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and so electron transfer to a transition metal appears unlikely.
It is possible that the missing electron has been transferred to
(bi)sulfite in the solution formed as a result of dithionite oxidation.
This would require the enzyme-bound FMNH,/FMNjq couple
to have an unprecedentedly low E., of less than =550 mV (NHE).!®
1t would also require a >100 mV decrease in the FMNH,/FMNg,
E,, value when (6R)-6-F-EPSP binds since, in the absence of this
substrate analogue, no FMNg, (<2%) is detected by EPR (insert
A, Figure 1) or UV /visible spectroscopy (data not shown).

The observation of the stoichiometric formation of a stable N-5
flavin radical upon binding (6R)-6-F-EPSP to chorismate synthase
was unexpected, as this was clearly not the same intermediate
previously detected spectrophotometrically with the natural
substrate EPSP.!9 However, a free radical could be a transient
intermediate in the enzyme reaction with EPSP which does not
accumulate when rapid removal of a hydrogen radical from C-6
is possible.!?
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Azotobacter chroococcum, E,, = =520 mV; ref 16.

(19) A mechanism mvolvmg the initial removal of a hydrogen radical from
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ceedings of the Society for Chemical Industry Pesticides Group Meeting.
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The nature of the transition metal-olefin bond has been the
subject of significant experimental and theoretical work over the
past four decades. Various levels of theory concur that the
two-component interaction originally proposed by Dewar, Chatt,
and Duncanson? (Figure 1) is still the best way of picturing this
interaction.* Within a continuum of possible combinations of
these two interactions, an increase in the contribution of the
metal-d to olefin-#* backbonding component is thought to be
responsible for increased pyramidalization at the bound carbon
atoms, leading to a more metallacyclopropane structure. The
activation barriers to propellor rotation of the olefin about the
metal-olefin bond axis have also been the subject of considerable
theoretical and experimental attention.>* The rhodium complex

(1) (a) Dartmouth College. (b) University of Delaware.

(2) (a) Dewar, M. J. S. Bull. Soc. Chim. Fr. 1951, 18, C79. (b) Chatt,
J.. Duncanson, L. A. J. Chem. Soc. 1953, 2339.

(3) For recent treatments of this bonding model, see: (a) Albright, T. A,;
Hoffmann, R.; Thibeault, J. C.; Thorn, D. L. J. Am. Chem. Soc. 1979, 101,
3801. (b) Mingos, D. M. P. Comprehensive Organometallic Chemistry;
Wilkinson, G., Abel, E., Stone, F. G. A, Eds.; Pergamon: Oxford, 1983; Vol.
3, Chapter 19, p 1. For discussion of the factors contributing to the activation
barriers for propellor rotation of ligated olefins, see ref 3a. Faller, J. W. Adv.
Organomet. Chem. 1971, 16, 211. Cotton, F. A. In Dynamic Nuclear Mag-
netic Resonance; Jackman, L. M., Cotton, F. A., Eds.; Academic Press: New
York, 1975; p 377.

(4) A compendium of such activation barriers appears in the following:
Mann, B. L. Comprehensive Organometallic Chemistry;, Wilkinson, G., Abel,
E., Stone, F. G. A, Eds.; Pergamon: Oxford, 1983; Vol. 3, Chapter 20 p 89.
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Figure 1. (A) The olefin—-metal donor and (B) olefin—-metal acceptor
components of the olefin—metal bond. (C) Effect of pyramidalization at
carbon on the acceptor component. See ref 3 for more comprehensive
treatments,

Figure 2. ORTEP representation of 3a.

1 is often used as a paradigm; its structure shows a more me-
tallacyclopropane interaction for C,F, than for C,H,. However,
the C,H, rotates fast on the NMR time scale yet the C,F, is
stereochemically rigid.>¢ Indeed, high barriers to propellor ro-
tation are the norm for C,F, complexes,”® and none has been

(5) (a) The structure of 1 is discussed in the following: Guggenberger, L.
J.: Cramer, R. J. Am. Chem. Soc. 1972, 94, 3779. (b) NMR studies are
discussed in the following: Cramer, R.; Kline, J. B.; Roberts, J. D. J. Am.
Chem. Soc. 1969, 91, 2519.

(6) In the case of ligated C,F,, pyramidalization of the carbon atoms arises
not because this olefin is an intrinsically better w-acceptor than ethylene but
rather because it lowers the energy of the olefin n*-orbital, giving a better
energy match with the metal d-orbitals; see: Tolman, C. A. J. Am. Chem.
Soc. 1974, 96, 2780. Pyramidalization also reduces repulsive interactions
between F atoms and the C=C =-bond in C,F; see: Wang, S. Y.; Borden,
W.T.J. Am. Chem. Soc. 1989, 111, 7282. Getty, S. J.; Borden, W. T. J.
Am. Chem. Soc. 1991, 113, 4334,

(7) For representative references on C,;F, complexes, see: Burch, R. R.;
Harlow, R. L.; Ittel, S. D. Organometallics 1987, 6, 982. More recent
examples: Schroder, W.; Bonrath, W.; Porschke, K. R. J. Organomet. Chem.
1991, 408, C25. Kaschube, W.; Schréder, W.; Porschke, K. R.; Kriiger, C.
J. Organomet. Chem. 1990, 389, 399. Burrell, A. K.; Clark, G. R.; Rickard,
C. E. F.; Roper, W. R,; Wright, A. H. J. Chem. Soc., Dalton Trans. 1991,
609. Burrell, A. K,; Clark, G. R.; Rickard, C. E. F.; Roper, W. R. J. Or-
ganomet. Chem. 1990, 398, 133. Brothers, P. J.; Burrell, A. K,; Clark, G.
R.; Rickard, C. E. F.; Roper, W. R. J. Organomet. Chem. 1990, 394, 615.
Burrell, A. K.; Roper, W. R. Organometallics 1990, 9, 1905 and references
cited therein.
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Figure 3. Variable-temperature 1°F NMR spectra (282 MHz; toluene-
dg) of the C,F, ligand in 3b. Chemical shifts are upfield of CFCl,.

measured experimentally. Here we report the first example of
an (»?-tetrafluoroethylene)metal complex which is shown to possess
all the structural features associated with a metallacyclopropane,
but in which propellor rotation of the C,F, is demonstrably fast
on the NMR time scale. The activation barrier to propellor
rotation of C,F, is measured for the first time.
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The tetrameric ruthenium(II) complex [Ru(Cp*)Cl], (Cp* =
7°-CsMes)'? reacts readily with C,F, to afford the dimeric complex
2.13 Treatment of 2 with [Tl(acac)] (acac = acetylacetonato)

(8) The 56-MHz '°F NMR spectrum of {Rh(acac)(C,H,)(C,F,)] shows
an apparent single environment for all four F atoms,’ possibly indicative of
facile propellor rotation. The molecular struture is consistent with a metal-
lacyclopropane.!® We now report that the °F NMR spectrum of this com-
pound at 282 MHz (CDCl;; 20 °C) can be simulated as an AA'BB’X pattern
(va =-115.1, vy = —116.1 ppm relative to CFCly; Jau = Jpg =-2.4, Jap =
Jaw = 104.3, Jop = Jpar = —56.6, Jppa = 9.6, Jppe = 3.3 Hz), confirming
that rotation is slow on the NMR time scale. A small chemical shift difference
is probably the reason for the single F environment reported for the di-
pivaloylmethane analogue of this acac complex.!! Reference to an apparently
low barrier to C,F, rotation appears, without elaboration, in the following:
Howard, J. A. K.; Knox, S. A. R,; Terrill, N. J.; Yates, M. 1. J. Chem. Soc.,
Chem. Commun. 1989, 640,

(9) Parshall, G. W.; Jones, F. N. J. Am. Chem. Soc. 1968, 87, 5356.

(10) Evans, J. A.; Russell, D. R. J. Chem. Soc., Chem. Commun. 1971,
197.

(11) Jarvis, A, C.; Kemmitt, R. D. W. J. Organomet Chem. 1974, 81, 415.

(12) Fagan, P. J.; Ward, M. D.; Caspar, J. C.; Krusic, P. J. J. Am. Chem.
Soc. 1988, 110, 2981. Fagan, P. J.; Ward, M. D.; Calabrese, J. C. J. Am.
Chem. Soc. 1989, 111, 1698.

(13) A crystallographic study of 2 confirms its structure and shows the
fluoro olefin ligand to be a metallacyclopropane: Curnow, O. J.; Hughes, R.
P.; Rheingold, A. L. Unpublished observations. Solubility limitations have
precluded detailed NMR studies.

Communications to the Editor

yields the monomeric analogue 3a,'* which was characterized by
X-ray diffraction.!> An ORTEP representation of the structure
is shown in Figure 2. The geometry of the tetrafluoroethylene
ligand in 3a is almost identical to that found in 1°* and other C,F,
complexes.” The C—C distances are 1.395 (9) A for 3a and 1.405
(7) A for 1; the average M—C distances are 2.047 (6) A for 3a
and 2.024 (2) A for 1. Structural parameters have been defined
by Ittel and Ibers to quantify the nonplanarity of olefin ligands.'¢
The only relevant distance comparison is the ratio of M—C to C-C,
which is 1.46 for 3a and 1.44 for 1;% all the Ittel-Ibers angles'®
match to within 0.5° in both complexes.!” The C,F, ligand in
3a possesses all the structural attributes of a metallacyclopropane.

In toluene (-50 °C) the '°F NMR spectrum of 3a consists, as
expected, of two strongly coupled multiplets, separated by ca. 3000
Hz.!* On warming, these multiplets coalesce to a single peak.
Evidence that this coalescence is not caused by olefin dissociation
is provided by the variable-temperature '"F NMR spectrum
(Figure 3) of the trifluoroacetylacetonato analogue 3b,'* which
consists of the expected four multiplets at low temperatures, but
which coalesces to two resonances at high temperatures. Propellor
rotation interconverts only those fluorine environments trans to
one another, whereas dissociation would scramble all environments.
Observation of a small spike in the spectrum at —134 ppm (Figure
3) due to free C,F, also confirms that exchange between free and
bound olefin is slow on the NMR time scale. Line-shape analysis'’
of the VT-NMR spectra affords values for AG* ,speiior rotation Of 55
% 2 kJ-mol™! (3a) and 53 % 3 kJ-mol™! (3b). %‘hese values are
at the low end of those normally found for hydrocarbon olefins
like ethylene? and are unprecedented for tetrafluoroethylene.®

Complex 2 also reacts with -BuNC to afford the mononuclear
complex 4,2° whose °F VT-NMR spectrum exhibits four reso-
nance to two resonance coalescence similar to that observed for
3b (AG* propetior rotation = 59 * 2 kJ-mol™). Comparison of vy for
4 (2176 cm™) with those for [Ru(Cp*)Cl(-BuNC)L] [L = PPh,,
vne = 2059 cm™!; L = 1-BuNC, vy = 2078 cm™! (average of
symmetric and asymmetric stretches)]?! indicates that, as expected,
C,F, is a strongly electron withdrawing ligand compared to a
phosphine or isonitrile.

It is clear that, while C,F, acts in character as a strong acceptor
ligand in these complexes,® and while that acceptor character
affords a metallacyclopropane structure, neither factor precludes

(14) 3a: 93%, orange crystals; 'H NMR (C¢D;) 6 4.99 (s, | H, CH), 1.73
(s, 6 H, acac CH,), 1.31 (s, 15 H, Cp*); ’F NMR (toluene-ds, —35 °C, shifts
relative to CFCl;) 6 —123.08 (m, Fp 4/), —133.62 (m, Fpp)) Jaa = 7.7, Jap
= Jaa = =520, Jop = 2.4, Jap = Jom = 140.1 Hz; BC{TH} NMR (CDCI;)
5 187.5 (acac CO) 124.2 (t, Jog = 325.5 Hz, C2F4), 102.2 (CH), 100.7
[Cs(CHj),], 27.9 (acac CHj), 8.9 [Cs(CH;)s].

(15) Crystal data for {C,,H,,F,O,Ru]: monoclinic, 1/n a=8.755 3)
A, b=14295(4) A, c=14.431 (4) A, B =94.16 (3)°, V= 1799.8 (7)
Z=4,R(F)=5.11%, R(wF) = 5.83%. Of 5649 data collected (Siemens P4
26 = 4-60°, Mo Ka, 295 K), 3454 were independent, observed [4a(F,)], and
corrected for absorption (u = 9.16 cm™). All non-hydrogen atoms were
refined with anisotropic thermal parameters.

(16) Ittel, S. D.; Ibers, J. A.1Adv. Organomet. Chem. 1976, 14, 33.

(17) For 3a: a-739° 8 = 53.0° 6 =114.5°, vy = 131.0°. For I'* a
=74.3° 8= 528° 8 =114.3° v = 131.4°, Seeref 16 for definition of these
angles.

(18) Prepared from 2 and the corresponding Tlsalt. 3b: orange crystals;
80%; '"H NMR (C¢Dg) & 5.46 (q, *Jur = 0.4 Hz, 1 H, CH), 1.53 (s, 3 H,
CH,), 1.21 (s, 15 H, Cp*); 1°F NMR (toluene-dg, —50 °C): 6 -77.85 (s, CF;),
-122.81 (dd, Fg), —125.84 (dd, Fp), —134.10 (dd, F¢), —136.07 (dd, FA), Jap
= 141.3, Joc = 0.0, Jop = —53.5, Jpc = —54.3, Jpp ~ 0, Jcp = 136.6 Hz.
Anal. Caled for C3HoF,0,Ru: C, 41.72; H, 3.91. Found: C, 41.53; H,
4.01.

(19) The original version of the line-shape analysis program was written
by D. A. Kleier and G. Binsch (J. Magn. Reson. 1970, 3, 146-160; Program
165, Quantum Chemistry Program Exchange, Indiana University). Modi-
fications are described in the following: Bushweller, C. H.; Bhat, G.; Lent-
endre, L. J.; Brunelle, J. A,; Bilofsky, H. S.; Ruben, H.; Templeton, D. H.;
Zalkin, A. J. Am. Chem. Soc. 1975, 97, 65-73.

(20) 4: yellow crystals; 88%; IR (CH;CIZ) N 2176 ¢m™'; 'H NMR
(CsDg) 6 1.56 (s, 15 H, Cp*), 0.91 (s, 9 H, ¢-Bu); '°F NMR (toluene-d, —20
°C) 8 -109.54 (ddd, F,), -119.50 (dd, Fg), -123.80 (ddd, F¢), —125.34 (dd,
Fp), Jap = 140.8, Joc = 4.2, Jop = 48.6, Jpc = 50.3, Jpp = 0, Jop = 142.4
Hz. Anal, Caled for C,,H,,CIF,NRu: C, 44.89; H, 5.32; N, 3.08. Found:
C, 45.57; H, 5.78; N, 3.59.

(21) Conroy-Lewis, F. M.; Simpson, S. J. J. Organomet. Chem. 1987, 322,

21.
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facile propellor rotation. As emphasized previously by others,’
there should be no correlation between acceptor properties of an
olefin and the activation barrier to this form of stereochemical
nonrigidity; differences in the barrier may arise from variations
in the cylindrical properties and energies of the orthogonal «-
orbitals presented to the olefin by the metal fragment, differences
in orbital overlap along the rotational pathway, and other attractive
or repulsive interactions in the transition state. Theoretical studies
of the molecules discussed herein are in progress.
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We have reported a number of reaction sequences in which
molecular reactants are converted into extended inorganic solids.!
Our goals have been to design simple and general methods for
the transformation of molecules to solids and to learn as much
as possible about the pathways connecting the two. In this paper
we report the synthesis of a mixture of 8- and e-FeTe and the
isolation and characterization of (Et,;P),Fe,Te,, a cluster com-
pound that is formed directly from the molecular reagents and
that is subsequently converted to the solid products.

Compounds of low-valent transition metals react with phosphine
tellurides'™ to form metal-tellurium bonds. We sought to extend
this synthesis methodology and became particularly interested in
the chalcogenides of iron because of the remarkable and confusing
magnetic properties of the bulk materials.’ (One hope is that

(1) (a) Steigerwald, M. L.; Sprinkle, C. R. Organometallics 1988, 7, 245.
(b) Steigerwald, M. L.; Rice, C. E. J. Am. Chem. Soc. 1988, 110, 4228. (c)
Steigerwald, M. L. Chem. Mater. 1989, 1, 52. (d) Brennan, J. G.; Siegrist,
T.; Stuczynski, S. M.; Steigerwald, M. L. J. Am. Chem. Soc. 1989, 111, 9240.
(e) Brennan, J. G,; Siegrist, T.; Stuczynski, S. M.,; Steigerwald, M. L. J. Am.
Chem. Soc. 1990, 112, 9233. (f) Steigerwald, M. L.; Siegrist, T.; Stuczynski,
S. M. Inorg. Chem. 1991, 30, 2256,

(2) Brennan, J.; Andersen, R.; Zalkin, A. Inorg. Chem. 1986, 25, 1761.

(3) (a) Kuhn, N.; Schumann, H.; Wolmerhauser, G. J. Chem. Soc., Chem.
Commun. 1985, 1595. (b) Kuhn, N.; Schumann, H. J. Chem. Soc., Dalton
Trans. 1987, 541.

(g) Zingaro, R. A.; Stevens, B. H,; Irgolic, K. J. Organomet. Chem. 1965,

, 320.

(5) (a) Gronvold, F.; Haraldsen, H.; Vihovde, J. Acta Chem. Scand. 1954,
8, 1927. (b) Ipser, H.; Komarek, K. L.; Mikler, H. Monatsh. Chem. 1974,
105, 1322, (c) Leciejewicz, J. Acta Chem. Scand. 1963, 17, 2593. (d)
Komarek, K. L.; Terzieff, P. Monatsh. Chem. 1978, 106, 145. (e) Naya, R.;
Murakami, M.; Hirahara, E. J. Phys. Soc. Jpn. 1960, 15, 360. (f) Terzieff,
P. Physica 1981, 103B, 158. (g) Hermon, E.; Muir, W. B.; Quaroni, J.; Sweet,
R. C. Can. J. Phys. 1974, 52, 1800. (h) Dallacasa, V.; Ortalli, I. J. Phys. C
1980, /3, 2055. (i) Terzieff, P. Physica 1983, 122B, 43. (j) Bronistigen, G.;
Kjekshus, A. Acta Chem. Scand. 1970, 24, 1925. (k) Terzieff, P.; Komarek,
K. L. Monatsh. Chem. 1978, 109, 1037.
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the structure and behavior of iron—chalcogen clusters might shed
some light on the properties of the extended solids.) We therefore
looked for a low-valent complex of iron with which Et;PTe might
be expected to react. Fe(COT), was an attractive candidate.® The
metal is easily oxidized,” and the COT ligands are molecular and
could be expected to fall off the metal™® on reaction with phosphine
telluride. We find® that this is the case. Fe(COT), reacts quickly
at room temperature in toluene with Et;PTe to lose the COT
ligands and yield the cluster compound (Et,P),Fe,Te, (eq 1). We
determined the structure of this molecule crystallographically,'©
and a drawing of the molecular structure is shown in Figure 1.

4Fe(COT), + 4TePEt, — (Et;P),Fe,Te, (1)

The molecule has cubic symmetry and therefore has only one
independent Fe, Te, and P atom and two independent C atoms.
The core of each molecule is a tetrahedron of Fe atoms with an
Fe~Fe distance of 2.623 (4) A. Each face of the tetrahedron is
capped with a single Te atom, the resulting Te, tetrahedron having
a characteristic Te-Te distance of 4.343 (1) A. The structure
is capped and completed by a phosphine ligand at each Fe. The
Fe~Te distance is 2.609 (1) A. This is in the range normal for
Fe-Te bonds!!"'72® and implies that the bonding in the cluster is
dominated by the direct Fe-Te interactions. It is significant,
however, that the Fe~Fe distance is only 0.14 A longer than the
nearest-neighbor distance in elemental Fe. This suggests the
presence of a substantial stabilizing interaction among the Fe
atoms, particularly when compared to other [FeTe], compounds
(see below).

The [FeTe], core may be viewed as a severely distorted cube.
In this sense this compound is a member of the large family of
iron—chalcogen cubanes.'>"'? One [FeTe],-based solid!™ and two
other molecular [FeTe], complexes (of the type [(PhE) Fe,Te ],
E =S, Te) have been structurally characterized to date.!’»* The
present compound differs from these in having only neutral

(6) (a) Carbonaro, A.; Greco, A.; Dall'asta, G. J. Organomet. Chem. 1969,
20, 177. (b) Gerlach, D. H.; Schunn, R. A. Inorg. Synth. 1971, 15, 2.

(7) Gerlach, D. H.; Peet, W. G.; Muetterties, E. L. J. Am. Chem. Soc.
1972, 94, 4545.

(8) Felkin, H.; Lednor, P. W.; Normant, J.-M.; Smith, R. A. J. J. Orga-
nomet. Chem. 1978, 157, C64,

(9) Preparation of [(Et;P)FeTe],: All manipulations were carried out
under an inert atmosphere. Fe(COT), (1.0 g, 3.8 mmol) was dissolved in
toluene (30 mL) to which Et;P (1.7 mL, 11.5 mmol) had been added. In a
separate vessel, Et;PTe (0.93 g, 3.8 mmol) was dissolved in 10 mL of toluene.
The Te-containing solution was added to the Fe-containing solution at room
temperature. After 16 h, the solid which had deposited was separated by
filtration, washed (2 X 5 mL of pentane), and dried. Yield: 0.82 g (0.68 mmol
= 72%). Anal. (CyHgFe P Te,) C, H, Fe, P, Te. The material was
crystallized from 10/1 toluene/Et;P, cooling slowly from 80 to 90 °C. The
UV-visible absorption spectrum of this material shows broad, featureless
absorption across the visible region. The cluster is not sufficiently soluble for
NMR spectroscopy.

(10) Crystal data: space group /33m; cubic; a = 12,9548 (5) A; V =
2174.16 (8) A%, Details of the crystallography are included in the supple-
mentary material.

(11) Typical values for Fe-Te bond lengths in molecular compounds other
than [FeTe], clusters range from 2.47 to 2.59 A. See: Compton, N. A,
Errington, R. J.; Norman, N. C. Adv. Organomet. Chem. 1990, 31, 91. In
B-FeTe (PbO structure type, Fe rich), the Fe-Te distance is 2.62 A;® in
3-FeTe (NiAs structure type, Te rich), the Fe-Te distance is 2.698 As

(12) See, for example: (a) Holm, R. H,; Ciurli, S.; Weigel, J. A. Prog.
Inorg. Chem. 1990, 38, 1. (b) Weigel, J. A.; Holm, R. H. J. Am. Chem. Soc.
1991, /13, 4184 and references therein.

(13) Zanello, P. Coord. Chem. Rev. 1988, 83, 199.

(14) (a) Schunn, R. A,; Fritchie, C. J., Jr.; Prewitt, C. T. Inorg. Chem.
1966, 5, 892. (b) Wei, C. H.; Wilkes, G. R,; Treichel, P. M.; Dahl, L. F.
Inorg. Chem. 1966, 5, 9500.

(15) Nelson, L. L.; Lo, F. Y.-K.; Rae, D.; Dahl, L. F. J. Organomet. Chem.
1982, 225, 309.

(16) Ogino, H.; Tobita, H.; Yanagisawa, K.; Shimoi, M.; Kabuto, C. J.
Am. Chem. Soc. 1987, 109, 5847 and references therein.

(17) (a) Simon, W; Wilk, A.; Krebs, B.; Henkel, G. Angew. Chem., Int.
Ed. Engl. 1987, 26, 1009. (b) Barbaro, P.; Bencini, A.; Bertini, I.; Briganti,
F.; Midollini, S. J. Am. Chem. Soc. 1990, 112, 7238. (c) Brogan, L. E,; Lesch,
D. A; Rauchfuss, T. B. J. Organomet. Chem. 1983, 250, 429. (d) An example
of a solid-state compound based on the Fe,Te, unit, Cs;Fe,Tes, is given in the
following: Bronger, W.; Kimpel, M.; Schmitt, D. Angew. Chem., Int. Ed.
Engl. 1982, 21, 544.
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