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the relevance of the X-ray structures to the solution chemistry. 
Further characterization of coordination compounds of tartrate 
esters with titanium(IV) is in progress. 
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atomic positional and thermal parameters for 1-3 (14 pages); table 
of structure factors for 1-3 (48 pages). Ordering information is 
given on any current masthead page. 

(13) The solution molecular weights of these species (see supplementary 
material) are all as expected from their solid-state structures. However, with 
such fluxional/dynamic molecules one cannot rely on mere molecular weight 
identity to establish structural correspondence between the solid state and 
solution. 
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We are probing the chemistry of cobalt alkyls in unusually high 
oxidation states. Herein we report on the mechanism of formation 
and redox chemistry of tetrakis(l-norbornyl)cobalt (2). This 
compound was first prepared by Bower and Tennent1 in 1972 and 
to this day remains the only isolable Co(IV) alkyl.2 We have 
recently characterized 2 structurally and shown it to be the first 
unambiguous example of a low-spin tetrahedral complex of a 
first-row transition metal.3 

The published procedure1 for the preparation of 2 calls for the 
reaction of CoCl2-1.5THF with 1-norbornyllithium in pentane. 
Such a reaction mixture rapidly assumes the red-brown color of 
2. However, when solid CoCl 2-THF 4 was added to a stirred 
solution of 4 equiv of norbornyllithium in E t 2 0 / T H F (30:1 by 
volume), the solution immediately turned green. Removal of the 
solvent and recrystallization of the residue from Et 2 O gave [Li-
(THF)4]+[Co(l-norbornyl)4]- (1 , Scheme I) in 27% yield (based 
on CoCl2-THF) as an air-sensitive crystalline solid.5 1 is para
magnetic and at 300 K exhibits an effective magnetic moment 
of 3.18 MB-6 Hs 1 H N M R spectrum (in THF-^ 8 ) features iso-

(1) Bower, B. K.; Tennent, H. G. J. Am. Chem. Soc. 1972, 94, 2512. 
(2) For a recent review of the organometallic chemistry of Co(IV), see: 

Vol'Pin, M. E.; Levitin, I. Ya.; Siga, A. L.; Nikitaev, A. T. J. Organomet. 
Chem. 1985, 279, 263. 

(3) Byrne, E. K.; Richeson, D. S.; Theopold, K. H. J. Chem. Soc, Chem. 
Commun. 1986, 1491. 

(4) Bower and Tennent reported the use of CoCl2-1.5THF. We have found 
that Soxhlet extraction of anhydrous CoCl2 with THF yields crystalline ma
terials with THF contents varying from batch to batch between 0.94 and 1.23 
mol of THF per mol of CoCl2. 

(5) 1: IR (Nujol) 1042, 887 cm"1; 1H NMR (THF-rfg, 299 K) 52.2 (br 
s, 8 H), 14.1 (s, 4 H), 10.4 (br s, 8 H), 7.7 (s, 8 H), 4.0 (s, 8 H), -1.4 (br 
s, 8 H) ppm and resonances of free THF-rf0; mp 156-157 0C. Anal. Calcd 
for C44H76CoLiO4: C, 71.91; H, 10.42. Found: C, 71.04; H, 10.13. 

(6) The magnetic susceptibility of 1 in the temperature interval 3-300 K 
was measured with a Faraday balance. The data from 25 to 300 K was fitted 
with a Curie-Weiss expression (xm = CI[T- 6} + TIP). C = 1.35 emu 
K/mol, 8 = 8.0 K, TIP = 7.1 X 10"4 emu/mol. 
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Figure 1. Cyclic voltammogram of 2 in THF with ferrocene as internal 
reference (platinum disk electrode, 0.1 M N(K-Bu)4BF4 supporting 
electrolyte, 20 mV/s scan rate). 

tropically shifted, yet reasonably sharp, resonances for the nor-
bornyl ligands. The chemical shifts assigned to the norbornyl 
groups were not changed by substitution of [Na(18-crown-6)]+ 

or E t 4 N + for the [Li(THF)4]"1" counterion, militating against a 
covalent interaction between the lithium atom and either the cobalt 
or its norbornyl ligands. Besides being a rare example of a 
four-coordinate Co(III) complex,7 1 is intermediate in oxidation 
state between the starting material (CoCl2-THF) and 2. We have 
found that it is easily oxidized to 2 by a variety of reagents. For 
example, reaction of 1 with 1 equiv of CoCl2-THF produced 2 
in 44% isolated yield along with a black ferromagnetic powder 
(presumably elemental Co). 

The cyclic voltammogram of 2 in T H F (Figure 1) exhibits two 
reversible electron-transfer waves at -0.65 and -2 .02 V (vs. 
Fc + /Fc ) . 8 When a T H F solution of 2 was electrolyzed with an 
applied potential of-2.89 V, 1.03 ± 0.1 electrons were passed per 
mole of 2, and at the same time the solution assumed the intense 
green color characteristic of 1. The wave at -2 .02 V thus cor
responds to the Co(IV)/Co(III) couple. The second wave at -0.65 
V must therefore represent an accessible oxidation of 2. Indeed, 
controlled potential electrolysis of a T H F solution of 2 at an 
applied potential of +0.26 V showed this to be a 1-electron ox
idation (n = 1.24 ± 0.1 electrons/mol). Very little change in color 

(7) (a) Baker-Hawkes, M. J.; Billig, E.; Gray, H. B. J. Am. Chem. Soc. 
1966, 88, 4870. (b) Eisenberg, R.; Dori, Z.; Gray, H. B.; Ibers, J. A. Inorg. 
Chem. 1968, 7, 741. (c) Bour, J. J.; Beurskens, P. T.; Steggerda, J. J. J. Chem. 
Soc, Chem. Commun. 1972, 221. (d) Birker, P. J. M. W. L.; Bour, J. J.; 
Steggerda, J. J. Inorg. Chem. 1973, 12, 1254. (e) van der Put, P. J.; Schil-
peroord, A. A. Inorg. Chem. 1974, 13, 2476. (f) Dorfmann, J. R.; Rao, C. 
P.; Holm, R. H. Inorg. Chem. 1985, 24, 453. (g) Fikar, R.; Koch, S. A.; 
Millar, M. M. Inorg. Chem. 1985, 24, 3311. (h) Collins, T. J.; Richmond, 
T. G.; Santarsiero, B. D.; Treco, B. G. R. T. J. Am. Chem. Soc. 1986, 108, 
2088. 

(8) Potentials throughout this paper are given vs. ferrocene/ferricinium 
(Fc/Fc+) in THF. In all electrochemistry experiments a Ag/AgCl,AgCl-
(THF) reference electrode was used. The Fc+/Fc potential vs. this reference 
was +0.89 V. 
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was associated with this reaction, which may also be effected with 
chemical oxidants. Addition of 1 equiv of AgBF4 to a solution 
of 2 in THF resulted in immediate precipitation of a black solid 
(Ag), and from the brown solution crystalline [Co(l-nor-
bornyl)4]

+BF4~ (3) could be isolated in 84% yield (Scheme I).9 

3 contains Co in the formal oxidation state V. It is expected to 
be a low spin tetrahedral complex like its precursor 2.3 With a 
d4 electronic configuration, it should be diamagnetic, and in accord 
with this prediction, the 'H NMR and 13C NMR spectra of 3 are 
those of a normal closed-shell compound containing norbornyl 
groups. 

Some speculation on the origin of the stability of unusually high 
oxidation states of cobalt in this system seems appropriate. We 
believe that the tetrahedral geometry, in concert with the four 
strong field ligands, destabilizes 3 of the 5 metal d-orbitals (the 
(j-antibonding t2 set) sufficiently to make their occupation en
ergetically unfavorable. In other words, Co(V) in a tetrahedral 
environment is stable for the same reason that makes Co(III) the 
preferred oxidation state in a strong octahedral ligand field. 

Given the rapid and reversible nature of the interconversions 
between 1, 2, and 3, we decided to examine these electron-transfer 
reactions more closely. The room temperature 1H NMR spectrum 
of a 1:1 mixture of 1 and 2 (0.014 M in 1 and 0.016 M in 2, 
THF-^8) is an averaged spectrum rather than the sum of the two 
individual spectra.10 At this temperature the electron self-ex
change reaction (eq 1), which equilibrates the two species, is 

*Co(nor)4 + [Co(IiOr)4]- J=± [*Co(nor)4]" + Co(nor)4 (1) 

apparently fast on the time scale of the NMR experiment. Upon 
cooling the sample, the resonances first broaden and finally 
separate into two sets assignable to 1 and 2. This phenomenon 
is reversible and the coalescence temperature was determined to 
be 279 ± 2 K. From this and the independently measured tem
perature-dependent chemical shifts of the two reactants, the rate 
constant of the self-exchange reaction at the temperature of 
coalescence could be determined (k = 4.1 (±1.0) X 104 M-1 s-1).11 

A decrease in concentration of 1 and 2 (0.0062 M in 1, 0.0071 
M in 2) increased the coalescence temperature to 292 ± 2 K, 
consistent with the bimolecular nature of the reaction. The rate 
of the exchange was not affected significantly by substitution of 
the [Na(18-crown-6)]+ salt of 1. This lack of involvement of the 
counterion in the reaction is consistent with a simple outer-sphere 
electron transfer. Preliminary 1H NMR experiments with mix
tures of 2 and 3 show that this self-exchange is also fast on the 
NMR time scale. Our attempts to freeze out this reaction as 
observed by 1H NMR have been unsuccessful and work is in 
progress to determine the exchange rate by other techniques. 

The above electron transfers are very fast in comparison with 
the more standard Co(II)/Co(III) couples.12 In both cases 
described herein the transfered electron occupies a cr-antibonding 
molecular orbital, leading us to expect a sizable reorganizational 
barrier and thus a slow exchange rate. However, there is little 
experimental precedent for the present situation, making a com
parison of rate constants difficult.13 

The chemistry of high valent alkyl complexes of the late 
transition metals is proving fascinating. These compounds and 
their interconversions via electron-transfer reactions are of par
ticular interest as models for metal-catalyzed oxidations of hy
drocarbons. We are now extending our experiments to other 
ligands and metals. 

(9) 3: IR (Nujol) 1053 cm"1; 1H NMR (CD2Cl2) 2.37 (s, 4 H), 1.98 (m, 
8 H), 1.80 (m, 16 H), 1.66 (s, 8 H), 1.47 (m, 8 H) ppm; 13C NMR (CD2Cl2) 
91.6, 44.3, 35.8, 32.5, 32.1 ppm. Anal. Calcd for C28H44BCoF4: C, 63.89; 
H, 8.43; Co, 11.2. Found: C, 63.77; H, 8.53; Co, 12.2. 

(10) 2: 1H NMR (THF-^8) 10.4 (br s, 4 H), 7.2 (br s, 16 H), 4.3 (br s, 
16 H), -3.4 (br s, 8 H) ppm. See ref 5 for data on 1. 

(11) Sandstroem, J. Dynamic NMR Spectroscopy; Academic Press: 
London, 1982; pp 28, 79. 

(12) Endicott, J. F.; Kumar, K.; Ramasami, T.; Rotzinger, F. P. Prog, 
lnorg. Chem. 1983, 30, 145-152. 

(13) (a) Myers, O. E.; Sheppard, J. C. J. Am. Chem. Soc. 1961, 83, 4739. 
(b) Rasmussen, P. G.; Brubaker Jr., C. H. Inorg. Chem. 1964, 3, 91T. (c) 
Augustin, M. A.; Yandell, J. K. Inorg. Chem. 1979, 18, 577. 

Acknowledgment. We thank Mr. Darrin Richeson for the 
magnetic susceptibility measurement. This research was supported 
by grants from Research Corporation, the National Science 
Foundation (CHE-8451670 and CHE-8512710), the Camille and 
Henry Dreyfus Foundation, the Atlantic Richfield Foundation, 
Dow Chemical Co., Rohm and Haas Co., and Cornell University. 

Membrane-Enclosed Enzymatic Catalysis (MEEC): A 
Useful, Practical New Method for the Manipulation of 
Enzymes in Organic Synthesis1 

Mark D. Bednarski,2 H. Keith Chenault, Ethan S. Simon, 
and George M. Whitesides* 

Department of Chemistry, Harvard University 
Cambridge, Massachusetts 02138 

Received November 3, 1986 

We wish to describe a useful technique for the efficient ma
nipulation of enzymes in organic synthesis,3 in which the enzyme 
in soluble form is enclosed in commercially available dialysis 
membranes. We have tested this technique (membrane-enclosed 
enzymatic catalysis, MEEC) in a number of representative en
zyme-catalyzed reactions (Scheme I)4-12 and have found that it 
combines the simplicity of use of soluble enzymes with certain 
of the advantages of immobilized enzymes. This technique may 
not be applicable to all enzymes, but it provides the simplest and 
most effective methods of using many of them in organic synthetic 
applications. 

Enzyme-catalyzed reactions can use either soluble or immo
bilized enzymes.13'14 Procedures based on soluble enzymes are, 
in general, more convenient than those using immobilized enzymes, 
but the enzymes are not easily recovered for reuse, and their 
lifetime may be shortened by shear or interfacial deactivation. 
Immobilization allows the separation and reuse of enzymes and 
often protects them from deactivation by organic cosolvents, shear, 
interfacial adsorption, and proteases,15,16 but it is experimentally 
inconvenient and even under ideal conditions can cause significant 
deactivation of sensitive proteins. 

(1) Supported by NIH Grant GM 30367. 
(2) American Cancer Society Postdoctoral Fellow, Grant PF-2762, 1986. 
(3) Reviews: Whitesides, G. M.; Wong, C-H. Angew. Chem., Int. Ed. 

Engl. 1985, 24, 617-638. Jones, J. B. Tetrahedron 1986, 42, 3351. Enzymes 
in Organic Synthesis, Ciba Foundation Symposium 111; Porter, R., Clark, 
S„ Eds. Pitman: London, 1985. 

(4) Auge, C; David, S.; Gautheron, C; Veyrieres, A. Tetrahedron Lett. 
1985, 26, 2439-2440. For a recent chemical synthesis of NANA, see: 
Danishefsky, S. J.; DeNinno, M. P. J. Org. Chem. 1986, 51, 2615. 

(5) Ray, P. H. J. Bacteriol. 1980, 193, 635-644. For a recent chemical 
synthesis of KSO, see: Danishefsky, S. J.; Pearson, W. H.; Segmuller, B. E. 
J. Am. Chem. Soc. 1985, 107, 1280-1285. 

(6) Wong, C-H.; Mazenod, F. P.; Whitesides, G. M. J. Org. Chem. 1983, 
48, 3199. Waldmann, H.; Bischofberger, N.; Bednarski, M.; Saito, T.; 
Whitesides, G. M., unpublished results. 

(7) Hirschbein, B. L.; Whitesides, G. M. J. Am. Chem. Soc. 1982, 104, 
4458-4460. 

(8) Jakovac, I. J.; Goodbrand, H. B.; Lok, K. P.; Jones, J. B. J. Am. Chem. 
Soc. 1982, 104, 4659-4665. 

(9) Hirschbein, B. L.; Mazenod, F. P.; Whitesides, G. M. J. Org. Soc. 
1982, 47, 3765-3766. 

(10) The absolute configuration of the products is based on analogy with 
the previously determined stereoselectivity of acylase I (Greenstein, J. P.; 
Winitz, M. Chemistry of the Amino Acids; Wiley: New York, 1961; Vol. 2, 
pp 1753-1767). 

(11) Ladner, W. E.; Whitesides, G. M. J. Am. Chem. Soc. 1984, 106, 
7250-7251. 

(12) Sabesan, S.; Paulson, J. C /. Am. Chem. Soc. 1986, 108, 2068-2080. 
(13) Chibata, I. Immobilized Enzymes—Research and Development; 

Halsted: New York, 1978. 
(14) Chibata, I.; Tosa, T.; Sato, T. J. MoI. Catal. 1986, 37, 1-24. 
(15) Pollak, A.; Blumenfeld, H.; Wax, M.; Baughn, R. L.; Whitesides, G. 

M. J. Am. Chem. Soc. 1980, 102, 6324-6336. 
(16) Klibanov, A. M. Science {Washington, D.C.) 1983, 219, 722-727. 
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