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Abstract

The synthesis and the full characterization of tveav linear bisphosphonates (tetraetNyl(
tertbutyl-1-aminoethan-1,1-diyl)bisphosphonate andatgtryl(N-sedutyl-1-aminoethan-1,1-
diyl)bisphosphonate) and the first analysis of &R spectra of the corresponding nitroxides
is reported. The preliminary results of theoretia@ulations on model compounds suggest a

small B (in the McConnell equation). The results of bisgplwonate ester and bisphosphonic
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acid are similar. The discrepancies of P couplorglie diphosphorus compound stems from

B, that is different when the dihedral angle is latip@an 90 degree.

Keywords
Bisphosphonates; diphosphorylation; ESR; nitroxittegoretical calculations; McConnell

equation

INTRODUCTION

The radical polymerization has interesting propesy it is more tolerant towards trace
impurities than ionic or coordination polymerizatid! It requires absence of oxygen but can
be carried out in the presence of wéktInfortunately, the control over the macromolecules
is worse in radical polymerization than in ionic lypoerizationl2l To increase the
polymerization control, the use of nitroxides hae suggestddl. Nitroxyl radicals are
observed to result in a better control of the malcweight, polydispersity and termination
processes. The action of a nitroxyl radical oc¢hreugh a reversible coupling between the

nitroxide and the growing polymeric chain. (Schethe

Insert scheme 1

To clarify the role of nitroxyl radical in the paherization process, some information about
its conformational behavior needs to be known. Waehalready demonstrated it for
geminally diphosphorylated pyrrolidinoxyl radid@lswhere the combination of ring pseudo-
rotation with the internal rotation of phosphorybgps produces at least four nonequivalent

sites.
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In this paper, we describe the synthesis of two bisphosphonates, namely the tetraetiyl(
tertbutyl-1-aminoethan-1,1-diyl)bisphosphonateél and the tetraethy\-sedutyl-1-
aminoethan-1,1-diyl)bisphosphona2emolecules (Scheme 2) and perform the full BER
analysis of the chemical exchange of various nittex formed from the oxidation @fand2.

(Scheme 2)

Insert Scheme 2

RESULTS AND DISCUSSION

Synthesis

The synthesis of and?2 is described in Scheme 3. It uses a one stepiorabtiat has been
described elsewhefe’l At -7.5 °C under nitrogen atmosphere PO@@ mol.) is slowly
added to a mixture of the corresponding amide (L et and triethylphosphite (2 mol. eq).
After stirring the mixture for one hour at room feenature, it is poured over a cold aqueous
solution saturated with NIDH. After work-up, the corresponding aminobisphaspdtes are
obtained with several yields. (Table 1) CompouBdmd4 are prepared using the procedure

of Lessart®! and of Sagéi, respectively.

Insert Scheme 3

Insert Table |
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Using the same procedure, Grim&8iéli prepared the tetraethid-tertoutyl aminomethylene
bisphosphonat® with a yield of 56%. Compared tb and 2, which have one additional
methyl group on the carbon bearing the two phosateogroups, the yield is twice higher

with 5.

ESR Study

Analysis of the radical derived frofn

The main lines of the spectra can be interpretea @sublet of a triplet (A= 53.2 G, A =
13.8 G) and all lines show a further small doubligh a Ax=1.7 G coupling (Figure 1). Even
at high temperature, there is no sign of line widliernation (LWA). In principle, this lack
and the very small second phosphorus coupling cbeldxplained by a rigid geometry.
However, this contradicts our observations for oteminally diphosphorylated nitroxide
radicals where a chemical exchange always occursthier example with the phosphorus in
beta position can be found in the literature wheeecoupling is smaller than 20 G, which
fact is caused by the anomeric effect stabilizing tixial preference of the CP bond.
Furthermore, the spectra contain additional s&slibf low intensity that can be attributed to
a radical with two phosphorus couplings of 40 Gawarage; the lines reveal the usual LWA.
The major product is thus assigned to a mono-plwsgfaied radical YlaNO), whereas the
satellites are interpreted as the lines of theced{LbNO). The assignment ofaNO is
supported by the small coupling of 1.7 G typical Kkemethin hydrogen. This attribution is
sustained by the appearance of the impurity linesgnt in the spectra of the nitroxide
obtained by the oxidation &fin pentane, which have parameters similar to tapnproduct

in the spectra of. A computer simulation of the alternating liHésfrom 1bNO gives data
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asAy =14.1 GAr =55.2 GA:" = 14.5 G,r= 0.525 ns (exchange time at 293 K) alifl=

15 kJ/mol (potential barrier computed from the slop the Arrhenius plot (not shown)).

Using the simplified McConnell equatiddl (A, = B, cog 8 (Scheme 4) andy = By co< 6
with B, = 56 G andy = 24 G for linear nitroxidésl) we found& = 12.9° and4,; = 72.9° for

1aNO, &' < 6° and&" = 59.4° forlbNO.

Insert Scheme 4

Insert Figure 1

A more elaborate study of this thermal evolutiod ardiscussion of the coalescences and the

frozen states will be published elsewhere.

Analysis of the radical derived froghl4l

Above room temperature, the ESR spectra show najerrtines (See Figure 9 in réfl and
Figure 2 in this paper). The phosphorus centraslihave smaller amplitudes than the outer
lines, revealing a fast chemical exchange. At 36 koluene the outer triplet splits into a
smaller doublet pattern of 1.44 G that can behatted to the beta proton of tisecbutyl
group. The three central lines display a 1:2:1ldtigvhich is credited with the chirality of the
secbutyl group. Plain simulations have providad = 13.96 G,Ar1 = 35.63 G andAr2 =

38.20 G coupling constants.

Insert Figure 2
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A significant line broadening is noticed at lowemiperatures; the corresponding two
coalescences happen below 333 K and at 293 K urenel, below 343 K and at 283 K in
dichloromethane (Figure 2). Starting from 213 Ktatuene and 203 K in dichloromethane,
the spectra have an anisotropic behavior due tprience of frozen conformers.

In order to see small coupling, new experimentagigiump-freeze cycle instead bubbling
helium, as well as new oxidants reagents (like kdiadide or silver dioxide) will be carried

out.

Theoretical calculations

Many simulations were performed to analyze the EB&ctra. All simulated spectra show a
perfect fit with the experimental ones. Howevelirti@erpretation is more complicated.

The presence of two different phosphorus atomsvallm determine separatd®y andB; in
the dihedral relation of McConnBRl by analysis of P-hfs couplings, if ti& PCP angle is
knowrl14] By andB, are estimated to be 25 and 35 G, respective®/ if 120°.B, describes
direct and indirect polarization, arg describes hyperconjugatié®?] This contradicts the
values ofBy = 0 andB; = 60 G that were proposed by Torebal. indicating a significant
angular distortion of the PCP grollfl According to quantum chemical computatioBs,

should actually be small, i.e., never larger th&B.&]

To investigate an alternative possibility causimgraalousBy andB, values, we performed
severalab initio calculations on model molecules similar ToNO and 2NO using the
Gaussian 9871 software. Model molecules are @NO-CH,-PO;H, 6, CHs-NO-CHy-

PO;(CHgz), 7 for monophosphonated species and ;C8KD-CH-(POsHy), 8 for
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diphosphonated species. All results were obtairfezl éull optimization at UHF(6-31G)
level but constraining the value of the dihedrajla.[18.19] In 6, the PQH, hydrogen atoms
were oriented to avoid hydrogen bonding with the NX¥ygen. This configuration was
maintained in all the compounds. The second madewals studied in order to establish that
the previous results are independent of the natuttee substituents.

The preliminary results show thatB) is generally small, ii) the values of the energypthe
spin density at 0° and 180° and at 90° and 270Slagktly different, iii) the results fo8 and

7 are very similar, and iv) in case of two (f43) groups (compoun@®), result ii) is more
important (Figure 3) and the behavior of the twougs is sensibly different, leading to

differentBy andB; in the McConell relation (compared to monophosatted species).

Insert Figure 3

These results are in agreement with a model inmBjds different for the angles larger than
90. This model can explain the discrepancies of Plog for the diphosphorus compound
even if smallBy is assumed. Since tlBs asymmetry is supposed to be related to the ldvel o
pyramidal distortion, it was interesting to lookarthis property. Three angles - the valence
angles (C(H)-N-O (A1) and C(P)-N-O A;) completed by the elevation angle at the O atom
above the CNC pland) - are reported here for the most stable strusture
6A;=119.0A,=117.2B=13.2

7A;=119.0A,=117.3B=13.6

8A; =1198A,=117.0B=12.0

The model we develop&dl is now supported by the quantum chemical calanati
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Ab initio calculations onlbNO and 2NO are under way and all relevant results will be

published in a forthcoming paper.

CONCLUSION

In this paper we have described the synthesis landutl characterization of two new linear
bisphosphonates and the preliminary results of ahalysis of the ESR spectra of the
corresponding nitroxides. We also report the resaft theoretical calculations on model
compounds. With this approach we can claim thasBjenerally small and that the results of
bisphosphonate ester and bisphosphonic acid arasiBecause of the asymmetry, at 0° and
180° for example, the constants in the McConnéditien are different in the case of mono
and diphosphorylated species. For diphosphonateaulas, the constant for the simplified
relation must be determined. The discrepanciesadfupling for the diphosphorus compound

stems from Bthat is different when the sign of dihedral ariglehanged.

EXPERIMENTAL

NMR spectra were acquired on a Bruker AM 464, (400 MHz;**C, 100.61 MHz;*'P,
161.98 MHz) spectrometer. The chemical shif)safe given in ppm and referred to internal
TMS for *H and™C and to external 85 %3RO for *'P.**N NMR spectra were recorded on a
Varian Inova 500 at 50.649 MHz (Inverse gated mdttamd thed values in ppm are referred
to external CBNOz. All J values are given in Hz. Elemental analyses wer®ipeed at the
Eindhoven University of Technology. UV spectra warejuired on a HP 8453 UV-Vis

spectrophotometer. IR spectra were acquired ontésbaPolaris spectrophotometi@aman
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spectra were acquired on a Labram Dilor spectrapheter.Index of refraction were
determined on an Atago refractometer at 20 ESR measurements were performed on a
Bruker ESP 300E spectrometer equipped with a X-b@sonator (9.41 GHz). All ESR
spectra were recorded at 100 kHz magnetic fieldutadidn. Solvents were purchased from
Biosolve. Phosphorus oxychloride, ammonia solujcen 28-30 %), hydrochloric solution
(ca 32 %), triethyl phosphite and all compoundstfe synthesis 08 and4 were used as
purchased from Aldrichm-CPBA (m-chloroperbenzoic acid) (70-75 %) was used as

purchased from Acros. Sodium hydroxide was usquleshased from Fluka.

General procedure

In a double walled flask, under nitrogen, phospblaodychloride (20 mL, 0.22 mol) was
added during 1 h to a mixture at -7.5 °C of anfider 4 (0.11 mol) and triethylphosphite
(34.9 g, 0.21 mol). The reaction mixture was dstirfer 1 h at room temperature and then
poured over a mixture of ice (200 g) and ammoni&a3M00 mL). The aqueous layer was
extracted with methylene chloride (3 x 100 mL) &hen the latter was removed to obtain a
yellow oil. The oil was dissolved in 100 mL of mg#ne chloride. An aqueous solution of
hydrochloric acid (10 mL of 32 % HCI solution, 180 of water) was added (pH 1) and the
aqueous layer was washed with methylene chlorid& (®0 mL). A solution of sodium
hydroxide (20 g of NaOH in 200 mL of water) was eddip to pH 10 and the aqueous layer
was extracted with methylene chloride (4 x 100 mChe organic layer was dried over

sodium sulfate and filtered. Removal of the sohadfdrdedl or 2.

Tetraethyl(N-tertbutyl-1-aminoethan-1,1-diyl)bisphosphonate 1
(11.3 g, 29 %)'H NMR (CDCh): 81.24 (s, 9H, EisC), 1.33 (t, J = 7.0, 12H, zZCH:0),

1.74 (t, J = 18.4, 3H, &:CP,), 2.70 (s, 1H, M), 4.1-4.3 (m, 8H, CECH:0). “C NMR
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(CDCh): & 15.8 (t, J = 5.5CH:CP), 16.3 (t, J = 3.5CH:CH:0), 32.4 CH:C), 52.6 (t, J =

5.7, CHC), 58.9 (t, J = 145.0CP2), 62.5 (t, J = 4.1, CCH-0), 64.0 (t, J = 3.7, Ci€H-0).
3p NMR (CDCh): 22.5.°N NMR (CeDe): & -324.3 (t, dn = 6.1). IR (CCl): 3466 YPnw),

1251 (P=0), 1164 (PQ#Hs) cm’. Raman: 2978w As.); 2934 Ycre AS.); 2908 Ychs
Sym.); 2875 e Sym.); 2776; 2726; 1479; 1456ckse AS.); 1446; 1396 or 136DdHse
Sym.); 1288; 1239 (P=0); 1099c(n); 1028; 923; 767; 686; 639; 537; 313; 213'cranal.
Calcd for GaHssNOsP2: C, 45.04; H, 8.91; N, 3.75. Found: C, 44.80; HI98 N, 3.55. UV
(Ethanol, 25 °C, 10 M): Amax 207 €max 492 mot'.dn.cm®), 260 €max 309 mot'.dnt.cm)

nm. n’ 1.4463.d5; 1.12. MR« 88.9.

Tetraethyl(N-sedutyl-1-aminoethan-1,1-diyl)bisphosphonate 2

(9.0 g, 23 %)*H NMR (CDCE): 5 0.68 (t, J = 7.4, 3H, B:CH.CH), 0.87 (d, J = 6.4, 3H,
CHsCH), 1.05 (m, 1H, CECHaHsCH), 1.15 (t, J = 7.2, 12H, KECH:O), 1.35 (m, 1H,
CH:CHaHsCH), 1.41 (t, J = 17.4, 3H,KECP,), 2.9 (m, 1H, EIN), 4.02 (m, 8H, CECH-0).

3C NMR (CDCE): 8 10.1 CHsCH), 15.6 (t, J = 4.2CH:CP.), 16.2 (t, J = 3.0CH:CH:0),

22.3 (CHsCH:CH), 32.1 (CHCH:CH), 48.4 (t, J = 6.1, BN), 57.5 (t, J = 143.0CP.), 62.3

(t, J = 3.8, CHCH:0), 63.2 (t, J = 3.8, Ci€H-0). *P NMR (CDCL): 823.3.®N NMR
(CeDe): & -330.8 (t, dn = 5.2). IR (CCl): 3447 Ynn), 1246 (P=0), 1163 (PQHs) cm™.
Raman: 2975uck: As.); 2934 Ycre AS.); 2905 Ycus Sym.); 2875 \fcr. Sym.); 2773; 2723;
1481; 1457 Jensp As.); 1371; 1292; 1249 (P=0); 110&:4); 1031; 949; 844; 813; 765; 648;
535; 327; 242 crh Anal. Calcd for @GHsaNOsP2.H20: C, 42.96; H, 9.01; N, 3.58. Found: C,

42.91; H, 8.50; N, 3.64. UV (Ethanol, 25 °C;*1M): Amax 204 €max 1202 mot.dne.cmi') nm.

N 1.4461.0% 1.13. MRy 88.1.
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ESR Study of Nitroxides 1aNO, 1bNO and 2NO
Compoundsl or 2 (0.03 mmol) were dissolved in 1@ of solvent (dichloromethane or
toluene). mCPBA (7.2 mg, 0.03 mmol) was added and the spectmas recorded

immediately after helium bubbling.



hal-00662558, version 1 - 24 Jan 2012

12
G. Olive et al., Synthesis of New Tetraethyl(N{alkgminoethan-1,1-diyl....

ACKNOWLEDGEMENTS

We thank the Hungarian Scientific Research Fund ®TKD46953 for the financial support.

We also thank M. David Riffont from EICVN for hilp.

REFERENCES

[1] G. Moad and D. H. Solomoithe chemistry of Free Radical Polymerization
(PergamonOxford, 1995), First Edition.

[2] K. Matyjaszewski, S. Gaynor, D. Greszta, Damdllare, and T. Shigemotd,
Phys. Org. Chem8, 306 (1995).

[3] A. Rockenbauer, A. Mercier, F. Le Moigne, Glive, and P. Torda). Phys.
Chem. A101, 7965 (1997).

[4] J. A. Weil and J. R. Boltorklectron Paramagnetic Resonance - Elementary
Theory and Practical ApplicationgJohn WileyNew York, 1994).

[5] G. Olive, F. Le Moigne, A. Mercier, A. Rockieauer, and P. Tordd, Org.
Chem, 63, 9095 (1998).

[6] G. Olive, F. Le Moigne, A. Mercier, and P.rdo, Synth. Commun30, 619
(2000).

[7] G. Olive and A. Jacque®hosphorus, Sulfur, Silicon Relat. Elerh78 33
(2003).

[8] D. Berube and J. Lessa@an. J. Chem60, 1127 (1982).

[9] M. V. Lock and B. F. Sagad, Chem. Soc. (B590 (1966).



hal-00662558, version 1 - 24 Jan 2012

13
G. Olive et al., Synthesis of New Tetraethyl(N{alkgminoethan-1,1-diyl....

[10] S. Grimaldi, Ph. D. Thesis, Université d'Adarseille Il (1997).

[11] A. Rockenbauer and L. Koreaxppl. Magn. Resonl0, 29 (1996).

[12] C. Heller and H. M. McConnell, Chem. Phys32, 1535 (1960).

[13] A. S. Mukhtarov, A. V. ll'yasov, Y. A. Levinl. P. Gozman, M. S.
Skorobogatova, and E. I. Zoroatskayagor. Exp. Chem. (Eng. Transllp, 656 (1976).

[14] A. Rockenbauer, G. Olive, X. Rozanska, Acqlses, D. Gigmes, F. Le
Moigne, D. Peeters, A. German, and P. Todd&hys. Chem. ,A08 5484 (2004).

[15] A.R. Sornes, E. Sagstuen, and A. Luhd?hys. Chem99, 16867 (1995).

[16] P. Tordo, Unpublished results.

[17] M. J. Frisch, G. W. Trucks, H. B. Schlegdl, A. Scuseria, M. A. Robb, J. R.
Cheeseman, X. Zakrzewski, J. A. Montgomery, R.tE&at®ann, J. C. Burant, S. Dapprich, J.
M. Millam, A. D. Daniels, K. N. Kudin, M. C. StrajrO. Farkas, J. Tomasi, V. Barone, M.
Cossi, R. Cammi, B. Mennucci, C. Pomelli, C. Adano, Clifford, J. Ochterski, G. A.
Petersson, P. Y. Ayala, Q. Cui, K. Morokuma, DMalick, D. K. Rabuck, K. Raghavachari,
J. B. Foresman, J. Cioslowski, J. V. Ortiz, B. Bf&nov, G. Liu, A. Liashenko, P. Piskorz, I.
Komaromi, R. Gomperts, R. L. Martin, D. J. Fox,Kkith, M. A. Al-Laham, C. Y. Peng, A.
Nanayakkara, C. Gonzales, M. Challacombe, P. MGW, B. G. Johnson, W. Chen, M. W.
Wong, J. L. Andress, M. Head-Gordon, E. S. Reploglad J. A. Pople, (Gaussian, Inc.,
Pittsburg, PA, 1998).

[18] J. A. Pople and R. K. Nesbét,Chem. Phys22, 571 (1954).

[19] J. S. Binkley, J. A. Pople, and W. J. Hehte Am. Chem. Sqcl102 939

(1980).



hal-00662558, version 1 - 24 Jan 2012

14
G. Olive et al., Synthesis of New Tetraethyl(N{alkgminoethan-1,1-diyl....

Captions

Scheme 1: Controlled radical polymerization involynitroxides

Scheme 2: Compounds studied

Scheme 3: Reaction pathway for the one pot proeeoiubisphosphonates
Scheme 4: Explanation 8fin the McConnell equation

Table 1: Yields and'P chemical shifts for some aminobisphosphonates

Figure 1: Experimental ESR spectra of radical algdiduring the oxidation dfin toluene at

213 and 363 K

Figure 2: Experimental ESR spectra of radah dichloromethane at selected temperatures
(in K)
Figure 3: Calculated spin density of the two phaspk atoms (a) and energy (in kJ/mol) (b)

as a function 08 (in degree) foB
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TABLE | - Yields and®*P Chemical Shifts for Some Aminobisphosphonates

Product Yield 5P
| % (isolated compound) / ppm in CDC}

1 29 225

2 23 23.3
5 56 See ref6l or[10]

19
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213
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3295 3315 3335 3355 3375 3395 3415
Magnetic field in G

Figure 1 Experimental ESR spectra of radical obtained dyutie oxidation ofl in toluene at

213 and 363 K
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3255 3275 3295 3315 3335 3355 3375 3395 3415 3435 3455
Magnetic field in G

Figure 2 Experimental ESR spectra of radical during oxwlatof 2 in dichloromethane at

selected temperatures (in K).
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Figure 3 Calculated spin density of the two phosphorus at¢ah and energy (in kJ/mol) (b)

as a function 08 (in degree) foB.



