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6 nM for 3, which equals almost exactly the Kd measured for 1, 
99 f 6 nM. The Kd increases with tether length for both classes 
of probes: &(4) = 276 f 12 nM, K d ( 2 )  = 263 f 8 nM. All 
tethered probes bind significantly better than oligonucleotides 8 

nM]. Therefore, two oligonucleotides united by a neutral tether 
designed to minimize electrostatic effects20 recognize R N A  
molecules on the basis of both sequence and structure. This 
observation is very intriguing, since it suggests that TOPS could 
function as molecular rulers for  RNA.  
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and 9 [&(8) 17500 f 2200 nM, &(9) = 135000 f 19000 

(18) Dahlberg, A. E.; Dingman, C. W.; Peacock, A. C. J .  Mol. Biol. 1969, 
41, 139-147. Fried, M.; Crothers, D. M. Nucleic Acids Res. 1981, 9,  
6505-6525. Garner, M. M.; Revzin, A. Nucleic Acids Res. 1981, 9, 
3047-3060. Pyle, A. M.; McSwiggen, J. A,; Cech, T. R. Proc. Natl. Acad. 
Sci. U.S.A. 1990, 87, 8187-8191. Carey, J. Proc. Natl. Acad. Sci. U.S.A. 
1988,85,975-979. Lowary, P. T.; Uhlenbeck, 0. C. Nucleic Acids Res. 1987, 
IS, 10483-10493. Tomizawa, J. Cell 1984,38,861-870. Altman, S . ;  Baer, 
M.; Gold, H.; Geurrier-Takada, C.; Kirsebo, L.; Lumelsky, N.; Viouque, A. 
In Molecular Biology of RNA: New Perspectives; Inouye, M., Dudock, B. 
S., Eds.; Academic: San Diego, CA, 1987; pp 3-15. Persson, C.; Wagner, 
E. G. H.; Nordstrom, K. EMBO J .  1988, 7 ,  3279-3288. 
(19) Hybridization buffer: 50 mM Tris-HCI (pH 7.3 at 25 "C), 10 mM 

MgC12, IO mM NaCI, 0.1 mM EDTA, 5% sucrose, and 0.05% xylene cyanol. 
A detailed evaluation of the Kds will be published separately. 

(20) Jayaram. B.; Sharp, K. A.: Honig, B. Biopolymers 1989, 28,975-993. 
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Despite their notoriety as inert ligands, highly reactive early- 
transition-metal imido1 moieties (M=NR) may be generated- 
even toward C-H activati~n~.~-if sufficient electron density re- 
sides on the imido nitrogen.' One potential means to achieve this 
condition is to lade the metal center with strong *-donor ligands 
and thereby induce a competition for available din)-p(n) inter- 
a c t i o n ~ . ~ ~  Such "*-loading" may result from environments that 
employ multiple imido coordination, i.e., additional [NRI2- groups 

(1) (a) Nugent, W. A.; Haymore, B. L. Coord. Chem. Rev. 1980,31, 123. 
(b) Nugent, W. A.; Mayer, J. M. Metal-Ligand Multiple Bonds; John Wiley 
and Sons: New York, 1988. 

(2) Walsh, P. J.; Hollander, F. J.; Bergman, R. G. J .  Am. Chem. SOC. 
1988, 110, 8729. 

(3) Cummins, C. C.: Baxter, S. M.; Wolczanski, P. T. J .  Am. Chem. Soc. 
1988, 110, 8731. 
(4) For examples of this methodology in metal-oxo chemistry, see: (a) 

Parkin, G.; Bercaw, J .  E. Polyhedron 1988, 7, 2053. (b) Holm, R. H. Chem. 
Reo. 1987, 87, 1401. (c) Herrmann, W. A. Angew. Chem., Int .  Ed.  Engl. 
1988, 27, 1297. 
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Figure 1. Molecular structure of the [W(NAr),CI]- anion in [Li(TH- 
F)4] [W(NAr),CI] (3, Ar  = 2,6-diisopropylphenyI) with atoms shown as  
50% probability ellipsoids. 

as the ancillary Established imido functional groups 
of do tungsten include W=NR,6 W(=NR),.' and [W(= 
NR),*-],* but the tris(imido) complexes are conspicuously absent 
from this series. Herein, we report the preparation of the do 
W(=NR), functional group and demonstrate an electronic and 
structural analogy to related M(r-donor), complexes. 

Upon reaction of W(NAr)C14(THF)9 with 2 equiv of 
Me,SiNHAr in T H F  (45 OC, 24 h, Ar = 2,6-diisopropylphenyI), 
red orange W(NAr),CI,(THF), (1) forms in 87% yield. N M R  
data for 1 reveallo equivalent imido and T H F  ligands, thus a 
structure parallel to reported W(NR),CI,(L-L) chelate adducts 
is proposed (Scheme I ) . 7 c 9 g 9 ' '  W(NAr),Cl,(THF), (1) is readily 
functionalized by using excess Me3SiNEt, (in Et20)  to provide 
orange crystals of W(NAr),(NEt,)Cl ( 2 ) .  Upon reaction of 
W(NAr),C12(THF), (1) with 2 equiv of LiNHAr in THF (room 
temperature, 12 h), yellow crystalline 3 is obtained in high yield. 
The absence of a u(N-H) mode in the IR spectrum of 3, the lack 
of N H  resonances in its 'H NMR spectrum, its elemental analysis, 
and its reactivity (vide infra) all support the formulation of 3 as 
the tris(imido) complex [Li(THF)4] [W(NAr)3Cl].12 

The structure of the [W(NAr),Cl]- anion in [Li(THF),][W- 
(NAr),CI] (3, Figure l ) I 3 3 l 4  reveals that the tungsten atom is 

( 5 )  (a) See, for example: Haymore, B. L.; Maatta, E. A.; Wentworth, R. 
A. D. J. Am. Chem. SOC. 1979, 101, 2063. For similar effects, see: (b) 
Einstein, F. W. B.; Jones, T.; Hanlan, A. J. L.; Sutton, D. fnorg. Chem. 1982, 
21, 2585. 

(6) Examples of WV'=NR: (a) Bradley, D. C.; Errington, R. J.; Hurst- 
house, M. B.; Short, R. L. J .  Chem. SOC., Dalton Trans. 1990, 1043. (b) 
Bradley, D. C.; Hursthouse, M. B.; Malik, K. M. A.; Nielson, A. J.; Short, 
R. L. J .  Chem. SOC., Dalton Trans. 1983, 2651. (c) Schrock, R. R.; DePue, 
R. T.; Feldman, J.; Schaverien, C. J.; Dewan, J. C.; Liu, A. H.  J .  Am. Chem. 
SOC. 1988, 110, 1423. 

(7) Examples of WV'(=NR)2: (a) Nugent, W. A. fnorg. Chem. 1983,22, 
965. (b) Nielson, A. J. Polyhedron 1987, 6, 1657. (c) Ashcroft, B. R.; 
Nielson, A. J.; Bradley, D. C.; Errington, R. J.; Hursthouse, M. B.; Short, R. 
L. J. Chem. SOC., Dalton Trans. 1987, 2059. 

(8) Examples of [Wv1(-NR),l2-: (a) Danopoulos, A. A,; Wilkinson, G.; 
Hussain, B.; Hursthouse, M. B. J. Chem. SOC., Chem. Commun. 1989, 896. 
(b) Danopoulos, A. A,; Wilkinson, G.; Hussain-Bates, B.; Hursthouse, M. B. 
J .  Chem. SOC., Dalton Trans. 1990, 2753. 

(9) Schrock, R. R.; DePue, R. T.; Feldman, J.; Yap, K. B.; Yang, D. C.; 
Davis, W. M.; Park, L.; DiMare, M.; Schofield, M.; Anhaus, J.; Walborsky, 
E.; Evitt, E.; Kruger, C.; Betz, P. Organometallics 1990, 9, 2262. 

(10) Analytical and spectroscopic data for compounds 1-6 are available 
as supplementary material. 

( 1  1) Bradley, D. C.; Errington, R. J.: Hursthouse, M. B.; Short, R. L.; 
Ashcroft, B. R.; Clark, G. R.; Nielson, A. J.; Rickard, C. E. F. J .  Chem. Soc., 
Dalton Trans. 1987, 2067. 

(12) [Li(THF),][W(NAr),CI] (3): ' H  NMR (CD2C12) 6 6.97-6.65 (A2B 
mult, 9 H, H, J, 3.71 (m, 16 H, C,H, THF), 3.57 (spt, 6 H, CHMe2), 1.90 
(m, 16 H, C&?, THF), 1.06 (d, 36 H, CHMe2); I3C NMR (CD2CI,) 6 140.4 
(CJ, 125.1 (C,w), 122.0 (overlapping C, and Cp), 68.7 (C,,, THF), 28.3 
(CHMe,), 25.8 (C , THF), 23.8 (CHMe2). Anal. Calcd for 
C,,H.XILiN,O,W: 6. 60.03: H. 8.04: N. 4.04: CI. 3.41. Found: C. 59.54; 
H:'8.T4; N, 4:1<, CI, 2181 
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tetrahedrally coordinated with three essentially identical imido 
nitrogen atoms. The W-N-Ci, bond angles are close to linear 
(avera e 170.8 (1 5 ) O ) ,  and the average W-N bond length is 1.782 
(15) 1. I n C3, symmetry, the six A molecular orbitals of the 
[NR]" ligands (derived from each nitrogen's px and pJ transform 
as a l  + a2 + 2e. Since the metal has no orbital of a2symmetry, 
two electrons must occupy a ligand-based, nonbonding a2 MO 
comprised of the nitrogen p orbitals lying perpendicular to the 
C3 axis. Because only IO of the 12 [NRI2- ?r electrons are available 
for interactions with the metal, [W(NAr),CI]- is an 18-electron 
complex (not 20), electronically (and structurally) analogous to 
the classic "20 electron" W ( R m R ) 3 ( C O )  species15 and neutral 
Re(NR),X (X = OSiMe32 C116) compounds. Likewise, recently 
reported trigonal-planar Os(NAr), seems to have two electrons 
in a ligand-based a i  MO and is also an 18-electron compound.17 

(13) Crystal data for C52H83CILiN,04W (3): yellow, monoclinic, P2, /n ,  
II = 13.787 (4) A, b = 17.348 (5) A, c = 22.781 (8) A, B = 90.43 (3)O, v 

5448.5 (30) A', Z = 4, D(calcd) = 1.268 g c ~ n - ~ ,  p(Mo Ka) = 23.29 cm-' 
(T = 296 K); 6532 independent reflections with 4O < 28 < 45O were collected, 
of which 2938 reflections with F, > 5u(F0) were used in refinement. R = 
6.7746, R, = 6.3946, GOF = 1.23. 

(14) Selected bond lengths (A) and angles (deg) for 3: W-CI = 2.343 (6), 
W-N(I) = 1.777 (IS), W-N(2) = 1.763 (15), W-N(3) = 1.805 (18); Cl- 
W-N(I) 106.0 (6), CI-W-N(2) 104.7 (5), CI-W-N(3) = 107.2 ( 6 ) ,  
N(I)-W-N(2) = 112.5 (7), N(2)-W-N(3) = 112.1 (7). N(I)-W-N(3) = 
113.5 (7), W-N(I)-C(16) 173.4 (IS), W-N(2)-C(36) = 167.7 (14), 
W-N(3)C(56) 171.4 (15). 

(15) (a) Laine, R. M.; Moriarty, R. E.: Bau, R. J .  Am. Chem. SOC. 1972, 
94, 1402. (b) King, R. B. Inorg. Chem. 1968, 7, 1044. (c) In C3", the p~ 
orbitals of nitrogen aligned roughly parallel to the C3 axis transform as a l  + 
e, just as the rIl orbitals of R C W R  ( a  bonded to the metal): therefore the 
analogy between W(NAr),L (L = X- or PR3) and W(RC=CR),(CO) is 
maintained. 

(16) Horton, A. D.; Schrock, R. R. Polyhedron 1988, 7, 1841. 
(17) Anhaus, J. T.; Kee, T. P.; Schofield, M. H.; Schrock, R. R. J .  Am. 

Chem. SOC. 1990, 112, 1642. 
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To more firmly establish how compounds 1 and 3 arise, we 
report the results of the following experiments (Scheme I ) .  (i) 
When W(NAr)C14(OEt2)9 reacts with 2 equiv of Me3SiNHAr 
in a weakly coordinating solvent, v i r ,  Et20,  the five-coordinate 
adduct W(NAr)2C12(NH2Ar) (4) is isolated in 55% yield, pre- 
sumably via the bis(amide) "W(NAr)(NHAr)2C12". Compound 
4 is readily converted to 1 upon treatment with neat THF. From 
the precedence provided by do TBP complexes with two r-donor 
ligands,I8 4 is formulated structurally with two equatorial imido 
groups and an axial H2NAr ligand. (ii) Upon reaction of W(N- 
Ar)C14(THF) with Me3SiNEt2 ( 1 2  equiv) in Et20,  orange 
crystalline W(NAr)(NEt2)C13(THF) (5) forms in 77% yield. 
W(NAr)2C12(THF)2 (1) is afforded in quantitative yield upon 
reacting 5 with 1 equiv of LiNHAr (in THF), presumably via 
incipient " W( NAr) (NHAr)( NEt2)C12(THF),". When monitoring 
this latter reaction in THF-d8 (over 48 h, room temperature), 
exactly 1 equiv of HNEt, is produced per 1 equiv of W(N- 
Ar)2C12(THF)2 (1) formed ('H NMR). (iii) The reaction of 
[Li(THF),][W(NAr),CI] (3) with PPhzMe in E t 2 0  or C6H6 
affords dark red crystals of neutral W(NAr),(PPh2Me) (6).  
Solutions of W(NAr),(PPh,Me) (6) and ["Bu,N]Br (1:l) establish 
the equilibrium W(NAr),(PPh,Me) + Br- s [W(NAr),Br]- + 
PPh2Me, which is favored far to the right in both THF-d8 and 
C6D6 (IH NMR). (iv) Complex 3 has not been observed nor 
isolated from the reaction of W(NAr)2(NEt2)CI (2) with LiNHAr 
in THF. On the basis of these experiments, 1 is proposed to arise 
through an intramolecular a hydrogen abstraction squence with 
the concomitant loss of HNR2 (R = Et or 2,6-C6H3'Prz). How- 

(18) (a) Rocklage, S. M.; Schrock, R. R. J .  Am. Chem. SOC. 1980, 102, 
7808. (b) Chao, Y.-W.; Wexler, P A.; Wigley, D. E. Inorg. Chem. 1990,29, 
4592. (c) Lichtenhan, J. D.; Critchlow, S. C.; Doherty, N. M. Inorg. Chem. 
1990,29,439. (d) See, however: Bradley, D. C.; Errington, R. J.: Hursthouse, 
M. B.; Nielson, A. J.; Short, R. L. Polyhedron 1983, 2, 843. 



6328 J .  Am. Chem. SOC. 1991, 113, 6328-6329 

ever, the formation of 3 from 1 does not require such a scheme, 
since nascent "W(NAr)2(NHAr)CI" could be deprotonated in- 
termolecularly and since the reaction of halide ion with neutral 
"W(NAr)3L" (formed by any reaction sequence) appears facile. 

These experiments underscore the use of highly basic amido 
ligands in a sacrificial sense to effect sequential a hydrogen ab- 
stractions, a task that is often consigned to carbanion equiva- 
lents.*J9 Of particular interest will be the reactivity of the 
W(=NR)3 functional group if 16-electron, presumably trigo- 
nal-planar W(NAr)3 can be prepared. 
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Supplementary Material Available: Analytical and spectroscopic 
data for compounds 1-6 and tables of crystal data, data collection 
parameters, atomic positional and thermal parameters, bond 
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culated structure factors for 3 (9 pages). Ordering information 
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(19) See, for example: Mayer, J. M.; Curtis, C. J.; Bercaw, J. E. J .  Am 
Chem. SOC. 1983, 105, 2651. 
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The covalent attachment of carboxylic acids is one of the most 
ubiquitous and important posttranslational modifications of 
peptides in vivo.' In order to better understand the function and 
biochemical significance of such common acylations' as acety- 
lation, myristoylation, and palmitoylation, the in vitro synthesis 
of selectively acylated peptides, with the possibility of varying the 
modification sites, should be very helpful. In addition, peptides 
acylated with fatty acids become capable of being anchored to 
liposomes, translocating across lipid membranes, penetrating intact 
cells, and penetrating through the blood-brain barrier.2 However, 
selective acylation is a formidable task to a chemist due to the 
presence of numerous reactive groups in peptides and the com- 
plexity of the enzymatic systems involved.' 

We report herein a new approach to this problem which is based 
on our finding3 that lipases, when acting in organic solvents, can 
catalyze amide-bond formation. The selectivity of lipases in the 
aminolysis of esters in anhydrous media has been profitably used 
for asymmetric transformations4 and peptide synthesi~.~ It is now 

'On leave from the Department of Pharmaceutical Sciences, Faculty of 
Pharmacy, University of Trieste, Trieste, Italy. 

'Permanent address: Guido Donegani Institute, Novara, Italy. 
( I )  Towler, D. A.; Gordon, J. 1.; Adams, S. P.; Glaser, L. Ann. Rev. 

Biochem. 1988,57,69. Grand, R. J. A. Biochem. J. 1989,258,625. Csordas, 
A. Biochem. J. 1990, 265, 23. James, G.; Olson, E. N. Biochemistry 1990, 
29, 2623. 

(2) Sefton, B. M.; Buss, J .  E. J. Cell Biol. 1987, 104, 1449. Hu, J.-S.; 
James, G.; Olson, E. N.  BioFactors 1988, 1, 219. Kabanov, A. V.; Levashov, 
A. V.; Alakhov, V. Yu.; Martinek, K.; Severin, E. S. Biomed. Sci. 1990, 1, 
33. 

(3) Zaks, A,; Klibanov, A. M. Proc. Natl. Acad. Sci. (I.S.A. 1985, 82, 
3 192. 
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applied to selective acylation of peptides. 
We prepared,6 as the initial target molecule, the dipeptide 

L-Phe-a-L-Lys-0-t-Bu (1). It has two primary amino groups, the 
a-NH2 group of Phe and the e-NH2 group of Lys, and thus offers 
a challenge to selective acylation. This dipeptide ( 5  rmol) and 
the activated ester trifluoroethyl acetate' (50 rmol) were dissolved 
in 1 mL of anhydrous acetonitrile: and then 50 mg of one of 15 
commercially available lipases9 was added to each reaction 
mixture, followed by vigorous shaking at 45 OC; the reaction 
progress was monitored by HPLC. After 24 h, in 12 out of 15 
reaction mixtures an appreciable disappearance of 1 was observed; 
in five, the conversion exceeded SO%, and in three, 1's HPLC peak 
completely vanished and a new peak appeared. With the three 
lipases affording the complete conversion (those from Pseudo- 
monas sp., Aspergillus niger, and Chromobacterium viscosum), 
the reactions were scaled up 10-fold, and the products were purified 
by silica gel chromatography (MeOH/CHC13, 1:9, as the eluent) 
and identified by 'H NMR. All three enzymatic reactions were 
foundlo to result in a single product, N-t-monoacetyl-1. Thus all 
three lipases are highly efficient and regioselective catalysts of 
acetylation of 1. In contrast, when this dipeptide was subjected 
to chemical acetylation (a slight molar excess of acetic anhydride 
under the same conditions), the product mixture consisted oflo 
73% of N-t-monoacetyl-1, 4% of N-a-monoacetyl-1, and 23% of 
N,N-a,t-diacetyl-1, The lipases' t-regioselectivity is particularly 
impressive considering that the enzymatic acetylation of the a-NH2 
group did not occur even though a large excess of trifluoroethyl 
acetate was still present a t  the end of the reaction. 

Pseudomonas sp. lipase," which afforded complete t-mono- 
acetylation of 1 even after a 2-h reaction, was selected for further 
experimentation. It was established that acetonitrile was not a 
unique medium for the lipase-catalyzed acetylation: after 24 h 
the enzymatic reaction was also complete in tert-amyl alcohol, 
tetrahydrofuran, and dichloromethane; significantly, the same 
exquisite regioselectivity was retained in all the solvents. 

The foregoing lipase-catalyzed peptide modification was suc- 
cessfully applied to acyl moieties other than acetyl: under the 
same experimental conditions as those employed for the acety- 

(4) Gotor, V.; Brieva, R.; Rebolledo, F. Tetrahedron Lett. 1988, 29,6973. 
Gotor, V.; Brieva, R.; Rebolledo, F. J. Chem. SOC., Chem. Commun. 1988, 
957. Chinsky, N.; Margolin, A. L.; Klibanov, A. M. J .  Am. Chem. Soc. 1989, 
1 1 1 ,  386. Kitaguchi, H.; Fitzpatrick, P. A,; Huber, J. E.; Klibanov. A. M. 
J .  Am. Chem. Soc. 1989, 1 1 1 ,  3094. Gotor, V.; Garcia, M. J.; Rebolledo, F. 
Tetrahedron: Asymmetry 1990, I ,  277. 

( 5 )  (a) Margolin, A. L.; Klibanov, A. M. J. Am. Chem. SOC. 1987, 109, 
3802. (b) West, J. B.; Wong, C.-H. Tetrahedron Lett. 1987, 28, 1629. (c) 
Kitaguchi, H.; Tai, D.-F.; Klibanov, A. M. Tetrahedron Lett. 1988.29,5487. 

( 6 )  This dipeptide (and others used in this study) was synthesized via the 
classical DCC coupling (Sheehan, J. C.; Hess, G. P. J.  Am. Chem. SOC. 1955, 
77,1067) of N-CBZ-L-Phe and N-c-CBZ-L-Lys-0-t-Bu (prepared as described 
by Roeske: Roeske, R. J .  Org. Chem. 1963, 28, 1251), followed by depro- 
tection via catalytic hydrogenation. All structures were confirmed by 250- 
MHz 'H NMR. 

(7) All 2,2,2-trifluoroethyl esters were synthesized as described previously 
(Riva, S.; Klibanov, A. M. J .  Am. Chem. SOC. 1988, 110, 3291). 

(8) All the solvents used as reaction media were extensively dried by 
shaking with 3-A molecular sieves (which brings the water content below 
0.01%) in order to avoid hydrolysis of activated esters. 

(9) Lipases from porcine pancreas, Candida cylindracea, Candida lipoly- 
tica, Pseudomonas sp., Aspergillus niger, Chromobacterium uiscosum, wheat 
germ, Rhizopus arrhizus, Rhizopus delemar, Rhizopus japonicus, Geotric- 
hum candidum, Humicola languinosa, Mucor meheii, Mucor jauanicus, and 
Penicillium cyclopium. 

(IO) All structure elucidations were accomplished by 250-MHz 'H NMR. 
Formation of the amide bond through the c-NH2 group of 1 resulted in the 
downfield shift of the c-protons from 2.64 to 3.15 ppm (and no effect on the 
Phe's a-proton). In contrast, the spectrum of N-a-monoacetyl-1 (independ- 
ently synthesizedk by us) showed a downfield shift of the a-proton from 3.61 
to 4.31 ppm (and no effect on the Lys's c-protons). Note that both isomzrs 
of monoacetylated 1 and N,N-a,c-diacetyl-1 (prepared by exhaustive chemical 
acetylation) were readily distinguishable by HPLC, thereby providing a simple 
routine selectivity-monitoring technique. With the Ala-Lys and Phe-Ser 
dipeptides, the analysis was similar. In the latter case, acetylation of the Ser's 
OH group resulted in the downfield shift of the 8-protons from 3.86 to 4.87 
ppm and a split of the signal of the Ser's a-proton due to its coupling with 
the @protons. 

(1  1)  Lipoprotein lipase (LPL, hereafter referred to as "lipase") obtained 
from Amano International Enzyme Co. (Troy, VA) and dried under vacuum 
prior to use. 

0 1991 American Chemical Society 


