Cyclophanes MalisgorarsgoLunial s Paper

LuknodaHbl

http://macroheterocycles.isuct.ru Cratba

DOI: 10.6060/mhc150976b

New P,N-Containing Cyclophanes with Exocyclic
Pyridyl-Containing Substituents on Phosphorus Atoms

Yulia A. Nikolaeva, Anna S. Balueva,® Elvira I. Musina, Andrey A. Karasik,
and Oleg G. Sinyashin

A.E. Arbuzov Institute of Organic and Physical Chemistry of Kazan Scientific Center, Russian Academy of Sciences, 420088
Kazan, Russian Federation
@Corresponding author E-mail: balueva62@mail.ru

The synthesis of 28- and 36-membered P,N-containing cyclophanes with two 1,5-diaza-3,7-diphosphacyclooctane rings
in the macrocyclic frameworks and exocyclic pyridine-2-yl or 2-(pyridine-2-yl)ethyl substituents on all phosphorus
atoms is described. These cyclophanes have been obtained by Mannich-like condensations in three components sys-
tems. pyridyl-containing primary phosphines—formaldehyde—primary diamines with spatially divided amine groups
(bis(4-aminophenyl)methane, bis(4-aminophenyl)sulfide or 1,3-bis(4 -aminophenoxy)benzene), and the selectivity of
the macrocyclization depends on the lengths the diamine spacers unlike previously described analogous condensations
with the participation of arylphosphines. The condensations of pyridyl-containing phosphines with formaldehyde and
diamines containing relatively short spacers formed by two phenylene groups bonded with one-atom bridges proceed
as covalent self-assembly and lead to the predominant formation of 28-membered cyclophanes which have been iso-
lated in moderate yields (17-21 %) whereas the condensations with the participation of 1,3-bis(4’-aminophenoxy)
benzene containing three phenylene groups in the spacer are much less selective, and 36-membered cyclophanes have
been obtained in low yields (7-9 %). It shows the strong influence of the starting phosphine nature on the selectivity of
the Mannich-like condensation reactions. The treatment of 28-membered P-pyridylethyl substituted cyclophanes with
hydrochloric acid in chloroform leads to the corresponding monohydrochlorides as a result of the protonation of pyri-
dyl nitrogen atom, and in the solutions the fast migration of the proton between all pyridyl nitrogen centers is observed.
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Onucan cunmes 28- u 36-unennwvix P.N-codepocaugux yuxioganos ¢ 0yms 1,5-ouasza-3, 7-ougpocpayurxiookmanoswvimu
(paemenmamu 6 ckereme MAKPOYUKIO8 U IK30YUKIUYECKUMU NUPUOUH-2-UTbHBIMU U 2-(RUPUOUH-2-UTL) SMUTbHLLMU
samecmumensimu npu écex amomax gocpopa. Jannvie yuxkiogansl 6ulau nouyuervl Konoencayueti muna Mannuxa 6
MPEXKOMNOHEHMHBIX CUCMEMAX. NUPUOULcooepicauue nepsudnvie Gocounvl — hopmansoeaud — nepsuynsvlie OUaMU-
Hbl ¢ NPOCMPAHCMBEHHO PA30CLEeHHLIMU amMuHozpynnamu (ouc(4-amunogenun)meman, ouc(4-amunogpenun)cyroguo
unu 1,3-6uc(4’-amunogenoxcu)oenson). Illokazarno, umo cenekmueHOCIb MAKPOYUKIUZAYUU 3AGUCUM OM OJIUHbL CHell-
€epos OUaMUHO8 6 OMIUYUE OM PAHee ONUCAHHBIX AHATOSUUHBIX KOHOeHcayull ¢ yuacmuem apuipocpunos. Konoen-
cayuu RUPUOUICOOepHcAuux hochuHos ¢ hopmanbOecudom u OUAMUHAMU, COOEPACAUWUMU OTMHOCUMETbHO KOPOMKUE
cneticepol, 00pazo8annvle 08YMsL PEHUTEHOGBIMU DPASMEHMAMU, CEA3AHHBIMU OOHOAMOMHbIMU MOCIMUKAMU, NPONe-
Karom Kax KOBAJEHMHAS CAMOCOOPKA U NPUBOOSIM K NPEUMYULCMEEHHOMY 00Pa306anuio 28-UleHHbIX YUKIO(DAHOS,
8b10€IeHHBIX ¢ YyMepPeHHbIM 6bixo0om (17-21 %), mozda kax konOencayuu ¢ yuacmuem 1,3-ouc(4’-amunogpernokcu)oen-
30714, codepacaujeco mpu (heHUIeHosble ePYnnvl 8 cnelicepe, 3HAYUMeNbHO MeHee CeleKmuHbl, U 36-uleHHble YUKIO0-
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Ganvl ObLIU NOTYUEHBL ¢ HUZKUM 8bIX000M (7—9 %); 5mo nokaszvieaem CUlbHOE GIUSAHUE NPUPOObL UCXOOH020 hochuHa
Ha cenekmugHocmy kondencayuii muna Mannuxa. Obpabomra 28-unennvix P-nupuounidsmuizameneHHbX YuKiopanos
CONSHOU KUCTOMOLL 8 XIOPOGhOpME NPUBOOUN K COOMBEMCMEYIOUUM MOHOLUOPOXTIOPUOAM 8 PE3YIbmame nPOmoHupo-
6AHLUS AMOMA A30MA NUPUOUTILHOLL 2PYNNbL, NPUYEM 8 PACMBEOPAX HAGTI00Aemcs GbICMpas Muspayus RPOmoHd no 6cem

nuput)uﬂbubm A30MHbIM YEHMpPAam.

KiaroueBrnle ciioBa: MaKpOHI/IKH, HI/IKJ'IO(I)aH, anH;{anoz[epmamHﬁ (bOC(l)I/IH, JUaMHUH, KOHJACHCalus, KOBaJICHTHAsA

camocOopKa.

Introduction

Pyridylphosphines are multifunctional ligands which
have the ability to act as hybrid PN-ligands,™! so pyridyl-
containing phosphines on the cyclic aminomethylphos-
phine platform should combine the properties of two sys-
tems — pyridylphosphine and aminomethylphosphine.!'” The
introduction of o-pyridyl fragments bound with phosphorus
atoms both directly and through the spacer should expand
the coordination modes of these ligands. On the other hand,
the presence of photoactive pyridyl radicals should result in
the increase of metal complexes luminescence.?! Indeed
polynuclear gold(I) complexes of recently described P-pyri-
dyl substituted 1,5-diaza-3,7-diphosphacyclooctanes!'” and
P.N-chelate copper(I) complexes of their P-pyridylethyl
substituted analogues!''’ have represented unusual photolu-
minescence and were medium luminophors with quantum
yields up to 40 %.M"

A very important source of a fast growing interest to
the chemistry of cyclic P,P-chelating aminomethylphos-
phines is the remarkable catalytic activity of their com-
plexes with abundant inexpensive metals (mainly nickel and
cobalt) at electrochemical processes in particular the hydro-
gen production and hydrogen oxidation.!">51 One of the main
reasons of this activity is the presence of the amine bases
incorporated in P,N-containing rings, which function as
proton relays,!'>'¥ so the introduction of additional nitrogen
basic centers into the ligands periphery is able to increase
the catalytic activity of their complexes. 1,5-Diaza-3,7-di-
phosphacyclooctanes with nitrogen-containing heterocyclic
fragments (including pyridyl rings) on intracyclic nitrogen
atoms have appeared to be very promising ligands for the
creation of electrocatalytic systems.['>!%! Recently Ni"! com-
plexes of several representatives of 1,5-diaza-3,7-diphospha-
cyclooctanes with pyridine-2-yl substituents on phosphorus
atoms have demonstrated a unique effectiveness in hydro-
gen evolution and fuel cell tests probably due to the presence
of additional pendant bases situated in close proximity to
the coordination sphere of the transition metal.l'!”]

The promising results achieved in the chemistry of ami-
nomethylphoshines with pyridyl-containing substituents on
phosphorus atoms make expedient the next step of its devel-
opment namely the synthesis of PN-containing cyclophanes
with 1,5-diaza-3,7-diphosphacyclooctane fragments in the
macrocyclic framework and peripheral pyridyl-contain-
ing fragments. The inclusion of two P-pyridyl substituted
diazadiphosphacyclooctane rings into the macrocycle could
definite their spatial positions, change their conformational
and coordination behavior. In addition the cyclophanes
should have internal molecular cavities which are capable
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to bind various organic substrates,['**? and this phenomenon
could influence on the catalytic and luminescent properties of
the metal complexes of the proposed ligands. The approach
to the synthesis of this type of cyclophanes has been pre-
viously developed for P-aryl, benzyl- and alkyl-substituted
compounds and is based on the covalent self-assembly by
Mannich-like condensations between primary phosphines,
formaldehyde and primary aromatic diamines with spatially
divided amine groups. The successful use of this strategy
has resulted in the synthesis of a series of 28—-38-membered
cage macrocyclic tetraphoshines with two diazadiphospha-
cyclooctane rings and various phane fragments depending on
the nature of starting diamines.['3?!?21 The use of available
pyridyl-containing primary phosphines, namely (pyridine-
2-yl)phosphine!'®! and [2-(pyridine-2-yl)ethylphosphine*!
in analogous condensations could become a route to the
synthesis of functionalized P,N-containing cyclophanes with
pyridyl-containing groups on the periphery.

In the present paper we describe the synthesis of the
first representatives of 28- and 36-membered cage P,N-con-
taining macrocycles with pyridyl- and pyridylethyl substitu-
ents on phosphorus atoms on the basis of the covalent self-
assembly approach.

Experimental

General

'H and *'P NMR spectra were recorded on a spectrometer
BrukerAvance-DRX 400, operating at 400 and 162 MHz
respectively; chemical shifts (8, ppm) were referenced to TMS ('H)
or to external 85 % H,PO, (*'P). Spin-spin coupling constants (J)
are given in Hz. MALDI mass-spectra were obtained on a Bruker
ULTRALEX III mass-spectrometer (laser Nd: YAG, 1 = 335 nm,
matrix: p-nitroaniline). The melting points were determined on a
Boetius apparatus and are uncorrected.

(Pyridine-2-yl)phosphine!'**! and [2-(pyridine-2-yl)ethyl-
phosphine® were obtained according to the described methods.
All manipulations with the primary phosphines 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

B, 17,53 57-Tetra[2-(pyridine-2-yl)ethyl]-1,5(1,5)-di(1,5-diaza-
3,7-diphosphacyclooctana)-2,4,6,8(1,4)-tetrabenzenacycloocta-
phane (1). Amixture of 2-[(pyridine-2-yl)ethyl]phosphine (0.891 g,
6.41 mmol) and paraformaldehyde (0.385 g, 12.83 mmol) was
stirred at 90 °C until the homogenization. Bis(hydroxymethyl)
[2-(pyridine-2-yl)ethyl]phosphine obtained was dissolved in DMF
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(5 ml) and a solution of bis(4-aminophenyl)methane (0.635 g,
3.21 mmol) in DMF (12 ml) was added. The reaction mixture was
stirred at 100-110 °C for 14 h and cooled. The precipitate formed
was filtered off, washed with DMF, was washed twice careful-
ly with acetonitrile and dried at 0.05 torr for 4 h. Yield: 0.285 g
(17 %). M.p.: 210-212 °C. Found, %: C, 70.63; H, 6.74; N, 10.81;
P, 11.69. CH NP . Calculated, %: C, 70.98; H, 6.53; N, 10.68; P,
11.81. "H NMR (400 MHz, CDCI,, 303 K) 8, ppm: 8.57 (4H, br. s,
CH), 7.67 (4H, dd, *J,~J,~7.3, C'H), 7.29 (4H, br.d, *J, =7.3,
C°H), 7.16 (4H, m, C*H), 7.01 (8H, d, *J,,=7.6, C°'H), 6.39 (8H, d,
Jyy=7.6, C*H), 4.11 (8H, dd, *J;,=14.2, %/, =15.1, C'H ), 3.56
(4H, s, C'"H), 3.37 (8H, brd, */,,=14.2, C'H ), 3.07-3.18 (8H,
m, C?H), 1.73-1.82 (8H, m, C'*H). 3'P NMR (162 MHz, CDCl,,
303 K) 8, ppm: -55.92 (s). Mass spectrum (MALDI-TOF) m/z (%):
1047 (100.0) [M-H]", 1048 (80.0) [M]", 1049 (84.0) [M+H]", 1064
(61.0) [M+0O]*, 1079 (38.0) [M+20-H]".

I3, 17,53, 57-Tetra[ 2-(pyridine-2-yl)ethyl]-3,7-dithia-1,5(1,5)-di
(1,5-diaza-3,7-diphosphacyclooctana)-2,4,6,8(1,4)-tetrabenzena-
cyclooctaphane (2). 2 was obtained like 1 from 2-[(pyridine-2-yl)
ethyl]phosphine (1.033 g, 7.43 mmol), paraformaldehyde (0.440 g,
14.67 mmol) and bis(4-aminophenyl)sulfide (0.804 g, 3.72 mmol).
The reaction time was 2.5 days at 100-110 °C. Yield: 0.42 g
(21 %). M.p. 222-224 °C. Found, %: C, 66.08; H, 6.07; N, 10.45;
P 11.09; S, 5.76. C, H, NP S.. Calculated, %: C, 66.40; H, 5.94;
N, 10.33; P, 11.42; S, 5.91. '"H NMR (400 MHz, DMSO-d,, 303 K)
3, ppm: 8.53 (4H, br. d, *J,,,=4.9, C*H), 7.76 (4H, ddd, *J,,,=7.8,
Jo=175,%,=18,CH), 7.40 (4H, d, *J,,=7.8, C°H), 7.31 (8H, d,
), =88, C°H), 7.24 (4H, dd, *J,=7.5, *J,,,=4.9, C*H), 6.40 (8H,
d,*J,,=8.8,C*H), 3.94 (8H, dd, >/, = 15.6,%/,,=13.3, C'H ), 3.80
(8H, dd, *J,,=15.6, 2J,,=5.1, C'H_), 3.00-3.09 (8H, m, C"*H),
1.76-1.84 (8H, m, C'*H). *'P NMR (162 MHz, DMSO0-d,, 303 K)
d, ppm: -52.82 (s). Mass spectrum (MALDI-TOF) m/z (%): 1083
(100.0) [M-H]*, 1084 (71.0) [M]*, 1085 (56.0) [M+H]", 1100 (38.0)
[M+OT", 1116 (19.0) [M+20]".

{13, 17,5%, 57-Tetra[ 2-(pyridine-2-yl)ethyl]-1,5(1,5)-di(1,5-diaza-
3,7-diphosphacyclooctana)-2,4,6,8(1,4)-tetrabenzenacycloocta-
phanelhydrochloride (3). A solution of 37 % aqueos hydrochloric
acid (0.011 g, 0.114 mmol) in chloroform (0.5 ml) was added to a
solution of 1 (0.020 g, 0.019 mmol) in chloroform (3 ml) and stirred
for 10 min. A precipitate formed was filtered off, washed with chlo-
roform and dried at 0.05 torr for 1 h. Yield: 0.017 g (82 %). M.p.:
168180 °C (dec.). Found, %: C, 68.36; H, 6.58; N, 10.48; P, 11.30;
Cl, 3.14. C_H CIN,P,. Calculated, %: C, 68.59; H, 6.41; N, 10.68;
P, 11.41; Cl, 3.27. 'H NMR (400 MHz, DMSO-d,, 303 K) §,, ppm:
8.75 (4H, br. s, C°H), 8.34 (4H, m, C°H), 7.91 (4H, m, C°H), 7.76
(4H, br.s, C*H), 7.01 (8H, d, *J,,=7.9, C°H), 6.41 (8H, d, *J,,,=7.9,
C*H), 4.10 (8H, dd, %/, ;=14.9, °J,,=10.4, C'H, ), 3.90 (8H, br.d,
=149, C'H ), 3.16-3.24 (8H, m, C*H), 1.79-1.87 (8H, m,
CPH) (the signal of C'"H is masked by the signal of H,0 in DMSO-
-d,). *'P NMR (162 MHz, DMSO-d,, 303 K) 3, ppm: -53.21 (s).

{13, 17,53, 57-Tetra[ 2-(pyridine-2-yl)ethyl]-3, 7-dithia-1,5(1,5)-
di(l,5-diaza-3,7-diphosphacyclooctana)-2,4,6,8(1,4)-
tetrabenzenacyclooctaphane} hydrochloride (4). 4 was obtained
like 3 from 2 (0.020 g, 0.018 mmol) and 37 % aqueos hydrochloric
acid (0.011 g, 0.114 mmol). Yield: 0.018 g (85 %). M.p.: 170—
176 °C (dec.) Found, %: C, 64.08; H, 5.97; N, 9.87; P, 10.86; S,
5.63; Cl, 3.07. C, H,CIN,P S . Calculated, %: C, 64.25; H, 5.84;
N, 9.99; P, 11.05; S, 5.72; Cl, 3.27. '"H NMR (400 MHz, DMSO-d,,
303 K) 8, ppm: 8.63 (4H, br. d, *J,, = 4.0, C’H), 7.99 (4H, m,
C°H), 7.59 (4H, br.d, *J,,=7.5, C°H), 7.45 (4H, m, C*H), 7.32 (8H,
d, *J,,=8.8 Hz, C°H), 6.42 (8H, d, *J,,,=8.8 Hz, C*H), 4.01 (8H,
dd, *J,,,=14.8 Hz, *J,,=13.1, C'H,), 3.86 (8H, dd, */,=14.8,
%J,,=4.5, C'H,), 3.08-3.19 (8H, m, C"*H), 1.80-1.89 (8H, m,
CH). 'H NMR (400 MHz, DMSO-d+ D,0 1:1, 303 K) &, ppm:
8.61 (4H, d, *J,,=5.3, C’H), 8.40 (4H, dd, °J,,=8.3, *J,,=7.5,
CH), 7.93 (4H, brd, *J,,=7.5, C°H), 7.81 (4H, dd, *J,,=8.3,
J,,=5.3,C*H), 7.36 (8H, d, *J,,=8.7, C°’H), 6.43 (8H, d, *J,,,=8.7,
C*H), 4.07 (8H, dd, */,;,=15.6, *J,,=11.7, C'H,), 3.83 (8H, dd,
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=156, %,,=4.8, C'H, ), 3.20-3.29 (8H, m, C"*H), 1.83-1.92
(8H, m, C"*H). *'P NMR (DMSO-d,, 303 K) &, ppm: -52.24 (s);
(162 MHz, DMSO-d,+D,0 1:1, 303 K) §, ppm: -53.13 (s).

13, 17,73, 77-Tetra(pyridine-2-yl)-3,5,9, 11 -tetraoxa-1,7(1,5)-
-di(1,5-diaza-3,7-diphosphacyclooctana)-2,6,8,12(1,4),4,10(1,3)-
-hexabenzenacyclododecaphane (5). A mixture of (pyridine-2-yl)
phosphine (0.43 g, 3.87 mmol) and paraformaldehyde (0.23 g,
7.75 mmol) was stirred at 110 °C until the homogenization.
Bis(hydroxymethyl)(pyridine-2-yl)phosphine obtained was dis-
solved in DMF (6 ml) and was added to a solution of 1,3-bis(4-
aminophenoxy)benzene (0.57 g, 1.95 mmol) in DMF (10 ml) under
stirring at 50-60 °C. The reaction mixture was stirred at 100 °C for
24 h and the gradient formation of a white precipitate was observed.
After the cooling of the reaction mixture up to the ambient tem-
perature the precipitate formed was filtered off, washed carefully
with DMF and twice with acetonitrile and dried at 0.05 torr for 4 h.
Yield: 0.10 g (9 %). M.p.: 208-210 °C. Found, %: C, 68.06; H,
5.29; N, 10.21; P, 10.97. C_,H, N, O,P,. Calculated, %: C, 68.32;
H, 5.02; N, 9.96; P, 11.01. 'H NMR (400 MHz, DMSO-d,, 303 K)
3, ppm: 8.75 (4H, ddd, *J,,=4.9, V=17, *J,=1.0, C’H), 7.82
(4H, ddd, *J,,,=7.8 Hz, *J,,=7.3, *J,,=1.7, C'H), 7.77 (4H, br.d,
), =7.8,CH), 7.34 (4H, ddd, *J,,=7.3,°J,,=4.9,%J,,=1.3, C'H),
7.13 (2H,t,%J,,=8.3,C"H), 6.98 (8H, d, */,,=9.0, C°H), 6.89 (8H,
d, *J,,=9.0, C*H), 6.37 (4H, dd, *J,, = 8.3, *J,,=2.4, C"H), 5.98
(2H, t,*J,,=2.4, C"*H), 4.66 (8H, dd, %/, =14.3,%/,,=10.0, C'H ),
4.48 (8H, dd, %J,,=14.3, °J,,=59, C'H ). *'P NMR (162 MHz,
DMSO0-d,, 303 K) 6, ppm: -45.59 (s). Mass spectrum (MALDI-
TOF) m/z (%): 1140 (78.0) [M+OJ", 1157 (100.0) [M+20+H]",
1172 (81.0) [M+307".

13, 17,73, 77 -Tetra[ 2-(pyridine-2-yl)ethyl]-3,5,9, 11 -tetraoxa-
1,7(1,5)-di(1,5-diaza-3,7-diphosphacyclooctana)-2,6,8,12(1,4),
4,10(1,3)-hexabenzenacyclododecaphane (6). A mixture of 2-[(pyr-
idine-2-yl)ethyl|phosphine (0.553 g, 3.98 mmol) and paraformal-
dehyde (0.239 g, 7.97 mmol) was stirred at 90 °C until the homog-
enization.  Bis(hydroxymethyl)[2-(pyridine-2-yl)ethyl]phosphine
obtained was dissolved in DMF (5 ml) and was added to a solution
of 1,3-bis(4-aminophenoxy)benzene (0.581 g, 1.98 mmol) in DMF
(10 ml) under stirring at 50—-60 °C. The reaction mixture was stirred
at 100-110 °C for 7 days and cooled. The reaction mixture was fil-
tered off a small amount of a dark solid, the filtrate was concentrated
in vacuo up to V4 of the initial volume and allowed to stand at -15 °C
for 4 days. The precipitate formed was filtered off at -10—-20 °C,
washed with cold DMF and twice with acetonitrile and dried at 0.05
torr for 4 h. Yield: 0.090 g (7 %). M.p.: 180-182 °C. Found, %: C,
69.66; H, 5.97; N, 9.32; P, 9.88. C_H_N,O,P,. Calculated, %: C,
69.89; H, 5.87; N, 9.06; P, 10.01. 'H NMR (400 MHz, DMSO-d,,
303 K) 8, ppm: 8.48 (4H, brd, *J,,=4.9, C*H), 7.73 (4H, ddd,
o= =173,,=1.7, C"H), 7.39 (4H, d, *J,,=7.3, C°H), 7.21
(4H, dd, *J,,=7.3, °J, =49, C*H), 7.10 (2H, t, °J,,=8.3, C"H),
6.81 (8H, d, *J,,=8.8, C'H), 6.48 (8H, d, *J,,=8.8, C°*H), 6.31
(4H, dd, *J,,=8.3, *J, =24, C"H), 5.84 (2H, t, *J,,=2.4, C"*H),
3.98 (8H, dd, °J,~"/,~13.7, C'H ), 2.99-3.06 (8H, m, C"*H),
1.81 (8H, m, C'*H) (the signal of C'H__is masked by the signal of
H,0 in DMSO-d,). *'P NMR (162 MHz, DMSO-d,, 303 K) §, ppm:
-56.35 (s). Mass spectrum (MALDI-TOF) m/z (%): 1023 (100.0)
[M-2(C,H,N)-H]+, 1130 (11.0) [M-C H,N+, 1253 (8.0) [M+O +H]".

Results and Discussion

The studies of the condensation reactions in the sys-
tems: pyridyl-containing primary phosphine — formalde-
hyde — primary diamine with spatially divided amine groups
and various lengths and the flexibilities of the spacers —
were performed in order to synthesized cage P,N-containing
cyclophanes with pyridyl-containing substituents on phos-
phorus atoms. The condensations were performed in two
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steps like previously described analogous macrocycliza-
tions on the basis of primary aryl- and benzylphosphines.
11824251 At the first step (pyridine-2-yl)- or [2-(pyridine-2-yl)
ethyl]phosphine have reacted with solid paraformaldehyde
at elevated temperature (90—110 °C) to give correspond-
ing bis(hydroxymethyl)organylphoshine.l'? On the second
step the obtained diol has interacted with primary aromatic
diamine in DMF at 100—110 °C. The reaction times depended
strongly on the nature of primary diamines and phosphines.

The condensation of bis(hydroxymethyl)(pyridine-
2-yl)phoshine with bis(4-aminophenyl)methane was unsuc-
cessful because of premature precipitation of practically
insoluble oligomeric aminomethylphosphines which pre-
vented from the further self-assembly of the desired mac-
rocycle. However the condensations of bis(hydroxymethyl)
[2-(pyridine-2-yl)ethyl]phosphine with bis(4-aminophenyl)
methane or bis(4-aminophenyl)sulfide at the concentration
range 0.3-0.4 M smoothly led to the formation of desired
28-membered P, N-containing macrocycles 1 and 2 (Scheme
1) with two 1,5-diaza-3,7-diphosphacyclooctane fragments
in the macrocyclic frameworks. The formation of 1 and 2 has
proceeded for 14 h and 2.5 days, respectively. The signals
of 1 and 2 at §,-55.3 and -52.6 ppm prevailed in the spectra
of the corresponding final reaction mixtures to indicate the
phenomenon of the covalent self-assembly. Individual cyclo-
phanes 1 and 2 were isolated by the spontaneous crystalliza-
tion from the cooled reaction mixtures in moderate yields
(17 and 21 %, respectively).

Compounds 1 and 2 are microcrystalline white solids,
and in the solid state they are stable to the oxidation. Mac-
rocycle 1 is satisfactorily soluble in chloroform and methy-
lene chloride whereas 2 is soluble in DMSO and chloroform

—N —N
8 CH,0 —OH
4 QXPHz .4 @KP
\—OH
X
) HzN/O/ D\NHz DMF, 100 °C

X=CH,(1,3),S(2,4)

Scheme 1.
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but it is very sensitive to acidic impurities in the latter sol-
vent to give a precipitate that is probably the corresponding
hydrochloride. The structure elucidation of these compounds
was based on *'P and '"H NMR spectroscopy, mass-spec-
trometry and elemental analysis. MALDI mass-spectra of 1
and 2 show the peaks of the mass-ions of the correspond-
ing [2+2]-condensation products with m/z = 1048 and 1084,
respectively, and the peaks of corresponding mono- and diox-
ides. It should be mentioned that the oxidation of analogous
P-aryl and P-benzyl substituted 28-membered macrocyclic
tetraphosphines was often observed earlier under the condi-
tions of the registration of MALDI mass-spectra.?! Indeed
3P NMR spectra of 1 and 2 show only one narrow signal
of each macrocyclic phosphine at §, -55.3 ppm (1, CDCI,)
and -52.82 ppm (2, DMSO-d,) that gives the evidence of
the symmetrical structure of the macrocycles. The values
of the chemical shifts indicate that the cyclophanes con-
tain 1,5-diaza-3,7-diphosphacyclooctane fragments.?271 'H
NMR spectra also confirm the structures of 1,5(1,5)-di(1,5-
diaza-3,7-diphosphacyclooctana)-2,4,6,8(1,4)-tetra-
benzenacyclooctaphanes 1 and 2. The signals of the methy-
lene protons of diazadiphosphacyclooctane fragments at C!
form typical (AB),X systems for the chair-chair conforma-
tion of the heterocyclic fragments with equatorial positions
of the substituents on phosphorus atoms and axial positions
of their lone electron pairs, namely two doublets of doublets
with coupling constants %/, values of 14.2-15.6 Hz and °J,,
values of 13.3—15.1 Hz for equatorial protons and 0-5.1 Hz
for axial protons.?*?®! Both phane fragments are equivalent
and the signals of their protons are typical p-phenylene AB
systems (for 1 also a singlet of central methylene protons
at C" is observed); all 2-(pyridine-2-yl)ethyl substituents
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on phosphorus atoms are also equivalent and the patterns of
their protons signals are very similar for the macrocycles 1
and 2 and include the most low-field broad singlet or doublet
of the proton at C* at 5, 8.53—8.57 ppm, a doublet of doublets
of the proton at C* at 8, 7.67-7.77 ppm, a doublet of the
proton at C® at 5, 7.29-7.59 ppm, a broadened multiplet or a
doublet of doublets of the proton at C* at &, 7.16-7.24 ppm
and two multiplets of the methylene groups bound with pyri-
dyl ring and with phosphorus atom at 8, 3.00-3.18 and 1.73—
1.84 ppm. The signals in '"H NMR spectra of 1 and 2 cor-
responding to their framework parts are similar to the analo-
gous signals of previously described 28-membered P,N-con-
taining  1,5(1,5)-di(1,5-diaza-3,7-diphosphacyclooctana)-
2,4,6,8(1,4)-tetrabenzenacyclooctaphanes; it should be
mentioned that their structures have been confirmed by the
X-ray analysis.”! The data obtained indicate that the struc-
tures of cyclophanes 1 and 2 are similar to that of previously
described 28-membered cage PN-containing macrocycles
with two diazadiphosphacyclooctane fragments in chair-
chair conformations with axial lone electron pairs of phos-
phorus atoms directed inward the macrocyclic cavity.[521:2]
The treatment of 1 and 2 with the excess of aqueous
hydrochloric acid in chloroform leads to the formation of the
microcrystalline precipitates of their monohydrochlorides 3
and 4 (Scheme 1) according to the elemental analysis data. 3
and 4 are soluble in DMSO. Their signals in 3'P NMR spec-
tra are not essentially shifted in comparison with the signals
of 1 and 2. The 'H NMR spectra of 3 and 4 are also similar
to ones of the initial cyclophanes 1 and 2. Only the signals
of the protons of the pyridyl fragments are broadened and
show low-field shifts. For 4 these shifts are equal ca. 0.10—
0.23 ppm. In the case of 3 the low-field shifts are 0.18-0.7
ppm but the comparison is not completely correct because
different solvents have been used (CDCI, for 1 and DMSO-
d, for 3). It should be mentioned that the positions and the
character of other signals have not been essentially changed
and the signals of the heterocyclic fragments are registered
as (AB),X systems which are typical for their chair-chair
conformations like those of the initial compounds 1 and 2,
so the total macrocyclic frameworks retain unchanged and
only exocyclic pyridyl groups participate in protonation.
The equivalence of all pyridylethyl fragments indicates the
migration of the proton between all pyridyl nitrogen centers

8 CH,0 ,—OH

Q,
L

4 RPH, —> 4RP

\—OH
NS N3
2 15 2
R = 5), 6
6 5 6 5

Scheme 2.
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which is fast or intermediate in the NMR time scale. Salts 3
and 4 are not soluble in neat water, but 4 is not precipitated
by D,0 from its solution in DMSO-d,. The 'H and *'P NMR
spectra of 4 in DMSO-d:D,0 mixture (1:1) are similar to
the spectra in DMSO-d, giving the evidence of its stability
in this medium which may be favorable for the use of this
ligand as a potential basis of electrocatalysts acting in water-
organic media.!'”!

The condensation of bis(hydroxymethyl)(pyridine-
2-yl)phoshine with 1,3-bis(4’-aminophenoxy)benzene was
also performed in DMF at 100-110 °C for 24 h. The gradu-
ate formation of a white microcrystalline precipitate was
observed during the reaction. This precipitate appeared to be
the desired 36-membered 3,5,9,11-tetraoxa-1,7(1,5)-di(1,5-
diaza-3,7-diphosphacyclooctana)-2,6,8,12(1,4),4,10(1,3)-
hexabenzenacyclododecaphane 5 (Scheme 2) which was
isolated in an yield of 9 %. It should be mentioned that the
signal of 5 at §,-43.97 ppm was the most intensive one in the
3P NMR spectrum of the final reaction mixture, but its con-
tent was only 48 % of all phosphorus-containing products,
so the selectivity of the covalent self-assembly of the mac-
rocycle has decreased in comparison with analogous con-
densations of primary arylphosphines where the macrocycle
contents were 70—80 %.!'8261 The interaction of this diamine
with  bis(hydroxymethyl)[2-(pyridine-2-yl)ethyl]phosphine
under analogous conditions was very slow and less selective.
3P NMR monitoring of the reaction has shown that at the
initial steps of the reaction the main products were probably
oligomeric aminomethylphosphines which provided a wide
intensive signal at 8, -54.9 ppm. A narrow signal of the mac-
rocycle at 8,-57.27 ppm was minor one and after 1 day of the
heating the ratio of the intensities of these signals was 5.2:1.
In the course of the prolonged heating the reaction mixture
was slowly enriched by the macrocycle and after 7 days this
ratio became equal ca 3:1, but it did not change further. As
a result the 36-membered macrocycle 6 (Scheme 2) was iso-
lated in the yield of only 7 % by the fractional crystallization
of the concentrated reaction mixture at -15 °C.

Macrocycles 5 and 6 are also microcrystalline white
solids which are air-stable in the solid state. Both compounds
are restrictedly soluble in hot DMF and DMSO. Their
structures were elucidated on the basis of *'P and '"H NMR
spectroscopy, mass-spectrometry and elemental analysis.

R P

N </ \;U

/
Py

5,6

Coes™

Maxkpozemepoyuxavt / Macroheterocycles 2015 8(4) 402-408



MALDI mass-spectrum of 5 shows the peaks of the mon-
oxide of the corresponding 3,5,9,11-tetraoxa-1,7(1,5)-
di(1,5-diaza-3,7-diphosphacyclooctana)-2,6,8,12(1,4),
4,10(1,3)-hexabenzenacyclododecaphane with m/z=1140,
of its protonated dioxide with m/z=1157 and trioxide with
m/z=1172. The MALDI mass-spectrum of 6 shows a low-
-intensive peak of the corresponding protonated monoxide of
36-membered macrocyclic tetraphosphine with m/z=1253,
whereas the most intensive peaks are ones which correspond
to the loss of two (m/z=1023) and one pyridylethyl frag-
ment (m/z=1130) by the mass-ion. The analogous oxida-
tion of P, N-containing cyclophanes during the registration of
MALDI mass-spectra was earlier observed for the macrocy-
cles of various sizes.["**! NMR-spectra of both macrocycles
5 and 6 give the evidence of their symmetrical structures.
Their signals in *'P NMR spectra in DMSO-d, are narrow
singlets at 6,-45.59 ppm (5) and -56.35 (6). These values
of the chemical shifts are typical for the corresponding
1,5-diaza-3,7-diphosphacyclooctanes.'!l  All pyridyl or
pyridylethyl fragments and both phane fragments are mutu-
ally equivalent. The patterns of pyridyl protons signals are
similar to ones observed for macrocycles 1 and 2. '"H NMR
spectrum confirms that phane fragments are formed by two
terminal p-phenylene and one central m-phenylene rings.
The (AB),X spin system of heterocyclic methylene protons
of macrocycle 5 with the coupling constants values %/, of
14.3 Hz and %/, of 10.0 Hz for equatorial protons and 5.9 Hz
for axial protons undoubtedly indicates the chair-chair con-
formations of 1,5-diaza-3,7-diphosphacyclooctane frag-
ments of the cyclophane with equatorial pyridyl substituents
and axial lone electron pairs of the phosphorus atoms. At
the "H NMR spectrum of the macrocycle 6 the signal of the
axial protons of eight-membered fragments is masked by the
wide signal of water in the solvent at 3.3 ppm, but the sig-
nal of the corresponding equatorial protons is a doublet of
doublets at 5,=3.98 ppm with close coupling constants °J,,
and °J,, of ca. 13.7 Hz. This type of the signal is usual for
the diazadiphosphacyclooctane fragments in their the most
typical chair-chair conformations with equatorial substitu-
ents on phosphorus atoms,?”! so the analogous conformation
is the most probable for the heterocyclic fragments of the
cyclophane 6 like previously described 36-membered P.N-
containing cyclophanes of the structures confirmed by X-ray
analysis.!'826!

36-Membered cyclophanes 5 and 6 also contain
exocyclic basic nitrogen centers, but their low solubility did
not allow to obtain their individual protonated derivatives.

The attempts to synthesized 38-membered cage
P, N-containing cyclophanes with pyridyl containing sub-
stituents were unsuccessful. The use of diamines with lon-
ger spacers (1,4-bis[o-(4’-aminophenyl)isopropyl]benzene
and 1,4-bis(4’-aminophenoxy)benzene) has additionally
decreased the selectivity of their condensation with pyridyl-
containing bis(hydroxymethyl)organylphosphines and the
macrocycles appeared to be minor products. The replace-
ment of DMF as a reaction medium by toluene was also
ineffective due to premature precipitation of acyclic and
oligomeric intermediates. So the synthetic approach based
on the covalent self-assembly has essential restrictions in
the preparation of the cage P, N-containing cyclophanes with
pyridyl-containing exocyclic substituents. However it is
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effective enough for the synthesis of pyridyl-functionalized
28-membered P, N-containing cyclophanes and allows to
obtain pyridyl-containing representatives of 36-membered
P, N-containing cyclophanes with diazadiphosphacyclooc-
tane fragments in the macrocyclic framework. These mac-
rocycles with additional peripheral basic and donor centers
have the enriched coordination abilities and may be consid-
ered as a potential ligand basis of electrocatalytical and lumi-
nescent systems.

Conclusions

The Mannich-like condensations in three component
systems: primary [2-(pyridine-2-yl)ethyl]phosphine — for-
maldehyde — primary diamine with the spacer formed by
two p-phenylene fragments linked by the one-atom bridge
— proceeded as covalent self-assembly and led to the selec-
tive formation of 28-membered cage P.N-containing cyclo-
phanes — 1,5(1,5)-di(1,5-diaza-3,7-diphosphacyclooctana)-
2,4,6,8(1,4)-tetrabenzenacyclooctaphanes with  pyridyle-
thyl substituents on phosphorus atoms. The condensations
between pyridyl-containing primary phosphine, formalde-
hyde and diamines with longer spacers formed by three phe-
nylene fragments were essentially less selective unlike the
analogous reactions with the participation of arylphosphines
and allowed to obtain only 36-membered PN-containing
cyclophanes — 3,5,9,11-tetraoxa-1,7(1,5)-di(1,5-diaza-3,7-
diphosphacyclooctana)-2,6,8,12(1,4),4,10(1,3)-hexaben-
zenacyclododecaphanes with pyridyl- and pyridylethyl sub-
stituents on phosphorus atoms which were isolated in low
yields. It shows the strong influence of the starting phosphine
nature on the selectivity of the Mannich-like condensation
reactions.
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