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Figure 3. Condensed unit of three boron icosahedra, Byg-(C3,), found in
B-rhombohedral boron.

P63/mmec. The alternative operator, a 3, normal to the layer,
produces a three-layer framework structure with the full cubic
symmetry of the group Fd3m. This is the framework both of
a-AlB;; and of 8-Bygs-(R3m). It should be mentioned that
these frameworks can be derived equally well through formal
layer twin operators.®

Further insight into the relationships among the structures
can be achieved by focusing upon still another structural unit
in which 12 interbonded icosahedra define the vertices of a
regular truncated tetrahedron. Both frameworks can be gen-
erated in detail by appropriately sharing hexagonal faces of
this elegant B 44-(74) unit. Each of the large holes thus defined
has 12 internally directed, unsatisfied bonds that sharply
delimit the size, the geometry, and the symmetry of the
structural units contained therein. In A-AlB;,, the holes are
alternately occupied by one of two novel structural units con-
densed from boron icosahedra (Figure 2). They fully satisfy
the internal bonding and interlink in a subsidiary framework
through the open hexagonal faces. Along with some attendant
deviations from ideality, this reduces the overall symmetry of
the structure to P2;2,2,. Similarly, in a-AlBj,, the Byo-(C2)
unit lies on the twofold axis of the hole in the Fd3m framework
and the symmetry of the structure is reduced to P4;2;2. Finally
and dramatically, the B2g-(C3,) unit* (Figure 3) occupies the
same tetrahedral hole in the §-B)os-(R3m) structure, preserves
one of the threefold axes of Fd3m, and produces the observed
rhombohedral symmetry.
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Three-Carbon Annulation. Formation of Five-Membered
Rings from Olefins via Diels—Alder Reactions
Sir:

Owing to the increasing appearance of cyclopentane rings
in large numbers of natural products, especially those of bio-
logical importance, great effort has recently been expended
to develop new synthetic methods for the construction of
five-membered-ring systems.!-® Although many of these newly
developed methods very successfully prepare five-membered
rings, they are often not applicable to the closely related
problem of three-carbon annulation, i.e., the attachment of a
three-carbon unit to two adjacent carbons of a cyclic or acyclic
precursor to form a cyclopentane ring, i.e., [3 + 2 — 5], No
good general method exists for this transformation, although
the two corresponding ones, {2 4+ 2 — 4] (photochemical cy-
clization of two olefins) and [2 + 4 — 6] (Diels-Alder reac-
tion), are quite well known and are of great synthetic utility.
We wish now to report the successful accomplishment of this
goal of three-carbon annulation, namely, a highly versatile
process for the formation of cyclopentanones from olefins in
good overall yields via a Diels-Alder reaction as the key
step.

The direct attachment of a three-carbon unit to an olefin by
some cycloaddition process has been reported previously in the
literature.'-® However, in nearly all cases, the double bond was
activated by electron-donating substituents (usually ketone
derivatives such as enol acetate,? enamine,’ trimethylsily! enol
ether,* or enolate of 8-keto ester’ or via ketones themselves!6)
or electron-withdrawing substituents (normally «,8-unsatu-
rated esters’ or sulfoxides®). To impart the greatest generality
to the method, we desired to place as few restrictions as possible
on the nature of the olefinic substrate so that not only elec-
tron-rich and electron-poor olefins but even simple unsubsti-
tuted olefins would afford good yields of the final cyclopen-
tanone products. For this reason we have developed a method
using the very highly reactive compound, dimethoxytetra-
chlorocyclopentadiene (1) as the diene component in a Diels—
Alder reaction. The remarkable reactivity of this molecule in
cycloaddition reactions was first recognized by McBee,® who
observed that even simple olefins such as allyl alcohol, allyl
bromide, and indene gave good yields of cycloadducts. Much
subsequent effort has extended thescope of this facile cy-
cloaddition reaction to include a large variety of olefins and
alkynes.!0-12

The general method is outlined in Scheme I; the yields ob-
tained in its application to a variety of olefins are listed in Table
1. When the diene 1 is heated in the presence of the olefins 2a-f,
high yields of the Diels-Alder adducts 3a-f are formed.!?
Replacement of all the chlorine atoms in compounds 3a-f by
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Table 1. Three-Carbon Annulation. Formation of Cyclopentanones from Olefins#
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% yield % overall
Starting rnaterial (mp,°C) of 3 % yield of 4 % yield of § % yield of 6 yield 2—6
O 77 (19)% 87 70 80¢ 37
2a
O 75 (96-97) 86 70 8s5d 38
2b
CH,)CH,
E; 71 Qiq) 86 52 69 22
H,
2c
Lph 97 (74-75)¢ 76 72 75fF 40
2d
' 0,Me 95 (liq) 748 708 71&h 34
2
Lom 86 (liq) 73 67 i i
2f

@ Yields given are for isolated products. & Reference 10j. ¢cis-Bicyclo[4.3.0] nonan-8-one (6a) is known: P. S. Engel and H. Ziffer, Tetrahe-
dron Lett., 5181 (1969); J. X. McDermott, M. E. Wilson, and G. M. Whitesides, J. Am. Chem. Soc., 98, 6529 (1976), and references in both.
dcis-Bicyclo[5.3.0] decan-9-one (6b) is known: R. Granger, H. Orzalesi, and J. P. Chapat, Bull. Soc. Chim. Fr., 1951 (1967); A. M. Islam and
R. A Raphael, J. Chem. Soc., 3151 (1955). € Reference 9. f3-Phenylcyclopentanone (6d) is known: H. A. Weidlich and G. H. Daniels, Chem.
Ber., 72, 1590 (1939); W. Baker and W. G. Leeds, J. Chem. Soc., 974 (1948). & Since reduction of the tetrachloro ester with sodium in am-
monia/zert-butyl alcohol gave the primary alcohol (an example of the Bouveault—Blanc reduction), the ester 3e was first hydrolyzed to the
acid (mp 163 °C, 97% yield) and then reduced to Se (mp 78—79 °C). Bisdecarboxylation then gave the acid 6e (mp 65 °C).' #Cyclopentanone-
3-carboxylic acid (6¢) is known: for several references, see P. Dowd, G. Senqupta and K. Sachidev, J. 4m. Chem. Soc., 92,5726 (1970) Warm-
ing in water afforded not only decarboxylation but also elimination of ethanol to give cyclopentenone as the major product, along with a

small amount of 3-ethoxycyclopentanone 6f.

Scheme I
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p 2P0 3
(f tBulK
H,0 g R!
2 2
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R = CH3 R' = (CHZ)ECH3
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R = QEt R' = H
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= f® ja (o (o |o

hydrogen was smoothly affected by reduction with sodium in
liquid ammonia/ethanol to furnish 4a—f. Using liquid ammonia
as a solvent gives significantly higher yields than the normal
reduction procedure which uses a tetrahydrofuran/tert-butyl
alcohol solvent system.!! Oxidation of the norbornene-type
double bond proved to be the most difficult step in this four-
step sequence. Many reagents and procedures afforded un-
successful results and only after much experimentation were
the following optimum conditions determined. Reaction of 4a-f

with potassium permanganate in a pH 7 buffer system
{Na;HPO,, KH,PO,) with tert-butyl alcohol as cosolvent for
about 1 h afforded the keto diacids Sa~f after acidic workup
in yields ranging from 52 to 72%. The final step of this sequence
to the cyclopentanones 6a—e involves bisdecarboxylation of the
keto diacids Sa~f which was effected by warming Sa~f in water.
This succeeded for all except the 3-ethoxy compound 5f which
underwent facile loss of ethanol under all decarboxylation
conditions to afford cyclopentenone. Thus, the cyclopentanones
6a—e are formed from the olefins 2a-e via four steps in overall
yields of 22-40%.

Originally we had planned to transform the tetrachloro
adducts 3a-f directly into the cyclopentanones 6a—f via es-
sentially one step. We had hoped that ozonolysis of the chloro
olefin would give the ozonide which, upon workup with zinc
in warm aqueous hydrochloric acid, would afford the desired
cyclopentanones via the sequence ozonide, diacid chloride,
diacid, hydrolysis of ketal to ketone, decarboxylation of bis
B-keto acids, and final reduction of a-chloro ketone by zinc and
acid. This ambitious plan failed when we were unable to effect
ozonolysis of the very electron-deficient dichloro olefin under
various forcing conditions (e.g., the double bond survives un-
touched in ozone-saturated solutions of dichloromethane or
methanol at room temperature for several hours). This failure
necessitated the alternative three-step method described
herein.

The stereochemistry of the Diels-Alder adducts 3d-f can
be readily assigned as endo from the coupling constants of the
endo and exo protons in 'H NMR. The NMR spectrum of
each of these three compounds exhibits an ABX-type spec-
trum!4 which is totally analogous in line shape and amplitude
to that reported by Anet!3 for the corresponding endo adducts
in the hexadeuterionorbornene system. The NMR spectra of
the cyclohexene, cycloheptene, and cis-2-decene adducts 3a—c¢
do not allow one to determine their stereochemistry; however,
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we assume that these are also endo by analogy to the many
endo adducts of this type known in the literature.!2

Other methods for oxidation of the norbornene double bond
in 4a-f were attempted (O3, Jones; KMnQy, NalQ,; Hy0,,
~OH,; etc.), but in all cases the overall yields of the keto diacids
Sa~f were lower than those with the conditions described above.
Furthermore, in some cases different products were obtained.
For example, treatment of the reduced cyclohexene adduct 4a
with KMnOy in acetone afforded in 50% yield the a-diketone
7 (mp 91-92 °C; IR 1760, 1820 cm™!). Further oxidation of
7 to the diacid 5a could be accomplished in 70% yield by
treatment with hydrogen peroxide followed by aqueous acidic
workup.

M
Hea_ /Ot MeQ_ OMe ) o ,
K¥n0 1) H
LA 2% T, wooc COOH
acetone 2) H30+
50%
70%
4a 7

52

The intermediates in this sequence can be converted into
other functionalized molecules which may be useful for further
synthetic transformations. For example, the Diels-Alder re-
action between 1 and vinyl acetate 2g (R = OAc; R’ = H) af-
forded the crude endo!'# acetate 3g in quantitative yield.
Acid-catalyzed hydrolysis and dissolving metal reduction gave
the dechlorinated alcohol 4g in 80% yield. Collins or Jones
oxidation of 4g furnished the ketone 4h in ~75% yield. The
use of highly functionalized molecules of this type is under
investigation in our laboratories.

Mei Me MeQ. OMe
C1
o a r0Ac R o1 1) H,50,
——
+ | quant " MeOH
al C1 CY ¢l 2) Na/NH3
OAc EtOH
1 20 3 80%
M M
=0 Ve Jones Me Me
or
Collins
H
~75% Y
OH
4 4h
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Ordering the Reactivity of Photogenerated,
17 Valence Electron, Metal Carbonyl Radicals
Sir:

We report herein the first ordering of reactivity of metal
carbonyl radicals generated by the photoinduced cleavage of
metal-metal bonds. There now exist a number of reports!-?
showing the importance of photoinduced homolytic metal-
metal bond cleavage in complexes like M»(CO);o and
MM’(CO) 10 (M, M’ = Mn, Re);! -4 (3-CsHs)2M3(CO)s (M
= Mo, W);36 M(CO)sM’(CO)3(n>-CsHs)” (M = Mn, Re; M
= Mo, W); and (4°>-CsHs),Fes(CO)4.8 In these and related
systems® radical cross coupling and halogen atom abstraction
reactions have been used to implicate the photogeneration of
17e metal radicals such as M(CO)s and M(CO);(»>-CsHj;)
and the like; reactions 17 and 2! are illustrative.

(1-CsHs)Mo(CO)3Mn(CO)s
L (45-CsHs)Mox(CO)s + Mny(CO)o (1)

isooctane
uv
Mny(CO)jg —> 2Mn(CO)sCl + 2-CPh;  (2)
Ph3CCl

Coupling of the radicals has been shown to occur at an essen-
tially diffusion controlled rate.5 Photogenerated W(CO)s-
(n°-CsH;) radicals have been shown!9 to react bimolecularly
with CCls, CHCIl3, and CH,Cl, with bimolecular rate con-
stants of 1.5 X 104, ~21, and <0.6 M~1s~1, respectively. In
this communication we present results for the irradiation of
heterodinuclear complexes which enable us to conveniently
order the reactivity of 17e¢ metal carbonyl radicals toward
halogen atom donors.

We have studied the photochemistry of the M-M’ bonded
complexes listed in Table I, and the chemistry is largely as
schemed in reaction 3
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