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ABSTRACT

[ 5 mol% Ir(l)/Pyridine _R
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Allylic carbonate  Aliphatic alcohol or 1 eq ZnEty,/NH4l Allylic ether

An efficient allylic etherification of aliphatic alcohols with allylic carbonates has been achieved by an iridium catalysis using stoichiometric

zinc alkoxides or a two-component himetallic catalytic system where the Ir(l) catalyst acts on allylic carbonates to generate electrophiles while

aliphatic alcohols are separately activated by Zn(ll) coordination to function as nucleophilies. This reaction occurs with complete regiospecifi city
and tolerates a wide range of functional groups.

Development of catalysts that mobilize otherwise inert exemplified by the stereodivergent approach to oxaéyrid
substrates to engage in chemical reactions continues to be glycosidic bond formation® While investigating the pal-
major theme in organic chemistry. While the majority of ladium-catalyzed allylic etherificatioghywe wondered whether
catalytic reactions are typically mediated by a single catalyst, the zinc effect might also be operative in the context of other
opportunities for further development arise from employing transition metal catalysts. In particular, it was of interest to
a two-component catalyst system in which the nucleophilic examine these catalyst systems which could give different
and electrophilic components of the reactant are activatedstereo- and regiochemical outcomes Vdgi@ the Pd(0)/
independently by respective cataly5tSuch approaches, Zn(ll) system, thus broadening the utility of the zinc alkoxide
though uncommon, have demonstrated high potential for the protocol® Moreover, the facile ligand exchange process of
discovery of new reactions, particularly in the processes zinc(ll) complexes was envisaged to be exploited for the
involving an3-allylmetal species. catalytic activation of the alcohdlwhereby the etherification
Recently, the scope of the transition metal-catalyzed allylic could be achieved through catalysis mediated by two separate
alkylation has been extended to include the allylic etherifi- transition metal complexes. This approach would provide a
cation of aliphatic alcohols by using coppet(land unigue opportunity to modulate the reactivity of each reactant
zinc(l)* alkoxides as nucleophiles. These discoveries have and/or to achieve asymmetric induction by independent
stimulated the emergence of powerful strategies for the tuning of each metal coordination sphere. We report here
synthesis of ether |inkages Conjoining chiral carbons, as an iridium—catalyzed aIIyIic etherification of aliphatic alcohols
that proceeds with high regiospecificity in the presence of a
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Table 1. Iridium-Catalyzed Allylic Etherification of AlcohoRa with Carbonatela Using a Stoichiometric Zinc Reagént

O'Boc on ot Ir(l)/Ligand OBn
/\)\/ * ©/\ Etp2n, Salt W + N "0Bn

1a 2a THF, 25°C 3aa 4aa
entry catalyst? ligand® salt time yield? 3aa:4aa’
1 [Ir(COD)Cllq P(OPh)s NH4I 48 h 39% 2:3
2 [Ir(COD)Cl]2 P(OAr)s NH4I 2h 90% 22:1
3 [Ir(COD)Cl], pybox NH4I 0.25h T4% >50:1
4 [Ir(COD)Cl]s pyridine NH4I 0.25h 96% >50:1
5 [Ir(COE)2Cll2 NH4I 48 h 0%
6 Ir(CO)(dppe)Cl NH,I 48 h 0%
7 Ir(CO)(PPhs)2Cl NH4I 48 h 4% 5:1
8 Ir(PCys)(COD)(Py)PFg NH,I 48h 46% >50:1
9 [Ir(COD)Cl, pyridine 481 0%
10 [Ir(COD)Cllq pyridine NH;4OAc 48 h 0%
11 [Ir(COD)Cl], pyridine NH,BF; 48h 50% 2:1
12 [Ir(COD)Cl]s pyridine NH.F 12h 80% 1:1
13 [Ir(COD)Cl]q pyridine NH4CI1 48 h 14% 1:2
14 [Ir(COD)Cl]q pyridine NH4Br 48 h 11% 15:1
15 [Ir(COD)Cl]2 pyridine NMeyl 24 h 95% 1:2
16/ Pd(PPhs), 1.5h 40% <1:50

a All reactions were carried out in THF (1.0 M) with 1.0 equivd and 1.1 equiv oRa at 25°C in the presence of 5 mol % [M]/ligand, 0.55 equiv of
Et,Zn, and 1.0 equiv of salt COD = 1,5-cyclooctadiene; COE: cyclooctene® P(OAr); = tris(2,4-ditert-butylphenyl)phosphite; pybox 2,6-bis[(4R)-
(+)-isopropyl-2-oxazolin-2-yl]pyridine; DTBBR= di(tert-butyl)-2-biphenylphosphiné! Isolated yields® Determined by*H NMR. f Ref 4.

variety of iridium catalysts (Table 1). Guided by literature reaction occurred without these ligands (entries 3 and 4).
precedents in which the Ir-catalyzed allylic alkylation reac- The screening of various precatalysts, however, proved to
tions with a substrate of tydea generated a branched product be less fruitful, as COE- and CO-bound Ir complexes per-
such as3aain preference to the linear isoméaa, our studies formed poorly (entries 58). Only Crabtree’s catalyst
were focused on the identification of catalyst systems viable exhibited modest results, highlighting the critical role of 1,5-
with a zinc alkoxide and analysis of their regiochemical cyclooctadiene (COD) as a requisite bidentate ligand in this
outcomé®? Initial experiments performed in THF using 2.5 catalyst system (entry 8}. Also noteworthy were the
mol % [Ir(COD)CI], and 5 mol % P(OPRhYesulted in a poor  significant salt effects, which proved to be most beneficial
yield of allylic ethers3aa and4aa as an inseparable 1:1.5 when NHyl was used (entry 4 vs entries-25)12 Both the
isomeric mixture (entry 1). Notably, a considerable amount ammonium and iodide components of Nkvere required

of benzaldehyde (ca. 10%) was formed presumably throughfor high turnover and regioselectivity. The regiochemical
a B-H elimination of an iridium benzyloxide. It was thus outcome could be reoriented by using Pd(BRhvhich led
reasoned that the addition of more steric bulk to the ligand to the exclusive formation of the linear isoméaa (entry
would minimize such a process occurring at the iridium 16)22

center. Accordingly, the employment of tert-butyl- Having established an optimized set of conditions for the
substituted ligand substantially increased both the yield andIr (catalytic)-Zn (stoichiometric) protocol, we then set out
the regioselectivity (entry 2). Further improvement came to screen ligands for the zinc center and probed the prospect
surprisingly from the use of nitrogen ligantsin the of achieving bimetallic catalysis (Table 2). In control
presence of pybox and pyridine, the reactions were completeexperiments performed without an additional ligand, the yield
in 15 min to furnish3aa as a single product, whereas no of the allylation products was roughly proportional to the
amount of EZn employed. Hence, attempts were first made

(8) (a) Takeuchi, R.; Kashio, MAngew. Chem., Int. Ed. Engl997, : ; : ; : 2
36, 263. (b) Takeuchi, R.; Kashio, M. Am. Chem. S04998 120, 8647. using common zinc(ll) ion ligands derived from “sp
(c) Janssen, J. P.; Helmchen, Getrahedron Lett1997, 38, 8025. hybridized nitrogens (entries-#4).13 These ligands indeed

(9) For recent examples of carboheteroatom bond formation by Ir- i
catalyzed allylic alkylations, see: (a) Takeuchi, R.; Ue, N.; Tanabe, K; promOtEd turnover of the zinc CatalySt but led to pr0|onged

Yamashita, K.; Shiga, Nl. Am. Chem. So2001, 123 9525. (b) Ohmura,

T.; Hartwig, J. F.J. Am. Chem. So002 124, 15164. (c) Lopez, F.; (10) For the use of a pybox-type ligand in the Ir-catalyzed allylic
Ohmura, T.; Hartwig, J. Fl. Am. Chem. So2003 125, 3426. (d) Kiener, alkylation, see: (a) Lavastre, O.; Morken, J. Ahgew. Chem., Int. Ed.
C. A;; Shu, C,; Incarvito, C.; Hartwig, J. B. Am. Chem. So@003 125, 1999 38, 3163. (b) Ref 9j.

14272. (e) Miyabe, H.; Yoshida, K.; Matsumura, A.; Yamauchi, M.; (11) (a) Glorius, FAngew. Chem., Int. EQ2004 43, 3364. (b) For an
Takemoto, Y.Synlett2003 567. (f) Miyabe, H.; Matsumura, A.; Yoshida, X-ray crystal structure of a COD-boungP-allyliridium complex, see:
K.; Yamauchi, M.; Takemoto, YSynlett2003 2123. (g) Lipowski, G.; Bartels, B.; Garcia-Yebra, C.; Rominger, F.; HelmchenE@t. J. Inorg.
Helmchen, G.Chem. Commun2004 116. (h) Welter, C.; Kock, O.; Chem.2002 2569. (c) For a chiral dialkene ligand in an Ir-catalyzed
Liposwky, G.; Helmchen, GChem. Commur2004 896. (i) Fischer, C.; reaction, see ref 9i.

Defieber, C.; Suzuki, T.; Carreira, E. M. Am. Chem. SoQ004 126, (12) For a review, see: (a) Fagnou, K.; Lautens Avigew. Chem., Int.
1628. (j) Miyabe, H.; Matsumura, A.; Moriyama, K.; Takemoto, Qtg. Ed. 2002 41, 1, 26. (b) For an example of profound halide effects on the
Lett. 2004 6, 4631. regioselectivity in a Rh-catalyzed allylic etherification, see ref 3.
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Table 2. Screening of Ligands for the Zn(ll) Center in the Ir(1)/Zn(ll)-Catalyzed Allylic Etherification

2.5 mol% [Ir(COD)Cl],
5 mol% pyridine
1la + 2a 3aa + 4aa
10 mol% Et,Zn/NH,l
10 mol% Ligand

entry ligand® time yield¢ 3aa:4aa’ entry ligand® time yield® 3aa:4aa’

1 BIPY 48 h 8% 11:1 9 L-His 0.5h 73% >50:1
2 TRPY 48 h 36% 22:1 10 L-Trp 0.25h 89% >50:1
3 Tpm 48 h 59% 47:1 11¢ L-Trp 0.5h 70% >50:1
4 KTp 48 h 29% >50:1 12 L-Asn 0.75h 68% >50:1
5 NME 0.5h 65% 34:1 12 L-Tyr 0.25h 68% >50:1
6¢ NME 0.5h 80% >50:1 14 L-Ser 0.5h 70% >50:1
7 Gly 0.75h 67% >50:1 15 L-Cys 0.5h 68% >50:1
8 L-Glu 0.5h 74% >50:1

a All reactions were performed with 1.0 equiv biand 1.5 equiv oRain THF (1.0 M) at 25°C unless otherwise noteBBIPY = 2,2-bipyridine; TRPY
= 2,2-6',2"-terpyridine; Tpm= tris(pyrazol-1-yl)methane; KTg= potassium hydrotris(pyrazol-1-yl)borate; NME(1R,29-(—)-N-methylephedrinet Isolated
yields. 9 Determined by*H NMR. € Reactions were performed in the absence of pyridine.

reaction times. In contrast, marked acceleration of the finding was that pyridine was not required when the reactions
reaction rate was brought about wherg-amino alcohol were carried out with these ligands (entries 6 and 10),
(NME)*# (entries 5 and 6) and variousamino acids (entries  although the use of pyridine led to a shorter reaction time
7—15) were employed as ligands. In these cases, all reactionsand a higher yield (entry 10 vs entry 11).

proceeded rapidly with complete regioselectivity in the  With the two iridium-catalyzed protocols viable under
presence of these N,O-chelators, among whittyptophan stoichiometric or catalytic zinc conditions, we examined the
displayed superior results (entries 10 and 11). An additional scope of the new processes. As shown in Table 3, a variety

Table 3. Iridium-Catalyzed Allylic Etherification Using Stoichiometric and Catalytic Zinc Alkoxiles

entry  carbonate alcohol ether (yield)° entry  carbonate alcohol ether (yield)°
O%Boc HO 0/\©\0 OfBoc o~TM8
o HO~~TMS
1~ w N o 8 m 2i "

/\©\O
1a 2b 3ab (77%, 66%) 1d 3di (34%, 73%)
(o)
/\©\N02 /\);\\Q\No’ 9 1d HO—<:© o/C £

2 1a
2c 3ac (62%, 71%) 2j 3dfh(é‘;f/ 50%)
0, (1]
0Boc HO o
3 ,,CSH“)\/ /\©\| ,»csp-h‘);l\@\ 10 1d HONO])\ o/\ﬂﬁ
1b 2d 3bd (97%, 81%) -
- 2k 3dk (58%, 73%)
0OBoc H o ob H H
W /\© H o HO’ [
4 Ph e az:ec pn/\)w 11 /\‘I/e\
3ce (78%, 75%) 2| 3el (94%, 0%)¢
ié ojh\Ph OBoc i
2f 1f 3f1 (52%, 0%)"
3cf (40%, 61%)
o/\n)’“ ofBoc H s o CFs
6 1c *DAAHQ Ph/\)m ° 13 Mem’\/'\ MeO AN
2 9 9 19 5 o \d
g 3cg (30/0 46 A;) 2m 3gm (50%, 0%)
co,Me Boc o_ _Ph
7 1c HO/\FEIObz Ph/\/H NHCbz 14 \/t/\/tQ /\Kj
2h 3ch (73%, 69%)° 5 6 (96%, 50%)°

aMethod A: 1.0 equiv ofl; 1.1 equiv of2; 2.5 mol % [Ir(COD)CIk; 5 mol % pyridine; 0.55 equiv of BZn; 1.0 equiv of NHI; 25 °C; THF (1.0 M).
Method B: 1.0 equiv ofl; 1.5 equiv of2; 2.5 mol % [Ir(COD)CI}; 5 mol % pyridine; 10 mol % EZn; 10 mol % L-Trp; 10 mol % NHl; 25 °C; THF
(1.0 M). P First and second numbers refer to the isolated yields from methods A and B, respeétidalstereomeric mixture (1:1Y.Single isomer.
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of allylic ethers could be prepared with complete regiocontrol ||| N G

from the reactions of structurally diverse aliphatic alcohols scheme 2. Proposed Mechanism for the Ir(1)/zn(Il) Bimetallic

and allylic carbonates. Notable from these examples was the Catalytic Allylic Etherification

high chemoselectivity manifested through exceptional toler- O ®

ance of a wide range of functional groups. Both mono- and  CO: B"E\;’) ”\ - L'aZnOR' HO'Bu
disubstituted carbonates participated well in the etherification R fBuO@ ,CT),XLn

process under the standard conditions using stoichiometric R/\/)

zinc reagents (conditions A), whereas the catalytic zinc  o'%Boc

conditions (conditions B) failed to induce a reaction when | RO=Znky' | )
. . . . | Lnlr=X L'»ZnO'Bu HOR'
applied to disubstituted allylic substrates-g. It was worthy
of note, however, that the catalytic zinc conditions proved L = COD/pyridine OR' L'y = a-amino acid
to be more effective in many cases with monosubstituted RJ\/

allylic substrates. Reaction rates of the stoichiometric and
catalytic methods were comparable, with slightly longer

r ion times for the latter vs 1 min). A g o . K

eaction times for the latte .(520 S 56.0 ). A and zinc(ll) catalysts. Under both stoichiometric and catalytic

demonstrated by the formation of single isomers as the _. » o i
zinc conditions, the iridium catalyst acts on the allylic

products, the reactions of disubstituted allylic substrates - o s
. : . carbonate to generate the requisite catioffiallyl iridium
proceeded with complete retention of regio- and stereochem-,

istry (entries 11+13). In particular, a high level of selectivity |nterm§d|ate (Ieft.cata-lync cycle)._CrltlcaI o the b|metall|f:
o . . . catalytic mechanism is an alkoxide exchange at the zinc
was maintained in the reaction of dimethylallyl systém

in which the scrambling of regiochemistry via a symmetric center (right catalytic cycle). In light of the well-knowikp

o . . ) dependent equilibrium between a free alcohol and its
irido-zz-allyl intermediate would constitute loss of stereo- . . o . .

) . . corresponding zinc alkoxidét is believed that alcohols with
chemistry (entry 11). In contrast, a disparity between the

regio- and stereochemical outcomes was noted in reactions higher acidity thantertbutyl alcohol are capable of

of monosubstituted allylic systems. For example, when undergoing the exchange and subsequent nucleophilic ad-
optically enriched®-1b (98% ee) was .reacted wittd un'der dition processes. An additional important feature that renders

o . . the dual catalytic cycles feasible is the poor reactivity of
conditions A, etheBbd was produced as a single regioisomer zinc tert-butoxide toward the iridium-bound cationic inter-
but only in 57% ee (cf. entry 3). These results indicated that

X ) AP mediate, whereby the requisite deprotonation process is
with the present catalytic system, the putative “eny!” iridium . ) . . . .
. . - o effectively mediated by zintert-butoxide. While a detailed
intermediate undergoes slow allylic isomerization but fast

. - : . . understanding awaits further studies, the pronounced effect
enantiofacial interconversion processes relative to the inter- o : -
. " . . . of NH4I may be due to the combination of the high affinity
molecular nucleophilic addition reaction with a zinc alkox- - i s
16 . - of the iodide anion for the iridium center and a subtle proton-
ide >1® The regiospecific nature of the present Ir protocol

was also manifested in the reaction of the linear substrate transfer process required for the reaction.

(Scheme 1), whereas the Pd-catalyzed method proved to be In summary, We”ha_ve (_Jlemonstrate_d th_at _soft_enlng-the-
regioselective (cf. entry 16, Table 1), alkoxide approach” via zinc(ll) coordination is viable for

the regiospecificO-allylation of aliphatic alcohols under
iridium(l) catalysis. High chemo- and regioselectivities and

_ operational simplicity are important features of the new

catalytically and independently by the respective iridium(l)

Scheme 1. Regiospecificity of Allylic Etherifications protocol. Our studies have also led to the development of a
g-g mg::fg;(%%zcmz two—c.o_mppnent catalyst system that achieveg the qllylic
NN"N0Boc + 28 — ° 3aa + 4aa etherification through the separate yet cooperative action of
7 ?-g Zgﬂ:z ﬁtﬁzln the iridium and zinc complexes on the respective allylic
THF, 25 °C, 2 h 70% (1:9) carbonate and alcohol substrates. On the basis of the present
5.0 mol % Pd(PPhy)s 38% (1 : 50) findings, future investiga‘gions wiII_ be directed a_t the develop_-
%i, Feqztgvogtzzz?1 ment of related catalytic reactions and their asymmetric

variants, particularly by crafting the ligands independently
for each metal center.
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