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TAs we conquer peak after peak we see in front of us regions full
we do not see

the horizonj; in the distance tower still higher peaks, which will

the feeling, the truth of which is emphasized by every advance in
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the basis of this inves=
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The resction of g-deuterochlorobenzene with sodamide in liguid

armonia at =330 C, has been found to zive aniline with Slaé‘éﬁ loss

erium in the product has been found to be about 55% in the meta

position. These results are incompatible with the rea rrangenent

7

Sunnett and Zahler, and Levine and Fernelius, but
are both predicted by the elimination-addition mechanism pronosed -
by Boberts and co-workers, provided that negli-ible loss of deu-
terium by exchance with the solvent occurs from the reactant and
the product before and after the resction respectively. The ex-
change loss from g-deutercaniline under these conditions hos been

found to be small, but some doubt remeins as to the rate of exchange

from g-deuterochlorobenzene in compﬂri on with the aminaticn rate.
The detailed mechonism for the above aminstion recentliy

published by Roberts and co-workers, which includes both the ami-

doeg not predict the product rotios observed in this inves

T 1

Part, 1T @ The Deuterium Isotope Dffect in the Thermal Deco:

A vy
(o8 O_,;Y‘W‘; wxomeq 70-1‘0 oy

£}

~hernal decarboxylations of deuterated anthranilic and deuters-

'ml s

ac

¢

ted b-methylanthranili ds have been carried out, and unexpectedly
hich deuterium concentrations found in the orfho position of the
f the decarboxylation proceeds from the zwitterion as

oy T
proposad by otevens, Pepper, and Lounsbury, than apparent deuterium

o
ey
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resrrongenent was Tdrstoecolled to thedir attention when, din

connection with the preparation of k,0-disminodibenzofuran for

antimolarial studies: the aminstion of L bwdiisdodibenzofuran (1)

Nl

.

(IV)ﬁ and 3-amino-f-iododibenzofuran (V)
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fya

ihig rearrconeement was further substantiated when L-iodo- 2nd L-
bromodibenzofursn gave minodibenzofuran (IXI), 2.Bromo-snd 2-
iododibenzofuran gave direct amination products. From these ob-
servations they concluded that rearransement in the amination re-
action under these conditions was general when the halogen atom weos
tuﬂteﬂ ortho to an ether linkage in the moléoule, k
Bergstrom and Hornine (7) found that the o- gz~ and @rtol"’
except the fluoride, reacted readily with liguid ammonia
solutions of pot&ssium amide to give amine mixtures containing
some of the amine correspondinz in orientation to the halide used.
Potessium emide rapidly converted 2-chlorocuinoline to tar, but
the ammonia insoluble celcium amide did not affect it appreciecbly.
2~Brdmopyridine, 3=bromopyridine, @uchloroquinoling, L=bromciso=
guinoline, p-chleoronitrobenzene and sodium p-bromobenzenesulfonzte

.

iouid ammonia

fad

were also not affected by 21kali metal amides in

}.,c

a2t room temperature, Secondary amine mixtures which weré undoubtedl

03

isomeric mixtures were obtained from the reactions oi vpotassium

)

amide with ecch of g- and g-chlorotoluene, g-iodotoluens, ;uoﬁonom
toluene, and p-chlorophenetole. #An attempb to prepare pure di-
tri-n-tolylamine by o ddln” votassium amide to solutions oif

potassium p-toluide and p-bromotolusne in liguid smmonia szove an

isomeric mixture of tritolylamines. ‘ore potassium halide was
tound to be liberated in all these reactions than wos obtained

from calculations based on an equetion of the &

\l



were shown to be best carried out

to & well=stirr de solution in ligquid emnmonia, Reversing

cmount of soq

of products.

p-chlorotoluene wes

decreased, Hecctions of 2 piven halide were found to be slower

ngement resctions that ressmbled these

PG SN i) REHTREBORI Jol g il Vi WAy i . i i i S o
out under different COmeiloﬂS ned peen reporved as early as 1894

by bym (47), who found thot l-chloronaphthalene save 2-p-tcluidino-
nephthalene when it was fused with p-toluidine =nd soda lime. =nd

ftused with aniline and sode linme,




—tetf%thQVImﬂ thenvlerne-

emides in licuid ammonia has been found to =

i 2 - oy B o 3
when the halozen is ortho to ether (2 ,3,23,25.26), sulfide (2y,31}
), end trifluoromethyl (A) aroups. Humerous coses

"

lso been renorted vhere the eminstion is normal under the

o
&
<
o)
m

seme conditions, i.e. where the enterineg amino groun replaces

N 4

the halozen directly (23,72), The rearrancement reaction was
©lso found to extend to condensations of su

-, -
¥

: B i / =
th substituted halobenzenes in ether solution (24 25,27)

Q
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il
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e
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s 1llustrated by the ecuation:

f=ie

&3

N(Me) ., N{lie)
> 2
or - =
ij(ﬁﬁ)a
:
Bther
o+
\ X“(E—F{:)z
p-Halosthers were also found to axhibit the

rearzaneenment to m-omine products when trested vwith lithium diethv~
L * b - s
lamide in ether, but to 2 lesser

rmation

Decne

R

t cine, to move.




1bstitution type, whers

= - - Sn Aa Mg
the two steps can be performed indevpendently, 55 well os 'normal
substitution followed by true “Lccording to then,

covered it hes shovn retantion of the orisin-l orientation (26)

(b) the vorious 0npi~hxw halides under

Y ) 3 o G 2 V
produced eitheret- or ¢ - navhthvlamines in clecr-cut cases, show-

le being recovered
ible to introduce the
amino group into the halcren-free compounds under these conditions.

sion of the halocsen and the dintroduction of the amino

to be pirt of a sinole p"ocess (the existence of

& metastable intermediste being, however, not ex cludeo)

o1l clne-substitution with alksli metal

roictions

e ey P S TR L 5 m
cmides in ether oolutio and fable

stitution reachions occurrine under both the sbove sets of condi-
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These reactions yield

the following information:
(a) Reaction 1. indicates that the position ortho to the halogen

is involved, znd that it is not the S5=position thaot is attacked

to give m-amine, This is confirmed by the absence of any Z-methyl

1

Thus the position adjacent to the
halozen ztom must contain a hydrosen atom for the resction %o 20,
(b) Absence of direct substibuti n product in feaction 1, indicates
thet it does not occur to any signilficant extent, and that where
the m-substitution cannot take place, no rezction of any kind

DCCUrS,

{¢) In recction 5. direct substitution ocen and althoush the
halogen is ortho 5o the methoxyl group, it is meta to the trifluorc-

wethyl group. In the lisht of Benkeser and Severson's results




}—-—J
(&

(see page 9) this in Hdiciia i the effect of the trifluoromethyl

e

group on this reaction is greater than that of the methoxyl zroul
o oy o : =

i

a

*

(d) In recction 3. yields of above 50% were obtained, indicoting

-

that a group adjacent to the meta position does not affect the

ease of entry into that ;

'wﬁ}

osition, at least not if the group is
methyl,
(e) The excellent yield (71%) in recction L. is not unexpected

since the bromine atom is ortho to the methoxyl sroup and pare

to the trifluoromethyl group, both of which seem to favour meta
rearrangement from previous work. |

Urner and Bergstrom (72) have shown thot this rearrangement
reaction also proceeds with the naphthyl halides ahd sodamide in

liquid ammonia, There, too, the halocen is quantitatively removed,

and l-chloro-, Zwkromo»,‘and l-iodonap!
in 40-555 yield along with 2-35 of l-naphthylamine. Althoush
fluorobenzene wos shown to be inert by Bergstrom (8), 1-flucrona-
phthalene reacts slowly with sodamide in liguid ammonia at =339C.

increased somewhat

@
¢t
g
o
o
i..J
o)
bt
Oy
oF
®
H
@)
3

to give only l-nzsphthylanmine
by carrvones out the reaetion ot room temperature in a bomb). ALl

the 2-naphthyl halides give /mam1ﬂonupnthaleﬁo under these condi-

tions.

Gilmen and Kyle (206) found that pobassium amide and sodanide

}-.-:.

liguid smmonia gave comparable vields in these amination resc-
tions, but that lithium amide did not react apprecisbly with o-

chiloroanisole under the same conditions althouzh it showed re-

2

o3

cgrrangesient with o-bromoanisole. Lithium diethylamide in ether

showed recrrangement with o-fluoroanisole as well ss with o-
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cualoro-, o-tromo-, and o-lodocnisole, This moy be of interest

o

since fluorobenzene does not recct at all with sodamide in licuid

aonie, and 1-fluoronophthalene reccts slowly but does not re-
srrange. n-Cilorosnisole rave the expected m-anine. Iﬁ'waé also
found that o-chloroanisole in ether ﬁﬁ?@ g hisher yield with lithium
di-n-butylamide than it did with lithium diethylamide. Q~H&lo~

phencls were found to behzve like o-hsloethers with lithium dieth:
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sorpholide showed the same rearransement observed with lithium

diethylamide in sther sclution. It is also showmn by Gilman and

Lyle that the unisol

145}

obtained in almost ell the rpmctzy 15 with o-
holoanisoles apparently doss not owe its formétion to & heloren-
metal interconversion recction which would sive an anisyllithiu@
compound thet would hydrolyze to zive anisole.

1t was esrly recosnized that it would be difficult to rocone

cile these findinss dnto a sincle all-inclusive mechanism o

r

tent with

mod“rﬁ concepts ol structure. Bunnet and Zahl-r (18

ituted halobengenes. Their proposzl, to

hell henceforth simply refer as the "rearrsnse-

E A ‘xc e : £ i
ment mecanandsm!, con be represented by the followine scheme:

R R
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icn and X the holdde don. This dis o nuclepphilic amide don attack

vosition of the halobenzene resultins in loss of the halide ion.
This mechanisn received support from Benkeser and Schroll (3)

tho, operating with dihalocnisoles and sodamide in

(62-92% yield)
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Is the above results they saw & partisl positive test 6f the re-
crranvement mechanism. They arcued that on the basis of thet

mechanism only monoamines would be predicted since (a) simultaneous

attack by two amide ions would be unlikely since it involves a

termolecular collision (b) attack by a second necative UHs . 1n &
stepwise seguence, should be greatly inhibited by the two strongly

electron releasing groups =0 53 and -l on the benzenoid nucleus,

They proposed that, since Nlis ions are more basic than anilide

k% ?
the emine forme NabTe il AL S S omaeheniem o 1la
ie amine formed Oy uhe reorrsuagenenc Heltnallisn Wou

undergo the reaction:

R R
= . | —
+ NH, - 5 + HH
o N T

i
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vine =nd Fernelius (50) have also supported & voriction of
this mechanism, which con be formuloted as folilows for the case

)

of o-iodoanisole:

0CH, | 00k, , 0CH,

/ I I’o*{'a
+ NaNH, — > | : ”&%I >
- 2 NH, and Sx;lf@ ot
N« . e 2 hydride ion

Here a quasi five-membered rinz is involved. 4An electron-releasing
£S e @

~roup 0- or p- to the carbon atom bezring the halozen ctom in-

)

creoses the electron density at that carbon and facilitates the

he rearvan ement

removal of the halide ion. This would not explain fthe
observed with o-chlorotrifluoromethylbenzene (page 91,

Roberts, Simions, ( .lsmith, snd Vaushan (0) in 1953 intro-
nation-addition concept to exslaln cine-sub-

. 3 o Y 1 = HE L
under discussion, whici shell later be

the "eliminotion' mechanism, They found

. . o 1L .
thot the smination of chlorobenzene=1-0 L wibh oouuS“"U”

in liouid emmonia produced aniline-1- cnd anid liﬂ€~v«c

ost egual amounts. An explanation of this phenomenon recuirved

that the rates of direct halosen displacement and cine-substitu-

tion be ecual, or thet the reaction involve the sanme symmetrical

intermediat This, 2s well as the orientstion data obtained for
the amination of substituted benzenes, mey be accomodated by the

a

nvolves o transitory electrically neu-

Fds

following mechanism which

CD

tral "benzyne dntermedic

c1 .

Niioy v T
+ KB 2 + KC1 + L%HB

“benzynoh
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ﬁnlllﬁ@»l—ClL and anlllne«E—Cl* contributed L3.1-15 and 51.8 1%

respectively to the total aniline activity. A blenk degradstion

et

as being consistent with the tracer results and fittins the whole

eaction to & more or less satisfaclory desree

o

charaeter of the
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of these compounds was rationalized by means of the follovinc
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(e

Brotherton (17) point out that unactivated :ryl

2.
%)
i

halides differ from activated aryl halides (having o- an
clectron withdrawing groups) in the reactions with strong nucleo-
vhiles, not only in the more dependence of rea ction rate on the
presernce or a4sence of the activating groups, but also in the
order of repi&ceability of the four hslo-ens. In activated aryl
ﬂcllQCS it is F>>C1vBr~I  while in the unéactivated phenyl halides
it is I>Br>Cl>P, just as in the alkyl halides. Hammond and Parks

{36) sugzest that if the latter order exists

)

in direct disvplacements. This attroctive hy: ozﬂc i8 wag dise

£

1

lad by Bunnett and Brotherton who shoved thot it
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In the resctisn of piperidine with the

sloceability would indicate thot the elimin tion-z

we e operating. The recction ofe -bromonaphthalene

2nd piperidine produced 32, el-ncphthylpiperiding (IX) and 2.

rloiperidine (X). Under the conditions the nroduct




. s . o = oA = .
From 8 - bromonsphtholene consisted of 2608 (LX) and 705 (1),

This s dinterpreted on the b sic ol rmotion of

1yne® (XI) the proportions of (1X) and (X) reflecting the ease
for s - R oo o 0 g -,

of addition of piperidine to the "triple bond" of (XI).

%5@5&10

(1) ; (1) (L11)

In the resction of 3 ~bromonapht formetion of o substentisl

5

amount of (IX) indicates thut (XI) is also & dominant intermadiate

in the process, but the fact that from the 38 -bromo isome ¢ osicni-

displacenment of halogen.

With piperidine alone reascting withol- and 3 -~ bromonopi-
thalene, Bunnet :nd Brotherton found thst the corresponding un-
rearranged napthylomines were formed. Oine-substitution is thus

excluded from this recctbion, elt houLL the halide replacecbility

order is still the same ags in the previous case
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cerned. 4 belief held by Bunnet a2nd Brotherton is thet in the

zdduct intermediate, and the vardious halides &

arent to the substrate.
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influenecing the ra

In the reactions of unsctivated sryl halides with the ese recgents,
it is suezested that these metastuble adducts play little or no
3

part. Partial bresking of the C-X bond is postulated for these

, and the rates reflect the ense of expulsion of the halo-en

thet each case of unactivated nucleophilic substitution will have
Lo be considered individually to determine whether the ell dination-
'_daltlon mechanism or the direct disclocenent mecnanism is operst=

ing,
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thoic zcid and 2-phenvl-l-nsphthoic 2cid on carbonation of the
product of the resction betweeno(-fluoronaphthalene and phenylli=

% S

thium, From 3 -fluorcnaphthelene they obteined the above tio
ccids plus 2-phenvi-3_pophtholc zcid. They also postulated
"nophthalvne® intermediotes to explein these results. The ratios

of the products they obtained indicated that the phenyl group of

B e O B R L i o 2L
phenvllithium atstecked preferenticlly, but not exclusively, the
L L ) L s
2-position of (XI), end thet (XI) is formed in grester proportion
el ST LYl o Coby IR NSRS P e o i e
than (X1I) from 3 -fluoronaphthilene. These resulss are in zood

cualitetive &

) b9 B SRR SRR S Al ey LY Y X ey g 3 PRI, SRy b
resment with theose of Sunnebtt ond Zohler,
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Rear ancement mechanisn

cl

T)‘TJHQ

(atteeck 2t 1)

Accordiny to the elimination

deuteroaniline in the produ

to the recrrang

Ea e
o

rote of substitution &t the 6-posi

the sum oi the rates ci substitut
Since Roberts and co-vorkers have
1 - C% the rates of displeocement

e-ual, the fortuity would reguire
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smounts of o= and nm
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sniline obboined in

et should be exictly

enent mechanism would not

mechanisn the amount of o- and m-

ecual; according

honisn they could only he eqgual if the

sould for tW1touolv ecual

ion 2t the 1= and 2~ 51t OIS,

o

s

¢
§

shovm (6/.) that in chlorobensz
of halogen and protium are

thot the rate of substitution
Since this is unlikely, it can .
give equal

'he retio of o- and m~deutero-

wes determined by the

method of lauer and Brrede (48), which involved the conversion

o
¥

of the aniline to 2,L,6-tribromosniline, whereby the

>

jeuteriunm

in the m-position remains while that in the o-position 1s lost.
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To place this deuterium tracer work on a

1

clso recuired that blank runs be carried out with the startins

3

moterial, o-deuterochlorobenzene, and with the product, deutero-

sniline, to determine whether these amination conditions resulted

in deuterium exchancze before and after the cinemsubstitution,

\.A

Since the rate of cine-substitution is only described in the

literature as be

O

ing "extremely rapid" (&), it was found necessary
to determine an approximate upper limit of the time recuired for

it to go to completion.

Oprortunity for an inte resting side-investigition aroses out

oi the method used to prepare o-deuterosniline (V) for the blank
run ulrecdy mentioned. The exchanse resctions employed are schema-

tically illustrated “GlOI.

Nh2 st [ \;:}2 NHB .-i ) Ié}ft
coon COOD

(XI11) , (X1v) (XV)

The snelysis of the total deuterium content of (XIII) (XIV),
snd (£V) could be used in principle, to calculate the deuterium

isotope eiffect in the ion of anthranilic ccid, and
Woneco ahad ATAO e l'} el e hin maphn e ¥ oo

dence soned some nore 24s on thcs moechaniss of thot rooction,

he interpretation of the results would require 2 knowled e of the
distribution of deuterium between the amino gzroup ond the corboxyl

group in (ZIII), ond between the amino group and the ortho position




. Due to difficulties encountered in 2n 2ttempt to ob-

by dnirared spectroscopy, the isotopic studies

of this type of decarboxylation mechanisn were extended to whot

5

appeasred to beasimpler case; namely, the decorboxylation of deu-

5

terated L-methyl snthranilic zcid.

bue to the close connection of most of this

stion worlk is reserved

reasons the interpretotion of the decarboxy

. i s i 03 5 D 2
for a separate section (Fort 11, page 8“),

The experimental work is discussed under the followin: headings:

2
i

) Startine MHaterisls.

o
s

reparation of Deuterated Compounds.
Reactions in lLigquid ‘mmoniz.

Combustions and llater Purificctions,

hes NGO

Deuterium Analyses:

N

2) The Spectrophotometric liethod.

b) The Gradient Density lethod,

Commercial diethyl ether woa dried with sodiun

wire and fractionated throuzh 2 15-plote column.
p=Dioxane. To remove aldehydic decomposition products p-dioxeane
(Bastman) was purified by the method of Fieser (22). A4 litre

of p-dioxene wes refluxed with 10 ml. concentruted hydrochloric

acid and 200 ml, water for about 12 hours, bubblin- nitrogen




solution to entrain the sldehyde., UThe woter and ccid

were then removed by adding solid votsssium ! y roxide pellets
until no aqueous layer formed on standing. The product was re-
fluxed with sodium metal for several hours, and then freoetionated
column, collecting the froction which boiled

.
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> deuterium,

Ty

o=-lodochlorobenzene. Zastuan product wis used directly.

a

Chlcrobenzene. [Lastman product wes used directly.

aniline. Hastmen spectro grade was used, covefully fraction ting

[

he product

point of 183°C./7L5 mn. ﬁg =

it through a 10 cm. Vigreux column just before use.

185 colordess, and had & bolline

Licuid emmonia. Supplied by Canadian Industries Limited. The

lirectly from the cylinder {(»licad
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cosition) through o hard rubber tube into the

veschion flaoshk,

Hemethylaniline with tin and hyvdroci
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tion was added and the flask was warmed gently to initiate the
reaction. The rest of the dihalide solution was added over the
kperiod of an hour, maintaining gentle refluxing of the ether.
The funnel was rinsed with another 10 ml. anhydrous ether, and
the Griznard reaction was éarried to completion by refluxing
the dark brown solution for another hour.

-To check for completeness of conversion an alicuot portion
of the ethereal solution was withdrawn with a pipette, added to
25 ml., N/10 sulfuric acid, and a back-titration was carried out
withiN/lO sodium’hydroxide solution., The total volume of the ’
Grigﬁard solution was rapidly measured with a dry graduated cylinder.
Titration showed the presence of 90-97/% of Grignard reagent.

The flask, to which the Grignard solution had been returned,

was immersed in an ice bath and 4 grams (0,200 mole) deuterium
oxide were added vefy slowly, accompanied by rapid stirring.
Gilman's Colour Testl {Lh) was negative, Some water was then
added; the ether layer was removed and dried with anhydrous potaSQV
sium carbonate. The o-deuterochlorobenzene was recovered from
the ether layer, washed with a sodium thiosulphate solution if
it showed traces of iodins, and carefully fructionated through

z 10 em., Vigreux colunn, collziténg from 128-132° CV/742 mm.
Yields ranged from 45-65%. (np Z1.5261) The infrared spectrum
of material prepared by this method is given in Fig. 6, pace
101,

The material obtained from runs carried out on this scale

vas combined and diluted with ordinary chlorobenzene as recuired,




Deuterated Anthrenilic Acid.

30 g.(0.219 mole) of anthranilic acid were dissolved in 70
ml., of dioxane in a 125 ml, distilling flssk., To this solution
were added 6.6 2.(0.330 mole) of deuterium oxide, and the solution
was allowed to ecuilibrate for 160 hours at room temperature. To
remove the water and dioxane the system was fitted with a conden-
ser and receiver and kept undsr partial vocuum for 24 hdurs.‘ Last
traces of solvent ﬁere removed by warming the flask (pressure re-

duced to 20 mm.) to 85°C. by means of a water bath., A 1,92 gram

sample of exchansed acid (D) was removed for analysis in connec-
tion with the isotope effect in the decarboxylation. Before
storing it in a tightly closed weighing bottle it wes kept at

< mn. and lOOOC, in a drying pistél for &an hour.

In a second exchange (E) 30 g.(0.219 mole) of anthranilic

acid were,equilibréﬁed with 2.2 grams (OfllO moie) of deuteriun
oxide in A5 ml. of dioxane for 160 hours. 6.1L grams were removed
for enalysis. The infrared spectrum of this material is given

in Fig. 7, page 102,

Decarboxylation of Deutersted Anthranilic iAcid.

Immediately afteor removal of the solvent from the exchanged
acid, a condenser with a rembvable Jacket was thoroughly cleaned;
flamed, re-assembled and fitted to the distilling flask contain-
ing the acid, The flask was immersed in an oil bath and the tem-
perature raised rapidly to 2OO~2lOOC, when decarboxylation 5ccurred°
The crude aniline (16.2g.) obtzined from decarboxylation (D}, which
appeared to be complete after one hour, was placed in a 25 ml,

flask and distilled with a 4 cm. plug of glass wool inits neck.
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The yield was 16.2 £.(0,205 mole), b.p. 179-183°C. (uncorr.)/742.0
mm. , nnzigz,5826, This represents a yield of 85% fér the exchange 
and decarboxylation, The infrared spectrum of this material is
given in Fig., 8, page 103. A portion (3.1 g.) of this material
was saved in a self-secling serum viai for analysis in connection
with the decarboxylation isotope effect. k
Decarboxylation of the acid from the’second exchange (E)
yielded 12.8 grams of deuterated aniline (765% yield). 5.0 grams

of this were retained for analysis.

Re~exchange of Deutercted Aniline.

Since the aniline obtained from the decarboxylation of deutera-
ted anthranilic acid would have N-D bonds in it as well as ortho
C-D bonds, it was necessary to remove the former by a réweXChange'
process.

13.1 e.lp.1L0 mole] of deuterated aniline prepared as des-
cribed above were plaéed in a 60 ml. separatory funnel cnd 4O
ml. (2.22 mole) of distilled water were added. The funnel was
closed and shaken well at intervals of 10 minutes. After an hour
the aniline layer was removed, and the process repzated with three
nore successive portions of water. To recover tue aniline dissolved
in the water the aqueous portions’were combined ard extracted with
ether. The total amount of o-deuteroeniline recovasred was 10.4
£., b.p. 179m18300./73935 mm, This would represent a 79% recovery
from the re-exchanse process. Since spectrophotometric analysis :

{discussed on page L6 showed some deuterium still bonded to the

nitrogen atom, the product was further treated with liquid ammonia.
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8.7 g. of the gadéuteroaniliné (D) were dissolved in ca.
500 ml. of liquid ammoniz and the solvent allowed to evaporate
away overnight. Ether was then added to the flask, and it was
warmed under reflux to drive off any residual ammonia still

present. The dried ether yielded, after two successive distilla-

tions at geduced pressure, 7.14 g. aniline, Db.p. 60?6500,/2.5
mm. , ngl; 1.583L. Spectrophotometric analysis of the 1498 mp
peak’showed that all N-D bonds had been converted to N-H bonds.
The infrared spectrum of this material is given in Fig, 8, page
103,

7.8 grams of deuterated aniline from the second decarboxyla-
tion (E) were treated with liquid ammonia only, and 4.3 grams
were recovered. Here too all the deuterium had been removed

from the nitrogen atomn,

Deutercated N-Methvlanthranilic Acid.

30 grams (0.198 mole) of N-methylanthranilic acid were dissolved
in 60 ml, of dioxane by gentle warming. Deuterium oxide (2.0 Be,

0.100 mole) was added and 48 hours allowed for the ecuilibrium

to be esteblished. Due’to the limited solubility of the acid in
dioxane, the solution was kept warm duringz this period.
vent was then removed as already described (page 31). L.6 srims
of exchanged acid were removed, kept at 1 mm. and lOOOC. in o dry-
ing pistol for one-half hour, and saved for analysis. The infra-
red spectrum of this matefial is given in Fig. 9,

Decarboxvlation of Deuterated N-Methvlanthranilic Acid.

This was carried out as already described (pagejﬁj, except

that the oil bath was kept at 240-2509C. for an hour to effect
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complete decarboxylation. The crude product (16‘9 g.) was frac-

tionated in a Vigreux column to give 15.1 g. of colog%ess deuterated
N-methylaniline, b.p. 192-19,°C. (uncorr.) /745 mm., np = 1.5700,

o«
This represents a yield of 9L4% for the exchange and decarboxylation.

The infrared spectrum of the deuterated material is given in Figure

10, Page 105. 5,1 grams of this material were retained for analysis.

Re-exchange of Deuterated UN-lMethylaniline.

The liquid ammonia procedure has already been described {page
33). Starting with 10 grams of N-methylaniline héving both N.D
and ortho C-D 5ondsj 8.0 grams of the deuterated material were
obtained which had ﬁo deuterium attached to the nitrosen atom
(spectrophotometric analyéis described on page 46). This product
had 2 b.p. of 192-193%. /745 mm., n§l= 1.56098. The infrared

spectrum is given in Fig. 11, page 10G.

Bromination of Deuteroaniline.

To determine the amount of deuterium in the meta position of
the aniline obtained from the cine-substitution the 2,4 ,6-tribromo
derivative of the product was prepared; This would remove the
 deuterium from the ortho position.

About 1.0 - 1,5 g, o deuterated aniline were placed in a
small conical flask and 20 ml. water added. The flask was cooled
in ice wéter, and bromine in 954 ethyl alcohol (0.28 g./ml.) was
added from a buret until the first appearance of a yellow tinge
Ain the paéty mass. The precipitate was filtered with suction
thfough a small Buchner funnel, and washed with water to remove
traces of bromine and hydrobromic acid. The product was dissolved

in warm absolute alcohol, and re-precipitated by adding water. The
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recrystallized material was colorless, and melted sharply at 118°C,

(UIICOI‘I‘. ) .

The sym-tribromo derivative of o-deuteroaniline (E) was also
prepared and analyzed to demonstrate the feasibility of this method

of removing ortho deuterium from the nucleus.

REACTIONS IN LILUID ONIA

Except where otherwise stated, all re:sctions in licuid emmonia

were carried out without cooling the reaction flask, or the use

of a Dry Ice condenser. The anhydrous solvent was forced into

the vessel from the commercial cylinder placed on an incline with
+he valve at the lower end. Frost on the outside of the flask
scted as & convenient insulation, and the solvent remained at

. L L 0
its boiling point, =33 C.

Conversion of c-Deuterochlorobenzene to Aniline with Sodamide.

500 ml. of liquid ammonia were forced into a l-litre threoe-

necked flask fitted with a glass mechanical stirrer and &n cimonia

vent leszding into a well ventilated fume hood. JSodamide

pared by the method of V.ughan, Vogt and Nieuwland {73). A tiny

crystal (ca. 0.4 g.) of ferric nitrate nonahydrate was add

the rapidly stirred ammonia, followed by about 1 grem of sodium
metal, After sbout 5 minutes the remsining L.2 grams of sodium
metal were added (total of 0.226 gm, stom), and 25 minutes allowed

r the conversion to go to completion. By this time the charscteri

bty
(63

tic blue 2lkali metal solution had turned deep grey in color.
The ammonia delivery tube was then replaced by a 60 ml.

funnel, and 15 g. (0.133 mole ) of g-deuterochlorobenzene
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(stock sample A) were added dropwise over a period of‘ZO minutes.,
The halide had been prenéooled to -20°C. to prevent excessive
evaporation of the solvent. Following the addition the stirring
was continued uninterrupted for another 4O minutes, when 11 g. (0.202
mole) of ammonium chloride were added and stirred into the soluticn
to destroy any excess sodamide, and to hydrOlyzé the aniline salt
produced. The solvent was allowed to evaporate overnight in the

‘‘‘‘‘‘ fume hood.

Ethef'was added to’the residue and tﬁe flask was’warméd under
reflux to drive off any residual ammonia still remaining. The
ether-insoluble salt was dissolved in water, and the anilineywas’
extracted from the solution with ether. After being dried with
anhydrous potassium carbonate, the solvent was removed, and the
ahiline was carefully distilled off at reduced pressure to separate
S From the Gther omines Bormed ibotho b ciion.

| The product was fractilionateéd twice through a 10 cm. Vigreux
column, in’an effort to achieve guality at the‘expense of guantity.
Material collected at 60-65°C./2 mm. in the second distillations

was as follows:

Amount % of Theoretical
Run I 222 b 18
Run IIT : 2.31 27
Run III 2.69 22

These samples were checked for purity spectroscopically, and the
1,98 mp peak was found to be quantitatively reproduced (within the
limits of experimental error}! when checked against a calibration

curve for ordinary aniline at that wavelength (Fig. 2, line 2, page 49},
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In analogous runs carried out’with ordinary chlorobenzene,
but using the acid extraction method of Bergstrom (8), yields of
35-40% were realized. However, this method could not be’used in
deuterated'runs due to the acidmcétalyzed deuterium exchange from
the ring in aniline (9). To determine the extent of the deuterium
loss that might be involved if this method were used, 1.6 grams
of o-deutercaniline (D)} were dissolved in 20 ml. 3 N hydrochloric

acid, and the solution immediately made basic with 6 N sodium

hydroxide. The aniline (1.0 g.) was recovered by ether extraction,

and analyzed for deuterium (No. 17, TABLE VI).

Blank Run No., 1 = o-Deuterocaniline with Sodamide.

To a stirred solution of sodamide from 5.2 g. (0.226 gm, atom)
of‘sodiam metal in ca. 600 ml. of liquid ammonia prepared in a 1
litre three-necked flask by the procedure already described, were
added‘slowly 3.0 g. (0.032 mole) of o-deuteroaniline (D) over a |
period of 20 minutes. After another 4O minutes of stirring, 12 g.

(0.222 mole) of ammonium chleoride were added and the solvent was

allowed to evaporate. The aniline was recovered by ether extrac-

ticn, 1.81 g. (0,020 mole), b.p. 60-65°C./2 mm. being obtained.

2

Determination of the Approximate Rate of the Cine-Substitution.

5.2 g, (0.226 gm. atom) of sodium metzl were converted to

sodamide in ca. 400 ml. liquid eammonia. In a separate 1 litre

three-necked flask 15 g. (0.133 mole) of ardinary chlorobenzene
were dissolved in 200 ml. licuid ammonia. 1In a third flask 2 solu-

tion of 11 g. (0.202 mole) of asmmonium chloride in 150 ml, liguid
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ammonia was prepared. The‘chlorobénZene sblution was Stifred
rapidly, and the sodamide was added by means of aif pressure over
a2 period of 20 seconds. This was immediately followed by the
addition of the ammonium chloride solution, about half of it hav-
inz been added 30 secéﬁds after the reaction Was started. Addi~

tion was completed L5 seconds after the reaction started. The

aniline was recovered from this run by the acid extraction method,

a 35% yield being obtaineé, quite comparable with the yields

(35-40%) obtained by a similar process where the reaction was

allewed about an hour to go to completion.

Blank Runs with o-Deuterochlorobenzene and Sodamide.

To determine the extent of any deuterium exchange on the reac-

tant due to the influence of a licuid ammonia solution of sodamide,

blank runs with excess o-deuterochlorobenzene were carried out
under two sets of conditions:

(Blank No. 2) 15 g. (0.133 mole) of o-deuterochlorobenzene (stock

sample B) were added over a period of 20 minutes to a solution of
sodamide from 1.52 g. (0.066 gm. atom) of sodium metal, After

another LO minutes of stirring 4 g. (0.075 mole) of ammonium chloride

we?ekadded, the solvent was allowed to evaporate, and the unreac-~
ted chlorobenzene was recovered by ether extrzction and distilla-
tion,

Two frectionations through a 10 cm. Vigreux column were in-
suificient to remove traces of aniline from the product, 2s re-

d by infra-red spectra. -After two more successive fractiona-

vesl

e

=

1

tions the zniline content wss down to less than .5 mole

0

;

%, 3.2
2 .
grams were recovered, b.p. 129-131 C./740 mm. This sample wss

analyzed for the deuterium content (No. 4, TABLE VI),
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(Blank No. 3) This blank run was carried out exactly like the run

used to place a rough time limit on the rate of the reaction {page
37). 15 grams (0.133 mole) of o-deuterochlorobenzene (stock’sample
C) and sodamide from 1.52 g.)0.066 gm. atom) of sodium metal were
employed, and the unreacted material was reco&ered by ether extrac-
 tion and distillation., The recovered o-deuterochlorobenzene was
carefully fractionated two times through a 10 cm. Vigreux column,
and was shown to be free of aniline by the spectrophotometric method.

3.5 grams were recovered and analyzed for deuterium (No. 5, TABLE Vi),

Run to test for Gas Evolution.

A solution of 0.5 g. (0,022 gm. atom) sodium metal in 100 ml.
liquid ammonia was prepared in a 300 ml. three-necked flask and
con?erted to sodamide in the usual way. The flask waé éodled'té
~34%, with a Dry Ice-acetone mixture and the system'wés élosed-
by inserting a 60 ml. dropping funnel in one neck and attaching
the other to an azotometer tube filled with dilute hydrochloric
acid. A solution of 1.0 g. (0.009 mole) of undeuterated chloro-
benzene in 30 ml. liguid ammonia was placed in the funnel and
added rapidly to the cold stirred sodamide solution. With this
crude arrangement 12 ml. of gas (25%C., 742 mm.) were collected
over a period of half an hour, which may be assumed to be air
displaced from the system since about 220 ml, of gas could be
expected if the ortho hydrogzen atom from chlorobenzene was lost
s a hydride ion and converted to hydrogen gas during the reac-
tion. Bergstrom and Horning (7) also report no evolution of hy-

drogen or nitrogen gas.
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Reaction of a2 Gripnard reasent with Liquid Ammonia.

In connection with a metalation mechanism discussed later (page
67), the reaction of 0~-C1CgH, ligl with liquid‘ammoﬁia was dnvesti-
sated,

30 ml. of ethereal Grignard solution containing ca. 00029
moles of Grignard reagent were withdrawn from one preparation of
o-deuterochlorobenzene (page 29) and added to 200 #l. licuid ammonia.
A white amorphous precipitate formed immediately, which was shown

to be ether insoluble as well. Dilute hydrochloric acid decomposed

the precipitate to give chlorobenzene. Since no aniline or other
amines were obtained, no more attention was given to this reaction.

It may be noted in passing that Hennion and Wolf (38) have =scribed

]

the complex formula RIHgNH,, (MgXZ)Z,Mg(NHg)Z,(NHB)é to precipi-

tates they obtained under similar conditions.

COMBUSTIQNS AND WATER PURIFICATIONS

| To analyze a compound for deuterium a sample lérge enough
to yield from 0,2 to O.L grams of water of combustién wes burned
in a combustion apparatus, and the water collected. From the
density of the purifiesd water the weight percent deuterium oxide
in it could be obtained, and this was used to calculate the

deuterium content of the original compound.

The Combustion Train.

A three unit macro combustion furnace with a Vycor tube hav-
ing a standard 12/20 taper joint as an outlet was used. Nezr the
outlet was placed a plug o silver wool, or a roll of clean corper

gauze was inserted into the joint itself, to trap halogens.
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In the combustions of the tribromoaniline samples this was found
insufficient, and the water in the trap was allowed to stand with

a few clean pieces of copper wire for several hours before starting

 the purification. The rest of the tube up to the middle of the

central heating unit was filled with copper oxide, a roll of copper
gauze about two inches long being used to retain the oxide in that

section of the tube. With this arrangement the sample to be com-

busted could be placed against the copper gauze and still rest in

the central section of the furnace. Oxygen from a cylinder was

passed through a calcium chloride drying tower, two Greiner-
Friedrichs gas washing bottles filled with concentrated sulfuric
acid, and another u-tube filled with cslcium chloride before it

entered the side-arm of the combustion tube. The receiver for

the water consisted of a Pyrex glass u-tube with & 12/20 standard

taper joint at right angles to one end, and a capillary opening
at the other end.

Before using the freshly filled combustion tube it was burned

out for several hours with a slow stream of oxygen passing through

it., To prepare for a combustion itself the copper oxide in the

long section of the furnace was heated to dull redness while oxy-

gen was passed through it. The other two sections were allowed to
remain cold. A cleaned receiver was then attached and flamed in
the stream of oxygen. The stopper at the other end of the Vycor
tube was removed,'and the sample rapidly introduced, making sure

that the container rested right up against the copper gauze in

the centre furnace section. The stopper was tightly replﬂeﬁ -
‘_{;}z

and the receiver, which had cooled down to room temperatuf% by@ow%3
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wes immersed in a Dry Ice-acetone mixture (=80 C.) in a Dewar flask,
The oxygen flow was then adjusted to about 2 bubbles per second.

After a combustion, when all the furnace sections had been

hested to dull redness and the receiver had been removed, the
Vycor tube was allowed to cool with a slow stream of dry air or
nitrogen passing through it. When cool the tube was tishtly closed,

and the entire procedure was repeated for another combustion.

Combustion of Liquid Szmples.

Liguid samples burned consisted of chlorobengzene, aniline,
end N-methylaniline., These were introduced into the tube in Pyrex
glass ampules of about 1% ml. capacity. To fill the ampules, the
tip was placed below the liquid level of the sample, and the air
partly removed from the ampule in a vacuum desiccator. VWhen dry
air was returned to the desiccator the required amount of material
was forced into the ampule., The ampule was then placed in a
speecicl wire cradle on a porcelain boat and pushed into the com-
bustion tube until the ampule tip touched the copper gauze.,

The centreysection of the furnade was closed and the element

turned on at a very low setting of the rheostat control to assist

in distilling out the sample. t was found that this part of the

procedure reqﬁired very careful attention to prevent flashbacks

in the tube, and varied with the boiling points of the liquids
employed. When the ampule was almost empty the temperature of

the centre section was increased to a dull red heat along with the
short heating unit, which pre-heated the entering oxygen and had

been hitherto shut off completely. The flow of oxygen was continued
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for about 20 minutes to sweep last traces of water into the receiver.
The total average time for the licuids used was about 13-2 hours.
After this period the capillary tip of the receiver was sealed by

melting the glass, the u-tube was separated from the furnace and
rapidly closed with a standard taper stopper to prevent possible
deuterium losses by exchanging with atmospheric moisture.

In the combusﬁions of chlorobénzene the yields of water were
97-98% of the theoretical amount, in agreement with the almost
aquantitative recovery obtained by Wurkentin (75) using the same
metiod. In the combustion of nitrosenous materials, oxides of
nitrogen are produced in the process which dissolve in the water,
meking it distinctly acidic, and also leading to apparent weter

recoveries slightly in excess of the theoretical amounts.

Combustion of Solid Samples,

Solid materials combusted were anthranilic acid and N-methyl
enthranilic acid. With the combustion tube ready to start a com-

bustion, solid exchanged acid samples of the zppropriate size were
weighed out rapidly directly ina porcelain boat and introduced as
described above° The central section of the furnace was adjusted
to melt the sample fairly rapidly. When the boat was prictically
dry, the temperzature of all the furance sections was iﬂcreased |
and the combustion completed as already described. Average time
for these combustions was 13 hours.

¥

Purification of Water Samples.

Water samples obtained in the combustion process were purified

cccording to the method of Keston. Ritt enberv and Schoenheimer (43)
‘ s s

S




Li

with slight modifications. The purification apparatus consisted

of five Pyrex glass u-tubes and a Pyrex receiver having standard
12/20 taper joints. All parts were thoroughly cleaned with chromic
c¢cid, washed with dilute ammonium hydroxide, rinsed well with water

and dried in an oven before every run.

To start a purification the u-tubes were arranged as shown

in Fig. 1, minus tube 1., which was the receiver in the combustion
and now contained the water sample to be purified. The rest of

and
the train was evacuated to 5 mm. with a vacuum pumnAbhorouﬁhly

flamed. After it had cooled to near room temperature, air was
admittéd through stopcock A (Fiz. 1) throush three u-tubes filled
with anbydrous magnesium perchlorate. Cotton batting had been
firmly packed above the drying arzent in these tubes to prevent

fine particles of drying agent from being swept into receiver 6.

Milligram amounts of potassium permanganate and calcium oxide
were now introduced into tube 2., an exceés of barium carbonate
was added’to'the'water in receiver 1, (to tie up the oxides of
nitrogen produced in the combustion) and the latter was att&chedk
to the rest of the system. Tule 2, was then immersed in = Dry

o

Ice-acetone mixture and the system evacuated to 5 mm, By

rming
tube 1. with a micro-burner the water wos carefully distilled into
tube 2. On completion of this transfer the system w. s restored

to atmospheric pressure, tube 1 removed, tube 2 closed with a
standard taper stopper, and the freezing mixture nmoved to tube 3.
The water in tube 2 was then refluxed over the alkaline perman-

ganate at atmospheric pressure for a few minutes, This should
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1 4 5 \f
6
Fig, 1. Water Purification Train

A, two-way stopcock; B, through anhydrous magnesium
perchlorate drying tubes and Dry Ice trap to mano-
e meter and vacuum pump; C, to atmosphere through
FREE three u-tubes filled w1tﬁ anhydrous magnesium

s ‘ perchlorate.
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removs carbon dioxide and oxidize any traces of orzsanic material

}

§

present. When the water had cooled to room temperature the sys-
tem wos again evacuated to 5 mm. and distillation carried out into
tube 3. This process wis repeated until the water sample had been

3

distilled four times after the initial distillation unto the puri-

fa

P

fying agents. By means of a dry Pyrex glass tube with a freshly

D

0

drawn out capillary tip and 2 rubber suction bulb the purifisd

et

vater sample wos rapidly transferred from receiver 6 to a cleaned
and Tlamed serum vial with 4 sell~-sealing rubber stopper.
- DEUTERIUL ANALYSES

The Spectrophotometric tethod.,

411 spectrophotometric work wis done with a Beckmann lodel
DE-1 instrument having cuscrtz dptics. Matched 1 e, x 1 em. x La5
cm., Corex cells {with loosellidsiy & tungsten light source, and
a lead sulfide detector were used in the infra-red region, Carbon
tetrachloride was used as solvent over the range 2850-1000 L
wherever solubility permitted its use. p-Dioxane was substituted
for more polar solutes, shortening the spectral range to 2350-

1200 ma.

Before use the instrument was adjusted for 0% and 100% trans-
mittance, with pure solvent in both cells, at the wavelensth whers
transmittance measurements were to be made. Where spectrz were
to be recorded over a range, 0% and 100% lines were recorded first
by the same procedure. The sensitivity control of the instrument

was set at 10, giving a maximum peak-to-peak noise level of about

5]

#7. v > s e
U.50. Scanning was carried out at decreasing wavelength, scanning

-l [
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speed = 10, time constgnt = 0.1, and chert drive of 2 inches/minute.
Transmittance measurements at any single well-resolved peak vere
obtained by scanning (at wavelength drive = 30) across the desired
p8aﬁ with the wuvelenwth increasing and decressing alternately
to obtain the average of five pesk heights,

The solutions themselves were made up by weicht, and the
concentration in moles/litre of solution computed by using the

Tollowing densities® at 259C., and assuming no volume chanze on

~dioxane = 1,0353 grams/cc.
garbon +etr chloride = 1.5843
aniline 1.0173
N»methylaniline = 0,9824
In the case of solid solutes the volume occupied by the solid

was assumed to be negligible since the solutions were very dilute.

Attenpted Analysis of Benzenoid Deuterium.

Since the spectra of o-deuterochlorobenzene (Fig. 6) and
g—deuﬁeroaniline {Fig. 8) showed no well-resolved peaks charscteris-
tically different from those in the spectra of the respective un-
deuterated analogues in the wavelength ransge acczssible to the
DE-1 instrument, this method of benzenoid deuterium analysis was
abendoned. Since no pure deuterium isbmers of any compound were
prepared, this method would have recuired standardization against

some other methed if it had been found suitable.
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Wulf and Liddel (81) have attributed the absorption of primary

3

and seceondary amines in the 1500 mp region to the first overtone
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of the l=H stretching frequency.

=
o
&)

niline this charceteristic peak which wes found to occur

Pa

.
(&

ot 1498 mu, deviated slightly from Beerf's Law (Fig. 2 - line 2).

¥

169)

In Nemethylaniline this peak (1493 mu) was decrezsed in intensity
(Fiz, 10), and obeved Beer's Law in the dilute region (Fiz. 2-
line 3). In I N-dimethylaniline no absorption occurred in this
region (Fig, 11).

oubstitution of deuterium or some other heuvy group for an

cmino proton should result in a new absorption band (li-D) appesar-

inz ot a longer wavelength, beyond the renge of the quartz infra-

4
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?ed;spectrophotometer. Nevertheless, the intensit
in the 1500 mp region should be a measure of the smount of unsub-
stituted moterisl present in the scmple, end hence the amount of

deuterium atteched to the nitrogen should be obtaina bi“ by differencs,

To test this method of analvsis a somple of uﬁ7llﬁ Wes ex-
changed with deuterdium oxide iidiox:ne, and presumably should
heve 211 the deuterium present bonded to the nitrozen atom ({see

St |

infrarsd spectrum in Fig., 10). Spesctrophotometric ¢

o . <7 G s G Said sy o Sl
4L9.7 ¥ 1.6 atom % deuterium bonded to the nitrogen, whereis the

3

@ s i /1’,7 k] B e . T E3
combustion method gave 59.64 + 1.66 atom % deuterium (Ho. 12,

Vi). The metiod was further subjected to & critic 1 test
by a determination of the "atom % methyl' sttzched to the nitro-
n 2tom in Nemethylaniline. A value of 24.55 was obtained 23
compared with the theoretical value of 50%,

the introduction of one hecvy group ior a proton atteched to
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vibration without changing the frequency appreciebly. Diffic ulties

in spectroscopic work due to the fact that there are two hydrogen

atoms attached to the nitrogen atom in the amino group are also

noted by Nakamoto, Mergoshes, and Rundle (58). This method of

snalysis was therefore abandoned without applying it to the deuterated
anbhranlllc acid used in +the decarboxylation (page 31, where it

Was or cinally thought that this method of attack would discriminate
between the two deuﬁerated functional groups in the molecule.
The method described above was, however, extended to the
analysis of deuterium ﬁtﬁ;vned to the nitrogen atom in deutcrat
N-methylanthranilic zcid (XVII) and the deutefatad Memethiylendiline
(XVIII) obtained from it on dec:orboxylation (pagze 33), since both

these conm

atom. The follomnT seheme illustrates the series carried ous

28 described elsewhere:

i

fﬁe

NG
- \’* D50

T
=
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(XVI) (XvI1) (LVIiI) (L)

The intensity of absorption at the 1493 mu peak was determine

-

at
¥XVIII) in carbon tetrachlorid {iigﬂ
of

..--\

for three concentrations of
line 4), and the amount deuterium bonded to the nitrosen
caleculated to be 18.0 stom % from the slopes of lines 3 and L

3

The combustion analysis of (XVIII) gave the total deuterium content

=

o]

f the material, egual to 35. 67 1.58 atom % deuterium in the

two labelled positions (No., 22, TABL. VI), By difference the
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amount of deuterlu: in the orthoyposition of (XVIIL) should be

- oObtained as follows:

(2 x 35.67 + 1.58) - (18.0) = 53.3 % 3.2 atom %

Combustion anelysis of (XIX), which had no deuterium bonded to
the nitrosgen, gave 56,77 ¢ 0.82 atom % deuterium {(No. 23, TABLE VI),
in agreement with the above va T Ue s | ~ ' .

A similar trestment of the 1535 mp peak of (XVII) in p-dioxane
was not satisfactory since the absorption is very wesk in that
solvent, and is also not well resolved (Fig. 9). Figure 2 - line
1 is & Beer's Law plot of the 2020 mp peak in (XVI), which was
used to show {(in a blank run) that the dioxane used as a2 solvent
in the preparation of (XViI) could be removed by the method used,
Line 5 in the same figure shows the Beer's Law plot for th 1535
mp peak in (XVI), and line 6 shows the same relationship for (XVII).

No precise siznificance can be placed on the deuterium analysis

obtained from the slopes of lines 5 and 6, which indicated that
sbout 17 atom % of deuterium were attached to the nitrogen atom’

in (XVII). No other solvent could be obtained that was transparent
at this wavelensth, and would dissolve the polar selute without
1nterac+1ng with 1t to such an extent that accurate transmittance
measurements were impossible. It has been shown (20) that the

oxyzen atoms of dioxane enter into a high degree of hydrogenbond-

[Eatd

ng with suitable solutes, e.z. those contsining amino groups.

o)
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Gradient Density Method

The gradient density tube method described by Anfinsen (1)

was used to determine the weight percent deuterium oxide in the
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purified water of combustion. This method is based on Fick’s
principle, which states that a linear gradient of densities is
produced at the juncture of two miscible liquids of unequal
specific gzravities. The details of this method have been given
by Brynko (16) and by Warkentin (75) and only a brief description
will be given here,

The grodient tube itself consisted of a 35 cn. Pyrex glass
tube having o diameter of 5 cm.,, the ends of which were sealed to
the neck of a 1 litre round-bottomed fleask und to the bottom of
a 500 ml, round-bottomed flask resyectively. The assembly was
mounted vertically in a glass-fronted thermostat controlled to’
25,00 % 0,01°C., with the neck of thektube protruding above the
level of the water in the tank. The tube was fitted withva ground
glass cap to keep dust oﬁt of the systenm andkto prevent evaporation

f the gradient components.

Q

Some anhydrous magnesium perchlorate was placed in the bottonm
flask and the tube filled to the mid-point with a n-heptane-

bromobenzene solution havin:

o
53

specific gravity of about 1,019,

4 similar solution of specific grevity 0.998 was carefully layered

“

over the heavier solution by means of a separatory funnel with

a long stem, the tip of wh

S
O
o
I3
0
w
®

o

t Jjust below the surface of
the liquid in the tube., The tube was filled to within the neck
of the 500 ml., flask.

per wire

i

A stirrer, made of clean cop

s

in the plane perpendicular to the stem, was gzently lowered to the

interface at the center of the tube, and the solution stirred




53

with strokes of'inCreasing length until at the tenth stroke
’upward the entire length of thé tube between the two flasks had
been traversed. The system was allowed at least 2L hours to attain
equilibrium. Gradients prepared in this manner covered the range
0-10 weight % deuterium oxide, and standard water-deuterium oxide
samples to bracket unknown samples (Table IV) were prepared
from purified glass-distilled water and 99.83% deuterium oxide.
It may be noted that the enrichment of 018 which occurs iﬁ the
preparation of heavy water would have a negligible effect on the
densities of these solutions as far as this investigation is con=
cerned (46). |

TABLE IV

Water - Deuterium Oxide Standards

Standard Weicht

Percent

No. D50

1 0,000
2 2,019
3 S.y02
1+ 7%924'9
5 8,028
6 9.817

i

A hypodermic needle, attached by means of a luer joint to a
10 cm. length of Pyrex glass tubing having a 1/4 mm. bore was used
to withdraw the water samples through the stoppers of the sérum 
vials. In this way contact of the sample with the atmosphere was

largely avoided. A rubber policeman was slipped over the other
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end of the capillary tube to act as a suction bulb. The needle

and capillary tube were rinsed with a few drops of the sample,

then re-inserted and refilled. The tip of the needle was 1owéred
below the level of the gradieht solution, gentle pressure applied
to the policeman, and the drop released by raising the needle out
of the solution., Before introducing another sample the neédie

and capillary tube were washed with distilled water under pressure.

ihey were drisd by blowing dry nitrogen gas through them, and were

then stored in a desiccator until further use,

Standards were always introduced with each series of unknowns,
placing the drops corefully by looking at the horizontal cross-
section of the tube in the well-illuminated bath. Heavier drops

were introduced first to prevent collisions. After three hours

the drops had attained ecuilibrium, and the height at the top

and bottom of each drop was read by means of a vertical cathetometer
accurate to 0.1 mm. The drops produced by this method were fairly
consistent in size, having a diameter of about 3 mm. The centre

o

of each drop was recorded as its heisht, and it was shown that

dmall veriations in the drop size had no efféct on the heisht of
the centre. For the low deuterium oxide concentrations involved
it may be shown that é plot of weight percent deuterium oxide
versus height i5 &s nearly linear as a plot of density versus
heizht. Thus the gradients used were calibrated directly iz
weight percent deuterium oxide. The snalysis of an unknown drop
waé obtained by interpolation between the two standards thet

bracketbisd it. , .

0}
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After the equilibrium heights of a series of drops had been

recorded, the drops were withdrawn from the gradient solution by

means of a piece of moistened filter paper wrapped around one end

of a thin glass rod. A second method used was to sprinkle pulverized~
anhydrous magnesium perchlorate into the tube, thus carrying the
water drops down into the layer of drying agent at the bottom. T¢

the density gradient had been preserved, it could be used égain

after 24 hours. Gradients 2 and 3 (Fig, 3) resulted from gradient

I in this manner.
The water samples in this investigation were analyzed on 6

different gradients. Plots of cathetometer readings versus weight

percent deuterium oxide are given in Fig. 3. Gradients that ex-
hibited curvature a2t the ends of the rangé were not used in those
regions,’but were still found to be quite satisfoctory in the
centre section. Gradient L was checked with auxiliary standards
prepared‘at 1% D-0 intervals to check this. To check the consistency
of results obtained from this method of analysis several samples
were aznalyzed using different gradients. All analytical results
are listed in TABLE VI,

To determine the magnitude of the deuterium loss due to proton
exchange during the combustion and purification processes standard

 water-deuterium oxide samples covering the range 0-20 weight per-

cent oxide were put'through both processes. They were then ana-
lyzed in the gradient and thedeuterium loss determined. Since
the loss was found to be quite substantial at hisher deuterium
oxide concentfations (see TABLE V), all analyses reported were

corrected from the curve shown in Fig, L.
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Fig, 3. Plot of Cathetometer Readings versus Weight Percent -
D50 for the Density Grgdlents used. Density determinations
Jere made in the ranges between the dark circles.
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 TABLE V

Determination of Deuterium Exchance Losses

True Weight Gradient Welght Percent
Percent DZO Used by Analysis

(a) Combustions with samole in pyrex zlass ampule:

3.982 L 3,89
8,028 L g.71
10.103 5 9.91
14.161 5 13.66
20,023 5 18.48

(b) Combustions with sample in & porcelain boat:

3.982 5 3.88
9.817 5 9.52
14.161 5 13.70
20,023 5 19,30

The following expression, which is easily derived from funda-

mental principles, was used to convert the weight percent Do0 from

an enalysis to the amount of deuterium present in the correspond-

ing organic compound:

; -1 i i e
Atom % D in n' positions = ¢

i

where nf the number of hydrogen positions in the molecule

that consistedrzirtly of deuterium atomsg,

the total number of hydrogen atoms in a non~-deuberated

n =
molecule of the compound,
end & = the weight percent deuterium oxide in the water of

combustion of the compound.

e

g For deuterated anthranilic scid and its decarboxvlation product

n'! = 3; for deuterated N-methylanthranilic scid, its decarboxylation

product, and for aniline exchanged witi D~0,n' = 25 and for o-

deuteroaniline with no deuterium &ttic.ed to the nitrogzen -tom nf
1

@
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Weight Percent D50 by Gradient‘Analysis

True Weight Percent D50

Fig. L. Correction Curve to Account for Deuterium Bxchange Losses

in the Combustion and VWater Purification Processes.,
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A comparison of analyses 6., 7., and 8. with 1. shows that a

large fraction of deuterium is lost from g-deutercchlorobenzene

on amina tlon with sodamide in liquid ammonia, To determine the

numerical value of this loss it is necess: ry to know how much
deuterium is lost by exchange with the solvent from the chloro-
benzene before the reaction, and from the aniline after the

reaction.

Combarison of analyses 19. with 15. shows theat the loss of
deuteflum from o- -deuteroaniline under the amination “onuizicns
(Blank No. 1) amounts to about 1.4 of that initially present.

Since the reaction was shown to be fast it seems reasonsble
to suppose that the deuterium loss from,Q«deuterochlorobehzene

«

before the amination wduld be neglizible, provided that the ex-
change here would be compar:zble in rate to that demonstrated for

O-=deuteroaniline., On this basis the amination resction results

i
s

n a decrease of deuterium content et the labelled position from

6L.3 + 1.9 atom % in o-deuterochlorobenzene to 32.7 £ 3.3 atom

Wi
5

in the a2niline obtained from it. This corresponds to 3 loss
of 51 # 6, of the deuterium from o-deuterochlorobenzene, whers

the % 6% is derived from the maximum deviation of a run from the

exchance from‘deeuterochlorobenzene. In Blank No. 2 (Page 38)
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o-deuterochlorobenzene (stock sample

equivalent of sodamide in liquid ammonia, and the exgess chloro-
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benzene was recovered. Comparison of analyses 2. and 4. shows that
the excess chlorobenzene had lost about 14% of the deuterium ini-
11y present, No precise significance can be attached to this

figure, however, since the recovered chlorobenzene was subjected

to conditions considerably different from those encountered by

Y

the chlorobenzene that reacted. 'tThe excess chlorobenzene was

exnosed. not to sodamide. but to the weaker base sodium anilide.

- )2 7

At the same time it was exposed to the basic ammonia solution for
a much longer time than was the chlorobenzene that rescted.
Blank No. 3 (Page 39 wes carried out in such a manner that

the unreacted chlorobenzione would be in contact for a short tinme

0

with helf an equivalent of sodamide and Ulth the sodium anilide

as it formed, after which period ammonium chloride was added to
leave the excess chlorobenzene in contact with the product, aniline.
and licuid ammonia only. Comparison of analyses 3. and 5. shows
that no appreciable deuterium was lost from the excess chloroben-

zene, ©2ince the deuterium exchange loss seems to arise after the

oy

amination reaction, the 14% deuterium loss as obtained from Blank

Ho., 2 may be recarded as a very conservative upper limit.

t
Comparison of analyses 9., and 10. with 7. and 8. shows that

¥

approximately 55% of the deuterated aniline obtainéd by the ami-
nation of‘g»deuterochlorobenzehe with sod nide in lig uid ammonia
hjd its deuterium in the n-position.

The a oxlm“tely 50% deuterium decresse observed in the

amination and the approz:mcteWV equal distribution of o- and m-

deuterocaniline in the product are both predicted by the elimina-

).

tion nmechanism and not by the rearrangement mechanism. The rearranze-

ment mechanism is thus refuted.
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If the elimination mechanism is accepted the surprisingly

large deuterium loss must be accounted for. A deuterium loss of

51 % 6% in the amination mesns that the d euterium isotope effect

-involved is very closs to unity. Since the deuterium content of

the reactant does’not change as the reaction progresses, thekdeue
terium isotope effect (ky/kp) is equal to the mole ratio of deu-
terated aniline to normal aniline in the product for one mols of
1007% o-deuterochlorobenzene, Using the upper znd lower values of
the deuterium loss observed experimentally, this leads to isotope
fect values ky/kp equal to 0.8 and 1.3 respectively.

The introduction of a heavy isotope into a molecule should
cause the recction to proceed at a slower rate if the isotopically
substituted bond is involved in the rate-determining step. If
the substituted position is not involved in the rate=determining

step of the reuction the rate should not be influenced. In piss-

ing to the transition state the bond that ultimately bresics

predictable isotope effect can be cclculated, corresponding to a

binding of the isotope in the recctant, and a completely

34
(]

=h

S

e
ok

free isotope in the transition state. Following the Bigeleisen

treatment based on the absolute rezction rate theory, Wiberg (77)
zives the following simplified expression for this moximum dou-

——
b

kel
¥

terium isoctope effect:
ki/kp = e
vhere By is the zero-point energy of the bond to protivm, “p is

the zero-point energy of the corresponding bond to deuteriun,

R 1s the gas constant, and T the absolute temperature., 4ccording
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to this a theoretical maximum kH/kD value of 11.1 is predicted at
o ' ~ . . .
-33 C., the temperature &t which these amination reactions are

arried out. An isotope effect is most pronounced with the iso-

£

topes of hydrogen because the relative changes in the iéotopic
masses are larger than for any other element. For a more detéiledk
theoretical treatment of isotope effects the readér is referred

to Bigeleisen (10, 11).

In the amination of o-deuterochlorobenzene it would be harder
to brezk a C-D bond than it would be to break the corresponding
C-H bond, and this should reveal itself as an isototpe effect if
the scission of that bond is bart of the step thet decides the
product ratio., loreover, the low temperature of the'regction
should make this rate difference even more noticeable, An iso-~

)

tope eifect of close to unity may be interpreted to mean that the

ortho C-H bond has not weakened appreciably in the transition state

of that step. It is proposed that he ortho hydrogen atom is
lost din a fast step that follows the precduct-determining step.

iny intermediate that must be involved in this reaction must have

lost the hydrogen atom in the ortho position in such a way that

there would be a 50/50 chanece of losing either deuterium o~ orotiunm
in thét step, and it must be symmetrical with regard to the l-

end Z-positions,.

there are three species present in this reaction thet ¢ n

conceivably attack the chlorobenzene molecule, the ammonia meolecules

=

which are present in large excess, the NH, ions, and the Na + ions.

L




o
O

The at““ck by an amide ion on the ortho hydroven atom would
be expected to lead to an isotope effect, and is ruled out.

Nucleophilic amide ion attack which would lead to the attachment

of the amino group to the ring would bring an extra pair of elec-

trons with it. When the hydrogen atom is expelled in a subsequent

step it would leave as a hydride (H ) ion. It is known Irom ex-

perimental work (5) that hydrides react with liquid ammonia, li-

g

]

beratinz hydrogen gas. Since no gas is evolved in this amination
s 5 2 3

the direct attachment of the NH, ion seems highly unlikely.

If the chlorine atom from the chlorobenzene molecule were
lost as a chloride ion by some process a struéture of the type
(XX) would result. This mig ‘ht be vulnerable to attack by nucleo-

philic reagents, and could lead t0«benzyne o1 one of the other in—

termediates sugrested by Roberts (VII and VIII, Page 20 ?Lter-

+

<y
i

mediate (XX), as well as (VII) and (VIII), still retnins the hy-
drozen stoms thet were ortho to the‘chlorine atom, aund en isotope
effect would be eXpeéted_in the subseguent bond rupture. The only
reasonable way to visualize the [ormetion of Roberts! intermzsdiate

(VI) is to postulate the prior loss of an ortho hydrogen (involvi

i
i1

an isotope effect on substitution of deuterium), followed by the

in ﬁOl@Cul*T attack of the chlorine atom to give the desired

intermediate.
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The only attecking species yet to be considered is the sodium

ion, 1Its attack on the ortho carbon atom would be analogous to

a metalation reaction (30). Isotopic substitution on carbon atoms
2. and 6. probably would not influence the attack of the sodium
ions on these carbon atoms if the loss of the ortho hydrogen (or

deuterium) is postulated to be a fast step following the attachment

of the sodium ion to that particular carbon atom. Since o-chloro-
phenylsodium would result, which would be very reactive, sodium

chloride may split out intramolecularly to give the‘benzyne inter-

mediate. This may be;formulatéd'as follows, where the steps

shovn could be equilibria, since the concentration of benzyne at

any moment would be small, c1
' D Na D
Cl ; >
> .
+ NaNHZ c1
\\\ﬁa o 1

In the nitration of benzene, which is known to bte an electro-
philic attack of the nitronium ion (N02+), Helander (57) observed
hydrogen isotope effects of unity. In metalation reactions them-
selves the hydrogen isotope effects involved have not as yet re-

ceived much attention. Brrce-Smith, Gold and Satchell (15) re-
ported that in the metalation of d-benzene at 7506. with ethyl
potassium, where the hydrogen is also lost from the ring, they ob-

tained an isotope effect of kp/ky = 0,50 + 0.10. Here the rupture
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of the C-H and C;D bonds is‘evidehtly parﬁ of the'réze~controllimg
step. However, the isbtope effect is smell in comparison with’oﬁher
deuterium isotope effects. The same ~uthors suggest that the in-
fluence of the metal may well be greater in certain reactions.

 On the whole the evidence obtained in this investigation

supports the elimination-addition mechanism of Roberts, but cannot

be considered a conclusive proof of the same.

ADDENDUM

Recent Publications

In a paper published after this investigation was completed

and the thesis was written in part, Roberts and co-workers (63)
re?orted the results of further experimental work désigned to es-
tablish the elimination-addition mechanism. The amination of lodo-
benzeﬂe«laclh with potassium amide in liquid ammonia was found ﬁo,
yield aniline in which 53.0 + 0.2% of the total activity of the
product was due to aniline«2~C14 and L6,k = 0.1 of the activity
was due to unrearranged aniline. They proved conclusively thot
iodobenzene and aniline do not rearraﬁge under the reaction con=-
ditions. Since C-1 and C-2 become equivalent inkthe benzyne
intermediate, equal amounts of emilineml-c:‘““lF and aniline—2~C;¢,
should form, except if a 512~Clh isotope effect were involved in
the addition of ammonia to the intermediate. The degree of re%
arrangement observed (52-53%) would require that the reaction rate
at the c12 carbon atom be < 13% faster than the reaction at the clh

m

atom. Examples are known (66) in which the rsactionat the olh
: . o i .
atom was shown to be as much as 16% slower than the reactionat

2 .
the C  atom. The concept that "normzl" and "rearranging” sub-
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stitﬁtion reéctiomS‘might independently be involved and proéeed

fortuitously at the same rate is held to bé very unlikely, since

iodobenzene-1-C14 was found to give essentially the same product

ratio as was obtained from the earlier work with ehlorobenzenewléclhk

(64). |
The obvious importance of the hydrozen atom cortho to the

halogen atom was also not overlooked by these investigators. They

quote some previously unpublished results indicating that brdmo»

mesitylene and bromodurene cinnot be aminated under these COnditions,
which, barring steric hindrance, confirms the necessity’of an ortho
hydrogen atom for this réaction to proceed ( see also the work of

_ Benkeser and Buting, Page 9.

The 1,2-elimination oi hydrogen halide in the formation of

benzyne was formulated as one of two possible processes, a step=

wise mechanism (1) or a concerted mechanism (2). Since many more

conventional cases of the same nature have been settled by deuterium

tracer work, Roberts and co-workers subjected o-deuterohalobenzenes
to these amination conditions, both with lithium deithylemide in
ether and potassium amide inkliquid ammonia, and analyzed uﬁréacm
ted stertinzg material by means of the intensity of fundamental CeD
bands in the infrared spectral region. Reactions were corried

out to different percentage completeness, which was estcblished

by Volhard titration of the halide ion liberated.

/ . ; .
gD

(Xx1)
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i , . .
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Supposing the removal of hydrogen to be the rate-determining

step'as in (1) the relative rates of o-deuterated and gnprotonated

halobenzenes were predicted to have an isotope effect kH/kD of
approximatély 6 or 7. Partial confirmation for an isotope effect
of this order of magnitude was found in the dehydrobromination of
isopropyl bromide, where Shiner (70) observed an isotope effeét '
of 6.7,

For a consideration of mechanism (2) several ressonable assump-

tions were made. The same specific rate constants kf were assigned
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to the loss of proton from (XXII) and (XXIV), the’kg value for loss
of halide ion from anions (XXIII) and (XXV) was assumed to be equal,
and the reversion of (XXIII) to (XXII) was taken to be neglicible due

to the large excess of ordinary ammonia. The magnitude of tie

apparent isotope effect for an elimination by this mechanism was
predicted to be less than for mechanism (1), and to be a function

of ky/k_3. The smaller the ratio of the rate (k,) of loss of

2
halide ion from the anion to the rate (k_j) of reversion to start-

 ing material bykproton abstraction from the solvent, the smaller
would be the apparent isotope effect. If the ratio were very small,

it was argued that there would be no detectable isotope effect

on the aminaﬁion‘rate because the deutefated halobenzene would
be;completely converted to the protonated halobenzene before signi-
ricant reaction occurred, |
The mechanisms assigned to the aminations studied and the'ree;
lative values of the specific rate constants were found to depend
on the nature of the halogen. QfDéuterofluorobenzene, 2,4 ,6=
trideuterofluorobenzene, and L-methyl-2,6-dideuterofluorobenzene
were found to exchange their ortho deuterium very rapidly with
the solvent, whereas the amination producté appeared at an insig-
nificant rate. Here k, was taken to be negligible and k{j was taken
to be very large, since 100%'gedeuterofluorobenzene lost 21l its
deuterium in 10 seconds under the reaction conditions, It seems
reasonable to assume that the magnitude of k! would depend on the

D
acidity of the hydrogen involved. Previous work by Hall, Piccolini,

and Roberts (35,69) had estcblished the following relative acidity

order for hydrogens in substituted benzenes:




oo

_Q—F’>>QQCF3>§~CF3N Q_«OCHB"’ D-CFy>m-F>p-F>m-0CH >_E-=OCH3

3
>20,000 3000 70 60 50 25 (1.0) 0.01 0.001

From this it might be concluded that the‘relative{acidity of the

ortho hydrogen atoms in the monohalobenzenes would follow the se-
quence F>CI>Br>-I  and that exchange might pfedominate at the beg-
inning of the series whereas amination would predominate at the
end.

The aminetion of o-deuterochlorobenzene was interpreted on
the basis of mechenism (2), having the ratio k.1/ks = 1.5 as cal-
culated from the experimental value of 2.7 obtained for the apparent
isotope’effect ky/kp. For g«deutérobromobenZene ky/kp was found
to be 5,5, In ether with lithium diethylamide o-deuterobromo-

end o-deuterochlorobenzene were found to have kij/kp equal to 5.6

and 5.7 respectively, the caleulations being based on mechanismm

(1). Dxchange of deuterium from O-deuterochlorobenzene in ethér

wes shown to be of no importance. Since the recction with Qfdéutero«
bromobenzene gave essentially the same isotope effect both in

ether and in liquid amuonia, this was interpreted as proton removal

being the rate-determining step in both solvents. The evalustion

of these isotope effects from their experimental data is discussed
in the next section. |

The change in elimination mechanism from chlorobenzene to
bromobenzene in liquid ammonia was shown to be the basis for the

order of halogen reactivity Br>I>CI>SF in the amination, The re-

moval of a hydrogen atom as a positive ion would be an important

factor in the rate, and was expected to follow the order F>C1>Br>1
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parallel wiﬁh the electronegativities. Secondly, loss of halide
ion would be expected to follow the rate seQuence I>BroCI>FE (see

 pege 21). The change in mechanism (2) to (1) was taken to occur

where halide ion loss became easier than proton removasl, and the
two steps became synchronized as a result. Bromobenzene seems to

have the optimum o-hydrogen and halogen reactivities to give the

moximum rate with potassium amide in liquid ammonia.

This experimental evidence certainly favors the benzyne in-

termediate, which is preferred by Roberts and co-workers over
'!;seVQral other possible intermediates that could be postul&teé
~ (see Page 201.

Of scuc interest is the discussion they give about the’stabiﬁ
lity of an intermediate like benzyne, which, it is concludedg
 must have an appreciable half-life because : (i) if the intra-

, molecular Clz;clh isotope effect observed was real, this would
indicate that the addition of ammonia to the intermediate was

slow enough to discriminate between isotopes, (ii) evidence existé
which indicates that there is compétition for the intermedi&ﬁe

by nucleophilic reagents other than ammonig, leading to the for-
mation of diphenyl- and triphenylamines in secondary reactions,
ond (1ii] it has been found (80) that potassium amide increases
the yield of tetraphenylmethane from chlorobenzene and potussium
triphenylmethide in liquid ammonis, which, it is suggested, may
be due to the formation of benzyue,

From the simple atomic orbital method it is inferred that
the resonance enérgy of benzyne may be comparablé to that of

benzene, if the ring is taken to be an undistorted regulsr hexagon.
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Although the "triple bond" in the ring would result in a large
amount of distortion (120°) from the preferred angle, this would
not result in a greater strain than is present in cyclopfopéne;

a known substance. Furthermore, bent excited states of acetylene

havekbeen established from spectroscopic evidence (41).

' More evidence is civen which suggests the extension of the
benZyne intermediate to other reactions. Fluorobenzene «l;Cl4
with phenyllithium in ether gave biphenyl with the orientstion
of the activity being consistent with a symmetrical benzyne in-
termediate (42). An extension to therFittig¥type coupling re:zc-
tions is suggested. The mechanism has been correlated with the

hydrolysis of aryl halides with base at high teuperstures (62),

and also with certain Diels-Alder reactions (79). It is also

reported that the emide inn catalysis of the reaction betieen

weak nucleophiles and aryl halides {80) cen be extended to the

phenylation and pyridylation of ketones (49), and that a similar

reaction in Robert!s laboratory hes yielded from p-bromotoclusne

end sodium phenylacetylide, under the influence of sodamide, &
mixture of m- and p-tolylphenylacetylenes having the szme isomeric

composition as that obtained ih the amination of p-bromotoluene

with sodamide (65). In conclusion the authors note that by no

means should it be inferred that 21l nucleophilic re-ctions
proceed exclusively by thebenzyne mechanism.
Further, Roberts, Vaughan, Cairlsmith, and Semenow (65) have

-

recently reported on their qualitetive studies of the isomeric

amines produced in the amination of substituted halobenzenes under

these conditions. Their 2im was to rationalize these on the basis
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of the benzyne mechanism, illustrated for a typical case below.

OCH3 ; OCH} ' OCH3
KHo o 5 .
e =7
-dC1 if;} ‘ z ‘WHV '
0 g

a substituted "benzyne!
The formetion of & particular isomsr was thought to be governed
by the effect of the substitutent group on the direction ofkelin
mination (predicted on the basis of the relative acidity of the
hydrogens as determined by the inductive effect of the group) and

on the direction of addition of the elements of ammonis to the

"triple bond" (predicted by considering the amide ion to =2dd so
as to place the negative charge on the ring in the most favorsble
position relative to the inductive effect ~° the substituent group)e

On this basis their predictions met with good success,

Rinetic Treatment

The derivation of an apparent isotope effect equation for

mechanism (1) required several ressonable assumptions., The reac-
tion was assumed to take place with constant volume, to be first

order with regard to chlorobenzene, to involve only the ortho hy-

drogen atoms, and to form products from benzyne in a fast and

irreversible step. With D = 0-D@CI and I = #C1, the following

kinetic expressions were set up,

(1) ~d [p]= (kp + ky) [DJ [Nﬂgw]

dt

n

(2) ~§ELEJ= 21, [B] [,
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The value of n was not knowﬁ,but wes assumed to be unity. 'Division
of equation (1) by (2) and .ntegration yielded: | ,
(3) W - ;2-'[1-& ([l/P) ¥ 1n([H)e/ [H]O)} 1

On the basis of this equation isotope effects of 2.060, 2.88, and

0,77 were obtained for three runs carried out with 0-D@CL having
respectively 26.4, 26.1, and 100 atom % ortho deuterium.
For the step-wise mechanism (2) the following kinetic ex-

pression can be set up for the disappearance of o—DﬁCl

(4) | “%%LQJZ (kf + kp) [D][EHZ ] - kel [anionk(XXVﬂ

The application of the steady-state approximation to anion (XXV)

gave the following expression for its concentration:
(5) [anton (xxv)] = i [D] [wm, ]
+
kg k

Substitution of (5) into (L) vielded:

(6) ﬁLLJ (kf, + kb) [@[mbj - gkt ([@[m%j )

B, ok

2

A similar expression can be obtained for the rate of discppesrvance

of @cl,

@ gl o (] oy e [T g (]

dt
kgt Ky

For convenience the following ratios were re-defined,

«l/(kal + ko) = F = the froction of intermediate

anions returning to starting material, and

Division of (6) by (7) then gave
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@ el

which on division by [D} , treatment of [i(l - F) + l], Ri{l = F)

and -F as constants, and integration yielded the equation:

(9) _ . o
- | Dit
in [D] t1:4 o 4F dnlid s R ]l o f 0
. 3 .
g L . i3],

Tt was then assumed by Roberts et 2l thot the kH/kD~value of

5.7 obtained with o-deuterochlorobenzene in ether solution, where
exchange had been shown to be unimportant, could be assigned to

ké/kg.‘ On this basis the values of F were calculated to be CoLS,

O. Lk, and 0.76 for the three independent runs mentioned earlicr

(average 0,56 + 0.13), corresponding to a ratio k_al/k2 of an order

of 1.5.
On the basis of these calculations mechanism (2) was favored

for the amination of chlorobenzene with potassium amide in liquid

s

anmonia, because deuterium exchange wos demonstrated to be im-
portant in this case and the isotope effects as caleculated for
mechanism (1) sre small and even negative.

Discussion

The method of Roberts et al depends on the analyses of the
reactant (deﬁterated chlorobenzene) at zeroc time and at some known
time = t., The present investigation relies on the analyses of
the reactant (deuterated chlorobenzene) at zero time and the Dro-

duct (deuterated aniline) at time = t. In principle these two

3
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methods of approach should be reconcilable on the basis of Hoberts!

proposed mechanism (2),
If equation (9) is modified by the following substitution in
the first term,

(10) [D], = (#C1 remaining) x (fraction which is deuterated)

- ([D]o + [H}o) (1 - P) [ék :
[p]: +[H],

where P = the fraction of @C1 that hss rescted at time t, thon

the following equation can be obtained:

(11)

[f*}t - F

ey s +Inf[H], +1
(1 - i+ iF) (=1 + i - iF) [H], - F =5
- ]o [y

_ 0
| - In ([D]’O - 1)

Furthermore, from mechanism (2) the rates of foruation of

deuterated aniline (Ap) and vrotonated aniline (AH) may be for-

mulated as follows:

(12) d [AQ[

dt

i

ky [anion (2x7)] [,]

(13) d [4y] - kp [anion (xx1II)] [NP]
t ‘

I

Substitution of the anion concentrations as derived frOm‘Steady-
state treatment, division of (13) by (12), and simplifying gzives:

(14) d[ay] = 2] Jt i

d iAD_ [ 1 z
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Using the meon value of F = 0,56 and i=5, 7 acbordlng to
Zoberts et al, and [H]O/[D]O = 0,526 as in the omdeuberochlorobenu

zene (stock sample A) used in Runs I, I1, end 1II in this 1nves~'

tigation, equations (11) and (14) were solved for P and d [Ag}/d

,[ﬂﬁ] for a seriles of [Q]L/ [D} ratios. Valucs of P were then

- plotted agalnst the corresponding d [Aé]/d [Aﬁ]values, and & gra-
phical iﬁtegration carried out to determine [Aé}/[}ﬁ} between the
velues of P = 0 and P = 0,71 (where this value is derived from a

71% recovery of chloride ion, as silver chloride, from a run

with undeuterated chlorobenzene carried out as described on vage

35). This integrated value should represent the overall ratio

of protouated to deuterated aniline in the product formed up to
715 resction.

Similar calculations were carried out for the minimum and

(%1

moximum F values obtained by Roberts et 2l. The results of these

Cieamiiie. . daantias

calculations sre listed below:

Perceﬂt of Uriginal

' D Retained in
F g/ [ap] 200 [a]/([85] + [an]) Lube;led Position
0.4 0,810 553 86.0
0.50 C.66L 53.6 83.5
0,76 1.090 L7.9 Phed

It is seen thst the loss ofdeuterium (ca. 50%) observed in
this investization in tlhe amination of o-deuterochlorobenzene
to give aniline is not predicted by the work of Roberts snd co-

workers, If i = 5.7 then & larger F value is required to lover

fat
s
[

e predicted deuterium content of the aniline to the observed

value, At F= 0.LL a smaller i value would brinz zbout the same

result, while at F = 0,76 the situation is reversed.
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A similsr calculation with i = 5.7 and F = O.Sé‘forkBlénk
lo. 3 showed that the atonm percént deuterium in the unreacted o-
deuterochlorobenzene at P = 0,25 (assuming complete reéction of
all the sodamidé employed) should have risen from Li.1l to 45.8

atom % deuterium, which might not have‘been detected by the

snalytical method used. Thus the results obtained for Blank No.

3 are in apparent agreement with the work of Roberts and co-workers.
The loss of deuterium in Blank No. 2 remains unexplained =zt

the present time, unless the deuterium exchange is due tofprolonged

contact of the o-deuterochlorobenzene with sodium anilide in |

liquid ammonia.

COHCLUSIONS

(1) The amination of o-deuterochlorobenzene with sodamide in
liquid ammonia has been found to produce aniline in which 5l'i
6,6 of the deuterium is lost from the labelled position of the
reactant. Furthermore, the deuterium in t. e aniline produced

hzas been found to be about 55%lin the meta position. Assuming

negligible loss of deuterium from the product and the reactant
themselves under the recction conditions, these results support
the elimination-addition mechanism of Roberts, eand the benzyne
intermediate. These results are not compatible with the re-

arrangement mechanism,

(2) On the basis of the above interpretation an spparent deuteriun

isotope effect of close to unity is cilculated, which is inter-

preted to mean that the ortho hydrogen atom is not lost in the

product-determining sten.

1
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(3) A mechanism is'suggestedfin which the rate-determining step is

the attack of sodium ions on the carbon atom ortho to the halogen,

after which sodium chloride is lost intramolecularly to give the

benzyne intermediate.
{4) The detailed mechanismfrecently proposed by Roberts ggkg;"
does not seem to predict the product ratios observed in this

investigation,

RECOMMENDATIONS FOR FUTURZ INVESTICATIONS

The author proposes to extend these investigations during
the summer of 1956, with the aim of testing Roberts! equation
and the extension to it under strictly comparable conditions.
It is proposed tokcarry out a reaction with 100 o-deuterochloro-

benzene to partial completion, to determine the percent reaction,

and to analyze both the unreaccted chlorobenzene and the product

eniline for deuterium.
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PART IT

THE DEUTERIUI ISOTOPE EFFECT IN

IHE THERMAL DECARBCXYILATION OF o-ALINOBBUZCIC ACIDS
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PART IT - THE THERMAL DECARBOXYLATION OFfo;AMINQBgzggzc,Aczgg,
INTRODUCTION
It has been shown that the decarboxylations of carboxylic
acids in general’proceed by unimolecular or bimolecular mechanisms.

The field of thermal decarboxylations has been reviewed extensively

by Brown (14), and the reader is referred to his treatment for
specific examples of the general types cbout to be listed.

Kinetic work first showed that many orzanic acids decvrooxylabe

in the form of their anions, ss illustrated by th general eouctlcn;

(Sgl - No. 1) RGO, ——= R + €O, Rate = ki (RCO, )

The subsequent observation that certain scids capable of fornming
‘zw1utew10ns decarboxX y ote more readily as free acids led to the
concept of a unimolecular decomposition from the zwitterionic form.

(Sgl - No. 2) ROOpH —= H'RG0,” —= HR + CO,  Rate = kI(H RCU)

= 2

HMeasurements of rates show that some scids decufbogylvte unimole~-

cularly as anions only, others decarboxylate as zwitterions, and

some show decarboxylation according to both mechinisms simul-

taneously, d epemdlnv on the molecular structure.

In 19,8 Schenkel and Schenkel-Rudin (68) suz-ested that on-

thracene-9-carboxylic ecddecarborylited in a bimoleculsar manner, illus-

troted in general terms by the ecuation:

(Sp2 - No. 1) JH+H —>PRH+COp+ H Rate = k,(H*) (RCO,H)

2

GO

pﬂ..

’\)

A bimoleculsr reaction could also take vploce between a proton and

i secld anion:

b

i

Pty

Sp2 = No. 2) H' + RCO2~™ ——= HR + CO, Rate = k& (H J (ReO )

It should be pointed out that kineticully mechanism Sl - Ho, 2

is not distinguishable from mechanism Sz2 - No. 2,




LITERATURE REVIEW
Pawlewski (60) was first to report that anthranilic acid de— |
cwrboxy“vted when heated above its melting point, and thag it

was a first order reaction. IicMaster and Shriner (56) found that

the decarboxylstion from boiling water also exhibited first order
kinetics. ’

Stevens, Pepper and Lounsbury (71), verified the supposition
that the thermal decarboxylation of anthranilic acid does not

occur below the melting poiht, and also found that it is firs

cr

rder from the melt. The aqueous dec-rboxylation from boiling
wéter wes found to be first order with regard to enthranilic acid
initially (with a rate constant of zbout O, 025 hr, ;, in good
agfeement,with the value reported by licMaster and Shriner) but
fell off a5 the reactlon progressed because the procedure employed
allowed the aniline concentfation to build up in the vessel. The
decarboxylation was found to be c¢cid cotalyzed up to 2 1 N con-
centration of scid, but for more acidic solutions the raté‘decreased,
the reaction being first order with regard to anthranilic acid,
Sodium anthranilate could not be decarboxylated., Samples oL car-

k3

bon dioxide from the partial therma 11, aqueous, and aqueous cecid

catalyzed decarboxyletions of snthranilic acid having cl3 in the
carboxyl zroup were snalyzed by mass spectrometer to determin

the 013 isotope effects involved. It wms found that under 211

conditions the isotope effect was very close to unity, a rder
of magnitude sllmr than that reported for any brevious decarboxyla-

tion. (It should be noted that at best earbon isotope effects

are small due to the small relative mass changes involved, and
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‘thét theyhigh temperature of this reaction would tend to make
the rate differences still smaller,) This was accepted as evidence
that the reaction is not & simple unimolecular one, since aﬁ isbm‘
tope effect is to be expected if the rete~determining step wbﬁld

be the carbon-carbon bond cleavageo‘ '

The eécld catalysis and base inhibition observed were teken to

indicate a bimolecular electrophilic mechanism in solution (more
precisely a "pseudo-bimolecular!" mechanism since the aﬁtacking par-

ticle was part of the attacked molecule). Of the anthranilic acid

species likely to be present, the neutral molecule and the zwitterion

(which was shown by Bjerrum (12) to be present in appreciable amounts)'
were considered to be the most probable recctants, with the rateé

determining step beinz the attack of a proton on the o —carbon atom,

followed by a rapid carbon-carbon cleavage with a low activation

ensrgy. Of the two species, the gzwitterion was favored becouse

the proton attack on its «-carbon atom would require a higher ac-

tivetion energy than an analogous attack on the neutral molecule,
since the mesomeric effect of the o-amino group would ineresse
the electrondensity at thet carbon in the neutral molecule and

hencs meke it easier for the proton to attack. In the zwitterion

the inductive effects of the HF3+ and CGZ” groups would probably

oifset sach other.

The rote of decarboxylation of p-aminobenzoic acid has been

found to be about half that for o-aminobenzoic acid by M
and Shriner (56). However, Bjerrum (12) has shown that the retio
of neutral molecules to zwitterions is greater for the D-acid than

Tor the o-acid. From this it has been concluded by Stevens =nd co-
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workefs'thatythe decarboxyi&tion from the zwitterion WOuld'be the
preferred mechanism. | k

Since many acids decarboxylate by a unimoleculaf mechanism
from the zwitterion, they further conclude that the activation
energy for carbon-carbon bond rupture in the zwitterion must be
less than in the neutral moleculé,' On the‘whole the,mechanism‘favored'
by the evidence available is more complex than the normal Sp2 resc-
tion, but it best explains the lack of a C12~013 isotope eifect.
However, proton attack on the «-carbon of the neutral molecule,
or even on the carbonyl oxygen df the neutral molecule, could not
be excluded. The mechanism favored was held to be equally appli-
cable to the acid catalyzed, aqueous uncatalyzed, and thermal de-

carboxylations, the ionization of the anthranilic zcid itself Sup-

plying the protons under the last two conditions.

EXPERIMENTAL WORK

The experimental work related to Part II has been described

in conjunction with that for Part I. Two thermal deczrboxylations

o

of deuterated anthranilic zecid {(at diff reﬂt COHCGHtLdthQJ of

deuterium) were carried out, and one analogous decarboxylavion

with d euterated N-methylanthranilic acid.

DISCUSSION OF RESULTS
The method of calculating the deuterium isotope effect in the
thermal decarboxylation of anthranilic and u«methylnnth lic
ccids depends a priori on the mechanism, and thus the isotope

effect does not establish the mechanism conclusively without
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additional experimental eVidencee The two most probable mechanlsms
as propos:d by Stevens 111 be discussed in the light of the deu-
terium isotope effect, and varis tlono will be suggested.

The isotope effect calculations for each of these mechanisms

rests on the following assumpticns:
(1) In the molten state 1t is reas nuble Lo suppose thst the acid

species (zwitterions, neutrel molecules, etc.) will rapidly attain

=
W

-
ra

(4!

equilibrium = as the deuterium at the various exchangeable

5 conecernsd.

19}
e

hydrogen position

(2) There should be no overall deuterium loss in a'deCarboxylation

reaction that is driven to completion, although the deuterium may

re-distribute itself during the process. Therefore, for purposes

of calculetion, it is assumed that the overall composition of the

1

enthranilic acid samples (D) and (2) will have been equal to the
overall composition of the aniline (o- DﬁST samples (D) and (E)

respectively, the latter be'n- the deC@lvoxylatlon products. Low

deuterium snalyses obtained for the anthranilic zcid samples is
L

¢scribed to unremoved solvent (compare Hos. 9 and 11; 10 and 12;
TABLz VI)., This difficulty was not present in the run with deu-
terated N-methylanthranilic acid (compare Nos. 21 and 22, TABLE V1),
(3) The decarboxylation of anthranilic acid occurs at 200-210°,

and since the boiling noint of sniline is 18400., it seems reasonable

Lo suppose that the aniline will leszve the melt extremely rapidly

in the vapor state, without giving its two exchangeable hydrogen

o)

atoms time to equilibrate with the three exchangeable hydrogen
ctoms in the residual melt. Similarly the decarboxylation tem-

perature of H-methylanthranilic acid (240-2509C.) is much sbove the
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normal boiling point of N-methylaniline (195,700.)° Thus in bothyi
cases the residual zecid will have a fixed equilibrium composition,k
(re deuterium) equal to its original comgosition, if it 15 &n in=
tramolecular process, and the aniline and M«methylaniline will
lesve the melt with thot same overall equilibrium composition.

On this basis the mechanisms of Stevens may be schematically

illustrated azs follows:

After removing the deuterium from the nitrogen atom of the decar-
- boxylation products, it was found that the amount of deuterium
in the ortho position was unexpectedly high for ezch of these

three detailed mechanisms,
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Iffthe7decarb0xylatioﬁ occurs‘ffom‘the zwitterion (Mechaniém,~
I), all the deuterium and protium atoms in the ccid molecule Will
be’attached to the nitrogen atom just before the decomposition;
Then the relative rates of deuterium and protium transfer (o the
~ortho position of the benzene ring can be expressed simply as the
ratio of the atom % deuterium infthe’labelled poéitions of the \
product (the'g-position in this case) to the’atom % deuterium in
the labelled posiﬁions of the reactant. Using the deuterium ana-
lyses from TABLS VI the following values were calculated:

(84.73 + 2.04)/(49.35 + 1.19)

1

(2) for anthranilic acid (D), kp/ku
= 1.72 + 0.08

1

(b) for anthranilic acid (E), kD/kH (1L,6.58 + 0913)/(27,9O'i‘0,15);

= 1,67 + 0,02

(é) for Nemethylanthranilic acid, kp/kyg = (56.77 = 0.82)/(35.67 =+
0.32] = 1.59 & 0,04

Since the two runs with deuterated anthranilic ccid at widely
_differing concentrations of deuterium agree within experimental

, this gives some justific:tion of assumitions (1) to (3).
If liechanism IT i3 in oper:tion, two f - ctors of utmost im-

portance dre:

(1) The hydrogen atom thot attoches itself to thew-carbon of the

ring can come from either the amino group or the carboxyl group,

L

iving rise to the subclassification indicated on the previous page.

el

(2) The distribution of deuterium between the amino group 2und the
carboxyl zroup must be known. As hes zlready been described (Page

48 ), this could not be obtained for deutersted anthranilic acid,
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and only a very rouvh estimate cculd be made for deuterated N-
methylanthranilic acid,
An approximation of the deuterium distribution in the neutral

anthranilic acid molecule may be obtained from the following equi-

libria for benzoic acid and aniline with water for which the
volues of the equilibrium constants 2t room temperature are known (32),
. . -
(1) @COCH + HOD —L— H,0 + ¢cooD
Ky = [Hgo [#ccop)

= 0,52
QSGOOH [HGD}
) pun, + HOD -"2**’ PNHD + Ho0
k, = [#wD] [Ho0]

The deuterated aniline produced in (2) is involved in a further

 equilibrium (3), for which the statistical equilibrium constant

may be used(32).
(3) duH, + dip, ——= 5. oo

- )
[#us,) [#00,]

=4

 Combination of equilibria (1) and (2) vields:

(4] ¢“OOD + PuH, -—-—A.-—-= $COOH + PNHD

_ lgcoon] [pymn] .
, 58
. [#ooop] [t ]

Taese equilibria are applied to anthranilic acid by considering
it to be an equimolar mixture of aniline and benzoic =cid., In
one mole of deuterated anthranilic zcid (D) there would be Col9L

x 3 = 1,482 gram-atom of deuterium present, i.e.
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[;zuhu] + ?[;é DJ [Q‘COOD] = 1.4,82
Relations (3), (4) and (5) may be 1ncorpor8ted into the cubic
qu ation .

) [#eoon]? - 5.315 [ dooop]? + 0.119 [gooon] + 1.626 = 0
which has as‘a,solutionf[ﬁcoOD]'= 0.60, which in turn leads to
the'following concentrations: [ﬂﬁDz] = 0,20' |

| dmn] - 0,49
[#ims] = 0031
’A 31m11ur con31derat10n of deuterated anthranilic acid (E)
(7) [Q“hD] + 2[gp,] + [goocp] - 0.837
vields the cubic equation
[¢cooa]3 - 1.055 [ﬁceozﬂz - L.285 [geoon] « 2,072 =
. [@COOD] = 0,37, through which the follbwing

1}

1l

, Where

concentrations can be obtained: [ﬁﬁDz] = 0.05
[ QfNPD] 0.36
| Az ] = 0.59

For both these sets of synthetic czlculations we

i

!

ing conO“’nt ratio:

(9) (D/H)amino oroup

D/} oxyl group
If the fact that the two functional groups are ortho to ezch
other does not upset this deuterium equilibrium, then isotope
effects of the Tollowing order of mognitude are calpa‘sked,

(As before, the isotope effect is ecual to the ratio of the atom

% deuterium in the labelled ortho vosition of the product to

the atom % deuterium in the labelled position(s) of the reactant).




Mechanism“ . SAci& Sample (D) Acid Sample (E)
(Ila) (8L.73/LL.5) - 1,91 [J6,58/33.0) - 2 o>
(IIb) (8.3 /60.0) = 1.0 (46.58/37.0) = 1.26

Since the isotope effect observed should be independent of the

deuterium tracer concentration, mechanism’(Ila)'might be favored
on the bésié of the zbove results,

On the other hand some oppcu50090b0me tric evidence wes ob=
tained (see pase 50) which supported mechanism (Ib). The distri-

bution of deuterium in deuterated N-methylanthronilic acid wa

found to be such that the amount of deu erium httuched to the car~

boxyl group is comparcble to the amount of deubeﬂlnm att Lchcd to
the ~carbon atom after the decarboxylation. If verified con-

clusively this would discredit the deuterium distribution C“7cuw

i.lu

lations carried out, and fovor mechanism (IIb) with an isoto cpe

effect close to uni

Whatever the mechanism of the thermal decarboxylstion of o-
aminobenzoic acids, the unususl isotope effect must Lall into one
of the following two c-tegories:
1) It mey be an apparent isotope effect arising SuL of ihe pre-
ferential orientation of deuterium in the deuterated molecule,

the hydrogen from this positio n attaciiing the L-carbon atom in the

Py

,‘\

decarboxylsetion. A normal isotope effect could still be involved

the actual hydrogen transfer,

(ii) It may be a r4/l inverse isotope effect arising out of the

energy changes involvy @d in the resction.

OJ

The possibility that deuterium ctoms nay be involved in

resctions proceeding at a greater rate than protium atoms in the
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corresponding positions is not excluded theoretically., Bigeleisen
(11) has shown that kp/ky mey exceed unity, but that for all other

elements the heavier isotope is theoretically predicted to re:sct

9

slower. If deuterium rescted faster than protium, this would mean

34 1
i

that the hydrosen isotopes are bonded more tightly in the transition .

sStete then in the ground state of the reaction.

o

The explanstion mey, however, lie in the stereochemistry of
the system. A pronounced fuctor which connot be overlooked in

o-aminobenzoic acids is intromoleculir hydrogen bonding, or chelation,

1

Hydrogen bonded forms have previously been sugzested in the mechanisms

Vestheimer and Jones (¢
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& cheleted intermedicte in the decarboxy!
cetoacetic acid. It hes been argued thot since nucleuf conifigura

Lions din 1%t and in the corresponding zwitterion are almost iden-

o

cicel, the latter may nevertheless be a likely contributor to

Y7

the hydrogen bonded form. King (45) extended this to the mechenism

by

for the i@c&raoxylatioa of melonic ccid., Brown (14) sugzested

thet the thermal decarboxylation of 2-pyridylacetic acid moy also
occur through a hyQ”O"Qn bonded form of the tjp illustrated in

(o1,

(xxvI)
Ny \CH2

in the neutral anthranilic ccid molecule two types of hydro-
o {os in XYVII)

gen bonds could concelvably exiszt




oL

‘and NH,..O bonds (as in XIXVIII). Nakamoto, Margoshes, and Rundle
(58) report that the spectral frequency shifts observed for bonds

of the first type exceed those for the second, and that hence

the first variety are probably stronger. Presumably hydrogen

bonding could also exist in the zwitterion (%s in XX ).
B | H .
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in partly deuterated og-aminobenzoic acids, the nydrogen bonds
would consist partly of protium bonds and partly of desuterium

bonds. Concerning the relative strength ol protium &nddeuterium
bonds, Ferguson (21} claims the deuuorxum bond is slightly st onver‘
than the protium bond, and zives the iollowzn” bond energies

from the liter:sture:

Dond TVpe Coméound ' Sond Emer?y (KCul /molﬁ
O=H...0 (Ci BCOuH)g, vapor . 7.65

0=D...0 (CHBCOOD)Z vavor , 7.95

F"’I‘..,F ' (HF)/’ VL«'OL ' 6.80

F-D,..F , (Df)é, vapor _ 6.65

Lewis and MacDonald (52) and Lewis and Schultze (53) escribed a
co-ordindte nature to hydrogen bonds, and from the 1ower volatility
of deuterium modifications of comvounds like H50 and NH4 {which

yvield associated licuids but unassocizted vapors) they inferred

that the deuterium bond must be stroncer than the protium bond.

Wilson (78) corroborated this conclusion from theoretical principles,
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and stated that such a co-ordinste bond would give its owﬁ incre-
menﬁ in the gzero-point energy of the molecule,kand Sincekthe res~.
toring force on electriczlly identical isdﬁopes must be the same
the zero~p01nt energy increment Por the bond would be smaller fof
the heavier isotope, the dissociation energy of that bond being

correspondingly greater. Haowthorne (37) assumed that as far as

hydrogen bonding in the transition stste was concerned, t he hy-
drogen 130uope ePIcCt would be smal , the deuterium bridge bein

the more stgble. He also suggested that the higher melting point

of deuterated piperidinium sclts might be due to greater strengthk
of'deuterium bonds in the crystal lattice. ’

In contrast to the above, Rundle and Perasol (67) concluded
thet the oxygen-hydrogen interaction was decreased on;substitution’
of deuterium for protium in the éhort and orobably symmétfic&l
hydrogen bonds in nickel dimethylglybxime, In the Robertson-
Ubbelohde effect, i.e. the "isotope effecti observed in crystels

when deuterium is substituted for protium it 1is typical to find

the bond lenzth of short hydrogen bonds to anre:se and of long

O-H bonds to COan"Ct under these COFdlﬁlOnu. xordman and,Lipscomb:
(59) stete that an increase in bond length is normslly associcted
with weaker bindingz, but admit that 2 variety of compensating effects

mey be operactive,

If deuterium bonds are stronger than protium bonds, this may

favor the deuterium in the hydrosen bond between the nitrogen

fa)

end the oxygen atoms. These "bridged" hydrozen atoms are nearest

to the L~carbon etom, and if they attacked it a larger amount of
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deuterium would“becOme attoched to 1t.
A novel sub -estion can be made which comblnes the views dlS~
cussed in & mechanism wit h a hybrid nature. The stereochemistry
of the system is such that it is not unrecsoncble to speculate
cbout a resction in which the hydrogen atom:that attacksktheQ;»CarbOQ'
atomyremains hydrogen bonded throughout the process, Mechanism k
(II&) would then lead to a transition state in which the attaékimg‘

'hydrogen is partly bonded to thed-carbon, partly bonded to the

nitrogen, and hydrogen bonded to the carbonyl oxygen as in ey
””chﬁnl sm (IIb) would have an =nalogous transition state, with par-
ial bonds to the hydrogen atom from the X -carbon and the oxygen

s

rd the ni;rogen this case (AAA ),

$v)

towe

the hydrogen bond bein:

09

In mechanism (I) the situation could be complicated further by

the existence of a bizu?cated hydrogen bond (58) to both'oxygens

of the carboxylate ion.

(x1%) | ean
he tronsition state in these sugsested mechanisms may aptly be

(=5

r"H

termed o "non-classicsl zwitterion". The observation that the
attocking hydrogen ntom in these mechanisms is bonded to at lesst

three other otoms in the

[}

trensition stete leuds to the lypothesi is
thst this méy be 2 case where the hydrogen atoms cre more tightly

bonded in the transition stote thon in the sround state

, and hence
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the inverse isotope effect may arise as a perfectly'natural con-

seguence.

CONCLUSIONS
(1) The method of introducing deuterium into organic molecules by
thern dec&rboxylotlon of a sxitabi deuterated zcid, which has

previously been developed in this labo“ﬂtory (19,75), has been

extended to the synthesis of pertly deuterated oeaeutefoanllﬂne

and o-deutero»;mmethvlwnlllne. The method is simple and the prd=
ducts are obtclned in good ylolds,

(2) If the thermal decarboxylation of anthranilic g01d cnd mmmethyw
lanthranilic acid proceed through the zwitterionic ?o”m then
f/this investigétion indicates éhat apparent hydro5eﬁ 1sotope elfects
(kD/kH),of 1.70 £ 0.10 and 1,59 t 0.04 respecplvely are involved.

(3) If the decarboxy 1otions proceed from the neutral acid molecules

the isotope exlec%s cannot‘be determined on the basis of this
inVestigation becouse they depend on the distribution of deuteriun
between the amino group and the carboxyl group, and also on the
origin of the hydrogen atom that disvloces the carboxyl gr oap;

(L) In the case of Hemethylanthranilic 9cid some eV1dence 1s
presented to suwﬁest that the dist rlbutlor of deuuerlum beticen
the emino group and the carboxyl group fzvors the latter to &

lor

n,

rge extent, and thet the amount of deuterium attached to the

carboxyl group is compardble in megnitude to the amount of deuterium

in the ortho position of the N-methylaniline obtained on decar-

-

boxvlation. This may indicate that it is the carboxyl hydrogen
. [ron }

that attocks theot-carbon atom in the decarboxylation, but at
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'the‘same time throws some doubt on the supposiﬁidn that,tbe,hydrogeﬁ
attack is the rate~controlling stepa.

(5) Intramolecular hydrogen bonding is suggested a ’a‘factdr,thatj 
micht possibly account for the results obtained, and a hypothetigal

 hvdroren-bonded traonsition state is envisaged for the reaction.

RECOMMENDATIONS FOR FUTURSE INVESTIGATIONS

The distribution of deuterium in deuterated anturanilic scid
and deuterated N~methylanthranilic’acid should be established.
The sign of Hammet*s rho forkthé decarbde ation of g«amiﬁobénzoic
acids (indicating Whether an;incréase in{the electron deﬁsiﬁy at
- the «-carbon atom will aid or hinder the resetion) should be de-
termined by obsérving the decarbcxyl&tion'ratég oi several properly
substituted o-aminobenzoic acids. This should prove conclusively
whether the attack of a proton is the rate controlling step. The
deuterium isotope effect should be determined for the decarboxYlam
tion of p-aminobenzoic acid, since this would show whether in-
tramolecular hydrogen bonding is involved.lnvestizations into
the relative strengths of deuterium and protium bonds in chelated
systems might also be helpful in the complete elucidation of'thié

deecorboxylation mechanism.
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PART III

APPENDIX OF INFRARED ABSORPTION SPEICTRA
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