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Amino-substituted gem-diphosphonic acids: dissociation mechanism and the 
structure of species in aqueous solutions 
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The mechanism of dissociation of amino-substituted gem-diphosphonic acids 
R2N(CHz),CR'(PO3H2) e with different lengths of the alkylidene chain and different substitu- 
ents at the N atom was studied by vibrational (IR. Raman) and NMR (IH, 1aN, 31p) 
spectroscopy using data of conformational analysis (molecular mechanical) darn. The impor- 
tant role of intramolecular H-bonds and cyclic solvates for the stabilization of various 
conformations and tautomeric forms of ions was demonstrated. The spectral data that allow 
one to consider the gern-diphosphonate group as a single acidic center were found. 

Key words: o)-aminoalkylidenediphosphonic acids, gem-diphosphonates, dissociation mecha- 
nism, IR. Raman. and IH, 14N, and .~lp NMR spectra, conformational analysis, hydrogen 
bonds. 

The interest in amino-substituted gem-diphosphonic 
acids (AGDP), R2N(CH2),,CR'(PO3H2)2, containing a 
physiologically stable P - -C  bond, which arose about 
20 years ago, has initiated synthesis of numerous AGDP 
with various structures of the aminoalkylidene fragment. 
The recent screening tests demonstrated that a number 
of compounds of this class show unique therapeutic 
activity in treating bone tissue diseases, t Compounds 
with herbicide and fungicide properties have also been 
found among AGDP. z An appropriate step in elucidat- 
ing the "structure--activity" correlations is the examina- 
tion of the natures of species in solution aimed at 
understanding the "structure--nature of species in solu- 
t ion-act ivi ty" relationship. Therefore, the possible dif- 
ference between the structures of species (ions and 
molecules) in the series of closely related compounds 
becomes a significant point. 

In this work, we study the order of dissociation and 
the nature of dissolved species in aqueous solutions of 
AGDP I--4 ,  differing in the length of the alkylidene 
chain and in substituents at the N atom. 
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PO3H 2 PO3H 2 
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PO3H 2 PO3H 2 
3 4 

Compounds 3 and 4 are known 3,4 to exhibit bio- 
medical activity; no data on the biological activity of 
compounds I and 2 are available. However, according t o  
the potentiometric titration data, the acid--base and 
chelating properties of these complexones are similar, s 

Model compounds 5--14, whose structures are close 
to the structures of the compounds under study and 
whose dissociation mechanism is known, were used in 
the study. 
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Experimental 

Objects of investigation. The methods for the synthesis and 
purification of 2-amino-l-hydroxyethylidenediphosphonic (1). 
2-dimethylaminoethylidenediphosphonic (2), 3-amino-l-hydr- 
oxypropylidenediphosphonic (3), and 3-dimethylamino-I-hydr- 
oxypropylidenediphosphonic (4) acids were described previ- 
ously. 5-7 The melting points, neutralization equivalents, and 
the data of elemental analysis and NMR and IR spectroscopy 
correspond to published data. 

Model compounds, l-Hydroxyethylidenediphospbonic acid 
(HEDP) (5) and methylenediphosphonic acid (6) (commercial 
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preparations) were purified by recrystallization. Characteristics 
of the samples correspond to the published data. 

Model bisphosphinic acids 7 and 8 were synthesized ac- 
cording to Scheme 1. 

Scheme 1 

R 
RP(OEt)2 + \P(O)OEt 

clc.( 
15a,b 16a,b 

R~p(O)CH2P(Oi/R 
EtO \OEt 

17a,b 

~ HCI 

R p(O)CH2P(O),/R 
HO \OH 

7, 8 
R = Ph (7 ,15a- -17a) ;  Me (8, 15b- -17b)  

Bis(ethoxyphenylphosphoryl)methane (17a) was prepared 8 
by the reaction of ester 16a (7.2 g. 0.032 M), synthesized by a 
known procedure, 9 with ester 15a (7.2 g. 0.039 M), prepared by 
a known procedure, l0 This gave 6.3 g {,54.5%) of ester 17a, 
b.p. 236 oC ( I Tort), riD20 t.557. Found (%): C, 58.00; H, 6.30: 
P. 17.54. CITH22P20 4. Calculated (%): C, 57.95; H, 6.25: 
P, 17.61. 

Bis(ethoxymethylphosphoryl)methane (17b) was synthesized 
similarly to 17a from ester 16h (I 1.5 g, 0.07 M), synthesized by 
a known procedure, ti and ester 15b (12.5 g, 0.08 M), synthe- 
sized by a procedure reported previously, t~ This gave 7.2g 
(42%) of compound 17b: b.p. 177~ (I Torr), no 20 1.467. 
Found (%): C, 36.99: H, 7.96: P, 26.87. CTHI804P 2. Calcu- 
lated (%): C. 36.84; H, 7.89: P. 27.19. 

Bis(hydroxyphenylphosphoryi)methane (7). A mixture of es- 
ter 17a (4.6 g) and 20 mL of conc. HCI was refluxed for 4.5 h. 
The precipitate formed overnight was reerystallized from etha- 
nol to give 3.4 g (85%) of  colorless crystals, m.p. 233--234 ~ 
Found (%): C, 52.74; H, 4.76; P, 21.10. CI3HI4P204. Calcu- 
lated (%): C, 52.70; H, 4.73; P, 20.94. Neutralization equiva- 
lent (Found/calculated) 148.0/148.0, pK~ < I, pK 2 = 3.71+0.02. 

Bis(hydroxymethylphosphoryl)methaue (8) was prepared 
similarly to 7 by refluxing 17b (4.4 g) with 15 mL of cone. HC]. 
This gave 3.1 g (95%) of acid 8: m.p. 139--140~ (from 
ethanol). Found (%): C, 20.89; H, 5.84; P, 36.00. C3HI004P 2. 
Calculated (%): C, 20.93; H, 5.81: P, 36.04. Neutralization 
equivalent (Found/calculated) 86.0/86.0. pK I < I, pK~ = 
3.61_+0.02. 

Reagents and materials.  Doubly distilled water and 
D20 (content of D 99.8%, specific electrical conductivity 
2" 10 -6 ~ - I  c m - I  TU 95.7046-73) and "pure" grade methyl 
alcohol, purified by the standard procedure, were used as 
solvents. 

"Chemically pure" grade KOH and "chemically pure" 
grade potassium metal (glass tubes with 100-rag samples, 
TU 48-03-53-75), and a solution of DCI in D~O (concentration 
32.4%, content of D 99.6 %, TU 95.7046-73) were used. 

Carbonate-free aqueous solutions of  KOH were prepared by 
dilution of a saturated solution of KOH; solutions of KOD were 
prepared by dissolution of potassium metal in D20. The con- 
centration was determined by indicator titration using adipic 
aeid and potassium hydrogen phthalate. The alkali concentra- 
tion normally used in spectral studies was 10--11 mol L-I; that 
used in potentiometric titration was 0.3 tool L -I.  Solutions of 
the acids to be studied were prepared by the weight method. 

Preparation of solutions for spectral studies. A calculated 
amount of KOH or KOD in the appropriate solvent was added in 
portions to a solution of  an acid with a required concentration 
using a microsyringe or micropipette, or a calculated amount of a 
solution of HCI or DCI in ordinary or heavy, water was added to a 
neutralized solution of a complexone. The pH values of solutions 
were checked by potentiometry or using indicator paper sets 
(Aldrich. with sensitivity of 0.2 pH units). 

When using KOH (KOD) as the titrating agent, the possible 
complex formation with the potassium cation or hydrolysis of the 
resulting salts were not taken into account. The validity of  this 
assumption was confirmed in relation to AGDP 4. It is known 
that acid 4 either forms TM very, weak (IogKKL = 0.78) complexes 
with potamium cations or does not form them at allra; the 
composition of solutions of this acid after the addition of l, 2, 3, 
or 4 equivalents of KOH corresponds to the predominant amount 
of  one particular ionic form of the acid. 7r Since the acid-base 
and complexing properties of AGDP 1--4 are close, 5 this as- 
sumption must be valid for all the studied compounds. 

IR spectra of solutions of the compounds in H20 and D.,,O 
with concentrations of 0.2--0.5 tool L - I  were measured on a 
UR-20 spectrophotometer using KRS-5, BaF~, and CaF 2 
0.025--0.050-mm-thick cells. 

Raman spectra were recorded on a Coderg PH-0 instrument 
with a He--Ne laser. 

3tp NMR spectra were recorded on a Braker WR-200 SY 
instrument operating at 81.01 MHz using 85% H3PO 4 as the 
external standard at 303 K. The concentration of the substance 
studied was 0.03, 0. I, and 0.3 tool L -t  in D,O. Standard tubes 
10 mm in diameter were used: the external st'andard was placed 
in a coaxial capillary tube. The error of measurements of 8 
values was *_.4:). I ppm. 

t4N NMR spectra were recorded on a Bruker AMX-400 
spectrometer operating at 28.90 MHz at 298 and 383 K using 
MeNO 2 as the external standard. Standard tubes 5 mm in 
diameter were used: the external standard was placed in a 
coaxial capillary tube. The concentration of solutions of  acids in 
D_~O was 0.5 or 0.15 tool L -1. 

IH NMR spectra were recorded on a Braker AMX-400 
instrument operating at 400.13 MHz at 298 K using HMDS as 
the external standard. The concentration of solutions of the 
acids in D20 was 0.03 mot L -I.  Standard tubes 5 mm in 
diameter were used; the external standard was placed in a 
coaxial capillary. The error of measurements of 5 values was 
:t0.005 ppm. 

The downfield shifts of signals were taken to be positive for 
all isotopes. The 3tp and 14N NMR spectra were recorded with 
noise proton decoupling for the corresponding nuclei. 

Potentiometrie titration was carried out on an OP-208 
pH-meter (Hungary) with an accuracy of _+0.01 pH units in 
water at 298.040. t K in an argon atmosphere. The electrode 
pair was calibrated against standard buffer solutions with pH 
1.68, 4.01, and 9.18. 

The required ionic strength was produced using "chemically 
pure" grade KNO 3 additionally purified by reerystallization. 

The concentrations of  acids 7 and 8 were 0.005 tool L - t ,  
ionic strength t.t = 0.1 (0.1 tool L - t  KNO3). The activity 
coefficients for these conditions YH§ = 7OH- = 0-7719-1Z The 
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volume of the titrated solution was 25 mL; for titrant 
{KOH) concentration of 0.3 mol L -I. the titration curve had 
30--40 points in the pH 2--12 range. The pK a values of the 
acids were calculated by the known program. J3 The error of the 
determination of the constants was found as the half-sum of 
deviations found by shifting the experimental titration curve by 
the possible error of the pH-meter  (_---0.01 pH units); this 
corresponded to +_0.01 log units for pKg. 

Conformation analysis. The energy of the conformation of the 
molecule in the region of the global minimum was tbund by 
molecular mechanics calculations (PC Model, Serena Soft Ware, 
MM2 (QCPE 395) and MMPI (QCPE 318) force fields~. The 
conformation energy of the structure was calculated assuming the 
formation of H-bonds by specifying distances between the corre- 
sponding oxygen atoms (2.63 ,~,) or between nitrogen and oxygen 
atoms (2.88 A,) typical 14 of this type of bonds; other,vise the 
conlbrmations of the local minima allowing the formation of 
H-bonds were found. The strain energy of a conformation (AE) was 
estimated as the difference between the energy of the given con- 
tbrmer and the contormer corresponding to the global minimum. 

Results and Discussion 

Complexones  ! - - 4  are te t rabas ic  acids H4L in aque-  
ous solutions.  T h e  p K  values for each s tep are o f  the 
same order  for d i f fe rent  acids 5 (Table I). S ince  there  are 
several types o f  c en t e r s  avai lable  for p ro ton  add i t i on  in 
A G D P  (the N a t o m  and  the O a toms  of  the p h o s p h o n a t e  
groups),  several t a u t o m e r i c  forms with d i f ferent  c o m b i -  
nat ions of  p r o t o n a t e d  cen te r s  can  exist at e a c h  dissocia-  
tion step (except  for the  comple te ly  d e p r o t o n a t e d  an ion  
k4-).  The degree  o f  p r o t o n a t i o n  o f  the PO3 g roup  can  be 
de te rmined  by m e t h o d s  o f  v ibra t ional  spec t roscopy .  
Moni tor ing  the  s ta te  o f  the  N a tom by IR spec t roscopy  
is method ica l ly  a m o r e  difficult  task. The  site o f  p ro ton  
a t t a c h m e n t  c an  also be de tec ted  reliably by s tudy ing  the 
14N and 3 tp  r e s o n a n c e  and  IH resonance  for  the  m e t h -  

Table I. The pK a values of AGDP 1--4 (298 K, ~ = 1.0; 
1.0 M KNO3) a 

Acid pK, h pK 2 a pK 3 h pK, t b 

1 1.8 5.72 9.36 > 12.0 
2 <1.0 5.75 8.98 >12.0 
3 c 2.55 5.85 9.90 10.8 
4 c 2.35 5.89 9.70 10.8 
4 <2.0 5.44 9.28 I1.7 

a According to the data of Ref. 5 and works cited therein. 
bThe stepwise dissociation constants (Ks) describe the fol- 
Iowim, equilibria: HaL ~ H3L- + H +, Ki; H3L- 
H~L~: . H , ~ :  H2L 2- ~ HL 3- + H +, Kj; HL 3- 
L 4- + H +, K 4. C.u.= 0.1 (0.1 ,l,f' KCI). 

ylene and  methyl  groups  in the complexone .  C o m p a r i -  
son  o f  the data  ob ta ined  by different  methods  makes  it 
possible to identify fine d is t inc t ions  in the s t ructure  o f  
the  an ions ,  in part icular ,  to dis t inguish between the 
p r o t o n a t e d  a tom and the  a tom involved in a s t rong 
i n t r a m o l e c u l a r  H-bond .  

~brational spectroscopy 

Dissociation sequence. In o rde r  to study the m e c h a -  
n ism o f  dissocia t ion.  IR spect ra  o f  aqueous  solut ions  of  
acids 1 - -4  at  different neut ra l iza t ion  steps and the Raman  
spect ra  of  aqueous  so lu t ions  of  acid 4 were recorded.  
The  results  ob ta ined  for acid 4 were used as reference 
data  in the  in te rpre ta t ion  o f  the I R spectra  of  acids 1 - -3 ,  
wh ich  are insufficiently soluble  in the region of  exis tence 
of  the  H 4 L - H 3 L -  forms.  The  v ibra t ion  f requencies  o f  
gem-diphosphonates 515 and  616 and  iminod iphosphona te  
13 n7 wi th  non -gemina l  a r r a n g e m e n t  o f  the phosphona t e  
g roups  were also used for c o m p a r i s o n  (Table 2). 

Table 2. Stretching frequencies (v/cm -I)  of the PO3H- and PO3Z- groups in monophosphonic a (-PO3H2) 
and some model diphosphonic (5. 6, 13) acids 

~"PO3 H ~"PO3 H 
~_~H ~..NH PO3H POoH 

Vibration -PO3H" pO 3 -PO3H ~pO 3 <PO~H 

Acid 13 17 6 b 5 t5 6 ~ 5 I~ 

V,s(PO 2) II50 1180 tl90 1170. 1150 1155 1190, 1170 1170 
vs('PO2) 1060 1090 t080 1070 1050 1060 1060 
v(P- -OH)  920 930 920 905 895 920. 900 895 

~s'PO3H ~"PO 3 ~'PO 3 
PO3H <PO 3 

HN ~PO.~ --PO 3 -PO~ HTNH HTNH 
- <'Po~ ~ ' ~  /~p% 

vr 
v's((PO3) 2) 
Vs (PO3) 
v"s((PO3) 2 ) 

1060 1100 1100 1080 1080. 1105 1075, 1095 1080 
1028 -- 908 

950 980 980 970 975 975 
945 

1080 
990 

945 

Note. Frequencies specific to gem-phosphonates are marked by an italic typeface. 
a Frequencies typical of monophosphonic acids and their salts are given (see. for. example. Ref. 18). 
h IR and Raman spectra recorded in this work and taken from the literature. !~ 
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Fig. I. Raman and I R spectra of solutions of acid 4 at different neutralization steps. Raman spectra were recorded in 
H20, C = 0.5 M. IR spectra were recorded in D20 or in H20, C= 0.5 M. The numbers of spectra correspond to the 
numbers of equivalents of KOH. 

The vibrations of the PO3 group in monophosphonic 
acids and their anions are characteristic and obey the 
local group symmetry. (see Table 2). Similar frequencies 
were observed upon dissociation of polyphosphonic ac- 
ids with non-geminal  phosphonic groups. 18 !tl the case 
of gem-diphosphonates, the attachment of two PO 3 
groups to the same C atom results in the coupling of 
these vibrations. Therefore, in the spectra of the L 4- 
anions derived from acids 5 and 6, the band for the 
symmetrical vs(PO3) mode is split into bands for synphase 
(-1000 cm -~) and antiphase (-950 cm - I )  vibrations; the 
synphase vibration of the free anion gives an intense 
polarized line in the Raman spectrum and is nearly 
forbidden ill the IR spectrum. An increase in the inten- 
sity of this I R band is indicative of a change in the 
symmetry, of the mutual arrangement of the phosphonate 
groups and/or  of the dipole moment. 

Band splitting ("additional" frequencies are marked 
by italics in Table 2) is also observed in the spectra of 
the H L 3- anions of gem-diphosphonic acids 5 and 
6, in which the proton is bound predominantly to one 
phosphonate group (the presence of bands due to the 
PO3H- group). In this case, band splitting can be ex- 
plained by assuming the formation of an H-bond in 
anions with different proton localization and the exist- 
ence of the following equilibrium shifted to the left: 

~o ~o 
A B 

The formation of type B H-bonds has been assumed 
in interpretation of the abnormally high fourth dissocia- 
tion constants in gem-diphosphonic acids. 19 

The band splitting in the case of the H2L22- anion 
(see Table 2) can be due either to the formation of an 
H-bond or to the coupling of vibrations of the two 
equivalent FO3H- groups. 

The I R and Raman spectra of acid 4 and its anions 
in the region ofstretching PO and CH modes are shown 
in Fig. I. The change in the bands due to the CH 3 ~nd 
CH 2 vibrations provides information on the state of the 
N atom; its protonation results in higher vibration fre- 
quencies of the CH 3 and CH 2 groups attached to it. 2e In 
the case of acid 4, the Raman lines at 3030 and 
2800 cm - t  were the most informative. Their analogs can 
also be observed in the I R spectra of solutions of the 
acids in D20. The higher-frequency band is typical of 
Me groups linked to a positively charged ammonium 
nitrogen atom. zla it is observed in the spectra of acid 
H,~L and the H3L-, H2L 2-, and HL 3- anions and 
vanishes upon elimination of the last proton. This points 
to a zwitter ion structure of acid 4, which liberates the 
betaine proton in the last dissociation step. In the 
spectra of the completely cleprotonated L 4- anion, a 
band at 2800 cm - j  appears, typical o fCH 3 groups linked 
to a tricoordinated nitrogen atom. zlb'e Thus, the appear- 
ance of this Raman line (as well as the IR band) on 
passing from tile L 4- anion to HL 3- points to the 
protonation of the N atom. Other vibration frequencies 
of the CH 3 and CH 2 groups (in the 2800--3000 cm -I 
range) change gradual ly fol lowing the t ransi t ion 
H 2 L 2 - ~ H L 3 - ~ L  4-, which can be explained by partial 
"pulling ofF' of the betaine proton from the N atom in 
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the HL 3- anion due to the formation of  an H-bond with 
the phosphonate groups. 

The region of PO vibrations in the spectra of the L 4- 
anion of acid 4 exhibits bands typical of completely 
deprotonated gem-diphosphonates. The only intense po- 
larized line in the Raman spectrum (998 cm - I )  corre- 
sponds to a synphase symmetrical  mode, v ' JPO3) ;  its 
analog (a weak band) is displayed in the IR spectrum, in 
which the intense bands at 950 and 1090 cm -I are due 
to the symmetrical ant iphase v"s(PO 3) and degenerate 
ve(PO3) modes. 

The attachment of  a proton to the N atom is accompa- 
nied by displacement o f  the maximum of  the syn- 

C 

R=Me 

phase symmetrical mode to 
982 cm -I and by splitting of 
the band corresponding to the 
degenerate vibration, giving 
rise to a high-frequency com- 
ponent. An increase in the 
frequency of the degenerate 
mode on passing from the L 4- 
anion to H L 3- is observed for 
acid 13 (see Table 2); it has 
been interpreted 17 as being 

due to the protonation of  the N atom. These changes can 
be accounted for by the tbrmation of an H-bond between 
the O atoms of the phosphonate groups and the betaine 
proton: apparently, this is a bifurcate bond because the 
spectra comply with the vibrations of equivalent PO32- 
groups (structure C). 

Thus, the addition of  the first proton does not change 
the spectral pattern in the region of PO vibrations, 
which proves indirectly that the proton belongs to the N 
atom in the HL 3- anion o f  acid 4. 

The second proton adds to one of the phosphonate 
groups, as indicated by the presence of  two polarized 
lines at 1070 and 965 cm -1 in the Raman spectrum of 
the H2L 2- anion, which belong to the symmetrical 
vs(PO 2) and vs(PO 3) modes  o f  the P O 3 H - a n d  PO32- 
groups, respectively. In the IR spectrum, the PO3H- 
group is responsible for bands at 1160 cm -z (vas(PO2)) 
and 1060 cm -~ (vs(PO2)). The v(P- -OH)  absorption 
band is absent from the expected region (920 cm -1) and 
all the observed bands are e i ther  broadened or split. This 
may be due to the existence of  several forms stabilized 
by different competing H-bonds  (Scheme 2). 

Scheme 2 

H 0 OQ~p_ 

R&_. -8 p/1 
R ~ R /  ---~ 

R=Me 

The spectra of the H3L- anion exhibit bands corre- 
sponding to vibrations of the PO3H- groups at 1190 cm-J 
(IR), vas(PO2); 1070 cm - I  (IR, Raman), vs(PO2); and 
918 cm -I  (IR), v(P--OH);  the shoulder observed at the 
Raman line (at 1050 cm-I ) ,  similar to the splitting in 
the spectrum of  compound 5, can be due to the forma- 
tion of H-bonds, 

The spectra of  the zwitter ion H4L are superpositions 
of bands typical of the PO3H 2 and PO3H- groups. 

Thus, acid 4 has a zwitter ion structure and the 
betaine proton is the last to split off. The results of  the 
study of acid 4 were invoked in interpreting the IR 
spectra of  A G D P  1--3. 

The absorption bands of the L 4- anions derived from 
AGDP i - - 3  (Table 3) fully conform to the vibrations of 
geminal PO32- groups. However, the 
intensities of  the band for the synphase 
symmetrical mode are substantially dif- 
ferent. In the case of  acids ! and 2 
with a short alkylidene chain, this 
mode is not manifested at all in the 
I R spectrum; in the spectrum of  acid 

PO32- 

D 

4, it is weak, while in the spectrum of acid 3, it has a 
substantial intensity. This indicates that in the anion 
derived from acid 3, the symmetry of the mutual ar- 
rangement of  the phosphonate groups is violated. Appar- 
ently, the combination of the unsubstituted amino  group 
with the long chain is favorable for the formation of  an 
H-bond between the protons of  the NH 2 group and one 
of the PO3 z- groups, which accounts for the violation of 
symmetry (structure D). 

The spectra of  the H L3-anions reveal the difference 
between the order of  protonation of the anions o f  acids 
with unsubstituted and substituted amino groups. In the 
case of  unsubstituted acids I and 3, weak bands due to 
the protonated phosphonate group appear in the spectra 
of HL 3- (they are in a boldface font in Table 3). Thus, 
at this dissociation step, solutions of acids 1 and 3 
contain two equilibrated tbrms of  the HL 3- anion:  in .  
one of  them, the protonated site is the N a tom and in 
the other, it is the phosphonate group. 

Scheme 3 

+ PO32- PO3H- 
H 3 N .--"- ~ _ .~. H2N "- ~ 

PO32- 13032- 

For simplicity, Scheme 3 does not show the H-bonds. 
It follows from a comparison of band intensities that 

the equilibrium is shifted toward the betaine form for 
both acids (for acid 1, to a greater extent). 

The spectrum of  the HL 3- anion derived from acid 2 
does not point to protonation of  the phosphonate groups: 
hence, as in the case of acid 4, the only proton is 
attached to the N atom. 

The dependence of the site of  single protonat ion  on 
the substituents at nitrogen is not apparently due to the 
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Table 3. Variation of the PO vibration frequencies during dissociation of acids 1--4 (solutions 
in HzO, D20, C = 0.3--0.5 M) 

Anion Acid Assignment Group 

1 2 3 4 

L 4- 1090 s.br I100 s.br 1090 s.br 1090 s.br ve(PO 3) PO32- 
-- -- 1000 m 998 w v's(PO 3) 
950 m 950 m 950 m 950 m v's(PO 3) 

HL 3- 1160 sh - -  1160 sh - -  vas(PO:) PO3H- 
1080 sh - -  1060 sh --  vs(PO 2) 
1105 s.br 1100 s.br 1100 s.br 1100 s.br ve(PO3) PO32- 
990 w 990 w 1000 w 982 w V's(PO 3) 
960 m 960 m 960 rn 950 m v"s(PO 3) 

H.L 2- 1170 m 1160 m 1160 m 1160 m Vas(PO2) PO:.H-" 
1060 sh 1060 sh 1060 sh 1060 sh vs(PO 2) 
1090 s I100 s 1090 s 1100 s ve(PO 3) PO32- 
1020 sh --  1010. 990 w.sh 
950 w 960 w 950 w 965 m vs(PO 3) 

Note. Frequencies of protonated phosphonate groups are marked by a bold typeface; those 
specific to gem-phosphonates are marked by italics (see the text). 

lower basieity of the NH 2 group compared to the NMe 2 
group but rather to the formation of an NH2...O3P 
hydrogen bond (structure D) in the L 4- anion, promot-  
ing the transfer of  the proton from the amino group to 
the phosphonate group simultaneously with nitrogen 
protonation.  

In addi t ion to the absorption bands corresponding 
to the PO32- and  PO3H-  groups, the spectra of  the 
H2 L~-- anions o f  ac ids  ! - -3  also contain " intermedi-  
ate" bands (marked by an italic typeface in Table 3), 
which cannot be assigned to canonical  vibrations of  

the PO3 2- and P O 3 H -  groups and may result from 
"chelation" of  the proton by two phosphona te  groups 
(structure B). 

Thus, the sequence of  dissociation of  acids I - - 4  has 
been established based on vibrational spectroscopy. Each 
acid has a zwitter ion structure in aqueous solutions. In 
acids with substituted amino groups (2 and 4), the 
betaine proton is the last to split off (Scheme 4), whereas 
in acids with unsubstituted amino groups (1 and 3) 
(Scheme 5), an equlibrium between two species, one 
protonated at nitrogen and the other at oxygen, is 

Scheme 4 

Me2N , . ~  PO32- 
PO32- 

t } - I+  PO32_ 
M e 2 N --.-.-. ~ H +,,,. 

pO32- 

H I + PO3H- 
Me2N ~ H+~ 

PO32- 

H2 N ~ PO32- 

PO32- 

H 
I PO3H- 

PO3H- 

Scheme 5 
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ll 
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I. ,.PO3H- 

H2N "'J'N 
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Me2 IN"-.~N, ~3H2 

PO3H- 

H~ 
H I+ ,-PO3H- 
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PO32- 
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H2 IN+...~ ~3H2 

PO3H- 
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established when the HL 3- anion has been formed; the 
equilibrium is shifted toward the betaine form. 

In both cases, equilibria between the anion forms 
with different H-bonds are possible at each dissociation 
step: this accounts for the complicated spectral pattern 
observed. 

zip NMR spectroscopy 

The gem-diphosphonate acid center. The phosphorus 
chemical shift is fairly sensitive to the degree of  protona- 
tion of  the phosphonate group. The abstraction of a 
proton from a phosphonate group is normally mani- 
tested as a decrease in the chcmical shift (an upfield 
shift). For example, the changes in the chemical shift 
(fir,) for the first and second dissociation steps of acid 9 
and ethylphosphonic acid are 7.0, 3.8 ppm and 6.0, 4.0 
ppm, respectively z2 (see Fig, 2). For model aminoalkyl- 
idenephosphonic acids (AAP) 10--12, which exist in 
aqueous solutions as zwitter ions, the abstraction of  a 
proton from a phosphonate group is also accompanied 
by a decrease, while the abstraction of a betaine proton 

~ p  

\ 
* \  920 

15 " . ~  

/ 
/ 

/ 
10 / 

5 i i i i 

0 I 2 3 nKOH 

Fig. 2. Dependence of 5p of compounds 9--13 on the number 
of neutralization equivalents (nKo H) in aqueous solutions ac- 
cording to Refs. 22 and 23 (C = 0.5 M for 9--12 and 0.3 M for 
13). The asterisks refer to the acids in the cationic form H3L ~. 

from the N atom induces a sharp increase, in the 
phosphorus chemical shift 22 (see Fig. 2). Presumably, 
this increase is due to the destruction of cyclic species 
with closely spaced amino and phosphonate groups, in 
which both direct Coulomb interactions and H-bonding 
are possible. These features are also typical of acid 13, 
which is similar to AGDP in the number of phosphonate 
groups but differs by a non-geminal  arrangement of 
these groups z3 (see Fig. 2). 

Similar v-shaped plots were also obtained for diverse 
nitrogen-containing phosphonic and phosphinic acids, 23,z4 
(H2NCH2)2PO2H, R2NCHRtPO3H2, H2NCH(R)PO3H2, 
N(CH2PO3H2)3, and RN(CH2PO3H2)2; this corresponds 
to the elimination o fa  betaine proton from the N atom at 
the last dissociation step. It should be noted that this 
series does not contain structures with a geminal arrange- 
ment of  phosphorus atoms. 

To study the mechanism of  dissociation of acids 
I - -4 ,  the 31p NMR spectra o f  their solutions in D20 at 
different dissociation steps were recorded (Table 4). The 
results of  measurements in 0.03, 0.1, and 0.3 M aqueous 
solutions were qualitatively similar; therefore, intermo- 
lecular interactions were excluded from consideration. 

it was found that the 31p chemical  shift in the spectra 
of acids 1--4,  unlike that for model compounds 9--13,  
virtually does not depend on the extent of  neutralization 
(Fig. 3), i.e. deprotonation of  acids 1--4 in aqueous 
solutions barely changes the magnetic shielding of the 
3Tp nuclei. Plots of the same type can be constructed for 
gem-diphosphonic acids 5 and 6 (Fig. 4). 

Analysis of  published data indicates that slight de- 
pendence of  5p on the extent of  neutralization of the 
complexone is peculiar to the whole class ofdiphosphonic 
acids with a geminal arrangement of phosphonic groups. 
Thus in the case of RIR2C(PO3H2)2 (R~R 2 = MeMe, 
HMe, Me(OH),  HH, H(OH),  CIC1), the chemical shifts 
of  acids and di-, tri-, and tetra-tetraalkylammonium 
salts in 0.5 M aqueous solutions vary. over a range of 
1.6 ppm. 25 However, on passing from methylene-  
diphosphonic gem-acid 6 to polymethylenediphosphonic 
acids H203P(CH2)nPO3H2 (n = 2--6), the expected 
dependence of  the chemical shift on the number of 
neutralization equivalents can again be followed26: the 
changes in the 8p values of  solutions of acid 6 and its 

~ p  

2O 

4 

3 

15 = - 

0 I 2 3 4 nKO H 

Fig. 3. Dependence of 5p of acids I--4 on the number of 
neutralization equivalents (nKOH) in aqueous solutions (C = 
0.03 and 0. I M. see note to Table 4). 
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T a b l e  4. Data of the 31 p NM R spectroscopy (Sp) of aqueous solutions of 
acids 1--5, 7, 8 for different neutralization steps (D~O, 85% H3PO 4 as the 
external standard, 303 K, C = 0.03 tool L -I, titration by KOH) 

nKO H Acid 
I a 2 a 3 4 5 '1 7 8 0 

0 14.9 c 17.6 t8.1 19.7 44.7 31.3 
I 14.8 14.5 17.3 17.8 19.6 40.6 26.9 
2 15.6 14.9 17.4 18.0 19.0 35.2 23.4 
3 15.6 14.8 17.2 17.7 19.2 
4 16.2 14.9 17.4 17.8 18.8 
5 16.4 14.9 17.7 17.8 18.8 

/Vote. The accuracy of measurement of 6p is _.+0.1 ppm; nKO H is the number 
of equivalents of KOH. 
aThe acid concentration was 0.1 tool L -I. 
0 In MeOH (the acid was poorly soluble in water). 
c Poorly soluble in water. 

sodium salts (with an accuracy of  measurements of 
+1 ppm) amount to -3 ppm, whereas in the case of  
polymethylenediphosphonic acids H203P(CH2),,PO3H ~ 
(n = 2--6), they are 6--8 ppm. z6 

Thus, the structure of  the gem-diphosphonate group 
remains roughly the same when protons are either elimi- 
nated or added; thus it can be regarded as a single unit 
rather than a combination of two monophosphonate 

~p 

I,\,, 

"\ 
.\ 

N. 
I 

40 \ 8  
.\ 

\ 
i= 

\ 
\ 

\ 
\ 

35 " 

25 

15 ~ �9 
I nKOH 

Fig. 4. Dependence of 8p of model compounds 5--8 on the 
number of neutralization equivalents (nKo H) in aqueous solu- 
tions according to this study (for acids 5, 7, 8) and published 
data 3s (for 6). 

groups. In our opinion, the specificity of the gem-di- 
phosphonate group manifests itself not only in the HL 3- 
anion, tg,zs in which the formation of an intramolecular 
H-bond is assumed, but also at other pH values, includ- 
ing those corresponding to the L 4- anion. The structural 
invariance of a gem-diphosphonate unit in aqueous solu- 
tions may be due to the formation of cyclic sotvates and 
intramolecular hydrogen bonds (IntraHB) both in the 
neutral molecule and in the anions. The substantial 
ordering of  water molecules caused by the hydration of 
H E D P  is also indicated by the data on the entropy 
effects in complexing reactions, z7 The hypothesis of  
formation of  cyclic solvates was used previously in a 
study of  aqueous solutions of dicarboxylic zs and 
aminocarboxylic z9 acids. 

The replacement of an OH group in the gem- 
diphosphonate unit by an alkyl or aryl group is expected 
to decrease the chance of  formation of  an IntraHB or 
cyclic hydrates*; hence, the acids would exhibit a nor- 
mal pattern of  dependence of  the phosphorus chemical 
shift on the extent of neutralization. To verify this 
assumption, gem-diphosphinic acids 7 and 8 were studied. 

Molecular mechanics calculations showed that two 
H -bonds  can be formed in the geminal  unit of  
diphosphonic acids 4 and 6 and only one bond is 
possible in complexones 7 and 8 (see, for example, 
Fig. 5). The energies of  conformations involving IntraH B 
differ from the energy of the global minimum by 2 and 7 
kcal mol - l ,  respectively. 

gem-Diphosphinic acids 7 and 8 were lbund to dis- 
play the classical type of  dependence of  5p on the 
number of  neutralization equivalents (see Fig. 4). Thus, 
the formation of  lntraHB is one o f  the factors account-  
ing for the structural invariance of  the gem-diphosphonate 
unit during acid neutralization. 

* We were unable to verify experimentally the role of cyclic 
hydrates in the stabilization of the gem-diphosphonate unit due 
to the very low solubility ofgem-diphosphonates 1--4 and their 
K salts in polar organic solvents. Acid 5, HEDP, has a sufficient 
solubility in nonaqueous media but its K salts are also poorly 
soluble. 



Amino-substituted gem-diphosphonic acids Russ.Chem.Bull., Vol. 49, No. 6, June, 2000 1053 

, H \  

H\O/'" , ,,(~ O/H H .-H. _O 

~IN;H ~HH H ~  H H 
"X 

H H H H 
4 7 

Fig. 5. Conformations of acids 4 and 7, allowing for the 
formation of H bonds in the gem-diphosphonate unit. 

Thus, it follows from the analysis of the 31p NMR 
spectra of AGDP and a number of model compounds 
that the gem-diphosphonate group in these compounds 
acts as a single acid center stabilized by an lntraHB and 
cyclic hydrates. The structural invariance of  the center 
during titration of the acid accounts for the low utility of 
the 31p NMR spectra in the study of the sequence of 
dissociation of gem-diphosphonic acids. 

The low sensitivity of the phosphorus chemical shift 
to titration of diphosphonic acids in water can serve as a 
spectral indication of the geminal arrangement of two 
phosphonic groups. 

t4 N NJI,IR spectroscopy 

Betaine structure of,4 GDP in solution. Cyc,qc confor- 
mations. Since, according to IR spectroscopy, the differ- 
ences between the mechanisms of dissociation of AG D P 
1--4 are determined by the substituents at the N atom, 
acids 3 and 4 containing unsubstituted and substituted 
amino groups were compared by i4N and tH NMR 
spectroscopy. 

The nitrogen chemical shifts in systems with satu- 
rated bonds such as alkylamines usually change upon 
protonation 30 by about 10 ppm (downfield shift), while 
those in aminocarboxylic acids change upon elimination 
of the betaine proton 30 by -8  ppm. However, elimina- 
tion of the betaine proton in nitrilotrimethylphosphonic 
acid, N(CH2PO3H2)3, changes the 14N chemical shift by 
40 ppm. 31 

The 14N signals in the spectra of acids 3 and 4 are 
located in the expected region 30 and have different 
widths (Table 5). For identical concentrations, the sig- 
nals in the spectra of acid 4 are normally broader than 
those in the spectra of acid 3. In both cases, the signal 
width increases after addition of every subsequent equiva- 
lent of KOH; upon addition of 4 and 6 equiv, of KOH to 
acids 4 and 3, respectively, the corresponding signal 
disappears due to strong broadening. 

One of the main reasons for line broadening in the 
�9 14N NMR spectra is quadrupole relaxation, caused by 

coupling of the quadrupole moment of the nucleus with 
the gradient of the electric field of the species. If the 
species is symmetrical, the electric field gradient is 
relatively low and the quadrupole line broadening is also 
insignificant. Broad (20--50 ppm) resonance lines due 
to the 14N nuclei are displayed in the spectra of amines 
and nonsymmetrical ammonium salts, whereas in the 
spectra of the NH4 + and Me4N + ions, these lines are 
narrow ( I - -2  ppm). 3z 

The solvation and association, which distort the sym- 
metry of the electric field of ions, and high viscosity of 
solutions result in line broadening due to the enhance- 
ment of quadrupole coupling. 

Raising the temperature, which suppresses quadru- 
pole relaxation, made it possible to record the signal in 
the spectrum of acid 3 after the addition of 6 equiv, of 
KOH. However, in the case of compound 4, we were 
unable to record the signal from the L 4- anion by 
varying experimental conditions (see Table 5). Appar- 
ently, in the L 4- anion of acid 4, the electric field 
gradient, which induces the quadrupole broadening of 
the resonance line, is much greater than those in other 
species derived from acids 3 and 4. 

Table 5. Data of 14N NMR spectroscopy (5 and line width c~i/2) of 
aqueous solutions of acids 4 and 3 for different neutralization steps 
(DzO, external MeNO 2. titration by KOH) 

nKO H .. 6 (AI/2) 
4 3 

A B C A B 

I -349 (12) -345 (12) -343 (3) -349.5 (6) -348 (1) 
2 -349 (12) -345 ('15) -- -349.4 (6) -- 
3 -355 (20) -351 (25--30) -- -354 (25) -- 
4 --* --* --* -356 (50) -- 
6 --* --* -- --* -355 (15) 

Note. nKO H is the number or equivalents of KOH. A, C = 0.15 tool L -t,  
298 K; B, C = 0.5 tool L -I, 298 K; C, C--- 0.5 tool L -~, 353 K. 
* The signal is not recordabte. 
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By analogy with aminocarboxytic 33 and AAP zz acids, 
it can be suggested that zwitter ionic and ionic species 
derived from acids 3 and 4 occur in aqueous solutions 
mainly in the cyclic form with closely spaced amino and 
phosphonate groups. An exception is the completely 
deprotonated L 4- anion of  acid 4, which should exist 
predominantly in an acyclic conformation,  in which the 
amine--phosphonate  interaction, which is possible only 
via a solvation water  molecule, would be the least 
pronounced. The conformations of  A G D P  3 and 4 
according to the data o f  14N NMR spectroscopy of  
aqueous solutions are presented in Scheme 6. 

Evidently, the electric field gradient should be much 
greater in the uncoiled linear conformations bearing a 
negative charge on the phosphonate end of  the flexible 
alkylidene chain than in cyclic conformations. 

In strongly alkaline media (K4L + 2 KOH),  solvation 
conditions change and the equilibrium between cyclic 
and acyclic conformations in the case of  acid 3 shifts 
toward linear forms. 

The change in the signal width during titration of 
acids 3 and 4 is also explained by the existence of cyclic 
conformations with different stabilities. 

By comparing the 14N chemical shifts observed on 
titration of acids 3 and 4 (see Table 5) with the 15N NMR 
data for model compounds,  protonation of  the N atom in 
all the H~L 4-n species (at n = 2--4) is evident. The 
nitrogen chemical shifts in the H3L- and H2L 2- anions 
are the same ( -349  ppm at C = 0.15 tool L -I and 
-345 ppm at C = 0.5 tool L - I )  :-z~d are about the same as 
that of  the betaine nitrogen in glycine ( -345.7 ppm at 
C = 1.6--2.1 tool L - I ,  scaled in relation to MeNO 2 33). 
The abstraction of  the betaine proton from glycine is 
accompanied by a change in the chemical shift, ASN = 12 
(the scaled chemical shift of  the anion is - 358  ppm33). 
The signal of the amine nitrogen in the L 4- anion of acid 
3 occurs at 8 -356 and ASN = 7. The absence of  a signal 
of L 4- in the spectrum from acid 4 due to its substantial 
broadening (see above) is also consistent with the abstrac- 
tion of  the betaine proton. The chemical shifts of HL 3- 

are intermediate ( -354 and -355 ppm for acids 3 and 4. 
respectively). This can be due either to the occurrence of  
an equilibrium between tautomeric forms protonated at 
both the N atom and the phosphonate group or to a 
strong lntraHB between the betaine proton and the 
phosphonate end of the H L 3- ion. Since, according to I R 
spectroscopy, a tautomeric equilibrium is observed only' 
for acid 3, the assumption that a strong lntraHB is 
formed is preferred. It should be noted that similar 
"intermediate" values of  nitrogen chemical shifts were 
found in a study of  dissociation of  the diaminocarboxylic 
acid RHN(CH2)4CH(NHR)COOH with R = H and were 
absent for the acid with R = CH2OH, in which the 
formation of  an lntraHB should be sterically hindered. 34 

Thus, all the proton-containing species derived from 
AGDP exist in solutions as zwitter ions, predominantly,  
in cyclic configurations. The IntraHB formed in the 
monoprotonated anion H L 3 -  is stronger than that in the 
aminocarboxylic prototype; in the case of  HL 3- ,  the 
betaine proton, being still linked to the N atom, is 
substantially displaced toward the negatively charged 
terminal group of the zwitter ion. In the case of acid 
with the unsubstituted amino group, cyclic conforma- 
tions predominate even for the completely deprotonated 
anion. 

The changes in the t4N chemical shift are insensitive 
to tautomeric equilibria. The substantial quadrupole broad- 
ening of resonance signals does not allow one to rule out 
completely the contribution of  other tautomeric forms 
and to establish reliably the structure of the ionic species. 

IH NMR spectroscopy 

Amino-phosphonate interactions; H-bonds. The data of 
the tH N M R  spectra of aqueous solutions of  acids 3 and 
4 at different neutralization steps were analyzed in com- 
parison with the data for model acid 12 with the same 
length of  the alkylidene chain (Table 6). 

Acid 12 exists in water as a zwitter ion and the 
betaine proton is the last to split off. 22 The pres- 

Scheme 6 
4 3 

H4L--HL3- ~ ~  -"- N ~ ~ H a 

(•= ~ '  PO3Hn 
" -  PO3H ,,.n 

�9 H2N ~ ( ~  
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Table 6. Data of the tH NMR spectroscopy (8, J/Hz) of aqueous solutions of acids 3, 4, and 12 
for different neutralization steps (D2 O, external HMDS, 303 K, C = 0.03 tool L -I, titration 
by KOH) 

rtKO H 12 a 3 4 
H(3) H(3) H(2) H(3) Hi2) H(Me) 

(m) t (3JH_H) tt (3JH_ H, 3JH_ P) t (3JH_ H) tt tJJH_H, 3JH_ P) (S) 

_b 3.10 
0 3.07 3.16 (7.0) 2.13 (7.0, 13.5) 3.23 (6.8) 2.13 (6.8. 13.5) 2.66 
I 3.01 3.14 (6.8) 2.09 (6.7, 12.8} 3.19 (6.5) 2.09 {6.6, 13.1) 2.64 
2 2.59 3.11 ( 6 . 5 )  2.04(6.4, 12.4) 3.11 (6.1) 2.04(6.2, 12.9) 2.59 
3 2.96 e 1.94 c (6.65 13.4 c) 2.97 (5.8) 1.99 t5.8, 14.0) 2.46 
4 2.87e 1.90e(6.9c 13.6c) 2.80 (6.5) 1.92 (6.6, 13.51 2.30 
6 2.81 (7.1) 1.86 (7.1, 13.6) 

Note. The error of measurement of 6H was __+0.005; 
nKO H is the number of equivalents of KOH. 
'~According to Ref. 22, C = 0.5 tool L -I.  h pH = 
c Overlap of two (or several) close, qualitatively 
values are given. 

ence of cyclic conformations of type E with close- 
ly located amino and phosphonate groups, which allow 

HO O- - - -H__  
. . . .  - - .  

- - ( C H 2 )  ~ 

E 

for both direct Coulomb 
interactions and H-bonds, 
is assumed for each spe- 
cies from H3L § to L 2-. 

The elimination of the 
last two protons from the 
phosphonate group (tran- 

sition from H3L + to H2L and then to HL-)  in these 
conformations changes only slightly the magnetic envi- 
ronment of both the phosphorus nuclei (see above) and 
the nuclei of the hydrogen atoms of the 7-methylene 
group; therefore, the NMR signals of these nuclei shift 
insignificantly. The chemical shifts change substantially 
upon abstraction of the last, betaine proton (~8~ = 0.42). 

In the IH NMR spectra of acids 3 and 4, the signals 
of the protons of the methylene group located in the 
y-position relative to the phosphonate groups are dis- 
played as a triplet and the protons ofa  [~-methylene group 
are responsible for a triplet of triplets. The positions of 
signals and the spin-spin coupling constants correspond 
to the expected values (see Table 6). The protons of.the 
Me group in complexone 4 account for a singlet: 

Upon the addition of 3 and 4 equivalents of KOH, 
the spectra of acid 3 with the unsubstituted amino group 
exhibits a superposition of several sets of close (the 
difference between the chemical shifts is ~0.01 ppm), 
qualitatively similar multiplets, whereas after the addi- 
tion of 6 equivalents, only one set of signals is again 
present (Fig. 6). In the spectra of acid 4, one set of 
signals is preserved during titration. 

In accordance with the data 

o~ 
0 ~'~--~ NFL 

0 F 

R=H, Me 

of conformat ion  analysis and 
14N NMR and IR spectroscopy, 
we believe that the 14- anion of 
acid 4 mostly exists in a strongly 
alkaline medium as the uncoiled 
acyclic conformer F, whereas the 

the error of measurement of,/was +0.25 Hz; 

-0.4, the acid exists as the cation, zl 
similar multiplets (see Fig. 6). The average 

L 4- anion derived from acid 3 can exist in both cyclic 
and linear forms (Scheme 7). 

Scheme 7 shows the cyclic structures (G, H, and I) 
that are most likely from the molecular mechanics view- 
point. Structure G corresponds to the conformation of 
the global minimum; for conformers H and I, the strain 
energies AE are 2 and 4.5 kcal mol -I ,  respectively. Evi- 
dently, the chemical shifts of  the methylene protons in 
these conformers should not differ much. When 6 
equilvalents of KOH have been added, linear conformer 
F predominates in the solution (one set of signals in the 
proton spectrum, the absence of a 14N NMR signal). 
After the addition of 4 equivalents of KOH, the fraction 
of conformer F is insignificant; the solution contains 

Scheme 7 
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2 
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mainly cyclic conformers G and I-I (two sets of signals of 
methylene protons, one signal of the nitrogen nucleus, 
and a clear-cut band for the synphase symmetrical vibra- 
tion of the PO3 2- group in the IR spectrum). 

The HL 3- anion from acid 4 forms presumably one 
cyclic conformer (one set of signals in the tH NMR 
spectrum, one signal in the 14N NMR spectrum). Ap- 
parently, this is conformer C stabilized by a strong 
bifurcate H-bond. The strain energy of this conformer is 
only 2.5 kcal mol -~. 

In the case of the monoprotonated HL 3- anion 
formed from acid 3, an equilibrium is assumed between 
cyclic conformers of two tautomeric forms in one of 
which the protonated site (J) is nitrogen and in the other 
it is the phosphonate group (K) 

+ H 0..._ P .  -. H U 
o _ _ . i -  --:=o N I -  
r, ~ H C - _ _ O . . . "  _ . - -  

j K 

For both tautomers, several cyclic conformations 
with close energies are possible. In particular, tautomer 
J can exist as three conformations (Scheme 8) 

The energies of the three conformers are virtually 
equal (AE = 0 and 2.5 kcal mol-I for L and M, respec- 
tively, and J is the conformation corresponding to the 
global minimum (Fig. 7)). Each conformation allows for 
the formation of several, including bifurcate, ImraHB. 
In line with this fact, the proton spectrum displays 
overlap of several sets of signals with close chemical 
shifts; the t4N spectrum has one signal; the IR spectrum 
demonstrates equilibrium of two tautomeric forms one 
of which is protonated at the N atom and the other of 
which is protonated at the phosphonate group. 

4 

I T 

2.0 1.8 - "- 
a~H 

Fig. 6. EvoLution of IH NMR spectra of acid 3 during titration. 
The number of equivalents of KOH: 2 (!), 3 (2), 4 (3), 6 (4). 
Experimental conditions are given in Table 6. 
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Fig. 7. Conformation of the HL 3- anion of acid 3 in the region 
of global minimum. 

On further protonation,  the resulting zwitter ions for 
both acids apparen t ly  exist in solution mainly  as 
one cyclic conformer  stabilized by an in t ramolecu-  
lar H-bond  (bonds)  between the a m m o n i u m  and 
phosphonate groups and additional O - - H . . . O  bonds 
complementing the gem-diphosphonate unit. 

Analysis of  the IH N M R  spectra recorded during 
titration of acids 3 and 4 (see Table 6) shows that, as in 
the case of  model  acid 12, the spectra exhibit  a 
nonmonotonic decrease in the ~H value of the protons of  
methylene and methyl groups (upfield shifts of  signals). 
The signals of the protons of  the 13-methylene groups of  
both acids, unlike the signals of other groups, vary 
almost monotonical ly (see Table 6): this precludes using 
them for determining the site of proton a t tachment  in 
the anions. 

The signals of  methyl and y-methylene protons of  
acid 4 vary. in parallel upon variation of  the extent of  
neutral izat ion (Fig.  8). The substantial (0.16 and 
0.17 ppm) and simultaneous displacement of  signals of  
these protons on passing from L 4- to HL 3- implies that 

~H 

3.2 

3.0 * 

2.8 

2.6 

2.4 

2.. ' ~) ~1 , ~ A 
") 3 nKO H 

Fig. 8. Dependence of the chemical shift of the -/-methylene 
protons (6H) of compounds 3, 4, and 12 on the number of 
neutralization equivalents (rtKOH) in aqueous solutions ac- 
cording to the data of Table 6. The numbers of curves 
correspond to the numbers of compounds 4a is the same plot 
fbr the methyl protons of acid 4. The asterisk represents 
results for the acid in the cationic form H3L*. 

the first proton adds to the N atom, and that is consis- 
tent with the data of IR spectroscopy. However, transi- 
tion from HL 3- to H2L 2- is accompanied by a signal 
displacement of the same order (0.13 and 0.14 ppm). 
Further protonation has a slight influence on the posi- 
tion of signals, which smoothly move downfield (A6 = 
0.02--0.08 ppm). According to the data of I R spectra, 
the betaine structure is retained when H2L 2-, II3L-,  and 
H4L are formed and protonation involves the phos- 
phonate groups. By analogy with model acid 12. these 
changes in the proton spectra of  acid 4 can be explained 
by assuming the existence of  cyclic structures stabilized 
by amino--phosphonate  [ntrai lB.  Obviously, in the 
monoprotonated anion (HL 3-) of acid 4 (structure C), 
the betaine proton should be displaced to a greater 
extent toward the phosphonate groups than in the 
monoprotonated anion (ILL-) of  acid 12 (structure A) 
even due to the Coulomb forces alone. On further 
protonation (the formation of  H2L 2-, H3 L-, and H4L), 
the stability of cyclic structures formed by complexone 4 
becomes roughly equal to that for AAP and the signals of 
the -/-methylene protons in the spectra AGDP 4 and 
AAP 12 are nearly identical (a6 = 0.04, 0.08 and 0.03, 
0.06, see Table 6). 

The change in the chemical shifts of the y-methylene 
protons during titration of  acids 3 and 4 is virtually the 
same (see Table 6 and Fig. 8), although according to IR 
spectra, in the case of  acid 3, the HL 3- anion exists as 
two equilibrated tautomers protonated at the N atom 
and at the phosphonate group (see above). 

Thus, the sequence of dissociation and the structures 
of species formed from acids 3 and 4, determined from 
the proton spectra, are consistent with the conclusions 
based on 14N NMR and IR spectroscopy. The )H NMR 
spectra of  AG DP are less sensitive to tautomeric equilib- 
ria than IR spectra. However, IH NMR spectra provide 
more precise data on the structures of ionic and betaine 
species formed from acids with substituted and un- 
substituted amino groups. 

In aqueous solutions, A G D P  exist as zwitter ions and 
as ions characterized by Intra i lB,  Coulomb interactions 
between the amine and phosphonate moieties, and spe- 
cific salvation, namely, the formation of  cyclic hydrates. 
These factors determine the following main properties 
and behavior of  A G D P  in aqueous solutions: formation 
of a single gem-diphosphonate acid center, which ac- 
counts for the special place of gem-diphosphonates in 
the series of  bisphosphonic acids; establishing of  a tauto- 
meric equilibrium due to stabilization of  some species; 
the formation of cyclic contbrmations capable of chelat- 
ing a cation; and either hydrophobicity or hydrophilicity 
of species, a property important for adsorption or trans- 
port through a membrane. 

The sequence of dissociation in the series of  com- 
pounds studied does not depend on the len~h of  the 
alkylidene chain in A G D P  but is governed by the ability 
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of  the substituent at the N atom to part icipate in the 
formation o f  H-bonds .  

The l imitat ions o f  the applicabili ty o f  spectral meth- 
ods to the study o f  the mechanism of  dissociation of  
A G D P  are out l ined.  

The authors are grateful  to E. I. Goryunov  for fruitful 
discussion o f  the results. 

This work was suppor ted  by the Russian Foundat ion 
for Basic Research (Pro jec t  No.  96-15-97298). 
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