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(7b£ ,12ba ,14ca) -7b , 12b, 13,14c-tetrahydro-1,3,6-trihydroxy-
14 W-benzo [c] naphtho[2,1,8-mna] xanthen-14-one. 

The biogenetic pathway to 1 in P. ohioense apparently involves 
O-hydroxycinnamate and hydroxylated bibenzyls as intermediates. 
These compounds have been detected as natural products in a few 
mosses.5,6 

Acknowledgment. This research was supported by Grants 
CA33326 ( J . M . C ) , CA24487 (J.C.), and RR04150 (J.C.) from 
the National Institutes of Health. In vitro testing was performed 
by the Cell Culture Laboratory, Purdue University Cancer Center. 
High resolution (470 MHz) proton spectra were recorded at the 
Purdue University Biochemical Magnetic Laboratory (NIH Grant 
RR01077). We are also grateful to Dr. Alan L. Goodson of 
Chemical Abstracts Service for his assistance in nomenclature. 

Supplementary Material Available: Details of the X-ray study 
including space group, experimental conditions, tables of atomic 
coordinates, thermal parameters, interatomic distances, and in
teratomic angles for 1, and spectral data (UV, IR, MS, 13C NMR, 
and 1H N M R ) for 1 and 2 (6 pages). Ordering information is 
given on any current masthead page. 

(5) Suize, C. Adv. Bryology 1981, 1, 167. 
(6) Billek, G. Fortschr. Chem. Org. Naturst. 1964, 22, 115. 

A Binuclear Mixed-Valence Ferromagnetic Iron System 
with an S = 9 / 2 Ground State and Valence Trapped 
and Detrapped States 

K. K. Surerus and E. Miinck* 

Gray Freshwater Biological Institute 
University of Minnesota 

Navarre, Minnesota 55392 

B. S. Snyder and R. H. Holm* 

Department of Chemistry, Harvard University 
Cambridge, Massachusetts 02138 

Received March 20, 1989 

We have recently described the synthesis and certain physi-
cochemical properties of a series of binuclear iron complexes 
[Fe2(SaImP)2]0 '1"'2" (1-3) , derived from trianionic binucleating 

0,l-,2-

ligand salmp (4).1^ These complexes are part of a set whose 
members contain the bridge unit Fe2(/u-OR)2 and, in turn, are 

members of a much larger set including some ten types of oxy
gen-bridged binuclear complexes.' There is substantial interest 

(1) Snyder, B. S.; Patterson, G. S.; Abrahamson, A. H.; Holm, R. H. J. 
Am. Chem. Soc. 1989, / / / , 0000. 

(2) Abbreviations: bpmp, 2,6-[bis(2-pyridylmethyl)aminomethyl]-4-
methylphenolate(l-): DMA, /V.A-dimethylacetamide; hxta, /V,A"-(2-
hydroxy-5-methyl-1,3-xylylene)bis(A'-carboxymethyl)glycinate(5-); Me3tacn, 
l,4,7-trimethyl-l,4,7-triazacyclononane; salmp, bis(salicylideneamino)-2-
methylphenolate(3-). 

- 4 - 2 0 2 4 
VELOCITY (mm/s) 

Figure 1. Mossbauer spectrum of polycrystalline (Et4N) [Fe2(salmp)2] 
at 1.5 K. Solid lines are simulations using an 5 = 9/2 spin Hamiltonian 
with the parameters quoted in the text. For the electronic system at 
hand, the values of the asymmetry parameter r\ and the angle /3 are not 
unique.5 We used ri = +2, /3 = 30° for the Fe" site and 77 = -2 and /3 
= 25° for the Fe1" site. Spectral decompositions into these two sites are 
shown above the data. 

in binuclear Fe complexes because of the presence of binuclear, 
magnetically coupled units in proteins.3 Subset 1-3 is unique 
because each oxidation level has been structurally defined and 
each, from magnetic susceptibility behavior, is ferromagnetic.1 

The current EPR and Mossbauer studies confirm this property 
and provide data elucidating the temperature dependence of the 
electron distribution in mixed-valence complex 2. 

The X-band EPR spectrum of 2 (not shown) exhibits broad 
resonances centered at g ~ 6.4 and 11. From variable-temperature 
studies, we tentatively conclude that these resonances originate 
from the first (g^ « 1 1 ) and second excited Kramers doublet of 
an S = 9/2 system with D 2 1.5 cm"1 and E/D = 0.15-0.33, 
where D and E are zero-field splitting parameters. For this range 
of EjD, an S = 9/2 system has a ground-state doublet with 
uniaxial magnetic properties (gx ~ gz ~ 0, gy « 17.5). Such 
doublets produce Mossbauer spectra that exhibit a six-line pattern 
for each Fe site. The exceptionally well-resolved spectrum of 2 
in Figure 1 is consistent with this expectation.6 Spectral simu
lations confirm the S = 9 /2 spin state and yield the following 
information, (i) The two Fe sites occur in a 1:1 occupation ratio; 
there is no evidence for additional Fe species, (ii) The quadrupole 
splitting AEQ = -0.92 m m / s , the isomer shift7 & = 0.55 mm/s , 
and the magnetic hyperfine coupling constant a = 29.0 MHz are 
typical of high-spin Fe(III), whereas the parameters of the other 
site (AEQ = +2.35 mm/s , S = 1.12 m m / s , &y = 18.1 MHz) are 
characteristic of high-spin Fe(II).8"10 The value a = 29.0 MHz 

(3) Lippard, S. J. Angew. Chem., Int. Ed. Engl. 1988, 27, 344. 
(4) Day, E. P., results to be published. 
(5) Van Dongen, T.; Jagannathan, R.; Trooster, J. M. Hyperfine Interact. 

1975, 1, 135. 
(6) The low-temperature Mossbauer spectra of 2 are essentially the same 

for the Et4N
+ salt1 as a polycrystalline sample and in acetonitrile or DMA 

solution. 
(7) Isomer shifts are referenced to Fe metal at 300 K. 
(8) (a) Armstrong, W. H.; Spool, A.; Papaefthymiou, G. C; Frankel, R. 

B.; Lippard, S. J. J. Am. Chem. Soc. 1984, 106, 3653. (b) Hartman, J. R.; 
Rardin, R. L.; Chaudhuri, P.; Pohl, K.; Wieghardt, K.; Nuber, B.; Weiss, J.: 
Papaefthymiou, G. C.; Frankel, R. B.; Lippard, S. J. J. Am. Chem. Soc. 1987. 
109, 7387. (c) .Murch, B. P.; Bradley, F. C.; Bovle, P. D.; Papaefthymiou, 
V.; Que, L., Jr. J. Am. Chem. Soc. 1987, 109, 7993. 

(9) Borovik, A. S.; Murch, B. P.; Que. L., Jr.; Papaefthymiou, V.; Miinck, 
E. J. Am. Chem. Soc. 1987, 109, 7190. 
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Figure 2. Mossbauer spectrum of polycrystalline (Et4N)[Fe2(SaIiTIp)2] 
at 297 K. The solid line through the data is the result of a !east-squares 
fit to three doublets using the parameters in Table I. Curves shown above 
the data outline the individual quadrupole doublets. 

Table I. Mossbauer Spectroscopic 
(Et4N)[Fe2(salmp)2] at 297 K 

site AEQ, mm/s 5, mm/s 

Fe" 2.24 0.99 
Fe1" 0.88 0.44 
Feav 1.08 0.71 

Parameters 

r,,° mm/s 

0.44 
0.35 
0.44 

of Polycrystalline 

rh,° mm/s %b 

0.39 20 
0.35 20 
0.55 60 

" Full width of low- and high-energy doublet lines. ' Percent of total 
absorption. Because the recoilless fractions of the three components 
may differ at 297 K, the percentages do not necessarily correspond to 
the fraction5 of molecules in the designated states. 

is typical for octahedral Fe(III) sites with O/N coordination." 
(iii) The z-axes of both electric field gradient tensors are tilted 
by 0 s 30° relative to the z-axis of the common zero-field splitting 
tensor. 

At 100 K the electronic relaxation is fast, and the Mossbauer 
spectrum consists of two doublets characteristic of localized Fe(III) 
and Fe(II) sites. At somewhat higher temperatures, a new doublet 
(Feav) appears; its intensity increases gradually as the temperature 
is raised. The spectrum of polycrystalline 2 in Figure 2 has been 
analyzed as follows. The high-energy features of all three doublets 
are well resolved. Assuming that the temperature dependencies 
of the 5 values of the Fe" and Fe1" sites are determined solely 
by the second-order Doppler shift (S42K ~ ^OOK = 0.12 mm/s), 
the two positions of the low-energy lines in the unresolved feature 
at ca. 0 mm/s can be fixed. With this information, the position 
of the low-energy line of the Feav doublet can then be calculated. 
For the final least-squares fit, the Fe" and Fe1" doublets were 
constrained to have the same absorption area. The Mossbauer 
parameters listed in Table I convey an unusual result, viz., that 
the isomer shift of the Feav doublet is exactly the average of the 
shifts of the Fe"1 and Fe" sites. 

From the preceding results, we draw the following conclusions 
concerning the electronic structure of mixed-valence 2. (1) The 
complex is ferromagnetically coupled to afford an 5 = 9/2 ground 
state, which is well isolated from other states of the spin ladder. 
(2) Below 100 K, the complex is valence-trapped (class II12) in 
the polycrystalline state and in acetonitrile and DMA solutions. 
(3) Above 100 K, the complex exists as an apparent equilibrium 
mixture of valence-trapped (ca. 40% at 297 K) and "valence-

(10) Borovik, A. S.; Que, L„ Jr. J. Am. Chem. Soc. 1988, 110, 2345. 
(11) This comparison cannot be made for the Fe(II) site because its a-

tensor is expected to be quite anisotropic. Owing to the uniaxial nature of 
the ground Kramers doublet, only the components of the magnetic hyperfine 
tensor along the>>-axis are determined at 1.5 K. We can, however, assume 
that a, * i , * ar for high-spin Fe(III). The observed magnetic hyperfine 
tensors A of the coupled 5 = 9/2 state are related to the intrinsic a-tensors 
of each site by A(Fe") = (4/9Ja(Fe11) and A(Fe'") = (5/9)a(FeIn). 

(12) Robin, M. D.; Day, P. Adv. Inorg. Radiochem. 1967, 10, 247. 

detrapped" forms. Collective properties 1-3 are unique to this 
subset of oxygen-bridged iron dimers. All other synthetic iron 
dimers with various oxygen bridge modes,1 including those in the 
Fe2(^-OR)2 set, are antiferromagnetically coupled, as are binuclear 
units in proteins.3,13 The oxygen-bridged dimers [Fe2(hxta)-
(OAc)2]2"9 and [Fe2(bpmp)(EtC02)2]2+,10 with the bridges 
Fe2(M-OR)(^-?)2-RC02)2, are valence-trapped (at least up to T 
« 55 K) but are antiferromagnetic. [Fe2(Me3tacn)2(OH)3]

2+ has 
an 5" = 9/2 ground state but is valence-delocalized (an example 
of double exchange14) very possibly because, unlike 2 (Fe-Fe = 
2.79, 2.83 A1), it is triply bridged with a short Fe-Fe distance 
(2.50 A).15 No other binuclear Fe complex displays property 
(3). Additional experiments are aimed at determining whether 
the doublet Feav reflects valence-detrapping (transitions between 
Fe1" and Fe" that are fast on the Mossbauer time scale but slow 
on the vibrational time scale) or actual valence derealization.16 

The results summarized here and elsewhere1,3 emphasize the 
diversity of electronic properties of oxygen-bridged Fe complexes 
and the dependency of these properties on the details of the 
bridging interactions. Ferromagnetic binuclear Fe units now are 
a possibility that must be considered in analyzing the electronic 
structures of proteins.13,17 
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(16) At 1.5 K and 100 K the Mossbauer spectra of 2 as a polycrystalline 
sample and in DMA solution are essentially the same. Poor signal-to-noise 
in DMA (mp -20 0C) at 210 K did not allow us to resolve the question 
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(17) Note that the electronically delocalized Fe2(^-S)2 substructure of a 
protein Fe3S4 cluster has S = 9/2: Papaefthymiou, V.; Girerd, J. J.; Moura, 
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Although intramolecular "agostic" interactions between tran
sition-metal centers and pendant C-H bonds are well-charac
terized,1 there is less evidence for the coordination of free hy
drocarbon C-H bonds to transition-metal moieties.2 Such a 
complexes of alkanes are of great importance due to the intense 
current interest in homogeneous alkane activation reactions.3 As 
part of our studies of the reactivity of rhenium alkyls of the type 

(1) Brookhart, M.; Green, M. L. H. J. Organomet. Chem. 1983, 250, 
395-408. Brookhart, M.; Green, M. L. H.; Wang, L. L. Prog. Inorg. Chem. 
1988, 36, 1-124. 

(2) Although transition-metal alkane complexes have not yet been com
pletely characterized, there is substantial spectroscopic data in support of such 
interactions, cf.: (a) Church, S. P.; Grevels, F. W.; Hermann, H.; Schaffner, 
K. Inorg. Chem. 1985, 24, 418-422. (b) Perutz, R. N.; Turner, J. J. J. Am. 
Chem. Soc. 1975, 97, 4791-4808. (c) Poliakoff, M.; Turner, J. J. J. Chem. 
Soc, Dalton Trans. 1974, 2276-2285. 

(3) Bergman, R. G. Science 1984, 223, 902-908. Crabtree, R. H. Chem. 
Rev. 1985, 85, 245-269. Graham, W. A. G. J. Organomet. Chem. 1986, 300, 
81-91. 
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