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ABSTRACT

PART I

THE CONFIGURATIONAL STABILITY OF PRIMARY GRIGNARD REAGENTS

Examination of the temperature dependence of the nuciear
magnetic resonance spectrum of 3,3-dimethylbutylmagnesium chloride
in diethyl ether solution indicates that inversicn 'of configuraticn
al the methylepne group of this Grignard reagent occurs with an ap—
proximate rate of 10 sec._l at room temperature. The dependence of
the rate of inversion on solvent and on the structure cf the Grignard

reagent ie digeugsed in terme of poggible mechanisms for the inversion.

PART IT
APPLICATIONS OF NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

TO THE STUDY OF MOLECULAR ASYMMETRY

The methylene protons of l-phenylethyl benzyl ether are
magnetically non—equivalent and display an AB-type nuclear magnetic
resonance spectrum. The variation in the spectrum of this compound
and in the spectra cf other structurally similar ethers with solvent
indicates that the principal contribution to the magnetic non-equiv-~
alence of the methylene protons originates in the magnetic anisotropy
oi’ the phenyl group bonded directly to the methylene group. It 1s-
suggested that the solvent dependence of these spectra reflects

changes in the populations of the possible rotational conformations

open Lo bhe molecule.
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INTRODUCTION

The configurational stability of Grignard reagents has long
been a subject of investigation in §rganic chemistry. Activity in
this area has been a consequence not only of interest in the class—
ical problems of the structure cof 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 stereocchemistry of products obtained from carbonation or
cxidation of a Grignard reagent with that of the halide from which
it was cbtained. In those compounds in which the carbon bonding
orbital directed toward the metal has hybridization close to Eg?, it
now seems probable that inversion of configuration is slow (1). Thus,
both cis~ and trang- isomersof 2-bromobutene~2 have been converted to
the corresponding acids with complete retention of configuraticn vie
the Grignard reagents (2), and the Grignard reagent from (+) l~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 (i,4) and cyclopropyllithium (3,5) compounds.

Attempts to measure the configurationallstability of organo—
magnesium compounds in which the carbon bonding orbital directed to-
wara the metal is sp® hybridized have been less fruitrul (6). wWith
the one exception of a configurationally stable dialkylmagnesium
compound (7), every reliable examination of the optical purity of

products obtained from optically active halide by means of the corre-
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spanding Grignard reagent has led to the conclusion that complete race-
mization had oceurred at some point during the reaction sequence.

Unfortunately, this observation of racemization in products
several reactioné removed ffom gtarting material does not allow a
decision to be made concerning the optical stability of the organo-—
metallic compound itself. Racemizatbion 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 occcur 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 of l-methyl-2,2-diphenylcyclopropyl
Grignard reagent displa&ed a complete retention of optical activity
only if prepared-from its lithium analog by reaction with magnesium
browide or methylmagnesium bromide (5). The organolithiuﬁ compound ,
in turn, had been prepared by metal-halogen exchange between the cyclo—
propyl bromide and n-butyllithium. If the Grigrard reagent was pre-
parcd by direct reaction between halide and magnesium turnings, tThen
only 10-15% optical purity was observed in the products.

Welborsky concluded from these experiments that racemization
on the metal surface occurred to an important extent during 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. Ruchardt (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 vrearrangement (9), and Hamilton has rationalized
certain cf the products frém reaction of cyclobutyl chloride and cyclow
propylearbinyl 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
organclithium and organomagnesium compounds mey be an artifact of their
preparation. Thus, although lithium 1s more electropositive than magne-
sium by 0.2 units on the Pauling electronegativity scale (11), and nmight
therefore be expected to form the more ionic bond with carbon, two
lithium alkyls, sec-octyllithium (12) and sec-butyllithium (%), have
been prepared and shown to be moderately configurationally stable;
all attempts to prepare confilgurationally stable alkyl Grignard re—
agents have been ugsuccessful (6). Grignard reagents, however, are
commonly prepared by reaction bebtween alkyl halide and magneéium, and
1ithium alkyls are prepared by metal~halogen or metal-metal exchange
reactions. Reutov's recent preparation of oﬁtically 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.

Negpite ambiguities associated with interpretation of the
numerous experiments directed toward determination of the configura-
tional stability of Grignard reagents, qualitatively it seems clear
that not all of the racemization observed in products aerived from

these organometallics occurs during their formation or subsequent
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reaction. However, relatively little thought has been devoted to poge
sible mechanismg fcr this racemization, primarily because so little
is known concerning the detailed structure of Grignard reagents (1k).
A detailed review of this latter stbject is beyond the scope of this
thesis; however, several recent experiments are pertinent to this
diséussion.

Most modern work concerned with the structure of Grignard
reagents hag centered around attempts to evaluate the success of the
so-called Schlenk equilibrium (1k4,15) in describing the Grignard re-

agent. Dessy and co-workers have studied the exchange reaction
2RMgX == Rolg-MeXe === RgMg + MgXa.

between labeled magnesium bromide and diethyl- (16) and diphenyl-
magnesium (17). Only limited exchange between magnesium bonded to
carbon and mogncsium bonded to helidc wes obocrved when 28Mg was
used as the tracer; however, complebe exchange occurred when Z°Mg
was used (17). Dessy decided that the complete exchange result was
spurious and due to impurities in the 25Mg sample used. The 28Mg

experiment lead him to conclude that the equilibrium
2RMgBr =—= RoMg + MgBro

was not important in the Grignard reagents studied (18). in addi~
tion, concuctiometric measurements were reported to give identical
(21) values for the dielectric comstant of 1:1 mixture of diethyl-
magnesivm and magnesium bromide and of an equivalent concentration
of "ethylmagnesium bromide" (22). It was therefore concluded that

the Grignard reagents studied were begt represented by the equilibrium
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RoMg*MgXe —= R=Mg + MgXs

and that no speciles represented by the formula "RMgX" is present in
solﬁtion.

Recently however Stucky and Rundle (23) and Ashby and Becker
(24) have presented data suggesting that Dessy's conclusion may have
beeﬁ premature. Stucky and Rundle demonstrated by the X-ray crystal
gtructure determination of phenylmagnesium bromide dietherate that
the magnesium atom was tetrshedrally cobrdinated to one phenyl group.,
one bromide atom and two oxygen atoms.

Ashby and Becker were able to obtain a crystalline solid from
a tetrahydrofuran solution of ethylmagresium chloride whose empirical
formula corrcesponds to EtMgeClg*THF. This fact, and their observation
that ethyl Grignard reagent was monomeric in tetrshydrofuran, led
them to conclude that the most importent species in solution was
actually EtMgCl.-

Both of 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 "RMgX" may exist under suitable
cOnditiQns,-and suggests that further work on the structure of Grig-
nard reagents in solution rmust take into consideration the possibility
of ite existence.

The work reported in this thesis was initiated in the hope

that direct non~destructive examination of Grignard reagents in



-6 -

solution by nuclear magnetic resonance spectroscopy mighﬁ help to

‘climinate come of the ambiguities associated with interpretation of

the indirect destructive studies.
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RESULTS

The n.m.r. spectrum of the methylene protons of 3,3-dimethyl-~
wutyl chloride in carbon tetrachloride or carbon disulfide solution is
a typical AA'XX' spectrum (25); of 24 thecretical transitions, 20 have
gufficient intensity to be observable. By ¢ontrast, the spectra of
the ~CH=X protons of I~methylbutyl chloride; 3~methylbutyl bromide,
5~méthylbutyl iodide, n-butyl chloride, n-butyl iodide and propyl
chloride are all triplets to a first approximation.

The difference in the spectra of 5,j~dimethylbutyl chloride
and these other halides is reasonably explained on the basis of the
relative sizes of the substituents on the ethylene Iragment. 1in 35,5
dimethylbutyl chloride, steric interaction between the bulky t~butyl
group and the dhlérine atom 1s such that the conformation I having
Lhese Lwo groups btraus across the ethylene moiety is of appreciably

lower energy than the corresponding gauche rotamers II and ITT.

C(CHs)a c(CHs)s c(CHs)a
H H 0 ol cl H
H H H Efijij; Eijgiffi H
ClL - H H

I ' IT. I1T

If rotamer I is more populated in solution than II or III, the two
CHz—-Cl protons will be magaetically non-equivalent although chemi-~
cally indistinguishable, because each will have a dgifferent coupling

conetant to one of the (CHs)3CCH- protons.
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The observation of an AA'XX' spectrum is not compatible with
an energetically favored gauche conformation, because a mixture of II
and.III would have cnly an averaged vicinal coupling constant if their
interconversion were rapid, andé would be expected to have an sppreci-~
able chemical shift bétween geminal hydrogens of the methylene groups
if interconversion were slow.

The size of the alkyl groups attached to the ethylene group
in the other halides is much smaller (26) than the t-butyl group of
3,3~dimethylbutyl chloride. Apparently the difference in energy be-
tween trans ard gauche rotamers.for the alkyl halides not containing
the t—butyl group ié not large enocugh to produce significahtly dif-
ferent vicinal coupling constants.

T~
LIIC Qle

much simpler than that of 3,3-dimethylbutyl chloride: the ~CHo-Mg
resorance of this organometallic in diethyl ether solution at room
- temperature is a clean triplet, with J = 9.1 cps. The chemical shift
between the two methylene groups is approximately 1235 cps. (the resc—
nance of the P-methylene group is partially hidden by the ether methyl
peaks); the chemical shift of the ~CHp-Mg protons is 39 cps. upfield
from'tetramethylsilane.

Addition of a stochiometric excess of dry cloxane to an
ether solution of this Grignard reagent removes most of the magnesium
chloride as the insoluble magnesium chloride dioxanate (14,29), leav~
ing bis-(3,3-dimethylbutyl )-magnesium 1n solublon. The amouuab of
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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sclutions of phenylmagnesium bromide and methylmagnesium chloride is
removed by dioxane precipitation (29).

The n.m.r. spectrum of bis—(3,3~dimethylbutyl)-magaesium in
diethyl ether at +33° is an AA'XX' spectrum (Fig. 1). Chemical shif't
and coupling constant data obtained by analysis of the spectrum of this
compound and of the spectra of the corresponding Grignard reagent and
cnloride are compared in 'Yaple L; details of these analyses are given

in the experimental part.

Table I

Chemical Shifts and Coupling Constants for the

Lithylene Trotons of 3,3Dimethylbutyl Derivativcs

at 60.0 Mcps. Prctons 1 and 2 are ¢ %0 the Magnesium

I (x=c1)? II (X = Mgcl)P III (X = MgR)©
. 103.14 1253 128
g1z F 13.9 —° F 15.94
_J_13=J24f + 5.45 9.1 + l+.16
Jd14=d23 + 11.2 9.1 + J.Le.ol
Jaa T 10.7 —F F 1.8,

() 10 + 1% in carbon disuliide.
(v) 10 + 2% in diethyl ether, concentration estimated by
comparing the area of the -CHp-Mg rescnance with that

of the upfield 13C methyl resonance of ether.

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

(d) wvi=ve; va=va by symmetry.

(e} Geminal coupling consbtants cannot be obtained from
an ApXs spectrum of this type.

() di2 and Jgq are the two geminal coupling constants.
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Fig. 1.
chloride

.

Observed gﬂpper) and caleulated (lower) spectra for 3,3-dimethylbutyl

left ) and bis-{3,3~dimethylbutyl }-sagnesivem (right).
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These data permit the immediate conclugion that Inverslon
of configuration at the ~CHgz-Mg center of III is slow on the n.m.r.
time scale, because fast inversion would result in an averaging of
the vieinal coupling constants. In addition, the magnitudes of the
coupling constants make possible certain qualitative comparisons be-
tween the rotamer populations of 3,3-dimethylbutyl chloride and bis-
(3, 3-dimethylbutyl )-magncosium.

Karplus has calculated the dependence ofIQHH in an ethanic
fragment HCCH with tetrahedral bond angles upon the dihedral angle ¢

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

Jo = A cos®P + B (1)
Conroy has suggested a similar relation (31). The constants A and

B were originally assigned values of +9 cps. and ~0.3 cps. respec—
tively. However, the values predicted on the basis of these constants
are recognized to be smaller than those cobserved, and Gutowsky, Bel-
ford and McMahon haye been able to reconcile coupling constants ob-
served. in three halogen—substituted ethanes with Equation 1 using
values of A and B of +17 cps. and ~3 cps. respecblvely (52).

Despite uncerﬁainties 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 1L4.2 cps. ob-
served for the larger vicinal coupling constant of bis~(3,3-dimethyl-
butyl)-magnesium suggests an average HCCH dihedral angle near 180°.

The magnitude of this angle suggests that the molecule exists pre—
dominantly in the conformation with t-butyl 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 Jig — dig. Correspondingly, the smaller difference in the values
of the vicinal coupling constants of 3,3-dimethylbutyl chloride im—
plies that the three possible rotaticnal conformations in this mole-
cule have more nearly cqual energy.

These data suggest immediately 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 cf available information, a
slightly more quantitative description will be possible after the
temperature variation of the spectra of these organometallics has
been described,

The range of a variable~temperature examination of an ether
sclution 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 sbove +120°, the possibility of ex—~
plosipn of the sample tube in the probe becomes important. This
limited btemperature range was lorbunalely large enocugh Lo yleld several
dats important to the interpretation of the room-~temperature spectra of
these organometallics. 1In particular, the AxX, spectrum observed for
3, 3-dimelhyloulbylmagnesium chloride changes to an AA'XX' spectrum be-
tween +20° and -60°; correspondingly, the AA'XX' spectrum of bis—(3, 3~
dimethylbutyl )-magnesium collapses to an AsXe type spectrum at +110°.

The similarity of the spectral behavior of this Grignard re—
agent and its corresponding dialkylmagnesium compound demcnstrates
clearly that a temperature~dependent egquilibriua between "RMgCl"

and "RgMg" in solution (& Schlenk equilibrium) is not responsible



for the variation in the

2RMgX === RoMg'Mg¥e == ReMg + MgXo
spectra, because little or no magnesium halide was present ia the
dialkylmagnesium solutions.

The averaged vicinal coupling constants observed at +33° for
the Grignard reagent and at +110° for the dialkylmagnesium compound
might be the result of either rapid inversion of configuration at
the carbon carrying the magnesium (such inversion exchanging the
magnetic environments of the hydrogens at the Ccarbon atom), or

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

and IIT.
C{CHs)s C(CHs)a C(CHa)a
H z/lﬂ H E MgCl ClMg H
MgCl H H
I 1T III

Ten of the twelve theoretical lines for the A part of an
AA'XX' spectrum (25) can be identified in the low-~temperature
spectra of Fig. 2 and Fig. 3. The 1,2 and 3,4 transivioas are
easily identified on the basis of intensity and position as the
strong outer lines in these spectra; their separation is equal to

the sum of the two vicinal coupling constants J + il (25). On the

assumption (3l4) that the trans and gauche coupling constants, J,

and J have the same respective values for each conformation
=
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Fig. 2. N.m.r. spechra of 3,3~dimethyloubylmaguesium chloride
vin diethyl ether solubion as a fungbion of temperature.

Only the spectra of the CHp-Mg protons are shown.
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Fig. 3. Now.r. spectra of bis~(3,3-dimethylbutyl)-magnesiue

in ddetnyl ether as a funchion of temperature.
Only the spectra of the CHo-Mg protons are shown.

-




- 16 -

(I-1I1), the separation of the outer limes for I should be (gt + gg)
while the corresponding separation for a rapidly interconvert;ﬁg B
mixture of II and III would be 1/2(£t + 3 gg). The values reported
in Table I permit a crude estimate t;‘be magé of the magnitude of
g{ and ig and consequently of the conformational populations of 1,
1T and IEi.

If % is the mole fraction of conformer I in solutionm, 1/2(1 - %)
will be the corresponding mole fraction of conformer II and of coanformer

IIT. Assuming the trans coupling constant to be larger than the cis

coupling constant,

e =xZy ¢ 0= 1, (2)

dis

[x + /20 - )1 g, + 1/20 - ) &

[l

1/2(1 + %) 3, + 1/2(1 ~ %) & (3)

In order to obtain an estimate of x, it is necessary to have
values for EE and gg; these values cannot be ohtained from the experi-
mental data in Table I alone. However, Bothner-gy and Glick have shown
that the magnitude of the coupling constants in substituted ethanes can

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

by the relalion
vie
J—™ =8.4-0.LE ()
Accuming the difference in electronegativity between chlorine and

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

Pauling (11) scale (ECl - EMé = 1.8), the vicinal coupling constant in

MCT



CHsCHoX would be predicted to lncrease by 0.7 cps. on changing X from

Cl to MgCl. The agreement belween prediction and experiment

CHusCHzCL . CHsCHpMgCl
ivic = 7.07 eps. (33) ; gvic = 8.6 cps.
(CHaCHzBY _ . o . CHaCHoMcBr _ .
d i = 7.25 cps. {33) ; Ioia = 8.6 cps.

suggests that there is nothing anomalous about the effect of the
magnesiun electronegativity on the vicinal coupling constants, and
consequently that (4) may be used tc estimate gt and gg in bis~(3, 3~
dimethylbubyl )-—magne sium from structurally s imi‘J-_-a.r e‘bh;ne Se

Gutcwsky has reported values for gt and gg in three halo-
genated ethanes. These values are summarized in Table II. Note that
these values are not the chserved coupling constants < QEHZ> but rather
estimates of QE and gg obtained from examination of the temperature de-
pendence of < QFHZ>. If g{ for CHCloCHFz is neglected, it seems reason~

able to take g{ & 16 cps. and gg & 2 cps. for these halogenated ethanes.

Table IIa

Vieinal Coupling Constants in Halogenated Ethanes

Cémpound | Qg v EE
CHC1-CHC1. +2.01 +16.08
CHC1-CHF = +2,01 +10.25
CHC15CHFCL +1.63, ~2.62 +16.5

(2) From reference (32).
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Equation (4) suggests that corresponding values for 3,3-dimethylbutyl-
magnesiwnéhloridezhould be larger by approximately 1.5 cps. Values of
g% = 17.5 cps. and £§ & 3.5 cps. for ~CHoCHoMz are consistent with the
value of the average vicinal coupling ccnstant < QXEE > = %(QE + QQE) =
8.1 c¢ps. cbserved for elhylmagnesium bromide and ethylmagnesium chlore—
ide. Using this QE and _J_5 in (2) and (3), one obtains ¥ = 0.75.

Although too many approximations were involved in 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 cbtained
empirically by comparison with other 3,3-dimethylbutyl compounds bear—
ing substituents of known size.

With these approximate values of gé and £5 for bis-(3,3-di-
methylbutyl)~magnesium, 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 OG-carbon atuwm ls respunslible for Lhe varilalion in
the spectra of 3,3-dimethylbutylmagnesium 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-dimethylbutyl )—
magnesium is (J1g + Ji14) 2nd corresponds approximately to 0.75 mole

fraction of the trans conformaticn I. At +110°, the spectrum is a

triplet. Abraham and Bernstein have shown that if
J=-J <[2Av (T ~J)]l/2 (5)
=~ = /2 M T

the A part of an AA' XX' spectrum will appear as a triplet (36)
(A.vl/2 is the width at half-height of the compcnent lines). In the

present case, A.vl/2 = 0,9 cps. and‘gA - gk = 1.2 cps.; consequently

]
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Fquation (5) will be satisfied if Jdig4 = J13 < 1.5 cps. Assuming that
“the temperature veriation in the specbrum is the conseguence of chauges
in the conformational populations, and substituting Ji;4 -~ J13 into the
difference of Equations (2) and (3), one obtains x = 0.40. This value
of x in Equations (2) and (3) yields vicinal coupling constants of 9.1
cps.and 7.7 cps., and corresponds to a separation of the 1,2 and 3,k
transitions of 16.8 cps. Therefore, if (5) is satisfied, and if
changes in rotamer populations are important in deterrining the appear-—
ance cof the spectrum, the separation between the outer lines of the ¢
proton spectrum of bis-(3,3~dimethylbutyl)-magnesium should change
from 18.0 cps. at room temperature to 16.8 cps. at +110°.

If, on the other hand, an increase in the rate of inversion
at the ~CHp-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
of I, IT and III due merely to a change in kT are small).

Experimentally, no sigrificant temperature variation din the
separation of the 1,2 and 3,4 transitions is observed. This separa~
tion in the spectrum éf bis—(3,3-dimethyloutyl )-magnesium remains un—
changed at 18.0 + 0.2 cps. from +33%° to +102°; the corresponding sepa~
ratior in 3,3-dimethylbutylmagnesium chloride changes only from 18.2 +
0.1 cps. at +33%° to 18.L + 0.3 cps. at ~50°.

We believe these data are incompatible with significant temp—
erature dependent variation in populations of the conformers, 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-¢ilmethylbutyl chloride show an analougous lewmpera—
ture dependence in their spectra. Thus the spectra of the ~CHpo-Mg
protcas of 3-methylbutylmagnesium chloride and n~butylmagnesium
chloride arec triplcto at room tcmperoturc; at -50°, the epectra be—
come more complicated (Fig. 4). The degree of complexity is un-—
fortunately sufficiently great to discourage attempts to analyze
the spectra. The 3,3dimethylbutyl group provides a simple system
for analysis, because the four protons of the ethylene fragment
are uncoupled to the protons of the t-butyl group. In the 3-methyl-
butyl- and n~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 Q-proton spectrum is consequently ccmplicated (36a).

Although little quantitative information can be obtained
from the spectra of these Grigaard reagents, or from the spectra
of the corresponding dialkylmagnesium compounds (Fig. 5), qualite-
tive comparison with the 3,3-dimethylbutylmagnesium compounds makes
clcar two cimileritiee in their temperature dependence. The first
of these is that the low-temperature spectra of the Grignard reagents
are very similar tc the room~temperature spectra of the correspond-
ing dialkylmagnesium compounds. The second is that the Grignard re—
agent spectra do not seem to change at temperatures below approxi-
mately -70°, and the dialkylmagnesium spectra change little below

+30°,
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Fig. 4. Spectra of 3-methylbutylmagnesiim chloride and n~butylmagnesium
Cehloride din diethyl ether as a function of temverature..
Only the speatra of the CHp-Mg protons are shown.
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Both of these cbservations are compatible with the explanation
previously proposed for the tempersture dependence of the spectzum of
3,5-dimethylbutyl Grignard reagent based on the rate of inversion.
Moreover, the second of these observations would be difficult to
reconclle with important changes in populations of rotational cone~
formations with tempersture. If changes in the populations of the
trans and gauche conformations were important in determining the
temperature dependence of these spectra, the broadening observed in
the central line of e.g. di-n-butylmagnesium compared with n-butyl-
magnesium chloride would be the consequence of an increase in the

energy difference hetween trans and gaunche conformations of these

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~—
lations are prolably oob lmportact lo determiniong the temperature
dependence of The spectra.

An analogous argument can of course be applied to the
Femethylbutylmagnesium and 3,3-dimethylbutylmagnesium compounds
studied.

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

butyl)-magnesium and di~-n~butylmagnesium appear comparable with
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+78° +26°

+3|° -78°

Fig. 5. Spectra of bis-(3-methylbutyl)-magnesium and di-n-butylmagnesium

in diethyl ether solubion as & function of temperabure.
Only the spectra of the CHp~Mg protons are shown.
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that observed for bis—(3,3-dimethylbutyl )-magnesium. FEach changes
trom its “low-TLemperature"” form to a triplet over the temperature
range +50° to +110°. Careful measurements of the separabtion of the
outer lines of these compounds were not obtained.

The quelitative similarity in the spectral behavicr of these
three structurally similar Grignard reagents correspondingly suggests
that the rates and thermcdynamic 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 variazbles
which have pronounced effects on the rate of inversion at the CHz-Mg
center of the organometallic compound. Those most pertilinent are the
effects of concentration of the organcmetallic compound, structure of
the solvent and nature of the halogen anion(s) present in solution.

Decreasing the concentration of 3,3-dimethylbutylmagnesium
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 *°C satel-
lite, and may be used to Jjudge the concentration of the organcmetallic
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 solution at room

temperature, the spectrum of the ~CHp-Mg protons is a triplet; in
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Fig. 6. Spectra of 3,3-dimethylbutylmsgnesium chloride in diethyl ether
as a funeticn of concentration. The sharp triplet at lower
field is the ether methyl 13C satellite.
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tetrahydrofuran at approximately the same temperature and concentra-
tion, the central line is broadened noticeably; in diglyme, The spec—
trum is the typical AA'XX' type. The tetrahydrofuran spectrum was

examined as a function of temperaturs and found to collapse to a

H

elatively sharp triplet at +57°. The snectrum became more compli-
cated at temperatures below 0° (unfortunately viscous broadeniag
prevented detailed comparison with the low-temperature diethyl ether
solution spectrum). The effect of temperature on the spectrum in
diglyme was not examined.

The bype and gquautity of halide lon present in solution is
also lmportant in determining the appearance of the spectrum. In
all cases examined, inversion of configuration is slower when
bromide ion is the halogen in solution than when chloride ion is
present. Thus, the soectrum 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—
tral behavior is observed for n-~butylmagnesium chloride and n-bubyl—
magnesium bromide respectively.

Addition of magnesium bromide to a solution of 3, 5-dimethyle
butylmagnesium chloride agppears to slow the rate appreciably. A solu-
tion preparsd 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 low—temperature form at ~7°; a soluticn containing the



F (e) » (b) (c)

Fig. 7. Speclra of the Cllg=Mg protons uf'@}«d;a&ethylbutylmgnesimn chloride as a
function of solvent: (a) diethyl esher; (b) tetrahydrofuran; c) diglyme.
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gsame concentration of Grignard reagent but one—~tenth as much magnesium
bromide has & corresponding spectrum only at —40°, and the Grignard
reagent itself has this spectrum at approximately -50° (Fig. 9).
These last experiments iadicate that halide ion is prcbably
involved in some specific manner in the rate determining step for the
process averaging the vicinal coupling constants. That is, the ef-
fect of the halide ion is not merely to influence prcperties cf the
solution such as dielectric constant of ionic strength, but rather to
change the activation energy for_the inversion process by its effect
on the structure or solvation of the crgenometallic compound. It
might e possible in the absence of these observaticns to rationalize
the decrease in rate of inversion with decreasing concentration as
the result purely of changes in the bulk properties of the solution.

In particular, if the transition state for inversion involves charge

separation the dielectric constaﬁt of the solvent will be important
in determining the rate.

Dessy and Jones have exasmined the dielectric constant of
solutions of ethylmagnesium bromide and of diethylmagnesiuvm and found
a pronounced concentration dependence (25). Their values are repro-
duced in Table IIT.

The concentraticn of the Grigpard reagent in solutions used
for n.m.r. samples was ordinarily 0.2 M to 3 M. If the samples ex-
amined by Dessy are a falr model, the solution dielectric constant

in this concentration range should be guite sensitive to changes in



Fig. 8.

- 29 -

(CH3),GHCH,CH,MgCl (CH,), CHCH,CH,MgBr

*240' +27‘°

y

Spectra of 3-methylbutylmagnesium chloride and 3-methylbutyl-
magnesium bromide in diethyl ether solution as a function of
temperature. ‘The shaxp triplet at low field in each spectrum
is the 130 satellite of ether. Note that the concentration

of 'the two organometallic compounds is significantly different.
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(a) | (b) (c)
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Spectra of 3,3-dimethylbutylmagnesium chloride in dlethyl ether at -7° a8 a
function of added magnesium bromide. The approximate molar ratios of magnesium
bromide to 3,3-dimethylbutylmagnesivm chloride in the salutions are: (a) 1.5;
(v) 0.15; (e) 0.00.
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Table III"

TDielectric Constants of Ether Solutions of

Ethyleagnesium Bromide (I) and Diethylmagnesium (11)

Concentration Dielectric Constant
I _Ir
0.125 M 5.1 L.6
0.250 6.5 5.5
0.500 11 6.6
1.000 35 11

(&) From reference (25).

concentration. Consequently, the ten~fold change in concentration in
the samples in Figure 6 might have been accompanied by a Tive-fold
change in dielectric comnstant. A decrease in dielectric ccnstant of
this magaitude would significantly decrease the rate oi' a process de-
pending primarily on charge separation.

However, additicn of magnesium bromide to & Grignard reagenl
solution can reasonably be expected to increase the dielectric con-
stant of the solution (25). If dielectric constant were the most
jmportant factor in determining the rate of inversion of 3%,3-dimethyl~
bvutylmagnesium chloride, the order in Figure 9 should be ths opposite
of that observed.

It ic important to notice that the spectrum observed for solu—
tions containing both chloride and bromide ion is nct a superpositicn
of the spectra of two separate species "RMgCl" and "Ri{zBr" but rather

an average spectrum. Similar averaging is also observed in mixtures
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of dialkylmagnesium and magnesium halide in ether. If, for example,
a solution of 3,3~dimethylbutylmagnesium 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 solubion is not s superposition of the spectra of the Grig-
nard reagent and the dialkylmagnesium compound separately, bul an aver~
aged spectrum. Cbrrespondingly, addition of an excess of magnesium
bromide to a solutlon of bls—(3,3~dilmethylbutyl)-megnesium produces a
sample whose vicinal coupling constants are averaged; addition of less
than a stoichicmetric amount of magnesium bromide results in partial
averaging.

These observations suggest that the species involved in the
Schlenk equilibrium, "RMgX," "ReMg" and "RoMg-MgXp" do not have pro-
longed separate existence in solution. It is not presently possible
to decide whether the partial averaging of vicinal coupling constants
obgerved 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 speéies, or of some other procéss occurring in solutlion.

Discussion of the Grignard reagents considered up to this
point has centered on the observation of a temperabture dependent
averaging of vicinal coupling congtante between O and B 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 quantitively 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 chift averaging were selected
in the expeclallion that thelr G-methylene group would have an AB type
spectrum if inversion at the ~CHp-Mg center were slow, and an As type
spectrum if inversion 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 investigations of this
subject have established that conformational preference is responsihle
for the major part of the magnetic non—equivalence of the methylene
protons (57d,38). A primary Grignard reagent which might be expected
tc have magnetically non—equivalent methylene oprotons would thus be
cne in which one rotaticnal conformation around the O-B carbon—-carbon
bond would be significantly lower in energy than the other twe. The
Cz-Mg protong of two Grignard reagents, 2-phenylpropylmagnesium bro-
mide and 2-phenyl-3-methylbutylmagnesium chloride were examined for
evldence of magnellc non-equlvalence, The G-methylene hydrogens of
the former in diethyl ether solution had an A-—-type spectrum 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 +110°, the spectrum collapsed to an AX type (Fig. 10).

The proposed interpretation of the temperature dependence of
2-phenyl-3-methylbutylmagnesium chloride is the same as that for
3, ~dimethylbutylmagnesium chloride. The magnetic non~equivalence
of the methylene hydrogens at +35° demonstrates clearly that inver—

sion of configuration at the -CHpo-Mg center is slow on the n.m.r.
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Pig. 10a. Spectra of the CHy-Mg protons of 2-phenyl-3-methyloutyl-
magresivm chlorife in tetrahydrofuran as a function of
temperature.




Fig. 10b. Spectra of the CHo~-Mg protons of 2-phenyl-3-uethyloutyl—
magnesium chloride din diethyl ether, ag a function of
temperature., The spgctrum of the organcmetallic compound
is superimposed on that of the ether 13C satellite.
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time scale. The collapse of the magnetic non—~equivalence as the temp-
erature is increased is taken as evidence that a rapid inversiom of
configuration, analogcus to that proposed previously, averages the
magnetic environments cf the methylene hydrogens.

The quantitative discussion of this spectrum is less convince—
ing than that of the spectra of the 3,3-dimethylbutylmagnesiunm deriva-
tives, because the chemical shifts and coupling constants obtained
or analysis have much greater uncertainty. The AB part of an ABX
gpectrum has eight theoretical lines, of which four are of low in-
tensity. ‘'lhe position of the low intensity lines 1s uncertain in
the room temperatufe spectra of both 2-phenyl~3-methylbutylmagnesium
chloride and bis-(2-phenyl-3-methylbutyl)-magnesium. These lines are
necessary for accurate determination of the geminal methylene coupling
constant, and the magnitude of this coupling coastent is consequently
rather uncertsin. The spectrum is further confused by the accidental
near-Gegeneracy cof two of the intense lineg. Moreover, no informa-
tion_caﬁ be obtained from the X part of the spectrum, due both to its
low intensity and to its complexity.

Therefore, although agreement can be obtalned between the ob-
served and calculated spectra, the values obtained from analysis can-
not be regarded as highly precise. Coupling constants and chemical
shifts for a solutica of this Grignard reagent in diethyl ether solu-~
tion at -1L4°, and in tetrahydrofuran solution at +33, and for the
corresponding dialkylmagnesium compound in ether at +33° are repourled
in Table V. The starting halide has an ApX type spectrum in carbon

tetrachloride solution.



Table V

Spectral Parameters for the Methylene Protong of

e~Phenyl~3-Methylmagnesium X Treated as an ABX Systeme

X = c1® X = c1° X = B
vy = Vg 12.9 9.2 1,2
HA - de 150 150 150
Iin ~12.2 ~12.5 -12.2%
. ‘ 10.3 9.7 10.2
Ipx 4.3 5.6 3.2

() Diethyl ether solution at ~1L°.

(b) Tetrahydrofuran solution at +33°.

(¢c) Diethyl ether soluticn at -14°.

(@) This value was assumed.

(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, 3-dimethylbutylmagnesium
chloride. If an increase in the rate of inversion of configuration is
respongible for the averaging of the vicinal coupling constants ob-
served at high temperature, < gggg > should be equal to l/E(QAX + QBX)'
If large changes in conformational populations are r?sponsible (such
changes also averaging the chemical shifts of the methylene hydrogens),

HH

. > should deviate significantly from the average of the room

< d
=vic

temperature coupling constants.
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The values reported for the vicinal coupling ccnstants in
Table V are not sufficiently accurate to justify 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, éssuming 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/z(iAX + iBX) is 1.5 + 0.5 cps.; the two numbers are the same
within experimental error.

We conclude that inversion at the CHp-Mg center occurs in
thiec CGrigrord reagent ac in the primary Grignord reagembs discusscd
previously,

By contrast, the & methylene hydrogens of 2-phenylpropyl-
magnesium brcmidg are magnetically equivalent over the temperature
renge +33° to -80° (viscous broadening again prohibits observations
beiow this limit). Fraenkel and co-workers have suggested that the
observation of an Ao type spectrum indicates that this Grignard re-
agent is inverting rapidly at room temperature (59). However, we
have examined the spectrum cof bis—(2~phenylpropyl)—magnesium 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
shculd be anomalous. We believe that this dialkylmegnesium 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 drawn 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. Although a limited number of examples have
been examined, these results define clearly the rates of inversion
which may be expected for this class of organometallic compound.

A comparison of the rate of inversion of suitably chosen
primary and secendary Grignard reagents might be expected to be
useful, in light of the probably pertinence of such data to con-
siderations of the mechanism of ilaversion. Unfortunately applica~
tion of the techniques used in examinaticn of the primary 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.

The spectrum of the Grignard reagent prepared from 3, 5~di-
methylcyclobutyl bromide in ftetrahydrofuran solution at room temper—
ature shows a doublet for the methyl protons (Fig. 11). The msgnetic
non-equivalence of the methyl groups can reasonably be explained only

as the coansequence of slow inversion of configuration at the CH~-Mg
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Fig. 1l. Spectrum of the methyl protons of 3,3~dimathyl-
cycloputyimagnesium bromide in tetrahydrofuran.
The separation between the two peaks is approxi-
mately 4 cps. at +32.

+300 +|06°

Fig. 12, Spectrum of the methyl prctons of 3-methylbutyl-
magnesium chloride in tetrshydrofuran solution.
The four lines at highest field are the isopropyl
methyl proton resonances.
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center. In a slowly inverting Grignard reagent, two types of methyl
groups are present; one cis to the magnesium 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 CH-Mg center or an accidental Ge~
generacy of the chemical shifts in a slowly inverting Grignara wculd
give the same result. However, the observation of two kinds of methyl
protons indicates clearly that inversion is slow in this molecule.
Similarly, the two isopropyl methyl groups of 2,3%-dimethyl-

butyl Grignard reagent are magnetically non-equivalent at room temp—
erature in both tetrshydrofuran and deuterodiethyl ether solution
(Fig. 12). The carbon atom bearing the magnesium atom in this come
puund 1s a ceoter of molecular asyamebtry. The observation that the
adjacent isopropyl methyl groups are magnetically non-equivalent in—
dicates that inversion of configuraticn at the ~CH-Mg center is slow
on the n.m.r. time scale (g_i_ Part II of this thesis).

| Neither of these compounds shows gsignificant temperature de-
pendence in its spectrum. The chemical shift between the methyl
protons of 3,3-dimethylbutylmagnesium bromide does not change over
the temperature range +3%° to +120°. The chemical shift between
the methyl protons in the isopropyl group of 2,3-dimethylbutylmag-
nesiun 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 the
.spectra of these tﬁo compounds suggests that the barrier to inver-
sion of configuration is higher in the secondary than in the primary
Grignard reagents. It might be argued that 3,3~dimethylcyclobutyl
Crignord rcogent ic not o repreceantative secondory Grignord rcagent,
since the ring strain of the molecule and hybridization of the carbon
atoms are atypical. However, 3,3-dimethylbutyl Grignard reagent seems
a reascnable model.for a secondary Grignard reagent.

This order of configurational stabilities 1s not surprising,
if Tthe carbanionic character of the alkyl group is more pronounced
in the transition state for inversion than in the ground state of
the molecule, because the generally greaber stability of primary
carbanions relative to secondary carbanions (39a)iwould suggest a
higher activation energy for inversion of secondary than primary
Grignard reagents.

It should be noted in this connectlon that reaction of a
‘dialkylmercurial with mercuric bromide proceeds at the same rate
for diiso@ropyl~ and di-n-propylmercury compounds and faster for
dicyclopropylmercury and diphenylmercury (40). This dissimilarity
petween the influence of the alkyl group on the rate of this reaction
and on that of the Grignard inversion suggests that the well-estsb-
lighed SE2 mechanism for the mercuriale and the mechanism of inver—
gion 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 Grignard reagents (i;g., Grignard reagents lacking
.special stabilizetion of the carbanionic center). It should be pos—
sible to increase the rate of inversion sufficiently to apply these
techniques by stabilizing the carbanionic center, perhsps by conjuge~—
tion. However, any conclusions drawn from comparison of a secondary
Grignard reagent of this type with a normal primary Grignard would be
of limited generality. It therefore seemed important to fiad a method
of specbroscopically determining the inversion rate for the "slowly-
inverting"” secondary Grignard resgents.

The one attempt which has sc far been made to utilize n.m.r.
gpectroscopy for e#amination of a slowly inverting Grignard reagent
was unsuccessful. This experiment will nonetheless be described
briefly, because it appears a potentially useful £echnique for exsmina-
tion of slow reversible reactions by n.m.r. spectroscopy.

The Grignard reagent of lrchloro~2~methylcyclopentane~2~2H was
prepared and its specbrum 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 cig. If inversion of configuration occurs in
this Grignard reagent, sn equilibrium will be established between the
concentrationg of the two isomers. These eguilibrium concentrations

should be tLemperature depeadenb, since the cls— and brans— ilsomers

ghould be of different energy.
If the isomeric composition of a sample of Grignard reagént

is allowed to rcoch eguilibrium at one temperature, and the temperature
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is then changed, it should be possible to determine the rate at which
eguilibriuvm is re—esfablished 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-bearing carhon atom.

This experiment clearly requires 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 bcth isomers in solution. Third, the isomers
must be in equilibrium. Unfortunately, few data are avallable which
might serve to gulde the construction of a Grignard reagent fulfill-
ing these conditions. It is however encouraging that Sauers and
Kwiatkowski (L41) have examined the products from carbonation oOf
2-norbornylmagnesium bromide 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 merely reflect a differ-

ence in activation energy for endo and exo carbonation; they may alsc

reflect a temperature dependent equilibrium between endo- and exo-
rnorbornyl Grignard reagent.

The proposed experiment seems practical; the particular
Grignard reagent chosen did not yield the desired information. The
O~proton resonance was broad but symmetrical; the methyl resonance
was a single peak, somewhat broadened by spin~coupling with the deu-
terium, superimposed on several smaller peaks. The spectrum showed

no change after heating or cooling.
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The most probable explanation of the failure of this experi-
menl 1s thal appreclzble concentration of only one of the two stereo—
isomers (presumably the trans isomer) exists in a solubion of this

Grignard reagent. Prcbably 2-phenyl-2-methylcyclopentylmagnesium

chloride, in which the energy difference between the cis- and trans-—
isomers would be small, or even norbornyl Grignard reagent would

stand a better chance of success in an experiment of this type.
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CALCULATIONS

The application of n.m.r. spectroscopy to the measurement of
chemical rate processes in liquids 1s based on the study of rescnance
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 condibions) and 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 ratc at waich protone exchange between two equally
populated sites of different chemical éhift, under conditions in which
spin-spin coupling between_the protons is zero; the only simpler ex—
change problem, that of wneoupled protons exchanging hetween sites of
the same chemical shift, is not interesting, because such exchange has
no effect on the appearance of the specirum.

The general exchange behavior of this simple system is well
known. Qualitatively, when the exchange rate is slow and the average
life~time T of a protcn at one site is consequently large compared with
the difference in chemical shift ® between the sites, the spectrum con-
sists of two sharp lines of equal intengity separated by &. When ex-
change is sufficiently rapid that 7 i1s small compared with O, only one
line is observed, occurring midway between the two observed when T > 0.
When T and ® are of the same order of magnitude, the spectrum consists
of two broadened liﬁes, with separation less than O.

General mathematical descriptions of the spectra in the region

of intermediate exchange rate have been devised by several workers (45).
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The starting point for most of these calculations has been the Bloch
equations, either in thelir original form (44) or in lhe modified form
proposed by McConnell (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 shift" equal to the chemical shift between the two sites in
the absence of spin-spin coupling plus or minus the appropriate multi-
ple of the couplinrg constant. The corresponding Bloch equations are
then solved independently for each of these doublets (kla,46). A
treatment of this type has been applied successfully to the examina-—
tion of proton exchange between methylammonium ion and water (146).

Unfortunately such treatments are nol easily extended to many
of the cases of interest to organic chemists, in which the chemical
8hifts between exchanging protons may be of 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
(AB).. This treatment is based on the equations of motion of the nuclear
spin-density matrix for thespin gystem under consideration. Its appli-
cation to simple coupled systeme is less complicated than treatmente
based on the Bloch equations. Moreover, if certair drastic approxi-
mations are made in the calculationg, it 1s possible %o cbtain 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 spplication to practical problems. There-
fore, it seems useful to recapitulate ir 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, specific details of
the calculations involved in thig treatment of exchange hroadening
will be illustrated as they arise by explicit calculation for a
gimple AB type system. Extension to the more complicated Grignard
reagent spectra will be examined separately. Before beginning these
calculaticns, it will be necessary to introduce the concept of the
"density matrix" p (49).

The usual approach to the analysis of the n.m.r. spectrum
of a molecule in an applied magnetic field consists of two distinct
parts. In the first part, the energles of the interacticns between
the individual magnetic moments of the nuclei in the molecule and
their magnetic environments are calculated, and used to construct an
energy-level Giagram 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 & weak magnetic fieid

rotating at a frequency close to the Lavmour frequency of the nucled,
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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 shift-type interactions) and local
internal fields originating in the magnetic moments of the cther
nuclei in the molecule (spin-spin interacticns). In order to calcu-
latc the magnitude of thce intcraction of a system of nuclei with
magnetic fields of these types it is necessary to know both the form
cf the appropriate Hamiltonian operator g@, and the possgible nuclear
spin wave functions Yﬁ for the spin system being considered. We will
defer discussion of the Hamiltonian until the discussion of the den-
sity matrix has been completed.

The nuclear spin wave functions Rn describe completely the
behavicr of the spin system under examination. These functions can
pe expanded 1n terms of a complete set of time-independent ortho-
normal functions

Yn - z: an ¢j QE)

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

basic product functions

$1
P2
fa
Pa

fl

a(L)a(2) (22)
a(1)e(2) - (2p)
B(1)(2) (2¢)

B(1)e(2) (22)

I

1l
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Here, 0(1)B(2) indicates that 12(1), the component of spin angular
momentum df nucleus 1 along the direction of the applied field, is +%,
and IZ(E) =-%- This choice of basis functions is of course not unique.
Any other set of four orthonormal functions which could be constructed

from (2) would serve equally well. TFor example, ancther possible set

would be

g1 = a(1)o(2) (32)
fo = 1/ Vo(e(1)p(2 B (1)a(2)) ()
ds -~ 1/V2(a(1)e(2)-6(1)a(2)) (3e)
4 = B(1)B(2) (3d)

However, every possible basis set will not be egually comvenient for
computational purposes, although the final spectrum éalculated will
be independent of the choice of basis set.

For a state of the spin system represented by the wave function
Wn, the value of scme observable property of the system, for example
the magretization < IX + in> in the plane perpendicular to the applied

field may be written
: %
<I 44l > =<V¥ |I +4il |¥ > (1)
pd ¥y n nit~x ~y ' n -

where Ex and Ey are operators gilving the component of the tctal spin
angular mémentum along the x and y axes respectively, Ti is the com~
plex conjugate cf Yﬁ,-and i =\/:i . The reason we choose here the
particular operator Ex f igy for illustrative purposes is that

< IX + in > 1is the property of the spin system actually observed

in an n.m.r, experiment. The geometry of the sample with respect
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to the applied fields 1s ordinarily defined so that the =z direction
lies along-the static field Ho' The sample is irradiated with a radio-
frequency field H; rotating in the x~y plane, and the magnetization
induced in the sample in this plane is measured by receiver coils
perpendicular to the transmitter colls. The induced magnetlzation
is written as < IX + in > rather than < Ix - in > because the
former corresponds to a magnetization induced in the sample as a
result of A.FZ = +1 transitions (i;e. resonance abgorption of crcrgy
from the radio-frequency field) while the latter corresponds to
emission ircuced by the field.

Expanding the wave functions ¥ in (k) in terms of the basis

set ¢j’ and calling I + in the "raising operator" I

. ~ E I + I E:
SI AL > =< anj¢j I an¢k>

3 A
- jZk Cly 5127 16 (5)

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 Wn, while cthers will be de-~
scribed by other wave functions Ym,Yl,'-- . All of these furctiocns
can of course be expanded in terms of the basis set ¢j’ because the
basls sel was dellned as complete, The value of ULhe magnetlzatlon

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

molcculec. If we accign o ctatictical weight P, to thc molccules
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which are described by the wave function 95, the mean value of

<~Ix +'in‘> over all the molecules in the sample will be

<I_ + il > 2: p. <I_+iIl_ >
bie v ~ n X ¥y n

- Lo, ) o, @I 6

Jrk

1l

j; (#12714,) ;pc o

n nk nj

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

the intersection of row j and column k the element
+ *y _+

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

N
Pncnkbnj
n

1]

Pics

Therefore (6) can be written

<I AL ;g; ngpkj = T (170)
where Tr (the trace) indicates the sum of the disgonal 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 £+, it is independent of this
operator. In particular, when the operator Ef is replaced by the

unit operator %, thebdiagonal elements P Of p give the probability

(6)

(1)

(8)

(9)
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of finding the entire sample in state ¢ The diagonal elements can

K
.therefore be congidered a measure of the relative populaticn of The
corresponding basis functions (i.e., of the "density" with which each
basis function ¢k is populated). It is less simple to assign physical
meaning to the off-diagonel elements. As a crude (and possibly mis-
leading) approximation gkl.may be considered related to the number

of molecules which are simultaneously in states ¢l and ¢k; that is,

to the nimher capable of undergoing a trangsition hetween these two
states.

These arguments may be clearer if the basis functions are
chosen to be eigenfunctions of the Hamiltonlan. Then the diagonal
elements are the Boltzmann factors for each of the eigenfunctions,
and as before, the cff-diagonal elements are relafed 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 discugsion 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 is equal %o
< IX + in > where N is the number of molecules in the sample and

<I + in > is related to I' and o by (9). Calculation of the ele—
ments of ;f is straightforward. For example (using the basis functions

Qg) and taking Qr = O and B* = B)

I = (a()a@)|Ia()a(2)) = o (102)
Iiz = (a(L)a)| rHa(i)e(@)) = 1 (10b)

ete.
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and I+ can immedistely be written

[0 1 1 0]
oo 0 0 0 1 )
0O 0 0 1 —
[0 0 0 of
Consequently
- - - -
o 1 1 ¢ P11 P12 P13 P14
0 0 o0 1 o1 P2 P23 f2e
“ loo o1 P31 032 P33 Pas
© 00 O_ Pal P42 P43  Pas
= po1 t P31t Paz T P43 (12)

The problem of calculating the spectrum is now defined as that of
calculating the four elements of p given in (;g). We now proceed
to this task. Our approach will begin with the equation analogous
to the Schrgdinger equation for the density matrix, first in the ab-
sence of exchange and relaxation phencmena. Then appropriate terms
will be added to describe exchange and relaxation processes, and the
resulting equation solved to yield expressiocns for the individusl ma—
trix elements of (12). The expression finally obtained will be a line-
shape function for the general AB spectrum under ccnditions in which
the A and B protons are exchanging with a rate constant comparable to
their ditference in chemical shirt.

The nuclear spin wave functions Tﬁ obey the Schrgdinger equa~

tion (;é) in the absence of exchange and relaxation processes

ay R -
EE = —l‘ﬁﬁg‘l’ (_];Q)
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Here, qgis the spin Hamiltonian determining the interaction of each
nucleus with the applied fields and with the cther nuclei. The cor—
responding equation for the densily matrix can be showan to be (;&)

(48,49) when,%?has units of frequency, and frequencies are measured

in radians/sec.

20 _ sfpge - see] ()

To describe the effect of exchange and relaxation processes on the
density matrix, additional terms must be added to (;E). The form of
these exchange and relaxation terms will be diligcussed before consider—
ing the details of the Hemiltonian JCappropriate 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 & to the magnesium atom by the reaction I —» II.

CHg /CH3 CHsz /CH3

N CH
CH T 7
H H . H I‘iB

exchange

The exchange process interchanges the two methylene protons I-IA and HB.

If we say that HA.Of I has spin G and HB gpin B before exchange, we
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can write for the wave function of The AB system before exchange

\Ybefore = Oé(l)ﬁ(E) (}2)

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

the molecule.

CHs ,CHs
/
Noff

(2) (1)

MgCl  F

This labeling of protons by their position is the most satisfactory
methed in a problem of this type, because any other method would sug~
gest that nucleus A was somehow inbtrinsically different from nucleus B.

The wave function for the same two protons after exchange is

= a(2)s(1) (16)

v
after

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 (2)

p(a(1)(2)) = a(2)a(l) = a(1)a(2) (172)
p(a(1)B(2)) - al2)B(1) - B(1)a(2) (17b)
P(B(1)a(2)) = p(2)a(1) = a(1)B(2) (17¢)
B(B(1)B(2)) = B(2)B(L) = B(1)B(2) (174)
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The operator P takes o into Ps, and @5 into fs, but does not change
$1 and Pg.

To write E in the form of a matrix, cne follows a simple pro—
cedure: operate on each function ¢j with E, and express the resulting

wave function in terms of the original basis functions.

PPy, = 11 + Ofz + Ofs + 0Py | (18=)
Bl = Ofy + Ofe + 1fs + O (180)
Pfs = Ofy + 1fio + 0Pz + Ofy (18c)
§¢4 = 0fy + Offs + Ofg + 18, (184)

The array of coefficients on the right—hand side of (}Q) is the matrix

of P. Here

(19)

o + O O

o O = O
II—'OOOI

rQOOI—-"

The operator P describes the change in each of the basis func—
tiong associated with the AB system on interchanging the two protons.

The correspconding change in the density matrix

(20)

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
words, PPl = PP = 1). Here, p' is still defined with respect to the

coriginal basis set. We will not Justify (29), but will merely point

cut that it is arselogous 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. Heace

P =1 = PP T

~

(21)

which implies

. (22)

P=F

If 7 is the lifetime cf a proton in each site (the "pre-exchange"

lifetime), the change in p due to exchange is

(gg) _ Pafter exchange - pbefore exchange
dt‘exchange ~ T

PpP-p

T

(23)

For the AB spectrum under consideration, using (19)

Pr1 P13 Piz2 PLz
Ps1 P3z Pa= O34 h)
PpP = 2

P P21 P23 Pz P24 (——

Pg1  Pas P43 Pasa

et P
and
» 0 Pra — Fiz Prz — Pisz 0
db) 1| P3r ~ P21 P33 — P22 P32 ~ P23 Pag ~ P2e 25)
el ol = = 2
dt’/exchange T{P21 ~ P31 P23~ P32 P22~ P33 P24 — P34 22

0 Pa3 - P42 Paz — Pas 0

Our treatment of the corresponding term for the change in p
due to relaxation will be very approximate. Previous discussion has
suggested that the diagonal terms of p are related to the Bolbtzmann

factors of the corresponding energy levels. The spin~lattice relaxation
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time 1/Ty can be regarded as the rate constant for the restoration of
thermal éqpilibrium among the populations of the energy levels follow-
ing a perturbation.

Correspondingly, the Spip~spin relaxation time l/Tg is approxi-
mately the rate constant for the process restoring the normal induced
magnetization in the x~y plane, after a perturbation. This normal
value is of course zero. We have seen previously that the magnituce
of thc induccd magnctization is detecrmincd by the off-diagonal clcments

of p. We therefore write
do N 1
(dt)relaxation T Ty (o p)D * To ( p)OD (36—)

where the subscripts D and OD refer to diagonal and coff-diagonal ele-
ments, respectively, and po is the value of p at thermal equilibrium.

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

four basis functions) is

- _
1/T1(po~p)11 ~012/To ~p13/T2 ~p14/To
dp -021/To 1/T: {po=p)az ~p2s/To ~to4/T2
(C_fﬁ") relaxation — -pz1/To ~pz2/Ts 1/T1 (po~p)as -pza/T2
~041/T2 ~paz/To ~pa3/To /Ty (po~p)as ]
’ (21)

Addition of (25) and (27) to (1L) gives an equation (46) de-
scribing the motion of the density matrix under the influence of ex~

change and relaxation processes.

do _ dp dp o3¢ - 3 :
dt ~ (dt)exchange * (dt)relaxation + 1[pdt -~ 3pl (59)
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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
emplayed in analysis of high resolution n.m.r. spectra, with an
adQed term to take iunto account the effect of the rotating radio-—
frequency field. The nomenclature used will conform with that
used in a recent text (51), except that all frequencies will have
the units radians/sec.

In the stationary laboratory coordinate frame

s = 3d0) 4 ff(i(l) + GC(t) (28)

vwhere

ST YR
3 - 2 n (o(2))rT (1) (29)
i ‘
gives the interaction of the nuclear magnetic moments with the ap-
plied external field Ho directed along the z axis of the coordinate
system. Here, u(i) is the shlelding cousbant for nucleus 1, and y
is the gyromagnetic ratic;
WD S
- Lor 1)n) (30)
. J~ =~
1<
describes the spin-—spin interaction between the nucleil (Jij is the

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

AT
5t - jl: 78 (I, (3)sinat + 1L (3)cosat) (31)

interaction between the nuclear magnetic moments and a magnetic
field with amplitude Hl rotating at frequency o in the x-y plane.
. < . . . R 1) I
In the usual technique of spin—-spin analysis, mﬁ ) is

neglected andiﬁ£0> + ﬁ}l) alone are used to construct an energy



- 61 —

level disgram for the molecule being considered; here we want to in-
clude the driving termiﬁ#t)explicitly. Rather than work in the stae
tionary coordinate frame, in whichlﬁﬁ(t)llas a complex time dependence,
it is convenilent to transform these equations into a coordinate system
‘rotating at the frequency w of the Hl field. It cen be shown (52)
that urder these conditicns the field Ho(l—G(i)) is replaced oy an

"effective" field H
er

B . =8 (=o(i)) - oy (32)

In the rotating frame, ZC«» and.SC(t) can be written

52 = )1 (9)m (o(1)) - 0 (33)

3t - ZyHlIX(i) (34)

SCOJ is unchanged.by the change in coordinates. The detalls of these
Transi'ormations will not concern us here. It is however useful to
peint out that the physical significance of the change of ccordinates

is simply to eliminate the time dependence cf H in the rotating

1:
framc Hl appcars as o stationary vector directed along the x axis.
In the laboratory frame, the nucleus precesses about the axis of

the field Ho(l—c(i)) with an angular frequency called the Larmor

frequency

o, = 7H_(1-0(1)) (@)

In the rotating frame, the nucleus has a vrecession frequency equal
to the difference between the Larmor frequency and the rotation

frequency cf the coordinate system.
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Using the Hamiltcaians (30) and (33), the matrix elements of

3{,(0) + 36(1) can easily be evaluated for the AB problem. The terms

0 1
3(3( ) + JC( ) and CfC(t) sre evaluated separately for convenience. For

example
(3¢ s 51 = e + eMone))
= 12-9 (2~0(1) - a(2)) - w + IJ;
Similarly
yH
e ©) 4 5t P1, - 22 (1) - o(2)) - 1
¥H
e 451 = 22 (o) - o)) - &
[Z‘G(O) + Sc(l)]h.h == ')’;i (2"'0'(1) - G(‘?)) T W %
(6 ) 4 5l = 13 O 45l = 5
We define

5 = 71, (o(1) - o(2))

yH

b=0-—= (2-0(1) - o(2))

(362)

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

point midway between the resonance frequencies of H(1) and H(2).

Hence

A+ J/h

[36(0) . Zc(l)] _ &~ J/h
J/2

J/e
-8 - J/k

A-J/h

——

(28)



- 65 -

and the matrix [p(ﬁc(o) + ﬁﬁ(l))- (3¢ (0) + 38(1))0] follows immediately.
This last matrix is quite lengthy, and will not be written in detail,
because we will see later (see the discussion preceding (47)) that
only four of its elements (the 21, 31, 42 and 43 elements) are peI;—-
tinent to the problem. These elements are given in (39); kere

[D,GC(O) + i}(’,(l)]i . means the element ia row i and column J of the matrix

[p(i}C (O) + Sc(l))_ (SC(O) + Sc(l)) p/] .

(o3 + 3(:(1)3.21 - (8= Z Ry + (- %)‘331 (292)
ot D 4561 = ax 2 Doy + - Doy (300)
o3 + 3P, = (4 = 2+ Dy + (Dey, (59)
umd@+m@d5=~(a+§+§%5+@d%g (394)

To evaluate the elements of the commutator of p with b‘(,(t)
[pi}C(t) - JC(U)p] we Tollow an approximation procedure outlined by
AMexander. The matrix of C}C(t) is easily evaluated for the basis

functions (2). For example, since ;EX(OO = B/2 and EX(B) = afz

(e(Vafe)|1, (1) + L (2)| (1)) = o (40a)
(e(1)(2) |1, (1) + L ()| (1)e(2)) = 3 (4ob)
ete.
0 1 1 o
oo 2




ST

Alexandef makes the reasonable approximation that SC(t)has a negligiblie
e£fect'un the diagonai terms of p, and that the diagonal terms of p are
much larger than its off-diagonal terms. This spproximation is legiti-
mate because the radig—frequency field is very weak compared with the
gtatic field. Then, since the disgonal terme arc the Boltzmann factors
for the corresponding energy levels (see the discussion following (9))

exp(-n/xz(8 | 5 + 5 Mg, )

(1)
Y e (/e 56 + 5 )g, )

J

Expanding (41) to first order in the small number (—h/kT(SC(O) 4—3@<l)))

and calling the denominator N

Moy, l——iﬁ/kT(ff(;(o) +:«i(l>) (k)

I

1-1/KT(7H _(F_),) (La2v)

The step from (12a) tc (42b) ic justificd because the conbribution of
‘the shielding parameters o(i) and the coupling constants to the total
energy is small compared with the energy of orienting the protons with

or against the statig field Ho' To these approximations, p for the AB

case will be

—
1_hyHO/kT 0

12

=2l
=

(43)

0 T+ HiyH /KT

and taking the commutator of (43) with (kOc)



- 65 -

0 -1 =1 ©
1 0 -1
Loae(®) - ey - ¢ 1 1 CELY
o 1 0 '
where
VEﬁHOHl
C = T ()

Alexander (L8) has shown that in general

T

< ¢ |ra(e Z I.(1) - Z Ix(i)p)]¢j >
-7eo(g, | ) ()4, (45)

when ¢k and ¢j differ in their value of FZ by + 1, respectively, and
is zero otherwise. |

Before proceeding, let us briefly review what has been ac-
complished so far. The observed n.m.r. signal for an AB spectrum has
been relsted to four elements of the spin density matrix by (;g).
The Schrgdinger eguation describing the behavior of the entire density
matrix in the absence of exchange and relaxation effects has peen
evaluated in terms of a specific high-resolution Hamiltonian, and two
terms have been added describing the effect of exchange and relaxation.

dat

do . + 4[p¥e- 001 (16)

D)
exchange dt‘relaxation
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We now Wishvto obtain explicit expressions for thé four matrix
elements of (46) (i.e. pey, pai, Paz and pys) pertinent to the problem,
in terms of J, ®, A and 1. To do so, we make the assumption that the
spectrum is being observed under cconditions of slow passage. In other
words, the spectrum i1s being swept so slowly that the rate of change
of the signal amplitude with time is very smell. Under these condi-
tions we can set (&é) equal to zero. The resulting matrix equation
can equally weli be written as 16 linear algebralc equations (each
equation being the sum of the 1j th element Ifrom each of the matrices).
If we select from these equations the ones which contain any cf the
four elements of p which are of interest, we obtain fcur simultaneous

equations.

ap P31—~P21 Lo . &  J . J .

21 - - A=+ = - = =

at T T, (-2 5 e)pgl +i( 2)‘331 +iC =0 (k72)
dpgy  Pea—P31 P31 | | 5, J . Jd —_— -
T = - - T +i (- A+ 5+ E)pgl + i~ 5)02 +iC =0 (EAE)

Paz—P42 y

dpge = 122 5= 42 . &  J . 1d .

: dig To- gt (A=35+5)paz + 1(5)pag + iC = O (47c)

dpas _ P42-Pa3 _ Pa3
dat T Ts

I
[®]
~~
I-P‘
—J
o
~—

. o) J . rd .
-1 (a+ 5+ 5)943 + 1(5)942 + iC

These may convenlently be solved by Cramer's rule. For example
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. 1.4
-~ 1iC T 13
- 1 L e} J
- iC [—-T~T2 1(A-—;——2]
P21 = (E@é)
11 J 1.
--m-t@+rz-3) T 13
1 Jd 1 1 3] )
Ttz -3-g -t @-g-3)
1 1 o] J .
[- e (& + 5 5)] - 1iC
1 J .
7713 - e
PaL = (48b)
11 5 J 1 J
- 7715
1 . Jd 1 5 dJ
T2 -3-gm-1@-z-3)]

The corresponding equabtions for pag and pge are the same as those for
poy and psy respectively, except that the sign of J is changed.

To simplify the calculations, we make the assumption at this
point that l/Tg = 0; in other words, the assumption that the natural
line widths are small when exchange is very fast or very slow.

The equations (EQ) are expanded and added and the numerator
and derominator in each of the resulting expressions maltiplied by
the complex conjugate of its denominator, in crder to put the expression

intc a form with a pure real denominator.

- : .
2A3~4JA2+A(2J2—§2—+% +———J§d+i(§-:—)
P21 + Ps1 : (492)
C , F28
4 3 2 ft__ Ei 2 2 {
M -2T B+ (m-5+T) LT 54T
2 2 2
?/,\3+LLJ[\2+A(2.T2——Z— %_Q_E_Jrl%)
Pez * Pas _ (49b)
4
L8, 3 Lo_ 8 J, B
+ 2 d 063 + 28 (?5 — +J2) - AR 5+ 77
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The sum of (49a) and (L9b) defines the general line-shape function for
an AB spectrum (with the natural line width 1/Ty + 1/Ty set equal to
zerc) because Equation (12) irdicates that at each frequency A in the
spectrum the intensity of the signal is proporticnal to this sum (the
constant of proportionality is of course 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, il.e., the case of two uncoupled
protons exchanging between sites of different chemical shift. In
this example, the imaginary part of the sum of (49a) and (49b) (the

part deseribing the absorption signal) will be

287

+ + + T
P21 * P31 T Pg2 T P43 _ (29)

c w2 (-8 8

From (29) we cah conveniently calculate the positions of the pesk
maxima by setting the derivative of the absorption signal with respect

to frequency equal to zerc

+ + + F
(pgl . pSl-c P4z 043): 8B+ A (T% - %—) =0 (5;)

¥ e%
5]

which has roots

1
A:g,A=ié—T-¢T262—8 (52)

The non-zero roots of (52) correspond to peak maxima in the
region of pre—exchange lifetimes up to the point st which the peaks

coalesce (at 28 - 8). The difference between these roote gives
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the experimentally observed separation AE betwesen the peasks as a

function of 7

A = % V1282 -8 (53)

This equation is identical with that obtained by Gutowsky
end Holm (Ukhe) starting from the Bloch equations, when account is
taken of the difference in the definition of 7 in the two treatments
(Gutowsky's T is one-half that in (53)). Note that the units of ©
ia these equaticns are radians/sec. To apply (53) to measurements

in uvnits of cps., it must be written

v, = 5=\ bBBE - 8 (54)

where Ve equals the observed separation in cps.; and v is the differ-
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 1l4. The former is a plot of (50) when J = & =
2 rad./sec. To calculate the points for this curve, a value was ob-

tained for the imaginary part of (49a)

1
P21 + P31 _ T ( )
=== T BF  or  \228
=2 4 3 —~ 2 —— —
&C M -25 P+ (m-mrP)raF-+ 7
1
- T (550)

(A4~4A3+2A2+1+A+1)+4A$-2-
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for valuss of A separated by 0.1 rad./sec., from A= 3.0 to A= -1.0,
and the complete spectrum was then obtained by adding the curve so
ohtained to its mirror image around the point A = Q. (The factor
8C in the denominator of (55) is a scaling factor, end is important
only when intensities from different calculations are to be compared. )
This operation is legitimate because the value ps; + psy at each
point A is easily seen to he identical with that of peog + pse at ~A.
The values of J and & chosen are not typical of most organic
compounds. Howevef, the same spectra will be obtained for values of

J and & larger than 2 by some factor, and for the corresponding velues

of 1 alvlided by Lhe swue factor. For example, 10 the values CxN = als,
JN = ad, 6N = ad and Ty = % are substituted into (55a), one obtains
1 1
P11 + Pzz (5) (Eﬁ)
o o - &2 &R J
cef [a® Lyrae 3 2 b N 2 NN N
N a4)(AN 2, l\]+Al\](—é—,[l\]-— 5 +JN)+AN 5 + 16)
(58)

which will clearly have the same shape as (55a).
To use (553) for measurements in units of cps., it is rewritten

1
P21 + P31 _ T

= - (517)
8r2&7C (v¥ - 23v3 + 42 ((;%75 - %? + J2) + v §§£ + %éa 2

Figure 1k shows spectra plotted for several valuesof Tusing (57) when
J =1.18 cps., and & = 9.85 cps. (The reasons for choosing these
values is that they are important in calculating the corresponding

spectra for bis—(3,3%-dimethylbutyl)-magnesium).
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The contrast between the response to a change in exchange
rate for these two types of AB spectra is instructive. In Figure 13
J/B is relatively large. The low intensity outer lines broaden and
for all practical purposes disappear before any major change cccurs
1n lhe slrong cenleal llnes. Io Flgure 14, J/0 is relabively swall.
Here, the two A components broaden and collapse before either shows
an appreciable shift toward the B lines. Qualitatively it seens
clear from (5_5_3) that the lines of an AB spectrum which will show
the effect of exchange most strikingly will be those with low in~
tensities.

The ourpose behind the derivation of (4L9) is to develop a
method of obtaining activation parameters from the temperature de~
pendence of complicated coupled spin systems. The most practical
method of obtaining such information from (&2) is presently unclear.
It would be possible to differentiate the summed expression for
(pgl + Q0g1 T P4z + p43) in a manner analogous to that used to obtaln
CZ§)' 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 gpectrum. Such an equation has not been obtained,
because 1t would be impractically complicated for hand calculation.

An alternative procedure would be to calculate the spectrum
expected for different velues of 7 using the values of J and & oOb-
tained from the slow-exchange spectrum, and compare these with the
observed spectra. This procedure would alsgo be gquite tedious for
hand calculation. Either method should, however, be readily amenable

o machine calculation.
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With this introduction to Alexander's procedure, we now turn
to analogous calculations for the system cf practical interest in
this work: the AAYXX' spectrum of the 3,3-dimethylbutylmagnesium
compounds. These calculations are very similar to those we have just
campleted and yield ciosely analogous results.

The schematic spectrum and energy-level diagram for the AA'XX'
spectrum is given in Figure 15. (The actual values of the correspond-
ing cnergy levels for bis—(3,3-dimethylbutyl)-magnesium obtained by
machine computation are given in the experimental section.) The
symmetric and antisymmetric sets are separated for clarity. Transi-
tions for the A protons are numbered to correspond to the schematic
gpectrum below.

The exchange process which determines the appearance of the
spectrum of these crganometallics 1ls an interchange of the two O
protons. The effect of this exchange is to average the two vicinal
coupling constants J and J' (53). In the slow-exchange limit,

L =J+J" will be different from zero (in the particular case of
bis-{3,3~dimethylbutyl)-magnesium in diethyl ether solution at room
tcmperature L = 9.8 éps.); in the fast—exchange limit I will be zero.
Examination of the energies of an AA'XX' spectrum reveals that only
the Bsé, hsé, laé and Eaé levels depend or L,

These are given in Table VI.
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symmetric set entisymetric set

1,2 3,4

Fig. 15. Schematic energy-level diagram and transition assignments
for bis-(3,3~dimethylbutyl )-megnesium.
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Teble VI

Selectea Stationary-State Wave Functions and Energies

of an AA'XX' System

State Energy
350 - 52'- K - % (x2 + 1.2)1/2
hso. ——21-K+% (K2 + 142)1/2
1ol S 2K+ L (2 4 1P)2
285 - -2 o 412y
Here,
- - - T
X = JA + JB L=J-J
- - . - 1
M = JA JB N=Jd+d

Rapid exchange wculd therefore be predicted to average transi-
tions between symmetric states with FZ = 1 and the 3sd and 4sd
- states, and correspondingly between antisymmetric states with FZ =1
and the laéhand 2as states.

- Our approach to this problem.will.be to treat the symmetric
and antisymmetric gquartets 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 3,4 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
transiticns the correctly antisymmetrized combingtions of basic prod-~

uct functions (2§). The 1 and 2 protons are the protons which exchange.
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= a(1)a(2) (@(3)8(4) - B(3)a(k)) 2ay  (38a)

V’_E-
B, = $(e(1)8(2) + B(1)(2)) (U3)B(:) - B()x(4)) 280 (58b)

RSN
'_I
I

6, - He(PE) - B@x) @EBE) - BEM0D) a0 (582)
B, = 5= PR EGIEE) - BG)a) 2a_ (584

The first prcblem is to determine which elements of p determine
the shape of this portion of the spectrum. The matrix cf I+ is deter-

mined as before (10) (11); i.e.,

(o e - o)) L']3 (08 + 50) (o8 - £0)) = = (592)
(55 (06 - B |5 (0B - 53) (0B + B)) = 0 (59)
ete.,
and
1
o T ool
o P (22¢)
L? 0 0 O__
Therefore, the equation analogous to (12) is
Tr(170) = ofs (22 + fuz) (50)

This eguation indicates that psy and pso are sufficient to
describe the entire spectrun. The spectrum of the antisymmetric
guartet will be described by the two elements of p in (ég). 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 Hamil-
tonian [03¢ - ¥ p].
The oioerator E 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

Pgy = 1y + Offiz + Ofia + O (612)
Pfo = Of1 + 1fz + Offa + Ofs (61b)
P = 0f1 + Ofz ~ 15 + Offs (61c)
Pfy = 0f1 + Offz + Ofz + 14 (614)

The matrix of P analcgous tc (19) is therefore

1 0]
1
P = 1 (62)
0 1
_ — -
and the counterpart of (2k4)
P11 Pz  —F13 Pi4
P - P21 Pz —P=23 P2s (632)
~Pz1 —Paz Paa —P34
Pa1 Pa2 —P43 Paq
F-O 0 ~2013 0
PpP-p _ 1 0 0 2003 0 (63D)
H T l-2psr  ~2pee 0 ~2P34 T
0 0 —2041 0
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The equation (ﬂ) describing the relaxation 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 thé abgence of exchange 1s zero.

We use the same Hamiltonian (cquations (28), (30), (33) and
(34)) for this problem as for the AB problem. However by noting that
the Hamiltonian S‘C(O)+ ffC(l) (i.e. (30) plus (33)) has exactly the same
form as that used by Pople, Schneider and Bernstein (54) with the

addition of a term Z - Iz(i)oo, we may save considerable effort by
; .

using their matrix elements for the AA'XX' system. (The difference
in the units of the two Hamiltonians, cps. versus radisns/sec.,
should be kept in mind.) Thus, the matrix elements of (30) and (33)
for an F, = O state will be identical with those of Pople (54); the
diagonal matrix elements for FZ = + 1 states will be the éorrespond-«
ing elements of Pople's with a term + w added; FZ = + 2 states would
have + 2wadded etc. We can then write analogously to (5_8_),

 —

1 1
VA—- T K + 5 M
5cege (1) -

—vym T S

2

-

(64)
We are interested in all the elements of [p(SC(O)+ C{G(l)) - (SC(O)+SC(1))p]
which contain pe3 ©0r Pog (_6_9) These are given below: (here, we have de-

fined A =v, - ® and the notation is the same as in (29)).
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0,56 451 2 oi(8) 4 par ) (65¢)
6, 5¢() +$€(l)]SJL = psa(8+3) + oz (5) (65b)
16,3¢(0) + 3¢ (D) 1. - pe2(D) + pas (= 3) (83¢)
Lo,5e¢?) 4 5¢(2) 1,5 = Paa(B-1) + paz (- 2) (65d)

The elements of [p&C(t) - E{j(t)p] are obtained from (45) to yield an

equation analogous to (4la)

P(; -1 0 0
0 o -1

[pgﬁ(t) — G(J(t)p] = % 0 0 (éé)
0 O 0

Inserting (66), (65) and (63) into (46) and again making the assumption
that the experiment is being carried out under slow-passage conditions,

we obtain as before four linear algebraic equations in pz3, P31, Paz

and pas
d—d-pi—l- = ipz1(8) + ipsy (%) + "l““_v(% =0 (672)
o1 _ Ty ey (a4M) + ey (B) = 0 (670)
dgiz = ipao(A)+ ipas (- %) + % =0 (67¢)
Tss _ 203, soo(acl) +opus (- B) =0 (670)

We need solve these only for psy and puo
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~ic/y2 i L/2

) 0 - 24 i(am)

po1 = (682)
i iL/e
iL/2 - %— + i(Aa+M)

-ic/ VY2 -i L/2
0 - 5;3- + i(A-M)
Paz = (é@h)
in -i L/2
-i L2 - %— + i(a-M)

These equations are expanded in the same msnner as the corresponding

equations (48) to yield

. 2 2 2
-2A3-1LMA‘+A(I”§— —21\/12~;8-2—)+1‘2—M-+i(1—‘;)

Wﬁ5.021 _
C

12k 1M, , L* (L)
A4v+2MA3+A2(M2—-§—+T—2—)+A(—-—§—- + 17
12 8 M, . LB
VE ou —20°% + W€ + A (5 - 2F - 3) -+ 1 (%)
Pz (630)

2 12 4 12M, , L*
.A —EMA3+A2(M2—?+?§)+A(_-2_—)+I6

The sum of these two equations is the line-shape function for
the asymmetric quartet of an AA'XX' 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
(&2) for an AB-type épectrum is very close. If one makes the substitu-
tions L = &, M = J and A = -~ Ain (69), the equations obtained are iden-
tical with (49) (the substitution A = - A reflects the fact that the di-

rection of increasing A was defined differently in the derivation of

(49) and (69)).
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The imaginary part of (69) describes the absorption signal
from the asymsetric quartet (Lines 10, 9, 12 and 11). ‘The spectrum
of the symmetric quartet (lines 5, 6, 7 and 8) can be obtained by a

precisely analogous procedure. If one uses the basis set

fo = a()a(2) —j,-= [(3)B(k) + B(3)a(k)] (70s)
fo = 5 [(1)B(@) + B(1)a(2)] [a(G)B() + B(5)a(k)] (700)
fo = 3 [(1)B(2) ~ B(L)a(2)] [a(3)B(4) - B(5)d)] (70¢)
ds = B(1)B(2) —% [(3)B(4) + B(3)c(4) ] (704)

where the 1 and 2 protons are geminal to the magnesium atom, and the
matrix elements of SCOJ)i-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).

2 2 2
ok a® e p (Lo o By EE L
‘Vg oo 2 T 2 T
C - : 2 | ) 1PK L4 (7ia)
% 3 2 =2 = . T -
A% + 2K A® + A% (K 2+T2)+A(———2)+B

= 2 T2

| 2% hKA® 4 a (K -k L By LK ()

]’2 0 2 T 2 T
42

c_ — R (71b)
4 _ o AD 2 (e _ L5
A%~ 2KAP+ A2 (K st ta(F)

The line-shape function for the combined 5, 10, 9, 6, 7, 12, .

11 and 8 transitions of the A part of the AA'XX' spectrum is given by



the superposition of (69) and (71). This function has been evaluated
Tor several values of T; the resulting spectra are shown in Figure 16.
These spectra were obtained by evaluating (69) and (71) separately for
each value of 7, and superimposing the two resulting gquartets. The
weak 5 and 8 transitions were not included in the calculations. The
actual functions evaluated in making these plots (i.e. (69) and (71)

with the constants evaluated)are for (£9).

1
T

A%+ 236 NS Lh7.12 A2 - 57.24 A+ 588.51 + £2/9.87 12

M
P21 &
and for (71)

K *
PaL & A%+ 61.56 A%+ 898.90 AZ ~ 1493.1hk A + 588.31 + AF/9.87 12

The total intensity of absorption at each frequency A is proporticnal
to pg%(&d + p2¥(~AQ + p2§(29 + p2§ (-A) where pg%(A) is the magnitude
of p2¥ st A, and Q;f (-4) is the corresponding value at —A.

The assumption was mace in these calculations that The spectrum
of the 6 and 7 transitions would not change for values of T greater
than 0.0397 sec. Tae actual shapes calculated for these transitions
Tor large 1 are not appreciably shifted from their positions at 7 =
0.0397 sec.; they are however much navrower. The line width actually
calculated from (69) and (71) is of course misleading, because of the
assumptions concerning the natural line widths. The effect of freege-
ing the line-shape at the chosen value of 7 is simply to approximate,
in the simplest possible fashion, the slow-exchange line-—shapes actually

observed.



Fig. 16.
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galoulated: line~shapes for the six central lines of the
LA'XY' speatrum. of the 3, 3-dimethylputvimagnesium com—
pounds, at different values of the pre-exchange life-
time T.
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Qualitatively, one feature of the spectra calculated by this
method is of particular interest: the antisymetric transitions
broaden and coalesce sppreciably before the twe symmetric 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 transiticns belonging to the antisymmetric quartet.

This dirference in response to temperature provides another
confirmation that exchange rather than change in conformational
populations is reponsible for the observed simplification of the
spectra ab high temperaturcs. Figure 17 reproduces the egpectra that
would have been expected on the basis of major changes in conformational
populations. These spectra were calculated on the assumption 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 viecinal coupling constant. This assumption is orobably
aot strictly valid, but is sufficiently accurate for our gualitative
purposes.

As the value of L is decreased in these spectra, the corres-
ponding decrease in the separation between the 6 and T 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 coaformer popula~
tions. This conclusion seems particularly reasonable if (following

comparison of (69) and (71) with (49)) the transitions under discus-
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sion are considered as the superpesition of two AB quartets, each
having sn effective chemical shift of L. As L is decreased, the
changes in the two quartets would be expected to be roughly parallel.

Moreover, the spectra of Figure 17 indicate that no line-
broadening efTects would be expescted, were changes in conformaticns
responsible for the simplification of the spectra. For example,
the separation between the 9 and 10 transitions remains clearly
visible until these lines merge with the 6,7 transitions in the
calculated spectra. By contrast, the separation between the 9 and
10 transitions in the observed spectra is lost in the broadening of
these lines appreciably before the lines collapse. This behavior
is in agreement with the spectra calculated on the basis of (QQ) and
(71)-

Qualitatively the spectra calculated from Alexander's treat—
ment of exchange broadening confirm that exchange rather than popula~
tion change is primarily responsible for the simplification of the
experimental spectra at high temperatures. The problem of obtaining
guantitative values for the activation parameters for the exchange
process is not vo straightforward.

The procedure adopted here was an approximate one, orimarily
because the quality of the spectra is generally nct such that de-

- tailed comparison of calculated and observed spectra would be profit-
able., The 9 and 10, and 11 and 12 transitions respectively were each
considered as one line (i;i': M was considered to he small compared
with L) and (69) was treated as outlined earlier for an AX spectrum

with J = 0 (equations (50) - (54)) to yield an approximate formula
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relating the sxperimental separation Vg between the 9,10 and 11,12 tran-

sitions at each temperature to the pre—exchange lifetime 7

v 23] 42122 - 8 (722)

e 2uT

LoV B )2 (72b)

where Ve and L are in cps. units. Activation parameters Tor the ex-—
change process are obtained from the temperature dependence of l/T by

the familiar treatment based on the Arrhenius equation

1 .
==k (132)

-E_/RT (73b)
k = Ae

where k is the rate constant for the exchange process, Ea is the acti~
vation energy for this process, and A is the pre-exponential term.

In principle, a plot of log(l/t) (obtained from (72b)) versus

1/T should be a straight line whose slope is Ea and whose intercept
at some temperature is A. Figure 18 shows plots of log(l/r) Versus
1/T for bis-(3,3~dimethylbutyl)-magnesium and 3,3~dimethylbutylmagnesium
chloride in diethyl ether solution. The data on which these plots are
baged are given in the experimental section. Note, however, thal Llhe
value of L used in these calculations is that observed at -65° (L =
10.5 cps.).

The most striking feature of these plots is their non-linearity.
An explanation is suggested below for this behavior, and estimates of
the activation energy for inversion obtained despite the curvature.

Tt should however be emphasized that the error in the values of Ea
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Fig. 18. Plot of log(l/t) as a function of 1/T for 3,3-dimethyl-
butylmagnesium chloride (a), and bis-(3,3~dimethylbutyl)-
mzgnesium (b).
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obtained From analysie of these spectra is large. Both large uncer—
tainties in the original measurements of line separations (due both
to the broadeaning of the peake in the region of intermediate exchange
and to eifects of overlap with the other lines in the spectrum) and
neglect of slgulllcany faclors (E;é'J l/T2 and M) in the derivation
of (zg) combine to make kinetic analysis in this system very uncertain.
We suggest that the curvature in the plot o log(l/t) versus 1/T
for 3,3-dimethylbutylmagnesium chloride and bism(ﬁ,ﬁmdimethy]hntyT)n
magnesium is a reflection of the fact that two different processes
are averaging the vicinsl coupling constants. OCne process (occurring
to a significant extent only for l/T X lO3 Z 3.2) has a relatively
high temperature dependence and correspondingly high Ea; this process
is most probably the inversion at the Q carbon atom. It is proposed
that the relatively temperature-insensitive averaging of coupling
constants observed at low temperatures (i.e., 1/T x 10° between 4.0
and j.k) is the consequence of small changes 1n the relalive populo-

tions of the gauche and trans conformations of the organcmetallic

compound.

Prcviously, the insensitivity of the separation between the
strong 1,2 and 3,4 transitions in thése gpectra had been cited as
gvidence that major changes in conformational populations were not
responsible for the changes observed in the spectrum. This argument
is not inconsistent with the suggestion that relatively small changes
in conformational populations are responsible for measurable changes
in the ssparation of the 9 and 11 transiticns. This 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 [(JA - JB)2 +
(7 ~ J')E]l/gg JA - JB is small and is not expected to vary appre-
cigbly with temperature). The separation between the l,é and 3,4
transitions is exactly N =J + J'. As the temperature of the sample
is increased from its low temperature limit, the population of the
gauche conformation of the organometallic compound will increase.
Consequently, the larger of the two observed viecinal coupling con-
sbauts will decrease and the smaller will increase toward their
averaged high temperature velue. These changes will partially cancel
in the sum of the coupling constants N; they will be additive in the
difference L.

Approximate calculations discussed previously suggested that
a change of approximately 2 cps. would be cbserved in N if changes in
confdrmer populations cnly were responsible for the observed changes
in the spectra. The corresponding change in L would be approximately
8.5 cps. Hence, L would be expected to change approximately four
times as rapidly as N ag the conformer populations change. The
separation of the 9 and lltransitions changes by approximately 0.7 cps.
Lrom «65° to +28°. If this change were due entirely to changes in
confofmational populations, the corresponding change in the separation
of the 1,2 ané 3,4 transitions would be approximately 0.2 cps. This
value is sufficiently close to experimentel error in these spectra -
to be unchservable.

Experimental support for this explanation is provided by
the low-~temperature spectra of bis~(3,3-~dimethylbutyl)-magnesium.

Over the temperature range ~65° to +29°, the measured separation
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between the 9,10 and 11,12 transitions (this separation being approxi-
mately equal %o L) decreases from 10.5 to 9.8 cps. The 9 and 10
transiticas, and the 1l and 12 transiticns remain clearly separated,
and no broadening is apparent in any of the lines in the spectrum.
Only at temperatures above approximately L4Y° do these transitions
broaden and collapse following the pattern of the spectra calculated
using Alexander's method. These dbservations support the thesis that

the diffcercnec ic cnergy between geauche and trans conformers is suf-—

Fficiently small that a change in temperature from -65° to +30° results
in an appreciable increase in the population of the higher energy
(presumably gauche) conformer and a consequent decrease in L. The
exchange process involving inversion of configuration only becomes
important at temperatures above +50°.

If a temperature-deperdent equilibrium between trans and
gauche conformations is responsible for the low-temperature curvature
in the plot ol log(l/t) versus 1/, it should be possible to obtain
approximate values for the activation parameters for the inversion
process f?om the limiting high-temperature tangent to the plot. The
slope of the tangent to the bis-(3,3~dimethylbutyl)-magnesium plot
yields an activation energy of Ea = 8.6 kcal./mole; its intercept at
l/T =2.86 x lO5 yields a value for the pre—~exponential factor of
lO7 sec.“l. The corresponding values for 3,3~dimethylbutylmagnesium
chloride are mcre uncertain, because the curve contains fewer points;
the values obtained from the tangent to the curve at 1/T = 4.1 x lO5

are Ea = 5.9 kcal./mole and A = lO7 sec.~l.
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The significance of these numbers will be discussed along with
those for 2-vhenyl-3-methylbutylmagnesium chloride.

The temberature dependence of the O-proton spectrum of 2-phenyl-
B—methylbutylmagnesium chloride depends on the response of the ABX spec~
trum to the exchange rate of a process interchanging the A and B pro-
tons. The AB part of the spectrum consists of two overlapping quartets.
Figure 19 indicates the transitions which are expected to collapse
under the influence of ar exchange process aversging states 3' and bt
and 5' and 6'. We will outline a demonstration that each of these
quartets behaves as an AB quartet with apparent chemical shifts as

Vo=V dJ. - d or V.~V

Vs~ Ipx AX VA JBX + JAX' The details of the calcula-

tions are formally identical with those for the AB spectrum discussed
previously, and will not Dbe reprcduced.
We choose as the basis set for one quartet the four basic

product functions:

B, = a(l)e(2)(3) (T4a)
g, = a(1)e(2)(3) (74b)
# = BL)(2)a(3) (The)
g, = B(1)B(2)a(3) (744)

where the indices 1 and 2 refer to the protons & 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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53 6 L

Fig. 19. Schematic energy=~level dlagram and spectrum
for the AB part of an ABX spectrum. Transi=-
tions 1,2, 3 and 4 are A transitions; 5,6,7
and 8 are B transitions.
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Because the matrix of I+ for this problem is identical with (};), we

can write immediately

+
Tr(I p) = po1 + P31 + Paz + Pas

The non-zerc elements of (JC(O)%-SC(l))analOgous to (36) can be

tained from Pople (55), using the method outlined previously %o

(6k).
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we write for the matrix elements of [p,JC
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(0)

Paz Or pas four equations identical with (22).
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Lot ae) = av B4 Eom + (- B (1)
0,5 5¢™1 < o(a- B+ o + (Beas (132)
P A W A L P 2P (190)

Finally the appropriate elements of (&E) can be used without change in
this problem.

It is therefore clear that this problem is formally identical
with the AB problem, snd that the solutior of (46) for the elements of
p in (76) will be identical with (49) with J1o substituted for J.

The analogous demonstration for the second quartet uses the

basis set

g = a(L)a(2)8(3) (80e)
o = a(1)B(2)B(3) (80b)
s = B(L)a(2)B(3) (80c)
$s = B(1)B(2)B(3) (804)

and again has a solution of the form (49), with J = J1o and ® = v(2)-
v(1)-Jogtdia-

Analysis of the temperature dependence of the G~proton spectrum
of 2-phenyl-3-methylbutylmsgnesium chloride is complicated by the fact
that only the four intense centrsl lines of the AB part of the ABX

spectrum can pe observed, in the region of intermediate exchange rate.
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Careful analysis of the temperature dependence of these spectra would
involve, for example, compariag the observed separation between the

6 and 4 transitions at each temperature with spectra calculatec using
(49) with & = v(2)-v(1) - Jas + J1s, for several values of 1/t, in
order to obtain the dependence of l/T on temperature. A plot of
log(l/T) versus l/T would then yield Ea and A in the manner outlined
previously (73).

As an approximate alternative method for the calculaticn of
activation parameters from the collapse of these spectra, we have
calculated approximate "apparent" chemical shifts from the spectra
at each temperature in the region of intermediate exchange rate and
applied the formulas developed previously (54) for an AX system with
J = 0 to these parameters to obtain the pre-exchange lifetimes. To
calculate the spparent chemical shifts, the assumption was made that
the positions of the weak outer lines could be approximated by adding
or subtracting Ji= from the appropriate inner lines. Values of vi-vz
could then be calculated from the resulting spectra by standard meth-
ods.

This procedure has several defects. The most serious of
these is that the spectra calculated previously using typical AB
parameters indicate clearly that the separation between the two A
transitions is not exactly J

AB

" the weak outer line broadens and collapses toward the center more

in the region of intermediate exchange:

rapidly than the strong inner line. The only justificaticn for usiag

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 inner line, aad that
a fairly large error in determining its line position introduces only
a small error in the value of Vi~ Vo

The values of VaVp obtained using this approximation were
actually used directly in the Gutowsky and Holm procedure (Lbc).
Activation energies and pre-—exponential factors were obtained from
the plots of log(l/t) versus 1/T shown in Figure 20. For 2-phenyl-
F=methylbutylmagnesium chloride in diethyl ether the values obtained
were B = 6.8 kcal,/mole and A = 106 sec.~l; for 2-phenyl-3-methyl—
butylmagnesium chloride in tetrahydrofuran the corresponding values
were Ea = 17 keal./molie and A = lOll sec. .

0f these two, the values in diethyl ether solutica are prob-
ably the more accurate. The line separations in these spectra could
be measured with higher accuracy than those in tetrshydrofuran by
using the high-field lBC ether satellite as an internal standard.
The line separatioas in tetrahydrofuran soluticn were measured using
a precalibrated sweep rate, and averaging upfield and downfield sweeps
to decrease the error iatroduced by transient drifts in the fileld
sweep. (Notc that this method of obtaining line separatione is less
objectionable when applied to data to be used in the Gutowsky and
Holm treatment than in other tresatments, because the quantities used
in determining Ea by this method are unitless.) However, regardless
of the relative uncertainties in the sweep calibration, both the
error in esbimating the peak positions in the broad spectra of these
organometallics, and the errors introduced by the assumptions made in
calculating the chemicel shifts, are sufficient to make the activation

parameters obtalned rather uncertain.
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Fig. 20. Plot of log{l/t) as a function of 1/T for 2-phenyl-3-methylbutylmagnesiuvm
chloride: (a) tetrahydrcfuran solution; (b) diethyl ether solution.
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DISCUBBION

The experimental observations presented above indicate that
inversion of configuration at the metal~bearing carbon atom of several
typical primary Grignard reagents occurs with a rate constant in the
range 1 se=.“l te 100 sec.nlvat room temperature. It would be of
considerabie intersst to reach suwe counclusloun couneeralng the wechizn-
ism of the iaversion from these data; unfortunately, those data prege
ently available are insufficient to allow a firm decision to be made
conccrning any of the poeeible mechanisms for the inversion. Undeterred,
in this section we will speculate briefly on the significance of thesc
observations with regard to questions 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 inversion
proceeds by an uncomplicated ionization~recombination pathway, the

inversion rate should be

H H
B H Y
Ve H — B + Vs
e m— ——Ci:: + MgX —=—— R~ C:::"'HB
\ng Hy MeX

anproximately independent of the concentration of organometallic com—

pound or magnesium salts in solution. If inversion 1s a bimolecular

process, its rate should vary with the concentraticn of the reactants,
It is observed experimentally that the inversion rate does

depend in a very striking manner on the concentration of the Grignard
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reagent in solution, being slower in dilute than in concentrated soliu-~
tion. The actual rate decrease accompanying a decrease in concentra-—
tion can be estimated for 3, 3-dimethylbutylmagnesium chloride Lrom
Figure 6 and Figure 18. The former indicates that a change in the
concentration of the organometallic compound from approximately 15%
to approximately l% at -6° is sufficient tc change the spectrum from
its fast exchange form to its slow exchange form. The latter suggests
that the Tast exchange and slow exchange forms of the Grignard reagent
spectra correspond to inversion rates differing by approximately a
factor of 50.

This observed dependence 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 observed change in inversion rate
is also within the range which would he predicted on the basis of
a unimolecular mechanism, provided the transition stete for the
inversion in the mechanism has appreciably more charge separation
than the grcunc state. In this case, the change in rate would be
a consequence of the change in the bulk dleleclric constant of the
solvent, accompanying the change in Grignard reagent concentration.

The effect of the concentration and kind of halogen anion
present in soluticn 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 carbone-
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metal bond strength. The two most probable structures for an alkyl
Grignard reagent in solution have been discussed in the introduction

and are indicated here as I and II
\/\
A R/\/ /

Both have halogen enion bonded dircetly to the magnesium atom. A
carbon—-magnesiuvm bond is a fairly covalent bond; increasing its co-
valent character should increase its strength. We suggest that the
carbon-magnesium bond will be more covalent snd 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 magnesiuan

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 equivas
lently, an ircrease in the s 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 organomagnesium compounds would thus

be predicted to be R-MgCl > R~MgBr > R-Mgl > 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-Mgl > R-MgBr >
R-MgCLl. 1In fact, the cpposite 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 RMgX, MgXs or some more compli-
cated magnesium containing species. The rate of inversion would then
be expected to increase with increasing electrophilicity of the attack-
ing species. The more electronegative the halogen atom attached to
the magnesium, the more electrcphilic 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-Mgl > R-MgR. This order is the one observed,

One important result should however be emphasized here which
suggests that The anion present in solution does int'luence 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 lmportant 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 for the mixture of Grignard reagent and

magnesium bromide does nct consist of two superimposed spectra corre-
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sponding to "RMgCl" and "RMgBr" but rather of an averaged spectrum
intermediate between the two. This observation suggests that migra—
tion of halide ion (or magnesium halide) hetween organometallic
centers occurs rapidly in solution. In consequence, the solution of
"EMgC1l" with added masgnesium bromide probably contains an equilibrium
concentration of "RMgBr." We suggest that the anion present in solu-
tion can influence the inversion rate both thrcugh its effect cn elec—
trophilicity of the -Mgl fragment in solution and through its elfect
on the carbon-magresium bord strength.

This same approach may be used to rationalize the dependence
of the inversicn rvate on solvent. Ithers are electroa—donor solvents,
by virtue of their non-bonding oxygen electrons; as such, they are
known to be capsble of forming strong dative bonds to positively
charged magnesium species. In an ilaonization~recombination mechanism,
solvation of the transition state should be more important than solvaw
tion to the ground state, because charge separstion 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
ethér 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, inversica
should be slowest in the wost basic ether: the abllity of the basic
ether to donate electrons to the magnesium atom skould 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 18 characterilzed by a molecularlty higher thun one.

The effect of structure on the rate of inversion has not been
investigated carefully. The activation parameters obtained for in-
version of 3,3-dimethylbutylmagnesium chloride snd 2-phenyl-3-methyl—
butylmagnesium chloride in ether suggest that inversion is slightly
slower in the latter compound. This CHo-Mg center is probably more
hindered than the corresponding center in the 3,3-dimethylbutyl
Grignard reagent. Steric interaction between the magnesium atom
and B substituents would tend to increase the rate of inversion ia
a mechanism involving ionization (relief of steric strain in the
transition state) but to decrease the rate in the bimolecular mech-
wilsm, The directlon of this effect is certainly not inconsistent
with 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 3,3=-dimethylbutyle, 3methylbutyl~, 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 transitioa state.
However several unknown features of the structure of these Grignard
reagents in solution may have combined to make this conclusion spu-

rious. Most important, the effect of any of these varisbles on the
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degree of association of the Grignard reagent in solution is not known.
Two further possibilities for the mechanism of inversion should

be mentioned briefly. The first involves a rapid reversible elimination
of magnesium hydride from the Grignard reagent, followed by addition of
the hydride to the resulting olefin

I I ' H

|1 7

(CHs)gC(II—-(l)-—MgX prm—— (CH3)3C/C=C + HMgX

N\

H H i H

The second has as its rate determining step a homolytic rather Than

heterolytic cleavage of the carbon-metal bond

RCHzx—MgX ;;ﬁ: RCHp* + -MgX

Both of these reactions have precedent at high temperatures.
Diethylmagnesium, for example, decomposes alt temperatures between 175°
and 200° yielding magnesium hydride and ethylene; diphenylmagnesium
decomposes above 280° with formation of biphenyl (57). Moreover, lhe
isomerizaticn of vinylaluminum compcunds 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 inversgion reaction bears any resem-

blance to the electrophilic substitution 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

and their rate of exchange with retention of configuration is much
greater ﬁha.n that with inversion. It scems posoiblc that this 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
arganomagnesiim 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 ccrresponding rate with inﬁersion.

If inversion depends primarily on the electrophilicity of
tﬁe magnesium compounds in solution, the relatively small difference
in the inversion rates of 3,3-dimethylbutylmagnesium chloride and
bis~(5,B—dimethylbutyl)umagnesium ieg 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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b |
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H +
7

H
eV
N + MgX

btgx — W<

/

+ H
R R

Mg +
geometrically similar to that of an SN2 reaction. A mechanism of this
type would be difficult to write for a dialkylmagnesium compound. (Note
however, that the results reported in this thesis do not exclude the
possibility that all the inversion observed in the dialkylmagnesium
compounds takes place via the catalytic action of small quantities of
megnesium halide left unprecipitated by dioxane. Spectral examination
of dialkylmagnesium compounds prepared by magnesium-mercury exchange
from the corresponding dialkylmercury compounds wouid be pertinent TO
this question.)

The transition state drawn above for the inversion is obviocusly
incompatible with Dessy's conclusion that exchange does not oceur be—
tween the magnesium atom of a dialkylmagnesium compound and the mag-
nesium atom of magnesium halide in the same solution. It 1s, however,
difficult to conceive of a reasonable mechanism for the inversion
that rigorously restricts the origin of the magnesium atom bound to
carbon after the inversion, to the degree implied by Dessy's experi-~

ment.
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PART IT

APPLICATIONS OF NUCILEAR MAGNETIC RESONANCE SPECTROSCOPY

TO THE STUDY OF MOLECULAR ASYMMETRY
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INTRODUCTION

The protons of & methylene or isupropyl group removed by one or
wore 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 of 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-eguivalence in adjacent gxoﬁps is consequently
of considerable practical value to anyone using n.m.r. spectroscopy as
a structure-determining tool. Interest in the effect of molecular
asymmelry on n.m.r. spectra i1s not however restricted to primarily
analytical concerns. The magnetic non-equivalence of a methylene group
close to an asymmetric center is capeble of providing & sensitive and
convenient probe with which to investigste the conformations of the
molecﬁle in the region of the asymmeiric center; exsmination 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 samplé, 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 first is based on unequal population of
the rotational conformations open to the molecule (37). For the three
principal conformations of a substituted ethane I, 11, I1I, assuming

that interconversion between the three is rapid

X Hp By

R Rz Ry R Ri R,

By Hp Hy X :tr %A
, 3 R3 Rs3
I 1T III

Vp> = xgadr F oxpan o 1)

where Xp 1s the mole fraction of rotamer n in soclution and (VA)n is
the chemical shift of proton A in rotamer n. Extending equation (1) to

include all poseible rotamers, and subitracting the analogous expression

P <y >
or <v

1l

n n

) %l - %) @

n
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If for some preferred conformation M, (v A" Vs )M # 0, then
<y - vB> will be zero only by coincidence. On the other hand, if all

A
conformations are equally populeated, i.e. x_q = Xy = C it is possible

i

to write eguatlion (2) in the form

VpTve> T CZ <("A - ("B)M) (3)

N,M

If we then choose the index M such that Fp occupies exactly the same
position in rotamer M, relative to R;, R; and R; as Hy does in rotamer

N, we can say that

(valy —~(vgly = 0 ()

to a first approximation. This equation implies that <v ' vB> = 0.
Equation (4) is of central importance in understending the conformational
preference argument. Reduced to its simplest terms 1t says that the
chemical shift of ‘3& in rotamer I is identical with that of Hp in
rotamer II, with the restriction that all the bond angles and bond
lengths are the same in the two conformers and that Hy in I and Hy in
II occupy the same position relative to R;, R, and R,. Alternately, (i)
may be expressed Dy saying that the magnetlc field experienced by H& is
independent of the magnetic and electric Pielde at HB and X.

A second explanation may be proposed for the magnetic non-equiva-

lence of methylene protons in close proximity %o a center of molecular
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aesymmetry. Pople {{0) and Waugh and Cotton (71) have pointed out thet
even assuming equal populations and repid interconversion of the possible
.confonners of the molecule, the two protons Hﬁ and H:S are always distinct
and identifiable, since no two conformers are identical except for
interchange of Hy end Hy. Physically, this proposal would take the
form of an assertion that equation (%) is not valid: that is, that
the chemieal shift of H& in conformer T is not the same as that of HB
in conformer II even if the geometry of the two conformers is restricted
as outlined above.

Roberts and co-workers (47d) have attempted to distinguish between
the "conformational preference” and "intrinsic asymmetry” arguments by
comparing the spectrum of cyclopropylmethylearbinyl methyl-d; ether (IV)

with that of cyclopropylearbinyl ethyl ether (V).

G ?Hs
D—?—O—CHZ—-D D—(IB—O—CH;_—CH 3
H H
v v

They found that the spectrum of the methylene protons of V was an AB-
type spectrum, while that of the methylene protons of IV was A, (after
taking into account spin-coupling of the hydrogens with the deuterium
atom). Reasoning that the substitution of a deuterium for the methyl

of V should remove all conformational preference of the methylene protons
with i-espect to the asymmetric center, they concluded that the chemical
shift between the methylene protons of V was not due to an intrinsic

asymmetry of the molecule depending only on 1its symmetry characteristics,
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end suggeoted that conformational preference is the factor responsible
for the magnetic non-equivalence of the methylene protons of IV.

Gutowsky (30 has vigorously attacked this interpretation on the
grounds that the characteristics of a ¢—D bond are so similar to those
of a C-H bond that the —CH,D group of IV would be expected to resemble
a —-CH; group in 1ts response to the asymmetric center rather than e
—CH,CH3; group. Consequently, he felt that no conclusions concerning
the origin of the asymmetry in V could be drawn from the spectrum of
Iv,

Gutowsky has suggested that a better approsch to the problem of
distinguishing between the "imtrinsic asymmetry” of a wolecule and
asymmetry due to conformational Tactors lies in' study of the variation
of <v A" vB> vith temperature. If there were a contribution to
<vA - VB> which is independent of conformationsl preference, this
contribution showld perslst at temperstures high enough to populate
all of the rotational conformations equally. If, on the other hand,
there is no significant contribution to the nagnetic non-equivalence
of 8 methylene group from molecular "intrinsic asymmetry," the non-
equivalence should go to zero at high temperatures. |

Although thils proposed experimental separation of intrinsic
asymmetry and conformational preference has considereble virtue from
& theoretical point of view, it suffers from the practical disadvantage
thet temperastures sufficiently high to remove all conformationsl prefer-
ence of the methylene group with respect to the asymmetric center (i.e.,
the highest energy eclipsed conformation and the lovest energy staggered

conformation must be equally populated to within the limit of experimental
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detection) would also be sufficiently high to decompese most organic
molecules. Consequently, Gutowsky's one experimental test of this
proposal, involving an examination of the chemical shifts and coupling
constants of CFanBrCFBrCl over the temperature range 225° to 465°K,
cannot he regarded as meaningful.

The relative importance of conformsirsl preference and intrinsic
asymmetry in determining the magnitude of the magnetic non-equivalence
of methylene protons close to a center of molecular asymuetry remains
uncerteln, desplie the experiments described sbove. It should however
be emphasized that the question is not whether intrinsic asymmetry or
conformation preference should be considered responsible for the mag-
netic non-equivalence, but rather how much, if any of the chserved
chemical shift difference should be ascribed to intrinsic asymmetry.
There seems little doubt that conformational preference must be the
major contributor to the asymmetry in most cases.

This part of this theéis is concerned with an empirical study of
the effect of structure and solvent on the magnitude of the magnetic
non~equivalence of methylene or isopropyl groups close to & center of
molecular asymmetry. As such, its immediate purpose was to provide a
guide for the synthesis of compounds to Pe used in rate studies depending
upon the temperature dependence of an AB-type spectrum. However,
attempts to reconcile the results obtained with an explanation of the
menneyr in which the assymmetric center exerts its influence on sur-
rounding.nuclei suggest that the study of AB methylene groups may
provide a sensitlve way of examining problems of conformation and

solvation in solution.
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RESULTS AND DISCUSSION

The Effect of the Structure of the Asymmetric Center on the

Magnetic Non-equivalence of an Adjacent Methylene Group. - The experi-

mental approach to this problem was chogen for its simplicity: one
structural feature of the asymmetric center was varied, and the response
of the chemical~shift difference between the protons of an adjacent
methylene 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 formally benzyl ethers of secondsry alcohols; their structure is

represenied schematically by VI:

CH; H
[ A

H HB

VI

This general structure was chogsen for investigation primarily for its
availability from any of several convenient ether syntheses. Compounds
of this structure share the advantage that analysis of the AB-type
methylene proton spectira to obtain the desired spectral parameters is
extremely simple. They suffer from three disadvantages: first,
unresclved coupling between the benzyl methylene protons and the ad-
Jacent ring protons results in a linewidih of approximately 0.5 c¢ps.
for the componente of the AB spectrum. Consequently, line positions of
the two central components becomes uncerisain for values of v, - vB4less

A
than approximately 3 cps., due to overlap. Second, iniroduction of an
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ether oxygen atom between the asymmetric center and the methylene group
resuwlts in a considerable increase in the numbexr of possible conformations
of these two centers relative to one another, and considerably complicates
attempts to discuss detalls of their interactlion. Third, the presence
of a phenyl group in the structure carries with it definite complications
stemming from the high magnetic anisotropy of this group. This 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 groups in the position designated by R, were four alkyl groups of
varying size (ethyl, isopropyl, cyclohexyl and _‘{g-butyl) and two unsatu-
rated groups (phenyl and carboethoxyl). The results of analysis of the
methylene proton spectra of these six compounds in solution in carbon
tetrachloride, benzene and acetone are summarized in Table I. The
chemical shift differences were cbiained from solubtions approximately
10% in ether; tetramethylsilane was used as internal standard. 'The
chemical shift difference between the methylene protons depends to &
small extent on the concentration of ether and on the concentration of
tetramethylsilane. The errors introduced by not extrapolating the
chemical-shift differences to infinite dilution of both solute and
tetramethylsilane are not large enough to influence the relative values
reported in Table I, to a eignificant degree.

The most importent feature of these numbers is their suggestion of
& correlation between the magnetic non-equivalence of the methylene
protons and the size of R, vhen R is an alkyl group. A crude measure

of the size of the R group can be obtained Prom the A value of the group



Table I

Magnetic Non-equivalence of the Benzylie Protons

of Benzyl Methylalkylcarbinyl Ethers of Stiructure VI

R s (cps.) and sclvent(a) . A
carbon
tetrachloride bengene acetone pyridine
b
Ethyl 58 6.6 5.8 1.85( )
Isopropyl 8.8 2.3 8.6 2.1 (e) t
l_.l
Cyelohexyl 9.7 10.2 9.6 - =y
1
E"‘Butyl l‘&*-a 1507 l’-h? >§éh (V)
Phenyl 10.2 10.9 2.5 5.0 2.0 ()
Carboethoxyl 16.5 20.7 11.8 15.2 1.1 ()

(a) Solutions were 10 * 2% by volume in solute; the experimental error in the chemical shift values
is £0.5 cps.

(b) N. L. Allinger and S. Bu, J. Am, Chem. Soc., 8k, 370-372 (1962).

(¢) W. Allinger and 5. Bu, J. Org. Chem., 27, 3b17-3420 (1926).

(d) W. AMllinger, ibid., 27, 4503-L4€06 (1962).

(e) S. Winstein and N. J. Holness, J. Am. Chem, Soc., 77, 5562-5578 (1955).
(f) E. L. Eliel and M. Granni, Tet. Ietters, 97-101 (1962).
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{the A value of & group is defined as the difference in free energy in
keal./mole between a cyclohexsne ring bearing the group in an axial
conformation, and one in which the group occupies an equatorial position)
(72). These A values cannot be considered to describe the size Of each
group in more than & qualitative manner, becsuse of the major differences
between the structure of VI and a cyclchexane ring. They do however lend
support to the intuitive Peeling that the order in size of the alkyl
groups of Teble I should be t-butyl > cyclohexyl > isopropyl > ethyl.
The magnitude of the magneilc non-equivalence follows the same order.

The two unsaturated groups in Table I, phenyl and carboethoxyl,
clearly do not follow the same palttern as do the alkyl substituents.

The A value of a phenyl group suggests that it is slightly smaller than
an isopropyl group; however the magnitude of the magnetic non-egquivalence
for l-phenylethyl benzyl ether in carbon tetrachloride and benze_ne s0-
lutions (10.2 and 10.9 cps. respectively) is significantly larger than
the corresponding values for lsopropylmethylcarbinyl benzyl ether in
these solvents (8.8 and 9.3 cpe.). In contrast, the value of the
magnetic non-equivalence for the phenyl substltuted compound is much
smaller (2.5 cps.) in acetone solution than thet of its alkyl substituted
counterpart (8.4 cps.).

The values of the magunelic non-equivalence for carboethoxymethyl-
carbinyl benzyl ether sre even less what would be expected, if the dulk
of the substituent R were 'bhe' only important factor in determining the
relative magnitudes of the chemical-shift differences reported in Table I.
Carboethoxy has an A value of approximately l.l, appreclably smaller even

than methyl; yet the values of the magnetic non-equivelence in benzene
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and carbon tetrachloride solutions are larger for this compound than
for t-butylmethylearbinyl benzyl ether in the same solvents.

These data suggest that an asymmetric center containing an unsatu-
rated group will be expected to behave differently than one containing
only saturated groups. We shall see later that this difference in
behavior originstes in the high sensitivity of the compounds containing
an aryl group in the asymmetric center to the dlelectriec constant of the
solvent; the reason for this sensitivity will be discussed in terms of
8 detalled plcture of the conformational populations of the molecules,
after the effect of solvent on the megnetic non-equivalence of the protons
has been presented In detail.

The dependence of the megmetic non-equivalence on structural

variation involving the substituent directly bonded to the methylene

group does not seem to follow the pattern suggested hy Table I, although
fewer compounds have been examined. The chemical shifts betvween the

methylene protons of four ethers of structure VII are summarized in

Table ITI. In benzene solutlon, when R is an alkyl group, the magnetic
non-equivalence of the methylene proteons agaln ilncreases as the size of
R increases. When R is phenyl, hovever, the none-equivalence is larger
than when R is t-butyl.



- 127 -

Table II

Magnetlc Noneequivalence of the

Methylene Protons of Ethers of Structure VII

(a)
R v A VB and Solvent
carbon
tetrachloride henzene acetone
Methyl - ® ~3.1 - (®)
Isopropyl <0.2 4,1 1.k
E“mtyl < 002 609 <0.2
Fhenyl 10.2 10.9 2.5

(a) Solutions were 10 = 2% by volume in solute.

(b) These spectra were not explicitly analyzed; however, an upper
limit of spproximately 2 eps. can be placed on v A" s by inspectilon.

In order to discuss the data of Tables I and I7, in terms of the
conformation of the methylene groups with respect to the asymmetric
center, it would bte hglpm to know the detalls of the stereochemistry
about an ether oxygen atom. In particular, an estimate of the "size"
of the non-bonding electrons on the oxygen atom would be useful. The
-0-0 bond angle has been determined for diethyl ether from electron.
diffraction dats, and found to be 108 £ 3° (73); this angle suggests
that the hybridization at the ether oxygen atom is close to tetrahedral.
X=ray crystallographic or electron diffraction dats pertaining to the

configuration around an ether oxygen atom ere unfortunstely not avallsble.
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However, some structure work has dealt with the related problem of
configuration around the ei:he.r oxygen atom of esters.
Xashime has carried out an electron diffraction study of chloromethyl
chloro:?ormate and has found that the chlorine atom of the chloromethyl

group is trans to the carbonyl carbon atom across the oxygen-carbon

single bond (IX) (74). The seme stereochemlesl result has been reported

o1
c X
R ,
o7 o ‘o7
H%I\H | H%\H
ol CH,
IX X

for the configuration &bout the ether oxygen atom in diethyl terephthalate
(75) and in potassium ethyl sulfate (76) (X). To the extent that the
stereochemistiry about the ether oxygen atom of these compounds can be
consldered a model for the stereochemistry about the ether oxygen atom
of a benzyl ether in solutlion, these structure 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 ean theoretically exist
in nine possible conformations (there are two C—0 bonds, and three
possible rotationai conformers around each), If the ether contains a
center of molecular asymmetry, all of these conformations will be distinct.

These nine conformations are represented schematlically in Fig. 1.



;i i H
x%\n X%\H x%\a
0 0 0
H%\cm Y%H H3c4|\!t
Y CH, H
I 8 2

Fig. 1. Possible rotational conformations of an ether contalning one
center of asymmeiry.
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The structure determinations mentioned sbove suggest that
- conformation 1 should be of lowest enérgy, provided that the ¥ group is
larger than the methyl group, and provided that steric interactions
completely determine the relative enevrgies of the conformatlons. Ve
will suggest later that other interactiions, particularly those depending
on dispersion and induction forces, may be important wnen the groups X
and ¥ are polarizable. TFor certaln of the molecules examined, however,
steric interactions do appear to dominate.

Conformation 1 places the large X and Y groups gauche to the non-
bonding electren pairs on the oxygen atom and trans to the larger alkyl
group, and should consequently be sterically most favored. If the size
of the Y group is close to that of a methyl group, conformation 2 should
be significantly populated. Conformations 5 and 7 and possibly 4 and 8
may be populated to & small extent for small X and ¥ groups; the popu-
lations of conformations _6_ and 9 vill probably be very small, if only
steriec :f‘agtcrs are important.

It is difficult at this point to meke more quantitative estimates
of the relative energies of conformers i-9, because good model systems
have not been investigated. TFor X and Y groups of moderate size, as
phenyl or methyl, one can estimate from the available data on substituted
butanes and pentanes that the change in energy on golng from conformation
1 to conformation 2 will be no more than one or two keal./mole (77).

We have sssumed in this discussion that steric interactions betveen
the two groups a't;té.ched to oxygen fletermine the relative energy of the
possible conformations. On this assumption, conformation 1 is of lowest

energy vhen X and ¥ are larger than —CH,; moreover, increasing the size
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of X and ¥ should inerease the extent to vhich conformer 1 is favored
- over the other possible conforuners.

Exemining Tables I and 11, and restricting attention for the moment
to those compounds in which the group R being varled 1s an alkyl group,
it =ppears that the larger the group R, the larger the magnetic none
equivalence of the methylene protons. This observation, when taken in
conJunction with the foregolng discussion of the possible conformations
for these ethers, suggests that the observed chemical shift between the
methylene protons can be assoclated with a conformation of type 1, _l_; or
T. The larger the group ¥ or X, the more highly these conforumations
are populated with respect to the other conformetions, and the larger is
the associated chemical shifi between the methylene protons.

The two compounds in Table T having R ss an unsaturated group clearly
do not fall :in’co this simple classlfication. When R is phenyl, the
magnetic non-equivalence of the methylene protons is slightly larger
than vhen R is isopropyl, although a phenyl group is probebly slightly
smaller than an isopropyl group. VWhen R is carboethoxy, the non-equive-
lence is larger than when R is t-butyl, although the carboethoxy group
is much the smaller of the two.

The exceptional behavior of the carboethoxy group can be rationalizmed
relatlively siuply. A comparison of the A values given in Table I
indicates that carboethoxy is é. significantly smaller group than methyl.
Hence, on steric grounds,a conformation of type 2 would be of lower.
energy for this grbup than & conformation of type 1. Moreover, conformation
1l plsces the carboethoxy group gauche to both of the electron palrs on

oxygen; conformstion 2 places it geuche to cne and trans to the other.
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Consideration of the electrostatic interaction between the oxygen atoms
- in these configurations suggests that the latter would be of lower energy
(77). Configuration 2 places the carbonyl group closer 1o one of the
methylene protons than the other, and the well-known anisotropy of this
group would be expected to produce a large chemical shift between the
tvwo. |

The difference in the methylene proton chemical-shlft difference
for R = phenyl and R = isopropyl ls less simply explained, and the
greater part of the remainder of this discussion will be spent in
sttempting to construet & convinelng explanation for theee values. By
way of background, it will first be usefu.l to describe the solvent
dependence of the spectrs of these and other compounds.

The Effect of Bolvent on the Non-equivalence of the Methylene

Protons (78). - The chemical shifts between the methylene protons of
three alkyl substltuted ethers of structure VI are glven in Table IIT,
for seven solvents of varying dielectric constant, acid strength, and
base strength. The most remarkable feature of these data is the insen~
sitlvity of the methylene chemical-shift difference to the nature of the
solvent. Neither change in dielectric constent (from 45 for dimethyl-
sulfoxide to 2.05 for cyclohexane), in acid or base strength or in size
has an appreciable effect on the magnitude of the chemical-shift difference.
This Insensitivity to solvent is particulerly striking when contrasted
with the high sengitivity to solvent exhibited by l-phenylethyl benzyl
ether (Table IV), and by l-phenylethyl neopentyl ether {(Table V).
Discussion of the effect of solvent on the chemical shift of the

adjacent protons lis a very complicated matter. In order to simplify
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Teble IIT

Solvent Dependence of the Magnetic Non~equivalence of the

Methylene Protons for Alkylmethvlcarbinyl Benzyl Ethers of Structure VI

R Ethyl ~ Isopropyl E-Butyl

Solvent

Carbon tetrachloride 5.8 8.8 14.8
Benzene 6.6 9.3 15.7
Cyeclohexane 5.7 8.6

Acetone 5.7 8.6 14,7
Dimethyl sulfoxide : 4,9 8.2 15.1
Acetic acid 5.4 8.0

1-Butyl alcohol 14,9

an understanding of this discussion, we will first state briefly the

major points which will be covered and conclusions which will be reached.
The chemical shift between the methylene protons in close proximity

to the cgn&er of aaymmetry in these ethers will be discussed in terms

of possible contributions from the magnetic anisotropy associated with

the carbon-carbon single bonds in the asymmetric center, and with the

anisotropy of the phenyl rings arising from the phenyl ring-current.

The ring-current e:t“i‘ect of the phenyl ring bonded to the methylene group

will be suggested to be larger than the other effects, and the striking

solvent effects obeerved for the ethers containing umeaturated groups

both in the asymmetric center and honded to the methylene group will he
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Table IV

Chemical Shift between the Methylene Protons of

1-Phenylethyl Benzyl Ether as a Fuaction of Solvent

Solvent

h=Pentane
Cyclohexane

Benzene

Carbon tetrachloride
Dioxane

Diethyl ether
Chloroform
Chlorobenzene

Methyl iodide
Aniline
o-Dichlorobenzene
t-Butyl alcohol
Pyridine

Acetic anhydride
Acetone

Cyanobenzene
Nitrobenzene

N, N-Dimethylfornamide
Hitromethane

Dimethyl sulfoxide

10.1 cps.
10.1
10.9
0.2
6.9
9.0
8.6
8.2
6.0
7.8
Te2
5.7
6.1
L6
2.5
3.8
3.8
2.5

3.1

2.0

Dlelectric Constant (b)

1.8k
2,05
2.28
2.2k
2.21
.33
5405
5.94
7.0
7425
.47
10.9
12.5
20.5
21,4
25.2
36.1
36.7
37.5(%)
15 (e)
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Table IV (Contd)

Solvernt . v A vB(a) Dielectric Constant (v)
Formic acid 9.9 5845
Acetic acld 10.3 6.29
Ethanol Todt 24,3

(a) Tables of chemical shifts relative to tetramethylsilans, and

coupling constants for the aliphatic parts of this molecule will be found
in the experimental section.

(b) Handbook of Chemlstry and Physics, Lhth Edition.
(¢) Merck Index, 17th Edition.

(d) J. Hine, "Physical Organic Chemistry,”" 2nd Edition, MeGrav-
Hill Book Cos, Ince, 1962, pe 39

Table ¥

Chenical Shift between the Methylene Protons of
1-Phenylethyl Neopentyl Ether as a Function of Solvent

Solvent Vo vy
Benzene 6.6 CpP8a
Toluene 5.9
Cyclohexane 4.6
n-Pentane 4.5
Bromcbenzene 3.0
Carbon disulfide <1
Chloroforn <1
Sarbon tetrachloride <1
Nitrobenzene <1
Pyridine <1
Formic scid <1

Dinmethyl sulfopxide <1
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discussed in terms of the effect of golvent charascter on the dispersion
and induction forces between the unsaturated groups. Evidence for the
exlstence of a preferred conformation of the phenyl group bonded to the
wethylene group with respect to this methylene group will be discussed
in the spec_iﬁc case of l-phenylethyl benzyl ether.

Before discussing details of the factors responsible for the
dlfference in the magnetic shielding at the two methylene protons, we
should first establish the broad features of the system in which we are
interested. The observed chemical shielding ¢ of each methylene protonm

can conveniently be divided into two parts

vhere o e is the shielding due to the electrons in the carbon-hydrogen
bond and 7 1s the shielding due {0 parts of the molecule distant from
the methylene carbon-hydrogen bonds (79). The apperent electromegativity
of the carbon to vwhich the hydrogen is bonded is the most important
contributor to Tl factors determining Ta include bond anisotroples of
bonds in the vieinity of the hydrogen being observed, ring-current
effects and shieldings due to solvent molecules.

It would seem very unlikely that the local chemical shielding term
T contributes in an important way to the chemical shift between the
methylene protong of the ethers being examined, becsuse the two carbon-
hydrogen bonds would be expected to have a very similar character in
these compounds. We have not examined specifically the bonding in these
ethers; however, in four similar compounds there is evidence that the

carbon-hydrogen box;ds to the magnetically non-equivalent groups are very
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gimilar. Diethyl sulfoxide, diethyl sulfite, isopropyl methyl sulfoxide
and isopropyl methyl carbinol are observed to have equal 130-H coupling
constants between the methylene carbon aton and the two methylene protons
(in the first two cam;pog.nds) and between the methyl carbon atoms and the
methyl protons in the last two. If the differences in the shielding at
the non-equlivalent protons of these compounds were due to & difference
in the orbital electronegativity of the carbon bonding orbitsls directed
toward them (in other vords, to a difference in the s character of these
orbitals) one would expect this difference to be reflected in the 30-H
coupling constants between these protons and their directly-bonded earbon
atome (80). The observation of identicsl C-H coupling constants
between corresponding non-equivalent protons thus suggests that e is
not a major contributor to the difference in chemical shift between the
methylene hydrogens. The difference in shielding at the magnetically
non~equlvalent protons 1s therefore due primarily to the circulation of
electrons In parts of the molecule well removed from the methylene groups,
Proceeding novw to a discussion of the factors which contribute to
o3 We consider firet the ethers which have only alkyl groups in the
asymmetric center.
Several ohservations suggest immediately that solvent effects are
not responsible for the major part of the magnetic non-equivalence of
the methylene protonsg in these ethers. Table III is most important in
indicating thet the solvent does not play the dominsnt role in detei-mining
the magnitude of the magnetic non-equivalence. The variation in ithe
chenical shift values for each compound reported in this table is less

than 1.5 cps.s Tor a varlety of solvents. Particularly notevorthy in
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the solvents given in Teble IIT are acetic acid, benzene, and dimethyl
. sulfoxide. The observation that chemical shifts in acetic acid are no
larger than those in carbon tetrachloride or ayclohexane suggests
strongly that specific solvent interaction invelving the ether oxygen
atom iz of minor importance. The unexeceptional value of the non-equiva-
lerce in benzene solutions indicates that magnetic anisotropy originating
in the solvent molecule is not & major combributor to the magnetic non-
equivalence. (It should be pointed out here that the value of the non-
equivalence for a benzens solution of the compounds in Table IIT and
2ll other compounds examined is always 0.5«5 cps. larger than for so-
Jutions in other solvents. In the piesent discussion, this effect is
clearly minor; it does suggest that the magnetlc anisoiropy of the solvent
can be a significant contributor to the methylene non-equivalence.) The
value of the non-equivalence in dimethyl sulfoxide and in cyclohexane
‘solutions indicates thst this chemical shift 1s 1hsensitive to the dielectric
constant of the solvent. Thus, at the simplest level of discussiom, it
seems Justified to neglect the effect of solvent on the degree of nogne-
equivaience of the methylene protons.

If the solvent molecules are wnimportant in deternining the chemical
shift between the methylene protons, the origin of the asymmetry effect
mast be intramolecular. The two most reasonsble sources of the differw
ence in shielding at the methylene protons are electrons circulating in
the sigme honds of the molecule, and electironic circulations associéted
with the unsaturatéd centers [i.e., ring-current effects from the phenyl

groups (81)].



The importence of the magnetic anisotropy of the carbon-carbon
sigme bond has been the subject of extemsive (if inconclusive) theoreti-
cal (82) and experimental (B83) study. The contribution o, 0 04 resulting
Trom the circulation of electrons induced by the stetlc external nagnetlc
field is usually expressed by the equation (84) for a carbon-carbon
sigma bond

OC - AR 1~ 3 ced®)

where Ay d1s the difference between the magnetic susceptibility of the
bond measured parallel and perpendimﬂ.ar 40 its axis, R is the distance
betveen the center of the bond and the proton under consideration, and
9 is the acube angle between the axis of the bond and the radius vector
of R. Experimental determinations of Ay have ranged from 2 x 10730
cm.? molecule™! (85) to more recent wvalues of spproximately 7 X 10730
cme® molecule™! (83); theoretical values are smaller.

Using 7 X 107¥ cm.? molecule~! ag the value of Ay , we can calculate
the magnitude and direction of the chemical shift expected iun any confor-
mation of the ether. Ve examine here the magnetic non~-equivalence of
the methylene protons in conformation 1 of Fig. 1, due to the anisotropy
of the CHx~C bond [for siwplicity we adopt the coumon assuaption (83,85)

that e carbon~hydrogen bond is isotropic]. Considering only the fragment

]

CH; By , Hy RA' = 2.2 A
e./R/‘ GA = 85
I l ﬁB = 209 .A

B
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and using the parsmeters indicated (obteined from Dreiding models) in

C-C
.- the equaticn for « , we obtain for example

g-¢ _ 7Xx107%
A 3R.2xu83

(s 28

(1 - 3cos® 85)

Using this model, T = 0.21 ppm. and o-B = =0.0L ppm. "In other words,
the anisotropy of the (-CH; bond should shii‘t. HA approximately 12 cps.
to higher field, and HB approximately 1 cps. to lower field.

The cholee of an approprilabe wmodel compound with which to Jjudge the
reasonableness of these calculated values is a difficult one. Here we
have compared 'l.:he‘ chemical shifts of ‘the methylene and methinyl protons
of l-phenylethyl benzyl ether with the methylere protons of dibenzyl

ether.

= BT
(O)y+——4{0) (O)4--¢{0)
He  Hy

These relative chemical shifts were obtained by analysis of & mixture
of the two ethers in the indicated solvent, iIn order to obtaln accurate
relative chemical shifts. The zero of frequency is arbitrarily chosen
as (vA - vB)/e. (Vo stereochemistry is to be implied frou the 1a'beiing
of H, end Hy.) |

These values indicate that the wmethylene protons of lephenylethyl

benzyl ether occur at higher fleld than those of dibenzyl ether, in
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qualitative agreement with the calculation mede on the basis of carbon-
carbon bond anisotropy, assuming that conformation 1 is most highly
populated. Ouantitatively, the shifts predicted are significantly
smaller than those observed. Table VI indicates that the mean chemical
shift of H, and HB (neglecting the values in benzene) is approximately
9 c¢ps. upfield from HK5 the caleulated values suggest that gpproximately

6 cps. would be expected.

Table VI

Chenical Shifts(a) of Seleected Protons of

1-FPhenylethyl Benzyl Ether and of Dibenzyl Ether

Solvent Va VB vC vX
Benzene =5.7 57 2,9 5.0
Carbon tetrachloride 5.6 5.6 5.0 9.5
Pyridine =3.6 3.6 645 8.1
Diethyl ether =l hy bl 6.4t 9.5
Acetone 0.0 Qa0 9.8 10.9

{a) A positive chemical shift indicates a shift to lower field
than the frequency zero. Chemical shifts are in cps.

Desplte this quantitative dilsagreement hetween calculated and
observed values for the non-equivalence, an explanation of magnetic non-
equivalence based on the magnetic anisotropy of the carbon sigma bonds

of the asymmetric center might seem an atiractive basis for discussing
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the data in Tabie ITI. On the basis of such an explanation, large values
- for the non-equivalence would be assdniated with & high population of
conformation 1. S8ignificant poyulation.cf the cother conformations, and
in perticular conformation _2_, would be sxpected to rsduce the non-eguiva-
lence, because these conformations reverse the relative positions of the
methylene protons with respect to the sigms bonds in the asymmetric
center. Hence, R = t-butyl would have & large value for the non-equiva-
lence because its conformationsl prdtrence for conformation 1 would be
large. By the same token, R = ethyl would be relatively small, because
both conformations 1 and 2 would both be significantly nopulated.

Unfortunately, there is evidencé that this explanation is probably
not the most important one. The most important factor in determining
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
would predict that replacing elther of the phenyl groups of l-phenylethyl
benzyl ether with an isopropyl group should have little effect on the
magnitude of the non-equivalence; becsuse &« phenyl group snd an isopropyl
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 eenter, in a
low dielectric constant solvent. However, when the phenyl group bonded
to the wethylene group is replaced by an isopropyl group, the magneﬁic
non-equivalence of the methylene protong is reduced drastically (Table II).
This observation suggests that much of the non-equivalence of the methylene

bhydrogens of these ethers should be attributed to the phenyl group
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directly bonded to the methylene group.

The phenyl groups in these ethex;s, night exercise thelir influence
in one of two ways: Through specific intersction with solvent (i.e.,
formation of complexes with definlte stereochemistry with the solvent
molecules), or through ring-current effects. Although the first expla-
nation has been used with varying degreee of success by other workers
to explain the solvent dependence of cheumical shift data (86), previously
discussed evidence has suggested that specific solvent~sclute interactions
are anot dominant in determining the methylene protons non-eguivalence.
We will now consider the possible magnitude of phenyl ring-current
effects. |

Johnson and Bovey (81) have calculated the shielding of a proton
in the vicinity of a phenyl ring by considering the precession of the
7 electrone in two circular regions above and below the plane of the
arcmatic ring, under the influence of the component of the static mag-
netic field perpendicular to the ring.

Measurements of Drelding models indicate that the average distance
of the methylene protons of l-phenylethyl benzyl ether from the center
of the closer phenyl ring is approximately 3.5 A; when one methylene
proton 1s in the plane of the ring, the second is approximately 0.9 A
shove it. With these distances, it is possible to estimate from Fig. 1
of reference (81) that the maximum chemical shift between the two
methylene protons due to the ring current of the phenyl group bonded
+o the methylene gicnp will be approximately 0.15 ppm. (9 cps.), and
will occur vwhen one proton is in the plane of the ring. (The radius of

the benzene ring was taken equal to l.4 A in these calculations.)
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The chemicel shift due %o the ring current of the benzene ring
attached to the center of asymuetry will of course depend upon the
conformation. In conformation 1, the distance between the methylene
protons and the center of the ring is approximately 5.2 A, and the maxi-
mun value for the diffemﬁce in chenical shift due to this ring will de
less than 1 cpe. (The maximum difference again occurs when one proton
is elese to the plane of the ring, and the second is relatively far from
thig plene.) The effect of rving-current in the phenyl group attached
to the asymmetric center on the chemical shift between the methylene
protons will thus be smell in conformation 1, and by similar reasoning

in conformetions 4 and 7. In conformations of the type 8 (drswn below)

H H
H H
0 0
H H
CH, CH,
& 2

the difference in c:hémical shift due to ring B can be estimated to be
approximately 3 cps., DYy the same procedure of measuring the appropriate
distances on & Dreiding model and consulting reference (8l). In contrast
the B ring in conformation 3 will produce & chemlcal-snift difference
between the methylene protons of approximately 30 cps. Faysically the
difference between ) and the other less effective conforamations is that

the B phenyl ring in this conformation lies very close to one of the
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methylene protons.

Ve have observed previously that the dats of Table I suggest
sﬁrongly that the difference in chemical shift between the methylene
protons in these ethers is not dus primarily to the ring current in the
phenyl growp attached to the asymmetric center. The principal support
for this suggestion was the observation that replamcing this phenyl group
with an isopropyl group resulted in only a smell (aspproximately 2 cps.)
decrease in the magnetic non-equivalence of the methylene protons. From
this evidence and from the estimates made sbove of the magnitudes of the
non-equivalence to be expected in the msjor types of conformations, we
conclude that conformations resembling 2 (i.e. those having one methylene
hydrogen close to the B phenyl ring) are not highly populated in solution,
because these conformatlons are predicted to have a large value of the
non-equivalence, originating in the ring-current of the phenyl group
attached to {the asymmetric center.

The preceding discussion suggests that the factor responsible for
the major part of the methylene proton non-equivalence in the benzyl
ethers studied ls a preferred conformation of the methylene group with
regpect to the plane of the nearer phenyl ring, such that one methylene
proton lies in the plane of the ring and the second is situated appreci-
ably out of this plane. The ring-current of a phenyl ring located in
the asymmetric center contributes little to tbis chemical shift.

Models of the benzyl ethers suggest that the phenyl group in coﬁ:f‘or—
wation 1 should be é.hle to rotate freely around the CH,~¢ bond. The
conformetions which seem most likely to induce a conformational preference

of the phenyl group with respect to the asymmetric center are those in
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which the benzyiic phenyl ring is close to the asymmetric center: in
. other words, conformations of the 'b;ypé 5 and T,

If the populations of these confoxfnationa determine the magnitude
of the non-equivalence, it should be possible to rationalize the solvent
dependence of the ethers on the basis of changes in conformational popu-
lations. In attempting this rationalization, we first repeat two im=-
portant experimental observations. First, the non-equivalence of the
methylene protons of those ethers containing only alkyl groups in the
asymmetric center is independent of solvent; only ethers having unsaturated
groups both on the asymmetric center and on the methylene group display
pronounced solvent dependence. Second, the ethers containing wisstu~
ration on both sides of the molecule behave anomalously in solvents of
high dielectric constant.

These two observatlons suggest that in a high dielectric medium
there exists an Iinteraction between the two unsaturated centers vwhich
is of sufficlent energy to have a significant effect on the conformational
populations of the molecule. In particular, dispersion and induction
{87) interactions between the two phenyl groups would be expected to be
more important in high than in low dielectric constant solvents. Dis-
persion and induction interactions are both electrostatic dipole-dipole
interactions. In the molecules of interest, a net atitractive force
between the phenyl rings might arise from either (87). A dispersion
Interaction between the two benzene rings would originate in the random
"zero point motions" of the eleetrons in one ring. Although the dipole
moment of each ring is smell on the average, these electronic motions

nay result in large randomly oriented instantaneous dipole moments. The
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instantanecus electric dipole in one ring is cepable of inducing a
- corresponding dipole in the second ring, either directly [represented

schematically by (a)] or via a solvent molecule (b); (hexre the circle

represents the solvent molecule).

o @ @
o ® @ G

The energy of the interaction represented by (a) can be described by an
equation of the form

o
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B
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if we assume that a phenyl ring is spherically symmetrical. In this
equation, I is the ionizetlon potential of the phenyl ring, R ils the

distance between the rings, and ¢ is the polarizability of the ring
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Here e 1s a unit charge, the RJQ are integrals of the form

Ryo = 3065 |2 ¢g)

b 3 and ¢, are wave functions of the phenyl ring, aud X is the operator
giving the sum of tne coordinates of all the electrons in the phenyl
group in a given direction (in other words, the displacement of the
electrons from their average position in the ground state 4>0) « The
perticence of these formulas to the present discussion is that they
predict that the dispersion emergy E will be proportional to 1/I. We
can assume that 1 will be smaller, tihe higher the dielectric constant
of the mediuwa, since I is a measure of the work required to move aa
electron from the molecule to an infinite distance. Consequently, E
should be larger in a mediun of high dielectric constant.

Induction interactions between the two phenyl rings would sarise in
an indirect manner. A dipole moment would be induced in one ring, 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 might interact with 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

ONONONO
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more efflcient in inducing these types of interaction than low dielectric
solvents.

This very qualitative discussion suggests that woth dispersion and
induction forces between the two phenyl rings in 8 should be larger in
high dielectrlc constant solvents. With this rationale in mind, we aow
propose a tentative explanation for the solvent dependence of the mag-
netic non-equivalence of the methylene protons of l-phenylethyl benzyl
ether. In solvents of low dielectric constant, the dispersion interaction
mentioned above might be wnimportant, relative to steric factors, in
determining the populations of the conformations of the ether. DIecause
only the conformation of the phenyl group with respect to the methylene

hydrogens is important in determining the magnitude of the chemlcal shift

between them, we write

HC H HC i EC H

1
>
-
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Con:t’oima‘ticn 1 contributes nothing to the non~oqulvalence, because the
-phenyl group near the methylene protons can rotate freely. The magoitude
of the non-equivalence will he de‘teminéd by the extent to which confor-
matlon J_f is preferred to 7. If steric factors are dominant, this prefer—
ence will e de;termined by the size of the groups on the asymmetric center.
If the methyl group 1s smell relative to the phenyl group, the conformation
at the asymmetric center will be the one indicated above, because the
largest group will be trans to the benzyl group across the C—0 bond.
Consequently, the relative populations of _& and 7 will be determined by
the magnitude of the intersction of the benzylic phenyl group with the
methinyl hydrogen atom and the me'bhyl. group.

vWe neve considered only one conformation at the asymmeiric center.

Other conformations (for example 5 ) will tend to reduce the magnitude of

iy By
¢ Hy Hy b
0 e 0
H%\R ch)\ﬂ
i S R
2 1

the aon-equivalence, because the effect of the phenyl group on the two
methylene protons will be opposite in § and T (to a first spproximation).
The larger the group R, the more favored will be conformer 7, and corre-

spondingly the greater the value of the non~equivalence. This
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rationalization 1s in accord with the data of Tables I and IIT, in which

- the size of the groups on the asymmetric center seem to determine the

magnitude of the masmetic nonwequivalence.

We suggest that in high dlelectric comstant solvents, steric
interactions in lephenylethyl benzyl ether are less ilmportant than
dispersion and induction interactions between the two phenyl groups; In

other words, that conformatiocns 6 and 8 are populated to = greaster extent

Hp

CH; H ¢

lon
fw

than 5 and 7. If 6 and § are highly and approximately equally populated,
the non-cquivalence showld be omell, 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.

Conformations 6 and 8 must be spproximstely equally populated in
order for this proposal to explain satisfactorily the small chemical
shifts observed in high dielectric constani solvents: dinteractions
involving the methyl group must not confer a large preference on either
conformation 6 or 8., Examination of medels suggests that this spproxis

mation mey be valid for the methyl group, but would not bhe for a larger



-~ 146 -
group such as an isopropyl group. In accordance with this view, the
chemical shift between the methylene promns of phenylisopropylearbinyl
benzyl ether shows the same qualitative dependence on dielectric constant
as does that of 3.-jmenylethyl benzyl ether, but does not go to zerc in

bigh dielectric constants solvents (Table VII).

Table VII

Solvent Dependence of the Methylere Proton Chemlcal

Shift Difference of Phenyliscpropylearbinyl Benzyl Ether

Solvent
Benzene 17.6 cps.
Carbon tetrachloxide 1640
Chloroform 145
Diethyl ether b b
Pyridine b
Acetone 9.8
Dimethyl sulfoxide 8.7

Two interesting observations should be mentioned in connectlon
with this proposed explanation for the solvent dependence of the maghe'bic
non-equivalence of .’che methylene protons of these compounds. The influ-
ence of the solvent on the conformational populations of the ethers has

been dlscussed only in terme of its effect on atiractive forces betwesn
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the polerizable phenyl groups; the solvent dielectric constant can
‘however also have an effect on the populations of conformations having
different dipole moments. Neglect of ‘bliis factor is probebly not serious
in any of the ethers discussed so far, because all of the conformations
wlll have spproximately the same dipole moment. If, however, a change
in conformation were accompanied by & change in dipole moment, the
influence of the dlelectric constant in determining the relative epergles
of the different dipole moments should be teken into sccount.

We have compared the chemical shifts of l-p-chlorophenylethyl benzyl
ether and l-phenylethyl p-chlorobenzyl ether with l-phenylethyl benzyl

ether in several solvents. The results are tebulated in Table VIII.

Teble VIII

Solvent Dependence of the Difference in

Chemical Shift of the Methylene Protons of Ethers

8
r—@-wl rmzx
Solvent . X=H; ¥ =H X =0l ¥=4H X=H; Y=C1
Benzene © 10.9 cps. 10.3 10.1
Carbon tetrachloride 10.2 Sel 9«3
Diethyl ether 9.0 Tal T-5
Pyridine _ Gal 4,3 5.2
Dioxane £.9 6.2
Acetone 245 <1 <1

Dlmethyl sulfoxlde 2.0 <
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The dipole momenmts for the different types of conformations for the
chlorinated ethers can be caloulated crudely by neglecting all bond
moments except for those dus to the C-0 and C-C1 bonds, [teken as 1.2 D

and 2.0 D respectively (88)] and meesuring bond angles from models. The

values obtained for the molecular dipole moments are

P
l
%\@-Gl-
j\ |
B = 1.kD g = 3.0D = 18D

The value for all conformations of the unsubstituted ether (X =¥ = H in
Teble VIII) will be the same, in this spproximate treatment.

These dipole momenis suggest that the population of conforasation 1
should he relatively smaller in low dielectric constant solvents than
5 or 7, because the higher dipole moment conformation should be of rela=
tively higher energy :in the low dielectric medium. Conseguently the
value of the nou-equivalence would be expected to be greater for the p-
chloro substituted ethers in each solvent; it is actually observed ﬁha’b
the uhlorine-su’bstituted ethers have slightly smaller values of the non-

equivalence.
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One possible rationalizatlon for this observation can be constructed
using the spproech outlined sbove to éz@lain the low value of the magnetic
non=equivalence in high dielectric constant solvents.

Substituting the p-hydrogen of either phenyl ring of l-phenylethyl
benzyl ether with a chlorine should not change the sterlc requirements
of the ring; it should however give the ring a large dipole moment.
Consequently the abllity of the substituted ring to induce an opposing
dipole in the wnsubstituted ring should be large, even in non~poiar

solvents. Conformations of the type € and 8 might therefore be important

for the chlorine substituted ethers, even in low dielectric constant
solvents. For reasons outlined previocusly, extensive population of
these conformations is expected t0 reduce the magnetic non~equivalence
of the methylene hydrogens. Dipole moment studies of these chlorine~
substituted ethers could be very pertinent to this question.

A secomd puszling chservation 1s less esslly rationelized on ¥he
basls of the present bypotheses. The benzyl methylene protons of l-indyl
benzyl ether (89) are magnetically equivalent in all solvents, In light

of the close structural similarity of this ether to l-phenylethyl benzyl
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ether, thils result 1s difficult to explain. Examination of models of
the former compound reveals two possibly pertinent details. First,
close spproach of the two phenyl groups in this ether is imposeible.
Second, the methylene group in the 2 position of the indane ring appears
to bhave smaller steric requirements than the methyl group of l-phenyl-
ethyl benzyl ether. The latter fact may be sufficient to explain the
small asymmetry in this ether. |

Brief mention should be made of the possibility of solvent
dependence of the methylene proion non-equivalence originating in the
“reaction field" (90) at the methylenme group, due to the 0-0-C electric
dipoles According to Buckingham's theory, the C-0-C dipole would polarize
the surrounding medium, thereby inducing a second electric field, the
reaction fileld E, at the solute. This fleld is related to the dielectric

constant of the solvent by an equation of the form (90)

where ¢ is the solvent dilelectric constant and 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 of the reaction field along eech C-H bond axis will be
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different in magnitude. Since this component of the field can influence
~ the chemical shift of the protoas by sbifting the electron density along
the O-H bond axis, the reletive chemical shift of the two protons would
P2 expected to depend on the solvent dielectric constenbe

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 constent suggests
that the reaction field effect is probably not of major importance in
these ethers, and by analogy, in l-phenylethyl benzyl ether.

One final serles of experiments should be mentioned in connection
with the work in this section. The éxplana‘bions proposed for the none
equivalence of the methyleme protons of these ethers depends on the tacit
asswnptilon that the part of the molecule containing the methylene protons
comes close enough to the asymmetric center to have s preferred confore
mation. In order to Investigete explicitly the effect of proximity to
the asymmetric center on magnetic non-equivalence, we have prepared the
compounds in Table IX. The non-equivalence of the methyl groups of the
isopropyl group of each compound is reported in several solvents. It
should be noted that the non-equivalence does not decrease monotonically,
but rather decreases, increases and then falls to zero as the nudber of
bonds between the isopropyl group and the asymmetric center increases.
The simplest interpretatlon of these data is {that cyclic conformations
of the type indicated schematically below are populated to a measurable

extent for the compounds containing isopropyl groups four and five bonds
removed from the center of asymmetry.
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In these cases, the difference in shielding at tae isopropyl methyl
groups is probably due to the ring current of the puenyl ring on the
asymretric center.

In conclusion, the preceding discussions ensble us to dravw several
conclusions concerning the origin of the non-equivalence oi the methylene
protons of the ethers studied. These conclusions must be considered
tentative pending further investigations,

The principal factor determining the chemical shift hetween the
methylene protons In the benzyl ethers appears to be the orientation of
the magneticall_y anisotropic phenyl group with 'respec'b t0 the methylene
groups Conformabions of the ether which are responsible Ffor the methylene
non-equivalence are not those which wowld be predicted to be favored on
the basis of steric arguments.

The solvent dependence of ethers contaihing polarizable groups on
both sides of the oxygen atom is suggested to be a consequence of
dispersion and induction interactions between these groups. These
Poreces have the effect of changing the preferred conformations of the
molecule from those determined primarily by steric factors, in low di-
electric constants solvents, to others determined primerily by these

London interactlons. Similar solwvent dependence should prohably he



Compound

$CH(CH; )CH(CH, ),

$CH(CH; )OCH(CH; ),

$CH(CH 3) OCH,CH(CH3 ),
$CH(CH ;) OCH,CH,CHE(CH; ),
¢ CH(CH; )CCH ,CH ,0CH(CH ),

$ CH(CH ;) CCH ,CH, OCH, CH(CH, ),

Table IX

Dependence of Isopropyl Group
Non-equivalence on Proximity to the Asymmetric Center

Solvent
Acetone Benzene Carbon
tetrachloride

.1_107 cps. 8‘0 ] lo‘9

5.8 0.8 k.0

0,0 0.5 0.3

2.2 1.8 2.5

0.0 0.8 0.0

0.0 0,0 0.0

Pyridine

8.9
3.0
0.0
1.8
0.0

0.0

- ¢G4T -
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observed for ccﬁxpounds contalning other polarizable groups in the asymmetric
- center. |

The magnetic snisotropy of the bhenzene ring nearer the methylene
protons accounts for approximately €-8 cps. of the 11 cps. observed for
the magnetic non~equivalence of the methylene protons, in benzene solution.
Of the remainder, anisotropy associated with solvent molecules probably
gilves rise to another 0=-2 cps. This latter figure may be larger in
ethers in which the steric requirements arouand the methylene group are
very severe (as in l-phenylethyl neopentyl ether). Although no evidence
wvas found in this study for speclfic solvent-solute interactions, these
mey be dmportant in determining other types of non~equivalence.

Celculations of shlelding differences hased on recent values for
the anisotropy of the carbonwcarbon single bond indiecated that this
anisotropy 1s sﬁfficiently large to be worthy of consideration in other
molecules. No evidence for the incursion of this factor could be found
in these ethers.

Finally, the small solvent dependence of ethers containing only
alkyl groups in the asymmetric center suggests that reaction field

- effects are relatively unimportant in these ethers.
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EXPERIMENTAL

Bolling points and melting points are uncorrected; melting points
were determined with a Hershberg melting-point apparatus. Vapor chroma-
tograms were obtained using Perkin-Elmer Vaspor Fractometers Models 154-C
and 800, Infrared spectra were determined with a Perkin-Elmer Model
237 double-beam grating spectrometer, using an eight-minute scan. ZEle-
mentary analyses were performed by the Spaeng Microanslytical Leboratory,
Ann Arbor, Michigan.

Nuclear magnetlic resonance spectra were obtained at €0 Meps.,
using & Varian Associates Model A-60 spectrometer for the bulk of the
room temperature spectra, and a Varian Associates V-4300B spectrometer
with 12-in. magnet, Superstabilizer, field homogeneity control colls,
and Model V3521 integrator and base-line stabilizer for variable temper-
ature work.

Temperature control in the probe of the latter instrument was
achieved by blowing dry nitrogen gas at a selected femperature over the
sample and insert through an appropriate Dewar system. The insert
Dewar and insert were quartz; the rest of the system was silvered pyrex.
Temperatures lower than 0° were obtaired by passing the nitrogen through
a 5-fL. copper coil iﬁmersed in liquld nitrogen; high temperatures, by
passing the gas stream over nicrome wire heated by a Variac. Temper-
atures in the probe were measured by means of a copper-constantan
thermocouple placed close to the sample. Temperatures could be main-
tained constant withlin a degree for 15-20 min. 1 several minutes were
alloved for equllibration following a change of temperature. Most

temperatures reported in this thesis are estimated 1o be accurate to £2°
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Spectral examination of diethyl ether samples at temperatures
greater thean +75° was made difficult by refluxing of the solvent in the
sealed sample tube, if no effort wers wade 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 H20° by means of a heating element wrapped
around a piece of 20-mm.0.D. glass tubing and held in position around
the sample on the end of a long glass rod. Temperature control was
accomplished with & Variac, and temperatures were messured with &
thermocouple positioned close to the tube (between the heating element
and the tube). To minimize €0 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 counterclockwise spiral.

Ether samples in standerd S-mm,0.D. tubes could be examined at +120°
with this apparatus. Unfortunaitely an appreciably amount of the ether
piesent in the sample was in the vapor phase at temperatures above
+50 = +60°, and Grignard reagent concentrations were therefore uncertain
at these highex temperatures.

Measurement of line pogitions was accomplished by the usual asudio-
sideband method using a Hewlett-Packard Model 200AB audio-oscillator and
Model 521-C frequency counter, when accurate measurements were required.
For the mejority of spectra run in diethyl ether however, it was found
more convenient to use the triplet resonance of the upfield !3C satellite
of the solvent methyl protons to calibrate the chart sweep rate. The

vicinal coupling constant in diethyl ether is 6.96 cps. (33). This
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signal occurs conveniently 10-50 cps. downfleld from the o-methylene
resonance of the organometallic compounds. In addition, comparison of the
intensity of the !3C satellite resonance with that of the organcmetallic
provides a direct measure of the concentretion of the latter, because
the concentration of naturally sbundant !3CH,CH,OCH,CH; ia diethyl ether
is known %o be 2.2%., Comparison of the linewidth of the 130 satellite
resonances with that of the organometallic compound Ffurnishes a simple
if crude method of estimating the relstive importance of exchange
broadening and other less interesting broadening effects such as vis-
cosity broadening and broadening due to fleld inhomogeneity.

Instrument setiings for these spectra were umexceptional, except
that @ high r.f. power level and 8 broad filter handwidth were necessary
for satisfactory signal o noise ratios, due to low concentrations of
organometallic in solution. Consequently, in some dilute samples there
was evidence of winor saturetion, but ordinexrily this Pactor wes not
important in deternining line shapes. Spinning nolse was the principal
neise source at low temperaturee, where the unfortunate tendency of
sample tubes to warp slightly during centrifugation became very cb-
Jectionable.

Magnesium used in these Grignard reagent preparations was in the
form of turnings from & bar of resublimed metel. Use of ordinary
"Grignard grade" magnesium gave broad poorly resolved n.m.r. spectra,
apparently due to the presence of parsmagnetic impurities in solution.

Diethyl Ether. - Mallinckrodt achydrous ether was used without

further purification.

Tetrabydrofuran and diglyme were dried by distillation from sodium

5

and stored over sodium or Linde type 5A Molecular Sieves prior to use.



- 158 —
Dioxane was distilled from lithiun aluminum hydride and stored

over sodium.

Alkyl halides used in the Grignard reagent preparations vere
commercially aveileble, with the exceptions of those specifically
mentioned below. They were used without further purification.

Preparation of Grignard Resgents. - All Grignard reagents examined

by n.m.r. spectroscopy were prepared directly in n.m.r. tubes, following
‘the seme general procedure. To a clean, dry n.m.r. tube containing
approximately 50 mg. of magnesium turnings was added 0.1 ml. of solvent
and 0.1 ml. of alkyl halide by means of & 0.5 ml. syringe. Reaction
vas initiated b;' punching the magnesium with a sharpened tantelum rod.
As soon as reaction was underwsy, 0.4 ml. more solvent was added and
the tube temporarily capped. 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 give a etrong rounded end. The tube was then
placed in & steén bath and heated at 100° for 6-10 hrs. with occasional
shaking. The actual heating time did not appear to be crifical, dbut at
least 4 hrs. heating was required Ffor high yields of Grignard resgent.
There was no evidence of decompogition of the Grignard reagents at this
temperature.

After heating, the tubewss cooled and cenmtrifuged for 10-120 min.
at 1600 RPM using an Internationsl Equipment Co. Size 2 centrifuge with
a type 267 head. The centrifuge buckets were packed with towels to
accommodete the n.m.r. tube. Centrifugation was continued until the
solution was completely free of visible magneslum chips and suspended

solids. The length of time required depended on the nature and quantity



- 159 —
of solids present in the tube and on the solvent. The tube was positioned
- 1n the centrifuge so thet the solids 'wcmld be centrifuged into the upper
end of t.hé tube; spectra were obtained after cenmtrifugation by decanting
the clear solution away from the packed solids into the bobttom end of
the tube, and proceeding in the ususl manner.

Grigrard reagent soclutions prepared in this manner in ether scolution
were perfectly colorless with approximately the same viscosity as wster.
The quantity of solids produced during the preparation depended primarily
on the type of halide used: bromides frequently produced no solids at
all; chlorides often gave small quantities of a white flocculent precipi-
tate. |

Grignard reagent solutions prepared in tetrshydrofuran were
occasionally pale yellow after heating, and showed a tendency to precipi-
tate larger amounts of solids than the corresponding ether solutions.
Occasionally, a tetrahydrofuran solution of an alkyluagnesium chloride
would crystalllize completely; sufflcient sample for n.m.r. examination
could usually be recovered from the solid by centrifuging the liquid
avay from the solid. The signal intensity in such saumples was usually
. 8llghtly less than that of the same solutions before crystallization.

Tetrahydrofuran solutions occesionally gave broad spectra inmediately
after thelr preparation; resolution always improved after the sample had
aged for several days. This behavior may have been a result of swall
concentrations of a long-lived radical species in solution. |

Solutions prepared in diglyme had approximately the same charace
teristics as those prepared in tetrahydrofuran, except that the viscosity

ol the final diglyme solution was slignificantly greater.
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No particular effort was nade to dry the n.m.r. tube or the magnesium
-used ia thgse studies, nor was an effért nade to carry oub the resctions
under an inert stmosphere. The fact that 1ittle or no difficuliy was
encountered in initiating most of these reactions suggests that the
solutions were not seriously wet. On the short periods in which the
p.m.r. tubes were open to the stmosphere (as during the cleaning and
sealing operations) the Grignard reagent solutions were probably ade-
quately protected by the 10 cm. column of ether vapor sbove the solution
in the n.m.r. tube.

Dialkyvlmagnesium solutions were prepared frow the corresponding
Grignard reagents by opening the n.m.r. tube, adding 100 ul. of dry
dioxane and then capping and shaking the tube. The dioxane addition
resulted in immediate production of & voluninous white precipitate in
such quantity that the sample frequently became almost solid. The pre-
clpltatlons were mildly exothermlc processes.

The neck of the tube was cleaned with pipe-clesaner ard sealed in
the usual manner. After sealing, the solution was allowed to stand in
contaet with the precipitate for 10-12 hrs. with frequent shaking, and
. then centrifuged in the manner described previously. Three Lo four hrs.
centrifugation at 1600 RPM were frequently required to compact completely
the voluminous precipitate of megnesium balide dioxanate. The volume
of the compacted precipitste was usually approximately cne-third that
of the original Grignard reagent solutlon. This precipitate was usuélly
removed from dialk&lmagnesium samples to be exasined at high temperature
by cutting off the part of the tube containing the precipitate and

1lmnedintely sealing the tube again.
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Grignard reagents and dialkylmagnesium compounds containing a
~CH,-Mg group vere identified by the characteristic chemical shift and
gplo-coupling patterns of their o protons. The resonances of protons
gemlingl to a strongly electropositive metal occur at significantly
higher field than those of any of the other compounds likely to occur
in the solution; these protons could conseguently be recognized and
examined without diffienlty. The a-proton resonances of the secondary
Grignard reagents were usually more complicated by spin-coupling asd of
lover intensity than those of the primary Grigrard reagents, and were
fregquently difficult to find. These Grignard reagents were characterized
by addition of a glight excess of water to the sample tube followed by
centrifugation to remove the precipitated megnesiwn salts. Comparison
of the spectyrum of the erganometallic solution and that of the hydrolyzed
solution with the spectra of solutions in the same solvent of the starting
helide and of the hydrocarbon expected from hydrolysis (vhen available)
usually allowved the resonances due t0 Grignard reagent to be identified
without difficulty.

Yields of Grignard reagent in diethyl ether sclution were estimated
to be 70-95% by comparison with the !3C satellites of solvent, based on

starting halide.

Diisopropylusgnesium was prepared in synthetic quantity following

standard procedures (59) by addition of 66 g. (0.75 mole) of dry dioxane
to a Grignard solution prepared from 92 g. (0.75 mole) of 2—bmoprcj:ane
and 18 g. (0.75 mole) of magnesium in 300 ml. of ether in a 1~l. three-

necked round-bottomed flask equipped with mechanlcel stirrer, condenser

and pressure sguallzed dropping funnel. The precipliizied magnesium

bromide dioxanate WaB not separated from the dialkylmasgnesium solution.
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2-Phenyl-3~-nethyl-l-butancl. ~ To the dilsopropylmagnesium solution

" prepared sbove was added €0 g. (0.50 uole) of styrene oxide at such a
rate as to meintain gentle refluxing. The reaction mixture was stirred
for i hrs. st room temperature, refluxed for 1 hr., and hydrolyzed with
saturated agqueous ammonium chloride solution to the point at which the
sollids conglomerated on the sides of the flask. The ether layer was
decanted Ifrom the salis and dried over calcium sulfate. Removel of the
ether on a rotary evaporator and distillation of the residue through e
20-cm. wire-spiral column yielded 53 g. of product, b.p. 84-87° (2 mm.)
1it. (60) b.p. 93° (4 mm.); purity of the product was ectimated to be
90=95% from the n.m.r. spectrum.

2~Fhenyl~3=-methylbutyl chloride was prepared by addition of 50 ml.

of thionyl chloride to a solution of 25 ml. of 2-phenyl-3-methyl~l-butanol
and 50 ml. of dimethylformamide in s 200-ml. Erlemmeyer flask immersed in
an ice~bath. The temperature of the solution was maintained at 15 = 5°
during the addition. The solution was allowed to stand at room temperature
for 6 hrs. after addition of the thiomyl chloride, then hydrolyzed by
pouring into 200 ml. of cold water. The organic layer was seperated and
the aquecus layer extracted twice with 50-ml. portions of ether. The
combined organic layer was dried over calcium chloride, then distilled
twice through & 20-cm. wire-spiral column at reduced pressure to yield
12 g. (approximately 45%4) of product, bep. 67-7h° (0.8 mm.).

Anal. Csled. for €, H;;C1: C, 72.32; H, 8.28; C1, 19.k1. Found:
e, 72.55; H, B.26; 01, 19.18.

2-Fhenyl-3-methylbutylmagnesium chioride could be prepared from

the chloride only with difficulty. The procedure finally settled upon
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vas to add C.1 sl. of the chloride and 0.1 ml. of ether to magnesiua
- turnings in an n.m.T. tube. The magnésium turnings were then pulverized
with & nicrome wire. Onto this mixture was poured 0.l ml. of ether

without wixiog the leayers. The tube was sealed and heated in the usual

manneyr; after e.pproximately 1 br. at 100° reaction betvween magnesium and
the helide occurred. The remalner of the preparation was unexceptionsl.

1,3-Dibromo-2,2-dimethylpropane. = The procedure used was a

modification of that of Schurink (61). In a 500-ml. round-bottomed
three-necked flask equipped with 2 pressure-equalized dropping funnel
and sir-cooled condenser was placed 183 g. (0.92 mole) of 2,2-dimethyle-
1,3=propanediol.. The flask was heatéd on the stesm bath and 500 g. of
freshly opened phosphorus_ tribronide was added over the course of 2 hrs.
The steam bath was exchanged for an oil bath and the temperature increased
to 160°, The temperature was maintaiped at this level for 24 hrs. The
heterogeneous mixture resulting was then cooled and poured inte 1 1. of
water. The lower layer was separated and dried over caleiunm sulfate.
The B.m.T. spectrum indicated that this materisl was spproximately 70%
‘the desired bromide., The yleld was 200 g., and product was used without
Purther purification.

3, 3-Dimethyleyclobutanecarboxylic acid was prepared folloving the

procedure of Campbell and Rydon (62), substituting the crude 1,3~dibromo-
2, 2=dimethylpropane prepared aﬁwe for the 1,3-dilcdo-2,2-dimethylpropane
used by these workers. The yield of acid was 22 g., b.p. 75-103° (lé mm. )3
1it. (62) bup. 105-106° (15 mm. ).

Silver 3,3~dimethylcyclobutanecarboxylate was prepared from 3,3~

dimethyleyclobutanecarboxylic acid following the standard procedure of
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Cason and Way (63). The silver salt was air dried to a powder at room

temperature, and dried at O.5 mm. for four days prior to its use in the
Yrominative decarboxyletion,

3, 3-Dinethylcyclobutyl Bromide from Silver 3,3~Dimethyleyelobutane-

carboxylate. ~ The reaction conditions used were modeled on those in ref.
(63), except that the solution temperature was ueintained at 0° rather
than at -20°. The flask used for the reaction was dried by distilling
50 ml. of carbon tetrachloride from it immediately before use. Broumine
and carbon tetrachloride were dried by distillation froax phosphorus
pentoxide.

The gilver salt (38.9 g., 0.17 mole) was sdded over the course of
1 hr. to 250 ul. of carbon tetrachloride and 28.9 g. (0.18 mole) of
bromine in a 500-mi. three-necked round-bottomed flask equipped with
mechanical stirrer and thermometer and immersed in a Dry-Ice~acetone
bath. The salt was added through & plece of Gooch tubing comnecting
one inlet of the reaction flask directly to the Erlenmeyer flask in
vhich the salt had Teen dried. No carbon dioxide evolution was observed
until the solution had been warmed briefly to +20°; after the reaction
had started, the solution was cooled to 0° and the remsinder of the silver
salt added. When gas evolution had ceased, the reaction nixture wes
allowed to stend overnight and then filtered, washed once with agqueous
sodium bilsulfite, once with 2.3 potassivm hydroxide, and once with water.
The organic layer was dried over cslcium sulfate, and the carbon teira-
chloride removed tﬁrough & 10 cm. glass helix-packed column. The bromide
vas distilled under slightly reduced pressure through a 30-cm. Vigreux

colwm. The product (12 g., 45%) Lad b.p. 132° by tbe caplllary Bepe
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method. The purity of the product was approximately 95% as estimated

by VeDPeCa (column X, 110°)e Nemer. apd infrared spectra vere consistent
with desired structure. '

Ansl. Calcd. for 06311 Bx: C, M"tlgs BJ 60803 EB:{‘, 1{"9001. Found:
c'g M‘-nlBi H; 5.91'}; Br, ‘hBGBOa

- 2-=Methyl-2-carboethoxycyclopentanone from 2-Carboethoxyeyclopentanone. «

The procedure used followed that of Case and Reid (64). To 17.5 g.

(0.75 mole) of scdium hydride (as a 50% suspension in mineral oil) in

400 ml. of resgent benzene in 8 l-l. three-necked round-bottomed flask
equipped with & 250-ml. dropping funnel, condenser snd mechanical stirrer,
156 g. (0.65 mole) of 2-carboethoxycyclopentenone was added with stirring
over 1 hr. ({The 2-carboethoxycyclopentanone used contained a large
amownt of 2~carbomethoxycyclopentenone as impurity.) To the sodium

galt thus Pormed, 110 g. (0.75 mole) of methyl lodide was added. The
mixture was stirred and refluxed for 24 hrs. Precipitated sodium iodide
wvas then filtered from the solution, benzene removed ocn & rotary evaporastor
and the residue distilled to give 69 g. (62%) of product. The crude
mabterlal had bepe 104-114° (27 mm.); lite (64) bep. 206~107" (17 mm.)
corr. and was used without further purification.

Sulfuric acid~d, in deuterium oxide was prepared by bulb-to-bulb

distillation of 4 ml. of sulPur trioxide (Baker and Adamson "Sulfam B')
into 25 ml. of deuterium oxide on & vacuum line (65).

2-Methyleyclopentanone-2-4 from 2-Methyl-2-carboethoxycyclopentanone. -

The procedure used was adapted from that of ref. (64) for comversion of
2-ethyl~2-carbcethoxycyclopentanone to 2-ethylcyclopentanone. To the

sulfuric acid-d,/deuterium oxide solution prepared as described above,
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in a 100-ml. round-botlomed flask with condenser, was added 15 ml. of
- 2-carboethoxycyclopentenone, and the mixture refluxed for 4 hrs. The
heterogeneous solutlon was cooled and extracted three times with 50 ml.
portione of ether. The acid layer was refluxed again with 15 ml. of
ester, and this mixture worked up in the same way. The conibined ether
layers were sheken with solld amhydrous scdium carbonate for 45 mim.,
waghed with 2 ml. of deuwterium oxide saturated with sodium carbonate.
then dried over calclum sulfate. The ether was removed and the residue
distilled to give 16.5 g. of ketone (approximately 90% pure) b.p. 110-
135°; 1ite (66) bepe 139.5°. The n.m.r. spectrum of this compound
shoved one type of methyl group with ‘the triplet structure expected for
8 CD-CH3; molely. The ilxfrared spectrum had the expected absorption at
1740 cm.”! and weak absorption around 2140 cm.l,

The 2,4~dinitrophenylhydrazone of the ketone prepared in a trial
of this procedure using sulfuric acid/water had m.p. 158.5-159.0° after
five recrystallizations from ethanol/ethyl acetate; lite. (67) m.p. 159.0=
159.4°,

2-Methylcyclopentanol=2«d was prepared Prom 16.5 g. of 2emethyle

cyclopentanone-2-d by reduction with 5 g. of lithium aluminum hydride

in 100 ml. of ether in the usual fashion. The infrared spectrum of the
crude product obtained after hydrolysis, drying and removal of the ether
indicated that no ketone remained. The product was not purified further.

2=Methylcyclopentyl Chloride-2«d from 2-Methylceyclopentanoleg=d., =

To a solution of dimethylformamide (40 ml.) and 20 ml. of 2-methylcyelo=
rentanol-2-d4 in 8 250 ml. Erlenmeyer flask in an ice bath was added 20 ml.

of thionyl chloride. The reaction mixture was allowed to stand in ice
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for 20 min., then warmed t0 room temperature. The resction mixture
- turned bla_ck on warming. The solution was placed in the refrigerator
for 2 hrs., then poured onto spproximetely 1 kg. of cracked ice. The
lce was allowed to mell; and bLhe aguecus layer extracted three times
with 100 ml. portions of ether. The combined ether layer was washed
once wilth 100 mle. of water, then neutralized by washing with agueous
sodium bicarbomste solution. The ether layer was dried over calcium
chloride, and the ether removed on a rotery evaporstor. The residue
was flash distilled to separate product from tar, then distilled again
through & 30-cm. wire-spiral columm (some decoomposition). The product,
bap. 122-126° was still impure and ﬁhal purification vas effected using
an Aerograph "Autoprep” preparative v.p.c. equipped with a 20-ft. silicone-
oil column operating at 110°. Recovery was poor (approximately 1 g.)
but the materiel so obtained consisted of only one component by anslytical
VePeC., and had n.m.xv. and infrared spectra consistent with the desired
product. The material collected from the v.p.c. was the siereoisomer
present originally in greater quantity (probably the isomer with methyl
group and chlorine atom trans)e.

Anglyses Of n.ners spectra were performed using s standard iterative

program (69). Measured line positions (Obs.), calculated line positions
(Calc.) and intensities (Int.) are given below for 3,3-dimethylbutyl
chloride in carbon tetrachloride solution st +33° (Table I) amd for bis-
(3, 3-0imethylbutyl)~magpesium in diethyl ether solutiom at +33° Ta'bie I1).
The A and B parts oi‘ the spectra are mirror images; caly oue half is

glven. The solutlon obtained for 3,3~dinmethylbutyl chloride [and by

inference for dis-(3, 3-direthyloutyl)-magnesium)is not unlque -- an
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equally close fit between observed and calculated spectra could be

- obtained using ell positive signs for the coupling conmstants. In the

A
here; the magnitudes of the vicinal coupling comstants were the sane.

latter solution the magnitudes J, and gLB were dlfferent then those repoxrited

Tébhle I

Observed and Caloulated Spectra for 3,3-Dimethylbutyl Chloride

Input Parameters

vy 100.19 Ji2 -13.89
v,  100.19 313 5.45
vy  203.38 J1a 11.19
vy 203.38 J23 11.19
Jas 5.45
T4 -10.69
Line Obs. Calc. Int.
1 - The 63 0.017
2 9L.3 9L.21 1.682
3 1.7 91.85 1.711
i 95.3 95.23 0.464
5 98.4 9843 1.436
6 99.2 99.01 1,916
7 99.9 99.97 1953
8 101.8 101.80 1.53%
9 105.0 105.00 0.56h
10 108.1 107.85 2.318
11 108.1 108.36 2.355
12 - 12k k2 0.047
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Table IT

CObserved and Calculated Spectra for

Bls-(3, 3-dimethylbutyl )-magnesium

Input Parameters

v, 22.10 Tz -15.98
va 22.10 J13 .16
vy 150.5h T 14,01
vy  150.5k P 14,01

T 24 416

J 34 -14,81

Line Obs. Calc. Int.
1 - ~10.03 0.031
2 12.6 12.38 1.720
3 12.6 12.90 1.740
L 1641 16.37 0.806
5 17.6 17.54 1.042
| 6 05 20.€0 1.895
T 22.4 22.33 1.949
8 2643 26,29 1.194
9 a7k 27,46 0.958

10 30.7 30455 2.280
11 30.7 30.91 2.299
12 - 52.96 0.086
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Anslyses of the ABX spectra of the Z-phenyl-3-methylbutylmagnesium

_ deriva_tives vere considerably more uncertein than those for the AA'XX'
systems, because the low-intensity outer lines of the AB part of the
spectrum frequently could not be distinguished above the noise level,
and because the X part of the spectrum could not be analyzed at all.
The results of caleculations for 2-phenyl-3-methylbutylmagnesium chloride
in diethyl ether at -14° and in tetrahydrofuran at +33°, and for bise
(2-phenyl-3-methylbutyl)-magnesium in diethyl ether at +33° are given
in Table III. The chemical shift between the AB and X protons was
assuned to be approximately 150 cps. The error in the values reported
in Table III is estimated to be 20.5 cps.

Calcewlation of Activation Parameters from Varisble Temperature

Spectra. - The theory supporiing 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 sepn~
ration between the 1,2 end 3,4 transitions as a standard. These separations
vere determined separalely by standard audio-side-band methods, using
internal benzene as the reference signal. Thils separation was determined
at three temperatures for each compound. For bis-(3,3-dimethylbutyl)-
magnesium the values obiained for the separation were (the numbers in
parentheses refer to the number of separate readings at that temperature):
T=1433° 8 =18.0 + 0.2 cps. (8 values); T = 73°, S=18.1 = 0.3 cps,
(8 values); T =+101° 4o +103°, 8 =18.0 = 0.2 cps. (15 values). TFor
3, 3=dimethylbutylmagnesium chloride, the corresponding values were: T =
+33°, 8 = 18.2 = 0.1 eps, (12 values); T==-41° to =45°, 8 =18.3 + 0.4 cps.

(6 values); T= -51° t0 =55°, 8 = 18.4 + 0.3 cps. (12 values).
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Observed and Calculated Spectra for the a-Methylene Protons of 2-Phenyl-3-methylbutylmagnesium X

Input Parameters

Line

o~ g W W N e

X = Cl; Diethyl Ether

50,0

62,9

200.0

-12.2

10.3

k.3

Obs. Calc.,
36.5 36.5
- k6.0
L8.7 k8.7
56.9 56.7
56.5 58.2
61l.5 51.7
69.1  68.9

- 739

Int.

0.338
0.254
1.511
1.546
1.872
1.843
0.386
0.231

50.2

59.4
200.0

""1202

X = Cl; Tetrahydrofuran

Int.

0.,2k2
0.157
1.63k
1.658
1.96k
1.9k
0.25
O.1k5

X = R; Diethyl Ether

Obs.

36.8

ko.2
59.0
59.0
62.6
71.h

50.4
6h.6
200.0
-12.2
10.2

3.2

Calec.

37.1
hi.s
k9.3
58.7
56.8
62.8
71.0
The9

Int.

0.396
0.281
1.h7h
1.8k2
1.51%

1.808

0.432
0.252

- TLT -
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The separation measured in the spectrum to obtain the plots in
Fig. 17 was the estimated separation between the mean value of the 9
and 10 transitions, and the 11 and 12 transitions, The asswmpilon was
made that the separation betwecen the 1,2 and 3,4 trancitions was constent
over the temperature range and had the value 18.0 cps. for bis-(3,3-
dimethylbutyl )-magnesium and 18.2 cps. for 3,3-dimethylbutylasgnesium
chloride.

The velue for the reciprocal of the pre-exchange lifetime T was

obltained at each temperature using the formula

' 1
1 (8% - AgH)| ?
T ° )

where 6 is the limiting lov temperature separation between the 9,10 and

11,12 transitions, end Ae is this separation st each temperature T.
The units of 6 and A, are cps. The values of 1/ obtained are listed
in Teble IV. The value of & used for bis-(3,3-dimethylbutyl)-megnesium
was 10.5 ops.; Por 3,3«dimethylbutylmagnesium chloride it was 11.8 cps.
To obtaln the activation energies for the 2-phenyl-3-methylbutyl-
magnesium derivatives, the spectra were analyzed at each temperature To
ohiain Vo = Vg In order to analyze the spectra, it was necessary to
agsume & value for J, 5 in each case this coupling constant was given
the value =12.2 cps. With thils sssumption, the complete spectrum could
be constructed by measuring the positions of the four central lines and
then adding or subtracting (depending on whelher the line considered

was an A or a B transition) :'IAB to obtaln the approximate values of the
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Teble IV

Separations and Temperatures Used in Oblaining the Dependence

of {(1/7) on 1/T for Bise~{3,3~dimethylbutyl)=magnesiun

T°K 1/T x 103 Ve 82 — (72 (1/r) log (1/7)
354 2.82 0.0 110.3 23.32 1.36
348 2.87 he9 6.2 20,60 1.31
339 2.95 7.8 k9.3 15458 1.91
334 2.99 8.8 33.0 12.76 1.10
322 3.11 Fel 20.6 10,06 1.00
302 3.31 9.8 10.7 7434 0.67
301 3.32 - 9.8 10.7 T+3h 0.87
268 3.73 10.3 3.13 3.82 0.58
253 3.95 10.4 2.09 3.20 0.50
208 4,81 10.5 0.0 0.00 -
Table V

Separations and Temperatures Used in Obtaining the

Dependence of (1/7) on 1/T for 3,3=Dimethylbutyluegnesiun Chloride

moK 1/T x 103 Ve 82 — vez 1/7) log (1/7)
23 h,12 0.00 139.2 - 26.2 1.42
232 b1 8.87 60.6 17.2 1.23
223 4,48 10.4 3.1 12.4 1.09
213 4,69 10.8 22.6 10.56 1.02

201 4,96 11.8 0.0 0.0 -
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weak transitioms. Spectra completed in this way could then be analyzed

~to obtain v, - . The dependence of 1/7 on 1/T was obtained by using

thege valuss Q:f' v A

Holme  The date are given in Table VI: Note that 7 in this table has the

- VB directedly in the treatzent of Gutowsky snd

same meaning as in Table IV: 1l.e. this 7 is twice the value of the
used by Gutowsky. The value of 1/5{‘2 in this trestment was taken as
0.5 eps. Here, all freguencies ere in units of cps., and 1/t has the

units sec.™!.
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Table VI

Separetione and Teuperaturcs Used in Obtaining the Dependence

of 1/7 on 1/T for 2-Fheryl~3-nmethylbutyluagnesiue Chloride

a) Diethyl Ether Solution

ST LT X100 v - v (1/7) log (1/7)

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 9.49 1.00
323 3.10 7.7 19.4 1.29
330 3.03 0.0 2h.3 1.38

b) Tetrehydrofuran Solution

7K /e x10° v - A (1/7) log (1/7)
339 10.0 - -
346 2.89 9.7 2.82 0.45
360 2.78 9.8 2.51 0.40
305 2.7h 9.1 5.65 0.75
35k 2.7h 8.4 7.85 0.89
370 - a.70 6.9 11.6 1.06
373 2.58 6.0 13.5 1.13

379 2.6h 0.0 17.3 1.4
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Part IZ.

Benzyl iscobutyl ether was prepared in a 250-ml. round-bottomed

flask equipped with a reflux condenser, by refluxing 14.8 g. (0.2 mole)
of isobutyl alcohol and 18.9 g. (0.15 mole) of benzyl chloride with an
excess of potassium hydroxide pellets for 2 hrs. The organic layer
wasv separated, washed twice with 500-ml. portions of water and dried
over calecium sulfate. Distillation through a 30-cm. wire-spiral packed
column yielded approximately 10 g. of product, b.p. 75-80° (3 mm.).

The product was identified by its n.m.r. spectrun. The n.m.r. spectrum
of this ether (and of the other ethers described in this section) was
easily recognized, because of the close similarity of its spin-spin
splitting patterns to those of the starting materials.

Benzyl Isopropylaethylcarbinyl Ether. - Commercial silver oxide

(18.9 g+, 0.15 mole), and a Teflon-covered stirring bar were placed 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 bromide end 12.0 g.
(0.14 mole) of 3-methyl-2-butanol, and the resulting slurry refluxed

with stirring for 24 hrs. The mixture was conoled, and the inorganic
solids removed by filtration. The organic layer was washed once with
acidic 5% aqueous ferrous sulfate solution, once with water, and then
dried over calclum sulfate. Distillation through a 30-cm. wire-spiral
packed column yielded approximately 10 g. of product, b.p. 85-87° (& mm.).
The product was ldentified by its n.m.r. spectrum.

3, 2-Dimethyl-2-butanol was prepared by reduction of 20.2 g. (0.2

mole) of t-butyl methyl ketone with 2.27 g. (0.6 wole) of lithium

aluminum hydride in refluxing ether. Hydrolysis of the reaction mixture
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wlth saturated agueous ammonium chloride solution, removal of water

~with calcium sulfate, eand distilletion through & 30-cm. wire-spiral
packed column yilelded 12 g. of product, b.p. 110-111°. The product
had the expected n.m.r. and infrared spectra, and was not characterized
further.

- Benzyl %-Butylmethylearbinyl Ether. - In a 500-ml. round-bottomed

Plask equipped with a reflux condenser and a Teflon~covered stirring
bar were mixed 12 g. (0.1l mole) of 3,3-dimethyl-l-butancl, 2.6 g. of
sodium hydride (as a 50% dispersion in mineral oil) and 250 ml. of
anhydrous ether. The slurry was refluxed with stirring for 8 hrs. to
form the sodium alkoxide. Benzyl bromide (18.8 g., 0.1l mole) was then
added and refiuxing continued lor 12 hrs. The reactlion mixture was
cautiously washed with twb 100-ml. portions of water, dried over calcium
sulfate and distilled to yield approximately 7 g. of product. The
purest fraction had b.p. 90-92° (7 mm.), and was characterized by its
Ne.M.Ys spectrum,

Anal. Calecd. for C;3H,0: €, 80.20; H, 10.48. Found: C, 80.21;
H, 9.92.

Cyclohexylmethylcarbinol was prepared by addition of 80 g. of

acetaldehyde to the Grignard reegent from 30 g. of magnesium turnings,

150 g. of cyclohexyl bromide, and 500 ml. of ether, in the usual apparatus.
Hydrolysis of the reaction mixture with saturated agueous ammonium
chloride solutlion, Tollowed by removel of water with calcium sulfate

and distillation yielded a large quentity of colorless liguid b.p.

65-70° (9 mm.). The infrared spectrum of this material shovwed very

strong carbonyl absorphtion &b 1700 cum. “! and weak hydroxyl absorphblon.
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Addition of severul small pleces of sofium to the material at room
_ temperature resulted in a vitlest polywerization of the bulk of the liquid.
‘I'he polyme.r was alloved to stand for 12 hrs., then removed by filtration,
vielding essentislly pure cyelohexylmethylcarblinol, characterized by its
strong infrared absorption et 3350 cm.™!, by its n.m.r. spectrum, and
by its b.p. 77-83° (11 mm.), 1it. 1) b.p. 87° (11 ma.). The carbonyl
absorption in the distilled material was almost unnoticesble.

Bensyl Cyclohexylmethylearbinyl Ether. - Silver oxide (16 g.,

0.07 mole), benzyl bromide (10 g., 0.057 mole) and cyclohexyluethyle
carbinol (8 g., 0.057 mole) were heated together with stirring for 48 hrs.
at approximately 150° At the end of this time, the slurry vwas cocled,
taken up in five times its own volume of ether, filtered, and distilled
yielding epproximately 2 g. of product, b.p. 126-133° (4 mm.), contami-
nated with approximately 20% of benzyl alcchol. The product was charac-
terized by its nem.r. spectrum.

Anal. Celcd. for C,;H,,0: €, 82.51; H, 10.16. Found: €, 82.88;
H, 9.6k,

Benzyl Phenylmethylcarbinyl Ether. - Benzyl alcchol and l-phenyl-

ethyl bromide (mole ratio 1:1) were heated in an Erlenmayer flask on &
steam bath for 6 hrs. The solution was cooled, the inorganic salts
removed by filtretion, and the organic filtrate washed with weter and
dried over excess powdered caleium chloride. The organic layer was then
distilled to yleld L5% of the desired ether, b.p. 123-124° (0.3 mm.).
The infrared spectrum showed a strong band at 1100 cm. ! and no gb=
sorption in the 3500 cm.”! region. The n.m.r. spectrun of the compound

was conslstent with the assigned structure. The high boiling point of
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this material prevented its purification by preperative vepsce.; the
, analyticsﬂ. sample used was therefore cbtained by distillation.
Anal. Calcd. for € H,,0: €, 84.87; H, 7.60. Found: C, 8L.78;
H, T.6h.

Carboethoxymethylcarbinyl Benzyl Ether. - Sodium benzylate was

prepared by the reaction of 22 g. (0.2 mole) of beuzyl alcchol with
5.6 g. (0.22 mole) of sodium hydride (50% suspension in minersl oil) in
300 mli. of ether in a l=-l. three-necked round-bottomed flask equipped
with reflux condenser, mechanical stirrer, dropping funnel and heating
mantle. VWhen formation of the alkoxide was complete (as Jjudged by
evolution of hydrogen) 36.2 g. of ethyl a=bromoproplonate was added.
The mixture was stirred overnight, then filtered to remove lnorganic
salts. The ether was removed on & rotary evaporator and the resldue
distilled to yleld approximately 5 g. of product, b.p. 88-92° (2 mm.).
The n.m.r. spectrum of the compound wes consistent with the assigned
structure. |

Apal. Calcd. for C,,H,,0;: C, 69.21; H, T.T4. Found: C, 69.06;
H, ToThe |

1-Phenylethyl isopropyl ether was prepared by refluxing a mixture

of 20 ml. of l-phenylethyl bromide and €0 ml. of isopropanocl for 48 hrs.
in a 250-ml. round-bottomed flask equipped with reflux condenser and
heating mantle. The resulting turbld solution was cooled, neutraliged
with sedlum carbonate, washed with two 500-ml. portions of water and
dried over calcium sulfste. Distillation at reduced pressure ylelded
approximately 25 ml. of product, b.p. 94-97° (35 mm.), whose n.m.r.

spectrum was consistent with the assigned structure.
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Anal. Calecd. for C,;H,0: €, 80.k0; H, 9.83. Found: C, 80.03;
. H, 9.97. |

1-Phenylethyl 2-methyloropyl ether was prepared by an idsntical

procedure, starting with 93 ml. of 2«methylpropancl and 45 g. of 1-
rhenylethyl bromide. The product had b.p. 58-63° (3 ma.). Its n.u.r.
spectrum was consistent with the mssigned structure.

Anal. Calcd. for C,,H;30: C, €0.89; H, 10.18. Found: (. 80.45;
H, 9.87.

l-Fhenylethyl 3-methylbutyl ether was slso prepared using this

procedure, starting with 36.6 ml. of 3-methylbutanol znd 41 g. of 1~
phenylethyl bromide. The product had b.p. 106-108° (2 mm.), and the
N.M.T» Spectrua expected Tor the assigned structure.

Ansl. Calcd. for C,3H,0: C, 81.20; H, 10.48. PFound: C, 80.62;
H, 9.97.

2-Isopropoxyethanol was prepared by refluxing 200 ml. of ethylene

glycol and 100 ml. of isopropyl bromide over €0 g. of sodium carbonate
for 48 hrs. in a 500-ml. flask Pitted with a reflux condenser. The
nixture was c¢ooled, and the inorganic salte removed by filtration.
Distilletion through & 30-cm. wire-spiral packed column gave 45 ml. of
product, b.p. 128-138° (wet), 1lit. ©8) b.p. 1hk°. The product was not
purified further, but was uted immediately.

1-Isopropoxy-2- (1~-phenylethoxy)-ethane. - In a 100-ml. round-bottomed

flask fitted with a heating mantle were placed a Teflon-covered stirring
bar, 5 ml. of l-phenylethyl bromide and 10 ml. of 2-iscpropoxyethanol,
end the slurry heated to approximately 150°. 8ilver oxide (5 g.) was

sdded. After an induction periocd of spproximately 30 min., a vigorous
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exothermic reaction occurred. When this had subsided, 7 g. more silver

- oxide and 15 ml. more l-phenylethyl bromide were added in portions.
Finally, the slurry wvas allowved to siir at 150° overnight. The mixture
was then cooled, taken up in 25 ml. of ether, filtered, washed once
with 20 ml. of 10% aqueous acidic ferrous sulfate solution, once with
wvater, and dried over calcium sulfate. The ether was removed on a
rotary evaporator and the residue fractionated through & 10-em. Vigreux
column at reduced pressure. The yield of product, b.p. 95-105° at 1 mm.,
was 10 ml.

Anal. Caled. for C;,H 0, C, Th.96; H, 9.68. Found: €, Th4.77:
H, 9.73.

2-Isobutoxyetisnol was prepared from 130 ml. of ethylene glycol,
80 wl. of isobutyl broxnidé and 50 g. of sodium carbonate as described
previously for 2-isopropoxyethanol. The yiéld of product, b.p. 138-145°
(wet), 1it. (92) 154°, vas 17 ml.

1-Isobutoxy-2- (1-phenylethoxy)-ethane was prepared from 17 ml. of

2-isobutoxyethancl, 12 g. of silver oxide snd 20 ml. of l-phenylethyl
bromide as described above for l-isopropoxy-2-{l=-phenylethoxy)-ethane,
The product was obtained in approximately 10 ml. yield, and had b.p.
100-108° (1 mm.).

Anal. Caled. for C,,H;,0,: C, 75.63; H, 9.97. Foumd: C, 75.01;
H, 9.81.

1-Phenylethyl neopentyl ether was prepared in approximately 30%

yield from 8.8 g. (0.1 mole) of neopentyl alcobol, 20 g. {0.1 mole) of
1-phenylethyl bromide and 13 g. (0.1 mole) of silver oxide. These

components were mixed in a 100~-ml. round-bottomed flask. Afier an
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initial exothermic reaction had subsided, 3 g. more silver oxide and 5 ml.
more l-phenylethyl bromide were added and the reaction mixture heated
on the steém bath for 24 hrs. The mixture was cooled and the product
isolated as described for l-isopropoxy-2-(l-phenylethoxy)-ethane. The
crude ether had b.p. 86-91° (16 mm.) and was contaninated with appreciable
quantities of l-phenylethyl bromide. Purification was effected by
dissolving the mixture of halide and ether in diethyl ether, and allowing
the solution to stand over scdium for 24 hrs. The solution was decanted
from the wnreacted sodiun and redistilled to yield the spectral samples.

2 n.m.r. spectrun of this material was consistent with the assigned

gtructure.

l-Phenylethyl ethyl ether was prepared in these laboratories by
F. Kaplan.
2-Methyl-3~-phenylbutane was prepared in poor yield by reaction of

approximately 0.2 mole of isopropylmagnesium bromide with en equivalent
smount of l-phenylethyl bromide in ether. The reaction mixture was
hydrolyzed with satursted aqueous ammonium chloride soclution, and the
ether layer from the hydrolysis dried and Aistilled 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 arising from a metal-halogen exchange reaction between
isopropyl Grignard reagent and l-phenylethyl bromide.

l-Phenylethyl benzyl sulfide was synthesized by modification of

‘the procedure used by Backer and Jong (93) to prepare allyl benzyl
sulfide. Ethanol (100 ml.), 16 g. of sodium hydroxide and 50 g. of

benzyl mercaptan were heated together for 3 hrs. in a beaker on 8 steam
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bath. The solution was then cooled in sn ice bath, and 80 g. of 1-
-phenylethyl bromide added. An immediste exothermic reaction occurred,
accompanied by formation of a white precipitate. The mixture was allowed
to warm to room temperature over 5 hrs., then poured into 500 ml. of
wvater. The lower (organic) layer was separated and dried, yielding the
sulfide in épproximately 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

t0 crystalllze.

1-FPhenylethyl benzyl sulfone was prepared by carsful sddition of

5.7 ml. of 30% hydrogen peroxide solutionv(o.os mole of hydrogen peroxide)
t0 an ice-cold solution of l-phenylethyl benzyl sulfide (5.7 g., 0.025
mole) in 10 ml. of 1:1 acetic acid: acetic anhydride solvent, followed
by digestion on the steam bath for 24 hrs. The product, obtained as &
white crystalline solid on cooling the solution, was washed with water,
Tiltered and air dried. The infrared spectrum displayed préminent bands
at 1135 cm.™! and 1325 cm.”! characteristic of the sulfone moiety.

1-Fhenylethyl p-chlorcbenzyl ether and l-p-chlorophenylethyl benzyl

ether were prepared in these laboraborles by John Grockl.



Solvent

A Cy Hy
G, HsCl
0=C4H,Cl,
G, HyNO,
Pyridine
G H 1,
Cy HsRH,
G H;NH,
Cs H5CH
Oy Hy CN
Ce By
Cs Hy2

n-CsHyp

Mole

8.8

9.9
9.6
10.2
9.2
9.k
4.3
9
10.0
5.2
10.2
L.8

10,0

10.9 % ;‘Z '

8.2 + .8
7.2 .8
3.8 £1.0
6.1 1.0
7.8 = .8
8.4 = .8

3.8 = 1.5
10.1 = .7
10,1 % .7

10.1 = .7

Table

Solvent Dependence of Chemical Shifts and Coupling

Consteants for 1~Phenylethyl Bepeyl Tt

11.8 =.,2
11.5 £ .2
11.3 =.2
11.7 = .2
11.5 = .2
12,1 .2
11.6 +.2

——

lO&l .2
1.5 %= .2
11.7 £ .2

11.6 = .2

6.5 = .k

6.3 = .b
6. = .4
6.3 * .k
6. = .kt
6.5 = .4
6.1 = .k
6.3 .k
6.1 £ .k
6.2 % .h

L (a)

259.9 + .5
261.0 = .6
260.9 = .6
263.5 % 1.0
267.1 £ .6
257.2 £ .6
257.8 £ .6

i

262.4 1.2
26L.5 & 5
261.9 £ .5
262.5 £ .5

248.9 = .5
252.8 + .6
253.7 £ .6
259.7 % 1.0
261.0 = .6
2hg.h = .6
b9l = .6

35806 + l¢2
25L.0 £ .5
251.8 £ .5
252.5 £ .5

v (&)

¢ .
260.2 %= .2
262.0 % .2
263.6 = .2
270.5 = .2
270.6 = .2
2573 = .2
257.3 = .2
269.4 £ .2
268.8 % .2
261.6 = .2
261.8 = .2

262.5 £ .2

,  (8)
CH; -
86.§ .5
83.7 .5
85.0 .5
87.8 = .5

- 8T -

87.1 £.5
81.8 = .5
80.1 = .2
80;7 * .2
85.9 =.5
8k b = .2



Solvent Mole Vo ow v J : J ’ v v v
% A B AB CH.—H ‘ A B - €

n-CH;, 6.0 10.1 % .7 1l.5%.2 6.3=.h 2618 % .5 25L7 * .5 261.8 .2

ocl, 9.7 10.2 £ .7 12.3%.2 6.6=.4F 261.0 = .5 250.8 £ .5  262.9 #.2
ol 1.1 _ . et —_— _— —
CHC, 8.6 8.6 % 7 11.3%.2 6.6%.h 2646 % .6 2560 = .6 266.9 % .2
(cH;)C0 9.3 _— — 6.7 = .4  260.6 £ .5 260.6_ = .5 271.2 % .2
“(cH;)80 9.3 — — 7.0 =.h  259.3 % .5 259.3 = .5  270.7 %.2
CH,CN 9.8 —_— — 6.8 = .k ass.u = .5 258.4 £ .5 269.6 = .2
CH;X0, 0.3 3.1 1.5 9.3%.2 6.5#%.hF 2621 1.1 258.9 £1.1  260.8 % .2
CH;I 0.3 6.0 % .9 1l.hx.2 7.0%.h 261.6 = .6 255.6 £ .6  265.9 %,2
Ac,0 9.9 k6 x1.h  11.3%.2 6.6%.k 262.8 £1.0 258.2 £1.0  269.1 %.2
DMF 10,1 2.5 1.8  10.2%.2 6.5% .4 263.3 £1.1  260.9 £1.1  272.1 .2
EtOH 12,5 7.h % W8 1Lb .2 6.5+ .4 2605 £ .6 2530 & .6 26h.k .2
4-BuOH 9.4 5.7 £1.0 10,0 £.2 6,5 .4 261.3 £ 7 2556 & .7  262.3 £.2
+~BuOH 4.8 - _— 6.2 = 4 — — —_
Et,0 10.6 9.0 = 7 12,0 % .2 6.8 .k 261.8 £ .5 2528 = .5  265.3 +.2

Dioxane 908 6~9 + .9 lltﬁ + ,2 6.0 = .4 26305 = .6 256;7 x .6 267-2 +.2
Dioxane 5.0 6.9 £ .9 1.5 £ .2 6.0 % b 262.9 £ .6 256.0 £ .6 260.9 =.2
THF 801 603 + a9 .1105 + ;2 602 =S t'll' ' 263--{,' =4 06 25702 + 06 26706 + og

(a) Chemical shifts arve measured with respect to internsl tetramethylsilane.

- GaT -
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PROPOSITION 1

A radical mechanism is proposed for the metal-halogen exchange

reaction.

Considering the great synthetic utility of the metal-halogen

exchange reaction (1,2), surprisingly little is known about its mechanism.
RLi + R'X —— RX +R'I1

The resction is reversible, and favors an equilibrium product dis-
tribution in which the lithium atom is bonded to the least electro-
positive carbon atam (3). Exchange pfobably 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 commonly considered to take place via a

concerted fourw—center transition state:

IL 1s proupused Lhal Lhe melal-halogen exchange 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, fofming 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-Ii + R'Br ——— R+ + R'Br Li'
= + -
R+ + R'Br~ i’ —3= R-BP-R'Ii® ——> RBr + R'Li

intermediste containing a halogen atom with an expanded octet. This
mechanism 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 affiniltles from studles of
their dissociative electron capture in solution (6); data from polaro-
graphic studies indicate that the ease of reduction (and presumably the
electron affinity) for structurally similar alkyl halides incrcacee in
the order C1 < Br < I (7), The ionization potential of only one organo-
lithium compound, ethyllithium hexamer, has been determined with any
certainty. The elé.ctron impact appearance potential of (CHSCHQ)SLis-l-
has been found to be 7.7 e.v. (8) (this value may be compared with that

for ethane (11.7 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’intuitiﬁe belief that the strongly basic organblithium re—
agénts 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-
tlary organolithiﬁm compounds. Unfortunalely, Lhe rate of the concerted
mechanism would be predicted to vary in the same fashion with the characher
of ﬁhe reagents, on the basis of polarizability and base-~strength.

The best method of demonstrating a radical mechanism for thise
reaction would be direct observation of the postulated radicals by
e.p.r. spectroscopy. However, the short life;time and low concentras
tions of these species would probably make such spectroscopic detection
difficult. Alternatively, it is prop;sed that the halogen-containing
products from reaction of 2,2~dipheﬁylpropyllithium with ethyl bromide

“at 0° be examined. The organplithium compound has been shown not to
#2C(CHg)CHoLA + CHgCHeBr —23 @oC(CHg5)CHo+ + CHCHoBr I
ko .
foC(CHg)CHp s —=>= $C(CHz)CHaP
| S+ ks
$2C(CH5)CHz+ + CHgCH2Br Ii~ ——= -0 (CHs)CHoBr + CH5CHsLi
‘ 1

. LA k ‘
@C(CHg)CHaf + CHgCHpBr ™ Ii' —2> §CBr(CHs)CHof + CHaCHaLi

rearrange at this temperature (9). The neophyl radical rearranges ex-
tensively at 30° (10); 2,2-diphenylpropylradical should therefore re-—

arrahge very rapidly, even at 0°.
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Observation of 2~bromo-2,3-diphenylpropsne among the products

would suggest strongly that free slkyl radicals were involved in this

reaction. Unfortunstely the absence of this compound would not permit

an umambiguocus decision concerning the mechanism, because it 1s con-

ceivable that ko in the above scheme might be appreciably less than kg.

(1)

(2)

(3)

()

(5)
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PROPOSITION 2

An éxperiment to detect radical reactivity at the P position

of allyl radlcal 1s proposed.

Molecular orbital treatmentes which take into account electron
correlation differ from simpler single-~configuration Huckel theory in
predicting an appreciable spin density in the i orbital on the ceantral
carbon atom of alljl radical (1). This prediction has been confirmed
experimentally for the substituted allyl radical I, observed in X=
irradiated glutaconic acid (2).

HOoC CO=H

Values of the P orbital epin densities p at the three central carbon
stoms of this molecule have been determined to be py = pz = 0.57 and
oe = ~0.19, by analysis of its e.p.r. spectrum (2).

The physical significance of the difference in the sign of py
(or pas) and po 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 orilented either parallel
or antiparallel to ﬁhis 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 Vill appear to be aligned antiparallel

at C2, and vice versa.
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Although the magnitudes of the gpin densities at the @ and B
carbon atome of ailyl radical cuggest that both positions have ap-
preciable radical character, there are no reported examples of re-
actions suggesting radical reactivity at the B position. This un-
reactivity at the B position in normal radical reacticns ig not un—
expected, because such reaction (outlined schematically below for
reagtion with iodine) would involve formstion of a high—energy bi-
radical intermediéte, and because the higher spin densities at the «

H I

HoC=CHCHz* + Ip —/> HoCCHICH, + I- —2 | + HoCCHICHZT + - -

HoC=—CHo
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
éppreciable reactivity at the P carbon atom of allyl radical. Two
’factofs in this system favor reaction at the B position. First, the
proposed reaction is a radical-radical reaction, and attack by the
benzoyloxy radical at either the‘a or B position Qf the allyl radical
should have a relatively low activation energy. Benzoyloxy radical
shiould therelore bcblcss selecllve 1n Lhe posltion of 1ts allack than
lodine. Second, if the electrdn correlation between the two radicals
initially formed in the cage is sufficient to maintain their triplef
character for a pcéiod of time greater than the timc recquired for
them to couple, only reaction at the P position of the allyl radical

could occur without a change in multiplicity. (In these formulas,

the arrow indicate bthe electron spin at the pertinent positions.)
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PROPOSITION 3

Itbis proposed that the rate of robation 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 qualitative meas-
ure of the contribution of the metal 622 orbital fo the metal-olefin

bond.

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 resulting from overlap of the filled olefin = orbital
with an empty QEE? metal orbital, and a sn—type component from overlap of
a filled dp metal orbital with the empty olefin n* orbital. The relative
contribution of the twe éomponents to the metal-olefin bond energy is
not known with certainty.

X~ray diffraction studies of Zeise's salt (2) and of the com—
- plexes between palladium chloride and ethylene (3) and 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 ligands

A, B and X (Ia).

Ia , Tb
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If the coordinate axes in the complex are defined as indicated by Ia,
the metal orbitals whose mixing results in the formastion of the dsp®

hybrid orbitals will be the 54

, A L 1.3 .
S s, 6_p_x, and %p,, orbitals; the

SQXy and 622 metal orbitals will form the Eg hybrid orbitals.
The transition state for rotation around the olefin-metal bond

will probably have the geometry indiéated by Ib: the two carbon atoms,
the metal and the three ligands A, B and X will all lie in a common
plane. The thomponent off the olefin-metal bond should not be much
altered by the 90° rotation around the bond axis required to take Ia
ﬁo Ib, because the gfg? orbital will have approximately cylindrical
symmetry. The energy of the m—component, however, will decrease by
an amount which depends upon the contribution of the 622 orbital to
the olefin-metal bond in Ia and Ib. In Ia, the n~component is formed
by overlap between a =¥ olefin orbital and a dp metal hybrid orbital.
In Ib; the only orbital available for overlap with the n* orbital is
the 5gxy orbital, because the 6Ey orbital (which has the same geometry
‘relative to the olefin x* orbital in Ib ag does the 622 orbital in Ia)
is involved in bonding with the A and B ligands., In other words, the
energy of the n»compqnent of the metal-olefin bond in Ia depends on
overlap between a 7* olefin orbital and a EB netal orbital; in Ib it
depends on the less effective overlap between the ¥ orbital and a s
metal orbital.

| Experimentai measurement of the energy difference between Ia
and Ib due to the difference in the energy of the metal-olefin n~bond
in these two conformations could be accomplished by measuring the

activation parsmeters for rotation around the metal-clefin bond, were
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it not for a probably'considerable contribution to these'parameters
. from steric 1nteractiuns between the hydrogens on the olefin and the
ligands A and B. Alternatively, it is proposed 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 rofation either through its effect on the olefin-metal
dative m—-bonding, or through its effect on the total olefin-metal baond
étrength (5). Rotation around the olefin~metal bond should not markedly
affect ﬁhe o contribution to the metal-~olefin bond. The effect of the
trans ligand X on this compoﬁent can therefore be neglected. The n=
component of the metal~clefin bond will however be affected by rotation,
to the extent that the overlap between the olefin n* orbital and the
metal orbitals is determined by the 622 orbital.
An electronegutlive ligand X capable of forming strong acceplor

d-d ﬂ~bonds with the metal will compete with the olefin s* orbital for
the electrons in the metal d orbitals. The more strongly X polarizes
the electron density’in these d orbitals away from the olefin, the
weaker will be the n—component of the olefin-metal bond, and corresponds
ingly, the smaller the difference between the n contributions to the
dlefin»metal bonds in Ia and Ib. (This decrease in the contribution
of thevn bonding td the barrier to rotation on increasing the acceptor
strength of X‘is most simply understood for a hypothetical ligand capable
of reducing the énergy of the s~component of the olefin-metal bond to

zero for both Ia and Ib; clearly in this extreme the n contribution to
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the barrier would be Zero.) Consequently, the magnitude of the Egggg
effect on »the rate of rotation‘ around the wmeltal~ulelfin bond will be a
méasure of the difference in the importance of m~bonding in Ia and Ib,
and correspondingly a qualitative measure of the contribution of the
622 orbital to the olefin-metal honding.

Determination of the necessary rates of rotation might be ace
complished by following the rate of racemization of optically active II

(if rotation is slow), or by determination of the temperature dependence

H
Cl —X
/,
Pt
Y; H
PP
HaC
I
. CHg

of the n.m.r. spectrum of racemic II (if rotation is rapid).
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PROPOSITION 4
An intermolecular coupling constant is proposed.

Spin~spin coupling hetween two protons in a saturated organic
compound 1s commonly agreed to occur through the agency of the elec~
trons in the o-bonds joining the two (1). However, considerable ex-—
perimental evidence has accumulated suggesting that coupling involving
fluorine (2,3) uf heavy nuclel (k) may take place by other mechanisms
than the through*bond.Fermi contact coupling ilmportant for protons.

In particular, it has been suggested that fluorine~fluorine (2) and

fluorine-hydrogen (5) couplipgs may reflect interactionsg between the
nuclel occurring through space, rather than through the intermediacy
of the o-bonding electrons.

Experimental attempts to distinguish between through-~space
and throughwbond couplings are made difficult by the fact that
changes in the geometry of a molecule designed to bring two nuclel
of interest clcse together or to hold them apart are also expected
to change the magnitude of any coupling through the o-bonds connect-
ing the two (1). Consequently, interpretation of the dependence of
a coupling constant on the geometry of a molecule, in terms of the
relative conbribution of through-~bond and through-space contributions,
is rather ambiguous. Observation of an intermolecular coupling con—
stantvbetweenfnuclei on different molecules would demonstrate clearly
that two nuclei need not necegsarily bhe connected by o~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 exemplified by L:
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NOz

FsC

HoN
I

Two practical problems must be considered in proposing thab
the fluorine atoms in this complex will show -appreclable spin-spin
coupling to the ring hydrcgens on the triaminobenzene ring. The first
'is the lifetime of the complex in seolution; 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 CF3 CFs H CF3
SO -O0=0 00

The rate of this exchange is difficult to predict accurately. Forma-
tion of charge~transfer complexes 1s known to be too rapid for meag-—
urement by ordinary kinetic techniques (6). Consequently the activa-
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 formationl For moderately strong complexes (for example, the
complex of anthracene with gftrinitrobenzene) measured heats of forma-—
tion are approximately Iy kaal./mﬂle (7). If the activation energy for

exchange is asgsumed to be a?prokimately equal to the energy required to
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dissociate the complex, iﬁ seems possible that a strong complex might
»bawe"a dissociation energy of 6= kcal./mOle, and  consequently an ex-
change raté sufficiently slow to be dbservablekat 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: wunless the
hydrogen~fluorine distance is small, there seems little hope of ob-
serving through~épace coupling. Crystal structure determinations of
several aromatic charge~transfer complexes indicate that the planes
containing the donor and acceptor molecules are separated by 3.2-

3.5 K (8). Assuming that the van der Waals radius of a trifluoro-
methyl group is approximately 2.1 K (the radius of a hydrogen atom is
1.2 K; of a fluorine atom, 1.35 K; and of a methyl group 2.0 E)(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 van der Waals radii. DPctrokis and Scderholm have suggcested
that van der Waals contact may be a necessary condition for throughe—

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 industrislly important carbonylation re-
actions (1). The experimental foundstion of most discussions of the
mechanism of' this transformation has been a study by Coffield,
Kozikowski and Closscm of the analogous alkyleacyl interconversion
in methylmanganese pentacarﬁonyl (2). Using 140 labeled carbon
monoxlde, these workers demonstrated that the carbon monoxide mole—
cule which was incorporated into the acetyl group was not that which
entered the complex from solution, and conversely that during decarb-
onylation the carbon monoxide fragment from the acetyl group remalined

attached to the metal and did not escape directly into solution.

0]

1l
CHaMn (CO)s + 'mco e CHSCMn(Co)é(ll*co)
N
CHQ,:LL*CMn(co)5 — CHaMn(co)A_,(l”co) + CO

The reasonable assumption is commonly made that an analogous
result would e Observed for the alkylcobalt tetracarbonyl~ acylccobalt
Lelracarbonyl Inlerconverslon, and that the acyl carbonyl group would
remain tightly bound to the metal stom during these reactions. The

question of the degree of freedom to be ascribed to the alkyl group
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in this interconvergion is presently unanswered. Caldefazzo and Cotton
have suggested.tﬁat migration of the alkyl group from carbon monoxide
moleculé td metal and back occurs within the confines of the complex
(4). A reaction of this type would have ample precedent in the con—
deﬁsation reactiong ohaserved for aeetylenes 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)y =—>= R- + Co(C0),
Re + Co(C0)y =—>= RCOCo(CO)s

RCOCo(CO)s + CO ——== RCOC0(CO),

(This reaction scheme has been written in terms of coordinately un~
saturated intermediates, following a suggestion of Heck (6); alter-

natively, unstable intermediates of the type
R- + Co(CO)s

might be invoked.)

| Carbonylation proceeding through an alkyl free radical inter—
mediate would require that radieal addition to the carbon monoxide
molecules in the coordination éphere of the metal be rapid. Although
radical additions to carbon monoxide have not been examined in anyr
detail, both the ébility 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 ordér to distinguish between a mechanism for the carbonyl-
ation reactiaons invblving free and tightly bound alkyl groups, it is
ﬁroposed that optically active 2mmethjlbutyrylcobalt tetracarbonyl
(9) be decarbonylated and the extent of racemization of the result-
ing isobutylcobalt tétracarbonyl be determined. A high degree of
sﬁereospecificity in the reaction would exclude a mechanism ine
volving appreciable Lreedumn in bLhe alkyl group. Before exbensive
racemization could be taken as evidence for a free alkyl group, it
would be necessary to establish the optical stability of optically
active igobutyleobalt tetracarbonyl (10), under the reaction
conditions. However the high degree of covalency expected for the
carbon—cobalt bond (11) suggests that the asymuetric center of this

organometallic compound should be configurationally stable.
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