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Figure 1.

Treatment of 3 with cob(I)alamin, in a manner similar to that
described” for the preparation of other cobalamins, yields 1 in the
“base-off” form as a purified yellow powder [MS (FAB) 2447
(M* + 1); UV-vis® At mcn 340 (1.00), 405 (0.61), 450 (0.64),
Amaxieit 7) 370 (1.00), 425 (0.61), 477 (0.81), 510 (0.81)]. The
compound must be almost pure, as judged from the greater than
90% yield of reaction product 5 (vide infra). Treatment of 1 with
I, afforded 4.

In this form 1 may be handled briefly in air. In neutral 0.05
M phosphate buffer, however, it is quite reactive; its pseudo-
first-order aerobic decomposition’ has a half-life of 152 £ 13 min
at 25 °C in the absence of light. This compares with 5 min for
the same process in benzylcobalamin and 75 min for neo-
pentylcobalamin.” The aerobic decomposition of adenosyl-
cobalamin itself is too slow to be measured in the absence of the
enzyme under these conditions, and dissociation requires heating
or irradiation.® Since the bonding in adenosylcobalamin is similar
to that in 1, we ascribe the greater reactivity of 1 to steric crowding
by the cyclodextrin system. Thus 1 is in rapid equilibrium with
B,y() and the cyclodextrinyl radical (2) and is actually a better
model for the reactive coenzyme—enzyme complex than is ade-
nosylcobalamin itself. In 1 M HCI, where the benzimidazole group
of 1 is not coordinated with the cobalt, decomposition is much
slower.

Reaction of 1 in the dark with benzyl or rert-butylbenzyl iodide
in aqueous deoxygenated neutral 0.05 M phosphate buffer at room
temperature and then quenching with air in the dark produces
4 and the corresponding benzaldehyde, probably from air oxidation
of the product benzylcobalamin. Attempts to detect selective
reaction for the more strongly binding 4-zert-butylbenzyl iodide,
or bromide, were hampered by problems with solubility, hydrolysis,
and radical exchange. These were overcome with the selenide
(6a), which underwent group transfer to 2 under the above con-
ditions and afforded a 95 + 5% yield, based on 1, of the cyclo-
dextrin selenide 5. Competition between 6a and the weaker-
binding 6b showed a preference for reaction with 6a of greater
than 10-fold, as judged by the relative yields of 5 and of the
corresponding p-chloro derivative. As expected, if this preference
reflects binding, the addition of 20% ethanol decreased the
preference to less than 2-fold by decreasing the effectiveness of
hydrophobic binding to the cyclodextrin cavity. A similar decrease
in selectivity between 6a and 6b was seen if an excess of p-tert-
butylbenzoate ion, a competitive binder, was present.
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To look for rearrangements, we examined cyclizations of the
type demonstrated by Curran® but with substrates carrying a
hydrophobic binding group. Reaction did not occur exclusively
within the cavity, but there was instead a radical atom transfer
chain process in free solution initiated by 1. It is interesting that

(5) Blaser, H.-U.; Halpern, J. J. Am. Chem. Soc. 1980, 102, 1684-1689.

(6) All intensities are relative.

{7) Schrauzer, G. N.; Grate, J. H. J. Am. Chem. Soc. 1981, 103, 541-546.

(8) Pratt, J. M. In B,;; Volume I: Chemistry; Dolphin, D., Ed.; Wiley
Interscience: New York, 1982; p 364.

(9) Curran, D. P.; Chang, C.-T. J. Org. Chem. 1989, 54, 3140-3157.

in some enzymatic reactions coenzyme B,, may also be serving
only as a chain initiator,'” rather than performing all the atom
transfers described above. Thus we have not yet mimicked all
the steps of B, catalysis. However, the properties of cyclo-
dextrin-B,;, (1), with a carbon—cobalt bond labile under physio-
logical conditions and a binding site in the resulting radical, make
it a very attractive candidate for further enzyme model studies.
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Organometallics bearing electrophilic functionalities are ver-
satile intermediates for the synthesis of a wide range of highly
functionalized organic molecules,*? including important biolog-
ically active compounds.* The readily prepared alkyl* and
benzylic®®’ organozinc halides, in particular, have found wide-
spread applications and were shown to be compatible with most
organic functionalities.”® Their relatively low reactivity can be
dramatically enhanced by transmetalation to copper™ organo-
metallics or by using a palladium(0) catalyst.” Unfortunately,
the preparation of polyfunctionalized alkenyl and aryl organo-
metallics is less straightforward, as a direct metal insertion can
be troublesome. The use of highly activated metals (zinc,’ copper®)
or polar solvents is required to perform a metal insertion into the
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Table I. Polyfunctional Alkenes and Aromatic Compounds 6 Obtained by the Reaction of Alkenyl- and Arylzinc or -Copper Reagents 3-5 with

Electrophiles
entry organometallics 3-5¢ electrophile product 6° yield (%)

1 p-NCPhM“ 3a  (E)-I(H)C=(H)(CH,);OPiv (E)-p-NCPh(H)C=C(H)(CH,),OPiv 6a 81
p-NCPhM“ 3a  m-IPhCO,Et p-NCPh(m-EtO,C)Ph 6b 93

3 p-t-BuO,CPhM? 3b  (E)-I(H)C=C(H)(CH,),CN (E)-p-t-BuO,CPh(H)C=C(H)(CH,),CN 6 67

4 (E)-PivO(CH,);(H)C=C(H)M 3¢ (E)-I(H)C=C(H)Hex (E,E)-PivO(CH,);(H)C=C(H)(H)C=C(H)Hex 6d 72

5 (E)-NC(CH,);(H)C=C(H)M 3d (£)-PivO(CH,);(H)C=C(H)I  (£,E)-NC(CH,);(H)C=C(H)(H)C=C(H)(CH,);OPiv  6e 86

6 p-NCPhM¢ 4a  2-cyclohexenone 3-(p-NCPh)cyclohexanone 6f 93

7  p-NCPhMA S5a  PhCOCI p-NCPhCOPh 6g 82

8 (E)-PivO(CH,);(H)C=C(H)M 5¢ IC=CBu (E)-PivO(CH,);(H)C=C(H)C=CBu 6h 66

9 (E)-PivO(CH,);(H)C=C(H)M 5¢ HC=CCO,Et (E,E)-PivO(CH,),;(H)C=C(H)(H)C=C(H)CO,Et 6i 68
10 0-0O,NPhM 5S¢  3-iodocyclohexenone 3-(0-0,NPh)-2-cyclohexen-1-one 6j 70
11 0-O,NPhM 5¢ H,C=C(CO,-t-Bu)CH,Br 0-O,NPhCH,C(CO,-t-Bu)=CH, 6k 79
12 0-O,NPhM 5S¢  PhCOCI 0-0,NPhCOPh 6l 75¢
13 (E)-CI(CH,);(H)C=C(H)M 5f HC=CCO,Et (E,E)-CI(CH,);(H)C=C(H)(H) C=C(H)CO,Et 6m 70
14 (E)-CI(CH,);(H)C=C(H)M 5f H,C=C(CO,Et)CH,Br (E)-CI(CH,)3(H)C=C(H)CH,C(CO,Et)=—CH, 6n 81
15 (E)-N3(CH,);(H)C=C(H)M 5g HC=CCO,Et (E,E)-N3(CH,);(H)C=C(H)(H)C=C(H)CO,Et 60 81

M = ZnX for all organometallics 3. M = Cu(CN)Li for all organometallics 4. M = Cu(CN)ZnX for all organometallics 5. ¢ All alkenes and dienes are pure E and
E,E compounds. °All yields refer to isolated yields of analytically pure compounds for which satisfactory spectral data (IR, 'H and !3C NMR, mass spectra, and
high-resolution mass spectra) have been obtained (supplementary material). ¢The lithium compound was prepared from the corresponding bromide. ¢In this case, the
organolithium compound was generated by treatment with PhLi in THF at -100 °C for 1 h (ref 13j).

stronger C(sp?)-I bond, and under these conditions, the alkenyl
organometallics are formed nonstereoselectively, affording a
mixture of E and Z organometallics.” On the other hand, alk-
enyllithiums could be prepared stereospecifically via a halogen—
lithium exchange reaction'® but were believed to not tolerate many
functionalities.!!2 Some functionalized alkenyl and aromatic
lithium!>!4 reagents have been prepared, but their high reactivity
strongly limited the electrophiles that could be successfully used.
We have now found that various functionalized aryl halides'? (X
= I or Br) and alkenyl iodides'* 1 can be converted to highly
functionalized organolithiums 2 by the slow addition of butyl-
lithium (1.05 equiv, 1.5 M in hexane) to the alkenyl or aryl halide
in a THF/ether/pentane mixture (4:1:1)!° at -100 °C. After ca.
3 min, a solution of Znl, in THF or CuCN-2LiCI?** in THF is
added at -100 °C, affording stable solutions of organozincs
FGRZnX 3 and FGRCu(CN)Li 4, respectively. The organozincs

(9) Majid, T. N.; Knochel, P. Tetrahedron Lett. 1990, 31, 4413.

(10) (a) Bailey, W. F.; Patricia, J. J. J. Organomet. Chem. 1988, 352, 1.
(b) Bailey, W. F.; Punzalan, E. R. J. Org. Chem. 1990, 55, 5404. (c) Negishi,
E.; Swanson, D. R.; Rousset, C. J. J. Org. Chem. 1990, 55, 5406. (d) Seebach,
D.; Neumann, H. Chem. Ber. 1974, 107, 847. (e) Cahiez, G; Bernard, D ;
Normant, J. F. Synthesis 1976, 245,

(11) For the preparation of alkenylcopper reagents containing some
functionalities, see: (a) Piers, E.; Yeung, B. W. A. J. Org. Chem. 1984, 49,
4567. (b) Lipshutz, B. H.; Ellsworth, E. L. J. Am. Chem. Soc. 1990, 112,
7440. (c) Ireland, R. E.; Wipf, P. J. Org. Chem. 1990, 55, 1425. (d) Babiak,
K. A,; Behling, J. R.; Dygos, J. H.; McLaughlin, K. T.; Ng, J. S.; Kalish, V.
J.; Kramer, S. W.; Shone, R. L. J. Am. Chem. Soc. 1990, 112, 744]1. (e)
Lipshutz, B. H.; Dimock, S. H. J. Org. Chem. 1991, 56, 5761. (f) Mori, M.;
Kaneta, N.; Isono, N.; Shibasaki, M. Tetrahedron Lett. 1991, 32, 6139.

(12) Tin-lithium exchange reactions of chloro-substituted alkenylstannanes
have been reported: (a) Piers, E.; Karunaratne, V. J. Org. Chem. 1983, 48,
1774. (b) Piers, E.; Karunaratne, V. J. Chem. Soc., Chem. Commun. 1983,
935. (c) Piers, E.; Karunaratne, V. Can. J. Chem. 1984, 62, 629. (d) Piers,
E.; Karunaratne, V. J. Chem. Soc., Chem. Commun. 1984, 959. (e) Piers,
E.; Freisen, R. W.; Keay, B. A. J. Org. Chem. Commun. 1985, 809.

(13) Aromatic halides bearing an ester, cyano, or nitro group have been
converted into the corresponding aromatic lithium derivatives and have been
reacted with carbonyl compounds: (a) Parham, W. E.; Jones, L. D.; Sayed,
Y. J. Org. Chem. 1975, 40, 2394. (b) Parham, W. E.; Jones, L. D. J. Org.
Chem. 1976, 41, 1187. (c) Parham, W. E.; Jones, L. D. J. Org. Chem. 1976,
41,2704. (d) Parham, W. E.; Piccirilli, R. M. J. Org. Chem. 1977, 42, 257.
(e) Parham, W. E.; Boykin, D. W. J. Org. Chem. 1977, 42, 260. (f) Parham,
W. E.; Bradsher, C. K. Acc. Chem. Res. 1982, 15, 300. (g) Bolitt, V.;
Mioskowski, C.; Reddy, S. P.; Falck, J. R. Synthesis 1988, 388. (h) Kobrich,
G.; Buck, P. Chem. Ber. 1970, 103, 1412. (i) Buck, P.; Kdbrich, G. Chem.
Ber. 1970, 103, 1420. (j) Cameron, J. F.; Fréchet, J. M. J. J. Am. Chem. Soc.
1991, 113, 4303.

(14) Some functionalized alkenyl halides have been converted to the cor-
responding lithium reagents: (a) Caine, D.; Frobese, A. S. Tetrahedron Lett.
1978, 5167. (b) Peterson, P. E.; Nelson, D. J.; Risener, R. J. Org. Chem.
1986, 51, 2381. (c) Negishi, E.; Boardman, L. D; Tour, J. M.; Sawada, H.;
Rand, C. L. J. Am. Chem. Soc. 1983, 105, 6344. (d) Najera, C.; Yus, M.
J. Org. Chem. 1988, 53, 4708. (e) Sengupta, S.; Snieckus, V. J. Org. Chem.
1990, 55, 5680. (f) Duhamel, L.; Duhamel, P.; Enders, D.; Karl, W.; Leger,
F.; Poirier, J. M.; Raabe, G. Synthesis 1991, 649. (g) Cooke, M. P. J. Org.
C;xem.81984, 49, 1144. (h) Cooke, M. P,; Widener, R. K. J. Org. Chem. 1987,
52, 1381.

(15) Kobrich, G. Angew. Chem., Int. Ed. Engl. 1967, 6, 41.

3 can also be converted to the copper reagents FGRCu(CN)ZnX
5 by the addition of CuCN-2LiCl in THF for aryl derivatives and
in THF/Et,S (1:1) for alkenyl derivatives (eq 1). This procedure

BuLl (1.05 equiv.) MX
FGRX —————=e FGRL ————= FGRM M
1 =100 °C, 3 min. 2 -100 °C, 10 min. 3 M= 20X
THF:eth?r.penwne CuCNe TMa CuCN)Li
(4:1:1) 2ucl §: M= Cu(CN)ZnX

FG = CO4R, CN, CI, N5, NO, (arometic and aliphatic)
R =arylor alkenyl; X = | or Br

allows, for the first time, a convenient preparation of highly
functionalized aryl- and alkenylcopper and -zinc organometallics
containing an ester, cyano, chloro, azido, or nitro group (Table
I). The presence of the last two functionalities in an organic halide
completely inhibits direct zinc insertion,'® and thus the halo-
gen-lithium exchange reaction represents a unique approach to
such organometallics'*" (entries 10-12, 15). The aromatic and
alkenylzincs 3a—d can be efficiently coupled with various func-
tionalized aromatic and vinylic iodides in the presence of a catalytic
amount of Pd(dba), (4 mol %)'” and PPh; (16 mol %), affording
the polyfunctional unsaturated products 6a—e (entries 1-5) in
excellent yields. The addition of CuCN-2LiCI? to the organo-
lithium 2a gives the lithium organocuprate 4a, which adds to
cyclohexenone (0.7 equiv) in the presence of TMSCI'® (-78 to
10 °C, 5 h; entry 6) providing the 1,4-adduct 6f in 93% yield. The
copper reagents FGRCu(CN)Znl §, obtained by the trans-
metalation of the organozincs 3 with CuCN-2LiCl in THF, are
less prone to dimerize, and they react well with various activated
electrophiles such as acid chlorides (entries 7 and 12), aliylic
bromides (entries 11 and 14), a 1-iodoalkyne (entry 8), 3-iodo-
2-cyclohexen-1-one!® (entry 10), and ethyl propiolate (entries 9,
13, and 15).

A similar transmetalation procedure was developed for the
addition of alkenyl organometallics to aldehydes. Whereas the
low-temperature addition of the lithium reagent derived from 7
to an aldehyde proceeds only in moderate yields, a transmetalation
to the corresponding magnesium reagent®® (MgBr, in THF, -100
°C, 5 min), followed by the addition of an aldehyde (0.9 equiv,
-90 to -50 °C, 0.5 h), cleanly furnishes the pure (E)-allylic
alcohols 8a,b in 71-77% yield (eq 2).

(16) Knochel, P. Unpublished results, 19881992,

(17) (a) Takahashi, Y.; Ito, T.; Sakai, S.; Ishii, Y. J. Chem. Soc., Chem.
Commun. 1970, 1065. (b) Rettig, M. F.; Maitlis, P. M. Inorg. Synth. 1977,
17,134, (c) Mignani, G.; Leising, F.; Meyrueix, R.; Samson, H. Tetrahedron
Lett. 1990, 31, 4743. (d) Tamaru, Y.; Ochiai, H.; Nakamura, T.; Yoshida,
Z. Tetrahedron Lett. 1986, 27, 955. (e) Negishi, E.; Bagheri, V.; Chatterjee,
S.; Luo, F.-T.; Miller, J. A.; Stoll, A, T. Tetrahedron Lett. 1983, 24, 5181.

(18) (a) Chuit, C.; Foulon, J. P.; Normant, J. F. Tetrahedron 1980, 36,
2305. (b) Chuit, C.; Foulon, J. P.; Normant, J. F. Tetrahedron 1981, 37,
1385. (c) Corey, E. J.; Boaz, N. W. Tetrahedron Lett. 1985, 26, 6019. (d)
Horiguchi, Y.; Matsuzawa, S.; Nakamura, E.; Kuwajima, 1. Tetrahedron Lett.
1986, 27, 4025,

(19) Piers, E.; Nagakura, 1. Synth. Commun. 1978, 5, 193.

(20) (a) Rieke, R. D.; Xiong, H. J. Org. Chem. 1991, 56, 3109. (b)
Yamaguchi, M. In Comprehensive Organic Chemistry; Trost, B. M., Ed.;
Pergamon Press: New York, 1991; Vol. 1, Chapter 11.
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Ne” NN

i 8a: R = c-Hex: %
3) RCHO ( 0.9 squiv.
) g o) 8b: R = (CH;);0001-Bu77%

In summary, we have prepared several new classes of func-
tionalized zinc and copper aromatic and alkenyl organometallics
3-5 which, contrary to their highly reactive organolithium pre-
cursors 2, can be conveniently handled,?' are relatively stable, and
react chemoselectively with various classes of electrophiles with
complete retention of the double bond configuration.?? Extensions
of this method allowing the preparation of other functionalized
organometallics (M = Ti, Zr) are currently underway.

Acknowledgment. We wish to thank the donors of the Petro-
leum Research Fund, administered by the American Chemical
Society, and the Office of the Vice President for Research of The
University of Michigan for generous support of this work.

Supplementary Material Available: Typical experimental
procedure and listings of characterization data for all new com-
pounds (12 pages). Ordering information is given on any current
masthead page.

(21) Typical procedure for (2E,4E)-ethyl 8-(pivaloyloxy)-2,4-octadienoate
(6i): A three-necked flask equipped with a thermometer, a gas inlet, and an
addition funnel was charged under argon with (E)-5-iodo-4-pentenyl 2,2-di-
methylpropanoate (0.74 g, 2.50 mmol) in a mixture of THF/ether /pentane
(4:1:1; 12 mL) and cooled to ~100 °C (liquid N, ether bath), and n-BuLi (2.6
mmol, 1.60 M in hexane) was added over 4 min. The resulting yellow solution
was stirred for 3 min at =100 °C, and a THF (5 mL) solution of Znl, (0.83
g, 2.60 mmol) was added. After the mixture was stirred for 10 min at ~100
°C, a slurry of CuCN (0.23 g, 2.60 mmol) and LiCl (0.22 g, 5.2 mmol) in
a mixture (10 mL) of THF and Et,S (1:1) was added. The dark red solution
was warmed to —60 °C and after 5 min was cooled back to =78 °C. Ethyl
propiolate (0.20 g, 2.0 mmol) was added, and the reaction mixture was
warmed to —20 °C and stirred for 2 h. After the usual workup and evaporation
of the solvents, the crude residue obtained was purified by flash chromatog-
raphy (hexane/ether, 19:1), yielding 6i (360 mg, 68%) as a clear oil (100%
E,E by GLC analysis).

(22) Presented in part at the OSCOM 6 meeting in Utrecht, The Neth-
erlands, August 1991.
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In recent years there has been considerable interest in under-
standing the nature of interactions between metal atoms in
polynuclear organometallic compounds where the metal atoms
or ions have formally closed-shell configurations such as the d'®
electron configuration of Cu in [CuN;sR;];! (R = p-tosyl) and
the s? configuration of TI(I) or In(I) in [(PhCH,)s;CsM],;,, M =
Tlor In.>3 An interesting feature of these molecules is that the
metal-metal distances are close to the typical internuclear distance
in the bulk metal, even though the metal atoms and ions have
formally closed-shell configurations and hence are not expected
to show metal-metal bonding. This communication reports the

(1) (a) Beck, J.; Strahle, J. Angew. Chem. 1985, 97, 419. (b) Beck, J.;
Strahle, J. Angew. Chem., Int. Ed. Engl. 1985, 24, 409.

(2) (a) Schumann, H.; Janiak, C.; Pickardt, J.; Borner, U. Angew. Chem.
1987, 99, 788; Angew. Chem., Int. Ed. Engl. 1987, 26, 798. (b) Schumann,
H.; Janiak, C.; Gorlitz, F.; Loebel, J.; Dietrich, A. J. Organomet. Chem. 1989,
363, 243.

(3) (a) Janiak, C.; Hoffmann, R. Angew. Chem., Int. Ed. Engl. 1989, 28,
1688. (b) Janiak, C.; Hoffmann, R. J. Am. Chem. Soc. 1990, 712, 5924.

Table I. Total Energies and Dissociation Energies

(CO),BeBe(CO),
dissoc.
eng? Be(CO),
tot, eng (_kfﬂ"l‘i’l tot. eng dissoc. eng®
method (au) a b (au) (kcal/mol)
HF ~-480.140283 36.0 15.5 -240.057902 10.4
MP2 -481.391864 959 56.3 -240.651161 19.8
MP3 -481.380527 76.1 519 -240.648986 12.2
MP4(DQ) -481.389015 64.1 48.4 -240.655913 7.8
MP4(SDQ) -481.417629 68.3 50.0 -240.668907 9.00

¢ Dissociation of (CO),BeBe(CO); to (a) 2Be('S) + 4CO and (b)
2Be(CO),(°B,). * Dissociation of Be(CO), to Be('S) + 2CO.

results of theoretical studies on the nature of the bonding and
stability of (CO),BeBe(CO),. It is shown that as a result of
hybridization the two Be atoms interact to form a double bond.

The computations were performed using the GAUSSIAN 86
program.* The geometries were determined by the Hartree—Fock
(HF) self-consistent (SCF) procedure with the analytical gradient
method using the 6-31G*(5d) basis set.> The closed- and
open-shell molecules were studied in the spin-restricted and
spin-unrestricted HF approximations, respectively. The nature
of the stationary points on the potential energy surface was de-
termined by computing the analytical second derivatives and
determining the harmonic vibrational frequencies.® The con-
tribution of electron correlation effects was determined by using
Moeller-Plesset perturbation theory through partial fourth order
(neglecting triple substitutions)’ at the HF geometries. Only the
valence electrons were included in the perturbation theory studies.

The geometry optimizations of (CO),BeBe(CO), and Be(CO),
were carried out with the constraints of D,, and C,, symmetries,
respectively. The computed minimum energy structures are as
shown:

Q QO Q
Y N
\\\C 1731 A C/ \C 1.680 A
\Be:Be/>110,7° 110.5°< Be
7 1938 A i
Vs N 4
O 1117 A o} 0121 A

The D,;, (CO),;BeBe(CO), species has a A, ground state, while
the ground state of Be(CO), is °B,® in C,, symmetry. The HF
harmonic vibrational frequencies computed for both of the
molecules are all positive, indicating that these molecules are true
potential energy minima.

The computed structure and stability of (CO),BeBe(CO), are
easily rationalized in terms of the type of bonding of Be(CO),,
which is hence considered first. The *B, state of Be(CO), is stable
with respect to dissociation to Be(!S) and two CO molecules. The
calculated binding energies at the various levels of theory for the
HF geometry of the molecule are given in Table I. The bonding
between CO and Be shows the general features of the Dewar—
Chatt-Duncanson’ model of CO binding to metal atoms: ¢ type
bonding, involving the lone pair on the carbon atom of the CO,
and = back-bonding interaction between the Be 2p and CO =*
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