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A highly regio-, diastereo-, and enantioselective desymmetrization of five-, six-, and seven-membered meso-cyclic allylic bis-diethyl phosphates
(2a, 2b, and 2c, respectively) was obtained with diethylzinc, using catalytic amounts of [Cu(OTf)],*C¢Hs and phosphoramidite ligands 5.
Enantiomeric excesses of up to 87, 94, and >98% were obtained for the addition of diethylzinc to cyclopentene, cyclohexene, and cycloheptene
bis-diethyl phosphates, respectively.

meseCyclic allylic diols are powerful substrates for the oxabicyclic alkenes with organometallic reagents was re-
construction of enantiomerically enriched functionalized ported by Lautens and co-workers (palladium-catalyzed
products. Their desymmetrization has been realized by addition of alkylzinc reagents and Rtatalyzed addition of

acylation or by allylic substitution, which can occur vig2s arylboronic acid$)and by Pineschi, Feringa, and co-workers
or 2 (allylic displacement) mechanisms, with either (Cu-catalyzed addition of alkylzinc reagenfsjVhereas in

retention or inversioA.The palladium-catalyzed desymme-
trization, pioneered by Trost, is usually performed with soft _ (2) For recent accounts, see: (a) Graening, T.; Schmalz, ArGew.
nucleophiles and takes place via thg2Snechanisni. A gﬁgm:'F'{;t_'z%%gofg;zzégffggﬁ?“' (b) Trost, B. M.; Crawley, M. L.

somewhat related enantioselective ring openingnafso- (3) (a) Lautens, M.; Renaud, J.-L.; Hiebert,J5Am. Chem. So200Q
122 1804-1805. (b) Lautens, M.; Hiebert, S.; Renaud, J.€rg. Lett.
200Q 2, 1971-1973. (c) Lautens, M.; Hiebert, S.; Renaud, J3LAm.

T University of Insubria. Chem. Soc2001, 123 6834-6839. (d) Lautens, M.; Dockendorff, C.;

* University of Milano. Fagnou, K.; Malicki, A.Org. Lett. 2002 4, 1311-1314 and references

§ University of Groningen. therein.

(1) For a recent review, see: Willis, M. @. Chem. Soc., Perkin Trans. (4) Bertozzi, F.; Pineschi, M.; Macchia, F.; Arnold, L. A.; Minnaard, A.
11999 1765-1784. J.; Feringa, B. LOrg. Lett.2002 4, 2703-2705.
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the first case the reaction occurs via thg2Smechanism metrization of methylidene cycloalkene oxidéshe allylic
with retention (the nucleophile attacks from the same side alkylation of cinnamyl derivative¥, and the rhodium-

of the allylic leaving group$,in the second case the allylic catalyzed addition of arylboronic aciéfs.

displacement reaction takes place with invergidgharulli, In this paper we report a highly enantioselective desym-
Gennari, and co-workers have recently disclosed a new metrization ofmese4-cyclopentene-1,3-bisdiethyl phosphate
highly regio-, diastereo-, and enantioselective desymmetri- (2a), mese2-cyclohexene-1,4-bisdiethyl phospha2b)( and
zation of mesecyclic allylic bisdiethyl phosphates with  mese2-cycloheptene-1,4-hisdiethyl phosphaze)(with di-
organozinc reageritcatalyzed by copper(l) complexes of ethylzinc catalyzed by copper(l) complexes of phosphora-
chiral Schiff base ligands (Scheme 1§.In the case ofmese midite ligands5 (Figure 1).

Scheme 1. Desymmetrization ofmeso€yclic Allylic

Bisdiethyl Phosphates with Organozinc Reagents Catalyzed by 5a;R'=R?=Me
Copper(l) Complexes of Chiral Schiff Base Ligantls OO . 5b; R' = RZ = (R)-CH(Me)Ph
0 O R 5¢;R'=R? = (S)-CH(Me)Ph
OIIDI(oEt)2 OP_N~R2 5d; R' = (R)-CH(Me)Ph; R? = i-Pr
H RoZn OO 5e;R'=R?=[-Pr

O ) [(CuOTf),CgHgl, 1 5f; R' = (R)-CH(Me)Ph; R? = H
n > )n + . )n

z Toluene/THF, -60 °C. X

z H Fi 1. f the phosph idite i
OP(OEY), Op(0EY, R Oﬁ(OEt)z igure 1. Structure of the phosphoramidite ligansls
o)
o] o]

2a,n=1 3a,n=1 4a,n=1 . . . .
2b,n=2 3b,n=2 4b,n=2 Copper complexes of ligandsa—f were obtained in situ
2c,n=3 ; o 3c,n=3 4c,n=3 by stirring CUOTf with 2 equiv of the appropriate ligand in
R $<o toluene (45 min, rt). Reaction ohese4-cyclopentene-1,3-
_N HN. ) bisdiethyl phosphate 26), readily obtained from com-

— R mercially availablanese4-cyclopentene-1,3-diéf with 2.0

R3( ) OH 1 equiv of EtZn in the presence of 10 mol % of the copper-

phosphoramidite complexes afforded the product arising from
allylic displacement with inversior8g, R = Et) in variable
yields and enantiomeric excesses (Table 1). In particular,
the screening of the ligands revealed that good yields and
enantiomeric excesses were obtained when phosphoramidite
ligands with bulkier secondary amine substituents were used
(entries 2-4). Varying the temperature with the best ligand

4-cyclopentene-1,3-bisdiethyl phosphale)( only the prod-
uct arising from the allylic displacement&) mechanism
with inversion Ba) was obtained with excellent yield and
enantiomeric excess (ee) up to 88% after screening a library

of 125 Schiff-base ligand$. Reaction of diethylzinc with (5b) increased the enantiomeric excess to 87% 40 °C

mesez-cyclohexene-1,_4-bi_sdiethyl phosphagb) on t_he _ (entry 7). Dimethylzinc was considerably less reactive than
contrary, gave the allylic displacement products originating diethylzinc; the reaction had to be run atO to obtain3a

from either inversion 3b) or retention 4b) with good g —'\1e) with a fair conversion (54%), still associated with
diastereoselectivity (81:194:96), depending on the solvent good ee (87%, Table 1, entry 16).

and the ligand used. However, very low ees were obtained.
The reaction ofmese2-cycloheptene-1,4-bisdiethyl phos-
phate 2¢) afforded only the product arising from the allylic
displacement with inversior8¢), albeit with modest ee (up (8) (@ de Vries, A H. M.; Meetsma. A.: Feringa, B. Angew. Chern.

to 56%). Int. Ed. Engl 1996 35, 2374-2376. (b) Feringa, B. L. Pineschi, M.; Arnold,

- L. A.; Imbos, R.; de Vries, A. H. MAngew. Chemlnt. Ed. Engl 1997,
The Groningen group has demonstrated that phosphora 36, 2620-2622. (c) Imbos, R.; Brilman, M. H. G.; Pineschi, M.; Feringa,

midites of general structui®serve as very effective ligands B, L. Org. Lett. 1999 1, 623-626.

in a number of catalytic asymmetric carbecarbon bond- (9) (@) Duursma, A.; Minnaard, A. J.; Feringa, B. Tetrahedor2002
. . . . 58, 5773-5778. (b) Duursma, A.; Minnaard, A. J.; Feringa, B.1..Am.
forming reactions. These include the already mentioned chem. S0c2003 125 3700-3701.

mese2-Cyclohexene-1,4-bisdiethyl phosphafb) was
obtained starting from cyclohexadiene via a palladium-

copper-catalyzed ring opening of oxabicyclic alkehdise (10) Bertozzi, F.; Crotti, P.; Macchia, F.; Pineschi, M.; Feringa, B. L.
. dditi f dialkvlzi 8 d ni Angew. Chem., Int. EQ001, 40, 930-932.

conjugate a : ition o . 1a yzmcs to _eno eand nitro (11) Bertozzi, F.; Crotti, P.; Macchia, F.; Pineschi, M.; Arnold, A,

alkened the ring opening of vinyl epoxide€’$,the desym- Feringa, B. L.Org. Lett.200Q 2, 933-936.

(12) Malda, H.; van Zijl, A. W.; Arnold, L. A.; Feringa, B. LOrg. Lett.
2001, 3, 1169-1171.

(5) Piarulli, U.; Daubos, P.; Claverie, C.; Roux, M.; GennariABgew. (13) Boiteau, J. G.; Imbos, R.; Minnaard, A. J.; Feringa, BOkg. Lett.
Chem., Int. Ed2003 42, 234-236. 2003 5, 682-685 and 1385.
(6) (@) Chataigner, I.; Gennari, C.; Piarulli, U.; Ceccarelli,A®igew. (14) cis-4-Cyclopentene-1,3-diol was transformed into the corresponding

Chem., Int. Ed200Q 39, 916-918. (b) Ongeri, S.; Piarulli, U.; Jackson,  bisdiethyl phosphate2} by deprotonation witm-BuLi and reaction with
R. F. W.; Gennari, CEur. J. Org. Chem2001 803-807. (c) Chataigner, diethylchlorophosphate in THF/TMEDA (4/1); see: Yu, K. L.; Ko, K. Y.;

I.; Gennari, C.; Ongeri, S.; Piarulli, U.; Ceccarelli, Ghem. Eur. J2001, Fraser-Reid, BSynth. Commuril988 465-468.
7, 2628-2634. (15) Reactions at-40 or —20 °C showed poor conversions (320%)
(7) Feringa, B. L Acc. Chem. Re00Q 33, 346-353. associated with slightly better ees (993%).
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Table 1. Allylic Alkylation of 2awith R,Zn in the Presence of
Copper Complexes of Phosphoramidies-f2

OP(OEt),

RoZn

[(CuOTf)2CeHel, 6

Toluene T (°C) \\\Q

OI:(OEt)g R OII::(OEt)z
0 0
2a 3a
product
T yield ee %°
entry  ligand R (°C) (%)° (configuration)d
1 5a Et —60 10 24 (R,R)
2 5b Et —60 >98 74 (R,R)
3 5¢c Et —60 20 60 (R,R)
4 5d Et —60 30 58 (R,R)
5 5e Et —60 65 10 (R,R)
6 5f Et —60 13 0
7 5b Et  —40 >98 87 (R,R)
8 5b Et -20 >98 84 (R,R)
9 5b Et 0 >08 81 (R,R)
10 5b Me 0 54 87 (R,R)

aReaction conditions: [CuOTfCeHs (0.05 equiv), ligand (0.2 equiv),
R»Zn (2.0 equiv),2a (1.0 equiv), toluene, 15 K.GC yield. ¢ Determined
by GC: MEGADEX DMEPEB, OV 1701, 25 m, film 0.25m, carrier H
(70 kPa).? Absolute configuration was determined as previously deschbed.

catalyzed 1,4-diacetoxylatidfifollowed by hydrolysis and
phosphorylation using the same procedure as for the five-
membered substratBa.'* Reaction with EZn afforded
variable proportions of two products, namely, those arising
from the allylic displacement (&') with either inversion
(3b) or retention 4b) (Table 2). In particular, small ligands
(e.g.,5a, entry 1) and higher reaction temperatures (cf. entries
7-9, 10-11) afforded larger proportions of produéb,
whereas ligands bearing bulkier amine substituents and lowe
temperatures favored the formation of produit. An
enantiomeric excess of up to 82% was obtained for the
product arising from allylic displacementy&) with inver-
sion, using ligandb at —60 °C, albeit in rather low yield
(entry 2). Increasing the reaction temperature-t0 °C
improved both the yield (77%) and the enantiomeric excess
(90%, entry 7). Interestingly, ligaret comprisingS-BINOL
and theS S-diamine moiety afforded a very promising 76%
ee at—60 °C (entry 3), which could be improved to 94%,
with 69% yield, by increasing the temperature-td0 °C
(entry 10). It should be noted that this is one of the few
cases where the matched combination arise$ ifrom
SBINOL and theSS-diaminel®* Product4b, on the other
hand, was always isolated as a racemic mixture.

Reaction of the seven-membered-ring subst?at@ able
3), obtained following the same route as s, afforded
only the product arising from allylic displacement23 with
inversion Bc) with excellent enantiomeric excess 48%)

(16) B&kvall, J. E.; Bystfn, S. E.; Nordberg, R. E.. Org. Chem1984
49, 4619-4631.
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Table 2. Allylic Alkylation of 2b with Et;Zn in the Presence
of Copper Complexes of Phosphoramidifes-f2

9
OP(OE),
EtZZn
[(CUOTf)z'CeHB], 5 o .
Toluene, T (°C) TOEY Et
OP(OEY), (Et0),PO (Et0),PO
O O o}
2b 3b 4b
product
T yield ee % of 3b¢
entry ligand (°C) (%) 3b/4b  (configuration)d
1 5a —60 13 31/69 35 (R,R)
2 5b —60 35 76/24 82 (R,R)
3 5¢ —60 16 87/13 76 (R,R)
4 5d —60 3 79/21 68 (R,R)
5 5e —60 10 69/31 48 (R,R)
6 5f —60 0
7 5b —40 77 87/13 90 (R,R)
8 5b —-20 89 67/33 84 (R,R)
9 5b 0 85 44/56 52 (R,R)
10 5¢ —40 69 85/15 94 (R,R)
11 5c —20 88 68/32 93 (R,R)

aReaction conditions: [CuOTfCsHg (0.05 equiv), ligand (0.2 equiv),
EtZn (2.0 equiv),2b (1.0 equiv), toluene, 15 R.Isolated yield £ Deter-
mined by GC: MEGADEX DMEPR, OV 1701, 25 m, film 0.25m,
carrier K (70 kPa), after reduction of the phosphate ester to alcohol with
LiAIH 4 in diethyl ether (quantitative yield}. Absolute configuration was
determined by reduction @& to the corresponding alcohol (LIAIHEtO)
and comparison of the optical rotatioru{p) with the literature valué?

and isolated yield (8586%) using ligandsb and5c (entries
4, 5). This is a case of very remarkable chemo-, regio-,
stereo-, and enantiocontrol, where the potential competition
of several reaction pathways might in principle lead to up
to 15 different reaction products and only one is obtaitied.
Product3cwas reduced to the corresponding alcohol with
LiAIH 4 in diethyl ether (quantitative yield). The enantiomeric
excess was measured B NMR spectroscopy, after
derivatization of the resulting alcohol withR)-(+)-o-
methoxye-(trifluoromethyl) phenylacetic acid, DCC, and
4-DMAP in dichloromethane (quantitative yielt).The
absolute configuration of produ8t was also assigned from
the NMR data of its Mosher ester derivativ8$° The esters
were assumed to adopt a conformation with the@G+O—

r

(17) In particular, §2' and S2 substitutions could occur, and both with
either retention or inversion of configuration. In the case of th2, 8/here
an allylic alcohol derivative is obtained, a second allylic substitution could
occur, via the §2' or §y2 mechanism, with either retention or inversion.
On the basis of this complex scenario, up to 15 different reaction products
(7 pairs of enantiomers and thesoeompound) could in principle be
obtained.

(18) (a) Dale, J. A.; Mosher, H. 9. Am. Chem. Sod.973 95, 512—
519. (b) Sullivan, G. R.; Dale, J. A.; Mosher, H. £.0rg. Chem1973
38, 2143-2147.

(19) Diastereomeric esters were prepared usig()-o-methoxyet-
(trifluoromethyl) phenylacetic acid with an unbalanced mixture of enan-
tiomeric alcohols3c.

(20) Ohtani, I.; Kusumi, T.; Kashman, Y.; Kakisawa, H.Am. Chem.
Soc.19971, 113 4092-4096.
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Table 3. Allylic Alkylation of 2a with Et,Zn in the Presence
of Copper Complexes of Phosphoramidifes-c?

o}
(EtO)Z}lD‘o
Et,Zn
[(CuOTf)5-CeHel, 5
Toluene, T (°C) et
(Et0),PO (EtO),PO
o
2c 3c
product
T yield ee %°
entry ligand (°C) (%)P (configuration)d
1 ba —60 5 nd
2 5b —60 81 98 (R,R)
3 5¢c —60 75 >98 (RR)
4 5b —40 85 >98 (R,R)
5 5¢ —40 86 >98 (R,R)

aReaction conditions: [CuOTfCsHs (0.05 equiv), ligand (0.2 equiv),
Et,Zn (2.0 equiv),2c (1.0 equiv), toluene, 15 R.Isolated yield.c Deter-
mined by'H NMR analysis of the Mosher esters, after reduction of the
phosphate ester to alcohol with LiAlh diethyl ether (quantitative yield).

Scheme 2. Desymmetrization of Functionalized Substréte

OP(OEt),
\\\O EtQZn \\O
[(CuOTf)yCgHg], 5b "
"0 Toluene, -60 °C, E "0
OP(OEY), 72h (Et0),PO
o) o
6 7

aReaction conditions: [CuOTfCsHs (0.05 equiv), ligandbb
(0.2 equiv), EfZn (2.0 equiv),6 (1.0 equiv).

contiguous stereocenters and a double bond, was obtained
as a single diastereomer and in high enantiomeric excess from
an achiral starting material.

In summary, we have developed a highly regio-, diastereo-,
and enantioselective desymmetrization of five-, six-, and
seven-membereahesecyclic allylic bis-diethyl phosphates
(24, 2b, and2c, respectively) with diethylzinc using catalytic
amounts of [Cu(OTf)}Ce¢Hs and phosphoramidite ligands
5. Studies toward the extension of the scope of this reaction,

d Absolute configuration was determined by analysis of the Mosher ester using different organozinc reagents and other functionalized

(see text).

substrates, are currently underway in our laboratories.
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more functionalized substrates, we performed the reaction
on compound,?! a derivative of conduritol A, usingb as
the ligand (Scheme 2).

Much to our delight, compound, derived from allylic
displacement (§') with inversion, was obtained in 52%
yield (74% based on recover@&)i as a single diastereomer,
in 86% enantiomeric exceds?® It is worth noting that a
fully functionalized cyclohexane derivative, containing four

Supporting Information Available: Experimental details
and characterization data, includittg, 3'P, and**C NMR,
IR, MS, and HRMS spectra and GC conditions. This material
is available free of charge via the Internet at http:/pubs.acs.org.

OL035807L

(22) Absolute configuration of compountihas not yet been assigned.
(23) Reaction performed at40 °C gave compound in higher isolated
yield (78%) but with lower ee (65%).

(21) Johnson, C. R.; PleP. A.; Adams, J. PJ. Chem Soc., Chem.
Commun.1991 1006-1007.
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