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We present here the synthesis, characterization, and flash photolysis study of [(FsTPP)Fe"(CO)(THF)] (1) { FsTPP
= tetrakis(2,6-difluorophenyl)porphyrinate(2—-)}. Complex 1 crystallizes from THF/heptane solvent system as a
tris-THF solvate, [(FsTPP)Fe"(CO)(THF)]-3THF (1-3THF), with ferrous ion in the porphyrin plane (Cg;Hs,FsFeN,Os;
a=11.7908(2) A, b = 20.4453(2) A, ¢ = 39.9423(3), o. = 90°, B = 90°, y = 90°; orthorhombic, P2,2,2;, Z =
8; Fe—N4(av) = 2.00 A; N—Fe—N (all) = 90.0°). This complex (as 1-THF) has also been characterized by H NMR
{six-coordinate, low-spin heme; CD3CN, RT, ¢ 8.82 (s, pyrrole-H, 8H), 7.89 (s, para-phenyl-H, 8H), 7.46 (s, meta-
phenyl-H, 4H), 3.58 (s, THF, 8H), 1.73 (s, THF, 8H)}, 2H NMR (pyrrole-deuterated analogue) [(FsTPP-dg)Fe"(CO)-
(THF)] {THF, RT, 6 8.78 ppm (s, pyrrole-D)}, *C NMR (on 3CO-enriched adduct) { THF-dg, RT, ¢ 206.5 ppm;
CD,Clp, RT, 6 206.1 ppm}, UV-vis {THF, RT, Ana, 411 (Soret), 525 nm}, and IR {293 K, solution, vco 1979
cm~t (THF), 1976 cm™* (acetone), 1982 cm™! (CH3;CN)} spectroscopies. In order to more fully understand the
intricacies of solvent—ligand binding (as compared to CO rebinding to the photolyzed heme), we have also synthesized
the bis-THF adduct [(FeTPP)Fe'(THF),]. Complex 2 also crystallizes from THF/heptane solvent system as a bis-
THF solvate, [(FeTPP)Fe"(THF),]-2THF (2-2THF), with ferrous iron in the porphyrin plane (CeoHsoFsFeN,O4; a =
21.3216(3) A, b = 12.1191(2) A, ¢ = 21.0125(2) A, o = 90°, B = 105.3658(5)°, ¥ = 90°; monoclinic, C2/c, Z
= 4: Fe-N4(av) = 2.07 A; N-Fe—N (all) = 90.0°). Further characterization of 2 includes UV—vis { THF, Amax, 421
(Soret), 542 nm} and *H NMR {six-coordinate, high spin heme; THF-dg, RT, 6 56.7 (s, pyrrole-H, 8H), 8.38 (s,
para-phenyl-H, 8H), 7.15 (s, meta-phenyl-H, 4H)} spectroscopies. Flash photolysis studies employing 1 were able
to resolve the CO rebinding kinetics in both THF and cyclohexane solvents. In CO saturated THF {[CO] ~ 5 mM}
and at [1] = 5 uM, the conversion of [(FsTPP)Fe"(THF),] (produced after photolytic displacement of CO) to [(Fs-
TPP)Fe"(CO)(THF)] was monoexponential, with keps = 1.6 (£0.2) x 10* s~ Reduction in [CO] by vigorous Ar
purging gave kops = 10° s1 in cyclohexane. The study presented in this report lays the foundation for applying
fast-time scale studies based on CO flash photolysis to the more complicated heterobimetallic heme/Cu systems.

Introduction use of carbonmonoxy heme complexes in the study of
transient oxygenation after photolytic displacement of the
CO ligand®® The near ubiquitous use of the carbon monoxide
ligand in flash photolysis studies of heme proteins and

In studies of heme proteins including cytochroomxidase
(CcO), carbon monoxide has often been exploited to serve
as a surrogate for the physiological reactant dioxygen
(0,).1712 Such investigations have been extended to CO-
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model complexes is due to several factors, including its a copper complex used in hemeopper synthetic analogues
ability to form stable adducts which are resistant to redox has been investigated previoughthe need for studying the

changes, its use as a competitive inhibitor gfr€duction

CO chemistry of the tetraarylporphryinateslPP)Fé { Fe-

in both proteins and model complexes, its high quantum yield TPP = tetrakis(2,6-difluorophenyl)porphyrinate{?, see
for photodissociation, and its characteristic intense infrared diagram, where Ar= 2,6-difluoropheny**is also required.

absorption.

Fast-time scale investigations employing CO flash pho-
tolysis have been fruitful for probing the reactivity and
dynamics of dioxygen binding and reduction occurring in
the heme-copper binuclear active site otO 21625 and we
wish to extend such studies to our synthetic hemwapper
model system% 33 However, in light of the likely difficulty
in interpreting data from heterobimetallic hemzopper
systems, the elucidation of CO binding and photolysis
relating to the individual metal components is essential.
While carbon monoxide photodissociation and rebinding in
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[(FsTPP)Fe'(CO)(THF)] (1)  [(FsTPP)Fe'(THF)y (2)

Thus, we describe here the synthesis, structural characteriza-
tion, and laser flash photolysis study of the her® adduct
[(FsTPP)FE(CO)(THF)] (1) {see diagramh Furthermore,
given the need for understanding ligand binding processes
and solvent coordination influences upon reactivity in the
ferrous—heme model complex, we have also synthesized the
bis-solvento complex, [fTPP)F&(THF),] (2), and its physi-

cal and structural characterization is presented here as well.

Experimental Section

Materials and Methods. All reagents and solvents were
purchased from commercial sources and were of reagent quality
unless otherwise stated. Chromatographic grade alumina2@0
mesh) was purchased from EM Science. Air-sensitive compounds
were handled under argon atmosphere using standard Schlenk
techniques, or in an MBraun Labmaster 130 inert atmosphete (
ppm G, <1 ppm HO) glovebox filled with nitrogen. Solvents were
distilled over drying agents under argon prior to use: acetonitrile
(CH3CN), propionitrile (CHCH,CN), methylene chloride (CH
Cl,), methanol, and heptane from calcium hydride; tetrahydrofuran,
diethyl ether, and toluene from sodium/benzophenone; and acetone
from Drierite (97% CaS@Q 3% CoC}). Deoxygenation of these
solvents was achieved by bubbling with argon for 30 min, followed
by 3 freeze/pump/thaw cycles prior to introduction into the
glovebox. NMR solvents were distilled as described and deoxy-
genated through 5 freeze/pump/thaw cycles. Addition of carbon
monoxide (Matheson Gas Products) for Yuis, infrared (IR), and
1H-, 2H-, and®*C-nuclear magnetic resonance (NMR) spectroscopic
studies was effected by direct bubbling through R & D
Separations oxygen/moisture trap model OT3-4 into the sample
solution via a syringe needlé3CO was purchased in 100 mL
breakseals from ICON Services, Inc., Marion, NY. Elemental
analyses were performed by Desert Analytics, Tucson, AZ.

Synthesis.(FsTPP)Fd and its pyrrole-deuterated analogug-(F
TPPdg)Fe' were synthesized according to published procediirés.

[(FsTPP)Fe! (CO)(THF)] - THF (1-THF). In the glovebox, to a
100 mL Schlenk flask fitted with a rubber septum was addded a
100 mg sample of PP)Fd dissolved in 10 mL of THF. On the
benchtop, the solution was sparged4a@ min with CO via syringe
needle, followed by layering with-50 mL CO-saturated heptane.
After 6 days, lustrous, red crystals suitable for X-ray diffraction

(34) Scaltrito, D. V.; Fry, H. C.; Showalter, B. M.; Thompson, D. W.;
Liang, H.-C.; Zhang, C. X.; Kretzer, R. M.; Kim, E.-i.; Toscano, J.
P.; Karlin, K. D.; Meyer, G. Jinorg. Chem.2001, 40, 4514-4515.
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Y.-M.; Hatwell, K. R.; Zuberbuler, A. D.; Karlin, K. D.Inorg. Chem.
2001, 40, 5754-5767.
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were obtained; crystallographic analysis later revealed a formulation Table 1. Crystal Data and Structure Refinement for
[(FsTPP)Fé(CO)(THF)}-3THF (1-3THF) and
[(FsTPP)Fé(THF)]-2THF (2-2THF)

of [(FeTPP)F&(CO)(THF)3THF (1-3THF) for these crystals. A
purple powderl-THF, was obtained by rapid addition of an excess

of heptane to the THF solution (5:1; v/v, both CO saturated)

containing (RTPP)Fd followed by gravity filtration under an inert

atmosphere. The isolated solid was kept under a CO atmosphere
to prevent loss of the carbonyl ligand. Analysis of the noncrystalline

material follows. UV~vis (THF; Amax, NM): 411 nm, 525 nm‘H
NMR (CDsCN): 6 8.82 (s, pyrrole-H, 8H), 7.89 (@ara-phenyl-
H, 8H), 7.46 (smetaphenyl-H, 4H), 3.58 (s, THF, 8H), 1.73 (s,
THF, 8H). Anal. Calcd for [(ETPP)F&(CO)(THF)} 1 THF, GaHaeFs-
FeNOs: C, 63.41; H, 3.66; N, 5.69. Found: C, 63.91; H, 3.38; N,
6.03.

[(FeTPP)F€'(THF)]-THF (2-THF). The bis-tetrahydrofuran
analogue of (FETPP)Fé¢ was prepared by dissolution of 54 mg of
(FsTPP)Fd in 10 mL deoxygenated THF in a glovebox. The THF/

porphyrin solution was layered with an equal volume of heptane.

After 3 days, dark purple/blue crystals suitable for X-ray diffraction

[(FeTPP)Fd [(FeTPP)Fd
(CO)-(THF)}3THF (THF);]-2THF
(1-3THF) (2-2THF)
formula Gs1HsoFsFeNiOs CeoHs2FeN;O4
1128.92 1100.91
space group P2,212; C2lc
a, 11.7908(2) 21.3216(3)
b, A 20.4453(2) 12.1191(2)
c, A 39.9423(3) 21.0125(2)
p, deg 105.3658(5)
vV, A3 9628.7(2) 5235.51(9)
z 8 4

cryst color, habit
D(calcd), g cm
u(Mo Ka), cmt
temp, K
diffractometer
radiation

were obtained; crystallographic analysis later revealed a formulation

of [(FsTPP)F&(THF),]-2THF (2-2THF) for this crystalline mate-
rial. A noncrystalline purple solid d-THF was obtained by rapid

addition of an excess (5:1, v/v) of heptane to the THF solution

containing (ETPP)F4, followed by gravity filtration under an inert
atmosphere. Analysis of the powder material follows. -tiXs
(THF; Amax nm): 421 nm, 542 nmtH NMR (THF-dg): ¢ 56.7 (s,
pyrrole-H, 8H), 8.38 (spara-phenyl-H, 8H), 7.15 (snetaphenyl-
H, 4H). Anal. Calcd for [(RTPP)F&(THF),]-THF, CseHasFs-
FeN,Os: C, 65.37; H, 4.28; N, 5.45. Found: C, 64.72; H, 4.10; N,
5.35.

Infrared Spectroscopy. IR spectra were obtained at room

temperature using a Mattson Galaxy 4030 series FT-IR spectro-
photometer. IR samples were prepared in a drybox by dissolving

5-10 mg of (RTPP)Fd in ~1 mL of solvent in a glass vial, which
was subsequently sealed with a rubber septum prior to removal
the benchtop. After an IR spectrum was taken using a SPECA
solution cell of the (ETPP)F¢ as a control, the stock solution in
the vial was bubbled with CO for-510 s. An IR spectrum was

then taken of the carbonylated species in order to observe the

specificv(CO)e
Laser Flash Photolysis StudiesTransient absorbance measure-
ments were performed on a previously described appat@atus

Excitation was carried out using the 532 or 417 nm laser pulses,

ca. 8 nm and £30 mJ cm?, from a Nd:YAG (Continuum Surelite
Il or 1) laser (with a H-filled Raman shifter for 417 nm excitation).
The sample was protected from the probe light using a fast shutt

and appropriate UV and heat absorbing glass and solution filter

R(F), %
RWF?),2 %

deep red plate
1.558
4.05

203(2)

Siemens P4/CCD
Mo Ko
(A=0.71073 A)
8.98

23.56

A3 (Fo), A = |(Fo — Fo)l.

dark blue plate
1.397
3.69

173(2)

Siemens P4/CCD
Mo Ko
(A=0.71073 A)
6.66
19.38

a Quantity minimized= RWF?) = 3 [W(Fo? — FA?)/S[(WF)2]Y% R=

refined by full-matrix least-squares procedures. The asymmetric
unit of 1 contains two independent, but chemically equivalent, iron
complexes. Platon/Squeézeas applied td. to resolve three THF
molecules (120 electrons) per complex. Within the 2018 9did
space occupied by solvent molecules per unit cell, a total of 985
electrons were found. In this treatment of solvent, the contribution

of the solvent molecule is treated collectively and is not refined as
individual atoms. Thé& factor for 1 was significantly reduced when

refined as 87/13 racemic mixture. All phenyl ringslofvere fixed

to

as rigid planar groups. The asymmetric unitzofontains half of

¢ an Fe complex which lies on an inversion center and two halves of
THF molecules, one of which is equally distorted over two
positions. All non-hydrogen atoms in both structures were refined

with anisotropic displacement coefficients. All hydrogen atoms,

except those bonded with the distorted THF molecule2forere
treated as idealized contributions.
All software and sources of the scattering factors are contained

Results and Discussion

er

in the SHELXTL (version 5.10) program library (G. Sheldrick,
Siemens XRD, Madison, WI).

Synthesis.The carbonmonoxy THF complex [(RTPP)-

combinations. In general, kinetic traces represent the average ofFé'(CO)(THF)}3THF (1-3THF) was prepared by dissolving
10-160 laser shots, typically 40. Samples were prepared in the a pure sample of FPP)Fd in deaerated THF, followed
inert atmosphere of a glovebox, and cuvettes were stoppered withpy carbonylation via direct bubbling of CO for several
a rubber septum, which was pierced with a noncoring needle for minytes. Crystalline material suitable for X-ray diffraction
study with the structurally deduced formua3THF was

dies. | : _obtained by slow precipitation from a CO-saturated THF/
ment parameters are given in Table 1. The systematic absences 'rheptane cosolvent system. This six-coordinate, low-spin (vide
infra) F€' complex has been characterized: X-ray crystal-
lography and IR spectroscopy are presented here, white UV
vis and®?H/**C NMR discussions (including Experimental

option, which yielded chemically reasonable and computationally Methods) are given in the Supporting Information. Elemental
stable results of refinement. The structures were solved using directanalysis on the noncrystalline material obtained from rapid
methods, completed by subsequent difference Fourier syntheses angirecipitation of the hemeCO adduct confirms the loss of

two molecules of THF (solvent) when compared to the

CO bubbling.
Crystallographic Studies. Crystal, data collection, and refine-

the diffraction data forl were uniquely consistent for the orthor-
hombic space group2;2,2;, and the data foR were consistent
with the space group€2/c and Cc. E-statistics, as well as the
presence of an inversion centerkuggested the centrosymmetric

(36) Kelly, C. A.; Thompson, D. W.; Farzad, F.; Meyer, G.Langmuir
1999 15, 731.

(37) Spek, A. L.Acta Crystallogr., Sect. A99Q 46, C34.
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Figure 1. ORTEP (30% ellipsoids) diagram of [{FPP)F&(CO)(THF)}
3THF (1-3THF). Hydrogen atoms and two molecules of THF (solvent,
nonbinding) are omitted for clarity.

Figure 2. ORTEP (30% ellipsoids) diagram of {FPP)Fé&(THF),]-2THF
) ) (2:2THF). Hydrogen atoms and two molecules of THF (solvent, nonbind-
crystalline product, for a formulation of [(FPP)Fé&(CO)- ing) are omitted for clarity.

(THF)]-1THF (1-THF); this result is supported by thigd
NMR solution study in CBCN which shows only 2 THF  Table 2. Selected Distances (A) and Angles (deg) for
molecules present in the noncrystalline material. Complex (FsTPPIFE(CONTHRFSTHF (1-3THF)

1 dissolves in CHCIl, and THF and is sparingly soluble in 02)-c61) ln;réir;f(l%iular Dis;a?gé((él)) 17556)
— . e .

tolyene anq bgnzene. In @GEN and CI—_&QHZCN, the THF Fe(1)-O(1) 2121(4) Fe(tyN(1) 1.978(5)

axial base is likely replaced by the nitrile solvent, but the  Fe(1)-N(2) 2.022(5) Fe(1yN(3) 2.021(4)

CO ligand remains bound to the iron site for extended periods ~ Fe(1}-N(4) 1.979(5)

as evidenced by solution infrared studies (see following Intramolecular Angles (deg)

paragraphs). O(2)-C(61)y-Fe(1) 176.1(5) C(6BFe(1>-0O(1) 175.0(2)
Since we were investigating ligand and solvent coordina- S(61)-Fe()-N(1) ~ 93.0@2)  C(61yFe(1)N(2)  95.8(2)

. - C(61)-Fe(1)-N(3)  89.9(2) C(61)Fe(1)-N(4)  89.7(2)
tion influences upon the properties ofs{lPP)Fé, we also N(1)—Fe(1)-O(1) 89.57(19) N(2}Fe(1-O(1) 88.48(19)
synthesized the bis-tetrahydrofuran analogugTFP)Fé- “g;—geg)):g((;)) gg-gggg)) Hfﬁﬁeﬁiﬁgﬁ 15733-(1)(32()18)
; ; ; ; —Fe . e .

(THF)Z]_(Z) to compare irorligand (a>_<|al) and. iron N(L)—Fe(L)-N(4) 89.8(2) N(3)-Fe(1)-N(2) 89.4(2)
porphyrin structural parameters. The axial THF ligand was N(4)-Fe(1)-N(2)  174.5(2) N(4)-Fe(1)-N(3) 90.31(18)
chosen because it is a weak-field, weakly coordinating ligand. y octed () and Angles (deg) f

; ; ; Table 3. Selected Distances and Angles (deg) for
plssolutlon of (RTPP)F¢ in deoxygenated THF u_nder an [(FsTPP)F&(THF)-2THE @-2THF)
inert atmosphere gave a deep purple-red solution, which

yielded dark purple crystals upon layering with deaerated Intramolecular Distances (A)

o 2.314(3 2.061(3
heptane; X-ray diffraction study of the crystalline material Egﬁim%) 2_0%253)) Fe(brN@) 1)
yielded the structurally deduced formulation of {{IPP)- Intramolecular Angles (deg)

was obtained by rapid addition of an excess (5:1, v/v) of N(1A)-Fe(1-O(1) 89.57(10) N(2)Fe(1)}-0O(1) 88.79(10)
heptane to the THF solution; elemental analysis revealed a N(2A)—Fe(1)-O(1) ~ 91.20(10) ~ N(1yFe(1}-N(1A)  179.997(1)
formulation of [(RTPP)FE(THF)]-1THF (21 THF), aloss ~ “~Fe@rN@  89.87(11) - N(IyFe(lr-N@A) - 90.13(11)
of one THF solvent molecule compared to the crystalline
material. As with complex, the bis-THF adduc2 dissolves
in CH.CIl, and THF and is sparingly soluble in toluene an
benzene. However, in GEN and CHCH,CN, both axial
THF ligands are lost, and a five-coordinate, high-spin species
with a nitrile axial ligand is generated.

X-ray Crystal Structure Determination of [(F sTPP)-
Fe! (CO)(THF)] -3THF (1-3THF) and [(FsTPP)Fe' (THF) -
2THF (2-2THF). Details of the data collection and refine-
ment parameters fdt-3THF and2-2THF are provided in

serve as ligands for the axial sites2nin 1, the Fe atom is

q pulled out of the porphyrin plane slightly toward the tightly
bound CO ligand. Ir2, the two axial THF ligands are related

by a center of inversion with a linear angle between axial

ligands (180.9) and a near centering of the Fe atom in the

porphyrin plane. Neither compled or 2 shows any

significant ruffling of the porphyrin from planarity.

The average FeNporpnyin distances are 2.00 A ifh and
2.07 A in 2. These values are consistent with other-Fe
: : : Nporphyrin DONd lengths for low- and high-spin (respectively)

Table 1 and the Supporting Information. Figures 1 and 2 _PoPmrn . )
Pp g g ferrous species (Table 8433° Comparable core expansion

show the ORTEP diagrams (30% ellipsoids)1o8 THF y X . .
and2-2 THF, respectively, and a summary of selected bond .Of the hexacoordinate, high-spin [(TPPJEEHF)| species

distances and angles is provided in Tables 2 and 3. Thez observed Wit.h an average Fporpnyrin distance of 2.06
crystal structures af and2 both indicate six-coordinate Fe - All of the diamagnetic, low-spin complexes have an
centers with ligation to the four-coordinate porphyrin and : : : . : . :

two axial ligands in each case. 1nCO and a solvent THF (38) AR:;?%r%nﬁ"s’\ggsg%oigi ;gggldztég\é'lR" Spartalian, K.; Lang).G.
molecule provide axial ligation, while two THF molecules (39) Scheidt, W. R.; Reed, C. &hem. Re. 1981, 81, 543-555.
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Table 4. Comparative Data for BeHeme Model Compounds

Fe—Cco, C-0, Oco—Cco—Fe, Cco—Fe—0ay0r av. Fe-Nporph Fe—Oaxor  wvco(solvent),
compd A A deg Cco—Fe—Nay, deg A Fe—Nax, A cmt

[(FsTPP)Fd(THF)]2 2.07 2.314(3)

[(TPP)Fd (THF)]%® 2.06 2.351(3)

[(TPP)Fé (Pip)]>* 2.004(4) 2.127(3)

[(TPP)Fd (1-Melm)]%5 1.997(4) 2.014(5)

[(THFPP)Fé& (py),]>¢ 1.958(6) 2.001(6)
[(FeTPP)F&(THF)(CO)R 1.755(6) 1.141(7) 176.1(5) 175.0(2) 2.00 2.121(4) 1979 (THF)
[(TPP)Fé (CO)(py)P’ 1.77(2) 1.12(2) 179(2) 177.5(8) 2.02(3) 2.10 1980
[(deut)Fd (THF)(CO)I*2 1.706(5)  1.144(5) 178.3(14) 177.4(9) 1.98 2.127(4) 1955 (KBr)
[(Co-Cap)Fé(CO)(1-Melm)F®  1.742(7)  1.161(8) 172.9(6) 174.7(3) 1.990(7) 2.043(6) 2002 (Nujol)
[(Co-Cap)Fé(CO)(1-Melm)P®  1.748(7) 1.158(8) 175.9(6) 177.8(3) 1.988(13) 2.041(5) 2002 (Nuijol)

aThis work. Abbreviations used: TPPE mesetetraphenylporphyrin; Pip= piperidine; 1-Melm = N-methylimidazole; THFPP= 5,10,15,20-
tetrakis(heptafluoropropyl)porphyrin; py pyridine; deut= deuteroporphyrin; &Cap= 5,10,15,20-[pyromellitoyl(tetrakisfoxyethoxyphenyl))]porphyrin.

average FeNpomnyrindistance between 1.96 and 2.02 A. The Although 1 is more densely packed than [(deut)f@O)-
increase in average bond length for a high-spin ferrous (THF)], crystallographic packing forces are not completely

species is consistent with the population of the 3dorbital
in both complexl and [(TPP)F&THF)].4°

The Fe-Orye distance in the hemeCO adductl is 2.121-
(4) A but is elongated by-0.19 A in2. The shorter bond in
1 and in [(deut)F&CO)(THF)] compared to other low-spin

responsible for the differences in geometry as evidenced by
the large differences in the CO stretching frequency in
solution (see IR discussion). The bending and tiltind. o
more consistent with the angles observed for sterically
blocked, capped porphyrins (Table 4). The geometri of

six-coordinate hemes (without a CO ligand) (Tables 3 and represents one of the largest tilt and bend combinations

4) is expected because of theans effect of CO. The
especially long 2.314(3) A FeOrye distance in2 is
consistent with the population of the ddrbital as required

observed for an unblocked heme model complex.
IR Spectroscopy.Solution cell IR spectra of reveal a
single CO stretch in the typical region for six-coordinate,

by the high-spin ground state of this complex. The relatively low-spin Fe(ll)-porphyrin complexes (Table 4), withco

long Fe-Orye bond distance in all of these examples is

=1979 cmtlin THF, 1976 cmt in acetone, and 1982 crh

consistent with the assignment of THF as a weak-field, in acetonitrile. Although the vibrational frequencies of the
weakly binding ligand. By contrast, the bond length between Fe—CO unit are generally thought of as useful indicators of
Fe' and strongly coordinating axial ligands is shorter by the trans ligand interactions with the iron heme, the CO
~0.2-0.3 A, as in the bis-piperdine, 1-methylimidazole, and stretch does not correlate well with the base strength of the
pyridine complexes (Table 4), when compared to the bis- solvent in this case. Other complexes believed to have strong
THF systems. The carbonyl CO bond distance of 1.141(7) axial ligation also fall in the region between 1980 and 2000

A'in 1is consistent with that of other e CO porphyrin
complexes (Table 4). The tight binding of the carbonyl is
indicated by the short FeCcoy bond distance of 1.755(6)

cmt
For comparison, the complex [(deut)f€O)(THF)] pro-
duced a particularly low energy CO stretch at 1955 tim

A, which is also in the expected range for low-spin carbonyl kBr and 1962 cml in THFE 42 The difference in the CO

heme complexes.

The Fe-CO unit prefers a linear geometry in order to
maximixe the Fe @ — CO z* back-bonding*! Two angles
which are significant with respect to defining linearity of
the CO are given a8, the deviation of the FeC bond from
perpendicularity relative to the porphrin plane, apdthe
angle of the CO bond relative to the +€ bond (see
diagram). In1, 6 is 5°, and¢ is 3.9. The combination of

;o
/0

7

—Fe—

stretching frequency betwednand [(deut)F&CO)(THF)]
is significant. The most likely explanation is the nature of
the difference in the porphyrins, leading to variations in
Fe—C bond lengths; [(deut)®¢CO)(THF)] has a stronger
Fe—C bond (Table 4), leading to a weaket-O bond (and
lower v(CQO))* Another influence may be the larger devia-
tion from linearity of the Fe-CO group with1, giving rise
to poorer overlap between the Fa& dnd COx* orbitals.
Electron-withdrawing fluorines in &TPP in1 also lead to
less CO back-bonding.

Axial Ligand Substitution Kinetics. Rapid visible spec-
tral changes are observed wheng[{PP)F&(THF),] in THF
is anaerobically treated with CO, Figure 3. The spectral

these two angles leads to a 0.33 A deviation from perpen- changes are assigned to the reaction given in eq 1.

dicularity of the O atom. For comparisofijs 2.6 and¢ is
1.7° in [(deut)Fd(CO)(THF)], leading to only a 0.16 A

The kinetics for the reaction of [(FPP)F&(THF),] (2)
with CO were on a time scale amenable for study by

displacement of the O atom from the perpendicular position. Nanosecond time-resolved absorption “flash and trap” tech-

(40) Scheidt, W. RAcc. Chem. Red.977, 10, 339-345.
(41) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistrpth ed.;
John Wiley: New York, 1988.

(42) Scheidt, W. R.; Haller, K. J.; Fons, M.; Mashiko, T.; Reed, C. A.
Biochemistry1981, 20, 3653-3657.
(43) We thank a reviewer for pointing out this explanation.
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Wave|ength’ nm Figure 4. Absorption difference spectra obtained after pulsed 532 nm
light excitation of in carbon monoxide saturated THF. The spectra were
Figure 3. Ground state absorption spectra ofg[PP)Fé(CO)(THF)] (1) recorded at the following delay times: .3 (@), 20us (@), 50us (¥), 100
(m) and [(RTPP)FE(THF),] (2) (®) in neat THF. The inset represents the  us (#), and 24Qus (x). The inset shows an absorption transient acquired
calculated absorption difference spectra as found by ABERP)Fé(THF),] at 415 nm with a superimposed fit to a first-order kinetic model.

— Abs[(RsTPP)F(CO)(THF)].
0.7 4
[(FgTPP)F&(THF),] + CO~ ]
[(FeTPP)FE(CO)(THF)]+ THF (1) 7

0.5

—

niques similar to those used in previous rep&mts: 46 ]
Described in the following paragraphs are the results of @ 04
kinetic studies on the reaction given in eq 1, in both THF e
and cyclohexane media followed by a proposed mechanistic 03
model. 2 ]
Absorption difference spectra measured after pulsed laser a
excitation of [(RTPP)F&(CO)(THF)] (1) (~10"°M) in CO-
saturated THF ([CO} 5 mM) are shown in Figure 4. We ]
note that either 417 or 532 nm laser excitation yielded 0.0 +——— . :
identical absorption difference spectra. The spectrum shows 0 o 20 30 40 S0 60 70
a sharp bleach, i.e., negative absorption change, at 415 nm [COV/[THF]
and a positive absorption band at 430 nm. The spectralFigure 5. The observed rate constant for eq 1 as a function of [CO)/
features are consistent with CO loss and the immediate[THF]in cyclohexane. The inset shows a double reciprocal plot of the same
appearance of [(FPP)F&(THF),] (2). In support of this
assignment, the calculated absorption difference spectrum
determined by subtracting the ground state spectrum ef [(F
TPP)F&(THF),] (2) from that of [(RTPP)F&(CO)(THF)]

0.2 -

0.1

0.0 0.1 0.2 0.3 0.4 0.5 0.6

[THF]/[CO]

'studied in cyclohexane as a function of THF concentration.
Cyclohexane was chosen because it is noncoordinating, does
g . Lo : notsr-stack with porphyrins, and should not significantly alter
(1) (|_nset Figure 3) shows_a S|mllar profile to that of the kinetic rate constant for THF binding. Transient signals
transiently °bser"?d apsqrptlon difference §pectrum. were monitored at 427 and 410 nm in cyclohexane over a
The CO photodissociation and the trapping by THF are tyg concentration range 1 mM to 1 M. The observed rate
rapid and occur within the instrument response functiol constants determined by analysis of the time dependent
ns. The absorption spectral changes observed for the ConVerapsorption changes at 410 and 427 nm were found to
sion of [(RTPP)FE(THF),] (2) to [(FsTPP)FE(CO)(THF)] decrease with increasing [THF] ((CG] 5 mM) and finally
(1) in neat THF under 1 atm of CO were monoexponential pacame independent of [THF] when [THF]0.30 M, Figure
and returned cleanly to ground state products with a rate g

constant, ks = 1.6 (£ 0.2) x 10° s7%. Ground state Mechanistic Model for Ligand Substitution Reactions.
absorbance measurements taken before and after pulsed 1as{cheme 1 summarizes the proposed mechanism for CO
experiments gave no evidence of sample decomposition.,sadissociation and rebinding. Note that we have adopted
Reduction of the CO concentration by vigorous Ar purging the notation of Stynes, where thens ligand is indicated

reducedkops to ilO? Sfl' o o as a superscript and the leaving)(or entering ¢) groups
To gain additional insight into the kinetic processes that a5 g subscrigt46

occur after laser excitation, CO recombination kinetics were  p,ised laser excitation into either the Soretdpand of
[(FsTPP)FE(CO)(THF)] (1) produces a photodissociative

gﬁgg %acl)yr:ﬁopr’sgﬁ,%é?/s::%Tir?és?gs\%ifg‘r;éb%%ﬁiggi 30, 636-640, excited state, [(fTPP)F&(CO)(THF)]*. Previous studies of
(46) Thompson, D. W.; Stynes, D. Yhorg. Chem199Q 29, 3815-3822. [(heme)Fé(His)(CO)], where His is histidine, have estab-
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Scheme 1 equilibrium appears to exists between the mono- and bis-
THF compounds$? Therefore, the species present on nano-
second and longer time scales are the mono- and bis-THF

) (¢}
1]

=0

¢ ¢ Pree ¢ adducts and the carbonyl compound shown in the box on
~ the right-hand side of Scheme 1. The equilibrium constants
0 k-THF for CO and THF binding in a related heme (deuteroheme)
(_7 Q have been determined to be>5 10* M~! and 5.2 MY,
respectively’?
P . There is an overwhelming body of evidence in support of
SOrI)st +CO || =0 e || e a dissociative (D) mechanism for CO coordination to a six-
coordinate hem&:4446 For a reaction proceeding through
///o a D mechanismkgps is not an elementary rate constant and
'C is given by eq 2.

kythE
o K KI'[CO] + KU KR [ THF]
=

° KI'Zo[CO] + KT [THF]

k_thr

)

l
|
0

O
The kinetic terms in eq 2 are defined in Scheml&4 46
KR KT In THF solution, where [THF}> [CO] andk_co is small,
the reaction proceeds to completion, and eq 2 simplifies to

- ks = KCO] ©)
where
Scheme 1 O THE | THF
(_7 k = P (4)
Thel THF]

lished that both the His and CO ligands are photodissociated With ko,s = 1.6 (+£0.2) x 10* st and [CO]~ 5 x 1073

in the excited state on a 300 fs time scale to yield a four- M, k is calculated to be 3.% 10f M~! s™L. The forward

coordinate “bare” hem#.Similar dynamics are assumed to  rate constants for eq 1 depend on the lability of THF and

occur in this work since THF is a weaker ligand for Fe(ll) the relative rate parameteé’éﬁ/kﬂﬁp The [(RRTPP)Fé-

when compared to histidine. We note that stronger-field (THF),] complex is high spin, and the rate constants for axial

ligands, such as isocyanides, are apparently retained aftefigand substitution are expected to be large. This point will

phOtO'ySiS‘}B‘49 Upon Ilgand dissociation, the excited heme be elaborated upon in the f0||owing paragraphs_

relaxes nonradiatively in40 ps to yield the four-coordinate Reaction 1 was also studied in cyclohexane with added

hemet” THF to fully establish the dissociative mechanism and to
Mechanistically, the bare four-coordinate heme present provide a kinetic rate constant for THF dissociation. The

after photolysis and excited state relaxation can react with phserved rate constant displays a linear dependence on [COJ/

either CO or THF. Geminate recombination of hemes and [THF] under conditions where the [CO]/[THF] ratio ap-

the photodissociated ligands occurs on a time scale too faStproacheS Zero. Equations 3 and 4 can be rearranged to gi\/e

to be measured by our apparattif.geminate CO rebinding eq 5.

occurs, no spectral changes would be observed. Ford and

Traylor have shown that most ligands react with unsaturated i 1 |k

hemes with diffusion controlled rates while CO differs Kobs ~ = KTHF THF

significantly with activation control in low viscosity sol- ~THRAATCO

vents?! The data reported here in neat THF are consistent  pjots of the kinetic data to eq 5 (inset in Figure 5) were

with rapid trapping to form [(§TPP)Fé(THF);] within 10 found to be linear with a slope 1.5 10° s and an intercept
ns. At low THF concentrations in cyclohexane, a rapid

[THF]
[CO]

+| ) (5)

—THF

(52) We note that Reed et al. (ref 38) suggest that the structurally

(47) Huang, Y.; Marden, M. C.; Lambry, J.-C.; Fontaine-Aupart, M.-P.; characterized complex [(TPP)R&HF)] is most likely five-coordinate
Pansu, R.; Martin, J.-L.; Poyart, Q. Am. Chem. Sod99], 113 in THF solution.
9141-9144. (53) Rougee, M.; Brault, DBiochemistryl975 14, 4100-4106.

(48) Dixon, D. W.; Kirmaier, C.; Holten, DJ. Am. Chem. S0d.985 107, (54) Radonovich, L. J.; Bloom, A.; Hoard, J. . Am. Chem. S0d.972
808-813. 94, 2073-2078.

(49) Taube, D.; Traylor, T. G.; Magde, D.; Walda, K.; LuoJJAm. Chem. (55) Jameson, G. B.; Molinaro, F. S.; Ibers, J. A.; Collman, J. P.; Brauman,
Soc.1992 114, 9182-9188. J. I.; Rose, E. J.; Suslick, K. 8. Am. Chem. S0d.98Q 102, 3224~

(50) Traylor, T. G.; Magde, D.; Luo, J.; Walda, K. N.; Bandyopadhyay, 3237.
D.; Wu, G. Z.; Sharma, V. SIl. Am. Chem. S0d.992 114, 9011~ (56) Moore, K. T.; Fletcher, J. T.; Therien, M.J.Am. Chem. S0d.999
9017. 121, 5196-5209.

(51) Traylor, T. G.; Luo, J.; Simon, J. A.; Ford, P. &.Am. Chem. Soc. (57) Peng, S.-M.; lbers, J. Al. Am. Chem. Sod 976 98, 8032-8036.
1992 114, 4340-4345. (58) Kim, K.; Ibers, J. AJ. Am. Chem. S0d.99], 113 6077-6081.
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1.8 x 10°%s. From these data, the limiting off rate of THF use of weak-field ligands in nominally noncoordinating
was determined to bid"r.. = 5.6 x 10° s tandk[F k" solvents (cyclohexane) allows for the study of four-coordinate
= 0.12. The saturation kinetics observed at higher THF hemes (upon photolysis) and may be potentially useful as
concentrations are fully consistent tvit D mechanism  probes to mimic active sites in a number of iron-containing
whereby THF dissociation from [(FPP)F&(THF),] to enzymes. Furthermore, the results presented here lay the
generate the five-coordinate transient intermediatgTFPP)- foundation for similar studies involving the more complicated
Fe!(THF)], is the rate determining step for CO rebinding. carbonyl adducts of heterobimetallic complexes as models
The saturation kinetics also provide compelling evidence that for the active site of cytochromeoxidase, and such studies

a six-coordinate THF complex is obtainable in solution. A are now in progress.

comparison with the literature data reveals thagT@#P)-
Fe!(THF),] has some of most labile axial ligands known for
heme porphrying>44-46
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We have synthesized and structurally characterized both
the heme-CO adduct [(ETPP)Fé(THF)(CO)] (1) and the
bis-THF adduct [(ETPP)Fé(THF);] (2). Both complexes
were shown to be six-coordinate in the solid state. We also  Supporting Information Available: X-ray structure informa-
present evidence thatis a six-coordinate high-spin ferrous tion (CIF files) for [(RsTPP)Fé&(CO)(THF)}3THF (1-3THF) and
heme in solution. Complex proved amenable to study by  [(FsTPP)FE(THF),]-2THF (2:2THF), UV—vis and2H/3C NMR
fast-time scale UV-vis spectroscopy as initiated by flash discussions (including Experimental Methods), &fa and H
photolysis, and we have provided a reasonable mechanianMR spectra forl-3THF. This material is available free of charge
which describes the kinetics of CO-dissociation (photolytic) Vi@ the Intermnet at hitp://pubs.acs.org.
and rebinding in the weakly coordinating THF solvent. The 1C026307B
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