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An effective strategy of the synthesis of P.N-containing corands with 16-membered core ring is described. It is based
on covalent self-assembly processes in the course of Mannich-type condensations in three component systems:
bis(mesitylphosphino)propane-formaldehyde-primary amines. This approach allowed the authors to obtain a series of
novel functionalized 1,9-di(aralkyl)-3,7,11,15-tetramesityl-1,9-diaza-3,7,11,15-tetraphosphacyclohexadecanes in very
good yields. The study of structure of the synthesized corands showed that all of them were obtained as pure RSSR-
stereoisomers with similar conformations in the solid state.
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Onucana s>¢p@exmusnas cmpamezus cunmesza P,N-cooepocawux kopandos c¢ 16-uneHHbIM OCHOBHBIM KOIbYOM,
OCHOBAHHASL HA NPOYECCAX KOBALEHMHOU camMocOOpKu 6 xode KoHOeHcayuu muna Manunuxa 6 mpexKoMnoHeHmHbix
cucmemax. ouc(mezumunpochuno)nponan-gpopmanvoecud-nepsuinvie amunbl. JJanHoblil 100X00 NO360MUN ABMOPAM
noyHUms cepuro HO8uIX yHKyuonanuzuposannvlx 1,9-ou(apanrxun)-3,7,11,15-mempamesumun-1,9-ouasa-3,7,11,15-
mempapochayuriozekcadekanos ¢ 0YeHb Xopowumu euixooamu. Mzyuenue cmpykmypol CUHMEIUPOBAHHBIX KOPAHOOS
NOKA3AN0, 4Mo 6ce OHU ObliU NoayueHvl 6 6ude UHOUsUdyanvbhvix RSSR-cmepeouzomepos, umeiowux cxooHvie
KOHGhopmayuu 6 meepoom cOCmOosHUU.

KuroueBble ciioBa: Makpouuki, pochuH, KOpaH, KOBalICHTHAs caMOCOOpKa.
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Corands with 16-Membered P,N-Containing Core

Introduction

An ability of macrocycles to be highly selective
receptors (host molecules) for a number of metal and organic
cations or anions, as well as for the small or even huge (e.g.
fullerenes) neutral organic substances is the reason of the
interest to these compounds.!'* So, macrocyclic chemistry
plays an important role in the material science, especially in
the construction of nano-sized materials on the ““bottom-up”
principles.!'>>7 Incorporation of phosphorus atoms into the
macrocyclic skeleton should lead to the specific properties
of the discussed molecules. First of all P donor centers are
soft in contrast with the hard O and N counterparts, that is
why the specific coordination ability to the soft metal ions
should appear. The well-known ability of P species to form
transition metal based catalysts of various organic reactions
should be modified by additional bonding of metal centers or
organic substrates with macrocycle fragments via dative or
weak interactions. In addition the specific reactivity and the
structural variability of phosphorus could be utilized for the
additional functionalization of the macrocyclic objects or for
the rational design of macrocyclic molecular devices.®

However, there are some noticeable problems
concerning the availability of P-based macrocycles. Along
with the known instability of phosphines (the most intriguing
class of ligands) to oxidation the cyclic compounds containing
two or more phosphorus atoms are usually obtained as a
mixture of stereoisomers due to the high inversion barrier
of P and these mixtures require the separation in order to
obtain the individual macrocycles. So, the availability of
the P-containing macrocyclic compounds is one of the key
points for their use in the fields of catalysis, supramolecular
chemistry and nanomaterials. At the present time three main
strategies for the macrocyclic synthesis may be identified: 1)
macrocyclization under high-dilution conditions; 2) template
synthesis of macrocycles; 3) covalent self-assembly of
macrocycles. The last approach, namely the covalent self-
assembly of macrocycles, has been formed recently. The
distinctive feature of the covalent self-assembly processes
is their ability of the self-correction, when the ““incorrect”

intermediate or product is able to decompose into starting
compounds due to the reversibility of the reaction. These
compounds react further to give more thermodynamically
stable “correct”” combination. The self-correction is a reason
of'the high selectivity of the covalent self-assembly processes.
[10-121 The indication of self-assembly phenomenon is the high
yield of macrocycles and the regio- and sterecoselectivity
of their formation in the course of the reversible reaction
(often at elevated temperature) between two or more initial
molecules (at least one of them must possess spatially
divided functional groups) under conditions of relatively
high concentration and without any templating reagents.

This synthetic strategy has been applied for the
synthesis of P,N-containing macrocycles for the last 10
years and appeared to be rather effective.['>'* The Mannich-
type condensation of primary and secondary phosphines
as proton-donating reagents has been chosen as the basic
reaction for the use of covalent self-assembly approach
in the synthesis of P,N-containing macrocycles. Recently
few examples of the new type of 16-membered P,N-
containing macrocycles 1-4 namely 1,9-diaza-3,7,11,15-
tetraphosphacyclohexadecanes!*'9 and first cryptand 5 with
the same core ring!'*!'” (Scheme 1) have been described.

However, as it has been mentioned in the review of
C.D. Swor, D.R. Tyler [!¥] “this route cannot yet be considered
a generalized method for the synthesis of macrocyclic
phosphines”. In the present paper we describe the synthesis
and crystal structure investigations of several new corands
with 1,9-diaza-3,7,11,15-tetraphosphacyclohexadecane core
ring including macrocycles containing various functional
substituents on nitrogen atoms and demonstrate the
universality of this approach.

Experimental

General
'"H NMR spectra (BrukerAvance-DRX 400, 400 MHz;

standard: Me,Si). *'P NMR spectra (BrukerAvance-DRX 400,
162 MHz; standard: external 85 % H,PO,). "C NMR spectra
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(BrukerAvance-DRX 400, 100 MHz; standard: Me,Si). ESIpus mass-
spectra were obtained on Esquire3000 plus mass-spectrometer.
FAB mass spectra were obtained on a ZAB-HSQ-VG Analytical
Manchester.The melting points were determined on a Boetius
apparatus and are uncorrected.
1,3-Bis(mesitylphosphino)propane!'>!”)  was obtained ac-
cording to the described method. All manipulations with the
secondary phosphine and solutions of macrocycles were carried
out by standard high-vacuum and dry-nitrogen techniques in dry
degassed solvents which were purified by standard methods.

Preparations

(RSSR)-1,9-Di-(4 -methylbenzyl)-3,7,11,15-tetramesityl-1,9-
diaza-3,7,11,15—tetraphosphacyclohexadecane (6). A solution
of 1,3-bis(mesitylphosphino)propane (0.50 g, 1.45 mmol) and
paraformaldehyde (0.09 g, 3.0 mmol) in DMF (5 mL) was stirred
at 80 °C for 1 h and a solution of 4-methylbenzylamine (0.18 g,
1.48 mmol) in DMF (5 mL) was added dropwise under stirring at
80 °C for 3 h. The reaction mixture was stirred at 80 °C for 1 day.
The resulting white crystals were collected by filtration, washed
with DMF and dried carefully at 0.1 torr for 10 h. Yield of 6 0.49
g (69 %); m.p. 171-173 °C. Found: C 76.30; H 8.70; N 3.21; P
12.18 %. C,H,,P,N, [979.22] requires C 76.05; H 8.44; N 2.86; P
12.65 %. '"HNMR (C,D,, 303 K) 5, ppm: 7.36 (4H, d, *J,,,=7.5 Hz,
CPH), 7.11(4H, d,*J,,,=7.5 Hz, C"*H), 6.75 (8H, s, C°H), 4.63 (4H,
d,?J,, =12.4 Hz, C'H)), 4.21 (2H, br.d, °/,,=13.2 Hz, C'’"H,), 3.16
(2H,d,%J,,~13.2Hz,C'*H,), 2.69 (4H, dd, *J,,=12.4 Hz,J, ,=9.91
Hz, C'H,), 2.59 (24H, s, C*H), 2.42 (4H, m, C*H), 2.28 (2H, m,
C’H), 2.17 (6H, s, C'"H), 2.09 (12H, s, C'H), 1.97 (4H, m, C°H +
C°H), 1.82 (2H, m, C*H). *C NMR (CDCl,, 303 K) 5. ppm: 144.53
(d, %J,, =15.3 Hz, C°), 138.69 (s, C7), 136.70 (s, C"), 136.17 (s,
C'), 130.89 (d, 'J.,=20.9 Hz, C*), 128.07-130.24 (m, C+C'*+C"),
55.43-59.99 (brm, C'+ C'), 23.58 (d, *J~=18.7 Hz, C%), 20.21-
29.11 (m, C+C*+C"), 20.88 (d, °J,=10.2 Hz, C°). *'P NMR (C D,,
303 K) 8, ppm: -41.70 (s).

(RSSR)-1,9-Di-(4 -tert-butylbenzyl)-3,7,11,15-tetramesityl-
1,9-diaza-3,7,11,15-tetraphosphacyclohexadecane (7) was ob-
tained like 6 from 1,3-bis(mesitylphosphino)propane (0.50 g, 1.45
mmol), paraformaldehyde (0.09 g, 3.0 mmol) and 4-fert-butylben-
zylamine (0.24 g, 1.47 mmol). Yield of 7 0.50 g (65 %); m.p. 191-
193 °C. Found: C 76.50; H 8.62; N 3.11; P 11.58 %. C _H, PN,
[1063.38] requires C 76.80; H 8.91; N 2.63; P 11.65 %. 'H NMR
(C,D,, 303 K) 8, ppm: 7.39 (4H, d, °J,,,=8.8 Hz, C*H), 7.35 (4H,
d,*J,,=8.8 Hz, C*H), 6.74 (8H, s, C°H), 4.60 (4H, d, °J,, =12.4
Hz, C'H,), 4.19 (2H, brd, °/,,=13.2 Hz, CH)), 3.24 (2H, d,
*J,,~13.2 Hz, CH,), 2.76 (4H, m, C'H,), 2.58 (24H, s, C*H),
2.08 (12H, s, C°H), 1.94-2.41 (12H, m, C*H+C*H), 1.29 (I18H, s,
C'H). *C NMR (CDCl,, 303 K) &. ppm: 149.56 (s, C'), 144.52
d, *J,., =15.0 Hz, C%), 138.66 (s, C7), 136.63 c. (s, C"), 130.92
d, 'J,,=21.2 Hz, C*), 128.38-129.90 (m, C*+C"*+C"), 55.45-59.99
(br.m, C'+ C"), 34.41 (s, C'"), 28.20-32.10 (m, C*+C*+C"), 23.55
,*J,,=18.7 Hz, C¥),20.87 (d, °J,=10.2 Hz, C°).*'P NMR (CD,,
303 K) 6, ppm: -41.70 (s).

(RSSR)-1,9-Di-(2 -phenylethyl)-3,7,11,15-tetramesityl-1,9-
diaza-3,7,11,15-tetraphosphacyclohexadecane (8) was obtained
like 6 from 1,3-bis(mesitylphosphino)propane (0.20 g, 0.58 mmol),
paraformaldehyde (0.034 g, 1.16 mmol) and 2-phenylethylamine
(0.07 g, 0.57 mmol). Yield of 8 0.13 g (47 %); m.p. 168-170 °C.
Found: C 75.81; H 8.31; N 3.20; P 12.47 %. C,H,,P,N, [979.22]
requires C 76.05; H 8.44; N 2.86; P 12.65 %. m/z (ESIPOS) (%):979.6
(100) [M+H]". 'HNMR (CD,, 303 K) 5, ppm: 7.03-7.21 (10H, m,
CPH + C“H+ C"H), 6.78 (8H, s, C°H), 4.11 (4H, d,°/,,=13.0 Hz,
C'H,), 3.27-3.44 (2H, m, C'’H,), 2.73-2.91 (8H, m, C"’H,+C'H,+
C'"'H), 2.63-2.73 (4H, m, C'"H+C?H), 2.61 (24H, s, C*H), 2.41-2.54
(4H, m, C*H), 2.16-2.27 (2H, m, C*H), 2.08 (12H, s, C’'H), 1.99-
2.08 (2H, m, C*H), 1.78-1.95 (2H, m, C*H). *'P NMR (CD,, 303
K) 8, ppm: -43.84 (s).
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(RSSR)-1,9-Di-(3 -phenylprop-1’-yl)-3,7,11, 1 5-tetramesityl-
1,9-diaza-3,7,11,15-tetraphosphacyclohexadecane (9) was obtained
like 6 from 1,3-bis(mesitylphosphino)propane (0.40 g, 1.16 mmol),
paraformaldehyde (0.08 g, 2.6 mmol) and 3-phenylprop-1-ylamine
(0.15 g, 1.11 mmol). Yield of 9 0.35 g (61 %); m.p. 173-175 °C.
Found: C 76.03; H 8.82; N 3.15; P 12.08 %. C_H_P N [1007.28]

requires C 76.31; H 8.61; N 2.78; P 12.30 %. ‘ifl I\SIGI\/E‘RZ(CGDG, 303
K) 8, ppm: 7.07-7.22 (10H, m, C"H+C"“H+C"*H), 6.75 (8H, s,
C‘H), 4.08 (4H, brd, 2J,,=13.2 Hz, C'H,), 3.11 (2H, m, CH,),
2.71 (2H, m, C“’HA), 2.58 (24H, s, C®H), 2.12-2.67 (14H, m, C*H+
C'H,+C"H), 2.07 (12H, s, C°’H), 1.61-1.93 (10H, m, C2H+C*H+
C"H). “C NMR (CDCI,, 303 K) 8. ppm: 149.53 (s, C'¢), 144.52
(d, %, =15.0 Hz, C°), 138.67 (s, C7), 136.85 (s, C"), 130.90
(d, 'J,=21.2 Hz, C%, 128.30-129.60 (m, C+C"+C"), 54.95-
60.65 (br.m, C'+C'%), 28.28-32.12 (m, C>+C3+C"+C"?), 23.51 (d,
*J ~18.8 Hz, C%), 20.80 (d, °J_,=10.1 Hz, C°). *'PNMR (C,D, 303
K) 8, ppm: -41.50 (s).

(RSSR)-1,9-Di-[(benzol[d][1”,3 " ]dioxol-4’-yl)methyl]-
3,7,11,15-tetramesityl-1,9-diaza-3,7,11,15-tetraphospha-
cyclohexadecane (10) was obtained like 6 from 1,3-
bis(mesitylphosphino)propane (0.30 g, 0.87  mmol),
paraformaldehyde (0.05 g, 1.67 mmol) and (benzo[d][1°,3’]dioxol-
4-yl)methylamine (0.13 g, 0.86 mmol). Yield of 10 0.15 g (33
%); m.p. 164-166 °C. Found: C 71.93; H 7.78; N 2.96; P 11.67 %.
C,H,.PN,0,[1039.19] requires C 71.66; H 7.57; N 2.70; P 11.92
%. 'H NMR (C,D,, 303 K) &, ppm: 6.98 (2H, s, C"H), 6.75 (s,
C°H) 6.78-6.70 (m, C?H+C"“H) (total intensity 12H), 5.38 (4H,
brs, C"H), 4.52 (2H, d, ¥J,,=12.9 Hz, C""H,), 4.20 (4H, d, %/, =
12.8 Hz, C'Hy), 3.07 2H, d,?/,,~=12.9 Hz, C*H,), 2.71 (4H, dd,
*J,,=12.8 Hz, °J, =8.8 Hz, C'H,), 2.59 (24H, s, C*H), 2.49-2.35
(4H, m, C>H), 2.32-2.17 (2H, m, C°H), 2.09 (12H, s, C°H), 2.04-1.91
(4H, m, C*H+ C*H), 1.92-1.76 (2H, m, C°H). *'P NMR (C D, 303
K) 8, ppm: -44.29 (s).

(RSSR)-1,9-Di-[(pyridine-2"-yl)methyl]-3,7,11,15-
tetramesityl-1,9-diaza-3,7,11,15-tetraphosphacyclohexadecane
(11) was obtained like 6 from 1,3-bis(mesitylphosphino)propane
(1.64 g, 4.76 mmol), paraformaldehyde (0.29 g, 9.67 mmol) and
2-(aminomethyl)pyridine (0.52 g, 4.81 mmol). Yield of 11 1.64
g (72 %); m.p. 187-189 °C. Found: C 72.84; H 8.30; N 5.71; P
12.91 %. C,H, PN, [953.15] requires C 73.09; H 8.04; N 5.88; P
13.00 %. m/z (FAB) (%): 883 (13.5) [M-CH_Py+Na]*, 1015 (4.3)
[M+Na+K]". '"HNMR (C,D,, 303 K) §, ppm: 8.46 (2H, m, C*H),
7.55(2H,d,"J,,=7.3 Hz, C*H), 7.31 (2H, dd, *J, ,~"J,,, ~7.3 Hz,
C®H), 6.74 (8H, s, C°H), 6.73 (2H, m, C"“H), 4.75 (4H, br.d,
2J,,~12.4 Hz, C'H,), 4.21 (2H, br.d, 2J,,=13.2 Hz, C"H,), 3.71
(2H, brd, 2/,,~13.2 Hz, C'H,), 2.76 (4H, dm, %/, ~12.4 Hz,
C'H,), 2.55 (24H, s, C*H), 2.08 (12H, s, C°H), 1.92-2.37 (12H,
m, C*H+ C°H). “C NMR (CDCl,, 303 K) 3. ppm: 149.56 (s,
Ch+C™M), 144.33 (d, °J ., =15.0 Hz, C%), 138.66 (s, C7), 136.63 (s,
C"Y),130.92(d, /=212 Hz, C*), 121.27-123.55 (m, C*+C"*+C"),
55.43-59.99 (br.m, C'+C'), 28.08-29.53 (m, C*+C?), 23.55 (d,
*J»=19.3 Hz, C¥), 20.87 (s, C°). *'P NMR (C,D,, 303 K) &, ppm:
-41.30 (s).

(RSSR)-1,9-Di-[(pyridine-3 -yl)methyl]-3,7,11,15-
tetramesityl-1,9-diaza-3,7,11,15-tetraphosphacyclohexadecane
(12). A solution of 1,3-bis(mesitylphosphino)propane (1.22 g, 3.54
mmol) and paraformaldehyde (0.21 g, 7.0 mmol) in toluene (5 mL)
was stirred at 50 °C for 1 h and a solution of 3-(aminomethyl)pyri-
dine (0.38 g, 3.51 mmol) in toluene (25 mL) was added dropwise
under stirring at 75 °C for 3 h. The reaction mixture was stirred
at 75 °C for 1 day. The resulting white crystals were collected by
filtration, washed with toluene and dried carefully at 0.1 torr for 10
h. Yield of 12 0.95 g (56 %); m.p. 174-176 °C. Found: C 72.70; H
8.32; N 6.20; P 12.64 %. C_,H P N, [953.15] requires C 73.09; H
8.04; N 5.88; P 13.00 %. '"HNMR (C,D,, 303 K) 5, ppm: 8.59 (2H,
m, C*H), 7.86 (2H, d, *J,,~=4.4 Hz, C'*H), 7.31 (2H, dd, *J,,=7.3
Hz,’J,, =4.4 Hz, C°H), 6.74 (8H, s, C°'H), 6.64 (2H, m, C'*H), 4.59
(4H, br.d, ZJI =12.4Hz, ClHB), 4.16 (2H, br.d,%/, =13.2 Hz, C‘OHB),

TH HH
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3.82 (2H, br.d, 2/, =13.2 Hz, C'*H,), 2.83 (4H, dm, 2, =12.4 Hz,
C'H,), 2.59 (24H, s, C*H), 2.14 (12H, s, C°H), 1.86-2.28 (12H, m,
C*H+C°H). *'P NMR (CD,, 303 K) 5, ppm: -41.70 (s).
(RSSR)-1,9-Di-[(pyridine-4’-yl)methyl]-3,7,11,15-
tetramesityl-1,9-diaza-3,7,11,15-tetraphosphacyclohexadecane
(13) was obtained like 6 from 1,3-bis(mesitylphosphino)propane
(1.08 g, 3.13 mmol), paraformaldehyde (0.18 g, 6.0 mmol) and
4-(aminomethyl)pyridine (0.34 g, 3.15 mmol). Yield of 13 1.07
g (72 %); m.p. 187-189 °C. Found: C 72.90; H 8.20; N 6.11; P
12.71 %. C_H, PN, [953.15] requires C 73.09; H 8.04; N 5.88; P
13.00 %. 'HNMR (C,D,, 303 K) &, ppm: 8.48 (4H,d,*J,,=4.4 Hz,
CUH), 7.21 (4H, d, ", =4.4 Hz, C*H), 6.82 (8H, s, C°*H), 4.42 (4H,

brd, %J,,=12.4 Hz, C'H,), 3.94 (2H, br.d, */,,=13.2 Hz, C'’H,),

3.12 (2”}111, brd, °/,,=13.2 Hz, C'°H,), 2.66 (%{, m, C'H,), 2.48
(24H, s, C®H), 2.23 (12H, s, C°H), 1.91-2.38 (12H, m, C*H+C3H).
C NMR (CDCl,, 303 K) &, ppm: 149.47 (s, C¥), 149.15 (s, C"),
144.41 (d, °J, =15.2 Hz, C%), 139.06 (s, C), 130.18 (d, 'J ,=19.2
Hz, C%), 129.56 (s, C'), 121.27-123.55 (m, C*+C"), 56.59-59.94
(br.m, C'+C'"), 27.98-29.31 (m, C*+C%), 23.57 (d, J,=18.9 Hz,
C*), 20.85 (s, C%). *'P NMR (CD,, 303 K) 5, ppm: -41.50 (s).
(RSSR)-1,9-Di-[2-(pyridine-2"-yl)ethyl]-3,7,11,15-tetra-
mesityl-1,9-diaza-3,7,11,15-tetraphosphacyclohexadecane (14)
was obtained like 6 from 1,3-bis(mesitylphosphino)propane (0.5
g, 1.45 mmol), paraformaldehyde (0.09 g, 3.0 mmol) and 2-(2’-
aminoethyl)pyridine (0.18 g, 1.47 mmol). Yield of 14 0.29 g (41
%); m.p. 194-196 °C. Found: C 73.08; H 8.33; N 5.98; P 12.54 %.
C,,Hg,P,N, [981.20] requires C 73.45; H 8.22; N 5.71; P 12.63 %.
'HNMR (CD,, 303 K) 5, ppm: 8.46 (2H, d, *J,,=3.6 Hz, C'*H),
7.10 (2H, m, C"*H), 6.86 (2H, d, *J,,=7.7 Hz, C"H), 6.75 (8H, s,

C*H), 6.64 (2H, m, C'"H), 4.12 (4H, br.d, >/, =12.4 Hz, C'H,), 3.57

1H

Table 1. Crystallographic data for 6, 7, 9, 10, 11.

(2H, m, C'*H,), 3.05 (2H, m, C'*H, ), 2.77 (4H, brm., C'H,), 2.62
(4H, m, C"'H), 2.59 (24H, s, C*H), 2.08 (12H, s, C°H), 1.80-2.45
(12H, m, C*H+C*H). "C NMR (CDCI,, 303 K) & ppm: 149.90
(s, C'), 149.58 (s, C'?), 143.96 (d, °J ,=15.1 Hz, C°), 138.89 (s,
C7), 130.32 (d, 'J_,=19.2 Hz, C*), 130.18 (s, C), 121.27-124.07
(m, C+CB+CP), 55.89-59.64 (br.m, C'+C'), 28.06-29.01 (m,
CH+C+CM), 23.37 (d, 7/ ,=18.9 Hz, C?), 20.69 (s, C°). *'P NMR
(C,D,, 303 K) 5, ppm: -41.80 (s).

X-Ray Crystallography

Data for 6, 7, 9, 10 were collected at 293(2) K on a Bruker
Smart APEX II CCD diffractometer with graphite monochromated
MoKa radiation (A=0.71073 A) and -scan rotation. Data
collection and reduction were performed using the APEX2 and
SAINTEY software. Absorption corrections were performed using
the SADABS 2! program. All the structures were solved by direct
methods and refined by full-matrix least-squares methods against
F? with the SHELX 122! software package. All non-H atoms were
refined anisotropically. All H atoms were fixed at calculated
positions and refined with the use of a riding model. The data for
11 were collected on a Siemens CCD diffractometer (SMART) 12*!
using Mo-K radiation (A = 0.71073 A) and o-scan rotation. Data
reduction was performed with SAINT?¥ including the program
SADABSE! for empirical absorption correction. The structure 11
was solved by direct methods (SIR-92)1? and the refinement of all
non-hydrogen atoms was performed with SHELXL-97.122! For 11
all H atoms were located on difference Fourier maps calculated at
the final stage of the structure refinement. Crystallographic data for
6,7, 9-11 are given in Table 1.

6 7 9 10 1
Formlﬂa C62H82N2P4 ‘C6H6 C68H94N2P4 C64H86N2P4 C62H78N204P4 C64 H82N4P4
M 1057.28 1063.33 1007.23 1039.14 1031.22
T [K] 293(2) 293(2) 293(2) 293(2) 213(2) K
A A] 0.71073 0.71073 0.71073 0.71073 0.71073
Crystal system Triclinic Triclinic Triclinic Triclinic Triclinic
Space group P-1 P-1 P-1 P-1 P-1
a[A] 8.9220(5) 11.629(7) 10.3863(8) 11.038(5) 8.7619(5)
b[A] 12.8404(7) 11.826(7) 11.8295(9) 12.034(5) 12.9314(8)
c[A] 15.1050(9) 13.372(8) 13.4825(10) 12.908(5) 14.9375(9)
o [°] 68.473(1) 73.478(7) 70.171(1) 103.581(5) 65.791(1)
B[] 80.804(1) 68.639(7) 79.589(1) 103.369(5) 79.679(1)
v[] 75.654(1) 80.910(8) 85.481(1) 106.863(5) 74.680(1)
V[AY] 1554.99(15) 1638.9(17) 1532.4(2) 1510.1(11) 1483.9(2)
z 1 1 1 1 1
I?(ﬂf:&‘e’gs 17035 16761 11660 13208 9252
hr‘:ggfggggt 6733 6416 5937 6944 6828
Reﬂec;“;‘;‘”“h ! 4643 3019 4451 1217 5683
0.029 0.0748 0.0157 0.3679 0.0096
GOF (F?) 1.01 0.954 1.018 0.751 1.013
Py [g ] 1.129 1.077 1.091 1.143 1.154
4 [mm'] 0.162 0.154 0.161 0.17 0.169
R(F),[1>26(1)] 0.0469 0.0628 0.0630 0.0990 0.0373
R (Fo?) 0.1318 0.1332 0.1817 0.1143 0.0991
Ay (r[‘z;‘;fi“m') 0.32/-0.20 0.324/-0.16 0.708 / -0.422 0.238 /-0.204 0.303/-0.193
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CCDC 1006643 (6), 1006641 (7), 1006642 (9), 1006640 (10)
and 1004851 (11) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Results and Discussion

It has been established that 1,3-bis(phenylphosphino)
propane and 1,3-bis(mesitylphosphino)propane have a
similar reactivity in the desired Mannich-type condensation.
[13-16] Because the last diphosphine with mesityl groups on
phosphorus atoms is noticeably more stable to air oxidation
and smells less repulsive we have used it as a starting
compound for the developing of the self-assembly approach
to the 16-membered P,N-containing macrocycles.

It had been shown previously that desired self-assem-
bly condensation of 16-membered macrocycles required
relatively basic primary amines. One of the most interesting
features of aminomethylphosphine chemistry is the possibi
lity to obtain a wide set of functionalized phosphine ligands
on the basis of the various available primary amines. It was
shown that self-assembly processes occurred with wide
variety of primary amines to give crystalline 1,9-diaza-
3,7,11,15-tetraphosphacyclohexadecanes 6-14 (Scheme 2) in
good yields (33-72 %). The practically pure desired macro-
cycles 6-14 crystallized spontancously from the reaction
mixtures in the course of the condensations and were isolated
by filtration. The reaction time depended on the nature of
primary amines, the temperature and the used solvents. We
also showed that it was better to perform the condensation
in two steps. At the first step 1,3-bis(mesitylphosphino)-
propane reacted with formaldehyde at elevated temperature
(50-80 °C) or with 30 % formalin in ethanol at room tempe-
rature to give 1,3-bis[hydroxymethyl(mesityl)phosphino]
propane. On the second step the obtained diol interacted with

Mes 4 CH,0
2 H,NR

DMF/Toluene 80° C

11

1"

10 CH2 10 CH2 1

14

N1
N (1), 12 /15(12)
11 11 11

10CH, 10 CH,

Scheme 2.
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primary amines in DMF (as a rule) or toluene at 75-110 °C
for few hours (the heating of reaction mixture overnight was
the most convenient). If the initial reagents were combined
all together in one reaction vessel simultaneously the reac-
tion time was noticeably longer and the total yields of title
macrocycles were ~10% less than expected.

The reactions were performed in the concentration
range 0.1-0.5 M at elevated temperatures (75-110 °C) and in
the absence of the templating reagents. The NMR monitoring
of the reaction mixtures showed that the reactions proceeded
with the formation of plenty of intermediates and the reaction
mixtures were enriched by the isolated products only at the
final stage, as in the case of macrocyclizations described
above.l'*1% Thus, we have again met the phenomenon of the
covalent self-assembly.

It should be mentioned that 2-phenylethyl- and
3-phenylpropylamines which were more basic than
previously reported benzylamines gave P,N-corands 8 and
9 without formation of side-products usually expected for
the condensation of highly basic amines.'¥ The presence of
functional groups in the starting amines namely 1,3-dioxolyl
one in the case of the synthesis of corand 10 and electron-
withdrawing pyridyl-containing substituents in the case
of synthesis of corands 11-14 did not change the outcome
reaction too.

P,N-containing corands 6-14 were obtained in a pure
form as air-stable white crystalline solids. In the NMR
spectra of freshly dissolved compounds 6-14 only one set of
signals attributed to one stereoisomer was observed. Signals
of core ring protons were similar for all obtained macrocycles
and resembled the picture characteristic for corands 1-4,[15-1
including unusual high-field shifted H* signal of P-CHA-N
fragment at 2.66-2.83 ppm (3.2-3.6 ppm is an ordinary
value of chemical shifts of high-field signal of P-CH,-N
cyclic fragments). The last observation could be regarded
as a characteristic of a macrocycle formation. The spectral

2 Mes
Mes.,, _~N_~ \3 R
. N\

X

N
- P P
R \/I\/\/ “NMes
Mes RSSR
6-14
16
15
14 13
3 >17
®); 12 11(9); 12 g (10);
10 10
CH, s CH2
4 \16
(13)13 ~N (19
12
10 11
CH 10 CHz
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data were consisted with the formation of only one RSSR-
stereoisomer of macrocycles 6-14. The macrocycles 6-14
contain four phosphorus asymmetric centers. The starting
1,3-bis(mesitylphosphino)propane exists as a mixture
of rac- and meso-stereoisomers, and it must lead to the
formation of five possible diastereoisomers. Therefore, in the
course of the reaction, not only the mutual recognition of the
intermediate stercoisomers takes place but also the inversion
of the starting diphosphine configuration proceeds.!'¥
Single-crystal X-ray analysis established the structures
of the RSSR stereoisomers of 6, 7,9, 10 and 11 (Figures 1-5).

Figure 1. The molecular structure of the macrocycle 6 with
solvate benzene molecule (hydrogen atoms are omitted for
clarity).

Figure 2. The molecular structure of the macrocycle 7 (hydrogen
atoms are omitted for clarity).

P3 N2

P2

P4

N1 P1

Figure 3. The molecular structure of the macrocycle 9 (hydrogen
atoms are omitted for clarity).
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N1
P3 P2

P4

N2 P1

Figure 4. The molecular structure of the macrocycle 10 (hydrogen
atoms are omitted for clarity).

Figure 5. The molecular structure of the macrocycle 11 with
solvate benzene molecule (hydrogen atoms are omitted for
clarity).

In total the structures of the core-rings were similar to that
of previously described corands 1-4.514 It should be noted
that in all the crystals 6, 7,9, 10 and 11, the molecules are in a
special position of the center of inversion, i.e. 16-membered
heterocycles have centrosymmetric conformation, which
may be described as a “distorted crown”. As a result,
opposite phosphorus atoms have the different configuration,
and the molecule as a whole constitutes a mesoform. Two
centrosymmetric —~PCH,NCH,P— fragments demonstrate
twist-conformation with inequivalent methylene groups
and the nitrogen lone pairs looking just into the molecular
cavity. Perhaps, that unusual for ordinary heterocyclic
aminomethylphosphines conformation is kept in solution
and it is the reason of unusual chemical shifts of methylene
protons.

Four phosphorus atoms of all macrocycles are situated
in one plane and form a parallelogram with narrow P1--P2
and P2--P3 distances distributions (dP1--P2 are in the range
from 5.55 A for 7 to 5.62 A for 11 and dP2-P3 are in the
range 4.45 A for 10 to 4.49 A for 6, 7 and 11). However the
shortest diagonal distances P1--P3 are noticeably elongated
with the increasing of the bulkiness of substituents
on nitrogen atoms (4.76 A (6), 4.94 A (10), 4.98 A (11),
5.48 A (9) and 5.83 A (7)). The longest diagonal P2-P4
distances are shortened in nearly the same row (8.96 A (6),
8.87 A (11), 8.81 A (10), 8.50 A (9) and 8.24 A (7)). So
the compounds 7 and 9 have the largest sectional areas of

Maxkpozemepoyuxnvt / Macroheterocycles 2014 7(2) 181-188
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40 41 42 43 -44 45 -46
(ppm)

Figure 6. The *'P NMR spectrum of 6 (C,D,) after 2 h (a) and the *'P NMR spectrum of the equilibrated isomeric mixture of 6 (C,D,) after

1 week (b).

macrocyclic cavity and at the same time in these compounds
the cavity spaces are isolated from outer space by bulky
pseudoaxial substituents on nitrogen atoms situated just
over and under the cavities. The structure of macrocycle
11 is very similar to that of 2! and 6. The geometry of
the molecule is shown in Figure 5. In the solid state the
pyridyl groups are located over and under the cavity of the
macrocycle, and their nitrogen atoms are looking outward
the molecular cavity and are remote from the phosphorus
atoms. However in the solutions the rotation around C-N
and C-C bonds of exocyclic pyridylmethyl fragments
is possible and as a result the positions of phosphorus
and nitrogen donor centers may become more close and
favorable for the formation of N,P-chelate complexes with
various transition metals.

It has been shown that soon after the dissolving the
additional set of signals appeared in the P NMR spectra
of macrocycles 1, 4 1 and 6-12 (Figure 6). The equilib-
rium was established within a few days. The chemical
shifts of the appearing signals (for example -44.1, -44.4 u
-44.7 ppm for 6 (Figure 6b)) were similar for all macrocy-
clic products. We suppose that a set of additional signals
belongs to other stereoisomers of macrocyclic tetraphos-
phines. The remar-kable fast phosphorus epimerization
was recently shown for the relevant heterocycles, namely
1-aza-3,6-diphosphacycloheptanes.?”” However we could
not exclude the processes of corresponding ring narrowing
(dissociation of macrocycles into two 8-membered 1-aza-
3,7-diphosphacyclooctanes). It should be mentioned that
the initial signal was still predominant (Figure 6b), demon-
strating the thermodynamic preference of the starting
isomer of the macrocycle. The removal of the solvent and
the recrystallization led to the pure macrocycles 6-14 in
very good yields.

So, the general character of the covalent self-
assembly of corands with 1,9-diaza-3,7,11,15-tetraphospha-
cyclohexadecane core ring was demonstrated.

Maxkpozemepoyuravt / Macroheterocycles 2014 7(2) 181-188

Conclusions

The Mannich-type condensations in three component
systems: 1,3-bis(mesitylphosphino)propane-formaldehyde-
primary amines containing aryl (or hetaryl) group which
is separated from amino group by C -C, alkylene spacer
- proceed as the covalent self-assembly processes to
give 1,9-di(aralkyl)-3,7,11,15-tetramesityl-1,9-diaza-
3,7,11,15-tetraphosphacyclohexadecanes in good yields.
The macrocyclization was stereoselective and led to
RSSR-stereoisomers of these 16-membered P,N-containing
corands. The successful synthesis of macrocycles on the
basis of the wide variety of starting diamines with electron-
donating and electron-withdrawing groups and various
lengths of alkylene spacers indicates the general character
of the covalent self-assembly of 1,9-diaza-3,7,11,15-
tetraphosphacyclohexadecanes and the effectiveness
of the described synthetic approach. In the solid state
RSSR-stereoisomers of all studied corands have similar
centrosymmetric conformations which may be described
as a “distorted crown” with the different configurations of
opposite phosphorus atoms so that the molecule as a whole
constitute a mesoform. The substituents on nitrogen atoms
are situated just over and under the cavities. In the solutions
RSSR-stereoisomers of 1,9-diaza-3,7,11,15-tetraphospha-
cyclohexadecanes undergo the partial transformation which
is most likely the stereoconversion into other stereoisomers
of corresponding macrocyclic tetraphoshines, but the
starting RSSR-isomers remain predominant as the most
thermodynamically stable ones.
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