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This report describes the preparation and properties of iron(III)
amido complexes (FeIII -NHR) obtained from iron(II) precursors
and aryl azides. Their isolation is facilitated with ureate/amidate
tripodal ligands that create varied hydrogen bond (H-bond) networks
around the FeIII -N unit. Results from reactivity studies suggest
involvement of Fe(IV) imido intermediates.

Research on metal complexes with terminal imido and amido
ligands has been stimulated by their proposed roles as intermediates
in various chemical transformations.1 For instance, metal imido
complexes have been implicated as the key intermediates in metal-
mediated group transfer reactions.2 In addition, intermediary species
with terminal amido ligands are linked to catalytic processes
involved in N-C bond formation.3 However, there are relatively
few examples of late 3d transition metal complexes with terminal
imido ligands,4 particularly those of iron. Lee reported a stable site-
differentiated 3Fe(III)/Fe(IV) cubane, where the Fe(IV) center has
a terminally bonded imido ligand.5 Peters reported the first
structurally characterized monomeric Fe(III) imido (FeIII tNR)
complexes using a bulky trisphosphinoborate ligand.6 Preparative
routes to these FeIIItNR complexes occurred by reaction of an Fe-
(I) precursor with organic azides. Hydrogenolysis of FeIII tNR
complexes with H2 in benzene yielded the Fe amido complex,
FeII-NHR.7 Wieghardt has described a low-spin Fe(III) amido
species with triazacyclononane,8 while Holland recently reported
the preparation of several Fe amido complexes usingâ-diketiminato
ligands.9 In addition, Bergman has isolated an FeII-NH2 complex
using bisphosphine ligands.10

Analysis of the above findings suggests that during synthesis
the formal oxidation states at the Fe centers range from 1+ to 3+.
Que has recently provided evidence for the formation of an Fe(III)
amido complex, prepared by treating an Fe(II) complex with phenyl-
N-tosylimidoiodinane (PhIdNTs) and proposes an Fe(IV) imido
species as an intermediate.11

We have introduced the symmetrical urea- and amide-based
tripodal ligands, H30 and H63 (Figure 1), whose Fe(II) complexes

cleave O2 to form monomeric Fe(III) species with terminal oxo or
hydroxo ligands.12 Mechanistic studies on complexes of [FeIIH33]-

suggest the involvement of an Fe(IV) oxo intermediate, showing
that a two-electron process involving a high valent iron center is
viable. We reasoned that a similar process could occur to prepare
iron complexes with terminal imido and amido ligands. While
[FeII0]- and [FeIIH33]- react with organic azides, the initial products
of these reactions are too unstable, and repeated attempts to isolate

amido and imido complexes were unsuccessful. These observations
and those reported by others4,11suggested to us that hybrid tripods,
H41 and H52, with varied cavity architectures and H-bond networks,
may be more conducive in producing stable monomeric imido and
amido iron complexes.

The preparative route to the Fe(III) amido complexes is illustrated
in Scheme 1 for [FeIIIH22(NHTol)]-.13 Treating a dimethylacetamide

(DMA) solution of the high-spin iron(II) complex, [FeIIH22]-, with
p-tolyl azide (TolN3) results in a rapid color change from amber to
dark black-green with concomitant gas evolution that is attributed
to the expulsion of N2.14 K[FeIIIH22(NHTol)] is isolated as a dark
green solid with X-band EPRg-values of 8.65 and 4.15, values
that are indicative of a monomeric Fe(III) species with anS ) 5/2
spin state. An identical reaction sequence was carried out with
[FeIIH1]- to yield the corresponding Fe(III) amido complex
[FeIIIH1(NHTol)]- that exhibited spectroscopic properties similar
to those of [FeIIIH22(NHTol)]-. The complexes are hygroscopic:
for instance, allowing [FeIIIH1(NHTol)]- to react with 1 equiv of
water produces the Fe(III)-OH complex, [FeIIIH1(OH)]-, and
p-toluidine in 95 and 60% yields as determined by optical
spectroscopy (Scheme 1).13,15,16

Single-crystal X-ray diffraction study on K[FeIIIH22(NHTol)]
shows that the iron center is five-coordinate with trigonal bipyra-
midal geometry (Figure 2).13 The two ureas and isopropyl group
appended from N4 surround thep-tolyl amido ligand.

The Fe-N7 length is 1.968(4) Å, and a nearly linear N1-Fe-
N7 angle of 173.10(15)° is observed; these findings are similar to
those reported for other Fe(III) amido complexes.9 Moreover, the

Scheme 1

Figure 2. Thermal ellipsoid plot for [FeIIIH22(NHTol)]-. Thermal ellipsoids
are drawn at the 50% probability level, and carbon-bonded hydrogen atoms
are omitted for clarity.

Figure 1. Tripodal ligands used in this study.

Published on Web 08/02/2005

11596 9 J. AM. CHEM. SOC. 2005 , 127, 11596-11597 10.1021/ja052952g CCC: $30.25 © 2005 American Chemical Society



presence of intramolecular H-bonds is supported by the average
HN‚‚‚N7 distance of 2.990(6) Å. The aryl ring of the amido ligand
is positioned between the urea groups, resulting in an N2-Fe-N3
angle of 127.32(14)°. A similar increase of one trigonal angle is
found in related M-OH complexes of [H33]3-.12a,cThis arrangement
of the tolyl moiety leaves the N-H bond of the amido ligand
pointed within the cavity toward the less bulky isopropyl group of
the amidate.

Examples of monomeric Fe(IV) species in synthetic systems are
rare,5,17but we propose that the described Fe(III) amido complexes
form via H-atom abstraction by Fe(IV) imido intermediates. As
organic azides generally react with transition metal ions by a two-
electron process to yield imido complexes,1c,e it is expected that
starting from Fe(II) would result in formation of the Fe(IV) imido
species at some point along the reaction pathway (Figure 3).

Conversion of this high valent species to the Fe(III) amido could
then take place by the formal transfer of a H-atom from the DMA
solvent.

We have shown that this proposal may be viable by using 1,2-
diphenylhydrazine (DPH) and 9,10-dihydroanthracene (DHA) as
external H-atom sources (eq 1). Reactions using DPH result in clean

conversion to azobenzene, which is produced in yields of∼90%
when used with either Fe(II) complex. Although reactions with
DHA do not give complete conversion to anthracene as a single
product, they demonstrate C-H bond activation. Addition of TolN3
to a solution of [FeIIH22]- in DMA containing 0.5 equiv of DHA
produces [FeIIIH22(NHTol)]- and a mixture of organic products
with DHA starting material recovered in 73% yield, along with
anthracene (14%) and the coupling product, 9,9′,10,10′-tetrahydro-
9,9′-bianthracene (8%). Considerably more DHA is converted when
carrying out the reaction to prepare [FeIIIH1(NHTol)]- from
[FeIIH1]-: anthracene is obtained in 49% yield, with the coupling
product (19%) and DHA (19%) also present.

These studies suggest that Fe(IV) imido complexes are capable
of X-H bond cleavage and complement results on iron oxo
complexes of [H33]3- that have a strong thermodynamic driving
force to abstract H-atoms.18 Moreover, H-atom abstraction appears
to follow an intermolecular path in forming [FeIIIH1(NHTol)]- and
[FeIIIH22(NHTol)]-, which contrasts the intramolecular routes
involving ligand modification found in other systems.4e,f,11 In
particular, Que proposes that a trigonal bipyramidal Fe(IV) imido

intermediate undergoes intramolecular C-H bond insertion to an
appended phenyl group in the formation of an Fe(III)-anilido
complex. These differences in reactivity highlight the importance
of cavity architecture (i.e., secondary coordination sphere) around
reactive metal site(s). Our ability to tune cavity properties assisted
in isolating [FeIIIH1(NHTol)]- and [FeIIIH22(NHTol)]-. Additional
studies of these effects on metal-mediated processes are ongoing.

Acknowledgment. Acknowledgment is made to the NIH
(GM50781) for financial support of this work and the NSF (CHE-
0079282) for funding of the X-ray diffraction instrumentation.

Supporting Information Available: Details for all experiments,
spectra for the water reactions (Figures S1-S3), and crystallographic
details for K[FeIIIH22(NHTol)] (CIF). This material is available free
of charge via the Internet at http://pubs.acs.org.

References

(1) (a) Fryzuk, M. D.; Montgomery, C. D.Coord. Chem. ReV. 1989, 95, 1-40.
(b) Wigley, D. E.Prog. Inorg. Chem.1994, 42, 239-482. (c) Eikey, R.
A.; Abu-Omar, M. M.Coord. Chem. ReV. 2003, 243, 83-124.

(2) For examples, see: (a) Groves, J. T.; Takahashi, T.J. Am. Chem. Soc.
1983, 105, 2073-2074. (b) Mahy, J.-P.; Battioni, P.; Mansuy, D.J. Am.
Chem. Soc.1986, 108, 1079-1080. (c) Du Bois, J.; Tomooka, C. S.; Hong,
J.; Carreira, E. M.Acc. Chem. Res.1997, 30, 364-372. (d) Sweeney, Z.
K.; Salsman, J. L.; Andersen, R. A.; Bergman, R. G.Angew. Chem., Int.
Ed.2000, 39, 2339-2343. (e) Blum, S. A.; Walsh, P. J.; Bergman, R. G.
J. Am. Chem. Soc.2003, 125, 14276-14277. (f) Müller, P.; Fruit, C.Chem.
ReV. 2003, 103, 2905-2919. (g) Schrock, R. R.J. Mol. Catal. A: Chem.
2004, 213, 21-30.

(3) (a) Wolfe, J. P.; Wagaw, S.; Marcoux, J.; Buchwald, S. L.Acc. Chem.
Res.1998, 31, 805-818. (b) Hartwig, J. F.Acc. Chem. Res.1998, 31,
852-860. (c) Muller, T. E.; Beller, M.Chem. ReV. 1998, 98, 675-704.
(d) Pohlki, F.; Doye, S.Chem. Soc. ReV. 2003, 32, 104-114.

(4) (a) Mindiola, D. J.; Hillhouse, G. L.J. Am. Chem. Soc.2001, 123, 4623-
4624. (b) Jenkins, D. M.; Betley, T. A.; Peters, J. C.J. Am. Chem. Soc.
2002, 124, 11238-11239. (c) Eikey, R. A.; Khan, S. I.; Abu-Omar, M.
M. Angew. Chem., Int. Ed.2002, 41, 3592-3595. (d) Dai, X.; Kapoor,
P.; Warren, T. H.J. Am. Chem. Soc.2004, 126, 4798-4799. (e)
Thyagarajan, S.; Shay, D. T.; Incarvito, C. D.; Rheingold, A. L.; Theopold,
K. H. J. Am. Chem. Soc.2003, 125, 4440-4441. (f) Hu, X.; Meyer, K.
J. Am. Chem. Soc.2004, 126, 16322-16323. (g) Shay, D. T.; Yap, G. P.
A.; Zakharov, L. N.; Rheingold, A. L.; Theopold, K. H.Angew. Chem.,
Int. Ed. 2005, 44, 1508-1510.

(5) Verma, A. K.; Nazif, T. N.; Achim, C.; Lee, S. C.J. Am. Chem. Soc.
2000, 122, 11013-11014.

(6) Brown, S. D.; Betley, T. A.; Peters, J. C.J. Am. Chem. Soc.2003, 125,
322-323.

(7) Brown, S. D.; Peters, J. C.J. Am. Chem. Soc.2004, 126, 4538-4539.
(8) Pohl, K.; Wieghardt, K.; Kaim, W.; Steenken, S.Inorg. Chem.1988, 27,

440-447.
(9) Eckert, N. A.; Smith, J. M.; Lachicotte, R. J.; Holland, P. A.Inorg. Chem.

2004, 43, 3306-3321.
(10) (a) Fox, D. J.; Bergman, R. G.J. Am. Chem. Soc.2003, 125, 8984-

8985. (b) Fox, D. J.; Bergman, R. G.Organometallics2004, 23, 1656-
1670.

(11) Jensen, M. P.; Mehn, M. P.; Que, L. Q., Jr.Angew. Chem., Int. Ed.2003,
115, 4457-4460.

(12) For examples, see: (a) Ray, M.; Golombek, A. P.; Hendrich, M. P.; Young,
V. G., Jr.; Borovik, A. S.J. Am. Chem. Soc.1996, 118, 6084-6085. (b)
MacBeth, C. E.; Golombek, A. P.; Young, V. G., Jr.; Yang, C.; Kuczera,
K.; Hendrich, M. P.; Borovik, A. S.Science2000, 289, 938-941. (c)
Borovik, A. S.Acc. Chem. Res.2005, 38, 54-61 and references therein.

(13) See Supporting Information for details.
(14) Fe(III) dimers with bridging aryl imido ligands prepared from Fe(II)

complexes and aryl azides have been reported: Nichols, P. J.; Fallon, G.
D.; Murray, K. S.; West, B. O.Inorg. Chem.1988, 27, 2795-2800.

(15) Treating [FeIIIH22(NHTol)]- with 1 equiv of H2O afforded [FeIIIH22(OH)]-
andp-toluidine in yields of 50 and 30%.

(16) The properties of the Fe(III)-OH products match those obtained for pure
samples prepared by independent methods (unpublished results).

(17) (a) Grapperhaus, C. A.; Meinert, M.; Bill, E.; Weyermu¨ller, T.; Wieghardt,
K. Inorg. Chem.2000, 39, 5306-5317. (b) Rohde, J.-U.; In, J.-H.; Lim,
M. H.; Brennessel, W. W.; Bukowski, M. R.; Stubna, A.; Mu¨nck, E.;
Nam, W.; Que, Jr., L.Science2003, 299, 1037-1039. (c) Betley, T. A.;
Peters, J. C.J. Am. Chem. Soc.2004, 126, 6252-6254.

(18) Gupta, R.; Borovik, A. S.J. Am. Chem. Soc.2003, 125, 13234-13242.

JA052952G

Figure 3. Proposed mechanism involving an Fe(IV) imido intermediate.
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