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In this report, we describe the reversible dioxygen reactivity of ((L)Fe" (1) {6L = partially fluorinated
tetraphenylporphyrin with covalently appended TMPA moiety; TMPA = tris(2-pyridylmethyl)amine} using a combination
of low-temperature UV-vis and multinuclear (*H and 2H) NMR spectroscopies. Complex 1, or its pyrrole-deuterated
analogue (°L-dg)Fe" (1-dg), exhibits downfield shifted pyrrole resonances (6 28—60 ppm) in all solvents utilized
{ CH,Cl,, (CH3),C(0O), CH3CN, THF}, indicative of a five-coordinate high-spin ferrous heme, even when there is no
exogenous axial solvent ligand present (i.e., in methylene chloride). Furthermore, (°L)Fe" (1) exhibits non-pyrrolic
upfield and downfield shifted peaks in CH,Cl,, (CH3),C(O), and CH3CN solvents, which we ascribed to resonances
arising from the intra- or intermolecular binding of a TMPA—pyridyl arm to the ferrous heme. Upon exposure to
dioxygen at 193 K in methylene chloride, CL)Fe" (1) {UV-vis: Anax = 433 (Soret), 529 (sh), 559 nm} reversibly
forms a dioxygen adduct { UV—vis: Ana = 422 (Soret), 542 nm}, formulated as the six-coordinate low-spin { Spyimole
9.3 ppm, 193 K} heme—-superoxo complex (6L)Fe"—(0,™) (2). The coordination of the tethered pyridyl arm to the
heme—superoxo complex as axial base ligand is suggested. In coordinating solvents such as THF, reversible
oxygenation (193 K) of (SL)Fe" (1) {UV-vis: Amax = 424 (Soret), 542 nm} also occurs to give a similar adduct
(CL)Fe"—(027) (2) {UV-vis: Ama = 418 (Soret), 537 nm. 2H NMR: Opymoee 8.9 ppm, 193 K}. Here, we are unable
to distinguish between a bound solvent ligand or tethered pyridyl arm as axial base ligand. In all solvents, the
dioxygen adducts decompose (thermally) to the ferric—hydroxy complex ((L)Fe"—OH (3) {UV-vis: Amax = 412—
414 (Soret), 566-575 Nm; ~Opymoie 120 ppm at 193 K}. This study on the O»-binding chemistry of the heme-only
homonuclear (L)Fe" (1) system lays the foundation for a more complete understanding of the dioxygen reactivity
of heterobinuclear heme—Cu complexes, such as [(6L)Fe''Cu']*, which are models for cytochrome c oxidase.

Introduction chemistry has also been ignited by the recent studies on heme

liaht of the | q i f di proteins which sense small molecules such gsG®D, and
In light of the Importance and essential nature of dioxygen NO; for example, FixL is a dioxygen-sensing heme protein

transport and storage by hemoglobin and myoglobin, inVes'which is thought to mediate biological processes (i.e.,

tigations into the reactivity of synthetic hemgon(ll) transcription and regulatiofi}° Such inquiries also bear upon
complexes with @have unceasingly and deservedly attracted dioxygen activation chemisti; 15 such as that occurring
much attentiorti=8 A resurgence of interest into heme; in the cytochrome P-450 monooxygenase enzyrh#sis
- — Our own interests in this area come from a combination
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copper oxidase proton pumps. Recent biochemical andChart1

notable protein X-ray structural advantes? reveal that @
binding and reduction occurs at an active site consisting of
a high-spin heme group (with proximal histidine), which lies
at~4.5 A from Cu, which possesses three histidine nitrogen
ligands. While an initial @interaction with Cy is postu-
lated?324 the latest emerging picture is that the met@b
chemistry is dominated by the heme, withglieing critical

for electron transfer and proton-translocation chemi8f?> 2"

Our research program is focused upon elucidating the
fundamental aspects ohb@nteractions with heme and copper
centers found either in close proximity, or even just in
combination.

To these ends, we have been studying the dioxygen
reactivity of 1:1 mixtures of the porphyrinatéron(ll)
complex (RTPP)Fd (Chart 1; AF = 2,6-difluorophenyl)
with copper(l) complexes, either [(TMPA)GWeCN)J"
(TMPA = tris(2-pyridylmethyl)amine) or [(MePY2)Cu
(MeCN)Tt (MePY2 = N,N-bis[2-(2-pyridyl)ethyl]methyl-
amine)?®-32 Additional efforts have focused on their analo-
gous binucleating ligand system4, and “L, wherein a
tetradentate (TMPA in the case ofél[jFe'Cu]*)3® or
tridentate (MePY2, as in f()F€'Cu]")%* copper chelate
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is covalently appended to the periphery of a 2,6-difluorophen-
yl substituted porphyrin. For all cases, early studies gf O
reactivity with these Pe-Cu complexes reveal the presence
of interesting G-intermediates (Chart 1), detected either by
low-temperature spectral studies or stopped-flow spectro-
photometry. Notably, in the case of the tetradentate system
[((L)FE'CU]™, a unigue high-spin hemeopper peroxo
complex, [EL)Fe"—(0O>")—Cu']",%2 has been extensively
characterized, with a similar-peroxo species formed in the
untethered analogue, {FPP)Fd' —(0O,2")—CU'(TMPA)] .35
Similar observations of @intermediates, including heme
peroxo-Cu species, are seen when tridendate copper chelates
are employed, as for FPP)Fd/[(MePY2)Cu(MeCN)]* 32
and its tethered analogue'[jFe'Cu]".34

Our previous studies on the copper(l)/Ghemistry of
[(TMPA)CU(MeCN)T" %637and [(MePY2)CYMeCN)]" 3839
provide us with a considerable understanding of the O
complexes involved in these copper-only systems. However,
to fully understand the nature of synthetic hencepper/Q
reactions described previously, we need to also fully
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characterize the £chemistry of the synthetic heme present a) CD,Cly
in our tethered heterobinuclear complexes. While we have
carried out a detailed study of{FPP)Fé (1)/O, chemistry°
which expanded our knowledge of the hemgfBemistry
present in the untethered fPP)Fé&/(L)Cu']* {L = TMPA

or MePY2 systems, it is necessary to examine the dioxygen
reactivity of the copper-free (empty TMPA-tether) complex
(BL)F€' (1) {see diagramin order to fully deduce the ©
binding and reduction chemistry of the tethered hei@a
[((L)Fe'CU]" complex.

845.0,46.4, 479,484

$24.4 \ 5 129

b) (CD3),CO
348.1,50.0,51.7, 52.3

|

¢) CDsCN

[ 3206
- 41.1,427,436,44.4 5 8.2

A, JM J

) F
0 % 9 d) THF-dg
F

N 0 52.8,54.0, 57.7, 58.4

i,

CLFe" (1) _)') UL

Thus, a detailed study ofl()Fe" (1)/O, chemistry is the 5 40 30 20 10 0 10 ppm

fO_CUS of the pr_eser)t report. We find thatXFe' (1) _reaCtS Figure 1. H NMR spectra of {L)Fée! (1) in various solvents at room
with O; reversibly in a number of solvents, forming low- temperature.
temperature stable dioxygen adducts, characterized by bOthTabIe 1. H NMR Spectroscopic Data of the Paramagentically Shifted

UV—vis and NMR spectroscopies. Unlike its parent por- Respnances ofl()Fe' (1) and (FTPP)Fé in Various Solvents (Room
phyrin complex, (sTPP)Fé, which has previously been  Temperature)

shown to react reversibly with dioxygen to form the heme CLF (1) (FsTPP)Fé
superoxo (ETPP)F¢' —(0O,") and heme-peroxo-heme (k-

: X i solvent Opyrrole (PPM) Opyridyl (PPM) Opyrrole (PPM)
TPP)F&' —(0O,2")—Fé"(FsTPP) complexes in coordinating , il L ik
o . | methylene chloride 44.96, 46.40, 24.4,—12.9 496=1)
and noncoordinating solvents, respectivEly(*L)Fe' (1) 47.89, 48.43
reacts with dioxygen to form predominantly the heme  acetone 48.13,50.01, 21.9,—10.2 486=2)
6 n_ — 51.66, 52.28
SUPEToxo complex OFe (02 ) @, regardless of the acetonitrile 41.09,42.72, 20.6,21.5-8.2 28(spin
solvent used in the oxygenation reaction. We suggest that 4358, 44.43 equilibrium)
this observed difference in hemistry betweenfi)Fe! tetrahydrofuran 52.79,54.01, N/A 56 (S=2)
(1) and (RTPP)Fé is due to the presence of the pyridyl 57.66, 58.39

arms (from the Cu-free TMPA tether) in compléxwhich

. I e
provide the heme with an internal axial base ligand. Pyridyl Arm Coordination to the Ferrous Heme in (°L)

Fe' (1). *H NMR spectroscopy ofS()Fe' (1) in weakly
Results and Discussion coordinating or noncoordinating solvents revealed, in addition

Synthesis.(L)Fe! (1) and fL-de)Fe! (1-ds) complexes to the observation of paramagnetically shifted pyrrole

: . . resonances, the presence of upfield and downfield shifted
were synthesized as described elsewheteBy selectively . : ) o
. resonances which we ascribe to the ferrous ion coordination
deuterating the pyrrole hydrogens (up to 90 atom % D

) ) . . of a pyridyl arm from the TMPA tether ifL. We arrive at
incorporation by mass spectrometric analysis), &HINMR . . .
| . . this conclusion through comparisons of fieNMR spectra
study of the fL-dg)Fe' (1-dg) oxygenation reaction was A | 20 !
: . 4 . of (L)F€' (1) to those spectra of gFPP)F&,*°in which no
performed, which provided unambiguous assignment of the

porphyrinate pyrrole hydrogens. This proved helpful given pyridyl arm |S.present. Marked differences are observed
B-pyrrole-H chemical shifts are extremely useful in the (Table 1 and Figure 1). First, for all solvents, the pyrrole-H

| )
assignment of oxidation and spin state of the heme, as wel|f€sonances ofl)Fe’ (1) are found downfield (4960 ppm)

2 s . 5 and are split into four distinct peaks, each integrating to two
as in identifying the type of dioxygen adduct formfed: protons, for a total of eight pyrrolic hydrogens observed.

(40) Ghiladi, R. A.; Kretzer, R. M.; Guzei, |.; Rheingold, A. L.; Neuhold,  SPlitting of the pyrrole-H resonances due to the asymmetry
Y.-M.; Hatwell, K. R.; Zuberbitler, A. D.; Karlin, K. D.Inorg. Chem. of the porphyrin macrocycle for tetraarylporphyrins has been
2001, 40, 5754-5767.

(41) Ju, T. D.; Ghiladi, R. A.; Lee, D.-H.; van Strijdonck, G. P. F.; Woods,

A. S.; Cotter, R. J.; Young, J., V. G.; Karlin, K. Dnorg. Chem. (44) Walker, F. A.; Simonis, U. IBiological Magnetic ResonancBerliner,

1999 38, 2244-2245. L. J., Reuben, J., Eds.; NMR of Paramagnetic Molecules Vol. 12;
(42) Ghiladi, R. A.; Lee, D.-H.; Huang, H.-w.; Moee-Loccoz, P.; Kaderli, Plenum Press: New York, 1993; pp 13374.

S.; Zuberbuler, A. D.; Woods, A. S.; Cotter, R. J.; Karlin, K. D. (45) Walker, F. A. InThe Porphyrin HandbogkKadish, K. M., Smith, K.

Manuscript in preparation. M., Guilard, R., Eds.; NMR and EPR Vol. 5; Academic Press: San
(43) Goff, H. M.; La Mar, G. NJ. Am. Chem. Sod977, 99, 6599-6606. Diego, 2000; pp 8%+184.
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observed previously, notably in the “picket fence” and Scheme 1
“pocket” porphyrins of Collman and co-worket&}’ in the
double-sided porphyrinatoiron(ll) complexes of Tsuchida and
co-workers*®in the “basket handle” porphyrins of Momen-
teau and co-worker$;*° and in the hemeCu complex
[(“L)Fe'CU] .34 This solvent-independent downfield-shifting
of the -pyrrole-H resonances is indicative of a consistent
five-coordinate high-spin§= 2) ferrous hemé34

These results fof)Fe' (1) contrast with thoséH NMR
data obtained for @GTPP)Fd,* which show a single pyrrole S)}eUFe" (1) (CLFe"—OH (3)
resonance (due to the symmetry of thgl PP porphyrin
macrocycle), and whose chemical shift is contingent upon -02
the solvent-dependent spin state of the ferrous heme (Table
1): (i) in noncoordinating solvents (i.e., GEl,, toluene),
(FeTPP)Fd has a pyrrole resonance@##.9 ppm, indicative
of a four-coordinat&= 1 spin systeni?®4%5+53 (ii) in weakly
to moderately coordinating solvents (acetone, THR)T FP)-
Fe' has a downfield-shifted pyrrole resonance 48—56
ppm), which has been previously shown to be consistent with
either a five- or six-coordinat® = 2 ferrous heme; (iii) in
MeCN solvent, (ETPP)Fé shows a pyrrole resonancedt
28 ppm, which has been ascribed to a signal representing

an equilibrium mixture of five-coordinate high-spin (one  ferrous heme. While their unambiguous assignment was not
axial-bound MeCN ligand) and six-coordinate low-spin (bis- confirmed by deuteration or methylation, the20 ppm
MeCN axial ligation) species. This equilibrium can be resonance can be attributed to thekproton of the pyridyl
perturbed, as demonstrated through variable-temperdtiure  arm, while the upfield resonance (cal0 ppm) can be
NMR spectroscopic studies, which show that the formation ascribed to the Chipyridyl methylene linkef44554 An

of the six-coordinate low-spin species is favored at lower examination of five-coordinate Fe(ll) model hemes (synthetic
temperature, while the five-coordinate high-spin heme is gnalogues of cytochrome oxidase, deoxyhemoglobin/
preferred at higher temperature. These differences betweenjeoxymyoglobin, cytochrome P-450 monooxygenase and
(*L)Fe" (1) and (RTPP)FE imply the consistent presence  chioroperoxidase) in the literature reveals similar patterns
of an axial base ligand ir, thus giving rise to a five-  of paramagnetically shifted resonances corresponding to
coordinate high-spin ferrous heme even when no exogenousaxially bound or heme-bound exogenous ligands (substituted
axial ligand (i.e., no coordinated solvent ligand, as is the jmidazoles! pyridines3*®*mercaptide&$6N-alkyl or -aryl
case for CHCI,) is present. We thus conclude that a pyridyl porphyrins” and nitrene complexés.

arm is coordinated to the ferrous heme in all solvents except  For EL)Fe! (1), these up- and downfield-shifted pyridyl-H

+02 §=THF or Acetone ] A

CLFe"-©07) () (8)CLFe"~0,) (2)

THF (vide infra), Scheme 1. resonances appear in @, (noncoordinating), acetone
Supporting evidence for the ferrous-heme pyridyl arm (moderately coordinating), and MeCN (moderately coordi-
coordination comes from the observation in #he NMR nating) solvents, but not in tetrahydrofuran solvent. While
spectra of {L)Fe" (1) of non-pyrrolic resonances appearing the expectation of pyridyl arm coordination to the heme in
both downfied 6 20—24 ppm) and upfield{6 —8 to —13 lieu of solvent is reasonable for the noncoordinating,CH
ppm) in all solvents except THF (Figure 1). These para- Cl, solvent, we suggest the preference of the heme to bind
magnetically shifted resonances are not observedsifAF)- the pyridyl arm over the moderately coordinating MeCN and

Fe'%0 and we have therefore assigned these peakstin  acetone solvents is due (in part) to the intramolecular binding
pyridyl-H resonances arising from the binding of a pyridyl of the covalently attached TMPA-chelate pyridyl arms,
arm (from the Cu-free TMPA chelate) to the high-spin despite the solvents being present in large excess. While the
lack of shifted pyridyl-H resonances in the weak-field THF
(46) gollmarg J. FI;.; I_BrfztjumaF?,EJ. |1 ,\lﬁoxsgeNK.Dlvll.;GHegbertj TL R.; solvent appears to be an anomaly, it has been previously
unnenberg, £.; Linder, R. £.; La Mar, G. N.; De auaio, J.; Lang, . . H

G. Spartalian, KJ. Am. Chem. Sod98Q 102 4182-4192. showr?® that (RTPP)Fé exists as a bis(THF) complex (six-
(47) Collman, J. P.; Brauman, J. I.; Collins, T. J.; lverson, B. L.; Lang,

G.; Pettman, R. B.; Sessler, J. L.; Walters, M.JAAm. Chem. Soc. (54) While resonances ascribed to thegmud proton (86-140 ppm) of

1983 105 3038-3052. coordinated pyridyl groups have been previously reported (see refs
(48) Tsuchida, E.; Komatsu, T.; Arai, K.; Nishide, H.Chem. Soc., Dalton 44—45 and references therein), we were unable to detect such a

Trans.1993 2465-2469. resonance fot, possibly because of the limited spectral window (100
(49) Momenteau, M.; Loock, BJ. Mol. Catal.198Q 7, 315-320. to —100 ppm) of the NMR instrument under our data collection
(50) Momenteau, M.; Mispelter, J.; Loock, B.; Lhoste, J.2MChem. Soc., parameters (see Experimental Section for details).

Perkin Trans. 11985 221-231. (55) Lukat, G.; Goff, H. M.Biochim. Biophys. Actd99Q 1037 351—
(51) Goff, H.; La Mar, G. N.; Reed, C. Al. Am. Chem. Sod.977, 99, 359.

3641-3646. (56) Parmely, R. C.; Goff, H. MJ. Inorg. Biochem198Q 12, 269-280.
(52) Mispelter, J.; Momenteau, M.; Lhoste, J.-Mol. Phys.1977 33, 1715. (57) Balch, A. L.; Chan, Y.-W.; La Mar, G. N.; Latos-Grazynski, L.;
(53) McGarvey, B. RInorg. Chem.1988 27, 4691. Renner, M. W.norg. Chem.1985 24, 1437.
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Figure 2. UV-vis spectra (THF, 193 K) upon reversible oxygenation of
(BL)Fe! (1) (five oxygenation cycles shown):—-) ((L)F€" (1) {Amax =
424 (Soret), 542 nin (- + -) (L)FE" —(027) (2) {Amax = 418 (Soret), 537
nm}, (- - -) CL)FE"—OH (3) {Amax = 414 (Soret), 566 nin See text for
further explanation.
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coordinate, high-spin) in this solvent. Thus, THF appears to Figure 3. 2H NMR spectra of the oxygenation reaction éif {dg)Fe' (1-

be a stronger iron(ll) ligand compared to acetone or

acetonitrile, and its presence as the solvent precludes pyridyl

arm coordination in®)Fe" (1) and the subsequent shifting

of the pyridyl-H resonances outside the diamagnetic region.

The presence of the pyridyl arms available for iron ion
binding in €L)Fe' (1) has clear implications for dioxygen
binding. Unlike the G-binding chemistry of (ETPP)Fd
itself?® the formation of hemesuperoxo species (with
coordinated axial ligand solvent or pyridyl arm) should (and
does) predominate over hemperoxo-heme dinuclear
complex generation in the oxygenation dlL)Fe' (1),

dg) in THF solvent at 193 K. The strong signalsé8.58 andd 1.73 ppm
correspond to THF solvent. See text for further discussion.

Further characterization of theLjFe' (1)/O, oxygenation
reaction product in THF solvent comes from low-temperature
°H NMR spectroscopy. The reduced complélx-¢ig)Fe' (1-
dg) shows two pyrrole resonances (THF solvent, 193K),
79 ando 95 ppm (Figure 3a), contrasting to the room
temperature observations discussed previously; a five-
coordinate high-spin ferrous heme is still indicatéd?
There are two candidates for the ferrous heme’s fifth axial
ligand: a bound THF (solvent) ligand, or a bound pyridine

regardless of the choice of reaction solvent employed. This from the tethered TMPA moiety, originating either inter- or

expectation is confirmed by thél NMR study of the §L)-
Fe' (1)/O, reaction in various solvents, as described in a
following section.

Dioxygen Binding to CL)Fe" (1) in Tetrahydrofuran.
Initial indications that {L)Fe' (1) forms a dioxygen adduct
came from low-temperature UWis spectroscopy (Figure
2). Bubbling Q through a solution of%)Fe" (1) {Amax =
424 (Soret), 542 ninin THF solvent at 193 K reveals the
presence of a new species, formulated as the hexmgeroxo
complex fL)FE" —(O27) (2) { Amax = 418 (Soret), 537 ni
which was found to be stable indefinitely at this temperature.
While application of a simple vacuum to the solution was
unable to reverse the dioxygen binding, direct bubbling of
argon through the solution for 15 min at 193 K was sufficient
to give back the reduced complek JF€' (1). This reversible
cycling of dioxygen binding and removal can be performed
at least five times without significant decomposition to the

intramolecularly. Previous work with the parent porphyrin
complex, (ETPP)F¢,* has shown downfield shifted pyrrole
resonances at 93 ppm in THF solvent at 193 K. Further-
more, as is discussed latefl{dg)F€e' (1-dg) in CH,Cl,, a
noncoordinating solvent, also shows a downfield shifted
pyrrole resonance (due to a coordinated TMPA-pyridyl arm),
but atd 75 ppm (193 K). These results suggest thatdi®
ando 95 ppm pyrrole resonances f6t{dg)Fée' (1-dg) { THF,
193 K} represent a mixture of species present. One species,
with axially bound THF solvent to the ferrous heme, gives
rise to thed 95 ppm resonance, whereas the second species,
with bound pyridine from the TMPA moiety, is responsible
for the 6 79 ppm spectral feature.

Oxygenation of the reduced complék {dg)Fée' (1-dg) in
THF at 193 K shows an immediate shift in the pyrrole
resonance to 8.9 ppm for fL-dg)Fe" —(0O,") (2-dg) (Figure
3b). Upon warming the sample to room temperature for

ultimate thermal decomposition product being observed, theseveral hours to facilitate decomposition, followed by

ferric—hydroxy complex {L)Fe"—OH (3) {Aimax = 414
(Soret), 566 nrh (Figure 2). Detection of dioxygen liberated
from a solution of2 (excess @removed; THF, 193 K) by
means of argon bubbling was confirmed by a qualitative
alkaline pyrogallol test for dioxygen evolution (see Experi-
mental Section), thereby confirming the formulatior2cds

a heme-O, adduct.

(58) Thompson, D. W.; Kretzer, R. M.; Lebeau, E. L.; Scaltrio, D.; Ghiladi,
R. A.; Lam, K.-C.; Rheingold, A. L.; Meyer, G. J.; Karlin, K. D.
Manuscript in preparation.
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recooling, the pyrrole hydrogen resonance was found down-
field shifted tod 121 ppm (Figure 3c), consistent with an
assignment to the previously characterf2éith-spin ferric-
hydroxy product, {L-dg)Fe" —OH (3-dg). As can be seen by
the dpyrole Values of selected hem®, adducts listed in Table

2, the chemical shift od 8.9 ppm for the pyrrole resonances
is indicative of a low-spin hemesuperoxo complex, for-
mulated as-dg)Fe" —(O,") (2).5° We have postulated that
the sixth axial ligand present i is either a bound THF
solvent molecule or a coordinated pyridyl arm from the
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Table 2. Pyrrole Chemical Shifts of Selected Hem®, Adduct$

heme-0O, adduct Opyrrole solvent temp (K) ref
((L—dg)FE"—(O27) (2) 8.9 THF 193 b
(BL—dg)Fe"—(027) (2) 8.9 acetone 193 b
((L—dg)Fe"' —(027) (2) 9.3 CHCl, 193 b
(THF)(RTPP)Fé! —(O,7) 8.9 THF 193 40
(acetone)(ETPP)Fd' —(027) 8.9 acetone 193 40
(N-Melm)(TMP)Fé' —(0;") 8.37 tolueneds 196 69
(TpivPP)F&! —(0,7)° 8.2 tolueneds 197 70
(T(2,4,6-MeO)PP)FE —(O; ) 9.0 CDCl, 198 70
(T(2,4,6-EtO)}PP)Fdl —(O7)° 9.1 CDCl, 198 70
(T(3,4,5-MeO}PP)F! —(O,7)c 9.8 tolueneds 198 70
[(FsTPP)F&'],—(0,2) 17.5 CHCl, 193 40
[(TMP)Fe!],—(02%) 17.7,19.0 toluenel; 203,243 69
[(TPP)Fd'],—(022) 16.0 tolueneds 193 71
[(TpivPP)Fé!],—(022) 16.6 tolueneds 248 70
[(TmMTP)Fe',—(02) 16.2 tolueneds 193 71
[(DPDMe)Fd],—(0,27) 19.2 tolueneds 199 71
[(T(3,4,5-MeO}PP)Fé'],—(02") 16.8 tolueneds 243 70

aFgTPP = mesetetrakis(2,6-difluorophenyl)porphyrin; TMR- mese
tetramesitylporphyrin; TpivPB mesetetrakisf,a,a,a-0-pivalamidophen-
yl)porphyrin; T(2,4,6-MeOPPP= mesetetrakis(2,4,6-trimethoxyphenyl)por-
phyrin; T(2,4,6-EtO)JPP= mesetetrakis(2,4,6-triethoxyphenyl)-porphyrin;
T(3,4,5-MeO)PP= meseatetrakis(3,4,5-trimethoxyphenyl)-porphyrin; TPP
= mesetetraphenylporphyrin; TmTR= mesetetram-tolylporphyrin; DP-
DMe = deuterioporphyrin IX dimethyl esteN-Melm = N-methylimida-
zole.? This work. ¢ Five-coordinate, diamagnetic complex due to lack of a
suitable axial base.

| A
(73
CUFe"'~(02) (2

(th(CL)Fe"—(0,7) (2)

Figure 4. Two possible modes of sixth axial ligand coordination8in){
Fe'—(027) (2) in THF solvent.

tethered TMPA moiety, with the NMR spectroscopic data
being unable to differentiate between these two possibilites
(Figure 4).

In acetone solvent, similar chemistry to that of THF is
observed and is discussed in detail in the Supporting
Information. Dioxygen binding and pyridyl arm coordination
to the heme-superoxo comple® will be discussed below
for the case of CkLCl, as reaction solvent.

Dioxygen Binding to €L)Fe" (1) in Methylene Chloride.

As was the case for THF solvent, initial indications of a
dioxygen adduct off()F€" (1) in methylene chloride solvent
came from low-temperature UWis spectroscopy (Figure
5). Addition of dioxygen to a solution ofl()F€" (1) { Amax

= 433 (Soret), 529 (sh), 559 rjnin CH,CI, solvent at 193

K reveals the presence of a stable species, formulated as th
heme-superoxo complext)Fe" —(0O,7) (2), with spectral
features at 422 (Soret) and 542 nm. While application of a
simple vacuum to the solution was unable to reverse the

(59) Initial resonance Raman spectroscopic investigations (with Prof. Pierre
Moénne-Loccoz, OGI School of Science and Engineering at OHSU,
Beaverton, OR) on®()Fe" —(0Oz7) (2) have revealed a(O—0) =
1176 cnmt, which shifts upon substitution withfO, by —64 cntl.
Further studies are in progress.
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Figure 5. UV —vis spectra (ChClz, 193 K) upon reversible oxygenation
of (BL)F€" (1) (top) and three cycles of reversible-Binding spectrad
band region, bottom): {—) ((L)F€" (1) {Amax = 433 (Soret), 529 (sh),
559 nn}, (- - -) ((L)FE"—(027) (2) {Amax = 422 (Soret), 542 ni (- - -)
(BL)FE"—OH (3) {Amax = 412 (Soret), 575 nin See text for further
explanation.

dioxygen binding, direct bubbling of argon through the
chilled solution for 15 min was sufficient to give back the
reduced complex®()Fe' (1). This reversible cycling of
dioxygen binding and removal can be performed only two
or three times before significant decomposition to the ferric
hydroxy complex, {L)Fe" —OH (3) { Amax= 412 (Soret), 575
nm}, is observed (Figure 5). Furthermore, while heme
superoxo comple® was stable indefinitely at low temper-
ature, it ultimately decomposes (thermally) th)Fe'" —OH

(3). Because of the presence of the tethered arms with pyridyl
donors which are present th, these results differ from the
dioxygen reactivity of (ETPP)Fd in CH,Cl, solvent?’ which
irreversibly forms a hemeperoxo-heme dinuclear complex
(FeTPP)F&! —(027)—Fe" (FsTPP) { UV —vis: 414 (Soret),
536 nnj.

Additional characterization of thél()Fe' (1)/O, oxygen-
ation reaction product in methylene chloride solvent came
from variable-temperatué NMR spectroscopy (Figure 6).
Contrasting again with the behavior ofgfiPP)Fé in CH,-

I, solvent (vide supra¥ the pyrrole resonances SL¢dg)-

Fe' (1-dg) in CH,CI, at room temperature appear downfield

betweery 43 and 46 ppm (Figure 6a), indicative of a high-

spin five-coordinate ferrous heme. In this case, without a
suitable coordinating solvent to bind to the heme, the fifth
axial ligand can be ascribed to the binding of a pyridyl arm
of the TMPA tether to the heme, either through an intra- or
intermolecular fashion (vida supra). Upon cooling to 193 K,
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a) (°L-dg)Fe' (1-dg), 293 K N\s 43, 44, 46 ppm

b) (BL-dg)Fe' (1-dg), 193 K

875 ppm

c) (GL-dg)FeII + 0y, 193K 39.3ppm T\

817 ppm —x
d) (°L-dg)Fe'"'—(027) (2-ds), 193 K

/‘K
W
0 20 0

Figure 6. 2H NMR spectra of the oxygenation reaction éf{dg)Fe' (1-
dg) in CH,Cl, solvent at 193 K. The strong resonance &.32 ppm is due
to the methylene chloride solvent. See text for further discussion.
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the pyrrole resonances can be found further downfield at
75 ppm (Figure 6b), also indicative of a high-spin five-
coordinate ferrous heme.

Oxygenation of the®(-dg)Fe' (1-dg) complex in CHCI,
at 193 K shows a mixture of dioxygen adducts formed by
NMR spectroscopy. Initially (within 15 min), two resonances
are observed (Figure 6¢): a major pdak9.3 ppn} which
can be attributed to a low-spin six-coordinate heraeper-
oxo complex, §L-dg)Fe"—(O,") (2), and a broad shoulder
ato 17 ppm, which we ascribe to the formation of a heme
peroxc-heme dimer complex8l(-dg)Fe" —(O,2")—Fé" (°L-
ds), with noncoordinated pyridine arms. As mentioned,
heme-peroxc-heme intermolecular dimers (Table 2) have
been previously observed for the oxygenation ofTEP)-
Fe' in noncoordinating solvents, yielding {FPP)F&! —
(027)—Fe" (FsTPP){ Spyrrole = 17.5 ppm, 193 K, ChLl,} .40
While the fL-dg)Fe" —(0?7)-Fe" (5L-dg) dimer forms ini-
tially as a minor oxygenation product, it is thermally unstable
at 223 K and immediately rearranges to form only the heme
superoxo complexé-dg)Fe" —(0,7) (2), with a single pyr-
role hydrogen resonance appearing 8t3 ppm (Figure 6d).
Upon warming to room temperature to promote decomposi-
tion, followed by recooling to 193 K, the spectrum of the
high-spin ferrie-hydroxy product, {-dg)Fe" —OH (3-dg) {0
122 ppn}, was observed (Figure 6e). Given that the form-
ation of a low-spin hemesuperoxo complex®(-dg)Fe!' —
(O27) (2) occurs here in the noncoordinating &b, solvent,
it is possible to ascribe a sixth axial ligand in this dioxygen
adduct to a coordinated pyridyl arm of the TMPA unit.

While it is not possible to assign the pyridyl arm

coordination as a purely intramolecular one, the observation
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of a low-spin heme superoxo complex, such a& JFe'" —
(027) (2), indicates that a covalently attached pyridine at
the 2-position is capable of acting as an axial base in these
types of oxygenation reactions. Hemsuperoxo complexes

of the form (B)PF# —(O,"), where B represents a substituted
imidazole axial base ligand, have been previously studied
in the literature46:47.6664 Although the kinetics and ther-
modynamics of @binding to five-coordinate high-spin
hemes are more favorable for 1-methylimidazole (as an R
state model of hemoglobin) versus the more sterically
hindered 1,2-dimethylimidazole (as a model for the T state
of hemoglobin), both axial base situations yield characteriz-
able heme-superoxo complexes. We speculate that the
binding of the 2-substituted pyridyl arm ifL)Fe" (1) may

be very similar to the binding of 1,2-dimethylimidazole to
other heme systems, with the ferric ion slightly pulled out
of the plane of the porphyrin macrocycle toward the axial
base (i.e., T state model of hemoglobin).

Conclusions

Following the techniques which have been previously
utilized for analyzing such systems, multinucleét @nd
2H) NMR and UV-vis spectroscopies have been employed
to investigate the behavior ofL()Fe' (1) and its low-
temperature stable dioxygen adducts in a variety of solvents.
H NMR spectroscopy of)Fe" (1) in a number of solvents
ranging in their coordination ability as axial ligands revealed
the consistent presence of downfield-shifted pyrrole reso-
nances, indicative of®()Fe' (1) possessing a solvent-
independent five-coordinate high-spB=€ 2) ferrous heme.
Furthermore, evidence of pyridyl arm coordination to the
ferrous heme in several solvents was also suggested by the
appearance of non-pyrrolic paramagnetically shifted (pyridyl-
H or 2-pyridyl-CH,) resonances in th#H NMR spectra.

This conclusion of pyridyl arm coordination present in
(BL)F€" (1) is also substantiated through comparisons of the
dioxygen reactivity of (sTPP)Fé with 1 in both coordinat-
ing and noncoordinating solvents. Both compleand (Fs-
TPP)F¢ form six-coordinate low-spin ferriesuperoxo
complexes upon low-temperature oxygenation in coordinat-
ing solvent, as determined from their chemical shift of the
B-pyrrole-H resonances. However, oxygenation %ffe’

(1) yields predominantly hemesuperoxo compleXé()Fe' —
(027) (2) {Spyrrole = 9.3 ppn} in CH.CI, (noncoordinating)
solvent, whereas ¢FPP)Fd forms u-peroxo complex (&
TPP)Fd' —(0,27)—Fé" (FsTPP){ dpyrole = 17.5 ppn} under
identical conditions. There is an indication théit)Fe" —
(027)—F€" (L) { Opyrrole = 17.0 ppn} is formed initially and

in minor amounts at 193 K, but it immediately rearranges
to CL)FE"—(027) (2) upon warming to 223 K. In light of

(60) Collman, J. P.; Brauman, J. I.; Doxsee, K. M.; Halbert, T. R.; Suslick,
K. S. Proc. Natl. Acad. Sci. U.S.A978 75, 564—568.

(61) Collman, J. P.; Brauman, J. |.; Iverson, B. L.; Sessler, J.; Morris, R.
M.; Gibson, Q. H.J. Am. Chem. S0d.983 105 3052-3064.

(62) Weschler, C. J.; Anderson, D. L.; BasoloJFAm. Chem. Sod975
97, 6707-6713.

(63) Linard, J. E.; Ellis, P. E., Jr.; Budge, J. R.; Jones, R. D.; Basol, F.
Am. Chem. Socd98Q 102, 1896-1904.

(64) David, S.; James, B. R.; Dolphin, D.; Traylor, T. G.; Lopez, MJA.
Am. Chem. Soc994 116, 6—14.
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the lack of a solvent-based axial ligand in methylene chloride, manner: the NMR tube was removed from the spectrometer, placed
we suggest that a pyridyl arm of thle ligand is coordinated in either a dry ice/acetone bath or directly into dry ice, and using
to the ferric heme of8)Fée''—(0O,") (2), thereby providing a Hamilton gastight syringe, excess\as bubbled directly through

a sixth axial ligand to stabilize the dioxygen adduct. the solution by piercing the septum cap with a long syringe needle.

: ; : Typical spectra were recorded at 100 kHz spectral width with no
While the work presented here has focused primarily on L )
the Q-reactivity of 6L)Fe" (1), the conclusions based upon delay between 0pulses of 7.2us or 17.5us for*H or *H NMR

. . spectra, respectively. Referencing/calibration of the spectra was
this work, and that of the gFPP)F& system as well, provide performed as described previously for each given temperature, and

the basis for understanding the dioxygen binding and reduc- ghift values are reported at the stated temperaturetHaand2H

tion chemistry of similar hemeCu systems, such as’[)- NMR, those resonances positive to TMS are downfield, and those
Fe!Cu]*.3342With respect to either tethered systems (based negative are upfield.

upon the®L ligand or similar architecture) or untethered UV —Vis Spectroscopic Studies and Reversible £Binding.
systems (employing thesFPPH, porphyrin), the formation In the glovebox, a solution df in the desired solvent was prepared
of heme-superoxo complexes as precursors to he@e/ and transferred to a modified low-temperature cuvette assembly
O, heterobinuclear dioxygen adducts is viable. Moreover, equipped with a Schlenk-type sideafht® After cooling to 193

the ability of a 2-substituted pyridyl arm to bind to a heme K. generation of the dioxygen adducts was carried out by bubbling
superoxo complex is significant, given that a similar type of the chilled solution with dioxygen. Removal of excess @as
2-substituted pyridine (as a covalently tethered axial basegferg.)rmed by S'“.“p'e appl'cat'on.Of vacuum at 193 K. Revers'.ble
ligand) is thought to coordinate to the herygeroxo-Cu inding was carried out by bubbling the solution with argon using

_ . . a syringe needle at 193 K.
g??n?)lex [(L)Fe"—(O*)CU']™ ** (see introductory dia- Alkaline Pyrogallol Test for Dioxygen Evolution. These

experiments were adapted from methods previously descifhé&d.
In the glovebox, a solution of (20 mg) in THF (15 mL) was
prepared and transferred to a Schlenk flask capped with a rubber
Materials and Methods. Reagents and solvents were purchased Sseptum. Bubbling of dioxygen via syringe needle at 193 K afforded
from commercial sources and were of reagent grade quality. All the desired dioxygen adduciLjFe''—(O,") (2). Removal of excess
solvents were distilled under Ar prior to use: dichloromethane{CH O was performed with multiple freezgoump-thaw cycles (thaw-
CL,) was distilled directly from Calj acetone was distilled over  ing temperature was 193 K), yielding a solution whose only source
Drierite, and tetrahydrofurn was distilled from Na/benzophenone. of dioxygen was the hemeO, adduct.
Preparation and handling of air-sensitive materials was carried out To a special Schlenk flask modified with a quartz cuvette and
under an argon atmosphere using standard Schlenk techniquesequipped with a stir bar was added 4.0 g of pyrogallol and 25 mL
Solvents and solutions were deoxygenated by either repeatedof deoxygenated 50% KOH (aq) solution under Ar. The alkaline
freeze-pump-thaw cycles, or by bubbling of argon (230 min) pyrogallol solution was a faint beige color, and its Ywis spectrum
directly through the solution. Solid samples were stored and was recordedioonm= ~0.04-0.05). Using a syringe needle, argon
transferred, and samples for NMR spectroscopy were prepared, inwas bubbled directly through the solution2&t 193 K, liberating
an MBraun LabMaster 130 inert atmospherel (ppm Q, <1 ppm O into the headspace of the Schlenk flask, which was then passed
H,0) glovebox under nitrogen atmosphere. Dioxygen used for O through a cannula and bubbled directly into the stirring alkaline
adduct formation was ultrapure grade (99.994%), obtained from pyrogallol solution, whose color began to darken after 1 min. After
WSC (Baltimore, MD). approximately 20 min, the pyrogallol solution ceased becoming
NMR spectra were measured on a Varian NMR instrument at darker, and its spectrum was re-recordégdom = ~0.25-0.27).
400 MHz (H) or 61 MHz @H). All spectra were recorded in 5-mm  This process was repeated under identical conditions but without
0.d. NMR tubes, and chemical shifts were reported)amlues 1 present as a control, and showed no significant increase in
downfield from an internal standard of Y& (*H NMR), or aso absorbanceloonm = ~0.05-0.06).
values calibrated to natural abundance deuterium solvent peaks with .
shifts referenced downfield from TM3H NMR). Low-temperature Acknowledgment. We are grateful to the National
UV —vis spectral studies were carried out with a Hewlett-Packard Institutes of Health (K.D.K., Grants GM28962 and GM60353)
8453 diode array spectrometer equipped with HPChemstation for support of this research.

software. The spectrometer was equipped with a variable-temper- . . . . . .
P quipp P Supporting Information Available: Discussion of dioxygen

ature Dewar and cuvette assembly as described elsef@fére. v . . .
y reactivity of 6L)Fe"' (1) in acetone solvenUV —vis (Figure S1)

Variable Temperature NMR Studies. Both deuterated and ) 4 ) LI
undeuterated solvents were distilled and degassed prior to use. Inand H NMR (Figure S2) spectroscopic characterizajigrelding

the glovebox, typically a solution containing @0 mg of €L)- the hemesuperoxo compl_exﬁ(_)Fe'"—(O{) (). This material is
Fe' (1) in 1 mL of solvent (deuterated solvent foi NMR spectra, available free of charge via the Internet at http://pubs.acs.org.
undeuterated solvent féH NMR) was prepared and transferred  1C0103547

to a 5 mmo.d. ultrathin wall NMR tube with a screw-cap septum
top (Wilmad Glass)*H and?H NMR spectra were recorded atroom  (67) Wei, N.; Murthy, N. N.; Chen, Q.; Zubieta, J.; Karlin, K. Dorg.
temperature before cooling to the desired temperature. Addition of Chem.1994 33, 1953-1965.

dioxygen at low temperature was carried out in the following EGS) A quantitative methodology will be described elsewhere. See ref 42.

Experimental Section

69) Balch, A. L.; Chan, Y.-W.; Cheng, R.-J.; La Mar, G. N.; Latos-
Grazynski, L.; Renner, M. WJ. Am. Chem. Sod.984 106, 7779
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