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N-Heterocyclic carbenes (NHCs) readily promote a variety of Chart 1. Chiral Bidentate NHC Ligands

organic transformation'sAccordingly, development athiral NHCs @

for use in enantioselective synthesis has emerged as a critical /\

objective. To date, however, there are only a few reports regarding MesN@ N sNg/N (SR T
NHC—metal complexes that have been effectively used in asym- {aR<H

metric catalysig.One instance is a disclosure from these laboratories 1bR=CF,

regarding asymmetric ring-opening/cross metathesis reactions that

are catalyzed by chiral Ru complexes shown below (up to 96% @%"_"'NQ/N Oﬁ__} 7
ee)? In light of the above findings, we initiated a program to prepare i-Pr 7) ‘

additional members of this new class of chiral NHCs and examine 3 HO

their ability to effect other useful enantioselective transformations.
Table 1. Initial Screening of Various Chiral NHC Ligands

— Ry ] e
(=) chiral NHC ligand
MeSN\\rN 7= P 0PO(OEY), 5 ooy Bz P N
Ru ‘CC') 5 (CuOT)5+CgHg, THF 6
Oi-Pr entry  NHCligand mol %2 T (°C);time (h)  conv (%)°  Sy2:Sx2"  ee (%)°
R=horPt 1 1a 10 -15;1 >98 >98:2 82
R Ry =HorCFs 2 a1 ~15;1 >08 >08:2 65
. ) . . o 3 la 1 —78;1 <2 - nd
Herein, we disclose the synthesis, structure, and catalytic activity 4 1b; 10 —15; 36 87 >08:2 80
of an optically pure NHE Ag(l) complex that can be used to effect 5 1b; 1 —78;36 <2 - -
Cu-catalyzed enantioselective formation of tertiary and quaternary 210 “1510 20 -2 Py
u-catalyzed enc ertiary and g y 7 3,10 -15;24 18 >982 64
carbon centers in up to 97% ee. Synthesis and structure of an 8 4,10 —15; 24 70 >08:2 52

isolable, air-stable, and catalytically active chiral NHCu(ll) R ) .
5 mol % (10 mol % ligand) and 0.5 mol % (1 mol % ligand)

complex are reported as well. Data are presented indicating that(Cuo-rf)Z -CeHo were used®Determined by!H NMR analysis< See
the bidentatenature of the NHC ligand is required for effective  Supporting Information for details.
asymmetric G-C bond formation. The NHC-promoted alkylations
can be carried out under less stringent conditions than related formerand Cu salt§.We obtained Ag(l) complex of as an air-stable
methods}® levels of regio- and enantioselectivity, as well as effi- tan-colored solid in 97% yield by treatment D& with Ag,O (22
ciency and substrate generality, are superior to previous methods. °C). As indicated by the X-ray crystal structure (Schemé& Exists

We initiated our investigations by examining the ability of chiral as a dimer. NOE experiments indicate that the Ag complex remains
NHC ligands1—4 (Chart 1) to promote Cu-catalyzed asymmetric largely as a dimer in solution; a representative nOe is shown in
alkylations. Addition of EfZn to phosphat® (Table 1) to afford Scheme 1. It should be noted that, as expected, such enhancements
6 served as the representative transformation. We selected (GuOTf) are not observed with the monomeric Ru complexes shown above.

CeHs for comparison with related protocols involving amino acid- When complex7 (5 mol %) is used to promote Cu-catalyzed

based ligand$. alkylation of allylic phosphat& with Et,Zn (entry 1, Table 2)6 is
As shown in entry 1 of Table 1, alkylation &fin the presence formed in 84% ee within 15 minX98% S2'; <2% conv without

of 10 mol % la affords6 in 82% ee. When 1 mol %a is used, Cu salt). Even 0.25 mol 93 is sufficient for >98% conv; unlike

reaction proceeds te98% conv n 1 h but affords the desired  la(entry 2, Table 1), enantioselectivity does not suffer with lower
product in 65% ee (entry 2); there 2% conv at—78 °C (entry catalyst loading (84% ee). With 0.5 mol %@t —78 °C (entry 2),

3). As the data in entries 4 and 5 indicate, electron-deficiéris conditions that result irc2% conv withla (cf. entry 3, Table 1),
less effective than NHC ligantla (36 h needed for 87% conv at  >98% conv is observedil h toafford 6 in 89% ee. The data in
—15°C). The significantly lower activity of methyl eth& (entry entries 3-5 (Table 2) illustrate that the Ag(l) complexes2and

6) indicates that formation of a covalent O-metal bond (vs dative 3 (Chart 1) are more effective than their parent ligands, but alkyl-
MeO — metal) is critical for effective catalysis. Results in entries ations are significantly less effective and selective than With

7 and 8 show that if the mesityl unit is replaced by a 2;B{,CsH3 We have examined the utility of Ag(l) compléxin promoting
or an adamantyl group, conversion and enantioselectivity suffer Cu-catalyzed asymmetric alkylations of a wide range of allylic
significantly. phosphates (Table 3). Noteworthy features of these findings are:

To enhance efficiency and selectivity, we prepared Ag(l) complex (i) Catalyst loading is significantly lower than required with amino
of 1a, a decision that was based on disclosures pointing to facile acid-based ligands (2 vs 10 mol %). (ii) Enantioselective additions
exchange between Ag-based complexes of heterocyclic carbenesan be catalyzed with air-stable, moisture-insensitive, commercially
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Scheme 1. Synthesis and Structure of NHC-Ag Complex 7

a 1.5 equiv Ag,0
— =

THF/CgHg, 22 °C
i2h

97%

1

Table 2. Cu-Catalyzed Alkylations (5 — 6) with Chiral NHC-Ag
Complexes

entry  NHCligand mol %2 T (°C);time (h)  conv (%)°  Sy2:Sy2*  ee (%)°
1 7,5 —-15;0.2 >08 >08:2 84
2 7;0.5 -15;1 >98 >98:2 89
3 2:Ag; 5 -15;1 >98 >08:2 34
4 2-Ag; 0.5 —78; 36 29 >08:2 39
5 3-Ag; 0.5 —15; 24 >98 >08:2 70

abSee corresponding footnotes for Table 1.

Table 3. Cu-Catalyzed Asymmetric Allylic Alkylations?

Tmol%7  Aalkyl .
RJ\/\OPO(OE%W’ RN B Cutar
Cu salt, THF, - 15 °C
entry R Ry (alkyl)oZn %‘off/l:; gg]ri,(&)b yféd(iz;?jc
1 CeHs H Mes2Zn A1 24,598 42,74
2 CeHs | Mezzn Bi2  24>98 5871
3 CeHs 1 Eypzn  Bi2 4 >98  68;86
4 CeHs Mo  Etpzn  A25° 24;>98  88;91
5 CéHs | (PNOCH)zn Bi2  24:>98 94,76
6 ONOGeHs y  pzn A1 13598 7382
7 oNOCeHs oy EtpZn B;2 4; >98  89;97
8 pNOLCeHs | Mezn AT 245 96 8072
9 PNOGCGHs o Etzn  AI25° 24;>98  72;89
10 pNOLCeHs e Etyzn B;2 4; >98  62;98
" tnaphth L gezn AT 125598 69;75
12 1-naphth H EtpZn Al 3; >98 80; 89
13 Cy H Et,Zn A1 3; >98  53;94
14 CMC B; 2 24;>98 54; 96
e Me  EtpZn ; » > ;
15 Cy Me EtoZn B;2 12;>98 73;93

a>98% Si2. P Determined by 400 MHZH NMR. ¢Isolated yields;
some low yields due to volatility! See Supporting Information for details.
€2.5 mol %7 and 2.5 mol %A.
available and unpurified Cu@PH,0; this is in contrast to the
rigorously inert conditions required with CuOTf sattsln several

cases where comparison studies were carried out, Cu(ll) salts deliver

Scheme 2. Synthesis and X-ray Structure of NHC-Cu(ll) Complex

CuCly2H,0

8
aSelected bond lengths (A): @uC; = 1.926(8), Cu—0; = 1.986(6),

Cu—0; = 1.950(6), C—C, = 1.964(8), Cu—0y = 1.933(6), Cu—0, =
1.975(6).

dimeric Cu compleX8 (X-ray, Scheme 2) was isolated as a dark
red solid in 95% yield.Importantly,8 gives rise to enantioselective
alkylation: as shown in eq 1, treatment of the trisubstituted olefin
in entry 4 of Table 3 with 0.5 mol 98 and E$Zn affords the desired
product in 92% ee (48 h; 68% yield).

Me 0.5 mol % 8;

Bty Me  92% ee, 68%
il LA D ot (1)
Ph)\/\OPO(OEt)g EtoZn, THF, —15°C, 48 h Ph>\/ >98% Sn2

In conclusion, the present study extends the utility of chiral NHC
ligands to highly enantioselective Cu-catalyzed allylic alkylations
with alkylzincs. Development of new chiral NHC ligands and
applications to other catalytic asymmetric methods, as well as
mechanistic studies (e.g., monomeric vs dimeric active catalytic
complex) are in progress.
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