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Because of contradictions in the literature, we reinvestigated the kinetics of the Birch reduction, i.e. the hydro-
genation of benzene and its derivatives in metal ammonia solutions (MAS; containing solvated electrons e
and metal cations K with alcohols to yield the corresponding cyclohexa-1,4-dien compounds (e.g. 2Li+
2 CH;OH+CGsHg=-2 CH3OLIi+CgHg). The kinetics of this reaction are obscured since the hydrogen reaction
proceeds parallel to it (2Li+2CH=-2CH;OLi+H,). The two reactions differ in their activation energies
(6.5 and 22.5 kJ/Mol resp.); and in the series of the alkali metals Li, Na and K the rate of the Birch reduction
decreases, whereas that of the hydrogen reaction increases. However, in the metal concentration range around
0.01 M, both reactions have within the experimental error the same reaction order with respect to the metal
(~0.8). Both are accelerated by addition of alkali cations common to the dissolved alkali metal, and both are
decelerated by addition of alkali cation complexing cryptands. Thus we conclude that the cations are involved
in the kinetics of both reactions, probably by forming intermediate ion pairs or shifting pre-equilibria in
which solvated electrons are involved. The experimental data of both reactions can be described very well
with the rate lawsv(B)=kg f2[e7][Li *][CH3OH][CeHe] and v(H)=kyf2[e7][Li *][CH;OH] resp. { activity
coefficients after Debye-Hikel) inserting the concentrations of and Li* as calculated from the known ther-
modynamics of LIAS. The experimental rate constd@t@ndky are the products of the rate constants of the

rate determining steps and the equilibrium constants of the pre-equilibria.

1. Introduction y = k[M]*[A][B]. (5)

The Birch reduction [1] is a very powerful tool for the _ _ .
hydrogenation of benzene and its derivatives to yield thieurther experimental results are: the yield of the Birch re-
cyclohexa-1,4-dien compounds. It is performed in metdluction increases in the series of the alkali metals K, Na,

ammonia solutions (MAS, electron donator) with addedi [2, 3], the Birch reduction is faster with ethanol than
alcohols (proton donator), e.g.: with butanol [2], it is accelerated by addition of alkali

bromides with cations common to the alkali metal solu-
2Li+2CH30H + C¢Hg = 2 LiOCHj3 + CgHg (1) tion [2], and it has a very low activation energy [2].
At the time of publication of the two papers it was
The Birch reduction is in contrast to the catalytic hyknown already that MAS do not contain neutral atoms
drogenation that leads to the corresponding fully hydrog@A° of the dissolved metal as major component but rather

nated compound, e.g.: metal cations M and paramagnetic solvated electrons e
formed by ionisation of the metal, and a diamagnetic spe-
3H, 4+ C¢Hg = C¢H» . (2)  cies of not known stochiometry with two spin paired elec-

] o . ) trons [4]. With this knowledge rate law (5) was reinter-
_In spite of its importance for the organic chemist, onlyyreted by Dewald [5] with the assumption that in an inter-
netics of the Birch reduction is found in the literaturesyhich, with the cation, yields an ion pair (MB"). This
Krapcho and Bothner-By [2] give on the basis of their eXthen is protonated by the alcohol (see Eq. (15)—(19)). Jus-
periments the third order rate law tification for this reaction sequence follows from studies
on the protonation of aromatic radical anions in solvent
v=—d[B]/dr = d[BH,]/dr = k [M][A] [B] (3) systems of lower dielectric constant [6]. Dewald gives the

; . rate law
(B benzene or toluene, BHis hydrogenated Birch-product,

M dissolved alkali metal, A ethyl-, propyl- or butylalcohol;

chemical symbols in squared brackets stand for concentra=
tions; equivalent concentrations of the three reactants, ) . . ) )
[M] 0.2 M). Jacobus and Eastham [3] put some doubtbis identical with Eq. (5) in case of highly diluted MAS

kele] MT][A][B]. (6)

on this rate law because the hydrogen reaction, e.g. i _which all metal is dissociated into M and
e (IM*]=[e’]=[M]). However the experiments [3] were
2Li+ 2CH;0OH = 2LiOCH; + H; (4) performed at metal concentrations around 0.1 M, that is at

least 100 times too high to allow the assumption of com-
which always will proceed parallel to reaction (1) was neplete dissociation of the dissolved metal [7]. Thus De-
glected. From their experiments with lithium and ethylalwalds interpretation of rate law (5) is intuition only, but a
cohol they derive the fourth order rate law good one as we will see later.
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Thereis one contadiction in the literature corcerning
the action of the alcohol. The reactionrate in the rate
laws (3), (5), and (6) is propotional to the alcohd con-
centraion, which shoud be interpreted that the alcohol
molealesA arepartof the reactionschemeOn the other
hand,it is statel tha the reactons are deceleratg by ad-
dition of alkali alcolaes [3]. This is interpreted by Jolly
[8] with the assumtion that not the alcoholis the proton-
ing particle, but NH; formed in the dissociabn equilib-
rium (ROH+NH3< RO +NHZ) which is shifted to the left
by the addtion of RO ions, thus decelerahg the reac-
tion.

At highermetalconcentrdonsratelaw (6) canbe evd-
uatedonly if the coneentrationsof the catiors and sol-
vatedelectonsin MAS are known. In our earlier poten-
tiometric studes on NaAS andLiA S [7] we succededin
reveaing the thermalynamicsof thesesystemsandin in-
terpreing it on the bass of solvatedelectons, catiors and
of the speciege M &) which is the compkx of two spin
pairedeledronsanda cation(in the following abbreviged
by M7). We attaing no theemodynanic evidencefor an
ion pair (M*e") which might be preseh as a minority
compament (symbolisedas M°). From the thermognamic
datawe can calculatethe concentrdons of the involved
speces for a wide metal concentation and tempeature
range.

With this understandingof the MAS, we thought it
worthwhile to reinvestigatethe Birch redudion togetter
with the unavotable hydrogen reacton, varying the na-
ture and the conentrationof the alkali metal (Li, Na, K)
and of the alcohol (CH;OH, C,HsOH, C3H,OH, (and
H,0)), and varying the concentrdon of C¢gHg , andfinal-
ly varying the temperatureall in a wide range

2. Experimental Part

The reacton flask of aninnervolume of around300m|
was madeof glass.It was surrounéd by a glassmantle
throughwhich the cooling liquid of a cryosat was circu-
lated (for all experiments217+Q1 K, unlessstatel differ-
ently). On top it was equppedwith severalgroundjoints
for connectionto the vacuumline and to a differential

gage (Baratron pressire meter 210, MKS-Instuments),

and for housing a thermaouple and a septum A glass
valve was attache to the bottam of the flask.

Liguid anmonia and the alkali metas were purified
and the MAS were prepaed in the reaction flask as de-
scribedbefore[7]. Benzne,dissdved in diethyl etherto
enhance its solubility in ammaia, and alcohols all of
highestpurity availalie, and water, after repeatedistilla-
tion, were all degassedby pump freezing before adding
themwith the help of a syringethroughthe septim to the
MAS which wasagitatd by a magneticstirrer

The hydrogen reacton was followed by continuows
pressire registation with the differential gage,the refer
encecell of which wasconnectedo the vacwm line. The
pressire readingwas donewith an uncetainty of 2 Torr.
Assumng that (with an excessof alcohol)all metalcom-

pletely reactsunderformation of hydrogen its increasing
pressire in the flask is directly relatedto the decreasig

metal concentation: [M()]=[M(0)] (1 (t)/p(c0)) with

[M(i)] metalconentrationat timet andt=0 andp(i) hy-

drogen pressireatt andt=co.

The Birch redudion was followed disconinuousy by
taking liquid samplesfrom the reactng solution through
the bottomvalve. After quenching the reactionby addng
an excess of solid sodium berzoateto the sample[2],
CsHs and CgHg were extraded with diethyl ether For the
analyss of CgHg and CgHg, the etheric solution was in-
jectedthrough a septim into a gaschromabgraph(Hew-
lett Packard HP5®0 with flame ionisaton detector)
which was calibraed with prope solutionsof the corre-
spondig compaunds. The uncertaity of the analysiswas
5%.

3. Experimentd Results

Hydrogen Reation. The progessof reacton (4) with Li,

Na, and K, with Li andaddedLiBr, all with methanolas
protondonato follows from Fig 1. Due to an alcohol ex-
cess,the concentation of the alkali metas goes down to
zero. In all further experimats in which we varied the
conentrationor the natureof the metal or the alcohd, in

which we addedeledrolytes or changedthe temperature,
we got the samecharactastic kinetic curvesasin Fig. 1,

i.e. a charge from a low to a high relaive reacton rate
(d(In c)/dt) after the metal concentation deadeasedbelow
10* M. Therebre we will not repoduceany more of the
many expeimental curvesobtainedin this study but only
descrile their results.

The slopeof the lines in the douwble logaithmic plot of
the initial rate v for the three metalsand their con@ntra-
tions in Fig.2 (v=const[M]™ or log (v)=log(consj+m
log[M]) revealsthat the reactionorder m with respet to
the metals is defintely smaller than unity, namely
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Fig.1

Hydrogenreactionwith lithium, sodium and potassiumand lithium
with addedLiBr: time dependencef the alkali metal concentration
(0.025 M CHzOH). Full line: experimentalcurves, open squares:
simulationof the reactionwith ratelaw (14) for lithium
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Hydrogenreaction:doublelogarithmicplot of theinitial reactionrate
and the concentrationsof lithium, sodium and potassiumand of
methanolresp.for the determinatiorof their reactionorder(0.025M
CH3OH or 0.01 M alkali metalresp.)

m=0.75+0.@ as averag. The reacton orderwith respect
to methanol is takenfrom the sameplot as0.91+0.03 We

assume it to be 1 (althoughthatis outdde the limit of er

ror) becausea reacton order 0.9 for methanoldoes not

make sense.Thus we formulate the rate law for the hy-

drogen reacton with Li (=M) andCH3;0OH (=A)

—d[M]/dr = 2d [H,]/dr = k7 [A] [M]™ (k)

(with m = 0.75) (7)
(the zeroorderrate corstantk, takesinto accounttha cat-
alytic actingimpurities might acceleatethe reacion asal-
readydescriled by Dewald [5]). From Fig. 2 we alsoread
that at the metalconcentration0.01 M, the ratio of there-
lative ratesof reaction(4) with Li, Na, and K is about
1:3.5:2. This reflectsthe known orderof the reactvity of
the alkali metalswith respet to wateror air, or alsowith
respecto water[9] or alcohol[3] in ammaia or with re-
spectto ammonia[10].

Similarly we also have a pronouned influence of the
natue of the proton donat@ on the reacton rate: in the
order methanal ethanol and 2-propanol the relative rates
with Li or Na are about1:0.6:0.5 reflecting the deaeas-
ing proton dorating power of the alcoholsas expressed
by their autoionisationconstard px (16, 18 and 19 resp.
at 25°C [11]). Of couse the high stablity of pure MAS
fits in this patternbecauseof the very high px of amme
nia (araund 30) [12]. Water dissolvedin ammoniahow-
everreactsconsideably slower thanexpecte on the bass
of its px=14; we havegiven an explandion for this pre-
viously [9].

Addition of Li salts(LiBr or LIOCH3) to the reacton
mixture with Li givesa pronouned increaseof the reac-
tion rate (a factor of 2 by adding0.01 M LiBr to the0.01
M Li+0.025 M CHzOH reaction mixture (Fig.1)). The
fast reacton with Na is strongly decelerad by 0.01 M
LiBr addition, whereas the slow reacton with Li is

Hydrogenand Birch reaction:Arrheniusplot of the initial rates(0.01
M Li, 0.025M CH30H, and0.0035M CgHg)

slightly acceleatedby NaBr, suchthat within the experi-

menté errorin both cases(with identical metaland elec-
trolyte cone@ntrations)the samereacton rate is observed
which is betweea thatof a Li anda Na reactionsystemof

the same metal conentration without eledrolyte. Addi-

tion of alkali cation compkxing cryptandse.g. 4,7,13,B-

tetraoxal,10-dizabicyclo-B.5.5]eiosan (trade name
Kryptofix 211 or C211) to Li solutions,C221to Na solu

tions or C222 to K soluions, all with methanolas proton
source,resultsin a prorounceddecreasenf the reacton

rate (a factor of 4 in caseof 0.01 M Li with 0.02 M

C21). All this definitdy shows tha the cationsare in-

volved in the kinetics, probably by forming ion pairs or

compkxeswith the reacting particles.— From the Arrhe-
nius plot in Fig. 3 we gain an experimentalacivation en-
ey of 22.5+2.2kJ/md for the hydrogenreacton.

Birch Reduction.The Birch reductian of benzengleading
to 1-4 cydohexadiel can neverbe obseved as suchbut
only in compdition to the hydrogenreaction.Due to this
compdition the yield of the Birch productdependson the
relative ratesof the two reactionslt is the larger, the fas-
ter the Birch reduction relativeto the hydrogenreaction.
— Theyields of the otherpossble redudion productsl-3-
cyclohexadien and cyclohexadien are below 1% and
therefoe canbe neglectedn the furthe corsiderations

From Fig. 4 we readthat the rate and the yield of the
Birch redudion very strongly depend on the natureof the
alkali metal The Birch redudion is fastestwith Li and
slowest with K, the ratio of the initial rates with Li, Na
andK is about13:1.21 wherea the hydrogenreacton is
fastestwith K and slowestwith Li (Fig.1). Consguently
the yield of the Birch product(refered to the initial con-
centrdion of benzene)s largestwith Li (~71%), inter
medide with Na (~ 11%) and smallestwith K (~7%).

In all furthe experimentsin which we varied the con-
centrdions or the natue of the metaland of the alcohd,
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lithium, sodium, or potassium(0.01M), with Li+NaBr or Na+LiBr
(0.01 M each),with Li (0.01 M)+cation complexingcryptandC221
(0.02 M); (methanol0.025 M). Opensymbolsand m: experimental
points; full lines: simulationfor Li, Na andK with ratelaws (7) and
(8) with n=m=0.8; full circles:simulationfor Li with ratelaws (14)
and(19)

in which we addel electrolytes or cation compkxing
cryptands,or charged the temperatureywe got the same
charateristic kinetic curves asin Fig. 4, i.e. a stea¢ de-
creaseof the reactionrate (—d[B]/dt) from its fastestini-

tial valueto zerowhen all metal is consuned. Therefore
we will not reprodice any further expgimentd curves but
only descrile their results.

The double logaithmic plot of the initial ratesof the
Birch reduction and the concentationsof the reactantsin
Fig.5 reveals that the reacton order with respect to
methanol and to berzene is 0.99+0.05 and 1.05+0.05
resp., i.e. both are unity, and tha of Li is about
n=0.82+0.03 Thus we formulae the formd rate law for
the Birch reduction:

2d[BH,]/dr = —2d [B]/dt = ks [A] [B] [M]"

(with n =0.82). (8)
The rate of the Birch reduction dependsas strongly as
that of the hydrogenreacton on the natureof the alcohad.
In the order methanol, ethand and 2-propanol the relaive
rates of the Birch redudion with Li or Na are about
1:0.550.15, closeto that of reaction(4). Addition of Li
salts (LiBr or LIOCH5) to the reaction mixture with Li
givesa modeate but definite increaseof the reactionrate.
As shownin Fig. 4 the slow reactionwith Na is acceler
atedby LiBr, whereasthe fastreactionwith Li is delayed
by NaBr, suchthat within the experimenal error in both
caseqwith identical metal and electrolyte conentrations)
the samereacton rate is obseved which is betweenthat
of an Li and an Na reacton systemof the samemetal
coneentrationwithout electolyte. Addition of alkali cat-
ion compkxing cryptands e.g. C211 to Li solutions
(Fig. 4), C221to Na soluions or C222 to K solutions,all

Birch reduction: double logarithmic plot of the initial reactionrate
and the concentrationsof lithium (fixed concentrations0.025 M

CH30H, 0.0035M CgHg), methanol(0.01 M Li, 0.0035M CgHg),

and benzeneesp.(0.01 M Li, 0,025M CH;OH) for the determina-
tion of their reactionorder

with methanolas proton source,resultsin a pronourced
decreae of the reactionrate (a factor of 10 in the caseof
0.01 M Li with 0.02 M C211). All this definitely shows
that the cationsare involved in the kinetics, probably by
forming ion pairs or complexeswith the reacting parti-
cles.— Fromthe Arrheniusplot in Fig. 3 we obtainan ex-
perimenal activaton enegy of 6.5+0,7 kJ/md for the
Birch reductionin fair agreemet with 11.3 kJ/mol ob-
tainedby Krapcho and Bothne-By [2].

4. Evaluation of the experimental results

Formd Kinetics. Formaly in both reactionsthe metalre-
duces alcohd to hydrogenwhich in the Birch reduction is
transfered to benzeneB forming BH, or which in the hy-
drogen reacton is liberatedasH,. Therebre we might ex-
pecttha both reactons follow the same formal kinetics,
i.e. tha their rate laws (7) and (8) shoud have not only
the samereactionorder with respectto the alcohd (we
found 0.91+0.03and 0.99+0.05andsetboth 1.00) but also
with respecto the metal,or m=n, asalmostis experima-
tally found with m=0.75+0.@ andn=0.82+0.(.

Indeedthe iterative integrationof the coupleddifferen-
tial equations(7) and (8) with suitably chosenrate con-
stantsk; and kg givesa very goodfit of the expeimental
data of the Birch reduction in Fig.4 with m=n=0.8
(abou the averag of the experinental da@ given in the
last section)as shown by the smath curvesin Fig. 4 (for
Li, Na, andK resp.:kg=52, 6 and 5 M~>¥min, k,=0.1,
0.25and 0.5 M~°8min). The fit becoms lesssatisfactory
or even fails with m or n or both deuating more than
0.05from the given average.

With the reacton order m=0.8 for the hydrogenreac-
tion (Fig. 1) we canfit the experimentaldataonly down
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to a metal concentratin of about10™ M; below this the
reacton is slightly fasterthan calculdaed, probaly dueto
the additiond zero orderreactionas alrealy descrited by
Dewald [5] and explaned by unavodable catalyticacting
impurities. A goodfit of the expeimentd datais obtaned
for Li with k;=0.05M~°8min and the additional zero or-
der rate constah k,=1 10~'M/min. With correspoding
larger rate constard we can simulatethe kinetic curves
for Na andK.

The resuls of the simulaions justify our assumption
that both reactions(1) and (4) for all three metalsvery
closdy havethe samereacton order with respectto the
metal (howeverrate corstantk; obtaired from the treat-
ment of the Birch reductiondisagreeswith that diredly
obtaired for the hydrogenreacton by a factor of abaut 2.
We think this is not due to experimentalerrors,but to the
fact tha in both reactionswe deal with slightly different
systemsfor the Birch redudion we addeddiethyl ether to
enhancethe solubility of berzene).

Detailed Kinetics. Although we think that we can simu-
late the experimentaldat for the hydrogenreactionand
the Birch reductionwith the formal rate laws, we still
haveno informaion on their real kinetics. The only infor-
matian we attainedis that both reactons have,within the
expeimentalerra, the samereactionorderwith respecto
the metal thuswe cancorcludethatin both reactonsthe
samereactivespeciesareinvolved

We recall that alkali metalsdissolvel in anmoniaform
solvata@ eledronse™ and cationsM™, the compkx of two
spin pairedelectronswith a cation,symbolisedasM™ and
perhapsasa minority commnent,the neural comgex of
an electon and a cation symbolsedasM°. Thuswe can
formulate the equilibria (f ion activity coeficients calw-
latedaccording to the Debye-Hickd theory)

2 +MT &M~ (=(eMTe))

Kof? =M7]/([e"] M) ©)

e +MF &M (=(M'e))

Kiof? = M°]/([e7] M) (10)

(11)

In the metal corcentrationrange we are working in, equ-
librium (9) is shifted to the right with increasingmeal
conentration[7], i.e. the corcentrationof M~ increaes
stronger than the metal concentration;if M~ were the re-
active particlein the reactionswe shoud havea reacton
order larger than 1 with respectto the metal. Sinceit is
arourd 0.8 we canexcluce M~ asthe reactng speces; we
alrea¢y have dore this for the hydrogen reaction with
water in an earlier study [9]. Furthermorewe recall that
addition of electolyteswith the same cationsasthe react-
ing metalsincreasesand that addtion cation compkxing
cryptandsdeaeaseshe ratesof both reactons. This im-
plies tha the cationsare directly involved in the kinetics.

M"+M & 2M°

Thus we concludethat e togetter with M* or M° resp.
formed in equilibrium (10) as a minority compaent are
part of the schenesof both reactionsand we setthe fol-
lowing reacton sequences.

HydrogenReaction.M° from equilibrium (10) reactswith
alcohd in the rate-de¢rmining step to yield H atoms
which very fastrecombne to H,

M° + ROH = H+RO™ +MT™ (rate determining) (12)

(13)

M° as intermaliate reacthg speces has been postulaed

before on the bass of kinetic studiesby pulseradiolyss

in metalammoniasolutions[13] and in aqueus systems
[14]. Theratelaw thenis (k;, K; rateandequilibrium con-

stantsof reacton i)

2H = H, (fast)

—d [M]/dt =2d [H,]/dt = ki2 [M°] [A] (+k,]
= k2 Kiof* [e7] [MT][A] (+kz)

= kuf?[e"] M*][A] (+k2) . (14)

We combinethe individual rate and equilibrium constarg
in the expgimentd rate constantky=Kk;»,Kio. Since we
know the equilibrium constan Kg=4.9 10* M~2 at 217K

[7] we canundercorsiderationof the activity coeficients
calculde the concentrationsof € andM™ in LiAS in the
cone@ntrationrangecoveredin our experimats. Thuswe
canevaluae rate law (14) by iterativeintegration (at reac-
tion startwith a 0.01 M LiAS we have[e]=5.1 107> M,

[Li*]=7.610° M and[Li]=2.4 10>M with f=0.5). We

canfit the expgimentaldataonly by taking into account
that Li™ ions form with CH;O™ ions undisso@ted ion

pairs or moleales (CH;O +Li*<CH3OLi, assocation
constah K,) with K,=1500 M~ (this is comparate to

the associdon corstantsof any normal electrolytein am-
monia as deermined by conductim experimats [15]).

The resultof the simulation for lithium with ky=150 M~

min* and k,=3 107’ M/min is given in Fig.1 (open
squares)it fits the experimentaldataexcellenty.

Birch Reduction.Higher aromatt compmpundsyield in me-
tal ammaia solutionsradial anions in high conentra-
tions [16, 17]. With benzeneB howeverthe correspod-
ing equilibrium (15) is far on the left [18], suchthat the
benzne radial anion B~ cannot be detcted with any
analytcal means.We revive the suggstionfrom Dewald
[5] tha B~ forms an ion pair with the cation, whereby
equilibria (15) and (16) are shifted to the right. Protora-
tion of the ion pair is rate determiing; the final forma-
tion of cyclohexa-1,4-ien proceedsrery fast:

B+e < B™

Kis = [B7)/[B][e"] (15)

M"+B~ < (M"B") Kicf*=[(B"M")]/([B"][M*])
(16)
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(M*B™) + ROH = M* + BH + RO~
(rate determining)

BH +¢~ + ROH = BH, + RO~ (fast)

Thuswe obtainthe ratelaw

2d[BH,]/dr = —2d [B]/dr = k7 [M* B [A]
= ki7 Ki5 K67 [e7] [MT][A] [B]

= kpf[e7] [M*][A][B]. (19)
We combinethe individual rate and equilibrium constarg
in the expgimentd rate constantkzg =k;7K;5K4e. In order
to avoid guesswork on the rate corstantsky and kg we
estimae their ratio from expeimental data: dividing Eq.
(14) by Eq. (19) andrearrangig we get
d [Ha] = —kp/ku d [B]/[B] (20)
(negkct of the zero order rate constantof Eq. (14) does
not affect the further resuls). Integation within the
boundaies [H,] =0 and [B] =[B]° att=0 and[H,;]*=1/2
[M]°=[BH,]*=1/2 [M]°-[B]°+[B]* and [B]=[B]~ at
t=o0 yields

ky/kg = In ([B]"/[B]*)/(1/2[M]" — [B]" + [B]*") (21
We use the dan of Fig.4 for Li: [M]°=0.01 M,
[B]°=0.003 M, [B]*=0.0004 M and get kg/
ky=540M~1. Fromtheinitial rate of the Birch reductio

1, 1 10* M/min (Fig.5) and the initial concentrationsof
the reacton partrers and the acivity coeficient all given
above, we get ks=1.3 10° M3 min! and thus
ky=240M~2 min* (in the evaluaion of the hydrogenre-
actionin Fig.1 we got ky=150 M~ min™%, seeabove).
We now can evaluag the coupledrate laws (14) and (19)
by iterative integraton to obtain the time dependencef
the benzeneconentrationin the Birch reduction. The re-
sultis dispayedin Fig. 4 (filled circles).Again we havea
very godd fit of the expeimentd dat for lithium. We did
not try to fit the datafor potasaum and sodium because
thesehawe a low yield of the Birch reductionand there-
fore areof minor interestonly.

There remains one contradiction to the literatue: ac-
cording to Jolly [8] and Dewald [5, 19] the Birch andthe
hydroge reacton proceedvia NHZ ions formedby disso-
ciation of the alcohol or water (ROH+NH3<NH;+RO).
Their con@ntrationis at reactionstart proportianal to the
squareroot of the alcohd conentration(Ostwad’s dilu-
tion law). Consequetly the initial reacton rate shouldbe
propotional to squareroot of the alcohol concentation
(readion order 1/2 with respectto alcohd) whereaswe
found a linear relation betwveen the initial reacton rate
andalcoholconentration(readion orderl, seeFig. 2 and
5). Furthernore we could not observethe delay of the
two reactionsby addingRO™ ions (e.g. LIOCH5) as has
beenreportel by others[3] and hasbeenexplanedby the

shift of the above dissaiation equilibrium to the left re-
sulting in a decreaseof NH; ion corncentration.Further
more the equlibrium constantfor H,O+NHz<NH;+OH™
in ammania is <1-10% [20] and thusthe NH} conentra-
tion is too low to allow the hydrogenreacion with water
to proceed via NH; ions. Indea in our kinetic studies
[14] we could excluce NH ions as reacion partrer at
leastfor the hydrogenreactionwith water. Sincethe dis-
socidion constam of alcohds in ammonia hardly will be
larger than that of water we think that also the reacton
with alcohds shoud not procee via NH; ions Finaly
we did not succed in simulating any of the kinetic
curveswith rate laws includng NH3 ions. Thus we con-
clude in contras to the agumentsby Jolly and Dewald
that not NH ions but the undisso@ted alcohds are the
reactve protoning partrersin reaction(1) and (4).

5. Conclusions

As we haveshown we canfit the expgimentd dataof
both reactions:for the hydrogenreaction we assumethe
pre-eqilibrium (10) forming the ion pair (M°=(M"¢€"))
which in the rate determning step(12) reactswith ROH;
and for the Birch reductionwe assumethe pre-equilbria
(15) and (16) forming the ion pair (M* B™) which in the
rate deermining step (17) reactswith ROH. Howeve we
do not think that the successfukimulation proves beyond
any doubt the given reacton mechaism, since we hawe
to fit severalconstand, e.g. for the hydrogen reactionthe
zero order rate corstantk,, the rate constantky and the
assoation constantk, (the equilibrium corstantKg vital
for calculding the corcentrationof M* and € in MAS
has beenobtaired from potertiometric measuementsand
should be correct). Also, we use activity coeficients cal-
culatedaccordingto the Debye-Hickd theorythat,in the
conentrationrangeof our experiments,might not be ap-
plicae anymore. Another reasonble reacton mechanism
with severalconstard to choosealso might give a satis-
factory simulation.

We ratherthink the reacton mecharsm — alreadypro-
posedintuitively by Dewald [5] — is provenby our and
others [2] observatia tha the rate of the reactonsis in-
creasedby addtion of electolyte having the samecation
asthe apdied MAS, andby our obsenation that the addi-
tion of caion complexng agens decreasethe reactons
rates.

The different equlibria involved in the two reacton
schemege.g. tight ion pairs M° and loose ion pairs (M*
BY) resp.)and/orthe differences in the rate determning
reacton stepsmight explain

a) that the rate of the Birch reductionincreasestha of
the hydrogenreaciton decreaeswith the metak in the
orderK, Na, Li,

b) that both havedifferentactivaion enegies,

c) that Na" ions decderate the fast Li-Birch reduction
and Li* ions acceleate the slow Na-Birch reductia,
and
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d) convergly tha Na" ions acceleratahe slow Li-hydro-
genreactionandLi™ ions deceleratéhe fast Na-hydo-
genreacton.

As physical chamists we can make the following recom-
menddions to the organic chemist with respectto the
Birch redudion:

a) uselithium asreductive agen, becausewith it the ratio
of the ratesof the Birch reduction and the hydrogen
reacton and corsequenil the yield of the Birch prod-
uctis larger thanwith the otheralkali metak (Fig. 4);

b) apply the lowest possble temper&ure (maost converi-
ently dry ice), becausethe ratio of the rates of the
Birch reduction and the hydrogenreacton and conse-
guently the yield of the Birch product increaseswith
decreaing tempergure (Fig. 3);

c) use methanolas protoning agen, which ensues the
fastestreacton and for which the ratio of ratesof the
two parallel reactionsand consequetly the yield of
the Birch productis about the sameas with higher
alcohds.

As we readin the extensie literatue [21] most organic
chemsts hawe for a long time already carried out the
Birch redudion uncer the condiions we recomnend, but
actualy they do not know the reasonswvhy they do so.

We gratefully acknowledgefinancial support by the Fond der
Chemischenndustrie.
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