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Abstract

The reactions of substituted (n°-allyl)Fe(CO),BF, complexes 1 with various allyl-metals [M = SiMe,
(2), -SnBu, (3) and -FeCp(CO), (4)] and dienolate derivatives [CH,=C(CH,Y)CH=COM(OR) (M = Lj,
SiMe,)] have been investigated in search of a method for regio- and stereocontrolled allyl-allyl coupling.
All three classes of allyl derivatives react with 1 in moderate to good yield with variable regioselectivity;
the silyl derivatives 2 generally provide good regioselectivity for attack at the less substituted terminus of
unsymmetrical derivatives of 1 but deprotonation of the 1,1-dimethylallyl complex 1le prevents efficient
isoprenylation. Although deprotonation of le also dominates with the siloxydienes, the lithium dienolates
couple efficiently with 1; however, reaction at the a position of the dienolate dominates.

Introduction

There has been widespread interest in the reactivity of (n*-allyl)ML, complexes
as a means for regio- and stereocontrolled introduction of the allyl unit. Complexes
of Pd [1], Ni [2], Mo [3], W [4], Ti [5] and Fe [6] have proven to be particularly
useful in this respect. In earlier studies we [6d] and others [6a,b] have shown that the
readily available iron derivatives (4*-allyl)Fe(CO),BF, (1) undergo facile reactions
with mild nucleophiles, generally to provide allyl coupled products in a stereo-
specific (with retention of the allyl fragment geometry) and regioselective (attack at
the less substituted allyl terminus) manner.

A particularly important potential application of such allylic alkylation reactions
lies in the generation of the 1,5-diene and polyene units characteristic of terpenoid
natural products. Although considerable efforts and significant progress have been
made to effect such “isoprenologation” reactions using allyl metal (and enolate)
reactions with classical allyl electrophiles (e.g. halides, esters, etc.) [7,8], utilization
of (n’-ally)ML, complexes as either the electrophilic or nucleophilic component
have been far more limited. Early studies involving nucleophilic [(#*-allyl)NiX], met
with some success but stereocontrol is problematic because of the facile anti—syn
isomerization encountered with these complexes [2,9]. Following upon seminal
studies by Tsuji [1a] and Trost [1b] of stoichiometric and catalytic Pd-mediated
allylic alkylation, Keinan recently has reported [10] an impressive geranyl (C,q)
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extension methodology which features Pd-catalyzed coupling of allylic carbonates
with stabilized allyl enolates. This method gives good yields, allows a high degree of
regio- and stereocontrol, and can be carried out repeatedly to produce oligomeric
products. The necessary removal in separate steps of the activating groups on the
nucleophilic component detracts somewhat from the overall efficiency of the pro-
cess.

Given our modest understanding of the factors controlling regioselectivity of
nucleophilic attack on (n’-allyl)ML, complexes and the continued need for new,
alternative and efficient methods for allyl-allyl coupling, we have examined the
reactions of representative (7°-allyl)Fe(CO),BF, complexes with various o-allyl-
metal and dionolate derivatives and report our findings herein.

Results and discussion

For our initial experiments we selected as reaction partners for the iron com-
plexes 1a—d representatives of three classes of nucleophilic o-allyl-metals 2—4. These
species are known to react with a variety of electrophiles, typically y- to the metal
[11-13], and appeared to have appropriate reactivity to effect C-C bond formation
with 1 under mild conditions. Indeed, such reactions were found to proceed
according to Eq. 1 at room temperature in CH;NO, solution to afford 1,5-diene
products in moderate to good isolated yields (Eq. 1, Table 1).

Ry R
R, Ry 2 A
R * A
1 - 4
Fe(CO)4 4 Ry Ry
1 . Ry

2a¢,3.4

a Ry=Ry=H a8 Ry=Ry=H, ML-SMey

b Ry=H,Ry=CHy b Rg=CH,CH0ACR4=H, ML=SMe;

€ RysCHg, RoH ¢ Rg=CHg, R4sCOEL, ML=ShMey

d Ry=H,RpPh 3 RyeRy=H, MLy=SnBuy

o Ry= R2-0H3 4 F\a-R4-H, MLn-FeC[KCO)z

Interesting and unexpected regioselectivity was found in the reactions of the

1-phenylallyl complex 1d, which previously was observed to undergo exclusive C-3
attack by aromatic nucleophiles [6e]. The allyl silanes 2a—c all reacted with 1d to
produce a substantial (but minority) amount of the C-1 attack product. The
coupling reaction of the pentenyl ester 2c is also noteworthy since it not only
demonstrates the expected (and desired) y-to-Si attack [8c] but it also provides in
the unsaturated ester product a prospective starting material for subsequent repe-
titive isoprenologation via ester reduction and recomplexation by iron according to
Eq. 2.
R A\ Ry 1. LIAH, 2.Fe5(CO)g
S e — con aHY &3 )
1 Fe(CO), Ry ,
, (eq.2)

- -
Y\/\(\/\(\cozn -

Ry

Rz

The branched isomer (from C-1 attack), however, became the major product with
the corresponding tin and iron allyls, 3 and 4. Although we do not have a
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Table 1
Allyl-allyl coupling reactions of (n’-allyl)Fe(CO),BF, complexes
Com- Nucle- Time Products ? Yield
plex ophile (h) ¢ (%) °
Ph o~ 72
- . ¢ Ph N aa v
/
5a (73) b (27)
1d 3 4 5a (29) 5b (71) 77
1d 4 4 5a (27) 5b (73) 68
Ph AN
1d 2b 16 Ph_ - 7 j/\ 67
OAc \n/\/OAC
6a (77) 6b (23)
Ph N
d 2 16 Ph \/\/\(“hcozgt 68
#"CO,Et
7a(72) b (28)
1a 2b 4 # A 47
OAc
8
=
1b 2 16 # & 61
OAc OAc
9a (80) % (20)
OAc
10

? Reaction carried out in CH;NO, at 25°C. ® Isomer ratio determined by GC. © Isolated after chro-
matography.

convincing explanation for this interesting metal dependency, it is likely electronic
in origin since no significant steric differences at the (presumably) reacting y carbon
of 2—-4 are present. Highly nucleophile-dependent regioselectivity has been observed
in many metal-mediated allylic alkylations [1-6,14] and appears to derive from a
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delicate balance of steric and electronic effects. In some cases (including the present
one) frontier orbital control may play a determinant role [14,15].

Regardless of the explanation for the above regioselectivities we concentrated our
subsequent efforts on coupling reactions of the allyl silane derivatives since these
appeared more likely to yield the linear head-to-tail selectivity needed for applica-
tions in isoprenologation. With the crotyl complexes 1b and 1c¢ the acetoxysilane 2b
was indeed found to provide primarily (with 1b) or exclusively (with 1c) the linear
dienes resulting from C-3 attack. This selectivity parallels that found previously for
stabilized enolate additions to the substituted (n’*-allyl)Fe(CO),BF, complexes [6d].

Following these initial model studies we turned our attention to reactions of the
allyl silane derivatives with the readily available 1,1-dimethylallyl complex 1e [16]
which we hoped would serve as an isoprenyl cation equivalent. To our disappoint-
ment, however, le was found to be quantitatively deprotonated by either 2b or 2¢
under a variety of conditions (T = 0-80°C, solvents = CH,NO,, THF, CH,CN,
CH,COCH,) giving the known isoprene complex [7*-CH,=C(CH,)CH=CH,|Fe-
(CO); [16] and the corresponding desilylated olefins (detected by GC/MS) (Eq. 3).
Complex le thus appears to be a surprisingly strong Bronsted—Lowry acid and the
allyl silanes exhibit an inadequate nucleophilicity / basicity ratio to couple at carbon.

R
CH37A 3 s CHa A
iMe.
3 3
o | + }—\\ . (eq.3)
3 Fe(CO); ‘

Ry CHj 4
10 2b,c Fe(CO), :

We also examined the reactions of le with a set of isoprenyl dienolate derivatives
in search of a reaction partner with a higher selectivity for C- vs H-attack (Eq. 4).

Ry
COLR
+ +
)\%oz oetR
— 1
a

1e + OR (Ry=H)
¥ 12a(Rq =H) (& coupling) 12b (Ry=H) (eq 4)
R4 13a (R1-SiM93) 13b (R1-S|Me3)
11a M=SiMes, Ry=H, R=Et

11b M=Li, Ry=H, R=Et

11¢ M=Li, R =H, R=Pr' CO,R + isomers
11d M=Li, Ry=H, R=Bu! M

116 M=Li, Ry=SiMe5, R=Et 14 Ry

(Y coupling)

The siloxydiene derivative 11a appeared to be a reasonable prospect since previous
studies have shown that it can react with C-electrophiles via y-attack [8e.f]. In the
event le was found to react with 11a exclusively via the proton transfer pathway
giving only (isoprene)Fe(CO), and the methylacrylate ester under a variety of
conditions. A more radical modification of the nucleophile’s reactivity (both basicity
and nucleophilicity) was then explored in the form of the lithium dienolates 11b—d.
These species, prepared by treatment of 3,3-dimethylacrylic acid esters with LDA,
are known to undergo a- and y-attack by C-electrophiles [8a). Reaction between le
and 11b (R = Et) occurred rapidly at —78°C to produce a mixture of coupled
products (by GC/MS analysis) in approximately 65% yield. '"H-NMR and GC/MS
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analysis indicated the mixture to be made up primarily of isomers 12a and 12b (ca.
54: 36%) resulting from preferred a-attack by 11b at C3 of le along with a small
amount (ca. 10%) of the desired y-attack product 14. The somewhat surprising
enhancement of C-coupling at the expense of simple deprotonation with the
dienolate derivative 11b encouraged us to attempt to improve the y/a selectivity of
the nucleophilic component by increasing the steric bulk of the ester function.
Reactions of 1e with the corresponding i-propyl and t-butyl ester enolates 11c and
11d did result in an increase of the relative amount of the y-attack isomer (up to
20-40%) but the selectivity was still unsatisfactory. Reasoning further that a
Si-substituent at the a-position of the enolate could discourage a attack sterically
and encourage y-attack electronically we carried out the reaction of enolate deriva-
tive 11e (formed by deprotonation of the silyl ester 2¢) with le. GC/MS and 'H
NMR analysis of the resulting product mixture, however, revealed nearly exclusive
(ca. 90%) formation of the a-attack product 13a. Finally, since it had been reported
that greatly improved y-alkylation selectivity can be obtained using copper dien-
olates [8b], a parallel set of reactions was conducted in which Cul was added to the
preformed lithium dienolates 11b—d, followed by addition of complex le. Unfor-
tunately, no significant improvement in y/a selectivity was observed upon analysis
of the product mixtures by GC/MS and NMR.

In conclusion, it has been found that allyl-allyl coupling can be accomplished in
satisfactory yields using (#*-ally)Fe(CO),BF, complexes in combination with allyl-
metal or dienolate derivatives. Reasonably efficient regio- and stereoselective cou-
pling of two unsymmetrical allyl components can be achieved using complexes
1b-d. The isoprenyl complex le couples with good terminal attack (C3) selectivity
using lithium dienolates but acceptable levels of terminal y-attack have yet to be
found. This study also has uncovered an interesting regioselectivity dependency on
the nature of the metal fragment of the o-allyl-metal and a surprising chemoselectiv-
ity (deprotonation vs. C-C coupling) dependency on the counterion (Li vs. SiMe;)
of the dienolate.

Experimental

General methods and reagents

Solvents and reagents were dried by distillation from the following drying agents:
tetrahydrofuran (Na/benzophenone), acetone and nitromethane (CaSO,), and
acetonitrile, dichloromethane, diisopropyl amine and trimethylsilyl chloride (CaH,).
(7*-AllyD)Fe(CO) ,BF, 1a-d [17], CpFe(CO),(7'-allyl) [18], allyl silanes 2b [19] and
2c [20], and siloxydiene 11a [21] were prepared by previously reported procedures.
Siloxydienes 11b,c were obtained using the general method described earlier [22].

General procedure for allylation of complexes la—d with allyl-Si, -Sn and Fe reagents

To a stirred solution containing the n’-allyl complex (4 mmol) in 30 mL of
CH,;NO, was added the nucleophile (3 mmol) at room temperature. The mixture
was stirred for 4-16 h. Upon reaction completion (monitored by IR disappearance
of 1), the mixture was diluted with ether (50 ml) and washed with brine. The organic
phase was treated with iodine, washed with aqueous sodium thiosulfate and dried
over MgSO,. The products were isolated by flash chromatography on silica gel
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(elution with 1:10 ethyl acetate /hexane). Isomeric products were not separated but
were analyzed as a mixture by IR, NMR and GC/MS.

5a/5b. IR (neat, cm™') 3020, 1640, 990, 915; MS (EIL, m/e) 158 (M ™), 117.

'"H-NMR (CDCl,, & ppm) (5a): 7.27 (m, 5H, arom), 6.42 (d, J =159 Hz, 1H,
Ph-CH=), 6.24 (dt, J=6.3, 15.9 Hz, 1H, Ph-CH=CH), 5.8 (m, 1H, CH=CH,),
5.0 (m 2H, =CH,), 2.26 (m, 2H, CH,-CH=CH,), 2.32 (m, 2H, CH=CH-CH,); lit
[23). '"H-NMR (CDCl,, 6 ppm) (5b): 7.27 (m, 5H, arom), 5.96 (m, 1H, Ph—CH-
CH=), 572 (m, 1H, CH,-CH=CH,), 5.0 (m, 4H, 2CH=CH,), 3.31 (m, 1H,
Ph-CH), 2.50 (m, 2H, Ph—CHCH,); lit [23]. \

6a/6b. IR (neat cm™ ') 3020, 1740, 1650, 1235, 1040, 967, 900; MS (m/e) 244
(M), 184, 117. '"H-NMR (CDCl,, 8 ppm) (6a): 7.30 (m, SH, arom), 6.41 (d,
J =159 Hz, 1H, Ph-CH=CH), 6.22 (dt, J = 6.4, 15.9 Hz, 1H, Ph—~CH=CH), 4.89
(s, 1H, =CH,), 4.83 (s, 1H,=CH,), 420 (t, J=7.0 Hz, 2H, OCH,), 2.38 (t, J=17.0
Hz, 2H, OCH,CH,), 2.2 (m, 4H, CH,CH,), 2.05 (s, 3H, COCH,). '"H-NMR
(CDCl,, & ppm) (6b): 7.30 (m, 5H, arom), 5.96 (ddd, J=17.1, 10.2, 17.1 Hz, 1H,
CH=CH,), 5.04 (m, 2H, CH=CH,), 4.80 (s, 1H, =CH,), 4.78 (s, 1H, =CH,), 4.15 (t,
J =170 Hz, 2H, OCH,), 3.5 (m, 1H, Ph-CH), 248 (d, J=7.7 Hz, 2H, Ph-
CH=CH,), 2.38 (t, J=17.0 Hz, 2H, OCH,CH,), 2.05 (s, 3H, COCH,).

E-7a, inter alia. 'H-NMR (CDCl,, 8 ppm) 7.25 (m, 5H, arom), 6.42 (d,
J =159 Hz, 1H, Ph-CH=), 6.25 (dt, J = 6.0, 159 Hz, 1H, Ph—CH=CH), 5.71 (q,
J =12 Hz, 1H, CH;C=CH), 414 (q, J = 6.0 Hz, 2H, COOCH,), 281 (t, J=17.0
Hz, 2H, =CHCH,-CH,), 2.40 (m, 2H, =CH-CH,), 2.20 (d, J=1.2 Hz, 3H,
CH,C=CH), 1.24 (t, J=6.0 Hz, 3H, COOCH,CH,); MS (m/e) 244 (M™), 199,
171, 117; lit [24].

Z-7a, inter alia. '"H-NMR (CDCl,, § ppm) 7.25 (m, 5H, arom); 6.42 (d,
J =15.9 Hz, 1H, Ph-CH=), 6.25 (dt, J =15.9, 6.8 Hz, 1H, Ph—CH=CH), 5.70 (q,
J =12 Hz, 1H, =CHCO,Et), 414 (g, J = 6.0 Hz, 2H, COOCH,), 2.81 (t, J=17.0
Hz, 2H, =CH-CH,-CH,), 2.40 (m, 2H, =CH-CH,), 1.92 (d,, J =1.3 Hz, 3H,
CH,=CHCOOC,H;), 1.24 (t, J=6.0 Hz, 3H, COOCH,CH,); MS (m/e) 244
(M™), 199, 171, 117; lit [24].

E-7b, inter alia. '"H-NMR (CDCl,, 8 ppm) 7.25 (m, SH, arom), 5.95 (m, 1H,
PhCHCH = CH,), 5.61 (m, 1H, =CHCO,Et), 5.05 (m, 2H, CH=CH,), 4.14 (q,
J = 6.0 Hz, 2H, CO,CH,), 3.30 (m, 1H, PhCH ), 2.56 (d, J = 7.0 Hz, 2H, PhCHCH,),
214 (d, J =12 Hz, 3H, CH,C=), 1.24 (t, J=6.0 Hz, 3H, CO,CH,CH,); MS
(m/e) 199 (M*— OCH,CH,), 171, 117.

Z-7b, inter alia. 'H-NMR (CDCl,, 8§ ppm) 7.25 (m, 5H, arom), 5.95 (m, 1H,
PhCHCH=), 5.68 (m, 1H, =CHCO,Et), 5.00 (m, 2H, CH=CH,), 4.14 (q, J=6.0
Hz, 2H, CO,CH,), 3.30 (m, 1H, PhCH), 2.56 (d, J = 7.0 Hz, 2H, PhCHCH,), 1.74
(d, J=1.3 Hz, 3H, CH,C=), 1.24 (t, J = 6.0 Hz, 3H, COOCH,CH,); MS (m/e)
199 (M*— OC,H,), 171, 117.

8 IR (neat, cm™') 3080, 1740, 1642, 1235, 1040, 910; 'H-NMR (CDCl,, 8
ppm) 5.0 (m, 2H, CH,=CH), 5.80 (m, 1H, CH,=CH), 4.83 (s, 1H, =CH,), 4.80 (s,
1H, =CH,), 4.18 (t, J =7.0 Hz, 2H, OCH,), 2.34 (t, J = 7.0 Hz, 2H, OCH,CH,),
2.15 (m, 4H, CH,CH,), 2.04 (s, 3H, COCH,); MS (CI, m/e) 169 (M*+ 1) 109.

9a/9b. IR (neat, cm™!') 3080, 1740, 1645, 1235, 1040, 970, 900; MS (m/e) 122
(M*—HOAC), 107, 93. '"H-NMR (CDCl,, 8 ppm) (9a) 5.43 (m, 2H, CH=CH),
4.82 (s, 1H, =CH,), 4.78 (s, 1H, =CH2) 417 (t, J=17.0 Hz, 2H, OCH,), 2.34 (t,
J =17.0 Hz, 2H, OCH,CH,), 2.10 (m, 4H, CH,CH,), 2.04 (s, 3H, COCH,), 1.64 (d,
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J = 6.4 Hz, 3H, CH,). '"H-NMR (CDCl,, 8 ppm) (9b) 5.67 (ddd, J = 7.1,10.2, 17.3
Hz, 1H, CH=CH,), 4.9 (m, 2H, CH=CH,), 4.81 (s, 1H, =CH,), 4.80 (s, 1H, =CH,),
4.17 (t, J = 7.0 Hz, 2H, OCH,), 2.34 (t, J = 7.0 Hz, 2H, OCH,CH,), 2.10 (m, 1H,
CH,CH), 2.04 (s, 3H, COCH,), 0.98 (d, J = 6.7 Hz, 3H, CH,CH); MS (m/e) 122
(M*— HOAc), 107, 93.

10. IR (neat, cm™') 3080, 1740, 1650, 1235, 1040, 910; 'H-NMR (CDCl,, 8
ppm) 5.45 (m, 1H, CH,CH), 5.39 (m, 1H, CH,CH=CH), 4.84 (s, 1H, =CH,), 4.80
(s, 1H, =CH,), 4.18 (t, 7.1 Hz, 2H, OCH,), 2.35 (t, J = 7.1 Hz, 2H, OCH,CH,),
2.18 (m, 2H, =CH-CH,), 2.06 (m, 2H =CH-CH,CH,), 2.05 (s, 3H, COCH,), 1.61
(d, J = 6.0 Hz, 3H, CH,); MS (m/e) 122 (M* — HOAc), 107, 93.

General method for alkylation of ester lithium dienolates

Under a nitrogen atmosphere, 0.5 mmol of n-butyllithium in hexane was added
to a solution of 55 mg (0.5 mmol) of diisopropylamine in 4 ml of THF at —78°C.
To this solution was then added 0.5 mmol of the 1,1-dimethylacrylate ester and the
solution was stirred for 2 h. The 1,1-dimethylallyl complex le (163 mg, 0.50 mmol)
was then added. After stirring at —78°C for 1-2 h, the reaction was warmed to
room temperature and stirred several hours. The mixture was then diluted with ethyl
ether and washed with brine. The organic phase was treated with iodine, washed
with aqueous thiosulfate, dried, and the products were isolated by flash chromatog-
raphy on silica gel and analyzed by NMR and GC/MS.

12a. 'H-NMR (CDCl,, 6 ppm) 5.66 (m, 1H, =CHCH,), 5.0 (m, 2H, =CH,),
4.13 (q, J =17.0 Hz, 2H, COOCH,), 3.0 (t, J=17.4 Hz, 1H, CH,CHCOOC,H,),
2.15 (m, 2H, CH,CHCOOC,H,), 1.75 (s, 3H, CH,), 1.67 (s, 3H, CH,), 1.62 (s, 3H,
CH,), 1.12 (t, J = 7.0 Hz, 3H, COOCH,CH,); MS (m/e) 196 (M™); 181, 167, 151,
123; lit [24].

126. 'H-NMR (CDCl;, § ppm) 5.86 (m, 1H, CH=CH,), 5.0 (m, 2H, CH,=),
496 (m, 2H, CH=CH,), 413 (q, J=7.0 Hz, 2H, COOCH,), 2.97 (s, 1H,
CHCOOC,Hjy), 1.82 (s, 3H, =CCH,), 1.13 (s, 3H, CH,), 1.12 (s, 3H, CH;), 1.12 (t,
J =7.0 Hz, 3H, COOCH,CH,); MS (m/e) 196 (M), 181, 167, 151, 123; lit [24].

13a. "H-NMR (CDCl,, 8 ppm) 5.15 (m, 1H, =CHC), 4.94 (s, 1H, =CH,), 4.75
(s, 1H, =CH,), 4.01 (q, / =7.1 Hz, 2H, OCH,), 2.5 (m, 2H, =CHCH,), 1.67 (s, 3H,
=CCH,), 1.62 (s, 3H, =CCH,;), 1.26 (t, J=17.1 Hz, 3H, CH,CH,), 0.11 (s, 9H,
Si(CH3)‘3); MS (m/e) 268 (M), 253, 223, 107.

14. '"H NMR (CDCl,;, § ppm) 5.72 (brs, 1H, =CHCO,Et), 5.6 (m, 1H,
=CHCH,), 413 (g, /=7.0 Hz, 2H, OCH,), 2.63 (t, J = 7.0 Hz, CH,C(CH,)), 2.50
(m, 2H, CH,CH=), 1.88 (d, J = 1.2 Hz, 3H, CH,C=CH), 1.67 (s, 3H, CH,C(CH;)=),
1.60 (s, 3H, CH,C(CH;)=), 1.22 (t, J = 7.0 Hz, 3H, CH,CH,); lit [24].

General method for alkylation of ester monocopper dienclates.

Under a nitrogen atmosphere, 0.5 mmol of 2.0 M n-butyllithium was added to a
solution of 55 mg (0.50 mmol) of diisopropylamine in 4 mL of THF at —78°C. To
this was added 0.5 mmol of 1,1-dimethylacrylate and the solution was stirred for 2
h. Copper iodide (5 mg, 0.5 mmol) was then added. The reaction was stirred for 2 h
at —78°C, then 163 mg (0.50 mmol) of 1,1-dimethylallyl complex le was added.
After stirring at —78°C for 1-2 h, the reaction was warmed to room temperature
and stirred for several hours. The mixture was then diluted with ethyl ether and
washed with brine. The organic phase was treated with iodine, washed with aqueous
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thiosulfate, dried, and the products as isomeric mixtures were isolated by flash
chromatography on silica gel. The isomeric mixtures were analyzed (partially) by 'H
NMR and GC/MS.
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