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A 'H Nuclear Magnetic Resonance Study of the Deprotonation of L-Dopa

and Adrenaline

By Reginald F. Jameson,* Geoffrey Hunter, and Tamas Kiss, Department of Chemistry, The University,

Dundee DD1 4HN, Scotland

The acid—base chemistries of L-3,4-dihydroxyphenylalanine (dopa), L-adrenaline (ad), 3,4-dimethoxyphenyi-
ethylamine (dmpe), and 3,4-dihydroxyphenylpropionic acid (dhpa) have been studied by 'H n.m.r. spectroscopy in

D,0 solution.

Macroscopic dissociation constants for dmpe and dhpa and macroscopic and microscopic dis-

sociation constants for the phenolic OD and the side-chain ammonium groups of dopa and ad have been calculated
from the 'H chemical shift titration curves for the aryl and allyl protons by a non-linear least-squares curve-fitting
program. Theisotope effect on the acidity has been determined for several amines and phenols in order to estimate
the microscopic dissociation constants of dopa and ad in H,O from the values obtained in D,0. The results
indicate that the phenolic hydroxy-groups of dopa and of ad are more acidic than their respective side-chain ammon-

ium groups.

THERE have been several previous reports 16 on the dis-
sociation scheme, the measurement of the macroscopic
and microscopic dissociation constants, and the assign-
ment of these constants, for catecholamines, There have
been, however, differences of opinion regarding the
relative acidity of the first phenolic hydroxy and the
side-chain ammonium groups of these compounds. The
principal method used for a complete resolution of the
deprotonation processes was u.v. spectrophotometry,’
but even the use of the same method by different
workers led to different opinions as to the relative acidity
of the phenolic OH and ammonium group.t?* The
sensitivity of the chemical shifts and spin-spin coupling
constants of nonlabile carbon-bonded protons to the
ionization of nearly acidic donor groups makes 'H n.m.r.
spectroscopy a possible, more direct method for studying
acid-base chemistry at the molecular level 8-1© Granot ¢
reported an 'H n.m.r. study of the acid dissociation of
different catecholamines and related compounds in D,O.
Recently we have reported 1! preliminary values of the
de-deuteronation microconstants of L-3,4-dihydroxy-
phenylalanine (dopa) determined by the quantitative
analysis of its 'H n.m.r. spectra at different pD values.

In this paper a complete 'H n.m.r. and potentiometric
study of the acid dissociation of 1.-dopa and r.-adrenaline
is presented. In order to determine the changes in the
chemical shifts of the aryl and alkyl protons of the
ligands due to the deuteronation of the phenolic OD and
side-chain ND,+ groups separately, the de-deuteronation
of 3,4-dimethoxyphenylethylamine (dmpe) and 3,4-
dihydroxyphenylpropionic acid (dhpa) was also studied.
Finally, from these microconstants determined in D,0O,
the microconstants in water were estimated by the
determination of the isotope effect on the acidity of
various amines and phenols.

EXPERIMENTAL

Materials —Dopa and adrenaline were of the highest
purity available from Fluka while 3,4-dimethoxyphenyl-
ethylamine and 3,4-dihydroxyphenylpropionic acid were
obtained from Aldrich; all were used without further
purification. The other chemicals (amines, amino-acids,

and phenols) were purified by recrystallization from
ethanol-water mixtures or by distillation under reduced
pressure as necessary.

Potentiometric Titration.—The dissociation macrocon-
stants of the ligands in D,O (KP) and in H,0O (KH) were
determined potentiometrically. 5 x 103 mol dm™ sol-
utions were made by dissolving the materials in water and
in D,O (99.8%,), both containing 0.10 mol dm™3 KNO, in
order to maintain the ionic strength sensibly constant.
0.1 mol dm™ carbonate- and oxygen-free KOH solutions
(in H,O and in D,0) were used for the titrations. A
‘ Radiometer ° pHM 64 instrument and GK2301 combin-
ation electrode were used, and the pH-meter readings were
converted to ion concentrations using the method of Irving
et al.'? both in H,0 and in D,0. All measurements were
carried out at 25 4 0.1 °C.

1H N.m.r. Titration.—The n.m.r. spectra were obtained
on a Bruker WP-60 spectrometer at a probe temperature of
25 + 1°C. Sodium 3-(Trimethylsilyl)propanesulphonate
(DSS) served as internal reference for the shift measure-
ments. Chemical shifts are reported relative to the methyl
proton resonance of DSS which was arbitrarily taken as 600
Hz (i.e. chemical shifts less than 600 Hz indicate protons less
shielded than the methyl protons of DSS). The experi-
mental uncertainity in chemical shifts were of the order
+0.02 Hz. Inthesamples the concentrations of dopa, dmpe,
and dhpa, were 0.02 mol dm™ while that of ad was 0.01 mol
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dm™. All solutions between pD 2.5 and 12.5 were pre-

pared from an acidic stock solution by addition of base and
all solutions contained 0.10 mol dm™ KNO,. The pD value
of each sample was measured immediately prior to recording
the spectrum.

Calculations.—The dissociation macroscopic constants of
the ligands were calculated from the potentiometric titra-
tions. Over the pD range 7.0—12.5 deuteronation of the
CO,~ group and the removal of the second OD deuteron
may be ruled out, and thus the species treated as a dibasic
acid as in Scheme 1 where the second (removable) aryl
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deuteron is written to the left, and the removable amino-
deuteron to the right of L. In other words, since only the
dissociation of one of the phenolic OD and the side-chain
ND,* groups need be considered,! the required equilibria are
as given in Scheme 2. The first step in the determination of
the microconstants is the calculation of the fractional de-
deuteronation of each of the two acidic groups as a function
of pD from the chemical-shift data.? Then the microcon-
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stants are calculated from these fractional dissociation data
as described earlier,®!® by a non-linear least-square curve
fitting program.13

RESULTS AND DISCUSSION

The n.m.r. spectrum of dopa consists of two effectively
separate ABC multiplets, one arising from the three
closely coupled aryl protons and the other from the three
closely coupled alkyl protons of the side-chain [see (I)].
The aryl protons of ad give a similar ABC multiplet
while the side-chain protons give an AA’X multiplet and
a singlet for the NCH, group [see (II)]. The numbering
scheme for aryl and alkyl protons is also indicated in (I)

and (II). Not all lines in the multiplets were resolvable
H(1) H(1)
o H(3) </ o H(3)
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but the line structure of each was almost independent of
[D40*] in the pD range 8.0—12.5, whilst the chemical
shifts of each proton varied considerably with the dis-
sociation of the OD and the =ND* deuterons. The
spectra recorded at different pD values were analysed via
the use of the program LAOCOON 3 4 to obtain accurate
chemical shifts and spin-spin coupling constants. The
chemical shifts of the protons on the benzene ring and the
side-chain carbons of dopa and adrenaline are shown as a
function of pD in Figures 1 and 2, respectively, from which
it is clear that the side-chain deuterons are being less
affected at higher pD than are the phenolic deuterons
indicating that the ammonium group is the less acidic.
The chemical-shift data and the spin-spin coupling con-
stants of the ligands are given in Table 1 where v is the
chemical shift, J is the spin—spin coupling constant of the
deuteronated ligand measured at low pD, Av is the total
change in chemical shift, and A in the coupling constant
due to complete dissociation. Once the accurate
spectral parameters were obtained, band-shape fitting
was undertaken by means of the DNMR3 program.1® A
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representative experimental and calculated spectrum of
dopa is shown in Figure 3 from which it is seen that there
is excellent agreement between experiment and calcul-
ation.

The fractional dissociation of each of the acidic groups
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Ficure 1 pD Dependence of the chemical shifts of the (a)

alkyl and (b) aryl protons of dopa

of dopa and adrenaline was determined as a function of
pD from the chemical-shift data in Figures 1 and 2.
Initially it was assumed that the change in the chemical
shift of the aryl protons was due solely to de-deuteron-
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Ficure 2 pD Dependence of the chemical shifts of the (a)
alkyl and (b) aryl protons of adrenaline
ation of the phenolic OD group, whilst the change in the
chemical shift of the side-chain protons was entirely due
to de-deuteronation of the END* group.lt
However, as was reported by Sudmeier and Reilley,6
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the deprotonation of primary amines results in a change
in the chemical shift of the y-protons. This means in our
case that the dissociation of the side-chain ammonium
group of dopa or of adrenaline almost certainly has an
effect on the chemical shift of the aryl protons, and
similarly, the dissociation of the phenolic OD group has
an effect on the chemical shift of side-chain protons. For
this reason the fractional de-deuteronation curves re-
ported in our previous communication ! do not reflect
entirely the de-deuteronation of a single ammonium or a
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can be obtained. The protons were numbered as in
(ITI) and (IV) (with appropriate prefix alkyl or aryl).
The total change in the chemical shift of each proton due
to de-deuteronation depends upon the change in the
electronic structure of the whole molecule which means
that the use of dmpe and dhpa as models for taking into
account the effect of the ‘ other group ’ in the dissociation
of dopa and adrenaline is not an exact method but would
seem to be the only method open to us, and considerably
more accurate than ignoring the effect altogether.

TaBLE 1

'H N.m.r. parameters for L-dopa and L-adrenaline @

Aryl protons Alkyl protons
Catecholamine Proton ? v Av Jam J Ay v Av Tnm J AJ
H(l) 186.7 14.0 Jie —0.7 —0.4 364.6 31.4 Tz 5.0 0.4
Dopa H(2) 190.5 14.4 L3 8.3 —0.4 410.9 19.1 1.3 8.1 —0.2
H(3) 1955  18.7 es 26  —04 4205 237 ey —148 —12
Adrenaline H(1) 182.9 14.4 Jia —038 —0.4 403.6 29.5 e —14.3 0.4
H(2) 183.3 14.5 Jis 7.8 —0.4 403.6 29.5 1.3 6.6 0.5
H(3) 187.56 17.5 23 2.4 —0.3 304.4 19.0 2.3 6.0 0.5
CH,4 434.6 26.6

@ The chemical shifts (in Hz) are measured relative to DSS (assigned arbitrarily as 600 Hz).

ing scheme.

phenolic OD group. The NCHj protons of adrenaline,
on the other hand, enable fractional dissociation of the
side-chain ammonium group to be calculated directly
from the chemical shift data because any dissociation
of the phenolic OD group could safely be assumed, we
feel, to have no effect on the CH, protons. Inanattempt
to allow for this effect of the dissociation of one group on
the chemical shift of the other group, the de-deuteronation
of dmpe and dhpa were also studied. In the case of

(a)
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Ficure 3 60 MHz 'H N.m.r. spectra of dopa in D,O at
25 °C: (a) experimental, (b) calculated

dmpe [see (III)] the effect of the dissociation of the side-
chain ammonium group on the aryl protons can be
measured, while in the case of dhpa (IV) the effect of the
dissociation of the phenolic OD on the side-chain protons

b See formulae (I) and (II) for number-

The aryl part of the 'H n.m.r. spectra of dmpe and dhpa
give ABC multiplets, while the side-chain protons give
AA’BB’ multiplets. As before, the spectra were re-
corded at different pD values and analysed; the spectral
parameters are given in Table 2. It can be seen from the
data in Table 2 that the spin-spin coupling constants

H(1) H(1)
CH,0 H(3) 0" H(3)
HE By H B g
CH;0 C—C—N o c—c—cZ
| | ~ i 1 N A=
H(2) H(4) H(4) H(2) H(4) H(2) ©
{nn (1v)

vary only slightly over the pD range studied (similar to
those of dopa and adrenaline), z.e. the populations of
different rotamers remain almost constant over the whole
pD range.

Thus more accurate values of the fractional dis-
sociation of each functional group of dopa and of adrena-
line could be calculated from the chemical-shift data as
follows. In equation (1) fo and fy are the fractional

Jo (1)

dissociation of the phenolic OD and side-chain ammon-
lum groups, v;°’s is the chemical shift observed for the 7th
proton at a particular pD, v, and v are the chemical
shifts of the ¢th proton in the fully deuteronated and de-
deuteronated forms of the molecule, and Avampe is the
total change (see Table 2) in the chemical shift of the sth
proton of the aryl part of dmpe due to dissociation of the
side-chain ammonium group.

In equation (2) v;°"s, v, and v;4 are defined as above
for the jth proton and Avgyp, is the total change in the

v — yd — fNAVdmpe
viP — v — Avampe
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chemical shift of the jth proton of dhpa due to dissoci-
ation of the phenolic OD group. The initial estimates of
fo and fy were obtained directly from the chemical shift

Ix (2)
data for the sth and jth proton of dopa and adrenaline.

Then iteratively refining fx and fq values for each proton
of the aryl and alkyl parts of the molecule. This took

.obs
v

— vi% — foAvanpa
Vjp -—_ de — A“dhpa
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ation procedure involved the refinement of K Miero,
KMo, K, and K K,. To check the accuracy of the

f . KIMicro[D+] + Kl K2 (3)
° T DTF KD + KK,
KMer[DY] + KK,
f N = 12 ¥ (4)
DR+ K, [D7] + KK,
measurements and the quality of the fit K, was calcu-
lated from K, Miero and K,Mico by use of equation (5).

TABLE 2
1H N.m.r. parameters for dmpe and dhpa @

Aryl protons
A

Alkyl protons

Substance Proton® » Av Tn.m J Af Proton v Av Jn.m J A}
dmpe H(l) 1786 47 Ji. —05 —07 H(L2) 4027 280 Jisise —140 35
H(2) 181.2 4.0 - 87 0 H(3.4) 4221 174 T 82 03

H(3) 1849 38  Jue 1.6 13 Lens 72 0

: 60 0

dhpa H() 1899 113  J,, —07 0.4 H(L2) 434.5 4.3 Tvse —140 0
dhpa H(2) 1932 12,0 L 81 —0.3 H(3.4) 454.7 1.4 s 85 2.0
H(3) 1965  16.9 v 26 —03 Tieias 6.8 —0.4
ve 85 0.5

¢ The chemical shifts (in Hz) are measured relative to DSS (assigned arbitrarily as 600 Hz). ?See formulae (ITI) and (IV) for

numbering scheme.

only a few iteration steps when the fo and fy values for
each proton of the aryl part and for each proton of the
alkyl part agreed with each other within the limits of
experimental error. The fractional dissociation of the

1-0r

Mote fraction
o
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T

FIGUrRE 4 Fractional de-deuteronation curves of dopa at the

+
OD site () and at the NDy site (A) in D,O. Full signs indic-
ate direct calculation, open signs corrected with the effect of
the ‘ other group ’ (see text)

phenolic OD and the side-chain ammonium groups cal-
culated with this method together with those calculated
directly from the chemical shift-data of dopa and adrena-
line are shown as a function of pD in Figures 4 and 5,
respectively.

The microconstants were then determined by non-
linear least-squares curve-fitting the fractional dis-
sociation values to equations {(3) and (4). The calcul-

Microconstants K, ,Mie and K, ;Miero were then calculated
from K Miew K Miero and K, K, by use of equation (6).

KlMicm + KzMicro — Kl (5)
(6)

The micro- and macro-constants calculated from n.m.r.
measurements together with macroconstants calculated
from pD titrations are listed in Table 3. The dissociation

Micro Micro —— Micr Micro ——
K, K, M = KMo K, = KK,

10

05

Mole fraction

1

12 13

Ficure 5 Fractional de-deuteronation curves of adrenaline at

i
the OD site (O) and at the N(CH,)D, site (A) in D,O. Full
signs indicate direct calculation, open signs corrected with the
effect of the ‘ other group ’ (see text)

micro- and macro-constants given in Table 3 are higher
than those obtained in H,O solutions.! This is due to

the isotope effect on acidity 17 resulting in higher values
of acidity constants by ca. 0.5—0.6 log units for both the
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phenolic and ammonium dissociation. Unfortunately,
there is no general expression or theory for the isotope
effect on acidity. One view is that the ratio of the dis-
sociation constants of the protio- and deuterio-forms of

1109

no general conclusions can be drawn with regard to the
nature of KE/KD versus pKH dependence. The isotope
effect contribution for the microconstants of dopa and
adrenaline can, however, be adequately estimated from

TaBLE 3
pK Values for the de-deuteronation of L-dopa and L-adrenaline in D,0 and 25 °C and containing 0.10 mol dm™3 KNO,

N.m.r. titration ¢

A

E.m.f. titration ®

D ﬁ]{ Micro 9.57 )
o gKl“‘“" 9.73} pK, 9.34 pK, 9.35
KlMlcro/Klecro 1.45
Micro
gg:':mcm lggl)g} pPK, 10.39 pK, 10.40
Adrenali KMicro 9.35 9.4c¢
enaline EK;M‘CW 0.96 9.9¢ }PKl 9.25 93¢ pK, 9.23
K!Mlc;[szicro 4.09 3.16 ¢
E?'EMI‘ZZ 197 rr }PKn 10.47 10.5°¢ pK, 10.49
2.1 .

s At 25.0 + 1.0 °C.

an acid is a function of the strength of the acid, while
another is that the ratio is also a function of the type of
the acid. Therefore, in order to take the isotope effect

TABLE 4

pK Values for several amines and phenols in D,0 and in
H,0 at 25 4 0.1 °C and containing 0.10 mol dm™ KNO,

Ligand pKH pK? KH|KD
1,3-Diaminopropane (i) 8.83 9.33 3.20
1,3-Diaminopropane (ii) 10.53 11.08 3.61
Phenylalanine 9.09 9.60 3.26
Tryptophan 9.33 9.85 3.28
Ethanolamine 9.52 10.04 3.31
dmpe 9.87 10.39 3.37
2-Phenylethylamine 9.89 10.42 3.38
B-Alanine 10.10 10.64 3.46
Ethylamine 10.68 11.23 3.61
3-Nitrophenol 8.18 8.74 3.62
4-Chlorophenol 9.22 9.81 3.86
dhpa 9.51 10.11 3.91
4-Methylphenol 10.04 10.66 4.10

into account and obtain values for the microscopic dis-
sociation constants in H,O, the ionisation constants of
several amines and phenols were measured in both sol-
vents. The calculated pK values together with the
KH/KD values are listed in Table 4 and illustrated in
Figure 6.

It can be seen from the Figure 6 that the isotope effect
does in fact depend not only upon the strength but also
upon the type of acid. However, from these few values

5 At 25.0 + 0.1 °C. ¢ See ref. 6.

these data and are listed, together with some of the
literature data, in Table 5.

It is seen clearly from Table 5 that the phenolic
hydroxy-groups of dopa and of adrenaline are more
acidic than the corresponding side-chain ammonium
groups. This is in agreement with Martin,! Antikainen
and Witikainen 18 and Granot ® but in disagreement with
Ishimibu et al3 Comparing our results with those
determined spectrophotometrically via monitoring the
changes in the absorbance of the phenolate group as a

45,
Y 40
<
x
X
o
35
—
0 1 1 I { 1
3050 £ 30 g5 00 05 1o

FiGUrRE 6 KW[KD Values of several amines (lower curve) and
phenols (upper curve) as a function of pKH (see Table 4)
function of pH, it can be seen that the spectrophoto-
metric method 17 has some value for this type of work
provided that oxygen is rigorously excluded. However,

TABLE 5
pK Values for the deprotonation of dopa and adrenaline in H,0O

Measured by N.m.r.e U.v.be N.m.r.* U.v.be E.m.{. titration ¢
Dopa p K Miero 8.97 9.985] .
I yMicro 9.20 519 o} PG 8.77 8.77° 8.71
KIl{ch:;{szcm 51)(7;(1) Sl)gg :1
p . cro . .
P Btere 058 o 49 ] PKs 9.81 9.84 5 9.79
Adrenaline K Micro 8.75 8.81 ¢}
EKIMM 0.45 9,39 < PK1 8.67 8.71¢ 8.66
K}l(Micr;/szMicro ; gg gg(()) ¢
Pk, Moo . 80 ¢
DK 5 gMicro 9.16 059 o) s 9.91 9.90 9.88
s Corrected from data obtained in D,0, see text; 25 + 1 °C. ? See ref. 19; containing 0.2 mol dm™ KCI1; 25.0 4+ 0.1 °C. ¢ See

ref. 1; ionic strength 0.1 moldm™; 20 °C. 9 Containing 0.1 mol dm™3 KNO,; 25.0 + 0.1 °C.
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it is very difficult to prevent some oxidation, and we feel
that this oxidation explains the erroneous results often
obtained.?* The n.m.r. techniques score highly in this
respect since even moderate oxidation of the compounds
results in no error—the value of the chemical shift is
independent of concentration—and thus would appear to
be a most suitable tool for studies involving protonation
(and also conformation and metal complex formation)
when multicentre ligands are involved.

We thank the S.R.C. for financial assistance. We are also
grateful to Mr. L. Zekany for computational assistance.
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