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I. INTRODUCTION

Soon after the discovery of the Grignard reaction in 1900, E. E. Blaise (25)
treated ethylene oxide with an organomagnesium compound in the hope of
obtaining a primary alcohol. From that time to the present the reaction between
ethylene oxide and substituted ethylene oxides has been the focus of a great
deal of experimental investigation. It has been found useful for the preparation
of primary, secondary, and tertiary alcohols, and in some cases aldehydes and
ketones have been recovered from the reaction mixtures. These are the well-
known facts regarding the course of the reaction. What is less generally known
and understood 1s that the reaction is often accompanied by rearrangement of
the oxide with the formation of unexpected products. The structure of the epoxy
compound as well as that of the Grignard reagent and the reaction conditions
appear to influence the course of the reaction. It is primarily the purpose of this
paper to discuss the course of the reaction of Grignard reagents with epoxides.

Ethylene oxide will first be discussed, followed by separate discussion of

t Present address: Yerkes Research Laboratory, E. I. du Pont de Nemours & Co., Buf-
falo 7, New York.
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epoxides as they become more complex. Finally, a general review of the mecha-
nism will be given. The reaction of lithium and of sodium organometallics is
included in this discussion, primarily because of the small number of such refer-
ences and their close relation to the magnesium derivatives.

I1. 1,2-Eroxy CoMPOUNDS
A. Ethylene oxide (see table 1)

Blaise (25), in 1902, obtained ethylene bromohydrin as the predominant
product from the reaction of ethylene oxide and ethylmagnesium bromide.
To explain this product a new method of cleavage of organomagnesium com-
pounds was postulated: namely, instead of the usual division into the groups R
and MgBr, in this case a splitting into RMg and Br occurred with the sub-
sequent formation of

CH:—CH,

| |
Br OMgC.H;

which, upon hydrolysis with water, gave the bromohydrin, CH,BrCH,OH.

However, in 1903, Grignard (95, 96) found that if the ether is distilled from the
reaction mixture an exothermic reaction takes place and, upon hydrolysis,
1-butanol is obtained in 82 per cent yield with no trace of bromohydrin. Simi-
larly, iscamylmagnesium bromide gives a 75 per cent yield of 5-methyl-1-
hexanol (“isoheptanol”’). Grignard explained this by a two-phase mechanism.
In the first phase of the reaction an addition complex is formed between the
organomagnesium compound and ethylene oxide. This so-called “oxonium”
compound was assigned the following formula:

CH, R
N/
0
7N\
CH., MgBr

I

Upon hydrolysis the ethylene oxide is liberated along with the hydrocarbon,
magnesium bromide, and magnesium hydroxide. The ethylene oxide and mag-
nesium bromide then react to give ethylene bromohydrin, according to the earlier
report of Wurtz (228).

CHz\
CH,
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TABLE 1
Reaction of ethylene oxide with Grignard reagents

YIELD
GRIGNARD REAGENT FROM

ALKEYL HALIDES CONDITIONS* PRODUCT ! ool Hzlrolgy_ REFERENCE
per ceni per cent
RBr............... A RCH.;CH,OH Small amount (25)
Ethylene bromohy- Main
drin prod-
i uct
)
1-Bromoethane.. ... C . 1-Butanol 82 0 (95, 96)
— 1-Butanol Good — (108)
AE Ethylene bromohy- (149)
drin

B, C 1-Butanol

B(2:1) | Ethylene bromohy- 63.6 8L | (167)
drin

E(2:1) | 1-Butanol 60 81.6

A(2:1) Ethylene bromohy- 72 45

D(:1) drin 79 11 117)t
F(2:1)] ||1-Butanol 88 0

1-Chloroethane. .. .. A(l:n\l ((

A@2:D)p | drin 80.3 1 69.4 | »(120)1
D(1:1)) | |t-Butanol 45.9 | 16.4

|
!
1-Bromopropane. . .| A(2:1)) ‘
Da:n} H drin
‘ N
\

(Ethylene bromohy- }

)

T

Ethylene chlorohy- } {54.6 22:0 }
|

L

1

& |H)

75 3
) 76 i 6 (117)t
F(2:1)] ||{1-Pentanol 90 i 0
1-Chloropropane. .. A(l:l)l '{Ethylene chlorohy- 39.5 \ 3L.5 |
A@:1)} [{ drin 66.4 54.0 12(120)1
D(1:1)] |l1-Pentanol 49.9 32.0
t
2-Bromopropane. . . AE?:lﬂ> {Eth}lene bromohy- ! {7 ! 45 \[
D(:1)}s |{ drin \74 L7t
F(2:1)) 1( -Methyl-1-butanol 83 )
2-Chloropropane . .. A(l:l)L (Ethylene chlorohy- {34.5 35.1
A@2:1) drin 54.8 58.0 | +(120)t
D(1:1)) |{3-Methyl-I-butanol 46.5 | 19.5

E ' 3-Methyl-1-butanol | 60 | (221)
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TABLE 1—Continued

]

\

| |

2-Bromo-2-methyl- | ;

propane.......... A(2:1)) [Ethylene bromohy-
}D(l:l)f | drin

| YIELD
R s oM ;CO\DITIO\S" : PRODUCT Halohy- REFERENCE
i ‘ Alechol ' drin \
1 per cent per cent ‘
1-Bromobutane. ...| D ! 1-Hexanol J 50 P (216)
D 1-Hexanol j €002 BT
A2:D) [Ethylene bromohy- U (71 41 H
D@D} |3 drin [l 5 |t
F(2:1)] |(1-Hexanol : g2 0
! i ;
i/1-Hexanol | €5 |
| P {2 Hesanol IEEECRE: [}(46)
| | |
r '{1-Hexanol | 43.5
1 12-Hexano! : 0.8
1-Chlorobutane. . ... A(1:1)) {Ethylene chlorohy- |, (39.0 \, 25.5 1)
LA ‘ﬂ' drin [ 169.6 | 60.1 (120}
D(1:1)) l1-Hexanol i 5.8 36.8 i)
\ ‘
2-Bromobutane. . ..| A(2:1}] ‘\(Etlwlene bromohy- | {65 51
D11 1 drin ] 165 9 1Nt
| F@:1)) |[3-Methyl-1-pentanol | 7 0 |
2-Chlorobutane. ... A(1:1)) |[Ethylene chlorohx-\‘ 25.6 30.9
A2:1) drin { 40.9 61.5 | +(120)%
D(1:1)) ||38-Methyl-1-pentanol 35.1 23.9 )
1-Bromo-2-methyl ‘ |
propane. . ....... — 4-Methyl-1-pentanol — P (178)
A(2:1)] ||Ethylene bromohy- I {’69 41 ]
D{l:1)} i drin / |64 3 [t
F(2:1)J |14-Methyl-1-pentanol | 80 o
‘ !
1-Chloro-2-methyl | | ‘
propane..........| A(L: 1)L ( {Ethylene chlorohy- [23.6 34.6 1\‘
I A2:1); H drin 135.2 60.4 ;((120)1
| D(:1)) "\4 Methyl-1-pentanol | 29.8 ; 25.0 1)
|
1-Chloro-2-methyl- \ i
3-methoxypro- |
pane. ............ | D 4-Methyl-5-methoxy- 74 ‘ (89)
1
| {
|
1
!
|

50

|
|
|

1-pentanol L
l ﬂ 1Nt
it 80 1




TABLE 1—Continued

1 YIELD ‘

ORIGNARD RFAGENT ¥ROM . oxpirrons® PRODUCT : | REFERENCE
ALKYL EALIDES : : Alcohol ‘Hi‘il:lgy,
per cent (per cent
2-Chloro-2-methyl | i
propane.......... D Ethylene chlorohy- | o— | (118)
| drin \
{
|
; A1) ,fEthylene chlorohy- '/O 21.3 1
: A(2:1>$ 1 drin | <0 | 48.1 ) p(120) ¢
D(1:1)) Lo 23.3
|
- D 3,3-Dimethyl-1-bu- 13.2 I (148)
‘ | tanol
1-Bromopentane. ... D 1-Heptanol 58 (216)
A1 }j/Etherne bromohy- |} 60 40 |
D({1:1)} |{ drin 69 10 117yt
F(2:1)] |(1-Heptanol 75 0
‘ \
2-Bromopentane....| A(2:1)] |[Ethylene bromohy- 30 44
D(1:1)y |4 drin 63 5 aint
| F(2:1)] | (3-Methyl-1-hexanol 60 o )
1-Bromo-3-methyl [
butane.. ......... C ! 5-Methyl-1-hexanol | 75 (crude) 0 (95)
A@:1)) |[Ethylene bromohy- | (56 41
D(1:1)p § drin / 150 4 117t
F2:1)] '53-Methyl-1-hexanol | 70 0
D  5-Methyl-1-hexanol 52.5 (35)
i i
1-Bromo-2-methyl ‘
butane........... A(2:1)] [(Ethylene bromohy- | 53 135 |
DD} ¢ drin ! 58 9 f(llY)T
F(2:1), | 4-Methyl-l-hexanol | 68 0
2-Bromo-2-methyl- ‘
butane........... CA2:1 iEthylene bromohy- Vi J 0 4 48 \]
D(@:1)} 4 drin L 0 42 it
Fen) | J Lo 0
| ' |
I |
2-Chloro-2-methyl- ‘ - | |
butane........... A1) | (Ethylene chlorohy- || J 0 135 )
| DD} | drin | 0 K f(nm
P | ) Lo o
\ | ‘ !
2-Bromo-3-methyl- ‘ : ‘
butane........... } A2:1) ] ‘(Ethylene bromohy- || 16 |4l
' DAY L) drin [ 40 L1
' F2:1) [ 3,4-Dimethyl-1- | Lt
J pentanol | 45 L0

417
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YIELD i
CRIGNARD SEACENT FROM | conprrioNs® PRODUCT i REFERENCE
Alcohol H?ilqhy-
rn
per cent per cent
1-Bromo-2,2-di-
methylpropane. ..| C 4,4-Dimethyl-1-
pentanol 30 (148)
1-Bromohexane.....| D 1-Octanol 71 (216)
A@:D) “fEthylene bromohy- | 47 30
D(1:1); drin 49 4 (117)t
F(2:1)} {(1-Octanol 50 0
2-Bromohexane. ... . A(2:1) w; Ethylene bromohy- 40 47
D(@:1)y { drin 43 6 aunt
F(2:1)] :(3-Methyl-1-heptanol 55 0 |
1-Chloro-3,3-di-
methylbutane. .. .| D 5,5-Dimethyl-1-
hexanol 67 (188)
1-Bromo-5-methyl-
hexane........... B 7-Methyl-1-octanol 40 (35)
1-Bromoheptane....| D 1-Nonanol 55 (216)
1-Bromodctane. ... . D 1-Decanol 52 (216)
1-Chloro-4-methyl- |
pentadecane. ....! B 6-Methyl-1-hepta-
decanol 66 (36)
1-Bromo-2-cyclo-
hexylethane.. .. .. D ! 4-Cyclobexyl-1-
. butanol 47-53 (115)
1-Bromo-2-cyclo-
hexylbutane......| D 4-Cyclohexyl-1-
hexanol 37 (115)
Benzy! chloride. ...| A(2:1) Ethylene bromohy-
D1 drin 79 5 nt
3-Phenyl-1-propanol 73 3
3-Phenyl-1-propanol |:
D \'{2-(p—TonI)ethanol 48.5 : (78)
‘ |
m-Xylyl bromide. . . — 3-(m-Tolyl)-1-propa- l
nol 45 i (151)
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TABLE 1—Continued

|

YIELD
] Alcohol \ drin
per cent per cent ‘
\/3-(1)—Tolyl)-1—propa- — '
| nol (80%)
p-Xylyl bromide. .. 1K2-(2,5-Dimethyl- {151)
i{ phenyl)ethanol ’
| (20%)
{2-(3,4-Dimethyl-
J phenyl)ethanol
v : (90%)
0-Xylyl bromide . .. }‘2-(2,3-Dimethyl- 1(181)
! ! phenyl)ethanol
; L (10%) |
" [
2-(2-Biphenylyl)-1- | ‘ 1
bromoethane. .. .. | 4-(2-Biphenylyl)-1- Bithy ‘ (56)
' butano!l |
3-Phenylpropyl
bromide.......... 5-Phenyl-1-pentanol ! 68 (187, 212)
Olefinic halides: !
2-Bromo-6- ‘ ! ‘
methyl-5-hep- | ﬂ
tene. ... ... 3,7-Dimethyl-6- — | (61)
octen-1-ol (rhodi-
nol) '
Acetylenic com- ] |
pounds: :
Acetylene, mono- \
sodium deriva- : ‘
tive............ ‘ 3-Butyn-1-0l 52 \ (181)
1-Propyne.. . ..... 3-Pentyn-1-ol 95 l ’ (125)
i i !
L : !
| (3-Hexyn-1-ol 28 § ;
1-Butyne......... i{Ethylene bromohy- | | 13(105)t
| drin 25 i \
| |
I |
1-Butyne, sodium* i !
derivative. . ... . 3-Hexyn-1-ol 47 | P
‘ (3-Octyn-1-o0l “Substantially : i
"|Ethylene bromohy- same yields 1
1-Hlexyne. ....... as in 1-hep- 1 (49, 50)

4 drin
- |2-Butyl-4,5-dihy-
drofuran

tyne reac-
| L tion”

|
|
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TABLE 1—Continued

; i YIELD .
CRIGNARD REACHNT JROM i CONDITIONS* PRODUCT — | REPERENCE
‘ Alccho e y"
1 rin
‘ \ per cent iper cent !
I( HC—CH: ! {”Substantiqll 5| )
! I | ! e 1 i
1-Hexyne (Contm- o \‘ t f }J i:in:n ; Eec;;s | L
_ ‘ \ looas -
wed) .. ..., \ O C CH, [ | tynereac. | I {49, 50)
‘ NS ‘\ i tion” ? K}
“ \ 0 ) L )
i i
1-Heptyne. ......| B | 3-Nonyn-1-ol 49 62)
|
|
— ‘ 3-Nonyn-1-ol 52 - (6)
\
(3 Nonyn-1-ol 32t 37t )
| lEth} lene bromohy- !
— | drin 449, 50)
112-Amyl-4, 5-dihydro- 301 i‘
{ furan ')
1-Octyne......... "B 3-Decyn-1-o0l 40 i (62)
Thenylacetyviene.., B 1-Fhenyl-1-butyn-4- l
‘ of, C4H,C=0- 1(62)
CH.CH,OH 40 I
; |
| (I-Phenyl—l—butyn#i-\ | (+Substantially | ‘1
i 1 ol [I | same yield I
\ . || Ethylene bromohy- as with hex- i
| ;‘ drin yne”’ [(49 50)
| {/2-Phenyl-4,5-dihy- l
! I drofuran J | \ J
i i i ¢
Alicyclic halides: \ ‘ |
Chlorocyelopen- “ ‘
tane........... i — | 2-Cyclopentylethanol 27 (158)
Bromocyclohex- |
ane..............1 D 2-Cyclohexylethanol 44-53 P (114, 115)
‘ A1) (Ethylene bromohy- f 45 42 \\
D@y 4 diin 1 50 8 Dt
‘ F(2:1)) LQ-C)‘clohexylethanol 60 0
Arpl Relides: ; ‘ |
; 1 1
romobenzene. ..; D . “Approximating F(1, 189)

. 2-Phenylethanol

theory”’




TABLE 1—Continued

i
{

ox \ | YIELD {
GRIGNARD REASE 0¥ | cownrrions* PRODUCT, ‘ | REFERENCE
ALKYL HALIDE } Alcohol ;Hzlggy_‘
per cent j1>er cent ‘
Bromopenzene A(2:1)) | [Ethylene bromohy- || 55 B
(Continued). ... D(l:l)} drin j 158 2 hant
F(2:1)] ||2-Pbenylethanol | 72 S0 J
D 2-Phenylethanol { (104)
Chlorohenzene... G 2-Phenylethanol 0 (182)
(95%, pure) !
G 2 Phenylethans! Good | (121)
|
|
4-Bromotoluene..! D 2-(p-Tolyllethanol — (1, 189)
i
2-Todobiphenyl. . . ! 2.(2 Biphenylyl)- |
. ethanol 76 (56)
m-(Trifluoro- ‘ ! ‘
methyl)phenyl : ;
bromide........ — 2-(3-Trifluoromethyl-
phenyl)ethanol 70 (197)
2-Bromoanisole.. .| D 2-(0-Anisylethanol 35 (26)
l D | 2-(0-Anisyl)ethanol 60 L (103)
3-Bromoanisole. .| D 2-(m-Anisylyethanol 621 (152)
- D E 2-(m-Anisyl)ethanol 54 (70)
4-Bromoanisole. .| D i 2_(p.Anisyl)ethano], i (189)
2-Bromo-4-
methylanisole. 1 D 2-(3-Methvl-C-meth- 36 (26)
: oxyphenyliethanol |
OCH,
!/\[CHQCJflgOH
L |
N\ !
4-Bromo-2- ‘ !
methylanisole. . D None | — (26)
D 2-(3-3ethy!l-4-meth- — (1, 189)
oxyphenyliethanol |
: OCH,
|
‘ 7 N\CH;
CH.CHOH | L

421
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YIELD
GRIG‘?;‘;’&EE?‘?:ETSHOM COXDITIONS* PRODUCT REFERENCE
Alcohol el
per ceni per cenl
2-Bremo-4-
methyl-
phenetole. .. ... D 2-(6-Ethoxy-3- 40 (26)
methylphenyl)-
ethanol
OCsz
CH.CH,OH
CH;
2-Bromo-4-(n- |
butoxy)toluene., D i 2-(6-Butoxy-3- 37 (26)
methylphenyl)-
ethanol
OC Hy(n)
CH;CH,0H
CH;
4-Bromophenoxy-
benzene........ C 2-(4-Phenoxyphenyl)- 52 (70)
ethanol
OCsH;
CH,;CH,OH ‘
1-Bromonaphtha- ’
lene............. C 2-(1-Naphthyl)- 68, 63% (43, 175)
ethanol ;
— 2.(1-Naphthyl)- \ — (192)
ethanol !
1-Todo-6-meth- i ‘
oxynaphthalene..: C + 2-(6-Methoxy-1- | 51.5% (41)

naphthyl)ethanol
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TABLE 1—Concluded

! YIELD
CRIGNARD REAGENT FROM ! conpiTIONS® PRODUCT L. | REFERENCE
Alcohol hy;airi;a
per ceni per cent
2-Bromonaphtha-
lene. ..........| C 2-(2-Naphthyl)eth- 10 (erude)i (192)
anol
9-Bromophenan-
threne......... ‘B 2-(9-Phenanthryl)- 36-50% 20
ethanol
B 2-(9-Phenanthryl)- 75 (161)
ethanol
Miscellaneous:
}
Indole........... . C t 2-(8-Indolyl)ethanol 52 (157)
7 I~HCHZCHZOH
\
NN
‘ H
|
a-Methylindole ..| C ' 2-(g-Indolyl-a- 68 (157)
methyl)ethanol
Pinene hydrochlo-
ride............ A No reaction (29)
. D “Camphane-2-eth- — (29)
i © anol
CH,
|
- H,C C CHCH,CH.0H
: ‘ |
E C|<CH3>2
i H:C CH—CH,
(Chloromethyl)- | | |
trimethylsilane., D . (3-Hydroxypropyl)- 71 (190)
| trimethylsilane, |
(CH;):SiCH,CH;-
, CH,OH
(2-Bromopropyl)-|
trimethylsilane.| E ¢ (53-Hydroxypentyl)- 64 (190)
. trimethylsilane,
(CH,)358i(CHy)-

)

CH;0H




424 NORMAN G. GAYLORD AND ERNEST I. BECKER

Footnotes to table 1

* Reaction conditions (where indicated, the ratios represent ethylene oxide:Grignard
reagent):

. Ether solution decomposed without heating.

. Ether refluxed before decomposition.

. Ether distilled before decomposition.

. Ether replaced by higher-boiling solvent before decomposition.

. Ether solution allowed to stand at room temperature before decomposition.

. Magnesium halide precipitated by dioxane and solution of dialkylmagnesium treated
with ethylene oxide and allowed to stand at room temperature before decomposition.
G. Grignard reagent prepared in chlorobenzene and ethylene oxide in benzene (181)

or chlorobenzene (121) added.
t Yield of aleohol calculated from alkyl halide or hydrocarbon, and yield of halohydrin
calculated from ethylene oxide.
t Calculated from author’s data.
§ Filtrate gave on long standing a 9 per cent yield of 8,3-dimethyl-1-butanol.

HiE O W

However, if the ether is removed, the temperature rises and the first product
undergoes rearrangement (sceond phase).

CH. R CH.R
\O/ heat_)
LN
CH, MgBr CH:;OMgBr
II

IT decomposes normally with water, giving the alcohol. This work has been
confirmed by Henry (108) and many others.

The mechanism of the Grignard reaction with ethylene oxide has been the
subject of a great deal of investigation in an effort to elucidate the structures of
the intermediate compounds involved. At this point it may be mentioned that
Meisenheimer proposed a modified formula for I (149)

CH, Br C:H;
/
O--Mg--O

CH, C:H; C.Hs

and C.H;CH.CH:OMgBr for the rearranged product.

In 1932 Ribas and Tapia (166, 167) presented analytical data in support of
the identity of the product from an equimolar reaction of ethylene oxide with
an ether solution of magnesium bromide and the product obtained by Grig-
nard (97, 68) from ethylene bromohydrin and ethylmagnesium bromide. How-
ever, in 1941, Huston and Agett (117) presented data to show that the interme-
diate has the molecular formula C,HsBr.MgO, instead of CH.BrCH,OMgBr
as proposed by Ribas and Tapia. This compound reacts with dialkylmagnesium
to form (RCH.CH,0):Mg, which is the precursor of the alcohol obtained by
hydrolysis. Further studies with alkylmagnesium chlorides have been presented
to support this view (120).
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The fact that upon hydrolysis the same primary alcohol is obtained from the
reaction between a Grignard reagent and a halohydrin as between the Grignard
reagent and the corresponding ethylene oxide has found wide synthetic applica-
tion (42, 97, 98, 99, 100).

Regardless of the exact mechanism of the formation of the primary alechol
from the reaction between ethylene oxide and the Grignard reagent, the over-
all effect is a cleavage of the epoxy ring. The active agent in any Grignard reac-
tion may be RMgX, R.Mg, or MgX,, owing to the equilibrium which is charac-
teristic of Grignard reagents (179, 180).

2RMgX = R;Mg + MgX,

The product or mixture of products which results from any Grignard reaction
is thus a direct result of the reactivity of the constituents of the Grignard reagent
towards the functional group involved, in this case the epoxy ring. Greater
reactivity of any one of the components, e.g., R.Mg, towards the oxide dis-
turbs the equilibrium by conversion of the less active RMgX to R;Mg. This may
result in a preponderance of one product. This effect is observed in the reaction
of ethylene oxide with tertiary Grignard reagents and in the case of substituted
ethylene oxides assumes great importance, owing to the possibility of rearrange-
ments. This will be discussed later.

Therefore it is apparent that the products arising in an attempted synthesis
utilizing the Grignard reagent with an ethylene oxide are dependent upon the
nature of the reagent, the nature of the oxide, factors governing their reactivity,
and the conditions under which the synthesis is effected. Regarding the latter
peint, the literature contains references to syntheses carried out in the following
manner:

1. After the oxide and the Grignard reagent have been permitted to react,
(a) the ether solution is decomposed without heating,

(b) the ether sclution is refluxed before decomposition,

(¢) the ether is distilled from the reaction mixture before decomposi-
tion,

(d) a higher-boiling solvent such as benzene or toluene is added and the
ether is distilled before decomposition,

(¢) the ether solution is allowed to stand at room temperature before
decomposition;

2. The magnesium halide in the Grignard reagent is precipitated by diox-
ane, the mixture is filtered, and the solution of dialkylmagnesium is
treated with the oxide;

3. The Grignard reagent is prepared in the absence of ether, e.g., in chloro-
benzene, and the oxide in benzene or chlorobenzene is added;

4. The gaseous oxide is passed into a hot solution of the Grignard reagent
in some solvent, such as benzene.

The reaction of ethylene oxide and the Grignard reagent has had wide appli-
cation whenever it was desired to synthesize a primary alcohol containing two
more carbon atoms than were present in the original alcohol or halide. Thus,
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the synthesis of 1-hexanol by the reaction between ethylene oxide and n-butyl-
magnesium bromide is described in Organic Syntheses (57). The synthesis of a
series of primary alcohols containing six to ten carbon atoms was carried out
utilizing ethylene oxide and the appropriate Grignard reagent (216). In addition
to the use of primary and secondary alkyl Grignard reagents (35, 36, 57, 59,
96, 108, 117, 120, 178, 188, 190, 216, 221) the reaction has been used with ter-
tiary reagents. It has been reported that with fert-butyl (116, 117, 120), fert-
amyl, and tert-hexyl (117) Grignard reagents, only ethylene bromohydrin is
formed regardless of whether one or two moles of ethylene oxide is used. Thus
the initial product, in spite of the increase in temperature or distillation of the
ether, does not undergo further change. However, on long standing, a teri-butyl
Grignard reagent gives a small yield of 3,3-dimethyl-1-butanol. More recently,
this alcohol has been obtained in 13.2 per cent yield by allowing the reaction
mixture to stand for 24 hr., distilling the ether, adding toluene to the residue,
and refluxing for several hours before decomposition (148). A discussion of the
reaction between benzylmagnesium chloride and ethylene oxide is pertinent
because of the known rearrangements which take place with benzylmagnesium
halides and formaldehyde (223). Gilman and Kirby (78) obtained a product
in 48.5 per cent yield from the reaction of benzylmagnesium chloride and ethyl-
ene oxide. Upon oxidation the product gave a 1:1 mixture of benzoic and tere-
phthalic acids, but no phthalic acid. Therefore, the original product was a mix-
ture of the normal product and a product rearranged to the para isomer.

CeH; CH,MgCl + 0{12—/(}}{2 — C¢H;CH,CH,CH,0H
+ p-CH;CeH,CH,CH,OH

In 1941 Huston and Agett (117) reported that this same reagent with one or
two moles of ethylene oxide without heating or standing gives 73-79 per cent
of 3-phenyl-1-propanol along with a very small quantity of ethylene chlorohy-
drin. This room-temperature reaction has been postulated as due either to reac-
tion of dibenzylmagnesium with the intermediate from the initial reaction or to a
direct reaction of benzylmagnesium chloride with ethylene oxide. It should be
pointed out that no exhaustive attempt to isolate or identify a second product
was made. In the light of this, then, it seems feasible that the product may have
contained some isomeric 1-phenyl-2-propanol.

More recently, Mousseron and Du (151) carried out the reaction between
ethylene oxide and methyl-substituted benzyl Grignard reagents. The products
obtained varied with the position of the methyl group. Thus, m-methylbenzyl-
magnesium bromide gave a product, b.p. 140°C./20 mm., which upon oxidation
with alkaline permanganate was converted to isophthalic acid as the only
product. This product represents the expected course of addition, The reaction
product from p-methylbenzylmagnesium bromide, b.p. 138-142°C./20 mm., on
oxidation gave a mixture of acids which was identified as consisting of 80 per
cent terephthalic acid and 20 per cent 1,2,4-benzenetricarboxylic acid. Here the
major product arose from expected addition and the other product from ortho-
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rearrangement. The product from o-methylbenzylmagnesium bromide, b.p. 135-
140°C./20 mm., gave a mixture of 90 per cent 1,2,4-benzenetricarboxylic acid
and 10 per cent 1,2,3-benzenetricarboxylic acid. The major product arose from
para-rearrangement and the second product from ortho-rearrangement, with no
normal addition to the epoxy ring.

CH3 CHQ—/CHz CH3 COOH
N AN
O - alkaline_)
_/CH,MgBr CH;CH,CH,OH KMnO; COOH
CH,; COOH
alkaline
— KMnO;
CH3 CHz_‘CHz
/ . S CH.CH,;CH,OH COOH
| _% | (80%)
NS CH; COOH
CH: MgBr CH,CH,0H . COOH
N alkahne_)
KMHO4
CH, COOH
(20%)
CH; COOH
CH; alkaline COOH
— KMnO,
CH, CH,—CH, E
N\ CH, MeB N S CH,CH,0OH COOH
:vger o | (90%)
V ’ CH; COOH
| N\CH, . NCOOH
N ” alkalme_} '
\.~CH,;CH,OH KMnO.  ( _JCOOH
(10%)

In a careful experiment Beeby and Mann (229) isolated normal and rear-
ranged-coupled products in the reaction of o-bromobenzylmagnesium bromide
(one mole) with ethylene oxide (two moles). The products were ethylene bromo-
hydrin (58 per cent), 3-(o-bromophenyl)-1-propanol (49 per cent), 2,2'-dibromo-
bibenzyl, and 2,2'-dihydroxyethylbibenzyl.

Unsaturated aliphatic Grignard reagents have also been investigated. Thus, a
German patent (61) has been issued for the preparation of rhodinol, 3,7-di-
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methyl-6-octen-1-0l, by the action of the Grignard reagent prepared from 2-
bromo-6-methyl-5-heptene upon ethylene oxide.

Acetylenic Grignard reagents have been utilized to prepare homologous series
of primary aleohols. In 1907 Iotsitch and his coworkers (125) reported the prepa-
ration of 3-pentyn-1-ol in 95 per cent yield by the action of the Grignard reagent
from methylacetylene upon ethylene oxide, according to the equation:

CH;C=CMgBr + CH,—CH, — CH;C=CCH,CH,OH
O/ 3-Pentyn-1-ol

This work was apparently overlooked by subsequent workers, for, in 1934,
Faucounau® (62) reported as a new reaction the preparation of 3-nonyn-1-ol,
3-decyn-1-ol, and 1l-phenyl-1-butyn-4-ol by this method. The work of Faucou-
nau was confirmed by Danehy, Vogt, and Nieuwland (49, 50) and by Bachman
(6), the former adding 3-octyn-1-ol to the series of prepared alcchols and report-
ing (49) the isolation of 2-phenyl-4,5-dihydrofuran as a by-product in the prepa-
ration of 1-phenyl-1-butyn-4-ol.

CGH5 CECMgBr + CH2—CH2 —
NS

C¢H;C=CCH.CH,0H + Hz? (\jH
1-Phenyl-1-butyn-4-ol H2C éCsHa
AN
O

2-Phenyl-4,5-dihydrofuran

Analogous compounds were isolated in the preparation of 3-octyn-1-ol and 3-
nonyn-1-ol. The Grignard reaction to prepare 3-hexyn-1-ol has also been re-
ported (195).

More recently the use of sodio derivatives of acetylene has been applied to the
reaction with ethylene oxide. In this way treatment of ethylene oxide with so-
dium acetylide has given 3-butyn-1-ol (181) and reaction with the sodio deriva-
tives of 1-butyne has given 3-hexyn-1-ol (191).

2-Cyclopentylethanol (158) and 2-cyclohexylethanol (114, 117) have been
prepared by the Grignard reaction with ethylene oxide. Likewise, 4-cyclohexyl-
1-butanol (115), 6-cyclohexyl-1-hexanol (117), 2-(2-biphenylyl)ethanol (56), 4-
(2-biphenylyl)-1-butano! (56), 2-(1-naphthyl)ethanol (43, 175, 192), 2-(2-naph-
thyl)ethanol (192), 5-phenyl-1-pentanol (187, 212), 2-(6-methoxy-1-naphthyl)-
ethanol (41), and 2-(9-phenanthryl)ethanol (21, 161) have been prepared by
reaction of the appropriate Grignard reagent with ethylene oxide or ethylene
halohydrin.

2-Phenylethanol has been the focus of several investigations (104, 121, 182)
in which the Grignard reaction with ethylene oxide was carried out without the

2 See also Golse (232).
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use of ether, thus superseding the original idea that the presence of ether was
necessary before the reaction could take place. The reaction with ethylene chloro-
hydrin and phenylmagnesium bromide was also carried out without ether (182).

Substituted aryl Grignard reagents have been used to prepare substituted
phenylethanols. Thus, bromoanisoles (1, 26, 70, 103, 152, 189), bromomethyl-
anisoles (1, 26, 189), bromophenetoles, bromotolyl butyl ether (26), phenoxy-
bromobenzene (70), and m-(trifluoromethyl)bromobenzene (197) have been con-
verted into Grignard reagents and caused to react with ethylene oxide to produce
the corresponding substituted phenylethanols.

The magnesylindoles, i.e., the Grignard reagents prepared from indole, have
been used to prepare indolylethanols (tryptophols) (157). Thus, 2-(8-indolyl)-
ethanol has been prepared in 52 per cent yield from indole, while 2-(3-indolyl-a-
methyl)ethanol has been prepared in 68 per cent yield from «-methylindole.

7 -MgBr CH,CH,0H
(. + CH—CH, — |
N \N/”CHS \O/ \N/CH3 v

H
2-(B-Indolyl-a-methyl)ethanol

Grignard reagents prepared from silanes have also been used with ethylene
oxide, The Grignard reagents from chloromethyltrimethylsilane and (2-bromo-
propy!)trimethylsilane have yielded, respectively, (3-hydroxypropyl)trimethyl-
silane and (5-hydroxypentyl)trimethylsilane (190).

(CH;)s:31CH.CH.CH,OH (CH;)381CH,CH,.CH.CH.CH,OH

The terpenes have also been utilized in this connection. Thus, Bousset (29)
prepared from pinene hydrochloride the Grignard reagent which with ethylene
oxide gave camphane-2-ethanol:

|

/Nagcl /" \CH,CH,0H
\ "' ! + C\I\{2—‘CH2 and ( -

‘\\\:,//‘ \O/ \ /
Camphane-2-ethanol

It was not certain whether this was bornylethanol, isobornylethanol, or a mix-
ture of the two isomers.

An anomalous reaction of ethylene oxide and the Grignard reagent has been
reported by Cottle and Hollyday (46). I'rom a reaction of the oxide and n-butyl-
magnesium bromide, wherein the ether was replaced with benzene and refluxed
before decomposition, there was obtained 65 per cent of 1-hexanol and 10.1
per cent of 2-hexanol. The 1-hexano! is the normal product expected by ring
cleavage. Similarly, ethylene bromohydrin and the butyl Grignard reagent gave
50.6 per cent of 1-hexanol and 5.7 per cent of 2-hexanol. The formation of second-
ary alcohol is not explained by any of the intermediates that have been postu-
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lated, such as (BrCH,CH.0).Mg or BrCH,CH,OMgBr- CH,—CH,, since neither
N S

0

of these should give rearrangement. It was found that magnesium bromide and
the oxide gave, in a violent reaction, an acetaldehyde resin, while dibutylmag-
nesium gave only 1-hexanol. The rearrangement of ethylene oxide and ethyl-
ene halohydrin to acetaldehyde had previously been observed. Thus, Kaschirsky
(128) had observed that while potash and ethylene chlorohydrin gave ethylene
oxide, zine oxide gave acetaldehyde. This fact was utilized to explain the reaction
of ethylene iodohydrin and dimethylzine wherein the product obtained was 2-
propanol instead of 1-propanol (34). Kaschirsky (127) postulated the initial
formation of CH.ICH.0ZnCHj;, then the splitting out of CH;ZnlI with formation
of ethylene oxide, and the isomerization of the oxide at the instant of formation
to acetaldehyde, which through reaction with dimethylzine yields 2-propanol.

Cottle and Hollyday (46) explained the formation of 2-hexanol in the reaction
with the butyl Grignard reagent as due to the loss of Br from BrCH,CH,0O~
as a result of the electrophilic attack by magnesium, rearrangement to acetalde-
hyde, and normal reaction with the Grignard reagent. It thus appears that the
synthesis described in Organic Syntheses (57) probably vields a few per cent of
2-hexanol as well as 1-hexanol.

B. MONOSUBSTITUTED ETHYLENE OXIDES

The homologs of ethylene oxide react with the Grignard reagent in a manner
dependent upon the structure of the epoxy compound and the structure of the
Grignard reagent. This means that the extent to which rearrangement occurs
during the course of the reaction is greater with increasing complexity of the
carbon skeleton of the Grignard reagent in the vicinity of the attachment of
magnesium. The following discussion will emphasize this concept.

1. Propylene oxide

Ethylmagnesium bromide is reported to react with propylene oxide without
rearrangement to give 2-pentanol in 60 per cent yield (109). Likewise, n-propyl-
(118, 143), n-butyl- (118, 148), and isobutylmagnesium (148) bromides react
without reported rearrangement of the oxide. The secondary Grignard reagents
isopropylmagnesium bromide (144) and sec-butylmagnesium bromide (118) also
give products without rearrangement of the oxide, albeit in lower yields.

RMgX -+ CHsc\H—/CHg — CH;CHOHCH:R

R = primary or secondary aliphatic radical.

The reaction between ¢ert-butylmagnesium halides and propylene oxide has
been variously reported. In the first reference to this reaction Stevens and Mec-
Coubrey (194) reported that the sole product using tert-butylmagnesium chloride
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is 2,2-dimethyl-3-pentanol. This conclusion was supported by the following
evidence:

1. The 3,5-dinitrobenzoate, m.p. 92.5-93°C., depressed the melting point
of the known 3,5-dinitrobenzoate of 4,4-dimethyl-2-pentanol, 92.5-
95.7°C. (224), to 87-90°C.

2. The 1-naphthylurethan melted at 107-108°C., as compared with a melt-
ing point of 86.5-87°C. reported for the same derivative of 4,4-dimethyl-
2-pentanol (224).

3. The product was not 2,3,3-trimethyl-2-butanol, since the latter forms a
hydrate upon shaking with moist ether, while the product does not.

4. The product was not 2,3,3-trimethyl-1-butanol, because its boiling point
is appreciably below that of the latter compound, 137-138°C. and 159.5—
162°C., respectively.

TABLE 2
The reaction of lert-butylmagnesium halide with propylene oxide
! MELTING “ MELTING [‘
; 20° POINT OF POINT OF
ALCOHOL REPORTED ; BOILING POINT ” D 3, 5-DINI- 1-NAPH- REFERENCE
i TROBEN- THYLURE-
| ZOATE THAN
°C. °C. °C.
2,2-Dimethyl-3-
pentanol. ... .. 137-138 92.5-93 | 107-108 | Stevens and McCoubrey (194)
4,4-Dimethyl-2- | :
pentanol. ... .. 65/40 mm. | 1.4247 | 48-50 i Huston and Bostwick (118)
4,4-Dimethyl-2- ' |
pentanol*. . ... 137-138.5 | 1.4188 é92.5—95.7 86.5—87; Whitmore and Homeyer (224)

* Prepared by reduction of methyl neopentyl ketone.

On the other hand, Huston and Bostwick (118) reported that the reaction be-
tween teri-butylmagnesium bromide and propylene oxide gives only 4,4-di-
methyl-2-pentanol. However, their 3,5-dinitrobenzoate melted at 48-50°C.,
whereas that reported by Whitmore and Homeyer melted at 95.2-95.7°C. Since
no further chemical evidence was presented, it appears that the structure as-
signed by Huston and Bostwick may be in error (see table 2 for a summary of
these reactions). The difference between the two reactions may be the use of
tert-butylmagnesium chloride in one case (194) and of fert-butylmagnesium bro-
mide in the other? (118). Work is now under way by one of us (N. G. G.) to clarify
this point.

In contrast to the rearrangements observed with alkylmagnesium halides,
no rearrangements have been observed with dialkylmagnesiums. Thus, dimethyl-
magnesium (94) gives 2-butanol and diethylmagnesium gives 2-pentanol (156),
the expected products.

With aromatic Grignard reagents propylene oxide (see table 3) gives mainly

3 Note added in proof: Recently, Huston and Tiefenthal (234) have reported that tert-
butylmagnesium chloride also gives 4,4-dimethyl-2-pentanol, but the structure is still
based on the same conflicting evidence reported above.
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products derived by attack at the 1-position. Thus, m- and p-tolylmagnesium
bromides give only 1-(p-tolyl)-2-propanol and 1-(m-tolyl)-2-propanol, respec-
tively, whether the oxide is added to the Grignard reagent or the filtered Grig-
nard reagent is added to the oxide (185). However, the reaction of m-(trifluoro-
methyl)phenylmagnesium bromide (197) with propylene oxide (no conditions
specified) gave a 43 per cent yield of a mixture of alcohols boiling over a ten-
degree range. Fractional distillation partially separated the alcohols. The lower-
boiling fractions gave a positive haloform reaction, while the higher-boiling
fractions gave slight or negative tests. An Oppenauer oxidation of the mixture
afforded m-(trifiuoromethyl)phenylacetone (C). On the basis of this evidence
structures A and B were assigned to the alcohols. It must be pointed out that
the evidence does not rule out the possibility that D had been formed. D must
be considered because of the work of Stevens and McCoubrey (194).

CH,CHOHCH; 7 I CH(CH,;)CH,0H
X
CF, CF;
A B

(lower-boiling) (higher-boiling)
7 \CH,COCH, CHOHCH,CH,
N\

CF; CF;

C D

Phenyllithium gives 1-phenyl-2-propanocl as the only isolable product (48).
Only one heterocyclic Grignard reagent has been treated with propylene
oxide (113). Pyrrylmagnesium bromide reacts with propylene oxide to give
1-(a-pyrryl)-2-propanol (I) and a substance assigned structure II. The structure

UMgBr + CH;CH—CH

N Ny
T
— [ + ]
’\ JCH,CHOHCH; \N - JOH(CH;)CH,OH
I II
(16 per cent) (5 per cent)

of the secondary alcohol was assigned on the basis that (1) it could be reduced
to 1-(a-pyrryl)propane, and (2) that it was different from the alcohol obtained
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in the following series of reactions:

CH,CH,COCI + ” - H
BrMgl ) CH;CH.COl )
H H
= f ”‘ reductioiﬁ i [’
CH; CH;CHOH| ./ CH; OH: CH )

H H

Structure II was assigned to the second product, because it was neither I nor
1-(a-pyrryl)-1-propanol.

2. Epihalohydrins

The effect of substituting various groups in the methyl group of propylene
oxide has been widely studied (see table 4). 3-Chloro-1,2-epoxypropane (epi-
chlorohydrin), in particular, has been the focus of a great deal of investigation
and reinvestigation. Iotsitch (122) reported, in 1902, that ethylmagnesium
bromide and epichlorohydrin gave a 58 per cent yield of a chleroaleochol when
the reaction mixture was warmed on the water bath. Two possible structures were
advanced for the chloroalcohol, but no proof of structure was given.

CHzCH'—'CHz + CgHaMgBr had CHQCHCHQOH or ‘CHQ‘CHCI{202I‘L’,

L N/ L L
a o Cl C.Hs Cl OH

Kling (135, 136) found that if the reaction mixture obtained from epichloro-
hydrin and methylmagnesium iodide without heating was immediately decom-
posed with dilute acetic acid the product, in almost quantitative yields, was
glycerol chloroiodohydrin. To explain this result Kling had recourse to the work
and theory of Grignard (95, 96):

H,0

—

CH,CICH—CH. + CH;Mgl — CH,CICH—CH,
/ NS
0 0
VRN
Il\’ﬁ[g‘ CH:;

CH:CICH—CH. + MgIOH + CH;

o)

!
CH:CICHOHCH.I + MgO

Glycerol
chloroiodohydrin

The substances obtained by Iotsitch at an elevated temperature arose from
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rearrangement of the addition compound:

beal, CH,CICHOHCH,R or CH,CICHRCH,OH

CH.CICH—CH,
N S

O
AN
XMg R
However, no proof of structure of the chloroiodohydrin obtained in the reaction
in the cold was given by Kling.

At this time, Fourneau obtained a French patent on the reaction between
epichlorohydrin and the phenyl, anisyl, and benzyl Grignard reagents (160),
respectively. An identical patent was obtained at the same time in Germany
(169). It was stated that a repetition of the reaction of the aliphatic Grignard
reagents with epichlorchydrin confirmed Kling’s findings that only glycerol
chlorobromohydrin was formed. It was suggested that Iotsitch had actually
obtained the chlorobromohydrin.

The situation with the aryl Grignard reagents was entirely different. There,
in addition to the chlorobromohydrin, a large yield of a chloroaryl aleohol was
obtained. Analogous structures were assigned to the products from the phenyl,
p-anisyl, and benzyl reagents, i.e., CH,CICHArCH,OH, but no proof of struc-
ture was given.

Jotsitch extended his work with epichlorohydrin, using the Grignard reagent
from phenylacetylene (123). The products included chlorobromohydrin and a
phenylacetylene chlorohydrin as well as diphenyldiacetylene and phenylace-
tylene. The formation of these products was explained as follows:

CHQCIC\H—CHg 4+ CeHs;C=CMgBr —

/
0 CH,CICHOHCH, C=CCsH; or CH,CICHCH,OH
éECC(sHs
CH; CICHCH; Br or CHECICHBr’CHQ
OMgC=CCeH; OMgC=CC;Hs

CH, CICHOHCH,Br or CH. CICHBrCH,OH

Iotsitch did not assign a specific structure to either the chlorohydrin or the chloro-
bromohydrin. However, the course of the reaction leading to the chlorobromo-
hydrin was in error. It has been shown that RMgX participates in its reaction
upon ethylene oxides as the fragments R and MgX rather than as the RMg and
X postutated above. The dihalohydrin arises from decomposition of the addition
compound from the oxide and the Grignard reagent.

A repetition of the work with ethylmagnesium bromide (124) gave, on de-
composition with water, chlorobromohydrin, formulated as CH,BrCHOHCH.(],
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and a chloropentanol, CH,CICHOHCH,C.H; or CH.CICH(C.;H;)CH,OH. Phenyl-
magnesium bromide gave chlorobromohydrin and a phenylchloropropanol ana-
logous to the chloropentanol above. Ethylmagnesium bromide and epibromo-
hydrin gave only the dibromohydrin CH.BrCHOHCH,Br. No proofs of structure
were given for any of the products obtained.

In 1907 Henry reported (111), without giving experimental details or proof of
struceture, that ethylmagnesium bromide gave CHyCICH(C,H;)CH.OH. In the
same year Fourneau and Tiffeneau (66, 68) reported in journals the findings
which had been patented earlier. With aliphatic Grignard reagents, regardless
of changing conditions, i.e., refluxing several days with ether or with toluene,
only glycerol chlorobromohydrin was isolated when ethyl, propyl, butyl, and
amyl Grignard reagents were used.

With aromatic Grignard reagents, in addition to glycerol chlorobromohydrin,
an aromatic chlorohydrin was obtained. In this case, the structure was proved
and shown to be that of the secondary alcohol rather than the primary alcohol
set forth in the patents and earlier publications. Thus, phenylmagnesium bro-
mide gave 3-chloro-1-phenyl-2-propanol, CsH;CH.CHOHCH,CI, while p-anisyl-
magnesium bromide and benzylmagnesium chloride gave, respectively, 1-(p-
anisyl)-3-chloro-2-propanol and 1-benzyl-3-chloro-2-propanol. In all these cases,
however, some chlorobromohydrin was always formed except with the benzyl-
magnesium chloride, in which case the by-product was the dichlorohydrin.

No further work was done on the problem until 1923 when Delaby (51, 52)
reported that ethylmagnesium bromide and ethylglycerol epibromohydrin,
C.H;CH—CHCH-Br, reacted to form 1,3-dibromo-2-pentanol in 40 per cent

N S
0
yield, while phenylmagnesium bromide gave 50 per cent of the dibromohydrin as
well as a phenylbromohydrin. This corresponded to the results of Kling and of
Fourneau and Tiffeneau.

The problem was further investigated in 1929 by Koelsch and McElvain
(138), who obtained a chloroamyl alcohol as well as glycerol chlorobromohydrin
when ethylmagnesium bromide was added to epichlorohydrin. When the rea-
gents were allowed to stand at room temperature before hydrolysis, a 19 per
cent yield of the chloropentanol was obtained and the remainder of the product
was glycerol chlorobromohydrin (68 per cent). If the ether was replaced by
benzene, only a small amount of chloroalecohol was obtained. The chloroalcchol
was proved to be 1-chloro-2-pentanol. These results indicated that Iotsitch’s
observations were correct rather than those of Fourneau and Tiffeneau.

In a later communication, Koelsch and McElvain (139) reported the reaction
of higher alkyl and amyl Grignard reagents with epichlorohydrin and found
that when the Grignard reagent was added to a solution of an equivalent amount
of epichlorohydrin, refluxed, and then allowed to stand with glycerol dihalohy-
drin at room temperature for 24 hr. before decomposttion, a chlorohydrin was
obtained:

CH,CICH—CH, + RMgX — CH,CICHOHCH,R + CH.CICHOHCH,X
0
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The chlorohydrin was formed when the Grignard reagent was derived from pri-
mary and secondary (except isopropyl) alkyl halides and aromatic halides.

Ribas and Tapia (165) found that when zine chloride was added to a solution
of phenylmagnesium bromide and the resulting precipitate was refluxed with
epichlorohydrin, the product on hydrolysis contained glycerol dichlorohydrin
as well as chlorobromohydrin. Reactions of epichlorohydrin with the etherates
of magnesium bromide and zinc chloride also gave dihalohydrins.

In 1932, Ribas and Tapia (167) made an attempt to reconcile the results of
Koelsch and McElvain with those of Fourneau and Tiffeneau. It was stated
that the former added the RMgX to epichlorohydrin so that RMgX was in the
presence of an excess of epichlorohydrin, making possible the reaction of R,Mg,
while the latter carried out the reverse addition. Since this was equivalent to
carrying out the reaction with different proportions of reactants, Ribas and
Tapia repeated Fourneau and Tiffeneau’s method of adding the oxide to the
Grignard reagent but utilized two moles of oxide per mole of reagent. After
refluxing and decomposing the addition product there was obtained 87 per cent
of glycerol chlorobromohydrin and 49 per cent of 1-chloro-2-pentanol, the yield
being calculated considering one mole of oxide reacting with MgBr, and the
other reacting with R,Mg. On this basis the yield obtained by Koelsch and Mec-
Elvain is raised to 36.7 per cent. It was further observed that with epichloro-
hydrin and phenylmagnesium bromide in a 2:1 ratio, 87 per cent of the
chlorobromohydrin was obtained along with 67.7 per cent of 1-chloro-3-
phenyl-2-propanol. With a 1:1 ratio of reactants the yields were one-half those in
the other ease.

Magrane and Cottle (146) obtained a 70.83 per cent yield of 1-chloro-2-pen-
tanol from epichlorohydrin and diethylmagnesium (2:1). When epichlorohydrin
was added to ethylmagnesium bromide (1:1) and the product was hydrolyzed
immediately upon coming to room temperature, there was obtained 13 per cent
of chloropentanol and 61 per cent of the bromochlorohydrin. However, if the
reaction mixture was allowed to stand (7 days and 24 days) before hydrolysis,
a fraction containing cyclopropanol and a tar were obtained. If the ethyl Grig-
nard reagent was treated with excess epichlorohydrin, refluxed for 2 hr., and
hydrolysis carried out immediately, the yield of chloropentanol was increased
to 35 per cent and that of the bromochlorohydrin to 78 per cent.

Stahl and Cottle (193) showed that epichlorohydrin and ethylmagnesium
bromide (1:2) gave 6 per cent cyclopropanol but if the Grignard reagent was
made from distilled and sublimed magnesium no cyclopropanol was obtained.
However, if a 1:1 ratio of epichlorohydrin and magnesium bromide with 0.0014
mole ferric chloride was used, a 3143 per cent yield of cyclopropanol was ob-
tained.

In an interesting disclosure Heilbron and Jones (233) have shown that the
reaction between epichlorohydrin and sodium derivatives of acetylenes gives
rise to primary ene-yne-ols.
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CH.CICH—CH; + RC=CNa — RC=CCH=CHCH,0OH
/
O
R = H, CsH;, and n-C.Hs,.

The reaction with aryl Grignard reagents has been used for the synthesis of
chlorohydrins containing an aromatic nucleus, including the naphthalene series
{69) as well as the benzene series (69, 155). However, an anomalous result was
reported by Tapia and Hernandez (198) in the reaction of epichlorohydrin and
phenylmagnesium bromide wherein the ether was replaced by toluene before
hydrolysis. The products obtained were glycerol chlorobromohydrin and, in-
stead of 1-chloro-3-phenyl-2-propanol, methylstilbene, CsH;CH=C(CH,)C:Hs.
The identity of the latter was proven by synthesis and mixed melting point.

The effect of further substitution of the hydrogen in the methyl group of
propylene oxide with chlorine as well as the effect of temperature is seen in the
work of Gilman and Abbott (76) on 3,3,3-trichloro-1,2-epoxypropane. Thus,
when the oxide was added to methylmagnesium iodide at —15°C. and the mix-
ture was allowed to come to room temperature and stirred for 30 min. before
hydrolysis, the product was the trichloroiodohydrin (I), while with methyllith-
ium at —75°C., warmed to room temperature before hydrolysis, the product
was 1,1, 1-trichloro-2-butanol (II).

CH,MgI at —15°C.

warm to room temperature

- CCL3,CHOHCH.I

I
CCl (if{—/ofh (59 per cent)
N warm to room temperature
CH,Li at —75°C. CCISCHOI?CHZCHS

(85 per cent)
The only use of a fluorine-containing compound in the reaction of Grignard

reagents with epoxides was recently reported by Szmant et al. (197). m-(Tri-
fluoromethyl)phenylmagnesium bromide with epichlorohydrin gave 3-chloro-

MgBr 7~ NCH; CHOHCH, Cl
+ CH,—CHCH;Cl — 1
NS

{
XN

Cry O CF,
1-(3-trifluoromethylphenyl)-2-propanol. No synthetic evidence was presented
for the structure assigned to the product; its structure was based upon analogy
with othér ring-opening reactions of epichlorohydrin:
Na*t

—

CH,—CHCH.Cl + CH.=CHCH,OH
NS

O CH;=CHCH,OCH,CHOHCH.Cl (196)
C{L—/CHCHzCl 4+ NaSR —— RSCH,CHOHCH,CI 77
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C\I\{r}CHCHzCl + HOCH,CH,0H ——
HOCH,CH,0CH, CHOHCH,Cl (134)

It should be pointed out that the lack of synthetic evidence leaves the structure
of the product in doubt, since the nature of the reactions used for comparison
is quite different.

3. Other 1-substituted ethylene oxides

Replacement of a hydrogen of the methyl group of propylene oxide or of the
chlorine of epichlorohydrin with alkyl, alkoxy, or aryloxy groups gives products
resulting from ring cleavage to the secondary alcohol (see table 5). Thus, 1,2-
epoxybutane (1,2-butylene oxide) and the isopropyl Grignard reagent give
5-methyl-3-hexanol by cleavage of the oxirane ring at the terminal carbon atom
(144).

5-Methyl-3-hexanol

Analogous carbinols are obtained from n-propyl and phenyl Grignard reagents
(144). 1,2-Epoxy-3-methylbutane (isoamylene oxide) and ethylmagnesium bro-
mide give 2-methyl-3-hexanol (147) and analogous products are formed from
isopropyl and n-propyl Grignard reagents.

From 1,2-epoxy-3-methoxypropane and phenylmagnesium bromide, Ribas
(164) obtained 3-methoxy-1-phenyl-2-propanol and 1-bromo-3-methoxy-2-pro-
panol. The yield of alcohol was increased when the ether was replaced with
benzene or toluene. Under these conditions 1-chloro-3-methoxy-2-propanol and
the phenyl Grignard reagent yield 90 per cent of the methoxyphenylpropanol.
Analogous results were obtained from the oxide and ethylmagnesium bromide
(167). Boyd and Vineall (31) similarly obtained 3-phenoxy-1-phenyl-2-prepanol
from phenylmagnesium bromide and 1,2-epoxy-3-phenoxypropane:

CQH{)OCHZ Cs—"/CHQ + CsHsl\IgBr —> CGH5OCH2 CHOHCH2 Cer,
3-Phenoxy-1-phenyl-2-propanol

Heating was found to be a critical factor, as the yield of alcohol was reduced and
1-bromo-3-phenoxy-2-propanol was obtained if the addition compound was not
heated before decomposition. Therefore, the influence of a methyl, ethyl, alkoxy,
or phenoxy group attached to propylene oxide is not very pronounced, since
these oxides react by simple ring opening.

Recently, Semeniuk and Jenkins (184) investigated the reaction between
3,4-epoxy-1-butene (butadiene monoxide) and various Grignard reagents. From
acid hydrolysis of the addition product of the oxide and methylmagnesium iodide
they obtained 2-penten-1-ol. The product was assumed to be as indicated with-
out degradative or synthetic proof but solely on the comparison of its boiling
point with that of the known carbinol as reported in the literature. The forma-
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tion of the product was explained as follows:

CH,—CHCH—CH, + CH;Mgl —22. CH,—CHCHOHCH,CH,
AN

Here normal ring cleavage, as in the case of the analogous saturated compound
(144), has occurred. However, in the acid-catalyzed hydrolysis, the secondary
alcohol is claimed to undergo an allylic rearrangement to the g-substituted allyl
alcohol:

+

CH,—CH—CHCH,CH, —% , CH,0HCH=CHCH,CH,

— OH 2-Penten-1-o0l

The “1,4-addition” of the Grignard reagent to 3,4-epoxy-1-butene is also ad-
vanced as a possible reaction mechanism. On the basis of the general formula
evolved for the reaction product from the methyl Grignard reagent, analogous
structures were proposed for the reaction products from cyclohexylmagnesium
chloride, phenyl- and 1-naphthylmagnesium bromides, and o-ethoxyphenylmag-
nesium chloride (from o-chlorophenetole).

However, it has been shown that the major product of the reaction of 3,4-
epoxy-l-butene with 1-naphthylmagnesium bromide is actually 1-(1-naphthyl)-
3-buten-2-ol (75). The structure was proved by degradation to the corresponding
hydrocarbon and also by comparison of the semicarbazone of the ketone ob-
tained in the degradation and that prepared from the same ketone resulting from
an unequivocal synthesis. The physical constants of the butenol obtained in this
work and that reported by Semeniuk and Jenkins are in sufficient agreement to
justify the assumption that they are identical. With thienylmagnesium bromide
the major product has been shown to result from “1,4-addition,” but with a-
thienylsodium the product is analogous to that obtained with a-naphthylmagne-
sium bromide (80).

Additional work still in progress has shown that the chief product of the reac-
tion of methylmagnesium bromide and 3,4-epoxy-1-butene is indeed 2-penten-
1-ol. However, 2-methyl-3-buten-1-ol has also been separated from the reaction
products (173). The physical constants agree with those reported (171) and its
3,5-dinitrobenzoate did not depress the melting point of the 3,5-dinitrobenzoate
of the previously synthesized alcohol. In view of the disparity in size of the two
hydrocarbon moieties of the Grignard reagents employed, it appears that the
size of the Grignard reagent must be considered in any prediction of the course
of the reaction.

Diethylmagnesium and 3,4-epoxy-1-butene react to give a mixture of alcohols
in 70 per cent yield. Fractionation separates only two products: namely, 2-hexen-
1-0l (26 per cent) and 2-ethyl-3-buten-1-ol (74 per cent) (71). With ethylmagne-
sium bromide the overall yield of alcohols was ca. 75 per cent. 2-Hexen-1-ol
(30 per cent), 2-ethyl-3-buten-1-0l (35 per cent), and 1-hexen-4-ol (22 per cent)
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were identified in the product mixture. The latter compound can be considered

as derived from vinylacetaldehyde formed upon rearrangement of the oxide.

Since in all the reactions carried out by Becker and coworkers neutralized am-

monium chloride solutions had been employed to hydrolyze the Grignard ad-
CH,;CH,CH=CHCH.OH

r 2-Penten-1-ol

‘> CH=CHCHCH.0H |,  (173)
CH,
3-Methyl-1-buten-4-ol

CH;MgBr

— CH,CH,CH, CH—CHCH, OH

2-Hexen-1-ol

'— CH,—CHCHCH,0H
C.H:MgBr C.H

—=—"—1  2.Ethyl-3-buten-1-ol

/ ' CH,—CHCH, CHOHCH, CH,

CH2=CH(2\I\{———/CH2 1-Hexen-4-ol
o

% : \ (Csz) Mg

J
— CH,CH,CH, CH=CHCH,; OH
2-Hexen-1-0l
CH,=CHCHCH,0H L (71)
C, H;
2-Ethyl-3-buten-1-0l

/

o MgBr ’
]\S/CI'Iz CH=CHCH,0OH (80)
4-Thienyl-2-huten-1-ol

CHoCHOHCH=CH2 (75)

a-C H;MgBr (\I
i ‘
N\

4-(a-Naphthyl)-1-buten-3-o!

ducts, the alcohols were probably formed as such without acid-catalyzed rear-
rangements during hydrolysis.

The substitution of an areomatic nucleus, such as a phenyl group, into the
molecule of ethylene oxide results in anomalous behavior with the Grignard
reagent. Phenylethylene oxide (styrene oxide) was reported by Fourneau and
Tiffeneau (67), in 1907, to yield, with the organomagnesium compound, the
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aleohol CsH;CHOHCIH.R. However, one year later they reported (206) that
the oxide actually reacted as if rearrangement to the corresponding aldehyde
had taken place before addition of the Grignard reagent to form the correspond-
ing benzylearbinol. Thus, by the action of methyl- and ethylmagnesium bro-
mide, respectively, there are formed 1-phenyl-2-propanol (I) and 1-phenyl-2-
butanol (II):

CeH;CH—CH, — [CoH;CH,CHO] —SHMEBr o p cH,CHOHCH,
N S I
0 |
“~ CiLMeBr o H,CH,CHOHC,H;
II

Kharasch and Clapp (133) found that the order of addition of reagents deter-
mines the nature of the products formed when styrene oxide reacts with an
arylmagnesium halide. Addition of phenylmagnesium bromide to the oxide gives
1,2-diphenylethanol, whereas the addition of the oxide to the Grignard reagent
gives 2, 2-diphenylethanol. In each case the presence of small quantities of the
isomeric alcohol was detected:

i o, cricon
CsH;CH—CH, — C;H;MgBr g 8¢ 2,2-Diphenylethanol
ANV4

. Grignard reagent
added to oxide (CsH; CH, CHO]

!
CsH; CH; CHOHC:H;
1,2-Diphenylethanol

While 2,2-diphenylethanol distills unchanged at reduced pressure, 1,2-diphenyl-
ethanol decomposes into stilbene and water. As in the case of the phenyl Grig-
nard reagent, addition of p-anisylmagnesium bromide to styrene oxide gives
1-(p-anisyl)-2-phenylethylene, resulting from the dehydration of the secondary
aleohol, while reverse addition gives 2-(p-anisyl)-2-phenylethanol.

Golumbic and Cottle (94) found that styrene oxide and methylmagnesium
iodide give 1-phenyl-2-propanol as does 2-iodo-2-phenylethanol with the methyl
Grignard reagent. If the oxide is added to magnesium iodide before treatment
with the Grignard reagent, the yield of alcohol is decreased from 31 per cent to
15 per cent. The alcohol is obtained in substantially the same yield from the
oxide whether the ether is distilled from the reaction mixture or not.

With dimethylmagnesium, however, the product is 2-phenyl-1-propanol:

y CHMel | ,H,CH, CHOHCH,
CsH; CH—CH, 1-Phenyl-2-propanol
N

AN .
iy CeHs CHCH:OH
CH;,

2-Phenyl-1-propanol
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Phenyllithium gives 2-4 per cent of stilbene and 70-72 per cent of phenylbenzyl-
carbinol, indicating terminal addition only (48). Here it is observed that the
absence of the magnesium halide which is present in an equilibrium mixture
of the Grignard reagent has caused cleavage of the ring to occur without iso-
merization of the oxide to the aldehyde. The fact that it is actually the presence
of the magnesium halide which causes isomerization is indicated by the findings
of Tiffeneau and Tchoubar (209) that styrene oxide treated in the cold with the
etherate of magnesium bromide or iodide and then hydrolyzed gives 2-bromo-2-
phenylethanol or the 2-iodo compound. However, if the reaction mixture is
heated, phenylacetaldehyde is obtained. This isomerization is also reported to
occur on heating with zine or lead chloride or over powdered alumina and in some
cases by simple distillation (30).

An instance in which a 1,2-epoxy compound was assumed to react through
isomerization to a ketone was postulated by Grignard. The reaction of glycerol
a-monochlorochydrin with a Grignard reagent was found to give, in addition to
the normal glycol RCH.CHOHCH,OH (99), formed by a Wurtz-type coupling
reaction of the Grignard reagent, the glycol of the structure CH;C(R)(OH)CH.,OH
(97, 98). The mechanism suggested involves oxide formation with subsequent
formation of a ketone, which then reacts normally (100):

CH,CICHCH,OH + 2RMgBr —— CHCICHCH.0MgBr ——

OH éMgBr
CHz—CHCH‘gO:\IgBr — CHSCCHzol\"IgBr R\MgBi_)
N S I
O
R R
\
CHgCICHQOMgBr O oH,CCH,0H
|
OMgBr O™

This mechanism was justified by the isolation of acetol, CH;COCH,0H, by
heating CH.CICH(OMgBr)CH,OMgBr, formed by treating glycerol monochloro-

hydrin with exactly two moles of ethylmagnesium bromide (98, 101). Eariier

OH
|

Kling had shown that while acetol in solution reacted as CH(;C—C'IIQ, anhy-
o'

drous acetol in ether reacts with Grighard reagents as a ketone, CH;COCH,0OH,

to yield CH;C(R)(OH)CH.OH (135, 137).

c. 1,1-DISUBSTITUTED ETHYLENE OXIDES (SEE TABLE 6)

L. Henry (107, 108), in 1907, obtained an 80 per cent yvield of 3-methyl-2-
butanol by the action of methylmagnesium bromide on 1,2-epoxy-2-methyl-
propane (isobutylene oxide). The same product is formed by the action of the
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methyl Grignard reagent on isobutyraldehyde. Therefore an initial isomeriza-
tion of the oxide to isobutyraldehyde was postulated:

CH;MgBr
e

(CH;).C CH; — [(CH;);CHCHO] (CH4):CHCHOHCH;

0]
Isobutylene oxide Isobutyraldehyde 3-Methyl-2-butanol
This alcohol had earlier been obtained by the action of dimethylzine on bromo-
acetyl bromide (33, 226) and chloroacetyl chloride (27, 28). Kaschirsky (127)

had postulated the intermediate formation of an oxide according to the following
scheme:

CH,BrCOBr + Zn(CH;), — [CH,BrCOCH, —Z(CH):,

.
r CH,—C—CHj R [(CHs)zc\ /CHiI
| 0

—

Zn(CHz)z
—_—

— [(CH;);CHCHO] (CH;).CHCHOHCH,

3-Methyl-2-butanol

An analogous alcohol was reported by the action of diethylzine on bromoacetyl
bromide (226). On the basis of his work with isobutylene oxide and isobutyralde-
hyde and methylmagnesium bromide, Henry (107) advanced the same scheme
for the organozinc reactions as well as that of chloroacetyl chloride and methyl-
magnesium bromide.

3-Methyl-2-butanol is obtained by the reaction of the methyl Grignard
reagent (68, 107) upon chloroacetone, along with the chlorohydrin CH,Cl-
C(CH;).0H. The proposed mechanism is analogous to that given for the acyl
halide reaction.

I
CHgg}JCHgCI + CH:MgBr — | CH,—C—CH;[Cl | —

0

g
CH;—C——-CH, | — [(CH;);CHCHO]
0

The main product of the reaction with chloroacetone is the halohydrin and the
secondary product is the carbinol (64). In a similar manner, 1-chloro-2-methyl-2-
butanol was prepared by the action of ethylmagnesium bromide on chloroacetone
(67). The secondary product was 4-methyl-3-hexanol, which probably arose

_CHMgBr, - 0H,), CHCHOHCH;

3-Methyl-2-butanol
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from 1,2-epoxy-2-methylbutane, since this forms the same alcohol with ethyl-
magnesium bromide as does 2-methylbutyraldehyde.

CH,CICOCH;
CH; CH,
i C,H, MgBr |
C:H;C CH, C.;H;CHCHOHC.H;
NS 4-Methyl-3-hexanol
o
C,H; CHCHO

1-Chloro-2-ethyl-2-butanol, which gives an oxide, 1,2-epoxy-2-ethylbutane,
is obtained from ethylmagnesium bromide and ethyl chloroacetate or 1-chloro-2-
butanone, from which it is isolated along with 3-ethyl-4-hexanol:

CH;CICOOC,H; + C,;H;MgBr ——
0 3igBr ]

[
CH,Cl—C—0C;H; | — [CH:CICOC,H;]

Csz
/
CH;CICOC,H; + //
C:H;MgBr —— b
?BIgBr ?H
CHz CI(FCZHF: —— CH2 CICC2H5
L CH, C.Hs
1-Chloro-2-ethyl-2-butanol
|
i
0
VAN C:H;CHOHCH(C:H;),
CH,—C(C:H;).
3-Ethyl-4-hexanol
l )
! |
[O=({Z‘CH(CZH5)2:| [CQHsCHCH(CZH5>2]
—_
H OMgBr

Norton and Hass (156) obtained 2-methyl-3-pentanol from 1,2-epoxy-2-
methylpropane and ethylmagnesium bromide. However, the oxide and diethyl-
magnesium gave 2-methyl-2-pentanol. Here again it is seen that the Grignard
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reagent causes isomerization, while the dialkylmagnesium gives a product by
ring cleavage without isomerization.

(CH;).C—CH, 2-Methyl-3-pentanol
N NCHMe (o), C(OH)OH, C. Hy
2-Methyl-2-pentanol

In an extensive paper Huston and Brault (119) have reported on the reaction
between isobutylene oxide and Grignard reagents and also with the correspond-
ing dialkylmagnesiums. The results are summarized in the following statements:
(1) A single product, the tertiary alcohol resulting by the expected ring opening
(156), is formed with dimethyl-, diethyl-, di-n-propyl, di-n-butyl-, and di-tert-
butylmagnesium bromides.

(CH3)QC\—/CH2 + R;Mg — (CH;);COHCH;R

(2) Upon treating the oxide with a one-half molecular equivalent of alkylmag-
nesium bromide, the major product is 1-bromo-2-methyl-2-propanol. Smaller
quantities of alkylisopropylcarbinol, dimethyl(alkylmethyl)carbinol, and a trimer
of isobutyraldehyde are formed.

2(CH3)2C\—/CH2 4+ RMgBr — (CH;);COHCH,Br

0]
+ (CH,).CHCHOHR + (CH;);COHCH:.R + [(CH;).CHCHO];
R = Csz or n-03H7.
(3) In the 1:1 proportions of oxide to Grignard reagent the bromohydrin and
the secondary alcohol are formed. An interesting point in this work was the

(CHg)Q({"‘CHQ + RMgBr — (CH;);COHCH.Br 4 (CH;).CHCHOHR
/

R = CgHs or n-CzH7.

isolation of the trimer of isobutyraldehyde from the product mixture, analogous
to the earlier reported isolation of acetaldehyde resins from the reaction of
ethylene oxide (46). (4) With two molecular equivalents of Grignard reagent
only the bromohydrin and the secondary alcohol are formed. Only bromohydrin
is obtained with ferf-butylmagnesium bromide.

(CH3)20\~/CH2 + 2RMgX — (CH,);COHCH:Br 4+ (CH;);CHCHOHR

R = CH,«;, C2I’I5, n-c.g}{';, SGC-C;;I{'], or n-C4Hg.
A similar rearrangement was observed by Tiffeneau (201, 204) in the reaction
of 1,2-epoxy-2-phenylpropane (a-methylstyrene oxide) with phenylmagnesium
bromide. A secondary alcohol was obtained by initial isomerization of the oxide
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to the aldehyde:

CH;, i’ CH; CH;

CsH;C—CH: — | CsH;CHCHO | — C5;H; CHCHOHC;H;
N/ 1,2-Diphenyl-1-propanol
O
This isomerization had been observed to occur by atmospheric distillation of the
oxide (65, 201) and the same alcohol was obtained by treating 2-phenylpropanal
with the phenyl Grignard reagent (204). Khaletzkii (132) observed the same
initial isomerization to the aldehyde in the reaction with feri-butylmagnesium
chloride.
A different situation occurs in the reaction of phenylmagnesium bromide with

chloroacetone. Here the product obtained is 1,2-diphenyl-1-propanol, presum-
ably going through the oxide intermediate (203):

1
1

|| OMgBr 0
BN /N
Chloroacetone CeHs CoH; J
CH;

CH, !
CsH; CHCHO 1,2-Diphenyl-1-propanol
This is in accord with the results obtained with chloroacetone and the methyl
and ethyl Grignard reagents previously mentioned. However, it was found that
if CH,C(R)(OMgBr)CH.CI, obtained by the addition of one mole of Grignard
reagent to chloroacetone, is heated there is loss of MgBrCl, probably with inter-

CH3 C{)HS
| i
mediate formation of RC—CHo,, and isolation of RCHCHO, where R = ethyl,
\
)

amy!, or benzyl. However, where R is phenyl the ketone CH;COCH,CsH; is
isolated instead of the aldehyde (200, 202). This rearrangement can be shown to
proceed through an oxonium intermediate, since it is known that with either
mercuric oxide or silver oxide 1-iodo-2-phenyl-2-propanol rearranges to phenyl-
acetone (201).

H

OH O+
| A2:0 [\ OH

| ? CH;C—CH.C;H;
CesH; CsHs
OMgBr

CH; CCH1 _MeBl o 0H,COCH, CsH
Phenylacetone

CeHs
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A 1,1-disubstituted oxide in which the carbon atom concerned is part of a ring
is seen in methylenecyclohexane oxide. Here the action of magnesium bromide
in the cold gives the halohydrin, while heating this product or the oxide with
magnesium bromide or zine chloride gives hexahydrobenzaldehyde as the sole
product (209, 210, 211).

CH;0OH
MgBrs, cold__)
/ Br
ce,
A
\ i NIgBI‘z
O lheat
AN CHO
. MgBr, heaL (
H

Hexahydrobenzaldehyde

Although no Grignard reactions with this oxide were reported, it is probable that
the product would arise through the intermediate aldehyde except in the case
where a dialkylmagnesium would be expected to open the ring without initial
isomerization.

1,1-Diphenylethylene oxide and phenyllithium give a combined 48-67 per
cent yield of triphenylethylene and diphenylbenzylearbinol, indicating only
terminal addition in this instance (48).

III. 2,3-Epoxy CoOMPOUNDS

A. 1,2-DISUBSTITUTED ETHYLENE OXIDES (SEE TABLE 6)

Henry (110), in 1907, obtained the tertiary alcoho! 2-methyl-2-butanol by the
action of methylmagnesium bromide on 2,3-epoxybutane (2,3-butylene oxide).
Since the same alcohol results from the action of the methyl Grignard reagent
upon 2-butanone, while the oxide as such would give, by ring cleavage, 3-methyl-
2-butanol, it was assumed that the magnesium compound caused the oxide to
isomerize into the ketone, which then reacted normally with the Grignard
reagent:

CHsMgBL

Cch\H——/CHCHg — [CH;COCH,CHj] (CH;). COHCH,CH;

2,3-Epoxybutane 2-Methyl-2-butanol

In addition to the tertiary alcohol (44 per cent), Cottle and Powell (47) ob-
tained the secondary alcohol (7 per cent) from this oxide and methylmagnesium
bromide. With dimethylmagnesium the oxide gives 3-methyl-2-butanol with no
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isomerization, while with magnesium bromide alone the product is 2-butanone,
indicating the source of the tertiary alcohol in the reaction of the Grignard
reagent. Similarly, diethylmagnesium gives the secondary alcohol 3-methyl-2-
pentanol, while the ethyl Grignard reagent gives both a secondary alcohol and
a tertiary alecohol, 3-methyl-3-pentanol. The yields of secondary and tertiary
alcohols appeared dependent upon the halide used for the Grignard reagent.
While the yield of tertiary alcohol was fairly constant (27-31 per cent) regardless
of the halide, the amount of secondary alcohol varied greatly: iodide, trace;
bromide, 20 per cent; chloride, 27 per cent.

3-Bromo-2-butanol with ethylmagnesium bromide gave a 26 per cent yield
of the tertiary alcohol 3-methyl-3-pentanol, through the oxide and ketone,
along with a small amount of 2-butanone. A hexene fraction was also isolated
(94). It was identified by reaction with bromine and potassium permanganate
and by its boiling point, 69-70°C., as 3-methyl-2-pentene (45).

Norton and Hass (156) examined the behavior of cis- and trans-2,3-epoxy-
butanes with the Grignard reagent. While the cis-epoxide gives a 60 per cent
vield of a racemic mixture of the secondary alcohol 3-methyl-2-pentanol, with
diethylmagnesium the trans-epoxide gives only a 21.8 per cent yield of a different
racemic mixture. With ethylmagnesium bromide, wherein initial isomerization
to the ketone apparently occurs, the situation is reversed. Thus, while the cis-
epoxide gives a 17.5 per cent yield of the tertiary alcohol 3-methyl-3-pentanol,
the {rans-epoxide gives a 49 per cent yield.

Kayser (129, 130, 131) also worked with isomeric oxides. The ¢is and trans
isomers of stilbene oxide (isostilbene and stilbene oxide, respectively) were
treated with methyl, ethyl, and benzyl Grignard reagents. The products from
the reaction of the ethyl and benzyl reagents were the result of normal ring
cleavage rather than initial isomerization to the ketone, as in 2,3-epoxybutane.
Thus, ethylmagnesium bromide and #rans-stilbene oxide give a racemic mixture
of the d- and I-forms of 8-1,2-diphenyl-1-butanol, while with isostilbene oxide a
different racemic mixture of the d- and I-forms of a-1,2-diphenyl-1-butanol is
obtained:

C¢H;CH
|
/O + CgHsl\IgBr bl CsH5QHCHCeH5
| Lo
HCCeH5 HO CZHS
dl-8-1,2-Diphenyl-1-butanol
CeH; QH

i
i

| O + 02H51\/IgBI‘ — CeHs ‘CHQHCG H5
! i |
C:H;CH HO Ce¢H;
dl-a-1,2-Diphenyl-1-butanol

Similarly, benzylmagnesium chloride gives dI-8-1,2,3-triphenyl-1-propanol with
trans-stilbene oxide and dl-a-1,2,3-triphenyl-1-propanol with isostilbene oxide.
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While methylmagnesium bromide gives analogous 1,2-diphenylpropanols,
methylmagnesium iodide gives complex mixtures of produets.

The variety of products made possible by the isomerization of epoxy com-
pounds is noted in the work of Tiffeneau and Tchoubar (209). 2,3-Epoxypentane
and the etherate of magnesium bromide in the cold, on hydrolysis, give a mixture
of bromohydrins.

CH,CH—CHCH,CH, _MsBn

\ / cold
O
CH; CH—CHCH.CH, + CH;CH—CHCH.CH,
L N
Br OH OH Br
(predominant)

Under the influence of heat a mixture of ketones is obtained.

CH, CH—CHCH, CH, —11%1—» CH,CH,CCH,CH; + CH,CCH,CH,CH,
N S 10t | |
O
(predominant)

It would be expected that the reaction with the Grignard reagent would pro-
ceed through the ketone. However, as is shown in the next section, this does not
follow necessarily. While the reaction with the halide may be indicative of the
behavior with the Grignard reagent, it may at the same time bear no relation-
ship to the latter.

Although it is not within the scope of this paper to consider the rearrange-
ments brought about by magnesium bromide other than where they are con-
nected with the behavior of oxides with Grignard reagents, certain rearrange-
ments are worthy of mention and even more worthy of experimental attention
as regards their behavior with Grignard reagents.

Among these interesting rearrangements are those involving shifting of groups.
Thus, the migration of a vinyl group is postulated in the observed rearrange-
ment of 2,3-epoxy-2-methyl-4-pentene to 2,2-dimethyl-3-buten-1-ol in the pres-
ence of magnesium bromide etherate (54):

CH, CH=CH,
S — o
CH,—C——CH—CH=CH, | ——— | CH,C¢—(—0-
\Q / CH J
0 CH,
7 !
?H;
(CH,),C—CHCH=CH, MCH2=CH?CHO H |
/s

O CH,
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T
CH;CH,CCHO

j[O]

CH, CH,

z !
CH, CH,CCl —-‘g——» CH; CH; CCOOH
| 1
CH, CH,
2,2-Dimethylbutanoic acid

»

1o | re
Q

The structure of the product was established by saturating the double bond and
oxidizing to the acid. This acid proved to be identical with 2,2-dimethylbuta-
noic acid.

A similar migration may be responsible for the conversion of 1,2-epoxy-1-
phenyl-3-butene to a-phenylcrotonaldehyde in the presence of magnesium bro-
mide (55):

SN .
C.H,CH—CHCH=CH, MgBr;

etherate

CH,CH=CCHO
CeH,

Here the migration of the vinyl group (or the phenyl group) is followed by an
allylic shift of the double bond.

The rearrangement of substituted styrene oxides presents interesting facets.
B-Cyclohexenylstyrene oxide rearranges to an aldehyde (I), while g-cyclohexyl-
styrene oxide rearranges to a ketone (II) (207).

m——CH—CH B, —CHCHO
v C

CeH; CH—CHC.H,, —M&Br

0]

CsH5CH2 COCGHH
II

Further rearrangements of ethylene oxides are indicated in the recent review by
Winstein and Henderson (227).

Only one report of the reaction of sugar epoxides with the Grignard reagent
has been published (154). 4,6-Dimethyl-a-methyl-2,3-anhydroalloside (A) and
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CHZOCHg O0————CH,
—0 i —o.
H H N H
e 2 CKE D
H . H H
CH,0 \ /" OCH; CH;CH—O ] |/ OCH,
\ / N
0
A B
! !
CH,0CH, O0——CH,
: \
—0 —0
H ~ . H H /| O H
K/H AN //H \
I H | 1 H
CH,;0 \W» ,~~ OCH; C¢H; CH—O \] ' /" OCH,
— .
H OHCH, H OH

4 ,6-benzylidene-a-methyl-2,3-anhydroalloside (B) both give mainly analogous
solid 3-iodo-3-deoxyglucosides. In addition, 3-acetyl-4,6-dimethyl-a-methyl-2-

CHgOCHs ’CHZOCHs
H /\ O m H /?{ O\ H
'\ H Iy K CH, H }
CH,0 \\r ‘ / OCH, \, ] /" OCH;
OH H H OH
C D

deoxyaltroside was isolated, indicating the formation of the corresponding hy-
droxy compound (C). 4,6-Dimethyl-a-methyl-3-methyl-3-deoxyglucoside (D)
was tentatively identified among the products at the same time.

B. 1,1,2-TRISUBSTITUTED ETHYLENE OXIDES (SEE TABLE 6)

TFourneau and Tiffeneau (68) found that 3-chloro-2-methyl-2-butanol, which
forms the oxide 2,3-epoxy-2-methylbutane,
(CHs),C—CHCHj,
\ /
0]

_ is obtained from 3-chloro-2-butanone and methylmagnesium bromide, along with
a tertiary alcohol. Similarly, 2-chloro-3-methyl-3-pentanol, forming 2,3-epoxy-3-

methylpentane,
CH;

|
|

CH,CH,C—CHCH;
\ /

is obtained from 3-chloro-2-butanone and ethylmagnesium bromide, with a ter-
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tiary alcohol as an attendant product. Also, 2-chloro-3-ethyl-3-pentanol, form-
ing 2,3-epoxy-3-ethylpentane,
(CH, CHg)zC\—/CHCHa

obtained from ethylmagnesium bromide and ethyl «-chloropropionate, gives a
tertiary alcohol. The tertiary alcohols obtained in this series were not identified
by physical properties, derivatives, or comparison with unequivocally prepared
alcohols.

Henry (106, 112) found that 2,3-epoxy-2-methylbutane readily forms 2,3-
dimethyl-2-butanol by reaction with methylmagnesium bromide in the usual
way. This result, however, can be interpreted either by ring cleavage or by iso-
merization to the ketone, depending on the nature of the Grignard reagent used:

<CH3>2C\—§JHCH3 _ CHMgBr <CH3>2C’CH<CH3>2 (a)

OH
2,3-Dimethyl-2-butanol

(CH3>2C\—/(3HCH3 — [(CH;);CHCOCH,] —H:MeBr_

(CH3); CHC(CH3;), (b)

OH
2,3-Dimethyl-2-butanol
In reviewing this work of Henry, Runge (174) stated that the ring is cleaved as
in reaction (a). The fact that this was probably an instance of isomerization to a
ketone, as in (b), was shown by Norton and Hass (156) when they obtained 2,3-
dimethyl-3-pentanol from the oxide and ethylmagnesium bromide. Ring cleav-
age would have given 2,3-dimethyl-2-pentanol or 3,3-dimethyl-2-pentanol:

Csz
isomerization |
S (CHy),CHCOCH; or (CthCH(PCHg
/ OH
3-Methyl- 2,3-Dimethvl-
(CH,). C\——/CHCHS 2-butanone 3-pentanol
N C.H; OH
N | j
N, (CHy):CCHCH; or (CH):CCHCH;
ring cleavage ; \
OH C.H;
2,3-Dimethyl-2- 3,3-Dimethyl-2-
pentanol pentanol

With diethylmagnesium the product was 2,3-dimethyl-2-pentanol, formed by
ring cleavage, the secondary valence linkage breaking rather than the tertiary.
Henry (105) found that when ethyl a-chloroisobutyrate was treated with
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methylmagnesium bromide, pentamethylethanol or 2,3,3-trimethyl-2-butanol
was formed:

(CH,);CCICOOC, H, —CH:MeBr

— (CH3)3CC(CH3)2OH
2,3,3-Trimethyl-2-butanol

On this basis he expected that under the same conditions «-chloroisobutyralde-
hyde would give pinacolyl alcohol:

(CHy),cClcHO —SHEMeBr | yy. COH(CH,)0H

Pinacolyl aleohol
Instead, he obtained (106, 112) 2,3-dimethyl-2-butanol. This was explained by
the following scheme:
CH3 CH3 QHs

| | |
| /

|

I 3

Cl iCl_ OMgBr!
e | CH;,
— (CH;);CCH(CHy); — CHgé—CHCHS
OMgBr HO CH;

2,3-Dimethyl-2-butanol
Here the oxide postulated as the intermediate is represented as going through a
ring cleavage in its transformation to the tertiary alcohol. Actually, as shown by
Norton and Hass (156), isomeric change to the ketone is more feasible.

When 2-chloro-2-methyl-3-butanol is allowed to react with methylmagnesium
bromide the main product of the reaction is 2,3-dimethyl-2-butanol (65 per
cent); pinacolyl alcohol is present in small amounts owing to ring cleavage of
the oxide (112).

Poctivas and Tchoubar (159) found that upon heating 2,3-epoxy-2-methyl-
3-phenylpropane in ether with magnesium bromide it is converted into 2-methyl-
2-phenylpropanal (90 per cent) and 2-phenyl-3-butanone (10 per cent). With
ethylmagnesium bromide these would be expected to give principally the second-
ary aleohol, 2-methyl-2-phenyl-3-pentanol, and some tertiary alcohol, 3-methyl-
2-phenyl-3-pentanol:

CH, CH,
CHs(‘JCHO C:HMeBr gy (|BCHOH02H5
d (r35H5 CsHs
CoHs QI\_I_}C(CH3> 2 (90 per cent) 2-Methyl-2-phenyl-3-pentanol
. CH,
CH,CHCOCH, =28, o CH_GC.H,

| l
CGHS CsHa OH
(10 per cent) 3-Methyl-2-phenyl-3-pentanol
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Actually, it was found that reaction of the oxide and ethylmagnesium bromide
gives 2,2-dimethyl-1-phenyl-1-butanol and 2-methyl-3-phenyl-2-pentanol in
equal quantities. These could not be formed other than by rupture of the epoxy
ring in the two possible directions:

CH, CeH; CH;
C.HsMgBr ; | f
CeHs CH——C(CHs)g —_— CeHsCHOHCCQHa + C2H50H~Q0H3
r l
0] CH; OH
2,2-Dimethyl-1-phenyl- 2-Methyl-3-phenyl-
1-butanol 2-pentanol

It was concluded, on the basis of the equilibrium in the Grignard reagent, that
the velocity of reaction with ethylmagnesium bromide or diethylmagnesium and
the oxide was greater than that with magnesium bromide, since the latter would
be expected to bring about rearrangement, as observed when the oxide reacted
alone with magnesium bromide.

Stevens (193a) has recently reported on the reactions of a new class of epoxides
with Grignard reagents: namely, epoxy ethers. It was found that 1-methoxy-1-
phenyl-1,2-propylene oxide reacts with phenylmagnesium bromide to give
1-methoxy-1,1-diphenyl-2-propanol. An analogous product was obtained with
methylmagnesium halide. However, with fert-butylmagnesium halide the product

0 R

/N f
C:Hs C—CHCH; K¥e® ,  CeH;CCHOHCH,
OCH, OCH,

R = CHz or Ce-ﬂs.

formed is that resulting from initial rearrangement of the epoxy ether to an
epoxy ketone: namely, 1-methoxy-2,3,3-trimethyl-1-phenyl-2-butanol. In each

0
/ C:H; CHCOCH )
CGHEC_\CHCH3 — [: ’ 5! 3] _tert-CiHyMgX |
| OCH,
OCH,
HC O,
CsHaqH?—?Cﬂgg
CH,0 OH CH,

1-Methoxy-2,3,3-trimethyl-
1-phenyl-2-butanol

experiment the structure of the product was proved by independent synthesis,
To substantiate the course of the last reaction, it was found that the epoxy
ether rearranges to a ketone when treated with magnesium bromide alone.
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)
/N
CsH; (J}—CHCHa C:H; CHCOCH;
/
OCH; OCH;

These experiments are significant, in that they point up the necessity for con-
sideration of both electronic and structural factors in predicting the course of
the reaction. In the transition-state complex resonance into the phenyl ring
favors opening of the oxirane ring adjacent to the phenyl ring. With the bulky
tert-butyl group, this electronic consideration is subordinate to the steric factor,
and rearrangement to the ketone takes place prior to addition.*

MgBrgl_)

¢. 1,1,2,2-TETRASUBSTITUTED ETHYLENE OXIDES (SEE TABLE 6)

Henry (112) found that 2,3,3-trimethyl-2-butanol was produced by the ac-
tion of methylmagnesium bromide on 2,3-epoxy-2,3-dimethylbutane and also
by the action of the methyl Grignard reagent on pinacolone, (CH;);CCOCH;, or
on 2-chloro-1,1,2-trimethylpropanol, (CH,);CCIC(CH,);OH. On the basis
of these reactions he explained the formation of the same alcohol from ethyl
a-chloroisobutyrate and methylmagnesium bromide (105) as due to the fact
that the group (CH,),CCl, which in a-chloroisobutyraldehyde is not attacked
by the methylmagnesium bromide, is also present in the ester, as follows:

Hs(/3 C/)Hs
(CHa)QCC]COOCzHa —> CHaC-—‘CCH:;

Hs(‘l ?Ha Hs(|3 CiJHs
—_—_ CHsC\——/CCH3 _— CHaCI)——(IDCHa

H;C OH
2,3,3-Trimethyl-2-butanol

Here again, with the symmetrical epoxy compound it is not possible to say
whether ring cleavage or isomerization occurs, since, with methylmagnesium
bromide, the same product would result in either case. However, Norton and
Hass (156) obtained 2,2,3-trimethyl-3-pentanol from the oxide and ethylmag-
nesium bromide. This could only result from isomerization, since ring cleavage
would give 2,3,3-trimethyl-2-pentanol:

Ha(ll (‘3H3 (’JH3 H,C C,Hs
CHs(i—/CCHg ~ CH,CCOCH; — CH;C—CCH;
CH, H,C OH

4 Note added in proof: Temnikova and Kropacheva (235), however, claim that the same
oxide with phenylmagnesium bromide gives 1,2-diphenyl-1,2-propanediol as the produet.
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In this: instance the rearrangement involves a methyl group. The product
expected from ring cleavage was obtained from the oxide and diethylmag-
nesium.

IV. Cycric Eroxy CoMPOUNDS
A. ALICYCLIC EPOXIDES (SEE TABLE 7)

In 1899 Meiser (150) found that cyclopentene oxide and magnesium chloride
give a heavy voluminous precipitate, similar to that formed by ethylene oxide
under the same conditions (228). Godchot and Bedos (88) reported that cyclo-
pentene oxide and methylmagnesium iodide give cis-2-methylcyclopentanol. The
phenylurethans and allophanates of this ¢zs compound and the trans isomer ob-
tained by reduction of 2-methylcyclopentanone with sodium and moist ether
had melting points which were so similar that differentiation was actually not
feasible. Recently, Turner (213) reported that cyclopentene oxide and methyl-
magnesium iodide give cyclopentene iodohydrin after standing overnight at
room temperature, while refluxing with methyllithium gives frans-2-methyl-
cyclopentanol. It was pointed out that the claim of Godchot and Bedos that the
methyl Grignard reagent gave the cis compound was probably in error and that
their product was actually the frans isomer.

L L
O CH;

H OH
trans-2-Methylcyclopentanol

Chavanne and de Vogel (37) reported that 1,2-epoxy-1-methylcyclopentane
with excess methylmagnesium iodide gives a mixture of cis- and frans-1,2-
dimethyleyclopentanols. When an equivalent quantity of the Grignard reagent
is used, the product is dehydrated to the olefin.

+ CH,Mgl ——
AN
0

CHa CHa CH3

The reactions with 1,2-epoxycyclohexane were not so simple. It was early
reported (81) that 1,2-epoxycyclohexane reacts with methylmagnesium iodide
to give a methylcyclohexanol which is not identical with the product of Sabatier
and Mailhe (176) made by reduction of o-cresol. The difference was explained
as being due to stereoisomerism. Similarly, phenylmagnesium bromide (11, 12,
15) was reported to give 2-phenyleyclohexanol as well as the bromohydrin, 2-bro-
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TABLE 7

NORMAN G. GAYLORD AND ERNEST I. BECKER

Reaction of cyclic epozides with Grignard reagenis

A, Alieyclic epoxides

i
{GRIGNARD REAGENT

OXIDE PRODUCT YIELD CONDITIONS REFERENCE
per cent
Cyclopentene oxide..| Methylmag- | cis-2-Methyley- — Distill (88)
nesium clopentanol ether
iodide
< 2-Todocyclo- —_ Let (213)
0 pentanol stand
over-
night
at
room
tem-
pera-
ture
1,2-Epoxy-1-methyl-| Methylmag- | cis- and irans- — Distill (31
eyclopentane nesium 1,2-dimethyl- ether
iodide cyclopentanols and
/CH: heat
¢
N
0
Cyclohexene oxide..| Methylmag- | 1-Cyclopentyl- - Distill (11, 81)
nesium ethanol* ether
iodide
\O
/ 1-Cyclopentyl- 63 Distill (86)
ethanol* ether
and
heat
2-Todocyclohex- — Decom- | (86)
anol pose
with-
out
heat
} 1-Cyclopentyl- - Distill (90)
i ethanol ether
and
| heat
Dimethyl- trans-2-Methyl- — Distill (10)
magne- cyclohexanol ether
sium | and
heat
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TABLE 7—Continued

Y
1

OXIDE f‘GlIGNARD REAGENT‘] PRODUCT YIELD CONDITIONS REFERENCE
1
‘l C per cent
Diethylmag- | trans-2-Ethyley- 42 Distill (10)
nesium clohexanol ether
and
heat
Benzylmag- | {2-Benzylcyclo- 50
nesium hexanol
chloride 2-Chlorocyclo- 20 Reflux (49)
hexanol
2-Phenyl- 1-Cyclopentyl- 91.5 Distill (72, 172)
ethylmag- 3.phenyl-1- ether
nesium propanol*
bromide
Cyclohexyl- | Cyclohexyl- 27 Distill (18)
magne- cyclopentyl- ether
gium bro- methanol* and
mide heat
Cyclohexyl- | Cyclohexyl- - Distill (13)
magne- cyclopentyl- ether
sium methanol* and
chloride heat
Cyclohexyl- — — (218)
cyclopentyl-
methanol
Phenylmag- | Cyclopentyl- — Distill (11, 12)
) nesium phenylmeth- ether
] bromide anol*
? [2-Bromocyclo- 37t Decom- | (15)
| hexanol pose
’ Cyclopentyl- with-
| | phenylmeth- out
! | anol* heat-
| M
i ‘ L ing
Cyclopentyl- 124 Distill (15)
phenylmetha- ether |
; nol* and
heat
| 2-Bromocyelo- — Decom- ; (44)
hexanol pose
with-
! out

heat-
ing
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TABLE 7—Concluded

[

OXIDE ‘GRIGNARD RIEAGEN‘.[“1 PRODUCT YIELD CONDITIONS | REFERENCE
! per cent
Cyclopentyl- — Distill (44)
phenylmeth- ether
anol ,
!
Cyclopentyl- — Reflux (44)
phenylmeth- in ani-
anol f sole
5-Bromo-2- | 2-(5-Bromo-2- <4.5% Reflux (n
methoxy- methoxy- in
phenyl- phenyl)cy- ether
lithium clohexanol

1,2-Epoxy-4-methyl-

eyclohexane. .. .... Methylmag- | Dimethyleyclo- | “Very sat- | Distill | (82, 83)
CH nesium hexanol} isfac- ether
§ o jodide tory”
2,5-Dimethylcy- 64 Distill (87)
clohexanoll ether
and
heat
Isopropyl- 2-Isopropyl-4- — Distill (14, 17)
magne- methyleyclo- ether
sium bro- hexanol}
mide
Cycloheptene oxide..| Methylmag- | 1-Methyleyclo- —_ — (14)
nesium heptanol
AN iodide
/
N/ Phenylmag- | Cyclohexyl- — — (93)
~—0 nesium phenylmeth-
| bromide anol
9,10-Epoxyoctalin...| Methylmag- ; — — — (39)
/\ nesium
iodide i
© | |
“ | L

* Erroneously reported by the author as substituted cyclohexanol.

t Calculated from author’s data.

1 Reported by author as substituted methyleyclohexanol, although probably substi-
tuted methylcyclopentanol.

mocyclohexanol, while cyclohexylmagnesium chloride (13) and bromide (16)
were reported to give 2-cyclohexyleyclohexanol. It was shown (86) that the



REACTION BETWEEN GRIGNARD REAGENTS AND THE OXIRANE RING 483

halohydrin is the only product if the reaction mixture is worked up without
heating, but that upon heating the substituted cyclohexanol is obtained.

The reaction of methylmagnesium iodide with 2-chlorocyclohexanol was re-
ported (86) to give a 50 per cent yield of a mixture of alcohols. Two
phenylurethans were obtained, one corresponding to that prepared from the
hydrogenated o-cresol and the other to that derived from the reaction of cyclo-
hexene oxide with the methyl Grignard reagent. In all these cases, discrepancies
were found in boiling points and analyses of products and melting points of
derivatives as compared with those previously reported by different syntheses.
The authors attributed these anomalies to the existence of geometric isomers
and to the fact that the derivatives reported previously were impure.

A similar situation existed with 1,2-epoxy-4-methylcyclohexane. Thus, methyl-
cyclohexene oxide with methylmagnesium iodide (82, 83, 87) was reported to
give isomeric 2,5- and 2,4-dimethylcyclohexanols. However, oxidation of the
products with chromium trioxide in acetic acid gave one compound whose semi-
carbazone melted at 122°C., while the semicarbazones obtained by oxidation
of the alcohols derived from hydrogenation of the xylenols

CH; CH;,
74
: and
N CH;, OH
OH CH,

had melting points of 190° and 155°C., respectively.

As in the case of the cyclohexane halohydrin, 2-chloro-5-methylcyclohexanol
with the methyl Grignard reagent gives (84, 87) a mixture of alcohols whose
derivatives corresponded to those of the products obtained from the oxide. The
authors did not realize at this time that they were victims of cyclic reasoning.
Although the products from the oxide and the Grignard reagent were not com-
pletely identified, and in fact were dissimilar from those with which they were
supposedly identical, the proof of structure of the alcohols derived from the halo-
hydrin was that they were the same as those obtained from the oxide.

Isopropylmagnesium bromide and the methyleyclohexene oxide were reported
(14, 17) to give an analogous cyclohexanol, while 2-chloro-5-methyleyclohexanol
and the isopropyl Grignard reagent were reported (14, 17) to give a mixture of
stereoisomeric isopropylmethyleyclohexanols analogous to those obtained with
the methyl Grignard reagent.

In 1928 Vavon and Mitchovitch (218) found that cyclohexylmagnesium chlo-
ride and 1,2-epoxycyclohexane, as well as 2-chlorocyclohexanol, give, not 2-cyclo-
hexyleyclohexanol as reported by Bedos (13, 16), but cyclohexyleyclopentyl-
methanol, identical with the product from cyclopentylmagnesium chloride and
hexahydrobenzaldehyde. The contraction of the six-to a five-membered ring oc-
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curring through cyclopentylformaldehyde was postulated as follows:

o I
H,C CH H:C" | CHOMgCI H,C CHOH
o— A =
H,C  CH H:C ‘- CHCl | HLC  CHC
A4 N/ A4
ofL ch, cH,
!
H, C—CH,

| l
H,C CHCHO —C:HuMeCl |
N CHOH.
ch

e + e

Almost simultaneously Godchot and Bedos (90), in 1928, reported that the
product of the reaction of methylmagnesium iodide and cyclohexene oxide, or
2-chlorocyclohexanol, originally reported as 2-methyleyclohexanol (81, 86), was
actually 1-cyclopentylethanol.

Fulton and Robinson originally reported in 1933 (72) that they had obtained,
as a product from cyclohexene oxide and 2-phenylethylmagnesium bromide by
distilling the ether, the result of direct addition: namely, 2-(2-phenylethyl)-
cyclohexanol. However, they repeated their work in 1936 (172) and found that
actually their product was 1-cyclopentyl-3-phenyl-1-propanol by transition from
the six- to the five-membered ring through cyclopentylformaldehyde. Further,
Bedos reported (18) that the action of magnesium bromide etherate on cyclo-
hexene oxide, in which the ether was replaced by benzene or toluene and followed
by decomposition with water, gives a 34 per cent yield of cyclopentylformalde-
hyde. Under the same conditions only a trace of aldehyde results when 2-chloro-
cyclohexanol is used, unless it is first treated with ethylmagnesium bromide, in
which case a 40 per cent yield of cyclopentylformaldehyde results. Addition of
methylmagnesium iodide to the adduct from the oxide, or chlorohydrin, and
magnesium bromide gives a 40 per cent yield of 1-cyclopentylethanol. Thus the
facile transition from a six- to a five-membered ring was established. The same
rearrangement was reported by Clemo and Ormston (40).

A similar ring contraction of the oxide to cyeclopentylformaldehyde was ob-
served in the vapor phase over thorium oxide (20) and by the action of silver
nitrate on 2-iodocyclohexanol (205). Another such rearrangement was observed
in the reaction of 2-chlorocyclohexanone with the Grignard reagent. Vavon re-
ported that this chloroketone with methyl (220), ethyl (219), and butyl (217)
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Grignard reagents gives upon heating and hydrolysis a mixture of the alkyl-
substituted cyclohexanone and the alkyl cyclopentyl ketone. Similarly, 2-chloro-
cyclohexanone and methylmagnesium iodide in the cold give 2-chloro-1-methyl-
cyclohexanol. Upon heating this product with methylmagnesium iodide a mixture
of 2-methylcyclohexanone and acetyleyclopentane is obtained (208, 211). Analo-
gous results are obtained with ethylmagnesium bromide.

OCH
7 CH, Mgl 48;13 CH, Mgl 7 /\<C 3
3.V1E 34VLEL
]! / H cold - H heat - H T l H
ol Cl CH,
2-Methyley- Acetylcyclo-
clohexanone pentane

On the basis of these reactions it is possible to explain the results obtained by
Godchot and Bedos with 1,2-epoxy-4-methyleyclohexane and with 2-chloro-5-
methyleyclohexanol. Thus, the 4-methyleyclohexene oxide and methylmagnesium
iodide give a mixture of aleohols whose allophanates have melting points of
157°C. and 125°C. However, oxidation of the two alcohols gives the same ketone,
the semicarbazone of which melts at 122°C. The chlorohydrin and the Grignard
reagent give the same results. The alcohols were postulated as stereoisomeric
dimethyleyclohexanols, although Sabatier and Maihle (177) reported that oxida-
tion of the dimethylcyclobexanol obtained by reduction of 2,3-xylenol gave a
ketone, the semicarbazone of which melted at 155°C. At the same time, Godchot
and Bedos (83) reported that 2-chloro-5-methyleyclohexanone reacted with
methylmagnesium iodide to yield two 2,53-dimethyleyclohexanones, the semi-
carbazones of which melted at 155°C. and 122°C., and that the latter ketone
was identical with that obtained by oxidation of the dimethyleyclohexanols
obtained from the chlorohydrins. Tiffeneau and Tchoubar (208) repeated the
reaction with the chloroketone and obtained two ketones, identified as 2,5-di-
methyleyclohexanone and 1-acetyl-3-methylevelopentane.

CHCH; CHCH;
VRN VAN
H,C CH, H,C C}JHz
H,0 co H,C CHCOCH;
N S
CHCH;
2,5-Dimethyleyelohexanone 1-Acetyl-3-methylcyclopentane
(sernicarbazone melts at 160°C.) (semicarbazone melts at 132°C.)

These products arve the same as those reported by Godchot and Bedos, who
obtained melting points of 155°C. and 122°C. It is therefore seen that the above
cyclohexanone, the melting point of the semicarbazone of which has been reported
as 155°C. (Sabatier), 155°C. (Godchot and Bedos), and 160°C. (Tiffeneau and
Tcheubar), is analogous to the alkyl-substituted cyclohexanone obtained from
2-chlorocyclohexanone and the Grignard reagent. At the same time, 1-acetyl-3-
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methylcyclopentane, the melting point of the semicarbazone of which has been
reported as 132°C. (Tiffeneau and Tchoubar) and 122°C. (Godchot and Bedos),
is the same as the product formed upon oxidation of the carbinols obtained from
the Grignard reaction with 4-methylcyclohexene oxide and the corresponding
chlorohydrin. The two alcohols obtained from the latter reactions are probably
cis—trans isomers, since on oxidation they vield the same ketone. They may
arise as follows:

A -

H OMgl
H CH,
NS
, H H CH; H CH;,
— X
CHO \ CHaMgL ’/H o:ddation_’ H
H CH; // AN
CHOHCH; COCH,
H 1-Acety!-3-
1 methyley-
clopentane
CHO

A similarly depicted intermediate would lead to a series of 2-methyleyclopentyl
derivatives. This structure has not yet been ruled out.

As with acyeclic oxides, cyclohexene oxide was found to react with diethyl-
magnesium without rearrangement to give frans-2-methyl- and -2-ethylcyclo-
hexanols (10). This confirmed earlier findings that the presence of the halide
was necessary for molecular rearrangement. Cook, Hewett, and Lawrence (44)
gave additional results to establish the necessity for magnesium halide in the
rearrangement reaction. Phenylmagnesium bromide and cyclohexene oxide, in
the cold, on decomposition with water gave 2-bromocyclohexanol. The reaction
with heating on the water bath was violent and was attended with rearrangement
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to cyclopentylphenylmethanol. The arrangement was avoided by using phenyl-
lithium instead of phenylmagnesium bromide, the product being 2-phenyleyclo-
hexanol. Similarly, 1-naphthyllithium gave 2-(1-naphthyl)cyclohexanol. How-
ever, an unexpected reaction was observed with one lithium compound. In an
attempt to prepare 2-(4-methoxyphenyl)cyclohexanol by the reaction between
the lithium derivative of p-bromoanisole and cyclohexene oxide a bromine-
containing product was obtained (7). On the basis of previous work (79), which
had established that p-anisyllithium can metalate p-bromoanisole ortho to the
methoxy group, the product was assigned the structure 2-(5-bromo-2-methoxy-
phenyl)eyclohexanol.

OCH;; CH,0
O +

Benzylmagnesium chloride with 2-chloroeyclohexanol undergoes rearrangement
to 1-cyclopentyl-2-phenylethanol. However, with cyclohexene oxide, even with
heating, no rearrangement occurs and the product is 2-benzyleyclohexanol. Ap-
parently dibenzylmagnesium is more reactive than benzylmagnesium chloride
towards cyclohexene oxide. Some of the latter, however, does react, as indicated
by the recovery (20 per cent) of 2-chlorocyclohexanol.

The influence of the magnesium halide in this series was further pointed up
by the work of Tiffeneau and Tchoubar (209, 211). Cyclohexene oxide and mag-
nesium bromide or iodide etherate, reacting in the cold, give after hydrolysis
trans-2-halocyclohexanol. Upon heating, cyclopentylformaldehyde is formed.

1-Methyleyclohexene oxide with magnesium bromide etherate in the cold gives
two isomeric frans-bromohydrins:

CH;, /CHa
\I%H and \I]_BIr
Br OH

The first compound is stable and the second is unstable. If the bromohydrins
are not isolated but the reaction mixture heated in the usual way by removal
of ether, the first (stable) compound is dehydrohalogenated to acetylcyclopentane
while the second (unstable) compound gives 1-methyleyclopentylformaldehyde
and some 2-methyleyclohexanone.

A new case of contraction of a six- to a five-membered ring by means of mag-
nesium bromide etherate has recently been reported (19). Cyclohexene oxide
and a mixture of methylmagnesium bromide and magnesium bromide etherate
give a mixture of acetylcyclopentane and cyclopentylmethanol. With ethyl-
magnesium bromide and the etherate the products were propionylcyctopentane
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and cyclopentylmethanol. The author invoked magnesium subbromide and the
methylene and ethylidene radicals to explain the results.

OMgBr OMgRBr
I | MgBr N |
>—CH 4+ T = | S—CH 4 Mebn
L | MgBr L f
Br MgBr
or
OMgbr
— MgBr — !
__>=CH0MgBr + 1 = >cH
MgDBr IV AN
MgBr MgBr
and
?MgBr (‘)MgBr
| / N
H H —CCH
:>_(!] + C 2\ b —-/ (‘}C 3
Br Br
or
?MgBr
~ >—cHOMgBr + cm( — [ >—CCH

A more reasonable mechanism would involve isomerization of cyclohexene oxide
to cyclopentylformaldehyde, followed by addition of the Grignard reagent. In
accord with the known fact that secondary halomagnesium alkoxides may be
oxidized to Lketones by the addition of an aldehyde (32), the alkoxide is then
oxidized by unreacted aldehyde.

0 l\IgBrg__) C,H,CHO RMegX
R
Cng(EO:\IgX _CHOHO o H,CH,0MgX + CsH,COR
I& leO
CyH, CH, OH
Cyclopentylmethanol

Godchot and Bedos (89) reported that cycloheptene oxide behaves differently
from analogous five- and six-membered ring compounds with methylmagnesium
iodide. The product obtained, 1-methylcycloheptanol, indicated isomerization to
the ketone, suberone, followed by normal Grignard addition and was said to be
the same as the alcoho! prepared by Wallach from methylmagnesium iodide and
suberone itself.
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0 CH,
N [m/ ] —’\<
N/ g 1_‘\ / J N~ 7 O
NS NS NS
Cycloheptene Suberone 1-Methyleyelo-
oxide heptanol

However, with phenylmagnesium bromide cycloheptene oxide gives the same
alcohol as that formed from cyclohexylmagnesium chloride and benzaldehyde
(93), indicating ring contraction to cyclohexylformaldehyde.

TN 7 IN\—0/MgBr!
o - T
<\_/t N

O H CsHL,MgBr
< < CHOH
CHO H

Ring contraction of cycloheptene oxide to cyclohexylformaldehyde by magnesium
bromide was reported by Bedos (18). With 2-chlorocycloheptanol, ring contrac-
tion also occurs in reaction with both methyl and phenyl Grignard reagents.
Thus, methylmagnesium iodide gives 1-cyclohexylethanol (90, 91, 92) and
phenylmagnesium bromide gives cyclohexylphenylcarbinol (90) and ethylidene-
cyclohexane. The report that cycloheptene oxide reacts with methylmagnesium
iodide to give 1-methylcycloheptanol (89) is therefore probably in error. It was
reported one year before the authors learned that ring contraction attended the
reaction of oxides and halohydrins with Grignard reagents (90). Furthermore,
they had compared only the boiling point of their alcohol with that obtained
unequivocally by Wallach (222).

The reaction of 9,10-epoxyoctalin with methylmagnesium iodide has been
reported, but the reaction mixture was not separated (39). However, at the
same time this oxide was subjected to the Reformatsky reaction, using zinc and
ethyl bromoacetate. By this procedure a mixture of a rearranged product and
the expected addition product is produced. Since such rearrangements are also
characteristic of the Grignard reaction, analogous products might be expected
to have formed from the reaction with methylmagnesium halide.

o CH,COOC, H;

SaN0e

V% om
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The isomerizations observed with other eyclic epoxides in the presence of
magnesium bromide etherate are of interest, although Grignard reactions with
these oxides have not been reported. Thus, Tchoubar (199) observed the isomeri-
zation of 1,4-dihydronaphthalene oxide to 2-indanaldehyde and B-tetralone,

0
4 AN MgBrg -ether 74 /\/
'| 0 + '
/ )

heat

2-Indanaldehyde g-Tetralone
(major product)

while 3,4-dihydronaphthalene oxide rearranges only to one product, 8-tetralone.

0 0]
| AN

MgBr; -ether ‘
____—-ﬁ 1l
heat |

N

B-Tetralone
On the other hand, treating indene oxide with the etherate at 0°C. yields 2-inda-

none,

/0 /O
N MgBrrether_} 7 /\[/
| ! 0°C | |
2-Indanone
while treatment of the bromohydrin or iodohydrin with the etherate, followed
by heating, yields 1-indanone:

OMgx

qBr MgX,-ether OqBI‘ heat

A more complete discussion of these rearrangements has been given by Winstein
and Henderson (227).

1-Indanone

B. TERPEXE EPOXIDES (SEE TABLE 8)

In the reaction with Grignard reagents oxides in the terpene series behave
similarly to other oxides in that rearrangements occur when magnesium halide
is present. The reaction of a-pinene oxide with methyl, ethyl, and isopropyl
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Grignard reagents was reported by Prilezhaev and Vershuk (163) to proceed in
a complicated manner, producing unsaturated alcohols. With methylmagnesium
iodide, 1-menthen-6-0l was supposedly produced according to the following
scheme:

CH3 CH3
| | _~CH;
O_/C\ IMgO /C\
g
N VRN
HE OH HC® cH
cH.con, | 0 —HaMel | CHacc/ﬁ? 2CH, Mgl
HzC\ /CHz HQC\ CH,
N/ N4
% on
IMgO /C\ /C\
g
H(’J/ \CMgI HOHT/ \CH
HzC\ /CHz Hzclj\ /(!31{,
N/ . S
? o
H,CCCH, CH(CHa);
Mgl

1-Menthen-6-ol

With the ethyl and isopropyl Grignard reagents it was postulated that the ali-
phatic group of the Grignard reagent displaces the methyl group of the oxide
as methane and forms the unsaturated alcohol. The gaseous products which were
evolved were not analyzed but were assumed to consist mainly of methane. In
the case of the isobutyl Grignard reagent, although the product appeared to be
unsaturated as indicated by its oxidation by permanganate and the addition of
two atoms of bromine, the analytical data were interpreted as representing a
saturated normal reaction product. This inconsistency was explained by non-
homogeneity of the product and the participation of the gem-dimethylcyclo-
butane bridge in the reactions, indicating unsaturation. With the phenyl Grig-
nard reagent, no gas was evolved; the product only slowly oxidized permanganate
and the analysis indicated a saturated alcohol. The reaction with the isobutyl
and phenyl Grignard reagents was assumed, therefore, to proceed normally and
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the products were assigned the following structure:

CH, R
N S
C

7N\
AN
HOHC CH

CH;CCH,
H,C CH,

N
CH

The reported isomerization of a-pinene oxide in the Reformatsky reaction
and under the influence of zinc bromide to campholenic aldehyde (2) led to a
reinvestigation of the reaction of the oxide and the Grignard reagent. Ritter
and Russell (170) found that campholenic aldehyde, prepared by isomerization
of the oxide with zine bromide, reacts with methylmagnesium iodide to yield
methylcampholenol identical with the product obtained directly from «-pinene
oxide by action of the same reagent. A series of carbinols was obtained from
a-pinene oxide and the ethyl, n-propyl, n-butyl, isobutyl, and phenyl Grignard
reagents. The structures of the alcohols were not demonstrated, but by analogy
with methyleampholenol they were considered homologs of methylcampholenol.
The reaction of the oxide and the Grignard reagent was said, therefore, to pro-
ceed as follows:

(’sz C’JHS
O-—7C\ - C
VRN \ \
HC C /C CH
74
CH,CCH; Mel L 0”7 | cmccn, _CH:Mel |
H,C /CHZ H, C\ /CHz
NI/ N/
CH CH
T
C
TN
HO?H CH
! CH,CCH;
HzC\ /CH2
N/
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In an independent study of the reaction between «-pinene oxide and phenyl-
magnesium bromide Arbusov (3, 3) obtained results that indicated initial isomeri-
zation to campholenic aldehyde and so confirmed the findings of Ritter and Rus-
sell. However, a-pinene oxide and diethylzine gave an alecohol, C;:H:0, which
differed from that obtained by Ritter and Russell (170) and by Prilezhaev and
Vershuk (163) from a-pinene oxide and ethylmagnesium bromide. By analogy
with other dialkyl compounds, it may be surmised that this alcohol is that result-
ing from simple ring cleavage:

OH

SN
/ 1

/ )

N
Phenyllithium failed to react with a-pinene oxide even when heated to 70°C.

The behavior of 8-pinene oxide with the Grignard reagent has been investigated
by Prilezhaev and Prokopchuk (162). They reported the synthesis of the same
alcohol, 1-menthen-7-ol, from both methyl and ethyl Grignard reagents, with

the evolution of a gas which was not identified but was assumed to correspond
to the Grignard reagent involved. The mechanism advanced was as follows:

C.H;

0 CH,OMgX
/J< /lq\R CH,OMgX CH,0H
VRN VRN A A
] e, N i “RH | W ! W
N N / N,
. |// \J X
AN

1-Menthen-7-ol
In the reaction with methylmagnesium iodide the product was not homogeneous
and the alcohol was isolated by saponification of its acetate. The remainder of
the reaction product was not considered, but the isolated alcohol, which was
oxidized by permanganate and added bromine in the cold, was oxidized to an
aldehyde with a “‘chromium salt.”” On the basis of the density, refractive index,
and analysis of the aldehyde and melting point of the semicarbazone and its
analysis, the structure assigned was that of phellandral.

CHO

()
X

Phellandral
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Actually, there is sufficient variation in the physical properties of the carbonyl
compound obtained from those given for phellandral to raise a doubt as to their
identity. Thus the aldehyde obtained by Prilezhaev and Prokopchuk had the
following physical constants: b.p. 122-125°C./32 mm., d** = 0.9760, n}’ =
1.4830, while phellandral (168) has the following physical constants: b.p. 83°C./5
mm., d*° = 0.9412, n2 = 1.4912. The semicarbazones melted at 201° and 204°C.,
respectively.

The reaction of §-pinene oxide and ethylmagnesium bromide gave an alcohol
which was assumed to be identical with that obtained from the methyl Grignard
reagent on the basis of analytical data, physical properties, and reaction with
permanganate and bromine. In addition to this aleohol the reaction with the
ethyl Grignard reagent gave an alcohol supposedly formed by normal addition
and assigned the following structure:

C:H; CH.0OH
K
/

@
\ﬁ |
|
/
N
The structures are all open to doubt in view of the fact that 8-pinene oxide

upon distillation with pumice (60), or upon refluxing with zine chloride or bro-
mide in benzene (4), isomerizes to dihydromyrtenal:

CHO

N
7N

/|
~

/
o
The same result is observed in the Reformatsky reaction with 8-pinene oxide

(4). The alcohols probably have the structure derived from dihydromyrtenal
(186):

N

CHOHR
N

)

C. STEROL EPOXIDES (SEE TABLE @)

Ushakov and Madaeva (214) reported that although dimethylmagnesium and
methyllithium did not react with a-epoxycholesterol, heating in benzene for



NORMAN G. GAYLORD AND ERNEST I. BECKER

498

quezuaq ur PN

(712) | "D.8L 18 "4q L xnyay — [013189[0GIAYIOIA-9

HO
| ol /0

u (
> )y I

a8

QuazUAq ur AN spipot AN

(F12) | "D.8L 18 1Y G XnydY | 09 [01paUBIEIOYI-G ‘E-IAYIIN-9 WINEOUIBUIAYIOAL """ T [o19383 03 Axody-»
1499 43¢
AONTIAITY SNOLLIGNOD TIAIX LONA0oEd INAOVEE QEVNDITD AAIXO

sopxoda [0131§ D
sjuabva. proubrey ynm saprrods 919949 fo uoVYy
6 HTLV.L



REACTION BETWEEN GRIGNARD REAGENTS AND THE OXIRANE RING 499

*HO 40
oH

OH

ye e
oMl N SN
v NS \i_ u
l_ aprpot AN

(8217) — — AN WNISQUSBWIAYISA |~ " " (CREIER) (i pRe T i)

auozuaq VAN apTwioaq
ut H,0L 18 Xnpey — [ouR®)SB[0Y-¢-0193]-9 wnissudew [ Ludy,J




GAYLORD AND ERNEST I. BECKER

NORMAN G.

500

“BJUP §,I0YINT WOI) POYB[Nofs)) 4

(89)

(s¥1)

AINAITLTAL

HO*HOHOHD

T
(A

/0

Nou
AN

N

|
|

HO*HOHOHD

EUEES [oeI)a} apiwmolq
10} ‘D081 1% XNy +£8 ~120z ‘€ “(9) g-ourvudord [AY)OIN-9 WSAUBCWAYIIN] |- " - e oL}
~12 402 “(9) ¢-ouvudord Lxody-9 ¢
*HD O 0
N Nou :
I
/ /ﬁ _ NN
HO! ¥ mo_ 7
N AN
1Y ¢ 10J ouozua( apipot
ur ‘N,.8L 18 XnPay — [01X)-£] ‘G g-0uB)BOIPUB[AYIIIN-9 winisoudvuAYajN |- - [o1p-41 ‘¢-ourysoipusAxodsy-9 ‘e
139 494
SNOILLIGNQGD n_d,m—nﬂ Inaoad INTOVIE EVNOILO 4qIxo

poprPuo)—6 HIdV.L



REACTION BETWEEN GRIGNARD REAGENTS AND THE OXIRANE RING 501

5 hr. with methylmagnesium iodide gave a 60 per cent yield of a sterol diol. If
the reacticn is continued for 7 hr. the preduct is 8-methylcholesterol, formed by
dehydration of the alcohol. The diol contains one tertiary hydroxyl group as a
result of the Grignard reaction. The reaction can proceed by two distinet paths:

N

AN

HO Y
! CH, Mgl
! ! !
AN AN /
' Mgl, | Mgl
I.\IgO\/ . IMgO\_, - IMgO\_,
v 0’
) IMgO
l(CHaMgI lCH;MgI
| !
i
h | !
AV N/
N | CH,
N | o M
AN ANAS
| .
! | ‘
HO\/ HO \//1
/\\ CH3
HO CH; HO
1 II
N i
1
(\}/ \I/
HO\ A/
CH;
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The possible isomerization of the oxide to the ketone, leading to the diol I,
was investigated (215). Benzene and ether solutions of the oxide were heated
with magnesium iodide. No carbonyl compound, as shown by failure to obtain
a semicarbazone, was obtained in either case; the only reaction product formed
was cholesterol, probably produced by the reducing action of the hydrogen iodide
formed in the reaction. When magnesium bromide was used, neither cholesterol
nor a carbonyl compound was formed, but an unsaturated erystalline material,
Ce;HyO, was isolated in 25 per cent yield. This compound “‘appeared to be a
double compound.” Treatment of a-epoxycholesterol with dilute sulfuric acid
led to hydration of the epoxy group but no isomerization. Therefore it was con-
cluded that a-epoxycholesterol does not tend to isomerize to a carbonyl
compound, and thus the product from the Grignard reaction must be 6-methyl-
3,5-cholestanediol (II), formed by normal cleavage of the oxirane ring. Not-
withstanding this inability to isomerize the oxide to a ketone, the Fiesers (63)
maintain that structure II is unlikely because a cis-elimination would be re-

)\( AN
< HOC\H/‘

CH, HO CH;,
IV N

quired for the establishment of the 5,6-double bond in I11. They choose struc-
ture IV—the structure considered and discarded by Ushakov and Madaeva—
as mor;a likely and able to account for the properties noted and the dehydration
to II1.

In line with this, Chinaeva and Ushakov (38) found that when phenylmag-
nesium bromide and a-epoxycholesterol are heated in benzene at 70°C. and the
resulting tar is treated with benzoyl chloride and then with semicarbazide hydro-
chloride in chloroform, the product is a semicarbazone benzoate from which
6-keto-3-cholestanol is obtained. This reacts with phenylmagnesium bromide to
give 6-phenyl-3,6-cholestanediol. The scheme proposed is as follows:

CsHyr
AN

] |

| I
a S
/\l MgBr l/\/ —HBr
HO | C.H.MgBr BrMgO - -
S : N
Vo M
OMgBr

Br

¥ Note added in proof: In a recent publication Fieser and Rigaudy (231) have substan-
tiated the work of Ushakov and Madaeva (214).
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(\/ NS /\5/j\/

H.0 [
___) ]

BrMgOl_w / Ho(\/\/‘
OMgBr !
0
VI

The formation of VI explains why the ketone can be isolated in spite of the large
excess of Grignard reagent used. The action of phenyllithium on the oxide is to
reduce it to 3,5-cholestanediol:

CeHy
I
I/ NS \}
| : i
NN
.
NS
OH
Urushibara and Chuman (213a) report that g-cholesteryl oxide with methyl-
magnesium iodide produces 5(a)-methyl-3(8),6(8)-cholestanediol, a product

which gives a diacetate, a dibenzoate, and a diketone, 5(a)-methyl-3,6-choles-
tanedione.

(!38 Hl7 C8H1 7
'/ AN / AN / N

NN

{ \) CH; \IgI
SN o \/ N

HO 1874 HO
H, C OH
B-Cholesteryl oxide 5(a)-Methyl-3(3),6(8)-cholestanediol
CEHU

/\/\|
|
AN T
; i
NS
OH

A*-3(8),6(8)-Cholestenediol

HO
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Chuman (230) reported that with a-cholesteryl oxide methylmagnesium iodide
gave 6(a)-methyl-3(8),5(a)-cholestanediol and also a small quantity of A%
3(8),6(B)-cholestenediol (see page 503).

The oxide of A®¢-androstene-3,17-diol was reported (145) to give 6-methyl-
androstane-3,5,17-triol after boiling in benzene for 3 hr. with methylmagnesium
iodide:

N\ /N
l | ——IOH l jOH
NN NN
o _CHMgl = |
HO\_A_/ HO\_\_/
0/ ,
HO
CHy

The structure of the product, indicating ring cleavage, was not proved but simply
assigned on the basis of the earlier work with cholesterol a-oxide and the methyl
Grignard reagent (214).

Ehrenstein (58) allowed pregnane-A®-t-oxide-3(8),20,21-triol to react with
methylmagnesium bromide in anisole at 130°C. for 3 hr. and obtained 6-methyl-
pregnane-3(8),5,20,21-tetraol:

HO HO
\20 21 \20 21
C—CH,0H C—CH,0H
N\ 1IN
\AjH }/ \{ ™ H
| L
NSNS NSNS
! CHsMgBI' ‘
AN AN
HO O HO ‘
HO CH;

The product was assigned the indicated structure in preference to the isomeric
product arising through rearrangement to a ketone, owing to the fact that the
characteristic ultraviolet absorption spectrum of an «,3-unsaturated ketone was
obtained after chromic acid oxidation of the hydroxy group in the 3-position
to the ketone, followed by dehydration by dry hydrogen chloride to the 4-preg-
nene compound.

D. CAROTENE EPOXIDES

An unusual reaction was observed by Karrer, Jucker, and Steinlin (126). It
was found that 8-carotene diepoxide and methylmagnesium iodide, after warm-
ing and hydrolysis, gave aurochrome (see page 505).
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Similarly, B-carotene monoepoxide gave mutatochrome and violaxanthin gave
auroxanthin along with traces of mutatoxanthin and zeaxanthin (see pages
506-508).

Thus, the effect of alkylmagnesium salts upon carotene oxides is to cause a re-
arrangement into furanoic oxides, analogous to the rearrangement observed
with a chloroform solution of hydrogen chloride. Two mechanisms were sug-
gested, the first requiring the addition of magnesium iodide to the oxirane ring,
followed by splitting out of hydrogen iodide and rearrangement, and the second
involving cleavage of the ring under the influence of the polar Grignard reagent,
followed by an allylic shift and ring closure to a five-membered ring. The latter
appears more feasible, in view of the identical change brought about with hydro-
gen chloride.

CH; ™~ NS ]
4 Cc I CH, C 1 CH,
C—CH=CH(C= /| ! /N I
N\ CCH=CHC= CCH=CHC=
{ 0 Mgl | _H:0 I
J/ COMgl COH
C NS NS
N C CH; ¢ CH,
C CH; L/ / i
! !
™~ N/ 7 NS
C CH, C CH; C
/ \+ { / + | /
(|3CH=CHC= (‘J=CHCHC= C=—=CH (|3H3
C—o0- C—0- s, CH—C—
N S N S N | ~0~
¢’ CH, ¢ CH, ¢ CH,
4 VRN i

V. Eroxy KrtoNES, EsTERS, AND CaRrBINOLS (SEE TaBLE 10)

Haller and Ramart-Lucas (102) found that in an epoxy ketone in which the

carbonyl group is not directly attached to the oxirane ring, the carbonyl group
alone is attacked by a Grignard reagent despite the hindrance to the reaction
created by a branched chain:

CH;

!
CsH; COCCH, CH——CH,

CH; o)

—

+ Ce¢H;MgBr

(CeH;): C(OH)C(CH;): CH, C\I—i————CHz
0O
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Bardon and Ramart (9) prepared diphenylglycidic ester by the condensation
of benzophenone and ethyl chloroacetate. With methylmagnesium iodide the
glycidic ester gave an ester alcohol, postulated as either

?eHs ('JeHs
CGHa([j——(‘)HCOOCQHs or CeHa?CHOHCOOC2H5
OH CH;, éHs

With phenylmagnesium bromide the products were an ester alecohol, m.p. 130°C.,,
and another product, m.p. 203-205°C., neither of which was identified.

Kohler, Richtmyer, and Hester (141), working with the oxides of benzalaceto-
phenone, found that when organomagnesium compounds react with a-epoxy
ketones, only the carbonyl group is attacked. Operating at a low temperature,
immediate decomposition yields the epoxy carbinol; at higher temperatures the
intermediate products decompose into magnesium derivatives of aldehydes and
into ketones which may be transformed into tertiary alcohols.

CsH.;CH—‘-—CHCOCsHs + CeHaMgBl‘ —
N S

(CoeHsCoH,0)MgBr  + [CsHs; COCsHs

! }
resin (C¢H;); COH

Thus the epoxy ketone is cleaved between the carbony! and epoxy groups. The
oxides of anisalacetophenone and a-phenyl-p-nitrobenzalacetophenone also gave
triphenylmethanol and a resin. The formation of acetylmesitylene from the reac-
tion of the oxide of benzalacetone and mesitylmagnesium bromide established
the ketone as one of the primary cleavage products:

MgBr

: CH,/” \CH; CH,
C,H, CH—CHCOCH, + - CH3©COCH3
A4 CH,

CH;
Acetylmesitylene or
2,4 6-trimethylacetophenone
The nature of the second cleavage product was established in the reaction of
1-benzoyl-2,2-diphenylethylene oxide and phenylmagnesium bromide. Two pro-
ducts were formed, triphenylmethanol and diphenylacetaldehyde. With the
ethyl Grignard reagent the second product was also diphenylacetaldehyde.

(CGH5)2C CHCOCsHs + CeHsMgBI' 4
0]
(C¢H;) C=CHOMgX 4+ CsH; COCsH;
! )
(CeH;): CHCHO (CesH;); COH

Diphenylacetaldehyde Triphenylmethanol
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If equivalent amounts of benzalacetophenone oxide and phenylmagnesium
bromide react at —10°C. and the mixture is immediately decomposed, the pro-
duct is the epoxy carbinol, 1,2-epoxy-1,3,3-triphenyl-3-propancl, called an
oxanol:

CeH; CH—CHCOC H; + CoHsMgBr ——0C-
/ mverse
0 addition

CeH; CH—CHC(CsHs).
N/
OH

If the reaction mixture stands overnight at room temperature before decomposi-
tion, only benzophenone and a resin are obtained. Excess phenyl Grignard re-
agent does not react with the epoxy carbinol at —10°C., but at room tempera-
ture triphenylmethanol and a resin are the final products.

The epoxy carbinol isomerizes, under the influence of methanolic potassium
hydroxide, to 1,2-epoxy-1,1,3-triphenyl-3-propanol:

CGHE,C{{—CHC(CSHE)Q . CeHscHOHC{{-/C(CsHs)g
i 3

OH o)

This reacts with the phenyl Grignard reagent to give diphenylacetaldehyde and
benzhydrol and with methylmagnesium iodide to give benzaldehyde, diphenyl-
acetaldehyde, and a product postulated as CH;CHOHCOCH(C¢H;).. Au-
toxidation of the isomeric epoxy carbinol gives a peroxide whose formula was
advanced on the basis of its thermal decomposition and reaction with methyl-
magnesium iodide.

C¢H; CHOHC{‘I—/C(CGI‘L)Q +O2 -

C5H50HOH—O—O-—C{I—;C(CGH5)2 heat ,

CeH;CHO 4 HCOOH 4 CsH;COC:H;

The peroxide reacts with four moles of methyl Grignard reagent to give methyl-
diphenylglycol and methylphenylcarbinol.

CGH:,CHOH——O—O—C{I—/C(CeHs)z 4+ 4CH.Mgl -—

CeH; CHOHCH,; -+ CH;CHOHC(C¢H;),OH
Methylphenylcarbinol Methyldiphenylglycol

These results are at variance with the work of Bardon and Ramart (9). Initial
attempts to repeat their work with diphenylglycidic ester indicated that in its
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preparation the glycidic ester, which is the primary produect, rearranges to the
ketonie ester during distillation (141).

(CeHs)s C\—/CHCOOCsz — (C4H;5):CHCOCOOC,H;
/
O
That this was the product used by Bardon and Ramart in their reaction with
the Grignard reagent was indicated by the fact that under varying conditions
the ketonic ester and excess phenylmagnesium bromide gave the hydroxy ester
(A}, the hydroxy ketone (B), and the glycol (C):

(CeH;); CHCOCOOC,H;
CeHal\IgB!'
) { !
(EeHa ('36H5 QsHs (’JGHS
(CGH{,)QCH(ECOOCQHE. (CsH;,)zCHC']COCsHs (CsH5)2CH¢——-——’CC6H5

OH OH OH OH

A B C

(m.p. 118°C.) (m.p. 123°C.) (m.p. 190°C.)

When the crude reaction mixture from the synthesis of the glycidic ester—a
mixture of the glycidic ester, benzophenone, and ethyl chloroacetate—was treated
with excess phenylmagnesium bromide the products were the same as those ob-
tained with the epoxy ketones, i.e., triphenylmethanol and diphenylacetalde-
hyde. Therefore the epoxy ester does not give products of the type described by
Bardon and Ramart but is cleaved like the epoxy ketones. In a similar manner
the aliphatic glycidic ester reacts with phenylmagnesium bromide to give tri-
phenylmethanol:

(CH3)QC\—CHCOOC2H5 + CeHsMgBI’ —> (CGH5)3COH
/
Triphenylmethanol

o-Chlorobenzalacetophenone oxide was prepared by Kohler and Bickel (140).
From phenylmagnesium bromide at —15°C. the expected oxanol was obtained,
which reacted with the ethyl Grignard reagent to give diphenylethylearbinol:

O'ClCGH4C{{—,CHCOC6H5 + CoHMgBr ——2%,
/
0
o-ClCeH4C§—7CHQ(CeH5)g _GHMgBr (o G(OH) (CoH),

OH
The oxanol and phenyllithium at — 18°C. give a solid lithium compound which
upon decomposition results in a quantitative recovery of the oxanol. However,
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if after the formation of the intermediate product at —18°C. the ethereal reac-
tion mixture is refluxed for 30 min. before decomposition, the products are tri-
phenylmethanol and a polymeric aldehyde. The oxanol and sodium in liquid
ammonia give a resin which on steam distillation results in the isolation of benzo-
phenone and a resin. Therefore it was concluded that cleavage is dependent on
replacement of the hvdrogen atom of the hydroxyl group with a metallic atom
and decomposition of the metallic derivative.

In reviewing the work of Xohler and his coworkers, Bergmann and Wolff
(22) prepared benzal-p-phenylacetophencne oxide by the condensation of bi-
phenyl and cinnamoyl chloride with aluminum chloride, followed by oxidation
with alkaline hydrogen peroxide. The condensation gave a product melting at
165°C. and the oxidation gave two oxides, melting at 126°C. and 162°C. The
isomer melting at 126°C. was allowed to react with phenylmagnesium bromide,
vielding two products, a pinacol of phenyl biphenyl ketone (B) and the so-called
normal reaction product (A):

06H50{1—70Hg06mc¢,m-p _CeH:MgBr_, CsHs(HJCSI-LC.-,Hg.-p
o 0 0
lCeHﬂ[gBr l
CsHs OH OH
CsHy CHOHCHC Cs H, Cs Hy -p CeH5:C—(!JOsH5
G.H, OH p-CsHs CsHe CoH,CsHy-p
A B

The formation of the pinacol was explained by the reducing action of finely
divided magnesium, present from the preparation of the Grignard reagent. The
structure of the 1,3-glycol (A) was assumed “‘in view of known reactions of
ethylene oxide’ in preference to the isomeric 2,3-glycol.

From benzal p-methoxyacetophenone oxide and the phenyl Grignard reagent,
1-(p-anisyl)-1,2,3-triphenyl-1,3-propanediol was obtained as the sole product:

CGH5C{{—/CHCOCGH4OCH3-73 4+ 2CsH;MgBr —

(PsHs
C3Hs CHOHCH—CCs H, OCH;-p
CH;  OH

Here again the structure of the product was assumed in preference to that of the
isomeric glycol, which is actually more probable, as is shown later.

Bachmann and Wiselogle (8) repeated the work of Bergmann and Wolff and
found several discrepancies. The condensation of biphenyl and cinnamoyl chloride
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with aluminum chloride did not yield the product previously reported, melting
at 165°C., but a substance melting at 156°C. Oxidation gave one oxide, m.p.
136-137°C., instead of the two oxides reported by Bergmann. The oxide, benzal-
p-phenylacetophenone oxide, gave with one equivalent of phenylmagnesium
bromide a 60 per cent yield of p-phenylbenzophenone

CeHsMgBr
—_— e
1 equivalent

0] p-Phenylbenzophenone

CeH; CH—CHCOC:HiCe H;-p CeH; COCeH CsHs-p

while with excess Grignard reagent a 51 per cent vield of p-phenyltriphenyl-
methanol was obtained:

CoHs CH—CHCOCH, CoHy-p —MEBT (o 1), CCs L Cs H-p
\ / excess J

0] OH

Addition of magnesium and magnesium bromide to a mixture of the oxide and
phenylmagnesium bromide gave a 45 per cent yield of 4,4’-diphenylbenzopinacol:

CeH; CH—CHCOC:H, CsHs-p
\
0O
OH Cl)H
(;CeHs

“/\ ”/\\\
AV
CoHy O

44'-Diphenyl-
benzopinacol

|
4 CeE MgBr M+ MeBr o oopC

In a similar manner benzalacetophenone oxide gives benzopinacol.

Bickel (24) also repeated the work of Bergmann and Wolff and found that
benzal-p-methoxyacetophenone oxide and one equivalent of phenylmagnesium
bromide at —15°C. gave 1-(p-anisyl)-1,3,3-triphenyl-1,2-propanediol,

(|)H

(CeH,y ), CHCHOHCCs Hs OCH;-p
|
CesHs

which was shown to be Bergmann’s product rather than the isomer previously
reported. Refluxing with excess Grignard reagent gave the same results. The
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oxide with phenyllithium in ether at —15°C. gave the oxanol, 1-(p-anisyl)-2,3-
epoxy-1,3-diphenyl-1-propanocl. This reacted with phenylmagnesium bromide
to give the vic-glycol above and with phenyllithium to give diphenyl(p-anisyl)-
carbinol and a resin:

CsHs

CeH;CH—CHCOC:H.OCH;-p *ce—HiIii—; CeHy CH—CHCCsH, OCH;-p
\ N/

0] OH

CeH;MgBr / N CeH;5Li

e N

CeH;

(C6H5)20HCHOH({JC5H4OCH3-Z) (Ce¢H;): CCsH,OCH;-p

OH (l)H

Similarly, benzalacetophenone oxide and phenyllithium give 2,3-epoxy-1,1,3-
triphenyl-1-propanol and o-chlorobenzalacetophenone oxide gives the 3-(o-chloro-
phenyl) analog, identical with the compounds obtained by Kohler, Richtmyer,
and Hester (141) and by Kohler and Bickel (140) with phenylmagnesium bro-
mide. The difference in the reaction of benzalacetophenone oxide and the p-meth-
oxy compound with phenylmagnesium bromide was explained as due to activa-
tion of the oxirane ring by the anisyl group. Simultaneous addition to the car-
bonyl group and to the oxide ring produces a magnesium derivative having no
tendency to undergo cleavage.

In an elegant piece of work Gaertner (74) has been able to resolve the con-
troversy between Bergmann and Bachmann. Pointing out that the pinacol
derived from p-phenylbenzophenone may exist in meso- and d,l-forms, he
proceeded to separate two pinacols from the reaction, one melting at 190°C.
and the other at 207°C. He associated the compound of Bergmann and Wolff
(m.p. 181°C.) with that melting at 190°C. and the compound of Bachmann and
Wiselogle (m.p. 198°C.) with the higher-melting form. By means of ultraviolet
absorption spectra Gaertner further assigned the meso-configuration to the high-
melting form and the d,l-configuration to the low-melting form.

Fuson et al. (73) investigated the action of Grignard reagents upon epoxy
ketones derived from highly hindered «,B8-unsaturated ketones and found that
they acted as reducing agents. It was found that a-epoxy ketones of the type

H.C ArCH
N AN
[ O 0]
|/ |/
ArCCOAY and ArCCOAr
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in which Ar’ is a mesityl, duryl, or isoduryl radical, undergo loss of oxygen in
the presence of Grignard reagents, forming the corresponding «,B-unsaturated
ketones. One mole of hydrocarbon derived from the Grignard reagent is evolved
for each mole of epoxy ketone during reduction. Thus, oxido mesityl a-mesityl-
vinyl ketone under the influence of methyl, ethyl, and phenyl Grignard re-
agents forms the corresponding unsaturated mesityl c-mesitylvinyl ketone:

Hz(ﬁ\
00 CH., (II)

| : |
—Iigg—) Mes—(l]—C-——Mes

|

Mes—Cf—C—Mes
Similarly, the epoxy derivatives of duryl e-mesitylvinyl ketone, isoduryl
a-mesitylvinyl ketone, «,B-diphenylvinyl mesityl ketone, and «,B8-diphenyl-
vinyl duryl ketone revert to the unsaturated ketone. However, oxido mesityl-
acetomesitylene (or oxido mesityl S-mesitylvinyl ketone) undergoes normal ad-
dition with ethylmagnesium bromide, although the structure of the product
was not proven.

Mes—(;s Mes—?H—Csz
00 MR, HO—O—Mes
! |
HC—C—Mes OH O

Karrer, Jucker, and Steinlin (126) proposed the following mechanism:

H,C H.C Cl H,C

N\ ANV I

0] 0] RC

/ | / H,O !
RCCOR’ + CH;MgCl — RC MgCH; — COR’

|
COR/

4+ CH:, 4+ Mg(OH)0OCl

However, the cleavage of the Grignard reagent at the magnesium-halogen bond
is difficult to conceive®

It can be said in conclusion that epoxy ketones and keto esters react first at
the ketone group. At low temperatures and with an equivalent of the Grignard
reagent, the oxanol or the hydroxy ester may be isolated. Under more vigorous
conditions and in the presence of excess Grignard reagent these compounds
undergo facile cleavage to ketones, which may react further to give a tertiary
alcohol or with each other (in the presence of magnesium and magnesium
bromide) to give pinacols. A likely mechanism for the latter reaction is the

following:
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N
¢
CsHsCH——CHCOCsH5 + RMgX - CsHacH——CH—-CCsHs
N /S \
“a O OMgX
— CsHi;CH=CHOMgX + C¢H;COR
y \Q{g
RMgX
/ R R
! < |
resin CsH5CR20H CGHS(IJ_(,}CBHE
HO OH

VI. D1EPOXIDES

The reaction of only two diepoxides with Grignard reagents has thus far been
carried out. Further study should prove of great interest. Thus, 1,2,5,6-diepoxy-

CH,— CHCH, CH, CH—CH, ——=Mel,
N/

O/ O CH.ICHOHCH,CH, CHOHCHS.I
2,5-Dihydroxy-1,6-diiodohexane

hexane gives 2,5-dihydroxy-1,6-diiodohexane (225) and 3,4-isopropylidene-
1,2,5,6-dianhydromannitol gives 1,6-diiodo-3,4-isopropylidene-1,6-deoxyman-
nitol.

/CHz
0] l CH,I
N |
([jH HOCH
O—(iJH O—CH
i CH;MglI
G(CHa): g, L o
H(’J—O H?———O
HC HCOH
N |
O CH,I
/
H,C

VII. TRIMETHYLENE OXIDE

The only trimethylene oxide which has been subjected to the Grignard re-
action is trimethylene oxide itself (see table 11). It reacts with both Grignard
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TABLE 11
Trimethylene oxide
GRIGNARD REAGENT PRODUCT viezp | REFER-
per cent

Anhydrous magnesium bromide......' 3-Bromo-1-propanol 540 (183)

. . 1-Pentanol 30

Ethylmagnesium bromide............ {3-Bromo-1‘propanol 34 } (23)
3-Bromo-1-propanol 38®)
n-Propylmagnesium bromide.........| 1-Hexanol 11.5(@ | (53)
i

§ . . 4-Methyl-1-pentanol | 286

Isopropylmagnesium bromide........ {3-Bromo-1-ptopanol 12 } (183)
. . 4,4-Dimethyl-1-pentanol (?)

tert-Butylmagnesium chloride.... . ... {3-Chloro-1-propanol 37¢e) (183)
n-Butyllithium...................... 1-Heptanol 28(@ (183)

. . 3-Cyclohexyl-1-propanol 28
Cyclohexylmagnesium bromide. .. ... | {3-Brom0-l-propanol' 10 (183)
Benzylmagnesium chloride........... 4-Phenyl-1-butanol i 83@ (183)
9-Fluorenyllithium.................. 3-(9-Fluorenyl)-1-propanol 44 @ (183)

. 1-1- | g4@
Phenylmagnesium bromide .. ... . ... ' |3-Phenyl-1-propanol 84 (183)

. |3-Bromo-1-propanol 4

Phenyllithium....................... * 3-Phenyl-1-propanol 85 | (183)
1-Naphthylmagnesium bromide. .. ... } 3-(1-Naphthyl)-1-propanol | 80@ (183)
2-Naphthylmagnesium bromide. .. ... 1 3-(2-Naphthyl)-1-propanol i 60@ | (183)

@) The trimethylene oxide is added to the Grignard solution and allowed to stand
overnight. After adding benzene, distilling the ether, and refluxing, the mixture is decom-
posed and worked up in the usual manner.

®) The procedure is the same as in (a), except that the ether is not distilled.

> After adding the oxide the ether is distilled, whereupon a sudden reaction occurs;
then the mixture is hydrolyzed in the usual manner.

@ The oxide is added to the Grignard solution and refluxed 1 hr. Benzene is now added,
the ether is distilled, and the mixture is refluxed 4 hr., followed by hydrolysis with am-
monium chloride solution.

(&) A modification of (d) in which the reaction mixture is allowed to stand overnight
and then is refluxed only 2 hr. after the benzene is added.

reagents and organolithium derivatives with simple opening of the ring to
produce a primary alcohol in which the hydrocarbon chain has been lengthened
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by three carbon atoms. Some 1,3-halohydrin accompanies the reaction, but no
rearrangements have been observed. The only extensive work in this field has
been reported by Searles (183).

VIII. MECcHANISM

The mechanism of the reaction of Grignard reagents with epoxy compounds
has not been unequivocally elucidated. Both products resulting from simple
opening of the ring (the halohydrin and the new alcohol) and products which
may be written as resulting from the rearrangement of the oxide to a carbonyl
group are known. Further, there is the report that the order of addition of the
reactants changes the course of the reaction (133). Although these facts can be
rationalized, chemical evidence for their substantiation is for the most part un-
available. It is the purpose of this section to interpret the observed results and
to suggest, where possible, evidence that could be gathered.

The Grignard reagent in solution is known to exist as a solvate with ether;
the first step in the reaction with an epoxy compound would probably be dis-
placement of one of the ether groups by the oxide:

. +

O(C:Hy) | O(CeFe): |

- C— R C—

- /t N- +/]

:\Ig:O(CgHa)z + O o Mg.O -+ (Csz)zO (1)
/ AN

C X C—

| |

Ordinary ring opening, then, can be considered as taking place by nucleophilic
attack of X~ or R~ (the equation shows only the codrdinated magnesium atom):

X

o X-(R-) C—X(R)
Mg: O \\_1 0 2)
Mgl . — Mg—0—C—

N / |

|
|

or by prior opening of the ring, followed by addition of the negative fragment:

The ionic intermediate conceivably may rearrange in a 1,2-shift to give a
carbonyl structure, which subsequently could react with the R~ group.
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o —(:J—H(R’)

\IV_Ig—O—(Ti—H(R’) - MgO—C:

i /
|

—C—H(R) ~(JJ—H(R’)

Ne s N |
«——  Mg—0=C— — Mg—0—C—R (4)

The reaction represented by equation 2 takes place at room temperature as
well as at elevated temperatures. Early workers, and also later ones, have re-
ported that at room temperatures only the halohydrin forms, while at reflux
temperature, or if the ether is displaced with a higher-boiling inert solvent, the
desired alcohol is formed. Norton and Hass (156) showed, however, that if the
reaction mixture were held long enough at the lower temperatures the alcohol is
formed. Apparently the first product is the adduct of the oxide with magnesium
bromide (117), which subsequently reacts with the dialkylmagnesium remaining
in solution. Kinetic data for the reactions at various temperatures would help
accurate selection of reaction conditions as well as make possible the prediction
of reaction produets, but such data are not available.

With respect to the ease of carrying out the reaction, the reactivity of the
Grignard reagent and/or the oxide is important. It is known that benzyl Grig-
nards, diorganomagnesiums, and organolithiums react smoothly with most oxides
without heating. Also, oxides adjacent to double bonds, such as styrene oxide
and butadiene monoxide, react with aryl or alkyl Grignard reagents without
heating. However, no quantitative data relating these activities are available.

It is not known specifically whether the nucleophilic opening is accompanied
with inversion. In the only example employing an optically active oxide, d-1,2-
epoxypropane was treated with isopropyl- (144), n-propyl-, and phenylmag-
nesium bromides (143) to give optically active alcohols without evidence of
inversion. Only alcohols corresponding to opening of the ring at the 1-position
were obtained. In the case of n-propylmagnesium bromide, the alcohol recovered
had a value for {]® of —1.75°. In a previous paper (142) it has been shown that
pure d-methylbutylcarbinol has a value for [o]* of +6.3°. It therefore appears
that some racemization of the oxide had occurred during the course of the re-
action. A further examination of this type of reaction should prove fruitful.

An interesting observation is that of Kharasch and Clapp (133) in which the
order of addition of reagents appears to determine the nature of the products
when styrene oxide reacts with an arylmagnesium bromide. Some of the isomeric
alcohol is formed in each case. The results are capable of rationalization if it is

oxide added to B
e ,CHCH,OH
/" Grignard reagent (CsH;):CHCH. O

CeHa CH“‘CH: + CeHsl\'IgBl‘\ .
NS \_Grignard reagent (CsH, CH; CHO] —

added to oxide
CsH;CH,CHOHC;:H;
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accepted that the presence of magnesium halide is responsible for the rearrange-
ment reaction. Thus, in the presence of a large excess of Grignard reagent the
reaction of the oxide with reactive diarylmagnesium would lead to ordinary ring
opening before rearrangement could set in. With the oxide in excess the concen-
tration of free diarylmagnesium would always be very small and the magnesium
halide would be able to rearrange the oxide prior to addition of R™. This, then,
is not in disagreement with the work of Golumbic and Cottle (94), who found
that with styrene oxide methylmagnesium iodide gives 1-phenyl-2-propanol,
while dimethylmagnesium gives 2-phenyl-1-propanol. The fact that the alkyl (or
aryl) group enters the ring adjacent to the phenyl ring indicates that in this
instance electronic effects overshadow the expected steric effect of the bulky
phenyl group, structures such as

CH—CH, /\_CH—CHZ
WA —~
0 y 0

tending to direct a carbanion to the a-position.

The ability to predict to what extent normal reaction will take precedence over
reaction accompanied by rearrangement is not on a sound hasis; there is a
paucity of experiments carried out with material balances included. Even
ethylene oxide can give rise to some rearranged product (46). It seems, in general,
that if a more stable carbonium ion can be formed, then rearrangement will
take place. For example, 1,2-epoxy-2-methylpropane is ohserved to form only
rearranged products.

?Hg CH; CH, /(_T)——)—’[g
i 7
CH;,—C—CH; «— CH;—C—CH, — CH,—CH—C
\+/ + AN
? ? ;
Mg~ KI’Ig“
/7 N\ VAN

A steric factor is also evident, since it is observed that propylene oxide opens
only by attack at the terminal position with benzyl, n-alkyl, and isopropyl
Grignard reagents, but that the rearrangement product is obtained with a
tert-butyl Grignard reagent.

The rearrangement reaction is entirely avoided by employing diorganomag-
nesiums or organolithium compounds. This is somewhat unexpected, since in
both classes the metal is still a Lewis acid. A further point of interest is that in
unsymmetrical alkyl oxides and either of these reagents, the hydrocarbon
residue attaches to the least substituted position, despite the fact that the
carbonium ion is most stabilized at the more highly hindered position. Thus,
(CHg)QC\——SH; reacts with R.;Mg to yield (CH;),C(OH)CH R and not (CHj).-

CRCH,OH. With dialkylmagnesium it appears that resonance through a con-
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jugated unsaturated bond can direct the carbanion to the more hindered position
(vide supra). However, this is not so when phenyllithium is used with propylene
oxide, styrene oxide, and 1,1-diphenylethylene oxide. In each instance the only
products isolated correspond to opening of the ring at the less hindered C—O
bond. It would be of interest to see whether organometallic compounds of still
more electropositive elements, such as sodium or potassium, would react
similarly.

Another unelucidated problem in this basic reaction is the influence of strong
polar factors. In no set of experiments has an attempt been made to substitute
a group such as the trifluoromethy! group into ethylene oxide with a view to
studying the change in the course of the reaction. Substituting such a group into
an already unsymmetrical oxide would also be of interest.

IX. REFERENCES

(1) AvtwEeea, J.: U. 8. patent 1,315,619 (September 9, 1919); Chem. Abstracts 13, 2883
(1919).
(2) Areusov, B. A.: Ber. 68, 1430 (1935).
(3) Arsusov, B, A.: J. Gen. Chem. (U.8.8.R.) 9, 249 (1939); Chem. Abstracts 33, 6279
(1939).
(4) Arsusov, B. A.: J. Gen. Chem. (U.8.8.R.) 9, 255 (1939); Chem. Abstracts 33, 6280
(1939).
(5) Arsusov, B, A.: Trans. Kirov Inst. Chem. Technol. Kazan 6, 226 (1936); Chem.
Zentr. 1937, 4942.
(6) Bacuman, G. B.: J. Am. Chem. Soc. §7, 382 (1935).
(7) Bacamaxn, W. E., Fusimoro, G. 1., axp Wick, L. B,: J. Am. Chem. Soc. 72, 1995
(1950).
(8) Bacaman, W. E., aNp WisELoGLE, F. Y.: J. Am. Chem. Soec. 56, 1559 (1934).
(9) BarpoN aAND RamarT: Compt. rend. 183, 214 (1926).
(10) BarTiETT, P. D, AND BERRY, C. M.: J. Am. Chem. Soc. 56, 2683 (1934).
(11) Bepos, P.: Bull. soc. chim. [4] 33, 163 (1923).
(12) Bepos, P.: Compt. rend. 177, 111 (1923).
(13) Bepos, P.: Compt. rend. 177, 958 (1923).
(14) Bepos, P.: Compt. rend. 181, 117 (1925).
(15) Bepos, P.: Bull. soc. chim. {4] 39, 292 (1926).
(16) Bepos, P.: Bull. soc. chim. {4] 39, 473 (1926).
(17) Bepos, P.: Bull. soc. chim. [4] 89, 674 (1926).
(18) Bepos, P.: Compt. rend. 189, 255 (1929).
(19) Bepos, P.: Compt. rend. 228, 1441 (1949).
(20) Bepos, P., anD RuvEs, A.: Compt. rend. 188, 962 (1929).
(21) BERGMANN, E., AND BruM-BeRGMANN, O.: J. Am. Chem. Soc. 58, 1678 (1936).
(22) BERGMANN, E., anp WoLFrF, H. A.: J. Am. Chem. Soc. 54, 1644 (1932).
(23) BermEJO, L., AND ARANDA, V. G.: Anales soc. espai. fis. y quim. 27, 798 (1929).
(24) Bicker, C. L.:J. Am. Chem. Soc. 59, 325 (1937).
(25) Braisg, E. E.: Compt. rend. 134, 551 (1902).
(26) BogeErT, M. T., aNpD HamanN, E. H.: Am. Perfumer Essent. Oil Rev. 25, 19, 75 (1930) ;
Chem. Abstracts 24, 4008 (1930).
(27) BoGoMoOLEZ, J.: Bull. soc. chim. [2] 34, 330 (1880).
(28) BogoMoLEZ, J.: Ann. 209, 70 (1881).
(29) Bousser, R.: Bull. soc. chim. {5] 1, 1305 (1934).
(30) BouveauLrt, M. L.: Bull. soc. chim. [3] 31, 1308 (1904).
(31) Boyp, D. R., axp ViNEALL, G. J. C.:J. Chem. Soc. 1929, 1622,



REACTION BETWEEN GRIGNARD REAGENTS AND THE OXIRANE RING 529

(32) BrapsHER, C. K.: J. Am. Chem. Soc. 66, 45 (1944).

(33) BurLErow, A.: Ber. 10, 407 (1877).

(34) BurLerow, A., AND OssokIN, M.: Ann. 146, 257 (1868).

(35) Cason, J.:J. Am. Chem. Soc. 64, 1106 (1942).

(36) Cason, J., anp WinaNns, W. R.: J. Org. Chem. 15, 139 (1950).

(37) CHAVANNE, G., AND DE VOGEL, L.: Bull. soc. chim. Belg. 87, 141 (1928).

(38) CHINAEVA, A. D., aND UsHaROV, M. I.: J. Gen. Chem. (U.S.S.R.) 11, 335 (1941).

(89) CrLEMo, G. R., AND OrRMSTON, J.: J. Chem. Soc. 1982, 1778.

(40) CrLEMoO, G. R., AxD ORMSTON, J.: J. Chem. Soc. 1933, 362.

(41) ComEN, A., Cook, J. W., HEwETT, C. L., AND GIRARD, A.: J. Chem. Soc. 1934, 653.

(42) Conanrt, J. B., aND KirNER, W. R.: J. Am. Chem. Soc. 46, 240 (1924).

(43) Cooxk, J. W., anp HEwWETT, C. L.: J. Chem. Soc. 1933, 1098.

(44) Cooxk, J. W., Hewsrr, C. L., AND LAWRENCE, C. A.: J. Chem. Soc. 1936, 71.

(45) CorTLE, D. L.: Private communication.

(46) CorrLe, D. L., AND HoLLYDAY, W. C., JR.: J. Org. Chem. 12, 510 (1947).

(47) Corrre, D. L., ANp PowELL, L. 8.:J. Am. Chem. Soc. 58, 2267 (1936).

(48) CrisroL, 8. J., Doucrass, J. R., AND MEEK, J. S.: J. Am. Chem. Soc. 73, 816 (1951).

(49) DaNEnY, J. P., Voer, R. R., AND NIEUWLAND, J. A.: J. Am. Chem. Soc. 56, 2790
(1934).

(50) Daneny, J. P., Voer, R. R., ANp NiguwranDp, J. A.: J. Am. Chem. Soc. 57, 2327
(1935).

(51) DELABY, R.: Ann. chim. {9] 20, 57 (1923).

(52) DELABY, R.: Compt. rend. 176, 1153 (1923).

(53) DEeRICK, C. G., aAND BissgLr, D. W.: J. Am. Chem. Soc. 88, 2478 (1916).

(54) Drvux, Y.: Compt. rend. 207, 920 (1938).

(55) DEUX, Y.: Compt. rend. 211, 441 (1940).

(56) Dicge,J. R., Warrins, T. E., ANDp ScuumaN, H. L.: J. Am. Chem. Soc. 72, 1738 (1950).

(57) DrEGER, E. E.: Organic Syntheses, Collective Volume I, 2nd edition, edited by H.
Gilman and A. H. Blatt, p. 306. John Wiley and Sons, Inc., New York (1941).

(58) EBRENSTEIN, M.:J. Org. Chem. 8, 83 (1943).

(59) EvLpERFIELD, R. C., PrrT, B. M., AND WEMPEN, I.:J. Am. Chem. Soc. 72, 1334 (1950).

(60) Farpurri, M.: Compt. rend. 189, 854 (1929).

(61) FARBENFABRIKEN VORM F. BAvER AND Co. (TauB, WINGLER, AND SCHULEMANN):
German patent 423,544 (December 17, 1925); Chem. Zentr. 1926, I, 3635.

(62) Faucounau, L.: Compt. rend. 199, 605 (1934).

(63) Fieser, L. F., AND F1EsER, M.: Natural Products Related to Phenanthrene, 3rd edition,
p- 224. Reinhold Publishing Corporation, New York (1949).

(64) FourNEeaU, E., AND PouLENc FrRERES: French patent 350,248 (October 23, 1905).

(65) FoUurNEAU, E., ANp T1rFENEAU, M.: Bull. soc. chim. [3] 88, 741 (1905).

(66) FourNeEAU, E., AND T1rFENEAU, M.: Bull. soc. chim. [4] 1, 1227 (1907).

(67) FourneavU, E., aND T1rFENEAU, M.: Compt. rend. 146, 435 (1907).

(68) FourNEAU, E., AND T1FFENEAU, M.: Compt. rend. 145, 437 (1907).

(69) FournEAaU, E., TREFOUEL, J., AND TREFOUEL, MME.: Bull. soc. chim. [4] 43, 454
(1928).

(70) Frang, R. L., Apams, C. E., ALLEN, R. E., GaANDER, R., ANDp SmiTH, P. V.: J. Am.
Chem. Soc. 68, 1365 (1946).

(71) FREEDMAN, R. F., AND BECKER, E. 1.: J. Org. Chem. 16, 1701 (1951).

(72) Fuvuron, J. D., AND RoBinsoN, R.: J. Chem. Soc. 1933, 1463.

(738) Fuson, R. C., Bygrs, D. J., SperaTI, C. A, FostER, R. E., AND WaARFIELD, P. F.:
J. Org. Chem. 10, 69 (1945).

(74) GAERTNER, R.:J. Org. Chem. 16, 1006 (1950).

(75) GayLorp, N. G., aAND BECEER, E. I.: J. Org. Chem. 15, 305 (1950).

(76) Gruman, H., axp AsBorr, R. K., JR.: J. Org. Chem. 8, 224 (1943).

(77) Gioman, H., axp FrLiHART, L.: J. Am. Chem. Soc. 71, 1478 (1949).



530 NORMAN G. GAYLORD AND ERNEST I. BECKER

(78) GiumaN, H., axp KirBy, J. E.: J. Am. Chem. Soc. 54, 345 (1932).
(79) Giuman, H., Lancuam, W., aAxp Moorg, F. W.: J. Am. Chem. Soc. 62, 2327 (1940).
(80) GMITTER, G. T., AND BENTON, F, L.: J. Am. Chem. Soc. 72, 4586 (1950).
(81) GovocuoTt, M., axp BEpos, P.: Compt. rend. 174, 461 (1922).
(82) Gopcrot, M., axp Bepos, P.: Compt. rend. 175, 1411 (1922).
(83) GoocuoTt, M., Axp BEpos, P.: Bull. soc. chim. [4] 33, 162 (1923).
(84) Gobocrot, M., axp Bepos, P.: Compt. rend. 178, 1184 (1924).
(85) GobcHot, M., aAxp BEpos, P.: Compt. rend. 178, 1374 (1924).
(86) Govocuot, M., axp Bepos, P.: Bull. soc. chim. [4] 37, 1451 (1923).
(87) Goocuot, M., axp BEpos, P.: Bull. soc. chim. [4} 37, 1637 (1925).
(88) Gobocror, M., axp Bepos, P.: Compt. rend. 182, 393 (1926).
(89) Gobcror, M., axp Bepos, P.: Compt. rend. 184, 208 (1927).
(90) Goocuot, M., axp Bepos, P.: Bull. soc. chim. [4] 43, 521 (1928).
(91) GoocuoT, M., axp CavquiL, G.: Bull. soc. chim. [4] 48, 520 (1928).
(92) Goocrort, M., axp CavquiL, G.: Compt. rend. 186, 375 (1928).
93) Goocror, M., anp Cavquit, G.: Compt. rend. 186, 955 (1928).
(94) Govrvmsic, G., axp CorriE, D. L.: J. Am. Chem. Soc. 61, 996 (1939).
(95) GricNARD, V.: Bull. soc. chim. (3] 29, 944 (1903).
(96) GriaNARD, V.: Compt. rend. 136, 1260 (1903).
(97) GriaNARD, V.: Bull. soc. chim. [3] 38, 918 (1905).
(98) GriaNARD, V.: Compt. rend. 141, 44 (1905).
(99) GrigNaRD, V.: French patent 348,957 (February 28, 1905).
(100) GriGNARD, V.: Ann. chim. [8] 10, 23 (1907).
(101) GrigNARD, V.: Bull. soc. chim. [4] 1, 247 (1907).
(102) HALLER, A., AND RamMarT-Lucas: Compt. rend. 169, 143 (1914).
(103) HarDEGGER, E., REpLICH, D., AND GAL, A.: Helv. Chim. Acta 28, 628 (1945).
(104) Harrow, I. F., axp Brirron, E. C.: U. 8. patent 1,591,125 (July 6, 1926); Chem.
Abstracts 20, 3171 (1926).
(105) Hexnry, L.: Compt. rend. 142, 1023 (1906).
(106) He~ryY, L..: Compt. rend. 144, 308 (1907).
(107) He~ry, L. Compt. rend. 145, 21 (1907).
(108) HenNry, L.: Compt. rend. 145, 154 (1907).
(109) Henry, L.: Compt. rend. 146, 354 (1907).
(110) Henry, L.: Compt. rend. 146, 406 (1907).
(111) Hen~ry, L.: Compt. rend. 145, 453 (1907).
(112) HENRY, L.: Bull. acad. roy. Belg. 1907, 162.
(113) Hess, K.: Ber. 46, 3113 (1913).
(114) Hiers, G. 8., anp Apams, R.: J. Am. Chem. Soc. 48, 1089 (1926).
(115) Hiers, G. 8., aND Apams, R.: J. Am. Chem. Soc. 48, 2385 (1926).
(116) HoMmeYER, A. H., WaITMORE, F. C., AND WALLINGFORD, V. H.: J. Am. Chem. Soc. 55,
4200 (1933).
(117) Huston, R. C., axp Agert, A. H.: J. Org. Chem. 6, 123 (1941).
(118) Hyustoy, R. C., axp Bostwick, C. O.: J. Org. Chem. 13, 331 (1948).
(119) Husrox, R. C., axp Braurt, R. G.: J. Org. Chem. 15, 1211 (1950).
(120) Hrsrox, R. C., anp Langray, C. C.:J. Org. Chem. 12, 90 (1947).
(121) I. G. FARBENINDUSTRIE A.-G.: French patent 807,632 (October 19, 1936); Chem.
Zentr. 1937, I, 4022.
(122) IorsitcH, I.: J. Russ. Phys. Chem. Soc. 34, 96 (1902); Bull. soc. chim. [3] 28, 920
(1902).
(123) IorsitcH, I.: J. Russ. Phys. Chem. Soc. 36, 554 (1903); Bull. soc. chim. [3] 32, 740
(1904).
(124) IotstTcH, I.:J. Russ. Phys. Chem. Soc. 36, 6 (1904) ; Bull. soc. chim. {3] 84, 185 (1905).
(125) Torsirch, 1., BrEitrus, V. L., Ruporr, K. I., StasEvitcH, N. N., ELmanoviTcr,
N. A., Koxpirev, M. N., axp Fomi~, D. A.: J. Russ. Phys. Chem. Soc. 39, 652
(1907) ; Bull. soc. chim. {4] 8, 98 (1909).



REACTION BETWEEN GRIGNARD REAGENTS AND THE OXIRANE RING 531

(126) KARRER, P., JuckEg, 1., axp STEINLIN, IX.: Helv. Chim. Acta 29, 233 (1946).

(127) Kascuirsky, M.: Ber. 10, 408 (1877).

(128) Kascuirsky, M.: Bull. soc. chim. [2] 28, 350 (1877).

(129) Kavser, F.: Compt. rend. 198, 1127 (1933).

(130) Kavyser, F.: Compt. rend. 199, 1424 (1934).

(131) Kavser, F.: Ann. chim. [11] 6, 145 (1936).

(132) Kuaverzkii, A, M.: J. Gen. Chem. (U.S.8.R.) 6, 1 (1936); Chem. Abstracts 30, 4844
(1936).

(133) Kuarascu, M. S., axp Crarr, H. G.: J. Org. Chem. 3, 355 (1938).

(134) Knarascu, M. 8., AND NUDENBERG, W.:J. Org. Chem. 8, 189 (1943).

(135) Kuing, A.: Compt. rend. 137, 756 (1903).

(136) Kring, A.: Bull. soc. chim. [3] 81, 14 (1904).

(137) Kring, A.: Bull. soc. chim. [3] 31, 16 (1904;.

(138) Korrscu, C. F., axp McELvaix, 8. M.: J. Am. Chem. Soc. 51, 3390 (1929).

(139) Korrsch, C. F., anp McELvarx, 8. M.: J. Am. Chem. Soc. 52, 1164 (1930).

(140) Konvrer, E. P., anp Bicker, C. L.: J. Am. Chem. Soc. 57, 1099 (1935).

(141) Kouirgr, E. P., RicutvyeEr, N. K., aAxo HesteEr, W. R.: J. Am. Chem. Soc. 53, 205
(1931).

(142) Leveng, P. A., axo Haurer, H. L.: J. Biol. Chem. 79, 475 (1928).

(143) Levene, P. A, axp Wawrri, A.: J. Biol. Chem. 80, 81 (1931).

(144) Levene, P. A, axp Wartr, A.: J. Biol. Chem. 94, 367 (1931).

(145) MapaEvVa, O. 8., UsHakov, M. 1., ANp KosuELEvVA, N. F.:J. Gen. Chem. (U.S.S.R.)
10, 213 (1940).

(146) Macrane,J. K., Jr., aND CoTrLE, D. L.: J. Am. Chem. Soc. 64, 484 (1942).

(147) Mavrivovksii, M. 8., anp Koxevicuev, B. S.: J. Gen. Chem. (U.S.S.R.) 18, 1833
(1948); Chem. Abstracts 43, 3776 (1949).

(148) Mavrinovskil, M. 8., Vougova, E. E., axp Morozova, N. M.: J. Gen. Chem.
(U.S.8.R.) 19, 114 (1949); Chem. Abstracts 43, 6155 (1949).

(149) MEISENHEIMER, J.: Ann. 442, 180 (1925).

(150) Mz1sEr, W.: Ber. 32, 2049 (1899).

(1561) MovsseroN, M., axp Du, N. P.: Bull. soc. chim. France 1948, 91.

(152) NaTeELsoN, 8., Axv GorrrrieDp, 8. P.: J. Am. Chem. Soc. 81, 1001 (1939).

(153) NewmaN, M. S.: J. Am. Chem. Soc. 62, 2205 (1940).

(154) Newta, F. H., RicHarps, G. N., aND Wigaiys, L. F.: J. Chem. Soc. 1950, 2356.

(155) Normant, H.: Compt. rend. 219, 163 (1944).

(156) Norrox, F. H., axp Hass, H. B.: J. Am. Chem. Soc. 58, 2147 (1936).

(157) Oppo, B., axp Camerierr, F.: Gazz. chim. ital. 89, 10 (1939); Chem. Abstracts 33,
4239 (1939).

(157a) Pariserie, H.: Ann. chim. phys. [8] 24, 376 (1911).

(158) Prare, A. F., Suarrax, R. N., axp Baruev, M. I.: J. Gen. Chem. (U.S.S.R.) 20,
472 (1950) ; Chem. Abstracts 44, 7785 (1950).

(159) Pocrivas, M., axp Tcousar, B.: Compt. rend. 205, 287 (1937).

(160) PoureExc FrErEs AN FoUuRNEAU, E.: French patent 338,889 (June 23, 1903).

(161) Price, C. C., axp Harrery, B. D.: J. Am. Chem. Soc. 73, 818 (1951).

(162) Privezuavv, N., aAND ProxorcuUx, N.: J. Gen. Chem. (U.S.S.R.) 3, 865 (1933);
Chem. Abstracts 28, 6133 (1934).

(163) PriLEzHAEV, N., AND VERSHUK, V.:J. Russ. Phvs. Chem. Soc. 61, 473 (1929); Chem.
Abstracts 23, 4463 (1929).

(164) RiBas, I.: Anales soc. espaifi. fis. y quim. 26, 122 (1928).

(165) Rimas, I., anp Taria, IN.: Anales soc. espafi. fis. y quim. 28, 636 (1930).

(166) Rieas, I., axDp Tarts, Ii.: Anales soc. espai. {is. v quim. 30, 778 (1932).

(167) Rieas, I., axp Tar1a, I.: Anales soc. espai. fis. y quim. 30, 944 (1932).

(168) R3ycHTER, V.: The Chemisiry of the Carbon Compounds, Vol. 11, revised by T. W, J.
Taylor and A. F. Millidge, p. 229. Eisevier Publishing Company, Amsterdam,
Holland (1938).



532 NORMAN G. GAYLORD AND ERNEST I. BECKER

(169) RiepeL Co., J. D.: German patent 183,361 (June 19, 1904).

(170) Rirrer,J. J., AND Russerr, K. L.: J. Am. Chem. Soc. 58, 291 (1936).

(171) RoBERTS, J. D., anD Young, W. G.:J. Am. Chem. Soc. 67, 148 (1945).

(172) RosinsoN, R.:J. Chem. Soc. 1936, 80.

(173) RoTHMAN, L., AND BECKER, E. I.: Unpublished results.

(174) RunGE, F.: Organometallverbindungen, p. 343. Lithoprinted by Edwards Brothers,
Inc., Ann Arbor, Michigan (1945).

(175) Ruzicka, L., Eamany, L., GoLpBErG, M. W., AND Hosw1, H.: Helv. Chim. Acta 16,
833 (1933).

(176) SABATIER, P., AND MAILEE, A.: Compt. rend. 140, 350 (1905).

(177) SABATIER, P., AND Ma1LHE, A.: Compt. rend. 142, 554 (1906).

(178) Scuinz, H., aNp Stmox, H. L.: Helv. Chim. Acta 28, 774 (1945).

(179) ScHLENK, W., AND ScHLENK, W., Jr.: Ber. 62B, 920 (1929).

(180) ScurLENK, W., JR.: Ber. 64B, 734 (1931).

(181) ScuLuBAacH, H. H., Wowr, V., Justus, W., aANp Konncke, C. A.: Ann. 568, 141
(1950).

(182) ScmoriciN, P., Issagurranz, W., Gussewa, A., Ossipowa, V., AND PoLsaROvVA, A.:
Ber. 64, 2584 (1931).

(183) SEARLES, J.:J. Am. Chem. Soc. 73, 124 (1951).

(184) SeMmEeNIUK, F., AND JENKINS, G. L.: J. Am. Pharm. Assoc., Sci. Ed. 37, 118 (1948).

(185) SHAREFKIN, J. G., AND RITTER, J. J.: J. Am. Chem. Soc. 63, 1478 (1941).

(186) SiMmoNsEN, J.: The Terpenes, Vol. II, 2nd edition, p. 200. Cambridge University
Press, London (1949).

(187) SmitH, H. A., aAND Fuzek, J. F.: J. Am. Chem. Soc. 72, 3454 (1950).

(188) SosoTkA, H., AND STYNLER, F. E.: J. Am. Chem. Soc. 72, 5139 (19850).

(189) SocIETE CHIMIQUE DES USINES DU RHONE: British patent 122,630 (January 3, 1918);
Chem. Abstracts 13, 1715 (1919).

(190) SomMER, L. H., Van StrIEN, R. E., AND WHITMORE, F. C.: J. Am. Chem. Soc. 71,
3056 (1949).

(191) SONDHEIMER, F.:J. Chem. Soc. 1950, 877.

(192) SoNTAG, D.: Ann, chim. [11] 1, 359 (1934).

(193) Stanr, G. W., aAND CotTLE, D. L.: J. Am. Chem. Soc. 63, 1782 (1943).

(193a) SteVENS, C. L., AND PrRATT, R.: Paper presented before the Organic Division at the
119th Meeting of the American Chemical Society, Cleveland, Ohio, April, 1951,
Paper No, 51.

(194) StEVENS, P. G., AND McCoUBREY, J. A.:J. Am. Chem. Soc. 63, 2847 (1941).

(195) SrorL, M., AND RoUVE, A.: Helv. Chim. Acta 21, 1542 (193S).

(196) SwerN, D., BiLLEN, G. N, anp KN1caT, H. B.: J. Am. Chem. Soc. 71, 1152 (1949).

(197) Szmant, H. H., ANZENBERGER, J. F., AND HarTLE, R.: J. Am. Chem. Soc. 72, 1419
(1950).

(198) Tar1a, E., AND HERNANDEZ, M. A.: Anales soc. espafi. fis. y quim. 28, 691 (1930).

(199) Tcuousagr, B.: Compt. rend. 214, 117 (1942).

(200) TrirrENEAU, M.: Bull. soc. chim. [3] 29, 1156 (1903).

(201) TirreNEAU, M.: Compt. rend. 140, 1458 (1905).

(202) TirreENEAU, M.: Ann. chim. (8] 10, 145 (1907).

(203) TiFrENEAU, M.: Ann. chim. [8] 10, 148, 192 (1907).

(204) T1rFENEAU, M.: Ann. chim. [8] 10, 178, 192 (1907).

(205) TirFeNEAU, M.: Compt. rend. 169, 771 (1914).

(206) TirFeNEAU, M., AND FoUurNneaU, E.: Compt. rend. 146, 697 (1908).

(207) TirreNEAU, M., AND KURIAKL, P. K.: Compt. rend. 209, 465 (1939).

(208) T1rreENEAU, M., AND ToHOUBAR, B.: Compt. rend. 198, 941 (1034).

(209) T1FrENEATU, M., AND TcHOUBAR, B.: Compt. rend. 207, 918 (1938).

(210) T1rrENEAU, M., WEILL, P., AND ToHOUBAR, B.: Compt. rend. 205, 54 (1937).

(211) TirFENEAU, M., WEILL, P., AND TcHOUBAR, B.: Compt. rend. 205, 144 (1937).



REACTION BETWEEN GRIGNARD REAGENTS AND THE OXIRANE RING 533

(212) Truce, W. E., axp Wisg, J. T.: J. Am. Chem. Soc. 72, 2300 (1950).

(213) TURNER, R. B.:J. Am. Chem. Soc. 72, 878 (1950).

(213a) URUSHIBARA, Y., AND CHUMAN, M.: Bull. Chem. Soc. Japan 22, 69 (1949); Chem.
Abstracts 44, 1124c (1950).

(214) Usuarov, M. 1., aAxp MapaEva, O. S.: J. Gen. Chem. (U.S.8.R.) 9, 436 (1939).

(215) Usmarov, M. I., AND MapaEva, O. 8.:J. Gen. Chem. (U.8.8.R.) 9, 1690 (1939).

(216) Vavcuan, T. H., Spaur, R. J., ANpD NieuwranDp, J. A.: J. Am. Chem. Soc. 55, 4206
(1933).

(217) Vavon, G., aNp GuEpoN, A.: Bull. soc. chim. [4] 47, 904 (1930).

(218) Vavon, G., aNp MircxoviTcH, V. M.: Compt. rend. 186, 702 (1928).

(219) Vavox, G., anp MrtcHoviTCH, V. M.: Bull. soc. chim. [4] 45, 961 (1929).

(220) Vavon, G., axp PErLIN-BoRREL: Bull. soc. chim. 51, 994 (1932).

(221) VEIBEL, S., LunpcRisT, F., ANDERSEN, F., AND FREDERIKSEN, II.: Bull. soc. chim.
France 6, 990 (1939).

(222) WarvacH, O.: Ann. 345, 139 (1906).

(223) Wawrwis, E. S.: In Organic Chemistry, Vol. I, edited by H. Gilman, p. 1010. John
Wiley and Sons, Inc., New York (1943).

(224) WairMmore, W. C., aAND HoMEYER, A. H.: J. Am. Chem. Soc. 55, 4194 (1933).

(225) Wiceins, L. F., axp Woop, D. J. C.: J. Chem. Soc. 1950, 1566.

(226) WiNoeraDOW, W.: Ann. 191, 125 (1878).

(227) WinstEIN, S., AND HENDERSON, R. B.: Heterocyclic Compounds, Vol. I, edited by R.
C. Elderfield, p. 47. John Wiley and Sons, Inc., New York (1950).

(228) Wurrz, A.: Compt. rend. 50, 1197 (1860).

References added in proof

(229) Beeny, M. H., anp Many, F. G.: J. Chem. Soc. 1951, 411,

(230) CrUMAN, M.:J. Chem. Soc. Japan, Pure Chem. Sect. 70, 253 (1949); Chem. Abstracts
45, 6651a (1951).

(231) FiesEer, L. F., axp Ricavupy, J.: J. Am. Chem. Soc. 73, 4660 (1951).

(232) Gousk, R.: Ann. chim. 3, 527 (1948).

(233) Heireron, I. M., anp Jones, E. R. H.: U. 8. patent 2,525,672 (October 10, 1950).

(234) HusTon, R. C., anp TierFENTHAL, H. E.: J. Org. Chem. 16, 673 (1951).

(235) TemnigOVA, T. I., AND KROPACHEVA, E. N.: Zhur. Obshchel Khim. (U.S.8.R.) 21,
183 (1951); Chem. Abstracts 45, 7046a (1951).

General references

Bobprorss, S.: Die Aethylenoryde. Enke, Stuttgart, Germany (1920).

Courror, C.: Le magnesium en chimie organique. Rigot et Cie, Nancy, France (1926).

DusieN, M.: Rev. gén. sci. 37, 366 (1926).

HarwortH, H.: J. Soc. Chem. Ind. 41, 7 (1922).

RUNGE, F.: Organometallverbindungen, lithoprinted by Edwards Brothers, Inc., Ann Arbor,
Michigan (1945).

ScuLENK, W.: In Houben-Weyl’s Methoden der organischen Chemie, 2nd edition, Vol. IV,
p. 781. Georg Thieme, Leipzig (1924).

Scuwmipt, J.: ‘“Die organische Magnesiumverbindungen und thre Anwendung zu Synthesen,”
Sammlung chem. chem.-tech. Vortrige 10, 138 (1905); 13, 432 (1908).

West, C., AND GiLMAN, H.: Organomagnesium Compounds in Synthetic Chemistry. A Bibli-
ography of the Grignard Reagent. 1900-1921. National Research Council, Reprint and
Circular Series, No. 24, Washington, D. C. (1922).

WgeN, H.: Organometallic Compounds of Zinc and Magnesium. D. Van Nostrand Company,
Inc., New York (1913).



