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Figure 1. ORTEP drawing and labeling scheme for (1,4,7-trimethyl-
l,4,7-triazacyclononane)tetracarbonyltitanium(0). Thermal ellipsoids are 
drawn with 35% probability boundaries, and hydrogen atoms are omitted 
for clarity. Selected interatomic distances (A) and angles (deg): Ti-C(I) 
= 1.979 (6), Ti-C(2) = 2.009 (8), Ti-C(3) = 1.999 (5), Ti-N(I) = 
2.378 (3), Ti-N(2) = 2.368 (4), C(I)-O(I) = 1.176 (7), C(2)-0(2) = 
1.153 (10), C(3)-0(3) = 1.171 (6), C(l)-Ti-C(2) = 104.6 (3), C ( I ) -
Ti-C(3) = 69.0 (2), C(2)-Ti-C(3) = 66.7 (2). 

appear to have about the same donor ability to respective (tet-
racarbonyl)metal(O) units. By comparison, the tertiary amine 
products, 2 and 5, have f(CO) values closer to those of the cor­
responding [(C5H5)M(CO)4]",13 indicating that Me3tacn is a 
somewhat weaker donor than tacn in these seven-coordinate 
complexes, perhaps for steric reasons. Interestingly, these vi-
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brational data suggest that tacn is the strongest neutral donor 
ligand to zerovalent group 4 carbonyls presently known. 

The molecular structure of 5 was determined by a single-crystal 
X-ray study and is shown in Figure 1, along with selected in­
teratomic data. The metal-ligand coordination core is an unex­
ceptional 4:3 piano stool, where the average Ti-C and C-O 
distances of 1.996 (6) and 1.167 (10) A are in the range of 
corresponding values observed previously for the structurally 
related [(C5H5)Ti(CO)4]-: 1.994 (4) and 1.146 (6) A, respec­
tively.13 A similar molecular structure has also been reported for 
[t-BuSi(CH2PMe2) 3] Ti(CO)4.'

5 As expected, the average Ti-N 
distance, 2.375 (4) A, for this Ti(O) complex is longer than 
corresponding distances, 2.20-2.30 A, recently reported for a series 
of Ti(III1IV) complexes containing Me3tacn.16 The coordinated 
Me3tacn ligand in 5 has essentially the same interatomic distances 
and angles as those previously observed for other mononuclear 
complexes containing this ligand.91617 

In summary, labile phosphine carbonyls of zerovalent titanium, 
zirconium, and hafnium have been utilized as convenient synthetic 
equivalents of the corresponding unknown metal heptacarbonyls, 
M(CO)7, in the synthesis of the first examples of amine complexes 
containing group 4 elements in their zero oxidation state. Ex­
tensions of this study are in progress. 
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Lactacystin (1) is a novel microbial product which was identified 
by Omura et al. after screening several thousand culture samples 
for the capacity to induce differentiation in a neuroblastoma cell 
line.1'2 The great current interest in neurotrophic proteins, e.g., 
nerve growth factor, as therapeutic agents and neuroscience re­
search tools3-6 and the scarcity of 1 encouraged us to undertake 
the synthesis which is described herein. The availability of syn­
thetic 1 should help to establish whether it is the first non-protein 
to possess useful neurotrophic activity. 

TV-Benzylserine methyl ester7a was transformed into the cis-
oxazolidine derivative 2,7b whose structure was confirmed by a 
1H NMR NOE study, together with the C(2) diastereomer (ratio 
9:1); see Scheme I. The 9:1 mixture was converted via the lithium 
enolate-lithium bromide complex with isobutyraldehyde into one 
principal aldol product (3), which was obtained in 77% yield and 
>98% diastereomeric purity by trituration of the crude aldol 

0002-7863/92/1514-10677S03.00/0 © 1992 American Chemical Society 



10678 /. Am. Chem. Soc, Vol. 114, No. 26, 1992 Communications to the Editor 

Scheme I 
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product with pentane; recrystallization from pentane afforded 
diastereo- and enantiomerically pure 3 (51%), mp 91-92 0C, the 
structure of which was confirmed by 1H NMR NOE data. In 
the absence of lithium bromide, the aldol condensation proceeded 
with poor stereoselectivity and low yield. Aminal cleavage, si-
lylation, and reaction with H2CO cleanly effected transformation 
of 3 to the topological^ different oxazolidine system 6 (via 4, mp 
66-67 0C, and 5), after which COOMe — CHO conversion 
provided the key intermediate 7. Aldol reaction of 7 under the 
Pirrung-Heathcock anti-aldol conditions8 afforded the desired 
aldol stereoisomer 8 in 48% yield after silica gel chromatographic 
purification.9 Catalytic hydrogenation of 8 gave the bicyclic 
lactam 9, mp 83-85 0C, the stereochemistry of which was dem­
onstrated by 1H NMR NOE studies. Desilylation of 9 and se­
lective oxidation of CH2OH to COOH10 afforded acid 10, from 
which the N/O methylene bridge was removed by acid-catalyzed 
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transfer of methylene to 1,3-propanedithiol to form 11 (mp 240 
0C dec). The carboxylic acid function of 11 could be esterified 
selectively without hydroxyl protection by reaction with bis(2-
oxo-3-oxazoh'dinyl)phosphinic chloride-Et3N and ^-acetylcysteine 
allyl ester to form the allyl ester of lactacystin 12 (mp 182-184 
0C; [«]"D +34.4° (c 0.5, acetone)). Deallylation of 12 using 
triethylammonium formate-Pd(O), removal of volatiles in vacuo, 
trituration with HOAc-EtOAc, and addition of a small amount 
of water afforded pure synthetic lactacystin (1) as colorless needles 
(mp 233-235 0C dec; [a]23

D +78.6° (c 0.5, methanol)). Chro­
matographic, 1H and 13C NMR, FTIR, and mass spectral com­
parison of synthetic 1 with an authentic sample, kindly provided 
by Dr. S. Omura, confirmed its identity." 

This first total synthesis of 1 includes a number of key steps 
which are of broader interest, including the aldol couplings to form 
3 and 8 and the various functional group manipulations involving 
internal protection and group selectivity. The yields are generally 
good and very little chromatography is involved so that sizable 
amounts of synthetic 1 can be produced.12 
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procedures for each step in the synthesis of 1 and listings of 
physical data for compounds 1-12, including 1H NMR NOE 
studies for assignment of stereochemistry to 2, 3, 9, and the 
anti-aldol diastereomer of 9 (17 pages). Ordering information 
is given on any current masthead page. 
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