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Abstract. The catalytic activity of cyclophosphazenlc polypodands la-c was evaluated in 
typical reactions performed under solid-liquid (SL) and liquid-liquid (LL) phase-transfer 
catalysis (PTC) conditions Such activity is largely determined by the complexatlon 
extent of la-c, which is, in turn, related to the number of bindin 9 site+s of the _ligand 
(la<lb(lc) and to the nature of the inorganic salt M+Y- (Nat> K >) Rb and SCN ~1, 
Br 1 Also the presence of water was found to play an important role Comparison with 
open-chain analogues PEG 2 and TRIDENT 3 showed that polypodands la-c, due to their 
excellent stability, simplicity of preparation and high complexlng ablllty, can be 
considered promising phase transfer catalysts, especially under SL-PTC conditions 

Polypodands, acyclic llgands in which several polyether chains are linked to the same 

binding centre, are efficient complexing agents of alkali and alkaline-earth metal 

salts.L In these systems the larger number of donor atoms combined with a suitable 

conformation permits greater complexation extents than wirh the corresponding simple 

podands 
2 

The cyclophosphazenlc polypodands la-c, recently synthesized by some of us, 
3 

are of particular Interest in this line In fact these ligands, due to their particular 

topology, are powerful metal cation complexlng agents even in low polarity media, and 

this makes them particularly attractive as phase-transfer catalysts 

Preliminary data4 showed that the complexation extent increases in the order la<lb< 

1~ and is largely determined by both the size of the cation and the nature of the counter 

anion, In agreement with these results we found that the polypodands la-c are very 

efficient catalysts In anion promoted reactions (e g nucleophilic substitution, 

alkylation, reduction, oxidation reactions) under phase-transfer catalysis (PTC1 

conditions 
4 

Their catalytic activity is evaluated here together with the complexing ability in 

typical reactions performed under solid-liquid (SL-PTC) and liquid-liquid PTC (LL-PTC) 

7477 
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condltlons Tne results are compared with those obtained by using other open-chain 

ligands i.e. the simple podand (PEG) (2) and the tris(polyoxaalkyl)amlne "TRIDENT" (31, 

this latter generally being considered the catalyst of choice in SL-PTC reactions.5 

la-c 

la n=2, R=-C,Hg 

lb n=3, R=-C,2H2s 

1~ n=4, R=-C6H,-C8H,,-p 

nononon Me0 OC,,H, 

(2) (3) 

Results. 

Complexation extent of la-c, 2, and 3, under SL-PTC conditions. 

Tne complex-forming capability of la-c, PEG 2 and TRIDENT 3 was evaluated for a 

number of alkali metal salts M+Y- (M+= Na+, Kt, Rb+, Y-= I-, Br-, Cl-, SCN-) by stirring 

a chlorobenzene solution of the llgand with 100 molar equivalents of inorganic Salt as 

the solid phase (Table 1) 

As shown in Table I the complexation extent, defined as complexed MY moles per mole 

of llgand, increases in the order 2(3,.Ja(lb&c for all the salts examined The ligand 

being the same the complexlng ability decreases by increasing the size of the catlon (Na; 

K)Rb-1. The highest values correspond to NaI and NaSCN with polypodands lb and 1~ and, 

for both ligands,an unusual stoichiometry of 4 and 5 moles of inorganic salt per mole of 

ligand was found 
6 

The complexation extent also depends on the nature of the counter 

anion in fact, ii decreases, from 5 4-5 6 to 0 12, on changing from SCN- to Cl- 

Catalytic activity of la-c, 2 and 3 in SL-PTC reactions. 

All reactions were carried out in a chlorobenzene-solid salt two-phase system by 



Catalytic acmty of cyclophosphazmlc polypodands 7479 

using 0 05 molar equivalents of llgand and a 5 1 molar ratlo lnorganlc salt/substrate 

The reaction progress (up to 95-98$ of conversion) was monltored by GLC analysis of the 

organic phase with respect to an Internal standard 

a) Nucleophilic substltutlon reactlons 

Catalytic activity of la-c, 2 and 3 was measured ln typical nucleophlllc substitution 

reactions 1 (Tables II and III). 

n-CBH17X + M+Y-solld 

la-c.2,3( cat ) 

+ - 

> n-CBH17Y + M Y 
solid 

(1) 

C6H5C1, 60°C 

X = MeS03, Br 

M+= Nat, Kt, Rbt 

Y-= I-, Br-, SCN- 

The catalytic efficiency of these ligands (Tables I ! and III) is most likely related 

to their complexlng ability under the same conditions (Table Il. indeed the reaction 

times Increase, in the order Nat< K+<< Rb+, according to the decreasing complexation 

extent. Also ln the case of NaSCN- (Table 

the sequence 3,(la<lb,wlc IS ln agreement 

of these llgands (Table I) 

b) Reduction reactions 

II) the different catalytic actlvlty found in 

with the increasing complex-forming capability 

Reduction of P-octanone to tne corresponding 2-octanol was performed in a 

chlorobenzene-solid NaBHa two-phase system by using the same llgands la-c, 2 and 3 as 

catalysts (reaction 2) 

NaBH4, la-c,2,3tcat ) 

n-C6H13COCH3 - n-C6H13CHOHCH, 
.Y 

(2) 

C6H5C1, 60°C 

Also in this case (Table IV) the catalytic activity of 

noticeably higher than that of the open-chain llgands PEG 

seen from their reaction times (3-B h for la-c, 22 and 38 h 

c) Other SL- and LL-PTC reactions 

the polypodands la-c is very 

2 and "TRIDENT" 3, as can be 

for 2 and 31 

The alkylatlon reaction of phenol by 1-bromooctane was performed at 110°C in a 

toluene-solid K2CD3 two-phase system in the presence of catalytic amounts of la-c and 3 

(reaction 31 
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K2C03, la-c, 3 (cat.) 

C6H50H + +BH17Br / C6H50C,tl17-r~ + KBr (3) 

toluene, 110°C 

As shown in Table V, la-c are better catalysts than "TRIDENT" 3, in fact even in the 

presence of the least effective of the three polypodands, la, reaction 3 reaches the same 

conversion as that with 3 but in about half time (4 and 7 h for la and 3 respectively) 

(Table V) 

The alkylation of benzyl methyl ketone with n-butylbromide was carried out in the 

chlorobenzene-50% aqueous NaOH two-phase system in the presence of catalytic amounts of 

ligands lb, lc or 3 at 20°C (reactlon 4). The catalytic activity of 1b.c IS higher than 

that of TRIDENT 3 (Table IV). 

lb, lc, 3 (cat.) 

C6H5CH2COCH3 + fi-C4H9Br / C6H5CH(C4H9)COCH3 + NaBr 

C6H&l-50%aq. NaOH,20"C 

(4) 

By using catalytic amounts of lb and lc, 1-octene in benzene solution was oxidized to 

heptanoic acid in the presence of a saturated aqueous solution of KMn04 at room 

temperature (40 min ,295%1 (reaction 5) 

KMn04aq., 1b.c (cat.) 

E-C~H,~CH=CH~ ( @6H13COOK + HC02K + Mn02 (5) 

C6H6, r t 

Wet SL-PTC reactions. 

Catalytic actlvlty of lb and lc (reaction 1) and their complexatlon extent were 

determined under wet SL-PTC conditions by adding increasing quantities of water to the 

two-phase system chlorobenzene-solid Nay, for Y= I, Br In the case of lc and NaI the 

addition of water, up to 6 moles per mole of salt, progressively reduces the extent of 

complexatlon of the ligand, from 3.6 to 2.3, and consequently reduces its catalytic 

activity in fact the reaction time increases from 0 3 to 2 5 h On the other hand under 

LL-PTC condltlons, in a chlorobenzene-aqueous NaY system, the complexatlon extent of lc 

further diminishes (up to 0.72) as does the catalytic activity (98% conversion ln 6 h) 

The same results were obtained by using NaBr, also in the case of lb 
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Stability of polypodands. 

Polypodands lb and lc were found to be stable ln the presence of concertraTed bases 

a benzene solution of the llgand, stirred wltn a 50% aqueous NaOH solution or over solid 

NaOH at 60X, was recovered unchanged, as shown by TLC and NMR tlH and 
31 

P) analyses, 

after more than three days. The same results were obtained when ligands lb and lc were 

heated at 110°C or refluxed ln chlorobenzene (130°C) for 2 days. Only partial 

decomposition was observed on heating these ligands neat or in o-dlchlorobenzene solution 

at 160-170°C for 2 days. 

Kinetic measurements of nucleophilic substitution reactions under SL-PTC conditions. 

Rate of displacement of the methanesulphonic,group in n-octylmethanesulphonate by NaI 

(reaction 11 was measured at 60°C in a SL NaI-chlorobenzene two-phase system, in the 

presence of the same catalytic amount of lb, lc, 2 or 3 (0.1 mol equlv) and with a 5 1 

molar ratio inorganic salt/substrate by stirring the heterogeneous mixture at llOO$OO 

rpm Kinetics were performed by following (GLC analysis) the disappearance of the n-octyl 

methanesulphonate and/or the appearance of the n-octyllodide with respect to tetradecane 

as an internal standard They were found to obey, In all cases, a kinetic equation of 

pseudo-first order (61, up to at least 70% conversion 

rate = k obsd[substrate] (6) 

The observed rate constants (k obsd) are reported in Table VI 

Discussion. 

Cyclophosphazenlc polypodands la-c are found to behave as efficient solid-liquid and 

liquid-liquid PTC catalysts in the series of reactlons examined (Tables II-V) The 

catalytic actlvlty exhlblted reflects these polypodands complex-formlng ability under the 

same reaction condltlons Such activity increases with the number of donor atoms in the 

order la < lb&lc and, the ligand being the same, by decreasing the size of the cation 

(Rb+<< Kt< Na+) (Table I) The nature of the anion and the presence of water have also 

been demonstrated to greatly influence the complexation power of these ligands and hence 

their catalytic ability On using I- instead of Br-, the complexation extent of lb with 

sodium halides NaI and NaBr decreases, from 3 9 to 0.17 (Table I),and thus the conversion 

time of reaction 1 increases from 0.75 to 32 h (Table III) 

The presence of small amounts of water, previously found to be beneficial for many 

SL-PTC reactlons,7 slightly reduces the catalytic efficiency of la-c Such effectB, 
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mainly due to the lower complexatlon extent, is even more pronounced under LL-PTC 

condltlons In spite of their diminished coflplexing ability, nowever, these llpophlllc 

llgands, unlike "TRIDENT" 3,5 can be successfully used as PTC catalysts also under these 

conditions. Owing to their higher complexlng power, cyclophosphazenic polypodands la-c 

are better phase-transfer catalysts than the open-chain analogues 2 and 3 (Tables I-VI). 

Comparison of the catalytic efficiency (reactlon 1 with NaI) shows that, under the same 

condltlons, the reactlon rates (krel in Table VI) with lb and lc are twice that with 

"TRIDENT" 3 and more than thirteen fold higher than that of the simple podand 2 (Table 

VI).14 These results clearly evidence the involvement of a "synergic effect" of the SIX 

pendant arms of the polypodand in the complexation process. 

Their chemical and physical stabilrty, ease of preparation and high complexing 

ability make polypodands la-c particularly promising SL- and LL-phase transfer catalysts. 

This new class of open-chain llgands can be consldered a valid alternatlve to the use of 

the more expensive cyclic analogues, crown ethers 

Table I. Complexatlon extentasb of polypodands la-c, PEG 2 and TRIDENT 3 under SL-PTC 

conditions, at 60°C 

Ligand 

MY la lb lc 2 3 

NaI 070 39 42 0 16 0 95 

NaBr 0 17 018 - - 

NaCl 0.12 012 - - 

NaSCN 17 5.4 56 032 10 

KI 0 06 0 82 0.97 0 02 0 09 

RbI 0 03 0.47 058 - 0 03 

aDefined as complexed MY moles/ligand mole 
b 
Average of at least four determlnatlons 

The error in these values is estimated to be 10%. 'A chlorobenzene solution (25 mL) of 

llgand (0 5-4~1O-~M) and 100 molar equivalents of lnorganlc salt MY, as solld phase 
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Table II. Catalytic activity of polypodands la-c, PEG 2 and TRIDENT 3 in the reaction 1, 

where X= Br, Y-= I-, SCN-, M+= Na+, K+, Rb+, under SL-PTC conditions, at 60°C a 

MY 

Reaction timeb (h) 

la lb IC 2 3 

NaI 12 6 5 10 6 

KI 12 7 7 20 12 

RbI 28 12 12 - 48 

2.3' 1 3' 1.3' - 2.5' 

aA chlorobenzene solution (5 mL) of 1-bromooctane (5 mnol), catalyst (0.25 mnol) and 

internal standard (2.5 mmol), with 25 mmol of MY as solid phase. bConverslons)35%, by GLC 

analysis 'Reaction time at 100°C for conversions>,95%, by GLC analysis. 

Table III. Catalytic activity of polypodands la-c, PEG 2 and TRIDENT 3 in the reaction 1 

where X= OSO,Me, Y-= I-, Br-, M+= Nat, Kt, Rbt under SL-PTC conditions, at 
L 

60°C a 

Reaction timeb (h) 

MY la lb lc 2 3 

NaI 15 075 05 12 23 

NaBr 32 32 - - 

KI 4 2 2 18 7 

RbI 12 3 25 - 22 

aSame amounts of substrate, catalyst and inorganic salt as reported in Table II, footnote 
b 

a Conversions)95%, by GLC analysis. 
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Table IV. CaLalytlc activity of polypodands la-c, PEG 2 and TRIDENT 3 under SL-(reduction 

reaction 2Ja and LL-(alkylation reactlon 4jb-PTC conditions 

Reaction timec (h) 

Catalyst Reduction reaction (2) Alkylatlon reaction (4) 

la 8 

lb 4 45 

lc 3 5 

2 22 

3 38 8 

aSame amounts of substrate and catalyst as in Table I!, footnote a, but 2 1 

NaBH4/substrate molar ratio. bA chlorobenzene solution (1 mL) of benzyl methyl ketone (1 

mmol), "-butyl bromide (1 5 mmol), catalyst (0.05 mmoll and 50% aqueous NaOH (1 mL), at 

20°C 'Conversionsa98%, by GLC analysis 

Table V. Catalytic activity of polypodands la-c, and TRIDENT 3 in the alkylation reaction 

3 under solid-liquid PTC conditions, at 110°C a 

Catalyst Reaction time (h) Conversionb(%) 

la 4 72 

lb 4 78 

lc 4 89 

3 7c 73 

aA toluene solution (1 mL) of 1-bromooctane (1 mmol), phenol (1 mnol), catalyst (0 04 

mm011 and solid K2C03 (0 5 mmol). 
b 
By GLC analysis Not isolated product 'Ref 5. 
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Table VI. Comparison of catalytic efflclency of lb, lc, PEG 2 and TRIDENT 3 in the 

nucleophlllc substitution reaction 1 (X= DS02Me. MY= Nail, at 60°C a 

Catalyst 105xkobsdb 

(s-l) 

lb 86 13 4 

lc 85 13.3 

PEG 2 6.4 1 

TRIDENT 3 38 59 

aA chlorobenzene solution (10 mL) of substrate (0.2 Ml, catalyst (0.02 Ml and internal 

standard (0 1 Ml with 20 nun01 of NaI. 
b 
Average of at least two determinations. The error 

ln these values 1s estimated to be 5% 

Experimental Section. 

General Methods. Potentlometrlc titrations were carried out with a Metrohm 670 

Tltroprocessor by using silver and calomel electrodes, the latter isolated with a 

potassium sulphate bridge 
1 
H NMR spectra were recorded at 200 or 300 MHz using TMS as 

external standard "P NMR spectra were performed at 200 or 300 MHz by using 85% H3P04 as 

an external reference . GLC data were obtained with a Alltech RSL-150 column (10m x 0 35 

mm, polydlmethylslloxane, 0 25pm thlcknessl or Superox II column (10 m x 0 35 mm) 

polyethylene glycol, 0.25pm thickness) TLC was performed on Merck silica gel 60F 254 

precoated plates 

Materials and Solvents. Inorganic salts were Analar grade coimnerclal products used 

wlthout further purlflcatlon, n-Octylbromlde, - 1-octene, 2-octanone, benzyl methyl ketone 

were commercially available compounds used as purchased, n-Octyl methanesulphonate, bp 

112-114°C (2 rmn), a20 1 4398, was prepared according to literature 

(2 mm), n+20 1 43921 

C 
lit l5 bp llO-114°C 

Trls(3,6-dloxaheptyl)amlne, "TRIDENT" (31, 1s a commercially 

avallable product Cyclophosphazenlc polypodands la and lb were prepared according to a 

previously reported procedure 
3 

Commercial benzene, chlorobenzene, o-dichlorobenzene and 

toluene were used without further purlflcatlon. 

Synthesis of the hexakis [(p-octyl)phenoxypentabis(etoxy)] cyclophosphazene (ICI 

Polypodand lc was prepared according to the general method used for la and lb 3 Yield 
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374, nD20 1 5054 (Found C= 

'" NilR (C&1 & 0 65-l 8 

64 16, H= 9 32 C144H246N3C36 P 3 requires C= 64.32, H= 9.22%) 

(m, 102 H), 3 30-4 40 (m 120 HI, 6 80-7.40 (m, 24H), 3'P 

NMR16'17 (i,i,, 619 48 (s, P(OR12) 

Synthesis of the tetraethylene glycol methyl dodecyl ether (2) 

of the preformed sodium salt of the comnerclally available 

dodecyl ether (11 5 g, 40 mmol) a THF solution (10 mL) of Me1 

. To a THF solution (15 mL) 

tetraethylene glycol mono 

(5 7 g, 40 mm011 was added 

dropwise under stirring and heated at 60°C overnight The precipitate NaI was filtered 

off and washed with CH2C12 The combined organic phases were evaporated and the oil 

residue was purified by column chromatography (silica gel, eluant CH2C12) affording 14 3g 

(95%) of tne tetraethylene glycol methyl dodecyl ether (2) (Found C= 66.73, H= 11 75 

C21H4405 requires C= 66.98, H= 11 75%) 'H NMR (CDC13) 60 63-l 77 (m, 23H), 3.03-4 00 

(m, 2lH). 

Extent of complexation. The extent of complexation of polypodands la-c, and ligands 2 and 

3 under SL-PTC conditions was determined by stirring 25 mL of a srandardized 

chlorobenzene solution of la-c, 2 or 3 (0 5-4x10W2M) with 100 molar equivalents of 

inorganic salt MY, as solid phase, in a flask thermostatted at 60°C The system was 

stirred for l-2 h, then kept without stirring for an additional 10 min to allow good 

separation of the two phases Allquots (4-5 mL) of the organic phase were centrifuged, 

samples (2-3 mL) were withdrawn and titrated with 0 01 N silver nitrate (potentiometric 

titration) 

General procedure for the nucleophilic substitution reactions under SL- or LL-PTC 

conditions. Solid inorganic salt MY (25 mm011 was added to a chlorobenzene solution (5 

mL) of substrate (5 mmol), catalyst (0 25 mmol) and an internal standard (2 5 mmol) The 

heterogeneous mixture was heated at the approprlare temperature (see Tables II and III) 

under vigorous magnetic stirring. The reaction progress was monitored by GLC analysis of 

the organic phase, with respect to an Internal standard Tetradecane was used as the 

reference compound in all reactlons.except for the SCN-, where dodecane was employed The 

reactions under LL-PTC condlrlons were carried out by heating, under stirring, an aqueous 

solution (5 mL) of MY (25 mm011 with a chlorobenzene solution (5 mL) of the same reagents 

(see above) In all cases the mass balance was)/ 95% 

In kinetic measurements under SL-PTC conditions a standardized chlorobenzene SoluLion (2 

mL) of methanesulphonate (1M) and tetradecane (0 5M) was added, in a flask thermostatred 

at 6& l"C, to a standardized solution (8 mL) of ligand (lb. lc, 2 or 3) (0 025 :l) which 

had previously been stirred over solid NaI (20 mm011 for lh, to obtain the complex 

formation Timing and stirring were started Allquots of the organic phase were withdrawn 
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after stopping the stirring, for 30-60 s, to allow adequate separation The allquOtS were 

quenched by cooling and, after centrlfugatlon and separation from any eventual solid 

precipitate they were analyzed by GLC (see General Methods) The rates were measured by 

following the disappearance and/or appearance of substrate and reaction product, 

respectively The pseudo-first order rate constants (kobsd) were computer generated by 

plotting logkubstrate]e time and determining the slope of the straight lines. 

Stability of polypodands lb,c. A C6D6 solution (3 mL) of llgand lb (or lc) (0.1 mn01) was 

stirred with an aqueous NaOH 50% solution (2 mL) or ground solld NaOH (40 mt11011 at 60°C 

for three days. TLC (eluant CH2C12 MeOH = 10 11, 'H and 31 P NMR analyses of the organic 

phase were identical to those of authentic samples of lb and lc. 

lb 'H NMR (C6D6) 60 80-l 80 (m, 138 HI, 3 30-4 40 (m, 108 HI, 31P NMR16'17 (C6D6) 6 

19 45 [s,P(OR12] 

lc 'H NMR (C6D6) 60.65-1.80 (m, 102 HI, 3 30-4 40 (m, 120 HI, 6.80-7.30 (m, 24 HI, 31P 

NMR16'17 (C6D6) 619 48 b,P(OR12] 

A chlorobenzene solution (3 mL) of llgand lb (or lc) (0 1 mm011 was refluxed for 2 days 

and no changes were ooserved by TLC and 'H, 31 P NMR analyses. Heating lb or lc, without 

solvent, at 110°C for 2 days gave the same results On the contrary the above analyses of 

these ligands indicated the presence of undefined tars together with the undecomposed 

product (),40X) when the llgands were heated for 2 days at 160-17O"C, as such or ln 

o-dichlorobenzene solutions 

2-Octanol. A benzene solurion (10 mL) of 2-octanone (1 28 g, 10 mmol), catalyst la, lb, 

lc or 3 (0 5 mm011 and solid NaBH4 (0 757 g, 20 mm011 was stirred at r t for 3-38 h. The 

organic layer was filtered off, washed with diluted aqueous HCl, dried and distilled to 

give 2-octanol (1 14 g. 88%), bp 188-19O"C, nD2' 1 4297 [llt18, bp 195"C, nD 2o 1 429j,'H 

NMR CCDCl,)&O 50-l 10 (m, 6H), 1 10-l 80 (m, lOHI, 1.80-2 00 (s, lH1, 3 50-4 00 (m, 1H). 

n-Heptanoic acid. A benzene solution (5 mL) of act-1-ene (1 12 g, 10 mmol), catalyst lb 

or IC (0 5 mmol) was stirred at r t with a saturated aqueous solution (30 mL) of KMn04 

(6 3 g, 40 mm011 for 1 h The excess of permanganate was reduced with Na2S03, the 

Precipitated Mn02 was filtered through cellte and the acidlfled solution was extracted 

with benzene The combined benzene layers were dried and evaporated and the residue 

dlstllled to afford fi-heptanoic acid (1 05 g. 82%). bp llg-121"C, (10 mm), 2o 1 4234 

C 
11t'9 bp 92-93°C (4 mm), nD2' 1.42361, 'H NMR (CDC13) SO 70-2 DO (m, 

nD 

llH), 2.20-2 60 (t, 

2H), 11 40-11 60 (s, 1H). 

3-Phenyl-Z-Heptanone. A chlorooenzene solution (10 mL) of benzyl methyl ketone (1 34 g, 

10 mmol), l-bromobutane (1 75 g, 15 mnol), catalyst lb, lc or 3 (0 5 mm011 and 50% 
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aqueous NaOH (10 AL) was stirred ac r.t. for 4 5-8 h Work-up of the reaction mixture 

afforded 3-phenyl-2-heptanone (1 84 g, 8551, bp 94-97"C, (2 mm), noZ5 1 4993 tlit2' bp= 

92-94°C (1 8 mm), nD 25 1.49973, 'H NMR (COClJ)g0.75-1.80 (m, 9H1, 1 95 (s, 3H), 3.25 it, 

1H) and 7 16 (s, 5H). 
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