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The method of the preparation of zinc (or aluminum) alkyl - active methylene chelate compounds was studied.

The chelate compounds were identified mainly by NMR, IR, and component analysis.

Zinc alkyl - active methyl-

ene chelate compounds were found to cause a Michael-type addition reaction with a,f-unsaturated esters or nitriles.
Aluminum alkyl-active methylene chelate compounds exhibited lower reactivities than the zinc chelate com-

pounds toward «,B-unsaturated carbonyl compounds.

Kinetic studies of the addition reaction revealed that

the reaction proceeded according to a first-order rate law with respect to both the metal compound and the «,f-
unsaturated carbonyl compound. The effects of substituents on the metal atom as well as on the chelate ring
were also studied. The intercorrelation among the chemical shift of the methine proton of the chelate ring,
g, of the subsituents and the reactivity of metal alkyl - active methylene chelate compounds suggested that the
rate of the addition reaction was governed mainly by the stability of the chelate ring.

In previous papers,!=® a series of studies of the
reaction modes of metal alkyls, such as n-BuLi, n-
BuMgBr, n-Buy,Zn, and n-BujzAl, with o,f-unsaturated
carbonyl compounds was reported. The reactivities of
both metal alkyls and «,f-unsaturated carbonyl com-
pounds were quantitatively determined. These studies
were undertaken in order to elucidate the initiation
mechanism in the anionic polymerization of «,f-un-
saturated carbonyl compounds. In the course of our
studies, we noticed some characteristic chemical be-
havior of the metal alkyl-active methylene compound
system; this promoted us to study in more detail the
structure and the reactivity of the metal alkyl-active
methylene compound system in the reaction with eo,f-
unsaturated carbonyl compounds, and to compare them
with those of simple metal alkyls in the reaction.

This paper will be concerned with studies of the
method of the preparation of chelate compounds from
the metal alkyls and active methylene compounds and
of their structure identification, mainly by the use
of nuclear magnetic resonance spectra (NMR) and
infrared spectra (IR). The results of kinetic studies
of the reactions between the metal alkyl-active methylene
chelate compound and the «,f-unsaturated carbonyl
compound are also included in this paper. Dimethyl
malonate was mainly used as the active methylene
component.

Experimental

Reagents. Benzene, p-cymene, and n-hexane were dis-
tilled over sodium wire.®) Tetrahydrofuran was distilled after
refluxing over potassium hydroxide, and again distilled over

1) N. Kawabata and T. Tsuruta, Makromol. Chem., 86, 231
(1965).

2) N. Kawabata and T. Tsuruta, ibid., 98, 262 (1966).

3) Y. Yasuda, N. Kawabata, and T. Tsuruta, J. Macromol. Sci.,
Al, 669 (1967).

4) T. Tsuruta and Y. Yasuda, ibid., A2, 943 (1968).

5) Y. Kawakami, Y. Yasuda, and T. Tsuruta, ibid., A3, 205
(1969).

6), A. Weissberger, E. Proskauer, J. Riddick, and E. Toops, Jr.,
“Technique of Organic Chemistry,” Vol. VII, Organic Solvents.
Wiley(Interscience), New York (1955).

sodium wire.®) Dimethyl malonate, dimethyl methylmalonate,
dimethyl chloromalonate, ethyl acetoacetate, methyl cyano-
acetate, and malononitrile were distilled after refluxing over
calcium hydride. Methanol was dehydrated by magnesium
methoxide.®) Diethylamine was distilled after refluxing over
potassium hydroxide and distilled again over calcium hydride.®
n-Butyl mercaptan was distilled over calcium hydride.®)
Methyl isopropenyl ketone (MIPK) and methyl propenyl
ketone (MNPK) were synthesized from the corresponding
ketones and aldehydes”® respectively. Commercial methyl
acrylate (MA), methyl methacrylate (MMA), methyl
crotonate (MCr), acrylonitrile (AN), and crotononitrile (CrN)
were distilled over calcium hydride. Commercial methyl
vinyl ketone (MVK) was dried by means of a molecular
sieve and distilled. Methacrylonitrile (MAN) was synthesized
according to the literature.” Di-n-butylzinc and triethyl-
indium were synthesized according to the literature.1%1) n-
Butylzinc chloride was synthesized by Noltes’ method!? and
was purified by recrystallization from n-hexane. Commercial
triethylaluminum, triisobutylaluminum, and diethylaluminum
chloride were distilled under reduced pressure.

Preparation of Metal Alkyl - Active Methylene Chelate Compounds.
n-Butyl(dimethyl malonato)zinc was prepared by a hydrogen-
abstraction reaction between n-Bu,Zn and dimethyl malonate
in the molar ratio of 1 : 1, in benzene and at room tempera-
ture. After the solvent had been dried up, n-butyl(dimethyl
malonato)zinc was obtained in the form of a white solid.
Diethyl(dimethyl malonato)aluminum was prepared from Et,-
Al and dimethyl malonate in a malor ratio of 1 : 1, in benzene
and at room temperature. It was distilled under reduced
pressure after distilling off the solvent. Colorless liquid; bp
53°C/0.15 mmHg. Other metal alkyl-active methylene
chelate compounds were prepared in a similar way.  The
preparation method is tabulated in Table 1.

The abbreviations of the names of the metal alkyl - active
methylene chelate compounds are as follows:

n-Butyl(dimethyl malonato)zinc: n-BuZnDMM, (Dimethyl
malonato)zinc chloride: ClZnDMM, (Dimethyl malonato)-

7) E.F.Landau and F. P. Irany, J. Org. Chem., 12, 422 (1947).

8) A. L. Wilds and D. Djerassi, J. Amer. Chem. Soc., 68, 1718
(1946).

9) D. Gotkis and J. B. Cloke, ibid., 56, 2710 (1934).

10) R. C. Krug and P. J. C. Tang, J. Amer. Chem. Soc., 716, 2262
(1954).

11) F. Runge, W. Zimmermann, H. Pfeiffer, and 1. Pfeiffer,
Z. Anorg. Allg. Chem., 267, 39 (1951).

12) J.Boersma and J. G. Noltes, Tetrahedron Lett., 1966, 1521.
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TABLE 1. PREPARATIVE METHOD OF METAL ALKYL - ACTIVE METHYLENE CHELATE COMPOUNDS®)

Compound

Compound i State of product
A B temp.

n-BuZnDMMP®) n-Bu,Zn CH,(CO,Me), r.t. Colorless solid
ClZnDMM"Y) n-BuZnCl CH,(CO,Me), r.t. Colorless solid
MeOZnDMM® n-BuZnOMe CH,(CO,Me), 40°C Colorless solid
n-BuSZnDMM?®>°) n-BuZnSBu CH,(CO,Me), 40°C Colorless solid
Et,NZnDMM?® n-BuZnDMM Et,NH 60°C Solid
n-BuZnDMMM® n-Bu,Zn CH,CH(CO,Me), r.t. Colorless solid
n-BuZnDMCM" n-Bu,Zn CICH(CO,Me), r.t. Colorless solid
n-BuZnEAA n-Bu,Zn CH,COCH,CO,Et r.t. Glassy state
Et,AIDMM Et;Al CH,(CO,Me), r.t. bp 53°C/0.15 mmHg
EtCIAIDMM Et,AlCI1 CH,(CO,Me), r.t. bp 70°C/0.20 mmHg
EtMeOAIDMM Et,AIDMM MeOH r.t. Glassy state
i-BuEt,NAIDMM i-Bu,AINEt, CH,(CO,Me), 60°C —
Et,AIDMMM Et,Al CH,CH(CO,Me), r.t. bp 66°C/0.30 mmHg
Et,AIDMCM Et,Al CICH(CO,Me), r.t. mp ca. 30°C,

bp 83°C/0.40 mmHg
Et,AIMCA Et,Al CNCH,CO,Me r.t. Glassy state
EtCIAIMCA Et,AlCl CNCH,CO,Me r.t. Glassy state
Et,AIEAA Et;Al CH,COCH,CO,Et r.t. bp 45°C/0.20 mmHg
Et,InDMM Et;In CH,(CO,Me), r.t. Colorless solid

a) All reactions were carried out by adding B into a benzene solution of A.

b) All zinc alkyl -active methylene chelate compounds were purified by washing with n-hexane or
recrystallization from n-hexane.

¢) n-BuZnSBu was prepared from n-Bu,Zn and n-BuSH in benzene.

TABLE 2. COMPONENT ANALYSIS OF ZINC ALKYL - ACTIVE METHYLENE CHELATE COMPOUNDS

Compound n-Bu  Cl MeO Et,N  2-BuS Zn DMM DMMM DMCM EAA
n-BuZnDMM 0.97 — — — — 1.00 1.02 — — —
ClZnDMM — a) — — — 1.00 1.00 — — —
MeOZnDMM — — 1.01 — — 1.00 0.97 — — —
n-BuSZnDMM -— — — — 0.98 1.00 0.99 — — —
Et,NZnDMM — — — 0.96 — 1.00 1.00 — — —
n-BuZnDMMM 1.02 — — — — 1.00 — 0.98 — —
n-BuZnDMCM 0.98 — — — — 1.00 — — 0.97 —
n-BuZnEAA 0.99 — — — — 1.00 — — — 1.01

a) Chlorine was not determined.

TaBLE 3. COMPONENT ANALYSIS OF ALUMINUM ALKYL - ACTIVE METHYLENE CHELATE COMPOUNDS

Compound Et Cl MeO Al DMM DMMM DMCM EAA
Et,AIDMM 2.02 — — 1.00 1.00 — —_ —
EtCIAIDMM 1.00 a) — 1.00 1.02 — — —
EtMeOAIDMM 1.02 —_ 0.98 1.00 0.96 — — —
Et,AIDMMM 1.98 — — 1.00 — 0.99 — —
Et,AIDMCM 2.00 — — 1.00 — — 1.00 —
Et,AIEAA 2.01 — — 1.00 — — — 1.02

a) Chlorine was not determined.

TABLE 4. DEGREE OF ASSOCIATION OF ZINC ALKYL - ACTIVE TABLE 5. DEGREE OF ASSOCIATION OF ALUMINUM ALKYL-
METHYLENE GHELATE COMPOUNDS ACTIVE METHYLENE CHELATE COMPOUNDS
G nd Concn. Degree of Chelate Concn. Degree of

ompou (mol/l) association compound (mol/l) association
n-BuZnDMM  0.188 2 Et,AIDMM 0.105 1
MeOZnDMM 0.206 4—6 EtMecOAIDMM 0.197 1
Et,NZnDMM 0.250 1 EtCIAIDMM 0.164 1
n-BuZnDMMM 0.300 1—2 Et,AIDMCM 0.175 1
n-BuZnDMCM 0.305 1—2 Et,AIDMMM 0.180 1
1

n-BuZnEAA 0.206 2 Et,AIEAA 0.193
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TABLE 6.  NMR DATA OF METAL ALKYL - ACTIVE METHYLENE CHELATE COMPOUNDS
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No. of . Chemical Area No. of . Chemical Area
Compound peak Assignment shiftY  ratio Compound peak Assignment shift™  ratio
Dimethyl malonate 1 -CO,CH, 6.65 6  n-BuZnEAA 12 CH,-C- 8.02 3
1
2 CH, 6.80 2
\ 13 -CH,CH — 4
Dimethyl chloromalonate 3 —COfQHz 6.72 6 14 CH: 2 8.95 3
4 CI-CH 5.40 1 15 OCH,CH, 8.98 3
AN
Dimethyl methylmalonate 5 CO,CH, 6.63 6 16 M-CH,- 3.3¢ 2
6 684 | EtAIDMM I MCH 5.36 1
A 2 -CO,CH, 6.81 6
7 CHa—C: 8.80 3 3 CH, 8.67 6
Methyl cyanoacetate 8 -CO,CH, 6.69 3 4 M-CH, 9.70 4
)4
9 CN-CH, 7.23 2 EtCIAIDMM 5 MCH 5.47 1
Ethyl acetoacetate 10 -OCH,- 6.09 2 ~
11 _CH2_2 697 2 6 -CO,CH, 6.92 6
12 CH,C- 8.21 3 7 CHy 8.70 3
3 8 M-CH, 9.60 2
13 CH, 903 3  EtMcOAIDMM 9 MCH 518 1
A
n-BuZnDMM 1 MCH 5.57 1 10 CH,O 6.48 3
s _CO.CH A 11 -CO,CH, 6.64 6
it : . 12 CH, 8.60 3
a0 se 3 13 M-CH,- 9.70 2
5 M.CH, 992 9  i-BuELNAIDMM 14 MCEH 5.08 1
AN
ClZnDMMY 6 MCH 5.27 1 15 CO,CH, 6.58 6
3 16 N-CH 7.35 4
7 -CO,CH, 6.52 6 ;o
17 -CH — 1
MeOZnDMM 8 MCEH 519 1 i
9 CHO 604 3 18 CH, 8.92 6
o aden PP 19 N-CH,-CH, 9.15 6
—HRAC : 20 M-CH, 9.76 2
Et,NZnDMM 11 MCH 5.6 1  EtAIDMCM 1 -CO,CH, 6.80 6
A
12 -CO,CH, 6.5¢ 6 ?, &HEH g.g(z) 2
13 CH,-N 7.80 4 g :
14 CH 917 ¢ EwAIDMMM 4 -CO,CH, 6.78 6
. )
n-BuZnDMCM 1 -CO,CH, 6.59 6 2 gg“"CM g‘ég 2
s .
:25 E:(IJ_IHZ“CHF o o ‘; 7 M-CH, 9.57 4
3 . 4
4 M-CH,- 9.42 92 Et,AIEAA 8 MCH 5.18 1
n-BuZnDMMM 5 -CO,CH, 6.51 6 9 -C-O-CH, 6.20 2
1l
6 CHy-CM 8.01 3 o)
7 -CH EH 4 10 CH,C 8.37 3
— o 5 [ [[]
8 CH, 8.96 3
9 M-CH,- 9.97 92 11 M-CH,-CH, 8.63 6
) 12 -C-O-CH,-CH,9.13 3
n-BuZnEAA 10 MCH 5.05 1 n
AN
11 -OCH, 6.08 2 13 M-CH, 9.68 4

a) t-value, tetramethylsilane as internal standard.
b) Mixed solvent (THF: Benzene=1 : 1) was used.
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1" (3) MeOZnDMM  (4) Et;NZnDMM
13
The analyses of the metal alkyl - active methylene chelate com-
10 pounds were performed by chelate titration, NMR, IR, and
vapor-phase chromatography(VPC). The degree of associa-
tion was measured in benzene by the cryoscopic method.
The results obtained are shown in Tables 2—6 and in Figs.1—
- TMS 5.
‘-‘ 5 é % ‘8 é lb'r These results show that one alkyl group of every metal

Fig. 1. NMR spectra of active methylene compounds (in
benzene).
(1) Dimethyl malonate
(3) Dimethyl methylmalonate
(5) Ethyl acetoacetate

(2) Dimethyl chloromalonate
(4) Methyl cyanoacetate

zinc methoxide : MeOZnDMM,, (Dimethyl malonato)zinc butyl-
mercaptide: n-BuSZnDMM, (Dimethyl malonato)zinc di-
cthylamide : Et,NZnDMM,; n-Butyl(dimethyl methylmalonato)-
zinc: n-BuZnDMMM, rn-Butyl(dimethyl chloromalonato)zinc:
n-BuZnDMCM, n-Butyl(ethyl acetoacetato)zinc: n-BuZnEAA,
Diethyl(dimethyl malonato)aluminum: Et,AIDMM, Ethyl-
(dimethyl malonato)aluminum chloride: EtCIAIDMM, Ethyl-
(dimethyl malonato)aluminum methoxide: EtMeOAIDMM,
Isobutyl(dimethyl malonato)aluminum diethylamide: i-
BuEt,NAIDMM, Diethyl(dimethyl methylmalonato)alumi-
num: Et,AIDMMM, Diethyl(dimethyl chloromalonato)alu-
minum: Et,AIDMCM, Diethyl(methyl cyanoacetato)alumi-
num: Et,AIMCA, Ethyl(methyl cyanoacetato)aliminum chlo-
ride: EtCIAIMCA, Diethyl(ethyl acetoacetato)aluminum:
Et,AIEAA, Diethyl(dimethyl malonato)indium: Et,InDMM.

Analyses of Metal Alkyl- Active Methylene Chelate Compounds.

alkyl derivative, e. g., RZnX, was quantitatively reacted with
an active methylene compound, while alkane was eliminated,
as follows:

RZnX + CH,(CO,Me), —> XZnCH(CO,Mc), + RH
(XZnDMM)

Procedure for Reactions with o, f-Unsaturated Carbonyl Compounds.
Into a magnetic-stirred solution of a metal alkyl - active methyl-
ene chelate compound in a 30-m/, one-necked flask fitted
with a three-way cock, an «,f-unsaturated carbonyl compound
was added through the three-way cock from a syringe. After
a given time interval, the reaction was stopped by adding
acetic acid and the reaction products were determined by
VPC. All the procedures described above were carried out
under a dried nitrogen atmosphere. The NMR spectra were
obtained by the use of a Japan Electron Optics Lab. Co.,
model C-60, high-resolution spectrometer using a 10 molY,
benzene solution of a metal alkyl-active methylene chelate
compound. The 7-values were determined by the use of tetra-
methylsilane as the internal standard. The IR spectra were
obtained by the use of a Hitachi IR spectrometer, model
EPI-G3, between KBr plates.
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Fig. 3. NMR spectra of 2-BuZnC(X)(Y)CO;Me (in benzene).
(1) n-BuZnDMCM  (2) n-BuZnDMMM  (3) #-BuZnEAA

Results and Discussion

1. Structure of Meta Alkyl-Active Methylene Chelate
Compounds. As is shown in Figs. 2—5 and in
Tables 2, 3, and 6, each of the products from the metal
alkyl - active methylene compound systems is a stoichio-
metric compound. The IR spectra of the carbonyl
region is shown in Fig. 6.

The frequency of >C=O stretching is shifted to a
region lower by 100—150 cm~1, a fact which seems
to indicate a chelating structure produced through the
oxygen atom of the carbonyl group. Most of the
chemical shifts of the methine proton in the NMR
data are observed in the vicinity of 5.3 =, which shows
that the methine carbon is not linked directly with
the metal atom. In order to elucidate the structure
of the aluminum alkyl-active methylene chelate com-
pound more clearly, the coupling constant, ¥ _y at
the methine proton was measured by using a neat
sample. The results are shown in Table 7.

The value of J%3:_y is regarded as a measure of
the s-character of the carbon atom.!® As is shown in
the table, the value is about 170 cps for the aluminum
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&
TaBLE 7. COUPLING CONSTANT Ji1s._y AT C-H

Compound J1sc_g(cps)
Et,AIDMM 170
EtCIAIDMM 168
Et,AIEAA 168
DMM 130
2
(1
| 3
a4
L 'n
6
(2)
5 7 g TMS
| J M2
10
(3) H

Fig. 4. NMR spectra of EtXAIDMM (in benzenc).
(1) Et,AIDMM (2) EtCIAIDMM
(3) EtMeOAIDMM (Sample only dried up was used.)
(4) i-BuEt,NAIDMM

chelate, a fact which indicates that the central carbon
of the active methylene compound in the aluminum
chelate compound is in the sp? valence state. Kroll
and Naegele'? reported that diethyl(acetylacetonato)-
aluminum has the following chelating structure:

CH,
Et 0=C
\Al/.) Sen
N
Et 0=C
N,

13) a) N. Muller and D. E. Pritchard, J. Chem. Phys., 31, 768,
1471 (1959). b) J. N. Shoolery, ibid., 31, 1427 (1959). ¢) C. Juan
and H. S. Gutowsky, ibid., 37, 2198 (1962).

14) W. R: Kroll and W. Naegele, J. Organometal. Chem., 19, 439
(1969).
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Fig. 5. NMR spectra of Et,AlC(X)(Y)CO,Me (in benzene).
(1) Et,AIDMCM (2) Et,AIDMMM
(3) Et,AIMCA (Sample only dried up was used.)
(4) EtCIAIMCA (Sample only dried up was used.)
(5) Et,AIEAA

Judging from Figs. 4—6 and Table 7, the products
from aluminum alkyl-active methylene compound sys-
tems can reasonably be concluded to have a similar
structure of the chelate ring.

Measurements of [13;_u, however, were not possible
for the zinc alkyl -active methylene compound system,
because all of the zinc compounds prepared, e. g.,
XZnDMM, were solic. We may, though, suppose the
structure of the zinc compound to be similar to the
aluminum chelate from the NMR data (Figs. 2 and
3) as well as the IR data (Fig. 7).

2.  Reaction Mode of Zinc (or Aluminum) Alkyl - Active
Methylene Chelate Compounds with o,f-Unsaturated Carbonyl
Compounds. In the reaction of n-BuZnDMM with
methyl acrylate (MA), dimethyl malonate was found
to decrease in the course of the reaction, ultimately
almost disappearing, a fact which shows that no hydro-

[Vol. 44, No. 1

(1 (4)

(7)M

(2)
o (B)V/\
(Q,M

(3)

(6)
IBé)O 1500 1800 1500 1800 1500
Wave number (cm-)
Fig. 6. IR spectra of aluminum alkyl chelate compounds in

carbonyl region.

(1) Dimethyl malonate (2) Et,AIDMM (3) EtCIAIDMM
(4) Dimethyl chloromalonate (5) Et,AIDMCM

(6) Dimethyl methylmalonate (7) Et,AIDMMM

(8) Ethyl acetoacetate (9) Et,AIEAA

1800 1500 1000 400
Wave number (cm-!)
Fig. 7. IR spectrum of n-BuZnEAA.

gen abstraction by DMM occurred, and an addition
product, (MeOOC),CHCH,CH,CO,Me, of DMM to
MA was detected by VPC. Since the formation of
methanol in the reaction mixture was not detected,
the possibility of the carbonyl addition reaction can
be excluded. The addition product, fractionated by
VPC, was identified by a comparison of its IR spectrum
with that of an authentic sample.

These results show the only elementary reaction in
this case to be a Michael-type 1,4 addition reaction.
Reactions with «,8-unsaturated ketones and nitriles were
also studied. The reactivity of the aluminum alkyl-
active methylene chelate compound is rather lower than
that of the zinc chelate, no addition reactions to «,f-
unsaturated esters or nitriles being observed at 30°C



January, 1971]

Reactions of Metal Alkyl - Active Methylene Chelate Compounds 253

[ 1 1 L A 1 1 1 A 1 1 1 1 . I 1 1 1 1
4000 2800 1900 1600 1300 1000 700
Wave number (cm-1)
Fig. 8. IR spectra of the reaction products of BuZnDMM with MA and authentic sample (---).
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Fig. 9. Reaction of 7-BuZnDMM with o,f-unsaturated car- :§: 20}
bonyl compounds. 8
(1) MIPK (2) MA (3) AN &
O [Zn]=0.20 mol/! A [Zn]=0.23 mol/! <
[] [Zn]=0.20 mol/! @ [Zn]=0.10 mol/! T
A [Zn]=0.12 mol/! B [Zn]=0.10 mol/! 2 1o} AN
3 MA
in benzene. The reactivity of EtCIAIDMM, however, g
was found to be high enough to add to the «,f-unsatu- §
rated ester or nitrile under the same conditions. The 0 ITO 2'0 3'0 4'0

mode of the addition reaction was confirmed to be also
a Michael-type reaction in the case of the aluminum
chelate just as with the zinc-chelate compound.

3. Reaction-rate Analysis. The rate of the addi-
tion reaction was determined by measuring the quanti-
ties of dimethyl malonate recovered after the interrup-
tion of the reaction. To ascertain the effect of substituents
on the metal atom, the reaction of XZnDMM (X =n-
Bu, Cl, MeO, n-BuS, Et,N) with MA was kinetically
studied in detail. Substituent effects on the central
carbon of DMM were also studied. Besides dimethyl
malonate, ethyl acetoacetate, and methyl cyanoacetate
were examined for the sake of comparison. In all

Conc. of C=C-C=X (mol/1)

Fig. 10. Dependence of rate on the concentration of «, §-
unsaturated carbonyl compound in the reaction with n-
BuZnDMM (0.1 mol//).

cases, the Michael-type addition of an active methylene
compound to an ea,f-unsaturated carbonyl compound
was confirmed to take place. The results are tabulated
in Tables 8, 9, 10, and 11.

The data in Tables 8—11 were found to fit the
first-order rate law with respect to the metal alkyl-
active methylene chelate compound. This was con-
firmed also by the further experiments shown in Fig. 9,
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TasLe 8. Reaction oF ZXnDMM wiTH &,f-UNSATURATED CARBONYL GOMPOUND®)
Reaction X®) Dimethyl Reaction X®) Dimethyl
S;‘;b%nyl X tiqlc Recovered malonaze Sj;;;?fyl X tixpe Recovered malonaz:
P (min) (%) (%) (min) (%) (%)
MVK n-Bu 0 100 100 MVK MeO 0 100 100
0.083 100 5.0 0.5 — 52.2
5 100 0 1 — 27.2
MIPK n-Bu 0 100 100 2 — 7.4
1 100 66.4 MIPK MeO 0 100 100
3 99 29.5 0.5 — 85.5
5 101 13.6 1 —_ 79.6
10 98 10.5 2 — 63.7
20 100 6.7 3 — 50.8
MNPK n-Bu 0 100 100 5 100 32.2
2 100 28.9 MNPK MeO 0 100 100
5 98 3.7 1 — 9.3
10 102 1.0 2 — 89.0
MA n-Bu 0 100 100 3 — 84.0
1 100 91.0 5 — 74.8
2 98 81.9 10 100 56.2
3 99.4 74.0 MA MeO 0 100 100
5 100 67.3 60 — 64.3
10 — 44.6 120 — 45.0
1200 100 3.5 180 — 29.9
MMA n-Bu 0 100 100 300 102 17.4
60 99 98 AN MeO 0 100 100
120 102 96 60 — —
1440 100 58.8 120 — 29.7
MCr n-Bu 0 100 100 1200 100 3.7
60 — 96.5 MVK Cl1 0 —_ 100
120 — 93.5 1/2 — 42.2
240 99 87.7 1/6 — 17.5
AN n-Bu 0 100 100 5 — 0
1 — 83.7 MA Cl1 0 — 100
3 — 59.6 0.5 — 93.2
5 — 43.1 1 — 87.1
10 100 17.7 2 — 75.9
MAN n-Bu 0 100 100 5 — 51.9
60 — 98.3 MA n-BuS 0 100 100
120 — 94.6 180 — 88.7
300 — 87.0 420 — 75.6
600 100 76.0 720 — 61.4
CrN n-Bu 0 100 100 1260 100 44.4
30 — 98.0 MA Et,N 0 100 100
60 — 93.5
120 — 87.5 420 — 80.4
300 — 71.8 1260 100 68.4
600 100 50.0

a) All reactions were carried out in benzene at 30°C.

b) Recovered X: n-BuH, MeOH, n-BuSH, and Et,NH, respectively. Chlorine was not measured.

[MVK] 0.4 mol/l, [MIPK] 1.5 mol/l, [MNPK] 1.5 mol/l, [MA]

1.4 mol/l, [MMA] 2.44 mol/l, [MCr] 2.44 mol//, [Nitrile] 2.0 mol/! for BuZnDMM ; [MVK] 0.56 mol//, [MIPK] or
[MNPK] 2.0 mol/!, [MA] 2.4 mol//, [AN] 1.6 mol/! for MeOZnDMM; [MA] 2.0 mol//, 1.0 mol// and 2.0 mol/! for
ClZnDMM, n-BuSZnDMM, and Et,NZnDMM respectively. [MVK] 0.48 mol// for C1ZnDMM. The concentration
of zinc compounds was 0.1 mol/l.
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TaBLE 9. REeactiON OF 7-BuZnC(XY)CO,Me TasLe 11. Reaction oF Et,AlIC(XY)CO,Me wITH o, f-
WITH METHYL ACRYLATE® UNSATURATED CARBONYL COMPOUND?®)
X v t.Reactiqn Iég?y):ggzMe Carbonyl Reaction g(e)??,)eé%izMe
ime (min) (%) compound time (min) )
Cl CO,Me 0 100 MVK Cl CO,Me 0 100
1 88.0 30 68.6
2 78.0 60 46.5
3 68.7 150 14.8
5 55.0 MVK CH, CO,Me 0 100
10 33.0 120 78.7
CH, CO,Me 0 100 1440 10.1
1 60.8 MVK H CN 0 100
2 37.2 0.5 13.6
3 24.1 MA H CN 0 100
5 14.3 10 61.2
10 9.9 20 37.6
H CH,CO® 0 100 30 23.0
300 66.6 60 12.0
b
a) MA 2.0 mol/i: Zinc compound 0.1 mol/! MVK  H CH,Cov 14 48 :gg

b) Ethyl acetoacetate was used.

TasLE 10. Reaction oF EtXAIDMM witH o,f-
UNSATURATED CARBONYL COMPOUND?)

Compound X l‘leactior'l Recovered
time (min) DMM (%)
MVK Et 0 100
2 95.2
5 88.4
10 77.5
30 52.7
MVK Cl 0 100
0.333 5
MA Cl 0 100
10 87.5
20 77.0
30 67.3
60 45.4
120 20.7
MVK MeO 0 100
2 98.2
5 96.8
10 93.7
30 82.5
MVK Et,N® 0 100
60 93.0
120 87.0
180 80.5
600 71.2
1230 23.8

a) MVK 2.56 mol/l, 0.5 mol/{, 2.0 mol/!, and 4.0 mol/! for
X=Et, Cl, MeO, and Et,N, respectively.

MA 1.5 mol/!

Aluminum compound 0.1 mol/!

b) i-BuEt,NAIDMM was used.

in which the concentration of the metal component is
a half of that in Table 7.

The straight line in Fig. 9 shows that the addition
reaction is a first-order one with respect to the metal
compound. The dependence of the reaction rate on

a) Carbonyl compound 1.0 mol/!
Aluminum compound 0.1 mol/!
b) Ethyl acetoacetate was used.

the concentration of the o,f-unsaturated carbonyl com-
pound was also examined, as is shown in Fig. 10.

From the above data, the rate expression for the
addition reaction can be given as Eq. (1):

d[DMM]

€ = k[M][carbonyl compound] (1)

TaABLE 12. RATE CONSTANTS®) OF ADDITION REACTION
oF Et(X)AIl-Y WITH METHYL VINYL KETONE
AND METHYL ACRYLATE

X Y MVK MA

Et DMM 9.7x 103 b)

cl 3.0 8.8x 103

MeO 3.2x10-3 b)

Et,N 4.0% 10 b)

Et DMMM 2.0x10-3 b)
DMCM 1.3x10-2 b)
MCA 16 4.9% 102

a) [/mol.-min
b) No reaction occurred.

TaBLE 13. RATE CONSTANTS?*) OF ADDITION REACTION
oF X-Zn-Y WITH &,-UNSATURATED
CARBONYL COMPOUND

X Y MVK MIPK MNPK MA
n-Bu DMM 44 0.28 0.44 6.9x 1072
Cl1 21.5 — — 6.9x 102
MeO 2.6 0.12 0.029 2.9x10°3
Et,N — — — 2.6x10
n-BuS — — — 6.7x10-*
n-Bu  DMMM — — — 4.7x107!

DMCM  — — — 6.2x10-2
EAA 0.64 — — 6.8x104

a) [/mol-min
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where [M] is the concentration of the metal compound.
Equation (1) was found to be true for all the reactions
examined between metal alkyl-active methylene chelate
compounds and «,f-unsaturated carbonyl compounds.
The rate constants of the second-order reaction are
listed in Tables 12 and 13.

4.  Reactivity of Metal Alkyl- Active Methylene Chelate
Compounds. It can be seen from the preceding
sections that RZnDMM exhibits much higher reactivity
than ZnR, in the addition reaction to «,f-unsaturated
esters or nitriles. As we reported previously, ZnR, or
AlR; can add to «,f-unsaturated ketones,® but not
to the unsaturated esters (e. g., methyl acrylate, methyl
methacrylate, and methyl crotonate) or nitriles (e. g.,
acrylonitrile, methacrylonitrile, and crotononitrile).
Contrary to RZnDMM, the reactivity of R,AIDMM
was not enough to result in the addition reaction with
the unsaturated esters or nitriles, though the latter
chelate compound adds easily to more reactive double
bonds of «,f-unsaturated ketones.

Since significant effects were noticed in the reactivity
of XZnDMM or EtXAIDMM (X: R, Cl, RO, RS,
R,N) in the addition reactions to a,f-unsaturated car-
bonyl compounds, systematical studies of the substituent
effect were undertaken. From Tables 12 and 13, the
main features of the reactions of metal alkyl-active
methylene chelate compounds can be listed as follows:

i) The reactivity of XZnDMM or EtXAIDMM
increases in the order, X: Et,N<z-BuS<MeO<n-
Bu(or Et)<Cl, which is in accordance with the order
of the methine proton chemical shift from a lower to
a higher field.

ii) The more stable chelate ring seems to have a
more diminished reactivity.

iii) The substituent effect on the central carbon
atom of n-BuZn[XC(CO,Me),] is the reverse of that
of Et,AlI[XC(COzMe),]. The reactivity of n-BuZn-
[XC(CO,Me),] increases in the order; X: CI<<H<{CH,,
while the reactivity of Et,Al[XC(CO,Me),] decreases
in this order.

An electron-withdrawing substituent, X, in EtXAl-
DMM causes the chemical shift of the methine proton
to a higher field. This could be interpreted in terms

Q
Cl
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S 5.30
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Fig. 11. Correlation among Hammett’s ap, the chemical shift
of methine proton in EtXAIDMM and reactivity.
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Fig. 12. Correlation among Hammett’s o5, the chemical shift
of methine proton in XZnDMM and reactivity.

of the decrease in the ring current, because of the
electron-withdrawing nature of X, in the pseudo-aro-
matic system of the aluminum chelate compound. A
linear relationship is observed between Hammett’s sub-
stituent constants, ¢, , and the chemical shift of the
methine proton in EtXAIDMM, as is shown in Figs. 11
and 12. It is assumed from the above data that the
reactivity of the EtXAIDMM system is governed by
the stability of the chelate ring. For instance, an
electron-withdrawing substituent, Cl, attached to me-
thine or aluminum, decreases the electron density (or
ring current) of the chelate ring, meaning the loss of
the aromaticity of the chelate ring. Therefore, the
more diminished ring current (or the lower aromaticity)
is closely related to the higher reactivity of EtXAIDMM.

In the case of XZnDMM, no linear relationship was
observed; between ¢, , and the chemical shift of methine
proton in XZnDMM this might be ascribed at least
partly to the association of the zinc compound or to
the intrinsic nature of the zinc atom. The correlation
between the reactivity, log k£, and the ¢, of XZnDMM
was, however, found to be similar to that in EtXAIDMM.

On the other hand, an electron-donating substituent
(e. g., CHy), attached to the active methylene group,
was found to increase the reactivity of n-BuZn[XC-
(COyMe),], a situation which is in contrast with the
substituent effect in Et,Al[XC(CO,Me),]. An electron-
withdrawing substituent such as halogen in n-BuZn-
[XC(CO,Me),] also exerts an effect opposite to that
in EtL,AI[XC(CO,Me),].

It seems not to be easy to draw a consistent inter-
pretation of the reactivities of the chelate complexes
of aluminum and of zinc. We are inclined to consider,
however, that the opposite substituent effects can be
understood if we assume two steps [(i) and (ii)] in
determining the rate of the addition reaction of the
chelate complexes to the unsaturated carbonyl com-
pounds.

For instance,

o)
I :
CH,-C-CH=CH,
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(i) CH,
i |
— Et(Y)Al-O-C=CH-CH,-DMM

The chelate ring is probably loosened (Step (i)) before
the f-carbon atom of the unsaturated carbonyl com-
pound is attacked by [DMM] at Step (ii). We have
discussed the reactivity of Et(Y)AI[C(X)(CO,Me),] in
terms of the stability of the chelate ring, which means
the rate-determining step is probably Step (i).

In the light of the stability constants of metal acetyl-
acetonates, according to Block et al.,15-17 the chelate
ring of the zinc alkyl complex system can be assumed
to be much more unstable than the aluminum alkyl
complex.

TABLE 14. STABILITY CONSTANTS OF
METAL ACETYLAGETONATES

Stability constant

Metal (log ¥) Ion strength

Zn 9.11 (k) 75%, dioxane!®
4.98 (k,) 019)
8.09 (k,) 75% dioxane'®
3.83 (k,) 0

Al 8.6 (k) 016)
7.9 (k) 01
5.8 (k;) o)

Therefore, it is not unreasonable to deduce that the
rate-determining step is Step (ii) with the zinc alkyl
complex, the reactivity of which is governed, rather,
by the reactivity of the active methylene component
itself. For example, the chlorine substituent on the
central carbon stabilized the [DMCM] anion, resulting
in a decrease in the reactivity of the malonate anion.
The methyl substituent has a reverse effect. It should
be pointed out at this stage that the substituent effect
in dimethyl malonato sodium in the Michael reaction'®

15) L. G. Van Vitert, W. C. Farnelius, and B. E. Douglas, J.
Amer. Chem. Soc., 75, 457, 2736 (1953).

16) R. M. Izatt, C. G. Haas, Jr., B. P. Block, and W. C. Fernelius,
J. Phys. Chem., 58, 1133 (1954).

17) R. M. Izatt, W. C. Fernelius, C. G. Haas, Jr., and B. P.
Block, ibid., 59, 170 (1955).

18) A. Kishi, Y. Yasuda, and T. Tsuruta, unpublished data.
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is in the same direction as with the zinc alkyl complex,
a fact which is consistent with the above discussion,
because the ability of chelate-ring formation should be
extremely small in dimethyl malonato sodium in com-
parison with the case of the aluminum chelate.

5. Vinyl Polymerization with Metal Alkyl- Active Methy-
lene Chelate Compounds. The possibility of polymeri-
zation was examined with several a,f-unsaturated car-
bonyl compounds by the use of the metal alkyl-active
methylene chelate as the initiator, but high polymers
were not formed in benzene at 30°C. When dimethyl
sulfoxide or hexamethylphosphoric triamide was used
as the solvent, MA was polymerized, as is shown in

TABLE 15. POLYMERIZATION OF o,f-UNSATURATED ESTERS
BY THE METAL ALKYL-ACTIVE METHYLENE CHELATE
COMPOUND AS CATALYST

Temp. Time Yield

Monomer Catalyst®) Solvent

(°C) (day) (%)
MA n-BuZnDMM DMSO 20 4 5
MA n-BuZnDMM HMPA 20 4 10
MMA n-BuZnDMM HMPA 20 4 11
MCr n-BuZnDMM DMSO 20 4 0
MA Et,AIDMM DMSO 20 4 0
MA i-Bu,Al-MN Bz 20 1 20

a) 5molY%, to monomer.

Table 15. When malononitrile was used instead of
dimethyl malonate, the metal alkyl complex was also
able to initiate the polymerization of MA. The anionic
character of the polymerization was confirmed by the
copolymerization method with styrene.

The authors are grateful to Dr. Yasukazu Saito, the
University of Tokyo, for his advice in the interpretation
of the NMR data. The authors are also indebted to
Dr. Tsuneo Hirano, this laboratory, for discussions
referring to his own results on some organoaluminum
chelate compounds.1?

19) T. Hirano, H. Fukushima, M. Ikeda, and T. Tsuruta, un-
published data.




