
1034 w, 1008 vs, 947 vw, 903 w, 831 w, 797 s, 717 m, 671 w, 616 w, 524 w. 'H NMR
(CDCl,): 3 8.37 (s, 8H, pyrrole-H of TTP), 7.96 (dd, J = 7.6/2.0, 4H, o-H of TTP), 7.90
(dd, J=7.612.0, 4H, o-H of TTP), 7.47 (brd,J= 7.6, 4H, m-H of TTP), 7.42 (brd,J =
7.6, 4H, m'-H of TTP), 5.44 (m, 1H, m-H of N(O)C¢H;OMe-p), 4.70 (dd (apparent t), J
= 1.2/1.2, 1H of 1-Melm), 3.40 (s, 3H, CH30 of N(O)CcHsOMe-p), 2.67 (d (overlapping
with CH; of TTP), 2H, o-H of N(O)C¢H;OMe-p), 2.64 (s,12H, CH; of TTP), 2.15 (s,
3H, CH; of 1-Melm), 1.56 (br, 1H of 1-MelIm), 1.20 (dd (apparent t), J = 1.2/1.2, 1H of
1-Melm). Low-resolution mass spectrum (FAB): m/z 989 [(TTP)Ru(N(O)CsHsOMe-
p)(1-Melm)]* (11%), 907 [(TTP)Ru(N(O)CsHsOMe-p)I* (19%), 852 [(TTP)Ru(l-
Melm)]*+ (35%), 770 [(TTP)Ru]* (100%).

(TTP)Ru(*N(0)C¢HsOMe—p)(1-Melm). IR (KBr, cm-!): unyo = 1296 5, 1275 s.

(TTP)Ru(N(O)CsH2(Me)20Me-p)(1-Melm). 78% isolated yield. IR (KBr,
cm-1): vyo = 1321 s, 1309 s; also 3124 vw, 3019 vw, 2951 vw, 2920 w, 1530 m, 1469 w,
1453 w, 1347 m, 1286 w, 1214 m, 1181 m, 1127 w, 1109 m, 1091 w, 1072 m, 1007 vs,
947 vw, 885 vw, 848 vw, 799 s, 717 m, 615 vw, 524 m. 'H NMR (CDCl;):  8.38 (s, 8H,
pyrrole-H of TTP), 7.95 (dd, J = 7.6/2.0, 4H, o-H of TTP), 7.90 (dd, J = 7.6/2.0, 4H,
o-H of TTP), 7.47 (brd, J = 7.6, 4H, m-H of TTP), 7.42 (brd, J= 7.6, 4H, m'-H of
TTP), 4.71 (dd (apparent t), J = 1.2/1.2, 1H of 1-Melm), 3.27 (s, 3H, CH;0 of N(O)-
CsH2(Me)20Me-p), 2.65 (s,12H, CH3 of TTP), 2.22 (s, 2H, o-H of N(O)CeH2(Me),-
OMe-p), 2.16 (s, 3H, CH3 of 1-Melm), 1.59 (br, 1H of 1-Melm ), 1.45 (s, 6H, CH> of
N(O)CsHa2(Me),OMe-p), 1.23 (dd (apparent t), J=1.2/1.2, 1H of 1-Melm). Low-
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resolution mass spectrum (FAB): m/z 1017 [(TTP)Ru(N(O)CsH:(Me),OMe-p)(1-
MeIm)]* (14%), 935 [(TTP)Ru(N(O)CcHa(Me),OMe-p)I* (17%), 852 [(TTP)Ru(l1-
Melm)]* (37%), 770 [(TTP)Ru]* (100%). Suitable crystals for X-ray crystallography
were grown by slow evaporation of CH,Cly/hexane (1:1) solution of the compound at

room temperature under inert atmosphere.

Results and Discussion

Synthesis of Bis— and Mono-Nitrosoarene Complexes. James and coworkers
previously reported the synthesis of (OEP)Ru(PhNO)> from the reaction of (OEP)Ru-
(CO) with excess PhANO in CH,Cl,." Using similar methodology, our research group
recently synthesized and reported the related compound (OEP)Ru(N(O)C¢HsNMes-p),."

In this work, this synthetic methodology was also employed to prepare the
bis—nitrosoarene complexes of tetraarylporphyrin complexes of Ru. Thus, the reaction of
excess ArNO (ArNO = PhNO, o0-t0lNO, N(O)CcH4sOMe-p, N(O)CgHa(Me),OMe-p)
with the (por)Ru(CO) compounds (por = TPP, TTP) in CH2Cl; or refluxing toluene
generates the bis—nitrosoarene complexes (por)Ru(ArNO); in 49-75% isolated yields

(Scheme 5.1).

Scheme 5.1
8 o\\\N _ Ar
N
por = TPP, TTP Ar o

These brown bis—nitrosoarene complexes are moderately air-stable in solution

and can be stored in air in the solid state for several months without noticeable
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decomposition. They are soluble in CH2Cl» and toluene, but are insoluble in hexane.

In our group's previous work with the analogous osmium compounds, we showed
that when the (por)Os(CO) compounds (por = TTP, TMP, OEP) are reacted with 1 equiv
of PhNO in CH,Cl; at room temperature, the formation of the (por)Os(CO)(PhNO)
intermediates is observable by IR spectroscopy." In the case of (TPP)Ru(CO), however,
the (TPP)Ru(CO)(PhNO) intermediate was not observed under the same conditions,
suggestive of the fast conversion of (TPP)Ru(CO) to (TPP)Ru(PhNO);. James and
coworkers also reported a similar result from the reaction of (OEP)Ru(CO) with 1 equiv
of PANO."” Thus, they observed that the reaction of (OEP)Ru(CO) with 1 equiv of PhANO
at 20 °C results in a simple conversion of a half of (OEP)Ru(CO) to (OEP)Ru(PhNO),.
This implies that PhNO additions to (por)Ru(CO) to give the bis—nitrosobenzene
derivatives are faster than the analogous additions to (por)Os(CO). The reaction of
0-1t0lNO with (por)Ru(CO) also showed the fast conversion of the carbonyl compounds
to (por)Ru(o-t0INO),. However, when (TTP)Ru(CO) was reacted with 4-nitrosoanisole
in CH.Cl> at room temperature, the formation of the (TTP)Ru(CO)(N(O)CsHsOMe-
p) intermediate was observed by IR monitoring, indicative of the slow substitution of CO
by the second 4-nitrosoanisole. Thus, the IR spectrum of the reaction mixture in CH,;Cl,
shows a new band at 1967 cm-! assigned to the vco, which is 31 cm-! higher in energy
than that of the starting (TTP)Ru(CO) at 1936 cm-! in CH,Cl,. Indeed, this feature of an
increased vco indicates that 4-nitrosoanisole acts as a m-acid ligand toward the
(TTP)Ru(CO) fragment, resulting in decreased back-bonding of electron density into the
nt* orbitals of CO and raising vco. Our research group recently also reported that when
(OEP)Ru(CO) is reacted with p—~ONCgH4NMe; in CH,Cl; at room temperature, IR
monitoring reveals the formation of the intermediate (OEP)Ru(CO)(N(O)CsHsNMeo—
p). and that its Vco at 1932 cm-! is shifted by 11 cm-! to higher wavenumbers relative to
the vco of the starting (OEP)Ru(CO) at 1921 cm-1."* Unlike in the cases of PANO and
0-10INO, this slow substitution of CO by ArNO observed in the reaction of (por)Ru(CO)
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with p~-ONCgHsNMe: or nitrosoanisoles might be expected to be due to the presence of
the dipolar resonance form in these free nitrosoarene compounds (see Figure 5.2). Due to
the slow reaction of (TTP)Ru(CO) with nitrosoanisole compounds in CH,Cl» at room
temperature, two bis—nitrosoanisole complexes, namely (TTP)Ru(N(O)CsHsOMe-p)>
and (TTP)Ru(N(O)CcHa(Me);OMe-p), were synthesized under more vigorous
conditions (i.e., refluxing toluene).

Many heme—containing biomolecules contain histidine as the axial proximal
ligand. Thus, our research group was interested in synthesizing the axially-
unsymmetrical (por)Ru(ArNO)L (L = pyridine or 1-Melm) complexes to examine their
spectroscopic properties and to determine the effect of the axial pyridine or 1-Melm
ligand on the binding of ArNO in the (por)Ru(ArNO)L complexes.

The mono—nitrosoarene complexes containing the axial pyridine or 1-Melm
ligand, namely (por)Ru(PhNO)(py) (por = TPP, TTP) and (por)Ru(ArNO)(1-Melm)
(por = TPP, TTP; ArNO = PhNO, 0-t0lNO, N(O)CsHsOMe-p, N(O)CcH2(Me).OMe-p),
are readily prepared via substitution reactions. Thus, the reaction of (por)Ru(PhNO),
with ~2 equiv of pyridine or 1-Melm produces the corresponding mono—nitrosoarene
complexes in 67-71% (for pyridine complexes) and 50-80% (for 1-Melm complexes)
isolated yields, respectively, as shown in Scheme 5.2. The 'H NMR spectra of the crude
product mixtures in CDCl; (after 30 min reaction time in CH2Cl> at room temperature
followed by solvent removal in vacuo and redissolving the product in CDCl3) showed the
presence of the desired mono-nitrosoarene complexes and unreacted organic pyridine or
1-Melm as the only H~containing species. Despite the use of an excess of pyridine or
1-Melm in these reactions, the formation of the mono-nitrosoarene complexes as the
only Ru—containing products indicates that only one ArNO ligand in the (por)Ru(ArNO),
complexes is susceptible to substitution reaction under these reaction conditions. A
similar observation has been made by James and coworkers who reported that

(OEP)Ru(PhNO), reacts with 2 equiv of pyridine at room temperature to generate the
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Scheme 5.2
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mono—substituted product (OEP)Ru(PhNO)(py) within 10 min."” Interestingly, Dr. Li
Chen of our research group noted in her dissertation that when (OEP)Os(PhNO); was
reacted with pyridine at room temperature, no substitution of PANO by pyridine was
observed for several hours. Thus, I performed the reaction of (OEP)Os(PhNO), with
1-MeIlm at room temperature to examine substitution of PhANO by 1-Melm. When
(OEP)Os(PhNQ), was reacted with 2 equiv of 1-Melm in CH2Cl; at room temperature
for 1h, the 'H NMR spectrum of the reaction mixture in CDCl; showed the presence of a
1:4 mixture of (OEP)Os(PhNO)(1-Melm) and (OEP)Os(PhNO),. However, the reaction
in refluxing toluene resulted in the quantitative conversion of (OEP)Os(PhNO), to
(OEP)Os(PhNO)(1-Melm) within 1h.'

These red-purple mono-nitrosoarene complexes of Ru are moderately air-
stable, showing no signs of decomposition in air after 1 month in the solid state and at

least 8h in solution. As with their bis-nitrosoarene precursors, they are soluble in CH,Cl,
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and toluene, but are insoluble in hexane.

Spectroscopic Characterization. The IR spectra of the new (por)Ru(ArNO)»
complexes (as KBr pellets) show new bands in the 1346-1350 cm! range assigned to
the Uno of the coordinated ArNO groups. Employing p—O!SNC¢H;OMe (i.e., nitroso
I5N-labeled) in the reaction to produce (TTP)Ru(N(O)Cs¢HsOMe-p). results in the
UNno band at 1348 cm-! (overlapping with a porphyrin band) being shifted to lower
wavenumber (1318 cm-1; Aung = -30 cm!), consistent with the assignment of this band
to LNo (see Figure 5.3) The marked drop in vyo from free PANO at 1506 cm-! to
(TPP)Ru(PhNO)-> at 1348 cm-! is consistent with the view that the t* orbitals of the
PhNO ligands withdraw electron density from the "(TPP)Ru" fragment in the
(TPP)Ru(PhNO)> complex. Further evidence of the ArNO ligands behaving as n—-acids
in these complexes comes from the X-ray crystal structures of (por)Ru(ArNO), (see
later).

The IR spectra of the mono—-nitrosoarene complexes (as KBr pellets) also show
one or two new band(s) in the 1328-1332 cm-l range (for pyridine complexes) and
the 1306-1323 cm-! range (for 1-Melm complexes), respectively, assigned to vno.
Interestingly, the IR spectra (KBr) of three (por)Ru(ArNO)(1-Melm) complexes, namely
(TPP)Ru(o-t0INO)(1-Melm), (TTP)Ru(N(O)C¢HsOMe-p)(1-Melm), and (TTP)Ru-
(N(O)C¢Ha(Me)2OMe-p)(1-Melm), show split uyo bands with comparable intensity.
For example, the IR spectrum of (TPP)Ru(N(O)CcH4OMe-p)(1-Melm) shows two
strong bands at 1323 cm-! and 1306 cm-!. These two bands are both assigned as vno, and
this assignment for (TTP)Ru(N(O)CsHsOMe-p)(1-Melm) was confirmed by the analysis
of the IR spectrum of the p—O!SNCgHsOMe analogue (visng = 1296 and 1275 cm-!,
Avno = -27 and -31 cm!; see Figure 5.4). The presence of two bands may presumably
be due to the existence of the different conformations of (por)Ru(ArNO)(1-Melm) in
the solid state (see Figure 5.5)."” Indeed, the fact that the presence of two bands is

observed only for the mono-nitrosoarene complexes containing the unsymmetrical
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1-Melm ligand supports this assumption. The solid—state crystal structures of the

(por)Ru(ArNO)(1-Melm) complexes also show that both conformations are indeed

possible (see Figure 5.19).

\ N
7 N
RS,
/ N\
A B

Figure 5.5. Possible two conformations of (por)Ru(ArNO)(1-Melm)
in the solid state.

Comparison of the IR spectra of the bis-nitrosoarene complexes with those
of the mor.o-nitrosoarene complexes reveals that the vnos of the mono-nitrosoarene
complexes are shifted by ~20cm! to lower wavenumbers relative to the bis—
nitrosoarene precursors. This shifting of uno to lower wavenumbers is consistent with the
replacement of one of the n—acid ArNO ligands (in the bis—-nitrosoarene precursor) with
the more basic pyridine or 1-Melm ligand, which results in more Ru—N(O)Ar
back-donation in the mono-nitrosoarene complexes. Furthermore, the NO stretching
frequencies of (por)Ru(PhNO)(py) are slightly higher than those of (por)Ru(ArNO)(1-
Melm), reflecting the stronger electron—donating ability of the 1-Melm ligand to the
(por)Ru moiety relative to the pyridine ligand in the mono-nitrosoarene complexes.

The 'H NMR spectra of the (por)Ru(ArNO), complexes in CDCl; show, as
expected, peaks for both the porphyrin macrocycle and the ArNO ligands in these
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diamagnetic and formally d® Ru(Il) complexes. Furthermore, the 'H NMR spectra of the
p—-substituted tetraphenylporphyrin complexes, namely the (TTP)Ru(ArNO), compounds,
show only one set of o— and m-H peaks of the meso-aryl substituents on the porphyrin
rings, suggesting axial symmetry in these complexes or fast rotation of the porphyrin aryl
substituents on the NMR time scale. The !H NMR spectra (in CDCl;) of the mono—
nitrosoarene complexes also reveal, in addition to porphyrin signals, peaks due to both
the coordinated ArNO and pyridine or 1-Melm ligands. The chemical shifts of the prmle
protons of these bis— and mono-nitrosoarene complexes in the 'H NMR spectra (in
CDCl;) decrease slightly in the order (por)Ru(ArNO), (8.52-8.57 ppm) > (por)Ru-
(PhNO)(py) (8.42 ppm) > (por)Ru(ArNO)(1-Melm) (8.37-8.38 ppm), indicative of a
slight increase in electron—density of the porphyrin macrocycles in the mono-
nitrosoarene complexes relative to the bis-nitrosoarene complexes.’® This 'H NMR
feature is consistent with the IR spectroscopic results. Importantly, the 'H NMR spectra
of the p—substituted tetraphenyl compiexes, namely the (TTP)Ru(ArNO)(1-Melm)
compounds, reveal that the ortho-protons of the meso—aryl substituents on the porphyrin
rings are not equivalent, and the mera—protons are also non—equivalent, suggesting slow
rotation of the porphyrin aryl substituents. This is a common feature for p-substituted
tetraphenyl porphyrin complexes of the form (por)M(X)(Y) containing different ligands
on each face of the porphyrin plane.*'*

The UV-vis spectra of (TPP)Ru(PhNO),, (TPP)Ru(PhNO)(py), and (TPP)Ru-
(PhNO)(1-Melm) in CH,Cl» all show three bands including a strong soret band at
411413 nm and a B-band at 525-533 nm. Buchler and coworkers previously showed
that the wavelength of the B-band in the (TPP)Ru—containing complexes may be used as
a measure of the relative Ru—TPP back-bonding ability.” Thus, they proposed that the
increased Ru—TPP back—donation will result in a hypsochromic shift of the S-band.
Interestingly, however, our UV-vis spectroscopic results are opposite to the proposal by

Buchler and coworkers. Thus, although the IR and 'H NMR spectra show the increased
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electron—density of the porphyrin macrocycles in the mono-nitrosoarene complexes
relative to the bis-nitrosoarene complexes, the UV-vis spectra reveal that the f~band of
(TPP)Ru(PhNO)(py) (533 nm) is bathochromically shifted relative to the f—band of
(TPP)Ru(PhNO); (525 nm). Furthermore, the f-band of (TPP)Ru(PhNO)(1-Melm) is
identical to that of (TPP)Ru(PhNO)(py). The UV-vis spectra of the related TTP analogs
also show a similar trend.

In general, the mass spectra (FAB) of the (por)Ru(ArNO): compounds show ion
fragments assigned to loss of one ArNO ligand or loss of two ArNO ligands. In the cases
of the mono-nitrosoarene complexes, the mass spectra show the parent ion and ion
fragments assigned to loss of ArNO ligand, loss of the pyridine or 1-Melm ligand, and
loss of two axial ligands.

X-ray Crystallographic Characterization. Single—crystal X-ray structures of
eleven bis— and mono-nitrosoarene complexes were obtained, in order to ascertain the
effects of (i) the porphyrin and (ii) the axial ligand in the structures of these species.

1. Bis-nitrosoarene complexes. The molecular structures of four bis—nitrosoarene
compounds are shown in Figures 5.6-5.9. Selected bond lengths and bond angles are also
listed in Tables 5.1-5.8 (see Appendix placed at the end of this dissertation). The
(TPP)Ru(o-toINO)> complex exhibits disorder (Figure 5.9). Important structural
parameters for the three crystallographically ordered compounds are summarized in
Figure 5.10.

As can been seen in Figures 5.6-5.9, the nitrosoarene ligands are attached to the
formally Ru(II) centers via an n!-N bonding mode. The Ru-N(por) distances for the
three bis—nitrosoarene crystallographically ordered complexes fall in the range of
2.041(3)-2.060(2) A (see Figure 5.10), and these are similar to those seen for other
structurally characterized (por)Rull-containing complexes.'>*** The sum of angles
around the nitroso nitrogen all are ~360°, indicative of the planarity around the nitroso

N-atoms. The axial Ru-N(ArNO) and O-N(Ar) bond lengths fall in the ranges of
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Figure 5.6. Molecular structure of (TPP)Ru(PhNO)..
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Figure 5.8. Molecular structure of (TTP)Ru(N(O)CgHz(Me),OMe-p),.
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Figure 5.9. Molecular structure of (TPP)Ru(o-toINO),. (a) View showing only one set of the disordered o-toINO
groups. (b) View along the N3-Ru1 bond, showing the orientation of the axial o-toINO group with respect
to the porphyrin skeleton. (c) View along the N3A-Ru1 bond of the second disordered o-tolNO position.
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Figure 5.10. Structural data for (por)Ru(ArNO), (por = TPP, TTP). Selected bond lengths and angles are shown
at the top. Perpendicular atom displacements from the 24-atom porphyrin plane (in 0.01 A units) are shown at the
bottom. Also shown are the nitrosoarene orientations: a and 3 are torsion angles involving O-N-Ru-N(por). The sofid
dot represents the nitroso oxygen atom, the solid line represents the O-N-C unit of the ArNO ligand situated above
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the porphyrin plane, and the dashed line represents the equivalent group situated below the porphyrin plane.



1.953(2)-2.049(2) A and 1.243(3)-1.252(3) A, respectively. The axial N-Ru-N bond
angles in these bis—nitrosoarene complexes lie in the 167.34(8)-171.67(9)° range (bottom
of Figure 5.10), and this range deviates only slightly from strict linearity.

Perpendicular atom displacements of the atoms in the porphyrin skeleton from the
24-atom mean porphyrin plane are shown in the bottom of Figure 5.10. The porphyrin
macrocycles of three bis—nitrosoarene complexes all exhibit a saddle distortion, and the
Ru atoms residue in the plane of the porphyrin (calculated displacements from the
24-atom mean porphyrin plane of only 0.01-0.03 A). The axial ligand orientations in
three bis-nitrosoarene complexes are also shown in Figure 5.10. The ArNO ligands in
(por)Ru(ArNO), are oriented perpendicular to each other, and their C-NO groups
essentially bisect porphyrin nitrogens.

The molecular structure of the bis-nitrosoarene complex (TPP)Ru(o-toINO), is
shown in Figure 5.9. The molecule lies on the crystallographic center of symmetry, and
the axial nitrosoarene ligand is disordered over two positions. The Ru~N(por) distances
of 2.042(2) A are within the range observed for the other bis-nitrosoarene complexes
discussed in this chapter. The Ru-N(ArNO) and N-O distances are 1.994(4) and 1.221(5)
A, respectively. For the second disordered component, the corresponding values are
2.040(3) and 1.285(5) A, respectively.

2. Mono-nitrosoarene complexes. The molecular structures of (por)Ru(PhNO)-
(py) (por = TPP, TTP) are shown in Figures 5.11 and 5.12. Selected bond lengths and
bond angles are also listed in Tables 5.9-5.12 (see Appendix placed at the end of this
dissertation). Important structural parameters for these mono-nitrosobenzene complexes
containing the pyridine ligand are summarized in Figure 5.13.

The nitrosobenzene ligands are bound to the Ru(Il) center in an n!-N fashion.
The Ru-N(por) distances for two (por)Ru(PhNO)(py) complexes fall in the range of
2.034(3)-2.055(3) A (see Figure 5.13). The sum of angles around the nitroso nitrogen are
~360°. The axial Ru-N(PhNO) and O-N(Ph) bond lengths in the (por)Ru(PhNO)(py)
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Figure 5.12. Molecular structure of (TTP)Ru(PhNO)py.
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Figure 5.13. Structural data for (por)Ru(PhNO)py (por = TPP, TTP). Selected bond
lengths and angles are shown at the top. Perpendicular atom displacements from the
24-atom porphyrin plane (in 0.01 A units) are shown at the bottom. Also shown are
the orientations between PhNO and pyridine at the bottom: o and g are torsion
angles involving O-N-Ru-N(por) (for PhNO) and C-N-Ru-N(por) (for pyridine),
respectively. The solid dot represents the nitroso oxygen atom, the solid line
represents the O-N-C unit of the PhNO ligand situated above the porphyrin plane,
and dashed line represents C-N-C unit of the pyridine ligand situated below the
porphyrin plane.
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complexes fall in the ranges of 1.892(3)-1.905(5) A and 1.259(3)-1.271(6) A,
respectively. The axial N-Ru-N bond angles are 177.07(12) (for TPP complex) and
174.7(2)° (for TTP complex). These N-Ru-N bond angles are closer to 180° than those
seen for the bis—nitrosoarene complexes.

Perpendicular atom displacements of the atoms in the porphyrin skeleton from the
24-atom mean porphyrin plane are shown in the bottom of Figure 5.13, and
unlike (por)Ru(ArNQO),, the porphyrin macrocycles of (TPP)Ru(PhNO)(py) and (TTP)-
Ru(PhNO)(py) exhibit a ruffled distortion. The Ru atoms are both displaced by 0.04 A
from the 24—atom mean porphyrin plane toward the nitrosobenzene ligands. The axial
ligand orientations in (por)Ru(PhNO)(py) are also shown in Figure 5.13. The axial ligand
orientations observed for (por)Ru(PhNO)(py) are very similar to those observed for
(por)Ru(ArNO),. Thus, the PANO and pyridine ligands in (por)Ru(PhNO)(py) are
oriented perpendicular to each other.

The molecular structures of five mono-nitrosoarene compounds containing the
axial 1-Melm ligand were also obtained and shown in Figures 5.14-5.18. Selected bond
lengths and bond angles are listed in Tables 5.13-5.22 (see Appendix placed at the end of
this dissertation). Two of these mono-nitrosoarene complexes, namely (TTP)Ru-
(PhNO)(1-MeIm) and (TTP)Ru(o-toINO)(1-Melm) exhibit disorders (Figures 5.17 and
5.18). Important structural parameters for the three (por)Ru(ArNO)(1-Melm)
crystallographically ordered complexes are summarized in Figure 5.19.

As with the (por)Ru(ArNO), and (por)Ru(PhNO)(py) complexes, the nitrosoarene
ligands in these 1-Melm—containing nitrosoarene complexes all are bound to the Ru(Il)
centers via an n!-N bonding mode. The Ru-N(por) distances for the three (por)Ru-
(ArNO)(1-MelIm) crystallographically ordered complexes range from 2.039(4) A to
2.062(5) A (see Figure 5.19). The sum of angzles around the nitroso nitrogen all are very
close to 360°. The axial Ru-N(ArNO) and O-N(Ar) bond lengths in three (por)Ru-
(ArNO)(1-MeIm) complexes fall in the ranges of 1.884(6)-1.919(5) A and
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Figure 5.15. Molecular structure of (TPP)Ru(o-tolNO)(1-Meim).
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Figure 5.16. Molecular structure of (TTP)Ru(N(O)CgH2(Me).OMe-
p)(1-Meim).
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Figure 5.17. (a) Molecular structure of (TTP)Ru(PhNO)(1-Melm).
The carbon atoms (C49-C54) of the phenyl group of the PhNO
ligand are disordered and display high thermal parameters.
(b) Top view of the porphyrin core, showing the relative orientation
between the PhNO and 1-Melm ligands.
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Figure 5.18. Molecular structure of (TTP)Ru(o-1oINO)(1-Melm). (a) View showing only one of the two disordered
positions of the nitrosoarene o-tolyl ring. (b) Top view of the porphyrin core, showing the relative orentation between
the 0-t0INO and 1-Melm ligands. (c) Top view of the porphyrin core, showing the refative orientation between the

second disordered 0-t0INO and 1-Melm ligands.
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Figure 5.19. Structural data for (por)Ru(ArNO)(1-Melm) (por = TPP, TTP). Selected
bond lengths and angles are shown at the top. Perpendicular atom displacements from
the 24-atom porphyrin plane (in 0.01 A units) are shown at the middle. Also shown
are the orientations between ArNO and 1-Melm at the middle and the bottom: a
and P are torsion angles involving O-N-Ru-N(por) (for ArNO) and C-N-Ru-
N(por) (for 1-Melm), respectively. The solid dot represents the nitroso oxygen atom,
the solid line represents the O-N-C unit of the ArNO ligand situated above the
porphyrin plane, and dashed line represents C-N-C unit of the 1-Melm ligand situated
below the porphyrin plane.
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1.255(5)-1.291(6) A, respectively. Two (por)Ru(ArNO)(1-Melm) complexes, namely
(TPP)Ru(PhNO)(1-Melm) (177.4(2)°) and (TPP)Ru(o~toINO)(1-Melm) (178.39(16)°)
show the linearity of the axial N-Ru~N bond, whereas the molecular structure of
(TTP)Ru(N(O)C¢H2(Me),OMe-p)(1-Melm) reveals the axial N-Ru~N bond angie
of 170.29(19)°.

Perpendicular atom displacements of the atoms in the porphyrin skeleton from the
24-atom mean porphyrin plane are shown in the middle of Figure 5.19. As with the
pyridine—containing nitrosoarene complexes, the porphyrin macrocycle of (TPP)Ru-
(PhNO)(1-Melm) exhibits a ruffled distortion. The (TPP)Ru(o-tolNO)(1-Melm) and
(TTP)Ru(N(O)C¢H2(Me)OMe-p)(1-Melm) complexes are also distorted from the
porphyrin plane, however, their distortions are not clearly determined as one of the four
main types of distortions (i.e., saddle, ruffle, dome, wave) which are generally found in
porphyrins and metalloporphyrins. The displacements of the Ru atoms from the 24-atom
mean porphyrin plane are very similar to those observed for the (por)Ru(PhNO)(py)
complexes. The axial ligand orientations in three (por)Ru(ArNO)(1-Melm) complexes
are also shown in Figure 5.19. Interestingly, and unlike in the cases of (por)Ru(ArNO)
and (por)Ru(PhNO)(py), the ArNO and 1-Melm ligands in three (por)Ru(ArNO)(1-
Melm) complexes are oriented parallel to each other, and their C-NO (for ArNO) and
C-N-C (for 1-MelIm) groups essentially bisect porphyrin nitrogens.

The molecular structures of two (por)Ru(ArNO)(1-Melm) complexes containing
the disordered arene rings of the nitrosoarene ligands, namely (TTP)Ru(PhNO)(1-Melm)
and (TTP)Ru(o-toINO)(1-Melm), were also obtained and are shown in Figures 5.17 and
5.18. In the case of (TTP)Ru(PhNO)(1-Melm), the disordered phenyl ring is indicated by
its high thermal motion. The Ru-N(por) distances of these two mono-nitrosoarene
complexes are in the 2.030(5) A to 2.058(5) A range. Their Ru-N(ArNO) and N-O
distances are 1.884(5) A and 1.251(6) A for (TTP)Ru(PhNO)(1-Melm), and 1.871(7) A
and 1.285(8) A for (TTP)Ru(o-toINO)(1-Melm), respectively. These values are similar
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to those seen for the other mono-nitrosoarene complexes described in this chapter.

3. Discussion. There are several notes of interest regarding the molecular
structures of the eight bis—- and mono-nitrosoarene crystallographically ordered
complexes (Figures 5.10, 5.13, and 5.19). For example, the axial Ru-N(ArNO) bond
lengths (1.953(2)-2.049(2) A) in the bis-nitrosoarene complexes are slightly longer than
the related axial Ru-N(ArNO) distances of 1.892(3)-1.905(5) A (for pyridine complexes)
and 1.884(6)-1.919(5) A (for 1-MeIm complexes) seen in the mono-nitrosoarene
complexes, and this observation is suggestive of decreased Ru-N(O)Ar back-bonding in
(por)Ru(ArNO), relative to those in (por)Ru(PhNO)(py) and (por)Ru(ArNO)(1-Melm).
This view is consistent with the IR and 'H NMR spectroscopic results discussed in the
previous section. Although the IR and 'H NMR spectra reveal the evidence that the
1-Melm ligand in the mono-nitrosoarene complexes shows a slightly stronger
electron—-donating ability than the pyridine ligand, there are no significant differences of
the axial Ru-N(ArNO) distances within the mono-nitrosoarene complexes containing the
pyridine or 1-Melm ligand in the solid state. The O-N(Ar) bond lengths are not
significantly different within these bis— and mono-nitrosoarene complexes.

The axial N-Ru-N bond angles seen for these bis— and mono-nitrosoarene
complexes are also somewhat intriguing, since the largest deviations from the strict
linearity are observed for the very bulky (2,6—dimethyl—4-nitrosoanisole)—containing
complexes (i.e., (TTP)Ru(N(O)CsH2(Me),OMe-p), (167.34(8)°) and (TTP)Ru(N(O)-
CeH2(Me),OMe—p)(1-Melm) (170.29(19)°). Thus, this implies that the deviations from
the linearity could be (at least partly) determined by sterics. Furthermore, the porphyrin
ring distortions observed for these bis— and mono—nitrosoarene complexes of ruthenium
porphyrins provide an interesting comparison with those observed by Oldfield and
coworkers for the related (TPP)Fe(ArNO)—containing complexes. Prior to this work,
Oldfield and coworkers examined the structural data for sixteen Group 8 (Fe, Ru, Os)

metalloporphyrin complexes, and concluded that the porphyrin ring distortion is closely
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related to the porphyrin ring substituent and the axial ligand.'***** They proposed that the
porphyrin ring distortions due to the differences of the axial ligands occur when the
porphyrin complex contains only one bulky ("distorting") ligand such as PhNO,
NODMA, and 1-MelIm which interacts with a bulky ring substituent such as phenyl. In
addition, they suggested that the presence of the bulky two axial ligands causes a net
overall zero distortion. Indeed, they observed that the porphyrin macrocycles of
the pyridine—containing nitrosoarene complexes, namely (TPP)Fe(PhNO)(py) and
(TPP)Fe(N(O)CsHsNMe>-p)(py), are much more distorted from ideal planarity relative
to the 1-Melm—containing nitrosoarene complexes (i.e., (TPP)Fe(PhNO)(1-Melm) and
(OEP)Fe(PhNO)(1-MeIlm))." In the cases of (por)Ru(ArNO)—containing complexes,
however, the largest porphyrin ring distortion is seen for (TTP)Ru(o-toINO)..
Furthermore, the extent of the porphyrin ring distortion seen for (TTP)Ru(N(O)Cg¢H>-
(Me)OMe-p), containing two very bulky 2,6-dimethyl-<4—nitrosoanisole ligands is
slightly greater than that seen for (TTP)Ru(PhNO)(py) containing only one bulky axial
PhNO ligand. Indeed, our results observed for the (por)Ru(ArNO)—containing complexes
suggest that for the (por)Ru(ArNO)—containing complexes, the sterics are not closely
related to the porphyrin ring distortion (although it has an effect on the axial N-Ru-N
linearity).

The most chemically interesting features of the structures of these (por)Ru-
(ArNO)—containing complexes are the axial ligand orientations. Indeed, the examination
of the axial ligand orientations in heme model complexes is of importance, due partly to
the fact that the axial ligand orientations are affected by the electronic structure of the
metal center (e.g., low-spin Fe(II), low-spin Fe(III)), and the properties of the axial
ligands in heme model complexes (e.g., T—donor, T—-acceptor) could be predicted from
the axial ligand orientations. For example, our research group previously reported the
single—crystal X-ray structure of the (TPP)Fe(PhNO), complex containing two axial

n—acidic PhNO ligands, and proposed that the presence of two axial m-acid ligands
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results in the perpendicular orientation of the axial ligands, and that this maximizes the
n-back bonding from the HOMOs of the low-spin (TPP)Fe(II) fragment (namely the
filled d.. and d,. orbitals) into the empty 7t* orbitals of the axial PhANO ligands.’ Our
group has observed similar perpendicular axial ArNO ligand orientations in (por)Os-
(ArNO), complexes.'? Scheidt and coworkers also reported that the molecular structure
of the low-spin ferrous [(TpivPP)Fe(NO2)(NO)]~ complex containing two axial nt-acid
ligands shows the perpendicular orientation of the axial ligands.” Furthermore, they
observed that the molecular structures of two low-spin ferric complexes, namely
[(TpivPP)Fe(NO2)(py)] and [(TpivPP)Fe(NO;)(HIm)] (HIm = imidazole), show the
perpendicular orientations of the axial ligands, and proposed on the basis of these results
that both pyridine and imidazole ligands would behave as nt—donors in these low-spin
Fe(III) complexes containing an axial ®t-acidic nitrite ligand.*® Thus, they suggested that
the perpendicular orientations of the axial ligands in these ferric complexes are capable of
maximizing n—-acceptor interaction between the n-acidic nitrite and the filled d orbital of
Fe(IlI), and n—-donor interaction between the pyridine (or imidazole) ligand and the
half-filled d, orbital of Fe(IIl). Indeed, and as expected, the ArNO ligands in (por)Ru-
(ArNO); are oriented perpendicular to each other, indicating that the ArNO ligands act as
nt-acids in these complexes.

The axial ligand orientations observed for the solid-state structures of the
(por)Ru(PhNO)(py) and (por)Ru(ArNO)(1-Melm) complexes provide an interesting
comparison with those seen for (por)Ru(ArNO),. As with the bis—nitrosoarene
complexes, the PhNO and pyridine ligands in (por)Ru(PhNO)(py) are oriented
perpendicular to each other. Interestingly, however, the ArNO and 1-Melm ligands in
(por)Ru(ArNO)(1-Melm) are nearly parallel to each other. These axial ligand
orientations observed for (por)Ru(PhNO)(py) and (por)Ru(ArNO)(1-Melm) suggest that
the pyridine ligand could behave as a n-acid, whereas the 1-MelIm ligand could act as a

ni-donor in these mono—nitrosoarene complexes of ruthenium porphyrins. Indeed, the
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parallel orientations seen for (por)Ru(ArNO)(1-Melm) might be expected to maximize
the m-back bonding from one of two filled dp orbitals of Ru(ll) into the empty

nt* orbital of ArNO ligand.

Conclusion

In summary, a series of the (por)Ru(ArNO), complexes have been prepared, and
one ArNO ligand in these bis—nitrosoarene complexes is readily substituted by pyridine
or |-Melm to give the corresponding (por)Ru(ArNO)L compounds (L = pyridine or 1-
Melm). These nitrosoarene complexes have been characterized by infrared and 'H NMR
spectroscopy, and by mass spectrometry. The assignment of the vno of the coordinated
ArNO groups in the IR spectra (as KBr pellets) was confirmed by the analyses of the IR
sepctra of the !SN-labeled analogs. The IR spectral data (KBr) reveal that the Unos in
these bis— and mono-nitrosoarene complexes decrease in the order (por)Ru(ArNO); >
(por)Ru(PhNO)(py) > (por)Ru(ArNO)(1-Melm). The 'H NMR spectral data (in CDCI3;)
also show that the Spymole protons of these bis— and mono-nitrosoarene complexes
decrease slightly in the order (por)Ru(ArNO)> > (por)Ru(PhNO)(py) > (por)Ru(ArNO)-
(1-MelIm). These IR and 'H NMR spectroscopic results indicate that the coordination of
pyridine or 1-Melm increases the electron—-density of the porphyrin macrocycles in
the mono-nitrosoarene complexes. Eleven of these bis- and mono-nitrosoarene
complexes have also been characterized by X-ray crystallography. All the molecular
structures reveal the N-binding of ArNO ligands to the formally Ru(Il) porphyrins
independent of ArNO and porphyrin macrocycles. Importantly, the axial ligand
orientations observed in the mono-nitrosoarene complexes containing the axial pyridine
or 1-Melm ligand suggest that the pyridine ligand could behave as a n—acid, whereas the
1-Melm ligand could act as a t-donor in these mono-nitrosoarene complexes. This is
somewhat intriguing, largely due to the fact that a number of metalloporphyrin

complexes containing the axial pyridine ligand, in addition to the imidazole complexes,
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have been synthesized as the model of heme containing the axial histidine, although an

imidazole is more suitable as the model of a histidine. Hence, the observation that the

pyridine and 1-Melm ligands exhibit the different properties in the mono-nitrosoarene

complexes indicates that caution is needed in choosing the pyridine complex as the model

of the adduct of the organic C—nitroso compounds with heme containing the axial

histidine.
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Chapter 6. Epilogue

The general research goal described in this dissertation was to investigate the
reactions of organic S-nitroso and C—nitroso compounds with group 8 metalloporphyrins.
Importantly, some reports have suggested that organic S-nitroso and C-nitroso
compounds are capable of interacting directly with the metal center in heme—containing
biomolecules such as hemoglobin,' myoglobin,” cytochrome P450,° and guanylyl
cyclase. For example, it has been suggested that RSNO may be able to bind directly to
the heme site of guanylyl cyclase (GC). In addition, various amine~containing drugs can
be metabolized by cytochrome P450 to result in the formation of C-nitroso compounds
that subsequently bind to the heme.

Due to this possibility of direct interactions of S—nitroso and C-nitroso
compounds with heme, our research group has investigated the interactions of these
nitroso compounds with metalloporphyrins. We have shown that RSNO compounds can

be activated by metalloporphyrins,*'?

whereas ArNO compounds can directly bind to
metalloporphyrins.'*'” These results have also led us to investigate which factors are
really involved in the activation or binding of nitroso compounds by metalloporphyrins.
My Ph.D. work with RSNO compounds has shown that additions of RSNO to
(OEP)Os(CO) are not significantly affected by nature of R group (i.e., 1°, 2°, and 3°
alkyl).'"® This suggests that the activation of RSNO by metalloporphyrins does not
depend on the alkyl substituent in RSNO compounds. Interestingly, it has been known
that RSNO compounds are decomposed by some trace metals such as Cu*, Fe2+, Hg2+,
and Ag* in solution, whereas Zn2+, Ca?+, Mg+, and Fe3* do not catalyze the
decomposition of RSNO compounds.'®*® Hence, our future work could be focused on
determining whether the oxidation state of metal (and the kind of metal) in

metalloporphyrins affect the activation of RSNO. This study might also provide
some insight on the possible successful synthesis of the adducts of RSNO with
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metalloporphyrins.
Together with our group's previous work with nitrosoarene compounds (some of

which have a dipolar resonance contribution),"*'*

my Ph.D. work also suggests that the
nature of binding (N-bound vs O-bound) of the ArNO compounds to metalloporphyrins
depends on the formal oxidation state of metal (i.e., electron-density around metal
center) rather than the ArNO dipolar resonance contribution. This poses additional
questions that need to be addressed. For example, (i) how will nitrosoarenes bind to d®
metalloporphyrins containing very electron-withdrawing porphyrins such as 5,10,15,20~
tetrakis(heptafluoropropyl)porphyrin (THFP), (ii) can spectroelectrochemistry detect
transient species during electron-transfer reactions involving ArNO. In addition,
determining whether the bound ArNO ligands can be activated in the metalloporphyrin-
dependent chemistry also needs to be pursued. Indeed, the several examples of the C-N
bond cleavage and resultant metal-NO formation have been known for some transition
metal complexes containing C-nitroso ligands.*'*

Importantly, my Ph.D. work has laid the "inorganic" foundation for our research
group's biochemistry projects (in collaboration with Dr. Ann West's laboratory) with the

heme biomolecules such as myoglobin, cytochrome P450, and their interactions with

S-nitroso and C-nitroso compounds.
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Appendix. Tables 5.1-5.22 of Chapter §

Table 5.1. Selected Bond lengths (A) for (TPP)Ru(PhNO),

Ru(1)-N(5) 1.953(2) C(5)-C(6) 1.443(4)
Ru(1)-N(1) 2.047(2) C(6)-C(7) 1.403(4)
Ru(1)-N(6) 2.049(2) C(7)-C(8) 1.399(4)
Ru(1)-N(4) 2.050(2) C(8)-C(9) 1.441(4)
Ru(1)-N(2) 2.053(2) C(9)-C(10) 1.350(4)
Ru(1)-N(3) 2.060(2) C10)-C(11) 1.449(3)
N(1)-C(1) 1.373(3) C(11)-C(12) 1.407(3)
N(1)-C(18) 1.384(3) C(12)-C(13) 1.406(4)
N(2)-C(3) 1.377(3) C(13)-C(14) 1.451(3)
N()-C(6) 1.378(3) C(14)-C(15) 1.340(4)
N(3)-C(8) 1.379(3) C(15)-C(16) 1.447(4)
NQ3)-C(11) 1.382(3) C(16)-C(17) 1.402(4)
N(4)-C(13) 1.376(3) C(17)-C(18) 1.388(4)
N(4)-C(16) 1.383(3) C(18)-C(19) 1.443(4)
N(5)-O(1) 1.243(3) C(19)-C(20) 1.354(4)
N(5)-C(45) 1.468(3) C(45)-C(46) 1.363(4)
N(6)-0(2) 1.248(3) C(45)-C(50) 1.367(4)
N(6)-C(51) 1.452(3) C(46)-C(47) 1.396(5)
C(1)-C(2) 1.404(4) C(47)-C(48) 1.354(6)
C(1)-C(20) 1.443(4) C(48)-C(49) 1.357(6)
C(2)-C(3) 1.402(4) C(49)-C(50) 1.398(5)
C@3)-C4) 1.445(4) C(51)-C(52) 1.375(4)
C(4)-C(5) 1.346(4) C(51)-C(56) 1.400(4)
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C(52)-C(53)
C(53)-C(59)

1.388(4)
1.374(5)

C(54)-C(55)
C(55)-C(56)

1.385(5)
1.381(4)

Table 5.2. Selected Bond angles (°) for (TPP)Ru(PhNO),

N(5)-Ru(1)-N(1)
N(5)-Ru(1)-N(6)
N(1)-Ru(1)-N(6)
N(5)-Ru(1)-N4)
N(1)-Ru(1)-N(4)
N(6)-Ru(1)-N(4)
N(5)-Ru(1)-N(2)
N(1)-Ru(1)-N(2)
N(6)-Ru(1)-N(2)
N(4)-Ru(1)-N(2)
N(5)-Ru(1)-N(3)
N(1)-Ru(1)-N(3)
N(6)-Ru(1)-N(3)
N(4)-Ru(1)-N(3)
N(2)-Ru(1)-N(3)
C(1)-N(1)-C(18)
C(1)-N(1)-Ru(1)
C(18)-N(1)-Ru(l)
C(3)-N(2)-C(6)

88.69(9)
171.67(9)
83.00(9)
87.24(8)
90.46(8)
92.28(9)
93.00(9)
89.99(8)
87.54(8)
179.50(9)
90.65(9)
179.29(9)
97.66(9)
89.79(8)
89.77(8)
107.4(2)
126.45(17)
125.99(18)
106.7(2)

C(3)-N(2)-Ru(l)
C(6)-N(2)-Ru(1)
C(8)-N(3)-C(11)
C(8)-N(3)-Ru(l)
C(11)-N(3)-Ru(1)
C(13)-N(4)-C(16)
C(13)-N(4)-Ru(1)
C(16)-N(4)-Ru(1)
O(1)-N(5)-C(45)
O(1)-N(5)-Ru(1)
C(45)-N(5)-Ru(1)
O(2)-N(6)-C(51)
O(2)-N(6)-Ru(1)
C(51)-N(6)-Ru(1)
N(1)-C(1)-C(2)
N(1)-C(1)-C(20)
C(2)-C(1)-C(20)
C(3)-C(2)-C(1)

126.35(17)
126.85(18)
107.12)
126.22(18)
126.06(16)
107.2(2)
126.75(17)
125.85(17)
112.3(2)
123.46(17)
124.22(18)
113.1(2)
117.40(17)
128.09(19)
126.1(2)
109.1(2)
124.8(2)
125.1(2)



N(2)-C(3)-C(2)
N(2)-C(3)-C(4)
C(2)-C(3)-C(4)
C(5)-C4)-C(3)
C(4)-C(5)-C(6)
N(2)-C(6)-C(7
N(2)-C(6)-C(5)
C(7)-C(6)-C(5)
C(8)-C(7)-C(6)
N(3)-C(8)-C(7
N(@3)-C(8)-C(9)
C(N)-C(®)-C(9
C(10)-C(9)-C(8)
C(9)-C(10)-C(11)
N(3)-C(11)-C(12)
N(@3)-C(11)-C(10)
C(12)-C(11)-C(10)
C(13)-C(12)-C(11)
N(4)-C(13)-C(12)
N(@4)-C(13)-C(14)
C(12)-C(13)-C(14)
C(15)-C(14)-C(13)
C(14)-C(15)-C(16)
N(4)-C(16)-C(17)

125.9(2)
109.2(2)
125.02)
107.4(2)
107.5(2)
125.4(2)
109.2(2)
125.3(2)
125.6(2)
125.9(2)
109.3(2)
124.8(2)
107.3(2)
107.8(2)
126.2(2)
108.5(2)
125.3(2)
124.8(2)
126.1(2)
108.8(2)
125.1(2)
107.4(2)
108.0(2)
125.9(2)

N(4)-C(16)-C(15)
C(17)-C(16)-C(15)
C(18)-C(17)-C(16)
N(1)-C(18)-C(17)
N(1)-C(18)-C(19)
C(17)-C(18)-C(19)
C(20)-C(19)-C(18)
C(19)-C(20)-C(1)
C(46)-C(45)-C(50)
C(46)-C(45)-N(5)
C(50)-C(45)-N(5)
C(45)-C(46)-C(47)
C(48)-C(47)-C(46)
C(47)-C(48)-C(49)
C(48)-C(49)-C(50)
C(45)-C(50)-C(49)
C(52)-C(51)-C(56)
C(52)-C(51)-N(6)
C(56)-C(51)-N(6)
C(51)-C(52)-C(53)
C(54)-C(53)-C(52)
C(53)-C(54)-C(55)
C(56)-C(55)-C(54)
C(55)-C(56)-C(51)

108.5(2)
125.6(2)
125.8(2)
126.0(2)
108.4(2)
125.5(2)
107.8(2)
107.3(2)
120.9(3)
119.2(3)
119.8(3)
118.8(4)
120.8(4)
120.1(4)
120.1(4)
119.3(3)
120.9(3)
120.1(2)
119.0(3)
119.2(3)
120.6(3)
119.9(3)
120.5(3)
118.9(3)

188



Table 5.3. Selected Bond lengths (A) for (TTP)Ru(o—~toINO),

Ru(1)-N(5)
Ru(1)-N(6)
Ru(1)-N(4)
Ru(1)-N(3)
Ru(1)-N(2)
Ru(1)-N(1)
N(1)-C(1)
N(1)-C(18)
N(2)-C(3)
N(2)-C(6)
N(@3)-C(11)
N(@3)-C(8)
N(4)-C(16)
N(4)-C(13)
N(5)-0(1)
N(5)-C(49)
N(6)-0(2)
N(6)-C(56)
C(1)-C(2)
C(1)-C(20)
C(2)-C(3)
C(3)-C#
C4)-C(5)
C(5)-C(6)

1.967(3)
2.0293)
2.041(3)
2.042(3)
2.044(3)
2.055(3)
1.375(4)
1.380(4)
1.382(4)
1.383(4)
1.375(4)
1.380(4)
1.377(4)
1.382(4)
1.251(4)
1.469(5)
1.247(4)
1.455(5)
1.412(5)
1.435(5)
1.397(5)
1.451(5)
1.347(5)
1.438(5)
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C(©6)-C(N
C(7)-C(8)
C(8)-C(9)
C(9)-C(10)
C(10)-C(11)
C(11)-C(12)
C(12)-C(13)
C(13)-C(14)
C(14)-C(15)
C(15)-C(16)
C(16)-C(17)
C(17)-C(18)
C(18)-C(19)
C(19)-C(20)
C(49)-C(50)
C(49)-C(54)
C(50)-C(51)
C(51)-C(52)
C(52)-C(53)
C(53)-C(54)
C(54)-C(55)
C(56)-C(57)
C(56)-C(61)
C(57)-C(58)

1.396(5)
1.389(5)
1.442(5)
1.352(5)
1.440(5)
1.400(5)
1.402(5)
1.445(5)
1.352(5)
1.434(5)
1.402(5)
1.407(5)
1.438(5)
1.355(5)
1.386(5)
1.391(5)
1.374(6)
1.385(6)
1.370(6)
1.393(6)
1.507(5)
1.386(5)
1.399(5)
1.395(6)



C(58)-C(59)
C(59)-C(60)

1.366(7)
1.361(7)

C(60)-C(61)
C(61)-C(62)

1.390(6)
1.514(6)

Table 5.4. Selected Bond angles (°) for (TTP)Ru(o-t0lNO)»

N(5)-Ru(1)-N(6)
N(5)-Ru(1)-N(4)
N(6)-Ru(1)-N(4)
N(5)-Ru(1)-N(3)
N(6)-Ru(1)-N(3)
N(4)-Ru(1)-N(3)
N(5)-Ru(1)-N(2)
N(6)-Ru(1)-N(2)
N(4)-Ru(1)-N(2)
N(3)-Ru(1)-N(2)
N(5)-Ru(1)-N(1)
N(6)-Ru(1)-N(1)
N(4)-Ru(1)-N(1)
N(3)-Ru(1)-N(1)
N(2)-Ru(1)-N(1)
C(1)-N(1)-C(18)
C(1)-N(1)-Ru(1)
C(18)-N(1)-Ru(1)
C(3)-N(2)-C(6)

171.31(12)
88.66(12)
91.37(12)
87.83(12)
83.47(11)
89.78(11)
91.94(12)
88.04(12)

179.40(12)
90.31(11)
92.62(12)
96.07(11)
90.17(11)

179.54(12)
89.74(11)

106.9(3)

126.6(2)

126.0(2)

106.8(3)

C(3)-N(2)-Ru(1)
C(6)-N(2)-Ru(1)
C(11)-N(3)-C(8)
C(11)-N(3)-Ru(1)
C(8)-N(3)-Ru(1)
C(16)-N(4)-C(13)
C(16)-N(4)-Ru(1)
C(13)-N(4)-Ru(1)
O(1)-N(5)-C(49)
O(1)-N(5)-Ru(1)
C(49)-N(5)-Ru(1)
O(2)-N(6)-C(56)
O(2)-N(6)-Ru(1)
C(56)-N(6)-Ru(1)
N(1)-C(1)-C(2)
N(1)-C(1)-C(20)
C(2)-C(1)-C(20)
C(3)-C(2)-C(1)
N(2)-C(3)-C(2)

126.9(2)
126.2(2)
107.1(3)
127.0(2)
125.8(2)
107.0(3)
126.5(2)
126.5(2)
112.5(3)
123.0(2)
124.3(2)
112.6(3)
120.9(2)
124.4(2)
125.9(3)
109.5(3)
124.6(3)
124.8(3)
126.0(3)



N(2)-C(3)-C(4)
C(2)-C(3)-C4)
C(5)-C(4)-C(3)
C(4)-C(5)-C(6)
N(2)-C(6)-C(7)
N(2)-C(6)-C(5)
C(7)-C(6)-C(5)
C(8)-C(7)-C(6)
N(@3)-C(8)-C(7)
N(3)-C(8)-C(9)
C(7N-C(8)-C(9)
C(10)-C(9)-C(8)
C(9)-C(10)-C(11)
N(@3)-C(11)-C(12)
N(3)-C(11)-C(10)
C(12)-C(11)-C(10)
C(11)-C(12)-C(13)
N(4)-C(13)-C(12)
N(4)-C(13)-C(14)
C(12)-C(13)-C(14)
C(15)-C(14)-C(13)
C(14)-C(15)-C(16)
N(4)-C(16)-C(17)
N(4)-C(16)-C(15)
C(17)-C(16)-C(15)
C(16)-C(17)-C(18)

108.8(3)
125.2(3)
107.4(3)
107.8(3)
125.5(3)
109.2(3)
125.3(3)
125.6(3)
126.3(3)
108.6(3)
125.0(3)
107.8(3)
107.1(3)
125.7(3)
109.3(3)
124.9(3)
124.8(3)
125.9(3)
109.0(3)
125.1(3)
106.8(3)
108.2(3)
125.9(3)
108.9(3)
125.2(3)
125.2(3)

N(1)-C(18)-C(17)

N(1)-C(18)-C(19)

C(17)-C(18)-C(19)
C(20)-C(19)-C(18)
C(19)-C(20)-C(1)

C(50)-C(49)-C(54)
C(50)-C(49)-N(5)

C(54)-C(49)-N(5)

C(51)-C(50)-C(49)
C(50)-C(51)-C(52)
C(53)-C(52)-C(5D)
C(52)-C(53)-C(54)
C(49)-C(54)-C(53)
C(49)-C(54)-C(55)
C(53)-C(54)-C(55)
C(57)-C(56)-C(61)
C(57)-C(56)-N(6)

C(61)-C(56)-N(6)

C(56)-C(57)-C(58)
C(59)-C(58)-C(57)
C(60)-C(59)-C(58)
C(59)-C(60)-C(61)
C(60)-C(61)-C(56)
C(60)-C(61)-C(62)
C(56)-C(61)-C(62)

125.6(3)
108.9(3)
125.5(3)
107.6(3)
107.1(3)
121.7(4)
118.2(3)
120.1(3)
119.6(4)
119.5(4)
120.6(4)
121.2(4)
117.3(4)
122.2(4)
120.5(4)
122.2(4)
117.34)
120.4(3)
118.6(4)
119.5(4)
121.4(S)
121.6(5)
116.6(4)
119.4(4)
123.9(4)
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Table §.5. Selected Bond lengths (A) for (TTP)Ru(N(O)CH2(Me);0Me-p),

Ru(1)-N(5)
Ru(1)-N(6)
Ru(1)-N(1)
Ru(1)-N(2)
Ru(1)-N@4)
Ru(1)-N(3)
N(1)-C(18)
N(1)-C(1)

N@2)-C(3)

N(2)-C(6)

N@3)-C(11)
N(3)-C(8)

N(4)-C(16)
N(4)-C(13)
N(5)-O(1)

N(5)-C(49)
N(6)-0O(2)

N(6)-C(58)
0(3)-C(53)
0(3)-C(54)
0(4)-C(62)
0(4)-C(63)
C(1)-C(2)

C(1)-C(20)

1.990(2)
2.024(2)
2.0437(19)
2.048(2)
2.049(2)
2.060(2)
1.376(3)
1.377(3)
1.377Q3)
1.378(3)
1.376(3)
1.384(3)
1.379(3)
1.380(3)
1.252(3)
1.450(3)
1.252(2)
1.442(3)
1.390(3)
1.433(4)
1.384(3)
1.436(4)
1.399(3)
1.442(3)
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C(2)-C(3)
C(3)-C(4)
C4)-C(5)
C(5)-C(6)
C(6)-C(7)
C(7)-C(8)
C(8)-C(9)
C(9)-C(10)
C(10)-C(11)
C(11)-C(12)
C(12)-C(13)
C(13)-C(14)
C(14)-C(15)
C(15)-C(16)
C(16)-C(17)
C(17)-C(18)
C(18)-C(19)
C(19)-C(20)
C(49)-C(57)
C(49)-C(50)
C(50)-C(51)
C(51)-C(53)
C(51)-C(52)
C(53)-C(55)

1.399(3)
1.445(4)
1.345(4)
1.445(4)
1.401(4)
1.396(4)
1.443(4)
1.347(4)
1.434(3)
1.400(3)
1.404(3)
1.440(3)
1.351(4)
1.436(4)
1.400(4)
1.392(3)
1.451(3)
1.343(4)
1.383(4)
1.395(4)
1.381(4)
1.401(4)
1.518(4)
1.384(4)



C(55)-C(57)
C(55)-C(56)
C(58)-C(66)
C(58)-C(59)
C(59)-C(60)

1.396(4)
1.506(4)
1.382(4)
1.393(4)
1.381(4)

C(60)-C(62)
C(60)-C(61)
C(62)-C(64)
C(64)-C(66)
C(64)-C(65)

1.398(4)
1.517(4)
1.399(4)
1.391(4)
1.5114)

Table §.6. Selected Bond angles (°) for (TTP)Ru(N(O)CsH2(Me).OMe-p),

N(5)-Ru(1)-N(6)
N(5)-Ru(1)-N(1)
N(6)-Ru(1)-N(1)
N(5)-Ru(1)-N(2)
N(6)-Ru(1)-N(2)
N(1)-Ru(1)-N(2)
N(5)-Ru(1)-N(4)
N(6)-Ru(1)-N(4)
N(1)-Ru(1)-N(4)
N(2)-Ru(1)-N(4)
N(5)-Ru(1)-N(3)
N(6)-Ru(1)-N(3)
N(1)-Ru(1)-N(3)
N(2)-Ru(1)-N(3)
N(4)-Ru(1)-N(3)

167.34(8)
84.32(8)
83.03(8)
87.07(8)
93.55(8)
90.40(8)
92.69(8)
86.84(8)
90.33(8)

179.21(8)
95.90(8)
96.74(8)

179.77(9)
89.61(8)
89.66(8)
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C(18)-N(1)-C(1)
C(18)-N(1)-Ru(1)
C(1)-N(1)-Ru(l)
C(3)-N(2)-C(6)
C(3)-N(2)-Ru(1)
C(6)-N(2)-Ru(l)
C(11)-N(3)-C(8)
C(11)-N(3)-Ru(l)
C(8)-N(3)-Ru(1)
C(16)-N(4)-C(13)
C(16)-N(4)-Ru(1)
C(13)-N(4)-Ru(1)
O(1)-N(5)-C(49)
O(1)-N(5)-Ru(1)
C(49)-N(5)-Ru(l)

107.70(19)
126.03(16)
126.27(16)
107.1(2)

125.84(16)
126.70(17)
107.3(2)

126.54(16)
125.81(17)
106.8(2)

126.07(17)
126.85(16)
112.1(2)

119.08(16)
127.87(17)



0(2)-N(6)-C(58)
O(2)-N(6)-Ru(1)
C(58)-N(6)-Ru(1)
C(53)-0(3)-C(54)
C(62)-0(4)-C(63)
N(1)-C(1)-C(2)
N(1)-C(1)-C(20)
C(2)-C(1)-C(20)
C(1)-C(2)-C(3)
N(2)-C(3)-C(2)
N(2)-C(3)-C(4)
C(2)-C(3)-C4)
C(5)-C4)-C(3)
C4)-C(5)-C(6)
N(2)-C(6)-C(7)
N(2)-C(6)-C(5)
C(7)-C(6)-C(5)
C(8)-C(7)-C(6)
N3)-C(®)-C(N
N(3)-C(8)-C(9)
C(7)-C(8)-C(9)
C(10)-C(9)-C(8)
C(9)-C(10)-C(11)
N(3)-C(11)-C(12)
N(3)-C(11)-C(10)

112.6(2)
117.33(16)
128.23(16)
113.4(3)
110.6(2)
125.9(2)
108.8(2)
125.4(2)
125.3(2)
126.2(2)
108.7(2)
124.9(2)
107.8(2)
107.3(2)
125.8(2)
109.0(2)
125.1(2)
125.2(2)
126.1(2)
108.4(2)
125.5(2)
107.6(2)
107.8(2)
125.8(2)
109.0(2)
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C(12)-C(11)-C(10)
C(11)-C(12)-C(13)
N(4)-C(13)-C(12)
N(4)-C(13)-C(14)
C(12)-C(13)-C(14)
C(15)-C(14)-C(13)
C(14)-C(15)-C(16)
N(4)-C(16)-C(17)
N(4)-C(16)-C(15)
C(17)-C(16)-C(15)
C(18)-C(17)-C(16)
N(1)-C(18)-C(17)
N(1)-C(18)-C(19)
C(17)-C(18)-C(19)
C(20)-C(19)-C(18)
C(19)-C(20)-C(1)
C(57)-C(49)-C(50)
C(57)-C(49)-N(5)
C(50)-C(49)-N(5)
C(51)-C(50)-C(49)
C(50)-C(51)-C(53)
C(50)-C(51)-C(52)
C(53)-C(51)-C(52)
C(55)-C(53)-0(3)
C(55)-C(53)-C(51)

124.9(2)
125.5(2)
125.5(2)
109.1(2)
125.4(2)
107.4(2)
107.6(2)
125.72)
109.2(2)
125.12)
125.5(2)
126.3(2)
108.1(2)
125.6(2)
107.9(2)
107.5(2)
121.12)
119.7Q2)
119.1(2)
120.2(3)
117.8(3)
121.0(3)
121.1(3)
118.93)
122.6(3)



0(3)-C(53)-C(51)

C(53)-C(55)-C(57)
C(53)-C(55)-C(56)
C(57)-C(55)-C(56)
C(49)-C(57)-C(55)
C(66)-C(58)-C(59)
C(66)-C(58)-N(6)

C(59)-C(58)-N(6)

C(60)-C(59)-C(58)
C(59)-C(60)-C(62)

118.3(3)
118.4(3)
121.5(3)
120.0(3)
119.6(3)
121.0(3)
120.0(2)
119.0(2)
120.7(3)
117.6(3)

C(59)-C(60)-C(61)
C(62)-C(60)-C(61)
0(4)-C(62)-C(60)

0(4)-C(62)-C(64)

C(60)-C(62)-C(64)
C(66)-C(64)-C(62)
C(66)-C(64)-C(65)
C(62)-C(64)-C(65)
C(58)-C(66)-C(64)

121.3(3)
121.1(3)
118.4(3)
119.0(3)
122.6(3)
118.2(3)
121.3(3)
120.5(3)
119.9(3)
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Table 5.7. Selected Bond lengths (A) for (TPP)Ru(o-tolNO);

Ru(1)-N(3) 1.994(4) C(9)-C(10) 1.400(3)
Ru(1)-N(3)#1 1.994(4) C(10)-C(1)#1 1.399(3)
Ru(1)-N(3A)#1 2.040(3) N(3)-O(1) 1.221(5)
Ru(1)-N(3A) 2.040(3) N(3)-C(23) 1.467(5)
Ru(1)-N(2) 2.042(2) C(23)-C(28) 1.327(6)
Ru(1)-N(2)#1 2.042(2) C(23)-C(24) 1.411(5)
Ru(1)-N(1)#1 2.042(2) C(24)-C(25) 1.386(6)
Ru(1)-N(1) 2.042(2) C(24)-C(29) 1.542(7)
N(1)-C(1) 1.357(4) C(25)-C(26) 1.383(7)
N(1)-C4) 1.379(3) C(26)-C(27) 1.383(7)
N(2)-C(9) 1.367(3) C(27)-C(28) 1.365(6)
N(2)-C(6) 1.381(3) N(3A)-O(1A) 1.285(5)
C(1)-C(10)#1 1.399(3) N@BA)-C(23A) 1.460(4)
C(1)-C(2) 1.441(3) C(23A)-C(28A) 1.348(7)
C(2)-C(3) 1.339(4) C(23A)-C(24A) 1.395(6)
C(3)-C4) 1.438(4) C(24A)-C(25A) 1.368(7)
C4)-C(5) 1.390(4) C(24A)-C(29A) 1.501(8)
C(5)-C(6) 1.378(4) C(25A)-C(26A) 1.366(9)
C(6)-C(7) 1.428(4) C(26A)-C(27A) 1.388(8)
C(7)-C(8) 1.341(4) C(27A)-C(28A) 1.355(7)
C(8)-C(9) 1.439(3)

Symmetry transformations used to generate equivalent atoms:

#1 -x+1,-y+1,-z+1
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Table 5.8. Selected Bond angles (°) for (TPP)Ru(o-toINO),

N(3)-Ru(1)-N(3)#1 180.0(3)

NQ@3)-Ru(1)-N(BAM¥1 160.28(11)
NG)#1-Ru(1)-N(GA)#1 19.72(11)
N(3)-Ru(1)-N(BA) 19.72(11)
N(@3)#1-Ru(1)-N(3A) 160.28(11)
N(3A)#1-Ru(1)N(3A) 180.000(1)

N(3)-Ru(1)-N(2) 97.50(12)
N(3)#1-Ru(1)-N(2) 82.50(12)
N(3A)#1-Ru(1)-N(2) 100.68(12)
N(3A)-Ru(1)-N(2) 79.32(12)
N(3)-Ru(1)-N(2)#1 82.50(12)
N(3)#1-Ru(1)-N(2#1  97.50(12)

N(3A)#1-Ru(1)-NQ2)#1 79.32(12)

N(3A)-Ru(1)-N(2)#1  100.68(12)
N(2)-Ru(1)-N(2)#1 180.000(1)
N(3)-Ru(1)-N(1)#1 91.75(12)
N(3)#1-Ru(1)-N(1)#1  88.25(12)

N@GA)#1-Ru(1)-N(1)#1 95.79(11)

N(3A)-Ru(1)-N(1)#1  84.21(11)
N(2)-Ru(1)-N(1)#1 89.99(8)
N(Q2)#1-Ru(1)-N(1)#1  90.01(8)
N(@3)-Ru(1)-N(1) 88.25(12)
N(3)#1-Ru(1)-N(1) 91.75(12)
N@BA)#1-Ru(1)-N(1)  84.21(11)
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N(BA)-Ru(1)-N(1)

N(2)-Ru(1)-N(1)

N(2)#1-Ru(1)-N(1)
N(1)#1-Ru(1)-N(1)

C(1)-N(1)-C4)
C(1)-N(1)-Ru(1)
C(4)-N(1)-Ru(1)
C(9)-N(2)-C(6)
C(9)-N(2)-Ru(1)
C(6)-N(2)-Ru(1)

N(1)-C(1)-C(10)#1

N(1)-C(1)-C(2)

C(10)#1-C(1)-C(2)

C(3)-C(2)-C(1)
C(2)-C(3)-C4)
N(D)-C4)-C(5)
N(1)-C4)-C(3)
C(5)-C(4)-C(3)
C(6)-C(5)-C4)
C(5)-C(6)-N(2)
C(5)-C(6)-C(N
N(2)-C(6)-C(7)
C(8)-C(7)-C(6)
C(7)-C(8)-C(9)

95.79(11)

90.01(8)

89.99(8)
180.000(1)
107.3(2)
126.42(14)
126.09(19)
107.2(2)
126.15(15)
126.30(19)
126.2(2)
109.5(2)
124.3(3)
106.8(2)
108.2(2)
125.8(2)
108.1(2)
126.0(2)
126.0(2)
125.7(3)
125.6(2)
108.6(2)
107.9(2)
107.5(3)



N(2)-C(9)-C(10)
N(2)-C(9)-C(8)
C(10)-C(9)-C(8)
C(1)#1-C(10)-C(9)
O(1)-N(3)-C(23)
O(1)-N(3)-Ru(1)
C(23)-N(3)-Ru(1)
C(28)-C(23)-C(24)
C(28)-C(23)-N(3)
C(24)-C(23)-N(3)
C(25)-C(24)-C(23)
C(25)-C(24)-C(29)
C(23)-C(24)-C(29)
C(26)-C(25)-C(24)
C(25)-C(26)-C(27)

126.1(2)
108.8(2)
125.1(3)
124.8(3)
115.1(3)
122.0(2)
122.2(3)
123.7(3)
122.0(3)
114.1(4)
115.2(4)
120.2(4)
124.6(3)
122.8(5)
117.4(4)

C(28)-C(27)-C(26)
C(23)-C(28)-C(27)
O(1A)-N(3A)-C(23A)
O(1A)-N(3A)-Ru(1)
C(23A)-N(3A)-Ru(l)
C(28A)-C(23A)-C(24A)
C(28A)-C(23A)-N(3A)
C(24A)-C(23A)-N(3A)
C(25A)-C(24A)-C(23A)
C(25A)-C(24A)-C(29A)
C(23A)-C(24A)-C(29A)
C(26A)-C(25A)-C(24A)
C(25A)-C(26A)-C(27A)
C(28A)-C(27A)-C(26A)
C(23A)-C(28A)-C(27A)

121.9(5)
118.9(4)
111.1(3)
123.4(2)
123.6(3)
123.3(4)
114.9(4)
121.8(4)
115.9(5)
116.9(4)
127.24)
122.5(5)
118.6(5)
120.7(6)
118.8(5)

Symmetry transformations used to generate equivalent atoms:

#1 -x+1,-y+1,-2+1
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Table 5.9. Selected Bond lengths (A) for (TPP)Ru(PhNO)(py)

Ru(1)-N(5)
Ru(1)-N(3)
Ru(1)-N(2)
Ru(1)-N(4)
Ru(1)-N(1)
Ru(1)-N(6)
O(1)-N(5)
N(1)-C(1)
N(1)-C(18)
N(@2)-C(3)
N(2)-C(6)
N(3)-C(11)
N(3)-C(8)
N(4)-C(13)
N(4)-C(16)
N(5)-C(45)
N(6)-C(55)
N(6)-C(51)
C(1)-C(2)
C(1)-C(20)
C(2)-C3)
C(3)-C(4)
C4)-C(5)
C(5)-C(6)

1.892(3)
2.034(3)
2.044(3)
2.050(3)
2.055(3)
2.174(3)
1.259(3)
1.380(4)
1.383(4)
1.380(4)
1.381(4)
1.378(4)
1.379(4)
1.376(4)
1.379(4)
1.475(4)
1.335(5)
1.335(5)
1.407(5)
1.443(5)
1.400(5)
1.438(5)
1.354(5)
1.431(5)

C(6)-C(7)
C(7)-C(8)
C(8)-C(9)
C(9)-C(10)
C(10)-C(11)
C(11)-C(12)
C(12)-C(13)
C(13)-C(14)
C(14)-C(15)
C(15)-C(16)
C(16)-C(17)
C(17)-C(18)
C(18)-C(19)
C(19)-C(20)
C(45)-C(46)
C(45)-C(50)
C(46)-C(47)
C(47)-C(48)
C(48)-C(49)
C(49)-C(50)
C(51)-C(52)
C(52)-C(53)
C(53)-C(54)
C(54)-C(55)

1.396(5)
1.395(5)
1.436(5)
1.354(5)
1.443(5)
1.407(5)
1.399(5)
1.443(5)
1.342(5)
1.443(5)
1.405(5)
1.400(5)
1.450(5)
1.340(5)
1.371(5)
1.380(5)
1.388(5)
1.378(6)
1.363(6)
1.387(5)
1.383(5)
1.371(6)
1.378(6)
1.371(6)
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Table 5.10. Selected Bond angles (°) for (TPP)Ru(PhNO)(py)

N(5)-Ru(1)-N(3)
N(5)-Ru(1)-N(2)
N(3)-Ru(1)-N(2)
N(5)-Ru(1)-N(4)
N(3)-Ru(1)-N(4)
N(2)-Ru(1)-N(4)
N(5)-Ru(1)-N(1)
N(3)-Ru(1)-N(1)
N(2)-Ru(1)-N(1)
N(4)-Ru(1)-N(1)
N(5)-Ru(1)-N(6)
N(@3)-Ru(1)-N(6)
N(2)-Ru(1)-N(6)
N(4)-Ru(1)-N(6)
N(1)-Ru(1)-N(6)
C(1)-N(1)-C(18)
C(1)-N(1)-Ru(l1)
C(18)-N(1)-Ru(l)
C(3)-N(2)-C(6)
C(3)-N(2)-Ru(l)
C(6)-N(2)-Ru(l)
C(11)-N(3)-C(8)
C(11)-N(3)-Ru(l)
C(8)-N(3)-Ru(1)

88.55(12)
89.50(12)
89.79(11)
93.34(12)
90.55(11)
177.15(12)
94.35(11)
177.10(11)
90.04(11)
89.48(11)
177.07(12)
88.65(11)
89.64(11)
87.54(11)
88.45(11)
106.7(3)
126.7(2)
126.5(2)
106.9(3)
126.2(2)
126.8(2)
106.8(3)
126.1(2)
126.9(2)
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C(13)-N(4)-C(16)
C(13)-N(4)-Ru(1)
C(16)-N(4)-Ru(1)
O(1)-N(5)-C(45)
O(1)-N(5)-Ru(1)
C(45)-N(5)-Ru(1)
C(55)-N(6)-C(51)
C(55)-N(6)-Ru(1)
C(51)-N(6)-Ru(1)
N(I1)-C(1)-C(2)
N(1)-C(1)-C(20)
C(2)-C(1)-C(20)
C(3)-C(2)-C(1)
N(2)-C(3)-C(2)
N(2)-C(3)-C4)
C(2)-C3)>-C4)
C(5)>-C@)-C(3)
C(4)-C(5)-C(6)
N(2)-C(6)-C(7)
N(2)-C(6)-C(5)
C(7)-C(6)-C(5)
C(8)-C(7)-C(6)
N(3)-C(8)-C(N)
N(3)-C(8)-C(9)

106.9(3)
125.5(2)
127.4(2)
112.3(3)
125.72)
122.1(2)
116.2(3)
120.9(3)
122.8(3)
125.1(3)
109.4(3)
125.5(3)
125.4(3)
126.2(3)
108.9(3)
124.8(3)
107.5(3)
107.6(3)
125.2(3)
109.1(3)
125.7(3)
125.6(3)
125.6(3)
109.2(3)



C(N)-C(8)-C(9)
C(10)-C(9)-C(8)
C(9)-C(10)-C(11)
N@3)-C(11)-C(12)
N(@3)-C(11)-C(10)
C(12)-C(11)-C(10)
C(13)-C(12)-C(11)
N(@4)-C(13)-C(12)
N@4)-C(13)-C(14)
C(12)-C(13)-C(14)
C(15)-C(14)-C(13)
C(14)-C(15)-C(16)
N@4)-C(16)-C(17)
N(4)-C(16)-C(15)
C(45)-C(50)-C(49)
N(6)-C(51)-C(52)
C(53)-C(52)-C(51)

125.2(3)
107.7(3)
107.1(3)
126.1(3)
109.2(3)
124.7(3)
124.7(3)
126.6(3)
108.8(3)
124.5(3)
107.9(3)
107.2(3)
125.2(3)
109.2(3)
118.9(4)
123.5(4)
119.1(4)

C(17)-C(16)-C(15)
C(18)-C(17)-C(16)
N(1)-C(18)-C(17)
N(1)-C(18)-C(19)
C(17)-C(18)-C(19)
C(20)-C(19)-C(18)
C(19)-C(20)-C(1)
C(46)-C(45)-C(50)
C(46)-C(45)-N(5)
C(50)-C(45)-N(5)
C(45)-C(46)-C(47)
C(48)-C(47)-C(46)
C(49)-C(48)-C(47)
C(48)-C(49)-C(50)
C(52)-C(53)-C(54)
C(55)-C(54)-C(53)
N(6)-C(55)-C(54)

125.6(3)
125.2(3)
126.0(3)
108.6(3)
125.4(3)
107.9(3)
107.4(3)
121.3(4)
118.5(3)
120.2(3)
119.0(4)
120.1(4)
120.3(4)
120.4(4)
118.1(4)
119.0(4)
124.0(4)
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Table 5.11. Selected Bond lengths (A) for (TTP)Ru(PhNO)(py)

C(1)-N(1) 1.384(6) C(17)-C(18) 1.401(8)
C(1)-CQ2) 1.397(7) C(18)-N(1) 1.378(6)
C(1)-C(20) 1.433(7) C(18)-C(19) 1.446(7)
C(2)-C(3) 1.405(7) C(19)-C(20) 1.322(7)
C(3)-N(2) 1.383(7) O(1)-N(5) 1.271(6)
C@Q3)-C(4) 1.436(7) C(50)-C(51) 1.355(8)
C(4)-C(5) 1.348(7) C(50)-C(55) 1.372(8)
C(5)-C(6) 1.447(8) C(50)-N(5) 1.466(7)
C(6)-N(2) 1.374(7) C(51)-C(52) 1.389(9)
C(6)-C(7) 1.400(7) C(52)-C(53) 1.378(9)
C(7)-C(8) 1.393(8) C(53)-C(54) 1.384(9)
C(8)-N@3) 1.371(6) C(54)-C(55) 1.380(8)
C(8)-C(9) 1.439(7) C(56)-N(6) 1.323(7)
C(9)-C(10) 1.347(7) C(56)-C(57) 1.386(9)
C(10)-C(11) 1.445(7) C(57)-C(58) 1.367(9)
C(11)-N(3) 1.380(7) C(58)-C(59) 1.370(9)
C(11)-C(12) 1.392(8) C(59)-C(60) 1.382(8)
C(12)-C(13) 1.420(7) C(60)-N(6) 1.341(7)
C(13)-N4) 1.377(6) N(1)-Ru(1) 2.042(4)
C(13)-C(14) 1.431(7) N(2)-Ru(1) 2.047(5)
C(14)-C(15) 1.345(7) N(@3)-Ru(1) 2.049(4)
C(15)-C(16) 1.454(8) N(4)-Ru(1) 2.052(S)
C(16)-N(4) 1.382(6) N(5)-Ru(1) 1.905(5)
C(16)-C(17) 1.410(7) N(6)-Ru(1) 2.158(5)
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Table 5.12. Selected Bond angles (°) for (TTP)Ru(PhNO)(py)

N(1)-C(1)-C(2)
N(1)-C(1)-C(20)
C(2)-C(1)-C(20)
C(1)-C(2)-C(3)
N(2)-C(3)-C(2)
N(2)-C(3)-C(4)
C(2)-C(3)-C(4)
C(5)-C(4)-C(3)
C(4)-C(5)-C(6)
N(2)-C(6)-C(7)
N(2)-C(6)-C(5)
C(7)-C(6)-C(5)
C(8)-C(7)-C(6)
N(3)-C(8)-C(7)
N(3)-C(8)-C(9)
C(7)-C(8)-C(9)
C(10)-C(9)-C(8)
C(9)-C(10)-C(11)
N(@3)-C(11)-C(12)
N(3)-C(11)-C(10)
C(12)-C(11)-C(10)
C(11)-C(12)-C(13)
N(4)-C(13)-C(12)
N(4)-C(13)-C(14)

124.8(5)
108.9(5)
126.2(5)
126.3(5)
125.3(5)
108.9(5)
125.8(5)
107.6(5)
107.5(5)
125.9(5)
108.7(5)
125.4(5)
125.2(5)
125.8(5)
109.2(5)
125.0(5)
107.6(5)
107.4(5)
126.8(5)
108.8(5)
124.4(5)
125.5(5)
124.5(5)
110.1(5)
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C(12)-C(13)-C(14)
C(15)-C(14)-C(13)
C(14)-C(15)-C(16)
N@4)-C(16)-C(17)
N(4)-C(16)-C(15)
C(17)-C(16)-C(15)
C(18)-C(17)-C(16)
N(1)-C(18)-C(17)
N(1)-C(18)-C(19)
C(17)-C(18)-C(19)
C(20)-C(19)-C(18)
C(19)-C(20)-C(1)
C(51)-C(50)-C(55)
C(51)-C(50)-N(5)
C(55)-C(50)-N(5)
C(50)-C(51)-C(52)
C(53)-C(52)-C(51)
C(52)-C(53)-C(54)
C(55)-C(54)-C(53)
C(50)-C(55)-C(54)
N(6)-C(56)-C(57)
C(58)-C(57)-C(56)
C(59)-C(58)-C(57)
C(58)-C(59)-C(60)

125.4(5)
107.8(5)
106.8(5)
125.3(5)
109.4(5)
125.2(5)
124.5(5)
126.8(5)
108.3(5)
124.9(5)
108.2(5)
108.0(5)
121.6(6)
119.1(6)
119.2(6)
119.8(6)
119.3(6)
120.3(7)
119.7(7)
119.2(6)
125.0(6)
117.7(7)
119.6(7)
118.0(7)



N(6)-C(60)-C(59)
C(18)-N(1)-C(1)
C(18)-N(1)-Ru(l)
C(1)-N(1)-Ru(l)
C(6)-N(2)-C(3)
C(6)-N(2)-Ru(l)
C(3)-N(2)-Ru(1)
C(8)-N(3)-C(11)
C(8)-N(3)-Ru(l)
C(11)-N(@3)-Ru(l)
C(13)-N(4)-C(16)
C(13)-N(4)-Ru(l)
C(16)-N(4)-Ru(l)
O(1)-N(5)-C(50)
O(1)-N(5)-Ru(1)
C(50)-N(5)-Ru(1)
C(56)-N(6)-C(60)

124.3(6)
106.6(4)
126.4(4)
126.9(4)
107.2(5)
126.6(4)
126.3(4)
107.14)
126.4(4)
125.2(4)
105.9(5)
127.04)
127.1(4)
111.1(5)
123.5(4)
123.2(4)
115.4(6)

C(56)-N(6)-Ru(1)
C(60)-N(6)-Ru(1)
N(5)-Ru(1)-N(1)
N(5)-Ru(1)-N(2)
N(1)-Ru(1)-N(2)
N(5)-Ru(1)-N(3)
N(1)-Ru(1)-N(@3)
N(2)-Ru(1)-N(3)
N(5)-Ru(1)-N(4)
N(1)-Ru(1)-N@4)
N(2)-Ru(1)-N@4)
N(3)-Ru(1)-N(4)
N(5)-Ru(1)-N(6)
N(1)-Ru(1)-N(6)
N(2)-Ru(1)-N(6)
N(@3)-Ru(1)-N(6)
N(<£:-Ru(1)-N(6)

122.3(4)
122.34)
98.3(2)
90.2(2)
90.27(17)
85.6(2)
176.1(2)
89.58(17)
91.9(2)
89.77(17)
177.9(2)
90.24(17)
174.7(2)
86.95(19)
90.01(18)
89.18(19)
87.86(18)
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Table 5.13. Selected Bond lengths (A) for (TPP)Ru(PhNO)(1-Melm)

Ru(1)-N(5)
Ru(1)-N(2)
Ru(1)-N(3)
Ru(1)-N(1)
Ru(1)-N(4)
Ru(1)-N(6)
O(1)-N(5)

N(1)-C(1)

N(1)-C(18)
N(2)-C(3)

N(2)-C(6)

N(@3)-C(8)

N(3)-C(11)
N4)-C(16)
N(4)-C(13)
N(5)-C(45)
N(6)-C(54)
N(6)-C(51)
N(7)-C(54)
N(7)-C(52)
N(7)-C(53)
C(1)-C(2)

C(1)-C(20)

1.884(6)
2.039(4)
2.040(5)
2.050(5)
2.062(5)
2.135(5)
1.267(7)
1.372(7)
1.371(7)
1.372(7)
1.377(7)
1.368(7)
1.387(7)
1.357(7)
1.384(7)
1.462(8)
1.329(7)
1.370(7)
1.332(8)
1.373(8)
1.450(8)
1.413(8)
1.434(8)
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C(2)-C(3)
C(3)-C(4)
C(4)-C(5)
C(5)-C(6)
C(6)-C(7)
C(M)-C(®)
C(8)-C(9)
C(9)-C(10)
C(10)-C(11)
C(11)-C(12)
C(12)-C(13)
C(13)-C(14)
C(14)-C(15)
C(15)-C(16)
C(16)-C(17)
C(17)-C(18)
C(18)-C(19)
C(19)-C(20)
C(45)-C(46)
C(45)-C(50)
C(46)-C(47)
C(47)-C(48)
C(48)-C(49)

1.413(8)
1.429(8)
1.364(9)
1.444(8)
1.399(8)
1.408(8)
1.449(8)
1.364(9)
1.434(8)
1.390(8)
1.388(8)
1.447(8)
1.347(8)
1.444(7)
1.423(8)
1.407(7)
1.437(7)
1.346(8)
1.368(9)
1.388(8)
1.381(9)
1.382(10)
1.371(10)



C(49)-C(50)

1.399(10)

C(51)-C(52)

1.33709)

Table 5.14. Selected Bond angles (°) for (TPP)Ru(PhNO)(1-Melm)

N(5)-Ru(1)-N(2)
N(5)-Ru(1)-N(@3)
N(2)-Ru(1)-N(3)
N(5)-Ru(1)-N(1)
N(2)-Ru(1)-N(1)
N(3)-Ru(1)-N(1)
N(5)-Ru(1)-N(4)
N(2)-Ru(1)-N(4)
N(3)-Ru(1)-N(4)
N(1)-Ru(1)-N(4)
N(5)-Ru(1)-N(6)
N(2)-Ru(1)-N(6)
N(3)-Ru(1)-N(6)
N(1)-Ru(1)-N(6)
N(4)-Ru(1)-N(6)
C(1)-N(1)-C(18)
C(1)-N(1)-Ru(l)
C(18)-N(1)-Ru(1)
C(3)-N(2)-C(6)
C(3)-N(2)-Ru(1)

90.4(2)
89.5(2)
89.60(18)
94.2(2)
90.60(17)
176.3(2)
92.0(2)
177.6(2)
90.74(18)
88.90(17)
177.4(2)
89.79(19)
87.90(19)
88.37(19)
87.82(18)
106.7(4)
125.8(4)
127.3(3)
105.7(5)
127.14)

C(6)-N(2)-Ru(1)
C(8)-N(3)-C(11)
C(8)-N(3)-Ru(1)
C(11)-N(3)-Ru(1)
C(16)-N(4)-C(13)
C(16)-N(4)-Ru(1)
C(13)-N(4)-Ru(1)
O(1)-N(5)-C(45)
O(1)-N(5)-Ru(1)
C(45)-N(5)-Ru(1)
C(54)-N(6)-C(51)
C(54)-N(6)-Ru(1)
C(51)-N(6)-Ru(1)
C(54)-N(7)-C(52)
C(54)-N(7)-C(53)
C(52)-N(7)-C(53)
N(1)-C(1)-C(2)
N(1)-C(1)-C(20)
C(2)-C(1)-C(20)
C(1)-C(2)-CA3)

127.34)
107.3(5)
126.7(4)
125.9(4)
107.6(5)
127.4(4)
124.9(4)
111.6(5)
126.0(5)
122.2(4)
105.1(5)
128.0(4)
126.7(4)
106.2(5)
127.6(6)
126.2(6)
125.7(5)
109.6(5)
124.6(5)
125.9(5)



N(2)-C(3)-C(2)
N(2)-C(3)-C(4)
C(2)-C(3)-C(4)
C(5)-C(4)-C(3)
C(4)-C(5)-C(6)
N(2)-C(6)-C(7)
N(2)-C(6)-C(5)
C(7)-C(6)-C(5)
C(6)-C(N-C(®)
N(3)-C(8)-C(7)
N(3)-C(8)-C(9)
C(7)-C(8)-C(9)
C(10)-C(9)-C(8)
C(9)-C(10)-C(11)
N(3)-C(11)-C(12)
N(3)-C(11)-C(10)
C(12)-C(11)-C(10)
C(13)-C(12)-C(11)
N(4)-C(13)-C(12)
N(4)-C(13)-C(14)
C(12)-C(13)-C(14)
C(15)-C(14)-C(13)

124.7(5)
111.2(6)
124.1(5)
106.2(5)
107.2(5)
125.6(5)
109.7(5)
124.7(5)
124.3(5)
126.5(5)
109.6(5)
123.9(6)
106.3(6)
108.2(5)
125.6(5)
108.5(5)
125.9(5)
126.4(5)
126.2(5)
107.9(5)
125.9(5)
108.1(5)

C(14)-C(15)-C(16)
N(4)-C(16)-C(17)
N(4)-C(16)-C(15)
C(17)-C(16)-C(15)
C(18)-C(17)-C(16)
N(1)-C(18)-C(17)
N(1)-C(18)-C(19)
C(17)-C(18)-C(19)
C(20)-C(19)-C(18)
C(19)-C(20)-C(1)
C(46)-C(45)-C(50)
C(46)-C(45)-N(3)
C(50)-C(45)-N(5)
C(45)-C(46)-C(47)
C(48)-C(47)-C(46)
C(49)-C(48)-C(47)
C(48)-C(49)-C(50)
C(45)-C(50)-C(49)
C(52)-C(51)-N(6)
C(51)-C(52)-N(7)
N(6)-C(54)-N(7)

106.8(5)
126.2(5)
109.7(5)
124.2(5)
123.7(5)
126.3(5)
109.1(4)
124.5(5)
107.6(5)
107.0(5)
121.5(6)
120.3(5)
118.1(6)
119.7(6)
119.9(7)
120.1(7)
120.7(7)
117.9(7)
109.6(6)
107.3(6)
111.9(5)
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Table 5.15. Selected Bond lengths (A) for (TPP)Ru(o-t0INO)(1-Melm)

Ru(1)-N(7) 1.915(4) C(2)-C(3) 1.415(7)
Ru(1)-N(4) 2.040(4) C(3)-C4) 1.447(6)
Ru(1)-N(1) 2.050(4) C(4)-C(5) 1.341(7)
Ru(1)-N(3) 2.052(4) C(5)-C(6) 1.446(7)
Ru(1)-N(2) 2.055(4) C(6)-C(M 1.391(7)
Ru(1)-N(5) 2.165(4) C(7)-C(8) 1.410(7)
N(1)-C(1) 1.365(6) C(8)-C(9) 1.439(7)
N(1)-C(18) 1.373(6) C(9)-C(10) 1.347(7)
N(2)-C(3) 1.361(6) C(10)-C(11) 1.439(7)
N(2)-C(6) 1.388(6) C(11)-C(12) 1.410(7)
N(3)-C(11) 1.376(6) C(12)-C(13) 1.402(7)
N(3)-C(8) 1.379(6) C(13)-C(14) 1.446(7)
N(4)-C(16) 1.375(6) C(14)-C(15) 1.343(7)
N(4)-C(13) 1.377(6) C(15)-C(16) 1.441(7)
N(5)-C(55) 1.313(6) C(16)-C(17) 1.396(7)
N(5)-C(52) 1.356(7) C(17)-C(18) 1.403(7)
N(6)-C(53) 1.340(7) C(18)-C(19) 1.428(7)
N(6)-C(55) 1.342(6) C(19)-C(20) 1.335(7)
N(6)-C(54) 1.468(6) C(45)-C(46) 1.382(7)
N(7)-0(1) 1.255(5) C(45)-C(50) 1.398(7)
N(7)-C(45) 1.463(6) C(46)-C(47) 1.400(8)
C(1)-C(2) 1.388(7) C(47)-C(48) 1.378(9)
C(1)-C(20) 1.461(7) C(48)-C(49) 1.367(8)
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C(49)-C(50)
C(50)-C(51)

1.400(7)
1.492(8)

C(52)-C(53)

1.351(7)

Table 5.16. Selected Bond angles (°) for (TPP)Ru(o-toINO)(1-Melm)

C(46)-C(45)-C(50)
N(7)-Ru(1)-N(4)
N(7)-Ru(1)-N(1)
N(4)-Ru(1)-N(1)
N(7)-Ru(1)-N(3)
N(4)-Ru(1)-N(3)
N(1)-Ru(1)-N(3)
N(7)-Ru(1)-N(2)
N(4)-Ru(1)-N(2)
N(1)-Ru(1)-N(2)
N@3)-Ru(1)-N(2)
N(7)-Ru(1)-N(5)
N(4)-Ru(1)-N(5)
N(1)-Ru(1)-N(5)
N(3)-Ru(1)-N(5)
N(2)-Ru(1)-N(5)
C(1)-N(1)-C(18)
C(1)-N(1)-Ru(1)
C(18)-N(1)-Ru(l)

122.5(5)
88.29(15)
89.85(15)
89.57(15)
93.68(16)
90.20(16)

176.45(15)
94.01(15)

177.68(15)
90.18(16)
89.91(15)

178.39(16)
91.66(15)
88.54(15)
87.92(15)
86.03(15)

107.5(4)

125.6(3)

126.9(3)
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C(3)-N(2)-C(6)
C(3)-N(2)-Ru(1)
C(6)-N(2)-Ru(l)
C(11)-N(3)-C(8)
C(11)-N(3)-Ru(1)
C(8)-N(3)-Ru(1)
C(16)-N(4)-C(13)
C(16)-N(4)-Ru(l)
C(13)-N(4)-Ru(l)
C(55)-N(5)-C(52)
C(55)-N(5)-Ru(1)
C(52)-N(5)-Ru(1)
C(53)-N(6)-C(55)
C(53)-N(6)-C(54)
C(55)-N(6)-C(54)
O(1)-N(7)-C(45)
O(1)-N(7)-Ru(l)
C(45)-N(7)-Ru(1)
N(1)-C(1)-C(2)

106.9(3)
126.3(3)
126.5(3)
106.8(4)
126.6(3)
126.2(3)
106.9(4)
127.03)
125.7(3)
104.8(4)
127.8(3)
127.4(4)
107.0(4)
126.1(4)
126.8(5)
112.3(4)
124.4(3)
1232(3)
127.2(5)



N(1)-C(1)-C(20)
C(2)-C(1)-C(20)
C(1)-C(2)-C(3)
N(2)-C(3)-C(2)
N(2)-C(3)-C(4)
C(2)-C(3)-C4)
C(5)-C4)-C3)
C(4)-C(5)-C(6)
N(2)-C(6)-C(7)
N(2)-C(6)-C(5)
C(7)-C(6)-C(5)
C(6)-C(7)-C(8)
N(3)-C(8)-C(7)
N(3)-C(8)-C(9)
C(7)-C@®)-C(9)
C(10)-C(9)-C(8)
C(9)-C(10)-C(11)
N(3)-C(11)-C(12)
N(3)-C(11)-C(10)
C(12)-C(11)-C(10)
C(13)-C(12)-C(11)
N(4)-C(13)-C(12)
N(4)-C(13)-C(14)
C(12)-C(13)-C(14)

108.1(4)
124.6(4)
124.9(5)
125.7(4)
109.7(4)
124.6(4)
107.0(4)
107.9(5)
125.8(4)
108.4(4)
125.7(4)
125.34)
126.1(4)
109.0(4)
124.9(4)
107.5(4)
107.5(4)
125.4(4)
109.2(4)
125.3(4)
124.9(4)
126.7(4)
108.8(4)
124.5(4)

C(15)-C(14)-C(13)
C(14)-C(15)-C(16)
N(4)-C(16)-C(17)
N(4)-C(16)-C(15)
C(17)-C(16)-C(15)
C(16)-C(17)-C(18)
N(1)-C(18)-C(17)
N(1)-C(18)-C(19)
C(17)-C(18)-C(19)
C(20)-C(19)-C(18)
C(19)-C(20)-C(1)
C(46)-C(45)-N(7)
C(50)-C(45)-N(7)
C(45)-C(46)-C(47)
C(48)-C(47)-C(46)
C(49)-C(48)-C(47)
C(48)-C(49)-C(50)
C(45)-C(50)-C(49)
C(45)-C(50)-C(51)
C(49)-C(50)-C(51)
C(53)-C(52)-N(5)
N(6)-C(53)-C(52)
N(5)-C(55)-N(6)

107.6(4)
107.4(4)
125.4(4)
109.2(4)
125.1(4)
125.8(5)
125.14)
109.2(4)
125.6(4)
107.8(4)
107.3(4)
117.8(4)
119.6(5)
118.9(5)
119.9(6)
119.8(5)
122.8(5)
116.0(5)
121.9(5)
122.0(5)
110.1(5)
106.4(5)
111.6(5)
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Table 5.17. Selected Bond lengths (A) for (TTP)Ru(N(O)CgH2(Me)20Me—p)(1-Melm)

Ru(1)-N(5)
Ru(1)-N(1)
Ru(1)-N(2)
Ru(1)-N(4)
Ru(1)-N(3)
Ru(1)-N(6)
N(D-C(1)

N(1)-C(18)
N(2)-C(3)

N(2)-C(6)

N(3)-C(8)

N(3)-C(11)
N@4)-C(13)
N(4)-C(16)
N(5)-0(1)

N(5)-C49)
N(6)-C(61)
N(6)-C(58)
N(7)-C(61)
N(7)-C(59)
N(7)-C(60)
0(2)-C(53)
0(2)-C(54)
C(1)-C(2)

1.919(5)
2.049(4)
2.059(4)
2.059(4)
2.062(5)
2.144(5)
1.376(7)
1.398(6)
1.372(6)
1.376(6)
1.383(7)
1.388(7)
1.386(7)
1.391(7)
1.291(6)
1.457(7)
1.339(7)
1.371(8)
1.345(8)
1.347(8)
1.457(8)
1.410(8)
1.447(11)
1.405(7)
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C(1)-C(20)
C(2)-C(3)
C(3)-C4)
C(4)-C(5)
C(5)-C(6)
C(6)-C(7)
C(N-C@®)
C(8)-C(9)
C(9)-C(10)
C(10)-C(11)
C(11)-C(12)
C(12)-C(13)
C(13)-C(14)
C(14)-C(15)
C(15)-C(16)
C(16)-C(17)
C(17)-C(18)
C(18)-C(19)
C(19)-C(20)
C(49)-C(57)
C(49)-C(50)
C(50)-C(51)
C(51)-C(53)
C(51)-C(52)

1.460(7)
1.408(7)
1.449(7)
1.354(7)
1.441(7)
1.423(7)
1.403(7)
1.465(8)
1.354(8)
1.442(8)
1.409(8)
1.401(8)
1.440(8)
1.368(9)
1.453(8)
1.393(8)
1.397(8)
1.449(7)
1.353(7)
1.373(9)
1.408(9)
1.367(10)
1.397(12)
1.576(11)



C(53)-C(55) 1.380(11) C(55)-C(56) 1.537(11)
C(55)-C(57) 1.383(9) C(58)-C(59) 1.365(10)

Table 5.18. Bond angles (°) for (TTP)Ru(N(O)CsH2(Me),OMe-p)(1-Melm)

N(5)-Ru(1)-N(1) 83.9(2) C(3)-N(2)-Ru(1) 126.2(3)
N(5)-Ru(1)-N(2) 90.44(19) C(6)-N(2)-Ru(1) 126.8(3)
N(1)-Ru(1)-N(2) 89.69(16) C(8)-N(3)-C(11) 107.1(4)
N(5)-Ru(1)-N(4) 91.00(19) C(8)-N(3)-Ru(1) 125.2(4)
N(1)-Ru(1)-N4) 90.79(17) C(11)-N@3)-Ru(1) 127.3(4)
N(2)-Ru(1)-N(4) 178.52(19) C(13)-N@4)-C(16) 107.2(4)
N(5)-Ru(1)-N(3) 99.4(2) C(13)-N(4)-Ru(1) 127.2(4)
N(1)-Ru(1)-N(@3) 176.69(19) C(16)-N(4)-Ru(l) 125.5(4)
N(2)-Ru(1)-N(3) 90.24(17) O(1)-N(5)-C49) 111.6(5)
N(4)-Ru(1)-N(3) 89.19(18) O(1)-N(5)-Ru(1) 121.8(4)
N(5)-Ru(1)-N(6) 170.29(19) C(49)-N(5)-Ru(l) 125.5(4)
N(1)-Ru(1)-N(6) 86.62(17) C(61)-N(6)-C(58) 104.7(5)
N(2)-Ru(1)-N(6) 91.82(17) C(61)-N(6)-Ru(1) 125.3(4)
N(4)-Ru(1)-N(6) 86.82(18) C(58)-N(6)-Ru(1) 129.7(4)
N(3)-Ru(1)-N(6) 90.07(18) C(61)-N(7)-C(59) 106.0(5)
C(1)-N(1)-C(18) 107.5(4) C(61)-N(7)-C(60) 127.5(6)
C(1)-N(1)-Ru(1) 127.0(3) C(59)-N(7)-C(60) 126.5(6)
C(18)-N(1)-Ru(1) 125.4(4) C(53)-0(2)-C(54) 113.5(7)
C(3)-N(2)-C(6) 106.9(4) N(1)-C(1)-C(2) 125.9(5)
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N(1)-C(1)-C(20)
C(2)-C(1)-C(20)
C(1)-C(2)-C(3)
N(2)-C(3)-C(2)
N(2)-C(3)-C4)
C(2)-C(3)-C4)
C(5)-C(4)-C?3)
C(4)-C(5)-C(6)
N(2)-C(6)-C(7)
N(2)-C(6)-C(5)
C(7)-C(6)-C(5)
N(3)-C(8)-C(7)
N(3)-C(8)-C(9)
C(7)-C(8)-C(9)
C(10)-C(9)-C(8)
C(9)-C(10)-C(11)
N(3)-C(11)-C(12)
N(3)-C(11)-C(10)
C(13)-C(12)-C(11)
N(4)-C(13)-C(12)
N(4)-C(13)-C(14)
C(12)-C(13)-C(14)
C(15)-C(14)-C(13)
C(14)-C(15)-C(16)
N(4)-C(16)-C(17)

109.1(4)
125.0(5)
124.5(5)
126.5(5)
109.2(4)
124.3(5)
107.2(5)
107.1(5)
125.6(5)
109.5(4)
124.9(5)
127.5(5)
108.5(5)
124.0(5)
107.4(5)
107.7(5)
124.8(5)
109.3(5)
125.9(5)
125.5(5)
109.3(5)
125.2(6)
107.5(6)
107.4(5)
126.1(5)

N(4)-C(16)-C(15)
C(17)-C(16)-C(15)
C(16)-C(17)-C(18)
C(17)-C(18)-N(1)
C(17)-C(18)-C(19)
N(1)-C(18)-C(19)
C(20)-C(19)-C(18)
C(19)-C(20)-C(1)
C(57)-C(49)-C(50)
C(57)-C(49)-N(5)
C(50)-C(49)-N(5)
C(51)-C(50)-C(49)
C(50)-C(51)-C(53)
C(50)-C(51)-C(52)
C(53)-C(51)-C(52)
C(55)-C(53)-C(S1)
C(55)-C(53)-0(2)
C(51)-C(53)-0(2)
C(53)-C(55)-C(57)
C(53)-C(55)-C(56)
C(57)-C(55)-C(56)
C(49)-C(57)-C(55)
C(59)-C(58)-N(6)
N(7)-C(59)-C(58)
N(6)-C(61)-N(7)

108.6(5)
125.3(5)
125.8(5)
126.2(5)
125.8(5)
108.0(5)
108.5(5)
106.9(5)
121.5(6)
122.6(6)
115.9(6)
118.6(7)
119.4(7)
120.8(9)
119.8(8)
121.9(7)
118.0(8)
120.0(8)
118.5(7)
122.0(7)
119.5(7)
119.9(7)
108.8(6)
108.3(6)
112.3(5)
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Table 5.19. Selected Bond lengths (A) for (TTP)Ru(PhNO)(1-MelIm)

Ru(1)-N(5) 1.884(5) C(3)-C@4) 1.430(7)
Ru(1)-N(4) 2.030(5) C(4)-C(5) 1.399(7)
Ru(1)-N(1) 2.041(4) C(5)-C(6) 1.392(7)
Ru(1)-N(3) 2.049(4) C(6)-C(7) 1.440(7)
Ru(1)-N(2) 2.051(4) C(7)-C(8) 1.330(7)
Ru(1)-N(6) 2.149(4) C(8)-C(9) 1.429(8)
O(1)-N(5) 1.251(6) C(9)-C(10) 1.402(7)
N(1)-C(1) 1.358(6) C(10)-C(11) 1.391(8)
N(1)-C(4) 1.382(7) C(11)-C(12) 1.435(7)
N(2)-C(6) 1.352(7) C(12)-C(13) 1.334(8)
N(2)-C(9) 1.375(6) C(13)-C(14) 1.434(7)
N(@3)-C(14) 1.365(7) C(14)-C(15) 1.392(7)
N@3)-C(11) 1.371(6) C(15)-C(16) 1.408(7)
N(4)-C(16) 1.369(7) C(16)-C(17) 1.425(8)
N(4)-C(19) 1.379(7) C(17)-C(18) 1.333(8)
N(5)-C(49) 1.427(8) C(18)-C(19) 1.428(8)
N(6)-C(57) 1.317(7) C(19)-C(20) 1.395(7)
N(6)-C(55) 1.363(7) C(49)-C(50) 1.363(10)
N(7)-C(57) 1.347(8) C(49)-C(54) 1.389(10)
N(7)-C(56) 1.362(8) C(50)-C(51) 1.403(11)
N(7)-C(58) 1.456(8) C(51)-C(52) 1.346(14)
C(1)-C(20) 1.393(8) C(52)-C(53) 1.403(13)
C(1)-C(2) 1.425(7) C(53)-C(54) 1.388(10)
C(2)-C(3) 1.345(7) C(55)-C(56) 1.33109)
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Table 5.20. Selected Bond angles (°) for (TTP)Ru(PhNO)(1-Melm)

N(5)-Ru(1)-N(4) 90.7(2) C(16)-N4)-C(19) 105.9(4)
N(5)-Ru(1)-N(1) 90.03(19) C(16)-N(4)-Ru(1) 126.4(4)
N(4)-Ru(1)-N(1) 89.31(17) C(19)-N(4)-Ru(1) 127.5(4)
M(5)-Ru(1)-N(3) 93.56(18) O(1)-N(5)-C(49) 113.5(5)
N(4)-Ru(1)-N(3) 90.72(17) O(1)-N(5)-Ru(1) 125.7(4)
N(1)-Ru(1)-N(3) 176.41(18) C(49)-N(5)-Ru(1) 120.7(4)
N(5)-Ru(1)-N(2) 92.50(19) C(57)-N(6)-C(55) 104.5(5)
N(4)-Ru(1)-N(2) 176.82(18) C(57)-N(6)-Ru(1) 126.3(4)
N(1)-Ru(1)-N(2) 90.85(17) C(55)-N(6)-Ru(1) 129.2(4)
N(3)-Ru(1)-N(2) 88.92(16) C(57)-N(7)-C(56) 106.7(5)
N(5)-Ru(1)-N(6) 178.76(19) C(57)-N(7)-C(58) 126.6(5)
N(4)-Ru(1)-N(6) 89.60(17) C(56)-N(7)-C(58) 126.7(6)
N(1)-Ru(1)-N(6) 88.76(17) N(1)-C(1)-C(20) 125.2(4)
N(3)-Ru(1)-N(6) 87.65(17) N(1)-C(1)-C(2) 109.1(5)
N(2)-Ru(1)-N(6) 87.23(17) C0)-C(1)-C(2) 125.7(5)
C(1)-N(1)-C4) 107.5(4) C(3)-C(2)-C(1) 107.7(5)
C(1)-N(1)-Ru(1) 127.4(4) C(2)-C(3)-C4) 107.6(5)
C(4)-N(1)-Ru(l) 125.2(3) N(1)-C(4)-C(5) 125.8(5)
C(6)-N(2)-C(9) 106.7(4) N(1)-C4)-C(3) 108.1(4)
C(6)-N(2)-Ru(1) 126.0(3) C(5)-C(4)-C(3) 126.0(5)
C(9)-N(2)-Ru(1) 127.2(3) C(6)-C(5)-C4) 126.1(5)
C(14)-N(3)-C(11) 107.1(4) N(2)-C(6)-C(5) 126.1(5)
C(14)-N(3)-Ru(1) 125.4(3) N(2)-C(6)-C(7) 109.2(4)

C(11)-N(3)-Ru(l) 127.3(3) C(5)-C(6)-C(7) 124.7(5)
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C(8)-C(7)-C(6)
C(7)-C(8)-C(9)
N(2)-C(9)-C(10)
N(2)-C(9)-C(8)
C(10)-C(9)-C(8)
C(11)-C(10)-C(9)
N(@3)-C(11)-C(10)
N(3)-C(11)-C(12)
C(10)-C(11)-C(12)
C(13)-C(12)-C(11)
C(12)-C(13)-C(14)
N(3)-C(14)-C(15)
N(3)-C(14)-C(13)
C(15)-C(14)-C(13)
C(14)-C(15)-C(16)
N(4)-C(16)-C(15)
C(15)-C(16)-C(17)
N4)-C(16)-C(17)

107.5(5)
107.3(5)
125.3(5)
109.2(4)
125.4(5)
125.3(5)
125.8(4)
108.6(5)
125.5(5)
107.8(5)
107.4(5)
125.9(5)
109.0(5)
125.1(5)
126.3(5)
124.8(5)
125.0(5)
110.2(5)

C(18)-C(17)-C(16)
C(17)-C(18)-C(19)
N4)-C(19)-C(20)
N(4)-C(19)-C(18)
C(20)-C(19)-C(18)
C(1)-C(20)-C(19)
C(50)-C(49)-C(54)
C(50)-C(49)-N(5)
C(54)-C(49)-N(5)
C(49)-C(50)-C(s1)
C(52)-C(51)-C(50)
C(51)-C(52)-C(53)
C(54)-C(53)-C(52)
C(53)-C(54)-C(49)
C(56)-C(55)-N(6)
C(55)-C(56)-N(7)
N(6)-C(S7)-N(7)

106.9(5)
108.2(5)
124.4(5)
108.9(5)
126.7(5)
126.2(5)
122.3(7)
118.4(7)
119.2(7)
118.0(9)
119.3(10)
124.1(10)
115.8(10)
120.4(9)
111.1(6)
106.2(6)
111.5(5)
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Table 5.21. Selected Bond lengths (A) for (TTP)Ru(o—toINO)(1-Melm)

Ru(1)-N(5)
Ru(1)-N(4)
Ru(1)-N(3)
Ru(1)-N(2)
Ru(1)-N(1)
Ru(1)-N(6)
O(1)-N(5)
N(1)-C(18)
N(D)-C(1)
N(2)-C(6)
N(2)-C(3)
N(3)-C(8)
N(@3)-C(11)
N(4)-C(16)
N(4)-C(13)
N(5)-C(53B)
N(5)-C(53A)
N(6)-C(52)
N(6)-C(49)
N(7)-C(52)
N(7)-C(50)
N()-C(51)
C(1)-C(2)
C(1)-C(20)

1.871(7)
2.031(6)
2.046(6)
2.042(6)
2.058(5)
2.152(7)
1.285(8)
1.368(8)
1.384(8)
1.360(9)
1.386(9)
1.374(9)
1.379(9)
1.383(9)
1.392(8)
1.455(12)
1.469(10)
1.330(9)
1.388(10)
1.314(10)
1.365(10)
1.474(10)
1.395(10)
1.430(9)
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C(2)-C(3)
C(3)-C4)
C(4)-C(5)
C(5)-C(6)
C(6)-C(7)
C(7)-C(8)
C(8)-C(9)
C(9)-C(10)
C(10)-C(11)
C(11)-C(12)
C(12)-C(13)
C(13)-C(14)
C(14)-C(15)
C(15)-C(16)
C6)-C(17)
C(17)-C(18)
C(18)-C(19)
C(19)-C(20)
C(49)-C(50)
C(53A)-C(54A)
C(53A)-C(58A)
C(54A)-C(55A)
C(55A)-C(56A)
C(56A)-C(57A)

1.407(9)
1.433(10)
1.351(9)
1.450(10)
1.411(9)
1.381(10)
1.446(9)
1.357(10)
1.456(9)
1.390(10)
1.405(9)
1.437(10)
1.348(10)
1.429(10)
1.417(9)
1.399(10)
1.430(9)
1.341(10)
1.352(11)
1.3900
1.3900
1.3900
1.3900
1.3900



C(57A)-C(58A)
C(58A)-C(59A)
C(53B)-C(54B)
C(53B)-C(58B)
C(54B)-C(55B)

1.3900
1.499(2)
1.3900
1.3900
1.3900

C(55B)-C(56B)
C(56B)-C(57B)
C(57B)-C(58B)
C(58B)-C(59B)

1.3900
1.3900
1.3900
1.499(2)

Table 5.22. Selected Bond lengths angles (°) for (TTP)Ru(o-toINO)(1-Melm)

N(5)-Ru(1)-N@4)
N(5)-Ru(1)-N(3)
N(4)-Ru(1)-N(3)
N(5)-Ru(1)-N(2)
N(4)-Ru(1)-N(2)
N(3)-Ru(1)-N(2)
N(5)-Ru(1)-N(1)
N(4)-Ru(1)-N(1)
N(3)-Ru(1)-N(1)
N(2)-Ru(1)-N(1)
N(5)-Ru(1)-N(6)
N(4)-Ru(1)-N(6)
N(3)-Ru(1)-N(6)
N(2)-Ru(1)-N(6)
N(1)-Ru(1)-N(6)
C(18)-N(1)-C(1)

92.6(3)
89.9(2)
90.7(2)
90.9(3)
176.5(2)
89.0(2)
94.9(3)
89.1(2)
175.2(2)
90.9(2)
178.4(2)
87.2(2)
88.5(2)
89.3(2)
86.6(2)
107.1(5)
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C(18)-N(1)-Ru(l)
C(1)-N(1)-Ru(1)
C(6)-N(2)-C(3)
C(6)-N(2)-Ru(1)
C(3)-N(2)-Ru(1)
C(8)-N(3)-C(11)
C(8)-N(3)-Ru(1)
C(11)-N(3)-Ru(1)
C(16)-N(4)-C(13)
C(16)-N(4)-Ru(l)
C(13)-N(4)-Ru(1)

O(1)-N(5)-C(53B)
O(1)-N(5)-C(53A)
C(53B)-N(5)-C(53A)

O(1)-N(5)-Ru(1)

C(53B)-N(5)-Ru(1)

127.5(4)
125.3(5)
106.5(6)
127.8(5)
125.6(5)
108.6(6)
126.7(5)
124.7(5)
104.6(6)
127.8(5)
127.6(5)
110.7(9)
106.5(8)

17.8(7)
126.4(5)
122.8(9)



C(53A)-N(5)-Ru(1)
C(52)-N(6)-C(49)
C(52)-N(6)-Ru(1)
C(49)-N(6)-Ru(1)
C(52)-N(7)-C(50)
C(52)-N(7)-C(51)
C(50)-N(7)-C(51)
N(1)-C(1)-C(2)
N(1)-C(1)-C(20)
C(2)-C(1)-C(20)
C(1)-C(2)-C(3)
N(2)-C(3)-C(2)
N(2)-C(3)-C(4)
C(2)-C(3)-C4)
C(5)-C(4)-C3)
C(4)-C(5)-C(6)
N(2)-C(6)-C(7)
N(2)-C(6)-C(5)
C(N-C(6)-C(5)
C(8)-C(7)-C(6)
N(3)-C(8)-C(7)
N(3)-C(8)-C(9)
C(N)-C(8)-C(9)
C(10)-C(9)-C(8)
C(9)-C(10)-C(11)

125.2(7)
103.0(7)
128.3(5)
128.6(5)
108.0(7)
126.8(7)
125.2(7)
126.3(6)
108.2(6)
125.5(7)
125.6(7)
125.9(7)
109.3(6)
124.8(7)
107.7(7)
106.5(7)
125.2(7)
110.0(6)
124.8(7)
124.8(6)
126.5(6)
108.4(6)
125.1(6)
107.6(7)
107.6(6)
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N(3)-C(11)-C(12)
N(@3)-C(11)-C(10)
C(12)-C(11)-C(10)
C(11)-C(12)-C(13)
N(4)-C(13)-C(12)
N(4)-C(13)-C(14)
C(12)-C(13)-C(14)
C(15)-C(14)-C(13)
C(14)-C(15)-C(16)
N(4)-C(16)-C(17)
N(4)-C(16)-C(15)
C(17)-C(16)-C(15)
C(18)-C(17)-C(16)
N(1)-C(18)-C(17)
N(1)-C(18)-C(19)
C(17)-C(18)-C(19)
C(20)-C(19)-C(18)
C(19)-C(20)-C(1)
C(50)-C(49)-N(6)
N(7)-C(50)-C(49)
N(6)-C(52)-N(7)

127.3(6)
107.7(6)
125.0(7)
126.2(6)
123.5(7)
110.6(6)
125.8(6)
106.4(6)
108.0(7)
124.8(7)
110.4(6)
124.7(7)
125.1(6)
125.5(6)
109.2(6)
125.3(6)
107.4(6)
108.2(7)
110.8(7)
105.3(7)
112.9(7)

C(54A)-C(53A)-C(58A)120.0

C(54A)-C(53A)-N(5)
C(58A)-C(53A)-N(5)

119.7(8)
119.7(8)

C(53A)-C(54A)-C(55A)120.0



C(54A)-C(55A)-C(56A)120.0 C(53B)-C(54B)-C(55B)120.0

C(57A)-C(56A)-C(55A)120.0 C(58B)-C(53B)-N(5) 113.9(10)
C(56A)-C(57A)-C(58A)120.0 C(56B)-C(55B)-C(54B)120.0
C(57A)-C(58A)-C(53A)120.0 C(55B)-C(56B)-C(57B) 120.0
C(57A)-C(58A)-C(59A)114.9(11) C(58B)-C(57B)-C(56B)120.0
C(53A)-C(58A)-C(59A)125.1(11) C(57B)-C(58B)-C(53B)120.0
C(54B)-C(53B)-C(58B) 120.0 C(57B)-C(58B)-C(59B)102.5(14)
C(54B)-C(53B)-N(5) 125.9(10) C(53B)-C(58B)-C(59B)131.7(14)
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