
122 J. Am. Chem. Soc. 1983, 105, 122-124 

or W6+ by direct donation into empty orbitals of the appropriate 
symmetry. The a bonding is analogous to that in metallacyclo-
butanes7 and will not be discussed further here. There are three 
ir frontier orbitals in [C3H3]3", b2 (bonding), a2 (nonbonding), 
and b2* (antibonding), of which the first two are occupied. The 
b2* orbital, being very high in energy, does not contribute sig
nificantly to any occupied orbitals of [WC3H3]3+ and may be 
ignored henceforth. The ir interaction will be between the b2 and 
a2 orbitals of [C3H3]3" and the available -K orbitals on either 
[CH]3+ or W6+; it is the difference in the latter that accounts for 
the differences between the organic and organometallic systems, 
as shown qualitatively in Figure 2. In [CH]3+ there is one pir 
orbital available, and its interaction with the ir orbitals of [C3H3]

3" 
leads to the familiar orbital pattern for C4H4, in which the HOMO 
is a half-filled nonbonding eu orbital (under D4h symmetry). In 
contrast to the situation in [CH]3+, there are two dx orbitals in 
a d0 metal ion that can interact with the b2 and a2 orbitals of 
[C3H3]3". The principle bonding interactions, shown in Figure 
3, consist of stabilization of both the b2 and a2 orbitals of [C3H3]

3", 
with concomitant formation of b2* and a2* antibonding orbitals. 

It is apparent that the major difference between the bonding 
in C4H4 and [WC3H3J3+ is in the HOMO of each. In square 
C4H4, the TT orbital of [CH]3+ cannot interact with the a2 orbital 
of [C3H3]

3", necessarily leading to the nonbonding HOMO which 
is characteristic of antiaromatic systems. In [WC3H3]

3"1", by 
contrast, the interaction of one of the dir orbitals with the a2 orbital 
of [C3H3]3" produces a strongly bonding orbital in which the W 
is ir bonded to the a-carbons (Figure 3). This type of interaction 
has been anticipated by Thorn and Hoffmann.8 Mulliken pop
ulation analysis of the a2 orbital of [WC3H3]3+ indicates that it 
consists of nearly equal contributions from the W dir (52%) and 
the [C3H3]

3" a2 (48%) orbitals, and the overlap population between 
the two (0.350) is sizable. The LUMO of [WC3H3J3+ is 5.0 eV 
above the a2 HOMO, again indicative of the strong stabilization 
within the a2 orbital. A fully occupied, strongly ir-bonding HOMO 
in a cyclic system is characteristic of aromatic systems, and despite 
its being a four-ir-electron system, it is tempting to call [WC3H3]3+ 

a metalloaromatic system; this concept was first used to rationalize 
the stability of cyclobutadiene-metal complexes vis-a-vis the in
stability of cyclobutadiene.9 As is the case in (C4H4)Fe(CO)3, 
the greater flexibility of d orbitals allows favorable bonding in
teractions in [WC3H3]3+ not achievable in the purely organic 
system C4H4. It is also of interest to note that the HOMO 
stabilization evident in metallacyclobutadiene complexes is not 
possible in dimetallacyclobutadiene complexes wherein there are 
no C-C nonbonding orbitals to stabilize.10 

The analysis of [WC3H3]3+ also accounts for the anomalously 
short W-C3 distance in the tungstenacyclobutadiene system.3 The 
b2 orbital of [C3H3]3", which has its largest contribution (48%) 
from the /3-carbon, interacts strongly with the dir orbital which 
is spatially directed toward it (Figure 3). This results in the b2 

orbital of [WC3H3]
3"1" having an 18% contribution from the W 

dir orbital. Thus, the /3-carbon is pulled toward the W center by 
an across-the-ring interaction. The MO calculation of Cl3W-
C3H3

11 indicates that the LUMO of the complex, which is 4.2 
eV above the. HOMO, is essentially the b2* orbital of [WC3H3]

3+, 
i.e., the antibonding counterpart of the across-the-ring bond. It 
is expected, therefore, that a d1 or d2 metallacyclobutadiene 
complex would have an appreciably reduced interaction between 
the metal center and the /3-carbon relative to the d0 system; it is 
noted that two late-transition-metal adducts of the triphenyl-
cyclopropenium cation,12 while possessing metallacyclobutadienoid 

(7) (a) Eisenstein, O.; Hoffmann, R.; Rossi, A. R. / . Am. Chem. Soc. 
1981,103, 5582. (b) Dedieu, A.; Eisenstein, O. Nouv. J. Chim. 1982, 6, 337. 

(8) Thorn, D. L.; Hoffmann, R. Nouv. J. Chim. 1979, 3, 39. 
(9) Bursten, B. E.; Fenske, R. F. Inorg. Chem. 1979, 18, 1760. 
(10) Hoffman, D. M.; Hoffmann, R.; Fisel, C. R. J. Am. Chem. Soc. 1982, 

104, 3858. 
(11) The detailed MO description of Cl3WC3H3, as well as its metalla-

tetrahedranoidal isomer, will be the subject of a subsequent publication. 
(12) (a) Cl(CO)(PMe3)2IrC3Ph3: Tuggle, R. M.; Weaver, D. L. Inorg. 

Chem. 1972, / /, 2237. (b) Cl2(PMe2Ph)2RhC3Ph3: Frisch, P. D.; Khare, G. 
P. Ibid. 1979, 18, 781. 

cores, do not exhibit unusually short M-C3 bonds. Since the M-C3 

interaction helps to stabilize the d0 metallacyclobutadiene, an 
undesirable situation if it is the catalytic intermediate in acetylene 
metathesis, it may be the case that d1 or d2 systems will be better 
catalysts than the d0 ones. 
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The recognition that farnesyl pyrophosphate (1, Scheme I) can 
serve as a biosynthetic precursor of all cyclic sesquiterpenes, of 
which nearly 200 individual skeletal types are now known, remains 
one of the outstanding theoretical triumphs of modern bioorganic 
chemistry.2 Until recently, however, few examples had been 
reported of direct investigations of the key cyclization reactions, 
the bulk of the experimental evidence for the role of farnesyl 
pyrophosphate having rested on inference from the results of 
traditional early-precursor-late-product incorporation experi
ments.3 Only in recent years, as attention has turned increasingly 
to the development of cell-free systems from plants and mi
croorganisms, has it become possible to investigate directly the 
important and fascinating cyclases that lie at the heart of terpenoid 
biosynthesis.4 We report below the preparation of a cell-free 
extract of Streptomyces that catalyzes the cyclization of 
trans,trans-farnesyl pyrophosphate to pentalenene (2),s the parent 
hydrocarbon6 of the pentalenolactone family of sesquiterpene 
antibiotics.8 

(1) (a) Fellow of the Alfred P. Sloan Foundation, 1978-1982; National 
Institutes of Health Research Career Development Award, 1978-1983. (b) 
This work was supported by a grant from the National Institutes of Health, 
GM22172. 

(2) (a) Ruzicka, L. Pure Appl. Chem. 1963, 6, 493; Proc. Chem. Soc. 
1959, 7, 82. (b) Hendrickson, J. B. Tetrahedron 1959, 7, 82. (c) Parker, W.; 
Roberts, J. S.; Ramage, R. Q. Rev. Chem. Soc. 1967, 21, 331. 

(3) Cane, D. E. In "Biosynthesis of Isoprenoid Compounds"; Porter, J. W., 
Spurgeon, S. L., Eds.; Wiley: New York, 1981; pp 283-374. 

(4) For additional examples of farnesyl pyrophosphate cyclases, see the 
following, (a) Bisabolene synthetase: Anastasis, P.; Freer, I.; Gilmore, C; 
Mackie, H.; Overton, K.; Swanson, S. J. Chem. Soc, Chem. Commun. 1982, 
268. Overton, K. H.; Picken, D. J. Ibid. 1976, 105. (b) Trichodiene 
synthetase: Evans, R.; Hanson, J. R. J. Chem. Soc, Perkin Trans. 1 1976, 
326. Cane, D. E.; Swanson, S.; Murthy, P. P. N. J. Am. Chem. Soc. 1981, 
103, 2136. (c) See also for farnesyl pyrophosphate isomerase: Cane, D. E.; 
Iyengar, R.; Shiao, M.-S. Ibid. 1981, 103, 914. (d) For a comprehensive 
review of closely related geranyl pyrophosphate cyclases, see: Croteau, R. In 
ref 3, pp 225-282. 

(5) Isolation: (a) Seto, H.; Yonehara, H. J. Antibiot. 1980, 33, 92. 
Synthesis: (b) Ohfune, Y.; Shirahama, H.; Matsumoto, T. Tetrahedron Lett. 
1976, 2869. (c) Annis, G. D.; Paquette, L. A. / . Am. Chem. Soc. 1982,104, 
4504. 

(6) The role of pentalenene as a precursor of the more oxidized pentalen-
anes has been established by feeding experiments with intact cells. The 
requisite [l,13-3H]pentalenene (2; 8.9 X 109 dpm/mmol) was prepared ac
cording to ref 5b by the use of 3H-NaBH4 to reduce the mercuric nitrate 
cyclization product of humulene (6). Oxidation of a portion of this labeled 
pentalenene to the corresponding 13-carboxylic acid methyl ester (8) estab
lished that 14% of the tritium label was at C-I (1.3 X 10' dpm/mmol). 
Feeding of 7.1 X 10s dpm of [l,13-3H]pentalenene to a culture of Strepto
myces UC5319 gave labeled pentalenolactone (9; 0.7% incorporation, 6 X 107 

dpm/mmol), pentalenolactone E (10; 0.2%, 1.7 X 107 dpm/mmol), pentale
nolactone F (H;7 0.2%, 1.7 X 107 dpm/mmol), and pentalenic acid (12; 0.1%, 
1.2 X 107 dpm/mmol), each isolated and rigorously purified as the derived 
methyl ester. The site of labeling was unambiguously confirmed by PCC 
oxidation of 12 to the corresponding ketone (13), which retained <1% of the 
original tritium activity (Scheme III). 

(7) Tillman, A. M.; Cane, D. E., submitted for publication. 
(8) The mevalonoid origin of pentalenolactone and pentalenic acid has been 

established: Cane, D. E.; Rossi, T.; Tillman, A. M.; Pachlatko, J. P. J. Am. 
Chem. Soc. 1981, 103, 1838. 
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Table I. Conversion of [8-3H; 12,13-14C] Farnesyl Pyrophosphate 
to Pentalenene and Distribution of the Label 

14C specific 
compd activity, dpm/mmol 3H/'4C 

l a 

2C 

3A 
3B 
4 
5 

5.6 XlO7 

1.5 X 104 d 

1.28 XlO4 

1.29 XlO4 

1.06 XlO4 

1.16 XlO4 

57.3 ± 1.0& 

25.6 ±0.1 
25.9 + 0.2 
26.8 
3.1 ± 0.2 

a Amount incubated, 1.6 X 107 dpm 14C (29 /xmol). b Based 
on recrystallization of farnesyl diphenylurethane. e Total 
recovered activity, 3.3 X 103 dpm 14C. d Diluted to 44 mg. 

f/ww,r/Ym.r-[8-3H] Farnesol was prepared by coupling of 8-
chloro[8-3H]geranyl benzyl ether9 with the lithio anion of di-
methylallyl phenyl sulfone,lla followed by reductive cleavage with 
lithium in ethylamine.10'"b After addition of [12,13-14C]farnesol, 
prepared as previously described, a portion of the resulting mixture 
was converted to farnesyl diphenylurethane,12 which was re-
crystallized to constant activity (3H/14C = 57.3:1.0; atom ratio 
2:2; Table I). The remaining allylic alcohol was then converted 
to the corresponding pyrophosphate ester by standard methods.^ 

For the preparation of the cell-free extract, the mycelium from 
2.4 L of a 60-h culture of Streptomyces UC5319, grown as 
previously described,8 was harvested by centrifugation at 400Og, 
washed with glass-distilled water and two times each with suc
cessive portions of 1.0 M KCl and 0.8 M NaCl,13 and then sus
pended in 100 mL of 0.1 M potassium phosphate buffer, pH 7.2, 
containing 0.4 mM dithioerythritol (DTE), 1.0 mM EDTA, and 
5% (v/v) glycerol. The cells were ruptured by rapid stirring for 
3 min with 0.1-0.15-mm glass beads in a 250-mL jacketed cell 
cooled to 0-4 0C. After removal of the glass beads from the 
broken cell mass by brief centrifugation at 8000g, the suspension 
was further centrifuged for 1 h at 34000g to remove cell debris.14 

The resulting supernatant (100 mL, 0.5 mg of protein/mL15) was 
degassed by sparging with nitrogen for 1 min and then incubated 
immediately in a stoppered flask with 10.0 jumol of [8-
3H,12,13-14C]farnesyl pyrophosphate and 10.0 ^mOl MgCl2. After 

(9) Obtained by [3H]NaBH4 reduction of 8-oxogeranyl benzyl ether10 and 
conversion of the resulting [8-3H] alcohol to the chloride as previously de
scribed.10 

(10) Altman, L. J.; Ash, L.; Marson, S. Synthesis 1974, 2, 129. 
(11) (a) Julia, M.; Ward, P. Bull. Soc. Chim. Fr. 1973, / / , 3065. (b) Sato, 

K.; Inoue, S.; Onishi, A.; Uchida, N.; Minowa, N. / . Chem. Soc, Perkin 
Trans. 1, 1981, 761. 

(12) Bates, R. B.; Gale, D. M.; Gruner, B. J. J. Org. Chem. 1962, 28, 1086. 
(13) Grisebach, H.; Kniep, B. Eur. J. Biochem. 1980, 105, 139. 
(14) Active preparations could also be obtained by sonication of 30-mL 

batches of cell suspension for 30-s intervals with intermittent cooling up to 
a total of 5 min (130 W, 90% duty cycle, 4 0C) or by grinding of the cell paste 
with Sigma Type 305 alumina (80 g of wet cells/50 g of alumina). 

(15) Bessey, O. A.; Lowry, O. H.; Love, R. H. J. Biol. Chem. 1949, 180, 
755. 
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1.5 h at 30 0C the reaction was quenched by addition of an equal 
volume of acetone, and the mixture was extracted with pentanes. 
Synthetic (±)-pentalenene (2,16 ca. 5 mg, Scheme II) was added 
as carrier, and the pentane solution, after drying and concentration, 
was subjected to purification by preparative TLC (silica gel, 
hexane). The activity of the recovered pentalenene (1.5 X 103 

dpm 14C) corresponded to a conversion rate of 0.03 nmol of 
pentalenene/mg of protein per hour. The above incubation was 
repeated two more times, leading to the formation of 2 with a total 
activity of 3.3 X 103 dpm 14C. Control experiments on analogous 
cell-free preparations established that the rate of pentalenene 
formation was proportional to the enzyme concentration at 0.1 
mM substrate, while prior boiling of the enzyme extract gave only 
radioinactive pentalenene. The crude enzyme preparations con
tained significant quantities of competing phosphatase-pyro
phosphatase activities and were markedly unstable, losing 50% 
of the cyclase activity after only 4 h at 4 0C. 

So that the specificity of labeling in the enzymatic cyclization 
could be established, the recovered pentalenene was diluted with 
additional carrier to a total of 44 mg of 2, of which 26 mg was 
converted to the corresponding mixture of diastereomeric cis-
6,7-diols 3A and 3B by treatment with OsO4 (1.0 equiv/ 
pyridine/18 h/25 0C followed by aqueous NaHSO3; Scheme II). 
Recrystallization from hexane/CH2Cl2 gave 6 mg of the minor 
isomer, diol 3A,17a,b which was recrystallized to constant activity 
(mp 145-146 0C). Recrystallization from hexanes of the con
centrated mother liquor gave 10 mg of diol 3B17a'c (mp 74.5-75 
0C), which was in turn recrystallized to constant activity. Both 
solid derivatives showed the expected loss of 50% of the original 
tritium, based on 3H/14C ratio (atom ratio 0.9:2; Table I). The 
site of tritium labeling in the remaining pentalenene was unam-

(16) Prepared according to ref 5b and purified by preparative TLC on 15% 
silver nitrate impregnated silica gel (/?y 0.37, hexanes). 

(17) (a) All new compounds gave satisfactory 250-MHz 1H NMR, 62.8-
MHz 13C NMR, and IR data, (b) Calcd for C15H24O (M+ - H2O) 220.1827, 
found 220.1841. (c) Calcd for C15H24O (M+ - H2O) 220.1827, found 
220.1822. (d) Calcd for Ci5H26O 222.1984, found 222.1985. (e) Calcd for 
C15H24O 220.1827, found 220.1850. 
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biguously established by hydroboration-oxidation (4.0 equiv of 
BH3-THF/THF/1 h/0 0C; 30% H2O2/3.0 M NaOH, 1:1/1 h/55 
0C) to yield 7-hydroxypentalenane (4)17a'd as a 20:1 mixture of 
epimers, followed by oxidation with PCC in CH2Cl2 (1 h/25 0C) 
to give pentalen-7-one (5)17a,e that was essentially devoid of tritium. 

The preceding experiments firmly demonstrate the enzymatic 
conversion of farnesyl pyrophosphate to pentalenene and are 
consistent with the pathway illustrated in Scheme I. The proposed 
cyclization mechanism is further supported by the biomimetically 
modeled synthesis of pentalenene via cation 7, reported earlier 
by Shirahama and Matsumoto,5b and used for the preparation 
of racemic pentalenene in the present study. On the basis of 
incorporation experiments with intact cells, we have previously 
suggested on stereochemical grounds that the enzymatic formation 
and further cyclization of the intermediate humulene (6, Scheme 
I) may take place at a single active site.8,18 Further experiments 
to test this prediction and to establish the details of the pentalenene 
synthetase reaction are in progress. 
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(18) For a discussion of related dimethylcyclopentane sesquiterpenes see: 
Cane, D. E.; Nachbar, R. B. J. Am. Chem. Soc. 1978, 100, 3208. See also 
ref 3. 
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The involvement of discrete binuclear and possibly tetranuclear 
clusters of Mn(III) and Mn(IV) in the enzyme that catalyzes the 
oxidation of water to oxygen in green plant photosynthesis1 has 
prompted us to synthesis a binuclear Mn(III) model compound 
utilizing /3-cyclodextrin (/3-CD) as a ligand. /3-CD is a naturally 
occurring cyclic oligomer containing seven glucose units.2 The 
7.0-A internal diameter of the cavity of /3-CD permits the for
mation of a large number of inclusion complexes.3 This offers 
a method for modifying the redox properties and electron-transfer 
kinetics of coordinated metal sites. Although the Mn ligands in 
the enzyme have not been identified, they appear not to include 
thiol or thiolate4 but may include nitrogenlb or oxygen donor 
ligands. a-CD and /3-CD complexes with Cu(II) have been re
ported.5 Stable coordination of Mn(III) and Mn(IV) by non-
macrocyclic polyhydroxy ligands such as sorbital and gluconate 
has been observed.6 

(1) (a) Dismukes, G. C; Siderer, Y. Proc. Natl. Acad. Sci. U.S.A. 1981, 
78, 274. (b) Dismukes, G. C; Ferris, D.; Watnick, P. Photobiochem. Pho-
tobiophys. 1982, 3, 263. 

(2) Cramer, F.; Hettler, H. Naturwissenschaften 1967, 54, 625. 
(3) (a) Tabushi, I. Ace. Chem. Res. 1982, 15, 66. (b) Bender, M. L.; 

Komiyama, M. "Cyclodextrin Chemistry"; Springer Verlag: Berlin, 1978. 
(4) Takahashi, M.; Asada, K. Eur. J. Biochem. 1976, 64, 445. 
(5) Matsui, Y.; Kurita, T.; Yagi, M.; Okayama, T.; Mochida, K.; Date, 

Y. Bull. Chem. Soc. Jpn. 1975, 48, 2187. 
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Figure 1. UV-visible spectrum of bis(M-hydroxo)(/3-cyclodextrin)di-
manganese(III,III) in DMF. 

Synthesis of Bis(^-hydroxo)(/3-cyclodextrin)dimanganese-
(III,HI). /3-CD (0.56 g, 0.5 mM) was dissolved in 30 mL of 
Ar-flushed DMF, Mn(II) acetate (0.26 g, 1.0 mM) was added, 
and the reaction mixture was stirred under Ar for 1 h. An al
coholic solution of NaOH (10 mL, 0.2 M) was added, and the 
resulting solution was exposed to bubbling air. After the solvent 
was stripped under vacuum, an excess of ethanol was added to 
precipitate the compound. It was filtered, washed with ethanol, 
and air-dried. The compound was recrystallized from 3:1 
DMF-ethanol, yield 55%. An alternate procedure starting with 
Mn(III) acetate and the absence of oxygen also yielded the same 
compound, yield 20%. Mn was analyzed spectrophotometrically 
by oxidation to permanganate7 and checked by EDTA titration 
of a reduced sample. These methods consistently gave 2.01 ± 
0.04 Mn per /3-CD-2H20 unit. 

The compound is found to be soluble only in water, DMF, and 
Me2SO. An aqueous solution of the compound is quite unstable 
and decomposes to hydrated oxides of Mn. However, in phosphate 
buffer (0.1 M, pH 9.2) the aqueous solution of the compound is 
comparatively more stable, observable precipitation occuring after 
10-15 min. DMF and Me2SO solutions of the compound are 
stable for days. The electronic spectrum of the compound in DMF 
exhibits a band at 482 nm, presumably due to an 5Eg —«• 5T2g-type 
transition typical of Mn(III)8 (Figure 1). The oxidation state 
of Mn was confirmed to be 3+ by treating the compound with 
aqueous acid to remove the metal ion from the coordination sphere 
of cyclodextrin and reacting with Fe(II). No reaction is observed 
without prior release of Mn. The amount of Fe(III) generated 
was determined spectrophotometrically as the thiocyanate complex. 
One mole of the compound is found to react with 1.94 mol of 
Fe(II). Thus both of the Mn ions are in the trivalent state. The 
infrared spectrum shows the presence of all the prominent bands 
due to (S-CD. A weakly enhanced infrared band is found in the 
complex at 652 cm"1. This falls in the region for the Mn2(OH)2 

stretching mode9 and apparently excludes a /u-oxo bridge. 1H 
NMR revealed that all the /3-CD protons in the compound were 
not observable, even though the free ligand protons were easily 
identified. This shows broadening due to relaxation from the spin 
in the metal sites. Alternating current conductivity measurements 
in DMF showed an equivalent conductance of 8 mho cm2 equiv-1, 
indicating the compound to be essentially nonionic. A magnetic 
moment measurement by the Evans method gave a value of 3.51 
^8 per Mn at 302 K, which decreased to 3.38 nB

 a t 224 K. This 
is well below the spin-only value (4.9 ^B) f° r a mononuclear 
Mn(III) species, suggesting a possible weak antiferromagnetic 

(6) (a) Richens, D. T.; Smith, C. G.; Sawyer, D. T. Inorg. Chem. 1979, 
18, 706. (b) Bodini, M. E.; Willis, L. A.; Riechel, T. L.; Sawyer, D. T. Inorg. 
Chem. 1976, 15, 1538. 

(7) Vogel, A. "Textbook of Quantitative Inorganic Analysis", 4th ed.; 
Longman: London, 1978; p 746. 

(8) Cotton, F. A.; Wilkinson, G. "Advanced Inorganic Chemistry"; Wiley; 
1966; pp 846. 

(9) Boucher, L. J.; Coe, C. G. Inorg. Chem. 1975, 14, 1289. 
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