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Abstract

Palladium complexes of heterobidentate ferrocene-containing ligands were tested as catalysts in asymmetric intermolecular
Heck reactions employing 2,3-dihydrofuran as the substrate and afforded a mixture of products in various ratios depending
on the choice of ligand and the conditions employed. The favoured kinetic isomer was obtained in enantioselectivities of up
to 99%. Dihydrofurans disubstituted at the 2-position were postulated as new substrates as they form a single regioisomeric
product, thus providing a true comparative test of enantioselectivity of a range of palladium complexes. The synthesis of
2,2-dimethyl-2,3-dihydrofuran and 2,2-diethyl-2,3-dihydrofuran and their application in the intermolecular asymmetric Heck
reaction with both diphosphine and phosphinamine ligands is also described. For both phenylation and cyclohexenylation of
2,3-dihydrofuran and 2,2-dimethyl-2,3-dihydrofuran tH&u substituted diphenylphosphinoferrocenyloxazoline ligand gave
best results. The use of 2,2-diethyl-2,3-dihydrofuran as substrate demonstrated that the increased bulk at the 2-position had
a deleterious effect on both the chemical yields and ees in phenylations and cyclohexenylations although enantioselectivities
of 94 and 93% were obtained, respectively.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction studied and have been the subject of nhumerous re-
views [9-13] The initial substrate employed by
The Heck reaction is a versatile and useful Ozawa et al[14] in asymmetric intermolecular ary-
palladium-catalysed elaboration of substituted alkenes lation studies was the cyclic olefin, 2,3-dihydrofuran
by direct C—C bond formation at a vinylic carbon 1 [14]. The asymmetric induction obtained was due
centre[1-3]. Its potential has been exploited in the to Pd complexes ofR)-BINAP 2 and a mixture of
key steps of many total synthespd and a better  regioisomers3 and4 were obtained, with the thermo-
understanding of the reaction mechanism continues dynamic produc# being formed in 96% ee, favoured
to emerge [5-8]. Both intramolecular and inter- over the kinetic producB in a 71:29 ratio when
molecular asymmetric variants have been extensively 1,8-bis(dimethylamino)naphthalene (proton sponge)
was used as the basB8dheme L Since that initial
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and BITIANP by Tietze et al[16]. Palladium com-
plexes of the former outperformed BINAP although
mixtures of regioisomeric products were still obtained
whilst in contrast, complexes of the latter afforded
the 2,3-dihydrofura with complete regioselectivity
and high enantioselectivity.

Pfaltz and co-workerg17,18] described the ap-
plication of diphenylphosphinooxazoline ligands of
type 5 to the arylation and alkenylation of substrate
1 with complexes of thet-butyl-substituted oxazo-
line 5b affording both the best enantioselectivities
and catalyst activity. In contrast to the regioiso-
mer problem observed by Hayashi, the phenylation
of dihydrofuran1 produced only R)-3 in 97% ee.
Since that study a range of oxazoline-containing
phosphinamine ligands have been applied to this
reaction with similar levels of regioselectivity and
high enantioselectivities by the groups of Gilbert-
son and co-worker$19,20] Hashimoto et al[21].
Related (phosphinophenyl)benzoxazine ligands from
Kindig and Meier[22] and iso-PINPHOS ligands
from Malkov et al.[23] followed the same pattern of
both high regioselectivity and enantioselectivity.

Metal complexes of ferrocene-based planar chi-
ral ligands have proven to be highly effective in a
range of catalytic asymmetric transformatiojazl].
Diphenylphosphinoferrocenyloxazolinéswere first
reported by the groups of Nishibayashi and Ue-
mura [25] and Richards et al[26]. These ligands
have been successfully applied in the ruthenium-
and iridium-catalysed hydrosilylation of imines and
ruthenium-catalysed hydrosilylation of ketones with
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ees up to 979427,28] We had independently syn-
thesised these ligands and achieved ees of up to
92% using ligandeb in the palladium-catalysed al-
lylic alkylation of 1,3-diphenyl-propenylacetafg9]
and up to 72% ee in the allylic amination of ethyl
(2E)-1,3-diphenylprop-2-enyl carbonatg80]. This
led us to believe that these ligands would have po-
tential in the Pd-catalysed asymmetric intermolecular
Heck reaction. We wished to compare liganés
with those of Pfaltz and co-workers as both have the
same amino-alcohol derived oxazoline chiral direct-
ing group with ligand$ possessing the extra element
of planar chirality on the ferrocene group. Whilst our
work was underway, Deng et §B1] successfully ap-
plied the related 2substituted 1,2P,N-ferrocene lig-
and7 to the phenylation of 2,3-dihydrofuran in THF
but reported that liganddwere inactive in this solvent
after 24 h[31]. We first reported our initial findings
on the application of ligand6 in the intermolecular
asymmetric Heck32] subsequent to a similar prelim-
inary report from Soulsby and Sammak&s]. In ad-
dition, we recently reported the preparation of a novel
planar chiral ferrocene-containing ligaBdvhich pos-
sesses a C2-symmetricans-2,5-dimethylpyrrolidine
unit and its application in the palladium-catalysed al-
lylic alkylation of 1,3-diphenyl-propenylacetafa4].

We now wish to report in full our results on the
application of palladium complexes of ligand&
and6b and 8 to the phenylation of 2,3-dihydrofuran
1 and on the synthesis and employment of new
substrates for the asymmetric intermolecular Heck
reaction.
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Scheme 2.

The results of our investigations on the phenylation of solvent to toluene at reflux led to an increase of
of 2,3-dihydrofuranl are given inTable 1 Using chemical yields (70-72%) of the kinetic produgt
palladium complexes (3 mol%) formed in situ from with minor amounts of product also being formed
Pd(dba) and diphenylphosphinoferrocenyloxazoline (4-6%). However, the increase in chemical yields was
ligands 6a and 6b and ligand8, phenylation gave  accompanied by a decrease in enantioselectivities to
(R)-5-phenyl-2,5-dihydrofuraB as the major product 59 and 69% (entries 3 and 4) using proton sponge
in consistently good to excellent ees but only in rea- and Hinig's base, respectively. Changing the ligand
sonable to moderate yieldS¢heme 2 After variation to the bulkiert-butyl-substituted analoguéb led to
of solvent and base our optimal results were achieved an increase in both reactivity and enantioselectivity, a
using ligandéb, which gave enantioselectivities of up  feature already noted in the original work of Pfaltz and
to 99%. Carrying out the reaction in benzene at reflux co-workers[17]. Employing benzene as solvent and
with the palladium complex of thé-Pr-substituted proton sponge as base gave a mixture of regioisomers
ligand 6a gave poor yields (9-20%) with high enan- with the more favoured produ@ being obtained in
tioselectivities of 90-92% (entries 1 and 2). A change 99% ee (entry 5). Using Hinig's base led3as the

Table 1

Asymmetric phenylation of 2,3-dihydrofurahcatalysed by Pd complexes 6for 8

Entry Ligand Solvent Base TemperatufeC] Yield (%) (R)-3 ((R)-4) Ee (%P (R)-3
1 6a° Benzene Proton sponge 80 20 (1) 92
2 6a° Benzene i-PrNEt 80 9 (-) 90

3 6a° Toluene Proton sponge 110 70 (4) 59
4 6a° Toluene i-PrNEt 110 72 (6) 69

5 6b° Benzene Proton sponge 80 38 (12) 99
6 6h°¢ Benzene i-PLNEt 80 19 (-) 99
7 6b° Benzene BN 80 40 (-) 98

8 6h°¢ Toluene Proton sponge 110 61 (-) 98
9 6h° Toluene i-PNEt 110 52 (21) 99

10 6h°¢ Toluene EfN 110 57 (6) 98

11 8 Benzene Proton sponge 80 17 (7) B (
12 8 Toluene Proton sponge 110 24 (10) 9 (

aConversions by GC (SE-30, 30m, 11 psi He).

b Enantiomeric excesses were determined by GC on a Chirajeiyclodextrin TFA capillary column (30 nx 0.25m, 15psi He);
80°C, 0.3°C/min up to 90°C, 5°C/min up to 130C, (tr = 31.80 (S and 34.0 R) min) for 3 andzgr = 23.30 (S) and 24.6 R) min) for 4).

¢Pd complexes formed in situ from Pd(dbaand phosphinamines, 6 and 8.
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Scheme 3.

single product, again with excellent enantioselectivity  Typically, the cyclohexenylation of is a slower
(99%), albeit in a low yield of 19% (entry 6). A change process than the corresponding phenylation and this is
to triethylamine afforded similar regio- and enantios- also true in our study where poorer yields in general
electivity and an increase in yield to 40% (entry 7). were obtained. The optimal result employing ligand
Reaction conditions of toluene at reflux, using proton 6a was in toluene at reflux with Hiinig’s base where
sponge as base gave our best result of 61% yield of both regioisomeric productd and 10 were obtained
3 alone in 98% ee (entry 8). The use of other bases with the former being the favoured product in an ee of
such as Hunig's or triethylamine led to mixtures of 68% (entry 3). As in the phenylation a&f the change
regioisomeric product’ and4 with high ees of3 be- to the bulkier ligandb led to a more reactive catalyst
ing consistently observed (entries 9 and 10). The use system with both regioisomeric products being formed
of the novel ligandB in this transformation gave dis- in higher yields and enantioselectivities (entries 5-7).
appointingly poor regioselectivities, yields and enan- Use of the more forcing conditions of toluene at reflux
tioselectivites. The best result using this ligand was a was required for the obtention of reasonable yields and
24% yield of3in 17% ee, with 10% yield oft also the use of proton sponge as base gave an 85% ee of the
being obtained (entry 12). The poor reactivity of this favoured R)-enantiomer of produc® in 75% yield.
ligand, even after 14 days, is typical of P—N ligands The minor productiO was formed in 18% yield and
containing a basic nitrogen don{it0] and the poor in an ee of 77%, again favouring thB){enantiomer
enantioselectivity can be attributed to a mismatch be- (entry 6). As in the phenylation studies detailed in
tween the planar and central elements of chird8dj. Table 1 the use of catalyst systems derived from ligand
The asymmetric cyclohexenylation of 2,3-dihydro- 8 gave disappointing yields and enantioselectivities
furan 1 was also studied employing palladium com- (entries 8 and 9).

plexes of ligand$ and8 (Scheme Band the results One explanation for the difference in product
obtained are given iffable 2 distribution between catalyst systems derived from
Table 2

Asymmetric cyclohexenylation of 2,3-dihydrofurdncatalysed by Pd complexes 6for 8

Entry Ligand Solvent Base TemperatufeCf Yield (%) (R)-9 ((R)-10) Ee (%f (R)-9 ((R-10)

1 6a° Benzene Proton sponge 80 51 (7) 35 (20)

2 6a° Toluene Proton sponge 110 21 (2) 65 (-)

3 6a° Toluene i-PpNEt 110 24 (9) 68 (11)

4 6a° Toluene EsN 110 20 (-) 43 (-)

5 6h°¢ Benzene Proton sponge 80 49 (18) 76 (82)

6 6b° Toluene Proton sponge 110 75 (18) 85 (77)

7 6b° Toluene EsN 80 31 (20) 64 (32)

8 8° Benzene Proton sponge 20 7() 3 -)

9 8° Benzene Proton sponge 40 3(8) B (6 (9)

aConversions by GC (SE-30, 30m, 11psi He).

b Enantiomeric excesses were determined by GC on a Chiraldmclodextrin TFA capillary column (30 nix 0.25m, 15 psi He); 80
°C, 0.3°C/min up to 90°C, 5°C/min up to 130C, (tr = 22.20 (S and 24.9 R) min) for 9 andsgr = 180 (S and 18.3 R) min) for 10).

¢Pd complexes formed in situ from Pd(dbaand phosphinamines, 6 and 8.
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diphosphines and phosphinamines is that the ini- The first step in their synthesis was the base-
tial olefin-bound complex, formed after migratory promoted addition of propargylic alcohol to either
insertion andB-elimination, is more prone to disso- acetone or pentan-3-one which gave the correspond-
ciation to give3 in Pd{P-N} catalyst systems than ing diols 13 and 14 in low yields of 38 and 22%,
in the PdP-P} catalyst system, where a reverse respectively, after distillatiofi37]. The next step in-
B-elimination followed byp-elimination and dissoci-  volved the mercuric sulfate-catalysed hydration of
ation affords4 (Scheme %! these diols and subsequent cyclisation. After work-up,

Mechanistically, it is clear that produdtcan only which included steam distillation, extraction and dis-
be formed when there is a H-substituent at C-2. A tillation, furanonesl5 and16 were obtained in 48 and
dihydrofuran disubstituted at this position would be 44% yields, respectively. These furanones were subse-
a substrate which would provide a true comparative quently converted to their tosylhydrazoriesand18,
test of reactivity and enantioselectivity for a range of by treatment wittp-toluenesulfonylhydrazide, in 53%
Pd complexes. This is not the case using substtate yield after recrystallisation from ethanol. The final step
as the final isomer ratio and enantioselectivities are involved a Bamford—Stevens reaction in which base,
complicated by kinetic resolution proces$as]. generated from sodium and ethylene glycol, elimi-

Therefore, 2,2-dimethyl-2,3-dihydrofurdf and its nated the tosylhydrazone group to form dihydrofurans
2,2-diethyl analogu&2 were chosen as new substrates as produc{38]. The regioisomeric dihydrofurarkl
for the intermolecular asymmetric Heck reaction as and19 were distilled from the reaction mixture in 45%
such disubstituted substrates would allow for a simple yield with the desired 2,2-dimethyl-2,3-dihydrofuran
and direct comparison of various ligands in this reac- isomer 11 being formed in a 94:6 ratio over
tion as only one regioisomeric product can be formed. 2,2-dimethyl-2,5-dihydrofurad9. This ratio was cal-
culated from the'H NMR integration of the alkene
protons of the two products. The H-4 and H-5 alkene
protons ofll resonate at 4.62 and 6.20 ppm, respec-
tively. The H-5 methylene protons dP resonate at
4.64 ppm while its alkene protons appear at 5.50 ppm.
In a similar fashion, the 2,2-diethyl analoguksand
20 were obtained although with slightly higher regios-
electivity of 92:8 favouring the required dihydrofuran
12. As the experimental conditions employed in the
intermolecular Heck reaction uses a five-fold excess
of dihydrofuran and becaudé or 12 is more reactive

1 One intermediate® is shown for clarity and 9-3 and ©-4 than19 or 20 these mixtures were used as substrates
are formed in a similar manner from the C2-epimerdof without further purification.

2. Synthesis of new heck reaction substrates

The required 2,3-dihydrofurarid and12 were pre-
pared in four steps from propargylic alcohol and ace-
tone and pentan-3-one, respectively, using a method of
dihydrofuran preparation reported by Gianturco et al.
[36] (Scheme k



70

T.G. Kilroy et al./Journal of Molecular Catalysis A: Chemical 196 (2003) 65-81

O OH

)k + :—/OH Kon - R§ — PH 13 R = Me (38%)
R R EtOH, 25bC, 48 h R 14: R = Et (22%)

R =Me
R = Et

HgSO,, H,0 R. O p-Toluenesulfonylhydrazidle ~ R O

RQ EtOH, A, 1h R>(_2\ H
(0] N/N\S é)
4

15: R = Me (48%)
16: R = Et (44%)

Na, Ethylene Glycol R Y R
> ; § ; + > § 7
150pC, 30 min. 1 / R\—

17: R = Me (53%)
18: R = Et (53%)
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11: R = Me (45%) 19: R=Me
12: R =Et (50%) 20: R =Et
Scheme 5.

3. Synthesis of racemic Heck reaction products

The Heck reaction products of the phenylation and
cyclohexenylation of these new substratdsand 12
were synthesised racemically prior to the investiga-
tions of asymmetric reactions. Thukl and 12 were
phenylated according to Larock’s protocol for mak-
ing 2-phenyl-2,5-dihydrofuran and not the conditions
for making the isomeric 2-phenyl-2,3-dihydrofuran
(Scheme $[39]. Both methods work because only one
product can be formed but the work-up and product
purification is simpler using the former method. The

Pd(OAc),, PPhs, AgCO,4

synthesis of 2,2-dimethyl-5-phenyl-2,5-dihydrofuran
21 and its 2,2-dimethyl-5-cyclohexenyl analogBg
proceeded in 27 and 26% yields, respectively, after
purification by column chromatography. In a simi-
lar manner, 2,2-diethyl-5-phenyl-2,5-dihydrofura®
and its 2,2-diethyl-5-cyclohexenyl analog@é were
prepared in 13 and 22% yields, respectively.

These yields are low and unoptimised but neverthe-
less afforded sufficient quantities of pure compounds
for the obtention of baseline separated peaks for each
enantiomer by chiral gas chromatography using a
v-cyclodextrin-TFA chiral capillary column.

»

CH,CN, 80PC, 48h

R’ \ /; * Ryl
11: R=Me R, =Ph
12:R=Et R, =Cy

21: R =Me; R =Ph (27%)
22: R =Me; R, =Cy (26%)
23: R =Et; R; =Ph (13%)
24: R =Et; R| =Cy (22%)

Scheme 6.
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0 [Pd(Ligand)] Ph
m + PhOTY (Hgand) > ><_7/
base, solvent, —_

40-110°C, 14 d

11 (R)-21
Scheme 7.
4. Asymmetric phenylation of (entry 5). As in the study by Pfaltz and co-workers
2,2-dimethyl-2,3-dihydrofuran (11) the more sterically demandinigrt-butyl substituted

ligand 5b afforded a more reactive catalyst and ees
We now report in full our findings on the pheny- in the range 89-92% were obtained with benzene

lation of 2,2-dimethyl-2,3-dihydrofuratl with pal- being the best solvent (entries 6 and 7). A change
ladium complexes derived from a range of chiral to diphenylphosphinoferrocenyloxazoline ligata
ligands, from diphosphine BINAR, to the diphenyl- gave similar ees and chemical yields5a (entries 8
phosphinoaryl-oxazoline§ and diphenylphosphino- and 9). Our best results were obtained using ligand
ferrocenyloxazoline$ (Scheme 7Table 3 [40]. 6b although the chemical yields were highly depen-

Using Pd complexes (3mol%) formed in situ dent on the base employed. Proton sponge gave poor
from Pd(OAc)» and R)-BINAP 2, phenylation gave  chemical yields but consistently high ees whereas
(R)-2,2-dimethyl-5-phenyl-2,5-dihydrofura2i in co- Hunig's base gave 98% ee in 68% yield and triethy-
nsistently good ees and in good yield, except when lamine gave our optimal result of 98% ee in 90% yield
proton sponge was used as base. The chemical(entry 12). This contrasts with the work of Hayashi
yields observed using catalysts prepared in situ from and co-workers where proton sponge gave the highest
Pd(dbay and diphenylphosphinoaryloxazoline lig- ee and Hunig's base and triethylamine afforded lower
and5a were poor although the ees improved to 81% ee values (82 and 75%, respectiveli].

Table 3

Asymmetric phenylation of furadl catalysed by Pd complexes 6for 8

Entry Ligand Solvent Base T (°C) Yield (%) Ee (% (configurationy
1 2d Benzene Proton sponge 40 52 (
2 2 Benzene i-PrNEt 40 100 76 R
3 2d Benzene BN 40 95 70R
4 5a° Toluene Proton sponge 110 13 ™) (
5 5a® Benzene Proton sponge 80 23 &) (
6 5b® Toluene Proton sponge 110 37 &) (
7 5b® Benzene Proton sponge 80 100 ) (
8 6a° Toluene Proton sponge 110 34 ™) (
9 6a°® Benzene Proton sponge 80 42 ®(

10 6b® Benzene Proton sponge 80 27 9 (

11 6b® Benzene i-PrpNEt 80 68 98 R)

12 6b® Benzene BN 80 90 98 R

13 6b® Toluene Proton sponge 110 57 R) (

14 6b® Toluene i-PLNEt 110 45 2R

aConversions by GC (SE-30, 30 m, 11 psi He),°80for 4min, 15°C/min up to 170C, rr = 13.5min for for product2l and
tr = 14.1 min for tridecane.

b Enantiomeric excesses were determined by GC on a Chirajeiyclodextrin TFA capillary column (30 nx 0.25m, 15psi He);
80°C, 0.3) C/min up to 96C, 5°C/min up to 110C, (rr = 29.6 (S) and 30.9 R) min) for 21.

¢ Absolute configuration shown assumes the same sense of asymmetric induction as with 2,3-dihydrofuran as the optical rotation was
also ¢+) and the R)-isomer had the longer retention time.

4P complexes formed in situ from Pd(OAcind R)-BINAP.

epd complexes formed in situ from Bfiibay and phosphinamines, 6.
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This work highlights 2,2-dimethyl-2,3-dihydrofuran  Table 4
as a new and useful substrate for the asymmetric Asymmetric cyclohexenylation ofl catalysed by Pd complexes

Heck reaction which allows easy and direct compari- ' % 5and6.
son of a wide range of ligands. Our optimal result in Entry  Ligand  Base Yield Ee (%}

_ : [ | - o
the intermolecular phenylation of 2,2-dimethyl-2,3-di- (%) (configuration§
hydrofuran was 98% ee with diphenylphosphinofer- ; ;j FLOtC”\I”ESPO”Qe 424 37193

. . 1-PoNEt
rocenyloxazoline ligan@b. 3 »d EtN 5 18 R
4 2¢ Proton sponge 12 3R
5 2¢ i-PRNEt 15 16 R
5. Asymmetric cyclohexenylation of s gef EtsN 1333 188 g
i 5 a roton sponge
2,2-dimethyl-2,3-dihydrofuran 8 oof i PrNEL 19 22 R
o _ 9 5af EtN 23 22 R
The asymmetric intermolecular Heck alkenylation 10 5b Proton sponge 68 I
of 2,3-dihydrofuranl was first reported by Hayashi 11 5b: i-PrNEt 60 40 R
and co-workers who employed palladium complexes 15 be EtB’;‘ 2?9 3%‘?
of (R-BINAP 2 [41]. In light of the success of 17 o i_;or;,’\l"EtSponge 7 - R§
2,2-dimethyl-2,3-dihy.drofurar1'l as a gubstrgte for 15 6b' Proton sponge 88 7R
asymmetric phenylation we wished to investigate the 16 6b’ i-PrNEt 73 87 R
use of th|s_ substrate_ in asymmetric cyclohexenylation —— = == by GC (SE-30, 30m, 11 psi He)Gofor 4 min,
[42]. The_llgands which we screened WeFé-BINAP 15°C/min up to 170C, ir = 13.2min for product22 and g =
2, the diphenylphosphinoaryloxazolings and the 14.1 min for tridecane.
diphenylphosphinoferrocenyloxazolingsThe results b Enantiomeric excesses were determined by GC on a Chiraldex

obtained using these ligands in the test reaction of Y-cyclodextrin TFA capillary column (30m 0.25m, 15psi He);

11 with cyclohex-1-en-1-yl trifluoromethanesulfonate ?s(; ;:n dog’zilg)'mnp) tfc(;)rgg;c, 5°Clmin up 10 130C, (= =220
(Scheme Bare given inTable 4 ¢ Absolute configuration shown assumes the same sense of
The first experiments used palladium complexes of asymmetric induction as with 2,3-dihydrofuran by comparison of

(R)-BINAP 2 generated in situ from Pd(OAg)and the optical rotations o22 and an enantiopure sample dR){22
2. The yields of R)-5-cyclohex-1-en-1-yl-2,2-dime- ~ [43]:

. 4P complexes formed in situ from Pd(OAcind R)-BINAP.
thyl-2,5-dihydrofuran22 were moderate (34-52%, epe BINAP complexes pre-formed.

entries 1-3) and the ees obtained were poor (Opti-  pd complexes formed in situ from Betibay and phosphi-
mised to 37% using N{PrpEt as base). With the  namines5 andé.

pre-formed Pd(0)-BINAP catalyst yields were even

lower (12-15%, entries 4-6) and an optimal ee of 35% This may be due to increased ligand-reactant steric
was attained using proton sponge as base. These reinteractions in the migratory insertion transition state
sults compare poorly with those obtained by Hayashi caused by both a bulkier alkengl(versusl) and a
and co-workers using 2,3-dihydrofurdras substrate  bulkier nucleophilic component (cyclohexenyl versus
[41]. This lowered enantioselectivity was not observed phenyl) when BINAP is the ligand.

in the phenylation of 2,2-dimethyl-2,3-dihydrofuran The next catalysts tested were generated in situ
11 as similar ees in the range 70-76% were observed.from Pd(dba) and the diphenylphosphinoaryloxa-

oTf
>® . 3 mol% [Pd(Ligand)] o
/ base, benzene, 40°C, 14 d
11 (R)-22

Scheme 8.
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zolinesb and6, respectively. The catalyst derived from
thei-Pr substituted ligan8a exhibited low reactivity
(13-33% vyield, entries 7-9) but a marked improve-
ment in enantioselectivity of up to 83% when proton
sponge was the base (entry 7). With tiBu substi-
tuted ligand5b a more reactive catalyst was formed
and the chemical yield increased to 68% with an opti-
mal ee of 97% (entry 10). For complexes derived from
5a and5b, proton sponge gave both higher chemical
yields and enantioselectivities compared to the trialky-

73

in comparison to use of 2,3-dihydrofurdnas sub-

strate, regardless of whether it was made in situ or
pre-formed. More reactive and more enantioselec-
tive catalysts were derived from phosphinamine lig-
ands and our highest enantioselectivity of 97% was
obtained using complexes derived from tkbutyl

substituted diphenylphosphinoaryloxazoline ligand
5b. The choice of amine base was also crucial for
both diphosphine and phosphinamine chelating lig-
ands with proton sponge giving better results than

lamines tested. These results contrast with the work trialkylamines.

of Pfaltz and co-workers who reported excellent ees
(>98%) and yields (>92%) with a variety of amine
bases in the cyclohexenylation of 2,3-dihydrofutan
[43].

As palladium complexes of the analogous diphenyl-
phosphinoferrocenyloxazoline ligan@éisgave ees of
up to 98% in the phenylation of dihydrofurai it
was of interest to test them in asymmetric cyclohex-
enylations. Complexes derived from thér substi-
tuted ligandéa once again gave poor yields (17-19%,
entries 13 and 14) and an optimum enantioselectivity

6. Asymmetric phenylation and cyclohexenylation
of 2,2-diethyl-2,3-dihydrofuran 12

In light of the success of the phenylation of
2,2-dimethyl-2,3-dihydrofuranll, it was of inter-
est to determine whether the extra steric hindrance
caused by the larger ethyl groups in the 2-position
in 2,2-diethyl-2,3-dihydrofurari2 would effect the
yields and selectivity in its phenylation and cyclo-

of 76% when proton sponge was used as base (entryhexenylation catalysed by palladium complexes of

13). The palladium catalyst prepared from thBu
substituted ligan@b gave improved yields (73-88%)

ligands 2, 5 and 6 (Scheme Y [44]. The reactions
were carried out using identical reaction conditions to

and high ees (73-87%), which were not as dependentthose used for substraid for comparative purposes

upon the choice of base as complexes made fiam
5b or 6a were. The highest ee was still lower than
that observed when ligarsh was employed (87 ver-
sus 97%). In addition, the catalyst derived fr@&m,

and the results obtained are givenTiable 5

The vyields obtained with palladium complexes
of (R)-BINAP 2 were low and the enantioselec-
tivities were moderate (54—64%). This compares

which gave our best ee in the corresponding phenyla- unfavourably to the yields of 52—-100% and ees of

tion of 2,2-dimethyl-2,3-dihydrofuradl, was not as
successful in the corresponding cyclohexenylation of
the same substrate (98 versus 87%).

The reasons why complexes derived from lig&hd
are superior to those from liga®t for the phenylation
and not the cyclohexenylation dfL and the greater
reactivity and selectivity of the palladium complexes
from t-Bu substituted ligandssb, 6b) compared to
the i-Pr substituted ligandsbé, 6a) underline how

70-76% obtained in the phenylation of dihydrofuran
11. The yield using thé-Pr-substituted diphenylphos-
phinoaryloxazoline ligandba was low (16%) and
only a moderate ee was achieved in contrast to when
11 was used as substrate (44 versus 81%). The yield
increased when theBu-substituted analogugb was
tested, as was noted withl, and a moderate ee
(50%) was achieved with NPrEt as base (entry
4). When 1,8-bis(dimethylamino)naphthalene (proton

the electronic and steric properties of ligands must be sponge) was used a 74% yield and an optimised ee of

finely tuned for individual substrates. To date a ligand

which provides the maximum reactivity and selectivity

across a wide range of substrates remains elusive.
In conclusion, catalysts derived from a range of lig-

94% was obtained. When thér- ort-Bu-substituted
diphenylphosphinoferrocenyloxazoline ligan@s or

6b were tested, low yields (7-17%) were observed
and the ees were also poor (25-43%). This represents

ands have been directly compared in the asymmetric a significant lowering of ee compared to that obtained

cyclohexenylation of 2,2-dimethyl-2,3-dihydrofuran
11. The diphosphineR)-BINAP 2 gave poor results

(92-98%) with the less bulky substrdté. Therefore,
the optimal ee for the phenylation of dihydrofuran
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E 0] .
tm + ROTE 3 mol% [Pd(Ligand)] , Et o) R
Et base, benzene, 14 d Et>g
12 R=Ph (R-23R =Ph
R=Cy (R-24R =Cy

Scheme 9.

12 was 94%, although in this case it was with the
t-Bu-substituted diphenylphosphinoaryloxazoline lig-
and5b.

When palladium complexes ofR[-BINAP 2
were tested in the cyclohexenylation #2, the ees
(14-39%) and the yields (32—-34%) were low but
similar to those obtained with dihydrofurdd. The
i-Pr-substituted diphenylphosphinoaryloxazoline lig-
and5a also gave a low yield (11%) but with a good
ee of 87%, again a similar result to that obtained
with dihydrofuran11 (33% vyield, 83% ee). With the
t-Bu-substituted analogusb, somewhat higher yields
were obtained (24—34%), although these were lower
than with11 (26—-68%).

Table 5
Asymmetric phenylation and cyclohexenylation I catalysed by Pd

Good ees of 82-93% were obtained with this lig-
and and proton sponge as base afforded our optimal
result in this series (93%, entry 11) whilst the use
of N(i-PrkEt gave a slightly lowered ee of 82% (en-
try 12). The yield obtained when thePr-substituted
diphenylphosphinoferrocenyloxazoline ligaGd was
used was extremely poor (5%) and the ee decreased
from when the less bulky dihydrofuratl was used
(37 versus 76%). The yield for theBu-substituted
analogue6b was only slightly higher (16%) and
the ee was even lower (25%), which represents a
large decrease when the same catalyst system was
used for the cyclohexenylation dfl (88% yield,
73% ee).

complexes 2f 5 and 6

Entry Ligand Base T (°C) % Yield? Product (% eé)°
1 o Proton sponge 40 23 23 (64)
2 2 N(i-PryEt 40 47 23 (54)
3 5a® Proton sponge 80 16 23 (44)
4 5pe N(i-Pr)Et 80 33 23 (50)
5 5b¢ Proton sponge 80 74 23 (94)
6 6a° Proton sponge 80 7 23 (25)
7 6b¢ Proton sponge 80 17 23 (43)
8 a Proton sponge 40 32 24 (14)
9 2 N(i-PryEt 40 34 24 (39)

10 5a° Proton sponge 40 11 24 (87)

11 5b® Proton sponge 40 24 24 (93)

12 5pe N(i-Pr)Et 40 34 24 (82)

13 6a° Proton sponge 40 5 24 (37)

14 6b® Proton sponge 40 16 24 (25)

aYields were calculated by GC (SE-30, 30m, 11 psi He)?G0or 4 min, 15°C/min up to 170C, rr = 137 min for product23,

tr = 13.5min for product24 andr = 14.1 min for tridecane.

b Enantiomeric excesses were determined by GC on a Chirajeiyclodextrin TFA capillary column (30 nx 0.25m, 15 psi He);
80°C, 0.3°C/min up to 92C, 5°C/min up to 130C, (ir = 520 (R) and 52.4 $min) for 23; 65°C, 0.3°C/min up to 95C, 5°C/min,

95°C, 0.3°C/min up to 105C, 1°C/min, 5°C/min up to 130C (ir =

79.3 (R) and 79.9 § min) for 24.

¢The absolute configuration was determined to Rekly comparison of the chiral GC retention times and optical rotatior23cind
24 with optically pure samples ofR}-2-phenyl-2,5-dihydrofuran andR{-2-cyclohex-1-en-1-yl-2,5-dihydrofuran, respectively.

dpd complexes formed in situ from Pd(OAchnd 5a.

epPd complexes formed in situ from R@lbay and phosphinaminesa and 6.
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@) B) R R

Scheme 10. Alkene approachieans to nitrogen.

Therefore, we have seen that the increased bulk atsertion in the palladium catalyst derived from ligand
the 2-position of 2,2-disubstituted-2,3-dihydrofurans 6b are shown inrSchemes 10 and 1The alkene can
does affect both the yields and ees of the asymmetric be bound to palladium by either of its faces and can
Heck reactions conducted upon them. In general, a de-bind in a trans-fashion to either the nitrogen atom
cline in chemical yield was noted for reactions using (Scheme 1Por the phosphorous atons¢heme 1L
the diethyl-substituted substrat2 compared to those  Similar intermediates have been proposed by Hallberg
using the dimethyl-substituted substrafe This may and Ripa for an intramolecular Heck reaction with lig-
be due to increased ligand—reactant steric interactionsand5b [45].
in the migratory insertion transition state caused by the ~ When the alkene approachteans to nitrogen there
bulkier alkene {2 versusl). Overall, the ees decreased seems to be little steric repulsion in binding either
slightly when complexes of BINAR were employed,  face of the alkene. Intermediate (A) would lead to the
remained reasonably constant for complexes of lig- (R) configured product while intermediate (B) would
ands5, but surprisingly fell dramatically for com- lead to the § product. If there were little energy dif-
plexes of the diphenylphosphinoferrocenyloxazolines ference between either intermediate a low ee would be
6. The reason for the oxazoline-containing ligafids  expected if migratory insertion occurred in this way.
and6 to behave so differently must lie in their subtle When the approach igans to phosphorous interme-
steric and electronic differences. diate (C) suffers steric repulsion but intermediate (D)
does not. This route for migratory insertion would lead
to a high ee of theR) product and this is what is seen

7. Mechanistic considerations experimentally in the study completed herein. The
same arguments could be used to explain the selectiv-

For the phenylation of 2,3-dihydrofurads11 and ity of the diphenylphosphinoaryloxazoline ligas
12 the possible intermediates prior to migratory in- and for the cyclohexenylation of 2,3-dihydrofurahs

Fe
I <P
) = N"R.._P e = (R
-
N\ _ O
<;3
(©) (D) R R

Scheme 11. Alkene approachieans to phosphorous.
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11 and12. The coordination of groups after oxidative
addition to Pd complexes containing P-N ligands has
received some study by the groups of van Koten, van
Leeuwen and Vriez@§16,47)

8. Conclusions

In conclusion, we have tested palladium complexes
of diphenylphosphinoferrocenyloxazolines in the in-
termolecular phenylation and cyclohexenylation of
2,3-dihydrofuranl. Phenylations proceeded in mod-
erate to reasonable chemical yields, good to total
regioselectivity and in ees up to 99%. Cyclohexeny-
lations gave lower chemical yields and regioselectivi-
ties with the optimal result being a 75% yield of the
major product in an ee of 85%. For both phenylation
and cyclohexenylation theBu substituted ligandéb
gave best results. New 2,2-dialkyl-2,3-dihydrofurans

T.G. Kilroy et al./Journal of Molecular Catalysis A: Chemical 196 (2003) 65-81

sumed to have the same response factors. Elemental
analyses were performed by Ms. Anne Connolly, De-
partment of Chemistry, University College Dublin.
Infra-red spectra were recorded on a Perkin-Elmer
Paragon 1000 Infra-red FT spectrometer. Optical ro-
tation values were measured on a Perkin-Elmer 241
polarimeter. Melting points were determined in open
capillary tubes in a Gallenkamp melting point appa-
ratus and are uncorrected. Thin layer chromatography
(TLC) was carried out on aluminum sheets pre-coated
with silica gel 60 F 254 (0.25 mm, Macherey-Nagel).
Column chromatography separations were performed
using Merck Kieselgel 60 (Art. 7734), Merck Alu-
mina (Art. 1097) or Merck Alumina (Art. 1104) as
stated. Solvents were dried immediately prior to use
by distillation from standard drying agents.

9.1. Preparation of 2,2-dimethyl-2,5-dihydrofuran
(11)

substrates were synthesised and tested as new sub-

strates for the intermolecular Heck as they afford  4-Methyl-pent-2-yne-1,4-diol13): Crushed KOH

a single regioisomeric product thus providing eas- pellets were added to a three-necked flask containing
ier analysis and comparison over a broad range of Et,O (100 ml). Propargylic alcohol (10.0g, 0.18 mol)
ligands. The phenylation and cyclohexenylation of was added whilst taking care to keep the temper-

2,2-dimethyl-2,3-dihydrofurarll proceeded in ex-
cellent yield and ees up to 98 and 97%, respectively,
again with palladium complexes of theBu substi-
tuted ligand6b giving optimal results. The use of
2,2-diethyl-2,3-dihydrofurari2 as substrate demon-

ature below 15C. A mixture of propargylic alco-
hol (24.9 g, 0.44 mol), acetone (88.1 ml, 1.20 mol) and
Et2O (100 ml) was then added over 2 h, again keep-
ing the temperature below 2&. The orange coloured
mixture was stirred for 48 h. It was then quenched with

strated that the increased bulk at the 2-position had a 50 ml of ice and EtO (200 ml) was added. The aque-
deleterious effect on both the chemical yields and ees ous layer was acidified with concentrated HCI and ex-
in phenylations and cyclohexenylations. Further stud- tracted with E£O (2x 500 ml). The combined organic
ies on related dihydrofuran substrates are in progressfractions were then dried with 4CQO;3, filtered and
and will be reported in due cour$£9]. the solvent removed in vacuo. Unreacted propargylic
alcohol was distilled off (40C, 15 mmHg) and then
4-methyl-pent-2-yne-1,4-diol (22.3g, 38%) was ob-
tained as a viscous yellow oil, bp (9G, 1 mbar) (lit-
eraturg[37] 126°C, 20 mbar)1H NMR (270 MHz):§

9. Experimental

1H and 13C spectra were recorded at 270 (67.5)
or 500 (125) MHz at ambient temperature on JOEL
JNM-PMX-270 MHz or Varian-Unity 500 MHz spec-
trometers with tetramethylsilane as the internal
standard. Peak assignments were aided!Hy'H
correlation experiments. Coupling constants are given
as absolute values. Low resolution electron-impact
MS spectra were measured on a VG Analytical spec-
trometer with attached INCOS 2400 data system at
an ionization potential of 70eV. Isomers were as-

(CDClg) 1.52 (6H, s, 2x CH3), 3.79 (2H, br. s, 2

OH) and 4.29 (2H, s, bC(1)); **C NMR (67.5 MHz):

8 (CDCl3) 31.18 (2x CHg), 50.45 (BHC(1)), 60.03

(C(4)), 80.30 (C(3)) and 90.26 (C(2)ax (film) 3517

(s) (~OH), 2950 (s) (—~Ck) and 1059 cm? (s) (C-0).
5,5-Dimethyl-tetrahydrofuran-3-ond%g): To a so-

lution of mercuric sulphate (5.58 g, 18.80 mol) in®

(150ml) was added 4-methyl-pent-2-yne-1,4-diol

(26.51g, 0.23mol). The reaction was steam distilled

until no further organic material appeared in the
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distillate. The organic layer was separated and the
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Found: C, 73.6; H, 11.5. 100 requires C, 73.4;

aqueous layer was saturated with brine and extractedH, 11.3%; 'H NMR (270MHz): § (CDCl;) 1.36

with Et,O (200 ml). The combined organic layers were
then dried with MgSQ), filtered and the solvent re-
moved in vacuo. The crude product was then distilled
to give 5,5-dimethyl-tetrahydrofuran-3-one (12.42g,
48%) as a colourless oil, bp (59-62, 15 mbar) (lit-
eraturg/37] 143°C). 'H NMR (270 MHz):§ (CDCl3)
1.26 (6H, 2<CHg), 2.36 (2H, s, HC(4)) and 4.03 (2H,
s, HbC(2)); 13C NMR (67.5MHz):8 (CDCl3) 27.21
(2 x CH3), 49.62 (BHC(4)), 70.16 (HC(2)), 80.25
(C(5)) and 160.41 (C(3))ymax (film) 1761 cnT? (s)
(C=0); m/z (eims 70eV) 114N, 3%), 101 (10), 85
(16), 59 (70) and 43 (100).
5,5-Dimethyl-tetrahydrofuran-3-one-tosylhydrazone
(17): p-Toluenesulfonylhydrazide (8.28 g, 44.46 mmol)
was added to a solution of 5,5-dimethyl-tetrahydro-
furan-3-one (5.069g, 44.33mmol) in EtOH (44 ml)
and the solution was refluxed for 1 h. After cooling
to room temperature overnight the resulting solid was
filtered, dried and recrystallised from EtOH to give
5,5-dimethyl-tetrahydrofuran-3-one-tosylhydrazone
(6.649, 53%) as a white crystalline solid, mp
132-135C (decomp.). Found: C, 54.9; H, 6.2; N,
9.7; S, 11.2. @3H18N203S requires C, 55.3; H, 6.4;
N, 9.9 S, 11.4%;'H NMR (270 MHz): § (CDCl)
1.26 (6H, 2x CH3), 2.30 (2H, s, HC(4), 2.44
(3H, s, Me-Ar), 431 (2H, m, KC(2), 7.27-7.35
(2H, m, mAr) and 7.77-7.86 (2H, mp-Ar); 13C
NMR (67.5 MHz):§ (CDCl3) 26.50 (CH—Ph), 26.96
(2 x CH3), 40.51 (BC(4)), 67.94 (HC(2)), 81.47
(C(5)), 128.03 (2 m-Ar), 129.79 (2x 0-Ar), 135.15
(p-Ar), 144.39 {pso-Ar) and 163.29 (C(3));vmax
(CH2Clo) 1164cnt?! (s) (-SQ); mVz (eims 70eV)
282 M, 1%), 267 (3), 71 (8), 171 (5), 157 (19), 139
(23), 127 (75) and 91 (100).
2,2-Dimethyl-2,3-dihydrofuranifl): According to
the procedure of Gianturco et 4B6] sodium metal
(0.61 g, 26.53 mmol) was dissolved over a 10 min in-
terval in ethylene glycol (27 ml) and to this was added
5,5-dimethyl-tetrahydrofuran-3-one-tosylhydrazone
(4.02g, 14.17 mmol). The solution was then heated
to 150°C and 2,2-dimethyl-2,3-dihydrofuran (0.63 g,
45%) was distilled off over 30min under a low
stream of nitrogen as a colourless liquid, bp (77—
79°C) (literature[48] 77-82°C). The ratio of 2,2-
dimethyl-2,3-dihydrofuran 11) to 2,2-dimethyl-2,5-
dihydrofuran (9) was seen to be 94:6 b\H NMR.

(6H, s, 2x CHg), 2.41 (2H, app tJ 2.38, HC(3),
4.62 (1H, m, HC(4)) and 6.20 (1H, m, HC(5}%C
NMR (67.5MHz):5 (CDClg) 28.22 (2x CHs), 42.27
(H2C(3)), 84.49 (C(2)), 98.43 (HC(4)) and 144.01
(HC(5)); vmax (film) 1620 cnT ! (w) (C=C); m/z (eims
70eV) 98 M, 3%), 97 (11), 71 (8), 57 (10), 43
(29), 32 (36), 31 (29) and 28 (100). Minor isomer
(19); 'H NMR (270 MHz): § (CDCls) 1.31 (6H, s,

2 x CHg), 4.64 (m, 2H, HC(5)) and 5.50 (m, 2H,
HC(3), HC(4)).

9.2. Preparation of 2,2-diethyl-2,5-dihydrofuran
(12

4-Ethyl-hex-2-yne-1,4-diol 14): 4-Ethyl-hex-2-
yne-1,4-diol was synthesised in the same waylas
with the exception that the solution was also refluxed
for 3h. After distillation 4-ethyl-hex-2-yne-1,4-diol
(48.509, 21%) was obtained as a viscous yellow oil,
bp (110°C, 1 mbar) (literaturg37] 140°C, 20 mbar).
H NMR (270 MHz): § (CDCl3) 1.03 (6H, t,J 7.59,
2 x CHg), 1.66-1.75 (4H, gJ 7.60, 2 x HyC),
2.30-2.38 (2H, brs,2 OH) and 4.31 (2H, s, bC(1));
13C NMR (67.5MHz): 8 (CDCl) 8.56 (2x CHa),
34.12 (2x CHy), 50.81 (B C(1)), 72.07 (C(4)), 82.67
(C(3)) and 88.06 (C(2))¥max (CH2Clz) 3602 (m)
(O-H) and 2250 cm! (w) (alkyne).

5,5-Diethyl-tetrahydrofuran-3-onel): Using the
same method as fdb5, 5,5-diethyl-tetrahydrofuran-3-
one (22.029g, 44%) was obtained as a colourless
liquid, bp (110°C, 15mmHg). Found: C, 68.2; H,
10.1. GH140 requires C, 67.6; H, 9.9%H NMR
(270 MHz): s (CDCI3) 0.92 (6H, t,J 7.33, 2x CHj3),
1.64 (4H, q,J 7.32, 2x CHy), 2.33 (2H, s, HC(4)),
4.01 (2H, s, HC(2)); *C NMR (67.5MHz): &
(CDCl3) 8.06 (2x CHg), 29.52 (2x HC), 45.92
(H2C(4)), 70.12 (HC(2)), 85.15 (C(5)), 163.58
(C(3)); vmax (film) 1760cnt?! (s) (C=0); Mz (eims
70eV) 142 UT, 2%), 141 (2), 129 (7), 117 (14), 99
(22), 87 (37), 69 (32) and 57 (100).

5,5-Diethyl-tetrahydrofuran-3-one-tosylhydrazone
(18): Using the same procedure as for the preparation
of (17), 5,5-diethyl-tetrahydrofuran-3-one-tosylhydra-
zone (14.739, 53%) was obtained as a white solid,
mp 128-130C (decomp.). Found: C, 57.8; H, 7.0; N,
8.9; S, 10.3. @H22N203S requires C, 58.0; H, 7.1;
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N, 9.0 S, 10.4%;H NMR (270 MHz): § (CDCl)
0.82 (6H, t,J 7.51, 2x CHz), 1.52 (4H, q,J 7.51,
2x H2C), 2.25 (2H, s, HHC(4)), 2.44 (3H, s, Me-Ar),
4.22 (2H, s, HC(2)), 7.27-7.34 (2H, mm-Ar) and
7.81-7.85 (2H, m,0-Ar); 13C NMR (67.5MHz):
3 (CDClg) 8.15 (2x CH3) 28.64 (Ch—Ph), 29.03
(2 x CH2-C(5)), 37.10 (KC(4)), 68.02 (HC(2)),
86.10 (C(5)), 129.71 (X m-Ar), 129.81 (2x o-Ar),
135.10 p-Ar), 144.36 (pso-Ar) and 166.27 (C(3));
vmax (CH2Clo) 1029cnt? (m) (-SQ-); mvz (eims
70eV) 310 M, 1%), 281 (19), 155 (50), 139 (29),
125 (33) and 91 (100).

2,2-Diethyl-2,3-dihydrofuran 1): Using the me-
thod employed in the synthesis of, 2,2-diethyl-2,3-
dihydrofuran (1.84 g, 50%) was obtained as a colour-
less liquid, bp (116—11%9C). The ratio of 2,2-diethyl-
2,3-dihydrofuran 12) to 2,2-diethyl-2,5-dihydrofuran
(20) was seen to be 92:8 byH NMR spectroscopy.
Found: C, 76.3; H, 11.4. 4140 requires C, 76.1; H,
11.2%;'H NMR (270 MHz):$ (CDCl3) 0.89 (6H, t,J
7.32, 2xCH3), 1.61 (4H, g 7.31, 2<CHy), 2.37 (2H,
app t,J 2.54 HC(3)), 4.73 (1H, m, HC(4)) and 6.22
(1H, m, HC(5));13C NMR (67.5MHz): 8 (CDCls)
7.79 (2x H3C), 31.51 (2x H,C), 37.46 (HC(3)),
89.41 (C(2)), 98.39 (HC(4)) and 144.63 (HC(5)}hax
(film) 1621 cnt! (w) (C=C); m/z (eims 70eV) 126
(M*, 1%), 125 (1), 97 (3), 69 (2), 32 (38) and 28 (100).
Minor isomer 2,2-diethyl-2,5-dihydrofurar2@); *H
NMR (270 MHz):5 (CDCI3) 0.87-0.92 (6H, 2 CH3),
1.56—1.64 (4H, X CHy), 4.62—4.63 (2H, m, bIC(5)),
5.55-5.57 (1H, m, HC(3)) and 5.87-5.89 (1H, m,
HC(4)).

9.3. Yynthesis of racemic Heck reaction products

2-Phenyl-2,5-dihydrofuran3jf: Pd(OAc) (0.045g,
0.20mmol) and triphenylphosphine (0.118g, 0.45
mmol) were added to a mixture of iodoben-
zene (1.02g, 5.00 mmol), 2,3-dihydrofuran (1.754,
25.0mmol), AgCQ (2.75¢g, 9.66 mmol) and acetoni-
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(1H, m, HC(5), 4.86 (1H, m, HC(5)), 5.77-5.82 (1H,
m, HC(4), 5.89 (1H, m, HC(2)), 6.04 (1H, m, HC(3))
and 7.24-7.38 (m, 5H, Ph}3C NMR (67.5 MHz):
8 (CDCl3) 75.87 (BC(5)), 87.97 (HC(2)), 126.47
(2 x m-Ph), 126.67 i§-Ph), 127.89 (HC(4)), 128.57
(2 x 0-Ph), 130.00 (HC(3)) and 142.10pgo-Ph);
vmax (CH2Clp) 1713cmr! (w) (C=C); miz (eims
70eV) 146 M*, 2%), 145 (7), 115 (9) and 105
(100).

2,2-Dimethyl-5-phenyl-2,5-dihydrofura21): To a
mixture of iodobenzene (0.38 g, 1.84 mmol), 5,5-dime-
thyl-2,3-dihydrofuran (0.58 g, 5.91 mmol) and AggO
(1.0149, 3.55mmol) in acetonitrile (20 ml) was added
Pd(OAc) (16.0mg, 0.071 mmol) and triphenylphos-
phine (42 mg, 0.16 mmol). This reaction was carried
out as for3 to give 2,2-dimethyl-5-phenyl-2,5-dihyd-
rofuran (0.09g, 26%) as a colourless diH NMR
(270 MHz): § (CDClg) 1.40 (3H, s, CH), 1.46 (3H,
s, CHg), 5.74 (1H, dd,J 5.9, 1.5, HC(3)), 5.80 (1H,
dd,J2.4, 1.7, HC(5)), 5.90 (1H, dd,6.0, 2.6, HC(4)
and 7.25-7.36 (5H, m, Ph}3C NMR (67.5 MHz):8
(CDClz) 27.89 (CH), 28.86 (CH), 86.89 (HC(5)),
88.19 (C(2)), 126.36 p-Ph), 126.67 (2x m-Ph),
127.70 (HC(3)), 128.26 (HC(4), 128.46 (2 o-Ph)
and 141.99ipso-Ph); vmax (CH2Clp) 1650 cntt (w)
(C=C); m/z (eims 70eV) 174 NIT, 10%), 159 (26),
123 (47), 105 (100) and 77 (39); HRMS calculated
for C12H140: 174.105, found: 174.096.

2,2-Diethyl-5-phenyl-2,5-dihydrofuran28): To a
mixture of iodobenzene (0.40 g, 1.98 mmol), 5,5-dieth-
yl-2,3-dihydrofuran (0.50g, 3.52 mmol) and AggO
(1.90g, 3.51 mmol) in acetonitrile (10 ml) was added
Pd(OAc) (39.8mg, 0.18 mmol) and triphenylphos-
phine (102.4 mg, 0.39 mmol). The reaction was carried
out as for3 to give 2,2-diethyl-5-phenyl-2,5-dihydro-
furan (0.05g, 13%) as a colourless oil. Found: C,
83.3; H, 8.4. GyH150 requires C, 83.6; H, 8.5%;
H NMR (270 MHz): § (CDCl3) 0.88-0.97 (6H, m,
2x CHg), 1.59-1.81 (4H, m, 2 CHyp), 5.78-5.83 (2H,
m, HC(3), HC(5)), 5.88 (1H, dd] 5.91, 1.69, HC(4))

trile (60ml). This was degassed using three freeze and 7.24-7.37 (5H, m, Ph}3C NMR (67.5 MHz):8
thaw cycles at 0.01 mbar and the reaction was stirred (CDCl3) 8.94 (CH), 9.56 (CH), 31.88 (HC-C(2)),

at 80°C under nitrogen for 48 h. After this the reaction
mixture was cooled to room temperature, filtered, the

33.00 (HC—-C(2)), 87.99 (HC(5)), 94.71 (C(2)),
128.11 (2« m-Ph), 128.89 (X 0-Ph), 130.15 (HC(3))

solvent removed in vacuo and the product isolated by and 133.54 (HC(4)), 142.51p50-Ph); vimax (CH2Cly)

column chromatography eluent (pentane;Ch 2:1)
to give 2-phenyl-2,5-dihydrofuran (0.25g, 35%) as a
colourless oil.lH NMR (270 MHz): § (CDCl) 4.77

1640cnt! (w) (C=C); m/z (eims 70eV) 202\,
1%), 201 (8), 173 (33), 115 (18), 105 (44), 57 (47)
and 29 (100).
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2-Cyclohex-1-en-1-yl-2,5-dihydrofuran 9): To a
mixture of 1-iodocyclohexene (1.08g, 5.19 mmol),
2,3-dihydrofuran (1.50g, 21.40mmol) and AgeO
(2.75 g, 9.66 mmol) in acetonitrile (60 ml) was added
Pd(OAc) (47 mg, 0.21 mmol) and triphenylphosphine
(120 mg, 0.46 mmol). The reaction was carried out as
for 3 to give 2-cyclohex-ten-1-yl-2,5-dihydrofuran
(0.07 g, 9%) as a colourless otH NMR (270 MHz):

5 (CDCl3) 1.46-1.69 (4H, m, HC(4), HoC(5)),
1.75-2.11 (4H, m, BC(3), H2C(6)), 4.59-4.74 (2H,
m, H,C(5)), 5.13-5.17 (1H, m, HC(, 5.67-5.72
(2H, m, HC(2), HC(4)) and 5.95 (1H, m HC(3));
13C NMR (67.5MHz): § (CDCl3) 22.45 (HhC(4),
H,C(5)), 23.22 (HC(3)), 24.98 (HC(6)), 75.58
(H2C(5)), 90.53 (HC(2)), 124.16 (HC(Q, 127.00
(HC(4)), 128.70 (HC(3)) and 137.94 (CYt vmax
(CH2Clp) 1621cnt! (w) (C=C); m/z (eims 70eV)
148 M™, 10%), 135 (15), 123 (24), 109 (100) and 81
(87).

5-Cyclohex-1-en-1-yl-2,2- dimethyl - 2,5-dihydro-
furan @2): To a mixture of 1-iodocyclohexene
(0.88 g, 4.25mmol), 5,5-dimethyl-2,3-dihydrofuran
(0.42 9, 4.25 mmol) and AgC£(2.39 g, 8.38 mmol)
in acetonitrile (60 ml) was added Pd(OAc)39 mg,
0.17mmol) and triphenylphosphine (102mg, 0.39
mmol). The reaction was carried out as ®to give
5-cyclohex-1-en-1-yl-2,2-dimethyl-2,5-dihydrofuran
(0.209g, 26%) as a colourless oil. Found: C, 80.6;
H, 10.3. G4H20 requires C, 80.9; H, 10.29¢H
NMR (270 MHz):§ (CDCI3) 1.30 (3H, s, CH), 1.35
(3H, s, CH), 1.50-1.67 (m, 4H, bC(4), H2C(5)),
1.83-2.08 (m, 4H, KIC(3), H2C(6)), 5.14 (1H, m,
HC(2), 5.56 (1H, ddJ 1.46, 6.04, HC(3)), 5.73 (1H,
m, HC(5)) and 5.77 (1H, dd}, 2.44, 5.86, HC(4))13C
NMR (67.5MHz):§ (CDCl) 22.61 (HC(4)), 22.64
(H2C(5)), 23.65 (HC(3)), 25.20 (BC(6)), 27.91
(CHg), 28.41 (CH), 87.27 (C(2)), 89.80 (HC(5)),
124.93 (HC(2), 127.39 (HC(3)), 136.16 (HC(4)) and
137.90 (C(1); vmax (CH2Clp) 2910cnt! (C-H);
m/z (eims 70eV) 178 NIt, 3%), 167 (7), 151 (10),
109 (35), 97 (60) and 57 (100).

5-Cyclohex-1-en-1-yl-2,2 diethyl-2,5-dihydrofuran
(24): To a mixture of 1-iodocyclohexene (0.20g,
0.96 mmol), 5,5-diethyl-2,3-dihydrofuran (0.310g,
2.18 mmol) and AgC® (1.9g, 6.67 mmol) in ace-
tonitrile (10 ml) was added Pd(OA£)39.3mg, 0.18
mmol) and triphenylphosphine (102 mg, 0.39 mmol).
The reaction was carried out as f@& to give
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5-cyclohex-1-en-1-yl-2,2-diethyl-2,5-dihydrofuran
(0.04 g, 22%) as a colourless oil. Found: C, 81.2; H,
10.6; GoH1g0 requires C, 81.5; H, 10.8%H NMR
(270 MHz): 8 (CDCl3) 0.84-0.92 (6H, m, X CHjz),
1.47-1.72 (8H, m, 2x CH2, H,C(4), HC(5)),
1.82-2.02 ( 4H, m, KC(3), HaC(6)), 5.09 (1H,
m, HC(2)) and 5.67-5.74 (3H, m, HC(3), HC(4),
HC(5));13C NMR (67.5 MHz):8 (CDCls) 8.39 (Ch),
8.97 (Chp), 22.61 (HC(4)), 22.69 (HC(5)), 24.24
(H2C(3)), 25.19 (BHC(6)), 30.93 (HC—C(2)), 32.45
(H,C—C(2)), 90.42 (HC(5)), 93.14 (C(2)), 124.59
(HC(2)), 128.92 (HC(3)), 133.19 (HC(4)), 137.83
(C(1)); vmax (CH2Cl») 2950 (C—H) cntt; mvz (eims
70eV) 206 MT, 5%), 205 (4), 178 (17) and 177
(100).

9.4. Asymmetric Heck reactions—general
procedure

According to the procedure reported by Pfaltz and
co-workers[17], a solution of phenyl trifluorome-
thanesulfonate (30.0 mg, 0.13 mmol) amdridecane
(10.0mg, 0.054mmol) in benzene (0.5ml) was
added to a schlenk containing ffdbay (2.3 mg,
0.004 mmol) and ligand (0.008 mmol) under nitro-
gen. To this was then added the 2,3-dihydrofuran
(0.65 mmol) and 1,8-bis-(dimethylamino)-naphthalene
(proton sponge) (83.58mg, 0.39 mmol). When BI-
NAP was used as the ligand, it was stirred in degassed
benzene with Pd(OAg)and base for 10 min prior to
addition of triflate,n-tridecane and olefin according
to the procedure reported by Hayaf36]. The result-
ing solution was then degassed by three freeze-thaw
cycles at 0.01 mbar and then left to stir under nitro-
gen at 80C for 14 days giving a red solution with
precipitation of Base HOTf. Pentane (10 ml) was then
added to the reaction mixture and the resulting sus-
pension was filtered through 2cm of silica with fur-
ther elution using diethyl ether (10 ml). This solution
was then concentrated and the yield calculated using
GC (Se-30, 11psi, 50C, 4min, 15°C/min, 170°C,

10 min) by the internal standard method. The yields
for all the asymmetric Heck reactions were measured
in this way.

Further purification by TLC (a normal sized TLC
plate was run and a strip cut off and visualised with
KMnQy4, the silica of the remainder of the plate at
the same Rf as the product was then scraped off and
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extracted with CHCI,) gave product, from which its
ee could be determined by chiral GG-CD-TFA,
30m, 80-90C, 0.3°C/min, 90-120C, 5°C/min,
10 min, 15psi, inj 200C, det 220 C).

The enantiomers @, 4, 9, 10, 21 and22 could also

be baseline separated using this temperature program.

9.5. Retention times

2-Phenyl-2,5-dihydrofuran3f; RT (9-(3) 31.8 min;
(R)-(3) 34.0 min.
2-Phenyl-2,3-dihydrofurard; RT (9-(4) 23.3 min;
(R)-(4) 24.6 min.
2-Cyclohex-1-en-1-yl-2,5-dihydrofuran 9); RT (S)-
(9) 22.2 min; R)-(9) 24.9 min.
2-Cyclohex-1-en-1-yl-2,3-dihydrofuran {0); RT
(9-(10) 18.0 min; R)-(10) 18.3 min.
2,2-Dimethyl-5-phenyl-2,5-dihydrofuran 21); RT
(9-(21) 29.6 min; R)-(21) 30.9 min.
5-Cyclohex-1-en-1-yl-2,2-dimethyl-2,5 dihydrofu-
ran 22); RT (9-(22) 22.0 min; R)-(22) 22.6 min.
2,2-Diethyl-5-phenyl-2,5-dihydrofura28) was sep-
arated using a longer oven temperature pro-
gram (80-92C, 0.3°C/min, 92-130C, 5°C/min,
20 min); RT ©-(23) 52.0 min; R)-(23) 52.4 min.
5-Cyclohex-1-en-1-yl-2,2-diethyl-2,5 dihydrofuran
(24); required an even longer program for base
line separation (65-9%C, 0.3°C/min, 95-105C,
1°C/min, 105-130C, 5°C/min, 10min); RT
(9-(24) 79.3 min; R)-(24) 79.9 min.
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