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An Fe(III) nitro complex [(bpb)Fe(NO2)(py)] (2) of the tetradentate ligand 1,2-bis(pyridine-2-carboxamido)benzene
(H2bpb, H is the dissociable amide proton) has been synthesized via addition of NaNO2 to [(bpb)Fe(py)2](ClO4) (1)
in MeCN or DMF. This structurally characterized Fe(III) nitro complex exhibits its νNO2 at 1384 cm-1. The reaction
of 1 with 2 equiv of Et4NX (X ) Cl-, Br-) affords the high-spin complexes (Et4N)[(bpb)Fe(Cl2)] (3) and (Et4N)-
[(bpb)Fe(Br)2] (4), respectively. The structure of 4 has been determined. The addition of an equimolar amount of
Et4NCl, Et4NBr, or Et4NCN to a solution of 2 affords the mixed-ligand complexes (Et4N)[(bpb)Fe(NO2)(Cl)] (5),
(Et4N)[(bpb)Fe(NO2)(Br)] (6), and (Et4N)[(bpb)Fe(NO2)(CN)] (7), respectively. These complexes are all low spin
with isotropic g values of 2.15. Under anaerobic conditions, the reactions of 5−7 with Ph3P in MeCN afford the
five-coordinate {Fe−NO}7 nitrosyl [(bpb)Fe(NO)] (and Ph3PO) via secondary oxygen-atom (O-atom) transfer. The
O-atom transfer to Ph3P by 5−7 becomes catalytic in the presence of dioxygen with transfer rates in the range of
1.70−13.59 × 10-3 min-1. The O-atom transfer rates and turnover numbers (5 > 6 > 7) are reflective of the
strength of the axial σ donors (Cl- > Br- > CN-). The catalytic efficiencies of complexes 5−7 are limited
due to formation of the thermodynamic end products [(bpb)Fe(X)2]- (where X ) Cl- for 5, Br- for 6, and CN-

for 7).

Introduction

The development of metal catalysts that activate dioxygen
and promote oxygen atom (O-atom) transfer has received
increasing attention because of its biological significance and
potential industrial applications.1-4 In general, O-atom
transfer reactions can be classified into two categories,

namely, primary and secondary O-atom transfer. Primary
O-atom transfer, which proceeds via metal-oxo intermediates
(Mn+dO, wheren ) 4 or 5 and M) Mn, Fe, Ru, or Re),
have been utilized to oxidize a variety of substrates, such as
carbon monoxide, phosphines, and olefins.5-8 In secondary
O-atom transfer reactions, the oxygen atom transferred to
the substrate is derived from a coordinated ligand.1,4 An
important set of such O-atom transfer reactions employs a
coordinated nitro (NO2) group. To date, various Fe(III)-
NO2 and Co(III)-NO2 complexes, mostly derived from
porphyrin and porphyrin-like ligands (heme-type catalysts),
have been used to oxidize a variety of substrates that include
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nitric oxide, nitrite, carbon monoxide, dioxygen, dimethyl
sulfide, alkenes, alcohols, phosphines, and styrene via a
nitro-nitrosyl redox couple.9-17 The Fe(III)-NO2 complexes
have drawn special attention as biomimetic models of
cytochrome P450 and nitrite reductase.12,13 In contrast, the
number of non-heme Fe(III)-NO2 catalysts that undergo
stoichiometric, as well as catalytic, O-atom transfer remains
quite limited.17

Heme-type catalysts that promote secondary O-atom
transfer reactions mostly consist of a “ferric heme” center
(Fe(III) ligated to deprotonated H2TPP, H2TTP, H2OEP, or
H2TpivPP)18 with an axial NO2

- group trans to a basic
solvent ligand (such as pyridine or imidazole). The reaction
of such six-coordinate Fe(III)-NO2 complexes with an
oxophillic substrate results in the formation of a five-
coordinate{Fe-NO}7 intermediate,19 and the solvent ligand
dissociates from the metal center. Exposure to dioxygen and
concomitant coordination of the solvent ligand regenerates
the six-coordinate Fe(III)-NO2 complex. For instance,
Richter-Addo and co-workers have reported catalytic second-
ary O-atom transfer to Ph3P by the nitro complex of the Fe-
(III) picket-fence porphyrin [(TpivPP)Fe(NO2)(py)] in the
presence of dioxygen.15 In this reaction, the five-coordinate
{Fe-NO}7 nitrosyl intermediate [(TpivPP)Fe(NO)] activates
dioxygen in the presence of pyridine to re-form the six-
coordinate [(TpivPP)Fe(NO2)(py)] complex.

There are exceptions to the aforementioned secondary
O-atom transfer in heme chemistry. For example, Goodwin
and co-workers have reported that a bis(nitro) complex of

Fe(III) picket-fence porphyrin [(TpivPP)Fe(NO2)2]- reacts
with strong oxo-acceptors such as Ph3P, NO, and thiophenols
to form an six-coordinate{Fe-NO}7 intermediate [(TpiPP)Fe-
(NO)(NO2)]-.14aThis six-coordinate{Fe-NO}7 intermediate
will further react with dioxygen to re-form the [(TpivPP)Fe-
(NO2)2]- complex. Scheidt and co-workers, on the other
hand, have shown that the reaction of BF3

.OEt2 with the bis-
(nitro) complex of Fe(III) picket-fence porphyrin [K(18C6)-
(OH2)][Fe(TpivPP)(NO2)2] leads to the formation of a five-
coordinate intermediate [(TpivPP)Fe(NO2)].12c This unstable
species disproportionates to form [(TpivPP)Fe(NO3)] and a
five-coordinate{Fe-NO}7 nitrosyl [(TpivPP)Fe(NO)]. The
five-coordinate{Fe-NO}7 nitrosyl further reacts with di-
oxygen to afford the five-coordinate intermediate [(TpivPP)-
Fe(NO2)], which has also been structurally characterized.12b

The O-atom transfer reaction continues until all of the{Fe-
NO}7 nitrosyl [(TpivPP)Fe(NO)] has been transformed into
[(TpivPP)Fe(NO3)]. In this instance, dioxygen activation by
the {Fe-NO}7 intermediate [(TpivPP)Fe(NO)] takes place
in the absence of a sixth ligand.

The most efficient non-heme-type secondary O-atom
transfer catalyst has been reported by Tovrog and co-
workers.10 This group has synthesized a Co(III)-NO2

complex of the Schiff base salophen, namely, [(salophen)-
Co(NO2)(py)], that undergoes catalytic O-atom transfer in
the presence of Ph3P and excess pyridine. This catalyst had
a turnover number (TN) of 8.7 (at 60°C) in 16 h, which is
greater than TNs of any of the reported heme-type catalysts.
The secondary O-atom transfer results in a five-coordinate
{Co-NO}8 intermediate, [(salophen)Co(NO)], that is oxi-
dized to the starting [(salophen)Co(NO2)(py)] complex in
the presence of dioxygen and pyridine.

We have recently reported an Fe(III)-NO2 complex
[(PaPy3)Fe(NO2)](ClO4) (PaPy3- ) deprotonatedN,N-bis-
(2-pyridylmethyl)amine-N-ethyl-2-pyridine-2-carboxam-
ide).17 This non-heme-type catalyst transfers an O atom to
Ph3P in MeCN with a turnover number of 84 (at 65°C) in
1 h. The exceptional efficiency of this non-heme catalyst is
believed to arise from the strongσ donation of the trans-
deprotonated carboxamido nitrogen.17 The resulting six-
coordinate{Fe-NO}7 nitrosyl [(PaPy3)Fe(NO)]+ reacts with
dioxygen to afford the [(PaPy3)Fe(NO2)]+ complex. In order
to develop similar non-heme iron catalysts for secondary
O-atom transfer and study the effect(s) of theσ-donor
strength of the ligand trans to the nitro group, we have now
synthesized and characterized three Fe(III)-NO2 complexes
of the type [(bpb)Fe(NO2)(X)] - (bpb2- ) deprotonated 1,2-
bis(pyridine-2-carboxamido) benzene; X) Cl-, Br-, CN-

for complexes5, 6, and7, respectively) starting from [(bpb)-
Fe(NO2)(py)] (2). The nature and efficiency of secondary
O-atom transfer reactions to Ph3P by these non-heme-type
catalysts have been described in this account. The ligand
H2bpb is similar to porphyrin and its derivatives in that it is
a conjugated tetradentate dianionic N4 donor. This similarity
provides an opportunity to examine the rates and mechanisms
of secondary O-atom transfer reactions by these complexes
and compare them to the results reported with heme-type
catalysts.
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Experimental Section

Sodium hydride (NaH), sodium nitrite (NaNO2), tetraethylam-
monium bromide (Et4NBr), tetraethylammonium chloride (Et4NCl),
tetraethylammonium cyanide (Et4NCN), triphenylphosphine (Ph3P),
and triphenylphosphine oxide (Ph3PO) were purchased from Aldrich
Chemical Co. and used without further purification. The Fe(III)
starting materials, (Et4N)[FeCl4] and [Fe(DMF)6](ClO4)3, were
synthesized by following the published procedures.20 H2bpb (1,2-
bis(pyridine-2-carboxamido)benzene), [(bpb)Fe(NO)], and Na-
[(bpb)Fe(CN)2] were synthesized by literature methods.21,22All of
the solvents were purified, dried, or both by standard techniques
and distilled prior to use.

Caution: Transition metal perchlorates should be handled with
great caution and be prepared in small quantities because metal
perchlorates are hazardous and may explode upon heating.

[(bpb)Fe(py)2](ClO4) (1). A slurry of 2.50 g (3.2 mmol) of [Fe-
(DMF)6](ClO4)3 in 20 mL of MeCN was added dropwise to a
solution of 1.00 g (3.2 mmol) of H2bpb and 1.00 g (12.6 mmol) of
pyridine in 20 mL of MeCN. The red mixture was stirred for 1 h
when the desired complex precipitated out from the reaction mixture
as a dark red microcrystalline solid. The product was collected on
a sintered glass funnel, washed with Et2O and dried (yield: 1.4 g,
71%). Selected IR bands (KBr pellet, cm-1): 3445 (m), 2369 (w),
1645 (s), 1626 (νCO, s), 1600 (νCO, s), 1446 (m), 1345 (s), 1296
(w), 1083 (s), 760 (m), 691 (w), 623 (w). Electronic absorption in
MeCN, λmax, nm (ε, M-1 cm-1): 530 (1500), 325 (sh, 11 240).

[(bpb)Fe(NO2)(py)]‚0.5py (2.0.5py). Method A.A batch of 0.04
g (0.50 mmol) of NaNO2 was added to a solution of 0.32 g (0.50
mmol) of [(bpb)Fe(py)2](ClO4) in 30 mL of MeCN, and the mixture
was stirred for 24 h. A dark red-brown microcrystalline compound
separated from the solution during this time. The solid was filtered
on a sintered glass frit, washed with Et2O, and dried (yield: 0.19

g, 76%). Single crystals of2 were obtained by slow diffusion of
Et2O into a 2:1 DMF/pyridine solution of2 at- 20 °C. Anal. Calcd
for C25.5H19.5FeN6.5O4 ([(bpb)Fe(NO2)(py)]‚0.5py): C, 57.05; H,
3.66; N, 16.96. Found: C, 57.01; H, 3.61; N, 16.93. Selected IR
bands (KBr pellet, cm-1): 3437 (w), 1627 (νCO, s), 1597 (νCO, s),
1470 (m), 1443 (m), 1384 (νNO2, s), 1353 (s), 1307 (m), 1138 (w),
813 (w), 757 (m), 690 (w). Electronic absorption in MeCN,λmax,
nm (ε, M-1 cm-1): 830 (1400), 530 (sh 2300), 390 (sh 12 800),
310 (sh 19 200).

Method B. A solution of 0.01 g (0.12 mmol) of pyridine in 15
mL of MeCN was thoroughly degassed by freeze-pump-thaw
cycles. Under positive N2 pressure, a batch of 0.05 g (0.12 mmol)
of [(bpb)Fe(NO)] was added, and the mixture was stirred for 15
min. Next, 5 mL of pure dioxygen was introduced (via gastight
syringe) into the solution, and the mixture was stirred for 10 min
when a dark red-brown solution resulted (λmax ) 830 nm). This
solution afforded dark microcrystalline2 upon further stirring (30
min) which was collected by filtration and washed with Et2O and
dried (yield: 0.04 g, 70%).

(Et4N)[(bpb)Fe(Cl)2] (3). Method A. A batch of 0.08 g (3.1
mmol) of NaH was added to slurry of 0.50 g (1.5 mmol) of H2bpb
in 50 mL of MeCN. The mixture became immediately homogeneous
and turned yellow. The addition of a solution of 0.51 g (3.1 mmol)
of (Et4N)[FeCl4] in 30 mL of MeCN to this yellow solution afforded
a green mixture. After the mixture was stirred for 2 h, the insoluble
NaCl byproduct was removed using a sintered glass funnel. The
homogeneous green solution of3 was then concentrated to 20 mL
under reduced pressure and stored at-20 °C. After 24 h, green
microcrystals of3 were collected on a sintered glass funnel, washed
with Et2O, and dried (yield: 0.72 g, 80%). Selected IR bands (KBr
pellet, cm-1): 3500 (w), 2980 (w) 2343 (w), 1621 (νCO, s), 1591
(νCO, s), 1565 (s), 1470 (m), 1447 (m), 1348 (s), 1290 (w), 1141
(w), 1042 (w), 942 (w), 750 (w). Electronic absorption in MeCN,
λmax, nm (ε, M-1 cm-1): 680 (990), 350 (11 660).

Method B. A solution of 0.15 g (0.9 mmol) of Et4NCl in 15
mL of MeCN was added dropwise to a solution of 0.30 g (0.5
mmol) of [(bpb)Fe(py)2](ClO4) in 20 mL of MeCN. The color of
the solution changed from dark red to green. It was stirred for an
additional 1 h. Next, the volume of the solution was concentrated
to 10 mL, and the dark green solution was stored at-20 °C. The
green microcrystalline product (3) that separated from the solution
was collected in a sintered glass funnel, washed with Et2O, and
dried (yield: 0.16 g, 60%).

(Et4N)[(bpb)Fe(Br)2] (4). A batch of 0.07 g (0.33 mmol) of Et4-
NBr was added to a solution of 0.10 g (0.16 mmol) of [(bpb)Fe-
(py)2](ClO4) in 8 mL of DMF. The mixture was stirred for 2 h
when a green solution (λmax ) 750 nm) was obtained. The DMF
was removed under vacuo, and the remaining residue was dissolved
in 15 mL of MeCN. After the addition of 7 mL of Et2O, the green
solution was cooled at-20 °C for 48 h. The dark green crystals
that separated during this time were collected on a sintered glass
funnel, washed with Et2O, and dried (yield: 0.07 g, 66%). Single
crystals of4 were grown via Et2O diffusion into a dilute solution
of 4 in MeCN. Anal. Calcd for C26H32Br2FeN5O2 (Et4N)([(bpb)-
Fe(Br)2]: C, 47.11; H, 5.22; N, 10.57. Found: C, 47.08; H, 5.26;
N, 10.49. Selected IR bands (KBr pellet, cm-1): 1613 (νCO, vs),
1590 (νCO, vs), 1567 (vs), 1472 (s), 1451 (s), 1350 (vs), 1290 (s),
1144 (m), 1042 (m), 767 (m), 693 (m), 644 (m). Electronic
absorption in MeCN,λmax, nm (ε, M-1 cm-1): 750 (1510), 475
(sh, 3220), 355 (14 760).

(Et4N)[(bpb)Fe(NO2)(Cl)] (5). A batch of 0.01 g (0.04 mmol)
of Et4NCl was added to a vigorously stirring brown mixture of
0.02 g (0.04 mmol) of [(bpb)Fe(NO2)(py)] in 10 mL of MeCN.
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Within 5 min, a homogeneous green solution with aλmax of 720
nm was obtained. The volume of the green solution was then
reduced to 5 mL, and 5 mL of Et2O was added. The solution was
stored at-20 °C for 24 h when the desired complex precipitated
out as a green microcrystalline solid (yield: 0.02 g, 74%). Anal.
Calcd for C26H32ClFeN6O4 (Et4N)([(bpb)Fe(NO2)(Cl)]: C, 53.47;
H, 5.53; N, 14.39. Found: C, 53.41; H, 5.49; N, 14.42. Selected
IR bands (KBr pellet, cm-1): 3446 (w), 2980 (w) 2368 (w), 1620
(νCO, s), 1590 (νCO, s), 1565 (m), 1471 (m), 1447 (m), 1385 (s,
νNO2), 1348 (s), 1313 (m), 1292 (w), 1143 (w), 1025(w), 943 (w),
764 (w).

(Et4N)[(bpb)Fe(NO2)(Br)] (6). This green complex was syn-
thesized by following the procedure above except for the use of
Et4NBr instead of Et4NCl (yield: 0.02 g, 65%). Anal. Calcd for
C26H32BrFeN6O4 (Et4N)([(bpb)Fe(NO2)(Br)]: C, 49.68; H, 5.14;
N, 13.38. Found: C, 49.65; H, 5.10; N, 13.42. Selected IR bands
(KBr pellet, cm-1): 3444 (w), 2981 (w), 1624 (νCO, s), 1592 (νCO,
s), 1563 (m), 1470 (m), 1445 (m), 1384 (s,νNO2), 1348 (s), 1313
(m), 1292 (w), 1143 (w), 1025(w), 943 (w), 764 (w).

(Et4N)[(bpb)Fe(NO2)(CN)] (7). This green complex was syn-
thesized by following the procedure above except for the use of
Et4NCN instead of Et4NCl (yield: 0.02 g, 60%). Anal. Calcd for
C27H32FeN7O4 (Et4N)([(bpb)Fe(NO2)(CN)]: C, 56.44; H, 5.62; N,
17.07. Found: C, 56.45; H, 5.61; N, 17.11. Selected IR bands (KBr
pellet, cm-1): 3448 (w), 2981 (w), 2250 (νCN, w), 1618 (νCO, s),
1592 (νCO, s), 1559 (m), 1471 (m), 1447 (m), 1384 (s,νNO2), 1348
(s), 1311 (m), 1292 (w), 1141 (w), 1023(w), 945 (w), 762 (w).

Conversion of the {Fe-NO}7 Nitrosyl [(bpb)Fe(NO)] to
(Et4N)[(bpb)Fe(NO2)(Cl)] with Dioxygen. A solution of 0.02 g
(0.12 mmol) of Et4NCl and 0.01 g (0.12 mmol) of pyridine in 20
mL of MeCN was thoroughly degassed by freeze-pump-thaw
cycles. Under positive N2 pressure, a batch of 0.05 g (0.12 mmol)
of [(bpb)Fe(NO)] was added, and the mixture was stirred for 15
min. Next, 5 mL of pure dioxygen was introduced (via gastight
syringe) into the reaction mixture, and the mixture stirred for 10
min to yield a homogeneous green solution (λmax ) 720 nm). The
volume of the green solution was reduced to 2 mL, and 5 mL of
Et2O was layered onto the green solution; it was then stored at-
20 °C. Green microcrystals of (Et4N)[(bpb)Fe(NO2)(Cl)] (5) that
precipitated from the solution were collected, washed with Et2O,
and dried (yield: 0.04 g, 49%). Selected IR bands (KBr pellet,
cm-1): 3446 (w), 2980 (w) 2368 (w), 1620 (νCO, s), 1590 (νCO, s),
1565 (s), 1471 (m), 1447 (m), 1385 (s,νNO2), 1348 (s), 1313 (m),
1292 (w), 1143 (w), 1025(w), 943 (w), 764 (w).

Stoichiometric O-Atom Transfer to Ph3P by (Et4N)[(bpb)-
Fe(NO2)(Cl)] and Formation of the {Fe-NO}7 Nitrosyl [(bpb)-
Fe(NO)]. A batch of 0.04 g (0.07 mmol) of [(bpb)Fe(NO2)(py)]
was added to a solution of 0.01 g (0.07 mmol) of Et4NCl in 20 mL
of MeCN, and the brown mixture was stirred. After 20 min, the
red-brown mixture became green (λmax ) 720 nm). Next, the green
solution was thoroughly degassed via freeze-pump-thaw cycles.
Under positive N2 pressure, a batch of 0.02 g (0.07 mmol) of
triphenylphosphine was added, and the solution was heated at 65
°C for 4 h. The color of the reaction mixture changed from green
to brown. When the solution stood at room temperature for 2 h,
dark brown microcrystals of [(bpb)Fe(NO)] separated from it. The
product was collected, washed with Et2O, and dried (yield: 0.02
g, 64%). Selected IR bands (KBr pellet, cm-1): 3435 (w), 2980
(w), 1673 (m,νNO), 1634 (νCO, s), 1600 (νCO, s), 1575 (s), 1473
(m), 1453 (m), 1360, 1296 (w), 1140 (w), 1022(w), 962 (w), 760
(w). The other product of the reaction, namely, Ph3PO, was collected
by extraction of the dry residue of the reaction mixture with CDCl3

(Figure S1).

General O-Atom Transfer Reactions.To determine the rate
of the O-atom transfer reaction by the [(bpb)Fe(NO2)(X)]- catalysts,
a 100:1 molar ratio of Ph3P/Fe(III)-NO2 complex was used. For
example, a batch of 0.02 g (0.04 mmol) of [(bpb)Fe(NO2)(py)] was
added to a solution of 0.07 g (0.04 mmol) of Et4NCl in 25 mL of
MeCN. The mixture was stirred for 20 min when the typical dark
green color (λmax ) 720 nm) of [(bpb)Fe(NO2)(Cl)]- developed.
Next, a batch of 1.05 g (4.0 mmol) of Ph3P was added to the
solution, and the reaction mixture was kept at 65°C under 1 atm
of dioxygen. Aliquots (100µL) were taken out every 6 min and
diluted to 10 mL with MeCN/H2O (65:35). These samples were
analyzed on a Spectra-Physics UV 2000 HPLC setup (Grace
VYDAC reverse-phase C18 column, 5µm particle size, 150× 4.6
mm, 20µL loop volume) using isocratic elution with MeCN/H2O
(65:35). Retention times for Ph3PO and Ph3P were 2.49 and 7.11
min, respectively (Figure S2). The areas under the peaks were
determined with authentic samples of known concentration run
under identical conditions. The rate was calculated from the slope
of the plot of -ln [Ph3P]t/[Ph3P]o versus time (T). The turnover
numbers (TNs) were calculated by dividing the number of moles
of Ph3PO by the number of moles of the catalyst.

Stability of (Et 4N)[(bpb)Fe(NO2)(Cl)] (5). A batch of 0.04 g
(0.07 mmol) of [(bpb)Fe(NO2)(py)] was added to a solution of 0.01
g (0.07 mmol) of Et4NCl in 20 mL of MeCN, and the brown
reaction mixture was stirred. After 20 min, the brown mixture
became a dark green homogeneous solution with aλmax ) 720 nm.
Next, the dark green solution was heated for 30 min until it slowly
became light green (λmax ) 680 nm). The solution was then stored
at-20°C for 24 h, resulting in the separation of green microcrystals
of (Et4N)[(bpb)Fe(Cl)2] (3) from the solution. The green product
was washed with Et2O and dried (yield: 0.02 g, 40%).

Other Physical Measurements.Electronic absorption spectra
were recorded on a Perkin-Elmer Lambda 9 UV/Vis/NIR spectro-
photometer. Infrared spectra were obtained with a Perkin-Elmer
1600 FTIR spectrometer.31P NMR spectra were monitored by a
Varian Unity Plus spectrometer. Phosphoric acid was used as the
internal standard in coaxial tube (δ for Ph3P ) -5 ppm andδ for
Ph3PO ) 30 ppm in CDCl3).

X-ray Data Collection and Structure Solution and Refine-
ment. Reddish-brown blocks of2‚0.5py were obtained by the
diffusion of Et2O into a concentrated solution of2 in 2:1 DMF/

Table 1. Summary of Crystal Data, Intensity Collection, and Structural
Refinement Parameters for [(bpb)Fe(NO2)(py)]‚0.5py (2‚0.5py) and
(Et4N)[(bpb)Fe(Br)2] (4)

formula C25.50H19.50FeN6.50O4 C26H32Br2FeN5O2

mol wt 536.83 662.24
cryst color, habit black needle black plate
T (K) 90(2) 90(2)
cryst syst monoclinic monoclinic
space group P21/c P21

a (Å) 15.7696(10) 8.7970(2)
b (Å) 10.0146(7) 10.7269(2)
c (Å) 15.6912(10) 15.0291(3)
R (deg) 90 90
â (deg) 112.451(2) 106.636(2)
γ (deg) 90 90
V (Å3) 2290.2(3) 1358.85(5)
Z 4 2
dcalcd(g cm-3) 1.557 1.619
abs coeff (mm-1) 0.708 3.528
GOFa onF2 1.050 0.849
R1b (%) 0.0699 0.0136
wR2c (%) 0.1661 0.0359

a GOF) [∑w(Fo
2 - Fc

2)2]/(M - N)1/2 (M ) no. of reflections,N ) no.
of parameters refined).b R1 ) ∑|(|Fo| - |Fc|)|/∑|Fc| c wR2 ) [[∑w(Fo

2 -
Fc

2)2]/∑w(Fo)2]1/2.
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pyridine at-20 °C, while green blocks of4 were obtained via
Et2O diffusion into a dilute solution of4 in MeCN at -20 °C.
Diffraction data for both complexes were collected at 90 K on a
Bruker SMART 100 system. Mo KR (0.71073 Å) radiation was
used, and the data were corrected for absorption effects. The
structure was solved by direct methods (SHELXS-97). Machine
parameters, crystal data, and data collection parameters for2 and
4 are summarized in Table 1, while selected bond distances and
angles are listed in Table 2. Complete crystallographic data for
[(bpb)Fe(NO2)(py)]‚0.5py (2‚0.5py) and (Et4N)[(bpb)Fe(Br)2] (4)
have been submitted as Supporting Information.

Results and Discussion

Syntheses and Interconversions.The Fe(III) bis(pyridine)
complex [(bpb)Fe(py)2](ClO4) (1) has been previously
synthesized via the addition of [Fe(MeCN)4](ClO4)2 to an
anaerobic solution of H2bpb and pyridine in MeCN.22

Exposure of this reaction mixture to dioxygen completes the
synthesis and affords the desired Fe(III) complex1. We have
now synthesized1 using the Fe(III) starting salt [Fe(DMF)6]-
(ClO4)3. The use of the Fe(III) starting salt instead of the
Fe(II) starting salt [Fe(MeCN)4](ClO4)2 affords1 in high yield
(71%) in a relatively convenient manner (no need for
anaerobic manipulation). The addition of 1 equiv of NaNO2

to a solution of1 in MeCN or DMF affords the low-spin
complex [(bpb)Fe(NO2)(py)] (2) in a 76% yield. In addition,
2 can also be synthesized by introducing dioxygen to a
solution containing the{Fe-NO}7 nitrosyl [(bpb)Fe(NO)]23

and 1 equiv of pyridine in MeCN.

Addition of 2 equiv of Et4NCl to a solution of1 in MeCN
affords the Fe(III) bis-chloro complex (Et4N)[(bpb)Fe(Cl)2]
(3), whose structure was determined by Valentine and co-
workers.24 In the present work, we have synthesized3 via
the addition of (Et4N)[FeCl4] to a solution of H2bpb and NaH
in MeCN. The general route has been used to synthesize
(Et4N)[(bpb)Fe(Br)2] (4) via the addition of 2 equiv of Et4-
NBr to a solution of1 in DMF. The low solubility of Et4-
NBr in MeCN requires that the ligand displacement reaction
be initially carried out in DMF. Complex4 however can be
recrystallized from MeCN in relatively good yield (66%).

The lability of the pyridine ligand in2 allowed us to isolate
the (Et4N)[(bpb)Fe(NO2)(X)] complexes (5-7) in a straight-
forward manner. The addition of an equimolar amount of
the anionic ligands (in the form of Et4NCl, Et4NBr, or Et4-
NCN) to 2 in MeCN affords dark green homogeneous
solutions (Figure 1) from which the target complexes can
be isolated in analytically pure forms. Complexes5-7 can
also be synthesized from the{Fe-NO}7 nitrosyl [(bpb)Fe-
(NO)]. For instance, the addition of 1 equiv of Et4NCN to a
solution of [(bpb)Fe(NO)] in MeCN containing 1 equiv of
pyridine results in the formation of7, as evident by the
development of the band withλmax at 788 nm (Figure 1) and
the νCN stretch at 2250 cm-1. The anionic ligand X in5-7
serves two functions, namely, (a) the solubility of the charged
species greatly increases in MeCN and (b) the negative
charge trans to the nitro group activates the process of
O-atom transfer (vide infra). The substitution of the pyridine
ligand by the anions (Cl-, Br-, and CN-) is facile and occurs
within 10 min. Complexes5-7 are all low-spin complexes
and exhibit isotropic EPR signals atg ) 2.15. All three
complexes decompose to the corresponding (Et4N)[(bpb)-
Fe(X)2] species in solution upon heating. For instance, when
5 is heated in MeCN at 60°C for 20 min, changes in the
electronic absorption (λmax shifts to 680 nm) indicates the
formation of3 in solution. These reactions are summarized
in Scheme 1.

Structure of [(bpb)Fe(NO2)(py)].0.5py (2.0.5py). The
structure of the Fe(III) nitro complex [(bpb)Fe(NO2)(py)] (2)

(23) Patra, A. K.; Rose, M. J.; Olmstead, M. M.; Mascharak, P. K.J. Am.
Chem. Soc.2004, 126, 4780-4781.

(24) Yang, Y.; Diederich, F.; Valentine, J. S.J. Am. Chem. Soc.1991,
113, 7195-7205.

Table 2. Selected Bond Distances (Å) and Bond Angles (deg) for
[(bpb)Fe(NO2)(py)]‚0.5py (2‚0.5py) and (Et4N)[(bpb)Fe(Br)2] (4)

[(bpb)Fe(NO2)(py)].0.5py (2.0.5py)
Fe-N1 1.876(5) C7-O1 1.241(7)
Fe-N2 1.883(5) C13-02 1.251(7)
Fe-N3 2.000(5) N5-O3 1.211(6)
Fe-N4 2.027(5) N5-O4 1.245(6)
Fe-N5 1.945(5) N1-C7 1.356(8)
Fe-N6 2.032(5) N2-C13 1.348(8)

N1-Fe-N2 83.6(2) N2-Fe-N6 93.3(2)
N1-Fe-N3 82.5(2) N3-Fe-N4 111.9(2)
N1-Fe-N4 165.5(2) N3-Fe-N5 87.6(2)
N1-Fe-N5 93.9(2) N3-Fe-N6 88.96(19)
N1-Fe-N6 93.3(2) N4-Fe-N5 88.5(2)
N2-Fe-N3 166.0(2) N4-Fe-N6 85.59(19)
N2-Fe-N4 82.1(2) N5-Fe-N6 171.6(2)
N2-Fe-N5 91.8(2) O3-N5-O4 120.4(5)

(Et4N)[(bpb)Fe(Br)2] (4)
Fe-N1 2.0480(12) C7-O1 1.2338(18)
Fe-N2 2.0458(12) C13-02 1.2430(18)
Fe-N3 2.1695(12) N1-C1 1.3997(19)
Fe-N4 2.1819(12) N2-C2 1.4069(18)
Fe-Br1 2.5271(2) N1-C7 1.3574(19)
Fe-Br2 2.5361(2) N2-C13 1.3546(18)

N1-Fe-N2 77.88(5) N2-Fe-Br2 101.02(3)
N1-Fe-N3 154.38(5) N3-Fe-N4 128.61(5)
N1-Fe-N4 76.50(5) N3-Fe-Br1 82.46(3)
N1-Fe-Br1 105.90(3) N3-Fe-Br2 101.02(3)
N1-Fe-Br2 99.09(3) N4-Fe-Br1 84.16(3)
N2-Fe-N3 76.96(5) N4-Fe-Br2 82.83(3)
N2-Fe-N4 154.38(5) Br1-Fe-Br2 148.181(10)
N2-Fe-Br1 103.21(4)

Figure 1. Changes in the electronic absorption spectra during the formation
of the complexes (Et4N)[(bpb)Fe(Cl)2] (3, s), (Et4N)[(bpb)Fe(NO2)(Cl)]
(5, - - -), (Et4N)[(bpb)Fe(NO2)(Br)] (6, - - -), and (Et4N)[(bpb)Fe(NO2)(CN)]
(7, ‚‚‚) in MeCN at 0.5 mM.
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complex is shown in Figure 2, and selected bond distances
and angles are listed in Table 2. The low-spin Fe(III) center
is ligated to the four N atoms of the deprotonated bpb2-

ligand in the equatorial plane, while NO2
- and py occupy

the axial sites. Stronger coordination by the deprotonated
carboxamido nitrogens to the Fe(III) center is evidenced by
the shorter average Fe-Namide distance (1.8795(5) Å) com-
pared to the average Fe-Npy distance (2.020(5) Å) in the
equatorial plane. The Fe-NNO2 distance of2 (1.945(5) Å)
is much shorter than the Fe-NNO2 distance of the{Fe-NO}6

nitrosyl [(bpb)Fe(NO)(NO2)] (2.0110(18) Å).23 We attribute
this to the strong trans effect of NO in [(bpb)Fe(NO)(NO2)].
Comparison of the metric parameters of2 with that of the
heme analogue [(TpivPP)Fe(NO2)(py)] reveals that the Fe-
NNO2 distance of2 is shorter by∼0.015 Å than the Fe-
NNO2 distance of [(TpivPP)Fe(NO2)(py)] (1.960(5) Å).25 Also,
the Fe-Npy distance of2 is slightly shorter than that of
[(TpivPP)Fe(NO2)(py)] (2.032(5) and 2.093 (5) Å, respec-
tively). To the best of our knowledge, [(bpb)Fe(NO)(NO2)]
and2 are the only examples of mononuclear low-spin Fe-
(III) complexes of bpb2- (or related ligand systems) with
mixed axial ligands systems.23

Structure of (Et4N)[(bpb)Fe(Br)2] (4). The structure of
the bis-bromo Fe(III) complex (Et4N)[(bpb)Fe(Br)2] (4) is
shown in Figure 3, and selected bond distances and angels
are listed in Table 2. Much like2, the Fe(III) center is ligated
to the four N atoms of the deprotonated bpb2- ligand in the
equatorial plane, while two Br- ligands occupy the axial
positions. Also, the average Fe-Namidedistance (2.0469(12)
Å) is shorter than the average Fe-Npy distance (2.1757(12)
Å). However, both the Fe-Namide and Fe-Npy distances of
4 are longer than the corresponding distances of2 because
of the high-spin nature of the metal center. Interestingly, the
Br-Fe-Br angle of4 (148.181(10)°) is similar to the Cl-
Fe-Cl angle of (Et3HN)[(bpb)Fe(Cl)2] (152.3(1)°).24 Such
bent Cl-Fe-Cl and Br-Fe-Br angles could arise from
interactions of the anionic metal complexes with the Et3-
HN+ and Et4N+ cations in the crystal lattice.

O-Atom Transfer Reactions with Ph3P. Complexes5-7
exhibit moderate O-atom transfer activity with Ph3P. The
rates of secondary O-atom transfer to Ph3P and the turnover
numbers (TN) are shown in Table 3. Although the rates and
TNs are significantly higher than those reported for any Fe-
(III) nitro complex derived from porphyrin (or related)
ligands,13a,b,15 the O-atom transfer rates are still 10 times
slower than that of [(PaPy3)Fe(NO2)](ClO4) reported by us

(25) Nasri, H.; Wang, Y.; Huynh, B. H.; Walker, F. A.; Scheidt, W. R.
Inorg. Chem.1991, 30, 1483-1489.

Scheme 1. Summary of Reactions

Figure 2. Thermal ellipsoid plot (probability level 50%) of [(bpb)Fe(py)-
(NO2)] with the atom-labeling scheme. H atoms are omitted for the sake of
clarity.

Figure 3. Thermal ellipsoid plot (probability level 50%) of (Et4N)[(bpb)-
Fe(Br)2] with the atom-labeling scheme. H atoms are omitted for the sake
of clarity.
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previously.17 We attribute this to the inherent instability of
the complexes5-7. As mentioned before, these mixed-ligand
complexes decompose to the corresponding (Et4N)[(bpb)-
Fe(X)2] species upon heating. Although [(PaPy3)Fe(NO2)]-
(ClO4) also decomposes to the correspondingµ-oxo species
upon heating, it is comparatively more robust, and hence
the TN is much higher than those of the present complexes
5-7.

Close scrutiny of Table 3 reveals an interesting trend when
one compares the secondary O-atom transfer rates (and TNs)
of 5-7. As evident from the red shift of theλmax of the
LMCT band of these three complexes (Figure 1), theσ-donor
strength of the trans ligands (Cl-, Br-, and CN-) decreases
in the order Cl- > Br- >CN-. The rate of O-atom transfer
is therefore directly proportional to theσ-donor strength of
the ligand trans to the NO2 unit. As the trans ligand becomes

a weakerσ donor, the rate and TN of the O-atom transfer
reaction drop significantly. Thus,7 containing CN- (strong
π* acceptor and a weakσ donor) exhibits the lowest rate
and TN of all the O-atom transfer catalysts among all the
nitro examples reported by us so far.

Stroichiometric secondary O-atom transfer reactions of
5-7 afford the five-coordinate{Fe-NO}7 intermediate
[(bpb)Fe(NO)] (and Ph3PO). For instance, when a solution
of 5 and Ph3P (1:1) in MeCN is heated at 60°C under
anaerobic conditions, the color of the reaction mixture
changes from dark green to dark brown. When it stands at
room temperature, a microcrystalline product separates from
the solution that exhibits aνCO stretch at 1634 cm-1 and a
νNO stretch at 1673 cm-1. This IR spectrum is identical to
that of an authentic sample of [(bpb)Fe(NO)].23 The O-atom
transfer reaction thus proceeds as shown in Scheme 2. Very
similar behavior has been noted with [(PaPy3)Fe(NO2)]-
(ClO4).17

The formation of the five-coordinate{Fe-NO}7 complex
in secondary O-atom transfer reactions of5-7 parallels the
formation of a five-coordinate{FeNO}7 species noted in
secondary O-atom transfer reactions by heme-type Fe(III)-
NO2 catalysts.12c,13,14a,15 However, in many instances of
secondary O-atom transfer reactions by such species, the
axial ligands trans to the nitro group are solvent molecules
that are easily displaced. Complexes5-7 are the first
examples in which the five-coordinate{Fe-NO}7 intermedi-
ate is formed via the displacement of anionic ligands (Cl-

for 5, Br- for 6, and CN- for 7). The {Fe-NO}7 nitrosyl
[(bpb)Fe(NO)] has no affinity for any exogenous ligands
(such as Cl-, Br-, CN-, and py). This is unlike the [(TPP)-
Fe(NO)] complex which takes up free nitrite in solution to
form the proposed [(TPP)Fe(NO)(ONO)]- species.12a The
present work reveals that [(bpb)Fe(NO)] is a very stable
speciesin absence of dioxygen. For example, a solution of

Table 3. Turnover Numbers and Rates of Secondary O-atom Transfer
Reactions of [(bpb)Fe(NO2)(py)] (2), (Et4N)[(bpb)Fe(Cl)2] (3),
(Et4N)[(bpb)Fe(Br)2] (4) (Et4N)[(bpb)Fe(NO2)(Cl)] (5),
(Et4N)[(bpb)Fe(NO2)(Br)] (6), (Et4N)[(bpb)Fe(NO2)(CN)] (7), and
[(PaPy3)Fe(NO2)](ClO4) with Ph3P in MeCN

complex
rate

(×10-3 min-1) TN ref

[(bpb)Fe(NO2)(py)] (2), 65°C 0 0 this work
(Et4N)[(bpb)Fe(Cl)2] (3), 65°C 0 0 this work
(Et4N)[(bpb)Fe(Br)2] (4), 65°C 0 0 this work
(Et4N)[(bpb)Fe(NO2)(Cl)] (5), 65°C 1.70 10.0 this work
(Et4N)[(bpb)Fe(NO2)(Br)] (6), 65°C 1.50 4.6 this work
(Et4N)[(bpb)Fe(NO2)(CN)] (7), 65°C 1.10 2.2 this work
[(PaPy3)Fe(NO2)](ClO4), 45°C 6.72 37.0 17
[(PaPy3)Fe(NO2)](ClO4), 65°C 13.59 84.0 17

Scheme 2. Proposed Secondary O-Atom Mechanism Resulting in a
Five-Coordinate{Fe-NO}7 Nitrosyl

Scheme 3. Catalytic Secondary O-Atom Transfer to Ph3P by 5-7
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this {Fe-NO}7 nitrosyl in MeCN remains unchanged in the
presence of Et4NCl even when it is heated at 60°C for 24
h in the absence of dioxygen. No change is observed even
if the reaction mixture contains excess pyridine and Ph3P.

The exposure of a 1:1:1 mixture of [(bpb)Fe(NO)],
pyridine, and Et4NX (X ) Cl- for 5, Br- for 6, and CN-

for 7) in MeCN to dioxygen however rapidly regenerates
the5-7 complexes. Interestingly, the addition of just 1 equiv
of Et4NX (where X ) Cl-, Br-, and CN-) to a solution of
[(bpb)Fe(NO)] in the presence of dioxygen affords the bis
adducts, (Et4N)[(bpb)Fe(X)2] (X ) Cl-, Br-, or CN-). At
least one equivalent of pyridine is required for these solutions
to exhibit the corresponding absorption bands for5-7 in
MeCN. It therefore appears that the presence of pyridine in
the reaction mixture facilitates the formation of2, the species
that eventually affords5-7. Regeneration of5-7 in the
reaction mixture under such conditions allowed us to run
the secondary O-atom transfer reaction in a catalytic fashion.
After the generation of5-7 from 2 via addition of 1 equiv
of Et4NX in MeCN, secondary O-atom transfer reaction to
Ph3P was initiated by adding 100 equiv of Ph3P (pseudo-
first-order condition) and heating the reaction mixture at 65
°C under 1 atm of dioxygen (Scheme 3). The low TNs of
the catalytic process (Table 3) indicate that5-7, much like
other heme-type Fe(III)-NO2 catalysts, are unstable and fail
to continue catalytic secondary O-atom transfer via reversible
{Fe-NO}7 T Fe(III)-NO2 transformation. The instability
of the heme-type Fe(III)-NO2 species has been known for
quite some time.12,13cIn a recent article, Ghosh and co-worker
has attributed the instability to the “prodigiously electron-
hungry nature of the Fe(III)-NO2 species”.26 Results of their
theoretical work suggest that such species relieve their
electron affinities via O-atom transfer from the nitro group.
It will be interesting to find out whether such comments are

applicable to the non-heme Fe(III)-NO2 species as well.
Such studies are in progress at this time.

Summary and Conclusions

The following are the summary and conclusions of the
present work.

(1) A mixed-ligand Fe(III)-NO2 complex derived from
the tetradentate planar bpb2- ligand, namely, [(bpb)Fe(NO2)-
(py)] (2), has been isolated and structurally characterized.

(2) The py ligand in2 can be readily replaced by anionic
ligands (X ) Cl-, Br-, and CN-) to afford complexes of
the type [(bpb)Fe(NO2)(X)] - (5-7) within 10 min at room
temperature.

(3) The six-coordinate low-spin Fe(III) complexes5-7
stoichiometrically transfer an O atom to Ph3P in absence of
dioxygen to afford the five-coordinate{Fe-NO}7 nitrosyl
[(bpb)Fe(NO)].

(4) In presence of dioxygen, complexes5-7 catalytically
transfer an O atom to Ph3P via the reversible{Fe-NO}7T
Fe(III)-NO2 transformation. The rates of secondary O-atom
transfer are directly proportional to theσ-donor strength of
the ligand X trans to the nitro group. The rates of O-atom
transfer are however slower than that of [(PaPy3)Fe(NO2)]-
(ClO4), the only other non-heme-type catalyst reported
previously.

(5) The moderate O-atom transfer capacity of5-7 results
from their instability in solution and conversion to (Et4N)-
[(bpb)Fe(X)2] species (where X) Cl-, Br-, or CN-).

Supporting Information Available: 31P NMR spectrum of
reaction mixture after O-atom transfer (Figure S1), HPLC trace of
a typical reaction mixture showing formation of Ph3PO (Figure S2),
X-ray crystallographic data (in CIF format), and tables for the
structure determination of [(bpb)Fe(NO2)(py)]‚0.5py (2‚0.5py) and
(Et4N)[(bpb)Fe(Br)2] (4). This material is available free of charge
via the Internet at http://pubs.acs.org.

IC0614115(26) Conradie, J.; Ghosh, A.Inorg. Chem. 2006, 45, 4902-4909.
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