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I

Graphite readily fo rms intercalation compounds with both electron dono r

and electron acceptor molecules in which Intercalated molecules are inserted

between the planes of the original graphite structure) These intercalation

compounds have been used as catalysts2 and as reagents3 in a number of

reactions and , in addition , possess somewhat unusual physical characteristics

such as modified electronic properties4 and a distinctive solid state struc-

ture.5 Our interest In this class of compounds arose primarily as a result

of the unusual chemical and physical properties of alkali metal—grap hites

such as potassium—graphite. We were specifically intrigued by the catalytic

activity of potassium—graphite
6 

and the surprising similarity of potassium-

graphite to Group VIII metals in reactions like catalytic hydrogenation and

Fischer—Tropsch synthesis.
7 

Alkali metal—graphites such as potassium—

graphite are presumably related to the polycyclic aromatic radical anions

8generated in the reduction of coal or heavy oils by strong reducing agents .

The reduced species formed in these reactions are presently of interest as

Intermediates f or the derivatization of coal or petroleum tars. Alkali metal—

graphites would also be heterogeneous analogs of the well studi~d~
”Komogeneous

aromatic radical anions9 and might be expected to act as polymeric versions of

these reagents)~
0 

Since the reducing ability of alkali metal—graphites is an

essential aspect of their chemistry in each of the examples descr ibed above ,

we have studied the reactions of potassium—graphite with reduc ible organic

substrates in some detail in order to better understand these unusual materials.

Our results show potassium-graphite and other alkali metal—graphites react

with functional groups by both single electron transfer mechanisms and by two

electron processes. This chemistry Is similar to that of the soluble aromatic

radical anions such as sodium naphthalene which also act as one electron re—

ducing agents and as Lewis bases. However, some differences ~..ive been noted

for the heterogeneous alkali metal—graphites, possibly as a result of
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heterogeneous nature of the graphite reagent.

Most of our studies have dealt with potassium—graphite which is a typical

alkali metal—graphite intercalation compound . Both the structure of potassium—

graphite and its reactivity in catalysis have been extensively studied . As is

observed with other alkali metal—graphite intercalation compounds , potassium—

graphite exists in a number of discrete stable structural forms or “stages” in

which the ratio of carbon to alkali metal can be 8:1, 24:1 , 36:1 , 48: 1, etc.

Our work ha s been concer ned mainly with C
8
K whose structure is shown in Figure

Results and Discussion

Potassium—graphite and other alkali metal—graphites are commercially avail—

able as pyr ophoric solids that are very sensitive to either water or oxygen .

Potassium—graphite (C
8
K) can be eas ily prepared b y the proced ure of Lalancette

in which stoichiometric amounts of potassium and graphite are allowed to react

a t 100° C under an argon atmosphere.12 
The resulting gold colored solid is C8

K and is

stable as a suspension in either tetrahydrofuran (Ti-IF) , diethy l ether , or

pentane for at icast 2~i h at room temperature. As is discussed in the ex-

perimental section , C
8
K can be prepared from various types of graphite without

difficulty.

We have established that the C
8

K prepared accord ing to the procedures

described above is a heterogeneous reagent by several methods . First , centri—

fugation of a ThF suspension of the gold C
8

K followed by an aqueous quench of

the clear supernatent failed to show the presence of any base. If C
8

K had

appreciable solubility in THF or if appreciable amounts of soluble by—products

were formed durLng the preparation of C
8
K, some base would have been detected by

this procedure. We have also been able to eliminate the possibility that trace

amounts of a soluble species formed during the direct reaction of po tass ium and

graphite acts as an electron carrier in reactions of C
8

K b y employ ing a simple

two phase test patti rned after the procedures developed by Rebek for detection
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of reactive intermediates)3 Under condi tions wher e a soluble organomercurial

such as n—buty lniercuric bromide or pheny lmercuric bromide is reduced comp letely

by C
8
K to mercury metal and hydrocarbon , there is no apparent reduction of a

polymeric organomercurial prepared from macroreticular polystyrene. Under

similar conditions , a soluble aromatic radical anion such as lithium naphthalene

is known to completely reduce this polymeric organomercurial)4 The failure

to observed any mercury metal in the interior of polys tyry lmercuric chlor ide

treated with C
8
K is consistent with the argument that the polymer bound mer-

curial is physically precluded from being reduced by a heterogeneous reagent

such as C
8
K. This observation would not be consistent with the presence of a

soluble species acting as an electron carrier .

As we have previously described , potassium—graphite reacts in THF with weak

proton acids like water according to equations 1 and 2 with reaction 1 being

t i l e  predominant  r e a c tio n . 15 ’16 Thus , depro tona t ion  to f o r m  h y droxide  (wi th

w a t e r )  or an alkoxide (with an alcohol) and a partially red uced gr aphi te by

a two e lect ron process apparently competes with electron transfer and hydrogen

formation. Similar observations have been reported recently for

C
8

K + H20 —* C
8

H + KOll (1)

2 C
8K + 2H 20 graphite + 2KOH + H2 

(2)

17 . . 17 18
the reaction of enolizable esters , nitriles , and ketones with potassium—

graphite and are also in agreement with earlier studies in which C8
K was used

as a base t o  effect condensation reactions o f carbonyl compounds.
19 

This acid—

base ch emistry is comparable to the known chemistry of soluble aromatic radical

anions (equation 3). ‘ Nonetheless , the reactions of p o t a s s i u m— g r a p h i t e  w i t h

water or alcohols do possess several features that may be related to the nature

of potassium—graphite as is shown by the data prt. ~1 in Table I.
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(3)

As these data show , the predominant reaction in most cases is equation 1 in

which hydrogen is not evolved . However , hydrogen formation (equation 2) does

seem to be qualitatively more important with larger alcohols . For example,

wa ter as a pro ton source produces less evolved hydrogen than methanol which in

turn gives rise to somewhat less evolved hydrogen than larger alcohols.

Hy drogen forma tion also appears to be more impor tant if solvents such as

pen tane or diethyl ether are used which do not form suspensions that are as

well dispersed as those formed in THF. In most cases, some of the hydroxide

or alkoxide formed in these acid—base reactions remains with the graphite as

either a strongly absorbed or as an intercalated species . Complete removal of

the potassium hydroxide or alkoxide formed from the reac tion of potassium—

graphite with water or alcohol requires hot aqueous acid or extraction with hot

ethanol, suggesting that at least part of the hydroxide or alkoxide remainig

with the graphite may actually be intercalated . This absorbed or intercalated

po tassium hydroxide or alkoxide can be seen in the ESCA spectra of graphite

samples even after washing with copious amounts of water (cf. Figure II).

These ESCA spectra show that the product graphi te f rom reac tion of wa ter ,

methanol , and tert—butano l with C
8
K has a carbon is peak that is progressively

broader (as measured by peak width at half height) as the size of the protlc

acid decreases . This result is in agreement with the data of Table I which

Imply that reaction 1, which forms a modified graphite , is more important with

smaller proton acids than is hydrogen ovolution. The data of Table I also - 

-



suggest that there is a relationship between the size of the reacting alcohol

and the amount of base found in solution after reaction of the alcohol with C8
K.

In general, smaller alkoxides are absorbed or intercalated by the graphite to a

greater extent than larger alkoxides. The only exception to this generalization

is the result from reaction of the surfactant alcohol l—octadecanol with com-

mercial C
8
K or C

8
Rb in which the amount of base detected in solution was

anomalously low.

We briefly studied the reactions of water and alcohols with commercial

potassium—graphite (C
8
K), rubidium—graphite (C

8
Rb), and cesium—graphite (C

8
Cs)

to see if there were any significant differences between these three types of

alkali metal—graphites in reactions with proton acids. As is shown by the data

in Table I, the results obtained were similar to those described above for

potassium—graphite prepared from reaction of potassium and graphite.

Overall, the results of these acid—base experiments are in accord with

the hypothesis that there is some d i f f erence in reac tivity between the interior

and the surface or edges of potassium—graphite and that this different reactivity

is manifested in the qualitative differences in products observed in reactions

of various alcohols with C
8K. While other explanations for the observed be-

havior might be advanced , we feel that the suggestion that potassium—graphite

reacts predominantly by electron transfer at the surface or edges and predomi-

nantly by two electron processes within the lamellar structure is an attractive

proposal that would be consistent with our results.

We have also found that there is no reaction between potassium—graphite and

species less acidic than alcohols , like primary or secondary amines. Addition of

either cyclohexylamine or pyr ro l id ine  to a gold colored THF suspension of potassium—

graphite  results In no detectable  react ion and in no change in the color of the

potassium—graphite. Although we could not exclude kinetic effects arising from the

heterogeneous nature of C8K, this result torresponds to what would have been

predicted on the basis that the basicity of potassium—graphite should be

_ _ _ _ _ _  
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comparable to or less than the. basicity of the potassium tripheny lmethyl
22anion.

Reductions with Potassium—Graphite. Potassium—graphite and specifically C
8
K

has been reported to act as a reducing reagent in several organic and inorganic

reactions . Previous workers have demonstrated that potassium—graphite can be

used to reduce ketones to alcohols , x ,~—unsaturated sulfones to alkenes,
23 

and

a variety of transition metal complexes to the corresponding reduced comp lexes

containing either anionic24 or zero valent metal atoms.25 
The reaction of

potassium—graphite with alkyl halides leading to Wurtz type coupling products

from aryl and benzyl halides has also been reported.26 In our initial studies

of the reducing ability and mode of action of C
8
K we have focused our attention

on the reduction of alkyl halides and sulfonates because of the availability

of structural probes for the mechanisms of these reductions and because of the

large amount of comparative data available for analogous homogeneous systems.

The results of reduction of a variety of simple monofunctional alkyl and

aryl halides and sulfonate esters with C
8K are listed in Table II. Several

aspects of these data deserve comment. Inspection of the data from the re-

duction of primary , secondary , and tertiary alkyl chlorides with C
8
K shows that

this reaction gives synthetically useful yields of hydrocarbon products with

minor amounts of alkenes being formed in the secondary and tertiary alkyl chloride

examples. Although there are a number of well established procedures available

for the replacement of halogen by hydrogen such as the use of trialkyltin hydrides

or boron hydride reducing agents , 27 C8K might find limited use as an alter-

native reagent for  such transformations . Potassium—graphite is also moderately

effect ive at reducing ary ]. chlorides and bromides. However , intercalation or

absorption of the arenes produced in this reaction limits the value of this

procedure. The interactions of aromatic compounds with alkali meta l—graphites

which may be occurring in this example are precedented in previous work and
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could involve electron transfer ,28 hydrogen abstraction , 29 
or possibly simple

absorption phenomena . Similar ef fects  have been noted in other reactions of

C8K with aromatic substrates. Substitution of primary alkyl iodides for

primary alkyl chlorides in reactions with C
8
K results in Wurtz type coupling

of the alkyl iodide to form hydrocarbon dimers with little or no reduction

product being formed . The use of large excesses of C8K can lead to increases

in the amount of reduction product formed , but dimer formation remains the

predominant reaction for alkyl iodides and C8K, Primary alkyl bromides show

intermediate reactivity patterns in reaction with C8
K, forming both reduced

and coupled products . If secondary alkyl bromides or iodides are used elimination

to form an alkene is the predominant reaction. 3° The choice of solvents is also

important to these reactions , possibly because of solvation or swelling of the

alkali metal—graphite intercalation compound , While ThF produces a tractable and

reactive suspension of potassium—graphite , pentane or diethy l ether do not

and reactions in these lat ter  two solvents generally did not go to comp letion

unless large excesses of C
8
K were used . Product distributions in these dif-

ferent solvents also vary with more hydrogen substitution typically observed

in pentane. In general, THF is the preferred solvent for these reductions since

reactions are typically done within 30 mm at room temperature as measured by glpc.

Just as there are analogies between the Lewis basicity of heterogeneous

potassium—graphite and homogeneous aromatic radical anions, there are also

similarities in the reactions of halides with these two types of reagents .

However , there are significant differences . Perhaps the most important of

these differences is the apparent lack of alkylation of the potassium—graph i t e

by any type of alkyl halide , In nearly all cases examined , high mass balances

were obtained , thus l imiting the amount of possible alkylation to less than 5% .

This result is significantly d i f f e ren t  than the results found in the reaction

of sodium naphthalene with primary alkyl halides in which significant amounts of 

-~~~~~- -~~~~~---~~~~- -  - -
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monoalkylation and dialkylat ion are observed (equation 4 ) • 3l These data can

3 R X + 4 tj~x i  + H~ 
- ) 

~~~~~~~~~~~~~~~~ 

+ 

R H

_____ 

( o r  1 ,2 isomers)

also be compared to results obtained in reactions of anions produced from coal

and various shale oils with alkyl halides .8 In these cases some alky lation does

occur , On the basis of our results with graphite anions we would expect that

the major i ty  of this alkylat ion is occurring on heteroatoms rather than on the

carbon skeleton . Recent studies with sodium napht halene reduced At habasca

asphaltene qualitatively agree with this expectation although in this case

alkylation on carbon apparently did occur to some extent.

We briefly studied the reaction of alkyl and aryl sulfonate esters with

potassium—graphite in the hope that carbon—oxygen bond cleavage might occur .

The results listed in Table I show that reduction apparently occurs at sulfur

and that  the principle product observed is sulfur—oxygen bond cleavage rather

than carbon—oxygen bond cleavage. As was observed for alky l halides , reaction of

pota ssium—grap h ite w it h secondary su l fonate esters leads to elimination instead

of reduct ion.  The products of these reductions are alcohols which can be obtained

in good yields only if the graphite product from these reaction mixtures is ex-

tracted for  24 h with reflu.xing ethyl alcohol in a Soxhlet extraction apparatus .

The apparent absorption or intercalation of alkoxides has been alluded to

previously in discussions of acid—base chemistry of potassium—graphite and is

apparently occurring in these reactions as well , Similar cleavages of sulfur-

oxy gen bo nds on reaction of sulfonate esters with sodium naphthalene have been

reported previously . 32 Although sul fur—oxygen cleavage (or elimination in

secondary cases) is the predominant reaction with  most sulfonate  esters , we

were able to observe predominant carbon—oxygen cleavage in the reaction of a
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benzy l methanesulfonate ester with potassium—graphite (cf. Table III).

The reduction of alkyl halides by potassium—graphite provides a convenient

way to study how potassium—graphite reacts since well established structural

probes are available which make it possible to distinguish between alkyl radicals,

which are the expected products of one electron reductions of alkyl halides by

C8K, and carbanionic intermediates , which are the expected products of two electron

reductions of alkyl halides by C
8
K. In addition to providing information about

the mechanism of potassium—graphite reductions , comparison of the results obtained

from reactions of alkyl halides and C
8
K with previous studies involving similar

alkyl halides with both metals33 and soluble aromatic radical anions suggests that

heterogeneous reactions of metals may be related to the experimentally more tract-

able reactions of homogeneous aromatic radical anions . The results which we have

obtained by studying the mechanism of C
8

K reduc t ions of alkyl halides show tha t

potassium—graphite predominantly forms alky l free radicals or free radical like

intermed iates , possibly by one electron reduction of an alkyl halide to a radical

anion and subsequent homolysis. Although trapping experiments designed to trap

alkylpotassium species failed , the rearrangement observed in the reduction of

tetrahydrofurfury l chloride by C
8

K may be due to the presence of a transient

carbanionic intermediate or to rearrangement of the halide radical anion (vide

infra).

A possible mechanism for the reduction of alkyl halides by C
8
K is that

outlined in Scheme I. The most probable first step in these reductions is

f ormation of an alkyl halide radical anion.34 
Fragmentation of this halide

radical anion through one of the pathways shown could then account for the

observed products. Our f i r s t  e f f o r t s  to stud y this mechanism concentrated on

establishing whether or not alkyl free radicals were intermediates in these

reductions. To do this we employed several different structural probes for 

------
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radical intermediates . For example , the extent of cyclization of 5—hexenyl

groups is a widely used probe for radical intermediates (equation 5) and is

a rela tively sensitive structural probe because of the facility of this

~~~~~~~~~ k:5x1O5se~’~~ (5)

rearrangement reaction.
35 

When either 5—hexenyl chloride or 5—hexenyl brom ide

was allowed to reac t with C
8
K in diethyl ether we observed that the major

hexane produc t was inethylcyclopentane, the produc t expected if 5—hexenyl radicals

were intermediates in these reductions (equation 6). The large amount of cycli—

za tion observed in these rea ctions is no t consis tent wi th formation and

H2C CH+CH2~~~CH 2Br ~ H2C~ CH(CH2)3CH 3 
6

(65%) (35%) (

rearrangement of an anionic intermediate . It is best explained by formation of

a 5—hexeny l radical which either cyclized (equation 5) or abstracted hydrogen

from the solvent to form methylcyclopentane or 1—hexene respectively.

Although reaction 6 was successful in detecting a radical or radical—lil e

~termed ia te in reduc tions of an alky l halide wi th C
8
K, equation 7 which em-

ployed the less sensitive structural probe 2—methyl—2—pheny l—l—chloropropane

was not successful .
36 

Had a radical intermediate been formed in this case, it

could have rearranged to form an Isobutylbenzene radical according to equation 8.

I’1,c absence of signEficant rearrangement In th is case means that either radicals 

- —
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~çJ~-~ -cH2-CI ) 
~Q -CH3 (7)

3 (97 0/ )

Q~-C-CH~ 
) 

CH3 

(8)
CH3 5 CH3K (10 sec

are not intermediates in this reduction or that this rearrangement is signifi-

cantly slower than than equation 5. This rearrangement must also be significantly

slower than fur ther  reduction of the radical intermediate by C8K or hydrogen

abstraction from the solvent ether if there is a radical intermediate. Although

the rate for reduction of an alkyl radical b y C8K cannot be obtained , comparison

of the known r ates for  reac tion 5 (k = S x 10~ sec
1
), estimated rates for

reaction 8 (k< lO~ sec~~ ) ,  and estimated rates for hydrogen abstraction from

diethyl ether by butyl radicals (ca. IO~ 
— l0~ sec~~ )

37 ’38 
show that neophyl

radicals could be intermediates in thes e reduct ion.  These data fur ther  suggest

that any free radicals formed in these reductions must have a relatively short

lifetime.

Although the above experiments do provide good evidence for alky l radical

intermediates , experiments designed to detect anionic intermediates were less

defini t ive . Negative evidence for  alk y lpotassium intermediates was obtained

by trapping experiments us ing anhydrous magnesium bromide . When a primary

alkyl chloride or alk y l iodide was allowed to react wi th  potassium—grap h i t e

according to equation 9 or 10 in .‘ sa tura ted  THF solution of magnesium bromide

I

L. - 

- - - - - -
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C8K D20C18H37C1 
THF, MgBr2~ 

‘ C15H38 (9)

C K  D OC18H371 
THF, MgBr~ 

2 C18H37—C18H37 (10)

and quenched with either D
20 or carbon dioxide , no products which would corres-

pond to an intermediate Grignard reagent could be detected . In addition , the

high yield of dimer typically formed in reaction of alkyl lodides and C
8
K was

una f fected by the added magnesium bromide. Had an alkyl pota ssium reagent been

fo rmed in these reduct ions , mag nesium bromide would have been expected to

intercept  it to form a Grignard reagent which would then have been trapped by

either deuteriuin oxide or carbon dioxide . A similar experiment has been

successfully used to demonstrate the presence of carbanionic intermediates in

39reductions of alkyl halides by sod ium naphthalene . Although the results of

these experiments canno t rule out a t ransient  carbanion—like intermediate in

C8K reductions of alk y) halides , t hese data can eliminate the possibility that

electrophilic attack on an intermediate alkylpotassium species is responsible

for formation of dirneric products (e.g. pathway 4 in Scheme I ) .

Evidence for  the presence of anionic  intermediates was provided by the

reduction of tetrahydrofurfury l chloride by C
8
K (equation 11).

(_
~~~~_.CI 

~~ 
~~~~~~~~~~~~~~~~~~~~~~ ( I I )

(75 s)

The observed products in this case are not those expected for a radical inter-

mediate but are the type of product expected from a carbanionic intermediate

since the tet r ahydrofurfuryl  radical is known to form methyl te t rahydrofuran 40
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while the corresponding anion is reported to ring open to give 4—pe nten—l—ol

as observed in reaction 11.41 However , these results could also be in accord

with rearrangement of the f i rs t  formed alkyl halide radical anion to a ring

opened product (equation 12), so this result cannot be considered to be

_____  
0 

02)

unambiguous evidence for the formation of transient carbanions .42 
Never theless

these results conclus ively show that formation of alkyl radicals does not

account for all of the observed products in reduction of alkyl halides with C
8
K.

Potassium—graphite reacts with other reducible organic substrates besides

simple alkyl halides , sulfonate esters , and weak protic ac ids. Some represent-

ative examples of these reactions are listed in Table III. As is shown in the

Table , l,2—dibromides are readily reduced to the corresponding olef ins without

further reduction of the carbon—carbon double bond . This reaction is reminiscent

of similar reactions with metals or soluble aromatic radical anions .
43 

1 ,2—

Dimethanesulfonate esters also react with C
8
K. However , unlike the known

reactions of vicina l d imesylates with soluble aromatic radical anions like sodiun

n.aphthalene which produce high yields of alkenes ,44 
the reaction of vicinal d ime-

sylates with potassium graphite produces a rather complicated product mixture .

Although the major product formed from reaction of simple alkyl l,2—dimesylates

wi th C
8
K is an alkene , elimination to form the correspond lr.; carbonyl compound

(or compounds) and formation of epoxide (in the cyclohexane—1 ,2—dimethanesulfonate

case) are side reactions . The reduction of 1,2—dimesylates by potassium—graphite

Is further comp i tc~~tcd by the t)hservHltI,u thdn the reduction of the d tmesylat~

‘ I  l iy t l  r~ Is.~uz~ I n  y I v his ~~~ Iiy d roc~t rI~ ’,i I , .~ —dl phony Ic Ihane Ins toad o I st I ibene ~r

plteny l benzy l ketonc . Separate control experiments have established that stilbene

_ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
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is not reduced by pot assium—graphite under the reaction conditions (we observe

only isomerization of (Z)—stilbene to (E)—stilbene as has been previously re-

ported)45 suggesting that the hydrocarbon product in the reduction of hydro—

benzoin dimesylate is the result of cleavage of what is essentially a dibenzyl

mesylate. Cleavage of benzyl mesylates to hydrocarbons was noted previously

(vide s~~ra). Other substrates that can be reduced by C
8
K and that were briefly

examined include: alkyl and arylmercuric halides, which were reduced to the corre-

sponding hydrocarbons ; epoxides , which either undergo partial reduction to alcohols

(cyclohexene oxide) or no reaction (l—octene oxide); and ketones, which can

either be reduced or deprotonated . Alkenes and esters were not reduced by C
8
K

in THF at 25°C to any measurable extent although previous reports show that

alkenes can be reduced at higher temperatures or pressures in the presence of

hydrogen.2 Thiobenzyl ethers also react with C
8
K in ThF at 25°C to give unknown

products. In this example, neither toluene nor thiophenol was detected by glpc ,

possibly because these products , if formed , were strongly absorbed by the graphite.

The use of potassium—graphite as a reagent in organic synthesis is represent-

ative of the potential for graphite intercalation compounds as polymeric reagents .

Potassium—graphite can accomplish many of the reactions known for its soluble

analog sodiuxn naphthalene and has the distinc t advantage that soluble by—products

which interfere with product isolation are not formed. Comparison of the chemistry

of potassium metal with that of potassium—graphite also illustrates the ability

of graphite to modify the reactivity of this highly reactive metal in a potenti-

ally useful way. Nonetheless , the applicability of potassium—graphite itself as

a reagent is probably limited because suitable alternative procedures for accom-

plishing many of its reactions are available and because of the lack of

selectivity of even intercalated potassium . Perhaps the most useful aspect of

potassium-graphite chemistry is not its reducing ability but rather the Lewis

basicity of potassium—graphite. In addition to readily forming potassium 
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alkoxides , C8K also can usefully dep rotonate carbony l compound s to form enolate

anions . In this case potassium—graphite has a decided advantage over other

bases in that the enolates, like the alkoxides studied in this work, may be

intercalated or absorbed on the graphite so that subsequent monoalkylation is

especially facile.46 
Potassium—graphite does have some utility as a reducing

agent in organic chemistry , e.g~. the reduction of dimesylates to olef ins, the

reduction of alkyl halides , etc., but these transformations are all well known

and can be accomplished easily with other procedures . The main advantage of

potassium—graphite as a reducing agent is apparently in the area of inorganic

chemistry and has been the subject of previous communications by other workers.
24’25

Conclusion.

Intercalation of potassium in graphite is a good example of how reactive

reagents may have their chemistry modified by intercalation in graphite .

Potassium—graphite has distinctly different reactivity than potassium toward

a variety of substrates including water , alcohols, alkyl halides,

ketones, esters , etc. We have shown that potassium—graphite acts as a Lewis

base and as a one electron reducing agent . In the reaction of alkyl halides

with C
8
K, the predominant reaction appears to proceed by a single electron trans-

fer pathway , at least in cases where elimination is not a problem . Unlike its

homogeneous analog sodium naphthalene, C8
K does not transfer two electrons to

produco detectable amounts of anionic intermediates although transient anion

formation could not be excluded . Another difference between the heterogeneous

C
8
K and soluble aromatic radical anions is the absence of significant amounts

of alkylation in the C
8
K reductions of alkyl halides . Although these C

8
K

reductions of alkyl halides are not catalytic reactions, the descriptive chemistry

of C
8
K manifested in alkyl halide reductions may be important in catalysis with

C
8

K as well.



- - - -~~~~~ ~— - - • ~~~ - --

16

The reactions of weak acids like water and alcohols with alkali metal—

graphites illustrates some of the unique properties of these graphite inter-

calation compounds. Our results from hydr ogen evolu tion measuremen ts , the

meas uremen t of soluble base formed , and the analysis of the ESCA spectra of

graphite products in reactions of weak protic acids with potass ium—graphite

are all in qualitative agreement with the hypothesis that there is a difference

in the mode of reaction of potassium—graphite with reagents that reac t at

interior sites and with reagents that canno t reach these sites and must react

at the edges or the surface of the alkali metal—graphite. More specifically,

our results suggest that electron transfer , at least with protons as substrates ,

is more important  at the su r f ace  of C
8
K. However , Lewis basicity can be

observed with hindered substrates in o the r  cases (e.~~. tert—alk yl hal ides).

Although the potential of potassium—graphite as a reagent In organic

synthesis seems limited , C
8
K does show use ul reactivity in several types of

reactions . Perhaps its most useful role might be that of a base in the rapid

formation of alkoxides or of stabilized carbanions derived from carbony l com-

pounds . It  reacts  more rap idl y than po tass ium in these pro ton  a b s t r a c t i o n

react ions  and is readi ly  prepared . Potass ium—grap h i t e  has an advantage over

soluble aromatic radical anions in comparable reactions since it is essentially

a poly mer ic reag ent and can be easfl y separated from any reaction products by

filtration. Potassium—grap hite has only limited value as a reducing agent.

P o t a s s i u m — g r a p h i t e  also has some d i sadvantages  as a synthetic reagent. First ,

it is a very reactive material and is easily de composed by traces of air or

water. Second , while its preparation is comparatively straightforward , it is

a heterogeneous reagent and is subject to many of the problems associated with

the use of heterogeneous species. Finally intercalation of products within

the potassium—graphite or product graphite can pose problems in some situations .

in general , we would expect tha t potassium—graphi te should be considered as a

_ _  _ _  

- 

~~~~~~~~ - -~~_ - ---- —-- ---- . - - - - -



-~ - -,

17

polymeric reagent in any reaction in which sodium naphthalene has been found to

be useful.
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Experimental Section
WL/VV\AA,VVVVVVVVVV\A,

General Methods. All reactions of the air and water sensitive intercalation
~~mwvvvwvw~

compounds were carried out in flame—dried glassware under argon or nitrogen

atmospheres using standard techniques for air sensitive materials.
48 

Nitrogen

was dr ied by passage through a drying tower of calcium chloride , argon was

used without further purification. Tetrahydrofuran and other ethereal and

hydrocarbon solvents were dis t i l led from a purple solut ion or suspens ion of

disod ium benzophenone dianion prior to use. Melting points were determined on

a Thomas—Hoover capillary melting point apparatus and are uncorrected . NMR

spectra were recorded on a Varian T—60 spectrometer using tetramethyls ilane

as an internal standard . IR spectra were taken using sodium chloride pla tes

or sodium chloride ceL1~ on a Beckman 1k— S spectromete r .  P erkin—Elme r Model

3920 and Antek Model 400 gas chromatograp hs were used for gplc analyses . All

organics  were purchased f r o m  Aldr ich  Chemical Co. or other conunercial sources

in reagent quality and used as supp lied . Two different grades of gra phite were

used in the p r e p a r a t i o n  of C 8K. E i the r  U n i o n  Carbide SP—2 grat e grap hi te  or

Fisher  grade 38 grap h i t e  proved equall y s a t i s f a c t o r y  and no d i f f e r e n c e s  were

de tec ted  in the chemis t ry  of the  p o t a s s i u m— g r a p h i t e s  formed f rom these two

graphites . Potassium metal (Fisher) was used as supplied after carefully cutting

clean pieccs~
9 

under mineral o l  and removing the mineral oil with pen tane

under an argon atmospher~~. ESCA spectra were taken on a Hewlett—Packard 5950A

ESCA spectrometer. Potass ium , rub idium , and cesium grap h i t e s  were also pur-

chased commercial ly from Al f a — V e n t r a n  Ino rgan ic s .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Potassium—graphite was prepared by the procedure of

La la n c et t e )2  in small scale reactions , C 8K was prepared b y adding a s toich io—

metric amount of graphite to a flame—dried centrifuge tube containing a

magnetic stirring bar under argon and then flushing the graphite containing

centrifuge tube with more argon. Potassium metal was added to the centrifuge
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tube and the system again flushed with argon. Heating this mixture of potassium

and graphite to 100°C with vigorous stirring formed gold colored C
8

K within I h.

Larger scale reactions were conveniently carried out in a 300—mi, flame—dried ,

two—necked , round—bottomed flask using an overhead stirrer to insure adequate

50
mixing.

Excess alkali metal—graphite (C
8
K, C8

Rb , or C8
Cs) was either

weighed into a flame—dried , 40—mi centrifuge tube equipped with a magnetic

stirring bar in a dry box or transferred as a THF slurry into a flame—dried 40—

ml centrifuge tube containing a magnetic stirring bar. After adding sufficient

TRF or ether to make a 20—mi suspension, the reaction mixture was attached to a

gas buret. The acidic substrate was then added and the evolved hydrogen measured

with the gas buret after equilibration.51 Following this measurement, the sample

was centrifuged to compact the graphite and aliquots of the supernatent liquid

were withdrawn by syringe and injected into 50 ml of water. Titration with 0.1

N HC1 to a phenophthaiein end-point was used to measure the soluble base.

Samples of graphite for ESCA experiments were collected from representative

examples of the above experiments by first quenching any unreacted C
8
K with excess

water (or methanol or tert—butanol) , collecting the graphite product by suction

filtration, and washing this product with water (or alcohol). After drying in

a vacuum oven overnight, these graphite samples were examined by ESCA. The

spectra obtained (Figure II and reference 16) showed the presence of potassium

as well as a broadened carbon is signal. The broadened C1 line was in accord

with the hypothesis that a partially hydrogenated graphite had been formed .

A THF slurry of C
8
K

prepared as described above was stirred at 25°C and the neat alkyl or aryl

halide was added dropwise using a syringe . The reactions appeared to be over

i~xiediate1y since the characteristic color of C8
K disappeared , but the reaction 
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mixture was allowed to stir an additional hour at 25° C and then quenched by

cautiously adding water. Extraction of the resulting aqueous solution with ether

yielded a solution of the I vdrocarbon product which was analyzed by glpc using

unexceptional internal standard techniques.

Isolated yields of hexatriacontane were obtained in the reaction of octadecyl

iodide and C
8K after recrystallization of the crude product from absolute ethanol.

The hexatriacontane thus prepared had mp 76—77° (lit52 
mp 73—75°).

p~ ~u1fona~~ ~~~~~ ~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
The same general

procedure used for reductions of alkyl and aryl halides with C
8
K was used for

the reductions of alkyl and aryl methanesulfonate cr 
~—toluenesulfonate esters.

In these reactions, a 24 h extraction with ref luxing ethanol of the graphite

product of these reactions was required for recovery of all of the alcohol

product as determined by glpc.

of alcohols and diols were prepared according

to literature procedures53 and had spectral properties and physical properties

in accord with literature values .

was prepared from 1—octene according to the procedure of Cope

et.al.54 
in 75% yield and had mp 30°C (lit.54 

mp 30°C) and NMR (CDC13) 6 4.5

(broad s, 2 H), 3.2 — 3.9 (m, 2H), 1.0 — 1.6 (in , 11 H ) ,  0.9 (t, 3H) .

~~r y j~~f)t~~ 4 ch.1.j~ri.,~~ was prepared according to a literature proce-

dure41 
in 76% yield and had bp 42—44°C (11 Torr) [lit.41 bp 41—42°c (11 Torr)];

NMR (neat) 6 3.6 — 4.3 (m, 3H) , 3.5 (two overlaping d , 2H), 1.9 (in , 4H).

trans ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ was prepared from cyclohexene according to the

procedure of Roebuck and Adkins55 in 60% yield and had mp 100.5 — 102°C (lit.55

mp 101.5 — 103°C); NMR (CDC1
3
) 6 4.3 (s, 2H), 3.3 (in , 2H) , 1.0 — 2.2 (m, 8H)

~~~~~ ~~~~~~~~~ 
To a solution of 3.3g (50 nunol) of potassium

hydroxide in methanol was added lO.4g (94 ~~ol) of thiophenol. The mixture was

allowed to stir for 5 win and 5.76 ml (50 ~~ol) of benzyl chloride was added 

-------- . -.--- .- --~~~-- - - - ---~~~---  - - - - - —--- -
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over a 10 mm period. The resulting milky white solution was neutralized with

10% HCI. and extracted with two 50—m R. portions of ether. The organic phases

were combined and washed with saturated sodium chloride solution, dried (MgSO4
),

and concentrated under reduced pressure. Recrystallization from ethanol gave

6.83g of the desired product (68% yield); mp 42—43°C (lit.56 
mp. 42—43.5°C) ; NMR

(COd
3
) 6 7.2(s, 1OH) , 4.1 (s, 2H).

was prepared according to a literature

procedure57 
in 66% yield and had bp 116—120°C (40 Torr) (lit.57 

bp 97—98°C

(10 Torr));NMR (neat) 6 7.2 (s, 50), 3.4 (s, 211), 1.3 (s, 60).

was prepared according to the procedure of Hooz and

Gilani58 
in 68% yield and had bp 39—42°C (10 Torr) (lit.59 bp 55°C (32 Torr));

t*m (Cd 4) 6 4.8—6.20 (in , 311), 3.39 (t, 20), 1.44—2.37 (in , 6H).

were prepared according to the method of Fieser

60 - -and Fieser.

was prepared from 1-chlorooctadecane and sodium iodide

in acetone6’ and had nip 32—33°C (lit.62 mp 34°C).

was prepared according to an Organic Syntheses procedure .
63

_



The Reaction of Alkali Metal—Graphite~s
2with

water, Alcohols and Amines.

Alkali metal—graphite Acidic Hydrogen Soluble C K/
Substrate Evolveda Basea 8 [ROH]O

(minol H2/minol (Roll)0) (inmol/minol (ROH) 0)

bC8K 020 0.04 0.0 _c
c8
K
d 1120 0.08 0.0 4.6

C8
R.bd 

1120 0.13 0.0 2.1

C
8

Cs’1 1120 0.11 0.0

C
8
K C11

3
011 0.19 0.07 7.5

C
8
Kd CR

3
00 0.12 0.11 10.4

C8Rbd CR3OH 0.18 0.20 4.7

c8c9d CH
3
011 0.15 0.04 3.1

C8
K ~~3

(~~2)2CH
2
011 0.18 0.87 18.6

C8
K ~~3~~2ClU~ 3

)08 0.18 0.75 18.6

c8K (C11
3)3C00 0.16 0.40 19.3

C8
K dH

3
(CH

2)6
CH2011 0.25 0.76 44.3

C
8
K 

~~3
(
~~2
)l6~~2

0H 0.30 0.69 65.4

C
8

K CH
3

(CH
2)5

C11(C0
3)oH 0.24 0.83 43.7

c
8
K ~~3

(~~2)6
dl
2o0 0.38 O~67 28.4

c8
K CH

3
(CH 2)5

CH(CH
3)OH 0.43 0.78 28.8

C8
Kd CH3 CH 2 6 CH200 0.30 0.67 42.6

C
8
Kd C11

3
(CH

2)5
CH(C11

3
)OH 0.27 0.69 42.6

C8
Kd C}1

3
(CH

2)16
CH200 0.21 0.21 27.1

C8Rb d C0
3

(CH2)6CH2011 0.31 0.43 18.4

C8Rb d CH
3
(C112)5C11(CH3)OH 0.31 0.73 18.2

C8
Rbd CH

3
(CH2)16CH200 0.20 0.10 29.7

C
8

Cs d CH
3
(C112)6CH

2OH 0.29 0.65 11.9
c8
csd cH3

(CH2)5d11(CH3)OH 0.31 ~.68 11.7

c8c5d 
d113(C02)16CH

200 0.23 0.58 22.1

C
8
K c—C

6
H11NH2 0.0 0.0 43.5

C
3
K c—C4118

N}t 0.0
€ o.o f 51.3

aTh estimated error in these numbers is ± 20% .
b
Average value from 12 different reactions in which the evolved hydrogen ranged from
0.01 — 0.05 mmol/nnnol C

8K when excess C8K was used. 
CVarious ratios of C~K/H

2
O wer e

employed ranging from 4.6 to 23.3 (mmol/mmol). If excess H 20 was used hydrogen
evolution measured from 0.01 — 0.08 mmol/mmol H20. 

dCo~~ercial samples of alkali
metal—graphite yere used . Diethyl. ether was used in place of tetrahydrofuran in
this example. No hydrogen evolution or soluble base other than the original amine
was detected .
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~~~~~~~~~~~ Reaction of Monofunctional Aiky]. and Aryl Halides
and Aikyl Sulfonate Esters with Potassium—Graphite (C 8K).

Substrate Solvent C
8
K/Rx Products (Z yield) Material

(minol/mniol) Balance

C0
3
(C0

2
)16C112C1 Pentane 7.2 C

,8
038(80)a 80

Et 20 3.5 C18H 38(93) 93
THF 6.2 C181138(86) b 86

CH3(CH2)16CH2Br THF 6.7 C18H38(38), C36H74 (56)C 94

~~3(
~~ 2)

16~~ 2I Pentane 13.3 C18H 38(100) d 100
Pentane 3.1 C

18
H
38

(47) , C36H74 (53) 100
Et20 4.6 c18H38(28), C36H74 (62) C 90

ThF 3.2 C181138 (20) , C36074 (68) c 88
THF 11.4 C18H38(26), C36H74 (73) c 99
THF 29.9 C18H38(32), C

36
H74 (68) 100

C03(C02
) 16CU 20Ts 23.0 C18H38 (lO) , C1803700(90)

e 100
C03

(CH
2)16CH2OTs TOF 12.6 C18H 38(0) , C18H 3700(gS) e 95

c—C6
H11C1 THF 8.4 c—C

6
H12 (84) , c—C

6
H
10

(l5) 99

~~~~~~~~~~~~~~~ 
THF 7.8 ~~3 112 )

3C~~~~ 3)
2 (81), C

7
0
14
(19) 100

c—C6
H
11Br TOF 9 .0  c—C 6H12(56) , c—C 6H10(40) 96

CH
3

(CH
2
)
4

CH(CH
3

)Br THF 11.9 C0
3
(C11

2
)
5

CH
3

(54) , C
7
H14(46) 100

c—C6
H111 THF 6.4 c—C

6
H12 (5) , C

6
H
10(88) 93

p—CH
3
C
6
H
4
C1 TOF 10.1 cR 3C6H5

(•50) , p—CH 3C6H4C1(50) 100
pCH

3C6
H
4Br THF 5.9 CR3C5

05(48), p—CH3
C
6
H
4
Br(52) 100

C
6
H
5OTs TOF 6.4 C

6
H
5
00(6l) 61

a 
Under these conditions, 50% of the starting halide did not react. b Under these

conditions, 33% of the starting halide did not react. C This yield is an isolated.

recrystallized yield (EtOH), mp 76—77°C (lit.52 
isp 73—75°C). 

d 
Under these conditions,

60% of the starting halide did not react. e The alcohol product was obtained after

a 24 h extraction of the product graphite with ref luxing absolute ethanol.

I. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - -—-- -~~~~~
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Reaction of Potassium—Graphite and Various Reducible Organic Substrates
in Tetrahydrofuran at @5°C.

Substrate Product (Glpc 7. yield)

CH2—CH2CH2COCH2eH2 ~H2CH2
CH

2CH (OH) CH2~
H2 

(85)

(Z)—C6H5CH=CHC6
H
5 (~)—c6

H
5CH=dHC6

H
5

(62)

CH2
(CH

2)4
CHSrCHBr(CH

2)4~t1 2 CH
2(CH 2

)
4CH—CH (CH2)4~

H
2

(93)

n—C
6
H13CH( 0)CH

2 

__ a
C
8
H17CHBrCH

2
Br C

8
017CH CH

2
(94)

C
6
H
5CH(OMs)CH (OMs)C 6

H
5 

C
6

11
5

CH
2

CH
2
C
6
0
5

(72)

1 btrans—CH
2

CH
2
CH(OMs)CHOHsCH

2
CH

2 
c—C

6
H10 (43)

C61113CH(OMs)CH2
OMs C

6
H
13
CHU.CH

2
(58) C

C
6
H
5

HgC 1 C
6
H
5

(96)

C
6
H13CH=CH2 d

C
6
H
5

CO
2

CH
3 _d

C
6
H
5

SCH
2
C
6
H
5 _e

aWi~h a ratio of C8
K~epoxide of l4mxnol/O.7mmol only starting material could be

detected by glpc . Other products included 16% cyclohexene oxide and 13%
cyclohexanone. cother products included 18% 2—octanone and 12% octanal. No
1—octene oxide was detected . dNo detectable reaction was observed . eAlthough
the potassium—graphite immediately decolorized indicating reaction, no products
were found by gas chromatography.
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