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Figure 2. 1H NMR spectra of Rh2(02CCF3)4((-)-f/'flH1y-caryophyIlene)2 (top) and of pure ligand (bottom) in CDCl3. The assignments of hydrogen 
atoms were made by different COSY experiments. 
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Figure 3. The eight possible isomers of dimetallic clusters with two chiral 
olefins of given absolute configuration. The two olefins are axially bound 
perpendicular to each other as in allenes. The framed isomer corresponds 
to the structure given in Figure 1. 

The different distances between the metal and the two carbon 
atoms of the double bond (e.g., Rh(l)-C(9), C(IO)) are also 
reflected in the 13C NMR spectrum of CDCl3 solutions of the 
caryophyllene complex. The signals of these two carbon atoms 
were shifted in different directions and with different magnitudes. 
The signal of C(IO) was deshielded by 10 ppm from 135.37 (free 
ligand) to 145.31 ppm (in the complex); that of C(9) was shielded 
~ 5 ppm from 124.30 to 119.07 ppm. The same effects were 
observed for the complexes with 1-menthene and 3-carene. The 
1H NMR spectrum of the caryophyllene complex is given in Figure 
2 and shows an enormous low-field shift for the signal of the olefin 
proton Hf, which is connected to C(9) or C(24), respectively. 

Even knowing the absolute configuration of (-)-frarts-caryo-
phyllene," we must still consider eight possible isomers of the 
complex because of the axis of chirality (allene type). They are 
summarized in Figure 3. Our complex has the configuration 
marked by a frame in Figure 3. 

Previous spectroscopic studies7"9 of the binding of olefins to 
Rh2(02CCF3)4 and Rh2(O2CC3Fv)4 in solution or the gas phase 
have either not indicated the stoichiometry or have explicitly 
favored 1:1 stoichiometry. The present characterization of a 1:2 
complex suggests that more needs to be learned about these 

systems both in solution and in the crystalline state. 
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The orbital mixing rule2 gave an unprecedented insight into 
the ir-facial stereoselectivity in the Diels-Alder reactions of 5-
substituted cyclopentadienes (eq 1), while some other theories were 

SS\ s* 
H c< 

:•:= OR, SR, SGR, TeR Syn-At t ack A n t i - A t t a c k 

developed.3"6 These theories are in agreement with the selec-

(1) Presented at the 59th Annual Meeting of Chemical Society of Japan, 
Yokohama, April 1990. 

(2) (a) Inagaki, S.: Fukui, K. Chem. Lett. 1974, 509. (b) Inagaki, S.; 
Fujimoto, H.: Fukui, K. J. Am. Chem. Soc. 1976, 98, 4054. 
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Table I. ir-Facial Selectivities of 1,3-Cyclopentadienes Having 5-Heteroatom Substituents (X) 

X 

OR 

SR 

ScR 

TeR 

IP,0 eV 

10.04 

8.71 

8.40 

7.89 
8.566 (cycl 

MO 

energies, eV 

-7.374 
-9.578 
-6.857 
-7.619 
-6.857 
-7.700 

opentadiene) 

calcn* 

Cp, 

0.523 
0.081 
0.368 
0.384 
0.319 
0.426 

:oeff 

Q 

0.137 
0.829 
0.730 
0.693 
0.804 
0.606 

IP (class) 

syn (A) 

syn/anti (B) 

ami (C) 

anti (C) 

pred 

selectivity 

MO (class) 

syn (A) 

syn/anti (B) 

anti (C) 

obsd 

syn (R = Ac,7f H7*) 

syn/anti = 4:6 (R = Ph)9 

anti (R = Ph)' 

anti (R = Ph)f 

* , ; C > C , i , j C . < C C , " - C n * C„o 

, ; C- = C , ii, ; C„ r C 
I ~ n 2 ^ n 

C . i - C n - Cr 

^ ; C < C , i' ; C_ > C 

" Ionization potentials of the corresponding methyl derivatives (CH3)2Y (Y = O. S, Se, Te)." 'The coefficient Cp, is that of p-atomic orbital at 
the reaction center. C,. cBeniya, Y.; Ishida, M.; Yamamoto, M.; Kato, S.; Inagaki, S. The 59th Annual Meeting of Chemical Society of Japan, 
Yokohama, April 1990. 

tivities7 observed so far. Recently the selectivities were found to 
be dependent on the 5-substituent heteroatoms, i.e., O, S, and Se.8,9 

Fallis8 tried to explain the dependence on the basis of the Cieplak 
concept.10 

In this communication, we show that the orbital mixing rule2 

is applicable to the hcteroatom-dependent selectivities when the 
relative energies of the IT HOMO of the diene and the n orbital 
on the heteroatom are taken into account. 

The nonequivalent extension of the •w HOMO of the plane 
asymmetric dienes (1) is caused by mixing of the a orbitals of 
the carbon framework through the interaction with orbitals (n) 
on the 5-substituents.2 The direction of the extension is controlled 
by the orbital phase relation, which is determined by the relative 
energies of the T HOMO (e„) and the n orbitals (e„). So, we 
classify the dienes into the three groups: (A) t„ > tn; (B) €r <s* 
e„; (C) €w < <„. 

The orbital mixing rule was previously applied only to case A.2 

The K HOMO of the diene is combined with the low-lying n orbital 
out of phase and mixes the <r orbitals in such a way that a and 
n arc out of phase (^1 = CT7r - C„n + C17Cr; Cx > Cn in Figure 
1). The mixing of the p-orbital component (p„) of the a orbitals 
rotates the p-orbital axis at the reaction centers, favoring the 
interaction with dienophiles on the syn side. The syn attack is 
similarly favored by the s orbital mixing leading to the syn ex
tension. In case C, the ir HOMO is modified by an in-phase 
mixing with n and an out-of-phase a—n mixing (\p2 = Crir + Cnn 
- C„<T; C, > Cn). This orbital (NHOMO) is distorted in a manner 
opposite to the HOMO ( ^ C 1 . < Cn). The anti selectivity is "—'«... 
expected. In case B, the tr HOMO and the n orbital appreciably ' "2 

contribute to ^, and \p2. Both HOMO and NHOMO can play Figure 1. Directions of nonequivalent HOMO ^1 and NHOMO ^2 
significant roles. The loss of selectivity is expected (Figure 1). extensions of 5-heteroatom-substituted cyclopentadienes. 
In general, the higher row heteroatom substituents are predicted 
to favor the anti attack. energy increases in the order of t„(0) < tn(S) =* e^cyclo-

The ionization potentials" of cyclopentadiene and the com- pentadiene) < «n(Se) < «„(Te). The O-, S-, Se-, and Te-substituted 
pounds (CH3),Y (Y = O, S, Se, and Te) suggest that the orbital dienes are then classified into A, B, C, and C groups, and the 

7r-facial selectivities are predicted to be syn, syn/anti, anti, and 
anti, respectively. 

Ab initio molecular orbital calculation with the minimum basis 
set (STO-3G)12 on the cyclopentadienes with OH, SH, and SeH 
confirmed the qualitative theory and the prediction of the selec
tivities.13 For X = OH, the main component of the HOMO is 
the ir HOMO (syn selectivity). For X = SH, the coefficients of 
the p orbital at C, are very similar in ^1 and \p2. Since the energy 
gap (A«) between ^1 and i/-2 is smaller than that for X = OH, both 
orbitals can be expected to contribute (syn/anti selectivity). For 
X = SeH, the p-orbital coefficient in \p2 is larger than that in \p] 

(anti selectivity). 

(3) Anh, N. T. Tetrahedron 1973, 3227. 
(4) Gleiter, R: Paquette, L. A. Ace. Chem. Res. 1983, 16, 328. 
(5) Kahn, S. D.; Hehre, W. J. J. Am. Chem. Soc. 1987, 109, 663. 
(6) Brown, F. K.; Houk, K. N.; Burnell, D. J.; Valenta, Z. J. Org. Chem 

1987, 52, 3050. 
(7) (a) Corey, E. J.; Koelliker, U.; Neuffer, J. J. Am. Chem. Soc. 1971. 

93. 1489; (b) Paquette, L. A.; Kravetz, T. M.; Hsu, L. J. Am. Chem. Soc 
1985, 107, 6598, and references cited therein, (c) Burnell, D. J.; Valenta, Z 
J. Chem. Soc, Chem. Commun. 1985, 1247. (d) Fleming, I.; Williams, R 
V. J. Chem. Soc., Perkin Trans. I 1981, 684. (e) Magnus, P.; Cairns, P. M. 
Moursounidis, J. J. Am. Chem. Soc. 1987, 109, 2469. (f) Woodward, R. B.; 
Katz, T. J. Tetrahedron 1959, 5, 70. (g) Jones, D. W. J. Chem. Soc, Chem. 
Commun. 1980, 739. (h) Williamson, K. L.; Hsu, Y. L.; Lacko, R.; Youn, 
C. H. J. Am. Chem. Soc. 1969. 91, 6129. (i) Williamson, K. L.; Hsu, Y. L. 
J. Am. Chem. Soc. 1970, 92, 7385. (j) Franck-Neumann, M.; Sedrati, M. 
Tetrahedron Lett. 1983, 24, 1391. (k) Breslow, R.; Hoffmann, J. M., Jr.; 
Perchonock, C. Tetrahedron Lett. 1973, 3223. 

(8) (a) Macaulay, J. B.; Fallis, A. G. J. Am. Chem. Soc. 1988, 110, 4074. 
(b) Macaulay, J. B.; Fallis, A. G. J. Am. Chem. Soc. 1990, 112, 1136. 

(9) Ishida, M.; Aoyama, T.; Kato, S. Chem. Lett. 1989, 663. 
(10) Cieplak, A. S.;Tait, B. D.; Johnson, C. R.J.Am. Chem. Soc. 1989, 

/ / / , 8447. 
(11) (a) Cradock, S.; Whiteford, R. A. J. Chem. Soc, Faraday Trans. 2 

1972, 6«, 281. (b) Robinson, J. W. Handbook of Spectroscopy; CRC Press: 
Cleveland, OH, 1974; Vol. 1. 

(12) (a) Hehre, W. J.; Stewart, R. F.; Pople, J. A. J. Chem. Phys. 1969, 
51. 2657. (b) Collins, J. B.; Schleyer, P. v. R.; Binkley, J. S.; Pople, J. A. J. 
Chem. Phys. 1976, 64, 5142. (c) Pietro, W. J.; Heher, W. J. J. Comput. 
Chem. 1983, 4, 241. 

(13) The syn/anti transition-state energy differences calculated at the 
HF/3-21G level by Hehre et al. supported our simple rationale, while they 
interpreted the results in terms of steric and electrostatic arguments (Chao, 
T,-M.; Baker, J.; Heher, W. J., private communication of August 28, 1990 
prior to publication, for which we thank Prof. Hehre). 
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In summary, ir-facial stereoselectivities in the Diels-Alder 
reactions of the 5-heteroatom-substituted 1,3-cyclopentadienes 
can be predicted by the orbital mixing rule. In the HOMO and 
the NHOMO of the whole molecules, the orbitals at the reaction 
sites are distorted to favor the syn and anti attack, respectively. 
As the n-orbital energy of the heteroatoms rises, the it HOMO 
of the diene part contributes more to the NHOMO and less to 
the HOMO. The selectivities change from syn (X = OR) to 
syn/anti (X = SR) to anti (X = SeR, TeR). The effect of the 
V, VII hctcroatom substituents will be described in the forth
coming full paper. 
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The reaction of /V-benzylidene-(2-bromomethyl)-DL-alanine 
ethyl ester 1 with tributyltin hydride under free radical initiation 
conditions leads to A'-benzylidene-2-methyl-^-alanine ethyl ester 
2 and /V-benzylidene-2-methyl-DL-alanine ethyl ester 3. 1,2-
Migration of the benzaldimino group through radical intermediates 
may be a chemical model for the pyridoxal 5'-phosphate (PLP) 
dependent lysine 2,3-aminomutase and /3-lysine 5,6-aminomutase 
reactions. 

Two enzymes of lysine metabolism catalyze 1,2 amino group 
migrations in the first and second steps of lysine catabolism in 
Clostridia.'^ Lysine 2,3-aminomutase catalyzes the intercon-
version of L-«-lysine and L-/3-lysine, and /3-lysine 5,6-aminomutase 
catalyzes the interconversion of L-jS-lysine and i_-3,5-diamino-
hexanoic acid. Both enzymes are PLP-dependent, and both have 
been postulated to involve radicals as intermediates.4"7 ^-lysine 
5,6-aminomutase is also adenosylcobalamin-dependent, and the 
latter coenzyme is thought to initiate rearrangements by generating 
a substrate radical.8,9 Lysine 2,3-aminomutase, on the other hand, 
is an iron- and 5-adenosylmethionine-dependent enzyme;23 and 
the putative radical rearrangement is thought to be initiated by 
a cofactor generated by the interaction of S-adenosylmethionine 
with a metal.7 

No precedent for PLP catalysis of 1,2 amino migrations has 
been described in the literature, and no attractive mechanism can 
be written based on the known propensity of PLP to stabilize 
carbanions at the a- and /3-carbons of amino acids. The hypothesis 
that PLP could facilitate 1,2 imino rearrangements in amino 

(1) Stadtman, T. C. Adv. Enzymol. 1973, 38. 413-448. 
(2) Costilow, R. N.; Rochovansky, O. M.; Barker, H. A. J. Biol. Chem. 

1966, 241, 1573-1580. 
(3) Chirpich, T. P.; Zappia, V.; Costilow, R. N.; Barker, H. A. J. Biol. 

Chem. 1970. 245. 1778-1789. 
(4) Moss, M.; Frey, P. A. J. Biol. Chem. 1987, 262. 14859-14862. 
(5) Frey, P. A.; Moss, M. L. The Evolution of Catalytic Function. Cold 

Spring Harbor Symp. Quant. Biol. 1987, 52. 571-577. 
(6) Baraniak, J.; Moss, M. L.; Frey, P. A. J. Biol. Chem. 1989, 264, 

1357-1360. 
(7) Frey, P. A.; Moss, M.; Petrovich, R.; Baraniak, J. Ann. N.Y. Acad. Sci. 

1990, 585. 368-378. 
(8) Abeles, R. H. Vitamin Bn, Proceedings of the 3rd European Sympo

sium. March 5-8, 1979; pp 373-388. 
(9) Halpern, J. Science {Washington, D.C.) 1985, 227. 869-875. 

acid-PLP aldimine radicals has been advanced as a chemically 
attractive mechanism.4"7 However, there appears to be no specific 
literature precedent for these rearrangements. We have, therefore, 
undertaken to determine whether a rearrangement of this type 
can be observed in a nonenzymatic reaction. 

A model for the first radical intermediate for the lysine 2,3-
aminomutase reaction is the radical produced by abstraction of 
Br' from the ^-carbon of compound 1, which has been synthesized 

CH3 

H2C-CH-CO2Et 

CH 

CH, 

HC' 

CH3 
I 

-C-CO2Et 
I 

.N 

as the precursor for this radical.10 Reaction of 1 (1.22 mmol) 
and a catalytic amount (0.05 mmol) of 2,2'-azobis(2-methyl-
propionitrile) in refluxing benzene with tributyltin hydride (0.9 
mmol), added gradually over 2 h, led to 2 (62%) and 3 (4.7%), 
which were identified by referencing their proton NMR spectra 
to those of authentic samples." Rapid addition of tributyltin 
hydride led exclusively to 3, the product of radical quenching, 
rather than to 2, the rearrangement product. Compound 2 was 
the favored product under rearrangement conditions, presumably 
owing to the stability of the a radical. 

The rearrangement of 1 to 2 under radical-generating reaction 
conditions may be a chemical model for the PLP-dependent re
actions catalyzed by lysine 2,3-aminomutase and /3-lysine 5,6-
aminomutase. This rearrangement joins other radical rear
rangements recently reported by Halpern and Dowd and their 
co-workers, who have modeled carbon skeletal rearrangements 
catalyzed by adenosylcobalamin-dependent enzymes.12"14 To the 
best of our knowledge, this is the first explicit example of a 1,2 
imino rearrangement through a radical mechanism, although the 
mechanism has been discussed as a reasonable hypothesis.4"7,15 

The rearrangement here described may be a precedent for 
PLP-dependent imino rearrangements to the extent that the benzyl 
radical 4 is valid as a model for the corresponding pyridoxyl radical 

H CH3 
i I 

- C - C -
\ / 
N 
I 

•CH 

-CO2Et 'H3N-

O3PO 

(10) 1 was synthesized by reaction of benzaldehyde with DL-alanine ethyl 
ester hydrochloride in CH2Cl2 in the presence of crushed, activated 4-A 
molecular sieves to form /V-benzylidene-DL-alanine ethyl ester in 85% yield: 
1H NMR (CDCl3) 5 1.28 (t, 7.3 Hz, 3 H), 1.53 (d, 7.0 Hz, 3 H), 4.14 (q, 
7.0 Hz, 1 H), 4.21 (m, 2 H), 7.4-7.7 (m, aromatic, 5 H), 8.32 (s, 1 H). 
/V-benzylidene-DL-alanine ethyl ester was converted to 1 by initial reaction 
with potassium /erf-butoxide in the presence of 18-crown-6 in dry benzene to 
generate the a anion, followed by alkylation to 1 by reaction with CH2Br2. 
After removal of solvent, purified 1 was obtained in 80% yield by chroma
tography through Et3N-washed silica gel, with ethyl acetate-hexane-Hunig's 
base (4:1:0.25) as the mobile phase. 1H NMR (CDCl3) 5 1.30 (t, 7.5 Hz, 3 
H), 1.63 (s, 3 H), 3.75 and 3.87 (AB q, 9.9 Hz, 2 H), 4.26 (m, 2 H), 7.4-7.7 
(m, 5 H), 8.28 (s, 1 H). Mass spectrum, FAB showed two parent ions 
([7,Br]:[8lBr] = 1:1) m/e 298 and 300 (1:1) for protonated 1. 

(11)2 and 3 were synthesized by reaction of the corresponding amino acid 
ethyl esters with benzaldehyde as described for /V-benzylidene-DL-alanine ethyl 
ester. For 2: 1H NMR (CDCI3) 5 1.23 (t, 7.3 Hz, 3 H), 1.27 (d, 7.0 Hz, 3 
H), 2.89 (sextet, 7.0 Hz, 1 H), 3.87 and 3.68 (ABXY, 11.7, 7.0, 1.3 Hz, 2 
H), 4.14 (q, 7.3 Hz, 2 H), 7.4-7.9 (m, aromatic, 5 H), 8.28 (s, 1 H). For 
3: 1H NMR (CDCl3) 6 1.27 (t, 7.3 Hz, 3 H), 1.55 (s, 6 H), 4.18 (q, 7.3 Hz, 
2 H), 7.4-7.8 (m, aromatic, 5 H), 8.28 (s, 1 H). 

(12) Halpern, J.; Wollowitz, S.J.Am. Chem. Soc. 1988, /10, 3112-3120. 
(13) Dowd, P.; Choi, S.; Durah, F.; Kaufman, C. Tetrahedron 1988, 44, 

2137-2148. 
(14) Choi. S.; Dowd, P. J. Am. Chem. Soc. 1989, / / / , 2313-2314. 
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