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Other transition-metal nitro complexes[3] have also been
successfully used in stoichiometric and catalytic O-atom
transfer to CS2, CO, alcohols, and alkenes. However, no
non-heme iron complex with a bound nitrite group has been
shown to perform O-atom transfer to any such substrate. In
this paper we report the first non-heme FeIII complex
[(PaPy3)Fe(NO2)](ClO4) (1) derived from the N,N-bis-
(2-pyridylmethyl)amine-N-ethyl-2-pyridine-2-carboxamide
ligand (PaPy3H=N-[N,N-bis(2-pyridylmethyl)aminoethyl]-
2-pyridinecarboxamide; H is the dissociable amide proton),
which promotes stoichiometric and catalytic O-atom transfer
to PPh3 under mild conditions. We also report that the {Fe–
NO}7-type species [(PaPy3)Fe(NO)](ClO4) (2) is the inter-
mediate in the nitrite-to-nitrosyl conversion following O
transfer to PPh3. Since 2 is rapidly converted into 1 via
electrophilic attack of dioxygen to the coordinated NO in 2,
the O-atom transfer reaction can be made catalytic in an
atmosphere of dioxygen. We also report that in absence of
dioxygen, the {Fe–NO}7 intermediate 2 is converted into the
m-oxo diiron(iii) species [(PaPy3)FeOFe(PaPy3)](ClO4)2 (3)
via a disproportionation reaction, as reported by Lippard and
co-workers.[4] Complex 3 is the final product obtained from
the O-atom transfer reaction.

Complex 1 has been synthesized by the addition of
[Fe(dmf)6](ClO4)3 to a mixture of PaPy3H and NEt3 (1:1) in
MeCN following the addition of NaNO2. Coordination of the
deprotonated carboxamido nitrogen atom to the FeIII center is
indicated by a red shift in the position of nCO (1634 compared
to 1666 cm�1 for the free ligand). Complex 1 displays a
rhombic EPR spectrum with g values at 2.347, 2.212, and
1.902. This large anisotropy is typical of the (t2g)

5 config-
uration for low-spin FeIII (S= 1/2) centers, due to strong the
spin–orbit interaction of the “hole” in the t2g subshell.

[5] The
structure of the cation of 1 is shown in Figure 1;[6] the FeIII

center is in a distorted octahedral geometry. Three pyridine
N atoms and the tert-amine N atom comprise the equatorial
plane while the carboxamido N atom occupies one of the axial
positions. The N-bound NO2

� ligand is positioned trans to the
carboxamido N atom; the length of the Fe�N(amide) bond is
1.8563(13) A. This value is very close to the Fe�N(amide)

distances noted in the [(PaPy3)Fe(X)]+ (X=Cl� , CN�)
species.[7] The oxygen atoms of the nitro group are disordered
and were refined with 0.752(5) occupancy for one set (O2A
and O3A) and 0.248(5) occupancy for the other set (O2B and
O3B) of oxygen atoms. The average Fe-N-O angles are
116.31(6)8 and 120.90(6)8, while the average Fe�N(py) and Fe�
N(amine) bond lengths are 1.9713(14) and 1.9847(14) A, respec-
tively.

The {Fe–NO}7 intermediate, complex 2, has been inde-
pendently synthesized by reacting one equivalent of NO(g)
with a mixture of PaPy3H, NEt3, and [Fe(MeCN)4](ClO4)2
(1:1:1) in thoroughly degassedMeCN. The IR spectrum of the
dark brown-red solid displays nNO at ~ 1613 cm�1, a value
comparable to other {Fe–NO}7-type complexes. The X-band
EPR spectrum displays a strong signal at g� 2.002 indicating
an S= 1/2 electronic ground state. The structure of [(PaPy3)-
Fe(NO)]+, the cation of complex 2, is shown in Figure 2.[8] The
distorted octahedral geometry around the iron center in this
{Fe-NO}7 nitrosyl is similar to that observed in 1. The Fe�

N(O) bond length is 1.7515(16) A and the Fe-N-O angle is
141.29(15)8. Both the Fe�N(O) distance and the smaller Fe-
N-O angle of 2 are typical of the {Fe–NO}7 iron nitrosyl
complexes.[9] The N�O bond length in 2 (1.190(2) A) is close
to that of free NO (1.15 A) but far from that found in NO�

(1.26 A).

Figure 1. ORTEP diagram of [(PaPy3)Fe(NO2)]
+, the cation of 1, show-

ing the atom labeling scheme. All H atoms and the MeCN molecules
present as solvent of crystallization have been omitted for clarity.
Selected bond lengths [?] and bond angles [8]: Fe-N1 1.9856(14), Fe-
N2 1.8563(13), Fe-N3 1.9847(14), Fe-N4 1.9648(15), Fe-N5 1.9637(14),
Fe-N6 2.0436(15), N6-O2(av) 1.240(5), N6-O3(av) 1.182(5); Fe-N6-
O2(av) 116.31(6), Fe-N6-O3(av) 120.90(6), N6-Fe-N2 175.18(6), N1-
Fe-N2 83.05(6), N1-Fe-N3 168.77(6), N1-Fe-N4 97.15(6), N1-Fe-N5
96.31(6), N2-Fe-N3 85.78(6), N2-Fe-N4 96.21(6), N2-Fe-N5 88.13(6),
N3-Fe-N4 82.80(6), N3-Fe-N5 84.53(6), N3-Fe-N6 96.68(6), N4-Fe-N5
166.26(6), N4-Fe-N6 88.23(6), N5-Fe-N6 87.98(6).

Figure 2. ORTEP diagram of [(PaPy3)Fe(NO)]
+, the cation of 2, show-

ing the atom labeling scheme. All H atoms and the MeCN molecules
present as solvent of crystallization have been omitted for clarity.
Selected bond lengths [?] and bond angles [8]: Fe-N1 1.9801(15), Fe-
N2 1.9577(15), Fe-N3 1.9946(16), Fe-N4 1.9836(15), Fe-N5 1.9990(15),
Fe-N6 1.7515(16), N6-O2 1.190(2); Fe-N6-O2 141.29(15), N6-Fe-N2
176.91(7), N1-Fe-N2 80.07(6), N1-Fe-N3 164.15(6), N1-Fe-N4 95.44(6),
N1-Fe-N5 98.14(6), N2-Fe-N3 84.29(6), N2-Fe-N4 91.38(6), N2-Fe-N5
86.08(6), N3-Fe-N4 82.33(6), N3-Fe-N5 83.25(6), N3-Fe-N6 98.80(7),
N4-Fe-N5 165.53(6), N4-Fe-N6 88.92(7), N5-Fe-N6 94.38(7).
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Complex 3, the end product of the catalytic cycle, has
been independently synthesized by allowing a stoichiometric
amount of dioxygen to react with a mixture of PaPy3H, NEt3,
and [Fe(MeCN)4](ClO4)2 (1:1:1) in MeCN. The IR spectrum
of 3 shows a strong band at 785 cm�1, which corresponds to
~nnFe-O-Fe. The structure of [(PaPy3)FeOFe(PaPy3)]

2+, the cation
of 3, is shown in Figure 3.[10] The high-spin (S= 5/2) nature of

the two FeIII centers in 3 is indicated by the longer Fe�N bond
lengths compared to the structurally characterized low-spin
FeIII complexes of PaPy3H ligand. The average Fe�N(py) and
Fe�N(amine) bond lengths are 2.164(3) and 2.200(3) A, respec-
tively, while the Fe�N(amide) bond is 2.064(4) A. These bond
lengths are similar to other m-oxo diiron(iii) complexes with
high-spin FeIII centers.[11] To the best of our knowledge, 3 is the
first structurally characterized m-oxo diiron(iii) complex with
amido nitrogen-atom coordination.

When a burgundy red solution of 1 in MeCN (lmax=

510 nm) is warmed with PPh3 at 45 8C under 1 atm of
dioxygen, Ph3PO is rapidly formed in the reaction mixture.
Formation of Ph3PO can be monitored by either 31P NMR
spectroscopy or by HPLC. The rates of O-atom transfer (Kobs)
have been measured in MeCN in the presence of 100 equiv of
PPh3 under 1 atm of dioxygen. The psuedo-first-order rate
constants are 1.12 E 10�4 and 2.65 E 10�4 s�1 at 45 8C and 65 8C,
respectively. However, at temperatures above 65 8C, signifi-
cant decomposition of 2 (leading to the formation of 3) is
observed. When 1 is heated with PPh3 in MeCN without any
added oxygen, the O-atom transfer reaction proceeds accord-
ing to the equation [(PaPy3)Fe(NO2)]

+ + PPh3![(PaPy3)-
Fe(NO)]+ + Ph3PO, and one obtains just one equivalent of

Ph3PO irrespective of the amount of PPh3 in the reaction
mixture. Under such strictly anaerobic conditions, the inter-
mediate {Fe-NO}7 species 2 can be identified in the reaction
mixture by UV/Vis spectroscopy by a strong band at
� 475 nm.

O-atom transfer from 1 results in an effective reduction of
the metal center and generation of the {Fe–NO}7 species 2. If
heating is continued in absence of dioxygen, 2 eventually
decomposes to the m-oxo diiron(iii) complex 3 (lmax= 430 nm)
presumably via a transient {FeNO}2 species with an N�N
bond, as suggested by Lippard and co-workers.[4] The 2!3
transformation can also be monitored by UV/Vis spectros-
copy. One can isolate pure 3 from the reaction mixture after
single turnover. This confirms that 3 does not promote O-
atom transfer.

In MeCN, 2 reacts rapidly with dioxygen to form 1. This
nitrosyl-to-nitrite conversion in a non-heme system is
unique[12] and can be easily monitored by UV/Vis spectro-
scopy. The reaction allows the O-atom transfer reaction to be
catalytic under an atmosphere of pure dioxygen and in the
presence of excess PPh3. At 45 8C, the turnover number
(TN)[13] is 37 after 1 h while at 65 8C, the TN increases to 84.[14]

The overall catalytic efficiency of 1 becomes somewhat
curtailed by the fact that during the 2!1 conversion, a
small portion (< 1%) of 2 is converted to 3 (as evidenced by
UV/Vis spectroscopy) and thus the effective concentration of
1 in the reaction mixture decreases over time. Such damage
can be minimized (easily monitored by the observation of the
burgundy-red color of the solution) by running the O-atom
transfer reaction at lower temperatures. The catalytic process
can be schematically described as follows:

In summary, [(PaPy3)Fe(NO2)](ClO4) (1) is the first
example of a non-heme iron–nitro species that promotes
stoichiometric and catalytic O-atom transfer to PPh3. We have
also isolated and identified the intermediate [(PaPy3)Fe-
(NO)](ClO4) (2), a {Fe–NO}7 species. This reversible nitrite-
to-nitrosyl conversion is also the first example in non-heme
iron chemistry. Formation of the m-oxo diiron(iii) complex
[(PaPy3)FeOFe(PaPy3)](ClO4)2 (3) is the termination product
of the catalytic cycle.

Experimental Section
1: A solution of PaPy3H (0.20 g, 0.58 mmol) in MeCN (15 mL) was
added to a solution of [Fe(DMF)6](ClO4)3 (0.46 g, 0.58 mmol) in
MeCN (10 mL). Then a solution of NEt3 (0.06 g, 0.58 mmol) inMeCN

Figure 3. ORTEP diagram of [(PaPy3)FeOFe(PaPy3)]
2+, the cation of 3,

showing the atom labeling scheme. All H atoms and the EtOH mole-
cules present as solvent of crystallization have been omitted for clarity.
Selected bond lengths [?] and bond angles [8]: Fe1-N1 2.144(3), Fe1-
N2 2.064(4), Fe1-N3 2.200(3), Fe1-N4 2.181(3), Fe1-N5 2.169(3), Fe1-
O1 1.8039(7); Fe1-O1-Fe1A 170.7(2), O1-Fe1-N2 172.19(10), N1-Fe1-
N2 75.54(13), N1-Fe1-N3 154.04(13), N1-Fe1-N4 106.22(13), N1-Fe1-
N5 98.54(13), N1-Fe1-O1 99.01(12), N2-Fe1-N3 79.51(13), N2-Fe1-N4
81.55(14), N2-Fe1-N5 92.53(14), N3-Fe1-N4 76.72(13), N3-Fe1-N5
75.37(13), N3-Fe1-O1 106.50(12), N4-Fe1-N5 152.07(13), N4-Fe1-O1
94.84(15), N5-Fe1-O1 93.83(13).
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(7 mL) was slowly added with constant stirring. The deep-violet
solution was stirred for 30 min and then solid NaNO2 (0.125 g,
1.81 mmol) was added. The color of the reaction mixture changed
slowly to red after 3 h, which was then filtered to remove excess
NaNO2 and concentrated to 15 mL. Et2O (15 mL) was then added
and the solution was stored at �20 8C for 24 h. The dark-red blocks
were filtered and washed with Et2O (0.32 g, 88% yield). Crystals of
[(PaPy3)Fe(NO2)](ClO4)·2MeCN (4·2MeCN) were grown via diffu-
sion of Et2O into solution of the complex in MeCN at 4 8C. Elemental
analysis calcd (%) for C24H26ClFeN8O7 (4·2MeCN): C 45.77, H 4.13,
N 17.78; found: C 45.71, H 4.09, N 17.71. FTIR (KBr): ~nn= 3065 (w),
2958(w), 2852 (w), 2249 (m), 1636 (vs), 1607 (vs), 1470 (m), 1446 (m),
1364 (s), 1280 (m), 1090 (vs), 764 (m), 622 cm�1 (m). Electronic
absorption spectrum in MeCN, lmax (in nm) (e in m

�1 cm�1): 512
(2730), 390 (sh, 2190), 360 (sh, 3900), 340 (sh, 4120).

2 : A solution of PaPy3H (0.122 g, 0.35 mmol) and NEt3 (0.05 g,
0.49 mmol) in MeCN (20 mL) was thoroughly degassed by freeze-
pump-thaw cycles. Solid [Fe(MeCN)4](ClO4)2 (0.148 g, 0.35 mmol)
was added to the frozen MeCN solution, which was then allowed to
warm to room temperature. The dark brown-red solution obtained
was stirred for 30 min at room temperature and then cooled to 0 8C,
where NO (11 mL, 0.49 mmol) was introduced to the reaction flask
via a gas-tight syringe following evacuation. The resulting deep-
brown reaction mixture was then stirred for 1 h. Et2O (25 mL) was
then added, and the reaction mixture was stored at �20 8C for 12 h.
Dark brown-red blocks were filtered and washed with small portions
of Et2O and dried (0.135 g, 62% yield). Elemental analysis calcd (%)
for C24H26ClFeN8O6 (2·2MeCN): C 46.96, H 4.23, N 18.25; found: C
46.86, H 4.19, N 18.24. FTIR (KBr): ~nn= 3072 (w), 2942(w), 2860 (w),
2284 (w), 2249 (m), 1613 (vs), 1590 (vs), 1454 (m), 1401 (w), 1373 (w),
1284 (m), 1219 (w), 1085 (vs), 761 (m), 620 cm�1 (m). Electronic
absorption spectrum in MeCN, lmax (in nm) (e in m

�1 cm�1): 830 (50),
476 (4300), 390 (sh, 3130), 370 (3170).

3 : A solution of PaPy3H (0.1 g, 0.29 mmol) and NEt3 (0.035 g,
0.35 mmol) in MeCN (10 mL) was thoroughly degassed using freeze-
pump-thaw cycles. Solid [Fe(MeCN)4](ClO4)2 (0.122 g, 0.29 mmol)
was added to the frozen MeCN solution, which was then allowed to
warm to room temperature. The dark brown-red solution obtained
was stirred for 1 h and then pure dioxygen (6.5 mL measured with the
aid of a gas-tight syringe) was added. Upon further stirring, the color
of the reactionmixture changed to red-orange. Dry Et2O (17 mL) was
then added, and the mixture was stored at �20 8C for 12 h. Red-
orange microcrystals of 3 were obtained by filtration and washed with
Et2O and dried (0.125 g, 85% yield). Single crystals of [(PaPy3)FeO-
Fe(PaPy3)](ClO4)2·3EtOH (3·3EtOH) suitable for diffraction studies
were grown from a 1:1 (v/v) MeOH/EtOH solution by slow
evaporation. Elemental analysis calcd (%) for C46H58Cl2Fe2N10O14

(3·3EtOH): C 47.73, H 5.05, N 12.10; found: C 47.66, H 5.01, N 12.12.
FTIR (KBr): ~nn= 3585 (m), 3079(w), 2928(w), 2870 (w), 1622 (vs),
1594 (vs), 1567(s), 1486 (w), 1445 (m), 1399 (m), 1294 (m), 1094 (vs),
880(w), 784(vs), 624 cm�1 (m). Electronic absorption spectrum in
MeCN, lmax (in nm) (e in m

�1 cm�1): 520 (sh, 2510), 430 (8790), 330
(11760), 248 (30660).

Conversion of 2 to 1 with dioxygen: Pure dioxygen (4 mL) was
introduced into a solution of 2 (0.045 g, 0.073 mmol) in MeCN
(5 mL). The initial brown-red color changed immediately to purple-
red. The reactionmixture was stirred for 2 h and then stored at�20 8C
following the addition of dry Et2O (7 mL). Deep-red crystals of 1
were formed within 4 h. The crystals were filtered and washed with
dry Et2O (0.04 g, yield: 86%).

O-atom transfer reactions: To determine the rate of the O-atom
transfer reaction for 1, a solid portion of 1 (30 mg, 0.048 mmol) was
added to a solution of PPh3 (1.26 g, 4.80 mmol) in MeCN (10 mL).
The reaction mixture was kept at 45 8C (or 65 8C) under 1 atm of
dioxygen. Aliquots (100 mL) were taken out every 5 min and diluted
to 10 mL withMeCN:H2O (65:35). These samples were analyzed on a
Spectra-Physics UV 2000 HPLC apparatus (Grace VYDAC reverse-

phase C18 column, 5 mm particle size, 250 E 4.6 mm, 20 mL loop
volume, flow rate: 1 mLmin�1) using isocratic elution with MeCN/
H2O (65:35).[15] Retention times for Ph3PO and Ph3P were 3.60 and
11.05 min, respectively. The areas under the peaks were determined
by running authentic samples of known concentration under identical
conditions. The rate was calculated from the slope of the plot of
�ln [PPh3]t/[PPh3]o versus time (t). Only a trace amount of Ph3PO was
detected when a solution of PPh3 in MeCN (without 1) was heated at
65 8C for 1 h under 1 atm of dioxygen.

The O-atom transfer reactions were also studied by 31P NMR
spectroscopy (Varian Unity Plus spectrometer). Following incubation
at 65 8C for various time intervals, the reaction mixtures were
evaporated to dryness and extracted with ethyl acetate. The extracts
were filtered to remove the catalyst (and its decomposition products)
and the filtrates were again evaporated to dryness. The residues were
dissolved in CDCl3 (or CD3CN) and their 31P NMR spectra were
obtained using H3PO4 as the internal standard in coaxial tubes (d for
PPh3: �5 ppm; for Ph3PO: 30 ppm in CDCl3).
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