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With the established chemistry of bridged [(porphyrinate)Fe""-X-Cu'(ligand)]™ [X = 0% (oxo), OH™ (hydroxo),
0,2~ (peroxo)] complexes, we investigated the effect of cobalt ion substitution for copper or copper and iron. Thus,
in this report, the generation and characterization of new u«-oxo, u-hydroxo, and u-peroxo (u-X) assemblies of
[(porphyrinate)M"—X—Co'"(TMPA)]™ assemblies is described, where M = Fe" or Co" and TMPA = tris(2-
pyridylmethyl)amine. The u-oxo complex [(FsTPP)Fe""-0—Co"(TMPA)]* (1, FsTPP = tetrakis(2,6-difluorphenyl)-
porphyrinate) was isolated by an acid-base self-assembly reaction of a 1:1 mixture of (FsTPP)Fe'"-OH and
[Co"(TMPA)(MeCN)J>* upon addition of triethylamine. The crystal structure of 1-2C4H;00 proved the presence of
an unsupported Fe—O—Co moiety; [JFe—~0—-Co = 171.6° and d(Fe-+-Co) = 3.58 A. Complex 1 was further
characterized by UV-vis (Amax = 437 (Soret) and 557 nm), *H NMR [0 40.6 (pyrrole-H), 8.8 and 8.7 (m-phenyl-H),
8.0 (p-phenyl-H), 4.4 (PY-4H), 2.6 (PY-3H), 1.0 (PY-5H), 1.1 (PY-6H), and —2.7 (TMPA—-CH,—) ppm], electrospray
ionization (ESI) and matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectrometric methods,
Evans method NMR (uer = 3.1), and superconducting quantum interference device (SQUID) susceptometry (J =
-114 cm™L, S = 1). The u-hydroxo analogue [(FsTPP)Fe"'—(OH)—Co"(TMPA)]* (2) [UV-ViS Amayx = 567 nm; & 78
ppm (pyrrole-H); Evans NMR uer = 3.7] was generated by addition of 1 equiv of triflic acid to 1. The protonation
is completely reversible, and 1 is regenerated from 2 by addition of triethylamine. While (FsTPP)Fe"/[Co"(TMPA)-
(MeCN)]J?*/0, chemistry does not lead to a stable u-peroxo species, a dicobalt u-peroxo complex [(TPP)Co''—
(027)-Co"(TMPA)J?* (3, TPP = meso-tetraphenylporphyrinate) forms from a reaction of O, with a 1:1 mixture of
the Co" precursor components at =80 °C [UV-vis Amsx = 435 (Soret), 548, and 583 (weak) nm; silent EPR
spectrum; diamagnetic NMR spectrum]. The oxygenation/deoxygenation equilibrium is reversible; warming solutions
of 3 releases ~1 equiv of O, and the reduced complexes are reformed.

Introduction basic insights into dioxygen activation by enzymes such as

cytochromec oxidase:? These complexes are formed by

reacting dissimilar coppeolypyridine and iroa-porphy-

rinate building blocks; the products include §{iPP)Fé&' —
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Chart 1

[(FsTPP)Fe-(0,%)-Cu(TMPA)]*  [(FsTPP)Fe-(0%)-Cu(TMPA)]*

(MeCN)]" (Me = methyl) at low temperatures, and it is

subsequently converted tq@oxo species upon temperature

increasé. Independent syntheses @foxo complexes could
be successfully achieved through an “aclwhse” self-

assembly approach in which another building block, namely,

[(FeTPP)Fd' —OH] was treated with [C(TMPA)(MeCN)P*

in the presence of base to yield §iPP)Fé¢' —O—Cu'-
(TMPA)]*.* Analogueu-oxo complexes having tridentate
chelates (bis-(2-pyridylethyl)-methylamiedr that with
dimethylamino 4-pyridyl substitueritas the Cu(ll) ligand
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fact, a dioxygen adduct formulated as th@eroxo dicobalt-
(111) species [(TPP)CH—(02")—Cd"(TMPA)]?* (3) is also
described.

Cobalt substituted hemes, both natural and synthetic, have
been studied extensively to elucidate fundamental metal-
loporphyrin chemistry, including £binding®-4 As con-
cerns analogues of hem€u cytochromes oxidase models,
Collmart51¢ and Boitrel” also used Co-for-Fe and Co-for-

have similarly been synthesized and characterized. Recency, supstitutions. With a tetraphenylporphyrinate covalently

copy and density functional theory (DFT) calculatibns
indicate that [(ETPP)Fd'—(0O,2")—Cu'(TMPA)] " possesses

porphyrins, Collman and co-workers synthesized binuclear
(porphyrinate)CYCu compounds that react with,@ vyield

au—n?n*-peroxo bridging geometry similar to that observed different products; a peroxo-bridged [t (0,2")—Cu']*s
for a X-ray structurally characterized complex studied by and a cobalt-superoxo [®e-(O,")---Cu]%6 species were

Naruta and co-workes[(FgTPP)Fé —O—Cu'(TMPA)]*

formed, respectively. Boitrel and co-workers described ' Co

(Chart 1) has been thoroughly characterized (including by Co' cyclam-strapped porphyrin that in the presence of excess

X-ray diffraction) and possesses a near-linear-8e-Cu
moiety?

In this account, we present the results obtained through

related broad approaches employing adidse self-assembly
or metal-dioxygen reactivity strategies, but now involving

bulky base reacts with o form a peroxo-bridged [Clo—
(027)—C0d"] complex?”

Results and Discussion

Synthesis of 1 The acid-base synthesis used to generate

substitution of cobalt, either for the heme or for the copper 1 is described in Scheme 1. Triethylamine was added to a

ion center. A newu-oxo species [(fTPP)Fé¢' —O—Cd'-
(TMPA)](CIO,s) (1) has been isolated from acithase

1:1 mixture of (RTPP)F&'—OH and [CH(TMPA)-
(MeCN)P* (as perchlorate salt, see Experimental Section)

synthesis and its X-ray structure, spectroscopic, and magnetiao deprotonate the hydroxyl group attached to the iron center
properties are described in detail. The protonation chemistry thereby enabling adduct formatiénThis reaction was

of this compound was also investigated, yielding thky-
droxo analogue [T PP)Fd'—(OH)—Cd'(TMPA)]?* (2). In
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2791.
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followed by UV—vis spectroscopy. The initial and final
spectra are shown in Figure 1. Note that the initial spectrum
is dominated by the intense bands associated wighRP)-
Fe''—OH. Electrospray ionization (ESI) and matrix-assisted
laser desorption ionization time-of-flight (MALDI-TOF)
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563-684.
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Figure 1. UV—vis spectra of the mixture of gFPP)Fé'—OH/[Cd'-
(TMPA)(MeCN)JZ* (- - -) and theu-oxo productl (—) upon addition of 1
equiv of EgN in CHyCl, at room temperature.

Figure 2. An ORTEP representation of the cationic portion df-ClOa-
2C4H1¢0. Fe+-Co= 3.58 A, Co(1}-O(1) = 1.85 A, Co(1}-N(8) = 2.06
A, Co(1-N(7) = 2.07 A, Co(1)-N(6) = 2.09 A, Co(1}-N(5) = 2.18 A,
Fe(1)-0O(1) = 1.75 A, Fe(1¥N(4) = 2.10 A, Fe(1}¥N(3) = 2.10 A,
Fe(1)-N(1) = 2.11 A, Fe(1)}N(2) = 2.12 A,0Fe-O—Co= 171.6. The

crystallographic data and structural refinement parameters are reported in

Table S1 (Supporting Information).

where the chelate is tethered covalently to the porphyrinate
periphery (i.e., in the so-callefl ligand). An exceptional
case is for a complex J()Fe—O—Cu]" (OFe-O—Cu =
147°, based on EXAFS multiple scattering analySist._ is

also a heterobinucleating ligand, see ref 1), where séere
binucleating ligand constraints force strong distortions. Thus,
only minor distortions from linear occur ih.

The high-spin F& (vide infra) is bound to the porphyrin
macrocycle and exhibits a typical square pyramidal geometry,
being displaced by 0.56 A above the ligand plane. The
bridging oxo atom occupies the apical position, with an
Fe—O distance of 1.75 A being close to analogues containing
[Fe—O—Cu] and [Fe-O—Fe] cores:'° All Fe—N distances
are within the range of 2.362.12 A, which is consistent
with a high-spin electronic configuration for a%¥e'" ion.2°
The cobalt center is surrounded by three methyl-pyridyl
groups attached to an amine that occupies the axial position
for the ion. The Ce-Npy distances are within 2.662.09 A,
whereas the apical amino-nitrogen is found at 2.18 A, and
the Co-O distance is 1.85 A. The Ninoand the Q ligands
occupy the apical positions of a trigonal bipyramid, confer-
ring a localCs, symmetry for this metal. It is evident that
the overall geometry around the cobalt ionliis preserved
compared to its precursor complex [CBMPA)(MeCN)P+.2
The apical Ce-N bond length is unchanged while the €0
Npyriayt bond distances increase slightly in

As expected, the GeO,y, distance (1.85 A) irl is shorter
than the Ce-Nacetonitie bond length in [CH(TMPA)-
(MeCN)* (2.05 A), due to the electrostatic nature of the
interaction. This Ce-Oy, moiety is also found in other kinds
of oxo-bridged compounds that exhibit a square-planat' €o
(u-0x0), core (Co-Oayerage= 1.80 A, varying from 1.78 to
1.83 A)22-24 The slightly longer bond in the presently
described Cb—oxo—F€" core of 1 can, of course, be
attributed to the presence of a lower oxidation state metal
ion (i.e., Cd and not Cd). Interestingly, the Cli-O,y, bond
lengths of a variety of hemeO—Cu' assemblies fall in the
narrow range of 1.831.86 Al which is the same as that of

mass spectrometry (Experimental Section) were used tothe present cobalt case; thus, the smaller ionic radius bf Cu
evaluate the integrity of the species both in a solution and relative to Cd is not reflected.

as a solid. In solution, a cluster of peaksnalz = 1176—
1179 are ascribed to the cationic speciesTFP)Fé&' —O—
CO'(TMPA)]*, which can only be simulated by taking into
account the isotopic distribution for both cobalt and iron
centers (see Supporting Information, Figures S1 and S2).
X-ray Structure of 1. [(FsTPP)Fd'—O—Cd'(TMPA)]-
ClO42C4H;¢0 was crystallized from dichloromethane/diethyl
ether at—20 °C. An Oak Ridge thermal ellipsoid plot
(ORTEP) diagram is shown in Figure 2 with key bond
distances provided; FeCo = 3.58 A. The cation exhibits
a slightly bent [Fe-O—Co] core, with OFe—O—Co =
171.6. For similar systems containing the [FeO—Cu']
core in which the copper ion is capped by tetradentate N

ligands, compounds from our own research and that of Holm

and co-workers, this value is found to lie in the range-175
178.1 The OFe—O—Co angle in1 most closely compares
to that found for [fL)Fe—O—Cu]" (OFe—O—Cu = 171°),

which possesses a TMPA moiety bound to copper(ll) but

NMR Spectroscopic and Magnetic Properties'H NMR
spectra of (ETPP)F&' —OH in CD.Cl, exhibit a pyrrole
signal at 81 ppm, typical for high-spi® = 5/2 Fé'-
porphyrinate$.Following the reaction with [CTMPA)(CHs-
CN)J>" and formation ofl, the pyrrole resonance appears
upfield at 40.6 ppm (Figure 3). This behavior is consistent
with an assignment df as anS= 1 electronic ground state
species, which is derived from antiferromagnetic coupling

(18) Obias, H. V.; van Strijdonck, G. P. F.; Lee, D.-H.; Ralle, M.;
Blackburn, N. J.; Karlin, K. DJ. Am. Chem. S0d.998 120, 9696-
9697.

(19) Kurtz, D. M., Jr.Chem. Re. 199Q 90, 585-606.

(20) Scheidt, W. R.; Reed, C. Chem. Re. 1981, 81, 543-555.

(21) Nanthakumar, A.; Fox, S.; Murthy, N. N.; Karlin, K. D. Am. Chem.
So0c.1997 119, 3898-3906.

(22) Dai, X. L.; Kapoor, P.; Warren, T. H.. Am. Chem. So2004 126,
4798-4799.

(23) Larsen, P. L.; Parolin, T. J.; Powell, D. R.; Hendrich, M. P.; Borovik,
A. S. Angew. Chem. Int. E®003 42, 85-89.

(24) Hikichi, S.; Yoshizawa, M.; Sasakura, Y.; Akita, M.; Moro-Oka, Y.
J. Am. Chem. S0d.998 120, 10 56710 568.
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Figure 3.

of the high-spin F& (S= 5/2) and high-spin Cb(S= 3/2)
through the oxo bridging ligand. Magnetization studies
corroborate this conclusion (vide infra). The same upfield
shifting of dpyrole (from 81 ppm) was observed for the copper
analogue [(ETPP)Fé'—O—Cu'(TMPA)]*, but the magni-
tude of the shift was much lower because of the different
electronic nature of Cu(S = 1/2) that yields a different
ground state$ = 2, dpyrole = 65 ppm). On the other hand,
the porphyrin signals due to theesephenyl substituents
appear ab = 8.8 and 8.7 ppm for the meta-positions and at
0 = 8.0 ppm for the para-position, as is usual for metal
tetraaryl-porphyrinate%.

[Co"(TMPA)(CHCN)J?" itself exhibits considerably shifted
but sharp ts ~ 107! s for Cd') contact-shiftedH NMR

signals?!* From the present study, we discovered that there

were modest errors in the resonances that we previusly
reported for this complex, and with new, careful, and multiple

Chufan et al.

IH NMR spectrum (CBCl,, 293 K) of 1. See text for further discussion and assignments.

respectively. The room-temperature TMPA peaks-at1
and—2.7 ppm assigned to the 6-H andCH,— hydrogens,
respectively, are the most affected by the lowering of the
temperature{10.2 and—12.6 ppm at- 80 °C, respectively)
because they are the hydrogen atoms closest to the para-
magnetic Cb6 center. Also, they have positive extrapolated
intercepts (see Curie plot), which are consistent with the
breaking of the strong antiferromagnetic coupling as the
temperature increases and (theoretically) approaches infinity.
Other relevant information obtained from the NMR data
relates to the coupled structure of'FeO—C0d' that remains
undissociated in CkCl, solution. Nonetheless, dissociation
does occur in CECN, as indicated by the formation of4+
TPP)FéE —OH, observed witlpymoe = 81 ppm (not shown).
Magnetic Susceptibility. Data for polycrystallinel were
collected in the temperature range of290 K (Figure 4)
and were aimed at the evaluation of the magnetic exchange

measurements, we find that TMPA hydrogen signals occurredinteraction described by the coupling constahtrésulting

at 109.1 (CH,—), 60.7 (5-H), 41.6 (3-H), ane-4.6 (4-H)

from the possibility of either or both antiferromagnetic (AF)

ppm in dichloromethane, see the spectrum in Figure S3and ferromagnetic (F) exchange interactions, Witk Jar

(Supporting Information). Fot, all of these signals moved

+ Jr

as expected for a magnetically coupled system, with the At 290 K, the compound exhibitgmeT = 2.06 emu

peaks occurring at 4.4 (4-H), 2.6 (3-H), 1.0 (5-H)1.1
(6-H, shifted dramatically from>125 ppm downfield in
[CA"(TMPA)(CHsCN)]?"), and—2.7 (—CH,—) ppm. These

K-mol™?, therefore much lower than the expected value of
6.25 emu Kmol™* for a bimetallic system witt§ = 5/2
and &, = 3/2. By decreasing the temperature to 20 K, the

tentative assignments (in parentheses) are based on analogyalues ofymeT decrease monotonically, withnoT values

to the F&'—O—Cu' system! and on the observed temper-

varying from 2.02 to 1.46 emu #nhol % Further cooling

ature dependent behavior (see below). Thus, variable tem-causes an abrupt inflection that reachgsT = 0.93 emu

perature NMR studies were carried out fofsee Figure S4,
Supporting Information), and revealed that the pyrrole
downfield-shifted signal moved further downfield with the
decrease in temperature while the TMPA hydrogen upfield-

K-mol~%, which is in agreement with a8= 1 ground state.
The best fit yields] = =114 cm?, with gre = gco = 2.5,
and confirms the AF nature of the coupling. The elevated
values of theg-factor may reflect spirrorbit contributions

shifted signals moved further upfield. This phenomenon was expected for a system containingidns. The fact that neither

also observed for the coupled copper containir@xo
compound [(ETPP)F&' —O—Cu'(TMPA)], thus being con-
sistent with strong antiferromagnetic couplifigPlots of
chemical shift vs I¥ for the range 193293 K (see Figure
S5, Supporting Information) show linear Curie and anti-Curie
behavior for the iror-porphyrinate and Co(TMPA) protons,

3020 Inorganic Chemistry, Vol. 46, No. 8, 2007

the Cd nor the Fé& ions stand in an octahedral geometry
can also contribute to elevated g-values. Compleap-
proaches an overall low-symmeiBy with local Cs, trigonal
bipyramidal symmetry for the C'don and square pyramidal
C,, local Fé' geometry. The high-spin configurations for
both ions deviate considerably from the usual octahedral
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Figure 4. Magnetochemical behavior of compl&XymolT vs temperature,

Scheme 2
O N 1
ANCol N
2

Ar

FENZ III/N' F.,
=N~Fe
O DN N O
N — N~
F F
Arf
*NE ot
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C 1%
={Ncol N

Fe''—O(H)—Cu'(ligand)I'* (ligand = TMPA* or bis(2-(2-
pyridyl)ethyl)amin&) complexes; the hydroxo-bridged com-

T). The black diamonds denote the measured magnetization and the SOIidplexeS formed by protonation of meoxo compounds can

red line is the simulation of the data. The high-spin electronic configurations
for the metal ions are also shown at the top.

be reconverted to the original oxo species by means of
addition of a base such as triethylamih&herefore, the

scheme and need to be taken into account for an evaluatiorreaction ofl with triflic acid/triethylamine was investigated

of the magnetic pathway. On the basis of orbital distribution

in order to assess and compare its protonation/deprotonation

arguments and the X-ray structure, it is well-established that profile with that of other compounds, especially {{IPP)-

the A; (d?) orbital of the iron center will be pointing out of
the macrocyclic plane. Similarly, DFT calculations for the
precursor [CH(TMPA)(CHsCN)]" indicate that thez-axis,
as would be expected, is clearly defined along thgif-
Co—Nacetonitiile IN this trigonal bypyriamidal comple?®. As

Fe'—O—Cu'(TMPA)] .

Addition of 1 equiv of triflic acid to a dichloromethane
solution ofl (Amax= 557 Nm) yields a new U¥vis spectrum
(Amax = 567 nm) attributed to a-hydroxo species [ PP)-
Fe''—(OH)—Cd'(TMPA)]?* (2), shown in Scheme 2. After

such, the main superexchange pathway for the dominant AFaddition of 1 equiv of triethylamine, the original spectrum

coupling observed fot is ¢ in nature.

In fact, the exchange coupling constant fo¢J = —114

cmY) is comparable to that found for the iron analogue{(F
TPP)F&' —O—Fé!(TMPA)(CI)] (J = —108 cnt?).26 Here,
a high-spin F# ion replaces the Cloion in a very similar
coordination environment. However, for the previously well-
studied analogue [¢FPP)Fé' —O—Cu'(TMPA)]*, where
Cu' ions replace the Cl'don, a stronger coupling is observed,
J=—174 cn1.® This result may be general in that the'Fe
O—CuU' core also possesses larg@rvalues, asl > |—200
cm ! for both [(OEP)F# —O—Cu'(Megtren)[™ and for [EL)-
Féll _O_Cull]+_1

Protonation of 1. The Brgnsted basic behavior of oxo-

of 1is observed. This cycle of protonation/deprotonation can
be repeated three times without detecting significant decom-
position (see Supporting Information, Figure S6).

IH NMR spectroscopy was used to further investigate this
reaction and characterize the protonated product (Figure 5).
After addition of 0.45 equiv of triflic acid (HOTf) to a
dichloromethanel, solution of1, a new pyrrole-associated
broad signal is observed at 78 ppm while the original signal
at 40.5 ppm (due td) is diminished. The reaction is almost
complete with the addition of 0.9 equiv of the acid (Figure
5). This new signal at 78 ppm relates quite well to the typical
pyrrole signal of (gTPP)F&'—OH normally found at 81
ppm; but here it is measurably shifted upfield, reflecting

bridged heme-containing bimetallic complexes has beenthe AF coupling to the cobalt center th

observed for compounds with irertcopper, iror-iron, and
other [Ma—O—Mg] cores!?” Furthermore, a reversible oxo/
hydroxo equilibrium has been demonstrated forTEHP)-

(25) Schatzschneider, U.; Verani, C. N.; Karlin, K. D., et al, unpublished
observations.

(26) Wasser, I. M.; Martens, C. F.; Verani, C. N.; Rentschler, E.; Huang,
H. W.; Moenne-Loccoz, P.; Zakharov, L. N.; Rheingold, A. L.; Karlin,
K. D. Inorg. Chem.2004 43, 651-662.

(27) Kramarz, K. W.; Norton, J. R. IRrogress in Inorganic Chemistry,
Vol 42; John Wiley & Sons Inc: New York, 1994;pp-55.

To further provide evidence that the protonation product
is a hydroxo-bridged compound, the magnetic moment of
the starting compound and the products were determined by
the Evans NMR method (see Experimental Section). Com-
plex 1 exhibitsue = 3.1 that is consistent with that expected
for aS= 1 system (vide supra). After addition of 1 equiv of
triflic acid, a value ofue = 3.7 is observed. This magnetic
moment is also consistent with &~ 1 system arising from
an AF coupling between a high-spin'ffeand a high-spin

Inorganic Chemistry, Vol. 46, No. 8, 2007 3021
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Figure 5. Protonation ofL by sequentially adding 0.45 equiv, 0.90 equiv,
and excess (2.60 equiv) triflic acid followed Byt NMR spectroscopy (CB
Cly, room temperaturefH NMR spectra showing the expande@ to 15
ppm region are provided in Supporting Information, Figure S7.

Cd"; however, the coupling is less effectively propagated
when mediated by a-hydroxo group compared toiaoxo
ligand! This follows what was previously observed fooxo
and u-hydroxo [(heme)P&—O(H)—Cu'(ligand)] pairs of
complexes:2*While we do not currently have X-ray or other
structural information pertaining to the OH~ complex2,

(28) A reviewer has pointed out that the observed valye.pf= 3.7 may
in fact be more consistent with 8 = 3/2 assignment. Additional

Chufan et al.

we can expect longer irerhydroxo and cobatthydroxo
bond distances compared to an oxo analogue, and bending
of the Fe-(OH)—Co core is also likely (as one goes from
formally sp hydridized oxo to gphybridized hydroxo
ligands)*2°

After addition of excess triflic acid (2.6 equiv), {HPP)-
Fé"—(OTf) (Opyrole = 53 ppm) is identified further showing
that the 78 ppm resonance ascribe®tis correct and that
the bridge has not been broken in this product"[T¥PA)-
(H,0)]?" is the presumed coproduct (see Figure 5 Yidr
NMR spectroscopic identification) (Scheme 2), having the
same pyridyl-ligand chemical shift as that previously found
for the close acetonitrile analogue [(G@MPA)(CH;CN)]?"
(vide supra, Figure 3). The magnetic moment of the product
solution,uer = 6.7, is consistent with that of an uncoupled
mixture of an admixed-spin-state'Ffeompound $= 5/2,3/

2) expected for (]TPP)Fd' —(OTf)%C and a high-spin Cb
complex (theoreticgles = 6.81).

To further investigate the nature of this second equilibrium
where bridging ligand cleavage occurs (Scheme 2), arr UV
Vis spectroscopic experiment was carried out. Following the
addition of 2 equiv of HOTf to a solution df (CH,Cly, Amax
= 558 nm), the characteristftspectrum of (porphyrinate)
Fe''—(weak-anion) (e.g., weak-anien OTf~, ClO4~, BF;")
complex [(RTPP)F& —triflate] is formed fmax= 504, 572,
and 635 nm) (see Supporting Information, Figure S8).
Reversible generation of the original oxo-bridged compound
1 is observed upon addition of 2 equiv of triethylamine
(Figure S8), confirming the weak nature of thd'Fériflate
bond, the full acid-base reversibility in the system (Scheme
2), and therefore the (kinetic or thermodynamic) stability of
the u-oxo/hydroxo assemblies and 2.

Dioxygen Chemistry of [(RTPP)Fe']/[Co"(TMPA)-
(CH3CN)]?". On the basis of the established Ehemistry
of (FsTPP)F&/[CU(TMPA)(CHsCN)]* 1:1 mixtures (also see
Introduction)? it was envisioned that the substitution of'Cu
by Cd' could lead to the generation of a more stable peroxo
species by encompassing Fe/Co systems witlf al@dtronic
configuration for the cobailtligand moiety*517:37-43 Upon

(29) Scott, M. J.; Zhang, H. H.; Lee, S. C.; Hedman, B.; Hodgson, K. O.;
Holm, R. H.J. Am. Chem. S0d.995 117, 568-569.

(30) Boersma, a. D.; Goff, H. Mnorg. Chem.1982 21, 581-586.

(31) Hu, X. L.; Castro-Rodriguez, |.; Meyer, K. Am. Chem. So2004
126, 13 464-13 473.

(32) Gavrilova, A. L.; Qin, C. J.; Sommer, R. D.; Rheingold, A. L.; Bosnich,
B. J. Am. Chem. So@002 124 1714-1722.

(33) Bakac, A.Prog. Inorg. Chem1995 43, 267—351.

(34) Busch, D. H.; Alcock, N. WChem. Re. 1994 94, 585-624.

(35) Solomon, E. I.; Tuczek, F.; Root, D. E.; Brown, C. @hem. Re.
1994 94, 827-856.

(36) Suzuki, M.; Furutachi, H.; Okawa, i&oord. Chem. Re 200Q 200—
202, 105-129.

(37) Hikichi, S.; Akita, M.; Moro-Oka, Y Coord. Chem. Re 200Q 198
61-87.

(38) Niederhoffer, E. C.; Timmons, J. H.; Martell, A. Ehem. Re. 1984
84, 137.

(39) Fallab, S.; Mitchell, P. RAdv. Inorg. Bioinorg. Mech1984 3, 311—
377.

(40) Collman, J. P.; Yan, Y. L.; Eberspacher, T.; Xie, X.; Solomon, E. I.
Inorg. Chem.2005 44, 9628-9630.

(41) Spingler, B.; Scanavy-Grigorieff, M.; Werner, A.; Berke, H.; Lippard,
S. J.Inorg. Chem.2001, 40, 1065-1066.

temperature-dependent magnetic susceptibility measurements with (42) Egan, J. W.; Haggerty, B. S.; Rheingold, A. L.; Sendlinger, S. C,;

greater accuracy would be required to sort this out.
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Generation and Characterization of [(P)M(X)—Co(TMPA)]""
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Figure 6. An UV—vis spectra of the mixture of [(TPP)€Co" (TMPA)- Ar diamagnetic

(MeCN)J?* (reduced species) and of the prod@atpon reaction with @

at —80 °C in methylene chloride. . . ) . .
Compelling evidence supporting this formulation and stated

stoichiometry of the reversible reaction (Scheme 3) is the
observation that we detect close to 1 equiv of li@ing
°C, a new spectrumifax = 414 (Soret) and 558 nm), was released from the-80 °C solutions3 that have been purged
observed. However this product, possibly the putativéd [Fe of any excess dioxygen and then warmed; see Experimental
peroxo-Cad'"] complex, proved to be very unstable and Section. (Note: repeated attempts to obtain resonance Raman
decomposed rapidly (i.e., seconds) intgTIFP)F&' —OH (1 spectroscopic confirmation of the peroxo formulation were
= 408 (Soret) and 568 nm). Despite efforts made in different NOt successful.) Each oxygenation cycle is complete (i.e.,
solvents and lower temperatures (e.g., propionitrile, acetone,full formation of the new specied .= 435 nm, Figure 6)
and dichloromethane at80 °C), a stable:-peroxo adduct in less than 5 min for a 3.& 10°5 M solution. This is very
could not be generated or characterized. We also attemptedast by comparison to the time normally required to oxygen-
resonance Raman spectroscopic interrogation of the low-ate porphyrinate-Cocomplexes in the presence of bases.
temperature oxygenated solutions, but no peroxo species (i.e., The same reaction was followed by electron paramagnetic
with new isotope sensitive ©0 stretching vibration in the ~ resonance (EPR) spectroscopy. The spectrum (20 K; CH
~800 cnt? region) were detected. Cly) of the reduced [(TPP)CH[Co"(TMPA)(MeCN)P*
Dioxygen Chemistry of [(TPP)Cd'J/[Co" (TMPA)- mixture appears as a composite of the expected spectra for
(CHCN)]2*. The remaining question about the capability these EPR active high-spin Coomplexes?>>4°However,
of the [Cd'(TMPA)(CHsCN)J?* precursor to form hetero- the product of oxygenation is EPR silent, with a small
binuclear metalloporphyrinate with non-porphyrin metal amount of paramagnetic impurity (at 3350 G) perhaps arising
dioxygen adducts was addressed by substituting the heméfom the presence of some (TPP)G®, ™) (see Figure S9,
precursor by the Comp|ex (TPP)C()“: is known that Supporting |nf0rmati0n). ThUS, observed YVis SpeCtral
(porphyrinate}-Co' complexes react with On the presence changes combined with evidence from EPR spectroscopy
of a Lewis base as porphyrinate axial ligand (e.g., pyridines Support the formation and formulation 8fas a low-spin
and imidazoles) yielding superoxo-tta@omplexes, [(por-  diamagnetic compoun@*’ (also seéH NMR characteriza-
phyrinate)}-Ca" (0, ~)].%° In the absence of the added base, tion, below). The presence of a number of other possible

addition of Q to an acetonitrile solution containing equimolar
amounts of (sTPP)Fé and [Cd (TMPA)(CH:CN)J?** at —40

the [(porphyrinate) Co'] is inert to G.*4
Remarkably, equimolar amounts of [(TPP)Coand
[Co"(TMPA)(CHsCN)]?* react with Q in a dichloromethane

species can be ruled ofit:the peroxo-bridged dimer
[(TPP)CA"]2(0*") from [(TPP)Cd]/O, is not known. We
can rule out the formation of a superoxo species (base)(TPP)-

solution at—80 °C in the absence of a base. The reaction C9"(027) because we generated an authentic complex, (1,5-

with dioxygen is followed by noticeable changes in the- tV

dicyclohexylimidazole)(TPP)CH O, ), by mixing the com-

vis spectral features of the original solution; the Soret band Ponents at the same concentration (1 mM) and solvent; this
is shifted from 413 to 435 nm, and the alpha band at 528 SPecies is EPR active (see Figure S9) unieAnother
nm changes to 548 nm with a new weak absorption also possibility to consider is that only G6rMPA) chemistry is
being observed at 583 nm (Figure 6). Also noteworthy is iNvolved; although [C(TMPA)(CH;CN)]** reacts with @

the fact that by warming up the solution the original spectrum

(45) Assour, J. MJ. Chem. Physl965 43, 2477-2489.

reappears indicating that the reaction is reversible and thati4s) walker, F. AJ. Am. Chem. Sod97q 92, 4235.
the reduced temperature facilitates binding to form what we (47) A reviewer has suggested consideration of the formulatiod a$

formulate as theu-peroxo complex3 (see Scheme 3).

(43) Rybak-Akimova, E. V.; Otto, W.; Deardorf, P.; Roesner, R.; Busch,
D. H. Inorg. Chem.1997, 36, 2746-2753.
(44) Yang, J. P.; Huang, P. ©hem. Mater200Q 12, 2693-2697.

being au-(hydr)oxo-bridged dicobalt(lll) complex or a hisoxo
dicobalt(IV) complex. The former can be ruled out singas3evolved
upon warming3. The latter cannot be completely ruled out, but such
a species is unprecedented (however evolution pfr@m a bisg-
oxo-dicopper(lll) complex is known, see H. Hayashi et al. Am.
Chem. Soc200Q 122, 2124-2125.).
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to form au-peroxo complex (unpublished observations), the
UV —vis changes observed here (Soret absorption sii,
suprd clearly indicate the presence of a porphyrin moiety
which is involved and undergoing reaction/change.

The formation of3 was also monitored byH NMR
spectroscopy at80 °C in dichloromethaneb. The spectrum
of the starting mixture [(TPP)C($[Co" (TMPA)(CH;CN)J?*

shows the paramagnetically shifted signals for both com-

plexes, moved further (up or downfield) from the established
room-temperature chemical shift§¢See Supporting Informa-
tion Figure S10). Following the addition of excess, @e

Chufan et al.

(2) A u-oxo complex 1) was, however, generated by
acid—base assembly and its X-ray structure determined.
Structural comparisons with analogue [FeO—Cu'] and
otheru-oxo metal complexes were made.

(3) The magnetic properties gf-oxo complex1l were
deduced and comparisons with [FeO—F¢e"] and [Fé"—
O—Cu'] analogues were made. The latter showed to be more
strongly magnetically coupled.

(4) A u-hydroxo complex?) is formed by addition of 1
equiv acid to ther-oxo complexl. Production o was also
proved to be completely reversible by addition of a base

starting material resonances disappear and new absorptiongtriethylamine).

are observed in the diamagnetic region (Figure)S&ih-
sistent with the formulation of a low-spin ®dd®)—peroxo-
Cad" (d® compound. A binuclear complex derived only from
the oxygenation of [CTMPA)(MeCN)}** can be ruled out
as the main product (based on the bVs criterion
mentioned above) as well as from NMR spectrosctipy.

One could speculate on the possibility that a detached

(unligated) pyridyl ligand arm from [C4TMPA)(MeCN)P*
acts as an axial base for stabilization of a [ba@EPP)Cd'-
(O27)] species. However, both the reaction time frame
(which is very fast compared to that known for [(base)-
(porphyrinate)-Cd" —(0O, )] formation)** as well as just
the fact that [CH(TMPA)(CHsCN)]?t is involved (i.e., the
IH NMR peaks for CH(TMPA) disappear), rule out this
supposition.

As previously mentioned, [(TPP)ds unreactive toward

(5) Formation of an asymmetricperoxo complex3) was
accomplished by dioxygen chemistry of [(TPPY@RCo"-
(TMPA)(MeCN)J*" at low temperature. It was also found
that the oxygenation/deoxygenation equilibrium is reversible
and that the original reduced complexes and dioxygen can
be recovered by increasing the temperature.

Experimental Section

Materials and Methods. Reagents including thenesetetra-
phenylporphyrin Cth complex were used as received from com-
mercial sources or otherwise noted. Acetone was predried and
distilled over Dreirite. Acetonitrile was predried and distilled over
fresh CaH. Dichloromethane was purified through an alumina
column. The solvents were deoxygenated by direct argon bubbling
(30 min) or by five freeze/pump/thaw cycles. The air- and moisture-
sensitive samples were handled and stored using standard Schlenk

O, without a base, and there is no base present here Thusglassware and drybox facilities. Elemental analyses were performed

chemical reasoning would suggest tBahay form via initial
reaction of [CH(TMPA)(CHsCN)J*" with O, to give a
metastable [(TMPA)CH(O, )]?* species that now is reac-
tive toward [(TPP)CH), leading to3.

Conclusions and Summary

With our ongoing studies and previous characterization
of a series of [(porphyrinate)Pe-X—Cu'(ligand)]'" [X =
0? (oxo), (OH) (hydroxo), Q?~ (peroxo)] complexes, our
goal here was to investigate the effect of cobalt ion
substitution for copper or copper and iron. As studied
especially by Collman and Boitrét, 17 interesting variations

by QTI Inc. (Whitehouse, NJ). Infrared spectra were measured from
4000 to 400 cmt as KBr pellets on a Mattson Galaxy 4030 Fourier
transform (FT) IR spectrometer. Blank spectra were recorded to
ensure the anhydrous character of the KBr mattikNMR spectra
were carried out using a Varian unit 400 MHz FWMR
spectrometer. Mass spectrometry (ESI in the positive ion mode)
was measured on a Thermo-Finnigan LCQ Deca. Low- and room-
temperature UVtvis spectra in the range of 260200 nm were
recorded on a diode array HP-8453 UYVis spectrophotometer
interfaced with a Neslab refrigerated circulating bath. The temper-
ature-dependent susceptibility measurements of the Co-precursors
were performed in the range 0of~295 K at 1 T on aQuantum
DesignMPMS SQUID-magnetometer. The HeisenbeRjrac-van

might be expected, in particular, with respect to the potential Vleck (HDvV) model was used to analyze the data, and the fitting

stabilization of superoxo and/or peroxo intermediates by

virtue of the possible generation of Cospecies with
resulting 3d electronic configuration. Because our program

of the temperature-dependent magnetization was carried out using
a least-squares fitting computer progPfamas reference with a full
matrix diagonalization approach. The software uses the spin
Hamiltonian operatoHysy = Hz + Hzrs + Hupw, Where the

has enjoyed particular success in the derivation of theseexchange coupling is described Bpw = —2JS x S, the

bridged complexes via dioxygen reactivity with reducet| Fe
or CU components, we wished to explore such chemistry
when Cd was involved. Our efforts were partially successful,
and the investigations have given rise to nemoxo,
u-hydroxo, andu-peroxo complex chemistry. The main
findings of the present report are as follows:

(1) Our previous kind of FECU/O, chemistry was carried
out but now with a cobalt analogue; however gl{PP)Féd' —
peroxo-Ca"(TMPA)]?>" either does not form or is very
unstable.

(48) La Mar, G. N.; Walker, F. AJ. Am. Chem. Sod 973 95, 1790-
1796.
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Zeeman interactions are given By = ugBgS and the axial single-
ion zero-field interaction is described bizrs = DS,2. The ligand
TMPA and the synthons (FPP)Fd-H,0 and (RTPP)F& OH were
synthesized following minor modifications of previously published
procedures$:2-5t

(49) Unpublished observations show that {CEVIPA)(MeCN)J?* reacts
with O, to give a diamagnetic binuclear peroxo complex with a
distinctive broadH—NMR resonance in the-34 ppm region (Figure
S11, Supporting Information). This is observed to form in about a
15-20% vyield under the reaction conditions described for the
formation of 3.

(50) Krebs, C. Thesis, Ruhr-Univer&it8ochum, Germany, 1997.

(51) Tyekla, Z.; Jacobson, R. R.; Wei, N.; Murthy, N. N.; Zubieta, J.;
Karlin, K. D. J. Am. Chem. Sod.993 115, 2677-2689.



Generation and Characterization of [(P)M(X)—Co(TMPA)]"*

[Co" (TMPA)(CH 3CN)](CIO 4),. TMPA (0.58 g: 2.00 mmol)

1 with known concentration (4.6 mM) was prepared and placed in

was added to a dry Schlenk flask containing deaerated acetonitrilea NMR tube. A'H NMR spectrum was first recorded and then a

(40 mL). After the contents of the flask were homogenized,"[Co
(H20)6)(ClOy)2 (0.73 g: 2.00 mmol) was introduced and a purple
solution was generated. Air-free diethyl ether (100 mL) was slowly
added afte2 h tohelp precipitation. The microcrystalline product
was filtered and then dried for 48 h. Yield was 0.92 g (80%). IR
(KBr, cm~1); 3066 (C-H stretch), 23442371 (w, G=N stretch),
1611 (s, G=Cpy stretch), 1439 (Chby scissor vib), 1091 (s, br
ClOy47), 781-767 (C—Hpy out-of-plane), and 624 ECpy rock).
ESIpos: [M — MeCN — ClO4* m/z = 448; [M — MeCN —
2CIO4* m/z= 175. Elemental analysis §&1,1NsOsCl,Coy, 589.25
g/mol) calc/found C: 40.77/40.8; H: 3.59/3.6; N: 11.89/11.7.- 1V
vis (MeCN) 472 nm § = 82 M lcml), 552 nm ¢ = 52
M~Lcm™1), and 945 nmd < 5 M~1-cm1). IH NMR [400 MHz,
CD,Cly, 300 K] 6(ppm)= 109.1 F-CH,—], 60.7 [5-H], 41.6 [3-H],

coaxial reference capillary filled with pure dichloromethaheavas
inserted inside the sample tube. A secdHdNMR spectrum was
thus obtained (now with a capillary containing pure solvent) and
in this manner was assigned unequivocally the solvent peak
corresponding to the pure deuterated solvent. Both solvent peaks
were assigned, one corresponding to the paramagnetically shifted
deuterated solvent and the second corresponding to the pure solvent
from the reference capillary. The magnetic moment was calculated
from the equationig = 2.84,/y,T/n, whereT is the temperature
(297 K) of the measurement,is the nuclearity of the complex(

= 1 for 1), andym = —3/47(Av/v)1000E + ym® — xp (Where

@ is the solvent susceptibilityyp is the total diamagnetic
correction calculated from Pascal's const@Afs, Av is the
paramagnetic shift of the solvent in Hz,is the frequency of the

and—4.6 [4-H] (Note these are new, corrected values, see above NMR instrument in Hz, anda is the concentration of the metal

text).

Preparation of 1. In an argon atmosphere the synthonsl {#)-
Fe'"OH (0.166 g : 0.20 mmol) and [CGTMPA)(CH;CN)](CIOy),
(0.120 g: 0.20 mmol) were combined in a 50 mL flame-dried
Schlenk flask and stirred fol h to foster intimate contact.

complex). In the same way the magnetic momeng ¢prepared
by addition of 1 equiv triflic acid to a solution df) and the mixture
of (FRTPP)F& —(OTf) and [Cd(TMPA)(H,0)]?" (prepared by
addition of 2.6 equiv triflic acid to a solution dj) were determined.

UV —vis Absorption Spectroscopy. Dioxygen Chemistry of

Previously deaerated dichloromethane (30 mL) was added, and theCo' (TPP)/[Ca" (TMPA) —(CH3CN)]2*. In a typical experiment,

solution was stirred for 1 h. When #& (35uL: 0.25 mmol) was
added, the original brownish solution immediately became reddish.
After 15 min the volume was reduced to one third and anhydrous,
air-free toluene+{20 mL) was added. The microcrystalline product
was filtered and then vacuum-dried for 48 h. Yield was 0.25 g
(~80%). IR (KBr, cnT?); 16221608 (S, G=Cpyrigine Stretch), 1463
(pyrrole ring stretch), 1092 (br CIO), 999 (C—Hpyrigine OUt-Of-
plane), and 624 (€Cpyrigine rock). ESIpos: [M— CIO,* multiplet
m/z = 1176.1 (13% relative abundance), 1177.1 (100%), 1178.1
(73%), and 1179.1 (22%); [M- (Cd'TMPA) — CIO4 + CH3CN]*
m/z = 852.5; [M — (Cd'TMPA) — CIO4]" m/z= 812.5. MALDI-
TOF; [M — CIO4 " m/z= 1178. Elemental analysis fot):2CH,-
Cly*C7Hg (C71H50NgClsFsOsFe Coy, 1539.19 g/mol) calc/found: C
= 58.08/58.18; H= 3.43/3.66; N= 7.63/7.48H NMR [400 MHz,
CD,Cl, 300 K] 6(ppm) = 40.6 [pyrrole], 8.8 n-phenyl], 8.7
[m-phenyl], 8.0 p-phenyl], 4.4 [4-H,], 2.6 [3-Hyy], 1.0 [5-Hy],
—1.1 [6-H,], and —2.7 [TMPA—CH,—].

IH NMR Titration. Protonation of 1. In the glovebox, a CB
Cl, solution of 1 (12 mg, 0.0078 mmol, in 0.7 mL solvent) was
prepared and transferred to a screw-cap NMR tube, andHhe
NMR spectrum was recorded. Previously distilled triflic acid (HSO
CF;) was used to prepare a stock solution (21 mg in 2 mL of-CD
Cl,). Then, a 5QuL aliquot of acid (0.45 equiv) was introduced to
the solution ofl (using a 25Q:L Hamilton syringe), the tube was
shaken and théH NMR spectrum was recorded. This process of

equimolar amounts of ¢TPP) and [CH(TMPA)(CH;CN)](CIO,)»
were dissolved in CECl, (3 x 107° M) in an inert atmosphere
glovebox. The solution was placed in a special-ts cuvette3®
sealed, brought out of the glovebox, and cooled-®0 °C. The
solution was oxygenated via bubbling with excess dsyThe UV—
vis spectra before and after oxygenation were recorded.

EPR Spectroscopy. Equimolar amounts of C¢TPP) and
[Co"(TMPA)(CH3CN)](ClOg4), were dissolved in CKCl, (1 mM)
in a glovebox, and the solution was transferred to an EPR tube
that was capped with a rubber septum. The EPR tube was immersed
in a —80 °C bath (acetone/dry ice) when dry, @as added via
syringe to generat8. The solution was frozen in liquid Nand
the X-band EPR spectrum & was recorded on a Bruker EMX
spectrometer, with temperature maintained at 20 K using an Oxford
Instruments EPR 900 cryostat.

Magnetic Susceptibility MeasurementsTemperature-depend-
ent magnetic susceptibility measurements were performed on a
Quantum Design SQUID-magnetometer MPMS in the temperature
range of 2-298 K in applied magnetic fields of 1 T. The response
function was measured four times for each given temperature. The
experimental data were corrected for the diamagnetic contribution
using Pascal’s constants.

Dioxygen Evolution upon Warming a Solution of 3. An
alkaline pyrogallol solution was used to detect dioxygen evolution
upon warming a solution 08, following a previously published

adding aliquots of acid and recording spectra was performed twice protocol>”-%¢In the glovebox, 32.3 mg of [C¢TPP)] and 28.4 mg

more (for 0.9 and 2.6 equiv acid).

NMR Spectroscopy.Room temperature and variable-tempera-
ture*H NMR spectra were recorded on a Varian Unity 400 NMR
instrument. All spectra were recorded in 5 mm o.d. NMR tubes.
The chemical shifts were reported @gppm) values calibrated to
natural abundance proton solvent peak. Typically, (i) 12 mg of
or (ii) 8 mg of Cd'(TPP)/6 mg of [C8(TMPA)(CH;CN)](CIO,),
(equimolar amounts) in- 0.7 mL of CD,Cl, were used for each
experiment.

The ambient temperature solution magnetic moment ofas
measured by the Evans meth&gf on a Varian NMR instrument
at 400 MHz. Inside a glovebox, a dichloromethatiesolution of

(52) Evans, D. FJ. Chem. Soc1959 2003.

(53) Ghiladi, R. A.; Kretzer, R. M.; Guzei, |.; Rheingold, A. L.; Neuhold,
Y.-M.; Hatwell, K. R.; Zuberbaler, A. D.; Karlin, K. D.Inorg. Chem.
2001, 40, 5754-5767.

(54) O’Connor, C. J. IrProgress in Inorganic Chemistryv/ol 29; John
Wiley & Sons Inc: New York, 1982, pp 203.

(55) CRC Handbook of Chemistry and Physi&)th ed.; CRC Press:
London, 1999.

(56) Karlin, K. D.; Haka, M. S.; Cruse, R. W.; Meyer, G. J.; Farooq, A.;
Gultneh, Y.; Hayes, J. C.; Zubieta, J. Am. Chem. S0d.988 110
1196-1207.

(57) Kim, E.; Helton, M. E.; Lu, S.; Moene-Loccoz, P.; Incarvito, C. D.;
Rheingold, A. L.; Kaderli, S.; Zubeftler, A. D.; Karlin, K. D.Inorg.
Chem.2005 44, 7014-7029.

(58) Ghiladi, R. A.; Huang, H. W.; Mame-Loccoz, P.; Stasser, J.;
Blackburn, N. J.; Woods, A. S.; Cotter, R. J.; Incarvito, C. D;
Rheingold, A. L.; Karlin, K. D.J. Biol. Inorg. Chem2005 10, 63—
77.
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of [Co"(TMPA)(CHsCN)](ClO4), were dissolved in 20 mL of x mL O,) + 0.025, was used to determine the amount of dioxygen
deoxygenated CHCl, and transferred to a 50 mL Schlenk flask evolved upon thermal decomposition 8f Two reaction runs
equipped with a stir-bar and capped with a rubber septum. Outsideproduced 75 and 82% yields o, ®ased on the stated stoichiom-
the glovebox, the solution was cooled+d8°C in a dry ice/acetone  etry, Scheme 3.

cold bath, and then the peroxo complewas generated by direct Acknowledgment. This work was supported by grant
bubbling of dry Q through the solution via syringe. The solution  f.om National Institutes of Health (GM 34909, (to K.D.K.)
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spectrum was recorded. The solutiorBafas then allowed to warm ~ BY llJV_V'S spectroscopy (Figure S6); prgtonatlomofollowed
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