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The electronic structure, based on DFT calculations, of a range of Fe'Y=0 complexes with two tetra- (L! and L?)
and two isomeric pentadentate bispidine ligands (L® and L*) is discussed with special emphasis on the relative
stability of the two possible spin states (S = 1, triplet, intermediate-spin, and S = 2, quintet, high-spin; bispidines
are very rigid diazaadamantane-derived 3,7-diazabicyclo[3.3.1]nonane ligands with two tertiary amine and two or
three pyridine donors, leading to cis-octahedral [(X)(L)Fe"V=0J?* complexes, where X = NCCHs, OH,, OH™, and
pyridine, and where X = pyridine is tethered to the hispidine backbone in L3, L*). The two main structural effects
are a strong trans influence, exerted by the oxo group in both the triplet and the quintet spin states, and a Jahn—
Teller-type distortion in the plane perpendicular to the oxo group in the quintet state. Due to the ligand architecture
the two sites for substrate coordination in complexes with the tetradentate ligands L and L? are electronically very
different, and with the pentadentate ligands L® and L%, a single isomer is enforced in each case. Because of the
rigidity of the bispidine ligands and the orientation of the “Jahn—Teller axis”, which is controlled by the sixth donor
X, the Jahn—Teller-type distortion in the high-spin state of the two isomers is quite different. It is shown how this
can be used as a design principle to tune the relative stability of the two spin states.

Introduction state (intermediate-spin), as do the majority of non-heme iron
model complexe&? This is perhaps unsurprising, as the
strong donor ligands required to stabilize the high oxidation
state also favor intermediate- rather than high-spin states.
Two crystal structures of non-heme'¥-eO complexes have
ek)een reported so far, and lglsbauer spectroscopy indicates
that both havé&s= 1 ground states, along with all other spec-
troscopically characterized non-hemé'FeO complexeg. 2

High-valent iron-oxo species have long been of interest
in bioinorganic chemistry, largely because of their importance
in biological oxidation processésThe cytochrome P450
enzymes are perhaps the best known example, where th
iron—oxo group, in conjunction with a porphyrin radical,
provides the oxidizing power necessary to hydroxylate
hydrocarbons and arenébon—oxo intermediates have also
been proposed in a number of other iron biosystems, notably (s) neese, F.; Zaleski, J. M.; Loeb Zaleski, K.; Solomon, EJ.IAm.
in the antimalarial drug artemisiniand the anticancer drug Chem. Soc200Q 122, 11703. _
bleomycinet=6 In P450, the iron center has a triplet ground ~ (©) Kumar, D Hirao, H.; Shaik, S.; Kozlowski, P. M. Am. Chem. Soc.

2006 128 16148.
(7) Rohde, J.-U,; In, J.-H.; Lim, M. H.; Brennessel, W. W.; Bukowski,

* To whom correspondence should be addressed. F&@ 6221 546617. M. R.; Stubna, A.; Mack, E.; Nam, W.; Que, L., JiScience2003
E-mail: peter.comba@aci.uni-heidelberg.de. 299 1037.
T University of York. (8) Klinker, E. J.; Kaizer, J.; Brennessel, W. W.; Woodrum, N. L.; Cramer,
* Universitd Heidelberg. C. J.; Que, L., JrAngew. Chem., Int. EQ005 44, 3690.
§ University of Glasgow. (9) Grapperhaus, C. A.; Mienert, B.; Bill, E.; Weyheitey, T.; Wieghardt,
I'Unilever Research Vlaardingen. K. Inorg. Chem:200Q 39, 5306.
(1) Costas, M.; Mehn, M. P.; Jensen, M. P.; Que, L.Clrem. Re. 2004 (10) Decker, A.; Solomon, E. IAngew. Chem2005 117, 2292.
104, 939. (11) Bukowski, M. R.; Comba, P.; Lienke, A.; Limberg, C.; Lopez de
(2) Meunier, B.; de Visser, S. P.; Shaik, Ghem. Re. 2004 104, 3947. Laorden, C.; Mas-Balleste, R.; Merz, M.; Que, L., Angew. Chem.
(3) Posner, G. H.; Cumming, J. N.; Ploypradith, P.; Oh, C.JHAm. 2006 118 3524;Angew. Chem., Int. EQ006 45, 3446.
Chem. Soc1995 117, 5885. (12) Bautz, J.; Bukowski, M.; Kerscher, M.; Stubna, A.; Comba, P.; Lienke,
(4) Westre, T. E.; Loeb, K. E.; Zaleski, J. M.; Hedman, B.; Hodgson, K. A.; Mlinck, E.; Que, L., JrAngew. Chem2006 118 5810;Angew.
O.; Solomon, E. 1J. Am. Chem. S0d.995 117, 1309. Chem., Int. Ed2006 45, 5681.
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Electronic Structure of Bispidine Iron(IV) Oxo Complexes

The Fe-O distances in the two known crystal structures are Scheme 1
1.646(3) and 1.639(5) A, very similar to each other and
comparable to the FeO bond distances deduced from
EXAFS studies of oxoiron(lV) units in synthetic porphyrin
(1.65/1.66 A} and heme peroxidase compounds (+&%9
A).1415 For comparison, the terminal F© distance in the
only characterized Fe(IHyoxo complex is 1.813(3) A¢

In view of the dominance of the triplet ground state in
model chemistry, the identification of a high-spi& € 2)
FeV=0 intermediate in the non-heme iron enzyme TauD
was a remarkable restfitand one that has resulted in a
concerted effort to explore the properties of high-spin model
complexes. Previous examples of biologically relevant high-
spin F&=0 species have been limited to the dinuclear
diamond-shaped [*&0O;] cores in intermediate Q of MMO,
which oxidizes methane to methartél® The only example
of a structurally characterized synthetic high-spin'VFe

. . . . N7~ N7
complex is a distorted square pyramidal complex with a H
tetraamido-N macrocyclic ligand and a chloride in the axial \a \N§ H —_—
site. The high-spin§= 2) ground state of this complex was / ;Fego /N3\Fe/\
assigned on the basis of &bauer and EPR spectroscég. = ’\" ‘ = >N~ H Xe
A large number of DFT- and ab initio-based studies have S Xa ~ o
been conducted on the structure and reactivity of high-valent trans-N3-[(Xa)(L")Fe=O*  trans-N7-[(Xg)(L")Fe=01*"
iron complexes, the majority of which have focused on the
properties of the intermediate-spin triplet st&e&? In bispidine ligands discussed here features two tertiary amine
contrast, the properties of the quintet state have receivedand two or three pyridine donor groups (see Scheme 1). The
comparatively little attentiod rigid backbone constrains the four donors in the tetradentate

In recent years we have developed the coordination ligands ! and L2 to an octahedral coordination geometry
chemistry of a series of very rigid diazaadamantane-derivedwith two cis-disposed vacant sites. In the two isomeric
ligands®? The basic architecture of the tetra- and pentadentatepentadentate ligandsiland L4, one of these two sites for
substrate coordination @@and X, in Scheme 1) is blocked
(13) Wolter, T.; Meyer-Klaucke, W.; Mier, M.; Mandon, D.; Winkler, 5y, an additional pyridine group tethered to the bispidine

H.; Tautwein, A. X.; Weiss, RJ. Inorg. Biochem1986 78, 7819. .
(14) Penner-Hahn, J. E.; Smith Eble, K.; McMurry, T. J.; Renner, M.; Balch, backbone. The iron(ll) complexes of a number of tetra- and

A. L.; Groves, J. T.; Dawson, J. H.; Hodgson, K. &.Am. Chem. pentadentate bispidine ligands are among the most active
e B, talysts of their class for th idation and dihyd

(15) Chance, M.; Powers, L.; Poulos, T.; ChenceBRichemistryl986 Catalysts Of their class 1or the epoxidation and dinydroxy-
25, 1266. lation of alkenes in the presence of®, comparable in

16) MacBeth, C. E.; Golmbek, A. P.; Zoung, V. G., Jr.; Zang, C.; Kuczera, . ;
o) K... Hendrich, M. P.: Borovik, A SSciance2000 289 938, activity to the tpa-based complexes (tparis(2-methylpy-

(17) Price, J. C.; Barr, E. W.; Tirupati, B.; Bollinger, M., Jr.; Krebs, C.  ridyl)amine)!133Of particular interest are the two bispidine

as) ?Ecien%iﬁ\f};ig?\%niz A74§A7_- Wang. b Huvnh. B. H.: Edmondson. 19@Nnds L} and L3 (Scheme 1): both have similar activities
D. E.; Salifoglou, A+ Lippard, S.gjl Am. %hém.' Sod99s 117 for the iron-ca}talyzed epoxidation angl d.ihyc.jroxylation of
10174. cyclooctene with HO,, but the product distributions are very

(19) Solomon, E. I.; Brunold, T. C.; Davis, M. I.; Kensley, J. N.; Lee, . v
S.-K. Lehnert, N.: Neese, F.. Skulan, A. J.: Yang, Y.-S.; Zhou, J. different. We have been able to show that théV&F©

Chem. Re. 200Q 100, 235. complexes of Eand L* are the catalytically active species,

(20) Collins, T. J.; Kosta, K. L.; Mock, E.; Uffelmann, E. SJ. Am. Chem. i i i
S0c.1990 112 5637, that they can be formed in aqueous solution, and that their

(21) Siegbahn, P. E. M. Biol. Inorg. Chem2006 11, 695. spectroscopic properties are consistent with the presence of

(22) Ghosh, AJ. Biol. Inorg. Chem2006 11, 671. an intermediate-spin ground stat€?So far, we have been

gig Hg?,j?énfif'ﬂ'Q.g%ﬂgw(f:'};ﬁf";g?ﬁn%;g?‘&em2006 11, 674. unable to spectroscopically characterize any high-valent iron

(25) Bassan, A.; Blomberg, M. R. A.; Siegbahn, P. E. M.; Que, LJJr.  intermediate of Land [2. The combination of experimental

(26) AR A?"é?%%ﬁ%%ﬁﬁy P.E. M. Que, LAdgew. Chem,,  @nd computational data for the catalytic oxidation of cy-
Int. Ed. 2005 44, 2939. clooctene do, however, indicate that high-valefitbased

(27) Bassan, A.; Borowski, T.; Lundberg, M.; Siegbahn, P. E. M. In jron complexes formed in this reaction have rather different
Concepts and Models in Bioinorganic Chemistigraatz, H.-B., . .
Metzler-Nolte, N., Eds.; Wiley-VCH: Weinheim, 2006; p 63. properties than those formed when the pentadentate ligands

(28) Quinonero, D.; Morokuma, K.; Musaev, D. G.; Morokuma, K.; Mas- are involved in the oxidation proce§’s’%4
Balleste, R.; Que, J. LJ. Am. Chem. So2005 126, 6548.

(29) Kumar, D.; Hirao, H.; Que, L. J.; Shaik, $.Am. Chem. So2005

127, 8026. (32) Comba, P.; Kerscher, M.; Schiek, \Rtog. Inorg. Chem2007, 55,
(30) Hirao, H.; Kumar, D.; Que, L. J.; Shaik, $. Am. Chem. So2006 613.

128 8590. (33) Bautz, J.; Comba, P.; Lopez de Laorden, C.; Mentzel, M.; Rajaraman,
(31) Ghosh, A.; Tangen, E.; Ryeng, H.; Taylor, PHr. J. Inorg. Chem. G. Angew. Chem2007, submitted for publication.

2004 4555. (34) Bautz, J.; Comba, P.; Que, L., Inorg. Chem.2006 45, 7077.
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In the present communication we concentrate on the
geometry and electronic structure of the possibl&/=F&
complexes of L4, specifically on how the relative stability
of the triplet and quintet spin states can be tuned. There ar
four fundamental principles that influence the structure and
energetics of these complexes: (i) The oxo group exerts a
strong trans influence, leading, independent of the spin state,
to a long bond trans to the Fe=O unit. (ii) The quintet
state (high spinS = 2) is Jahn-Teller active?® leading to
an elongation of some or all of the bonds that lie perpen-
dicular to the strong F&=0 bond. (iii) The two sites for
substrate coordination in any metal complex oftype
tetradentate bispidine ligands, which are either perpendicular
to or in the average plane defined by the pyridine nitrogen
donors and N3, are sterically and electronically distinct (see
Scheme 1). (iv) The metalamine bonds to N3 and N7 in
bispidine complexes generally are distinct. The difference
is due to the bispidine architecture and ligand-induced
stresses, which enforce relatively short metdB and
relatively long metatN7 distances (see Scheme 1). For all
four ligands, we distinguish the two isomers by specifying
the orientation of the oxo group, i.e., trans-N7 and trans-N3
for the isomers with Fé=0 perpendicular to or in the plane
of Fe/Npy1/Npy2/N3, respectively. The strength of the-Xe

e
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optimized in the gas phase using the B3LYP functiét®&land a
6-31G(d) basis st The suitability of B3LYP to predict structures
and energetics is well documented. In particular fotVF©
complexes in various spin states, the B3LYP results generally agree
well with data obtained from CCSD(T) calculatiofis?4:30.49-52
Frequency calculations were performed to verify the status of all
stationary points as minima on the potential energy surface. A
simplified model system was used in all calculations, in which the
ester groups at C1 and C5 on the ligand backbone (see Scheme 1)
are replaced by hydrogen atoms; a ketorre=@@ was always used

at C9, although this is known to be hydrolyzed (C(@Hh many
structures? Although the simplified ligand and some of the
complexes hav€s symmetry, symmetry restraints were not used
in the final optimizations.

Results and Discussion

Electronic Structure of the Five-Coordinate Complexes
[((LYHFeV=0]?" and [(L?)FeVY=Q]?*. For the two tetraden-
tate ligands Eand L2, there are two possible isomers of each
[(L)FeV=0]?" complex, i.e., trans-N3 and trans-N7. Al-
though computational studies of the iron-catalyst cyclé Fe
(LY)X2/H,O24" and combined experimental and computational
studies of the iron-catalyzed oxidation of cyclooct&ne
indicate that the relevant [[fF€V=0]?" and [(L?)FEV=0]**
complexes are six- and not five-coordinate, with a donor
derived from the solvent (NCGHOH,, or OH") completing

and Fe=O bonds depends on the particular site that they yhe coordination sphere, we briefly present here the structural
occupy, and this I_egdg_;g general to isomers that differ in yat5 and energetics of the five-coordinate complexes (see
stability and reactivity>** A number of reasons for these  Figyre 1, Table 1) to establish a framework for understanding
differences have been discuss$ed! and a full theoretical  ihe six-coordinate species. For the JfEeV=0J?" complex

feature is in progres®¥.The basic point for the present study

is that the orientation of the Fe=O bond (trans-N3 or trans-
N7), and hence, its strength is enforced by the bispidine
ligand architecture. This, together with the trans influence
of the F&=0 group (see (i) above) and the Jahreller-
type activity of theS= 2 state (see (ii) above), is the design
principle for the spin-state tuning discussed here.

Computational Methods

All calculations were performed with spin-unrestricted DFT
methods within the Gaussian03 packdg&eometries were fully

(35) Throughout this paper, we use the term ‘Jafieller distortion’ to
describe the elongation of a pair of mutually trans-disposed bonds
that arises from the presence of a single electron in theLFe* d2
or de—y2 orbitals. These orbitals form the degeneratset in octahedral
symmetry. All complexes described have at m@spoint symmetry,
and in a strict sense, there is no Jafiieller distortion. However, the
elongation of metatligand bonds has exactly the same physical origin
as in higher-symmetry cases, leading to an elongation of some or all
of the bonds that lie perpendicular to the strond’F© bond (the
singly occupied orbital is,e-y2, where thez axis lies along the FeO
bond).

(36) Comba, P.; Kerscher, M.; Merz, M.; Mer, V.; Pritzkow, H.;
Remenyi, R.; Schiek, W.; Xiong, YChem. Eur. J2002 8, 5750.

(37) Comba, P.; Kerscher, M.; Roodt, Eur. J. Inorg. Chem2004 23,
4640.

(38) Born, K.; Comba, P.; Ferrari, R.; Kuwata, S.; Lawrance, G. A;;
Wadepohl, H.norg. Chem.2007, 46, 458.

(39) Comba, P.; Lienke, Ainorg. Chem.2001, 40, 5206.

(40) Comba, P.; Kerscher, MCryst. Eng.2004 6, 197.

(41) Comba, P.; Martin, B.; Prikhod’ko, A.; Pritzkow, H.; Rohwer, El.

R. Chim.2005 6, 1506.
(42) Atanasov, M.; Comba, P. Work in progress.
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spin state. The FeO bond length in the triplet state (1.579
A) is significantly shorter than in the quintet (1.614 A), in

(43) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin,
K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone,
V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G.
A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R;
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,
H.; Klene, M,; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B,;
Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R.
E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J.
W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.; Salvador, P.;
Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.;
Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari,
K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G; Clifford, S.;
Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A.
Gaussian 03revision B.03; Gaussian, Inc.: Wallingford, CT, 2004.

(44) Becke, A. D.J. Chem. Phys. B993 98, 5648.

(45) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

(46) LanL2DZ is a more commonly used and extensively validated basis
set for transition metal complexes and high-valent iron compounds in
particular. In other related studies we have used LanL2DZ**, LACVP,
LACV3P++**, and TZVPP basis sets and arrived at the same
conclusions with respect to the relative stabilities of the various spin
statest’ 49

(47) Comba, P.; Rajaraman, G.; Rohwer likbrg. Chem2007, 46, 3826.

(48) Comba, P.; Rajaraman, ®Borg. Chem2007, submitted for publica-
tion.

(49) Hiro, H.; Kumar, D.; Thiel, W.; Shaik, SI. Am. Chem. SoQ005
127, 13007.

(50) Bathelt, C. M.; Zurek, J.; Mulholland, A. J.; Harvey, J. N.Am.
Chem. Soc2005 127, 12900.

(51) Bassan, A.; Blomberg, M. R. A.; Siegbahn, P. E. M.; Que, L., Jr.
Chem. Eur. J2005 11, 692.

(52) Siegbahn, P. E. M.; Borowski, Pcc. Chem. Re00§ 39, 729.
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Figure 1. Optimized geometries of th®= 1 and 2 states of [Q)F€V=0]2* (top) and [(1)F€Y=0]?* (bottom); bond distances (A) and angles (ded) (L
S=1;L1,S=2;12 S=2;L2% S=1;L2(trans-N3),S=2): Fe-0O: 1.579; 1.614; 1.579; 1.616; 1.613;-A67: 2.040, 2.184; 2.146; 2.168; 2.179;F&3:
2.030, 2.056, 1.952, 2.129, 2.047;-RAedpy: 2.000, 2.002, 2.022, 2.042, 2.054:-Be—N3/O—Fe—N7: 152/112, 169/101, 128/143, 122/149, 168/100.
Table 1. Bond Lengths, Relative Energies, and Tripi€uintet Splittings for the Bispidine Fe=O Complexe3

bond lengths/A

Erel AETﬂQ
Fe=O S Fe-O Fe-N7 Fe-N3 Fe-Npy Fe-X (kJ mol1) (kJ mol1)
Five—Coordinate Complexes, [)FeV=0]?"
[(LY) FeV=0]2" trans-N3 1 1.579 2.040 2.030 2.000 - +24.9 —24.9
2 1.614 2.184 2.056 2.002 - 0.0
[(L?) FeéV=0P2* trans-N7 1 1.579 2.146 1.952 2022 - +28.8
2 1.616 2.168 2.129 2.042 - +40.1 +11.3
trans-N3 2 1.613 2.179 2.047 2.054 - 0.0
Six-Coordinate Complexes, [(X)H3) FeV=0]2*
[(OH2)(LY) FeV=0]2* trans-N3 1 1.617 2.099 2.100 1.987 2.069 +7.1 -7.1
2 1.615 2.281 2.082 2.030 2.335 0.0
trans-N7 1 1.612 2.270 1.970 2.000 2.084 +22.3 +9.4
2 1.612 2.230 2.167 2.090 2.177 +31.8
[(NCCH3)(LY) FeV=0]2* trans-N3 1 1.621 2.137 2.096 1.985 1.991 0.0 +4.2
2 1.613 2.321 2.097 2.036 2.302 +4.2
trans-N7 1 1.617 2.309 1.992 2.000 1.991 +13.4 +22.1
2 1.611 2.257 2.181 2.107 2.165 +35.5
[(pyridine)(LY) F&V=0P2* trans-N3 1 1.616 2.200 2.124 1.990 2.088 0.0 +3.4
2 1.610 2.360 2.113 2.063 2.307 +3.4
trans-N7 1 1.609 2.451 2.021 2.015 2.065 +15.8 +12.3
2 1.609 2.287 2.180 2.185 2.152 +28.1
[(OH)(LY) FeV=0]* trans-N3 1 1.616 2.275 2.122 1.982 1.852 +18.6 -18.1
2 1.615 2.332 2.188 2.207 1.809 +0.5
trans-N7 1 1.615 2.067 2.364 1.981 1.852 +22.6 —22.6
2 1.608 2.303 2.211 2.221 1.803 0.0
[(NCCH3)(LA)FEV=0]%+ trans-N3 1 1.618 2.144 2.088 2.048 1.988 +7.4 7.4
2 1.611 2.263 2.080 2.118 2.298 0.0
Six-Coordinate Complexes, [fl) FeéV=0]2"
[(L4) FeV=072* trans-N3 1 1.619 2.143 2.069 1.988 1.980 0.0 +26.5
2 1.610 2.236 2.093 2.125 2.089 +26.6
[(L3) FeV=0]2" trans-N7 1 1.616 2.225 2.004 2.004 1.988 +9.7 +22.6
2 1.610 2.206 2.189 2.189 2.059 +32.4

a Relative energies are given with respect to the most stable spin state of a particular complex, regardless of geometrguihtipieiplittings are given
for each isomer (see Supporting Information for Mulliken spin densities and absolute energies).

contrast to the computed F© distances published for [(X)-  and invariant to the spin state (1.65 A in ba&h= 1 and
(tpa)F&V=0]?", where the corresponding bonds are longer 2)3! The computed FeO bond lengths in the six-coordinate

Inorganic Chemistry, Vol. 46, No. 16, 2007 6423



Anastasi et al.

bispidine complexes discussed below are also invariant to

spin state, in agreement with the computational data dis-

cussed above and with experimental data of tpa-based iron

complexes (1.646(3) and 1.639(5) 353 The trends in

Fe—0O bond length can be related to the distortions away

from square pyramidal geometry, which are possible if)f(L

FeV=0]?* due to the vacant coordination site cis to the oxo

group. In the triplet, the ©Fe—N3 and O-Fe—N7 angles

of 152 and 112, respectively (cf. square pyramidal: T80

90°; trigonal bipyramidal: 129 12C) allow the mixing of

significant Fe-O 7* character into the vacant FN7 o* Figure 2. Optimized geometries of th8= 1 states of the trans-N3 and
orbital, thereby strengthening the++© bond. In the quintet, trans-N7 isomers of [(OB)(LY)FeV=0]2*; bond distances (&) (trans-N3;
this orbital is singly occupied and the much reduced driving tlr%’%;’\‘lz()‘;N';‘;o-l;églfzv. éd%l;zﬁngﬂz?- 2.2(5%3?'2.2639' FeN3: 2.100;
force for a trigonal bipyramidal distortion is clearly reflected

in the O-Fe-N angles (O-Fe-N3 = 169", O—Fe-N7 = and quintet states of [(X)@)FeY=0]2" with X = pyridine,

107). ] . ) . NCCHs, OH,, and OH'. The optimized geometries of tig
For the five-coordinate complex with the methylated ligand — 1 gtates of the two isomeric aqua complexes are shown

2 V=0)]2+ i . . . . .
[(L?)Fe¥=0J*", we have again only been able to locate a i, rigyre 2, and selected bond distances and relative energies
single minimum on the potential energy surface in the triplet ¢, | species are collected in Table 1

spin state. In this case the complex adopts a distorted square |, all cases. the trans-N3 isomer is the more stable
pyramidal geometiy, with the oxo Ilga_nd approximately trans consistent with the known tendency for strong donor ligands
to N7 (O—Fe—N3_— 122, O—Fe—N? = 149). The methy] to coordinate in this position (see Introduction), and the
groups on the pyridyl donors effectively block the coordina- gtapilization of the trans-N3 isomer is of the same order of
tion site tran; to N3 and force thg oxo ligand to occupy the magnitude as observed for other bispidine complé%&s.

less electronically favored position trans to N7. For the A comparison of the relative energies of the more stable
quintet state, in contrast, we have been able to locate diSti”Cttrans-NB isomers with the five-coordinate complexes dis-
minima corresponding to the trans-N3 and trans-N7 iSOMers ¢ se in the previous section confirms that the addition of

(Figure 1). Of these, the trans-N3 structure is, as prected,a neutral ligand (Ob} NCCH, pyridine) stabilizes the triplet
the more stable by 40.1 kJ méland Cas a very similar o |ative to the quintet state, and in the case of the N-donor
structure to the quintet state of (E€Y=0]*", the only |isands this is sufficient to cause a reversal of the order of
exception being the FeNpy bor!ds Wh'ch are some 0.05 A spin states. The stronger ligand field in the octahedral
longer, probably due to the steric repulsion of the two methyl 1y hjexes naturally reduces the relative stability of the high-
groups. In contrast to the tpa-based systems, there is nospin state, but the difference betweesacceptor (NCChj
dest.abilization of t.he intermediate—spin state as a rgsult of pyridine) andz-donor (OH) ligands is also clearly reflected
thellnctleasedz +ster|c CrOWd'”@F_T“Q > 24\'/9 kJ 2r+noT1 in in the relative stability of the quintet in the latter complex.
[(LY)FE'=O)]*" vs 28.8 kJ mot* in [(L?)FE'=0J*"). This  pe strong trans influence of the oxo ligand ensures that the
is a consequence of the ability of the oxo ligand to avoid Fe—O o* orbital is the highest lying member of the Fe 3d
the i_ncreased steric crowding at_ the trans_-N3 position by manifold, and so the HOMO of the quintet state (the LUMO
moving to the_ vacan trans-N7 site. We W'" return to the ot the triplet) will always lie orthogonal to the F®© axis.
effects of steric bulk in the subsequent discussion of [(X)- £5; the more stable trans-N3 isomer discussed here. this
(L)Fe¥=0J*", where a similar reorganization is blocked 5.5 it in the plane defined by N7, the two pyridy! grOLjps,
by the presence of the sixth ligand X. o and the sixth ligand X. As a result, the change in spin state
Influence of a Sixth Ligand in t?e Soordzlr:atlon has almost no effect on the F© bond lengths, regardless
Sphere: Electronic Structure of [(X)(L")Fe¥=0]*", X = of the identity of X, and the changes in the spin density on
OH", OHz, NCCHs, pyridine. In this section we explore o Fav—0 ynit associated with the tripleuintet transition

the influen(_:e of a sixth Iigf_;md on the bal_ance between the are also independent of the sixth ligand (see Supporting
different spin states. Specifically, we consideCHand CH- Information).

CN as potential solvent donors and also Okhich may In contrast, the sixth ligand does play a significant role in

arise from deprotonation of _coord|nated2CBi \_Ng also determining the relative energies of the two spin states
consider the effects of coordination of a pyridine as an o4 se it controls the orientation of the Jafieller axis
unconstrained model for the complexes of the pentadentate;, 4,0 quintet state. As we have noted above, the trans

ligands L and L* to be discussed in the ngxt section. In these influence of the oxo ligand orients the HOMO of the quintet
pseudo-octahedral complexes, the motion of the oxo I|gandin the plane defined by N7, the two pyridyl groups, and X.
emphasized in the previous section is blocked by the sixth For the neutral donor ligands (NCGHpyridine, OH), the

ligand. %As E result, we hgve been able to I]?cage r?is_tiTCt HOMO is further localized along the N7#Fe—X axis (see
minima for the trans-N3 and trans-N7 isomers, for both triplet Figure 3), and as a result, the Jateller distortion takes

(53) Decker, A.; Rohde, J. U.; Que, L., Jr.; Solomon, El.IAm. Chem.
S0c.2004 126, 5378. (54) Comba, P.; Merz, M.; Pritzkow, HEur. J. Inorg. Chem2003 1711.
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Figure 3. Contour plots of the HOMO of th8 = 2 state for the trans-N3
and trans-N7 isomers of [(Of{LY)FeV=0]?*.

the form of a strong elongation along this axis. In the hydroxo
complex, in contrast, the stronger trans influence of the X
ligand reorients the JahiTeller axis such that it is now more
strongly localized along the two FeNpy bonds, which are
significantly elongated in the quintet while F&7 and Fe-

OH remain largely unaffected (see Table 1).

are almost identical in the triplet and quintet structures,
confirming that the JahnTeller axis again lies in the
orthogonal plane, defined in this case by N3, the two pyridyl
groups, and X. However, unlike the trans-N3 isomer where
the Jahn-Teller distortion is largely localized along a single
axis (N7—Fe—X), the distortion in the trans-N7 structure is
more evenly distributed over all four bonds. The difference
between the trans-N3 and trans-N7 isomers ultimately lies
in the bispidine architecture, which enforces relatively short
bonds to the N3 and relatively long bonds to the N7 donor
atom (see Introduction). The intrinsic Jahfeller instability

of the quintet state can therefore be much more effectively
accommodated in the trans-N3 isomer. The relative desta-
bilization of the quintet state in the trans-N7 isomer is also
apparent in [(pyridine)(YFeV=0]*" (AAE = 9 kJ mol %),
although it is less extreme than in the @Bnd NCCH
analogues. The unfavorable alignment of the Jaheller
axis in the high-spin trans-N7 state is, in this case, largely
offset by the destabilization of the triplet state due to

The discussion in the preceding two paragraphs illustratesrepulsion between the bulky pyridine ligand and the methyl

that the structure of any given complex is determined by
two distinct factors, the trans influence of the oxo ligand
and, in the quintets, the Jahfieller distortion, both of which

substituent on N3. Finally, we note that the hydroxo complex
is of specific interest for two reasons. First, the triplet
quintet separation in [(OH)@FeV=0]" is largely indepen-

tend to elongate one or more bonds. We can, however,dent of the isomerAAE = 4 kJ mol%). This is because the
separate the two factors by noting that they are approximatelyJahn-Teller axis is localized along the Fépy bonds in

orthogonal: as a result of the orientation of the quintet
HOMO, bonds elongated by the trans influence of the oxo
ligand are unaffected by the Jahmeller distortion and vice
versa. This allows us to define a ‘natural’ length for the
FEV—N3 and F&—N7 bonds as the bond length, when
affected by neither the trans influence nor the Jaheller

both the trans-N3 and trans-N7 isomers. As a result, the
ability of the complex to accommodate the Jafireller
distortion is not affected, to a first approximation, by the
difference between the F&N3 and Fe-N7 bonds. Second,
the energy separation between the trans-N3 and trans-N7
isomers in both spin states is very small. That is, the two

distortion. Taking the aqua complexes as a representativeisomers of [(OH)(E)FeV=0]* may coexist in solution, and
case, we estimate these ‘natural’ lengths to be 2.10 A for this could have an influence on the reactivity.

Fe—N7 and 1.97 A for FeN3 (i.e., the bonds trans to X in

Finally, before considering the pentadentate ligands, we

the two triplet states). The elongation due to the trans return to the influence on the spin-state equilibrium of the

influence of the oxo group is then given by the difference
in Fe—Nx bond lengths between the two isomers in the triplet
state: (2.27- 2.10)=0.17 A for Fe-N7 and (2.10- 1.97)

= 0.13 A for Fe-N3. This analysis reveals the important
principle that the FeN7 bond is easier to elongate than+e
N3 (see Introduction). This proves to have important

steric bulk of ortho substituents on the pyridyl arms. In the
discussion of [(B)FEV=0]?", we noted that the expected
destabilization of the intermediate-spin state was not mani-
fested because the oxo ligand was able to avoid the sterically
hindered trans-N3 position by moving to the trans-N7 site.
This rearrangement is clearly blocked in the six-coordinate

consequences for the stability of the spin states of the systems, allowing us to estimate the true effect of the ortho

pentadentate ligands (vide infra). The Jafiieller distortion
in the quintet superimposes a further elongation-6f18 A
of the Fe-N bond cis to Fe=O.
In terms of energetics, similar trends to those noted for

methyl substituents on the spin-state equilibrium. Optimized
structural parameters and relative energies of the two spin
states of [(NCCH)(L?)FeV=0]?" are collected in Table 1.
The bond lengths show the expected elongation of the Fe

the trans-N3 isomers emerge for the less-stable trans-N7Npy bond in each state relative to those in [(NCGJXHY)-

complexes, with the tripletquintet separation increasing in
the order pyridine< NCCH; < OH, < OH". However, the
triplet—quintet gap for the neutral G+dnd NCCH ligands

is increased by~18 kJ mof! compared to the trans-N3
isomer, and this is sufficient to make the triplet the ground

FeV=0]?" and also confirm that the JahiTeller axis in
the S= 2 state remains oriented along the-N#e—X bonds.
The quintet now lies 7.4 kJ mdi below the triplet, compared
to an energy difference of 4.2 kJ méin favor of the triplet
for [(NCCHg)(LY)FeV=0]?", indicating that steric bulk

state in each case. The remarkably constant destabilizatiorstabilizes the high-spin state byl2 kJ mof™.

of the quintet state in the trans-N7 isomers suggests that the Hexa-coordination

energetics of the spin-state equilibrium are intimately linked
to the architecture of the bispidine ligand. The structural

with Pentadentate Bispidine
Ligands: [(L®)FeV=0]?" and [(L*FeY=0]?". In the L3-
based F¥=0O complex, the fifth donor is tethered to the

changes associated with the spin-state change offer a possiblbispidine backbone in such a way that only a trans-N7

explanation. As in the trans-N3 isomers, the—f&e bonds

structure is possible, while*lenforces the trans-N3 arrange-
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Summary

In summary, we have explored the energetics and structural
consequences of the triptequintet transition in a range of
complexes containing the bispidine architecture and shown
that the equilibrium position is highly dependent on the
nature and position of the sixth ligand in the coordination
sphere. The addition of a sixth ligand stabilizes the triplet
in all cases, but the extent of this stabilization depends on

Figure 4. Optimized geometries of the = 1 ground states of the two the orientation of the oxo ligand with respect to the bispidine

isomers [(13)FeV=0]2* and [(L4)FeV=0]2*; bond distances (&) & L%): backbone. The quintet state is intrinsically Jafireller

E%;(lj,'z;1fslagé;lé?%)gh!:epmby%;lfégé;zzféggN3' 2.069; 2.004; Fe active, and the strong trans influence of the oxo ligand
localizes the distortion axis into the plane orthogonal to the

ment (Scheme 1). A comparison of the structural properties Fe—O axis. The stability of the quintet state is therefore
of the L3 and L*-based F&=0 complexes (Figure 4) with largely determined by the ability of the donors in this
their LYpyridine analogues (trans-N3 and trans-N7 isomers, orthogonal plane to accommodate the Jafaller distortion
respectively) can therefore offer important insights into the Without imposing undue strain on the ligand backbone. In
structural and electronic impact of constraining the movement the trans-N3 isomers, the orthogonal plane contains X, the
of the pyridine unit. The most striking feature of the two pyridyl arms, and N7, while in the trans-N7 isomers
comparison between [f)FeV=0]?" and the trans-N3 isomer the corresponding plane contains X, the two pyridyl arms,
of [(pyridine)(LY)FeV=0]?" is the relative destabilization of and N3. The structure of the bispidine backbone prefers
the quintet in the formerAEr.q = 26.5 vs 3.4 kJ mot). relatively long Fe-N7 and relatively short FeN3 bonds
We have emphasized the importance of the relatively soft and therefore allows the Jahiieller axis in the quintet to
X—Fe—N7 distortion axis in accommodating the Jahn  orient in different ways in the two isomers: along the-N7
Teller distortion in the quintet state of trans-N3-[(pyridine)- Fe—X axis in the trans-N3 isomers and along the Npyr
(LYFEV=0J]*" (AFe-N7r—q = 0.140 A, AFe-X1—q = Fe—Npyr axis in their trans-N7 counterparts. When a pyridyl
0.219 A). The distortion along the same axis injfe"'= arm is tethered to the bispidine framework, as #rahd L4,
OJ*" is severely constrained by the covalent link between the major effect is to limit the span of the two mutually trans-
the pyridyl arm and the ligand backbone, Whlch limits the disposed ligands, N7 and pyridiné br N3 and pyridine
span of the £ !lge}nd. As a result, the elongation along the L3. Because the JahiTeller axis is localized along the N7
X—Fe-N7 axis is decreasedAfe-N7r-q = 0.093 A, Fe—Npyr bonds in [(*)FeV=0]?", tethering the pyridine

AFe-Xrq = 0.109 A), causing the pronounced relative group severely compromises the ability of the complex to

destabilization of the quintet state. . S .
N7 - V7124 accommodate the JahiTeller distortion in the quintet. In
In the trans-N7 isomer of [(pyridine)JF-e¥=0J*", the contrast, tethering the pyridine in fIF€V=0]?* has only

Jahn-Teller axis in the quintet was strongly localized along - . . :

the Npy—Fe—Npy axis, rather than ¥Fe—N3, and on that a limited impact because in this case the Jaheller
basis, we might anticipate that constraining the geometry of distortion is not oriented alovng the NEe—X axis. In the

the X ligand trans to N3 in [({)F€V=0]?" would have a search for a.sjtabls' =2 Eé =0 complgx with a penta-
smaller effect. The comparison of the triptejuintet separa- dentate bispidine ligand, it therefore will be necessary to
tions in [(pyridine)(L)FeV=0]>" and [(L})FeV=0J*" is carefully tune the nature (see OWs pyridine in the E-
complicated by the fact that the destabilizing steric interaction Pased systems) and position (restriction of the methyl linker
between the pyridine and the N¥e group in the former  in L3%) of the fifth bispidine donor.

is replaced by a covalent GHinker in the latter, but the ) )
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