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Figure 2. Space-filling model of (C5MeS)3Sm (2). 

troid)-Sm-(ring centroid) angle is the smallest observed to date 
between two pentamethylcyclopentadienyl ligands in lanthanide 
complexes. Previously, the smallest observed angle, 127.0°, was 
found in (C5MeS)2Sm(C5H5) and the usual range is 130-1380.7 

The rings are oriented to minimize the steric interactions as 
much as possible. The progression Sm-C(I) > Sm-C(2) > 
Sm-C(3) shows that each ring is tipped away from samarium such 
that the Sm-(ring centroid)-C(l) angle, 94.7°, is larger than the 
idealized 90° angle as well as the Sm-(ring centroid)-C(3) angle, 
87.8°. The rings are oriented with respect to each other such that 
the C5Me5 carbon atom most distant from samarium in each ring 
(C(I)) is closest to the ring carbon atoms least distant from 
samarium in the next ring (the C(3)'s). The methyl groups are 
bent away from the center of the molecule such that the methyl 
carbon atoms lie out of the plane of the ring carbons by 0.17 (C(5)) 
to 0.52 A (C(4)). These values can be compared to methyl group 
displacements of 0.09 to 0.31 A in other (C5Me5)2Ln complex­
es. '23 This methyl group displacement causes the (ring cen-
troid)-C(ring)-C(methyl) angles to deviate from 180° and again 
the angle involving C(4) is distorted most: Cn-C(l)-C(4), 162.3°; 
Cn-C(2)-C(5), 171.1°; Cn-C(3)-C(6), 166.50.23 These data 
demonstrate further the remarkable flexibility of the (C5MeS)2Sm 
unit to accommodate different ligand sets.24 

The isolation of 2 has several implications for pentamethyl­
cyclopentadienyl chemistry, First, the existence of 2 implies that 
a family of (C5Me5)3M complexes involving metals larger than 
Sm3+ should be sterically allowed. On the basis of Shannon radii,25 

(C5Me5)3M complexes may exist for M = La3+, Ce3+, Pr3+, Nd3+, 
Pm3+, Th3+, and U3+. Since it is unknown if Sm3+ provides the 
limit in steric congestion in (C5Me5)3M complexes, it is possible 
that tris(pentamethylcyclopentadienyl) complexes may exist for 
smaller metals later in the lanthanide series, i.e., Eu3+ etc., as well 
as for other metals such as Th4+, e.g., in a complex of the type 
[(C5Me5)3Th]+. Obviously, synthetic pathways to these com­
pounds remain to be found. 

The second implication involves the special reactivity of the 
pentamethylcyclopentadienyl-Sm2+ complexes.9 In the past, the 
chemistry of (C5Me5)2Sm(THF)o_2 complexes was differentiated 
from that of other soluble Sm(II) complexes such as SmI2(TH-
F)2,

26 [(Me3Si)2N]2Sm(THF)2,
27 and [(Me3Si)2CsH3I2Sm(THF)17 

in that the latter complexes readily formed the tris(ligand) species 
(e.g., in reactions with CO), whereas (C5Me5)3Sm was not believed 
to exist.4 Although formation of tris(ligand) complexes may be 

(22) Evans, W. J.; Hughes, L. A.; Hanusa, T. P. Organometallics 1986, 
5, 1285-1291. 

(23) Cf. the average methyl carbon atom displacement and centroid-(ring 
carbon)-(methyl carbon) angle in (C5MeS)2Sm(CsH5)

7 are 0.23 A and 171°, 
respectively. 

(24) Evans, W. J.; Drummond, D. K.; Hughes, L. A.; Zhang, H.; Atwood, 
J. L. Polyhedron 1988, 7, 1693-1703. 

(25) Shannon, R. D. Acta Crystallogr. 1976, A32, 751-767. 
(26) Namy, J. L.; Girard, P.; Kagan, H. B.; Caro, P. E. Now. J. Chim. 

1981, 5, 479-484. 
(27) Evans, W. J.; Drummond, D. K.; Zhang, H.; Atwood, J. L. Inorg. 

Chem. 1988, 27, 575-579. 
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more facile for ligands smaller than C5Me5, eq 1 demonstrates 
that (C5Me5)3Sm can form under mild reaction conditions. Hence, 
the absence of ligand redistribution reactions leading to 
(C5Me5)3Sm cannot be a basis for the unusual chemistry observed. 

Finally, despite the steric congestion in 2, which may imply 
limited reactivity, (C5Me5)3M complexes may prove to have in­
teresting chemistry. As shown in the space-filling model (Figure 
2), access to the metal center is available via a channel down the 
6 axis which may allow reactions with cylindrically symmetrical 
reagents of appropriate size. (C5Me5)3M complexes may also 
provide an opportunity to study reactions involving C5Me5 ring 
slippage. Studies in this direction are in progress. 
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Construction of complex carbon structures with a high degree 
of stereo- and regiocontrol, such as those in which the degree of 
stereoselectivity and/or regioselectivity in each pertinent step is 
> 98-99%, continues to be a synthetic challenge. In putting to­
gether the carbon structures of triquinanes I,1 2,lb•2 3,3 and 4,4 

one frequently employed strategy involving annulation of the C 
ring onto the A-B bicyclic intermediates has been plagued by 
either the difficulty in controlling the stereochemistry of the C-ring 

(1) Isolation: Seto, H.; Sasaki, T.; Uzawa, J.; Takeuchi, S.; Yonehara, H. 
Tetrahedron Lett. 1978,4411. Synthesis: (a) Sakai, K.; Ohtsuka, T.; Misumi, 
S.; Shirahama, H.; Matsumoto, T. Chem, Lett. 1981, 355. (b) Crimmins, M. 
T.; Deloach, J. A. J. Org. Chem. 1984, 49, 2976; / . Am. Chem. Soc. 1986, 
108, 800. (c) Ihara, M.; Katogi, M.; Fukumoto, K.; Kametani, T. / . Chem. 
Soc., Chem. Commun. 1987, 721. (d) Hudlicky, T.; Sinai-Zingde, G.; Nat-
chus, M. G.; Ranu, B. D.; Papadopolous, P. Tetrahedron 1987, 23, 5685. 

(2) (a) For earlier references, see: Paquette, L. A.; Annis, G. D. J. Am. 
Chem. Soc. 1983,105, 7358 and referer/ces therein, (b) Piers, E.; Karunar-
atne, V. J. Chem. Soc., Chem. Commun. 1984,959. (c) Hua, D. H. J. Am. 
Chem. Soc. 1986,108, 3825. (d) Hudlicky, T.; Natchus, M. G.; Sinai-Zingde, 
G. / . Org. Chem. 1987, 52, 4644. (e) Pattenden, G.; Teague, S. J. Tetra­
hedron 1987, 43, 5637. 

(3) (a) Paquette, L. A.; Han, Y. K. / . Org. Chem. 1979,44,4014; J. Am. 
Chem. Soc. 1981,103, 1835. (b) Oppolzer, W.; Battig, K.; Hudlicky, T. HeIv. 
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Scheme I' 
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,P(OEt), 
SMe, ^ Y ^ * ^ 

/ Y ^ - ^ S4*(»b) / y T ^ 94*(10b) / V T * ^ S7*(llb) 

/\X^0^ 5«*<12b) / V K 
CO2Me 

100% 

•»: Z - B n . b: Z = MPM. (i) (1) n-BuLi (2.4 equiv), Cl2ZrCp2 (1.2 equiv), THF, -78 to 20 0C, overnight. (2) CO (1.1 atm), 3 h, -20 0C. 
(ii) (1) Diethyl (Z)-crotylphosphonate, n-BuLi, THF, -78 0C, 15 min. (2) (H-Bu)4NF, THF, 0 0C, 5 min. (iii) (1) (CHjOH)2, PPTS, benzene. (2) 
BH3-THF, 20 0C, overnight, then 30% H2O2, NaOAc, 50 0C. (3) NaHCO3, MeOH-H2O, 50 8C, 3 h. (iv) (1) PPTS (1 equiv), acetone, H2O 
reflux, 16 h. (2) MsCl, NEt3, CH2Cl2, 0

 8C, 10 min. (3) DBU, benzene, reflux, 10 min. (4) H2, Pd/C, EtOAc, 20 0C, 10 h. (v) (1) LDA then 
Tf2NPh, DME, -78 to 20 0C, 26 h. (2) CO (1.1 atm), Pd(OAc)2, PPh3, NEt3, DMF, MeOH, 20 8C, 16 h. (3) DDQ, CH2Cl2, H2O, 20 8C, 45 min. 
(vi) KOH, MeOH-H2O, 45 8C, 3 h. 

Table I. Preparation of Aldehydes via 
Hydroboration-Oxidation-Elimination of Alkenylphosphonates" 

R of 
(E)-RCH=CHPO(OEt)2 

/1-C5Hu 
PhCH2 
PhCH2CH2 
e 
f 
h 

product yield, 
RCH2CH(OH)PO(OEt)2* 

97 
85 
95 
92 
95 
92 

% 
RCH2CHO" 

98' 
65' 
80 
85 
g 
76 

"(£)-l-Alkenylphosphonates were treated for 16 h at 20 0C with 1 
M borane in THF. After addition of aqueous NaOAc, 30% H2O2 was 
slowly added to the hydroboration mixture, and its temperature was 
maintained at 50 8C for 10-15 min. After extractive workup (aqueous 
NH4Cl and ether), the crude product was treated with NaHCO3 in 
refluxing MeOH-H2O (1:1) for 1-3 h. 'By1HNMR. ' Isolated yield 
unless otherwise mentioned. 'ByGLC. M-(3-Oxocyclopentyl)ethyl. 
'An (£)-RCH—CHP(O)Ph2 analogue of e. 'No a elimination took 
place. *The ethylene ketal derivative of 10b. 

methyl group2*'0 or the lack of regioselectivity in the C-ring an-
nulation.20 

We now report here a highly selective method featuring (i) 
Zr-promoted diastereoselective (S99%) enyne bicyclization-
carbonylation and (ii) cyclopentannulation via allylphosphonate 
conjugate addition. Crucial to the development of the latter is 
the finding that hydroboration of vinylphosphonates with BH3-
THF is essentially 100% regioselective, producing, after oxidation, 
(a-hydroxyalkyl)phosphonates, which can be readily converted 
to the corresponding aldehydes (eq 1). To demonstrate the 
synthetic utility of this methodology, (±)-pentalenic acid1 was 
prepared, as shown in Scheme I. Throughout the synthesis, 
essentially complete control of stereo- and/or regiochemistry was 
achieved. 

O 
(5IOEt), 1.BHyTHF 

1 3 0 « H2O2 

NaOAc OH 

5(OEt)8 J^L 
McOHH2O 

itflux 

*CHO (1) 

We first sought a stereocontrolled route to bicyclic enones via 
Zr-promoted bicyclization-carbonylation5 following promising 

leads in recent studies,6 especially that obtained with enynes 
containing an allylic OH group.6*1,7 3-Hydroxy-7-(trimethyl-
silyl)-l,6-heptenyneM (5a) was subjected to the Sharpless kinetic 
resolution8 using 1.5 equiv of f-BuOOH, 0.1 equiv of Ti(OPr-I)4, 
0.15 equiv of dicyclohexyl (+)-tartrate ((+)-DCHT), and mo­
lecular sieves (3 A, 30 wt % of 5a) in CH2Cl2 at -20 0C for 44 
h to give (/?)-5a (>98% ee) in 35% yield, the theoretical maximum 
being 50%. The Zr-promoted bicyclization-carbonylation of 

J • • > H O ' * 

SiMe, 

. 0 W-' 

(.R)-SA, using 1.05 equiv of Cp2ZrCl2 in THF and 3.1 equiv of 
n-BuLi (-78 0C for 1 h and then 25 0C overnight) for bicyclization 
and 1.1 atm of CO (-30 0C for 5-10 h) for carbonylation, gave 
a 68% yield of 6a, the enantiomeric purity of which was >98% 
by analysis of the 1H and 13C NMR spectra of its (+)-meth-
oxy(trifluoromethyl)phenylacetic acid (MTPA) ester. The relative 
stereochemistry of the two adjacent chiral centers in 6a was 
determined by 1H 2D NOESY/COSY NMR spectrometry. Our 
preliminary results also indicate that removal of the OH group 
of 6a to give spectroscopically homogeneous 7 can be achieved 
in 60% yield by treatment of 6 with phenyl chlorothionoformate 
and pyridine9 followed by (/1-Bu)3SnH and 5% azobis(iso-
butyronitrile) (AIBN) in refluxing toluene. Similar results were 
obtained for conversion of 5b into (/?)-5b and 6b. 

(5) (a) Negishi, E.; Holmes, S. J.; Tour, J. M.; Miller, J. A. J. Am. Chem. 
Soc. 1985,707, 2568. (b) Negishi, E.; Holmes, S. J.; Tour, J. M.; Miller, J. 
A.; Cederbaum, F. E.; Swanson, D. R.; Takahashi, T. J. Am. Chem. Soc. 
1989, 111, 336 and pertinent papers cited therein. 

(6) (a) RajanBabu, T. V.; Nugent, W. A.; Taber, D. F.; Fagan, P. J. /. 
Am. Chem. Soc. 1988, 110, 7128. (b) Rousset, C. J.; Swanson, D. R.; 
Lamaty, F.; Negishi, E. Tetrahedron Lett. 1989, 30, 5105. (c) Nugent, W. 
A.; Taber, D. F. J. Am. Chem. Soc. 1989, /// , 6435. (d) Lund, E. C; 
Livinghouse, T. /. Org. Chem. 1989, 54, 4487. 

(7) For related studies with the Co-promoted Pauson-Khand reaction, see: 
(a) Exon, C; Magnus, P. J. Am. Chem. Soc. 1983,105, 2477. (b) Magnus, 
P.; Principe, L. M. Tetrahedron Lett. 1985, 26, 4851. 

(8) Gao, Y.; Hanson, R. M.; Klunder, J. M.; Ko, S. Y.; Masamune, H.; 
Sharpless, K. B. J. Am. Chem. Soc. 1987, 109, 5765. 

(9) Robins, M. J.; Wilson, J. S.; Honsske, F. J. Am. Chem. Soc. 1983,105, 
4059. Application of the original procedure (Barton, D. H. R.; McCombie, 
S. W. J. Chem, Soc., Perkin Trans. 1 1975, 1574) gave unsatisfactory results. 
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For the synthesis of pentalenic acid (1), enyne 8 was prepared 
in 78% overall yield by propargylation of ethyl isobutyrate, re­
duction with LiAlH4, silylation, oxidation with (COCl)2 and 
DMSO, and vinylation with vinylmagnesium bromide. After 
benzylation, Zr-promoted bicyclization-carbonylation5 gave a 68% 
yield of 9a, the stereochemistry of which was firmly established 
by NMR spectroscopy (/H

S,H«
 = 9.8 Hz) and X-ray analysis. For 

the eventual synthesis of 1, it was necessary to use />-methoxy-
benzyl chloride10 in place of benzyl chloride for protecting the 
OH group of 8 due to the difficulty in debenzylation. The bi­
cyclization-carbonylation reaction for producing >98% diaste-
reomerically pure 9b proceeded in 84% yield. 

For selective annulation of the C ring with control of the 
stereochemistry of the 9-Me group, 9b was treated at -78 "C for 
15 min with the lithio derivative of (Z)-CH3CH=CHCH2PO-
(OEt)2" generated by its reaction with n-BuLi in THF at -78 
0C. Crudely isolated conjugate addition product was treated with 
(n-Bu)4NF (O 0C, 5 min) to give a 94% yield of 10b, which was 
of >98% stereoisomeric purity. After ketalization of 10b with 
(CH2OH)2, hydroboration with BH3-THF12 overnight at 20 0C 
followed by oxidation with 30% H2O2 and NaOAc at 50 0C 
yielded the corresponding (a-hydroxyalkyl)phosphonate, which 
was crudely isolated and treated with NaHCO3 in MeOH-H2O 
at 50 0C to give 1 lb in 57% yield.13 In addition to the conjugate 
addition of allylphosphonate anions, the base-promoted reaction 
of aldehydes with CH2[PO(OEt)2]2 readily produces (£>alke-
nylphosphonates in good yields,14 typically 80-95%. Coupled with 
hydroboration-oxidation-elimination, one-carbon homologation 
of aldehydes can be achieved in good yield, as shown in Table I. 

Treatment of 1 lb with 1 equiv of pyridinium /Koluenesulfonate 
(PPTS) in boiling acetone-water for 16 h not only deprotected 
the carbonyl group but also induced aldolization in 82% yield. 
After mesylation with MsCl and NEt3, treatment with DBU 
(l,8-diazabicyclo[5.4.0]undec-7-ene) in refluxing benzene yielded 
the desired enone, which was hydrogenated over Pd/C to give 
isomerically pure 12b in 71% yield based on the aldol intermediate. 
Conversion of 12b into 13 using 2,6-di-tert-butyl-4-methylpyridine 
and triflic anhydride for generation of alkenyl triflatesld followed 
by Pd-catalyzed carbomethoxylation15 led to a 75:25 mixture of 
13 and its regioisomer. On the other hand, treatment of 12b with 
lithium diisopropylamide (LDA) and Tf2NPh in DME (dimeth-
oxyethane) for triflate generation16 followed by deprotection of 
the (p-methoxyphenyl)methyl (MPM) group with DDQ (2,3-
dichloro-5,6-dicyano-l,4-benzoquinone) gave isomerically pure 
13, the spectra data of which were in excellent agreement with 
those obtained by other workers.1 The Me ester 13 was quan­
titatively converted to (±)-l by hydrolysis with methanolic KOH. 
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We report that the third-order term for acetic acid catalyzed 
reduction of p-benzoquinone, Q, by an NADH analogue, 9,10-
dihydro-10-methylacridine (1-L, L = H or D; eq 1), displays 
primary isotope effects k^/k^ = 1.5 in H2O and D2O and solvent 
isotope effects kH:p/kDlp = 1.3 for H or D transfer. Substituted 
RCOOH catalysts show a Bronsted slope o = 0.85. These results 
provide evidence for concerted hydron and hydride transfer to 
benzoquinone and are not consistent with a mechanism involving 
the semiquinone radical, QH*.1 

Ii i: Ii 
I 
C H 3 

1-L(L= H or D) 

[I I] 

O 

Q 

Ek„[AH] 

Il I] 

O 

(D 

Extensive studies of thermal 1,4-dihydronicotinamide reductions 
using isotope effects,2 as well as kinetic and thermodynamic data,3"6 

have largely settled the question of whether the transfer of a 
hydride equivalent involves sequential one-electron transfers 
(e"-H+-e") or the transfer of a hydride ion in a single step.7 In 
definitive cases where the e"-H+-e" mechanism has been estab­
lished, the electron acceptor has a one-electron reduction potential 
E0 > 0.4 V (NHE), much larger than that of most carbonyl 
compounds.3'8"10 Nevertheless, the interaction of carbonyl com­
pounds with Lewis acids may enhance their electron affinity1'" 
by stabilization of the developing substrate radical anion in a 
pathway that avoids the high-energy intermediates involved in 
either electron transfer to or Lewis acid complexation with the 
substrate.15 Because such complexation is known to catalyze 
NADH-dependent reductions of the carbonyl group in enzyme16 

and non-enzyme1,17'18 reactions, it is of interest to establish the 
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