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ABSTRACT

<. TSme mumuc half passage expmmz vas used to measure the
£

xates” of protom m.hup reactions in sctdified qmm anlnt:lolu of

N N dimd and hist ALL of the

wur.h weu\mctzd 1nyolved par by vater ieéul

detected for piperazine lul:luded (a) the :rnniar of a pzoton froma

“ piferazine species to a vater molecule and (b) the tratsfer of a proton

~ from one plperazine spedies to another plperizine ppecies via at least

“one ater molecile, For N,N"-dinet tions of . type (b)

o

could not’be detected. o
) ' e x
In the case of histamine proton exchange Fros two different types

of H-H site vas' distingiished. Reactions of -types (a) and (b) were

_ detected for'proton tramsfer from.both inidazclium sid ammonium sites.

An intramlecular proton exchange was ‘also foud in which 3 protom ves
tramsferred from m amcaium site to dawle site of the same

Dhistanine solecule with one or fwo water molecuies participating. The

rate comstant for this reaction is 3 = (1.87:0.09) x 1o’

Since. the distances between active. centers ii enzymes is "some=

times comparable to that in histsmine, it £ollows that intramolecular

_proton ‘transfer in enzyms is pnssihla wnd perhaps even probable. 1f

such an’ 1n|:rmll|:nllt reaction due.s occur in enzymes at -bwz ‘the save

rate as it occurs 1l| hlutllllne then it will compete flvoutlbly with

at cal pi. The ability of the hydrogen ©

bonded water molecules to £1t the contours of the enzym could result in
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“k " 48 'used for the rate copstants of reactions in vhich a proton'is
'3 ds uud Enr cha Tate m)pa:ants of . xeacuons m,whh:h a proton

72 ‘is uvied for the rate consta of

2, s ulad as’ :‘he’ subscript to the rate mnutnnr. if :ve histanﬂne
-

‘Double mumerifal subs

= Othe'r Bymbols are daﬂ.nal‘l in the

*SYMBOLS, USED, FOR, RISTAMINE, RATE. CONSTANTS. """

transferred from aa” 1mlda:olium si.u. )

i tt-uf:zmrl Froii, o aimoniin dite, |

‘proton transfers from both lmldlzorium and nmnanium sites:
1. 48 used'as the auhacr:lyt to the zate constant 1€ only one
histamine speciea fa Havolved in the reaction.

species ‘are_involved in ‘the redction. S S

1ipts. are used to desigiate specific component

S tions in which two b ; _species "are ‘nvolved | The.two

nuzbers represent the xespacuu chlrgea on the ‘two reacting

hxscm“ upenius. s : < ‘ 4

S TR A o




I CCHAPTER'L o

. IvfRobucTION T\
! { B ,‘ Y: *

e "The ‘mechanisinof enzyme umm has been of g‘:\eaz interest to

‘biochemists. ' This interest has. arisen largely from r.h\e\ import.ln:: of

' .enzymes as catalysts-of

e ms. 'An additional reason
‘£9r dnterest huu been The very fast rate at:which these catalysed

3 ; reactions proceed. [A major in ing the | !

2 i Uesin the complexity of the enzyme - suhuf.rnte complex 1n vhich thet L ‘

‘reactions occur. One popular npproach to- the problm has 'been the

of

in, sma].let mlecule!

" which havebeen selected as models {foz the enzyme - mxbstrnte t:umplex

{1, 2]. The present work uses: the histamine molecule s such a model,

with nuclea‘l magnetic resonance being ehosen ‘as the most, ychlnble

PRSI i
Km=ﬂmd fnr :l.nvestlguting the resction ldnetins and mechn(n!.sme. i
S e S
The ' hismmine molecule (vhich is-shown in Figure 4.2) contains. g

* two different types of seid-bese Teactive sites, md 1n(acidte aolumms (

"4t exists priparily as a donuy protondted. sactes; ‘Sidse J4eEis gase”

i deatisbia for This chaige’ sype Snitial work wes carried out on

3 2+ 4" pimpler model systems:. These simpler models'were chosen with two

equivalent acid-base Teactive-sites so. é)u: -siinilar charge-types o

histaatne could be investigated vith £=u=r microscopic Tate and equi-

<o [ bram’ constants being involved. ' This was expected b 1ead to a ‘simpler
unuc analysis vhich could delineate salt effects, acidity funceiona, -~

etc., vhich night be useful fa. the case of hstanife. Chapter 3 contains




results for piperazine and for N,N’-dimethylpiperazine which were both

used as simple models.

The ¥odel for hzgic

LItis generally -mtm enzyafc aulylll depends on the:

. same basic chemical mechanisms which ire utilized for sl.lple g‘elc!iml

15 solution [3]. . Greater enzynic efficiency is then explained by’
favourable free energy change due to the binding of the resctants at the
i e

active site of the m'zyne as described by Koshland's induced ﬁ: Hodel

S DR Pare of this effm:t 1s the entropic contribution to, cazynte

cnulynu ‘ihtch arises Erom the enzyme holding the reactants toggther at
t'he active -1:3 in "the optimum pcnir.ion for reaction [3]." The reaction

is r_herefore more probable than tha“u-a nnexe the ‘reactants must Etzu

come fogether from dilute lﬂlutlnn.

= The small intramolecular Iodgl can imitate the éiuplc :mtii‘

buue-n,\u: 1: =ay not measure the full: entropic effect since the smaller.

: molecule may not be suffictently flextble to m.u. the optimm reacting -

position to be &ulmd In enntmt. the widely m-ptzd Koshland -
model of enzymic catalysis [4] proposes that a (specific) substrate
tninces the “prope: crisatatlin of\thé' catalytis groups raqnlred for
enzyne umm". It s even wnihl: that “this “proper orientation"

changes as the reaction proceeds. K

Inportance of the Intdazole Growp at the ks {Eg Pl a8

utivq Sital of hzw
i
Evidznu for the pnm:a of lnd-ul- groups 1n th u:l:ivl sites

of enzymes has been revieved by Vallee mﬂ H.nlrhﬂ 51, Hzthndt \nlefl




""Mhun described” by Blw et al

e S s

have fncluded (1) %-ray.aiffraction; (10) chemical methods and ‘(141) ‘the

dependence on pH of ‘the maxinal veloeity (an Inflection in the region

=xpecmx for' intdazole mniz.non being used ‘as an indieation of an’ -

1rmduw1e presence)

: Jeucks (6] has ‘uscu.?sed limitations of these

. /erlr.nrin. but’ the u c of ‘the imadazole group (\lsunlly

in the form of a Histidine residue) at active sita. 1s: well: established.

,\ Q:a well deffned example ds. ‘the catalytic sitd of chymptrypbi

[7].. The'site contains'an

ns’pn:tig acid 'hydrogen Iﬂmded toa lﬂ-ﬁtidlne which in 1".5 turn 5 hydrogen' .

bonded to a’setine. ' me, situation above pR.7'1s shown, below:

W

1n ‘a negative chagge at ehe onkfabe; derine and hence ks it strongly

/pucleophilic and rem:tive tonards ‘mides and estera. Blw‘- proposal

was ‘probpted by Wang (8] who:had previously suggested that "facililated

‘proton “transfer along rigid].y held v.yarogeu bonds may play .'cmcxn

role ln g the and of many mzylla

e xoh of Acid-Base Cat.lxnil A ] . ey
S g

:That general ldd—bn!e catalysis is ulpurnnt in en:ym Iuchmlm

s been Tepeatedly mphnfud [J,. 2, v. 10, .11}.and 3 ncks [6] has_shown.’

A % 3 4
ST BT wee g AR G g




" imidazole ring. .General acid-bise catalysis by imidazo:

with bases #nd acids re ectively are diff troli 4 vith u:e

sec™ . ‘it follows that the rate of-

- conatants’ abﬂur. 10%° iimole.
deprotonlti(m ‘of an acid by di!locia:ijs about. 1010 K, sec.” and: the

1 -
Zate:of protonation of a base' by water is about mx;w where K, is the

hmizatlan constant. of the cnnjuga:a .ld.d to the basic- 51!e (.l e. the

same K as befnre). At 25' c, RH - 10 und the fastest rut;e ‘deter—

" mining step in the clulysia eyele will ardde whenthie rate of protonation

equals the rdte of ‘deprotonation with K 107,
Y o 5

Ry value of imidazole.. . -.- gt
sn. 1.7:xm1ecu1.z proton transfer 18 sometines inpnrt-nt in

. Wiliiana and Jehcks have. recently reported sich a

acid-base catalysis.
il ‘acid by the'

case 1n the .yntheuu/of pbenyluten Eon' andlné md oy

- following mechanism: [12]: .

k(u]'mﬂﬁ ’;0

This is the approximate




They. £ind ‘a value for k ni,lqa secLig,

In this u'n(h.umn k, ‘and kg are the rate ‘émi:;ean:s for.stmple proton

transfer :reactibs. fron or tothe. catalyat, :eepecmely. and are close .

to' the rolled u.nu: in :he anically favoured

¢ {(s‘ presents an sasetti in which the_

;(.n.ltlllly fmad zwitterion (I .is cmwerted directly-to the’ unchnrged

urea: ' The kers proposed that the intramolecular reaction probably
Joccurs with tl\:e atd of ater moleciles n n'iue‘pwzse manger; although
. the plrtinlplbinn of water molecules was not provén, 11’;; possibility

of ¥ coricsriad Rechanion vas mot excluded. ! o

et +|

% ,(. [ 2l l
- ""uﬂ concerted. | .
o —y {

Py o s

~u

by

o Jencks [6] hl! listad ‘many axlmpl:l of ‘work on dcid-bage cata- '

lysis by 1n!dnzole groips.” A few examples of pur.tc-du interest dre

given- hete. - g 37 o -["

(). The fmidazole cat lon of . dichlorogeetone 1n 96X -

azom is unusual in that the' rate law r.untlins a term which s second

“order with. xédpect-to inidazols [13]. A mechanien has been proposed 'in

,"‘




" B1ow u\\ a1 2

wh!.c.h one imidazole acts as a gmnl base catalyst of qn Max.ur,&' 3
whﬂe a second imidazole acts as 2 xmeru b.u htal.ylt’l of the general

base catalysis. : =

n—u’z\w n——ro\ 1::‘-' o.

1
_H.

.J

3 i -
“b). \o.m.xpx and co-workers h.ve prepared -u\(- of polymers

based on p ¢ ‘and. 9 the) \_ activity
|

[ul. They. Eouid chat the" catd lavis contaiied .1\ the shown by

the corresponding monomeric species, but in addition, £ Sz eachi polymer,

~~———an sdditional reaction was observed at high pH with the polymerfc .

_ micleophilic indazole at

“ species; but not with the monomers. The mechanism for this réaction was

a :ex:mcnmt process muvn'; ‘neutral and ssfonic imidazole fractions

on :Im polymer, u.k}n[ ponxble the reaction with (hn t The
sechanisn vas :hm-.hz to consist o: ;eunx base or acid e-talyﬂi' of

ack on'the substrate. = | 4

© simple 2, 3" = uclecl:ide eyelie phosphal

sérve as sub-

strates of the enzyme’ .. The ‘PH deggn ]
of :.hue synthetic nuclmtlﬂe substtates: (as well as of xm}nuuaxc\-gid)

v ; «

s ”



fo N :

has a bé11 lhped profile -an iyn sugge *ln of & concerted general \ "
acid-base catalysed mechanism, Nost of the mechantsms which Have been
. numed for the um.yzyn cei of ribo isdases Lvolvs & (possibly - \
bt oy concerted) proton renoval Fole and lproton donation by inidszolium

o, 151, “One possibie nechanisn ia shovn 4 ‘equaton (1.5) below, with \
éomplation of ‘tiie redction oc nnul\; by the |reverse ‘o quation (1.5)

after ROH has been replaced b a u- er uolee ei e it

¥ ws. -

Hy rolysts’ of the cy Lic triester methyl e:hyune phunphn:l wvas found
u: be lubjae: to general bass catalysis by laldazole un dna -upn Wl

odai .,.u- for ‘the | |action of rlbm\u:luu [61: PR o EF
| . 5
{

> > ® S @




,L, !
|
Acid-base ut:alyﬁ:u ‘consists of proton”transfer xucl::lms ]und

|stnce this work will latgely concern th:ls type of reaction it may jbe
helpful to review some of their basic propartias; /

i
;&) Tt is vell inown that 1f a demor growp nm a lover pK,| thrn an

acceptor ‘group, 'then, the rate of proton ‘transfer say well, be dgt:uum :

|

* The rate w1 :hgn  depend largely on the nobilities

" dontrolled [17].

of the reacting np‘acu., but other factors will also Anfluer

| of +The.

(15) may affect” tﬁq fm of
rue:lanu in the pralml: vnrk. we ; ‘/

@ b1 1 L

forces

e upon -’th“n/ “charge ..

‘type of the feacting actd or base.

1) Cmfig\u‘ltiwnl 1nfluences die to'aize and shape chmn
pn:mu.' . e e 1t

i) Chasges in vater structure and Dxlenul:lnn in’the Jil:ini:y of

. the reanti.ng don or mlecule, influencing the .rate at which. hydrugen
bonus ‘are fnmd. “In genenl, stronger: hydrogen bmdlng uu lud R
fnsr_er ruf.el for :u:tlcnl in- vhi.nh v-r.u' parttcipltgn.

(1v) lntnmleculsr hydtwgm bendn, if preseat at thg reaction site,

(:osxdenuon- (m) and ' (iv) show ‘the pumﬂe mporum:e of solvent

B 1L have to be brnken before the hydrogen bonds necessary for reaction
- can"forn. :
A e
“effects tn'the feaction ratés and mechantsns of the pnlent work,
) Eigen [19] has shoii that the dagiitude of the hutwp. effect

dgpmd- un uhi.nh :t:p of a p!otcn transfer. react:

ate detemmng.




" reference. 22) which were obtained by sound .bgurpum easurenent
T g E N ' i

in which s:mccuul rearnngeuene of v-r,n s rate detems.nd.n;, vhereu

> a somsvhiat highu 1sotbps’etfect i expamﬂ for ‘reactions ‘i which .the

actual -proton fEransfer, 1s rate deum.l.n.tng. “Isotope effects have' some=

:Lmes been used to elucidate- muh.ntsmu 1in.this vays :
c) A E’.nal point which may be useful to gote cen:ama “work by
Albet(y and Bamies [20]." These vorkers, uppngd the .theory of diffusion-

cun:talled feactions to enzyne Kiiétics and shwed that Lhe intring lav

arlgilully dedved by Bronuted [21] was applicuble 1 thiu ‘casé:

-

log k= ug K ‘}'lez . 6)

where!k | 1- :he rate cmsm: for ‘the reac:ion when t.lle mm al:tmg:h- n: s

H) X is ihE, race conscnnt : to xet’o donic strength lnd 2z

md Z .are the numbzt of chnrges (wich aipu) on’ r.he react!ng ivna.

Rate o Y

Bcllwins are . some e!nmplu of -rate constants ﬂhil‘-h Tiave bee.n P

. repurtud for mcrmlecunrjrum trnlier reactions. The ‘mechanisms

pkupued‘ hsve freq\lently involvéd !nlvent paxtld.pltian and for r!lntiﬂnl

in nquapul solution the rateé cmltmu luve been'within the m;e 10% 1o

1t temperatures: near 25°C.

(n) ugen has reported: the following rate mamu (p-se 1040 of |

Leaxt




NCBCDOH et
"25

For o-Aminobengolc acid, Kk = 2.5x.107 sec. ¥ ¢ "

For n—ﬁinobuisgle acid, kr 1.7 x-20 sec,

¥or p-Amtnobenzotec scid, k = 2.5 x 10 7. see.”t, N

) Liz and nm.onn 1231 uua nucleat mwlel:ic résonance }neasu:uuntn

S lte deternine the rate of' pro:cm umnf’n in'a hyﬂmggn bom'led cmnplex of - o b

i aletis actd mle ule and tvo water mo

lcgtic lc:ld. Baxlht work. [Zb] hud udiut:d tbat




- B (e) shei.n.bhu and. -Gutoweky 251 nade nucieat mgneuc resonance

on' aqueous: solutions of glyci.m. From their data, ‘ eriinuald

“and R‘lph [26] were able to determine thia folloving l.nn'uml:c\llur rate .

* corstant but the data, cuvi a0t Sviw st pnucipaum . nel )
\ 3 ¢ y &
Cﬂzcﬂﬂn — H Ncﬂzﬂw y b #(1.10)"
2% g =

e ~'k-71xlo7nc.1(za-c).,_, g L&

(@) Thu inl:zlnnlnclll.r proton ttlnlfet thch occurred: in the ures

,.yntnnj.. studied by Hul;tam na Jm‘k.l [$233 hls llre-dy‘ eeh mr.lmed

The ' s:udy of Very Rapid 2 o

i “tne- methods available for' trie inveatigutian of the Tates m
mechanisms of very Tpid feactions dn somum have been desertbed tn
“detail [zz]. cunig_ly used méthods have hzen classified as Felaxation I < -

methods or,as magnetic resananceé’ “methods: [zz] The rahx.uun methods

. consist of disturbing the:chemical equilibrium by elther & .Lepvl.le p T

e -+ - pulse (e.g. temperature j\mp, px‘eluu‘re shock, e;n:j or by a perindic

partirbatiod, (8. by .blsx‘ptim of sound waves). In the case of a

““method Such as, tﬂlpe:ntuu Jump, the raté at which the_syatem relaxes

- towards’ the nau equillbzim ponxdm As’ wusurad.v n :hg c..=‘ of a

P ‘& i con win attedp!

inuw dte periadil: pext\ltbuthm. but thexe wiu. nf cﬂu‘rpa, be a:

i tag. i Phage differénca Vi1l be & noasute of the rate of ‘tha

'che\uul resctions. . : %

B . I the, tnqpetn:ut:,jmrp e.xper!.nen!, th! eoll‘Pnnl benuuh the




.

_‘both ut nitrogen tum-) or ever ‘idmucn. . ‘The value for & n‘ of: mmh
LA

e 7" ‘Teactions will be mlf T even =aro, ‘and the <coupling between the

E:tnkbxtlm andthe extent'of ‘the zu:;ian WALl therefore be poor..

e :mpuumza Jump, m:hod Hould ;heuznu ba aifeieule to -p«ply ‘to”

i ghau rem::ionl. Alsn atside mily am.u l:bangen oi nulvnm: a:rnctura o =

w1 anmmy these rucz’lnlra, “the value'of- 2 Ve vill lluo be nuull.

other iniqués such as pressure .ﬂq:k will aleo

ﬁvn pooz ¢ “coupling ‘of the perturb-zion o thE extent: of r_he re.::an. ;o

£ A &u::hgx diludvlntngc of, the khxq:inn mm:hods 15 Chat they

* do o, medsure solvent; putl:il:ipa:inn m':- ruccm whereai the pagnseic

‘resonance méthods -can: yield lnfomtlun on:this aspect of a Teaction.

Most work in i ‘has used ‘ . and direct

.- information of. Bolvent e has not béen

Howéver,

the 'palnible involvenest uf solvent, ioleculés has bam/pmpand [5%) snd:

lﬂvanr.aggona for this reason.

o L'ihe Effect of Cnemtcal Exchange on uugmir e R
H.mgl:ic Resonance Sgentrn s 3R N
: s -

. )
s i Nuclear magneti specn—-x sm
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(11) spin-spiny/ fnteraction with sthir aasiel da tha molecule f271. This.
spectral fine structurs is strongly modified. if.the nucleus is Subjected,
to & rapid change in chentcal (i.e. electronic) enviromment, Asgn -
exduple;” the proton resonances of pure liquid ammonia and pure water

a1ffer by several parts per million at 30 Miz [28].. An equimolar mixtire

" of 1iquid ammonia and water, howéver, yields only & single tarrow resonance’

flct that the ytotmu ute be!.ng rapidly transferred by rem:tlnrns sxlch as .

““of the spectrum until they overlap into a structirel

of freqllency ‘between those of the pure :mpanen:s. This is:due to :he

2 * e
HNE 4 08, T HN 4+ g.ouz (1.12)‘

The result of this rapid progess is uffect:lvely a new. electronic environ-
men: corrésponding to a weighted average of :he Hy0 and NH, environments,”
In describing the chemical exchange as rapid, we are compating it with -

the reciprocal of the difference between the uzo and NH, resonance

fraquencies. ius, in' the ‘sbove example the separation between the two

resonances 1s of the order of 100 Hz. (since one part per million at
30 !MHz. corresponds to30'Hz.) so that the chemial exchange is fast

1

compared with 100 sée.L, 'Simll-r‘ ﬁm spin-spin multiplet structure

may vanish. if the melﬁ 1ife:im: vhich a n\lcleus spends jn a_given molecule

4s shott in comparison with the reciprocal of the coupling constant (i.e..

"1f the Tate of exchange is fast compared with the coupling constant).

+ ' .For either of .the spectral.features, if the chunh:al éxchange .~ .
1 very slow compared with the characteristic separation, them mo '
alteration of the spectrum is obsérved. As the exchange rate’increases,

” |
Hovever, there will be a jroadening of ‘the lines |

broad single

RS e




: ’ 3 ; ¢ 1%
: o i ¥ hy W o > ‘ - ¥ o B
resonance. . As ‘the rate of exchange increases further this broad resonanice

% mazrws until a sxngle almtp une is observed -: a'very rapid rate of ex-

i
chmge [29]. ' The first_stage of - broadened. individ\lal lines is called "11fe—

time b because: the bro can be

e jg resulti from

the finite tine a nucleus stays 4a'a definite spin state. : The second stage
x 'm which there is & aingle callnpeed line, is referred.to as "exch-nge

nan'wing

In this stage, the exchanggyls' fast enuu,u £6¢ an ‘averiging o

- the mdivldull‘ r:ianmu frequencies to -occur, and :h&vldth of the ohserv:d '

1i|m decrenes with Lm:reasi.ng exl:hunze rate, ’x;nnllysi.u of :Ius line
ahnpes 1n regions where the mean 1ifertns of the chemical species is the

same uxder of s the ocal of the . freq

of -!apum:inn, it is poauble to ob:u.n llfgd.mes and hence ratsof :euctllm.

The Case of bne Dominant Line

The mlclen- magnetic resonance method used. in'this work was based
of the vater resona

‘Singe changés in thé ‘spectrum only '

e when a prae n npariem:el a change 1n magnetic envixumnt, it

“£ollovs that :he)amyqsucassu détected will involve proton transfer

bannéh‘md 2% vater aites and either anino sites or 0 water sites.
Exch-nge bétween o w-:u sites and the otlier water sites can l:c dancced

‘since :he 0 iaazope I\nl a different nuclgar spin fzm the.. n!h:r water




. 15
IF, however, “the sane result 1s achieved via a’mechanien-involving &
vater mnla:ule, thin the, process will be Qececud. 3
G 1 8
2 HNET 4 OHANE, 2 HN * B0 ¥ u.m €1.14)
- - | 1 s : :
S 2 » : ol

The fcasurenents made ou the. vater. resonance were of the longi-

tudinal relaifeion tise in:the rotating fiame, desigriated by. Tjpr. In the

¥ L absence of ‘the nda&,equmcy field, By, r.ha;l.'l xahnthn is along the

: saine axia aa'the trasiveroe relaxation tine; T,;'and for all the 11quits
3 gl o tne pr:uent work Ty, = T, when = 0. 1£ 1, 1s’ essured in :he
& presence of chunicul mhmg: and also_the longitudinal rélaxation eine,

1

Rt R ‘measured ‘for the same nnlu:m, ther .a qu-nzi:y 4 Bec:” can be'

B ity ulc\lhl’.ed “from: . o BE

: Whep L 0,/ the’ quantity & willmeagure the br’udimu; of the
E " water line-die to exchange (measured-as: full with at half heigit) , tmi

as Hy increases the vnna -of ‘A 'will decrease’ from I:hg.n value' (31, .

_the abaence of exchsnge

. CT v !
K © - equals - at any value of H; .
i : 1p T i .
= L3 Haihnvw [32] has treated the case Of two.site eichange whaxe the

= ',pupuuuon of one site u dm-inan:. Such

dﬂute. In the ‘case of an i




\

the fnnmd.n“qumm. e s ol LA

aqueoss o of an fum salt vith actd,
the proton fractim n the son—dosinant site will be given by: -

s ‘[.,‘ &
=E:E| ® *[-A]_ N

For the case nt' one domdnant JJ-\II 5 be lppl.iclbll. the value of p should

T~ (L1e)

ot exn:ead mu: 1. Pr litng. this cundit:ion 18’ u:, the<lifeime,

(x me) of e’ aminb-ope.cies mdermng ex:hlngl can I:u ulcul-ted fron

e, R
(5-.1 )2 SN LR 8|42 5
% ‘— o — } (1.17)
I.ul_—ss-;,)imﬂa' d 1+E2~‘u2 1 (6+J YeraZ 1i]
\ : sl ;
N Lo Y i
X: wheze § rndln.. u:."‘ 1s the chesICal dH{EE between the two sites;

\\- vy zadimu. sme.” . vhere y is the gyzommetic ratio; J, ds m.
effective N-i coupling \ onstant defined by w(32] to lnﬂl fo‘l the
E-ct that quirupole relantion of the Ty nuclet will cause bmdall.u

oi :hg:ri.phtlj.nux : et N Ne

3L Jm[,r s A 7 i 2 _u.ia)'

In Bqutien (1.18), Jy "L 16 the . N-if cotpling ‘cénstant
lo¥1t\|dﬂ.nll u;nnm tine nt' ehe “‘u nul-ul.




Inapectinn of this ‘equation will uhw that (A/p) —» o T . & ]
b:comeu eithes very snall ox very large. B differentiating with zeapect
‘to ¥ and ‘serting’ » ] *

d(AIg)_O‘ v )
4T o e

ot (Alp) Versus 10;(5-0 for” vaxia_us valus of

benexe.l :am of the plot.

. " It can'-be seen: that'an’ mmasmg :adiofrequency £1e1d cavses, the

i b ;
e 2 “largemt Tedisction of A in’ tha lifetime broadening g;ian.\ The gruteat s
_rate of xed‘uét}qn occurs when'w; .= & X

When v-l\le- of8, "m' Tl -nd wj are de:emﬂ.n:d. it u polllb.l.e

to'use Equatiod a. 17) to caleulate. vlluaa of ¥ from measirements uf

Vaiues for the ufeiﬁm of zhe P »peciu can -then be- used to

(A/p)

o : Yuy
specific rate TRoNDT
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hw? and vy r{alal. 11:‘&:.’

. “bonds 6 that type.
When' there are several equivalent bonds; then''the apprﬂprinte

factor must be used Ln 0, with, the 1tratic of the

- chemical species. ?er eample, 1t measirements were made on'NE} there

would be four- bonds which could brenk and hence

. ; . ; -
] . L L) @.22)
- B T :
oA 4 e ! ]
i - L Whe.y calcnhting tw rates, it may: he-m;nd'm: the ca.
’ are rather, 1nsen=1:1ve to tha vnueu of Jy; ‘and T because Jy; <

e Acco:ding]. iv 18 only" to. have (e,

. ; ©: pavameters. Tt i also found thAt values of. 1 are vaxy ensiltive o P

eiror 40 (8/p): when near the mignmn of ;ne curve.. Hmvet, :he lack of
- Bensitivity to T in this region iuplics that' (4/p) is meinly a Function
+of ¢ and hence Equation (1:20).provides a rathet accurate é'zm;nm-uﬁ a
of 6.7 Gruvald and Prica [331 have” adscusaed .msiuvuxea of. (Amlp)
’ values: to.the various plrmterl. : R ‘

The Nunber :of Solvent olscules in a Reacticn wog R

It has already been Lnd!.uted that ‘rates of p;cttm excl\lnge

between water molecules can be measured by ].ibelli.ng some of ‘the v-ur i

170 otope [, 34). The lfetims in this case.can -

0 molecules with thie,

be caleulated £rom the fnumd.ng equation:

L) e T ere L gseet
Lorr) ” TRYERIGZRY T (W (€] hr“n—uz—(zsa @23,

fErtoninttoduced by impnfh:ntlvn of !qu.ﬂm (1 1 do not

amouat to more ¢




e Gy il

w&xe“; 1s r.h; u;- frll‘:ciouvn'f u o. sites .:.ad 8 g 4 R } ;
e
B

17,
»Baruamn ,a"» and n(.vuo_ ) by

H . :
e i vhere rJlJ 1s the 1un;1:ua_ng :'-1.:9;1.9;1 tige 55 the ’1:|7j\';uc1_.2\_n;.‘
¥ - The ‘zate. of breaking of O Sonds can now be calelated by @ etatlar . © ],
equationto (1.22): | oL ‘< 3gefdl 8 s
ATOE R el 1 \ )
g 0-K 2 e :
o’ | e . \ . o (1. s
r [szol ok i e Y / . 23, :
‘- Ifnunoflnvm Kinetic order can miow be identified in both the
andv . Tate data, then it may be sssused that both of these terms
. nt_n_;.m the same process. If we write this process . gl
- .26)
4 ' i
"L 16 the syabol A'represeits o species in which &n NI bond 15 broken and the <. ||

symbol_§ represéata s species in which'an OH bond is broken then ~ S[AL

‘vl be unxudtmuuv d-nnd-—l—lvulb-dnmdfm




the vy data. The aversge nusber of mivent Holecules tak!.ng pazt in

the pzouu, n, can then Be dutemined fron Equation (1 27).

With More Thin One Non- “Site

If a” aolnti.m cnu{a:lns _more than ome type af nan—daninanr.

ructive llr.g, exchange myﬁr/b-:iten any of t_hele sites and vnter

‘siteqs T :hstgﬁ of thé non-domiriant sites will provide a

‘cnntrihuuon to 4, and the !‘el\lltnnt \rlll be equal to the sum of the

dl(ferent. contrlbnttma, prmlldld that the mcmtntio‘n of uc‘h son

damllmnt “site ‘satisfiny the Tequirements. for ‘the case of

N J.lne.7 Thug _S.f nm—dm_inﬂgt NE sites are labelled 1, 2, . '« ;. then,

molécisles or in the Same molecule.. The ssie sltuation exists 1f both N-2

2761 non~dontnant ‘sites ‘are presents

‘Proton Trensfer Méchsnisns Which Have Been "

Detected by Nuclear Mametic Resonance

Examples of the use of nuclesr mpwtic resohance to investigate

‘rates and techanisms of reactions in solution are mmerous [25, 35):

Few of these applications involve species with',two ;uffg‘x'm acld-base’

4This eq: 1cn will not be valid “ there is a h it direct
actlon between, Lhe M sites themselves.

SRR

Aorar = Bgm* A1'7 gt " = o (1:25)
; %% J : S ’




’ : J 2 .
. resctive sites [25, 36). 1605 to agueous of  anines
e with one-type of acid—bise Featilve site, hovever, fave bein, very

common, and since the present vork concerns :aqueous solutions of anines,
| the following review will'be malnly restricted to thesd examplés.

Reactions Involving One Moleciile of Anine Ta B .

1o dtEférent exchange sechanis ieta,

h.v: been propns:d, and dne of these pruposed lechanuus has' been fmd

7 to.occur/in most’ cases’ of -queou nul\lthms of ‘amines which hlva beea

‘nwuug.ud. This mechanism vas First pkopoged by Svn!n and co-workera

moi

= i [31] fot ‘protoii “exchange md.ng tqaci

Yén in methinol nd £4xot shiown to-apply, to an lquennl amine sqlnuan by

Grinwald [3]. . 1 g B g o il
B . 0R, o BBOHT + i S a0
HOH. -+ 'HOH —k“-v Vx:'nox.+ HOH i T

*B.HoR +530+ X, +°"z o " ‘_.(1.31) i

The r(:e laii cuxuapmdzng £0' this - nﬂclﬂniwx 1.-




so that this rate law reduces to

In strong actd, k, [6'] »

mh o w 5 o S

where K, 1s the usual ionization constat. Tois rate is npnssed as
[B]mmnuu. When [E)b‘cu-veryl-ll,zhmk!>>k_‘ [B]md

the rate. law teducel to:

X -k.., £ g Sien Bk i) 8y
[l‘l] N z .

#ﬂh nwv- o conatane. Eivie crdet\z-:e vuh 'l:onlt-nt .

The rate '11 has been 5 as uring the rate
of dufuu:m- of the marked water -nhcnlu dnto h\llk nlmt 139] and 1t
“has been shown ‘to be anuuly ymport!mll to the vx-u-::y.,pf the
solution over a wide Viscosity rasge.[39, 40): The variation of ky upoa
substituting non-polar growps fato the emtae, has been shown to be
‘¢mhmt with the view th :uq variation in kg zunltl ‘from changes
5 the é of ‘the Ladon forces betveen antze and the

hydrogen bonded water molecule (39, 41)." For -nn:iz—nu with an ionic
‘Eharge, it has been Possille €0 detact two parallel processes of mu- p
" axclisogs” ¥1th mdu{unz knvnne- £ DUl g
The setond uehn@rwﬁu_iﬂ?pr acid ‘di-gocugion ;on-’i.lp of

direct tramsfer of the mrked protom to vater molecile: &

v e SR N sy
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e L X
knsmr_hnl and Gnmwuld hlve suggestéd [42] that c«w:gn s results for

: ‘methyl lnbs:ituted pyrldlni\m salts [43] may be’ wpsx;:mz with this | >
mechanism. . .
Proton Exchange via an Tonized Intermediate N

1n=h;=iseof dazol m]rhe' a x u:,peuf&'/

el ptmn of proton Exchunge hld 'to be muudea. Tis ptoceas "atd'sot”

o gl & strong n'grenm in »m»ong actd and it was pmpomx thatiit
A om:urred vis an fonized mumedd.-: . K
o v g R P o Bl
: -, mlm(-q> :;&L T (a) +°E0 (00 &

B R
Aol et
*u HOH (ag) e

i Koy

tlm(-q) pa g H? (i('))n-lﬂlm(uq) _kZl; Tani ;
H A H

H

|

fo L :
L Tha —‘,;u law derived from this mechaniem - [44] is: -

0k

Qg

Thus: r.hrp*x’o?m xchang eeulnug m the fonized: intamdintn




/

vilves nf n have'been fhte i o ‘f bmdhf

betveest mu and vater wolecules 143, 551, Tiis defctdion Eollmm stnce
[ the 1o iter Gmplex is ex to 1ou a nl:er -nl.cuu

' (aad thus be to the . scoim eo-pnxr ey mm

. . 2
“this rate will be xepruud only by 8 salt lffa:(. he proton -exchange

£ollowing scid- dissociation, however, follows s in type rate

lav md will show a large rate repression with ifcressing [8]:

Reactions Involving Two Molecules of Asjse . :
Previous vorkers have detécted two types of mechaniss which give

Tise €0 Tate Laws-which are secid osder ‘in sine [%0]). * The £17st type

of mh.nu. 15 a bimolecular process in which the proton’ds transferred,

 dtrcely cm one gatne mlqculn to nnuhex lis-491. 5kie shbnd pe of 46

+ :
process is' umlecuhz of h:.gm,w;m tha m:d (ahd any, uu‘naqmt) :

fu_xl.ng the
42, 44, 50-

s reaction ‘may occur by a_coxcerted or ‘stepvise’ mechanism. -

"Since’ the present work is with

oF the vater line, the. ﬂnt typ of scchaniss will 5ot be derected here.

Au -:nmn of rate eon.nnn which are second urder in l-iln uu,

:m-fou. apply to mechsaioms simtler to that showy in ‘Equition :42).
In'caes vhare the mésh muibir of Ratsi molecules m been detar-

llnetl [Jﬁ, laZ, .“. 55. 56] 1t has b!!n fmmrl that l <n < 2. The hisher

AR




Thus. h.t;her valuu of vauld indicate -:ranger hyduggn Be nding

cted -to Le-d to h:l:)mr valies for k2 (ainl:u ehe proton”, :

3 L eniten yil.l be e




E « Tl CHAPTER 2

EXPERIMENTAL

) H.:erhls

Sndium hydro:dde was suppued by Anachemia chmlcals and was

" used tn prepare m stock solutions of uppro)d.mntely 1M. and 0.15.M..
| < o . These aolutions were standardized agatnst a.primary standard 6f potassiim
) hydrogen ‘phthalate: supplied by the U: S. Department of Commerce National
Bureau of, Standards. A weight burette and'a 2.5 mL! Gilnont micrometer

' 2 burette vere used in a potentiometric  titration vith the end point -

" determined by ;.he greatest rate of change of pH: ‘e yn meter and )

- are dest later. actd from the HcArchuz

.+ . Chenilcal C5. Ll.ll'lted was used_to prepare three stock solutitns of epprox=

mﬁe molarities 5, 1 ‘and 0.15. These soluf_lon! were u:andardlIEd against
* 7" the,sodium hy ’ by. the same 85 wboves

Wi, T . Kul{;teru

doubly distilled. A Corning nm:inuc\m sdll was

ot d for tl firs: diudll.tim ‘and an llL gla.au stﬂl was \wgd for the
use hy

secend. ' Poussium ‘hydroxide was mdded ‘to the water before the second

d‘still 1on in ordu to remove smlvad carbon diuﬂde. A soda lime’

. ** tube n:lu‘lgd -hmwphedc»urbun dﬁ.nxﬁ.de. For expex‘imgn:l 4in 952 l!
, 0 wes supplied by Stohler !ia:wp: ChenteRta 58 Wil redistilled from
R pn;uu:u hydroxide as above.. Water eu:ll:hfr! with 170 was obtatned from
e -n'ugg Laboratories and a:mil anounts, vere redtstilied on a vacuun ine.

n. u- diwetlvylpiperaz!ne wvas supplied ‘as, the free aminé by the




slow sqeep. n.m.r

B
u 100, Milz. " For the adiabati  half p

solutd

pectrau Solutions wers' ptepnted as uired fzun dle

puriﬂed aihydrochlorides. B gt .

Y spen:l:mtar Was the Vab{an HA

lation st abnut 4000 Bz was provided by ‘a H.ve:ek Audio ouil_utar.

modulntiun was ' p1 fe to £leld modulation so that Lhe highnr

<




‘. detector was used to monitor the balanceof the potentiometer circuit and
“ to apply riecessary corrections to the heater voltage by means of ‘a servb- '
mcoz’anm. Variac. Although the control themcm.vple n'-enuud the -

tempsntuze of the air flow 1lmadls:al)' bdure “the flw surrounded the

de 2, sam'plu, it was geperally found that I:he :eupentu:e uf the “sample vn[ : K &
alightly af from the_tem " of the ocouple (the difference kK
: . depending ‘on the ope ). The sanple vab thereidre eplacsd  » B

.:bya probe dmmééouple in an n.ogf. tube’ and. the’ Fequized’ setting of the’

“potencionates eircult for the ofitrol themcouple was datenﬂ.nzd(uhen

o 4 the probe n:hemocmplg s at {ha desired cpnrat!.ng temperature. The

probe :hgmncnnple was ‘then uplaced by the' sexpia to.be measurpd, temp- ;

efatures adjusted 1a'this accurate 6 within + 0. -05°%:,

For upen:&ng tes

of zo“ G. and lbove. the flvmg alr &

vas p)@—cbolgd by pnuing it l:hrcmgh a copper coil 1nm=tud in an-fed o, &

s

m “solid carbon dmndg:m- quxd nittogen. l’or temperatures ne.: n'

‘bath, Yor lover 1t vas & £6 cool the mu

‘i n;m:, it was nensnury to replace, the ‘air by nltrogen gan; ‘atnce

_moisture. cmtungd in me sir lgads to the fnmﬂm of 'Les. 1n ‘the. Pprobe.

'8 i 5 A . " - o
5 ramitreat GE the RF | Fiela

= b, iyt A indiur.ed in ﬂ-e mn:educuen, the nmgniulde of't

oty 1s required when u:cuhung rates o rencr.tvn. Tvo_methiods were used fa-

the present work. The First mﬂwd was a 1ong procedire, but it v

G-, treferred since it made’ use oE ‘the adiabatic half" “passae u:lmiqun( g

" .41d the rate measurements . hénge. ome’ unmllli.un“ £ an\m mﬁh: nua :

when the RF fielﬂ 15 megsured 1.n ‘this way. Accnrd!.ngly, ;he uond more

tlpld method Was used: for aany ncu!.:uriug of the. R¥ f:uld with'a ﬁuu:e




ment being made by the first method whenever amy irreguldfity was sus-

pected. 3 Y . .
First Method \ . ' ‘ o, g T WY

This procedure used the adisbatic half passage.technique to measure

!; 2" nitriloethanol hydrochloride at various

1/t for a solution of 2,
R fieldy. ‘Tiis compound was chosen ince a reliable value for the chemi=

cal shift was lvnﬂlbll and since 0. 17H- lnlul':ioni wete knowm hﬂ show an

extensl.ve plateau :Ln the. liiut.im thldenins region of .the (4/p) yersus |
t

pn curvey \\@ tm-h solution of 0.17M, :risthm.wlaming hydrochloride

a: PH =72 Vas pmpll-d :oz €each m? daeezmi.n.r_ton. Then, ' rec¢alling. Equation .

i
@igy. . 4o ; "

"1f we substitute -

W =RE o - '» VF;-\, ‘. ‘[[ C

where'F.is the £ill

'ax nf the RY field atd £ q; the £ractien’to which

it'is it for a8l
. 3 Pt

'}Thg information eruieralog ‘this’ :qnpomyl was. p(m{!ded by Dr.
Ty Shosis




(2.2)

1+ 8212 TF2£2
> T

RN O
Thus by plo:ting valuea of !.I(A/p) lgainst fz, a straight line’ graph of
1 + 52 2 2
can be obtained. X <

oot (7] s saive
%)

Si.ncé the p! of the solution was udjun:ed to be ﬂearly i.n the. 1£

broadening. reglon hovever, 812> 1 80 that the intercept is-equal o
< this_value for T nnd"ﬂ\e value for's provided by Dr. E. K: Ralph

Tsin
(3512 zads . ‘wee at 100 H.hiz.), ‘the slope 5f the graph can be uied to
1, he standard devuuun for d!.fferent .

: daterm'lnz F in uduns. sec’
determlnutiuns of the R!? f!’dd by thil ut‘l\m‘l was lbouz 10%.

This lppronch used the mathed ‘of - tranﬁiant mlchdona as tntro-"
A nnmple was phu;ud in tha y:nha nnd ﬂle lpectto—

© duced by Totmy [57:
meter was ldj\-nted for resonance. A strong. RY tield, b was ' then g

suddenly appHed and the ‘resultant behavisir of the migndutzation vas
‘:mnn Olnlllo-ritcr) Yhile

3 Arecuraea <6n a chart recorder (Tem 1
Vndu these ‘conditions,’ the -sagnetization”

e u fleld remained ‘on,
precesses about the: effective mguetlc field 1n the " rotatiag fnm with

nitation relaxation

a precession Frequency 'y H,and 1t decays witl

glven by [31).5 -

7 time, T 2
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v : Lot . N
N P measurable oscillations could be obtained. ”“1 could then be simply v i
- % 1 by the Of the oscillations. Values .

obtained for the RF f£ield by this pettiod were conststently about 207
» g lower. than values obtained by the first method. For, reasons. given
previously, values obtained by the first method were used in the cal- AL

culation of rates. | . o & AR

*Measurement of

- " | The use of an adtabatic half passage to measure!T; was:firet.

e SIS
deseribed By Sotomss [58]. _The method has been-used by Hatboon [0

4 I .. to study proten ‘transfer reactions ‘In water, ma by Syk 5 [59] to. m-dy

_ blological exthange rates. * It was ‘shown by Bloch 160] . that the suclear
X mgueinuon can be flipped through. 150' by an uuah-uc f.ut pullgf_\
» .| through the resonance. ' In-Solomon's method; the fast ‘passage is stopped
€37 _-when the centre oé té ‘rasonasca:Ttie 1o Tesched. Thé numeuuuon uul
\ . therefore be £lipped through ony '90% gnd it will be parallel ‘to the RF - i

e 7 field after the'passage. The magaitude of the' magnetization will decay . -

‘vith & characteristic time coistant T, .. Since the uagetization ip

orienuud along B during thts: decay, . the tize: cnnstmt i1l be related L e

/%, €0 Ty, 'but’ aince the RF field remai.na on l:htmlshout the experiment, T.

lv PR T
will ditter: frou-T; as. explained in the introduction. :

A arE a) < ire order to abnm i adiabatic ‘passage, it is, naulslry lo .:uxn AL

Va lHeap zate which uau between uinj.mlm arid maximm Huits. _The m.xl.-lm

rate’ of the sweep, 1- set by the reqidre that the’ na onvector

of the nmpl- can ‘remain a:u.pmd with the effective, -puuc £ield 4a the

A
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requirement that there should be no significant relaxition during the’

aueep. N ~
These oAt sgre met when e .
3 ¢ LT =32 .
1L 4&] : _L[[ 2 2'
Lok <Xz (a6)? + B 3 (2:4)
T3 Ry LA ol E . 2
B £ Do b :
‘where Af is the nmnunt the. 1e pulud off "In: the

present \work an exponéntial sveep was nasd =g the above inequality c.n

then mumggn gaf61) e ¥ .

“Whete c!is r.hg um cmnnt nh-ucurui.ng the -passage into-Tesonance.:

‘A huc sweep fulf:ll.ling these, :cmdltiuﬂn was Obtained bythe.

“followlng procedure. unng the Linear sueep :he pm:oh resonance ‘was

centered on the.scope to 'indiene/nfcnnditlon ‘of<resonsnce when thé

aueep was stopped.. The phaseivasadjusted to'the dm;;ui{m niods: and the

wdulatlon coils vere then cmmccea ta three volt D.¢. pover supply

visa v r;iue Lesstor. ‘The-resistor was adjusted to attain a position

ulf n\l 1de Tesonance n! !.ndlcll:ld b’ the’ bueuu on. the scwpa. The,
n C.- current was thp sultched nff with the !equired sweep rate back in:o el
the “resguance Belng ‘obtatned by’ the sppropriate setting of a vlrilble g

: capac; or” shunted -cxnu the sweep ‘coil

'l’nx' “the, :xparlun: to be

acceptable, d:e axpomnun dm-.-y ‘had to réturn to tha blue.line a8,

J,ndluud by ene scope, since only then dld the. .dm.uc vassage end at




i

'6f the tape’ recordet ‘difectly into a P.D:P 13icomputer..

k- 8 34

Over_the _!:mlt(b of this work, two different methods were used-to

record the decays and calculate valuu of T o The first method consisted,- -]

of recording the decay on’a Texas Instruments "Oscillo-riter' chart

recorder and calculating values of T) using the ‘Keyboard input of a Wang
«

720B programmable calculator. In the senand‘method, the -voltage mu:pnt

from the spectrometer: receiver was stored in a Biomation model 610

:tlnﬂienc zt:oxdez. If; the del:uy was it was then

a tape recorder.

vx- a Volngs—(taquency ‘Sonverter to aGrundig TK

the mu-l e bt this. nithod &he decay conamt wag uhtuined by pnyback

"For Tater ugn

a Hewltt Packard frequency éounter was used to provide ‘a.digital outpuf’

and’ this vas, read into @ Wang 7208 cnlculatnx via a wung interface unit.
The b!mtlan wnit tmnutes the data for atm’use ln a memory of 11‘1

ux bit wrdu, \The Eion 8l a1 is h by a

histogran vith a resolution of 1/64th of full Hcale. To imprnve :ha

accuracy of t.he culculutimu the data was !mcothed by. Iumlng the ' cmtents

of grcuy- of zegii:e!s.. Thus. the first -point of -the smoothed curve was

nnn to be the sum’ of .the concenca of the fln: ten uguur The'

l=cond puint Gea the oum of the contents of ;gg‘u:m ot eleven and

“80 on. Sifce ‘there were many points over a'period of just two.to three ',

half idves,” the trapezoidal rile -pyuu' and the pmli:durel is ‘ssentially’

a lun\ul ‘fntegration of the curve which regemm: -the original

zxpougnzul curve with a doward; ‘displacemant of qu &b, To’ lvn;ld

lntraduein; errors, du{ to trum:ltlon of the bllel!.u& level, ‘the lmnﬂmd

data.vas divided ints two equal parts and 11 d-tn-ind by Gngggnheln

nlculltion. PN = e 3 RN




&

" were calculated for each solution, with the standard :deviation belng
1 .

3

Cop r.ha d:.hyd:m:hlurlde. The cation of such a salt can undergo"two |

35

When using either method of calculation, between S and 10 decays

typically ome to two percent. The scatter of results from different ° [
solutions run at different times was not more than 3% £6r low RF measure- '
weats. When measurements were made using a high RF f!.eld, the seatter

was abmlt 101. The ‘higher uncertainty in this case was. caused by gren:ar

eXperimental difiicull:y, resulting frum various fuc:nrs. For fnstance

when operating at high RE fields there 15 a high leskdge from thetrams—": N
mitter to the receiver and hence the possibility of reuiver ‘overload

arises. A second flntnr un tht thz qnbluty of the' RE amplifier an

of the RF -ttemutot resi.ntu:a sasniad to'be wuret at higur RF. flelds.
Purihuraote,: values: of Uy, e much mote sanlltive ‘to mnnn:y of
‘ the RF f&elﬂ uhgn hig'h RF iield.s are I!l!d (see Equadun 1 17 and Dub-

sequan\c dfscussion).”

_of Ymiv-ﬂ n -

Y of the amine u-ln used in the' present work were 1n.the form

céessive Lontzation:steps which can be geperally rgprgnzuced by: o

o R e gt L N ey !
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In the present work the pH was gemerally in the range' where the

" first dissociation given by Equation (2.6) was of prime importance.

Accordingly: the lonizdtion constant given in Equation (2.7) was. measured

as a function of [BE3*] for ach of the salts.

The measurements were made a5 first given b_y‘ Bacarella et a. ,
62]. In this n;:hod the pi of & solution of known [in,_%*‘] 1s measured -
 figst 1o the presence of, a knowi: s11ght ‘excess of sodtum hydroxide and .
kemm‘lly in l‘.he pralgnu of a khuwn slight ex:as! nf hydrﬂ:‘_hlor!.: -cld'. :

‘The firll: pH wzu d.peud on the 1Dniz-lt1cn _Constant 1n lqultlon @. 7)

7 But the second L gl dapand ’a‘ sentially. on the excess of hydrm:[mlnﬂc

u defined by

T [nsg"] + Tac1)
e =

2 2.10)
B2+
o 3 ok S
then équ-c;on (2.7) ‘can.bé written as: .
- @.11)

“upen. ﬁolvinl Bq\ultlon @. 11) for [n ] -nd cnuparmg th: [E ]1 tnm :he

Cfitst mu\n‘ed pﬂ vith lli lz from’ ﬂle Heco‘nd measured- pﬂz we. ilnd .




i

]

< 0.05956 M. 8

‘_ or donic itrens:h. In' the case o: B ulﬂna, the thermodynamic value of % "!

fitting data at low ionic strengths to’s nebye-uunul L of :h‘a fun

-z = le-e - Ky + {gs-n*cz + 2K, e(l4e) '+ :}u}v (2.13)

i

smuf\% 1s a function of K,;, the hne'f can be evaluated. ’ ’ 8
In the experfmental sethod uséd here, a solution of the required

ablae concentrationvas prepared in a 50 ml. volumetrié flask with

€2.0.97. This, solucton was tiasteriad toa glus cell which was placed

“tn a thermostat bath at 25, ua +0.01 %, & 0.25 al microneter m.u:w

(Gilmpt) mmhm.g hydrochioric acid vab clamped vlth 1:- eip Juat e

below the surface of the quidl’ THe pY mres, o mgmﬂ,l: stirmse, and a-

flow. of nuragen gas ‘over t'he ‘eoliition ueth alsh set) upy in.m the ph was

atabl.e (u\m\lt 30 mm.:ea) a deries of small additions’of hydmchlou: actd -0

were made. A stable pH vas measired -after ey -«4“ with’ the -uluuon

being stirréd continuously. - The final five or six points wers taken in_

4n acid solition ‘anda linear least -i;..an- Ht/of these- points was used
‘:o}a:er'-tn- the pHAn

now. complred wien tht

acidic -oluuon. *Each of thé data points with

c1d poi.nt and a teu.a! of, v-lne- for

2. 1 shows mlcul results mumd for

solution of

 with ge con tion of -

valué- of 7y vere pxoued num:xnnzh

For each 'of the aminés;

r.harienl:ldon constant (Kn) was reqlllt&d.‘ nu.- valie vas; obtained by




e Yy -~ s ! e ¥ A
. ‘. » e
2 . !
. ™ i
3 2 * Lo LT frAmE2.1 “
mrrmnm-xm oF ‘ku FOR A 0.05954 M. SOLUTION OF
! . WHICH WAS 95% -
/ : nls. of y.c; i Py
~0.1900 | 3.3820 [ 100125 | . g
1 “0.0100 Y| 47510 - |..0.96387 | - 6.5653 e
4 . L | 0.0150: 4.7382 _0:96491 . 6.5657
R ,. “0.0200- . 4.7237 - 0.96505 6.5640
. :[ 70.0250 7088 .| 0:96699 < |° 6.5623
e " 0,030 4.6976 0.96803 - |- 6.5670." |- :
© T 0.03s00 | ¢ 4.6850 0.96906 - 6:5703 - | 2
“0.0400 4.6698 0.97010 65702 b T
: i 0:0450° 4.6526 09714 | 6.5678 :
Mol N 7| 0w0s00 [T 46348 - -0.97218 68652 LIk
~ 7 2 0.0550 || 46172 7| 0,972 | 6.se39
B - '0.0600 7" | - 4.6001 097425 " | - 6.5644
o e |7 olosso! assas | 0.97529 6.5685
el 0.0700 | 4.5655  |. 0.97633 6.5681 %
- b . v o.ors0 | a.sa3s 0.97737 6.5648 it Ly
: ‘0.0800 . [ 4.5208 0.97841° | 6.5608 .
£0.0850 "4.5000 - 10.97945 6.5618
0.0900 4,479 0:38048 | * 6.5641
S0 0.0950 [ 4.4560 6.5651
: "0.2000 - [ 4.4286 76,5611 el
5 . = L .0.1050 - | 4.1 . 6.5589 = 5y
% =7 - o.1100 4.3710 , L emsss | i
B * 0.1150 © | ‘. 4.3420 ‘disses |
: : .0.1200 4.3126 | 6.3601 :
Z Sl loaase ) 4,278 6.5600 | 7
") Y 0.1300 'A;;Aog ; 6.5581
. 5 &




StEmrs

¢ )
® PRy = PKY +u1‘:——-£ - S eas

t . :
and extrapolating to fnfinite diluéion. In Equation (2.14), u ia the

Yonic strength and A is a constant determined-in the curve fitting
i Lo
procedure.

for the Adtabaric Haif Passh p \

" “The main data lexieﬁ \ere obtained at 25°C by n’-ld.n measyrements’.

L&lﬂ}.ﬂ

‘on a serles of soluttons ot constant aine l:oncentrluon at| vait e

A given data series was geutully cbulnad from ‘two separa experimnta

lsfol!lm.’ R
) For w32’ B,

Two stock solutiors wete prepared witl'the same uu.ne\ cuncan:ud.on

but one had a'pH of about 6 and the other had & }H of lboul: 1l he..
solution at pi 6 vas vsed o £111 an'n.mir. tube with a. sml]. iresexvolr:

on.top. After standing overiight this tube’ was mmted Ln a thermostat

‘bath with the electrode of t!le pH nemr pxmd in the résexvo part of

the tube. - Stirring was itshed by a

up and down the tube. The §H of zm- anl\ldon coild dm: be adir.:ea by

4dding spall volumes ptthe nc:ond stock solution of PH I 1 Mehsureenits

‘of 1/1@u-u guunuy nuu ‘at: 1n=t=m=nm of appl'oxlm(ely 0.2 Ln.(c; on "

a r.hird fon' with an

o of .L.m: 2 5 log 1 1)-

Snmlatrllzazlun of tha\p!i -ur was nhu:\ud ek’ ‘buffer hefore d lft:e;

each pn mmlrgmnn.




(11) For.pH s 2
Individudl solutions of the required amine concéntration were

prepared at pH intervals of about 0.2 units. pH values were calculated

stotchionetrically using the p i (-1og [B]) scale. Separate n.m.r: *

tubes were filled with these solutions and alloved té stand overnight.

The folloving dxy they were refilled with the‘same ﬂnlur_{ms and nénsure="

ments of 1/1 _were’ made.

e

Heasurement of rates:

hdiabatic h-u passage measurements to rlntemi/ 1/1- “were made.

t each pH e ed; previously: To ine A’ from Pqu‘t
it was also ‘Necebiary, o, detetutos 1P ot asig). For solur.lonl of iow

umin! concen(rulivn, the value of (1/1" ) was de:eminea by ualng an

(1/1 P fora lorte actd

adiabatic half passage to
solution.of the same pH. .For ‘solutions of higher: it wonsinea don;

the. longitudinal relaxation time of the ‘actual solution vas ‘chtained by~

neasuring” the time’conatant for. the recovery'of the aaturated: absorption -

signal: - > : vl

A,
- The value of (p

l:au:ld then be ull:u].lted and- uued‘ :a/ab:nn

a pu].lmnnry estlmte o8 4 ustng Eqga on’ (1 19); Ths, as:tm:g for't

"~caleulating (g /p). PR

accurate, nlua

Tstiee a1l vater contains'a snafl aucunt € 7o, d¢ eo1icus that”

"the measured A will“contain'a contribution due to proeon exchange between °

wviter molecules. ‘This centribution is’only sigmificant sbove:pH. : 5, but
.for such cases it must, b

£rom the measured Value of A before

2




B o, Y s s
The present, work follows the practice of Rosenthal ‘and Grunwald [42] in

% '1 dned in ‘the ‘and sised .to de r1 che rate law as.
shown 4n’the \'uml:u fons. Rate rements for 95%° )
" , " - golutions will contain a swall contribytién’from the 5% of the 1u tsotope.
B 1t o 4
|

s T

i naglectlng this con:ribuuan.

i ‘Be(emhut‘lon of o, /p) for His:anﬂne LT g .

m the case of histauing, two contribitions to A veré present,

ims conbriiutiton absat irie the exchange of -aming’ pro:una aid the other

arises from the' exchlnge of protons from the hﬂdazule ring. Since there’

ave’ three ‘snine protons which ‘ean e[chmge wheieas. “there are only two E Rt
! A Xmidazole pro:ms whiqh can exchange, it Ealluws :hnc “the ptoton f‘l’!Ftitm

will diife! in the two cases:

i T B i 3zt
R _For amino protons; P ——-—-
AR zm o] + mcn + sum”] :
. 5 g o Z[Bll%"'] Sawn ot ‘ )
For imidazole protons, P e it —— (2.16)
S

2[8,01 + [HC1] + S{BHZ*

_In the ‘initisl stages of the histamine ‘data snalysis, therefgre,” ' ' |

it was not possible to calculate values for (Am7b). Accordingly, values i

© of (A“HII:) were ;ahuueed .wl\era ©_ represents the hia ne. Qo]arxty. As

. the " of the two the (A Ic) =
1.7 " froa each brosdgning could be converted-to (yy/p) values and hence to ., |
rates. = i N v i s

To fncuita:e the raputed ulcu].ltim nbvve pB 2 n ugzuslon

. mlyun wn uned to £t the (A,mlc) d-n :o a curve of the fon

g Y




+oX+e, . where' X represents the pH and the ¢

3 . ‘(Am:x/c)' =<
* | ovalues werd: the fitting constants. The fitting \1[5 done -in small

X2 4. .

begments and generally it was not necessary. to use equations higher than

third order. - Dita points could be selected at intervals of 0.2 of a pH

unit and this greatly simplified uiculnutinn.n onthe Wang 720B. The

f£inal rate laws were compared with the o:ignﬂ/dai. points.

5 N 2
! Tt e Using o Constant Buffer Ratio 15 -

For thege experiments, a stock aa1u:1uL of ‘high histamine. con—

centtal:lon was ‘prepared at the requitred buffer ratio ' Small amauts of

thlﬂol\lthm were then. added to an n.u.r tub which had origh:ul].y

gl cwntuingd ‘only water. ~Measures of A were the’n made as described
: previcusly. " Stnce thse expaximenn vere u}r:ted out at relatively high'
] B, ' the broadening d\le to exchange of imidazole protons was small and

could, : therefore, be caleulated from the pteviunaly determined rate lav

17

and subtracted from the measiired A. Ccn:x'ibnr_lonu to A’ fron the ~g0

R h vere also

and “the portions of A were used

to calculate amino proton rates of exchange. The amino proton rate law

could then be.determined as shown in the Fesults. | - Sy S

Experiments Ustng Solutions EBariched tn Jo ' p s
P =

These experiments were perforned by the constant buffer ratio

procedure, usisg solutions with about 1% 170, To cbtain’the contribution

“to 4" from the 1:0 exchange, 1t vas nécessary to subtract the contributions

O "' to's which were caused by dmidizole proton exchange and by anino procon

e)mhange. Since the rate laws were cmnplex, this xtmwal of NH exghnngl

was done by an experimental procedure, To ® uun.,iuc‘h messurement was

om0




epeated w;lth natural abundance of '70. Both )7 and'pj17 vere then PR

i v id as the § between ‘ent d natéral

P . .
bindance solutions.” The mean lifetiie’of the “10-Hbond could then be

determined from Equation (1.23) where .
& & 2 e

CTHi9 = 6.5%°10 7 secs.igad "\70.-11? = 613 tads: sec.

. 5o * / & ks
The ‘total rate of breaking of the 70-H bond (i/7) w111 be

: e, »  Tata g : O Ei IO poyy
déeternined by the rates at which tliree different types of reaction are,

‘/'uc’unug : i ) 3 . s el e

ge betveen water molecules 'and H,0

3 ‘(z.u) :

(411) xm\mn.,e betvean water mlecules mvl ‘amine’ ipedu. One po ible 3 4

xe.::m fcll.!.ng dnto, :ﬁu category s

B

i mm?* + ~[o-|11] ¥ om* i

" The mttihutum to the tats of breakidg of the 1

' Fesceton (2117 1




2.21)

1] P 13
. (’r o " T
hence. the rate of breaking Hie 170-# bond due to reactims such s (2,19)

cani be-caldulated ‘from - o

1) amd 5. 5714500 < -U“—"E—
T e 14

vbere ¥ is the ionic strength.

Rate ].-l for rell:timl lmlvi.ng ixine l-clnl can now be deterzined from

values " ot\(—] . Iur .“12. uut_inn (2.19) would Eoll,w;ﬁe Tate law

- e i o ks mn;m-. ; g :
g = il ',z(%)lc::_ % ii;a] 5 1230 1 et :.' 5 <3




- ¥ . ;

downfield as [B'] fncressés [63, 641. Hood et al., have tabulated this

for. virious itions’ of hydrochloric acid [64]. Vg

data 48 plotted, the shift of the water 1ine is seen to vary liped
_with ‘the molarity ,of’ he hydmm.o:ié sctd. A Lingir least squa
of the dats hias; thereinm, been made and shows ‘that the doviEield shice

- 192 ‘ rads. 'sec.” = lt 100 sz fot each unit ‘increment in the acid

molarity. The intexcept was zero wit_hin the limitl of the lClnled

N

“deviatdon, ol L

that l:h:y -hma be ldjnsl:ed to;allow for the water line nhlft. This.
“hes ‘Been dime throughout the pruenl: work by assuming that sy mopomint

of tlle nmlno Tesonances with Lucmalln; IB )le nsgligl.hl:. Chlngel "

f lhe\r.hlln!.ul ll\lfl:l were, therefore. uslumd to be gi.vun by :he

dmfield lh:l.i: of. the’ Hnter lina as glvan above . e
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N, N°-DIMETHYLPIPERAZINE g

of theé Ionization

anuu of px . (defined by w“ltim 2.6 and 2. 7) vere dezet—

nl.ned as' deacribed previously and lllted 1n Table 3,1 l’igure 3.1 nhwl

“a plot of thts-data.andic’ car be’ ‘acen t.hnt above, 0.037M,. the value .
- of PRy = 4:1% ‘4 0.00Li- Stnce the present experl.wenr.u ma aommnn" %
which’ vere. 0.0/ and 0. om in N, R‘-dhatllylpiperlzinr Ae fnllmns that

'mu Value will be used :hrnughout the ‘présent work.

dnant water line occurred in

of - the: d
‘mucnnn which were 0. 6.5 9.0m in [CL] vith aalae conceatraticus of:
0.6 aad 0% om. Mesbireménits: made for 0. nnom lnlu:ionu are  listed
in -'i.i{u’ 3.2 and me i ' fox 0, n7u7u are listed 1inTable

_ The RF fleld vul 330 rads. ‘sec. = for hoth lerus ofdata. Since..

icent ons wére low, of u_qa widths -in'the absence

Jof f_‘ehlnga were made by mmmmg (1/r ) values for various concen—

trations of i chloric aéid. | For solutions. less than 4.0M 40 'h)'dm

b/ ,chlerll: lcid 1t was ‘found :hll‘. (1/1 ) - 0.5105 + 0 0067x + 0. 0023:( 2

vherl X no:.nm:y “of ncu. For higlmr -dd concanratiins arm 1p) -

;04 409 +0.0243 x =) "

!cr this l::rnlwund some hl.g‘hly lcidic Iolutimu were ut:lldied




2. Wil
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47, 5
* TABLE 3.1
& . - ’ VA“.YES 017 pKu _."[m]'Ln—l FOR SOLUTIONS DF R
; v, v L e, o
- " - “,H'—Dmﬂmm e %
- N;¥-dimethylpiperazine] C : L PRy
: ook R Sl g, s S
i ou80x STy 2,951 x 1072

2

5121:11: ‘1533310

sanxm 5 ,’znbsxm




3 - 2 & ) ) kx.
2 unﬁ.ﬂun«ﬁ«!«?\z.z “z03 TVya: og eandyy

0. 1010,




0.00158°

'o.oémq "

-4
i - )
5 R K 3 P A 2
[uc1] @/ (1/11l;) 107" (8/p) ,[l‘ﬁzhl]
Z | -1.0002 0.633 0.442 0.18
1.4023 20,312 0.509 0.200
17998 [ 0Lt 0.537 | 0.2307
§ 2.2888 o158y oiars 3
2.8602 o.100°.
aaae [ ouosn
= ? io’.bn’s_: :
L 0.0182;
-+ 00100
. /000664,
g (o.odégs‘
ffc:un“zw




TABLE 3.3

RATE DATA FOR 0.0707M. SOLUTIONS OF
W,N°-DDMETHYLPIPERAZINE

. ¢ [ac1) amg arry) 107r) | w0 —'wj
: g8 T | weodd 0.633 0.516 0124 ). 15.19
= 4 1:3465 < 0.403 §.§§1 0.169,
; 1.7692 S eiesa 0.689 : io_.n‘a'
: 22078 ’n.ua‘; R R 0,377 f
5 2.8625 o-i00 - £ 0,614
3.4414 0.0631 0.863 7
i A.Dﬂo‘&; 0,039 1.086'
5.1015 0.0158~ 1.048°
3 5:6581 0.0100 0.754
6:1920 © 0.00638 o.&s’?
6.6381 0.0039% o3
6.9293 _0.00296 n.{zz
. .




51
suitable H, function vas not available, data for a Hammett-Deyrwp H,
acidity function listed by Paul and Long [65] was tried. The E, function
vas thought to be suitable in this instance since a plot of the reciprocal
log h) “shoved mo systemstic

of the specific rate versus hc (where By

deviation from a straight line.
Rates vere calculated Fron (4/p) valves'in the wual vay usiig

L = we - 0.0025 secs. and § = 3250 rads: sec.
The ‘chemlcal shift vas deternined fx'm the paximin broauni.ng ‘and correc™

ted for the tion of chle acid a8 earliér.

Values for t.he cthet two' l:onltanl:l were agsuméd to be dll same.as’ for

trimethylamine [52]. Stnce the rates sre insensitivé to these values,

these estimates vln‘e?nllée!;d adequate. - The value of 'Il was 590

rads, sec. .

The specific rates are. plotted sgainst 1/b, ‘in. Mgure 3.2
and 2o significant difference can be detected betveen ‘the rates at.the . - _

mmm;u

two It was co
pma.-m-nuy ‘firat order’ throughout the PH rangs. lgdned._nn of the s
rate vith increasisg acidity is much mn-r than would bevene:udl ;

* from salt sﬁat:u alone and rhaxefore proten unh-p uutdh. to

gqmuauﬂ D, G2 and 0 Iis rxeamad.

Haggt os «nzoe-lé HB. m+na

‘\‘*nnon+um ill»»nnwm+|wn
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The breaking: of thé B.H hydrogen bond in equation (3:2) may

also occur by rotation of the marked water molecule. The rate of bréaking

.-of this bond will be' given by

.

o =y .4

)ﬂﬁ- Do ieasiarable falling OFf of the specitic rate at least up to
1

Ih -0 i ‘ind:lu:i’ng that k_! nn» ku for mcu 2 1.4M; *-The, g_l'-f;l/unf

rate of 1% m’. sec. T,

am not lnel off ‘belov’a spect )80 it is

wid that! ﬂmrefure

w-n:u to assect that K, "> 1 x40 see. 7}
e :

where 'In“'] has® been repmeei by the -::'dx:y me:xm nq. Hme a2




ok, > 143107 g

which, 18 xeusannble £0t a ‘process which 1s likely ¥
' o
3 to _be diffusion cmttoned.l oo et oo

Y,\z.) . !Jﬂure to obtain measurable. bffadentisg at lwer—qgldify .ﬁo

previated sy, messurements: of second gfier processes in this case.

Comparison With other vork' i s o
X s Mmgier and Oceupati T66] ptevimxaly attempted to measure fu-u

% order rates of p:nm. X - n NN 1 perszine Hwever,

P B z.,:hey -gﬁnnruy nlmd that any urn ordgt eonr_zumuon tu the nte

would be’ -un:di.n; to madunim 6. 5) Hith cmtgpond!ng Tate Taw (3 a). .

[EX3)

1.0x 107 secit

f43.5)7 <
N

Such- a low —vnl.\\E 18"
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: . TABLE 3.4 < )
Bt [ !
34— FOR SOLUTIONS OF PIPERAZINE
BH,"] . - ~
;'[Pi.pe'rlxi\llv] :u e pK-Al‘

"1.126 x 1072

2:178 x 1072
z.

3.291 x 1072

5.486 'x 1072

o ,7=556"x 1072

3.412 x 1072

6.599 x 1072

2~

5.6530 '+ 0.0031

535278 £.0.0049
5.5875 +.0,0011

546125 * 0.0023

5.6978 + 0.0021
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Measurements

Tvo seriés of measurements were made across the full rangs pf ',

. Pl
" aeid for which of ‘the water line

occurred. Tables 3.5 and.3.6.show rginlta for solutions which were about’ .-
0.03M in piperazine ;nd Tables 3.7 and 3.8 show reslilts for solutions

 which were about’ 0.05M in piperazine. Values of (A/p) from_ Tables = ~-

5 - 3.5 and 3.6 are plotted in Pigure 3.4 n&(upf values from Tables 3.7
’ and 3.8 are plotted in Pigure 3.5. The discrepancy where the two seriés - -
.~ s of gata overlap is dbout 37 of the measured value 1n each £igire and . .
this U.IE' copsidered to be lethin ﬂ:e«lﬂ.ngts of experimental error.
. . 5 hd broadenings .bielow abbut pH2 (i.e. below H_ I 2) showed no

significant. difference between the two concentration series and exchange

1n this region was therefore judged to be first order fn °

* amine. For 1m;-=1d cdncentrations, however, the' rates at higher

became séuer then the rates at

the lower D¢ don It was d:ducad that

{ \
second order processes were prominant in'this reglon of ‘actdity.
) % by R r
A ica of ‘Rates’ and of
» . Rate Laws. § g , % oy R X !
é . e =, . H - 9 ¥
Rates were calculated from the broadenings in the usual way. .

The' chentcal shift vas, deternined as 2290 rads. sec.” (corrected to low /s

acid concentration) froi the maximum broadening. “Lifie widths in~the

- - absence of éxchange were determined by using different concentrations
. of hydrochloric acid as before, The same i, function as used previously
was found to be satisfactory. .The. same ¢ s ok Jy, and T{p, 'as used
for N,N" iy1p vere to be allequate here.
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. TABLE 3.5 ; .
q \ RATE DATA' FOR 0.0296M.  SOLUTIONS OF PIPERAZINE ' ¥
P amitps | amy | e w0t |
> é‘ T ), 77 | -
i BN 4.339. - |. 21827 1 o578 219 - 9.616
Caie7 14028° © 0.656 - 201 178
' L . 0.725 355 ;7. 5.826
7 0.811 .| 43507 4683 .
0.855" 504 3.776 e ,

576" " 3.408",
3.128
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TABLE 3.6

59

RATE DATA FOR 0.0299M, SOLUTIONS OF PIPERAZINE
: : T2 |
B, [EC1] b (llrlp) /) 10" (—5—]
1:598 0.0251% | 0.02519° | 1.112 ] 709 1 0.379
1.026 | 0.09019 | 0.09398 1127 2 0.3949
0.703 | 0.1816 | 0:1980 1.192 778" 0.4471
0.503 | 70.2753 | 0.3137 1.236 799 0.4775
0.343 | 0.3789 | 0.4535° 1.267 a18 0.5030
0.269 0.4375 | o0.5382 1.289 852 0.56447
0.196 | 0.5022. | 0.6369 1.331 865 | 0.5678
0.099 0.5996 | 0.7955 1.409 902 0.6291
0.007 0.7057 0.9833 '| 1.430 971 0.7699
-0.115 | 0.8703 | 1.306 " 1.460 988 0.8690
~0.339 1.2386 | “2.183 - 1.462 1005 1.164
-0.453 | 1.4652 | - 2.843 1.299. | - 982 1.377
4 -0.605 | '1.8064 | 4.029 1.220 848 1932 -
~0.711 2.0512 | 5.147 - 1.129 769 2.29
-0.810 | 2.3317 | 6,470 0.968 678 2.767
-0.963 2.7633 | 9.202 0.815 524 3.853
~1.104 3612 |-12.73 0.731 380 - 5.553 -
~1.241 3.5459 | 17.43 0.619 29 7.213
41540 | 28.64 1.236 181 11.84
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5 %
E ) K
. TABLE 3.7
RATE DATA FOR 0.0502M.. SOLUTIONS OF PIPERAZINE a
PHE) 'y - |amy) @rm -m“[ Y
. X X (21,7
. 482 15191 " 0.6%6 - 103 . do.94
i 3.893 7811 - | - . 0.908" 6.725
3600 |- 390 - | 1ms 4836
%] L2811, - 131 3.504 o)
972 | 1,510 3.016 &
608.3 | 1588 - 2.780 .
264.1 | 1.670 2,566 0
180.2 1705 D2 a7 2Tk 2
106.6-+ | . T1.720 7550, 2,440 :
63.27 147 2 769 s 2,37
38,22 L0 us. - 2.484
B ZCT I N Y




2 -RATE DATA FOR 0.05034. SOLUTIONS OF. PIPERAZINE

TABLE 3.8

]
@a/p).

B el o ny Wy
/2,010 | 0.00976 | 0.00976 [ 1.662 721
1.793 | 0.01613 "| ' 0.01611 | 1.657 719
1599 | 0.02506 | 0.02513 | 1.663 722
1.391 | 0.04011 | 0.04062 | 1.668 727
1.191 [-0.06263 | o0.06429 | -'1:636 706
' 1.027 | 0.09010 | ‘0.09388 1,661 721,
0.496 | 0,2793 0.3190 1.788° 790
‘0i192 | 0.5053 0.6418 1.966 883
0.006 - | 0.7074 .| o.9862 '] « 2.126 966
~0.229 | 1.0463 1.6970 2.207 1004 !
~0.432 | 1.4211 2.7068 211 | ¢ 949
-0.503 | 1.7786 3.9231 1.801 805
.=0.799" | 2.3005 6.3072 1.562 639
-1.206 | 3.4488. | 16,1032 0,939 - 287
21,404 | 4.0061 - | 25.3778 0.756 178
-1.604. | 45717 | 40.2698 0.6257 | . 103
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The value of YH, was 590 rads. sec.”l, S
The Rate Law for Reactions Which are First E
?
As in the case of N,N’- the acid
of the first order raté was again too large to be explained by salt

effects alone. ‘Consequently the mechanism for proton exchange was com-
sidered to be given by equations (3.1), (3.2), and §.3) with the rate
of excliange given by equation (3.4). . L

x - G- :
< fBH. 2%} -0 )

; (28,24
k.,lylo:of < mmhn--‘lainmunmmm -

2
/

Plots of the specific rate versus (1/h)) were made for the sets

of the dath shown in Tables 3.6 and 3.8,  Both plots were curved even
froa the slowest rates and they levelled off from /b, 20. ‘This

indicated that kﬂ was nol negligible na-plrbd with k h To deternmine

found to be limear in each case; FPigire 3.6 shovs part of the plot
for the data from Table 3.6 and a least squares fit of this data gave

Fr ' 1’ 1 - .« -
gradient mole.™* £, sec.
" By kg i
and intercept -l (:zs:oaz)xn'rs sec. o B
. 8 i \

Since x = 2.49 x 107 mole. 3! in this case, - ..
kﬂ = (1.09'#.0.03) x 10'0-gec.™ !

&, 4 (3,084 0.30) % 0% sec.™,.
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component will therefore be -°

suunly fox: fhe daia Eoon Table 3.8, 2

tercept = (3.19 £0:29) x m‘5 sec. 4

" and n"uee Ky, = 2.26 % 1075 nole

x.-(o.yhno:)xm sec. :
ndk-(:l‘!ozg)xlo IC:.‘.

To obtain-a mpre accurate value for k. the mean of lll the

specieic rates vhich vere o the plateau m all foux sertes of up-n-Ju

; 8t 0,03, k= (2:59 +0.039) x i0*

Tat 0.0, ke, = (2.489'¢ 0:030) % m‘ sho sk L T

-and fience

- .0 0.03) x mm iaé_.'l

a ~Ku

¥ k
at 0.03, k_ =
k 0 i
.u.xom.x -—-um:ons);m-‘ sec™l "
Ky .

The Second Order Rate Law . . - = T i

The data Iisted in Tables 3.5 and 3.7 can now be used ¢ determine

the second order rate lav. It'has been shown that above pE Z1, .

: ,“‘l.»"‘;-"f] S0 that the firat order contriburion to the rate has

become equal to k  [B2*]. “The rate.law including the second: oidér - ..f-

=y o




kg (2 a1 0-05) x m lec. s

wae 0.12); m’ % mle.
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CHAPTER & .. ‘i izl

: . EISTAMINE' RESULTS . : i

Iun:lut!on Cﬂnsta’nn of E.i.s:lmﬂ.ne

" prine 1upozuuu, aud a8 explni.nad previowly, k) he ‘defined n. eares

% : .
of can:ent\zation!. : g g 5,

 Values jof pK,; (= = lng 1) vere deternined af dEférent “donic

'an—engmu and 'thie Zesulen are A1sted in Table 4.1 and slotred im%

Figure 4.1, Although it 18 customary to plot pKA ‘against the | qme

mnt of .donic tre_n;th a plot against - the. fimt pover of the fonte L

utreﬂgth is ua“d here Blnce it 13 more :mvenienr. for pnb!aqmt %
Vi
.cnlcnliaglona. Tha first :hn- pnnu listed in h\:le 4 I'were "

Eltted fn iqu- ton, (2.15), and buzapolnt—in&tn enre fonid ntrength

1t was de:_e'mned that pR; =

A5 éxpected k;m the L', Huckel 1i ‘_‘ law, ‘ﬂ:eposucu at hishe:




% witha faster ey This’ result supports the: -srgment of Ralph and G'nmwnld

- {h. buic::y hu little Nets my) effect on kn [35).

“Wbrkers the .1pm Iy for N,N2dine 1s ed, by the
larger dispetsion interactions: between the mina and the depnrr.lnx water
\ mucm 1o .that cua. 0 gl £ IR K >

K = (317 % 0.05) x 10° sec

a ; M
. K, =207 £ 0,09 xed0™ see. . | - .
ks v i .
; k= (2.03£.0.06) x 1010 gec.™l LR
7T kg e (3.00 £ 0,46) 107 2. mote.F gee T A

The value, of Kk, appeated to show & significant, dticrease as the. "«

ionic strength decreased.’ Such a c'hl.nge in k, with foni® !trengr.h

(according to’anequation similar Y 3,3)Hias: Besti Sound or trimethy1~ .
ammontum on by amnv'al'd 1491. " 1f Yt be assuned-that- —the-preserit data.. -

shmls d real néasute of such an dfiact. "thén.the above value for ke :

ccnuaeuuon of ﬂm kn Values

Sip&e\che kg yroce!ﬂ conagate’ of a wa\n nolecule departing,fronm *
the*; zenuxng speclan, 1t mght bg thought " thaf .a ‘more banlc species !(mlld

.- be associated wi:h a stover ky. . However, in the pesent vnﬂf.piparadne

| 18 more hlsic chln N, ll “-d4methylpiperazine but neverchelels is lsloailr.ed

AdGoratag t thase




!s x 1,0'2 ?

y audls . R S
: 3
L TABLZ 4.1 :
.\;Aum OF pK;, FOR SOLUTIONS OF HISTAMINE,
tts tagtne] u Ry,
! s 1073 1 12esx1072 7 5.9% & .005
9.963 x 107 ".ﬂz\.sas x1072 5.969'% 004
] 2002 18:976 x 1072 6.062 + 002
T 1.37 x 107 6,086 2 003
4.640 1.302 x 107 6.074 % 004 -
5.760 1.728 x 107 6.113 % 002
6:997 2.099 x107% | 6128 % 13
- 1.053 3as9x 2070, 6.153 006
1507 x m‘i‘ " a.s2ix 207 6.205 + 006
T 2432 x107% 7.296 x 107" 6.268 % .002
321622072 9.648 x 107" 6.326 + 005
/ .
And 4n & solution prepared in 95% D0 and 5% H;0.
1.7 x20L - ¢ 6.5642 008
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"in good

& upi:ud;,

3

was yised for the extrapolation and, in addition, the' extrapolation was-

. made from high lonic strengths. Values for

pxu“ at 25°C include

5.788 [67], 6,04' [68]; and 6.12 [69]. Chaming et al., [70] do mot

The ratio
K, N
KT om A2 ~
Kyq! |

is required in the discussion of the presen

_feport a value at 25°C but give pKM° = 6.05 at 20°C and 5.87 at 30°C.

@2

results. No.determination

of ‘Azu was made’ here since two values reported in (he umum wéere”

* Randoif v. 16

H]\lla Patva’ ot al., [68] reported ¥,,° = 1.

of thess two values together with the value
pren:nt unrk,‘we cbtatn K' = 1.25 x 1074,
fepults for Serfes with Fixed

The Dnca

N
The histamine molecule (B. Fig. 4.2,

positions (BEL, Fig. 4.3). “me three hydrg

the site -are Cally

1 repnr:ed R0 = 175k 2070
s x 1071

4ng “the mean,
lof KMP deternined in the _

, can be protonated in two

gen atoms which are now at

, and the  two hydrogen

* atoms at imidazolium sites, although not mag

be expected to'have thé ‘same chemical shift

line widths of the Ni resonances’ Provided

bitwee each of thess two Eypes of site and

metically equivnlent, will

vi.r_hin che lmlll of Ihe

o,

the' rates are of a suitable’

ah n.m.T. expa'ﬂmant will® be able to detect prnnm exc.hange

vater sites. Thus examination




: Higore ;
e’ dowly protonated histastne molecule,




k ~ | X . . " o
of th® water line ut various hydrngen 1on concentrations wul be expected

- to show two ueplrate'btendgning components.
To attempt to detset these, two_components, preliminary (1/T

. mieasurenents veére mde at lov RF for the water line of 0.03 M histamine
3 ¥ :

) ¢ s . :
polutions ranging from appwxlmtel; 100% lﬂzz to approximately 100% =

"B*, Viewing the'broadenipg of vater versus pH 8 a spectrum which

.reflects exchange, one might expect that with magnetically and probably

~ X _-cheémically 'dlffetfnt sites, several peaks would be observed. 'If this

| Were true, the exchange broadenings for each Ni could be separated by .

inspection ‘and the tates of reaction defi in a yery X
mannér.. Stice only bne foxtinuows hebadening curve vas found it wad 1

suspec:ed m: the .two a at Jris concen-\

tza:lon- b3 attewtlng +to separate the two conponents, ‘Eurther low RP

oL U ) - measureents ere sade 1n :he reglong of bn-wing for histantae %

solutlana “of approximately 0.006 M., 0.03 M., 0. 05 M., and '0.27 M. 'mese

’ , ‘measurements are listed inTablés4.2 to A.er /¢ vn].ues are plotisd

“in Pigures 4.4 £o 4.7. The curyes show lessdauare fits of the data °
¢ * for'use in the ubsel uent lm;_lyn_in. Low 8 (1/1;) messtivements e
S, aleo nide for approimately, 0206 . histiulne solutions in 957.D,0 and
N | SEHQ. Thens dre Uoted tn Table 4.6 and the (/c) valuss ara plotted
\in Figire 4.8, The ss:mmd uncertainties in tbé low BF (Afc) values

ake fenerally less then one ‘(a/e) wite. It wﬂ.l be noted, hovever,  that

tHe series at. 5.00 x 107 H. ‘hiltllniue has subtnction terms zlnging irnm o

1y 50% to 80% of the total (1/T; » nessurenent

50 that thé (A/c) muﬂruinties ‘th:uughwt ‘this serdes uu.l be somewhat




2 ok N
~ ¥ 4
i c . y . e ; 7%
i . =, ; X - L ’
TABLE 4.2 A, . B
e g 6.00 X107 M. HISTAMINE SOLUTIONS WITH RF FIELD AT 251 RADS. SECT'
i PH. % 1/jrlp —*\"J;Ir1 8 A (L\I-:)= y
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95% DEUTERATED SOLUTIONS 5.95 X 10_2

TABLE 4.6

M. IN HISTAMINE
WITH RF FIELD AT 632 RADS. SECTL

86

pH 1/'r1p /1y A @/e),
6.200 .800 .095 .570 9.6
5.953 1.030 .097 .839 14.1
5.707 1.463 .098 1.310 22.0
5.473 1.949 .099 1.817 30.6
5.214 2.556 .101 2.436 40.9
4.989 3.020 .102 2.907 48.9
4.796 3.162 .103 3.052 513
4.576 3.260 .104 3.152 53.0
4.333 3.096 .105 2.990 50.3
4.134 2.948 .107 2.841 47.8
3.891 2.640 .108 2.532 42.6
3.691 2.469 .109 2.360 39.7
3.418 2.259 il 2.148 36.2
3.186 2.208 112 2.096 35.2
2.967 2.105 <113 1.992 33.5
2.736 2.027 114 1.913 32.2
2.492 2.053 .116 1.937 32.6
2.202 2.065 .117 1.948 32.7
1.818 2.039 .122 1.917 32.2
1.808 2.002 .119 1.883 31.7
1.307 1.977 .126 1.851 31.1
1.102 1.935 .128 1.807 30.4
0.839 1.854 .130 1.724 29.0
0.599 1.785 .132 1.653 27.8
0.370 1.608 134 1.474 24.8
0.127 1.461 136 1.325 22.3
- .064 1.118 .137 .981 16.5
- 242 0.867 .139 .728 12.2




TABLE 4.6 (CONTINUED)
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ny, 1, s wle),
0.572 .140 L432 7.27
0.273 L1462 .131 2.19
0.168 2143 ..025 0.41
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hishef-+ High RF (llTlp) measurements for histamine solutions at 0.03 M,
0.06 M, 0.27 M are listed in Tables 4.7 to 4.9. The high RF measurements
showed considerably greater scatter than the low RF measurements and the
uncertainties are estimated to be about 2 or 3 (4/c) units.

It can be seen that the two ts are not d in any

of this data, but a shoulder does appear at the right hand side of the
0.27 M curve (Fig. 4.7). Inspection of the curves in Figs. 4.4 to 4.7
will also show that (Alc)max decreases systematically from about 62 to
46 units as the concentration increases. Since a single broadening
component would show no change in (A/c)mx with concentration, there

seems to be little doubt that more than one component is present. To

assist in the separation of the two a plot i the %
reduction in (A/c) as the RF field increased is shown in Fig. 4.9. Data
used for this plot is taken from Tables 4.5 and 4.9 and, for reasons
given in the introduction, a maximum in (A/c) difference is expected to
occur in the lifetime broadening region of each component. If only one
component were present, the maximum of the difference plot would there-
fore appear towards the left hand side of the single component. Since
there are two maxima in the difference plot, it follows that the exchange
broadening cannot be a single component resulting from proton exchange

between a single average NH resonance and the water resonance.

Parameters Required for the Kinetic Analysis
For each of the two types of NH bond being broken, three

—

1‘l’or similar reasons there will also be high uncertainties at
the extremes of pH in the series at other concentrations.



TABLE 4.7

2.98 X 1072 M.HISTAMINE SOLUTIONS WITH RF FIELD AT 2513 RADS. SECL

90

—

pH llrlp 1/1‘1 A @/e),
5.586 0.600 0.307 0.251 8.4
4.682 1.220 0.365 0.849 28.5
4.410 1.526 0.365 1.161 39.0
4.344 1.442 0.320 1.122 3o
4.119 1.542 0.365 1.177" 39.5
3.927 1.482 0.365 1317 37.5
3.863 1.450 0.320 1.130 37.9
3.725 1.483 0.365 1.118 3755
3.424 1.537 0.320 1.217 40.8
2.970 1.577 0.320 1.257 42.2
2.404 1.552 0.320 1.232 41.4




5.90 X 10—2 M, HISTAMINE SOLUTIONS WITH RF FIELD AT 2513 RADS. SEC,

TABLE 4.8

1

91

pH 1/T1P 1/1‘1 A (A/c)e
5.809 0.613 0.392 0.150 2.54
5.468 0.714 0.392 0.289 4.90
5,113 1.070 0.392 0.663 11.24
4.764 1.420 0.392 1.021 17,3
4.384 2.131 0.392 1.739 29.5
3.985 2.498 0.392 2.106 35.7
3.562 2.844 0.392 2.452 41.6
3.140 2.871 0.392 2.479 42.0
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TABLE 4.9

70 X 10-:L M.HISTAMINE SOLUTIONS WITH RF FIELD AT 2819 RADS. SEC“1
2. .

BH llTlp 1/'1‘1 2 (A/c)e lleﬁ:;i::;1L
5.403 1.193 0.350 0.815 3.03
5.154 1.396 0.350 1.030 3.83
4.853 2.358 0.350 2.000 7.44
4.562 4.074 0.350 3.721 13.9 2.1
4.334 5.807 0.350 5.457 20.3 16.5
4.038 6.183 0.350 5.833 21.7 36.2
3.855 6.965 0.350 6.615 24.6 32.1
3.647 7.851 0.350 7.501 27.9 25.1
3.234 8.842 0.350 8.492 31.5 25.7
2.960 9.326 0.350 8.976 33.3 26.7
2.637 9.698 0.350 9.348 34.8 23.4
2.293 8.952 0.350 8.602 32.0 25.6
1.979 8.319 0.342 7.977 29.5 27.7
1.882 8.187 0.350 7.837 29.2 24.2
1.637 8.560 0.342 8.218 30.4 20.0
1.493 8.084 0.350 7.734 28.8 22.4
1.346 8.276 0.342 7.934 29.3 20.0
1.093 8.064 0.342 7.722 28.6 23.1
0.668 8.179 0.347 7.832 28.9 22.3
0.289 7.921 0.361 7.560 28.0 23.3
0.069 7.985 0.371 7.614 28.2 21.7
=0.154 6.664 0.382 6.282 23.2 27.5
-0.350 5.190 0.394 4.796 17.8 25.5
~0.560 3.066 0.408 2.658 9.8 14.8
-0.588 2.742 0.411 2.331 8.6 15.7
=0.680 1.920 0.421 1.499 5.5 12.7
=-0.735 1.211 0.435 0.776 2.9

*'nus column shows the percent reduction in (A/c) due to measure-
Wents being made with the high RF field compared with the low RF field used
for the data in Table 4.5. Where no corresponding data point is listed in
Table 4.5, the smoothed curve value is used.
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parameters are needed to convert the experimental exchange broadening

to the rate of proton exchange. These are: (i) the NH to HOH chemical
1

shift (8), (ii) the longitudinal relaxation time of the AN nucleus

(Th14), and (i) the N-H coupling comstant (Jy)-

(i) The Chemical Shift Values

As explained earlier the rate calculations are very sensitive
to 6§ in the region of maximum broadening and in the region of exchange

narrowing. Estimates are th e d te and to obtain

more accurate values are explained later.

(ii) Longitudinal Relaxation Time for IAN

The rate calculations are insensitive to this value throughout
the full broadening region. Accordingly an estimate of 1 = 0.005 secs.
was considered adequate for both NH sites. For the ammonium protons
this estimate is based on data for methylammonium chloride [71]. For
the imidazolium protons the estimate is based on data for imidazolium

chloride [44].

(iii) The N-H Coupling Constants

Since the coupling constant is considerably smaller than the
chemical shift for both NH sites, it follows that the rates are much less
dependant on the coupling constants than on the chemical shifts. Grunwald
and Price [33] have noted that J is quite insensitive to change of
solvent and to alkyl substitution on nitrogen, and a value of J = 327
rads. sec._1 has accordingly been used for the ammonium protoms.

Similarly a value of J = 452 rads. sec.-l (the NH coupling constant for
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jmidazolium chloride found by Ralph and Grunwald [44]) was considered

adequate for the imidazolium protons.

Chemical Shifts by Slow Sweep

To analyze the data, it was necessary to know the chemical shifts
of both types of NH proton with reference to the water line. Due to the
overlap it was not possible to obtain these shifts from the broadening
measurements. It was therefore necessary to obtain the values from slow
sweep spectra of acidic histamine solutions in which the rates of exchange
were so slow that no appreciable exchange broadening occurred. Under these
conditions it was possible to obtain fairly precise values of the shifts
despite the broadenings caused by the electric quadrupole moments of the
nitrogen atoms. However, considerable corrections had to be made due to
the shift of the water line in the strongly acidic solutions (see experi-
mental section).

To minimize errors, the corrections were made as small as possible
by using the highest pH solutions which did not cause significant exchange
broadening. Resonance I could be observed in approximately 0.1 M acid
(Fig. 4.10) whereas resonance II required about 6 M acid. The large
shift of the water line in 6 M acid causes a larger uncertainty in the
chemical shift of resonance II. Table 4.10 lists the mean results of
several measurements.

Ralph and Grunwald [44] found the NH shift in imidazolium ion at
9.00 ppm. while Meyer, Saika and Gutowsky [72] list ammonium resonances
of various alkylammonium ions between 3.1 ppm and 4.2 ppm. There is,
therefore, little doubt that resonance I should be assigned to the

histamine ammonium resonance, and resonance II should be assigned to the
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TABLE 4.10

AMMONIUM PROTON SHIFTS IN HISTAMINE SOLUTIONS
(REFERRED TO THE WATER LINE)

97

Uncorrected Corrected Corrected
Resonance | [Histamine] |[HC1] shift shift _, | shift
(Rads. sec. ")[(Rads. sec. ) ppm.
E 154 0.1 M| 1830 ¢ 20 1850 * 30 [3.12+.09
11 0.5 M 6.1 M| 3755 + 100 4925 + 200 [8.32+.34
TABLE 4.11
RESULTS OF DOUBLE IRRADIATION EXPERIMENTS
+
1/t for NH
2+ 3 2+
L BBZ 1 L) (uec.-l) vi/iL B8, ]
.326 0.50 5.5 + 0.2 16.5 £ 0.6
.326 0.10 8.6 + 0.8 25.8 = 2.4
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histamine imidazolium resonances.

Having made these assignments it is noted that the ammonium
resonance could be observed at a higher pH than could the imidazolium
resonance so that exchange of ammonium protons must have been slower than
exchange of imidazolium protons as expected on the basis that the stronger
acid will exchange faster. Therefore the amino component will be at a
higher pH than the imidazole component in the(A/c)data. With the present
chemical shift assignments, the (A/c) difference plot (Fig. 4.9) confirms
that this is the case.

Measurement of the First Order Component
of the Side Chain Exchange

Due to the greater basicity of the side chain amino group [67, 68],
it was expected that the acid dissociation and hence the pseudo first
order rate contribution at this site (when protonated) would be very small.
To check this reasoning, Dr. E. K. Ralph [73] conducted double irradiation
experiments as devised by Forsen and Hoffman [74]. His results are shown
in Table 4.11 (the chemical shift for ammonium protons agreed with the
previous value).

It will be seen that fairly high acid concentrations were necessary
in these experiments, and as a result acid repression of the pseudo first
order rate may be present. At this point however it is not possible to
allow for acid repression, so as a first approximation the psuedo first
order contribution is taken as constant in these experiments.

Accordingly:

vio= gy Um y e gg et )
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where jJ_ and ji are rate constants.

v 4 4
e m———me— = J_+ 3’ [BH']
[BH22+] 1 2
— 0%, .3
74 % * = j + j( K — 1 3
[BH22+] 1 2 "a [H+]

substitution of the data provides two simultaneous equations which can

be solved to give

3 = W2:1. seaTY

and

35 = (7.6+2.6) x 10° Lmole

Experiments in Which the Temperature
was Varied

Each of the data series at fixed histamine concentrations shows
a plateau in the pH region approximately 0.5 to 2. Since the ammonium
resonance showed no significant exchange broadening at pH = 1 (in the
slow sweep spectra) it would appear that the broadening at the plateau
is due to exchange of imidazolium protans.+ A series was therefore run
using a solution from this plateau at various temperatures. This was

expected to show the temperature dependance of the imidazolium proton

-

1‘Siﬂ(:e the largest reduction of (A/c) with increasing RF field
Occurred at about pH 3 to 4, it follows that the lifetime broadening
Tegion for side chain exchange was in this pH region. This is further
evidence that the significant broadening due to ammonium proton exchange
Occurs somewhat above pH = 1.



100

exchange rate in this solution, with the maximum broadening depending on
the chemical shift of the imidazolium protons. Table 4.12 lists such
results for a solution which was 0.0595 M in histamine with a calculated
pH of 1.467 at 25°C. Assuming that all exchange broadening is due to
jmidazolium proton exchange it was possible to calculate (4/p) values
and hence to determine the imidazolium proton chemical shift, (5r), as
4790 rads sec. L from (Alp)w. Rates were then calculated in the usual

way.
Assuming the Arrhenius equation for the rate constant,

E
a
1n. (kl) 2 ﬁ+1nA
we can use calculated values of + to substitute for k.l. and hence
+
[BH,""]
plot In (k;) against 1/T (Fig. 4.11). A least squares fit to a straight

line gives
Activation energy (E)) = 9.2 + 0.6 kcal. mole”" and

In A = 24.7%0.9

This experiment was repeated using a 95% deuterated (i.e. 95%
”20 and 5% azo) solution which was 0.0595 M. in histamine with a calcu-

lated pH of 1.94 at 25° (Table 4.13). Results obtained were
=¥
3 = 4795 rads. sec.
E = 10.2 % 0.7 keal. mole ™}

InA = 25.7 £ 0.8
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TABLE 4.12

5.95 x 10-2 M.HISTAMINE SOLUTIONS AT pH 1.467 R“JN AT VARIOUS
TEMPERATURES WITH RF FIELD AT 632 RADS. SEC. L'
VR 1, 4 4/p 1atk) 10%/1
2.830 0.390 2.440 2261 8.863 3.415
2.885 0.353 2.532 2350 9.389 3.356
2.845 0.331 2.514 2333 9.351 3.300
2.723 0.301 2.422 2264 9.567 3.247
2.654 0.302 2.352 2178 9.510 3.247
2.126 0.287 1.839 1704 10.034 3.195
2.370 0.267 2.103 1949 9.864 3.177
1.927 0.251 1.676 1555 10.160 3.146
1.741 0.227 1.514 1401 10.295 3.101
1.560 0.200 1.360 1263 10.421 3.050
+

The chemical shift “r) which fitted this data was 4790 rads.sec

1
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TABLE 4.13

SOLUTION IN 95% D,0, 5,95 x 10-2 M,IN HISTAMINE AT pH 1.941
RUN AT VARIOUS TEMPERATURES WITH RF FIELD

AT 632 raDs. sec.”tT
3
1/T1P 1/'[l A Alp 1u(k1) 107/T
1.514 0.104 1.410 1307 7.971 3.445
1.731 0.101 1.630 1511 8.151 3.386
1.998 0.09 1.902 1765 8.365 3.355
2.145 0.090 2.055 1903 8.483 3.300
2.521 0.087 2.434 2256 8.849 3.246
2.641 0.082 2.559 2372 9.175 3.195
2.396 0.069 2.327 2156 9.623 3.146
2.333 0.004"T | 2,239 2074 9.710 3.101
2.112 0.1337 | 1.979 1836 9.927 3.050
+

The chemical shift (Br) which fitted this data was 4795 rads.sec_l.

H.Values of 1/’1‘1 at the two highest temperatures show an unexpected
increase. If the first seven points in this table are fitted to an
Arrhenius equation of the form fn (1/T,) = E_/RT + 2n A and values of 1/'1‘1
at the two highest temperatures obtained by extrapolation, only small
differences result. In this case E * = 10.3 + 0.6 kcal. mole~l and
fn A* = 25.9 + 0.9.
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Kinetic Analysis of the Data at Fixed Histamine
Concentrations above pH Approximately 1.0

Chemical Shift Used

The slow sweep value of 63 = 1850 * 30 rads. sec.'l was used for
the side chain N-H to HOH chemical shift. Two values were available for
the ring NH to HOH chemical shift (one from the slow sweep experiments
and one from the experiment in which the temperature was varied). The
mean of these values, viz. rSr = 4860 rads. sec._l, was used in the
following analysis with the maximum uncertainty estimated at * 150 rads.
. .
Attempts to Fit the Data with Simple
Rate Laws

The first calculations were carried out using two rate laws each
consisting of a first order term and a second order term in histamine.

Viz. for exchange of imidazolium protons,

v
: 3

2+]

+.

= k. +k, [BH'] (4.4)
| 2

[Bllz

and for exchange of ammonium protons

¥ 4
e N gt [BH"] (4.5)
[BH,7"]
For exchange of ammonium protons, jl was fixed at 14.2 set.:.—1 as
determined by the double irradiation experiments. The value of kl was
set by the plateau of the (A/c) versus pH plot for each series of data.
The second order term (kz) of the rate law for imidazole exchange was

then fixed by subtracting the maximum broadening due to ammonium exchange,
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and this in turn was fixed by the chemical shift of the ammonium protons.
Rates of imidazolium exchange (vr) were then calculated over the full
concentration range using Equation (4.4). Equations (1.21) and (1.17)
could then be used to calculate the theoretical contribution to the
broadening which was caused by imidazolium exchange. Subtraction of
these imidazolium contributions from the total experimental exchange
broadenings provided the contributions to the broadenings which were
caused by ammonium exchange. The ammonium broadenings were used to
calculate ammonium exchange rates using Equations (1.17) and (1.21) and
the second order rate constant of the ammonium rate law (ji) was obtained
by a linear least squares fit of these rates versus [BH+].

During the above numerical analysis, the chemical shifts were
allowed to move within their maximum estimated error limits in order to
obtain the best fits between calculated and experimental exchange
broadenings. In some cases, however, the minimum discrepancy between
theoretical and experimental (A/c) values could not be reduced below the
estimated error limits for extended pH ranges (see dotted plots in Figs.
4.12 and 4.13). Also when the ammonium rates were plotted against [BB+],
considerable deviations from straight lines were obtained. With this
failure to obtain a satisfactory fit, it was considered necessary to

introduce a further first order term into the theoretical rate laws.

More Complex Rate Laws
Since the ammonium rate law has a very small pseudo first order
component, it is not clear how any change in this law could cause a

significant improvement in the fit. In contrast, the first order term
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in the rate law for imidazolium exchange may very possibly show signifi-
cant "steps" for two different reasons. ' (i) Ralph and Grunwald [44]
found two parallel first order proton exchange processes in their work
on imidazole. They attributed one process to exchange following acid
dissociation and the other process to exchange occurring in an ionized

state. (ii) Previous work on amines with an ionic charge [35] has shown

two parallel first order pr of proton h . These two
processes have been ascribed to exchange occurring in the trans and
gauche isomers respectively.

A parallel first order process due to either of these two
reasons would result in the same rate expression for the exchange of

imidazolium protons:

v, kI

— = g r—L—x, ) (4.6)
[BH,""] 14Q, [H']
kl
where == is the new term defining the step in the first order
1+, (8]

law which would be caused by a parallel first order process due to either
of the above reasons.

The ammonium exchange will be governed by the previous simple law

Vs - ok
= 3, +3; (B8] (4.5)

2+
[B4,""]

1L‘l'he word "step" in this discussion is used to indicate that the
first order term is pH dependent. See, for example, Equations (1.30) to
(1.37) in the introduction which shows one mechanism by which a pH
dependence can arise.
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Procedure for Fitting the Data Using the New
Rate Law for Imidazolium Proton Exchange

After various trials, the following procedure was found to be
the most successful method for obtaining a satisfactory fit with the
rate laws given by Equations (4.5) and (4.6).

(i) The chemical shifts were fixed at the previously determined
values, 6_ = 4860 rads. sec, L and 8, = 1850 rads. HacoTa.

(1) 3, wvas fixed at 14.2 gec, .

(iii) k, was initially set by the plateau of the (A/c) versus

5 §
pH plot.
(iv) ki was initially set at zero.
(V) k2 was selected so that the maximum broadening due to
ammonium exchange was in agreement with 65 = 1850 rads. sec.-l.

(vi) ji was chosen to give the correct rate at the maximum
ammonium broadening.

(vii) The rate law for ammonium exchange was now used to calculate
broadenings ((A/c)s values).

(viii) The (A/c)s values were subtracted from the experimental
(A/c)e values and the results used to calculate rates of imidazolium
exchange. When these rates were plotted as ordinate against [BH+], a
straight line was obtained for points arising from pH 2 4.4, and the
least squares gradient of this line was used to set a new value for kz.
Below pH -~ 4.4, the rates were found to fall off below the straight
line, and this fall off was interpreted as a step in the first order
component. Accordingly the rates below pH = 4.4 were treated by sub—
tracting kl and also subtracting the calculated second order rate. The

Tesidual rates (v') were the contributions from the k]‘_ term



112

i.e.

(4.6a)

2
o, +
A plot of —=— as ordinate against [H ] produced a
straight line graph which could be used to determine values for k]
and Q.

(ix) The values obtained for k;, kJ, Q) and k, were now used to

calculate theoretical (A/C)r broadenings due to imidazolium exchange.

Small adjustments were Made in k, in order to maintain good agreement

with the plateau of the experimental (A/C)e curve——i.e. (A/C)e =
/), + (8/e) . Small adjustments were also made in k, in order to

keep the maximum broadenjng due to h in with

§, = 1850 rads. sec.”’.

(x) The (A/c)_ calculated values were now subtracted from the
(8/c), values and the residual broadenings used to calculate ammonium
exchange rates. A plot of these rates against[BH+] gave a straight
line, and a least squares fit of the data points in the exchange
narrowing region was used to determine a new value for 33 while j)
remained fixed at 14.2 sec,”l, The exchange narrowing region was used
to determine jj since (a) the side chain broadening was a larger fraction
of the total broadening in this region, and (b) the ki term was still
only very approximately determined, and it strongly affected the

ammonium lifetime broadening region, but only slightly affected the
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exchange narrowing region.

(xi) The new ammonium rate law was now used as in step (vii)
and the whole process repeated as many times as necessary in order to
obtain reproducible parameters across the full pH range under con—
sideration. Checks were then made to assure (a) that the calculated
(b/c) values agreed with the original experimental data within the
limits of experimental error, and (b) that the rate law plots were

linear.

Results from the Above Fitting Procedure

The above method was used to obtain rate constants from each of
the five series of measurements made at low RF fields and the constants
are listed in Table 4.14. The fitted data in Table 4.15 is used to
demonstrate the determination of the rate laws. After several calcu-
lation cycles as described above, the parameters for the imidazole rate
law were set at the following values.

§_ = 4850 rads. e;ec.-1

T
=i
kl = 6120 sec.
- =1
kl 8885 sec.
Ql = 4810

k, = 3.01 x 10’ f.mole.”t sec.”L
Equation (4.6) was used to calculate the specific imidazole exchange rate
v.
# at intervals of 0.2 pH units. By use of Equation (1.21)
L [38,"]
followed by Equation (1.17) and (1.16), corresponding exchange broadenings,
(A/c)r, could be calculated. The exchange broadenings are listed in

Table 4.15 and they are subtracted from the total experimental broadenings
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TABLE 4.14
PARAMETERS OBTAINED FROM THE SERIES OF DATA AT FIXED HISTAMINE CUNCENTRATIONS+
Histamine ++
Nolarity 00600 .0298 .0596 .270 0595
RF Field 251 500 200 355 632
Sy 4850 4860 4860 4860 4860
ky 6120 5120 5880 * 5050 4230
L3 8885 5705 5397 5879 828
37 (7% (122 (50%) (30%)
q 4810 1404 1556 2262 6525
(20%) (10%) 52 (602) (%3%)
Ty % 109 1.6 Toh e 5.1 0.47
%K, 3,00 3.90 3.90 5,85 1,42
22) %) (3% 7)) (3%
8 1840 1850 1850 1850 1840
EhY 14.2 14.2 14.2 14,2 i
- % 33 3.5 5.7 6.45 .02 2.4
[t)) %) %) (.5%) 2%

Percentages in brackets show the standard deviations of linear least squares fits as described in the text.
ttThis column refers to 95% deuterated solutions.

1'1‘1‘CA1].<:u1ned from an estimated isotope effect on jl. Since _11 is so small, the analysis is very insensitive
to this value.

91T



115

TABLE 4.15

COMPARISON OF THEORETICAL BROADENINGS WITH
SMOOTHED EXPERIMENTAL BROADENINGS FOR
6.00 X 10~3 M. HISTAMINE SOLUTIONS

PH @/e), @ley, /ey /e,
2.400 .6 40.5 41.2 41.3
2.600 .9 41.0 41.9 41.7
2.800 1.4 41.7 43.1 43.0
3.000 2.1 42.5 44.6 44.7
3.200 3.2 43.2 46.4 46.3
3.400 5.0 43.5 48.5 48.5
3.600 7.6 43.2 50.8 51.1
3.800 11.6 42.2 53.8 53.8
4.000 16.7 40.7 57.4 57.4
4.200 21.9 38.6 60.5 60.4
4.400 24.4 35.9 60.3 60.1
4.600 22.6 32.5 55.1 54.5
4.800 18.0 28.4 46.4 46.4
5.000 13.0 23.8 36.8 37.3
5.200 9.1 19.2 28.3 28.5
5.400 6.4 15.1 21.5 21.1
5.600 4.6 11.8 16.4 16.5
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in the second column of Table 4.15a. These residual experimental
proadenings were attributed to ammonium exchange and Equation (1.16)
could therefore be used to convert them to the (A/p)s values listed in

v

the third column of Table 4.15a. The specific rates, [ , were

fo e
Bﬂzz+
obtained in the usual way by means of Equations (1.17) and (1.21).
The linear plot in Figure (4.14) is consistent with the amine rate law
(4.5) and a least squares fit of this data gives
3 = - 223 sec. ™}

and j; = (32.5 £ 0.4) x 106 l.mole._l sec._l.
The value of jl is in good agreement with the results of the double
irradiation experiments (+ 14 sec._l). This latter va lue for i, was
now used with the value for ji to calculate the (A/c)s values which are
listed in Table 4.15 and which are used in Table 4.15b . The first five
columns of Table 4.15b are similar to Table 4.15a. The plot of specific
rate versus [BH+1 is linear above pH 4.6, but falls beJlow this straight
line at lower pH (Figure 4.15). The non-linearity resmilts from the pH
dependence of the first order component of the rate law and has been
referred to as a 'step' in the rate law. To determine the parameters of
the imidazolium rate law, the least squares gradient off the linear portion
of the plot determined kZ' This constant could then bes used to calculate
the second order contributions to the specific rate in the pH region

3.0 to 4.4. The pH independent part of the first orderr law has already
been set at 6120 sec.-l. The second order contributioms and the pH
independent first order contributions can now be subtracted from the
specific rates in the pH range 3.0 to 4.4. The residuml parts of the

Specific rate are used to calculate the reciprocal rate=s listed in the



TABLE 4.15a

CALCULATION OF THE AMINO RATE LAW FOR
6.00 X 1073 M, HISTAMINE SOLUTIONS

>
oH [%]e 4 [g]r arm, [[s—u;*_]] 10° ("]
2.400 0.8 30 94 0.170
2.600 0.7 24 75 0.270
2.800 1.3 46 142 0.427
3.000 2.2 81 250 0.677
3.200 3.1 116 356 1.072
3.400 5.0 183 565 1.698
3.600 7.9 290 909 2.687
3.800 11.6 429 1390 4.247
4.000 16.7 618 2169 6.703
4.200 21.8 808 3350 10.55
4.400 24.2 898 4647 16.56
4.600 22.0 814 9015 25.83
4.800 18.0 666 12893 39.93
5.000 13.5 500 18838 60.91
5.200 9.3 344 28833 91.12
5.400 6.0 224 45395 132.6
5.600 4.7 174 58966 186.1
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CALCULATION OF THE IMIDAZOLE RATE LAW FOR 6.00 X 1()-3 M. HISTAMINE SOLUTIONS

TABLE 4.15b

e (%] - [%] (%] [ vru] 108ty | 200 7 {10 )
e s r [BH2 1 v’

2,400 40.7 2258 6639 0.170

2,600 40.8 2264 6691 0.270

2.800 41.6 2312 7127 0.427

3.000 42.6 2369 7846 0.677 6.58 100.0
3.200 43.1 2395 8351 1.072 5.25 63.1
3.400 43.5 2415 9700 1.698 3.26 39.8
3.600 43.5 2409 10706 2.687 2.66 25.1
3.800 42.2 2346 12486 4.247 1.97 15.85
4.000 40.7 2258 14157 6.703 1.67 10.00
4.200 38.5 2140 16131 10.55 1.47 6.31
4.400 35.7 1983 18678 16.56 1.33 3.98
4.600 31.9 1769 22426 25.83

4.800 28.4 1576 26306 39.93

5,000 24.3 1348 32050 60.91

5.200 19.4 1076 41618 91.12

5.400 14.7 819 55979 132.6

5.600 11.9 660 70196 186.1

61T
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sixth column of Table 4.15b and the plot of these reciprocal rates
versus [H+] is shown in Figure (4.15a). The plot is linear and a least
squares fit with Equation (4.6a) provides values for k] and Q,. The
newly determined parameters for the imidazolium rate law are

6_ = 4850 rads. sec.-l

k, = 6120 sec.”t

K = 8850 + 160 sec. ™t

Ql = 5085 * 1160

k, = (3.04 % 0.06) X 10’ 2.mle. ™t sec.”L.

Since all of these parameters are in good agreement with the values
obtained previously, a further cycle of calculations was not necessary.
Similar cyclic calculations were carried out on the other series
of data and similar rate law plots were obtained. The ammonium rate law
was always linear and the imidazolium rate law always fell away at lower
pH. As expected, the non-linearity became less pronounced as [BE22+]
increased. The calculated broadenings for the different [BBZZ+] series
are compared with the smoothed.experimental broadenings in Tables 4.15
to 4.19. Agreement is seen to be well within the limits of experimental
error. Deviations between the calculated and experimental broadenings
are shown by the continuous lines in Figures 4.12 and 4.13. Figures 4.12
and 4.12a show deviations for 2.98 X 10—2 M solutions while Figures 4.13
and 4.13a show deviations for 5.95 X 1072 M solutions. For comparison,
each of these figures also shows the deviations which were obtained
using the simple rate laws 4.4 and 4.5. The theoretical components of
the total experimental broadenings are illustrated in Figure 4.16, using

the 2.7 X 10} M histamine series data.
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TABLE 4.16

COMPARISON OF THEORETICAL BROADENINGS WITH
SMOOTHED EXPERIMENTAL BROADENINGS FOR
2.98 X 10-2 M HISTAMINE SOLUTIONS

pH @/e), /ey @/e) gy /e),
.600 .1 35.8 36.0 36.1
.800 1 35.9 36.0 36.1
1.000 -1 36.0 36.1 36.1
1.200 o2 36.1 36.3 36.1
1.400 .2 36.3 36.5 36.1
1.600 52 36.6 36.8 36.7
1.800 +3 37.0 37.2 37.3
2.000 3 37.6 37.9 37.8
2.200 5 38.4 38.9 39.1
2.400 7 39.5 40.2 40.4
2.600 1.0 40.8 41.8 42.0
2.800 1.5 42.1 43.7 43.8
3.000 2.3 43.1 45.5 45.5
3.200 3.6 43.5 47.2 47.1
3.400 5.6 43.0 48.6 48.7
3.600 8.6 41.4 50.0 50.5
3.800 12.9 38.3 51.3 52.0
4.000 18.2 33.8 52.0 51.9
4.200 22.7 28.1 50.8 49.9
4.400 23.9 21.8 45.7 45.0
4.600 20.8 16.1 36.9 35.9
4.800 15.7 11.4 27.1 26.2
5.000 11.0 7.9 18.9 19.1
5.200 7.6 5.4 12.0 13.5
5.400 5.2 3.8 9.0 9.3
5.600 3.7 2.7 6.3 6.3
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TABLE 4.17

COMPARISON OF THEORETICAL BROADENINGS WITH
SMOOTHED EXPERIMENTAL BROADENINGS FOR
5.96 X 1072 M, HISTAMINE SOLUTIONS

pH @/e)g /ey @/e) gy, @/e),

.600 .1 38.8 39.0 39.2

.800 .1 38.9 39.1 39.2
1.000 .2 39.0 39.1 39.2
1.200 .2 39.1 39.3 39.2
1.400 .2 39.2 39.4 9.2
1.600 .2 39.5 39.7 39.5
1.800 .3 39.8 40.1 40.0
2.000 N 40.3 40.7 40.6
2.200 .6 40.9 41.5 41.7
2.400 .8 41.8 42.6 42.8
2.600 1.2 42.7 43.9 43.9
2.800 1.8 43.5 45.4 45.0
3.000 2.8 43.9 46.2 46.2
3.200 4.4 43.3 47.7 47.3
3.400 6.8 41.4 48.1 47.8
3.600 10.4 37.9 48.3 48.4
3.800 15.3 32.9 48.2 48.6
4.000 20.8 26.8 47.6 48.0
4.200 24.5 20.5 45.0 44.5
4.400 23.8 14.9 38.7 38.8
4.600 19.5 10.4 29.8 29.7
4.800 14.1 7.0 21.2 20.3
5.000 9.7 4.7 14.4 15.0
5.200 6.5 3.2 9.7 9.7
5.400 4.4 2.2 6.6 6.8
5.600 3.1 1.5 4.6 4.6
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TABLE 4.18
COMPARISON OF THEORETICAL BROADENINGS WITH
SMOOTHED EXPERIMENTAL BROADENINGS FOR
2.70 X 10~ M HISTAMINE SOLUTIONS

pH @/e) @/e) @/e) @/e),
.400 .1 37.0 37.1 37.2
.600 .1 37.0 37.2 37.2
.800 .2 37.2 37.3 37.3
1.000 +2 37.3 37.5 37.3
1.200 .2 37.6 37.8 37.4
1.400 »3 38.0 38.2 37.5
1.600 -3 38.5 38.9 38.0
1.800 Wb 39.4 39.9 39.1
2.000 -6 40.6 41.2 41.1
2.200 .9 42.1 43.0 43.2
2.400 1.4 43.7 45.1 45.1
2.600 2.1 44.8 47.0 46.1
2.800 3.3 44.3 47.6 46.5
3.000 5.1 41.1 46.2 45.6
3.200 7.9 35.1 43.0 42.8
3.400 11.9 27.6 39.5 38.7
3.600 17.2 20.3 37.6 37.5
3.800 22.5 14.2 36.8 * 36.9
4.000 25.1 9.6 34.7 34.6
4.200 22.9 6.4 29.3 29.7
4.400 17.7 4.2 21.9 21.8
4.600 12.4 2.7 15.1 15.2
4.800 8.2 1.7 10.0 10.1
5.000 5.4 1.1 6.5 6.7
5.200 3.5 .7 4.3 4.3
5.400 2.3 <5 2.8 2.8




‘ TABLE 4.19
COMPARISON OF THEORETICAL BROADENINGS WITH SMOOTHED
EXPERIMENTAL BROADENINGS FOR 95% DEUTERATED
HISTAMINE SOLUTIONS AT 5.95 X 1072 M,

pH wle), o), e, @/e),
2.000 4 31.9 32.0 32.3
2.200 vt 32.0 32.1 32.3
2.400 1 32.2 32.3 32.3
2.600 2 32.4 32.6 32.3
2.800 .2 32.9 3.1 32.7
3.000 & 33.5 33.8 33.6
3.200 .6 3.3 %.9 %.9
3.400 .9 35.6 3.5 36.5
3.600 1.4 37.3 38.6 38.6
3.800 2.1 3.3 4.5 4.9
4.000 3.4 4.5 4.9 45.1
4.200 5.3 43.2 8.5 48.4
4.400 8.1 43.3 s51.4 51.6
4.600 12.3 40.4 52.7 52.7
4.800 17.4 3.4 51.7 51.7
| 5.000 21.9 26.7 48.6 48.5
i‘ 5.200 23.4 19.3 42.8 41.5
5.400 20.9 13.5 34.3 33.9
5.600 16.3 9.2 25.5 25.9
5.800 1.8 63 18.1 18.7
6.000 8.4 5.5 12.8 12.8




127

Buruspro1q Tejuswfiedxa ay3 o sjusuodmod TeIFIRIOLYL 9T'4y anBfy

|4

S

£

2

0

<«—Hd

oS



128

The constants derived above were now used to calculate broadenings
corresponding to the experiments at high RF. By allowing the RF field and
both chemical shifts to move within their estimated error limits where
necessary, it was possible to obtain calculated broadenings which were
within about 3 (A/c) wnits of the experimental data. Since the experi-
mental uncertainties were estimated to be this high, the agreement was
considered to be satisfactory. Better fits could be obtained by adjusting
the rate law parameters, but since this data generally extended over small
pH ranges and also showed high uncertainty, the modified parameters were

of little value. Tables 4.20 to 4.22 show some possible fits.

Dependence of kz on Ionic Strength

Inspection of Table 4.14 shows that kz increases as the ionic
strength increases. Such behaviour is expected from the primary kinetic

salt effect for a reaction between two positively charged ions. i.e.
log (ky) = m /u+ log (k3) (4.7)

where m is a constant equal to the gradient of a straight line plot
between log kz and /i . The relevant data is listed in Table 4.23 and
the plot of log k, versus /i is shown in Figure (4.17). A linear least

squares fit gave

= 0.346 + 0.037

and k= (2.80 £ 0.14) X 107 L.mole.™ sec.”k.



129

TABLE 4.20°

COMPARISON OF THEORETICAL BROADENINGS WITH SMOOTHED
EXPERIMENTAL BROADENINGS FOR 2.98 x 1072 M.
HISTAMINE SOLUTIONS WITH RF FIELD
AT 2513 RADS. SEC.™!

pH @/e)g /ey /ey @/e),
3.200 1.4 38.8 40.2 41.6
3.400 2.1 38.9 41.0 41.2
3.600 3.9 37.9 41.3 40.7
3.800 5.2 35.7 40.9 40.1
4.000 7.8 32.0 39.7 39.3
4.200 11.0 26.9 38.0 38.4
4.400 14.0 21.2 35.2 37.3

fValuzs in this Table were calculated using the same rate
parameters which were used for the low RF data at_this concentration.
6, was 4860 rads. sec.”™, §_ was 1850 rads. sec.”, and the RF field
was set at the measured valie of 2513 rads. sec.”l.
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TABLE 5.211.

COMPARISON OF THEORETICAL BROADENINGS WITH_SMOOTHED
EXPERIMENTAL BROADENINGS FOR 5.95 x 1072 M,
HISTAMINE SOLUTIONS WITH RF FIELD
AT 2513 RADS. SEC.™1

PH @le), @/e), wrey,, /ey,
3.200 1.8 39.0 40.8 42.0
3.400 2.8 37.8 40.7 41.8
3.600 4.4 35.1 39.5 40.4
3.800 6.7 30.8 37.5 38.0
4.000 9.7 25.2 35.0 35.1
4.200 13.0 19.4 32.4 31.6
4.400 14.9 14.0 28.9 27.5
4.600 14.1 9.8 23.8 22.5
4.800 11.2 6.6 17.8 17.2
5.000 8.1 4.4 12.5 12.6
5.200 5.6 3.0 8.5 8.9
5.400 3.8 2.0 5.8 6.0
5.600 2.7 1.4 4.1 3.9
5.800 1.9 1.0 3.0 2.6
‘rValues in this Table were calculated using j; = 7.5 x 106 l.mole.

sec.™ and k, = 4.2 x 107 l.mole.~ sec.”! with all ofher rate law
parameters tﬁe same as_used for the low RF data at this concentration.
6_was 4860 rad. sec.”l, §_was 1850 rads. sec.”! and RF field was set at
the measured value of 2513°rads. sec.”l.
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TABLE 4.22"

COMPARISON OF THEORETICAL BROADENINGS WITH.SMOOTHED
EXPERIMENTAL BROADENINGS FOR 2.70 x 107 M,
HISTAMINE SOLUTIONS WITH RF FIELD
AT 2819 RADS. SEC.

pH (A/c)B (A/c)t (A/c)sh_ (A/c)e
1.400 .1 28.1 28.2 29.2
1.600 -1 28.6 28.7 29.2
1.800 .1 29.4 29.5 29.2
2.000 .2 30.6 30.7 29.5
2.200 .3 32.1 32.3 31.3
2.400 o4 33.9 34.3 33.3
2.600 .6 36.6 36.2 34.5
2.800 1.0 36.4 37.4 34.7
3.000 1.5 35.4 36.9 33.7
3.200 2.4 32.2 34.6 32.0
3.400 3.7 27.1 30.8 29.8
3.600 5.7 21.2 26.9 27.4
3.800 8.3 15.6 23.9 25.8
4.000 11.2 11.0 22.2 23.6
4.200 13.0 7.4 20.4 20.8
4.400 12.3 4.9 17.2 17.4
4.600 9.7 3.2 13.0 13.0
4.800 6.9 2.1 9.0 8.4
5.000 4.7 1.4 6.0 5.3
5.200 3.1 .9 4.0 3.5
5.400 2.0 .6 2.6 3.0

mole.” sec.™, k, = 4.5 x 10’ l.mole.”l sec.™l, k7 =*7500 sec.”l,

Q = 1500, and othér rate parameters the same as used for the low RF data
at this concentration. &_ was 4700 rads. zic. A 65 was 1830 rads. sec.
and the RF field was set at 3100 rads. sec .

*Valugs in this Table,vere calcylated using j; = 4.5 x 10° 1.
i z



TABLE 4.23
mnmnnmncsa.‘rmmkz

Histamine i 107 x k, log (k,)
6.00 x 1073 0.140 3.01 7.48
2.98 x 1072 0.311 3.90 7.59
5.96 x 1072 0.440 3.90 7.59
2.70 x 1071 0.935 5.85 |- 7.77
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Consideration of ji

Table 4.14 shows the unexpected result that ji increases rapidly
as the histamine concentration decreases. Since the ji values were
obtained by linear least squares plots of the ammonium rates versus
[B}i+], it follows that all components of ji must refer to reactions
depending on [BH']. It was assumed that all reactions depending on [BH']
would also depend on [BH22+]. Since each of the kinetic analyses
referred to a series of solutions at fixed histamine concentration, it
follows that [BHIZ"‘] was essentially constant in any one analysis.
Therefore any fit of the data involving a term j [BH'] [“22+] could have
just as well been obtained using a term jy[BH+]. A reaction following
the latter rate law would have been identified in the kinetic analysis
with

2+.
1, = 4, 0m8,%0

3
i.e. jx = —X_

2+
‘ (38,"")
The rate constants obtained from the different analyses--viz. the apparent

second order in histamine 5: values, would therefore be expected to show a

| larger value from the Jy mechanism when the histamine concentration (and

hence the [BBZZ+]) was smaller.

| We will now to the second order term

into two ts. One (jz), will be due to reactions which
are second order with respect to amine, and the other component (11)’

will be due to reactions depending on [BH'] alome.
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Then
35 (] ("1 = 5, rmE'1 (e Pt 4+ 5, (et
or

5 2+ 2+
e g (A P v C B (4.8)

Provided j2 is constant, Equation (4.8) predicts that a plot of
ji [Bﬂzz+] against [BH22+] would give a straight line with gradient
j2 and intercept ji' To allow for variation of jz with ionic strength,
it was possible to determine a value Lo 0.127 (similar to the value
o in Equation (4.7)) from a later experiment.
Then
log (3,) = m Y+ log (33)
or

3
log [ﬁ] = m A 4.9)

Equation (4.8) could then be rewritten as
i o2 = 2] gty 4.10
i felh gz e, 3y (4:10)
3,
Equation (4.9) can be used to evaluate 37 for each histamine
2

)
concentration, and a plot of jj [BH,”'] against L—z 13m,2%]
2

will provide values of j; and ji' Table 4.24 lists the values and
Figure (4.18) shows the plot.
A linear least squares fit according to Equation (4.10) gives

35 = (2.49 £0.07) x 10° 1. mole.” gec.”?

3 = (2.00 0.12) x 10° sec.”h.



TABLE 4.24

SEPARATION OF j i INTO TWO COMPONENTS

Histamine A 1078 x 52 2,2ty [32 2+
2 2 +=| [BH," ']

i; 2
3 -3

6.00 x 10 0.140 0.195 6.26 x 10
2.98 x 1072 0.311 0.289 3.27 x 1072
5.96 x 1072 0.440 0.385 6.81 x 1072
2.70 x 107% 0.935 1.085 3.57 x 10°%
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l

If the rapid increase in ji is to be explained in this way it is
necessary to identify the reaction to which the rate constant ji applies.
An obvious possibility is an intramolecular reaction in which the
‘ reactant histamine species is singly protonated at an amino site. The
reaction then consists of an intramolecular proton transfer from an

amino site to an imidazole site. A second less obvious possibility is a

reaction between Bﬂ22+ and OH .
\ 2"+ o Ko w4 om0

The rate constant for this reaction is given by k

| where Rate = k [Bﬂzz+] [o87]

k (8,71 K
1 S
e Rate = ————
m]
k(3] K,
s | (REEE = b o
‘Al

Therefore this reaction can be identified with the rate constant j‘ if

so that k= 2.8 x 10" z.mole.”! sec.”l.
Since this is about three orders of magnitude greater than would be
expected if the reaction is diffusion controlled, this possibility must

be rejected in favour of the intramolecular reaction.




Serjes Run at Constant Buffer Ratios

Two series of experiments were run in which the ratio o
was kept constant. One of these was with solutions in 95% D,0
while the other was with natural abundance of the hydrogen isotopes.
Congtant Buffer Ratio In Natural
Abundance Solutions

The broadenings due to exchange from the imidazolium sites were
caleylated using the previously determined rate constants. These
broadenings (as well as the broadenings due to 017) were then subtracted
from the measured broadenings to leave a component which was attributed

to h Ammonium h rates (3/t) were calculated

and 1isted in Table 4.25. The total ammonium exchange rate should be

given by
A
[BE"]
Rate +.
A e | F ey et B O R R | S s
{BHZZ+] 2 i [“22+]
or
+
(/1) = 3, [BH] + 3R (4.11)

+
where the constant buffer ratio —-DE-ZJ"’— = R = 0.141 in this series.
[BH," ]
A plot of (3/t), as ordinate, against [BH+] was found to show a
slight upward curvature which was interpreted as a primary kinetic salt
effect on jz. As a first approximation the value of m obtained previously

for the ionic strength dependence of k2 was used to calculate values of



TABLE 4,25

o™
SERIES RUN AT CONSTANT BUFFER RATIO OF ~BH], = 0.141

181, *")
thstantne] | (/1)) | (/1) s, | G g[m—+ﬁ g [j—% (8]
(3" 2
0.0615 0.973 | 0.34 | 0.433 | 39309 6.260 0.411 0.00856
0.1285 1.166 | 0.36 | o0.641 | 55905 6.283 0.594 0.01884
0.1629 1.221 | 0.349 | 0.699 | 65148 6.296 0.669 0.02437
0.2421 1301 | 0.353 | 0.786 | 86814 6.312 0.815 0.03793
0.2976 1331 | 0.358 | o0.816 | 1028m 6.323 0.903 0.04777
0.3645 1.339 | 0.363 | 0.824 | 124992 6.345 1.001 0.06028
0.4174 1371 | 0.368 | 0.855 | 136932 6.336 1.071 0.07027
0.4700 1.359 | 0.373 | o0.861 | 157653 6.359 1.136 0.08067
0.5419 1.378 | 0.380 | 0.858 | 178188 6.360 1.220 0.09538

1Llh'madeni.ng due to side chain exchange obtained by subtraction of broadenings due to ring
exchange and 017 exchange.

o%T
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32 ol
—j—,— which were used in a plot of (3/1) against 37 [BH ]. This
2 2

produced curvature in the opposite sense, thus indicating that the ionic
strength dependance of jz was less than that measured for kz. Both of
these curves were now fitted to quadratic expressions by a least squares
technique and, from the intercepts, it was determined that ji was

(1.80 + 0.13) x 107 sseit a5 @ Evae approximation.

Now from Equation (4.11) we have

3/t-3 iR
e | = j
(8] &

[3/1 - 4R

.".1log = log (§,) (4.12)
('] ] 2

But the dependance of jz on ionic strength is given by
42 °
log (3,) = m A + log (33)

so that substitution for log (jz) in Equation (4.12) yields

3/t - iR
dog ==l i /i + log (j;) (4.13)
[BH"]
3% = §iR.
Using the above estimate of j,, a plot of log |————
2 [BH']

against Vi was found to yield a straight line with

.rThe values of this function which are listed in Table 4.25

are not the trial values as calculated from m. here.
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Gradient = e 0.127 * 0.007

Intercept = 6.209 + .007

(From the intercept it follows that j; = (1.62 + 0.03) x ].06
1. mole.™ sec.™ as a first approximation).

Finally, the value = 0.127 was used to calculate values of
32 3|+
H and a plot of (3/1) against 3 [BH'] drawn in Figure 4.19. The
2 2

data for this plot is listed in Table 4.25 and a least squares fit gave

3, = (1.83 £ 0.07) x 10° sec.”!

35 = (161 0.02) x 10° 1. mole.” sec.”h.

Constant Buffer Ratio in 95% nzo Solutions

Results for solutions in 95% Dzo at a constant buffer ratio of
ey
IB] . 0,146 are 1isted in Table 4.26. The broadenfngs due to

(38,2%]

imidazolium exchange were calculated by assuming that the variation of
*
k2 with ionic strength in DZO was the same as that determined in 820
%

(mr = 0.346). Values of 1_2 were calculated by making the similar
2

assumption that the value of m, = 0.127 could be applied to deuterated

*
solutions. A plot of 3/t against [_:l_Z_J [BH"’] was found to be linear with
*
o
3%
*

il -

= (6.23 £ 0.65) x 10° sec.”

33 = (.37 £0.09) x 10% 1.m01e. 7 sec. .
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TABLE 4.26
SERIES RUN AT CONSTANT BUFFER RATIO or.—l’ﬁ;{- = 0.146 IN 95% D,0
[BH,""]
ol ot
[Histamine] (1/T1p) (1/11) [ (3/7) lg] [BH']
0.0805 1.496 0.097 0.878 24666 0.01182
0.0972 1512 0.098 0.903 29547 0.01448
0.1353 1.583 0.100 0.994 38076 0.02074
0.1584 1.654 0.102 1.075 41430 0.02464
0.1809 1.618 0.103 1.049 48846 0.02845
0.2240 1.659 0.106 1.102 57894 0.03614
0.2426 1.686 0.107 1.133 61095 0.0395
0.2622 1.604 0.108 1.056 70908 0.0431
0.2775 1.638 0.109 1.095 72567 0.0460
0.2981 1.654 0.111 1.113 76689 0.0499
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Experiments with Solutions Enriched in 017

Three constant buffer ratio series were run with solutions in
which the atom fraction of 017 was about .01 (Tables 4.27 to 4.29).
Values of A were obtained by subtracting (1/'1‘119)M measured in natural

abundance from (ll'l‘lp)e in the enriched solutions.

i.e. A = (I/Tlp)e - (1/Tlp)n

The fraction of HOH sites at 017, p, were likewise calculated
as the difference between the natural abundance and enriched solutions.
(A/p) values were then converted to total rates, (l/T)t' in the usual
way. The rates involving histamine species, (llr)h, were obtained by

subtraction of the H+ and OH catalyzed rates from the total rates.
i.e. (Wfdy i (QUE) = QR)

The rate law for reactions involving histamine species will then be

1m0, = ngry (7 + 0y, mt10m,2) (4.14)
or
111(1/1)
B 24+
T it ety O (4.15)

In Equation (4.14) the term involving nlll will be the total rate for
all processes which are first order in histamine concentration and the
term involving nzlz will be the total rate for all processes which are
second order in histamine concentration. Since, at this point, it was

not possible to predict the ionic strength dependance of the composite

Tate constant 1,, the initial analysis was performed by plotting
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TABLE 4.27
5
ENRICHED 07 SOLUTIONS AT A CONSTANT BUFFER RATIO OF —E'lzJ: = 3.88
[88,"7]

/0y, 2, - . t

[Histamine ] (1/Tlp)e (1/T1],)n @/, = 7o (B,
[BH"] 2

0.07181 3.460 0.586 1666 16620 0.0198
0.09246 3.305 0.592 2174 19905 0.0265
0.11678 2.903 0.596 3119 25959 0.0349
0.14477 2.415 0.599 4454 32520 0.0453
0.17612 1.985 0.601 6265 39614 0.0575
0.20865 1.771 0.602 7619 41531 0.0710
0.25141 1.477 0.602 10504 48809 0.0899

5,
2
2

*Values of (—2] were calculated using = 0.325 (see text).
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TABLE 4.28
ENRICHED 0% SOLUTIONS AT A CONSTANT BUFFER RATIO OF —[i;l— = 22.9
[B8,""]
@y i [ T

[Histamine] (llTlp)e (1/1'1p)n /o, [m*] [_i] [“z ]
0.06659 3.422 0.647 1726 8934 0.00320
0.07997 3.336 0.649 2026 10261 0.00389
0.09558 3.252 0.649 2229 9672 0.00472
0.11663 3.018 0.648 2779 11746 0.00585
0;14811 2.700 0.646 3554 13354 0.00761
0.18069 2.331 0.641 4660 16181 0.00948
0.51615 2.069 0.636 5724 17639 0.01158
0.25776 1.816 0.629 7138 19935 0.01412
0.30975 1.540 0.622 9501 23170 0.01743
0.35558 1.373 0.615 | 11671 25897 0.02043
0.42010 1.213 0.606 | 14701 28584 0.02481
0.48737 1.048 0.596 | 19865 34904 0.02957

L
70

cl

1'\7alues of [

were calculated using m = 0.162 (see text).




148

TABLE 4.29
ENRICHED 017 SOLUTIONS AT A CONSTANT BUFFER RATIO OF —1‘%1— =33.7
(38,2*)
/oy, L Ly
tatetaminel) /1), |a/my, | @/, | =32 [q] 51,21
0.0872 3.199 | o0.710 | 2864 | 12229 0.002770
0.1070 2.98 | 0.70 | 3363 | 13070 0.003434
0.1297 2.787 | o.708 | 3870 | 131 0.004209
0.1511 2.569 | 0.706 | 4522 | 14383 0.004950
0.1742 2.408 | 0.703 | 5100 | 14669 0.005763
0.2094 2.097 | 0.698 | 6489 [ 17561 0.007019
0.2572 1.792 | o0.692 | 8594 | 21001 0.008761
0.3061 1.553 | o0.684 | 11155 | 24860 0.010594
0.3674 1.361 | o0.675 | 14481 | 28688 0.012939

L,
+Values of ["—EI
2

were calculated using = 0.101 (see text).
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111@1/7)y 2+
against [BH,” ] for each series of data. As a first approxi-
(3] =

mation, the linear least squares slopes were interpreted as values of

nzl.z and these were found to increase quite markedly as the buffer ratio
increased. To take the analysis further, it is necessary to consider all
the second order processes which may be present.

Possible Reactions Which are Second
Order in Histamine

A proton could conceivably be transferred from any Bﬂ22+ or BH+
species to any Bﬂ+ or B species. In the following second order rate
constants, the first suffixed digit indicates the charge of the species
losing the proton, and the second suffixed digit indicates the charge of
the species gaining the proton. The total second order rate law would

then be given by

24+ 2+
Va T Bty (B, IIE] +ny,0,, (BH,71(B]

+ ny ) B IEEY] 4 e o (8E1(B)
e Wy [BH ]lBﬂ]"‘n [ ][BB]
2 = ®a'a 20%20 l“’z [[m ]]
+
+ on 8 e, 2tety L) s e ¢ 3 [~2E) ) (L8]]
Titin b [mzul] n10t0 B, [IBH22+1 e

R.K
. i, 24 2%z, b feAY
ey n21121[532 1[BH"] +“zo‘zo[‘“’z J[BH"] K.u]

R.K
+ agpe (8,21 BETIR) + e 188,20 (") [ ﬁ]
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where
i 85 O PR B (=T VISR e (8] 00y
; ; L .
I it e =
¢ Yo 2

Pt Brtan * @ygtygr BT+ Byytpy) R¥mpty, KR

')
(4.16)

Ka

where K = e will be expected to show some concentration dependence.
Al

If the rate constants can be corrected to zero ionic strength, then K”
will be equal to the ratio of the ionization constants at zero ionic

strength (i.e. the ratio of the thermodynamic values).

The First Approximations for nzlz

In the first analysis according to Equation (4.15), the total

second order rate was given by

24, 4
vy = By, [BHz 1[BH"]

Substitution for vy in Equation (4.16) gives

nt + (gt K + 0,2 IR + 0 2l (4.17)

2% = "m'n 20720 10*10 ¥

Inspection of the preliminary nzf.z values at the three different buffer
ratios showed that nzlz increased linearly with R to the power 2.2. A

plot of n %, against R> was found to be linear within the limits of

2%
experimental error. It was therefore deduced that the coefficient of R
was not significant in the present results, and hence the only reactions

of importance for the numerical analysis were “21"21 and n.lD"lO' The
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approximate relative contributions of these tWo components to each of the
three different nZ"Z values could now be evaluated.

It was assumed that the contributions of kz and JZ to nnln would
be in the same ratio as their previously measured magnitudes (i.e. it was
assumed that the number of water molecules involved in kz and jz would be
the same), and a weighted ionic strength correction factor (mv) was evalu-
ated on this basis.* There is no theoretical primary kinetic salt effect on
nlO"lO [75] and previous measurements of second order amine reactions of
this charge type have been found to show only a small ionic strength depen—
dence. Therefore for present purposes the ionic strength dependence of
nlO‘lO was neglected. A total average ionic strength correction factor (m.)
was now calculated for each series and used to determine values of (!.2/1.1')‘
using an equation similar to Equation (4.7). Equation (4.15) can now be

rewritten as

111(1/7) 2,1~
e WAL e e (4.18)
[8u*] 5
/oy, ) [T
Plots of = against |75 [lll‘l2 ] were now made for each of
[BE"] 2

the three series of data. The plot of the data from Table 4.28 (which
extends over the largest concentration range) is shown in Figure 4.20.
Since no curvature can be seen in this plot, it would seem that the
various approximations that were made are reasonable.

Linear least squares fits to Equation (4.18) gave the values

listed in Table 4.30.

fSane k, is considerably larger than jl' any difference in the
number of water miolecules will only cause very small errors in m .
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TABLE 4.30

RESULTS FROM 017 EXPERIMENTS

! ° =5
Buffer Ratio 1077 =mot) R
(l.mole._l sec.-l) (sec._l)
3.88 5.2 * 0.4 10.3 2.4
22.9 10.9 £ 0.2 6.67 + 0.30

33.7 18.7 ¢ 1.0 7.10 +0.76
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The values of nzl; were plotted against R2 as shown in Figure
A.21.f A least squares fit according to Equation (4.17) (with the

coefficient of R set at zero) gave

0,25, = (4.85 % 0.34) x 107 Lmole.™ sec.”™

and  mpots0. K° = (1.21 #0.05) x 10° l.mole. ™ sec.”.

—4

Since K” at zero ionic strength is (1.25 * 0.02) x 10 , it follows that

08 = (9.7 £0.6) x 102 w.mote,t sse. L,

The Data at Low pH

Grunwald and Ralph detected two parallel first order proton
exchange mechanisms in their work on acidic solutions of imidazole [44].
To interpret these results, they postulated that the acid dissociation

of imidazolium ion occurs in two steps as shown for histamine in Figure

4.22,

o-n' = n".n.g-:i\. [n-tl)].utl)+n — n+.n.g—¢]>. [n—«la} + 10"

H H H H
n n

(1I1) (1)
Figure 4.22

Acid dissociation of histamine

Proton exchange could then arise due to breaking of the B.H bond either

*The relative proportions of nf,. and nf 0 in the different ul.2
values were in good agreement with the Original approximations so that
a recalculation of the results using a modified ionic strength correction
factor (n.) was considered unnecessary.
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in the dissociated product (I), or in the ionized intermediate (II).

As shown in the introduction to this thesis, the rate of
exchange due to dissociated product (I) will be decreased as [H+]
increases according to the expression

K2 [BH22+]
Rate of proton exchange = S e (4.19)
1+0Q[H]
For amines with an ionic charge (such as the case here), two separate Q
values differing by about two or three orders of magnitude have been
observed [35]. These two Q values have been interpreted as corresponding
to exchange occurring in the trans and gauche isomers of the amine with
the rate of exchange in the gauche isomer being repressed at about two
or three pH units higher than the rate of exchange in the trans isomer.

Kinetic analysis predicts that the proton exchange rate in the
ionized intermediate (II) is independent of [H+]. In very strong acid,
however, a kinetic salt effect would be expected to cause a change in

this rate constant [76].

Solutions with Natural Isotopic Abundance

In the case of histamine, a "Q feature" has already been
observed to cause a repression of a first order rate component at about
pH 3. This could be due to proton exchange in the gauche isomer of the
dissociated product (I). The first order rate which is observed in more
concentrated acid could possibly contain two further components (i) due
to proton exchange in the trans isomer of the dissociated product (I),
and (ii) due to proton exchange in the ionized intermediate (II).

Accordingly it may be possible to detect up to two further repression
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features, (i) a further Q value, and (ii) a kinetic salt effect.
Attempts were made to interpret the repression of rate below
pH = 1 in either or both of the above ways. It was not possible to
separate two repression features in any of the four series of data which
were available for solutions containing natural abundance of isotopes.
For reasons which will be discussed later, the preferred single inter-
pretation was of a kinetic salt effect. Tables 4.31 to 4.35 show the
treatment of the data for interpretation in this manner.
Using the salt effect interpretation, the listed specific rates

will be equal to the k defined by Ralph and Gruawald [44].7

cyclic
Accordingly plots of log —R%
[BH,7"]

series of data. They were found to be similar to those of imidazole and

against [HC1] were made for each

a least squares fit to a quadratic expression of the form
log [Rate | - ¢ [mc1)? +c, [HC1] +c (4.20)
2+, A 2. 3
[BH,""]
produced the results shown in Table 4.36. Results obtained by Ralph and

Grunwald for imidazole [44] are shown for comparison.

Svlutions in 95% D,0

The data listed in Table 4.35 showed some indication of two
repression features. Figure 4.23 shows that values of log me—or for
[BH,”"]
[HC1] < 0.4 M lie above the extrapolation of the least squares #

quadratic curve for data above [HC1l] = 0.4 M. The appearance of this

"Ralph and Grunwald define k .. as shown in the First chapter
of this thesis. See Equations (l.éosyanﬁ (1.41).



TABLE 4.31

ACID REPRESSION DATA FOR 2.98 x 1072 M.HISTAMINE
WITH RF FIELD AT 500 RADS. SEC.=1

mou | we | @ fate = [[:::_;]}
(8,""]
0.0881 35.9 1997 5080 3.706
0.220 35.5 1978 5030 3.701
0.315 35.5 1980 5052 3.703
0.531 35.4 1978 5078 3.706
0.955 33.9 1902 4802 3.681
2.119 25.8 1458 3358 3.526
2.945 17.1 975 2084 3.319
3.741 9.7 556 1156 3.064
3.976 8.7 501 1018 3.008
4.635 5.6 323 666 2.823
5.580 3.4 199 400 2.601
*For imidazolium broadening due to

exchange is zero.
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TABLE 4.32

ACID REPRESSION DATA FOR 5.96 x 1()_2 M.HISTAMINE
WITH RF FIELD AT 200 RADS. SEC.”

me1l | (a/e) | /e . Hare = {[:;;-]]
[BH,""] 2
0.041 39.0 2170 5998 3.778
0.083 38.3 2132 5784 3.762
0.180 39.9 2223 6404 3.806
0.318 39.2 2186 6192 3.792
0.501 38.6 2156 6052 3.782
0.846 37.7 2113 5884 3.770
1.360 33.8 1903 4876 3.688
2.038 26.3 1489 3414 3.533
2.968 16.4 936 1974 3.295
3.733 9.6 552 1126 3.052
4.838 4.6 268 538 2.731
1’l?cbr imidazolium h due to ammonium

exchange is zero.
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TABLE 4.33

ACID REPRESSION DATA FOR 2.70 x 10_1 M. HISTAMINE
WITH RF FIELD AT 355 RADS. SEC.™

mel | e | @m 't fate i [T]:f;TI]
[BH," "] 2
0.045 36.6 2036 5342 3.728
0.052 38.6 2147 6006 3.779
0.132 37.7 2099 5688 3.755
0.260 36.8 2053 5522 3.742
0.549 36.5 2039 5514 3.741
0.853 36.0 2017 5410 3.733
1.426 32.0 1802 4512 3.654
1.441 30.1 1696 4142 3.617
2.238 23.9 1356 3068 3.487
3.628 11.5 660 1374 3.138
4.789 6.3 365 748 2.874
5.430 4.0 233 476 2.677

TFor imidazolium exchange assuming broadening due to ammonium
exchange is zero.



TABLE 4.34
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ACID REPRESSION DATA FOR 2.70 x 1071 M. HISTAMINE
WITH RF FIELD AT 2819 RADS. SEC.™ T

[Hc1] ey | @t — log [[:“;'l}
138,°%1 i
0.045 29.3 1630 5376 3.731
0.081 28.6 1591 5189 3.715
0.215 28.9 1612 5284 3.723
0.514 28.0 1564 5093 3.707
0.853 28.2 1580 5146 3.712
1.426 23.2 1306 3929 3.594
2.238 17.8 1010 2893 3.461
3.628 9.8 562 1533 3.185
3.877 8.6 495 1345 3.128
4.789 5.5 319 859 2.934
5.430 2.9 169 453 2.656
1Ll’or imidazolium h assuming b dening due to ammonium

exchange

is zero.




TABLE 4.35
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ACID REPRESSION DATA FOR 957 DEUTERATED SOLUTIONS

WHICH WERE 5.95 x 10~
RF FIELD 632 RADS. SEC.™1

M, IN HISTAMINE.

mal | e | et s log [ﬂ;—J
(38, (38,
0.003 | 32.6 1813 4436 3.647
0.006 | 32.7 1819 4460 3.649
0.015 | 32.2 1791 4358 3.639
0.016 | 31.7 1763 4256 3.629
0.049 | 311 1730 4144 3.617
0.079 | 30.4 1692 4018 3.604
0.145 | 29.0 1615 3772 3.577
0.252 | 27.8 1550 3578 3.554
0.427 | 24.8 1385 3108 3.492
0.747 | 22.3 1249 2752 3.440
1.160 | 16.5 927 1970 3.294
17450 |1 2202 689 1439 3.158
2.519 7.3 413 850 2.929
3.942 2.2 126 258 2.412
+For imidazolium br due to ammonium

exchange

is zero.




TABLE 4.36

COEFFICIENTS OBTAINED BY FITTING EQUATION 4.20 TO DATA AT LOW pH

Data from Tables —1021:1 -1021:2 €y
4.31 2.43 7.76 3.740
4.32 3.42 6.35 3.807
4.33 2.45 737 3.713
4.34 2.51 5.81 3,737
4.35 when [HC1l] > 0.4 M 232 ‘20.6 3.588
4.35 all points 1.59 24.2 3.621
Imidazole T 2.58 | 16.6 3.54

*bata listed for imidazole by Ralph and Grunwald [44].
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plot is very similar to that shown by Ralph and Grunwald for imidazole
[44], but the upward step when [HC1l] < 0.4 M is somewhat smaller in the
present case. In view of this similarity, an attempt was made to cal-
culate a Q value (Qz) for the apparent step in the rate when [HC1] < 0.4 M.

To perform these calculations, estimates of k were made by extra-

cyelic
polation of the least squares fit of the data for [HC1] > 0.4 M. These
estimates were subtracted from the measured values of L; and the
[38,7"]
2

residual rates used in Equation (4.19) to calculate Qz.

The k; value in this equation was determined as 488 l.mole._l aec.-l by

extrapolating the log [L;] curve to [HC1l] = 0 and subtracting the
[

resulting value of k . Jfrom the measured specific rate on the

o
cyclic
plateau. The results of these calculations are shown in Table 4.37, and
the mean value for Qz = 10.0 + 2.4. This corresponds to a kﬂ of 2 x 10B
sec. .

Since the above attempt to determine a Qz step involved only
small changes in rates, and since no QZ step could be determined in the
natural abundance solutions, it must follow that the very existance of
"Qz" is suspect. Accordingly an attempt was made to fit all the data
shown in Figures 4.23 to a single least squares quadratic curve. The
coefficients defined by Equation (4.20) are listed in Table 4.36, and
they are used to calculate the theoretical (A/c) values (without QZ)
which are shown in Table 4.38. Comparison of these calculated (A/c)
values with the experimental (4/c) values in Table 4.38 shows that the
maximum discrepancy without including a Q2 feature is about 1.5 (4/c)
units. This is possibly outside the limits of experimental uncertainty,

but not conclusively so. The (A/c) values calculated with the Qz term



TABLE 4.37

ATTEMPTS TO CALCULATE A SECOND Q FOR
DATA IN 95% DEUTERATED SOLUTIONS
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[HC1] Residual Rate Qz
0.0156 416 11.1
0.0493 366 6.8
0.0792 292 8.5
0.1447 164 13.7
0.2519 142 9.7




TABLE 4.38

COMPARISON OF THEORETICAL AND EXPERIMENTAL (A/c) VALUES

FOR SOLUTIONS IN 95% DZO AT LOW pH
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{a/e) Gie) (a/e)

[HC1]) Calculated Calculated Expecisental
with Q2 without Qz

0.003 32.1 31.3 32.6
0.006 32.0 31.2 32.7
0.015 31.8 31.1 32.2
0.016 31.8 31.1 31.7
0.049 30.9 30.6 31.1
0.079 30.3 30.4 30.4
0.145 29.3 29.5 29.0
0.252 27.7 28.0 27.8
0.427 25.7 25.9 24.8
0.747 21.8 21.9 22.3
1.160 17.6 17.4 16.5
1.745 12.4 11.9 12.2
2.519 7.3 7.0 7.3
3.942 2.3 2.2 2.2
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can be seen to give a better fit with the experimental data.

Further Consideration of the Double

In the initial treatment of the data obtained from these
experiments, it was assumed that j1 remained constant, and on this basis
§; vas determined to be (7.6 £ 2.6) x 10° 1.mole.™® sec.™ in 0.326 M
histamine solutions at pH 0.3 to 1.0. Results from the series of
experiments at constant histamine concentration can now be used to
predict that j; = (4.0 % 0.2) x 107 Linole: 7 mec. i s untar/the Bnie
conditions. It can be seen that these two values for jé do not agree

within the limits of their standard errors. Extra systematic errors

may make the discrepancy less pr d, but the t is poor.

Since the double irradiation measurements were made with [HC1]
as high as 0.5 M., the possibility of acid repression of j1 should be
considered. If acid repression of j1 is present, then the initial
analysis (in which jl was kept constant) would lead to an artificially
high value for ji and an artificially low value for _<|1. The data in
Table 4.11 was therefore treated in an alternative fashion with ji
fixed at 4.0 x 10° Lmole.™ sec.™ and the 3, of Equation (4.3)

J
changed to 4 o 1 Values obtained were
1+Qn’]

S

=1

jl = (21.2 % 4.0) sec.
Qg = 0.8 £0.6.
If this be so, then the value of _11 used in the main analysis

should have been 21.2 sec.”t rather than 14.2 sec.”l, Inspection of

the analysis showed that the difference between these two values always
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led to differences of less than one tenth of a (A/c) unit. Since this

amount is insignificant, the main analysis was not modified.



CHAPTER 5

DISCUSSION OF HISTAMINE RESULTS

Steps in the Pseudo First Order Rate Laws

The step detected at pH 3 to 4
In the results the fit for the 0.03M and 0.06M data was improved

by including a Q factor in the rate expression for imidazolium proton
exchange. The data at 0.006M and 0.27M could be fitted to the rate
expressions within the limits of experimental error without invoking such
a step. In the case of the data at 0.006M, the errors in the measure-
ments were very high and also the overlap of the two broadening components
was most severe. There is, therefore, little surprise that the goodness
of fit of the data at this concentration was insensitive to the intro-
duction of the step. An important consequence is that ki may, for
example, be fixed at much lower values with k, (and possibly also jp)
having correspondingly higher values. While such a set of constants will
not produce as good a fit of the experimental data as was shown for the
set of constants given in the results, nevertheless the fit will still
be within the limits of experimental error. Accordingly the error
limits on ki, k2 and jp at this concentration must be very large. For
the data at 0.27M., the second order rate of exchange (i.e. the kz
process) was large in the pH region 3 to 4. Accordingly, the percentage
of the (A/c) measurements which were affected by the step had become

small and the error limits on ki at this concentration will be large.
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The possibility that the step should
have been included in the rate expression
for ammonium exchange

The step in the pH 3 to 4 region of the .03M and .06M data was
considered to be present in the rate law for imidazolium proton exchange.
The possibility that this step could be present in the ammonium proton
exchange law will now be considered. A step in the pH 3 to 4 region of
the ammonium rate expression could conceivably arise in two ways.

(i) The first order rate in the region of P Omay be due to a
cyclic process as proposed by Ralph and Grunwald for imidazolium [44]
and the ky process would cause the step in the region of pH 3 to 4.

(ii) The trans and gauche isomers of the histamine may give rise
to two different ky values in the two different pH regions [35].

In either case the total first order ammonium exchange rate
would have to have a minimum value of about 3000 sec.”l at pH 4 in order
to account for the magnitude of the A/c step which is observed. However
the ammonium group is primarily associated with a pKj of about 10 and
therefore has a very weak acidic character. Such a group is unlikely to
have a large rate of proton exchange due to acid disassociation. In fact
the ammonium rate of proton exchange is known to be very low at pH 1
since the slow sweep spectrum showed no significant exchange broadening
of the ammonium resonance at this pH. It should also be noted that if
the step is to be accounted for by the first explanation, then the only
kll process would be exceptionally slow for an alkylamine. In addition
the cyclic process postulated in the first explanation has not previously

been observed for an alkylamine.
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Acid Repression of "1

In the double irradiation experiments, the acid repression of jl
was possibly present with a Q value of about 0.8. If this is so then we

can evaluate a kll for the process:

3
e (5.1)

where KA.{ is the acid dissociation constant for the reaction

+ + S +
IU.\II.N'I!3 +H20\ nh.mz + 830 (5.2)

[*HInNg, 1 [8,01)

(5.3)
[+HImN'H; 1

Ka1

Consideration of the microscopic acid dissociation constants

will provide a relationship between KAi and the experimental acid

dissociation constants K,, and Kype The full ionization scheme for

Al
histamine can be represented by

i
TuNd,
K
3
N '
ot N, (5.4)
5 L
It Ey
*urang,

where the microscopic acid dissociation constants are
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[ang, *1 (8,01
Ly T (5.5)
[T,
[+nmm2][u3o+] A
- —2 3 5.
5 Cataw, )
[1mNe, ] (1,01
Ky = —4_3 (5.7)
[mNg, ]
{1, ] (1,01
K, - (5.8)
["1nN, )
The experimental acid dissociation constants are
(r1me, ) + (T, 1) (8,01 pirs
K + 5.9
‘a1 —— A
[ImNE, ] [H,0']
ah 1
Ky = = (5.10)

([, ") + PEmNL)) /K, + 1UR,)

Since the imidazolium ion is much more acidic than the ammonium ion, we
expect that Kl >> l(2 so that KAl = Kl Similarly we expect KA >> K3 s0
that KAZ = KS‘ KA_{ is identical to Kz and it refers to the same process
as K3 (which can be measured by KAZ) but with the presence of an extra
proton at the imidazole end of the molecule. In the same way the micro-
scopic constant K.l (which can be measured by lu) refers to the same
process as the KA of imidazolium ion but with an extra proton at the

ammino end of the molecule. If we assume that the effect of the extra
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proton on the acid dissociation constant is confined to coulombic
repulsion, then the electrostatic field will be the same in both cases.
Therefore the AG® electrostatic which SPKA measures will be the same in

both cases so that
PK, - PK; = pKj - pK,
or PK, - PK,, = PKAZ - pKAi (5.11)

where pKA is the acid dissociation constant of imidazole which was
reported to be 6.98 + 0.01 by Ralph and Grunwald [44]. Paiva et al. [68]
report PKAZ for histamine as 9.75 while Randolf v. Schalien [67] reports
a value of 9.756. Assuming a mean value of 9.75 for pKAZ and recalling
that pKAl was determined as 5.85 *+ 0.01 in the present work, Equation
(5.11) can be used to determine an estimate for pl(u‘ of 8.62. Hence

9

K,7 = 2.4 x 10"

AL and Equation (5.1) provides

Sl 21.2

e e — = 1.1 x 10" see.”!
Kol 0.8 x2.4 x10

While recognizing that the assumptions made, as well as the
uncertainties of measurements, will cause large uncertainties in the
foregoing, it is nevertheless interesting to note that the magnitude of

iy is as expected for a primary alkylamine in water [35]. It is, there-

fore, quite ble to that acid on of jl was detected

in the double irradiation experiments.

Acid Repression of kl

The step in the region of pH 3 to 4 has been interpreted as a kﬂ

process with kﬂ =4 x 106 uc.'l. Such a value might be quite reasonable
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for the gauche rotamers of histamine [35]. The trans isomer might show
a kH value at about pH = 0. This was the case for imidazole where kﬂ was
found to be 1.8 x 1()9 [44]. Accordingly an attempt was made to interpret
the acid repression data as a kﬂ process rather than as a salt effect.
When this procedure was applied to the different data series, kﬂ was
evaluated as (6 + 1) x 10°0 sec.”™ . Such a value is unacceptably high
for a kﬂ process at the imidazole ring so that the interpretation of the
acid repression as a salt effect is preferred. However, a kH value
comparable to that found in imidazole may well be superimposed on the

salt effect and be inseparable from the salt effect.

Rate Constants from the O17 Experiments
(a) n, 1y
This rate constant is a composite rate constant for all reactions
luvolving one molecule of histamine. Three types of reaction may be
yresent:
(i) The usual pseudo first order reactions of the jl and kl type.
‘i) The intramolecular proton transfer between amino and imidazole
sites. This process was detected in the NH data and it was
designated by the rate constant ji'

{iii) At high pH, Chang and Grunwald [77] have detected an intra-
molecular process in imidazole. In this process, a proton is
transferred from one imidazole nitrogen to the other imidazole
nitrogen in the same ring with one or more water molecules

participating.
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H
T 73l
o) kg B
| —_— | (5.12)
H (="
e 5k n n
4
e
17

This reaction might be detected in the 0 rate data for histamine.

Inspection of the values for n111 (which are listed in Table 4.30)
shows that the contribution from jl and kl will be insignificant provided
that the number of water molecules is "normal" (i.e. between one and two).
The value of nlll must therefore arise from one or both of the intra-
molecular processes. While it is not possible to clearly distinguish
between these two processes, upper and lower limits can be placed on their
relative contributions as follows.

It is first noted that the _11 process must take place with the
participation of at least one water molecule since otherwise it would not
have been detected in the NH data. In the nlll measurement the minimum
P L

contribution from this process must therefore be 3.74 x 105 sec. 1f

this minimum contribution due to ji is subtracted from the nlll values
listed in Table 4.30 we obtain the weighted mean for the maximum value of
nskE to be (3.4 + 0.8) x 105. This compares with the value of nsks in
imidazole of (1.5 * 0.5) x 106. Therefore if this ks process is present

at all in histamine, it must be appreciably slower than in imidazole

Yeing 3, = 1.87 x 10° sec.”) (this is the weighted mean of the
two values determined in the results). In the n. l1 data the j, contri-
bution will be doubled due to the measurement of bsth the forwird and
reverse proton transfers.
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itself. Since the rate determining step is not known it is difficult to
specify the reason for this difference. The difference in the acidity of
the imidazolium ion in the two cases is one factor which may cause the ks
mechanism and rate to change.

The second limiting case would arise if nsks had become so small
as to be megligible. In this case nll1 will become Zni_‘li and the weighted
mean for the number of water molecules in the intramolecular j; process
will be 1.9 + 0.2. The weighted means given here are weighted as the

reciprocal of the square of the standard deviation.

°
(‘b) 0,3

This rate constant refers to all reactions which involve two
histamine species and it has already been deduced that reactions involving

different charge types are included. Thus reactions involving a +2 ion

and a +1 ion have been designated by the component

. 7 -1 -1
By%ay = (4.85 % 0.34) x 10" %.mole. = sec. .

Reactions involving a +1 ion and an unchanged histamine molecule were

also detected with

° 8 -1 -1
%040 = (9.7 £ 0.6) x 10° f.mole. =~ sec. .

Reactions in which the two histamine species have a total charge of +2
°

1 (vhich
were included in Equation (4.17) refer to such reactions. Analysis of

might also be d. The rate nZO"za and nh

the experimental data, however, showed no evidence for these reactions

since the value of nzl.2 increased slightly more rapidly than the square
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of the buffer ratio. Reactions in which the total reactant charge is
42 will cause nzli to increase as the first power of the buffer ratio,
while reactions in which the total reactant charge is +1 (i.e. nlO"l(.])
will cause nzl; to increase as the square of the buffer ratio. If
reactions of both charge type are present, uzl,; should increase as the
buffer ratio raised to some power between one and two. In order to
understand why “zo"zt') and “11’“1; were not detected, we must examine the
uncertainties in the values of nzli which are listed in Table (4.30).
For the maximum possible contribution from these two reactions, we must
find the maximum portions of nzli (i.e. portions proportional to the
first power of the buffer ratio) which can be subtracted while leaving
residual parts which will still give a linear plot (within the limits
of the experimental uncertainties) versus the square of the buffer ratio.

By this procedure the limit

(ngpfy0K” + nllll.;) $1.1 x 10° 2.mote. ™! sec.?

was d ned. Hence the al results require that

2,85 € 1.1 x 10° gomole. ™ sec. ™

and  mygt,e < 9 x 10° t.mole. ! see.™

The main component of “202'25 will be a "downhill" reaction in which a
proton is transferred from an imidazolium site to an amino site. Such

a reaction might be expected to be diffusion controlled but even so

the rate constant would not be expected to exceed 9 x 10° £.mle. ™ sec.”}

where this size of ion is involved. Hence the limits imposed by the
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failure to detect this reaction are not anomalous.
When the least squares fit to Equation (4.17) is repeated after

the above component has been subtracted, it is found that
B0t = (7.3 2 0.8) x 10° 2.mole. " sec.”!

Hence very little change in this rate constant will result if nzulza

o
and/or nlllll are in fact present.

Components of the Second Order Rate

Constants

The rate constants jz and kz were both derived from a rate law
dependence on [BHZZ+] [BH+]. The reactions which would have this depen-
dence are listed below but without including the water participation

which will be at least one water molecule in each case.

For jzz
+ + + 9+ + +
uIn Niy + To N, >0 YHrmm, + YHrm (5.13)
and
q
arm v, + Yarmem, 22 i w, + i NH3+ (5.14)
For kz:
q
+mm.mi3+ T m.rm; 52 tmow, " + . Nﬂ; (5.15)
and
q
+HIm.NH3+ £ +HIm-NH2 58 ToeN," + Fmmo, (5.16)

If we designate the rate constants for reactions (5.13) to (5.16)

by 9 to q respectively while remembering that
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+
[ '] K
3 AL |59 x10

[ame.Ng,] K

we have for jz

24+
2:
3 38,7 1088%) = q (38,21 (m"] + o, By 10BE
5.9 x 10°
where [Bd'] = [1axg,"] + ["HIn.N,] = [Tm.m,t)
9

e d, =g ¥ ——
2l S

and a mean value of jz =1.9 x 106 Lmole.—l sec.‘l gives

b

1.9 x 1[)6 =q ===
5.9 x 10

 + (5.17)

av.1 similarly for kz

24+, +

[BH,” " ]1[BH"]

24+ 24 4+ 2
k, [B8,""1[BH"] = q, [BH," J[BH'] +q,

5.9 x 102
The value of k§ = 2.4 x 107 £.mole. " sec.”™ determined later gives

9

2.4 x 107 = g+ —2—
5.9 x 10

3 (5.18)
We can obtain a third relationship by recognising that reactions (5.13)
and (5.16) are the reverse of each other. Accordingly the principle of
microscopic reversibility will apply
2+, +
18, > ] 38")

25 4
q, [BI JINr] s qu=——————r
L (% %759 x 102
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I . : V-l £ .
jtfiﬂlnkx,l‘lﬂ +) o) § g ;
s B i 1 % chak s
. /1 el k- —“] - . ;
b, s

[38,

7 Sy
4 e .
i where k 1s dm cnntrlbutiun to. kz from * the Ln:mmlec jprocess. -
|
iTable 5.1 shows the Tesidual kz for ﬂ\e dlffer‘ent data. s!rleu aftet
* contributions. As =xp1uud ;

ing the’
previouwly, - the value of k, 1o-0; ooeu aolmau has  large ercor ntts

1

80 that the anomalous result for this cnn:entrltim :LB m:t iurpx'ulng.
A plot of log (kz kD’ ngd.nsl: I' fox the three potiits available

\prov!du a u:uiahc ot with'a tew Value for the second order rate

5 -_(2.4; +7.06) x 107 ¢. moles "t sel:'.-i . i . S

| Mhisfis l].{ghtly lover than the value of (2.80 t 0.14) x 10

nole.™> sec.”t “which had been obnined without nllmrng fnr the L
intramoleculai raac:{on. k : N T

“t¥ox exhmpie one possible FitoF fhis data Bed k. set at zero.
In this case all Aarepanclsy’ vere Jesd thes 2:(MQ) mlu and the value
nf k, vss 6.7.x 107 1. mole. .

A
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L gtl'lr.ion were mch diffar at-from thsir values &t the: other r.hua con-;

Sumnary of ‘Constants ne:émmed ol 1
in This Work - .

Taple 5.2 Lsts 'the it s Esia which ldve been d'eﬂncgd{éxum

nllu. und K S are values nbtdned by

.this study of hm'tamine. z' jz

kl' kl‘ kll lnd »

" extrapolating to ‘zero iunic/ltreng(h. Any salt effects’o

J’_ are neglected. 2 Slhce a0 consist!nl: “trend with 1omic nt!‘enjth cunld be
da:endned kL s’ tlken ‘as tbe ‘mean of the VllﬂE! ohtli.nerl at the four -
different: at 1 s indicated X K and Lﬂ both “had .’

? 1lrp uncertdn:ieu in’ the 0.006H. data and sheir. values at thil cpncen— "

7 . -
centrations. A-:cotdlnsly the 0006 resilts were omitted ‘when cucumxng o

3 tl’ﬁ means for kl !m‘l kﬂ - The \murbalnty listed fof Il' is.a least sq\utas ..

.

eno: only and ettum dux to corrections for salt effects und allowaice

for an inf.nnnlacullr ptocell will cause hrger total \mcertlinty -dn the

vllue, Vdlues for jz and i were nbtained ftom the constant bnffet . :

expe'nuun and_also £rom separation o? 11 The meimn- af the tvo Valus.ie®

" feported 1u each. case. : The large ucertatnty for 32 artbes from a larg
e'u.mpmcy heﬁnn the two valies. This discrepancy 1s not .very sui-

prising’ uhan thie possible sources of error are cmidned. For bn':n-..' L e

i detarui.n.ltmnl nf 1, 1t vas hecessary to separate 4 4 “ad aleo to-make an

salt effect ey, /. |

aliience for salt effenu on 12' The posaibility o
had to'be - 1mnred in'each cases Nt:hemr: 1n the constant buft’er y
emr&mnt, allowanée Had to be'sade far ‘broadening dis, o 1m1dAzo‘Llum
exchange ghd, in view of the cmpuu:ed rate 1w, et cozncti.nn nay.-
umducg -Ldenne error,’ .

Valusa- of i nbui.ud’fnu m two praézﬂuze. showed pmd s R e )

agresmant dnd. the veighted neas is Listéd {n  the Table,
o ; 6
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Rl |- 8.6 740213 x10
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A . & of r.he Isotope Etfects l " 5 T
! R . Isompe e{ffecn Lsted 1o’ mu 5.2 for k »k ks k3 aud K3
HE g v werd obmiursy dividing natiral sbundance Fates by rates in 95% D,0
- ST ok the g wirich vere 1y 0.06M. - Although it was

permitied ane deter of theae
Ey . N

irom Eﬁe constant mm rativ expgtimen “The isutope effecm 1isted

for jz and j in Table 5.2 vere cbtained by dividing' the nehn natoral
u.b\md:izce valuea by :he\ons:ant buffer ratio dzutera:ed valuen.
- 'lhe 1sotope effect listed for kl "‘Lll be reasonable provided ~

X ) .
that k refers essentially te proton exchange in ap ionized intermediate

as found by Ralph and Gruuunld for inﬂﬂazn].g [441. 1f k were. concerned

"with proton tfansfer via actd dissoctation, hoyever, thea k; would be

o v 8 . 1den(1f1ed with.k, as [atﬂm\by the two pmxp,ge mechanisms in Eqmtlm{ ¢

1.30'to 339, If this vere true, then the isotope effects on il

TR Yould.lead to the prediction of an taverse 1gotope e;fecum k. &
B Since chere sppears to be no reason fo mclcipate such an inverse eifect.
b intex‘pte\‘.ntian of k as proton exchange in-an ionized intermediate

again appears to be favored.

Due to. the snall value of k' in 95: 0,0, the valies.of k; and kﬂ h

. . were Yery wicerthin in ‘these solutions amd heface the faotope effects on :

e " .. - these constants are very wcertain. They are entered in Table 5.2 for .. .r

but Lhelr Al ls dubious.

The'istope effect on 13 was deternined“as 1.5 4 0.4 as nxyl&hud




result is consistent with the igotope, gffecr. of 2.7 which was' found for k5
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the constant buffai"gxpaﬂmeuta alone (and such. a pruceduxa may le-d to,
some mmlutim of errors) r_han its value would be ‘listéd as 1.2 £ 0. 14 ¥
Buuaent.hu and Grumvald [42]. sasistierad work by Day and Reilley [56] and

ded\lced that mlct.imls of this type 1nvnlv1ng two molecules of amine and

one molecule of wate, would be gxpel:t!d to show an isotope. effect of 1:2.

" Reactions involviug two mﬂlecules of ‘amine and more than one water mnlecule

usually show a higher isotope effect as fomd:for k3 in the pruent work,

The ‘Lootope effect of 3.1 £ 0.5 whiGh vas deternired for-j 18

indicative of a WEchanism in which {WEProsen_transfer is the rate

 deternining step (see Chapter 1 and Referénce 19).  The earlier dnalysfs

"ofthe §, process used this fact to.deduce that the value of 3 , reters

to the rate constant for the proton transfer step Q.

The Number Water Molecules taking t

In the last seutlun it was indicated chn: the, 1sntop= effect on~—)

15 may Wwell indicate fhat _one water molecule takes part in this reaction.

“The vnlue of n = 1.8 + 0.2 was daternined for, Lhe nmnpouite rnte Coristant

(1)) whick favolveg the spectes zuz lnd B’ il s water.
solecules will therefore be a Heig:ted average of/ﬂ\::uher of um
molecules - taking part in the jz and the k; processes £ we m!ne U

assumption that one water molecule is involved in the 15 process, then

‘-we can use the veigltgd averageiof 1.8+ 0.2 vltet molecules to detax}ﬂne

the number of water folecules in the k3 process. Such a procedure pro-
vides the value of 1.9 't 0.2 water molegyles for the kj feaction wvhich

cmlld be eﬂctly o within “1‘ Iimits of experimental error. This




3
d

nother case. in which the musber of water molecules kS oy l
Anterest in thie prosent vork 1s i the deternination of nly5. In the pn
region at : which the'NH bmadmmgs were measured, this Teaction vas: toa’, :~
slow to’ be measured ‘and hence a v).lue/fnr 1g : cmlld ‘ot be obtained. i
A was yoirmed out in Chapter ona,\hwever' in .u cases whnre the number
“'of watet. molecules 'has’ been imeasured \for such a process ;nvnMng o .
~‘amine ...m:.‘aes; the Tesult has been beteen ond' and tyo vater ‘polecules;

's-xeh & range of vnlm in the present case would place 1 A betv'un

Caex 10 and. 9.7 x 1.o L. mole., e se; - “This range’seets: renaonuhle

mnstant of 6.1 x‘lﬂ 1301

" Comprigon with Other Knoun Rite Constants

5 g ~ %
Many .of che zate’ s heu for b ng have *

. mo 'plrauel 1in previcusly Tiité, ¢ Neverr_helesu 1.

T A . ay Th= valm ofk =2, a.x 1o »nnl:. 1 gec.™ teieru

. 'pnudly toa reuu.en in which a proton 1s transferred tron the

imidazolium site of a dmnb'ly prnmuud hi.ll:nmdns mnl.z\:nlc to :he dmi- ; . o
dazole -1:e of a 1y uingly 5 olecul mg 2

1s apacmuuy the reaction for which 2.2.x 107 £. molgk “see, 7t

“sayEndx 107 % wore L sec. "L suéh a symmetrical trensfer i

‘51033 sillilnrity to d«e process fnr l}:tch k' was determined l:u be 5

')o * 107 £ mole.

ee: ™ for  piperazine in' Cth!gt thiree of thia

“thests mun two valuéa dre probably nét d:.-mzmh-ue withtn the

linits of the mtll errors Ln both measurements. ' Suth a similarity. of °

" valies ‘seens reasonable for such similar processes. ‘A further test of

T
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the main component of the histamine k; value can be.made from the

mumﬁmvhid:ﬂipbndm-dnuwu (u] These N

workers determined a rate constant kI -1x m L -:1... sec. ™t for

a process u'uhm a pmm ek toimataired Fim a llnxly chiarged imi- " * -

dazolium ion to a pre c - The pré .5

s ~ . :
$ -.’u'ted q3 for Mn--im uu‘n to the same proton :nn-&r b\lt it will

" be apacmd to bt al.a\u: dua to ahcnocnuc rlpull!.m caused by the

1tively,charged ide chatns. by h-:znn of four.

to! nme hnv= hean Foulh d-m to'the pmem:- of -:.nu.r ehr.::o atge g

“puum'm nudzin.uun rnctlm with p:olm [13]. In ‘the imid.n].e

Conparison'a uduccxm by a\fnctur of slightly.more than frmr 1s |méasured. "\

mffemt hydrogen humun)\; in the mu ot md.wh and h!.-n-iu nay

1 ite to. the, = unu. Y 5

(b) In' the analysis of mmn-ne ruldt-, the ‘rate- mn'unt :

3, vas interpreted as the rate of ac1a dfssoctation of the’ dodﬂ.y fro-

tonated histamtne molecule at the amino site.” We:can ‘therefore m]hnu

a'rate constant j_; for the recosbination reaction using the pm?u :

uuniefnzx‘. : AR
& 35 : ERPATIN s i
n:l-.'nq: “”3‘.' mnz-vuo ¢ N




* (ehich mny be the best models for zuambi.nati.on at the amino site of

'_ an unv.hanged ms:mtm mle:uu) are 1o nvui.hble, it iu noted”that this
"

o, 3% 10" see L

‘remmbinnr_lon rats varies only” From 43 x 1()1“ sec.

£05 such vmaa antdes as amron_la itself and dibenzymer.hylmne [ 18, 35, .
39]. A]_‘Louing ior a ted\u:t{on of the rel:mitin-:ion rate” by a flctnx of"

one-half to Y due’to eleczros:atic repulnion [18]. thu pmnent Sheily

nttuen (o 3, leads ‘to a preruc:tm of . the: rer_oubi.nnr.i.m rn:e at the '
“anids site of ‘an wchianged te{s tamine ‘wolbcide of betveen 1.6'x 1020 gec, ™ 4
and 2:67x 10%° e,k T for 132y 10 shexeto quite
o (c) A cﬂwnrison nwolvmﬁ the Tate constant J.w has been m;de :, B
}nvﬂoml : i L e S PR
: : \ %
- It has-been shown that by varying m taain Erequency Haid dase

| the dlabaric half passage éxperinent 1 is possible toseparate two,
: bmadenmg compopenty artaing fron exchiange 4f o, diferent epes of

reactive lll‘.a. ﬂlin method hls been npplied to study aqueaus Bolutinns

nf hiul:lmﬂne. Al!llmlgh there is 1n5ufi1dent data in the lll'.ern:ure to

X ‘p:avide a'thorough check of the acc\lucy the Tesults obnd.ned fro e
:m approach, ‘1t has'been possible to show that the fothod cat per:

Tate wuun:u which are certataly mot 1o, mnfucc vi:h pr%ﬂ neasure-"

mmt:n. I.l: 1! utlmted thnt incertatnties nmhg Erom al1l errors 1n

r.he muhad au generally wit.hin bout 20, gt

nm experi-anu on hucm“ have .hwn :hn, given d|e ptﬂpet :

2 ahue:uu of Wdragm bond.lng, w.:an pazucipnd 0. allows £uu= hm—

‘mn'laclllnr ‘prcmn I'.rmflx over, flitly llrge d:lem ' ‘Since t.he dia-

nnu- \z:vaen lctive -:mten “in enzymes is -uu:iuea eompulhlg o d:ut‘

- TG ""'m.v‘—'—v—w, s -




'.lherefoxe at a pH uf 7 & ;he mean ufetime of dle enzyu_wilLbe g

;men'z:ant cmeqmnees. .
() The Aptranolécular; reactién ‘can . 3 comets: Favourably uir.h
1w1ng. o

 bimolecular reactions at physxologiukp’ w5 sho 'by the fnl

¥or An e-nzyme the bimlaculur tencl:icn

typiully has.a zm constane of about 10 to 1610

sec.’ Fnt an intranwlecuhr pto(en crmf:r Ton an mdnim 6 ‘an mt-

i 1o sec:
P .
s’ 'u-a lbility of the. hydmm bondgd water mXecule- to
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