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to out-of-plane rotation modes. While the cost in bending energy
is considerable, planarization to 1f results in enhanced = conju-
gation. However, the extent of this conjugation is underestimated
by the rigid rotation barrier via 1g (8.3 kcal/mol). This value
is only a little higher than the relaxed barrier (1a — 1le, 4.4
kcal/mol) and is much lower than the rotational barrier in the
allyl anion (ca. 21 kcal/mol).

An entirely different conclusion regarding the magnitude of
the conjugation energy in planar Si;H;™ is reached by comparison
of the stabilization energies of C;H™ (2) vs Si;Hs™ (1f) based on
the appropriate planar XH;™ (D) species (eq 1).

X;Hs(Cy) + XH, = X3H, + XHy7(Dyp) (N
34.1 kcal /mol for Si;Hs™ (1f)
30.1 kcal /mol for C;H;s™ (2)

The larger stabilization energy of 1f than 2 (eq 1) shows that
charge delocalization in the second row can be as effective as that
in the first. However, p- conjugation in the second row must
compete with the strong preference of lone pairs or single electrons
(including those comprising double bonds) to occupy orbitals
having a high degree of s-character. This preference results, for
example, in the nonplanar Si;H;™ structures (e.g., 1a, 1b) found
here (Figure 1).

When eq 1 is reevaluated by employing data for the most stable
nonplanar structures of SiH,™ (C;,) and Si;Hs™ (1a) (as well as
C,, CH;"), the energy comparison with 2 (eq 2) is remarkable:
the stabilization energy for Si;Hs™ (1a) is almost as large as that
for ally!l anion (2)! Even if the fully nonconjugated minimum 1d
were substituted for 1a, the X = C vs Si comparison in eq 2 would
give nearly the same energies!

However, when the lowest energy X,H;™ (and X,H;) species
are used as the references (instead of XH;™ and XH,), 2 is clearly
favored over 1a (eq 3). The disilaethyl anion, Si,Hy", is stabilized
by its SiH}, substituent, whereas C,H;™ is slightly destabilized by
the methyl group.!® This difference is brought out in eq 4. The
Si,H; grouping, even in the nonconjugated 1d, functions similarly
to a SiH, substituent in stabilizing a SiH,™ anion. The Si;Hs"
rotational potential energy surface is relatively flat, because all
of the conformations (1a—e) benefit to nearly equal extents from
different combinations of conjugation, hyperconjugation, and
electron delocalization.

X;Hs + XH, — X;H, + XH;7(C3,) (2)
26.9 kcal /mol for X = Si (1a)
27.8 kcal/mol for X = C (2)
X;Hs + X,Hg — X Hg + X,Hy™ 3)
13.6 kcal /mol for X = Si (1a)
31.0 kcal/mol for X = C (2)
X,H;” + XH, — X,H¢ + XHy 4
13.3 kcal /mol for X = Si
-3.2 kcal/mol for X = C

The trisilaallyl radical (3) was found® to have a minimum
similar to 1a: all silicons are nonplanar. The stabilization energy
of 3 with respect to Si,H;* (6.0 kcal/mol; cf. eq 3) is about half
the value for 1a (13.6 kcal/mol). The rotation barrier of 3 (with
imposed planarity of the rotating SiH, group) also is lower (5.0
kcal/mol) than the corresponding value (8.3 kcal/moi), 1f — 1g.

We conclude that the lowest energy structure of the trisilaallyl
anion (1a) is governed by the inherent nonplanarity of tricoor-
dinated silyl anions rather than by conjugation. When planarity
is imposed (eq 1), the stabilization energy of 1f (relative to planar
SiH,") is even larger than that of allyl anion. Hyperconjugation

(10) Spitznagel, G. W.; Clark, T.; Chandrasekhar, J.; Schleyer, P. v. R.
J. Comput. Chem. 1982, 3, 363.

provides substantial stabilization of the nonplanar Si;Hs™ con-
formers, as well as SiH;SiH,".
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The Dotz benzannulation reaction! based on alkyne cyclo-
addition to chromium carbene complexes is the most important
reaction of Fischer carbene complexes.2 Numerous advances have
been achieved in application of the Détz reaction to total synthesis
projects® and in further development of benzannulation reactions
based on Fischer carbene complexes.* However, a long-standing
problem has been development of general annulation reactions
which incorporate triple bonds other than carbon-carbon triple
bonds for the synthesis of heterosubstituted benzene derivatives
from chromium carbene complexes. Although reactions utilizing
phosphaalkynes successfully generate phosphaarenes,” use of
nitriles or isonitriles fails in a general sense to produce pyridine
or aminobenzene derivatives.®’ Typical reactions of carbene
complexes with nitriles led to imino carbene complexes,® while
isonitriles provide, initially, metal complexed ketenimines,® then

(1) Détz, K. H. Angew. Chem., Int. Ed. Engl. 1975, 14, 644.

(2) For reviews, see: (a) Dotz, K. H. New J. Chem. 1990, 14, 433. (b)
Wulff, W. D. In Comprehensive Organic Synthesis; Trost, B. M., Fleming,
I., Eds.; Pergamon Press: New York, 1990; Vol. 5. (¢) Wulff, W. D. In
Advances in Metal-Organic Chemistry; Liebeskind, L. S., Ed.; JAI Press Inc.:
Greenwich, CT, 1989; Vol. 1. (d) Advances in Metal Carbene Chemistry;
Schubert, U., Ed.; Kluwer Academic Publishers: Hingham, MA, 1989. (e)
Wulff, W. D.; Tang, P.-C.; Chan, K.-S.; McCallum, J. S;; Yang, D. C.;
Gilbertson, S. R. Tetrahedron 1985, 41, 5813. (f) Détz, K. H.; Fischer, H.;
Hofmann, P.; Kreissel, F. R.; Schubert, U.; Weiss, K. Transition Metal
Carbene Complexes; Verlag Chemie: Deerfield Beach, FL, 1984. (g) Détz,
K. H. Angew. Chem., Int. Ed. Engl. 1984, 23, 587.

(3) For examples, see: (a) King, J.; Quayle, P. Tetrahedron Lett. 1991,
32,7759. (b) King, J. D.; Quayle, P.; Malone, J. F. Tetrahedron Lett. 1990,
31,5221, (c) Boger, D. L.; Jacobson, I. C. J. Org. Chem. 1990, 55, 1919. (d)
Yamashita, A.; Toy, A.; Ghazal, N. B.; Muchmore, C. R. J. Org. Chem. 1989,
54, 4481. (c) Flitsch, W.; Lauterwein, J.; Micke, W. Tetrahedron Lett. 1989,
30, 1633. (f) Détz, K. H.; Popall, M. Chem. Ber. 1988, 121, 665. (g) Wulff,
W. D.; McCallum, J. S.; Kunng, F.-A. J. Am. Chem. Soc. 1988, 110, 7419.
(h) Yamashita, A. J. Am. Chem. Soc. 1985, 107, 5823. (i) Détz, K. H.;
Popall, M. Tetrahedron 1985, 41, 5797. (j) Semmelhack, M. F.; Bozell, J.
J.; Keller, L.; Sato, T.; Spiess, E. J.; Wulff, W.; Zask, A. Tetrahedron 1985,
41, 5803.

(4) For selected recent developments, see: (a) Balzer, B. L.; Cazanoue,
M.; Sabat, M.; Finn, M. G. Organometallics 1992, 11, 1759. (b) Grotjahn,
D. B.; Kroll, F. E. K.; Schifer, T.; Harms, K.; Détz, K. H. Organometallics
1992, /1, 298. (c) Bao, J.; Dragisich, V.; Wenglowsky, S.; Wulff, W. D, J.
Am. Chem. Soc. 1991, 113, 9873, (d) Bos, M. E.; Wulff, W. D.; Miller, R.
A.; Chamberlin, S.; Brandvold, T. A. J. Am. Chem. Soc. 1991, 113,9293. (e)
Détz, K. H.; Grotjahn, D.; Harms, K. Angew. Chem., Int. Ed. Engl. 1989,
28, 1384,

(5) Détz, K. H,; Tiriliomis, A.; Harms, K.; Regitz, M.; Annen, U. Angew.
Chem., Int. Ed. Engl. 1988, 27, 713.

(6) For an example of a pyridine derivative formed in a two-step sequence
from a tungsten carbene complex, see: Aumann, R.; Kuckert, E.; Kriiger, C.;
Angermund, K. Angew. Chem., Int. Ed. Engl. 1987, 26, 563.

(7) For two examples of aminobenzene products formed from a chromium
carbene complex plus isonitrile reaction via subsequent Diels—Alder and ox-
idation reactions, see: Aumann, R.; Heinen, H. Chem. Ber. 1986, 119, 3801.

(8) (a) Fischer, H.; Schubert, U.; Mirkl, R. Chem. Ber. 1981, 114, 3412.
(c) Fischer, H.; Schubert, U. Angew. Chem., Int. Ed. Engl. 1981, 20, 461.
(¢) Fischer, H. J. Organomet. Chem. 1980, 197, 303. (d) Wulff, W. D.; Yang,
D. C.; Murray, C. K. Pure Appl. Chem. 1988, 60, 137.

(9) (a) Aumann, R.; Fischer, E. O. Chem. Ber. 1968, 101, 954. (b)
Kreiter, C. G.; Aumann, R. Chem. Ber. 1978, 111, 1223. (¢) Aumann, R.;
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a range of products including aminocarbene complexes, 2,3-bis-
(imino)azetidines, 1,2-bis(imino)cyclobutane complexes, 1,2-
bis(imino)indane complexes, é-carbolinones, 2,3-dihydroazete
complexes, imidazole complexes, indoles, nitrile complexes, and
pyrroles depending on the reaction stoichiometry and the structures
of the carbene complex and isonitrile.!® We report herein on
successful, designed aminobenzannulation reactions of chromium
dienylcarbene complexes with isonitriles that produce synthetically
useful ortho alkoxy aromatic amine products.

We have recently reported new photochemical benzannulation
reactions of alkoxy (1 to 2)!! and amino (4 to 5)!? chromium
dienylcarbene complexes that employ photolytic conversion of
carbene complexes to chromium complexed dienylketenes with
subsequent electrocyclization (Scheme I). Additionally, Aumann
has established that isonitriles undergo metathesis with carbene
complexes to produce pentacarbonylchromium complexed ke-
tenimines® which can subsequently react in a number of pathways
(vide supra). Hence, a designed aminobenzannulation reaction
can be envisaged through metathesis of a chromium dienylcarbene
complex with a simple isonitrile to generate a chromium complexed
dienylketenimine with subsequent electrocyclization and tautom-
erism to an aminobenzene derivative.!> This benzannulation
process would then provide a facile complement to photochemical
benzannulation reactions of aminocarbene complexes'? since the
aminoaromatic products are regioisomeric (3 vs §).

As an initial test substrate, bicyclic carbene 1 was treated with
2 equiv of tert-butyl isocyanide in ether under nitrogen in the dark
at 0 °C and warmed to reflux for 8 h. Chromatographic puri-
fication provided an 83% yield of the aromatic amine 3a!* (Scheme
I). Use of 2,6-dimethylphenyl isocyanide (3 equiv) was also quite
efficient at effecting the benzannulation reaction to 3b'* (Scheme
D.

Given these results, a number of substrates which are formally
dienylcarbene complexes were examined for the new process and
most were found to provide high yields of benzannulated products
(egs 1-6). Since the metathesis was unaffected by a range of
ethereal solvents, solvent choice was based on the temperature
necessary to effect thermal electrocyclization of the intermediate
dienylketenimine. A range of isonitriles can be used in the ben-
zannulation reaction and selected examples are shown here with

(10) For reviews, see: (a) Aumann, R. Angew. Chem., Int. Ed. Engl. 1988,
27, 1456. (b) Aumann, R. In Organometallics in Organic Synthesis; tom
Dieck, H., de Meijere, A., Eds.; Springer: Berlin, 1987; pp 69-84.

(11) Merlic, C. A;; Xu, D. J. Am. Chem. Soc. 1991, 113, 7418.

(12) Merlic, C. A.; Xu, D.; Gladstone, B. G. Submitted for publication.

(13) For related electrocyclization reactions of dienylketenimines, see: (a)
Saito, T.; Nakane, M.; Miyazaki, T.; Motoki, S. J. Chem. Soc., Perkin Trans.
1989, 2140. (b) Molina, P.; Aller, E.; Lorenzo, A. Tetrahedron 1991, 47,
6737. (c) Molina, P.; Alajarin, M.; Vidal, A.; Fenau-Dupont, J.; Declerq, J.
P. J. Org. Chem. 1991, 56, 4008. (d) Molina, P.; Alajarin, M.; Vidal, A.;
Fenau-Dupont, J.; Declerq, J. P. J. Chem. Soc., Chem. Commun. 1990, 829.

(14) All new compounds were fully characterized by 'H NMR, *C NMR,
and infrared spectroscopy and elemental composition was established by
combustion analysis and/or high-resolution mass spectroscopy.
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the most notable being the very sterically hindered 2,6-di-
methylphenyl isocyanide (Scheme I). All reactions required at
least 2 equiv of isonitrile reactant, but some (eqs 4 and 5) required
3 equiv. In general, the product structure is strictly defined by
the geometry of the starting material, but eqs 4 and 5 illustrate
the regioselectivity possible and the facility of construction of
isomeric products. The regioselectivity demonstrated by furan
containing substrate 14 for reaction at C-2 over C-4 is due to
frontier orbital control of the electrocyclization.!?
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The mechanism for the benzannulation reaction can be for-
mulated as initial metathesis of the isonitrile to form a penta-
carbonylchromium complexed dienylketenimine, demetalation by
the second equivalent of isonitrile,"! electrocyclization of the
free dienylketenimine, and tautomerism of the resultant imine to
form the final product. In contrast to the reports by Aumann,!®!?
no products from incorporation of two or more equivalents of
isonitrile were found even when sterically less hindered isonitriles
such as benzyl and n-butyl isocyanide were used.!®* Although
we propose that the second equivalent of isonitrile serves to de-
metalate the intermediate ketenimine complex, the chromium
pentacarbony! fragment could serve to template and activate the
electrocyclization reaction with subsequent demetalation. In either
case, high yields of the isocyanide (pentacarbonyl)chromium
byproduct are recovered upon completion of the reaction.

A structural requirement of the dienylcarbene substrates is cis
«,B-unsaturation, but alkenyl, aryl, and furyl groups can all
function as the alkene components. The bipheny! carbene complex
16, though, illustrates that the electrocyclization step after me-

(15) For similar benzannulation selectivities, see: (a) ref 3g; (b) Dotz K.
H.; Dietz, R. E. Chem. Ber. 1978, 111, 2517.

(16) (a) Aumann, R.; Heinen, H. Chem. Ber, 1989, 122, 1139. (b) Au-
mann, R.; Heinen, H. Chem. Ber. 1988, 121, 1085. (¢) Aumann, R.; Heinen,
H. Chem. Ber. 1986, 119, 2289.

(17) For examples, see: (a) Aumann, R.; Heinen, H.; Kriger, C. Chem.
Ber. 1987, 120, 1287. (b) Aumann, R.; Kuckert, E.; Kriiger, C.; Angermund,
K. Angew. Chem., Int. Ed. Engl. 1987, 26, 563. (¢) Aumann, R.; Heinen,
H. Chem. Ber. 1986, 119, 2289. (d) Aumann, R.; Heinen, H. Chem. Ber.
1986, /19, 3801. (e) Aumann, R.; Heinen, H. Chem. Ber. 1985, 118, 4186.
(f) Aumann, R.; Kuckert, E.; Heinen, H. Angew. Chem., Int. Ed. Engl. 1985,
24, 978.

(18) Merlic, C. A.; Burns, E. E. To be submitted for publication.
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tathesis can be limiting, due to the requisite double loss of aro-
maticity upon cyclization, as the only product obtained was the
a-methoxy amide 17 in 85% yield. Since it has been reported®®
that hydrolysis of chromium complexed ketenimines produces
acyl(amino)carbene complexes in contrast to free ketenimines
which provide amides, this is further support for the demetalation
of intermediate ketene complexes by the second equivalent of
isonitrile.%>'¢

In conclusion, we have demonstrated a new thermal benz-
annulation reaction of chromium carbene complexes that promises
to have application to the synthesis of ortho alkoxy aromatic amine
derivatives. The reaction is chemo- and regioselective and provides
products uniquely regiocomplementary to those obtained from
photochemical benzannulation reactions of aminocarbene com-
plexes. Current experiments are exploring a range of interests
including additional regioselectivity issues and applications to
synthetic targets.
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Iron(IV) through iron(VIII) compounds have rarely or never
been encountered, partly because most existing ligands are sen-
sitive to oxidative degradation.? Iterative identification and
replacement of oxidatively sensitive ligand groups is a viable
approach for building oxidation-resistant ligand systems.*® The
so-constructed tetraanion®® [n*-1]* (Scheme I) and related
macrocycles® stabilize both highly oxidizing® and high valent
middle and later transition metal (MLTM) complexes with hard
anionic axial donors, e.g., 0> and ClI"* Relatively unstable
iron(IV) complexes of the general formulation [Fe(L-L),X,}?*
(L-L = diphosphine, diarsine; X = Cl, Br) containing charac-
teristically weak 7-acid phosphine and arsine ligands are known.*

*Carnegie Mellon University.

University of Auckland.
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Figure 1. Mdssbauer spectra of the polycrystalline Fe(n*1)(CN’'Bu),
recorded at 4.2 K (A) and 18 K (B) in a 6.0-T applied field. The spectra
were fitted to the S = 1 spin Hamiltonian H = D[(S,2 - 2/,) + E(S,,2
- S§2] + 8SgH + SAd + (eQVz/12)[31,2 - 15/4 + o(I,2 - L)) -
g,,;S‘,, JdusingD=17.5cm™, E=0,¢g, =g, = 2.22, g,— 1.99, A —A

= -22.8 MHz, 4, = -6.2 MHz, AEq = +3.38 mm s}, 7 = 0, and 0.2
mm s line width.
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In contrast, strong w-acid ligands, e.g., CO or CNR, are found
only in lower valent iron complexes. Here we report on Fe(n*-
1)(CN'Bu),, an Fe(IV) isocyanide complex that is stable, strongly
oxidizing, and of intermediate spin (S = 1).

Synthesis of Fe(n*-1)(CN’Bu), (Scheme I): tert-butyl iso-
cyanide (Aldrich, 0.15 mL, 1.3 mmol) was added to a filtered
solution of Li,[FeCl(5*-1)] (469 mg, ca. 0.9 mmol)*® in water (35
mL), and the solution was stirred (25 min). (NH,),Ce(NO;),
(Aldrich, 527 mg, 0.96 mmol) was added, and the precipitate was
collected, washed with distilled water (20 mL), and dried. Black
crystals were grown in the presence of excess fert-butyl isocyanide
from benzene/hexane by vapor diffusion and collected early in
the crystallization process at low yield to ensure high purity (118
mg, ca. 23% yield).® Cyclic voltammetry of Fe(n*1)(CN'Bu),
shows a reversible Fe!V/!!! couple at E; = +450 mV vs Fc*/Fc
(ca. 1.16 V vs NHE, CH,Cl,, 0.1 M [Bu,N1[ClO,]). Therefore,
Fe(n*-1)(CN'Bu), is a stable, strong electron-transfer oxidant,
a rare entity in high valent MLTM chemistry.

The zero-field Mdssbauer spectrum of polycrystalline Fe(n‘-
1)(CN*Bu), consists of a doublet with AEg = 3.38 mm s™' and
6p. = -0.04 mm s™! (relative to Fe metal at 298 K); AEq is
independent of temperature for T < 298 K, implying an isolated
orbital ground singlet. The absence of magnetic hyperfine in-
teractions in zero field indicates a complex with integer or zero
electronic spin. This absence, together with the distinctly low value
of &g, supports an iron(IV) formulation. High field spectra

(6) Anal. Caled for C;;Hs;NgOsFe: C, 58.53; H, 7.98; N, 12.80. Found:
C, 58.51; H, 791; N, 12.72. IR: »(Nujol) 2226 cm! v,y [M(C==NR),].
UV/v1s Amax (CH,Cl,) 865 nm, ¢ = 7800 L mol™! em™'.
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