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Synthesis of 2 began with the condensation of glycine phos-
phonate 3° and aldehyde 4° to provide a 4:1 Z/E mixture of
isomers, which was converted to acid 57 in 58% yield (Scheme
I). Elaboration to the azinomycin A side chain was accomplished
via condensation of 5 with (-)-1-amino-2-propanol under di-
cyclohexylcarbodiimide / N-hydroxybenzotriazole conditions. Due
to the instability of the products, the reaction mixture was sub-
jected to Swern oxidation conditions, directly affording ketone
6 in 42% yield. Introduction of the leaving group at the 8 position
was accomplished by addition of 1.1 equiv of bromine (0.1 mM
in CH,Cl,) at =78 °C followed immediately by DABCO? to afford
a 53% yield of isomerically pure vinyl bromide 7. The mono-
methoxytrityl blocking group could be readily removed by addition
of trichloroacetic acid followed by quenching with triethylamine
to afford a 70% yield of aziridine 8. We were pleased to find that
this material was stable to isolation and purification using standard
methods (flash silica gel chromatography). The cyclization of
vinyl bromide 8 was monitored by 'H NMR spectroscopy using
CDCl, as a solvent. Addition of triethylamine (1.5 equiv) afforded
no product at room temperature over a period of 30 min. However,
warming to 50 °C resulted in loss of all signals associated with
starting material and appearance of a new series of signals con-
sistent with a [3.1.0] bicyclic aziridine. A single diastereomer
was produced in high yield (75%) corresponding to the Z isomer
23  Two-dimensional 'H nuclear Overhauser enhancement
(NOE) experiments confirmed the bicyclic nature of the product
by showing, among other cross peaks, strong enhancement between
Hjengo and Hy. Similar observations are reported for 1a and 1b.'®
Observation of an NOE cross peak between H, and the amide
H, hydrogen provided unequivocal evidence for the E geometry
in 2. The tentative stereochemical assignment of olefin geometry
in 1a and 1b by Yokoi et al. was based on the analysis of the
chemical shift of the amide hydrogens. Specifically, the downfield
shift of H, in azinomycin A (10.1 ppm) and B (12.3 ppm) was
proposed to result from intramolecular hydrogen bonding to the
aziridine nitrogen. The analogous H, resonance in 2 is at a much
higher field (6.95 ppm), suggesting that hydrogen bonding is

(5) Olsen, R. K.; Hennen, W. J.; Wardle, R. B. J. Org. Chem. 1982, 47,
4605

(6) Moran, E. J.; Tellew, J. E.; Armstrong, R. W., submitted for publi-
cation.

(7) Hydrolysis of the unsaturated esters obtained from the condensation
of 3 and 4 affords exclusively acid 5 as a result of selective decomposition of
the E diastereomer.

(8) '"H NMR (500 MHz, CDCl;, ppm referenced to CHCl,): 2.15 (s, 3
H), 2.18 (d, J = 3.6 Hz, 1 H), 2.40 (dd, J = 1 Hz, J = 5.3 Hz, 1 H), 3.03
(ddd, J = 3.6 Hz, J = 49 Hz, J = 5.3 Hz, 1 H), 3.79 (s, 3 H), 3.81 (s, 3 H),
4.03(dd, /=48 Hz,J =19.4 Hz,1 H), 4.18 (dd, J = 4.8 Hz, / = 19.4 Hz,
1 H),4.42(dd,J=1Hz,J=49Hz 1 H),444 (d,J =11 Hz, 1 H), 4.48
(d, J =11.0 Hz, 1 H), 4.51 (brs,2 H), 5.12(dd, /=1 Hz, J = 1 Hz, | H),
6.84 (m, 2 H), 6.88 (m, 2 H), 6.95 (br dd, 1 H), 7.23 (m, 2 H), 7.25 (m, 2
H), 7.46 (m, 2 H), 7.55 (m, 1 H), 7.88 (m, 2 H), 7.89 (br 5, 1 H). *CNMR
(125 MHz, CDCl,): 202.8, 165.9, 163.5, 159.4, 159.2, 149.5, 133.3, 132.2,
130.0, 129.5,129.4,129.3, 128.7, 127.5, 123.3, 113.9, 113.7, 86.1, 81.8, 71.1,
70.8, 55.3, 50.0, 44.0, 37.9, 27.2. HR FABMS: calculated for C;;H;,N,0;
586.2553, found 586.2552.
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indeed occurring in the natural products. This observation is of
great interest since intramolecular protonation is a potential
mechanism for activation of the aziridine toward nucleophilic
addition.’

The intramolecular cyclization of aziridine 8 provides the first
synthesis of the strained 1-azabicyclo[3.1.0]hex-2-ylidene ring
system (2). This highly stereoselective approach affords the
bicyclic vinylic aziridine with retention of configuration of the
starting vinyl bromide. Assignment of the Z geometry in 2
provides evidence for olefin configuration in the natural products.
Further synthetic studies of the azinomycins and DNA alkylation
profiles for these drugs are currently under investigation in these
laboratories.
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(9) The lone pair of electrons on the aziridine nitrogen are out-of-plane
with respect to the dehydroamino acid system. This implies that there is some
rotation about the amide bond containing the side chain to maximize hydrogen
bonding to H,. Subtle conformational changes upon binding could be re-
sponsible for activation of the aziridine to alkylation by DNA bases.
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Heteroferrocenes of the group 15 elements (1-5) are of general
interest for the study of r-bonding between carbon and the heavier
main-group elements. These compounds provide a graded series
in which an entire column of elements are incorporated into
metallocene rings.! A comparison of their properties should
provide information about x-bonding as a function of increasing
atomic number. Derivatives of azaferrocene 1,* phosphaferrocene

(1) For a detailed discussion on the analogous heterobenzene series, see:
(a) Jutzi, P. Angew. Chem., Int. Ed. Engl. 1975, 14, 232. (b) Ashe, A. J,,
II1. Acc. Chem. Res. 1978, 11, 153. (c) Ashe, A. J., I1L. Top. Curr. Chem.
1982, 105, 125.

(2) King, R. B.; Bisnette, M. B. Inorg. Chem. 1964, 3, 796. Joshi, K. K;
Pauson, P. L.; Qazi, A. R.; Stubbs, W. H. J. Organomet. Chem. 1964, 1,471.
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Table I. Comparison of Selected Distances (A) of Group 15 Heteroferrocenes

compd E d(EFe) d(EC,) d(E out of ring plane) d(C,C3) d(C,C,) ref
10 Bi 2.64 2.24 0.39 1.42 1.43 this work
6 Sb 2.56 2.11 0.18 1.41 1.43 11
7 As 2.40 1.90 0.07 1.40 1.42 8
8 P 2.28 1.76 0.02 1.42 1.42 5
9 N 2.09 1.39 0 1.42 1.41 3

c12

(2

o1 ¢
Figure 1. The structure of 2,5-bis(trimethylsilyl)-3,4-dimethyl-1-bisma-
ferrocene (10), showing the atom-labeling scheme. Hydrogen atoms are
omitted for clarity. Selected interatomic distances (A) and angles (deg)
are as follows: Bi-Fe, 2.643 (2); C1-Fe, 2.07 (1); C2-Fe, 2.061 (9);
C3-Fe, 2.06 (1); C4-Fe, 2.09 (1); C(Cp)-Fe(av), 2.01 (1); Bi-C1, 2.23
(1); Bi-C4, 2.24 (1); C1-C2, 1.42 (1); C2-C3, 1.43 (2); C3-C4, 1.42
(1); C1-Bi-C4, 76.6 (4); Bi-C1-C2, 112.7 (7); C1-C2-C3, 117.9 (9);
C2-C3-C4, 119 (1); C3-C4-Bi, 112.1 (8).

2,46 arsaferrocene 3,%7-% and stibaferrocene 4°-!! are available,
while structural data have been reported for derivatives 6,!! 72
8,° and 9. We report here on the first synthesis of a bisma-
ferrocene and on structural data which show that the bismolyl
group serves as an p’-aromatic ligand.

R
. CH, SiMe, R, 1
Bi E
6, E=Sb, Ry=Me, Ry=H
Fe CH SIMe, R TR, 1 7
\ e R 7, E=As, Rj=Me, Ry=H
@ R, ! 8, E=P, R,=H, R;=Me
E=EorCH 10 R E 9, E=N, R,=1.Bu, Ry=H
1 E =N
2 =P 2 R,
3 = As
4 =Sb
s = Bi

In view of the known lability of bismuth-containing heterocy-
cles,'? we chose the stericly hindered bismaferrocene 10 as a target.
Compound 10 was prepared by an extension of the Fagan—-Nugent
heterole synthesis.!* Thus the reaction of 1-(trimethylsilyl)-1-

(3) Kuhn, N.; Jendral, K.; Boese, R.; Bldser, D. Chem. Ber. 1991, 124, 89
and prior references.

(4) Abel, E. W,; Towers, C. J. Chem. Soc., Dalton Trans. 1979, 814,

(5) deLauzon, G.; Deschamps, B,; Fischer, J.; Mathey, F.; Mitschler, A.
J. Am. Chem. Soc. 1980, 102, 994. Mathey, F; Mitschler, A.; Weiss, R. J.
Am. Chem. Soc. 1976, 99, 3537,

(6) Lemoine, P.; Gross, M.; Braunstein, P.; Mathey, F.; Deschamps, B.;
Nelson, J. H. Organometallics 1984, 3, 1303 and references cited therein.

(7) Thiollet, G.; Mathey, F.; Poilblanc, R. Inorg. Chim. Acta 1979, 32,
Lé67.

(8) Chiche, L.; Galy, J.; Thiollet, G.; Mathey, F. Acta Crystallogr. 1980,

B36, 1344,

(9) Ashe, A. J., III; Mahmoud, S.; Elschenbroich, C.; Wiinsch, M. Angew.
Chem., Int. Ed. Engl. 1987, 26, 229.

(10) Ashe, A. J., I1I; Diephouse, T. R. J. Organomet. Chem. 1980, 202,
C9s.
(11) Ashe, A. J,, III; Diephouse, T. R.; Kampf, J. W.; Al-Taweel, S. M.
Organometallics 1991, 10, 2068.

(12) (a) Ashe, A. 1, III; Diephouse, T. R.; El-Sheikh, M. Y. J. Am. Chem.
Soc. 1982, 104, 5693. (b) Ashe, A. J., I1I; Drone, F. J. Organometallics 1984,
3, 495,

propyne (11) with zirconocene dichloride and magnesium
amalgam in THF gave 96% of the yellow crystalline zirconocycle
12. Iodonolysis of 12 with I, afforded an 80% yield of the white
crystalline diiodide 13. Dilithiation of 13 with butyllithium in
ether followed by treatment with a suspension of phenylbismuth
diiodide gave a nearly quantitative yield of the 1-phenyl-2,5-
bis(trimethylsilyl)-3,4-dimethylbismole (14). Because of its la-
bility, the bismole was used directly without extensive purification.
Reaction of 14 with lithium metal in THF at 0 °C for 3 h gave
a deep red solution of bismolyl anion 15 and phenyllithium.
Addition of !/; equiv of AICI, to remove phenyllithium, followed
by sequential treatment with 1 equiv of LiCsHs and FeCl,, af-
forded a mixture of ferrocene and the desired bismaferrocene 10.
After removal of ferrocene by sublimation, the residue was re-
crystallized from pentane to give 25% of 10 as mildly air sensitive
red/black crystals, The bismaferrocene 10 has been thoroughly
characterized spectroscopically and by X-ray diffraction.!*

CH, SiMe,
m,-c-c-sm——w'” 2rCpy
11 CH Me
12
SiMe.
M'f' GHs CH, i $iMe;
[ 1) Buli u CH,
—_— Bi-C;H, _Li
,/_\_/ 2) CeHsBil, 8 = OBiLl
CH, glMes CHy Me, CH SiMe
13 14 18
1) AICY + CeHsLi
-STRQE_— FeCpy + 10
3) FeCl,

The structure of 10 illustrated in Figure 1 shows a metalloc-
ene-like arrangement which closely resembiles its lighter pnicogen
analogues 6-9. Relevant data are compared in Table I.

The iron atom of 10 is slightly closer to the Cp carbons (2.01
A av) than to the bismolyl ring carbons (2.07 A{’ av), while the
FeBi distance is considerably greater (2.64 A). The four carbon
atoms of the bismolyl ring lie in a plane parallel to the Cp ring,
but the bismuth atom is displaced away from iron above the plane
by 0.38 A. Heteroferrocenes 6-8 show a similar displacement
of the heteroatom which correlates with its size. Thus this dis-
placement appears to be a consequence of simultaneously ac-
commodating the w-bonding to the large heteroatoms and the
smaller carbons.

The C-C bonding distances of the bismolyl ring are not sig-
nificantly different (1.42, 1.43 A) and are typical of those of
heteroferrocenes 6-9. The BiC bonds (2.23, 2.24 A) are quite
long in comparison to C—C ring bonds. However, they are slightly
shorter than the sum of the covalent radii of C and Bi (2.29 A)!$
and the average (2.27 A) found in two structurally characterized
diphenylbismuth derivatives with o-metal bonds.!5!” Thus the

(13) Fagan, P. J.; Nugent, W. A. J. Am. Chem. Soc. 1988, 110, 2310.

(14) 10: monoclinic, space group P2,/a (No. 14) with a = 14.629 (7) A,
b=19.428 (8) A, c =7.203 (1) A, 8 =90.98 (2) A, ¥ = 2046.8 A3, and Z
=4 (deyea = 1.799 g cm™3), u(Mo Ka) = 93.18 cm™ absorption corrected by
¥ scans; 3388 unique reflections; 3361 with F, = 0.60(F) were used in re-
finement; R = 6.84%, R, = 9.86%; GOF = 1.13.

(15) Cotton, F. A.; Wilkinson, G. Advanced Inorganic Chemistry, 4th ed.;
John Wiley: New York, NY, 1980.

(16) Calderazzo, F.; Morvillo, A.; Pelizzi, G.; Poli, R. J. Chem. Soc.,
Chem. Commun. 1983, 507.

(17) Calderazzo, F.; Poli, R.; Pelizzi, G. J. Chem. Soc., Dalton Trans.
1984, 2535.
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BiC bond lengths suggest multiple-bond character as has been
previously found for the E-C bonds of heteroferrocenes 6-9.

In conclusion, the overall structural data on 10 emphasizes its
close relationship to the series of the heteroferrocenes.
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Supplementary Material Available: Full experimental details
for the procedures described herein, tables of complete crystal-
lographic data, atomic coordinates, bond lengths and angles,
anisotropic thermal parameters, hydrogen atom coordinates, and
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Hydrogen bonding to the [mFe-nS] clusters in Fe-S proteins
is of interest because this interaction may well modulate cluster
function.! In addition, multimetal clusters in proteins can act
in a catalytic role,” and thus it is important to probe their in-
teraction with exogenous ligands, such as those that come from
solvent, H,O (HO", H,0). We report that Mims*** deuteron
pulsed electron-nuclear double resonance (ENDOR) spectroscopy
of H/D exchanged Fe-S proteins provides significant new op-
portunities both for probing H bonding to metal clusters and for
examining exogenous ligands to such clusters. We find that frozen

“Northwestern University.

!Medical College of Wisconsin.

(1) See: Backes, G.; Mino, Y.; Loehr, T. M.; Meyer, T. E.; Cusanovich,
M. A,; Sweeney, W. V.; Adman, E. T.; Sanders-Loehr, J. J. Am. Chem. Soc.
1991, 713, 2055-2064.

(2) For example, see the following. (a) Aconitase: Beinert, H.; Kennedy,
M. C. Eur. J. Biochem. 1989, 186, 5-15. (b) Nitrogenase: Burgess, B. K.
Chem. Rev. 1990, 90, 1377-1406. (c) CO dehydrogenase: Ragsdale, S. W.;
Wood, H. G.; Antholine, W. E. Proc. Natl. Acad. Sci. U.S.A. 1985, 82(10),
6811-6814.

(3) (a) Mims, W. B. In Electron Paramagnetic Resonance; Geschwind, S.,
Ed.; Plenum Press: New York, 1972; p 263. (b) Mims, W. B,; Peisach, J.
In Advanced EPR, Application in Biology and Biochemistry, Hoff, A. J., Ed.;
Elsevier: New York, 1989. (c) Mims, W. B,; Davis, J. L.; Peisach, J. J. Magn.
Reson. 1990, 86(2), 273-292. (d) Orme-Johnson, N. R.; Mims, W. B;
Orme-Johnson, W. H.; Bartsch, R. G.; Cusanovich, M. A.; Peisach, J. Bio-
chim. Biophys. Acta 1983, 748, 68-72. (e) Morgan, T. V.; McCracken, J.;
Orme-Johnson, W. H.; Mims, W. B.; Mortenson, L. E.; Peisach, J. Bio-
chemistry 1990, 29, 3077-3082.

(4) (a) Mims, W. B. Proc. R. Soc. London, A 1965, 283, 452-457. (b)
This technique employs a pulse sequence that consists of three «/2 microwave
pulses, which produce a stimulated electron spin echo; an rf pulse is inserted
between pulses 2 and 3. The ENDOR response consists of a change in the
spin echo amplitude when the rf matches a nuclear resonance frequency. (c)
The widely perceived disadvantage of Mims ENDOR, “blind spots” for hy-
perfine couplings where 4 (MHz) = n/7 (us), n =1, 2, ..., is not relevant for
small couplings, 4 < 1/7. (d) Gemperle, C.; Schweiger, A. Chem. Rev. 1991,
91, 1481-1505. (e) Note Added in Proof: As an example, a 1N Mims
ENDOR study has appeared recently. Thomann, H.; Bernardo, M.; Adams.
M. W. W. J. Am. Chem. Soc. 1991, 113, 7044-7046.
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Figure 1. CW ENDOR (A) and Mims ENDOR (B) spectra of the
[2Fe-2S]* cluster of Anabaena ferredoxin in D,O solvent. For com-
parison, spectra are plotted as év = v — v, Experimental conditions for
spectrum A: v, = 34.54 GHz; H, = 12670 G; v, = 8.3 MHz; scan rate
0.25 MHz/s; 200 scans. For spectrum B: v, = 9.15 GHz; H, = 3357
G; microwave pulse width, 16 ns; rf pulse width, 40 us; r,, = 420 ns; vp
= 2.2 MHz; 64 scans.
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solutions of H/D exchanged proteins give extremely well resolved
deuteron Mims ENDOR spectra®®# from small samples (~ 10-20
pL), and that the data permits direct measurements of ?H hy-
perfine and quadrupole couplings for individual interacting deu-
terons. Indeed, these unmatched opportunities exist for any nu-
cleus that experiences small hyperfine couplings.*¢% As the first
applications of this approach, we report that the [2Fe-2S]* cluster
in Anabaena 7120 ferredoxin (Fd)® is involved in at least one direct
H bond with significant covalency, and we provide data supporting
the suggestion based on multifrequency continuous wave (CW)
ENDOR that the [4Fe-4S]* cluster of aconitase binds OH in
the absence of substrate, but H,O in its presence.*

The [2Fe-2S]* cluster of Anabaena Fd exhibits a rhombic EPR
spectrum with g, ,, = 2.00, 1.96, 1.92. A H Q-band CW EN-
DOR spectrum’ (Figure 1A) of the D,0-exchanged protein®
shows only a featureless signal at the deuterium Larmor frequency,
vp (7.9 MHz at H, = 12000 G), and one cannot determine to
what extent this signal is due to “distant ENDOR”® from deu-
terons that are not hyperfine-coupled to the cluster. The electron
spin echo envelope modulation (ESEEM) technique also typically
shows 2H modulation only with a frequency yp,.* In contrast, the
Mims pulsed ENDOR technique yields highly resolved local 2H

(5) (a) Hoffman, B. M.; Gurbiel, R. J.; Werst, M. M,; Sivaraja, M. In
Advanced EPR, Applications in Biology and Biochemistry; Hoff, A. J., Ed.;
Elsevier: New York, 1989; p 541. (b) Hoffman, B. M. 4cc. Chem. Res. 1991,
24,164-170. (c) Werst, M. M.; Kennedy, M. C.; Beinert, H.; Hoffman, B.
M. Biochemistry 1990, 29, 10526-10532. (d) Houseman, A. L. P.; Oh, B.-H.;
Kennedy, M. C,; Fan, C.; Werst, M. M.; Beinert, H.; Markley, J. L.; Hoff-
man, B. M. Biochemistry, in press. (e) Manuscript in preparation.

(6) (a) Rypniewski, W. R.; Breiter, D. R.; Benning, M. W.; Wesenberg,

.; Oh, B.-H.; Markley, J. L.; Raymond, I.; Holden, H. M. Biochemistry
1991, 30, 4126-4131. (b) Skjeldal, L.; Westler, W. M.; Oh, B.-H.; Krezel,
A. M,; Holden, H. M,; Jacobson, B. L.; Rayment, I.; Markley, J. L. Bio-
chemistry 1991, 30(30), 7363-7368.

(7) Descriptions of apparatus. (a) Q-Band, CW: Werst, M. M.; Davoust,
C. E.; Hoffman, B. M. J. Am. Chem. Soc. 1991, 113, 1533-1538. (b)
X-Band, pulsed: Fan, C.; Doan, P. E.; Davoust, C. E.; Hoffman, B. M. J.
Magn. Reson., in press.

(8) Deuterium exchange of 4Anabaena Fd followed a procedure (ref 5d)
that is a slight modification of that of Backes, et al. (ref 1); that for aconitase
is given in ref 5d. The concentrations were 4nabaena Fd, ~1.5 mM, aco-
nitase, ~1 mM.

(9) (a) Wenckebach, W. Th.; Schneurs, L. A. H.; Hoogstraate, H,;
Swanenburg, T. J. B.; Poulis, N. J. Physica 1971, 52, 455-480. (b) Boroske,
E.; Mabius, K. J. Magn. Reson. 1977, 28, 325-338. (c) Pattison, M. R.; Kim,
Y. W. J. Magn. Reson. 1981, 43, 193-206.
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