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Abstract. The catalytic activity of cyclophosphazenic polypodands la-c was evaluated 1n
typical reactions performed under solid-liquid (SL) and liquid-l1iquid (LL) phase-transfer
catalysis {(PTC) conditions Such activity 1s largely determined by the complexation
extent of la-c, which 1s, 1n turn, related to the number of b1nd1ng s1tes of the ligand
(1a<1b £1c) and to the nature of the inorganic salt MY (Na > K» Rb' and SCN'A/I>
Br ) 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, swmplicity of preparation and high complexing ability, can be
considered promising phase transfer catalysts, especially under SL-PTC conditions

Polypodands, acyclic 11gands 1n which several polyether chains are linked to the same
binding centre, are efficient complexing agents of alkali and alkaline-earch metal
salts.2 In these systems the larger number of donor atoms combined with a suitable
conformation permits greater complexation extents than with the corresponding simple
podands 2 The cyciophosphazenic polypodands la-c, recently synthesized by some of us,3
are of particular interest in this line In fact these l1igands, due to their particular
topology, are powerful metal cation complexing 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 <]b<
lc and 1s largely determined by both the size of the cation and the nature of the counter
anion, 11n agreement with these results we found that the polypodands la-c are very
efficient catalysts 1n amion promoted reactions {e g nucleophilic substituivon,
alkylation, reduction, oxidation reactions) under phase-transfer catalysis (PTC)
conditions 4

Their catalytic activity 1s evaluated here together with the complexing ability 1n
typical reactions performed under solid-1iquid (SL-PTC) and liquid-1iquid PTC (LL-PTC)
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conditions Tne results are compared with those obtained by using other open-chain
T1gands 1.e. the simple podand {PEG) (2) and the tris{polyoxaalkyl)amine "TRIDENT" (3),
this latter generally being considered the catalyst of choice 1n SL-PTC react1ons.5
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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 alkall metal salts My (M+= Na+, K+, Rb+, Y'=1, Br, C1, SCN) by stirring
a chlorobenzene solution of the ligand 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 11gand, increases 1n the order 2<{3ada{lbasdc for all the salts examined The }1gand
being the same the complexing abi1lity decreases by increasing the size of the cation (NaE>
K§>Rb-). The highest values correspond to Nal and NaSCN with polypodands 1b and lc and,
for both l1gands,an unusual stoichiometry of 4 and 5 moles of 1norganic salt per mole of
1rgand was found 6 The complexation extent also depends on the nature of the counter
anion 1n fact, 1¢ decreases, from 5 4-5 6 to 0 12, on changing from SCN” to C1~

Catalytic activity of la-c, 2 and 3 1n SL-PTC reactions.

A1l reactions were carried out 1n a chlorobenzene-solid salt two-phase system by
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using 0 05 molar equivalents of ligand and a 5 1 molar ratio 1norganic salt/substrate
The reaction progress {(up to 95-98% of conversion) was monitored by GLC analysis of the
organic phase with respect to an internal standard

a) Nucleophilic substitution reactions

Catalytic activity of la-c, 2 and 3 was measured 1n typical nucleophilic substitution

reactions 1 (Tables II and III).

1a-c,2,3( cat )

: + - N 4 -
n=Cgfy X + MY cotad > nCHY MY o (n
C.H.C1, 60°C

65

X = MeSO,, Br
M- Na', KT, RoT

Y=1, Br, SCN™

The catalytic efficiency of these ligands (Tables II and III} 1s most likely related
to their complexing ability under the same conditions (Table I). Indeed the reaction
times 1Increase, 1n the order Na+< K+<<Rb+, according to the decreasing complexation
extent. Also in the case of NaSCN (Table II) the different catalytic activity found 1n
the sequence 3£1a<1baslc 1s 1n agreement with the increasing complex-forming capability
of these 1igands (Table I)

b) Reduction reactions

Reduction of 2-octanone to the corresponding 2-octanol was performed 1n a
chlorobenzene-solid NaBH4 two-phase system by using the same ligands la-c, 2 and 3 as
catalysts (reaction 2)

NaBHa, la-c,2,3(cat )
n-CgH, 5C0CH, > n-C
C6H5C1, 60°C

6H]3CH0HCH3 (2)

Also 1n this case (Table IV) the catalytic activity of the polypodands la-c 1s very
noticeably higher than that of the open-chain ligands PEG 2 and "TRIDENT" 3, as can be
seen from their reaction times (3-8 h for la-c, 22 and 38 h for 2 and 3)

c) Other SL- and LL-PTC reactions

The alkylation reaction of phenol by 1-bromooctane was performed at 110°C 1n a

toluene-solid KZCO3 two-phase system in the presence of catalytic amounts of la-c and 3

(reaction 3)
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K2C03, la-¢, 3 (cat.)
H]7Br > (_H._0C_H,,-n + KBr (3)

65 817~
toluene, 110°C

C_H.OH + n-C

65 8

As shown 1n Table V, la-c are better catalysts than "TRIDENT" 3, in fact even 1in the
presence of the least effective of the three polypodands, la, reaction 3 reaches the same
conversion as that with 3 but i1n about half time (4 and 7 h for 1a 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 1n the presence of catalytic amounts of
11gands 1b, 1c or 3 at 20°C (reaction 4). The catalytic activity of 1b,c 1s higher than
that of TRIDENT 3 (Table IV).

1b, 1c, 3 (cat.)
- ~
CH CHZCOCH3 +n C4HgBr > C6H5CH(C4H9)C0CH3 + NaBr (4)

65
C6H5F1-50%aq. NaOH, 20°C

By using catalytic amounts of Tb and 1c, 1-octene in benzene solution was oxidized to
heptanoic acid in the presence of a saturated aqueous solution of KMnO4 at room

temperature (40 min ,>»95%) (reaction 5)

KMn04aq., 1b,c (cat.)

- = b -
n C6H13CH CH2 > n C6H]3C00K + HCOZK + MnO2 (5)
CGHG’ rt

Wet SL-PTC reactions.

Catalytic activity of 1b and l1c (reaction 1) and their complexation extent were
determined under wet SL-PTC conditions by adding increasing quantities of water to the
two-phase system chlorobenzene-solid Na¥, for Y= I, Br In the case of 1c and Nal the
addition of water, up to 6 moles per mole of salt, progressively reduces the extent of
complexation of the li1gand, from 3.6 to 2.3, and consequently reduces 1ts catalytic
activity n fact the reaciion time increases from 0 3 to 2 5 h On the other hand under
LL-PTC conditions, 1n a chlorobenzene-aqueous NaY system, the complexation extent of lc
further diminishes (up to 0.72) as does the catalytic activity (98% conversion in 6 h)

The same results were obtained by using NaBr, also in the case of 1b
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Stability of polypodands.

Polypodands 1b and 1c were found to be stable 1n the presence of concentrated bases
a benzene solution of the 1igand, stirred witn a 50% aqueous NaOH solution or over solid
NaOH at 60°C, was recovered unchanged, as shown by TLC and NMR (]H and 3]P) analyses,
after more than three days. The same results were obtained when l1i1gands 1b and lc were
heated at 110°C or refluxed 1n chlorobenzene (130°C} for 2 days. Only partial
decomposition was observed on heating these ligands neat or i1n o-dichlorobenzene 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 1n n-octyimethanesulphonate by Nal
(reaction 1) was measured at 60°C 1n a SL Nal-chlorobenzene two-phase system, 1n the
presence of the same catalytic amount of 1b, Ic, 2 or 3 (0.1 mol equiv) and with a 5 1
molar ratio norganic salt/substrate by stirring the heterogeneous mixture at 11002100
rpm  Kinetics were performed by following (GLC analysis) the disappearance of the n-octyl
methanesulphonate and/or the appearance of the n-octyliodide with respect to tetradecane
as an 1nternal standard They were found to obey, 1n all cases, a kinetic equation of

pseudo-first order (6), up to at least 70% conversion
rate = kobsd[substrate] (6)
The observed rate constants (kobsd) are reported 1n Table VI

Discussion.

Cyclophosphazenic polypodands la-c are found to behave as efficient solid-liquid and
Tiquid-11quid PTC catalysts 1in the series of reactions examined (Tables II-V) The
catalytic activity exhibited reflects these polypodands compiex-forming ability under the
same reaction conditions Such activity increases with the number of donor atoms in the
order la{1bglc and, the 1igand being the same, by decreasing the size of the cation
(Rb+<< K+< 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 11gands and hence
their catalytic ability On using I instead of Br , the complexation extent of 1b with
sodium halides Nal 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 reactmns,7 slightly reduces the catalytic efficiency of la-¢ Such effects,
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mainly due to the Tlower complexation extent, 15 even more pronounced under LL-PTC
conditions In spite of their diminished complexing ability, nowever, these lipophilic
11gands, unlike "TRIDENT" 3,5 can be successfully used as PTC catalysts also under these
conditions. Owing to their higher complexing 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 (reaction 1 with Nal) shows that, under the same
conditions, the reaction rates (krel an Table VI) with 1b and 1c are twice that with
“TRIDENT" 3 and more than thirteen fold higher than that of the simple podand 2 (Table
VI).M 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 stability, ease of preparation and high complexing
ab111ty make polypodands la-c particularly promising SL- and LL-phase transfer catalysts.
This new class of open-chain 1igands can be considered a valid alternative to the use of

the more expensive cyclic analogues, crown ethers

Table I. Complexation extenta’b of polypodands la-c, PEG 2 and TRIDENT 3 under SL-PTC

conditions, at 60°C

Ligand

MY la 1b Tc 2 3
Nal 070 39 42 016 0 95
NaBr - 017 018 - -
NaC1 - 0.12 012 - -
NaSCN 17 5.4 56 0 32 10
KI 0 06 0 82 0.97 0 02 009
RbI 0 03 0.47 0 58 - 003

%efined as complexed MY moles/11gand mole bAverage of at least four determinations
The error 1n these values 1s estimated to be 10%. €A chlorobenzene solution (25 mL) of

1irgand (0 5-4x10_2M) and 100 molar equivalents of 1norganic salt MY, as solid phase
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Table I1. Catalytic activity of polypodands la-c, PEG 2 and TRIDENT 3 1in the reaction 1,
where X= Br, Y= 1 , SCN, M'= Na*, K*, Rb", under SL-PTC conditions, at 60°C 2

Reaction 1:1meb (h)

MY la b 1c 2 3
Nal 12 6 5 10 6
KI 12 7 7 2 12
RbI 28 12 12 - a8
NaSCN 2.3 13¢ 1.3% - 2.5°

3 chlorobenzene solution (5 mL) of i-bromooctane (5 mmol), catalyst (0.25 mmol) and
internal standard (2.5 mmol), with 25 mmol of MY as solid phase. bConverswns;QS%, by GLC

analysis CReactwn time at 100°C for conversions »>95%, by GLC analysis.

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

where X= 0S0,Me, Y= 17, Br, M= Na', k', Rb* under SL-PTC conditions, at
60°C °
b
Reaction time (h)

My la b Ic 2 3

Nal 15 075 05 12 23

NaBr - 32 32 - -

K1 4 2 2 18 7

RbI 12 3 25 - 22

a
Same amounts of substrate, catalyst and i1norganic salt as reported in Table 11, footnote

b
a Conversions 395%, by GLC analysis.
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Table IV. Cavalytic activity of polypodands la-c, PEG 2 and TRIDENT 3 under SL-({reduction

reaction Z)a and LL-(alkylation reaction 4)b-PTC conditions
c
Reaction time  (h)
Catalyst Reduction reaction (2) Alkylation reaction (4)
la 8 -
1b 4 45
Ic 3 5
2 22 -
3 38 8

%same amounts of substrate and catalyst as 1in Table II, footnote a, but 21
NaBH4/substrate molar ratio. bA chlorobenzene solution (1 mL) of benzyl methyl ketone (1
mmol), n-butyl bromide (1 5 mmol), catalyst (0.05 mmol) and 50% aqueous NaOH (1 mL), at
20°C cConvers1ons;;98%, by GLC analysis

Table V. Catalytic activity of polypodands la-c, and TRIDENT 3 in the alkylation reaction
3 under solid-11quid PTC conditions, at 110°C a

Catalyst Reaction time (h) Convers1onb(%)

1a 4 72
1b 4 78
1c 4 89
3 7¢ 73

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

mmol) and solid K2C03 (0 5 mmol). bBy GLC analysis Not 1solated product Ref 5.
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Table VI. Comparison of catalytic efficiency of 1b, lc, PEG 2 and TRIDENT 3 1n the
a
nucleophilic substitution reaction 1 (X= DSOZMe, MY= Nal), at 60°C

Catalyst loﬁﬁkobsdb krel
(s ')

1b 86 13 4

1c 85 13.3

PEG 2 6.4 1

TRIDENT 3 38 59

8 chlorobenzene solution (10 mL) of substrate (0.2 M), catalyst (0.02 M) and 1internal
standard (0 1 M} with 20 mmol of Nal. bAverage of at least two determinations. The error

in these values 1s estimated to be 5%

Experimental Section.

General Methods. Potentiometric titrations were carried out with a Metrohm 670
T1itroprocessor by using silver and calomel electrodes, the latter 1solated with a
potassium sulphate bridge ]H NMR spectra were recorded at 200 or 300 MHz using TMS as
external standard 3]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, polydimethylsiloxane, 0 25 pm thickness) or Superox II column (10 m x 0 35 mm)
polyethylene glycol, 0.25,4m thickness} TLC was performed on Merck silica gel 60F 254
precoated plates

Materials and Solvents. Inorganic salts were Analar grade commercial products used
without further purification, n-Octylbromide, 1-octene, 2-octanone, benzyl methyl ketone
were commercially available compounds used as purchased, n-Octyl methanesulphonate, bp
112-114°C (2 mm), QDZO 1 4398, was prepared according to literature [l1t 15 bp 110-114°C
(2 mm), 2020 ] 4392] Tris(3,6-d1oxaheptyl)amine, “TRIDENT" (3), 1s a commercially
available product Cyclophosphazenic polypodands la and 1b were prepared according to a
previously reported procedure 3 Commercial benzene, chlorobenzene, o-dichlorobenzene and
toluene were used without further purification.

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

Polypodand 1c was prepared according to the general method used for la and 1b 3 yield
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20 ) ) .
o 1 5054 (Found C= 64 16, H= 9 32 Cy,pH,  NCo Py

HONAR (C,D) §0 6518 (m, 102 H), 330-440 (n 120 H), 6 80-7.40 (m, 24H),
R 16217 (C,Dg) 819 48 (5, P(OR),)

Synthesis of the tetraethylene glycol methyl dodecyl ether {2). To a THF solution (15 mL)

requires C= 64.32, H= 9.22%)
31P

37%, n
1

of the preformed sodium salt of the commercially available tetraethylene glycol mono
dodecyl ether (11 5 g, 40 mmol) a THF solution (10 mL) of Mel (5 7 g, 40 mmol) was added
dropwise under stirring and heated at 60°C overnight The precipitate Nal was filtered
off and washed with CH2C12 The combined organic phases were evaporated and the o1l
residue was purified by column chromatography (silica gel, eluant CHZC12) affording 14 3g

(95%) of tne tetraethylene glycol methyl dodecyl ether (2) (Found C= 66.73, H= 11 75
1

021H4405 requires C= 66.98, H= 11 75%) 'H NMR (CDC13) 60 63-1 77 (m, 23H), 3.03-4 00
(m, 21H).

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 standardized
chlorobenzene solution of la-c, 2 or 3 (O 5-4x10-2M) with 100 molar equivalents of
1norganic salt MY, as solid phase, 1n a flask thermostatted at 60°C The system was
stirred for 1-2 h, then kept without stirring for an additional 10 min to allow good
separation of the two phases Aliguots (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 St- or LL-PTC
conditions. Solid 1norganic salt MY (25 mmol) 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 appropriate 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 1internal standard Tetradecane was used as the
reference compound 1n all reactions except for the SCN—, where dodecane was employed The
reactions under LL-PTC conditions were carried out by heating, under stirring, an agueous
solution (5 mL) of MY (25 mmol) 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 soluvion (2
mL) of methanesulphonate (IM) and tetradecane (0 5M) was added, 1n a flask thermostatted
at 6010 1°C, to a standardized solution (8 mL) of ligand (1b, 1c, 2 or 3) (0 025 M) which
had previously been stirred over solid Nal (20 mmol) for 1h, to obtain che complex

formation Timing and stirring were started Aliquots of the organic phase were withdrawn
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after stopping the stirring, for 30-60 s, to allow adequate separation The aliquots were
quenched by cooling and, after centrifugation 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 ( ) were computer generated by

k
plotting Tog[substrate]vs time and determiming the slo;:):S:f the straight lines.
Stability of polypodands 1b,c. A C606 solution (3 mL) of 1i1gand 1b (or 1c) (0.1 mmol) was
stirred with an aqueous NaOH 50% solution (2 mL) or ground solid NaOH (40 mmol) at 60°C
for three days. TLC (eluant CH2C12 MeOH = 10 1), ]H and 3]P NMR analyses of the organic
phase were 1dentical to those of authentic samples of 1b and lc.

1 "M MR (C D) §080-1 80 (m, 138 H), 3 30-6 40 (m, 108 H), >'p Nw'®:V

19 45 [s,P(0R),] .

1c ]H NMR (CGDG) £0.65-1.80 (m, 102 H), 3 30-4 40 {m, 120 H), 6.80-7.30 (m, 24 H), P
16,17

NMR (CgDg) 619 48 [,p(or),]

A chlorobenzene solution (3 mL) of Tigand 1b (or 1c) (0 1 mmol) was refluxed for 2 days

and no changes were observed by TLC and ]H, 3

(c606) s

P NMR analyses. Heating 1b or Ic, without
solvent, at 110°C for 2 days gave the same results On the contrary the above analyses of
these 1igands indicated the presence of undefined tars together with the undecomposed
product (32 40%) when the 11gands were heated for 2 days at 160-170°C, as such or 1n
o-dichlorobenzene solutions

2-Octanol. A benzene solution (10 mL) of 2-octanone (1 28 g, 10 mmol), catalyst la, 1b,
Tc or 3 (0 5 mmol) and solad NaBH4 (0 757 g, 20 mmol) was stirred at r t for 3-38 h. The
organmic layer was filtered off, washed with diluted aqueous HC1, dried and distilled to
give 2-octanol (1 14 g, 88%), bp 188-190°C, nD20 14297 [11t]8, bp 195°C, nD20 1 429i],]H
NMR (CDC13)8!J 50-1 10 (m, 6H), 1 10-1 80 (m, 104}, 1.80-2 00 (s, 1H), 3 50-4 00 (m, TH).
n-Heptanoic acid. A benzene solution (5 mL) of oct-l1-ene (1 12 g, 10 mmol), catalyst 1b
or Tc (0 5 mmol} was stirred at r t with a saturated aqueous solution (30 mL) of KMnO

a4

{6 3 g, 40 mmol) for 1 h The excess of permanganate was reduced with Na.SO., the

273
precipitated MnO2 was filtered through celite and the acidified solution was extracted

with benzene The combined benzene layers were dried and evaporated and the residue
distilled to afford n-heptanoic acid (1 05 g, 82%), bp 119-121°C, (10 mm), nD20 1 4234
[m‘g bp 92-93°C (4 mm), nD20 1.4236ﬂ, T NMR (cDC1,) §0 70-2 00 (m, 11H), 2.20-2 60 (t,
2H), 11 40-11 60 (s, 1H).

3-Pheny1-2-Heptanone. A chloropbenzene solution (10 mL) of benzyl methyl ketone (1 34 g,

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

afforded 3-phenyl-2-heptanone (1 84 g, 85%), bp 94-97°C, (2 mm), nD25 1 4993 [11t20 bp=
92-94°C (1 8 nm), ng”> 1.4997], "W NMR (CDC1)80.75-1.80 (m, 9H), 195 (s, 3H), 3.25 (t,

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