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Steady state and laser flash photolysis studies of the heme/non-heme w-oxo diiron complex [(°L)Fe"—O—Fe!'—
CII* (1) have been undertaken. The anaerobic photolysis of benzene solutions of 1 did not result in the buildup of
any photoproduct. However, the addition of excess triphenylphosphine resulted in the quantitative photoreduction
of 1 to [(6L)Fe"---Fe"—ClI]* (2), with concomitant production by oxo-transfer of 1 equiv of triphenylphosphine oxide.
Under aerobic conditions and excess triphenylphosphine, the reaction produces multiple turnovers (~28) before
the diiron complex is degraded. The anaerobic photolysis of tetrahydrofuran (THF) or toluene solutions of 1 likewise
results in the buildup of 2. The oxidation products from these reactions included y-butyrolactone (~15%) for the
reaction in THF and benzaldehyde (~23%) from the reaction in toluene. In either case, the O-atom which is
incorporated into the carbonyl product is derived from dioxygen present under workup or under aerobic photolysis
conditions. Transient absorption measurements of low-temperature THF solutions of 1 revealed the presence of an
(P)Fe'-like { P = tetraaryl porphyrinate dianion} species suggesting that the reactive species is a formal (heme)-
Fe!'/FeV=0(non-heme) pair. The non-heme Fe"V=0 is thus most likely responsible for C—H bond cleavage and
subsequent radical chemistry. The photolysis of 1 in chlorobenzene or 1,2-dichlorobenzene resulted in C—Cl cleavage
reactions and the formation of {[(°L)Fe"'—Cl---Fe""—Cl],0}?* (3), with chloride ligands that are derived from solvent
dehalogenation chemistry. The resulting organic products are biphenyl trichlorides or biphenyl monochlorides, derived
from dichlorobenzene and chlorobenzene, respectively. Similarly, product 3 is obtained by the photolysis of benzene—
benzyl chloride solutions of 1; the organic product is benzaldehyde (~70%). A brief discussion of the dehalogenation
chemistry, along with relevant environmental perspectives, is included.

Introduction porphyrin monomers$:2 The highly reactive porphyrin oxe
ferryl (e.g., peroxidase compound®f)s capable of substrate
oxidation via oxygen atom transfer (OAT), with the subse-
quent formation of a ferrous heme. The system becomes
catalytic in the presence of dioxygen, as outlined below.
Quantum yields are not large, and the major fate for the
photogenerated Fe(ll) and Fe(BFD porphyrin subunits is
recombination and charge-transfer to reform the paremnto
bridged bisporphyrin. Other related systems of interest,
showing similar photochemistry, include (PYFeR systems

* Authors to whom correspondence should be addressed. E-mail: (Where R= OH, EtO, etc.) where photolysis generates the

karlin@jhu.edu (K.D.K.); meyer@jhu.edu (G.J.M.). corresponding (P)Peand R species’
(1) Richman, R. M.; Peterson, M. W. Am. Chem. So&982 104 5795~

Synthetic heme compounds with photolabile axial ligands
are potentially excellent photocatalysts for substrate oxidation
using dioxygert# In the classical systems involvipgoxo
diferric hemes such as [(TPP)R@] (TPP = dianion of
tetraphenylporphyrinate), direct excitation into the-OFe
ligand-to-metal charge transfer (LMCT) band results in the
photodisproportionation of a-oxo bridged FEé—O—F¢!"
cofacial porphyrin sandwich into both Fe(ll) and Fe@Q

5796.

(2) Peterson, M. W.; Rivers, D. S.; Richman, R. 81.Am. Chem. Soc. (5) Cytochrome P450: Structure, Mechanism, and Biochemi&trg ed.;
1985 107, 290742915. Ortiz de Montellano, P. R., Ed.; Plenum Press: New York, 1995.
(3) Hodgkiss, J. M.; Chang, C. J.; Pistorio, B. J.; Nocera, DIn@rg. (6) Sono, M.; Roach, M. P.; Coulter, E. D.; Dawson, J.Ghem. Re.
Chem.2003 42, 8270-8277. 1996 96, 2841-2887.
(4) Maldotti, A.; Molinari, A.; Amadelli, R.Chem. Re. 2002 102, 3811~ (7) Maldotti, A.; Bartocci, C.; Varani, G.; Molinari, A.; Battioni, P.;
3836. Mansuy, D.lnorg. Chem.1996 35, 1126-1131.
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Photochemical Organic Oxidations
Catalytic Cycle
Fe-O—Fe-"~ Fd'=0 + Fé'
Fe'=0+S—F€ + SO
2Fd' + 1/20,— Fé"'—0—F¢"

One of our interests lies in the development of model
compounds for the active site of nitric oxide reductase

(NOR), which has led us to synthesize the heme/non-heme

diiron complex [fL)Fe"—O—Fe"—CI]* (1) (Chart 1) We
now report on the photodisproportionation bf the first
1-0xo bridged (L)F& —O—F€"(L") system with nonequiva-
lent iron ligands to be examined in such a manner. The
photoreduction of benzene/triphenylphosphine solutions of
[((L)Fe" —O—Fe"—CI]* (1) results in the clean transfer of
an oxygen atom to triphenylphosphine, leaving behind the
reduction product fL)Fe'---Fe'—CI]* (2). Similar photo-
reactions performed in either tetrahydrofuran or toluene
resulted in solvent oxidation. Attempts to perform the
photoreduction ofL in chlorinated solvents resulted in the
isolation of {[(6L)F€"—Cl---Fe"—Cl],0}?" (3), with the
additional chlorine atoms in the transition metal complex
derived from solvent (or chlorinated substrate) dechlorination.
Given the nature of our inequivalent ligand system, it was
intriguing to determine whether the heme iron site or the
non-heme iron would become a high-valent Fe(IV) ferryl
group, as both heme and non-heme efarryl (i.e., FeV=

0) compounds have been identifie®? 1! Transient absorp-
tion spectroscopy was used to probe the nature of any short

lived intermediate. These experiments suggest the formation

of a transient ferrous heme with a high-valent site at the non-

Chart 1

[(eLFe"...Fe'-ci*

[(eL)Fe"-0-Fe'-ci*

analyses were preformed by Quantitative Technologies, Inc. (QTI),
Whitehouse, NJ. Electrospray ionization mass spectrometry (ESI-
MS) was performed at The Ohio State University Chemistry Mass
Spectrometry Facility*H NMR spectra were recorded at 300 MHz
on a Bruker AMX-300 instrument. Chemical shifts are reported as
d values relative to an internal standard (88 and the residual
solvent proton peak. The preparation and handling of air-sensitive
materials was carried out with Schlenk techniques under argon or
in an MBraun Labmaster 130 glovebox under nitrogen.

Synthesis [(°L)Fe"' —O—F€&" —CI|B(C¢Fs)4 (1) was prepared as
described in the literatueThe corresponding reduced complex
[((L)F€!---Fe'—CIIB(C¢Fs)4 (2) was synthesized by sodium dithion-
ite reduction ofl according to a literature proceduThe isotope
labeled complex fL)Fe" —180—Fé"—CI|B(CesFs)s (1—180) was
prepared by exposing THF solutions »to 180,(g). The solvent
was removed under reduced pressure and the resulting solid
transferred to the glovebox. Subsequent recrystallization from a
mixture of THF and heptane, followed by filtration, allowed for
the isolation ofLl—10, as determined by FTIRv(Fe—180—Fe)=

803 cntl; v(Fe®—0O—Fe) = 844 cnTl} spectroscopy and com-
parison to the known resonance Raman spectroscopic properties
of 1-180.8

heme iron. Taken together, the results suggest that a non- (| )Fe!l —CJ---Fe' —CI],0} 2[B(CqFs)a] (3). The bulk pho-

heme iron(IV) oxo moiety is responsible for initiating the

tolysis (see Photochemistry subsection, which follows) of a 1,2-

observed substrate or solvent oxidation and dechlorination dichlorobenzene solution (100 mL) of[)Fe" —O—Fe! —CI]B-

chemistry.

Experimental Section

Materials and Methods. Reagents were obtained in high purity

from commercial sources and used as received unless otherwise

noted. Tetrahydrofuran (THF) and toluene were purified and dried

by passing reagent-grade solvent through a series of two activatedY'eId:

alumina columns (Innovative Technology, Newburyport, MA).
Benzene was purified and dried by distillation from a sodium/

benzophenone ketyl. The deoxygenation of solvents was performed¢ M©

by direct bubbling with argon for 30 min followed by 3 freeze
pump-thaw cycles. Infrared spectra were obtained on a Mattson

Galaxy 4030 FT-IR spectrometer. Solid samples were prepared by

dissolving a sample in solution in the glovebox, spotting a @aF
NaCl IR window, and allowing the solvent to evaporate. Elemental

(8) Wasser, I. M.; Martens, C. F.; Verani, C. N.; Rentschler, E.; Huang,
H.-w.; Moeenne-Loccoz, P.; Zakharov, L. N.; Rheingold, A. L.; Karlin,
K. D. Inorg. Chem.2004 43, 651-662.
(9) Rohde, J.-U,; In, J. H.; Lim, M. H.; Brennessel, W. W.; Bukowski,
M. R.; Stubna, A.; Muenck, E.; Nam, W.; Que, L., $tience2003
299 1037-1039.
(10) Lim, M. H.; Rohde, J.-U.; Stubna, A.; Bukowski, M. R.; Costas, M.;
Ho, R. Y. N.; Munck, E.; Nam, W.; Que, L., JRroc. Natl. Acad.
Sci. U.S.A2003 100, 3665-3670.
(11) Kaizer, J.; Klinker, E. J.; Oh, N. Y.; Rohde, J.-U.; Song, W. J.; Stubna,
A.; Kim, J.; Muenck, E.; Nam, W.; Que, L., J&. Am. Chem. Soc.
2004 126, 472-473.

(CeFs)4 (1) (5 x 1075 M) resulted in the clean formation & as
determined by UV-vis spectroscopy. The air-stable, red complex
{[(.L)FE" —ClI---Fe" —ClI],0} (B(CsFs)4)- (3) was isolated from the
crude reaction mixture by removal of the solvent using a high-
vacuum rotary evaporator; purification was accomplished by
recrystallization from methylene chloride and heptane-20 °C.
~80%.H NMR (THF-dg, 300 MHz): 6 81 (br, pyrrole-
H), 14.13 (m, P¥-H), 12.80 (m, P¥-H), 7.6-7.18 m and
p-phenyl-H), 6.92 (PY¥-H), 6.83 (PY—H). UV—vis (CH,Cly; nm,
-t L-1): 376, 58000; 415, 104000; 507, 13000; 579, 4600;
644, 4500. FTIR (film, cm?) 1647, 1625, 1606, 1583, 1513, 1463,
1372, 1331, 1275, 1236, 1206. ESI-M8vz 1221 {[(°L)Fe—CI-
--Fe—CI]+}. Anal. Calcd for Q74Hg4BzC|4F52FQ;N1604 (3'2H20)
C, 54.23; H, 2.20; N, 5.82. Found: C, 54.23; H, 2.36; N, 5.49.
Quantum Yield Determination. The product quantum yields
were determined by actinometry as previously descriBétAir-
sensitive photoproducts were handled in the glovebox under
nitrogen.
Photochemistry. Typical experiments involved the preparation
of 3 mL of a (5-15) x 10°® M solution of [EL)Fe"—O—Fé!'—

(12) Wasser, |. M.; Huang, H.-W.; Moenne-Loccoz, P.; Karlin, K. D.
Submitted for publication.

(13) Peterson, M. W.; Richman, R. Nhorg. Chem.1985 24, 722.

(14) Thompson, D. W.; Kretzer, R. M.; Lebeau, E. L.; Scaltrito, D. V.;
Ghiladi, R. A.; Lam, K.-C.; Rheingold, A. L.; Karlin, K. D.; Meyer,
G. J.Inorg. Chem.2003 42, 5211-5218.
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ClIB(CeFs)4 (1) in the glovebox in an appropriate solvent. These

solutions were transferred to an airtight four-window quartz cuvette hv

and sealed with either a rubber septum (for aerobic photolyses) or benzene No Reaction

a glass stopper (for anaerobic photolyses). For aerobic photolysis Nz

reactions, solutions of §()Fe" —O—Fe" —CI|B(CsFs)4 (1) were Y "|+
saturated with dioxygen by direct bubbling’80, or 180, (10 mL) &

into the prepared solutions using a stainless steel syringe. The QL hv

pressure of the system was equilibrated to the atmosphere using F benzene

F
an atta_ched oil bubbler._ Photolyses were carried _out in two [(6L)Fe'"-o-F:;'r'-C|]+ A) Pﬁfk 9
alternative ways: (1) using a Rayonet photochemical reactor A O
equipped with 350 nm bulbs, with excitation times ranging from
25 min (chlorinated solvents) to 55 min (THF) and 120 min (toluene
and benzene/triphenylphosphine) or 24 h (for overnight photobleach [CL)Fe"...Fe'-CIT* (2)
experiments); and (2) excitation with 355 nm laser pulses-@D

AS

F
§ )
Arf F

: : : +0=PPh
mJ cm?) from a Nd:YAG laser (Continuum Surelite Il or 11l) with 3
reaction times ranging from 5 min (chlorinated solvents) to 20 min _ |0,
(THF) ar.]d 60 min (t0|uene.and benze?e/mphelrllylphOSphme)' The Figure 1. Photolysis of [fL)Fe"'—O—F€"'—CI]* (1) in benzene results
photolysis of benzene solutions oflfjFe!' —O—Fe!! —CIIB(CeFs)a in no observed reaction (top). The photoreduction Bif)fe" —O—Fe' —

(1) under either condition 1 or 2 resulted in no observed cIl* (1) to [(6L)Fe'---Fe'—CI|B(CeFs)s (2) occurs in benzeneltriph-
photochemistry. Bulk photolysis reactions in 1,2-dichlorobenzene enylphosphine solutions, with concomitant oxygenation of triphenylphos-
were performed over the course of 4 days using the Rayonet ph'rl‘e_tc,’ t”p?]e”y'ghos’)h(;”e r?x'de (bclnttpm).P%L%ygen can dcorﬂmlt,]_

. . explaining the observe p otocataytlc R idation under aerobic
photochemical reactor and a 100 mL solution SL]JF€"—O—

conditions.
Fe''—CI|B(CeFs)s (1) (1 ~5 x 1075 M) in a glass reaction tube. .
The reaction apparatus was gently agitated at periodic intervals, loChemistry of [fL)Fe" —O—Fe"—CIIB(CeFs)s (1) began

The course of the bulk reaction was monitored by sampling aliquots When we observed an apparent photoreductiahtof[(°L)-
of the reaction mixture and examining them by Bwis spectros- Fe'---Fe'—CI|B(CeFs)s (2) in THF. By contrast, laser flash
copy. photolysis or continuous (Rayonet) photolysis{ 355 nm)
Transient UV —Vis Laser Flash Photolysis StudiesTransient ~ Of degassed benzene solutions 6L]fe" —O—Fé" —CI|B-
absorbance measurements were made using a previously describeCesFs)s (1) led to no discernible UVvis spectroscopic
apparatus? Excitation was accomplished with 355 nm laser pulses changes, even after prolonged (ca. 4 h) photolysis. However,
(10—-30 mJ cm?) from a Nd:YAG laser (Continuum Surelite Ilor  when the reaction was performed in benzene with an excess
II). The sample was protected from rapid degradation using a fast of triphenylphosphine, we observed the photoreduction (see
shutter along with UV and thermal absorbing filter combinations. Supporting Information, Figure S1) of[()Fe! —O—Fe! —

Samples were prepared in an inert atmosphere glovebox under N CIIB(CsFs)a (1) [Amax 418 (Soret), 575 nm] to form the
and the four window quartz cuvettes were sealed with a glass .

Lo Eel —
stopper. The sample cuvette was held in a cooled methanol jacketed eSduced :?? ;n plﬁx fé_)3|;e' SSSé hCI]B(CGFSr)]“ (hz ) [Amax 415
four-window optical dewar held at 198 K. This low temperature (Sore), (sh), ! (sh) nm] with the concomitant

assembly has been previously described. for.mation ofa stoichiometric gmognt of triphgnylpho;phine
Gas Chromatography—Mass Spectrometry (GG-MS). Prior OXIdQ (py GC-MS). This reactivity is sgmmanzed in Figure

to gas chromatographic analysis, photochemical reaction mixtures1- It iS important to note that excitation into the probable

were exposed to the ambient atmosphere (or bubbled ‘i@j LMCT band ¢ ~ 350 nm}’ of [(°L)Fe" —O—Fe'-Cl]* Lis

(9)) and passed through a short (1 cm) pad of alumina using the critical in effecting the photoreduction; the irradiation with

reaction medium as eluent. This procedure separated the nonvolatileeither Soret-based excitation ata.x 417 nm or Q-band

material derived from fL)Fe"—O—Fe"—CIB(CeFs)s (1) (or excitation atimax 532 nm resulted in no observed photo-

derivatives thereof) from the organic reaction products. Reaction chemistry.

products were identifieql _by _comparison with rete_n@ion_ times of  gjnce the oxidation of triphenylphosphine to triphenylphos-

known standards. Quantification was performed by injecting known phine oxide is an energetically downhill process, we sought

concentrations of standard to construct a callbratlor) curve. No . identify the source of the O-atom that was incorporated
oxidation products were detected when control experiments were.

performed in the dark. The GEMS measurements were made |ntp th.e triphenylphosphine oxiQe product 0 rul_e out auto-
using a AOC-20i autosampler (Shimadzullinjections) attached ~ ©Xidation by dlox?l/geln contarlnlnatlon. AnaeroE)lc benzene
to a Shimadzu QP5050A GEMS system fitted with a 30 m DB~ Solutions of [(L)Fe" —(**0)—F€" —CI|B(CgFs)s (1-1%0) (see

5MS packed column (J&W Scientific, serial number 0726023).  Experimental Section) were photolyzed in the presence of
triphenylphosphine. The transfer of #0-atom from1—180

Results and Discussion to triphenylphospine, thereby formitO=PPh, was con-
firmed by GG-MS (revealing~95% 80-atom incorpora-
tion). Indeed, the formation of triphenylphosphine oxide was
not the result of inadvertent dioxygen contamination.
Aerobic Photolysis Solutions of [fL)Fe"—O—Fé&"—CI|*

Photolysis of [fL)Fe"" —O—F€e" —CI]* (1) in Benzene
with Triphenylphosphine. Our initial interest in the pho-

(15) Karlin, K. D.; Haka, M. S.; Cruse, R. W.; Meyer, G. J.; Farooq, A.;

Gultneh, Y. Hayes, J. C.. Zubieta, 4. Am. Chem. S04 988 110, (2), prepared in benzene with an excess of triphenylphos-
1196-1207.

(16) Karlin, K. D.; Cruse, R. W.; Gultneh, Y.; Farooq, A.; Hayes, J. C.; (17) Hendrickson, D. N.; Kinnaird, M. G.; Suslick, K. 3. Am. Chem.
Zubieta, JJ. Am. Chem. S0d.987 109, 2668-2679. S0c.1987 109 1243-1244.
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Photochemical Organic Oxidations
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phine, were saturated with dioxygen. Subsequent photolysis
reactions, performed for a length of time (ca. 2 h) similar to

what had been used in the anaerobic reaction scenario,
resulted in the buildup of no observed photoproduct.

However, extended photolysis under these conditions (ca. 0 L L

24 h) resulted in the photobleaching of solutions SE}{ 800 350 400
Fe'—-O—Fe"—CI]* (1), as observed by the complete loss

of all visible color corresponding to the disappearance of Figure 2. Photoreduction of fL)Fe" —O—Fe!! —CIJ* (1) {imax 328, 416

. . (Soret), and 570 ninto form [(CL)Fe"--Fe'—CI|B(CsFs)4 (2) {Amax 318,
the Soret and Q-band absorbances in the resulting-W¥ 424 (Soret), and 545 rjrunder an N atmosphere in THF at 293 K. The

spectra. An examination of the organic reaction products spectra were recorded at5 min intervals over the course of 1 h.
revealed a modest turnover (244) of triphenylphosphine
to triphenylphosphine oxide, as determined by -G¢S. photolyzed under an Natmosphere, using similar conditions
However, the bleaching described above suggests extensiveo those listed above for benzene but without the addition
oxidative degradation of the heme In(or 2) has occurred.  of triphenylphosphine, we observed the rapidlL(h) pho-
The apparent catalytic behavior probably results from the toreduction ofl to [(6L)Fe''-+Fe'—CI]|B(CsFs)4 (2) (Scheme
facile O-reoxidation of2 to 1, which we have confirmed 1), Spectral changes, Figure 2, show a steady bleach of three
does occut? The UV—vis spectral identification o2 was electronic transitions centered A ~ 330, 416, and 570
based on observation of the same absorption spectrum Upofm which correspond to the charge-transfer, Soret, and
preparation of benzene solutions ofL{jFe"--Fe!—CI|B- Q-band transitions (respectively) in the YVis spectrum
(C6F5)4 (2 (V\{IFh added triphenylphosphine to stimulate ¢ [((L)F&"—O—F€"—CI]* (1). Concomitant growth of
solution conditions). _ o peaks atimax 424 and 545 nm, due to formation ofl[j-
Q—Atom Transfer (OAT) Mechanism. Oxidation of Fe'---Fé'—CI|B(CeFs)s (2), occurs. During the course of
Triphenylphosphine. In the presence O.f substrates (e.g., photolysis, we also observed the transient formation of a
PPh, P(OR}, or S(CH)o), the photo_IyS|s .Of [(P)PE0 shoulder aflmax 440 nm, which typically disappeared within
systems results in OAT, from a transient high-valerit¥e ~5 min of photolysis termination. Monitoring the dark

3,18 i
.O’ to substra_teh. By. analp gy, PP oxygen a"of‘ most reaction for the decay of the peak at 440 nm revealed a steady
likely occurs via a reactive mixed-valent species, eitHgn){(

FeV=0---Fdi—CI]* or [(°L)Fe'---O—=Feé"—CI]*. The so- but equal (in intensity) increase in absorption for the Sorgt
formed high-valent Fé=0 intermediate is the result of the band 0f2_ (imax = 4_24 nm). It thus appears that photochgm|-
photodisproportionation of f()Fe—O—Fe'—CIJ* (1). cglly derlyed species undergo a slow dark transformation to
Concomitant with OAT from [L)F€V=0---Fe'—CI]* or give the final diferrous producte[l_()Fe_”---Fé'—_C_I]B(C6F5)4
[(SL)Fe'---O=FeV—CI]* is the observed diferrous complex (2). Wlth knowledge of mol_ar extinction coefﬂqents for both
[(5L)Fe"++-Fe'—CI|B(CeF=)4 (2). Further discussion of whether 1 and2in THF solventt!? it could be determined that the
a heme or non-heme e=0O moiety forms in the present Photochemically induced reduction df to 2 occurs in
system is given below. In the absence of a substrate, theexcellent yield {-99%).
transiently generated Fe(IV)/Fe(ll) species would decay The photoproduction of §{)Fe':--Fe'—CI|B(C¢Fs)a (2)
rapidly back to the ground state. Such conproportionation from 1, in the absence of an obvious O-atom acceptor such
chemistry is similar to what has been reported 4eoxo as triphenylphosphine, suggests that something else in
bridged F€—O—Fe" cofacial porphyrin sandwich com-  sojution is being oxidized. Indeed, an analysis of the organic
plexes that are irradiated in benzene solutions in the absenceegaction products led us to observe the formatiory-tfu-
of triphenylphosphine, where the lack of §uitable O-atom tyrolactone in low vield £15% based on the initial
acceptor leads to no observed photoprodwsitice benzene  oncentration of). The formation of this carbonyl product,
solvent is not an oxidizable substrate in this system. which represents a THF molecule that has been oxidized in
Photolysis of [(L)Fe" —O—”Fe'“ _Cl]“+ (1)+|n THF. an overall four-electron process, was rather puzzling. We
When THF solutions of fL)Fe! —O—Fel'—CI|* (1) were did not see the formation of the corresponding 2-hydroxy-
(18) Pistorio, B. J.: Chang, C. J.: Nocera, D.J3Am. Chem. S02002 THF (an “intermediate” two-electron oxidized product,
124, 7884-7885. similar to what has been suggested for THF oxidation by
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high-valent copperoxygen speciesy, suggesting that over-
oxidation of a preliminary alcohol product was unlikely.
Likewise, the photolysis of THF solutions of[()Fe" —O—
Fe'"—CI]" (1) charged with 1 atm of dioxygen resulted in
the formation of y-butyrolactone in similar quantities.
However, the aerobic photolysis reactions did not result in
the buildup of the photoreduced specie®d JFe':--Fée'—
ClIB(CsFs)4 (2), as expected, since it would reoxidize o
(vide supra).

To determine whether the O-atom in the lactone product
was directly derived from the O-atom of tlheoxo bridge
of [((L)FE"—-O—Fe"—CIll* (1), [(°L)Fe"—(**0)—F€"—
ClIB(CeFs)s (1—1%0) was utilized in a THF solvent pho-
tolysis. However, GEMS analysis showed that A#0-atom
incorporation into the’-buyrolactone product was observed.
An investigation of the products derived from exposure to

Wasser et al.

16
180 o (0]
O Oy
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18 SN 18
ﬁ G R
18
184 [CLFe"-0-Fe"-Ci* o
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O
Figure 3. Dioxygen-derived organic oxidation products from both THF
yielding y-butyrolactone and toluene to give benzaldehyde. Note that

bibenzyl is also observed as a product from the photolyskioftoluene.
See text for details.

180,(g) was then undertaken to better understand the role ofanalysis of the organic reaction products, after aerobic

dioxygen in the observed oxidation chemistry. A reaction
mixture photolyzed under anaerobic conditions was directly
bubbled with180, prior to opening to the atmosphere and
subsequent workup. It was discovered thatjtHautyrolac-
tone product showed®O-incoporation iVz 88; ~90%
incorporation). Likewise, 1 h photolysis of THF solutions
of [((L)Fe" —O—Fe"—CI] " (1), charged with 1 atm offO,,
resulted in the similar formation dfO-labeledy-butyro-

workup, revealed the formation of benzaldehyde23%
yield based upori) and the presence<(L%) of bibenzyl.
Similar to the case of THF, we did not observe the formation
of benzyl alcohol under these conditions, suggesting that
overoxidation of an initially formed alcohol product was
unlikely. Anaerobic toluene solutions off[()Fe" —(*¥0)—

Fe'' —CI|B(CsFs)4 (1—180) did not lead to*®O-atom incor-
poration into the benzaldehyde photolysis products. As in

lactone. These observations suggest that radical specie$he case of THF oxidation to a lactone, the four-electron

derived from THF, either bound to iron or free in solution,
are combining with dioxygen to give the observedbuty-
rolactone as an auto-oxidation product. The remaining THF
radicals likely polymerize in solution, resulting in the
formation of intractable material.

Photolysis of [fL)Fe" —O—Fe" —CI]* (1) in Toluene.
The anaerobic photolysis of toluene solutions & JFe'" —
O—Fe"—CI]" (1) also yields [fL)F€"---F&'—CI|B(CeFs)4 (2),
as determined by U¥vis spectroscopic monitoring of the

oxidation of toluene to benzaldehyde involves a mechanism
that is more complicated than a direct O-atom transfer (OAT)
reaction from a high valent Feoxo complex to a substrate,
to be discussed further below. A summary of the dioxygen
derived photoproducts is shown in Figure 3.

The product quantum vyields for the photoreduction of
[((L)FE"—O—F€"—-CI* (1) in both THF and toluene
solutions were determined by actinometry. The efficiency
of this reaction, measured by the appearance of the fully

reaction (Supporting Information, Figure S2). The absorbance reduced complex f()Fe'---Fe!' —CI|B(CeFs)4 (2), is affected

spectrum for2, obtained during the course of these photore-
ductions, is identical to the electronic spectrum of an
authentic sample of §()Fé'---Fe'—CI|B(C¢Fs)4 (2) that is

by the solvent. In the coordinating solvent THF, ttbg
value was 7.1x 10°® while in the noncoordinating solvent
toluene we obtained &, value of 3.25x 10°°. Product

prepared in deoxygenated toluene. The most dramaticquantum yields in the range d@f, = 104—108 are typically
absorbance changes occur with the loss of the signalfound for the photoreduction gi-oxo bridged [(P)FeP

corresponding to the high energy LMCAfx 330 nm) and
a splitting in the Soret and Q-band regions into two peaks.

compoundg; 318
Aerobic Oxidation in THF and Toluene. Photobleach

The re-exposure of these solutions to dioxygen resulted in Products. When dioxygen-saturated THF or toluene solu-

the reformation of theu-oxo complex1. Using known
molar extinction coeffecienfs!?it could be determined that
photochemically induced reduction dfto 2 occurs near
quantitatively ¢~99%) in a mixed 10% THF/toluene solvent
system (yielding botly-butyrolactone and benzaldehyde).

tions of [CL)Fe"—-O—F€e"—-CI]" (1) were subjected to
photolysis, using similar reaction conditions to the anaerobic
photolysis reactions described above, we did not observe the
buildup of a new metal complex photoproduct. However,
the photolysis of these solutions (THF or toluene) for 24 h

The mixed solvent system was needed due to the limitedresulted in the complete bleaching of the solutions as

solubility of 1 and2 in toluene. Unlike the case of photolysis
of 1 in THF (vide supra), no dark reaction was observed.
Thus, similar to the observed photochemistry in THF

evidenced by loss of all UVvis absorbance features.
Scrutiny of the organic products obtained from these reac-
tions gives similar results, but in higher yields, to the

solvent, the use of toluene solvent without an added O-atomcorresponding anaerobic photolysis reactions. In the case of
acceptor resulted in noticeable anaerobic photochemistry. ANTHF, we observed several turnovers451) of the cyclic

(19) Zhang, C. X.; Liang, H.-C.; Kim, E.-i.; Shearer, J.; Helton, M. E.;
Kim, E.; Kaderli, S.; Incarvito, C. D.; Zuberbuehler, A. D.; Rheingold,
A. L.; Karlin, K. D. J. Am. Chem. So2003 125, 634-635.
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ether toy-butyrolactone1fyz 86 amu). When THF solutions
were saturated using label&D,, we observed incorporation
of an!®0-atom into they-butyrolactone ifyz 88 amu; 90%)
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Figure 4. Transient absorption spectra recorded during the laser flash
photolysis fex = 355 nm; 198 K) of [fL)Fe'' —O—Fe"'—CI] ™ (1) in THF. c D H
o)
. . . _palVe I 1S S Feg!
suggesting that the source of oxygen in the products is thf-Fe™=0  Feg’|| Fe 8
dioxygen, introduced into the system following aerobic H

workup (see Experimental Section) and not from OAT from — ‘ —
a photogenerated reactive intermediate derived from the Figure 5. Proposed photocatalytic cycle fof[gFe" —O—Fel! —CIJ* (1)

in THF or toluene (RH) solvents. The cycle begins with the reversible

u-oxo bridged complex f{)Fe" —O—Fe"—CI]* (1). photolysis of [fL)Fel —O—Fe!'—CI]* (1) (upper left) producing an Fe
In the case of toluene, the organic products include oxo intermediate capable of H-atom abstraction. The subsequently formed
benzaldehyder(llz 106 amu) and bibenzyh(/z 182 amu) alkyl radicals ultimately react with dioxygen to yield the observed carbonyl

. . roducts (see text for further details).
however, in very few turnovers (2 1) under these aerobic P ( )

andItIOI’IS..A cgreful examination of the crude reaction 1-0x0 complex after 2 s. The calculated difference spectrum
mixture, using thin-layer chromatography, also revealed the [ACLE FdClBCaFa® — AR o-rd' o] iS Shown as
presence of benzoic acid (which adheres to the baseline)e gark solid trace in Figure 4. This matches closely the
suggesting that an overoxidation of benzaldehyde OCCUrSgynerimentally obtained TA spectra which is similar to
during the course of prolonged aerobic photolysis reactions (P)Fé species in coordinating solverf&?! In THF sol-

in toluene. Thus, it is difficult to ascertain the exact turnover vent, the cyclic ether acts as an axial ligand base and

number for the photoproduction of benzaldehyde from ay frther stabilize the formation of hemBe' transient
toluene, given the reaction and workup conditions employed specieg02!

for analysis. The €C coupled product bibenzyl, which is —“tpo natyre of this transient species (Figure 5) is likely a

comr_non_ly found as the concentratiop of benzyl radical in photoproduct of O~ Fe LMCT excitation. Four photoprod-
solution increases, is also ob.s_erved in good yield {18 ucts which may be discussed are labefedD, Figure 5. In
turnovers) under these conditions. The clear presence Ofthe case of a formal photodissociated'fFeV=0 pair (A

b_enzyl radicals in solutiqn suggests_that an initially formed or C), species? involving a transiently formed ferrous heme
high-valent Fe-oxo species homolytically cleaves the ben- is more likely based on TA data. However, we can also

zylic C_.H bond of t_oluene_ consider the possibility that the photoproduct is a mixed
Transient Absorption Spectroscopy.To probe the nature —5jant Fé/Fel pair which is better formulated as either

of any transiently formed high-valent Fe(IV) species and in 5 short-lived oxyl radical photoproduct following LMCT

an attempt to possibly differentiate between a heme versusg, itation) orB (essentially a resonance structure alternate

non-heme P¥=0 intermediate in our system, we undertook description ofA, with the non-heme Feoxo treated as a

transient absorption (TA) spectroscopic measurements. TA 5 jjcq| leaving group). Note that the reaction was performed

spectra of [f{L)Fe! —O—Fe!!—CI|" (1) are shownin Figure 54 195 Kk to prevent extensive reaction of the transiently
4, recorded in an anaerobic THF solution at 198 K. Transient formed species with the THF solvent.

bleaches of the charge-transfer regida ~ 340 nm),

Mechanistic Considerations. Solvent OxidationA pos-
the Soret regiongnax ~ 415 nm), and the Q-band domain P

] led X b sible photocatalytic mechanism, accounting for the formation
(Amax ~ 470, 500, 575 nm) are coupled to transient absor- (in multiple turnovers) of the four-electron oxidized products

bances in the Soreflfa, ~ 430 nm) and Q-bandifax ~ . .such as those observed here in THF and toluene, is presented
550 nm) areas. They reveal the presence of a short-llvedin Figure 5. Photoexcitation off()Fe! —O—Fell —CIJ* (1)

porphyrin species with feature&aT(a_X427, 445 (Sh)'_552 hm) yields one or more charge-separated configurations depicted
t_hat are very strongly suggestive of a transient Fe_(II)- asA—D. StatesA andC are analogous to the possibilities
like porphyrin compleX** that decays back to the starting suggested above for the photochemistry in the presence of
triphenylphosphine (vide supra). With evidence from TA data

(20) Ghiladi, R. A.; Kretzer, R. M.; Guzei, |.; Rheingold, A. L.; Neuhold,
Y.-M.; Hatwell, K. R.; Zuberbehler, A. D.; Karlin, K. D.Inorg. Chem.
2001, 40, 5754-5767. (21) Ghiladi, R. A.; Karlin, K. D.Inorg. Chem.2002 41, 2400-2407.
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discussed (vide supra), we suspect that configuration C canradical chemistry, dioxygen serves as the O-atom source in
likely be ruled out as a transient intermediate. Whichever is the products observed.

an active intermediate, they would all be good candidates

for H-atom abstraction from €H bonds in hydrocarbons  LFe"—CH,R + O, — LFe" —~OOCH,R — — LFe" —OH +

such as THF or toluene. Oxdron (1V) porphyrin complexes RCHO
normally are cpnsidered not tq be go_od H-atom abstraction (L = porphyrin, TMPA, etc.)

agents, but with electron-deficient ligands Nam and co-
workers have recently shown that they are capable-6fiC o
bond activation in a manner similar to the reactivity of the
oxo—iron (IV) porphyrin radical cation%?® Similarly, o)
synthetic non-heme oxeron (IV) species have been shown \
to be powerful oxidants capable ofE bond cleavagé. 1124

As such, we suggest that the photochemically generated non-
heme Fe-oxo species abstracts an H-atom from THF or
toluene, initiating a radical chain reaction by forming a THF
or benzyl radical. The radical species are free to slowly
(under these dilute conditions) dimerize, as observed in the
case of toluene oxidation which would generate benzyl
radical (leading to bibenzyl product). We must also consider
the possibility that low-valent Fe(ll) sites (Figure 5) might
act as radical “traps” by, in this case, forming Fe(Hglky!
(e.g., F&'—n1-(C4H,O) from THF) or Fe(lll-benzyl
complexe$32527 Such species are unstable in the presence
of dioxygen workup and/or aerobic photoreactions, forming
the corresponding Fe(IH)OH coordination species along
with carbonyl compounds (see equation that follo#s)®
Alternatively, free radicals in solution might directly combine
with dioxygen and ultimately lead to the observed carbonyl
products via an auto-oxidation pathway (see below). Thus
it is likely that the formation of the four-electron oxidized
productsy-butyrolactone (from THF oxidation) and benzal-
dehyde (from toluene oxidation) are a result of aerobic
workup, where either free-radical species or feriadkyl
species react with dioxygen to give the corresponding
carbonyl compound&?>28Since alcohol products were not
detected during the course of reaction, we can rule out the
possibility of a rebound-type mechanism, similar to what is
typically seen in cytochrome P-450 systefidt should be
noted that in the event of intermediate formation of a (P)-
Fe''—OH or (P)F¢' —R complex, the resulting photolability

of these species could also lead to the corresponding hydroxyl
radical or alkyl radicaf32528 |t is likely that the presence

of hydroxyl radical leads to the degradation of the complex
[((L)Fe"—O—F€e"—CI]* (1) during the course of prolonged
aerobic photolysis. Finally!®O-label incorporation was
achieved only upon workup (or reaction) in the presence of
180,(g). Thus, while theu-oxo complex1 likely initiates

RCHy* + O ——» RCH,00¢* ——————>» RCH

Dechlorination Reactions via Photolysis of [lL)Fe'! —
O—F€"—CI]* (1). From the standpoint of environmental
chemistry, the dehalogenation of chlorinated compounds is
of profound importance. Specifically, chlorinated benzene
compounds have found widespread use as solvents and
pesticides and as a result have become contaminants of
terrestrial water and sdif,while R—X compounds in general

are designated as priority pollutants by USEPAs there

is precedent for biological heme or non-heme diir@xo
mediated oxidative chlorocarbon degradation with enzymes
such as cytochrome P-450 and methane monooxygena-
seb233L.82we sought to explore the use ofl[fFe"—0O—
Fe"—CI]* (1) for such chemistry.

Benzyl Chloride Dehalogenation. This chlorocarbon
compound was tested as a substrate in anticipation of its
likely being an “easy” substrate, but one for which reaction
' products could be easily identified. Neither anaerobic nor
aerobic photolysis of benzene solutions dL)Fe"—0O—
Fe'—CI]™ (1) in the presencefd M benzyl chloride resulted
in the buildup of any photoreduced species. However,
spectroscopic monitoring of reaction solutions showed that
the UV—vis bands from [L)Fe"—O—Fé&"—CI]* (1) {Amax
334, 418 (Soret), 574 nmwere replaced by absorptions
characteristic of a chloride porphyrinate iron(lll) (i.e., (P)-
Fe'—Cl) moiety {Aimax 378, 418 (Soret), 507, 648 }m
(Figure 6)2°33The identification and characterization of the
iron chloride-containing product found is given below.
Benzaldehyde 70%) was found to be the oxidative
dechlorination product, and no evidence was found to suggest
the presence of bibenzyl. Scenarios for the possible mech-
anism of formation of benzaldehyde are mentioned below.

Chlorobenzene and Dichlorobenzene Dehalogenation.
Chloroaromatics are persistent environmental pollutéhts.
As 1,2-dichlorobenzene and chlorobenzene could also serve
as solvents for reaction, we examined the photolytic reactions
(22) Nam, W.; Park, S.-E.; Lim, I. K.; Lim, M. H.; Hong, J.; Kim, J. with [(*L)Fe" —O—Fe'l—CII* (1). For the photolysis of

Am. Chem. So@003 125, 14674-14675. in neat 1,2-dichlorobenzene, U\Wis spectroscopic changes
(23) Maldotti, A.; Amadelli, R.; Bartocci, C.; Carassiti, V.; Polo, E.; Varani, made it evident that a (P)Mfe-Cl containing species was
(24) G o e T e A R Y. N Quaroni, L., formed. Similarly, the photolysis of chlorobenzene solutions

Muenck, E.; Que, L., Jd. Am. Chem. So2001, 123 12931-12932.
(25) Arasasingham, R. D.; Balch, A. L.; Cornman, C. R.; Latos-Grazynski, (29) Nowak, J.; Kirsch, N. H.; Hegemann, W.; Stan, HAgpl. Microbiol.

L. J. Am. Chem. S0d.989 111, 4357-4363. Biotechnol.1996 45, 700—-709.
(26) Johnston, M. D. InCompreshense Organometallic Chemistry (30) USEPA.40 CFR Part 1311997; pp 4215942208.

Wilkinson, G., Stone, F. G. A, Abel, E. W., Eds.; Pergamon Press: (31) Fox, B. G.; Borneman, J. G.; Wackett, L. P.; Lipscomb, J. D.

New York, 1982; Vol. 4. Biochemistry199Q 29, 6419-6427.
(27) Shin, K.; Yu, B.-S.; Goff, H. MInorg. Chem.199Q 29, 889-890. (32) Tsien, H.-C.; Brusseau, G. A.; Hanson, R. S.; Wackett, LAfl.
(28) Balch, A. L.; Hart, R. L.; Latos-Grazynski, L.; Traylor, T. G.Am. Environ. Microbiol. 1989 55, 3155-3161.

Chem. Soc199Q 112, 7382-7388. (33) Groves, J. T.; Nemo, T. H. Am. Chem. S04983 105 6243-6248.
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involving the photochemically generated-Faxo species
derived from [fL)Fe"—O—F€&"—CI]™ (1).

Characterization of the {[(6L)Fe"" —Cl---Fe'"' —Cl],0}?"
Product (3). Fate of the Chlorine Atom. The common
product from the photolysis reactions dil[jFe" —O—Fé"—
CI]* () performed in chlorinated solvents (or with benzyl
chloride/benzene) is the comple}f(6L)Fe" —Cl---Fe'' —
Cl].0}2* (3). The UV—vis spectrum of synthetically isolated
{[((L)Fe" —Cl---Fe'—CI],0}?* (3) in CH,Clz { Amax 375, 416
(Soret), 508, 576, 650 nmfrom a 1,2-dichlorobenzene
reaction (see Experimental Section) is identical to the
spectrum of the solutions obtained after photolysis @f)f
Fe''—O—Fe"—CI]" (1) in chlorobenzene, dichlorobenzene,
or benzene/benzyl chloride. The absorbance in the charge-
transfer regionA{max ~ 380 nm) is typical of both (P)fe-

Cl complexes and non-heme diiron(lll) [(TMPA)fte

Cl],0?" complexes{TMPA = tris-pyridin-2-ylmethyl-
aming 33735 A porphyrin-base Soret transition Btax = 416

nm coupled with Q-bands centerediatx = 508, 576, and
650 nm is also consistent with a high spin (P)FeCI
formulation®® Elemental analysis suggests that the formula-
tion {[(°L)Fe"—ClI---F€"—ClI],0}?" (3) is correct, with
solvation of 2 equiv of water. This formulation is further
supported by ESI-MS measurements, which showenan
1221 species corresponding to the catiéh)ffe—Cl:--Fe—

Figure 6. UV —vis spectra of fL)Fe"'—O—Fé"—CI|* (1) (—) and the
resulting photolysis product (- - -), (P)te-Cl containing specie8 (see

text).
7\ Cl Cl 7\
= N =( LN\
: & \: &

Chart 2

N l\\l \Cl 2+ CI]* derived from the cleavage of the non-heme-iBe-Fe
=" e bond (Supporting Information, Figure S5). An additional
LN - 3 peak, as a result of methanol coordination to the non-heme
/0 . R Fe site, accounts for the peak foundnalz 1251 [EL)Fe—
eip S SN FeiN-2 O Cl--Fe(OMe)-Cl]*. The adventitious reaction dff(6L)-
V’U TNNE D Fe''—Cl---Fé" —ClI],0} 2* (3) with methanol, a solvent used
Arf

for ESI mass spectrometry, is not surprising given the fact
that [6L)FE"—O—F€"—CI]" (1) has been shown to react
with methanol and form an irepmethoxy compleX. *H
of [((L)Fe"—O—F€"—CI]* (1) resulted in the formation of  NMR spectroscopic investigation Gfreveals a signal at
an identical (P)P&—CI containing complex. The U¥vis 81 ppm and is assigned as a pyrrole proton peak highly
spectra from the products of these two reactions matchedcharacteristic of a high-spin (P)fte Cl complex (Supporting
the spectra from the reaction in benzene/benzyl chloride, asinformation, Figure S63¢37 Additional multiplet signals
described above. found até 14.14,12.8, 6.92, and 6.83 ppm are derived from
An analysis of the organic, and presumably dehalogenated pyridyl proton resonances that stem from the TMPA-Fe
reaction products was undertaken. For reactions in 1,2-moiety (Supporting Information, Figure SP)Such signals,
dichlorobenzene, the identifiable organic products included in the diamagnetic region, are consistent with either low spin
two isomers (corresponding to two new GEIS peaks with ferrous TMPA-like systems or antiferromagnetically coupled
the samam'z) with the chemical formula GHCls (m/z 258 Fe''—O—F€" complexes, as described by Que, Jr., and co-
with isotope pattern consistent with this formulation; Sup- workers34* Given the combinedH NMR, elemental, and
porting Information, Figure S3); the probable structures are mass spectral data, it is likely that the non-heme iron site is
shown in Chart 2. Similarly, photolysis reactions conducted an antiferromagnetically coupled non-heme"F©—Fé"
in chlorobenzene resulted in the formation of two organic species. Unfortunately, we have been unsuccessful at growing
dehalogenation products with the chemical formulaHs- X-ray quality crystals of [(°L)Fe" —Cl---Fe" —CI].0}*" (3),
Cl (m/z 189 with isotope pattern consistent with this which would have helped to absolutely confirm this structural
formulation; Supporting Information, Figure S4); the struc-

: : ; (34) zZang, Y.; Kim, J.; Dong, Y.; Wilkinson, E. C.; Appelman, E. H.; Que,
tures of Whlch are shown in Chart 2. As _authen_tlc samples L. Jr. 3. Am. Chem. S0d.997 119, 4197--4205.
of these biphenyl products were not available, information (35) Kojima, T.; Leising, R. A.; Yan, S.; Que, L., Jf. Am. Chem. Soc.

in regards to the phenyl substitution pattern or exact yield (36) }(%?ﬁnllé é};?ﬁ’;] %ﬁgﬁ?mar, A: Fox, .; Murthy, N. N.: Ravi, No
of organic product formation was not possible. In any case, Huynh, B. H.. Orosz, R. D.: Day, E. B. Am. Chem. Sod.994 116,
the formation of these products represents a dehalogenation = 4753-4763. , _ _

and coupling of chlorinated aromatic compounds. BotH3T (37) Walker, F. A InPorphyrin HandbookKadish, K. M., Smith, K. M.,
and C-H bond activation and cleavage occur, presumably (38) Chiou, Y.-M.; Que, L., JrJ. Am. Chem. S04995 117, 3999-4013.

{[CLyFe"-CI._Fe-CI,05%*

Guilard, R., Eds.; Academic Press: New York, 2000; Vol. 5.
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assignment. Given that no other Fe products were obtained

during the course of these reactions, it appears that the “new” 0 O pe
chloride ligands in the compleX[(6L)Fe"—Cl---Fe"— Fe

Cl].0}?* (3) (relative tol) are derived from the solvent via I]

the dechlorination reactions.
Mechanistic Considerations. Photochemistry of [()- .
Fe'' —O—F€e" —ClI]* (1) in Benzene/Benzyl ChlorideUn- 355 nm
like the cleavage of aromatic-Cl bonds (BDE~ 97 kcal/
mol) in the photolysis in neat chlorobenzene or 1,2-

dicholorobenzene, benzylic-€&Cl bonds are considerably ”” |] o,
weaker (BDE~ 74 kcal/mol). The lack of observable thi-Fel  O=Feg"|or| Fe' Fes
bibenzyl product (vide supra) suggests the absence of free ”

benzyl radical during the course of reaction. Therefore, we
propose that the initially formed high-valent irenxo . o
photoproduct (see Figure 5) reacts in a concerted fashion C[ (:[

with benzyl chloride producing a (P)te-Cl---Fé'"— cl
OCH,CgHs alkoxy species (see equation that follows). This C-Cl C-H

: . c !
reaction can also be thought of as occurring by combination cleavage ,  Cleavage

of the Fd---Fe"—O (Figure 5C) with the homolytic cleavage ©\ C[C'
products of benzyl chloride (i.e., Gind GHsCHy*). Fe''— cl al
OCH,C¢Hs reacts with hydroxide (during alumina workup)

producing a (formal) carbanion intermediate which rearranges

to give benzaldehyde and reduced iron"(F€l---Fe'); the !
latter reoxidizes t§[(°L)F€" —Cl+--Fe"'—Cl],0} 2" (3) in the /7 N\ o A

aerobic workup. We should note that so-fornié@-labeled 3+ —\\}:§ + H0

benzaldehyde, which should be produced from the I:)hOt()lySiSFigure 7. Proposed photochemic(::;lly (;rived reaction pathway to account
of [(GL)F_e“l_(180)_Fé“_C|]B(C6F_5)4 (1-*%0) or by _the for the formation of a (P)RE—CI product and the observed coupled,
photolysis of'80, saturated solutions df, would rapidly dehalogenated product. See text for further discussion.

exchange with water on the alumina, productf@-labeled
benzaldehyde, as experimentally observed. The use of adde
H,'0 in attempts to incorporate a#0-labeled carbonyl into
benzaldehyde was also unsuccessful, but we found that wate
strongly inhibited photochemistry in the first place.

alerobic photolysis reactions were the same, representing two
substrate molecules which have been coupled with formal
ss of HCI. It should be noted that the diferrous compound
F(DGL)Fe”---Fe”—CI]Jr (2) is thermally stable in chlorobenzene
and dichlorobenzene, so it is likely tHatloes not react with

Fe'..-Fd"'—0" — Fé" —Cl-+-F" —~O0—CH,CHs the halogenated solvent. The photochemical dehalogenation
of substrates such as Gy ethanol, photocatalyzed by
Fd'—Cl-+-Fd" —O—CH.C.H. + OH — — hemes, has been proposed to involve formal HCI ard CI
2%~6 '5

: | species? which are likely intermediates from our photo-
Fel—Cl---Fé' + CeHsCHO + H,0 chemistry, as well. In the event that a transiently photore-
duced (P)Fé species could react with dioxygen during the
Fe'—Cl---Fd' +0,—~—3 course of aerobic reactions, the product would be reformation
of the parent [{L)Fe"'—O—Fé&"—CI]*" (1) and re-entry into
Mechanistic Considerations. Chloroaromatic Dehalo- the photocycle. The photoprodu¢f(éL)Fe" —Cl---Fe'—
genation and Formation of 3.A proposed reaction pathway  C|],0}2+ (3) is neither photochemically active or reactive

to account for the formation of[(°L)Fe"—Cl---Fe!'— with dioxygen. It does, however, degrade (i.e., bleach) if
Cl],0}?* (3), along with the dehalogenated and coupled prolonged photolysis is carried out.

organic products, is shown in Figure 7. Solutions ofitkexo

complex [fL)Fe"—O—Fée!'—CI]* (1), prepared in chlo- Summary and Conclusions

robenzene or dichlorobenzene, are subjected to photolysis The heme/non-heme diiranoxo complex [fL)Fe" —O—
resulting in the formation of a reactive Fexo intermediate. Fé''—CI]* (1) photoreduces, under anaerobic conditions, to
This species is likely capable of both aromatie-i& and give the corresponding diferrous compourfiL]Fe'-Fe! —
C—Cl bond cleavage. In the case of chloride or chlorine atom ClIB(CeFs)s (2). The photoreaction proceeds only in the
abstraction, an Fe-OCI hypochlorite intermediate may presence of an O-atom acceptor (e.g., #®hin a solvent
form3* The observed biphenyl trichloride products represent \yith reactive CG-H bonds (e.g., THF and toluene; BDE

a combination of processes, where the initially formed-Fe g kcal/mol). By contrast, in benzene & BDE > 100

oxo species either cleaves a-Cl bond or a G-H bond. kcal/mol) no photoreaction occurs. The photoreduction of
The reaction products formed either under anaerobic or

(40) Maldotti, A.; Andreotti, L.; Molinari, A.; Carassiti, VJ. Biol. Inorg.
(39) Rodriguez, R. E.; Kelly, H. Cnorg. Chem.1989 28, 589-593. Chem.1999 4, 154-161.
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[((L)Fe"—O—Fe"—CI* (1) is the first u-oxo bridged of the parent [{L)F€"—-O—Fe&"—CI]* (1). The isolated
(heme)F¥ —O—F€'"(non-heme) complex to demonstrate metallo-complex{[(éL)Fe" —ClI---F€"—ClI],0}?" (3) is a
photochemically initiated oxygen atom transfer (OAT) tetraferric species with @-0xo non-heme diiron bridge. The
chemistry of a similar nature to the heme-only systems. observed organic reaction products from photolysis reactions
Analysis of the organic reaction products revealed a quantita-performed in 1,2-dichlorobenzene and chlorobenzene in-

tive O-atom transfer to triphenylphosphine (to give-RPh), cluded biphenyl trichlorides and biphenyl monochlorides,
and multiple turnovers were possible with dioxygen present, respectively. By contrast, the photolysis ofL(Fe" —O—
suggesting photocatalysis and f@oxidation of2 to 1. In Fe"—CI]™ (1) in benzene/benzyl chloride resulted in the

the case of photolysis reactions performed in solvents with formation of {[(éL)F€" —CI---Fe" —Cl],0}2" (3) and ben-
weak C-H bonds, we suggest that homolytic-€l bond zaldehyde. The source of the oxygen atom in the product
cleavage occurs via a photochemically generateddxe benzaldehyde is likely derived from dioxygen in the ambient
intermediate, as suggested in transient absorption laseratmosphere. Further investigations will be carried out to
photolysis studies. Organic radical species further react with explore the scope and utility ofS[()Fe" —O—Fe"—CI]* (1)
dioxygen derived from workup leading to the observed or new analogues as a photoreagent or photocatalyst for the
carbonyl products. In the case of photolysis carried out under degradation of environmentally relevant chlorocarbons and
a dioxygen atmosphere, it is possible to achieve multiple other organic substrates.

product turnovers from THF te-butyrolactone and from
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compounds. We discovered that a reactive species, photo-
generateq from ﬂ')Fé”_o_Fé”_Cl]t (1)’. Was ,S:apab!e anaerobic photoreduction dfto 2 in benzene/PRh(Figure S1)

(_)f aromf’:ltlc C-Cl bond cleavage. The "additional” chloride and in toluene (Figure S2), mass spectral data for the organic
ligands in the complex[(°L)Fe"' —Cl---Fe!' —CI],0}*" (3), dehalogenation products derived from photoreactiod of 1,2-

relative to the starting mater_iaF’L()Fe'”—O—Fé”—CI]* (1), dichlorobenzene (Figure S3) and chlorobenzene (Figure S4), and
are derived from solvent (dichlorobenzene, chlorobenzene)spectral data for compour@8lincluding ESI-MS (Figure S5) and

or substrate (benzyl chloride) dechlorination. The reactions 'H NMR spectra (Figures S6 and S7). This material is available
were found to proceed under both aerobic and anaerobicfree of charge via the Internet at http://pubs.acs.org.
conditions, suggesting that the rapid build-up of a terminal

(P)F¢" —Cl chloride species serves to block the (re)formation 1C0490932
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