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ABSTRACT: Grignard reagents undergo facile regioselective
1,4-conjugate addition to nitrodienes in the presence of
catalytic amounts of Zn(II) salts with excellent yields. A wide
range of ligands such as alkyl, aryl, heteroaryl, allyl, vinyl, 1-
alkynyl, and alkoxy ligands were transferred, while a thiolate
ligand afforded 1,6-regioselectivity. The reactions were

R‘N\/NOZ

1. R3ZnM (1.0 equiv) or
RMgX (1.2 equiv)
ZnX'5 (0.1 equiv)

R R
R1/\)\/N02 + R1)\/\/N02

2. Sat NH,CI .
R' = alkyl or aryl yield 58-89%
= alkyl or ary: M = Li, MgBr, Na regioselectivity 60:40-100:0
X=Cl,Br,| R = alkyl, aryl, vinyl,

X'=Br,CN alkynyl, alkoxy

successfully carried out on J-alkyl- or aryl-substituted a,f,y,0-diunsaturated nitrodiene substrates. Regioselectivity is minimally

influenced by temperature or choice of solvent.

he control of regio-, stereo-, and chemoselectivity in the
reactions of small, highly functionalized molecules
provides rich opportunities for generating highly substituted
and functionalized molecular synthons.””> The conjugate
addition of carbon nucleophiles to Michael acceptors is a
ubiquitous reaction for construction of carbon—carbon bonds
in organic chemistry,’ and Michael acceptors containing
conjugated dienes*™¢ pose problems of regioselective control.
Numerous developments have been reported for the conjugate
addition reactions of nitroalkene—Michael acceptors for the
synthesis of nitrogen-containing molecules, which are often
richly endowed with biological activity.” The most widely
studied nitro alkene-Michael acceptors include simfle nitro-
alkenes,® 0!,,3,;/,5—nitr0dienes,861’9_11 and nitroenynes8 12 where
the conjugated nitrodienes and nitroenynes give a mixture of
products in the absence of catalysts arising from competitive
nonregioselective 1,4- and 1,6-addition pathways.”~"'
Although a large number of organocatalytic procedures for
the regio- and stereoselective conjugate addition of nucleo-
philes to nitrodienes have been developed, they have largely
involved soft nucleophiles such as enolates, enamines, and silyl
enol ethers. Chiral proline,”* ™ bifunctional amine—thiourea
derivatives,”*™ cinchona alkaloids,”™ and amino acid”™
catalysts have been employed for enantioselective 1,4-conjugate
addition reactions of carbonyl substrates to nitrodienes with
high efficiency. The utilization of nitrodienes in transition-
metal-catalyzed enantioselective 1,4-conjugate addition reac-
tions of malonate enolates,” Friedel—Crafts alkylation of
indole,” diastereoselective Morita—Baylis—Hillman reactions'®
of carbonyl compounds, and the Rauhut—Currier reaction'' of
methyl vinyl ketone (MVK) have also been reported recently.
The use of organometallic reagents for regio- and stereo-
selective 1,4-conjugate additions to nitrodienes is rather limited.
A singular report on 1,4-additions of triorganoaluminum
reagents" to nitroalkenes was followed recently by a report
for the regio- and enantioselective 1,4- or 1,6-conjugate
addition reactions of trialkylaluminum reagents to nitrodienes
employing catalytic amounts of Cu(I) salts and ferrocene based
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chiral ligands.gd’12C We now report our results on the

regioselective 1,4-conjugate addition of Grignard reagents to
nitrodienes in the presence of catalytic amounts of zinc(II)
salts.

We first examined the 1,4-conjugate addition reactions of
stoichiometric organozincate reagents to (E)-1-nitro-2,4-
pentadiene (1). Although 1,4-conjugate addition was the
favored pathway, a mixture of 1,4- and 1,6-addition products
was observed (Table 1, entries 1—5 and 8—14) when
trialkylzincate reagents were employed. Treatment of nitro-
diene 1 with "Bu;ZnLi gave slightly better regioselectivity at
lower temperatures (entry 1 vs 2) and in less polar solvents
(entries 3 and 4), but slightly decreased regioselectivity was
observed when the counterion was changed from Li* to MgBr*
(entries S and 9). As expected, the dialkyl or alkyl(cyano)-
cuprate reagents gave exclusively the 1,6-addition product
(entries 6 and 7). Although slightly higher regioselectivity was
obtained with the less reactive Me;ZnLi (entry 8), little to no
regioselectivity was observed for ‘BuyZnLi in either polar
(entries10 and 11) or nonpolar (entry 12) solvents. Good
regioselectivity could be achieved by utilization of the mixed
triorganozinate ‘BuZnMe,Li (entries 13 and 14), which was
also observed for 'PrZnMe,MgBr (entry 9). Surprisingly, the
reaction of sodium tributoxy zincate with nitrodiene 1 also gave
exclusively the 1,4-adduct in good yield and without a trace of
the 1,6-addition product being formed (entry 15), while the
utilization of ("PrS);ZnNa under identical reaction conditions
gave the 1,6-adduct with minor amounts of the 1,4-addition
product (entries 16 and 17)."*

Encouraged by these preliminary results involving the
reaction of stoichiometric organozincate reagents with nitro-
diene 1, we sought to reduce the amounts of organometallic
reagents used [RLi or Grignard reagent (3.0 equiv), ZnBr, (1.0
equiv)] by developing a procedure catalytic in the Zn(1I) salt
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Table 1. Regioselective Conjugate Addition of
Organozincate/Organocuprate Reagents to Nitrodiene 1

1. RgZnM or R R
A NO2 ACuLL /\)\/NOZ + )\/\/NOZ
] 2. Sat NH,Cl 2at 3
R = alkyl a R="Bu d R=18Bu

M = Li, MgBr or Na b R=Me e R ="BuO

¢ R =IPr f R ="PrS

R;ZnM or temp °C % yield regio

entry RCuLLi® solvent? (h)° (2+3) (2:3)°¢
1 "Bu,ZnLi A —40 (12) 78 82:18
2 "Bu,ZnLi A -78 3y 81 84:16
3 "Bu,ZnLi B -78 (3 78 87:13
4 "Bu,ZnLi C -78 3) 72 88:12
5 "Bu,ZnMgBr A -78 (12) 74 78:22
6 "Bu,CuLi A -78 (12) 77 0:100
7 "BuCuCNLi A -78 (12) 55 0:100
8 Me,ZnLi A -78 (12) 71 90:10
9 PrZnMe,MgBr A —78 (12) 78 88:12
10  ‘BuyZnLi A —40 (3) 80 50:50
11 ‘BuyZnLi A -78 (3) 72 56:44
12 'BuyZnLi C -78 3y 71 55:45
13 ‘BuZnMe,Li A —78 (6) 73 78:22

14  ‘BuZnMe,Li A -78 3y 69 92:8

1S ("BuO),ZnNa A —20 (12) 81 100:0
16  ("PrS);ZnNa A 25 (1) 78 6:94
17 ("PtS),;ZnNa A —78 (6) 79 5:95

“1—1.5 equiv of reagents was used. bSolvent: A = THF, B = CH,CL, C
= toluene. “Reaction was run at the indicated temperature and allowed
to warm, to room temperature over the indicated time unless otherwise
noted. “Combined yield of both regioisomers. “Regioisomeric ratio
was determined from integration of the 'H NMR absorptions of vinyl
hydrogens or peak height of the vinyl carbon absorptions in the '*C
NMR spectrum. 'Reaction was run and quenched at the indicated
temperature.

(Table 2). In a control experiment, reaction of "BuMgCl (1.0
equiv) with nitrodiene 1 in the absence of Zn(Il) salts gave
moderate yields of conjugate adducts with poor regioselectivity
(Table 2, entry 1). When "BuMgCl (1.2 equiv) was reacted
with nitrodiene 1 in the presence of catalytic amounts of zinc
bromide (0.1 equiv), good yields and regioselectivity for the
1,4-conjugate adduct was observed (entries 2—S5) with the
degree of regioselectivity being largely independent of solvent
polarity but slightly higher when conducted at lower temper-
atures. Similar results were obtained for the methyl, isopropyl,
and benzyl Grignard reagents (entries 6—8), although the
benzyl Grignard reagent gave significantly lower regioselectivity
at higher temperatures (entries 9 and 10) in Et,O with the poor
or noncoordinating solvents Et,0 and PhMe giving slightly
lower regioselectivities (entries 11 and 12) than the more
coordinating THF (entry 8) at —78 °C. Allyl Grignard reagents
gave good yields and good regioselectivity in both coordinating
(e.g, THF or Et,0) and noncoordinating (e.g, CH,CL,)
solvents (entries 13—15).

These encouraging results involving regioselective 1,4-
conjugate addition reactions of alkyl Grignard reagents with
nitrodiene 1 mediated by ZnBr, catalysis prompted us to
examine the reaction of aryl Grignard reagents with nitrodiene
1 in the presence of catalytic amounts of zinc(I) salts.
Contrary to prior observations,” the reaction of PhMgBr with
nitrodiene 1 in Et,0 or CH,Cl, gave excellent yields of the
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Table 2. 1,4-Conjugate Addition of Grignard Reagents to 1
Catalyzed by Zn(II) Salts

1. RMgX (1.2 equiv)
ZnX5 (0.1 equiv)

/\/I\/Noz + )\/\/

/\/\/Noz
2. Sat NH,Cl
2 a-d, g-t 3 a-d, gt
a R ="Bu- i R =Ph- o R =2-furyl-
b R=Me- j R =2-MeCgHy p R =2-thienyl-
¢ R=Pr- k R =1-naphthyl- q R =2-(1-Me)pyrrolyl-
d R=Bu- I R =4-MeOCgH,- r R ="BuCH=CH-
g R=Bn- m R =4-Me,NCeH,- s R="BuC=C-
h R=CHp=CHCHy N R =5(1-Me)indolyl-  { Rg=phc=C-
temp °C % yield regio
entry R? solvent? (h)° 2+3)¢ (2:3)°
1 "Bu/ A —-78 (3) 65 65:35
2 "Bu- A —40 (12) 81 88:12
3 "Bu- A -78 (2) 83 90:10
4 "Bu- B -78 (2) 87 91:9
5 "Bu- C -78 (2) 86 92:8
6 Me- A —-78 (3) 75 91:9
7 Pr- A -78 (3) 76 90:10
8 Bn- A —-78 (3) 77 95:5
9 Bn- D 0 (12) 85 67:33
10 Bn- D -20 (12) 86 76:24
11 Bn- D -78 (3) 89 82:18
12 Bn- C -78 (3) 72 78:22
13 CH,=CHCH,- A -78 (2) 74 95:5
14 CH,=CHCH,- D —-78 (3) 8s 96:4
15 CH,=CHCH,- B —-78 (3) 89 96:4
16 Ph- D -78 (12) 83 80:20
17 Ph- B —40 (3) 77 937
18 Ph-#¢ B —40 (3) 8S 98:2
19 1-naphthyl- D -20 (12) 83 100:0
20 2-MeCH,- B -78 (3) 87 92:8
21 p-MeOCH,£ B —20 (12) 73 100:0
22 p-Me,NC.H,- E -78 (12) 72 100:0
23 5-(1-Me)indolyl- D —20 (12) 73 100:0
24 2-furyl- D 0 (12) 70 100:0
25 2-furyl- D —40 (12) 83 100:0
26 2-thienyl- D 0 (12) 75 100:0
27 2-thienyl- D -20 (12) 81 100:0
28 2-(1-Me)pyrrolyl- F —20 (12) 79 100:0
29 "BuCH=CH- D —-78 (3) 83 100:0
30 "BuC=C- D —20 (12) 76 100:0
31 PhC=C- D -20 (12) 87 72:28
32 PhC=C-# D -20 (12) 83 93:7

“ZnBr, (0.1 equiv) was used unless otherwise noted. bSolvent: A =
THF. B = CH,CL,. C = toluene. D = Et,0. E = THF:CH,Cl, (1:1). F
= THF:Et,0 (1:3). “Reagents were added at the 1nd1cated temperature
and warmed to 25 °C over the indicated time. “Combined yield of
both regioisomers. “Regioisomeric ratios were determined from
integration of "H NMR absorptions of vinyl hydrogens or peak height
of the vinyl carbon absorptions in *C NMR spectrum. "Reaction run
in the absence of Zn(1I) salts. Zn(CN), (0.1 equiv) was used.

conjugate adduct with modest regioselectivity in Et,O (entry
16) and excellent regioselectivity at —40 °C in CH,Cl, (entries
17 and 18). Significant production of biphenyl was not
observed in these reactions, and Zn(CN), offered no
advantages over ZnBr, (entries 17 and 18). The protocol
could be readily extended to polyaromatic (entry 19), electron-
rich aryl (entries 20—23), and heteroaryl (entries 24—28)
Grignard reagents affording exclusively the 1,4-adducts. In these
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reactions, the regioselectivity did not appear sensitive to
temperature (entries 17—19, 21, 23—28, and 30-32).
Surprisingly, an alkynyl Grignard reagent was also successfully
transferred to nitrodiene 1 when the catalytic procedure was
employed since in prior work®™® the alkynyl ligand acted as a
nontransferable ligand. Although, "BuC=CMgBr gave ex-
clusively the 1,4-adduct in Et,O (entry 30), the more electron
deficient PhC=CMgBr gave good yields but poor regiose-
lectivity (entry 31) under identical reaction conditions.
Utilization of Zn(CN), (0.1 equiv) in the reaction of PhC=
CMgBr with nitrodiene 1, however, gave excellent yields and
regioselectivity for the major 1,4-adduct (entry 32).

In an attempt to extend substrate scope of the reactions, (E)-
1-nitro-4-phenyl-1,3-butandiene (4) and (E)-1-nitro-4-(4-me-
thoxyphenyl)-1,3-butandiene (7) were synthesized and reacted
with Grignard reagents using a procedure with catalytic zinc(II)
salts. The reaction of "BuMgCl (1.2 equiv) with 4 in the
presence of catalytic amounts of zinc cyanide (0.1 equiv) in
both coordinating (i.e, THF) and noncoordinating solvents
(i.e, CH,Cl,, toluene) was investigated. In all of these solvents,
moderate yields but poor regioselectivity of the 1,4-adduct were
observed (Table 3, entries 1—3, 63—67%, 1,4 vs 1,6; 78:22—

Table 3. 1,4-Conjugate Addition of Grignard Reagents to
Aryl Nitrodienes Catalyzed by Zn(II) Salts

1. RMgX (1.2 equiv) R R
ZnX'5 (0.1 equiv)
2 Ar/vA\/NOE . Ar)\/B\/NOQ

Ar/\/\/NOZ

-78°C, 3h
a7 2. Sat. NH,Cl 58 69
45,6 Ar=CHs- 2Rz
7,89 Ar = 4-MeOCeH,- ¢ R = "BuCH=CH-
% yield” regio?
entry diene R solvent? (A +B) (A:B)
1 4 "Bu- A 65 78:22
2 4 "Bu- B 67 80:20
3 4 "Bu- C 63 78:22
4 4 Ph-¢ A 66 60:40
S 4 Ph- A 77 65:35
6 4 Ph- C 58 60:40
7 7 "Bu- A 73 78:22
8 7 Ph-¢ A 71 100:0
9 7 "BuCH=CH% A 73 100:0

“Zn(CN), (0.1 equiv) was used as catalyst unless otherwise noted.
bSolvent: A = THF. B = CH,CL,. C = toluene. “Combined yield of
both regioisomer. “Regioisomeric ratios were determined from
integration of the '"H NMR absorptions of the vinyl hydrogen or the
peak height of the vinyl carbon absorptions in the *C NMR spectrum.
“ZnBr, (0.1 equiv) was used. fGrignard reagent was prepared by
halogen—metal exchange of the corresponding vinyl iodide with "BuLi
(1.0 equiv) followed by treatment with MgBr,.

80:20). Application of identical reaction conditions for the
reaction of PhMgCl (1.2 equiv) with 4 in THF gave moderate
yields but poor regioselectivity (entry 4, 66%, 1,4:1,6; 60:40).
Utilization of zinc cyanide as a source of Zn(II) ion or use of a
noncoordinating solvent (i.e, toluene) did not change the
yields or regioselectivity of the conjugate addition product
(entries S and 6). The reaction of "BuMgCl with 7 gave good
yields of conjugate addition products with poor regioselectivity
(entry 7, 73%, 1,4:1,6; 78:22), while PhMgCl gave exclusive
1,4-conjugate adduct in good yield (entry 8, 71%, 1,4:1,6;
100:0). Vinyl Grignard reagents also gave good yields and
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exclusively the 1,4-conjugate addition product (entry 9, 73%,
1,4:1,6; 100:0) under identical reaction conditions.

Although complex 10 has been invoked' to account for the
tendency of organozinc reagents to undergo 1,4-addition to
a,p-unsaturated carbonyl compounds in contrast to the 1,2-
addition reactivity pathway of Grignard and organolithium
reagents and could explain the preference for 1,4-selectivity, the
model does not fully comport with our experimental data.
Contrary to expectations, the 1,4:1,6-regioselectivity is relatively
insensitive to solvent-coordinating ability [e.g., THF vs CH,Cl,
or PhMe (DN = 20—0):16 Table 1, entries 2 vs 3—4, 11 vs 12;
Table 2, entries 3 vs 4—S5, 8 vs 11—12, and 13 vs 14—15; Table
3, entries 2 vs 3—4, S vs 6] where a contact ion-pair (CIP) for
the zincate reagent'” in CH,Cl, or PhMe should favor greater
1,4:1,6-selectivity and a solvent separated ion-pair (SSIP) in
THE'® should induce lower selectivity.”>"”

Calculations indicate that the d-orbitals on organo-Zn(II)
species are low lying in comparison''® to those of organo-
cuprates (e.g, R,CuM) so that the organo ligands act as the
nucleophiles in the former while the Cu atom acts as the
nucleophile in the latter. Thus, the zinc reagents follow a
pathway of carbozincation'® while the cuprate reagents undergo
oxidative addition and favor 1,6-addition via o—zn-allyl-o-
Cu(III) rearrangements. The preference for zincate 1,4-
addition could be rationalized by differential charge density
or orbital coeflicient magnitudes at the y- and J-positions
(Scheme 1). The latter correctly rationalizes regiochemistry in

Scheme 1. Mechanistic Rationale for 1,4-Addition

R1
~/
; AL
R\_/R1 R! .
NNz oz g A?) —» 1,4-adduct
||Q1 R/\/\/!r\‘\‘o
10

frontier molecular orbital (FMO) models."” Simple semi-
empirical calculations®® support this view and correctly predict
lower 1,4:1,6-regioselectivity for the aryl-substituted nitrodienes
4 and 7. Charge density considerations also appear consistent
with the 1,6-preference of ("PrS);ZnNa and 1,4-preference of
("BuO);ZnNa (Table 2, entries 16 and 17) in line with HSAB
considerations."

In summary, we have successfully developed the first method
for the 1,4-conjugate addition of Grignard reagents to a,f,y,5-
unsaturated nitrodienes in the presence of catalytic amounts of
Zn(II) salts and in the absence of Cu(I) salts. The method is
highly 1,4-regioselective for &-alkyl-substituted nitrodiene 1
showing excellent 1,4-selectivity for alkyl (90:10 to 92:8),
benzyl (82:18 to 95:5), allyl (95:5 to 96:4), and alkynyl (93:7
to 100:0) Grignard reagents while displaying exclusive to nearly
exclusive 1,4-selectivity for aryl (98:2 to 100:0), heteroaryl
(100:0), and vinyl (100:0) Grignard reagents. Although there
are no uniform patterns, choice of solvent, Zn(II) salt, and
reaction temperature can be manipulated to increase 1,4-
regioselectivity in those cases where initial experimenation led
to 1,4:1,6 ratios below 90:10. 5-Substituted aryl nitrodienes 4
and 7 generally display reduced 1,4-selectivity, although a 4-
methoxyphenyl substituent (ie, 7) did afford exclusive 14-
selectivity with phenyl and alkenyl Grignard reagents. The
scope of the method was also expanded to heteroatom ligands
wherein alkoxyzincate reagents gave exclusive 1,4-addition and
alkylthiolatozincates gave high 1,6-selectivity (95:5). The
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conjugate addition of alkynyl and heteroatom ligands are
particularly challenging for Cu(I) salts. Control experiments
confirmed that the reactions were indeed catalyzed by zinc(1I)
salts.
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General experimental procedures, data reduction, 'H and "*C
NMR spectra for 1, 2a—t, 3a,git, 4, Sab, 7, and 8a—c are
included. This material is available free of charge via the
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