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Water is an ideal solvent for chemical transformations in Scheme 1. Oxidative Carbohydroxylation of Allene-Substituted
environmentally friendly and sustainable processes, and it offers Dienes in Water

the advantages of low cost and high safety. As a result, organic EE EE
reactions in water have attracted considerable attention in recent 1 mol % Pd(ll), BQ

years! Although various pallaldium-cat.alyzed reactiqns in WaFer are H,O/THF (4:1)

known, such as cross-coupling reactidrideck reactions,allylic R R
substitutions, and oxidation of alcohofsand olefins’éwater is a 1 R 2 R

poor nucleophile in such reactions, and synthetically useful

examples of nucleophilic attack by water am-gllyl)palladium Table 1. Palladium(ll)-Catalyzed Oxidative Carbohydroxylation of

. . . 1 in Water?
species are still unprecedentedrost stated that “water is such a - r—
notoriously poor nucleophile in palladium-catalyzed reactions that €ty ~ comp product y‘etllf (:/2 / ra“& B
it is an excellent solvent or cosolvent for such reactich$his T — —
fact led Trost and co-workers to develop the use of triphenylsitanol HOu, 3 85 .
or carbonatéas water surrogates in attack am-dllyl)palladium 1 1a i 90? 88
intermediates. In this paper, we report on an intramolecular 2
carbohydroxylation of conjugated dienes where theGCbond-
forming reaction involves water attack on a-4llyl)palladium 5 1b 83; 31
intermediate. 89
Oxidation processes are important transformations in organic
synthesig? and catalytic oxidations where the terminal oxidant is PN P 80° g
either molecular oxygen or hydrogen peroxide have attracted ; 1c ! ! 20/2¢° 2¢/2¢°
considerable attention recent/!! At present, there is a lack of H )= H 2:1 2:1
efficient oxidative G-C bond forming reactions with molecular x x
oxygen as the oxidant since these reactions are often associated wo, ~H3E o, ~HAE 84 g
with the formation of radicals, leading to side products from 4 1d % : 2d2d° 2d2d°
autoxidation. Examples of such aerobic oxidations in water are even werc e 8:1 7:1
more rare’? In the past few years, our group has reported on Method B: £/Z = 12:1
palladium(ll)-catalyzed oxidative carbocyclization reactions of wo, ~H5F o, ~H5E
allene-substituted dien8sand enallene¥ @ @ 85! 8
Herein we report on a palladium(ll)-catalyzed oxidative carbo- 5 le 200 )T A §.e1/2e é.eIIZe

hydroxylation of allene-substituted conjugated dienes in aqueous Method A £/2 = 11:1 ' ’
media. The transformation carried out formally constitutésias- HEE
1,4-carbohydroxylation of a conjugated diene and proceeds with ¢ 1f Ho ) 90° 91°

. . .. d 2
high regio- and stereoselectivity (Scheme 1). A 92 94

The requisite starting materialswere prepared as previously # ce
reportedt® Reaction ofla with 2 equiv of p-benzoquinone (BQ) g
and 1 mol % of palladium trifluoroacetate (Pd(TRAN H.O/THF 7 Ig Ho"% 74 7w
4:1 afforded2ain 85% yield!®> When the reaction was performed 29

. . o
|n_ pure water, I.t proceeded very slowly, and after .24 h, only_a 16/(.) aMethod A: cat. Pd(TFA) and stoichiometric BQ was used. Method
yield was obtained, the rest being unreacted starting material. Thisg. cat pd(TFA), cat. BQ, cat Fe(Pc) under,Qitmosphere was used.
suggests that a small amount of organic solvent is required to b Isolated yields¢ The reactions were carried out on a 0.5 mmol scale with

dissolve the substrate, catalyst, gmdenzoquinone for obtaining I:’d('l'FA)z (1 mol %) and BQ (2 equiv) in 4 mL of pO/THF (4:1) at rt for
a reasonable reaction rdfe. —12 h.9With 5 mol % of Pd(TFA) and 4-6 h reaction time®¢ The

. L . reactlons were carried out on a 0.2 mmol scale with Pd(ERRA)nol %),
Next, we explored the reaction scope subjecting various sub- gg (5 mol %), and Fe(Pc) (1 mol %) under @mosphere in 1.5 mL of

strates to the reaction conditions described above for the oxidative H,O/THF (4:1) at rt for 24-48 h.f With 5 mol % of Pd(TFA}), 20 mol %
palladium-catalyzed carbohydroxylation of conjugated diéae of BQ, and 5 mol % of Fe(Pc) used in&/THF (2:1) at rt for 24 h.
(Table 1, method A).

In the reaction, two new stereocenters are generated with andtranscarbohydroxylation¥99%trans-add). Conjugated dienes
complete stereocontrol with respect to the stereocenter alreadylc—e, where the substituents of the allene are nonsymmetric,
present in the starting material. Cyclohexadiene substfimes afforded the corresponding products with a preference for formation
and cyclooctadiengg reacted to furnisicis-fused ring systems and  of the product with the more substituted double bond (Table 1,
trans-carbohydroxylation ¥ 99%trans-add), whereas cyclohepta-  entries 3-5). Substrate®d and2e were obtained as a mixture of
diene 1f gave different selectivity with &ransfused ring system E/Z isomers in a ratio 12:1 and 11:1, respectively.
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1. mol % of Fe(Pc) N . . . :
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1a
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E_E H
m Pd(Il) FePcox) H,0 References
)]\ (1) (@) Li, C.-J.; Chan, T.-HOrganic Reactions in Aqueous Megikhn Wiley
OH & Sons: New York, 1997. (b) Li, C.-_hem. Re. 2005 105, 3095. (c)
E Li, C.-J.; Chen, L.Chem. Soc. Re 200§ 35, 68.
HO., E (2) See for example: (a) Lautens, M.; Tayama, E.; Hersel. @m. Chem.
Soc.2005 127, 72. (b) Arvela, R. K.; Leadbeater, N. Brg. Lett.2005
Pd(0) FePC(req) % O, 7, 2101. (c) Mariampillai, B.; Herse, C.; Lautens, Krg. Lett.2005 7,
4745, (d) Liu, L.; Zhang, Y.; Wang, YJ. Org. Chem2005 70, 6122.
o (e) Anderson, K. W.; Buchwald, S. lIAngew. Chem., Int. EQ005 44,
6173.
(3) (a) Uozumi, Y.; Watanabe, T. Org. Chem1999 64, 6921. (b) Kogan,
Scheme 3. Okxidative Carbocyclization of Allene-Substituted V.; Aizenshtat, Z.; Popovitz-Biro, R.; Neumann, Rrg. Lett.2002 4,
Dienes 3529. (c) Botella, L.; Nera, C.Tetrahedron2004 60, 5563.

(4) See for example: (a) Uozumi, Y.; Shibatomi,XAm. Chem. So2001

EF EF EE 123 2919. (b) Manabe, K.; Kobayashi, Srg. Lett.2003 5, 3241. (c)
allene-attack olefin insertion Chevrin, C.; Le Bras, J.; Hn, F.; Muzart, J.; Pla-Quintana, A.; Roglans,
| === | —_— A.; Pleixats, R.Organometallics2004 23, 4796. (d) Kinoshita, H.;
on Pd(l) Bl Shinokubo, H.: Oshima, KOrg. Lett.2004 6, 4085.
1a A Bl (5) See for example: (a) ten Brink, G.-J.; Arends, I. W. C. E.; Sheldon, R.
EE

A. Science200Q 287, 1636. (b) ten Brink, G.-J.; Arends, I. W. C. E;

H0 Ho E B Hoogenraad, M.; Verspui, G.; Sheldon, R. Adv. Synth. Catal2003
. > " %2 1341. (c) Uozumi, Y.; Nakao, RFAngew. Chem., Int. E®003 42,
pgll (6) Seé for example: (a) Bavall, J. E.; Akermark, B.; Ljunggren, S. Q.

c 2a Am. Chem. Sod 979 101, 2411. (b) ten Brink, G.-J.; Arends, |I. W. C.

E.; Papadogianakis, G.; Sheldon, R.@hem. Commurl99§ 2359.
(7) For a mixed attack by ¥ and CECOO  on a (r-allyl)palladium

complex, see: Nilsson, Y. I. M.; Aranyos, A.; Andersson, P. Ggk®all,

To further increase the synthetic utility of the procedure, the 35 Pamain, J. L.; Ploteau, C.; Quintard, JJPOrg Chem.1996 61,
reactign was studied u_nder aerobic conditions (Scheme 2). In_the (8) Trost, B. M.; McEachern, E. J. Am. Chem. Sod.999 121, 8649.
aerobic procedure, BQ is employed as an electron-transfer mediator (9) Trost, B. M.; Ito, N.; Greenspan, P. Detrahedron Lett1993 34, 1421.

; ; R i« (10) (a) Modern Oxidation MethodsBackvall, J. E., Ed.; Wiley-VCH:
n Catalytlc amounts and the hydroqumone (HQ) prOduced IS Weinheim, Germany, 2004. (b) Trost, B. M.; Fleming, |. Gomprehen-

continuously reoxidized to BQ by catalytic iron phthalocyanine (Fe- sive Organic Synthesifergamon Press: Oxford, 1991.
(Pc))/Q.17 This procedure permits the oxidation of Pd(0) to Pd(ll) ~ (11) (&) Piera, J.; Bzkvall, J. E.Angew. Chem. Int. Edn press. (b) Stahl, S.

b | | d ild diti Th bi idati S. Angew. Chem., Int. E2004 43, 3400.
y molecular oxygen under mild conditions. [he aerobic oxidation (1) For a few G-C bond forming aerobic reactions anganic sobents see:

of 1a was performed in the presence of catalytic amounts of Pd- (a) Trend, R.(g\;l.; Ramtohul, Y. K.; Stoltz, B. llw. Am. Cherg. S02005

0 _ ; 0 127,17778. Dams, M.; De Vos, D. E.; Selen, S.; Jacobs, Angew.
(TFA)Z (1 mol %), p-benzoquinone (5 mol %), and Fe(Pc) (1 mol Chem., Int. Ed2003 42, 3512. (c) For a recent interesting non-aerobic
%) in H;O/THF (4:1) under @ atmosphere at room temperature, oxidation with G-C bond formation via outer sphere nucleophilic attack
and the desired produ@ta was obtained in 88% yield with the of indole on an (olefin)palladium complex, see: Liu, C.; Widenhoefer,

o i . . . R. A. Chem—Eur. J.2006 12, 2371.
same selectivity as the non-aerobic version. The reaction condi- (13) (a) Ldstedt, J.; Franze J.; Bakvall, J. E.J. Org. Chem2001, 66, 8015.

tions for the aerobic oxidative carbohydroxylation were applied to (z%)oléﬁged?t,z zi]é; IE'IB)hibK-; Dora?g%t-: dE:alSvalll\,l ,;Jq'- EKJ- Efg- ,CheJm-
. . . , . (c) Dorange, I.; edt, J.; i, K.; FranZa, J.;
the rest of the substrates with essentially the same outcome as in Backvall. J. E.Chem—Eur. J. 2003 9, 3445,

the non-aerobic version (Table 1, method B). (14) (a) Franze, J.; Bakvall, J. E.J. Am. Chem. So2003 125 6056. (b)
The mechanism of this reaction is similar to that of the oxidative Piera, J.; Nei, K., Backvall, J. E.Angew. Chem,, Int. E@00§ 45, 6914.

b lization of allene-substituted dienbglescribed previ- (15) For the optimization of the reaction, see the Supporting Information.
carbocyclization of ubstitu p (16) Solid reactants can be used in pure water when the rest of the reagents
ously!® Nucleophilic attack by the pendant allene d on the are liquids, but not when all the components are solids. See for example:
palladium(ll) center gives vinylpalladium speciés Subsequent gﬁ;%%gssk EAX:]dgoe?/C’ é]Herfwmr}htMEcgdbsF %ﬁ'”éz\é‘sv“ Kolb, H. C.;
insertion of the olefin into the PeC,iny bond leads to arf-allyl)- (17) Similar coupled catalytic systems have been previously used by our group

i i i in 1,4-oxidation of dienes and in allylic oxidations: (a)jd&all, J.-E.;
palladlum complex(()), Whlgﬁzés attac.ked by V.va.'ter from thexo Hopkins, R. B.; Grennberg, H.; Mader, M.; Awasthi, A. K.Am. Chem.
face to yield2a (Scheme 3}*-20 The high reactivity of ther-allyl Soc.1990 112, 5160. (b) Witinger, J.: Bakvall, J.-E.; Zsigmond, A.
complexC toward water attack is remarkable and may be explained ) gﬂem-—Eur- H] 1999 5,f1460- (C)aﬁeference éé«?}- b o

H H H H H e stereochemistry of compoudwas establishe y converting it to

by the coordination of the_blcycllc hydrocarbqn Il_ga_nd from the the known acetate (see ref 13a).
endoface. Molecular modeling and DFT calculatihimdicate that (19) One reviewer suggested an alternative mechanism via Pd(ll)-promoted
the terminal double bond can coordinate to palladiunCinand addition of HO into the 1,3-diene to form antallyl)Pd intermediate

. L I, . followed by allene insertion. Attempts to generate suchrallyl)Pd
this would stablllzg Fhe transition state for nucleophilic attac!< and intermediate from a 1,3-cyclohexadiene analoguéaowheren-Bu is
enhance the reactivity of thendos-allyl complex (see Supporting attached to the CHEgroup in place of-CH=-=CMe,, failed. Under
Information) stoichiometric conditions similar to those used in the catalytic reaction,

. t . . there was no reaction with neither Pd(OAedr Pd(TFA). Further support

Despite the increasing number of palladium-catalyzed transfor- for trr:e mechanism irgjI Schﬁmg(?, V\;Zas proxﬂjdebd 1by monitor:ing the

& ¢ in stoichiometric reaction dfawith Pd(TFA), in THF-ds by 'H NMR, whic
r,na,t'ons In aqueous medlq in the past few ye‘?’lrs’ t,her,e are (,)nly shows that the first step is formation of vinyl compléxsee Supporting
limited examples of palladium-catalyzed aerobic oxidations with Information). Insertion of the diene to give allyl intermediates requires
carbon-carbon bond formation in water. The reaction reported BQ, and C-O bond formation is the last step of the sequence.

h . id | f lladium-catal d idati (20) Attack by CRCOO™ on C and hydrolysis to give th@ais not a likely
erein provides an example of a palladium-catalyzed oxiaation pathway since the use of Pd(OAgs catalyst gave 80% yield @, and
leading to C-C bond formation in water with subsequent water the allylic acetate is completely stable under the reacfion conditions.

attack on ag-allyl)palladium intermediate. The extension into an ~ (21) Karlsson, E. A.; Bekvall, J. E. Unpublished results.

aerobic version enhances the utility of the present method. JAQ075488J

J. AM. CHEM. SOC. = VOL. 129, NO. 46, 2007 14121



