"In presenting the dissertation as a partial fulfillment of the
requirements for an advanced degree from the Gecrgia Institute of Tech-
nology, 1 agree that the Library of the Institution shall make 1t
avallable for inspection and circulation in accordance with its regue-
lations governing materials of this type. 1 agree that permission to
copy from, or to publish from, this dissertation may be granted by the
professor under whose direction it was written;, cor, in his absence,
by the Dean of the Graduate Division when such copying or publication
is solely for scholarly purposes and does not involve potential fi-
nancial gain. It is understood that any copying from, or publication
of , this dissertation which invoives potential financial gain will
not be allowed without written permission.”




THE KINETICS AND MECHANISM OF IODINATION
OF PHENOL, p-NITROPHENOL, ANISOLE

AND THEIR DEUTERATED DERIVATIVES

A THESIS

Presented to

the Faculty of the Graduate Division

by

Nazar Simon Aprahamian

In Partial Fulfillment
of the Requirements for the Degree
Doctor of Philosophy in the School

of Chemistry

Georgia Institute of Technology
October, 1960



THE KINETICS AND MECHANISM OF ICDINATION
OF PHENOL, p-NIIROPHENOL, ANISOIE

AND THEIR DEUTERATED DERIVATIVES

Approved:
{o At /q:n -
o
p—= VA i - e — Y
A
n - A
C I ! /O/

Date Apprcved by Chairman

Oltr 1), 1940




ii

ACKNOWLEDGEMENTS

The author would like to express his appreciation and gratitude
to Dr. Erling Grovenstein Jr., who suggested the problem and encouraged
him with steady interest and council. The author also would like to
acknowledge his appreciation to Dr. Wm. M. Spicer for making Graduate
Assistantships possible for three quarters, and for aid in getting the
thesis reproduced. His appreciation goes also to Dr. Jack Hine and
Dr. J. R. Cox for serving on the reading committee.

The author would like to extend his appreciation to Dr. Erling
Grovenstein, Jr. for choosing him the recipient of a fellowship under

a National Sience Foundation grant for three years.



iii

TABLE OF CONTENTS

Page
ACKNOWLEDGEMENTS oo o v 5 » 6 600600600000008000080000050080000000000G50 ii
LIST OF TABLES . :.cucooecoccscsssssoncssvosscasosnascaocassosnnsos v
SUMMARY ¢ 0 e 0coocvoo0voavooaaccosoosnsaosaoocconseosoonsvoscnessonnas X1V
CHAPTER
I. INTRODUCTION. . oo« Geo Boaoooobo0c00cBe0c6B0sass0 b0 0 1

II. SURVEY OF RELATED WORK::coeooovcooosusosccsasa eecoso T
Todination of Phenol and Related CompoundS:.cecossss
Survey of the Mechanism of Related

Halogenating AgentScccocccovosscosossocaosoass L7
Survey of the Mechanism of Other Halogenation

ReactionNSecoossvooacoscoossoscoossonnsosnocancnas 23
Kinetics of Hydrogen Isctope Exchange Reactions.... 35
Deuterium Isotope Effects in Electrophilic

Aromatic SubstitutioN..ceesocsvosossossscvcaas 38

IIT. SOURCE; PREPARATION, AND PURIFICATION OF
MA'ERIAISOOD00&0000OOGOD0000000000.000‘000.0“0.0000 )+5

IV. EXPERIMENTAL TECHNIQUES FOR KINETIC
mASUmmNTSODOUOOQODDHDDODO00.000'0.090.0000000003 56

V. KINETIC MEASUREMENTS IN AQUEOUS PERCHLORIC
ACID AND SODIUM PERCHLORATE SOLUTION.:csccocoesocsas DL
Kinetic Reactions of 4eNitrophenol...ccccsceocsascs 63
Kinetic Reactions of h=Nitrophenol~2,6wd2°,n..aoo.. 70
Kinetic Reactions of Anisol€accvessescoscsccccccasoocs 127
Kinetic Reactions of Anisole=2,4,6-4. ...cc0000e00es 131
Experiments in the Presence of Silve% Perchlorate.. 135
Kinetic Reactions of Phenol..coscocooescesscscceneoss L[2
Kinetic Reactions of Phenol-2,1+,6-d3““o.u“.a.“. 174

VI. THE MECHANISM OF IODINATION OF p=-NITROPHENOL.:oooso 192
VII. THE MECHANISM OF IODINATION OF ANISOLE.:.oscveecosco 221
VIII. THE MECHANISM OF IODINATION OF FHENOL..oscosvooosso 24l

IXo CONCLUSIONSoaoooooonoaooooooooounnooouaoauoooonﬂooo 25h



X.
APPENDICES

A'

BC

C.

SUGHEESTIUNS FOR FUTURE EXPERIMENTAL WORK.evseeooss

The Determination of the Equilibrium Constant

for the Reaction, I, + I';:élg..,,,,

¢ 90900000

Sample Calculation of Integrated Rate Constants....

Correction of Iodine Tied up as Tl618°°'°°°'°’°“°°'

BIBLIOGRAPHY..-..(;-Oaootnnuoovo'tenoootattoooonoo-ooooootovu.n

VITA.'....O'

*oe e e s et e

9 0P 0P 0000 PEIGERPARGLINCELORD

Page

257

260

283
287

255

iv



Table

10.

11.

la.

13.

14,

LIST OF TABLES

Iodination of Bletrophenol in 0.009820 M Perchloric
acid at 50.0°.. ecoscn

©Ce o000 POGOGCESEOSEDATDO

Run 32-V=-1, p-Nitrophenol in 25.00 x 10”4 M Sodium

Run

Run

Run

Run

Run

Run

Run

Run

Run

Run

Run

Run

Run

Iodide SolutioNe...

6020880000060 460080Y e
v

@00 e 0cas o

30=V=-1, p-Nitrophenol in 25.00 x 10“4 M Sodium

Iodidé Solutiones..

G 600066090000 6880000e

© e 0088900 a

S54haVal, Bantrophenol in 65.00 x 10-4 M Sodium

Todide Solution....

ss o0 e0 s 0aco0an Thoac e

56-V-1, p-Nitrophenol in 125.00 x 10-% M Sodium

Iodide Solution....

© 080000 EDD SIS PO EDO

ec 000 e 8o

52.V-1, p-Nitrophenol in 12.00 x 10™* M Sodium

Todide Solution....

e o e0 068 200 @B 8860000

v eanoeca

53-V-1, p-Nitrophenol in 12.00 x 10“” M Sodium

Todide Solution....

aooon..o.o.ooocooob

6ceoc0en0 e

43-v-1, p-Nitrophenol in 5:.00 x 10=-4 M Sodium

Todide Solution. vee

060 0ceceobeo00e00

200 e 000 Q0@

55-V-1, p-Nitrophenol in 5.000 x 10-% M Sodium

Iodide Solution....

€ 0pPp0DeoDE0EBODOGS GGG OO

51-V-1, p-Nitrophenol in 2.500 x 10=% M Sodium

Todide Solution....

0000 eocbeeansce s e

@000 08600

36-V-1, p-Nitrophenol in 1.000 x 10=% M Sodium

Todide Solution....

4 0060ce00eE0cessOsECeD

e 00080060

37-V-1, p-Nitrophenol in 1.000 x 10~% M Sodium

Iodide Solution....

@ 0090 ®0S0EEO0OO0SRED NGO S

ova000 00

42-V-1, p-Nitrophenol in 1,000 x 10=% M Sodium

Todide Scluticon....

© 60 ®0008CGGA0000SAGOD

«® 000000

46-V-1, p-Nitrophenol in 1,000 x 10~* M Sodium

Iodide Solution.sce.

99 000 H0DPDOCERSEE 0D

oo ecescee

48=V-1, p-Nitrophenol in 0.500 x 10~* M Sodium

Iodide Solutionas..

200 0&& 3000090000 e0000CO>D

e0ee00 o

Page

5

>

76

7

78

79

80

81

82

83

8L

85

86

87

88



Table

15.

16.

17.

18.

19.

20.

21,

22,

23,

2L,

25.

26.

27.

28.

vi

Page

Run 80-V-1, p-Nitrophenol in 0.500 x 1074 M Sodtum

Iodlde Solutlon cossoanooo sovesossceancanos . 89
Run 81-V-1, p-Nitrophenol in 0.250 x 107 M Sodium

Todide SOTULiON:.eewonceen cevene Ceeieeeaena 90
Run 82-V-1, Efﬂltrophenol in 0.100 x 10 -4 M Sodium

Iodlde Solution..escosovsnscoos ceocsconsovosa 91
Run :108-V~1, p-Nitrophenol in 0.100 x 10 - M Sodium

Jodide Solution.ceocoossoscoonsscsaosoocssssaas 92
Run L49-Vv-2, gletrophenol in O, OSO M Thallium Perchlo-

rate SolutLon B ceaes 93
Run 56-V-2, EuNltrophenol in O. OSO M Thallium Perchlo-

rate SoLution....... 2 cscoanooancacneaese s ok
Run 58-V-2, p-Nitrophenol in 0.050 M Thallium Perchlo-

rate SolublonOUUO.,eo,,,neennne,, oooooooooo . 95
Run 55-V-2, p-Nitrophenol in 0.050 M Thallium Perchlo-

rate Solution..... o vosoecsoscnecsesan ceesonn 96
Run 138-v-1, p~Nitrophenol in 0,050 M. Thallium Perchlo~-

rate SOLUtiONcssoeoccrassosssssasosononsass . o1
Todination of p-Nitrophenol in 0.003273 M Perchloric
Acid Solution
Run 87-V-1, p- Nltrophenol in 25 00 x 10 - M Sodium

Iodlde Solution. . caeens coese cosnno 98
Run 85-V-1, p-Nitrophenol in 5.000 x 107 M Sodium

TIodide Solutionceesoesvcocooocoans enoaso avavaso 99
Run 8L4-V-1, p-Nitrophenol in 2.500 x 10 - M Sodium

Iodlde Solubion.ccosevesosososoonnss seosona . 100
Run 88-V-1, p-Nitrophenol in 1.000 x lO_u M Sodium

Iodide Solution.ceecocoscaanosancs seacsoasnse 101
Run 89-V-1;, p-Nitrophenol im 0.500 x lOmh M Sodium

Todide Solution.csvscoevooonoaoa soevenavaons 102

Todination of p-Nitrophenol in 0.00109 M Perchloric
Acid Solution



Table

29.

30.

31.

32,

33.

3L,

35

36.

37

36.

39.

Lo.

L1,

L2,

Run 97-V-1, p-Nitrophenoi in

Todide Solution...eeveo.o.

-L
8.000 x 10~ M Sodium

Run 9k-v-1, p- Nltrophenol in 6.000 x 107 M Sodium
Iodide Solution. 6o e a oo e 000 as e asonessaas s
Run 92-V-1, p-Nitrophenol in 4.000 x 10”4 M Sodium
Todide SolutioN.esvoeocsocosooasse v oesoscanounaan
Run 98-V-1, p-Nitrophenol in 3.000 x lo'LL M Sodium
Todide Solution..ceesescseon o vosoovcetancosna a0
Run 95-V=1, p=Nitrophenol in 2.000 x’ 10 M Sodium
Todide Solution..csoe.. secnan coesccocosanos s
Run 91-V-1, p-Nitrophenol in 2.000 x lomh M Sodium
Iodide Solubtiof.seococonao 600 0c0o00encosnoanos oo .
: . , -l ,
Run 96-V~1, p-Nitrophenol in 1.000 x 10 = M Sodium
Jodide SolutioNessocovooo cocnssscaane coscseanoa
Run 90-V-1, p~Nitrophenol in 1.000 x 107 M Sodium
Iodide Sol.ution\‘-unboubﬂuuoo uuuuuuuuu 60 00 006 00400200

Iodination of p-Nitrophenol in 0.04910 M Perchloric

Acid Solution

Run 61-V-2, p-Nitrophenol in
Iodlde Solution.csaoooons

Run 60-V-2, EmNitrophenol in
Iodlde Solution. oo

1.000 x 10" ~h M Sodium

ooooooooooooooooooooooooooo

0.500 x lO M Sodium

Run 131-V-1, Iodiration of p-Nitrophenol (0. 0025664_)

in O. 009850 M Perchloric
Sodium Iodide Solution..

Acid and 1.000 x 10

Run 130-V-1, Todination of p-Nitrophenol (0. OOO769E M)

in 0.009820 M Perchloric
Sodium Todide Solution.

Run 103~V-1; &4-Nitrophenol-2Z,
Sodium Jodide Solution..

Run 102-V.-1, L. NltrophenolLE
Sodium Iodide Solution.

Acid and 1.000 x 10~

ce 000000 B0

,6- d2 in 65 00 x 10~ M

[ d, in 25.00 x JO "M

vii

Page
103
10k
105
106
107
108
109

110

111

112
113
114
115

116



Table

L3,

L,

45,

L7,

L8.

L9,

50,

51.

52.

°3.

5k,

25

56,

57

Run 104-V-1, thitrophenol~2,6md2 in 25.00 x 10

Run 132-V-1, 4~Nitrophenol-2,6- -d, in 5.000 x 10

Run 136-V-1, meitrophenolma,émd2 in 5.000 x 10~

-4
Sodium Jodide Solutiofeoccevovossosscvovnannsas

Sodium JTodide SolutionN...so.s. esovacansacace

Sodium Iodide Solutiofecscesocvacooves ces s oae

Run 110-V-1, h-Nitrophenol-2,6-d, in 1.000 x 107 M
Sodium Iodide SolutioNecocevsacoas s ossoc o oo

Run 109-V-1, L-Nitrophenol- _,6 d2 in 0.500 x 10 M
Sodium Iodide Solution. couwoccuooas o csooans

Run 105-V-1, L-Nitrophenol-Z, 6-d2 in O, 5oo x 10~

Sodium Todide SolutionN:.cccoscos o rvwoveoauo e

o

Run 107-V-1, thitrophenolm2j6md2 in 0.250 x 10

¢ a0

Sodium Iodade Solution...... wneovuvoooeuao eoa

Run 106-V-1, L-Nitrophenol-2,6- -4, in 0.100 x 10

Run 57-V=2, h-Nitrophenol-2,6- -4, in 0.050 M Thallium

Perchlorate Solutionecocoosasss sooecoesa e

Run 139-V-1, l‘rwNi‘trophenolw?,yfimdD in 0.050 M Thallium

Perchlorate Solutionescss evasocnbossecuacsonas e

Iodination of Anisole in 0.009783 M Perchloric Acid at

Run 6-V-3, Anisole (0.004001 M) in 0.500 x 1o’h

Sodium Todide Solution....oeeoececscsesocsaocae

Run 7-V-3, Anisole (0.002995 M) in O. 5oo x 10 -k

Sodium Iodide Solution..essoeee soesacssan e o

Run 4-V-3, Anisole (0.001997 M) in O. 5oo X 1o

Sodium Indide SolutioN:.cscicescvsvoosososvoooss

Run 5-V~3, Anisole (O 0009978 M) in 0.500 x 10
Sodium Iodide 801ut10n uuuuuuuuu cass oo

Run 8-V-3, Anisole (0.0004996 M} in 0.500 x 10~
Sodium Todide Solution....veenvsvsoonscoana

Sodium Iodide Solutlon 000000 s o esocoocc b a0 .

M

M

o

viii

Page

117

118

119

120

121

122

123

12k

125

126

136

137

138

139

140



Table

58. Run 116-V-3, Anisole in 10,00 x 10 M Sodium

Jodide

59. Run 115-V2,

60. Run
61. Run
62. Run
63. Run
64.  Run
65 . Run

Iodide

11-V-3,
Todide

12-V-3,
Iodide

15-V=3,
Todide

14-v-3,
Jodide

16-V-3,
Iodide

85-V-2,
Todide

Solution.

Anisole in 5.000 x 107 M Sodium

Solutionescvoocosso covaaon oo avevo oo

Anisole in 5.000 x 107" M Sodium

Solution.csossvasocacecacoaccos 6oasos

Anisole in 3.000 x 10~ M Sodium

Solution.cevavovavovvosovoaononsosoocana

Aniseole in 1.000 x lO ' M.Sodium

Solution..oeoacscans oo ooevocoa0voao

Anisole in 0,250 x 107" M Sodium

Solution.. coscacon o booasseccanaan

Aniscole in C.175 % lO M Sodium

Sclution..escvsococoas oo 1o nsvouiooooa
Anisocle in 0.1000 x 10 ~ M Sodium
Solution.ecoooevas aeaoccoo beoscocuvno o

L 06 wvoOoDOeeLYOUCY Ao LOR UG

66. Run 13-V=3, Anisole in 0,1000 x lOmh'M Sodium

Jodide Solution..

67 Run 17-V-3, Anisole

Solution..ceoooao

68. Run 49-V-3, Anisole i
Solution.ceoeonse

69. Run 39-V-3, Anisole

Solution.esos.

70, Run 50<V=3, Anisole

Solutioneseosoo

71. Run 53-V-3, Aniscle

a4 0000063000000 O0 @9 w oo oo o0

in 050 M Thallium Perchlorate

ooooo 2000300090000 UWO0O00GD QLU

in 0.2000 M Thallium Perchlorate

90000800000 DVO0DVIOYOVYOHVOGAETE

in 0.5149 M Thallium Perchlorate

in 0.5149 M Thallium Perchlorate

SolutionNesesavossscoocssavssscasoaossossana
- . . . .
T72. Run L6-V-3, Anisole in 070100 x 10 = M Sodium
Todide Solution..vesocosae 6ec0dtoscosdoasana

73.  Run 37-V-3, Anisole-2,L,6-d, in 5.000 x 1077 M
Sodium Iodide Solutiony.ccovacsosossoncasos

ix

Page

1h1

142

143

1hk

145

146

1h7

148

1k9

150

151

152

153

154

155

156



Table

7h.

.

76.

L

8.

80.

81.

83.

8L,

85.

86.

87.

88.

Run

Run

Run

Run

Run

Run

Run

Run

Run

Run

Run

Run

Run

Run

Run

38-V-3, Anisolew2h;6-d3 in 3.000 x 10‘“21L M Sodium
Todide Solution.swesoscosvvesooosoooosonsasas oao

i
29-V-3, Anisole-2,,6-d, in 1.000 x 10 " M Sodium
Jodide SolutioN.coececsTovsooovosaocosanssososss

27-V=3, Anisole-2,k4,6- ~dgy in 0.500 x 10 -t M Sodium
Todide Solutlonnaagoaaou cososcccsosos o s asn

30-V-3, Anisole-2,k,6- d in O. 250 x 10 - M Sodium
Todide Solutione.veeesTosocses cuuocoesacasesnosa

31-V-3, Anisole-2k,6-d in 0.1750 x 107 M Sodium
Jodide Solution.scsooeTocorosonos soeooosasooccoa oo

32-V-3, Amisole-a,u,6-d3 in 0.1000 x 10'” M Sodium
Jodide SolutioN..eseceeTsocvoesccsocaconoana coo e

48-V-3, Anisole-2,4,6-d_ in 0.1000 x 1o'h M Sodium
Jodide Solution....-. uga.a,,ooaunan,o;nocnov,oo

41-V-3, Anisole-2,k,6-d, in 0.050 M Thallium Perchlo-
rate Solution..ceoses 2P e oo sscenvocceooncosonnns

L0-v-3, Anisole-2,4,6-d, in 0.200 M Thallium Perchlo-
rate SolutionnnoaUﬂ30030.Dnﬂooooononnoailunnl.uﬂ

51-V=-3, Anisole-2,4,6-d, in 0.5149 M Thallium Perchlo-

rate Solution..ccesecoTesssooocasoa somsoansae

54-v-3, Anisole-2,k, 5-d, in 0.5149 M Thallium Perchlo-

rate Solution..cevevooTovicanons coonos seoeoesan

47-v-3, Anisole-e,u,6-d3 in 0.0100 x 1o“h M Sodium

Todide Solution.sescoeToscovooons 6o eovs ce oo o e

42-v-3, Anisole in 2.000 x 1o'u M Silver Perchlorate
Solutioneccooo 00000800000 wanuao eneaoacosaan oo o

43-V-3, Anisole in 2.000 x 107 M Silver Perchlorate
Solution..... T B

Lh-v-3, Anisole in 2.000 x 10 ' M Silver Perchlorate
Solution..... sevousoascoossesnos svesas cuvooeaas

Page

157

158

159

160

161

162

163

16k

165

166

167

168

169

170

171



Table

89.

90.

9l.

92.

93.

gk,

95.

%6 .

oT.

98.

99.

100.

101.

102.

103,

Solution

Run 60-V-~3, Phenol in 5.000 x JLo"lL
Solution.veovevoovosn cuvooo

Run 62-V-3, Phenol in 0.500 x 10

Solution....

ooooooooooooo

Run 63-V-3, Phenol in 0.250 x 10

Solution..oovovecoovooos .

Run 61-V-3, Phenol in 0,100 x 10

Solution...o... veooeaosaa

Run T72-V-3, Phenol in 0.020 x 10

Solutioneeec.ooos aooccsacs

" Iodination of Phenol in 0.01740 M Perchloric Acid

M Sodium Iodide

OO0 00DO LGSO OD06CO0CS GOS0

-t M Sodium Iodide
-4 . .
M Sodium Iodide

b M Sodium Iodide

b M Sodium Iodide

Run 74-V-3, Phenol in 0.050 M Thallium Perchlorate

Solution. ...

G n 0060600600 0

Run 64-V-3, Phenol-2,L4,6-d, in
Sodium Iodide Solutloéoau

Run 65-V-3, Phenol-2,k4,6~d_ in
Sodium Iodide Solutloéua,

5,000 x 10~ M

5.000 x 107 M

Run 66-V-3, Phenol-24,6-d_ in 0.500 x 10~ M

Sodium Iodide Solutlén o

Run 68-V-3, Phenol-2,4,6-d. in
Sodium Iodide Solutloé

Run 67-V-3, Phenol~2,4,6-d_ in
Sodium Todide SOlUthé

Run 73-V-3, Phenol-2,4,6-d_ in
Sodium Iodide Solutloéno.

Run 75-V=3, Phenol=-2,l+,6-d3 in

Perchlorate Solution.s....

Run T70-V-3, Phenol in 5.000 x 10
Solution..ecescooe coosouoo

Run 71 V-3, Phenol-2,4,6~d. in
Sodium Todide Solutloé :

0.250 x 100 M

660 0Ca0000906Qs 060000

0.100 x 10" M

- M Sodlum Iodide

5.000 x 10 - M

xi

Page

LT

178

179

180

181

182

183

184

185

186

187

188

189

190

191



Table

104,

105,

106,

107.

108.

109.

110,

111.
112.

113.

11k,

115.

116.

117.

118.

xii

Page

Effect of Iodide Ion Concentration on the Rate of

Iodination of p=Nitrophenol.csececccaicocsnssanons 193
Effect of Iodide Ion Concentration on the Rate of

Iodination of L-Nitrophenole2,6«ds.cciocccoscasees 194
Effect of Bydrogen Ion Concentration on the Rate of

Todination of p-Nitrophenol.c.eceescsacsoscancconne 195
Effect of Iodide Ion Concentration on the Magnitude

of Deuterium Isotope Effectocoscescscoscosaassassoe 212
Evaluation of the Magnitude of kc_l/k:&le)+ for the

Iodination of p=Nitrophenol.o..Tevesecosccssooooos 216
Mathematical Evaluation of the Mechanism of Iodina=-

tion of E-Nitrophenol,..........,.............,.., 217
Variation of B in Run 108=V-l, Table 18...c0veceasosecs 220
Effect of Iodide Ion Concentration on the Rate of

Iodination of Anisole.euieevsessacooseacossescansan 202
Effect of Iodide Ion Concentration on the Rate of

Iodination of AnisolewE,h,6—d3o................,.. 223
Effect of Iodide Ion Concentration on the Magnitude

of Deuterium Isotope Effect in the Iodination

Of ANisOle.ceos -ecessscoscssnsnsosnssssssssassssscas 233
Evaluation of the Magnitude of k_l/k3kl for the Iodina=~

tion of Anisole at 50.00....iccievtcnccncrsoainanes 237
Mathematical EQaluation of the Mechanism of Iodina-

tion Of ANisOle.is.evecscvssoscassssocsasnssasososcsns 240
Effect of Iodide Ion Concentration on the Rate of

Jodination 0f PhenOl.icessscessressconscssoccrsannos 242
Effect of Icdide Ion Concentration on the Rate of

Iodination of Phenol=2,4,6ad3......o.....,........ 248

Effect of Iodide Ion Concentration on the Magnitude
of Deuterium Isotope Effect in the Iodination
of Phenol...'0000000000.000000000000‘D'.IOOGG....' 249



xiii

Table Page

119. Mathematical Evaluation of the Mechanism of Iodination
Of Phenolﬂﬁﬂ.!uD.OOO'QQDO00600.0UDDOOQOOQOOBOQODOOD 252

120. Effect of the Magnitude of kml/k k1K) for the Iodination

of Phenol in 0.017h0|g Perchloric Acid at 25.0°.... 253
121n EXtinCtiO'ﬂ COEffiCientS Of 12 and Igoonooomvoaoooo-'aoc- 269
122, Equilibrium Constant of I, + I" &= I§...o.o...,,.,¢..,,. 270
123. Equilibrium Constant of I, +IT= I§,.oo,,.u,°o,....¢.n 271
12k, Graphical Determination of Iodine-Triiodide Equilibrium

Constant at 50°, i = 0.3000.uscusscscscosssoscsonse 276
125. Graphical Determination of Iodine-Triiodide Equilibrium

Constant at 250 ,}lz OoBOoo-oooo-o-ooooonoo-oo-ooo 277
126, Graphical Determination of Iodine-Triiodide Equilibrium

Constant at 250,)].: 003000n.o..6006000000no..ﬂ"o. 278
127, Effect of Iodine-Triiodide Equilibrium Constant on k'... 279

128. Correction for Icdine Tied up as Tlglg in the Reaction
6TlI+ 12—_)T1.6I8|:ooooooooo-ooo.ootooooeoooonne-oooooo 285



Xiv

SUMMARY

The kinetics of iodination of p-nitrophenol, anisole, phenol, and
their deuterated derivatives were studied at different iodide, iodine,
and hydrogen ion concentrations but at constant ionic strength and tem-
perature in order to add to the general fund of information regardipg
the nature of the electrophile, reacting species and the presence of in=~
termediates, if any. Specifically, the study was directed toward the
elucidation of the mechanism of iodination, since it was feltAthat such
an investigation would probably throw light on the general mechanism of
iodination of aromatic compounds and broaden the knowledge of electro-
philic aromatic substitutions.

It was demonstrated that at constant hydrogen ion and iodide ion
concentrations the rate of the reaction of iodine with p-nitrophenol is
first order in stolchiometric iodine and first order in substirate. The
kinetics of the reaction were next studled at constant hydrogen ion and
substrate concentrations but at different iodide ion concentrations. The
ionic strength of the reaction mixture was maintained at 0.300 and the
temperature at 50.0°., The reaction was run in 50 ml. or 100 ml. red, low=
actinic flasks and the rate was measured by stopping the reaction with a
saturated solution of sodium iodide at measured time intervals. The con-
centration of unreacted. iodine was determined by titration with standard

sodium thiosulfate solution to the starch-iodine end point.
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in which 12 refers to the actual concentration of icdine and (12) re-

*
fers to the stoichiometric concentration of lodine. The values of k- were
calculated for each run &t zero per cent reaction. Similarly the rate

¥
constant k

k (12)[_1“]2 K

ki 8P
) |

which should remain constant according to Berliner's mechanism of lodi-

nation,was calculated for each run at different iodide ion concentrations.
The rate of lodination of p-nitrophenol was found to be inveréely

dependent on the iodide ion concentration raised to & non-integral and

variable power somewhere between zero and two. The reaction showed also

an inverse hydrogen ion dependence, at least at low hydrogen ion cone

centration. The data are consistent with a mechanism in which molecu-.

lar iodine:reacts eith p-nitrophenoxide ion in a reversible step to

yield an intermediate having a cyclohexadienone structure (ArHOI) followed

by the abstraction of a protone by a Bronsted base such as the solvent.

ATHOH ———— ArHOT 4+ H
- -
ATHO + 12 ("‘“t;:—9 ATHOI + I

CATHOH + I, ———> AYHOI + I+ H'

ArHOT ——————— product

Such a mechanism demands that a plot of l/k? [Hﬂ'versus [;f]at varying
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hydrogen ion concentrations, give a straight line. The experimental re-
sults were in agreement with the postulated mechanism since a straight
line was obtained with an intercept at zero iocdide ion concentration of
500 sec~l and a slope of 2059 x lOLL lu/mole sec. Furthermore, such a
mechanism demands the presence of a maximum deuterium isotope effect at
high iodide ion concentrat}ons which diminishes with decreasing iodide
lon concentration. As prédicted by the mechanism proposed, the isotope
effect was observed to attain a maximum of 5.2 at high iodide ion con-
centration and to drop to 2 at very low iodide ion concentration.

Other mechanisms, such as Berliner's mechanism and its modifica-
tions were considered. AFcording to Berliner, the reaction proceeds via
hypoiodous acidium lon (H201+) or (It) and substrate in a slow step fol-
lowed by fast proton abstraction.

+, -
I, + B0 ——= HOI +1I

H0IT + Ar0= — products.

Such a mechanism was discarded since the values of k' diminished with de-
creasing ilodide ion concentration, which fact is contrary to the require=-
ments of this mechanism.
The possibility of iodination by both I, and HQOI+ was also con-
sidered. However, due to the fact that the plot of k¥ versus l/[i{]
did not give a straight line, this "mixed" mechanism was also disproven.
Todination at extremely low but constant iodide lon concentration

was studied by the use of thallium perchlorate, which acts as iodide ion
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regulator by precipitating iodide ion formed throughout the reaction as
T1lI. Such an experiment was thought to be useful since it allows the

measurement of deuterium isotope effect kII /k( at very low io-

(app) app)

dide ion concentration.

The iodination of anisole and its deuterated derivative was stu-
died under the same conditions as for Pp-nitrophenol. The experimental
results were analogous to the one found in the case of p-nitrophenol,
except that no hydrogen ion dependence was expected or found since in
the case of anisole no ionization is possible. A plot of 1/k* versus

[I{] gave a straight line with intercept at zero iodide ion concen=
tration of 30 1./mole sec. and slope of 296 x 10)+ sec,-l,

The maximum deuterium isotope effect observed in this case was
3.2, remaining essentially constant except at extremely low iodide ion
concentrations, where it dropped to approximately l.3. Such a medium
with low iodide ion concentration was achieved by the use of high thal-
lium perchlorate concentration (0.5 M).

It was therefore concluded that the iodination of anisole pro-
ceeds via molecular iodine in a reversible step to yield an intermedi-
ate with structure of p-quinoid type which then loses a proton, gener-
ally in a slow step.

The possibility of iodination via Berliner's mechanism, i.e.,
H201+ or IV being the iodinating species was disproven on the grounds
of the inconstancy of the values of k'. The "mixed" mechanism was also
disproven since a plot of k¥ versus l/ [Iﬂ was not linear.

The iodination of phenol was studied at 25.0° at an ionic
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strength 0.300. The acidity of all the runs except those with thal-
lium perchlorate was maintained at 0.0Ll7h4 Mu In this case a first or-
der dependence of rate on both the iodine and phenol concentration was
assumed on the basis of previous work. When the reaction was studied
at varying iodide ion concentrations, the values of k' remained essen-
tially constant. The magnitude of deuterium isotope effect remained
essentially constant at 6.6 at several iodide ion concentrations. Due
to the rapid rate of the reaction, it was not possible to study the re=-
action at very low iodide ion concentrations. Therefore, it is not
possible to exclude, on the basis of the present experiments, any of

the possible mechanisms mentioned previously.



CHAPITR X

IMIRCOUCTION

Electrophilic aromatic substitution invalves the attack of a
Iewis acld on an arsmatic molecules to replace, most commonly, a hydro-
gen atom; however, if a compound is sultably activated, groups other
than hydrogen may e dispisced. Thus in the reaction of dibromohy-

, . s : ) . ¢ 5 . N
droxybenzoic acid with bromine in agueous acetic acid™;, carbon dioxide

is eliminated acd tritromcphenol is formed.
Ar3r,(0H){CO0H; + Br, ———— Ar2r (OH) + CO, + HEr

Substituticons 1nvolving hydrogen displacement could conceivably
rroceed by a one step termeoiecular mechanism which involves an acti-
vated complex such &s (¥ew-Arf~-~B) wherein X is the attacking elec~
trophile, Ari is the sukstrate and B 1s a base. Such a mechanism hasg
ween discarded? and yet it has not bee disproven3a The second, a gen-
erally more acceptable mechanism, is the two stage process which in-
vclves the attack of the electrophile on the aromatic nucleus in the

Tirst step followed by the removal of hydrogen in the subsequent step.

(1) E. Grovenstein, Jr., and U. V. Henderson, Jr., J. Am. Chem.

Soc., 78, 569 (1956}.

{21 c. K. Ingold, Structure and Mechanism in Organic Chemistry,
Ithaca, N. 3

Y., Correll University Press, 1953, p. =C7-212,

”

{3} . S. Hammond, J. Am. Chem. Soc., 77, 334 (1955).



In such a process, the rate determining step can be either the attack of
the electrophile, or the removal of the proton. In a few cases, how=-
ever, the rate determining step may be the formation of the attacking

species. An example of the latter type is the chlorination of phenol

in a mixture of hypochlorous and perchloric acid solution78.
HOC1 + H df H OCf- H.0
—_—_—S F
R S — R
C‘+ slow +
—_—
HQO 1 Cl + HQO

An example of a reaction involving a slow attack by the Lewis
acid on the aromatic nucleus, followed by a fast loss of a proton, is

the bromination of 2,6-dibromophenoll.

Br Br

slow i 0
0H 4 Br
2 Br
Br Br
r Br
B fast -
0 B — Br OH
Br \\ //
Br r

For reactions in which the C-H bond is broken in the slow step,
it is expected that a C-D or a C-T bond will be broken at a slower rate
than a C-H bond, although the difference in rate may be small. The ma-
Jor factor which contributes to the generally lower reactivity of bonds
to deuterium or tritium is the difference in zero-point energy between a

bond to deuterium or tritium and the corresponding bond to a protium.



The mqgnitude of the isotope effect is temperature dependent.
In many cases the observed effect is less than that calculated. The ex-
tent of bond breaking and bond making in the transition state deter-
mines the magnitude of the isotope effect. A maximum isotope effect
corresponds to practically no bonding between the hydrogen or deuterium
in the activated complex. On the other hand, the opposite is true for
a minimum or for no isotope effect. A complete discussion of the the=-
ory of the isotope effect is given by Melanderl*’5’6’7°

It has been argued quite recently3 that the absence of an iso-
tope effect in a substitution reaction does not necessarily exclude the
possibility of a slow, rate determining proton removal. Conceivably in
such cases the 1lsotope effect may merely be too small to be detectable.

In halogenation of aromatic compounds, a considerable confusion
exists as to whether substitution takes place through a preformed halo-
gen cation ( X+ or H20X+ ) or whether halogen is always conveyed to the
aromatic nucleus by a carrier such as, for iodination, I,, CH3COOI or
even more complex agents. Unfortunately the kinetic distinction between
some of these iodinating agents is rather difficult. Painter and Soper8

concluded that the species which iodinates phenol in aqueous medium

(4) L. Melander, Arkiv Kemi., 7, 287 (1954).

(5) L. Melander, Acta. Chem. Scand., 3, 95 (1949).

(6) L. Melander, Arkiv. Kemi., 2, 211 (1950).

(7) L. Melander, Nature., 163, 599 (1949).

(8) B. S. Painter and F. G. Soper, J. Chem. Soc., 342 (19L47).



is the hypoiodous acidium ion, Similarly, Berliner? concluded that
the hypoidous acidium ion or iodine cation is the active lodinating
agent for aniline.

10 upon studying the iodination of amino-

Shilov and co-workers
sulfonic acids in aqueous medjum, concluded that the jodinating species
is a molecular complex such a ( ~SO ;ArnNR2n1+ )e Ingold!! has stated
that there is no evidence as yet that any iodine carrier other than the
cationic species is effective for aromatic jodination in aqueous
solutions. He has further stated that the mode of attack of electro-
philic halogenating agents on the benzene ring is probably similar to
that of nitrating agents, which leads one to believe that the loss of
the aromatic proton is kinetically insignificant12o

Molecular iodine has been found to be effective lodinating
species in a few aromatic molecules. Kuivila and Willians'3 concluded
that the iodinolysis of p-methoxybenzeneboronic acid in aqueous solu=
tion proceeds via molecular lodine, which 1is also apparently responsi-
ble for the exchange reaction between radioactive iodine and diiodoty-

rosinemo

(9) E. Berliner, J. Am. Chem. Soc., 72, %003 (1950).

(10) A. N. Kurakin and E. A. Shilov, Ukrain. Khim. Zhur.,
23, 31 (1957).

(11) C. K. Ingold, Structure and Mechanism in Organic Chem-
istry, Ithaca, N. Y., Cornell University Press, 1953, p. 291

(12) Igidoo Pe 295

(13) H. G. Kuivila and R. M, Williams, J. Am. Chem. Soc., Z6.
2679 (1954).

(14) A. H. Zeltman and M. Kahn, ibid., 26, 1554 (1954).



Grovenstein and co-workers!*!5 have proposed a mechanism for the
jodination of phenol. In the bromination of 2,6-dibromophenol they
found that under their experimental conditions' the intermediate (a)
showed 1little if any tendency to react with a bromide ion. However,
they reasoned that intermediate (b) should show greater tendency to

react with lodide ion. This argument is supported by the greater

Br Br

H ™Br T

(a) (b)

nucleophilic character of iodide ion than bromide ion16

and the greater
ease of nucleophilic displacement upon iodine than bromine17. The
mechanism proposed by Grovenstein and co-workers involves the rapid,
reversible attack of molecular iodine on the aromatic nucleus to give
an intermediate such as (b) which in the subsequent slow step loses a
proton to a base.

The purpose of this research is to attempt to elucidate the
mechanism of iodination of aromatic molecules with special regard to
the nature of the iodinating agent, the presence of intermediates, if

any, and finally the discovery of the rate~determining step. For this

(15) E. Grovenstein, Jr., and D. C., Kilby, J. Am. Chem. Soc.,
79, 2972 (1957). e

(16) C. G. Swain and C., B. Scott, ibid., 75, 141 (1953).

(17) J. Hine and W. H. Brader, Jr., ibid., 75, 3964 (1953)



purpose a rather extensive study has been made of the iodination of
phenol, p=-nitrophenol, anisole, and their deuterated derivatives under
a variety of experimental conditions. It is hoped that knowledge of
the mechanism for the iodination of these compounds will(contribute
appreciably toward understanding the mechanism of the iodination of

related compounds.



CHAPTER II

SURVEY OF RELATED WCRK

The iodinanion of Phenol and Related Compounds.-=A literature survey

reveals that a considerable amount of mechanistic investigation has

been carried out on the halogenation of phenols and related compounds.
Barlier studies were conducted by CofmanlB. who concluded that molecular
iodine is.incapablie of iodinating aromatic compounds. This conclusion
was primarily based on the fact that in acid solution molecular iodine
did not iodinate phenol, while in alkaline solution, where iodine is
converted to hypoidous acid, iodination proceeded. rather ‘smoothly.

19,20 studied the halogenation of phenols in an

Soper and Smith
effort to determine the nature of halogenating species. The iodinationgo
of phenol was studiel in nearly neutral, phosphate-buffered solution
with iodide ion concentrations such that essentially all the iodine was
converted to triiodide ion. The authors found that the rate of the re-
action is directly proportional to the phenol and stoichiometric iodine
concentration but inversely proportional to the square of the iodide ion
concentration. The rate of the same reaction, when carried out ét
different hydrogen ion concentrations, was found to vary inversely with

less than the square and more than the first power of the actual hydrogen

ion concentration. The authors concluded that both phenol and phenoxide

(18) V. Cofman, J. Chem. Soc., 115, -1040 (1919).

(19) F. G. Soper and G. F. Smith, ibid., 1582 (1926).

(20) F. G. Soper and G. F. Smith, ibid., 2757 (1927)



ion are lcdinated by hypoicdous acid.

rate = k [Pnom][mo1] + K, [Pno”] (o]

Mauger and SoperEl, upon studying the kinetics of the N-chlori-
nation of amides by hypochlorous acid, found that the reaction was catalyz-
ed by the acid component of the buffer. Thig led Painter and Soper8 to re-
investigate the iodination of phencl. They found that the rate of icdi-
nation of phenol when carried out in écetate buffer varied inversely with
the hydrogen ion concentratison and with the square of the iodide ion con-
centration. They concluded that the reaction may involve the interaction
of hypoilcdous aclid with unionized phenol or, alternatively, iodine catilon
with phenoxide ions. In addition, they found that fhe rate of iodination
at constant pH increases iinearly with the concentration of the buffer
acid and this catalytic effect varied inversely as the square of the
hydrogen ion concentration. Such a catalytic effect was interpreted in

terms of an interaction of acetyl hypoiodite with phenoxide ions.

dx = kg (PnoH) (HOI) + LS (Pho” ) (AcOT)
at
=k (207) (1) 4 kg, (PR0T)(AcOD)

Berliner has also studied the kinetics of the ilodination of phen0122 and

9

aniline” and has attempted to compare the two reactions theoretically.

The reactions were performed at high iodide ion concentration (0.12 M) in

(21} R. P. Mauger anf F. G. Soper, ibid., 7L (1946).

(22) E. Berliner, J. Am. Chem. Soc., 73, 4307 (1951).



phosphate buffers in which hoth secondary and primary phosphalte are cabe

iodine retic was 4 to 1 and the total

[@]

alytically sctive, The thenol %

fonic strength was brought to 0.300 by Nall., His sxperimerntal data

sgreed with the following expression

i, [pnoz] [z, . B [enc] [1] [m
= T KT [

where HA is a buffer acid such as mecabic acid or phosphoric acid. It

seems probable from his resulbs that the phenoxide ion is the reactive
gpecies and the kineties are cempstible with & general aclid catalyzed
lodination by HE)I+O Without direct experimentsl evidence, the author
has stated that the proton loss in the ieoddnetion of phenol is probably
kineticslly insignificant and tekes plsce aftsr the rate determining
step. His observed rate conetarnts can be expressed as

2 9 g 02

k k . {base ) + Feat (bass )
[+] ] B

where k@bﬁ refers to the observed rate constant, and k@ refers to the

¥
uncetalyzed rate constant. The rate constents k@a

[

and k cat refer to

the cetalytic rate constants of the primsry phosphate and the secondary

v

phosphate respectively. Thus the rate constants were obtained by
. & X

plotting k@bs[ﬁj]V@rsus primary phosphate ion concentration using five

ferent buffer ratics (p¥ 5.71e6.61) comparison with the arnilin
aiff t buffer rati ' S507irbobLl) e A comparis ith th iline
reaction showed that the unecabalyzad reaction of phenexide ion iz 25,000
times faster than the corresponding uncabelyzed rescticn ¢f aniline., The
same conclusion was reacheld through caloulsting scotivation energles

of the wncatalyzed reastion of ariline. By anslogy to the iodinshion



of aniline Berliner thus concluded that the halogenation of phenol

involves phenoxide ion as an active substrate.

veloeity = k, [Pho] [ (] + kyut [PnO7) [HOT] [Acid]

Few other halogenations in aqueous solution have shown the same
kinetic form. Wilson and Soper23 have observed acid catalysis in the
bromination of o=-nitroanisole and benzene by hypobromous acid. Derby=-
shire and twl':ad:ers?'4 have also observed the same kinetic form in the bro-
mination ofts=toluene-sulfonic acid,

, Ii has studied the iodination of tyrosinez5, histidine26, p=chloro=
phenol, tyramine and glycyltyrosine27 at 25° in acetate buffer.
The iodination of tyrosine was studied in different buffers and different
concentrations of iodide ion. He concluded that iodination of tyrosine

and tyrosinate anion proceeds via molecular iodine and hypoiodous acid.

dx = ky (TOH)(IZ) + k3 (TO")(IZ) + ko (TOH) (HOI) <+ ky, (T0~) (HOI)

dt
Where (TOH) and (TO™) refer to the concentration of tyrosine and tyrosi-

nate anion respectively. The values of kq, k3, k, and k), were found to be

(23) W. J. Wilson and F. G. Soper, J. Chems Soc., 3376 (1949).
(24) D. Ho Derbyshire and W. A, Waters, ibid., 564 (1950).
(25) Co Ho Li, Jo Am. Chem. Sogc., 64, 1147 (1942).

(26) TIbid., 66, 225 (1944),

(27) Toid., 70, L1716 (1048)..
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1.5 x 1072 1,37 x 10% 7.7 x 105; and 1 x 10'° respectively, ILi has
furthermore stated that in the polyiodination of tyrosine, the slow
step is interaction of the tyrosine molecule with iodine, followed by
the introduction of the second iodine atom in a subsequent fast step.
This interpretation has been confuted by Roche and cOmworker528°29u who
reported that the slow step is the inyroduction of the second iodine
molecule,

In the iodination of p=chlorophenol at varying iodide ion con-
centrations, Li concluded that the active halogenating species is

hypoiodous acid.
rate = k, (PhOH)(HOI) + 'k, (PhO™)(HOI)

Doak and CorwinBQ have studied the lodination of substituted
pyrroles in the presence of high iodide ion concentration. They found
that the reaction rate is inversely proportiocal to the iodide ion
conEentrationD and the observed second order rate constant when multi-
plied by iodide lon concentration was found to be constant especially at
high iodide concentrations, However,this product of observed rate

constant and iodide ion concentration showed an upward drift as the

(28) J. Roche, S, Ligsitzky, O. Michel and R. Michel, Compt.
Rend., 232, 357 (1951)0

(29) J. Roche, S, Lissitzky, O. Michel and R. Michel, Am.
pharm. franc., 9, 163 (1951).

(30) Ko W, Doak and A, Ho Corwin, J, Am. Chem. Soc., 7i,
159 (1949). —



iodide ion concentration increased which led the authors to the belief
that the active iodinating species is both molecular iodine and hypoiw
odous acid.

Berliner? has studied the kinetics of iodination of aniiine with
iodine in aqueous solution. At pH's greater than 5.4, he has found
that the reaction rate is independent of the hydrogen ion concentration
and is inversely proportional to the square of the iodide ion concentra-
tion, and the reaction shows general base catalysis. The kinetics of
the reaction is in agreement with a mechanism which involves iodination
by iodine cation. The same kinetics is also in agreement with iodina-
tion of anilinium lon by hypoiocdous acid. The two mechanisms, however,
are kinetically indistinguishable but it seems logical to eliminate the
second mechanism since it is known that anilinium ion is a meta directing
group while the main isolated product in this case was p-lodoaniline.

The iodination of 2,4-dichlorophenol was studied by Taylor and
Evans3t. An inverse hydrogen ion dependence was observed and it was
concluded that the phenolate lon and molecular iodine are the active
specles.

Tronov and Kolesnikova3? studied the iodination of phenol in the
presence of pyridine. The rate of iodination increased by the addition
of pyridine and the authors assumed the formation of a highly reactive
molecular species [C6H5NI+] [I"] which was believed to be the halo-

genating agent.

(31) J. Taylor and M. Evans, Ohio Journal of Science, 53, 507
(1954)

(32) B. Tronov and S. Kolesnikova, Soobshcheniya Mauch Rabot.
Vsesoyuz Khim, Obshchestva im. Mendeleeva, 1, 46 (1953).
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Berliner, Berliner and Nelidow33 studied the relative rates of
iodination of para-alkyl phenols in different aqueous solutions of acetic
acid, methyl alcohol and dioxane, In each case the relative rates in-
dicated the predominant operation of inductive effect in the order
Me4C ) MepCH) Et YMe. No mechanism was given by the authors but it was
assumed that either I of HzOI* is the real iodinating species.

A literature survey reveals that the iodination of other aromatic
compounds has been studied rather extensively, Thus glyoxaline was
found to undergo jodination¥ and bromination at the 4(5)-position
while diazo coupling35 led to substitution at the 2-position. This
difference was atrributed to the fact that the glyoxaline anion reacts
initially at the 2-position, while the neutral molecule reacts at the
4( 5)-position37v 38,

Ridd3? studied the kinetics of iodination of glyoxaline in

agqueous solution at pH 7 at rather high iodide ion concentration. His

(33) E., Berliner, F, Berliner and I. Nelidow, J. Am. Chem,
Soc., 76, 507 (1954)

(34) H. Pauly and E, Arauner, J. prakt. Chem., 33, 118 (1928).

(35) R. G. Fargher and F. L. Pyman, J. Chem. Sog., 115 217
(1919).
(36) I. E, Balaban and F, L. Pyman, ibid., 121, 947 (1922).

(37) R. D, Brown, H, C. Duffin, J. C. Maynard, and J. H. Ridd,
ibid., 3937 (1953).

(38) I, M. Bagsett and R, D, Brown, ibid., 2701 (1954).
(39) J. H. Ridd, ibid., 1238 (1955).




1k

experimental data agreed with the following rate expression.

k [aH] (1] X k' E}ﬂ 2 [I;]
5] 3 LG

According to the author, the first (uncatalyzed) term in-
volves iodination by I, while the (self catalyzed) term involves
iodination via N-iodo-cation. Grimison and Ridd40 have reported an
isotope effect of 4.47 upon the iodination of 2,4, 5-trideuteroglyox-
aline. The isotope effect was almost absent in the iodination of
2-deutero glyoxaline., The authors thus concluded that the C-H bond
at 4(5) position is weakened in the rate-determining step and under
their conditions the initial substitution is mainly at 4(5) position.
The diazo coupling of glyoxaline and 2,4,6-trideutero glyoxaline was
also studied and no deuterium isotope effect was obtained, Thus
the authors concluded that the rate-determining step for the latter
is not the proton abstraction. Furthermore, while iodination pro-
ceeded mainly at 4(5) position, it was found that the diazo coup-~
ling was effected at the 2 position. This was attributed to the
fact that in diazo coupling, the active substrate is the conjugate
base of glyoxaline in which the charge density is greatest at the

2-»position.m°

(40) A. Grimison and J. H. Ridd, ibid., 3019 (1959).

(41) A, Grimison and J, H, Ridd, Proc. Chem. Soc., 256 (1958),
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The kinetics of iodination of aromatic aminosulfonic acids
in aqueous solution has been studied by Shilov and Kurakin2, These
workers have studied the iodination of m-dimethyaminobenzenesulfonic
acid (II), m~diethylaminobenzenesulfonic acid (III) and p~(N-ethyl-
anilino)«phenylsulfonic acid (IV), and found that the overall rates
of iodination (in the dark) of I-IV are in the ratio of 1:13:0,7:30
respectively. Their rate of lodination in the dark can be fitted to

a formula of the type
-a(1) :ko[s‘]E @, k(577 (@ .5 (59 [mpoy] (1)
at hﬂ ﬁjz 7]
& [87 [0, ] )
[:]2

where S~ and I are the actual concentrations of aminosulfonate and

iodide ions respectively. ko refers to the rate constant in which
iodination proceeds via molecular iodine and k, refers to rate constant
for iodination by iodine cation and (I) is the analytical concentration
of iodine. For compound (IV), the terms involving HPdZ are not present.
According to these authors, hypoiodous acid and iodine cation are not
entirely the active halogenating species but rather a complex formed
between the substrate and I, or I" which then rapidly attacks a second
molecule of the substrate. This is followed by a subsequent slow step

in which a portion is removed by a base. Such a mechanism could account

(42) A. N. Kurakin and E. A, Shilov, Ukrain. Khim. Zhur.,
23, 31 (1957).
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for-the second-order dependence of [ﬁi] and the dependence on phos-

phate ion. A detailed mechanism can be written as

Rp
+ I
5,

NRp Rolj—1

- + o ——
LA A S—
503 A 505
YR,
@ ’
b03 S@;«‘)
NRo
NRo
—_—
“s0 ! + 5 4
3 . 80
H/ Lo =NCgELSO 3

Ro ,3 I RQNC6HASO§

A second possible mechanism compatibie with the same kinetic expression
invoives the rapid attack of ilodine cation followed by the slow abstrac-

tion of the rrotonm bty a base which in this case could be either phosphate

or the amine itself.

A third mechanism presented by the same author involved halo-

il

genation oy molecular iodine with the proton removal being the slow
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step. However, without any experimental evidence Shilov and Kurakin

prefer the first mechanism.

Survey of the Mechanism of Related Halogenating Agents.--Although

iodine monochloride has been used as an iodinating agent for over a

43”50, relatively little work has been done in the

51

hundred years
kinetic study of ICl substitution. Chattaway and Constable showed
that ;n acetic acid solution 90 per cent yield of the p-iodo deriva-
tive i1s obtained from acetanilide. The first kinetic study of iodine

52

monochloride substitution is that of Iambourne and Robertson” , who
used glacial acetic acid and chlorobenzene as solvents for the iodi-

nation of socme aromatic compounds. The authors found that iodination

(43) J. F. Brown, Amn., 92, 321 (I85kL).

(tk) J. F. Brown, Phil. Mag., (418, 201 (185L).

(45) P. Schuatzenberger, Jahresber., 349 (1861).

(46) Ivid., 251, L13 (1862).

(47) * J. Stenhouse, J. Chem. Soc., 17, 327 (1864).

(48) C;Willgerodtand E. Arnold, Ber., 34, 3343 (1901).

(49) A, E. Bradfield, K. J. Orton and I. C. Roberts, J.
Chem. Soc., 782 (1928). '

(50) B. Jones and E. N. Richardson, ibid., 713 (1953).

(51) F. D. Chattaway and A. B. Constable, ibid., 105,
124 (1914).

(52) L. J. lambourne and P. W. Robertson, ibid., 1167
(1947 .
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by lodine monochloride in these solvents is inhibited by the liberated
hydrogen chloride which combines with ICl to form HIClZo They found
that the reaction 1ls first order with respect to the substrate and
second order in IC1l. At higher temperatures,however, the second order
dependence on ICl is reduced. The authors furthermore found that in
the presence of sterically hindering groups on the aromatic molecule,
as with pentamethylbenzene and p-tolylmethyl ether, there is a com-~
peting iodine chloride catalyzed chlorination by ICl. This reaction
was attributed to the large "iodine atom" which is hindered by the
ortho-methyl groups. Less chlorination was observed in the reaction
of iodine-monochloride with anisole in acetic acid solution. On
using chlorobenzene as a solvent, the tendency for lodine monochloride
halogenation to proceed by the chlorination route becomes more pro=
nounced, even when there is no steric hinderance. No explanation

has been given, however, it is believed that‘the extent of dissocia-
tion of the reagent may have some effect on the route of substitu-

tion.

Arfi + TICl —2ArH. ICl
slow +

ATH . IC1 + IC1 —="y pArHTT & 1012‘

" oy ™ rapid
ArHL 4+ ICl, ——— s ArT & HICL,

Berli‘ner:53 has studied the kinetics of iodination of p-chloro-

aniline with iodine monochloride in agqueous perchloric acid solution at

(53) E. Berliner, J. Am. Chem. Soc., I8, 3632 (1956).
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constant ionic strength in‘the presence of high chloride ion concentra-
vtiono The reaction was found to be strictly second order overall and
the rate of the reaction was found to be inversely proportional tB both
the hydrogen ion and chloride ion concentration. The rate of the reac-
tion was furthermore found to decrease with increasing ionic strength.
The inverée dependance of the rate on the first power of hydrogen ion
concentration was justified by assuming that the species which is
iodinated is the free amine. This assumption was based on chemical
evidence, since the amine was exclusively substituted ortho to the
amino group, whereas meta-substitution would have resulted if the
é~chloroanilinium ion were involved. Accgrding to Berliner, the
mechanism which accounts for the inverse proportionality of both hydro-~
gen ion and chloride ion, must therefore invplve the rapid hydrolysis
of lodine monochloride to give hypoiodous acidium ion which then at-
tacks the aromatic molecule in the slow step followed by rapid removal

of the aromatic proton by base.
IC1 + H,0z2HOI + H + C17
HOI + H = H201+
AT + B0 ——ArHIT + H0
o +
ArRIT ————3 ArI -+ H

An alternative mechanism may involve the ijenization of IC1l to give

iodine cation which attacks the aromatic molecule in the rapid step.
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Berliner5u has also studied the kinetics of the iodination of
2,k-dichlorophenocl and anisole with iodine monochloride in agueous
perchloric acid solution at high chloride and hydrogen ion concentra-

>3

tions. As in the case of p-chlorcaniline”-, the reactign was found to
be first order in the aromatic compound and first order in iodine mono-
chloride. While the reaction of 2,k-dichlorophenol with the halogenat-
ing agent was inversely proportional to the hydrogen ion concentration,
it was found that the reaction with anisole was independent of thepH
over a wide range of acid concentration except at very high hydrogen
ion concentration, where the rate decreased somewhat. This was at-
tributed by Berliner to probable hydrogen bonding of the ether-oxygen
of aniscle, and the formation of a hydrogen-bonded complex which is
less susceptible to electrophilic attack. In 2,b4-dichlorophenocl, the
inverse dependence of the rate on the hydrogen ion concentration was
interpreted by the author to mean that the species undergoing 'iodina-
tion was not the phenol butthe 2,L-dichlorophenoxide ion which was at-
tacked by hypeoiodous acidium ion. Berliner found that the reaction rate
is inversely proportional to the chloride ion concentration, and that
a plot of observed rate constant versus Kl/(Kl + C17)(c1l™) where Kl
is the dissociation constant of IClemy to give IC1l and C1 , at various
acid concentrations and at constant ionic strength gives a straight
line with a definite positive intercept. According to him, this inter-
cept 1is either kinetically insignificant, or indicates a small amount
Berliner furthermore reported that while the

of iodination by :rcl"’gu

(54) E. Berliner, J. Am. Chem. Soc., 80, 856 (1958).
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rates of iodination of phenol decreases with rising salt concentra-
tion, the rates of iodination of anisole increase almost 1inearly

with salt concentration except at very high ionic strength in which the
rates become irregular., This irregularity has been attributed to a
saltinémout phenomena. According to Berliner, a mechanism consistent
with the kinetic expressions and experimental evidence is the slow
attack of hypolodous acidium ion on the aromatic nucleus followed by
the rapid abstraction of the proton. The possibility of a one-step
concerted mechanism has also been considered as well as iodination

by moleculaf iodine monochloride with proton abstraction being the
slow step. However, it seems that Berliner prefers the first
mechanism, Berliner has recently reinvestigated the mechanism

of iodination of anisole and'anisole-2,4,6~d3 by ICl in acetic acidd5,56
eontéining perchloric acid and chloride ions. He has reported that
the reaction is independent of the hydrogen ion (0.1 to 0,0001 M) and
the chloride ion (0.3 to 0.9 M) concentrations. The maximum isotope
effect in each solvent was about 3.8, Berliner has proposed that
iodination of aniscle by ICl may proceed by either of two routes.

The first route may involve iodination by molecular ICl to form an
intermediate similar to the one proposed by Grovenstein and co-work-

1,15

ers » which loses a proton in the slow step. The second scheme in-

volves the hydrolysis of ICl to give hypoiodous acidium ion which

(55) E. Berliner, Chemistry and Indusggxg 177 (l960)o
(56) E. Berliner, private communication, (1960).
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attacks anisole to give the same intermediate followed by abstraction

of a proton in the slow step.

k -
ArH + IC1 = arEr" +C1 Scheme A
k.1
k~l>>k2
arurt ———————)ke ArI + H' K >k
r 4 or 2;> 1
or
. E}_—_} 4 ] .
Ic1 + Ha‘o p—— H201 4+ Cl Scheme B

k kMo

1
ArH + H201+ ——ﬁ_k_ ArEIT & H,0

<1 or k2>> k_'l
+ Ko . +
ArHIY ——m%—— ArI + H

In order to arrive at a possible distinction between the two mechanisms,
t@e author hés measured the magnitude of the deuterium isotope effect
at varying chloride ion concentrations. Scheme A demands that the iso-
tope effect should.be’dependent on chloride ionlconcentrations and at
very low chloride ion concentrations it should lead to a situation
where the reverse reaction in the first step becomes negligible. The
first step should become rate-determining; in which case the isotope
effect would disappear. In Schemes B, however, the isotope effect should
be independent of the chloride ion congentfationj because the chloride
ion is formed in a pre-equilibrium, which has nothing to do with the
substitution step. Within the range. of chloride ion concentrations of

0.3 to 0.9 {also no added C1”) no such decrease in the magnitude of
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deuterium isotope effect was observed, thus Berliner concluded that iod%
ﬁation mosgt probably proceeds via Scheme B. When the same reaction was
carrigd out in Deog a 30 per cent decrease in rate was observed. The
author attfibuted.this effect to the relativelyilower.base strength of

DQO as compared to HéQa

Survey of the Mechanism of Other Halogenation Reactions.--The mechanism
and rate of bromination of énilines, phenols, and nitro compounds was

57

first studied by Francis and co-workers His primary interest was
the estimation of the amount of meta isomer present in mixtures of mono-
substituted aromatic compounds. He noticed that bromine was capable of

replacing groups such as ~-COCH, -CHO, and -S0.H when present on acti-

3
vated aromatic molecules. The reaction, when carried out in agueous
solution with enough alconol added to prevent the precipltation: of the
dibromo compound, was found to go to completion at 2060 with the dis-
placement of the group. However, at 0% 'or below such a displacement
was halted.

58,59

Francis studied the relative rates of bromination of cer-
tain ortho,metay and para-isomers of mono-substituted phenols and
anilines and found that brominatlion by free bromine in aqueous solution

was difficult to study especially in the case of aniline and phenol due

¥

(57) A. W. Francis and A. J, Hill, J. Am. Chem. Soc., 46,
2498 (1924).

(58) A. W. Francis, A. J., Hill, and J. Johnson, ibid.,
L7, 2211 (1925).

(59) A. W. Francis, ibid., 48, 1631 {1926),
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to the rapid rate of the reaction. By means cof competition experiments
using a mixture of two different compounds in the presence of a limited
amount of halogen he was able to measure the relative rates of mono-;
di-, and tri-haiogenatlion of different compounds at constant temperature
and concentration of reactants. Phenols and anilines connot be come
pared due to the different =affect by acid. Francis6o studied the bromi
nation of menitrophenol by free bromine in water. IHe found that the
compound was brominated by free bromine 1000 times as rapidly as by an
equivaient concentration of HOBr in which the concentration of free
bromine had heen reduced toc an extremely small value by the addition
of gilver sulfate. The ratio is approximately that of the equilibrium
concentration of free bromine in the solution as calculated from the
hydrolysis constant of bromine and the solubillities of silver bromiide
and silver sulfate. Francis concluded that the active halogenating
species is probably a positively charged bromine atom.

The kinetics of chlorination of phenols in alkaline media
was first investigated by Soper and Smithlgo By using HOCl as the
halogenating agent, the kinetic dats were consistent with a mechanism
which involves the reaction of either phenol and hypochlorite ion or
pnenoxide ion and hypochlorous acild. By studying the same reaction with
salicylic acid at different hydroxide ilon concentrations, Soper and
Smith found that the rates constant was indspendent of the hydroxide ion
concentration. The authors became interested iIn discovering which of

the species actually constituted the active agent in the chlorination

{60) A. W. Francis, J. Am. Chem. Soc., 47, 2340 (1925}.



of phenols. They have shown that if C1' is the active halogenating
agent, CJQ would be expected to chlorinate 4.5 x 1010 faster thar
HOC1 since the ratlos of the lonization constant of 012 to that of
HOCL is equal to 4.5 x lOlO to one., Based on a similar argument., it
is expected that the values for bromination and 1odination by the free
halogens and their hypohalous acids ought to be in the ratio of
5= lOS: 1 and 20: respectively. Soper and Smith found that in the
chlorivation of phenols and phenolic ethers by HOCLl, the rate of the
reaction increased in the presence of a small amount of hydrochloric
acid. They found that the reaction rate is independent of the con-
centration of the phenol but is dependent on the concentration of HOCL
and the square of the concentration of HCl. Thess data indicate that ths
slow step is the formation of chlorine from HCl and HOCl followed by
mmmediate reaction of chlorine with the phenoxide ion and probably the
unionized phenol. Based on a similar argument the authors believe
that a sgimilar interaction may be involved in the bromination and
iodination by HOBr and HOI respectively. However, because of the ine
stability of both HOBr and HOI relative to HOCL a sharp distinction
5etween the mechanisms of substitutioan of phenols was not possible.
They fouad, for example, that the rate of iodination by HOI is decreased
in strong &iksline solution; this result was attributed to the formation
of lodate.

The kinetices of bromination of phsnolic ethers by bromine in 50

ver cent aqueocus acetic acid {by voiume) was studied by Bradfield, Joncs



and Orton6lu They found that in the presence of initially introduced
HEr or NaBr the bimolecular rate constants decreased as the reaction
prozeeded. The downward drift in the rate constants was more pro-
nounced in the presence of very small concentrations of bromide lons.
This marked decreage in velocity constants was attributed to the forma-
tion of Erg' which is a vary poor brominating agent. In a separste

3
papar, Bradfieid and Jdnes62 found that the reaction between p-chloro-
aaisolie and chlorine in 99 per cent acetic acid is very sensitive to
thz amount »f the water in the medium. Thus thes speed of chlorination
increased by approximatsly 66 per cent as the amount of water was in-
creased from one per cent to Two per cent. Furthermore, they found
that the amount of hydrochloric aclid had little effect on the bimoliew
cuiar rates which may indicate that the trichloride 10on in this medium
has no affect on the course of the reaction. Mechamisms other than the
direct interaction between chinrine and the substrate may, of course,
take piace in thiz case. The same authors reported that the chlorins-
tion of several ethers of pohydroxybenzolc zcid 1s accompanied by a’
small amount of chicrndscasuvoxyiation which disappears in the presence
of excess of substrate. A smail but significant amount of halode-

carboxylation was observed. This is not unusgual since numerous cases

(61} A. E. Bradfisld, FE. Jones, and K. J. Orton, J. Chem.
Soc., 2810 {1929) -

(62) A, E. Bradfield and B, Jones. 1bid., 1006 {1928).
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63-72

of halodecarboxylation are reported in the literature

73

Alexander -, while studying the kinetics of bromination of a
monomolecular film of p-hexadecylphenol on water, found that the re-
action rate increased in the presence of potassium bromide. He con-

cluded that Br, was the active brominating species. Based on the

N

bromination rates via bromine water in the presence of varying quan-
tities of bromide ion, and with HOBr, he showed that the reactivity of

Br? as compared to HOBr is in the ratio of L:1 respectively. By simi-

3

lar calculations it was shown that the 013

reactive thaﬁ"HOGln These conclusions are subject to considerable

is one thousand times more.

doubt because of the heterogeneous nature of the system.

The bromination of anisole m-sulfonic acid by HOBr was studied

(63) W. A. Cahours, Amn. chim, phys., (3), 13, 87 (1845).

(64) R. Peltzer, Ann., 146, 28L (1868).

~ (65) H. Hubner and C. Heinzerling, Zeitschrift fiir chemie,
7, 709 (1871).

(66) P. Weselsky, Ann., 174, 99 (1874).

(67) H. Hubner and 0. Benken, Ber., 6, 170 (1873).

(68) E. Iellmann and R. Grothmann, ibid., 17, 2724 (188k4).
(69) R. Benedikt, Ann., 199, 127 (1879).

(70) E. Schun’ck a,nd. L. Marchlewski, ibid., 278, 349 (1894).

(71) R. B. Barle and H. L. Jackson, J. Am. Chem. Soc,, 28, 10k

(1906),

(72) P. Brenans and C. Girod, Compt. rend., 186, 1128 (1928).

(73) A. E. Alexander, J. Chem. Soc., 729 (1938).
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by Shilov and co=workeré7&o who, found that the reaction rate can best

be expressed as followss
rate = (HOBr)(S0y-Ar-Ote) (K")

According to the authors, the active brominating species in this case is
Br+ or H20Br+o The following relative rate constants were assigned for
the various brominating species. HOBr, 0.12; Br,, 80: BrCl, 43,000; and
Br¥, 110,000,

Robertson and co~workers’- have extensively studied the kinetics
of aromatic halogenation in acetic acid. At relatively high bromine
concentfgtions (0,025 g) and at room temperature it was found that, in
general.,, the reactions are of higher than first order in halogen and
that the rates are accelerated by addition of salts and acids. Addition
of water to the solvents favored a second order overall rate whereas
addition of chloroform or carbon tetrachloride to the reaction mixture
gave kinetics of greater order than two. The authors believe that the
formation of,(Brz)z in pure acetic acid is responsible for the third

order of kinetics,

(74) E. Shilov and N. Kanyaev, Compt. rend. acad. sci.,
Ue Ro So Se, 2k, 890 (1939); Chemical Abstracts, 34 4062 (1940).

(75) (a) P. W. Robertson, P, B D. de la Mare and W. T. G.
Johnston, J. Chem. Sog., 276 (1943); (b) P. B. D. de la Mare and P, W.
Robertson, ibid., 279, (1943); (¢) L. J. Lambourne and P. W. Robertson,
ibid., 1167 (1947); (d) P. B, D. de la Mare P. W. Robertson, ibid.,

100 (1948): (e) P. W. Robertson, R. M, Dixon, W, G, M, Goodwin, I. R. ,
McDonald and J. F. Scaife, ibid., 294 (1949): (f) P. W. Robertson, ibid.,
1267 (1954).
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Wilson and Soper studied the bromination of o-nitroanisole
and benzene by bromine water at varying concentrations of bromide ion
and hydrogen ion. They found that the reaction rate was independent

of the hydrogen ion concentration but was slowed by the introductioﬁ

of bromide ion. The specific rate constants, after correction for the
inactive Brgj were found to be unaffected by a one hundred fold chapge

in the bromide ion concentration. A thirty fold change in the hydrogen
ion concentration had no effect on the specific rate of bromination by
bromine water. The authors concluded that the active brominating species
is molecular bromine and not Br+y which is formed by the ionization of
Brau This ionization would be greatly affected by the increase in bro-
mide ion concentration. Bromination by HOBr was also studied. The dis«
proportionations of hypobromous acid to HBrO. and HBr which in turn re=-

3

act to give Br., handicapped the exact measurement of reaction rates of

57
some desired compounds . The bromination by HOBr was found to be
strongly acid dependent, thus a six fold increase in acid concentration
raised specific rates of bromination of o-nitroanisole and benzene six
fold. This effect was attributed by the authors to the ionization of
HOBr to give Br+-or more lilkely, HéOBr+a Wilson and Soper also observed
that weak acid buffers catalyze the bromination of o nitroanisole and

benzene by HOBr, while the same acids exhibt no effect on the bromination

of the same compounds by molecular bromine.

, (76) W. J. Wilson and F. G. Soper, J. Chem. Soc., 3376
(19%9).
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Bradfield, Davize and Iong77 have studied the bromination of phen-
olic ethers by HOBr in 75 per cent acetic zcid and have found that the

rate expresslon can be represented by the sum of two terms.

w P / Y < [P 2
rate = klﬁE)(Brz) 4 KE(E)QBra)

where (E) refers to the concentration of the ether. Since bromination
by HOBr cannot account for the termolecular term, the authors feel that
bromination in this cas= may proceed via (Brg)g° The same halogenating
gpecies has been previously obeserved by Robertson and comworkers7so

De la Mare, Ketley and Vernon78 have recently investigated the
Kinetics of chlorination of phenol, mesitylene, méthyl‘gptolyl ether,
methyl p-tolyl ether, and anisole. They found that in the presence of
perchloric acid and silver perchlorate, the chlorination of anisole by
.00L M nypochlorous acid in aqueous solution, the reaction assumes a
kinetiec form

a(me1) _ k¢ [meey] o« kv [mocr][87] + & [#oci][w*] [ard]

dt
They found that the third term of the expression is negligible, especial.
ly at low coancentrations of the substrate. Under these conditions it was
éopcluded that the rate determining step is the heterolytic fission of

HOC1 and H,001 respectively to yield CI.

(77) A. E. Bradfield, ¢. I Davies, and E. Long, J. Chem. Soc.,
1389 (1949).

~(78) P. B.D. de la Mare, A. D. Ketley and C. A. Vernon, ibid.,
1290 {1954},
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Tsuruta, Sasakl and Furukaws have studied the kinetics of
iodine catalyzed bromination of benzene and toluene in the dark .at 250.
According to the authors, the rate determining step is the loss of hy~

drogen bromide from a 1:1 aromatic-bromine complex. They found that

the rate can be fitted in the following expression
“ " . 7 3
v = k[eghge] . [Bry] [Br1]

An induction periocd was observed which increaged at low concentrations
of the reactaats, and less polar solvents. This induction period was
found to be very pronocunced when the reactlon was carried out in carbon
tetrachloride with the reactants in low concentration. The addition of
benzoyl peroxide or molecular oxygen, however, had no effect on the in-
duction period. The authors concluded that this induction period was
not caused by free radical reaction. It seems that the nature of the
reaction 1s still obscure to the authors.

The kinetics of bromination of mesitylene in carbon tetrachloride
solution have been studied by Keefer, Blake and Andrews8ln They found
that the reaction of mesitylene with bromine at 250 in the dark was sub-
Ject to catalysis by both water and hydrogen bromide and the rate of con-

sumption of bromine in carbon tetrachloride sclutions containing water

(79) T. Tsuruta, K. Sasaki and J. Furukowa, J. Am. Chem. Soc.,
T4, 5995 (1952). 4. Am ‘

(80) Ibid., Zé, 99)‘ (19514')"
a) R. M. Keefer, J, H. Blake, and L. J. Andrews, J. Am.

(81)
. 3062 (1954); (bY J. H. Blake and R. M. Keefer, ibid.,

(
11, 3707 (19551,
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wag Tirst order in the concentration of bromine and varied as the square
root of the concentration of hydrogen bromide. The reaction, at low
concentrations of mesitylene, was found tc be first order with respect
to the substrate but at higher concentrations of mesitylene, the order
with respect to mesitylene decreased. The mechanism proposed by the
authors Iinvolves the attack of a hydronium ion on a 1:1 mesitylene-
bromine addition complex in the rate determining step.

Keefer and conworker582’83 have recently investigated the ki-
netics of bromination of mesitylene, isodurene and pentamethylibenzene
in 90 volume per cent aqueous acetic acid solution. They found that
the reactiong are first order in aromatic hydrocarbon concentration and
showed mixed first and second-order dependence on free bromine concen-

tration.

Rate = kl(M)(Brg) + kE(M)(Brg)E

where (M) refers to the concentration of mesitylene. The reaction
rates increased upon the addition of both water and salts to the medi-
um. The salt effect was found to be more pronounced for the first or-
der term in bromine than for the second order reaction. This enhance=-
ment of reaction rate was attributed by the authors to the influence of
the salt on the capacity of the medium to accommodate the transition

state. DBased on the observed rate law, the authors have excluded the

{82) R. M. Keefer, A. Ottenberg and L. J. Andrews, J. Am. Chem,
Soc., 78 255 {1956).

¢83) R. M. Keefer and L. J. Andrews, ibid., 78, 3637 (1956).
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pogsitility of bromination by Br+ or acetyl hypobromite., They con-
cluded that brominatlion may proceed by either of two processes. The
first involves the transformation of the 1:1 hydrocarbon-bromine com-
piex to the products with the rupture of Br-Br bond being the rate de-
terming step. A second mechanism probably involves the bimolecular re-~
action of molecular bromine with the hydrocarbon. The second order (in
bromine) term is accounted for by bromination by (Bre)E,

De la Mare, Dunn and Ha‘rvey8h have recently measured the rates
of bromination by HOBr of henzene and hexadeuterobenzene in 50 per cent
agueous dioxane and perchloric acid solution. Their kinetic expression
is congiztent with a mechanism which involves bromination by Brt or
probably‘HéOBr+o Since no dauterium isotope effect was observed, they
cogeluded that breaking of the C-H or C-«D bond 1s, as in nitration,
not rate determining. De la Mare and,co_worker585 have also investi-
gated the acld catalyzed bromination of tert-butylbenzene by HOBr in 50
per cent agueous-~dioxane medium. By using the isotopic dilution teche-
nijue, they found that the products of the reaction constituted a mix..
ture of 37.7% ortho-. 7.2% meta- and 53.2% para-isomer with 1.9% bromo-
benzene. Upon bromination of biphenyl by the same halogenating species
i the same medium, it was found86 that biphenyl reacts 12.6 times
fastsr than benzene and subsvitution was effected o- or p to the phenyl

BYOUD,

(84) P. B.D. de la Mare, T. M. Dunn, and J. T. Harvey, J. Chem.
Soc., 923 {1953).,

(85) P. B. D. de 1a Mare and J. T. Harvey, ibid., 131 (1957).

(86) P. B. D. de la Mare and M. Hassan, ibid., 300k (1957).
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Swain and co-workers = have reported the presence of secondary

kiaztic isotope effects in the nitration, mercuration and bromination

of toluene-&,XX ~d, and toluene~-X -t,. It is of interest to note that
.

3
the magnitude of his secondary isotope effect is 3% per deuterium atom
or less as contrasted to larger (4-30% per deﬁterium) secondary isotope
effects reported in solvolysis reactionsBB’Bg.

Berliner9o hag studied the bromination of naphthalene in 50
volume per cenlt agueous acetic acid. Unlike that in glacilal acetlc acid,
the reaction under these conditions was found to be second order over-

all, first order in each reactant. His kinetic expressions are in

agreement with a mechanism involving bromination by molecular bromine.
3

The kinetics of bromination of aromatic compounds in nitromethane
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nas been studied”” . It was found that bromination in nitromethane is

A small amount of bromination by Br. was also observed.

1000 fold more rapid than in acetic acid, and the data are in agreement

with a path in which Br. is the active brominating species. It was

2

y . -t
furthermore founan that molecular bromine is more selective than Br .

(87) C. G. Swain, E. C. Knee and A. J. Kresge, J. Am. Chem. Soc.,
19, 505 (1957).

(88) E. s. Lewis and C. E. Boozer, ibid., Tk, 6306 (1952).
(89) V. J. Shiner, Jr., ibid., 75, 2925 (1953).

v {90) E. Berliner and M. C. Beckett, J. Am. Chem, Soc., 79,
125 (1957).

{(91) ©. Illuminati and Gianlorenzo Marino, Gazz. chim. ital.,
Su. 1127-34 (1959).

{92) &. Illuminati, Ricerca. sci., 26, 2752 (1956).
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The Kinetics of Hydrogen Isotope Exchange Reactions.--Various investi-

pations have established that hydrogen isotope exchange between aromatic
compounds and mineral acids is an electrophilic substitution reaction93'96.
Such exchange follows the known rules of electrophilic aromatic substi-
tution with respect to the dependence of orientation and reaction velo-
city on the nature of substituent groups already present in the aro-

matic compound.

The rate of loss of deuterium from h-nitrophenol-2,6—d2, L-chloro-
phenol~2,6-d2, h—methylphenol-2,6—d297 benzene—dl,98 anisole—E-dl,99
anisole—h—dlloo and toluene-2-, -3=~, Or -h-dlloo in various sulfuric
acid-water mixtures have been found to vary linearly with Hammettfs

101,102

acidity function Ho’ except for a few cases, at the highest aci-

dities«(Ho<(-8) where the rate increase is less steep97’lo3. A few

(93) ¢C. K. Ingold, C. G. Raisin and C. L. Wilson, J. Chem. Scc.,
915 (1936).

(94) A. P. Best and C. L. Wilson, ibid., 28 (1938).

(95) S. Olsson and L. Melander, Acta. Chem. Scand., 8, 523 (195k4).

(96) W. M. Lauer and J. T. Day, J. Am. Chem. Soc., 77, 1904 (1955).
(97) V. Gold and D. P. N. Satchell, J. Chem. Soc., 3609 (1955).
(98) V. Gold and D. P. N. Satchell, ibid., 3619 (1955).

(99) D. P. N. Satchell, ibid., 3911 (1956).
(100) V. Gold and D. P. N. Satchell, ibid., 2743 (1956).

(101) L. P. Hammett, Physical Organic Chemistry, McGraw-Hill
Book Co., Inc., New York, N. Y., (1940). ‘

(102) V. Gold and F. A. Long, J. Am. Chem. Soc., 75, 4543 (1953).

(103) R. J. Gillespie and D. G. Norton, J. Chem. Soc., 971 (1953).
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97,98,10k,111

mechanisms have been postulated which agree with the ob-

served linearity of rates with Hammett's acidity function. The most

plausible mechanism according to Gold and Satchell97 is

+
D D B D . H
/ k k-‘ 1 .
| +8 2= Y G p— - 5L, D
S «— — — +
k_1 k_2 ko
I 1T III Iv v

Structure (III), where the entering and leaving atoms occupy equivalent
positions are referred to as "inner" or § complexes and structures (II)
and (IV) as "outer" or Tr complexesloB’lO6.

Brown and Brady106, investigating the equilibria between hydrogen
chloride and aromatic hydrocarbon, with and without added aluminum chlo-
ride, suggested that the conjugate acid of benzene formed in the first
case was an "inner" complex and in the second an "outer" complex. Only
the interaction which leads to an inner complex can result in hydrogen .

isotope exchange between DC1l and benzenelo7. Evidence for the existence

of 0 complexes has been presented by Olah and KuhnlO8. A similar

(10k) P. B. D. de 1la Mare, E. D. Hughes, C. K. Ingold and Y.
Pocker, J. Chem. Soc., 2930 (195k).

(105) R. S. Mulliken, J. Phys. Chem., 56, 801, 821 (1952).

(106) H. C. Brown and J. O. Brady, J. Am. Chem. Soc., Tk,
3570 (1952).

(107) A. Klit and A. Langseth, Physik. Chem., 65, 176 (1936).

(108) G. A. Alah and S. J. Kuhn, J. Am. Chem. Soc., 80,
6535 (1958).
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mechanism was originally proposed by Taftlo9 to explain the dependence
of rate of hydration of isobutene on Hammett'’s acidity function.

Gold and Satchell have presented evidence that the attacking
gpecies involved in the exchange reaction is larger than a hydrogen
catidn; Thus for protium-deuterium exchange reaction the partial rate
factors referring to the ortho, meta and para positions in toluene8
have been found to be 83, 1.9 and 83 respectively. The corresponding
vartial rate factors for bromination by EOBr in acidic medium were
76, 2.5 and 59. For nitrations it was found to be 42, 2.5 and 58
whereas for bromination by molecular bromine the partial rate factors for
the ortho and para positions were found to be 450 and 1990 respec-
tively. The higher QEEEQ/QQEQ ratio for bromination compared with ni-
tration has been attributed by de la Mare and Harveyllo to decreased
steric effect.

The rates of écidmcatalyzed hydrogen-isotope exchanges between
prdeuterocanisole and solvent systems such as CH3COOH, CH3COOH~ZnC12,

111

ZnClg-HCl—CH COOHE have been investigated recently by Satchell He

3
found that the rate of exchange in such solvents parallels to a close
approximation the extent of ionization of indicators such as 4-chloro-

2-nitroaniline and p-nitrodiphenylamine.

The kinetic isotope effect in hydrogen exchange reactions has

(109) R. W. Taft, Jr., J. Am. Chem. Soc., T4, 5372 (1952).

(110) P. B. D. de la Mare and J. T. Harvey, J. Chem. Soc.,
36 (1956). ‘

(111) D. P. N. Satchell, ibid., 1927 (1956).
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~

been determined recently by Melanderlld using both tritium and deu~

terium derivatives of toluene. The following results were obtailned.

T

K_

Position >
Toluene-ortho 53
Toluene-meta .59
Toluene-para .52
Benzene .65

The fact that the meta position in toluene is somewhat more reactivg

. < a s i 100 . _
than a single position in benzene suggests that the ratio of kT/KD
increases with decreésing reactivity. It is not clear whether this is
a general rule or not.

Deuterium Isotope Effects in Electrophilic Aromatic Substitution.==

Early attempts to determine deuterium and tritium isotope effects in
electrophilic aromatic substitutions were undertaken by Melander5’6,
who conducted a number of nitrations of aromatic compounds and their
tritium analogues using relatively high proportions of nitric acid and
aromatic compound to sulfuric acid. Since no detectable tritium iso-
tope effect was observed, he,concluded'that the rapemcontrolling stage
of the reaction, is not the abstraction of the proton. He considered

that nitrations take place according to the two-step mechanism with the

first step rate-determining.

(112) L. Melander and N. Olsson, Acta Chem. Seand., 10,
879 (1956).
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In the sulfonation of benzene and its tritium analogue, an isotope
effect (kT/kH) of 0.55 at 0° was obtainedu, which corresponds to an un=
usually small isotope effect if the splitting of a C=H bond is rate-deter-
mining. Bonner, Bowyer and W'illiams113 confirmed Melander's mechanism
of nitration of aromatic compounds. Thus, within the limits of experi-
mental error, they found that the rates of nitration of nitrobenzene in
97.4 per cent sulfuric acid and 86.7 per cent sulfuric acid are iden~
tical with the rates of nitration of pentadeuteronitrobenzene in the
same media. Lauer and Noland114 arrived at a similar conclusion upon
studying the nitration of benzene containing 91.5 per cent monodeutero-
benzene., They found that the expected 74,9 mole per cent of monodeu-
teronitrobenzene was formed, which agrees with a mechanism that demands
the absence of deuterium isotope effect.

Bonner and Wilkins1f5 have observed a small, but definite isotope
effect in the cyclodehydration of 2m(294,6mtrideuteroanilino)upentmzu
en-f-one and its protium analogue. The authors considered this reaction

to be an intramolecular electrophilic substitution.

(113) T. G. Bonner, F. Bowyer and G, Williams, Jo Chem. Soc.,
3274 (1952), '

(114) W. M, Lauer and W. E, Noland, J. Am. Chem. Soc., 75
3689 (1953).

(115) T. G. Bonner and J. M, Wilkins, J. Chem. Soc., 2358 (1955).
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In halogenation of arcmatic compounds Robertson116 has pointed
out that the proton loss is probably rapid and not rate-determining.
Melander6 found that in the iodine-catalyzed bromination of toluene and
of tritiated toluene the rates were identical with either isotope.

The rate of bromination of benzene and hexadeuterobenzene by agqueous
hypobromous acid was studied by de la Mare, Dunn and Harveyll7; no
deuterium isotope effect was obtained. However, in the bromination of
2-naphthol-6,8-disulphonic acid by molecular bromine a deuterium iso-
tope effect of 2.0 was found.lla°

Zollinger:Ll9 has studied the azo coupling reaction of 2-naphthol-
6,8-disulphonic acid and the le-deutero-2-naphthol-6,8-disulphonic acid
with hechlorobenzene diazonium ion. He found that the reaction is
strongly base catalyzed and the relative reaction rates gave an isotope

effect of 6.55. In the diazo coupling reaction of related compounds &

rather similar deuterium isotope effect was obtained.

(116) P. W. Robertson, J. Chem. Soc., 1267 (1954)."

(117) P. B. D. de la Mare, T. M. Dunn and J. T. Harvey, J.
Chem. Soc., 923 (1957).

(118) H. Zollinger, Experienta, 12, 165 (1956).

(119) =a. H. Zollinger, Helv. Chim. Acta, 38, 1603 (1955).

b. Ibid., p. 1620.

c. Ibid., p. 1619.
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kp/ky = 6.55

7 Y *
kH/ kD = 1 + H (27 E’)




L2

+ o~
C1 Ng + ) —3Cl =N + H+
SO3

so3'
Base kH / Ky (27 «¢)
55.6 M Water 6.55
0.0232 M Pyridine 6.01
0.905 M Pyridine 3.€2

Shilov and Weinsteinleo have studied the iodination of 2,4,6-
trideutercaniline and related compounds. They found that the intro=-
duction of a sulphonic group in the meta position diminishes the magni-
tude of the isotope effect appreciably. Such a decrease in isotope
effect was ascribed to "energetic peculiarities" of the reacting aroma-

tic molecule. The following compounds were iodinated by these authors.

Lompound kH/kD
N(CH,)
D 5 °
50." 1
O3

(120) E. Shilov and F. Weinstein, Nature, 132, 1300 (1958) .
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Compound

1.4

4.8

3.5

3.2

]
o




Lh

Compound kH/kD
NH2
D D
_ 2.0
50
5 3

121
Farrell and Mason have reported an isotope effect of 1.8 for

the bromination of dimethylaniline and its 2,4,6-trideutero derivative.

(121) P. G. Farrell and S. F. Mason, Nature, 183 (1959).



CHAPTER III
SOURCE, PREPARATION, AND PURIFICATION OF MATERIALS

Anisole.--Eastman Kodak Co., white label grade anisole was purified as
follows: Anisole {500 g.) was washed with 200 ml. of 10% solution of
sodium hydroxide. The anisole was next washed with five 200 ml. por-
tions of distilled water, and was dried over "Drierite" overnight. The
anisole was then distilled through a three-foot column packed with

3/16 inch glass helices, and the fraction boiling at 15° under atmo-
spheric pressure (742 mm.) was collected (ca. 350 g.). About ten grams
of pure sodium metal was added to the distillate and the mixture was
refluxed for three hours. The anisole was distilled from the sodium
metal through the same fractionating column and the fraction boiling at
154° under atmospheric pressure (742 mm.) was collected (ca., 250 g.).
The anisole was finally redistilled through the same column at 11 mm.
pressure. The portion boiling at 143° was collected and placed in sealed

tubes for further use.

Anisole~2,l;,6-d3,.~=Sodium metal 1.23 g. (53.4 mmoles) was placed in a

500 ml, three-necked round-bottom flask fitted with a nitrogen inlet,
separatory funnel, and a condenser which was attached to a calcium
chloride tube. Heavy water (18 ml. of 88.8% purity Ds0) was added very
slowly'while the flask was cooled. A solution of 10 g. (101.3 mmoles)
of phenol=-2,li,6-d3 (half of which was neutralized previously with sodium

deuteroxide prepared by the reaction of sodium metal with excess Do0) in
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4O ml. of heavy water was added to the flask dropwise followed by 13.45
g. (106.3 mmoles) of dimethyl sulfate. The solution was shaken vigorous-
ly for an hour and was then boiled' overnight under reflux. The anisole
layer was separated and the aqueous layer was extracted with two 10 ml.
portions of diethyl ether. The ether extracts were combined with the
anisole and dried over "Drierite®. The ether was evaporated and the
anisole distilled through a one-foot Vigreux column. The main portion
boiled at 33.5-314° under reduced pressure (ca. 6.8 g.).

Kinetic experiments, however, showed that the deuterated anisole
was appreciably contaminated with phenolm29h96md30 For purification,
about two grams of sodium metal was added to the &euterated anisole and
the mixturé was refluxed for two hours. The anisole was then distilled
from the sodium through the Vigreux column under reduced pressure at 35°
(ca. 3.0 g.}). The deuterated anisole was stored in sealed tubes for

future use.

Calcium Chloride.--Mallinkrodt, Analytical Reagent, anhydrous calcium

chloride was used without further purification.

Carbon Tetrachloride.~-A commercial grade of carbon tetrachloride from

Dow Chemical Co. was purified by distillation over potassium permanganate.
The distillate was extracted with a 10% solution of sodium hydroxide and
next with a dilute solution of sulfuric acid, then dried over calcium
chloride and diétilled through a one half foot column packed with glass

helices. The portion boiling at 77° was collected.

Calcium Sulfate.--Hamond "Drierite®, anhydrous calcium sulfate, was used

without further purification.
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Deuterium Chloride.--A solution of deuterium chloride in heavy water was

prepared by the method of Langseth and K11t1%2, Twelve ml. of 99.5%
heavy water was added dropwise from a funnel into a 100 ml. three-necked
round-bottom flask containing 25 ml. of purified thionyl chloride.
Nitrogen was continuously swept through the apparatus. The gases evolved,
sulfur dioxide and deuterium chloride, were passed through two traps
cooled by a mixture of acetone and solid carbon dioxide. Since the boil-
ing point of sulfur dioxide is -10° and the freezing point is -75.59,

and deuterium chloride has a boiling point of =85° and a freezing point
of =115°, all of the solid sulfur dioxide can be separated without contam-
inating the deuterium chioride. The deuterium chloride was then bubbled
through a sintered glass bulb into 80 ml. of heavy water (99.5% in Ds0).
Sweeping with nitrogen was continued until no more deuterium chloride

was evolved. The concentration of the deuterium chloride solution was
determined by titration with a standard sodium hydroxide solution and was
found to be 3.660 M. A check for oxidizing agents: was performed by addi-
tion of a little of the deuterium chloride solution to a solution of
potassium iodide acidified with sulfuric acid. No visible blue color

was observed upon addition of a starch solution.

Diethyl Ether.--Merck Reagent grade diethyl ether, stored in a brown

bottle over sodium wire, was used withouﬁ further purification,

Dimethyl Sulfate.--Dimethyl sulfate was purchased from Matheson Coleman

and Bell, Inc. and was used without further purification.

—

f122) A, E, Langseth and A. K1it, Kgl. Danske Videnskab Selskab,
Mat. fys. Medd., 13, 15 (1937).
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Heary Water.--Hsavy waler [95,5% in DEG} was purchased from the Liquid

Cerberde Coo, 767 Industrial Road, San Carlos, Califernda,

Hydrochlorie Acid.--dv Pont C. F, Reagent grade hydrochlorde acid was

used without further porification,

Todine.--Merck Resublimed-U.S.P, iodine was used without further purifica-
tion, Dilute iodine solutions for kinetic runs were prepared as followss
A saturated solution of fodine in carbon tetrachioride {200 ml,) was ex-
tracted with three aligqucts of redistilled water, the fourth and the sub-
sequent extracts were used for the kinetic experiments, This method was
adopted in order to eliminate, as much as possible, any extraneous triio-
dide jon present in the original iodine-carbon tetrachloride solution,
Concentrated stock lodine-sodium jodide sclubion was prepared by
dissolving cncugh fodine and sodiwn fodide such that all the iodine was
essentially comnwerted to trilodide, This stock sclulion was then 4iluted

B

to desired concentrations for runs with thallium perehlorate,

Lingeed Oil.--Raw, refined, urbciied linseed oll was used without further

purdfication,

o

Magriesium Buifate --Mallinckrodt, Analytical Reagent, anhydrous magnesium

gulfate waz used without further purification.

e}

Msrourdic lodide.-=Baker Analyzed Reagent meveuric dodide, was used withoutb

further purification.

Nitrogen.--Marks, Compressed Cylinder of nltrogen gas was used witheut

further purifization, ’
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li=Nitrophenol.--Eastman Kodak Co., Rochester, N. Y., p-nitrophenol was

purified by recrystallization from water. The product after the sixth

recrystallization melted at 114° (uncorr.).

L-Nitrophenol-2,6-ds.~-The method used for the preparation of L-Nitro-
9399ho Ace

phenol=2,6-dy is essentially that of Ingold and coworkers
cording to this method maximum deuteration is obtained when one half

of the phenol is present as the phenoxide ion. Sodium deuteroxide

was prepared by dropwise addition of 87 grams of 93% heavy water from

a dropping funnel to 1.27 grams (55.21 mmoles) of sodium metal placed
in a 200 ml. three-necked round-bottom flask fitted by means of ground-
glass joints with a nitrogen inlet and an air condenser; and coocled in
an ice bath. The sodium deuteroxide was then divided into two squal
volumes and to each portion 7.0 grams (50.lL mmoles) of p-nitrophencl
was added. The resulting solutions were placed in sealed tubes under
nitrogen atmosphere and were then heated in a five liter flask contain-
ing two liters of boiling water. The tubes were then opened and the
deuterium oxide was removed by distillation under vacuum. To the solid
residue 15.0 grams of 99.5% heavy water was added and the solution was
placed in sealed tubes under nitrogen atmosphere and was likewise
heated for another fifteen days. The tubes were reopened and the
sclution was titrated with 3.6601 M deuterium chloride solution until
Just acidic to litmus paper. The deuterium oxide was next removed by
distillation under vacuum, and the solid residue was dried for two

hours under vacuum at 80°. The dry solid residue® weighed 13.0 grams.

%Calculations show that approximately 4.3 grams of this residue
is sodium chloride.



About four grams of this residue was sublimed at 130-140° and a pres-
sure of 30 microns. At the end the sublimation temperature was
raised to 180° and thus about 2.6 grams of pure L-Nitrophenol=2,6-do,
m.p. 114° (uncorr.), was isolated .

To the remainder of the solid residue (about 9 grams),la solu~
tion of 1.05 grams of sodium metal in 99.5% heavy water was added
and the solution was again placed in sealed tubes under nitrogen at-
mosphere and was heated for thirty days. The tubes were then‘openedg
titrated with deuterium chloride, and the heavy water removed under
vacuum. The solid residue was dried, and then sublimed in a sublimat-
ing apparatus under rediuced pressure. The weight of pure L=-nitrophenol-
2,6~dp was 4.2 grams, melting at 114° (uncorr.). The recorded melting

point for p-nitrophenol is 11h°123"

Perchloric Acid.--Baker Analyzed Reagent, 70-72%, perchloric acid was

used without further purification., The exact concentration was deter-

mined by titration against standard sodium hydroxide solution.

Potassium Acid Phthalate.--Baker Analyzed potassium acid phthalate was

used without further purification.

Potassium Dichromate.--Merck Reagent, potassium dichromate was nsed

without further purification.

Potassium Jodate.--Baker Analyzed Reagent potassium iodate was used

without further purification,

~ 7123; R. L. Shriner, R, C. Fuson, and D. Y. Curtin Systematic
ldentification of Qrganic Compounds, page 326, Lith Edi t4 on (1956),
John Wiley and Sons, N. Y.,




A
§

Potassium Permanganate.--Baker Analyzed Reagent potassium permanganate

was used without further purification.

Phenol . ~-Baker Analyzed Reagent phenol, was purified by distillation
through a three-foot column packed with 3/16 inch glass helices under
atmospheric pressure. The phenol which distilled at 180-181° was
collected. The distillate was then heated overnight at 80° over anhy-
drous calecium sulfate. The phenol was decanted and then dried over
anhydrous calcium chloride for 30 minutes at 50°. The phenol was fil-
tered while warm and distilled in vacuum through a three-foot column
packed with 3/16 inch glass helices. The portion boiling at 75-81°
under 15-20 millimicrons was collected and sealed under nitrogen in

glass vials.

Phenolmzjhiésd3°m= Phenol-2,l,6~d3 was prepared by the general procedure
of Ingold and ccworkers‘gBQ The preparation of sodium desuteroxide is
analogous to those described previously.

A solution of 50 grams of pure phenol (521.2 mmoles) in 200
grams of 99.25% heavy water containing 6.18 grams of sodium, was sealed
in equal amounts in two tubes under nitrogen atmosphere and heated in
boiling water for 96 hours. The tubes were then allowed to stand at
room temperature for eighteen more days during this period ar orange
color was observed in the solutions. This solution was added dropwise
to the sodium metal while the flask was continuously swept with nitro-
gen gas. The heavy water was then distilled under atmospheric pressure
using an oil bath and the resulting salt was dried under vacuum.

Deuterium chloride (30 ml. of 9.08l M) was then added cautiously to
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the salt, followed by 200 grams of 99.5% of deuterium oxide. The
resulting solution was then placed in sealed tubes under nitrogen
atmospﬂere and was heated for eight more days.

The tubes were then allowed to stand at room temperature for
two days after which they were broken open and the sclution was placed
in 500 ml. separatory funnel. The sclution was then titrated with
deuterium chloride solution until just acidic to litmus paper. The
deuterated phenol was then extracted with ten 50 ml. aliquots of
ether, and the combined ether extracts were dried over anhydrous
sodium sulfate. The ether was then removed by distillation and the
deuterated phencl was distilled under vacuum using a half-foot column
packed with 3/16 inch glass helices. The portion beiling at 540
under reduced pressure was collected (ca. 34.54 grams). About 7.35
grams of this deuterated phenol was stored in sealed tubes under
nitrogen atmosphere and to the remainder (27.2 grams), a solution of
100 grams of 99.5% heavy water containing 3.73 grams (162.0 mmoles)
of sodium metal was added in an analogous manner as described previous-
ly. The solution was then placed in sealed tubes under nitrogen and
was re-equilibrated at the temperature of a boiling-water bath for
seventeen days. The tubes were then brcken open and the deuterated
phencl was recovered from the sclution in exactly the same way as
described previously. The deuterated phenol that boiled at Ll-45©
under reduced pressure was collected (ca. 12.5 grams), and was stored

in sealed tubes under nitrogen atmosphere for further use.

Silver Perchlorate.-~Anhydrous silver perchlorate purchased from the

G. Frederick Smith Chemical Co. was dried under vacuum at 80°,
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Sodium Metal.--Baker Reagent Grade freshly cut sodium metal was used

without further purification.

Sodium Carbonate.--Mallinckrodt Analytical Reagent anhydrous sodium

carbonate was used without further purification.

Sodium Hydroxide.--Fisher Certified Reagent Grade sodium hydroxide was

used without further purification. However, for the preparation of a
standard solution of sodium hydroxide, it was purified as follows: A
gsolution of 50 grams of sodium hydroxide in 50 ml. of redistilled water
was filtered through a sintered-glass funnel. The concentrated sodium
hydroxide sclution was then diluted to the desired concentration. The
molarity of this solution was determined by titration using potassiﬁm

acid phthalate as a standard and phenoiphthalein as indicatorlgho

Sodium lodide.~-Baker Analyzed Reagent sodium iodide was dried in vacuum

at 100° and was used directly for kinetic experiments. For stopping
the reactions, a saturated solution of Merck, U.S.P. sodium iodide was

used without further purification.

Sodium Perchlorate.=-<Hydrated sodium perchlorate purchased from the

Amend Drug Co. was heated in the oven for 12 hours and then dried in
vacuum (25 mm) at 130-140° for four hours.

A second portion of sodium perchlorate was prepared by reacting
perchloric acid with solid sodium hydroxide. Near the end point a

solution of sodium hydroxide was used to titrate the solution to neutral

(124) I. M. Kolthoff and E. B, Sandell, Textbook of Quantative
Inq;ggnic Analysis, Third Edition, New York; The Macmillian Co., 1952,
p- 526

a



using a Beckman pH meter. The solution was then evaporated to dryness
and then dried for nine hours in an electric oven under vacuum (25 mm)
at 130-140°. Sodium perchlorate monohydrate decomposes to give anhydrous

12
sodium sodium perchlorate at 130° 50

Sodium Thiosulfate.--Merck Reagent sodium thiosulfate was used without

further purification. To prepare a standard sodium thiosulfate solu-

tion, about 75 grams of sodium thiosulfate was dissolved in three

liters of freshly redistilled water. To this solution 0.30 grams of

sodium carbonate was added and the solution was allowed to stand over-

night before standardization. Either potassium iodate or potassium
126

dichromate in sulfuric acid was used as a standard . The results

agreed within the limits of experimental error.

Sulfuric Acid.-=du Pont C.P. sulfuric acid was used without further

purification.

Thallium Metal.~-Fisher Scientific Co. thallium metal was used without

further purification.

Thallium Perchlorate.-+Thallium perchlorate C.P. was purchased from the

City Chemical Corporation, N. Y., dried under vacuum at 800, and was
used without further purification. Another batch of thallium perchlorate

was prepared by refluxing with stirring an equimolecular mixture of

{125} N, A, Lange, Handbook of Chemistry, Sixth Edition, Sandusky:
Handbook Publishers, Inc., 1916, p. 256.

126} I. M, Kolthoff and E. B. Sandell, Textbook of Quantative In-
Organic Analysis, Third Edition, New York; Mcmillian Co., 1952, p. 59k,
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recovered thalljum iodide and silver perchlorate. After six days the
solution was filtered while hot, cooled, and the white crystals of
thallium perchlorate were removed by filtration. After two recrystali-
zations, the thallium perchlorate was dried under vacuum for two hours

at 80°.

Thionyl Chloride.--Eastman Kodak white label grade thionyl chloride was

purified by the standard procedure of Martin and Fieser127°

Water.--Distilled water was redistilled freshly over potassium per-
manganate (10 grams) and sodium hydroxide (50 grams) in batches of four

liters each.

{(127; BE. L. Martin and L, F. Fieser, Organic Synthesis, John
Wiley and Sons, Inc., New York, N. Y., Coll. Vol. II, 1943, p. 570.




CHAPTER IV
EXPERTMENTAL TECHNIQUES FOR KINETIC MEASUREMENTS

The multiple flask technique was amﬁloyad throughout the course
of the experimental work. However, slight modifications were made as
the work was in progress. Kinetic runs were ordinarily carried out in
50 ml, or 100 ml. red, low actinic, volumetric flasks fitted with
ground-glass stoppers which were lightly lubricated with silicone
grease. All the stock solutions were thermostated in a Sargent constant
temperature water bath Model S-W 3¢-82055 equipped with automatic thermo-
regulator. For kinetic experiments on p-nitrophenol and anisole, the
bath temperature was set at 50.0 * 0.1° as determined by a thermometer
calibrated by the Bureau of Standards. The temperature of the bath was
found to stay constant within 0.02° as determined by a 0-100° thermo-
meter calibrated in tenths of a degree. For kinetic experiments on
phenol, the bath temperature was set at 25.0°0 ¢ 0.1 as determined by a
thermometer calibrated by the Bureau of Standards and was cooled with
a coil through which cold water was circulated.

Generally, a stock solution of sodium iodide and perchloric acid
along with enough sodium perchlorate (of such a concentration that the
ionic strength of the solution became 0.3000 ﬂ) was first introduced
into the reaction flasks at 50.0°. Next, the iodine solution was added
and finally 5.0 ml, or 10,0 ml. of L-nitrophenol. The flask.;as then

shaken vigorously and the zero time of reaction was taken when one
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half of the solution of L-nitrophenol had drained into the flask. To
stop the reaction, a freshly prepared saturated solution of sodium
iodide (one ml. per 50 ml. of reaction mixture) was injected into the
reaction flasks with a syringe, the time was recorded, and the flask
wag shaken vigorously. The contents of the reaction flasks were
ringed into Erlenmeyer flasks and titrated to a starch end-point with
sodium thiosulfate solut:ion128 (generally 0.006 M) delivered from a
10.0 ml. burette. Usually, a kinetic run was performed in nine reac-
tion flasks, three of which contained all of the reactants except l-
nitrophenol and were used as blanks in order to determine the initial
stoichiometric concentration of iodide. These blanks were determined
at time intervals near the beginning, middle and end of the kinetic run,
The blanks were found to remain constant at low iodide concentrations.
However, in runs at high iodide ion concentration (0.0003 M or higher),
the iodine titer showed a tendency to increase with time. When the
flasks and the stock solutions of such runs were flushed with nitrogen
gas, the blanks were found to remain constant, within the limits of
experimental error. Therefore, this technique of flushing with nitrogen
gas was employed for all the runs reported in this thesis at 0.00030 M
or higher iodide concentration.

A slight modification was adopted in kinetic runs with anisole.
As in the previous case, stock solutions of sodium iodide, perchloric
acid and sodium pesrchlorate were introduced into the reaction flasks.

To these solutions 25.0 ml. or 50.0 ml. of stock anisole was introduced

{128} I. M. Kolthoff and E. B, Sandell, Textbook of Quantitative
Inorganic Analysis, Third Edition, New York; The Macmillian Co., 1952,

p. 590.
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followad with 10.0 ml. or 20.0 ml. of stock iodine solution. The zero
time of the reaction was taken when half of the iodine solution was
drained into the reaction flask, This modification was necessary in
order to reduce the uncertainty in timing the start of the reaction.
The technique for performing kinetic runs with phenol is iden-

tical to that of L-nitrophenol except that the reaction was run at 250

instead of 50°.

Kinetic Runs in The Presence of Théllium Perchloratecm-Thailium perchlo-

rate was used in kinetic runs in order to maintain a fairly low and
constant iodide ion concentration. However, a major source of difficulty
is encountered in the use of thallium perchlorate. It is established
that crystalline thallium iodide reacts with iodine and forms molecular

complexes in the solid phasolz9’13os

611 I + I, —— Tiglg

This reaction occurs at 25° at iodine concentrations greater than 0.76
x 10"°S M. At iodine concentrations greater than 3.3 x 10mh M a second

complex is formed
Tlglg + 512 —p 6T113

in which the per cent iodine tied up as a complex is still greater.

Thus, it was found necessary to perform kinetic runs in the presence of

{129, W. Maitland and R. Abegg, Z. anorg. Chem., 49, 341 (1906).

{i30) A. G. Sharpe, J. Chem. Soc., 2165 (1952).
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thallium ions at iodine concentrations below 3.3 x lO"h M in order to
keep major portions of iodine from being precipitated as TlIB° It

was necessary to use iodine concentrations usually above 2.0 x 10"h M

in order to have sufficient iodine for accurate titration. Generally,

a stock solution of perchloric acid, sodium perchlorate and thallium
perchlorate was pipetted into 50.0 ml. reaction flask thermostated at
50.0°. To the reaction flasks containing this stock solution was

added a small amount (1 ml.) of sodium iodide (0.0002 M) and then

iodine solution of such a concentration that the final stoichiometric
concentration of iodine would be below 3.3 x IO“h M. The sodium iodide
was added in order to form enough crystal seeds to induce the precipita-
tion of all additional iodide ions formed throughout the course of the
reaction. The reactants were usually allowed to equilibrate for about
one~half hour before the addition of 5.0 ml. of L~nitrophenol. The
reaction was stopped by pou?ing the contents of the flask intoc an
Erlenmeyer flask containing an excess of standardized sodium thiosulfate
solution. The contents of the reaction flask were rinsed with water

and then 2.0 ml. of a saturated solution (at room temperature) of
sodium jodide in water was added. The flask was shaken for a few minutes
to ensure complete precipitation of thallium iodide and the solution was
filtered through two medium porosity filter papers on a Buchner funnel
under mild suction. Five ml. of starch solution was added and the pale
vellow solution was back~titrated with standardized iodine-sodium iodide
solution until a pale blue-green color was attained and then back-
titrated to a yellow solution with sodium thiosulfate. The same techni-

que was employed in runs with anisole except that the reaction was
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started by the introduction of 25.0 ml. of anisole. In kinetic ex-
periments with phenol and thallium perchlorate, the reaction tempera-

ture was maintained at 25.0°.

Calculation of Apparent Rate Constants.--It was initially assumed that

the reaction of lj-nitrophenol and anisole with iodine is first order
in stoichiometric iodine and first order in substrate. This assump-
tion was later confirmed by experiment. A similar kinetic order has
been established for phenol. The apparent rate constants were calcula-

ted by the integrated rate equation

2.303 a(b-x)
Kapp = 1og  ——w——em
(b=a)t b(a-x)

in which a and b designate the initial stoichiometric molar concentra-
tion of jodine and substrate respectively and x is the molar concentra-
tion of stoichiometric iodine consumed at time 30131 The units of
kapp are (liter)(mole~l)(sec.”l) or 1./mole sec. In a typical run,
this equation was used to calculate the apparent rate constants at

various intervals and the calculated rate constants were extrapolated

to zero time.

{131, A. A, Frost and R. G. Pearson, Kinetics and Mechanism, New
York: John Wiley and Son, Inc., 1953, p. 17.




CHAPTER V
KINETIC MEASUREMENTS IN AQUEQUS
PERCHIORIC ACID AND SODITM PERCHLORATE

SOLUTION

The mechanism of the iodination of phenol in water containing
acetate-acetic acid buffer proposed by Grovenstein and Henderson has

the following rate expression at high iodide ion concentration
k, [Phod] (13][B,0] &, [mnod] [I;] [oac]
T FFET

However, at low lodlde ion concentrations, thelr rate expression assumes

rate =

the form:
rate = k;L [PhOHJ [12] + k; [PhOIEJ [12-]
(]
1

1]
in which kl and k2 designate the rate constant for iodination by mole-

cular iodine of phenol and phenoxide ion respectively.
The mechanism of iodination of phenol in acetate-acetic acid

buffer proposed by Berliner leads to the following rate expression.
k; [enom] [1,] +  x, (o] (1] [moad]
] & E)F ]

According to Berliner, this expression helds at the entire iodide ion

range and even at high iodide ion concentrations where approximately
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all the stoichiometric iodine is converted to triiodide ion.

- K _-
5 + I ;:::213

e
where k = -Tﬁfwﬁfj

The two mechanisms are kinetically indistinguishable at high iodide lon

I

concantrations. However, at low lodide ion concentrations, if the re-
action proceeds according to Grovenstein'’s mechanism, it is expected
that Berliner's rate constants should decrease with decreasing iodide
ion concentration.

At low iodide concentrations, the second order apparent
rate constant (kapp) falls sharply as the reaction proceeds. Such a de-
crease in rate constant is expected since the iodide ion concentration
increases throughout the course of the reaction. In order to obtain an
apparent rate constant at a definite iodide ion concentration, the
integrated rate constant was plotted versus the per cent reaction and the
apparent rate constant at the initial stoichiometric icdide ion concentra-
tion (zero per cent reaction) was obtained. At initially high iodide ion
concentration where the per cent increase in iodide ilon concentration is
small relative to the initial ion concentration, the apparent rate
constants were rather constant, hence an average of the apparent rate
constants was taken.

Berliner's rate constant k' was also calculated for each run from
the extrapciated apparent rate constant. The rate constant k', is

defined as follows
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b “app & [12] [Ijz
()

In order to account for the ilodide tied up as triiodide ion the rate

constant k¥ defined as

* =
k kapp (12)
[
was calculated. The stoichiometric concentration of molecular species
are designated by enclosure in parentheses ( ), and the actual concentra-
tion of a specles by enclosure in square brackets[ J. This designation

is adopted throughout this thesis.

Kinetic Reaction of 4-Nitrophenol.--In order to determine the effect of

indide ion concentration on the rates of iodination of p-nitrophenol,

a wlde range of 1lodide ion concentration was studied. The first kinetic
run was performed at 25.00 x lO-lJr M Sodium ilodide in the presence of per-
chloric acid and sodium perchlorate at 50° and ionic strength of 0.3060,
The use of NaCl, as employed by Berliner9, was avolded since it is possi-
ble that iodine may react with chloride ion for form 1201' or 101132. The
results (Table I, Run 32-V-1) indicate that there was no appreciable drop
in the apparent rate constant throughout the reaction. This is rather

expected 1in runs at relatively high iodide ion concentration since the a-

mount of lodide ion formed during the reaction is relatively small. In

(132) W. M. Iatimer, The Oxidation States of Elements and Their
Potentials in Aqueous Solutions . New York: Prentice Hall; 1952 p.65
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order to avoid polyiodination, the concentration of p=nitrophenol was
always kept at least four times as large as the lodine concentration.
The average value of the apparent rate constant was found to be 10.94
#0,29 x 10-41o/mole sec, and the calculated value of k' was 51.2 x 10=7
sec.™! (See Table 1). Duplication of the same run gave an average rate
constant of 11,18 0.3 x 10~* 1, /mole sec. and the value of k' was
52,0 x 1077 sec.=! (See Table 2, Run 39-V-1).

Todination at higher iodide concentrations (65.0 x 10-4 M and
125 x 10”4 M) were performed. As in the previobus case, the apparent
rate constants were averaged since no appreciable drop in apparent rate
constant was observed (See Table 3 and Table 4)., A kinetic run at
5.0 x 10~ M in sodium iodide was done under the same experimental con-
ditions., A downward drift in the rate constants was prominent in this
case. Extrapolation of the rate constant to zero time gave an apparent
rate constant of 9.10 x 1072 1./mole sec. and the calculated value of
k' was 45.8 x 10~ sec.=! (Table 7, Run 43-V~1), The same run when dupli-
cated gave an extrapolated value of apparent rate constant of 8.70 x 10=3
1. /mole sec. and a value of k' of Mi,7 x 1077 sec.™’ sec.=! (Table 8, Run
55=V=1),

The iodination of p=nitrophenol at 2.50 x 10=4 M sodium iodide
was run using the same concentrations of reactants except iodine. The
plot of apparent rate constant versus per cent reaction when extrapolated
to zero time gave an apparent rate constant of 17.91 x 10=3 1. /mole sec.,
which gives a value of k' of 41,8 x 10~7 sec.~! (See Table 9, Run 51~

V-1)-
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The iodination of p-nitrophenol at 1.00 x :1.o‘LF M sodium iodide
was run. A close examination (Table 10, Run 36~Val) reveals that the rate
consﬁant falls in half at 50 per cent reaction. A plot of rate constants
versus per cent reaction gave an extrapolated rate constant of 4.10
x 107° 1./mole sec. or & value of k' of 33.6 x 10" sec.”™t. The ex=
periment was repeated and the extrapolated rate constant was found to
be 4.30 x 1072 1./mole sec. and the value of k' was 39.6 x 1077 sec.™t
{Table 11, Run 37-V=1}. Such a discrepancy in a set of similar runs was
at first thought to be due to errors in one of the experiments. Therefore,
another check was made and the rate constant was found to be 4.0k x lO"2
1,/mole sec. and the value of k' was 34.7 x 10"7 sec.” . (Table 12, Run
y2-v-1). A fourth check on the same run gave an extrapolated value of
rate constant of 4,00 x 10—2 l.mole sec. and a calculated value of k'
38.2 x 1077 sec.™t (Table 13, Run 46-V-1). A close examination of
tables 10, 11, 12, and 13 reveals that the iodine concentration in rums

L

36-V-1 and 40-V-1 are approximately similar {4.90 x 107" M and 4.k9 x

lomh M, respectively) and the magnitude of k's are also comparable within
the limits of experimental error. In Tables 11 and 13 the iodine con-
centrations {2.82 x 1o“h M and 2.02 xlu;%gxespectively) are fairly close
and the values of k's are also close. The effect of iodine concentra-
tion on k' will be discussed later on in terms of the iodine-triiodide
equilibrium.

The iodination of p-nitrophenol was studied at 0.50 x lO-LL M

sodium iodide and 2.07 % lO"h'M)iodine concentration. The rate constants

fell sharply as the reaction proceeded. Extrapolation of rate constants
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- t
to zero time gave a value of 6.60 x 10 2 1./mole sec. and a value of k

-1

of 30.3 x 107 sec. (Table 14, Run 48-V-1). The same run was re-

peated and the extrapolated value of the apparent rate constant was
6.40 x 10-2 1./mole sec. or the value of k was 29.0 x 1077 sec.™t.
(Table 15, Run 80-v-1j.

A run at 0.2500 x lO-u'M.in sodium iodide was performed. The
concentration of iodine in this case was lowered to 1.396 x J_O'lL M
in order that the increase in iodide lon concentration with reaction
not overshadow the initial stoichiometric iodide concentration. However,
it can be easily seen that at 20 per cent reaction the concentration of
iodide ion doubles. Extrapolation of rate constants in this case gave
a value of 8.75 x 10_2 l./mole sec. at zero time. The calculated
value of k was 21.4 x 1071 sec. ™™ (Table 16, Run 81-V-1).

The iodination of p-nitrophenol at lower iodide ilon was desirable.
Thus a run at 0.100 x lO—h M sodium iodide was performed. As in the
previous case the iodine concentration was lowered to 1.017 x lO“lL M.
In order to have enough titratable iodine, the reaction was run in
200 ml. volumeric flasks. The concentration of sodium thiosulfate was
doubled in order to get good starch-iodine end points. Exemination of
Table 17 reveals that at 90 seconds approximately nine per cent of pro-
duct was formed. Experimental error due to starting and stopping the
reaction are exaggerated in this case due to the short period of re-
action time. Another major souce of difficulty 1s that accurate extra-
polation is not possible at thils iodide ion ccncentration. Thus, at ten

per cent reaction it can be seen that the concentration of stoichio-

metric lodide increases more than two fold and at 50 per cent reaction
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L

the stoichiometric iodide ion concentration is approximately 0.6 x10~ M.
The overall shape of the plot of rate constants versus per cent reaction
is similar to a logarithmic plot. To obtain an accurate extrapolation,
points beyond 30 per cent reaction were almost neglected and the extra-
polated value was primarily based on 10 to 30 per cent reaction. Thus a
value of apparent rate constant of 15.25 x lO_2 l./mole sec. was ob-

7

t - -
tained. The calculated value of k was 14.6 x 107 sec.™ (Table 17,

Run 82-V-1). This experiment was checked and a value of kapp of 15.20

- 1
x 10 2 1./mole sec. was obtained and the calculated value of k was

1h.5 x 1077 .'sec._l

Due to difficulties in extrapolating at low iodide ion concentrea-
tion, no firm conclusion could be reached regarding the effect of iodide
ion concentration on reaction rate at low iodide concentrations. There-~
fore, the use of thallium ion to regulate the iodide ion concentration
was next studied. In the presence of a high concentration of thallous
ion, the iodide ion concentration should remain constant during a kinetic
run if the solution is initially saturated in thallium iodide since any
additional iodide ion formed during the reaction should precipitate as
thallium iodide.

A preliminary experiment on iodination of p-nitrophenol in the
presence of thallium ion under otherwise similar conditions was run.
The results of such an experiment indicated that the reasction is too
fast to be studied under the conditions used. The sources of error in
this experiment were many. First, starting and stopping the reaction
constituted the main source of error. The reaction was stopped by

pouring the contents of the reaction flask into an excess of sodium

thiosulfate in an Erlemmeyer flask. Another source of error in
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experiments with thallium perchlorate is that the starch end-points are
not as sharp as in the previous experiments due to the formation of a
greenish-blue color. Table 19 shows that there is a drop in the ap-
parent rate constants. A plot of rate constants versus per cent re-
action gave a value of 17.80 x 107° 1./mole sec.

It is established that the reactivity of p-nitrophenoxide ion is
greater than that of p-nitrophenol toward electrophilic substitution
and the addition of acids to aqueous solution of p-nitrophenol depresses
the ionization of the latter. Therefore, in order to obtain accurate
measurement of reaction time, the iodinetion of p-nitrophenol was repeat-
ed in the presence of thallium perchlorate (0.050 g) at higher acidity
(0.04910 M). The rate constants were constant throughout the run within
the limits of experimental error. The rate constants were averaged and
a value of 2.36 + 0.15 x 10-2 l./mole sec. was obtained (See Table
20, Run 56-V-2). The same run was checked in order to see the repro-
ducbility of the experiment and an average value of 2.26 + 0.1h x lO-2
1./mole sec. was obtained (Table 21, Run 58-V-2). Further checks were
done and the results were in fair agreement (See Table 22, Run 55-V-2,
and Table 23, Run 138-V~1).

In order to understand the mechanism of iodination of p-nitrophe-
nol, the effect of hydrogen ion on reaction rates had to be investigated.
Thus the lodination of p-nitrophenol was studied at varying iodide ion
concentration and at different acidities.

T

The first run was done in 25.00 x 10- M sodium lodide and
0.003273 M perchloric acid. A three fold decrease in hydrogen ion

concentration increased the reaction velocity by approximately three
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fold. The apparent rate constants were averaged at this iodide lon con-
centration and gave a value of 3.23 + 0.12 x 10-3 l./mole sec. and the
calculated value of k' was 141.9 x lO"7 sec.-l. (See Table 24, Run 87-
V-1l).

The iodination of p-nitrophenol at 0.003273 M perchloric acld
was also studied at lower ilodide ion concentrations. Unfortunately, it
was not possible to perform rumns below 0.5 x lO-lP M iodide ion concen-
trations, since at this acidity runs with lower ilodide concentrations
are too fast to be measured with the standard technique.

The effect of another three fold change in hydrogen ion concentra-
tion was investigated at different lodide ion concentrations. Thus the
iodination of p-nitrophencl at 8.00 x 107k M in sodium iodide and
0.00109 M in perchloric acid was run. The apparent rate constants
dropped slightly. Extrapolation of rate constants to zero time gave a
value of 4.30 x lO-2 1./mole sec. The calculated value of k' was 419.6
x 1077 sec.™t. (Table 29, Run 97-V-1). The iodination of p-nitrophenol
at this low acidity was studied at several iodide ion concentrations.
The lowest iodide ion concentration investigated at this acidity was

L

1.00 x 10~ M. However, the experimental results were unreliable.
Thus in an experiment at 1.00 x lO-lF M in perchloric acid, the extra-
polated value of apparent rate constant was 0.262 l./mole sec, and
the value of k was 237.9 sec. T, (Table 35, Run 96-V-1). However,
the same experiment when repeated under the same iodide ion and hydro-
gen ion concentration gave an extrapolated value of rate constant

' - -
0.348 1./mole sec. and the value of k¥ was 333.5 x 10 7 sec. 1 (Table

36, Run 90-V-l). It seems reasonable to conclude that such experiments
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are unreliable. In order to be able to make accurate kinetic rums at
such low hydrogen ion concentration, it 1s necessary to use a more
efficient buffering system.

In order to have further insight about the dependence of reaction
rate on hydrogen ion concehtration, the iodination of p-nitrophenol was
studied at higher hydrogen ion concentration (0.04910 M). Unfortunately,
it was not possible to study the reaction at high iodide ion concentra-
tions at this high perchloric acid concentration since the oxidation
of iodide to iodine becomes more prominent at high acidities. Further-
more, the reaction is much slower at high acidities hence a comparison
of rates between p-nitrophenol and its deuterated derivative at high
iodide ion and high hydrogen concentration becomes difficult sine it is
expected that hydrogen-deuterium exchange will take place at prolonged
reaction intervals. For this reason, the iodination of p-nitrophenol
at 0.04910 M perchloric acid was studied at fairly low iodide ion concen-
trations. (See Tables 37 and 38).

In order to confirm the reaction order with respect to p-nitro-
phenol the iodination of p-nitrophenol was carried out at 1.00 x lO'J+
M sodium iodide, at two different p-nitrophenol concentrations and at
exactly the same lodine and perchloric acid concentrations. Tables
39 and 40, show that a three fold change in p-nitrophenol concentration,
does not effect the value of apparent rate constant or the value of k'.
Comparison of Tables 39 and 40 with Tables 10, 11, and 12 show that

within another three fold change in p-nitrophenol concentration, the

values of kapp are essentially constant.

Kinetic Reactions of -fitrophenol-2,6-d, .~-The preparation of
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h~nitrophenol-2,6-d2 is described in Chapter III. However, at this point
it was essential to find whether complete deuteration was achieved.
Thus, the iodination of twice equilibrated . p-nitrophenol (this com-
pound is designated as partially deuterated. R—nitrophenol) was studied
under the conditions of 65.0 x lO"l‘L M iodide ionm, 0.009820 M perchloric
acid and 0.3000 in ionic strength at 300. Exemination of Table L1,

Run 103-V-1l, reveals that the apparent rate constants fall as the re-
action proceeds. This is, however, contrary to what is expected from
runs at high iodide ion concentration, since the increase in iodide

ion concentration, is negligible compared t the intital stoichio-

metric iodide ion concentration. However, such a drop in apparent

rate constants is to be expected for the reaction of iodine and partial-
ly deuterated p-nitrophenol. The extrapolated value of rate constant
was 4.95 x 10"5. This value was compared with the corresponding

value of rate constant on p-nitrophenol (see Table 3, Run 54-V-1) and a
deuterium isotope effect (kH /kDPP) of 4.0l was obtained. Similarly,

app’ &
the iodination of partially deuterated p-nitrophenol at 25.00 x lO"u M

sodium iodide was studied under similar experimental conditions (See
Table 42, Run 102-V-1). The fall in apparent rate constants was also
significant in this case. The rate constants were plotted versus per
cent reaction and an extrapolated value of 2.55 x lO-l‘L l./mole sec. was
obtained. Comparison of this value with the average rate constant
obtained in the iodination of p-nitrophenol at the same iodide ion and
hydrogen ion concentration (Table 1, Run 32-V-1) gave a deuterium iso-

tope effect of L.3%4.

The iodination of h-nitroPhenol-~2,6—d2 (prepared by three
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equilibrations with heavy water) was next studied at 25.00 x lO-h M

sodium idodide, in order tc see whether any change in the magnitude
of deuterium isotope effect may result. As contrasted to the previous
run (Table 42}, the apparent rate constants remained fairly constant

L

and when averaged gave a value of 2.06 + 0.06 x 10" 1./mole sec.

and the value of k' was 9.56 x lO-7 sec.-l (Table 43, Run 104-V-1).
Comparison of these values with that of p-nitrophenol (Table 1,

Run 32-V-1) gives a value of 5.32 for the deuterium isotope effect.
Thus it may be concluded that the deuterated p-nitrophenol obtained
by two equilibrations with heavy water was contaminated with some un-
deuterated compound.

The iodination of h-nitrophenol-2,6-d2 in 5.00 x lO-h'@_sodium
iodide was done at 0.009820 M perchloric acid. The rate constants were
plotted versus per cent reaction to give a value of extrapolated rate
constant of 2.00 x lO"3 l./mole sec. The calculated value of k' was

-1,

10.6 x 10”1 sec. (Table 44, Run 132-V-1). The magnitude of deu-

terium isotope effect (kggp/kgpp) was 4.55. The same experiment was
repeated as a check and the value of extrapolated rate constant was

found to be 2.08 x 10-3 1./mole sec., and the calculated value of k'
was 9.81 x 1077 sec.™t (See Table 45, Run 13-V-1).

The iodination of u-nitrophenol-e,é-d2 in 1.000 x 10'“ M sodium
iodide was performed. The plot of apparent rate constants versus per
cent reaction and extrapclated to zero time gave an apparent rate
constant of 8.67 x 1073 1./mole sec. The calculation of k| gave a value
-1

. .. . H D
The kinetic isotope ratio of (k k ve a
D ( app/ app) &

value of 4.65. This isotope ratio is close to that obtained in 5.00

of 8.20 x ZLO“7 sec.

X lO-h M sodium iodide solution.
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The iodination of h-nitrophenol-2,6-d2 in O.EOOO b4 lO_u M sodium
indide was performed. The apparent rate constants were extrapolated

3

to zerc time and a value of 15.8 x 10~ l./mole sec., was obtained. The

calculated value of k' was 7.32 x 1077 sec. ™t (See Table 47, Run 109-V-
1). The same run was repeated and the value of extrapolated kapp wa.s
found to be 14.50 x 1073 1, /mole sec. The calculated value of K was
6.20 x 1071 sec.”™t (Tabie 48, Run 105-V-1). A comparison with the
corresponding protio compound (Table 15, Run 30-V-1) gives a kinetic

. H D
isotope effect (k k of 3.85.
P (% oo/ Kapp) OF 3-85

To have more conclusive evidence regarding the drop in deuterium
isotope effect, the iodination of h—nitrophenol-»2,6-d2 was performed at
the lower iodide ion concentration of 0.2500 x lO_u M. The apparent
rate constants plotted versus per cent reaction and extrapolated to
zero time gave a value of 2.62 x lO_2 1./mole sec. The calculation of
k' gave a value of 6.25 x 1077 sec. -1 (See Table 49, Run 107-V-1).

The k' value at 0.2500 x lO_u M sodium iodide for the protium compound
as indicated in Table 16, was 8.75 x 10-2 1./mole sec. The kinetic
isotope ratio of (kH /k]) ) was 3.34. This isotope ratio is still

app’ app
lower than the previous value.

The iodination of deuterated p-nitrophenol at 0.1000 x lO_u M

sodium iodide was done. As expected, the rate constants fell sharply as
the reaction proceeded. The extrapolated rate constant was found to be
7.80 x lO-'2 1./mole sec. and the value of X' was T.41 x lO"7 sec. L.
(Table 50, Run 106-V-1). A comparison with the corresponding run on
the protic compound gave a deuterium isotope effect of 1.96.

The iodination of h—nitrophenol-2,6-d2 in the presence of
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thallium perchlorate {0.0500 M} was performed in perchloric acid
solution {(0.0491 M). A slight downward drift was observed. However,
to compare the apparent rate constant with that of protio compound, an
average of the rate constant was taken and was found to be 0.97h +
0,06k x 1072 1./mole sec. (Table 51, Run 57-V-2). The same run was
repeated and an average rate constant of 0.820 + 0.043 x :LO-2 was
obtained., {Teble 57, Run 139-V-1). Comparison of this two values
with that »f protium compound in Table 20, gave a value of 2.43 and

2.88 respectively for the magnitude of deuterium isotope effect.
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Table 1

Run 32-V-1, p-Nitrophenol in 25.00 x 10~ M Sodium Todide Solution
at 50.0

(p-Nitrophenol), - 0.007699 M (HC10),) ~ 0.009820 M
(Io), - 0.0005124 M (NaC10)) - 0.2877 M
(NaI), - 25.00 x 10-k ¥ (NayS,03) - 0.006990 M

50.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 104 Per cent

(sec,S) (ml.) (1./mole sec.) reaction
(blank) 7.33 0.00
13,662 6.53 11.09 10.98
22,1120 6.07 10.99 17.19
33,252 5.53 11.11 24.50
Ll , 374 5.02 11.21 31,20
73,310 4.05 10.61 L4 .37
73,555 L.01 10.75 L5.07
11}4,912 2.97 10.08 58,23

Average value of rate constant (kapp) = 10,94 +0.29 x 10"h 1./mole sec,
k? = 51,2 4+ 1.4 x 1077 sec.™!

K* = 2,29 x 1073 1./mole sec.

1/%* x [Hﬂ= 1.5 x 103 sec.

[+,

22.323 x 1074 mole/1.
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Table 2

Run 39-V-1, p-Nitrophenol in 25.00 x 10"h M Sodium Todide Solution
at 50,0°

(p-Nitrophenol), - 0.007699 M (HC10),) - 0.009820 M
(Ip), - 0.0005250 M (NaC10)) - 0.2877 M
(NaI), - 25,00 x 104 ¥ (NapS,03) - 0.005991 M

50.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 10h Per cent
(sec.? (ml1.) (1./mole sec.) reaction
(blank) 8.76 0.00
12,735 7.86 11.09 10.27
20,840 7.35 11.04 16.09
27,380 6.90 11.39 21.23
36,957 6,31 11.65 27.96
8k,340 h.h2 10.74 49.54

Average value of rate constant (kapp) = 11.18 + 0.30 x 1074 1./mole sec.

k? = 62,0 x 10~7 sec.=1
K = 2.33 x 10~ 1./mole sec.
1/k% [Hﬂ = }3.7 x 103 sec.

22,260 x 1074 mole/1.

Eip
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Table 3

Run S4-V-1, p-Nitrophenol in 65.00 x 10~k M Sodium Iodide Solution
at 50.,0°

(p-Nitrophenol), - 0.007699 M (HC10},) - 0.009820 ¥
(I5), - 0.0004570 ¥ (NaC10)) - 0.2837 M
(NaI), - 65.00 x 1074 ¥ (Na,5,05) - 0.005991 M

50.0 ml, of reaction mixture per flask

Time elapsed Titer Rate constant x 105 Per cent

(sec,g (ml.) (1./mole sec.) reaction
(blank) 7.63 0.00
68,473 6.90 19.11 9.56
152,455 5.97 21.03 21.75
240,778 5.24 20.47 31.32
329,057 ly.5h 19.84 39.1,
423,270 3.95 19.82 47.05
593,89 3.12 18.94 57.26

Average value of rate constant (kgpy) = 19.87 £ 0.42 x 10-5 1./mole sec.
k? = 149.1 x 10-7 sec.™}

0.798 x 10~3 1./mole sec.

k*
¢ (5] = 12.8 x 104 sec.

Ep

61.567 x 107 mole/1.



78

Table U

Run 56-V-1, p-Nitrophenol in 125.00 x 10~k M Sodium Iodide Solution
at 50.0°

(p-Nitrophenol), - 0.007699 M (HC10),) - 0.009820 M
(I2)o - 0.0003980 M (NaCl10),) - 0.2777 M
(NaI), - 125.00 x 10°4 M (NapSy03) - 0.005991 M

50.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 105 Per cent

(sec.g (ml.) (1./mole sec.) reaction
(blank) 6.65 0.00
2Li9,060 5.95 6.02 10.52
503,003 5.26 6.08 20.90
850,405 .1 6.33 +33.60
1,372,375 3.45 6.29 118.12
1,803,560 2.88 6.13 56,60

= 6,17 # 0.11 x 1070

Rate constant extrapolated to zero time (kapp)
1./mole sec.

k! = 52.) x 107 sec.-1

K* =  0.431 x 10~3 1./mole sec.

1% [B = 23.7 x 10% sec.

7o

121.59 x 107 mole/1.



9

Table 5

Run 52-V-1, E-Nitrophenol in 12.00 x lO'h M Sodium Iodide Solution
at 50,00

(p-Nitrophenol), - 0.007699 M (HC10)) - 0.009820 M
(1), - 0.0003690 M (NaC10)) - 0.2890 M
(NaI), - 12.00 x 1074 M (NayS,05) - 0.005991 M

50.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x th Per cent
(sec°§ (ml.) (1./mole sec.) reaction
(blank) 6.17 0.00
5,973 S.46 26.6 11.50
11,343 4.90 26.5 20.50
19,496 L.17 25,2 31.30
26,520 3.67 24.9 39.54
31,417 3,32 25.2 45.30
Rate constant extrapolated to zero time (kapp) = 27.4 x 104 1./mole sec.
k' = Jh.9 x 107 sec.~t
k* = 4.17 x 103 1./mole sec.

1/k* ﬁfj = 245 x 103 sec.

L3P

10.726 x 1074 mole/1.
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Table 6

Run SBJg-l, p-Nitrophenol in 12,00 x 10'b-§.Sodium.Iodide Solution
at 50.0

(p-Nitrophenol), - 0.007699 M (HC10),) - 0.009820 M
(I2)o - 0.0003680 ¥ (NaC10)) - 0.2890 ¥
(NaI), - 12.00 x 1074 u (NapSy03) - 0.005991 M

50.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 10k Per cent

(sec.) (ml.) (1./mole sec.) reaction
(blank) 6.15 0.00
6,173 5.40 27.4 12.19
10,755 4.93 26.8 19.83
16,765 h.ho 26,1 28.45
25,428 3.72 25.9 39.51
35,660 3.13 2119 19.11

Rate constant extrapolated to zero time (kapp) = 28,3 x 10-k
1./mole sec.

k! = }6.3 x 107 sec.™
K* = 4,30 x 10-3 1./mole sec.
1/%* [H{] = 23.6 x 103 sec.

[T]e = 10.730 x 10} mole/a.
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Table 7

Run 43-V-T, p-Nitrophenol in 5,000 x 1074 M Sodium Todide Solution
at 50.0°

(p-Nitrophenol), - 0.007699 M (HC10),) - 0.009820 M
(I2), - 0.0004840 M (NaC10)) - 0.2852 M
(NaI), - 5.000 x 1074 ¥ (NaySy03) - 0.005991 M

50.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 103 Per cent
(secog (m1.) (1./mole sec.) reaction
(blank) 8.08 0.00

1,755 7.17 8.86 11.26
2,118 6.92 8.26 14.35
14,088 6.27 8.12 22.10
5,750 5.56 7.91 31.19
10,530 .52 7.22 L .06

Rate constant extrapolated to zero time (kapp) = 9,10 x 10-3 1./mole sec.

k! = 15.8 x 1077 sec.-t

i* = 11,0 x 10~3 1./mole sec.
1/x* [Hﬂ =  9.26 x 103 sec.

[;i]o = 4.1774 x 1074 mole/1.

*rhis run was performed in ordinary distilled water, in which iodine was
dissolved directly.
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Table 8

Run 55-V-1, p-Nitrophenol in 5.000 x lO'h'E_Sodium Todide Solution
at 50.0°

(p-Nitrophenol), - 0.007699 M (HC10)) - 0.009820 M
(I,), - 0.0004330 M (NaC10)) =~ 0.2852 M
(NaI), - 5.000 x 10=4 M (NapSp03) = 0.005991 M

50.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 103 Per cent

(sec. (ml.) (1./mole sec.) reaction
(blank) 7.22 0.00
1,786 6.40 8.80 11.36
2,888 6.05 7.98 16.20
L,643 5.52 7.56 23.54
6,138 5.09 7.10 28.31
14,116 3.53 6.53 50,20
19,119 2.95 6.04 58.20

Rate constant extrapolated to zero time (k ) = 8.70 x 10~3 l,/mole secC.

app
k! =  L4.7 x 10~7 sec.™L
k* = 10.5 x 103 1,/mole sec.

1/x* @fj = 9,70 x 103 sec.

=76

4.2540 x 10~4 mole/1.
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Table 9

Run 514V~1,‘p»nitrophenol in 2,500 x lO‘“LL M Sodium Iodide Solution
at 50°

(p=~Nitrophenol), ~ 0.007699 M (HC10),) - 0.009820 M
(1), - 0.0004056 ¥ (NaC10),) -~ 0.2899 M
(NaI), - 2.500 x 1074 ¥ (NayS,03) = 0.005991 M

50.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 103 Per cent

(seco§ (m1.) (1./mole sec.) reaction
(blank) 6.77 0.00
931 6.01 16.7 11.22
1,527 5.5h 16.0 17.06
2,218 5.18 15.0 22.45
2,950 k.90 13.7 26.64
4,328 h.27 13.6 36.07
6,688 3.50 12.7 47.60
9,263 3.15 10.7 52.8L

Rate constant extrapolated to zero time (kapp) = 17.9 x 10=3 1°/mole sec.

k! = }1.9 x 10~7 sec.=1
k¥ =  19.8 x 10~3 1./mole sec.
1/x* [Hf] = 5.1 x 103 sec.

(T, = 2,1190 x 1074 mole/1.



Table 10

Run 36-V-1, p-Nitrophenol in 1.000 x 10""’-l M Sodium Iodide Solution
at 50.0°

(p-Nitrophenol) , - 0.007699 M (HC10),) ~ 0.009820 M
(Io), = 0.0004900 M (NaC10)) - 0.2901 M
(NaI), - 1.000 x 104 M (NayS,04) - 0.005991 M

50,0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 102 Per cent

(secug (m1.) (1./mole sec.) reaction
(blank) 8.18 0.00
100 7.30 3.70 10.15
896 6.59 3.15 1941
1,410 6.01 2,86 26.53
2,229 5.37 2.48 34.35
3,575 L.hs 2.24 L5.59
8,185 2.91 1.6 63.71

Rate constant extrapolated to zero time (kapp) = .10 x 10-2 1, /mole sec.

k! = 33,6 x 10~7 sec.~1
K* = 11,5 x 10~3 1,/mole sec.
l/k*x,[Hf] = 2,15 x 103 sec.

[;f]o = 0.8090 x 10™% mole/1.
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Table 11

Run 37=Vm1*, p-Nitrophenol in 1.000 x 104 M Sodium Todide Solution
at 50,00

(p-Nitrophenol)o - 0,007699 M (HC10,) - 0.009820 M
(I2)0 - 0,0002820 ¥ (NaC10),) - 0.2901 M
(NaI), - 1.000 x 1074 M (NayS,04) - 0.005991 M

100.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 102 Per cent

(secug (ml.) (1./mole sec.) reaction
(blank) 9.41 0.00
355 8.45 3.95 10.20
592 7.94 3.7h 15.62
1,026 7.28 3.19 22.63
1,711 6.16 3.2L 34.58
3,138 5.02 2.62 L6.65
8,193 2.76 1.97 70.67

Rate constant extrapolated to zero time (kapp) = }.30 x 10-2 1,/mole sec.

k? = 39,6 x 10~7 sec.=1
K* = L4.8 x 10~ 1./mole sec.
1A% [H] = 2.27 x 103 sec.

0.8830 x 10-k mole/1.

ki

]

*This run was performed in ordinary distilled water in which iodine was
dissolved directly.
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Table 12

Run L2-V-1, p-Nitrophenol in 1.000 x 10”h M Sodium Todide Solution
at 50.0° -

(p-Nitrophenol) , - 0.007699 M ~ (HC10},) - 0.009820 M
(Ip), - 0.0004:90 ¥ (NaC10)) - 0.2901 M
(NaI), - 1.000 x 1074 ¥ (NapS,04) - 0.005991 ¥

50,0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 102 Per cent
(secas (ml.) (1./mole sec.) reaction
(blank) 7.50 0.00
372 6.75 3.68 10.00
556 6.47 3.46 13.73
975 5.96 3.07 20,53
1,68 5.17 2,89 31.06
l,095 3.76 2,22 49.86

Rate constant extrapolated to zero time (kapp) = )04 x 102 1./mole sec.

k! = 34,7 x 1077 sec.=L
k* = [2.0 x 103 1./mole sec.
14° [B] = 2,42 x 103 sec.

0.825L x 1074 mole/1.

=7,
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Table 13

Run 16-V-1, p-Nitrophenol in 1.000 x 107k M Sodium Iodide Solution
at 50.0°

(p-Nitrophenol) - 0.007699 M (HC10)) = 0.009820 M
(Io)y = 0.0002020 M (NaC10),) - 0.2901 M
(NaI), - 1.000 x 1074 ¥ (NapS,05) - 0.005991 M

100.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 102 Per cent
(seco§ (ml.) (1./mole sec.) reaction
(blank) 6.73 0.00
Lo6 6.03 3.58 10.40
665 5.67 3.40 15,75
1,016 5.25 3.20 21.89
1,h62 k.92 2.68 26,02
2,325 .06 2.77 38.94
3,285 3.48 2.8 L6146
Rate constant extrapolated to zero time (kapp) = },,00 x 1072 1./mole sec.
k? = 38,2 x 10°7 sec.-1
k* = 11,8 x 1073 1./mole sec.
1/ {Hf] = 2.0 x 103 sec.

0.9135 x 10°lt mole/1.

#

3,



88

Table 1L

Run 48-¥-1, h-Nitrophenol in 0,5000 x 1074 M Sodium Iodide Solution
at 50.0

{L4-Nitrophenol), = 0,007699 M (HC10)) - 0.009820 M
(I2), = 0.0002070 M (NaC10y,) - 0.2990 M
(NaI)o - 0.5000 x 107% ¥ (NapS,03) ~ 0005991 M

100.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 102 Per cent
(secog (ml.) (1./mole sec.) reaction
(blank) 6.91 0.00

355 5.97 5.37 13,60
560 5.50 5.33 20,140
936 5.20 3.96 2170
1,135 li. 80 L4.07 29.82
1,723 1.03 3.85 39.85
2,350 3.63 3.1 L45.82

Rate constant extrapolated to zero time (kapp) = 6.60 x 10-2
1./mole sec.

k? @ 30,3 x 10=7 sec.=~l

¥* =2

k = 6,16 x 107 1./mole sec,
£

14* [B] « 1.6 x 103 sec.

0.4450 x 10~4 mole/1.

ESP

il
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Table 15

Run BOwgml, Li-Nitrophenol in 0.5000 x 107k M Sodium Iodide Solution
at 50.0

(L-Nitrophenol), - 0.007699 M (HC10},) ~ 0,009820 M
(1), - 0.0003060 ¥ (NaC10)) - 0.2901 M
(NaI), - 0.5000 x 107 M (Na,8,05) = 0.006019 ¥

100.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 102 Per cent
(secog (m1.) (1./mole sec.) reaction
(blank) 10.16 0.00

387 8.67 5.43 1,66
602 7.95 5.30 - 21.75
927 7.46 L.3k " 26.57
1,505 6.72 3.59 33.86
2,169 5.53 3.49 13.86
2,6h1 5.48 2.91 Ll .36

Rate constant extrapolated to zero time ckapp) = 6,40 x 10-2
1./mole sec,

k? = 29,0 x 10m7 sec. =t

K = 61.5 x 10°3 1./mole sec.
4

1/ [B'] = 1.66 x 103 sec.

[if]o = 00,4360 x 1074 mole/1,
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Table 16

Run 81-V-1, L-Nitrophenol in 0.2500 x 10”h M Sodium Iodide Solution

at 50,00
(4-Nitrophenol)
(Ip), - 0,00013

{(NaI), = 0.2500

5 - 0.007699 M (HC10)) - 0.009820 M
9 M (NaC10),) -~ 0.2902 ¥
x 104 M (NapS,05) - 0.012038 M

200 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 102 Per cent
(seco§ (ml.) (1./mole sec.) reaction
(blank) L.64 0.00

180 4,15 8.04 10.56
342 3.83 7.32 17.45
575 3.42 6.90 26,29
900 3.05 6.07 34.26
1,299 2.65 5.61 42.89
2,061 2.10 5.02 Sh.7h

Rate constant extrapolated to zero time (k

1./mole sec.

k! £
K" =
14t (5] =

]

&)

app) = 8,75 x 10~2

21.h x 10~ gec.™1
91.06 x 10+3 1,/mole sec.
1.12 x 103 sec,

0.2350 x 10=4 mole/1.



Table 17

Run 82-V-1, L-Nitrophenol in 0,1000 x 10°%4 M Sodium Iodide Solution

at 50.0°

(L-Nitrophenol)o = 0.007699 M

(Ip), = 0.0001017 ¥

(NaI), - 0.1000

200.0 ml., of reaction mixture per flask

(HC10p,) - 0.009820 M

(NaC10)) - 0.2902 M

x 107l ¥ (Nay$,05) = 0.012038 M

Sl

Time elapsed Titer Rate constant x 102 Per cent
(seco§ (ml.) (1./mole sec.) reaction
(blank) 3.38 0,00

164 3.08 13.38 8.87
295 2.85 13.48 15.68
450 2.35 10.86 21.89
627 2.22 10.52 30.47
1,195 1.62 8.72 34.32

Rate constant extrapolated to zero time (k

1./mole sec.
k? =
K* =
1/k* [H*]

EaiR

8

i

app
1.6 x 10~7 sec,”t

153.2 x 103 1./mole sec.
6.65 x 102 sec,

0.,0953 x 10~k mole/1.

) = 15.25 x 10-2
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Table 18

Run 108;Vm19 li-Nitrophenol in 0,1000 x 10""h M Sodium Iodide Solution
at 50.0

(4-Nitrophenol) | - 0.007699 M (HC10,) - 0.009820 M
(I,), ~ 0.00011} ¥ (NaC10},) - 0.2902 M
(NaI), - 0.1000 x 1074 M (NayS,05) = 0.012038 M

200.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 102 Per cent
(secug (ml.) (1./mole sec.) reaction
(blank) 3.80 0.00

120 3,40 12,11 10.53
219 3.19 10,41 16.05
L35 2.8} 8.71 25,26
687 2.58 7.35 32,10
992 2.24 6.95 h1.05
1,209 1.95 6.96 148.00

- -2
app) = 15:20 x 10

Rate constant extrapolated to zero time (k
1./mole sec.

k! = 14,5 x 10°7 sec.=1

* -3

k = 153.1 x 10°° 1./mole sec.
1/x* l}f} = 6,65 x 102 sec.

sl = 0.0947 x 104 mole/1.



Table 19

Run 49-¥-2 , h-Nitrophenol in 0.0500 M Thallium Perchlorate Solution
at 50.0°

(b-Nitrophenol) ; - 0.007699 M (HC10)) - 0.009820 M
(I,), = 0.0002100 M (NaC10),) - 0.1902 M
(NaI) - 0.00015 M (NapSp03) ~ 0.006019 M

(T1C10},), = 0.0500 M
50.0 ml, of reaction mixture per flask

Time elapsed Titer Rate constant x 102 Per cent
(secog (m1.) (1./mole sec.) reaction
(blank) 3.49 . 0,00

83 3.16 15.60 9.45
1,8 2.96 14,50 15.18
237 2.70 12.08 22.60
547 2,38 9,13 31.80

Rate constant extrapolated to zero time (k = 17.80 x 10-2

)
1./mole sec. 2P



Table 20

Run 56-V-2, L=Nitrophenol in 0,0500 M Thallium Perchlorate Solution
at 50.0°

(L=Nitrophenol), = 0.007699 M (HC10},) - 0.04910 M
(I5), = 0.0002730 M (NaC10y,) - 0.2019 M
(NaI), - 0.080200 M (Nap8,04) - 0.006019 M

(TlCth)o = 0,0500 M

50,0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 102 Per cent
(sec°§ (ml.) (1./mole sec.) reaction
(blank) .5k 0.00

607 L.11 2.13 Q.47
1,149 3.7h 2,20 17.62
1,986 3.09 2.50 31.90
2,820 2.58 2.60 L3.17
Ly,86l 1.83 2.5 59.69

Average value of rate constant (kapp) = 2.360 + 0,15 x 1072 1./mole sec.
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Table 21

Run 58~g=25 heNitrophenol in ©.0500 M Thallium Perchlorate Solution
at 50.07.

(thitrophenol)Qw 0.007699 M (HClDu) = 0.C4910 M

- 1 w o
(I,),- 0.0002910 M (¥aC10),) = 0.2011 M
(I\IaI)o- 0,000200 M (Na232<>3) - 0.006019 M

(T1C10,) - 0.0500 M

50,0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 102 Per cent

(sec.) (m1.) (i./mole sec) reaction
(blank) L .84 0.00
620 4,25 2.73 12.19
1107 3.98 2,30 17.77
1823 3.55 2.22 26,65
2539 3.11 2.27 35,74
3373 2.65 2.34 by 24
Log7 2.50 2.03 48.34
5511 2,14 1.95 55.78

Average value of rate constant (kapp) = 2.26 0.1h x 1072 1./mole sec.
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Table 22

Run 55@%@2, p-Nitrophenol in 0.0500 M Thallium Perchlorate Solution
at 50,0

(p-Nitrophenol), - 0.007699 M (BC10j,) - 0.04910 M
(1,), - 0.0003240 M (NaC10j,) - 0.2019 M
(NaI), - 0.000200 M (Nay8,05) = 0.006019 M

(T1€10)) , - 0.0500 M

50.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 102 Per cent
(secc§ (ml.) (1./mole sec.) reaction
(vlank) 5.39 0.00
689 L,.58 3.07 15.03
1,088 L.4o 2.43 18.37
2,373 3.56 2.28 33.95
2,890 3.2h 2,31 39.89
3,754 2,72 2.38 19.50
1,388 2.29 2.57 57.50

Average value of rate constant (k_, ) = 2.51 % 0.19 x 10~2 1./mole sec.

app



Table 23

Run 138-V-1, p-Nitrophenol in 0.0500 M Thallium Perchlorate Solution
at 50,0°

{p-Nitrophenol) , ~ 0.007699 M (HC10),) ~ 0.04910 M
(I,), = 0.0002600 M (NaC10y) - 0.2011 M
(NaI), - 0.000200 M (NayS503) - 0.006019 M

(T1610;,) ~ 0.0500 M

50.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 102 Per cent
(secu§ {ml.) (1./mole sec.) reaction
(blank) L.32 0.00
692 3.83 2,26 11.34
1,275 3.42 2.39 20.83
2,105 2,96 2,34 31.48
2,776 2.43 2.48 41.01
3,773 2,16 2.24 u7.57
5,478 1.71 2.10 58.149
7,520 1.20 1.72 70.87

Average value of rate constant (k. _..) = 2,22 x 0,17 x 10-2 1,/mole sec.

app
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Table 2l

Run 87-V-1, p-Nitrophenol in 25.00 x 1074 M Sodium Iodide Solution

at 50.0°

(p-Nitrophenol), -~ 0.007699 M

(I5), - 0.0006960 ¥

(Nal) - 25.00

x 1074 u

(HC103) ~ 0.003273 M
(NaC10)) - 0.2942 M

(NapS,03) = 0.006019 M

50.0 ml., of reaction mixture per flask

Time elapsed Titer Rate constant x 103 Per cent
(seco§ (mi.) (1./mole sec.) reaction
(blank) 5.78 0.00
2,920 5.35 3.46 7.1
6992-1'6 hoss 3031 16009
8,768 L.68 3,16 19.03
11,362 P 3.15 23.87
13,048 .25 3.10 26,47
Average value of rate constant (kapp) = 3,23 # 0,12 x 103 1./mole sec.
k¢ s 141.9 x 1077 sec, >
k% = 6,62 x 103 1./mole sec.
16" [B] = 16,1 x 10 sec,

[;{]o ‘ -

21.436 x 10

U

mole/1.



Table 25

Run 85-V-1, p-Nitrophenol in 5,000 x 1074 M Sodium Iodide Solution
at 50.0°

(p-Nitrophenol), - 0.007659 M (HC10;) - 0.003273 M
{I), = 0.0002680 M (NaCl0y) - 0.2962 M
(NaI)_ - 5.000 x 10~k M (NayS;04) - 0,006019 ¥

100.0 ml, of reaction mixture per flask

Time elapsed Titer Rate constant x 102 Per cent
(seca§ (ml.) (1./mole sec.) reaction
{blank) 8,92 0,00

501 8,10 2.49 9.19
758 7.85 2.19 11.99
1,212 7.15 2,37 19,8
1,73h 6.70 2.15 2};.88
2,676 5.60 2,28 37.22
3,463 5.35 1.93 10,00
Average value of rate constant (kapp) = 2,2 # 0,14 x 102 1./mole sec.
! e 123,14 x 1077 sec.1
K™ © 27,3 x 1073 1,/mole sec.
P 45 .
1/k* H = 11,2 x 103 sec.

.51 x 104 mole/1.

| ]
L]
1 fi
(o]
i



Table 26

Run 8i-V-1, p-Nitrophenol in 2.500 x 10h M Sodium Iodide Solution

at 50.00

(p-Nitrophenol) - 0.007659 M (HC10;,) - 0.003273 M
{I,), - 0.0002030 M (NaC10j,) - 0.2965 M
(NaI) - 2.500 x 1074 M (Nay8,04) = 0.006019 M

100.0 mi., of reaction mixture per flask

Time elapsed Titer Rate constant x 102 Per cent
(seco§ {ml.) {1./mole sec.) reaction
(blank) 9.7h 0.00

503 8.20 L .Li5 15.89
832 7:25 ;.63 25.6)
1,068 6.95 .13 28.72
1,420 &.27 1,06 35.69
1,958 5.40 3.82 L5.55

Rate constant extrapolated to zero time (kapp) = 1,90 x 10¢ 1./mole sec.

kt
k*
14" (6]

.

=

i

120.0 x 10”7 sec,”t
5l.2 x 1073 1./mole sec.
5.6l x 103 sec.

2,213 x 1074 mole/1.
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Taple 27

Run 88mg~19 p-Nitrophenol in 1.000 x 1074 M Sodium Iodide Solution
at 50,0

{p-Nitrophenol) , - 0.0076$9 M (HC10y) = 0.003273 M
(Ip), - 0.0003120 M (NaC10;) - 0.2966 ¥
(NaI), - 1.000 x 10l {NayS,03) - 0.006019 M

100.0 mi. of reaction mixture per flask

Time elapsed Titer Rate constant x 102 Per cent
(secgg {mi.) (1./mole sec.) reaction
(blank) 10.35 0.00

97 9.52 11.22 8.02
177 9.02 10.12 12.85
300 8.40 9,08 18,84
529 7.38 8.36 28.69
759 6.65 7.6l 35.75

1,273 543 6.58 47.53

Rate constant extrapolated to zero time (k p) = 11,70 x 102
1./mole sec., P

k? = 106, x 10°7 sec.t
k¥ = 122,0 x 103 1./mole sec.
14* (5] = 2.50 x 107 sec.

[Ii}o = 0.8720 x 107k mole/1.
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Taple 28

Run 89-V-1, p-Nitrophencl in 0.5000 x 10“h(§ Sodium Todide Solution
at 50.0°

{p-Nitrophenol) , - 0.007699 M {HC10y) ~ 0.003273 M
(I5), ~ 0.0003010 M (NaC10),) - 0.2967 M
{NaI), - 0.5000 x 107 M (Na;8,03) - 0.006019 M

100.0 ml, of reaction mixiure per flask

Time elapsed Titer Rate constant x 102 Per cent
(secuf {m2.) {1./mole sec.) reaction
{blank) 10,00 0.00

7h 9.15 15,63 8.50
96 8.93 15.39 10.70
163 8.40 13.95 16,00
300 7443 12.94 25.71
552 6.42 9.78 35.80
920 5,10 9.61 119,00

Rate constant extrapolated to zero time (k,...) = 16.85 x 1072

1./mole sec. PP

k! s 75,6 x 1077 sec,t
sl = 173.0 x 1073 1./mole sec.
147 [ = 1,77 x 103 sec.

i

[Ifjo 0.4379 x 10°% mote/1.
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Table 29

Run 97-V-1, EfNitrophenol‘in 8,000 x 10°h M Sodium Iodide Solution

at 50.0°

(p-Nitrophenol), - 0,007699 M

(12)0 - 0.0003010 M

(NaI), - 8.000 x 107 ¥

(HC10;) - 0.001091 M
(NaC10)) - 0.2981 M

(NaQSEOB) = 0,006019 M

100.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 102 Per cent
(secog {ml.) (1./mole sec.) reaction
(blank) 10.01 0.00

1480 8.62 Iy .06 13.89
698 8.06 l4.,05 19,48
921 7.60 3,91 2,07
1,334 6.81 3,78 31.97
1,908 6.10 3.40 39,06
2,389 5.25 3.55 L7.55

Rate constant extrapolated to zero time (k

1./mole sec.

k! -
k¥ =
e 1] -

]

119.6 x 1077 zec,1

app) = ;.30 x 1072

58.2 x 1073 1./mole sec.

17.4 x 103 sec,

7.213 x 104 mole/1.



Tabls 30

Run 9k-V-1, p-Nitrophsnol in 6,000 x 10°% M Sodium Iodide Solution
at 50,0° -

(pNitrophenol), =~ 0.007699 M (HC10y) - 0.001091 M
{I:), - 0.0002650 M (NaCi0}) ~ 0.2989 M
(Nal}, - 6.000 x 10°l ¥ (Nz;8,05) = 0.006019 M

100.0 ml. of reaction mixture per flask

Time elagsed Titer Rate constant x 102 Per cent
{sea.] (ml.) {1,/mole sec.) reaction
{blank} 8.97 0.00
300 7.75 5.35 13.60
1,83 7037 5.30 17.8l;
€58 £.92 5.1 22.85
885 6.35 5,10 29.21
1,122 5.73 5.00 36.12
1,480 5.12 k.96 h2.92
Rate constant extrapolated to zero time (k, ) = 5.60 x 102
1./mole sec. ve
k? = 385.¢ x 107 ses. L
k % 70,9 x 1073 1,/mole ses.

i

e [x]
],

12.9 x 103 sen.

3

Z.433 x 10 4% mole/L,
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Table 31

Run 92-V-1, p-Nitrophenol in 4.000 x 10"’ll M Sodium Iodide Solution
at 50.00

(p-Nitrophenol), - 0.007699 M (RC10)) - 0,001091 M
(I5), = 0.0003070 M (NaC10)) - 0.2989 M
(NaI), - 4,000 x 10°4'y (NayS,04) - 0.006019 M

100.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 102 Per cent
(secag (ml.) (1./mole sec.) reaction
(blank) 10.20 0.00
232 8.59 7.43 12.25
345 8.35 7.68 18.1)4
703 T.02 6.98 31.17
1,08 5.73 6.88 43.82
1,485 L.75 6.74 53.43
Rate constant extrapolated to zero time (kapp) = 7.85 x 102 1./mole
sec.
k! = 327.0 x 10~7 sec,™t
K = 92,2 x 103 1./mole sec.

1 [B] = 9.9k x 103 sec.
1] 3.546 x 1074 male/1.



Table 32
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Run 98-V-1, p-Nitrophenol in 3.000 x 10"h Sodium Todide Solution

at 50.0°

(p-Nitrophenol)s - 0.007699 M

(I,), = 0.0002890 M

(NaI), - 3,000 x 107l M (N

(HC10}) - 0.001091 M

(NaC10y,) - 0.2986 M

8,5,03) = 0.006019 M

100,0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant Per cent
(secbg (ml1.) (1./mole sec.) reaction
(blank) 9.60 0.00
. 121 8.35 0.150 13.65
7 8.30 0.129 14.17
227 8.06 0.103 16.64
357 7.05 0.11} 27.09
L67 6.75 0,09 28.60
65, 5.85 0.096 38.10
871 5.10 0.092 " 146.03
Rate constant extrapolated to zero time (kapp) = 0,130 1./mole sec.

k?t

K
e ]

LA

391.8 x 10-7 seec.=1
147.0 x 10-3 1./mole sec.
6.2 x 103 sec.

2.666 x 1074 mole/1.



Table 33
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Run 95-V-1, p-Nitrophenol in 2,000 x 10-lt Sodium Iodide Sclution

at 50.00
(p-Nitrophenol) , - 0.007699 M
(I5), = 0.0003110 M

(NaI), - 2.000 x 10-4 M

(HCth) - 0.001091 M

(NaC

th) - 0,2989 M

(Nay8,05) - 0.006019 M

100.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant Per cent
(secog (m1.) (1./mole sec.) reaction

(blank) 10.32 0.00
120 " 8,70 0.185 15.70

177 8.26 0,165 19.90

241 7.82 0.150 24h.23

309 7.24 0.143 28.66

420 6.50 0.139 35.96

60l 5.62 0.124 h3.63

Rate constant extrapolated to zero time (kapp) = 0.190 1./mole sec.

k! = 362.0 x 10~7T sec.-1

x*
e [#]

3o

206.l x 1073 1./mole sec.
L.l x 103 sec.

1.754 x 10~ mole/1.
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Table 34

Run 91-V.l, p-Nitrophenol in 2.000 x‘lO“h-E Sodium Iodide Solution
at 50.0°

(p-Nitrophenol) , - 0.007699 M (HC10)) - 0.001091 M
(I5), - 0.0001910 M (NaC10)) - 0.2989 M
(NaI), ~ 2.000 x 10"} ¥ (NapS503) - 0.01204 M

200.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant Per cent
(ssc.) (ml.) (1/mole sec.) reaction
(blank) 6.36 0.00
132 5.28 0,183 16.98
1985 .93 0.170 22.1,8
293 L.35 0.169 31.60
180 3.68 0.149 L2.1
708 2.95 0.142 53.61

Rate constant extrapolated to zero. time (kapp) = 0,210 1./mole sec.
k? = 421.5 x 10~ sec.=l

k*

1/ (1]

[,

228.8 x 10~ 1./mole sec.

L.01 x 103 sec.

1.842 x 10~k mole/1.
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Table 35

Run 96-g=1, p-Nitrophenol in 1,000 x 1o‘h M Sodium Iodide Solution
at 50.0

(p-Nitrophenol) , - 0.007699 M (HC10)) - 0.001091 M
(I2), = 0.00013L0 M (NaCl0)) - 0.2989 M
(NaI), - 1.000 x 1074 M (NayS,04) - 0.006019 M

100.0 ml, of reaction mixture per flask

Time elapsed Titer Rate constant Per cent
(sec,§ (ml.) (1./mole sec) reaction
(blank) 10.43 0,00
58 9,30 0.257 10.83
81 8.88 0.259 1,.87
115 8.35 0.252 19.9]
156 7.70 0.250 26,17
226 7.05 0.226 32.41
305 6.05 0.230 Lh1.99
Rate constant extrapolated to zero time (kapp) = 0.262 1./mole sec.
Kt = 237.9 x 1077 sec.”t
i = 273.1 x 10~3 1./mole sec.
1/x* ﬁf] = 3,36 x 107 sec.

0.8710 x 107 mole/1.

—
—
i
5]
]
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Table 36

Run 90-V-1, Eyﬂitrophenol in 1.000 x 10""}-l E Sodium Todide Solution
at 50.0°

(p-Nitrophenol), - 0.007699 M (HC10),) - 0.001091 M
(I5), = 0.0001910 M (NaC10)) ~ 0,2989 M
(NaI), - 1,000 x 10~4 M (NapS,03) - 0.0120L M

200.0 ml., of reaction mixture per flask

Time elapsed Titer Rate constant Per cent
(secoy (ml.) (1./mole sec) reaction
(blank) 6.36 0.00
h 5.33 0.311 16.20
119 l4.80 0.307 2L.53
158 .62 0.264 27.36
2l 3.95 0.255 37.89
366 3.28 0.237 h8.43
Rate constant extrapolated to zero time (kapp) = 0,348 1./mole sec.
k! = 333.5 x 10°7 sec.-l
1* = 363,3 x 10-3 1./mole sec.
lfk% [Hﬂ = 2,52 x 103 sec.

0.9180 x 10=l4 mole/1.

&

ki
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Table 37

Run 61~gm1, p-Nitrophenol in 1.000 x 1o‘h_§ Sodium Iodide Solution
at 50.0

(p-Nitrophenol), - 3.0007699 M (HC10},) - 0.04910 M
(1,), - 0.0002630 X (NaC10;) - 0.2510 M
(NaI) _ - 1.000 x 104 M (Nay5,05) = 0.006019 M

50.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 103 Per cent
(seca§ (ml.) (1./mole sec.) . reaction
(blank) ly.37 0.00

1,830 3.88 8.2} 11.20
3,300 3.66 6.81 16.25
1,852 3.38 6.73 22.65
6,823 3.15 6.09 27.92
9,262 3.02 5.37 30.90
12’615 2056 50’-’-0 h1°h2
15,065 2.35 5.26 h6.22

Rate constant extrapolated to zero time (k. .) = 9.65 x 10~3

1o/mole sec, app
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Table 38

Run 60-V-2, p-Nitrophenol in 0.5000 x 10-1 M Sodium Iodide Solution
at 50.0°

(p-Nitrophenol) | - 0.007699 M (HC10),) - 0.04910 M
(I,), - 0.0002648 ¥ (NaC10,) - 0.2503 ¥
(NaI), - 0.5000 x 1074 M (NayS,05) - 0.006019 M

50.0 ml, of reaction mixture per flask

Time elapsed Titer Rate constant x 103 Per cent
(sec°§ (ml.) (1./mole sec.) reaction
(blank) 140 0.00

13025 3097 13007 9077
1,995 3.72 11.09 15.45
3,400 3.2 9.66 22.27
4,562 3,22 8.93 26.82
6,115 3.02 8.05 31.30
8,910 2.63 7.56 140.23
12,760 2.35 6.Ll 16.59

Rate constant extrapolated to zero time (k = 16.10 x 10-3

)
1./mole sec. PP
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Table 39

Run 131-V-1, p-Nitrophenol in 1.000 x IO'h M Sodium Todide Solution

at 50,0°
(p-Nitrophenol), - 0.002566 M (HC10)) - 0.009820 M
(1,), - 0.0002101 M (NaC10)) - 0.2901 M
(NaI), - 1.000 x 1074 ¥ (Na,5,05) - 0.006019
100.0 ml, of reaction mixture per flask
Time elapsed Titer Rate constant x 102 Per cent
(seco§ (ml.) (1./mole sec.) reaction
(blank) 6.98 0.00
98l 6.36 3.71 8.88
2,040 5,72 3.84 18.05
2,908 542 3.43 22,35
3,788 5.18 3.10 25.79
5,028 L.63 3.23 33.67
7,067 L.20 2.86 39.83

Rate constant extrapolated to zero time (kapp) = 3,90 x 10-2

lo/mole sec,

k! =
kg =
e

3, -

Ld

37.07 x 10-7 sec.=1
40.7 x 1073 1./mole sec.
2,50 x 103 sec.

0.9103 x 104 mole/1.
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Table 4O

Run 130-V-1, p-Nitrophenol in 1.000 x 10""h M Sodium Todide Solution
at 50.0°

(p-Nitrophenol), - 0.0007699 M (HC10)) - 0.009820 ¥
(1,), = 0.0002101 M (NaC10),) -~ 0.2901 M
(NaI), - 1.000 x 1074 ¥ (NayS,05) - 0.006019 M

100.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 102 Per cent
(secog (ml.) (1./mole sec.) reaction
(blank) 6.98 0.00

3,734 6.30 3.62 9.7h
59915 5095 3058 lho?é
7,915 5.67 3.49 18.77
11,212 5.27 3.38 2l .50
13,372 5.10 3.17 26.93
22,456 .27 2.67 38.83

Rate constant extrapolated to zero time (kapp) = 3,90 x 10‘2

1./mole sec.

k! = 37.07 x 10~7 sec.=l
K = 40.7 x 1073 1./mole sec.
14* (5] = 2.50 x 103 sec.

0.9103 x 107t mole/1.

N
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Teble 4l

Run 103-V-1, L-Nitrophenol-2,6-dy in 65.00 x 10"ll M Sodium Iodide Solu-
tion at 50.0°

(4-Nitrophenol-2,6-dp) * - 0,007699 M (HC10,) - 0.009820 M
(1,), - 0.0006838 X (NaC10),) - 0.2837 M
(NaI)_ - 65.00 x 1074 ¥ (Na,8,05) - 0.006019 M

50.0 ml. of reaction mixture per flask

Tima elapsed Titer Rate constant x 10°  Per cent
(sec. (ml.) (1./mole sec.) reaction
(blank) 11.36 0.00

255,370 10,33 .86 9,06
599,290 9.15 .52 18.66
927,470 8.37 4.33 25.60
1,360,650 7.20 L.l3 36,00
2,128,280 5.85 ;.15 48.00
Rate constant extrapolated to zero time (kapp) = .95 x 1075

1./mole sec.

*Partially deuterated p-Nitrophenol
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Table }2

Run 102-V=l, hmﬂitrophenol-2,6-d2 in 25,00 x 10”}'l M Sodium Iodide Solu-
tion at 50.0° '

(4-Nitrophenol-2,6-dp) * - 0.007699 M (HC10)) - 0.009820 M
(I2), - 0.0005750 M (NaC10y,) - 0.2877 M
(NaI), - 25.00 x 10~k M (NayS,03) - 0.006019 M

50.0 ml, of reaction mixture per flask

Time elapsed Titer Rate constant x 10’-l Per cent
(secog (m1.) (1./mole sec.) reaction
(blank) 9.56 0.00
311,220 8.97 2.42 6.17
71,340 8.43 2,30 11.82

109,435 7.82 2.2} 17.07
162,270 7.46 1.89 20.89
255,135 6.45 1.81 29.66
418,045 5.20 1.79 43.29
1,358,995 1.80 1.62 80.37

Rate constant extrapolated to zero time (k. ) = 2,59 x 10=U4

1./mole sec. app

*Partially deuterated p-Nitrophenol
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Run 104-V-1, L-Nitrophenol-2,6-ds in 25.00 x 107k M Sodium Iodide.
Solution at 50.00

(4-Nitrophenol-2,6~d,), ~ 0.007699 ¥
(1,), - 0.0005290 M
(NaI), - 25.00 x 1074 M

50.0 ml. of reaction mixture per flask

(HC10,) - 0.009820 M
(NaC10)) - 0.006019 M
(NayS,0,) - 0.006019 ¥

Time elapsed Titer Rate constant x 104 Per cent

(secqg (ml.) (1./mole sec.) reaction
(blank) 8.78 0.00
75,255 7.77 2,12 11.50
156,810 6,79 2,15 22.66
248,130 5.95 2.06 32.23
355,032 5.06 2,05 112,36
h39;120 .53 1.90 46.83

Average value of rate constant (k

*1./mole sec
kt “
I

¢ (5]

I
o

L]

app

9.56 x 10~7 sec.~1

b.26 x 10-4 1./mole sec.
23.9 x 104 sec.

22.24 x 1074 mole/1.

) = 2.06 + 0.06 x 10~k
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Table Ll

Run 132-V-1, L-Nitrophenol-2,6-d5 in 5,000 x 1074 M Sodium Todide
Solution at 50.0°

(L-Nitrophenol-2,6-dy), - 0.007699 M (HC10),) - 0.009820 M
(Ip), = 0.0003471 M (NaC10)) - 0.2901 M
(NaI)o - 5.000 x 10-1 ¥ (NapSp03) = 0.006311 M

50.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 103 ~Per cent
, (seo.g (ml.) - (1./mole sec.) reaction
(vlank) 5.50 0.00

7,690 L.85 2,13 12.73
12,970 .60 1.80 16.36
.20,630 L.22 1.68 23.27
25,947 3.97 1.6} 27.82
35,480 3.58 1.59 3k.91
L3,047 3.35 1.50 39.09

Rate constant extrapolated to zero time (kapp) = 2,00 x 10-3
1./mole sec.

k! = 10.6 x 10~7 sec.”1
i* = 2.13 x 10-3 1./mole sec.
1% (B = 141.8 x 103 sec.

Exi

1,386 % 1074 mole/1.
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Table 45

Run 136-V-1, L-Nitrophenol-2,6=dy in 5.000 x 10~} M Sodium Todide
Solution at 50.00

(L-Ni trophenol-2,6-doJ, - 0,007699 M (HC10},) - 0.009820 M
(Ip)g = 0.0006470 M (NaC10},) - 0.2852 M
(NaI), - 5.000 x 1074 ¥ (Na,8,05) = 0,006019 M

ml, of reaction mixture per flask

Time elapsed Titer Rate constant x 103 Per cent

(sec. (ml.) (1./mole sec.) ' reaction
(blank) 10.75 0.00
5,840 9.8 1.95 8.55
12,327 9.07 1.80 15.63
19,913 8.37 1.65 22,14
25,104 7.90 1.61 26.51
32,908 7.25 1.58 32.56
55,128 5.9, 10,)-12 Lh.7h

1.3

69,003 5.30 50.70

Rate cohstant extrapolated to zero time (k_..) = 2.08 x 10-3

1./mole sec. arp

k!

9,81 x 10=7 geec.~1

2.48 x 1073 1./mole sec,
1/*  [H] = 41.0 x 103 sec.

=1,

i

3,9507 x 1074 mole/1.

*This'compound was partially deuterated.
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Run 110-V-1, huNitrophen01=2,6-dz in 1.000 x 10"’4 _I‘fI_ Sodium Todide
Solution at 50.00

(L-Nitrophenol-2,6-dp) , - 0.007699 M

(I,), = 0.0002221 M

(NaI), - 1.000 x 107% u

50.0 ml., of reaction mixture per flask

(HC10),) - 0.009820 M

(NaC10),) = 0.2900 M

(Nay8,04) - 0.006019 M

Time elapsed Titer Rate constant x 103 Per cent
(sec°§ (ml.) (1./mole sec.) reaction
(blank) 3.68 0,00
1,560 3.35 7.85 8.97
3,113 3.10 7.17 15.76
5,727 2.75 6.64 25.27
6,905 2.65 6.20

27.90

Rateﬂconstant
1./mole sec.

k? =
i =
e []

. -

extrapolated to zero time (kapp> = 8,67 x 10™3

8.20 x 10=7 seca'1

9.0 x 10=3 1./mole sec.
11.3 x 103 sec.

0.9060 x 10-l mole/1.
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Table 47

Run 109-V-1, h-Nitrophenol-2,6~d2 in 0.5000 x 10~k M Sodium Iodide
Solution at 50.0°

(h;Nitrcphenol-z,éudz)o - 0.007699 M (HC10),) - 0.009820 M
(I5), = 0,0002170 M (NaC10),) - 0.2902 M
(NaI), - 0.5000 x 1071t M (NayS,05) - 0.006019 M

50,0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 103 Per cent

(secj (ml.) (1./mole sec.) reaction
(blank) 3.60 0.00
806 3.30 1.1 8.33
1,593 3.08 12.8 .l
3,25, 2.72 11.2 2Ll
5,160 2.42 8.9 30.00

V Rate constant extrapolated to zero time (kapp) = 15.8 x 10=3
1./mole sec. ‘

k? = 7,32 x 10~7 sec.-1
K = 16.1 x 103 1./mole sec.
1/kc* [H"j = 6,32 x 10° sec.

0.4530 x 107t mole/1.

LS
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Table 48

Run 105-V-1, L-Nitrophenol-2,6-d, in 0.5000 x 104 M Sodium Todide.
Solution at 50.00

(L4-Nitrophenol-2,6-dp), = 0.007699 M (HC10},) - 0.009820 M
(I5)o - 0.00040L5 M (NaC10y) - 0.2902 ¥
(NaI)o - 0.5000 x 10-b M (NayS,04) = 0.006019 M

50.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 103 Per cent
(sec.g (m1.) (1./mole sec.) reaction

(blank) 6.72 0.00

873 6.18 12.5 8.03

1,890 5.73 10.9 14.73

3,047 5.38 9.5 19.94

L,707 k.97 8.4 26.0L

6,995 L.L8 6.9 31.07

Rate constant extrapolated to zero time (kapp) = 14.5 x 1073

1./mole sec.

k! 6.20 x 10=7 sec.=1

k*

4.8 x 107 1./mole sec.
1/k* [H+] = 6,88 x 103 sec.

T}

0.4187 x 107" mole/1.
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Table L9

Run 107-V-1, L-Nitrophenol-2,6-dy in 0.2500 x 107l M Sodium Iodide
Solution at 50.00

(L-Nitrophenol-2,6-dp), - 0.007699 M (HC10},) - 0.009820 M
(I,), - 0.0001238 ¥ (NaC10y) - 0.2902 M
(NaI), - 0.2500 x 1074 B (Nap$,0,) = 0.006019 M

100.0 ml. of reaction mixture per flask

Time elagsed Titer Rate constant x 102 Per cent

(sec. (m1.) (1./mole sec.) reaction
(blank) .12 0.00
717 3.6l 2.2L 11.65
1,267 3.30 1.99 19.90
1,885 3.1 1.87 23.79
2,915 2.80 1,72 32.04

Rate constant extrapolated to zero time (ka ) = 2,62 x 102

1./mole sec. 125

k! = 6,25 x 10~7 sec.™t
K = 26,6 x 103 1./mole sec.
1/x* [H+] = 3,83 x 103 sec.

0.2340 x 107!t mole/1.

7k
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Table 50

Run 1064V-1, thitrophenol-Z,é-dz in 0.1000 x 10'h E Sodium JTodide
Solution at 50.0°

(4-Nitrophenol-2,6-d,y), - 0.007699 M (HC10)) - 0.009820 M
(I5), - 0.0001189 M (NaC10},) - 0.2902 M
(NeI)o - 0.1000 x 1074 M (Na,$,05) - 0.0120L M

200.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 102 Per cent

(sec.? (m1.) (1./mole sec.) reaction
(blank) 3.95 0.00
346 3.l 5.21 12.91
550 3.28 .40 16.96
1,105 3.03 3.12 23.29
1,953 2.66 2.63 32.66
3,253 2.30 2.0 39.79

Rate constant extrapolated to zero time (k... = 7.80 x 102

1./mole sec. pp

Kkt = 7.41 x 107 gec.”1
K* = 78,4 x 1073 1./mole sec.
1/ic* [.H;] = 1.30 x 103 sec.

[ I']o = 0.0945 x 1074 mole/a.
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Table 51

Run 57-V=2, L-Nitrophenol=2,6~ds in 0.05000 M Thallium Perchlorate
Solution at 50.0°

(4-Nitrophenol-2,6-dp), = 0.007699 M (BEC10),) - 0.04910 M
(I5), - 0.0002470 M (NaC10)) - 0.2011 ¥
(NaI), - 0.000200 M (Na,8,03) = 0.006019 M

(T1€10),) | = 0.0500 M

50.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 10° Per cent

(sec.) (ml.) (1./mole sec.) reaction
(blank) L.11 0.00
1,531 3.63 1.06 11.67
2,549 3.hh 0.92 16.30
L,310 2.89 1.07 29.68
5,858 2.70 0.94 34.30
9,678 2.12 0.89 48.40

Average value of rate constant (kapp) = 0.97 # 0.06 x 102 1./mole sec.
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Table 52

Run 139-V-1, L-Nitrophenol-2,6-ds in 0.0500 M Thallium Perchlorate
Solution at 50.0°

(4-Nitrophenol~2,6-dy) - 0.007699 M (HC10)) - 0.04910 ¥
(I5)o = 0.0002630 M (NaC10)) - 0.2011 M
(NaI), - 0.00020 M (NapS03) - 0.006019 M

(T1€10},), - 0.0500

50.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 102 Per cent

(sec°§ (m1l.) (1./mole sec.) reaction
(blank) L.37 0.00
2,058 3.87 0.77 11.4h
3,695 3.4 0.88 21.97
5,291 3.02 0.77 26.88
7,277 2.63 0.81 36.32
9,593 2,19 0.87 46.97

Average value of rate constant (kapp) = 0.82 # 0.0k x 1072 1./mole sec.



Kinetic Reactions of Anisole.--Having studied the kinetics of iodination

of p-nitrophenol, it was of interest to investigate the lodination of
anisole in crder to see whether or not it exhibits similar iodide ion
dependence, and to study its deuterium isotope effect.

It was first necessary to determine the reaction order with re-
spect to anisole concentration. Thus a kinetic run at 0.0Ch0 M in ani-
sgle and 0,500 x 10~k ﬂ in sodium iodide was performed at 50°9. The
acidity of the solution was 0.009783 M at an ionic strength of 0.3000,
The apparent rate constants plctted as usual versus per cent reaction
and extrapolated to zero time, a value of 7.35 x 10-3 1./mole sec. was
obtained (Table 53, Run 6-V-3). The same reaction was performed at
the same acidity and iodine concentration but at a different anisole
concentration (0.002995 M). The extrapolated value of apparent rate
constant in this case was 7.06 x 10”3 lo/mole sec. (See Table 54, Run
7-V=3.)

The jodinatlon of anisole at a lower concentration was desirable.
Thus a run at 0.001997 M 1n anlsole and 0.500 x lO”u M in sodium iodide
was performed. The rate constants were plotted versus per cent reaction
and extrapclated to zero time a value of 6.63 x 103 1./mole sec. was
obtained (Table 55, Run 4-=V=3). The same reaction at still lower con-
centrations cﬁ anisole (0.0009978 M and 0.0004996 M), gave extrapolated
rate constants of 6.80 x 10-3 and 6.70 x 10=3 1, mole=l secu“l, respece
tively. (See Table 56, Run 5-V-3, and Table 58, Run 8-V-3, respectively).
Over the eight fold change of concentration of anisole the apparent
second-order rate constant had an average value of 6.91 x 10°3 1. mole”l

éecoul with an average deviation of 0.24 x 103 1. mole~! sec}“l Thus,



128

it is safe to conclude that the reaction is first order with respect to
aniscle. The icdination of anisole was then investigated at different
iodide ion concentraticns but at constant acidity and ionic strength.

A kinetic run at high iodide ion concentration (10.0 x 10-% M)
was perfcrmed. Tre apparent rate constants were essentially unchanged
hence they were averaged and a value of 1.869% 0,067 x 10°4 1./mole
sec. was obtained. The calculated value of k' was 27.0 x 10-8 sec‘..“'l
(Table 58, Run 116-V-2), The same reaction at 5.000 x 10=k M sodium
ipdide was performed. The apparent rate constants showed a slight
downward drift. Thus when extrapolated to zero time a value of 5.45 x
10“h 1./mole sec. was obtained. The value of k' was 30.0 x lO“‘8 sec.=1
(Table 59, Run 115-V.-2). A comparison of this value of k' with that of
its previous run shows that k' increased by nine per cent. This is,
however, contrary to what is expected. Thus, the same run was repeated
at lower icdine and aniscle concentration. The apparent rate constants
were averaged since at this low lodine concentration, the increase in
iodide ion due to the reaction 1s negligible. The average value of ap-
parent rate constant was 5.149 £ 0.325 x 1074 1./mole sec., and the
value of k' was 30.2 x 108 sec.-1, (Table 60, Run 11-Y=3).

The iodination of aniscle was studied in the presence of thale-
lium perchlorate in 0,009783 M perchloric acid. The experimental tech~
nique in performing this run was identical to that of p-nitrophenol in
the presence of thallium icns. Examination of Table 67, reveals that
the apparent rate constants drop significantly throughout the course of
the reaction. The exazt cause of such a drop is urnknown, however it is

possible that a reaction like
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6T1I + I, —— Tl g

may take place. Such a reaction would introduce an appreciable error
in calculating the iodine concentration. However, for comparison of
rate constants with the corresponding deuterated anisole, it seeus
logical to adopt the extrapolaticn technique in both cases. The extra-

polated value in Table 67, Run 17-V-3, was found to be 2.21 x 10=2

lu/mole sec. The same run was repeated and gave an extrapolated value
of 1.88 x 102 1./mole sec. (See Table 68, Run 49-v-3).,

In order to be able to perform kinetic runs at lower iodide ion
concentration, the thallium concentration was raised four fold (0.2000
y)o Thus from the relaticnship between the solubilities and solubility
products of thallium iodide, it is expected that the concentration of
iodide ion should drop by approximately four fold (neglecting any spe=
cific salt effects). Examination of Table 69, Run 39-V-3, reveals that
the apparent rate constants show a significant downward drift. Hence
the apparent rate constants were plotted versus per cent reaction and
when extrapolated tc zerc time a value of 7.20 x lO‘”2 lo/mole sec, was
obtained.

A kinetic run at 0.5149 M thallium perchlorate was done. In
this run no sodlum perchlorate was introduced since the concentration
of thallium ions 1s greater than 0.300. The rate constants dropped
significantly, and when extrapolated to zero time gave a value of 13.00 x
10°2 1, /mole sec. {See Table 70, Run 50-V-3). The same run at the same

thallium ion concentration was repeated. The apparent rate constants
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dropped also; however, it was decided to take an average of the rate
constants since in the corresponding run on the deuterated derivative an
average had been taken. The average value given in Tgble 71 is 12.90%
1.00 x 10°2 1,/mole sec.

At this point, it was decided to perform a run on anisole, at
essentially zero icdide ion concentration (0.0100 x lO“u ﬂ)g Table T2,
reveals that extrapolatlion is not possible in thls case. Such a run
could be meaningful when compared with a corresponding run on deuterated
anisole under identical conditions. Unfortunately, experiments at such
Jdow iodide ion concentration are irreproducible. Thus in an experiment
(Table 72, Run 46-V-3) the apparent rate constant at 9.86 per cent reac=
tion was 8.91 x 102 1./mole sec. The rate constant at a comparable
per cent reaction obtained 1n another experiment was 2.22 x 10=2 1./mole
sec. A third experiment gave a value of 5.32 x 10=¢ 1./mole sec. at es-
sentially ten per cent reaction. OSuch large deviations of rate constants
performed under essentially identical experimental conditions can be
attributed to several factors. First, it i1s possible that the initial
iodide ion concentration is unknown and varies from one experiment to
another regardless of the number of extractions of the iodinemCClu solu-
with purified water. Second, the presence of extremely small amounts
of chlorine or other oxidizing agents in the solution will change the
initial iodide ion concentration due tc oxidation. Although apparently
the necessary precautions were taken to avoid such impurities, it is
possible that still some chlorine will distil from the permanganate sc=

dium hydroxide solution from which the distilled water was redistilled.
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Furthermore, the rate constant at ten per cent reaction is affected appre-
ciably by the initial stoichiometric iodine concentration, since at
higher iodine concentrations, the per cent increase in iodide ion con=-
centration 1s greater than the reaction performed at lower lodine con-
centration. Moreover, the accuracy in reactions at low ilodine concen=
tration 1s small due to the relatively small volume of sodium thiosule
fate required for titration. It is interesting, however, to note that

the main difficulty in such experiments is in the first twenty per cent
reaction, since the relative change in iodide ion concentration after-

wards is less and hence the rate constants become comparable.

Kinetic Reactions of Anisole-2,h,6=@§==The first kinetic run was performed
at 5.000 x 10“” M sodium iodlde in the presence of perchloric acid
(0.009783 M) and sodium perchlorate at 50° and ionic strength of 0.3000.
The purpose of this run was to determine the magnitude of maximum iso-
tope effect by comparison with the corresponding run of the protio com-
pound. The results in Table 73, Run 37-V-3, show that the apparent

rate constants remain essentially constant throughout the reaction.
Therefore, an average of the rate constants was taken and was found to

be 1.589 % 0.099 x 10=k 1./mole sec. The calculated value of k' was

9.35 x 10°8 sec.l, The k., value at 5.000 x 10™* M sodium lodide for

9y
the protio compound as indicated in this chapter (Table 60, Run 11l=V=3)
was 5.149 x 10 la/mole sec. The kinetic deuterium isotope effect,
H >
(kapp)/(kgpp) was found to be 3.2k4.
A kinetic run at 3.000 x 10°* M in soditm iodide was performed.

The apparent rate constants were averaged and found to be 2.585‘ﬁ.0.067
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X 10’h 1./mole sec. The calculated value of k' was 8.41 x 10"8 sec,™t
(Teble 74, Run 38=V=3)}, Comparison of this value of kapp with the core
responding value of the protio compound (Table 61, Run 12-V=3) gives a
value of 3,17 for the deuterium isotope effect.

The iodination of anisole=2,h,6=d3 was studied at lower iodide
ion concentration (1,000 x 10°h M). The rate constants were plotted
versus per cent reaction and when extrapolated to zero time gave a
value of 10.40 x l@nh l./mole sec. The calculated value:of k? was
10.29 x l@’s sec.~t (Tsble 75, Run 29=V=3), The magnitude of deuterium
isotope effect was 2.82,

Thus far it can be concluded that the maximum kinetic isotope ef-
fect is approximately 3.2, and the drop in the isotope effect is
probably insignificant. Therefore, runs at lower iodide ion were neces=
sary to determine whether or not such a drop is meaningful.

A kinetic run at 0.500 x 10™* M in sodium iodide was performed.
As expected, the apparent rate constants dropped appreciably. The appa=-
rent rate constants plotted versus per cent reaction and extrapolated to
zero time gave a value of 22.20 x lO"’)+ 1./mole sec, The calculated
value of k' was 10.65 x 1078 sec? (Table 76, Run 27-V-3). Comparison

of this value of k_,, with the corresponding value on the protio com-

PP
pound (Table 55, Run L4=V=3) gave an isotope effect of 2.91.

The iodination of anisole=2,4,6~d3 was studied at 0.2500 x lO")+ M
sodium iodide. The extrapolated value of rate constant was 3.48 x. 103
lo/mole sec, and the calculated value of k' was 8.32 x lO'8 sec.."l
(Table 77, Run 30-V=3). The kinetic isotope effect was 3.1k,

The kinetic isotope effect at even lower iodide ion concentrations
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kad to be determined, in order to see whether or not any appreciable drop
may results Therefcre, a kiretic run at 0.175 x lOc'h M in sodium iodide
was performed. The apparent rate constants pletted versus per cent reace
ticn and extrapclated to zero time gave a value of 3.80 x 10~3 lo/mole
sec, The calculated value of k'’ was 6.38 x lOg8 secunl (Table 78, Run
31-V¥=3). The magnitude of deterium isotope effect was 3.39.

A kinetic run at 0.100 x lO“u M in sodium iodide was done. As
expected, the apparent rate constants dropped sharply. The rate cons-
tants were plotted versus per cent reacticn. Extrapolation of the rate
constants to zero time gave a value of 5.80 x lO”3 lo/mole sec. The
calculated value of k' was 5.50 x 1078 sec.=1l {Table 79, Run 32-V-3),
Comparison of this valuevof kapp with the corresponding value on protio
compound (Table 66, Run 13-V-3) gives an isotope effect of 2.98. The
same run was repeated (Table 80, Run L48-V-3) and the value of kinetic
isotope effect was 2.87.

It can be concluded that in a fifty fold change in stoichiometric
icdide concentration, nc appreciable change in deuterium isotope effect
has resulted. It was felt that perhaps further lowering in iodide ion
concentration might throw light on the mechapnism of iodination. There=
fore, a kinetic run was performed in the presence of thallium perchlo=
rate (0.050 g)g As in the correspornding protic run, the apparent rate
constants dropped significantly. The rate constants were therefore
plotted versus per cent reaction and extrapolated to zero time gave a
value of 6.80 x 1073 1./mole sec., (See Table 81, Run 41-V-3). Compari-
son of this value of kapp witk the corresponding ka of the protio com-

19 Y
pound (Table 67, Run 17-V.3} gives a deuterium isotope effect of 2.95,
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It was, of course, desirable to measure the deuterium isotope effect
at lower iodide ion concentrations. Therefore a kinetic rum at 0.2000 M
in thallium perchlorate was performed. In order to have gocd comparison
with the protio run, the iodine concentration was adjusted to exactly
the same value as reported in Table 69. The rate constants were plotted
versus per cent reaction, and the extrapolated value of kapp was found
to be 2,60 x 1072 1./mole sec., The magnitude of deuterium isotope ef-
fect was 2,76, (Table 82, Run 40-V3).

The icodinatien of anisolewE,h,6ud3 at higher thallium ion concen-
tration was necesgary, in crder to see whether or not any more drop in
deuterium isctope effect may result, Therefore, a kinetic run at 0.5149
M in thallium perchlorate was performed. The iodine concentration was
maintained at exactly the same value as in the corresponding protio run
{Table 70, Run 50-V-3). The extrapolated value of apparent rate cons-
tant was 10.70 x 10 sec,“}. (Table 83, Run 51-V-3). Surprisingly,
the magnitude of the deuterium isotope effect was 1.21. The same run
was repeated under similar conditions as reported in Table 71 for protio
compound, and the apparent rate constants were averaged since the rate
ccnstants of ceorresponding protio run was also averaged. The value of
kypp ¥aS found to be 10.3 4 0.5 x 10”2 (Table 8%, Run 54-~V-3). The ki-
netic lsotope effect was 1.25.

The drop in kinetic isotope effect is significant, and the inter-
pretation in terms of the mechanism of iodination of anisole will be
given in Chapter VI,

The iodination of anisolemE,ho6od3 at extremely low iodide ion
concentration {0.010C x lO”u M) was performed. DNo extrapolation was

possible in this case. However, this run was important in the sense
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that 1t makes possible to determine the deuterium isotope effect at
varlous per cent regcticn“ Thus, comparison of Table 85, Run 47-V=3
with Table 72 on protio compound, gives a deuterium isotope effect of
2.45 at 9.5 per cent reaction. At 13 per cent reaction, the magnitude

of deuterium isctope effect increases to 2.98. It should be pointed out
that this experiment was,performed at the same tiwe and with the same so-=
lution of the corresponding protio run in Teble 85. Therefore comparison
of deuterium isotope effect in this case is Justified.

Experiments in the Presence of Silver Perchlcrate.--The icdination of

éniscle at extremely low iocdide ion concentrations was desirable. 1In
order tc maintain a constant iodide concentration, it was decided to use
silver ions as regulator, since any icdide ion beyond the solubility of
silver iodide will be precipitated. The major difficulty in such a reac-
tion is that iodine, in the presence of silver ion, is converted to io-
date, which is ipcapable of iodinaticn. Bell and Gellest33 have dis-
cussed the kinetics of iodate formation from iodine in presence of sil-
ver ion, and have reported that at high hydrogen ion cencentrations, the
rate of icdate formation is slowed appreciably. Thus a kinetic run at
2,00 x 10““ M in silver perchlorate, 0.100 M in perchloric acid was per-
formed at 553 and an ionic strength of 0.3000. The reaction was started
by introducticn of iodine, and was stopped by injecting 2 ml. of satu-
rated sodium iodide solution. Table 86 reveals that iodate formation
competes with iodination of anisole. Therefeore, it was decided to per-

form ancther run at higher acidity {1.000 M). Table 87 shows that after

(133) R. P. Bell and E. Gelles, J. Chem. Soc., 2734 (1951),
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Table 53

Run 6<V-3, Anisole in 0.5000 x 10~k M Sodium Todide Solution at 50.0°

(Anisole}, - 0.004001 M (HC10),) - 0.009783 M
(1,), - 0.0001204 ¥ (NaC10)) - 0.2902 M
(NaI}, - 0.5000 x 1074 M (Nay8,05) - 0.006019 M

100.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 103 Per cent
(secug {ml.) (1./mole sec.) reaction
(blank) 4.00 0.00

8,130 3.28 6,13 18.00
11,728 3,10 5.46 22.50
12,060 3.08 5.hk 23.00
17,94k 2.86 .69 28.50
32,985 2.33 4.13 11.75
40,770 2.2l 3.58 L} .00

Rate constant extrapolated to zero time (kap) = 7.35 x 107
1./mole sec.

kt =« 35.6 x 10-8 sec.=1
* =y
k = 75,4 x 10°% 1./mole sec.
1/k* = 132.6 mcie sec./l.
'y u‘“ <l
jI | = 0,4721 x 107 mole/1.
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Table 54

Run 7-V-3, Anisole in 0.5000 x 104 M Sodium Iodide Solution at 50.0°

(Anisole), ~ 0.002995 M (HC10)) - 0.009783 M
(I,), - 0.0001204 ¥ (NaC10),) - 0.2902 ¥
(NaI), - 0.5000 x 1074 M (NayS,03) - 0.006019 M

100.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 103 Per cent
(seco§ (m1.) (1./mole sec.) reaction
(blank) .00 0.00

9,122 3.38 6.20 15.50
12,962 3.25 5.38 '18.75
19,545 2.97 5.11 25.75
33,760 2.57 b.b2 35.75
41,792 2.42 4.06 39.50
77,500 2.00 3.02 50.00

Rate constant extrapolated to zero time (k...) = 7.06 x 10~3 1./mole

sec. app
k! = 34.2 x 1078 gec,-1

K = 72., x 10‘h 1./mole sec.

1/x® = 138.1 mole sec./1.

0.4721 x 1074 mole/1.

=],
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Run 4-V-3, Anisole in 0.5000 x 10~ M Sodium Iodide Solution at 50.0°

(Anisole), - 0.001997 M

(1,), - 0.0001159 M

(NaI), - 0.5000 x 1074 ¥

(HCth) - 0.009783 M

(NaC10)) - 0.2902 M

(NayS,03) - 0.006019 M

100,0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 103 Per cent
(secag (m1.) (1./mole sec.) reaction
(blank) 3.85 0.00
7,190 3.52 6.29 8.57
1k, 368 3.29 5.52 14.55
1k,305 3.29 5,52 1.55
21,200 3.09 5.23 19.74
28,615 2.90 4.99 2}.68
36,300 2,70 4.93 29.87
145,000 2.55 L.6éh 33.77
78,340 2.13 3.8l iy 68

Rate constant extrapolated to zero time (k

1./mole sec.

kl
k*
1/k*

13,

32.1 x 10-8 gec.-1

67.8 x 104 1,/mole sec.
147.5 mole sec,/1.
0.4737 x 107k mole/1.

app

) = 6.63 x 1073
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Table 56

Run 5-V-3, Anisole in 0.5000 x 10~ M Sodium Iodide Solution at 50.0°

(Anisole), - 0.0009978 M (HC10,) - 0.009783 M
(I,) - 0.0001159 M (NaC10,) - 0.2902 M
(NaI),_ - 0.5000 x 1074 ¥ (Na,S,05) - 0.006019 M

100.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 103 Per cent
(secog (m1.) (1./mole sec.) reaction
(blank) 3.85 0.00
17,121 3.6 6.33 10.13
29,695 3.27 5.58 15.06
Lh,4ho 3.0k 5.40 21.04
77,805 2.72 4.56 29.35

100,270 2.53 L.29 34.29
176,138 2,00 3.85 18.08
Rate constant extrapolated to zero time (ka ) = 6,80 x 10~3
1./mole sec. PP
k! = 32,9 x 10""8 sec,~1
K* = 69.5 x 1074 1./mole sec.
1/k* = 143.9 mole sec./1,

[1], = 0.4737 x 107 motesr.
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Table 57

Run 8-V-3, Anisole in 0.5000 x 107U M Sodium Todide Solution at 50.0°

(Anisole), - 0.0004996 M (HC10),) - 0.009783 M
(I), ~ 0.0001180 M (NaC10)) - 0.2902 M
(NaI), - 0.5000 x 1074 ¥ (NapS,04) - 0.006019 X

100.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 103 Per cent
(secog (m1.) (1./mole sec.) reaction
(blank) 3.92 0.00
34,840 3.55 5.76 9.4l
3k,995 3.55 5.76 9.4l
78,595 3.30 L.L7 15.82

113,895 3.04 L.59 22.45
187,750 2,74 3.97 30.10
339,080 2.25 3.48 L42.60

Rate constant extrapolated to zero time (k

« 6,70 x 1073
1°/mole sec. ) 0 x

app

k! = 32,5 x 10-8 sec.™!
K* = 68,7 x 10-4 1./mole sec.
1/x%* = 145.6 mole sec./1.

0.4729 x 10~ mole/1.

3,
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Run 116-V-2, Anisole in 10.00 x 10-L M Sodium Jodide Solution at 50.0°

(Anisole)}, - 0.0040OC0 M
(I,)o = 0.0002648 M

(NaI), - 10.00 x 1074 M

50.0 ml. of reaction mixture per flask

(HC10)) - 0.009783 M

(¥aC10)) - 0.2892 M

(NapS,03) - 0.006019 M

Time elapsed Titer Rate constant x 104 Per cent
(secag (m1.) (1./mole sec.) reaction
(blank) L.Lh 0.00
96,820 .10 1.822 7.65

165,195 3.87 1.952 12.8,
21,175 3.65 1.947 17.79
420,895 3.26 1.797 26.57
599,940 2.80 1.908 36.93
792,285 2.52 1.788 43.24

Average value of rate constant (kapp) = 1.869 4 0.067 x 10~k

1./mole sec.

k! - 27.0 x 1078 sec.-!
K* = 2.9 x 1074 1./mole sec.
1/k* = 3}0.1 mole sec./1.

9.179 x 1074 mole/1.

1,
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Table 59

Run 115-V-2, Anisole in 5.000 x 107 M Sodium Iodide Solution at 50.0°

(Anisole), -~ 0.004000 M (HC10)) - 0.009783 M
(1), - 0.000265 M (NaC10),) - 0.2897 M
(NaI), - 5.000 x 1074 M (Nay5,05) - 0.006019 ¥

50.0 ml. of reaction mixture per flask

[y

Time elapsed Titer Rate constant x 10h Per cent
(secog (ml.) (1./mole sec.) reaction
(blank) L.Lh1 0.00
31,075% h.12 5.50 6.57
68,070 3.90 L.53 11.56

118,995 3.53 .69 19.95
164,485 3.30 bl 25.17
240,395 2.9 L.27 33.33
332,435 2,61 4.00 40.81

Rate constant extrapolated to zero time (kapp) = 545 x 10-b 1./mole
sec,

k! = 30.0 x 10-8 sec.-1
k* = 6.66 x 1074 1.,/mole sec.
1/k* = 1502 mole sec./1.

3,

4.5189 x 1074 mole/1.

*This point was neglected in the plot since points earlier than 10 per
cent reaction are likely to be inaccurate.
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Table 60

Run 11-V-3, Anisole in 5.000 x 10-k4 M Sodium Iodide Solution at 50.00

(Anisole)o - 0,002000 M (HC10)) - 0.009783 M
(1,), - 0.000123k M (NaC10),) - 0.2897 M
(NaI), - 5.000 x 1074 M (Nap8,03) - 0.006029 M

100.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 104 Per cent
(seco§ (ml.) (1./mole sec.) reaction
(blank) L.10 0.00
89,673 3.75 5.023 8.54

155,100 3.43 5.794 16.34
24o,8%0 3.18 5.315 22,1k
328,130 3,00 .800 26.83

500,525 2.55 L.811 37.80

Average value of rate constant (kapp) = 5,149 + 0.325 x 10~k
1./mole sec. -

k? = 30.2 x 10-8 sec?l
K* 6.33 x 10~4 1./mole sec.

1/x*

b

L}

1580 mole sec./1.

Ii.766k x 107 mole/1.
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Table 61

Run 12-V-3, Anisole in 3.000 x 10~k M Sodium Iodide Solution at 50.0°

(Anisols), - 0.002000 M (HC10,) - 0.009783 X
(I5), - 0.0001213 M (NaC10)) - 0.2899 M
(NaI), - 3,000 x 104 ¥ (NayS,05) - 0.006019 ¥

100,0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 10h Per cent
(sec,§ (ml.) (1./mole sec.) reaction
(blank) L.03 0.00
88,515 3.48 8.35 13.65

15h,12} 3.10 8.58 23.08
240,055 2,70 8.h2 33.00
326,520 2.4 8.00 ho.20
413,517 2.10 8.01 L47.89
499,647 1.86 7.88 53.8}

Average value of rate constant (kapp) = §.21 +0.25 x 10=b 1./mole sec.

k! = 28.9 x 108 gec.-1
k* = 10,08 x 1074 1./mole sec.
1/k%* = 992 mole sec./1.

2.8616 x 104 mole/1.

(=3,
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Table 62

Run 15-V-3, Anisole in 1.000 x 1o‘h M Sodium Iodide Solution at 50.0°

(Andisole), - 0.002000 M (HC10)) - 0.009783 M
(I,), -~ 0.0001174 M (NaC10),) ~ 0.2901 M
(Nal)o - 1.000 x 2074 M (Na,8,0,) - 0.006019 ¥

100.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 103 Per cent
(secag (ml.) (1./mole sec.) reaction
(blank) 3.90 0.00
18,695 3.50 2.92 10.26
32,52} 3.28 2.68 15.90
45,952 3.04 2.73 22.05
75,57k 2.70 2.45 30.77
98,18Y 2.48 2.5h 36.41

167,987 1.87 2.23 52.05

Rate constant extrapolated to zero time (kapp) = 2.90 x 10‘3 1./mole
sec,

K? = 28.9 x 108 gec.”
K* = "30.19 x 1074 1./mole sec.
1/" = 330 mole sec./l.

0.9479 x 1o'h mole/1.

-
()
o
8
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Run 14-V-3, Anisocle in 0.2500 x 1o'h M Sodium Iodide Solution at 50.0°

(Anisole), - 0.002000 M

(I,), - 0.0001171 ¥

(NaI), - 0.2500 x 1074 M

100.0 ml. of reaction mixture per flask

(HC10)) - 0.009783 M

(NaC10)) - 0.2902 M

(Nay8,05) - 0.006019 M

Time elapsed Titer Rate constant x 103 Per cent
(secog (m1.) (1./mole sec.) reaction
(blank) 3.89 0,00

5,628 3.53 8.70 9,25
9,290 3.30 8.91 15.17
12,569 3.15 8.45 19.02
18,912 2.92 7.6k 2l.9k
32,785 2.50 6.83 35.73
46,076 2.32 5.69 40.36

Rate constant extrapolated to zero time (kapp) = 10,86 x 1073 1./mole

8ec.

Kt
k*
1/

7,

25.9 x 10~8 sec.-1
109.7 x 107l 1./mole sec.
91.2 mole sec./1.

0.2366 x 1074 mole/1.
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Table 6

Run 16-V-3, Anisole in 0.175 x 10"h M Sodium Iodide Solution at 50.0°

(Anisole), - 0.001999 ¥ (HC10},) - 0.009783 ¥
(Io), - 0.0001309 M (NaC10)) - 0.2902 ¥
(NaI), - 0.1750 x 1074 ¥ (NayS,04) - 0.006019 M

100.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 10° Per cent
(sec.g (m1.) (1./mole sec.) reaction
(blank) L.35 0.00

4,226 3.97 10.82 8.7k
8,285 3.75 8.97 13.79
11,900 3.58 8.2l 17.70
20,453 3.28 6.96 2,60
30,317 3.00 6.19 31.03
71,777 2.40 h.22 ) .82

Rate constant extrapolated to zero time (k = 12.90 x 10-3

1./mole sec. app)
K = 21.) x 10-8 gec."1

K* = 130.0 x 107% 1./mole sec.
1/k*¥ = 76.9 mole sec./1.

0.1645 x 1074 mole/1.

IH'
U
o

8
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Table 65

Run 85-V-2, Anisole in 0.100 x 10",4 M Sodium Iodide Solution at 50.0°

(Anisole), ~ 0.004000 M (HC10),) - 0.009783 M

(I5), - 0.000101k M (NaC10},) - 0.2989 M
(Nal), - 0.1000 x 10-l M (NapSp03) - 0.006019 M

100.0 ml. of reaction mixture per flask

Time elagsed Titer Rate constant x 103 Per cent
(sec. (ml.) (1./mole sec.) reaction
(blank) 3.37 0.00

881 3.18 16.43 5.6k
1,890 3.05 13.17 9.49
h,732 2.76 10.5)4 18.10
6,645 2.61 9.66 22.55

11,256 2,30 8.52 31.75
14,365 2.17 7.70 35.60

Rate constant extrapolated to zero time (k = 15,70 x 10~3
1./mole sec. ( app) 10 x

k! = 15.1 x 1070 sec.-1

k¥ = 1,58 x 10~2 1./mole sec.
*

1/% = 63.3 mole sec./l.

[Ijo = 0.09530 x 10~l mole/1.
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Table 66

Run 13-V-3, Anisole in 0.1000 x 10l M Sodium Jodide Solution at 50.0°

(Anisole), - 0.002000 M (BC10)) - 0.009783 M
(I2)0 - 0.0001243 M (NaC10),) - 0.2902 M
(NaI), - 0.1000 x 107l ¥ (Na,§,05) - 0.006019 M

100.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 103 Per cent
(secog (m1.) (1./mole sec.) reaction
(blank) L.13 0.00

3,Lh01 3.74 1L.58 9.Ll
6,389 3.L9 13.27 15.50
11,857 3.22 10.58 22.03
17,027 3.00 9.63 27.36
19,285 2.90

9.25 29.78

Rate constant extrapolated to zero time (kgpy) = 17.30 x'1073
1./mole sec.

k! = 16.4 x 10~8 sec.-1
k¥ = 1,737 x 10-2 1,/mole sec.
1/k* = 57.6 mole sec./1.

Efj o = 0.0943 x 1074 mole /1.
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Table 67

Run 17-V-3, Anisole in 0.0500 M Thallium Perchlorate Solution at 50.0°

(Anisole), ~ 0.001999 M (HC10)) - 0.009783 ¥
(Io), - 0.0002684 M (NaCth) - 0.2402 M
(NaI), - 2.000 x 1074 M (NapSp03) - 0.006019 M

(T1C10})0 = 0.0500 M

50.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 102 Per cent
(secog (mi.) (1./mole sec.) reaction
(blank) L.Lé6 , 0.00

1,417 k.20 2.12 5.83
2,926 3.95 2.09 11.43
6,642 3.L46 1.9k 22.42
8,61 3.32 1.74 25,56
lh3922 2091 10h7 3ho75

Rate constant extrapolated to zero time (kapp) = 2,21 x 10-2
1./mole sec.
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Table 68

Run 49-V-3, Anisole in 0.0500 M Thallium Perchlorate Solution at 50.0°

(Anisole), - 0.002002 M (HC10),) - 0.009763 M
(Ip), = 0.002251 M (NaCl10p,) - 0.2h02 M
(NeI), - 2.000 x 1074 ¥ (NayS,03) ~ 0.06019 M

(T1C10},), - 0.0500 M

50.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 102 Per cent
(Secu§ (ml.) (1./mole sec.) reaction
(blank) 3.74h 0.00

2,067 3.48 1.7h 6.95
3,493 2.32 1.72 11.23
6,942 3.01 1.58 19.52
10,694 2.84 1.31 26.7h
17,943 2.43 1.23 35,03
35,540 1.75 1.1k 53,21
Lk ,990 1.51 1,08 59.63

Rate constant extrapolated to zero time (k,..) = 1.88 x 10™2

1./mole sec. app



]
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Table 69

Run 39-V-3, Anisole in 0.2000 M Thallium Perchlorate Solution -at 50.0°

(Anisole), - 0.001999 M (HC10p,) - 0.009783 M
(I5), - 0.0002007 ¥ (NaC10},) - 0.09022 M
(NaI), ~ 2.000 x 1074 M (NapS,03) - 0.006311 M

(T1C10y) o ~ 0.2000 M

50.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 102 Per cent
(secug {ml.) (1./mole sec.) reaction
(blank) 3.18 0.00

1,536 2,65 5.99 16.67
2,511 2.L48 5.01 22.01
3,815 2.27 L.Lh9 28.61
6,956 1.97 3.52 38.05
13,920 1.55 2,66 48.74

Rate constant extrapolated to zero time (k

) = 7.20 x 10-2
lo/mole sec.,

app
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Table 70

Run 50-V-3, Anisolein 0.5149 M Thallium Perchlorate Solution at 50.0°

(nisole), - 0.0008006 M (HC10),) - 0.009783 M
(Ip), - 0.0002065 M (NaC10),) - 0.000 M
(NaI), - 2.000 x 107l ¥ (NayS,05) - 0.006019 M

(T1€10)), - 0.51h9 M

50.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 102 Per cent
(secog (mi.) (1./mole gec.) reaction
(blank) 3.43 0.00

755 3.19 12,15 7.00
1,981 2.85 11.98 16.91
3,715 2.5 11.77 28.57
6,123 2.19 9.65 36.15
9,162 1.76 9.80 48.69

12,135 1.51 9.29 55.97
16,160 1.33 8.08 61.22

Rate constant extrapolated to zero time (k...) = 13.00 x 10~2

1./mole sec. app
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Table 71

Run 53-V-3, Anisole in 0.5149 M Thallium Perchlorate Solution at 50.0°

(Anisole), - 0.0008006 M (HC10)) - 0.009783 M
(I2), - 0.0002386 M (NaC10)) - 0.000 M
(NaI), - 2.000 x 107l ¥ (NapSy03) - 0.006150 M

(T1C10)) , - 0.5149 M

50.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 102 Per cent
(secgg (m1.) (1./mole sec.) reaction
(blank) 3.88 0.00
1,257 3.36 1.6 13.40
3,13} 2.80 13.6 27.83
L,565 2.53 12.} 34.79
5,945 2.21 12,7 43.04
7,957 2.09 10.9 47.14

Average value of rate constant (kp ) = 12.9 + 1.0 x 1072 1./mole sec.
and extrapolated value of rate constant kapp = 16.3 x 10-2 1./mole sec.
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Table 72

Run 46-V-3, Anisole in 0.0100 x 10~k M Sodium Iodide Solution at 50.0°

(Anisole), - 0.002002 M (HC10},) - 0.009783 M
(I2), - 0.00008848 M (NaC10)) - 0.2902 M
(NaI), - 0.0100 x 10~k M (NaySy05) - 0.006019 M

100.0 ml, of reaction mixture per flask

Time elapsed Titer Rate constant x 102 Per cent
(sec.g (ml.) (1./mole sec.) reaction
(blank) 2.94 0.00

58l 2.65 8.91 9.86
900 2.56 7.71 12.93
2,482 2.38 L.27 19.05
4,620 2.20 3.15 25.17
7,938 2.00 2.4k 31.97
18,810 1.27 1.11 56.80

Rate constant extrapolated to zero time (kapp) = 1.4 x 10-2
1./mole sec.
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Run 37-V-3, Anisole-2,l,6-d3 in 5.000 x 1074 ¥ Sodium Iodide Solution

at 50.0°

(Anisole-2,k,6-d3)o - 0.002001 M

(I,), - 0.0001224 M

(Nal), - 5.000 x 1074 ¥

100.0 ml. of reaction mixture per flask

(BC10)) - 0.009783 M

(NaC10),) - 0.2897 M

Time elapsed Titer Rate constant x 104 Per cent
(sec°§ (ml.) (1./mole sec.) reaction
(blank) 3.88 0.00

333,56l 3.46 1.361 10.82
58,970 3.24 1,549 16.49
842,275 2.90 1.741 25.26

1,016,065 2.79 1.638 28.09

1,445,015 2.0 1.683 38.1}

1,883,080 2.17 1.564 Lh.o7

Average value of rate constant (k

1./mole sec.

k¢

k*
1/x*

P

app

9.35 x 10~8 gec.-1
1.963 x 1074 1./mole sec.
5100 mole sec./1.

1.7680 x 1074 mole/1.

) = 1.589 + 0.098 x 107}
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Table 7L

Run 38-V-3, Anisole-2,l,6-dy in 3.000 x 10"} M Sodium Todide Solution
at 50.00

(Anisole-2,l,6-d3)o - 0.002001 M (HC10},) - 0.009783 M
(I5), - 0.0001193 M (NaC10)) - 0.2899 M
(¥aI)o - 3.000 x 107l M (NapSy03) - 0.006311 M

100.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 10l Per cent
(sec°§ (ml.) (1./mole sec.) reaction
(blank) 3.78 0.00

583,980 2.80 2.587 25.93
841,265 2.40 2.735 36.51
1,01L,805 2.25 2.590 LO.L7

1,444,545 1.90 2.418 49.00

1,882,194 1.45 2.598 61.64

Average value of rate constant (k, . ) = 2.585 + 0.067 x 10-k

1./mole sec, pp
k? = 8,41 x 10-8 sec, ™t
k* = 2.95 x 1074 1,/mole sec.

A
"

3394 mole sec./1.
2.8537 x 104 mole/1.

(=3,
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Table 75

Run 29-V-3, Anisole-2,h,6-d3 in 1.000 x 10~k M Sodium Iodide Solution
at 50.00

(Anisole-2,k,6-d3), - 0.001999 M (HC10),) - 0.009783 M
(I,), - 0.0001225 M (NaC10),) - 0.2901 M
(NaI)o - 1.000 x 10-4 M (NayS503) - 0.006019 M

100.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 10U Per cent
(secng (m.) (1./mole sec.) reaction
(blank) .07 0.00
58,233 3.64 9.67 10.57
86,400 3.47 9.30 1.7k

173,270 3.07 8.21 2L .57
225,175 2.75 8.79 32.43
282,315 2.63 7.85 35.38
36,328 2.43 7.19 40.29

Rate constant extrapolated to zero time (kapp) = 10.40 x 10~k
1./mole sec.

Kk? = 10.3 x 10-8 sec.-1
K* = 10.88 x 10=4 1./mole sec.
1/k* = 919 mole secq/l°

[Ii]o = 0,958 x 10=4 mole/1,
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Table 76

Run 27-V-3, Anisole-2,4,6-d3 in 0.5000 x 10~4 M Sodium Iodide Solution
at 50.0°

(Anisole-2,L,6-d3)o - 0.002009 M (HC10},) - 0.009783 M
(I2), - 0.0001369 M (NaC10},) - 0.2902 M
(NaI)o - 0.5000 x 10~k M (NapSy03) - 0.006019 M

100.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 104 Per cent
(secwg (ml.) (1./mole sec.) reaction
(blank) 4.55 0.00
20,11} 4.20 19.81 7.69
67,992 3.63 16.68 20.22

111,871 3.32 12.64 24 .55
157,365 2,95 11.88 31.07

246,268 2.65 9.81 38.08

Rate constant extrapolated to zero time (kapp) = 22.20 x 10-4
1./mole sec.

k! = 10.6 x 108 sec.~1
K* = 22,7 x 10-4 1,/mole sec.
1/&* = Li1 mole sec./1.

[1‘] o = 0.4692 x 107! male/1.
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Table 77

Run 30-V-3, Anisole-2,li,6-d3 in 0.2500 x 107k M Sodium Iodide Solution
at 50.0°

(Anisole-2,l,6-d3), = 0.001999 M (HC10),) - 0.009783 M
(I2)o - 0.0001213 M (NaC10},) - 0.2902 M
(NaI)o - 0.2500 x 1074 M (Na,S,05) - 0.006019 ¥

ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 103 Per cent
(seca§ (ml.) (1./mole sec.) reaction
(blank) 4.03 0.00
12,120 3.80 2.42 5.71
22,813 3.58 2.62 11.17
38,055 3.32 2.57 17.62
57,060 3.15 2.17 21.84
79,985 2.95 1.96 26.79

105,263 2,72 1.88 32.51

Rate constant extrapolated to zero time (kapp) = 3.48 x 10-3
1./mole sec.

k! = 8.32 x 10-8 gec."1
k% = 35,2 x 10~k 1./mole sec.
1A% = 28l mole sec./1.

[if]o = 0.2361 x 10-lt mole/1.
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Table 78

Run 31-V-3, Anisole-2,h,6-d3 in 0.175 x lO'hg'Sodium Jodide Solution
at 50.0°

(&nisole-2,k,6-d3), - 0.001999 M (HC10}) - 0.009783 M
(I2), - 0.0001198 M (NaC10),) - 0.2902 ¥
(NaI), - 0.175 x 1074 ¥ (NapS,05) - 0.006019 M

100,0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 103 Per cent
(seco§ (m1.) (1./mole sec.) reaction
(blank) 3.98 , .0.00

8,120 3.76 3.50 '5.53
15,067 3,62 3.18 9.05
27,035 3.4k 2.72 13.57
38,298 3,22 2,78 19.10
56,235 3.00 2,54 24.62
78,987 2.77 2.32 30.40

Rate constant extrapolated to zero time (k,..) = 3.80 x 10-3

1,/hole sac. app

K! = 6.38 x 10~8 gec."1
k* = 38.6 x 107U 1./mole sec.
1/&%* « 259 mole sec./1.

0.165L x 1074 mole/1.

LR
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Table 79

Run 32-V-3, Anisole—Z,h,é-dB in 0.1000 x 10~k M Sodium Todide Solution
at 50.00

(Anisole~2,l4,6-d3)o = 0.001991 M (HC10),) - 0.009783 M
(I2), - 0.0001120 ¥ (NaC10},) - 0.2902 ¥
(NaI)o - 0,1000 x 1074 M (NapS203) - 0,006019 M

100.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 103 Per cent
(sec.g (ml.) (1./mole sec.) reaction
(blank) 3.72 0.00

2,935 3.60 5.75 3.23
6,665 3.49 4.87 6.18
12,227 3.37 .10 9.41
25,’43’4 3015 3031 15032
419,012 2.73 3.19 26.61
87,510 2.35 2.67 36.83

Rate constant extrapolated to zero time (k_..) = 5.80 x 10-3

lq/hole sec. app

k!t = 5,50 x 10-8 gec.-1
K* = 57.0 x 107k 1./mole sec.
1/k* = 176 mole sec./1.

0.0984 x 104 mole/a.

=3,
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Table 80

Run }8-V-3, Anisole-2,l,6-d3 in 0.1000 x 10~k M Sodium Iodide Solution
at 50.0°

(Anisole-2,4,6-d3), - 0.001619 M (HC10),) - 0.009783 M
(I2), - 0.0001171 M (NaC10),) - 0.2902 M
(NaI), - 0.1000 x 1074 M (NapS504) - 0.006019 M

100.0 ml, of reaction mixture per flask

Time elapsed Titer Rate constant x 103 Per cent
(secng (ml.) (1./mole sec.) reaction
(blank) 3.89 0.00
18,142 3.38 L.78 13.11
35,347 3.05 4.29 21.59
46,835 2,93 3.77 2} .68
76,272 2.68 3.06 31.11
89,717 2.55 2.95 3L4.45

Rate constant extrapolated to zero time (kapp) = 6,00 x 10~3
1./mole sec.

k! = 5.69 x 10-8 sec.-1
K* = 6.02 x 103 1./mole sec.
1/x* = 166 mole sec./1.

[Iﬂo = 0.09460 x 10-U mole/1.
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Table 81

Run 41-V-3, Anisole-2,k,6-d3 in 0.0500 M Thallium Perchlorate Solution
at 50.0°

(Anisole-2,l,6-d3)y = 0,002001 ¥ (HC10},) - 0.009783 ¥
(Io), = 0.0002739 M (NaC10),) - 0,202 M
(NaI), - 2.000 x 1074 ¥ (NayS,04) - 0.006311 M

(T1€10},) o = 0.0500 M

50.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 103 Per cent
(secag (ml.) (1./mole sec.) reaction
(blank) h.3 0,00
6,260 1,.08 .95 5.95

12,760 3.78 5.47 12.90
20,747 3.55 L.91 18.20
28,238 3.37 L. 46 22.35
40,029 3.13 h.16 27.88
72,387 2.58 3.70 40.55

Rate constant extrapolated to zero time (k...) = 6.80 x 103

1./mole sec. app
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Table 82

Run L0-V-3, Anisole-2,4,6~d3 in 0.2000 M Thallium Perchlorate Solution
at 50.00

(Anisole-2,l,6-d3), = 0,002001 M (HC10y) - 0.009783 M
(I2)o ~ 0.0002007 M (NaC10)) - 0.09022 ¥
(NaI)o - 2.000 x 107" M (NayS,03) ~ 0.006311 M

(T1€10),) o = 0.2000 ¥

50.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 103 Per cent
(secuy (ml.) (1./mole sec.) reaction
(blank) 3.18 0.00

1,372 2,98 2.37 6.29
2,335 2.88 2,13 8.88
5,235 2,67 1.68 16.00
13,906 2.28 1l.21 28,30
24,507 1.88 1.08 L0.88
30,336 1.75

1.01 W97

Rate constant extrapolated to zero time (kapp) = 2.60 x 1072 1,/mole
sec.,
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Table 83

Run 51-V-3, Anisole-2,4,6-dy in 0.5149 M Thallium Perchlorate Solution
at 50.0°

(Anisole=2,l,6-d3) , - 0.0006L479 M (HCth) - 0.009783 M
(I,), ~ 0.0002065 ¥ (NaC10,) - 0.0000 ¥
(NaI), - 2.000 x 10~ ¥ (NagSx03) - 0.006019 M

(T1610},), - 0.5149 M

50.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 102 Per cent
(seco? (m1.) (1./mole sec.) reaction
(blank) 3.43 0.00

3,572 2.78 9.39 18.95
5,962 2.48 8.70 27.41
8,750 2,22 8.19 35.28
12,047 1.97 7.69 112,57
16,08} 1.73 7.22 h9.56
19,105 1.66 6.48 51.60

Rate constant extrapolated to zero time (k,..) = 10.70 x 10=2

1./mole sec. app
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Table 8L

Run 54-V-3, Anisole-2,l,6-d3 in 0.5149 M Thallium Perchlorate Solution
at 50.0°

(Anisole-2,4,6-d3), = 0.0006479 M (HC10) =~ 0.009783 M
(I2), - 0.0002386 M (NaC10),) - 0.0000 M
(NaI), - 2.000 x 1074 ¥ (NapS,03) - 0.006150 M

(T1C10},), - 0.5149 ¥

50.0 ml, of reaction mixture per flask

Time elapsed Titer Rate constant x 102 Per cent
(secag (m1.) (1./mole sec.) reaction
(blank) 3.88 0.00

2,090 3.41 9.7 12.11
2,717 3.22 10.9 17.01
L,L18 2.97 9.8 23.45
5,853 2,6l 10.8 31.96
7,863 2.43 9.9 37.37

Average value of rate constant (kapp) = 10.3 ¢+ 0.5 x 10~2 1,/mole sec.



168

Table 85

Run L47-V-3, Anisole-2,l,6-d3 in 0.0100 M Sodium Iodide Solution
at 50,0°

(Anisole-2,l,6-d3), - 0.002005 M (HC10)) - 0.009783 M
(Ip), - 0.00008848 ¥ (NaC10),) - 0.2902 M
(NaI), ~ 0.0100 M (NayS,04) - 0.006019 M

100.0 ml., of reaction mixture per flask

Time elapsed Titer Rate constant x 102 Per cent
(secof (m1.) (1./mole sec.) reaction
(blank) 2.9h 0.00

755 2.71 5.39 7.82
1,400 2.66 3.58 9.52
2,748 2.55 2.59 13.27
6,130 2.48 1.39 15.65

16,810 2.32 0.71 21.09
36,355 2.03 0.51 30.95
6l;,990 1.75 0.40 40.48

Rate constant extrapolated to zero time (k,.,) = 10.1 x 10~2
1./mole sec, PP
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Table 86

Run }2-V-3, Anisole in 2.00 x 10~k M Silver Perchlorate Solution
at 50.0°

(Anisole), - 0.001999 M (HC10},) -~ 0,1000 M
(I,), ~ 0.00029% M (NaC10)) - 0.1998 ¥
(4gC10}), - 2.00 x 1074 ¥ (Na,5,05) - 0.006311 M

100.0 ml. of reaction mixture per flask

Time Titer Apparent per cent
(sec.) (m1.) reaction
(blank) 9.33 0.00

320 7.97 14.60
540 6.67 29.45
759 6.65 29.73

1,424 8.00 14.26
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Table 87

Run L3-V-3, Anisole in 2.00 x 10~} ¥ Silver Perchlorate Solution
at 50,00

(Anisole), ~ 0.001999 M (HCth) - 1.000 M
(Io), ~ 0.000138 M (NaC10j,) - 0,000 M
(AgC10),), ~ 2.000 x 1074 M (NayS,03) ~ 0.006311 M

100.0 ml. of reaction mixture per flask

Time Titer Apparent per cent
(sec.) (m1.) Reaction
(blank) .37 0.00
L0 1.55 6l.,60
59 1.65 62.28
103 1.56 6l.lh
88* 3,05 30,12
178% 2.80 35.98
L80%* 2,96 32,37
1,760% 3.05 30,12

* <
These points were measured at 0°C.



171

Table 88

Run 4}4-V-3, Anisole in 2.00 x 101 M Silver Perchlorate Solution
at 0.00

(Anisole) , - 0.0003999 M (HC10),) - 1.000 M
(I2), - 0.000142 M (NaC10p,) ~ 0.00 M
(A2€10),), - 2.000 x 10"k ¥ (Na,8,05) ~ 0.006311 M

100.0 ml., of reaction mixture per flask

Time Titer Apparent Per cent
(sec.) (m1.) Reaction
(blank) 448 0.00

20 1.05 76.53
86 0.87 80.60
1,727 0.65 85.60
19% 0.95 78.79

*The concentration of anisole at this point was one-half the original
concentration.
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103 seconds the iodine titer becomes essentially constant. The same re-
action was performed at zero degrees, and the iodine titer again remained
constant after three minutes. Another experiment at lower anisole con-
centration was performed in order to have longer reaction time. The
iodine titers were irregular (See Table 88), therefore, it was decided

to abandon the thought of using silver perchlorate as an iodide ion regu-
lator.

Kinetic Reactions of Phenol.--The iodination of phenol was studied by

Kilbyl3u, who concluded that the values of k' do not drop with decreas-
ing iodide ion concentration. He furthermore found that the kinetic
isotope effect in the iodination of phenol~2,1+,6-d3 does not change
with decreasing the iodide ion concentration. His reported maximum
deuterium isotope effect was approximately U4,

It was of interest, however, to reinvestigate his experiments
under modified experimental conditions, and see if a higher deuterium
isotope effect is obtailnable.

The first run was domne as a check of Kilby's experiment at
5.000 x 10"4 M sodium iodide and 0.017h4 M perchloric acid at 250 and
ionic strength 0.300. The apparent rate constants were plotted versus
per cent reaction and extrapolated to zero time gave a value of 9.50 x
10-3 1./mole sec. The calculated value of k' was 46.41 x 10T sec.=!
(Table 89, Run 60-V-3). This value was in good agreement with that
45.3 x 107 sec.”} reported by Kilbyl3h.

A second run at 0.500 x 10"4 M in sodium iodide was performed at

(134) D. C. Kilby, Kinetic Study of The Mechanism of iodination
of Phenol, M. 8. Thesis, Georgia Institute of Technolegy, 1958, p. 95.
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259, As expected, the apparent rate constants dropped sharply. The
rate constants when extrapolated to zero time gave a value of 10.30 x
1072 1./mole sec. and the calculated value of k' was 48.57 x 1077 sec.”t
(Table 90, Run 62-V=3). It seemed that further lowering in initial io-
dide ion concentration was necessary. Therefore, another run at 0,250
X lOH)+ M in sodium iodide was run. The extrapolated value of kapp was
19.85 x lO"’2 lu/mole sec. and the calculated value of k' was 45.96 x
1071 sec.”t (Table 91, Run 63-V-3). The same reaction was run at
0.1000 x lO‘")+ M sodium iodide and the apparent rate constants were
plotted versus per cent reaction. Extrapolation of rate constants to
zero time gave a value of 46.50 x 1072 ln/mole sec, and the calculated
value of k' was 42,48 x 10°7 sec.”l (See Table 92, Run 61-V=3).

Analysis of Tables 89, 90, 91, 92, shows that within fifty fold
change in stoichiometric iodide ion concentration, the values of k' re-
mained essentially constant. Such a result is contrary to that observed
in the case of p-nitrophenol and anisole. It was felt that further low-
ering of iodide ion conceneration milght cause the values of k' to drop.
Therefore, a kinetic run at 0.0200 x 10"’LL M in sodium iodide was per-
formed. Due to the fast reaction rate at this low iodide ion concentra-
tion, the acidity of the reaction medium was increased five fold
(0.0870 M) in order to have measurable rates. Unfortunately, as can be
seen in Table 93, the rate constants cannot be extrapolated to zero
time since at ten per cent reaction the iodide ion concentration is al-
ready five times greater than the initial stoichiometric ilodide concentra-
tion.

A kinetic run in the presence of thallium perchlorate (0.0500 M)

was performed at 0.0870 M in perchloric acid. The rate constants dropped
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appreciably., Extrapolation of rate constants to zero time gave a value
of 0.77 1./mole sec. (Table 94, Run Th=V-3).

Kinetic Reactions of Phenol=2ih,6md3,w~The iodination of phenol~2,h,6»d3

was studied in order to determine the magnitude of deuterium isotope ef-
fect., It was at first necessary to determine whether or not the com=-
pound was completely deuterated. Therefore, a kinetic run at 5.000 x
lOmh M in sodium iodide was performed using phenol~2,l+,6-d3 which was
twice equilibrated with heavy water (see Chapter III for preparation of
phenolu2,h,6~d3)a The rate constants dropped with per cent reaction.
Extrapolation of rate constants to zero time gave a value of 14.20 x
lO“u ln/mole sec. The calculated value of k' was 7.126 x 10-T secu'l
(Table 95, Run 64«V-3). The magnitude of deuterium isotope effect,
(kgpp)/(kgpp) was 6.69.

Another kinetilc run was performed in the presence of 5.000 x
lO'h M sodium lodide using phenol~2,h,6=d3 which was equilibrated with
heavy water three times. The rate constants were plotted versus per
cent reaction and extrapolated to zero time gave a value of 14,35 x

4 1./mole sec. The calculated value of k' was 7.201 x 1077 gec.™t

107
(Table 96, Run 65-V-3). The deuterium isotope effect in this case was
6.62. It can, therefore, be concluded that complete deuteration of
phenol can be achieved by two equilibrations with heavy water.

The lodination of phenol=2,h,6md3 was studied at 0.500 x lO-u M

sodium lodide. The extrapolated value of apparent rate constant was
15.90 x lO‘=3 l./mole sec., and the calculated value of k' was 7.506 x
10~7 (Table 97, Run 66~V-3). The magnitude of kinetic isotope effect in

this case was 6.55.
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A kinetic experiment at 0.250 x lO")+ M in sodium iodide was per-
formed using relatively low iodine concentration. The rate constants
were plotted versus per cent reaction and extrapolated to zero time
gave a value of 3.00 x lO'"2 l./mole sec, The calculated value of k!
was 6.930 x 10~7 sec.™l (Table 98, Run 68-V-3) and the kinetic isotope
effect (Kb )/(kP ) was 6.62. A similar experiment was performed at

app app '
0.100 x lO")+ M in sodium iodide. Extrapolation of rate constants to
zero time gave a value of 6.85 x 1072 1./mole sec. The value of k' was
6.287 x 1077 sec.™t (Table 99, Run 67-V-3); and the kinetic isotope ef-
fect was 6.78. At this point it can be concluded that within fifty
fold change in stoichlometric iodide ion concentration, neither the
values of k' nor the magnitude of the isotope effect dropped to any .ap-
preciable extent.

The iodination of phenol~2,)+,6-d3 was done at 0.0200 x lO"")+ M
sodium iodide. As in the case of the corresponding protio compound
(See Table 93, Run 72-V-3), the acidity of the medium was increased
five fold (0.0870 M). It can be seen from Table 100 that extrapolation
of rate constants to zero time is not possible. However, qualitative
comparison of deuterium isotope effect is possible. Thus at T.43 per
cent reaction the magnitude of deuterium isotope effect is %.68. At
27 per cent reaction the magnitude of deuterium isotope effect increases
to approximately 6.

A kipetic run in the presence of thallium perchlorate (0.0500 M)
was performed in 0.0870 M perchloric acid. The extrapolated value of
apparent rate constants was 11.40 x 10=2 1./mole sec. (Table 101, Run
75-V-3). The magnitude of deuterium isotope effect was 6.75.

It was of interest to determine the magnitude of the deuterium
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isotope effect at SOoo Therefore, the iodination of phenol was first
studied at 5.000 x lO-h M sodium iodide and 0.017h M in perchloric acid
at 50° and an ionic strength of 0.300. As can be seen in Table 102,
Run 70-V~3, the apparent rate constants were averaged and a value of
12.79 + 0.680 x 10~ l./mole sec. was obtained. The calculated value
k! was 63.53 x lOm6 sec.”t. The iodination of phenol~2,h,6—d3 was also
carried out under identical conditions. The average value of apparent
rate constant was 2°hl3-t 0.121 x lOm2 l./mole sec. The calculated
value of k' was 11.99 x 10‘6 sec,=Ll (Table 103, Run 71-V-3) and the

magnitude of kinetic isotope effect was 5.30.
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Table 89

Run 60-V=3, Phenol in 5.000 x 107k M Sodium Iodide Solution at 25.0°

(Phenol) ; ~ 0.001969 M (HC10)) - 0.017h0 M
(Io)o - 0.00053%9k M (NaC10),) ~ 0.2821 M
(NaI), - 5.000 x 107 ¥ (NapSy03) - 0.006150 M

50.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 103 Per cent
(sec.) (ml.) (1./mole sec.) reaction
(blank) 8.77 0.00
4,555 8.14 9.29 7.18

8,158 7.70 8.25 12,20
14,161 7.09 7.85 19.16
20,605 6.60 7.27 2L .7k
29,267 5.96 7.0k 32,04
53,155 L.75 6.31 i5.8L

Rate constant extrapolated to zero time (ka p) = 9,50 x 10-3
1./mole sec. P

k? L6.41 x 10-7 sec.™

k*

(1]
5}

12.26 x 10=3 1./mole sec.

L.69 x 103 sec.

3.7851 x 10 mole/1.
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Table 90

Run 62-V-3, Phenol in 0.5000 x 107k M Sodium Jodide Solution at 25.0°

(Phenol), - 0.001969 M (HC10)) - 0.017k0 M
(1), - 0.0001276 M (NaC10y) - 0.2826 M
(NaI), - 0.5000 x 107 M (NayS,05) - 0.006150 M

100.0 ml, of reaction mixture per flask

Time elapsed Titer Rate constant x 102 Per cent
(secng (ml.) (1./mole sec.) reaction
(blank) 4.15 0.00

675 3.66 9.50 11.81
1,050 3.47 8.70 16.39
1,643 3.26 7.99 21.45
2,269 3.05 6.95 26.51
3,281 2.75 6.4l 33.73
L,463 2.48 5.94 4o.24
6,355 2.13 5.3 48.67

Rate constant extrapolated to zero time (k

lo/mole sec,

kﬂ

k*
vir i

3,

app) = 10.30 x 10-2
48.6 x 10=7 sec. ™1

106.3 x 10~3 1./mole sec.
5.41 x 102 sec.

0.4568 x 1074 mole/1.
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Table 91

Run 63-V-3, Phenol in 0.2500 x 1074 M Sodium Iodide Solution at 25.0°

(Phenol),, - 0.001969 M (HC10},) - 0.01740 M
(1), - 0.0001276 M (NaC10,) - 0.2626 M
(NalI), - 0.2500 x 1074 ¥ NayS,05) - 0.006150 M

100,0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 102 Per cent
(secc§ (m1.) (1./mole sec.) reaction
(blank) L.15 0.00

335 3.70 17.42 10.8)
595 3.47 15.36 16.39
915 3.27 13.30 21.20
1,285 3.10 11.64 25.30
1,874 2.85 10,31 31.33
2,652 2.61 8.99 37.11
1,288 2.16 7.88 L7.95

Rate constant
sec.

k! -
k* =
1/k* Efj =

7,

extrapolated to zero time (kapp) = 19,85 x 102 1,/mole

46,0 x 10-7 sec.=1
201.6 x 103 1./mole sec.
285 sec,

0.2280 x 10~ mole/1.



180

Table 92

Run 61-V-3, Phenol in 0.1000 x 10"h M Sodium Iodide Solution at 25.0°

(Phenol), - 0.001969 M (HC10},) - 0.01740 M
(I,), - 0.0001338 M (NaC10),) - 0.2826 M
(NaI), - 0.1000 x 1074 M (NapS,03) - 0.006150 M

ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 102 Per cent
(seco§ (m1.) (1./mole sec.) reaction
(blank) L.35 0.00

126 4.00 34h.02 8.05
270 3.75 28.13 13.79
431 3.63 21.49 16.55
750 3.38 17.27 22.30
1,149 3.14 .55 27.82
1,715 2.8 12.81 34.71
3,083 2.38 10.11 45.29

Rate constant extrapolated to zero time (kapp) = 46.50 x 10~2
1./mole sec.

k! h2.5 x 1077 gee.-1

k*

1/c* [1]

[1] . = 0.0907L x 1074 mole/1.

468.2 x 10=3 1./mole sec.

123 sec.
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Run 72-V-3, Phenol in 0,0211 x 10"h M Sodium Iodide Solution at 25 ,Oor

(Phenol)o - 0.001969 M
(12,)o ~ 0.0001076 M
(NaI)o - 0,0200 x 1o"h M

(HCth) - 0.0870 M

(NaC10)) - 0,2130 ¥

(Na

100,0 ml, of reaction mixture per flask

) - 0.00615 M

Time elapsed Titer Rate constant x 102 Per cent
(sec.) (m1.) (1,/mole sec.) reaction
(blank) 3.50 0.00

126 3.30 23.56 5.71
288 3,19 16.34 8.86
888 2.99 9.06 14,57
1943 2,72 6,64 22,29
2859 2.52 5.88 28,00
4387 2.30 4.91 34.29

No accurate extrapolation is possible in this case,



182

Table 9l

Run 74-V-3, Phenol in 0,0500 ﬂ Thallium Perchlorate Solution at 25.,0O

(Phenol)o - 0.001969 M (HCth) - 0,08700 M
(12)0 - 0,0002091 M (NaCth) - 0,1630 ¥
(NaI)o - 2,000 x 1o°h M (Nazszoa) - 0.006150 M

(T1C10)) - 0.0500 M
50.0 ml, of reaction mixture per flask

Time elapsed Titer Rate constant Per cent
(sec.) (ml.) (1./mole sec,) reaction
(blank) 3.Lko 0.00

90 2.99 0,7033 10.29
18) 2,69 0.65L8 20.68
351 2.h1 0,5066 29,12
569 2.0L 0.L667 40.00
799 1,99 0.3L89 41,47

1173 1,60 0.3372 52.94
1587 1.4 0.2960 58.53
1962 1,25 0,2607 63.25

Rate constant extrapolated to zero time (kapp) = 0,77 1,/mole sec,
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Table 95

Run 64-V-3, Phenol-?,b,é-d3 in 5.000 x 10"")'L M Sodium Iodide Solution
at 25.0° -

(Phenolmz,u,éadB)o*'m 0.002052 M (HC10)) - 0.01740 M
(I,), - 0,000,938 M (NaC10) - 0,2821 ¥
(NaI)O - 5,000 x 10”LL M (Na25203) - 0,006150 M

50,0 ml, of reaction mixture per flask

Rate constant x 10)'L Per cent

Time elapsed Titer

(sec.) (ml1,) (1./mole sec.) reaction
(blank) 8.03 0.00
28,210 7.43 13.46 7.L7
61,338 6,82 13,22 15,07
101,086 6,20 12,83 22.79
153,866 5.58 11.99 30,51
205,516 5.05 11.56 37.11
238,710 L. 75 11.3L Lo.85
278,029 . L8 10.87 Lh.21

Rate constant extrapolated to zero time (ka ) = 14,20 x 10")'L
1./mole sec, PP

k? = 7,126 x 1077 sec.”t

k* = 1,82 x 1073 1/mole sec,
1/x* (51 = 31.2 x 10° sec.

[I']O = 3,8689 x 10'")'L mole/1,

*This phenol was deuterated with two equilibrations in heavy water.
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Table 96

Run 65-Y=-3, Phenol-2,),6-d, in 5,000 x 10-h M Sodium Iodide Solution

at 25.0° 3

(Phenol-?,h,6—d3)o - 0,002161 M (HCth) - 0,017h0 M
(I,), - 0.000983 M (NaC10,) - 02821 ¥
(NaI), - 5.000 x 107 1 (NayS505)- 0.006150 ¥

50,0 ml, of reaction mixture per flask

Rate constant x 10h Per cent

Time elapsed Titer

(sec.) (ml.) (1./mole sec.) reaction
(blank) 8,03 0,00
27,963 7.38 14,07 8.09
61,079 6,82 12,60 15,07
100,748 6.23 11,98 22,42
153,699 5,62 11.16 30,01
205,170 5,12 10,63 36.2
238,522 1,80 10,51 40,22
277,390 L.h3 10,53 L, 83

Rate constant extrapolated to zero time (ka Y= 14,35 x 10'h
1./mole sec, PP

K = 7.20 x 10°7 sec,”t

% -3
k = 1,86 x 107° 1./mole sec,
1/k* (5*] = 20.9 x 10° sec.

(], 3,8689 x 10~ mole/1,
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Run 66-Y-3, Phenal-»2,)_1,6--d3 in 0.5000 x lO'“l‘l M Sodium Iodide Solution
at 25.0 -

(Phenol—2,h,6-d3) - 0,002161 M (HCth) - 0,01740 M
(I,), - 0.0001273 M (NaCth) - 0.2826 ¥
(NaI)_ - 0,5000 x 107k M (Na28203) - 0,006150 M

100,0 ml, of reaction mixture per flask

Time elapsed Titer Rate constant x 10° Per cent
(sec.) (ml,) (1./mole sec.) reaction
(blank) L1k 0,00
5,125 3.57 13,41 13.77
11,399 3.1h 11,29 25,00
15,675 2,19 10.51 29.71
21,488 2.63 9.88 36,47
26,1408 2,17 9,16 10,33

Rate constant extrapolated to zero time (ka ) = 15,90 x 1073
1./mole sec, PP

k¥ = 7,51 x 1077 sec.,'-l
K = 16.4 x 107> 1,/mole sec,
l/k* (#*] = 3.51x 103 sec.

0.4568 x 10"L‘ mole/1,

#

[,
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Table 98

Run 68;g~3, Phenol-2,k4,6-d, in 0,2500 x 10”h M Sodium Iodide Solution

at 25.0 3
(Phenol-z,h,é-dBXD- 0,002161 M (HCth) - 0,01740 M
(I2)o - 0,0001273 M (NaCth) - 0.2826 M
(¥aI)_ - 0.2500 x 107 ¥ (Na,8,05) - 0.006150 M
100.,0 ml, of reaction mixture per flask
Time elapsed Titer Rate constant x lO2 Per cent
(sec.) (ml,) (1,/mole sec.) reaction
(blank) L1 0.00
1,563 3,76 2,86 9.18
3,0L47 3.57 2.26 13,77
5,053 3.33 2.00 19,57
6,418 3.17 1.94 23.43
10,395 2.82 1.73 31,88
15,852 2,51 1.48 39.37
20,513 2.31 1.3h hh.20

Rate constant extrapolated to zero time (k. ) = 3,00 x 1072
app

1,./mole sec,

k' = 6,93 x 1077 sec‘,"l

k*

30.4 x 1073 1./mole sec,
1/ [(H*] = 1.89 x 10° sec.

[I""]o = 00,2280 x 107k mole/1.
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Table 99

Run 67Jg~3, Phenol~2,h,6-d3 - 0.1000 x 10"h M Sodium Todide Solution
at 25.0 -

(Phenol~2,h,6~d3)0 - 0.002161 M (HCth) - 0.017L40 M
(12)0 - 0,0001273 M (NaCth) - 0.2826
(NaI)0 - 0,1000 x 10‘h M (N325203) ~ 0.006150 M

100,0 ml, of reaction mixture per flask

2

Time elapsed Titer Rate constant x 10 Per cent
(sec.) (ml.,) (1./mole sec,) reaction
(blank) L1l 0,00

L5 3.92 5.72 5.31

839 3.77 5.19 8.94
1,665 3.55 14,28 1L.25
2,L50 3.k2 3.62 17,39
L, 352 3.10 3,10 25.12
6,050 2,98 2.5 28,02
10,050 2,62 2.13 36,71

Rate constant extrapolated to zero time (ka )= 6.85 x 10"2
1,/mole sec, ep

7

sec,

k1 = 6,29 x 10°
* -3
k = 68,9 x 1077 1,/mole sec,
1/x* (6] = 835 sec.
[I‘]0 - 0,09115 x 107k mole/1,
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Table 100

Run 734g~3, Phenol-Z,h,6-d3 in 0,0200 x lO'_h E}Sodium Iodide Solution
at 25.0

(Phenol—2,h,6-d3)o - 0.002075 M (HCth) - 0,0870 M
(1,), - 0.0001076 ¥ (NaC10)) - 0.2130 M
(NaI) - 0,0200 x 107 M (Na,8,05) - 0.00615 M

100.0 ml., of reaction mixture per flask

2

Time elapsed Titer Rate constant x 10 Per cent
(sec,) (ml,) (1./mole sec,) reaction
(blank) 3.50 0,00

347 3.37 5.15 3.71
920 3.24 .06 7.43
2,935 3.10 3.48 11.43
5,348 2.91 1.67 16,86
8,620 2,75 1.35 21.4L3
14,760 2,55 1.04 27.1k

No accurate extrapolation is possible in this case.
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Table 101

Run 75-V-3, Phenol-2,h,6-d3 in 0.0500 M Thallium Perchlorate Solution
at 25,.0°

(Phenol-2,L,6-d3), - 0.002075 M (HC10)) - 0.08700 M
(12)0 - 0,0002091 M (NaCth) - 0.1630 M
(NaI), - 2.000 x 1074 ¥ (NaySy03) - 0.006150 M

(T1C10)), ~ 0.0500 ¥

50.0' ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 102 Per cent
(secog (ml.) (1./mole sec.) reaction
(blank) 3.40 0.00

622 3.01 9.51 11.47
605 3.00 10.04 11.76
1,151 2.79 8.36 17.94
2,178 2.52 7.28 25.33
2,913 2.23 7.12 340
4,110 2,01 6.31 4,0.88

Rate constant extrapolated to zero time (k,._) = 11.40 x 10-2

1,/mole sec. appP



190

Table 102
Run 70-~V-3, Phenol in 5,000 x 10"h M Sodium Iodide Solution at 50.0°
(Phenol)o - 0.002227 M (HCth) ~ 0.0174 M
(I,), - 0.0005166 ¥ (NaC10)) - 0,2821 M
(NaI), - 5.000 x 107% 1 (NayS,03) - 0.00615 N

50.0 ml, of reaction mixture per flask

Time elapsed Titer Rate constant x 102 Per cent
(sec.) (m1,) (1./mole sec,) reaction
(blank) 8.4o 0.00

L30 7.40 13.43 11,90
687 6.80 .14 19.05
1,017 6.30 13.10 25,00
1,428 5.76 12,35 31.43
1,853 5.07 12,89 39.6L
2,258 h.T72 12,16 43.81
3,339 3.81 11.47 sh. L6
Average value of rate constant (k. ) = 12,79 + 0,68 x 1072
1,/mole sec. app -
-6 -1
k! = 63,53 x 10" sec,
K = 15,38 x 1072 1,/mole sec.,
1/ [HY] = 3.7k x 10° sec,

[I-]o h.,1305 x 10_h mole/1,
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Table 103

Run 71-V-3, Phenol-2,k4,6-d3 in 5.000 x 107k M Sodium Iodide Solution
at 50.0°

(Phenol—2,h,6-d3)o - 0.002212 M (HC10),) - 0.01740 M
(Io)o - 0.0005166 M (NaC10)) - 0.2821 M
(NaI), - 5.000 x 1074 ¥ (NapSp03) - 0.00615 M

50.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 102 Per cent
(sec.) (m1.) (1./mole sec.) reaction
(blank) 8.40 0.00

1,327 7.80 2.536 7.1

2,120 7.60 2.172 9.52

3,737 6.88 2.470 18.10

5,105 6.36 2.541 2li.29

7,040 5.88 2.1,66 30.00

9,345 5.20 2.292 38,10
-2

Average value of rate constant (ka p) = 2.113 + 0,121 x 10
1,/mole sec. P

k! = 11,99 x 1070 gec.”t

K* = 2,903 x 1072 1./mole sec.
145 et = 19.8 x 107 sec.

[I-]o = },1305 x 107" mole/1,



CHAPTER VI
THE MECHANISM OF ICDINATION OF p-NITROFHENOL

Introduction.--Experiments in tatles 12, 39, and 40 indicate that for

comparisons at equa. hydrogen and iodide ion concentrations; the iodina-
tion of p-nitrophenol is first order in both stoiczhiometrie concentra=-
tion of iodine and of substrate. Hence, the second-order rate constants
were calculated on this basis. These rate constants were found to be high-
1y dependent upon the iodide ion concentration., Since the rate constants
wers calculated by using the stoichiometric concentrations of reactants,
and ignoring the iodine tied up as trifiodide, then it is justified to
consider these consbtants as apparent rate constants, designated as kg .

It was demonstrated in Chapber V that the apparsnt rate constant
is dependent on both iodide and hydrogen ion concentration. Thus; when
the stoichiometric iodide ion concentration was lowered by 25C fold, the
rate constant k* increased by approximately 65 fold whereas the valuwes
of k¥ dropped by thres fold (see Table 0L}, Furthermore, the values of
¥* and k' (as previously defined) follow a trend indicating that Kapp
fellows a non-integral iodide ion dependencs. Alternatively, k* has an
jodide ion dependence between inverse first-order and zero=order.

Table 106 demonstrates the lydrogen ion dependence. It can be

seen that, at constant iodide ion congentration (1.00 x 107b M), the



Table 104

Effect of Todide Ion Concentration on the Rate of Iodination of

p-itrophenol

A1l runs were made in aqueous solution, 0.009820 M in perchloric
acid, at an ionic strength of 0.3000 at 50.0°.
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(17 Kapp i* K [17 =k pop.
(mole/1.) (1./mole sec.) (1./mole sec.) (sec,™1) Table
121.6 x 107%  6.17 x 1075 0.431 x 1073 52, x 107 )
61.6 x 104 19.9 x 105 0.798 x 10~3 19.1 x 10-7 3
22.6 x 10=4 119 x 10-5 2.333 x 10-3 52,0 x 10=7 2
10,7 x 10~k 282 x 10~5 1,300 x 10-3 16.3 x 10-7 6
.25 x 10k 870 x 10~ 10,5 x 10~3 Wh.7 % 10=7 8
2.1 x 10~k 1791 x 10~5 19.8 x 10=3 41.9 x 107 9
0.8 x 10-L 4100 x 105 41.5 x 10-3 33.6 x 107 10
0.46 x 10~k 6600 x 105 68,0 x 10~3 30.3 x 1077 14
0.2 x 10"ﬁ 8750 x 105 91,0 x 10~3 21.h x 107 16
0.095 x 10~ 15250 x 10=5 153.2 x 10-3 1.6 x 10°7 17
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Table 105

Effect of Todide Ton Concentration on the Rate of Iodination of
L-Nitrophenol-2,6-ds

A1l runs were made in aqueous solution, 0.009820 M in perchloric
acid, at an ionic strength of 0.3000 at 50.0°.

[1] Kapp K W [1] =10 Ret.

(mole/1.) (1./mole sec.) (1./mole sec.) (sec.=1) Table
22,24l x 1072 2,06 x 104 0.3 x10°3  9.56 x 107 I3
1.386 x 104  20.0 x10™*  2.43 x 103 10.66 x 10=7 Ll
0.906 x 10U 86,7 x 10~k 9.06 x 10- 8.20 x 10~ L6
0.453 x 1074 158 x10k 16.2 x10° 7.32 x 1071 47
0.23, x 10k 262 x 104  26.7 x 1072 6.25 x 10°7 L9
0.09h5 x 104 780 x10-h  79.5 x 10™3 7.41 x 1077 50




Table 106
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Effect of Hydrogen Ion Concentration on the Rate of Iodination of

p-Nitrophenol

A1l runs were made in aqueous solution at an ionic strength of 0.3000

at 50.0°.

[Iil x 10k [Hﬂ- kg kapp [H‘_:J Reference
(mole/1.) (mole/1.) (1./mole sec.) (sec.-1) Table
21.436 0.003273 0.00323 0.0000106 2l

7.213 0.001091 0.0430 0.00004469 29
5.433 0.001091 0.0560 0.0000611 30
L.51) 0.003273 0.0224 0.0000733 25
3.5L6 0.001091 0.0785 0.0000856 31
2.666 0.001091 0.1300 0,0001418 32
2.213 0.003273 0.0490 0.0001600 26
1.754 0.001091 0.190 0.0002073 33
1.842 0.001091 0.210 0,0002291 3
0.8710 0.001091 0.262 0.0002860 35
0.9180 0.001091 0.348 0.0003810 36
0.8720 0.003273 0.117 0,0003820 27
0.9135 0.009820 0.040 0.0003940 13
0,9110 0.04910 0.00965 0.0004738 37
0.4370 0.003273 0.1685 0.0005520 28
0.4210 0.04910 0,016} 0,0008052 38
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values of kapp ,[ﬁf] remained essentially constant over a nine fold
change in hydrogen ion concentration. However, if a wider range of
jodide ion concentration is considered, then the rate is not qﬁite
inversely proportional to hydrogen ion concentration. The order becomes
somewhere between inverse first-order and zero-order dependence.

The problem now becomes one of incorporating both the iodide ion
and hydrogen ion dependence into a rate equation and then considering

various mechanisms which would give rise to the derived rate equation.

Mechanism I.-<Part of the iodide ion dependence must be attributable

to the formation of triiodide through the equilibrium

K1 [ *
1

Ip «+ I" &= 13 ; kK = [Ig:'[lﬂ

It can be seen from the equilibrium expression that the concentration

(1)

of iodine is inversely proportional to the concentration of iodide ion.
If one considers the possible hydrolysis of iodine in an aqueous
medium then,
o

To + 20 == HI + HO® ¢ I

., . e Dol

w0

(2)
[T [e0] ?
HOI + Hy0" gigzﬁ; Hy0I' + Hy0 3 (3)

(1)T c 1 ST

, he equilibrium constants defined throughout thi i

I s thesis a
expressed in terms of concentrations rather than activities. ve
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Kg
& -
or I 2 + H20 {{:__—_:_2 H20I + I 3 (h )

@Di] . K2 [Ij][?zq}

o [17° o]

then (3%)

[Hzo:['ﬂjn K3 K2 [I;] [HZCa (h“)

k1] 2
Kg [15] [Hzéj

[Hzo;r**] - (5)

kg [P

It can be seen that the concentration of HZOI* is directly proportional

to the concentration of iodine and inversely proportional to the con-

centration of iodide ion. Since the concentration of I' is directly
proportional to the concentration of H201+9 these tﬁo iodinating agents
are indistinguishable under most conditions.

The inverse hydrogen ion dependence implies that the transition
state complex of the rate-determining step has one less proton under
the reaction conditions specified than do the assumed reactants.

One possible mechanism fulfilling these requirements is (Mechanism
I).

K 3 [
ArOH é IEEE A @TE]%HJ
ArOH

(6)

%o

k
e 9, l
Ar0” ¢ I-IQOI‘F S e products (7)
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rate = ky [ar07] [m,01"] (7)

then from substitution of (5) and (6) into (7")

s P[]
rate = Kl x [H*] [I”] 5 (8)

Since the reaction was run in agueous medium, then equation

(8) may be modified to (8") by substituting equation (1) in (8)

Kk, [AaroH][1,]
rate = (87)

tslty

The same. expression results also when I* is assumed to be the

halogenating agent.

Thus far, it may be seen that such a mechanism leads to an ex-
pression which accounts for an inverse first-power iodide and hydrogen

ion dependence.

Substitution of Equation (8) into equation (9),

rate = k., (ArOH)(L,), (9)
KoK, Ky x (o8] [13] [£,0]
1 ][]

On the assumption that under acidic conditions

gives (ArOH)(IQ) = (10)

Xapp

EArOH] =  (ArOH)

we obtain by rearranging equation (10)

app Kl[r]z %) = KX k @ = k! (11)
[Ij b1 [34»]
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Equation (11) is similar to the one proposed by Berliner which demands
that k! be constant in a medium of constant hydrogen ion concentra-
tion at different iodide ion concentrations. If a weaker acid such as
acetic acid were used, a somewhat different equation would hold for
Berliner's mechanism.

Figure 1 shows that the values of k! at constant hydrogen ion
concentration are indeed constant only at high iodide ion concentra-
tions and then start gradually dropping with decreasing iodide ion
concentration. Furthermore, it is of interest to note that mechanism
I cannot distinguish between H201+ and I* as possible halogenating
species, and that distinction between a one step termolecular and two
stage process is not possible in this case.

On the basis of the observed drop of k! it seems reasonable to

eliminate mechanism I as a possibility.

Mechanism I’.-<For a somewhat similar mechanism which involves iodina~

tion of unionized p-nitrophenol by hypoiodous acidium ion, i.e.,

ko
+
Ar0H <+ H,0I —sTow > Pproducts, (12)

it can be shown that

ko [4:08) [15] [5,0]

rate = ._T;Fj~ (13)
ks [A""*ﬂ [I;'] EI 20:'

or rate = (1)

& ]2

Equation (13) accounts for zero-order hydrogen ion dependence.
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Sucstitution of sguation (9) in (1h) and the assumpticn that
[Arm{_l = (ArOH)

gives equation (15),

k. K. [17]% (1,)
Kok, [B,0] = Rl )" _—

3]

201

(15)

Suzh an equation demands that k' be constant at varying hydrogen and

iodide jon concentrations.

On the basis of the variations in k' obw=

served, it is also reasonable to eliminate mechanism I' as a possibility.

A combined mechanism (I®) of the form
9 [ eI 4
rate = ky{Ar0T}(H0I') + ¥k (ArOH)(H,O0I )

leads to the expression

Hz0 . .

A

(16}

This mechanism car. also be neglected on the grounds of a

similar argument. Another possible mechanism is (I0%)
ky
N S
H,0T E=2 ATOT 0 By

(g-‘L

ArQ” @

“"""""‘“M ArQl + Hy0

S
S

ArOH + Hzoz"*

ky .
cmpeimmmcd A'v0I + H

ArQT T
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Such a mechanism as Mechanism I"!, which involves the attack of
H2614 on p-nitrophenoxide ion in a fast step followed by a slow
abstraction of a proton, may account for the observed hydrogen ion
dependency as well as the observed deuterium isotope effect. However,
the iodide ion dependency is similar to that of mechanism (I) which
demands that k' be constant at varying iodide ion concentrations. On
the basis of the observed drop of k', mechanism (I"') is also eliminat-

ed.

Hechanisﬁ II.-<To account for the non=integral iodide ion dependence

and the observed trend in the values of k! and k¥, it is possible to
postulate a second mechanism (II) which involves iodination via
molecular iodine and hypoiodous acidium ion or iodine cation. Such

a possgibility leads to the rate expression

rate = ky [B01*] [Ar0] + kg (1] [aron] + 1§ (1] [0 m)
where [ArOH] and ,}rO‘j represent the concentration of p-nitrophencl
and p-nitrophenoxide ions respectively. Terms for attack of HZOI+ as
well as any species of similar iodide ion dependence upon both
p-nitrophenol and p-nitrophenoxide ion might also be included in
equation (17), but at constant hydrogen ion concentration, in any
event; all such expressions reduce to

k;ﬂ [axor] [1,

rate = k_ [aror] [12] + (18)

]

, n we
where k, and k¥  include any hydrogen ion dependency. Substitution of
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equation (18) into equation (9), and the assumption that
(ArOH) = [ArOH]

at acidities as used in the present work leads to the relation

(12) % " k;s
= kK = k o+ (19)

k ———
app o 3
[ =]
Hence, for this mixed mechanism to hold, a plot of k* versus
l/EIf] should give a straight line. Such a plot at constant hydrogen

ion concentration is shown in Figure 2 and the deviation from linearity

argues against this mechanism for the iodination of p-nitrophencl.

Mechanism I11.-<To account for the observed iodide ion and hydrogen

ion dependency of kapp’ mechanism IIT is postulated.

ArHOH -—:;_—9 ArHO™ + H' 5 K, = M (6)

[ArHOH]
S|
ATHO" + I, z——= ArHOI + I (20)
ky .
ATHOH + I, o———=> ArHOI + H + 1I” (21)
k
-2

S

armor) o aro1” + W (22)

. P

(1) To be sure the proton formed here is affixed ‘to some ‘base;
‘this step is assumed to be subject to general base catalysis.
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where ArHOI is a reactive intermediate having an ortho quinoid type

structure

B4

N02

Such an intermediate is assumed to be formed in small concen~
tration relative to ArOH. Then application of steady state approxima-

tion gives

Ky [amod[r] ¢ x, [Arao@[lzj = k_, [arsoz][1] (23)
+ k_, [avo1) [K][1] + x; [armor]

Equation (23) can be rearranged to

i [areo][1,] ¢ [armog[1,]
ko [17 ¢k (1] e x

Substitution of equation (6) in (24) gives

o] - KKy freedfi,] ¢+ k, e, )(E) (25)
(2 B - w2 v )

[ArHox] - (24)

since

rate = kg [ArHO’I] - kapp(IZ)(ArHOH) (26)

substitution of (25) into (26) gives



(I2) (H" by ke, x K, ¢ ko [H y
g neasan

e =2 [l e
kq k3

Application of egquilibrium statistics and the principle of microscopic re-

vorsibility > to resctions (6), (20) and (21) leads o the relationship

k.K k
1 2
K, kg

From equations (27) and (28) there may be obtained

1 ka (17 . -
K [Hﬂ kgl Ky ky Elﬂ ¢ kK,

{(29)

According to equation (29) a plot of 1/(k* [Hﬂ) versus [Iﬂ
should give a series of parallel straight lines for each hydrogen ion
goncentraticn, Figure 3 shows that the data do irdsed fall rather
well upon a sbraight line 21l the way down %o an initial iodide ion
concenbration of essentially zero, However, it is of interest to note
that nearly all the puints at variocus hydrogen ion concentration
coincide on a singls straight line rather than on a series of parallel
lires., This is probably ccrreet conly at low hydrogen ion concentra-
tions where k» [Hﬂ K kK. At high hydrogen ion woncentrations

where ks [Hﬂ by lehg a series of parallel lines is to be expected,

{135) A. A, Frost and R, G, Pearsocn, Kinetics and Mechanism,
John Wiley and Sons, Inc., New York, N, Y., 1953, F. 202.
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It is therefore reasonable te conclude that at low hydrogen ion
concentrations, the overall reaction rate is independent of hydrogen ion
concentration, i.e., the main species which undergoes iodination is
p-ritrophenoxide ion. Hence, equation (29) may be modified to

1, K [ . 3
i [H‘”j gk Ky, k),

(30)

By extrapolating the ploct of 1/(k* [?f] ) versus [ii] to gero
iodide ion concentration, the value of leh may be obtained from the
intercept. The slope of such piot corresponds to kml/kBleh 1./mole
sec. The graphical values of kK, and kml/kBleh were fourd to be 500
secoml and 2059 x 10h 1./mole see, respectively.

It i3 of interest to note that a similar plot for the iodinaticn
of L-nitrophencl-2,6-d, gives about the same intercept but & different
slope., A similar intercept is not unusual since the magnitude of secon-
dary isotope effects are smail, therefore, the magnitude of leh is similar
in p-witrophenol and its corresponding deutersted derivative.

The presence of deuterium isotope effect presents a strong evidence
in favor of mechanism (IIT), since it was assumed that the proton re-
moval is the slow step. Furthermore, according to mechanism (III)
the maximum deuterium isotope sxpected should be at high iodide ion
concentrations, where k' is essentially constant, However, at low
iodide ion concentrations it is expected that the magnitude of the
isotope effect should drop with decreasing iodide ion concentration to

essentially 1 at zero iodide ion concentration. Such a prediction is
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primarily based on the reversibility of the first step. At high Jodide
ion econcentration the intermediate ArHOI is formed at small;, near equili-
brium concentration and the rate determining step is the reaction of
equation (22). Since this reaciion involves loss of a proton bound to
carbon, a large {primary) isotope effect is expected. At very small iodide
don concentrations reactions (20) and {21) should not be appreciably re=
versed and hence these reactions correspond to the rate determining steps
of the reaction. Since these reactions do not involve proton loss from
the positions which are substituted with deuterium, oniy a small(secondary)
isotope effect is expected. At intermediate values of iodide ion con-
centrations intermediate values are expected for the isotope effect.,

The drop in the magnitude of deuteriim isotopé effect can also
be presented mathematically. Thus, assuming that appreciable isotope
effect exists only for the step (22), and neglecting secondary isctope
effects and the effect of isotopic substitution upon ionization con-

stant of p-nitrophencl

k ,

arpor 3B, aort o+ ow (22)
K

ArDOI _..3_,.> Ar0I® + D¥ {229)

there will be two equations analogous to (29)9 one for the deutero and

the other for the protio compournd. Division of one by the other givess

By kg [ H/klksﬁxh 1 / (e [Hd&] gt kK
k%H [H*j g kg [I / kykapkp, *+ 1 / (k, [ ]D + k)

If[?f]and [Iﬂ are the same for the deutero and the protio compourds,



4
and if kj [ﬁ ] is neplipivie relative to le equation (31} may be

hs

redused bo

(32)

N"i@
o s
~r
i
|.=s
f—’H )
R
Q‘\‘"}
o
-é;
—
i"J’

Thus, according to equation (3?)3 at relatively high icdide ion con=

centrations, when km1 [Ij] kml [If]
l ' 221 ard - p) 1, then
“3H “3p
#*
k™ k
D "3p
= (33)
g kg
P
H .
_ s N
—— = 5.5k ()
K* 322
Dk
=1

substitution equation {3k) in equation (32)

kg (2]

k%H S o 9h X a
—— {35)

kml £ <
E;;I» X El':l o4

4

{#) This value was caleculated from the ratic of the slopes of
protio and deutero compounds in figure 3,
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Since the value of k=1/k3H can be determined from the slope and inter-
cept of figure 3, then the magnitude of deuterium isotope effect can
be calculated at any iodide ion concentration. The results of such
calculations are tabulated in Table 107 along with the experimentally
determined deuterium isotope effects. The calculated values seem to be
in fair agreement with those determined experimentally. Moreover, it
can be seen that the magnitude of the deuterium isotope effect dimin-
ishes with decreasing iodide ion concentration. Thus, within 250 fold
change in the stoichiometric iodide ion concentration, the magnitude
of the isotope effect (k*ﬁ/k*b)# dropped from 5.3 to essentially 2.
Such a drop is definitely significant specially when the same drop was
obtained in the presence of thallium perchlorate; which eliminates
some of fhe doubt about the possibility of inaccurate extrapolation at
low iodide ion concentrations.

The preceding discussion therefore strongly supports mechanism

IIT for the iodination of p-nitrophenol.

Rediscussion of the Mechanism of.Iodination of p-Nitrophenol.~-An

alternative mathematical distinction between mechanism (III) and (I) is
possible by evaluating the rate constants at each per cent reaction
according to the iodide dependencies demanded by mechanisms III and I.
Such an evaluation is useful iﬁ the sense that no extrapolation
of apparent rate constants needs to be done. Such extrapolations are

especially apt to be inaccurate at low iodide ion concentrations.,

(#) The deuterium isotope effect in this chapter is expressed
in terms of rate constants k*, which are corrected for trijiodide
formation.
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Table 107

Effect of Todide Ton Concentration en the Magnitude of Deuterium Isotope
Effect.

Reference Table (I), x 104 k*H x 103 k¥ x 103 k*H k*ﬁ
1l.mole=1l 1<,mole"’1 —_— —
Protio Deutero (mole/1.) sec.~1 sec.~1l K k¥
found D alc.
1 43 25,000 2.29 0.43 5.32 5.89
8 Lh 5.000 10.50 2.43 4.33 5.68
13 L6 1.000 41.80 9.04 .62 k.ol
1 L7 0.500 61.60 16.1} 3.76 .25
15 L8 0.500 61.50 14.81 416 4.23
16 L9 0.250 91.00 26.62 3.47 3.48
18 50 0,100 153.20 78.140 1,95 2.43
21 51 T1C10), = 0.0500 22.602 9,742 2,322
T1€10), = 0.0500 25,102 8.202 3.06a

(a) Apparent second-order rate constants were used for evaluation
of deuterium isotope effect since the actual iodide ion concentration is
not known at 50,00,
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From mechanism (III) equation {25) we have the relationship

Ky, [aron] [15] ¢y [arwon] (1] [#°]
SN Y G N G )

~

If we assume what the concentration of penitrophencl, and of hydro-
gen ion remain constant throughout a given run, and if we assume that the
ratic of acbual to stoichiometric ilodide ion concentration is also equal

to a constant value (B) throughout a particular ran, then we may derive

B [Hﬂ {[(I“)O + x] [kml * k, [ﬂ} & l;é_

where Y = concentration of iodine reacted.

[ardoH] (1,3, ¢ {B-1){T7), +%(B=2) - gk Ky, + ki [Hﬂ (36)

rate =

It can also be shown that
Ip = (T,), + (BANIT), + (B-2)X (37)

Equation (36) can be reduced to

(I2)g + {B-1){(I7),
dx  (B=2) [ArHOH] 6{31{11{11 + gk [Hﬂ}{ 0@?) Yo X b (38)

2t B [H (k. k_, (H v e (o) . k3
db [J 1t ?[]} X{(I%%B%ﬂ*k&[f{ﬂ}

Integraticn of equation (26} leads to

gt = (hec) 1n (S1X) ¢ X (39)
(&}
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(B-2)  kjkqK,  [ArHoH]

where g =
B k.1 IH‘“"I
o e (I2)o + (B=1){I®)o
(B=2)
k3k1Kh
ho= (I7)

o " k., B {kz [H*’J + leh}
and t = time elapsed in seconds,

Since, in equaticn (39), the values of g, ¢, t and x are known,
then it can be scived for i from which the value of 1/(kp [H*] *+ IkiK)
can be caleulated. For such a calculation an accurate value of the
ratio kml/kBleh had to be determined., From equation (29) it can be
seen that if the approximate value of the intercept, (which in this
case is 1/(k2 Efj + kiKh>) is known, then the slope of the line which
is the derived ratio can be calculated at eaéh iodide ion concentralion

gince

1
W] e L%
= (Lo)
I:ch o k3k1Kh

Thus, the values of kml/kBRIKh were caleulated and when averaged gave
a walue of 2161 4 139.2 x 104 1l./mole sec., (see Table 108), When a
different intercept was assumed, the magrnitude of the ratio did not

change appreciably.

According to mechanism (III), it is expescted that any any per
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cent reaction, the value of 1/(ky [ﬁf] + leh) is constant at vary-
ing iodide ion concentrations provided that the hydrogen ion concen-
tration is constant. Inspection of Table 109, reveals that the values
of the intercept 1/(k2 [Hﬂ + leh) are essentially constant although
at certain points a fairly large deviation in these values is pre-
sent. Such a deviation may be justified since the magnitude of the
intercept is quite sensitive to experimental error.

If the iodination of p-nitrophenol proceeds via mechanism (I),

i-e.,
I, + HO Ké Hor* + I W
Ar0~ + H0I" ;%w_) products (7
ArOH + H,0I* ak%-w-) products (12)
then
’diz ). ky [4r07 [B,01%] + 1y [hroH] [H0r] (41)
or
) %;Ojﬂ o L e o]

substitution equation (L) into (42)

-a(Ip) KX [aro] (1) . kyKg [aroH] [1,]

at =) 7

(43)
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Table 108

Evaluation of the Magnitude of k_j/kqk,K; for the Iodination of p-Nitro-
phenol in 0.009820 M FPerchloric acid at 80,00, :

Reference [I"j 1 1 l?“-l[?'ju 500 k 1

o T T =500 R

Table mole/1. k [ ] k,[ ] [rjo K) ek
16 0.2345 x 0+ 1,116 616 2630 x 100
1), 0.4450 x.10-k . 1,528 1,028 2310 x 104
13 0.9135 x 10-k 2,36 1,846 2020 x 10k
9 2,1190 x 10-4 5,151 L,651 2190 x 10k
8 h.25h x 104 9,697 9,196 2160 x 104
6 10.730 x 1074 23,981 23,481 2190 x 1oﬁ
2 22,323 x 10t Lh,021 13,520 1950 x 10
3 61,567 x 10-4 127,607 127,107 2060 x 10l
I 121.59 x 10°4 236,376 235,876 1940 x 104

»
=
W
o
"
i}
(@]
=

Av, 2161 +
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Mathematical Evaluation of the Mechanism of Iodination of p-Nitrophencl

Ref., (1“)0 x 10h Bavo Per cent 1 leSKh +
Table X reaction . +] 4 + 8
ky [5°] K, KK, [#]x 10
18 0,1000 0.950 0,00 - - o - 1.422%
W W n 10.5% 507,.7 1,185
" " " 16,05 57k .9 1.92k
“ w " 25.26 645.2 2,064
" ] " 31,10 668,1 2,048
u " W 41.05 718.4 2,356
% " " 48.00 628.,7 2,653
17 0.1000 0,960 0.00' .- 1.h3L*
% " n 8.87 458.0 1.851
% " " 15.68 376.1 1,262
" " " £1.89 L65.9 2.232
U " n 30.47 597 .0 1,960
i n W 3,32 565,.7 2,309
o " " 52.07 k25,7 3.079
16 0.2500 0.547 0,0C - = o 2,101%
W o " 10,56 56,2 2,503
" i " 17,45 58L.1 2,643
" % o 26,29 15.5 2,568
" n " 34,26 571.1 3,000
u " " 5i2.89 538.3 3,20k
" w W ShoTh Lok.3 3.L48
1h 0,5000 0,950 0,00 - o - e 2,575%
i " n 13,60 5814 1.1h7
% " n 20,40 k3.0 3,582
" " u 24,70 1010,0 2.830
o " " 29,82 7545 3,208
" W u 39.85 67lia3 3.461
15 0,5000 0.930 0,00 oo s 2,8,8%
" " " 1} .66 425,0 3,61k
" " w 21,75 193.0 hoivl
n W w 26,57 Lli3.0 3,771
. u we 33,86 660 .2 3,556
! " " L3.86 352,0 14088
i " o k.36 915,7 3,438

(#) These values were caleulated from the extrapolated values
of k! at zerc per eent resection.
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By making the same assumptions as above for mechanism II1, we may re-

write equation (43) as

ax  [lfked  KiRgd| ((T2), ¢ (B-D(I7), + (B-2)X

— o { e (L)
dt B (1] " T (1), + %

in which b = [Aron]_

Integration of equation (L) leads to

1% = (hee) In (=) + x (LS5)

c

in which

(I2)o + (B=1)(I7),
(B~2)

kKb + kKeb [H] (B-2)

> []

ho= (I7),
t = time elapsed in seconds

From equation (45) the value of 1 may be calculated from which the value
¢
of kyK|Kg + kiKy [H| can be calculated as well.

Since the value of kKK + k{Ks [HY| is somewhat related to

Berliner's rate constant k' through equation (16') i.e.,

Kekykey
e a1

in which the concentration of Hy0 is neglected, k' can be calculated.
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If the iodin;tion of p-nitrophencl proceeds via mechanism
(I®), then the values of lehKS/[ﬁf] + koK or alternatively ka,
ought to be constant in the entire range of iodide ion concentration.

Inspection of Table 109 reveals, however, that the values of
kKKe + ks [K°] or k' [H¥] decrease with diminishing fodide ion
concentration. On these grounds as well, therefore, it seems reason-
able to exclude mechanism (I) or its modifications as possibilities.

The variation of B throughout a run is given in Table 110,
Calculations with different magnitudes of B in a particular run showed
that the effect of small variations of B on the magnitude of the rate
constants calculated by either mechanism is negligible. Therefore,
an average value of B was taken at each particular iodide jon concen-

tration.
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Table 110

Variation of B in Run 108-V=1, Table 18

Per cent (I,) x 10l E;]x 104 [Iz'] x 10l (I7) x 10l E;[:;] =B

reaction (1-)
0.00 1.14400 0.005285 0.09472 0.10000 0.9472
10.53 1.0235) 0.010399 0.21012 0.22046 0.9531
16.05 0.96039 0.,012588 0.27102 0.28361 0.9556
20.00 0,91520 0,0140,0 0.31480 0.32880 0.9574
25.26 0.85503 0.015517 0.37345 0.38897 0.9601
32.10 0.77878 . 0.016771 0.45045 0.46722 0.9641
41.05 0.67439 © 0.017750 0.55186 0.56961 0.9688
48.00 0.59,88 0.0178L 0,63128 0,614,912 0.9725

Av,= 909598




CHAPTER VII

THE MECHANISM OF IODINATION OF ANISOLE

Introduction.--Experiments in tables 53, Sk, 55, 56, and 57 indicate

that at constant iodide ion concentration, the iodination of anisole
ig first order in stoichiometric concentration of both iodine and
anisole. Hence, as in the case of p-nitrophenol, the apparent rate
constants were calculated on this basis. The rate constants, as
demonstrated in Chapter V, were found to be dependent on ilodide ion
concentration.

At low lodide ion concentrations the apparent rate constants
were extrapolated to zero per cent reaction in order to obtain a value

of k at a definite [if], whereas at relatively high iodide ion

app
concentrations an average was taken, Hydrogen ion dependence in this
case was assumed to be nil, since it is evident that no ionization

is possible, and this assumption was verified by experiment.

The iodide ion dependency can be demonstrated in terms of the
rate constants k¥ and k?. Thus, when the stoichiometric iodide ion
concentration was lowered by 100 fold, the rate constant ' increased
by approximately two fold (See Table 111). As in the case of p-nitro-

phenol; k follows a non-integral iodide ion dependence, somewhere

app
between an inverse second~order and zero-order dependence. Alternative-
1y, k™ has an iodide ion dependence between inverse first-order and

zero~order.
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Table 111

Effect of Todide Ion Concentration cn the Rate of Iodination of Anisole

— . o

Ilx 10 k k# x 1 Ref,

L ] &pp k*x[I‘”‘]n X',

(mole /1.) {1./mole sec.) (1./mole sec.) Table
9.1790 1.87 x 10“& 2,94 27,0 x 10-8 58
1.5189 5.45 x 10~ 6.66 30.0 x 108 g9
1. 766k 5,15 x 10=l 6.33 30.2 x 10-8 60
2.8616 8.21 x 10-k 10.08 28,9 x 10-8 61
0.9479 2,90 x 10~3 30,19 28.9 x 10-8 62
0.437 6.63 x 10-3 67,8 32,1 x 10~8 55
0.2366 10.86 x 103 109.7 25.9 x 10-8 63
0.1845 12.90 x 10~3 130.0 1.1, x 108 6l
0.0953 15.70 x 103 158.0 15.1 x 10-8 65

0.091,3 17.30 x 10-3 173.7 17.h x 1078 66
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Effect of Iodide Ton Concentration on the Rate of Yodination of Anisole-

2,163

(17 x 10t kapp ¥ x 100 K [1]=x', Ref.
(mole/1.) (1./mole sec.) (1./mole sec.) (sec,™1) Table
Iy 7680 1,59 x 10-L 1.96 9,35 x 10-8 73
2.8537 2.59 x 10~U 2,95 8.11 x 1073 7%
0.9458 10.40 x 10” 10.88 10,30 x 107g 75
0.1692 22.20 x 1074 22 .70 10.50 x.10 76
0.2361 3.48 x 1073 35,20 8.32 x 10“3 7
0.165L 3,80 x 10~3 38.60 6.38 x 107 78
0,0948 5.80 x 1o=§ 57.00 5.50 x 107g 79
0.,0946 6,00 x 10~ 60.20 5.69 x 107 80
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To account for the iodide ion dependence, we considered the

following mechanisms which are analogous to the ones described in

Chapter VI.
& k1a
ArOMe + H,0I —=—=3  products ()
slow
- +
rate = k;_ [AroMe] [H,01%] (7%1)

substitution equation (5) Chapter VI in (7%!) we obtain

Ky, [asome] [17,] (B 0]
x (8m)

Ky [I.,,.] 2

Since the reaction was run in aqueous medium, then the concentration of

rate =

water may be neglected in this case also. Substitution equation (1) in

(8")

Ksklaﬁ[ArOMcﬂ (1)

=]

Equation (8"!) thus gives an inverse first-power iodide ion dependence.

rate =

(8n¢)

Equation (7"!) can be modified to a relationship which involves
app’

rate = ko, (ArOMe)(I,) = ky, [aroMe] [Hy01°] (9)

then Kek, [ArOMeJ [13] Eigoj
(ArOMe)(I,) = x (10°)

K1 ]

Kapp



rearranging equation (107)

Kappka LIjz (1,)

[775]

Equation (11') is rather similar to the one proposed by Berliner, which

Keky, LHzo] = ki (117)

demands that k' be constant at varying iodide ion concentrations.

Figure L however, shows that the values of k! are only constant at
high iodide ion concentrations and then start dropping with decreasing
jodide ion concentration. Mechanism I, therefore, is unlikely either as

a two-stage process or as a termolecular reaction.

Mechanism II.--To account for the non-integral iodide ion dependence

and the observed trend in the values of k' and k¥, it is possible to
postulate a second mechanism (II) which involves fodination via molecu-
lar iodine and hypoiodous acidium ion or iodine cation. Such a possi-

bility leads to the rate equation
rate = k [I,][AroMe] + X, [H,01°%] [arone] (17°)

Equation (17') may be reduced to

k¢, [ArOMe] E 2]
1]

rate = k [ArOHe] [:12] + (18¢)

As a test of this mechanism, since

rate = ka, (ArOMe)(I,)



and [Aromj «  {ArOMa)

then (I} L U
Kapp [IZJ/ SRk “{%ﬁ (197}

Hence for this mixed mechanism to hold, a plot of K" versus 1/ Erﬂ
should give a straight line. Such a plot is shown in figure 5 and
the deviation from linsarity argues against this mechanism for iodinz-

tion of anisole,

Mechanism ITT.-<T¢ acgount for the cobserved iodide ion dependency of

Kapps mechanism III is postulated.

k3 -
ArOMe ¢ Iy z===b  ArQMeI ¢ I (16}
ko1
4 k‘a kid p m"\\*
ArOMeI® By ArtOMeI ¢ H (L7

where ArOMeI’ is a reactive intermediate havirg a para quinoid type

structure®s Y.

Such an intermediate is aszumed to be formed in small concentration

ralative to ArOMe, Then on the basis of the steady state approxima-

tions

ky [arome] [T] = iy [aroMer®][1] ¢ iy [avomer”]  (18)

{a) It is assumed that predominant substitution takes place at
the para position.

226
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Fig. L Anisole in 0.009783 M perchloric acid
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Fig. 5. Anisole in 0.009783 M perchloric acid
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solving for AroMeI” gives

oy [ond 1]

Ky [I‘] + k3

[aromer"] =

since .
rate = k; [ArOMeI*] = kzpp (I,)(ArOMe)

Substitution of equation (49) in (50) gives

kgky [AroMe] E_Z:l
ka [T] ¢ %

kgpp (Ip)(ArOMe)

On the basis that (ArOMe) = [’_ArOMe]

then

. kgky [12] -
ky (17 + x5

app )

2

or
(Ip) % _ k3

I B B e

Equation (52) can be rearranged to

1 kg Ell 1

¥

1

229

(L9)

(50)

(51)

(52)

(53)

According to equation {53) a plot of 1/x* versus [?%l should give a

straight 1line. Figure 6 shows that the data do indeed fall on s

straight line. By extrapolating this plot to zero iodide ion
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concentration, the value of k; may be obtained from the intercept.
The slope of such a plot corresponds to k°1/k3kl“ The graphical

values of k, and kwl/k3k1 were found to be 30 1./mole sec. and 296.2

1
x 10h sec.” > respectively.

A similar plot for the iodination of anisole=2,l,6-d; gave ap-
proximately the same intercept but a different slope. Such a case
is not unusual since it is expected that k; be the same for both anisole
and its deuterated derivative.

The presence of a deuterium isotope effect provides strong
evidence in favor of mechanism (III), since it was assumed that proton
removal is the slow step. As in the case of p-nitrophenocl; it is ex-
pected that the maximum deuterium isotope effect be at high iodide ion
concentrations, where k' is essentially constant. However, at low
iodide ion concentrations, it is expected that the magnitude of the
isotope effect drop with decreasing iodide ion concentration. The
justification for such a prediction is similar to that for p-nitrophenol.

The deuterium isotope effect as a function of iodide ion con-
centration can be accounted for mathematically. Thus, rewriting

equation (32) in Chapter VI

k*

D Q{_l,‘il (13 e} 2

;;; ) {kml [Iﬂ /kBDj + 1

(32)

At high iodide ion concentrations where

ky [.Iﬂ

K3y

>> 1
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and
L [I“]
> 1,
kap
then
E:3 )
k k
2. B .50 (33')
3
k*y oy

Equation (32) can then be rewritten as

6y 1]

+ 1
3
Ky kag
— = 32 X
k* ky (1]
D ——————— 4 1
kBH

Thus, it can be seen that the magnitude of the isotope effect can be
readily calculated at any iodide ion concentration provided that the
magnitude of k=1/k3H is known. This ratio can be calculated from the
slope and intercept of the plot of 1/k* versus [?fﬂ - The calculated
value of k_/kqy was found to be 888.6 x 105 1./mole. The results of
such calculations are tabulated in Table 113 along with the experimental-
ly determined deuterium isotope effects. It can be seen that the
deuterium isotope effect remains essentially constant although devia-
tions are observed which are believed to be due to experimental errors.
Furthermore, it is of interest to note that the calculated values also
remain essentially constant. This can be interpreted in terms of the

reversibility of the first step and the ratio of kml/k3° Since it is
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Table 113

Effect of Todide Ion Concentration on the Magnitude of Deuterium Isotope
Effect in the Todination of Anisole.

]
Reference Table  (I7)_ W ox 10k W x 0% Ay k*H
Protio Deutero mole/1. 1./mole sec. 1./mole sec. k*b <
found Dcalc.
59 73 5,000 x 10~4 6.66 1.96 3,10 3,20
€0 5,000 x 10k 6.33 3,23 3.20
61 7h 3,000 x 10l 10.08 2.95 3.42 3,20
62 75 1.000 x 10=4 30,19 10.9 2.77 3.20
4 76 0.500 x 10-l 67.8 22.7 2,98 3,20
63 77 0.250 x 107l 109.7 35,2 3.12 3.20
6h 78  0.175 x 10¥  130.0 38.6 3.36  3.20
65 79 0,100 x 10=4 158.2 57.0 2,78 3.19
66 80 0,100 x 10~ 173.7 60.2 2.88 3.19
67 81 T1* = 0.0500 221.02 68.02 3.252
68 ™% = 0.0500 188.02 2,772
69 82 % = 0.2000 720.02 260,02 2,778
70 83 T1* = 0,5149 13002 1070a 1,212
71 84 T* = 0,5149 12902 10304 1,252
1 x 10~0 3.17
1 x 10~( 2,98
1 x 10-8 2.0l
1 x 10-9 1.18

(a} Apparent second order rate constants were used for evalua-
tions of deuterium isotope effect since the actual iodide ion concen-
tration was nct known.
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evident that the magnitude of this ratio is much greater than in the
case of p-nitrophenol, it seems evident that much lower iodide ion con-
centrations need to be used to obtain any appreciable drop in deuterium
isotope effect. Calculations accordihg to equation (32) show that at
an iodide ion concentration of the order of 10“‘"8 there should be an
experimentally detectable drop in the magnitude of deuterium isotope
effect. The experimental data at 0.5149 M thallium perchlorate, how-
ever, reveal that the isotope effect diminished to essentially 1.25.
According to equétion (32), such a drop seems somewhat unreasonable.
However, experiments at such a high thallium perchlorate solution are
apt to be in greater error than others. First, the ionic strength of
the medium is higher than the standard reaction conditions. The hetero-
geneous nature of the reaction probably introduces another source of

error. Furthermbre, the reaction

is more prominent in this case. And finally the magnitude of k_l/kB
could be in some error as well.

Based on the drop in the magnitude of k', it seems reasonable
to exclude mechanism I and accept mechanism III as a possible path for

the iodination of anisole.

Rediscussion of the Mechanism of Iodination of Anisole.-=An altervative

mathematical distinction between mechanism (III) and (1) is possible
by evaluating the various rate constants at a certain per cent reaction.

From mechanisms (III) equation (L49) we have the relationship



N
(V]
\n

K, [ArOMe] }:12_]
[ArOMeIﬂ = o !—I;j o, (49)

Assuming that the concentration of anisole remains constant throughout
the reaction and that the ratio of actual to stoichiometric iodide
ion concentration is also equal to a constant value (B) throughout a

particular run, then
I, = (I), + (B-1)(I7), + (B-2) ¥ (37)

dx kg [AxOMe] (I,), + (B-1)(17), + (B-2)X

— = (5h)
- ~ 1
at Bk, [(I Jo * K *+ Ky
where X'= concentration of iodine reacted.
Integration of equation (5lL) leads to
c+X e
gt = (h=-c) In ( - )+ (55)
where
~ kak
g = (B-2) [ArOMeé x 3
- ~ Bk_l

(I), + (B-1)(I7),
(B-2)

[ =

ho= (I7), *+ ky/Bky

and t = time elapsed in seconds.
Since in equation (55), the values of g, ¢, t, and X are known,

then the equation can be solved for h from which the value of k3/k__1
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can be calculated. To calculate the value of kl or 1/kl which cor=-
responds to the intercept of figure 6, an accurate knowledge of the
magnitude of the slope is necessary. From equation (53), it can be
seen that if the approximate value of the intercept is known, then the
slope of the line can be calculated at each iodide ion concentration

since

(1/x*)- 20 k.q

slope = Eiﬂ = ;;;;

Thus, the values of the slope were calculated and when averaged gave a
value of 324 x th seé? (See Table 11l4). When a different intercept
was assumed, the magnitude of the slope did not change appreciably.

According to mechanism (III), it is expected that at any per cent
reaction, the values of l/kl be constant at varying iodide ion concentra-
tions. Table 115, reveals that the intercept l/kl is essentially con-
stant although at certain points a fairly large deviation in these
values are present. Such a deviation, as mentiocned previously, is due
to sensitivity of the intercept to experimental errors.

If the iodination of anisole proceeds via mechanism (I),

then

Kgky, [Arone] [I2]

]

By making the same assumptions as for Mechanism (III), we may rewrite

(7m0)

rate = k. [AroMe] [By0T*] =

equation (7%"!) as



Evaluation of the Magnitude of k

at 50.0

(&)

Table 11h
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~1/k3k; for the Iodination of Anisole

Reference 17 x 101 1 1 2. 20
Table go%k/iiter ';; =% 20 k*;r - k_
G
58 9.1790 3398 3378 370 x 10t
g9 15189 1500 11480 328 x 104
0 . 766l 1576 1556 327 x 10U
61 2.8616 991 971 328 x 10t
62 0.9479 330 310 327 x 10U
65 0.4737 11,8 128 269 x 10l
63 0.2366 91 71 301 x 10V
él, 0.1645 7 57 346 x 10t

Av. = 324 *+ 20 x 10

(a) An intercept of 20 1./mcle sec,was used in calculating the
slope since it gave a value with the least deviation in kml/k3k1°
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& Kok, [ArOMeg (I)g + (B-L)(I7), + (B-2)X

—_— = (56)
dt B [(I“)O + 7(]
or
(Io), + (B-1)(I7), x
d Kok, |ArOM +
_f - 5 1a [ % (B=2) (57)
dt B {(1-")O + 'x}
Integration of squation (57) leads to
c+X
1t = (h-c) 1n (— + X (58)
in which
Y (B-1) (1),
(B-2)
. Kck,, (B-2) [AzoMe]
B
h = (1)

o}

t = time elapsed in seconds
From equation (58) the value of 1 may be calculated and from this, the
value of ki Ky can be calculated as well. From equation (11'), it can
be seen that the value of klaKS is the same as Berliner'’s rate constant
k', in which the concentration of H,0 is neglected.
If the iodination of anisole proceeds by mechanism (I), then
the values of le5 ought to be constant in the entire range of iodide

ion concentration.
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Inspection of table 115, reveals however, that the magnitude of
klaKk or k! decrease with diminishing iodide ion concentration. On these
grounds, therefore, it is reasonable to exclude mechanism (I) as a

possibility.
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Mathematical Evaluation of the Mechanism of Iodination of Anisole

Reference (I~ ) x 104 per cent 1 k' x 108
Table mole /1 av, reaction k1 ork Ko x 108
65 0.1000 0,960 0.00 - 15.1
65 0.1000 0,960 5.6L 20.9 20,3
65 0.1000 0.960 9.49 25.3 20,3
65 0.1000 0.960 18.10 33.1 19.9
65 0.1000 0.960 22.55 34.6 20.4
65 0.1000 0.960 31.75 30.5 22.5
65 0.,1000 0.960 35.60 36.8 21.9
6L 0.1750 0.950 0.00 e 21.4
6l 0.1750 0.950 8.7L 19,3 24.7
N 0.1750 0.950 13,79 27.1 23,2
6l 0.1750 0.950 17.70 19.6 231
6l 0.1750 0.950 2,60 35.6 23.2
N 0.1750 0.950 31.03 38.3 23.4
6l 0.1750 0.950 Lk .82 78.9 20.4
63 0.2500 0.950 0.00 — 25,9
63 0.2500 0,950 9.25 20,16 25.4
63 0.2500 0.950 15,17 5.57 29,3
63 0.2500 0,950 19.02 Lh.23 29.7
63 0.2500 0.950 294 L.73 29.7
63 0.2500 0,950 35.73 - 0.23 29.8
63 0.2500 0,950 L40.36 16.38 27.9
55 0.5000 0.960 0.00 - 32.1
55 0.5000 0.960 8.57 -1}.38 33.6
55 0,5000 0.960 14.55 - L3 31.6
55 0.5000 0.960 19.74 - L.76 31.7
55 0.5000 0.960 2l .68 - 6.65 '31.8
55 0.5000 0.960 29.87 =14.67 33.1
55 0.5000 0.960 33.77 - 9,92 32.3
55 0.5000 0.960 L)y .68 - 9.18 29.7




CHAPTER VIII
THE MECHANISM OF IODINATION OF PHENOL

Introduction.~-Apparent second-order rate constants were calculated on

the basis of the reaction being first order in the stoichiometric
concentration of both phenol and iodine. Such rate constants remained
constant throughout a run at high iodide ion concentration, and for
such runs, an average value of kapp was taken., For runs at lower iodide
ion concentration, however, the values of kapp fell throughout a run

and therefore, k was extrapolated to zero per cent reaction in order

app
to have a value of k at definite iodide ion concentration.

app
The iodide ion'dependency is demonstrated in Chapter V. It can
be seen that at constant hydrogen ion concentration during a 50 fold
change in stoichiometric iodide ion concentration, the values of k! re-
main essentially constant whereas the values of k* increase linearly
with decreasing iodide ion concentration (see Table 116).

To account for the observed iodide ion dependence, the follow-

ing mechanisms are considered.

Mechanism I,

I 0+
MH-:Aro‘wﬁ*;Kh--L%%ﬂ (6)

k
- -1
ArQo” + HZOI* o products.



2k

Table 116

Effect of Iodide Jon Concentration on the Rate of Iodination of Phenol

A1l runs were made in aqueous sol‘ution9 0.01740 M in perchloric acid, at
an ionic strength of 0.3000 at 25.0°,

kapp K x103  [1]x 10 K17 x 207 = k x 107 Res.

(1./mole sec.) (1./mole sec.) (mole/1.) (sec.~1) Table
9,50 x 10~2 12.26 3,7851 16.h 89
10.30 x 10~2 106.3 0.4568 48.6 90
19.85 x 102 201.6 0.2280 46.0 91

46.50 x 102 468.2 0.0907 42.5 92
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It can be seen that this mechanism is identical to one proposed in
Chapter VI for the iodination of p-rdtrophenol. As it was pointed out,
according to this mechanism, it is expected that the values of k' be
constant at varying iodide ion concentration. Table 116 reveals that
the values of k' are essentially constant at congtant hydrogen ion
concentration. However, due to the presence of a deuterium isotope
effect of 6.6, it seems reasonable to exclude this mechanism as a
possgibility.

Modifications of mechanism (I), i.e., those which involve the
attack of HZOI* on phenol and phenoxide ion in a slow step, followed
by the subsequent rapid abstraction of proton, can also be eliminated
on the basis of the observed deuterium isotope effect.

A mechanism (I"') which involves the attack of HZOI* on phenol
and phenoxide ion in a fast and reversible step followed by slow re-

moval of proton i.e.

ATHOH = arHo~ + H*

k
1
- : 4+
ATHO™ + ‘H)0I ;_k—;___-% ATHOT + H,0
<1
K
b emcmc—
ATHOH + H,0I' e—— Arf0I + HO + H'

ArHOT —g=3 Ar0I + g*

cannot be excluded in this case, since such a mechanism accounts for

the iodide ion dependence as well as the observed deuterium isotope

effect.
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Mechanism II.--According to this mechanism, it is expected that both

hypoiodous acidium ion and molecular iodine are the active halogenating

gpecies. And the rate of iodination can be represented as

e [aon] (1)

rate = k, [Ar0H|[I,] + ik =
n

where kg and k1 include any hydrogen ion dependency. Equation (18)

(18)

can be rearranged to a form including ka

PP
(15) w K
app '['I"z‘]"“ L ‘[;;::I' (19)

Hence, for this mixed mechanism to hold, a plot of k* versus 1/ [iﬂ
should give a straight line. Such a plot at constant hydrogen ion con-
centration is shown in figure 7. Within the range of iodide ion
studied, the data fit well on a straight line. On this basis, mechanism

I1I cannot also be excluded as a possibility.

Mechanism II1 .=~

faro7] (]

_—e—-‘»AxO‘”#H"';Khm__EE.rEE]__

ArOH g (6)

ArO” ¢ I, g/ Ar0I ¢ I~ (20)
(21)

ATOH + I, — A0l + H o+ I

2 k
Ar0I 3., Ar0I~ + H*
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Fig 7. phenol in 0.0L7k M perchloric acid



where A%OI is a reactive intermediate having predominantly a para quin-

oid type structure

By making the same assumptions as in the case of pfnitrophenol, it can

be shown that

1 k. [17] . 1
K [H“j kg K, Ky [H] + kK,

(29)

According to equation (29) a plot of 1/k¥ [Hf] versus [Iﬂ should give
a straight line at constant hydrogen ion conceﬁtrationo Figure 8 shows
that the available data do indeed fall on a straight line which passes
through the origin. Such a case can be justified since the second term
of equation 29 is essentially zero, i.e., the value of ko Bﬁj*-leu§>lo
The presence of deuterium isotope effect cannot differentiate be-
tween certain of the previous mechanisms, However, if the iodination
of phenol proceeds via mechanism IIi; it is expected that the deuterium
isotope effect should drop with diminishing jodide ion concentrations.
Inspection of Table 118 reveals, however, that the magnitude of
deuterium isotope effect remains essentially constant. The constancy
of this isctope effect can be justified in terms of the reversibility
of the first step, i.e., the ratio ky/k_, [17.
For purposes of discussion, the magnitude of l/leh will be taken
as unity. From equation (29) and the slope of Figure 8, the magnitude

of k3/km1 is then estimated to be of the order of 10~7T. From equation
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Fig. 8, phepol in 0.01Th M perchloric acid
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Table 117

Effect of Iodide Ion Concentration on the Rate of Iodination of Phenol-
2,h,6=d3

All yuns were made in aqueous solution, 0.01740 M in perchloric acid,
at an ionic strength of 0.3000 at 25.00,

Xapp k" x 103 [z ]@x 10 k*[_I‘j x 107 = k1x107 Ref.
(1./mole sec.) (1./mole sec.)  (mole/1.) (sec.=1) Table
14,35 x 10=4 1.86 3.8689 7.20 9%
15.90 x 10~ 16,4 0.L568 7.51 97

3,00 x 10-2 30,4 0.2280 6.93 98
6.85 x 102 8.9 0.09115 6.29 99




2k9

Table 118

Effect of Todide Ion Concentration on the Magnitude of Deuterium Isotope

Effect in the Iodination of Phenol.
¥* ¥ b
k H <% H
T Iy
L) ound X cale.

Reference Table (I<)qx 104 k*H x 103 k*D x 10°

Protio Deutero (mole/1.) 1./mole sec. 1l./mole sec.

A >

89 96 5.000 12.26 1.86 6.60 6.6
90 97 0,500 106.3 16.4 6.47 6.6
91 98 0,250 201.6 30.L4 6.62 6.6
92 99 0,100 1168 .2 68.9 6.78 6.6
9k 101 T1%=0,0500% 770.,0 114.0 6.75

(a) This run was performed at 0.0870 M in perchloric acid.

(b) The calculation is based on the assumption of 1/(kK)) =
1.00 sec,
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32 of Chapter VI, with k*H/k*b taken as 6.6 it can be estimated that
an jodide ion concentration of the magnitude of 10==7 is needed to have
any appreciable experimentally detectable deuterium isotope effect.

On the basis of the available data, therefore, it is not possible
to distinguish between mechanisms I, II and III. In order to have a
clear cut distinction, the kinetics of iodination of phenol needs to

be studied at extremely low iodide ion concentrations.

Rediscussion of the Mechanism of Jodination of Phenol.--An attempt was

made to distinguish between mechanism III and I mathematically. Rewrit-

ing equation (39) of Chapter VI

c *3()

]

gt (h-¢) 1n ( + X (39)

whére

B.2 k 3k1Kh [AI‘O H_]
B*

g = B x kml b 4 [ jr~

(12)0 + (B"“l) (Iﬂ)o
(B-2)

kBleh
k_y B {kz (] + leh}

The magnitude oijékg Efﬂ * len)can be determined in a similar way

h = (I"')0

as in Chapter VI. According to mechanism (III), it is expected that at
any per cent reaction, the values of%/fke [H{] + leh)be constant at
varying iodide ion concentrations, provided that the hydrogén ion

concentration is constant. Table 119 reveals however, that the values
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of }(32 [ﬂﬁ] + len)at each per cent reaction are not constant, ranging
from negative to positive values. The poor constancy of 1/(k2 [Hﬂ +
k.K),) is, hcwever, attributed to difficulties in calculating the unknown
ratio which is represented as small differences betweén large numbers.
Therefore, on the grounds of the available data, mechanism III cannot
be excluded as a possibility. According to equation 45, Chapter VI, it
is expected that the values of lehKS + k{KS [Hﬂ s Which is related
to Berliner!s rate constant kn, be constant at constant hydrogen ion
but varying iodide ion concentration. The results in Table 119 seem to
be rather constant and therefore, on the grounds of the constancy of k!
and kKf + k{KS [H*] it seems that mechanism (I"') is at least in

satisfactory agreement with the available data.
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Table 119

Mathematical Evaluation of the Mechanism of Iodination of Phenol

1
Ref. B Per cent kiKeKy +
Table (I"‘)o x 10,4 av. reaction k2 H* + leh k]B-Ki[L}}‘F] 108
92 0.1000 0.930 0.00 —— 7.398
" " " 8.05 =13.25 8.60
" " g 13.79 -11.51 10.36
" n " 16.55 +16.74 7.50- 7.0
" " " 22.30 +32.90 9,86
" " " 27.82 +45.80 7.33
" " " 3L.71 +36.97 7.26
" " " )5 .28 +51,70
91 0.2500 0.930 0.00 ——— 8.002
" " " 10,81 -48.5 9.21
n " " 16.39 48 .4 9,05
" " " 21.20 =31,2 8.59
" " n 25.30 - 3.3 8.05
" ! ) 31.33 + 7.1 7.90
" " " 37.11 +33.5 7.56
" " " 47.95 +17.7 7.80
90 0.5000 0,930 0.00 — 8.4h62
" " " 11.81 =71.6 9,15
" " " 16.39 -68.2 8.85
n n " 21.45 - 8.7 8.09
" n " 26,51 = 8.4 8.23
" " " 33.73 + 5,7 8.23
" t n Lo.24 +15,2 8.13
" " H L8.67 +15.6 8.12

(a) Calculated from extrapolation of k

a to zero per cent
reaction. pp
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Table 120

Evaluation of the Magnitude of k»l/k3k1Kh for the Todination of
Phenol in 0.01740 M Perchloric Acid at 25.0°

y 1 1
Reference I%x 10k

Table l:mglle/lo K* [H] KFR) . ka
] k3kpK),

89 3.7851 11688 1239 x 1oﬁ

90 0.4568 sh1 1183 x 10

91 0.2280 280 1228 x 104

92 0.0974 123 1352 x 104

Av.= 1250 + 51 x 10H




CHAPTER IX

CONCLUSIONS

The rates of iodination of L-nitrophenol, 4mnitrophenol-2,6-d2,
anisole, anisolem2,496wd30 phenol and phenolm2,496~d3 when measured in
an aqueous solution of perchloric acid and sodium perchlorate were found,
during a kinetic run, to remain first order in iodine and first order in
substrate as long as the concentrations of iodide ion and hydrogen ion
remained constant.

The iodination of 4-nitrophenol and 4-nitrophenocl-2,6-d, showed an
iodide ion depehdence somewhere between inverse second gnd gero order de~
pendence. The hydrogen ion dependence wés found to be somewhere between
inverse first order and zero order. This reaction when carried out in
the presence of U-nitrophenol-2,6-d, showed,a maximum deuterium isotope
effect of 5.2 which dropped to essentially 2 with diminishing iodide ion
concentration. This evidence is consistent‘with a mechanism in which
molecular lodine attacks p-nitrophenoxide ion or p-nitrophencl in a
fast and reversible step, followed by slow and irreversible abstraction

or proton by solvent, thus

ArOH == Ar0~ + H*

ArOH + I,==Ar0I + H' + I-
K

- L -

Ar0” + 12-———k——> ArOI 4+ I
‘.ul

Aror _SoW . pror= 4+ gt

in which ArOI represents an intermediate having an orthoquinoid type
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structure

The ilodination of anisole showed a similar iodide ion dependence
although it was found that the reaction was independent of hydrogen
ion concentration. A maximum deuterium isotope effect of 3.2 was ob-
served. This isotope effect remained essentially constant, except at
extremely low iodide ion concentrations attained by the use of high
thallium perchlorate concentrations, when the deuterium isotope effect
dropped to 1.25.

A mechanism consistent with the present evidence includes a
rapid and reversible attack of molecular iodine on anisole followed by
an irreversible abstration of proton.

X )
ArOMe + I, ————> ArOMel + I~

2%

-1
, k
ArOMeI —3—> ArOMeI + HY

Here A%OMeI designates an intermediate having a quinoid type struc-

ture such as

3T

The iodination of phenol was studied at 25° .0, The apparent

second order rate constant after correction for formation of inert
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triiode ion, showed an inverse first order iodide ion dependence

at constant hydrogen ion concentration. A deuterium isotope effect
of 6.6 was obtained and this isotope effect remained constant with-
in a 50 fold change in stoichiometric iodide ion concentration.

The available ddta on iodination of phenol make it clear
that a proton is being lost in the rate-determining step but can-
not distinguish between molecular iodine or hypoidous acidium ion
as the iodinating agent.



CHAPTER X
SUGGESTIONS FOR FUTURE EXPERIMENTAL WORK

A major aspect of the iodination of phenols is in definite need
of further clarification by experimental means. It was seen in
Chapter VI, that the iodination of p-nitrophenol proceeds exclusive-
ly via mechanism III, i.e., one which involves the attack of molecular
iodine on p-nitrophencxide ion to give an ortho-quinoid type inter-
mediate which subsequently loses a proton. Furthermore, it is evident
that the rate of conversion of the intermediate into product relative
to conversion to reactants, i.e., k3/k,lo is relatively large com-
pared to that of anisole and phenol. It is as yet unknown whether
such effect is due to the presence of a nitro group on the aromatic
molscule or to differences in the value of ortho as opposed to para
quinoid intermediates.

It is, therefore, suggested that the kinetlies of iodination of
o=-nitrophenol,2,4—dichlorophenol and 2,6~dichlorophenol be investi-
gated at varying hydrogen ion and iodide ion concentrations and that
the deuterium isotope effect be studied as a. function of lodide ion
concentration in each case. If o-nitrophenol showed a different be-
havior from that of p-nitrophenol, then it may be concluded that the
nature of the intermediate, whether it has a p-quinoid or o-gquinoid
type structure is the likely important factor. If, however, o=-nitro-
phenol shows a behavior similar to p-nitrophenol, then it would
appear that the nitro group has some effect in the reversibility of

the first step.
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The iodination of 2,4-dichlorophenol and 2 ,6=dichlorophenol
along with their deuterated derivatives ought to clarify the factors
effecting the reversibility of the first step in the iodination of

phenols.
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APPENDICES



APPENDIX A.

THE DETERMINATUAN 7F ©5F BQUILIERIUM CUNSTANT FOR THE REACTION

The iodine~triisdide eguilibrium constsnt has hesn determined by

g Tew investigators at different tempsratures using different experi=

. - 136 . .
mental techniques. Bray and MacKay™ " heve meszured the egquilibrium

=2 7Tl

golution at 257, These workers found that,

!

constant in agueous nzubri
in saturated iodine solution {1.32 x 1073 M), the iodine=triiodide
ejulilibrium constant diminished with decreasing lodide ion concentrge
tiom. Thus ab .00 My, o720 M, T.0L0 M, 7,005 M and 0.00L M iodide ion
concentrations, the equilivrium constant was 763, T729.9, Tik.3, 704 and
667 respectively. These eguilibrium conshants when extrapolated to zero
jodide concentration g ve a value of 654.6 &t 25°, 0n the basis of the
magnitude of the Lydrolysis constant of iodine

S

IZ’. + 520 "_>(H~‘JT & HI Ky = “‘v x 10

these workers claimed that no acid nesd be adled tn suppress the hydroly=-
gie of iodine. Furthermors, they found that in golutions which are nct

saturated in lodine, the eguilibriam constart

[54)]

., {136} W ©. Zray aod O M. 7 Macksy, J. Am. Chem. Soc., 32,
91k (19157, e =
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increases as the concentration of ilodine increases.

Bray andMackayl37 have also measured the equilibrium constant
in saturated iodine solutionm in the presence of acetic acid (0.10 M),
and cupric ions (17.0 x 10'3 Mjo By the use of titrimetric procgdure
and assuming that there is no salt effect on saturation concentration
of iodine, the authors reported a value of T69 at 25°.

Weashburn and Strachon 138 have measured the equilibrium constant
via partition of iodine between carbon tetrachloride and water at 25°
and bty varying iodine and iodide ion concentrations, they reported a val-
ue of T69.

Awtrey and Connickl39 have determined the equilibrium constant
spectrophotometrically at different temperatures. A plot of their
equllibrium constants versus the reciprocal of the absolute temperature
gave a straight line from which the value of the equilibrium constant
was found to be 373 at 50°. This, however, is in disagreement with the
value reported by Davies and camworkerslho, who claimed to have measured
accurate values fpr lodine-triicdide equilibrium constant and have re-
ported a value of 490 at 50°. The partition of iodine between carbon
tetrachloride and water was the general technigue employed by these

workers. They found that plots of

(137) W. C. Bray and G. M. J, MacKay, ibid., 32, 1207 (1910).
(138) E. W. Washburn and E. XK. Strachon, ibid., 35, 692 (1913).
(139) A. D. Awtrey and R. E. Connick, ibid., 73, 1842 (1951}).

(140} M. Davies and E. Gwynne, ibid., 74, 2748 (1952).
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at congtant iodide ion concentration, versus free Ilodine gave approxi-

W .

mately llnsar relationshic which upon exbrapolation to zero iodine con-
entration gave the equilibrium constant. The same Lype of plots were
done st several lodide ion concentrations, and were found to have the

ame intercept, whick they claimed to be the egquilibrium constant. A

o

careful examination »f their plcots, however reveals that the plots are
not entirely linesr espscilaliv at low dodins zoncentration, which makes
ng wonder whether their eguilibrium constant iz valild. The authors

ceaciuded that the formation oF Iém

2L+ 2L =21,

23 the probable causes of the deviation from linearity.

Redetermination of the eguilibrium oconstant was made under ex-
perimental conditions similar b thoss of the kinetic runs, i.e., at
1enie strength of 0.3000 and acidities of 2,0209783 M. The iodine cegn-
ventrationg, however, were lower by at least ten fold from those of the
kinetic experiments since the equilibrium is kncwn to be in favor of
triiodide formation, which exhitits relatively high extinction coeffi-
cient at 352 millimicrons.

A Beckmesn, Modeli DK, spectrophctometer; thermocstated st 50.0+
0,3% was used for the determinetica of the eguilibrium constant. For
measuring the equilibrium coastant at 25°;, the same spectroprhotometer

was used and a constent tsmpersture waz meintained %y circulating cold



water through the thermostat. Calibrated Corex cells of optical path
length 1.000 + 0,001 cm. and 5.000 + 0,00l cm, equipped with ground
stoppers coated with a fine layer of silicone grease were used.,

Two general procedures were used for the determination of the
equilibrium constant. The results were in fair agreement with each
other, however, they differed considerabiy from those reported by
Davies and co-workerslho.

Procedure A.-- It was assumed that the total optical density of a so-
lution at a given wave length is equali to the sum of the optical densi-
ties of each of the species present in the system at the wave lengths

being observed, Hence such a system could be represented by the equa=-

tion
Dlot = é;g [?5] ¥ é}a E%ﬂ

X
where Dtot represents the total optical density at wave length A and

é&- and g}g represenf the extinction coefficient of triiodide and io=
dige respectively.

If the total optical density of solutions containing both free
iodine and triiodide ion are known, and the extinction coefficients
for each specles are also known at two different wave lengths, it is
possible to solve for the concentration of each species, and from them
caleculate the equilibrium constant.

Litersture reportsl39 indicate that both free lodine and triw

iodide ion absorb at 270, 287.5, 353 and 460 millimicrons with the

following extinction coefficients
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e e

mu I3 12
270 17200 121
287.5 L0000 95
353 26400 18
L6C 975 Thé

It was, however, desirahle to redetermine the extinction coefficients
of free iodine and triiodide ion at 352 and 462 millimicrons, at an
ionic strength of 0.3000, and an acidity of 0.009810 M at SO.OOC.

Preliminary experiments indicated that the only species that
absorb from 250-500 millimicrons are free iodine and triiodide ion
with maxima at 270, 288, 352 and 462 millimicrons.

The extinction coefficient of triiodide ion had to be determined
by approximation. If a solution 1s made 0.15000 M in iodide ion and
0.00002 M in iodine almost all of the lodine is tied up as triiodide
ion but there is still é small contribution from free iodine. If it is
assumed that the optical density is due entirely to triiodide ion then
it is possible to calculate the extinction coefficient. Such an assump-
tion was found to be correct since upon using higher iodide ion concen-
trations the extinction coefficient remained constant within the limits
of experimental error.

Oxidation of iodide ion to iodine wms observed; consequently high
extinction coefficlents resulted. Such oxidation was attributed to the
presence of oxygen in the solutions. Experiments under nitrogen atmos-
phere with solutions freed of oxygen (by bubbling nitrogen through the
solution) showed that oxidation was still in effect although at slower

rate. The period of time required for the solutions in the thermostat
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to reach SO,OOC was found to be six minutes. Therefore the optical den-
sity was read immediately after thermal equilibrium was attained.

Some sample =alculationg will be shown to illustrate the method
used and the summary of the resulits are tabulated in Table 121.

a. Determination of e%?g, in 1.87341 x lO'5 M iodine, 0.15000 M
sodium iodide, 0.00910L M perchloric acid and 0.1402 M sodium perchlo-

rate at 50.0 + 0.5°C.

)
il

0.530

D = e’ig [Ig]xl

0.530 = eP%x 1.87341 x 107
3

e3%2 - 28290

I3

The extinction coefficient of triiodide ion at 462 millimicrons was

similarly determined using 5.000 cm. cells.

D = 0.802
0.802 = ell‘ég [1.21;891;::10“5] X 5.001

3

2 | 1o

The extinetion coefficient of free iodine was alsc determined spectro-
photometrically at EOQOCGG The loss of lodine during the transfer of
the solutions to the cells was avoided by the use of a ground glass

adapter fitted on a 100.0 ml. reaction flask with an inlet attached to
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8 nitrogen cylinder and an outlet extending toc the bottom of the cell.
Hydrolysis of iodine was found to be suppressed almost completely by
0.0500 M perchloric acid, since higher acidities showed nc change in
optical density at & given icdine concentration,

Some sample calculations are shown below.

b. Determination of extinction coefficient of free iodine
in 0.050 M perchloric acid, 0.2950 M sodium perchlorate and 1.1406 x

10"4 M iodine at 462 miilimicrons and 505006, in 5.000 + .00L cm. cells.

L]
II

0.419

[
]

e;g [12] x 1

LED . -l
O.119 = ef‘“ (1.1506 x 10 “) x 5.001
2

1
-]
)
=

lo)}

¢. Determination of extinction coefficient of jodine at 5O.OOC.
in 0.2000 M perchloric acid¥, 00,1000 M sodium perchlorate and 5.4171 x

lO'h M iodipe at 352 millicrons in 5.000 + 0.00L cm. cells.

¥ A high perchloric acid concentration was used in this case, since

the extinction coefficient of I at 352 is very large, and even a

3

very small amount of triiodide will introduce a iarge error in the

extinction ccefficient of iodine.
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ot nn
3,175 = €572 x 5.4ITix 1070  x 5.001
o)

U

=
as2

L

"
o
=
o

€

A second procedure for determination of extinction coefficient of io-
dine is recommended in the .literaturél39° A 10G.0 ml. mixture of
0.1000 M perchioric acid; 0.000015 M potazszium icdate and 0.2000 M so-
dium perchlorate was sealed in & test tuhe and was allowed to stand in
the bath at SOQOOC. for ten days. The contents of the flask were then
transferred to 5.000 cm. cells and the optical density was determined.

The results were in agreement with the previous procedures at
352 millimicrons. However, they differed by 13 per cent at 462 milli-
microns. (See Table 121).

The eduilibrium constant was next defermined spectrophotometeri-
cally at 352 millimicrons. Solutions of 0.009810 M perchloric acid,
sodium perchlorate and sodium iodide with concentration range varying
from 0.0050 M to 0.0010 M were intrcduced into 100.0 ml. volumetric
flasks thermostated at 50.000. A definite volume of lodine of known
concentration wag then introduced to the mixture at 50.0°C followed by
vigorous sheking. The solution was then trangferrsd to a 1.000 cm.
cell and the optical density recorded at 352 millimicrons.

A sample calculatlon for the equilibrium constent is illustrated
below.

3352 o e252 xC

352
Yot 1" + 8- x C..

- 3 3 IE .Le
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(CIZ) free+ @I;) free © (CIZ‘) titrimetric

at 0,0050 M sodium iodide concentration

0.1107 = 28681 x (015) + 68 x (Cp)
(4

3.05163 x 10-5 = @I;) free + (CIZ) free

0.3799 x 10~

C oo =
13
C, = 2.67173 x 10~
I,
Cp= = 0.0004962
;
k _ ¥ _ 0.3799 x 1070 - 286
[12 i 2.67173 % 105 x .0004962

The equilibrium constants tabulated in Table 122 were calculated in a
similar manner by assuming that the extinction coefficient of triio-
dide was 28681. Careful examination reveals that the results are not
unifrom and, therefore, they were averaged and a value of 285 + 20 was
obtained. The same equilibrium constants were recalculated by assuming
a value of 25860 for the extinction coefficient of triiodide a value
which was obtained graphically (See procedure B). The equilibrium
constants were higher in this case and when averaged gave a value of

353 + 16, (See Table 123).



Table 121

Extinction Coefficients of I, and I':;
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352 eluiz 352 b2

13 13 13 13
29940 1297 64,5 695
29440 1241 67.7 669
27084 1298 67.7 645
26}“13 Av=1279+25 22 g gBﬁ *
29 34 *
29180 Av=67.5 + 1.5 51¢ 20
28290
Av=2868141090

* Potassium lodate technique was employed in these runs



Table 122

Equilibrium Constant of

I

+ I”

1
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Extinction Coefficient of I; at 352 mp = 28681

Sodium

Todide (I2) x 105 [[g] X :LO5 K
0.0050 2.80887 1.60070 266
0,0050 L, 73996 2.61867 248
0, 0040 5.21240 2,85920 306
0.0040 5.68795 2,71798 240
0,0030 2.80887 1.28553 283
0.0030 6. 51 550 3,07320 301
0,0030 6.74128 3.04815 279
0,0030 6.66359 2.99581 275
0.0020 2,80887 1,09292 320
0, 0020 6. 51550 2,46383 308
0.0015 5.61773 1,79014 316
0, 0020 6.74128 2.40030 283
0,0010 7,81860 1.80242 305
0,0010 7, 70432 1.71514 291
0.0010 7.46356 1,64567 288

Av, value of k =
285 4+ 20




Table 123

Equilibrium Constant of

I2 + I"=1

3

Extinction Coefficient of I§ at 352 mp =

25860
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5 -1 .5
Sodium (I)r:e x 10 I, |x10 K
Todide 2/tit. [3]
0.0050 2.80887 1.75779 345
0,0040 5021240 3.18569 382
0. 0040 6. 59081 3.75101 334
0,0030 2.80887 1.42664 346
0.0030 6. 51550 3.40934 370
0,0030 6.74128 3.38155 340
0.0030 666359 3.32348 335
0,0020 2.80887 1.21247 382
0.0020 6051550 2.73359 366
0,0020 6.74128 2.66283 331
0.0015 5.61773 1.98539 374
0,0010 7,8186 1.99956 351
0,0010 7070432 1.90273 334
0.0010 746356 1.82566 330
0,0010 8.7877k 2,26894 350

Av., value of k =

353 + 16
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Procedure B.-- The equilibrium constent was also determined graphically

by the method described by D. L. Sasoniﬁla

The equiliibrium constant may be expressed as

Ko [12] [::-] (1)
&)

Then the total optical density at a given wave length may be expressed

as

e [+ e &) ¢ e (7] (2)

The last term of the eguation iz negiigible due to the low absorbency

of the icdide anion. Then equation (2) may be reduced to

D o= e @;] + e E%J (3)

supposing that

& B - s ®

where C_ is the titrimetric iodine concentration then equation (4)

can be rewritten as

{12} = G - EB] (5)

(141) D. L. Cason, Studies of Equilibrium Involving Chloro-
Compiexes of Iodine, deorgie Institute of Technology, M. 5. Thesis.
1959, p. 5.
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and equation(1)can be rewritten as

[I2] - %«'—]'[51' (6)

Substituting the value of I, from equation(5)’ into(6)

2

1| = I J)c® (7)
[ 3] K +[r'

Similarly the iodine concentration may be expressed as

[Iﬂ ) KKC: [1'] ©

Suppose that Co is fixed in any given experiment then substitution

0£(7)and(8)into(2)gives

eI3 [I“‘] ___Cﬂ \ e12 KCO— (9)

K+[r] K+['j

Let us define that

= O = = (10)
e ; DI3
e 2,C° = DIZ (11)
Th K - D)
= D =D + DIZ (12)

I S

? (7]

Since DIZ is known then plotting D versus fDI o (In) for a series
2

of solutions having G, fixed gives a line the slope of which will be K and
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is

the intercept op the Dmaxis will bte D.-. If on the cther hand Do~
- 3 "3
known then equation {1%) mey be expresszed as
D, [ii]EDI = .0)
D & -2 * 3
K

Thus, a series of solutlons were preparsd at constant concentration of
iodine (4.249 x lO“5 M) and constant concentration of perchloric acid
(0.009783 g) but at varying sodium iodide concentrations. The ionic
strength of the seolutions wes adjusted by sodium perchlorate to 0.3000

at 50°, and the optical density was reccorisd immedistely after thermal
equilibrium was attained. By the use of equation (12), the optical density

L was plotted versus EDI - D]/ {(I”) for a series of solutions ranging
~

from 0.0100 M to 0.00020 M in sedium iodide. The slope of the plot gave
& value of 365 for the equilibrium constant and an sxtinztion coefficient
of 25600 was caleulated from the intercept. Use of the actusl iodide con-

centration [I“”:l in the term (D. =~ D) / (17} via the squilibrium constant
L7

; , 1485 . s qam
reported by Davies and Swynze™ ; did not produce any appreciable change

in the values of the ejuilikbrium constant amd exbianction coefficient of
triiodide ion. The experimsntal date ars presented iz Table 124,

It seems that the graphically determined eguilibrium constant
compares favorably with Table 123 bub disagrees with Table 122. Such

discrepancy may be attributed to an error in determination of the

£

extinetion coefficient of triiodide ion. Therefore it is telieved that
the value 25600 obtained graphically is more reliabie.
The jodins-triiodide =mguilibrium consbant was also determined

graphicalily at 25°, in perchloric acid {0.009783 M) and scdium per-
p J 3 p ) pribeg
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chlorate solution at an ionic strength of 0,3000. The iodine concentra-
tion was kept constant at 4.8595 x 1077 M while the iodide ion concen-
tration was varied from 0,0100 M to 0.00003 M. The experimental results
are tabulated in Table 125, A plot of optical density D versuslplzwﬁy(la)
gave a straight line with a slope of 620, which represents the equili-
brium constant, and an intercept from which the value of the triiodide
extinction coefficient was found to be 28,000, (See Table 125),

The saﬁe experiment was repeated as a check in 4.755 x 10”5 M
iodine solution. The equilibrium constant was found to be 610, while
the extinction coefficient was found to be 29,000 at 25° (See Table 126),

From these experiments it can be seen that the values of the
jodine~triiodide equilibrium constants are in general lower than those
reported by Davies and Gwynne, Such a diserepancy can be explained in
terms of the lodine concentration, as Bray and MacKay claimed that the
equilibrium constant increases with increasing iodine concentration.
Since the experiments reported in this chapter were performed at ex-
tremely low iodine concentrations, it seems reasonable to attribute
the value of equilibrium constants to low iodine concentration,

It was then necessary to determine the effect of changes in the
equilibrium constant on the values of X! for iodination of p-nitro-
phenol. Therefore the rate constants (k!) were recalculated by as-
suming an equilibrium constant of 350. Table 127, reveals that the
values of k! are slightly affected at high iodide ilon concentrations
whereas at low iodide ion concentrations the values of k's remained
essentially the same. For practical purposes therefore, all the cal~-
culations in Chapter V were performed by assuming a value of 490 for

the iodine~triiodide equilibrium constant,
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Table 124
Graphical petermination of Zodine-triiodide Equilibrium Constant at

50°, and an Ionic Strength of 0.3000,

(I), = 42694 x 109 ¥ (HC10) - 0.009783

(1°) Optical density (Dy - D)/(I™) (D, - D)/(I7)
D 2 2

(moles/liter) corr.
0.01000 0.860 85,7 86.0
0.00800 0.812 101,1 101.6
0.0070C 0. 774 110.2 110.7
0. 00600 0.738 122.5 123.3
0,00500 0.682 135.8 136.7 .
0.00400 0.634 157.8 159.0
0.00300 0. 558 185,1 186.7
0.00200 0. bl 220.6 223.0
0.00100 0.280 277.2 230.9
0.00080 0.233 287.7 292.7
0.00060 0.192 315.3 320,0
0,00040 0.142 37,9 359.2
0.00020 0,082 395.8 403.3

Equilibrium constant from slope = 365

Extinetion coefficient = 25600 at 352 millimicrons
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Tabls 125
(paphical Determination of Iodine-iriiedide Equilibrium Constant at

25°, and an Ionic Strength of 0,3000

(Ip), = 48595 x x 10° ¥ (HC10,) = 0,009783 M

(1,) Optical (D; - D) (o, - D)/(1)
(mol€/14) Dernsity 2 2
0.,01000 1,190 1,187 119.3
0,00800 1,130 1.127 1.4
0.00600 1.045 1,042 174.0
0.00400 0,980 0.977 246.7
0,00200 0,758 0.755 335.5
0,00080 0.438 0.435 556.,6
0. 00060 0,367 0.364 626.2
0,00040 0.270 0,267 686.7
0.00020 0,159 0.155 801.0
0.00090 0,081 * 0,078 832.8
0.00005 0,043 * 0.040 838.0
Equilibrium constant from slope = 620
Extinction coefficient of I = 28000

3

* These optical densities were measured in 5.000 cm, cells

and the recorded optical density was then divided by five.
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Table 126
Graphical Determination of Zodine=triiodide Equilibrium Constant at
25° and an Ionic Strength of 0.3000
(I,), = %755 =x 1072 M (HC10;) = 0.009783

(I°) Optical density D_- D [D. -D)/(I")
(moles/liter

000500 1,044 1,034 209.7
0009400 0.989 0,982 251.4
0.00300 0.879 0.871 298,0
0,00200 0,731 0.735 378.3
0.00100 0. 504 0,505 523,0
0.00050 0.313 0,308 643,0
0.00025 0.176 0.168 728.4
Equilibrium constant from slope = 610

Extinction coefficient of I; = 29000



Effect of lodine~triiodide Equilibrium Constant on kt

Table 127
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Table Run K, -13 (17), x 10% k' x 107
4 56V 490 125,000 2,38
4 56-Vot 350 125,000 39.73
3 V-1 490 65,000 19,1k
3 V1 350 65,000 1,52
1 32.V-1 190 25,000 51415
1 32V 350 25,000 45,83
2 39-V-1 150 25,000 2,02
2 39-V-1 350 25,000 7,18
5 2V 150 12,000 4k, 85
5 211 350 12,000 42,98
8 55-V-1 150 5,000 4,69
8 55-V-1 350 5.000 4,37
9 511 450 2,500 11,88
9 51-V-1 350 2,500 12,61

11 37-V-1 130 1,000 39. 53
19 37-V~1 350 1,000 50,18
13 46-V-1 190 1,000 38,17
13 46-V-1 350 1,000 38, 64
15 80-V-1 150 0,500 29,03
135 80-V-1 350 0.500 29,42
16 81-V-1 190 0,250 21,41
16 81-V-1 350 0,250 20.95
17 82-V--1 150 0.100 14.95
17 82.-V-1 350 0,100 15.14




APPENDIX B

SAMPLE CALCULATION OF
INTEGRATED RATE CONSTANTS

The rate constants were calculated from the integrated form of

the second order rate equation, i.e.,

= 29303 x'b(a—x)
t(a=b) a(bex)

in which k is the rate constant (1./mole sec.), t is the time elapsed,
a is the ;nitial stoichiometric concentration of p~nitrophenol, anisole,
or phenol, b is the initial stoichiometric concentration of iodine,

and x is the molar concentration of iodine reacted at time t. The

sample calculation will be on Run 81-V-1, Table 16,

0,007699 M a=b = ,0075594

a

b 0,0001396 (200 ml. samples)

(Na28203) = 0.012038 M

Titer

t(sec) (ml.) (b=x) (a=x) (x) b(a=
al{b=x
180 L,i5 0.0001249 0,0076843 0.000001258 1.1156
342 3.83 0,0001153 0.0076747 0.0000243 1.,2069
575 3.42 0.0001029 0,0076623 0.0000367 103502
900 3.05 0.,0000918 0.0076512 0.0000478 105113
1299 2,65 0.0000798 0.0076392 0., 0000598 1.7358
2061 2.10 0.0000632 0.,0076226 0. 00007621 2,1869
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K - 2.303 - log b(amx)‘
app (0.00075594)-t. albex)
t(sec) 2,303 log Pla=x) 2,303 1,4 b(a=x)
(a-b)t a{b=x) (a=b)xt B9,

180 10691 004750 0,080k
342 0,892 0,08217 0.0732
575 0,532 0.13039 0,0691
900 0.335 0.17935 0,0607
1299 0.235 0.23950 0.0562
2061 0,148 0.33983 0.0502

Extrapolated value of rate constant ka = 0,0875 lo/mole sece

pp
For the calculation of k' the following equation was employed.

K kgp x (Tp)e - [0
‘ EIR

in which K is the iodine-triiodide equilibrium constant at the designat-

ed temperature which is represented as
(%3]

] [

(I,), is the initial stoichiometric iodine concentration and [I-]  is

K =

the initial actual iodide ion coneentration corrected for triiodide for-

mation and [?;] is the initial triiodide concentration. The sample
(-]

calculation will be on the same run represented above.

en

I, + I —
&_—_—-—

“4wx)

(1.396 x 10~%-x) (0.2500 x 10 x
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X

— = 0 at 50°
(1.396 x 10=%=x)(0,2500 x 10~ *=x) 490 at 5

2 - 22,054 x 10~¥x + 0,3490 x 10°8 = 0

Solving for x via the quadratic equation

(0, 3490 x 10°0)

22,0540 x 10 ~ f2Z.05% x 10-0)2
2

then x =

% _ 22,0232 x 10~k

2

22,0540 x 10

0.01539 x 10~

»
)

I“"o = 0.25000 x 20™¥ - 0,01539 x 10-% = 0.23461 x 104 ¥

% (0.0875)(490) (1,396 x 207%)(0.23461 x 107H)2
5
)

(0.01539 x 10
0 1
kK = 21,41 x 10~7 sec.”

A1l calculations of this type were made on an electric calculating

machine with use of thenumbers of significant figures shown,



APPENDIX C
Correction For Iodine Tied up as TlgIg

Experiments in Tables 67, 68, 69, 70 and 83 indicate that the
apparent rate constants for the iodination of anisole in the presence
of thallous ions drop as the reaction proceeds. Such a drop in ap-
parent rate constantsqis contrary to whétris expected from reactions
in a medium of constgnt iodide i&n concentration, However, the

possibility of T1618 formation through the reaction
6TLI + Iz-——?Tléls‘

may explain the drop in apparent rate constants since these rate const-
ants were calculated on the. assumption that all the titratable iodine
in the reaction medium exists as free iodine available for iodinationt

To correct for the iodine tied up as T1618 we may write

rate = ad;iz) kpp  [70E] [T] (1)
then
T = Fap [(MOH) o~ %[(12% - (Ml8do - % x] (2>

where x designates the amount of iodine (mole/l.) reacted at time t,
(ArOH)° is the initial concentration (mole/l) of the substrate and
(T1618)° designates the initial amount of the solid complex Tl.Ig;
expressed in units of moles/l.

Equation (2) can be rewritten as



& - %%;L ‘l:(ArOH)omEI [% {(Iz) S TléIB} -,x]

Integration of equation (3) leads to

(k ) = é 2.30° 1 a{b=
2pp 7 Toea)t ~°F blax

H

where b (ArOH)o

g{uz)o - <n618>0}

[+
fi
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(3)

€

Thus the apparent rate constants were calculated according to

equation (4) at each per cent reaction and the results are tabulated

in Table 128. Inspection of these results reveals that (k

more nearly constant than kapp

thallium ion concentration (T1* = 0.5149 M).

especially in the runs at highest

app)cérn 1s
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Table 128

Correction for Todine Tied up as TlgIlg in the Reaction 6T1I + I,—>T1l.Ig

Reference 2 k). x10% Per cent:
Table ](_1: ggigai-gzlo 1; gglzoz:c, reaction
67 2,12 2.45 5.83
67 2,09 2,43 11,43
67 1.94 2,32 22,42
67 .74 2,08 25,56
6? 10""? . 1083 3?075
Av = 2,22 i 0,21
68 1.74 2,07 6.95
68 1.72 2,06 11,23
68 1.58 1.94 19, 52
68 131 1,63 26,74
68 1.23 1,58 35.03
68 To14 1,68 53.21
68 1,08 1,69 59.63
Av =181 + .19
69 5.99 7.64 16.67
69 50,01 6,36 22,01
69 4,49 5.83 28, 61
69 3.52 4,79 38.05
69 2,66 3.63 48,74
Av = 5o 65 _‘t 1 ° 1 5
70 12,15 14,7 7.00
70 11,98 14.8 16,91
70 11.77 15,2 28,57
70 9.65 12,9 36.15
70 9,80 14,3 48,69
70 9.29 14.6 55,97
70 8,08 14,1 61.22
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Table 128

(continued)
83 9,39 11.7 18.95
83 8,70 11.2 27 .41
83 8,19 10.9 35,28
83 7,69 10,7 42,57
83 7.22 10,6 49,56
83 6,48 9.8 51,60

Av = 10,8 + 0.5




9.

10.

1l.

13.

14,
15.
16.
17.
18,

19.
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