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Enantioselective allylic alkylation of ketone enolates is much Table 1. Effect of CsF and ZnF; on the Ir-Catalyzed Allylation of
. . .. . i a
less developed than the enantioselective additions of more stabilized*c€tophenone Silyl Enol Ether 1a

nucleophiles derived from 1,3-dicarbonyl compouh&nantiose- oTMS S )OK/\/
lective additions of ketone enolates to the less-hindered position Ph& 2% [ICOD)CI, j\j\ Ph”5a Zph
of allyl electrophiles, as well as to symmetrically substituted allyl la+ S (1 Ph " O Ph
electrophiles, are knowhbut enantioselective reactions of unsta-  pn™™»ogoe M 30 °C 4a PhW ),
bilized enolates that form chiral, branched substitution products from 2 6a
unsymmetrical allylic electrophiles (eg®l)ave not been reported. ) ) -
. . molar ratios relative to 2a ratio®
Moreover, the formation of the same products by a more classical
aliphatic Claisen rearrangement has not yet been accomplished as e™Y la CsF I, th)  %hoov”  4aSaba
a catalytic enantioselective process. 1 1.2 - 1.2 24 0 -
pad 1.2 1.2 - 24 100 60:17:23
i S 3d 15 15 15 24 100 78:8:14
MO Ir catalyst | MO _r X{ o] 4d 1.2 0.05 1.2 72 75 87:11:2
1J\ PRy T 1@ ﬁ\\ N g 5 (1) 5d 1.2 0.2 1.2 18 100 92:%1
R ) \ RES — R R . R 6° 15 0.4 15 8 100 97:21

a8 Reaction conditions: 1 mmda (0.6 M), 4 mol % ofL1, and 2 mol

N ; ; i % of [Ir(COD)CI],, 50°C. ® The conversion oaand the ratio of the pro-
The metal-catalyzed asymmetric allylation of unstabilized ketone ducts were determined frofhl NMR spectra of the crude reaction mixtures.

enolates is challenging because the nucleophile must preferentiallyc pME was the solvent® The catalyst was activated by treatment with
attack thes-allyl intermediate over the carbonyl group of the propylamine prior to the reaction, and THF/diglyme (2:1) was the solvent.

product, the ketone product must resist re-formation of an enolate
followed by reaction with a second allyl electrophile, and reactions
of monosubstituted allylic substrates must occur regioselectively
at the more substituted terminus of an allyl intermediate. We have

now found that reactions of allylic carbonates with silyl enol ethers OO oM OO g{i O g{i ﬂ‘"\LO
and a combination of CsF and ZnFRadditives catalyzed by l‘p-N)/: PN PN _i'\pl/\oj
6 )R S )—Q o
e R
CLT ™ G 3 (T

Table 2. Comparison of Selected Ligands for the Ir-Catalyzed
Allylation of Silyl Enol Ether 1a with Cinnamyl Carbonate 2a@

metallacyclic iridium phosphoramidite complexes meet these chal- e)_P“ HC

N
lenges, and we report reactions of these enolates with achiral allylic |4 ¢ Zpy (. & R) Ar

carbonates to form chiral, branched homoallylic ketones with high L2 R=1-naphthyl (R..R.R) L3 Raf) L® ?
regio- and enantioselectivity.

To develop additions of silyl enol ethers with allylic electrophiles,  entry ligand % yield branched/linear® % ee (abs. config.)’
we began by studying reactions catalyzed by metallacyclic iridium 1 L1 84 93:7 94R)
complexes that we have shown to catalyze allylic amination and g ::g gg ggig gé g
etherification® These catalysts are formed by combining [Ir(COD)- La 707 955 92 R

Cl], with particular phosphoramidite ligands and heating with an

amine to induce cyclometalatiénReactions of silyl enol ethers a8 Reactions were conducted under the conditions of entry 5, Table 1.
| did tf Ivlati duct. H fi b The branched-to-linear ratio was determined!blyNMR spectroscopy
aione did not form any allylation product. FHOwever, reaclions , the crude reaction mixturegEnantiomeric excesses were determined

containing a series of metal fluorides revealed that the silyl enol by HPLC using a Daicel Chiralcel OD-H column with hexanes/2-propanol
etherladerived from acetophenone reacted witt-butyl cinnamy! (99:1) as the eluent. After 94% conversion.
carbonateZa) in the presence of CsFAlthough the reactions with ZnF, of 1.5:0.4:1.5 in pure DME (entry 6). At this point, it remains
CsF occurred with modest selectivity (entry 2, Table 1), the uncertain whether a cesium, zinc, or hypervalent silicon enolate is
reactions with a@ombinationof ZnF, and CsF occurred with much  the reactive nucleophile in these reactions.
higher selectivity (entries-35 of Table 1). No reaction occurred Table 2 shows that the more elaboraté (L2)7 as well as the
when only Znk; was added (entry 1, Table 1). stereochemically simplet8, L4) phosphoramidite ligands devel-
Reactions with substoichiometric amounts of CsF formed little oped recently by our group for iridium-catalyzed allylic amination
of the diallylation product. Although the reactions with only 0.05 and etherificatiof catalyzed the allylation of silyl enol ethers in
equiv of CsF required 3 days (entry 4), reactions with a ratio of high yield. Each of these ligands has been shown to generate
enolatela to CsF to Znk of 1.2:0.2:1.2 occurred to completion  metallacycles with the general structitrehown above Table 28
within 18 h, with a high branched-to-linear regioselectivity (93:7) Reactions of silyl enol ethers catalyzed by complexes generated
and without formation of amounts of diallylation product detectable from ligandsL1 andL2 occurred with high levels of enantiose-
by 'H NMR spectroscopy (entry 5). Because the activated, lectivity and regioselectivity. Reactions catalyzed by the stereo-
cyclometalated catalyst could also be generated in situ (vide infra), chemically simpler ligandl3 (entry 3) occurred with nearly as high
reactions also occurred without preactivation of the catalyst, and a regioselectivity (92:8) and in higher enantioselectivity (95%),
these reactions went to completion with a ratiolafto CsF to while reactions catalyzed by the ligahd (entry 4) possessing
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Table 3. lIridium-Catalyzed Allylation of Silyl Enol Ethers?@
oTMS 2% [I(COD)Cll,, 4% L1 @
R’ ' OR™™"0Boc  04CsF, 15z0F, R’ R
1a R'=Ph 2b R? = 4-anisyl DME 4 (major)
1b R'=2-anisyl  2¢c R?=4-(CF3)CgH,
1c R11=/-Pr 2d R§=2-furyl 0
1d R’ =phenethyl 2e RZ=i-Pr
2f R2=n-Pr R' 7R
2g R? = 1-propenyl 5 (minor)
entry substrates product structure t[h] %yieldb 4:5° % eed
o X
1 1a,2b O O 6 94 99: 1 %
° N OMe
2 a2 12 81 94:6 95
CF,
o X
o
3 Ma2d ) 16 74 99:1 9
o N
4 1a2e 40 75°  85:15 94
0 X
5  1a,2f 8 92°  87:13 92
o N
ZS
6 1a2g 18 85 95:5 95
Mo Oy
7  1b,2a O O 18 62 98:2 9%
o N
8 1c,2a 40 46 95:5 91
0 A
9 1d,2a O O 18 54  99:1 94

aReactions were conducted under the conditions of entry 6, Table 1.
b Average isolated yields of two independent ruhghe ratio of branched
and linear isomers45) was determined byH NMR analysis of the crude
reaction mixturesd Enantiomeric excesses were determined by HPLC on
chiral stationary phases for reactions with both enantiomerd lof
€ Combined yields for isomer4 and5.

only one resolved stereocenter occurred with high branched-to-
linear ratio (95:5), as well as high enantiomeric excess (92%).
Table 3 summarizes the scope of the Ir-catalyzed allylation of silyl
enol ethers in the presence of CsF and Zedtalyzed by the com-
bination of [Ir(COD)CI}L andL1 under the conditions of entry 6,
Table 1.tert-Butyl carbonates derived froparylallyl alcohols form-
ed products with benzylic stereocenters with high regio- and enantio-
selectivity (entries £3). The electron-rich, 4-methoxy cinnamyl
carbonateb reacted in the highest yield, branched-to-linear ratio,
and enantiomeric excess, but the electron-poor, 4-trifluoromethyl-
substituted cinnamyl carbona2e reacted with only slightly lower
regioselectivity and essentially identical enantiomeric excess. The
reactions of 2-furyl-substituted allylic carbon&td occurred with
the same high selectivity as reactions of carbogatdreactions of
the aliphatic carbonateZe and2f (entries 4 and 5) also occurred in
high yield and enantiomeric excess, although the regioselectivity
was lower (85:15 to 87:13). Reaction of the dienyl carboBgientry
6) occurred with selectivities akin to those of the aromatic substrates.
Silyl enol ethers beyond those derived from acetophenone also
underwent the allylation process (entriesd). 2-Anisyl derivative
1b reacted with excellent selectivity, and even aliphatic silyl enol
etherslcandld reacted with good to nearly perfect regioselectivity,
although in lower yields. The lower yields from reactions laf
and1d could have resulted from formation of enolate regioisomers,
but no major additional allylated side product was detected in the
IH NMR spectra of the crude reaction mixtures.

The absolute configuration of the reaction proddet was
determined to beR) by comparison of the specific rotation of the
product after hydrogenation with literature data. The stereochemistry
of these reactions parallels the stereochemistry of the reactions of
softer malonattand amine nucleophil&sin the presence of the
same Ir catalysts.

31P NMR spectroscopic studies of the reaction showed that the
enolates and fluoride additives lead to the metallacyclic iridium cata-
lyst (7) derived fromL1, even without initial treatment of [Ir(COD)-
(L1)Cljwith base. Theinitial singletresonancéat 116.4 ppm dueto
the square planar [Ir(COD)L)CI] at the start of reactions cataly-
zed by 2 mol % of [Ir(COD)CH and 4 mol % ofL1 in DME was
replaced afte4 h and approximately 40% conversion by two doub-
lets © = 128.8 and 154.1 pprJsp= 44.6 Hz) corresponding to the
iridacycle7 bearing on&?, P,C-bound.1 and onec!, P-bound.1.5

Thus, we have developed conditions for enantioseleatiad-
lylation of unstabilized ketone enolates catalyzed by metals other
than palladium and enantioselectigeallylation of unstabilized
ketone enolates that form branched isomers as the major product.
These reactions appear to occur through an iridacyclic catalyst. By
this reaction, bifunctionay,d-unsaturated ketones are prepared in
optically active form from readily available silyl enol ethers and
Boc-protected allylic alcohols. Although the products of the
reactions in this study are available, in principle, by Claisen
rearrangement, none of the products in Table 3 had been prepared
previously in optically active form.
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