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Abstract: Many nonheme iron-dependent enzymes activate dioxygen to catalyze hydroxylations of arene
substrates. Key features of this chemistry have been developed from complexes of a family of tetradentate
tripodal ligands obtained by modification of tris(2-pyridylmethyl)amine (TPA) with single a-arene substituents.
These included the following: —CsHs (i.e., 6-PhTPA), L1; —0-CeH4D, 0-di-L1; —CeDs, ds-L1; —m-CgHaNO,,
Lz; —m-C5H4CF3, L3; —m-CeH4CI, L4; —m-CsH4CH3, L5; —m-C6H4OCH3, Ls; _p-C5H4OCH3, L. Additionally,
the corresponding ligand with one a-phenyl and two o-methyl substituents (6,6-Me,-6-PhTPA, Ls) was
also synthesized. Complexes of the formulas [(L;)Fe"(NCCHs),](ClOu,),, [(Ly)Fe"(OTf),] (n = 1-7, OTf =
~03SCFs3), and [(Lg)Fe'"(OTf),], were obtained and characterized by *H NMR and UV—visible spectroscopies
and by X-ray diffraction in the cases of [(L1)Fe"(NCCHz3)2](ClO4)2, [(Ls)Fe"(OTf),], and [(Ls)Fe"(OTf),]2. The
complexes react with tert-butyl hydroperoxide (‘BuOOH) in CH3CN solutions to give iron(lll) complexes of
ortho-hydroxylated ligands. The product complex derived from L, was identified as the solvated monomeric
complex [(L;O~)Fe"?* in equilibrium with its oxo-bridged dimer [(L;O~).Fe">(u2-0)]?*, which was character-
ized by X-ray crystallography as the BPh,~ salt. The Lg product was also an oxo-bridged dimer, [(LsO™),-
Fe'l,(u2-0)]?*". Transient intermediates were observed at low temperature by UV—visible spectroscopy,
and these were characterized as iron(lll) alkylperoxo complexes by resonance Raman and EPR
spectroscopies for L; and Ls. [(L1)Fe"(OTf),] gave rise to a mixture of high-spin (S = 5/2) and low-spin (S
= 1/2) Fe"-OOR isomers in acetonitrile, whereas both [(L1)Fe(OTf),;] in CH,Cl, and [(Ls)Fe(OTf),]2 in
acetonitrile afforded only high-spin intermediates. The L; and Lg intermediates both decomposed to form
respective phenolate complexes, but their reaction times differed by 3 orders of magnitude. In the case of
L1, *0 isotope labeling indicated that the phenolate oxygen is derived from the terminal peroxide oxygen
via a species that can undergo partial exchange with exogenous water. The iron(lll) alkylperoxo intermediate
is proposed to undergo homolytic O—0O bond cleavage to yield an oxoiron(lV) species as an unobserved
reactive intermediate in the hydroxylation of the pendant a-aryl substituents. The putative homolytic chemistry
was confirmed by using 2-methyl-1-phenyl-2-propyl hydroperoxide (MPPH) as a probe, and the products
obtained in the presence and in the absence of air were consistent with formation of alkoxy radical (RO).
Moreover, when one ortho position was labeled with deuterium, no selectivity was observed between
hydroxylation of the deuterated and normal isotopomeric ortho sites, but a significant 1,2-deuterium shift
(“NIH shift”) occurred. These results provide strong mechanistic evidence for a metal-centered electrophilic
oxidant, presumably an oxoiron(IV) complex, in these arene hydroxylations and support participation of
such a species in the mechanisms of the nonheme iron- and pterin-dependent aryl amino acid hydroxylases.

Introduction as key turnover intermediates and afford two-electron couples,
Fe''/(Fe’=0 or L~*F&V=0) for heme, F&/F&V=0 for mono-
metallic nonheme, and Fe/FeV,0, for bimetallic nonheme
enzymes, to accomplish oxo atom transfer. While direct physical
evidence for high-valent species has been obtained for heme
'enzyme$and methane monooxygenasajch species have yet
to be observed in the catalytic cycles of any mononuclear
nonheme iron enzymes.

The aryl amino acid hydroxylases are a family of nonheme,
iron(ll)-dependent enzymes consisting of three closely related

(1) Sono, M.: Roach, M. P.: Coulter, E. D. Dawson, J Ghem. Re. 1996 oxidases essential to mammalian physiology, namely phenyl-
96, 2841. alanine (PheH), tyrosine (TyrH), and tryptophan (TrpH) hy-

Metal-mediated oxygen atom transfer to organic substrates
is a common mechanistic feature in the enzymology of a broad
range of heme and nonheme iron-containing oxygenase en-
zymes. The former category includes the cytochromes P450
nitric oxide synthases, prostaglandin H synthases, and chloro-
peroxidase$.Among the latter are monometallic-keto acid-
and pterin-dependent hydroxylademd diiron methane mo-
nooxygenasesHigh-valent iron-oxo complexes are invoked
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droxylase$. The catalytic domain sequences of these enzymes formation of the hydroxylating intermediat&(vi) This com-
are more than 80% identical, and iron(ll), reduced tetrahydro- petition exhibits a strong substituent effect when 4-substituted
biopterin (BH;), and dioxygen are required to selectively phenylalanines are utilized as substrates, which is consistent
hydroxylate the aromatic rings. Crystallographic studies show with an electron-deficient transition stafe(vii) The absence

that the iron(ll) center is ligated by a recurring 2-His-1-
carboxylate facial triad mofifarising from amino acid side
chains and water molecules in close proximity to J£H

of such effects on overall rates of pterin oxidation is consistent

with rate-limiting formation of a hydroxylating intermediate

prior to actual hydroxylation of the substratégviii) A disputed

Biophysical studies and DFT calculations suggest a reaction peroxide shunt mode has been reported for TyrH ap@,H®

mechanism in which iron(ll) and BHreact with dioxygen to
form an iron(ll}-peroxo complex, Scheme®l-eterolysis of
the bound G-O bond forms BHOH and oxoiron(IV), which

A few reports of model chemistry are relevant to this oxidase
enzymology. These include iron-catalyzed oxygenations of
coordinated phenolates and arene ligand substituents,by O

reacts as an electrophile toward the aromatic substrate. Releaseeductant couple¥.!8 Related peroxide-driven reactions also
of BHy, H;O, and the hydroxylated product completes the are known®-20 However, examinations of the scope and
turnover. Attention also is called to analogous examples of post- mechanisms of such reactivity remain incomplete.

translational oxidative modification of aromatic residues in the

vicinity of nonheme iron active sités.

As noted previously, direct evidence for oxoiron(IV) as the iron oxygenases and as catalysts for selective oxidative trans-

Our laboratory has utilized iron complexes of tris(2-pyridyl-
methylamine) (TPA) and related ligands as models of nonheme

hydroxylating intermediate is lacking. However, several obser- formations of organic substratés.Such complexes were

vations support this assignment: (i) TyHD/80 kinetic isotope

demonstrated to catalyze hydroxylation of alkanes, epoxidation

effects are consistent with formation of a pterin hydroperoxide andcis-dihydroxylation of olefins, and sulfoxidation of organic

from O,.11 (ii) Observations of NIH shifts on aryl substrates

sulfides by peroxides. Evidence has accumulated suggesting

are indicative of cationic intermediates and are consistent with these chemistries are mediated by high-valent-ioxo spe-
O-atom transfef:!? (iii) Reaction of deuterated substrate at a cies?!22 including the ability to induce asymmetry in certain
truncated TrpH catalytic domain yields an inverse kinetic isotope products using chiral ligand derivativésHowever, the mech-

effect, consistent with partially rate-limiting electrophilic attdck.
(iv) TyrH and PheH convert 4-Ciphenylalanine into a mixture
of 3- and 4-methyltyrosines and 4-HOGHhenylalaning? (v)
Consumption of reduced pterin and, @y TyrH can be

uncoupled from product formation, indicative of competitive

(2) (a) Que, L., Jr.; Ho, R. Y. NChem. Re. 1996 96, 2607. (b) Solomon, E.
I.; Brunold, T. C.; Davis, M. |.; Kemsley, J. N.; Lee, S.-K.; Lehnert, N.;
Neese, F.; Skulan, A. J.; Yang, Y.-S.; Zhou,Chem. Re. 200Q 100,
235.

(3) (a) Waller, B. J.; Lipscomb, J. BChem. Re. 1996 96, 2625. (b) Merkx,
M.; Kopp, D. A.; Sazinsky, M. H.; Blazyk, J. L.; Mler, J.; Lippard S. J.
Angew. Chem., Int. EQ001, 40, 2782.

(4) (a) Schlichting, I.; Berendzen, J.; Chu, K.; Stock, A. M.; Maves, S. A;;
Benson, D. E.; Sweet, R. M.; Ringe, D.; Petsko, G. A.; Sligar, S¢&nce
200Q 287, 1615. (b) Kellner, D. G.; Hung, S. C.; Weiss, K. E.; Sligar, S.
G. J. Biol. Chem2002 277, 9641.

(5) (a) Lee, S.-K.; Nesheim, J. C.; Lipscomb, J.DBiol. Chem1993 268,
21569. (b) Shu, L.; Nesheim, J. C.; Kauffmann, K.; Mk, E.; Lipscomb,
J. D.; Que, L., JrSciencel997, 275, 515. (c) Valentine, A. M.; Stahl, S.
S.; Lippard, S. JJ. Am. Chem. Sod 999 121, 3876.

(6) (a) Kappock, T. J.; Carradona, J. €hem. Re. 1996 96, 2659. (b)
Fitzpatrick, P. FAnnu. Re. Biochem 1999 68, 355.

(7) Hegg, E. L.; Que, L., JiEur. J. Biochem1997 250, 625.

(8) (a) Flatmark, T.; Stevens, R. Chem. Re. 1999 99, 2137. (b) Que, L.,
Jr. Nat. Struct. Biol 200Q 7, 182.

(9) (a) Moran, G. R.; Derecskei-Kovacs, A.; Hillas, P. J.; Fitzpatrick, R. F.
Am. Chem. So200Q 122 4535. (b) Bassan, A.; Blomberg, M. R. A.;
Siegbahn, P. E. MEur. Chem. J2003 9, 106.

(10) (a) Ornio M.; deMare F.; Regnstim, K.; Aberg, A.; Sahlin, M.; Ling, J.;
Loehr, T. M.; Sanders-Loehr, J.; ®erg, B.-M.J. Biol. Chem1992 267,
8711. (b) Baldwin, J.; Voegtli, W. C.; Khidekel, N.; More-Loccoz, P.;
Krebs, C.; Pereira, A. S.; Ley, B. A;; Huynh, B. H.; Loehr, T. M.; Riggs-
Gelasco, P. J.; Rosenzweig, A. C.; Bollinger, J. M. JJ/Am. Chem. Soc
2001, 123 7017. (c) Liu, A.; Ho, R. Y. N.; Que, L., Jr.; Ryle, M. J.; Phinney,
B. S.; Hausinger, R. RJ. Am. Chem. So2001, 123 5126.

(11) Francisco, W. A.; Tian, G.; Fitzpatrick, P. F.; Klinman, JJPAm. Chem.
Soc 1998 120, 4057.

(12) Guroff, G.; Daly, J. W.; Jerina, D. M.; Renson, J.; Witkop, B.; Udenfriend,

S. Sciencel967 157, 1524.
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anisms of these reactions vary depending on the added

(13) (a) Siegmund, H.-U.; Kaufman, 8. Biol. Chem 1991, 266, 2903. (b)
Hillas, P. J.; Fitzpatrick, P. FBBiochemistry1996 35, 6969. (c) Frantom,
P. A.; Pongdee, R.; Sulikowski, G. A.; Fitzpatrick, P. F.Am. Chem.
Soc 2002 124, 4202.

(14) Davis, M. D.; Kaufman, SJ. Biol. Chem 1989 264, 8585.

(15) Fitzpatrick, P. FBiochemistry1991, 30, 6386.

(16) (a) Dix, T. A.; Kuhn, D. M.; Benkovic, S. Biochemistryl987, 26, 3354.
(b) Ribeiro, P.; Pigeon, D.; Kaufman, $. Biol. Chem 1991, 266, 16207.

) (a) Hage, J. P.; Sawyer, D. J. Am. Chem. Sod995 117, 5617. (b)

Funabiki, T.; Yokomizo, T.; Suzuki, S.; Yoshida, Shem. Commuri997,

151. (c) Hegg, E. L.; Ho, R. Y. N.; Que, L., Ji. Am. Chem. Sod999

121, 1972.

(18) (a) Manage, S.; Galey, J.-B.; Hussler, G.; Selk; Fontecave, MAngew.
Chem., Int. Ed1996 35, 2353. (b) M@age, S.; Galey, J.-B.; Dumats, J.;
Hussler, G.; SeiteM.; Luneau, |. G.; Chottard, G.; Fontecave, M.Am.
Chem. Soc1998 120, 13370.

(19) Mekmouche, Y.; Meage, S.; Toia-Duboc, C.; Fontecave, M.; Galey, J.-
B.; Lebrun, C.; Peaut, J.Angew. Chem., Int. EQ001, 40, 949.

(20) Kitajima, N.; Ito, M.; Fukui, H.; Moro-oka, YJ. Am. Chem. Sod993
115 9335.

(21) (a) Leising, R. A.; Norman, R. E.; Que, L., Jnorg. Chem 199Q 29,
2553. (b) Leising, R. A.; Brennan, B. A.; Que, L., Jr.; Fox, B. G.indk,
E. J Am. Chem. Socl99], 113 3988. (c) Kojima, T.; Leising, R. A,;
Yan, S.; Que, L., JrJ. Am. Chem. Sod 993 115 11328. (d) Kim, J.;
Larka, E.; Wilkinson, E. C.; Que, L., JAngew. Chem., Int. EA995 34,
2048. (e) Kim, J.; Dong, Y.; Larka, E.; Que, L., lnorg. Chem 1996 35,
2369. (f) Kim, J.; Harrison, R. G.; Kim, C.; Que, L., &.Am. Chem. Soc
1996 118 4373. (g) Kim, C.; Chen, K.; Kim, J.; Que, L., Jr.Am. Chem.
Soc 1997 119 5964. (h) Chen, K.; Que, L., JAngew. Chem., Int. Ed
1999 38, 2227. (i) Chen, K.; Que, L., JEhem. Commuril999 1375. (j)
Costas, M.; Chen, K.; Que, L., Jtoord. Chem. Re 200Q 200-2, 517.
(k) Miyake, H.; Chen, K.; Lange, S. J.; Que, L., norg. Chem 2001,
40, 3534. (I) Chen, K.; Que, L., Jd. Am. Chem. So@001, 123 6327.
(m) Chen, K.; Costas, M.; Kim, J.; Tipton, A. K.; Que, L., JrAm. Chem.
Soc 2002 124, 3026. (n) Ryu, J. Y.; Kim, J.; Costas, M.; Chen, K.; Nam,
W.; Que, L., JrChem. Commur2002 1288.

(22) MacFaul, P. A;; Ingold, K. U.; Wayner, D. D. M.; Que, L., JrAm. Chem.
Soc 1997 119 10594.

(23) Costas, M.; Tipton, A. K.; Chen, K.; Jo, D.-H.; Que, L., JrAm. Chem.
Soc 2001 123 6722.
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Scheme 2 Scheme 3
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2 R
oxidant?122 |n the particular case dert-butyl hydroperoxide CH,
(‘BuOOH), O-0 bond homolysis was proposed, leadingetd- R'=H.R Ls @

butoxy radical BuCr) and oxoiron(IV)?2 Aliphatic C—H bond
hydroxylation then occurs through sequential H-atom abstraction
by 'BuC and recombination of the alkyl radical at oxoiron- L @
(IV), so the metal-centered oxidant is utilized only indirectly. N
We sought to modify the TPA ligand to introduce a substituent L, O
that would react directly with the high-valent species, as
observed for 2Cu(1)/@?** and 2Ni(ll)/H,O, couples?® CFs
Accordingly, we reported that substitution of anphenyl Ls —Q
substituent for hydrogen on one pyridyl ring of TPA (e.g., C
6-PhTPA, L3)%6 resulted in an efficient intramoleculartho- @
hydroxylation when an acetonitrile solution of the complex salt
[(6-PhTPA)F&(NCCHz)](ClO,), is treated with 'BuOOH,

Scheme 27 This reaction bears a stro_ng resemblance to that 2-pyridylmethyl)aminé! 6-bromo-2-pyridinecarboxaldehy@ortho-
afforded by PheH and can be con_S|dered a model for the di-bromobenzen® and Fe(OTH-2CHCN* were synthesized by
gnknown peroxide Shu.nt. We have since broadened th(_':' chemyjerature procedures. All other reagents were purchased from Aldrich.
istry of Scheme 2 to include the range of aryl substituents | igand SynthesesThe preparation of thertho-d; isotopomer of
summarized in Scheme 3. Methyl substituents also were addedy, (o-d;-L,) is described below and outlined in Scheme 3. Other ligands
to the other pyridine arms to control the donor properties of were obtained in an identical manner by substitution of the appropriate
the ligand and the spin state of the ifiThis paper describes  aryl boronic acid (L—Lsg) or bis(6-methyl-2-pyridylmethyl)amine ¢

the syntheses of Fe(ll) complexes of this ligand range and The ligands were characterized By NMR spectroscopy (vide infra)
reactivity of the solvated cations (i.e., [(L)RBICCHs)2]2") with and were fr_ee of o_bserv_able impurities except for trace amounts of
'BUOOH, including spectroscopic detection of reaction inter- 8-aryl-2-pyridylcarbinols in some cases. _

mediates and characterization of product complexes (i.e. Preparation of 0-di-L (6-0-d-PhTPA). An aliquot of o-d-

_ . . " bromobenzene (4.00 g, 25.3 mmol) was dissolved in dry THF (50 mL)
I 2+
[(LO")FE'(NCCHy)J*") and free phenol ligands (i.e., LOH). in a three-neck flask equipped with a gas inlet and a dropping funnel.

These results a_re_lnteno_led _to support further qugntltatlve KiNetiC 1ha solution was cooled to78 °C under a constant purge of dry argon
and mechanistic investigation of the hydroxylation reactfon. a5 An aliquot (20 mL) of 4BuLi solution (1.6 M in hexane) was

Ls

2-Methyl-1-phenyl-2-propyl hydroperoxide (MPPFf)bis(6-methyl-

transferred by cannula into the dropping funnel and slowly added over
5 min into the cold reaction solution. After the solution was stirred for
Materials. All materials used were ACS reagent grade or better and 1 h, B(OMe} (4.00 mL, 36 mmol) was added, and the new solution
were used as received, except for drying and degassing of bulk solventswas allowed to warm gradually to room temperature overnight. To the
by routine methods as required. NMR solvents were used as receivedwhite suspension was cautiously added 1.0 M HCI (50 mL). After the
from Cambridge Isotope Labs. Aryl boronic acids were purchased from mixture was stirred for 1 h, the aqueous layer was separated and
Aldrich and Lancaster. Pd(PBhwas purchased from Lancaster. Bis-  extracted with CHCI, (2 x 50 mL). The extracts were combined with
(2-pyridylmethyl) amine was purchased from Richman Chemicals. the organic layer, washed with water, and dried oves3C. Removal

of solvent by rotary evaporation yielded cruokel;-phenylboronic acid

(24) (a) Karlin, K. D.; Hayes, J. C.; Gultneh, Y.; Cruse, R. W.; McKown, J. 0, - -2-pvridi -
W.; Hutchinson, J. P.; Zubieta, J. Am. Chem. S0d 984 106 2121. (b) (1.87 g, 15.2 mmol, 60%). A Sampl? of 6 bro.mo 2 pyrldlnecarbogal
Karlin, K. D.: Nasir, M. S.: Cohen, B. I.: Cruse, R. W.: Kaderli, s.: dehyde (2.05 g, 11.0 mmol) was dissolved in toluene (15 mL) in a
%ubfrbuethler,’\?. I%Jh. Ahm. C\Penl_i- SCO¢|5294 1#6 13;\124-K(C) |$>h,FS-Ii Korld_tlS three-neck flask capped with a gas inlet, a condenser with a gas outlet

.; Komatsu, M.; Ohshiro, Y.; Li, C.; Kanehisa, N.; Kal, Y.; Fukuzumi, S. .

3Am. Chem. Sod995 117, 4714. (d) Itoh, S.: Nakao, H.; Berreau, L. to_ a bubbler, and a glass stopper. The reaction apparatl_Js was ﬂus_hed
M.; Kondo, T.; Komatsu, M.; Fukuzumi, 9. Am. Chem. S0d 99§ 120, with argon. Pd(PPJ) (0.30 g, 0.3 mmol) was suspended in anaerobic

2890 and references therein. (e) Holland, P. L.; Rodgers, K. R.; Tolman, i i
W. B. Angew. Chem. Int. EL999 38, 1139 and references therein. () toluene (5 mL), and the suspension was added to the reaction flask

ltoh, S.; Taki, M.; Nakao, H.; Holland, P. L.; Tolman, W. B.; Que, L., Jr.,  @gainst an active argon purge, followed by aqueous 2.0 BCRa(10

Experimental Section

Eukuzu_m& SF-A__ngeW- sChﬁm" tInt. Etgoosa]_?& ?Bﬁ(g)tH?\yalihi'sH'; . mL) and the crude ah-phenylboronic acid dissolved in methanol (8
ozumi, K.; Fujinami, S.; Nagatomo, S.; Iren, K.; Furutachnl, H.; SUZUKI, H

PRTIN A_J; Kitagawa TgChem. Lott2002 416. mL). The flask was capped, anq the suspension was heated to reflux
(25) (a) Itoh, S.; Bandoh, H.; Nagatomo, S.; Kitagawa, T.; Fukuzuml, 8m. for 10 h. A 2.0 M aqueous solution of N&Os) (40 mL) and CHCI,

Chem. Soc1999 121, 8945. (b) Shiren, K.; Ogo, S.; Fujinami, S.; Hayashi, i
H. Suzuki. M- Ushara, A. Watanabe. Y. Mor-oka. Y. Am. Chem. (100 mL) were added to the cooled solution. The aqueous phase was

Soc 200Q 122, 254. (c) Itoh, S.; Bandoh, H.; Nakagawa, M.; Nagatomo, ~S€parated and extracted with fresh £h (1 x 25 mL), and the
S.; Kitagawa, T.; Karlin, K. D.; Fukuzumi, SI. Am. Chem. So001,

123 11168. . .
(26) Chuang, C.-L.; Lim, K.; Canary, J. V&upramol. Cheml995 5, 39. (30 féggdfﬂ' 4\{\418 E.i Ingold, K. U.; Wayner, D. D. M. Am. Chem. Soc
(27) Lange, S. J.; Miyake, H.; Que, L., Jr. Am. Chem. S0d4999 121, 6330. (31) Da Mota, M. M.; Rogers, J.; Nelson, S. . Chem. Soc. A969 2036.
(28) Zang, Y.; Kim, J.; Dong, Y.; Wilkinson, E. C.; Appelman, E. H.; Que, L., (32) Cai, D.; Hughes, D. L.; Verhoeven, T. Retrahedron Lett1996 37, 2537.
Jr.J. Am. Chem. S0d997 119, 4197. (33) Renaud, R. N.; Kovachic, D.; Leitch, L. Can. J. Chem1961, 39, 21.
(29) Jensen, M. P.; Que, L., Jr. Unpublished results. (34) Hagen, K. SInorg. Chem 200Q 39, 5867.
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combined organic extracts were dried overnight £@;). A major
product was revealed by TLC on silica (4:1 v:v @Hhb—toluene) aR
0.59 (vs 0.49 for 2- bromo-6-pyridinecarboxaldehyde-6é,-Phenyl-
2-pyridinecarboxyaldehyde was obtained following column chroma-
tography on silica (1:1 v:v CkCl,—toluene) as a pale yellow oil (1.38

g, 7.5 mmol, 68% vs 6-bromo-2-pyridinecarboxaldehyde, 49% vs
deuterium). Successful separation 06-6h-phenyl-2-pyridinecarbox-
aldehyde was indicated by appearance tHl & MR spectrum (CDG)

[(0-ch-L1)Fe' (NCCH3),)(ClO 4)2. Crystals of 6e-d;-PhTPA ©-d:-
L4, 0.225 g, 0.61 mmol) were dissolved in EN (5 mL) under a N
atmosphere. A solid sample of Fe(G)®nH,0 (0.190 g, 0.47 mmol,
n = 8.3) was added, and the yellow-green solution was stirred for 30
min. The reaction solution was poured onto,8@ and stirred 2.0 h.
The solution was decanted and filtered twice. Dry ether (ca. 20 mL)
was added until the solution was persistently cloudy, and the solution
was allowed to stand overnight at ambient temperature. The product

of a single aldehyde resonance at 10.17 ppm, compared to 6-bromo-crystallized as yellow-green rhombic plates, which were washed with

2-pyridinecarboxaldehyde at 9.98 ppm.

A solution of bis(2-pyridylmethyl)amine (1.65 g, 8.3 mmol) dissolved
in dry methanol (25 mL) was added to theo@h-phenyl-2-pyridine-
carboxaldehyde. Thionyl chloride (3Q) was added with care to

the stirred yellow solution. The flask was capped, and the solution was

stirred 2.0 h before solid NaB#&N (1.19 g, 18.9 mmol) and a purge

ether and dried to constant mass, 0.228 g (69%). Additional ether was
added to the concentrated mother liquor and a second crop was obtained,
0.060 g (18%). Anal. Calcd (found) for,gH,;DCl,FeNsQOg: C, 47.75
(47.50); H, 4.01 (4.00); N, 11.93 (11.91).

[(ds-L 1)F€' (NCCH3)](ClO4)2. The complex was prepared as de-
scribed above using 8s-PhTPA [ds-L1, 2H NMR (6, ppm in CHC}):

needle were added. The solution was stirred an additional 3.0 h, and8.0 (2D,ortho); 7.5 (3D, para + metg] and was isolated in two crops

the reaction was quenched by dropwise addition of 12 M HCI. After

in 70% combined yield. Anal. Calcd (found) forgEl,3DsClFeNsOs:

gas evolution ceased, the solution was concentrated to a yellow slurryC, 47.48 (47.37); H, 3.98 (3.99); N, 11.87 (11.86).

by rotary evaporation, to which water (20 mL) was added. The solution
was washed with ether (2 30 mL), and concentrated NBH was
added until the solution was basic. The product was extracted into
diethyl ether (3x 25 mL), and the combined extracts were dried over
N&SOs. The dried solution was concentrated by rotary evaporation
and eluted from a column of neutral alumina (3 cm diamet&0 cm
length) with 50:1 v:v CHCI,—CH3OH to give the product as a pale
yellow oil, 1.49 g (4.1 mmol, 55%), which crystallized on standing.

[(L ))F€' (NCCH3)7](ClO4)2. The complex was prepared as described
above using 6-PhTPA (). and isolated as one crop in 70% yield. Anal.
Calcd (found) for GgH2sCl.FeNsOg: C, 47.82 (47.51); H, 4.01 (3.98);
N, 11.95 (11.46)Ey, = +1240 mV vs SCEAE = 70 mV, ipdipa =
0.71).

[(L 1)F€'(OTf)]. Crystals of 6-PhTPA (1, 0.150 g, 0.41 mmol) and
a solid sample of Fe(OTH2CH,CN (0.175 g, 0.40 mmol) were
dissolved in THF (5 mL) under a Natmosphere, and the resulting

Analysis of the product ligand by mass spectrometry was consistent pale yellow solution was stirred for 60 min. The reaction solution was

with incorporation of 0.97(1) equiv of deuteriuftd NMR (8, ppm in
CDCls): 8.54 (2H, ddd, 4.9, 1.4 and 1.4 Ha); 8.03 (1H, 7.5 Hz,
Ho); 7.73 (1H, dd, 7.5 and 7.5 Hz/); 7.69-7.61 (4H, m3, y); 7.60
(1H, d, 7.0 Hz,8); 7.50 (1H, d, 7.0 Hzp'); 7.47 (2H, m, H); 7.40
(1H, t, 7.0 Hz, H); 7.17 (2H, dd, 8.0 and 4.9 Hp); 4.03 (6H, br s,
—NCH2—). 2H NMR (6, ppm in CHC}): 8.1 (ortho).

Independent Synthesis of Grtho-HOCsH4-TPA, L1OH. A sample
of 6-ortho-CH;OCsH4-TPA was obtained by the procedure described
above usingprtho-methoxyphenylboronic acid and was characterized
by *H NMR spectroscopyd, ppm in CDC}): 8.54 (2H, d, 5.0 Hzg);
7.83 (1H, d, 7.0 Hz, b); 7.64-7.74 (6H, m 8, v, 8, ¥'); 7.49 (1H, d,

8.0 Hz,"); 7.36 (1H, ddd, 8.0, 7.5 and 2.0 Hz}7.16 (2H, ddd,
6.0, 6.0 and 1.5 Hz8); 7.07 (1H, ddd, 7.5, 7.5 and 1.0 Hz46.99

(1H, d, 8.0 Hz, H); 4.1 (6H, br s,—NCH,—); 3.84 (3H, s,~OCHs).
Solid NaSEt (1.2 g, 11.4 mmol) was added to a solution of the product
(0.76 g, 1.92 mmol) in DMF. The slurry was heated to reflux for 3 h
and then allowed to cool. The yellow solution was poured into water,
and the mixture was acidified with 12 M HCI (10 mL). The aqueous
solution was washed with GBI, (3 x 50 mL) and cautiously
neutralized with sodium bicarbonate. The product was extracted into
CH.CI; (3 x 50 mL), and the combined extracts were washed with
water (3x 50 mL) and dried over MgS©The product was recovered
as a yellow oil in 85% yield following column chromatography on
alumina (CHCi—MeOH). *H NMR spectroscopyd, ppm in CDC}):

8.55 (2H, d, 5.0 Hzey); 7.79-7.69 (TH, m, H, B, v, (', ¥'); 7.45 (1H,

d, 6.0 Hz,4'); 7.32 (1H, ddd, 8.5, 7.0 and 1.8 Hz,}17.20 (2H, ddd,

6.0, 5.0 and 2.0 Hz3); 7.04 (1H, dd, 8.5 and 1.2 Hz,#); 6.90 (1H,
ddd, 8.0, 7.0 and 1.0 Hz, #}; 4.03 (4H, s,—NCH,—); 3.99 (2H, s,
—NCH,—).

Preparation of Iron(ll) Complexes. Iron(ll) complexes were
synthesized as described below with formulas;)fe'(NCCHs),]-
(ClO4)2,%" [(Ln)Fe'(OTf),] (OTf~ = ~OsSCH, triflate) for L;—L7, and
[(Lg)Fe'(OTf),)2. Caution! Perchlorate salts of organic cations are
potentially explosie.®®> While no difficulties were encountered in the
work described here, functionally identical triflate complexes were also
obtained (vide infra).

(35) (a) Wolsey, W. CJ. Chem. Educ1973 50, A335. (b) Raymond, K. N
Chem. Eng. New$983 61, 1 (December 5), 4.
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taken to dryness under vacuum, and the yellow oil was extracted into
CH,Cl,. This was repeated once, and then,CH (4 mL) was added

to the oil and a minimum volume of THF was added to obtain a
homogeneous solution. The solution was layered with hexane (12 mL)
to produce yellow needlelike crystals on standing overnight. The mother
liquor was decanted, and the crystals were washed with hexane and
dried to constant mass, 0.256 g (88%). Anal. Calcd (found) gl &G¢-
FeNiOgS,'HO: C, 42.29 (42.55); H, 3.28 (3.21); N, 7.59 (7.56); F,
15.44 (15.41).

[(Lo)Fe'(OTf)z]. The complex was prepared as described for L
above and isolated as yellow crystals in 78% yield. Anal. Calcd (found)
for CoeHo1FsFeNsOsS,: C, 40.80 (41.12); H, 2.77 (2.89); N, 9.15 (8.97);

F, 14.89 (14.73)Ei» = +1240 V vs SCE AE = 70 mV, ipdipa =
0.66). E,c = —1010,—1160 mV vs SCE (irreversible).

[(L3)F€" (OTf) 7). The complex was prepared as described above and
isolated as yellow crystals in 47% yield. Anal. Calcd (found) for
CorHaFoFeNiOsS*H,0:  C, 40.21 (40.24); H, 2.87 (2.90); N, 6.95
(6.82); F, 21.20 (21.43).

[(L 5)F€" (OTf) 7). The complex was prepared as described above and
isolated as yellow crystals in 50% yield. Anal. Calcd (found) fesHG;-
CIFsFeNiOsS,: C, 41.37 (41.43); H, 2.80 (2.71); N, 7.42 (7.32); F,
15.10 (14.76).

[(L 5)FE' (OTf),]. The complex was prepared as described above and
isolated as yellow crystals in 11% yield. Anal. Calcd (found) for
CoHaaFsFeNiOsS, H,0: C, 43.10 (43.44); H, 3.48 (3.41); N, 7.45
(7.44); F, 15.15 (15.16).

[(Le)F€' (OTf) 7). The complex was prepared as described above and
isolated as yellow crystals in 33% yield. Anal. Calcd (found) for
CorHaaFsFeNiO7Sy: C, 43.21 (43.35); H, 3.22 (3.25); N, 7.47 (7.47);
F, 15.19 (15.40).

[(L7)F€" (OTf)]. The complex was prepared as described above and
isolated as yellow crystals in 98% yield. Anal. Calcd (found) for
CorHadFeFeNiO7Sy: C, 43.21 (42.91); H, 3.22 (3.31); N, 7.47 (7.29).
Eyz = + 1210 mV vs SCEAE = 74 mV, ipdipa = 0.72).

[(Lg)F€" (OTf)2)2. The complex was prepared as described above
and isolated as white crystals in 48% yield. Anal. Calcd (found) for
CseH52F12Fe2N301284-O.SCI-bCIz: C, 44.08 (4397), H, 3.47 (366), N,
7.26 (7.18); F, 14.81 (14.45Fp. = + 1440, 1630 mV vs SCE
(irreversible).
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ARTICLES

Reactivity Studies of Complexes with'BuOOH. In a typical
experiment, 5.Qemol of complex (e.g., 3.5 mg of [()Fe(NCCH),]-
(ClO4),) was dissolved in dry acetonitrile (5.00 mL) undey td give
a pale yellow-green solution of the solvento complex with the general
formula [(L)Fe'(NCCHg)Z](X) 2 (X = OTf~, CIOs7). This solution was
transferred to a cuvette and sealed undewhh a rubber septum. The
cuvette was placed in a cryogenic cell holder on a-téible

was orange and no further changes were observed ir-\ilible
spectra. The solvent was taken to dryness under vacuum, and the pasty
orange solids were washed with ether. Addition of solid NaBt®eh
MeOH extracts induced precipitation of an orange powder in ca. 65%
yield, which was recrystallized from MeOH/DMF. Anal. Calcd (found)

for CoeHgoBoFe&NgO3:CH3;OH: C, 74.63 (7486), H, 5.55 (547), N,
7.18 (7.40).

spectrophotometer and cooled to the desired reaction temperature. An - X-ray Crystallographic Studies. Data collections and structure

aliquot of dry'BuOOH (5.5 M in nonane) was diluted with dry GH
CN to a concentration of 150 mM on the benchtop. This stock solution
(120uL) was injected through the septum to initiate the reaction. Thus,
initial concentrations were 18 0.1 mM complex and 3.5 0.5 mM
peroxide. The reaction was monitored to completion, and the solution
was warmed to room temperature and diluted with water (5.0 mL).
Some 12 M HCI was added dropwise until the color was completely
bleached. The pale yellow solution was washed with ether, and
concentrated NEOH was added until the solution was alkaline. The
solution was extracted with ether 2 5 mL), and the extracts were
washed with water (% 5 mL). The extracts were dried under vacuum,
and the white residue was taken up into Cp&hd characterized by
H NMR spectroscopy (vide infra). Integration against a known quantity
of added 2,8ert-butyl-4-methylphenol was used to quantify the ligand
recovery. A portion of the CDGlsolution was diluted with CECN
and analyzed by electrospray mass spectrometry.

NIH Shift Analysis. Product ligand from reaction af-d;-L; was
extracted into CDGland characterized bH NMR spectroscopy as
described above. Curve fittings (Lorentzian functions) carried out using

solutions were conducted at the X-ray crystallographic facility of the
Department of Chemistry at the University of Minnesota. All calcula-
tions were performed using SGI INDY R4400-SC or Pentium computers
using the current SHELXTL suite of prograriffsSuitable crystals were
identified and placed onto the tips of 0.1 mm glass capillaries and
mounted on a Bruker SMART system for data collection at 173(2) K.
Preliminary unit cells were calculated from three sets of 20 frames
oriented so orthogonal wedges of reciprocal space were surveyed. Final
cell constants were calculated from the full set of strong reflections of
the data collection. Data were collected using graphite-monochromated
Mo Ka radiation with a frame time of 30 s and a detector distance of
4.9 cm. A randomly oriented region of reciprocal space was surveyed
to the extent of 1.31.5 hemispheres to a resolution of 0.84 A. Three
major swaths of frames were collected with 0.3feps inw at three
different ¢ settings and a detector position 628° in 26. Collected
data were corrected for absorption and decay (SADAB®)the event
the unit cell was triclinic, additional sets of frames were collected to
better model the absorption correction.

Space groups were assigned on the basis of systematic absences and

Grams/32 Spectral Notebase Version 4.04 (Galactic) gave the relativeintensity statistics. Structures were solved by direct methods. All non-

areas of the overlapping doublet and doublet of douidlet coupling
patterns for the H and H, resonances, which indicated the ratio of
deuterons to protons in the adjacentdtid H,' positions, respectively.
The fits were simplified by use of selective homonuclear decoupling
to collapse’dun multiplicity. Total deuterium retention was confirmed

by mass spectrometry. The data were corrected for product derived

from residualdy-L1 (3%).
MPPH Product Analysis. Reactions were conducted as described
for 'BUOOH above. Reaction solutions were saturated withb®

hydrogen atoms were located in difference Fourier maps and submitted
to full-matrix least-squares refinement with anisotropic displacement
parameters. All hydrogen atoms were placed in idealized positions and
refined as riding atoms with relative isotropic displacement parameters.
Additional details are given in Tables 1 and 2 and below.

[(L ))F€" (NCCH3);](ClO 4)2.2” One perc