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Reduction of the bis(iminopyridine) FeCl, complex {2,6-[2,6-(Pr),PhN=C(CHj)],(CsHsN)} FeCl, using NaH has led
to the formation of a surprising variety of structures depending on the amount of reductant. Some of the species
reported in this work were isolated from the same reaction mixture, and their structures suggest the presence of
multiple pathways for dinitrogen activation. The reaction with 3 equiv of NaH afforded { 2-[2,6-(Pr),PhN=C(CH3)]-
6-[2,6-(Pr),PhN—C=CH,](CsH3N)} Fe(u,;7?-N,)Na (THF) (1) containing one N, unit terminally bound to Fe and side-
on attached to the Na atom. In the process, one of the two imine methyl groups has been deprotonated, transforming
the neutral ligand into the corresponding monoanionic version. When 4 equiv were employed, two other dinitrogen
complexes {2-[2,6-(Pr),PhN=C(CHj3)]-6-[2,6-(Pr),PhN—C=CH,](CsHsN)} Fe(«-N,)Na(Et,0); (2) and {2,6-]2,6-
(Pr);PhN=C(CHs)]2(CsH3N)} Fe(u-N2)Na[Na(THF),] (3) were obtained from the same reaction mixture. Complex 2
is chemically equivalent to 1, the different degree of solvation of the alkali cation being the factor apparently
responsible for the o-bonding mode of ligation of the N, unit to Na, versus the sz-bonding mode featured in 1. In
complex 3, the ligand remains neutral but a larger extent of reduction has been obtained, as indicated by the
presence of two Na atoms in the structure. A further increase in the amount of reductant (12 equiv) afforded a
mixture of { 2-[2,6-(Pr),PhN=C(CHj)]-6-[2,6-(Pr),PhN-C=CH,](CsH3N)} Fe—N, (4) and [{ 2,6-[2,6-(Pr),PhN=C(CH;)].-
(CsH3N)} Fe—Nj]2(u-Na) [Na(THF),], (5) which were isolated by fractional crystallization. Complex 4, also containing
a terminally bonded N, unit and a deprotonated anionic ligand bearing no Na cations, appears to be the precursor
of 1. The apparent contradiction that excess NaH is required for its successful isolation (4 is the least reduced
complex of this series) is most likely explained by the formation of the partner product 5, which may tentatively be
regarded as the result of aggregation between 1 and 3 (with the ligand system in its neutral form). Finally, reduction
carried out in the presence of additional free ligand afforded { 2,6-[2,6-(Pr),PhN=C(CH3)](CsHsN)} Fe(;7'-N2){ 2,6-
[2,6-(Pr),PhN=C(CH3)]o(NCsH2)} [Na(THF),] (6) and { 2,6-2,6-(Pr),PhN=C(CH3)]»(CsHsN)} Fe{ 2,6-[2,6-(Pr),PhN=
C(CH3)]o(NCsHy)} Na(THF),) (7). In both species, the Fe metal is bonded to the pyridine ring para position of an
additional (L)Na unit. Complex 6 chemically differs from 7 (the major component) only for the presence of an
end-on coordinated N.

Introduction formations involving early metal dinitrogen complexes,
including N—N triple bond cleavagé&?3>-di-mod partial
reduction followed by elemental modificatioffs} 9PV or
incorporation into the ligand systethihas made early metal
complexes the most popular targets for these studies, and
several recent reviews detail the latest developments in this
area® As a matter of fact, dinitrogen chemistry involving

Dinitrogen activation/fixation has been observed with
almost all of the metals and f-block elements, with particular
recurrence among strongly reducing, low-valent, early metal
systems: 2 In fact, the large volume and variety of trans-
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lgn!versg 0; 'attavtvat-) possibly as a result of the rather general lability of late metal
niversity o anitoba. s 8 PR .
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now established that nitrogenase initially forms a dinitrogen
complex, possiblyweakly bound, which then undergoes
stepwise reduction toward ammonia via multiple associa-
tion—dissociation with the Feprotein residué® What makes
nitrogenase so unique is the ability to perform electron-

(2) Pool, J. A.; Lobkovsky, E.; Chirik, P. Nature 2004 427, 527.
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coupled proton transf€ras a key step in the catalytic cycle,
having no parallel in any “man-made” fixation system.

Dinitrogen complexes of Fe have been observed on several
occasions and in most cases display minimal activation of
the N—N triple bond> 8 Especially intriguing from this point
of view has been the observation by Smith et al. of an end-
on bridging dinitrogen Fe complex which, upon subsequent
reduction, undergoes significant electron transfer to the N
unit accompanied by only a minor elongation of the-N
distancé® This strange behavior also has a parallel in the
chemistry of low-valent samarium, where further reduction
of the coordinated N unit was reported to result in a
shorteningof the N=N triple bond prior to cleavagg.
Although changes in NN bond length determined by X-ray
diffraction need to be treated with caution, to date, reduction
to an N=N double bond is the greatest amount of activation
witnessed for an Fe-bound: Woiety?® Yet, Betley and Peters
have demonstrated the possibility of generating a bridging
triple-bound Fe-dinitrogen complex through the six-electron
redox reaction between two &N complexes2 Thus, by
microscopic reversibility, the reverse reaction involving the
six-electron cleavage of a bridging dinitrogen ligand toward
two nitrido moieties should be kinetically possible.

The appropriate choice of the ligand system is, as always,
central to finding the desired transformation. The observation
that reduction of the dinitrogen unit in both thelaad Sm?
systems does not parallel an elongation of theNNbond
distances suggested to us that the use of a ligand system
which may work as an electronically flexible-acceptor
could be beneficial to the success of dinitrogen activation/
fixation. It was hoped that if some of the electrons could be
stored in electronically flexible ancillary ligands, a sufficient
number of electrons could potentially be accumulated in the
complex to eventually effect cleavage of the-N bond. In
turn, this could overcome the problem of the high energy of
some of the critical intermediates. The aryl bis(iminepyridine)
ligand has proven to be ideally suited for this purpose, having
produced complexes where the metal is present in very
unusually low formal oxidation state&!®° Even more
remarkable is the fact that although the reduction occurs at
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the ligand instead of at the metal center, the metal atoms
still maintain the very high reactivity expected for true low-

Scott et al.

prepared according to published proceddfeSuspensions of
metallic sodium and NaH were purchased from Aldrich, washed
with hexane, and dried prior to use. Infrared spectra were recorded
on a Mattson 9000 and Nicolet 750-Magna FT-IR instrument from
Nujol mulls prepared in a dry box. Samples for magnetic suscep-
tibility measurements were weighed inside a dry box equipped with
an analytical balance and sealed into calibrated tubes, and the
measurements were carried out at room temperature with a Gouy
balance (Johnson Matthey). Magnetic moments were calculated

valent species. The bis(iminepyridine) ligand has been usedsoliowing standard methods, and corrections for underlying dia-

to prepare dinitrogen complexes of vanaditfmhromium?®
iron2% and cobalt®?! In the case of Cr, it has allowed
reduction, cleavage, and partial hydrogenation pablwell

as the trapping of an intermediate prior to cleavégeor

Fe, Bart et al. have reported the reduction of bis(iminepy-
ridine)—Fe' complexes to mono- and bis(dinitrogen) com-
plexes containingormally zero-valent iron (Scheme %).
Unlike the end-orbridgedN; units in the V and Cr systems,
the end-orterminal dinitrogen moieties of the Fe complex
exhibit minimal elongation of the triple bond. Computational
studies have shown that the ligand, rather than the metal
center or the labile dinitrogen unit, is the recipient of the
added electron density. The lability of the coordinated

magnetism were applied to the data. However, for these strongly
reduced iron species there is always the possibility of contamination
with trace amounts of metallic iron or iron hydroxides leading to
unrealistically high observed susceptibilities. Therefore, the mag-
netic moments reported below should be treated with caution. Data
for X-ray crystal structure determinations were obtained with a
Bruker diffractometer equipped with a Smart CCD area detector.
Preparation of { 2-[2,6-(Pr) ,PhN=C(CH3)]-6-[2,6-(Pr) ,PhN—
C=CH,](CsH3N)}Fe(u,n>N;)Na(THF) (1). A suspension of
FeChL(THF);5 (0.15 g, 0.64 mmol) and 2,6-[2,6P(,PhN=
C(CHg)]2(CsH3N) (0.306 g, 0.64 mmol) in THF (10 mL) was added
to a suspension of 3.1 equiv of NaH (0.048 g, 1.98 mmol) in THF
(5 mL). The color of the solution slowly changed from dark blue
to dark reddish-burgundy over the period of 2 days. Stirring was

dinitrogen has enabled the use of these species for acontinued for an additional 5 days, the solvent was evaporated in

promising variety of metal-promoted transformatidis.
Herein, we report the results of our exploration of the
reduction of the bis(iminopyridine) FeGlomplex using NaH
as a reducing agent. This particular reductant combines
electron-donating capabilities with the presence of hydrogen
atoms, which is desirable for the formation of critical
intermediates in the transformation of, No ammonia.
Different from the case of chromiuf,we did not yet
succeed in obtaining dinitrogen cleavage in this case.

vacuo, and fresh THF was added to the dark residue. Centrifugation
allowed the separation of a dark brown solution from a mass of
dark precipitates. Crystals afwere obtained from the mother liquor
upon standing for a few days at room temperature (0.089 g, 0.13
mmol, 21% yield). IR (Nujol mull, cm?) »: 1912 (s), 1630 (m),
1573 (s), 1513 (w), 1463 (s), 1378 (s), 1366 (w), 1340 (w), 1324
(m), 1242 (m), 1211 (w), 1195 (w), 1099 (w), 1084 (w), 1056 (m),
1021 (w), 998 (m), 959 (w), 936 (w), 881 (m), 805 (s), 767 (W),-
759 (w), 740 (w), 727 (m), 693 (w). Anal. Calcd (found) fos/8s0-
FeNsNaO (%): C, 67.36 (66.72); H, 7.63 (7.15); N, 10.62 (10.23).

Nevertheless, the reaction has unveiled the existence of auer = 6.5 ug).

surprising variety of dinitrogen complexes depending on the
amount of reducing agent. Herein we report our findings.

Experimental Section

All operations were performed either under a nitrogen atmosphere
using standard Schlenk techniques or in a purified nitrogen-filled
drybox. FeC}(THF),s was prepared according to a standard
procedure, and the ligand 2,6-[2/€4(,PhN=C(CH)]2(CsH3N) was

(16) (a) de Bruin, B.; Bill, E.; Bothe, E.; Weyhermueller, T.; Wieghardt,
K. Inorg. Chem.200Q 39, 2936. (b) Budzelaar, P. H. M; de Bruin,
B.; Gal A. W.; Wieghardt, K.; van Lenthe, J. thorg. Chem2001,

40, 4649. (c) Knijnenburg, Q.; Hetterscheid, D.; Kooistra, T. M.;
Budzelaar, P. H. MEur. J. Inorg. Chem2004 6, 1204.

(17) Enright, D.; Gambarotta, S.; Yap, G. P. A.; Budzelaar, P. HAMyew.
Chem., Int. Ed2002 41, 3873.

(18) Sugiyama, H.; Korobkov, I.; Gambarotta, S.!IMo A.; Budzelaar,
P. H. M. Inorg. Chem.2004 43, 5771.

(19) (a) Scott, J.; Gambarotta, S.; Korobkov, I.; Budzelaar, P. H. M.
Organometallics2005 24, 6298. (b) Scott, J.; Gambarotta, S.;
Korobkov, I.; Knijnenburg, Q.; de Bruin, B.; Budzelaar, P. H. 84.
Am. Chem. SoQ005 127, 17204. (c) Bouwkamp, M. W.; Bart, S.
C.; Hawrelak, E. J.; Trovitch, R. J.; Lobkovsky, E.; Chirik, PChem.
Commun 2005 3406.

(20) Gibson, V. C.; Humphries, M. J.; Tellmann, K. P.; Wass, D. F.; White,
A. J. P.; Williams, D. JChem. Commur2001, 2252.

(21) Scott, J.; Gambarotta, S.; KorobkovCan. J. Chem2005 83, 279.

(22) (a) Archer, A. M.; Bouwkamp, M. W.; Cortez, M.-P.; Lobkovsky,
E.; Chirik, P. J.Organometallics200§ 25, 4269. (b) Bart, S. C.;
Lobkovsky, E.; Bill, E.; Chirik, P. JJ. Am. Chem. SoQ006§ 128
5302. (c) Bart, S. C.; Bowman, A. C.; Lobkovsky, E.; Chirik, PJJ.
Am. Chem. So007, 129, 7212.
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Preparation of {2-[2,6-(Pr),PhN=C(CH3)]-6-[2,6-(Pr) ,PhN—
C=CHj](CsH3N)} Fe(u-N2)Na(Et,0O); (2). The LFeC} complex
[L = 2,6-[2,6-(PrpPhN=C(CHs)]»(CsHzN)] was prepared in situ
by mixing FeCH{(THF),5s (0.100 g, 0.43 mmol) with 2,6-[2,6-
(PPrpPhN=C(CHg)]»(CsH3N) (0.205 g, 0.43 mmol) in THF (10 mL)
overnight. The dark blue suspension was added to a suspension of
NaH (6 equiv, 0.062 g, 2.58 mmol) in THF (5 mL) and stirred for
5 days. The solvent was evaporated, and freshly purified ether added
to the dark residue. The mixture was centrifuged to obtain a bright
magenta-colored solution, which was separated from the dark
precipitates. Dark crystals @& grew from the ether extracts upon
standing for 2 days at35 °C (0.225 g, 0.28 mmol, 65% yield).

IR (Nujol mull, cnm™%) »: 1965 (s), 1460 (s), 1376 (s), 1292 (m),
1243 (w), 1150 (w), 1097 (m), 1051 (w), 1013 (w), 968 (w), 804
(w), 758 (m), 724 (m), 682 (w). Anal. Calcd (found) foudEl7o-
FeNsNaG; (%): C, 66.73 (66.09); H, 8.95 (8.67); N, 8.65 (8.30).
(//leff - 6.4/,[5.)

Preparation of {2,6-[2,6-(Pr),PhN=C(CH3)]»(CsH3N)} Fe(u-
N2)Na[Na(THF),] (3). 1. Method A. The ether-insoluble precipi-
tates from the preparation & were redissolved in THF. The
resulting suspension was centrifuged and layered with hexane. After
2 days at room temperature, dark brown crystal3 were isolated
in 20% yield (0.061 g, 0.08 mmol). IR (Nujol mull, cr¥) v: 3048

(23) (a) Small, B. L.; Brookhart, M.; Bennett, A. M. A. Am. Chem. Soc.
1998 120, 4049. (b) Britovsek, G. J. P.; Gibson, V. C.; Kimberley,
B. S.; Maddox, P. J.; McTavish, S. J.; Solan, G. A.; White, A. J. P.;
Williams, D. J.Chem. Commuril998 849.
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(m), 2852 (s), 1899 (s), 1819 (w), 1584 (w), 1540 (w), 1462 (s), was performed as above for the preparation of comf)eand the
1377 (s), 1356 (m), 1300 (s), 1258 (s), 1201 (w), 1174 (w), 1157 workup was completed as usual to obtain the dark brown solution
(w), 1095 (m), 1048 (s), 1000 (m), 972 (w), 953 (w), 939 (w), 915 in hexanes. If the solution is allowed to crystallize at room
(m), 892 (m), 807 (m), 795 (w), 776 (m), 755 (s), 708 (s), 658 temperature instead of35 °C, crystals of7 may be isolated in
(m). Anal. Calcd (found) for GiHssFeNsN&O, (%): C, 65.15 about 20% yield. Ether can also be added to the left-over insoluble
(64.79); H, 7.86 (7.85); N, 9.27 (8.90udt = 5.6 ug.) material, and a dark brown solution can be separated by centrifuga-
2. Method B. The complex precursor LFef£lvas prepared in tion. Crystallization at room temperature over the period of a few
situ as described above farand 4 equiv of metallic Na (0.060 g,  days afforded more crystals @fin about 20% yield, identical in
2.58 mmol) was added to the THF suspension (15 mL). The mixture connectivity but displaying a different unit cell than those grown
was allowed to stir for 1 week, upon which time the color of the from hexane (0.42 g, 0.33 mmol, combined yield approximately
solution changed from dark blue to dark orange-brown. The solution 40%). IR (Nujol mull, cnt?) v: 1642 (w), 1629 (m), 1617 (m),
was evaporated to dryness, and fresh THF was added to the darkl590 (m), 1530 (s), 1461 (s), 1377 (s), 1364 (s), 1327 (m), 1274
residue. The dark brown solution was centrifuged, concentrated, (b, m), 1253 (w), 1238 (s), 1190 (m), 1157 (w), 1098 (b, s), 1056
and layered with hexanes to obtain dark brown crystal3 after (m), 990 (m), 965 (s), 936 (w), 887 (w), 856 (w), 821 (w), 803
2 days at room temperature (0.177 g, 0.23 mmol, 55% vyield). (w), 789 (w), 771 (s), 759 (s), 744 (w), 726 (m), 695 (M), 640 (m).
Preparation of { 2-[2,6-(Pr),PhN=C(CH3)]-6-[2,6-(Pr),PhN— Anal. Calcd (found) for GHioFeNsNaQ; (%) solvent-free: C,
C=CH_](CsHsN)}Fe—N; (4). In situ-prepared LFeGI[FeCl- 81.93 (81.49); H, 9.38 (9.22); N, 7.75 (7.48)ef = 4.5 us.)
(THF).5 (0.250 g, 1.08 mmol) and 2,6-[2,8P¢),PhN=C(CHa)] - X-ray Crystallography. All of the compounds consistently
(CsHsN) (0.514 g, 1.08 mmol) in THF (15 mL)] was reacted with ~ Yielded crystals that diffracted weakly, and the results presented
12 equiv of NaH (0.307 g, 12.8 mmol) in THF (5 mL). The mixture are the best of several trials. The crystals were mounted on thin
was allowed to stir for 1 week before removing the solvent in vacuo. glass fibers using paraffin oil and cooled to the data collection
Hexane (15 mL) was added to the residue and the resulting darktemperature. Data were collected on a Bruker AXS SMART 1k
black-brown solution was centrifuged, concentrated to 10 mL, and CCD diffractometer. Data for the compouni, 3, 5, and7 were
kept at—35 °C. Dark brown-black crystals efwere formed after ~ collected with a sequence of 650 scans per set dtd.8cans at
allowing the solution to stand at room temperature for approximately 0°, 120°, and 240 in ¢. To obtain acceptable redundancy data for
1 week (0.066 g, 0.12 mmol, 11% yield). IR (Nujol mull, cHv: compoundb, the sequence of 650 scans per set witlf @3cans
2159 (s), 1576 (s), 1561 (w), 1490 (m), 1460 (s), 1379 (s), 1318 at®, 9¢°, 180, and 270 in ¢ was used. Initial unit-cell parameters
(w), 1269 (s), 1244 (s), 1150 (w), 1109 (m), 1094 (m), 1052 (w), were determined from 60 data frames collected at the different
961 (m), 894 (m), 807 (m), 776 (W), 759 (w), 737 (w), 665 (w). Sections of the Ewald sphere. Semiempirical absorption corrections
Anal. Calcd (found) for GsHaFeN; (%): C, 70.08 (69.82); H, 7.66 based on equivalent reflections were appfteBystematic absences
(7.35); N, 12.39 (12.12) uex = 6.5 ug.) in the diffraction data set and unit-cell parameters were consistent
Preparation of [{2,6-[2,6-(Pr);PhN=C(CH3)]»(CsH3sN)} Fe— with monoclinicP2,/c for 1, orthorhombidPbcafor 2, orthorhombic

Na]2(u-Na)[Na(THF) 2], (5). The same procedure for the preparation P21212; for 3, orthorhombidP2,2,2, for 4, monoclinicP2y/n for 5,
of complex4 was followed and THF was added to the hexane- triclinic P1 for 6, and orthorhombicPben for 7. Solutions in
insoluble precipitates. The dark brown-orange solution was cen- centrosymmetric space groups for compoufdg, and6, and7,
trifuged prior to concentrating and layering with hexanes. Dark and noncentrosymmetric for compourisnd4, yielded chemically
brown crystals ob grew at room temperature within several days reasonable and computationally stable results of refinement. The
(0.091 g, 0.062 mmol, 15% yield per Fe). IR (Nujol mull, T structures were solved by direct methods, completed with difference
v: 2850 (s), 1910 (m), 1868 (m), 1751 (w), 1644 (m), 1586 (w), Fourier synthesis, and refined with full-matrix least-squares pro-
1580 (m), 1494 (m), 1466 (s), 1379 (s), 1252 (s), 1179 (m), 1140 cedures based of?. All non-hydrogen atoms were refined with
(m), 1111 (s), 1094 (s), 1018 (m), 947 (s), 863 (s), 826 (s), 802 anisotropic displacement coefficients. All hydrogen atoms were
(M), 774 (s), 757 (s), 744 (s), 733 (s), 719 (s), 634 (M), 599 (m). treated as idealized contributions. The unit cell of compfex
Anal. Calcd (found) for GHi1d=&N1oNagOs (%): C, 66.16 (65.85); contained 1.5 molecules of disordered hexane which were removed
H, 7.98 (8.15); N, 9.41 (9.00). by using SQUEEZE. Complex contains 1.1 molecules of
Preparation of { 2,6-[2,6-(Pr) ,PhN=C(CH3)]»(CsHaN)} Fe(ul- disordered hexane. All scattering fgctors arg contained in seyeral
N,)(k4-{ 2,6-[2,6-{Pr) ,PhN=C(CH2)]2(NCsH,)} Na(THF),) (6). versions _of the SHELXTL program I!brary, with the latest version
Solid samples of Fe@ITHF), s (0.200 g, 0.85 mmol), 2,6-[2,6- uged being v.6.1% Crystallograph_lc data and relevant bond
(PrLPhN=C(CHs)]2(CsHsN) (0.820 g, 1.70 mmol), and NaH (0.62 distances {ind angles are reported in Tables 1 and 2.
g, 2.55 mmol) were mixed in 30 mL of THF and allowed to stir Calculations. In calculations on mononuclear model systems,
for 1 week. The color of the solution became dark brown. the2,6PrCeHsgroups were replaced by 2,6-bM&Hs. Spin states
Evaporation of the solvent afforded a dark brown residue. Addition UP 10 S = %> or S = 2 were considered for the naked LFe and
of fresh hexane and centrifugation lead to the separation of a dark (L —H)Fe fragments [L= 2,6-[2,6-MeCeHsN=C(CH)](CsHsN);
magenta solution. Upon allowing the solution to stand for several L ~H = 2-2,6-M&CsHsN=C(CH;)]-6-[2,6-M&;CeHsN—C=CH,]-

days at—35 °C, dark magenta crystals éfwere formed in low
yield (0.052 g, 0.043 mmol, 5% vyield). IR (Nujol mull, cr¥) »:

(CsHs N)], and up toS = 3, or S= 1 for the N complexes.
Geometries were fully optimized for each individual spin state. All

2919 (s), 2853 (s), 2009 (s), 1648 (m), 1614 (s), 1530 (s),1488 calculations were carried out with the Turbomole progi@roupled

(w), 1461 (s), 1377 (s), 1279 (m), 1237 (m), 1192 (m), 1158 (m),
1120 (s), 1101 (s), 1055 (s), 968 (s), 857 (m), 832 (w), 774 (s),
740 (s), 724 (s), 698 (s), 665 (W), 611 (s). Anal. Calcd (found) for
Cr4H101FeNsNaO;, (%) solvent-free: C, 73.24 (72.98); H, 8.38
(8.24); N, 9.24 (8.97).

Preparation of { 2,6-[2,6-(Pr),PhN=C(CH3)]2(CsH3N)} Fe&{ 2,6-
[2,6-(Pr),PhN=C(CH3)]»(NCsH,)} Na(THF),) (7). The reaction

to the PQS Baker optimizéf. All calculations used the spin-
unrestricted formalism; even fo6= 0" systems, spin-unrestricted
calculations gave significantly lower energies than spin-restricted
calculations. Geometries were fully optimized at the B3-LYP Rvel
using the Turbomole SV(P) basis ¥&ton all atoms. All reported

(24) Blessing, RActa Crystallogr.1995 A51, 33.
(25) Sheldrick, G. M. SHELXTL; Bruker AXS: Madison, WI, 2001.
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Table 1. Crystal Data and Structure Analysis Results of Compleixes

Scott et al.

1 2 3 4
formula G;7H50FeN;NaO Q5H72Fel\k;NaQ>, C41H59Fe|\bN6202 C33H42Fel\b
mol wt 659.66 809.92 755.76 565.57
cryst syst monoclinic orthorhombic orthorhombic orthorhombic
space group P2i/c Pbca P12:2; P212:2;
a(h) 11.816(4) 21.657(8) 12.6462(15) 8.497(4)
b (A) 16.736(5) 19.805(7) 13.2223(15) 17.870(9)
c(A) 18.701(6) 22.505(8) 24.765(3) 20.213(11)
o (deg) 90 90 90 90
p (deg) 98.545(6) 90 90 90
y (deg) 90 90 90 90
V (A3) 3657(2) 9653(6) 4141.0(8) 3069(3)

z 4 8 4 4
radiation (Ka, A) 0.71073 0.71073 0.71073 0.71073
T(K) 213(2) 203(2) 203(2) 203(2)
Dcalca (g cnT9) 1.198 1.115 1.212 1.224
Ucalcd (MM™1) 0.459 0.362 0.424 0.521
Fooo 1408 3504 1616 1208
R, R/22 0.0723, 0.1507 0.0591, 0.1445 0.0492, 0.1044 0.0589, 0.0977
GOF 1.085 1.067 1.051 1.039
5 6 7

formula Q;zHllgFeleoNan4 C74H101Fel\k;NaOZ C74H101FeN3NaOZ-(hexanej),1

mol wt 1488.53 1213.47 1287.78

cryst syst monoclinic triclinic orthorhombic

space group P2;/n P1 Pbcn

a(hd) 18.343(3) 13.396(4) 20.938(3)

b (A) 22.444(3) 15.014(5) 25.133(3)

c(A) 20.117(3) 23.226(7) 30.776(4)

o (deg) 90 71.351(5) 90

p (deg) 95.840(2) 77.270(5) 90

y (deg) 90 68.453(6) 90

V (A3) 8239(2) 4089(2) 16195(3)

Z 4 2 8

radiation (Ka, A) 0.71073 0.71073 0.71073

T (K) 203(2) 206(2) 206(2)

Dcaica (g €n19) 1.200 0.986 1.056

Ucalcd (MM™1) 0.421 0.232 0.237

Fooo 3188 1308 5595

R, Ry?2 0.0744,0.1745 0.0895, 0.2030 0.0759, 0.1677

GOF 1.005 1.002 1.061

AR = J[Fol — |Fel/3|Fl, Ry = [Z(IFol — IFc)? 32w} 2

energies are electronic energies (frequency calculations were not80.97(11}, N(1)—Fe(1)-N(3) = 162.29(11), N(1)—Fe(1)}-N(4)
feasible for these large, open-shell systems). =98.33(12, N(2)—Fe(1)-N(3) = 81.33(11J, N(2)—Fe(1)-N(4)
Description of Structures. Complex 1.Complex1 consists of = 177.33(13), N(3)—Fe(1)-N(4) = 99.31(12j]. In turn, the
a tetracoordinate Fe center (Figure 1) surrounded by the liganddinitrogen moiety forms a distorted side-on bridge to a Na atom
system [Fe(1rN(1) = 1.904(2) A, Fe(1}N(2) = 1.874(2) A, Fe- [N(4)—Na(1) = 2.954(4) A, N(5-Na(1) = 2.287(5) A, Fe(1}
(})_—N(3) = 1.894(3) A] and a linearly end-on bound unit of  N(4)—Na(1)= 136.17(149, N(4)—N(5)—Na(1)= 117.6(3}, N(5)—
dlnltrpgen [_Fe(l)—N(4)= 1.750(3) A, Fe(1)}N(4)—N(5) = 177.3- N(4)—Na(1) = 43.3(3), N(4)—Na(1}-N(5) = 19.09(12}]. The
(4)°] in a distorted square planar geometry [N{Be(1)-N(2) = Na cation isz-bonded to a portion of one aryl ring [Na(g(11)
=2.887(4) A, Na(1)-C(12)= 2.764(4) A, Na(1)}-C(13)= 2.884-
(4) A, Na(1)-C(14) = 3.123(4) A] and a molecule of THF [Na-
M.; Hattig, C.; Horn, H.; Huber, C.; Huniar, U.; Kattannek, M.} K, (1)-0(1) = 2.203(4) A], as well as being loosely coordinated to
A.; Kélmel, C.; Kollwitz, M.; May, K.; Ochsenfeld, C.; am, H; the para- and one meta-C of the pyridine ring of a second identical
Schider, A.; Schneider, U.; Treutler, O.; Tsereteli, K.; Unterreiner, mgolecule [Na(1)}-C(4a)= 2.797(4) A, Na(1}-C(5a)= 2.772(4)
B.; Von Arnim, M.; Weigend, F.; Weis, P.; Weiss, Hurbomole Ali Il ool - The NN bond dist fth
version 5; Theoretical Chemistry Group, University of Karlsruhe: ] in an ove.rz.i polymeric array. . _e ond dis ancg_o e
Karlsruhe, Germany, 2002. (b) Treutler, O.; Ahlrichs, R.Chem. bound N unit is 1.090(5) A, very similar to that of free dinitrogen
E?‘ys-lggﬁ 101%932165735‘215(701) Sz%f;ﬁiryé-); EOF%B H'jAAh:-TCES' Ré- and indicates minimal or no extent of reduction of the triple bond.
em. YS.. f — . ChNieer, A.; uper, . : : : : : : P
Ahlrichs, R.J. Chem. Phys1994 100, 5829-5835. (¢€) Andrae, D.: The Ilg_and system maintains its planarity but displays modified
Haeussermann, U.; Dolg, M.; Stoll, H.; Preuss THeor. Chim. Acta bond distances throughout the backbone. Most notably, the€
199Q 77, 123-141. ) ) Cmethy bond lengths have been substantially shortened t01.446(5)
@) é?))OFiQS version 2.4; Parallel Quantum Solutions: Fayetteville, AR, 54 1 426(5) A, indicating deprotonation of one of the methyl
(the Baker optimizer is available separately from PQS upon . L
request). (b) Baker, J. Comput. Cherml986 7, 385-395. groups averaged over the two positions. As expected, the imino
(28) ((;1)) Leel,(c.; Yang, VrY Parrﬁ R. Bhys. Re. B 1988 3(7,)785—k789. functions have also been lengthened as a result of the deprotonation
Becke, A. D.J. Chem. Physl993 98, 1372-1377. (c) Becke, A. _ — — i
D. J. Chem. Phys1993 98, 5648-5652. (d) All calculations were [N(D)—-C) .1'376(4) A NEr-C®) 1'371(4.) '.&]' E.longatlons
performed using the Turbomole functional “b3 lyp”, which is not ~are apparent in the Jj—Cono bonds of the pyridine ring [N(Z_)
identical to the Gaussian “B3LYP” functional. C(3) = 1.365(4) A, N(2-C(7) = 1.367(4) A], along with

(26) (a) Ahlrichs, R.; Bg M.; Baron, H.-P.; Bauernschmitt, R.; Bker,
S.; Ehrig, M.; Eichkorn, K.; Elliott, S.; Furche, F.; Haase, F.;sea
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Reduction of an Fe Bis(iminopyridine) Complex

Table 2. Selected Bond Distances (angstroms) and Angles (deg) of Complexés

1

2

3

Fe(1)-N(1) = 1.904(2)
Fe(1)-N(2) = 1.874(2)
Fe(1)-N(3) = 1.894(3)
Fe(1)-N(4) = 1.750(3)
N(4)—N(5) = 1.090(5)
N(4)—Na(l)= 2.954(4)
N(5)—Na(1)= 2.287(5)
Na(1)-C(11)= 2.887(4)
Na(1)-C(12)= 2.764(4)
Na(1)-C(13)= 2.884(4)
Na(1)-C(14)= 3.123(4)
Na(1)-O(1) = 2.203(4)
Na(1)-C(4a)= 2.797(4)
Na(1)-C(5a)= 2.772(4)
N(1)—~C(2) = 1.376(4)
N(3)—C(8) = 1.371(4)
N(2)—C(3) = 1.365(4)
N(2)—C(7) = 1.367(4)
C(1)-C(2) = 1.446(5)
C(2)-C(3)= 1.436(4)
C(7)-C(8) = 1.442(4)
C(8)-C(9) = 1.426(5)
N(1)—Fe(1)-N(2) = 80.97(11)
N(1)—Fe(1)-N(3) = 162.29(11)
N(1)—Fe(1)-N(4) = 98.33(12)
N(2)—Fe(1)-N(3) = 81.33(11)
N(2)—Fe(1)-N(4) = 177.33(13)
N(3)—Fe(1)-N(4) = 99.31(12)
Fe(1)-N(4)—N(5) = 177.3(4)
Fe(1)-N(4)—Na(l)= 136.17(14)
N(4)—N(5)—Na(l)= 117.6(3)
N(5)—N(4)—Na(1)= 43.3(3)
N(4)—Na(1)-N(5) = 19.09(12)

Fe(13N(1) = 1.897(4)
Fe(1)N(2) = 1.862(4)
Fe(1}N(3) = 1.890(4)
Fe(13N(4) = 1.733(5)
N(4)-N(5) = 1.154(6)
N(5)-Na(1)= 2.389(6)
N(1)}-C(2) = 1.370(6)
N(3)-C(8) = 1.386(6)
N(2)-C(3) = 1.376(6)
N(2)-C(7)= 1.377(6)
C(1¥-C(2) = 1.477(7)
C(2)-C(3) = 1.420(7)
C(7y-C(8) = 1.427(7)
C(8)-C(9) = 1.444(7)
N(1)>-Fe(1)-N(2) = 80.97(17)
N(1)-Fe(1)-N(3) = 161.59(17)
N(1)-Fe(1)-N(4) = 99.66(18)
N(2)-Fe(1)-N(3) = 80.63(17)
N(2)-Fe(1)-N(4) = 174.89(19)
N(3)-Fe(1)-N(4) = 98.72(18)
Fe(13N(4)—N(5) = 177.4(4)
N(4)¥-N(5)-Na(1)= 171.7(4)

Fe(13N(1) = 1.895(4)
Fe(1)N(2) = 1.855(4)
Fe(1}N(3) = 1.882(4)
Fe(1)N(4) = 1.723(5)
N(4)-N(5) = 1.149(6)
Na(1}N(5) = 2.333(5)
Na(1}-C(24)= 3.050(6)
Na(1} C(25)= 2.740(6)
Na(1)-C(26)= 3.055(6)
Na(1} C(2A) = 2.945(6)
Na(1)}-C(3A) = 2.628(5)
Na(1}N(2A) = 2.507(5)
Na(1}-C(7A) = 3.100(5)
Na(1}-Fe(1A)= 3.089(2)
Na(2}O(1) = 2.349(5)
Na(20(2) = 2.328(5)
Na(2)N(2) = 2.469(5)
Na(2)C(3) = 2.942(6)
Na(2)C(7) = 2.732(6)
Na(2yFe(1)= 3.163(3)
N(1)-C(8) = 1.404(7)
N(3)-C(2) = 1.403(6)
N(2)-C(3) = 1.433(6)
N(2)}-C(7) = 1.414(6)
C(13C(2)=1.487(8)
C(2)-C(3)=1.389(7)
C(7¥C(8)= 1.403(7)
C(8)-C(9)=1.478(8)
N(L}-Fe(1)-N(2) = 81.22(18)
N(1)-Fe(1)-N(3) = 161.94(19)
N(L)-Fe(1)-N(4) = 101.3(2)
N(2)-Fe(1)-N(3) = 80.79(18)
N(2)-Fe(1)-N(4) = 177.43(19)
N(3)—Fe(1)-N(4) = 96.67(19)
Fe(1)-N(4)—N(5) = 174.3(4)
N(4)—N(5)—Na(l)= 143.4(4)

4

5

5

Fe(1)-N(1) = 1.848(9)
Fe(1)-N(2) = 1.775(9)
Fe(1)-N(3) = 1.849(9)
Fe(1)-N(4) = 1.761(11)
N(4)—N(5) = 1.136(12)
N(1)-C(2) = 1.379(13)
N(3)—C(8) = 1.342(13)
N(2)—C(3) = 1.370(13)
N(2)—C(7) = 1.386(13)
C(1)-C(2)= 1.468(13)
C(2)-C(3)= 1.425(13)
C(7)-C(8) = 1.441(14)
C(8)-C(9) = 1.441(15)
N(1)—Fe(1)-N(2) = 82.1(5)
N(1)—Fe(1)-N(3) = 163.2(5)
N(1)—Fe(1)-N(4) = 97.7(5)
N(2)—Fe(1)-N(3) = 81.2(4)
N(2)—Fe(1)-N(4) = 179.8(5)
N(3)—Fe(1)-N(4) = 99.0(5)

Fe(1¥N(1) = 1.880(6)
Fe(1}N(2) = 1.865(6)
Fe(1¥N(3) = 1.883(6)
Fe(1yN(4) = 1.716(7)
Fe(2yN(6) = 1.881(6)
Fe(2)N(7) = 1.834(6)
Fe(2)N(8) = 1.909(6)
Fe(2}N(9) = 1.782(7)
N(4)¥-N(5) = 1.163(8)
N(9)-N(10)= 1.112(9)
Na(1)Fe(1)= 3.034(4)
Na(1}O(1) = 2.289(8)
Na(1}0(2) = 2.374(8)
Na(1)-N(2) = 2.506(7)
Na(1)-C(7) = 2.737(8)
Na(1)}-C(8) = 3.114(9)
Na(2)-Fe(1)= 3.045(4)
Na(2)-O(3) = 2.256(10)
Na(2)-O(4) = 2.376(9)
Na(2)-N(2) = 2.511(7)
Na(2)-C(3) = 3.092(9)
Na(2)-C(7) = 2.626(9)
Na(2)-C(8) = 2.954(9)
Na(3)-Fe(2)= 3.049(4)
Na(3)-N(5) = 2.336(8)
Na(3)-C(12)= 3.105(10)
Na(3)-C(13)= 2.799(9)
Na(3)-C(14)= 3.006(9)
Na(3)-N(7) = 2.557(7)
Na(3)-C(36)= 3.056(9)
Na(3)-C(40)= 2.815(8)
N(1)—C(2) = 1.380(9)
N(3)—C(8) = 1.402(9)
N(2)—C(3) = 1.409(9)
N(2)—C(7) = 1.409(9)
C(1)-C(2) = 1.492(10)
C(2)-C(3)= 1.384(10)

C(7y-C(8) = 1.388(11)
C(8)-C(9) = 1.458(10)
N(6)-C(35)= 1.386(9)
N(8)-C(41)= 1.352(9)
N(7)-C(36)= 1.388(9)
N(7)-C(40)= 1.387(9)
C(34)-C(35)= 1.482(11)
C(35)-C(36)= 1.389(11)
C(40)-C(41)= 1.411(11)
C(41)-C(42)= 1.513(11)
N(1)»-Fe(1)-N(2) = 80.8(3)
N(1)-Fe(1)-N(3) = 161.4(3)
N(1)-Fe(1)-N(4) = 97.0(3)
N(2)-Fe(1)-N(3) = 80.8(3)
N(2)-Fe(1)-N(4) = 177.7(3)
N(3)-Fe(1)-N(4) = 101.5(3)
N(2)-Fe(1)-Na(1)= 55.5(2)
N(2)-Fe(1)-Na(2)= 55.4(2)
N(4)-Fe(1)-Na(1)= 124.3(2)
N(4)-Fe(1)-Na(2)= 125.6(2)
Na(1)}Fe(1)-Na(2)= 107.49(11)
Fe(13N(4)—N(5) = 174.6(7)
N(4)-N(5)—Na(3)= 135.4(6)
N(5)»-Na(3)-N(7) = 126.3(3)
N(5)»-Na(3)-C(13)= 112.7(3)
N(6)-Fe(2)-N(7) = 80.7(3)
N(6)-Fe(2)-N(8) = 159.1(3)
N(6)-Fe(2)-N(9) = 97.7(3)
N(7)-Fe(2)-N(8) = 80.4(3)
N(7)-Fe(2)-N(9) = 167.5(3)
N(8)-Fe(2)-N(9) = 98.8(3)
Fe(2)N(9)—N(10)= 178.6(8)
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Table 2. Continued

Scott et al.

6

6

7

7

Fe(1)-N(4) = 1.957(4)
Fe(1)-N(6) = 1.832(4)
Fe(1)-N(14) = 1.947(4)
Fe(1)-N(2) = 1.807(6)
Fe(1)-C(46)= 1.953(5)
Na(39)-N(40) = 2.522(5)
Na(39)-N(44) = 2.350(5)
Na(39)-N(51) = 2.512(5)
Na(39)-0(76)= 2.350(5)
Na(39)-0(81)= 2.288(5)
N(2)—N(3) = 1.133(6)
N(4)—C(5) = 1.355(7)
N(14)—C(12)= 1.360(6)
N(6)—C(7) = 1.373(7)
N(6)—C(11)= 1.398(6)
C(6)-C(5)= 1.525(8)
C(5)-C(7) = 1.408(8)

C(11)-C(12)= 1.387(7)
C(12)-C(13)= 1.492(7)

C(45)-C(46)= 1.411(7)
C(46)-C(47)= 1.396(6)
C(47y-C(48)= 1.383(7)
C(48)-C(49)= 1.506(7)
C(49)-C(50)= 1.498(7)
N(4)-Fe(1)-N(6) = 80.3(2)
N(4)-Fe(1)-N(14) = 157.29(18)
N(4)-Fe(1)-N(2) = 98.2(2)
N(4)-Fe(1)-C(46)= 98.88(19)
N(6)-Fe(1)-N(14) = 80.02(19)
N(6)-Fe(1)-N(2) = 162.55(18)
N(6)-Fe(1)-C(46)= 102.1(2)
N(14)-Fe(1)-N(2) = 97.26(19)
N(14)-Fe(1)-C(46)= 96.16(18)
N(2)-Fe(1)-C(46)= 95.3(2)
Fe(1)N(2)-N(3) = 178.7(5)
N(40)-Na(39)-N(44) = 67.02(15)
N(40)-Na(39)-N(51) = 132.85(16)
N(40)-Na(39)-0(76)= 97.10(17)
N(40)-Na(39)-0(81)= 106.69(17)

Fe(1)N(1) = 1.916(5)
Fe(1)N(2) = 1.866(4)
Fe(1)N(3) = 1.922(4)
Fe(1)C(38)= 1.939(6)
Na(1)-N(4) = 2.508(5)
Na(1}-N(5) = 2.334(5)
Na(}N(6) = 2.501(5)
Na(1}-O(1) = 2.283(5)
Na(1}0(2) = 2.318(6)
N(1)}-C(8) = 1.379(7)
N(3)-C(2) = 1.367(7)
N(2)-C(3) = 1.373(7)
N(2)-C(7) = 1.362(7)
C(1}C(2) = 1.498(8)
C(2)-C(3)= 1.420(8)
C(7-C(8) = 1.398(8)
C(8)-C(9) = 1.522(8)
N(4)-C(35)= 1.282(6)
N(6)-C(41)= 1.275(6)
N(5)-C(36)= 1.353(6)

C(38)-C(39)= 1.427(7)
C(39)-C(40)= 1.389(7)
C(40)-C(41)= 1.500(7)
C(41)C(42)= 1.514(7)
N(L)-Fe(1)-N(2) = 80.6(2)
N(L)-Fe(1)-N(3) = 159.84(19)
N(1)-Fe(1)-C(38)= 101.0(2)
N(2)-Fe(1)-N(3) = 80.4(2)
N(2)-Fe(1)-C(38)= 169.0(2)
N(3)-Fe(1)-C(38)= 99.0(2)
N(4}-Na(1)-N(5) = 66.58(16)
N(4)-Na(1)-N(6) = 129.87(17)
N(4)}-Na(1)-O(1) = 114.25(19)
N(4}-Na(1)-0(2) = 102.3(2)
N(5)-Na(1)-N(6) = 66.56(16)
N(5)-Na(1)-O(1) = 157.9(2)
N(5)-Na(1)-0(2) = 98.4(2)
N(6)-Na(1)-O(1) = 102.76(18)
N(6)-Na(1)-0(2) = 101.10(19)
O(1)Na(1)-0(2) = 102.8(2)

N(40)—C(41)= 1.282(7)
N(51)—C(49)= 1.290(6)
N(44)—-C(43)= 1.369(6)
N(44)—C(48)= 1.347(6)
C(42)-C(41)= 1.508(7)
C(41)-C(43)= 1.501(7)
C(43)-C(45)= 1.373(7)

N(44)-Na(39)-N(51) = 67.28(15)
N(44)-Na(39)-0(76)= 101.21(18)
N(44)-Na(39)-0(81)= 159.0(2)
N(51)-Na(39)-0(76)= 102.44(17)
N(51)-Na(39)-0(81)= 111.73(18)
0(76)-Na(39)-0(81)= 99.4(2)

N(5)-C(40)= 1.332(6)

C(34)C(35)= 1.511(7)
C(35)-C(36)= 1.489(7)
C(36)C(37)= 1.381(7)
C(37C(38)= 1.397(7)

Figure 1. Partial thermal ellipsoid plot of complek drawn at the 50%
probability level. Hydrogen atoms have been omitted for clarity.
contractions in the Gine—Cortho boNnd lengths [C(2)C(3) = 1.436-
(4) A, C(7-C(8) = 1.442(4) A]. These distances diagnose
substantial reduction of the ligaiti'6

Complex 2.The structure of compleR s closely related to that
of 1. The Fe center is coordinated to the ligand system [Fe(1)
N(1) = 1.897(4) A, Fe(1¥N(2) = 1.862(4) A, Fe(1¥N(@3) =
1.890(4) A] and to an end-on dinitrogen unit [Fely(4) = 1.733-
(5) A] in a distorted square planar geometry [N¢Be(1)-N(2)
=80.97(17y, N(1)—Fe(1)-N(3) = 161.59(17), N(1)—Fe(1)-N(4)

Figure 2. Partial thermal ellipsoid plot of compleX drawn at the 50%
probability level. Hydrogen atoms have been omitted for clarity.

(7) A]. Also, other bond distances and angles of the ligand suggest
some degree of reduction throughout the backbone, being character-
ized by a contraction in the;jGne—Corino bONd lengths [C(2Y C(3)

= 1.420(7) A and C(A-C(8) = 1.427(7) A] and elongation in the

= 99.66(18j, N(2)—Fe(1)-N(3) = 80.63(17y, N(2)—Fe(1)-N(4) imine bonds [N(1}-C(2) = 1.370(6) A and N(3)-C(8) = 1.386-

= 174.89(19), N(3)—Fe(1)-N(4) = 98.72(18j]. Structural dif- (6) A] as well as the N,—Corno bonds [N(2)-C(3) = 1.376(6) A
ferences to comples involve the environment of the Na coun- and N(2)-C(7) = 1.377(6) A].

tercation. In this case, the Na ion is coordinated to the second Complex 3. The ligand system in compled chelates the Fe
nitrogen atom of the bridging dinitrogen [N(GNa(1) = 2.389(6) center (Figure 3) in a distorted square planar arrangement fFe(1)
A, Fe(1)-N(4)—N(5) = 177.4(4}, N(4)—N(5)—Na(1) = 171.7- N(1) = 1.895(4) A, Fe(1}N(2) = 1.855(4) A, Fe(1yN(@3) =

(4)°] and solvated by three molecules of ether. The dinitrogen unit 1.882(4) A]. The fourth coordination site is occupied by an end-on
displays a slight elongation compared to free dinitrogen [N(4)  dinitrogen unit [Fe(13N(4) = 1.723(5) A, N(1)-Fe(1)-N(2) =

N(5) = 1.154(6) A] and is coordinated to the Fe center through a 81.22(18), N(1)—Fe(1)-N(3) = 161.94(19), N(1)—Fe(1)-N(4)

fairly short bond [Fe(1)}N(4) = 1.733(5) A]. One of the two imino- = 101.3(2), N(2)—Fe(1)>-N(3) = 80.79(18}, N(2)—Fe(1)-N(4)
methyl groups of the ligand backbone appears to have been= 177.43(19), N(3)—Fe(1-N(4) = 96.67(19j]. The N—N
deprotonated [C(BC(2) = 1.477(7) A and C(8yC(9) = 1.444- distance [N(4)»-N(5) = 1.149(6) A] is still very short and suggests
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Reduction of an Fe Bis(iminopyridine) Complex

Figure 3. Partial thermal ellipsoid plot of compleX drawn at the 50%  Figure 4. Thermal ellipsoid plot of complexs, drawn at the 50%
probability level.'Pr substituents on the aryl rings and all hydrogen atoms  probability level.
have been omitted for clarity.

only a minor degree of activation of the triple bond. The bonding

of the dinitrogen unit to the metal center is slightly bent [Fe(1)

N(4)—N(5) = 174.3(4)] and forms a bridge to a Na atom [Na-

(1)—N(5) = 2.333(5) A, N(4)-N(5)—Na(1) = 143.4(4Y]. Unlike

complex1, in this case the dinitrogen unit forms a slightly bent

end-on bridge to the Na, as opposed to the distorted side-on binding

seen inl. The Na atom is coordinateg¥) to the meta- and para-

carbons of one of the aryl groups of the ligand [Naf{C)24) =

3.050(6) A, Na(1}-C(25)= 2.740(6) A, Na(1)-C(26)= 3.055(6)

A], as well asy®- to the Nyyr, Cortho, and Gine Of & Second molecule

[Na(1)-N(2A) = 2.507(5) A, Na(1}C(3A) = 2.628(5) A, Na-

(1)—C(2A) = 2.945(6) A, Na(1}C(7A) = 3.100(5) A], thereby

assembling a polymeric array. A second Na atom is pregént,

bound to the pyridine N and ortho-C’s of the ligand [NafR®)(2)

=2.469(5) A, Na(2)-C(3) = 2.942(6) A, Na(2)-C(7)= 2.732(6)

A] and solvated by two molecules of THF [Na@2p(1) = 2.349-

(5) A, Na(2-0(2) = 2.328(5) A]. The coordination of two Na

atoms to the delocalized-system of the ligand is paralleled by

mOdIfIC&tIOﬂS to the ligand bond dlstanpes._ The Imlne bond Figure 5. Partial thermal ellipsoid plot of complex drawn at the 50%

distances have been lengthened substantially in comparison to theyrobability level.Pr substituents on the aryl rings and all hydrogen atoms

neutral ligand [N(1)-C(8) = 1.404(7) A, N(3}-C(2) = 1.403(6) have been omitted for clarity.

A], as have the M,—Conno bond lengths [N(2}C(3) = 1.433(6) = 1.342(13) A, C(2)-C(3) = 1.425(13) A, C(7)-C(8) = 1.441-

A, N(2)—C(7)= 1.414(6) A]. These elongations are also paralleled (14) A, N(2)-C(3) = 1.370(13) A, N(2)-C(7) = 1.386(13) A].

by a contraction in the fane—Corno bOnds [C(2)}-C(3) = 1.389(7) Complex 5. The structure of comple® features two ligand

A_, C(7)-C(8) = 1.403(7) Al. The Gaine— Crmetnys bond lengths are systems, two Fe centers, three Na atoms, and two end-on bound

similar to those of the neutral ligand [C(3E(2) = 1.487(8) A, dinitrogen moieties (Figure 5). The first Fe center adopts a distorted

C(8)~C(9) = 1.478(8) A] and exclude deprotonation. square planar geometry comprising the three N atoms of the first
Complex 4. The structure of comple® (Figure 4) consists of ligand system [Fe(BHN(1) = 1.880(6) A, Fe(1>N(2) = 1.865(6)

the tridentate ligand system surrounding the Fe center in a distortedA| Fe(1)-N(3) = 1.883(6) A] and an end-on dinitrogen unit [Fe-

square planar coordination geometry [Fefl 1) = 1.848(9) A, (1)—N(4) = 1.716(7) A, N(1)-Fe(1)-N(2) = 80.8(3¥, N(1)—Fe-

Fe(1)-N(2) = 1.775(9) A, Fe(13N(3) = 1.849(9) A]. A terminally (1)—N(3) = 161.4(3), N(1)—Fe(1)-N(4) = 97.0(3}, N(2)—

bound end-on dinitrogen unit [Fe(AN(4) = 1.761(11) A, N(1)- Fe(1-N(3) = 80.8(3F, N(2)—Fe(1-N(4) = 177.7(3, N(3)—

Fe(1-N(2) = 82.1(5%7, N(1)—Fe(1)-N(3) = 163.2(5%, N(1)— Fe(1)-N(4) = 101.5(3}]. The dinitrogen unit forms a slightly bent

Fe(1)-N(4) = 97.7(57, N(2)—Fe(1)-N(3) = 81.2(4¥, N(2)— array with the Fe center [Fe@N(4)—N(5) = 174.6(7)] and

Fe(1)-N(4) = 179.8(5), N(3)—Fe(1)-N(4) = 99.0(5¥] completes displays a N-N bond length [N(4)-N(5) = 1.163(8) A] indicative

the structure. The NN distance shows a minor elongation of minimum extent of activation. Two Na atoms, each solvated by

compared to free dinitrogen [N(@N(5) = 1.136(12) A], while two molecules of THF [Na(BO(1) = 2.289(8) A, Na(1}0(2)

the relatively short FeN, distance suggests substantial degree of = 2.374(8) A, Na(2)-O(3) = 2.256(10) A, Na(2)-O(4) = 2.376-

back-bonding. The fGine—Cmetnyibond lengths [C(1C(2) = 1.468- (9) A], coordinate to the first ligand system, each being perpen-

(13) A, C(8)-C(9) = 1.441(15) A] indicate a scenario similar to dicularly placed to one of the two sides of the plane defined by the

and?2. Other bond distances of the ligand backbone are indicative pyridine ring and the ligand backbone. The first Na atom appears

of reduction of the ligand [N(HC(2) = 1.379(13) A, N(3)-C(8) to be#n®-bound to the N, Corho @nd adjacent fine [Na(1)—N(2)
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=2.506(7) A, Na(1}C(7)=2.737(8) A, Na(1}C(8)= 3.114(9)

A] while the second Na atom coordinates to the same atoms from

the opposite side, forming an additional short contact with the other

ortho-C atom [Na(2rN(2) = 2.511(7) A, Na(2)-C(3) = 3.092-

(9) A, Na(2-C(7) = 2.626(9) A, Na(2)-C(8) = 2.954(9) A]. A

third Na atom is connected to the first molecule via an end-on

dinitrogen bridge to the Fe center [Na(3)(5) = 2.336(8) A,

N(4)—N(5)—Na(3) = 135.4(6¥] and an-coordination to the aryl

group of the first ligand [Na(3)yC(12) = 3.105(10) A, Na(3)

C(13)=2.799(9) A, Na(3)-C(14)= 3.006(9) A]. In turn, the same

atom is also coordinated to a portion of the pyridine ring of a second

unit [Na(3-N(7) = 2.557(7) A, Na(3}C(36) = 3.056(9) A, Na-

(3)—C(40)= 2.815(8) A] formed by the second ligand bonded to

the other Fe-N, unit [Fe(2)-N(6) = 1.881(6) A, Fe(2}N(7) =

1.834(6) A, Fe(2)-N(8) = 1.909(6) A, Fe(2¥-N(9) = 1.782(7) A,

N(6)—Fe(2-N(7) = 80.7(3), N(6)—Fe(2)-N(8) = 159.1(3},

N(6)—Fe(2)-N(9) = 97.7(3f, N(7)—Fe(2)-N(8) = 80.4(3y},

N(7)—Fe(2)-N(9) = 167.5(3}, N(8)—Fe(2)-N(9) = 98.8(3y].

The coordination of the Nligand in this second unit is almost Figure 6. Partial thermal ellipsoid plot of comple& drawn at the 50%
linear [Fe(2)—N(9)—N(1F)) : 178.6(8)] with only a small degree probabili.ty level.'Pr substituents on the aryl rings and all hydrogen atoms
of N—N triple bond activation [N(9¥N(10) = 1.112(9) A]. The have been omitted for clarity.

two ligand systems display slight differences in the bond lengths

of the backbone. Both exhibit elongateghh—Cimine [N(1)—C(2) = 159.0(2}, N(51)-Na(39)-0(76) = 102.44(17), N(51)-Na-

= 1.380(9) A, N(3)-C(8) = 1.402(9) A, N(6)-C(35)= 1.386(9)  (39)-0(81)= 111.73(18), O(76)-Na(39)-O(81)= 99.4(2)]. In

A, N(8)-C(41) = 1.352(9) A] and N,—Comno bond distances  the case of the second ligand system, the bond lengths of the
[N(2)—C(3) = 1.409(9) A, N(2)-C(7) = 1.409(9) A, N(7)-C(36) backbone are barely changed with respect to the free ligand and
= 1.388(9) A, N(7)-C(40)= 1.387(9) A]. The Grine—Comnobonds o not require further discussion. However, the bond distances of
fall in the range expected for reduced complexes [E€((3) = the ligand surrounding the Fe center show significant perturbations
1.384(10) A, C(7)-C(8) = 1.388(11) A, C(35)C(36) = 1.389-  in comparison to the neutral ligand. The imine=8 and Nyy—

(11) A, C(40)-C(41)= 1.411(11) A]. Deviations from the normal .. bond lengths [N(4}C(5) = 1.355(7) A, N(14}-C(12) =
geometry occur to a larger extent at the first ligand system, as 1 360(6) A, N(6)-C(7) = 1.373(7) A, N(6)-C(11)= 1.398(6) A]
expected for an increased electron density in the ligarid appear to be elongated, whereas thgn&Corno bond lengths
orbitals*®In this case the e—Cimine distances exclude depro-  [c(5)—C(7) = 1.408(8) A, C(11}C(12) = 1.387(7) A] are
tonation [C(1)-C(2) = 1.492(10)A, C(8)-C(9) = 1.458(10)A,  shortened, suggesting a substantial amount of electron transfer to

C(34)-C(35) = 1.482(11)A, C(41yC(42)= _1-_513(11)_'&]; the ligand systert16 The Gmine—Cumethy bonds are in the normal
Complex 6. Complex6 consists of two distinct moieties. The  yange of G-C single bonds [C(5)C(6) = 1.525(8) A, C(12-C(13)
first is composed of one ligand surrounding one-Rg unit. The =1.492(7) A, C(41)-C(42)= 1.508(7) A, C(49)-C(50)= 1.498-

second is formed by another ligand chelating one Na atom solvated7) A]. The end-on bound dinitrogen unit shows a fairly shortMl
by two molecules of THF. The link between the two units is made pond distance [N(2)N(3) = 1.133(6) A] in line with the other

by ac-bond between the Fe of the first unit and the pyridingL  complexes.

qtom Qf the second. Given .th'e perfgct coplanarity of this py.ridine Complex 7. The structure of complex is very similar, from
ring with the metal center, |_t is obvious that the corresponding H the chemical point of view, to that of compléxthe only difference
atom r_\as been removed (Flgure_G). The Fe center_ adopts a squargeing the absence of the, KFigure 7). The Fe center forms bonds
pyram@al geometry(= 0.09%° defined by the three nitrogen atoms to the three nitrogen atoms of the first ligand system [Fef()
1'83_2(4) A, Fe(l—_}N(14) = 1:947(4) A] and one N atom of a /—\]. The fourth coordination site of its distorted square planar
terminal end-on dinitrogen unit [Fe@N(2) = 1.807(6) A, N(4)- geometry [N(1}Fe(1)-N(2) = 80.6(2}, N(1)—Fe(1)-N(3) =
Fe(1)-N(2) = 98.2(27, N(6)~Fe(1)-N(14) = 80.02(19), N(6)=  _ go 4(25, N(2)—Fe(1)-C(38) = 169.0(2), N(3)-Fe(1)-C(38)
Fe(1)-N(2) = 162.55(18), N(14)-Fe(1)"N(2) = 97.26(19)]. The  _ g9 (2¥] is defined by the pyridine para-C of the second ligand
apical p05|_t|on is occupied by the,&,of the pyridine ring of the [Fe(1)-C(38) = 1.939(6) A] perfectly coplanar with the metal
second unit [Fe(1)C(46) = 1.953(5) A]. The planar backbone of  onter The Na atom coordinates to the three nitrogen atoms of the
the second ligand is oriented orthogonally to the first ligand plane second ligand [Na(H)N(4) = 2.508(5) A, Na(1}-N(5) = 2.334-
[Na(39)-N(40) = 2'522;§5) A, Na(39)N(44) = 2-35%(5) A Na- 5y & Na(1)-N(6) = 2.501(5) A] and two molecules of THF [Na-
(39)-N(51) = 2.512(5) A, Na(39) O(76) = 2.350(5) A, Na(39} (1)-0(1) = 2.283(5) A, Na(1}-0(2) = 2.318(6) A] in a penta-
0O(81) = 2.288(5) A]. The geometry about the Na atom can be coordinate arrangementr (= 0.47§° [N(4)—Na(1)-N(5) =
regarded as distorted either square pyramidal or trigonal bipyramidal 66.58(16), N(4)—Na(1)-N(6) = 129.87(17), N(4)—Na(1)-O(1)

N(51) = 132.85(16), N(40)—Na(39)-O(76)= 97.10(179, N(40)— — 66.56(16}, N(5)—Na(1)-0(1) = 157.9(2), N(5)—Na(1)-0(2)
Na(39)-O(81) = 106.69(17), N(44)-Na(39)-N(51) = 67.28-  _ gg 42y N(6)-Na(1)-O(1) = 102.76(8), N(6)~Na(1)-O(2)
(15, N(44)-Na(39)-O(76)= 101.21(18), N(44)-Na(39)-O(81)  — 101 10(19), O(1)-Na(1)-O(2) = 102.8(2J]. The trigonal planar
(29) Addison, A. W.; Rao, T. N.: Reedijk, J.; van Rijn, J.: Verschoor, G. 9eometry of the para(iaine 0N the second ligand implies that even
C. J. Chem. Soc., Dalton Tran$984 1349. in this case the corresponding H atom has been removed. No other
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Reduction of an Fe Bis(iminopyridine) Complex

Figure 7. Partial thermal ellipsoid plot of complek drawn at the 50%
probability level.'Pr substituents on the aryl rings and all hydrogen atoms
have been omitted for clarity.
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to that of the two-electron-reduced complex [LFeMe][Li-
(THF)4)*2 and might be consistent with the presence of a
formal d® zero-valent Fe. On the other hand, given the
established ability of this particular ligand system to accept
electron density into the delocalizedsystem and to form
radical aniong#16-1° the complex can be more realistically
described as containing the metal center in a higher oxidation
state partially coupled to a reduced form of the ligand. The
room-temperature magnetic moment. = 6.5 ug) is
intriguingly high. Such value would imply an electronic
configuration for the metal of about five unpaired electrons,
which is quite hard to reconcile with any oxidation state
lower than Fe(lll). The real oxidation state of Fe can be at
most divalent (four unpaired electrons). With the deproto-
nated ligand as-1 and Na ast1, there must then be two
additional electrons on the ligand. They would be in different
orbitals and couple antiferromagnetically to the metal which
leaves the complex with a n&= 1 at most, as correctly
proposed by Bart et al. for the double-dinitrogen complex
of the same ligand. Computational results (see below)
consistently attributed the lower energy to the lowest spin
states. Thus, the high room-temperature magnetism can be
attributed to thermal population from the low-lying low-spin
state. Incidentally, this behavior is also consistent with that
of the previously reported [LFeMe][Li(THE]'°2also with

a formal appearance of a zero-valent species and whose

ligand modifications are apparent in the bond distances and anglesmagnetic moment spectacularly rises from 1.30 to &b

of the backbone. As i, the ligand system surrounding the Fe

as a function of the temperature increase to ambient values.

atom displays backbone modifications as expected for substantialHowever, as is often the case for these reduced complexes,

charge transfer from the metal to the ligalid®

Results and Discussion

The reduction of LFeGl {L = 2,6-[2,6-(PrpPhN=
C(CHg)]2(CsH3N)} with 3 equiv of NaH in THF afforded a
bright burgundy reaction mixture containing a distribution

of products. An ether-soluble portion of the reaction mixture

gave the paramagneti@-[2,6-(PrPhN=C(CH,)]-6-[2,6-
(PrPhN—C=CHj](CsHsN)} Fe-n>-N)Na(T HF) (@) in

the presence of undetectable amount of metallic impurities,
largely affecting the measurements, cannot be excluded.
The features of the coordinated nitrogen are also rather
intriguing, if not somewhat contradictory (Table 3). The
N—N distance [1.090(5) A] indicates minimal, if any,
reduction of the N-N triple bond. In sharp contrast, however,
the N—N stretching frequency of 1912 crhis substantially
lower than in other terminally bonded +dinitrogen
complexe® 94 and might indicate at least some reduction

moderate yield (Scheme 2). Crystals suitable for X-ray of the N—N bond order. Furthermore, the remarkably short
diffraction were shown to be very prone toward spontaneous Fe—N, bond distance [1.750(3) A] also suggests possible
loss of gas, as witnessed by a continuous foaming on theFe—N multiple bond character. These features are slightly
surface of the crystals, even at low temperature. In spite of in contrast with those of the Bart et al.’s double-dinitrogen
all precautions, rapid deterioration of the crystals prevented complex of the very same ligand systéwslthough the N-N
collection of a satisfactory data set. Only in one instance distances are very comparable, thestietching frequencies
were crystals of sufficient quality obtained for determination appear to be at substantially lower frequencies. Among the
of the connectivity (Figure 1). series of dinitrogen complexes reported in this work, only
The imine-methyl G-C distances indicate that the ligand complex4 (vide infra), which does not contain coordinated
is monodeprotonated, and consequently monoanionic, withNa, displays comparable ;Nstretching frequency to the
the CG=CH, group disordered over the two positions. The double-dinitrogen complex and yet a somewhat longeNN
possibility that the terminal N atom may bear one or more distance. Thus, the NN distance is a poor criterion for these
H atoms, as suggested by the bending of the e-Na complexes to assess the extent of activation.
vector, was clearly ruled out by the IR spectrum, which does  As indicated by the recent results in dinitrogen reduction/
not show an N-H stretch. Therefore, from the formal point cleavage obtained upon similar reduction with the Cr
of view, complexl can be described as the combination of analogué?® the amount of NaH used is critical for the
a zero-valent Fe center surrounded by a monodeprotonatedormation and isolation of species carrying a different extent
monoanionic ligand and an end-on bound dinitrogen moiety of reduction and otherwise formed under identical reaction
with a w-bonded sodium counterion. In fact, the distorted conditions. Thus, reduction of the dichloride precursor with
square planar coordination geometry about Fe is very similar6 equiv of NaH in THF afforded two other dinitrogen
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Table 3. Comparative Bond Distances and-N Stretching Frequencies of LFeNComplexes and Other Crystallographically CharacterizedNre
Complexed

compd Fe-N (A) N—N (A) v (N—N) (cm™?)
1 1.750(3) 1.090(5) 1912
2 1.733(5) 1.154(6) 1965
3 1.723(5) 1.149(6) 1899
4 1.761(11) 1.136(12) 2159
5Fe(1)-N; 1.716(7) 1.163(8) 1868
5Fe(2-N, 1.782(7) 1.112(9) 1910
6 1.807(6) 1.133(6) 2009
LFe(Ny), (first)® 1.8341(16) 1.090(2) 2124
LFe(Ny)2 (second 1.8800(19) 1.104(3) 2053
<chgrow;Ip;4¢trans[FeH(Ny)(dmpe)][BPhy]© 1.818(11y 1.13(3)a 2094
Fe(Ny)(depe)® 1.748(8) 1.139(13) 1955
[Fe(>-CsHs)(N2)(dippe)][BPh] 1.76(1) 1.13(1) 2112
[FeH(N:)(NP3)][BPh4]9 1.809(9) 1.102(13) 2090
[FeCI(Ny)(depe)][BPhy]" 1.784(9) 1.073(11) 2088
Fe(CNC)(N): (first) 1.847(2) 1.115(3) 2031
Fe(CNC)(N)2 (second) 1.820(2) 1.113(3) 2109
Fe(H)(N2)(PEtPh)3 1.786(7) 1.136(7) 2043
[FeH(N) (Pa)][Br] ¥ 1.865(15) 1.076(15) 2130
{[PhBPP3]Fe} 2(u-Ny)' 1.814(5Y 1.138(5)
{ (PhBPP]Fe)(u-No)}H{ Na(THF)} ™ 1.183(2) 1.171(4)
(SiPPy)FeNy” 1.819(2) 1.106(3) 2041
Fe(N)(COR(PE®)° 1.853(22) 1.08(3) 2098
{Fe(PE#)2(CO)} 2(u-N2)° 1.879(16) 1.13(2)
{Fe(P(OMe})2(CO)} 2(u-N2)P 1.876(9) 1.13(2)
{nacnace} o(u-Ny)? 1.775(5Y 1.182(5) 1778
{nacnade} »(u-No)K 1 1.764(6Y 1.233(6) 1589

al = 2,6-[2,6-(PrPhN=C(CHs)]2(CsH3N); dmpe= MePGH4PMe; depe= ELPGH4PEY; dippe= PLPGH4PPr; NP3 = N(CH,CH,PPh)s; CNC
= 2,6-bis(aryl-imidazol-2-ylidene)pyridine (ary: 2,6PrGsHs); P4 = PhPGH4PPhGHPPhGH4PPh; PhBPP; = [PhB(CH)PPR)s]~; SiPPh = [(2-
PhPGsH4)3Si]—; nacnac= B-diketiminate.P Ref 8.¢ Refs 5a,cd Averaged values; IR stretching frequencies reported above were measured in either solid
state or solution, and therefore any comparison should be taken with the appropriate preé&efsrgb,f.f Ref 5d.9 Ref 5e." Ref 5g.! Ref 5j.1 Ref 5k.
kRef 5I.' Ref 7a.™ Ref 7c." Ref 7b.° Ref 5i. P Ref 5h.9 Ref 6.

Scheme 3
| X THF\ /THF
NT | Na
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| Ar AI"N\ /N—-/
or6 NaH (65%) |||
\/(j\/ \}\l
i THF Et,0 Na(Et20)3 (20%)/ a
Ar” e\ Ar ‘3
ot
% (THF)aNa, A /:,;I!“a(THF)z
Ir”\\ l R
+
/N N\ /N
R='Pr ':f A e
Ar = 2,6-(Pr),CgH. %
r (Pr)aCeH3 (11%) w (15%) wlNa
4 5
complexes {2-[2,6-(PrpPhN=C(CH)]-6-[2,6-(PrpPhN- Complex2, the major product (Figure 2), displays features

C=CHpg](CsH3N)} Feu-N;)Na (EtO)s (2) and {2,6-[2,6- similar to complexl, consisting of an Fe center bound to
(PrpPhN=C(CHg)]2(CsHsN)} Fe(-Ny)Na[Na(THF}] (3) iso- the ligand system and to a dinitrogen unit. A Na counterion
lated from the same reaction mixture via fractional crystal- completes the structure. However, in the case of complex
lization from ether and THF/hexane, respectively (Scheme the Na ion is found;*-coordinated to the end-on, bridging

3). The room-temperature magnetic moments of both com- dinitrogen unit forming a linear FeEN—N—Na array. The
plexes indicate a scenario similar to that described aboveligand system again appears to have been deprotonated at
for 1. Complex3 could also be prepared by reduction of the one of the imine methyl groups. The-W distance is longer
FeCb complex with metallic sodium. than in1, 1.154(6) A, and the FeN bond length has been

906 Inorganic Chemistry, Vol. 47, No. 3, 2008



Reduction of an Fe Bis(iminopyridine) Complex

further shortened to 1.733(5) A. However, the-N stretch- from that of the Bart et al.’s single dinitrogen complex
ing appears at 1965 crhin the IR spectrum, a frequency reflect a small degree of reduction compared to free
only slightly higher than that irl. The comparable bond  dinitrogen, while the FeN distance (1.761 A) indicates the
lengths within the ligand suggest a scenario similar to presence of back-bonding.
complexl, involving a higher-valent Fe center bound to a  The dinuclear structure & may be regarded, from the
monodeprotonated and reduced form of the ligand. Th&IN  formal point of view, as resulting from the additional one-
distance of the dinitrogen unit may be an artifact of the electron reduction o8, and further coordination to a LFgN
different bonding modes of Na, which in turn can be ascribed unit similar to 4, only with intact Gie—Cimine UNits. The
to a different degree of solvation of the alkali metal. interaction of the Na cation with the aromatic ring of the
The structure of compleR (Figure 3) bears resemblance first unit and the pyridine ring of the second one is
to complexl, also consisting of an Fe center surrounded by responsible for assembling the dinuclear structure. This is
the ligand system and an end-on coordinated molecule ofsimilar to theintermolecular interaction observed in the solid-
dinitrogen, in turn side-on bonded to a Na atom. The presencestate structure 03. The two additional Na atoms present in
of a second Na atom, solvated by two molecules of THF the molecule ob aresz-bound to each side of the delocalized
and 73-bound to the pyridine ring of the ligand, provides ligand backbone of the first LFeNinit in an approximately
the major visible difference with compleix Also, the values  #*fashion. Although the bridging NN bond distance [N'N
of the Gmine—Cmethy bond distances imply that the methyl = 1.163(8) A] is the longest among the complexes reported
groups in this case have not been deprotonated during then this work, it is still relatively short and hard to reconcile
reduction. Regardless of how we consider the metal oxidationwith a two-electron reduction. However, the observedN\N
state, the formation oB is the result of a four-electron  stretching frequency of 1868 crhdisplays the lowest value
reduction. From the formal point of view, since the ligand of all dinitrogen complexes reported herein. Accordingly,
displays no particularly visible modifications, and given the the Fe-N bond length is indeed very short [Fe{IN(4) =
presence of the two Na atoms, the complex might be regardedl.716(7) A] and clearly suggestive of substantia-HRe
as containing Fe in the negative divalent state. Similar to multiple bond character. The terminal dinitrogen moiety on
the previous cases, however, the square planar coordinatiorthe second Fe center is clearly less reduced than the first
geometry of the Fe atom diagnoses a more realistic, higher[N(9)—N(10) = 1.112(9) A;» = 1910 cn11].
oxidation state. The NN bond distance [N(4}N(5) = During the isolation of complexl from the reaction
1.149(6) A] is similar to that ir2 and is paralleled by a  mixture, small amounts of another complex could occasion-
decrease in the FeN bond length and a remarkable shift of ally be crystallized from hexane. Unfortunately, the crystals
the IR stretching frequency to 1899 chnAll of this suggests ~ were small and diffracted weakly, but in one case sufficient
a larger extent of reduction, which, however, results in only data were collected to enable structural determination (Figure
a modest increase in Nactivation. This again underlines 6). The formulation of this new paramagnetic specie2z6-
the ability of the bis(iminopyridine) ligand to act as a sort [2,6-(Pr),PhN=C(CHjz)]2(CsH3N)} Fe@;*-N,)[{2,6-[2,6-
of “electronic buffer” by being the preferred target of (‘Pr)PhN=C(CHs)]»(NCsH)}Na(THF)] (6) was yielded by
reduction. This behavior is not unprecedented in Fe chem- crystal structure determination revealing the presence of two

istry, given that further reduction of an Feacnacdinitrogen ligands per Fe atom. With this information in hand, it was
complex resulted in only a minor extent of Mctivation, at possible to rationally prepam®@by performing reduction in
least judging from the NN distancé’ the presence of one additional equivalent of free ligand. The

Increasing the amount of reducing agent (up to 12 equiv yield, however, remained very low due to the presence of a
of NaH), allowed the isolation of two new paramagnetic second major product in the reaction mixture (see below).
species {2-[2,6-(PrpPhN=C(CHs)]-6-[2,6-(PrpPhN-C= The two units of6 are connected throughabond from
CH,](CsHzN)} Fe—N, (4) and [ 2,6-[2,6-(PrPhN=C(CH)]- Fe to the para-C of the pyridine ring of the Na-bound ligand
(CsH3N)} Fe—Ny]2(u-Na)[Na (THF}Y], (5) which can be displaying intact Ge—Cimine groups. Therefore, it is tempting
separated by fractional crystallization (Scheme 3). X-ray to speculate that one H atom has been shifted from the
diffraction of the crystals revealed the structures displayed pyridine ring para position to one of the deprotonated-€
in Figures 4 and 5, respectively. Although the combined yield Cinine groups. In fact, the formation and orientation of the
of both complexes appears to be rather low, we found no Fe—C o-bond implies deprotonation of the para position of
evidence in the IR spectrum of the dry reaction mixture the pyridine ring, evidently forming a monoanionic ligand.
residue for the presence of other dinitrogen complexes.  The end-on dinitrogen unit displays a short-N distance

At first glance, complext appears to be very similar to  [N—N = 1.133(6) A], typical of a small extent of activation
the species proposed by Bart et al. as generated from theof the triple bond ¢ = 2009 cn1?). The presence of the Na
double-dinitrogen complex through a dissociation equilibrium cation implies a zero-valerformal oxidation state for the
(Scheme 1§.However, the Ge—Cimine distances suggest for  Fe center. All other structural features of the complex are
the present case a scenario very similat &md2 with one very similar to those of the other complexes described here
of the two former Me groups having been deprotonated and and suggest a similar electronic configuration in spite of the
forming a G=CH, unit disordered over the two positions. clearly differentformal oxidation states.

The dinitrogen bond distance t\N = 1.136 A) and IR Formation of a complex containing two ligand systems
stretching frequency (2159 cth also substantially different  per Fe center suggests the possibility of either ligand
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dissociation in solution or alternatively transmetallation of
the ligand to Na. It should be reiterated from this point of
view that “free” ligand, either deliberately added or generated
upon dissociation from the divalent FeQirecursor, does
not react with NaH under the reaction conditions employed
in this work. In addition, the formation & requires 3 equiv

of NaH per Fe (assuming 2 equiv act as reducing agents for
the Fe-centered ligand and 1 equiv to deprotonate the second .
ligand in the para position). As mentioned above, when the

preparation of comple% was carried out with 1 equiv of
the FeC)(THF), 5 starting material, 2 equiv of ligand and 3

equiv of NaH a second product was obtained in substantially

larger yield upon crystallization at room temperature, or from
ether. The new complex appears to be simila6 texcept
for the absence of the dinitrogen unit (Scheme 4). X-ray
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Figure 8. Calculated bond lengths (angstroms) for LFQ(NL*H)Fe-
(N2), and their singly reduced derivatives (Ar 2,6-MeCgH3).

hydride subsequently performs a radical H atom abstraction

diffraction and elemental analysis yielded the formulation from the Me group of a second unit. This would nicely

of 7 as{2,6-[2,6-(PrrPhN=C(CHs)](CsHsN)} Fe[ 2,6-[2,6-
(‘PrePhN=C(CHa)]2(NCsH,)} Na(THFY))].

Complex7 (Figure 7) appears to result from the dissocia-
tion of N, from 6. The formation of6 and 7 involves

explain why the formation of comple, which appears to

be the least reduced complex, in fact requires such a large
excess of reductant. Hydrogen abstraction from the pyridine
ring will instead lead to7 and, after coordination of Nto

reduction of one ligand by two electrons and deprotonation 6. In an attempt to shed some light on this complicated

of a second ligand at the para position of the pyridine ring
to enable the formation of the F€y,, attachment. The
reactions leading t6 and7 therefore appear to be related,
and a reasonable pathway in the formatiot® afiay involve
the fixation of dinitrogen by’ through associationdissocia-
tion equilibrium.

behavior, we have performed density functional theory (DFT)
calculations.

Bonding in LFe(N,), (L—H)Fe(N,), and Reduced De-
rivatives. From the reactions described above, it is clear that
the complexes LFe( and (L—H)Fe(\,) [L = 2,6-[2,6-
M62C6H3N=C(CH3)]2(C5H3N); L—-H= 2-[2,6-MQC5H3N=

At first glance, the observations reported above seem to C(CH)]-6-[2,6-Me,CeHsN—C=CH,](CsH3sN)] can accept

yield a rather chaotic picture of diversified complexes having

several electrons and that the counterions Na(THEan

unpredictable structures and whose only common trends isbhind to the reduced species in various ways: to the terminal

the coordination of M with minimal extent of reduction.
However, a more careful analysis clearly shows that all of

nitrogen of the Nligand, to an imine arene group, or to the
diiminepyridine ligandr-system. This ease of reduction is

these species may in fact be related as part of the samaemarkable, since LFe@)\already contains a two-electron-

complex behavior. Complexds-4 are clearly generated by
a different extent of reduction, the only difference between
1 and 2 being the degree of solvation of the alkali cation
and consequent different ligation mode to dinitrogen. Com-
plex 3 may be regarded as the result of the formal addition
of NaH to1. Complex5 may be considered as the result of
the aggregation o8 with 4, provided that one additional
hydrogen atom may be obtaine€there are several different
sources for this, given the apparent mobility of the H atom
of the imine Me groups as well as of the pyridine ring para
position. Of course the reductant itself (NaH) may be a

reduced ligand, i.e., it should be described as"jJE€'(Ny).
Several questions arise: Where do the electrons go, to the
metal or to the ligand? To what extent does thelijand

get reduced (“activated”) in this process? Are there any
significant differences between the reduction of LFg(&hd
(L—H)Fe(Ny)? The location of hydrogen atoms in X-ray
structures is always difficult, so for several complexes
described in this work there is some uncertainty about
possible deprotonation of an imine methyl group. Can bond
lengths within the ligand help to decide between LFg(N
and (L—H)Fe(N,) complexes? We have addressed these

possible source during the Fe reduction process as part of dssues using DFT calculations. For reasons of computational

multimetallic redox mechanism. In fact, it is tempting to
speculate that the mechanism of Fe reduction might initially
proceed via the formation of intermediate-He, where the
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efficiency, the bulky 2,8Pr.C¢Hs groups have been replaced
by slightly less bulky 2,6-MgCsH3 groups. Figures 810
show the structures studied, with relevant bond lengths. A
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Figure 10. Calculated bond lengths (angstroms) for mdéébr complex
5.

tances are uniformly larger than the observed ones (by ca.
0.1 A). This seems to be a systematic failure of this type of
DFT calculation. The elongation of the=AN bond on
complexation to either LFe or (EH)Fe is modest (ca 0.015

A) and points to a very limited amount of back-donation
from Fe to N.

One-Electron Reduction. For both A and A_4, we
considered three possible reduction products e&¢hk B2
andB'_y—B3_4): (1) A Na(THF), unit coordinated to the
ligand m-system; (2) A Na(THF) moiety bound to the
terminal N> nitrogen and an imine arene group; (3) A Na-
(THF)3 unit bound to the terminal Nnitrogen.

Relative toA, structureB! shows a clear elongation of
the Gn—Nim bonds and corresponding shortening ¢f-€
Cim bonds, but very little change otherwise. In particular,
the Fe-N and N=N distances hardly change. This indicates
that the extra electron has gone to a ligaricrbital. Similar
reduction ofA_y results in a structure with Na close to the
amide nitrogen. Now, the bond lengths in the imine “arm”
of the ligand do not change, but the -Fdamige bOnd gets
longer (by 0.08 A) as does=N (by 0.02 A), while the
Fe—N, distancedecreasedy 0.07 A. All of this indicates
that reduction has happened at the Fe atom and has resulted
in increased back-donation to the Nnit. Metal-centered
reduction is also indicated for structurd3—B2 andB2_,—
B3_y; the main difference wit8'_ is that for these bridged
structures the &N is more elongated, by up to 0.05 A

From these results, we can draw the following conclusions.
(1) The site of reduction is clearly indicated by bond length
changes: reduction at the metal shortens—Ne and
lengthens the FeNi» and Fe-Np, bonds, whereas ligand-
centered reduction affects mainly the imine groups. (2) LFe-
(N2) can more easily accept electrons into its ligarslystem
than (L-H)Fe(N). (3) The location of the Na(THE)

variety of spin states (at least up to four or five unpaired counterion can be important in directing the site of reduction
electrons) have been considered for model complexes (i.e.,of LFe(N,). Coordination to ther-system stabilizes the*
without bulky aryl groups). In all cases where the formal orbitals and therefore promotes ligand-centered reduction,
oxidation state of Fe was zero or lower, the lowest spin state whereas coordination to;Navors metal-centered reduction
always was the lowest in energy. For calculations on the and back-donation to N

“real” systems (i.e., with 2,6-M€¢H3 instead of 2,6-

'Pr,CeH3), the geometries of the lowest spin sta®s=<( 0 or

1,) and the next-highest one&S(= 1 or %,) have been

If we now compare the X-ray structure of compkewith
those of complexe$ and2, we see increases in the+Riny
and Fe-Ny, bond lengths, shorter FéN, bonds, and virtually

optimized for all systems. Again, the lowest spin state was unchanged ligand imine groups. This agrees with the

consistently yielding the lowest energy.

Bonding of N, to LFe and (L—H)Fe. Calculations predict
very similar N, binding energies for LFe and {tH)Fe (ca.

19 and ca. 17 kcal/mol to form complexds and A_,

respectively). Also, the geometries of the resulting Re(N
moieties are very similar (FeN = 1.834 A and 1.856 A;

N=N = 1.119 A and 1.114 A, vs 1.101 A in free,Mt the

calculations and indicates metal-centered reduction. The
curiously short =N bond observed for complek is not
reproduced in the calculated structuresnysingly reduced
structure containing either L or (¢H), and we conclude
that it is most likely an artifact. It should be noted here that
the observed changes ineN bond lengths are relatively
small (at most 0.05 A) compared to the errors of X-ray

same level). Inspection of occupied orbitals and of bond structure determinations and should therefore be treated
lengths within the ligands indicates significant additional with caution (a similar observation was made recently for
electron transfer from metal to ligand in both cases. As C—O bond lengths in a large series of metal carbonyl
anticipated, the complexes are best formulated as containingcomplexe$' was relatively poor as noted earlier.

Fe' and either £* or (L—H)*". Apparently, the ligand effects In the X-ray structure of comple# [LFeN;], the Gn—

of L** and (L—H)"* are rather similar [in earlier work on  Cye bond length of 1.454 A is short for a terminal,&
binuclear vanadium complexes, we have noted the similarity CHs bond (calculated, 1.503 A) and could in principle
between £* and (L—2H)?7].13 The calculated FeN dis- represent a deprotonated,&CH, group disordered over
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two positions (calculated, 1.432 AYAs a word of caution, Table 4. Comparison of Reduction o% andA_y
it should be noted here that abnormally short termingtC entry reaction (see Figures 8and 9)  AE (kcal/mol)
CHjs bonds have been observed in other cases where clearly

/ ! 1 B2+ Bl—C2+ A -3.4
no deprotonation has taken pla@eThis seems to be an 2 Bl+B!—Cl+A -9.1
artifact, since calculations produce very constagt-CHs; 3 Ct+B?—~D+A 1.9
) i 4 2B2+Bl—E+A -29.2

bond lengths. We tentatively conclude that terming|-C , ) ,
CH; bond lengths in the range of ca. 1:4B.47 A from 2 S;: T Eil::gil:iﬁ’“ e
X-ray structure determinations are not very reliable indicators 7 C_ly+B.2y—D_y+A_n +22.7
of the deprotonation state of the ligand. The average-C 8 Bl4+ A y—Bly+A 104
Nim and Gy—Cin bond lengths observed for compléx1.362 9 Bi +Ap— B?H +A 0.3
and 1.434 A) are very close to the values calculatedor 9 ORISR o
agreement withA_ (1.379 and 1.459 A) is somewhat 12 C2h A G2t A 05
poorer. Some uncertainty remains in the assignment of the 13 D+Aw—Dyx+A +9.7

deprotonation state of complek

Similar to complex4, the observed bond lengths for €achacceptedneelectron (relative t&\). This implies that
complexesl and2 do not allow a completely unambiguous 0One electron must have transferred to the second Life(N
assignment of the ligand protonation state, although in this unit. Interestingly, bond lengths within this second unit
case the agreement is slightly better for the deprotonatedindicate that, different fronB?, the electron has reduced the
structure. metal rather than the ligand. The reason for this difference

Further Reduction. Two-electron reduction oA (to give is not clear at present. Apparently, the ligand-reduced and
Clor C?, see Figure 9) results in the transfer of one electron metal-reduced variations of LFefNare very close in energy,
to the ligand and one to the metal center so that the final 2nd small changes in the complex can tip the balance either
product should be formulated as having Fegardless of ~ way. This fluidity also means that in solution metal-reduced
the location of the Na counterions. It appears that the and ligand-reduced species could be in fast equilibrium.
diiminepyridine ligand, having already accepted two elec- The Gn—Cue bond lengths of complek indicate that no
trons in ther* system inA and one more upon one-electron ligand deprotonation has occurred. Comparison of bond

reduction toB?, is reluctant to accept a fourti* electron. lengths with those calculated foE shows reasonable
This is consistent with our earlier observation of up to three- agreement, although differences in particular for the imine
electron reduction of L by metallic lithiutt. Any four- groups are larger than in the other complexes. Nevertheless,

electron-reduced structure would necessarily have at leastt seems safe to conclude that in compkxone LFe(N)
one negative charge on a carbon not bound to Fe, which weunit is doubly reduced (at metal and ligand) and one is singly
assume to be an unfavorable situation. reduced (at metal only).

Two-electron reduction oA _ also results in transfer of Energetics of Reduction. Table 4 lists the energies
one electron to the metal and one to the ligand, regardlessassociated with successive reduction steps of the Fe com-
of the Na positions. The ligand is now fully trianionic, with  plexes. Here, we see an interesting difference between the
a full negative charge on each nitrogen atom. deprotonated and nondeprotonated systems. For the depro-

Turning to the X-ray structure of compleéX we see that  tonated complexes, the second reduction $ep-(C, entries
again the intraligand bond lengths would be compatible with 5 and 6) is more difficult than the first, and the third one
either C? or C%_4. The terminal G,—Cye bond lengths (entry 7) is harder still, as one might intuitively expect. For
observed in the X-ray structure, however, are such thatthe nondeprotonated systems, however, the second reduction
formulation of a nondeprotonated complex seems more is predicted to beasierthan the first (entries 1 and 2), and
reasonable. even the third is not much more difficult (entry 3). When

In the triply reduced specid3, we see that the liganad* both series are compared, it becomes clear that in particular
orbitals have finally absorbed a fourth electron. The defor- the first reduction step is more difficult fak than forA_y
mation of the imine groups is extreme, whereas the ¥g (entries 8 and 10). Thus, the nondeprotonated series is
unit is very similar to that inC2. predicted to have a preference for forming more reduced

The last structure we consideredEs(Figure 10) as a  species, to the extent that the disproportionation reaction
model for “dimeric” complex5. Calculated bond lengths 3 B — E + A is calculated to be strongly exothermic
within the LFe(N) unit bound to all three Na atoms are very (entry 4).
similar to those irC* and indicate that ligand and metal have  Calculated energies for species of different multiplicities,

. . . . as reported here, need to be treated with caution. Also, the

(30) @&%ﬁl‘é?ﬁfgﬂg”gﬁ%(E:%'t:ﬁs(r\b) structure is clearly incompatble 5 agent system seems to be rather complex, with a subtle
(31) See, e.g., (a) Hiya, K.; Nakayama, Y.; YasudaMacromolecules balance between kinetics, thermodynamics and ease of

2003 36, 7916. (b) Unni Nair, B. C.; Sheats, J. E.; Ponteciello, R.; - crystallization leading to the various products isolated.

Van Engen, D.; Petrouleas, V.; Dismukes, G.Iiiarg. Chem.1989 .

28, 1582. (c) Chen, Y.; Chen, R.; Qian, C.; Dong, X.; Sun, J. However, the above results seem to agree with the observa-

Organometallics2003 22, 4312. (d) Vasilevsky, I.; Rose, N. J.;  tion that the monodeprotonated species are mainly found in

gﬁggiﬁg}?,& E’iﬁtﬁeg’rfﬂoﬁ;%ﬁ?gﬁfﬁ‘&g%g?ﬁgﬁ%ﬁf singly reduced states, whereas the more strongly reduced

(f) Brooker, S.; McKee, V.Chem. Commur989 619. species appear not to be deprotonated.
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Reduction of an Fe Bis(iminopyridine) Complex

Conclusion It is interesting to note that fixation of dinitrogen by late
it ic(imi idi 0,2
Reduction of LFeGl or of a mixture of L and FeGlis a transition metal bis(iminopyridine) systems ¢re@d C3%%)

complex reaction, forming a slew of Felinitrogen products, ~ esults in weakly activated and mainly terminal, end-on
presumably even more than we have isolated up until now. dinitrogen units, whereas dinitrogen complexes ét &hd
Reduction to formally zero-valent Fe complexes has been Cr'5 bis(iminopyridine) systems adopt bimetallic structures
reported before, but our results demonstrate that further With end-on N bridges. The immobilization of the dinitrogen
reduction (up to formally Fe) is possible. Thus, the unit between the two metal centers allows for a greater degree
diiminepyridine ligand is comparable to a set of carbon Of reduction of the triple bond. In fact, the -WN unit
monoxide ligands in stabilizing very low metal oxidation undergoes a two-electron reduction and the 85 unit may
states [cf., Fe(CQj]. It appears that, starting from LFe- accept six electrons and result in complete cleavage of the
(N2) (which already has two electrons in ligant orbitals) triple bond*® The ideal situation for Nactivation therefore
at most one additional electron goes to the ligand system.appears to involve a bimetallic attack of the associated
Further reduction occurs at the metal center and increasesdinitrogen moiety, an outcome that is not easy to attain with
back-donation to the Nigand. (L—H)Fe(N\) is really (L— late metal systems.
H)* Fe'(N>), and reduction occurs first at the metal and then
at the ligand. In the unusual “dimeric” compl&xone unit Acknowledgment. This work was supported by NSERC
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The LFe(N) and (L—H)Fe(N) fragments are very similar  of computer resources from WestGrid (www.westgrid.ca) by
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bond lengths for £* and (L—H)" (or any of their reduced
versions) are also very similar in most cases. On the one Supporting Information Available: Tabulated total energies
hand, this makes it difficult to distinguish between complexes @nd S expectation values for model complexés-E, PDF files
containing intact and deprotonated ligands on the basis 0fl‘or al! calculated structures, complete c.ryst.allogrgphlc data (as a
bond lengths. On the other hand, the similar behavior of the CIF file) .for complexesl—7. This material is available free of
two fragments means that distinguishing them may not charge via the Internet at http://pubs.acs.org.
always be that important. IC701643D
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