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ABSTRACT 

PART I 

TEE CON.FIGURATIONAL STABILITY OF PRIMARY GRIGN.ARD REAGENTS 

Examination of the temperature dependence of the nuclear 

magnetic resonance spectrum of 3:3-dimethylbutylmagnesium chloride 

in diethyl ether solution indicates that inversicn 'of configuraticn 

a,l., th<:: methylene group of' this Grignard. reagent occurs with an ap-

-1 
proximate rate of 10 sec. at room ternperature. The dependence of 

the rate of inversion on solvent and on the structure of the Grignard 

reagent is discussed in terms oi' :mechanisms f'o:r the in.versio:'.l. 

PAR1' II 

APPLICATIONS OF NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY 

TO TEE STUDY OF MOLECULAR ASYMMETRY 

The methylene protons of 1-phenylethyl benzyl ether are 

magnetically non-equivalent and display an AB-type nuclear magnetic 

resonance spectrum. The variatio:n in the spectr'.Jill of this compound 

and in the spectra of other structurally similar ethers with solvent 

indicates that the principal contribution to the magnetic non-eq~iv-

alence of the methylene protons originates in the magnetic anisotropy 

of' the phenyl gro-..rp bonded directly to the methylene group. It is · 

suggested that the solvent dependence of these spectra reflects 

changes in the populations of the possible rotational conformations 

open L.u Lile mule t.: ule . 
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INTRODUCTION 

The configurational stability of Grignard reagents has long 

been a subject of investigation in organic chemistry. Activity in 

this area has been a consequence not only of interest in the class-

ical problems of the structure of the Grignard reagent and the stereo-

chemistry of its reactions) but also of a more recent concern with 

details of the nature of carbon-metal bonds. 

The best explored approach to this problem has been compari-

son of the stereochemistry of products obtained f'rom carbonation or 

oxidation of a Grignard reagent with that of the halide from which 

it was obtained. In those compounds in which the carbon bonding 

orbital directed toward the metal has hybridization close to sp2 , it 

now seems probable that inversion of configuration is slow (1). Thus, 

both cis- and tram:- isomers af 2-brom.obutene-2 have been converted to 

the corresponding acids with complete retention of configuration via 

the Grignard reagents (2), and the Grignard reagent from (+) 1-bromo-

l-methyl-2,2-diphenylcyclopropane has oeen shown to possess a high 

degree of configurational stability (3). These observations are in 

agreement with the configurational stability of the more carefully 

studied alkenyllithium (l,4) and cyclopropyllithium (5,5) compounds. 

Attempts to measure the configurational stability of organo-

magnesium compounds in which the carbon bonding orbital directed to-

wara. the metal is sp0 hybridized have been less fruitful (6). Willh 

the one exception of a configurationally stable dialkylmagnesium 

compound (7)J every reliable examination of the optical purity of 

products obtained from optically active halide by means of the corre-
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spand:ing l}rignard reagent bas led to the conclusion that complete race-

miza.tion had ocourred e.t some point during the reaction sequence. 

Unfortunately) this observation of racemization in products 

several reactions removed from starting material does not allow a 

decision to be made concerning the optical stability of the organo­

metallic compou.~d itself. Racemization might have occurred during 

formation or reaction of the Grignard reagent; as well as during its 

lifetime. Although little evidence is available concerning the impor­

tance of racemization during reaction, several data suggest that ex­

tensive racemization may occur during preparation of the Grignard 

reagent under the usual conditions from magnesium metal and halide. 

The most direct of these is Walborsky's observation that the 

acid obtained on carbonation o:r l-methyl-2,2-diphenylc.:yc.:lop.L·opyl 

Grignard reagent displayed a complete retention of optical activity 

only if prepared from its lithium analog by reaction with magnesium 

b.r·umiui:; or· xuethylm.agnesium bromide (3). The organolithiu:m compound; 

in turn, had been prepared by metal-halogen exchange between tne cyclo­

propyl bromide and ~-butyllitbium. If the Grignard reagent was pre­

pared by direct reaction between halide and magnesium turnine;s 1 then 

only 10-15% optical purity was observed in the products. 

Walborsky concludeu from these experiments that racemization 

on the metal surface occurred to an important exte::it uurLrig formation 

of the Grignard reagent. Subsequently} other workers have reported 

data suggesting that the intermediate formed initially in reaction 

between an alkyl halide and magnesium metal may resemble an alkyl 

:radical. Rlichardt (8) in particular has isolated products from the 
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reaction of neophyl chloride with magnesium which are characteristic of 

the radical neophyl rearrangement (9); and HamiJ.ton has rationalized 

certain of the products from reaction of cyclobutyl chloride and cyclo­

propylcarbinyl chloride with magnesium on the basis of radical surface 

reactions (10). 

It is interesting to note in this connection that the surpris­

ing difference between the apparent configurational stabilities of 

organolithium and organomagnesium compounds may be an artifact of their 

preparation. Thus, although lithium is more electropositive than magne­

sium by 0.2 units on the Pauling electronegativity scale (11), and might 

therefore be expected to form the more ionic bond with carbon, two 

lithium alkyls; ~-octyllithium (12) and ~-butyllithium (4); have 

been prepared and shown to be moderate.Ly con:figu.rationally stable; 

all attempts to prepare configurationally stable alkyl Grignard re­

agents have been unsuccessful (6). Grignard reagents, however, are 

conunonly prepared oy reac-bion between alkyl halide and magne::;ium, and 

lithium alkyls are prepared by metal-halogen or metal-metal exchange 

reactions. Reutov 1 s recent preparation of optically active dialkyl­

magnesium compounds is compatible with this suggestion, because a 

mercury-magnesium exchange reaction, using optically active alkyl­

mercurial, was used for their preparation. 

DF>s11itF> ::i:r.1bigui ties associated with interpretation of the 

numerous experiments directed toward determination of the configura­

tional stability of Griguard reagents, qualitatively it seems clear 

that not all of the racemization observed L1 products derived. from 

these orga110metallics occurs during their formation or subseq_uent 



- 4 -

reaction. However, relatively little thought has been devoted to pas-

sible mechanisms £er this racemization; primarily because so little 

is known concerning the detailed structure of Grignard reagents (14). 

A detailed review of this latter subject is beyond the scope of this 

thesis; however) several recent experiments are pertinent to this 

discussion. 

Most modern work concerned with the structure of Grignard 

reagents has centered around attempts to eval~ate the success of the 

so-called Schlenk equilibrium (14)15) in describing the Grignard re­

agent. Dessy and. co-workers have studied the exchange reaction 

2RMgX ~ 1\:2Mg • MgX2 :;;;;;:::.:: R2Mg + MgX:2 • 

between labeled magnesium bromide and diethyl- (16) and diphenyl­

magnesium (17). Only limited exchange between magnesium. bouded to 

corbon ond mo.gncoiurn bonded to b.o.lidc woo obocrvcd when 2 8Mg woo 

used as the tracer; however, complete exchange occurred When 25Mg 

was used (17). Dessy decided that the complete exchange result was 

RIJ1l1"i01JR R.YH'i d11P. to impll1"i.t.iP.R i.n thP. 25Mg RR.mple llRP.0. rrhP. 2 8Mg 

experiment lead bim to conclude that the equilibrium 

2RMgBr ~ 1\:2Mg + MgBr2 

was not importa.n.t in the Grignard reagents studied (18). In addi­

tion) conQuctiometric measurements were reported to give identical 

(21) values for the dielectric constant of l:l mixture of diethyl­

magnesivm and magnesium bromide and of an equivalent concentration 

of 11 ethylmagnesiurn bromide 11 (22). It was therefore concluded that 

the Grignard reagents studied were best represented by the equilibrium 
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l\2Mg• MgX°f: ~ R2Mg + MgX2 

and that no species represented by the f'onnula 11RMgX 11 is present ir.:. 

solution. 

Recently however Stucky and Rundle {23) and Ashby and Becker 

(24) have presented data suggesting that Dessy's conclusion may have 

been premature. Stucky and Rundle demonstrated by the X-ray crystal 

structure determination of phenyl.magnesium bromide dietherate that 

the magnestum atom was tetrahedrally cogrd.inated. to one :phenyl grou:p, 

one bromide atom and two oxygen atoms. 

Ashby and Becker were able to obtain a crystalline solid from 

a tetrab.ydrofuran solution of ethylrnagnesi·um chloride whose empirical 

formula corresponds to Et:Mg2 Cl3 ·THF. This fact, and their observation 

that ethyl Grignard reagent was monomeric in tetrab.ydrofuran; led 

them to conclude that the most important species in solution was 

actually EtMgCl. · 

Both or these studies depended on compounds existing in the 

solid state, and neither is necessarily pertinent to the structure 

of the Grignard reagent in solution. However, the X-ray study in 

particular provides evidence that 11RMgX 11 may exist under suitable 

conditions; arni suggests that further work on the structure of Grig­

nard reagents in solution must take into consideration the possibility 

of' ito cxiotence. 

The work reported in this thesis was initiated in the hope 

that direct non-destructive examination of Grignard reagents in 
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solution by nuclear magnetic resonance spectroscopy might help to 

eliminate some of the ambiguities associated with int.e:rpr~tatJon of 

the indirect destructive studies. 
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RESULTS 

Tne n.m.r. spectrum of the methylene protons of' 3,3-dimethyl-

butyl chloride in carbon tetrachloride or carbon disulf'ide solution is 

a typical .AA 1 XJC 1 spectrum (25); of 24 theoretical transitions) 20 have 

sui'f'icient intensity to be observable. By contrast, the spectra of 

t:O.e -Cf!.2X protons of 3-methylbutyl chloride, 3-methylbutyl bromide, 

3-methylbutyl iodide, ~-butyl chloride, ~-butyl iodide and propyl 

chloride are all triplets to a first approximation. 

The difference in the spectra of 3,3-dimethylbutyl chloride 

and these other halides is reasonably explained on the basis of the 

relative sizes of the substituents on the ethy.Lene 1·ragment. J.n 5) 5-

dimethylbutyl chloride) steric interaction between the bulky ~-butyl 

group and tne chlorine atom is such that the confonnation I having 

l..heJ:Je l..wu g..t'UUJ:lo L..t'CLI!o CLC..:..t'Uoo tlJ.e <::tlJ.yleue moiety is of' appreciably 

lower energy than the corresponding gauche rotamers II and III. 

C(CH3)s 

H 

H H 

Cl H H 

I II. III 

If rotamer I is more populated in solution than II or III, the two 

cg,2 -Cl protons will -be magnetically non-eg_uivalent although chemi­

cally indistinguishable, because each will have a different coupling 

·constant to one of' 'the (CH3 )sCC.1]2- protons. 
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Tne observation of an AA' KY.' spectrum is not compatible with 

an energetically favored gauche confor.mation) because a mixture of II 

and. III would have cnly an averaged vicinal coupling co~".lstant if' their 

interconversion were rapid) and would be expected to have an appreci­

able chemical shift between geminal. hydrogens of the methylene groups 

if interconversion were slow. 

The size of the alkyl g:roups attached to the ethylene group 

in the other halides is much smaller (26) than the !_-butyl group of 

3)3-dimethylbutyl chloride. Apparently the difference in energy be­

tween trans acQ gauche rota~ers for the alkyl halides not containing 

the .!,-butyl group is not large enough to produce significantly dif­

ferent vicinal coupling constants. 

The n.m.r. spectrum of 3)3-dimethylbutyl Grignard reagent is 

much simpler than t:t.at of 3,, 3-dimethylbutyl chloride: the -C!!,2-Mg 

resor::ance of this organometallic in diethyl ether solution at room 

temperature is a clean triplet, with ~ = 9.1 cps. The chemical shift 

between the two methylene groups is approximately 123 cps. (the reso­

nance of the ~-methylene group is partially hidden by the ether methyl 

peaks); the chemical shift of the -CJfa-Mg protons is 39 cps. upfielO. 

from tetr81Ilethylsilane. 

Addition of a stochiometric excess of dry d.ioxane to an 

ether solution of this Grignard reagent removes most of the magnesium 

chloride as the insoluble InagnesilU'.1 chloride dioxanate (14 )29), leav­

i.ng "bi.s-(), .J-dlmethylbutyl)-magnes1um 1n suluLlun. 'Il1e cuuuu.uL :.Jf 

magnesium halide left in solution was not measured; however) Cope has 

reported that more than 99.6% of the halide ion present in ether 
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solutions of' phenylmagnesium bromide and methylm.agnesium chloride is 

l'emoved -by dioxane precipitation (29). 

'fue n.m.r. spectrum of bis-(3)3-di:methylbutyl)-rnagnesium in 

diethyl ether at +33° is an .AA 1 XX 1 spectrum (Fig. 1). Chemical shift 

and coupling constant data o"btained by analysis of the spect:cum of' this 

compound arni of the spectra of the corresponding Grignard reagent and 

c.n.loride are compared in 'l'abl.e 1; details 01· these analyses are given 

in the experimental part. 

f 
~12 

~34 

Table I 

Chemical Shifts and Coupling Constants for the 

Ethylene Protons of 3J3-Dimethylbutyl Dcrivativco 

at 60.0 Mcps. Protons l and 2 are a to the Magnesium 

(a) 

(b) 

( c) 

(d) 

(e) 

(f) 

I (X = Cl)a II (X = MgCl) b 
III (X = MgR)c 

103.19 123 128 

+ 13.9 
e 

+ 15.93 

+ 5.45 9.1 + l.1 .• L. 
- b 

+ ll.2 9.1 ! i4.o
1 

+ l0.7 
e + ll+.8, 

IJ 

10 .± l°/o in carbon disuJi'ide. 

lO + 2% in diethyl ether) concentration estimated by 

comparing the area of the -CH2 -Mg resonance with that 
of the upfield 13c methyl resonance of ether. 

5 + 1% in diethyl ether containing approximately 5% 
dioxane. Concentration estimated as in (b). 

v1=v2; v3=V4 by symmetry. 

Geminal coupling constants caruiot be obtained from 
an .AeX2 spectrum of this type. 

~1.2 and ~34 are the two geminal coupling constants. 



, I ) J 

,J \JU 
i 

__,.,,i 

Fig. L 

~ 
I' 
'I 
I\ 
I l 

' I 1 

l \ 
i \ 
I I 
I } 

I I 
A 

I , 

\~ f\l. I \ J / JV r~'vJ A ,, 

l I i 
'1 I 

~ 

.... 

OP.se:t"V'ed (upper) and cal.c.ulated (lower) spectra for 3,}-<d:Lm.ethylbutyl 
chloride (left) and bis-(3,}-di.•Ertb.ylbutyl)~sium (rtglllt). 

I 

\ 
~"'1 b 



- .L.L -

These data permit the :i.rllmediate conclusion that 1nve1·siun 

of configJ.ration at the -C!!,2 -Mg center of III is slow on the n.m.:c, 

time scale) because fast inversior: would result in an averaging of 

the vicinal coupling constants. In addition, the magnitudes of the 

coupling constants make possible certain qualitative comparisons be­

tween the rota.mer populations of 3,3-dimethylbutyl chloride and bis­

(3,3-dimethylbutyl)-magucoium. 

Karplus has calculated the dependence of if.ID! in an ethanic 

fragment HCCH with tetrahedral bond angles upon the dihedral angle ¢ 

to be of the form of Equation 1 (30); 

A cos2 ¢ + B (1) 

Conroy has suggestea a similar relation (31). The constants A and 

B were originally assigned values of +9 cpso and -0.3 cps. respec-

tivP.J_y. However., the values predicted on the basis of these constants 

are recognized to be. smaller than those observed., and Gutowsky, Bel-

ford and McMahon have been able to reconcile coupling constants ob-

served in three halogen-substituted ethanes with Equation 1 using 

values of A and B of +l7 cps. and -3 cps. respectively (32). 

Despite nncertainties associated with A and B) and further 

uncertainties connected with the effects of substituents on the vicinal 

coupling constant (33)) it seems clear that the value of 14.2 cps. ob­

served for the larger vicinal coupling constant of' bis-(3,3-dimethyl­

butyl)-magnesiurn suggests an average HCCH dihedral angle near 180°. 

The magnitude of this suggests that the molecule exists pre-

dominantly in the conformation with ~-buty.L group and magnesium 

atom trans across the ethylene fragment; extensive or exclusive 
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population of the gauche forms would have resulted in a smaller value 

of .:!_i.s - ;!.J.4. Correspondingly: the smaller difference in the valut:o 

of the vicinal coupling constants of 3:3-djlilethyrtrntyl chloride im­

plies that the three possible rotational conformations in this mole-

cule have more nearly equal energy. 

These data suggest irmnediately that -MgR is a larger group 

than -Cl. Although it is not possible to give a precise measure of 

this difference in size on the basis of available information, a 

slightly more quantj.tative description will be possible after the 

temperature variation of the spectra of these organometallics has 

been de::;cribed, 

The range of a variable-temperature examination of an ether 

solution of a Grignard reagent is limited by two considerations: at 

temperatures below -50° the solutions become too viscous to give inter­

pretable spectra; at temperatures above +120°, the possibility of ex­

plosion of the sample tube in the probe becomes important. This 

limited temperature ra11g!;;;! W(?,::; l'u.rLw1CLLely lCL:r-ge enough t.u yield several 

data important to the interpretation of the room-temperature spectra of 

these organometallics. In particular) the Ae.X2 spectrum observed for 

3,:;-u.1rueLhylbLtLylrn1::Lgnel:lium chloride cl1anges to an AA':XX' spectrum be­

·tween +20° and -60°; correspondingly; the AA'XX' spectrum of bis-(3,3-

dimethylbutyl)-magnesium collapses to an Ae_X2 type spectrum at +110°. 

The similarity of the spectral behavior of tbis Grignard re­

agent and its corresponding dialkylmagnesium compound demcnstrates 

clearly that a temperatu:te-depende:nt eq_uilibrirun between 11 RMgCl 11 

and "R;;;:Mg" in solution (a Schlenk eq_uiliti:cium) is not :cesponsitile 
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for the variation in the 

2RMgX ;;;;::=::: J\2Mg • MgX:2 ~ R.2Mg + MgX:2 

spectra, because little or no magnesium halide was present in the 

dialkylmagnesium solutions. 

The averaged vicinal couplir1g constants observed at +33° f'or 

the Grignard reagent and at +ll0° :for the dialkylmagnesiwn compound 

might be the result of either rapid inversion of configuration at 

the carbon carrying the ms.gneziurn (such inversion exchanging the 

magnetic environments of the hydrogens at the a-carbon atomL or 

else a change in relative populations of the conformations I) II 

and III. 

C (CI-Is)s 

H MgCl ClMg 

H H H 

Mg Cl H 

I II III 

Ten of the twelve theoretical lines for the A part of an 

AA 1 XX' spectr11m (25) can be identified in the low ... temperature 

spectra of' Fig. 2 and Fig. 3. ·fue 1,2 and 3)4 transi-cioDs are 

easily identified on the basis of intensity and position as the 

strong outer lines in these spectra; their separation is e~ual to 

the sum of the two vicinal coupling constants i!_ + i!_' (25). On the 

assumption (34) that the trans and gauche coupling constants, i!.t 

and J have the same respective values for each confor-mation -.sa 



+32° -2 6° 

+ 11° -34° 

J 
- 12° - 53° 

J 
Fig .• 2. N.m4r. spectra of 3,:;.-.a.imethylbu~ylmagnesium cililoride 

in diethyl ether solution as a fuuc~ion of t~eratu;re. 
Only the spectra of the QH2-Mg protons are shown. 
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(I-III), the separation of the outer lines for I should be (Jt + J ) 
-_ -.!;£ 

while the correoponding i::;eps.rs.tion f.'or s, rapidly interconverting 

mixture of II and III would be 1/2 (::[~ + 3 ::[§). The values reported. 

in Table I permit a crude estimate to ·be made of the magnitude of 

.:I.t and :I." and conseq_uently of the conformational po:pulations of I) 
2 

II and III. 

If x is the ~ole fraction of conformer I in solution, 1/2(1 - x) 

will be the corresponding mole fraction of conformer II and of' conformer 

III. Assuming the trans co1rpli.ng constant to be larger than the cis 

coupling constant, 

X. :Lt + ( l - A. ) ,;!§ (2) 

.i[is [x + 1/2 (l - x)] !l~ + 1/2 (1 - x) ~ 

i/2(1 + x) ~f!i. + i/2(1 - x) ~~· (3) 

In order to obtain an estimate of x, it is necessary to have 

values for Jt and J_; these values cannot be obtained from the experi­- -~ 

ffiental data in Table I alone. However, Bothner-Hy and UlicK have shown 

that the magnitude of the coupling constants in substituted ethanes can 

be correlated with the Huggins electronegativity (35) of the substituent 

by the relC:1Liun 

vie 
J- - 8.4 - 0.4 E (4) 

Aoouming the dif'ference in electronegativity between chlorine anrl 

magnesium to be approximately the same on the scale as on the 

Pauling (11) scale (Eel - EMg = 1.SL the vicinal coupling constant in 
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CH3 CH2 X would be predicted to increase by 0.7 cps. on changing X from 

Cl to MgCl. The agreement between prediction and experiment 

J CH. aCH2Br = 25 ( ) 7 • cps. 33 -V1C 

suggests that there is nothing anomalous about the e!"f"ect or the 

magnesium. electronegativity on the vicinal coupling constants) and 

consequently that (4) may be used to estimate ~!and ~S. in bis-(3,3-

ill.rllt:tilylbutyl)-lllag11esium f'rom st:r.'uctu.rally similar ethanes. 

Gutcwsky has reported values for Jt and J in three halo-- -g 
genated ethanes. These values are summarized in Table II. Note that 

these values are not the observed coupling constants < fH > but rather 

estimates of Jt and J obtained from examination of the temperature de­
-- ~ 

pendence of<~>. If ~t for CHCl2 CHF2 is neglected, it seems reason-

able to take ~t ~ 16 cps. anQ ~ ~ 2 cps. for these halogenated ethanes. 

a Table II 

Vicinal Coupling Constants in Halogenated Ethanes 

Compound J ~t -s. 
CHCl2CHCl2 +2.01 +16.08 

CHCl2CHF2 +2.0l +10.25 

CHCl2CHFCl +l.63) -2.62 +16.5 

(a) From reference (32). 
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Equation (4) suggests that corresponding values for 3,3-dimethylbutyl-

magnesium c:r~lo:ride ~-hould be larger by approximately 1.5 cps. Values of 

~i::::: 17.5 cps. and !!,~ i:::i 3.5 cps. for -C~CH2Mg are consistent with the 

value of the average vicinal coupling constant < J . > 
-vie 

1 -(J + 2J ) = 
3 -i -~ 

O.l 1..:pi:;. 01.J::;e.r·veu .ru.r· eLhylmagnes1urn bromj_de and ethyJ..magnesj;um chlor-

ide. Using this !!_i and !!.gin (2) and (3)) one obtains X = 0.75. 

Although too many approximations were involved ir:. obtaining 

these numbers for them to be of other than qualitative significance) 

they do suggest that MgX is appreciably larger than a chlorine atom. 

A more accurate measure of the size of either group could be obtained 

empirically by comparison with other 3,3-dimethylbutyl compounds bear-

ing substituents of known size. 

With these approximate values of ~ and !!.a for bis-(3;3-di-
- .:;;/. 

methylbutyl)-magnesiurn, we are in a position to decide whether changes 

in the conformational populations I, II and III or change in the rate 

of inversion at the ~car1.Jo11 c;.toJ.ll lb re::;_l.lurrn11Jle :fu:r Lhe var1e.L1un in 

the spectra of 3)3-dimethylbutylmagnesiurn chloride and bis-(3,3-di-

methylbutyl)-magnesium with temperature. The separation of the strong 

outer lines of' the room temperature spectrum of' bis-(3,,3-di.methylbutyJ.)-

magnesiUJil is (!!,is + !!_i4 ) and. corresponds approximately to 0. 75 rr.ole 

fraction of the ~~;.;... conformation I. At +110°) the spectrum is a 

triplet. Abraham and Bernstein have shown that if 

(5) 

the A part of an AA' XX' spectrum will appea1· as a triplet (36) 

(~ v
1

;
2 

is the width at half-height of the component lines). In the 

present case, ~ v l/2 = 0. 9 cps. and IA - Ix = 1.2 cps.; consequently 
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Equation (5) will be satisfied if ~i4 - !IJ.3 < 1.5 cps. Assuming that 

the temperature variation in the: spet..:trwu lo l.ihe c..:om;eg_w::w.:e o.r c..:h1:J.ugeo 

in the conformational populations, and substituting ~14 - ~is into the 

difference of Equations (2) and (3) J one obtains x = 0. ~-0. This value 

of x in Equations (2) and (3) yields vicinal coupling constants of 9.1 

cps.and 7.7 cps.J and corresponds to a separation of the 1)2 and 3)4 

transitions of 16.8 cps. Therefore) if (5) is satisfied) and if 

changes in rotamer populations are important in detemining the appear­

ance cf the spectrum, the separation between the outer lines of the a 

proton spectrllill of bis-(3)3-dimethylbutyl)-magnesium should change 

from 18.0 cps. at room temperature to 16.8 cps. at +ll0°. 

IfJ on the other hand) an increase in the rate of inversion 

at the -C!f.2-Mg center is responsible for averaging the vicinal coupling 

constants, it is clear that the separation of these outer lines would 

remain approximately unchanged {if changes in the relative populations 

0£ I, II and III due merely to a change in kT are small). 

Experimentally) no sigr:ificant temperature variation in the 

separation of the 1)2 and 3,4 transitions is observed. This separa­

tion in the spectrilli'.l of bis-(3)3-dimethylbutyl)-magnesiurn remains un­

changed at 18.0 ± 0.2 cps. from +33° to +102°; the corresponding sepa­

ratior:. in 3:3-dimethylbutylrnagnesium chloride changes only from 18.2 + 

O.l cps. at +33° to 18.4 ± 0.3 cps. at -50°. 

We believe these data are incompatible with significant temp­

erature dependent variation in populations of the conforrn.ers) and con­

clude that changes in the rate of inversion are responsible for the 

changes in the spectra of these organometallics. 
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Organomagnesium compounds derived from halides similar in 

structure to 3) 3-dirnethylbutyl chloride show an analuguu1:; Gelli.f?t!.t:'CL­

ture dependence in their spectra. Thus the spectra of the -C!!;?-Mg 

protons of 3-methylbutylmagnesium chloride and E:_-butylm.agnesium 

chloride a:cc triplet a o.t room temperature; o.t --50 °) the spectra be­

come more complicated (Fig. 4). The degree of complexity is llll­

fortllllately sufficiently great to discourage attempts to analyze 

the spectra. The 3;3-d.imethylbutyl group provides a simple system 

for analysis; because the four protons of the ethylene fragment 

are uncoupled to the protons of the !-butyl group. In the 3-methyl­

butyl- and g-butyl- derivatives however; the chemical shift between 

the methyl protons and the adjacent methylene protons is of the 

same order of magnitude as the coupling constant between them, and 

the a-proton spectrum is consequently complicated (36a). 

Although little quantitative information can be obtained 

from the spectra of these Grignard reagents, or from the spectra 

of the corresponding dialkylmagnesium compounds (Fig. 5); qualita­

tive comparison with the 3,3-dimethylbutylmagnesium compounds makes 

clear two aimila.ritico in their tem:pers.tu:re The f'irst 

oi' these is that the low-temperature spectra of the Grignard reagents 

are very similar to the room-temperature spectra of the correspond­

ing dialkyl:magnesi1nn compounds. The second is that the Grignard re­

agent spectra do not seem to change at temperatures below approxi­

mately -70°) and the dialkyl:magnesium spectra change little below 

+300. 
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+24° 

-48° 

-57° 

\ 
\ 
I 
I 

~ 

+32° 

-51° 

-73° 

Fig. 4. Spec·tra of ,?-methylbutylrn....agnesiurn ohloride and ,!l-butylrnagniesium 
i.;hlv:rldi;; lu dl1;;tllyl c:tl11;;r a!.::> if.\ .fu.rn.ttl\Ju ul' tit:mpltl.L'<::.tu..r1;::. 

the of the £Ha-Mg protons are shown. 



- 22 -

Both of these observations are compatible with the explanation 

previously proposed for the temperature dependence of the spectrum of 

3)~dimethylbutyl Grignard reagent based on the rate of inversion. 

Moreover, the second of these observations would be difficult to 

reconci.le with important changes in populations o:t' rotational. con­

formations with temperature. If changes in the populations of the 

trans and gauche conformations were important in determining the 

tempe:ratu:re dependence of' these .spectra, the "broadening observed in 

the central line of ~· di-E:_-butylrnagnesium compared with E_-butyl­

magnesium chloride would be the consequence of' an increase in the 

energy dif'f'erence between trans and gauche eonf'ormatinnR of' thRRR 

compounds. Decreasing the temperature of the Grignard reagent pro­

duces a broadening of the central line of its spectrum. If this 

change were a reflection of changes in conformer populations; 

lowering the temperature of the dialkylmagnesium compound should 

result in an analogous change in its spectrum. In fact; little 

change in the spectrum of the latter compound is observed on de­

creasing the temperature. Therefore, changes in conformer popu­

laL1urrn are .f..ll'Ul.Ji:LlJl,y nuL lill]:JUl'Li:LI!L l.ll ueLe.c.w.l.ulug tll.e tem.pe;i:atu:i:e 

dependence of the spectra • 

.An analogous argument can of course be applied to the 

3-methylbutylmagnesium and 3,3-dimethylbutylmagnesium com:poi..mds 

studied. 

The high-temperature spectral behavior of bis-(3-methyl­

butyl)-magnesium and di-g-butylmagnesium appear comparable with 
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( ( CH3)2CHCH 2CH2)2 Mg 

Fig. 5. 

+104° -t96 ° 

+ 78° +26° 

+ 31° -78° 

Speotra of bis~(3-methylbutyl)~magnesium and di-n-butylroagnesiu:m 
in diethyl ®ther solution as a funotion of temperature. 
Only the spect,ra of the .£H~-Mg protons are shown. 
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that observed for -bis-(3,3-dim.ethylbutyl)-magnesium. Each changes 

1·rom its "lo-w-tempei~ature" 1·orm to a triplet over the temperature 

range +50° to +110°. Careful measurements of the separation of the 

outer lines of' these compounds were not obtained. 

The qualitative similarity in the spectral behavior of these 

three structurally similar Grignard correspondingly 

that the rates· and the:nnodynarnic parameters for the processes which 

result in the simplification of their spectra are approximately the 

same. Although later discussion will demonstrate that changes in 

structure can markedly affect these parameters, at this point it is 

of interest to describe briefly certain of the solution variables 

which have pronounced effects on the rate of inversion at the C!!_2 -Mg 

center o1' t11e organometallic compoW1d. T11ose most pertinent are tr,e 

effects of concentration of the organometallic compound, structure of 

the solvent and nature of the halogen anion(s) present in solution. 

Decreasin5 the concentration oi' 3)3-dimethylbutylm.agnesium 

chloride in solution decreases the rate of inversion. Figure 6 in­

dicates that at ~8°, a decrease in Grignard reagent concentration of 

approximately ten-fold changes the spectrum from. one characteristic 

of rapid inversion to one of slow inversion. In these spectra the 

triplet at lower field is the upfield ether methyl group iac satel­

lite, ru1d m.ay be used to judge the concentration of the organometallic 

and the natural linewidth in the solution. 

The effect of solvent on the spectrum of the Grignard reagent 

is equally dramatic (Fig. 7). In diethyl ether soluti•::in at room 

temperature, the spectrum of the -C§2-Mg protons is a triplet; in 
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-60 

-10° 

-70 

Fig. 6. Sp.€.ctra of' 3,3-dimethylbutylmagr.i.esiu.m o.hlorid~ in diethyl ether 
as a functicn of aoncentration. The sharp triplet at lowqir 
field is the ether methyl l)c satellite. 



- 26 -· 

tetrahyd:rofm·ru1 at approximately the same temperature and concentra­

tion_, the central line is broadened noticeably; in diglyme,, tl1e spec­

t:rum is the typical AA'XX' type. 'I'he tetrahydrofuran spectrum was 

e:xamined as a function of temperature and found to collapse to a 

cated at temperatures below 0° {unfortur1ately viscous 

prevented detailed comparison with the low-temperature diethyl ether 

solution spectrum). The effect of temperature on the spectrurc. in 

diglyme was not examined. 

also important in determining the appearance of the spectrum. In 

all cases examined_, inversion of configllration is slcr-wer when 

bromide ion is the halogen i:n solution than when chloride ion is 

present. Thus,, the S:fiectrum of 3-methylbutylmagnesium chloride 

changes from its "high-temperature" triplet to the more complicated 

"low-temperature" form between -30° and -70°; in contrast,, the 

central line of 3-methylbutylmagnesium bromide shows appreciable 

·broadening at room temperature, and has completed its change to a 

slow inversion spectrum at -15° (Fig. 8). Qualitatively the same spec .... 

t:ral behavior is observed for !}.-butyl.magnesium chloride and !}.-·butyl­

magnesium bromide respectively. 

Addition of magnesium bromide to a solution of 3) }--dim.ethyl .... 

butylrnagnesiurn ch.loride appears to s.low tl1e rate appreciab.ly. A solu­

tion prepared. by reaction of' 0.1 ml. of ethylene dibromide and 0.01 ml. 

of 3,3-dimethylbutyl chloride with excess magnesium turnings in ether 

reaches its lo-w-tem.perature i'orm at -7°; a solution containin5 the 



{a) (b) 

Fig. 
7

• SpecLra of the cg~ protons af~}-dime-thylbutylmag'iesium Chloride as a 

function o.f solvent: (a) diet;hyl e-:;her; (b) tet:ruhydrot'u1'an; (c) diglyme. 

CcJ 

f\) 
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same concentration of' Grignard reagent but one-tenth as ouch magnesium 

bromide has a spect;ru:m at. -40 ° :> and the 

reagent itself' has this spectrum at approximately -50° (Fig. 9). 

These last experiments indicate that halide ion is probably 

involved in some specific manner in the rate determining step for the 

process averaging the vicinal coupling const;ants. That is:> the ef'-

feet of the halide ion is not merely to influence properties of' the 

solution such as dielectric constant or ionic strength:> but rather· to 

change the activation energy for the inversion process by its effect 

on the structure or salvation of the organometallic compound. It 

might be possible in the absence of these observations to rationalize 

the decrease in rate of inversion with decreasing concentration as 

the result purely of changes in the oulk properties of the solution. 

In particular, if the transition state for inversion involves charge 

separation the dielectric constant of the solvent will be important 

ln determining the ro.te. 

Dessy and Jones have examined the dielectric constant of 

solutions of ethylmagnesiuru bromide and of diethylmagnesii.;:m and found 

a pronounced concentration dependence (25). Their values are repro-

duced in Table III. 

The concentration of' the Grignard reagent in solutions used 

for n.m.r. samples was ordinarily 0.2 M to 3 ~· If the samples ex-

amined by Dessy are a fair model) the solution dielectric constant 

in thi.s concentration ro.nge should be quite sensitive to changes in 
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+24° +27° 
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~ lj 
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I II l. ~ 
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-48° 

-75° I\ -75o 
I J ~ 

Fig. 8. Spectra of 3-methylbutylmagnesium chloride and ,3-methylbutyl­
magnesium bromide in di~thyl ether solution as a function of 
temperature. The sharp triplet at low field in each spectrum 
is the 13c $atell.ite of ether. Note that the conoentration , 
of the two organometallic compounds is signific!il.lltly different. 
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J - \. ) v ~) \ Ju \ 
Fig. 9. Spectra of 3<5--0.imetb.ylbutylatag~um chbride in diethyl ether at -7° as a 

:fun.ction of added magnesium bromide. The appro:xiM:ate molar ratios of mag~sium 

bromide to 3,.}-dimethy.Lbuty lpagoesium chl:Jride in the sol.uti.ons are: (a) l..5; 

(b) 0.15.: (c) 0.00. 

~ 
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Table IIIa 

Dielectric Constants of Ether Solutions of 

Ethylm.agnesium Bromide {I) and Diethylmagnesiurn (II) 

Concentration Dielectric Constant 

I II ---
0.125 £i 5.1 4.6 

0.250 6.5 5.3 

0.500 11 6.6 

1.000 35 J_j_ 

(a) From reference (25). 

concentration. Consequently) the ten-fold change in concentration in 

the samples in Figure 6 might have been accompanied ·o,y a five-fold 

change in dielectric constant. A decrease in dielectric constant o:f 

this mag11itude would significantly decrease the rate oi' a pr:)cess de-

pending primarily on charge separation. 

However) addition of magnesium bromide ·to a Grignard reagenL 

solution can reasonably be expecteQ to increase the dielectric con-

stant of the solution (25). If dielectric constant were the most 

important factor in determining the rate of inversion of 3:3-dimethyl-

butylmagnesium chloride, the orcier in Figure 9 shoul6. be the opposite 

oi' that observed. 

It ic important to notice that the spe('t.r11m o"bserved for solu-

tions containL1g both chloride and bromide ion is not a superpositio:n 

of' the of 1.:iwo separate species "RMgCl" and 11ru.1zBr 11 but rather 

an average spectrum. Similar averaging is also observed in mixtures 



of dialkylrnagnesium and magnesium halide in ether. lf, for example; 

a solution of 3;3-dimethylbutylrnagnesium chloride is treated with 

less than a stiochiometric amount of dioxane) the magnesium chloride 

present in solution is only partially removed. The spectrum observed 

for such a solution is not a superposition of the spectra of the Grig­

nard reagent and the dialkylrnagnesium compound separately) but an aver­

aged spectrum. Correspondingly; addition of an excess of magnesium 

bromide to a solution uf' bio-(),,)-ulil1eLllyl1.Jutyl)-magneoium produces a 

sample whose vicinal coupling constants are averaged; addition of less 

than a stoichiometric amount of magnesium bromide results in partial 

averaging. 

These observations that the species involved in the 

Schlenk equilibrium) "RMgX, 11 "R.2Mg11 and "R.2Mg•MgX2
11 do not have pro­

longed separate existence in solution. It is not presently possible 

to decide whether the partial averaging of vicinal coupling constants 

observed for samples containing less than a stiochiometric quantity 

of magnesium chloride is the result of rapid migration of halide ion 

from magnesium to magnesium, of rapid migration of magnesium chloride 

as a separate species, or o:r some other process occurring in ::;uluLlu11. 

Discussion of the Grignard reagents considered up to this 

point has centered on the observation of a temperature dependent 

avei·aging of' vicinal coupling conotanto between Ct and f3 methylene 

protons. The same kind of information can in principle be obtained 

from chemical shift data. In suitably chosen systems such data can 

be treated guantitively with less difficulty than can those derived 

from coupling constant measurements. The two primary Grignard 
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reagents examined for evidence of chemical shift averaging were selected 

in Lhe expecLaLiun Lhat their a-methylene group would have an AB type 

spectrum if inversion at the -C!!_2 -Mg center were slow) and an A2 type 

spectrum if inveTsion were rapid. 

The protons of a methylene group removed by one or more bonds 

from a center of molecular asymmetry may be magnetically non-equivalent 

and display AB type n.m.r. spectra (37). Recent irrvestigations of this 

subject have established that conf'o1"111:=1ti omi1 JlY'Pf'i'-'rPn<'P iR :reR:pnnsibJ.e 

for the major part of the magnetic non-equivalence of the methylene 

protons (37d)38). A primary Grignard reagent which might be expected 

to have magnetically non-equivalent methylene protons would thus be 

one in which one rotational conformation around the a-j3 carbon-carbon 

bond would be significantly lower in energy than the other two. The 

C!!.2 -Mg protons of two Grignard , 2-phenylpropylmagnesiurn. bro-

mide and 2-phenyl-3-methylbutylmagnesium chloride were examined for 

evidence o:f :rnagne-tic non-equivalence. The a-methylene hydrogens or 

the former in diethyl ether solution had an .Ae-type spectrw:n from 

+33° to -80° (viscous broadening prevented measurement below this 

temperature). The methylene protons of' the latter had a spectrum 

characteristic of the AB part of an ABX spectrum at room temperature; 

at +ll0°, the spectrum collapsed to an .Ae~ type (Fig. 10). 

The proposed interpretation of the temperature dependence of 

2-phenyl-3-methylbutylmagnesium chloride is the same as that for 

3,3-dimethylbutylmagnesium chloride. The magnetic non-equivalence 

of the methylene hydrogens at +33° demonstrates clearly that Lwer­

sion of configuration at the -cg2 -Mg center is slow on the n.m.r. 
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Fig. lOa. Spectra of the C~-Mg protons o:t' 2-phe.nyl-3-methylbutyl­
magnE;:sium chloride in tetrahydrofuran as a function of 
temperature. 
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+99° +50° 

+73° +32° 

+57° -14° 

Fig. lOb. Spectra of the C!!g-Mg protons of 2-pheuyl-,5-rm.ethyllmtyl­
mai.gnes:f um ah1o:ri Cle in dieth;yl ether, all GI :f'i.:UlOtion o:f' 
temperature. The Sp$ctrum of the organometdlic compound 
is superimposed on that of the ether 13c satellite. 
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time scale. The collapse of the :nagnetic non-equivalence as the temp-

erature is increased is taken as evidence that a inversion of 

configuration, analogous to that proposed previously} averages the 

magnetic er..vironr.a.ents of the methylene hydrogens. 

The quantitative discussion of this spectrum is less convinc­

ing than that of the spectra of the 3) 3-dimethylbutyllnagnesiur.1 deriva­

tives, because the chemical shifts and coupling constants obtained 

or.. analysis have much greater uncertainty. The AB part of an ABX 

spectrum has eight theoretical lines, of which four are of low in­

tensity. 'l'he position or the low intensity lines is uncertain in 

the room temperature spectra of both 2-phenyl-3-methylbutylmagnesium 

chloride and bis-{2-phenyl-3-methylbutyl)-magnesium. These lines are 

necessa::cy for accurate determination of the geminal methylene coupling 

constant, and the magnitude of this coupling constant is consequently 

rather uncertain. The spectrum is further confused by the accidental 

nea.r-<iegenera.cy of' two of the intense lines. Moreover, no in:f'nrrn2-

tion can be obtained from the X part of the spectrum, due both to its 

low intensity and to its complexity. 

Therefore) although agreement can be obtained between the ob­

served a.71d calculated spectra, the values obtained from analysis can­

not be regarded as highly precise. Coupling constants and chemical 

shifts for a solutio:a of this Grignard reagent in diethyl ether solu­

tion at -14°: and in tetrahydrofuran solution at +33, and for the 

corresponding dialkylmagnesiu.m corn:pouna. in ether at +35" B.re re_vurl.,eu 

in Table V. The starting halide has an ~X type spectrum in carbon 

tetrachloride solution. 
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.Table V 

Spectral Parameters :for the Methylene Protons of 

e 2-Phenyl-3-Methylrnagnesium X Treated as an ABX System 

X = Cla x = Clb 

v -A VB 12.9 9.2 
d 

l50 l50 .,,A - vx 

!!AB -12.2 -12.5 

!!AX 10.3 9.7 

~BX 4.3 5.6 

(a) Diethyl ether solution at -14°. 

(b) Tetrahydrofuran solution at +33°. 

(c) Diethyl ether soluticn at -14°. 

(d) This value was assumed. 

X = R 
c 

14.2 

150 

-12.2 d 

10.2 

3.2 

(e) Accuracy in the coupling constant values is estimated 
to be ± 0 • 3 cps. 

It is possible to discuss the temperature dependence of this 

Grignard reagent in the same manner used for 3,j-dimethylbutylrnagnesiurn 

chloride. IT an increase in the rate of inversiOLl of c.::01.U:'lguratlou lt> 

responsible for the averaging of the vicinal coupling constants ob­

served at high temperature) < in:: > should be equal to l/2(!!~v + ~~x). -vie htl.. :o 

IT large changes in conformational populations are responsible (such 
\ 

changes also averaging the chemical shifts of the methylene hydrogens), 

< }I~ > should deviate significantly from. the average of' the room -vie 

temperature coupling constants. 
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The values reported for the vicinal coupling ccnstants in 

Table V are not suf'ficiently accurate to juotif'y a calculation of 

the magnitude of the difference between the high temperature vicinal 

coupling constant and the average of the two low temperature vicinal 

coupling constants, assuming that changes in rotational conformation 

populations do determine the appearance of the spectra. Consequently) 

the degree of experimental uncertainty which is tolerable in this 

discussion is unknown. Nonetheless) the observed vicinal coupling 

constant at high temperature is 7.6 ± 0.3 cps., and the average 

l/2(:!.AX +:!.Bx) is /.j ± U.) cps.; the two numbers are the same 

within experimental error. 

We conclude that inversion at the C[2 -Mg center occurs in 

thic Grignard reagent no in the pri:rnury GrignarQ reegcnto diocusocd 

previously. 

By contrast, the a methylene hydrogens of 2-phenylpropyl­

magnesium brcmide are magnetically eQuivalent over the temperature 

range +33° to -80° (viscous broadening again prohibits observations 

below this limit). Fraenkel and co-workers have suggested that the 

observation of an A2 type spectrum indicates that this Grignard re­

agent is inverting rapidly at room temperature (39). However, we 

have examined the spectrum of bis-{2-phenylpropyl)-magnesiurn at 

-75°, and find that the methylene protons of the dialkylmagnesium 

are still magnetically equivalent. The preceding discussions have 

demonstrated clearly that other) structurally similar dialkylmag­

nesium compounds invert at a rate rapid enough to influence their 

spectra only at temperatures above -50°. There is no obvious 
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reason why the rate of inversion of bis-{2-phenylpropyl)-magnesium 

should be anomalrnrn _ We believe that this dialkylmagnesium ic in­

verting slowly) but that its asymmetric center is not of the correct 

type to produce a significant magnetic non-equivalence in the methyl­

ene protons. Therefore, no conclusions can be cirawt1 about the rate 

of inversion of 2-phenylpropyl Grignard reagent from its n.m.r. 

spectrum. 

The results discussed so far have dealt entirely with pri­

mary Grignard reagents. Althougb a limited number of examples have 

been examined, theoe .r·e:;;ulLs define clearly the rates 01· inversion 

which may be expected for this class of organometallic compound. 

A comparison of the rate of inversion of suitably chosen 

primary and secondary Grignard reagents might be expected to be 

useful, in ligbt of the probably pertinence of such data to con­

siderations of the mechanism of inversion. Unfortunately applica­

tion of the techniques used in examination of the Drimary Grignard 

reagents to several secondary Grignard reagents has been less 

successful. It has not proved possible to measure the rate of in­

version of a secondary Grignard reagent; however it is possible to 

establish a lower limit on this rate from the experiments described 

below. 

·Tue spectrum of the Grignard reagent prepared from 3) 3-di­

methylcyclobutyl bromide in tetrahydrofuran solution at room temper­

ature shows a doublet f'or the methyl protons {Fig. 11). The magnetic 

non-equivalence of the methyl groups can reasonably be explained only 

as the consequence of slow inversion of configuration at the C!!_-Mg 
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+32° +125° 

:fig. ll. Spectrum of the IDilthyl protons of 3,3-dimli!thyl­
cyclabutylmagnesium bromide in tetrahydrofuran. 
The separation between the t-wo peaks is approxi­
mate.!ly 4 ops. at +32. 
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Fig. 12. Spectrum of the methyl protons of }-methylbutyl­
magnesium chloride in tetrahydrofuran solution. 
The four lines at high~st field are the isopropyl 
ill4'thyl proton resonances. 
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center. In a slowly inverting Grignard reagent) two types of' methyl 

groups are present; one cis to the magnesilllll atom) one trans. The 

absence of a chemical shift between the two methyl groups would not 

have allowed an unambiguous interpretation, because either rapid in­

version of configuration at the C;[-Mg center or an accidental d.e­

generacy of the chemical shifts in a slowly inverting Grignarci would 

give the same result. However) the observation of' two ki.c1ds of' methyl 

protons indicates clearly that inversion is slow in this molecule. 

Similarly, the two isopropyl methyl groups of' 2 1 }-diruethyl­

butyl Grignar<i reagent are magnetically non-equivalent at room temp­

erature in both tetrahydrofuran and deuterodiethyl ether solution 

(Fig. 12). The carbon atom bearing the magnesium atom in this com-

puuml li::; a (.:t:!Hter of' mole1.;ula:r: aoyillllletry. Tb.e obsei-vation that the 

adjacent isopropyl methyl groups are magnetically non-equivalent in­

dicates that inversion of configuration at the -CH-Mg center is slow 

on the n.m.r. time scale (~. Part II of' this thesis). 

Neither of' these compounds shows significant temperature de­

pendence in its spectrum. The chemical shift between the methyl 

protons of ;\,3-dirn.ethylbutylmagnesium bromide does not change over 

the temperature range +33° to +120°. The chemical shift between 

the methyl protons in the isopropyl group of 2,}-dimethylbutylruag­

nesiurn chloride does decrease by approximately 0.7 cps. between +33° 

and +120°; however: this decrease occurs gradually over the indicated 

temperature range~ and is probably due to changes in the rotational 

conformation populations of the isopropyl group rather than to a 

change in the rate of inversion. 
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The absence of a significant temperature dependence in tbe 

spectra of these two compounds suggests that the barrier to inver­

sion of configuration is higher in the secondary than in the primary 

Grignard reagents. It ~ight be argued that 3,3-dimethylcyclobutyl 

Crignurd reagent io not a :r·cprcocnta.tive occonda.ry Grigrmrd reagent, 

since the ring strain of the molecule and hybridization of the carbon 

atoms are atypical. However, 3,,3-dimethylbutyl Grignard reagent seems 

a reasonable model for a secondary Grignard reagent. 

This order of configurational stabilities is not surprising, 

if the carbanionic character of the alkyl group is more pronounced 

in the transition state for inversion tha.~ in the ground state of 

the molecule, because the generally greater stability of primary 

carbanions relative to secondary carbanions (39a) would suggest a 

higher activation energy for inversion of secondary than primary 

Grignard reagents. 

It should be noted in this connection that reaction of a 

dialkylmercurial with mercuric bromide proceeds at the same rate 

for diisopropyl- and di-£-propylmercury compounds and faster for 

ull!yc.;luy1:ogylJ.J1eri..:uL·,y etad dlplle:nylmercury (4o). This dissimilarity 

between the influence of the alkyl group on the rate of this reaction 

and on that of the Grignard inversion suggests that the well-estab-

lished ~2 mechanism f'or the mercurials and the mechanism of' inver­

sion in the Grignard reagents are probably not closely related. 

It seems probable that rates fast enough to study by the 

techniques used for primary Grignard reagents cannot be expected in 
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normal secondary GJ::ignard reagents {i.e.) Grignard reagents lacking 

special stabilization of' the carbanionic center). It should be pos­

sible to increase the :cate of' inversion suf'f'icie:1tly to apply these 

techniques by stabilizing the carbanionic center) perhaps by conjuga­

tion. However, ar.i:y conclusions drawn from comparison of a secondary 

Grignard reagent of this type with a normal primary Grignard would be 

of limited generality. It theref'ore seemed important to fin.d a method 

of .spect:ro.scopically determining the inversion rate for the 11 olowly-· 

inverting" secondary Grignard reagents. 

The one attempt which has so far been made to utilize n.m.r. 

spectroscopy f'or examinati<X'.1 of' ::i. I'll owly invArling G:rignard reagent 

was unsuccessful. This e:Xperiment will nonetheless be described 

briefly, because it appears a potentially useful technique for examina­

tion of slow reversible reactions by n.m.r. spectroscopy. 

The Grignard reagent of l-chloro-2-methylcyclopentane-2-2 H was 

prepared and its spectrum examined in tetrahydrofuran solution. In 

principle) this organometallic should exist as a mixture of two stereo­

isomers: one in which the magnesium atom is trans to the methyl group, 

and one in which it is cis. If inversion of configuration occurs in 

this Grignard reagent, an equilibriun will be established between the 

concentrations of the two isomers. These e~uilibrium concentrations 

should be temperature d.epe.'.ldenL.J i:;lm.:e the cis- and t:i:ans- isomers 

should be of different energy. 

If the isomeric composition of a sample of Grignard reagent 

is allowed to reach equilibrium at one temperature) and the temperature 
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is then changed, it should be possible to determine the rate at which 

equilibriulll is re-established by measuring the rate of' change of' the 

intensities of the spectra of the two stereoisomers. Measurement of 

this rate would constitute a direct determination of the rate of in-

version of configuration at the metal-be8:rine; carhnn 8tnm. 

This experiment clearly req~ires that three conditions be 

satisfied if it is to be successful. First; the cis- and trans­

isomers must give distinct signals. Second; there must be appreci­

able concentrations of both isomers in solution. Third, the isomers 

must be in equilibrium.. Unfortu...~ately; few data are available which 

might serve to guide the construction of a Grignard reagent fulfill­

ing these conditions. It is however encouraging that Sauers and 

Kwiatkowski (41) have examined the products from carbonation of 

2-norbornylmagnesium. bro~ide as a function of temperature; and have 

found that the ratio of exo- to endo- acids varied from 9:1 at -78° 

to 7:3 at +25° (42). These experiments may :nerely reflect a ciiffer­

ence in activation energy for endo and ~ carbonation; they may also 

reflect a temperature dependent equilibrium between endo- and exo­

r,orhornyl (i.ri gnard reagent. 

The proposed experiment seems practical; the particular 

GrignarQ reagent chosen did not yield the desired information. The 

a-proton resonance was broad but symmetrical; the methyl resonance 

was a single peak) somewhat broadened by spin-coupling with the deu­

terium, superimposeQ on several smaller peaks. The spectrum showed 

no change after heating or cooling. 
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The most probable ex:planation of the failure of this experi-

llienL 1::; l:.hat tLP.lJJ:e{.;lable concentration of only one of the two stereo­

isomers {:presumably the trans isomer) exists in a solution of this 

Grignard reagent. Probably 2-phenyl-2-methylcyclopentylmagnesium 

chloride) in which the energy difference between the cis- and trans­

isomers would be small) or even norbornyl Grignard reage::J.t would 

stand a better chance of success in an e.xpeTiment of this type. 
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CALCULAI'IONS 

The application of n.m.r. spectroscopy to the measurement of 

chemical rate processes in liquids is based on the s<;udy 01· resonance 

line shapes and positions. In most instances) spectra are obtained 

under conditions in which the region of interest in the spectrum is 

swept slowly (so-called slow-passage eomll.Ll.om:;) awl ouly such experi­

ments will be considered in this section. 

The simplest kinetic problem which can be treated by n.m.r. is 

that of measuring the rate at which protons exchange between two eq~ally 

populated sites of different chemical shift) under conditions in which 

spin-spin coupling between the protons is zero; the only simpler ex-

change problem_, that of' uncoupled prot.o:ns exrh1mgir,e; hF>t,wP.P.n sitP.s o:f 

the same chemical shiftJ is not interesting, because such e:cchange has 

no effect on the appearance of the spectrum. 

The general exchange behavior of this simple system is well 

known. Qualitatively, when the exchange rate is slow and the average 

life-time -r of a proton at one site is conseg_uently large compared with 

the difference in chemical shift o between the sites, the spectrum con­

sists of two sharp lines of equal intensity separated by o. When ex­

change is sufficiently rapid that 'r is small compared with o, only one 

line is observeQJ occurring midway between the two observed when 'r > o. 

When -r and o are of the same order of magnitude, the spectrum consists 

of two broadened lines, with separation less than o. 

General mathematical descriptions of the spectra in the region 

of intermediate ez:change rate have been devised by several workers (43). 
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The starting point for most of these calculations has been the Bloch 

equations J e.l ther iu thel.r orlg:l.Ho.l :lo.rm (44) ur lll l,he mud1f1ed form 

proposed by McCormell (45). 

These treatments have been extended in some cases to include 

exchange broadening of spin-spin multiplets} by considering _the observed 

spectrum to be the superposition of several independently exchanging 

doublets: each line in the spin multiplet is assigned an "effective 

chemical shif't 11 equal to the ~hemi Nl.1 shif't het.ween thp t-.wn s~ .. t.es in 

the absence of spin-spin coupling plus or minus the appropriate multi­

ple of the coupling constant. The corresponding Bloch equations are 

then solved independently for each of these doublets (44aJ 1f6). A 

treatment of this type has been applied successfully to the examina­

tion of proton exchange between :methyla.mmonium ion and water (46). 

Unfortunately such treatments are not easily extended to many 

of the cases of interest to organic chemists) in which the chemical 

shifts between exchanging protons may be or the same order of magni­

tude as the coupling constants between them. 

An alternative approach to the problem of exchange broadening 

has been suggested by Kaplan (47) and developed in detail by Alexander 

(48). Tb.is treatment is based on the equations of motion of the nuclear 

spin-density matrix for the spin system under consideration. Its appli­

cation to simple coupled systems is less complicated than trea~ments 

based on the Bloch equations. Moreover, if certain drastic approxi­

mations are made in the calculations) it is possible to obtain crude 

but useful information from more complicated systems. 
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Alexander's papers are unfortunately phrased in terms that 

are unfamiliar to the average organic chemist, and are presented in 

outline form unsuited for application to practical problems. There­

fore, it seems useful to recapitulate in less technical terminology 

some of the arguments used in Alexander• s treatment) and to provide 

the details of a simple illustrative calculation, before discussing 

the more complicated exchange dependence of the Grignard reagent 

spectra. It should be emphasized that the treatment discussed is 

basically unchanged from that presented in Alexander's paper. 

To make our discussion more concrete, specif'ic details of 

the calculations involved in this treatment of exchange broadening 

will be illustrated as they arise by explicit calculation for a 

simple AB type system. Extension to the more complicateQ Grignard 

reagent spectra will be examined separately. Before begi:aning these 

calculations, it will be necessary to introduce the concept of the 

"density matrix 11 p (49). 

The usual approach to the analysis of the n.m.r. spectr"..llll 

of a molecule in an applied magnetic field consists of two distinct 

parts. In the first part, the energies of the interactions between 

the individual ma&ietic moments of the nuclei in the molecule and 

their magnetic environments are calculated, and used to construct an 

energy-level Qiagram for the nuclear spin system of the molecule in 

the applied static field. In the second part, the probabilities of 

transitions between these energy levels due to a weak magnetic field 

rotating at a :frequency close to the Le.::cra.our :Preg_uency of the nuclei) 
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in a plane perpendicular to the main static field, are calculated and 

used to construct a theoretical spectrum. 

For protons, the two most important contributors to the mag-

netic field seen at the nucleus are the static external field (giving 

rise to field.-dependent chemical shi:rt-type j_nteractions) and local 

internal fields originating in the magnetic moments of the ether 

nuclei in the molecule (spin-spin interactions). In order to calcu-

lute the magnitude o~ the interaction of a system of nuclei with 

magnetic fields of these types it is necessary to know both the form 

of the appropriate Hamiltonian operator~) and the possible nuclear 

spin wave functions '¥ for the spin system being considered. We will n 

defer discussion of the Hamiltonian until the discussion of the den-

sity matrix has been completed. 

The nuclear spin wav:: functions Y describe completely the 
n 

behavior of the spin system under examination. These functions can 

be expanded in terms 01· a comp..Lete set o:t· time-independent ortho-

normal functions 

:J! 
n I c. ¢. 

j nJ J 

For the problem of an .AB spectrum the functions¢. will be the four 
J 

basic product functions 

¢1 "" cx(..L)cx(2) 

¢2 == cx(1)f3(2) 

¢3 f3 (1 )cx(2) 

¢4 13(1)!3(2) 

(ca) 

(2b) 

(2c) 

(2d) 
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Here, a(l)!3(2) indicates tbat I (1)) the component of spin angular z 

momentum of nucleus 1 along the di:cection of the applied field) is ~' 
1 

This choice of basis functions is of course not uniQue. = ....... 2· 

Any other set of f(Jur orthonormal functions which could be constructed 

from (g) would serve eq_ually well. F'or example, another possible set 

would be 

¢i :::: a(1)a(2) 

¢2 l/"\/2 (a(l)f3 (2 )+13 (1)a(2) r 
¢::, 1/-y'; (ct(l)f3 (2 )··f3 (l)ct(2)) 

¢4 13(1)13 (2) 

However, every possible basis set will not be eQually convenient for 

computational purposes, although the final spectrum calculated will 

be independent of the choice of basis set. 

(~) 

(2£) 

<zJ 
(3d) 

For a state of the spin system represented by the wave function 

1' , the value of some observable property of the system, for example 
n 

the magnetization < I + iI > in the plane pei:Pendicular to the applied x y 

field may 'be ·written 

* < I + iI > :::: < ~ l I + iI I ~ > 
x y n n rv:x. -Y n (~) 

where I and I are operators giving the component of the total spin .......x ,..,y 

* angular momentum along the x and y axes respectively, 1' is the com-
n 

plex conjugate of 1£"n,·and i ==~. The reason we choose here the 

particular operator I + iI for illustrative purposes is that ...... x ,....y 

< I + iI > is the property of the x y system actually observed 

in an n.m.r. experiment. The geometry of the sample with respect 
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to the applied fj_elds is ordfoarily defined so that the z direction 

lies along the static fiel6. H • 'I'he sample is irradiated with a radio­o 

frequency field Hi rotating in the x-y plane) and the magnetization 

induced in the sample in this plane is measured by receiver coils 

perpendicula:r to the tra.r1ollllttt:.r <.:ollo. The induced magnetization 

is written as < I + iI > rather than < I - iI > because the x y x y 

former corresponds to a magnetization in6.uced in the sample as a 

:result of' b. F ~ +l transitions (i.e. reoononce o.boorption of cr..crg;y z 

from the radio-frequency field) while the latter corresponds to 

emission inciuced by the field. 

Ex:panding the wave :functions '¥ in (~) in terms of' thP. hR.sis n 

set¢.) and calling I + iI the rrraising operator 11 I+ 
J "'x "'Y 

< r + iI > = < L c * . ¢~ J r + I I: cnk¢k > 
x y n j IlJ J "' k 

= (~) 

This description is adequate for one molecule. An n.m.r. sample) how-

ever) consists of a very large number of molecules) only some of which 

will be described by the wave function 'l.' , while others will be de-. n 

scribed by other wave functions '¥m)'¥
1
)··· . All of these functions 

can of course be expanded in terms of the basis set¢.) because the 
J 

1.J1;J,i:>ll::l i:>e L Wl;l,o <leflue<l l;l,i:l cum.ple Le. The V1;J,lue u:f Lhe rnagnetiza(;iu:n 

in the x-y plane which will actually be measured for a real sample 

will be the sum of the contributions from each of the individual 

molcculcc. If we aooign a otatiotical weight p to the molcculco 
n 
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which are described by the wave function ~ , the mean value of 
n 

< I + iI > over aJ-1 the molecules in the sanrpJ..e will be x y 

< I + iI > L p <I + iI > x y n x y n n 

LPn l: ;\(-

(¢;1!+ I ¢k) ::;:: cnkcnj 
n j,k 

L (¢;1f+l¢k) I: -* = p c c . 
j,k 

-.... n nk nJ n 

We now define two matrices. + The first, I , has as the element at 

the intersection of row j and column k the element 

+ *1 + I.k = (¢~ I 1¢k) J <.) ....., 

The second, which will be called the density patrix p,, has 

Therefore (§) can be w-.ci tten 

< I + iI > = x y 

L *· p c c . 
n nk n,J 

n 

where Tr (the trace) indicates the SlUll of the diagonal elements of 

+ the matrix (I p). 

To get an idea of the physical significance of the terms in 

the density matrix p, note that although p has been derived with 

reference to the specific operator I+, it is independent of this ,..., 

operator. In part:;.cu.lar, when the operator ;t is replaced by the 

(§) 

un.it operator ~' the diagonal elements P:k.k of p give the probability 



- 53 -

of' finding the enti::ce sample in state ¢k. T.b.e diagonal elements can 

therefore be considered a measure 01' the relative populaticn o:t· the 

corresponding basis functions (i.e.) of the 11 density11 with "Which each 

basis function ¢k is populated). It is less simple to assign physical 

meaning to the off-diagonal elements. As a crude (and possibly mis-

leading) approximation P:kl may be considered related to the number 

of molecules which are simultaneously in states ¢1 and ¢k; that is: 

t.o t.ht=> n11mht=>1" f"'R.:pR.hlp nf' imnF>re;nine; a t.ransit.ion between these two 

states. 

These arguments may be clearer if the basis functions are 

chosen to be eigenfunctions of the Hamiltonian. Tb.en the diagonal 

elements are the Boltzmann factors for each of the eigenfunctions) 

and as before, the off-diagonal elements are related to the possibil-

ity of transitions between the indicated states. 

To return to the practical problem of calculating an. .AB-type 

spectrum, we see that the preceding discussion enables the problem 

to be reduced to that of calculating the elements of I+ and of p, 

because the physical property measured by the spectrometer j_s equal to 

N < I + iI > where N is the number of molecules in the sample and x y 

~ Ix + iIY > is related to I+ and p by (2). Calculation of the ele­

ments of I+ is straightforward. For example (using the basis functions ,..,. 

(g) and taking a* a and !3 * !3) 

r11 = (a(1)a(2)l!TJa(1)a(2)) 

r!2 (a(1)a(2)l!+la(i)p(2)) 

etc. 

0 

l 
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and I+ can immediately be written 

0 1 1 0 

0 0 0 1 
-1-

I = 0 0 0 1 
(11) 

0 0 0 0 

Consequently 

0 1 1 0 Pn P12 Pis PJ.4 

0 0 0 1 P2J. P22 P2s P24 
T.r· 

0 0 0 1 Psi PS2 p33 p34 

0 0 0 0 P4J. p42 p43 p44 

P2i + Ps1 + P42 + P43 (12) 

The problem of calculating the spectrum is now defined as that of 

calculating the four elements of p given in (12). We now proceed 

to this task. Our approach will begin with the equation analogous 

to the Schr3dinger equation for the density matrix) first in the ab-

sence of exchange and relaxation phenomena. 1hen appropriate terms 

will be added to describe exchange and relaxation processes) and the 

resulting equation solved to yield expressions for the individual ma-

trix elements of (12). The expression finally obtained will be a line-

shape fu:.~ction for the general AB spectrum under conditions in which 

the A and B protons are exchanging with a rate constant comparable to 

their di1"1'erence in chemical shi!'t. 

II 
The nuclear spin wave functions ~ obey the Schrodinger equa­

n 

tion (13) in the absence of exchange and relaxation processes 

6. '¥ 
dt -inJC '¥ (~) 
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Here, ~ is the spin Hamiltonian determining the interaction of each 

nucleus with the applied fields and with the other nuclei. The cor-

responding equation for the density matrix can be shown to be (14) 

(48, ~-9) when 3C has uni ts of frequency, and frequencies are measurea. 

in radians/sec. 

~~ = i[ pJe - x P J 

To describe the effect of exchange and relaxation processes on the 

(1I1) 

density matrix, additional terms must be added to (11~). The form of 

these exchange and relaxation terms will be discussed berore consider-

ing the details of the Har::dltonian 3C appropriate to (14). 
~ ~ 

We will consider the form of the term describing exchange 

with reference to a specific AB-type Grignard reagent. For simplicity 

only the AB part of the spectrum will be considered. The complete ABX 

system will be treated later. 

We schematically represent the exchange of the protons of the 

methylene group a to the magnesium atom by the reaction I __.,. II. 

CH3 CHs 

"-cl 

I 

exchange ,.. 

Mg Cl 

II 

The exchange process interchanges the two methylene protons HA and ~· 

If we say that HA of I has spin a and ~ spin ~ before exchange, we 
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can write for the wave function of the .AB system before exchange 

Pb f = a(l)~(2) e ore 

where the indices 1 and 2 refer to the positions of the protons in 

the molecule . 

Mg Cl 

Tb.is labeling of protons by their position is the most satisfactory 

method in a problem of this type: because any other method would sug-

gest that nucleus A was somehow intrinsically different from nucleus B. 

The wave fu..~ction for the same two protons after exchange is 

v i't = a(2)6(l) a er 

The effect of the exchange on the spin wave function has thus been to 

interchange the indices of the two protons -which exchanged. Kaplan 

(5) has defined an operator P} which interchanges the indices in the 
"" 

spin wave functions of protons which interchange in the molecule. In 

the case of the functions (g) 

~(a(1)a(2)) = a(2)a(1) = a(1)a(2) 

£(a(l)~(2)) = a(2)~(l) = ~(l)a(2) 

£(~(1)a(2)) = ~(2)a(1) = a(1)~(2) 

~(~(1)~(2)) = ~(2)~(1) = ~(1)~(2) 

(17a) 

(l7b) 

(17c) 

(17d) 
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The operator £ takes ¢2 into ¢3 J ana ¢3 into ¢2 ) but does not c~ange 

To write P in tne form of a matrix) one follows a simple pro-

cedure: operate on each function d. with P. and express the resulting 
)l' J ,..,' 

wave function in terms of the original basis £unctions. 

~l. = 1¢1 + 0¢2 + 0¢3 + 0¢4 (18a) 

~¢2 = 0¢1 + 0¢2 + 1¢3 + 0¢4 (18b) 

~3 = 0¢1 + 1¢2 + 0¢s + 0¢4 (lt3c) 

~¢4 0¢1 + 0¢2 + o¢3 + 1¢·.4: (18d) 

The array of coefficients on the right-hand side of (l8) is the matrix 

of P. Here 

p = 

l 0 0 0 

0 0 l 0 

0 1 0 0 

0 0 0 l 

(l9) 

The operator £ describes the change in each of the basis func-

tions associated with the AB system on interchanging the two protons. 

The corresponding change in the density ::natrix 

-1 PAP = p' 

where p is the density matrix before exchange) p' is the corresponding 

density matrix after the exchange and P-l is the inverse of P (in other 

-l -1 ) words) PY = P -P = l . Here, p' is still defined with respect to the 

original basis set. We will :riot justify (20L but will merely point 

out that it is acalogous to the similarity transformations commonly 
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used in molecular orbital theory (50). The operation P repeated. twice 

returns the nuclei to their original positions. Hence 

pp 

which impliea 

1 

-1 p = p 

If -r is the lifetime cf a proton in each site (the 11pre-exchange 11 

lifetime), the change in p due to exchange is 

and 

(~f)exchange Parter exchange - l\efore exchange 
'r 

PpP-p ,,,,_.....__ 

For the .AB spectrum under consideration, using (19) 

PJ.J. Pis PJ.2 Pi4 

Psi Pss p32 p34 
PpP 

P2i P2s P22 P24 

P4i p43 p43 p44 

0 Pi.:;, - Piz Piz - Pi;:, 0 

c~f)exchange l Psi - P2i Pss - P22 p32 - P23 Ps4 -
= -

'r P2J. - Psi P2s - p32 P22 - Pss P24 -
0 p43 - P42 P42 - p43 0 

P24 

Ps4 

Our treatment of the corresponding term for the change in p 

(23) 

(24) 

(25) 

due to relaxation will be very approximate. Previous discussion has 

suggested that the diagonal terms of' p are related to the Boltzmann 

factors of the corresponding energy levels. Tb.e spin-lattice relaxation 
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time l/T2 can be regarded as the rate constant for the restoration of 

thermal eq_uilibrium among the populations of the energy levels follow-

ing a perturbation. 

Correspondingly, the spin-spin relaxation time l/T2 is approxi-

mately the r·ate constant for the process restoring the normal induced 

magnetization in the x-y plane, after a perturbation. Tb.is normal 

value is of course zero. We have .seen previously that the magnituae 

of the induced Ill£1gnetization is determined by the o~f-diagonal clements 

of p. We therefore write 

(dp) 1 ( ) + _l_ ( ) 
dt relaxation = T1 Po - P D T2 -p OD 

where the subscripts D and OD refer to diagonal and off-diagonal ele-

ments, respectively, and p0 is the value of p at thermal equilibrium. 

Equation (26) applied to an .AB system (or any other involving 

four basis functions) is 

l/T:i. ( Po-P) u -P12/T2 -Pis/T2 -p;i.4/T2 

(~~)relaxation 
-Pa1/T2 l/Ti (Po:-P)22 -Pas/T2 -·P2.4/T2 

-Ps1/T2 -p32/T2 l/Ti ( Po ... P)ss -p34/T2 

-P41/T2 -P42/T2 -p43/T2 l/Ti ( Po-p)44 

AQQition of (25) and (27) to (14) gives an e~uation (46) de-

scribing the motion of the density matrix under the influence of ex-

change and relaxation processes. 

dp - «lp) + (dp) + i[p;JC - 'JC p] (46) 
dt - dt exchange dt relaxation 
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In order to complete evaluation of (14)) the form of the 

Hamiltonian must be known. We will use the Hamiltonian ordinarily 

employed in analysis of high resolution :n.m.r. spectra) with an 

added term to take into account t.he e1·f'ect of· the rotating radio-

frequency field. The nomenclature used will conform with that 

used in a recent text (51L except that all frequencies will have 

the units radians/sec. 

In the stationary laboratory coordinate frame 

where 

gives the interaction o:f the nuclear magnetic moments with the ap-

plied external field H directed along the z axis of the coordinate 
0 . 

system. Here, u (1) is Lhe r:;hlelcU.ug cumsLti.IllJ .rv.r .uu.1.;leu.;:;; l) <:tud f 

is the gyromagnetic ratio; 

J(,(l) 

describes the spin-spin interaction between the nuclei (J .. is the 
1J 

spin coupling constant between nuclei i and j) and determines the 

interaction between the nuclear magnetic moments and a magnetic 

f'ielrl wit.h A.mpl:it110P. H
1 

:rot.<1.ting R.t t':rP.q_uency min the x-y plane. 

In the usual technique of spin-spin analysis) :Je(t) is 

neglec~ed and JC(O) + Jt.,(l) alone are used to construct an energy 

(28) 

(29) 

(2Q) 

(.,2!) 
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level diagram for the molecule being considered; here we want to in­

clude the driving term JC(ll\xplicitly. Rather than work in the sta­

tionary coordinate frame, in which J-C(t) has a complex time dependence, 

it is convenient to transform these equations into a coordinate system 

rotating at the frequency (J.) of the H1 fiel<i. It can be shown (52) 

that under these conditicns the field H (1-cr(i)) is replaced oy an 
0 

11effective 11 field H er 

H = H (1--cr(i)) - (J.)/y er o 

In the rotating frame, :JC(O) and JC(t) ca.'1. be written 

Lr (i)[ yH (1-cr(i)) - (J.)] 
i z 0 " 

2:: yH1 Ix (i) 
1 

(:25) 

JC(l) is unchanged by the change in coordinates. The details of these 

transror:rnations wil.J. not concern us here. It is however usef'ul. to 

point out that the physical significance of the change of coordinates 

is simply to eliminate the time dependence cf H1 : in the rotating 

frame H
1 

appears as a stationary vector directed the x axis. 

In the laboratory frame,, the nucleus precesses about the ax:'..s of 

the field H (1-cr(i)) with an angular frequency called the I.armor 
0 

frequency 

-()) = yH (1-cr(i)) 
0 0 

In the rotating frame,, the nucleus has a ~recession frequency equal 

to the difference between the La.rm.or frequency and the rotation 

frequency of the coordinate system. 
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Using the Hamiltonians (30) and (;Q)) the matrix elements of' 

J{, (o) + JC(l) can easily be evaluated for the AB problem. The terms 

3C(o) + Je(l) and JC(t) are evaluated separately for convenience. For 

example 

Similarly 

We define 

)'H 

: 2° (2-cr(l) - cr(2)) - ru + ~ 

UfC (o) + JC(l) ] 
33 

= /':o (o-(2) - cr(l)) - * (36c) 

[JC(o) + JC(l)J
44 

= - '.Y:o (2-cr(l) - cr(2)) + ru - ~ (36d) 

(;JC (o) + JC(1) ]23 [JC (o) + :JC(l)] 32 = ~ 

o = )'H (cr(l) - cr(2)) 
0 

/H 
6 = w - ~ (2-cr(l) - cr(2)) 

2 (2]E) 

Equation (37b) has the effect of shifting the zero of frequency to a 

point midway between the resonance frequencies of H(l) and H(2). 

Hence 

-6 + J/l~ 

6 - J/4 

J/2 

J/2 

-o - J/4 
D. - J/4 



- 63 -

and the matrix [p(;JC(O) +;JC(l))- (JC(o) +;JC(l))p] follows immediately. 

This last matrix is quite lengthy, and will not be w.citten in detail, 

(47)) that 

only four of its elements (the 21, 31, lr2 and 43 elements) are per-

tine::::i.t to the problem. These elem.en ts are in (d,2); here 

[ P;JC(O) + JC(l)] .. means tbe element in row i and colum.vi j of the matrix 
JJ 

[p(JC(o) + JC(l)) - (JC(o) + :JC(l))P']. 

[p,JC(o) +JC(1)321 0 J J 
(- .6 .... 2 + 2)p21 + (- 2)P31 

[ P;JC (0) + JC (1) ]31 = (- .6 + ~ + ~) P31 + (- ~) P21 

To evaluate the elements of the commutator of p with JC(t) 

[ pJC(t) - JC(t) p] we f'ollow an approximation :procedure outlined by 

Alexander. The matrix of JC(t) is easily evaluated for the basis 

functions (g). For example, since I (a) ....,x ~/2 and I (~) = a/2 ...... x 

(a(l)a(a)l~x(l) T ~x(2)la(i)a(2)) = o 

(a(i)a(2)j:SC(l) + !x(2)la(l)~(2)) = ~ 

etc. 

0 1 1 0 

JC(t) = yH LI (i) = I!!i. 
1 0 0 1 

l . x 2 1 0 0 1 
1 

0 l l 0 

(39a) 

(d2E) 

(22£) 
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Alexander makes the reasonable approximation that JC(t)has a negligible 

er.rec.:L un Lhe diagonal terms of' PJ and that the diagonal terms 01· p are 

much larger than its off-diagonal terms. This approximation is legiti-

mate because the radio-frequency field is very weak compared w~th ~he 

static £iela. Then, since the diagonal termc arc the Boltzmann factors 

for the corresponding energy levels (see the discussion following (2)) 

L exp(-t1/kT(¢kl JC(o) + JC(l)l¢k)) 
j 

Expanciing (41) to first Ord.er in the small number (-h/kT(JC(o) + x<1) ) ) 

and calling the denominator N 

Nr:n l-1'i/kT(1c.< 0 > + x< 1
)) 

The ctep from (1120.) to (l12b) io juotif'icd because the contribution of' 

the shielding :parameters u(i) and the coupling constants to the total 

energy is small compared with the energy of orienting the protons with 

or against the static field H • To these approximationsJ p for the AB 
0 

case will be 

1-ti/H /kT 0 
0 

,.., 1 1 

P - N 1 (43) 

0 l+ti;H /kT 
0 

and taking the commutator of (43) with (4oc) 



where 

c 
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0 -l -l 0 

l 

l 

0 

2N.kT 

0 

0 

l 

0 -l 

0 -l 

l 0 

Alexander (48) has shown that in general 

< ¢kJYHi(P L Ix(i) - L Ix(i)p)j¢j > 
i i 

-i 

(44a) 

(!±2_) 

when ¢k and ¢j differ in their value of Fz by± lJ respectively) and 

is zero otherwise. 

Before :proceedingJ let us briefly review what has been ac-

com:plisheu so far. The observed n.m.r. signal for an AB spectrum has 

been related to four elements of the spin density matrix by (12). 

II 
I'b.e Schrodinger equation describing the behavior of the entire density 

matrix in the absence of exchange and relaxation effects has oeen 

evaluated in terms of a specific high-resolution HamiltonianJ and two 

terms have been added describing the effect of exchange and relaxation. 

dp (Q_p) + (dp) + i[ p:JC- J(' p] 
dt = dt exchange dt relaxation 

(46) 
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We now wish to obtain explicit expressions for the four matrix 

elements of (46) (i.e. P21, p31, p42 and p43 ) pertinent to the problem, 

in terms of J, o, t:.. and -r. To do so, we .make the assu.r:11ption that the 

spectrum. is being observed under conditions of slaw passage. In other 

words, the spect:"Ulll. is being swept so slowly that the rate of change 

of the signal amplitude with time is very small. Under these condi-

tions we can set (46) egual to zero. The resulting matrix equation 

can equalJ.y well be written aB l6 linear algebraic equationB (each 

equation being the sum of the ij th element f'rom each of the matrices). 

If we select from these equations the ones which contain any of the 

four elements of p which are of interest, we obtain fcur simultaneous 

equations. 

dP21 Psi-P21 - P2J. + 5 J 
+ i(- ~)Psi + iC (47a) i (- t:.. - 2 + 2)P2i 0 dt 1: T2. 

dp3J, P21-Ps1 _ Psi + i (- t:.. + ~ + ~) Ps;i. + i (- ~) P2 + iC 0 (47b) --= dt 1: T2 

dp42 = P43-P42 P42 0 J J 
Cit 1: - Ta - i ( t:..- 2 + 2)P42 + i(2)p43 + iC 0 (l+7c) 

dp43 - P42-P4s p43 i ( 6 + ~ + ~)P4s + i(~)P42 + iC 0 (~) Cit - 1' - T2 -

These may conveniently be solved by Cramer 1 s rule. For example 



- 67 -

iC 
1 i J - - 2 1 

1 .l b J 
- lC [- - - ·r2 i (6 - - - -) ] 

1 2 2 
P2i 

1 1 D J 1 J 
[- - - - - i (.t- + - - -) ] i-

'f T2 2 2 'T 2 

1 J l l (.t, - u ~)] i - [- - -
T2 

i 2 '[ 2 1 2 

[-
l l 6 J 

i (.6. + - - -) ] iC 
'T T2 2 2 

l J iC i - -
1 2 

Psi= 

[.,. 1 1 5 J 1 J 
i (.6 + - - - ) ] - - i 2 1 T2 2 2 'T 

1 J [-
1 1 5 J 

i -
T2 

i (6 - - - -)] 
1 2 1 2 2 

The corresponding equations for p43 and p42 are the same as those for 

P2i and Psi respectively, except that the sign of J is changed. 

'I'o simplify the calculations) we make the assumption at this 

point. that l/T2 = O; in at.her words, the assumption that the natural 

line widths are small when exchange is very fast or very slow. 

The equations (48) are expanded and added and tbe numerator 

and der.ominator in each of the resulting expressions m.J.ltiplied by 

the complex conjugate of its denominator, in order to put the expression 

into a form with a pure real denominator. 

P21 + Psi 
c 

P42 + P43 
c 

2 .t,3 -

= 
.t,4 -

~ /',.3 + 

4 2 ( 2 5
2 

8) Jt:J. +.t- 2J --+-2 ,2 

4 52 
2 J .t,3 + .t,2 (- - - + J2) 

12 2 
2 8 

4JA2 +b (2.T2 - ~ + -) 2 ,2 

+ Jif . (if) -- + l 2 'T 

(49a) 
2 J 54 

+bo 2+lb 
Ja2 (52) - -- + i 2 'f 
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The sum of (49a) and (49b) defines the line-shape function for 

an AB spectrum. (with the natural line width l/'11
2 + l/Ti set equal to 

zero) because Elquation (12) indicates that at each frequency 6 in the 

spectrum the intensity of the signal is proportional to this sum (the 

constant of proportionality is of cou.rse C). 

Before using this equation to calculate a representative 

AB-type spectrum, it is useful to examine the simpler case which re-

sults when J is set equal to zero, i.e., the case of two uncoupled 

protons exchanging between sites of different chemical shift. In 

this example, the imaginary part of the sum cf (49a) and (lt9b) (the 

describing the absorption signal) will "be 

2f:l2 

P2J. + Psi + P42 + P4s = 'r 

c A4 A2 ( 4 cg ) 04 
u + Lr 'L.2 - 2 + I6 

From (50) we can conveniently calculate the positions of the 

(50) 

maxima by setting the derivative of the absorption signal with respect 

to frequency equal to zero 

Vlb.ich has roots 

/:;;, = o, /:;;, = + ]:_..,[ ~62 - 8 - 2·iY 

The non-zero roots of (52) correspond to peak maxima in .the 

coa.lcccc (at -.2-('P = 8). 'l'hc dif'f'crcncc between the cc rootc givec 

(52) 
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the experimentally observed separation b. between the peaks as a 
e 

fu.nc·Uon of T 

This equation is identical with that obtained by Gutowsky 

and Holm (44c) starting from the BJ och equations, when accollnt :is 

taken of the difference in the definition of T in the two treatments 

(Gutowsky 1 s T is one-half that in (~)). Note that the wlits of 5 

in these equations are radians/sec. To apply (n) to measurements 

in Wlits of' cps., it must be written 

(54) 

where v equals the observed separation in cps., and v is the differ­
e 

ence in chemical shift between the two kinds of proton in the extreme 

of slow exchange. 

Two examples of the dependence of the appearance of an AB 

spectrum on the rate of interchange between the A and B protons are 

shown in Figures 13 and 14. 'I'he forfiler is a plot of (50) when J = 5 = 

2 rad./sec. To calculate the points for this curve, a value was ob-

tained for the imaginary part of (49a) 

l 
T 

4 52 52J 04 
b.4 - 2J d3 + ff ( -r2 - 2 + J2) + l;,. 2 + 16 

1 
T 
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Fig. 13. Calaulated line-shapes for an AB $pectrum with J = 5 a 

2 ro.d./occ., :for dii'£(i)re:r.:rt vo.luiiltil oi' the 
lifetime 'T. 
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F lg. l4. Calculated line-sluii.pes for ~n AR srpectrum :with J "' 1.18 cp:t;. 

and 5 = 9.85 cps., as a funotion of' the pre-exchange life­

time 1. The seuaration between the out<l!r lines of the slow 

exchange spectrU.m is 11.2 cps. 
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for values of L. sepa:cated by 0.1 rad./sec., from L. = 3.0 to L. = -1.0) 

and the spectrum was then obtained by adding the curve so 

n·htRinr->d tn 'it:s mi·r!'or imHge Hrrnmd the :point /\.. 0. (The f'actm .. 

cFC in the denominator of (55) is a scaling factor, and is important 

only when intensities from different calculations are to be compare6..) 

·:rllis operation is legitimate because the value P2i + Psi at each 

poh1t L. is easily seen to be identical with that of' P'.24 + p34 at -L.. 

The values of J arld o chosen are not typical of most organic 

compounds. However, the same spectra will be obtained for values of 

J and c larger than 2 by some factor, and for the 

uf L lilVlUt::ll uy the i.:H::IJlit:: i'cH.:tu.r·. Fu.!.' t::Xi:Wll...fJlt::, ll' tl.J.t:: V<::ill.l\::6 AN = ij,f:,.) 

JN = aJ) oN = ao and TN = ~ are substituted into (55aL one obtains 

P2i + Psi 

Ctr /a2 

N 

which will clearly have the same shape as (55a). 

To use (55a) fo:c measurements in units of cps., it is rewritten 

1 
1' 

Figure 14 shows spectra plotted for several values of 1' •lSing (57) when 

J = 1.18 cps., and o = 9.85 cps. (The reasons for choosing these 

values is that they a:ce important in calculating the corresponding 

spectra i'or bis-(3,3-dimethylbutyl)-m.agnesiwn). 
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'I'he contrast between the response to a change in exchange 

rate for these two types of AB spectra is instructive. In Figure 13 

J/5 is relatively large. The low intensity outer lines broaden and 

for all practical p~rposes disappear before any major change occurs 

in Lhe t:iLrung i.;euLnil lluet:i. I.fl Flgu..L·i:; l4) J/'0 l::; n:!ltiLlvel.y t::i.!.Ll<:il.l. 

Here) the two A components broaden and collapse before either shows 

an appreciable shift toward the B lines. Qualitatively it seems 

clear from (5za) that the lines of an .AB spect:l'.'l.un which will show 

the effect of exchange most strikingly will be those with law in­

tensities. 

Tb.e ·ourpose behind the derivation of (.!±2) is to develop a 

:method of o"btaining activation parameters from the temperature de­

pendence of' complicated coupled spin systems. The most practical 

method of obtaining such information from (49) is presently unclear. 

It would be possible to differentiate the summed expression for 

(P2i + Psi + P42 + p43) in a manner analogous to that used to a·btain 

(52). The derivative obtained would be expected to be a seventh­

degree equation) with its seven roots corresponding to the maxima 

and minima in the .AB spectrum. Such an equation has not been obtained, 

because it would be impractically complicated for hand calculation. 

An alternative procedure would be to calculate the spectrum 

expected for different values of 'T using the values of' J and 5 ob­

tained from the slow-exchange spectrum) and compare these with the 

observed spect:ra. This procedure would also be quite tedious for 

hand calculation. Either method sho~ld, nowever, be readily amenable 

to machine calculation. 



With this introduction to Alexander's procedure, we now turn 

to analogous calculations for the system of practical interest in 

this work: the AA'XX' spectrum of the 3J3-dimethylbutylmagnesium 

compounds. These calculations are very similar to those we have J,1st 

completed and yield closely analogous results. 

The schematic spectrum and energy-level diagram for the AA'XX' 

spectrur:i. is given in Figure 15. (The actual values of the correspond-

ing energy levels f'or bis-(3, 3-dimethylbutyl)-magne::;iuiu obtained by 

machine computation are given in the experimental section.) The 

symmetric and antisymmetric sets are separated for clarity. Tra1'.lSi-

tions for the A protons are numbered to correspond to the schematic 

spectrum below. 

'I'he exchange process which determines the appearance of the 

spectrum of these organometallics is an interchange of the two a 

protons. The effect of this is to average the two vicinal 

coupling constants J and J' (53). In the slow-exchange limit, 

1 J + J' will be different from zero (in the particu.lar case of 

bis-(3,3-dirnethylbutyl)-magnesium in diethyl ether solution at room 

temperature L = 9.8 cps.); in the limit L will be ze.ro. 

Examination of the energies of an .AA'XX' spectrum reveals that only 

I 4 I I I the )s , s , la and 2a levels depend on 1. 
0 0 0 0 

These are given in Table VI. 
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symmetric set 
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4s6 

6 7 

la1 
2a1 

' lao 

' 2ao 

lei-J. 

antisymmetric set 

12 11 8 

Fig. 15. Schematic energy-level diagram and transition assigr:unents 
for bis-(3,3-dimethylbutyl)-magnesium. 

9 

12 
2a 

-1 
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Table VI 

Selecteci Stationary-State Wave Functions and Energies 

of an AA 1XX 1 System 

State Energ;;;z 

I 1 1 (K2 12)1/2 3so --K-- + 2 2 

4sb 
l +~ (K2 12 )l/2 --K + 2 2 

lab -~K+~ (M2 + 12)1/2 
2 2 

I 1 1 (M2 12)1/2 2a0 --K-- + 2 2 

Here, 

1 J - J' 

N = J + J' 

Rapid exchange wculd therefore be predicted to average transi-

tions between symmetric states with F = 1 and the 3s6 and 4s6 z 

states, and correspondingly between antisymmetric states with 

and the lab.and 2a6 states. 

F 
z 

Our approach to this problem will be to treat the symmetric 

and antisymmetric quartets separately, and sum then to obtain the 

total spectrum due to the 5, 10, 9, 6, 7, 12, 11 and 8 transitions. 

Since the 1,2 and 3,l+ transitions are not appreciably affected by the 

exchange process, we will not deal with them explicitly. 

We choose as the basis set for the quartet of antisymmetric 

l 

transi ticns the correctly antisymmetrize6. combinatio!ls of basic prod-

uct functions (58). The 1 and 2 protons are the protons which exchange. 
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¢1 = ~0:(1)0:(2)(0:(3)13(4) - 13(3)0:(4)) 2a1 (58a) 

¢0 = ~(0:(1)13(2) + 13(1)0:(2)) (0:(3)13(4) - 13(3)0:(4)) 
'- 2 

2a0 - (58b) 

¢
3 

= ~(a(l)f3(2) f3(l)a(2)) (a(3)f3(l1-) -- f3(3)a:(l1)) 2a0 (58c) 

¢4 = ~13(1)13(2)(0:(3)13(4) - 13(3)0:(4)) 2a (580.) 
-1 

The first problem is to determine which elements of p determine 

the shape of this portion of the spectrum. The matrix of I+ is deter-

mined as before (10) (11); i.e. ) 

and 

c ~ ooccxe - !3CX)I !+I~ ccxe + !3CX) Ca+3 - (30:)) = ~ 

(~ oo(CY!3 - ea)I ~+I~ (cxe - t30'.) (cxe + ea)) = o 

etc. 

0 
l 

0 0 
-v2 1 

l+ 
0 0 0 ;f2 
0 0 0 0 

0 0 0 0 

Therefore, the equation analogous to (12) is 

Tb.is equation indicates that P2i and p42 are sufficient to 

describe the entire spectrum. The spectrum of the antisymmetric 

(60) 

quartet will be described by the two elements of pin (60). To de-

rive expressions for these terms, we must again obtain expressions 
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for the exchange matrix PpP and the commutator of p with the Ha.mil-

tonian [pJC - X p]. 

The operator ~ exchanges the two nuclei in the 1 and 2 posi­

tions. Operating with P on each of the basis functions (58) in 

turn we obtain 

N 

~¢2 = 0¢1 + 1¢2 + o¢s + 0¢4 

~¢s :: 0¢1 + 0¢2 - 1¢s + 0¢4 

IlJ4 0¢1 + 0¢2 + o¢s + 1¢4 

The matrix of P analogous to (19) is therefore 

1 0 

1 

-1 

0 1 

and the counterpart of (24) 

P1l. P12 - P1s Pi4 

P2i P22 - P2s P24 

- Psi - P32 Pss - Ps4 

P41 P42 - P4s P44 

0 0 -2P1s 

PpP-p l - 0 0 -2P2s 

0 

0 
'r '! 

-2Ps1 -2Ps2 0 -2p34 

0 0 -2p43 0 

(6la) 

(6lb) 

(6lc) 

(6ld) 

(63b) 
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The equation (27) describing the relaxatio~ processes would 

be identical for this problem and the AB problem. We will neglect 

it altogether in this problem: that is; we assume that the natural 

linewidth in the absence of exchange is zero. 

We use the same Hamiltonian (cquationo (28), (.2.2,); (.22) 

(~)) for this problem as for the AB problem. However by noting 

the Hamiltonian JC(o) + X(l) (i.e. (30) plus (,22)) has exactly the 

and 

that 

same 

f'orm. as that used by PopJ_e) Schneider ann Bernst.ein (54) w:i.th the 

addition of a term L -I'.<: (i)ro, we may save considerable effort by 

i 

using their matrix elements for the AA 1XX 1 system. (The difference 

in the units of the two Hamiltonians, cps. versus radians/sec., 

should be kept in mind.) Tb.us, the matrix elements of (..2Q.) and (.22_) 

for an F = 0 state will be identical with those of Pople (54); the 
z 

diagonal matrix elements for F = + 1 states will be the correspond­
z -

ing elements of Pople's with a term+ ro added; F = + 2 states would z -

have + 2 ro added etc. We can then write analogously to (.2.§.L 

v - ~ K + 2. M-ill 
A '+ 2 

which contain Pzi or Pz4 (60). These are e;ivt=m hel nw: (here; we have de-

fined!:::,. = vA - ro and the notation is the same as in (29)). 
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[p)JC(o) +JC;(l)] P2i(b) +Psi (-21) (65a) 
2J. 

[p)3{;(o) +JC (l)] Psi(b+iYI) + P2J. <-21 ) (65b) 
31 

[p)JC(o) + 3C(l)] p42(.6) + P4s (- _2T') (6'.:>c) 
42 

[p,JC(o) + JC(l)] P4s(b-M) + P42 (- -21 ) (65d) 
43 

The elements of [pJC(t) - Jt(t) p] are obtained from (~5) to yield an 

e~uation analogous to (44a) 

0 -1 0 0 

[ pJC (t) _ JC(t) p] c 0 0 0 -1 
=-

0 0 0 0 
(66) 

i2 
0 0 0 0 

Inserting (66)) (65) anQ (63) into (46) and again making the assumption 

that the experilnent is being carried out under slow-passage conditions) 

we obtain as before four linear algebraic equations in P2•/ p3 i; p42 

and p43 

d~i = iP2i (b) + iPs1 (~) + ~ = 0 

dPsi 2PsJ. ( ) (L) 
~ = - --;:-- + iPs1 .6+M + iP2i 2 0 

iP42(b )+ ip43 (- ~) + ~ = 0 (§]£) 

dp43 2P4s . L 
"(lt = - -

1
- + :i.p43(b.-M) + P4E: (- 2) = 0 

We need solve these only for P21 and P42 
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-iC/ i(2" i L/2 
0 

0 - ::::. + i(A +M) 
T 

P2J. 
iA i L/2 

i L/2 
2 

i(A+M) - - + 
'r 

-1c/1{2 -i L/2 

0 - g + i(A-M) 
'T 

P42 := 

iA -i L/2 

-i L/2 
2 

i(A-M) - - + 
'r 

These equations are expanded in the same manner as the correspondiLg 

equations (48) to yield 

-(2' P21 

c 

-{2 P42 

c 

-2A3 
- 4~ +A {~ - 2M2 - ~) + ~ + i (~) 

b.4 + 2Mb.s + b.2(J!F _ ~
2 

+ ~) + A (- L:M) + ~ 

-2b.s + 4M.62 + b. (L2 - 2W - 82) - lfM + i (L2) 
2 T 2 'r 

The sum. of these two equations is the line-shape function for 

the asymmetric quartet of an AA'YJC' spectrum.) under the assumption 

that the natural line width of the lines in the absence of exchange is 

zero. The parallel between these equations and those derived previously 

(49) for an AB-type spectrum is very close. If one makes the substitu­

tions L = oJ M = J and b. = - b. in (69)J the equations obtained are iden­

tical with (49) (the substitutio::.i b. = - b. reflects the fact that the di-

rection of increasing Awas defined differently in the derivation of 

(49) and (.£2)). 
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The imaginary part of' (69) describes the absorption signal 

:from the asymmetric quartet (lines lO) <); l.2 and ll.). 'l'he spectrum 

of the symmetric quartet (lines 5; 6; 7 and. 8) cail l1e obtaL1ed by a 

precisely analogous procedure. If one uses the basis set 

¢i == 0:(1)0:(2) ~ [a(3)f3(4) + f3(3)a(4)J 

¢2 = ~ [a(l)f3(a) + 13(1)0:(2)] [a(3)f3(4) + f3(3)a(4)] 

¢3 = ~ [a(l)f.3(2) - 13(l)a(2)] [a(3)13(l+) - 13(3)a(4)] 

¢4 == f3(l)f3(2) -%- [a(3)f3(4) + f3(3)a(4) J 

where the l and 2 protons are geminal to the magnesium atom; and the 

matrix elements of :Je(O) + :JC(l) given in Pople (54), one obtains a 

sequence of equations identical with those obtained in the derivation 

of (69); except that K is substituted for M in each equation. The 

calculations will not be given in detail; the final line-shape equa-

tions are (71). 

::: ~~-~--~---~~~-~~--~~ 

1f2 P42 ---== c 

6 4 + 2K 6a + 6 2 (K2 
- r: + ,~J2 ) + 6 (-r.:K) + ~ 

-2 6 
3 + 4K 6 

2 + 6 (~ - 2K2 - ~) - ~ + i (~) 

64- 2KD.s+ 62 (K2. - L2 + ~) + 6 (L2K) + ~14 
2 T2 2 .LO 

'11he line-shape function for the combined 5, 10; 9) 6: 7, 12) , 

11 and 8 transitions of the A part of the M 1 J::X. 1 spectrum is given by 
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the superposition of (69) and (.TI:.). ~:his f'l:mction has been evaluated 

for several values of 1; the resulting spectra are shown in Figure 16. 

'I'hese spectra were obtained by (§2) and. (TI:) for 

each value of T) and superimposing the two resulting quartets. 'llie 

weak 5 and () transitions were not includeci in the calculations. The 

actual functions evaluated in making these plots (i.e. (69) and (LI:) 

with the constants evaluated)are for (69). 

l -M T 
P21 a ------------------------------------------------------~ 

f\4 + ? _3r; A 3 - 47 .1? A 2 - 57 .?4 A+ 58R.31 + A 2/9_87 T
2 

and f' o::c ( 71) 

l 
K T 

P"<:::!.L a 
6 4 + 61.56 d 3 + 898.90 62 - 1493.14 A+ 588.31 + 6 2/9.87 -r2 

The total of absorption at each frequency 6 is proportional 

to P.::~(A) + P2~(-6) + p2~(A) + p2~ (-6) where P2~(A) is the magnitude 

of' P.2~ s.t A, anci ~ (-6) is the corresponding value at -h.. 

The assumption was m.ad.e in these calcul.ations that the spectrum 

of the 6 and 7 transitions would not change for values of 'r greater 

than 0.0397 sec. The actual shapes calculated for these transitions 

for large 1:' a:ce not appreciably shifted from their positions at T = 

0.0397 sec.; they are however much narrower. 'I1he line width actually 

calculated f:rom (69) and (71) is of' course misleading, because of the 

r-Hrnrnnpti ans 

ing the line-shape at the chosen value of T is simply to approximate, 

in the fashion, the actually 

observed. 



84 -
r •0.004uc. T •0.1 sec. 

l 
~ 

T•O.OIHc. T •0.2!htc. 

T •0.04 sec. T •0.7t•c. 

Fig. 16. Oalculated line-shapefi3 f'or the six central lines of the 
AA'XX' sp~ntr11m of' the 3>3-dimethyloutylma.gneraium. com­
pounds.) at diff€rent values of the pre-exchange life~ 
time -r. 
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Qualitatively; one feature of the spectra calculated by this 

method is of particular interest: the antisymmetric transitions 

broaden and coalesce appreciably before the twc s:ylllllletric transitions. 

This difference in sensitivity to the rate of exchange is clearly evi­

dent in the experimental spectra: the two center lines of the sym­

metric quartet coalesce at an appreciably higher temperature than do 

the transitions belonging to the antis;ylllllletric quartet. 

'l'his di1'f'erence in response to temperature provides anotlier 

confirmation that exchange rather than change in conformational 

populations is reponsible for the observed sim:plification of the 

spectra at tcmpcro.turco. Figure 17 reproduces the spectra that 

would have been expected on the basis of major in conformational 

populations. I'hese spectra were calculated on the assunrption that a de­

crease in the larger vicinal coupling constant, due to a change in con­

formational populations) would be accompanied by an equal increase in 

the smaller vicinal coupling constant. 'I'his assumption is p1·obably 

.aot strictly valid, but is sufficiently accurate for our qualitative 

purposes. 

As the value of L is decreased in these spectra) the corres­

ponding decrease in the separation between the 6 and 7 transitions is 

approximately proportional to the decrease in the separation between 

the 9;10 and 11,12 transitions: in other words, corresponding separa­

tions between transitions within the symmetric and antisymmetric 

quartets would be equally responsive to changes in conformer popula­

tions. This conclusion seems particularly reasonable if (following 

comparison of (69) and (1!:) with (49)) the transitions under discus-



- 86 -

(f) 

(d) 

; ' 

Fig. 17. Calculated spectr1i1 for an M'XX. 1 sp~atrum as a i'unotion of 

the difference between the vicinal constant@ J tiind 

J
1 (in cps .. ):. {a) J - J' = .9· .8.5; (b} J -. J

1 
.-: 7.85; (aL 

J - J' ;;;; 5,85; .{d) J,... JI ;;;; 3.85; {e) J - JI "" l.85J {f 
J - J 1 = o.oo. For all spectra, JA = ~15.98, JB = -14. 
@.nd J + J 1 ~ 18.17. 

(c) 

(b) 
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sion are considered as the superposition of' two AB quartets) each 

having an effective chemical shift of L. As L is the 

in the two quartets would be expected to be roughly parallel. 

Moreover) the spectra of ]'igure 17 indicate that no line­

broad.ening effects would be expected) were changes in con1'ormations 

responsible for the simplification of the spec-era. For example) 

the separation between the 9 and 10 transitions remains clearly 

vl:;:;l"ul~ w1tll tht;;se line;:; merge with the 6J 7' tra:usitiorw ir::i the 

calculated By contrast, the separation between the 9 and 

10 transitions in the observed s:pectra is lost in the broadening of 

these lit1es appreciably before the lines collapse. This behavio:r 

is in agreement with the spectra calculated on the basis of (69) and 

tuJ. 
Qualitatively the spectra calculated from Alexander 1 s treat-

ment of broadening conf'irm that exchange rather than popula-

tion change is primarily responsible f'or the simplification of' the 

spectra at high temperatures. The problem of 

quantitative values for the activation parameters f'or the exchange 

prci;:ei:H:i is not oo otro.ightf'o:cwo.rd. 

'Ihe procedure adopted here was an approximate oneJ :primarily 

because the quality of the is generally not such that de-

tailed comparison of calculated and observed spectra would be profit-

able. The 9 arid 10, arni 11 and 12 transitions were each 

considered as one line (i.e., M was considered to be small compared 

with L) and (69) was treated as outlined earlier fo1' an A::l. spectrum 

with J = 0 (equations (50) - (2!,)) to yield an approximate formula 
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to the 

v 'between the 9,10 and 11,12 tran­
e 

lifetinl.e T 

where v
8 

and 1 are in cps. units. Activation parameters f'or the ex­

change process are obtained from the temperature dependence of l/T by 

the familiar treatment based on the Arrhenius equation 

1 
k 

1: 

-E /RI' 
k :::: Ae a 

where k is the rate constant for the exchange process, E is the acti­
a 

vation energy for this process, and A is the pre-e:xponential term. 

In principle, a plot of log(l/T) (obtained from (72b)) versus 

l/T should be a straight line whose slope is E and whose intercept 
a 

at some temperature is A. Figure 18 shows plots of log(l/1) versus 

l/T for bis-(3,3-dinl.ethylbutyl)--magnesium and 3)3-dimethylbutyl.magnesium 

chlo1·ide in diethyl ether solution. ·Tue data on which these plots a:re 

based are given in the experimental section. Note, however, thaL Lhe 

value of' 1 used in these calculations is that observed at -65° (L 

10.5 cps.). 

The most st1~iking feature of these plots is their non-lineari.ty. 

An explanation is suggested below for this behavior, and estimates of' 

the activation energy for inversion obtained despite the curvature. 

It should however be emphasized that the error int he values of EH 
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Fig. 18. Plot of log(l/r) as a. function of l/T for 3)3-d.imethyl­
butylm.agnesium chloride (a): and bis-(.3)3-dimethylbutyl)­
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Q) 
\D 

l 



- 90 -

obtained from analysis of these spect:r·a is large. Both large uncer-

tainties in the original measurements of line separations (due both 

to the broaci.e.ning of the peaks in the region of intermediate exchange 

and to eiTects of' overlap with the other lines ir~ the spectrwn) ami 

neglecL u:r olg.all'lt.:CLHlw fC:Ll:Lu.r·b (~.) l/T0 and M) iu the deri-vation 
[,;. 

of {72) co:aibine to make kinetic analysis in this system very w1ee:c-;:,ain. 

We suggest that the curvature in the plot o log(l/r) ve:rs·us l/'I' 

for 3,3-di.methylbutylmagnesium chloride and bis-(3; ~'1-riimethyl hnty°l )-

magnesium is a reflection of the fact that two different prucesses 

are averaging the vicinal coupling constants. One process (occurring 

to a significant extent only for l/T x l03 ~ 3.2) has a relatively 

high teruperatu:ce dependence and correspondingly hig,P. Ea; this process 

is most probably the inversion at the a carbon atom. It is proposed 

that the relatively temperature-insensitive averaging of' coupling 

ccnstants observed at. low temperatures {i.e.) l/T x 103 between 4.0 

and ).4) is 'Lhe consequence of' small changes in -Lhe relaLive 1mpulc;-

tions of the gauche and trans conformations of' the organometallie 

compound. 

Prcviouoly J the insensitivity of the separation between the 

strong l:2 and ))4 transitions in these spectra had been cited as 

evidence that major changes in conformational populations were not 

:responsible for the changes observed in the spectrwn. This argument 

is not inconsistent with the suggestj_on that relatively small changes 

in conformational populations are responsible for measurable changes 

in the separation of the 9 and ll transitions. '11his latter separa-

tion is primarily determined by L = J - J' (in the absence of exchange, 
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the separation between the 9 and 11 transitions is [ (J A - JB)
2 

+ 

(J - J 1
)
2

]
1

/
2

,· JA - JB · 11 d · t t d t is sma an is no expec e o vary appre-

ciably with temperatu:ce). The separation between the 1,2 and 3,4 

transitions is exactly N J + J' . As the temperature of the sample 

is increased from its low temperature l:i.m.it) the population of the 

gauche conformation of the organometallic compound will increase. 

Conseq_uently) the of the two observed vicinal coupling con-

o Lwito wlll dei...:1·ec:iSe c:i11d th::; smalJ.e;::r will increase towarci their 

averaged high te:mpe:cature value. These changes will partially cancel 

in the sum of the coupling constants N; they will be additive in the 

diffe~ence L. 

Approximate calculations discussed previously suggested that 

a of approximately 2 cps. would be observed in N if changes in 

conformer populations only were responsible for the observed changes 

in the spectra. The corresponding in L would be approximately 

8.5 cps. He:ace) L would be expected to change approximately four 

times as rapidly as N as the conformer populations change. The 

separation of the 9 anO. 11 transitions :;hanges by approximately O. 7 cps . 

.r:r:om ... 65 ° to +28 °. If' this cha:r:ig·e:: were due entirely to in 

I 

conformational populations; the corresponding change in the separatio:i 

of the 1,2 and. );4 transitions woulci be approximately 0.2 cps. This 

value is smf'f'j ciently close to experimental error in these spectra 

to be unobservable. 

Experimental support for this explanation is provided l?Y 

the low-temperature of bi.s-(3, 3-dimethylbutyl)-magnesium. 

Over the temperature range -65° to +29°; the measured separation 
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between the 9)10 and ll,J2 transitions (this separation being approxi-

mately equal to L) decreases from 10.5 to 9.8 cps. The 9 and 10 

transitions) and the 11 and J2 transitions remain clearly separated, 

and no broadening is apparent in any of the lines in the spectrum. 

Only at temperatures above approximately 4 '.) 0 do these transitions 

broaden and collapse following the pattern of the spectra calculated 

~sing Alexander 1 s rn.ethod. These observations support the thesis that 

the dif'f'erence in encrg'J between gauche and trans co:nf'ormcrs is suf-

ficiently small that a change in temperature f::com -65° to +30" results 

in an appreciable increase in the population of the higher energy 

(presumably gauche) conformer and a consequent decrease in L. Tne 

exchange process involving inversion of configuration only becomes 

important at temperatures above +50°. 

If a temperature-dependent equilibrium between trans and 

gauche conformations is responsible for the low-temperature curvature 

in the pl.at 01· .J..og(.J../'r) versus .J../'1', it shou.J..d be possibl.e to obtain 

approximate values for the activation parameters for the inversion 

process from the limiting high-tenperature tangent to the plot. The 

slope of the ~angent to the bis-(3)3-dimethylbutyl)-magnesium plot 

yields an activation energy of E = 8.6 kcal./mole; its intercept at 
a 

l/T = 2.86 x 103 yields a value for the pre-exponential factor of 

107 sec.-l. The corresponding values for 3)3-dimethylbu~ylmagnesium 

chloride are more uncertain) because the curve contains fewer points; 

the values obtained from the tangent to the cl;.rve at l/T = 4.1 x l03 

are E = 5 .9 kcal./mole and A = lO 7 sec. -l. 
a 
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The significance of these numbers will be discussed along with 

those i'or 2-:phenyl-.)-methyroutylm.agnesium chloride. 

'llie temperature dependence Qf the a-proton spectrum of 2-phenyl-

3-methylbutylmagnesium chloride depends on the response of the .ABX spec-

trum to the exchange rate of' a proccoo intc:rcho.nging the A snd B pro-

tons. The .AB paTt of the spectrum consists of two overlapping quartets. 

Figure l9 indicates the transitions which are expected to collapse 

unc'JP.Y' thP. influence of an exchange process averaging states 31 and 41 , 

and 51 and 6 1
• We will outline a demonstration that each of these 

quartets behaves as an .AB quartet with apparent chemical shifts as 

vB-vA - JBX - J.A..X or vB-vA - JBX + J.AX. The details of the calcula­

tions aTe formally identical with those for the AB spectrum. discussed 

previousiy, ana will not be reproduced. 

We choose as the basis set for one quartet the four basic 

product functions: 

¢l = a(l)a(2)a(3) 

¢2 = a(l)~(2)a(3) 

¢.5 ~(1)a(2)a(3) 

¢4 ~ (1 )[3 (2 )a(3) 

(74a) 

(74b) 

(74c) 

(74d) 

where the indices 1 and 2 refer to the protons a to the magnesium, and 

3 refers to the X proton. The exchange operator P interchanges the 

indices 1 and 2 and has the form (75) identical with (19) 
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I I I 
Fig. 19. Schematic energy-level diagram and spectrum. 

for the .AB part of an .ABX spectrum. 'I'ransi­

tions l,2, 3 and 4 are A transitions; 5,6, 7 
and 8 are B transitions. 
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1 
0 l 

1 0 

1 

Because the matrix of' f+ for this problem is identical with (11), we 

can write immediately 

+ 
Tr(I p) = P2i + Psi + P42 + P4s 

The non-zero elements of (JC(O) + :JC (l)) analogous to (.22) can be ob-

tained f'rom PopJ_e (55 L usine; t.hA mP.t.hor1 rnitl i ned :previously to obtain 

(64). 

[J~(o)+ JC(l)] = -
2
1 (v(l) + v(2) + v(3))+ ~(J12 + J2s + J31) - ~ ro (~) 

11 ~ ~ 

[JC(o)+ JC(l) ]
22 

= ~(v(l) - v(2) + v(3))+ ~(-J12- J23 + Jsi) - ~ ro (TTb) 

[Je(o)+ J-C(l) ]33 = ~(-v(l)+ v(2) + v(3))+ ~(-J12+ J2s - J31) - ~ m (77c) 

(o) (1) 1 ) 1( ) 2 ( ) 
[JC +JC ]

44 
= 2(-v(l)- v(2) + v(3) + 4 Ji2 - J23 - J31 - 2 m 77d 

[3C(o) + JC(l) J = [JC (o) + 3C(l) J = ! J12 (77e) 
23 32 2 

Making the definitions 

v(2) + v(l) _ J23 + Jis 
b,. = (.l) - 2 2 (78a) 

o = v(2) - v(l) + J23 - Jis 

we -write for the matrix elements of [ p)JC(o)+ JC(l)] containing P2i) p31, 

P42 OT p43 four e~uations identical with (29). 



- 96 -

[ p,J-C(o)+ JC(1)] 0 J12 Ji2 (79a) == (-D. - - + -)P21 + (- 2 ) Psi 
21 2 2 

[ p,JC(o)+ JC(1)] 0 Ji2 J12 
(79b) == (-b. + 2 + y)Psi + (- y)P21 

31 

[ p,JC(o)+ JC(1)] b J12 J12 
(79c) == -(b. - - + -)p42 + (y)p43 

1.:2 2 2 

[p,JC(o)+ ;re(l) ]4s == -(D. + ~ + J:)P4s + 
J12 

(y)P42 (79d) 

Finally the appropriate elements of (44) can be used without change in 

this problem. 

It is there:fore clear that this problem is fnrmalJy inFmti ~FI.l 

with the AB problem, and that the solution of (46) for the elements of 

p in (76) will be identical with (49) with J12 substituted for J. 

The analogous demonstration for the second quartet uses the 

basis set 

(Boa) 

¢s == ~(1)a(2)~(3) (Soc) 

(80d) 

and again has a solution of the form (49), with J == J i 2 and 5 == v (2 )­

v (l )-J 23+J is· 

AnalysJ.s of the temperature depenclence 01· the a-proton spect:rum 

of 2-phenyl-3-meth~i-lbut;ylmagnesium chloride is complicated by the fact 

that only the four intense central lines of the AB part of the ABX 

,spect:.rum ca:c1 be obaerved, in the :ccgion of' intermediate exchange rate. 
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Careful analysis of the temperature of these spectra would 

involve) for example) comparirig the observed separation between the 

6 and 4 t:ransitions at each temperature with spect:ca calculated. using 

(49) with o = v(2)-v(l) - J 23 + J 13) for seve1~a1 valu.es of l/r) in 

order to obtain the dependence of 1/1 on temperature. A plot of 

log (1/ 'T) versus l/T would then yield E and A in the mam1e:r outlined 
a 

previously (]2). 

As an approximate alternative method for the calculation of 

activation parameters from the collapse of these spectra) we have 

calculated approximate 11 apparent" chemical shifts from the spectra 

at each in the of' :intermefli R.te Axchange rate and 

applied the formulas developed previo~sly (54) for an AX system with 

J 0 to these lifetimes. To 

calculate the apparent chemical shifts; the assumption was made that 

the positions of' the weak outer lines could be approximated by adding 

or subtracting ,T12 from the appropriate inner lines. VaJ.ues 01· v1 -v2 

ods. 

Tltll:l y.ro._;edure has ceveral defects. The most serious of 

these is that the spectra calculated previously using typical AJ3 

parameters indicate clearly that the se1oaJ:-at;ic1n between the two A 

transitions is not exactly JAB in the region of' intermed.iate exchange: 

the weak outer line broadens and collapses toward the center more 

rapidly than the strong inner line. The only justification f'o:t using 

the procedure outlined above in this case is that the intensity of 
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the weak outer line is much less than that of the in:n.er line) and that 

a fairly erro:r· in determining its line introduees only 

a small error in the value of' v A - v A. 

'I'he values of vA-vB obtained using this approximation were 

actually used direc~ly in the Gutowsky arni Holm procedure (44c). 

Activation energies and pre-exponential factors were obtained from 

the plots of' (l/r) 20. For 2-phenyl-

J-l.ll.ethylbutylm.agneoium chloride in diethyl ether the values obtained 

were E 
a 

6 .8 kcal./mole and A = io6 sec. -l; for 2-phenyl-3-methyl-

butylmagnesiU111 chloride in tetrahydrofuran the corresponding values 

I 11 -1 
1'7 kcal. mole and A = 10 sec;. • 

Of' these two; the values in diethyl ether solution a:ce prob-

ably the more accurate. The line separations in these s9ectra could 

be measured with higher accuracy than those in tetrahydrofuran by 

the high-field l3c ether satellite as an internal standard. 

The line separations in tetrahydrofuran solution were measm·ed using 

a sweep and upfield and downfield sweeps 

to decrease the error introduced by transient drifts in the field. 

sweep, (Note tho. t thio method of' line is less 

objectionable when applied to data to be used in the Gutowsky and 

Holm treatment than in other because the quantities used 

in determining E by this method are unitless.) However) regardless 
a 

of the relative uncertainties in the sweep calibration, both the 

error in estimating the peak positions in the broad spectra of' these 

organometallics, and the errors introduced by the made in 

calculating the chemical shifts, are sufficient to make the activation 

obtained rathel' uncertain. 
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DISCUSSION 

The experimental observations presented above indicate that 

inversion of configuration at the metal-bearing carbon atom of several 

typical prina:ry Grignard reagents occur.s with a rate constant in the 

-1 -1 
range 1 sec. to 100 sec. at room temperature. It would be of 

considerable interest to reach surue cum;lur:;iun cuncen:1ing Lhe LJH~d10.a-

ism of the inversion from these data; -Jnfortunately, those data pres-

ently available are insufficient to allow a firm decision to be made 

concerning nny of the poesible mechanisms f'or the inversion. Undeterred, 

in this section we will speculate briefly on the significance of these 

observations with regard. to q_uestioI1s concerning the structure of the 

Grignard :reagent and the mechanism of inversion of configuration at 

the carbon atom bonded to the magnesium. 

The most :important question to be asked concerning the mechan-

ism of the inversion reaction concerns its kinetic order. If' inve1·sion 

proceeds by an uncomplicated ionization-recombination pathway) the 

inversion rate should be 

HB 
/ H 

R-C~ A 

"-._MgX 

t-

+ MgX =====~ 

ariirruxirnHtP.ly independent of the concentration of' organometallic com-

pound or magnesium salts in solution. If' inversion is a bimolecula:r 

process, its rate should vary with the concent:caticn of' the reactants. 

It is obse:rved experimentally that the inversion rate does 

depend in a very <>triking manner on the concentration of the Grignard 
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reagent in solution, being slower in dilute than in concentrated solu­

tion. The actual rate decrease accompanying a decrease in concentra­

tion can be estimated for 3,,3-dimethylbutylmagnesium. chloride from 

Figure 6 and Figure 18. The former indicates that a change in the 

concentration of the organometallic compound from approximately 15% 

to approximately 1% at -6° is sufficient tc change the spectrum from 

its fast exchange form to its slow exchange form. The latter 

that the fast exchange and slow exchange forms of the Grignarci reagent 

spectra correspond to inversion rates by approximately a 

factor of 50. 

I'b.is observed of inversion rate on the concentra-

tion of Grignard reagent is in reasonable agreement with that which 

might be predicted using a bimolecular mechanism as the basis for 

prediction. Unfortunately, the obseryed change in inversion rate 

is also within the range which would be predicted on the basis of 

a unimolecular mechanism, 9rovided the transition state for the 

inversion in the mechanism has appreciably more charge separation 

than the grounci state. In this case, the change in rate would be 

CJ, c:um;equerwe uf Lhe dmnge in \..he bulk Ll1elecLr1c cunstant of' ·t;he 

solvent, accompanying the change in Grignard reagent concentration. 

The effect of the concentration and kind of halogen anion 

present in solution is best discussed by considering the influence 

the anion might have on the transition state for the mono- and bi­

molecular reactions. 

In a monomolecular ionization-recombination reaction, the 

anion would probably exert its influence by its effect on the carbon-
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metal bond strength. The two most probable structures for an alkyl 

Grignard reagent in solt;,tion have been discussed. in the introduction 

and are indicated here as I and II 

I II 

Both have halogen a.nion bonded directly to the mo..gncoium a.tom. A 

carbon-rnagnesimn bond is a fairly covalent bond; increasing its co-

valent character should increase its strength. We suggest that the 

r-:=i:rhon-m:=i.gnARinm hond will be more covalent and consequently stronger 

for X = Cl than for X Br. Following a suggestion of' Bent (56), we 

reason that an increase in the electronegativity of a substituent X 

bonded to magnesium will increase the p character of the magnesiu:n. 

bonding orbital directed toward X. An increase in the p character 

of the Mg-X bond will be accompanied by a decrease in the p character 

of the magnesium bonding orbital directed toward carbon) or e~uiva-

lently) an increase in the ~ character of this orbital. This increase 

in s character should shorten the C-Mg bond and increase the electron 

density in the region of the metal atom; that is) increase its covalent 

character and its strength. The order of carbon-metal bond strengths 

and covalent characters for these orga.~omagnesium compounds would thus 

be predicted to be R-MgCl > R-MgBr > R-MgI > R-MgR. On the assumption 

that the ground-state bond strength is the most, important factor in 
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determining the rate Of inversion) We would predict that the rate Of 

inversion should increase in the order R-MgR > R-.MgI > R-MgBr > 

R-MgCl. In fact) the opposite order is observed. 

If the mechanism of inversion if bimolecular) it probably 

involves electrophilic attack on the Grignard reagent by some species 

containing the fragment -MgX: either BMg,~) MISX::? or some more compli­

cated magnesium containing species. The rate of inversion wo~ld then 

be expected to increaE:e with increaoing clectrophilicity of the o.tto.ck­

ing species. The more electronegative the halogen atom attached to 

the magnesium) the more electrophilic the -MgX fragment should be. 

Hence~ using a bimolecular model for the reaction and assuming that 

the rate depends primarily on the electrophilicity of the fragment 

-MgX) we predict that the rate of inversion should increase in the 

order R-.MgCl > R-MgBr > R-MgI > R-MgR. This order is the one observed. 

One important result should however be emphasized here which 

suggests that the anion present in so.Lution does inLLuence the inversion 

reaction in some manner other than through its effect on electrophilicity 

or on the bulk dielectric constant of the solution. Magnesium bromide 

added to a solution of 3)3-dimethylbutylmagnesium chloride in ether 

slows the rate of inversion. It would be inconsistent to assume that 

electrophilicity of the -MgX fragment were the sole important factor 

in determining the rate of inversion, and then to say that adding a 

weak electrophile to a strong electrophile should decrease the overall 

electrophilicity of the -MgX fragments in solution. 

The spectrum observed ~or the mixture of Grignard reagent and 

magnesium bromide does not consist of two superimposed spectra corre-
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sponding to 11 RMgCl 11 and 11RMgBr" but rather of an averaged. spectrum 

intermediate between the two. This observation S'iggests that migra­

t.ion O'.f hAl ior:> icm (or mHgrn~s:Lum l1alidP-) hP.bifE'!P.n o:rgB.nometallic 

centers occurs rapidly in solution. In cori.sequ.ence) the solution of 

11 RMgCl11 with added magnesium bromide probably contains an equilibrium 

concentration of 11RMgBr. 11 We suggest that the anion present in solu­

tion can influence the inversio:::i rate both through i:.s effect on elec­

trophilicity of the -MgX fragment in solution and th:cough its effect 

on the carbon-magnesium bond strength. 

Tb.is same approach may be used to rationalize the dependence 

of the iuversicu rate on solvent. Ethers are electro~-douor solvents, 

by virtue of their non-bonding oxygen electrons; as such) they are 

known to be capable of forming strong dative bonds to positively 

chargea. m.agnesitim species. In an ioni7.at.inn-reenmhinat.inn :m.ech:?nism; 

salvation of the transition state should be more important than salva­

tion to the grolllld state, because charge separation in the transition 

state will be greater. Inversion should therefore proceed more rapidly 

in a basic ether such as tetrahydrofuran than in a relatively non-basic 

ether such as diethyl ether) because of the greater capability of the 

former to solvate the positively charged magnesium fragment in the 

transition state. 

If, on the other hand, the rate of inversion is primarily de­

pendent upon the electrophilicity of the -MgX fragment; inversic:n 

should be slowest in the most basic ether: the ability of the basic 

ether to donate electrons to the magnesium atom should considerably 

reduce the electrophilicity of this atom. 
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The spectra of Figure 7 indicate the inversion is fast in 

diethyl ether: slower in tetrahydrofuran: and slowest in diglyme. 

Consequently) the dependence of inversion rate on solvent character 

also provides qualitative support for the suggestion that the inver­

sion mechanism is characterized by a molecularity higher lihan une. 

The effect of structure on the rate of inversion has not been 

investigated carefully. The activation para.meters obtained f'or in­

version of 3:3-dimethylbutylmagnesium chloride and 2-phenyl-3-methyl­

butylmagnesiurn chloride in ether s~ggest that inversion is slightly 

slower in the latter compound. This CH2 -Mg center is probably more 

hindered than the corresponding center in the 3:3-dim.ethylbutyl 

Grignard reagent. Steric interaction between the magnesium atom 

and ~ substituents would tend to increase the rate of inversion in 

a mechanism involving ionization {relief of steric strain in the 

transition state) but to decrease the rate in the bimolecular mech-

o.ulsru. The direction of' this ef'f'ect iB certainly not incone;ie;tent 

w:i,th the bimolecular process: but is not sufficiently well documented 

to offer it much support. In addition: differences in the rates of 

inversion in the series 3 1 3-Cl-imethylh11tyl-, 3-methylb1Jtyl .... , butyl­

appear to be small. 

The response of the inversion rate to changes in several 

variables thus appears to support the suggestion that the mechanism 

of inversion involves two :magnesium atoms in the transition state. 

However several un.Known features of the structure of these Grignard 

in solution may have combined to make this conclusion spu-

rious. Most important) the effect of any of these variables on the 
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degree of association of the Grignard reagent in solution is not known. 

'Iwo further possibilities for the mechanism of' inversion should 

h?. m?.ntion?.d h~i?.~ly. The first involves a rapid reversible elimination 

of magnesium hydride from the Grignard reagentJ followed by addition of 

the hydride to the resulting olefin 

H H 
I I 

(CHs)sCC-C-MgX 
I I 
H H 

The second has as its rate determining step a homolytic rather than 

heterolytic cleavage of the carbon-metal bond 

Both of these reactions have precedent at high temperatures. 

Diethylmagnesiun:.J for exampleJ decomposes at temperatures between 175° 

and 200° yielding magnesium hydride and ethylene; diphenylmagnesium 

decomposes above 28U" with formation of ·biphenyl (57). MoreuverJ l..he 

isomerization of vinylaluminum compounds has been shown to proceed at 

a moderate rate at approximately 100° by an elimination-addition mech-

anism (58). 

Magnesium and lithium hydrides are ordinarily not sufficiently 

electrophilic in ether solutions to add to olefinic bonds. It is how-

ever conceivable that the HMgX produced by elimination from a Grignard 

reagent would have a much higher electrophilicity than it would fully 

solvated in solution. 

If the mechanism of the inversion reaction bears any resem-

blance to the electrophilic substitlltion reactions of organomercury 
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compounds, it is interesting to speculate on the possible rate of 

alkyl group migration with retention of configuration. The organo-

mercury compounds commonly exchange through a four .... centered transi-

tion state 

,....M 
/ ' 

Rea: 'x 
' / ' / M 

and their rate of exchange with retention of configuration is much 

greater than that with inversion. It seems poooiblc that thic type 

of transition state might lead to an inversion, if the C-M bonds were 

highly polarized in the transition state. If the inversion of the 

organorrn=ignf'>si 11m compounds proceeds through an intermediate or transi-

tion state of this geometry, the rate of metal-metal exchange with 

retention of configuration would be expected to be much faster than 

the corresponding rate with inversion. 

If inversion depends primarily on the electrophilicity of 

the magnesium compounds in solution, the relatively small difference 

in the inversion rates of 3,3-dimethylbutylmagnesium chloride and 

bis-(3,3-dimethylbutyl)-magnesium is surprising. The major differ-

ences in the chemistry of Grignard reagents and dialkylmagnesium 

compounds suggest that the two have large differences in structure. 

The simplest way of writing a bimolecular inversion involves partici-

pation of magnesium halide in a transition state 
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XMg + + 
+ 

+ MgX 

geometrically similar to that of an Srq-2 reaction. A mechanism of this 

type would be difficult to write for a dialk.ylmagnesium compound. (Note 

however; that the results :reporterl in this thesis do not exclude the 

possibility that all the inversion observed in the dialk.ylmagnesium 

compounds takes place via the catalytic action of small quantities of 

magnesium halide left unprecipitated by dioxane. Spectral examination 

of dialk.ylmagnesium compounds prepared by magnesium-mercury exchange 

from the corresponding dialkylmercury compounds woul.d be pertinent to 

this g_uestion.) 

The transition state drawn above for the inversion is obviously 

incompatible with Dessy 1 s conclusion that exchange does not occur be-

tween the magnesium atom of a dialkylmagnesiurn compound and. the mag-

nesiurn atom of magnesium halide in the same solution. It is, however, 

difficult to conceive of a reasonable mechanism for tile inversion 

that rigorously restricts the origin of the magnesium atom bound to 

carbon after the inversion, to the degree implied by Dessy 1 s ex:peri-

me:!'.l.t. 
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PART II 

APPLICATIONS OF NUCLEAR MAGNETIC BESON.ANCE SPECTROSCOPY 

TO THE STUDY OF MOLECULAR ASYMl:>1ETRY 
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lJ.ll'l'RODUC'l'IOl'I 

The protons of a methylene 01· 1sopropy1 group removed by oue or 

more bonds from a center of molecular asymmetry may be magnetically 

non-equivalent and display AB-type nuclear magnetic resonance spectra 

(37). The complexity of the spectrum of a compound containing one or 

more centers o:f asymmetry is frequently such that it may be very difficult 

to interpret the spin-spin coupling patterns of groups in close proximity 

to ·the asymmetric center in terms of structural features of the molecule. 

A familiarity with the types of structural groupings which are capable 

of producing magnetic non-equivalence in adjacent groups is consequently 

of considerable practical value to anyone using n.m.r. spectroscopy as 

a. structure-determining tool. Interest in the effect of molecular 

asymmetry on n.m.r. apec·t.ra ls not however restrlcted to prlrnarily 

analytical concerns. The magnetic non-equivalence of a methylene group 

close to an asymmetric center is capable of providing a sensitive and 

convenient probe with which to investigate the conformations of t.he 

molecule in the region of the asymmetric center; examination of the 

temperature dependence of this non-equivalence can provide information 

concerning fast reactions occurring close to the asymmetric center. 

Moreover, since the effect under consideration is independent of the 

optical activity of the sample, n.m.r. spectroscopy can be used in 

suitable compounds to provide the same type of information that optical 

rotation measurements would provide, without the necessity of resolving 

·the sample. 

Two explanations have been advanced to account for the difference 

in chemical shift of methylene protons in close proximity to a center 
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of molecular asymmetry. The fi:rst is based on unequal population of 

the rotational conformations open to the molecule '3"f) • For the three 

princip~U. conformations of a substituted ethane I1 II, III, assuming 

that interconversion between the three is rapid 

I II III 

(!) 

where ~t :ts the mole fraction of rotamer n in solution and ( v A. }n is 

the chemical shi:f't of proton A in rotamer n. Extending equation (~J to 

include a:Ll possible rote.mere, and subtracting the a.na.J.ogous expression 

for <v > 
B 

n n 

(g) 
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If' for some preferred conformation M, ( v A - v B )M -:f. o, then 

<v - v > will be zero only by coincidence. 
A B 

On ·the other ha.nd, if all 

conformations are equally poptlle.ted, i.e. XN = x = C it is possible 
M 

to write equation (g) in the form 

<v A - V:a > = c L (< v A )N - ( V:a ) M) 
N,M 

(J) 

If we then choose the index M such that Hi:! occupies exactly the same 

position in rota.mer M, relative to R1 , R2 and R3 as~ does in rota.mer 

1'11 we can say that 

(~) 

to a first approximation. !'!his equation implies that <v A - vB> = o. 

Equation (!!:) is of central importance in understanding the con:f'ormationaJ. 

pre:f'el."enae argument.. Reduaed to its simplest terms it says that the 

chemical shift of \ in rota.mer I is identical with that of B;a in 

rotamer II, with the restriction that all the bond angles and bond 

lengths are the same in the two conformers and that HA in I and B.El in 

II occupy the same position relative to Ru R2 and R3• Alternately,, (!!:) 

may be expressed by saying that the magnetic :t:ieJ.d experienced by Hp
1 

is 

independent of the magnetic and electric fields at 111 and x. 
A second explanation may be proposed for tJ::i.e magnetic non-equiva-

lence of methylene protons in close proximity to a center of molecular 
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a.symmetry. Pople (70) and Waugh and Cotton ITT) have pointed out that 

even assuming equ:al populations and rapid interconversion of the possibl,e 

conformers of the molecule, the two protons HA and H13 are always distinct 

and identifiable,. since no two conformers are identical except for 

interchange of Hit and Hn· Physically,, this proposal would take the 

form of an .assertion that equation (!!) is~ valid: that is, that 

the C'.hemica.l sh:i.:f't of Hfl~ in con:f'ormer I is not the same as that of H1~ 

in conformer II even if the geometry of the two conformers is restricted 

as outlined above. 

Roberts and co-workers (::'rrd) have attempted to distinguish between 

the "conformational preferenceu and 11 intrinsic a.symmetry'' arguments b1 

comparing the spectrum o:r cyclopropylmetllylcarbinyl methyl-d1 ether (IV) 

wit.b that o:r cyclopropylcarbinyl ethyl ether (V). 

IV v 

They found that the spectrum of the methylene protons of V was an AB­

tY.Pe spectrum, while that of the methylene protons of IV was A2 (after 

ta.ld.~ into account apin-coupJ.ing of the hydrogens with the deuterium 

atom). P..easoning that the substitution of a deuterium for the methyl 

o:f' V should remove all con:f ormational preference of the methylene protons 

with respect to the asymmetric center~ they concluded that the chemiaal 

shift between t.be methylene protons o:t' V was not due to an intrinsic 

asymmetry of tbe molecule depending only on its symmetry characteristics, 
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and suggested that con:f'o:rmational preference ia the factor responsib1e 

for the magnetic non-equivalence o:f the methylene protons of -rtl. 

Gutowaky (~ has vigorously attacked this interpretation on the 

grounds that the characteristics of a 0-D bond are so similar to those 

of a 0-B bond that the -CH2D group of IV would be expected to resemble 

a -CH 3 gro~ in its :response to the asymmetric cer:rter rather than a 

-CH2CH3 group, Consequently, he felt that no conclusions concerning 

the origin of the asymmetry in V could be drawn from the spectrum of 

IV. 

Gutowsk:y has suggested that a better approach to the problem of 

distinguishing between the "intrinsic as-ymmetry'' of a molecule and 

asymmetry due to contormational ractors l1es 1n study or the variation 

of' <v - v > with temperature. If there were a contribution to A B 
<v - v > which is independent o:f' conformational preference, this 

A B 
contribution ahould peraist at temperatures high enough to populate 

all of' the rotational con:f'ormations equally. If, on t.b.e other hand, 

there is no significant contribution to the magnetic non-equivalence 

of a methylene group from molecular "intrinsic asymmetry, 11 the non-

equivalence should go to zero at high temperatures .. 

Although this proposed experimental separation of intrinsic 

asymmetry and conformational. preference bas considerable virtue from 

a. theoretical point of view, 1 t suf:f'ers fl•om the practical disadvantage 

that temperatures au:f:f'iciently high to remove a1l conformational prefer­

ence o:f the methylene group witb respect to the asymmetric center (i.e., 

the highest energy' eclipsed conformation and the lowest energy staggered 

con:f'o:rmation must be equally :r1qpul.ated to within the limit of experimental 
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detection) would also be sufficiently high to decompose most organic 

molecules. Consequently, Gutowslcy's one experimental test of this 

proposal, involving an examination of the chemic:a.l shifts and coupling 

constants of CF aFbBrCY.Brel over the temperature :cange 225 ° ·to 465 °K, 

cannot be regarded as meaningful. 

~e rela.ti ve importance of con:f'o:rm~ p:rei'erence .and intrinsic 

asymmetry in detel'!Uining the magnitude of the magnetic non-equivalence 

of methylene protons close to a center o:f' molecular a.symmetry remains 

uncerte.1n, despite the e.xper1mexrts described above. It shou.ld however 

be emphasized that the question is not whether intrinsic asymmetry .2! 

con:f'ormation preference should be considered responsible :for the mag-

netic non-equi.val.enoe, but rather how much, ii' any of the obse:t"Y'ed 

chemical. shift difference should be ascribed to intrinsic asymmetr.y. 

'lllere seems little doubt that conformational preference must be the 

major contributor to the asymmet:ry in most cases. 

'lllis part of this thesis is concerned with an empirical study of 

the e:f'fect of structure and solvent on the magnitude of t.he magnetic 

non-equivalence of methylene or isopropyl groups close to a center of' 

molecular asymmetry. As such, its immediate p~ose was to provide a 

guide :ror t.be synthesis o:r compounds to be used 1n rate stUdies dependlng 

upon the temperature dependence of an AB-type spectrum. However, 

attempts to reconcile t.he results obtained with an explanation of' the 

manner in which the a.symmetric center exerts its in:f'l.uence on sur-

ro'Ullding nuclei suggest that the study of AB methylene groups may 

provide a sensitive way of examining problems of conformation and 

so1vation in solution. 
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:RESULTS A'ND DISCUSSION 

The Effect of the Structure of the As~tric Center on the 

f18.pt1c Non-equivalence of ,e,n Adjacent Methylene Group. - The experi­

mental approach to this problem was chosen for its si~licity: one 

l:lrtruetural. :feature o:f the a.symmetric center was variea, and the response 

of the chemical-shift difference between the protons of an adjacent 

methyJ.ene group to the changes in this feature determined by analysis 

of the n.m.r. spectrum of the compound. The compounds chosen for study 

were :t'ormal.ly beneyl ethers of secondary alcohols; their structure is 

represented schematically by VI: 

VI 

This general str1tcture was chosen for investigation primariJ.y for its 

availability from any of several convenient ether syntheses. Compounds 

ot this structure Sh.are the advantage that analysis o:r the AB-type 

methylene proton spectra to obtain the desired spectral parameters is 

extremely simple. They suffer from three disadvantages: first, 

unresolved coupl.ing between the benzyl methylene protons and the ad-

je.eent ring protons results in a linewidth of approximately 0.5 cps. 

for the components of the A.B spectrum. Consequently, line positions of 

the two central components becomes uncertain for values of vA - v:a less 

than .apprOXimately 3 cps., due to overlap. Second, introduction of an 



ether oxygen atom between tbe asymmetric center and the methylene group 

results in a considerable increase in the number of possible co:nfo:rmations 

of these two centers relative to one another, and considerably complicates 

attempt;s to discuss de"tai1s oi' their iuteraction. Third, the presence 

of a phenyl group in the structure carries with it definite complications 

stemming from the high magnetic anisotropy of this group. Tb.is last 

feature in particular will be the subject of discussion later in this 

section. 

The groups selected to complete the asymmetric center of VI, i.e. 

the grou,ps in the position designated by R, were four alkyl Sro'll:'PS of 

varying sise (ethyl, isopropyl, cyclohexyl and !·butyl) and two unsatu­

rated groups (:phenyl a.nd carboethoxyl). The results of analysis o:f' the 

methylene proton spectra of these six compounds in so.lution in carbon 

tetrachloride, benzene and acetone are summarized in Table :r. The 

chemical. shift di:f:f'creneea were obtained :from sol:u:tions approximateJ.:y 

10~ in ether; tetramethylsilane was used as internal standard. The 

chemical shift difference between the methylene protoru& depends to a 

sm8.l.l extent on the concentration of ether and on the concentration o:f' 

tetramethylsilane. The errors introduced by not extrapolating the 

chemic.al-shift diff'erences to infinite dilution of both solute and 

tetramethylsilane are not large enough to influence the relatiYe values 

reported in Table I, to a sigr:dfica.nt degree. 

'lb.e moat 1.mportant reature ot these numbers ls tbelr suggest1on or 

a correlation between the magnetic non-equivalence of the methylene 

protons and the size of R, when R is an alkyl group. A crude measure 

of the size of the R group can be obtained :from the A value of the group 



Table I 

Magnetic Non-equivalence of the Benzylie Protons 

of Benzyl Metbyl.alk;ylcarbinyl Ethers of Structure VI 

R v A - v B (cps.) and sol.vent (a} A 

carbon 
tetrachl.oride benzene acetone pyridine 

Ethyl 5.8 6.6 5.8 L86{b) 

Isopropyl 8.8 9.3 8.6 2.1 {c) 

Cycl.ohexyl 9.7 10.2 9.6 ... 

~-Butyl 14.8 15.7 14.7 >5 .. 4 (e) 

Phenyl 10.2 10.9 2.5 6.o 2.0 (d). 

Carboethoxyl 16.5 2J).7 11.8 15.2 1.1 {f) 

(a.) Solutions were 10 ± 2'f.; by volume in solute; the experimental error in the chemical shift values 
is ±0.5 cps. 

{b) N. L. Allinger and S. Hu, Ji Am. Chem. Soc., ~ 370-372 (1962). 

(c) N. Allinger ands. Hu, J. Org. Chem., 27, 3417-3420 (1926). 
J'V"< 

(d) N. Allinger, ibid., ~ 4603-4606 (1962) .. 

(e) s. Winstein and N. J. Holness, J. Am. Chem. Soc., 77, 5562-5578 (1955). 
""""' 

(:f') E. L .. Elie1 and M. Granni, Tet. Letters, 97-101 (1962). 

l 

f-' 
f-' 
CP 
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(·the A value of a group is defined as the difference in free energy in 

kcal./mole between a cyclohex.ane ring bearing "the group in an axial 

con:t'o:rmation, and one in which "t.he group occupies an equatorial position) 

(72). These A YUJ.ues cannot be eansldered to descrlbe tbe e1ze ot each 

group in more than a qualitative manner, because of the major di:f'ferences 

between the structure Of VI and a cyclohexane ring. Tb.ey do however lend 

support to the intuitive :tee1ing th.at the order in aize of the a.lky.l 

gr~s of Table I should be j!-butyl » cyclohexyl > isopropyl > ethyl. 

The magnitude oi' the magnetic non-equivalence follows the same order. 

The two unsaturated g:rol.'q>s in Table I, phenyl and carboethoxyl, 

clearly do not follow the same pattern as do the alkyl substituents. 

The A value of a phenyl group suggests that it is slightly smaller than 

an isopropyl grcn~; however the magnitude of the magnetic non-equivalence 

for 1-phenylethyl benzyl ether in carbon tetrachloride and benzene so-

1 utions (10.2 and io.9 cps. respectively) is significantly larger than 

the correspondina values for isopropylmethylcarbinyl benzyl ether in 

theee solvents (tl.8 and 9.3 cps.). In contrast, the value of the 

magnetic non-equivalence for the phenyl substituted compo'W'ld is much 

smaller (2.5 cps.) in acetone solution than that of its alkyl substituted 

counterpart (8.4 cps.). 

The val.ues o:f the magnetic DOn-equival.ence for ca.r'boethoxymethy1-

carbinyl benzyl ether are even less what would be expected, i:f' the bulk 

o:f' the substituent R were the only important factor in determining the 

relative magnitudes of the chemical-shift differences reported in Table I. 

Carboethoxy has an A value of approximately 1.1, appreciably smaller even 

than methyl,; yet the values of the magnetic non-equivalence in benzene 
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and carbon tetra.cllloride solutions a.re.larger for this compound than 

tor ,2-butylmethylcarbinyl benzyl ether in the same solvents. 

'!hese data suggest that an asymn:.~tric center containing an unsatu .. 

rated group will be expected to behave di:f':f'erently than one containing 

only saturated groups. We shall see later t.llat this difference in 

behavior originates in the high sensitivity Of the compounds containing 

an aryl group :tn the asymmetric center to the dielectric constant of the 

solvent; the reason t'or this sensitivity will be discussed in terms of 

a detailed picture of the con:f'ormational ~ulations oi' the molecules,, 

after tho e:f':f'ect of sol.vent on the magnetic non-equival.ence oi' the protona 

.b.as been presented in detail. 

The dependence of the me.gnetic non-equivalence on structural 

variation involving the substi tuent directly 'btlnded to the metbyJ.ene 

group does not seem to f'ollow the pattern suggested by Table I., although 

:t'ewer compounds have been examined. '!he chemical shifts between the 

methyJ.ene protons of :four ethers of structure VII are summarized in 

VII 

Table II. In benzene solution, when R is an alkyl grou;p,, the magnetic 

non-equivalence of the met.h71e:ne protons again increases as the size of 

R increases.. When R is phenyl, however, the non-equivalence is larger 

than when R is .!·butyl. 
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Table :r:r 

Magriet.1c Ncm-eguivalence o:r the 

Methylene Protons of Ethers of Structure VII 

R v - v and Solvent (i~) 
A :B 

carbon 
tetrachl.oride bemene acetone 

Methyl 
(b) 

..... 3.1 (b) 

Isopropyl <0.2 4.l l.li. 

_:E .. Butyl < 0.2 6.9 <0.2 

Phenyl 10.2 10.9 2 ... 5 

(a) SoJ.utions were l.O ± ~by vo1ume 1n soJ.ute. 

(b) 'lbese spectra were not explicitly analyzed; however, an uppe:r 
limit of approximately 2 cps. can be placed on v A - vB by inspect:lon. 

In o:rder to discuss the date. of Tables I and II, in terJJs of the 

con:f'orma.tion of the methylene gl"Oups with reSJ>ect to the asymmetric 

center, it would be helpful to know the details of the stereochemistry 

about an ether oxygen a.torn. In particular, a.n estimate of the 11 size11 

of the non-bonding el.ectrons on the oxygen atom would be useful. The 

rr-0-0 bond angle has been determined :f'o:r diethyl ether from electron 

diffl'action data, 8.Xld found to be 108 ± 3° (73); this angle suggests 

that the hybridization at the ether oxygen atom is close to tetrahedral.. 

X-ray c:cystallogra.phic or electron di:ff:ra.ction data pertaining to the 

configuration around •an ether oxygen atom are un:fortunateJ.y not available. 
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Bowev·er, some structure work has dealt with the related problem of 

configuration around the ether oxygen atom of esters .• 

Kashima has carried out an electron diffraction study of chloromethyl 

chloro:f'ormate and has found that the chlorine atom of the chloromethyl 
'• 

group is trans to the carbonyl carbon atom across the oxygen-carbon 

singl,e bond (IX) (74). The same stereochemical result has been reported 

IX x 

for the configuration a.bout the ether oxygen atom in diethyl terepb.tha.late 

(75) and in potassium ethyl sulfate (76) (X). To the extent that the 

stereochemistry about the ether oxygen atom of these compounds ca.n be 

considered a model for the ste:reochemistry about the ether oxygen atom 

o:f' a benzyl ether in solution, these structu.re determinations suggest 

that a lone pair of electrons on oxygen is smaller than an alkyl sub-

stituent attached to oxygen. 

An ether of the type examined in this work can theoreticall.y ,exist 

in nine possible conformations (there are two 0-0 bonds, and three 

possible rotational con:f'ormers around each). If the ether contains a 

center of molecular asymmetry, all. of these conformations will be distinct. 

These nine conformations are represented schematicall.y in Fig. l. 
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x x x 

H+H E~Il H+B 
0 0 0 

11'1''CH3 Y~B 11,c~ 
y CH 3 H 

..!. 2 

:a: H :a 

H/f'X JVf-'X H/;lX 
0 0 

ll~CJ!, Y~ll H3C~Y 
y CH3 H 

.!t ..§.. 

l:I Ji{ 11 

x+ll X~H X+B 
0 0 0 

ll~Cll, Y+B B3C~Y 
y Olt3 l:1 

.1.. Ji 

Fig. 1. Possible rotational conformations of an ether containing one 
center of asymmetry. 
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!the stru.cture determinations mentioned above suggest that 

conformation .J: should be oi' lowest energy, provided that the Y gro'IJ;\'> is 

larger than the methyl group, and provided that steric interactions 

compl.etel.y determlne the :re1at1ve energ1es 01· ·tlle co:o::rormat.1ons. We 

will suggest later that other interactions, particul.arly those depending 

on dispersion and induction :forces, may be important when the groups _! 

and ! are :po1arizab1e.. For cerl..ain of t.b.e m.oJ.ecules e.x.wnined, however, 

sterie interactions do appear to dominate. 

Conformation.J: places the large! and J. groups 1a:uche to the non­

bonding electron pairs on the oxygen atom and trans to t.he larger alkyl 

group, and should consequently be sterically most :favored. I:f the size 

of the! group is close to that o:f a methyl group, aon:f'ormation_g should 

be significantly populated. Conformations .2 and 1 and possibly ~ and .§ 

may be :populated to a small extent for small .! and ! groups; the popu­

lations of conformations § and 2 vill probably be very small, if oilly 

stel'ic factors are important. 

It is di:f':f'icult at this point to make more quantitative estimates 

of the rel.a:tive energies o:r con:rorm.ers ,±·_2, because good model systems 

have not been investigated. For,! and.! groups of modera:te size, as 

phenyl or methyl, one can estimate from the available data on substituted 

buta:nes and pentanes -t;b&t the change in energ:r on ,going from con:f'o:nn.e:tion 

.! to conformation ,g will be no more than one or two kcaJ../mole (77). 

We have assumed in this discussion that steric interactions between 

the two groups attached to oxygen determine the relative energy of the 

possible conformations. On this assum;ption, conformation_! is of lowest 

energy when ~ and ! are larger than -CH3 ; moreover, increasing the size 
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of X and Y should increase the extent to which conformer 1 is favored 

over the other possible con:f'o:r;:aers. 

Examining Tables I and II, and restricting attention for the moment 

·t;o those compounds in which the group R being varied is an alkyl group, 

it ~ppears that the larger the group R, the larger the magnetic non­

equivalence of the methylene protons. This observation,, t1hen taken in 

conjunction with the foresoing a1acusaion of the possible conf'ormations 

for these ethers, suggests that the observed chemical. shift between the 

methylene protons can be associated with a. conformation of type .f, _:!! or 

1• T.b.e larger the grotg;> X or ~,, the more highly these conformations 

are populated with respect to the other co:n:f'orma.tions, and the larger is 

the associated chemical shift between the methylene protons. 

The two compounds in Table I he:vmg R as a.n unsaturated group clearly 

do not fall into this simple classification. When R is phenyl, the 

magnetic non-equivalence of the ~ethylene protons is slightly larger 

than when R is isopropyl, although a phenyl group is probably slightly 

smaller than an isopropyl group. When R is ca.rboethoxy, the non-equiva­

lence is larger than when R is ~-butyl, although the ca.rboethoxy group 

is much the smaller of the two. 

'!he exceptional.behavior of the earboethoxy group can be rationalized 

relatively simply. A comparison of the A values given in Table I 

indicates that carboetboxy is a significantly smaller group than methyl. 

Hence, on :steric grounds, a con:fo:rmation of t-ype _g would be of lower 

energy f'o:r this group than a conformation of type 1· Moreover,, conformation 

]: places the carboethoxy group gauche to both of the electron pairs on 

oxygen; co:n:rormation _g places it S!;Uclle t.o one and trans to ·the other. 
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Consideration of the electrostatic interaction between the oxygen atoms 

in these con:f'igu.rations suggests that the latter would be of lower e:oer.gy 

( 77 ~. Configt:ll"ation g places the carbonyl group closer to one of the 

methylene protons than the other, and t.he well-known aniso;;;ri:)py oi' this 

group would be expected to produce a large chemical shi:ft between the 

two. 

T.b.e dif';fere:ace ill the meth.yJ.ene proto:c. chemic&l-8b1:t't d1:r:re:rence 

:f'or R = phenyl and R = isopropyl is less simply explained, and the 

greater part of the :remainder of this discussion will be spent in 

attemptina to construct a. convincing exp1anation for these va.lu.ee. :Sy 

way of background, it will first be useful to describe the solvent 

dependence of the spectra of these and other compounds .. 

The Ef:rect of Solvent on the Non-equivalence of the Methylene 

Protons (78) ... The chemical shifts between the methylene protons of 

three alkyl substituted ethers o:f.' structure VI are given in Table III, 

for seven solvents oi' varying dielectric constant, acid strength., and 

base strength. The most remarkable feature of these data. is the insen­

sitivity 01' the methyiene c.b.emicaJ.-sbi:rt di:f'rerence to ·the nature or the 

solvent.. Neither change in dielectric constant (from 45 for dimethyl­

sulfoxide to 2 .. 05 for cyclohexane), in acid or ba.se strength or in size 

has au .appreciabJ.e e:f':f'.ect on the magnitude o:f' the cllemical.-sbift di:f':fe:rence. 

This .insensitivity to solvent is particularly striking when contrasted 

with the higb. sensitivity to solvent exhibited by l·phenylethyl benzyl 

ether (!l'ab1e IV)., and by 1-pheny1ethy1 neopentyl. ether (Table V) .. 

Discussion of the effect of solvent on the chemical shift of the 

adjacent protons is a very complicated matter. In order to simplify 
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Table III 

Solvent Dependence of the Ma.goetic Non•equi-val.ence of the 

Methylene Protons for Alqlmethylcarbinyl :6Elnzyl Ethers o:f' Structure VI 

R Et.hy.l Isopropy1 ]-Butyl 

Solvent 

Carbon tetrachloride 5.8 8.8 14.8 

.Benzene 6.6 9.3 15.7 

Cyclohexa.ne 5 .. 7 8.6 

Acetone 5.7. 8.6 14.7 

Dimethyl sul:t'oxide 4.9 8.2 15.1 

Acetic acid 5.4 a.o 
~-Butyl alcohol 14.9 

an understanding of this discussion, we will first state briefly tlle 

major points which will be covered and conclusions which will be reached. 

The chemical shift between the methylene protons in close proXimity 

to the center o:f' a.symmetr,y in tbeee etb.era will be diacueeed in te:rma 

of possible contributions from the magnetic anisotropy associated with 

the carbon-carbon single bonds . in the asymmetric center, and with the 

anisotropy o:f' the phenyl rings arising from the phenyl ring-current. 

The ring-current effect of the phenyl r:tns bonded to the methylene group 

will be suggested to be larger than the other effects, and the striking 

solvent effects obeened for the ethers containing unsaturated groups 

both in the asymmetric center and bonded to the methylene group will be 
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Table r/ 

Chemical Shift between the Meth;t:lene Protons of 

l ... Phe&lethyl E'enzyl Ether as a li'u.nction of Solvent 

Solvent v 
(a) 

Dielectric Constant(b) - v A :s 

~·Pentaue 10.1 cps. J..84 

Cyclohexane 10.l 2.05 

Benzene 10.9 2.28 

carbon tetra.o.hl.oride 10.2 2.24 

Dioxane 6.9 2.21 

Diethyl ether 9.0 4.33 

Chlo:rof orm 8.6 5.05 

Chlorobemene a.2 5.94 

Methyl iodide 6.o 7.0 

Aniline 7.8 7.25 

.£-Dichlorobenzene 7.2 7.47 

~-Butyl aJ.cOhol 5.7 10.9 

Pyridine 6.1 12.5 

Acetic anhydride 4.6 20.5 

Acetone 2.5 21.4 

Cyanobenzene 3.a 25.2 

Nitrobenzene 3.8 36.1 

N,N-Dimethy1formamide ~ .. ; 36.7 

Nitromethene 3.1 37.5(d) 

Dimethyl sulfoxide 2.0 45 
(c) 
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Table ri (Contd) 

Solvent v ... v (a) 
A B 

Dieleot.ric Constant (b) 

Ji'ormic acid 9.9 58.5 
Acetic acid l0.3 6.29 
Ethanol 7.4 24.3 

(a) Tables of cllemical shifts :relative to tetnuneth;ylsilane, and 
coupling constants :f'or the aliphatic parts of this molecule will be found 
in the expel'imental section. 

(b) Handbook o:f' Chemistry and Physics, 44th Edi·tion. 

(c) Merck Index, 17th Edition. 
(d) J. Hine, "Physical Organic Chemistry, 11 2nd Edition, McGraw­

HiJ.1 ?look Co., Inc., 1962, P• 39• 

Tabl.e v 

Chemical Shift between the Methylene Protons of 

l·Phenilethyl Negpentyl Ether as a Function of Solvent 

Solvent. v A - VB 

Benzene 6.6 cps. 

Toluene 5.9 
Cycl.ohe:xa:ne 4.6 
,a•Pentane 4 .. 5 
Bromobenzene _ 3.0 
Carbon disulfide <l 
Chlorofol"!n <l 

Carbon tetrachloride <1 

Ni t:robeuene <1 

Pyridine <l 

Formic acid <l 

Dimethyl sull"oxide <l 
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discussed in terms ot the e:f'fect of solvent character on the dispersion 

and induction forces 'between the unsaturated gro~s. Evidence for the 

existence of a pref erred conf o:rmation of the phenyl sro~ bonded to the 

methy1ene gro'14l with respect to tllls metbyJ.ene group will be discussed 

in ·the specific case of l·phenylethyl benzyl ether • 

.Before discussing details of the factors responsible for the 

di:f.'ference in the magnetic shielding at the two methylene protons, we 

should first establish the broad feat'\.l.l"es of the system in which we are 

interested. Tb.e obse:rved chemical shielding er of each met.bylene proton 

can conveniently be divided into two parts 

where ere is the shielding due to the electrons in the carbon-hydrogen 

bond and er d is the ehielding due t.o parts of the molecu.le distWJ.t f'rou.1 

the methylene carbon-hydrogen bonds (79).. The apparent electronegativity 

of the carbon to which the hydrogen is bonded is the most importe.ut 

contributa~ to ere; factors determining ~d include bond anisotropies of 

bonds in the vicinity o:t the hydrogen 'being observed, ring-current 

ettects and shieldings due to solvent molecules. 

It would seem very unlikely that tbe locaJ. chemical shielding term 

(J"e contributes in 8l'l important way to the chemical shift between the 

methylene protons o:r the etll.era being examlned, because tll.e two carbon-­

hydrogen bonds would be e:x;peoted to have a very similar character in 

these compou:nru:i. We have not examined specifically the bonding in these 

ethers; however, in four similar compounds there is evidence that the 

carbon-hydrogen bonds to the mag:neticaJ.ly non-equivalent groups a.re very 
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simuar.. D1et.by1 sUU'oXide, dlethy.l suJ.i'1te, isopropy.l. methyl s'U.l.i'oXide 

:and isopropyl methyl cerbinol are observed to have equal 130-H c~ling 

constants between the methylene carbon atom and the two methylene protons 

(in the first twc compounds) e.nd between the metllyJ. c<11.Tbon a'tomis e.ud the 

methyl protons in the last two.. If the dif:f erencea in the shielding at 

the non-eqUivalent protons of these COlJ'.\PoundS -v;ere due ·to a difference 

in the orbital electroneptivity o'f' the carbon bond:l.n.g orbitals directed 

toward them (in other words, to a difference in the! character ot these 

orbitals) one would expect this di:f:f'erenee to be reflected in the 130-H 

co\;\l)ling constants between these protons and their directly-bonded. carbon 

atoms (80). The observation of identical 130-B coupling constants 

between corresponding non-equivalent protons thus suggests that ~ is e 

not a major contributor to the difference in chemical shi:ft between the 

methylene hydrogens. Tile difference .in shielding at the magnetically 

:nan-equivalent prot.ons ;ta the:rei'o:re due primar11y to tlle c1rcuJ.at1on o:r 

electrons in parts o:f the molecule well removed from the methylene grot1ps. 

Proceeding now to a discussion of the factors which contribute to 

o-d.t we consider firet the ethero which have only alkyl sroupa in the 

asymmetric center. 

Several. observations suggest immediately that solvent effects are 

~ responsible for the major part o:f' the masnetic non-equivalence o:t' 

the methylene protons in these ethers. Table III is most :important in 

indicating that the solvent does not play the dominant role in determining 

·the magnitude of the magnetic non-equivalence. The variation in the 

chemical shift values for each com;pound reported in this table is less 

than 1 .• 5 cps., :for a variety of solvents. Particularly noteworthy in 
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the solvents given in Table III a.re acetic acid, benzene, and dimethyl 

sul:f'oxide. Tile observation that chemical shifts in acetic acid are no 

larger than those in carbon tetracbl.oride or cyclohexane suggests 

strongly that spec1:r1c solvent lntera.ct1on involving t.l:le etb.er oxygen 

atom is· of minor iJtl'.POrt&nce. 'file unexceptional value of the :non-equiva­

lence in benzene solutions indicates that magnetic anisotropy originating 

in the ao1vent mo1ccW.e is not e. maJor contributor to the magnetic non­

equivalence. (It should be pointed out here that the value of the non­

equivalence for a benzene solution o:f the compounds in Table III and 

a.ll other compounds examined is always 0.5.5 cps. large:r than :f'or so­

lutions in other solvents. In the present discussion, this effect is 

clearly minor; it does suggest that the me.gnetic anisotropy of the solvent 

can be a significant contributor to the methylene non-equivalence.) The 

vaJ.:u.e of the non-equivalence in dimethyl s'Uli'oxide and in cyclohe:xane 

·soiu·tions indl.ce.tes tl:lat tbls cl:l.emicaJ. sl:l1:f't ls 1nSens1t1ve to the diel.ectric 

constant of the solvent. Thus, at the simplest level of discussion, it 

seems justified to neglect the effect of solvent on the degree of non­

equiva:Lenee o:f' the methy1ene protons. 

I:f' the solvent molecUles are unimportant in determining the chemical 

shift between the methylene protons, the origin of the asymmetry effect 

must be int:ramo1eaular. '!he two most reasonable sources of the differ... 

ence in shielding at the methylene protons are electrons circulating in 

the sigma bonds of the molecule, and electronic circulations associated 

with the unsaturated centers {i.e., ring-current effects from the phenyl 

grol:q)S (81))., 
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T.be iizWortance of the magnetic anisotropy of the carbon-carbon 

sigma bond has been the subject of extensive (if inconclusive) theoreti­

ca.l (82) and experimental (83) study. The contribution o-a to o-d resulting 

:from the c1rcuJ.at1on o:r eJ.ectro:ns induced by the stat1c external. ma.gnet1c 

field is usually expressed 'by the equation (84) for a carbon-carbon 

sigma bond 

where Ax is the difference between the magnetic susceptibility of' the 

bond measured parallel and perpendicular t..o its axis, R is the distance 

between the center of the bond and tbe proton under consideration, and 

Q is the a.cute angle 'between the axis of the bond and the radius vector 

of R. Experimental determinations Of .6.x have ranged from 2 x io-3° 

cm.3 molecule-I (85) to more recent ·1f81.ues of approximately 7 x io-30 

cm.3 molecule-I (83); theoretical values are smaller. 

Using 7 x i.0-30 cm.3 mol.ecw.e-I as the value of .6.x , we can calculate 

the magnitude and direction of the ohem1cal shU't expected i:n any contor­

mation of the ether. We examine here the magnetic non-equivalence of 

the methylene protons in conformation 1: of Fig. l, due to the anisotropy 

o:r the CH,rC bond fror sll.1wlici·t;;y we adopt tl.Le couJUlO.u ewsWllption {83,,85) 

that a carbon-hydrogen bond is isotropic]. Considering only the fragment 

0 

ePiA ~ "' 2.2 A 

eA = 85 
~0--C 

I I ~ = 2.9 .A 

He RB e:a = 50 
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and using the parameters indicated (obtained from Dreiding models) in 
c-c the equation i'or a- ., we obtain for example 

Using tllis modeJ.., 1J A := o.2.l ppm. and (J'B = •O.OJ. ppm .. · ln other words, 

the anisotropy of the O-CH3 bond shoill.d shift HA approximately 12 cps .. 

to higb.e:r field_, and HB ~llproximately l cps. to lower field. 

The choice of an appropria.·t.e mode1 con1pouud wit.ll wll1ch ·to ~Ju..dge the 

reasonableness of these calculated values is a di:f:t'ioult one. Here we 

have compared the chemical shi:f'ts of the methylene and methinyl protons 

o:f' 1-phenylethyl benzyl ether with the methylene protons of dibenzyl 

ether. 

These relative chemical. shifts were obtained by analysis of a mixture 

of the two ethers in the indicated solvent., in order to obtain accurate 

relative chemical shifts. The zero of frequency is arbitrarily chosen 

as ("A - v.p)/2. (No ste:reocb.emistry :ts to be implied from the labeling 

o:f' HA .and llB • ) 

1!b.ese values indicate that the methylene protons of l·phenylethyl 

benzyl etJ'J.er occu.t' at higher field than "those of dibenz:;rl etb.e:r, in 
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qualitative agreement with the calculation made on the basis of carbon-

carbon bond anisotropy, assuming that cOllformation .;!: is most higllly 

popu1ated. Quantitatively, the shifts predicted are significantly 

small.er tb.an those observed. Table VI indicates that the mean chemical 

shift o:r BA and ~ (negleat1Xl8 the values 1n benzene) is approximately 

9 cps .. "1.1Pfield from ~{; tile calculated values suggest tb.a.t approximateJ.y 

6 cps. would be expected. 

Table VI 

Chemical Sh1fts(a.) of Selected Protons of 

l•Phenyletbyl Eenzyl Ether and o:t' Dibenzyl Ether 

Solvent VA v v v 
B c x 

Benzene .5.7 5.7 2.9 5.0 

Carbon tetrac.bloride -5.6 5.6 5.0 9.5 

Pyridine .3.6 3.6 6.5 8.J. 

Diethyl ether -4.!J. 4.4 6.4 9.5 

Acetone o.o o.o 9.8 l0.9 

(a) A positive chemical shift indicates a shift to lower field 
thml the frequency zero. Chemical shifts are in cps. 

Despite this quantitative disagreement between calculated and 

observed values fo:r the non-equivalence., an expl.anation of magnetic non-

equivalence based on the magnetic anisotropy of the carbon sigma bonds 

ot ·the asymmetric center might seem an a.ttract:lve basis for discussing 
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th,e data in Table III. On the basis of such an explanation, large values 

for the non-equivalence would be associated with a. high population of 

cont'ormation 1. Significant population of the other conformations., and 

in particular con:f'o:rmatio:n _g, would be i:::xpect;ed t,o :reduce the nori-equiva­

lence., because these confol'Jll.&tione1 :reverse the :relative positions o:r the 

metliylene protons with respect to 1•he sigma bonds in t.be asymmetric 

center. Hence, R = ~-butyl ~ould have a large value for the non-equiva­

lence because its con:f'ormational p:reterence for con:f'or..uation 1 would be 

large. By the same token., R = ethyl would be :relatively small, because 

both conformations ~ and g wou.l.d both be significantly i:;ii:mula.ted. 

Unfortunately, there is evidence that this explanation ia probably 

not the most important one. T.b.e most important :f'actr):r in dete:rmir.dng 

the magnitude of the methylene proton non-equivalence on this basis 

should be the relative size of the groups attached to the asymmetric 

center and the methylene group. If this hypothesis were correct, one 

wouJ.d predict that replacing either o:r the phenyl groups of 1-pb.enylethyl 

ben£yl ether with an isopropyl group should have little effect on the 

magnitude o:f' the non-equival.ence,, because a phc:ny1 group and. an ieopropyl. 

group have approximately the same size. Table I indicates that inter­

changing phenyl and isopropyl has little effect on the methylene proton 

non-equivalence, when the change occurs in the asymmetric center, 1n a 

low dielectric constant solvent. However, when the phenyl group bonded 

to the methylene group is replaced by an isopropyl group, t.he magnetic 

non-equivalence of the methylene protons is reduced drastically (Table II). 

This observation suggests that much of the non-equivalence of the methylene 

hyctrogens or these ethers should be attributed to the phenyl group 
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directiy bonded to tile metnyiene group. 

The phenyl groups i:n these ethe1·s migbt exercise their influenc·e 

in one of two ways~ Through specific interaction with solvent (i.e., 

formation of complexes with defini~~e stereochemistnr with the solvent 

tno1ecules), or through ring-current e:tfects. Although ·the first expla­

nation has been used with varying degrees of success by other workers 

to explain the sol.vent dependence of chemica:J. shift data (86), previously 

discussed evidence has suggested that specific solvent-solute interactions 

are not ··dominant in determining the methylene :protons non-equivalence. 

We will now consider the possible magnitude of phenyl ring-current 

effects. 

Johnson and Bovey (81) have calculat.ed the shielding of a proton 

in the vicinity of a phenyl ring by considering the precession of ·the 

ir electrons in two circular regions above and below the plane of the 

aromatic ring, under the 1n:t'J.uence or the component o:r the static mag­

netic field perpendicular to the ring. 

Measurements of Dreiding models indicate that the average distance 

of the methy.lene :protons of 1-phenylethyl benzyl ether :f'rom the center 

of the closer phenyl ring is approximately 3.5 A; when one methylene 

proton i& in the plane of the ring, the second is approximately 0.9 A 

above it. With these distances, it is possible to estimate from Fig. l 

oi' reference (81) that the maximum chemical shift between the two 

methylene protons due to the ring current of the phenyl group bonded 

to the methyl.ene group will be approxima·tely 0.15 ppm. (9 ops.),, and 

will occur when one proton is in the plane of the ring. (The radius of 

the benzene ring was taken equal to 1 .. 4 A in these calculations.) 
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The chemical shift due to tJ:te ritl8 current o:f' the benzene ring 

attached to the center of asymmetry '<fill o:f course depend upon the 

conformation. In conformation _±, the distance between the methylene 

protons and the center o:f the ring is approximately 5.2 A, and the mu.1-

m.um value tor the difi'e:rence in chemical. shift due ·to this ring will be 

less than l eps. (The maximum difference again occurs w.b.eII one proton 

is close to the plane of the ring, and the second is relatively f's:r from 

this plane. ) The effect of ring-current in the phenyl ~ attached 

to the asymmetric center on the chemioa.1 shift between the methylene 

protons will thus be small in eonf ormation 1, and by similar reasoning 

in conformations !± and 1• In conformations of the type B (drawn belov) 

the difference in chemical shift due to ring B can be estimated to be 

approximately 3 cps., by the same procedure of :measuring the ~ppropriate 

distances on a Dreiding model and consulting :reference (81). ln contrast 

the B ring in eon.formation 2 will produce a Qnemica.L-snii't differsnce 

between the methylene protons of approximately 30 cps. Physically the 

difference between .2 and the other less effective conformations is that 

the :S phenyl ring in tbis con:f'ormation lies very close to one o:f the 
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methylene protons. 

We have observed previously that the data of Table I suggest 

strongly that the difference in chemical shift between the methylene 

proton.a :tn i:;he&e ethera is not due primarily to the :t'ing current in the 

:phenyl ,grD\1,P attached to the asymmetric center. 'Ihe prineipial support 

for· ·J;.bis suggestion was the observation that replacing this phenyl group 

with an isopropyl group resulted in only a small (approximately 2 cps.) 

decrease in the magnetic non-equivalence of the methylene protons. From 

this evidence and from the estimates ma.d.e above of the magnitudes of the 

non-equivalence to be expected in the major types of conformations, we 

cQllclude that conformations resembling ..2 (i.e. those havins one methylene 

hydrogen close to the B phenyl ring) are not highly populated in solution, 

because these conformations are predicted to ha-ve a large value of the 

non-equivalence, origi:nating in the ring-current of the phenyl grm.i.p 

attached to the asymmetric center. 

Tbe preceding discussion suggests that the factor responsible for 

the major part of the methylene proton non-equivalence in the bensyl 

ethers studied :ls a preferred. cord'o:nnatio:n of the methyl.ene group 'With 

respect to the plane of the nearer phenyl ring,, such that one methylene 

proton lies in the plane of the rina and the second is situated appreci­

ably out of this plane. 1he rins-eurrent of a phenyl rins located in 

the asymmetric center contributes little to this chemical shift. 

Models of the bem:yl ethers suggest that the phenyl group in conf or­

ma.tion _! shoul.d be able ·to rotate fre,ely around the '°112-<I> bond. '!he 

conformations which seem moat likely to induce a conto:rmational preference 

of ·the phenyl group with respect to the asymmetric center are those in 
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which the benzylic phenyl ring is close ·~o the a.symmetric center: in 

other words, conformations of the t:y:pe .2 and 1 • 

If the populations of t..llese conformations determine the magnitude 

of the non-equivalence, it should be possible to :rationalize the solvent 

dependence of the ethers on the be.sis of cb.anges in conformational popu­

lations. In attempting this rationalization, we first repeat two im­

portant experimental observations. First, the non-equivalence of' the 

methylene protons o:f those ethers containing only alkyl g:ro~ps in the 

asymmetric center is independent of solvent; only ethers having unsaturated 

groups both on the asymmetric center and on the methylene gi'"Oup display 

pronounced solvent dependence. Second, the ethers containing wisatu­

ration on both sides of the molecule behave anomalous.ly in solvents o:f 

~ die1ectric constant. 

These two observations susgest that in a high dielectric medium 

there exists an interaction between the two unsaturated cente:rs whic.b 

is of su:f'ficient energy to have a significant effect on the oon:f'onnational 

populations of the molecule. In particular, dispersion and induction 

(87) 1nteract1ons between the two phenyl groups would be expected to be 

more important 1n high than in low dielectric constant solvents. Dis­

persion and induction interactions are both electrostatic dipole-dipole 

:i.nte:r~tions. In the mo.lecuJ.ee o:f i.nt.ereat, e. :u~rt. attractive force 

between the phenyl rings migilt arise from either (87). A dispersion 

interaction "between the two benzene rings would originate in the random 

"zero point motions11 o:f' the e1ect:rons in one rins. .A.J.though the <lipo1e 

moment of each ring is smell on the average, these electronic motions 

mey :result in large randomly oriented instantaneous dipole moments. The 



instantaneous electric dipole in o:ne rin8 is capable of inducing a 

corresponding dipole in the second ring, either directly [represented 

schematicaJ.J.y by (a)] or~ a solvent molecule (b); (here the circle 

represents the solvent molecule). 

(a) CD 

(b) CD CD CD 

'l!b.e energy of the interaction represented by (a) can be described by an 

equation of the :f'orm 

i:f' we assume that a phenyl ring is .spherically s)'mmetrical. In this 

equation, I is the ionization potential. o:E' the phen:r1 ring.., R :La the 

distance between the rings, and a is the po1arizability of the ring 

-2ez L a:::::: 
3I 

J 



Here e is a unit charge, the Rjo are integrals of the form 

<I> j and <P0 are wave :f'unctione of the phenyl ring, aud ~ is the operator 

giving the sum of the coordinates of all the electrons in the phenyl 

group 1n a given direction (in other words, the displacement oi' the 

eJ.ectrons :f'rom ·tbei:i:- a:verase :position in the ground state cp
0
). The 

pertinence of these :t'ormulas to the present discussion is that they 

predict that the dispersion energy E will be proportional to l/I. We 

can asswne that 1 will be smaller, tbe higher the dielectric constant 

o:f' tlle medium, since I is a measure of the work required to move an 

electron from the molecule to an in:f'inite distance. Conseqt1ently, E 

snould be larger in a mediu.ri of high dielectric constant. 

Induction interactions between the two phenyl rings would arise 1n 

an j,ndirect manner. A dipole ;noment would be ind'l.1ced in one ri:os1 by 

the permanent dipole of a solvent molecule. The dipole induced in one 

ring might then induce an opposed dipole in the second phenyl ring, or 

it mlgllt lnteract w1t.ll a dipole in the second ring induced by a second 

solvent molecule. Either interaction should lead to an attraction between 

the two rings. High dielectric constant solvents should be 

CD 
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or 

CD CD CD CD 

more efficient in inducing these types of interaction tha.n low dielectric 

solvents. 

Th.is very qualitative discussion suggests that both dispersion and 

induction forces between the two phenyl rings in .§ should be :.Larger in 

high dielectric constant solvents. With this :rationale in mind, 1,1e now 

propose a tentative e;:q,lanation for the solvent dependence of the mag-

netic non-equivalence Of the methylene protons o:f' l-;phenylethyl benzyl 

ether. In solvents o:r law dielectric constant, the dispersion interaction 

mentioned above might be un~:rtant, relative to steric factors, in 

dete:rminillg the popW.ations of the conformations of the ether. Because 

only the con.formation of the phenyl group with :respect to the methylene 

hydrogens is important in determ=tn1ng the magnitude of the chemical shift 

between them, we write 

HA+~ 
HA 

~A ~~~ 
H,cfH 

0 

~C~H H,~ 
! l~ 1 
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Conformation .! contributes nothing to the non-~~quivalence, because tb.e 

phenyl groiq:i near the methylene protons can rotate freely. The magnitude 

o:f' the non-equivalence will be deterrnined 'by the extent to which confor-

mation ~ is :pref'e:rred to 1.. I:f' steric factors are dominant., this pre:fe:t"-

ence will be determined by the size of the gro1"Ps on the asymmetric center. 

If the methyl group is am.all relative to the phenyl ,gro~, the conformation 

at tlle asymmetric center will be the one indicated above, because the 

largest gro~ 'Will be trans to the benzyl group across the 0-0 bond. 

Consequently, the relative populations of ,! and 1 will be determined by 

the magnitude of the interaction of the benzylic phenyl gro~ with the 

methinyl hydrogen atom and the methyl g:t'O\'q>• 

We have cOI1.s:l.dered only one con1'ormat1on at the asymmetrlc center .. 

other conformations (for e:xang;ile .2) will tend ·to reduce the magnitude of 

):HA RB~+ 
0 0 

H~R B3C~B 
CH3 R 

2 1 

the non-equivalence, because the effect of the pheeyl group on the two 

methylene protons will be Qppoaite in 2 .51.l\d 1 (to a. first approximation). 

The larger the gro'l.\P R,, the more favored will be <:onforme:r l.1 a.ud corre-

spondingly the greater the value or the non-equivalence. Tills 
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rationalization is in accord with the data of Tables I and III, in which 

the size of the groups on the asymmetric center seem to determine the 

magnitude of the magnetic non-equiTalence. 

We suasest that in hie;h die1eotric ooneta.:at solvents, sterio 

interactions in l•pllenylethyl benzyl ether a.re less im,port&nt than 

dispersion and induction interactions between the two pheDYl grm;g;is; in 

other words~ that conformations ..§ and .§ ue popu1a.tM to a greateT extent 

~~ RA+$ 
0 

R~$ ~ H3 C 

6 8 -

than .2 and 1 • :c:r .§ and ..§ are higbly and approx:tmately equally populated, 

the non-equ:ival.ence a:b.oul.d he smal.l, 'because the preference of the 

methylene protons with respect to the plane of' the near phenyl ring will 

be reversed on interconverting the two conformations. 

Conf'o:rmat.ions fi and .§ mu.at be appl'Oxinuately equally :popul.at.ed in 

order :f'or this proposal to explain satisfactorily the small chemical 

shifts observed in high dielectric constant solvents: interactions 

iDVOlvins the methyl Sl'O\l;l:I must not eon:f'er a large preference on either 

conf ormat1o:o § or .§. Examination of models SU«iests that this a;pproxi .. 

mation may be valid for tlle methyl grou;p, but would not be for a larger 
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,group suc.b as an isopropyl group. In accordance with this view.., the 

chemical shift between the methylene protons of phenylisop~ylcarbinyl 

benzyl ether shows the same qualitative dependence on dielectric constant 

as does that ot l•phenylethy.:t.. benzy.l. et.lle:r, but does not go to zero :l.n 

higb. dielectric constants solvents (Table VII) .. 

Table VII 

Solvent Dependence of the Methy.l.e:oe Proton Chemical 

Shi:ft Difference o:f PbenyliSOR!gl?Y1t'.larb:lny1 :Benzyl Et.her 

Solvent 

Benzene 17.6 cps. 

Carbon tetrachloride 16.o 

Chloro:f orm 14.5 

Diethyl. ether 14.4 

Pyridine 11~.4 

Acetone 9.8 

Dimeth.;11 suli'~d.e 8.7 

Two interesting observations should be mentioned in connection 

with this p~osed explanation for t.b.e solvent dependence of the magnetic 

non-equivalence of the methylene protons of these compounds. The influ­

ence of the solvent an the con::f'ormational populations of the ethers has 

been discussed anly in terms o:f' its e:r:rect on attractive :f'orces between 
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the pole.rizable phenyl gro~s; the solvent dielectric constant can 

however also have an effect on the populations of conformations having 

·difi'erent dipole moments. Neglect o:f' this factor is probably not serious 

in any o:r the ethers discussed so fax, because all of the conformations 

will have approximately the same dipole moment. I:f', however, :a change 

in conformation were accompanied by a Clha.tlge in dipole moment, the 

influence of the dielectric constant in detennining the relative energies 

o:f' the different dipol.e moments should be taken into account. 

We have compared the chemical shifts of l-12 ... chlorophenylethyl benzyl 

ether and 1-phenylethyl ;e;-cblorobenzyl. ether with 1-:phenylethyl benzyl 

ether in several solvents. The results are tabule:ted in Table VIII. 

Table VIII 

Solvent Dependence of the Difference in 

Chemical Shift of the .Methylene Protons o:f' Ethers 

So.lvent x = l:l; y = R x = CJ.; y = H x = 

:Benzene 10.9 c:ps .. 10.3 
Carbon tetrachloride 10.2 9.1 
Diethyl ether 9.0 7.1 

.Pyridine o.l 4.3 
Dioxa;r;ie 6.9 

Acetone 2.5 <l 

Dlmet.b.y1 suU'o:xide 2 .. 0 <J. 

H; y = 

10.l 

9.3 
7 .. 5 

5 .. 2 

6.2 

<l 

Cl 
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~e dipo1e moments :for the different types of conformations for the 

chlorinated ethers can be calculated crudely by neglecting all bond 

moments except for those due to the 0-0 and O-Cl bonds,, [ t..aken as l.2 D 

and 2 .. 0 D respectively (88)] and measuring bo.nd angles :f'rom models.. The 

values obtained :for the molecular dipole moments are 

The value for all conformations of the unsubstituted ether (X = Y = H in 

Table VIII) will be the same, in this approximate treatment. 

should be re1atively smal.ler in low dielectric constant solvents than 

.2 or 11 because the high.er dipole moment oon:t'orrnation sbould be of rela-

tively higher energy :i.n the .low die1ect:r:io medium. Con.sequent1y the 

value of tb.e no.u-equivalence would be e:x.pected t,o be greater for the R• 

chJ.oro substituted ethers in each solvent; it is actually observed that 

the chlorine-substituted ethers have slightly smaller values of t.b.e non .. 

equivalence .. 



- ll19 -

One possible rationalization ~or this observation can be constructed 

using the approach outlined above to e~J.ai.n the low value of the magnetic 

non-equivaJ.enee in high dielectric constant solvents. 

Substituting the J2-hydrogen of either phenyl ring of 1-phenylethyl 

benzyl et.her with a chl.orine should not cl:l.a.:o£e the steric requirements 

of the ring; it should however give tb.e ring a large dipole moment. 

Consequently the ability o:f' the substituted ring to induce an opposing 

dipole in the unsubstituted ring should be large, even in non-pol1ir 

solvents.. Conformations o:f' the tY.Pe .§ and.§ might therefo1-e be ~o:rta.nt 

for the chlorine suostituted ethers, even in low dielectric constant 

solvents. For reasons outlined previously., extensive population of 

these con:ro:mat1ons 1s expected. to red.uee the magnetic non-eqW.valence 

of' the methylene hydrogens. Dipole moment studies o:f these cblorine• 

substituted ethers could be very pertinent to this question. 

A second puzzl.:ing obaerve.tion is l.eaa easily :ra:bio:nal.ized on t.:be 

basis of the pnsent hypotheses. T.b.e benzyl methylene protons of l·indyl 

'benzyl ether (89) are magnetically equivalent in all solvents.. In light 

of' the close stru.ctu:ral similarity of this ether to 1 .. phenyleth:yl benzy1 
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()-0-cnz-Q 
0 

ether, this result is difficult to explain. Examination of models of 

the former compound :reveals two possibly pertinent details. First, 

o1ose a.pp:roe.o.h of the two p.b.e;a:r1 groups in this et.her is :Lmpossi'b1e .. 

Second, the methylene grmu:i in the 2 position of the inda.ne ring appears 

to have smaller ste:ric requirements than the methyl g:rou:,P of l•phenyl-

ethyl benzyl ether. The latter fa.ct ~be sufficient to explain the 

small. asymmetry in this ether. 

:Brief mention should be made of the possibility Of solvent 

dependence o:f the methylene proton non-equivalence originating in the 

"reaction 1'ield11 (90) at the methylene group, due to the 0-:o-c el.ectric 

dipole. According to :Buckingham's theory, the C-0-C dipole would polarize 

the surround:lng medium, thereby inducing a second electric field, the 

reaction field E, at the solute. 'Dlis field ia related to the dielectric 

constant o1' the solvent by an equation of the form (90) 

E a E - J. 
l z 

E + fil 

where E is the solvent dielectric constant a:nd n is the index of refraction 

of the solute as a liquid. If the two methylene protons are not sym-

metrically placed with respect to the molecular dipole moment, the 

component o:r the reaction :t'ieJ.c1 a:Long each C-H bond ax1s w1J.J. be 
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d:U':ferent in magm:tude. Since this compor:ient oi' the field can ill:f'lue:nce 

the chemical ,shift of the protons 'by shifting the electron densi·ty along 

·the (}-H 'bond axis, the relative chemical shift of the two protons would 

'be expected to depend on the sol.vent ilie1eci;r:lc comrtrro:rt. 

The observation that the magnetic non-equivalence of the methylene 

protons of the ethers containing only alkyl groups at the asymmetric 

center varies very little with solvent dielectric constant suggests 

that the reaction field ef:t'ect is probably not o:f major 1.m.Portance in 

these ethers, and by analogy, in 1-phenylethyl benzyl ether. 

One final series of experiments should be mentioned in connection 

with the work in this section. 'llle ·explanations proposed :for the ri.on• 

equivalence of the methylene protons o:f these ethers depends on the tacit 

assumption that the :part af the molecule containing the methylene protons 

comes close ellO'lJ.gb to the as;:fMilletric center to have a prefer.red oOll:f'or­

mation. In order to investigate explicitly the effect of :proximity to 

the asymmetric center on magnetic non-equivalence, we have prepared 't.b.e 

compounds in Table IX. The non-equiYalence of the methyl gro~s of the 

:Lsa_p:rop:yl. sro~ O'£ each coq>ound io reported. in several ao1venta. I't 

should be noted that the non-equivalence does not decrease monotonica.lly;i 

but rather decl"eases~ increases and then feJ.ls to zero as the nuniber o:f' 

bonds between tb.e isopro,pyJ. gl"O'U;p and the asymmetric center increases. 

1.'he simplest interp:reta.t:ton of these data is toot cyclic conformations 

of the t;ype :Lnd.icated schematicall.y be1ow are populated to a measurable 

extent :f'or the compo'1.lllds containing isopropyl grotq)S fo'Ul" and :five bonds 

removed from the center of asymmetry. 
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In these cases, the di:f':f:'erence in shielding at tne isopropyl methyl 

groups is probably due to t.lle :ring current o:r the p,lle:oyl ri.llg aa the 

asymmetric center. 

In conclusion, the preceding discussions enable us to draw several 

conclusions concerning the origin o:f' the non-equivalence 0.1. the metllylene 

protons of the ethers studied. ~se conclusions must be considered 

tentative pending further investigations. 

The principal f a.ctor dete:rmining the chemical shii't between the 

methylene protons in the benzyl ethers appears to be the orientation of 

the magnetically anisotrQpic phenyl group ·with respect to the methylene 

group. Oo:c:fo:rmationa of 1me ei;h.er which are :responsible for the meiihylene 

non-equivalence are not those which would be predicted to be :favored on 

the basis of st.eric arguments. 

The sol.vent dependence of ethers conta:ln::lng pol.ar:Lzab1e sro\."ils on 

both sides of the oxygen atom is suggested to be a consequence o:f' 

dispersion and induction interactions between these groups. These 

:f'oraes have the effect of' changing the p:re:f'erl'ed conformations of the 

molecule f:rom those determined primarily by steric factors, in low di· 

electric constants solvents, to others determined primarily by these 

London interactions. Similar solvent dependence should probably be 



Table IX 

Dependence of Isop:ropyJ. Group 

Non-equivalence on Proximity to the Asymmetric Center 

Compound Solvent 

Acetone Benzene Carbon Pyridine 
tetrachloride 

l 

I-' 
\.Tl 

cpCH(CH3 }CH(Cll3 )2 ll .. 7 cps. a.o io .. 9 8 .. 9 
\.N 

cpCH(CH3)0CH{CH3h 5.8 o.a 4.o 3 .. 0 

cj>CH(CH 3}0CI:I2CH( CR3 )2 o.o 0.5 0 .. 3 o.o 

<j>CH(CH3)0CH2CH2CH(CH3}i 2.2 1.8 2.5 1.8 

cl> CH (CH 3} OCH 2CH 20v-,r( CH 3 )z o.o o.B o.o o.o 

cpCH(CH 3}0CH2CI!200H2CH(CH3 )z o.o o.o o.o o.o 
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observed for compounds containing otller polarizable ~s 1n the .asymmetric 

center. 

The magnetic anisotropy Of the benzene rill,g nearer the methylene 

protons accounts for approximately 6-8 cps. o:f' the ll cps. observed :for 

the magnetic non•equiveU.enoe of tJ::te met.b:;yle:oe protons, :Lil benzene solution. 

O:f.' the remainder, anisotropy associated ·with solvent molecules :probably 

gives rise to another 0-2 eps. ~s latter figure may be larger in 

ethers in wllic.h the steric requirements around the methylene group are 

veey severe (as in 1 .. phenylethyl neopentyl ether). Al though no evidence 

was i'ound in this stutcy- :f'or specific soJ.vent-soJ.ut.e in:teractions, these 

may be important in determiniDg other types of non-equivalence. 

Calculations of shielding differences based on recent values for 

the anisotropy of the carbon ... carbon sinsle bond indicated that this 

anisotropy is sufficiently large to be worthy of consideration in o·t.her 

molecules. No evidence :for the incursion of this factor couJ.d be found 

in these ethers. 

Finally, the small solYent dependence of ethers conta~n:h:ig only 

alkyl grou;ps in the asymmetric center suggests that reaction field 

e::f':f'ects are relatively unimportant in these ethers. 
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Boi1ing points e.nd melting points are uncorrected; me1tins points 

were determined with a Hershberg melting-point apparatus. Vapor cbroma.­

·~ograms were obtained using Perkin-Elmer Vapor Fra.ctometers Models 154-C 

and 800~ Infrared spectra were detemined 1'ri th a :Perk.in-Elmer Model 

23'"( double-beam grating spectrometer., using an eight-minute acan. Ele­

mentary analyses were performed by the Spang Mic:roanalytical Laborator.r, 

Ann Arbor, Michigan. 

Nuclear magnetic resonance spectra were obtained at 60 Meps., 

us1ng a Varla.n Assoc1ates MOdei A-6o spectrometer ror the bUl.k or the 

room temperature spectra, and a. Varian Associates V-4300B spectrometer 

with 12-in. magnet, S\ij)ersta.bilizer, field homogeneity control coils, 

and Model V352l integrator and base-line stabilizer for variable temper­

ature work. 

Temperature control in the probe of the latter instrument was 

achieved by blowing dey nitrogen gas at a. selected temperature over the 

sample and insert through an appropriate Dewar system. The insert 

Dewar and insert were quartz; the rest ot the system was silverec1 py:rex. 

Temperatures lower than 0 ° were obtained by passilJ8 the nitrogen through 

a 5-:ft. copper coil immersed in li<tjiuid nitrogen; high temperatures, by 

passing the gas stream over nicrome wire heated by a Variac. Tempe:r­

atu:res in the probe were measured by means of a copper-eonstantan 

thermocouple placed close to the sample. Temperatures could be main­

ta1ned constant within a degree ~or i;-20 min. 1r seve:ra:L minutes were 

allowed for equilibration following a cllange of temperature. Most 

ternpera.tu:res :reported in this .thesis are estimated to be accurate to ± 2 °. 
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Spectral examination of diethyl ether samples at temperatures 

greater than +75° was made difficult by refluxing of the solvent in the 

sealed sample tube, i:f' no effort were made to heat the part of the sample 

tube projecting above the spinner. Spectra could be obtained at much 

higher temperatures if the temperature of ·this part of the tube was 

regulated at approximately -a.20° by means o:f' a heating element wrapped 

around a piece of 20-mm.O.D. glass tubing and held in position around 

the sample on the end o:r a long glass rod. Temperature control wa.\; 

accomplished with a Variac, and temperatures were measured with a 

thermocouple positioned close to the tube (between the heating element 

and the tube). To minimize to cps. modulation of the field at the 

sample, one half' of the heating wire was wrapped around its support in 

a clockwise spiral, and ·the other half {suitably insulated) then wrapped 

on top in a counterclockwiae spiral. 

Ether samples in standard 5-mm.O.D. tubes could be examined at +120° 

with this apparatus. Unfortunately an appreciably a.mount of the ethel' 

present in the sample was in the v~or phase at t,empera.tures above 

+50 - +6o 0
, and Grigna.rd reagent concentrations were therefore uncertain 

at these higher temperatures. 

Measurement of line positions was accomplished by the usual audio­

sideba.nd method using a Hewlett-Packard Model 200AB audio-oscillator and 

Model 521-C frequency counter, when accurate measurements were required. 

For the majority of spectra run in diethyl ether however, it was found 

more convenient to ·use ·the ·triplet resonance of the upfield 13C satellite 

of the solvent methyl protons to calibrate the chart sweep rate. The 

v.1c1naJ. coupling constant ln diethyJ. et:t:ier is 6. 96 cps. (33). Tllis 
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si,gnal occ'l.lr8 convenientl:y J.0 .. 50 cps. rlo'"Afit:ld f'rt:i.ui t.be a-methyl.eue 

resonance of the organometallic compoWlds. In addition, comparison ·Of the 

intensity of the 13c satellite resonance with that of t.he organometallic 

provides a direct measu:re of the concentratio:n o:f' the latter1 biioa.use 

the concentration of naturally abu.~dant 13CH 3CB 20CH2 CH3 in diethyl ·ether 

is known to be 2.~. Comparison of the linewidth of the 13 C satellite 

resonances with that of the organometallic cOIUJ)ound :f'u:rnishes a sim:Ple 

if crude method of estimating the relative importance of exchange 

broadening and other less interesting b:roa.dening e:f':fects such as vis­

cosity broadening and broadening due to field inhomogeneity. 

Instrument settings for these spectra were ·unexceptional, except 

that a high r.f .. :power level and a broad fil·ter bandwidth were necessary 

for satisfactory signal to noise ratios, due to low concentrations of 

organometallic in solution. Co:nsequently,, in sor.ne dilute samples there 

was evidence of minor so.tu.ration, but ordi:r.ie.ri11 this f~c~or we.a not 

important in deter~ining line sha.pes. Spinning noise was the principal 

noise source at low temperatures, where the u.n:fortunate tendency of 

sampl.e tubes to V&.'?'p a1ightly dttt"ing nent:rif'u.gat1.on 'beeame veey o"b­

jectio:oable • 

.Magnesium used in these Grignard reagent preparations was in the 

form o:f turnings :f':rom a bar of resublimed metal. Use of o:rdina:r.t 

11 Gr:lgnard grade" magnesiwn gave broad poorly resolved n.m.r. spectra, 

apparently due to tlle presence of para.magnetic impurities in solution. 

Diethyl Ether. ... Mallinckrodt anhydrous ether vas used without 

further purification. 

Tetr&bydro:f'ura.u and d1fil:;yme were dried by d1~ti1latio~ :t:rom sod1u~ 

and stored over sodium or Linde ·type 5A Molecular Sieves prior to use. 
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Dioxane was distilled from lithiU."ll al:uminum hydride .and stored 

over sodium. 

;!\1kll halides used in the Grignard reagent preparations were 

commercio.:ll.y available, with the exceptions of those specificaJ.l.y 

mentioned below.. They were used without fitrther puri.fication. 

Preparation of Grignard Reagents. - All Grigna:rd :re.agents examined 

by n.m.r. spectroscopy were prepared directly in n.m.r. tubes, :following 

the same genenl procedure. To a clean, dry n.m.r. tube containing 

approximately 50 mg. of magnesium turnings was added O.l ml. of solvent 

and O.l ml. of e.llcy'l halide by means of a 0.5 ml. syringe. Rea·ction 

was initiated by punching the magnesium with a sharpened tantalum rod. 

As soon as reaction was underway, o.4 ml. more solvent was added a.nd 

the tube temporarily cajpped. When the initial vigorous reaction had 

subsided, the neck of the n.m.r. tube was cleaned with a pipe-cleaner 

and the tube sealed. to sive a. etrons x-ouncied end.. '!he tube was the:n 

placed in a steam bath and heated at 100 ° for 6-10 hrs. with occasional 

shaking. The actual heating time did not appear to be critical, but at 

least 4 hrs. heating was :required for high yields of Grlgnard reagent. 

There was no evidence of decomposition of the Grignard reagents at this 

temperature. 

After heating11 the tube-was cooled and oentrifu,ged for 10-120 min. 

at 16oO :RPM using an International Equipment Co. Size 2 centrifuge with 

a type 267 head. The centr;l.;f'uge bu.cketlil were packed v1th towels to 

accommodate the n.m.r .. tube. Centrti'ugation was continued until the 

solution was completely :free of visible lnagnesium chips and suspended 

solids. The length of time required depended on the na.tu:re and quantity 
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o:f' solids present in the tube and on the solvent. The tube w.as positioned 

in the centrituge so that the solids would be cerrtrif'Uged into the upper 

end o:f' the tube; spectra were obtained after centrifugation by decanting 

the elee.r eol.ution 4!1.W6ilf :f':ro.m the pa.clted eolids iot.o the bottoiu end of. 

the tube, and proceeding in the usual manner. 

Grigna:rd reagent solutions prepared in this manner in ether solution 

were perfectly colorless with approximately the same viscosity as water. 

The quantity of solids produced durillg the preparation depended primarily 

on the type o:f' halide used: bromides frequently :produced no solids at 

all; chlorides o:f'ten gave small quantities O'f a white flocculent precipi­

tate. 

Grignard reagent solutions prepared in tetrahydro::f'uran were 

occasionally pale yellow after heating, and showed a tendency to precipi· 

tate larger amounts Of solids than the co:rrespondillg ether solutions. 

Occasionally, a tetrahydro:furan solutio.n of an alkylmagnesium chloride 

would crystallize complet.ely; sufficient sample for n.m.r. examination 

could usually be recovered from the solid by centrifuging the liquid 

away :from the so1:td. T.b.e signal :tntenaity in such samp1ee waa ueual.1y 

slightly less tban that of' the same solutions before crystallization. 

Tetrabydrof'u.rau·solutions occasionally gave broad spectra ::1..mmediately 

after their preparation; resolution always imp:roved after the sample bad 

aged for several days. ~is behavior may have been a :result of small 

concentrations of a l0Il8•lived radical species 1:o solution. 

Solutions prepared in diglyme had aa;>pro:d.ma.tely the sarne chare.c­

terist ics as those prepared in tetrahydro:f'uran, except that '.the viscosity 

o:r the :t'inaJ. diglyme so.lution was s:tgnificantly greater. 
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No particular effort was aade to dry the n.m.r. tube or ·t.he magnesium 

used in these studies, nor was a.n efi'ort made to carry out the reactions 

under an inert atmosphere. The i'act that 11tt1e or no difficulty was 

enco'U.tltered 1.n 1n:i.:t1e.ting most or these reactions suggests that the 

solutions were not seriously wet. On the short periods in which the 

n.m.:r. tubes were open to the atmosphere (a.s during the cleaning and 

sealing operations) the Grignard reagent solutions were probably ade­

quately protected by the 10 cm. column of ether vapor above the solution 

in the n.m.r. tube. 

Dialkyl.magnesium solutions were prepared from the co:rresponding 

Grigna:rd :reagents by opening the .n.m.r. tube, adding 100 f.ll· o:f dry 

dioxane and then capping and shaking the tube. ~e dioxane :addition 

resulted i:o. ilnmediate production of a voluminous white precipitate in 

such quantity that the sam.ple frequently became almost solid. 1.I!he pre­

c1p1tat1ons were lllildl.y exothermic p:rocelilaea. 

i:rhe neck of the tube was cleaned with pipe-cleaner and sealed in 

tbe usu.al rna.mier. After sealing, the solution was allowed to stand in 

contact "With the precipitate :for l.0-12 hrs. with. frequent shaldns, and 

then centri::f'Uged in the m.m:mer described previously... 'I!llree to four hrs .. 

centrifugation at 1600 RPM were frequently required to compact completely 

the voluminous precipitate o:f' magnesi\tm halide dioxanate. The volume 

of the c~acted precipitate was usually approximately one-third that 

of the orig1nal Gr.:l.gnard reagent solution. 'lb.is precipitate was usu.all:y' 

removed :rrom dialkylm$g:nesium S8Jl\Ples to be examined at high temperature 

by cutting o:t'f the part of the tube containtog the precipitate and 

immeniately sealing the tube age.in. 
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Grign.a.:rd :reagents and dialkylmagnesium compounds containing a 

-C!!z-Mg group were identified by the characteristic chemical. shift and 

spin-coupling pattens of their a protons. The resonances of :protons 

geminal to a strongly electropositive metal occt'IX at significantly 

higher :f'ield than those of a:o.y of the other compounds likely to occur 

in the solution; these protons could consequently 'be recognized and 

examined without di:f'ficu.lty. Tb.e ll!l-proton resonances o:f' the secondary 

Grignmod reagents were usually more co?tg?licated by spin-coupling :iwd of 

lower intensity than those of the primary Grignard :reagents, and were 

frequently difficult to find. !Ibese Grig.nard reagents were characterized 

by addition of a slight excess of water to the sample tube followed by 

centrli'uption to remove the precipitated magnesiwn salts. Comparison 

of the spectrum of the organometallic solution and that of the hydrolyzed 

solution with tbe spectra of solutions in the same solvent of the starting 

halid.e and of the hydrocarbon expected from hydrolysis (when available) 

usually allowed the :resonances due to Grisna:rd reagent to be identified 

without difficulty. 

Yields of Grignard reagent 1n diethyl ether solution were est:L-na.ted 

to be 70-95; by comparison with the 13C satellites of solvent, based on 

starting halide. 

Diiso;propyJ.magnesium was prepared in synthetic quantity following 

standard procedures (59) by addition of 66 g. (0.75 mole) o:f' dry dioxane 

to a Grignard solittion prepared from 92 g. (O. 75 mole) of 2-b:romopropane 

and 18 g. (0.75 mole) of m.ago.esium in 300 ml. of ether in a l-1. three­

necked round-bottomed flask equipped with mechanical stirrer, condenser 

and p-reesure eq'Uf.l.li:t.ed ilropping :t'unne1.. 'l'he p:t"ec:ip1-te.ted ma.g;ues'i:um 

bromide dioxana.te was not separated from the dialkylmagnesium solution. 
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2-Phenyl-3•met.byl·l-butanol. - To the diisopropylrnagnesium solution 

. prepared above was added 6o g. (0.50 uole) of styrene oxide at such a 

rate as to maintain gentle refluxing. The :reaction mixture was stirred 

for 4 hrs. at room temperature, refluxed :for l hr., and hydrolyzed with 

saturated aqueous ammonium chloride solution to the point a·t which the 

solids c0Jl8lomerated on the sides o:f the flask. 'l!b.e ether layer was 

d.ecauted i'rom the aalts El.lld dried over cal.cJ:Wll suitate. Removal o:f' the 

ether on a rote.r,y evaporator and distillation of the residue througo e. 

20-cm. wire-spiral column yielded 53 g. of product, b.p. 84--87° (2 mm.) 

lit. (6o) b.p. 93° (4 mm .. ); purity of the product was estimated to be 

90-95~ from the n.m.r. spectrum. 

2-Phenyl-3-methylbutyl chloride was prepared by addition of 50 ml .. 

o'f thionyl chloride to a solution Of 25 ml. of 2-phenyl-3-methyl-l-butanol 

and 50 ml. of dimethylformamide in a 200 .. mi. Erlemneyer :flask immersed in 

an ice-bath. !!he temperature of the solution was maintained at 15 :1: 5 ° 

during the addition. The solution was allowed to star:ld at room temperature 

for 6 hrs. after addition of the thio:nyl chloride, then hydrolyzed by 

pour1ng intO 200 mi. o:r cold water. The organic 1.ayer was separated and 

the aquecus layer extraeted twice with 50-ml. portions of ,ether. ~e 

combined organic layer was dried over calcium chloride, then distilJ.ed 

twice througn a 20-cm. wire-spiral column at reduced pressure to yield 

12 g. {approximately 45%) of product, b.p. 67-74° (0.8 mm.) .. 

~· Ca.led. for C11 H15 Cl: C, 72.32; R, 8.28; Cl, 19.41. Found: 

C,. 72 .. 55; H,. 8.26; Cl, 19.J-8. 

2 ... Pheny1-3 ... methylbutylmagn,esium chloride could be prepared from 

the chloride only with difficulty. The procedure finally settled upon 
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was to add 0.1 ml. o:f' the chl.oride .a;od 0.1 ml. <)f ether to magnesium 

· turnings in an .o.m.r .. tube,. ~e magnesium tu:r:oings were then pulirerized 

with a nicrome wire. Onto this mi=ctu:re ;.1as poured o.4 ml. of ether 

w1 thout ulixl.og the layers.. l'l.le tu.be was sea.l.ed and hea;ted in the usuaJ. 

:m.a.:nner; after approximately l hr. at 100" :reaction between magnesium and 

the halide occurred. The rema.ine:r of tbe pr.::paration was unexceptional. 

J.,3-Dibromo.-2,2-dimethylpro;pane .... The procedure used was a 

modification of that o1: Schu:rink (61). In a 500-rnl. round-bottomed 

three-necked flask equipped with a. pressure-equalized dropping :f\U:lnel 

and air-cooled conde:oaer was placed 183 g. (0.92 mole) o~ 2~2-dimethyl-

l, 3-propanediC>l .• , The fia.sk was heated on the steam bath and 500 g. of 

freshly opened phosphorus tribromide was added over the course of 2 hrs .. 

The steam bath was exc.banged for an oil bath and the te~erature increased 

to 160 ° • '!he te~erature was maintained at this level for 2!t. hrs. ".!:be 

heterogeneous mix.titre :resul:t.i:ng was then cooled and poured into 1 l. of 

water. 'l!lle lower layer was separated aod dried over calcium suli'ate .. 

'lhe n .. m.r. spectrum indicated that this material was approximately 70~ 

the de;sired b;romi.de. 'lhe yieJ.d wa.a 200 g., and product was used dthol.r\; 

further purification. 

3, 3 .. Dimethylcyciobutao.ecarboxylic acid "a.a prepaxed followil.lg tl:le 

procedure of Campbell and '.Ryden (62), substituting the crude i~3-dibromo-

2,2·dimethylpropane prepared above for the 11 3-diiodo-2,2-dimethylpropane 

·11sed by these workers. '!he yield of acid was 22 g. ~ b .. p. 75-103 ° (12 mm.); 

lit,. (62) b.p. 105 ... 106° (15 nun.). 

Silver 3,J•diraethylcyclobutaoeaarboxylate was prepared from 3,3. 

dimethylcyclobuta.neca:rboxylic acid following the standard procedure of 
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Cason and Way (63). The silver salt ~1as air dried to a powder a.t room 

temperature, .and dried at o •. 5 mm. :for four days prior to its use in the 

bromine.tive decarb~rla.tion. 

J.z 3-Dimethylcyclobutyl Bror:iide :rron: Silver 3, 3-Dimeth¥1cyclobutane­

ca.rbox.ylate. ~ The reaction conditions used 'rlere modeled on those in ref. 

(63), except that the solution temperature was :Afrlntained at 0° rather 

than at -20°. T.he flask used for the reaction was dried 'by distil.ling 

50 ml. of carbon tetrachloride from it itwnediately before use. 'Bromine 

and carbon tetrachloride were dried by distilla:tio:i. fro::i phospilor1.1s 

pentoxide. 

'lhe silver salt (38.9 g., 0.17 mole) was added aver the course of 

l hr. -to 250 tnl. of carbon tetrachloride and 28.9 g. (O.lll mole) o:f' 

bromine in a 500-m.l. three-necked. round-bottomed :flask equipped 1.;ith 

mechanical stirrer and thermometer and immersed in a Dry-Ice-acetone 

bath. ~e salt was added through a piece of Gooch tubing connecting 

one inlet of the reaction flask directly to the Erlenmeyer flask in 

which the salt had been dried. No carbon dioxide evolution 1'1'as observed 

until the solution had been warmed briefly to +20 °; after the reaction 

bad started, the so1ution was cooled to O 0 and the remainder of the silver 

salt added. When gas evolution had ceased, the reaction mixture was 

allowed to stand overnight and then filtered, washed once with aqueous 

sodium bisu.J.rite, once with 2 ! :potassi\Ull hydroxide, and once with water. 

The organic layer was dried over calcium sul:fate, and the carbon tetra­

ch.lorid.e removed through a. 10 cm. glass helix-pa.eked col'Ulllll~ 'l'ile bromide 

was distilled under slightly reduced pressure through a 30 .. cm. Vigreux 

co1unn. 'rhe product. (1.2 g., 451') had b.p. i;i2° by the capill.ary b.p. 
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method.. The puri·ty of the product was approximately 9.5" as estimated 

by v.p.c .. (column K, 110°). N .. m.r. and il:>.fra:red spectra. were consistent 

with desired structure. 

~· C&lcd. for C61:ln Br: c, 44.19; H, 6.80; Br, 49.01. Found: 

C, 44 .. 13; H, 5 .. 94; Br, 48.80. 

2•.Metbyl .. 2-carboethoxyczcl.opentanone from 2-Carboethoxyc;xclo;pente.none. -

~e procedure used :f'ollowed that Qf Case and Reid ( 64).. To 17 .5 s~ 

(0 .. 75 mole) of sodium hydride (as a~ suspension in mineral oil) in 

4oo ml.. of reagent benzene in a l•l .. t:b:ree-necked round-bottomed flask 

equipped vrith a. 250•ml. dropping furme1, aondense:r and mecha:n:l.cal stirrer, 

156 g. (0.65 mole) of 2-oa.rboethoxycyclopentanone was added with stirrill8 

over l hr.. {'!he 2-ca.rboethoxycyclopenta.none used contained a large 

amount of 2-carbomethoxycyclopentanone as impurity.) To the sodium 

ult thus formed, 110 g. (0.75 mol.e) of methyl iodide was added. T.he 

mix:ture was stirred and refluxed for 24 hrs. Precipitated sodium iodide 

was then filtered from the sol\tt.ion, benzene removed on a rotary evaporator 

and the residue distilled to give 69 g. (62~) of product. 'l!lle crude 

material had'b•P• 104-114° (27 wm.); 11t. (64) 'b.p. l06-107n (17 Jlllll•) 

corr. and waa used without :f\:t:rther pu:ri:f'ication. 

Suli\lric acidi-d2 in deuterium oxide was prepared by bulb-to-bulb 

distillation of 4 ml. of sulfur trioxide (Baker and Adamson "Suli'am :611
) 

into 25 ml. Of deuterium oxide on a vacuum line (65). 

2•Metb7lcyclo;pentanone-2-d from 2•Methyl·2-ca.rboethoxycyclopent&none. ... 

'1b.e procedure used was e.c'l!g;ited :from that o:f' ref'. (64) for conversion of 

2-etb.yl ... 2-carboethoxycyolopentauone to 2-ethylcyclopentanone.. To the 

sulfuric acid-d2/deuterium oxide solution prepared as described above, 
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ill a 100-ml. roUIJ.d .. bottomed 11ask w:1th condenser, was added 15 mi. or 

2-carboetb.oxycyclopentanone,, and the mixture re:f'luxed for 4 hrs.. !rhe 

heterogeneous solution was cooled a.'Dd extracted three times with 50 ml. 

:portiOM of ether.. 1l!b.e acid layer wae ref'l.uxed. again with 15 xrU.. of 

eater,, and this mixture worked up in the :same way. The combined ethe:r 

layers we:re shaken with solid anhydrous sodium carbonate for 45 min .. , 

washed with 2 ml. of deuterium oxide saturated with sodium carbonate, 

then dried over calcium sulfate. '.I!b.e ether was removed and the residue 

distilled to give 16.5 g. o:f' ketone (approximately 901' pure) b.p. 110.. 

135°; lit. (66) b.p. 139.5°. The n.m.r. spectrum o:f' this compound 

showed one tY,Pe of methyl ~ with the triplet structure expected for 

a CD-CH3 u1oiet;y. The intra.red spectrwn had tlle expected a.bsorpt1on at 

174o cm.-1 and weak absorption around 214o cm.-1. 

The 2,4-dinitrophenylhydrazone oi' the ketone prepared in a trial 

e£ this procedu:re usir:LG suli'uria acid/water had m.p. 15a.5.159.0° a£t.cr 

::five rec:ryatalliutions from ethanol/ethyl: acetate; lit. (67) m.p. i59.o-

159.4 0. 

2•Met.by.lcyclopent&llol•2•d was prepa:red from 16.5 g. o:f' 2-meth.v1-

cyc1opentauo:oe-2-d by reductiCIJ'l with ; g. o:f' lithium aluminum hydride 

in 100 ml. of ether in the usual fa.shio:m. The infrared spectrum of the 

crude product obtained after hydrolysis, dryiJlg and removal of the ether 

indicated tha.t no ketone remained. The product was not pu:rli'ied further. 

2•Me"thy'lcyclopentyJ. Chlor1de•2•d :from 2 .. .Methylcyclo,pentanol.-2 ... d. -

To a solution o:f' dimethyl:torm.amide (4o ml.) and 20 ml. of 2-methylcyelo­

pent,a.uol-2-d 1u a 250 ml. Erlenmeyer :flask in an ice bath was added 20 ml. 

of thioey1 chloride. ~e rE::fl.c"t:ton u1ixt.u:re waa .allowed to etaud in ice 
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:for 20 min .. ·' then wa:rmed to room ternperature. The reaction mixture 

. tur.ned black on warming.. '.!he solution was placed in the ret'rigerator 

fo?: 2 hrs. ·' then poured onto a:pp:roxima.tel-y 1 kg.. of c:ra.cked ice.. 'l'h.e 

ice we.a all.owed to melt., aud the aqueous 1.ayer extracted tllree ·times 

wifu 100 ml. portions of ether. '!he combined ether layer was washed 

once with 100 ml. of water, then :neutralized by washing with aqueous 

sodium bicarbonate solution. !l'he ether l.ayer was dried '"er calcium 

chloride, and the ether removed on a rotarJ evaporator. The residue 

was flash distilled to separate product from tar, then distilled again 

th:rougb. a 30...cm .. wire-.E..:piral co1umn (some decOlll,t>OSi-l:~ion).. The ;p:roduct,, 

b.p. 122-126 ° was still ilqpure and final purification was effected using 

an Aerogrt\p.h 11 Autoprep11 preparati·ire v.p.c. equipped with a. 20-:rt. silicone­

oil column operating at UO 0 • Recovery was poo:r (approximately 1 g.) 

but the material. so obtained consisted Of only one component by analytical 

v.p.c., and had n.m.r. and infrared spectra consistent with the desired 

product. 1I!he material collected from the v.p.c .. was the ste:reoisomer 

present originally in greater quanti·ty (probably the isomer with methyl 

group and chl.orine atom trans). 

Analyses of' n.m.r. spectra were performed using a standard iterative 

program (69). .Measured line positions (Obs.), calculated line positions 

(Cale.) and intensities (Int.) are given bel.ow :for 3,3-dimethylbutyl 

chloride in carbon tetrachloride solution at +33° (Table I) and for bis­

(3,3-dimethylbutyl)-magnesium in diethyl ether solution at +33° {Table II). 

~e A and B parts of the spectra are mirror images; only one half is 

given.. T.he solution ol>tained for 311 3-diinet.hylbutyl chloride [and by 

in:f'erence ;fo:r bis-(3, 3-dimetlrylbutyl)•magnesiumJ is not unique -- an 
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equally close fit between observed &rjd calculated spectra could be 

obtained using all positive signs for the coupling eonstants. In the 

latter solution the magm:tudes J and J were d.ifferent than ·t;hose :reported -A -B 
here; the magnitudes o:f t.:b.e vicinal coupling constants were the same. 

Table I 

Observed &nd Calculated Spectra for 3,3 .. Dimethylbuty:l Chloride 

Input Parameters 

V1 · 100.19 

V;z J.00.19 

V3 203.38 

V4 203.38 · 

Line Obs. 

1. 

2 

3 
4 

5 

6 

7 

8 

9 

10 

ll 

12 

91.3 

91.7 

95.3 

96.4 

99.2 

99.9 
101.8 

105.0 

108.l 

108.J. 

Ju 

J13 

J14 

Jz3 

J:H 

J34 

Cale. 

74.63 
91.21 

91.85 
95.23 

98.43 
99.01 

99.97 
J.01.00 

J.05.00 

107.85 

108.36 

124.42 

-13.89 

5.45 

u.19 

11.19 

5 .. 1~5 

-10.69 

Int. 

0.017 

1.682 

i.711 
o.466 

l.436 

1.916 

i.953 
i.534 

o •. 564 

2.318 

2.355 
0.047 
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Table II 

Obseri1ed and Ca.lcuJ.ated Spectra for 

Ms-(3,~-dimethylbut;rl}-ma.gnesium 

Input P.ani.iuetrers 

Vi 22.10 Ju 

V.z 22.10 J13 

V3 150.54 J14 

V4 i50.54 .Ja3 

Ju 

J 34 

Line Obs. Cale. 

l -10.03 

2 12.6 12.38 

3 12.6 12.90 

4 16.4 16.37 

5 17.6 17.54 

6 20.5 20.60 

7 22 .. 4 22.33 

8 26.3 26.29 

9 27 .. 4 27.46 

J.O 30.7 30.55 

ll 30.7 30.91 

12 52.96 

-15.98 

4.16 

14.0l 

14 .. 0l 

4.16 

-llf.81 

Int. 

0.031 

l.720 

i.74o 

o.806 

1.042 

1.895 

1.949 

1.194 

0.958 

2.200 

2.299 

o.086 
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Analyses ot the ABX spectra of' the 2-phenyJ.-3-methylbutyJ.magnesium 

derivatives were considerably more uncertain than those for the AA' XX' 

systems, because the low-intensity outer lines of the AB part of the 

spectrum freqtiently could not be distinguished above the noise level, 

a:ad because the X part of the spectrum could not be analyzed at all. 

The-results o:f' calculations for 2-phenyl-3-methylbutyl.magnesium chloride 

in diethyl ether at -14 ° and in tetrahydrofUran at +33 °, and :tor bis• 

(2-phenyl-3-methylbutyl)-magnesium in diethyl ether at + 33° are given 

in Table III. The chemical shi:f't between ·the AB and X protons was 

assumed to be approximately 150 cps. The error in the values repa:t"ted 

in Table III is estimated to be :±0 .. 5 cps .. 

Calculation of Activation Parameters from Variable Temperature 

Spectra. - The theol'Y supporting these calculations has been discussed 

previously. 

Separations in the spectrum of bis-(3,3-dimethylbutyl)-magnesium 

and 3,3-dimethylbutylmagnesium chloride were determined using the sepa­

ration between the J.,2 and 3,4 transitions as a standard.. 'l!llese separations 

were determined separatel.y by standard audio-side-band methods, using 

internal benzene as the :reference signal. This separation was determined 

a.t three temperatures for each compound. For bis-(3,3-dimethylbutyl)­

magnesium the values obtained for the separation were (the numbers in 

parentheses refer to the number of separate readings at that temperature): 

T = +33°, S =18.0 :1: 0.2 cps. (8 values); T = +73°, S = 18.1 :1: 0.3 cps. 

(8 values); T = +101° to +103°.., S = 18.0 ± 0 .. 2 cps .. (15 values). For 

3, 3-dimethylbutylma.gnesium chloride, the correspondina values were: T = 
+33°, S = 18.2 :1: 0.1 cps. (12 values); T=-41° to -45°, S =18.3± o.4 aps. 

(6 values); T= -51° to -55° .• S = 18.l~ ± 0.3 cps. (12 values). 



Table III 

Observed and Calcul.a.ted Spectra for the a-Methylene Protons of 2-Phenyl-3-methylbutyJmagnesium X 

X = Cl; Diethyl Ether X = Cl; Tetrahydrofuran X = R; Diethyl Ether 

Input Parameters 

Vl 50.0 50.2 50.4 

Vz 62.9 59.4 64.6 

V3 200.0 200.0 200.0 

J1z -12.2 -12.2 -12.2 

J13 io.3 9.7 10.2 I 

I-' 

4.3 5.6 3 .. 2 
-..:i 

Jz3 I-' 

Line Obs. Cale. Int. Obs. Cale. Int .. Obs. caJ..c. Int. 

1 36.5 36.5 0.338 36.2 36.4 o.2J:.2 36.8 37.1 0.396 

2 .. 46.o 0.254 - 45.4 0.157 - 46.5 0.281 

3 48.7 48.7 1.5u 48.4 48.5 1.634 4-9.2 lt.9.3 1.474 

4 56.9 56.7 1.546 53.6 53.2 1.658 59.0 58.7 1.842 

5 58.5 58.2 1.872 ~n.B 57.6 1.9611 59.0 58.8 1.514 

6 61.5 61.7 1.843 59.2 59.5 i.94-4 62 .. 6 62.8 1 .. 808 

1 69 .. 1 68.9 0.386 - 65.4 0.250 7l..4 7l.O o.432 

8 - 73.9 0 .. 231 - 71.6 0.145 ... 74.9 0.252 



The separation measured in the spectrum to obtain the plots in 

Fig. 17 was the estimated separation between the mean value o~ the 9 

and 10 transitions, a.tld the ll and 12 transitions. ni.e assttrrrption was 

ove:r the temperatu:re range and had the value 18.o cps. for bis-(3,3 .. 

dimethylbutyl)-magnesium and 18.2 cps. for 3,3-dirnethyl'butylmagc,esium 

chloride. 

'ille vaJ.ue for the reciprocal. of the pre-excha:r:ige lifetime T was 

obtaiued at each temperature using the :formula 

where 15 is the limiting low temperature sepai-ation between the 9,10 and 

ll.,12 transitions,, and ,6.. is this separation at each temperature T. 
e 

The units of 6 and .6,e are ops. The values of l/ T obtained are listed 

in Table rl. The value of 6 used tor bis-(3,, 3-dimet.bylbutyl)-mae;nesium 

·49 l0 .. 5 apA .. ; for 3,3 .. dimethyl.butyl:magnesium cllloride it was 11.8 cps. 

To obtain the activation energies for the 2-pb.enyl-3-methylbutyl• 

magnesium derivatives, t.be spectra were a:oaJ..yzed at each temperature to 

obtain vA - "ii• In order to a.nalyze the spectra, it was necessar:y to 

assume a value for !._AB; in each case this coupling constant was given 

the value -12.2 aps. With this assumption, the complete apectl'UDl could 

be constructed by measuring the positions o:f' the :.four central lines and 

then add.ins or stibtracting (depending on whether the line considered 

was an A or a. B trans1t1on) ,g:AB to obtain the approximate vaJ.ues or the 
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Table 'IV 

5eparat.10ll8 a..ud T>ttw;p;:ratures Used in Obt;atnlng U1.e De~nder.tce 

o:f' {l/T) on l/T for B:ts-{3,3•dimethylbut:yl)-rnagnesiUll 

T°K 1/T x 103 V' e 52 _ \ZZ (1/T) log (1/T) e 

35.t~ 2.82 o.o 110.3 23.32 1.36 

348 2.8r( 4.9 86.2 20.60 1.31 

339 2.95 7.8 49.3 15.58 1.91 

334 2 .. 99 8.8 33.0 12.76 1.10 

322 3.11 9.4 20.6 10.06 1.00 

302 3.31 9.a 10.7 7.34 0.87 

301 3.32 9.a l0.7 7.34 0.87 

268 3.73 10 .. 3 3 .. J.3 3.82 0 .. 58 

253 3.95 10.4 2.09 3 .. 20 0.50 

208 lt-.81 l0.5 o.o o.oo 

Table V 

Separations and Te!!!2eratures Used in Obta::tn:tng the 

Dependence o;f (l./T) on 1/T i'or 323•Diraeth;ylbu·t;yJ.111ague:siw11 Clll.orirle 

T°K l/T x 103 \7e 52 - \l2 
e (J./T) log {J../T) 

243 4.12 o.oo 139.2 26 .. 2 1.42 

232 4.31 8.87 6o.6 17 .. 2 1.23 

~3 4,48 l.0.4 31.J. 12.l+ 1.09 

213 4.69 10.8 22 .. 6 10.6 1.02 

201 4.96 11.8 o.o o.o 
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weak transitions. Spectra completed in this way could then be analyzed 

. to obtain v A - ~'B· '11.b.e dependence of l/T on l/T was obtained by using 

these values of v A .. vB directedJ:y 1.n the treat;r~nt of Gutowsky and 

Hrilm. llie data are given in Table VI: Note that T in this table :nas the 

same meaning as in Table r1: i.e .. this T is twice the value of the 

used by Gutowsky. The value of l/T2 in this treatment was ta..1ren as 

0.5 cps. Re:re.., al1 :f'req't.lenaies are in units o:f' cps., s.nd. l/ T h.ao the 

units sec.-1• 



a) 

b) 
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Table VI 

Separations and Temperatu.Tea Uaed in Obtaining the Depender~ce 

of 1/ T on 1/T for 2-Phenyl-3-cnet.bylbutylmagnesluru Chloride 

Diethyl Ether Solution 

T°K l/T X 103 v - v (l/T) log (l/T) 
A B 

259 13.1 

269 3.72 12.8 3.33 0.52 

279 3.58 12.8 3.33 0.52 

305 3.29 12.0 8.23 0.92 

305 3.29 11.7 9.li.9 1.00 

323 3.10 7.7 19.l~ 1.29 

330 3.03 o.o 24.3 1.38 

Tetrabyd:ro:t'uran Solution 

T°K l/T x 103 v - v (l/T) log {l/T) 
A B 

339 10.0 

346 2.89 9.7 2.82 0 • .lt.5 

3£0 2.'78 9.8 2.51 o.4o 

365 2.74 9.1 5.65 0.75 

3:1.4 2. 7J~ 8.4 '{.85 0.89 

370 2.70 6.9 ll.6 1.06 

373 2.68 6.o 13.5 l.13 

379 2. 61~ o.o 1-,.3 1.2l~ 
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Part I~:. 

Benzyl iso"butyl ether was prepared in a 250-ml. round-bottomed 

flask equipped with a ref'lux condenser,, by refluxing lJt-.8 g. (0.2 mole) 

of isobutyl alcohol and 18.9 g. (O.J.5 mole) of benzyl chloride wi·ch an 

excess of potassi'l.1m hydroxide pellets for 24 brs. The organic layer 

was separated, ·...ra.shed twice ·with 500-rn.l. portions of water ancl dried 

over calcium sulfate. Distillation through a 30-cm. wire-spiral packed 

column yielded approximately 10 g. of product·' b. p. 75-80 ° ( 3 mm. ) • 

'Ihe product was identified by its n.m.r. spectrum. The n.m.r. spectrum 

of this ether (and. of the other ethers described in t'Jlia section) •ms 

easily recognized, because of the close similarity oi' its spin-spin 

splitting patterns to those of the starting materials. 

P.enzyl Iso;pro;pyl:nethylcarbinyl Ether. - Commercial silvel' o:dde 

(18.9 g., 0.15 mole), and a ~Peflon-covered stirring bar 11ere pla.c:ed in 

a 100-ml. :round-bottomed flask equipped with a reflux condenser. To 

the :flask was added 18.9 g. {0.15 mole) of benzyl bro:nide and 12.0 g. 

(0.14 mole) of 3-methyl-2-buta.nol, and the resulting slurry refluxed 

with stirring i'or 211- hrs. 'lhe mixture was cooled, and the inorganic 

solids removed ·tr.r filtratioll. '!he organic layer was washed once w:l·th 

acidic 5~ aqueous ferrous sulfate solution, once with wa"t¥e:r, and then 

dried over calcium s\.tll'ate. D1stil1atiou tb.:rougb. a. 30-cm. wi:r.·:i::-spiraJ.. 

packed col'Ullln yielded approximately 10 g. of product, b.p. 85-87° {6 mm.). 

Tb.e product was identttied by its n.m.r. spectrum. 

31 3-Dimethyl-2-butano1 'VS.S prepared by reduction of' 20.:2 g. {0.2 

mole) of !·'butyl methyl ketone \,ith 2.27 g. (0.6 111ole) o:t• lithium 

aluminum hydride in ref1U.:.!ing ether.. l:i:ydrol;ysia of the .reaction mixture 
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with saturated aqueous ammonium chloride solution, removal of water 

with calcium sulfate, and distillation through a 30-cm. wire-spiral 

packed colwnn yielded 12 g. of product, b.p. 110-111°. 'l!he product 

had the expected n.m.r. and infrared spectra, and was not characterized 

further. 

EenzxJ. jt-Butylmeth:y;lcarbinil Ether. - In a 500-ml. round .. 'bottomed 

:fl.ask equipped with a reflux condenser and a Teflon-covered stirring 

bar were mixed 12 g. {O.ll mole) of 3,3-dimeth:yl-l-butanol, 2.6 g. of 

sodium hydride (as a. 5~ dispersion in mineral oil) and 250 ml. o:f' 

anhydrous et.her. 'flle slurry was refluxed witb stirring tor 8 hrs. to 

form the sodium alkoXi.de. Benzyl bromide (18.8 g., O.ll mole) was then 

added and re:rJ.u.x1ng cont:lnued :ror l.2 hrs. ~e reaction mixture was 

cautiously washed with two 100-ml. portions of water, dried over calcium. 

sulfate and distilled to yield approximately 7 g. of product. 'flle 

purest fraction had b.p. 90·92 ° (7 mm.), and was characterized by its 

n.m.r. spectrum. 

~· Calcd. for C13R20 0: C, 80.20; H, 10.48. Found: C, 80.2J.; 

H, 9.92. 

Cyclohexylmetbylcarbinol was prepared by addition of 80 g. of 

acetaldehyde to the Grigna.rd reagent from 30 g. of magnesium turnings, 

150 g. of cyclob.exyl bromide, and 500 ml. of ether, in the usual ~~pparatus .. 

Hydrolysis of the reaction miXture with saturated aqueous ammonium 

clil.or1de soJ.ut1on, :followed by removal o:r water with calcium sul:tate 

and distillation yielded a large quentity of colorless liquid b.p. 

65-70 ° {9 mm.).. '?he infrared spect:rwn of this material. showed very 

strong carbony1 e.bliiorption a.t l.'i'OO cm. """.l .and weak hyd:roxyl absorption. 
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Add;t:t.ion of several smalJ. pieces ot: sodium to the material at room 

tenu:>erature resulted in a. v.1ie:llart polymerization of the bulk of the liquid. 

T.b.e polymer was allowed to sta:nd :f'or 12 hrs., then :removed by :filtration, 

yie1dins easential.1y pure oyc1obexy1methy1oa.:rbino1, characterized by its 

strong in:f"ra.red abso:rption at 3350 cm.-1, by its n.m.r. spectrum, a:nd 

by its b.p. 77-83° (11 mm.), lit. (91) b.p. 87° (11 mm.). '.lhe carbonyl 

absorption in the distilled material was almost unnoticeable. 

Eensyl C;yclab.exylmet.hylcsrbinyl Et.her. - Silver oxide (16 g •. , 

0 .. 07 mole), benzyl bromide (10 g., 0.057 mole) and cyclohexylmethyl ... 

carbinol (8 g., 0.057 mole) were heated together with stirring for 48 hrs .. 

at approximately 150 °. At the end of this time, t.he slurry was cooled, 

taken up in :f'ive times its O'Wll volume of ether, filtered, and distilled 

yielding approximately 2 g. Of product, b.p. 126-133° (4 mm.), contami .. 

nated with approximately 20,r. of benzyl alcohol. The product was che.rac-

~· ceJ..cd. :for C15 H22 0: c, 82.51; H, l0.16. Found: c, 82.88; 

11, 9 .. 64. 

~n~yl Pb.enyl.methylcarbiny1 Ether. - Bet12:y1 a.lcob.o1 and l-phe:i:cy-l.­

ethyl bromide (mole ratio 1:1) were heated in an Erlenmayer flask on a 

steam bath for 6 hrs. The solution was cooled, the inorganic salts 

removed by filtration, and the organic :filtrate washed with water and 

dried over excess powdered calcium chloride. The organic layer wa.&1 then 

distilled to yield 45~ o:f' the desired ether, b.p. 123-124° (0.3 mm.). 

~e infrared spectrum showed a stro:ng 'barld at 1100 cm.-1 and no ab­

sorption in the 3500 cm.-1 region. The n.m.r. spectrum of the compound 

was cons1stent with the assigned structure. 'Dle nigh boiling pol.nt or 
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this materiaJ. prevented i1's purification by prepare.1-ive v.p .. c.; the 

analytical s~J.e used was therefore obtained by distillation. 

~· calcd. :f'or C15 B16 O: c, >.;.4.8'(; B, .. ( .6o. Found: c, 84. 78; 

H, 7.64. 

Ca.rboethoqmethylcarbieyl :Benzyl Et.her. - Sodim benzyla.te was 

prepared by the reaction o:f' 22 g. (0.2 mole) of "beneyl alccib.ol with 

5.6 g. (0.22 mole) of sodium hydride {5~ suspension in mineral oil) in 

300 ml. of ether in a 1-1. three-necked round-bottomed flask equipped 

with re:flux condenser, mechanical stirrer, dropping :f'u.nnel and heating 

mantle. 'When formation of the alkoxide was complete (as judged by 

evolution of hydrogen) 36.2 g. of ethyl a-bromopropionate was added. 

Tb.e m1Xture was stirred overnignt, then tlltered to remove inorganic 

salts. The ether was removed on a rotaey evaporator and the residue 

distilled to yield approximately 5 g. of product, b.p. 88-92° (2 mm.). 

'lbe n.m.r. spectrum o'f the cOinpO'Ul'ld was consistent with the aseiigned 

structure. 

~· Calcd. for Cu~H 16 0 3: c, 69.21; H, 7.74. Found: c, 69.06; 

H, 7.,74. 

1-Phenylethyl · isoprgpyl ether was prepared by refluxing a mixture 

of 20 ml. of 1-phenylethyl bromide and 60 ml. of isopropa.nol for 48 hrs .. 

in a 25()..rnl. round-bottomed flask equipped ·with reflux condenser and 

heating mantle. The resu.ltiDg turbid solution was cooled, :neutralized 

with sodi'UDl carbonate, washed with two 500-ml. portions of water and 

dried over calcium sulfate. Distillation at reduced pressure yielded 

approximately 25 ml. of :product, b.p. 94-97° (35 rmn. ), whose n .. m.r. 

spectrum was consistent with tbe assigned structure. 
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~- Caled. for C 11H 160: c, 80.4o; H, 9.83. Found: c, 80.03; 

H, 9.97,. 

1-PhenY;lethyl 2-methyl;p:rop:yl et.her was :prepared by an identical 

procedu:re, starting with 93 cl. of 2-m.ethyl:propanol and li5 ,g. o:f' l­

phenylethyl bromide. T.b.e product had b.p. 58-63° (3 mm.). Its n.m.r. 

spectrum was consistent wi"t.h the assigned structure. 

Anal. Calcd. tor C17H1RO: c, 80.85; H, 10.18. Found: c, 80.45; 

H, 9.87. 

l•Phenylethyl 3-m.ethylbutyl ether was also prepared using this 

procedure, starting with 36.6 ml. of 3-methylbutanol and 41 g. of 1-

:phenylethyl bromide. The product had b .. p. 106-108° (2 mm.), and the 

n.m.r. spectrum ex;pected for t.be assigned structure. 

~· c.aJ.cd. :f'or C 13Hw0: C, 81.20; H, 10.48. Found: C, 80.62; 

H, 9.97. 

2-lsopro,poxyetha:ool was prepared by refluxing 200 ml. o:f' ethylene 

glycol and 100 ml. of isopropyl bromide over f.:l:J g. of sodium carbonate 

:f'or 48 hrs. in a 500 .. mJ.. flask :fitted with a reflux condenser. The 

mixture was coo1ed., Nld the inorsauic .saJ.ts removed by :filtration .. 

Distillation through a 30-cm. wire-spiral packed column gave 45 ml. o:f' 

product, b.p. 128-138 ° (wet), lit. ~ b.p .. 144°. '!he product was not 

purified ::further, but was used immediately. 

l-IsgeroE?xy·2·(1-J2!:!nyletho:xy)-ethane. - In a 100-ml. round-bottomed 

flask fitted with a heating mantle were placed a Teflon-covered stirring 

bar, 5 rnL of 1-phenylethyl bromide and 10 ml. of 2 ... isoprapoxyetha.nol.1 

e.nd the slu.l"l'Y heated to approximately 150 °. Silver oxide ( 5 g. ) was 

added. After an induction period of approximately 30 mi:n. 1 a vigorous 
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exothermic reaction ·Occurred. When this had subsided., 7 g. more silver 

oxide and 15 ml .. more 1-phenylethyl bromide were added in portions. 

:Finally, the slurry was allowed to stir at 150 ° overnight. The mi.xture 

14as then cooled, taken ~ in 25 ml. of ether, filtered, washed once 

with 20 ml. o:f' 10~ aqueous acidi.c :f'errous sulfate solution, once with 

we.ter, and dried over calcium su.li'ate. The ether was removed on a 

rotary evaporator and the residue :fractionated tbrou,Sb. a 10-crn. Visreux 

column at reduced pressure. The yi.eld of product, b.:p. 95 ... 105° at l mm., 
wa.s 10 ml. 

A.Dal. Calcd. :for C13B2002: c .. 74.96; H, 9.68. Found: c, 7!~.77; 

H, 9.73. 

2-Isobutox;yetb.sno.l. was prepared f:rom 130 ml. of ethylene glycol, 

80 ml. of isobutyl bromide and 50 g. of sodium carbonate as described 

previously for 2-isopropox:yethanol. The yield of product, 'b.p. 138-145° 

(wet), J.1t. (92) 154°, was 17 ml. 

l-IsobutoA;£-2·(l-phenylethoxy)-etb.ane was prepared from 17 ml. of 

2 .. 1sobutoxyethanol, 12 g. of silver oxide and 20 ml. Of 1-phenylethyl 

'bromide aa described above :f'or l-ioopropoxy-2-(l-phenyletho;,cy)-ethane. 

The product was obtained in approximately 10 ml. yield, and had b.p. 

100-108° (1 mm.). 

Anal. calcd. for 0 14Ezz02: c, 75.63; H, 9.<J'{. Fou:od: c, 75.01; 

:e:, 9.81. 

l .. P.b.enylethyl neapent;rl ether was prepared in approximately 3o; 
yield from a.a g. (0.1 mole) of neopentyl alcohol, 20 g. (0.1 mole) o.f 

1-phenylethyl bTomide and 13 g. (O.l mole) of silver oxide. 'Ihese 

components were mixed in a 100-ml. round-·bottomed flask. After an 
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initial exothermic reaction had subsided, 3 g. ~ore silver oxide and 5 ml.. 

more 1-phenylethyl bromide were added and the reaction mixture heated 

on the steam bat.h for 24 hrs. The mixture was cooled and the product 

isolated t:i.s Cl.$saribed :f'or J.-isopropoxy-2-(1-phenyJ.ethoxy)-etJla.r~e. T.b.e 

crude ether had b.p. 86-91° (16 mm.) and was contaminated with appreciable 

quantities of 1-phenylethyl bromide. Purification was e:f':t'ected by 

dissolving the mixtu...""e of halide a.nd ether in diethyl ethe:r, and allowing 

the solution to stand over sodium for 24 hrs. The solution was decanted 

i':rom the 'Unreacted sodium and redistilled to yield the spect:ral s~les. 

~e n.m.r .. spectrum of this material was consistent with the assigned 

structure. 

1-Phenzlet.byl. etllyl ether was prepared 1n these laboratories by 

F. Kaplan. 

2-Methyl-3-phenylbuta:ne was prepared in poor yield by reaction of 

approximately 0.2 mole of isopropylmagnesium bromide with an equivalent 

amount o:f 1-pbenylethyl bromide in ether. The reaction mixture was 

hydrolyzed with saturated aqueous arruuonium chloride solution, and the 

et.he'.T' 1:aye:r 'from the hyd:rolys:ts dried and d.isti11ed in the usual manner 

to yield approximately 2 ml. of the desired hydrocarbon, b.p. 85-105° 

{18 mm.}. The principal product of this reaction is 2,3-diphenylbutane, 

apparently a.rising from a metal-halogen excha.n@e reaction between 

isopropyl Grigna.rd reagent and 1-phen:ylethyl bromide. 

1-Phenylethyl benzyl sul:fide was synthesized by modification of 

·the procedure used by Backer and Jong {9 3) to prepare a.llyl benzyl 

sulfide. Ethanol (100 ml.)., 16 g. of sodium hydroxide and 50 .g. of 

benzyl meree.ptan were heated together for 3 hrs. in a. beaker on a steam. 
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bath. The solution was then ooo1ed in an ice bath, .and 80 S• of' 1-

. phenyletbyl bromide added. An irmnediate exothermic reaction occurred, 

accompanied. by formation of a white precipitate. T.\le mixture was allowed 

to warm to room temperature over 5 hra.;o then into 500 ml. o:f' 

water. The lower (organ.ic) layer was separated and dr:led, yielding the 

sulfide in approximately 90" purity (estimated from its n.m.r. spectrum). 

The product did not distill at 150° and 0.5 mm., nor could it be induced 

to c:rystalliae. 

l-Phenyleth;rl benzyl sul:fone was prepared by careful addition of 

5.7 ml. o:f' 30~ hydrogen peroxide solution (0 .. 05 mole of hydrogen peroxide) 

to an ice-cold solution of l-phenylethyl benzyl sulfide (5.7 g., 0.025 

mole) in 10 ml. of l:l acetic acid: acetic anhydride solvent, followed 

by digestion on the steam bath for 24 hrs. The product, obtained as a 

white crysta.lline solid on cooling the solution, was washed with water, 

filtered and air dried. The infrared spectrum displayed prominent bands 

at 1135 cm.-1 and 1325 cm .. - 1 characteristic of the sulfone moiety. 

l·Phenylethyl »-chlorobenzyl ether and 1-;u-chlorophenylethyl benzzl 

ether were prepared iu these l.aborat.o:ries by John Grock1. 



Tabl.e 

Solvent ~ndence of Chemical Shifts and Coupling 

So1vent Mole v - v J J v (a) v (a.) v (a.) v (a) 

'/, A B AB CH3-H A B c CH3 

C6H6 8 .. 8 l0.9 :I: .7 . u.s :I: .2 6. 7 :I: .4 259.9 :I: .5 243.9 :I: .5 260.2 :I: .2 86.8 :I: .5 

Ct,B5Cl 9.9 8.2 :I: .8 u.5 :1: .2 6.5 ± .4 261.0 :1: .6 252.a :1: .6 262.0 ± .2 83.7 ± .. 5 

~C6H4C12 9 .. 6 7.2 * .8 u.3 :1: .2 6.5 :I: .4 260.9 :I: .6 253.7 ± .6 263.6 ± .2 85.0 ± .5 

C6B5N02 10.2 3.8 ± l.O u.7 :1: .2 6.4 ± .4 263.5 ± l..O 259. 7 :I: 1.0 270.5 :I: .. 2 87 .. 8 ± .5 1--' 
OJ 
+ 

Pyridine 9.2 6.l. :I: 1.0 u.5 :1: .2 6.3 :I: .4 267.1 :I: .6 261.o :1: .6 270.6 ± .2 87.1 :I: .5 

C6Hslm2 9 .. 4 7.8 ± .8 12.1 :I: .2 6.4 ± .4 257.2 ± .6 249 .. 4 ± .. 6 257 .. 3 ± .2 81 .. 8 ± .5 

Ct, HsNH2 4.3 a.4 :1: .a 11.6 :I: .2 6.3 :I: .4 257.8 ± .. 6 249.4 ± .6 257.3 ± .2 ao.1 :1: .2 

~HsHHz .9 - - 6.4 :I: .4 - - - 80.7 :I: .2 

Cr.HsCN 10.0 3.8 ± 1.5 10 .. 1 ± .. 2 6.5 ± .4 262 .. 4 :I: l. .. 2 258.6 :I: 1.2 269.4 :I: .. 2 85 .. 9 ± .5 

D6HsClf 5 .. 2 - - 6.1 ± .4 - - 268.8 ± .. 2 84.4 ::I: .2 

Cr, H12 10.2 10.l. ± ,. 7 n .. 5 :1: .2 6.3 ± .4 261.5 ± .5 251..0 ± .. 5 261.6 ± .2 

Cr, H12 4 .. 8 io .. 1 :1: .:r 11 .. 7 :I: .. 2 6.1 :I: .4 261.9 :I: .. 5 25i..a :1: .. 5 261.8 ± .2 

!!-CsH1z 10 .. 0 10.1 ± • 7 ll.6 ± .. 2 6.2 ::I: .4 262.5 :I: .. 5 252.5 :I: .. 5 262.5 ± .. 2 



So.lvent Mole v - v J J v v v v 
f, A B AB CH3-H A B c CH3 

]!-CsH12 6 .. o 10.l ± .7 11.5 ± .2 6.3 :±: .4 261.8 ± .5 251.7 ± .5 261.8 :I: .2 

CCl4 9.7 10.2 ± .7 12.3 ± .2 6.6 ± .4 261.0 ± .5 250.s ± .5 262.9 :I: .2 87.2 ± .5 

c~ 1.1 - - 6.2 ± .4 - - - 83.5 = .5 

CHCl3 8.6 8.6 ± .7 11.3 ± .2 6.6 ± .4 264 .. 6 ± .6 256.0 ± .6 266.9 :I: .2 87.5 ± .5 

(CH3)2CO 9.3 - - 6.7 ± .4 26o.6 ± .5 26o.6 ± .5 271.2 :I: .. 2 s7.6 :1: .5 

. (CH3)2 SO 9.3 - - 7.0 ± .4 259.3 ± .5 259.3 ± .5 270.7 ::I: .2 85.5 ± .5 

CJI3CN 9.8 - - 6.8 ::I: .. 4 258 .. 4 ± .. 5 258.4 ± .5 269.6 :I: .2 87.6 ± .5 

CH3N02 l0.3 3.1 ± i .. 5 9.3 ± .2 6.5 :I: .4 262.l. ± J..l. 258.9 ± 1.1 269.8 :I: .2 85.2 ± .. 5 

GH3I l0.3 6.0 ± .9 u.4 ± .2 7.0 :I: .4 261.6 ± .6 255.6 ± .. 6 265.9 ± .. 2 83.2 :I: .. ; I 

~ 
Ac20 9 .. 9 4.6 ± 1.4 u.3 ± .2 6.6 ± .4 262.8 ± 1.0 258.2 ± l..O a69.1 ± .2 84 .. 6 :I: .5 V1 

DMF 10.l 2.5 ± 1.8 10 .. 2 :I: .2 6.5 :I: .4 263.3 ±1 .. 1 26o.9 ± 1.1 272 .. 1 ± .. 2 85 .. 2 :I: .5 

EtOO 12.5 7.4 ± .8 u.4 ± .. 2 6.5 ± .4 26o.5 ± .6 253.1 ± .6 264.4 ± .2 83.4 :I: .. 5 

!-Bu.OH 9.4 5.7 ± 1.0 10,0 ± .. 2 6.5 ::!: .4 26L.3 ± • 7 25!).6 ± .. 7 262.3 ± .2 83 .. 5 :I: .5 

t-BuOH 4.8 - - 6.2 :I: .4 

Et20 10 .. 6 9.0 ± ,,7 12.0 ± .2 6.8 ± .4 261.8 ± .5 252.8 ± .5 265 .. 3 :I:: .2 87 .. 6 ± .5 

Dioxa.ne 9.8 6.9 ± .9 11.5 ± .. 2 6.o ± .4 263.5 ± .. 6 256.7 ± .. 6 267.2 ± .2 85.1 :I: .. 5 

Dioxane 5.0 6.9 ± .9 11.5 :I: .2 6.o ± .4 262.9 ± .6 256.0 ± .. 6 26o.9 ± .. 2 83.4 :I: .5 

THF 8.1 6.3 ± .. 9 u.5 ± .2 6.2 :I: .4 263.4 ± .6 257.2 ± .6 267.6 ± .2 a2.1 ± .5 

(a) Chemical shifts are measured with respect to internal. tetramethylsilane .. 
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PROPOSITION 1 

A radical mechanism is proposed for the metal-halogen exchange 

reaction. 

Considering the e;reat synthetic utility of' thR mRtr:i.l-hRlogen 

exchange reaction (1)2)) surprisingly little is known about its mechanism. 

RLi + R'X """"" ...._ RX + R'Li 

The reaction is reversible) and favors an eQuilibrium product dis-

tribution in Which the lithium atom is bonded to the least electro-

positive carbon atom (3). Exchange probably proceeds by front-side 

attack of the organometallic on the alkyl halide) since the overall 

stereochemical result of a reaction seQuence involving metal-halogen 

exchange between an optically active halide and an alkyllithium com-

pound) followed by carbonation) has been shown in several instances 

to be retention (4). 

On the basis of these few data, the interchange of the lithium 

atom and the halogen atom is comm.only considered to take place via a 

concerted four-center transition state: 

reaction may 

actually occur in two distinct steps, and proceed via a linear transi-

tion state. In the first, rate-determining step) the alkyllithium 
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compound would donate an electron to the halogen atom; forming the 

corresponding alkyl radical and alkyl halide radical-anion; in the 

second step, the alkyl radical would displace the halogen atom from 

the radical anion via a linear transition state or 

R-Li + R'Br 
. 

~~~~- R· + R'Br- Li+ 

- + R-Br-R'Li BBr + R'Li 

intermediate containing a halogen atom with an expanded octet. This 

m~c:hanism is analogous to that :proposed by Russell and co-workers for 

the oxidation of anions (5). 

A mechanism for the exchange reaction involving electron transfer 

in the rate-determining step predicts that the reaction should proceed 

most rapidly between alkyl halides which have high electron affinities 

and organolithium compounds which are good electron donors. Unfortu-

nately, only qualitative data are available concerning the electron 

affinities and ionization potentials of these compounds. Alkyl halides 

are known to have relatively high electron aff1nit,;1es frum oLu.U.l~s o.r 

their dissociative electron capture in solution (6); data from polaro-

graphic studies indicate that the ease of reduction (and presumably the 

electron a££inity) for structurally similar alkyl halides incrcaoco in 

the order Cl < Br < I (7). The ionization potential of only one organo-

lithium compound, ethyllithium hexamer, has been determined with any 

certainty. The electron impact appearance potential of' {CH5 CH2 ) 5 Li6 + 

has been found to be 7,7 e.v. (8) (this value may be compared with that 

for ethane (ll.7 e.v.), ethyl radical (8.7 e.v.) and benzene (9.6 e.v.)). 
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The low value of the ionization potential for ethyllithium hexamer sup-

ports the intuitive belief that the strongly basic organolithiurn re-

agents should have relatively low ionization potentials. If one assumes 

that the more basic organolithium reagents will have lower ionization 

potentials) both of these considerations are consistent with the qualita-

tive experimental observation that the exchange reaction proceeds most 

readily 'When the reagents used are alkyl iodides and secondary or ter-

tia.ry orga.nolithium compoUD.ds. Uu.ro.r:Lww.L.el.y, Ll1e :rate o!' the concerted 

mechanism would be predicted to vary in the same fashion with character 

of the reagents, on the basis of polarizability and base-strength. 

The best method of' demonstrating a radical mechmiism :for thio 

reaction would be direct observation of the postulated radicals by 

e.p.r. spectroscopy. However; the short life-time and low concentra-

tions of these species would probably make such spectroscopic detection 

difficult. Alternatively; it is proposed that the halogen-containing 

products from reaction of 2;2-diphenylpropyllithium with ethyl bromide 

at 0° be examined. The organolithiurn compound has been shown not to 

. 
?>- ¢2c(CHs)CH.2· + CR3CH2Br- Li+ 

. 
¢2c(CH3)CR2· + CHsCH.2Br- Li+ 

. 
¢c(CH3)CH2¢ + CH3CH2Br- Li+ 

rearrange at this temperature (9). The neophyl radical rearranges ex-

tensively at 30° {10); 2;2-diphenylpropylradical should therefore re-

arrange very rapidly; even at 0°. 
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Observation of' 2-bromo-2)3-diphenylpropane among the products 

would suggest strongly that free alkyl radicals were involved in this 

reaction. Unfortunately the absence of this compour1d would not permit 

an um.ambiguous decision concerning the mechanism; because it is con-

ceivable that k2 in the above scheme might be appreciably less than ks. 
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PROPOSITION 2 

An experiment to detect at the fl position 

o:f allyl radicC:tl ls proposed. 

Molecular orbital trco.tmontEJ which take int :;i,ccount electron 

II 

correlation differ from simpler single-configuration Ruckel in 

predicting an appreciable spin density in the !'... orbital on the central 

carbon atom of allyl radical (1). This prediction has been confirmed 

experimentally for the substituted allyl radical I, observed in X-

irradiated glutaconic acid (2). 

H 

H H 

I 

Values of the p orbital spin densities p at the three central carbon 

atoms of this molecule have been determined to be p1 = p3 0 .57 and 

p2 -0.19, by analysis of its e.p.r. spectrum (2). 

'l'h~ :physical significance of the difference in the sign of p1 

(or p3 ) and P2 is most easily understood if the radical is considered 

to be in a magnetic field. The unpaired electron of the radical, 

imagined as a classical magnetic dipole, can be oriented either parallel 

or antiparallel to this field. The difference in the sign of p at Cl 

and C2 indicates that if the electronic magnetic dipole is aligned 

parallel to the field at Cl, it will appear to be aligned antiparallel 

at C2, and vice versa. 
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Although the magnitudes of the spin densities at the a and f3 

carbon atoms of allyl radical suggcot that both positions haye ap-

preciable radical character, there are no reported examples of re-

actions suggesting radical reactivity at the t3 position. This un-

reactivity at the t3 :position in normal radi('FJl reaetions is not un-

expected} because such reaction (outlined schematically below for 

reaction with iodine) would involve formation of a high-energy bi-

radical intermediate, and because the higher spin densities at the a 

and y carbon atoms should favor reaction at these centers (3). 

It is proposed that the cage products from reaction of allyl 

radical with benzoyloxy radical; produced by the triplet photosensi-

tized decomposition of propionyl benzoyl peroxide; might demonstrate 

appreciable reactivity at the t3 carbon atom of allyl radical. T'wo 

factors in this system favor reaction at the t3 position. First; the 

proposed reaction is a radical-radical reaction; and attack by the 

benzoyloxy radical at either the a or t3 position of the allyl radical 

should have a relatively low activation energy. Benzoyloxy 

::;hould therel'ore l.Je le::;::; ::;elecLive in Lhe position uf its atLack than 

iodine. Second; if the electron correlation between the two radicals 

initially formed in the cage is sufficient to maintain their triplet 

character for a period of time greater than the time required for 

them to couple) only reaction at the t3 position of the allyl radical 

could occur without a change in multiplicity. (In these formulas J 

the arrow indicate ~he electron spin at the pertinent positions.) 
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0 0 • A_g~-¢ T* )r 1~, + to2c-¢ + co2 

• oco-¢ 

tAt + to2c-¢ tAt 
oco¢ oco¢ oco¢ 

tAt ') tA~ )r 6 

(1) 0. Chalvet and R. Daudel) J. Chim. Phys., 49) 629 (1952); H. M. 
-'""""' 

McConnell, J. Chem. Phys.) §2., 21~1~-245 (1958); ~) 328 (1959); 

A. D. McLachlan, Mol. Phys., z) 233-252 (1960). 

(2) C. Heller and T. Cole) J. Chem. Phys., 31) 243-250 (1962); .,..,.,,. 

T. Cole) T. Kushida and H. C. Heller, ibid., 38, 2915-2924 (1963). -- "'-""-

(3) A. Streitwieser, Jr.) "Molecular Orbital Theory," John Wiley and 

Gons, Inc., New York, l96l, Chapter 13) nnd rc£crcncec therein. 
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PROPOSITION 3 

It is proposed that the rate of rotation around the platinum-

olefin bond of platinum(II)-olefin complexes will show a trans effect, 

and that the magnitude of this effect will provide a meas-

ure of the contribution of the metal 6p orbital to tbe metal-olefin 
-Z 

hond. 

The metal-olefin bond of a platinum-olefin complex is commonly 

considered to consist of two separate although related components (1): 

a o--type component re~mlting from overlap of the filled olefin 11 orbital 

with an empty dsp2 metal orbital) and a re-type component from overlap of 

a filled dp metal orbital with the empty olefin re* orbital. The relative 

contribution of the two components to the metal-olefin bond energy is 

not known with certainty. 

X-ray diffraction studies of Zeise's salt (2) and of the com-

yle.x.eb lietween palladlwn chloride and ethylene (3) a11d styrene (4) have 

demonstrated that the axis of the carbon-carbon olefinic bond normally 

lies perpendicular to the plane formed by the metal and the three 

A; B a.nd X (Ia). 

/ 
x / 
K 

Ia Ib 
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If the coordinate axes in the complex are defined as indicated by Ia) 

the metal. orbj_tal.s 'Wl:.10se mixing results in the formation of the dsp2 

hybrid orbitals will be the 5d ,., 
2

) 6s) 
-x""-Y -

and o:cbitals; the 

5~xy and 6~2 metal orbitals will form the dp hybrid orbitals. 

The transition state for rotation around the olefin-metal bond 

will probably have the geometry indicated by Ib: the two carbon atai:ns) 

the metal and the three ligands A, B and X will all lie in a common 

plane. The ~-component of the olefin-metal bond should not be much 

altered by the 90° rotation around the bond axis required to take 

to Ib) because the dsp2 orbital will have approximately cylindrical 

syrmnetry. The energy of the n-component, however) will decrease by 

an amount which depends upon the contribution of the 6p orbital to 
-z 

the olefin-metal bond in Ia and Ib. In Ia, the :rr-component is formed 

by overlap between a :rr* olefin orbital and a dp. metal hybrid orbital. 

In Ib, the only orbital available for overlap with the :rr* orbital is 

the 5d orbital) because the 6p orbital (which has the same geometry -xy -Y 

relative to the olefin :rr* orbital in Ib as does the 6p orbital in Ia) 
-z 

is involved in bonding with the A and B ligands. In other words) the 

energy of the :rr-component of the metal-olefin bond in Ia depends on 

overlap between a :rr* olefin orbital and a dp metal orbital; in Ib it 

depends on the less effective overlap between the :rr* orbital and a d 

metal orbital. 

Experimental measurement of the energy difference between Ia 

and Ib due to the difference in the energy of the metal-olefin :rr-bond 

in these two conformations could.be accomplished by measuring the 

activation parameters for rotation around the metal-olefin bond) were 
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it not for a probably considerable cont:dbution to these pa::raJlleters 

from steric 1nteracL1uns between the b.ydrogens on ttle ole!'in and the 

pro-posed that determination 

of the response of the rate of rotation to the character of the trans 

ligand X will provide a qualitative measure of this energy difference 

(5). 

The ligand X trans to the olefin could exert its influence 

on the rate of rotation either through its effect on the olefin-metal 

dative :n:-bonding; or through its effect on the total olefin-metal bond 

strength (5). Rotation around the olefin-metal bond should not markedly 

affect the er contribution to the metal-olefin bond. The effect of the 

trans ligand X on this component can therefore be neglected. The n-

component of the metal-olefin bond will however be affected by 

to the extent that the overlap between the olefin :n:* orbital and the 

metal orbitals is determined by the 6p orbital. 
-z 

An elet.:L.rum;;g1:;1,Llve llg1:;1,nll X <..:C1.J:lC1.Ule u.r .Cu.nu.lug oL1·uHg 1::it.:<..:e11Lv.c 

d-d :n:-bonds with the metal will compete with the olefin :n:* orbital for 

the electrons in the metal d· orbitals. The more strongly X 

the electron density in these .9:: orbitals away from the olefin) the 

weaker will be the :n:-component of the olefin-metal bond; and correspond-

ingly; the smaller the difference between the :n: contributions to the 

olefin-metal bonds in Ia and Ib. (This decrease in the contribution 

of the :n: bonding to the barrier to rotation on increasing the acceptor 

strength of X is most simply understood for a hypothetical ligand capable 

of reducing the energy of the :n:-component of the olefin-metal bond to 

zero for both Ia and Ib; clearly in this extreme the :re contribution to 
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the barrier would be zero.) Conse~uently, the magnitude of the trans 

e:f:fect on the rate of' :i;otation around the me Lo.l-ule:fin 11uml will lie tt 

measure of the difference in the of in Ia and llJ, 

and correspondingly a qualitative measure of the contribution of' the 

6ri orhi bi.l t.o t.hP o l e:fin-met.a 1 bonding. _z 

Determination of the necessary rates of rotation might be ac-

complished by following the rate of racemization of optically active II 

(if rotation is slow), or by determination of the temperature dependence 

H 
,...----K 

Pt I 
11----P¢s 

II 

CHs 

of the n.m.r. spectrum of racemic II (if rot-a.tion is rapid). 
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PROPOSITION 4 

An intermolecular coupling constant is proposed. 

Spin-spin coupling between two protons in a saturated organic 

compound is commonly the agency of the elec-

trans in the ~-bonds joining the two (1). However) considerable ex-

perimental evidence has accumulated that coupling involving 

fluorine (2,3) ur heavy nuclei (4) may take place by other mechanisms 

than the through-bond Fermi contact for protons. 

In particular, it has been suggested that fluorine-fluorine (2) and 

(3) 

nuclei occurring through· space, rather than through the intern1ediacy 

of the ~-bonding electrons. 

Experimental attempts to distinguish between through-space 

and through-bond couplings are made difficult by the fact that 

changes in the geometry of a molecule designed to bring two nuclei 

of close together or to hold them apart are also 

to change the magnitude of any coupling through the rr-bonds coru~ect­

ing the two (1). Conse~uently, interpretation of the dependence of 

a coupling constant on the geometry of a molecul.e, in terms of the 

relative contribution of through-bond and through-space contributions, 

is rather amhie;i.1m1s. OhRervi:i.tion of' i:i.n intf"rmolecular coupling con-

stant between nuclei on different molecules would demonstrate clearly 

that two nuclei need not necessarily be connected by ~ ... bonds in order 

to be coupled. It is proposed that an intermolecular coupling constant 

might be observed at low temperature in a charge-transfer complex of 

the type exempli1'ied by 1: 
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I 

Two practical problems must be considered in proposing that 

the fluorine atoms in this complex will show appreciable spin-spin 

coupling to the ring hydrogens on the triaminobenzene ring. The fj_r st 

is the lifetime of the complex in solution; the second is the proximity 

of the fluorine atoms to the protons in the second ring. 

If the rate of exchange between complexed and uncomplexed 

molecules is greater than the intermolecular fluorine-hydrogen coupling 

constant) the coupling will have no effect on the spectrum (5). 

CFs H CFs CFs H CFs 

6-0 + 6 >-- 6 + 6-0 
The rate of this exchange is difficult to predict accurately. Forma-

tion 01· cb.arge-transfer complexes is knuwn to be too rapid for meas-

urement by ordinary kinetic techniques ( 6). Consequently the acti va-

tion energy for formation of a complex must be small, and the energy 

required to dissociate a complex should be approximately equal to its 

heat of formation. For moderately strong complexes {for example, the 

complex of anthracene with ~-trinitrobenzene) measured heats of form.a-

tion s.re approxixn.at.eJ y 4 kcFJ.l . /mole (7). If the activation energy for 

exchange is assumed to be approximately equal to the energy required to 
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dissociate the complex, it seems possible that a strong complex might 

have a dissociation energy of' 6-8 kcal./lllole, and consequently till ex-

change rate sufficiently slow to be observable at low temperatures by 

n.m.r. spectroscopy. 

The second problem to be considered is that of the distance 

in the complex between the potentially coupled nuclei: unless the 

hydrogen-fluorine distance is small, there seems little hope of ob-

serving through-space coupling. Crystal structure deterrn.inations of 

several aromatic charge-transfer complexes indicate that the planes 

containing the donor and acceptor molecules are separated by 3.2-
0 

3.5 A (8). Assuming that the van der Waals radius of a trifluoro-
o 

methyl group is approximately 2.1 A {the radius of a hydrogen atom is 
0 0 0 

1.2 A; of a fluorine atom, 1.35 A; and of a methyl group 2.0 A)(9), 

the minimum distance between the fluorine atoms of one ring and the 

hydrogen atoms of the second is approximately equal to the sum of 

their vo.n dcr Wno.lo ro,dii. Pctrakia and Scdcrholm have ;:mggcstcd 

that van der Waals contact may be a necessary condition for through-

space coupling (2). 
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PROPOSITION 5 

An experiment is proposed to clarify certain details of 

the mechanism of the formation of alkylcobalt tetracarbonyls from 

acylcobalt tetracarbonyls. 

The facile reaction of an alkylcobalt carbonyl compound with 

carbon monoxide to yield the corresponding acylcobalt carbonyl forms 

the basis for a variety of industrially important carbonylation re­

actions (1). The experimental foundation of most discussions of the 

mechanism oi' this transformation has. been a study by Coffield; 

Kozikowski and Closson of the analogous alkyl-acyl interconversion 

in methylmanganese pentacarbonyl (2). Using 
14 

C labeled carbon 

munuxide; these workers demonstrated that the carbon monoxide mo~e-

cule which was incorporated into the acetyl group was not that ·vvhich 

entered the complex from solution; and conversely that during decarb-

onylation the carbon monoxide fragment from the acetyl group reina.l.Hed 

attached to the metal and did not escape directly into solution. 

CHsMn(co)5 + 14co 

0 

CHs14~Mn(CO)s 

0 

---"'>- CHs~ (CO )4 (
14 

CO) 

The reasonable assumption is commonly made that an analogous 

result would be observed for the ail..kylcobalt tetracarbonyl- acylcobalt 

LeL:n:tc.:C:l.rbunyl 1nLerconvers1on; and that the acyl carbonyl group would 

remain tightly bound to the metal atom during these reactions. The 

question of the degree of freedom to be ascribed to the alkyl group 
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in this interconversion is presently lm.answered. Calderazzo and Cotton 

have suggested that migration of the alkyl group from carbon monoxide 

molecule to metal and back occurs within the confines of the complex 

(4). A reaction of this type would have ample precedent in the con-

dRr1 RA.ti on rRR.r.ti.onR ohRe1'.'ver'l f'nr and carbon monoxide bound 

as ligands to low-valence transition metal ions (5). However the re­

action might also proceed by the more mundane free radical pathway 

outlined schematically below: 

RCo(C0)4 

R• + Co{C0)4 

RC0Co(C0)3 + CO 

R· + Co{C0)4 

RCOCo{co)s 

RCOCo(C0)4 

(Tb.is reaction scheme has been written in terms of coordinately un­

saturated intermediatesJ following a suggestion of Heck (6); alter­

nativelyJ unstable intermediates of the type 

R· + Co(CO)s 

might be invoked.) 

Carbonylation proceeding through an alkyl free radical inter-

mediate wouJ_d reg_uire that radical addition to the carbon monoxide 

molecules in the. coordination sphere of the metal be rapid. Although 

radical additions to carbon monoxide have not been examined in any 

detail.. both the ability of ethylene to copolymerize with carbon 

monoxide (7) and the calculated low activation energy for radical 

addition to this molecule (8) suggest that such addition might be 

facile. 
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In order to distinguish between a mechanism for the carbonyl­

ation reactions involving free and tightly bound alkyl groups, it is 

proposed that optically active 2-methylbutyrylcobalt tetracarbonyl 

(9) be decarbonylated and the extent of racemization of' the resuJ..t­

ing isobutylcobalt tetracarbonyl be determined. A high degree of 

stereospecificity in the reaction would exclude a mechanism in-

valving appreciable: l'.r·eeU.urn in. l..he g.cuuv. Bt:fo:re e2'.-tenaive 

racemization could be taken as evidence for a free alkyl group, it 

would be necessary to establish the optical stability of optic:ally 

active icobutylcobalt tetracarbonyl (lo); under the :reaction 

conditions. However the high degree of 

carbon-cobalt bond (11) suggests that the asymmetric center of this 

organometallic compound should be configurationally stable. 
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