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quaternary carbons bearing methyl groups and oxygen. 
The information obtained from 1H-1H COSY plot, difference 

decoupling, /-resolved 2D NMR, and chemical shifts led to the 
connectivities shown in the partial structures, a, b, and c. The 
structure a contains an a-vinyl aldehyde moiety, which was found 
in all brevetoxins. The /-resolved spectrum was particularly useful 
in assigning the methylene proton signals in the partial structure 
b, which have close chemical shifts due to the near symmetricity 

6.04 1.08 

C 

of the partial structure. The geometry of the diene in the partial 
structure c was determined as Z in comparison with proton-proton 
coupling constants and carbon chemical shifts in similar struc­
tures.13-15 

The three partial structures, whose connectivities in NMR are 
disrupted by quaternary carbons, were combined together on the 
basis of the difference NOE and long-range coupling COSY 
spectral data. The methyl protons (H-27, 5 1.18) showed long-
range couplings with protons, 5 3.20 (H-7), 3.26 (H-IO), 1.85 
(H-12a), and 1.56 (H-12b). The other methyl group (H-26, 8 
1.08) showed couplings with protons, 5 3.21 (H-19) and 1.70 
(H-17) (Figure 4 of Supplementary Material). NOE was observed 
between the methyl protons, H-27, and two methine protons, <5 
3.32 (H-14) and 3.20 (H-7). Similarly, NOE was observed be­
tween the methyl protons, 8 1.08 (H-26), and two methylene 
protons, 8 1.83 and 1.70 (H-17). The oxygen function at C-6 is 
a hydroxyl group, because, in some spectra, the OH proton at C-6 
was observable (<5 2.28) and showed two-bond and three-bond 
couplings with H-6 and H-5a,b, respectively. This structural 
arrangement, A/B ring and the side chain, is identical with the 
right terminus of all brevetoxin series. In fact the NMR data 
of the moiety are in good agreement with those of brevetoxin-A.1 

Therefore the all-trans-syn-trans structure was also assumed for 
3. The 18a configuration of the 18-hydroxyl group was also 
assumed from the biosynthetic consideration. We previously 
reported that hemibrevetoxin-A (GB-M) has also a terminal diene 
and a conjugated aldehyde.10 Hemibrevetoxin-C (GB-4) has a 
conjugated aldehyde but no diene. Both compounds are considered 
to be closely related to hemibrevetoxin-B. 

The structure 3 constitutes essentially the right half of breve­
toxin molecules. It was speculated that brevetoxins are biosyn-
thesized through a cascade of epoxide ring openings triggered by 
protonation on the carbonyl group at the left terminus of the 
carbon chain (A).16 In view of the structures of the hemi-
brevetoxins, however, the cyclization may be better explained by 
an alternate mechanism (B),16,17 in which the cascade is initiated 
from the right hand by the opening of a's-epoxide followed by a 

(13) A broad signal at 6 3.32 was assigned to the ring junction protons 
(H-14 and H-15) on the basis of comparison with protons in a similar envi­
ronment in brevetoxin-B and synthetic model compounds (Prof. K. C. Nico-
laou, private communication). 

(14) Bramwell, A. F.; Crombie, L.; Hemesley, P.; Pattenden, G.; Elliott, 
M.; James, N. F. Tetrahedron 1969, 25, 1727-1741. Crombie, L.; Pattenden, 
G.; Simmonds, D. J. J. Chem. Soc, Perkin Trans. 1 1975, 1500-1502. 

(15) Wehrli, F. W.; Nishida, T. Prog. Chem. Natural Products 1979, 36, 
54. 

(16) Shimizu, Y. Natural Toxins: Animal, Plant and Microbial; Harris, 
J. B., Ed.; Clarendon Press: Oxford, 1986; p 123. 

(17) Nakanishi, K. Toxicon 1985, 23, 473-479. 

hydride ion transfer and consecutive ?/-art.r-epoxide openings. 
Moreover, the structures of hemibrevetoxins with alkene tails 
affirm the polyene origin of brevetoxins. 

Hemibrevetoxin-B causes the characteristic rounding of cultured 
mouse neuroblastoma cells as brevetoxin-A and -B and shows 
cytotoxicity at a concentration of 5 /imol. 
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Reduction of nitriles to amines with either hydrogen or hydride 
reagents is a common reaction,1 but characterization of inter­
mediates in nitrile reduction promoted with metal monomers has 
proved elusive.2 Conversion of acetonitrile to ethylamine results 
when [(triars)Ru(NCMe)3]2+ is treated with NaBH4 in methanol 
as [(triars)HRu(NH2CH2CH3)2] + forms.3 Reduction of ace­
tonitrile on metal clusters has yielded isolable intermediates.4 

We report here stepwise reduction of coordinated acetonitrile 
by sequential hydride and proton addition reactions (Scheme I). 
Intermediate metal complexes have been isolated and characterized 
at each stage of the reduction (Table I). 

Oxidation of K[Tp'W(CO)3]5 with iodine followed by addition 
of MeC=CPh yields Tp'W(CO)(I)(PhC=CMe) [Tp' = hy-
drotris(3,5-dimethylpyrazolyl)borate]. Abstraction of I" with 
[Ag][BF4] in acetonitrile produces a royal blue cationic Tp'-
(CO)(PhC=CMe)W(N=CCHj)+ complex. The 13C chemical 
shifts of the two alkyne carbons (215, 213 ppm) indicate that the 
alkyne -Kx orbital is donating into the vacant d, orbital of this 
six-coordinate d4 monomer.6 

Low-temperature addition of Li[HBEt3] to a THF solution of 
the cationic acetonitrile complex causes a color change, and orange 
crystals of Tp ' (CO)(PhC=CMe)W-N=CHMe were isolated 
in 70% yield. Salient 1H data for the major isomer include a 
quartet at 6.26 ppm (1 H, / = 6 Hz) and a doublet at 1.78 ppm 
(3 H, / = 6 Hz), while 13C NMR revealed alkyne carbons at 160 
and 159 ppm, with the azavinylidene carbon7 at 145 ppm ex­
hibiting a ' /CH value of 167 Hz. The shift in c c o from 1940 cm"1 

in the reagent to 1885 cm"1 is consistent with formation of a 
neutral product. A second isomer with similar spectroscopic 

(1) Rabinovitz, M. In The Chemistry of the Cyano Group; Rappoport, Z., 
Ed.; Interscience: New York, 1970; pp 307-340. 

(2) Osby, J. O.; Heinzman, S. W.; Ganem, B. J. Am. Chem. Soc. 1986, 
108, 67. 

(3) Rhodes, L. F.; Venanzi, L. M. Inorg. Chem. 1987, 26, 2692. 
(4) (a) Andrews, M. A.; Kaesz, H. D. J. Am. Chem. Soc. 1979, 101, 7238, 

7245, 7255. (b) Bernhardt, W.; Vahrenkamp, H. Angew. Chem., Int. Ed. 
Engl. 1984, 23, 381. (c) Evans, W. J.; Meadows, J. H.; Hunter, W. E.; 
Atwood, J. L. J. Am. Chem. Soc. 1984, 106, 1291. (d) Mays, M. J.; Prest, 
D. W.; Raithby, P. R. J. Chem. Soc, Chem. Commun. 1980, 171. 

(5) Desmond, T.; Lalor, F. J.; Ferguson, G.; Parvez, M. .'. Chem. Soc, 
Chem. Commun. 1983, 457. 

(6) Templeton, J. L. Adv. Organomet. Chem. 1989, 29, 1. 
(7) The azavinylidene ligand has appeared in the literature with various 

names. See; Werner, H.; Knaup, W.; Dziallas, M. Angew. Chem., Int. Ed. 
Engl. 1987, 26, 248. 
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Table I. Selected Data for Intermediates in the Reduction of Coordinated 
Acetonitrile 

complex color 
"co> alkyne 

13C, ppm 

[Tp'(CO)(PhC2Me) W^N=CCH 3 ] [BF4] blue 1940 215,213 
Tp'(CO)(PhC2Me)W—N=CHCH3 orange 1885 160, 159 
[Tp'(CO)(PhC2Me)W«-NH=CHCH3][BF4] blue 1920 215,214 
Tp'(CO)(PhC2Me)W—NHCH2CH3 orange 1854 169, 167 
[Tp'(CO)(PhC2Me)W^NH2CH2CH3][BF4] blue 1909 215,213 

properties constitutes about 20% of the product. 
Protonation at the azavinylidene nitrogen in CH2Cl2 solution 

generates a blue cationic imine complex, [Tp'(CO)(PhC= 
CMe)W(NH=CHMe)][BF4] (90% yield). The 13C NMR 
spectrum indicates that formation of the imine has returned the 
alkyne to a four-electron-donor role (alkyne carbons: 215, 214 
ppm). Coupling information from 1H NMR is informative (10.86 
ppm, 1 H, broad d, VHH = 20 Hz, Ntf; 6.38 ppm, 1 H, dq, VHH 

= 20 Hz, 6 Hz, NH=CZZCH3; 2.22 ppm, dd, 3 H, 37HH = 6 Hz, 
4yHH = 1 Hz, NH=CHCW3). 

The coordinated imine is activated for further reduction. 
Hydride addition at carbon with Li[HBEt3] in THF forms an 
ethylamido ligand in the neutral orange Tp'(CO)(PhC=CMe)-
W - N H C H 2 C H 3 product (75% yield). Again the nitrogen lone 
pair competes with the alkyne ir± orbital for donation into the 
lone vacant metal dw orbital (alkyne carbons at 169 and 167 ppm). 
The methylene protons of the amidoethyl group are diastereotopic 
since the metal is chiral, and assignment of the 1H NMR is 
straightforward. As in the neutral azavinylidene product, two 
isomers are evident in the 1H and 13C NMR in a 4:1 ratio. We 
believe these isomers result from restricted rotation about the 
metal-nitrogen bond. 

Protonation of the neutral amido complex in 1:5 CH2C12/Et20 
completes reduction of the nitrile as the blue cationic ethylamine 
complex forms. The 1H NMR properties of the ethylamine ligand 
are very similar to those of the ethylamine ligand in [(triars)-
HRu(NH2CH2CH3)]+.3 The amine ligand can be removed as 
the ethylammonium salt by addition of excess acid to the amine 
complex in acetonitrile to regenerate the starting acetonitrile 
adduct. 

We have no mechanistic information. Nucleophilic attack on 
four-electron-donor alkyne ligands is known to form ?;2-vinyl 
products in other d4 monomers.8 Indeed we have isolated ?72-vinyl 
products from hydride addition to [TpXCO)2W(PhC=CH)]-

(8) (a) Allen, S. R.; Beevor, R. G.; Green, M.; Norman, N. C; Orpen, A. 
G.; Williams, I. D. J. Chem. Soc, Dallon Trans. 1985, 435. (b) Davidson, 
J. L.; Wilson, W. F.; Manojlovic-Muir, L.; Muir, K. / . Organomet. Chem. 
1983, 254, C6. (c) Morrow, J. R.; Tonker, T. L.; Templeton, J. L. J. Am. 
Chem. Soc. 1985, 107, 6956. 

[BF4],9 so initial attack at the alkyne is a possibility in the ace­
tonitrile reduction reactions. Nitrile insertion into metal-alkyl 
bonds has been reported,10 and we cannot rule out initial nu­
cleophilic attack at the metal by the hydride reagent. Given the 
steric bulk of the Tp' ligand, which is known to inhibit metal-based 
reactions in related systems,11 we favor direct attack at the ace­
tonitrile carbon by Li[HBEt3]. Protonation at the nitrogen lone 
pair also seems more attractive than metal protonation followed 
by hydrogen migration to the a-nitrogen position. 

Regardless of the mechanism, this system illustrates one se­
quence of reactions that converts metal-bound nitriles to amines. 
The stepwise reduction of the acetylide triple bond in Fp'—G^CH 
to form Fp'—CH2CMe3 capitalized on the nucleophilicity of C0 

and the electrophilicity of C13 in unsaturated 77' carbon ligands.12 

Such reactions reflect the ability of the metal to house lone pairs 
or form 7r bonds while adhering to the 18-electron rule.13 The 
reactivity pattern in the acetonitrile reduction is reversed, as 
expected, since it is the nitrogen that alternates between accom­
modating a lone pair and forming a covalent bond. No doubt the 
flexible electron-donor capability of the alkyne ir± orbital in this 
system is important in accounting for the stability of these nitrile 
reduction intermediates. 
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1,2-Dialkylidenecycloalkanes are useful building blocks for the 
synthesis of polycyclic molecules.1 Three methodologies have 
recently been developed: (1) Cyclization of l,n-diynes with 
stoichiometric amounts of titanium or zirconium complexes2 or 
with palladium catalysts,3 (2) palladium4 or nickel-chromium-

(1) E.g.: (a) Schore, N. E. Chem. Rev. 1988, 88, 1081. (b) Vollhardt, K. 
P. C. Angew. Chem., Int. Ed. Engl. 1984, 23, 539. 

(2) (a) Nugent, W. A.; Thorn, D. L.; Harlow, R. L. / . Am. Chem. Soc. 
1987, 109, 2788. (b) Negishi, E.; Holmes, S. J.; Tour, J. M.; Miller, J. A.; 
Cederbaum, F. E.; Swamspm, D. R.; Takahashi, T. J. Am. Chem. Soc. 1989, 
111, 3336. 

(3) Trost, B. M.; Lee, D. C. J. Am. Chem. Soc. 1988, 110, 7255. In their 
reaction, hydrosilanes act as reductants instead of hydrosilation agents. 
Palladium-catalyzed cyclization of a 1,6-diyne with Me3SiCN has also been 
reported to give exocyclic silyl diene derivatives in low yields. Chatani, N.; 
Takeyasu, T.; Horiuchi, N.; Hanafusa, T. J. Org. Chem. 1988, 53, 3539. 
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