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Although formed at 0 0C, HO allylic cuprates are best utilized 
at low temperatures with most sp3-based electrophiles. Our data 
in Table I are highly suggestive of the variety of substrates that 
participate in these mild and efficient couplings.10 Moreover, 
the following noteworthy features deserve special comment: (1) 
diprenylcyanocuprates, which react with epoxides by way of 
a-attack (entries 2 and 4), reverse this trend with halides where 
attachment at the 7-carbon prevails (entry 6); (2) crotylcuprates 
likewise react preferentially with halides at the 7-locale (entries 
7 and 9); (3) cyclic epoxides (e.g., entry 3), highly prone toward 
Li+-induced rearrangement to cyclic ketones,11 undergo clean 
displacement with minimal Lewis acid related side-product for
mation; (4) the presence of heteroatoms, in particular sulfur (entry 
6) and nitrogen (entry 7), which can oftentimes perturb cuprates 
by their copper and lithium ion sequestering properties, respec
tively, do not alter these reactivity patterns; (5) use of lower order, 
Gilman-like cuprates tend not to effect these displacements (see 
entry 7). 

Perhaps most significant, in strong testimony to the intense 
reactivity of these allylic cuprates, is their ability to displace 
primary, unactivated chlorides. Normally, even with the most 
reactive of Gilman cuprates (i.e., those containing sp3 carbon-
copper bonds), chlorides are unacceptably slow at 0 0C12 and are 
rarely used at room temperature13 due to competing cuprate 
decomposition. Even higher order dialkylcyanocuprates normally 
require several hours at 0 0C to consume starting material.12 By 
comparison, allylic cuprates effect this transformation at -78 0C 
in minutes (Scheme I).14 

In summary, a new method for forming relatively thermally 
stable allylic cuprates has been discovered. These reagents appear 
to be among the most reactive cuprates presently known toward 
substitution processes. The preparation relies on ligand-exchange 
events16 between alkyl cuprates and allylic stannanes, which 
completely eliminates the need for prior generation of allyllithium 
intermediates. 
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The nature of the 2-butyl cation has been the subject of many 
experimental and theoretical investigations and affords a con
tinuing challenge for the structural chemist. This is the smallest 
secondary carbocation that can be stabilized by either C-C or 
C-H hyperconjugation. 

The 2-butyl cation was first observed in superacid solution at 
-110 0C.1 The 1H NMR spectrum at -140 0C revealed only 
two peaks due to the very rapid 2,3-hydride shifts. The barrier 
must lie below 2.4 kcal/mol.2 This rearrangement could not be 
frozen out even on the 13C NMR time scale in the solid state at 
-190 0C.3 Since the rate of such chemical exchange processes 
is often reduced in the solid state, this hydride-shift barrier in 
solution might be considerably less than 2.4 kcal/mol.3 The fully 
1H coupled 13C NMR spectrum shows a coupling pattern that 
agrees with a rapidly exchanging cation, where each central carbon 
is coupled simultaneously (on the NMR time scale) to the three 
central hydrogens.4 By analyzing the isotope effects and their 
temperature dependence on both the 1H and 13C NMR spectra, 
Saunders and Walker concluded that the best fit was obtained 
with a model assuming two structures to be present.5 It was 
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Table I. Relative Energies (Kilocalories/Mole) of 2-Butyl Cation Isomers 

level 1 

1 C 1 ( O ) 

5 C 5 ( I ) Cs (D 

Figure 1. MP2(fu)/6-3IG* optimized 2-butyl cation structures. The 
number of imaginary frequencies is given in parentheses (at HF/6-31G* 
for 1, 3, and 4; at MP2(fu)/6-31G* for 2. The last was calculated 
analytically with the CADPAC program; ref 22). 

concluded that the H-bridged structure was more stable by about 
0.4 kcal/mol. Solvolytic studies of 2-butyl derivatives were in
terpreted in favor of the H-bridged cation intermediate.6 

The most recent experiments have led to different conclusions. 
Johnson and Clark prepared the 2-butyl cation by deposition of 
2-butene on a superacid surface in the source of an ESCA 
spectrometer.7 The observed spectrum did not have two peaks 
with a 1:1 intensity ratio, as required for the H-bridged cation. 
The best fit was given by a three-peak model with intensities 1:1:2. 
Johnson and Clark concluded that the 2-butyl cation "is sub
stantially methyl bridged".7 However, the quality of the ESCA 
spectrum was low and the possibility of contamination with neutral 
material or the presence of a second C4H9

+ isomer was not ex
cluded. Indeed, the separation of the main peaks corresponds to 
that calculated for the H-bridged form. In addition, there is the 
possibility that the species observed on the surface may be different 
from that in the bulk. 

Prior theoretical investigations on the 2-butyl cation employed 
lower levels of theory and are also inconclusive.8"10 Electron 
correlation with extended basis sets is needed to treat systems that 
have nonclassical structures. Very flat potential energy surfaces 
often are involved.11"14 Geometry optimizations at correlated 
levels are essential. While we provide support for the methyl 
bridging of Johnson and Clark,3 our evidence favors a symmetric 
H-bridged structure for the 2-butyl cation, at least under equi
librium conditions. 

(5) Saunders, M., personal communication. Walker, G. Dissertation, Yale 
University. 

(6) (a) Dannenberg, J. J.; Goldberg, B. J.; Barton, J. K.; Dill, K.; Wein-
wurzel, D. H.; Longas, M. O. J. Am. Chem. Soc. 1981,103, 7764-7768 and 
earlier references cited, (b) Lee, C. C; Zohdi, H. F. Can. J. Chem. 1983, 
61, 2092-2094. (c) Dannenberg, J. J.; Barton, J. K.; Bunch, B.; Goldberg, 
B. J.; Kowalski, T. J. Org. Chem. 1983, 48, 4524. However, see: Allen, A. 
D.; Ambidge, I. C ; Tidwell, T. T. Ibid. 1983, 48, 4528. 

(7) Johnson, S. A.; Clark, D. T. J. Am. Chem. Soc. 1988,110,4112-4117. 
(8) Radom, L.; Pople, J. A.; Schleyer, P. v. R. J. Am. Chem. Soc. 1972, 

94, 5935-5945. 
(9) Kohler, H.-J.; Lischka, H. J. Am. Chem. Soc. 1979,101, 3479-3484. 

See: Dannenberg, J. J.; Berge, T. D. Theor. Chim. Acta 1972, 28, 99. 
(10) Clark, D. T.; Harrison, A. Chem. Phys. Lett. 1981, 82, 143-146. 
(11) Koch, W.; Liu, B.; Schleyer, P. v. R. / . Am. Chem. Soc. 1989, / / / , 

3479-3480. 
(12) Schleyer, P. v. R.; Laidig, K.; Wiberg, K. B.; Saunders, M.; Schindler, 

M. J. Am. Chem. Soc. 1988, 110, 300-301. 
(13) Koch, W.; Liu, B.; DeFrees, D. J. J. Am. Chem. Soc. 1989, / / ; , 

1527-1528. 
(14) (a) Koch, W.; Liu, B.; DeFrees, D. J. J. Am. Chem. Soc. 1988, 110, 

7325-7328. (b) Saunders, M.; Laidig, K. E.; Wiberg, K. B.; Schleyer, P. v. 
R. J. Am. Chem. Soc. 1988, 110, 7652-7659. 

HF/3-21G//HF/3-21G 
HF/6-31G*//HF/6-31G» 
MP2(fu)/6-31G*//MP2(fu)/6-31G* 
MP2(fc)/6-31G"//MP2(fu)/6-31G* 
MP3/6-31G**//MP2(fu)/6-3uG* 
MP4(sdtq)/6-31G**//MP2(fu)/6-31G* 
MP2(fu)/6-31G**//MP2(fu)/6-31G** 
MP2(fc)/6-311G**//MP2(fu)/6-31G" 
MP3/6-311G**//MP2(fu)/6-31G** 
MP4(sdtq)/6-311G**//MP2(fu)/6-31G** 
ZPE" 
final + ZPE* 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

79.57 
0.00 

12.03 
4.15 
2.47 
1.43 
0.12 
0.74 
1.52 
1.78 
0.29 
0.78 

78.34 
-0.31 

2.48 
1.04 
5.29 
5.44 
2.96 
3.75 

78.53 
2.82 

13.12 
5.31 
3.37 
2.33 
1.04 
1.63 

78.42 
0.61 

"Zero-point energy (kcal/mol) calculated at HF/6-31G*HF/6-31G*. 
*The highest level relative energy corrected by ZPE scaled by 0.89 (see ref 
18). 

• (CUC41/2 

70 SO 90 100 IiO 120 

A n g l e C 2 - C 3 - C 4 ( d e g r e e s ) 
Figure 2. IGLO 13C NMR chemical shifts of 1 as a function of the 
C2

+-C3-C4 angle. This angle was fixed, but all other parameters were 
fully optimized at HF/6-3IG*. The dotted lines give averaged experi
mental chemical shifts from ref 4. 

We have calculated15 the structures of the methyl-bridged (1, 
C1) and open (3, C1) forms of the 2-butyl cation as well as the 
trans (2, C2) and cis (4, C5) H-bridged structures at many standard 
theoretical levels16 (Figure 1). As both 3 and 4 are higher energy 
transition structures, we concentrate on the other isomers.17 It 
is well established that polarization functions on hydrogens (e.g., 
6-3IG**) are needed when H-bridged structures are involved.13,16 

Hence, the MP2(fc)/6-31G**//MP2(fu)/6-31G* relative en
ergies in Table I are at the lowest acceptable level. At and above 
this level, the 1-2 energy difference varies within a narrow range, 
0.12-1.43 kcal/mol. This indicates that further basis set extension 
and electron correlation treatments are not likely to change the 
situation. However, the zero-point energies favor 2 over 1, and 

(15) (a) GAUSSIAN 82, version K: Binkley, J. S.; Frisch, M. J.; DeFrees, 
D. J.; Raghavachari, K.; Whiteside, R. A.; Schlegel, H. B.; Fluder, E. M.; 
Pople, J. A., Department of Chemistry, Carnegie-Mellon University, Pitts
burgh, PA; modified by convex for the Cl computer in Erlangen. (b) 
GAUSSIAN 86: Frisch, M. J.; Binkley, J. S.; Schlegel, H. B.; Raghavachari, 
K.; Melius, C. F.; Martin, R. L.; Stewart, J. J. P.; Bobrowicz, F. W.; Rohlfing, 
C. M.; Kahn, L. R.; DeFrees, D. J.; Seeger, R.; Whiteside, R. A.; Fox, D. J.; 
Fluder, E. M.; Pople, J. A., Department of Chemistry, Carnegie-Mellon 
University, Pittsburgh, PA. The vectorized IBM version was employed. 

(16) For a discussion of the standard basis sets and procedure, see: Hehre, 
W. J.; Radom, L.; Schleyer, P. v. R.; Pople, J. A. Ab Initio Molecular Orbital 
Theory; Wiley-Interscience: New York, 1986. 

(17) We will discuss these geometries in detail in a full paper to be sub
mitted. 
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Table II. IGLO 13C NMR Chemical Shifts (vs CH4) for 2-Butyl Cation Isomers 

descriptn 

open chain (3) (classical) 
methyl bridged (1) 

H-bridged (2) 

expt (vs TMS)' 

IGLO basis//geometry level 

DZ//6-31G* 
DZ//6-31G* 
11'//6-31G*" 
DZ//3-21G 
DZ//MP2/6-31G* 
II7/MP2/6-31G*'' 
II//MP2/6-31G*'' 
DZ/MP2/6-31G" 
DZ//6-31G* 
11'//6-31G*'' 
DZ//MP2/6-31G* 
DZ//MP2/6-31G** 
II7/MP2/6-31G*'' 
1I//MP2/6-31G*'' 

angle" 
C2 -C3-C4 

116.7 
102.4 

101.4 
77.4 

76.9 

C1 

45.5 
43.5 
39.2 
41.3 
24.0 
20.5 
20.4 
23.0 
19.1 
15.0 
19.8 
19.1 
15.8 
15.4 

C2 

360.8 
335 
338 
328.3 
178.3 
178 
177 
174.2 
160 
156 
161.2 
161.2 
157 
156 

C3 

52.3 
49.1 
48.1 
51.7 
57.0 
52.7 
52.9 
55.1 

5('3C) 

C4 

7.8 
9.3 
5.2 

15.1 
-13.7 
-14.0 
-13.4 
-15.9 

(C|C4)av 

26.7 
26.4 
22.2 
28.2 

5.2 
3.3 
3.5 
3.6 

21.0 

(C2C3),/ 

206.6 
192.1 
193.1 
190.0 
117.7 
115.4 
115.0 
114.7 

171.6 

"Angles in degrees. 'Average values for C, and C4. 'Average values for C2 and C3. ^IGLO calculations with basis II and II' by U. Fleischer. 
'Averaged values; ref 4. The 13C absolute chemical shifts of CH4 and TMS calculated with the DZ basis set differ by only 0.2 ppm. 

the former becomes slightly (0.3 kcal/mol) more stable when this 
correction is included. 

Does the MP2(fu) optimization overemphasize the degree of 
methyl bridging in 1? We investigated this possibility by optim
izing structures with varying degrees of bridging (the C2

+-C3-C4 

angle was fixed, and all other parameters were allowed to optimize 
fully at HF/6-31G*). Subsequent MP4(sdtq)/6-31G* single-point 
calculations show that no structure is more stable than 1 (angle 
C2

+-C3-C4 = 77°). 
Can differential solvation invert the relative stability of 1 and 

2? Although accumulating evidence shows that solvation has only 
a minor influence on relative stabilities of isomeric carbocations,18 

we investigated this possibility with the self-consistent reaction 
field (SCRF) method.19 Calculations on the two minima, 1 and 
2, reveal a preferential stabilization of the H-bridged structure 
2. While specific solvation effects are not treated in this model, 
there is no basis on which to expect that these would change the 
relative stability. 

We believe that this information is sufficient to establish the 
H-bridged 2 as the most stable 2-butyl cation structure. Nev
ertheless, additional evidence reinforces this conclusion. In an 
extensive investigation of carbocation structures, we have shown 
that chemical shifts calculated by the IGLO method20 can be used 
to decide between isomers that have similar energies but different 
structures.12'l4b'20'21 Table II summarizes the IGLO chemical 
shifts calculated for 1-3. These do not depend on the size of the 
IGLO basis set (DZ, II, II'). AU geometries for 2 give acceptable 
agreement of IGLO chemical shifts vs experiment. This is not 
true for 1 and 3. The classical structure (3) can be excluded from 
consideration on this basis. The chemical shifts for 1 depend 
strongly on the C4-C3-C2

+ angle (Figure 2). All the fully op
timized geometries of 1 (HF/3-21G, HF/6-31G*, MP2(fu)/6-
31G*, and MP2(fu)/6-31G**) lead to IGLO chemial shifts that 
differ by over 50 ppm from experiment. Agreement with ex
periment can only be achieved by artificially fixing the C4-C3-C2

+ 

angle to 92.5° (Figure 2). However, this geometry is 0.6 kcal/mol 
higher in energy than the corresponding 77° structure (at 
MP4sdtq/6-31G*//HF/6-31G*). 

Our evidence favors the C2 H-bridged structure (2) for the 
2-butyl cation, although the methyl-bridged alternative (1) is only 

(18) (a) Saunders, M.; Chandrasekhar, J.; Schleyer, P. v. R. In Rear
rangements in Ground and Excited States; de Mayo, P., Ed.; Academic-Press: 
New York, 1980; Vol. 1, Chapter 1. (b) Kirmse, W.; Zellmer, V.; Goer, B. 
J. Am. Chem. Soc. 1986, 108, 4912-4917. 

(19) Pascual-Ahuir, J. L.; Silla, E.; Tomasi, J.; Bonaccorsi, R. J. Comput. 
Chem. 1987, 8, 778-787 and references cited therein. 

(20) (a) Kutzelnigg, W. lsr. J. Chem. 1980,19, 143-200. (b) Schindler, 
M.; Kutzelnigg, W. J. Chem. Phys. 1982, 76, 1919-1933. (c) Schindler, M. 
J. Am. Chem. Soc. 1987, 109, 1020-1033. 

(21) Schleyer, P. v. R.; Carneiro, J. W. M.; Koch, VV.; Raghavachari, K. 
J. Am. Chem. Soc. 1989, / / / , 5475-5477, and references cited therein. 

(22) Amos, R. D.; Rice, J. E. CADPAC: The Cambridge Analytic Deriva
tives Package, issue 4.1, Cambridge, 1989. 

slightly (ca. 0.3 kcal/mol, possibly increased by small solvation 
differences) less stable. This conclusion agrees excellently with 
Saunders's findings.5 In view of the small energy differences 
between the 2-butyl cation isomers, it might be possible that 
surface effects dominate the situation under the conditions of the 
Johnson-Clark measurements.7 
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It is known that treatment under H2 at 773 K of catalysts 
consisting of group VIII metals supported on TiO2 gives rise to 
strong metal-support interaction (SMSI behavior),1'2 which in
hibits hydrogen adsorption on the metal. Its origin has been related 
to the formation of metal-titania bonding and/or to the coverage 
of metal by TiO* species;1""20 however, the nature of this phe-

(1) Tauster, S. J.; Fung, S. C; Garten, L. R. J. Am. Chem. Soc. 1978,100, 
170-175. 

(2) Tauster, S. J.; Fung, S. C; Baker, R. T. K.; Horsley, J. A. Science 
1981,2//, 1121-1125. 

(3) Horsley, J. A. J. Am. Chem. Soc. 1979, 101, 2870-2874. 
(4) Resasco, D. E.; Haller, G. L. J. Catal. 1983, 82, 279-288. 
(5) Resasco, D. E.; Weber, R. S.; Sakellson, S.; McMillan, M.; Haller, G. 

L. J. Phys. Chem. 1988, 92, 189-193. 
(6) Belton, D. N.; Sun, Y.-M.; White, J. M. J. Am. Chem. Soc. 1984,106, 

3059-3060. 
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