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Elementary Reactions of Metal Alkyl in Anionic
Polymerization. 1V. Relative Reactivities of
a, 8 -Unsaturated Carbonyl Compounds toward
n-Butylmagnesium Bromide*

TEILJI TSURUTA and YOSHIRO YASUDA

Department of Synthetic Chemistry
Faculty of Engineeving

University of Tokyo

Bunkyo-ku, Tokyo, Japan

SUMMARY

Relative reactivities of o, 8-unsaturated carbonyl compounds
toward n-butylmagnesium bromide are determined by competitive
reactions with diethyl ketone. o-Methyl group significantly sup-
presses the reactivity of the acrylic ester in ether,but enhances
the reactivity of the unsaturated nitrile under the same condition.
A striking decrease in reactivity is caused by the g-methyl group
in crotononitrile, whereas methyl crotonate is only slightly less
reactive than methyl methacrylate. o ~-Methyl and 8-methyl sub-
stituents in unsaturated ketones behave in a similar way to those
in the unsaturated esters. Polar solvents, in general, elevate re-
activity of B-methyl compounds relative to a-methyl ones. The
homolytie {or heterolytic) character of the Grignard reactions is
discussed quantitatively in terms of the relative reactivities of the
three homologous (unsubstituted, « -substituted, and 8 -substituted)
unsaturated compounds.

INTRODUCTION

Although there have been presented some quantitative measures
for reactivities of o, B-unsaturated carbonyl compounds in radical

*Part I, Ref. [1]; part II, Ref. [2]; part III, Ref. [3].
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reactions, few attempts except for our previous studies [1] have
been made to evaluate their reactivities quantitatively in reactions
with metal alkyl. In the preceding paper [3] in this series, we re-
ported reaction modes of n-butylmagnesium bromide with o,g8-
unsaturated esters, ketones, and nitriles under anionic polymeri-
zation conditions.

This paper is concerned with a study of relative reactivities
of the a,B-unsaturated carbonyl compounds toward n-butylmagne-
sium bromide, which was undertaken to elucidate the initiation
mechanism in more detail.

EXPERIMENTAL
Reagents

Diethyl ether was distilled over sodium wire-benzophenone.
Tetrahydrofuran was distilled after refluxing over potassium hyd-
roxide, and again distilled over sodium wire-benzophenone.n-Hex-
ane, benzene, toluene, n-butyl chloride, n-butyl bromide, acetone,
and diethyl ketone were purified by the usual methods [4]. Methyl
acrylate, ethyl acrylate, acrylonitirile, methyl methacrylate, and
ethyl methacrylate were purified by the usual methods [5]. Ethyl
cinnamate, methyl propionate,and propionitrile were distilled over
calcium hydride. Isopropyl acrylate, n-propyl methacrylate, iso~-
propyl methacrylate, methyl crotonate, ethyl crotonate, and iso-
propyl crotonate were prepared from the corresponding alcohols
and unsaturated acids. t-Butyl acrylate was prepared from acry-
loyl chloride and t-butyl alcohol. Methyl vinyl ketone [6], methyl
isopropenyl ketone [7], methyl n-propenyl ketone [8], benzalacetone
[9], benzalacetophenone [10], methacrylonitrile [11], cinnamonitrile
[12], and crotononitrile were synthesized. The purity of the reagents
was checked by vapor-phase chromatography (VPC). Nitrogen gas
was purified with active copper at 170°C. Ether solution of n-butyl-
magnesium bromide (BuMgBr - Et,O) was prepared from 0. 13 mole
of n-butyl bromide and 0. 14 mole of magnesium turnings in 186 ml
of ether. Tetrahydrofuran solution of the Grignard reagent
(BuMgBr - THF) was prepared by mixing 1 volume of BuMgBr - Et,O
and 1 volume of tetrahydrofuran. Toluene solution of the Grignard
reagent (BuMgBr - Tol) was prepared from 70 ml of BuMgBr ' Et,0
(0. 95 mole/liter) and 150 ml of toluene according to Nishioka et al.
[13]. n-Butyllithium (BuLi) was prepared from 0. 45 g-atom of
metallic lithium and 0. 15 mole of n-butyl chloride in 300 mi of
n-hexane, Diethylzinc was distilled under reduced pressure.

Analyses

The concentration of BuMgBr was determined by acid-base titra-
tion. The concentration of BuLi was determined by double titration
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with carbon tetrachloride according to Gilman and Cartledge [14].
For the VPC determination of n-butane, a 0. 5- by 3-m stainless-
steel column packed with a mixture of polyethylene glycol 20, 000
(30 wt. %) on 40-60 mesh Celite 545 and silicone D.C.550(30 wt. %)
on 80-100 mesh Celite 545 (volume ratic 1:2) was used. The cali-
bration curve of n-butane was made from the area ratio of n-butane
to diethyl ether of n-hexane, n-butane being prepared by the reaction
of BuMgBr with a-naphthol or BuLi with acetic acid. A small
amount of n-butane and n-butene originally contained in BuLi solu-
tion was measured from the quantity of n-butane and n-butene found
after destruction of BuLi with CCl,. The amount of n-butyldimethyl-
carbinol or n-butyldiethylcarbinol was determined by VPC with a
column packed with poly(ethylene glycol), where p-cymene was used
as an internal standard material.

Procedure

The reaction vessel was a 100-ml four-necked flask equipped
with a gas inlet,a thermometer, a buret, and a three-way cock.
BuMgBr or BuLi solution was added from the buret into the mag-
netically stirred solution of an o, 8-unsaturated carbonyl compound
and ketone (acetone or diethyl ketone) under nitrogen atmosphere.
The reaction was stopped with excess acetic acid after 1 min, and
the amounts of products in the reaction solution, n-butane and the
carbinol (n-butyldimethylcarbinol or n-butyldiethylcarbinol), were
determined by VPC.

RESULTS

Relative reactivity of @,g-unsaturated carbonyl compounds to-
ward BuMgBr (k,/k,) was determined by competitive reaction with
diethyl ketone as shown in the following scheme:

Cxl iy H*

+ C=0 —> n-C,HyC(C,H;),0MgBr — n-C,HoC(C,H;),0H
c,tig”
(K) 9] o

n-C Hy MgBr — n-C H,,
@ H+

+C=C—X > n-C,Hy(C=C-X)MgBr —> n-C,Hy(C=C—X)H

(M) 2 () (1m)

@
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Here k, and k, are rate constants of reactions (1) and (2), respec-
tively.

As stated in the experimental part, BuMgBr - Et,O(G) was added
to the mixture of diethyl ketone (K) and o, 3-unsaturated carbonyl
compound (M) in ether. After termination with acetic acid, the
amount of the carbinol (I) and n-butane was determined by VPC,
n-butane being produced through metalation of these carbonyl
compounds [3, 15]. The amount of adduct II was calculated by de-
ducting the quantity of n-butane and carbinol I from the initial
amount of the Grignard reagent. Since the quantities of K and M
were 10 to 20 times as much as that of G, they were considered
constant during the reaction. The relative reactivity of o,B-unsa-
turated carbonyl compounds (k,/k;) was calculated according to
equation (3):

k, [m] [l )
k, [ ™l

It was confirmed by another experiment that the alkoxide (I') was
not consumed within 1 min by these unsaturated compounds except
for vinyl ketones. In the latter compounds,a small amount of I’

was found to be consumed. Equation (3) was derived by assuming
the reaction order as to the Grignard reagent to be the same for
the addition reactions to the different carbonyl compounds. The
first order as to the ketone concentration was previously confirmed
[15]. As shown in Tables 1, 2,and 3, Eq. (3) gave nearly the same
values of k,/k; at large varieties of concentration of G, M, and K,
which indicates that the reaction order as to the concentration of
the unsaturated compounds should be first order. Since the reac-
tivity of diethyl ketone was too small compared with vinyl ketones,
acetone was used instead of diethyl ketone, the relative reactivity
of diethyl ketone with respect to acetone being 0. 21 in diethyl ether
and tetrahydrofuran,

Relative reactivities of the unsaturated carbonyl compounds
toward BuMgBr - Tol and BuMgBr * THF were also investigated to
determine the solvent effects. The reactivities toward BuMgBr * Tol
were determined in n-hexane for the convenience of VPC analysis.
These results are given in Tables 1, 2,and 3.

The reactivities derived from Eq. (3) are divided into two parts:
One is concerned with conjugate addition and the other with carbonyl
addition. Reactivities as to conjugate addition (kc/k,) were calculated
by multiplying kok, with the fraction of conjugate addition in the
whole addition fraction, which was determined in the previous paper [3].

ke/k; =Kk,/k, x (the fraction of conjugate addition) (4)

These results are summarized in Table 4.
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DISCUSSION
It is seen from Table 4 that there seems to exist no simple
correlation, at first glance, between the position of methyl substi-

tuent and its effect upon the reactivities of the unsaturated carbo-
nyl compounds toward n-butylmagnesium bromide. For instance,

Table 4. Relative Reactivity toward BuMgBr at 20°C2

Solvent
Carbonyl compound Diethyl ether n-Hexane Tetrahydrofuran
CH,=CHCOOCH;, 0.42 (0.37) 0.29 (0.28) 0. 95 (0. 85)
CH,=C(CH,)COOCH, 0.096 (0.077) 0.07 (0.06) 0.18 (0. 16)
CH;CH=CHCOOCH, 0.19 (0.055) — (0.11) 0.23 (0. 20)
CsHsCH=CHCOOC, ,H4 0.19 (0.17) — — 0.16 (0.11)
CH3;CH,COQCH; 0.06 (0) - (0) — (0)
CH,=CHCOCH4 14.8 (14.9) 14.3 (14.3) 140 (110)
CH,=C(CH,;)COCH,4 9.9 (9.9 7.6 (7.6) 25 (17
CH;CH=CHCOCH, - (3.7) — — 110 (16)
CsH;CH=CHCOC H; 16.6  (16.6) — - 170 —
CsH;CH=CHCOCH, 21.5 (20) — - 200 —
CH,CH,COCH, [15] 2.5 (0) — (0) 2.5 (0)
CH,=CHCN 0.11  (0.11) 1.17 (1.17)
CH,=C(CH3)CN 0.23 (0.23) 0.23 (0.23)
CH,CH=CHCN 0.04 (0.04) 0. 15 (0. 15)
CgH;CH=CHCN 0.70  (0.70) 0.27 (0.27)
CH;CH,CN 0.01 (0) - (0)

aThe values in parentheses are ko/k;.

o -methyl group significantly suppresses the reactivity of the acry-
lic ester toward the Grignard reagent in ether but enhances the
reactivity of the unsaturated nitrile under the same condition. A
striking decrease in reactivity is caused by p-methyl group in cro-
tononitrile, whereas crotonic ester is only slightly less reactive
than its corresponding a-substituted ester. In general, more polar
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solvents, such as tetrahydrofuran, elevate the reactivity of g-methyl
compounds relative to o -methyl ones.

The orders of relative reactivities of the three homologous com-
pounds (unsubstituted, o -substituted, and g-substituted) can be
divided into three categories:

Category 1: o-CH5 > H > 3-CH,4

Category 2: H> o-CH;3 > S-CHj

Category 3: H>> 8-CH; > a~CH,
where H, «-CHj, and 3-CH5 indicate unsubstituted, o -methyl-substi-
tuted, and g-methyl-substituted unsaturated carbonyl compounds,
respectively.

According to our parallel study [16] on the Michael reaction in
methanol between sodium methoxide and ¢,B-unsaturated carbonyl
compounds, the order of their relative reactivities was found to be
H>» B-CH; > a-CHg,,as shown in Table 5. On the other hand, the
reactivities of these unsaturated compounds against free-radical
attack are known to decrease in the order o-CH, > H > 3-CHj.

It is noticeable in the relative reactivities that a category 1
type of reaction is closely similar to a radical reaction and a cate-
gory 3 type of reaction to the Michael reaction, a typical ionic reac-
tion. A category 2 type of reaction is regarded as an intermediate
stage between categories 1 and 3. Hereafter we would like to refer
to a category 1 reaction as more a "homolytic" reaction [21] com-
pared to a category 3 reaction, the latter being a more "heterolytic”
reaction [21] compared to the former.

Reactions of BuMgBr with «,8-Unsaturated Nitriles

As shown in Table 4, the reactivity in diethyl ether decreases in
the order methacrylonitrile > acrylonitrile > crotononitrile. The
Grignard reaction of o,-unsaturated nitriles in diethyl ether seems
to be one of typical homolytic reactions, where the four-center
transition states were assumed as shown in following scheme:

Homolytic reaction:

CzH;CH=CH—-C=N
C,HgMgBr
Heterolytic reaction:
CH,=CH—-C=N
N\ .
(C4H9)— (MgBr)* (THF)n
It is to be noted that g-phenyl group significantly enhances the

reactivity of the double bond in this homolytic reaction,a fact which
is interpreted in terms of the stabilization of the four-center tran-
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Table 5. Radical Affinity and Anion Affinity

Attacking reagent

Carbonyl compound

Styryl radical (1/r,)[17] CH,- [20] CH,0™ [16]

CH,=CHCOOCH, 1.33 1,030 1,000
CH,=C(CH3)COOCH, 1.92 1,420 5.12
CH,CH=CHCOOCH, 0.04 [18,19] 68 56. 2
CH;CH=CHCOOCH, 0.53 - 0
CH,=CHCOCHj, 3.45 1,900 91,800
CH,=C(CH;)COCH,4 3.1 - 1,940
CH;CH=CHCOCH,4 0.07 [18] - 12,100
CH,=CHCN 2.70 1,540 3,010
CH,=C(CH;3)CN 3.33 2,120 3.89
CH3;CH=CHCN 0. 04 [18] 72.3 119
C¢H;CH=CHCN 1.11 - 0

sition state by the conjugating contribution of phenyl group. g-Methyl
substituent, on the other hand, has no such enormous conjugating
effect as S-phenyl group and exhibits only steric interference, es-
pecially in the homolytic reactions, in a way similar to the case of

free~radical attack.

Relative reactivities of the unsaturated nitrile compounds in
tetrahydrofuran are very similar to those against sodium methoxide
in methanol, the reactivity being suppressed prominently by o -
methyl substituent. Tetrahydrofuran bonded to magnesium facili-
tates ionization of n-butyl anion and at the same time hinders
coordination of nitrile group to the Grignard reagent.

Contrary to homolytic reactions, 8-phenyl substituent suppresses
the reactivity of the unsaturated nitrile in tetrahydrofuran, which is
consistent with the general behavior [16] of the 3-phenyl group in
heterolytic reaction such as Michael reaction [16].

Reactions of BuMgBr with a, 8-Unsaturated Ketones

In diethyl ether, methyl isopropenyl ketone is slightly less reac-
tive than methyl vinyl ketone. The reactivity of the S-methyl-
substituted ketone was found to be much suppressed. g-Phenyl
group did not enhance the reactivity so much as in the correspond-
ing g-phenylacrylonitrile. These results indicate that the Grignard
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reaction of o, f-unsaturated ketones in diethyl ether belongs to

category 2, which is an intermediate reaction between homolytic
and heterolytic reactions. Tetrahydrofuran as solvent enhances
heterolytic character.

Reactions of BuMgBr with o, 8-Unsaturated Esters

In diethyl ether, reactions of BuMgBr with o, 3-unsaturated esters
are also classified in category 2. Tetrahydrofuran again suppresses
the relative reactivities of a~-methyl- and g-phenyl-substituted un-
saturated esters.

Classification of Addition Reactions to a,~Unsaturated
Carbonyl Compounds

As stated above, the relative reactivities of unsubstituted, o -
methyl-substituted, and g-methyl-substituted unsaturated compounds
seem fo change regularly according as the character of reactions
with the Grignard reagent changes from homolytic to heterolytic.

We assumed that the ideal homolytic and heterolytic reactions
should be the extreme cases of category 1 and category 3 reactions,
respectively, and every actual reaction listed in Table 4 can be ex-
pressed as an admixture of the two ideal reactions in a certain
ratio. According to this assumption, the relative reactivities of un-
substituted and g-substituted compounds with respect to the corres-
ponding a-methyl compound are, respectively:

kH kHi k‘Hr
1og| -2 | = . log[ “EL ) + (1 — y.) log|-BL 5
0g<ka> YH 0g<kai) + (1 —yy) log <kar> (5)
k ko k
1og<k—@-> =g log<k£f> + (1 —yg) log <k~@—r> (6)
(6] (031 ar

Here the k's are rate constants of the relevant reactions. Subscripts
H, a,and B are concerned with the unsubstituted, @ -methyl-substitu-
ted, and g-methyl-substituted compounds, and r and i with the "ideal™
homolytic and heterolytic reactions.

Parameter y is defined as the fraction of heterolytic character
of the reaction (0 <y < 1). When the reaction is perfectly heteroly-
tic, the y value should be 1. On the other hand,y should be zero in
the ideal homolytic reaction. It would be reasonable to assume that
the fraction yy is not significantly different from , when our dis-
cussion is restricted within every three homologofs compounds
having the same polar substituent under a certain condition:

YH=Yg =Y (7
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From Egs. (5), (6),and (7) a relation between log (ky/k,) and
log (kB/ka) is obtained:

k CB—DA A-B k
log| 2} = + log B (8)
Ko C—D C—-D \k,

where A = log (ky;/k,;), B = log (ky/k ), C = log (kBi/kai)’ and
D =log (kBr/kar)- Since A, B, C,and D are the terms consisting
of relative reactivities of unsaturated, @ -methyl-substituted, and

kB-CH

%9 ka=chg

Fig.1. Relative reactivity of o, B-unsaturated carbonyl compounds.

a, B-Unsaturated esters (O); o, -unsaturated nitriles ((P); @, 3-unsat-

urated ketones (@). 1, diglycine; 2, glycine; 3, 3-alanine; 4, e-amino

caproic acid; 5, L-a-alanyl L-¢-alanine; 6, DL-phenyl alanine; 7, DL-

methionine; 8, DL-a-alanine; 9, DL-norleucine; 10, 11, 12, BuMgBr(Et,0);

13, 14, 15, BuMgBr(THF); 16, BuLi; 17, AlBug; 18, ZnBu,; 19, 20, 21,
CH;ONa.
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B-methyl-substituted compounds in the two ideal reactions, inclina-
tion and intercept in Eq. (8) can be regarded as constants. There-
fore, Eq. (8) anticipates a linear relationship between log (kg /k,,)
and log (ka/k,). The anticipation was visualized by plotting the
data (Tab%e 4) of relative reactivities toward n-butylmagnesium
bromide as shown in Fig. 1. It is to be noted that the same straight
line passes through points for some Michael reaction with sodium
methoxide in methanol [16] and with amino group of several amino
acids in water [22]. Points located at the right and top of the line
represent reactions having strong heterolytic character in contrast
with points at the left and bottom. A plot for the «o,p-unsaturated
ester with n-butyllithium in n-hexane also falls on the straight line.
The location of the point for BuLi is shifted considerably to the
side of homolytic reaction compared with the corresponding point
for BuMgBr in ether, a fact which may be supported by comparison
of results in Tables 6 and 7, where the bulkiness of ester groups
influences somewhat more significantly the reactivities toward
BuLi than BuMgBr - Et,0.

The most homolytic reactions in Fig.1 are the reactions of «,8-
unsaturated ketones with ZnBu, and AlBu,. The reaction modes of
these metal alkyls will be published elsewhere.

Table 6. Relative Reactivity toward BuMgBr - Et, O at 20°C2

R CH,=CHCOOR CH,=C(CH3)COOR CH,;CH=CHCOOR
CH, 0.42 (0.37) 0. 096 (0, 077) 0.19 (0.055)
C,Hy 0. 40 (0.37) 0.097 (0. 084) 0.061 (0. 020)
i-CgH,  0.43 (0.43) 0. 057 (0. 055) 0.028 (0.021)

t-C,Hy  0.29 (0.29) — —

aThe values in parentheses are k./k;.

Table 7. Relative Reactivity toward BuLi in n-Hexane at 30°Ca,b

R CH,=CHCOOR CH,=C(CH,)COOR  CH,CH=CHCOOR
CH,4 1.18 (0. 94) 1.2 (0.44) 1.11 (0.00)
C,H, 1. 06 (0. 82) 0.72 (0. 40) 0.175 (0. 08)
i-C4H,  0.74 (0.61) 0. 45 (0. 28) 0. 47 (0. 05)

aBuLi, 0. 0230 mole/liter; M and K, 0. 3 to 0. 8 mole/liter.
bThe values in parentheses are kc/kl, determined by using
diethyl ketone as a standard material,
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It should be noted that there is a close correlation between the
magnitude of the y value and the stereoregulating property of the
reaction systems. Methyl vinyl ketone or methyl isopropenyl ketone
was known to form highly stereospecific polymer with aluminum
alkyl or zinc alkyl as catalyst [23]. The plots for the unsaturated
ketones with the organoaluminum or organozinc compound are loca-
ted at the most homolytic portion of the straight line in Fig. 1.
Reactions of the unsaturated ketones with n-butylmagnesium bro-
mide or n-butyllithium have larger y values and do not produce

20}

Conversion of n-propyl methacrylate (%)

1 L
10 20 30

Conversion of sopropyl methacrylate (%)

Fig.2. Copolymerization of n-propyl methacrylate and isopropyl

methacrylate with BuMgBr at —78°C. Polymerization in n-hexane

with BuMgBr * Tol (O) (monomers, 0. 56 mole/liter; BuMgBr * Tol,

30.0 mmole/liter). Polymerization in diethyl ether () (monomers,

1.1 moles/liter; BuMgBr ' Et,,0, 52. 0 mmoles/liter). Polymerization

in tetrahydrofuran (@) (monomers, 0. 56 mole/liter; BuMgBr THF,
26.4 mmoles/liter).

excellent stereospecific poly(vinyl ketones) [23]. n-Butyllithium in
n-hexane polymerizes methyl methacrylate in more stereospecific
fashion compared with n-butylmagnesium bromide in ether,a fact
which can be interpreted in terms of the smaller y value of the
organolithium compound.

As shown in Table 4, the reactivities toward BuMgBr in n-hexane
are not strikingly different from those toward BuMgBr in ether. On
the other hand, the stereospecificity of poly(methyl methacrylate)
was reported to be much improved wnen n-butylmagnesium bromide
was used in hydrocarbon instead of ether as solvent [13]. The
apparent inconsistency is considered to arise from the existence
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of 1 or 2 moles of residual ether which coordinate to the magne-
sium atom of the Grignard reagent even after it is treated with
toluene in heat, according to Nishioka et al.[13]. The etherates of
the Grignard reagent presumably behave in a similar way at the
reactions with a,g-unsaturated compounds in diethyl ether and in
nonpolar solvents. The easier occurrence of stereoregular poly-
merization in toluene than in diethyl ether [13] is probably due to
differences in mechanisms of propagation stage rather than of ini-
tiation stage. In the course of the propagation stage in toluene,
monomer molecules of methyl methacrylate coordinate onto mag-
nesium, repelling diethyl ethers from it, and the successive reac-
tions presumably proceed through a four-center mechanism. This
consideration would not be unreasonable because the coordinating
ability of the unsaturated ester onto metal alkyl was found to be a
similar order of magnitude to that of diethyl ether,as shown in
Table 8.

Figure 2 seems to support the difference in the propagation
mechanisms in ether and hexane. A four-center mechanism should
be more predominant for propagation reaction in n-hexane than in
diethyl ether, since a larger steric effect of isopropyl group upon
reactivities was observed in polymerization in the nonpolar solvent.

As is obvious from Fig. 1, the Grignard reactions in tetrahydro-
furan have larger y values than in diethyl ether, a fact which is con-
sistent with the difficulty of stereospecific polymerization in this
solvent.
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