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The complex formation of a,w-diaminopolyphosphonates (ethylenediamine- [Hgedtmp], trimethylenediamine-
[Hstdtmp] and hexamethylenediamine-N,N,N',N'-tetramethylenetetraphosphonate [Hshdtmp]) with cobalt(Ill) polyamine
complexes has been investigated by means of *’PNMR spectroscopy. The formation and protonation constants of the
complexes and the P NMR chemical shifts of each protonated species were determined from the pH dependence of the
3P NMR signals. In any complexes, the nitrogen atom of the ligand is not coordinated to Co™. The complex cis-[CoCl-
(en)>(NH3)1>* forms a mononuclear O-monodentate complex and two types of binuclear bis(O-monodentate) complexes by
a reaction with edtmp and tdtmp, and forms a mononuclear O-monodentate complex and a dinuclear bis(O-monodentate)
complex with hdtmp. The complex cis-[CoCly(en),]" forms a mononuclear O-monodentate complex and a mononuclear
0,0-bidentate complex having an eight-membered chelate ring with edtmp and tdtmp, and forms a mononuclear O,0O-
bidentate complex and dinuclear bis(O-monodentate) complexes with hdtmp. In the case of the edtmp complexes, two
iminodiphosphonate groups interact with each other: 1) an interaction between the nitrogen atoms of two imino fragments
by a hydrogen bond (NH*---N) in a monoprotonated species and 2) an intramolecular interaction between the protonated
nitrogen atom and phosphonate O~ of another imino group (NH*---~OP) in triprotonated and tetraprotonated species.
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The aminopolyphosphonates (APP), in which the car-
boxyl groups of aminopolycarboxylates are substituted by
phosphonate groups, have been widely used for industrial
purposes, such as a scale inhibitor for oil drilling and
a geothermal power plant.'~ Many kinds of these com-
pounds have been synthesized®® and their complex forma-
tion has been studied.*—*Y The number of negative charges
of aminopolyphosphonate is much higher than that of the
corresponding aminopolycarboxylate, e.g., the charge of
ethylenediamine- N,N,N',N'- tetramethyleneteraphosphonate

is minus eight (edtmp®~), while that of ethylenediamine- -

N,N,N' N'-tetraacetate is minus four (edta*~). Thus, the
metal complexes of aminopolyphosphonates readily form
protonated species. The thermodynamic properties and
the structures of these complexes of labile metals have
been studied by means of potentiometry,>—'® 3IPNMR
spectroscopy'®® and calorimetry.?) N-Methyliminodimeth-
ylenediphosphonate (midmp*~) and nitrilotrimethylenetri-
phosphonate (ntmp®~) form O,0-bidentate eight-membered
chelate-ring complexes with some metal ions.

Appleton et al. studied the complex formation of APP with
the platinum® complex, in which the number of sites avail-
able for the coordination of APP is restricted to two, and
reported that N,O-coordinated complexes are the dominant
species.???® On the other hand, in the case of an inert Co™
(polyamine) complex, such as cis-[CoCly(en),]*, APP does
not form nitrogen-coordinated complexes.?” By the complex
formation of cis-[CoCl,(en),]* with midmp and ntmp, O,0-

bidentate complexes having an eight-membered chelate ring
and O-monodentate complexes were obtained and separated
by HPLC. The protonation equilibria and the structures
of these complexes in solution were studied by means of
3IPNMR and UV-vis spectroscopies. In the case of the li-
gands, midmp and ntmp and their complexes, the >*'PNMR
signals show a large upfield shift (Ad=10 ppm) due to pro-
tonation of the imino nitrogen, and scarcely change by the
protonation of phosphonate O~.*2 However, the complex
formation and protonation of diaminopolyphosphonates are
rather complicated.'®*? Particularly, the edtmp shows a
peculiar *’PNMR signal change due to protonation; these

" results indicate the presence of intramolecular interactions

between two iminodiphosphonate groups.

In the present paper, in order to clarify such intramolec-
ular interactions, the complex formation of «,w-alkyl-
enediaminetetramethylenetetraphosphonates having various
lengths of alkylene chains with cobalt™ (polyamine) com-
plexes was investigated by means of >! NMR spectroscopy.
The number of sites on the cobalt(polyamine) complex avail-
able for the coordination of diaminopolyphosphonate is re-
stricted to one for cis-[CoCl,(en),(NH3)]*" or two for cis-
[CoCly(en),]1t. The structures and intramolecular interac-
tions of the complexes are discussed.

Experimental

Reagents. C0m~polyamine complexes, cis-[CoCl,(en);]Cl
and cis-[CoCl(en),(NH3)]Cl,, were synthesized according to lit-
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erature procedures.’® Aminopolyphosphonates, ethylenediamine-
N,N,N' ,N'-tetramethylenetetraphosphonic acid (Hsedtmp) (Dojin
Chemicals) and hexamethylenediamine-N,N,N' N’ -tetramethylene-
tetraphosphonic acid (Hghdtmp) (Monsanto) were purified by a
recrystallization. Trimethylenediamine-N,N,N',N’-tetramethylene-
tetraphosphonic acid (Hstdtmp) was synthesized by a method de-
scribed elsewhere.” The purities of edtmp, tdtmp and hdtmp were
determined by *'PNMR and potentiometry and were more than
99%. Other chemicals were of reagent grade (Wako Pure Chemi-
cals).

Sample Preparation. The Co™ polyamine complex was

reacted with edtmp, tdtmp or hdtmp at 50 °C at various mole ratios, .

reaction times and pH. The reaction was quenched by cooling the
solution to 0 °C. In order to prevent any further reaction, all of
the measurements of pH titration and *'P NMR were performed at
0°C.

Complex Formation of Aminophosphonates

Complex Separation. A mixture of the Co polyamine
complex and hdtmp was separated by HPLC (Tosoh CCPD dual
pump, Shimazu SPD-M6A UV-visible Detector) on a column (¢
20 mmx400 mm) packed with Toyopearl HW-40F (Tosoh). The
loaded sample (3 cm®) was eluted by H,O at a flow rate of 3
cm® min~!. The fractions of the eluent were freeze-dried just after
collection. A chromatogram of the reaction mixture showed two
peaks corresponding to the Co(en),~hdtmp complex and the Co™
reactant. Owing to poor separation, the complexes formed in the
reaction with edtmp ant tdtmp were not separated.

Potentiometry.  All pH measurements were carried out with
a Corning M-130 pH meter. The glass electrode was calibrated by
titration with nitric acid and potassium hydroxide at 0 °C (/=0.1
moldm™® KNOs, pKw =14.98). The pH, i.ec., the logarithm of
the reciprocal of the hydrogen-ion concentration, was evaluated
from the electromotive force using the calibration curve. Ligand
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Fig. 1.

The 3'P{'H} NMR spectra of (a) a mixture of [CoCl(en),(NH3)]*—edtmp (M:L=1:1) at 0 °C at pH 8, (b) a mixture of

large excess of [CoCl(en)>(NH3)]** (M:L=4:1) at 0 °C at pH 10.5, which had been allowed to react for 48 h at 50 °C and pH 4.
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solutions (0.002 mol dm~>) were titrated by potassium hydroxide
(0.1 moldm™2) at 0 °C, I=0.1 mol dm™> KNO;.

NMR Measurement.  After adjusting the pH at 0 °C, the
3IPNMR spectra of reaction mixtures or of separated complexes
were measured at 0 °C with a Varian Unity-500 FT NMR spectrom-
eter (202.35 MHz for >'P) with sample tube of 10 mm diameter.
The NMR spectrometer was locked by the signal of D,0, which
served as an external standard of 0.5% H3PO4 in D, 0.

Result

Protonation Constants and the 3PNMR Chemical
Shifts of edtmp, tdtmp, and hdtmp. The protonation
constants (log K,,) of diaminopolyphosphonates were deter-
mined at 0 °C by means of potentiometry and 3!P NMR
spectrometry (Table 1 (a)). The protonation constants and
the chemical shifts of individual protonated species (J,) were
obtained by an analysis of the pH dependence of the *'P NMR
signal'®2) (Table 1). The values of log K; (all system) and
log K, (hdtmp), determined by *'PNMR, are more reliable
than those by pH titration. The values of the protonation con-
stants and chemical shifts at 0 °C are essentially the same as
those at 25 °C, although small differences are observed for
the protonation constants between two temperatures because
of a change in the autoprotolysis constant, log K, = 14.95.

Co(en);(NH3)-edtmp System. The 3'P{'H} NMR
spectrum of the reaction mixture at pH 8 at 0 °C is shown
in Fig. 1 (a), where [CoCl(en),(NH3)J** was reacted with
edtmp at a molar ratio 1:1, at pH 4 and 50 °C for 48 h.
The spectrum consists of three main peaks (labeled Al, A2,
and A3) besides the signal of the unreacted edtmp (L). The
peak area ratio of the signals A1, A2, and A3is 1:1:2 at

Table 1. Logarithrrﬁc Protonation Constants and >'P NMR
Chemical Shifts of the Diaminotetramethylenetetraphos-

phates at 0 °C?
a) Protonation constant
logK,

edtmp tdtmp hdtmp
log K 13.5% 13.5” 13.6"
log K, 10.20 11.72 12.8%
log K3 8.08 7.06 6.717
log K4 6.41 6.05 6.04
log K5 5.08 5.19 524
log K¢ 2.71 4.40 452
log K7 <1 <1 <1

b) Chemical shift
S/ppm

edtmp tdtmp hdtmp
L 17.3 16.9 16.2
HL 11.7 11.5 10.1
HL 104 6.3 6.7
Hs;L 10.9 6.6 72
HiL 124 75 6.8
HsL 12.9 7.1 8.6
HeL 9.1 7.0 8.7

a) Kn=[H,L)/[H*][H,_;L],7=0.1mol dm~3 (KNO3).
uated by 3P NMR spectroscopy.

b) Eval-
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any reaction time. The complex formation in neutral and
alkaline solutions is quite slow.

The pH dependence of the signals at 0 °C is shown in
Fig. 2. The fact that these signals do not split at any pH
indicates fast protonation equilibria. Consequently, the ob-
served chemical shift for each signal (Jys) is a weighted
average of the chemical shift of each protonated species of
the Co(en),(NH3)—edtmp complexes. Thus, the calculated
chemical shift is given by

Beate = Y OniNHa) 1, L) XMONHa )E,L)

where Ovnm,)@,Ly 1S the chemical shift of the protonated
(n>1) or unprotonated species (n=0) of the complex [M-
(NH;3)(H,L)I"~> (M=Co(en)y). Xmms)a,L) 18 the propor-
tion of each species, and is calculated from the solution pH
by using the protonation constant,

Kn = [M(NH3)(H,L)]/[H']IM(NH3)(H,—1L)].

Henceforth, the changes of the chemical species are omit-
ted for simplicity. The values of SyNms)m,r) and K, giv-
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Fig. 2. ¥PNMR chemical shifts of mononuclear Co-
(en)2(NH3)—edtmp complex as a function of pHat 0 °C. O-
monodentate edtmp complex: O, coordinated phosphonate
(Al); A, uncoordinated phosphonate (A2) of coordinated
imino group, and [, phosphonates (A3) of uncoordinated
imino group. *, unreacted edtmp. Solid lines are calculated
curves, see text.
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ing the minimum error square sum of the chemical shifts,
Z(Seate— O obs)?» Were evaluated by a non-linear least-square
calculation®” (Table 2 (a)). The protonation constants ob-
tained from signals Al, A2, and A3 agreed with each other.
The solid lines in Fig. 2 are calculated curves obtained by
using the values listed in Table 3 (a), and show good agree-
ment with the experimental results. These facts support the

Table 2.
Complexes at 0 °C [M=Co(en),]

Complex Formation of Aminophosphonates

idea that these signals were assigned to the same complex
having three unequivalent phosphonate groups.

All signals of 3'PNMR show a large upfield shift upon
first protonation. This fact indicates protonation on the nitro-
gen atom,'”2'* j.e., the nitrogen atoms of the edtmp of the
complex are not coordinated to Co™. The signal of 3P NMR
shifts downfield due to the coordination of the phospho-

Chemical Shifts (6/ppm) and Logarithmic Protonation Constants (log Ky) of cis-Co(en)2(NH3) and cis-Co(en)2—edtmp

cis-Co(en),(NH3) system.
(a) Mononuclear O-monodentate.

(b) Binuclear bis(O-monodentate) (N,N').

(¢) Binuclear bis(O-monodentate) (N, N).

5(Al) 6(A2) O(A3) logK,? S(B1) 6(B2) logk, 8(C1) 5(C2) log K,?
[M(NH3)(L)] 31.2 16.3 17.1 [{M(NH3)}>(L)] 317 173 31.5 16.5
12.7 10.8 11.8
[M(NH;3)(HL)] 28.6 14.6 8.2 [{M(NH3) }»(HL)] 260 129 29.5 9.3
8.9 8.0 7.1
[M(NH3)(H,L)]  23.7 12.2 8.9 [{M(NH3)},(H,L)] 246 127 23.8 12.5
6.9 6.4
[M(NH3)(H3L)] 209 9.2 15.5 [{M(NH3)}2(H3L)] 21.5 17.5
33
[M(NH3)(H4L)] 245 12.0 113
1.8
[M(NH3)(HsL)] 214 9.1 8.9
0.3
[M(NH3)(HgL)]  20.5 9.5 10.7
cis-Co(en), system.
(d) Mononuclear O-monodentate. (e) Mononuclear O,0-bidentate.
6(D1) 6(D2) 6(D3) logkKa 6(El) O(E2) logK,P
[M(OH)(L)] 30.1 15.3 16.7 [M(L)] 29.0 153
13.89 14.0
[M(OH)(HL)] 30.2 13.2 15.8 [M(HL)] 254 119
10.89 9.1
[M(OH)(H,L)] 26.8 10.7 7.6 [M(H,L)] 21.5 9.6
7.79 5.6
[M(OHL)(H,L)]  21.8 10.0 12.2 [M(HsL)] 219 104
6.49
[M(OH,)(H3L)] 214 9.0 16.1

2) Kp=[M(NH3)(HnL)VIM(NH3)(Hp—1L)I[H], b) Kn=[{MNH3)}2(HaL)V[{M(NH3) }2(Hp— L)IH'],

©) Kn=[M(OH)HAL)/[M(OH)(H,,_ L)][H*],
) Kn=IMHL)VMH,—D)][H*].

Table 3.
Complexes at 0 °C [M=CO(en);]

d) Kn=[M(OHp)(LL)//[M(CH)(H,L)][H*],

€) Kn=[M(OH,)(H;L)J/[M(OH2) (H,L)I[H"],

Chemical Shifts (6/ppm) and Logarithmic Protonation Constants (log K»®) of cis-Co(en),(NH3) and cis-Co(en);—tdtmp

cis-Co(en),(NHjz) system.
(a) Mononuclear O-monodentate.

(b) Binuclear bis(O-monodentate), (N,N").

(c) Binuclear bis(O-monodentate), (N, N).

S(F1) 6(F2) S6(F3) logk,? 4(Gl) 6(G2) logKk, d(HD) S(H2) log K,
[M(NH;3)(L)] 309 167 170 [{M(NH3)}2(L)] 303 16.4 30.5 16.6
13.1 11.3 13.1
[M(NH3)(HL)] 29.8 158 6.7 [{M(NH3)}>(HL)] 24.5 11.4 30.3 7.0
9.7 9.2 8.9
[M(NH3)(H,L)] 189 6.9 6.4 [{M(NH3)}2(HL)] 19.3 7.1 19.9 6.3
cis-Co(en), system.
(d) Mononuclear O-monodentate. (e) Mononuclear O,0-bidentate.
(1) 8(12) o(3) logk, dJ1) 06(3J2) logk,
[M(OH)(L)] 296 169 16.6 M(L)] 26.6 16.2
13.8 13.1
[M(OH)(HL)] 267 127 128 [M(HL)] 259 6.6
12.1 9.5
[M(OH)(H, L)1 267 112 6.5 [M(H,L)] 17.1 6.2
8.0
[M(OH,)(H,L)]  19.6 722 59

a) Definitions of protonation constants: see Table 2.
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nate group to an inert metal ion.?>?*?"?® Thus, signal A1l is
assigned to 3'P of coordinated phosphonate group. Since the
number of sites of the complex [CoCl(en),(NH3)]?** available
for substitution is restricted to one, the complex formed by
the reaction with edtmp is concluded to be an O-monodentate
complex (Chart 1). From the peak area ratio (1 : 2), signals
A2 and A3 were assigned to an uncoordinated phosphonate
of the coordinated imino group and uncoordinated iminodi-
phosphonates, respectively.

Bull. Chem. Soc. Jpn., 70, No. 9 (1997) 2115

Under the reaction conditions of the molar ratio of [CoCl-
(en),(NH3)]** : edtmp=4: 1, at pH 4 and 50 °C for 48 h, the
growth of new signals was observed, as shown in Fig. 1 (b).
The peak ratios of signals B1 to B2 and C1 to C2 were 1:1
at any reaction time. The chemical shifts and protonation
constants of the complexes corresponding to signals B and C
obtained by an analysis of the pH dependence of the chemical
shift are listed in Table 2 (b) and (c). Since the protonation
constants obtained from signals B1 and B2 agreed with each
other, it has been confirmed that these signals are assigned to
the same species. The fact that the peak areas of these signals

(A;—’ F1.M1) are the same as each other indicates that the complex has
(\N \P —o Q 5 two equivalent coordinated and uncoordinated phosphonates.
’\Co/p/ //P\ o Thus, the complex is assigned to be a dinuclear complex. In
/i__“_ J _d the same manner, signals C1 and C2 are also assigned to
IL NH3_O )—(CHZ)'” L . a dinuclear complex. The first protonation constant of the
B >p\\ p< B complex corresponding to signals C (complex C) is larger
o % 0/ ° than that of complex B. This means that complex C has an
(A2, F2, M2) (A3, F3, M3) uncoordinated iminodiphosphonate group, i.e., signals C are
assigned to a complex given by Chart 3. Another dinuclear
[M(NH3)(L)] * complex (B) is given in Chart 2.
Co(en);—edtmp System. The 3'P{'H} NMR spectrum
m=2,3,6 of the reaction mixture at pH 13 at 0 °C is shown in Fig. 3,
where [CoCly(en),]* was reacted with edtmp at a molar ratio
1 of 1:1, at pH 4 and 50 °C for 3 h. The spectra of this
Chart 1.
D2+L
D3
E2
D1 El
L Y, A
R T PPM
5029 26 27 26 25 24 23 22 21 20 12 1817 1€ 15 14 13121110 9 8 7 € 5 4 3 £ 1 0
Chemical shift /ppm
Fig. 3. *'P{'H} NMR spectrum of a mixture of [CoCl,(en)]*~edtmp at 0 °C at pH 13, which had been allowed to react for 3 h at

50 °C and pH 4.
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system are rather complicated and consist of five main peaks
labeled D1, D2, D3, El, and E2. Although D2 signal is
overlapped with the signal of unreacted ligand L at this pH,
it is separated at other pH. The signals labeled D1, D2,
and D3 grow with a peak ratio 1:1:2 at an early reaction
time followed by the growth of peaks E1 and E2 with a
peak ratio of 1:1, which came to be the dominant signals
after a prolonged reaction time. The chemical shifts of these
signals are plotted as a function of the pH in Fig. 4. The
chemical shifts and protonation constants of each species
were calculated (Table 2 (d) and (e)).

By the same analysis of the signals as that of signals
Al, A2, and A3, signals D1, D2, and D3 are assigned to
a mononuclear O-monodentate complex (Chart 1), where a
water molecule is coordinated to Co™ instead of NH3.2® The
peak area ratio of E1 to E2 (1 : 1) indicates that two phospho-
nates (E1) are coordinated to Co™ and the other two (E2) are
uncoordinated. The high value of the first protonation con-
stant (log K1=14.0, Table 2 (e)) suggests that this complex
has an uncoordinated iminodiphosphonate group (E2). The
value of the second protonation constant (log K,=9.1, Table 2
(e)) is larger than that of the complex in which one imino-
diphosphonate group is coordinated to two Co™ (Chart 3)
(logK,=7.7, Table 2 (c)). Consequently, this complex is

(B1, G1, K1)

[{M(NH3)}»(L)]*

m=2,3,6

2
Chart 2.

o]
~
{\I AN /o
N -0 0
/ AR ) (C2, H2)
e
N

{MNH3)} L)) 2

m=273

3
Chart 3.

Complex Formation of Aminophosphonates

35
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Fig. 4. 3'PNMR chemical shifts of mononuclear Co-
(en),—edtmp complexes as a function of pH at 0 °C. O-
monodentate complex: O, coordinated phosphonate (D1);
A, uncoordinated phosphonate (D2) of coordinated imino
group, and [, phosphonates (D3) of uncoordinated imino
group. O,0-bidentate complex: @, coordinated phospho-
nates (E1) and A, uncoordinated phosphonates (E2).
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m=2,3,6

4
Chart 4.

not a dinuclear complex. Consequently, signals E are as-
signed to a mononuclear O,0-bidentate complex (Chart 4) in
which one iminodiphosphonate group forms an eight-mem-
bered chelate ring in the same manner as the Co(en),—midmp
complex.?” Signals other than signals D and E in Fig. 3 might
be assigned to decomposition products of edtmp, their com-
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plexes, and dinuclear complexes, but the spectra were too
complicated to analyze.

Co(en),(NH3)-tdtmp System. The 3'P{!H} NMR
spectrum of the reaction mixture of cis-[CoCl(en),(NH;3)]**
and tdtmp at pH 11 reacted at pH 4 and 50 °C for 48 his shown
in Fig. 5 (a). The 3'PNMR spectra and pH dependence of
the Co(en),(NHsj)-tdtmp system are quite similar to those
of the Co(en),(NH3)-edtmp system. Signals F, G, and H
correspond to signals A, B, and C of the Co(en),(NH3)-
edtmp system, respectively. Thus, signals F are assigned
to a mononuclear O-monodentate complex (Chart 1) and
signals G and H are dinuclear complexes, Charts 2 and 3,
respectively. The protonation constants and chemical shifts
of the complexes are listed in Table 3 (a)—(c).

F2

(a
Fl
H1
l Gl
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Co(en),-tdtmp System.  The *'P{!H} NMR spectrum
of the reaction mixture at pH 11.5 is shown in Fig. 5 (b),
where [CoCly(en),]* was reacted with tdtmp at a molar ratio
of 1:1, at pH 4 and 50 °C for 3 h. The spectra of this system
are similar to those of the Co(en),—edtmp system. That is,
signals I are assigned to a mononuclear O-monodentate com-
plex (Chart 1) and signals J are assigned to a mononuclear
0,0-bidentate complex (Chart 4).

Co(en),(NH3)-hdtmp System. The 3'P{'H} NMR
spectrum of the reaction mixture at pH 13 at 0 °C is shown in
Fig. 6 (a), where cis-[CoCl(en),(NH3)]?>* was reacted with
hdtmp at a molar ratio of 1:1, pH 4 and 50 °C for 48 h.
In the same manner as the edtmp and tdtmp systems, sig-
nals K1 and K2 are assigned to the O-monodentate dinuclear

F3
L
H2
G2

L
(b)
13
I J2
12
11
N . ‘_JJALAJ L L
l T T T l T T LI I T . 7T T I T T T T I T T T T ‘ T T T T I T T T T l T T T T “
35 30 25 20 10 5 0 ppm
Chemical shift /ppm

Fig. 5. The *'P{'H} NMR spectra of (a) a mixture of [CoCl(en),(NH;3)]**~tdtmp at 0 °C at pH 11 which had been allowed to react
for 48 h at 50 °C and pH 4 and (b) a mixture of [CoClx(en),]"—tdtmp at 0 °C at pH 11.5, which had been allowed to react for 3 h at

50 °C and pH 4.
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Complex Formation of Aminophosphonates

(a)
Kl K2
J JE |
K2
“ L
(b)
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Fig. 6. *'P{'H} NMR spectra of (a) a mixture of [CoCl(en),(NH3)]**~hdtmp at 0 °C at pH 13 which had been allowed to react for
48 h at 50 °C and pH 4 and (b) a fraction at pH 12.5 separated from main product.

complex in which each phosphonate of both imino groups
is coordinated to Co™ (Chart 2). The reaction mixture of
cis-[CoCl(en),(NH3)]** and hdtmp was separated by HPLC.
The NMR spectrum of the fraction separated from the domi-
nant product (signals K) is shown in Fig. 6 (b). The chemical
shifts of the newly observed signals (M1, M2, and M3) are
quite close to signals K1, K2, and L at any pH, respectively.
This result and the peak height ratio (M1:M2:M3=1:1:2)
suggest the formation of the O-monodentate mononuclear
complex (Chart 1).

The fact that the chemical shifts of the monocoordinated
(M1, M2) and uncoordinated iminodiphosphonate (M3) frag-
ments of the O-monodentate mononuclear complex are al-
most the same as those of dinuclear O-monodentate (K1, K2)
and ligand hdtmp (L), respectively, suggests that the protona-
tion of one imino group scarcely affects that of another group.

This result is quite reasonable, because two imino groups are
separated by a long alkylene chain (-C¢H;,—). Consequently,
the protonation constants of two fragments of the dinuclear
bis(O-monodentate) complex (signals K) can be assumed to
be very close to each other (log K;~log K>, log K3~log K4,
and log Ks~log Ks). The thus-obtained values of K, and 6,
are listed in Table 4 (a), where the protonation constants are
considered to be the mean values of two step protonations
(e.g. K; and K;). The protonation constants and the chemi-
cal shifts of the O-monodentate mononuclear complex were
evaluated (Table 4 (b)).

Co(en),-hdtmp System. The 3!P{'H} NMR spectrum
of the reaction mixture at pH 12.9 at 0 °C is shown in Fig. 7
(a), where cis-[CoCly(en),]* was reacted with hdtmp at a
molar ratio of 1:1, pH 4 and 50 °C for 1 h. Signals N1
and N2 show the same NMR behaviors as do signals K
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Table 4. Chemical Shifts (6/ppm) and Logarithmic Protonation Constants (log K,) of cis-Co(en),(NH3) and cis-Co(en),~hdtmp

Complexes at 0 °C [M=CO(en);]

cis-Co(en),(NH3) system.
(b) Binuclear bis(O-monodentate), (N,N').
S(K1) 0(K2)  logk,?

(b) Mononuclear O-monodentate.”
S(M1) S(M2) 5(M3) log K%

[{M(NH3)}2(L)] 30.6 16.6

{MNH;)}(HL)] 189 o5
[{M(NH3) }>(HsL)] 18.9 7.6 *
[{M(NH3)}2(HsL)] 202 7.6 e

MNH)(D)] 30.6 66 162
[M(NH;)(HL)] 30.6 166 67 e
[M(NH3)(HoL))] 18.9 68 67 e
[M(NH;)(HsL)] 189 6.8 6.8 o8
[M(NH;)(HsL)] 18.9 76 68 +

cis-Co(en), system.
(c) Binuclear bis(O-monodentate) (N,N').
SN  6(N2)  logk,®

(d) Mononuclear O,0O-bidentate.

8(01) 8(02)  logk,”®

MO }>(L)] 29.2 16.5

[{M(OH)},(H,L)] 231 9.0 =
[{M(OH2)}2(H:L)] 196 6.7 50
{MOH)L(HL)] 202 6
[{MOH)}HL)] 206 6

[M(L)] 26.7 16.2
132

[M(HL)] 26.7 6.7
10.8

[M(HoL)] 17.7 6.7
6.8

[M(H3L)] 17.7 6.8
49

[M(HL)] 17.7 7.6

a) Mean value of two step prétonations. b) Estimated from the values of protonations of binuclear complex and ligand.
©) Kn=[M(NH3)HnL)VIM(NH3)(H,— i L)IH*1, d) Kn=[MHL)V/[MHp_L)I[H"].

and K, of dinuclear bis(O-monodentate) complex of the Co-
(en)2(NH3)-hdtmp system; thus, these signals are assigned
to a complex of Chart 2. By analyzing the pH dependence
of signals O1 and O2, these signals have been assigned to a
mononuclear O,0-bidentate complex (Chart 4). The K, and
9, values of these complexes are listed in Table 4 (c) and (d).

The reaction mixture which reacted at a molar ratio,
Co™ : hdtmp, of 5: 1 was separated by HPLC. The 3'P{'H}
NMR spectrum (pH 13) of fractions separated from the main
product is shown in Fig. 7 (b). Since new signal (Q) has no
pairing signal, all phosphonates are equivalent and are coor-
dinated to Co™. The pH dependence of the signal indicates
that signal Q can be assigned to an dinuclear O,0-bidentate
complex. Signals P1 and P2 are assigned to phosphonates of
the O-monodentate imino fragment. Thus, these signals and
a signal overlapped to Q are a dinuclear O-monodentate O,
O-bidentate complex. ‘

Discussion

Structures of Co(en),(NH;3) Mononuclear O-Monoden-
tate Complexes.  The changes in the chemical shifts of
the Co(en),;(NH3) mononuclear O-monodentate complexes
(Chart 1) are plotted as a function of the number of pro-
tons bound to be complex in Fig. 8. The first protonation
of the complex causes a large upfield shift of the signal of
the phosphonates of an uncoordinated imino fragment ([7).
The changes in the chemical shifts of both phosphonates
(coordinated; O, uncoordinated; A) of a coordinated imino
fragment are very small although they increase due to a de-

crease in the number of alkylene chains (m). These results
indicate that the first protonation occurs on the imino nitro-
gen atom of an uncoordinated fragment. The large values of
the first protonation constants (log K1=12.7, 13.1, and 13.2
for edtmp, tdtmp, and hdtmp) support this argument.

The change in the chamical shift of the uncoordinated imi-
nodiphosphonates (L) due to the second protonation is quite
small, while the phosphonates of coordinated imino fragment
(O, A) of the tdtmp and hdtmp systems show a large upfield
shift. Consequently, the second protonation occurs on the

"imino nitrogen of a coordinated imino fragment. The fact
that the values of the protonation constant and chemical shifts
of the O-monodentate iminodiphosphonate fragments of the
tdtmp and hdtmp complexes are very close to that of the O-
monodentate complex of midmp?® supports the idea that the
interaction between two imino fragments is negligible. On
the other hand, in the case of the edtmp complex, the second
protonation constant is smaller than those of other systems.
This result indicates that the imino nitrogen atoms of the
monoprotonated species [M(NH;z)(Hedtmp)]*~ interact with
each other by a NH*---N hydrogen bond (Scheme 1). The
second protonation occurs mainly on the phosphonate oxy-
gen atom (Scheme 1), [M(NH3)(H,L)13 ).

In the triprotonated species, [M(NH;)(H3;L)]*~, both of
the imino nitrogen atoms and one phosphonate are proton-
ated in any ligand systems. The changes in the chamical
shifts of the hdtmp complex due to the higher protonation are
very small (Fig. 8 (c), n>3), i.e., protonation on the phos-
phonate O~. However, those of the edtmp complex show
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3p{'H} NMR spectra of (a) a mixture of [CoClz(en),]*~hdtmp at 0 °C at pH 12.9 which had been allowed to react for 1 h

at 50 °C and pH 4, and (b) a fraction at pH 13 separated from main product.

peculiar behaviors, i.e., the signals shift downfield by the fur-
ther protonation (Fig. 8 (a)). This result is explained by an
intramolecular interaction between the iminodiphosphonate
fragments in the protonated edtmp complexes in the same
manner as the ligand edtmp.? The protonated imino nitrogen
forms hydrogen bonds with the phosphonate O~ of the other
imino fragment (NH*---~OP). (IM(NH3)(Hsedtmp)]*>~ and
[M(NH3)(Hsedtmp)]™ in Scheme 1) The pentaprotonated
species [M(NH3)(Hsedtmp)] shows normal values of chemi-
cal shifts. Since all of the uncoordinated phosphonate groups
are protonated in this complex, the intramolecular interaction
is ruptured. When the alkylene chain is long (=3 (tdtmp)
and m=6 (hdtmp)), these interactions do not operate in these
complexes.

Structures of Co(en); Mononuclear O,O-Bidentate

Complexes. The changes in the chemical shifts of the
Co(en); mononuclear O,0-bidentate complexes are plotted
as a function of the number of protons bound to the com-
plexes in Fig. 9. The pattern of the chemical shift change
caused by the protonation of the complex is quite similar to
that of the corresponding Co(en),(NH3) monodentate com-
plex (Fig. 8). Furthermore, the protonation constants of the
complexes are also almost the same between them. Conse-
quently, the order of the protonation of the Co(en); mononu-
clear O,0-bidentate complexes is the same as that of the Co-
(en),(NH3) monodentate complexes. Although the chemical
shifts of the higher protonated species were not obtained for
the edtmp complex because of the line broadening of the
signals, the fact that [Co(en),(Hzedtmp)]>~ shows a small
downfield shift compared with [Co(en),(Hyedtmp)]>~ sug-
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gests that the triprotonated species also has an intramolecular
interaction, as shown in Scheme 1. _

Structures of Co(en); Mononuclear O-Monodentate
Complexes. The chemical shifts of the Co(en), mononu-
clear O-monodentate complexes are plotted as a function of
the number of protons bound to the complex in Fig. 10. The

changes in the chemical shifts caused by the protonation are
rather complicated compared with that of other complexes.
In those complexes, one site of Co is coordinated by phos-
phonate O~ of the iminodiphosphonate, and another site is
coordinated by a water molecule.®? As has been shown for
the midmp complexes,’ this water molecule is deproton-
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ated, i.e., a hydroxide ion is coordinated to Co™ at high pH
(Scheme 2, [M(OH)(L)]®™).

In the case of the tdtmp complex, the first protonation
constant of [M(OH)L]®~ (log K;=13.8) is larger than that of
[M(NH3)(L)]>~ (log K;=13.1). This result suggests that the
first protonation occurs mainly on the imino nitrogen atom
of a coordinated fragment (Scheme 2, [M(OH)(HL)]’),
which is stabilized by a hydrogen bond between the co-
ordinated hydroxide ion and the protonated nitrogen atom

(OH™---*HN).*» Since the basicity of the uncoordinated
imino nitrogen atom does not differ so much from that of
the hydrogen bonded imino nitrogen, the monoprotonated
species might be in equilibrium between two types of N-
protonated species (Scheme 2, [M(OH)(HL)]*~). The small
upfield shift of the phosphonates of an uncoordinated imino
fragment by the first protonation (Fig. 10 (b)) supports these
structures. The relatively high value of the second proton-
ation constant (log K»=12.1) indicates that both nitrogen
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dentate Co(OH)(en),—edtmp and (b) ~tdtmp complexes as
a function of a number of protons bound to complex. O,
coordinated phosphonates; A\, uncoordinated phosphonates
of coordinated imino group, and [, phosphonates of unco-
ordinated imino group.

atoms are protonated in the diprotonated species. The fact
that the third protonation constant (log K3=8.0) is close to the
second protonation constant of [Co(en),(OH)(Hmidmp)]~
(log K>, =8.0)* supports protonation on the hydroxide ion
coordinated to Co™ 23D

The first protonation constant of the edtmp complex is
comparable to that of the tdtmp complex. The smaller value
of the second protonation constant of the edtmp complex
(log K, =10.8) compared with that of the tdtmp complex
(log K»=12.1) suggests a hydrogen bond between the imi-
no nitrogen atoms (NH™*---N) in the mono protonated species
of the edtmp complex. The downfield shift of higher pro-
tonated species suggests that the intramolecular interaction
between the imino fragments operates in the tri- and tetra-
protonated complexes.

Dinuclear Complexes. A detailed discussion concern-
ing the results of dinuclear complexes is omitted here. The
results concerning the protonation constants and chemical
shifts of the dinuclear hdtmp and midmp complexes are rea-
sonably explained by taking into consideration that the two
iminodiphosphonate groups are independent of each other
upon protonation.
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