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Abstract: The enantioselective Conia-
ene cyclization of alkyne-tethered {-
ketoesters is efficiently catalyzed by
the combination of cinchona-derived
amino-urea pre-catalysts and copper(I)
salts. The reaction scope is broad and a
series of substrates can be efficiently

pre-catalyst and the metal-ion source,
have been thoroughly investigated. Ki-
netic studies, as well as kinetic isotope
effects and deuterium labeling experi-
ments have been used to gain further
insights into the mechanism and prove
the cooperative nature of the catalytic

system. Our studies suggest that the
rate-limiting step for the reaction in-
volves the [-ketoester deprotonation
and that the active species responsible
for the enantiodeterming step is mono-
meric in amino-urea pre-catalyst. Com-
putational studies provide a quantita-

cyclized with high yields and enantiose-
lectivities. Herein, we present a de-
tailed mechanistic study based on ex-
perimental considerations and quantum
mechanical calculations. Several varia-
bles, such as the nature of the organic

Introduction

Cooperative catalysis is a powerful tool in asymmetric syn-
thesis, allowing access to new chemical reactivity and pro-
viding high stereocontrol in a wide range of reactions.
Through mutual activation and organization of reagents, this
concept has been applied widely to reactions of nucleophilic
and electrophilic species, by the combination of (Lewis/
Brgnsted) acids and bases distributed around a chiral scaf-
fold.!" A thriving research area in the field of cooperative
catalysis has emerged, in which organocatalysts and transi-
tion-metal ions are combined.”! This combination presents
the opportunity to explore new reaction pathways by com-

Keywords: asymmetric catalysis
cinchona alkaloids -
action - quantum mechanical calcu-
lations - reaction mechanism

[a] Dr. F. Sladojevich, Dr. I. Ortin, Dr. R. S. Paton, Prof. D. J. Dixon
Chemistry Research Laboratory, Department of Chemistry
University of Oxford
Mansfield Road, Oxford, OX1 3TA (U.K.)

E-mail: robert.paton@chem.ox.ac.uk
darren.dixon@chem.ox.ac.uk

[b] A.L. Fuentes de Arriba
Organic Chemistry Department
University of Salamanca
Plaza de los Caidos 1-5, Salamanca, 37008 (Spain.)

Dr. T. Yang

GlaxoSmithKline (China) R&D

Building No. 3, 898 Halei Road Zhangjiang Hi-tech Park,
Pudong Shanghai 201203 (China.)

[d] Dr. A. Ferrali

Enantia S.L.

C/Baldiri Reixac, 1008028 Barcelona (Spain.)

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.201200832.

[c

—

Chem. Eur. J. 2013, 00, 0-0

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

tive understanding of the observed
stereoinduction and identify hydrogen
bonding from the urea group as a cru-
cial factor in determining the observed
enantioselectivity.

Conia-ene re-

bining organocatalytic activation (such as enamine activa-
tion or acid/base activation) with transition-metal-ion-cata-
lyzed processes. We reasoned that cinchona-derived struc-
tures, such as 1a-d!'* could perform, in combination with
different transition-metal ions, as cooperative catalytic sys-
tems (Figure 1).
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Figure 1. Pseudoenantiomeric cinchona-derived potential pre-catalysts
la-d.

X=§, 1c
X=0, 1d

S
O,
3

Since bifunctional catalysts 1a—d are effective in promot-
ing nucleophilic addition of active methylene compounds,!'¥
we hypothesized that 1a—d could be effective in generating
enolates of f-ketoesters and we postulated that such eno-
lates, in the presence of appropriate metal ions, would ex-
hibit reactivity towards an alkyne functionality. We recently
examined the asymmetric Conia-ene reaction of [(-keto-
esters as a platform for this cooperative catalysis concept.”!
We demonstrated that the combination of 1b and
CuOTf-!/,C¢Hg is an effective catalytic system for the enan-
tioselective cyclization of alkyne-linked [-ketoesters and [3-
ketoamides.”! Notably, this new catalytic system represents
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one of the few examples able to promote the carbocycliza-
tion at room temperature. Intrigued by this new reactivity,
we decided to start further studies to prove the cooperativity
of the catalytic system and gain a better picture of the acti-
vation mode. We believed that the knowledge gained could
be insightful for future research projects in the field of
asymmetric cooperative catalysis.

Herein, we report a detailed mechanistic study based on
various experimental and computational data. In particular,
we elucidate the effect of the pre-catalyst’s structure on the
reaction rate and enantioselectivity and elucidate the effects
of the urea hydrogen-bonding capability on acceleration of
the reaction rate. A kinetic study, kinetic isotope effects,
nonlinear and titration studies are used to gain insight into
the mechanism and demonstrate the cooperativity of the
new catalytic system and to identify the rate-determining
step. Finally, computational studies contribute to elucidate
the mechanistic steps and origin of enantioselectivity from a
qualitative and quantitative point of view.

Results and Discussion
Initially, the influence of various metal sources, pre-catalysts
and solvents on the reaction outcome was investigated and
the reaction scope surveyed by using the optimal conditions

identified.

Metal screening: A metal screen was carried out on the
easily synthesized substrate 2a (Table 1). Different transi-

Table 1. Screening of metal sources.

Entry [ML,] t [h] Conv. [%] ee [%]
1 [AuCI(PPh,))/AgOTE 18 0 -
2 AgOTf 18 0 -
3 Zn(OTE), 18 31 +6
4 [NiCL(dppe)] 18 68 -30
5 CuOTH/,C.H, 18 82 +92
6 CuCl 18 99 +92
7 CuBr 18 98 +92
8 Cul 18 94 +92
9 CuCN 18 11 491

tion-metal salts were screened in conjunction with pre-cata-
lyst 1b in dichloromethane. Conversions were measured
after 18 h by "H NMR spectroscopy. To our surprise, [AuCl-
(PPh;)]/AgOTf and AgOTf gave no product after 18 h
(Table 1, entries 1 and 2). Zn(OTf), gave 31% conversion
with a low enantioselectivity (6% ee (ee=enantiomeric
excess; Table 1, entry 3). [NiCly(dppe)] (dppe=1,2-bis(di-
phenylphosphino)ethane) furnished the enantiomeric prod-
uct in 68 % conversion and in 30% ee (entry 4). Pleasingly,
CuOTf.!/, C4Hg gave 92 % ee with 82% conversion (entry 5).
Once copper(I) was identified as the metal ion of choice, a
wide range of copper sources was tested in the reaction.
Similar reactivity was observed with different copper(I) salts
(entries 5-8).
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Interestingly, the enantioselectivity was not influenced by
the nature of the counteranion, which suggested that in all
cases the same, highly organized stereodetermining transi-
tion structure is formed, independent of the counteranion.
When CuCN was used, the reaction rate decreased consider-
ably but the enantiomeric excess of the product was 91 %,
which suggested that the rate-determining step differs from
the enantiodetermining step (the carbocyclization). It is im-
portant to note that the cyclization of 2a in the presence of
CuOTf.!/, C4H, yields the desired product 3a with the same
enantioselectivity and yield as CuCl, CuBr or Cul and each
salt can be used indifferently. CuOTf-'/, CsHg was selected as
the copper source in subsequent studies (even though it dis-
played a slightly diminished reaction rate relative to CuCl
and CuBr) to allow direct comparisons with earlier results
obtained using the same copper source.

Pre-catalyst screen: A substantial screen of pre-catalysts
was carried out (Table 2) to gain further mechanistic insights
and identify structure—activity relationships.

Different hydrogen-bond donors were compared. Ureas
1b and 1d-1 were found to be the most effective pre-cata-
lysts but amides 1m—q were also moderately effective in
promoting the carbocyclization of substrate 2a to afford 3a
with appreciable levels of enantioselectivity, although with
decreased reaction rate. Sulphonamide 1r was found to be a
poor pre-catalyst, giving rise to only traces of product after
24 h. Also thiourea 1a and pseudoenantiomeric 1¢ were not
active, presumably due to strong ligation of the copper cata-
lyst by the sulphur atom of the thiourea group. Different
substituents on the urea aromatic ring were also investigat-
ed. When the series of para-substituted ureas 1g-1 was con-
sidered, it was clear that electron-withdrawing groups have
a remarkable effect in accelerating the reaction: p-OMe-
substituted urea 1i gave 26 % conversion after 1 day, where-
as urea 11, bearing a p-nitro group, gave rise to 87 % conver-
sion in the same amount of time. These results strongly sug-
gest that the acidity of the urea N—H bonds is correlated
with reactivity. Finally, the relative stereochemistry at C-8
and C-9 was investigated. For this purpose urea 1s, with in-
verted stereochemistry at C-9 (with respect to 1b), was pre-
pared.l’! Notably, pre-catalyst 1s gave rise to lower conver-
sion and enantioselectivity, proving that the relative orienta-
tion of the bridgehead nitrogen atom and the urea is essen-
tial for the high levels of enantioselectivity and reactivity
observed, consistent with a cooperative mode of action.

Solvent effect: The influence of solvents on the reaction out-
come was also studied. Dichloromethane was confirmed as
the ideal solvent from a point of view of reactivity and enan-
tioselectivity. Nevertheless, the reaction was tolerant to the
nature of the solvent, showing identical conversion and a
small erosion in enantioselectivity when performed in tol-
uene. A polar protic solvent, such as MeOH, could also be
used without any loss in enantioselectivity, albeit at a lower
reaction rate (Table 3).
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Table 2. Screening of pre-catalysts.

o ©0 o o
o pre-catalyst 20 mol% |, o
S CuOTf.1/,CeHg (5 mol%)
N CH,Cly, RT
2a 3a
7
N
N Z N N
Ns XJ\NH A L N NH
HN™ =X N R
[¢)
R R R!
R! FsC CF3 R
X=S, R=CF3, R'=H,1a  X=S, R=CF3, R'=H,1c  X=0, R=H, R'=NO,, 1m
X=0, R=CF3, R'=H,1b  X=0, R=CF3, R'=H,1d = X=0, R=CFj, R'=H, 1n
X=0, R=Cl, R'=H, 1e X=0, R=H, R'=F, 10
X=0, R=CO,Me, R'=H, 1f X=0, R=H, R'=Me, 1p
X=0, R=R'=H, 1g X=0, R=R'=H, 1q

X=0, R=H, R'=Me, 1h
X=0, R=H, R'=OMe, 1i

=0, R=H, R'=Cl, 1j
X=0, R=H, R'=F, 1k
X=0,R=H, R'=NO, 1I h',\
/zj : ~NH
N OZ\NH
T NH o 1s "

Nx Ts FsC CFs FsC CF3
Entry Pre-catalyst t [h] Conv. [%] ee [%]
1 la 24 0 -
2 1b 24 98 92
3 1c 24 0 -
4 1d 24 92 -89
5 le 24 86 93
6 1f 24 80 83
7 1g 24 39 81
8 1h 24 31 84
9 1i 24 26 80
10 1j 24 58 85
11 1k 24 50 82
12 11 24 87 94
13 1m 24 2 61
14 1n 24 3 68
15 1o 24 2 -
16 1p 24 3 37
17 1q 24 2 53
18 1r 24 traces -
19 1s 24 46 -5
20 1t 24 25 81
Table 3. Solvent effects.

o 0 o o
o pre-catalyst 1b (20 mol%) I,,“_ o
. CUOTH/CgHg (5 mol%)
N CH,Clp, RT
2a 3a

Entry Solvent t [h] Conv. [%] ee [%]
1 CH,Cl, 24 98 92
2 toluene 24 98 88
3 MeOH 24 51 93
4 DMSO 24 0 -

Highly coordinating DMSO was found to be incompatible
with the catalytic system and no product was observed when
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it was used as the solvent, presumably due to quenching of
the metal ion Lewis acidity resulting from complexation of
the highly coordinating DMSO."! Alternatively, DMSO
might interfere with the urea hydrogen-bonding capability.™

Substrate scope: With optimal reactivity and enantiocontrol
established, the scope of the reaction was surveyed by using
20 mol % of either pre-catalyst 1b or pseudoenantiomeric
1d and Smol% of CuOTf-!/,CiH in dichloromethane at
room temperature. A range of pentynyl B-ketoesters incor-
porating significant structural and electronic diversity to
both the ester and ketone group was investigated and the re-
sults are presented in Table 4.

The reaction was general for aliphatic and (electron-rich
or -poor) aromatic -ketoester substrates. The steric demand
of the ester group had little effect on the reaction enantiose-
lectivity (Table 4, entries 1-3). Similarly, aryl amides were
also good substrates in the process (entry 18). Reaction
times reflected in part the acidity of the substrates with the
fastest finishing after one day and slowest after 10 days.
Enantiomeric excesses ranged from 79-93 % with the high-
est arising from aryl ketone substrates. The substitution of
1b for pseudoenantiomeric pre-catalyst 1d in the cyclization
reaction of 2a afforded (S)-3a in good yield and enantiocon-
trol (entry 19, 92% yield, 89 % ee); 20 yielded (5)-30 in an
improved yield but with a slightly diminished ee of 74 %
(entry 20 vs. 15). Single-crystal X-ray analysis on 3k and a
spirocyclic derivative of 30, as well as chemical correlation
studies on 3p established the R configuration of these com-
pounds when pre-catalyst 1b was employed;*! the rest were
assigned by analogy. Aromatic -ketoesters presenting sub-
stitution of the terminal alkyne position (with aromatic or
aliphatic substituents) were found to be unreactive under
the reported reaction conditions. A similar outcome was ob-
served when p-ketoesters giving rise to six- or seven-mem-
bered rings were used. 3-Diketones giving rise to five-mem-
bered rings were found to be suitable substrates and were
cyclized under the reported reaction conditions but in mod-
erate enantiomeric excess. For example 2-(pentynyl)-1-phe-
nylbutane-1,3-dione was cyclized completely (98% conver-
sion after two days) under optimal reaction conditions in
45 % ee.

Stereochemical outcome of deuterated substrates: Further
mechanistic insight was gained by repeating the reaction
with monodeuterated substrate 4.

At low conversion,”) the predominant monodeuterated
product was (E)-7. This is consistent with the intermediacy
of a ligated copper enolate that undergoes an enantioselec-
tive syn-carbocupration followed by a final protodemetalla-
tion step as shown in Scheme 1.5

Kinetic measurements: Kinetic profiles were determined at
different copper and pre-catalyst loadings. Conversion was
measured by 'HNMR spectroscopy after 16 h in CD,CL,.
First, the amount of CuOTf.!/,CsH; was fixed at 5mol%
and a series of reactions were performed whilst the loading

www.chemeurj.org
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Table 4. Scope of the catalytic asymmetric Conia-ene reaction.

investigated using the initial

29 1b or 1d (20 mol%) JC|> o rates method (Figure 4). The
R R? > R 5 R rate dependence on the concen-
S CUOTfé/IiC(g:-'G F(‘sT mol%) tration of copper ions was stud-
2Vl2, . . .
2a-f 3ar ied at a fixed concentration of
Entry Product R! R’ Pre-cat. t [days] Yield [%] ee [%] pre-catalyst . Ib of 0.02m
; R - oM o s - % (20 mol % with respect to -ke-
-Ja e . .
5 (R)-3b Ph OFt b 15 0 o1 toester 2a) by varying the per-
. ) ’
3 (R)-3¢ Ph OBn 1b 15 95 89 centage of CuOTf-/,CHg in
4 (R)-3d 4-Me-C¢H, OMe 1b 3 97 92 the region of 0.64—4.00 mol %.
5 (R)-3e 3-Me-CH, OMe 1b 2 99 92 Inhibition due to copper ions
6 (R)-3f 2-Me-C.H, OMe 1b 1 67 87 . .
was less pronounced in this
7 (R)-3g 4-MeO-C4H, OMe 1b 10 91 91 b
3 (R)-3h 3-MeO-CH, OMe b 15 % 93 concentration range, as shown
9 (R)-3i 4-F-C¢H, OMe 1b 4 74 92 in Figure 2. The reaction order
10 (R)-3j 2-F-CH, OMe 1b 1 77 89 with respect to CuOTf-!/,C¢Hy
11 (R)-3k 4-Br-GeH, OMe 1b 1 87 93 was found to be 0.36, confirm-
12 (R)-31 3,4-di-Cl-C¢H; OMe 1b 1 83 92 . . e e .
13 (R)-3m 4 Ph-CH, OMe 1b 1 89 89 ing that a series of equilibria is
14 (R)-3n 2-naphthyl OMe 1b 2 84 91 involved in the reaction mecha-
15 (R)-30 Me OEt 1b 1.5 85 83 nism. The reaction order with
16 (R)-3p Me OBn 1b L5 67 80 respect to pre-catalyst 1b was
}; Eg;';? E}tl Sg;h ig 2'5 ;; ;z studied at a fixed concentration
19 (S)-3a OMe Ph 1d ) 0 _89 of CuOTH.!/,C¢Hy (0.005m) in a
20 ($)-30 OEt Me 1d 2 90 74 5 mol % ratio with respect to [3-
ketoester 2a. The reaction
L o o
o o Cu ¥ ? 0
1d (20 mol%) Do o o~ pre-catalyst 1b b, o~
Ph OEt  Cu(OTf) -/5CeHe 5 mol% |[:\/; o Q CUOTH-"/,CeHs
. CHCl> e N CD,Cl, RT, 16h
D 4 3h 2a 3a
5 E=CO,Et
L=1d
(|
H C
D \ (@] H* D \ . (0]
Ph Ph
CO,Et CO,Et
7 6

Scheme 1. Reaction outcome with deuterated substrate 4.

of the pre-catalyst 1b was varied (Figure?2). Next the
amount of pre-catalyst 1b was fixed at 20 mol% and the
CuOTf-'/, C¢Hg was varied in the range of 0—40 mol %.
Interestingly, on increasing the copper loading (above
5mol %), the reaction rate decreased. We hypothesize that
at high copper loading the basic sites of the pre-catalyst are
preferentially ligated to the metal ion and, therefore, pre-
catalyst 1b is not able to act as a Brgnsted base in the de-
protonation of the [(-ketoester. Increasing the loading of
pre-catalyst 1b at a fixed 5mol% of CuOTf.'/,CH, gave
rise to a linear increase in the reaction rate in the range of
5-30 mol % (grey diamonds in Figure 2). Next, the order of
reaction with respect to each of the components was stud-
ied. The reaction was found to be first order in the substrate
as illustrated in Figure 3. With In[2a] plotted against time, a
linear relation is clearly shown, typical of a first-order kinet-
ic profile with respect to the substrate. The order of reaction
with respect to CuOTf.'/,C¢H, and pre-catalyst 1b was then
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—e— pre-catalyst loading at 5 mol% Cu

—a— Cu loading at 20 mol% pre-catalyst

Conversion at 16 h

10 15 20 30

% Catalyst

25 35 40

Figure 2. Conversion as a function of loading of CuOTf.'/,CsH, and pre-
catalyst 1b.

order with respect to pre-catalyst 1b was found to be 1 in
the range of concentration 0.00967-0.0392Mm (10 to 40 mol %
with respect to f-ketoester 2a). To establish the rate-deter-
mining step in the reaction, kinetic isotope measurements
were considered. Mono- and bis-deuterated substrates 8 and
9 (Figure 5) were tested under the standard reaction condi-
tions (0.1M, 20 mol% of pre-catalyst 1b and 5 mol% of
CuOTf-!/,C¢Hg). Here it should be pointed out that deuteri-
um scrambling is observed between the C,—H of the ke-
toester and the alkyne C-D, so the use of a doubly deuterat-

Chem. Eur. J. 0000, 00, 0-0
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o o o o
o 1b (20 mol%) . o
CuOTf-1/,CgHg (5 mol%)
X
CD,Cly, RT
2a 3a
100
90
80

Conversion
(2]
o

0 5 10 15 20 25
Time/h

y=-0.1057x - 2.3448
R?=0.999

Figure 3. Substrate reaction order.

ed substrate was envisaged to establish whether or not the
carbon—carbon bond-forming step was rate-determining.
When mono-deuterated substrate 8 was used, a primary
kinetic isotope effect was observed in the initial rate
(ku/kp=3.9). When doubly deuterated substrate 9 was used,
a primary kinetic isotopic effect was also observed (ky/kp=
4.5), which suggested that the rate-determining step is not
the carbocyclization step. This is further supported by the
fact that no correlation between enantioselectivity and reac-
tion rate is observed. For example, for all the points of the
graphic in Figure 2, the product is always formed with a con-
stant enantiomeric excess of 92 %. The observed kinetic iso-
tope effect suggests that the rate-determining step involves
the breaking of a bond to hydrogen. In this case, two possi-
ble scenarios emerge: 1) the rate-determining step is the de-
protonation of the C,—H bond of B-ketoester 2a or 2) the
rate-determining step is a protonation event occurring after
the C—C bond formation; in this case the kinetic isotope
effect would be related to the breaking of a N—D bond of
the protonated bridgehead ammonium enolate formed after
the initial deprotonation of the B-ketoester. To discern be-
tween these two possibilities, we measured the carbon iso-
tope effect employing Singleton’s NMR spectroscopic tech-
nique at natural abundance.'” *C NMR spectra were meas-

Chem. Eur. J. 2013, 00, 0-0
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§ 0.07
w
5 0.06
g 005
8- +0.003834 M, 4.00 mol%
0.04 #0.002416 M, 2.50 mol%
0.03 40.001189 M, 1.25 mol%
0'02 =0.000613 M, 0.64 mol%
720 30 40 50 60 70 80 90 100 110 120
Time/min
-6
y=0.361x - 4.2989 62
R2=0.9804 -6.4] =
-6.6] £
-6.8
-7.0
72
-9-85 -8 75 -7 65 -6 -55 -5 -45 4
In[Cu]
0.24
0.22
5 02
5 0.18 #0.0392 M, 40 mol%
2 o416 +0.0289 M, 30 mol%
e =0.0239 M, 25 mol%
0.14 +0.0167 M, 17.5 mol%
012 =0.0140 M, 15 mol%
: 40.00967 M, 40 mol%
0.1
20 120 170 220 270
Time/min
-5
y=1.0083x - 2.4952 . -5.5
R?=0.9423 -
% i
A 5
. 6.5
. * -7
75
55 -5 45 -4 -35 -3 -25 -2

In[pre-catalyst]

Figure 4. Reaction order for CuOTf-!/,C¢H, and pre-catalyst 1b.

ured for the virgin starting material 2a and then for the re-
covered 2a after the reaction was run for 48 h (97 % conver-
sion). An enrichment in C for a given carbon atom of the
recovered starting material indicates that the carbon atom is
involved in a bond that is broken in the rate-limiting step.
The ratio of integrals between recovered 2a and virgin 2a
(as the average of three runs) is reported in Scheme 2. A
pronounced kinetic isotope effect (1.043) was observed for
the C, atom of recovered f(3-ketoester 2a in comparison to
all other carbon atoms (Scheme 2).

To gain further insight into the deprotonation event, the
rate of substrate racemization was also monitored. Initially,
(4)- and (—)-2a were treated separately with pre-catalyst
1b (in the absence of a copper salt) and the specific rota-
tion, [a]p, was measured as a function of time. As shown in

www.chemeurj.org
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oL0
o (20 mol%) @) #
N CuOTf- 1/2<:6H6 (5 mol%)
R CD.Cly, RT

R=D,R'=H,8 kilkp 3.9 R=D,R"=H,10
R=R'=D,9 kylkp 4.5 R=R'=D, 11
100

90 —— 2a

80 —&— 8

70 =

Conversion

Time/h

Figure 5. Kinetic isotopic effect for substrates 8 and 9.

1.017 1.043 4009
o}

1b (20 mol%) 995 l
3a +

2a
CuOTf - 1/,CgHg (5 mol%)
CHaCly, RT

2a (recovered)

Scheme 2. Natural abundance "*C kinetic isotope effect measured at 97 %
conversion.

Figure 6A, the rates of racemization of enantiomeric [3-ke-
toesters, (+)- and (—)-2a in the presence of 1b were essen-
tially the same: both substrates were fully racemized within
7 h, forming the same product mixture with 1b. This demon-
strates that enolization by the pre-catalyst in the absence of
Cu is rapid on the timescale of the reaction (typically 24—
48 h). Figure 6B shows the change in specific rotation in the
presence of Cu', with and without the addition of pre-cata-
lyst 1b. Racemization was not observed unless both Cu' and
pre-catalyst were present.

The measured primary D/H and "*C/"*C KIEs both indi-
cate that the RDS involves breaking the o-C—H bond. In
the presence of Cu', this suggests that formation of the Cu-
enolate is rate-limiting. Enolization of substrate by pre-cata-
lyst 1b is competitive and does not require Cu'; however,
this is unproductive and does not lead to cyclization.

Pre-catalyst role: To further understand the role of pre-cata-
lyst 1b in the reaction mixture, we decided to replace 1b
with a combination of an organic base (either quinuclidine
or 2-tert-butylimino-2-diethylamino-1,3-dimethylperhydro-
1,3,2-diazaphosphorine (BEMP)) and model urea 12 or 13
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A)
10
m (-)-2a+cat. 1b
0 (+)-2a+cat. 1b
—10 ® rac-2a+cat. 1b
o
T 20 "
-30
—40
-50
0 50 100 150 200 250 300 350 400 450
Time/min
B
) 10 J— e (-)-2a+1b
0 o rac-2a+1b
@ A rac-2a+1b+Cu
-10 4 ¢ (-)-2a+1b+Cu
o © (-)-2a+Cu
T -20°
-30 i//‘/'/
-40
-50
0 50 100 150 200 250 300 350
Time/min

Figure 6. A) Racemization rate of (4+)- and (—)-2a in the presence of
pre-catalyst 1b. B) Racemization rate of (—)-2a in the presence of pre-
catalyst 1b and in the presence of pre-catalyst 1b and CuOTf-!/, CgH.

(Figure 7A). This idealized system was designed to gain fur-
ther insight into the role of the tertiary amine and the urea
moieties and has been used to understand if the urea is play-
ing an active role or if the active catalytic site on pre-cata-
lyst 1b is only the tertiary amine. Figure 7A shows the reac-
tion conversion at a fixed amount of 5mol% of
CuOTf'/,C¢H,, and 20 mol % of organic base (either quinu-
clidine or BEMP), when the loading of ureas 12 or 13 is
varied in the range of 0-50 mol%. This clearly illustrates
that cyclic urea 13 is completely inactive in catalyzing the
reaction, whereas urea 12, with two N—H protons capable of
forming hydrogen-bonding interactions, increases the reac-
tion rate upon an increase in loading. A second point that
emerges is that conversion in the presence of BEMP is
much higher than in the presence of quinuclidine. This data
is in good agreement with the difference in pKgy, between
the two bases!'!! and in support of a rate-determining enoli-
zation step. We then looked at the conversion when urea 12
and CuOTf'/,CsH, were fixed at 20 and 5 mol %, respec-
tively, and the amount of BEMP was varied in the range of
0-50 mol % (Figure 7B).

In the absence of base (0 mol % of BEMP) no reaction is
observed and this data is in agreement with the cooperative
nature of the catalytic system, in which both a urea and an
organic base are required for the reaction to occur. Interest-
ingly, when the base loading is higher than the loading of
urea 12, a decrease in the reaction rate is observed. One
possible hypothesis is that deleterious complexation of Cu'
with excess BEMP lowers the amount of reactive copper in
the reaction mixture."”

The graphics in Figure 7 demonstrate that the observed
rate acceleration due to amino-urea 1b is not simply a
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Figure 7. A) Conversion studies at different loadings of ureas 12 and 13
in the presence of BEMP or quinuclidine. B) Conversion studies at differ-
ent loadings of BEMP in the presence of 20 mol % of urea 12.

ligand effect on the Cu: when pre-catalyst 1b is ‘split’ into
two separate chemical entities the presence of both urea
and basic functional groups are essential in maintaining cat-
alytic activity, which suggests that pre-catalyst 1b is promot-
ing enolization by acting as a Brgnsted base and as a hydro-
gen-bond donor.

Origins of enantioselectivity: Further experiments were re-
quired to gain a better understanding of the enantio-deter-
mining step and an investigation of possible nonlinear ef-
fects!" was performed. The enantiomer of pre-catalyst 1b
was not readily available. Therefore, we performed these ex-
periments with pre-catalyst 1t,'¥) easily available in both
enantiomeric forms. The ee value of product 3a was studied
as a function of the ee value of pre-catalyst 1t (Figure 8). A
linear correlation would imply that the chiral species re-
sponsible for asymmetric induction is monomeric in the
enantio-determining step. In contrast, a nonlinear relation-
ship implies that the active chiral catalyst is formed by asso-

Chem. Eur. J. 2013, 00, 0-0

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

o o
o 1t (20 mol%) . o
CuOTH-1/,CHg (5 Mol%)
S

Solvent, RT
2a 3a

—e—Dichloromethane
—a—MeOH

10 20 30 40 50 60 70 80 90 100
% ee of pre-catalyst 1t

Figure 8. Nonlinear effect between ee of pre-catalyst 1t and ee of product
3a in CH,CIl, and MeOH.

ciation of the pre-catalyst into diastereomeric aggregated
species in solution. Given the formation of precipitates in
the reaction mixture (especially when CH,Cl, is used as the
solvent), two sets of experiments were performed, using
either CH,Cl, or MeOH.

Figure 8 shows that a linear correlation is observed when
MeOH is used as the solvent, whereas a slight positive non-
linear relationship between the two enantiomeric values is
obtained using CH,Cl,. This suggests that the active catalytic
species responsible for asymmetric induction is monomeric;
however, the nonlinear effect observed in CH,Cl, is most
likely due to solubility effects,'! which are particularly ac-
centuated in the chlorinated solvent (when catalyst 1t was
mixed with an equimolar amount of its enantiomer in
CH,CI, the formation of a crystalline precipitate is clearly
observed).

Modeling studies: To aid in the interpretation of our experi-
mental studies and to shed light on the origins of enantiose-
lectivity, we performed quantum chemical calculations by
using DFT with Gaussian 09.! The M06-2X meta-hybrid
GGA density functional!'” was used for geometry optimiza-
tion and, along with B3LYP,*® for single-point energy calcu-
lations. The M06-2X functional was chosen in this study as it
has been parameterized to treat dispersion interactions, that
are entirely absent from the (older) hybrid GGA function-
als."™ Such non-covalent interactions are expected to be im-
portant for asymmetric induction,™ barrier heights and re-
action energies over an uncorrected hybrid GGA functional,
such as B3LYP.

Restricted Kohn-Sham DFT calculations were used
throughout. For all geometry optimizations the Pople all-
electron 6-31G(d) double-T valence basis set was employed
for C, H, N, O and F atoms in combination with the Hay
Wadt LANL2DZ effective core potential® (ECP) and
double-C valence basis for Cu. A larger 6-311+G(d,p)
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triple-C valence basis set and LANL2TZ(f) ECP plus triple-
¢ valence basis combination was used for single-point
energy calculations.”™ An ultrafine (99,590) grid containing
99 radial shells and 590 angular points per shell was used for
the numerical integration in the calculation of single-point
energetics.”!! Stationary points were verified as minima
(zero imaginary frequencies) or transition structures (a
single imaginary frequency) with harmonic frequency calcu-
lations at the same level of theory as optimizations, and
Gibbs free energies were computed at 298 K after shifting
very low frequencies below 50 cm™! to a value of 50 cm™! to
prevent spuriously large vibrational entropic terms. Due to
the insensitivity of conversion and enantioselectivity with re-
spect to the solvent observed in our experiments, optimiza-
tions were performed in the gas phase; however, the effects
of solvation have been included through single-point energy
calculations with a CPCM model by using UAKS radii.l*
Where applicable, all possible efforts were made to find the
lowest-energy conformations by performing geometry opti-
mizations from different starting points. Natural bond orbi-
tal (NBO) calculations were performed with NBO 3.1%% and
Wiberg bond orders computed.””!

To gain a qualitative and quantitative understanding of
the observed stereoinduction we modeled competing stereo-
determining C—C bond-forming transition structures (TSs)
by using quantum chemical calculations. The nature and ge-
ometry of this TS were established by performing calcula-
tions on a model system: a syn-carbocupration TS in which
the two C—O bonds are aligned was computed to be ener-
getically preferred over isomeric Cu enolates and alternative
mechanisms involving hydrogen-transfer to the terminal
alkyne from an enol nucleophile (Figure S1). Models were
also considered in which the Cu counterion (chloride) was
still present in the carbocylization step; however, the com-
puted activation free-energy barrier of C—C bond formation
is around 10 kcalmol ™ higher than for a Cu/amine complex
(see Figure S2 in the Supportig Information) and thus these
other models were discounted. We thus focussed on the
computational description of the carbocyclization step
shown in Figure 9. In our model, a simplified structure lack-
ing the olefin substituent on the quinuclidine was used to
describe the pre-catalyst 1b. This modelling assumption is
justified by the similar ee (with opposite sign) obtained
when using pseudoenantiomeric pre-catalyst 1d, differing
only in the positioning of the vinyl substituent. For substrate
2a and model pre-catalyst 1b, we performed a number of
optimizations starting from different geometries of the pre-
catalyst with respect to the cyclic core of the TS. This search
process yielded eight unique conformations (four enolate Re
face attack, four enolate Si face) from which the lowest-
energy and thus most important diastereomeric pair, making
up 87% of the conformer distribution at 298 K, are shown
below in Figure 9.

The low-energy TSs are both characterized by a six-mem-
bered cyclic TS in which the alkyne and enolate are both co-
ordinated to Cu' The syn-carbometallation across the
alkyne of these models is consistent with the experimentally
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Figure 9. Top: Optimized M062X/6-31G(d) structures of lowest-energy
competing TSs for C—C bond formation of 2a catalyzed by a simplified
version of 1b (H atoms are omitted for clarity). ZPE-inclusive M062X/6-
31G(d) relative energies, with M062X/6-311+G(d,p) in parentheses,
shown in kcalmol™'. Bottom: Wiberg bond orders and distances (A) for
key interactions in the TSs and for a simplified model.

observed stereoselectivity of deuterium incorporation in
Scheme 1. Pre-catalyst coordination to Cu' occurs through
the quinuclidine nitrogen atom, leaving the urea group to
hydrogen bond with one of the oxygen atoms. Coordination
of the urea oxygen to Cu is disfavored by ca. 13 kcalmol ',
and other H-bonding modes were calculated; however, the
pre-catalyst scaffold evidently favours the mode shown in
Figure 9. The optimized TS geometries for enolate Re and
Si face attack show the former is favored by 1.3 kcalmol ™/,
in accord with experiment in which this is the major enan-
tiomer in 92% ee (the M062X/6-31G(d) computed ee from
competing Boltzmann factors is 82 %).

One marked structural difference between the diastereo-
meric TSs that could account for the facial selectivity is the
lack of any ester O—Cu interaction in the disfavored TS. The
metal plays a dual role in the Conia-ene TS: to coordinate
strongly to the charged [-dicarbonyl enolate while also acti-
vating the n*coordinated alkyne. It is the former of these
two roles that differs between the Re and Si TS. Relative to
a trimethylamine: a Cu' model system lacking any hydro-
gen-bonding contributions, the effect of the two H-bonding
interactions formed between the urea group and one of the
oxygen atoms is to weaken the strength of the correspond-
ing O—-Cu interaction. This is evident from bond distances
and calculated bond orders (BOs) in Figure 9, in which rela-
tive to a model TS, the ketone O-Cu interaction lengthens
by 0.13 A and loses 0.05 in terms of BO in the major TS,
and the ester O—Cu interaction effectively disappears in the
minor TS. The strength of hydrogen-bonding interactions is
very similar for the two TSs, as judged by O-H distances
and computed BOs, and serves to compensate for the loss of
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Cu—O bonding. However, critically in the major TS urea co-
ordination occurs at the more electron-rich ketone oxygen,
which is able to remain bound to Cu, whereas in the minor
TS the ester oxygen atom is unable to do both and sacrifices
Cu coordination to engage in hydrogen bonding. Further
calculations on the model of pre-catalyst 1b with a substrate
possessing an aliphatic ketone (c.f. Table 4, methyl ketones
30, 3p, and ethyl ketone 3q) yield a computed selectivity of
93% in favour of Re-face attack, in accord with experiment
(79-83 % ee). Pre-catalyst 1t gives comparable selectivity in
experiment (81% ee) and the computed selectivity again is
in good agreement, albeit slightly overestimated, at 95 % ee.
Competing transition structures are shown below in
Figure 10. A common mode of stereoinduction is seen for

minor-Si
E +2.4 (+1.9)

Y/ ,  major-Re
d E, 0.0 (0.0) %

p— \ k’
230 { '
210 iéﬂ 2;§_8|.é:
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Figure 10. Optimized M062X/6-31G(d) structures of lowest-energy com-
peting TSs for C—C bond formation (H atoms are omitted for clarity) of
30 catalyzed by simplified 1b (top) and of 3a catalyzed by 1t (bottom).
ZPE-inclusive M062X/6-31G(d) relative energies, with M062X/6-311 4 G-
(d.p) in parentheses, shown in kcalmol ', distances in (A).

all of the substrates and pre-catalysts studied computational-
ly: in enolate Si-face attack the ester carbonyl O-Cu inter-
action is lost at the expense of two hydrogen bonds to the
urea of the pre-catalyst, whereas the major pathway pre-
serves both of these stabilizing interactions.

Conclusion
On the basis of the experimental evidence and computation-

al modeling described above, we propose the catalytic cycle
shown in Scheme 3, in which the amino urea pre-catalyst 1b
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is involved in two distinct roles: ligating to the Cu' and pro-
moting enolization and subsequent formation of a reactive
copper enolate that undergoes syn-carbocupration. The for-
mation of a 1:1 [Cu]/[pre-catalyst] complex is supported by
nonlinear studies (see Figure 8). Background enolization in-
volving 1b without Cu is possible, but ultimately unproduc-
tive. Cu is certainly present in the rate-limiting enolization
step (since the order with respect to Cu is non-zero), which
is then followed by syn-carbocupration, a cyclization mecha-
nism supported by deuterium labeling and predicted by
DFT studies to be the lowest energy pathway. Ligation of
1b to the Cu-enolate imparts asymmetry in the stereode-
terming C—C bond-forming step. Computed relative ener-
getics for the diasteromeric transition structures are in good
agreement with observed levels of enantioselectivity. Final
protodemetallation furnishes the cyclized product 8 and re-
generates pre-catalyst 1b. The urea group of the pre-catalyst
plays a key role through hydrogen-bonding interactions with
the oxygen atom of the enolized ketone, which provides ad-
ditional organization to discriminate the diastereomeric
transition structures.

Experimental Section

General procedure for Conia-ene cyclizations: The f-ketoester or [3-ke-
toamide 2a-r (0.2 mmol) was added to a solution of CuOTf-!/, CgH,
(2.5 mg, 0.01 mmol) and 1a-t (22 mg, 0.04 mmol) in dry CH,Cl, (2 mL).
The mixture was stirred at room temperature until complete consump-
tion of the B-ketoester or B-ketoamide was indicated by TLC analysis.
The solvent was then removed under reduced pressure and the crude
product obtained was purified by flash column chromatography.
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Enantioselective Conia-Ene Reaction
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Cooperation is key! A detailed mecha-
nistic study on the enantioselective
Conia-ene reaction catalyzed by cin-
chona-derived amino urea pre-catalysts
and Cu' is reported (see scheme;
Tf=trifluoromethanesulfonate). A
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combination of experimental consider-
ations and quantum mechanical calcu-
lations has been carried out to prove
the cooperative nature of the system

and propose a plausible catalytic cycle.
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