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I. INTRODUCTION AND HISTORICAL DACKGROUND

Within the past ten yecurs, chemists have come to realize
the significance of nuclear maegnetic reconance spectroscopy,
especially in uppliceation to kinetics problems. NMR lends itself
well to the study of rapid reactions and excheénges. The field of
organolithium chemistry has been studied extensively using NMR to
obtain exchunge rate and activation energy parameters, as well cs
deducing exchange mechanisms.

Methyllithium has been shown to be a tetrumer in the solid
state (1), and in diethylether and THF using colligative property

7

measurements (2). Seitz and Brown (3) used ‘Li NMR at low tem~

peratures to verify the tetramer structure of a mixed C,H_Li and

275

Cl,Li species. The structure is thought to consist of lithium

3

atoms at the corners of a regular tetrahedron. Surrounding the

3 hybrid

tetrahedron are methyl groups, each with an unfilled sp
orbitusl directed towards a2 face of the tetrahedron. Thus, a four
center, two electron bond is formed with each methyl group and

three lithium stoms.
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McKeever, et ul. (4), have verified this tetruamer structure
by noting 7Li—13C scalar coupling in the 7Li magnetic resonance
spectrum. Ilowever, Brown, et zl. (5), have noted that the metal-
metsl bond order between lithium atoms may be zero, due to the
absence of observable 7Li~6Li scalar spin-spin coupling at low
temperaturc.

Ordinerily, alkyl group exchange where an alkyl mercury
compound is involved is slow. For exzmple, Dessy, et al. (6),
observed no exchange between (CHS]ZM and (CDB)ZHg’ (where M=Zn,
Cd, or Hg), after eight days at room temperature. Comparably,
other Group II dialkyls exchaznge very rapidly at room tempera-
ture. It has been shown that (CH3)2Cd exchanges methyl groups

rapidly with both (CH Zn and (CH3)2Mg' Also, it has been shown

3)2

that (CH Zn exchanges rapidly with (CHS)ZMg’ even at -103°C in

3)2
diethyl ether (7). However, all three of the zbove mentioned
Group II dialkyls exchange rather sloﬁly with (CHG)ZHg (8).

It may also be noted that with each of the Group II metals,

heteroalkyl exchange is rapid, while it is slow with RzHg (9).

R,M + R, 'M ——— 2 RMR! fast (1)
R',Hg + R,Hg === 2 RllgR' slow (2)

The apparent inertness of dialkyl mercury compounds zrises
from two fuctors (6). First, the size of the mercury atom is
large enough to prevent the metal-me£a1 approach necessary in
‘the trunsition state for exchange to occur. Secondly, the ds
hybridization used by the mercury atom may prevent distortion of

the 180° bond angle necessary for the sccond order alkyl-bridged



transition stote to occur us deplcected below.

R
R—M" DM
M\R,f M—R

It might be noted that «lkyl group exchange occurs rapidly
among Group IIT tri:lkyl compounds, i.e., where the size of the
metal zllows, presumably becouse the trielkyl compounds are al-
ready close to the proper orientation needed for the alkyl-
bridged trensition state.

In addition to exchanging rapidly among themselves, (CH3)2M
(M=Mg, Zn or Cd) compounds rapidly exchange methyl groups with
complexes of the type LizM(CH3)4 or LiM(CH3)3 in diethyl ether
and THF (10,11). These exchange reactions are very facile even
at temperatures below -70°C znd the mechanisms are considered to

be as follows:

— 4+ . 1%
O
}k . s \ / \3/ —_— . * *
(CH3)oM + LioMCHo), = AWM = LipMCH3)4+(CHLM
34?45
|

s
X ) . oINS AN e X X
(CH3),M  LiIM(CHg)y <= M\/NK/U ~— LIMCHy);  CH3),M



Methyllithium :lso exchinges methyl groups and lithium

atoms with the complexes Li, M(CH Li h(Clly), or LiN(Cl,),

UGy} o 304
although this is considerably less facile than the (CHS)ZM—
complex exchunge discussed above. For the systems studied so
far, methyllithium~complex exchunge has been considered to

occur by way of & methyllithium tetramer to dimer dissociation

step followed by exchange of dimer with the complex.

(ci,Li), — 2(CH3Li)2 (3)
(CH,.Li), + comélex%-————¥ (cH,Li)¥* + complex (4)
3 2 3 2

In = study of lithium exchange between methyllithium and
LiB(CHS)4 [also LiAl(CH3)4], Williams and Brown (12) proposed
the zbove mechanism with the tetramer-dimer step (3) being rate

¥ 1.0 keal

deternining and having an activation energy of 11.2
mole_l. Since methyl group and lithium exchange between methyl-
lithium snd complex in the CH3Li—(CH3)2M systems appears to be
concurrent, end with the activation energy cbout the samé as
Li-LiB{(CH

that found by Williams znd Brown for the CH system,

3 34
it hus been presumed that a mechinism represented by steps (3)
and (4) is operative.

Witanowski and Roberts (13) have suggested the inversion of
neohexyllithium in diethylether involves & dissociation-recombi-
nation step. The nature of the dissociation step is not certuin,
but since the inversion is much slower &nd has & higher activa-
tion energy (15 T 2.0 keal mole-l) then the methyllithium complex
exchanges described sbove, it appears it is different from (3).
Presuming necohexyllithium is tetrameric in ether, the step could

SR, ~ T
N

be of the form R4Li4.r____ Li413 R™, in which the ionic specics



is considered to be & contact ion pair. VWith this in mind, it
would appeuar reasonable to consider thiot methyllithium could

dissociate ionicully from either the tetramer or dimer.

. \ , o+ o
(CI-13L1)4 e L14(Ci‘13)3 *CI-IS (5)

znd/or
(cnLi), ~— LiZCH3+-CH3_ O (6)

Toppet, et al. (14), have observed slow methyl group ex-
change between (CZHS)Li and (Czﬂs]zﬂg in benzene, but noted zn
acceleration of rate upon addition of smell amounts of TIIF.
Exchange of methiyl groups has also been reported between CH3Li
and (CH3)BHg in diethylether (;5). Since the tendency for com-
plex formotion between mercury alkyls and methyllithium is
relatively low (16), and the methyl group exchange much slower
than with Zn, Mg, or Cd dialkyls, the CH Li/(CH,) Hg system
seems to be a good system for obtaining information about the
rate determining step for the exchange process. The object of
this work is to determine the nature of the rate determining
step, its activation energy ond its response to & change in

solvent.



IT. LAPERIMENTAL

¢

A. Manipulation of Air Sensitive Combounds

Since most of the compounds dealt with were either air
sensitive or toxic, 11 mecnipulations were carried out in an
inert atmosphere glove box. The box was purchused from Vaocuum
Atmospheres Corporation. Argon was used as the inert gas and
was kept rigorously free of zir and water by circulation through
menganese (II) oxide and molecular sieve columns, as depicted in
Figure 1. The argon first pessed through & 4A molecular sieve
column to remove water, then through a 13x molecular sieve column
to remove organic solvents ind any residuacl water, and finzlly
through & column filled with vermiculite coated with manganese (II)
oxide to remove oxygen. The oxygen removal column was placed
last in the chain to prevent slow poisoning of the MnO by organic
solvents. It was generzlly necessary to regenerate the oxygen re-
moval colunns mucﬁ more frequently tﬁan the molecular sieve col-
umis; and therefore, these columns were placed in parallel so
that one could be regenerated while the other was being used.

A1l of these columns were attached to a2 7/8" o.d. copper tub-
ing mznifold by using a short piece of 1" i.d. rubber tubing on
each end. In order to regenerate, it was necessary to isolate the
column involved from the box so that it could be evacuasted. This
was cccomplished by using o clamp on the rubber tubing which con-
nects the column to the copper tubing manifold. The molecular
sieves were regenerated by heating (31000. For 44, 220°C. for 13x)

in & vaecuum for a period of at least six hours. The vacuum for
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Explanation of Figure 1

Schematic Drawing of Dry Dox and Continuous
Flow Atmosphere Purification System.
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regeneration of ©ll the colunns was supplied by a lodel 1400
Welch pump connected to a trap cooled with dry ice or liquid
nitrogen. Ileat was provided by 20 gauge nichrome wire, or large
commercial heating tupe, wropped cround the colunn ond controlled
by & variacl To retain the heat, each column was jacketed with =z
heavy asbestos liner (steam pipe cover obtained from the Kansas
State University physical plant).

The Mn0 columns for oxygen removal were prepared according
to a procedure suggested by Brown, et sl. (17). The columns were
filled with vermiculite coated with about 500g. Mn0204-2H20,
evacuated and very slowly hezted to 38000. This temperature was
maintained until all the oxalate had decomposed to manganese (II)
oxide, a bright green solid. VWhen the columns had returned to
room temperature, the argon atmosphere was allowed to pass
through. As the columns removed oxygen from the argon atmos-
phere, the color of the menganese oxide turned from bright green
to dark brown, apparently due to a higher oxide of manganese
approaching the composition Mn203. Regeneration was accomplished
by the following procedure. First the column was evacuated and
heated to chout 38000., ot which temperature the vacuum was shut
off and hydrogen gas passed through until the green color was
restored. Then the hydrogen wzs shut off and allowed to cool to
room temperature while being evacuated.

Vork in the dry box was infrequent, depending upon the out-
cone of previous samples, time aveailable, and generzl readiness
of the bdx. However, during regular use one would go in und out
of the bo; approximetely five times per day. This along with

diffusion through the butyl rubber gloves was the largest outside
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cont:ominant of the box ctmosphere. Under these conditions, regen-
eration of the purification colunms was necessary about every
third day. Under modercte use, the colurms stayed charged cs
much as a weelk before regenerction was necessary. In order to
lessen oxygen contamination, «ll glasswere was tolken into the

box slightly warmed from the oven.
ki

B. Reagents znd Solvents

Reagent grade anhydrous diethylether was purchased from the
Allied Chemiczl Co.

1,2~Dimethoxyethine (anclytical reagent grade) was purchased
from the lMacllinckrodt Chemical Works, as well as analyticzl grade
tetrchydrofuran.

The distillation of solvents was carried out in an argon or
nitrogen filled distillation apparatus within the lhood. The
distilling flask was warmed with a hegting mantle; and the re-
ceiver was cooled with dry ice. The water free solvents were
sealed with E stoppers which were taped dowm with Scotch No. 33
plastic tzpe and then tcken into the dry box. No difficulty was
encountered with explosion of the solvents under vacuum in the
port chamber.

09.90% pure lithium metal was purchased from Gallard-
Schlesinger hMonufuocturing Corporation. The lithium was stored
within the inert dry box ztmosphere continuully to avoid oxidation.

All solvents used were dried over sodium metal and distilled
from lithium ualuminum hydride, then taken immediately into the

dry box wnd used within two or three duys.
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The dimethiylmercury used was purchased from Bostmon Orgonic
Chemical Company. DBecause of the high volatility and toxicity
of (CHS)éHg, cach 25z. bottle was opened inside the inert atmos-
phere dry box cnd stored there in o sealed container until used.

Methyllithiun wuas prepared by adding excess lithium metal

to measured amounts of dimethylmercury in diethylether, Etzo.

Etq0

(CH3)2Hg + Li(metal) — CH excess

3Li+Li(Hg) + SLTEE (7))

Concentrations of methyllithium were determined by titration
of hydrolysed aliquot samples with standardized hydrochloric acid,
or KHP using phenolphthalien as an indicztor. The concentrztions
made were usually 1M. In z& typical preparation, one would put
30 ml. of diethylether and 1 ml. dimethylmercury in & 50 ml.ﬂE
joint Erlenmeyer flaslk with a magnetic stirring bar. Small
pieces of lithium metal were zdded slowly until the lithium
metal continued to float and remained shiny, signifying that the
reaction was complete. The process usually took about one hour.
Thirty ml. of diethylether wcs used instead of twenty-five ml.
to allow for evaporation during the process. Occasionally smzll
pieces of broken glass were added to the reaction mixture to keep
the surface of the lithium metal clean and available for reaction.
Upon completion of the reaction, the Li(Hg) amalgam and excess
lithium were filtered off and the methyllithium weas ready for
sample preparation.

A special procedure was followed to minimize the reaction of
methyllithium with THF and DME. Solutions of methyllithium in
these solvents were prepared by first preparing methyllithium in

diethylether, as described above, and then pumping off the ether



and fedissolving in the new solvent. It wag found thet in order
for the methyllithium to redissolve readily in the new solvent,
it should not be dried wder vacuum for more than an hour. Once
the methyllithium was dissolved in THF wnd DME, the methyllithium-—
dimethylmercury nixtures were prepared, placed in NMR ﬁubes,
sealed off and placed in dry ice &s rapidly «s possible.
Concentrctions of the dimethylmercury were prepared by using
volumetric pipettes and o 25 ml. volumetric flaslk. The dimethyl-

mercury concentration wss usuzlly made about 0. 5M.

C. Preparation of HMR Somples

After the concentrations of methyllithium and dimethylmercury
had been deternined, mixed samples of these two compounds were
prepared in 25 ml. Erlenmeyer flasks, using the appropriate volu-
metric pipettes. A certain number of milliliters of each were
used depending upon the molar ratio desired and the concentrations
of the reactants.

Specizlly prepared NMR tubes were used for the NHR scomples.
The tubes were prepared by attaching sz #2 stopcock to the open
end of 2 5 mm o.d. NHMR tube. On-the other end of this stopcock
was affixed & standard taper 10/30 male joint (Figure 2). These
libeled tubes were token into the dry box and filled with the
appropriate mixed sample, using 30 ml. Multifit syringes equipned
withh 6" long hypodermic needles. The long needle wos required in
order to rexnch the bottom of the NMR tube. Thereuafter, the stop-
cocks were greased and closed, tzken from the dry box, and fitted

to & fem:zle 10/30 joint attached to a vacuuwn pump. The sample
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Explanation of Figure 2

Drawing of Specially Modified 5 mm NMR Tube
used in Sezaling off Samples from the Atmosphere.
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10 vacuum

$10/30

No. 2 stopcock

5mm NVIR tube
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was then frozen in liguid nitrogen wund the stopcock opened.

The sides of the NMNR tube were fused together just below
the stopcock thus sealing off its contents. The labeled tube
was then warmed to room temperaturé and stored in dry ice until
HWMR spectré could be taken. The entire process, beginning with
preparation of the methyllithium was done 2s rapidly as pos-
sible to avoid rezction of methiyllithium with the solvent. It
" was most important that all equipment remained clean and dry

throughout thie process.

D, MMR and Gos Chromastogranhy

MMR spectra were recorded on a Varian Associstes A=60
nuclear magnetic resonance spectrometer, gquipped with standard
Varian Associates variable temperature accessories. The ten-
perature wos measured before and after each spectrum was
recorded by o copper~constantan thermocouple within o standard
size NMR tube inserted into the probe of the NMR. The thermo=-
couple was connected to a Leeds and Northrup millivolt potenti-
ometer. Temperature measurements were found to be accurate to
within 1%, by this method.

The resoclution was readjusted ot each.temperaturc using the
Y gradient to insure accurate recording of the spectra. A 250
second sweep time was used most frequently and the R.F. field
was kept as low as possible to avoilid saturation of the signal.

The spectrometer was calibrated at eocch temperature using
the sideband Eechniquc. At e&ch temperature the recorder re-~
sponse was found to be 1% low, i.e., 5.00 Iz was cctuclly 4.95 liz

from this’ technique.
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Ges chiromctographic analyses were made using an F and M

model 700 dual column instrument packed with SE-30.

o

E. Analysis of NMR Data

Information about the kinetics of exchange processes con
be obtuined from NHR data in & number of ways (i18). Principzlly
two methods were used in this work: measurement of full line-
widths st half height (hereafter simply referred to as linewidth)
in the region of slow gxchange, and calculation of an overall
line shape as z function of T , where 1/’1" -‘51/']’A+ 1/’]’51- 1/’rc for
& three site system (T;pwc = meen lifetime of a particular
methyl group on thut indicated site). The former was used zs a
neasure of the methyllithium~dimethylmercury exchange and the
latter as a measure of the dimethylmercury self exchange.

In the region of slow exchange, the mean lifetime of an
exchanging group at site i, T was related to the linewidth, &k,
by the expression  1/1, =1(( Ay - ﬁﬁa), (8)
where le represents the linewidth of site i1 in the absence of
exchunge.

A Fortran computer program was used to calculate theoreti-
czl three-site exchiunge spectre for the dimethylmercury self
exchange (19)%.

Activation energies were obtained from the temperature

dependence of the ¥HMR spectra. According to the Arrhenius

AL
(A)

Ref. 19 is un example system upon which the multi~site
exchange progroam written by Whitesides wos also used.



equation,

-L./RT
k = Ae ©

2 plot of In Ik vs. 1/T(°K) would give = slope equivzlent to

~E_/RT.

of slope

Since 1/f &k, In 1/7 vs. 1/T(°K) gave a straight line

-E_/RT. The best streight line fit wos determined by

the method of least sguares.

17
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I1T. REBULTS AND DISCUSSION

A. Methvllithium=Dimethvlimercury Lxchonee in Diethylether

Observations

At probe temperature, the proton NMR spectrum of methyl-
lithium in diethylether consists of a single resonance located
3.08 ppm upfield from the ether triplet. The linewidth =zt 36°C
is 0.50 Hz. As the temperature is lowered, the linewidth begins
to broaden and continués to do so until it reaches 5.00 Hz at
~60°C, then remains constant as the temperature is lowered
further (Figure 3). The broadening is due to & combinztion of
methyl group exchange between methyllithium tetramers aond 7Li—1H
coupling. When the exchange is rapid, as at 36°C, 7Li--lH cou~
pling is absent. As the exchange becomes slower, 7Li--IH coupling
becomes apparent and broadening of the methyllithium linewidth
occurs. It was suggested by Seitz and B?own (3) that the broad-
ening is actually ten lines resulting from the proton of a
methyl group coupling with three equivalent lithium utoms on one
face of the tetramer. The coupling constant is small; and hence,
a single broad line resultis.

The protorn snectrum of dimethylmercury in diethylether
consists of a single resonance at 0.87 ppm upfield from the ether
triplet due to the methyl groups bonded to 200Hg, (1=0), =t all
temperatures studied. Also, at 2all temperatures of interest the
linewidth is 0.98 Hz. At 51.5 iz on each side of the mercury-
200 methyl resoncnce, satellite resonances occur which are due

10 :
to i’gﬂg—lﬂ coupling (199Hg, I=%, 16.93% natural cbundance).

The intensity of each of these pecks iz 8.45% of the totzl
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Explanation of Figure 3

Methyllithium Linewidth as z Function of Temperature
in Ether, TIF and DME.
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dimethylmercury peck areas. The measured coupling constant for
199e-111 is 103 Hz.

From Figure 4, one czn see thut the probe temperature (3600)
spectrum of ¢ mixed methyllithiwia-dimethylmercury sample in
diethylethér consists of two broad pezks sepzrated by approxi-
mately 133 Hz. The brouadness is due to a relatively slow methyl
group exchange between methyllithium and dimethylmercury. The up-
field peak was assigned to methyllithium and the downfield pezak
assigned to dimethylmefcury. The triplet superimposed on the
dimethylmercury pezk arises from 130—1H coupling in the solvent,
and is a satellite group to the larger ether triplet further
downfield. As the temperature is raised above 36°C, the two
resonances begin to coalesce. At 51°C the two peaks are still
discernible; however, the depth of the valley between them has
decreased greatly. As the temperature is decreased below 360C,
the two resonances begin to separate and sharpen. At 6°C the peak
appear to be completely sepurated. The separation at this point
is 133 H=.

Linewidths of each peik were recorded and measured over the
témperature ronge SSOC to —34°C. The linewidth of dimethyl-
mercury is assumed to be affected by three factors: (1) Phasing
difficulty due to the larger ether triplet being in close prox-
imity to the dimethylmercury peak made it difficult to draw o
meaningful baseline; (2) The 13C--H triplet superimposed on the
dimethylmercury peak would a«ct to increase the normal linewidth;
(3) The dimethylmercury seclf exchinge discussed in Section V

contributes to the linewidth. Therefore, the activation energy
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Explanation of Figure 4

Temperature Dependence of Proton NMR Spectra of
CH,Li/(CH,).Hg Exchange in Diethylether.

3 e .
Li/Hg = 1.23
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for methyl group exchange between methyllithium and dimethyl-
mercury was obtoined from measurements of the methyllithium
linewidth «t vorious temperctures. A 1/7 ci.Li Was calculated
at each temperzture using equation (8) explained in the experi-
mental section. An Arrhenius plot of log 1/ T cii.Li VS 1/7(°K)
is shown in Figure 10. The activation energy wasscalculated
from the slope of the line as 16.4 ¥ 2.0 keal msle L, The main
disadvantage to using log 1/7 CH3Li in this plot instead of
log I/TT » vwhere T.= 147 /TA +T, as determined from a complete
line shape anclysis, is that the temperature range over which
usable datz could be obtained is shortened. Using 1/7 CH . Li?
one had to cease-measurements as soon as the methyllithium line-
width becazme large enough to overlap the dimethylmercury peszk.
By using & complete line shape unalysis, it is possible to
neasure the linewidth of the single pezak observed even after
coalescence has occurred.

Upon examination of Table 1., one can see that the methyl-
lithium linewidth is.relatively independent of Li/Hg. This can
be more resdily seen upon comparison of the same data in THF
where methyllithium linewidth does vary with Li/Hg, and the data
obtained by Brown (20) for the Ga(CHS)S'I».TCSHS/(CI-Is)SGa systen
where the linewidth is also a function of concentration.
Sections I snd ITI of Table 1 must be considered separately.

They cannot be combined because the two sets of data were ob-
toined at slightly different temperatures. The important aspect
to-noticé is thaot the linewidth is independent of Li/lg in each

s5et.
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The slight incresse in linewidth with increasse in Li/llg in
Section I, Tuble 1 is within experimentcl error and moy be

coincidental.

Table 1.

liethyllithium Linewidth s a Function of Li/Hg
in Ether at 36°C.

pi/Hg L;%CH3L1 (0z) 1/ 7 CHBLi(sec 1)
I. A. 6.17 5.9 17.1
B. 2470 79 23.3
c. 1.23 8.3 24.4
D. 0.61 8.4 24.9
E. 0.31 9.4 28.0
II. F. 283 8.8 26.1
G. 1.89 11.5 34.6
H. 0.94 11.0 33.1
I. 0.47 12.0 36.1
I 0.31 10. 5 31.2
0.94 9.3 27.7

K.

Section II reveals no such similar pattern. Sample A
exhibits-an unusually smzll linewidth in view of the others in
Section I. This deviation is outside experimental error und is
prob.bly due to & brezkdown of the mechanistic model at higher
Li/Hg ratio. Sample K is =z double dilution of Hj one can sece
thizt the methyllithium linewidth chonges only 1.71 Iz, which is
well within experimental error of 34 Hz, znd probazbly due to
wn increcse of signel to noise rotio upon dilution.

Mechonisms of Exchange

There appear to be five different mechinisms that deserve

consideration as possible pathways for methyl group exchunge



between methyllithiun and dimethylmercury. The first of those

five is as follows:

CASE I
k .
(CH,Li) ;:é:t 2(CH_Li), slow (9)
3 4 k 1 3 p
T D
(cu, ) cu.Li, +(CH,) H E§+ (cm,Li), +(ci,)*(cu,)ig  (10)
3} CHghiy §'2"8 3°% 2 37 tE
D Hg D Hg"

Case I consists of a2 slow tetramer to dimer dissociative
step which is rate determining followed by reaction of the dimer
with dimethylmercury to exchange methyl groups. Applying the

steady state approximation to the dimer:

dD) = o = 2k (1) - 2k_, (D) = k(D) (Hg) (11)

from Which,
(D) = 2k, (T)/2k_;(D) + k,(Hg) (12)

3*
The rate of formation of exchanged products, Hg is:

%
d(He ) _
ac— = ky(p)(ug) (13)
Upon substitution of (D), Expression (13) becomes:
d!ﬂﬁ%! 2k, k, (T) (Ug)
w 2k_1(D)-+k2(Hg)

If one assumes that the reasction of the dimer with dimethyl-
mercury is much faster than recombination of two dimers to form

a tetremer, then Zk_l(D)<<.k2(Hg), and Expression (14) becomes

Qiﬁﬁ_l = zkl(T) (15)

dt
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from which 1/T‘CH3Li is:
1 11 d(Hg
c 1
p—i L] - - — ——1{ (16)
] dt 2™
1’CH3Li 4

Therefore, 1/7 is predicted to be independent of Li/llg

CH,Li
from expression (16).

It beconmes obvious that the exchinge mechanism of Case I is
not operative in diethylether. Although the methyllithium line-
width is not & function of Li/Hg as the mechanism predicts, the
activation energy is too high, and the éxchange rate too slow,
for tetramer to dimer dissociation to be the rate determining
step. An activation energy of 16.4 2.0 keal mole-1 is signif-
icantly different from the 11.2 t 1.0 kcal mole™! Williams and
Brown (12) measured for the same process in the CHsLi—LiB(CH3)4
system, indicating that whatever the rate determining step, it
does not appear to be a tetramer to dimer dissociation.

lowever, if the reverse is true, i.e., kz(Hg)<< k—l(D)’ the
second step is rate determining while the tetramer to dimer

dissociation is rapid. The kinetic expressions then become!

dlle ) = gk, (1) (1g)/2k_, (D) (17)
From equation (9):
_ 2
Keg = (p)“/(T) (18)
wTh (0) = K_31)? (19)
\eq
5 ond 3% "
a(ng ) _ k(1) (1g) (20)
i1
dt k_ Koy “(T)2

From Expression (20):
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i

1y Ly = 1/4(1) - atig)/ae (21)

3

1/1'CH3Li = klkz(Hg)/4k_1Keq (1)

By
(i

(22)

This assumption predicts 1/7 ., ,. to be & function of
X CII3L1

(11g)/(T)2, which is not consistent with the data. The fact that
neither assumption in this case seems to fit suggests that &
methyllithium species more reactive than dimer towards (CHS)EHg
must be involved to account for the observed exchange. The
methyllithium species, although more reactive, must be produced
more slowly since the methyllithium—dimethylmercury exchange is

slower than tetramer to dimer dissociation. Some suggestions

for thut species appear in the following cases.

CASE II
ky
(CH,Li), =——= 4CH,Li (23)
37 I 3
T M
CH%L; + CH,CH,H ,52;+, CH Li + CH,CH'H (24)
3t 373 € 3 35378
M Hg M Hg

Case 11 consists of a complete tetramer dissociative process
directly to the monomer. The dissociation is the rate determining
step after which exchange of methyl groups occurs between the
monomer cnd dimethylmercury. Use of the steady state theory for
the monomer yields:

) = o = gie (1) - ax_ (04 - 1, (M) (1ig) (25)

and upon rearrangement:

(M) = 4k1(T)/4k_1(M)3 + I, (Hg) (26)
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The rate of formation of exchanged products is:

3
A(H
dliz) () (1) (27)
dt 2 .
which, after substitution of Expression (26) yields:
3%
1
91%5—1 = 4k1k2(T)(Hg)/4k_1(M)3 + k, (llg) (28)

However, if 4k_1(M)3<< kz(Hg), i.e., the exchange of the
monomer with dimethylmercury is more rapid thin their recombi-

nation to form a tetramer:

alg ) _ 4k (1) (29)

at
s and
_ 1 1 aHg) _ 1
1/""cnSLi = 7 (T) * “dt Vgt (30)

From the results of Expression (30), this mechanism cannot
be eliminated, The kinetics predicts that 1/7 CH.Li will be
independent of Li/lg, which is what was observed. If k—l(M)3>>
kz(Hg), this would predict a Li/Hg dependence for 1/T CH3Li
which was not observed.

Studies of other systems suggest that direct breakdown to
monomer, e-g., (RLi) == nRLi, may occur. Waack and Doran
(21) have shown in their study of methyllithium with 1,1-di-
phenylethylene in THF that the recction was % order in methyl-
lithium indicating a rate determining step consisting of
tetramer to monomer dissociastion. Many others (22,23) have also
reported fractional reaction orders for alkyllithium compounds

upon reazction with olefins as the initiation step for zanionic

polymerization. This mechanism must be considered even though
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Brown (24) has criticized the fractionazl reaction orders ob-
tained by Bywater and Worsfold (25) and insists that this type
of mechanism is energetically not feusible. Ilowever, it must
be kept in mind that Brownls arguments are primazrily buased on
~reactions in hydrocarbon solvents. In donor solvents, solva=-

tion of the monomer could favor this reaction.

CASE ITI
K .
(ci,Li), L0k 2(CH,Li) fast (31)
T D
kZ(KGQZ)
(CHBLi)Z e e 2(CH3L1) slow (32)
k_z
D M
* k *
P+ 1 H.Li + CH.CH.I
CH,Li + CI,CH,Hg — CH,Li + CH CH,Hg (33)
M He M Heg'

Case III, « three step process, consists of a rapid tetramer
to dimer dissociation followed by =& siower dimer to monomer
breakdown. The monomer then rezcts rapidly with the dimethyl-
mercury to exchange methyl groups. Dy applying the stecady state

assumption to the monomer and reasrranging the result one obtoins:

Qé%l =Q = 2k2(D) - Zk_z(M)z - ks(M)(Hg) (34)
(11) = 2k2(n)/2k_2(m) -+ k3(Hg) (35)

-The rate of formution of exchoanged products is:

d(1g
“Lgfll = kS(M)(Hg) = 2k2k3(n)(ng)/zk“2(m)—+k3(ng) (306)
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If Zk_Z(M)<£ ks(Hg)then,

a(ig’)  _
at 2k, (D) (37)
and substitution of expression (35) yields:
3% 1 1
d(Hg )/dt = 2k,K_ 2(T)2 (38)
eq
from which:
1 ) 3 ‘
UT 11 = 2KpKeg™x 1/(T) (39)

3

From expression (39), 1/T CH Ly 18 predicted to be a linear
3 1

1
function of 1/(T)2 with a slope of 1k Keq2 zand an intercept of

2

1
zero. A plot of 1/ vs. 1/(T)2 yields a straight line

CH3Li
independent of (T) with a nonzero intercept. Clearly this

assumption must not be operative. If 2k_2)> ks(Hg) then,
3%
d(Hg")/dt = k,k, (D) (He)/k_, (M) (40)
Using the expressions:

(D) =K %(T)2 (41)

]

o) = ()3 2 (42)

s then

)3/4

1 1
VT oy 13 = Koyi 'K 22k3(Hg)/(T (43)

3 _eql eq

Again 1/7 cil Li 18 Predicted to be dependent upon Li/lg
<

which was not what was observed. This mechanism may be

considered unlikely on these buscs,

CASE IV

|4
(Cngli), === (cii,), i LS (44)
T -1 T+
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3 Ik e
+% 2 . o+ - :
cn.) . LitenT + Ci.CH_He =2 Li (cn)fci™ + cu_ci.n
(Clly) gLd,Clly + Cll,CH Hg 1 CH ) Cl, 4 CH Cll Hg (45)
Tt g ot He'

Case IV is essenticlly o dissociation of the tetrmmer.to a
contict ion pair. The methideAion, now more available for
reaction is exchanged directly with dimethylmercury. A contact
ion pair is suggested ruther than a free methide ion, becuause
if the latter were involved one would expect methyllithium to
react with ether much more rapidly than it actually does. A
contact ion pair suggests that the methide ion does not actually
separate from the tetramer, rather & polarization of charge
occurs at a specific time to put appreciable negative charge on
one methyl group. Application of the steady stsate approximation

to the contact ion pair yields:

+
Qﬁ%—l =0 =k (T) - k_l(T+) - kz(T+)(Hg) (46)
(T7) = k (T)/1_, + k,(Hg) (47)

The rate of formation of exchanged products is:

.):.
Mg ) o g (1h)(1e) | (48)
= k,k (T)(Hg)/k_, + k,(Hg) (49)

If k_ kz(Hg), then

>
d(He ) - kl(T) (50)

dt
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s and

1/1‘CHSLi = k,/4 (51)

; however, if k_1>> kz(Hg),

a(ig’) _ Kk, (T) (Hg)

(52)
dt k.__1
s and
1/7 . = kk,(lg)
CHsL:L T T (53)

k_y

I/T'CH i has already been shown to be independent of Li/Hg;
3
therefore, the assumption that k_1>) kz(Hg) cannot be true.

However, the assumption k_1<< kz(Hg) leads to the expression

1/7 CH.Li = %kl s which predicts I/T'CﬂsLi to be independent of
Li/Hg. Thus, for mechanism IV to be operative, the reverse of
equation (44) must be appreciably slower than the forward
reaction of equation (435).

Witanowski and Roberts (13) have measured the inversion
rate of neohexyllithium, believed to be a dissociation-reconmbina-
tion mechanism. This would apparently occur by way of an ionic
dissociation pathway. Their measured activation energy was
15 kecal mole-l. From this value it does not seem unreasonable
to expect the homolytic dissociation (contact ion pair formation)
to occur from either the tetruomer or the dimer with & measured
activation energy of 16.4 * 2.0 keal moleﬁl. This, coupled with

the fact that 1/7 # £(Li/Hg), as predicted, lead the

CH3L1

author to favor the homolytic dissociation over the previous

cases.,
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CASE V
j&ﬂl_;
(cn ) L14 e Z(CH3)2L12 fast (54)
T D
k -
(CH3)2L12 ;ﬁé&ﬁ CH,Li,Cil, slow (55)
-2
D pt
+% + =
i CH, + CI CH_Li + CI ,
CH3L12CI3 CH,Cll,Hg — 35 1,11, €I + Cll,CH, Hg (56)
p* Hg pt Hg"

Case V is similar to Cases III and IV. It involves a
rapid pre-equilibrium step consisting of tetramer to dimer
dissociation and a following slower step which produces a
contact ion pair from the dimer. The dimeric contact ion pair
then exchanges methyl groups directly with dimethylmercury.

Application of the steady state approximation to the
dimeric contact ion pair and treatment in a similar fashion as

Case III yields:

3 i i
2 2
d(iig ) _ 2k21c31<e (T)2(Hg)
(57)
dt k_z + ks(Hg)
If one assumes k_, L ks(Hg), then
3 1
1/7 o Ly = 1/4(T)d(Hg Y/ dt = kK, 2/2('.13)2 (58)
3
q
, and 1/1"CH Li is predicted to be dependent upon 1/(1)=.
However, if k_2>>- kS(Hg) then,
1
' kKl K 2(Hg)
VT ey i = : (59)

3 ; V5
2k_,(T)

One can see immediately that the latter ussumption predicts
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1
1/r cii.Li t© be dependent upon Li/lig, und the former upon 1/(T)2.
3

Neither of these relations wuas found to be true und therefore,
Czse V cen be said to not contribute significantly to the
2xchuenge hkinetics observed.

In ether, os THF, the possibility of exchange occurring

through LiHg(CH (62) is present zas well as exchange of the

3)3
tetrameric dissociation species, X, directly with (CH3)2Hg’ (61).

(CI13L1)4 T— species X (60)

X° + (CH,).He — (CH,).llg + X (61)
3728 372"E&

3% o . %, -

i+ Llng(CHS)S————+ L1Hg(CH3)3 + X (62)

Although the complex wzas not observed in the NMR it may be
present in low concentration. Therefore, step (62) involving
the complex, Lng(CH3)3’ would have to have & large rate constant.
It must zlso be noted that the kinetic expressions would be the
same whether species X‘reacts with the complex or with dimethyl-

mercury. For example, Case I, pg. 26,

1 s —_— ; )
(c&sLl)4 K = ./,(cusL:;.)2 (63)
(':(:31131,:1)2 + (CHS)EHg ———*P(Eﬂs)zHg + (CHSLi)z (64)

Substituting Lng(CH3)3 for (CHS)ZHg gives:

(cu '--—-"2(cu3Li)2 (65)

3Li)4 _

——u~>Liug(§n3)3 + (Cu,Li),  (66)

(CUBLi)Z + Lng(CH3)3
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Since complex nmust be formed directly from methyllithium
and dimetlhiylmercury ¢s in equction (67):

K 1

%(CHSLi)A -+ (cns)zng Y Lng(CH3)3 - (67)

1
(c) = Keo'(Hg)(T)4, and the modified kinetic expression for
L

Case I becones:

i 1 :
1/7 cn L1 = Keqﬁneq'kz(ug)/(T)4 (68)

s where kz(complex) <« ,R_l(D) %

For these reasons it is believed that only the reaction of
any species X with dimethylmercury itself is important, keeping
in mind the possibility of exchange with Lng(CH3)3 may be

occurring.
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B. Methyllithium-Dimethylmercury Exch.nge in THF

Observations

Methyllithium, in the absence of dimethylmercury exhibits
a single resonznce at 12.12 7 in THF at 36°C. The linewidth at
this temperature is 0.75 Hz. As the temperature is lowered the
linewidth remains 0.75 Hz until at 00, the pezk begins to
broaden. At -70° the linewidth is 5.5 Hz (Figure 3), and unlike
the methyllithium linewidth in ether, has notrleveled off, but
continues to broaden. From the shape of the THF curve in
Figure 3, it cppeors the linewidth is approaching a constant
value at low temperature by the slight inflexion point at ap-
proximately ~60°. Unfortunately, data at temperatures lower
than --70O were unattainable.

7

Similar to ether, the broadening is due to 'Li~proton
coupling in the tetrameric structure, see Section III A, page 18.
The dimethylmercury resonance appears as a singlet at
10.29 7 of linewidth 0.98 Hz at all temperatures studied. Scalar
lﬂ-lggﬂg coupling was, as in ether, observed at all temperatures

bgtWeen 360 and -700 with a coupling constant of 103 l=z.

Rapid methyl group exchuinge is indicated in methyllithium-
dimethylmercury mixtures in THF by a single broad NMR resonance
at probe temperature (36°C.). 4As the temperature is lowered,
the broad resonance begins to separaﬁe into two clearly dis-
cernible peaks at —ISOC, due to the individusl methyl groups of
dimethylmercury and methyllithiuwm, as depicted in Figure 5. At
—4@0, the exchonge appears completely stopped with the distonce

between the two pecks being 133 Hz.
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sxplancztion of Figure 5

Temnperature Dependence of Proton NMR Spectra of
CHsLi/(CHS)ZHg Exchange in Tetrahydrofuran.
Li/Hg = 1.65
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The methyl group exchange data presented in Figure 10
were obtained from the methyllithium linewidth in the tempera-
ture region where the spectrum was quite semnsitive, i.e., neer
the coalescgnce point of the methyllithium and dimethylmercury
resonances. As was the case in ether, dimethylmercury self
exchinge is occurring rapidly ot this point. _Therefore, the
dimethylmercury linewidth is not & true measure of its exchange
with methyllithium zlone. The activation energy was calculated
from the slope of the THF line in Figure 10 to be 9.2 T 2.0
sl mele |

Concentration dependent data were recorded in the slow
exchange region, i.e., ~18°C for = variety of Li-Hg ratios.
The methyllithium linewidth was found to be inversely propor-

tionzl to Li/Hg at this temperature as recorded in Table 2.

Table 2.

Methyllithium Linewidth as a.Function of Li/Hg
in THF at -18°C.

Li/Hg Ajct,Li (1iz) 1/¢'CH3Li,sec .
A. 4.20 7.0 17.3
B. 3.10 9.5 25.2
c. 2.30 11.5 31.4
D, 1.54 2.0 33.1
B 0.76 16.5 47.2
F. 0.40 17.0 48.7

Mechonisms of Exchange

It appears that :l/’l"CI_I Li is @ linear function of (ilg) or
B 1 1 1
any multiple of (lig), such as: (Hg)/(T}4, (lg)/(T)Z, (Hg)(T)4,
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or (Hg)(T)% + (Hg)/(T)%. in exomple of this linear dependency
is presented in Fipgure 6. lowever, 1/*‘r’m_I Li is not a linear
function of 1/(T)"3‘ or (T). 3

Certaiﬁly, the simplest mechanism consistent with the data

cbtained is direct reaction of the methyllithium tetromer with

dimethylmercury:

AL, 1{ A : &
> . —— iy iy
A . 1Y + N
(éHSLJ.)4 + (c113)211g — (0113)?rig (cngil)4 (69)
T .Hg I_Igl{' Tu
The rate of formation of exchanged products is @
a(llg )/de = k(T)(Hg) (70)
From which:
3
VT oy 13 = 1/4(T) - a(lig’)/dat = k{Hg) (71)
CI13L1

Clearly, this mechanism cznnot be eliminated as a possibility
since it predicts 1/7 CHSLi to be a linear function of (llig), =s
was observed. Furthermore, a plot of I/T’CﬂsLi vs. {Hg) would
be predicted to have a slope of k and a zero intercept. Within
the margin of experimental error, Figure 6 meets these require-
ments.

Nowever, the concentration data obtained does not permit
one to uniquely define the mechenism of exchange in THF. From
the results presented above, one can make several observations.
Since 1/7 CHSLi is linearly dependent upon (Hg), » tetrameric
dissociction process cannot be the sole rate determining step.
’Therefore, Coses I, IT, and IV in Section IIX A cannot be solely
operctive in THF when the recction of the active species with
dinethylnercury occurs more rapidly than the tetromeric

dissociction.
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Explanation of Figure 6

Concentration Dependence of Methyllithium
Linewidth in THF at -~180C.
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It appears that some of the cssumpltions made for this ex-
chonge in ether are no longer true in THF. The data indicate
that any one of the five mechanisms proposed for ether could be
occurring in THF if the proper cssumptions ure made to zllow
I/TCH i to be z function of (llg) or some multiple thereof. In
each gf the five cases in Section III A, the methyllithium line-
width is predicted to be a function of (Hg) if one ussumes that
reaction of the active exchange species with dimethylmercury is
comparable to or slower in rate than any tetrameric dissociztion.

It is not unreasonazble to consider the possibility of two
different mechanisms proceeding simultzneously at comparable
rates, although one of these two mechanisms must be concentra-
tion dependent. The other, whose kinetic expression could be
independent of Li/Hg would represent the intercept on the ordi-
nzte of 2 linear plot of 1/’[’CHBLi vs. (Hg). Furthermore,
since I/T'CH-Li is not a linear function of 1/(T)%, any mechae=
nism requirigg this to be true cannot be solely operative. For
example, cases III and V, where Zk_z(M)<( ks(ﬂg] and k_2 ' 4
ks(Hg) respectively. This also suggests that these cases cannot

be involved, i.e., are not occurring to any loirge extent, simul-
» LB g g 3

taneously with wnother mechanism.
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C. Methyliithium=-Dimethylmercury Exchinge in
1,2-Dimetho:xyethine

Reaction of Methvllithium with DMNE
Hethyllithium is known to react with the /3 -proton of
diethylether to form ethylene, methane, and lithium ethoxide

(27,28).

: Li ‘
CH,CH,0CH,Cil, + CH Li —+ CH,CH,0C H, + CIl, (72)
Li
CH,CH,0C,H, —* CH,CH,OLi + C,H, (73)

The reaction is quite slow and is not a problem at all if the
samples are stored at dry ice temperature.

Methyllithium attacks the o ~proton of THF at room temper=
ature (29). The reaction takes place faster than the reaction
with diethylether; however, it can still be avoided by storing
the samples at low temperature. Befofé preparing mixed samples
of methyllithium~-dimethylmercury in DME, it was necessary to
determine how and to what extent methyllithium reczcts with DME,
since this reaction is fast enough to be troublesome.

Unon standing at room temperature for o short period of time
& solution of methyllithium in DME forms a whité gelzatinous
precipitate. The HMR spectrum of this solution shows & resonunce
for methyllithium at 12.01 T and a resonance presumzbly due to

LiOCH, 133 Hz downfield from methyllithium. As time progressed,

3

the LiOCH3 peal: increacsed in intensity, while the methyllithium

pealk simultoneously decreased.



46

Hydrolyzed portions of the precipitate and supernatant
liquid were distilled and analyzed by gas chromatography.

Matching retention times verified the presence of CH,O0H, the

3

suspected reaction product. On this basis the proposed

nechanism of reaction is:

L
: 1,,Cl 1, + P 1,CHHOCH,, + CF
C1130C11201i200i13 C113L1 CHSOCHZC OCI 3 0114 (74)
Li
: & b g + *
cnsocxizcuocng ——r cnzocr CH,, L10C}13 (75)
LiOCH3 B = CHsOII + LiOH (76)

The methylvinylether produced was undetected. It presumably
evaporated rapidly after hydrolysis occurred.

The reaction of methyllithium with DME occurs more rapidly
than with ether or THFj howeveri again extensive reaction can
be avoided if the samples are prepared and stored at dry ice

temperature as quickly as possible.

HMR of DME

DME produces a first order NMR spectrum which consists of
two singlets, one a2t 6.69 7T of intensity three assigned to the
methyl protons and another at 0.007 assigned to the methylene
protons (Figure 7). 1In addition, the methyl proton resonince
exnibits 13C--1H singlet satellite pecks 70 Hz on each side. The
methylene proton nesk also exhibits 13C—1II satellite triplets
70 llz on eaci side. The triplet satellites arise in the follow-

ing monner:  a doublet is produced from 130—1H(1) coupling

(140 liz) in & methylene group, then each member of this doublet
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Explanation of Figure 7

Proton NNR Spectrum of CH_Li/{CH,) . Hg in DME at 34°C.

3 3)2

KEY

methyl proton resonance from DME

- 13C--H satellite peaks from A

- methylene proton resonance from DME
‘13C—H satellite triplets from B

LN
I

w"

- proton resonance from LiOCH3

Yoo W W
1

- sharp resonance due to methyl groups
rapidly exchenging from CH,Li to

3
(CHs)OHg
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is further split (5 Hz) by the two protons, H(z), on the zdja-
cent methylene. Thus, it was possible to see 1H-II-I coupling

indirectly through the carbon-13 proton coupling.

Methyllithium-bDimethylmercury Exchange in DME

The proton NMR spectrum of methyllithium in DME in the
absence of exchange with dimethylmercury consists of & singlet of
linewidth 1.42 Hz at 36°C 5.30 ppm upfield from the DME methyl
resonance. As the temperature is lowered, the linewidth begins
to broaden at =30°C znd continues to do so until at =-80°C the
linewidth is 5.0 Hz (Figure 3).

Increased viscosity at the lower temperatures could be a
contributing factor in the broadening; but the fact that the
linewidth pattern for DME solutions is similar to ether and THF,
ahd the foct that the resonances due to DHE itself remains rela-
tively sharp, suggests that the contribution from viscosity
effects is small. Therefore, it appears that the broadening,

7

. - : .1 :

zs in ether and TIF, can be ascribed to ‘Li~"H coupling as
intermolecular exchonge slows at lower tempercture. In contrast
to ether ond THF, the associaction of methyllithium in DME is not

knowvn. It would appear likely, however, that dissociction of a
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methyllithium aggregate, either tetromer or dimer, is involved
in the intermolecular exchange. In any case, the exchange is
considerably faster in DME than THF or ether.

The dimethylmercury resonance in DME appears 3.45 ppm
upfield from the methyl LME resonance, with 199Hg—1H singlet
sztellite peaks 52 Hz on each side of the resonance of methyl
groups bonded to ZOUHg. The linewidth in the absence of ex~
change with methyllithium remcined 0.98 Hz over the temperature
range from —7806 to 346C.

The proton spectrum of 2 mixed sample of dimethylmercury
and methyllithium in DME consists of a single sharp resonznce
at 36°C. TIts chemical shift is between that of methyllithium

and dimethylmercury in the absence of exchange and depends upon

Li/Hg in the following manner:

§ = JCCH Li SCH g JC(CH?’]ZHg 8(cr~13)2ﬂg

3 3
sWhere
JF = mole fraction of methyl groups
S = chemical shift in the absence of exchunge.

As the temperature is lowered to -400, the single resonance
begins to sepuraste into two broad pezks, until, ot —780C two
separate resonances are well defined (Figure 8). Clearly,
methyllithium~dimethylmercury methyl group exchange is occurring.

dethyllithium linewidths were recorded and measured over
the tenmperature range ~78°C to —440C. I/T'CII L4 Was coleculuted

ot each tempercture as described in the experimental section
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Explanation of Figure 8

Temperature Dependence of Proton NMR Spectra of
CH3Li/(CH3)2Hg Exchange in 1,2-Dimethoxyethane.
Li/llg = 3.38
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and the activation energy obtained from the slope of the
Arrhenius plot shown in Figure 10. The activetion energy for
methyl group exchange in DME was 0.8 T 2.0 keal mole"1; azngd the
exchunge is more rapid in DME thon in either ether or TIF.
Although no attempt was made to obtain extensive concentra-
tion dependent duta, it was noted that 1/7 ci.Li does depend
upon Li/Hg. Spectru of solutions having various Li/Hg ratios
were recorded at ~78°C, at which temperzture the methyllithium
resonance is still sigﬁificantly broadened by exchange with
dimethylmercury. The dats, Table 3, indicate that as Li/Hg

decreases, the methyllithium linewidth increczses.

Tuble 3.

Methyllithium Linewidth as a Function of Li/Hg
in DME at ~78°C

. L 3% -
Li/Hg ZL%CHSLl (Hz) I/T'CHSLi (sec 1)
A 5.06 5.1 3.3
B. 3.38 6.3 Tia 1
A 1,69 101 19.0
L (9]
A 1CHl L ©-78°C = 4.06 Hz

Since the association of methyllithium in DME is not known,
it is not possible to propose & detoiled exchange mechanism.
About the only conclusion one con make is that whotever the
mechinism, it does not uppecr thot methyllithium zggregote
dissociction is rute determining, since this would require

q’CﬂsLi to be independent of Li/Hg.
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At -62°cC, Ty Ly £OF the methyllithium-dimethylmercury
3
exchange in DME is 0.043. For comparison, T . For Li
CH 3L1

exchange in the CHSLi-LiB(CH3)4 system, where it is known that
the rate determining step is tetramer~dimer dissociation, ot
-62°%C is 0.212. Thus, it appears that the methyl group exchaenge
between methyllithium and dimethylmercury in DME is approximately

7

five times faster than the ‘Li exchange between LiCH3 and

i - - 0
LlB(CH3)4 at =62°C.
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IV. SUMMARY OF METHYLLITHIUM-DIMETHYLMERCURY EXCHANGE

Clearly, the rate of methyl group exchange between methyl-
lithium and dimethylmercury is greatest in DME followed by TIIF,
then diethylether. From Figure 9, one ccn see that the dimethyl-
mercury linewidth, due to exchange with methyllithium is broad
in DME even zt -60°C. The same peak in THF is still broad, but
much sharper than in DME. The dimethylmercury resonance at -60°
in ether has sharpened to the same extent that it is at probe
temperature in the absence of methyllithium, indicating very
slow exchange zt this temperature with methyllithium.

One can obtain zn accurate comparison of the relative rates
of exchange at o particular temperature by observing 1/ CH.Li
in each solvent. i/T'CH Li is directly proportional to thezrate
constant. From Figure 10 at 9°C, or 1/T(°K) = 3.55 x 10-3, the
relative rutes of exchange are approximately 1000:100:1.

The activation energies for exchange in each solvent were
obtained from the slopes of the Arrhenius plots in Figure 10.

In ether, THF, and DME the activation energies are 16.4 T 2.0,
9.2 & 2.0, and 6.8 T 2.0 kecal mol‘e-—1 respectively.

The methyllithium linewidth was found to be independent of
Li/Hg in ether, but linearly dependent upon concentration in
THF and DME.

Several mechanisms for methyl group exchinge were proposed
in diethylether including: (1) & tetramer to dimer dissociation
ﬂhich is rate determining, (2) dissociation of the methyllithium

tetramer into a contact ion peir which also would be rate






Explanation of Figure 9

Solvent Dependence of NMR Spectra for Methyl Group
Exchange Between CH3Li and (CHs)zﬂg.

A - Diethylether
B - Tetrahydrofuran
C - 1,2~-Dimethoxyethane

199Hg~200Hg methyl group exchange in Ether has
apparently ceased at -60°C, while it appears to
proceed rapidly in TIF and DME at this temperature.

Note:



-60°C

-60°C
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Explenation of Figure 10

Log 1/']"CH 1i @5 a Function of 1/T(°K) for Ether, THF and DME.

Note: Ea was czlculated from the slope of each line:

Ea(ether) = 16.4 T 2.0 keal mole™ !
E_(THF) 9.2 & 2.0 keal mole™}
E_(DME) 6.8 T 2.0 kcal mole™?

I
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determining, (3) dissociation of the tetramer directly to the
monomer species, and zalso (4) dissociation of the tetramer to
the dimer, then to the monomer with the dimer-monomer step 5eing
rate limiting. Although no single mechanism could be vefified,
the tetramer to contacﬁ ion pair possibility was most likely in
light of the magnitude of the activation energy and the energet-
ic unfecsibility of the tetfamer to mononer dissociation
process. The formation of any complex species, such as Lng(CHs)
was not directly obser%ed, probably due to its low concentraotion
and consequently its insignificance in the rate limiting step.

In THF, it was agein difficult to assign a unique mechanism
for exchange. 1,/“["CI_1 Li @ppeared to be a linear function of (lg)
which suggests that agy mechanism, if operating solely, cannot
have tetraemeric dissociation &s the rate determining step. This
would require that I/T'CH Li be indepengent of Li/Hg. The
simplest mechanism consisient with the data is the direct re-
action between tetramer and dimethylmercury.

No extensive concentration dependent dataz were obtained in
DME; however, preliminary results indicate 1/T’CH 4 to be
linearly dependent upon Li/Hg. Exchange mechanisgs are partic—
ularly difficult to assign in DME, since the association of
methyllithium is not known in this solvent cs it is in ether
and THF. Once again the indication is that the rate determining
‘step is not a tetrameric dissociaztion.

Comparison of T values at -62°C for the CH Li—(Cﬂg)qu

3
system in DME uand the CH3L1~L1'B(C}-13)4 system in ecther indicote
7

the exchange is five times faster in DME thun the ‘Li exchange



in ether, where the rate deternining step is knowm to be

tebtrameric dissociation to the dimer.
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V. DIMETHYLMERCURY SELF EXCHANGE

The proton spectrum of dimethylmercury in THF, ether or
DME consists of three sharp lines at +36°C; one intense line
due to methyl groups bonded to mercury isotopes of spin zero
and two satellite lines due to methyl groups bonded to mercury-
199 of spin 3 (16.92% natural abundance).: The two satellites
are separated by 103 Hz in each solvent. |

Proton spectra of ether solutions (Figure 4) containing
dimethylmercury and methyllithium show two broad resonunces
at +36°C, & result of methyl group exchange between these two
compounds. When the temperature is lowered to about +60C, the
methyllithium resonznce becomes very sharp with the linewidth
being essentially the same us that for methyllithium zlone in
ether indiceating that exchange between methyllithium zand
dimethylmercury has become slow on the NMR time scale. At
this same teﬁperature, however, the dimethylmercury resonance
remained broad; and it was not until about -60°C was reached
that the sztellite lines approached the sharpness observed for
dimethylmercury alone at +360C (15). Thus, a rather facile
exchange of methyl groups between molecules of dimethylmercury
is apparent.

The same general pattern of temperature dependence is
observed with TIF solutions, but it appears thut the exchange
reactions ore fuster in THF than in ether. At —740C in THF
(Figure 11), the dimethylmercury resonance is still broad und
the satellite lines cuinnot be seen; the spectrum appears

similar to that for ether solutions at about —IOOC.
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Note:!

Ekplanation of Figure 11

Proton NMR of the CH,Li/(CH,),Hg System
in A-THF and in B~DIE.

The ‘H-?Vlg satellite pesks are not discernible
in either solvent at these temperatures.
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While it is cleer that methyllithiuwm-dimethylmercury
exchange is faster in DME than in THT (see section IV), it was
not possible from the information available to discern the
relative rates of the dimethylmercury self-exchange in these
two solvents. At -78°C in DME (Figure 11), the satellite
lines were not observed; so it zppecred that the dimethylmercury
self-exchange is at least ﬁs fzst in DME as in THF.

Additional evidence was obtained for exchange of methyl
groups from one Hg atom to another by observing that (CH3)2Hg
exchanges methyl groups with C6H5HgCH3 in diethylether.

CeH HeCll, arises as a result of combining C6H5Li and (CH3)2Hg

5 3

in diethylether. From Figure 12 it is clear that no exchange
is occurring between CGHSHgCH3 and (CHS)EHg at —60°C; however,

: ; o
zs the temperature is raised to -40~ coalescence of these

199

peaks begins to occur. Even the Hg satellite peaks reflect

this coazlescence, and hence, exchange of methyl groups. The
same system in THF (Figure 12C) exhibits a single broad res-
onznce ot -58° indicating rapid methyl group exchange between

CéﬂsﬂgCH and (Cﬂg)zﬂg at this temperature. As with dimethyl-

3

mercury self exclhange, it appesrs to be more vapid in THF than
in ether. The C6HSHgCH3/(CH3)9Hg system actually represents a

six-site exchange system as CﬂgzgoﬂgCGHS not only exchanges

with (cng)zzooug, but also with C6H5199HgCH3 and (CH3)2199Hg

a8 indicated below:
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Explanation of Figure 12

Temperature Dependence of Proton NMR Spectra of
CH sHgCll, /( CH, ) Hg in: A,B-Diethylether
and C- THF.
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» Where
199

\ = 3 HgCH
A CGHS &C 3
B = (CH3)9199Hg

_ o 200,
C = Ceu “" HgCH,
D = (Cﬂs)qzooﬂg

In contrast to the corresponding cadmium (11}, zinc (i0),
mcgnesium (10), and beryllium (26) systems in ether, no mixed
complex was observed in the NMR spectra of CH3L1/{CH3)2Hg
system in ether, THF or DME. However, it appeared that =
minute amount of complex, possibly Lng(CHS)S, was present
which served to facilitate the dimethylmercury self-exchunge.

The exchange could occur through & reaction of the type:

T - P T ; i * 5 s L -)i-
(CH,). Hg +L1Hg(CH3)3.,_((3113)((11!3)}1& +L1Hg(CH3)2(Ch3) (77)

Similar'exchanges in the magnesiﬁm, zinc, and cadmium
systens in ether, are lmown {to be very rapid. It is notable
that ordinary Lewis bases, such as ethers, amines and other
basic solvents, do not bring cbout repid dimethylmercury self-
exchange; whereas, the apparent formation of an "ate" complex
does.

Theoretical IR spectra, shown in Figure 13, were cualcu-
lated using the three site exchunge computer program, explained
in the Appendix. The T value given for each spectrum in
1994

Figure 13 represents the lifetime of & methyl group on £,

- - .:% 3
T‘p‘ The overzll corrclation time, U ', for the system is
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Explanation of Figure 13

Theoretical IH-NMR Spectra for 199Hg-200Hg Methyl

Group Exchange

Note: The indicated T values are for the lifetime
of a methyl group on 199ig. See Fig. 14 for
an estimated E_ for this exchange.
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given by:

e
Y

/1" = -7],1— + + (78)

swhere Tﬁ, ’rB, and 7’6 represent the lifetime of a

methyl group on the respective sites as illustrated below.

l I
A B C

*
One may obtain 1/T &s a function of T, by using the

relationships:

T, = Tg¢ | (79)

P, = ’r’A/2 Ty * TB (80)

swhere PA = 0,0846 znd represents the population of site A.

Accordingly,

1/7 ® 2/1“,,1 + 1/9.821‘!“ (81)

The rate constant for reaction (77) must surely be second
order. In order to obtain this second order constunt, one
would have to know (1) ¥ for the complex species and (2) the
concentration of the complex species. Since the HMR sees only

Cil,Li und (CHS)”HS «nd no detectable complex st zny temperature,

3



21 complex was not obtainable, nor was the concentration of the
compléx. The three site exchange computer program gives only
information on the lifetime of methyl groups on dimethylmeréury.
Therefore, only = first order rate constant representing exchange
of methyl groups to and from dimethylmercury can be obteined from
the calculated spectra. At the disappearance of the satellites
(Figure 13), ’rA = 0.0948, the first order rate constant from

Expression (82), using Expression (81)
/7 = ky (82)

was calculated to be 25.7 sec”!. This corresponds to a tempera-
ture of -38°C in ether. In THF and DME, satellite lines were
not observed at temperatures as low as -74°C and -78°C, respec-
tively, which means that kl in these solvents must be greater
than 25.7 sec”! and could be zs high as 2000. Considering that
sharp satellite lines are observed, k; > 1.3, at 36°C when
meﬁhyllithium is not present, it is obvious methyllithium caouses -
a very great enhancement of the self exchange rate. For THF

and DME, it zppears the rate is enhanced by a factor as high as
106.

The theoretical spectra were compared with the experimental
spectra obtained over a temperature range from ~-60°C to 0°C in
diethylether. Precise comparisons were difficult due to the dif-
‘ferences in size of the three peaks. IHowever, a rough estimate
of the activation energy from un Arrhenius plot of log 1/1’A VS,

1/T(°K) yielded a value of 9.1 ¥ 9.0 keul mole™! (Figure 14).
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Explanation of Figure 14
Log 1/T , as a Function of 1/T(°K) for 00 199
Methyl Group Exchange in Diethylether.
E.=9.1% 2.0 keal mole™!

=l

Hg

Note: This plot was obtained through comparison of
experimental spectra at various temperatures
with calculated spectra in Fig. 13.
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This low Ea was not unreasonable in light of the fact that un
E_of 6.0 X 0.5 kcal male“1 for Tl(CH3)3 methyl group exchange
has been reported (30).

Dimethylmercury self exchange occurs simultueneously with
CH3L1~(CH3)2

estimate of the relative rates of exchange of these two proc-

Hg exchange in 21l three solvents. To obtain an

esses in ether, & temperature was chosen at which the methyl-
lithium peak is broadened due to exchange with dimethylmercury
and the dimethylmercury peak is broadened as a result of both
self-exchange and exchange with methyllithium. A temperature

of +160C‘seemed to be most appropriate. The linewidth of
dimethylmercury results from self exchange (exchange between
ZOOHg and lggﬂg) and exchange with methyllithium, as represented
by the following equation. '

T (CHS)ZHgtota1== Lﬂrself éxbhange ® I/T’exchange(ss)

with CHSLi

The 1/T representing exchange with methyllithium can be

obtained from the relationship:

PCH i

2 Topas + Tl
CH3L1 + (CHs)zHg

T'CH3Li | (84)

For the sample employed, Li/Hg = 1.24, so the population
of the methyllithium peak, P., ;., is 0.553. At 16°C, the line-
A 3
width of the methyllithium peak yields T‘CH Li = 0.266.

Substitution of these quantities into (84), one obtains:

— -1
/T exchange with CHSLi = 2.3 sec
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The total 1/7 for dimethylmercury is obtained from the line-
width of the dimethylmercury peak. At +160C, 1/q‘total = 206.4
sec™ . Equation (83) can then be employed to calculate 1/T

representing dimethylmercury self exchunge.

= 26.4 sec~ ! - 2.5 seg 7 e 24.1-sec"1

/7

self exchange

_ Comparison of the‘values 24+ 1 and.2.3 indicate that zt
+16°C, dimethylmercury self exchange occurs more than tén times
faster than methy1lithium-dimethylmercury exchange at 16°C in
diethylether. A similar comparison with THF and DME solutions

is not possible.
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APPENDIX

A Fortran conputer program was used for computation of theo-
retical spectra of a three-site exchunge system. This program
calculates line shapes for spin systens composed of spin %
nuclei undergoing exchange between magnetically non~eguivalent

sites. The fundamental mathematical operation performed by the

program is the solution of equation (85),

- oy -
I(UJ) & (_I_l,llz’ls’oioc) "'d'l“l:sll /TJ 5“./1’ Kl‘.’:/’r 1
'Sn/ T ’“2511/ 4 &/ t 1
(85)
53/7 Em/T 'ﬂﬁﬁg,r 1
y where
I(w) = intensity of the spectrum at frequency w
Ly = intensity of line k ‘
O(é: = l(wl}."‘w) * 1/221{

Eij are matrix elements of the kinetic exchange matrix K
which specifies the exchunge scheme. T is the pre-exchunge
lifetime. Herec \0k is the frequency ot which the intensity is
being calculated, und I, is the relaxation time characterizing

“k
the k! line. =

The basic input parameters consist of identity cards
 followed by the first dota card consisting of SHGHEXCH. The

second data card contains:
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cols 1 - §¢: problem no.

cols 10-14: mno. of peaks

cols 14-19: sweep width of program

cols 25-30: Dbeginning computation frequency

Subsequent cards cre TAU cards with the value of TAU

beginning in column 10. Following the TAU cards is an ENDTAU
card (columns 1 through 6) signifying the last of the TAU ﬁalues
to be read. Subsequent to ENDTAU are the exchange matrix cards,
each with one row of tﬁe matrix punched on it, the first number
beginning in column 1, the others following in any orderly
properly spaced zlignment. The end of the deta cards is sig-
nified by a $5$58TOP card, and the end of the program by a

/% card.
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The tendency for complex formation between mercury clkyls
and methyllithiuwa is relatively low, and the methyl group ex-
change much slower then with Zn, Mg or Cd diclkyls. Therefore,
the CH3L1_(CH3)2Hg system seemed to be a good system for obtain-
activation parcmeters and other information ubout the rote
determining step for the exchznge process.

A study of the CHsLi-(CHSJEHg methyl group exchange by NMR
in diethylether, tetrahydrofuran, and 1,2-Dimethoxyethane
vielded activation enefgies of 16.4 ¥ 2.0, 9.2 % 2.0, and 6.8 %
2.0 keal mole—1 respectively. From an Arrhenius plot of log
1/7 CH.Li versus 1/T(°K) at 6°C, the rate of methyl group ex-
change fms observed to be DME » THF » Ether, in the approximate
ratio of 1,000:100:1.

In diethylether the mechanism appeared to be a dissociation
of the CHSLi tetrameric aggregate into a contact ion pair species
which appeared to be the rate determining step (1), and subse-
quent reaction with (CHSJZHg. It was noted that tetramer to
dimer dissociation (2) was probably not the rate determining'
step as it was in the CHSLi-LiB(CH3)4 system studied by Williams
and Brown, principally because of the higher activation cnergy

and slower exchunge rate obtained for the CH3Li-(CH3)2Hg systen.

" —_— .+ -
(CH3)4L14 J— (CH3)3L14 CH3 (1)
(CH3)4Li4 —_ 2(cu3Li)2 {5

In THF, the mechanism of exchange is doubtful; however

since l/T’CH Li is a linear function of [(CH3)qu], the simple
3 e



second order reaction of methyllithium tetrumer with dimethyl-
mercury is suggested. This observation slso suggests thut if a
metihyllithium tetrameric dissociation mechinism is solely
operative, the dissocistion is not the rate determining step.

In DHE, 1/7 sgein appears to be dependent upon

CHSLi

Li/Hg; and although extensive rate date were not obtuined, it
appearcd that the rote determining step is not methyllithium
dissociation.

It was zlso obser*ed that methyllithium facilitates methyl

199 200

group exchinge between llg and Hg, which was directly ob-

served in ether and measured, with the aid of a complete three-
site line shape mnalysis from a Fortran computer program, to
proceed with :n estimeoted activation energy of approximately
9.0 kecal mole_l. 199Hg-200Hg exchange occurs approximately
ten times faster in ether thon the methyl group exchunge be-

tween CH,Li and (CH3)2Hg at 16°C. The exchange is more rapid

3
in THF and DME; but no comparison of these two solvents was
obtainable. This exchange process suggests the presence of
the complex species, Lng(CH3)3’ through which methyl group

exch.nge is thought to occur in the following munner:

% s % %
1,) Hg + Lilig(CH 1,CH, Hg + LiHg(cC 4
(613)2 g Lllib(013)3-‘--_(5113<1113 g Llng(cﬂs)zcus



