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Abstract approved:

‘ Pe‘Eer K. Freeman

The reactions of alkyl halides with metals and radical anion
solutions were investigated.
The reaction of exo- and endo -anti- 3-chlorotricyclo
| 2,4 : o
[3.2.1.0 Joct-6-ene with magnesium in THF followed by deuteroly-
sis gave syn:anti deuteriation ratios of 2.2 and 0.42, respectively,
with 85% monodeuterium incorpo ration. Analysis of the exo hydro-
carbon involved epoxidation followed by a shift reagent study with
. . . 2,4
Eu(fod),ﬁ. Reaction of ant1—3—chloro—exo—tr1cyc10[3. 2.1.0 loctane
with lithium naphthalene dianion proceeded at -78° in THF with a rate
2. -1 -1 . . . . cs
constant of 5.5x10 M min while under identical conditions lithium
s -1 -1 :
naphthalene exhibited a rate constant of 1.0 M mn . Deuterolysis

of the dianion solution gave a syn to anti deuterium incorporation

greater than 50. In contrast, 7-chloronorcarane in reacting with



lithium naphthalene in THF at -78° exhibited a rate constant of
0.035 M 1rnin—l. Deuterolysis of the dianion solution gave a syn to
anti deuterium incorporation greater than 50. In contrast, 7-chloro-
norcarane in reacting with lithium naphthalene in THF at -78°
exhibited a rate constant of 0.035 M~ 1n’1'1n-1 for the anti compound
while the syn had a rate constant of 0.063. Upon deuterolysis, the
deuterium incorporation was 75%, with an antiisyn ratio of 7.
Reaction of sodium or lithium naphthalene with MgBrZ in THF
gave a dark precipitate with properties expected for magnesium
metal. Reaction of sodium anthracene with magnesium bromide in
THF, or reaction of magnesium metals with anthracene in THF gave
a yellow solution of the sparingly soluble magnesium anthracene
dianion. Purification and crystallization gave an orange crystalline
solid with a composition of MgA - 3THF. Single crystal X-ray analy-
sis indicated the unit cell to be triclinic with a volume of 4668 .;3.
The reactions of a wide variety of alkyl halides with lithium
naphthalene (N), biphenyl (B), di-tert-butylnaphthalene (DTBN) and
4, 4'-di-tert-butylbiphenyl (DTBB) in THF were investigated. The
reaction of LiDTBB with primary, secondary, tertiary and cyclo-
propyl halides in THF at -78° gave 90% or higher yields of the cor-

responding lithium reagent. LiDTBB was found to give less than 3%

alkylation products with halides and reacted with COZ to give a 97%



recovery of DTBB, behaving in almost all respects as a solution of
lithium metal in THF.

The stereochemistry of the i)roduct lithium reagents from the
reaction of a number of alkyl halides in THF at -78° was investigated.
The stereochemistry of the products from the reaction of cyclopropyl
halides and LiDTBB was interpreted as being an exact copy of the
radical stereochemistry. The reaction of syn- or 3_12}-7—chloronor-
carane gave an antiisyn lithium incorporation of 10, as determined by
metal halogen exchange with 1,2-dibromoethane. Similarly, anti-3-
chloro —g}g—tricyclob, 3.1. 02’ 4] octane gave a ratio of %—Li to
anti-Li of 200. Reaction of ir_lic_'}—”i—bromo—7—methy1norcarane with
LiDTBB gave an anti-Li to syn-Li ratio of 3 as determined by gc.

The stereochemistry of the reaction of non-cyclopropyl
secondary halides with LiDTBB was interpreted in terms of a map-
ping of the vibrational structure of the radicals upon the potential
energy surface of the corresponding anion. For significantly pyra-
midal radicals this is the radical equilibrium. Reaction of 321_1—7—
bromonorbornene gave an in_ti-Li:ir_I_l—Li of 3.8. The lithium
reagents were shown to be configurationally stable at -78° in THF by
preparation of the i}_r-x}—Li compound by metal halogen exchange of the
bromide with tert-butyllithium in THF at -50°, giving at least 95%

retention. Lithium stereochemistry was determined by deuteriolysis

followed by epoxidation and nmr shift reagent (Pr(fod)3) study.



Treatment of g_n_t_i—?—chlorobenzonorbornadiene with LiDTBB was
followed by deuterolysis. Analysis performed by hydroboration and
Pr(fod)3 shift study indicated 99% deuterium incorporation with an
anti:syn deuteration ratio of 1.33. Treatment of exo-2-chloronor-
bornane with LiDTBB followed by metal halogen exchange with 1, 2-
dibromoethane gave a 10:1 ratio of exo to endo bromine incorpora-
tion. Reaction of 4-chloro-tert-butylcyclohexane with LiDTBB

followed by deuterolysis gave a 14:1 ratio of equatorial to axial

deuterium incorporation as determined by ir.
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RADICAL ANIONS, RADICALS AND ANIONS. THEE FORMATION
AND STEREOCHEMISTRY OF ALKYL LITHIUM REAGENTS
FROM LITHIUM 4, 4' _DI-TERT-BUTYLBIPHENYL AND
ALKYL HALIDES

HISTORICAL

Phvsical Properties of Radical Anions

Radical anions are very simple species, consisting only of an
aromatic hydrocarbon to which an electron has been added. The
electron resides in the lowest previously unoccupied molecular orbital
and is thus delocalized over the entire T framework of the molecule.
1t is a very simple matter to prepare radical anions--a rather differ-
ent situation than exists with most of the commonly studied intermedi-
ates of organic chemistry; carbonium ions, carbenes, radicals, and
anions. The addition of any alkali metal to any nolycyclic aromatic
hydrocarbon in an ether solvent of moderate cation solvating power
ander an inert atmosphere will result in rapid dissolution of the metal
to form an intensely colored and usually paramagnetic solution.

The first reported formation of a radical anion may have
appeared as long ago as 1867, when M. Berthelot (1) described the
formation of a black addition product upon fusing potassium with
naphthalene - -with no solvent. The first true radical anion solutions,
however, were prepared by Schlenk and Weikel in 1911 (2). The

treatmert of anthracene (amongz a variety of other organic compounds)



with sodium in diethyl ether gave rise to a blue solution. Naphthalene,
however, gave no reaction. Twenty-five years later, Scott and
co-workers (3) found that naphthalene and biphenyl would react rapidly
with sodium if the solvent was either dimentyl ether or dimethoxy-
ethane (DME) but only slowly in methyl ethyl ether. Either evapora-
tion of the dimenthyl ether or addition of large quantities of diethyl
ether caused reversion to sodium and naphthalene.

The solutions were shown to conduct electrical current, but
both this observation and the strong depenidence upon the nolarity of
the solvent was lost upon the early workers, who continued to use such

representations as (1) (Reference 4) and (2) (reference 5). The

J

|
1o

radical nature of sodium naphthalene was demonstrated in 1953 by
Weissman and co-workers by the observation of the esr spectrum of
the ions in THF (6).

Since 1952, a wealth of information on the physical properties
of aromatic radical anions and related species has been obtained via
a variety of physical methods. Any attempt to cover all that is known

about radical anions would fill many volumes. Conseguently, in this



review only the properties of naphthalene, biphenyl, and anthracene
radical anions and dianions which might be of use in the understanding
of the reactions of such species with alkyl halides and radicals will be
covered. Where data is available, additional emphasis will be placed
on lithium as the counter ion, and the differences expected between
sodium and lithium. For a recent review on the physical properties
of radical anions and ketyls, see Reference 7.

The nature and kinetics of the reaction of radical anions depend
greatly upon the identity of the aromatic hydrocarbon, the identity of
the metal counter ion, the solvent, and the temperature. The effect of
temperature is not necessarily 'the hotter, the faster'. Many
instances exist where reactions proceed much more rapidly at lower
temperatures than at higher temperatures.

The most important single property controlling the reactions of
radical anions is the electron affinity of the parent hydrocarbon.
Unfortunately, gas phase electron affinities tend to vary wildly from
worker to worker and from method to method. For moderately recent
compilations, see References 7,8, 9, and 10. The most likely values
for naphthalene and anthracene are 0.15 and 0.58 eV, respectively (8).
More common and reliable means of determining affinities of aromatic
hydrocarbons are polarography and potentiometric titration.

Potentiometric titration as developed by Hoijtink (11) and

improved by Szwarc (12) involves addition of 2 standardized biphenyl



4
radical anion solution to a solution of the aromatic hydrocarbon under
investigation while monitoring the voltage difference between the
biphenyl solution and the hydrocarbon solution. Relative values
obtained by the titration method varallel the values obtained from
polarography even when the solvent chosen for the latter method is
protic (13). This might have been expected, since the anions are large
and diffuse and probably derive little stabilization from solvation.

The reduction potentials (relative solution electron affinities)
for several aromatic hydrocarbons of interest in this thesis are pre-

sented in Table 1.

Table 1. Reduction potentials of selected aromatic hydrocarbons in

DMF.
- . (a)

Compound 21/ {volts) Reference
Naphthalene -1.98 14

2, 6-Di-tert-butylnaphthalene -2.07 14

2, 7-Di-tert-butylnaphthalene -2.09 14
Biphenyl -2.05 15

4, 4'-Di-tert-butylbiphenyl -2.1 (5] 15
Anthracene -1.46

(a)Vs. Hg pool.

b . . . .
( )Calculated from titration data for biphenyl vs. anthracene 1n
HMPA (13).

Ion Pairing in Radical Anion Solvation

The effect of temperature and solvent on ion pairing and the

effect of ion pairing on reaction rates and equilibria can cause S0me
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very unusual results. As will be discussed, some reactions take place
much faster at lower temperatures than at higher, and solutions can
turn from green to purple to green again upon cooling. For recent
reviews on ion pairing see References 16, 7, and 8.

For radical anions in ether solvents, there exists at least three
thermodynamically distinct ionic species: contact, or tight ion pairs;
solvent separated, or loose ion pairs; and free ions. Models of what
contact ion pairs and loose ion pairs might look like have been
recently provided by X-ray crystallography. The structure of the
tetramethyl ethylenediamine (TMEDA) complex of lithium naphthalene
dianion has been determined by Brooks, Rhine, and Stucky (17) and
may serve as an example of a tight ion triple (or ion pair if one of

+
the TMEDA-Li groups is ignored).

c2y B

mzictty



Recently, deBoer and co -workers have reported (18) the struc-
ture of a model solvent-separated ion pair——bis(tetragly—rne) rubidium
biphenyl. It is interesting that two tetraglyme molecules (tetra-
ethylene glycol dimethyl ether) surround each rubidium with the ten
oxygen atoms in a soherical shell (the large circle represents

rubidium; the medium, oxygen; and the small, carbon).

A solvent polarity order has been determined by Garst (19) from
the spectral shifts of sodium benzophenone ketyl when measured in

various solvents. The order is cons istent with intuition and probably

Diglyme > DME > THE > MeTHF > Dioxane > Diethyl ether

represents accurately the cation solvating abilities of the solvents

toward alkali metals, although dioxane and ether may occasionally be



reversed. To the above cation solvating order, one might include the

following aprotic solvent order to the left side:

DMSO > DMF > Hexamethylphosphoric triamide (HMPA)

> Polyglymes >

in THF and DME, the solvents mo st commonly used for radical
anion ractions, the extent of ion pair dissociation to form free ions is
very small (20, 21). Sodium radical anions in DME, and lithium radi-
cal anions in THF or DME exhibit a dissociation constant within a

o

factor of three of 10-5 at all temperatures between 25 and -75°
regardless of the nature of the aromatic hydrocarbon. The dissocia-
tion constants for sodium naphthalene, biphenyl, and anthracene in
THT are all around 3 x 105 at -75°. At 25°, however, while anthra-
cene had fallen by a factor of about 7, biphenyl had fallen by a factor
of 35, and the dissociation constant of naphthalene had fallenby a fac-
tor of 260. This temperature dependence was interpreted in terms of
naphthalene and biphenyl radical anions forming contact ion pairs in
THUT at the higher temperatures, but loose ion pairs at the lower tem-
ceratures. All others are solvent-separated (loose) under all condi-

hy

tions studied. It was also determined during these studies that the
+ +
ionic sizes (including solvation sphere) of Li and Na are almost

:dentical. The size of the ions in TUF are larger than in DME and

therefore loose ion pairs are tighter in DME than in THF even though



tight ion pairs have a greater tendency to form in THEF than in DME.
The ionic mobility data also show that, as expected, the anions are
solvated only slightly.

In 1961, Atherton and Weissman (22) demonstrated that
previously unexplained lines which had been observed in the esr
spectrum of sodium naphthalene in THE arise from splitting due to the
sodium nucleus. Two separate species were shown to exist--one which
did not exhibit sodium splitting, and one which did. As the temperature
was lowered to -70°, the species split by sodium disappeared, while
in DME only the unsplit spectrum was seen at all temperatures.

These workers postulated that the species giving rise to the esr
spectrum which exhibited sodium splitting was an ion pair, while the
other species was the free ion. The dissociation constants deter-
mined by this method were about ten times too large compared to the
results from conductance measurements (21). Graceffa and Tuttle
(23) have recently redetermined the dissociation constants by this
method using rigorously purified sodium, and their values are com-
patable with the conductance -derived values. It was also as sumed by
Atherton and Weissman that the principal species in DME was the free
ion. The conductance data, however, discounts this, leaving loose or
solvent-separated ion palrs as the most probable species in solution.

In concordance with the esr work, Karasawa, Levin, and Szwarc

(24) have determined the optical spectra of sodium biphenyl and
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naphthalene over a wide temperature range. Their data indicates
the presence of only contact ion pairs in tetrahydropyran (THP), only
loose ion pairs in DME, and both forms in THF.

972, Tuttle, Danner, and Graceffa (25) reported the results

_—

In
of a very interesting study involving the effect of added hydrocarbon
solvents upon the esr spectrum of alkali metal-radical anion solutions.
A rather large increase in the lithium hfc was observed when the mole
fraction of THF in lithium naphthalene solutions was decreased by
addition of pentane. A good fit between 2 proposed theory and experi-
ment was obtained by assuming that only very little exchange of pen-
tane for THF in the lithium solvent shell takes place over a wide
range of bulk solvent composition--on the order of one-half molecule
of THF out of perhaps 20 in the solvation sphere. From the tempera-
ture dependence of the lithium hfc, it is apparent that LiN exists
mostly as solvent-separated ion pairs in THF at temperatures below
20°. Cesium and rubidium, on the other hand, apparently exist only
as contact ion pairs, since their hfc's show little solvent or tempera-
ture dependence.

In a similar vein, Lee and co-workers (26) have detailed the
results of studies involving the replacement of diethyl ether molecules
with THF and the replacement of THP with DME by applying both
spectrophotometric and esr technigues. The data indicate that, for

sodium naphthalene in THP:. e addition of DME to the contact ion



10
pairs (formed at all temperatures in THP) results in the replacement
of only one THP molecule for each DME molecule. At the higher
temperatures (room temperature), one or two THP molecules are dis-
placed, but contact ion pairs are still the only form observed. At
lower temperatures (-30°), solvent-separated ion pairs are formed
with two DME molecules per sodium ion. Similar results were
obtained with THF vs. diethyl ether, but with only contact ion pairs
observed even at -90° unless a high concentration of THEF is used (27).
The addition of 0. 17 tetraglyme to a dilute solution of sodium naph-
thalene in THF has been found to convert the contact ion pairs quanti-
tatively into solvent-separated ones (28). From the esr data reported
by Hirota (27), it is apparent that lithium naphthalene in diethyl ether
exists only as contact ion pairs at all temperatures between -90° and
+20°. This, of course, is to be expected considering the low solvating
ability of diethyl ether.

Takeshita and Hirota {29) have reported the results of their
investigation of the alkali metal nmr of naphthalene radical anion solu-
tions in a variety of solvents and over a wide temperature range.
While the hyperfine splitting constants are about 0.2 gauss lower than
‘he esr values, the overall conclusion in terms of ion pairing is the
same. Sodium naphthalene in THF exists as contact ion pairs at room
temperature, shifting to solvent-separated pairs at lower temperatures

(ca. -40°). Lithium naphthalene in THT and sodium naphthalene in
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DME exist as solvent-separated lon pairs at temperatures below 20°.
Similar results were obtained by other wo rkers (301, Alkali metal
amr studies on biphenyl radical anions obtzined by Canters and
deBoer (31) provided conclusions parailel to the naphthalene case.
The concordance between nmr technigues on the one hand and
esr, optical spectra, and conductance measurements on the other is a
very important finding, hecause the latter methods are only useful
. . RN o
with concentrations on the order of 10 molar or less, while the nmr
exp.eriments involve approximately 0.5 molar solutions. Thus it

seems that concentration has little effect on ion pairing e uilibria.
i =

(¢

This in turn indicates that aggregates higher than ion pairs may not
play a significant role in the chemistry of aromatic radical anions--
at least for napthalene or bighenyl.

The sxchange reaction between aromatic hydrocarbons and their
radical anions has been studizd extensively, especially by the
research groups of Szwarc. Hirota, and Weissman. In the case of
free ions, the reaction invelves nothing more than the transfer of an

electron with minor solvent reor sarization and is thus expected to be
o) I

quite fast. In the case of ion pairs, the metal ion must also be

X ’,:.\1 /Q\/\ /’\[/’\ _/\/,::\\ N
T et [ - 1 i+ (ot



transferred, and such transfers would be expected to be much slower.
The rate constants for these reactions have been measured by means
of esr line broadening technigues. In 1962, Zandstra and Weissman
(32) noted that, while the rate constant for lon pairs or free ions in
tetrahydropyran (THP) or in 2 -methyltetrahydrofuran (MeTHF)
decrease with decreasing temperature, the rate constant for lon pairs
exhibited 'bizarre behavior’. The rate constant at first decreased as
the temperature was lowered from 80° to 21°, and then started
increasing as the temperature was lowered toward -35°. At -35°,
the ion pair exchanged ten times as fast as at 21°. These workers
were somewhat at a loss to explain these results, although one of the
theories proposed would have been correct if they had considered two
ion pairs rather than two 'vibrationzl states'. It is now well-known
that the strongly curved Arrhenius plots which result from any elec-
tron transfer reaction of sodium naphthalene in THF are due to
equilibria between two ion pairs (81. Contact ion pairs, which are
present at higher temperatures, exchange much more slowly than the
solvent-separated ion pairs prevaleat at lower temperatures. Tnis is
expected, of course, since much more solvent reorganization would be
required in the exchange of a contact ion than a loose one. The loose
ion pairs are favored at low temperatures because dis sociation of a
contact ion pair to a solvent-separated pair allows for much more

cation solvation and is therefore expected to be exothermic. Opposing



this at the higher temperatures is the large and negative entropy
change caused by immobilizing additional solvent molecules. In addi-
tion to the well documented dichotomy between contact and solvent-
separated ion pairs, Hirota has obtained esvidence for two types of con-
tact ion pairs (27), while Hofelmann and co-workers (28) have postu-
lated two types of solvent-separated ion pairs. The rate of intercon-
version between tight and contact ion pairs of sodium naphthalene in

. 3 . .

THF is on the order of 10  at -70° (33). The esr spectra of sodium
di-tert-butylnaphthalene (DTBN) in THF exhibits the same tempera-
ture and solvent effects upon the sodium hfc's as observed for sodium
naphthalene but with a much larger value in the case of DTBN (34).
This has been explained, not in terms of tighter ion pairs in the case
of DTBN, but simply that the fert-butyl groups prevent the sodium lon
from undergoing as large of wibrational excursions to the sides and
thus keeping it closer to a region of maximum coupling (35). The esr
spectrum of potassium 4,4’ -di-tert-butvlbiphenyl (DTBB) has been
reported (15), as have spectra for a number of g_e__l-t—butylnaphthalenes
(36).

The rates of the exchange reaction just described for a few
naphthalere radical anion systems iz presented in Table 2. For a more
extensive compilation, see Reference 2. It can be concluded that the
rate of exchange of naphthalene radical anion 1s essentially diffusion

controlled for free ions and for solvent-separated ion pairs, but is



two to three orders
addition, Shimada and Szwarc {(37)

free ions can transfer electrons ov

of magnitude slower for contact ion pairs. In

e~ considerable distances.

have obtained results which indicate

Esr

studies of 3 indicate that the rate of transfer from ore naphthyl group

to the other is 9 x

tion of the two naphthyl mo

[+]

9 A. The rate of electron transfer in the

10

6

secC

at 15° in HMPA. The smallest separa-

ieties as was estimated from a model is

iy

ion paired species would be

of great interest but has not yet been reported, although it is likely to

be too slow to allow the use of esr techniques.

Table 2. Rate constants for electron exchange of naphthalene radical
anions at room temperature.
-7
Rate Constant x 10 Refer-

Ion Pair Metal Solvent (Nl’l sec” ') ence
Solvent-separated Li ~ THF 100 33
Contact Na' THF 0.2 28

i Na® = MeTHF 0.5 32

a Na THF 1.3 33
Solvent-separated Nat THEF 170 33

& Na®  DME 134 3

. Na®  THF/DME 130 33
Free ions Na© THF /DME 120 33
Glymated, tight Nat  THF 43 28
Glymated, loose Na”  THF 250 2
Free ions Na” HMFA 50 8




Dianion Formation and Properties

With the possible exception of benzene, all known aromatic
hydrocarbons which have been studiesd will accept two electrons to
form diamagnetic dianions. In the case of those hydrocarbons with a
relatively high electron affinity such as anthracene, dianion formation
is quite facile. On the other hand, in order to form the naphthalene
dianion, the correct conditions must Le met (metal, solvent, and
temperature).

Under certain conditions, radical anions can under go dispropor-
tionation to form the dianion and free hydrocarbon, as exemplified

here by lithium naphthalene.
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Some radical anions dispropertionate so readily that it is diffi-
cult to prepare the simple monoanion. The rnost intensely studied
material of this type is tetraphenylethylene (38).

Lithium naphthalene dianion was first reported in 1964 by
Shatenshtein, Petrov, and Belouseua {39) almost simultaneously with
Buschow and Holijtink (40), and a year later by Smid (41). Shatenshtein
observed formation of the dianicn in diethyl ether due to dispropor-

tionation of the radical anion, while Smid simply stirred an excess of

Li with naphthalene in THF until the green color of the radical anion
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turned to the purple color of the dianion. Buschow and Hoijtink
observed the dianion in Z—rnethyltetrahydrofuran (MeTHTF) at -80°,
but it is not clear whether this was due to disproportionation or to an
excess of lithium. In 1967, Hsieh (42}, apvarently unaware of the
results of Shatenshtein, reported the formation of lithium naphthalene
dianicn prepared from excess lithium in ether. Esr studies of the
radical anion in ether over a temperature range of -100° to +26° were
performed with the result that the lithium hfc decreased only very
slightly from 0.50 gauss at 26° to 0.30 gauss at -100°, in concert with
the results of Hirota discussed earlier. In addition, Hsieh estimated
from the intensity of the esr signal that less than 2% of the lithium
napbthalene was in the form of the radical anion, with the remainder
being the dianion as indicated by the purple color observed for the
solutions. Upon quenching the reaction mixture with water, mostly
dihydronaphthalene was formed, with only about 6% naphthalene. Also
reported was the formation of naghthalene dianion in THF from excess
Li similar to the work by Smid.

The effect of temperature upon lithium naphthalene in MeTHTI is
most interesting (43). This substance exists as the green radical
anion at -120° as shown by both esr and optical spectra. As the tem-
perature is warmed to -70°, the esr signal disappears and the optical
spectrum becomes identical with that reported for the dianion in

MeTHF at -80° by Buschow and Hoijtink as just discussed. As the
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temperature is increased toward room -emperature, the purple
dianion changes back into the green radical anion. Szwarc has been
partly successful in explaining these results (38) and the theory pre-

sented here is an elaboration (=3 pecially concerning the higher tam-
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perat Since MeTHT is of low solvating

ability, it is to be expected *hat the moroanion would have =0 =xist as
tight ion pairs at the higher temperatures. Since formation of

solvent-separated ion pairs [rom contact pairs should be exothermic

(16}, and since this changs results in a loss of entropy due to forma-

l be fasvorad

]

t the lower temperature whara
TaS is less negative. We have already observed this effect for
sodium naphthalene ion pairs in THF. Since dianions naturally have a

much nigher cation affinity than monoani ns, one would expect their

formation by disproportionation to increase as one goes to poorer sol-

vents. This is caused by lessened s tability of the monoanion due o
Iormation of contact ion pairs while very little change would occur in

the energy or the dianion,

pairs under all conditions. The formation of lithium naphthalene

this effect. Why then does lithium naphthalene in MeTHT dis Sropor -
flonate only at moderately low temperatures and not at +20° or -120°7°
The fact that the squilibrium favors the radical anion at sutiiciently
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low temperatures is not surprising. Under these conditions, TAS is

’

quite small and the exothermicity of lithium cation solvation is domi-
nant. The formation of tne dianion at somewhat higher temperatures
is also easy to explain. The TAS terrm has become more negative
and the formation of the contact ion pairs of the dianion incrzases the
entropy of the system by releasing solvent molecules. What is sur -
prising is the formation of monoanions again at room temrperature.
The equilibrium we have to consider is that between the dianion con-
tact pairs and radical anion pairs. We must also keep in mind the
extensive disproportionation of lithium naphthalene to form the dianion
in ether at room temperature (39). Since it is expected that the
energy of interaction of a dianion and two cations is more than twice
the interaction of 2 monoanion and a cation {338), it would be expected
that disproportionation would occur even when both mono- and dianions
form contact ions as is observsd in ether. Thus it would seem that
we are at a loss to explain both results simultaneously. The best we

Tr

can do is to point out that M2THFE is a better solvent than sthe

fu
a3
[o P

1

that the greater energy of soivation of the looser contact ion pairs of

the monoanion, as compared to the tightsr contact ions of the dianion,

erhaps sufficient to outweigh the decreased entropy due to the

,_.
w
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slightly greater solvation relative to the dianion in MeTH

\ .
out not in

diethyl ether.



,._.
s}

Summearv of the Physical Pronertics of Selected Radical Anions
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HE and DME is very slight at
useful concentrations and is relatively independent of the nature of the
anion or the cation for solvent-separated ion pairs. Formation of
contact ion pairs relative to solvent-separated pairs is favored ({(a) in

solvents of lower solvating power, (b) for sodium over lithium, and

(c) at higher temperatures. Very low concentrations of tetraglyme or
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ium naphthalene or bipheayl exists as solveat-separated

o

lon pairs in THX and DME at or below room temperature. Sodium

naphthalene exists as solvent-separated icn pairs in DME a:
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tures below 20° andin THF at low temperatures, while existing as
contact ion pairs in THEF near rcom temperature.
Electron transfer in exchange rzactions occurs two to three

orders of magnitude faster for free ions and solvent-separated ion

pairs relative to contact ion pairs due ts the n

[}

cessity of more 2xten-
sive solvent reorganization with the latter species. Disproportiona-
tion of radical anions into dianions is expected to occur most readily
in solvants of low solvating ability. Dianions are expected o have a

dency to exist as contact forms than are the corres-
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The reaction of sodium naphthalene with water gives approxi-

mately an equal mixture of naphthalene 2nd dihydronaohthalenes. A

- m 4.‘2 ‘.\’QCF
’ W T Nauvno

mechanism for this reaction was proposed in 1956 by Paul, Lipkin,

and Weissman (244} and is illustrataed here

ot
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alternative mechanisms by means of a labeling experimen
1971, Bank and Bockrath (46) reported cn the kinetics of the reaction

le im TR
one 11 Lok

of sodium naphtha

technique. The rate constant wezs found to be first order in both

ER -1
naphthalene and water, with 2 aumerical value of 1.0! x 10° M “ssc

at 20°. By temperature variation in THF, solvent variation between
™

THF and DME, and the addition of tetraglyme, it was concluded that

contact ion pairs react much more rapidly than solvent-separated ions
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dianion which might then react with water, was shown by a stricr first
order rate dependence on napnthalene radical anion. Evidence was
also obtained from the kinetic data that hvdronaphthalene anion inter-
mediate reacts much more rapidly than the parent radical anion.

Almost simultaneously, the ress=arch groups of Bank (47),
Szwarc (48), and Dye (49) reported on the kinetics of sodium

anthracene-water reactions by the stopped flow method. Sodium

anthracene is much less reactive toward water than is sodium naph-

r

thalene. Bank and Bockrath (47) found a first order depgend=rnce on

both anthracene and water in agreement with the Pacl, Lipkin, and

-1 -1
Weissman mechanism. In THF, the rate constant is 664 M sec
These workers concluded from a solvent study that contact ions are
much more reactive than solvent-separated pairs ian harmony with the

sodium naphthalene-water reaction. Rainis, Tung, and Szwarc {48}
also found first order dependzance on anthracene radical anion but
observed mixed first and second order in proton doror (alcohols weare

used in addition to water). When the proton donor was t-butyl alconel,

slow disproportionation of anthracene radical anion to the dianion

~

which appeared to react at a diffusion controlled rate was found.
Minnich, Long, Ceraso., and Dye found a second order dependenc= on
anthracene radical anion, and between one and one-third order in

alcohol {THEF solvent). Soclveat was found to be very important. The
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otassium anthracens in ethylene diamine with 0. 19 molar



water is too slow to be observed over 2 seriod of 3-10 minutes. This
is consistent with other wcrk done in DMZF {50). The different results
obtained by different research groups is testimony to the complexity
of the reaction. The mechanism appears to be dependent upon con-
centration, solvent, identity of the proton donor and its concentration,
ané the metal ion concentration.

Tor references to pulse-radiolysis and slectrolytic studies of

hydration, see Reference 4G, TFTor refsrences to the use of radical
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Naphthalene (51, 3), bipheny!l {32 for LiB), and anthracene (33)

radical anions resact with carbon dioxide to give dizcids a3 exampli-

fied by sodium naphthalane. When one considers the largs number of
recent publications concerning the mechanism for the hydration of

4

radical anions, it i1s surprisino
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reaction with carbon dioxide. Althou
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aized that the reaction
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substance could be divided into twe classes. Sodium naphthalene can

act simply as a solubilized form of sodium with the napnthalene acting
as an inert carrier. Alternately, sodiim naphthzlene can undergo
reactions to give products containing the naphthalene moiety. For
example, with alkyl nalides, products typical of the classzic Wuriz

reaction such as hydrocarbons, dimer and olefin are obtained along

with a variety of mono- and dialkylated naphthalenes. Of greates:

[

nterest to the early workers were the alkylated naphthalznes.

haps the most inter=sting study was that of Lipkin, Gzliano, anc
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compounds which were obtained in mod: ids. The yields shown
are based on naphthalene used. A (?) was placed by those s

which, when viewed from today's perspectives, seem

assigned.
Fisch {33) reported on
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The same year of Lipkin’
the cleavage of a number of types of compounds by lithium biphenyl
dianion. Among these was the reaction of luorobenzene. Also

he cleavage of THEF to give butanol.
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interpreted as shown delow. Control experiments with 6-heotenoyl

seroxide proved that the 5-hexenyl radical completely cyclizes to

cvclopentvimethyl radical nefore reacting with DME. Cyclization of
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sodium naphthalene were used. Since the rate constant for cycliza-
tion of 3-nexenyl radical was known 0 “e near L0 sec , it was con-
cluded that the rate of reaction between the radical and nzpnthalzane

radical anion is near or at the diffusion controllad limiz. Aftemprs at
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trappin were unsuccsssiul due to the expected rapid reac-
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tion with solvent. Alkyl sodiums attack all solvents except alinhat*ic
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hydrocarsons.

In 2 companion communication (37
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sions of cholesteryl chloride {4} ana 3 -cyclocholestanyl cn.
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with sodium bipnenyl in DME. 'When starting trom 4, only o is
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5 cl
‘ormed, while both 6 and 7 are formed from 3 The 7:5 ratio was
larzer ‘or the more concentratad solutions of sodium siphsnvl. From

3

these results it was concluded that the rearrangemesnts must e due fo

radical infermediates and not the anions from whicnh the
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‘5 arise. A comrnon nonclassical r
intermediate was shown not to exist in this system. Attemopred car-
bonation gave no acids.

Due to the rapidity of the reacticns, the actuzl corncentrations

0. 4 molar halide was added o excess 1.0 molar sodium biphenyl, it
might be assumad that the efiective concentration is betweer 1.0 and
0.1 molar. As can be zeen irom Tadle 3, sodium binnenyl is a better
trapping agent for this vadical rearvangerent than is the axcellent (29
hydrogan fonor eriphenyitin aydride. In 2 similar study, Cristol and



Cleason (60) investigated the reacticns of 2xo0-3-chloronorbornene and

nortricyclyl chloride with sodicm hiphenyl. Starting from either
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chloride, the same mixture of hydrocarbons was obtained a
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high or low concentrations of sodiurm
rin at room temperature. When the reaction was run at -38°, how-
ever, more olefin was obtained Irom 7ne olefinic chloride than irom
the nortricyclyl chloride.
that sodium diphenyl was approximately 307, effective in trapping the

-
1

3°, but was too slow to do any

W

radicals before rearrangement at -
trapoing at 237, Considering the very close similarity of the

by

cholesteryl and nor

These workers also claimed to nave trapped the 2lkyl anions oy
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formation for nucleophilic attack of anlons upon iodide. Two years
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known to be sensitive to electronic eiieces.
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; ; fiom of 10 di t1v to th
diradical conformations, partial reduction oz 10 directly to tne

; ; ‘ollowed by loss of
diradical, reduction of Ll to the radical anion, fcllowed by loss of a
sodium atom and front side S 2 displacement induced by the low
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displacement of halide by the radical anion.
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iod id ¢ (72) also s red that the S__2 mechanism was
iodide. Sargent and Lux (72) also showed that N

1,
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inoperative and were also 2 toc provide evidence against radical

addition to naphthalene. The latter was achieved by the observation
that the yield of products was not affected by inclusion of 2n excess of
navhthalene. A possible addition of the alkyl znion to naphthalerne was

. : . vent and
also eliminated. To examine the alkylation mechanism, Sargent an

1

T ux treated a variety of iodides with sodium napnthalene

in DME and

- T A v 3 yex
carefully examined the yields of the various oroducts. For primary,

secondaryv, and tertiary lodides, the alkylation to reduction r2tio
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ransfer presumably can take place over much

larger distances and would have iittle if any steric
2 /

effect of halide structure on

.
the

expected for a conventional S\IZ

Scheme L.

398

The general scheme
h

dialkylation yields

reaczicn.

for the reaction of

requirements. The

is in the direction

radical anions with

alides as illustrated by naphthalene radiczl anions.
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Table 4. ZXlectron tran nsier vs. couplino and extent ot
S
o

dialkylaticn in the reacti - of pen vl iodides with
sodium napnthalene in THEF
(a) . .
ET Dialkvylation
Coupling Monoalkylation

(CH )3CCF i 4.8 g
H H.) 1.7 2.5
C*—i (C 5) 4 )
CHBCHZCHZCHICH3 0.74 0.72
CHBCHZ(CHB)Z I 0.39 0
a)ET—electron transfer. See Figure !l for definition.

Caleculated from yield data given in Reference 72 by th
£

ormula:

Vield of RH + 1/2 vield of RR
Visld of mornoalkylated + /2 yield
of dialkylated napnthalm: as
where vields were based cn RX.

following

ET/coupling =

in 1971, Cheng, Headley, and Halsa (73) reported that halo-

benzenes react with sodium naphthalene © give 85% benzene, 7%
biphenyl, 1-27 terphenvyl, and 1-27% shenylated naphthalenes Treat

ment of the reaction mixture with DZO at -60° gave no deuterium
incorporation in the benzene. This led Cheng to postulate the aosence
of anions regquiring that the pr roducts are derived by radical attack on
neutral hydrocarbons. Since this mechanism was completely at odds
with the accepted view of the reaction of alkyl halides with sodium

naphthalerne, lass than two months later Sargent (74) argued that the
> >

resulis obtained by Cheng et al were in full accord with Scheme 1.

1 1 . 1 1

The lack of deutsrium incorporation in fne Denzene 1s fully expected,
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-

since phenyl sodium woulad attack THE r

fn

pidly even at -60°. The
biphenyl probably arises from nucleopnilic substitution on the halide.
Recently, Asirvatham and Hawley (73) have presented evidence
that formation of dimer from the ele ctrochemical reduction of p-
fluo robenzonitrile takes place by combination of two p-fluorobenzoni-
trile radical anions. This mechanism conceivably might be operative
for sodium naphthalene reductions of fluoro aryls but not for chloro,
bromo, or iodo aryls since it depends upon the halo radical anion fo
have appreciable stability. However, the dimer formation reported
by Cheng for fluorobenzen s is only double that of bromo, chloro, and

iodo benzene.

may have been produced oy Sanlk and Pank (76) in 196%. Injection of
sodium naphthalene into a mixture of magnesium bromide and hexyl

chloride, bromide, or iodide foliowed 9y the addition of deuterium

oxide gave rise to 36% yields of hexane which was 85%
should be noted, however, that the deuteration was determined Dy ir

using as a standard deuterated hexzne obtained from a Grignar d reac-

tion. Grignard reactions are well known to give sizeable yields of
hvdrocarbon as a side reaction o *he CGrignard reagent (77). The
deuteration was taken as evidence of Grignard formation which, in

turn, was taken to arise from metal exchange with the alkyl sodium

"
w
[0
0
Fiy
o)
r
b2
!
17

(anion}. The extent of coupling as cornpared to eleciron t



not affected by the inclusion of magnesium bromide. The vield of
dimer in the case of the iodide was, however, cut in half. This was

taken to indicate that dimer formation arises from anion-halide

reactions which are intercepted by the magnesium bromide. The resi-

dual coupnling was taken to indicate part of the dimer did arise from

radical coupling. It should be pointed out, nowever, that the residual

dimer could be simply a reflection of competition between the mag-

nesium bromide 2nd the alkyl iodide for the anion.

| MEBTa . Ruemr
R -
\_;."_X.__-—-——é jadst

Convincing evidence for the existence of the postulated arion

inte rmediates was reported by Garst

L8t

44,78,79). Tetrahydrofurfuryl

anions are known to open while the correspendin
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The reaction of
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sodium naphthalene gives 33% vields of 4-penten-!-ol. Reaction ot



! \ Mali 50 i
i \ _CH 2X s e | ——

e “~CH

the radical with solvent would have given 2-methyltetrahydrofuran,
which is not obssrved. The reactioﬁ of the iodide does not give rise
to any dimer products. This provides additional evidence against
tormation of dimer from radicals. The fact that an 8337% yield of
reduction product was obtained for these primary halides while nor-
mal primary halides give around 30% reduction has been explained

s 1

(67) as due to the inductive effect of the oxygen increasing the electron

[

affinity of the radical. That it cannot be due to increased steric

effects is seen from the observation that cvclopentylmethyl chloride
gives 30% reduction and 507 alkylation (80). The solvent derived

inte rmediate which results from proton abstraction oy the alkyl anions

has been captured before decomposition by Smith and Ho (31).

v

While the reactions of chlorides, bromides, and iodides with

[¢

.

sodium naphthalene appear to De instantaneous and complete before

either temperature Or concentration squilibration can be achieved,

L8 1

Garst and Barton (80) reported that primary fluorides react with
sodium naphthalsne at convenisnt rates. This allowed a more precise
calculation of the rate of reaction of radicals with sodium naghthalene

1

use of the 3-hexenyl system. The extent of cyclization which



N
O

where r = k /&C « = initial concentration of sodium napnthalene,
o
and s = extent of precyclization electron transfer (l-hexene/methyl-

cyclopentane). This equation (82, 80) holds when the fluoride is in

+

i \
/\ e ‘
i _e=h

k ( / N | !
s o = | _CHze ———» ‘ CH
/\/f\/c}._ 5° - \\/,\/HC Is \_’—)hza \/\/ 3
\\Taﬁ o
*n /\/\/CH2 | =

t
|

excess. AS X, ~was varied over a range from 0.00028 to 0. 0046

molar, s varied from 2.0to 15.2. The value of r calculated
4 4

from this data is 1.6 x 10 for sodium naphthalene and 1.0 x 10 for

sodium biphenyl with the standard deviation being around 20%. A

2
value of 1 x 107 for X had been obtained by Carlsson and Ingold

C

(59) from a study with tributyltin by ride. Although this rate was not

datermined in DME, it would not de expected to be solventde ependent.

Thus the rate for reaction of sodium na phthalene in DME witn primary

9 -1 -1
~2dicals is on the order of 1.6 x 107 M sec The corresponding
. : EANR -1 . .
value for sodium biphenylis 1.0 x 13~ M sec The calculated
S N
P S R sec

upper limit for a diffusion controlled reacrion is L.

(80) but since only one -fourth of the enccunters betwesn radicals and



radical anions will be singizts (33) the meaximum rate would be

9, .-1 -1 , ; o . :
3« 10 M sec . Thus it can be seen that tae reaction is very close
to the diffusion controlled limit and may in fact actually be diffusion
controlled. However, it should be roted that sodinm biphenyl reacts
only 60% as fast as sodium naphthalene and that this difference seems
to be somewhat outside the range of error. It would be quite surpris-
ing if sodium biphenyl does react slower than sodium naphthalene

since biphenyl has a lower solution electron affinity than does naph-

thalene.

=
o
@
%
n.
i
ot
o)
o

Unfortunately at the present time thej; reports on the

1

effect of changing the solvent or of adding complexing 2gents upon the

rate constant kN" If there is no change in going irom, say, methyl-
tetrahydrofuran (tight ion airs) to DME + crown ether (very loose
=

ion pairs) one could safely say that the reaction is diffusion controlled

nce it would be very unlikely that the transition state would have the

e

S

e reactfion is so

or

same cation affinity as starting materials. Since
fast one would expect the charge o be more delocalized in the transi-
tion state relative to starting materizl (see discussion of rates below).
In this case the transition state would nave a lower cation affinicy than
the reactants and tight ion pairs should react more slowly than loose

ones. The effecton L\\* of changing tne metal counter ion would give

additioral information although it would be more difficult to interpret.

The only metal effect reported thus far gives anomolous results.

7



Lithium naphthalene gives erratic and rather small s values {much
cyclization). The range of s was from J.035 to 4, and appeared to
give more cyclization with higher lithium naphthalene corncentrations--
the inverse of what is expacted (76). It appears that 5-hexenyl lithium
does not cyclize since the s value does not change upon standing (84).
Although no explanation was provided, it would seem that the reason
might lie in the fact that tne lithium reagent sroduced from the radical
anion reaction is not of the common garden variety. In solvents such
as THF and DME, lithium agents are known to exist at least as dimers
and more comrnonly as tetramers (33). By necessity, the lithium
reagent produced from an alkyl halide and lithium naphthalene is the

monomer form. Lt would not seem urnreasonable o assume that the

monomer is far more reactive towards cyclization than the tetramer.

4
"

he reduced cyclization at higher concentrations is thus readily

explained since cyciization, which is first order, must compete witt

polymerization, which is second order. It might be predicted, then,
that addition of butyllithium or lithium oromide to the reaction rnixture

-

ex ‘ormation with

,...4

might lower the extent of cyclization by rapid comple

the monomer

While there exists little information concerning metal lon,

rn
"T

solvent, znd temperature effects on the second electron trans
(Scheme 1}, the situation iz reversed in the case of the firs: electron

of the rate of reaction of primary zalkyl fluorides
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with alkali metal naphthalenes, Garst and Barton (86) found that
changing the metal ion from cesium tc iithium results in at least 2

- 4 . - . . . .

5 x 10 increase in the rate 5f reaction with sodium and potassium

inte rmediate. Actually no reaction at all was observed with cesium.
he authors postulate that the transition state is of greater cation

affinity (charge localization) than the reactants. The interaction of the

anion with metal cation lowers the transition state energy relative to

the reactants to a greater extent in the case of the smaller lithium

cation than the larger cesium cation, giving rise to the observed rate

changes as a function of the cation identity. These considerations are

effectively gas phase arguments, as they ignore the effect of solvation.

The authors calculated the zas phase exothermicities for alkali naph-

thalene ion pairs reacting with ethyl fluoride to give naphthalene,

ethyl radical and ;\/I+, F ion pairs. The exothermicites in Kcal /mole

+ + + +
are: Li , 32; Na , 18 K, 6; Cs , 0; and free ions, -30. The
reaction rates of S-hexenyl fluoride with lithium, sodium, and potas-

sium naphthalene radical anions, when plotted against the just-

mentioned exothermicities, give a straight line indicating, perhaps,
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tion when DME is the solvent. One mi

addition of tetraglyme or crown ether might 2
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of the metal ion effect and that even the direction of eifect mignar
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possibly change if one were to go to a very nowerful solvent such as
hexamethylphospnoramide.

While the rate of reaction of primary fluorides is gquite slow and
amenable to studv by conventional techniques, the rate of reaction of
sodium naphthalene with chiorides, bromides, and iodides is much
faster, requiring the use of special techniques. Bockrath and
Dorfman have determined the rates of reaction of butyl iodide and
bromide with naphthalene and biphenyl radical anions using the pulse

T
L

radiolysis method (87). This technique, while limited to very fast

[¢]

reactions, is especially powerful since ion pairs or free ions can be
L ) L e

studied at will simply by including or not including a salt of the cation
in the solution. The results obtained by this method are compiled in

Table 5. From the table it can be se=n that the rate of reaction of

sodiumn naphthalene with alkyl halides spans a range of twelve orders

&

of magnitude. It can also be seen that f{re2 ions are one tc two orders
=

of magnitude faster than ion pairs in reaction with bromides and

iodides. This was taken to indicate that the cation afiinity of the

transition state is less than that of the reactants (charge dispersal in
the transition state). Ion pairing would stabilize the reactants mors

1

ne reaction rates of sodium bipnenyl or

]

than the transition state.
naphthalene with butyl iodide in THEF gives Arhennius plots with great

curvature. The rate in the case of sodium biphenyl is the same at

160° as at -65° with intermediate temperatures giving faster raes.
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This 15 simply an expressicn of the facts that contact ion pairs react

more slowly than solvent-saparated ion pairs and that lowering the

€]

temperature converts contzct ion pairs to solvent-separated ones.

The authors found that the concentration of naphthalene or biphenyl had

no eifect on the rate of recation, implying that the lifetime of n-BuBr

or n-Bul’  is very short. As Sargent has pointed out (91), the cross-

section for the reaction of sodium atoms with alkyl halides and esven
Ll

. . . . - T < e . 4 .
with vinyl chloride is on the order of 0.1 to 1 A . 1f the radical anion

(RC1 ') was capable of existence, the cross-section should be on the

2 4 °2

&

order of 10 to 107 A7 (118}, One would expect that halo-radical
anions would be viable species only in those cases where relatively
low-lying antibonding orbitals are available and where the carbon-
halogen bond is strong. Undcubtedly fiuoronaphthalene, probably
fluorobenzene, and possibly chlorobenzene would e suchn species.
While the reaction of primary bromides with contact paired
sodium naphthalene is too slow to measure using the pulse radiolysis
method, it is not too fact for stopped flow technigues. 3Bank and
Juckett 188) have used this technique to study the rate of reaction of
sodium naphthalene and anthracene with n-hexyl bromide and chloride.

1

The results are compiled in Tabl
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with #11 and 12 would indicate that for primary chlorides, solvent-
separated ion pairs react about five times faster than contact pairs.

Yowever, while the predominant species is the contact lon pair,



Table 5.

Rates of electron transfer reactions of radical anions with halides at 20 -

25°.

Entry Radical fon Pair Rate Const. Mctho(](b)
i Anion'? Type Solvent [{alide (M~ Lyec™ ]) and Ref.
1 S, B Tree THEFE n-Bul 9.6 x l()() PR, 87
2 S, N Free THE n-Bul 7.4 x 109 PR, 87
3 S, B Frece THEF n-BuBr 3.4 x l()7 PR, 87
4 S, N Free THE n-BuBr 3.3 x l()7 PR, 87
5 Na, B Contact THIEF n-Bul 4.3 x 108 PR, 87
6 Na, N Contact- T n-Bul 9.3 x l()7 PR, 87
7 Na, B Contact T n-BuBr 1.3 x l()6 PR, 87
8 Na, N Contact THEF n-BubBr < 4 x 105 PR, 87
9 Na, N Contact THIE p_—C()ll l3Br 7.2 x l()i SE, 88

10 Na, N Contact THE 'll~C6H 13Cl 2.0 x l(): SEF, 88
1l Na, N Loose DME C61113(fl 1.1 x 10 S¥, 88
12 Na, N Glyn'mt,cd(c) THF n-C i 0l L2 x 100 S¥, 88
13 Na, A Loose DME p_—Céll 1:5(':1 6.6 x ]()_2 S¥, 88
14 Na, A Loose THI Q—C()ll 13131' 3.3 % l()Z S¥, 88
15 Na, A Loose DMIE D——Cf)“ [3Br 3.3 x l()2 ST, 88
16 Na, A Loose THE n-C 2.2 x 1041 SF, 88
17 Na, N Contact MeTH 1" D—"C()” 131“ 3.4 x 10 SI¢, 88



Table 5. Continued.

| : , s
Entry Radical Ton Pair Rate Const. M(:thod())
s Anion a) Type Solvent [Halide (M~ lsec™ ]) and Ref.
) -4 ‘
18 Na, N Contact THTF _rl—C()H 13F 1.9 x 10 C, 90
L -4
19 Na, N Loose DME p_~C(Hl3F 2.5 x 10 C, 90
3
-4
20 Na, N Glynnatcd(c) THE B-C()H 131? 1.2 x 10 C, 90
’ . -5
21 Na, N Crown(d) bMIE D_—C()HIBF 4.5 x 10 C, 90
n . , -2 _
2.2 1.i, N l.oose DM 5-hexenyl 2.7 x 10 C, 86
fluoride
. o ; ) -4
23 Na, N Loose DME 5-hexenyl ', 2.8 x 10 C, 86
fluoride
24 K, N Contact DM 5-hexenyl 2.0 x 10_6 C, 86
fluoride
25 Cs, N Contact DMiC 5-hexenyl < 5 x 10_7 C, 86

fluoride

a . ‘+ . .
( )A = anthracene, B = biphenyl, N = naphthalene, S = solvent derived cation.
( ),PR = pulse radiolysis, SEF = stopped flow, C = conventional spectrophotometric.
c),.,

Tetragylme.

(d)

18-crown-b6.



approximately 7% of the sodium naphthalene exists as solvent-
separated ion pairs. These could be giving rise to a fraction of the
reaction in this solvent, in which casz the reactivity difference
between tight and loose pairs would be somewhat greater than five.
As in the case of the Bockrath and Doriman work described avove,

Bank and Juckett found a2 wildly curved Arrhenius plot in the reaction

¢

of sodium naphthalene with l-chlorohexane in THEF, the plot changin
from a positive to a negative slope at approximately 5°.

The hexyldihydronaphthyl anion was found to be quite stable in
THF with no decay in 140 hours. This anion, which reacts with water
much faster than the parent radical anion, was found to react very
slowly Wi‘;h hexyl chloride. This difference in reactivities is hardly
surprising in view of the totally different types of reaction being com-
nared. The hexyldihydronaphthyl anion reacts with halides by the
relatively slow SNZ process because irs oxidation potential at 23
kcal/mole is too high to allow electron transfer (89).

Garst, Roberts, and Abels have investigated the solvent effects
for the rate of reaction of sodium napnthalene with hexyl fluoride {(20).
The solvent effects on the corresponding reactions with primary
iodides, bromides, and chlorides as discussed above indicate that
there is greater charge delocalization in the transition state relative
to the reactants since solvent-separated ion pairs were found to react

faster than contact ion pairs. Since the metal ion effect on the
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reaction of naphthalene racdical anion with 5-hexenyl fluoride (86) had
indicated that the transition state for the fluoride reaction had greater
charge localization than the reactants. it was po stulated that solvents

of greater cation solvating ability would slow the reaction. Thi

e 5

w1

In

effect was found although the magnitude was disappo intingly low.
going {rom the very tight pairs found in MeTHE to the crown ether
complex in DME caused a decrease by a factor of only one-seventh.
In fact, in going from THEF to DME the rate actually increases. On a
curve of cation affinity vs. reaction coordinate, the authors placed
the iodides, bromides, and chlorides in a region where the charge is

delocalized between the radical anion and the halide in the transition

state. Application of Hammond's postulate would suggest that the

- { ) —ql
00 =~ 00 = ~00
-moderate - -~ - = «
cation low cation affinity ggoiigh
affinity affinity

degree of bond breaking in the transition state should increase in the
order RI < RBr < RCl < RF. The cation affinity of the transition
state might be expected to reach a minimum somewhere in the series
(approximately at bromide) anc then start to rise as the transition

state moves toward the product side. It was postulated, then, that



primary fluorides might have a transition state which has a slightly
higher cation affinity than the reactants. It might be concluded that
the degree of bond breaking {or extent of formation of alkyl halide
radical anion) in the transition state iz not very great even for fluo-
rides. ‘This conclusion is based on the expected very much greater
cation affinity of a fluoride anion compared to that of napnthalene
radiczal anion and the apparent lack of significant difference in transi-
tion state vs. reactant cation affinities.

The previously discussed metal ion eifects, which span a range
of about five powers of ten, would seem to presert an enigma consid-
ering the extremely small solvent effects observed. Metal ion effects
are complex since there is 2 comnpetition between the anion in ques-
tion and solvent molecules for the cation and the entropy change in
going from contact to sollvent—separated ion pairs is in opposition to
AH.

A compilation of electron transier:coupling ratios (see Scheme
1) for a number of systems is presented in Table 6. From the values
shown for entries 3-14, it can be seen that contact lon pairs {(Na in
MeTHTF and THF, Cs) tend to couple somewhat more than the corres-

nonding solvent-separated lon pairs {Na in DME, Lij. It is interest-

ing to note that, with primary radicals,

W

nthracene undergoes almost

no electron transfer, while biphenyl undergoes almost n coupling.
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Table 6. Partitioning between electron transfer and coupling for
selected halides and radical anions. See also Table fL
Entry Radical ET
F Halide Anion(®) Metal Solvent Coupling Ref.
L o~cl AT Na DME 0.01 67
2 I NI AT Na DME 0.015 67
3 Q_Cﬁaa, AT Na DME 1.13 67
4 C\/mgx N Na  DME 4.88 67
I~ I’_—\\ >y N - ) ™ a7
5 \O/C}Qm_ N Na THT 1.9 67
6 CHACL N Na DME 1.0 80
7 I\/\/E\ N Na DME 0.85 67
g I N Li DME 1,44 67
9 h N Na DME 1. 27 67
10 i N Cs DME 0.72 67
11 i N i THF 1.17 67
12 u N Na TEF 0.67 67
13 0 N Cs THF 0.72 67
14 T~ F N Na MeTHF 0. 47 67
Tt Tt .
15 \__/ N Na THF or > 30 g1
i m DME
16 AOTF B~ Na DME > 507 30
(a), —- T = 1 1 = 1l
A = anthracene, N = naphthalene, B = biphenyl

[
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Sargent, Tatum, z2nd Kastner have recently presented evidence
of formation of carbenes and carcene radical anions by reaction of
sodium naphthalene with gem-dihalides (32). The mechanism pro-

posed to account for the results obtained is shown below. The pri-

Tay M Mal y
(CHa)sCCCLaCHa — o2 (CH,)s00C1CHs — 2, (CHg)aCCCICH,

|
i
. . S
(CEq) 4CCHCH, ——l (CE4) 5CCCHS - i
| 1) Nan (CHa) aCH=CH> (CEa) 3cém-:3

L2) SH

(CH.,) ACCHACH —
3/ 3viilzging /A<

mary evidence for this mechanism is that the extent of formation of
the four electron reducticn product (2, 2-dimethylbutane) is dependent
on the sodium naphthalene concentration while the cyclopropane to
olefin ratio remains constant.

Hsieh, as mentioned previously, was able to form the dianion of
naphthalene in diethyl ether with lithium. Also studied (42) were the
reactions of monochloro- and dichloronaphthalenes with lithium under
the same conditions. Product studies, optical spectra, and deutsrium
incorporation indicated formation of the rather novel speciess shown

bhelow.
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The reactions of radical anions with alkyl halides give rise to
the CIDNP phenomena when the reactions are carriasd out in low fields
but not in high. Garst has recently reviewed his work on this subject
(93). For very recent work, see References 54 and 8.

Panek has reported in a recent communication (93) that a large

A4

excess of n-butyllithium reacts with 10 * molar oipheny!l in THF solu-
tions containing hexamethylphosphoramide (HMP A) to give the radical
anion. To a radical anion chemist, this is a most peculiar finding,
seeming to be almost the inverse of the alkyl halide-radical anion
reaction. A variety of organometallic compounds were reported to
aundergo suckh reactions with a variety of aromatic hydrocarbons. No

mechanism was given, although the term 'one-electron reduction' was

w
4]
O
o
[o N
e
)]
]

used to describe the process. The fate of the butyl group wa
cussed. With anthracene in THF in the absence of HMPA a 997 yield
of the alkylate 13 was obtained resulting from the

butyllithium across the 9, 10 positions. When the HMP A concentra-
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tion was increased to 3.2 molar, the alkyla

while the radical anion was obtained in 93% yield (yields determined



by spectrophotometric methads). A mechanism which might explain

Panek's results is shown below. The reaction of compounds similar

. :2_
H r Eu
\ AT A lA ]
*r— (Ui HMPA ll_“\#%\%’f‘ £ _i —
13 )

to 13 with butyllithium in highly polar solvents to form the dianion is
known (96). The two radical anions would probably not be distinguish-
able by their uv spectra.

Not long after it has become known that scdium naphthalene
reacts with primary radicals at nearly diffusion controlled rates, this
fact was put to good use. Sargent and Browne {91) reported the first
successful attempt to trap the cis and trans isomers of a vinyl radical

before complete equilibration cculd occur. E- and Z-3-chloro-3-

o

hexenes were treated with sodium naphthalene in DME or THF at 27

and at 0°. A mixture of cis- and trans-3-hexene was formed in at

least 98% yield. The mechanism presented for this reaction is the

usual one. The trans:cis product ratios for reaction in THF are

shown in Table 7. It can be calculated from the data given that the

equilibrium trans:cis ratio would be around 4.7. This calculation 1s

f the radical

:
(¢
O
rry

based on the assumption that the average trapping tim

ETR

derived from the E and Z chlorides is the same. As can be seen, the
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sroduct distribution depends on the configuration of the starting
chloride and indicates a trapping efficiency in the order of S0%.
Interconversion of the anions was known not to occur. Vinyl radical
hydrogen abstraction from hydrogen donors gives the thermodynami-
cally less stable alkene and, of course, could not compete with reac-
'

tion with sodiurn naphthalene anyway. One important point which the
authors make is that transfer of an electron to either radical should
take place with equal ease, whereas hydrogen abstraction could be
quite sensitive to steric effects.

Another 'first' made possible by the speed of the electron

transfer from sodium naphthalene to radicals was reported by Jacobus

and Pensak (37) in 1969. These authors were able to trap an optically



active tertiary cyclopropyl radical befors complete equilibration could

o

from (+)}-(S)-1-bromo-

ot

aZrtin

[t[s]

occur in the absence of cage effects. S

12}, 29% optically pure hydro-

.

]-methyl-2, 2-diphenyl cyclopropane (

carbon was formed with partial retention. As in the vinyl case, the
anions were known not to equilibrate.
Ph ey P"l - .
N Nl \ D Nax \ o S
! Ph ! T Ph ‘
Ph CHa . B L CHa
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Table 7. Vinyl radical trapping with sodium navhthalene in

THF.
Reactant Trans:cis at 0° Trans:cis at 27°
ET ET
/ \ 2.23 2.85
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<l Er
N— 5. 67 5. 67
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stereochemistry of the products of radical anion reactions with

halides concerns the reactions of 13 and 14 with sodium bizhenyl (58).

sa the intermediate anions, because of the a vhenvl group,
by J el T



are interconvertible. The fact that mostly trans products were

. L o n | .
3

CHa
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VPH —> C(Hg
CHg /
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obtained has no bearing on the radical stereochemistry or perhaps
even on the anion stereochemistry if the energy of activation for pro-
ton abstraction from solvent is higher than the interconversion dar-

rier. Solvent and concentration effects were observed, but were not

explained satisfactorily.

The Structure znd Equilibria of Radicals

Since radicals are intermediate between carbonium ions and
anions, they tend to show properties that are also intermediate.
Among the radicals with firmly established structures are methyl,
trifluoromethyl, cyclopropyl and vinyl. Methyl‘has been long estab-
lished as nearly planar bﬁt with a very broad minima and thus under-
goes wide ranging vibrations (umbrelia mode) whereas trifluoromethyl

is pyramidal {99, 100). Cyclopropyl is pyramidal with a low barrier

to inversica. Vinyl is bent and with perhaps twice the inverstion

~1
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barrier of cyclopropyl (121, 9

1
L

,102). Alpha-fluorocyclopropyl has a
substantial barrier to inversion and can oe completely trapped before
inversion by triphenyltin hydride (1¢3). Chlorocyclopropyl can only
be partially trapped and fluoro cyclooutyl can not be trapped at all with

triphenyltin hydride (104). Esr studies indicate cyclobutyl and

cyclohexyl to be planar (105). tert-Butyl radicals have alternately

been considered to be planar and nonplanar. At the time of this
writing nonplanarity is in vogue with a barrier to inversion of
approximately 300 calories and essentially tetrahedral geometry (106,
107). Pauling's theory that electronegative substituents increase the
‘pyramidal character of radicals has been displaced theoretically (108)
and disproven experimentally (99). The new theory explains the non-
planarity of both trifluoromethyl and tert-butyl as being due to

T-conjugative destabilization of the planar form.
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Introduction

The research described in this section obtained its impetus from
some very interesting results obtained during an effort to find 2
synthetic scheme to compounds 15 and 16. These brosylates were, in

turn, required for a deuterium isotope study which was sparked by

Bs0, ! = Bsq A P
— 7 ,
/\D V\/// D
16 17

the result of a solvolysis study on 17 by Freeman and Blazevich (109).

The deuterium isotope effect upon the rate cf solvolysis cf 17 was

found to be 1.20--2a tremendous eifect considering the distance of the

deuterium atoms from the lzaving group. This isotope effect might

"
(]
3

-

arise from either delocalization o ct

arge unto the C3 position (18),
or perhaps relief of non-bornded compressional strain due to delocali-
zation along the 2,4 bond as in 19. The obvious way of distinguishing

5 o Vo
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among these two possibilities would be to examine the deuterium

[
(92
)
S
L

isotope effect upon the solvolysis of 16. 1If 18 is the more

l
|

accurate representation of the transition state, then both 15 and 16

should exhibit essentially the same isotope effect of around l. l each.

-

If, on the other hand, 19 represents the transition state, then 15

would give rise to a deuterium isotope efiect of 1.2, while 16 would be

expected to give rise to 2n isotope effect of 1.0. The scheme picked

to synthesize 15 and 16 is shown below. The key step in this sequence

AD 33 qﬂz\/‘
A 7 - /\/

[ — A

anti-0-cl - Bs0 A

1%

—— co— /

is the stereoselective replacemeant of chlorine by deuterium in such a

way as to give either syn-20-D or anti-20D depending upon reagent.

The synthesis of anti-20-Cl gives a variety of products (110) in

approximately 20% total yield. The allylic halides could be easily

A "
—
. 9%
CHacls A
-+ g
c&szni‘mar /
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removed by treatment with aqueous silver nitrate, but separation of
the exo and endo ring systems was much more difficult. Notonly was

———

it found impossible to separate anti-20-Cl from anti-21-Cl by distil-

lation, but it was not even possible to separate these two compounds
by gas chromatography with a least ten columns tried. The same was
true of the hydrocarbons. It was eventually found that both the
chlorides and corresponding hydrocarbons could be separated by
chromatography on a column of silver nitrate-impregnated Silicar.
Another synthetic route which was attractive because the tedious
siliver nitrate chromatography would be unnecessary, would have

4

involved the following sequence. The addition of the elements of

_“a. O /

ey = [L?/ s, L7,

monochlorocarbene to norbornene gives only products of exo addition
with none of the troublesoms endo products {111}, and it was assumed
that 22 would act in a like manner. However, experiments using
norbornene as a model indicated that under conditions whnere
norbornene is the limiting reagent, the yields did rnot exceed 6%,

rendering this synthetic pathway untenable. Various other bases were

tried as a replacement for methyllithium, but in no case did the yield
exceed 6%. Lithium tetramethylpiperidide and lithium hexamethyl-

disilazane were among those tried. The reaction of methyllithium



62
with dichloromethane is commonly assumed to go via a carbenoid
species such as CHClZLi without actual formation of the carbene.
However, it was found, when attempting to react norbornene with
dichloromethane and lithium hexamethyldisilazane in refluxing cyclo-
hexane solvent, that in addition to a 6% yield of the expected adduct,

‘a new product appeared. Upon analysis, this compound was discov-
ered to be cyclohexylchloromethane. Such a product must come about
by forr;lation of free monochlorocarbene, since carbenoids are unreac-

tive to insertion into CH bonds.

h
\

% + CHuClp + LIN(8i(CHa)a)a \/’\\\._cv @
. *‘2 —

Tt would appear that two theories might be put forth to explain
the unexpected formation of the free carbene. The reaction of lithium
hexamethyldisilazane with dichloromethane might give the free
carbeﬁe directly, unlike the reaction using methyllithium, perhaps as

e

a result of differing extents of types of association. Methyllithium is

N

nown to exist as a tetramer. The alternate hypothesis would have

the carbenoid being formed, but then decomposing to give the free

carbene in competition with reaction with the olefin. Since norborene
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olefin was present in rather low concentrations, tne last mechanism

would seem as likely as the first.



To the end of finding 2 suitable means of converting anti-20-Cl
to the corresponding deuterated hydrocarbons, the Grignard reaction
was examined. It was found to be repeatedly impossible to induce
reaction of 2 purified mixtare of anti-20-Cl and anti-2 1-Cl with mag-
nesium in spite of adding methyl iodide, dibromoethane, and even slow
addition of butyl bromide. All the additives underwent reaction, but
no conversion of the cyclopropyl chlorides. was observed. On the
other hand, reaction of the crude mixture from thé methyllithium-
methylene chloride synthesis proceeded quite rapidly. Perhaps this
was due to the presence of the bromides. Quenching the Grignard
reaction mixture with DZO followed by chromatography using silver

nitrate on Silicar gave the pure deuterated hydrocarbons. The pro-

ducts from the allylic halides were not investigated. It is not possible

cl 20=D

\LCl \L'D -

to analyze 20-D directly by nmr due to coincidence of 2 number of

adsorptions. Epoxidation with peracestic acid followed by addition of

/

europium shift reagent (Eu(fod)_j.\ allowed both the syn- and anti-C3

proton absorptions to be separated from the other resonances.

o7

Fxamination of the nmr spectrum so obtained indicated 20 was 8% =5%
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monodeuterated with an excess of syn over anti deuterium incorpora-

tion in a ratio of 2.2 £ 0,3 to 1. Direct examination of 21 revealed

85 = 5% deuterium incorporation, with an excess of anti over syn

deuterium incorporation in a2 ratio of 2.4+ 0.5 to |. Similarl .y
b

reduction of a mixture of 20-Cl and 21-Cl with sodium in tert -butyl

alcohol-0-d-THF followed by the same analysis procedure just

described indicated the exc hydrocarton {20-D) to be 98 = 5% deu-

terated with the syn:anti ratio being 1. 16 = 0.2, while the endo

hydrocarbon (21-D) was 93 = 5% deuterated with the anti deuteration

predominating over the synin a 2.7 = 0.3:1 ratio. It is striking that

the exo and endo isomers give such diffarent syn t

ey
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essentially reversed in the case of the Grignard reaction.

To find a means of effecting the stereospecific replacement of

the chlorine in anti-20-Cl, & more convenient system was rzguired as

a model. It was found that the saturated halide anti-3-chlo rotricyclo -

[3.2.1.0% %

-octane (anti-23-Cl) was an excellent substitute, since

‘ R - Pia k]
[ e ma
the stereochemical environment of the reactive center is essentially
identical. Its synthesis from norbornene and methylene chlorida-

methyllithium as before, althougn ziving low vields, does not give rise
Y g0 4 2

to any of the troublesome sndo adcucts (111). The corresponding
hydrocar®on can be analyzed for svn and anti deuterium incorporation




directly by nmr since the two protons are out in the open with only
minor overlap of the syn-C3 proon and the C2, C4 protons marring
integration accuracy. Thus anti-23-Cl was used in all further study.
The results of treatment of ‘anti-ZS -Cl with potassium, sodium, and
lithium in tert-butyl alcohel-0-d-THEF and with lithium in ether fol-
lowed by deuterolysis are compiled in Table 8 along with the results

just discussed. Deuterium incorporations were above 95%.

Table 8. The stereochemistry of reduction of selected cyclopropyl
halides with metals.

Halide ' Syn-D:Anti-D
anti-20-C] (1)Mg, THF (2)D,0 2.2 =03
anti-20-C] | Na/t-BuOD-THF, reflux 1.16 0.2
anti-21-Ci (1)Mg, THF (2)D,0 0.86 = 0. 15
anti-21-C] Na/t-BuCD-THF, reflux 0.42 £ 0.09
anti-23-Cl1 (I)Li, Et,0, 0° (2)D,0 2.1 £0.3
anti-23-Cl 'Li/t- BeOD-THF, reflux 1.70 = 0.05
anti-23-Cl Na/t-BuCD-THF, reflux 2.11 +0.05
anti-23-C1 K/t-BuOD-THEF, reflux 1.25 £ 0.05

(a) . L :
Standard deviations from nmr integrarion data.

The mechanism (112, 77,113, 114) commonly put forth for reac-
tions such as these is essentially identical with the well-known radical
anion-alkyl halide reaction discussed in the introduction. This mech-
anism is illustrated here by the reaction of anti-23-Cl with lithium in

ether. The classic esr experiments of Fessenden and Schuler (113) in



1963 indicated that secondary cycloprooyl radicals have a pyramidal

. . . . 8 10 -1
configuration but interconvert with a rate constant of 107 to 10 ~sec .
Thus it is apparent that only very fact reactions could trap even a
fraction of the initially formed radical before equilibration. It would
not seem unreasonable, however, to propose that a metal surface
might be capable of donating an electron rapidly 2nough. After all,
the radical is formed on or very near the surface and has to diffuse
only a short distance (if any at all} to pick up another electron. It is

apparent from the high deuterium incorporations that few radicals

escape from the surface.

were postulated to result from competition between inversion of the

initially formed radical and its trapping by reaction on the surface to

form the metal alkyl. It was thought that the syn radical might be

more stable than the anti due to the compressional effec: of the syn-




A similar argument hzs been presented recently in a communi-
. . . r N - 3.
cation concerning an esr study of the bicyclo[2. 1. lJhex-5-yl radical

(160). From analysis of splitting constants, it was concluded that

radicals 24 and 25 have the configurations shown. The switching of

i e
? CHs .
L ol o83 25,
S T o -
) < Il CHs /
hd H

29

the stable configuration between 24 and 25 was attributed to
destabilization of the configuration exhibited by 24 in 25 oy the com-
pressional effect of the methyl group on the a-tydrogen. It should be

4

pointed out, however, that the simplicity of the esr data analysis may
make the conclusions rather speculative. Hatem and Wagell (110)

have used similar arguments to explain syn stereospecificity in the

reactions of the a -halocyclopropyl radical shown.

Cyclopropy! lithium and Grignard reagents have been shown to

be configurationally stable (117, 113). The sodium and potassium
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reagents are another matter, however. If one assumes that the metal
alkyl is initially formed in the least stable syn configuration and are
able to isomerjlze to the 33_12 configuration at a rate competitive with
reacting with tert-butyl alcohol-0-d, it would be expected that varying

the alcohol concentration from high to low values should increase the

proportion of the anti product. However, no change was observed

upon changing the ratio of THF to alcohol from zero to thirty in the
reduction with potassium.

Walborsky and Young (77) have observed formation of optically
active Grignard reagent from (+)-(S)-1l-bromo-1l-methyi-2, 2-diphenyl-
cyclopropane (12-Br) and magnesium. Walborsky and Aronoff {(113)
obtained corresponding results from 12-Br and lithium. Both the
Grignard and lithium reagents were shown to be configurationally
guite stable. The reduction of 12-I with sodium in ether gave hydro-

carbon with optical purity equal to that formed as a by-product of the
reaction with lithium (ca. 60% purity). ’v_\"alborsky felt that the forma-
tion of optically active lithium reagent indicated some other process
in addition to that shown above must be operative since it had been
shown that the radical in guestion was incapable of retaining its opti-
cal purity. This conclusion is not valid. Jacobus and Pensak had, in
fact, shown that this radical was capable of retaining its configuration

to a modest degree, even under conditions where the rate of trapping

is rather less than what would be expected at a metal surface.
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Dewar and Harris {114) found that even secondary cyclopropyl
halides give significant retenticn of configuration. The resulits

-
I
t

obtained from the reaction of cis and trans 26 and with lithium in

ether followed by reaction with ethylene oxide are shown in Table 9.

CHa [/ R3r ——— RIi > RCHLCH
2T

The authors interpreted these results in terms of partial trapping of
the initially formed radical by the lithium surface before equilibration

could occur.

Table 9. Stereochemistry of lithium reagent formation from 26 and

27.
Compounc cis:trans Alcohol
:rlz;z(igé é :;i (0.83 calculated eguilibrium value)
:;2;57_27 é i; (0.67 ca\lculated equilibrium value)

One somewhat aunsettling ébservation which may cast some doubt
upon the validity of the above mechanism is the fact that the degree of
trapoing observed in the case of the secondary radical is essentizally
‘he same as that found in the case of the tertiary radical {around 50%).

It would be expected that secorndary radicals should invert much more

rapidly than tertiary radicals since they can do so by proton tunneling
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steric sifects on the metal surface

(Y

{114). Perhaps a combination o
caused by the bulky phenyl zroups of th= tertiary radical, and the
decreased electron affinity caused by the =lectron donating methyl
group may slow down the rate of the second electron transfer. The
complex nature of any metal-liquid interface makes mechanistic inter-

pretation difficult.

Low Temperature Potassium Reduction of anti-23-Cl

Since none of the reductions gave the desirsd stereochemical
purity, a low-temperature potassium/tert-butyl alcohol-0-d reduction
of anti-253-Cl was undertaken. It was expected that, if the product
ratio observed is the result of 2 competition between inversion of the
radical and its diffusion back to the metal surface where it is then

trapped as the stable lithium reagent, then changing the temperature

1 . +

should induce a rather large change in the product ratio. The rate of

diffusion of 2 molecule is dirzctly proporsional to the temperature

o]

and inversely proportional to viscoszity (118). On the other hand, the
rate of inversion of the radical should be exponentially related to
temperature and one might wsll expect that this would outweigh the
effect of temperature on diffusion. Thus it was expected that
markedly lowering the temperature would greatly increase the degree

of retention. Since lowering the temperature of the reaction also

decreases its rate, experimentally it was necessary to sroduce a
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colloidial form of potassium to increase the surface area, and thus
the rate of reaction. This was accomplished by evaporating metallic
potassium onto a frozen surface of THF under high vacuum conditions.
It was found that upon warming, a black, very finely divided suspen -
sion of potassium results. This suspension was not stable at tem-
peratures of -40° or above, as it conglomerated under such condi-
tions. The eiperiment was performed by depositing layers of tert-
butyl alcohol-0-d, THF, potassium metal vapor, THEF, tert-butyl
alcohol-0-d and finally anti-23-Cl. The frozen layers were then
melted by warming to -95° in a slush bath and then stirred for 3C

1

] hours. At

minutes. The mixture was then stirred at -78° for 1.5

1

this temperature, a visable reaction cccurred resulting in a lightening

TT

of the color of the precipitate. Upon worxup, it was found thzat the
deuterium incorporation in the hydrocarbon was excellent at 95%, but

surprisingly enough, the svn to anti incor oration ratio was 1.28--
S = J

almost exactly the same as that obtained in refluxing THF. This
result seemed to be inconsistent with the proposed mechanism. How-
ever, it will now be shown that this result can be accommodated by
the theory if the experimental activation energy is taken to be

1.7 Kcal.

Carvajal and co-workers (113) have reported the viscosity of

[0

THE over the temperature range of +25 to -70°. Although the tem-

peratures involved in this study were outside this range, it was found
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byv non-linear least squares methods that Carvajal's data can be
]

represented very well by the eguation

(A

=2.80+ (1.63x lOB)EXP((—O. 02279).T), where T 1is the

Ny
THE
temperature in "Kand 7N isin millipoises. A standard deviation of
0.9% was obtained and is testimony to the excellent fit obtained.
Using this equation to extrapolate the viscosity data to -8 0° and +65°,

we can calculate the theoretical ratio cf diffusion rate constants:

kdiffusion’ -80 _193°K /23 x 10—3 poise _ -
o - = 0.087.

338°K /3.5 x 107 poise

P T »
diffusion

It will be shown below that the most stable configuration of the radical,

23-yl, is the syn coniiguration. If we now assume that the rate of

————

1§

anti-23-yl inverting to syn-23-yl is given by the equation (120):

_ekT 43S /R -aE /RT
k= n o

W

3

-H
]

and if we assume A4S to be zero, then we can calculate the 2%,
which gives the same ratio oi rate constants as did the diffusion cal-

culation above:

k. , -80° -AE /(1.981(338)
0 087 = inversion _133°K-e
. t - . ~ - +
K. . :4‘-630 —T gy o N ’
inversion 338°K-e-AE /(1.983{338)

[
4]
1

E =1.7 Kcal.
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This is a perfectly reasonable value for the heat of activation for a
cyclopropyl radical. Ab initio MO=SCF calculations performed
recently by Ellinger and co-workers (101) place the inversion barrier
for the cyclopropyl radical itself at 3.8 Xcal. It must be emphasized
that the value of 1.7 Kcal obtained above does not constitute a ‘value'
for the inversion barrier since proton tunneling was not taken into
consideration, and since the mechanism is undoubtedly much more
complex than that as sumed. It simply demonstrates that it is not yet
necessary to discard the proposed mechanism because of the lack oI

temperature dependence observed.

Reaction of anti-23-Cl with Lithium Naphthalene

.

As was discussed in the histori

sodium naphthalene reduction of alkyl halides produces alky!l anions,
but the potentially useful anion is immediately destroyed by reaction
with solvent. Attempts at carbonation and deuteration have met with
little success. As previously discussed, the inclusion of magnesium
bromide in the reaction, followed by deuterium oxide, was reported

to given only 80-85% deuterium incorporation and nrobably gives much

less.

than sodium naphthalens and rus ning the reaction at low temperatures,

should allow the anion to be trapped as the very useful lithium reagent.
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Surprisingly enough, there existed very little in the literature con-
cerning such a system. The closest thing to a complete study of
lithium naphthalene reactions with halides was reported by Screttas
(82). The only alkyl halides studied were cyclohexyl chloride and
butyl chloride, bromide and iodide which gave rather low lithium
reagent yields of 70, 45, 37 and 16% respectively. The reactions of
phenyl halides under the same conditions (-50°, THF) gave much
higher yields of around 30%.

Eisch, in 1962, reported that phenyl fluoride gives a 70% yield
of lithium reagent when reacted with lithium biphenyl dianion {(55).
Garst (121) has quoted unpublished results concerning the reduction
of 5-hexeny! chloride with lithium naphthalene in DME. The addition
of deuterium oxide resulted in the formation of l-hexene and methyl-

7% deuteration.

cyclopentane with only 35
Fortunately we were unaware of the above rather discouraging

results. The reaction of anti-23-Cl with lithium naphthalene in THF

at -78° followed by deuterolysis gave astounding results: 56%




-
(9]

One might imagine several reascns for the extremely high
stereospecificity observed. As was discussed in the historical sec-
tion, primary, secondary and tertiary halides give large amounts of
coupling products in the reaction with sodium naphthalene. The two

radicals, anti-23-yl and syn-23-yl might differ markedly in their

ability to form bonds with the bulky nanhthalene radical anion. Thus
) Y F

the possibility existed that the high stereospecificity resulted from

H o1
/\(ry,/ o !

exclusive coupling in the case of the unhindered anti radical and

exclusive electron transfer in the case of the highly hindered syn

ity, the alkylated naphthalenes were

T
4

radical. o test this possibi

searched for by gas chromatography, but none were found. Another
theory easily disposed of would have the anti lithium reagent isomeriz-

P )

ing to the syn. This would seem highly unlikely on energetic grounds

and there is little reason to believe that the lithium reagents in ques -
tion should not be stereochemically stable at -78°, when similar com-

pounds are known to be stable at room tempverature {114, 113},



However in order to prove the contention that the lithium reagents are

stable, metal-halogen exchangs of anti-23-Br with butyl lithium at 0°,

followed by deuterolysis was performed. Only the anti deuterated

material was obtained.

K BdL* D20 //A>- only
T£,0, 0° v D

anti-23%-Rr

g
e
Y

r

LI;’

Testimony to the fact that cyclopropyl lithium reagents are

configurationally very stable was obtained from an experiment in
\

which anti-23-Cl was treated with lithium naphthalene at -78°, fol-
lowed by slow warming to 0° over a period of six hours, and then
quenched with deuterium coxide. Although the lithium reagent had
apparently attacked solvent, since it was only 827 deuterated, no
isomerization had occurred in spite of the very high strain of the syn
lithium reagent.

The theory which seems to be most likely is essentially identical

to that discussed for the metal reduction of anti-23-Cl. In that case,

it was postulated that the radicals are fisrmed almost in contact with

the metal surface which can then guickly donate another electron--

fast enough to trap some of the first-formed radical. In the presant

case, the first-formed radical would have to have a diffusive encoun-
o &3

ter with anothe r lithium naphthalene ion pair, and this can be esti-

mated to reguire approximately 10 ~ seconds in 0.1 molar lithium



naphthalene at -80° by using the eqguation:

2RT , .
=2+ r, tr, / - .
kdiffu.sion control 300071L ra/ bTrb/raJ l/mole -sec

(Reference 118)

[

1.9 %x 107 1/mole-sec at -80° in THF.

i

The particle sizes r and r, were assumed to be equal, and 7
was taken as 0.023 Poise as above. It was also assumed that only
one-quarter of the encounters would be singlets and capable of reac-
tion (83). This rate of trapping is undoubtedly several orders of mag-
nitude slower than that on the surface of a metal.

Since the rate at which radicals are scavenged by lithium
naphthalene is likely to be very close to diffusion controlled, it is
highly unlikely that any selectivity in reacting with one configuration
faster than another could be exhibited by the radical anion. Even if
the rate is not diffusion controlied, it would be expected that there
would exist no selectivity to the steric requirements of a radical.

This conclusion is based on th= fact that electron transfer can occur
over rather large distances (see Historical Section). The only case
where electron transfer from a radical anion to a radical might show
discrimination would be where coupling products are formed, since
this is competitive with electron transfer. Since coupling products

I

are not observed, we are left with the conclusion that the radical,

syn-23-vl is much more stable than anti-23-yl. This experiment
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constitutes the first determination of the configuration of a secondary
radical using a radical anion as a non-discriminating radical trap and
only the second determination of the configuration of any radical by
such a method. (The first was a by-product of the vinyl radical
experiment of Sargent and Browne described in the Historical Sec-

tion. )

Reaction of anti-23-Cl with Lithium Naphthalene Dianion

The reaction of a lithium naphthalene icn pair with a halide
produces an alkyl radical with an inert naphthalene molecule in juxta-
position. The radical must then diffuse to another radical anion with
the proper spin state tc produce the final product, requiring on the

order of 10-8 seconds.

Y 0@ i . s céucts

It was reasoned that the corresponding reaction of the dianion
would result, after the {irst electron transfer, with the radical in
juxtaposition not with a 'dead’ naphthalene molecule, but rather with a
Very' much ‘alive' radical anion arnd in the proper spin state. The sec-
ond electron, then, might be transferred within the solvent shell soon
enough to capture the first-formed configuration of the radical beifore

inversion has time to take place. In the case of anti-23-Cl, this
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would give the desired anti-23-11.

+ first
Li \ electr}/? . /
+ W cl vransier  pg¥ | second
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, : transfer
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The first attempts to form the dianion by reacting naphthalene
and excess lithium chips were unsuccessful. The rate at which the
lithium dissolved was apparently too slow relative to the rate of attack
upon THEF by the dianion. A purplish-black solution was prepared

from lithium dispersion, but the syn to anti ratio of deuterium

incorporation from the reaction with anti-23-Cl was only 6.8, and
even this may have been caused by some of the halide reacting with
the excess lithium metal.

Finally, a pure, deep purple solution of the dianion, free from
excess lithium metal, was successfully made by high vacuum lithium
vaporization techniques. (See the experimental section for details.)
Reaction of anti-23-Cl with this solution at -78° followed by
deuterolysis gave only the syn deuterated hydrocarbon--thus the hope

of trapoing the anti radical had not been realized.

Was it possible that the dianion might be so unreactive that the

small amount cf monoanion present might be reacting to the exclusion



80
of the dianion? To provide an answer for this question, it was
necessary to determine the rate of reaction of the monoanion with
anti-23-Cl in the same apparatus and under the same conditions as
those used for the dianion experiment. The value so obtained for the
second-order rate constant for the reaction between lithium naphtha-

. -1 -1 . e
lene and anti-23-Clis 1.0 M min . From knowledge of the dianion
and radical anion concentrations during the dianion experiment, it
could be calculated that the dianion was, in fact, undergoing most of
the reaction. If one were to assume that only the monoanion in the
dianion solution were reacting, the second order rate constant for the
monoanion must be greater than 4.5 Sxi min --almost {ive times
faster than the actual measured rate constant for the monoanion. The

I ™
or

rate constant for the reaction of lithivrn naphthalene dianion in TH
-1 -1
with anti-23 -Cl would then be calculated to be 0.055 M min . This
value is only one-eighteenth of the rate constant for the monoanion.
Why, then, does the dianion, which is less stable than the monoanion,
react so slowly, and why did the hoped-for trapping not occur? The
answer to both questions may be the same. It was stated in the
Historical Section that dianicns are expected to be very tight contact

ion triples in ether solvents, while lithium naphthalene radical anicen

t was also shown in at least two

ret

consists of loose ion pairs in THE.
types of electron transfer reactions--electron exchange and dissocia-

tive electron attachment to alkyl iodides, bromides and chlerides--
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that tight ion paifs react between one and two orders of magnitude
slower than free ions or loose ion pairs. Thus, although the dianion
is a higher energy species than the monoanion, it reacts more slowly
because of the great influence of ion pairing upon the rate of reaction.
Similarly, it would be reasonable to postulate that the rate of reaction
of a tight ion pair with a radical might be slower than the diffusion
controlled rate of the solvent-separated ion pairs studied by Carst.

If this is the case, the anti-23-vl radical as formed in reaction with

the dianion is in juxtaposition, not with a highly active loose ion pair,

but with a, perhaps, hali-dead contact ion pair. Th

(O]
8]

adical might
then simply diffuse away a‘nd convert to the more stable syn configura-
tion before picking up its second electron.

Since the configurational preference of the 23 -yl radical was
found to lie heavily upon the syn side due to the compressional strain
caused by the syn-C8 hydrogen, it was of interest to examine

7-chloronorcarane (28-Cl) where the norbornane CH. bridge is
Z i)

missing. Reaction of a2 syn and anti mixture of 28-Cl with 0.1 molar
lithium naphthalene in THF at -78° revealed that anti-28-Cl reacts

) . . - - -1 -1 .
with a2 second -order rate constant of 0.0235 % 0,005 M "min ~, with

cl
Q(m /TS
Nt i / // ;

"l‘:

anti-o8~m1
T e O STm=28-01
282720
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the syn reacting almost twice as fast (k /< .. =1.85). Thus, the
— syn = anti

rate constant for anti-23-Cl is thirty times greater than that of anti-

28-Cl. Conceivably, this substantil difference between the two other-

wise very similar systems may arise from a relief of compressional
strain in the transition state in the case of anti-23-Cl. This would
fio? = 4 y
A/ /ﬁ | : /A\—_/g. | ( / 7~
- [
/

_— / — :
T YRS ST LN
=

\ -

w\cr'
2

imply a fair degree of bond breaking in the transition state. This
might be reasonable, since the reaction is rather slow compared to
other radical anion-alkyl halide reactions. It would be more difficult
to reconsile this rate difference if haio-radical anion 29 shown above
was an intermediate.

In another run. deuterium oxids was added and the norcarane

isolated. The deuterium incorporation was 71%, with an anti:svn ratio

.

of 7= 2. This is the opposite direction shown by 23. As will be seen
later, lithium naphthalene does not couple with cyclopropyl radicals.

The above ratio, according to the arguments made above, can be

D =
cl Lil T50 -
FIHF, _780 /,
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taken to represent the conformational equilibrium of the correspond-

ing radicals.

Reaction of Magnesium Bromide with Sodium Naphthalene

As was discussed in the Historical Section, the first successful
trapping of the alkyl anion produced by the resaction of sodium naph-
thalene with primary halides was reported in 1969 by Bank and Bank
(76). The ekperirnental procedure used by the authors involved inject-
ing a solution of sodium naphthalene into an equimolar solution of the
halide and magnesium bromide. When the resultant solutions were
subjected to deuterolysis, an 83% deuterium incorporation was
claimed. The reaction scheme proposed by the authors envisions the

following sequence. One of the regiirements Bank and Bank set forth

N >
RX —m— R +X
N
R+ ——— R+ alkylated naphthalene
_ i\/IgBrZ

for an anion trapping agent was that it not react with sodium naphtha-
lene. We have observed, however, that when magnesium bromide in

—
i

THEF is added to a sodium naphthalene solution in THE, the green color
of the radical anion changes to blackish-grey and upon standing, 2

blackish-grey precipitate settles out. When magnesium bromide was
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added to a lithium naphthalene solution, again a precipitate was
formed, but this time it was more finely divided and was jet-black
rather than grey in color. In addition, a metallic mirror formed on
the sides of the flask. Addition of water to either of these two sus-
pensions resulted in partial reaction and the evolution of gas. Addi-
tion of dilute hydrochloric acid caused the remaining precipitate to
rapidly dissolve, with the further formation of gas. It would seem
quite reasonable to postulate that the black precipitate from the
lithium naphthalene reaction is metallic magnesium, while the grey
precipitate from the sodium naphthalene reaction is simply a co-
precipitate of magnesium metal and sodium bromide. A black
insoluble magnesium naphthalene precipitate would not be expected to
give off gas upon reacting with water, and most certainly would not
require the addition of dilute hydrochleoric acid for complete reaction.
It has been reported (96) that anthracene dianion will reduce
cadmium(II) chloride and nickel(Il) acetylacetonate to the metals.
Further evidence that the grey precipitate was magnesium was
obtained by its reaction with a mixture of syn- and anti-28-Cl fol-
lowed by deuterolysis. The reaction, which required 15 rﬁinutes for
completion at room temperature, gave an 34% yield of norcarane

which was 737 deuterated. The anti t0 syn deuterium incorporation

ratio was 0.78 £ 0.08, in contrast to reaction with lithium naphtha-

lene, which gave an anti:syn ratio of 7. The reaction of
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7-bromonorcarane with magnesium turnings gave an anti:syn ratio of

0.95 = 0.3. This is within the limits of error of being the same as
with the precipitate from the sodium naphthalene-magnesium bromide
reaction. From the above findings, it is apparent that some reac-
tions run using the magnesium bromide trapping technique may

proceed by the following sequence of reactions, rather than or in addi-

tion to the mechanism proposed by Bank and Bank. Thus caution must

N’ -
MgBr, —— 4 MgBr + Bro
.-
MgBr @—/m4mM— L\/Igo + Br©

Mg® + RX ————  RMgX

_be exercised when using the magnesium bromide reaction for
mechanistic purposes since the above sequence is an ever-present
possibility. When the reaction is done under the conditions described
by Bank and Bank, the magnesium which reacts with the halide to

give the Grignard reagent might be in any form, from atoms to large
conglomerates. Simply showing that the stereochemistry from the
bulk magnesium Grignard is different from that obtained by the Bank
and Bank magnesium bromice reaction would have no bearing on which
mechanism is operative.

It would appear that for the specific primary halides revpcrted

by Bank and Bank, the anion trapping mechanism was operative
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because the percent yields of hydrocarbons with and without the
magnesium bromide are the same (33%). This implies that radical-
radical anion coupling is still taking place. If the magnesium atom
mechanism was producing much product, the yields of hydrocarbon
would be expected to be much higher than observed.

One system which shows symptoms of the metal atom reduction

mechanism has appeared in the literature recently. Buske and Ford

have reported the nreparation of anti-7-benzonorbornadienyl Grignard
y g

reagents by a variety of methods {122, 123). Among the technigues
used was the sodium naphthalene-magnesium chloride method. The

reaction of anti-30-Cl with sodium naphthalene in the absence of added

z F;

magnesium chloride gave a 66

!

> vield of nydrocarbon. This is rather

higher than the yield from a simple seccndary halide (40%), but is

66% vield
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reasonable considering the effects of both steric requirements and an
T2

increased electron affinity caused by angle strain. I the anion

trapping mechanism were operating in this case, the yield with mag-

(6]
A1)

nesium chloride should be no greater than that without it. Instead,

Bank.

(253N

the yield is 33%--clearly incompatable with the mechanism o



The anion trapping mechanism might be expected to operate
under those conditions where sodium naphthalene reacts faster with
the alkyl halide than with the magnesium salt. The magnesium atom
mechanism will be operative when the converse is true. Whether

id

magnesium chloride (Buske and Ford) or magnesium bromide (Bank

and Bank) is used might alsc have an effect in deter ining which

scheme operates.

Magnesium Anthracene Dianion

In contrast to the black precipitate which forms when magnesium

bromide reacts with sodium naphthalene, the corresponding reaction
Iy I =

. .

with sodium anthracene (desp blue) gives a whi

ct
[
o)
H
[$V]
(9]
-
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ot
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green-yellow solution. With lithium anthracene there is no visible
2

w

reaction. It was also discovered that reacting metallic magnesium

with anthracene in the presence of excess magnesium bromide gives

rise to a green-yellow solution identical in color to that obtained from
sodium anthracene. Thnis solution has the curious property of
reversably changing color as the temperature is varied. At approxi-
mately +40° the solution is bright yellow, at 20° it is gre en-vyellow and

as the temperature is lowered to -40°, the color smoothly changes %o

deep blue. Upon containued stirring of the r

)
3

actio

e

1 mixture at room
temperature, an orange-yellow flocculent precipitate slowly formed.

As no reports have yet appeared in the litsrature concerning the
Py >
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structure or physical properties of aromatic radical anions or dianions
which contain other than Group [ metals in ether solvents, and since
the magnesium-anthracene complex was a solid, it was hoped that it
could be crystallized fo_r chemical and perhaps X-ray structure analy-
sis. It quickly became obvious that the complex is only sparingly
soluble in THF, and attempts to prepare the complex in DME or
diethyl ether were unsuccessful. Conventional techniques of crystal-
lization could not be used due to the low solubility and extreme air

1

sensitivity of the complex.

E
£

xtraction of the orange-yellow precipi-

-~

tate over a period of two months in the DeKock-Streitwieser Soxhlet

extractor (see Figure 4) with THF gave large clear orange needles in

o

a yellow solution. The material left on the frit of the extractor was a
yellow-green solid, apparently inscluble in THF. This material was
not exarriined further. The composition of the orange pyrophoric
crystals was determined to be MgA - 3THF, where A stands for
anthracene. The analysis was achieved by EDTA titration for mag-
nesium and gas chromatographic analysis for anthracene with THF
determined by weight difference. Since the value of three for the
number of THEFs of solvation is rather odd, the ratio of THF to. anthra-
cene was zalso determined by the relative integrations of THF and
anthracene in the nmr of 2 carbon tetrachloride solution of a sample of

the solid which had been treated with oxygen gas. As expected for an

anthracene dianion, hydrolysis with water gave,
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9, 10-dihydroanthracene with only 2% anthracene. The small amount
of anthracene was probably formed from adventitious oxygen.

X -ray single crystal work on the MgA-3THF crystals proved to
be gquite difficult both from the standpoint of obtaining a suitable crys-
tal free of twinning and analyzing the data. The method by which an
untwinned crystal was finally obtained is described in the experimen-
tal section. It was determined that the unit cell was triclinic with a

-]

- 3 . ; . . .
volume of 4668 A”. The calculated density, assuming eight

T i ; F 119 o/cm® is i 1
MgA - 3THF units per unit cell, of 1.19 g/cm™ is in excellent agree-
ment with the experimental density of 1.18 g/cm . Because of the
very large size and lack of symmetry of the unit cell, plans for a
structure determination were abandoned.

Returning to the interesting color changes described earlier, it
would seem that a ready explanation is now available. This is illus-

trated below, where the first eguilibrium lies on the right at low

temperatures and on the left at higher temperatures. Starting from

+2 2

MgBr, + A+ Mg, Ay o

, = 2MgBr , A

3LUE

+2

-2 > + .-
A+ Mg A + 2LiBr . — L\/IgBrZJr 2Li , A

purified MgA -3THF crystals, it was found that toth excess anthra-
cene and magnesium bromide must be present for the blue or green

color to form. Addition of lithium bromide to a solution of magnesium



anthracene dianion containing excess anthracene gave a deep blue
color, indicating that the bottom equilibrium lies to the right. Thus
the reason why sodipm anthracene reacts with magnesium bromide
while lithium anthracene does not is simply due to the fact that sodium
bromide is insoluble in THF, while lithium bromide is quite soluble.

The fact that magnesium anthracene dianion is yellow in solu-
tion seems significant. The alkali metal anthracene dianion solutions
are reported to be purple (96). Thus the structural difference between
the alkali metal dianion and the magnesium dianion must be quite
great to cause such an extreme shift in spectra.

Attempts to obtain an nmr spectrum of the magnesium anthra-
cene dianion were fruitless except for one low-intensity sharp singlet
at approximately 66. The solubility in THF mavy be too low but more
likely the absorptions are shifted upfield into the THF peaks. The
chemical shifts of the 1, 2, and 9 positions of the alkyl metal anthra-
cene dianion are reported to be at §3.36, 4.23, and 1.89, respec-

tively (3). None of these regions cculd be observed due tc THF

absorptions.

Alkyl Lithium Reagents from Alkvl Halides
and Lithium Radical Anions

Alkyl lithium reagents are potentially verv valuable synthetic
Y > Iy 7 7 7

reagents for organic synthesis. Often the yields of products from
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addition reactions with ketones and nitriles exceed those of the more
common Grignard reagents (83). Some reactions, such as formation
of lithium dialkyl cuprates (124), are specific for lithium reagents.
However, lithium reagents, other than those commercially available,
have not achieved as wide-spread use as one might expect in view of
their superior properties. This can be ascribed to the fact that their
preparation from the halide and lithium metal often gives rather low
yields or requires considerable 'magic' in order to attain high yields.

-

An example is provided in a paper by Smith (127) of Foot Mineral

Company concerning the optimization of the yield of tert-butyllithium
from tert-butyl chloride. The optimum yield of 70-80% was obtained
when pentane was used as the solvent, when the lithium contained 1%
sodium, and, amazingly enough, when 0. 5% of tert-butyl alcohol was
included in the mixiure. Changing any of these conditions resulted in
a reduction or elimination of yield. Vinyllithium formation (128) was
found to be optimized at 70-30% when THF was the solvent, when

high-speed stirring was used, and the reaction temperature was -33°.

Applequist and Chmurny have reported (129%) that exo-2-nor-

bornyvl chloride and lithium metal in refluxing pentane give yields of

=)

the lithium reagent as high as 337% but averaging about 10%.

Ao A1 ANooH
/ LA /"b\/< ) /’T\( lO%
L i L~ e ytele
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Alexandrov reported that a variety of attempts to prepare 4-tert-
butyleyclohexyllithium irom the bromide were unsuccessful (130).
Glaze and Selman later were successful to the extent of 35% yield by
utilizing the chloride with lithium containing 1% sodium (131). This

illustrates another difficulty of the conventional procedure--bromides

cl

(o

i /\4‘ Li 35%
{ ' - 'p
CsHya e Y yield

i
give much poorer yields than ;hlorides. This is undoubtedly due to
the greater tendency of bromides to undergo side reactions (coupling)
with lithium reagents.

Quite obviously, a synthetic organic chemist who has just spent
a year making a few milligrams of a2 key intermediate would not
attempt to convert it to a lithium reagent by the usual method. TUnder
such conditions a synthetic procedure which works the very first time
to generate lithium reagents in high yield would be needed. We are
pleased to report that such a2 procsdure has, in fact, been developed,
based upon research in the virtually virgin field of lithium radical
anion-alkyl halide reactions. It is important to note that this valuable
new synthetic procedure was developed as a 'spin-off' of basic
research which, having no immediate or practical goal, was of the
type not in vogue by funding agencies. Our interest in the reactions

of alkyl halides with lithium radical anions was derived, then, not
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from a desire to develop a new synthetic technique, but rather to
develop a2 new method for the determination of configurational equilib -
ria involving radicals. This will be discussed later. Suffice it to say
that for both synthetic and mechanistic purposes, the yield of lithium
reagent must be nigh.

The coupling reaction between alkyl radicals and naphthalene
radi;al anion greatly reduces the maximum yield of reduction pro-
ducts which one can attain using naphthalene radical anion. Since
coupling requires that bond -forming distances be zattained in the tran-
sition state while eléctron transfer could presumably take place over
fairly large separations, it was reasoned that increasing the steric
bulk of the radical anion might inhibit coupling. Placing methyl
groups on naphthalene would not be acceptable since the protons of
the methyl groups would be benzylic and would .destroy the lithium
reagent. tert-Butyl groups, on the other hand, have no acidic protons
and are quite bulky.

A study of the reactions of lithium naphthalene (N), biphenyl
(B), di-tert-butyl naphthalene (DTBN), and di-tert-butyl biphenyl

(DTBB) with a2 spectrum of alkyl halides was thus initiated. The
L b4

or

U]

t

T
1

butvlated hydrocarbons were obtained quite easily by the Triedel-

Crafts reaction of tert-butyl chloride with naphthalene (132) or

biphenyl {15). The reaction with naphthalene gives an approximately

equal mixture of 2,6- and 2, 7-di-tert-butylnaphthalene. It is very
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difficult to separate these isomers by crystallization, and thus the

mixture was used in all reactions.

The information sought in this study was (1) the yield of reduc-
tion products (RH and RLi), and (2) the degree of lithium incorpora-
tion (anion trapping). From knowledge of theA Srield of reduction
products, the extent of coupling (alkylation) can be obtained in the
case of chlorides by subtraction from 100% since dimerization does
not occur. Bromides, however, form around 5% dirners.

The technique used in the survey will now be described. To a
solution of the radical anion cooled to -78°, was added an accurately
measured quantity of the gc internal standard (nonane or decane),
followed by the halide. In most cases, a large excess of the radical
anion was used. After sufficient time had elapsed for completion of
the reaction, an aliquot was taken and immediately quenched in water.
Ge analysis using a digital integrator gave the total yieid of hydrocar-
bon and lithium reagent (RH + RL1i). It is of interest to note at this
point that it was necessary to determine the gas chromatograony

o 2 —

RY + RH + RAr
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response factors by running through the same sequence of steps used

T

1 1

in a real reaction, only with the product being injected rather than the
halide. Determination of gc response factors in the normal manner
gave up to 10% lower results. After the first aliquot was taken,
carbon dioxide was bubbled in until the intense color of the radical
anion disappeared, and then a few minutes more. This treatment
destroys the lithium reagent by generating acids, ketones, and other.
materials. An aligquot of this mixture was then taken and treated as

Co, H,0
RH + RLi + R-Ar ——> —— RH + RCO,H +...+ RArCOH

&

before. The percent reduction on the yield of hydrocarbon (RH) is
taken to be the percent efficiency in trapping the anion as the lithium
reagent. The term 'anion trapping' is derived from literature usage.
It is very rare to see the metal ion represented in the electron
transfers, implying that the anion generated is free, even though this
may not have been intended in all cases. Considering the high cation
ffinity of an alkyl anion, the low dielectric constant for the solvents

used, and the fact that the radical anions exist as ion pairs, it is not

likely that free anions play a significant role in the mechanistic

ot

scherne. In this section 'anion trapping' implies only the phenomeno-

4

logical outcome of an experiment designed to determine the fraction of

reduction products which contain a carbon-lithium bond.



Results selected from Tables 12-18 zre presented in Table 10.

the product of '% RH Yield' and

[¢7]

The % yield of lithium reagent i

'7 Anion Trapping'.

Table 10. Survey of lithium radical arion-alkyl halide reaction

)
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ILiN LiDTBN IiDTBB
%RH(a> T Anion(b) %BRY % Anion %RH % Anion
Halide Yield Trapping Yield Trapping Yield Trapping
o] (C) ~ p 1 \ o ; (d)
1-Chlorooctane 92(2) 45(8) 56 49 100(1) S4(D)
l-Bromooctane 79 47 -- -- 96 91
{
2-Chlorooctane 6300) 2405 9 2180 gy 87
2-Bromooctane 57 258 -- -- 99(2) 83(4)'%
3-Chloro-3-meth- () (e)
ylheptane 39(1)  74(5) 89 81 97 88
) o
7-Chloronorcarane 99 65( ’ 99 89 99 95(‘3)
(a)

'+4% Estimated error. Numbers in parentheses are standard
deviations (SD).
(b)g, . . o .
7, Reduction in RH yield upon carboration.
c -

Average and SD of 8 runs.
(d) .
Average and SD of 3 rums.
Average of 2 runs.

{f)

Warmed to -5° to speed up rezction.

It is apparent from Table 10 thar lithium di-tert-butylbiohenyl
(LiDTBB) gives excellent yields of lithium reageats. The maximum
extent of coupling is a few percent and is probably much less, while
the % anion trapping i5 typically around 90%. LiDTBB closely

approaches the ideal of 2 homogeneous solution of lithium metal in



THF, with the DTBR moiety functioning only as an inert carrier of
an electron, at least in reactions with alkyl halides and radicals.

It is interesting to note that lithium naphthalene or lithium
biphenyl, when reacting with COZ’ gives a mixture of the hydrocarbon
and the dihydrocarbo::cylic acids. In contrast, LiDTBB gives a 97%
isolated recovery of pure DTBB. It is not known what the inorganic
products are. No experiments with DTBN have been done specifically
on the reaction with water or carbon dioxide. However, it was
noticed dur"mg the experiments with alkyl halides that while LiDTBB
produced only a slight cloudiness with carbon dioxide, lithium
naphthalenz and LiDTBN both produced very thick milky suspensions.
It is probable that DTBN reacts normally.

Another abnormality of DTBB is seen in the fact that while the
hydrocarbon reacts quite readily in THF with both lithium and potas-

sium, no reaction with sodium beyond a very slight coloration of the

surface could be induced. Various conditions include temperature

o

variation between 20° and -78° while the metal was being sliced in

itu to expose fresh surface.

w

In addition to the steric effect of the tert-butvl groups, another

factor which may reduce coupling in the case of DTBB is the 0. 16V
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Biphenyl radical anion undergoes relativel,

than naphthalene. It has been reported (80) that sodium biphenyl
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reacting with 5-hexenyl flucride gives virtually quantitative yields of
reduction products. Unfortunately, lithium biphenyl precipitates out
of solution under the conditions used in this study (-78°). Neverthe-
less, one run was made using the tertiary chloride 3-chloro-3-
methylheptane (see Table 16). The extent of electron transfer is 56%,
rather larger than naphthalene radical anion, which gives only 39%
electron transfer. It is likely that for primary and perhaps second-

ary halides, lithium biphenyl would give almost as high yields of

lithium reagents as DTB3. However, its inhomogeneous nature at

-3

8° would ssem to complicate the interpretation in mechanistic
studies. Combining these results with the literature observation (67)
hat sodium anthracene undergoes only 1% electron transfer with
even primary substances, the following order of electron transfer vs.

coupling can be constructed.

DTBB > DTBN > B >N > A

It is seen from Table 2 that this is also the order of reduction

potentials.

The reaction of lithium naphthalene dianion in diethyl ether with

a7

2-bromooctane gives only 3% electron transfer vs. 3
naphthalene in THF. Similarly, lithium di-tert-butyl naphthaiene {25
the dianion) gives only 34% electron transfer in diethyl ether vs. 207

in THF (as the radical anion) when reacting with 2-bremooctane.
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These observations combined with a perusal of Table 6 strongly
indicate that loose ion pairs give relatively more electron transfer
than contact ion pairs which, in turn, give much more electron trans-
fer than the very tight ion triples of the dianions. Thus, if one is
attempting to synthesize alkylated dihydronaphthalenes, the highest
yields would be obtained in the least polar solvent. Unfortunately,
the extensive coupling exhibited even by DTBN in ether virtually rules
out the possibility of synthesizing alkyl lithiums in the less acidic
diethyl ether solvent rather than THE.

Looking now at the extent of anion trapping as indicated by the
carbon dioxide quench method {Table 10), it is seen that LiDTB3
gives vastly different results than either lithiﬁm naphthalene or
LiDTRBN. LiDTRB gives anion trapping values consistently near 0%,
while thé values for lithium naphthalene and LiDTBN vary from 21%
to 8 l%.. One is also struck by the close tracking between lithium
naphthalene and LiDTBN. How is it possible for LiDTBB to give 87%
anion trapping, while under identical conditions lithium naphthalens
and LiDTBN give less than 25%? If for some reason LiDTBB gives
the lithium reagent directly while lithium naphthalene and LiDTBN
give the iree anion which would presumably react very rapidly with

solvent, then addition of a large excess of lithium bromide should

[{¥

¥

increase the extent of anion trappiang. The addition of suificient

lithium bromide to make the solution 0.4 molar failed to afisct the



anion trapping (entries 8 and 9, Table 15). Increasing esither the
naohthalene or lithium quantities also did not affect the % anion trap-

ping. This shows that disproportionation to the dianion was not caus-

Q)

ing the low yields (Runs 7 and 3, Table 12). Running the reaction of

lithium naphthalene at -63° rather than -78° did not much aifect the
anion trapping, although increasing the reaction temperature to 0° did
cut it in about half (Runs 9 and 10, Table 12). Entry 17, Table 12
was run to test the hypothesis that adventitious water was destroying
the lithium reagent. The addition of bromobutane in large excess
before adding l-chlorooctane would create enough butyllithium to pro-
tect the octyllithium from destruction by small guantities of a proton
source. Again, very little effect was observed.

Another possible reason for the low yields of anion trapoing
which came to mind is that the very reactive first-formed alkyl
lithium monomer might be metalating the naphthalene. Such metali-
zations are known to occur much more rapidly with TMEDA complexes
of alkyl lithiums (85) and much mcre rapidly with alkyl dimers than
with normal tetramers and nexamers (153). To test this hypothesis,
the conditions were changed such that, rather than using a large
excess of radical anion, the reaction was run on a completely
stoichiometric scale. If metalization of naphthalene were taking

place, then one should be able to observe a reduction in the %

recovery of naphthalene upon carbonation. When this experiment was
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run, two things were apparent. Firstly, there was less than a 1%
reduction in the recovery yield of naphthalene, where a 10% reduc-
tion was expected on the basis of the untrapped anion product observed.
Secondly, the extent of anion trapping as revealed by the carbon
dioxide quench method jumped from 47% to 93% for l-bromooctane
(Runs ! and 2, Table 13). The eifect on anion trapping of going from
the usual stoichiometry {(ca. 13%) to 100% for 2-bromooctane was
also quite sizeable (25% to 32%; Runs 2 and 3, Table 14), but no effect
was observed for 3-chloro-3-methylheptane (72% to
and 3, Table 16). When the reaction of lithium naphthalene with
|-bromooctane was run at medium degrees of stoichiometry, the %
anion trapping was also intermediate (Runs 8 arnd $, Table 13].
From these results it can be deduced that the anion is probably com-
pletely trapped as the lithium reagent, but that upon carbonation the
lithium reagent is somehow converted into the hydrocarbon when
excess radical anion is present.

All of the above data can be accommodated by the theory

that in all cases the % anion trapping is high, but that the follow-

ing reaction is competitive with reaction of the alkyl lithium
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with carbon dioxide. This easily explains why LiDTBB gives high
anion trapping by the carbon dioxide guench method, while lithium
naphthalene and LiDTBN do not. Unlike lithium naphthalene and
LiDTBN, which give dicarboxylic acid salts upon reaction with carbon
dioxide, LiDTBB gives back DTBB unchanged. This also explains
why going from those conditions where a large excess of radical
anion is present to where no excess is present induces a large jump
in the degree of anion trapping for l-bromooctane, but not for
3-chloro-3-methylheptane. In the former case, little or no coupling
is observed, while in the latter case, a large amount of coupling does
take place. Thus even when excess radical anion is not present, the

tertiary lithium reagent can abstract a proton as shown below.

Quite obviously, the above theory is open to experimental con-
firmation or rejection. Treatment of a lithium raphthalene solution
with 0.24 equivalents of l-chlorooctane followed oy the usual proce-
dure gave the result of 53% anion trapping. Repeating this experiment

with a lithium napnthalene solution made from naphthalene-d, gave
o < 8 >
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69% anion trapping. The octane produced after carbonation was
isolated and subjected to low-voltage mass spectral analysis. The
octane produced was found to be 90.8 = 0.5 monodeuterated. This
experiment proves that the hydro carbon found after the carbon dioxide
quench was formed by abstraction of a proton from naphthalene. It
has previously been shown that metalation does not take place. Addi-
tional evidence that the anion is nearly completely trapped as the
lithium reagent was obtained by addition of deuterium oxide to a reac-
tion run exactly as just described but without the carbon dioxide
quench. The octane was found to be 96.C = 0. 3% monodeuterated.
This is slightly greater than the % anion trapping as indicated by the

carbon dioxide quench in the case of the l-chlorooctane and LiDTEBR.
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It is probable that the lithium incorporation produced in a
substrates by lithium naphthalene and LiDTBN are justas khigh, or
slightly higher, than those indicated by the carbon dioxide quench in
the case of LiDTBB. Even with LiDTBB, the % anion trapping figures
are probably just lower limits.

iDTB3B for Lithium

-

General Considerations on the Use of

Reagent Svnthesis. For at least some substrates it is important that

the reaction be run at -73° or colder. From Fntries 3 and 10 of

secondary lithium reagents are stable in THF below about -30°.
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Inverse addition of LiDTBB to 2-bromooctane, although synthetically
desirable, also gives poor results (Entry 11, Table i4). This is
undoubtedly due to the fact that the lithium reagent and unreacted
bromide are in-contact for perhaps 0.3 hours by this method, but less
than a fraction of a second by the normal addition. Lithium DTBB
has advantages over lithium naphthalene in reactions with secondary
cyclopropyl chlorides because this reaction is excessively slow with
lithium naphthalene, but is over within 5 minutes with LiDTB3B.
Other than nonvolatility, LiDTBB has no advantage over lithium
naphthalene for primary halides, or over lithium biphenyl for both

orimary and probably secondary halides in synthetic procedures. Fo

rt

mechanistic stadies, lithium biphenyl is unsuitable in modest concen-

T

trations at -78° due to apparent inhomogeneity. he use of LiDTBN
or LiDTBB is necessary to achieve good yields with tertiary sub-
strates.

Since LiDTBR gives essentially 100% electron transier, it would

v . t - .1 , - N . 1.
seem that it ought to be possible to use DTBB in a catalytic fashion.
This would require the use of lithium dispersion to allow fast enough

1 =
formation of the radical anion at -78°. It might be possible to use
a7

less than 10% of the theoretical amount of DTBB, thus making separa-

tion of nroducts from the DTBB easier.

Iy
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The Stereochemistry of LIDTBB-Cvyclonrooyl Halide Reactions

The stereochemistry of the lithium reagents which result from

the newly developed lithium di-tert-butylbiphenyl (LiDTBB)-alkyl

halide reaction is of interes* for two reasons. Firstly, stereochem-

istry is of pararmount importance to the synthetic chemist. From the

3

examples to be discussed in this section and the next, it should be
possible to get a feel for the stereochemical outcome cf a given
LiDT3B reaction. Secondly, the steresochemistry observed may give
important information abcut the configurational equilibria of radicals
and anions, obtainable more easily and with fewer ambiguities than
with any other chemical method.

It has been previously argued that the sterecchemical outcome
of the reaction between lithium naphthalene and the cyclopropyl
nalides, anti-23-Cl and 28-Ci, represents the population of the cor-
responding radicals. The arguments will be expanded and sum-
marized here.

Cyclopropyl radicals are highly pyramidal and hold their

1

; . -8 -10 -1
configuration for on the order of 10 t

o 10 sec . This is far

m

slower than the time of a single collision between molecules in solu-

tion, and is even slower than the time of an encounter. (An encounter
il

is thought to consist of a number of collisions and lasts around 1O

seconds (133).) Thus it is clear that any reaction which is diffusion

"
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controlled and reacts with retention of configuration to give stable
products would be capable of accurately giving the equilibrium popula-
tion of radicals. The argument that LiDTBB reacts with cyclopropyl
radicals at diffusion controlled rates is very good. It is generally
accepted that cyclopropyl radicals are highly unstable (reactive) while
cycloproﬁyl anions are relatively stable, in comparison to primary
systems. It would be expected, then, that the electron affinity of a
cyclopropyl radical is higher than of a primary radical. The electron
affinity of DTBB is 0. 16 volt lower than that of naphthalere. Since the
rate of electron transfer is expected to be dependent upon the differ-
ence of electron affinities, it is clear that cyclopropyl radicals can

be expected to react with LiDTBB faster than primary radicals react
with lithium naphthalene and the latter reaction is known to be diffu-
sion controlled.

The stability of the products is also definite. It was demon-

3

strated that cyclopropyl lithium reagents are thoroughly stable even

under adverse conditions. Even the free cyclopropyl anion would be
expected to be stable at -78° (134). It should be noted that 2ll of the

arguments given above apply with even greater force to vinyl radicals.
=3 5 Py =3

e 7T-Norcaranyl System (28). The reaction of a mixture of

syn- and anti-7-chloronorcarane {syn:anti = 1.5) with LiDTB3 in THF

at -78° followed by quenching with deuterium oxide gave 23-D. Nmr

cr
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analysis indicated the an However, the analysis
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of this compound by nmr was plé.gued by the presence of unknown
impurities. The ratio of anti to syn deuteration is very sensitive to
the presence of even very sma:ll amounts of impurities whenever the
anti to syn ratio is very large or very small. For this reason, the
deuteration experiment only gives the direction and approximate mag-
nitude of the configuration of the lithium reagents. Due to the unsat-
isfactory nmr analysis, a better method of determining the lithium
reagent populations was required. It appears well-established that
metal halogen exchange between alkyl lithium reagents and sthylene
dibromide goes with retention of configuration {35). To show that
ethylene dibromide could be used as 2 suitable quench of the lithium
reagents, syn- and anti-28-Li were prepared separately by metal-
halogen exchange of syn- and anti-28-Br and the resultant lithium
reagents were quenched both with deuterium oxide and with ethylene

dibromide. Retention was observed in all cases. This demonstra-

tion of retention of configuration is not sufficient in itself to allow

D
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ethylene dibromide to be used to determine lithium reagent ratios.

*

It must also be shown that the yields from the two forms are the same.
To this end, a mixture of 7-bromonorcaranes (anti:syn = 1.33) was

treated in the same manner just described but with the inclusion of an
J

internal standard. The overall yield for the anti-bromide was 92%,

with the syn bromide giving an 84% yield {final anti:syn = 1. 43).

Repetition of this procedure using deuterium oxide as the quench gave

an anti to syn deuteration ratio of 1.39. Thus, eithe r deuterium

oxide or ethylene dibromide should be suitable to determine the popu-
lation of 28-L1i.
From a reinvestigation of the reaction of LiDTBB with the 1.5:1

mixture of anti- and syn-28-Cl using ethylene dibromide as the

quench, it was found that the anti to syn ratio of bromides was 10 = 2

S

(estimated error). As described in the Historical Section, optically
active 2, 2-diphenyl-1l-methyl-l-bromocyclopropane gives a slight
amount of retention when reacting with ! molar sodium naphthalene at
20°. Proton tunneling of the radicals derived irom 28 -Cl would be
expected to cause interconversion to occur much too rapidly to allow
the first-formed configuration to be trapped by 0. 15 molar LiDTBE5,

even at -73°. This is, in fact, the case. Purified syn- and anti-28-

Cl were separately subjected to the above orocedure with the result
J !

that the anti to syn ratio of bromides was ll:l in each case. These

a——

results indicate that the anti radical is more stable than the syn as

R
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ind icated below.

_ :
[T = z
H
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The exo-Tricyclo 3.2.1.0 " ‘octvl System (23). The stereo-

chemistry of the reaction of anti-23-Cl with lithium naphthalene fol-

lowed by deuterium oxide to give at least a 100:1 syn:anti deuteration

ratio was described previously. Rerpetition of this reaction with
ILiDTB3B gave identical results.

To get a better number for the syn to anti ratio, the reaction

with LiDTBB was repeated, but using ethylene dibromide as the
quench. The syn bromide is known to sgontaneously decompose (37)

as shown. Treatment of the reaction mixture with aqueous silver

A
pte — Ay =

nitrate removed the allylic bromide. Gc analysis showed only one
peak other than solvent and internzl standard. This peak had the cor-
rect retention time for anti-23-Br. From the integration of this peak

relative to the internal standard, it was concluded that the anti

1

» yield. Similar resulit

¢4

wer

in

bromide was formed in less than 0. 57

obtained by gc analysis of the crude reaction mixture oefore silve

(a1
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treatment. However, decomnposition products of the allylic bromide
interfered with analysis. Since the yield of lithium reagents in the
LiDTBB reaction was determined to be at least 90% (Table 18), the

syn radical concentration was at least 200 times that of the anti.

[

It is interesting to note that the syn lithium reagent reacts witn
ethylene dibromide with at least 99.5% retention. This is in the face
of not inconsiderable compressional strain.

The 7-Methylnorcaranyl System (31). This system is of

interest not only to determine the position of the radical equilibrium,
but also since it might be possible to trap the radical before complete
equilibration can occur. This was considered to be 2 possibility in
this case since the fast proton tunneling expected with the norcaranyl
radical is absent in this system. It was also hoped that running the
reaction at 2 low termperature would lower the rate of inversion and
result in more trapping than Jacobus and Pensak observed with the

2, 2-diphenyl-l-methylcyclopropyl radical at 20°.

7-bromo-7

The synthesis of anti- -methylnorcarane {(anti-31-3¢}

followed the literature method. The anti bromide could be obtzained

oure by distillation, but the bromide was contaminated with other

o
>
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materials and was not investigated. Reduction of anti-31-Br with
sodium in tert-butyl alcohol gave the two hydrocarbons, syn- and
anti-31-H as identified by the chemical shift of the C7 proton in

analogy to otl';Ler 7-norcaranyl systems. This assignment was sup-

ported by the following experiment. Reaction of LiDTBB with anti-

31-Br at -78° in THF was followed by quenching a sample of the mix-

ture in water. Gc analysis indicated the two hydrocarbons to be

oresent in a ratio of 2.75, with the hydrocarbon assigned the syn-

hydrogen structure predominating. The remainder of the reaction
ixture was then quenched with ethylene dibromide. Gc analysis

showed two compounds iz the bromide region in a ratio of 1.5, with

the minor component having the correct retention time for the start-

ing bromide. Gec collection and nmr analysis confirmed this assign-

ment. The major bromide exhibited an nmr spectrum in accord with

[WS]
(W)}

[a—

that described in Reference for syn-7-bromo-anti-7-methylnor-

carane. Since in all cases known, ethylene dibromide reacts with
lithium reagents with retention of configuration, and since the major

bromide was the syn-bromo compound, the major component of the

———



hydrocarbon mixture is, again, indicated to be the s_y_ri—hydrogen
isomer.

The stereochemistry of the products from the reaction of
anti-31-Br with radical anions under a variety of conditions is pre-
sented in Table Ll_ The method of carbon dioxide quenching was used
to determine the extent of lithium incorporation as it should be valid
for LiDTBB reactions. It had been hoped that relatively more of the
anti-hydrogen compound (retention) would be found at higher concen-
trations, due to the radical being trapped before eqguiliobration. As
can be seen from the first four entries of Table 11, the opposite
trend (if any) is observed. A possible reason for this may lie in a
change in viscosity with a change in the concentration of the radical

anion. It was noticed that the 0.30 molar LiDTB3 solution was very

H

thick--even to the point of making stirring difficult. Since the rate
of a diffusion controlled reaction is inversely related to viscosity, it
may be that doubling the concentration of LIDTBB actually decreases
the rate of trapping by more than doubling the viscosity.

Although the maximum range for the first four determinations is
only 20%, it is far outside the range of srror routinely achieved in gc
analysis (4%). However it is not unreasonable 2s an error of workup.
This is especially true in the case of the fourth entry in Table _1_1_,

where when an aliquot was taken and guenched in water, no organic

shase was produced because insuificient nonpolar organic molecuales



were present in the THF to prevent it from being completely miscible
with water. For future workers, it is recommended that the mole
fraction of nonpolar solutes in the THEF be kept constant by the addi-

tion of pentane where necessary.

Table 11. The reaction of anti-31-Br with electron dorors in THE.

Addition Conc.(a) Temp. Electron Retention(b) % Anion
Mode (Molar) °C Donor Inversion Trapping

Normal 0.17 -78 LiDTBB 0.356 95

" 0.029 " H 0.377 . 94
Evaporative 0.30 " " 0.398 --
Inverse 0.01 t " 0.425% G5
Normal 0.17 +20 H 0.510 --
Inverse 0.01 -60 " 0.414 93

" 0.01 -40 " 0.414 97
Normal 0.17 +20 KDTBB 0.571 --

r 0.15 -78 Li7DTBN‘C) 0.235 86

2 . . - . . .
Concentration of pot solution - electron donor in all but inverse
addition.

(b)

(C)By CO, gquench method.
(d) -

Dianion in ether.

anti-31-H:syn-31-H.

The very low retention to inversion ratio observed for lithium
di-t_e_r_f—butylnaphthalene dianion in diethyl ether may de due to
selective electron transfer. As previously mentioned, the dianion is
expected to be very tightly ion paired and might undergo electron

transfer relatively sluggishly, thus giving rise to the possibility of

selectivity.
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Since the results obtained from the attempts to observe trapping
were the inverse of what was expected, another chemical test of the
identities of the two hydrocarbons was made. Walborsky reported
that 12-Br readily underwent metal-halogen exchange with butyl-
lithium in THF at -8° (117). In this, as in all cases of metal-halogen
exchange, retention of configuration was observed. Attempts to

induce metal-halogen exchange with anti-31-Br and butyllithium in

THF, even at 20°, were not successful, giving only a little hydrocar-

IR

bon and no lithium reagent. The butyllithium seems to react with

[

solvent faster than with the bromids. Even the reaction with sec-
butyllithium in THF at -40° to -20° was unsuccessful. Some hydro-
carbons were slowly produced as revealed by aliquots quenched in
water, but were not derived from the lithium reagent since quenching
with dimethyl carbonate did not reduce the size of the peaks on the gc.
Finally, exchange with te_rﬁ—butyllithium at -78° for 5 minutes in THEF
was successful. Even here, nowever, peculiar results were obtained.
Analysis by gc of an aliquot quenched in water, and of the remainder
after treatment with carbon dioxide revealed that, while a 33% yield

of lithium reagent was obtained, 2 33% yield of hydrocarbons was

simultaneously produced. The lithium reagent was produced with
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retention of configuration--again confirming the identification of the

two hydrocarbons. The hydrocarbon side products of the exchange

MB s Q{? L 53%
———e )
- Ii + Q\ T o
THF, -78° / Chs yield
50 : 1
w
. Cia 33%
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reaction were of essentially inverted configuration, with the major
hydrocarbon having the configuration of the most stable radical as
determined from the LiDTBB experiments. Upon re-examination of
Walborsky's data it was seen that, although the formation of the
lithium reagent took place with 100% retention as determined by
carbonation, a fair amount of racemic hydro carbon must have been
formed since the optical purity of the hydro zarbon obtained by protona-
tion of the reaction mixture was only 63-835%. A mechanism which
accounts for both retention in metal-halogen exchange and racemiza-
tion in the hydrocarbon side products is shown below. The four-
center intermediate shown is often po stulated as a transition state in

metal-halogen exchange reactions (85).
2 2
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The Reaction of Planar and Rapidly Inverting Cyclic Radicals
‘with LiDTRBE--Theoretical Considerations

If the product sterecchemistry resulting from the reaction of a

cyclopropyl radical with lithium 4, 4'-di-tert-butylbiphenyl (LiDT33)

represents the radical configuration of a one-to-one basis, then what
meaning can be ascribed to the product configuration resulting from 2
non-cyclopropyl cyclic secondary radical? Such radicals run the
gamut from essentially planar to fairly pyramidal, and in zall cases
are undoubtedly undergoing wide-ranging vibrational motions.
Because of this, any theory of the reaction of LiDTBB with such
radicals is on shaky grounds in comparison to the corresponding case
with cyclopropyl radicals. Nevertheless, an attampt will now De

made to describe the detailed process and to at least define those



considerations necessary for a more complete theory.

Is the transfer of an electron fast or slow? A scenario for a
slow transfer would have the charge density on the radical start to
increase as soon as the radical diffuses to a favorable position. As
the negative charge builds up on the radical, the cation moves in,
solvent molecules reorganize, and the alkyl lithium is generated with-
out intervention of the free anion. t the opposite extreme, the elec-
tron may be transferred to the radical in a time fast-compared with
molecular motions and perhaps even vibrational motions (e.g., a
vertical process). An alternative process would have the radical
diffusing to the cation followed by electron transfer from the remote
radical anion. Since the solvent molecules around the cation are held
guite tightly it is not likely that any could be displaced by the radical
rapidly enough to account for the known diffusion controlled rate.
Whether the electron transfer is fast or slow would appear to be
dependent upon the relative elsctron affinities of the radical and donor
hydrocarbon. Unfortunately, accurate or even pproximate electron
affinities for radicals are not available at the present time. In the

discussions which follow, the implicit assumption will be that electron

—

transfer from di-tert-butylbiphenyl radical anion to cyclic secondary

radicals is irreversible and fast with respect to vibrational motion.
This assumption is made to simplify mechanistic considerations to 2

manageable level, and can be considered as a first approximation



upon which the more likely 'slow transfer' theory might be based. It
will be seen, however, that the experimental results to be described
in this thesis can be readily explained in terms of this assumption.

How severe are the stereochemical constraints on electron
transfer? It has been previously mentioned that electron transfer

) -]
between naphthalene moieties can take place at a separation of § A
: 7 . . .

with a rate constant of 10 for the free ions. It will be remembered,
however, that primary radicals reacting with sodium naphthalene at
room temperature not only undergo electron transfer, but also cougle
to generate alkylated naphthalenes. This process presumably requires
bond-forming distances to be attained, albeit quite long ones since it
is, in essence, a radical-radical combination with a low or non-
existent activation barrier. It has previously been pointed out that
the competition between electron transfer and coupling appears to
depend strongly upon the electron aifinity of the aromatic hydrocarbon,
as well as the electron affinity of the radical. This would seem to
imply that the transition state for electron transfer becomes more and
more remote from the radical anion as the electron affinity of the
aromatic hydrocarbon decreases and as the electron affinity of the
alkyl radical increases. DT33 has one of the lowest electron affini-
ties of any hydrocarbon known from which radical anions can be con-
veniently made. Its slectron affinity is 0.16 Voit below that of naph-

thalene. Since even naphthalene radical anion reacts with primary
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radicals at diffusion controlled rates, it would not seem unreasonable
to postulate that the reaction of LiDTBRB with radicals takes place with
equal ease with all possible conformations of a radical, irrespective
of the steric environment arcund the radical center.

1f electron transfer to the radical gives the free anion, is it
possible that the anion undergoes equilibration before combining .with
a cation? Experimental inversion rates for anions are not available.
Molecular orbital calculations which are, in general, guite good at
predicting the inversion barrier for amines (134, 136) predict (137}
that the inversion barrier for carbanions should be quite similar to
that of amines. The experimental rate of inversion of dimethylamine
. 9 -1 . . . 9
is 1.6 x 10" sec  (138). While a rate of inversion of 10" may seem
rather rapid, it is actually much too slow to aifect the stereochemical
outcome of the reaction of a radical with LiDTBB. The collapse of
the hypothetical alkyl anion-lithium cation ion pair is expected to be
very much faster than if the anicn were, for example, generated
unpaired in a 0.1 molar sol}ltion. Yet even in the latter case, since
the rate constant for diffusive encounters between oppositely charged

. . . . 11 - -1 .

species in THEF soclution is greater than 10 M sec at 25° (118),
the rate of capture of the anion by a lithium cation would be at least
ten fimes the rate of inversion of dimethylamine. All of the systems

"
1

investigated in this work are cyclic, an t have a fair amount of

[o N
3!
(o]
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ring strain. This would be expected to greatly increase the barrier
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to inversion. The effect of »ing strain is seen by the fact that the rate
of inversion of the cvclopropyl anion analog, aziridine, is 1.0 sec
at 20° (extrapolated from data given in Reference 134). Thus it can
be concluded that anion equilibration is probably not a factor in deter-
mining the product stereochemistry arising from the reaction of a
radical and LiDTBB.

It will be demonstrated that cyclic secondary lithium reagents
are configurationally stable under the reaction conditions used in this
study (THF at -78°). Lithium reagents, however, are known to exist
as tetramers or at least as dimers in ether solutions while the first-
formed lithium reagent is, by necessity, the monomer. Although no
absolute assurances can be given that the monomers do not undergo
equilibration before association to higher aggregates, it will be
assumed that they do not. They surely must have higher inversion
barriers than free anicns, and one would expect that they also have a
very short lifetime.

1f the above postulates and arguments are accepted, then it is
claimed that the stereochemistry which is obtained from the reaction
of a radical with LiDTBB can be considered to result from a mapping
of the radical probability distribution upon the potential energy curve
of the corresponding anion. For purposes of discussion, the
2-norbornyl radical and anion will be used. It will be assumed that

the exo anion (A) is more stable than the endo anion (B). An assumed
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potential energy surface for these anions as a function of the out-of-
plane angle, a, is sketched along with the surface for a hypothetical,
strictly planar radical. Tt must be stressed thata transition from the
upper curve (the radical) to the lower curve (the anion) represents a
chemical reaction, and not an electronic transition. The solid verti-

cal line represents planarity {(a = 0), while the dashed line repre-
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sents the division between A and B. If it is assumed that a radical
on the B side of the dashed line picks up an electron it will form

anion B and vice versa. Then it can be seen that even in the cz o

<
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n
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strict planarity of the radical, the more stable anion will be formed
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in greater abundance than the least stable anion. In fact, the more
constrained the radical is, the larger the A:B ratio that results. In
reality it would be expected that the same forces which cause A to
Le more stable than B would also operate on the radical, but to a
lesser degree. This would tend to move the potential energy curve
for the radical in the direction of A, and thus give rise to an even
greater preponderance of Al

if the radical were pyramidal rather than planar, the probability
distribution of radicals would correspond to an equilibrium between
radical configurations. If the radical were highly pyramidal with the
a probability distribution of each configuration not approaching the
top of the inversion barrier between A and B, then the product dis-
tribution would mirror the radical distribution and be unaffected by
the relative stabilities of A and B. Itis likely, however, that the
relative stabilities of the two radical forms will mimic the relative
stabilities of the anions. [t is difficult to imagine a case where this
would not be true although an anion, being charged, would respond to
an electric field where a radical would not.

Tt can be concluded that the products which result from the
reaction of LiDTBB with planar radicals give direction and perhaps
magnitude information on the relative stabilities of the anicns. On
the other hand, with 'significantly’ oyramidal radicals, information

on the direction and magnitude of the radicals is obtained.
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Intermediate radical geometries will of course give intermediate
results, but in all cases it is expected that radicals and anions will
respond in the same way to molecular forces.

The Reaction of Planar and Rapidly Inverting Cvclic Radicals
with LiDTBB--Four Systems

The 7-Norbornenyl System (32). The 7-no rbornenyl radical has

recently been a center of controversy. Since the 7-norbornenyl cation
is well-known to be strongly non-classical, it was expected by some

workers that the 7-norbornenyl radical would also te non-classical.

177}

Warkentin and Sanford (139) reported that the reduction of syn- or

anti-7-bromonorbornene (32-Br) with tributyl tin hydride gave only

anti- deuterium incorporation and claimed that the radical was non-

classical. Their analysis, however, was based upon very noisy nmxzx

spectra of the hydrocarbons. The syn- and anti-C7 protons are

badly overlapped and generally buried in the nmr of this compound.

Cristol and Noreen (140), in examining the spectra published by

Warkentin, estimated that both anti and syn deuterium compounds

were present in a ratio of 70:30. Simultaneously, Russell and Holland
(141) reported their reinvestigation of Warkentin's work. The
norbornene was converted in a series of reactions to the semidione
as shown. The esr spectrum of this species indicated an élt_*.s_v_':—_x

ratioof 4.9 = 0. 1.
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Kochi, Bakuzis, and Krusic have recently performed chemical
and esr studies on the 7-norbornenyl radical (142). Photolysis of the

syn or anti deuterated peresters gave the same mixture of deuterated

norbornenes. Photolysis of the non-deuterated peresters gave the
same mixture of ethers regardless of the stereochemistry of the
starting peresters. The esr results indicate that the radical is pyra-

midal, but with a very low barrier to inversion (a few nundred
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calories?). It was not specifically stated that the anti radical pre-

dominantes, but rather that the esr result

n

are not inconsistent with
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It is seen that all of the reactions tend to favor the anti position.

However, only the last reaction can be regarded as anything approach-
ing the true configurational preference for the radical. While the last
process involves radical-radical recombination - ith approximately
zero activation energy, the others have quite substantial activation
energies and have been shown in the case of other much more pyra-
midal systems to involve steric effects (143, 144). From the simi-
larity of the results obtained from the three reactions, it is apparent
that the two faces of the 7-norbormnenyl radicals present essentially
identical steric requirements to an incoming reactant.

Stille and Sannes {(145) have determined that the 7-norbornenyl
anion prefers the anti configuration by a factor of 94:6 at 6C°. The

anion was produced by basic oxidation of the corresponding hydrazene

derivatives (syn and anti) in both deuterium oxide and in tert-butyl

alcohol-O-d. The preference for the anti position was explained in

terms of an antibonding bishomocyclopropenyl interaction with the
double bond in the syn form. Similar considerations apply to the
radical.
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It was of great interest, then, to apply the LiDTBB reaction to
this very well-studied system. Reaction of syn-32-Br with LiDTBB

in THF at -78°, followed by deuterolysis, led to 22-D. To determine

the anti to syn ratio, the norbornene was treated with m-chloroper-

benzoic acid, and the resulting epoxide was analyzed by nmr with the

Using this technique, the syn- and

aid of the shift reagent, Pr(fod)3.

anti-C7 protons could be separated completely from each other and
from all other signals. The results indicate that the anti:syn

deuterium ratio was 3.8 £ 0.2:1.

Ot
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syn-32-8x 3.2 : 1

Although chloropropyl lithium reagents are well-known to hold
their configuration, nothing was known about simple secondary
lithium reagents in THEF. Since the lithium reagents had to hold their
configuration for only 30 seconds before deuterolysis was performed,
and since the temperature was quite low (-78°%), it seems reasonable
to assume the deuteration ratio observed is the same as the stereo-
chemistry of the first-formed lithium reagents. To prove that the
lithium reagents are capable of holding their configurations, syn-32-

Li was prepared by metal-halogen exchange with tert-butyllithium in
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THF at -50°. After only 4 minutes, almost all of the bromide had
reacted, and after 30 minutes at -50°, the reaction mixture was
quenched with deuterium oxide. The norbornene was isolated and
analyzed as above. Deuterium incorporation was 90%, with a syn:anti
ratio éf at least 20:1, confirming that the reagents are stable at -78°
and probably at -30°. This represents the first reported metal-

halogen exchange on a simple secondary bromide. Other attempts
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have met with failure, leading one author to conclude~ that halogen-
matal exchange occurs only between alkyllithiums and alkyl iodides
and does not occur with bromides (146).

It can be readily seen that the lithium reagent ratio obtained in
the LiDTBB reaction was not due to equilibrétion of the iree anions.
If the anti to syn ratio for the free anion equilibrium as determined
by Stille is 15 at +60°, then it should be on the order of 100 at -78°.

1

Thus, it can be concluded that if the T-norbornenyl radical is signifi-

cantly pyramidal, then the ratio of anti to sym radicals is 3.8 at -78°.

At the temperature of Kochi's perester decomposition (32°) th

[¢M

~}

antiisvn ratio would be 2.4. This is remarkably similar to the 2.
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ratio obtained for the tert-butyl ether products as mentioned above.

The 7-Benzonorbornadienyl System (30). Recently, interest

has been shown in this system by a number of workers. Cristol and
Noreen (140) reported that the reduction ¢f either syn- or anti-30-Br

with tributyltin deuteride gave the same ratio of syn to anti deuterium

incorporation of 1.33. Due to severe overlap of nmr signals from the
hydrocarbon, analysis was performed by conversion to the Diels -
Alder adduct as shown. Although HA is in the clear, HB is par-

tially overlapped with HC. This method of analysis was also used by

.33 : 1

Buske and Ford (122) in their work on the Grignard reacticn of 30-Br

and 30-C1l as was previously discussed. The reacticn of syn- and

anti-30-Cl with sodium naphthalene and magnesium chloride followed
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by deuterolysis gave mostly 2nti deuteration. However, the r
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syn to anti was dependent upon the configuration of the starting

This is additional evidence that the anion trapping mechanism of Bank

and Bank (76) is not operating in this system. Thus, it is not clear
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what meaning can be ascribed to the syn to anti ratios which were

obtained.

The lone pair orientation of 7-azabenzonorbornadiene has been
determined recently (147). An approximately equal mixture of syn

and anti was indicated, with perhaps a slight excess of the anti form.

Unfortunately, the method of determination involved the use of shift
reagents which are likely to exhibit discrimination of one form over
the other due to steric differences.

The esr spectrum of the 7-benzonorbornadienyl radical at -116°
has been reported recently (148). The a -proton coupling constant
(8.3 Gauss) indicated that this radical is somewhat more pyramidal
than 7-norbornenyl (a(H7) = 10.9 Gauss). The radical was assigned
to the anti configuration on the basis of coupling constants alone and
with no mention of how much of the syn radical could be in rapid
equilibrium with the anti. This assignment is very difficult to accept
in light of the similar environment on both sides of C-7.

The reaction of anti-30-Cl with LiDTBB in THEF was carried
out at -78°, followed thirty seconds later by deuterolysis. The hydro-
carbon was hydroborated and the al;ohol analyzed by nmr with the aid

Prifod) The shifted spectrurm is shown in Figure 1. As can be

t+

e} 3

seen, this procedure results in compietely unambiguous integrations

uQ

for both the syn and the anti protons. The nmr indicates 99 = 37

4

deuterium incorporation with an anti:syn ratio of 1.33 £ 0.02. The
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e 1. Nmr spectrum of 7-deuteriobenzonorboren-2-ol with added

Pri{fod).,.
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deuteration ratio is curiously the same as reported by Cristol and
Noreen, but in the opposite direction. If the 7-benzonorbornadienyl
radical can be considered significantly pyramidal, then the ratio of
anti to syn radical configurations at the temperature of the esr study

discussed above is probably no greater than about 1.5.
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The 2-Norbornyl System (33). While the a -proton esr coupling

constant for the two previous systems indicated a pyramidal geometry,
the 2-norbornyl radical would appear to be only slightly pyramidal if
at all. The a coupling constant is around 21 Gauss (14%) and,
although it was claimed that the radical is pyramidal, the large
coupling constant indicates that it is orobably ins wﬂlﬂcantly pyra-

S~

midal.
The 2-norbornyl radical has a propensity for exo attack. This
has been reviewed from the standpoint of stereochemical control of

attack upon a planar radical (150). For example, either the exo- or

LS

endo-tert-butyl peresters gave an exo o endo ratio of tert-butyl

ethers of 1.65. Either exo- or endo-2-chloronorbornane in reaction

with tributylitin deuteride gave a ratio of exo to endo deuteration of

5.3 (131).
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The 2-norbornyl anion has been studied by Stille, Feld, and
Freeburger (152) by the same technique described for the 7-nor-
bornenyl anion. At 67°, the 2xo to endo equilibrium value for the
anion is at least 30, although the analvysis was rot as straightforward
as in the previous case.

The treatment of exo -2-chlorono rbornane with LiDTBB was
performed as usual in THT at -78° and followed by deuterolysis.
Analysis by ir indicated mo stly exo deuteration, but was difficult to
guantitate. Repetition of the reaction, but with a quench of ethvlene
dibromide, followed by nmr analysis of the gc-collected bromide peak
indicated both exo - and @Q-Z-bromonobornanes to be present in a

ratio of 10:1.
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The 4-tert-Butylcyclohexyl System (34). The cyclohexyl radical

is gensrally regarded as being essentially planar, with an a -proton
esr coupling constant of 21.3 Gauss (105). Treatment of 4-chloro-

tert-butylcyclohexane with [iDTB3 in THEF at -78° followed by

deuterolysis gave a mixiure 5f cis- 2nd trans-34-D. Ir analysis in

the C-D stretching region (see Fxperimental Section) indicated an

equatorial to axial ratio of 14:1. This is in agreement with the
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configuration of piperidine, which has the lone pair in the equatorial
position as determined by shift reagent studies (154).
A summary of the lithium reagent configurations obtained for

the systems in this section and the preceding one is shown in Figure 2.



200 ¢ 1
i
£
01

1.33 ¢ 1
N 1= //{\W
ﬁ’ L~/ Li
A_\ 0 : 1

o I
)
oy
n
4
o
jonl
r
@]
-3
yy)
w
5
- 0g
Hh
tx
W)
«r
1
~)
Q0 ki,
o

133

rion of radi-
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EXPERIMENTAL

Genera! Laboratorv Procedures and Conditions

All temperatures ars uncorrected. Nmr spectra were obtained
on a Varian HA-100 Spectrometer (100 MHz). Ir spectra were
obtained on 2 Perkin-Elmer 621 infrared spectrophotometer. Mass
spectra were obtained using an Atlas CHY mass spectrometer. Ge
analyses were carried out with 2 Varian Aerograph A90-P2. Unless
otherwise noted, the detector and injector temperatures were set at
230°. The flow rate for 1/4" columns was generally set at 60 ml/min,
with ca. 20 ml/min for 1/8' columns. The columns used will be
referred to by the letter designation as defined below:

Column A 4' x 1/4'" 3% CW20M on 30-60 Chromosorb W

Column B 10" < 1 /4" 10% SE30 on Anakrom 110-120 AS

Column C 10" x 1/4" 10% Ucon--water soluble with 1% KOH

on 60-40 Chromosoro W

Column D 8' x 1/4" 107 CW20M on 30-60 Chromosorb W

4

Column 20" x 1/8" 87 Apieszon-N on 80-100 Caromosorb

WAS

(S 1)

Column T 13" x 1/4" 3%, QV-170n 60-80 Chromosord G
Fther solvents were distilled from sodium benzopnenone dianion

and stored over 4A molecular sieves
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standard deviations on multiple integrations
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otherwise noted. The term high vacuum as used in this thesis means

-

-2
10 torr or less.

2

4
Preparation of exo - and endo -anti-3-Chlorotricyclof{3.2.1.0 7]

oct-b-ene. The title chloride was prepared by the procedure of
‘Magid and Wilson (110). To a rapidly stirred mixture of 92 g (1 mol)
of norbornadiene and 43 g (0.5 mol) of methylene chloride cocled in
an ice bath, was added dropwise over a period of 2 h, 160 mlof 1.9M
MeIi-LiBr in ether (Alfa). Workup in the normal manner was fol-
lowed by distillation through 2 short-path distillation apparatus.
Material collected between 43° and 60° at 4.5 torr weighed 10 g
(23% yield based on MeLi). The distilled material consisted of a
mixture of the two title chlorides along with the corresponding
bromides {(ca. 10% of the chlorides) and the cyclopropane ring-
opened halides. This mixture was used in the Grignard described
below. The ring-opened halides could be removed by trzatment with
a solution of &6 g of :‘sgNO3 dissolved in 100 ml of acetone and 10 ml of
water for a few minutes. The standard workup followed by a quick
chromatography on alumina and then short-path distillation provided
a pure mixture of exo- and endo-anti-chlorides in a ratio of 2:1 by
amr.

The two ep‘i.zners could be sevarated by chromatography on a

107 AgNO3 on Silicar column (see below) with a loading of 1 gcon 2

2.5 x 22 cm column. FEther (10%) in pentane was used as the eluant
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with progress being followed by TLC (see below).

Grignard reaction of exo- and endo-anti-3-Chlorotricyclo

iy

2,4 . .
3.2.1.0 loct-6-ene. To 4.8 g of Mg turnings and 50 ml of THF in

a nitrogen filled 250 ml flask, was added 2 ml of CHBI' The solution
rapidly turned milky-grey and after 5 min, 18 g of the mixture of
chlorides descri‘oéd immediately above was added in one lot. After 5
min, the solution began frothing with sufficient vigor to bring the
material close to the top of the reflux condenser. When the reaction
quieted down, a clear brown solution resulted, which was heated at
reflux for an additional 12 h. Addition of 5 ‘g of DZO was followed two
h later with sufficient HC1 to dissclve the inorganic solids. Workup
with pentane followed by distillation at 60-70° at 100 torr resulted in

~

5.5 g of crude hydrocarbon mixture (0.3 g forerun discarded). Nmr
showed the presence of the expected bicyclic and exo- and endo-
tricyclic hydrocarbons, which were then purified as described below.
In spite of many attempts, it was repeatedly impossible to induce
reaction in a purified chlcride mixtare using the normal Grignard
techniques. This includes liberal use of C2H4Br2’ CH3I, and slow
addition of butyl bromide. All of the additives reacted with the Mg,
but only very little conversion of the cyclopropyl chlorides could be

1

induced. The presence of approximately 10% bromides in the crude

mixture appears to be necessary for the Grignard reaction to proceed.
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A portion (3.7 g) of the above hydrocarbon mixture was chroma-

tographed on 140 g of 10% AgNO, on Silicar using 10% ether in pen-

3

tane with the eluate being collected in six-inch test tubes. Tubes

11-16 contained 0.8 g of endo, tubes 17-19 contained 0.5 g of a mix-

ture of endo and exo, and tubes 20-30 contained 1.9 g of exo. The

remainder was eluted with 30% ether in pentane into a single flask and
consisted of a mixture of exo and diene.
Nmr of the endo material indicates 85 = 5% D incorporation and

an anti:syn ratio of 2.4 = 0.5. In the deuterated material, the svn
anti:syn Y

proton absorbs at 60.33 {t, J=3 Hz), while the anti proton 2bsorbs at

§0.53 (t, J=7 Hz). Similar direct analysis of the exo isomer was not
possible due to coincidence of a number of absorptions. The analysis
was accomplished by both epoxidation and hydroboration followed by
shift reagent nmr analysis.

Fpoxidation and Analysis of 3-Deuterio-exo—Tricyclo[3.2.1.02'4]

oct-b-ene from the Grignard Reaction. The purified exo alkene

(100 ul) was treated with 200 ul of 40% CHBCOBH, 30 mg of

NaOCAc- ZHZO and 50 ul of chloroform at 0° for | h. Dilution with

200 ul of pentane, extraction with 3 x 1 mi of 50% NaOH followed by
gc collection from columa A at 100° {inj.=det.=130°, flow rate=220

ml/min) gave 20 mg of pure epoxide. I‘:.“L.l(fod)3 shift analysis indicated

r—t
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90 £ 10% D incorporation with a syn:anti ratio of 2.5 = C. 5.

tion of the syn proton was excellent, but the anti proton was difficuit

———
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od protons. A separate run of

iy

to integrate due to trailing from the

epoxidation and shift analysis indicated 89 = 3% D incorporation with a

syn:anti ratio of 2.2 = 0.3.

Hydroooration and Analysis of 3-Deuterio-exo-Tricyclo

2,4 . .
(3.2.1.0 loct-b-ene from the Grignard Reaction. To 62 mg of

gc-collected exo alkene and 46 mg of Na.BH4 dissolved in 10 ml of
anhydrous 1,2-dimethoxyethane (DME) cooled to 0°, was added with
stirring 61 mg of HZSO4 dissolved in 10 ml of DME. The resultant
solution was allowed to stir for 30 min at 0°, ana then 30 h at 20°.

To this mixture was then added, cautiously at first, 5. 5 ml of 3N
NaCH follcljwed by 5.5 ml of 30% LIZOZ. The mixture was then warmed
to 40-50° for 30 min. The usual workup followed by gc collection

gave 20 mg of alcohol. A shift study {Eu(fod)B) indicated 70 = 10%

monodeuterium incorporation with a syn:anti ratio 0f 2.0+ 0.5. Inte-

gration of the syn proton was marred by overlap with the cyclopropyl
bridgehead protons, and the results of this study are considered less
reliable than with the epoxide.

Reduction of exo- and endo -anti-3-Chlorotricyclo{3.2.1.0

oct -6 -ene with Sodium in tert-Butyl Alcohol-O-d. To 0. 5 g (3.5

mmol) of 2 mixture of exo and endo chlorid

—————

]

issolved in 1 ml of

[
jo N

S

{1,
(8]

£-BuOD and 1 ml of THE, was adde 30 mg (10 mmol) of Na in small

1

pieces. The mixture was heated at reflux for three o, at which time

no starting chlorides were observed by gc. The flask was extractad
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with pentane and the usual workup was followed by gc collection
(column B, 115°) which yielded 284 myg of hydrocarbon (76% yield).

This mixture was subjected to AgNO, on Silicar chromatography fol-

-
)

lowed by gc collection to vield 65 mg of the exo hydrocarbon and 13mg
y g 7 =) VA )

of the endo material. Nmr analysis of the endo isomer indicated a

93 £ 5% D incorporation with the antirsyn ratio being 2.7 = 0.3. The
ex0 isomer was converted to its epoxide by reaction with 60 mg of
w—chloroperbemoic acid (85%, Aldrich) in 200 pl of methylene
chloride at 0° for 2 h. Workup with 3 N sodium hydroxide and pen-
tane was followed by gc collection from column C with the collector
and detec_tor at 100° to prevent the facile decomposition. Nmr

Eu(fod)3 shift analysis shows 98 = 5% D incorporation with the

syn:anti ratio being 1.16 £ 0.2 {error is estimate based on the degree

of overlap between the anti and syn proton resonances).

Preparation of a Silver Nitrate on Silicar Chromatography

Column. To 23 ¢ of Silicar contained in a 500 ml 24/40 flask, was

(=]

added a sclution of 2.3 g of AgNQO, dissolved in 20 ml of water an

>

3

50 ml of acetone. The flask was placed on a rotary evaporater and
the acetone and water were removed with the aid of a nheat lamp. The
resultant dry powder was dried further in an oven at 70° for 4 h.

A slurry of the 107 AgNO3 on Silicar powder in pentane was

vy

i1

1
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then added in ca. twenty portions to a chromatography column ed
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with nentane. The column was rotated at a constant ra
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rotation in 4 sec while gently but rapidly tapping the side of the column
with the rubber handle of a screwdriver. A layer of Ottowa sand /2"

deep was added to the top.

U

Prevaration of Silver Nitrate-impregnated TLC Plates. To l5g

of AgNO3 dissolved in 100 ml of water, was added 30 g of TLC grade

PF254 silica gel. Class microscope slides were dipped into the
resultant slurry and air dried. Development was with 10% ether in

pentane with the endo isomers of both hydrocarbons and chlorides

described above moving faster than the corresponding exo isomers.

Visualization was accomplished by spraying the plates with dilute
KMnO4 in acetone.

Formation of Carbene Insertion Product from the Reaction of

Lithium Hexamethvldisilazane {(HMDS! with Methyvlene Chloride. In

and attemnot to find a suitable synthesis of anti-3-chloro-exo-tricyclo
; yn Y

1

:4 ’ e . ~
[3.2.1.0 loctane, a modification of the general procedure of Martel
and Hiriart (155) was tried. A solution of LiHMDS (0.95 M, 11 ml)

in cyclohexane prepared from HMDS (Aldrich) and n-Buli {1 mmol -

ive

-

each) was added via a syringe at a constant rate over a period of
h to a refluxing solution of ! g (1 mmol) of norbornene, 5 g of methyl-
ene chloride, and 20 ml of cyclohexane. The tip of the syringe needle
was below the surface of the liquid. Workup in the usual way but

including extraction with 6 M HCl was followed by gc analysis. The

yield of the hoped-for tricyclic chloride was estimated to be 3%. In
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addition, however, a large peak with ca. half the retention time of the
chloride was observed. Ge collection followed by nmr and ir analysis
showed the product to be cyclohexylchloromethane, formed in ca. 12%
yield. Ir: 2920(s), 2850(s), 1450(s), 1303(m), 1265(mj), 961(m), and
725 cm—l(s); nmr: 563.31 (2H, d, J-5.6 Hz) [Lit. (N10): 63.31, 4,

J=5.6 Hz], 62 to 0.9 (11H, complex).

. A . 2,4
Preparation of anti-3-Chlo ro-exo-tricyclo(3.2. 1.0 loctane

(anti-23-Cl). The title halide was prepared from the reaction of

rorbornene with methylene chloride and methyl lithium-lithium bro-
mide followed by treatment with AgNOB as before using a slight
modification of the method of Jeiford and Medary (111). Other
attempts at preparation using a variety of bases including litnium

2,2,6,6-tetramethylpiperidide failed to give better yields.

i . . [ 2,4, .
Analysis of 3-Deuterio-2xo -tricyclo(3.2. 1.0 " “loctane. In the

nmr of the deuterated hydrocarbon, the anti proton absorbs at 5-0.23

(¢, J=7.26 Hz), while the syn proton absorbs at 5+0.15 (t, T-3 Hz).
yo ok

The syn and anti deuterio compounds have their C-D stretching fre-

gquencies too close together to permit analysis by ir in this region.

Alkali Metal-tert-Butyl Alcohol-O-d in Tetrahydrofuran Reduc-
tion of anti-3-Chloro-exo-tricyclof3.2.1.07" “loctane{anti -23-Cl). To

2 solution of the title chloride (30 mg, 0.35 mmol) in a mixture of

1 ml of t-BuOD (98% d ) and 2 ml of anhydrous THF, heated at reflax,

was added 5 mmecl of the alkali metal. Heating at reflux was continued
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until aliquotes indicated the absence of starting chloride. Reaction
time, yield, and sym:anti deuterio ratio are given in the table.

Deuterium incorporations were above 957 as determined by nmr.

Metal Time Yield syn:anti
Na 1.5h 70% 2.11
K 0.5h 50% 1.25
Li 1.0h 16% 1.70

The Effect of Solvent Composition on the Reduction of anti-3 -

2,4 ) ,
Chloro-exo-tricyclo[3. 2.1.0 loctane with Potassxurn/t_—BuOD. To

a refluxing mixture of 1.0 ml of t-BuOD and the indicated amount of

THTY, was added 150 mg of cotassium metal followed 30 sec later by

20 ul of the title chloride. The syn:anti deuteration ratio is presented

in the table. The deuteration in all cases was above 90%. Syn to anti
deuteration was determined by analysis of the nmr spectrum of the gc

collected material.

THF Added svn:anti Rerflux Time Isolated Yield
(ml) Deuterium (hr) (%)
0 1.27 = 0.13 0.5 50
2 1.25 = 0. 10 0.3 50
6 1.22 0. 13 1.0 7
30 1.20 £ 0.06 3.0 33

2,4 .
Reaction of anti-3-Chloro-exo-tricyclo[3.2.1.0C Joctane with

Lithium in Ether. orepared by leaching 200

=
0
[t
0
e}
4]
]
w
o
81
O
Fh
r
o
b
N
w
o]

mg of a 20% Li (1% Na:99% Li) dispersion in paraifin with two 3 ml
portions of pentane foilowed Dy the addition of 3 ml of anhydrous

ether. To this mixture was added 50 mg of the title chloride, and,
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after | min at room temperature, the flask was cooled to 0°. After

5 min the reaction was 73% complete, and after 15 min all chloride

was abseat. DO (0.5 ml) was then added and followed by the usual
workup and gc collection; 40% vield, 837% deuterium incorporation,
syn:anti = 2.1 = 0.3.

2
. . . r - .
Reaction of anti-3-Bromo-exo-tricyclo(3.2.1.0 " loctane{anti-

23-Br)-n-Buli. To l mlof | Mn-BulLi in hexane (Ventron) and 3 ml

of anhydrous ether, was added 55 mg of the title bromide. After 10
min at 0°, reaction was complete. DO (1 ml) was added after 45
min, and workup as above gave 20 m (85% yield) of hydrocarbon.

Nmr analysis indicated greater than 957% deuterium incorporation with

syn:anti less than 0. 06:1.

.

Low Temperature Reaction of arnti-3-Chloro-exo-tricyclo

2,4 N o s . - -
[3.2.1.0 loctane(anti-23-Cl) with Potassium and t-BuOD. A 500ml

three neck flask was connected to the high vacuum line via the center
neck. Into one neck was inserted a viewing window consisting of a
piece of glass cut from 2 microscope slide and attached to a sawed
off 24/40 inner joint with Torr-Seal epoxy. An assembly consisting
of two 1.6 mm diameter copper wires spaced | ¢cm apart projecting
through a 24/40 inner joint and sealed with Torr-Seal epoxy was
placed in the other neck. The flask side of each wire was tipped with

an alligator clip to hold 2 nichrome coil. The coil was formed from 32

strands of #30 nichrome wire wound together with an electric drill



and then formed around the sharpened end of a pencil. The cone
shaped coil was 2 ¢cm long, and had 4 cm of lead wire which, when
attached to the alligator clips, and inserted into the side arm, sus-
vended the coil approximately in the center of the flask. Power was
applied to the coil by a Variac (voltage usually 10 V or so) connected
to the projecting copper wires.

The flask was dried by a high vacuum combined with flaming of
the exterior of the vessel. After the flask was considered dry {ca. 3
h), nitrogen was admitted and, with a strong flow, the coil assembly
was pulled out until the coil was accessible but still in the neck of the
flask. A 200 mg piece of potassium metal, which had been cleaned
with a knife under mineral oil, was washed with toluene and immedi-
ately placed in the coil. The assembly was seated in-its joint and the
flask was immediately re-evacuated. After 1 h at room temperature
under a high vacuum, the flask was immersed in liguid nitrogen and
| ml of previously degassed t-BuOD was deposited on the walls of the
flask, followed by about 20 ml of THF. Thne coil was then heated at
about one-nalf the volrage required to produce a red glow. The potas-
sium deposited over a period of 30 min with the filament teing con-
stantly monitored through the window. The very dark blue -black
coating was then covered with 15 mlof THEF, 1.0 ml of £-BuOD, and
finally, 40 ul of the title chloride. All depositions were done slowly

so5 as to minimize local melting. The flask was warmed to -30° with
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a toluene slush bath, and the black mixture was stirred for 30 min at
this temperature. The mixture was then allowed to warm to -78° and
was stirred for an additional 1.5 h. The blue-black suspension under-
went visible reaction and slowly lightened to grey after 43 min. The
mixture was allowed to warm to -10° over a period of 2 h, at which
time the mixture consisted of a milky white suspension. Careful
addition of water resulted in burning particles being shot out of the
neck of the flask. Workup in the usual way and nmr analysis indicated

at least 95% D incorporation and a syn:anti ratio of 1.28.

A
. - . ~ . ~ = .
Reaction of ant1—3—Chioro—exo—tr;cyclo[B.Z. 1.07 “Jocrane(anti-

(3]

3-Cl1) with Lithium Naphthalene. A solation of lithum naphthalene

|

was prepared by stirring 2 g (15. 6 mmol) of naphthalene, 0.10 g of

aq

mmol) in small pieces, and 20 ml of THT at room temperature

N

Li(l
for 3h. The dark green solution was cooled to -78°, and 50 mg of
the title chloride dissolved in 3 ml of THF was added dropwise. After
stirring for 8 min, 1 ml of DZO in THF (3 ml) was slowly added. The
usual workup was followed by a two stage gc collection from column
B. Coupling products were searched for by analyzing the crude reac-
tion mixture on a sahort (3') 5% SE30 column under conditions where
hydrocarbons of similar molecular weight came off in 5 min (PhBCH,

250°). No peaks were observed in this region, and thus the maximum

extent of coupling was estimated to be 0. 1%,
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Nmr analysis indicated greater than 96% deuterium incorpora-

tion. The ratio of anti-C3 proton nmr integration to syn integration

——

was 28:1, with the splitting pattern of the residual syn protor indicat-

ing that at least 75% of this signal originated from the undeuterated

species. The syn:anti deuteration ratio corrected for the presence of

e

undeuterated hydrocarbon is, sherefore, atleast 100:1.

Preparation of Lithium Naphthalene Dianion using High Vacuum

Tine Techniques. Two 200 ml taree neck round-bcttom flasks, each

with a glass covered stir var, were attached in adjacent positions on
the high vacuum line by their center ne cks. The right-hand flask was
used for vaporization of Li and formation of the dianion, while the
left-hand flask was used for the reaction of the dianion with the
chloride to be described below.

A liguid transfer assembly was constructed out of 4 mm pyrex
tubine and two 24/40 inner joints. Whenin place, one end of the
tubing was near the bottom of the generation flasx, with the tubing
passing up through one joint, across the space between the two flasks

and terminating just inside the reaction flask. Between the two flasks
=

-

4 raurns 4 in in diam-

h

the tubing was formed into 2 strain relief ccil o

eter and 4 in long. The open end in the generation flask was plugged

s
articie

(93}

with a tuft of glass wool %0 filter out Li The remaining nec

‘g

neck of the generation flask was used to hold the nichrome vaporization

coil described above in the low temperature potassium experiment.
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The apparatus was dried under a high vacuum for several h with
intensive flaming, especially of the coil. Using argon gas rather than
nitrogen, a 200 mg cube cf lithium was placed in the vaporization coil
as described in the previous =2xperiment. After the apparatus had
been under high vacuum for approximately one h, the vaporization of
lithium was commenced. Difficulty is often encountered at this point
for two reasons; one, the oxide film cn the molten lithium is very
tough and tenacious, requiring that the entire apparatus be vibrated
vigorously to break through the film, aad two, when the lithium does
wet the nichrome it lowers the 'resis tance of that portion of the fila-
ment which becomes covered with lithium, causing a greatly increased
flow of current which cften burns out that portion not wet with lithium.
At the same time, the walls of the flask become blackened by the
vaporized lithium, making it difficult or impossible to judge the tem-
perature of the filament. For these reasons it is suggested that, if
at all possible, tungsten be substituted for nichrome in any such
apparatus.

After lithium vaporization was complete (15 min) the apparatus
was pressurized with argon, the vaporization assembly removed, and

-

THT was vacuum transierred into the formation flask.

Fty

100 mlo

1

Early experiments were confounded by rapid decomposition af the

dianion solution and formation of a fine precipitate which clogged the

aQ

lass wool filter plug. These problems were alleviated by the
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removal of the vaporization assembly before dianion fo rmation.
Apparently, the decomposition of the dianion is catalyzed by metal
contamination from the filament in analogy to the well known catalysis
of the sodium and ammonia reaction by traces of iron.

A solution of 1 g of naphthalene in 10 ml of THEF was formed
by the usual high vacuum line techniques and transferred under argon
flow to the generation flask with a dry argon-purged syringe. The
mixture was stirred at 0-10° until gc analysis of aliquots quenched in

1
2ss than

et

water showed a naphthalene to dihydronaphthalene ratio of
0.01. Column D was used in this and subsequent analyses. The
dianion solution was then transferred to the reaction flask through the
transfer tube and glass wool filter plug by partially evacuating the
reaction flask while keeping the generation flask pressurized. The
reaction flask is cooled in a thick slurry of Dry-lce and isopropanol
during and after the transfer. The color of the dianion solution is 2
deep purple almost indistinguishable from the color of grape juice.

’

Reaction of anti-3-Chloro-g=o -tricyclof3.2.1.0 Joctane(anti-

3-Cl) with Lithium Naphthalene Dianion Produced by High Vacuum

Line Technigue

w

fter the dianion solution described immeadiately

+,

above had stirred for 15 min at -78°, an aliguot was taken and

quenched in water. Gc analysis as before showed that the conversion

of naphthalzsne to its dianion was 3G. 4% complete, corresponding to

the solution being ca. 0.00047 M in radical anion and 0.078 M in
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dianion. A mixture of 40 pl (45 mg) of the title chloride and 40 1
of tridecane as internal standard was then injected. Aliquots were
withdrawn at intervals with a dry nitrogen filled pivette and as rapidly
as possible injected into ! ml of water in a 2 dram vial. The stopper
to the reaction flask was removed only far enough to allow insertion
of the pipette and a brisk stream of Ar exiting through the neck was
used to minimize introduction of air.

The aliquots were analyzed by injecting about 50 gl of the
organic phase in column D with the column temperature initially at
'

120°, and then increased to 1307 after the title chloride had eluted.
Due to the low concentrations involved, gc analysis of the aliguots

1

are shown in the table:

Aliquot Time Chloride:C, 3 Napnthalene:C
Number (min) * 2

1 10 1.27 0.76

2 20 1.04 1.11

3 30 1.04 1. 16

4 55 1.04 1. 16

5 g0 0.709 1. 12

6 109 0.643 1.43

7 175 06.592 --

8 199 0.386 1.73

The mixture was then guenched with D7O (2 ml) and workup in
fhe normal fashion was followed by gc collection of the deuterated

~ -

hydrocarbon from column D at 100°. Nmr indicated at least 7 7Ty

]

incorporation with the syn:anti ratio being at least 30:1.

—
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A plot of In(chloride:C_ ) vs. time is shown in Figure 3. Least

13

squares fitting of this data gives a pseudo {irst order rate constant of
-3 -1 s : e

5.4% 0.7 x%x 10 " min . If the halide were reacting exclusively with

the dianion, the second order rate constant at -78° is

y ; -2 -1 . -1 ey . ...

k.. . =6.8+2.0x 10 "M min . The data given above indicates

the concentration of the radical anion as determined by the relative

proportion of naphthalene to internal standard upon hydrolysis

increased by a factor of 2.3 from 10 min into the reaction to 200 min.

]

f the halide was reacting exclusively with the radical anion, the

1

graph of Figure 3 should be curved downward. ™While the graph does
not appear to be curved, the extensive scatter in the data does not

allow for definite conclusions to be made. Since the concentration of

. ] - -4
the radical anion was determinad to be %.7 x 10 M before addition

. . . -3
of the halide, it is likely that the concerntration is ca. 1.2 x 10 M

at point #8. If one (conservatively) uses this to determine the second

order rate constant assuming reaction with the radical anion rather

3

than with the dianion, the value cf 4.5 M min_ Y is obtained. This is
ca. five times as large as the actual rate constant determined Zor the
radical anion below. Thus it would seem that most of the halide does
in fact react with the dianion.

Kinetics of the Reaction of svn-3-Chloro-gxo-tricyclo

2,4, . : o - .
[3.2.1.0% “Joctane(anti-23-Cl) with Lithium Naphthalene. This study

1

was carried out exactly as in the case of the dianion, except that only



+0.2 -\

C 3t

In(23-C1

-0.6r

—
wtr

-3 -1
Slope = 5.36%0.66 x 10 ~ min

0]

s
p
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50 mg of Li was used, gc saparations were done isothermally at 150°,
and the sum of naphthalene (Nap) and dihydronaphthalene (Nap—HZ)
was used as the gc internal standard. The data from this study are

shown in the table:

Aliguot Time

Nap- i (1 +Nap-H_ !

Number (min) Chloride Hap HZ’. Nap Chloride/(NaptNap o
1 8 1290 44790 67990 0.0380
2 23 2537 ©4260 83430 0.0172
3 35 721 39630 63670 0.00658

Taking the average value for the three aliquots of

2 -Nap—Hz/(Nap -HZ+Nap) to be the fraction of the naphthalenes con-
verted to the radical anion, we arrive at a concentration of 0. 063 M
for the radical anion. The concentration can de considered to be con-
stant since the reduction due to reacticn with chloride is only 10%.
ILeast squares fitting in 1n(RC1/(Nap-H_+Nap)) vs. time gives a pseudo
— . ‘ ‘ . .

first order rate constant of 6.24 x 10 ~ min ~ and thus a second order

-1, -1 . . ..
rate constant of 1.0 M "min , about 15 times faster than the dianion

reaction.
iy - e . , 2,4
Stability Study of SQ—3-thnlo—exo-trxcyCLoB .2.1.0 loctane
(syn-23-11i). After the above kinetic analysis was complete, the

ceaction mixture was allowed to warm from -78° tc 0° over a period
of 6 h before being quenched with D_O. The deuterium incorpo ration
5 4 ) 12

was onlv 82%, and the syn:anti ratio could not de determined directly
Y )

from the integration o

Py

the nmr signals. As in previous cases, an
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analysis of the intensities of the splitting of the syn—CS—H signal was

required. The corrected syn:anti ratio is at least 30:1.
q )

-

Preparation of 7-Chloronorcarane {28-Cl). To a solution of

20 ml of cyclohexene and 3.5 g of hexamethyldisilazane (Aldrich),
was added 10 ml of 2.1 M n-BulLi (hexane., Ventron) followed by 7 g of

CHZCIZ. After 5 h of reflux., gc analysis of an aliquot of the mixture

indicated a syn:anti ratio of 1.27

—

= 0.004. Workup as usual and dis-

tillation at 30° and 10 torr gave 2 g (35% yield) of pure chloride mix-
2 i

aqQ

ture with syn:anti = 1.53 £ 0.02. Identity of the halides was estab-
lished by gc collection and nmr analysis. The proton a to Clin the

anti compound is a triplet at 82.56, J=3.1 Hz. A similar mixture of

syn- and anti-7-chloronorcaranes could be obtained by lithiom

aluminum hydride reduction of 7, 7-dichloronorcarane in refluxing
diglyme (see also Reference 156).

Kinetics and Products of the Reacztion of 7-Chloronorcarane with

O

LiN. A solution of LiN was preparsd under conditions B and cooled

i

to -78°. Internal standard (nonane) and a mixture of syn- and anti-7-

—

w

chloronorcarane (0.48 mmol, syn:anti = 1.65) was injected. Aliguots

were taken at intervals and analyzed by gc as described in the general

1

conditions section. The integrations are listed in the table:



Time
(min) Nonane anti-23-Ci syn-28-C1
0 42620 15370 27520
7 2035¢C 11030 19530
29 37400 12200 205390
60 30570 9450 14980
97 41229 11310 15540
173 39590 8010 3001

Linear least squares fitting of In(integration of chloride/inte-

gration of nonane) vs. time gives pseudo first order r

W

te constants of
-3 -1 . .

3.3+20.2 x 10 min for the anti chloride, and
6 0=0.3x 10~ min = for the syn chloride. Assuming the concen-
fration of LiN to be 0.093 M (the LiN drops from 0. 1l to 0.08), the

- - -1 . -1 . .
second order rate constants are 0.035 £ 9.005 M min for the anti

-1 -

. . - | . - .
chloride, and 0.063 £ 0.009 M "min = for the syn chloride. The ratiwo

of the syn to anti rate constants is 1.85.

In another run, DZO was added and the product analyzed by

-
Vn“tz.

amr: 71% deuterium incorporation, anti:

Reaction of 7-Chloronorcarane (2 s -C1) with the Product of

Sodium Naphthalene and Magunesium Bromide. A solution of sodium

naphthalene was prepared from 1.28 g (1.0 mmol) of naphthalene and
23 mg (1.0 mmol) of sodium in 50 ml of THE. To this solution was

2

UL
’'d

{ MgBr, solution in THTF until the green

(]

added an approximately
color was absent. Nonane (43.5 mg) and 7-chloronorcarane (33 ¥ mg,

synianti = 1.63) were then added at room temperature. An aliguot

taken after 10 min indicated ca. 80% reaction. The mixture was
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allowed to stir for 2 h, and was then gquenched with DZO' Gas evolu-
tion was noticed when the DZO was added. Gc analysis indi\cated a
vield of 84%. Nmr analysis indicated a D incorpdration of 73 = 4%
with the anti:syn ratio being 0.78 = 0.08.

Reaction of 7-Bromonorcarane with Magnesium Turnings. To

.
L

4
k ;j

0.2 g of Mg turnings (Grignard grade) in 15mlof T

,_,
-
o)
o}
=
o}
w
—
oy
o

50 ul of ethylene dibromide followed by 20 ul of methy

solution was heated at reflux until the initial reaction appeared to de

7

over The title bromide (syn:anti = 1.2, 66.7 mg) was then injectad,

and the solution was heated at reflux for 2 h. Nonane (18.3 mg) and

sly

D7O (2 ml) were then added and workup as usual followed by gc analy-

o

sis indicated a 77% yield. Nmr analysis indicated 39 = 10% D

incorporation with an antitsyn ratio of .95+ 0.3,

Prenaration of Crystalline Magnesium Anthracene Dianion i

THF. To l gof magnesium turnings (Grignard grade) contained in 2

4

100 ml flask equipped with a glass coversd magnetic stirring bar and
attached to the high vacuum line, was transferred 3 to 4 ml of THE
from sodium benzophenone dianion. Thae flask was repressurized,

40 ul of ethylene dibromide was added, and the solution was neatad to

40° for L h to activate the Mg surface. A sidezrm containing 2 g of

(AN
«or
Iy
M

5¥X from ethanol) was attached an:

t
o
o
R
N
®
0.

anthracene (recrys

O

-

assembly was immediately evacuated. High vacuum was maintained

for 15 min to dry the sidearm and to remove any 2XCesS ethylene



dibromide. THF (40 ml) was then transferred in and the sidearm
rotated to allow the anthracere to drop into the THF solution. After
stirring for 1 h at room temperature, the solution was a clear green
color. Heating the solution to ca. +0° caused the color to shift to a
oright yellow, while cooling to the vicinity of -40° or so gave rise to
a deep blue color. The color changes are continuous and reversible.
After 24 h at room temperature, the mixture consisted of an orange-
yellow flocculent solid ina green-yellow solution. The mixture was
then heatad to 30-40° with stirring for 1 week. At this time the
orange precipitate was quite thick.

Turification and Growth of Magnesium Anthracene Dizanion

Crvstals. The above suspension of magnesium anthracene was
syringed into the estraction chamber of a DeKock soxhlet extractor
(see Figure 4) which had ceen dried on the high vacuum line for 3 &

and then filled with nitrogen. The extractor was then carefully

u
o
8
[t

=
Ped
a
o
)

evacuated and held at a high vacuum for an hour. THEF {

then transferred in and the apparatuas removed from the line. The

orange solid was washed X by distilling THF from the bulds up to
- .

the extraction chamber with the washings oeing pourec into the side-

arm bulb. The THF was then distilled into the lefthand bulb {Figure

P

4) and the apparatus was placed in 2 constant temperature box. Both
bulbs were immersed in an oil bath such that the THF level was 1-2

1

cm above the oil level. The constant temperature 20X was heated to



Figure 4.

A schematic drawing of the DeKock soxhlet extracior.

157
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40° and the oil bath was heated by means of 2 nichrome coil to such a
power level that the extraction proceesded at 2 slow rate. The proper
power level was determined by trial and error over a period of one
week, while the extraction took place over 2 period of 2 months.

The magnesium anthracene dianion grew as clear orange needles
up to 4 cm in length and 2-4¢mm in width. A yellow-green solid of
undetermined composition was left on the frit of the extractor. After
the completion of the crys tallization, the THE was poured into the
sidearm bulb and then removed on the nigh vazcuum line. The crys-

tals were then transfierred to storage tubes in a dry box.

Analvsis of the Magnesium Anthracene Dianion Crystals. A

portion of the ourified material was transferred to a tared flask in

the dry box and the weight deterrnined to Se 0. 6365 g. The flask was
then connected to the high vacuum line, evacuated and 1-2 ml of
degassed water was cransferred in. The mixture was allowed to stand
for 1 h. Standardized nitric acid (10.00 ml, 3.94 mmol) and benzzsne
(20 ml) were then added, and the mixture was stirred for 1 h. The
aqueous phase was separated and back -titrated with 0.200 M NaOH,
requiring 4. 09 ml. Thus, 3. 12 meg of base was formed in the treat-
. ment of the orange solid with water, equivalent to l. 56 mmol of Mg.

o 100.0 ml. Titration nf a

44
[o N
“

The neutralized solutlon was then dilute
portion with .’—\gNO3 showed the absence of Sromide lon. Titration of

- . -2 . . — .
the remainder on 25. 00 m! lots with 1.022 x 10 M disodium EDTA



using erichrome black-T indicator and pH 10 buffer required an
average of 39.0 ml, equivalent to 1. 60 mmol of Mg.

Gc analysis of the organic phase showed the ratio of anthracene
to 9, 10-dihydroanthracene to be 0.0246 = 0.0009 (10 injections). To
the benzene solution was then added 0. 3270 g of anthracene 3as internal
standard, and the ratio of dihydroanthracene to anthracene was deter-
mined to be 0.372 £ 0.014. The response factor for dihydroanthra-
cene vs. anthracene was determined to be 1.015 = 0. 0l4. Thus,

g

present in the benzene layer was 0.2957 g of dihydroanthracene and

0.0073 g of anthracene, or l. 68 mmol of anthracene, in the original

4]

sample. If the quantity of both anthracene and magresium in th
original sample are taken to be 1.60 mmol {the EDTA titration is
expected to be more accurate than the gc analysis), and the remain-
der by weight taken to be THEF, the empirical formula is
MgA-2.88THF, or MgA~ 3THF when rounded off.

Confirmation that the ratio of THF to anthracene is 3 was
obtained by nmr. In the dry box, 2 portion of the crystals was nlaced

in a vacuurmn -dried nmr tube. Exposure of the crystals to O, gas was
2 ¥ 5 g

protons relative to the THEF protons indicates a 3.1 = 0.4 mole ratio
of THF to anthracene.

Freliminarv X-ray Single Crystal Analysis of Magnesium

Anthracene Dianion. A single crystal suitable for structure analysis
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was obtained in the following manner: In the inert atmosphere box, a
small pile of crystals was placed on a smear of Apiezon-N grease on
a microscope slide and quickly mixed. The slide was placed in a
miniature inert atmosphere container composed of a piece of Pyrex
tubing with large rubber balloons capping the ends. The crystals
were manipulated by means of short pieces of tungstenor stainless
steel wire epoxied to the ends of a glass rod. The crystals were
observed through a dissecting microscope during the manipulations.

The crystals were cleaved in a2 small pool of mineral oil in hopes of

cleaving single crystals from twined ones. Selected crystals were

pd

set off to one side and later loaded into 0.3 and 9.5 mm X-ray capil-

o)

laries in the inert atmosphere_ box.

The chosen crystal was mounted on a Syntex Pl computer-
controlled four circle diffractometer eguipped with a graphite-
monochromatized Mo-Ka X-ray source. A one h rotation photograph
of the 0.6 x 0.3 x 0.1 mm crystal followed by the Syntex auto-
centering procedure, accurately located eleven reflections from a
variety of positions. Examination of the output from the Syntex auto-
indexing routine indicated that the crystal was triclinic and with a
rather large unit cell. Execution of the Syntex lsast-squares refine-
ment program using three selected axes from the autoindexing routine
resulted in the following unit cell parameters (standard deviations):

2 = 19.193(,029), b = 8.127(.009), ¢ = 30.303(.409) A, a =27, 14(. 11,



3=98.54(.13), and vy =89.92(.11) deg. The unit cell volume is
<
4668(12)A” and assuming eight MgA - 2THF units per unit cell gives a
: . 3. , .
calculated density of 1.19 g/cm’™ in good agreement with the experi-
3
mental density of 1. 18 g/cm™ obtained by flotation in benzene-
bromobenzene mixture.

That the crystal is single is shown from examination of partial
rotation photographs taken about each of the three chosen axes. No
reflections off the layer lines were observed. In addition, w-scans of
several reflections gave sharp symmetrical peaks with no evidence

of twinning.

General Conditions for the Preparation of Radical Anion

Solutions. A 100 ml three neck 14/20 morton flask containing a
2.5 cm glass covered magnetic stir bar was simultaneously dried and

filled W"ith argon by passing a steady streamof the gas in through the
right hand neck of the flask with alternately one and then the other of
the two stoppers floating in the exiting argon stream, while
flask with a high-temperature heat gun. Aiter the flask had cooled to
about 33°, the weighed amount of aromatic hydrocarbon was added

through a briskly exiting stream of argon via a 14/20 funnel. The

required amount of solvent was then added by carefully pouring from
the storage container while passing a rpid stream of argon through

the flask. The space above the liquid in the storage container was

blown out with nitrogen as soon as possible (within 12 sec) after the
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addition. The required amount of alkali metal was weighed out on an
analytical balance to within 1-2 mg of the target weight. An oversize

piece was first weighed and then trimmed o the proper weight with a

knife, cleaning off any oxide crust in the process. Lithium was
handled with tweezers in the open air as only a very slight amount of
oxidation occurred durin'g the short time the metal was exposed to the
atmosphere. Potassium and sodium, however, had to be coated at all
times with mineral oil to prevent excessive oxidation and reaction with
atmospheric moisture. The piece of matal was then placed in the
center neck of the flask and, with a rapid flow of argon, porrions of
the metal were flattened with curvad surgical scissors so as to maxi-
mize the clean surface area, and cut into the solution. A 35 mg pisce
of lithium typically was cut intc at most three pieces. This procedure
was found to result in more rapid fermation of the radical anion than
cutting many small pieces of lithium into the solution.

The color of the radical anion pervaded the solution within 10-
T

20 sec after the first piece was dropped in. he solution was cooled

‘

to 0° in the case of lithium radical anions to prevent excessive

decomposition during the formation. The solution was stirred rapidly

untio no unreacted metal could e discerned in the dark solution. This

required typically 3-+h for LiDTBR2E formation in THE.

R b}

Standard Conditions A: THF, 30 ml, aromatic hydrocarben,

6 mmol and alkali metal, 3 mmol, were treated as in the g=sneral

b2
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conditions above. This results in a'solution 0. 17 M in radiczal anion.
Standard Conditions 3: As in A above but with the addition of
20 pl (1.56 meq) of Brz. This results in a solution 0. 11 M in radical

anion and 0.05 M in 1iBr.

General Conditions for Quantitative Radical Anion-Alkvl Halide

Reactions. To the radical anion solution as prepared above an

cooled to -78° by a Dry lce-isopropancl bath, was added 60 ul of the
internal standard via a Hamilton 100 ul syringe followed by 650 ul of
the halide. For most halides this amount represents 13% of the

stoichiometrically required halide. Whenever a sample was added to

or withdrawn from the reaction flask, a brisk flow of argon was used

[0}

to prevent introduction of atmosnoheric gases. The stoppers weare
by Iy = jalin

removed only to the extent required for the insertion of the syringe

or pipette. In all cases the halide was ejected from the syringe as

®

~

rapidly as possible (less than 0.5 sec) with the very fine spray sweep-
ing across the radical anion solution. The stirring rate (glass cov-
ered magnetic stir bar) was set as high as possible. The reactions

of secondary and tertiary chlorides and bromides, as well as pri-
mary and cyclopropyl bromides with lithium naphthalene (LiN) or
lithium di—'Eif_“c-butylbiphenyl (LiDTBB), are complete in less than a
fow seconds. Primary chlorides require 30 sec with LiDTBB, while
secondary cyclopropyl chlorides require as much as 5> min. IiN

requires about thirty times as long 2s LiDT33B.
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Aliquots were taken with a drisd disposable pipette with a

shortened tip. The pipette was filled with nitro

[({¢]

en and the liquid was
expelled by introduction of nitrogen from a rubber balloon attached

to the inlet of the pipette bulb. When a sample was taken, the liquid
was sucked up and then ejected directly into 2 ml of water in a 2 dram
vial as rapidly as possible--total time for the solution to be in contact

4
L

with the pipette was typically less than 3 sec. To the THEF layer was
then added 0.5 ml of pentane, and then water was added until the vial
was full. The cap was then replaced and the vial inverted and agitated
to extract as much THF into the water as possible. The water was

then removed, fresh water added, the vial again agitated and then
> >

stored with the cap down. The pentane layer is effectively sealed by

o

the glass on the top and sides and by the water on the bottom. Vials
allowed to stand upright lost the pentane in short order and the rela-
tive composition of product to internal standard was not stable. Vials
stored in the upside down manner were staodle indeiinitely.

After the aliquot was taken, COZ was oubbled in until the
solution went colorless and for | min longer. The CO2 was generated
from Dry Ice in a2 50 m! flask and dried by passing through Drierite.
Commercial ‘Bone Dry' COZ (Matheson) gave identical results. The

CO2 quench was worked up in a manner identical to the previous

aliquot.
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The water and CO2 guench aliquots were analyzed on column E
2t 100° with the aid of a Hewlett-Packard 33738 integrator. Integra-
tion ratios were consistent to within 1%. The % reduction of yield of
hydrocarbon after the CO2 quench is taken to be the indicated RLIi

yield (see Tables 12-18).

Response Factors. Response factors were obtained by running

through the full procedure (except the CO, guench) given above, but

2} .

using the product in place of starting material. The response factors
so obtained were as much 2s 10% different than those obtained by
simply analyzing a known solution of internal standard and product.

The weight-weight response factors determined by this procedure are:

2. 4

[

for octane vs. nonane, l. 056 = 0.02; for tricyclo(3.2.1.0 " “loctane

o
(]
ro
L)

(23-H) vs. decane, l.24= or 4-t-butylcyclohexene vs. nonane,
| 26 = 0.03; for norcaranse vs. nonane, 1.164 = 0.007. 3-Methylheo-

tape is assumed to have the same response factor as octane, and

t-butylcyclohexane is assumed to be the same as 4-t-butylcyclohexene.

Special Conditions

Fvaporative Additions: A solution of LiDTBB was made in the

usual way under conditions A and, after the lithium had dissolved, the
flask was attached to the high vacuum line and degassed. A previousiy
degassed sample of the halide was then allowed to evaporate into the

_78° solution over a period of 30 min. The top half of the reaction



flask was heated periodically with a heat gun to prevent the halide
from condensing and running in as a liguid. Aliquots were taken as
usual. Due to the necessity of heating the top of the flask while cool-
ing the bottom, the actual temperature of the solution may de some-
what higher than -78°.

Stoichiometric Reacticns: Full stoichiometry {100%) experi-

ments were run as usual except that 6 mmol of both aromatic hydro-
carbon and lithium were usad to make the radical anion solution and
the halide was added dropwise until the color of the radical anion just
disappearad, leaving an intense red color. Lower ratios of halide

to radical anion were run under conditions A with the calculated
amount of halide added as usual.

Inverse Addition: A 100 ml flask, equipped with 2 glass

covered stir bar was dried under a high vacuum for 1-2 h, and 30 ml
of THF was transferred in from THF which had been dried ove
sodium benzophenone dianion. The flask was pressurized with nitro-

gen, and one of the stoppers was replaced with a septum stwooper. The
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made under conditions A was then added dropwise at such 2 rate that

h

el

30-45 min was reqguired for compietion. The solution slowly took on

a red color until the ilast drop, which caused the solution to turn green

to blue-green. The quench with H, O did not result in the usual



formation of an organic phase, presumably due to the lessened amount
of organic solute present. Thus the ratio of product to internal stand-
ard may be in considerable error (see internal standard section
above).

Reaction of Lithium Naphthalene Dianion and Di-t-butylnaphtha-

3

lene Dianion with Alkyl Halides in Ether. The title dianions were

prepared by treatment of 4.8 mmol of the corresponding hydrocardon
with 4.5 mmol of Liin 30 ml of diethyl ether as described for the
radical anions. The temperature of the ether solution was maintained
below -20° to prevent decomposition. Li seems to react more readily
with DTBN than with naphthalene itself. After all the lithium had
dissolved, the deep purple solution was cooled to the appropriate tem-
perature, and the internal standard and halide were added. Aliguots
were then taken as previously described except that no pentane was
added.

Reaction of Liﬁﬁurn'Naohthalene-ds with 1 -Chlorococctane. A

4
'
s

©

ene-4d _,

3

lithium naphthalene solution was made from 0.340 g of naphth
17 mg of Li, and 15 ml of TEF (approximately half normal scale). To

ed by

/

this solution cooled to -78°, was added 50.0 ul of ncnane, follo

&

50.0 ul (432. 3 mg) of l-chlorooctane. The reaction was then treatad

as described above unde eneral conditions. After the CO, quencn

a1
uq
[¢)

the usual way. Cc collection of the octane from column I at



followed by low voltage mass spectral analysis: 90.8 £0.5%d
0.2%0.3%d,. From gc znalysis of the aliquots, the 7 yield of octane
was 91% with an indicated RLi yield of 65%.

Repetition of the above seguence with undeuterated naphthalene
but not including the collection and analysis of the octane indic ated an
89% vyield of octane with an indicated RLi yield of 53%. Assuming a
competition between reaction of RL1L with COZ or with the dihydro-
naphthalenedicarboxylate (see discussion), the deuterium isotope
eifect can be calculated as being 2. 0.

Reaction of Lithium Naphthalene with 1-Chlorooctane Followed

by Deuterolvsis. A solution of LiN was made arnder the same condi-

.

tions as immediately above. Reaction with 30 4l (43.3 mo) of

) h [ SR S4

(S]]

l-chlorooctane was followed 15 min later by the addition of 0.75m
Yy

B3
O
(@]
c,
&
H
b

of DZO. Workup as usual was followed by gc collection iro
Low voltage mass spectral analysis revealed the octane to

be 96.0 = 0.9% d,, and 0.3=0.3%d

5

Preparation of syn- and anti-7-Lithlonorcarane (28-11) and

Reaction with D,C. A mixture of syn- and anti-7-bromonorcarans

prepared by the method of Martel and Hiriart (135) was subjected to

). N

gc separation (180°, column &
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triplet at 63.2
bromide is at 62.33 (J=3. = Hz). Each bromide, ca. 30 ul, wzs

treated separately with 1 mlof 2. 3 M n-Buli (hexane, Ventron) and

—
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Table 12. Reaction of l-chlorooctane with lithium radical anions.

Entry Radical Hydrocarbon Indicated RLI
# Conditions Anion Vield (%) Vvield {7 of HC)
1 A N 93 53
-2 B N G2 39
3 B N 88 40
4 B N' 92 37
5 B N 91 35
6 B N 94 60
7 B (xs of N) N 1 48
8 B (xs of Li) N 90 45
G B (-63°) N 51 33
10 B (0°) (a) \ 79 25
11 B (in DME)" N’ 78 53
12 A {sodium, rt) N 4 --
13 A DTBE - 101 94
14 B DTBRB 160 93
13 B DTBB 39 94
16 B DTBN 96 49
17 A, scavanged N 96 36
(a)..

Not homogeneous.

(b)Bromobutane added before l-C1C8 (1-BrC,: l—ClC8 = 2.5).

Table 13. Rezction of i1-bromooctane with lithium radiczal anions.

Entry Radical Hydrocarbon Indicated RLI
# Conditions Anion Yield (%) Yield (7 of HC)
1 A N 79 47
2 100% stoich N 767 93
3 A DTBR 96 94
4 B DTBB 96 g1
5 A (potassiumj N ZS(a) --
6 A N 30 4]
7 A N 80 44
8 A, 87% stoich N 78 83
9 A, 4357 N 75 56
(a)

'An approximately T0% yield of dimer was detected by gc.
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Table 4. Reaction of 2-bromooctane with lithium radical anions.
Entry Radical Hydrocarbon Indicated RLi
# Conditions Anion Yield (") vield (% of HC)
1 A N 57 29
2 B N 57 21
3 1007, stoich N‘_Z‘ 517 52
4 dianion N-Z 9 49
5 T DTBN 34 42
6 A DTRBB 100 87
7 B DTBB 101 79
8 B DTRB 97 82
g A, -60° DTBR 94 70
10 “A,; -50° DTB3 94, 72
11 inverse DTBB 32,2 6
12 A, potassium DTB3 ~ 6at® .-

al .o
Including ca.

(b)

Including ca.

()

207

0% olefin.

. olefin.

Did not check for dimer.

Table 15. Reaction of 2-chlorooctane with lithium radical anions.
Entry Radical Hydrocarbon Indicated RLI
# Conditions Anion Yield (7o) Yield (% of HC)
1 A N 63 30
2 B N 63 21
3 B N 63 22
4 A DTBR’ 104 37
5 B DTBRB’ 101 87( \
6 B DTBB 151 g1
7 100%; stoich DTEBB’ 85 86
8 A(+1g LiBr) DTBN’ a7 21
39 B DTRBN' 35 21
(a)

Tailed to grease joints of reaction

iy
i
[
w
el



171

Table 16. Reaction of 3-chloro-3-me thyiheptane with lithium radical

anlons.

Entry Radical Hydrocarbon Indicated RL1
# Conditions Anion Yield (%) Yield (% of HC)
1 A N 39 78
2 B N 38 69
3 100% stoich N 35 70
4 B N 4 76
5 g2 B 56 79
6 A TBB as 87
7 B DTBN 39 g1
8 B DTBB 98 90

(a)

1iB seemed to precipitate.

Table 7. Reaction of 7_-chloronorcarans with lithium radical anions.

Entry Radical Hydrocarbon Indicated RL1L
# Conditions Anion Yield (%) Yield (% of HC)
1 A DTBB 99 53
2 B DTBB 99 94
3 A+ lgI_B ) DTBN 39 88
4 B (warm to -5°) N 99 65

Table 18. Reaction of some selected halides with lithium di-tert-

butylbiphenyl.
Hydro- Indicated
Entry Radical carbon RLi Yield
i Halide Conditions Anion  Yield (%) (% of HC)
1 4-tert-butylchloro-
cyclohexane B DTBB’ 99 38
2 4-tert-butyl-1l-chloro- (2)
cyclohexene B DT3B’ 104 76
3 anti-23-Cl B DTBR’ 99 89




5 mlof THF at -15°. After 10 min, ! mlof D O was added. Workup

and gc collection was followed by nmr analysis (CCIQ‘,; from the syn

T

bromide, 50.51 (triplet, J=8.75 Hz); from the anti bromide, 5-0.02

(J-5.5 Hz). Deuteration is above 957 (only one of the two possible
C7 protons was observed in sach case).

Treatment of a mixture of anti and syn bromides in 2 ratio of

P ]

1.33 £ 0,02 with n-Buli followed by D, O as above gave 807 D incor-
— (%3

poration in a ratio of 1.39 = 0.15, anti to sy=n.

Stereochemistry of the Reaction of 7-Lithionorcarane (28-11)

with Tthviene Dibromide. A solution of syn-7-lithionorcarane was
prepared by adding 25 1l of pure gc-collected syn-T7-bromonorcarane

to a solution of 1 ml of n-Buli (2.3 M, Ventron) and 23 ml of THF at

-78°, followed by warming to 0° for 5 min. An aligquot showed no

bromide to be present. The sclution was cooled down to -73°%, and
an excess of ethylene dibromide (220 ul) was then syringed in. An

aliquot showed only syn-7-bromenorcarane with less than 17 anti.

1 .

The same procedure was repeated for the anti bromide with the

result that only the anti bromide was observed for th

[

sequence.

A mixtare of syn and anti bromides with an antitsyn ratio of
bASS Y

on

1¥7)

1.33 + 0.02 was subjected to the above procedure. Gc 2analysi

P

column F at 140° using dodecane as internal standard indicated an

e -

——

overall yield of 927 for the anti bromide and 84% for the sym with the

final anti:syn ratio being 1. 43 = 0.02.

[§]
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Stereochemistry of the Reaction of 7-Chloronorcarane (28-Cl)

with LiDTBB. To a solution of LiDTB3 made under conditions A and

cooled to -78°, was added 2 x 100 pl of 7-chloronorcarane

(syn:anti = 1.53). The sclution was allowed to stir for 13 min at which
time DZO (2 ml) was added and the solution was allowed to warm to
0°. The reaction was worked up in the normal way and separation of

—
o

at 1 atm and 160°. Gc collection of the distillate using column = at
90° followed by nmr analysis indicated greater than 1007 deuterium

incorporation. This is symptomatic of impurities in the sample. If

the deuterium incorporation is assumed to be 953% (the lithium reagent

=
)
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o
O
-
0
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yield from the carbonation experiments) the antiisyn

of LiBr added indicated 87% D incorporation
Py
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and an antiisyn ratio of 3.6.

Stereochemistry of the Reaction of anti-3-Chloro-exo -tricyclo

2,4 L Con T . ]
[3.2.1.0 loctane (anti-23-Cl) with LiDTBB. To a solution of

LiDTBR in THF at -78° made under conditions B, was added internal
standard (dodecane, 22.3 mg) followed by the title chloride (43.0 mg;.

ter 15 min, 220 ul of 1,2-dibromoethane was added in one injection.

The mixture was warmed to 0° and an aliguot was treared with exc

[¢]

5

[}

w

AgNO3 in 5,0 for 5 min, iollowed by the usual extraction procesdure.

1 ’
\

Other than solvent and internal standard, the gc (coclumn F at 120°)

showed ozly a small peak at the retention time of the anti bromide.
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Assuming 90% vield of the lithium compounds (see Table 18) the ratio
of syn to anti lithium is at least 200:1.
Repetition of the above reaction but with DZO as the gquench,
followed by nmr analysis of the deuterated hydrocarbon, gave results

identical to the LiN experiment (e.g., 100:1 syn:anti deuteration).

[UN]

Preparation of anti-7-Bromo-7-methylnorcarane (anti-31-Br).

=N

The title compound was prepared by a modification of the proced

o
®

P
&

o}

Kitatani, Hiyama, and Nozaki (153). To a mixture of 40 ml of THE,

10 ml of TMEDA (Aldrich), and 10 g of 7, 7-dibromonorcarane. which

>

was cooled to -78°, was added 4 g of CH,I over a period of [ min.

3
To this mixture was then added dropwise, 16 mlof 2.5 M n-Buli
(hexane, Ventron) over a period of 13 min. After warming to 0%, the
reaction was worked up as usual and subjected to vacuum distillation

5

through a 38 cm 14/20 vigreux column. The material boiling between

66.4° and 66.5° at 5.2 torr weighed 5 g and was about 59% pure by

gc (column F at 160°, inj. = 170°); nmr (CCl): 61.69 (singlet, CH3),

complex series of absorptions from 6&1.1 to 2.0,

Reduction of QQ—?—Bromo-?—methy;lno rcarane {anti-31-3r) with
Sodium in tert-Butyl Alcohol. To ca. 1 gof the title bromids dis-
solved in 5 ml of THF and 2 ml of t-BuCH, was added 0.2 g of Na
slices. The mixture was stirred at room temperature for 3 1, at

g

which point no starting bromide was present. Analysis on column

at 100° indicated the presence of two products on a ratio of 3:1, with



the material of shorter retention time predominating. Gec collection
o

using column F at 100° and nmr analysis indicated the larger peax to

be anti-7-methylnorcarane; nmr (CCl,): §1.73 (4H, broad), &1.19

(4H, broad), 51.01 (3H, doublet, J=5.3 Hz, CH,), 60.52 (2H, broad),
§0.33 (14, complex). The minor peak is assigned the structure syn-
7-methylnorcarane; nmr (CC14): §1.83 (24, broad), 81.26 (6H, com-
plex), 80.98 (3H, doublet, J=5.5 Hz, CHB)’ 50.76 (3H, broad); ir

-
940,960, 1080, 1180, 1390, 1455, 1463,3005 cm , usual

(CC1l,):
4)
stretching frequencies.
Reaction of anti-7-Bromo-T7-methylnorcarane (anti-31-3r) with
f LiDTBRB in

LiDTBB with Dibromoethane Quench. To a solution o

THE at -78° made under conditions A, was added 400 mg of the title

-

bromide. An aliguot was taken in the usual way, and gc analysis ¢n

n

column F at 100° showed two peaks in a ratio of 2.75 with the anti
methyl compound predominating. Treatment of the remainder of the
reaction mixture with 450 mg of dibromoethane was followed by gc
analysis, which showed two peaks in the bromide region with a ratio
of 1.5. Gc collection and nmr aralysis showed the minor component

to be identical with the starting material, while the major component's

nmr was compatible with the structure svn-7-bromo-7-methylnor-

carane; nmr (CCli): gl.

1.0 and a highly split absorption centered at 50. 8=.
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Metal-halogen Exchange cf anti-7-Bromo-7-methylnorcarane

2.3 M t-Buli in pentane

ity

(anti-31-Br). To a mixture of I mlo

(Ventron) and 10 ml of THF maintained at -78°, was added 30 pl of
nonane followed by 30 ul of the title bromide. After > min had
elapsed, an aliquot was taken and quenched in water, and the remain-
1

L

der of the reaction mixture was treated with CO7 as with the radica

anion reacticns. Assuming a unity response factor, syn-7-methyl-

norcarane was formed in 58% yield, while the anti compound was

1

formed in 28% yield. The CO2 quench revealed that 50% of the syn

compound was lithiated vs. less than 4% of the anti. The identity of

the hydrocarbon products was indicated by gc retention times on both

column E and T at 100°. The anti compound was gc collected and its

ir spectrum shown to be identical to the corresponding product trom
the Na/t-BuOH reduction.

Metal-halogen Exchange Between syn-7-Bromonorbornene {(svn-

32-Br) and t-Butyllithium in THF. A solution of t-butyllithium in THE

was prepared by injecting 1 ml of 2. 3 M t-butyllithium in pentane

[nahdhdhan]
|

(Ventron, caution--very pyrophoric) into 10 mi of THF maintained zt

wt
O
H
U
o

ter 5 min, 80 pl of the title bromide was injected all at

once. After 4 min, most of the starting bromide was absent and after

w

22 min, none was nobserved. After 30 min, 1 ml of D7O was added

d the mixture worked up as usual. Gec collectioa from column £ at

)
s}

e 29 mg of a low-melting solid whose nmr is consistent with

(O]
u
uq
W
<
[¢!]



7_deuterionorbornene contaminated with a material giving rise to a
sharp singlet at 80.8--probably 2, 2,3.3-tetramethyl butane.

The oelfin was epoxidized by t'rea‘trnen't with 70 mg of m-chloro-
perbenzoic acid (Aldrich, SSC";o) in 1 ml of CI—IZClZ at 10°. After

3

standing at 20° for 15 min, the solution was extracted with 5 x 5 ml
of 3 M NaOH and then worked up in the usual manner. Gc collection
was accomplished using column C at 110° with the detector and
injector both at 100°. Temperatures above 130° were found to cause
decomposition of the epoxide. The white crystals (16 mg) were dis-

solved in CCl, and Pr(fod)B was added until the 2,3 protons were 2t

140

o]

iz upfield of TMS. At this point in the addition, the svn-C7

proton was 188 Hz, the anti-C7 proton was 84 Hz, and the endo 5.5

-1
4
]

f1be
T
s

N

nrotons were 14 Hz upfield of TMS, with the exo 3,6 protons at

1

and the bridgehead protons 55 Hz downfield of TMS. The integrations

of the syn- and anti-7 protons relative to the 2,3 protons indicated

2 90% D incorporation with at least a 20:1 syn:antl deuterium ratio.

Stereochemistry of the Reaction of svn-7-Bromonoroorneane

P )

(svn-32-Br) with LiDTBB.. To a solution of LiDTBB in THF made

under conditions A and cooled to -78°, was added 2 x 100 1l of the

title bromide. Afiter 30 sec, 2 ml of D7O was acdded and the mixture

=
was worked up as usnal. Separation of the olefin from the DTBB was

1

accomplished by bulb to bulb distillation at 120° for 45 min. The

crude distilled product was epoxidized 2s in the case of the metal



halogen exchange reaction dascribed irmmediately above and was

analyzed by nmr as before: 307 D incorporation and an antiisyn ratio

of 3.8 £0,2.

Reaction of anti-7-Chlorobenzcnorbornadiene {anti-30-Cl) with

1LiDTRRB. To a LiDTBB solution made up according to conditions A
and cooled to -78°, was added dropwise over a period of 4% sec a
solution of 0.30 g (1.7 mmol) of the title chloride dissolved in 1.0 ml
of THF. Within 30 sec, 2 ml of DZO was added. The product was
worked up in the usual way, and the devterated hydrocarbon was
separated from DTBB by bulb to bulb distillation using an Aldrich
Kugelrohr apparatus at 140° and 10 torr for ca. 20 min. A portion of
the olefin was hydroborated and the alconol gc collected from column

F at 200° Pr(fod)3 was added to the alcohol in CCld until the 2-endo

proton (a to OH) was 558 Hz upfield of TMS. At this point, the

1-bridgehead proton was 334 Hz, the 3-endo proton is 320 Hz, the

3-exo proton is 610 Hz, the 7-syn pro

ot

on is 472 Hz, and the 7-anti

b}

proton is 208 Hz upfield of TMS. Integration of the T-syn and 7-anti

——

proton signals relative fo the other 4 protons indicates 29 = 3% D

incorporation and antiisyn dauterium ratio of 1.33 £ 0.02 (syn or anti
is relative to the benzo ring).

Stereochemistry of the Reaction of exn-2-Chloronorbornane with

1iDTRB3. To a solution of 1iDT3RB made under conditions A and

cooled o -78°, was added 2 x 100 ul of 2x0-2-chlo ronoroornene

PRI
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prepared from norbornene and HCl by the method of Schmerling (1573,
After 30 sec, ! milof D?O was added and the clear solution warmed to
0° and worked up in the usual manner followed by gc collection from
-0 e -q - : -1,
column F at 70°. Ir analysis at 828 for exo ana 836 ¢ for endo as
recommended by Nickon and Hammons (157) indicates a 5:1 egxo to

endo raztio assuming equal molar extinction coefficients. The analysis

is less than fully satisfactory, however, due to severe overlap of
absorptions in this region.

In like fashion, reaction of the title chloride (320 mg, 37 excess)
with LiDT3B solution (from which 2 ml had been removed for other

purposes) was followed by aquenching within 30 sec with excess

[/

ethylene dibromide. The solution was warmed to 0° and worked up in
the usual way. Gec analysis showed only one peak in the bromide
region. Gc collection and nmr analysis of this peak indicates it to be

a2 mixture of 91% exo and 9% endo hromides. The ratio was deter-

e

mined by nmr integrations of the proton a to bromine which for the
exo bromide fzlls at 63.9--cleanly separated from the o proton of

fhe endo bromide which falls at §4.2 (Reference 128).

Stereochemistry of the Reaction of 4-Chloro -t -butylcyclohexane

]

with LiDTRB. To a THF solution of LiDTRBRB at -73° mades under

conditions B, was added ca. 220 mg of the title crhloride prepared by

(1]

the method of Glaze, et al. [l

9) (cis/trans = 4). After 3 min, DZC

-
-

(2 ml) was added, followed by the usual workup.
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separated from the DTBB by bulb to bulb distillation using an Aldrich
Kugelrohr at 210° for 10 min. Ge collection (column F at 120°) was
followed by ir analysis in the C-D stretching region. The spectrum
was calibrated with an indene external standard using the 2303, 2173,

- -1 ; " : . . . .
and 2050 cm bands. The ratio of equitorial to axial deuteration is
at least 14:1 using the frequencies given by Glaze et al. for the axial

and equitorial compounds and the assumption that the molar extinction

coefficients for the two compounds are avproximately the same.
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