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Optimization, continuation and lack of the one-step diphosphorylation
reaction. Assay of modification of thetetraethyl(pyrrolidine-2,2-

diyl)bisphosphonate.

Short Title: Diphosphorylation — Nemraminobisphosphonates
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The optimization of the one-step diphosphorylategrction is reported. The synthesis of new
a-aminobisphosphonates with four and six-membenegisrand acyclic species with several
substituents on the nitrogen and on the carbon abearing the two phosphorus atoms is
described.
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INTRODUCTION

The gem-bisphosphonates show a structural analithypyrophosphoric aciél.They
are known for their various uses: dental (toothtgmsand mouthwashé&s) and medical
applications (against rheumatoid arthritisfor the inhibition of bone resorptive processes
such osteoporosis and Paget's dis@dseskeletal scintigraphy when combined withic 10-

12 preast cancer therapy, antivirall4.15 anti-inflammatory6.17 and anti-rheumatismal
agentsi8 pain-easing activitie¥ antimoebiéd), antibacterial agenfd, plant growth

regulator€9 herbicides1-23 pesticided? in the nuclear industrd#-26 flame retardangd and



chelators in water treatmefitetc... Gem-bisphosphonates and gem-bisphosphonic aaits c
readily form complexes with calcium and magnesiund dhis behavior is one of the
principles sustaining their use as drégs.

Recently, amino-gem-bisphosphonates have beeilvet/an the conformational study
of pyrrolinoxyl radicalg” and they also work as spin trapping agents reteteaniology?8

Several procedures for the synthesisuedmino-bisphosphonates have already been
reported in the literatur®.30 Unfortunately most of them are quite awkward tofgren and
require several stepsil.31-33|n 1994, Yokomatsiet al. were the first to describe an easy
single step synthesis by a Beckmann rearrangenfieniroes reagentssCHEME 1— Equation
(1)).15> However we failed to extend this method to a fivembered ring bisphosphonate and
found at least seven products 3 NMR in the crude reaction with only 10 % of tlhaeget
bisphosphonaté8 In 1997 and 1999, Qiaet al. detailed a one pot but intricate two steps
procedure involving Vilsmeier reagents and orgaopbiorus compounds with P-H bounds
(SCHEME + Equation (2)%3.34 At the same time, we have designed an easy oparstthod

also employing Vilsmeier reagents (amide or lacBDCk) with trialkylphosphite28.35
INSERT SCHEME 1
Schematically the experimental procedure is akvg: at low temperature, under
nitrogen, POG! (0.22 mol) was slowly added to a mixture of lactarmamide (0.11 mol) and
trialkylphosphite (0.21 mol). The reaction mixtuss then stirred at room temperature and

then poured over a cold aqueous solution satuveitedNH,OH (SCHEME 2.

INSERT SCHEME 2

" Address correspondence to Gilles Olive. E-mallegjiolive@excite.com.



In the present paper, we will describe our optatian studies for the latter reaction
parameters, new kinds of synthesis and also ouurési Because any change of the
bisphosphonate properties is of interest for the& as a drug, we will also report our attempts

toward modifying the tetraethyl(pyrrolidine-2,2-glyisphosphonate.

RESULTSAND DISCUSSION

Optimization: all the optimizations were performed on the 2-pyginone.

Temperatureas elsewhere mentioné@lywhen the temperature raises above 40 °C, the
yield drops to about 5% due to the presence of agsseéHCl; it is well known that
hydrochloric acid can hydrolyze phosphonaeHEME 3.8:16.37 Similarly, when the initial
temperature is too low for the reaction to occumbtien the amide is frozen, the consequent
removal of the cold source induces an exothermactien and possibly brings it to boil. In
these circumstances, the yield is somewhat low #med presence of polymers can be
encountered as it was the case Withenzylacetamide. For the 2-pyrrolidinone, an optim
yield of 58 % is obtained at -7.5 °C and the adve&fect starts at -10 °C. It should be noted
that a water bath at room temperature has to be after the removal of the cold source in

order to calm down the reaction.

INSERT SCHEME 3

Equivalent of POGI according to Qia&3 only one equivalent of POghas to be used

but more satisfactory results can be obtained bgrporating two equivalengs. Attempts



with 1, 1.5 and 1.75 equivalents of P@®h 2-pyrrolidinone provide a yield of 56-57 %,
close to what is obtained with two equivalentsthetpurity is lower as emphasized by the
3¢ and®'P spectra. Furthermore in these cases, we obsarehdnge of colour and, after a
few weeks, the presence of a small quantity oftalys

Timing at room temperatureduring our preliminary attempts, the crude mixtwas
hydrolyzed on ice and NJDH just after the addition of POLIThe corresponding product
was pure and obtained with a good yield (58 %y #Hctually advisable to wait for an hour at

room temperature in order to allow the less reacimide to react.

Continuation: all the products were purified by normal work-@p &n amine (an acido-basic

extraction) unless stated in the text.

Ring size:most of our efforts were focused on the five-merabeings. However we
also investigated the synthesis from both 2-anitide and 2-piperidone (@valerolactam).

Table | summarizes the results.



TABLE | Influence of the ring size on the reaction
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€43 % from YokomatstP

It has to be noticed that the synthesis3ddy our procedure is less efficient than the

one propounded by Yokomatsu (19 % vyield versus 13°%

Linear compoundsthe results for the acyclic series are displayadTable II; the

yields have to be compared with those assertdukifiterature.



TABLE Il Lineara-aminobisphosphonate

O\\P(OEt)z
Ry N—R,
||?3
O//P(OEt)z
R R R’ Yield P NMR? Yield from Ref.
1% 5 Jppm literature
1%
4 H Me H 68 20.7 50 23
5 H Me  Me 30 20.3 66 23
6 Me  Me H 85 23.8
7 Ph  Me H 15 20.5
8 H Ph H b 18.6 80 38
9 Me Ph H b 22.4 43,60 0r 15
68
10  Ph Ph H 0 47 31
11 H Bn H 78 20.9 7 32
12 Me Bn H 88 23.3
13 CF; Bn H 0
14 Et Bn H 23.7 57 35

%in CDCh
® hot isolated

¢ several steps

The yield of4, the simplest bisphosphonate in the series, ikenighan the one

reported by Qiad3 If a second methyl group is added on the nitro@ertiary amine), the



corresponding return is almost divided by a facotwo, being reduced from 68 % to 30 %.
This behavior has been previously described for tlgelic series by comparing the
tetraethyl(pyrrolidine-2,2-diyl)bisphosphona®eand the tetraethy\-methyl-pyrrolidine-2,2-
diyl)bisphosphonate for which the yield drops fr@m % to 17 98> Qian has obtained a
better yield of 66 % for compourdl As emphasized by entriésand 12, a methyl group
addition on the carbon atom bearing two phosphgnifgcantly increases the yield, at least
up to 80 %. If a phenyl group takes the place eflditer methyl, the corresponding yield is
reduced to 15 % (compoundl. In order to consolidate these observationsNHxenzyl series
were synthesized (compound4, 12, 13 and 14). The best results were obtained with a
methyl group, followed by a hydrogen atom and findly an ethyl group. The synthesis of
the trifluoromethyl compound failed, as mentionedhie lack section.

Considering the influence of tid-substitution, it appears that, in all the occuces)
the best yield is obtained with a benzyl group &md lesser extent with a methyl group
(compounds4 and 11, 6 and 12). Unfortunately, the syntheses involving phenydups are
hampered by inherent difficulties. The reactionsundut, in many cases, are incomplete: for
compoundd some of the triethylphosphite reactant remains oxccompound®, some of the
amide. Furthermore, these compounds cannot befagabisly purified due to the large
number of spots found on the TLC.

As a general rule, it appears that the yieldsinbthby our procedure are higher than
those reported in the literature with some excegticegarding inefficient reactions as for
tertiary amide and fal-phenyl compounds.

A NMR study of these linear bisphosphonates staaependable behaviour. THe
chemical shift are around 20.5 ppm and 23.5 ppm, respectively for the formamide and

acetamide. Similar observations are made on congp®Qnn reference 35 and on compound



7 from reference 39. The presence of a phenyl gmmpthe nitrogen affects theS&P
chemical shifts with a respective increase of 2 hpgpm.

The**C NMR spectrum of compourid displays a distinctive upfield shift at 67 ppm
for the quaternary carbon bearing two phosphorimmdempared to the 57 ppm shift measured
on compound$ and12. A small coupling of around 5 Hz between the questey phenyl
carbon and the two phosphori can be measured opawrmds8 and9. This is in agreement

with the value reported by Yokomatsu.

Synthesis of non symmetrical bisphosphonateshe existing literaturé3.40 there
have been very few reports devoted to non symnagtbicsphosphonates as depicted in

SCHEME 4

INSERT SCHEME 4

By applying our procedure to 2-pyrrolidinone iretpresence of one equivalent of
P(OEt} and one equivalent of P(OiRra mixture of three produc® 15 and16 is obtained
(SCHEME 9. Unexpectedly, 25 %-25 %-50 % proportions havenbmeasured by'P NMR
and HPLC analysis instead of the expected 33 %-333%0 ratios. Considering that the
distillation treatment failed, a pure sample of emund 16 was only achieved by a

preparative HPLC.

INSERT SCHEME 5

In a previous publicatio?® the study of thé’C NMR spectrum of the methyl on the

phosphono group led to the conclusion thalzﬂa@coupling constant had to be larger than 15



Hz. In the view of the newly synthesized bisphosptes, this coupling constant has been
resolved to 58 Hz. It has to be noticed that allRIBpectra obtained from these compounds

are the sum of the data corresponding &md15 with the exception of th&P spectra.

Lacks: All the cases of deficiencies that we encounteeddifito three categories that are
summarized on Table lll: the reactants failed tactethe reaction went wrong, the products

were unstable or could not be purified.



TABLE Il Lack

10

No reaction Wrong Reaction Unstable
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Surprisingly, primary amides as ¥ and 18 are not keen to react and only the
corresponding hydrolysis product of the triethylgploite has been found. Compout8donly
duplicates a lack that has been already describedsticcinimidé® and confirms that
tetraphosphonates cannot be obtained in this wheg. failure of compoundO probably
comes from steric hindrance. Nevertheless therlatd® be attained by the Kreutzkamp
synthesi$! It is likely that the high electronegativity of ehfluorine prevents the\-
benzyltrifluoroactamide from reacting (compouli8).

Fortunately, compoun®0 is the only case where the reaction goes wrongveder a
3P NMR study on its products allows to rule out geptial polymerization.

All the compounds reported in the third columnTaible Il have been identified by
their respective NMR spectra.

a-amino methoxyphosphonates are known to undergodysis reactionsSCHEME
6).4142This probably happens while synthesizing compahdhich appears to be awkward
to purify due to its instability. However, its NM8&pectrum has been quickly acquired after
several preparative TLC. The presence of an esteipgapparently hinders a proper build-up
of compound?22. Its formation can be assumed by the appearandéempeaks in thé'P
NMR spectrum and of a characteristic quaternarpamatriplet at 62.3 ppm with a coupling
constant of 129 Hz in thHEC NMR spectrum. Unfortunately, these spectra atseal several
by-products as validated by a TLC (11 spots). Aiezadiscussed, compoun@sand9 could

not be purified; their TLC carry 16 and 12 spotspextively.

INSERT SCHEME 6

Assay of modification of the tetraethyl(pyrrolidine-2,2-diyl)bisphosphonate: two different

sites of then-aminophosphonates can potentially be modified:pih@sphorus atoms and the
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nitrogen atom. However, most of our attempts ledfditures. In order to enhance the
biodisponibility of the phosphonates, these alierast are usually required. It seems that the
most problematic task is to enhance their lipopityli by lowering the polarity while

maintaining their complexing behaviotfr.

Modifications on the phosphorus atonmur first efforts were devoted to synthesize
compound23 (SCHEME 7 by applying the second procedure described bys&émert3
Therefore compoun@ from Table | has been heated at 110 °C with temivedents of
piperidine for twenty minutes. The resulting mixdustill contains some of the starting
reactants but itd'P NMR study reveals the presence of two coupledspiharus atoms at 29
ppm and 18 ppm shifts with a 43 Hz coupling constahich is incompatible with the

structure of equivalent phosphori.

INSERT SCHEME 7

The aim of our second attempt was to synthesinepoond24. Nothing arose from
adding twenty equivalents of pyridine to molecBland warming the mixture to 120 °C for
fifteen minutes. If it is left to stand for one higa complete degradation of compouhd
occurs.

Our conclusion is the same as Herling&rimtroduction: the preparation of a partial

ester is difficult due to the poor selectivity betinvolved reactions.

Modifications on the nitrogen atorat first, the synthesis of the quaternary ammonium
molecule25 has been attempteddHEME §. The objective was to open the five-membered

ring by an Hofmann elimination. The resulting mallecwould have provided a convenient
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building block for different kinds of pathways@HEME 9. Unfortunately, no reaction takes
place when molecul2 is mixed with iodomethane in diethyl ether. Howewe complex
mixture is obtained after 72 h in pure §Hhe correspondind'® NMR spectrum shows 21

peaks and some of the starting reactant remains.résult is compatible with reference 44.

INSERTSCHEME 8

INSERT SCHEME 9

Our second attempt was to build compouz&l and, from it, a tetraphosphorus
molecule, whose direct synthesis appears not fieasithe reaction yields an inseparable
mixture of three components (the expected end mtodue related ammonium form and the
starting acylchloride). Unfortunately, it degraddter a few days.

The synthesis of compour®Y is our only successful alteration on the nitrogéms
readily obtained by dissolving in hydrochloric acid and by freely evaporating thenaining
water. Its NMR study provides a valuable insighbithe reaction mechanism. Furthermore, it
shows a similar behaviour as described by Padtrl. in Krebs conditions: the conversion

from the acidic to the basic form comes with an NBH#t from 24 to 17 ppm?

CONCLUSION

By optimizing the temperature during the additmmPOCE, the quantity of POGI
equivalents and the amount of time at room tempezaive have significantly increased the
yields as for example from 48 to 58 % in the cas2 dhe synthesis of new cyclic or acyclic

compounds and the modifications brought to somehef aminobisphosphonates give a



14

valuable insight into the reaction process. Thesesall under investigation in our laboratory.
Apart from the tertiary amides and from tNephenyl compounds, it appears that the yields
obtained by our procedure for linear compounds lagher than those reported in the
literature. Furthermore we hope that the descmptibour failures provides some interesting

information.

Experimental section

Synthesis and Characterizations. General. NMR spectra were performed on a Varian Inova
400 (H, 400.16 MHz,**C, 100.63 MHz>*'P, 162.00 MHz) or on a Varian Gemini 3061
300.046 MHz,°C, 75.454 MHz'P, 121.460 MHz) spectrometey.are given in ppm and
referred to internal TMS folH and**C and to external 85 %R0, for 3'P.®N-NMR spectra
were recorded on a Varian Inova 500 at 50.649 Mh\ze(se gated method) and the chemical
shifts @) in ppm referred to external GRO,. All J values are given in Hz. Elemental
analyses were determined in the Eindhoven Uniwersit Technology. Solvents were
purchased from Biosolve. All starting materials eekldrich reagents and were used as

purchased, unless otherwise indicated.

General optimized procedureln a double walled flask, under nitrogen, phospko

oxichloride (20 ml, 0.22 mol) was added in 1 h titne mixture at -7.5 °C of amide or lactam
(0.11 mol) and trialkylphosphite (0.21 mol). Theacton mixture was stirred for 1 hour at
room temperature and then poured over a mixtureeof200 g) and ammonia 30 % (400 ml).
The aqueous layer was extracted with methyleneideld3 x 100 ml) and then the latter was
removed to obtain an oil. The oil was dissolved ®® ml of methylene chloride. An aqueous

solution of hydrochloric acid (10 ml of 32 % HCllgton, 190 ml of water) was added (check
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that pH 1) and the aqueous layer was washed witthyte@e chloride (3 x 100 ml). A
solution of sodium hydroxide (200 g)lwas added up to pH 10 and the aqueous layer was
extracted with methylene chloride (4 x 100 ml). Tdrganic layer was dried over sodium

sulfate, filtered and the removal of the solvebrafed the desired bisphosphonates.

Tetraethyl(azetidine-2,2-diyl)bisphosphonatéslightly yellow liquid, 10.14 g, 28 %).

'H-NMR (400 MHz, CDC}) 31.17 (12H, tJ=7.2, 4 GisCH,0), 2.23 (1H, s, N), 2.64 (2H,
tt, Jpr=17.4, Jyn=8.0, (H,CP,), 3.54 (2H, t,J=7.8, (H,N), 4.06 (8H, m, 4 CkCH.0). *C-
NMR (100 MHz, CDC}) 816.1 (2 t,J=3.1, 4CH3CH,0), 25.2 (t,J=6.1, CH.CP,), 45.3 (t,
J=7.2, CH.N), 60.3 (t, J=149.2, CP,), 62.6 (t, J=3.0, 2 CHCH,0), 63.1 (t, J=3.5, 2
CHsCH-0). *'P-NMR (162 MHz, CDC}) 5 22.2. Anal. Calcd for GH»sNOgP2: C, 40.13; H,

7.65; N, 4.25. Found: C, 40.21; H, 7.55; N, 4.12.

TetraethylN-methyl-1-aminoethan-1,1-diyl)bisphosphonéatéslightly yellow liquid, 29.20 g,
84 %).

H-NMR (300 MHz, CDCY) 51.36 (12H, 1,J=6.9, 4 G43CH,0), 1.56 (3H, t,Jp=17.0,
CH5CP,), 1.77 (1H, Is, M), 2.55 (3H, s, E3N), 4.23 (8H, m, 4 CECH,0). *C-NMR (75
MHz, CDCk) & 14.8 (t,J=3.8, CHsCP,), 15.8 (t,J=2.7, 4CH5CH,0), 29.5 (t,J=6.5, CH3N),
56.8 (t,J=143.8,CP,), 62.0 (t,J=3.8, 2 CHCH,0), 62.3 (t,J=3.2, 2 CHCH,0). 3P-NMR
(121 MHz, CDC}) 4 23.8. Anal. Calcd for GH,7/NOgP.: C, 39.88; H, 8.21; N, 4.23. Found:

C, 40.02; H, 8.30; N, 4.20.;REtOH/CH.CI, 0.5/9.5)=0.52.

TetraethylN-methyl-1-amino-1-phenylmethane-1,1-diyl)bisphosiit® 7 (colorless liquid,

6.00 g, 15 %).
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H-NMR (300 MHz, CDC4) 31.20 (6H, t,J=6.9, 2 GisCH,0), 1.29 (6H, t,J=7.1, 2
CHsCH,0), 2.48 (3H, s, B:N), 4.11 (8H, m, 4 CKCH,0), 7.35 (3H, m, Aromaticertho
and para), 7.82 (2H, m, Aromaticsnetd. *C-NMR (75 MHz, CDC}) 515.8 (t,J=3.2, 2
CH3CH,0), 15.9 (t,J=3.2, 2CH3CH,0), 30.6 (t,J=9.1,CH3N), 62.9 (t,J=3.8, 2 CHCH,0),
63.0 (t,J=3.2, 2 CHCH,0), 67.4 (t,J=136.8,CP,), 126.8 (t not resolved, Aromatigsra),
127.0 (t not resolved, Aromaticsetg, 128.4 (t,J=5.4, Aromaticsortho), 131.8 (t,J=3.8,
quaternary aromaticf'P-NMR (121 MHz, CDC}) 8 20.5. Anal. Calcd for GH2gNOgP,: C,

48.86; H, 7.43; N, 3.56. Found: C, 49.32; H, 71833.76. R (EtOH/CHCI, 0.5/9.5)=0.60.

TetraethylN-benzyl-1-aminoethan-1,1-diyl)bisphosphonEdorange liquid, 33.48 g, 88 %).
H-NMR (300 MHz, CDC}) 81.38 (12H, m, 4 65CH,0), 1.67 (3H, tJp1=16.8, GHsCP,),
4.06 (2H, s, EN), 4.38 (8H, m, 4 CECH,0), 7.36 (5H, m, Aromatics}>C-NMR (75 MHz,
CDCls) 516.1 (t,J=3.2, 4CHsCH,O andCH3CP,), 47.4 (t,J=5.9, CH,N), 57.4 (t,J=142.7,
CP,), 62.4 (1,J=3.8, 2 CHCH.0), 62.9 (tJ=3.2, 2 CHCH,0), 126.3 (Aromatipara), 127.6
and 127.7 (Aromatic®rtho and metg, 139.8 (quaternary aromatic)/P-NMR (121 MHz,
CDCl3) 6 23.3. Anal. Calcd for GH31NOgP,: C, 50.12; H, 7.67; N, 3.44. Found: C, 49.88; H,

7.41; N, 3.04.

P,RDiethyl-P',P:diisopropyl(pyrrolidine-2,2-diyl)bisphosphonat (colorless liquid, 9.85 g,
25 %).

16 was purified by preparative HPLC on a Kromasiluecoh (10pum, ® int=50 mm, L=25 cm)
with CHsCN/H,O 60/40 as eluent. Rate: 50 ml.arYO mg by injection. UV detector at 204
nm. Tz (Kromasil column 1Qum, CH;CN/H,O 60/40, rate: 0.5 ml.mh UV detector at 204

nm)=7.57 mn.



17

'H-NMR (300 MHz, CDC}) 81.35 (6H, t,J=7.8, 2 G45CH,0), 1.37 (12H, dJ=6.6, 2
(CH3),CHO), 1.88 (2H, tJ=6.7, CHCH,CH,), 2.30 (2H, m, €,CP>), 3.07 (2H, 1,J=6.5,
CH.N), 4.21 (4H, m, 2 CECH0), 4.82 (2H, m, 2 (CJ.CHO). *C-NMR (75 MHz, CDC})
516.2 (t,J=4.9, 2CH3CH,0), 23.5 (t,J=5.4, 2 CH3),CHO), 24.0 (d,J=3.2, CH3),CHO),
24.1 (d,J=3.2, CH3),CHO), 25.8 (t,J=3.2, CHCH,CH,), 30.2 (t,J=2.7, CH,P,), 47.1 (t,
J=4.3,CH,N), 61.5 (t,J=152.9,CP,), 62.4 (d,J=7.5, CHCH,0), 62.9 (d,J=7.5, CHCH.0),
71.0 (d,J=7.5, (CH),CHO), 71.6 (d,J=7.5, (CH),CHO). *P-NMR (162 MHz, CDC})
522.7 (d,Jps=59, P(OiPr), 24.9 (d,Jpr=58, P(OEt). N-NMR (CsD¢) 8-340.4 (t,In.p =
9.3). Anal. Calcd for @H31NOgP2: C, 45.28; H, 8.41; N, 3.77. Found: C, 45.21; 53 N,
4.02.

Tetraethyl(pyrrolidine-2,2-diyl)bisphosphondtgdrochloride27 (1.08 g, 98 %).

In a 10 ml flask, tetraethyl(pyrrolidine-2,2-diyiphosphonat@ (1.00 g, 2.9 mmol) and an
hydrochloric acid solution (10 ml HCI 32 % and 90H3O) was kept at room temperature for
3 days and then the water was removed under requesdure to give 1.08 g (yield = 98 %)
of dark yellow oil.

H-NMR (400 MHz, CDC}) 51.30 (12H, t,J=7.2, 4 G4sCH,0), 2.11 (2H, quint.,)=7.0,
CH,CH,CH;), 2.49 (2H, m, €,CP,), 3.55 (2H, tJ=7.0, GH.N), 4.22 (8H, m, 4 CkCH,0),
8.30 (2H, s, 2 M>). *C-NMR (100 MHz, CDGJ) 8 15.9 (4CH3;CH,0), 24.1 (CHCH,CH,),
31.0 CHP,), 49.0 CHN), 62.9 (t,J=146.0,CP,), 65.3 (4 CHCH.0). *1P-NMR (162 MHz,
CDCl3) 8 16.9. Anal. Calcd for GH,sCINOgP,: C, 37.95; H, 7.43; N, 3.69. Found: C, 38.12;

H, 7.64; N, 3.37.
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