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ABSTRACT 

I. THE I NFLUENCE OF N, N, N' , N 1 -TETRAf·1ETffYLETh""YLENEDIAHINE ON THE 

SCHLEi~K EQUILIBRil.Jl1 

The equilibrium between ethylni.agnesium bromide, diethylma.gnesium, 

and magnesium bromide has been studied by nuclear magnetic resonance 

spectroscopy. The interconversion of the species is very fast on 

the nmr time scale, and only an averaged spectrum is observed for 

the ethyl species. When N,N,N 1 ,N 1 -tetramethylethylenediamine is 

added to solutions of these reagents in tetrahydrofuran, the rate 

of interconversion is reduced. 0 At temperatures near -50 , two 

ethylni.a.gnesium species have been observed. These are attributed to 

the different ethyl groups in ethylmagnesi1L~ bromide and diethyl-

r.ia.gnesi1L"ll, two of the species involved in the Schlenk equilibrium 

of Grignard reagents. 

II. THE NATURE OF DI-GRIGNARD RFJ..GENTS 

Di-Grignard reagents have been examined by nuclear magnetic 

resonance spectroscopy in an attempt to prove that dialkylmagnesium 

reagents are in equilibrium with alkylmagnesium halides. The di-

Grignard reagents of compounds such as 1,4-dibromobutane have been 

investigated. The dialkylmagnesium form of this di-Grignard reagent 

can exist as an intramolecular cyclic species, tetramethylene-

magnesium. This cyclic form would give an nmr spectrum different 

from that of the classical alkylma.gnesium halide di-Grignard reagente 

In dimethyl ether-tetrahydrofuran solutions of di-Grignard reagents 
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containing N,N , N1 ,Nt -tetramethylethylenediamine, evidence has been 

found for the existence of an intra.molecular dialkylrnagne sium species. 

This species is rapidly equilibrating ·with other forms, but at low 

temperatures, the rates of interconversion are reduced. Two species 

can be seen in the nmr spectrum at -50°. One is the cyclic species; 

t he othe r is an open form. 

Inversion of the carbon at the carbon-~~gnesiurn bond in di­

Grignard reagents has also been studied. This process is much 

faster than in corresponding monofunctional Grignard reagents. 
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Introduction 

Early studies suggested that an equilibrium might exist in 

solutions of Grignard reagents between alkylma.gnesium halide. 

dia.lkylw~gnesiwn. and magnesium halide (1). Later studies have 

indicated that these species might also exist as association 

complexes involving one. two. or possibly more of these species. 

Therefore. the original equilibrium proposed by Schlenk is usually 

expanded to include associated species: 

n fu"lgX ....--- (RMgX) 
n + n/2 HgX2 (1) 

In recent years. chemical and physical methods have been used 

extensively in attempts to determine the nature of Grignard reagents 

in solution (2). The voluminous literature on the subject testi-

fies to the complexity of the system. but with the physical methods 

now available. the general nature of the Grignard reagent is gradually 

becoming better defined. 

Because complex formation in the expanded Schlenk equilibrium 

would reduce the number of species in solution. monitoring the 

number of species in solution provides one method for studying the 

nature of the equilibrium. .Many of the early attempts to study 

association phenomena have been rejected by later workers for various 

reasons. As shown by Slough and Ubbelohde (J) and later by 

Vreugden..~il and Blomberg (4), the presence of oxygen can cause a 

large increase in the apparent association in solutions of Grignard 
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reagents. For this reason, any studies concerned with the nature 

of the alk-Jlmagnesium halide must be carried out with rigid exclu­

sion of oxygen. Reactions with oxygen are not the only possible 

sources of experimental difficulty. The preparation of Grignard 

r eagents from alkyl halides and magnesium is usually accompanied by 

Wurtz coupling . The resulting hydrocarbon and ~~gnesiu.~ halide may 

affect the equilibrium being studied. A third problem which arises 

in these association studies is possible deviations from ideality by 

the solution and the subsequent effect on the colligative properties 

of the solutions. Such effects must occur at the higher concen­

trations of Gri gnard reagent. Any definitive study in which vapor 

pressure or boiling-point measurements are made must include pre­

cautions to avoid these three sources of error. 

In the most recent studies of Gri gnard reagents, careful 

exp~rimenta.l techniques have reduced the above errors, and show that 

in diethyl ether, association occurs and indicate that it increases 

with concentra tion. Ashby and Smith (5) have observed such pheno­

mena with several Grignard reagents including methylrna.gnesium 

iodide, ethyl.magnesium bromide, and phenylma.gnesium bromide. At 

extremely low concentrations such as 0.01 to 0.001 H (6), associa­

tion is generally negligible in diethyl ether. In tetrahydrofuran, 

with the concentrations of Grignard reagent which show association 

in diethyl ether, almost no association has been detected. In 

early work by Blomberg (7) and Ashby (8), little if any association 

of species was detected, although recently published work by 
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Ha shimoto, Nakano, and Okada (9) indicates association in both 

diet hyl ether and tetrahydrofuran which may increase or decrea se 

vrith increasing concentration. However, Ashby (10) has refuted 

this work on the basis of nonexclusion of oxygen and the use of 

concentrations so high that the solutions were no longer ideal. 

From the association studies, one can conclude that the 

Grignard reagents appear to be associated in ethyl ether but not 

in tetrahydrofuran. In diethyl ether, the Grignard reagent is 

apparently associated into dimers such as: 

I II 

Ho;.rever, magnesiur.1 halides have also been shown to be associated 

in diethyl ether (6, 10), and this, of course, will cause diffi-

culty in the interpretation of such results. Association of 

magnesium halides in tetrahydrofuran was not observed at low con-

centrations (7) and has not been studied at higher concentrations. 

If the Schlenk equilibrium actually occurs, equivalent Grignard 

reagents should be obtained from either the alkyl halide and mag-

nesium or magnesium halide and dialkylmagnesium. Dessy (11) has 

shovm that the dielectric constant for mixtures of ethylma.gnesiurn 

bromide is the same as that for a mixture of diethylmagnesiurn and 
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~gnesium bromide. Electrical conductivity studies (12) show that, 

above o.4 E, the two kinds of solutions are similar, but below 

this concentration considerable differences were found. Possibly 

at low concentrations, association equilibria can be established 

between molecules of magnesium. bromide before equilibrium is 

established between the ~.agnesium bromide and diethyllr.a.gnesium. 

Product ratios, addition versus reduction versus enolization, 

for chemical reactions of Grignard reagents with hindered ketones 

(1J) and infrared studies (14) also indicate that reaction 

m:U.-tures are identical whether one starts from the alkyl halide 

or from dialkylmagnesium and magnesium halide. 

Smith and Becker (15) have recently studied the reaction 

between dialkylir..agnesium and magnesium halide in ether by studying 

heats of mixing. Their data indicate that a rapid and nearly 

complete reaction between dialky;LrrAgnesium and magnesium halide 

occurs until a 1 : 1 mixture has been mixed together. Incompleteness 

was attributed to the fact that at equilibrium, all reagents were 

not in the form of the alkylmagnesium halide. 

The identity of the mixtures prepared from opposite sides of 

the proposed Schlenk equilibrium has been fairly well established. 

The equilibrium position is reached quite easily from either side, 

and, in general, at this position the predominant species apparent­

ly is the alkylmagnesium halide. 

Isotopic labeling experiments have been used to try to study 
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the course of the reaction in the Schlenk equilibriu.~. In an 

attempt to determine the existence of the proposed Schlenk equili­

briu.~, Dessy (16) attempted to exchange the rna.cnesium from ma.gne­

siun1 bromide labeled with magnesium- 28 with diethylmagnesium. Very 

little exchange was found in early experiments indicating that 

ethylm:i.gnesium bromide was not formed. Later work (17) using 

ma~nesium-25 as a label demonstrated complete isotopic exchange. 

Cow::i.n and co-workers (18), using magnesium- 25 labeled magnesium 

bromide, showed that complete statistical exchange occurred when 

the rnae;nesium bromide was added to ethylmagnesium bromide. For 

some unexplained reason the original work by Dessy did not show 

exchange. However, the later experiments have demonstrated that 

somehow imtgnesium from magnesium hali de will be incorporated into 

the alkyl-containing species. Blomberg (19), using carbon-14 

labeled ethyl bromide, has found complete exchange between the 

ethyl groups in a rni..~ure of ethylmagnesium bromide and diethyl­

ma.gnesium. This result, and the others, can be interpreted as 

proof of exchange due to the Schlenk equilibrium, but it can also 

be explained by a transmetalation process in which the ethyl 

groups are transferred from magnesium to magnesium without formation 

of magnesium bromide. 

Hany studies attempted to determine the kinetics of the 

addition reactions of Grignard reagents. A reaction which i s 

second order in Grignard reagent could be explained as progressing 
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t hrough a dimer or dialkylmagnesium species; a reaction first 

order in Grignard r easent would be progressing through the alkyl­

magnesium halide. Anteunis (20) has studied the reaction of 

methylrna.gnesium bromide with pinacolone and benzophenone and found 

t hese additions to be second order in Grignard reagent. Mosher 

and co-workers (21) have found that similar reactions follow con­

secutive second-order kinetics for the addition of ethylmagnesium 

bromide to 2.4-dimethyl-3-pentanone; a magnesium species con­

taining two alkyl groups first could add to the ketone and then 

the reacted half of the organometallic species could add again to 

another ketone molecule. Bikales and Becker (22) have shown 

that in tetrahydrofuran the reaction of methylma.gnesium bromide 

with benzophenone is initially first order in each reactant. 

Apparently the solvent affects the nature of the reacting species. 

Although Mosher (13, 21) has attempted to explain many of his 

results by picturing a transition state containing a dimeric 

species, House (23) has shown that this approach may not be 

general and , therefore, probably neglects important aspects of the 

reaction. (It should be pointed out that many of the transition­

state ideas are based on Dessy 1 s first exchange experiments (16), 

although they are also influenced by the existence of asymmetric 

reduction of ketones by Grignard reagents.) Applying the ideas of 

a six-membered transition state to the 1,4-addition of Grignard 

reagents to ~.Q-unsaturated ketones, House reasoned that the 
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presence of ~..agnesium halide should reduce 1,4-addition and 

increase 1,2-addition, and conversely, the removal of magnesium 

halide should promote 1,4-addition. He discovered that the presence 

of magnesium halide slightly enhanced the normal 1,2-addition but 

the effect was extremely s~~ll. The following diagrams demon-

strata the reasoning which led House to look for an effect on 

1,4-addition by the presence of magnesium halide. 

R H 
'\,. . I 

CH=C\ 

III R~ ;/ -CHJ 

Hg······O 
I 

R 

1 , 4-Addi ti on 

CH 
\ 3 R>-. /R 

R-CH=CH-C ~ 11g 

11 i 
V o.. /Br 

Hg 
I 
Br 

1, 2-Addition 

CH
3 

R-CH==CH-b ~'-..M:g-R 
I/ Bf. Br 
o ... I/ 

··Ha 
0 

1, 2-Addi ti on 

Much of the kinetic work studying the addition to ketones may 

have been complicated by such things as complex formation between 
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starting materials (22, 24) and formation of magnesium alkoxides (25). 

The formation of alkoxides as the addition reaction with ketones 

proceeds ca n explain the reduced activity of Grignard reagents. 

Because magnesium halide affects the ratio of reduction and addi­

t ion products in adding ethyl Grignard reagents to ketones, Mosher 

has introduced magnesium halide into his picture of the t r ansition 

state. However, as House explains, the effect can be attributed to 

reaction of :magnesium halide with the active alkoxides formed upon 

addition, R1 011gR, thereby generating an inactive alkoxide, R1 0MgX, 

and an active Grignard species, RMgX. 

The work wit h ketones has demonstrated the problems in doing 

kinetic studies with Grignard reagents. The most reliable results 

are probably those which seem to be general throughout the systems 

studied. The rate of addition is slowed down by the presence of 

magnesium halide with the addition of dialkymagnesiurn to the ketone 

being the fastest reaction. After addition is 50% complete, the 

reaction slows do;m drastically or may even stop (26). Comparison 

of the studies in ether with those · in tetrahyd.rofuran where the 

kinetic order of Grignard r ea gent changes from two to one shows 

that the mechanism of addition may be dependent on the solvent 

used. Reactions of alkylmagnesiurn halides prepared from dialkyl­

magnesium and magnesium halide seem to be identical to similar 

concentration solutions prepared from alkyl halide and magnesium. 

Similar r esults have been found by studying other addition 
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r eactions of Grignard reagents (27), but the met<llation of 

1-alkynes has probably been most extensively studied because the 

reduced hydrocarbon can serve as the monitoring device for measuring 

the reaction rate and the reaction seems to be simple with few, if 

any, troublesome side reactions. Unlike the addition to ketones, 

the metalation reaction appears to be first order in Grignard 

reagent when diethyl ether is the solvent (28), but Hashimoto and 

co-workers (9) have found that the order varies with solvent. As 

in the ketone-addition studies, dialkylma.gnesium reacts faster with 

1-alkynes than the corresponding Grignard reagents (29). The 

presence of magnesium halide markedly reduces the reaction rate of 

dialkiJlir.agnesium with 1-all0.Jnes. From these results it appears 

that m:i.gnesiu.~ halide influences the reacting species the same way 

in both alkyne metalation and addition to the ketone; however, the 

kinetic orders seem to be different. 

The effects of solvent on met<llation reactions have been 

studied, and contradictory results are found in the literature. 

Za.kharkin (JO) has examined the nucleophilicity of the alkyl group 

in several reactions, one being the metalation of phenylacetylene 

by me thylmagnesium bromide. He finds that the greater the "sol­

vating power, 11 a combination of coordinating ability and basicity, 

the faster the rate of metalation. Wotiz and Proffitt (29d) have 

found conflicting results when studying the metalation of 1-hexyne 

by ethylmagnesium bromide. In their studies, increasing ba.sicity 
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decreased the reaction rate. Addition of tertiary amines such as 

triethylamine to Grignard reagent solutions has been found to 

increa se the rate of mGtalation of alkynes, but the rate was 

unaffected by amine when all the magnesium halide has been removed 

(31). Because of the different results on the solvent effects , 

little can be said about the nature of salvation and its influence 

on the character of the Grignard reagent from these studies. A 

change in solvent m'1.y produce a change in reaction mechanism; in 

two different reactions such as addition to ketones and metala tion 

of alkynes , the Grigna.rd reagent rnay work differently. The chemical 

reaction of a Grignard reagent with a substrate is complicated by 

many factors which make i....~terpretation of results extremely diffi­

cult. Also , a possibility exists that the reacting species of the 

Grisnard reagent is not one of the predominant species normally 

present in a Grignard reagent solution. All these studies do 

indicate that the reactions of Grignard reagents are dependent on 

many f a ctors, and this may be because Grignard species equilibrate 

rapidly. This point will be discussed in more detail later. 

From infrared studies carried out by Hasher and Salinger (11+) 

the carbon-magnesium absorption frequencies have been assigned to 

both Grignard reagents and their corresponding dia.lkylma.gnesium 

compounds. In t etra.hydrofuran, the results support a Schlenk 

equilibrium of the type 

2 RHgX (2) 
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with an equilibrium constant approximately equal to 4. wnen 

m1t;nesium halide is added to these solut ions, the absorption 

frequency is shifted away from that of the pure dialkyl:magnesium 

species in such a way that would indicate that the above equili­

brium is being shifted to the ri~ht. 

Upon adding N- methylpyrrolidine to solutions of ethylmagnesium 

bromide in tetrahydrofuran or diethyl ether, a shift in the inf rared 

absorption was noted with the diethyl ether solution but none with 

tetrahydrofuran (27c). A precipitate of magnesium bromide was 

obtained from the diethyl ether solution indicating a shift in the 

equilibrium to the left. However, the shift is away from the fre­

quency assigned for diethylma.gnesiwn. Changes in the character of the 

carbon -magnesium · bond because of salvation changes (32) may produce 

variations in the infrared bands which cannot be explained by simple 

shifts in the Schlenk equilibr ium. Identity of the classical Grignard 

reagents to mixtures of the corresponding dialkylroagnesiuro and 

magnesium halide has been demonstrated, but shifts in the bands 

may be from other complicated phenomena. 

Nuclear magnetic resonance spectroscopy was applied by Ha.her 

and Evans (JJ) to structural problems presented by Grignar d 

r eagents in solution. When comparing methyl and ethyl Gri gnard 

reagents with dimethyl- and diethylrna.gnesium, little difference 

could be found between the different species. A simple inter pre­

tation of this was that the Grignard reagent was probably in the 
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form of the dialkylmagnesium species. Roos and Zeil (J4) also tried 

to use nuclear magnetic resonance to distinguish between dialkyl­

magnesium forms and alkylmagnesium halide forms. and they reached 

essentially the same conclusion. Very small changes in chemical 

shift are observed for protons in the organometallic reagents when 

magnesium halide concentrations are varied. At no time were major 

differences observed which could be attributed either to a dialkyl­

ma.gnesium species or to classical alkylmagnesiurn halide species. 

Studies by Roberts, . Whitesides, and Witanowski on the confor­

mational stability of organometallic reagents (35) have shown that 

several processes may be going on which average the resonances of 

the different species. Examination of 3,3-dimethylbutyl organo­

metallic compounds has demonstrated the occurrence of an inversion 

process which causes conformational instability in these primary 

organometallic species. Although the ex.act nature of the inversion 

process is not known, it has also been confirmed in Grignard reagents 

in which the primary Grignard function is next to an asymmetric 

carbon (35b. 36). Rapid inversion at the primary carbon will cause 

the chemical shift of its two protons to average because the asymmetry 

of the adjacent carbon is no longer experienced. 

Although the occurrence of an inversion process is well 

established, it may be a phenomenon apart from the Schlenk equili­

brium, because it also occurs (albeit much more slowly) with no 

magnesium halide present. However, any attempts to observe the 
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different species of the Schlenk equilibrium must allow for this 

inversion process with its possible averaging of the physical 

properties of the organometallic species on the nmr time scale. 

An attempt to slow down inversion would be a necessity if differences 

in chemical shift or proton-proton coupling constants were to be 

used to distinguish between the different forms of the Grignard 

reagent suggested by the Schlenk equilibrium. 

The pentafluorophenylmagnesium halide is a Grigna.rd reagent 

in which inversion cannot occur. Evans and Kahn (37), knowing 

that other pentafluorophenylmetals undergo alkyl exchange slower 

than the corresponding hydrogen derivatives, observed the nuclear 

magnetic resonance spectrum of pentafluorophenylmagnesium bromide 

in diethyl ether and tetrahydrofuran. Two triplets are observed 

for the ~ fluorine resonance which coalesces to one triplet at 

high temperature. One triplet is from the arylmagnesium halide; 

the other is from the diarylmagnesium species, since the ratio of 

the two is a function of magnesium halide concentration. This is 

the first observation of different organoma.gnesium forms in the 

Schlenk equilibrium by nuclear magnetic resonance. However, the 

perfluorophenyl Grignard reagents in some of their reactions have 

been shown to behave quite differently from the ordinary aliphatic 

or aryl Grignard reagents (38). For this reason the conclusion 

may not be generally extendable to other Grignard reagents. 

In the research reported in this thesis an attempt was made to 
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examine t he Schlenk equilibri um by nuclear magnetic resonance 

spectroscopy. Several investigators had already shown that the 

dialkylrr~gnesium reagents and Grignard reagents are essentially 

indistinguishable in the nuclear magnetic resonance experiment. 

A method was required to make different forms give non-equivalent 

spectra. 

By using a difunctional Grignard reagent, a di-Grignard reagent, 

another species would be introduced into the Schlenk equilibrium 

since the di-Grignard reagent could form a cyclic intramolecular 

dialkylmagnesium species. The possible forms of the di-Grigna.rd 

reagent are represented in the following diagram in which the di-

Grignard reagent of 1,4-dihalobutane is the representative reagent. 

VI 
VIII 

n 

VII 
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Species VI and VII would, by analogy to other Grignard reagent 

studies, give the same nrnr spectrum. However, by introducing a 

third species VIII whose nrnr spectrum might present different 

chemical shifts from those found with VI and VII, a Schlenk 

equilibrium among the species might be observed. 

The problem then becomes one of detecting the cyclic magnesium 

species, ~· R• tetramethylenemagnesiu.m, and then using it to 

monitor the Schlenk equilibrium. Salvation changes produced by 

varying solvents, equilibrium changes produced by removing magnesium 

halide with diox.ane, and concentration changes should all be 

influential in determining the nature and position of the Schlenk 

equilibriUln with di-Grigna.rd reagents. 

The great solvation changes produced by adding N,N,N 1 ,N•-tetra­

methylethylenediamine to Grignard reagents have been studied using 

ethylmagnesium bromide as a sample Grignard reagent. The discus­

sion of the results and conclusions are presented in Part I of this 

thesis. In PartIIof this thesis the nature of the di-Grignard 

reagent is presented. The influence of N,N,N 1 ,N 1 -tetramethyleth-

ylenediamine on the nature of the di-Grignard reagent is also 

reported. 
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I. THE INFLUENCE OF N, N, N' , N' -TI!."l'RAl"lE.'THYLETHYLENEDIAYlINE 

ON THE SCHLENK EQUILIBRIU11 

Results and Discussion 

The proton magnetic resonance spectrum of ethylma.gnesiurn 

bromide in tetrahydrofuran is a typical A2x3 
type spectrum (Figure 1). 

The resonance of both the methyl (67 Hz*) and methylene (-47 Hz) 

protons are easily distinguished from the peaks of tetrahydrofuran. 

With good resolution, the second-order splitting is easily detected. 

However, suspended particles, paramagnetic impurities from magnesium, 

or operation of the spectrometer at some other probe temperature than 

its normal ambient temperature (~35°) causes reduction in resolution, 

and second-order splitting is not resolvable. Ethane (47 Hz) is a 

side product produced by trace amounts of moisture. 

In tetrahydrofuran solutions, inversion of configuration of 

the carbon atom by ma.king and breaking the carbon-magnesium bond 

is slower than in diethyl ether. Whitesides and Roberts (J.5b) 

showed how the inversion rate in J,3-dimethylbutylmagnesium chloride 

decreases with tetrahydrofuran relative to diethyl ether. With 

diglyme, a bidentate solvent whose solvating power is much gr eater 

*In this thesis chemical shifts will be reported in Hertz from 
tetramethylsilane . Positive values denote shifts down-field from 
tetramethylsilane; negative values denote up-field shifts. Chemical 
shifts are reported with reference to external tetramethylsilane. 
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Figure 1. The nmr spectrum (60 1·:1Hz) of ethyl.magnesium bromide prepared in 
tetrahydrofuran. 
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than diethyl ether or tetrahydrofuran, the inversion rate is reduced 

to a much greater extent. 

Fraenkel and Dix (36) report that the rate of inversion of 

2-methylbutylma.gnesium bromide in tetrahydrofuran is more than 20 

times slower than in diethyl ether at 25°. In figure 2a, the nmr 

spectra of a 1.0 h solution of 2-methylbutylmagnesium bromide in 

tetrahydrofuran is shown; Figure 2b shows nmr spectra of the same 

sample with 10% N,N,N 1 ,N 1 -tetramethylethylenediamine, a bidentate 

solvent. The inversion rate has been reduced by the presence of 

the amine, but the effect is small. The volume change produced is 

approximately 10%. Inversion rates are dependent on concentration 

effects, and possibly part of the reduction in inversion rate arises 

from this. 

The same effect is seen in the nmr spectrum of J,J-dimethyl­

butylma.gnesium chloride. The -CH211g- protons are shown in Figure 

3a without added diamine and in Figure Jb with approximately 10% 

by volume of added N,N,N 1 ,N 1-tetramethylethylenediarnine. A small 

change is again apparent which corresponds to slower inversion. The 

important result from these two comparisons is that the diamine 

has not completely stopped inversion. 

N,N,N 1 ,N 1-tetramethylethylenediamine seems to greatly change 

the solvation of Grignard reagents. Thus, samples of Grignard 

reagents in nmr tubes, which are sufficiently concentrated to have 

deposited crystals upon cooling to o0
, have shown no signs of 

crystallization when made approximately 5% by volume in diamine. 
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90° 35° 

80° 

60° -15° 

l 20 Hz 

Figure 2a. The nmr spectra (60 HHz) of the -CHz1'Ig- protons in 
2-methylbutylmagnesiurn bromide in tetrahydrofuran. 
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20 Hz 

Figure 2b. The nmr spectra (60 HHz) of the -CHz1'1g- protons in the 
same sample shown in Figure 2a with 10% by volume of 
N,N,N 1 ,N 1-tetramethylethylenediamine. 
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100° 

20 Hz 

Figure )a.. The nmr spectra (60 HHz) 
of the -CH2Mg- protons in 
3,3-dimethylbutylmagnesium 
chloride prepared in tetra­
hydrofuran. 

100° 

so 0 

Figure Jb. The nmr spectra 
(60 1'1Hz) of the 
-CH2Mg- protons in 
3,3==<limethylbutyl­
magnesium chloride 
prepared in tetra­
hydrofuran with 
diamine. 
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Also, a 2.6 H solution of ethylmagnesium bromide in tetrahydrofuran, 

which deposited crystals within 24 hours, deposited no crystals 

after 4 months with 16% by volume of added N,N,N 1 ,N 1 -tetramethyl-

ethy lenediamine. However, many anomalous effects are observed and 

the concentration of Grignard reagent and magnesium bromide are 

clearly important. For example, when ethyl Grignard reagent is 

prepared from the halide and then N,N,N 1 ,N 1 -tetramethylethylene­

diamine is added to attain a molar ratio of Grignard reagent to 

diamine of 2.0, crystallization occurred at temperatures lower 

than room temperature when the concentration was greater than 0.33 M 

in Grignard reagent. These crystals would dissolve again upon 

w-arming to room temperature. However. when diethylmagnesium was 

prepared from diethylmercury. and the diamine was added and then 

magnesium bromide was generated in this mixture from ethylene 

bromide and magnesium, no precipitate formed even at temperatures 

as low as -60°. In this case also the mole ratio for the theoretical 

amount of ethylmagnesium bromide to diamine was 2.0, and solutions 

approximately 2 l1 in Grignard reagent could be prepared without 

crystal formation. The nmr spectra of the ethylmagnesium groups 

in these solutions were essentially indistinguishable from those of 

ethylmagnesium bromide prepared in the classical way (Figure 8). 

The exact nature of the amine in affecting the solubility of the 

Grignard reagent is not known. Clearly equilibrium is not easily 

approached from either side, and it may well be that the solutions 
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are metastable - a characteristic which has been reported before for 

other kinds of Grignard solutions. 

The nm.r spoctrum of the methylene protons of a tetrahydrofuran 

solution which is 0.33 M in ethylmagnesium bromide and 0.18 H in 

diamine is shown in Figure 5 as obtained with the aid of a Varian 

C-1024 Time Averaging Computer. Broadening of the resonances 

0 occurs when lowering the temperature, and at -50 , extra resonances 

are visible. As will be shown later, the methylene protons are 

actually seen as two overlapping quartets at low ·temperature. 

11 111111 

High temperature Low temperature 

Figure 4 

The coupling constants which can be obtained from the four central 

lines are equal. The outer lines are unresolved because of their 

lower intensity and the resultant difficulty in obtaining good 

spectra. 

When a solution of ethylmagnesium bromide is prepared in 

tetrahydrofuran and diox.ane added to remove most of the magnesium 
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-so 0 

-30° 

I 20 Hz 

Figure 5. The nmr spectra (60 l •Il-Iz) of the -CHz1'1g- protons in 
ethylma.gnesium bromide in tetrahydrofuran and N,N,N 1 ,N 1 -

tetramethylethylenediamine. The amplitudes of the spectra 
differ. 
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halide, the methylene protons of diethylma.gnesium give the nmr 

spectrum shown in Figure 6a. The second-order splitting disappears, 

but no broadening or extra peaks are visible down to -60°. The 

resolution remains fairly good at this low temperature as shown 

by the up-field tetrahydrofuran resonances at -60° in Figure 7 

(the resolution at low temperatures was always judged by the spectrum 

of solvent tetrahydrofuran). When N,N,N 1 ,N 1 -tetramethylethylene­

diamine is added to this solution, the spectra remain the same at 

low temperature. Again no broadening is visible (Figure 6b). 

Similar spectra were obtained for the methylene protons of 

diethylmagnesium prepared from diethylmercury. When N,N,N 1 ,N 1 -

tetramethylethylenediamine was added to this sample, the methylene 

quartet did not change at low temperature. However, when magnesium 

bromide, in a concentration slightly greater than the diethyl­

magnesium, was prepared in this sample from magnesium bromide and 

ethylene bromide, the same changes were found in the low-temperature 

spectra of the methylene protons (Figure 8) as with the ethyl­

magnesium bromide spectra (Figure J). Extra resonances are 

present at low temperatures which can be attributed to two over­

lapping quartets. Since the spectra did not change when magnesium 

bromide was not present, the changes in the presence of magnesium 

bromide can be explained by another species in equilibrium with the 

diethylmagnesium. This equilibrium presumably contains the 

magnesium bromide. 
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60° 

- 40° 

35° 

-60° 

I 20 Hz 

Figure 6a. The nmr spectra ( 60 HHz ) of the -CH2Mg- of ethylmagnesium 
bromide in tetrahydrofuran to which diox.ane had been 
added. 
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35° - 4 0° 

-60° 

-20° -70° 

I 20 Hz I 

Figure 6b. The nmr spectra (60 MHz) of the -CH2t1g- protons of the same 
sample shown in Figure 6a diluted with N,N,N 1 .N 1 -tetra­
methylethylenediamine. 
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35° -30° 

-40° 

-20° -50° 

20 Hz I 
The nmr spectra (60 NHz ) of the -CH Hg- protons of 
diethylmagnesium prepared from diet~ylmercury with 
magnesium bromide prepared from ethylene bromide. 
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Di ethyl magnesium was prepared from diethylmercury by trans-

metalation, and then ethyl bromide was treated with magne sium 

in the same solution to produce a mixture in which the molar 

ratio of diethylmagnesium to ethylmagnesium bromide was 1.0. 

The nmr spectra of the methylene protons in the ethyl groups do 

not change to two quartets at low temperature when diamine is 

added. This may be attributed to several factors. The amount 

of bromide in solution is possibly not great enough to produce 

enough halide-containing species to be detected by nmr spectroscopy. 

Another factor may be the concentration and temperature effects 

on the chemical shifts. In Figure 3 the two quartets which are 

0 0 . 
fairly distinct at -50 are not visible at -70 • The rapid 

0 change of the spectra over 20 probably arises from temperature-

dependent chemical shifts; a change in the equilibrium from 

approximately 50% of each species to 100% of one species over such 

a short temperature range is not reasonable. The possibility that 

concentration and salvation changes influence the chemical shifts 

will be discussed in the next several paragraphs. 

Although the methylene proton resonances of ethylmagnesium 

bromide to which diox.a.ne and then N,N, N1 ,N 1 -tetramethylethylene-

diamine had been added exhibited no change at low temperatures, 

addition of diamine and then diox.a.ne produced a solution whose 

methylene proton resonances changed from one quartet to two at 

low temperature (Figure 9). Normally the dioxane would precipitate 



Figure 9. 
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35° -50° 

-60° 

-20° 

-40° -70° 

20 Hz 

The nmr spectra (60 HHz) of the -CH Mg- protons in ethyl­
w~gnesiurn bromide prepared in tetraffydrofuran. N,N,N 1 ,N'­
Tetramethylethylenediamine and then dioxane were added. 
The amplitudes of the spectra differ. 
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the magnesium halide as a diox.a.nate complex. A large amount of 

precipitation occurred, and the amount of alkylma.gnesium compound 

remaining in solution, as shown by the nmr spectrwn, remained almost 

as great as before dioxane addition. Most of the precipitate, 

therefore, is magnesium bromide diox.a.nate, although some ethyl­

magnesium species or some of the di.amine might be present in the 

precipitate. The nmr spectra of the methylene protons exhibit 

the same changes as those of the Grignard reagent (Figure 3), so 

that this experiment implies that the equilibrium observed does 

not involve magnesium bromide. However, quantitative analysis of 

the effectiveness of dioxane in forming precipitation complexes 

in the presence of N,N, 1 ,N 1-tetramethylethylenediamine shows that 

the diox.a.ne is not as effective as when no amine is present. 

Therefore, the equilibrium involved here can still be attributed to 

the combined effects of magnesium bromide and diethylma.gnesium. 

In this experiment with diox.a.ne, the sample possessed a molar 

concentration ratio of magnesium halide to diethylmagnesium of 

considerably less than 1.0. However, in the experiment discussed 

earlier, the ratio was also quite low (magnesium bromide to 

diethylmagnesium ratio was O.JJ) and no change in the nmr spectra 

was seen. Apparently diox.a.ne precipitation of the magnesium halide 

is sufficiently ineffective in the presence of the airiine and most 

of the halide remains in solutiono 

It is interesting that after heating the sample whose spectrum 



.3.3 

is shown in Figure 6 b for 150 hours in a steam bath, the low 

temperature spectra were unchanged. Apparently once the dioxa.nate 

is formed, it cannot be redissolved by heating with N,N,N',N'-

tetramethylethylenediamine. The amine apparently interacts with 

ethyl~agnesiurn bromide in tetrahydrofuran to reduce the rate of 

dioxanate formation. The data presented in Table I support this. 

The Grignard reagent from ethyl bromide was prepared in tetrahydro-

furan. Different tests were then conducted. When diamine was 
' 

added to the solution before diox.ane, more of the magnesium halide 

remained in solution then when no diamine was present. The diamine 

appears to retard the rate of magnesium bromide dioxanate formation. 

Less magnesium bromide was found in solution two hours after dioxane 

addition than 15 minutes after addition, both with and without 

diamine. Thus, when dioxane was added to ethyl Grignard reagent 

in an nmr tube after N,N,N 1 ,N 1 -tetramethylethylenediamine had been 

added, the methylene protons gave two quartets as their nmr 

spectrum at low temperatures. These nmr spectra were taken just 

several hours after dioxane addition, and a considerable amount of 

magnesium bromide remained in solution. Four months later, when 

all the magnesium bromide had precipitated, the nmr spectra of the 

methylene protons consisted of only one quartet at low temperature. 

Magnesium bromide was generated from ethylene bromide and 

magnesium in the sample of ethylma.gnesium bromide, diethylma.gnesium, 

and diamine mentioned above which had shown no change at low 



temperature (the mole ratio of ethylma.gnesium bromide to diethyl-

magnesium had been 1.0). With this extra magnesium bromide, the 

resonances of the methylene protons again changed from one quartet 

to two at low temperature. These methylene resonances are shown 

in Figure 10 as obtained at 100 MHz. The two quartets a re now 

0 resolved so that all eight lines can be seen at -50 • As mentioned 

before, the coupling constants are equal in both quartets. 

A sample of ethylmagnesium bromide was prepared in tetrahydro-

furan and N,N,N 1 ,N 1 -tetramethylethylenediamine was added. Magnesium 

bromide was prepared in this solution so that the molar ratio of 

ethylmagnesium bromide to magnesium bromide was 1.0. At low 

temperature, two quartets were visible for the methylene protons 

of the ethyl group (Figure 11). By comparing these two quartets 

with those seen in other samples it is seen that the low-field 

quartet is more intense when more magnesium bromide is present. 

Intensities are difficult to interpret because of the over.-

lapping of peaks, but in comparing the changes in different samples, 

the low-field quartet is the one which is favored by the addition 

of excess magnesium bromide . With a sample containing a low 

concentration of magnesium bromide relative to the diethylmagnesium 

(see Figure 9, -50°), the low-field quartet is less intense than 

the up-field quartet. With a sample containing a large excess of 

magnesium bromide (see Figure 11, -50°), the low-field quartet is 

larger than the up-field one (this sample partially crystallized 
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H> 
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20 Hz 

Figure 10. The nmr s pectra (100 MHz ) at -50° of -CH2!Ig- protons 
of a sample prepared from ethylmagnesiurn-bromide, 
diethylmagnesium, and magnesium bromide. 
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-50° 

-55 ° 

20 Hz 

Figure 11. The nmr spectra (60 HHz) of -CHlig- protons of ethyl­
ma.gnesium bromide in tetrahydrofuran. Magnesium bromide 
was added so that the molar ratio of ethylma.gnesiurn 
bromide to magnesium.bromide is 1.0. 
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at low temperatures). 

The resonances of the methyl groups in all samples of ethyl­

magnesium compounds were triplets, but only one triplet was visible 

for the methyl protons even when two quartets were observed for 

t he methylene protons. Even at 100 MHz only one triplet was 

r e solved. One line superimposed on the up-field side of the center 

line of the triplet does appear when two quartets are pre sent for 

the methylene protons at low temperature. This may be the center 

of one triplet, but the outer lines were never observed. Since 

the chemical shifts of the methylene protons in the two quartets 

only differ by approximately 2 cycles, it is not surprising that 

the chemical shift of the methyl protons are nea~ly the same . If 

t he down-field quartet arises from ethylmagnesium bromide and the 

up-field one from diethyl.magnesium, then the difference in 

methylene proton chemical shifts are caused by differences in - MgBr 

and -MgCH2cH
3

• The difference in chemical shifts of protons on 

carbons bound to magnesium is small, and the effect on protons one 

atom further r emoved from magnesium would be smaller. The assign-

ment of the down-f i eld quartet to ethylmagnesiurn bromide and the 

up-field quartet to diethylmagne sium is in agreement with wha t one 

would predict assuming the - MgBr group to be more electronegative 

than t he - MgCH2CHJ group. 

While the methylene protons of the Grigna.rd reagents have been 
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under~oing changes, the s pectra of N,N,N',N'-tetramethylethylene­

diamine have also been seen to undergo changes with temperature. 

The s pectra in Figure 12a provide examples of the spectral changes 

found for the diamine in a solution of the Grignard reagent of 

1,4-dibromo-2,J-dimethylbutane in tetrahydrofuran with dioxane 

added . The diamine in tetrahydrofuran with magnesium bromide also 

broadens with extra resonances appearing at the lowest temperatures 

observed (Figure 12b). Another set of spectra (Figure 12c) of the 

diamine in a tetrahydrofuran solution of 3,3-dimethylbutylmagnesium 

chloride shows similar changes. 

Complexes of N,N,N 1 ,N 1-tetramethylethylenediamine with dialkyl­

magnesium compounds have been reported by several workers (39). 

These complexes are stable and can be sublimed easily. The changes 

in the nmr spectrum of N,N,N 1 ,N 1-tetramethylethylenediamine 

indicate that the diamine in solution is in equilibrium with some 

complex. These changes have occurred in samples where the alkyl­

magnesium halide concentration is greater than or less than that 

of the diamine. The changes were not the same for all samples, 

because the concentrations were different~ The diamine did not 

exhibit any spectral changes in solutions containing diethyl­

magnesium with no magnesium halide. The complex could be the 

dialkylmagnesium type previously reported. It also could be a 

complex of diamine and magnesium bromide, or diamine and alkyl­

magnesium bromide. 

Although very stable complexes are found between diamine and 
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-20° 

- 40° 

-60° 

I 20.Hz 

Figure 12a. The nmr spectra (60 MHz) of N,N , N1 ,N 1-tetramethylethyl­
enediamine in a tetrahydrofuran solution of the 
di-Grignard reagent of 1,4-d.ibromo-2,3-d.imethylbutane . 
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35° 

-60° 

-10° 
-70° . 

I 20 Hz 

Figure 12b. The nmr spectra (60 HHz) of N,N,N 1 , N1 -tetramethyl­
ethylenediamine in a tetrahydrofuran solution of 
:rmgnesium bromide. The amplitudes of the spectra 
differ. The spectra at -60° and -70° are on the side 
of one of the tetrahydrofuran resonances. 
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-30°~· 

I 20 Hz 

Figure 12c. The nmr spectra (60 .MHz) of N,N,N 1 ,N 1 -tetramethylethyl­
enediamine in a tetrahydrofuran solution of J,3-
di.."llethylbutylmagnesium chloride. The two spectra at 
right, -45° and -60°, were taken with increased spectrum 
amplitude. 
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several transition metal halides (40), little work has been carried 

out with the magnesium halides. The anomalous solubility effects 

of N,N,N 1 ,N 1 -tetramethylethylenediamine in Grignard reagents has 

already been discussed. In recent unpublished work on Grignard 

reagents of 3-chloronortricylene (41), magnesium chloride was 

found to precipitate from these Grignard solutions when the diamine 

was added. However, as already noted, the diamine sometimes confers 

solubility on all of the Grignard species. The effect on magnesium 

bromide alone was checked by preparing two identical samples of 

magnesium bromide in tetrahydrofuran from ethylene bromide and 

magnesium. To one sample was added N,N,N 1 ,N 1 -tetramethylethylene-

diamine. The samples were both 0.33 M in :magnesium bromide, and one 

was 0.16 molar in diamine. Within one day, crystals of magnesium 

bromide were present in the tube without diamine. Cooling to -50° 

did not produce crystals in the tube with the diamine, but a white 

powder was present on the wall of the sample vessel. · After one week 

IX 
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at room temperature, considerable quantities of white powder collected 

which is undoubtedly the complex of the amine with the magnesium 

bromide IX. A very recent study of alkylzinc halide and N,N,N 1 ,N 1 -

tetramethylethylenediamine has indicated that the diamine will form 

complexe s with zinc halides or alkylzinc halides (42). The nature 

of the zinc species in the complex, whether zinc halide or alkylzinc 

halide, was a function of halide and solvent. This may be the reason 

why the analogous Grignard reagent systems also give variable results. 

The N,N,N 1 ,N 1 -tetramethylethylenediarnine may be in equilibrium with 

different complexes. The chemical shifts of the protons in the 

different complexes are averaged at room temperature, but when the 

rate of exchange is reduced, the different chemical shifts can be 

seen. Another factor which may introduce additional chemical shift 

complications is the possibility of the alkylma.gnesium halide 

complex X in which the di.amine is unsymmetrical • . The protons of 

the diarnine can be divided into two groups by a plane in the five­

membered ring, with the protons on one side having chemical shifts 

different from those of the corresponding protons on the other side. 

The nmr spectrum of this complex would be quite complicated. At 

low temperatures, the nmr spectrum of the diarnine may be partly 

composed of this complicated spectrum. 

Even though the diarnine is unsymmetrical in X, the ethyl group 

would not experience any asymmetry. Therefore, its nmr spectrum is 

not expected to be further complicated by the existence of this 



complex. 

The nmr spectra of the diamine prove that a definite equilib­

rium involving the amine and some magnesium species does exist. 

Because the spectral changes observed are not constant and because 

the solubility characteristics of the Grignard reagents with the 

amine vary to such a large extent, the complexes formed may differ 

from experiment to experiment. In no case discussed did any solid 

crystallize at low temperature except w'nere magnesium bromide 

concentration was equal to the ethylmagnesium bromide concentration. 

The complex which separated from the solution of diarnine and 

tetrahydrofuran was never found with solutions containing alkyl­

magnesium species. Therefore, the equilibria among the Grignard 

species was never influenced by selective removal of one of them. 

If complex forrw.tion is the mechanism for reducing the rates of 

interconversion, then the magnesium in the Grignard species must 

be in rapid equilibrium with both diamine and tetrahydrofuran, the 

diamine complexes, of course, having the greater equilibrium 

constants of formation. 
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Table I 

Effectiveness of dioxane in complexing magnesium bromide in Grignard 

reagent solutions in tetrahydrofuran. 

The samples were prepared from 2 ml. of ethyl bromide (0.0263 

mole s) and excess magnesium in 10 ml. of tetrahydrofuran. To test 

dioxane effectiveness, 2 ml. of dioxane (0.0236 moles) was added to 

precipitate magnesium halide. To test the influence of N,N,N',N'-

tetramethylethylenediamine, 2 ml. of the diamine (0.013 moles) was 

added before dioxane. Aliquots of the supernatants were withdrawn 

and analyzed for halide concentration. 

Time between dioxane % Halide remaining % Halide remaining 
Trial addition and aliquot when just dioxane when diamine and 

withdrawal added then dioxane added 

1 15 min. 21.0% 40.5% 

2 120 min. 11.1% 26.9% 
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Table II 

Characteristics of 5 samples of ethylmagnesium bromide in tetra­

hydrofuran which exhibited 2 quartets for the methylene protons 

at low temperature. 
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0 . 00131 0 . 00098 < 0.00131 -JOO < 2:1 2.J Hz Good 

0.00016 0 . 00008 0 .00016 -400 2 : 1 1.8 Hz Good 

0.00094 0 . 00098 0.00230 -400 2 : 1 1 . 5 Hz Good 

0 . 00049 0 . 00080 0 . 001 1 -400 > 2 : 1 1 .J Hz Good 

0 . 00016 0 . 00008 0 . 00048 -450 > 2 : 1 1 . 1 Hz Fair 

1 . Ethylrnagnesium bromide prepared from ethyl bromide i n 
tetrahydrofuran, amine added , then dioxane added. 

2. Ethylmagnesium bromide prepared f rom ethyl br omide i n 
tetrahydrofuran, diamine added. 

J . Die thylmagne sium prepared from di ethylmer cury i n tetra­
hydrofuran , diamine added , t hen magnesium bromide prepared 
from ethylene bromide . 

4. Prepared as in 3. 

5. Ethylmagne sium bromide from ethyl bromide in tetra hydrofuran 
and additional magnesium bromide from ethylene bromide . 

* This ratio is the largest possible RHgX concentration 
to the ~argest ~os~ible R2~g concentration. The 
theoretical ratio ror a Gri gnard reagent prepared from ethyl 
bromide would be 2:1 . 
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I. THE INFLUENCE OF N,N,N 1 ,N 1 -TETRAMETHYLE'THYLENEDIAHINE 

ON THE SCHLENK EQUILIBRIUM 

Conclusions 

House (4J) has recently demonstrated that N,N,N 1 ,N 1 -tetrameth­

ylethylenediamine can markedly affect the rates of alkyl exchange of 

dialkylmagnesium compounds in ether solvents. By using two 

different alkyl groups and slowing down the rate of exchange at 

low temperature, the nmr spectrum of the unsymmetrical dialkyl­

magnesium compound was observed along with that of the symmetrical 

dialkylmagnesium. Although he was able to do this without the 

diamine by using dicyclopentadienylma.gnesium as one species, the 

amine was necessary for observing the mixed dialkyl species from 

dimethylmagnesium and diphenylma.gnesium. The diamine was needed to 

reduce the alkyl exchange rate for the methyl-phenyl system; the 

diamine was also shown to reduce exchange rates in the methyl­

cyclopentadienyl system. 

When small amounts of magnesium bromide were added to the 

dialkyldiarylmagnesium systems, the rate of alkyl exchange increased 

substantially. In the ethylma.gnesium bromide system which has been 

studied, alkyl exchange would be increased by the presence of the 

halide;however; ;use of tetrahydrofuran and N,N, N1 ,N 1-tetrameth­

ylethylenediamine as the solvent system should slow down the rate. 

The rate of alkyl exchange is indeed reduced to that point where two 
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different alkyl groups are observed. The halide ion is apparently 

involved in the equilibrium, because the two alkyl species are 

not observed when no halide is present. 

The experimental results can be explained by the presence of 

two alkylma.gnesium species, diethylma.gnesium and ethylma.gnesium 

bromide, which are equilibrating rapidly with each other. 

HgBr
2 + (3) 

This is the Schlenk equilibrium. Both tetrahydrofuran and N,N,N',N'­

tetramethylethylenediamine slow down the rate of conversion from 

one side of the equilibrium to the other, but the diarnine is the rate­

retarding agent needed to make observation of the different species 

possible. 

A possible mechanism for rate retardation is the formation of 

tight solvent complexes of the alkylma.gnesium species with the diamine. 

The GrigP.ard reagents are probably tetrahedral about magnesium. with 

solvent occupying two of the four positions (44). One molecule of 

the diamine could occupy two of the solvent positions. The tendency 

for the diamine to do this is supported by the evidence of complex 

formation with dialkylma.gnesium compounds, dialkylzinc compounds, or 

alkylzinc halides. The change observed for the nmr spectra of the 

diamine with the Grignard reagent indicates that a definite solvent 

complex is formed. Which species are complexed is not known; possibly 

all three of the magnesium species present in the Schlenk equilibrium 

are involved. 
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In the above equilibrium the species not coordinated with diamine 

would be solvated by tetrahydrofuran. 

The existence of a dimeric type Grignard reagent can be 

disregarded. All carefully conducted association studies indicate 

that the Grignard reagent is monomeric in tetrahydrofuran. 

The different species present do not form insoluble complexes 

with t he diamine as shown by the solubility characteristics already 

discussed. In fact, N, N,N',N'-tetramethylethylenediamine can increase 

the solubility of both rragnesium bromide and the Grignard reagent 

in t etrahydrofuran. 

It is difficult to make any conclusions about the position of 

the equilibrium in these solvent mixtures, because of a shift which 

may be produced by the diamine . Also, the resonances of each species 

overlap and prevent a good measurement of the exact amount of each 

speci es. A crude appr oximation from the mr.r spectra indicates that 

about 50~ of the alkyl groups are in the dialkylmagnesium form with 

the remainder present as alkylroagnesium halide. This indicates an 

equilibrium constant of 4 for the reaction 

+ MgBr2 (5) 

This value is the same as that reported in a recent review article 
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by E. c. Ashby (45). The value of 4 -was obtained by Becker 

and Smith from heats of mixing of diethylmagnesium and magnesium 

bromide in tetrahydrofuran. This value is also very close to that 

value reported by Mosher and Salinger from infrared studies (14). 

As expected. the presence of magnesium bromide. whether less 

or more than one halogen atom per magnesium atom. appears to influence 

the concentration of species present. However, the concentration 

of di.a.mine does not appear to alter the equilibrium position. as 

one would expect if a very tight solvation complex of one of the 

magnesium species were formed. A fourfold change in the ratio of 

diamine to Grignard reagent had little, if any, effect on the 

position .of the equilibrium. This, perhaps, is unexpected but need 

not be unsettling. 

The work reported to this point in this thesis has been 

conducted in order to study the Schlenk equilibrium for Grignard 

reagents. The results indicate that the Schlenk equilibrium does 

occur for ethyl.magnesium bromide in tetrahydrofuran, but that the 

rates of interconversion between the different species are very fast . 

By using N,N,N 1 ,N1 -tetramethylethylenediamine as a co-solvent with 

tetrahydrofuran, this rate has been reduced so that two species, 

which appear to be diethylmagnesium and ethyl.magnesium bromide, can 

be observed on the nmr time scale. House (4J) has demonstrated that 

the alkyl-exchange reactions are extremely fast and even faster with 

nagnesium halide in solution. Presumably this is the reason for the 
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la.ck of proton-nngne sium-25 coupling with alkylma.gnesium compounds 

(46) and pr oton-ca.rbon-13 coupling across magnesium in dimethyl­

roagne sium and methylmagnesium iodide (4-7) o With N ,N , N1 ,N'-tetra­

methyl ethylenediamine in solution, the rates of the exchange 

processes have been reduced and the different forms in which the 

alkyl Grignard reagents exist have been observed. 
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II. THE NATURE OF THE DI-GRIGNARD REAGENT 

Results and Discussion 

The di-Grignard reagents of dihalogen compounds are useful 

synthetically and give fairly good yields of cyclic addition 

products with di- or polyfunctional molecules. To study the nature 

of the di-Grignard reagent by the nuclear magnetic resonance 

method, the reagent has to be preparable without formation of side 

products which might interfere with the nmr spectra. For ex.ample, 

a side product such as ~-butylmagnesium bromide would be expected 

to have peaks overlapping those of the di-Grignard reagent of 

1,4-dibromobutane. Fortunately, the protons on the carbon alpha 

to magnesium have a chemical shift which is up-field from tetra­

methylsilane. Therefore, only other Grignard reagents will inter­

fere with these resonances. 

Although the di-Grignard reagent of 1,4-dibromobutane and 

higher homologs can be prepared in good yield in diethyl ether (48), 

this ether is not very suitable because the di-Grignard reagent 

is almost completely insoluble--a two-phase liquid mixture being 

formed with the more dense phase containing almost all the desired 

di-Grignard reagent in ether. The less dense portion is mostly 

diethyl ether containing a small amount of magnesium bromide. 

Addition of co-solvents such as. tetrahydrofuran, diox.ane, or 



dimethoxyethane to the layer containing the di-Grignard reagent 

caused forrration of copious amounts of white precipitate. The 

small amount of supernatant contained no di-Grignard reagent. 

In no case could the di-Grignard reagent be solubilized by ether­

type co-solvents once the heavier oil had separated. 

One method for obtaining solutions of the di-Grignard reagent 

in diethyl ether was found. Namely, after the reaction with 

magnesium was complete, miscibility could be achieved by adding 

1,4-dibromobutane. However, coupling rapidly occurred in the 

resulting solutions to give octane Grignard reagents which inter­

fered with the nmr spectra of the 1,4-di-Grignard reagents. 

Somewhat better, but still not satisfactory, results were 

obtained by preparing the di-Grignard reagents in dimethyl ether. 

1,4-Dibromobutane and 1,4-dichlorobutane reacted readily with 

magnesium in dimethyl ether when ethylene bromide was used as an 

initiator, but substantial crystallization occurred. The super­

natant usually contained a rather low concentration of Grignard 

reagents, but its nmr spectrum was that expected for a solution 

of the di-Grignard reagent. However, 24 hours after the 

reaction with the excess magnesium, the spectrum was complicated 

with extra peaks. The majority of these were from the di-Grignard 

reagent of 1,8-dibromooctane. The formation of this coupling 

product comes about because the 1,4-dihalobutanes apparently do 

not react completely with magnesium, and some of the initially 
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formed monofunctional Grignard reagent may crystallize and later 

couple with the 1 ,4-Gri gnard reagent . Some monofunctional Grignard 

r eagent may also be present in solution when the initial nmr 

spectra wer e taken. The products from Wurtz-type coupling a r e 

the r:ia jor side products when using dimethyl ether. Figure 13 

shows the nmr spectru.~ of the di-Grignard reagent of 1-bromo-1~­

chlorobutane a t 100 }fuz . The resonances at -60 Hz are from protons 

alpha to magnesium. Irradiation of these protons decouples the 

resonances a t 155 Hz, the protons beta to magnesium. Irradiation 

at 155 Hz decouples the r esonances at -60 Hz, but there is more 

t han one singlet. Clearly, more than one species with protons on 

the carbons alpha to rragnesium must be present. One of these is 

t he Grignard reagent of the octane coupling product. The large 

peak at 132 Hz is from methylene protons of this product. The 

r esonances slightly up-field are from mono-functional Grignard 

reagents such as rr-butylmagnesium bromide, side products from 

partial hydrolysis of di-Grignard molecules. A third side product 

usually found, but not shown in Figure 13, is cyclobutane which is 

produced by intramolecular coupling . 

The side products produced in dimethyl ether make this 

unsuitable as a solvent. Tetrahydrofuran, however, was found to 

be satisfactory for the study of di-Grignard reagents as are 

mixtures of dimethyl ether and tetrahydrofuran. To be sure, when 

t he di-Grignard r ea gent of 1,4-cl.ibromobutane is prepared in 
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Figure 13. The runr spectrum (100 HHz ) of the di-Grignard reagent of 
1-bromo-1+-chlorobutane prepared in dimethyl ether. The left 
side of the upper spectrum i s the result of irradiating at 
-60 Hz; the right side is the result of i rradiating at 155 Hz. 
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t otrahydrofuran , crystalliza tion occurs, but these crystals a r e 

cer tainly rra gnesium br omide because the intensiti es of r e sonances 

of the alk-ylmagnesium species r emaining in solution are not dinrin-

i shed. " Crystallization of magnesium chloride does not occur 

when the dichloro Grignard reagent is prepared at the concentrations 

norw~lly used. However, the bromide reacts faster and more 

compl etely, and there are advantages to using mixtures of the two 

halides. 

The spe ctrum of a mixture of di-Grignard reagents from 1,4-

diqromobutane and 1,4-dichlorobutane prepared in dimethyl ether 

and perdeuterated tetrahydrofuran is shown in Figure 14. The 

singl et at 108 Hz is the resonance of cyclobutane, the amount of 

which appears to be a function of t he temperature of the reaction. 

When t he r eaction of the dihalide with magnesium is carried out 

0 below 45 , the amount of this coupling product is quite small. 

Higher temperatures lead to larger quantities. The conversion at 

45° was not usually complete , but after the initial rapid reaction 

had subsided, indicating that most of the dihalide had rea cted, a 

short heating in a steam bath could be used to remove any remain-

i ng halide by reaction with magnesium or by coupling with another 

Grignard function. A product of this coupling is the di-Grignard 

r eagent of 1,8-dihalooctane whose methylene protons on carbons 

delta and gam.>na to magnesium produce the resonance at 67 Hz. The 

l ess intense resonances slightly up-field are from partially 
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Fi gure 14. The nmr spectrum (60 J.lliz) of the di-Gr i gnard reagent prepared 
from a mixture of 1, 4·- dibromohutane and 1,L~-dichlorobutane in 

·a mixture of diethyl ether and perdeuterated tetrahydrofuran. 
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hydrolyzed di-Grignard reagent and are expected to correspond to 

!!_-butyl- or !2.-octylma[';nesium halide. The singlet for the 

carbon-13 satellite of dimethyl ether is found at 117 Hz while the 

singlet at 1Y+ Hz is a spinning sideband of that solvent. The 

l ar ger resonances at 81 and -44 Hz are from the protons beta and 

a lnha to magnesium, respectively, of the desired di-Grignard 

reagent. 

The complex spectrum of the di-Grignard reagent is similar to 

that of the methylene protons of 1,4-butanediol in water. The 

spectrum of the di-Grignard might be simplified by inversion of 

the terminal carbon atoms, a process which cannot occur in the diol. 

A spectrum which appears to be very similar to these is the 

AAtA''A'''XX'X''X''' (49) spectrum of tetrahydrofuran (50). These 

two compounds can be used as models for the difference in the two 

di-Grign.ard forms XI and XII. 

XHgCH CH CH CH HgX 
2 2 2 2 

XI XII 

To obtain anything significant with respect to coupling 

constants, the di-Grigna.rds had to be selectively deuterated. This 

will be discussed later. 
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Although tetrahydrofuran was a good solvent for the di-

Gri~nard reagent, dioxane could not be added without obtaining a 

l arge amount of whi te precipitate containing most or all of the 

alkylmagnesium compounds besides the magnesium halide. However, 

dioxane could be added to the di-Grienard solution when prepared 

in a dimethyl ether- tetrahydrofuran solvent mixture. The results 

with such mixtures will be discussed later. 

By using a di-Grignard reagent prepared from dihalides with 

a primary and tertiary halide, asymmetry could be introduced into 

the cyclic dialkylmagne$ium form, as in XIII . 

XIII 

4 - bromo-1-chloro-4-methylpentane was synthesized, and its di-

Grignard reagent was prepared. This compound could not give an 

asymmetrical form because R1 and R2 are both methyl groups, but it 

did serve as a trial sample for preparing the mixed di-Grignard 

reagent. The nmr spectrum of the Grignard reagent showed that 

alkenic protons had been produced when the halide r eacted with 

magnesium. The spectrum of the protons alpha to magnesium in the 
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primary Grignard function showed that more than one Grignard reagent 

had been fcrmed. Elimiru.tion had occurred at the tertiary carbon 

producing possibly two alkenes. Because this dihalide did not give 

a sinele product, dihalides of this type were deemed unsuitable for 

the study of di-Grignard reagents. 

The nmr spectrum of the di-Grignard reagent of the dibromo- and di­

chlorobutane in Figure 14 indicates that only one type of di-Grignard 

reagent is present or that all existing forms are in rapid equilibrium 

on the nmr time scale. This is the same result obtained for all 

monofunctional Grignard r eagents in solutions containing magnesium 

halide . The equilibrium between the alkylmagnesium halide and 

dialkylma.gnesium has not been reported as observable by nmr 

spectroscopy except for the work described in the first part of this 

thesis in which N,N,N 1 ,N 1 -tetramethylethylenediamine was present and 

the work reported by Evans and Kahn (37) on the pentafluorophenyl­

magnesium halides. Because only one set of resonances is visible 

at 35°, the cyclic di-Grignard species XII, if it is present, is 

rapidly equilibrating iri.th the other forms of the di-Grignard reagent. 

At low temperatures where these rates might have been reduced, 

viscous broadening of all the resonance lines in the spectra occurs 

and the resolution was so poor that no information could be obtained. 

To simplify the nmr spectra of the di-Grignard reagent of 

1,4-dibromobutane and 1,4-dichlorobutane, 1,4-dibromo-1,1,2,2-tetradeu­

teriobutane and 1,4-dichloro-1,1,2,2-tetradeuteriobutane were 
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synthe sized. The n.rnr spectra of these tetradeuterated dihalides 

are much less complex than those of the undeuterated dihalides. 

The r e sonances of the protons alpha to halogen are well-resolved 

triplets, while the raso:nances of the beta protons are triplets 

with lines broadened considerably by coupling to deuteriu.'11. 

Fi gure 15 is the nmr spectrum of the di-Grignard reagent prepared 

from a mi:>..-ture of the tetradeuterated dihalidas. The solvent 

is a mixture of dimethyl ether and tetrahydrofuran. The resonances 

at -46 Hz are the protons alpha to magnesium, and the broadened 

triplet at 77 Hz is from the p~otons beta to magnesium. Considerable 

viscous broadening of all the resonance lines occurred so that 

resolution at low temperatures was extremely poor. Even with the 

considerable simplification of the spectrum by selective deuteration, 

all fine-structure changes with temperature were masked by loss of 

resolution. 

To obtain inforw~tion about the inversion rates at carbons 

bound to magnesium in di-Grignard reagents, three dihalides having 

structural features analogous to halides which give mono-Grignard 

reagents especially suitable for studying inversion were synthesized. 

For example, Whitesides, Witanowski, and Roberts (35) had studied 

inversion in 3,3-dimethylbutylma.gnesiwn chloride. The analogous 

dihalide is 1,5-dichloro-3,J-dimethyl.pentane. The nmr spectrum of 

this compound is shown in Figure 16 ; the protons alpha and beta to 

chlorine give the typical AA'XX' nmr spectrum characteristic of a 
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Fi gure 16. The nmr spectrum (60 HHz ) of 1,5-dichloro-J,3-dimethylpentane. 
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disubstituted ethane with a marked preference for one of the possible 

confor~ations involved in rotation about the ethane carbon-carbon bond. 

The spectrum is very similar to that obtained for 3,3-dimethylbutyl 

chloride (3.5a). The compounds analogous to the 2-methylbutyl 

brorrQde studied by Fraenkel and Dix (36) are 1,5-dichloro-2,4-dimethyl­

pentane and 1,6-dibromo-2, 5-dimethylhexa.ne. Both of these halides 

were prepared; the dihalopentane was clearly a mixture of diastereoi-

somers as shown by the nmr spectrum, but the dihalohex.ane appeared 

to be one diastereoisomer. 

In order to comrare the rates of inversion of the monofunctional 

Grignard reagents with the difunctiona.l Grigna.rd reagents, samples 

with i dentical concentrations of Grignard functionality were pre-

pa.red in tetrahydrofuran, and nmr spectra obtained as a function of 

temperature. Figure 17 shows the spectral changes occurring at 

various temperatures for the protons alpha to magnesium in J,3-

dimethylbutylma.gnesium chloride . When compared with the protons 

alpha to the magnesium in the di-Grignard reagent of 1,5-dichloro-

3,3-dimethylpentane (Figure 18), it is easily se~n that inversion 

is much faster in the di-Grigna.rd reagent. The nmr spectrum of the 

monofu.~ctional reagent possesses characteristics of an AA'XX' spectrum 

at 35°, and the limiting low-temperature spectrum is visible at o0
• 

In contrast, the di-Grignard reagent gives an A2x2 spectrum, a triplet, 

at J5°. At -10°, the central line has become less intense relative 

to the outside lines, but AA'XX' characteristics are not clearly 



66 

70° 

35° 

20 Hz 

Figure 17. The nmr spectra ( 60 l·~z ) o:f the -CH2l,lg- protons in 
3,3-dirnethylbutylmagnesium chloride (0.8 M) in 
tetrahydro:furan. 
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Figure 18. The nmr spectra (60 HHz) of the -CHlig- protons o:f the 
di-Grignard reagent of 1 ,5-dichloro-J,J-dimethylpentane 
(0.8 H in Grignard function) in tetrahydrofuran. 
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visible , and at lower temporatm·es, the resolution becomes extremely 

poor. 

The spectra of the Grignard reagents from the dihalides with 

a symmetric centers.beta ·to magnesium give the same results with 

r espect to relative inversion rates. The protons alnha to magnesiur~ 

should give resonances typical of the A2 pa.rt of an A2X spectrum 

if inversion is rapid. With slovr inversion, these same protons 

should give the resonances of the AB part of an ABX spectrum. This 

is the case for 2-methylbutylrnagnesium bromide (Figure 19); the 

0 0 protons alpha to magnesium give an A2 part at 90 , and at 35 , the 

characteristic AB pattern is present. In the di-Grignard reagents 

of 1,5-dichloro-2,4-<limethylpentane (Figure 20) and 1,6-<lichloro-2,5-

dimethylhexane (Figure 21), the nmr spectra are the A2 type at 35°, 

and at o0 they appear to be starting to change. The inversion 

process is, therefore, faster in the di-Grignard reagent than in 

the corresponding monofunctional Grignard reagent. 

The inversion rate is clearly faster with di-Grignard reagents 

than with mono-Grignard reagents, and therefore, any attempts to 

obtain coupling constants for these reagents is made difficult 

b ecause inversion results in avera~ing of the coupling constants in 

the different species of interest. The purpose of preparing 1,4-

dihalo-1,1,2,2-tetradeuteriobutane was to simplify the nmr spectra 

so that coupling constants could be used to indicate the nature of 



FiQlre 19. 

69 

90° 35° 

80° 

60° - 15° 

20 Hz 

The nmr s p ectra ( 60 lwz) of the -CH 11g- protons in 
2 - methylbutyl:magnesium bromide (1.02i·1) in tetrahydro­
furan . 
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35° -10° 

- 20° 

20 Hz 

Figure 20. The nmr spectra ( 60 MHz) of the -CHz1'1g- protons i n the 
di-Grignard reagent of 1 ,5-dichloro-2,4-dimethylpentane 
(1.0 Min Gri gnard function) in tetrahydrofuran. 
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30° 

10° 

- 10 ° 

-20° 

-30° 

20 Hz 

The nrnr spectra (60 EHz) of the -CH Hg- protons of 
the di-Grignard reagent of 1,6-dichforo-2,5-dimethyl­
hexane (1.0 Hin Grignard function) in tetrahydrofuran. 
The amplitudes of the spectra differ. 
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the di-Grignard r eagent . Thus, if the cyclic s pecies tetramethylene-

rr.a e;ne sium were pr esent in a solution of the di-Grignard r ea gent of 

t ho t etradeuterated dihalide, its nmr spectrum would be of t he AA 1XX 1 

' 
t ype :provided inversion were slow. However, if inversion can occur 

within the cyclic form so that the cyclic s pecies does not lose its 

i dentity, an A2x2 spectrum would be obtained. Such inversion might 

proceed by a dissociation-inversion-recombination mechanism. 

H1 CH-CH '·..,,I 2 \2 
C CH 

/- +I 2 
H Hg 

1~ Inversion 
H. CHz-CH2 . I ~ 

C CH 
/ - +I 2 

H1 Hg 

(6) 

If the s pectrum were of the AA 1XX 1 type, two vicinal coupling constants 

could be found, and conclusions might be dra1~n about the presence of 

the cyclic species. 

However, there is still the possi bility, even if inversion 

and exchange were both slow, th.at the alpha protons of the cyclic 

s pecies might appear as a triplet. Abraham and Bernstein (51) have 

delineated the conditions whereby AA.1XX 1 spectra will appear as a 

triplet. This condition is 
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where JAX and JAX' are t he vicinal coupling constants, JAA , and J XX' 

are the geminal coupline; constants, and .6.v l/Z is the line width at 

half-height of the component lines. It is important for our system 

here t hat this condition appears to be satisfied in t etrahydrofuran 

for the protons aloha and beta to oxygen . Thus the proton s pectrum 

of 2,2,3,3- tetradeuteriotetrahydrofuran must be of the AA 'XX ' type 

because there is restricted rotation about the carbon-carbon bond. 

Nevertheless, the spectrum shows only two triplets. The complex 

spectrum of tetrahydrofuran itself is due to couplings between the 

ft, ~' hydrogens, and not markedly different ~. ft vicinal couplings. 

Obviously, if the cyclic magnesium species tetramethylene:ma.gnesium 

is a nalogous to tetrahydrofuran, the spectrum of the tetradeuterated 

species :may not provide the information needed for obtaining the 

vicir>..al coupling constants. 

A sample of the di-Grignard reagent from a mixture of 1,4-

dichlorobutane and 1,4-d.ibromobutane was pre:pared in a dimethyl 

ether-tetrahydrofuran solvent mixture. As already pointed out, 

the low-temperature spectra below-25° of these di-Grignard reagents 

provide no information because resolution is poor because of viscous 

broadening. Dioxa.ne was added to the sample separating most of the 

:magnesium halide from the alkylmagnesium compounds. The low-tempera­

ture nmr spectra of alkylmagnesium species were then obtained, but 

a gain loss of resolution from viscous broadening occurred. This 

same experiment was conducted with the di-Grignard reagent from a 

I 
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mixture of 1 , 5-dichloropentane and 1, 5-dibromopentane. The results 

w0re the same as with the other di~rignard r eagent. Even though 

sor.ie of the halide could be removed , the resolution w"a.s too poor 

to establish anything about an equilibrium among all the possible 

forms for the alkylma.gnesium s pecies. 

The effect of N, N,N 1 ,N 1-tetramethylethylenediamine on the 

rates of equilibration of the Grignard species has been discus sed 

extensively in Part I of this section. When the diamine was added 

to a di~rignard reagent solution and t hen dioxane added , a white 

precipitate was formed . However, the nmr spectrum of the super-

:natant indicated that most of the di~rignard reagent w"a. S l eft in 

solution. Some halide probably r emained in solution because of the 

inefficiency of dioxane in precipi tating magnesium halide in the 

presence of N,N , N1 ,N 1 -tetramethylethylenediamine (52). The low-

temperature nmr spectra of di~rignard reagents in tetrahydrofuran 

with the diamine and dioxa.ne added were obtained. However, viscous 

0 line broadening was so great below -30 that all resolution was 

lost. It wa s necessary to use the deuterated halides where the 

spectra were not so complex . 

The following type of experiment indicates that the viscous 

broadening observed in the solutions ma.de as described above is 

probably due to ~.agnesium halide remaining in solution. Thus, when 

N,N-diethylaniline or N,N,N 1 ,N 1 -tetramethylethylenediamine was 

added to solutions of mono- or di~rigna.rd reagents from •mich 
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the bulk of the rn.agnesium halides were precipitated with dioxane, 

low-temperature spectra with good resolution were obtained . 

The di-Grigna.rd reagent from a mixture of i,4-dichloro-1,1,2, 2-

tetradeuteriobutane and 1,4-dibromo-1,1,2,2-tetradeuteriobutane was 

prepared in tetrahydrofuran. The low-temperature nmr spectra of 

the protons alpha to magnesiun1 are shown in Figure 22 (53). The 

lines a re fairly broad, but some extra lines, possibly from another 

species, are evident , especially at -20°. The low-temperature nrnr 

spectra of the same sample with 5% by volume of N,N,N' , N-tetra-

methylethylenediamine are displayed in Figure 23. Again extra lines 

are present. At -35° and -40° , two lines appear to be present in 

t.l-ie central resonance. Possibly two triplets are overlapping with 

each triplet being characterized by the same coupling constant 

(Figure 24). In Part I, it was demonstrated how N,N,N',N'-tetra-

. . ·· ... 
-:.· 

. : .-· .. 
... 

11 .. • ·. 
·· . .. ···. ·:·:· 

Figure 24 

.. ·· 
II 

I • 

methylethylenediamine slo-w-ed down the equilibrium between the di-

ethyl!r..agnesium and ethylmagnesium halide forms of the Grignard reagent. 

Both forms of the ethyl Grignard reagent were found to have the .same 
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- 30° 

35° 

-35° 

-25 ° 

. - 40° 
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Figure 23. The nrnr spectra (60 HHz) of the -CH2Hg- protons of the 
di-Grignard reagent prepared from 1,4-dibromo- and 
1,4-dichloro-1,1,2,2-tetradeuteriobutane in tetrahydro­
furan and N,N,N 1 ,N 1-tetramethylethylenediamine . 
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coupling constants. Possibly this is the situation for species 

giving the spectra shmm in Figure 23 (53). One of the triplets 

may be from the cyclic tetramethylenerr..agnesium. In this case it 

is half of an AA 1XX 1 spectrum with characteristics satisfying 

equation (7). or it is half of an AZ£2 spectrum because carbon 

inversion is occurring within the cyclic form. The information 

available does not permit a definite distinction between these 

possibilities. 

In order to add dioxane to the di-Grignard reagent of the 

1,4-dihalo-1,1,2,2-tetradeuteriobutane without precipitating the 

alkylma.gnesium species, this Grignard reagent was prepared in a 

mixture of dimethyl ether and perdeuterated tetrahydrofuran. The 

spectrum of the resultine; solution has already been shown in 

Figure 15. To this sample was added N,N,N',N'-tetramethylethylene-

diamine and then dioxane. The low-temperature spectra o:f the 

protons alnha to magnesium are shown in Figure 25 (53). At 

low-temperature , two triplets are seen with unequal coupling 

constants. 0 From the spectrum taken at -35 , the values of the sums 

of the vicinal coupling constants are 15.8 and 18.0 Hz. Figure 26 

shows how two triplets with approximately equal intensities and 

unequal coupling constants can overlap to g:.ve the spectra obtained 

at -35° and -45°. In the first part of this thesis, ethylmagnesium 

halide and diethylmagnesium were shown to have identical coupling 

constants. The difference in vicinal coupling constants found here 
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Figure 25. The nmr spectra (60 HHz ) of the -CH2~1g- o:f the di-Grignard 
reagent of 1,4-dibromo- and 1,4-dicliloro-1,1,2,2- tetra­
deuteriobutane prepar ed in dimethyl ether and perdeuterated 
tetrahyd:rofuran. N,N,N',N' - tetramethylethylenediarnine 
and dioxane have been added. Spectrum amplitudes differ. 
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Figure 26 

must be due to some other factor,· and the best assumption seems to 

be that one triplet be attributed to the cyclic tetramethylenema.gnesium 

form. 

It is of interest to compare the rel ative magnitudes of the 

vicina.l coupling constants in systems of the following types: 

XIV 
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In 1,L~-buta.nediol, the sum of t he vicinal couplinf, constants between 

the protons a l pha and beta t o o::-..-yr;en is 12.2 ± O.J Hz . The corre s-

ponding sum in 1,4-dimethoxybutane is 12.0 ± 0.3 Hz. The cyclic 

analog tetrahydrofuran has 13.3 ± 0.3 for the sum of the vicinal 

coupling constants. This SU.'Tl in tetrahydrothiophene , the analogous 

sulf ur compound, is 12.5 Hz (54), while 1,4-butanedithiol has the 

value 13.4 ± 0.3 Hz for the sum of its corresponding vicinal 

coupling constants. These sulfur and oxygen systems demonstrate 

that, as expected, the sums of the vicinal coupling constants are 

different in 1,4-disubstituted butanes and analogously constituted 

f ive- membered ring compounds. However, the differences are not 

lar~e . The diol and dimet ho;cy'butane give approximately the same value, 

and closing the ring increases .the sum by slightly more than 1 Hz. 

The sulfur analogs change in the opposite direction, but the change 

is again approxi.."llat ely 1 Hz. 

In order for the AA 1XX 1 spectrum to be a triplet, the condi-

tion of equation 

( 
l • , .I:" d wn:i.cn was .J..Oun 

(?) must be satisfied. With 1.2 Hz for JAA, - JXX ' 

for 3 ,3-dimethylbutyl magnesium (35a)) , and the line 

width at half-he i ght of t he component lines as 2 Hz (a rather large 

estimate ), JAX - JAX, must be less than 2.2 Hz . This implies that 

JAX and JAX, are about equal since the sum of the two coupling 

constants must be equal to 15.8 Ifa or 18.0 Hz. Haximum varia tion 

f or the pairs of JAX. and JAX' would be 9.0 and 6.8 Hz from the 15.8 

Hz value and 10.1 and 7.9 Hz from the 18.0 Hz value. Although 
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correlation of dihedral angles with vicinal constants in five-

membered rings is rather uncertain (55), the values for coupling 

constants for small diliedral angles all fall in the ranges given 

from the crude calculations above. 

As mentioned earlier, the tetradeuterated tetrahyd.rofuran 

e;ives two triplets for its n.1.'lll' spectrum. It does not seem unreason-

able that the correspondinc; tetradeuterated tetramethylenerri.agnesium 

should also give two triplets. However, the possibility of rapid 

inversion within the .cyclic form which would lead to an A
2
x

2 

spectrum cannot be ruled out. 

The spectral changes observed at low-temperatures must be 

attributed to a reduction in the rate of interconversion amont; the 

different species by processes related to the Schlenk equilibrium. 

One of these species is certainly the open form of the di-Grignard 

reagent or the corresponding intermolecular dialkylma.gnesium compound. 

These two forms of the di-Grignard reagent are in equilibrium with 

the cyclic species.. The two triplets from the protons alpha to 

magnesium have approxim'.l.tely equal intensities, but conclusions 

about the position of the Schlenk equilibriu..~ cannot be made because 

a lare;e a.mount of magnesium halide was removed from the solution by 

dioxanate precipitation. This was necessary in order to obtain 

0 well-resolved spectra at temperatures near -50 • Wneth::ir or not 

inversion in the di-Grignard reagent is slower than interconversion 

of the different species cannot be determined from the results on 
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the 1,4-di-C:rignard re2gent. If this reagent behaves similarly to 

·the u.'"1syrnms:trical dialkylrnagnesium compounds studied by House (43), 

thon inversion most certainly has stopped before the different 

species can be observed. Because the nmr spectrum of the tetra-

methylenomagnesium is a triplet, there is no evidence for slow 

inversion . Any conclusion that inversion has stopped and the 

spectrum is a deceptively simple sp8ctrum must be based on previous 

w0rk with monofunctional alkyl:magnesium compounds. 

Di-Grignard reagents of 1,5-dichloro-3,3-dimethylpentane, 

1,5-dichloro-2,4-dimethylpentane, and 1,6-dichloro-2,5-dimethyl-

pen~~ne have been ex.a.mined in tetrahydrofuran solutions with diamine 

and dioxa.ne added. The nmr spectra of the protons alpha to magnesium 

have been obtained down to - 60°. The lines broaden considerably 

0 belo-:v- -10 • This broadening d..s probably caused both by viscosity 

changes and rate changes in either inversion or interconversion of 

the possible specieso The tetrahydrofuran resonances remain fairly 

well-resolved dm-m to -60° indicating that viscosity changes are 

probably not the major source for the line broadening in the di-

Grignard reagent. In all cases, the resolution was so poor below 

-10° th.at no information could be obtained from the spectra of 

these samples. 



II. Tr-IE NATU::f-\.E OF THE DI-GRIGNARD REA.GENT 

Conclusions 

Inversion at the carbon-magnesium bond proceeds much faster 

in di-Grignard reagents than in the corresponding monofunctional 

reaBents. As a consequence, detection of differences in coupling 

constants for the various forms in which the di-Grignard reagent 

can exist is difficult. Rapid inversion can lead to loss of the 

inforrrBtion which might be present in an AA 1XX' spectrum of tetra-

methylenerrngnesium prepared from the di-Grignard reagent of 1 ,4-

dihalo-1,1,2,2-tetradeuteriobutane. With a solvent system of 

tetrahydrofuran, dimethyl ether, and N,N,N',N'-tetramethylethylene-

diamine, the rate of interconversion of the species in the Schlenk 

equilibrium has been reduced. At least two different species have 

been observed with the implications being that one is the cyclic 

tetramethylenemagnesium. The Schlenk equilibrium for di-Grigna.rd 

reagents can, therefore, be represented as follows: 

2 RHgX R Hg 
2 + 

or 

The rapid inversion rate can be e:h.rplained by an s112 -type 

(8) 
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machanism, or S.~2 mechanism, similar to that proposed for the 
.t; 

forrr~tion of tetrahydrofuran from tetramethyl0ne chlorohydrin (.56) 

XVII 

This type mechanism results in inversion of the reacting carbon atom 

(57) which would explain why the nrnr spectra of 2-methylbutyl-

magnesium bromide and the a:r>..alogous di-Grigna.rd reagents show the 

A2 part of an A-;f- spectrum. If free rotation were the only averaging 

mecha nism, the spectra should be the AB part of an ABX system. 

Fraenkel and Dix (36) found the rate law 

rate = k [R.EgX] 2 •5 (9) 

for the inversion mechanism in diethyl ether and the concentration 

studies of Whitesides and Roberts (J.5b) indicate that the order is 

greater than one in Grignard reaeent. The mechanism pictured in 
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XVII •·rould require a second-order rate law. 

Per haps the most convincin~ evidence for the proposed 

mechanism XVII is the rates measured for inversi on. The inversion 

rates f or 2-methylbutylrrngnesium bromide and 3,3-dimethylbutyl-

?Tl.agncsium chloride can easily be measured by the mnr method. However, 

in the corr0sponding di-Grignard r eagents, the inversion rates were 

only slightly decreased at low temperature, and rate values could 

not be obtained. Ho·w much faster inversion is in the di-Grignard 

reagents was not established, but qualitatively it is obvious that 

the di-Grignard reagents invert much faster. By comparing the spectra 

shown in Figures 17 and 18 with the AA'XX' spectra calculated for 

cl:1anging inversion rates (3.5a), one obtains rates for the di-Grignard 

reagents which are 100 to 1000 time s greater than for the mono-

fu.~ctional reagent. It is to be expected that a unimolecular 

re~ction occurs much faster than the same bimolecular reaction (57b). 

The r eactions of halides with amines (57b, 58) such as 

+ 
) CH

2
(CH

2
). 

1
NH

2 
+ 

I n- I 
x- (10) 

and the esterification of acids (59) such as 

(11) 

have been show·n to occur much faster intramolecularly than inter-

molecularly. In t he hydrolysis of t etramethylene chlorohydi~in (60), 
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the i ntramolecular for~..ation of t etrahydrofuran occurs almost 

excl usively with little diol being formed. W.t1en the inversion of 

di-Drigr>..ard reagents is interpreted in the light of Fr aenkel 's rate 

studies (36) and the other intramolecular versus intermolecular rate 

studies, t he most probable mechanism for inversion of Gri gnard 

reagents is an S"'2 mechanism with XVII being the transition state 
£, 

for the di-Grignard reagent inversion. 

The probable existence of cyclic polymethylene~.agnesium species 

for di-Grignard reagents has been demonstrated. It may be derived 

from the transition state XVII in the same manner as diethylmagnesium 

and magnesium bromide might be produced from two molecules of ethyl-

nngnesium bromide. The origin.-11 purpose of using the di-Grignard 

reagent was to observe the Schlenk equilibrium by the nmr method. 

This was achieved separately w:i.th ethylir.agnesium halides as reported 

in the first part of this thesis. The study of di-Grignard reagents 

also confirms the existence of the Schlenk equilibrium. 

House (43) has demonstrated that inversion in 3,3-dimethyl-

butylcyclopentadienylmagnesium is not necessarily equivalent to the 

process of alkyl exchange. His work w:i.th unsyr:i..rnetrical systems has 

shown t hat alkyl exchange can proceed without inversion. These 

studies, however, have not demonstrated that alkyl exchange cannot 

occur during the inversion process, but only that alkyl exchange 

can occur without inversion. 

In the SE2 inversion mechanism proposed in this thesis for 
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di-Gric;nn.rd. reagents, alkyl exchange can occur when the cyclic 

transition state XVII or t etramethylenema.gnesiurri is r eopened by 

m~e;nesiu.'1i halide. This implies that there may be two methods of 

alkyl exchange; one proceeding with i nversion and one proceeding with 

reten-C.ion of configuration at the carbon atom. 
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I. THE INFLUENCE.: OF N, N , N' , N' -TETRAHE1HYLETHYLENEDIAI1INE ON THE 

SCHLENK EQUILIBRIUM 

Experimental 

Halting points and boiling points are uncorrected. The 

melting points were taken with a Buchi apparatus. 

Proton magnetic resonance spectra were obtained ·with a Varian 

Associates A- 56/60A spectrometer equipped with a Varian C-1024 Time 

Averaging Computer. The probe contained a de...,,ra.r-jacketed insert 

0 which could maintain stable temperatures a s low as -100 ; low-

temperature time-averaged spectra could be taken at low temperature 

with no difficulty. 

The startin~ halides for the Grignard r eagents were used as 

received from the manufacturer. No further purification was 

required. 

~ from Matheson Coleman and Bell was distilled 

from lithium alu.~inum hydride before use and stored over Linde 1JX 

molecular sieves. The material was never used after more than three 

days of storage without being redistilled from lithium aluminum 

hydride. 

N, N,N ',N' - Tetramethylethylenediarnine from Matheson Coleman 

and Bell >-ias dri0d over potassium hydroxide and then distilled from 

sodium immediately before being added to Grignard reagents. 
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I·Ia.e.:nesitLrri i.JaS in the form of shavings ground from blocks of 
~ 

triply sublimed l:r'.a.gnesiun1 (61). Broad resonances characteristic 

of GriDnard ~eagents prepared from Grignard-grade magnesium (which 

have been shown by House (43) to arise from traces of manganese) 

were never observed in the nmr s pectra of Grignard reagents pre:p9.red 

from this triply sublimed magnesium. 

Dioxane from Eastman Organic Chemicals was always distilled 
~ 

from lithium aluminum hydride directly before use. 

To a 5-mm. 

:nmr tube, precision ground by Wilmad Glass Company to a wall thick-

ness of 0.30 mm., was added magnesium shavings to a depth of 2 cm. 

The tube was then flamed with a Bunsen burner and corked. When 

cool, the tube was uncorked, and 0.5 :rrJ.. of tetrahydrofuran and the 

desired amount of halide were added by means of a syringe. The tube 

was again corked and cooled in a Dry Ice-acetone bath. The tube was 

sealed a s quickly as possible, and if the sealing was efficient, 

either end of the nmr tube could be placed downward in the probe 

when obtaining the spectrum. 

No effort was made to exclude oxygen from the reaction tube. 

After the tube was sealed, agitation of the mixture by shaking 

and/or warming in a steam bath would initiate the reaction. After 

the initial reaction subsided, the tube was heated in a steam bath 

for 1 hr. An excess of magnesium shavings '"as always used and along 

with any othe r solid material present was centrifuged to one end of 
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the nmr tube. Car0ful deco.ntation of the liquid t o the other end 

of the tube provided a clear sample suitable for nmr spectroscopy. 

To add N,N ,N ' , N1 -tetramethylethylenediamine to the Grignard 

r eagent , the nrnr tubes were cooled in Dry Ice -acetone, and approxi-

ma t ely 1 cm. cut off from the top of the tubes . The desired amount 

of diamine was added by means of a syringe, and the tube s were 

inunediately sealed and centrifuged as before. Other reagents were 

added in t he san:e way. 

In pr eparing the Grignard r eagent of 3,3-dimethylbutyl chloridet 

t wo drops of ethylene bromide were added to the solution to initiate 

reaction. With the other halides no initiator was :necessary. 

Diethylrnagnesium. was prepared in two ways. The first was to 
~ 

prepare the Grignard r ea gent from ethyl bromide as noted above. 

Addition of dioY...ane would then produce the diethylmagnesium. 

However, this sampl e was not completely halogen free, and preparation 

from diethylmercury was effected. 

To an runr tube was added , to a height of 2 cm., triply sublimed 

r$gnesium, 0.05 ml. of di ethylmercury (F.a.stman Organic Chemicals), a 

very small drop of mercury, and 0.5 ml. of tetrahydrofuran. The tube 

was sealed and heat ed overni ght in a steam bath. An nmr spectrum of 

t he centrifuged solution showed that t he organomercury compound was 

complet ely converted to diethylma.gnesium except for for~.ation of a 

small a mount of ethane ( ~ 5%) • 

Anal ysis of halide remaining in a solution of ethylmagnesium 
~ 
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bromide in tetrahydrof uran to which dioxane or N, N, N1 ,N 1-tetrameth­

ylethyl enediamine and dioxane had been added was determined by 

silver-halide precipitation. Ethyl bromide (2 ml.) was treated with 

excess Grignard-grade magnesi um in 10 ml. of tetrahydrofuran. After 

the rea ction was complete, 2 ml. of dioxane was added, and 15 min. 

later , 2 Il'J.. . of the remaining clear solution was withdrai.m with a 

syringe and added to 5 ml. of water. Then 1 ml. of cone. nitric 

acid (shown to be halide free) was added to the solution, followed 

by addition of 5 ml. of a silver nitrate solution (20 g. silver 

nitrate in 20 ml. water) . After 30 min. the entire solution was 

filtered through a fritted glass crucible, .and the precipitate l\1a_S 

washed with i;.)ater. The crucible with its light green precipitate 

of silver nitrate ~~s then dried i n an oven at 115° for several 

hours before weighing . 

A duplicate run was made in which 2 ml. of N,N,N 1 ,N- tetrameth­

ylethylenediamine vra.s a dded to the solution before the dioxane was 

added. After 15 minutes, 2 ml. wa s withdrawn and analyzed as above. 

Another duplicate set was measured in which the solution was 

allowed to stand for 2 hrs. before aliquots were withdraw-n for analysis. 
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II. THE NATURE OF DI-GRIGNA.i.l.D REAGENTS 

EA"Peri.mental 

helting points and boiling points are uncorrected. Helting 

points were taken with a Buchi apparatus. The micro boiling point 

measurements were obtained with a i:·Iettler FP1 boiling point apparatus. 

Gas chromatographic analyses were carried out with a Varian Aero­

graph Autoprep. Hicroanalyses were performed by Elek Hicroanalytical 

Laboratories , Torrance, California. 

Proton magnetic resonance spectra were obtained with four 

different s pectrometers: 1) Varian .Associates Hodel A-60A for 

room-temperature spectra ; 2) Vari.an Associates Hodel HA-100; 3) 

Varian Associates 1-lodel A-56/60A operated at 60 1-lliz and equipped 

with a Varian C-1024 Time Averar;ing Computer and a probe with a 

dewar-jacketed insert which could maintain stable temperatures as 

low as -100°; 4) Varian Associates Hodel HA-60il, converted from a 

Varian V-4JOOB spectrometer . 

The Grigri..ard reagents were prepared in n..11r tubes as described 

in the Experimental, Part I. In some preparations where the Grignard 

reagent was prepared in extremely dilute concentration, only a frac­

tion of the solvent would be used initially, the nmr tube would be 

sealed with a cork, and the reaction of the halide with magnesium 

started. When the reaction seemed to be progressing rapidly, the 
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tube ;-rould be cooled in Dry Ice-acetone, the rerr..aindor of the sol vent 

would be added, and the tube would then be sealed in the gas- oxygen 

flc.rne . 

When using dimethyl ether as a solvent or co-solvent, all 

other reagents wore added to the nmr tube first. Then dimethyl 

ether vapor ( Na. theson) was passGd through a U- tube contai..Yling 

I::rierite and potassium hydrox ide pellets and directed into the nmr 

tube by means of a 1011g syringe needle. While the dimethyl ether 

·was flushing out the mnr tube, the bottom end of the tube was 

inm1ersed in a Dry Ice-acetone bath . After the desired amount of 

dimethyl ether had condensed, the needle was withdra.-vm, and the nrnr 

tube closed with a cork. The tube would then be sealed in a gas­

oxygen flame . When the sealed end cooled to room temperature, the 

nm:r tube could be removed from the Dry-Ice-acetone bath and handled 

like any other sample. 

The rr..a.gnesium used for preparing Grignard reagent samples 

for nmr spectra has been described in Part I (62). For l arge - scale 

reactions not intended for nmr analysis, the :rri..a.gnesium used was 

Grignard-grade magnesium turnings, 99.8% pure. 

All solvents were carefully dried before use. The procedures 

for tetrahydrofuran, N,N,N 1 , l'P - tetramethylethylenediamine, and dioxane 

have been described elsewhere (63). When diethyl ether was the 

solvent, it was used directly from a newly-opened can (l..;allinckrodt, 

analytical reagent) or distilled from lithium almninum hydride 

directly before use. 
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Al l halides obt ained from the rr..-:i.nufacturer rea cted easily with 

:r:.:::cnesium or Hith r!l2.gnesiu."Tl and a drop of ethylene bromide initiator. 

They we r e not redistilled unless they appeared to be colored from 

dec ompos ition. All sy.'lthesized halides w·ere distilled from phos-

phorus pentoricie before use as noted below. 

4 - Br omo- 1- chloro-4·- methylpentane . - Hethyl Grignard r ea gent ·was 
~~~~~~~~~~~~~~~~~....,.,,,... 

pr epar e d from 22.2 g . of methyl iodide (0.156 moles) a nd ex ce ss 

w2c,nesium in 200 ml. of diethyl ether. The solution was filtered 

throu3;h glass wool into 50 ml. of diethyl ether containing 9.0 g . of 

5-chloro.- 2- pentanone (0.083 moles) . The reaction mixture was 

treated 1rith saturated aqueous ammonium chloride solution to coagu-

late the salts, and the ethereal layer decanted, dried over magnesium 

sulfa t e , filtered, and the ether removed. The residual crude oil 

";·;a s added to an equal volume of phosphorus tribromide at o0
• The 

mix ture ~.;as stirred for an hour at room temperature and poured onto 

ice . The organic layer was washed 1rith aqueous sodium bicarbonate 

and wa t e r and dried over magnesium sulfate. After filtration and 

r emova l o:f the ether, the crude oil was distilled from phosphorus 

pentoxide under vacuum to give 7 . 2 g . of the de sired diha.lide, b. p . 

95-96° (30 mm.); lit. (64) b.p . 90-91.5° (30 nun.). 'I'he nrnr s pactrum 

( 60 EHz) gave a sine;let at 125 Hz corres:pondi..'1g to the methyl groups, 

a multipl e t at 215 Hz corresponding to the methylene protons alpha 

to chlorine, and a. multiplet betueen 90 and 1.30 Hz for the rema.i..'r1ing 

protons. 
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Ana1 . Calcd. for c
6
H12BrCl: C, 36.13; H, 6.02. Fou.71d. : C, 36.12; 

H, 6.14 .. 

of prer....aration was carried out satisfactorily with undeuterated samples. 

To a thick-•·JCJ.lled Carius tube contai..Yling 5.0 g. of y-butyrolactone, 

which had been dried over sodium sulfate and distilled, was added 

20 ml. of methanol-0-d (65) and then 100 ms. of sodiu.~. After the 

sodiu.~ had stopped reacting, the tube was degassed three times by 

the usual freeze-thaw method. The tube was sealed and heated in an 

0 oven at 180 for 8 hrs. The tube was allowed to cool, opened, and 

the methanol removed by distillation at atmospheric pressure. The 

lactone was then distilled at reduced pressure. A second and third 

exchange were carried out, each with 12 ml. of methanol-0-d. Appro:x:i-

rnately J....l~ ml. of deuterated lactone t-ms obtained. The nrnr spectru..11 

showed that some of the lactone had possibly been converted to the 

methyl ester (10% by vpc), but it also showed that the deuterium 

exchange had proceeded well. The theoretical exchange w·as 98% for 

the protons alnha to the carbonyl. The entire higher boiling dis-

tillate was added to 15 ml. of ether which was then sl01·1ly added 

dropwise to 1 g. of lithiu.~ alurrij_nuin deuteride (Hetal Hydrides Incor­

-oo::.~ated) in 15 ml. of ether . After the addition was complete , the 

r eaction mixture was · 1·efluxed for 3 hrs. Then 10 ml. of water was 

slowly added followed by 10 ml. of 6 N hydrochloric acid. After all 

the salts had dissolved, 5 g. of sodium chloride i:vas added to the 
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aqueous layer, and it -,~s eA.'"tro.cted continuously with ether for 21 

days . Removal of ether left 3.0 g. of crude oil contai ning the 

t et:cadeuteriobutanediol. The nxn.r spectrum ( 60 :t-rHz ) of the crude 

diol gave methylene resonances at 213 Hz and 90 Hz corresponding 

to the methylene protons al oha and beta to oxygen, respectively. 

The resonances were broad as the solution was extremely viscous. 

Diethyl ether was present. The crude diol was used without further 

purificati on. 

2,2,3,3-Tetradeuteriotetrahydrofuran. - The following method 

of preparing t.~e deuterated tetrahydrofuran was found to be satis­

factory when using undeuterated 1,4-butanediol. To 1.0 g. of the 

crude 1,1,2,2-tetradeuterio-1,4- butanediol obtained above was 

added 0.2 rrJ.. of concentrated sulfuri c acid. The mixture was 

heated to 160°, and the tetrahydrofu.ran was collected as it distilled. 

As the product contained diethyl ether wl1ich was present in the 

crude diol, the deuterated tetrahydrofuran was purified by prepara­

tive vapor- phase chromatography. The nmr soectrwn (60 NHz ) of the 

deut er a ted tetrahydrofuran gave a well- r esolved triplet at 221 Hz 

corresponding to the protons alpha to oxygen and a triplet broadened 

by deuterium coupling at 107 Hz which corresponds to the beta protons. 

1 ,4- Dichlo:ro- 1,1 , 2 , 2-tetradeuteriobutane .- The following 

method for preparing 1,4-dichlorobutane was found to be satis­

factory when using undeuterated sampl es. To 1.0 g. of the crude 

1,1,2,2-tetradeuterio-1,4- butanediol was added 0.5 ml. of pyridine. 

Then L~ . O ml. of thionyl chloride was added slowly with stirring 
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to the cooled mixture. After the addition was complet e, the 

0 reaction mix-t-ure was heated at 75 for 2 hrs. and then poured over 

ico . The organic fraction was extracted ·with ether; the ether 

extract was then washed with 25 ml . of 2 N hydrochloric acid , 

water, and aqueous sodium bicarbonate, and then water. The ether 

extracts were dried over calcium chloride, the ether evaporated on 

a steam bath, and the dichloride distilled from phosphorus pentoxide 

at reduced pressu:ce. The yield was 0.2 ml. of the desired deutera­

t e:d dichloride, b.p. 30° (0.25 m.'11.). The nrnr spectrum (60 1'.iHz) 

sho~ed a well- resolved triplet at 211 Hz corresponding to the 

protons alpha to chlorine and a triplet broadened by deuterium 

coupling at 113 Hz which corresponds to the beta protons. 

method of preparing 1,4-dibromobutane was f ound to be satisfactory 

when using undeuterated samples. To 1.0 g. of the crude 1,1,2, 2-

'tetradeuterio-1 ,4-butanediol prepared above was added 0.5 ml. of 

pyridine. After cooling this mixture in an ice bath, 1.8 ml. of 

phosphorus tribromide was added slowly and with stirring. The 

mixture was heated at 75° for 2 hrs., poured over ice, and the 

organic layer was extracted with ether. The ether extract was 

washed with 25 ml. of 2 N hydroc:hloric acid, water, aqueous sodium 

bicarbonate, and then water. The ether solution was dried over 

calcium chloride, and the ether was removed by evaporation. The 

residue was distilled from phosphorus pentoxide under vacuum, and 
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0.3 ml .. of tho desired deuterated dibrorr.ide was obtained, b.p. 35 
0 

(0.25 mm.)~ 'i'he n.mr spectrum cave a well-resolved triplet at 205 Hz 

correspondL~G to the protons a lpha to bromine and a triplet broadened 

by deuterium coupling at 118 Hz which corresponds to the beta protons. 

was a slight modification of that of Reid and Gompf (66). The 

method used for preparing the diethyl ester of J,3-dimethylpentanedioic 

acid wa.s essentially that described by Vogel for preparing diethyl 

adipate (67). To 35 ml. of absolute ethanol, 20 ml. of toluene, and 

1 ml. concentrated sulfuric acid was added 10 g. of J,3-dimeth­

ylp3ntanedioic acid (Aldrich). h'ater separation was accomplished 

by means of a modified Dean-Stark trap. During the first two hows 

of reflu..'Ci.ng, approximately 20 ml. of distillate were removed through 

the trap. Then 20 ml. more of absolute ethanol and 10 ml. more of 

toluene were added to the reaction mi::..-ture, and the refluxing was 

continued for 24 hrs. The excess toluene and ethanol were then 

removed by distillation. The ester h'd.S distilled from the residue, 

11.2 g., b.p,. 60° (0 . 25 mm.); lit. (66) 90-91° (3 mm.). 

To 1o2 g. of lithium a luminum hydride in 30 ml. of ether was 

added 5 ~· of the diethyl J ,J-dimethylpGnta.nedioate. After the 

addition, the mixture i.m.s refluxed for 1 hr. The excess hydride 

and salts were decomposed with 20 ml. of ·water and 20 ml. of 6 N 

hydrochloric acid. The two-phase reaction mixture ·was set up for 

continous extraction by ether. After three days, the ether ·was 
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evapor.:.ted on a steam bath leaving several milliliters of high 

boili:'1s residue, the crude diol. The crude diol was used in the 

next step without further purification. 

To the crude 3,3-d.imethyl-1,5-pentanediol was added 2 ml. of 

pyridine, and while cooli.Ylg this mD..'ture, 10 ml. of thionyl chloride 

un.s added ~rith stirring in a 0.5-hr. period. After having been 

stirred overnight at room temperature, the mixture 1'ras refluxed 

for 6 hrs. It was then poured over ice , and the organic layer -w-as 

e:....'tracted with ether. The ether extract was washed with 25 ml. of 

2 N hydrochloric acid, water, aqueous sodimn carbonate, and v..rater, 

and then it was dried over sodium sulfate. The solution was filtered, 

the ether removed, and the dichloride distilled under vacuum from 

phosphorus pentoxide; 1.2 g. of the dichloride was obtained, b.p. 214° 

(760 min.) on a. Hettl er FP1 boiling point apparatus; lit. (66) 135° 

(80 mm. ). The :nmr spectrum is sho1m in Figure 160 

1 5-Dichloro-2?4-dimethyl Dentane. - This dichloride was pre-

pared by the san:e method used for prepai~ing 1, 5-dichloro-3, 3-

dimethylpenbne. Starting -w-ith 5.0 g. of the diethyl ester of 

2,4-dimct hylpentanedioic acid (Ald1·ich), 2 .. 3 g. of the dichloride 

1,ras obtained, b.p. 203° ( 760 mm. ) on a Hettler FP1 boiling point 

apparatus. 

Anal .. Calcd. for C.;114c12 : C, 49.75; H, 8.290 Found : C, 49.69; 

H, 8.32. 



101 

by th0 s.:i.:mt:: method used for preparing 1, 5-dichloro- 3, 3-dirnethylpentane . 

From 5.0 G• of t.1-ie diethyl ester of 2,5-dimethylhex.anedioic acid 

(Aldrich), 2.5 g. of the dichloride was obtained, b.p. 222° (760 rr,m.) 

on a i·~ettler FP1 boiling point apparatus. 

Anal . Ca.led. for c8H16c12 : C, 52.L~9; H, 8.75 . Found: C, 52.54; 

H, 8.81+. 
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Proposition I 

A study of the effect of salts upon the rate of rotation about 

the carbon-nitrogen bond in certain enamines is proposed. An 

extension to the study of the solvation of the same salts by various 

ethers is a possibility. 

In the past year nuclear magnetic resonance spectroscopy has 

demonstrated the occurrence of cis-trans isomerism in certain 

enamines. Downing and co-workers (1) have studied 6-dimethylamino­

fulvenes and find that below -17° two resonances can be seen for the 

methyl groups. This can be explained by the existence of species I. 

0 
C'+ /CHJ 
~N 

~CH 
I 3 

The same phenomenon is observed with other enamines and hydrazones 

(2). The presence of an electron-withdrawing formyl group in the 

6-dimethylaminofulvene raises the coalescence temperature from -17° 

0 to above 50 • The barrier to rotation is increased by 3-4 kcal. 
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mol e- 1 • The benzofulvene derivatives have rotational barriers 2-3 

-1 kcal. mole less t han the corresponding fulvene derivat ives. 

The interaction of tertiary amines with metal halides ha s 

been sho•.m to influence the reactions and l"..a ture of Grignard reagents 

(J ,4·. 5,6 ) a nd analogous alkylzinc compounds (?). However, the inter-

a ction, probably from solvation changes, of tertiary amine s vrith 

t he se organometallic reagents has not been studied extensively. 

The use of tertiary enamines to study this solvation interaction 

with metal salts is proposed. The experimental procedure would be 

to dissolve the enamine in some solvent which will also dissolve the 

metal salt. Ethers would probably be suitable. The variable 

t emper a ture nrnr spectra would then yield information about the 

inter a ction of the salt with the ena.mine by affecting the barrier 

to rotation about the carbon-nitrogen bond. 

Bertelli and Gerig (8) have recently demonstrated t hat solvent 

effects in formamidines can influence the barrier to rotation about 

the carbon-nitrogen bonds. The nature of the solvent interaction is 

not known , but the result of the interaction is assumed to produce 

a change in the double bond character of the carbon-nitrogen bonds. 

Two methyl groups can be observed indicating slow rotation on the 

nrnr time scale in the following compound. The barrier changes from 

10.J kcal. to 22.2 kcal in going from chloroform to benzene. 
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The effect of salts should produce a change in t he magnitude 

of the rotational barrier. The dif ferences produced by the various 

salts would be of interest. If the enamines interact with the salts 

at the nitrogen, the barrier to rotation should be reduced. This 

i nteraction w·ould be similar to that of tertiary amine s with organo-

metallic halides. In studies of alkylzinc halides, Abraham and Rolfe 

(?)find t hat N, .N,N 1 , N1 - tetramethylethylenediamine pr eci pitates 

different forms of zinc, either the alkylzinc halide or the zinc 

halide, depending on which halogen is involved. Therefore, the 

difference in the association of the enamines with zinc chloride, 

bromide, or iodide would be of interest in showing whether the 

different diamine complexes f ound by Abraham and Rolfe are actually 

caused by the tendency of t he t ertiary amines to solvate each halide 

differently, or from an a ctual difference in the position of the 

equilibrium 

2 RZnX + 

which may be influenced by the halide . Comparison of the rotational 

barrier in 6-dimethylaminofulvene when the different zinc halides 
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are p1·e sent would give some idea about the variation in solvation 

by t ertiary amines Bhen changing the halogen. 'l'his same study can 

be extended to other metal halides, such as the magnesium salts. 

In order for this study to work, the metal halides must not 

r educe t he energy barrier to that point wher,e two methyl groups 

cannot ba observed at low temperature. A variety of enamines are 

available with 6-dimethylaminofulvene being the best because of the 

lack of other functional groups. Enamines with nitrile or nitro 

substituents have larger rotational barriers and might be more 

satisfactory, because after a very large reduction in the rotational 

barrier, the ms.gnitude might remain large enough so that two methyl 

groups could be observed at low temperature. However, wi. th the 

enamines with large barriers, interaction of the metal salts with 

other parts of the molecule might become important. 

Even with 6-dimethylaminofulvene the interaction of the salt 

with other parts of the molecule might occur. The salts might 

interact with the beta carbon or the ring and increase the barrier 

to rotation in the carbon-nitrogen bond. Proto:nation of .c:i.1 (lO)_ 

quinol izidine occurs at the beta carbon when forming the perchlorate 

salt (9). These cyclic enamines appear to be more basic than the 

corresponding saturated amines (10) . However, acyclic enamines 

are generally less basic than tertiary amines (11, 12). The question 

of interaction, similar to the amide protonation problem (13), 

cannot definitely be answered until the experiment is conducted. 

If the metal halides do produce changes in the rotational 
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barrier of enamines, then the influence of ethers on this system 

may be of considerable interest. For eY..ample, the change in the 

effect of magnesium bromide on the rotational barrier W!'len va rying 

t he solvent from tetrohydrofuran to dimethyl ether to diet hyl ether 

would give an indication of the salvation differences of the ethers 

for the metal halides. 
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Proposition II 

Experiments are proposed for studying the rearrangement of 

benzyldimethylanilinium chloride when fused with potassium hydroxide. 

Several products have been isolated in fairly substantial yield 

when heating benzyldimethylaniliniu.'11 chloride with solid potassium 

hydroxide (1). Two tertiary amines are produced as the major 

rearrangement product, N-methyl-N-(a..-phenethyl)aniline II, 23%, and 

I 

N-methyl-N-(ft-phenethyl)aniline III, 4%. Giumanini has proposed 

that abstraction of a benzyl proton followed by methyl migration 

leads to II; abstraction of a methyl proton followed by benzyl 

migration would give III. No Sommelet rearrangement product DI was 

found indicating that no addition to the ortho position of the benzyl 

ring system occurred. However, abstraction of ortho protons in 
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IV 

the aniline system has been postulated to explain products such as 

anisole and benzyl phenyl ether which app.;;.rently arise from benzyne. 

The benzyne can be formed from V. The species Vis analagous to 

) 

V. VI 

that species which is proposed by Wittig and Benz as an intermediate 

in the addition of tertiary amines to benzyne (2). The phenyl anion 

abstracts a proton from one of the carbons in the alkyl groups on 

nitrogen., ~·Jhen triethylamine was added to benzyne, N,N-d.iethylaniline 

and ethylene were one set of products resulting from abstraction of 

a methyl proton. Abstraction of a methylene proton followed by ethyl 

migration gave N-ethyl-N-(~-methylpropyl)aniline. Since V is 

analogous to that intermediate proposed by Wittig , and Benz, it seems 

likely that proton abstraction within structure V may be occurring. 

Puterbautsh and Hauser (J) have sho1m that an equilibrium exists 
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bebreen the methyl and benzyl ylides of benzyltrimethylammonium 

iodide. This equilibrium may exist in the benzyldimethylanilinium 

chloride after abstraction of a proton by base. 

To study ·the effects of proton abstraction or migration in 

these systems, several experiments are proposed. Instead of 

pot.~ssi~m hydroxide as the base , potassium deuteroxide should be 

used. Analysis of the products for deuterium would indicate whether 

or not complete scrambling of protons can occur. With no exchange 

of protons 1ri.th the base, II and III should be deuterium free. The 

benzyne products should incorporate deuteri\L~ in positions ortho 

to the ether substituents. 

If no random scrambling of protons occurs, .then deuterium 

labeling experiments can be conducted. Deuterium can be placed into 

any of the reactive positions. Lepley and Becker (4) have a general 

synthesis for these ammonium salts. 

RCOCl 

RCONHR' 

RCH 1'f.tlR 1 
2 

f HJ 
RCH2N - Rt 

RCONHR' 

Deuterium can be placed into the benzyl group by substituting 

lithium aluminum deuteride for the hydride. Deuterium can be placed 
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in the methyl groups by using douterated methyl iodide. By using 

the three differently labeled compounds and running the reaction 

as usual with potassium hydroxide, the method of proton abstraction 

from the three different sites should be made clear. 

There remains one experimental difficulty. Hydrogen abstraction 

forming the benzyl and methyl ylides should easily be observed by 

examining the products which are collected. In order to observe 

intramolecular deuterium abstraction from the phenyl ring, anisole 

and benzyl phenyl ether can be examined for deuterium incorporation. 

It may also be necessary to collect benzylc..imethylamine, .one of 

the products produced upon benzyne formation from V. The author (1) 

does not report finding this amine in his reaction products, so it 

~~y be necessary to establish its existence. 

All products may be derived from V. The benzyl and methyl 

ylides ~~y be formed from this initial species. In this case, all 

products derived from the starting material with deuterated phenyl 

ring will have a proton ortho to nitrogen. This should also be 

demonstrated by the presence of deuterium on the phenyl ring when 

using starting material with methyl and benzyl deuteration. 

Eethods of elucidating the possible interconversion of the 

methyl ylide, benzyl ylide and V when fusing benzyldimethylanilinium 

chloride with potassium hydroxide have been proposed. If complete 

deuterium scrambling should occur during the reaction, it may be 

possible to apply the proposed study to rearrangements induced with 

n-butyllithimn or phenyllithium, reagents which have been used in 
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si~~lar reactions (4, 6). 
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Proposition III 

The study of the effect of a second Grignard r ea gent on the 

rate of inversion at the -CH2Hg- center in 3.3-dimethybutylmagnesium 

chloride or 2-methylbutylmagnesium bromide is proposed. If inversion 

proceeds by a bimolecular mechanism, then the nature of the second 

Grignard reagent, such as the size of the alkyl groups around magnesium. 

shoUld influence the inversion rate in the Grignard reagent whose 

inversion rate can be measured. 

Wnitesides and co-workers (1, 2) have examined the configura-

tio:nal stability of primary Grignard reagents by nuclear magnetic 

resonance spectroscopy. The inversion rate at the -CH Hg- center 
2 

is a function of the concentration of the reagent. The higher the 

concentration, the greater the inversion rate. Fraenkel and Dix (3) 

studied the inversion rate in 2-methylbutylmagnesium bromide. They 

found a kinetic order of 2.5 in alkylmagnesium halide for the 

inversion process in diethyl ether. This indicates at least a 

bimolecUlar mechani&~. Di-Grignard reagents have been found to 

invert much faster than corresponding monofunctional Grignard 

r eagents (4). This may be because the inversion is occurring by a 

second-order intramolecUlar process. 

The effect on the inversion rate upon adding a second Grignard 

r eagent to a solution of 3,3-dimethylbutyl.ll"Agnesium chloride or 

2-methylbutylmagnesium bromide has never been determined. In 
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unpublished results from this laboratory, the rate of inversion in 

3-methyl-2-phenylbutylma.gnesium bromide was found to increase when 

neopentylmagnesium bromide was added (.5). The inversion rate 

probably increased because of the higher concentration of alkyl­

magnesium halide. 

The concentration of Grignard reagents must be kept constant 

at all times in order to eliminate rate changes which can arise 

from concentration variations. To the Grienard reagent of 3,3-

dimethylbutyl chloride or 2-methylbutyl bromide prepared in an 

nmr tube would be added the halide for preparing the second Grignard 

reagent. The concentration of the Grignard reagent whose inversion 

rate is to be measured must always be the same i'rom sample to sample. 

The concentration of the second Grignard reagent must also be the 

same. Ai'ter the samples are prepared, the inversion rates of the 

3,3-dimethylbutylrna.gnesium chloride or 2-methylbutylrna.gnesiurn 

bromide can be determined from the variable temperature nmr spectra. 

The protons alpha to magnesium in Grignard reagents give 

resonances up-field from tetramethylsilane. Usually these resonances 

are uncomplicated by resonances from other compounds. However, with 

two Grignard reagents in solution, this may not be the case . The 

methyl Grignard reagent peak is up-field from the peaks of other 

primary Grignard reagents, so overlapping is no problem. Tertiary 

Grignard reagents have no protons alpha to magnesium. Primary 

Grignard reagents with alkyl groups larger than methyl and secondary 

Grignard reagents may have to be deuterated in positions alpha to 
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magnesium in order to prevent complication of the resonances of the 

Grig:nard reagents whose inversion rates are being measured. 

This study of solutions with two Grignard reagents :may be 

extend.able to the study of inversion in secondary Grignard reagents, 

which have been sho1m to invert slowly on the runr time scale (2). 

Possibly with a second Grignard reagent present, even secondary 

Grignard reagents can be induced to invert rapidly. 
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Proposition TV 

A method is proposed for proving the existence of 1,6-

diiodonorcaradiene as an intermediate in the iodination of benzo-

cyclopropene . 

The synthesis of benzocyclopropene (I) has recently been 

reported by Vogel, Grimme, and Korte (1). The product obtained 

upon iodination of this compound in carbon tetrachloride was 1,6-

diiodocycloheptatriene (III) with a possible intermediate being 

1,6-diiodonorcaradiene (II). 

I 
I 

) a > 
I 

I 

I II III 

The experiment which is proposed for detecting the norcaradiene 

intermediate is the same one used by Huisgen and Boche to study the 

bromination of cyclooctatetraene (TV) (2). Bromine was added to 

0 cyclooctatetraene at -55 , and a nuclear magnetic resonance spectrum 

v.ras taken at this temperature. At these low temperatures the 

spectrum was that of 7,8-dibromocycloocta-1,J,5-triene (V), and at 

higher temperatures near o0 the spectrum observed was that of 7,8-

dibromobicyclo(4,2,0)octa-2,4-diene (VI). 
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o~Br 
Br 

O=(r 
Br 0 

IV v VI 

In order to observe 1,6-diiodonorcaradiene as an intermediate, 

iodine in carbon tetrachloride would be added to a -80° solution 

of benzocyclopropene in carbon tetrachloride in an n.m.r. tube. The 

n.m.r. spectra of benzocyclopropene and 1,6-diiodocycloheptatriene 

are reported by Vogel (1), and the n.m.r. spectrum of the intermediate 

should be considerably different. The chemical shift of the C-7 

protons should be different in the three cases; this should be the 

simplest way of detecting the different species. The 13c-proton 

coupling constant of C-7 can be used as another criterion for proving 

the structure of any intermediate. The analysis of the spectra of 

7,7-dicyanonorcaradiene (3) and 7,7-bistrifluoromethylcycloheptatriene 

(4 ) have been completed, so any analysis needed with the diiodo 

intermediate would be an extension of these. 

In recent years derivatives of the norcaradiene structure have 

b een found, although low temperature n.m.r. experiments of cycle-

heptatriene and some of its derivatives showed no norcaradiene structure 

(5,6,7). Ciganek first prepared a simple norcaradiene system as a 

7,7-dicyano derivative (8). Later he showed that an equilibrium 

exists between 7-cyano-7-trifluoromethylcycloheptatriene (VII) and 
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7-cyano-7-trifluoromethylnorcaradiene (VIII) (9). 

VII VIII 

Ciganek's work has shown that the norcaradiene system can 

exist other than by bridging C-1 and C-6 with more than one atom 

(10) or by incorporation of a double bond into an arorr~tic system (11). 

Therefore, the intermediate proposed by Vogel is certainly a possibil-

ity. It is realized that if the opening of the diiodo intermediate 

cannot be stopped by using low temperatures, nothing may be determined 

by the experiment. However, because Ciganek has shown the existence 

of norcaradiene derivatives and equilibria. and because the similar 

experiment has worked with cyclooctatetraene bromination, there seems 

to be a definite chance of observing the intermediate. Because of 

the opportunity of demonstrating the norcaradiene derivative, the 

experiment is definitely worth doing (12). 
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Proposition V 

The use of an optically active, chlorine labeled silicon 

compound is proposed for determining the mechanism of the elimination 

of ethylene by alu.'Tlinum chloride in reactions of the following type: 

AlCl.3 

R.3SiCH2CH2Cl ) RJSiCl + 

In a recent paper on the rearrangement of aryldimethyl-

(chloromethyl)silanes, Bott, Ea.born, and Rushton propose a cyclic 

intramolecular chlorine transfer in one of two forms (1). 

CH 
/'~ 

R Si +···cH 
3 ·. ... 2 

Cl 
_I 
AlCl.3 

I II 

Their proposal is based on previously reported gas phase decomposi-

tion studies of (~-chloroalkyl)silicon compounds which supported 

an intramolecular chlorine transfer (2) and on their belief that 

Sommer's previous work (3) did not prove the existence of a partial 

siliconium ion. 

Sonuner had studied the solvolysis of trimethyl(Q-chloroethyl)-

silane in ethanol and water. The products are ethylene and 
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trimethylsilanol. Sommer 1 s conclusions from kinetic studies were 

that a partial siliconium ion was formed in a slow reaction followed 

by attack of an ethoxide ion in a second fast reaction. 

\. s· v - '-l.-.J.. 
/ 

Rate studies showed that the rate of solvolysis was dependent on 

the ionizing power of the solvent but not its nucleophilic character. 

The rates ware also retarded by electron-withdrawing groups on aryl 

substituents on silicon. 

Bott believes that Sommer's solvolysis reaction undergoes 

an intramolecular chloride transfer followed by rapid solvolysis 

of the chlorosilane. It is true that chlorosilanes do undergo rapid 

solvolysis in aqueous solutions (4), and possibly Sommer's solvolysis 

study might involve two different reactions. 

The above sequence is only possible with a direct intramolecular 

transfer of chlorine to silicon. 

A mechanism proposed earlier by .Ea.born (5) suggested an abstrac-

tion of chlorine from the alkyl group and attack by the tetra-

chloroaluminum anion upon silicon with displacement of ethylene. A 

completely free anion could attack silicon in the same way that 

Sommer proposes . 

Although Bott, :Ea.born, and Rushton have proposed an intramolecular 
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chlorine transfer ba sed on gas phase studies, this concept has not 

been proven for the aluminum chloride reactions. To what extent 

the chlorine stays bound to the original reactant and to what extent 

alu.~inum chloride plays a role in the chlorination of the silicon is 

not known. By running the reaction on an optically active silicon 

compound (III) in which the chlorine is labeled with chlorine-36, 

the role of aluminum chloride in this reaction would be further 

clarified. 

III 

If the reaction proceeds through I, then the optically active site 

should retain its configuration and the chlorine transferred should 

be the labeling isotope. If the reaction proceeds through II, then 

the optically active site should retain its configuration and the 

chlorine transferred would be low in labeling isotope--the only 

chlorine-36 corning from alwninum chloride to which it would have 

been transferred earlier. If the tetrachloroalwninum anion is the 

attacking species and is free from the silicon as in a mechanism 
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similar to that of Somrner 1 s or possibly an intermolecular mechanism 

s i milar to II exists, then inversion of configuration would occur 

with scrambling of the chlorine label. The mechanism path through I 

or II must proceed with retention of configuration. By Sommer 1 s 

postulate of "least motion" (6) in which the alkyl groups are not 

allowed to enter a plane, the configuration of the silicon cannot 

be changed. Any mechanism which allows any inversion to occur must 

involve a siliconium ion which is more independent from the chlorine 

within the molecule than that proposed by Bott, or it must 

involve a displacement like the type proposed by Sommer. 

The synthesis of the silicon compound should not be difficult. 

The procedure for making the optically active R
3

Si0He has been worked 

out previously by Sommer (7). Addition of vinylmagnesium bromide 

to form R
3

SiCH=CH2 with retention of configuration followed by 

addition of dry hydrogen chloride (8) labeled with chlorine-36 

should give the desired product with kno~m configuration at the 

silicon. Experimental procedures for obtaining the products have 

been worked out by Bott and co-workers (1). Indications from their 

work and that of Sommer's (9) are that this reaction will be slow 

enough to enable stopping the reaction before completion for analysis 

of products. This will enable following the reaction as it proceeds 

to completion. 

One more reaction must be studied for completeness of this 

proposition. That is the reaction of an optically active silicon 
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halide with aluminum chloride under the reaction conditions for 

the elimination of ethylene from the ~-chloroethyl silicon compound. 

If any inversion occurs, then dissociation of the silicon chloride 

must take place with the formation of at least an ion pair if not a 

siliconiu.~ ion. This, in itself, would be some evidence against 

the mechanism proposed by Bott, E.aborn, and Rushton, since their 

mechanism is actually based on the idea that not even a partial 

siliconium ion can form. This experiment would best be conducted 

by using chlorine-J6 in the silicon compound, because possible 

chlorine exchange could conceivably take place without inversion, 

if the aluminum chloride forms a complex with the silicon compound 

without the formation of any kind of siliconium ion. 

Another factor which could lead to loss of information from 

the chlorine label is the possible occurrence of chlorine exchange 

without ethylene elimination. An analysis of starting material at 

some point in the reaction would tell if this exchange were occurring. 

If starting material were recovered which had lost some chlorine-36 , 

then chlorine labeling of the starting material would be of no value. 

Therefore, if chlorine exchange occurs with the starting material 

before elimination occurs or if chlorine exchange occurs with the 

final product, the silicon chloride, before it can be analyzed, the 

use of chlorine-J6 would tell nothing about the mechanism. In that 

case only the inversion studies would give any desired inforw.a.tion. 

Now the complete plan is established. Chlorine exchange must 
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be studied in the silicon chloride which would be the product from 

ethylene elimination. Exchange with inversion would indicate that 

the origi nal idea for proposing I and II has no real foundation. 

Chlorine exchange without inversion would indicate a compl ex between 

the silicon chloride and aluminum chloride. If inversion occurred, 

but not slower than ethylene elimination, the testing of the ethylene 

elimination reaction could not be done, but the conclusion could be 

ma.de that I and II are probably not good pictures for the mechanism. 

If chlorine exchange in the silicon halide occurs without inversion 

but not slower than ethylene elimination, the ethylene elimination 

reaction could be studied but only as to whether retention or 

inversion occurred. This would not distinguish between I and II, 

however. If no chlorine exchange occurred or if the exchange re­

actions were slow compar ed to ethyl ene elimination, then the study 

using the proposed ~-chloroethyl compound will tell the difference 

between I or II or another mechanism. 
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