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The “Black Box”
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8% 429 0C Et,0, 0°C 83 %
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Me)]m THF or Et,0 Me/ui
-50 to -90°C
R
M= Li, Mg, Zn

Cu used stoicheometrically or catalytically

Practically, usually add at low temp and allow to warm

TMSCI and Lewis acids (BF;) can greatly accelerate reaction
Non-transferable “dummy ligands” often used to avoid waste of R groups
Excellent enantioselectivities have been achieved with chiral ligands

“Predictions based on the hypotheses in vogue are so uncertain as to be
practically useless.”

Kharasch, M.; Tawney, P. JACS, 1941, 2308
Nakamura, E.; Mori, S. Angew. Chem. Int, Ed. 2000, 3751



Structures of Organocopper Compounds

Neutral Cu(l): RCu Linear Free Cuprates: R,Cu-

) M, "*«aw"” W

PGl giny

Monomers, dimers, and tetramers in solution

Unreactive Unreactive monomers in conjugate addition chemistry
Minimum Cu(l) clusters: R,Culi Iosed Cu(l) clusters: R, ,CuLi

v e e e e e R

Linear C-Cu-C structure; Higher energy than closed clusters

Cu( IAITI )

Resting state for most Cu(l) complexes; also known for Mg

Exceptionally rare

Nakamura, E.; Mori, S. Angew. Chem. Int. Ed. 2000, 3750



Solution Equilibria
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Closed cluster predominates in solution

Nakamura, E.; Mori, S. Angew. Chem. Int. Ed. 2000, 3750
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Evidence for a SET Mechanism

1. Polarographic measurement of reduction
potentials less negative than -2.4 V
Re-—Li--R - | correspond to productive reaction (22 cases)
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2. E/Z isomerization observed in unreacted SM
CHCHCH==CCH, + [RCu,Li,]* — Li* + RCu + 4RCuli. 3. B-cyclopropyl substrates give ring opened
o products
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House, H. Acc. Chem. Res. 1976, 59
House, H. et al. JACS, 1972, 5495
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Refuting the SET Mechanism
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Cyclopropyl Opening cont.
Me4 CusLip /@\C%Me“u - @\Me 0 Kj@ MeaCuli m
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Freely rotating B—cyclopropyl substrates do
not give ring opened products

Path C through a common Cu(lll) intermediate best explains results

Bertz, S.; Dabbagh, G.; Cook, J.; Honkin, V. JOC. 1984, 1739



The Role of TMSCI
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1. No change in 'H NMR with enone/TMSCI mixes
2. ’Li NMR changes with TMSCI addition it stondora —
3. Ketone is often recovered alongside silyl enol ether
4. Calcuated Me,Cu has reduced barrier to reductive
elimination when complexed with TMSCI (E, 3.2 kcal vs

10.1 kcal) | ____ L‘}L“—
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Corey, E. J.; Boaz, N. Tetrahedron Lett. 1985, 6019
Lipshutz, B. et al. JACS, 1993, 9283
Snyder, J. el al. JACS, 1995, 11023



Kinetics of Cuprate Addition

D dlintermediate] _ kK[(CHj},CuaLiy][ketone]
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Krauss, S.; Smith, S. JACS, 1981, 141



Interpreting the Kinetics
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Hammett study is consistent with development of negative charge at
the carbonyl and positive charge at the B-carbon (12 ->13)

Curved Hammett plots of Keq SUggest multiple complexes with

competing electronics in intial equilibrium
Krauss, S.; Smith, S. JACS, 1981, 141



A d-r* complex?

PR
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In THF addition of dimethylcuprate at -78°C-rt gave 92:8 5:6 with the addition of TMSCI exclusively 6 at -78°C

In Et,O at -78°C solid precipitate forms. Isolated at -78°C, added to THF with TMSCI gave exclusively 6

Reversibly formed d-n* complex proposed to explain selectivity

Corey, E. J.; Boaz, N. Tetrahedron Lett. 1985, 6015



Application of the d-* Model

CuMe,Li, Lil

11:12 14:1
Et,0 -450C

CuMes,Li, Ll

11:12 14:1
Et,0 -45°C

CuMe,Li, Lil

11:12 1:45
TMSCI

Et,0 -45%C

8 rapidly isomerizes under reaction conditions

Model successfully predicts stereochemical outcome

Corey, E. J.; Hannon, F.; Boaz, N. Tetrahedron 1989, 545



Further Evidence

Table 2. Reaction of 2-Cyclobexenons (7} with the Colored
ani,gméu Obtained from 1 and 14 and Lithium Dimethylcuprates
o) at =78 &
Q
C B
O
cupraie | Colored
1 O =5 [z O O
14 Me 1,4 18
products® (%)
enone cuprate enone 1,4 7 16
1 Me;CuLi(LiX), 956 (1] <5 60
14 Me,CuLi-Lil 92 5 0 95

*GC yields unless stated otherwise. * NMR yield.

-80°C to -50°C 3CNMR Experiments
Table 3. 5C NMR Chemical Shifts of 17 and Derived Complexes

in Diethy! Ether
carbon chemical shift, ppm

Cl C2 C3 C4 C5 C6 CI
L 9 17 265 438 2035 1197 1551 281 207
2 174+Lil 266 44.1 2048 1200 1561 282 21
I7+LiCIO, 265 442 2059 1200 1579 283 212

24 299 379 1668 99.00 316 323
) 25 270 e 20905 120°  158.9¢ 28.4e4 21944

7 26 e ¢ 1958 ¢ 617 ¢ e
27 299 379 1667 9914 316 323

¢ oy = 153Hz. » {Joy = 145 Hz. © Broad resonance. 4 Assignments
interchangeable. ¢ Not observed. / 158.3 ppm when low halide Me;CuLi
used. £67.3 ppm when low halide Me;CuLi used. * Jcy = 148 Hz.

25:26 ~1:2 at -80°C

ﬁ + MeCuliLit

17

x

M 0O cif
te
% 28

Vellekoop, A.; Smith, R. JACS, 1994, 2902



13C-13C Coupling

2 74 76 |
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Figure 1. 13C-labeled x-complexes examined in this work (Je.ccoupling
constants given in hertz),

In complex 4 with labeled Michael acceptor 2 methyl
groups bound to Cu/Li seen at 6= -5.1 and -1 0.7ppm
Signal at -10.7ppm has 12 Hz coupling constant

Krause et al. JACS, 1994, 381



Calculations on CuMe,
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* R = (a) CH=CHO"Li*, (b) H.

Argue complex 6 is a Cu(l) species and not Cu(in)

ACRO—Cu~—CHy  §

Figure 1. Relstive B3LYP/LANL2DZ/B3LYP/LANL2DZ MPY
HW3//B3LYPA.ANL2DZ) energies, kealmol, including B3LYP/
LANL2DZ zero-point energies for the transformation of 6b to 4b and

HfeCHy +

. CHsCH; + 8.

“ Quite clearly, trialkylcopper derivatives have little or no
independent existence and, therefore, cannon serve as
intermediates in cuprate conjugate addition, reversible or

otherwise.”

Snyder, J. JACS, 1995, 11025



Natural Abundance Isotope Effects

Table 1. PC KIEs (&%) for the Addition of BuyCuli to
Cyclohexenone (—78 °C)

o

0
o2 1) Bu,Cutl, THF, -78°C
s a 2INHCI/H,0 b d
4 .‘ a <
KIEs based on experiment
starting material%? 1 2 3
C 1.004(2) 0.999(2) 1.002(5) 1 2
C: 1.006(2) 1.005(2) 1.005(3)
G 1.026(2) 1.020(4) 1.024(4)
Cy 0.999(3) 0.998(3) 0.998(3)
Cs 1.002(2) LO0S(3)  1.009(4)
e 000 asstmed KIEs consistent with rate-determining reductive
cXperiment elimination via 1
KIEs from product®® 4 5 6
Ca 1.016(4) 1.011(4) 1.015(4)
Co 0.999(4) 0.993(4) 0.997(4)
C. 1.000 assumed?
Cq 1.002(7) 1.003(7) 1.002(7)

* Experiments 1—3 are reactions carried to 91.0(8), 92.1(7), and
81.1(1.4)% completion, respectively, to determine the KIEs for cyclo-
hexenone. ® Standard deviations are shown in parentheses. © Experi-
ments 4—6 are reactions carried to ~10% completion to determine the
KIEs for the incoming butyl group. ¢ See ref 11.

Frantz, D.; Singleton, D.; Snyder, J. JACS, 1997, 3383.
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3-D Representations
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Solvation/ External LiCl
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Monomeric CuMe,Li gave 12.1 kcal/mol activation energy Tt oRT2 /
e (3 e H
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Nakamura et al. JACS, 1997, 4900



Origin of Diastereoselectivity

» R - +3.8
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Mori, S.; Nakamura, E. Chem. Eur. J. 1999, 1534



AE" relative to RT (kcal/mol)
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SCHy 218  +115
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Bond lengths vs. reductive elimination
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Nakamura, E.; Yamanaka, M. JACS, 1999, 8941
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Me3-Cu-Me?  py+

The Role of Lewis Acids
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Figure 2. 3D structures of CP and TS of reductive elimination for (a)
Me;sCu+(LiCl); and (b) MesCu+BFs. Bond lengths [A] arc at the BILYP/
631A level (those in parenthesos are at the BALYP/Anlrichs-SVP for the
Me' I Me' 13 Cu and 6-311G(d;p) for the rest.
Me:’*ClU"Mez PR Mea‘G‘ﬁ“Me’] ) 3
L % - i % _ ‘!
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M{: Cg Ma Me'-Me? formation 20 119.4_ 17.2 BF, Cu in TS
e’ me' ] (-18.6)¢17:0)
MelCu-Ma® Me3-Cir--Me? . . ,
.14.,_,‘(*; Y— An explanation for Feringa’s
1 1 .
complex (CP) wanstion state (T8) P 18 ligand?

Nakamura, E. Yamanaka, M.; Mori, S. JACS, 2000, 1826



TMSCI Revisited

Isotope effects in Et,0

Table 2. 3C and 70 KIEs (2&/1k or ¥k/\7k) for the Addition of
11 to Cyclohexenone/TMSC! in Ether (—82 to —66 °C)

Isotope effects in THF

Table 1. 13C and 7O KIEs (12k/'3k or 16k/1k) for the Addition of
Bu;CuLi—LiBr—SMe; to Cyclohexenone/TMSCI in THF (—85 to

~65 °C) o
S 1 1} TMSCH, 11,
; s , 1TMsc g 2 ather, B2--66'C
(BululiLiBrSMe,
, THE 85-85C s 2INHCH/H O

2) NHaCl T H2O [3 c
- experiment
KIEs based on experiment KIEs bas;d_onﬂ_ . 7 3
starting material?™ 1 2 3 starting matery
c 1.005(2) 1.001(2) 1.000(2) G 1.002(4) 1.003(3)
G 1.003(2) 1.007(1) 1.006(2) C 1.001(4) 1.005(4)
G 1007(2)  1.0042)  1008(2) G 1.014(6) 1.018(4)
0 c 1.018(6)  1.019(7) o e 1.003(10)
KIEs determined expetiment : experiment
from product™ 4 5 6 If(gi;;itannmcd hiofd 9 10
G 0.996(6) 0.999(4) 1.002(5) . 1005 L0100)
? Experiments [—3 are reactions carried to 87.6(9), 86.2(1.2), and - - -
78.5(1.3)% completion, respectively, to determine the KIEs for cyclo- ¢ Experiments 7—8 are reactions carried to 80.6(5) and 84.9(7)%
hexenone. ? The numbers in parentheses are standard deviations in the completion, respectively, to det:rmms the KIEs for c)t;:lol];c;egonc." The
fast digit. © See ref 14. ¢ Experiments 4—6 are reactions carried to ~10% numbers in parentheses are standard deviations in the igit. € Sec
completion to determine the KIEs for the incoming butyl group. ¢ Not ref 14. ¢ Ex;fcrimcnts 9—10 are reactions carried to 2310% completion
determised. to determine the KIEs for the incoming butyl group. ¢ Not i
1.001 ~ /1 008 {1.005}
8 . . . g . . .
L = VAl Consistent with rate-limiting silylation of n-complex in THF
N N\ e
A . . . .
No involvement in the reaction in ether
1.012 [1.007]
oTMS
N2CH,CH,CHLCH, ™
Cu
13 HCH,CHICHg T
24 wsuv  Non-equivalent alkyl groups based on C, KIE!

TMS TMS
é - ‘5
2CHZCH2CHCHy HOHCHLCHCHs

Frantz, D.; Singleton, D. JACS, 2000, 3288



Solvation- Toward a Closer E, Match

§ 8§ Me Me S, S Me Me
1 Hpuﬂl / \ culll

/ Li
(I} \
\u’o%» Loy ,’.ﬁ :.le X
s s s X

Ia Sib-d (8=Mep0) lid (X=H)
_ liid (X = Me)

Me  Me

E,= 18.2 +/- 1.7 kcal/mol for 4,4-dimethylcyclohexenone
(experimental)

E, (kcal/mol) Change in Natural Charge
(+0.03)  (-0.03)
TS-la 9.1 © oo pey
s 3 3
TS-Ib 10.6 CH }“Ha S,
TS-Ic 10.9 CI/L'i':' i o /Lﬂ\('“j) 04) fCum (+0.02)
TS-Id 12.3 \ 0o, A /0 G{"H
L C2mmCloniy o
TS-Iid 124 oY o7 N
- s s ('0 03) -0 08)
T5-1ld 155 la Id (S = Me,0)

Solvation and steric hindrance provide improved agreement
between theoretical and experimental values.

Yamanaka, M.; Nakamura, E. Organometallics 2001, 5675



Addition to Alkynyl Carbonyls
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1,6 Additions

J/:j:) R,Culi« LiCN m ~ RCa(CN)Li J;:t)\

————- ———

[ 3 ™ ki 5 LIO R

f voE E Cu—R 6
CO4EL 1 R

) ;

Bu
g Table 2. “C NMR chemical shifts of dienone 1, w-complexes 5 and enolates 6
8 Compound R Solvent C- c2 c7 C-8 C-8a
o 1.4-addition of Me,CuLi - Lil to enone 8: s e TREAEL0 (1) ) 199 o e P
E,=76+7kImol™, lgA =16+2 (correlation coefficient 5 n-Bu THR-dg : . 141.2 1294 113.9
r = - 0.985) 6 Me THR-GYERO (~1:1) 1006 163.4 305 1165 144.4
L —_ 6 #-Bu THF-dg 99.9 163.1 * 1142 144.2
o 1.6-addition of Me,CuLi- Lil to enynoate 9:
E,=70x7kImol™, IgA =15+ 2 (correlation coefficient * Not detected.
=—0.975)
5 observed at -80°C, warming to -60°C gave complete conversion to 6
.Li
RZ™"
7 ] RZCU OLi
R-Cu O slow
' > Z'
27 R X S
R D)
6
0.0043 00043 00045 00046 00047 0.0048 00049
TR — . .
Figure 2. Arrhenius plot for the 14-addition of Me,CuLi- Lil to enone 8 oLl ) OLi
{a) and for the 1,6-addition to enynoate 9 (s). M ~R*Cu ‘y\/k
RZ\(. = ) 4 T R%Cu \(' ~d X
. . 1 1
Rate independent of cuprate concentration RS R

Canisius, J.; Gerold, A.; Krause, N. Angew. Chem. Int. Ed. 1999, 1644
Uerdingen, M; Krause, N. Tetrahedron, 2000, 2799



Conclusions

The emerging mechanistic picture relies on reversible
formation of a d-m* complex with reduction from a Cu(lll)
species

TMSCI traps the Cu complex and changes RDS

Recent calculations allow for better
experimental/theoretical match and improved
understanding of solvation/ ligand effects

Can continued work provide the same detailed
explanations for catalytic enantioselective systems?
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