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Optically pure oxazolidines were synthesized in nearly quantitative yields from chiral hydroxyalkyl-functionalized
imidazolinium salts. Acting as transient chiral diamino N-heterocyclic carbenes (NHCs), these oxazolidines allowed the
efficient formation of well-defined copper(l) and gold(l) hydroxyalkyINHC complexes, which could be isolated, for the first
time, as air stable complexes after silica gel chromatography. Interestingly, X-ray analysis of gold complexes revealed that
the hydroxyl-function is not chelated to the metal. Computational studies suggested that both cyclisation to produce
oxazolidine and O-H bond elimination to form the transient carbene (prior to coordination) occur through a concerted
mechanism. The novel chiral copper-catalysts, as well as oxazolidines alone (copper free), demonstrated excellent
performances in asymmetric conjugate addition and allylic alkylation with high regio- and enantio-selectivities (up to 99%
ee).

Alkylation (AAA), two major organometallic reactions for the
Introduction formation of C-C bonds.”

Since their discovery in the early 1960s, N-heterocyclic
carbenes (NHCs) have become privileged ligands for numerous
transition metal (TM) catalysed transformations, in both (a) Privileged NHC precursors for Cu-catalyzed asymmetric transformations
academic and industrial research environments.! Due to their X
remarkable ability to generate a strong sigma-bond with the
metal, these ancillary ligands improved drastically the catalyst
activities, even surpassing the popular phosphorus-based LH-X HO
ligands. With a versatile and highly modular steric (b) Amnold et al. (2008):
environment, exploration of chiral NHCs as stereo-directing

ligands has naturally emerged in the early 1990s. With N YIN(SiMe3)]s d

resounding successes, their use in enantioselective catalysis 'P’H Y Pr \>\
has greatly accelerated in the last decade. Thanks to their easy 51% yleld
and straightforward synthetic access, a plethora of chiral NHC Y-
ligands featuring various elements of symmetry were
developed and studied in asymmetric catalysis.2 Among them,
the class of diaminocarbene precursors LH-X bearing a chiral
hydroxyalkyl-chelating side chain (Figure 1,a), readily
accessible in 1 to 5 steps,3 has proved to be quite efficient in
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Figure 1 (a) Privileged chelating hydroxyalkyl-NHC ligand precursors for Cu-
catalysed asymmetric transformations. (b) Previous synthesis of hydroxyl-
chelating NHC-Yttrium complex from achiral oxazolidine. (c) Proposed synthetic
route to chiral hydroxyalkyl-functionalized NHC copper and gold complexes (this
work).

A wide range of Zn-, Mg-, B- and Al-based organometallic
nucleophiles and Michael acceptors or allylic substrates were
investigated leading to numerous building-blocks, including
challenging chiral all-carbon quaternary centers, in good to
excellent yields with remarkable enantioselectivities (up to
99% ee).6 Moreover, these highly selective catalytic
methodologies were successfully applied in the total synthesis
of complex natural products.7 Noteworthy, all catalytic
transformations were exclusively done through the in situ
formation of related Cu-catalytic species by just mixing LH-X (X
= Cl or PFg), a base® and Cu(l)- or Cu(ll)-salts. Nevertheless,
several DFT studies were accomplished enabling to propose
some mechanistic insights to explain the high levels of regio-
and enantioselectivity reached, notably in the case of
polyconjugated substrates.’ Unfortunately, all attempts to
isolate and characterize a well-defined chiral chelating copper-
hydroxyalkyl-NHC complex have failed. In 2008, Arnold and co-
workers reported the successful synthesis of chelating alkoxy-
NHC yttrium complex Y-1 (Figure 1,b) from achiral oxazolidine
1, suggesting the formation of a transient carbene.’® We
report herein that chiral hydroxyalkyl-NHC copper and gold
complexes may be readily formed from oxazolidine
intermediate 2 derived from optically pure imidazolinium salts
L1H-Cl (Figure 1,c). The solid-state structure of gold complexes
show that hydroxyl-function is not coordinated to the metal.
The mechanisms for both the oxazolidine and the transient
carbene formation as well as the metal insertion are supported
by DFT calculations. Additionally, the resulting well-defined
chiral copper-catalysts, as well as the oxazolidines,
demonstrate excellent catalytic performances in Cu-AAA and
Cu-ACA.

Results and discussion

Our study began with the preparation of oxazolidines 2 from
the well-known hydroxyalkyl-imidazolinium chloride salts
L1aH-Cl and L1bH-Cl featuring either a N-2,6-diisopropylphenyl
(DIPP) or a N-2,4,6-trimethylphenyl (Mes) substituent in
association with a N-(S)tert-leucinol moiety (Scheme 1).3a After
a rapid screening of several bases (see ESI" for details),
potassium hexamethyldisilazide (KHMDS) appeared the most
effective one producing exclusively oxazolidines 2a and 2b
within 5 minutes at ambient temperature. These latter were
then isolated in quantitative yields after a simple filtration
through a pad of celite. Interestingly, similar high yields were
also obtained at 500 mg scale (see Esi” for details). In
accordance with Marazano works,11 the cyclisation occurred in
opposite way to the tert-butyl group leading to a trans
relationship between the two stereogenic carbons. This
structural feature was confirmed by X-ray diffraction analysis
of oxazolidine 2a, allowing to attribute the absolute
configuration of the new stereogenic center (S, Figure 2). As
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two possible pathways could be envisaged involving either the
deprotonation of the hydroxyl function followed by the
nucleophile addition of the resulting alcoholate to the iminium
(path A, Scheme 2)*? or the deprotonation of imidazolinium
proton and the subsequent carbene insertion to the OH bond

(path B), mechanistic insights were investigated by DFT
calculations (Figure 3).13
Rl N/_\N ‘Bu RU /N
_@/ o KHMDS (1.0 eq.) —@/N?N ‘Bu
R2 R! e) ] R2 RL ;J(’S)
cl HO THF, rt, 5 min. H O

single diastereoisomer
(S,S)-2a (>99% yield)?
(S,S)-2b (>99% yield)®

LlaH-Cl (R1=iPr, R2= H)
L1bH-Cl (R!= R2= Me)

Scheme 1 KHMDS-mediated diastereoselective formation of oxazolidines 2a,b.
“Isolated yield after silica gel filtration.

Figure 2 Solid-state structure of oxazolidine (S,5)-2a from single crystal X-ray
diffraction. Displacement ellipsoids are drawn at 50% probability. Most hydrogen
atoms have been omitted for clarity (N in purple, Cin grey, O in red, H in white).

Starting from LlaH, set as energy, both
deprotonated species are energetically favored, with the
carbene intermediate C being 31.2 kcal/mol more stable than
LlaH and the alternative alcoholate lying at -16 kcal/mol, i.e
15.2 kcal/mol higher in energy with respect to carbene C
(Figure 3). Starting from the thermodynamically favored
carbene species C, the formation of the C-O bond and the
transfer of the proton from oxygen to carbon are synchronous
and lead directly to the formation of oxazolidine 2a in a
concerted event. Any attempts to
mechanism failed. The reductive elimination transition state
TS1 requires an energy barrier relative to C of 9.1 and 15.3
kcal.mol™ for the formation of S,S and S,R product,
respectively. The (5,5)-2a at -40.4
kcal.mol™ is thermodynamically more favored by almost 5
kcal/mol respect to (S,R)-2a lying at -35.7 kcal.mol™. The
calculated AAG® of 6.2 kcal.mol™ between the two
enantiomeric transitions states clearly indicates the exclusive
(5,5)-2a product, in agreement with
experiments. The analysis of transition state geometries
highlights that the unfavored (S,R)-TS1 is destabilized by steric
repulsions between the NHC backbone and the tert-butyl
group (see short distances in Figure 3).

zero-point

localize a stepwise

resulting oxazolidine

formation of the

This journal is © The Royal Society of Chemistry 20xx
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Scheme 2 Plausible pathways for cyclisation leading to oxazolidine (S,S)-2.
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Figure 3 DFT calculations regarding the mechanism of the oxazolidine (S,5)-2a formation from LlaH.
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(The CI" and K* were not considered in the calculations).

Having these optically pure oxazolidine (S,5)-2a,b in hand,
the introduction of transition metals to yield corresponding
chelating hydroxyalkyl-NHC-metal complexes was next
investigated (Scheme 3). While 2a,b remained totally inert
toward CuCl salt,
CuBr-SMe, enabled the formation of novel air-stable copper
complexes CuBr-1a and CuBr-1b in respectively 54% and 55%
yields after silica gel purification.

we were delighted to observe that

Rt/ \ Bu
"
R2 RL Y
CuBr-SMe, Cu Lo
THF rt, 1 h Br
R\ CuBr-1a (54% yied)?

N N CuBr-1b (47% yied)®

'B
Rz‘@; "KI — R N/—\N Bu
LY ‘)’

(S,S)-2a (R= iPr, R%= H)

(5,5)-2b (R= R2= Me) AuCI-SMe; AU L
THF,1t, 1h
cl

AuCl-1a (84% yield)?
AuClI-1b (40% yield)®

Scheme 3 Synthesis of chiral hydroxyalkyl-NHC CuBr-1a,b and AuCl-1a,b
complexes from oxazolidines 2a,b. ° Isolated yields after silica gel filtration.

This journal is © The Royal Society of Chemistry 20xx

Figure 4 Solid-state structure of AuCl-1a (left) and AuCl-1b (right) complexes from
single crystal X-ray diffraction. Displacement ellipsoids are drawn at 50% probability.
Most hydrogen atoms have been omitted for clarity (N in purple, C in grey, O in red, H
in white, Cl in green and Au in yellow). For AuCl-1b, only one molecule of the
asymmetric unit is shown (see ESI for details).

Similarly, the reaction with AuCl-SMe, produced the NHC-gold
complexes AuCl-1a and AuCl-1b in 84% and 40% isolated yields
after purification. Interestingly, the "H-NMR analysis showed
that the hydroxyl-functionality was not chelated to the metal.
This structural feature was unambiguously confirmed by solid-
state structure analysis of AuCl-1a,b complexes by X-Ray
diffraction (Figure 4). Intrigued by the presence of the free
hydroxyl function, DFT calculations about the transient
carbene formation and the gold-metal insertion were next
investigated (Figure 5). Starting from oxazolidine (S,5)-2a, the
backward reductive elimination transition state TS1 requires
an energy barrier of 18.3 kcal.mol™ with the transient
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carbene C being almost 9 kcal.mol™ higher than the reactant.
However, the following gold insertion step occurs easily with a
relatively low energy barrier of only 5.4 kcal.mol™ with respect
to carbene C, pushing the reaction towards the product.
Overall, the thermochemistry of the reaction is estimated to
be highly exergonic, with AuCl-1a complex plus SMe, being at -
21.4 kcal.mol™ respect to (5,5)-2a plus AuCl-SMe,. Any
attempts to localize transition states for coordination of gold
to the carbene carbon before oxygen leaves were ruled out
due to the higher energy barriers involved.

The catalytic performances of these new transient carbene
precursors (S,5)-2a,b and their related copper catalysts CuBr-
1a,b were further evaluated in asymmetric catalysis. The allylic
alkylation of cinnamyl phosphate S1 with diethylzinc was first

DGrue
(kcal.mol)

Journal Name

studied (Table 1). In comparison with the previously reported
catalytic system LlaH-PFg/(CuOTf),-toluene which required the
prior deprotonation of the imidazolinium salt by n-Buli to form
the corresponding Cu-NHC catalytic species,sa'14 we were
delighted to observe a similar catalytic performance with
oxazolidine 2a in presence of (CuOTf), toluene complex
(entries 1-2). A full-conversion occurred within 30 minutes at
ambient temperature with the exclusive formation of the
expected product y-P1 in 92% isolated yield and 89% ee. With
CuBr-SMe,, oxazolidine (S,S)-2a led also to y-P1 in a slightly
higher 97% yield and 88% ee (entry 3).

2.65A

TS2  2.40A N
| —
145
(AUCI-SMeZ

92
—
Carbene C SMe,
e e
// N N AN
oo iPr ipr
- . HO N NN
TN LCLY
ipr H | HO
rH O Cl
., AuCl-1a
\—
-21.4

Figure 5 DFT calculations regarding the mechanism of the transient carbene formation from oxazolidine (S,5)-2a followed by the gold insertion to produce AuCl-1a complex.

As expected, the well-defined and air stable copper catalyst
CuBr-1a (1 mol%) gave similar high efficiency affording y-P1 in
quantitative yield and 89% ee (entry 4). Interestingly, without
copper,15 2a was also able to catalyse efficiently the addition
of Et,Zn, producing the desired y-P1 in excellent 98% yield with
the same performance of chiral induction (90% ee, entry
5).16'17 Remarkably, 2a remained active as low as 1 mol%
affording the ramnified product y-P1 in respectable 76% yield
and up to 91% ee (entry 6); nevertheless, a prolonged reaction
time (23 h) were required. Changing from Dipp to Mes
N-substituent did not influence dramatically the reaction as
CuBr-1b complex gave similar results in terms of chiral
induction as well as reactivity (entries 4 and 7). However, the
chiral oxazolidine (S,S)-2b surprisingly remained inert, as no
conversion was observed (entry 8 vs entry 5). It is worth
mentioning that Grignard reagent (EtMgBr) also provided
similar excellent results when CuBr-la was employed as
catalytic system affording expected product y-P1 with 90% ee
and 92% isolated yield (entry 9). In contrast, a dramatic drop of
selectivity was observed in copper-free conditions with 2a,
leading to a mixture of non-separable regioisomers y—:0—P1 in
a 21:79 ratio (entry 10). Of note, AuCl-1a,b complexes were
inactive in AAA.™®

4| J. Name., 2012, 00, 1-3

Next, the scope of the AAA was explored with both CuBr-
1a and oxazolidine 2a as catalytic systems across a broad range
of allylic phosphates and dialkylzinc reagents (Scheme 4). As
previously observed, the same excellent levels of efficiency,
regio- and stereoselectivity were obtained with or without
copper for 2-naphthyl and 1-naphthyl-substituted substrates
S2 and S3 giving corresponding y—adducts P2 and P3a in 89
and 94% ees, respectively. Interestingly, the methodology was
successfully extended to dimethylzinc reagent that led to
expected methylated compound »—P3b in good to excellent
yields and very high enantioselectivities (96% ee vs 94% ee
with Et,Zn).

Table 1 Evaluation of oxazolidine 2a,b and CuBr-1a,b in AAA of cinnamyl
phosphate S1.

OPO(OEY) Z
2 catalytic system gP1
AN (1 to 5 mol%)
+ s, +
ZnEt  THF, rt, time
NS
S1 (3 equiv)
a-P1

This journal is © The Royal Society of Chemistry 20xx
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ent Catalytic system Time Conv.’ ya-P1 ee
v (mol%) (h  (yield)’ (%)  ratio® (%)’
L1aH-PF4/(CuOTf), tol
1 aHPR/(CuOThtol o 9962) 5991 90
(1.2/1)
2a/(CuOTf), tol
2 0.5 99 (92 99:1 89
(1.2/1) >9(62) >
3 2a/CuBrSMe;(1.2/1) 0.5 >99 (97) >99:1 88

6 2a (1) 23 87 (76f 97:3 91
7 CuBr-1b (1) 0.5 >99 (88) >99:1 87
8 2b (5) 12 Nr Nd Nd
2a (5
10 ) a(s) 0.5 >99 (Nd) 21:79 39
with EtMgBr

9 Conversions were monitored by TLC. b Isolated yields of y—P1 after silica gel
chromatography. ¢ Molar ratio of yo adduct were monitored by 'H NMR

spectroscopy analysis of the crude mixture. ¢ Enantiomeric excesses were
determined by chiral-phase GC analysis. ¢ Reaction conditions: LlaH-PFg (1.2
mol%), n-Buli (2.5 mol%), (CuOTf),-tol (0.5 mol%), THF, 0 °C, Et,Zn (3 equiv), then
s1, rt.f Conversion and yield were determined by *H NMR spectroscopy (see ESI'
for details). Nr = No reaction. Nd = Not determined.

CuBr-1a (1 mol%)
R?  OPO(OEt), or
2a (5 mol%)
A + R3=—ZnR3

RY R!
S2-7 (3 equiv) THF, rt, time ¢P2-7b
Conv.2; ga ratio®
(Yield)c; ee?
Et Et Me
“v } }
gP2 gP3a oP3b

with CuBr-1a (30 min.):
>99%; >99/1 (96%); 89%ee
with 2a (12 h):
>99%; >99/1 (84%); 89%ee

Et
‘)\/

agP4
with CuBr-1a (30 min.):
>99%; >99/1 (71%); 82%ee
with 2a (24 h):
64%¢; >99/1 (25%)¢; 81%ee

g
with CuBr-1a (30 min.):
>99%; >99/1 (90%); 71%ee
with 2a (12 h): Nr

with CuBr-1a (30 min.):
>99%; >99/1 (68%); 94%ee
with 2a (12 h):
>99%; >99/1 (79%); 94%ee

- Et

gP5
with CuBr-1a (30 min.):
>99%; >99/1 (89%); 85%ee
with 2a (12 h): Nr

with CuBr-1a (30 min.):
>99%; >99/1 (99%); 96%ee
with 2a (12 h):
>099%; >99/1 (68%); 96%ee

- Et

gP6
with CuBr-1a (30 min.):
>99%; >99/1 (95%); 84%ee
with 2a (12 h): Nr

with CuBr-1a (30 min.):
>99%; >99/1 (86%); 88%ee
with 2a (12 h): Nr

ARTICLE

CuBr-1a as a significant drop of conversion was observed for
P4 (64 vs 99%) but similar good enantiomeric excesses were
obtained (81 and 82% ee, respectively). Unfortunately,
oxazolidine 2a alone was unable to promote the formation of
chiral all-carbon quaternary centers from trisubstituted allylic
phosphate S5-6. On the other hand, well-defined CuBr-1a
complex furnished the desired products »~P5 and y»~P6 with
good to excellent isolated yields (89 and 95%, respectively)
and satisfactory enantioselectivities (85 and 84% ee). To our
delight, a remarkable full y—selectivity was also observed when
diethyl- or dimethylzinc were reacted to the more challenging
dienic conjugate substrate S7 in the presence of CuBr-1a.
Highly desirable 1,3-skipped dienes »-P7a and »~P7b were
thus isolated in 90-86% vyield with good to excellent
enantioselectivity (71 and 88% ee, respectively). Nevertheless,
oxazolidine 2a remained unreactive toward S7 without cooper
salts.

The good catalytic performances demonstrated in AAA
prompted us to further evaluate oxazolidines 2a,b and copper-
catalysts CuBr-1a,b in ACA of diethylzinc to 3-methylcyclohex-
2-enone S8 (Table 2). Surprisingly, although an excellent 97%
ee was obtained for 1,4-product P8a, the combination of
oxazolidine 2b with (CuOTf),tol appeared significantly less
productive (35% conv., 23% yield, entry 2) than the in situ
catalytic system involving the NHC precursor L1bH-PFs; and
(CuOTf),tol (>99% conv., 80% vyield, entry 1). On the other
hand, when 2b was used in presence of CuBr-SMe,, an
excellent 97% isolated yield was obtained in combination with
a full enantioselectivity (>99% ee, entry 3). To our delight, air
stable CuBr-1b gave also a good catalytic performance while
unfortunately, oxazolidine 2b appeared totally inactive
without copper salts (entries 4 and 5). Similar behaviours were
observed with oxazolidine 2a and CuBr-1a featuring a DIPP N-
moiety (entries 6 and 7). The latter afforded P8a in good 84%
isolated yield despite a slight drop of selectivity (85% ee, entry
6). Ethylmagnesium bromide was also evaluated in the ACA
reaction. Once again, the desired compound P8a was
exclusively formed when CuBr-1b complex was used as
catalyst, with a good 86% yield despite a lower
enantioselectivity (77% ee). Additionally, although a complete
conversion of the substrate was observed during the reaction
catalysed by the oxazolidine 2b, no trace of the expected
compound P8a were detected in the messy crude mixture.
Finally, as aforementioned above, AuCl-1a,b were also
inefficient to catalyse the ACA reaction.

Table 2 Evaluation of oxazolidine 2a,b and CuBr-1a,b in ACA of cyclic enones.

Scheme 4. Scope of AAA catalysed by oxazolidine 2a and CuBr-1a. “ Conversions were
monitored by TLC. ® Molar ratio of 7/ aadduct were monitored by 'H NMR spectroscopy
analysis on the crude mixture. © Isolated yields after silica gel chromatography.
“ ee were determined by chiral-phase GC or HPLC analysis. ¢ Conversion and yield were
determined by 'H NMR spectroscopy (see esl’ for details). Nr = No reaction.

In the case of the cyclohexyl-derived substrate S4, however,
the copper-free catalytic system showed less efficiency than

This journal is © The Royal Society of Chemistry 20xx

catalytic
system
+
Me ZnEt EtOAc, rt, 16 h P
(3 equiv) Me
S8 P8a

J. Name., 2013, 00, 1-3 | 5
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entry Catalytic system (mol%) (yield)b %) ee (%)°
17 L1bH-PF4/(CuOTf),tol (1.2/1) >99 (80) 99
2 2b/(CuOTf), tol (1.2/1) 35 (23)° 97
3 2b/CuBr-SMe, (1.2/1) >99 (97) >99
5 2b (5) Nr Nd
6 CuBr-1a (1) >99 (84) 85
7 2a(5) Nr Nd

9 2b (5) with EtMgBr >99 (Mr) Nd

With CuBr-1b (1 mol%, rt, 16 h):

&M‘;@ &M;‘. d.

P8b P8c P9
>99%? (73%)P; 93%ee®  >99%2 (78%)P; 99%ee®  >99%?2 (71%)P; 76%ee’

9 Conversions were monitored by TLC. b isolated yields after silica gel
chromatography. ¢ Enantiomeric excesses were determined by chiral-phase GC
analysis. 4 Reaction conditions: L1bH-PFg (1.2 mol%), n-BuLi (2.5 mol%),
(CuOTf),-tol (0.5 mol%), THF, 0 °C, Et,Zn, then S8, rt. ¢ Conversion and yield were
determined by *H NMR spectroscopy (see Esl" for details). Nr = No reaction. Nd =
Not determined. Mr = Messy reaction.

We next investigated the catalytic performances of the
CuBr-1b complex regarding the ACA of diisopropyl- and
diphenyl-zinc to 3-methylcyclohex-2-enone S8 and cyclohex-2-
enone $9. Both of conjugate additions implying substrate S8
delivered the desired products P8b and P8c with good isolated
yields (73 and 78%, respectively) and excellent 93-99%
enantioselectivities. It is worth noting that in the case of the
less hindered cyclohex-2-enone S9, a notable drop of the
stereoselectivity occurred (76% ee) although the desired
compound P9 was isolated with a satisfying 71% vyield.

The more challenging 1,6-selective Cu-catalysed ACA of
organozincs to cyclic dienone S10 was then investigated (Table
3). Curiously, the in situ catalytic system involving the NHC
precursor L1b-PFg and Cu(OTf), led only to a messy reaction
with no detection of the expected 1,6-product P10a (entry 1).
With oxazolidine (S,5)-2b either in combination with Cu(OTf),
or CuBr-SMe,, 1,6-P10a was detected but embedded in a large
amount of side products which rendered its isolation
unsuccessful (entries 2 and 3). Nevertheless, moderate
enantiomeric excesses of respectively 53 and 74% were
observed. Advantageously, the use of the well-defined CuBr-1b
complex allowed us to isolate 1,6-P10a in a satisfying 68%
yield and a higher enantioselectivity (85% ee, entry 4).
Moreover, albeit CuBr-1a bearing a bulkier N-DIPP substituent
demonstrated a better catalytic performance as the expected
1,6-product was isolated in excellent 90% vyield, a severe drop
of the chiral induction was observed (65% ee, entry 5). Of
note, by analogy with the aforementioned results in Table 2,
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oxazolidines 2a,b were also inefficient under copper-free
conditions as no reaction occurred in either cases (entries 6-7).
Different organozinc reagents were next engaged in this 1,6-
ACA reaction with n-butyl-chain substituted cyclic dienone
S11. First, addition of the diphenyl zinc furnished the expected
product P11a in a regiospecific way with a good 70% isolated
yield and an excellent enantioselectivity (90% ee). However,
the chiral induction was affected by the use of diisopropylzinc
since the corresponding desired compound P11b was isolated
in 74% yield as a single regioisomer with only 66% ee.

Finally, we directed our attention to Grignard reagents,
which led to a complete inversion of the regioselectivity of the
conjugate addition®fin the presence of the CuBr-1b complex
as catalyst (Scheme 5). Indeed, the exclusive formation of the
1,4 regioisomer was observed and the resulting product 1,4-
P10a was isolated in a good 84% vyield and an excellent 95%
ee. Noteworthy, in comparison to the in-situ catalytic system
that required a high catalyst loading (up to 6 mol% of Cu(OTf),
and 9 mol% of NHC precursor L1bH-CI),6d’f a drastic
improvement of reactivity was reached here, thanks to use of
a well-defined copper complex, as only 3 mol% of CuBr-1b was
necessary to complete the addition. At last, the 1,4-
regiospecificity of the reaction was also confirmed with but-3-
en-1-ylmagnesium bromide as nucleophile leading to desired
compound 1,4-P10b in a similar high enantioselectivity (97%)
despite a lower 24% isolated yield.

Table 3 Evaluation of oxazolidine 2a,b and CuBr-1a,b in 1,6-ACA of cyclic
dienones.

o) o)
‘ 1) catalytic system
. THF, 1t, 1 h
e ZnEt  2)DBU, Me
s10 (3 equiv) CHClz 5 h 1,6-P10a
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Conv.’

Catalytic system b Selectivity © ee
entry (yield) d
(mol%) 1,6:1,4 (%)
(%)
1° L1bH-PF¢/Cu(OTf), (3/2) Mr Nd Nd
2 2b/Cu(OTf); (3/2) >99 (Nd) >99:1 53
3 2b/CuBr-SMe; (3/2) >99 (Nd) >99:1 74
4 CuBr-1b (2) >99 (68) >99:1 85
5 CuBr-1a (2) >99 (90) >99:1 65
6 2b (5) Nr Nd Nd
7 2a (5) Nr Nd Nd

With CuBr-1b (2 mol%, same above):
o O o)
"Bu "Bu

1,6-P11a
>99%?7; >99/1¢ (70%)?; 90%ee?

1,6-P11b
>99%7; >99/1° (74%)?; 66%ee?

a b

Conversions were monitored by TLC. Isolated vyields after silica gel
chromatography. © Ratios between 1,6:1,4-adducts were determined by 'H NMR
spectroscopy 9 Enantiomeric excesses were determined by chiral-phase GC or
HPLC analysis. ¢ Reaction conditions: 1) L1bH-PFs (3 mol%), n-Buli (8 mol%),
Cu(OTf), (2 mol%), THF, 0 °C, Et,Zn, then $10, rt. 2) DBU (1 equiv), CH,Cly, rt, 5 h.”
Large amount of side products were formed. Mr = Messy reaction. Nd = Not
determined. Nr = No reaction.

o 0}

/ CuBr-1b (3 mol%)
P + R=MgBr
Me (1.2 equiv) THF i, 1h —\
S10 1,4-P10 Me
(0] (0]
Et ij/\>
Me Me
1,4-P10a 1,4-P10b

>99%?: >99/15 (84%)°; 95%ee? >99%?7; >99/1° (24%)°; 97%ee’

Scheme 5 1,4-ACA of Grignard reagents to cyclic dienone S10 catalysed by CuBr-1b
complex. “ Conversions were monitored by TLC. b Ratios between 1,4:1,6-adducts were
determined by 'H NMR spectroscopy analysis on the crude mixture. ¢ Isolated yields
after silica gel chromatography. ? ee were determined by chiral-phase GC analysis.

Conclusions

In conclusion, well-defined copper(l) and gold(l) complexes
containing chiral hydroxyalkyl-functionalized diamino N-
heterocyclic carbenes were synthesized for the first time. The
strategy involved the formation of optically pure oxazolidines
(5,5)-2a,b, isolated in quantitative yield

from chiral

This journal is © The Royal Society of Chemistry 20xx

hydroxyalkyl-imidazolinium salts Lla,bH-Cl with a complete
diastereoselectivity. Advantageously, in the presence of Cu(l)
and Au(l) salts, these oxazolidines were converted to
corresponding air-stable CuBr- and AuCI-NHC complexes in
good isolated yields. Interestingly, the solid-state structures of
the gold-complexes showed that hydroxyl-function is not
coordinated to the metal. Computational studies suggested
that formation of the oxazolidine operates by concerted O-H
bond insertion and that the transient carbene is formed prior
to coordination trough concerted O-H bond elimination.
Furthermore, resulting copper-catalysts CuBr-1a,b afforded
excellent catalytic performances in both asymmetric allylic
alkylation and 1,6- or 1,4-conjugate addition involving
organozinc or Grignard reagents. Excellent regioselectivities
were obtained in association with high chiral inductions (up to
99% ee). Noteworthy, air-stable oxazolidines (S,5)-2a,b have
also demonstrated similar catalytic performances in copper-
free AAA transformations. These results will pave the way for
the development of more sophisticated hydroxyalkyl-NHC
catalytic systems (with or without transition metalslg) and
could offer new opportunities for the discovery of new
catalytic reactions.
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