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The redox behavior of the six-coordinate (por)Mn(NO)(1-Melm) (por = tetraphenylporphyrin dianion (TPP),
tetratolylporphyrin dianion (TTP), or tetra-p-methoxyphenylporphyrin dianion (T(p-OMe)PP)) complexes were examined
by cyclic voltammetry at room temperature and at =78 °C in two nonaqueous solvents (CH,Cl, and THF) at a Pt
disk electrode. In CH,Cl, at room temperature, the compounds undergo four oxidations and two reductions within
the solvent limit; in THF, the compounds undergo one oxidation and three reductions. In both solvents, the first
oxidation represents a chemically irreversible one-electron process involving the rapid loss of nitric oxide. The
oxidation occurs at the MnNO site as judged from bulk electrolysis, UV-vis spectroscopy at room temperature, and
IR spectroelectrochemistry at room temperature and at =78 °C. The second oxidation, accessible in CH,Cl,, is
also chemically irreversible and occurs at the porphyrin ring; the third and the fourth oxidations are, on the other
hand, chemically reversible but also occur at the porphyrin ring. The first reduction is chemically irreversible in
CH,Cl,, occurs at the porphyrin ring, and is followed by loss of NO. In THF, the first reduction is chemically
reversible and is followed by reversible loss of NO.

Introduction guanylyl cyclas€,cytochrome P456 cytochromec,®*?and
cytochromec peroxidaséhave been reported. Some water-
soluble manganese porphyrins are also reported to catalyze,
electrochemically, the reduction of NO to hydroxylamine and
ammonia in agueous media.

We recently reported the synthesis and structural charac-
terization of a series of six-coordinate (por)Mn(NO)(L)
compounds (pot tetratolylporphyrin dianion (TTP) or tetra-
p-methoxyphenylporphyrin dianion (f{OMe)PP)); L =
piperidine, 1-methyimidazole, methan&Our study comple-
mented previous structural studies by Scheidt and co-
workers34 on the five-coordinate (TTP)Mn(NO) and the

Nitric oxide (NO) interacts with many heme proteins in
vivo and in vitro, and many of these interactions that result
in Fe—=NO bonds are physiologically relevant (reviewed in
ref 1)1 NO binding to manganese-substituted heme provides
a possible scenario in which the strong MXO bond formed
between NO and Mhwill effectively mimic the labile Fe-

NO bond formed between NO and ferric'Fen (which is
isoelectronic with MH). Indeed, MnNO derivatives of the
heme biomolecules hemogloAr, myoglobin® soluble
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Table 1. Crystal Data and Structure Refinement of

and related derivatives have been reported and characterize§ PPIMn(NO)(1-Melm)2.5(toluene)

spectroscopically.

We were interested in examining the redox properties of
the six-coordinate (por)Mn(NO)(1-Melm) compounds con-
taining the axial imidazole group. To the best of our
knowledge, only one other electrochemical study of MNNO
porphyrins has been reported, that of the five-coordinate
(TPP)Mn(NO)* The electrochemistry of non-NO-containing
manganese porphyrins is well develop&d?

In this paper, we report the redox behavior of three (por)-
Mn(NO)(1-Melm) (por= TPP, TTP, Tp-OMe)PP)) com-
pounds in CHCI, and THF as determined by cyclic
voltammetry, infrared spectroelectrochemistry, and bulk
electrolysis.

Experimental Section

Chemicals. (TPP)Mn(1-Melm) was prepared by the literature
method!® Piperidine (99.5-%), 1-methyimidazole (1-Melm, 99%),
anhydrous CHOH (99.8%), and tetra-butylammonium hexafluo-
rophosphate (NB#PFs) were purchased from Aldrich Chemical Co.
and used as received. Chlorofodn99.8%) was obtained from
Cambridge Isotope Laboratories. Nitric oxide (98%, Matheson Gas)
for the synthesis work was passed through KOH pellets and two
cold traps (dry ice/acetone;78 °C) to remove higher nitrogen
oxides. The toluene, Ci€l,, and THF solvents were distilled from
calcium hydride under a nitrogen atmosphere just prior to use.
Nitrogen of ultrahigh-purity grade was purchased from Trigas
(Houston, TX).

The (por)Mn(NO)(1-Melm) compounds (pser TTP, T({-OMe)-

PP) were prepared as previously descrife@ihe red (TPP)Mn-
(NO)(1-Melm) compound was prepared in 80% isolated yield by
similar procedures. IR (KBr, cm): vno = 1737s; also 3122vw,
3030vw, 2994vw, 2952vw, 2930vw, 2900vw, 2865vw, 1686vw,
1655vw, 1637vw, 1596w, 1533w, 1489vw, 1440w, 1420vw,
1365vw, 1348s, 1284vw, 1231w, 1204w, 1176w, 1070s, 1003s,
796s, 752s, 703s, 663w, 614vw, 526vw, 453 NMR (CDClg;

o, ppm): 8.67 (s, 8H, pyrrole-H of TPP), 8.20 @ = 7 Hz, 4H,

o-H of TPP), 8.01 (dJ = 8 Hz, 4H,0'-H of TPP), 7.68-7.64
(overlapping mm-H andp-H of TPP). The peaks of the 1-Melm

formula Gss.5H53.50N7OMnN
fw 1009.59

T(K) 120(2)

cryst syst triclinic

space group P1

a(A), o (deg)
b (A), B (deg)
c(A), v (deg)

9.8071(7), 105.277(1)
13.0989(9), 97.316(1)
21.4652(15), 98.166(1)

vV (A3),z 2593.6(3), 2

D(calcd), g/cm 1.293

abs coeff, mm? 0.307

F(000) 1057

cryst size (mrd) 0.28x 0.12x 0.04

6 range for data collection 1.6628.26

index ranges —13<h=<12,-17=< k=17,
—28=<1=<27

reflns collected 30030

independent refins

max. and min. transmission
data/restraints/params

GOF onF?

final Rindices | > 20(1)]
Rindices (all data)

largest diff. peak and hole, e A

12 13R]; = 0.0195]
0.9878 and 0.9191
12135/0/680

1.053

R1= 0.0448, wR2= 0.1202
RE 0.0550, wR2= 0.1303

1.099 and-0.426

0.71073 A) radiation. Intensity data, which approximately covered
the full sphere of the reciprocal space, were measured as a series
of w oscillation frames each ®3or 21 s/frame. The detector was
operated in 51% 512 mode and was positioned 6.12 cm from the
crystal. Coverage of unique data was 94.5% complete t0°53.0
(20). Cell parameters were determined from a nonlinear least-
squares fit of 6715 reflections in the range of 2% < 28.2. A
total of 30 030 reflections were measured. The structure was solved
by the direct method using the SHELXTL system (Version 6.12,
Bruker AXS) and refined by full-matrix least squares Ehusing
all reflections. All the non-hydrogen atoms were refined anisotro-
pically. All the hydrogen atoms were included with idealized
parameters. The asymmetric unit contains ongH&MnN-;O
molecule and 2.5 toluene solvent molecules which sit on the
crystallographic 2-fold axis. The final RE 0.0448 is based on
10 214 “observed reflections’l [> 20(1)]. Details of the crystal
data and structure refinement are given in Table 1. Thermal
ellipsoids are drawn at 50% (Figure 1a) and 35% (Figure 1b) levels.
The X-ray crystal structure data have been deposited with the

ligand were not observed in the spectrum at room temperature. ESICambridge Crystallographic Data Center, with reference code

mass spectrumm/z 667.17 [(TPP)Mn} (68.8%), 749.2 [(TPP)-
Mn(1-Melm)]* (100%). The (por)Mn(NO)(1-Melm) complexes are
stable in the solid state in air for at least 1 week (as judged by IR
and!H NMR spectroscopy).

X-ray Structure Determination of (TPP)Mn(NO)(1-Melm).
Suitable crystals for X-ray crystallography were grown by slow
evaporation of a CkCly/toluene (2:1) solution of the compound
containing 1-Melm at room temperature under inert atmosphere.
X-ray data were collected at 120(2) K on a Bruker Apex
diffractometer (Bruker AXS, Madison, WI) using MoK(41 =

(14) Piciulo, P. L.; Rupprecht, G.; Scheidt, W.RAm. Chem. Sod974
96, 5293-5295.

(15) Kelly, S.; Lanon, D.; Kadish, K. M.Inorg. Chem1984 23, 1451~
1458.

(16) Mu, X. H.; Schultz, F. Alnorg. Chem.1995 34, 3835-3837.

(17) Kelly, S. L.; Kadish, K. M.Inorg. Chem.1982 21, 3631-3639.

(18) Kadish, K. M.; Van Caemelbecke, E.; Royal, G. Electrochemistry of
Metalloporphyrins in Nonaqueous Media.The Porphyrin Handbogk
Kadish, K. M., Smith, K. M., Guilard, R., Eds.; Academic Press: San
Diego, CA, 2000; Vol. 8, Chapter 55.

(19) Kirner, J. F.; Reed, C. A.; Scheidt, W. R. Am. Chem. Sod.977,

99, 25572563.
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CCDC 278504. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/data_request/cif, by e-mailing data_request@
ccdc.cam.ac.uk, or by contacting The Cambridge Crystallographic
Data Centre, 12, Union Road, Cambridge CB2 1EZ, UK; fax4

1223 336033.

Instrumentation. Electrochemical measurements were per-
formed with a BAS CV-50W instrument. IR spectra were recorded
with a Bruker Vector 22 FTIR spectrometer equipped with a mid-
IR fiber-optic dip probe and a liquid-nitrogen-cooled MCT detector
(RemSpec corporation, Sturbride, MA). The stainless steel mirror
of the fiber-optic dip probe was replaced by a Pt disk (3 mm
diameter) working electrode (Bioanalytical Systems). The spec-
trometer was set to 4 crm resolution. Typically 16 scans from
2200 to 1000 cm* were recorded. The IR spectroelectrochemical
measurements were performed in a three-electrode cell as described
previously (Pt working and auxiliary electrodes, Ag wire quasi-
reference electrodéy.The room temperature was 231 °C. We
jacketed the cell to allow for a dry ieeacetone bath-{78 °C) for

(20) Shaw, M. J.; Henson, R. L.; Houk, S. E.; Westhoff, J. W.; Jones, M.
W.; Richter-Addo, G. BJ. Electroanal. Chem2002 534, 47—53.
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Figure 2. Cyclic voltammogram of (Tg-OMe)PP)Mn(NO)(1-Melm) in
CHCI;, at 23°C. Conditions: 1 mM analyte, 100 mV/s, 0.1 M NBRFs.

of Figure 1. The structure is similar to those of the other
two (por)Mn(NO)(1-Melm) compounds (pee TTP, T(p-
OMe)PP) whose crystal structures have been determined
previously*?

We have examined the electrochemical properties of the
(por)Mn(NO)(1-Melm) compounds at a platinum disk elec-
trode in a typically noncoordinating solvent (g&l,) and
in a coordinating solvent (THF). The electrochemical proper-
ties for the three compounds are similar within a given set
of conditions of solvent and temperature. The data for
Figure 1. (a) Molecular structure of (TPP)Mn(NO)(1-Melm). Hydrogen (T(p-OMe)PP)Mn(NO)(1-Melm) will be described as a
atoms have been omitted for clarity. (b) View of the orientation of the representative example. We will consider oxidation processes

1-Melm ligand relative to the porphyrin skeleton. The porphyrin phenyl first follow the r tion or
substituents have been omitted for clarity. Selected bond lengths (A) and st, followed by e reductio Processes.

angles (deg) MaN(L) = 2.025(1), Ma-N(2) = 2.020(1), Mn-N(3) = Oxidations. The cyclic voltammogram of (pfOMe)PP)-
2.028(1), Mn-N(4) = 2.019(1), Mr-N(5) = 1.641(1), Mn-N(6) = 2.088- Mn(NO)(1-Melm) at 100 mV/s in CKCI,/0.1 M NBwPFs
E:l()itg\l)(i):g.(j()lz) égggﬁg Mr=N(5)~O(1)= 178.4(1), N(1) Mn=N(6)~ is shown in Figure 2. The compound exhibits a chemically
irreversible oxidation aE,{(1) = —0.15 V (peak 1 in Figure
the low-temperature measurements. Potentials are reported versu®) Vs the ferroceneferrocenium couple as an internal
the ferroceneferrocenium couple~ +0.46 V vs SCEf! Cor- standard, and this oxidation has associated with it a small
rections foriR drop between the working and reference electrodes return reduction peak at0.85 V (peak 1) coupled with an
were applied. The solutions used were-6150 mM in analyte in  gnodic peak in a chemically reversible manner (not shown).
10 m.L of 0.1 M NBulP_FB. Nitrogen gas was bubbled through the  The analysis of the data for the second oxidatiBg(@) =
solution for a_bout 8 min before each set of measurements gnd wasy gg V; peak 2) suggests that this process consists of a slow
passed continuously over the surface of the solution during the o o|0c4ron transfer followed by a rapid irreversible chemi-
measurements. Each measurement was performed in triplicate or . . .
greater. cal reaction (see later). The third and fourth oxidations,
represented by couples 3/&*'(3) = 0.78 V) and 4/4
Results (E°'(4) = 1.05 V) respectively, were chemically reversible.
In all cyclic voltammograms shown, the primed numbers
(e.g., 3) refer to the associated return peaks in reversible
processes, whereas the double-primed numbers (&) gefér

Two of the three compounds studied here have been
prepared and characterized previouddiyhe third compound,
namely (TPP)Mn(NO)(1-Melm) has been prepared in 80% . . .
isolated yield. All three compounds belong to the class of to peaks associated with products from follow-up chemical
{MnNO} ¢ species according to the formalism of Enemark reactlor?s. o . . . )
and Felthan? 2 The molecular structure of (TPP)Mn(NO)- The first oxidation process is chemically irreversible even
(1-Melm) is shown in Figure 1, and it reveals that the at higher scan rates up to 1.6 V/s; an analysis of the cyclic
compound contains a linear MNNO moietyIMINNO = voltammograms as a function of scan rate and the geometry
178.4(1)) and a 1-Melm ligand trans to NO. The MiNO of the peak (Ep(1) — EpaA1)] = 60 + 10 mV) suggests an
and N-O bond lengths are 1.641(1) and 1.172(2) A electrochemically reversible one-electron transfer followed

respectively. Selected structural data are shown in the captiorPY @ fast irreversible chemical reactid&C:; see later). To
investigate the first oxidation process further, fiber-optic IR-

(21) Connelly, N. G.; Geiger, W. EChem. Re. 1996 96, 877—910. potential step experiments were performed at room temper-

@2) fg‘gmafk» J. H.; Feltham, R. @oord. Chem. Re 1974 13, 339~ ature where the electrode was held at the potential corre-

(23) Feltham, R. D.; Enemark, J. Hop. Stereocheml981 12, 155 sponding to the first oxidation peak for 70 s while FTIR
215. spectra were collected, and a cyclic voltammogram was

24 g\é)isctﬁggcgp;_efgffagkg "'S(:{:)?{]%?]”'EE,'ﬁ&%”'ﬁfgf;‘éfégﬁs recorded immediately after this period. The difference IR

New York, 1999; Vol. 2 (Applications and Case Studies). spectrum, where the unoxidized FOMe)PP)Mn(NO)(1-
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Figure 3. Difference IR spectra of (ftOMe)PP)Mn(NO)(1-Melm) and
its products in CHCly: (a) showing the consumption of starting fTOMe)- 0.2 ! !
PP)Mn(NO)(1-Melm) after the first oxidation without the formation of a 300 500 700
new nitrosyl-containing species at 2@, (b) showing the consumption of Wavelength (nm)
starting (T-OMe)PP)Mn(NO)(1-Melm) after the first oxidation with the
concomitant formation of a new nitrosyl-containing species @8 °C, and Figure 4. Infrared (a) and UV-visible (b) spectra recorded during the

(c) showing the consumption of starting fFOMe)PP)Mn(NO)(1-Melm) bulk electrolysis (first oxidation) of (-OMe)PP)Mn(NO)(1-Melm) in
and the formation of a new nitrosyl-containing species when the electrode CH.Cl,. Conditions: 1 mM analyte, 0.29 V, 0.1 M NBRFs. The dotted
potential is held at half of the peak reduction potential af@3 line in (b) represents the spectrum of startingpfQMe)PP)Mn(NO)-
1-Melm).
Melm) was used as the background/reference is shown in( )
Figure 3a. The data reveal a consumption of starting
(T(p-OMe)PP)Mn(NO)(1-Melm) near the electrode surface
after the first oxidation, indicated by the loss of the NO
stretching frequency at 1732 cin(i.e., the negative peak
in Figure 3a) without formation of a new nitrosyl-containing
species. Bulk electrolysis at the first oxidation potential was
performed on (T§-OMe)PP)Mn(NO)(1-Melm), and IR and
UV-—vis spectra were collected during the electrolysis
experiment (panels a and b of Figures 4, respectively). .
Coulombic integration of one Faraday equivalent was E(VvsE’ of Fc'/Fe couple)
obtained from the experiment for the first oxidation process. Figure 5. Cyclic voltammogram of (T¢-OMe)PP)Mn(NO)(1-Melm) in
The IR spectra in Figure 4a show the loss of NO from the SHzClzat=78°C. Conditions: 1 mM analyte, 100 mv/s, 0.1 M NBu
compound (similar to that observed in Figure 3a), and the
UV —vis spectra show the conversion to a'Mspecies?*  (couple 7/7) andE*(8) = 0.91 V (couple 8/9, are attributed
the initial Soret band at = 429 nm is converted info two g further oxidation of this cationic species at low temper-
split broad bands at 384 and 411 nm, and the Q-band at 48154 re.
nm remains at the same position but becomes more intense. The cyclic voltammogram of (FEOMe)PP)Mn(NO)-

This implies that the first oxidation results in a net formal (1-Melm) in the coordinating solvent THF is shown in Figure
oxidation at the metal center at the time SC"?"e. of the bulk 6. The compound exhibits an irreversible oxidation (peak 1;
electrolysis with concomitant loss of NO, similar to that E.{1) = —0.05 V) in this solvent, similar to that seen in
Ob_?ﬁgvﬁzvf?érgzrgmfe(_'\l(?goc) cvelic voltammoaram of CH.Cl,. Monitoring the first oxidation in THF by IR
(T(p-OMe)PP)l\an(NO)(l-MeIm) |¥1 ChCl, is shgwn in spectroelectrochemistry reveals the loss of the NO band at
. : : o 1739 cm?! of (T(p-OMe)PP)Mn(NO)(1-Melm) without
Figure 5, and it shows that the first oxidation process id- f a new NO-containing species (similar to that
becomeschemicallyreversible E*'(1) = —0.19 V) at low build-up ora g specie . :
observed in Figure 3a). There is no significant difference in

temperature. The difference IR spectra obtained after the first . .
oxidation is shown in Figure 3b (see Discussion). The other the electrochemistry of (kOMe)PP)Mn(NO)(1-Melm) in
THF at—78 and 23°C.

chemically reversible oxidation peaks, Et'(7) = 0.57 V _ )
Tables 2-4 summarize the electrochemical data for the

(25) Boucher, L. JJ. Am. Chem. Sod.97Q 92, 2725-2730. three (por)Mn(NO)(1-Melm) compounds in both solvents.

12 0.7 0.2 -03 -08 -13 -18 -23 -28
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E(V vs. E” of F¢'/Fc couple)
Figure 6. Cyclic voltammogram of (T§-OMe)PP)Mn(NO)(1-Melm) in
THF at 23°C. Conditions: 1 mM analyte, 100 mV/s, 0.1 M NfF.

Table 2. Infrared (cnT!) and Electrochemical Data for the
(por)Mn(NO)(1-Melm) Compounds in Ci€l, at 23°C?

oxidations reductions

por wo  Epdl) Epl?) EV(8) E”(4) End5) E(6)
TPP 1735 —0.12 0.70 0.89 1.10 —1.93 -2.11
TTP 1731 —-0.15 0.69 0.83 1.05 —1.95 -—-2.05
T(p-OMe)PP 1732 —0.15 0.66 0.78 1.05 —-1.94 -2.02

a Potentials are in volts and are referenced to the ferroefreocenium
couple set at 0.00 V. Conditions: 1 mM analyte, 100 mV/s, 0.1 M i¥Bg!

Table 3. Electrochemical Data for the (por)Mn(NO)(1-Melm)
Compounds in CkCl, at —78 °C?

oxidations reductions
por E°'(1) E°'(7) E°'(8) Ep(5) E°'(6)
TPP —0.15 0.94 1.22 —2.24 —-2.32
TTP —0.16 0.74 1.10 —2.20 —2.26
T(p-OMe)PP —0.19 0.57 0.91 —2.15 —2.20

a Potentials are in volts and are referenced to the ferroefreocenium
couple set at 0.00 V. Conditions: 1 mM analyte, 100 mV/s, 0.1 M ;¥Bg!

Table 4. Infrared (cnT!) and Electrochemical Data for the
(por)Mn(NO)(1-Melm) Compounds in THF at Z&?

oxidation reductions
por UNO Epa(1) Ep(9) E°'(10) E°'(11)
TPP 1741 -0.01 —-1.74 -2.11 —2.59
TTP 1740 —-0.03 -1.73 —-2.10 —2.59
T(p-OMe)PP 1739 —0.05 -1.74 —-2.12 —2.60

a Potentials are in volts and are referenced to the ferreefreocenium
couple set at 0.00 V. Conditions: 1 mM analyte, 100 mV/s, 0.1 M i8I

Reductions.The reduction behavior of the (por)Mn(NO)-
(1-Melm) compounds at low temperature were not different
from those observed at room temperature. The cyclic
voltammogram of (Tg-OMe)PP)Mn(NO)(1-Melm) in Cht
Cl, displays a chemically irreversible peak-at.94 V (peak
5 in Figure 2) that has with it an associated small return
peak at—1.25 V (labeled 3 in the Figure). The ratidg-{5)/
v¥2increased linearly with increase in scan rate. In addition,
the peak geometrjE,{(5) — Epci/A5)| remained essentially
constant at 62 mV over the potential scan range BI00
mV/s.

The product of the first reduction of (f{OMe)PP)Mn-

(por)Mn(NO)(1-Melm) compounds display similago shifts
(Avno = 22 cmt for TPP and 21 cmt for TTP).

In THF, the compound shows a chemically reversible
reduction with slow electron-transfer kinetics (Figure 6, peak
9; with an associated peak Sand two chemically reversible
reductions (couples 10/1@nd 11/11) on the cyclic volta-
mmetry time scale.

Discussion

As mentioned earlier, the electrochemical properties of the
three (por)Mn(NO)(1-Melm) complexes are similar. Hence,
the more general “por” macrocycle will be used in the
equations described below. The cyclic voltammogram of
(T(p-OMe)PP)MNn(NO)(1-Melm) in CHCI/[BusN]PFs is
shown in Figure 2, and the cyclic voltammograms of the
(por)Mn(NO)(1-Melm) compounds reveal an interesting
comparison with that of (TPP)Mn(NO) in GBI,/[BusN]-
ClO, reported earlier by Kadish and co-workéts.

Oxidations. The first oxidation of (T-OMe)PP)Mn(NO)-
(1-Melm) is irreversible, and the data analysis indicates an
E,Ci mechanism for the first oxidation. This mechanism is
similar to that determined for (TPP)Mn(N®in which NO
dissociation has been shown to occur after the first oxidation
process. The first oxidation of the related (TPP)Mn(NO)(1-
Melm) compound €0.12 V; Table 2) occurs at a more
negative potential than that required for the first oxidation
of the five-coordinate (TPP)Mn(NO)H0.01 V vs Fc), and
this is due to the destabilization of the Mn(ll) formal
oxidation state relative to the Mn(lll) state in the six-
coordinate (por)Mn(NO)(1-Melm) compounds.

Our IR spectroelectrochemical studies (Figure 3a) are
consistent with the loss of the NO ligand after the first
oxidation of (Tp-OMe)PP)Mn(NO)(1-Melm) without for-
mation of a new NO-containing species. Thus, we assign
the first oxidation to theE,C; process described by eqgs 1
and 2.

(por)Mn(NO)(1-Melm)— e~ == [(por)Mn(NO)(1-Melm)]"
1)

[(por)MN(NO)(1-Melm)]" — [(por)Mn" (1-MeIlm)]" + NO
(2)

Adding a sample of the known compound (TPP)Mn(1-
Melm)!°26to the solution of (TPP)Mn(NO)(1-Melm) during
the cyclic voltammetry experiments resulted in an increase
in the intensity of the redox couple & = —0.77 V
associated with the analogou$ peak in Figure 2 (i.e.,
eq 3), as expected if [(por)Mn(1-Melm)]was indeed
produced from eq 2. This Mn(lIl)/Mn(ll) couple at0.77

(NO)(1-Melm) was examined by IR spectroelectrochemistry. V (€q 3) is similar to the Mn(l11)/Mn(ll) couple determined
Figure 3c shows the difference IR spectrum when the for (TPP)MnCl in CHCI,/[BusN]BF, (—0.81 V) and in

electrode was held at the midpoint potentgl, (5). The

spectrum shows the presence of a new band that is shifted

to a lower wavenumber by 19 cry assigned to theyo of
the monoanion [(T{-OMe)PP)Mn(NO)(1-Melm)i (there is
a slow loss of NO at this potential, however). The other two

CH,Cl,/[BusN]CIO4 (—0.78 V)15

(26) Gonzalez, B.; Kouba, J.; Yee, S.; Reed, C. A.; Kirner, J. F.; Scheidt,
W. R.J. Am. Chem. Sod.975 97, 3247-3249.

(27) Foran, G. J.; Armstrong, R. S.; Crossley, M. J.; Lay, P.lnfarg.
Chem.1992 31, 1463-1470.
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[(por)Mn" (1-Melm)]" + e = (por)Mn"(1-Melm) (3)

The intensities of the peaks in Figure 2 associated with
the second (peak 2), third (couple 3/and fourth (couple

Zahran et al.

ice bath, and we have found this practical for low-temper-
ature infrared spectroelectrochemistry.

The cyclic voltammogram of (PEFOMe)PP)Mn(NO) in
CH,Cl, at—78°C is shown in Figure 5 and reveals that the

4/4)) oxidations also increased as well, suggesting that theseproduct of the first oxidation (eq 1) is indeed stabilized at

further oxidations are due to electrogenerated [(por)Mn(1-
Melm)]* or its products.

The irreversibility of peak 2 in Figure 2 suggests a loss
of the axial 1-Melm ligand after this second oxidation (eqs
4 and 5).

[(por)Mn" (1-Melm)]" — e = [(por)Mn" (1-Melm)}**
4)

[(por)MNn" (1-Melm)" — [(por)Mn"']** + 1-MeIlm  (5)

We note that the previously reported secorelérsible
oxidation of the five-coordinate (TPP)Mn(NO) compound
(presumably the reversible oxidation of electrogenerated
[(TPP)MnN]') is at Ey, = 0.69 V (vs Fc)® whereas the
second ifre versiblg oxidation of (TPP)Mn(NO)(1-Melm)
is at Epi(2) = 0.70 V. This difference is not unexpected,
since the products of the first oxidation of (TPP)Mn(NO)
and (TPP)Mn(NO)(1-Melm) are different. Indeed, this result
is consistent with the presence of 1-Melm in the latter
compound making it easier to oxidize.

The large difference betweeBp(1) and Ep(2) is not
inconsistent with a change from a metal-centered oxidation
(Ep«(1)) to a ring-centered oxidatiorEg(2)). The relatively
smaller difference between the second and third oxidations
(IE”"(3) — Epd2)] = 0.12 V) and the third and fourth
oxidations (E*'(4) — E°'(3)] = 0.27 V) suggests ring-
centered redox processEs.

Rogers and Goff have examined the products of chemical

low temperature.

Further evidence for a stable [(por)Mn(NO)(1-Melm)]
oxidation product from eq 1 comes from IR spectroelectro-
chemistry at—78 °C. The difference IR spectrum upon
oxidation of (Tp-OMe)PP)Mn(NO)(1-Melm) at-78 °C is
shown in Figure 3b, and it reveals a new ¥R, band that
is 100 cnt! higher in energy than that of the parent
compound. Such a large shifting is indicative of metat
NO-centered oxidations in nitrosylmetalloporphyrins, al-
though largervno shifts of 166-187 cmi! have been
observed upon similar electro-oxidations of some iron
nitrosyl porphyring® however, these latter cases likely
involve a change in geometry of the FeNO linkages from
bent to linear. The other two (por)Mn(NO)(1-Melm) com-
pounds have similawyo shifts Avno = 111 cmt for TPP,
and 108 cm? for T(p-OMe)PP; spectra not shown) upon
low-temperature oxidations in GBI,.

Follow-up reversible redox processes are observed in the
cyclic voltammogram of (T(p-OMe)PP)Mn(NO)(1-Melm),
as observed in Figure 5, and we assign these tentatively to
the processes described by eqs 6 and 7.

[(por)Mn(NO)(1-Melm)]" — e~
[(por)Mn(NO)(1-Melm)f* (6)

[(por)Mn(NO)(1-Melm)f" — e =
[(por)Mn(NO)(1-Melm)F* (7)

The product of eq 7 is not very stable, generating a

and electrochemical oxidation of tetraarylporphyrin manga- secondary species with an G}SSOCiaied peak’épﬂFigure
nese complexes in Gi8l, and have proposed the formation 2 1he large 1/1peak separatioAE = 315 mV) in Figure

of isoporphyrins from some highly oxidized (por)MnX 5 suggests slow electron-transfer kinetics for this metal-
compounds (por= TPP, TMP: X= CI, OAc). For example centered process, relative to the fast electron processes

a peak at+0.6 V vs SCE in the room-temperature cyclic
voltammogram of (TPP)MnX was tentatively assigned to an
isoporphyin derivative. In the presence of 4-Mepy, however,
the peak assigned to the isoporphyrin was not obsefved.
We do not observe such a 0.6 V peak (0.14 V vs Fc) in our
experiments involving the (por)Mn(NO)(1-Melm) com-
pounds on the cyclic voltammetry time scale, although we
cannot rule out the formation of such species on longer
experimental time scales.

We focused on the identities of the products of the first
oxidation processes for the (por)Mn(NO)(1-Melm) com-
pounds, and we were interested in stabilizing the first
oxidation products at low temperature. We have previously
reported a simple infrared reflectance spectroelectrochemica
setup for the study of short-lived species generated at the
electrode surfac®.We have modified the glassware slightly
to allow for jacketing of the cell compartment with a dry

associated with the ring-centered'7did 8/8 redox couples.

In general, the voltammograms shown in Figures 2 and 5
are representative of the voltammograms obtained for all
three (por)Mn(NO)(1-Melm) compounds in GEl,.

We also examined the redox behavior of the compounds
in the coordinating solvent THF. The first oxidation is
irreversible, and we suggest an electrochemical oxidation (eq
1) followed by loss of NO involving coordination of the
solvent (eq 8).

[(por)Mn(NO)(1-Melm)]” + THF —
[(por)Mn" (1-Melm)(THF)]" + NO (8)

The peak at 1 can then be represented by the reduction of

the product of eq 8 (i.e., eq 9).

=

[(por)MNn" (1-Melm)(THF)[" + e~
(por)Mn' (1-Melm)(THF) (9)

(28) Rodgers, K. R.; Goff, H. MJ. Am. Chem. Sod 988 110 7049-
7060.
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The cyclic voltammogram is not altered when the data Scheme 1
are recorded at-78 °C, indicating that THF coordination [(por)Mn(NO)(1-Melm)]** [(poryMn™**

(eq 8) results in a significant denitrosylation of the first
oxidation product. e ee” - 1-Melm | (eq. 5)
Reductions. The data for the reduction of (B{OMe)- Mn(NO Y1 Melm)P* R
PP)Mn(NO)(1-Melm) in CHCI, (peak 5 in Figure 2) are [por)Mn(NOX]-Melm)} [(por)Mn™(1-Melm)}
consistent with ari,C; mechanism (egs 10 and 11). < || (eq.6) < || (eq. 4
[(por)Mn(NO)(1-Melm)]+e = [(por)Mn(NO)(1-MeIm)]* —NO o [(por)Mn™(1-Melm)]*
[(Por)Mn(NO)(1-Melm)[" (10) b (a2 +e
-¢ eq.
(eq. 3)
[(por)Mn(NO)(1-Melm)[ — [(por)Mn(1-Melm)] + NO
(11) ( orMn(NO)(1-MeIm) ) (por)Mn"(1-MeIm)
Evidence for the existence of the short-lived [(por)Mn- (:qélo) (::12)
(NO)(1-Melm)]- monoanion is provided by IR spectroelec- . NO i
trochemistry, as shown in Figure 3c. The relatively small [(por)Mn(NO)(1-Melm)] ety [ooMn(l-Melm)]

shift in vno (Avno = 19 cm) upon reduction suggests that

the reduction is centered on the porphyrin ring rather than \yith this is the observation that holding the potentigEa(9)
on the MnNO fragmentThe newwvno band disappears o ot values more negative to this value results in complete
completely atEy(5) or at lower potentials, indicative of a 555 of NO.

fast rate of NO loss aE,(5). The first reduction peak is
coupled to a return peak atl.25 V labeled 3 in Figure 2.
We thus assign peakK'50 the oxidation of electrogenerated
[(T(p-OMe)PP)Mn(1-Melm)t as shown in eq 12.

Interesting comparisons can thus be made between the
electroreductions of the (por)Mn(NO)(1-Melm) complexes
and the electroreductions of the five-coordinate (TPP)Mn-
(NO) compound in the presence of Lewis bases. Reduction
of (TPP)Mn(NO) in the mixed solvent systems &HY/DMF,
CH.CI,/Me,SO, and CHCI,/py results in the formation of
the [(TPP)Mn(NO)(S)} anion (S= donor solvent); NO
remains coordinated in the shorter time scale of cyclic
voltammetry, but is dissociated at longer experimental time
scalest® For example, in neat pyridine, the electrochemical
reduction of (TPP)Mn(NO)(py) is neat and reversible and

[(por)Mn(1-Melm)]” — e~ = [(por)Mn"(1-MeIlm)] (12)

In the case of the previously reported five-coordinate
compound (TPP)Mn(NO), the first reduction process occurs
at—1.41 \*5 and is reversible. The reduction of (TPP)Mn-
(NO)(1-Melm) thus occurs at a more negative potential (at
—1.93 V; Table 2), a shift of-0.52 V due to the presence
of the axial 1-Melm ligand. We note that the reduction of produces [(TPP)Mn(NO)(py)]

(TPP)Mn(NO)(py) also occurs at a potential that is more  1he other two redox processes (couples 104 11/
negative (by—0.40 V) than that needed for (TPP)Mn(N®), 11) are thus due to the reductlons of non-nitrosyl-containing
and it also exhibits irreversible reduction behavior. In contrast SPecies and are reversible.

to the first reduction of (TPP)Mn(NO)(1-Melm) in GBI,/ Summary. The redox behavior of the (por)Mn(NO)(1-
[BusN]JPFs, however, the irreversible reduction of (TPP)- Melm) compounds in CkCl, at room temperature and at
Mn(NO)(py) in CHCI/[BusN]CIO, results in the loss of the ~ —78 °C may be summarized as shown in Scheme 1. As
axial py ligand rather than NO on the cyclic voltammetry mentioned in the Introduction, only one other electrochemical
time scale. study of manganese nitrosyl porphyrins has been reported,

A second chemically reversible reduction in & namely that of the five-coordinate compound (TPP)Mn-
(represented by the 8/6ouple in Figure 2) is thus attributed  (NO).*°
to the reduction of the electrogenerated [(por)Mn(1-Meim)] The first oxidation of (por)Mn(NO)(1-Melm) at room
species. temperature is essentially irreversible and followsEa@;

We attribute the first reduction of ({OMe)Mn(NO)(1- mechanism resulting in the net loss of NO (eqs 1 and 2).
Melm) in THF (peak 9 in Figure 6) to the process described This is similar to that reported for (TPP)Mn(NO) (i.e.,
by eq 10. However, the slow loss of NO upon reduction in denitrosylation upon oxidation), except that in the present
THF suggests an additional process (eq 13) which may bestudy the product of the first oxidation is a five-coordinate

intimately coupled with eq 10. [(por)Mn(1-Melm)]t species which undergoes an irreversible
oxidation (egs 4 and 5) to lose the axial ligand. We have
[(por)Mn(NO)(1-Melm)[ = stabilized the product of the first oxidation (eq 1) by

[(por)Mn(L-Melm)(THF)] + NO (13) recording the redox behavior af78 °C. At this temperature,
the initial oxidized product [(por)Mn(NO)(1-MelmjJun-

The positive shift in the first reduction potential in THF dergoes two further reversible oxidations (egs 6 and 7).
(—1.74 V) compared to that in G&l, (—1.94 V) is The reduction behavior of (por)Mn(NO)(1-Melm) is
indicative of solvent coordination in the product. Consistent different from that of the five-coordinate (TPP)Mn(NO). In
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the case of (TPP)Mn(NG¥,this compound undergoes two Acknowledgment. We thank the National Institutes of
successive reductions without loss of NO. For the six- Health (GM 64476) for financial support of this work. Z.N.Z.
coordinate (por)Mn(NO)(1-Melm), however, denitrosylation is grateful to the Government of Egypt for a graduate
occurs after the first reduction (egs 10 and 11). Importantly, fellowship.

our infrared spectroelectrochemistry setmhich we have

now adapted for low-temperature work, has allowed us to Supporting_ Informa_ltio_n Avajlable: Crystallograp_hic data in
identify several of the nitrosyl-containing species in the redox cif format. This material is available free of charge via the Internet
reactions of the six-coordinate manganese nitrosyl porphyrins2 NttP://pubs.acs.org.

(por)Mn(NO)(1-Melm). IC051190N

2668 Inorganic Chemistry, Vol. 45, No. 6, 2006



