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Summary: The reactions of dialkyl- and diarylcupratesG&Rv;

M = Li, MgBr) with perfluoroallyl iodide were found to gg

the homocoupling products-RR as the only product of €C
bond formation. Density functional calculationsvealed that
the perfluoroallyl ligand, being strongly electron-withdrawing
and less Lewis basic, significantly changes the electronic
properties of the allylcopper(lll) intermediate and acts as a
spectator ligand in the reduct elimination.
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Reactions of organocopper reagents with alkyl halides and carbonyl compounds, since the twé Boups are now cis to
tosylates and allylic substrates have been extensively used inone another in the key ®uintermediates B and C).4¢56

organic synthesis as a powerful method for € bond forma-

However, to the best of our knowledge, there has been no report

tion.! In the early stages of organocopper chemistry, Whitesides on the observation of such homocouplings in cuprate allylation

et al. demonstrated that a reaction of a homocupratgC{iR.i)
with an alkyl halide (R—X) exclusively gives a cross-coupling
product (R—R?).232 The failure to observe homocoupling
products even from the reaction of (gpCuLi with CDsl led
to the assumption that the T-shaped intermediaigformeds3P
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1_ ||||_ 1 NI R, |||'R
R'-cu"-R cull Cu

() % oS
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The formation of such a T-shaped triorganocopper(lll) inter-
mediateA, where the trans configuration of the twd §oups
prevents formation of a homocoupling productt{fR?), has
recently been confirmetl.

On the other hand, homocoupling could in principle take place
in reactions with allylic electrophiles and,f-unsaturated
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and conjugate addition reactions except for a special case using
a diallylcuprate, in which several allylcopper(lll) isomers are
likely to be equilibrating prior to reductive eliminatidriPrevious
theoretical studies have also neglected this possibility so
far4c5¢6Through theoretical and experimental studies we have
now found an exception to the implicit rule of cross-coupling:
perfluorination of the allyl group iB switched its reactivity.
The significant electronic perturbation made the corresponding
Cu" complex decompose into the homocoupling produet R
R! (Scheme 1).

In light of the stability of [Cu(CE)4]~ as one of the few
isolable copper(lll) complexéswe envisioned that fluorination
of the allyl group in a dialkylallylcopper(lll) complex would
make the allyl group reluctant to participate in reductive
elimination and thus result in kinetic stabilization of the
complex. To evaluate this working hypothesis, we examined
the reaction of perfluoroallyl iodidel@) with dialkyl- or
diarylcuprate (Table 1). The reaction oflex),CuLi with C3Fsl
(1a) in THF at—60 °C gave dodecang) as the major product
without any detectable formation of cross-coupling prod2ict
(entry 1). A small amount (13%) af-hexyl iodide @, R =
n-Hex) was also formed. In contrast, the reaction of (
Hex)CuLi with allyl iodide (1b) expectedly gave only the cross-
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Table 1. Product Selectivity in the Reaction of RCuM with (i) X=H
Allyl and Perfluoroallyl lodide 2 Ee (kcal/mol) TSeb.7b TSeb-8b
X X 204 181 _ 18.3
RoCuM =+ Xj/Y' THF Xj/\,(R TORR * R TSsb-6b [ TS
0 K / \
X XX -60°C X XX 10.8 WL 147
10+ — i W
1a:X=F 2 3 4 P b
1b:X=H sp /o 98 v
3 . 00 I’,” \\H\
yield of 2 + yield of 0+ =— .,3;,\. 7b -36.1
entry R M X 3+4(%)P 2:3p 4 (%) MR = 8b -36.0
1 n-Hex  Li F 83 0:100 13 reaction coordinate
2 n-Hex Li H >99 100:0 0
3 Ph Li F 51 0:100 6 (i):X=F
4 Ph Li H =99 100:0 0 E.., (kcal/mol)
5 nHex MgBr F 87 0:100 51 . TSea7a
6 n-Hex MgBr H >99 100:0 0 15
a1.2 equiv of RCuM was used? Determined by GC, using-tridecane 05% 16.3/ \
as internal standard. 0+ =— /et TS6a-82
. o . \ 7o N
coupling produc® (1-nonene) in high yield (entry 2). RAuLi N4
showed reactivity similar to that ofn{Hex)CuLi, and in A0 gas %‘«’3 7a-50.2
reactions withla and 1b it predominantly afforded biphenyl T - 82539
and allylbenzene, respectively (entries 3 and 4). reaction coordinate

A change of the countercation of the cuprate from lithium to Figure 1. Potential energy profiles (kcal/mol) for reductive
magnesium bromide in the dihexylcuprate did not change the €limination of the allyldimethylcopper(lll) complexes IM€:Xs)-
trend in the reactions with the two allyl iodides (entries 5 and CU":OMe; (B3LYP/631SDD): (i) X= H; (i) X = F. Nonproduc-
6). Thus, reaction ofrtHex),CuMgBr with GsFsl gave exclu- tive intermediates and transition states are indicated in gray.
sively homocoupling3) over cross-coupling?) together with
51% of hexyl iodide (entry 5), whereas the corresponding
reaction with allyl iodide afforded only the cross-coupling

Scheme 2. Cross-Coupling and Homocoupling Pathways of
Allyldimethylcopper(lll) Complexes (S = OMey)

$)

Me ¥ Mo
product2 (entry 6). _ N Me. Me (9)-.¢ Me (S)-Cu-Me
To gain insight into the contrasting reactivities ofFgl and X, . 4 WX = | X, S\ X | = X, X
CsHsl, we carried out density functional calculations (B3LYP) x/\i/\x x“\‘l)\x S
on the reaction pathways of an allylcopper(lll) species as a X X X
plausible intermediat&:'®> The z-/o-allyl isomerization and 5(31|X?F?fb3)><<f:) TSs6 , 6
C—C bond forming reductive elimination pathways were [SxclusiveforX=Hi " lexclusive for X = F]
carefully explored, employing MéCzXs)Cu''-OMe; (5a,X =
. ! ve | )M
N ! <A
(9) All calculations were carried out with a Gaussian 03 packégée X ‘Qu\"?’le (S) “Qu.,Me X Cu
density functional theory method was employed using the B3LYP hybrid sl @ X X, X A\I/KX
functional!! Structures were optimized with a basis set consisting of the X ‘\l/\x X7 X X X
Stuttgart effective core potential for &and 6-31G(d) for the redé. The X X
method and basis sets used here (denoted as B3LYP/631SDD) have been TS TS TS,
applied to other cuprate reactions and are known to give reliable results. 57 .- 6-7 6-8
The intrinsic reaction coordinate (IRC) analyéiwas carried out to confirm 1 l
that stationary points are smoothly connected with each other. Natural ¥
charges were calculated by natural population analysis at the same level as (s). Me $)
used for geometry optimizatios. "l Cu + Me
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M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K. N 2 x/%'/K
N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.; X 7 X Xs
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Figure 2. Natural population analysis of the decompositior6af
to 7aand8a

coupling, on the other hand, is a more favorable process, taking

place directly from5b through an enyl § + x]-type TS
(TSsp-7b; AEF = 14.7 kcal/mol). An alternative path viab
and ao-type TS [TSeb-7b; AEF = 18.1 kcal/mol) is a high-

energy process. The calculated energetics agree well with the

experimental selectivity.

The perfluoroallylcopper(lll) species behaves much differ-
ently (Figure 1(ii)): it exists as the-allyl complex6ainstead
of thez-allyl counterparba (8.8 kcal/mol less stable), because
Me,O is a much better ligand to ®uthan the internal C&~=
CF— moiety (vide infra)'6b Neithero/s isomerization nor enyl
[0 + 7] reductive elimination TSs corresponding to those in

Figure 1(i) could be located after many trials. In accordance

with experiments, the MeMe coupling Sea—sa; AEF = 7.0
kcal/mol) is much more favorable than ME€3Fs coupling
(TSea—7a; AE* = 16.3 kcal/mol). This is reasonable, in light of

the population change during reductive elimination (Figure 2):

6 the copper atom can recover its d electron'{Go CU) more
easily from the Me ligand than from the highly electron
withdrawing GFs ligand.

The electron-withdrawing property of theskg ligand is

reflected in the structures of the intermediates and TSs (Figure

3). Fluorine substitution of thertallyl)copper complex results
in a much shorter CHO distance%aat 2.642 A vssb at 3.260
A), which indicates the Lewis acidity of the copper atom is
much higher inrba than in5b. Note that the fluorinated-allyl
complex5ais slightly unsymmetrical (CuC1=2.165 A, Cu-

C3 = 2.054 A; CE-C2 = 1.409 A, C2-C3 = 1.441 A),
whereas the parent-allyl complex5b is perfectly symmetric
(Cu—Cl1= Cu—-C3=2.14 A; C1-C2= C2-C3=1.40 A).
Another structural feature is the difference in the copaly!
bonding. Thus, in comparison with the parent com@exthe
copper atom irbais bonded strongly to the C1 and C3 terminals
(Cu—C1(C3): 2.109 A (average) iBa, 2.14 A in 5b) but
weakly to the central C2 atom (G(C2: 2.206 A in5a, 2.117

in 5b). This can be understood in terms of the fluorine effect
on frontier orbital interactions between Ma~ and the allyl
cation: having a lower level HOMO and LUMO than the parent
allyl cation!” the fluorinated allyl cation acts as a better electron

(16) (a) The direct Me-Me bond formation obb gives aCs-symmetric
(sr-allyl)copper(l) (structure (i) below) that is symmetry forbidden. (b) This
conjecture was confirmed by a model study withdag" -L (structure (ii)
below; L = CyF4, C;H4, and MeO). The (stabilizing) interaction energy
between MeCu and L is the least for thes€4 ligand (GF4, 5.5 kcal/mol;
CyHas, 10.4 kcal/mol; MgO, 15.0 kcal/mol).

(if) lxl/le
Me-Cu—Me

8\:/,8 L

(L = CaF4, CoHy, Mex0;
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(front view) (side view)

(@)

1347 1479 O d
TSep-sb (C3Hs5 complex)

Figure 3. Structures of f-allyl)- and (o-allyl)copper(lll) com-
plexes ba, 5b, 6a, and6b) and Me-Me coupling TSs TSea-sa
andTSgp-gp) Optimized at the B3LYP/631SDD level. Values refer
to interatomic distances (A).

acceptor from the Cu 3dorbital as well as a weaker electron
donor to the Cu 4s orbital, which gives rise to the above
structural feature.

(17) Single-point calculations (HF/6-31G(d)) of the allyl fragments in
the complexes5a and 5b gave the following HOMO/LUMO energy
levels: 55, HOMO —18.2 eV, LUMO —7.7 eV;5b, HOMO —17.4 eV,
LUMO —6.1 eV.



2132 Organometallics, Vol. 25, No. 9, 2006 Communications

Scheme 3. Relative Reactivities of 1a ws-Octyl lodide the cuprate with a primary alkyl iodide is slow compared to
F the reaction withla. The use of 0.25 equiv dJ, which more

n-Hex,CuLi + FWI + nCeHyyl ——= closely mimics the actual reaction conditions, gave only 2% of
E EF 9 60 °C tetradecane. This unambiguously shows that direct reaction of

1a the cuprate with the alkyl halide cannot be a significant source

n-CiHzs + n-Hex-I + n-CigHao for the homocoupling product.

10 1 12 Note that a perfluoroallylcopper(l) species, formed together

1.0 equiv.of 9 60% 21% 7% with the homocoupling product, could have some effect on the
0.25equiv. of & 67% 17% 2% reaction. For example, it may undergo a ligand exchange with

the remaining homocuprate {8uL.i) to form the mixed cuprate
There are no significant structural differences between the R(CsFs)CulLi. Such a cuprate would be less nucleophilic than
T-shaped ¢-allyl)copper(lll) complexe$a and6b (Figure 3). R>CuLi due to the electron-withdrawingsEs ligand. This may
In contrast to ther complexesba and5b, the Cu-O distance account for the incomplete formation of the homocoupling
is only slightly shorter for the fluorinated compléa (2.139 product (in particular for PICuLi; see entry 3 in Table 1).
A) than for 6b (2.155 A). However, upon going to the In summary, we have found experimentally that the homo-
homocoupling TSsT(Sea-sa and TSep-gn), Where the copper  coupling pathway is possible in the reaction of diorganocuprates
atom is halfway reduced to Cu(l), M@ detachment is much  with an allylic substrate. The calculations revealed that pen-
less advanced for the fluorinated casES¢a-sa 2.386 A; tafluoroallyl (GsFs), being a more stabilized carbanion than allyl
TSep-an, 2.600 A). (CsHs), changes the electronic nature of allylcopper(lll) species
In the reaction of the cuprate;RuM with CsFsl, a significant significantly enough to switch the reaction pathways in carbon
amount of RI (hexyl iodide or phenyl iodide) was formed (Table carbon bond coupling. In light of the synthetic utility of
1). This organohalide formation most likely has its origin in a unsymmetrical biaryl coupling via cuprate oxidati®rhe role
copper-halogen exchangé:’® Because of the presence of of perfluoroallyl iodide and related compounds as two-electron
organohalide in the reaction mixture, one may argue that the oxidants deserves further investigation.
homocoupling product could have been formed from reaction
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study (Scheme 3), since this cuprate reacts quickly with hexyl

iodide to give dodecane. In a control experiment, the reaction  Supporting Information Available: Text and tables giving

of equimolar amounts ofngHex)CuLi, CsFsl (1a), and octyl details of experiments, energies and Cartesian coordinates of
iodide ©) under the reaction conditions used in Table 1 afforded stationary points, and interaction energies betweegQut and L
dodecane as the major product. Interestingly, only 7% of in MesCu"-L complexes. This material is available free of charge
tetradecanel) was formed, which shows that the reaction of via the Internet at http://pubs.acs.org.
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