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The study of (porphyrinate)FeCu complexesis of current
interest in modeling structural and functional aspects of the bi-
nuclear active center in the heme-copper oxidase enzyme supe
family, the cytochrome and quinol oxidases. At the hemeg-a
Cug active site, dioxygen binds and undergoes/4e™ reduction
to water. This chemistry is directly coupled to proton translo-

cation through these membrane-spanning proteins; the electro-
chemical gradient thereby generated is used to drive ATP syn-

thesis? Recent cytochrome oxidase (€O) X-ray diffraction
studie$® have helped to clarify aspects of structure and function.
However, in addition to questions about intermediates in the O
reduction process® and the possible proton and/or electron-trans-
fer role of histidine (or nearby tyrosine) gligands?>7important
issues related to ligand-binding properties and the nature of Fe
(1) =X —Cu(ll) species (X= possible bridging ligand) exist. For
example, protein X-ray datassuggest that (hydro)peroxide and
azide (and even CO, in the reduced enzyme) bridge the Fe an
Cu ions.

Our own investigations have included the characterization of
the u-oxo complex, [(E-TPP)Fé —O—Cu'(TMPA)]* (2),® and

1+

oy G ™
d—;Cu:b C{\‘?Cujb

| e \

(o] R OH

ArF = —— ArF, /
2 /I & F NEt; ind W
N-Fe-N-< O N-FeN
Arf SN SN2 AP N SN2
N FF NN
Arf Arf
(1) )

its conjugate acid, [FTPP)F&' —OH—CU'(TMPA)]?" (2).° We
have suggestétla 1-OH- complex like2 as a possible resting-
state candidate; a-O?>~ or au-OH~ species may also be con-
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over, as an ©0 cleavage product which induces proton transfer
as part of the enzyme functidnHere, we describg-oxo com-
“pounds generated with new binucleating ligafidsand 5,011

which possess the TMPA moiety covalently tethered to the por-

hyrin periphery. The two isomeric ligands confer dramatically

0}a)lltered structures to the deriveebxo complexed and5 (Scheme

1), while also causing pronounced effects upon their spectroscopic
properties and, as potentially relevant toQz; their protonation
chemistry.

We previously®® described a heme/non-heme diiraroxo
complex usingL, [(°L)Fe"—O—Fe"—ClI]*, from which the iron
in the TMPA tether can be selectively removed, yielding a high-
spin Fd'—OH complex with an empty tethePL)Fe'" —OH (3h).
The isomer usingfL, [(6L)F€"—OH] (3a), can be similarly
formed! To these complexes, addition of copper(ll)-triflate and
base, followed by counterion exchange (¢1@r BArF), yields
theu-oxo analogues fL)Fe" —O—Cu'l* (4) and [L)Fe"—O—
Cu'l" (5) (Scheme 1}! These possess features similattoe.,
distinctive red-shifted Soret bands a#35 nm, and'H NMR
spectra with dramatically upfield-shifted Cu-ligand resonances,
indicative (as forl)®¢ of an S= 2 system with high-spin Fe(lIl)

sidered as a possible intermediate occurring during enzyme turn-antiferromagnetically coupled to Cu(I4, 5.0 ug; 5, 4.9 us
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(Evans method, 1}) The spectrum fod (Figure 1) and that for
52 reveals the lowered symmetry imposed by the ligand téther.
Structural insights (e.g., metaligand, Fe--Cu distances and
OFe—O—Cu values) have been obtained using EXAFS spec-
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(13) The pyrrole resonances (689 ppm) now appear as four peaks, while
the methylene hydrogens on the TMPA ligand are split into a 2:1 ratio since
one of the three pyridine rings is connected to the peripheral porphyrin aryl
group. In4, selective deuteration amH NMR spectroscopy (Supporting
Information), including the methylene-GH protons on the pyridine linked
to the porphyrin (att5 ppm) confirms their assignment 6fL23 ppm (Figure
1). This leaves the ca. twice as intensgll ppm resonance assigned to the
other equivalent -Ckihydrogens.
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are linear but exhibit obvious differences #and5 compared

m

aPy = _p;; to that forl. For example, the slopes (reflecting proton sensitivity
to unpaired spin density and F€u magnetic interactions) for

3-Py =-39 pyrrole hydrogens (sensing iron) are similar4aand5, but differ

5-Py =-17 significantly from that for1.*2 Together, these observations

CHy-N =-111 suggest that bending of the F©—Cu moiety changes physical

CH,N =-123 and chemical (vide infra) properties compared to the situation

CDA0=+5 with linear geometry. The stability and basicity of the oxo-bridge
in [((L)FE"-O—CU"l* (4), [(L)FE"-O—-Cu"l* (5), and [(R-

TPP)F¢' —O—Cu'(TMPA)]* (1) also vary. We observe thét
and5 are much less stable to moisture and protic solvents than is
1 and the tethered ligands are more susceptible to protonation
, (Scheme 1). In CECN solvent, addition of 1 equiv morpholinium
100 75 50 25 0 25 0 75 100 -125 ppm triflate (pKy = 16.6) does not cause protonationlofl4 < pK,-
Figure 1. H NMR spectrum of fL)Fel —O—Cu']* (4) in CDsCN. (2) < 17)% However,4 reacts with this same acid to give a
u-OH™ species formulated as’[)Fe" —OH—-Cu']?*, with char-
acteristic pyrrole resonances at 72 and 76 ppm, which are similar
to that in2, but distinct from data op-oxo complex4 (6 = ~65
ppm), or high-spin (porphyrinate)-ite-OH species ¢ = 80—
81 ppm) where the bridge has broken. In fact, the lagterhat
occurs for the protonation & The results indicate that tixeoxo
atom in4 and5 is more basic than that ih and au-OH~ complex
appears inaccessible i With the stronger acitN-methylmor-
pholinum triflate (K, = 15.6), all three complexes react, again
affording u-OH~ products forl (to give complex2) and 4
(Scheme 1), but bridge breaking occurs again from reaction with
5. Compared tdl, the u-oxo ligand in4 is more basic by~1
pKa unit, with that in5 possibly even greater. The basicity of
O.-derived reduced intermediates (e.g., peroxo, ferryl, oxo, and
‘ ’ ‘ ‘ ‘ hydroxo) may be critical to the proton-translocating heme-copper
12 3 4 5 6 7 8 oxidase functior:”
60 - 1II a In conclusion, use of the new binucleating ligartdsand 6L
['LFe"-O-Cu™] shows the utility of the synthetic model approach in the design
and generation of new complexes which allow further elucidation
6 of heme-copper structure, physicochemical and spectroscopic
s correlations, and functional chemistry. Here, we have shown that
2 b M A A A variations in the ligand architecture produce small yet significant
g0 \/ i \/ \j W v »U changes in the metal environment (analogous to protein-enforced
j
0

pyrr
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Intensity

active-site geometric relationships) which in turn significantly
influence structure and reactivity. Notably, we have characterized
5 4 15 new u-oxo Fe-O—Cu complexes with typically short MO
I = k(A bonds, but provide the first examplB) (with a remarkably bent
/ | configuration. The accompanyingoxo group proton uptake
J O\ VA chemistry is significantly influenced, further demonstrating the
‘ , ‘ : ‘ importance of subtle ligand environment effects upon the structure
1 2 3 4 5 6 7 8 and chemistry of the FeX—Cu core. While protein EXAFS
R (A) data preclude the presence of an isolable enzyme form having a
near-linear Fe O—Cu moiety?>1"the present results demonstrate
Figure 2. Experimental (solid line) versus simulated (dashed line) Fe the plausible existence of a bent analogue, with enhanced proton
K-EXAFS and Fourier transforms fat and5. affinity, possibly relevant to enzyme function. Further detailed
characterization of the chemistry dfand5, including that of
reduced derivatives and theiry@eactivity, is planned.
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troscopy at both Fe (Figure 2) and Cu K-edges (Scheme 1, and
Supporting Information}? Both 4 and 5 exhibit the same
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ligand constraints irffL and 5L impose dramatically different Supporting Information Available: Figures S1 with Cu K-EXAFS

angular properties to the F©—Cu moieties. Comples has a and Fourier transforms fo# and 5, Table 1 with EXAFS refinement
linear bridging core [[Fe—O—Cu = 178.2), and we find that results, EXAFS experimental details, and synthetic details (with Schemes
for [(SL)F€" —O—Cu']" (4), OFe—-O—Cu = 177 + 8° (ave, Fe S1 and S2) (12 pages). See any current masthead page for ordering
and Cu edge& 170.8 in the X-ray structur¥), only slightly information and Web access instructions.

distorted from linearity. However, there is a severe contortion jagg10989

in [(5] I—_O—Cu'l+ —Cll ~ o
in [(*L)Fe" —O—CU']" (5), wherelIFe-O—Cu= 141+ 6° (ave, (14) An X-ray crystal structure (to be published elsewhere) corroborates
Fe and Cu edges). o ) . . XAS derived structural results fa¥.
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