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Due to their propensity to complex a variety of neutral
or charged molecules, phosphorus-containing macrocycles
have attracted considerable attention during the last
decade.! Amongthe numerous ways for synthesizing these
macrocyclic species, it can be noted that one of the most
useful reactionsis the interaction of phosphodihydrazides
1 with dialdehydes: these reactions proceed in very mild
conditions, do not necessitate template reactions or high
dilution techniques, and remarkably give near-quantitative
yields of a number of new macrocycles possessing from
one to six phosphorus atoms in the macrocyclic super-
structure.?

Two kinds of cyclocondensations were observed. Com-
pounds of the [1 + 1] type were exclusively formed by
reacting phosphodihydrazides such as 2 with 1,3 or 1,4
dialdehydes, while a mixture of [1 + 1] and [2 + 2]
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macrocycles was obtained when higher dialdehydes, like
3, reacted with phosphodihydrazides 1. Clearly the arm
length of the two starting reagents is one of the major
factors playing a role in the formation of these macrocycles.
Noteworthy, addition of compounds 1 t0 1,2, 1,3, 1,4, 1,5,
or 1,6 dialdehydes always gave [2 + 2] cyclocondensations.
Surprisingly, high-dilution techniques did not dramatically
change the course of these reactions. Indeed, only in one
case was such a classical technique able to form a [3 + 3]
cycloadduct, and even then, compound 4 was obtained in
a very poor yield: 1.5%2%
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Therefore, the major question to answer is whether it
is possible to prepare, in substantial amounts, phosphorus-
containing macrocycles arising from [3 + 8] or even [4 +
4] cyclocondensations? To the best of our knowledge, no
reactions of these types have been reported so far in
phosphorus macrocyclic chemistry. It can be expected
that such derivatives might enhance or diversify the
possibilities of complexation of cations, anions, or neutral
molecules.2a8:bi

We report here the preparation, for the first time, of [3
+ 3] macrocycles which are obtained in excellent yields
(>70%) as well as a single example of [4 + 4] cyclocon-
densation. Crystal and molecular structure studies of a
macrocycle resulting from [2 + 2] cyclocondensation are
also described.
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Results and Discussion

We have already demonstrated that the reaction of
furan-2,5-dicarboxaldehyde (8) with phosphodihydrazide
1led to 20-membered rings such as 6 in near-quantitative
yield. Anexperimental and theoretical study on compound
5, by means of dipole moment analysis and molecular
orbital AM;-calculated enthalpies,? allowed us to conclude
that in solution 5 exists mainly in conformation B (up to
96% in benzene), conformation A being present only in
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small amount. On the other hand, it has also been
demonstrated by either theoretical calculations,* NMR,5
or dipole moment analysis® that pyrrole-2,5-dicarboxal-
dehyde (7) and the corresponding 1-methylpyrrole-2,5-
dicarboxaldehyde (8) were mainly in conformation A [70-
85% for 7; 87% for 87]. In all cases, the percentage of
form C is small. Such observations prompted us to
investigate the reactivity of derivatives 7 and 8 toward
phosphodihydrazides 1 in the hope of finding different
chemical behaviors for these dialdehydes and therefore
different types of cyclocondensations.

Indeed, slow addition of a methanolic solution of the
phosphodihydrazide 1a and a methanolic solution of the
pyrrole-2,5-dicarboxaldehyde (7) to methanol led to the
formation of the 30-membered ring 9” which precipitated
as soon as it was formed (43% yield). Two other
compounds were isolated from the mother liquor: the 20-
membered ring 9’ was obtained in 4% yield, and the 40-
membered ring 9" was obtained ina4 % yield also (Scheme
I). These three macrocycles presented different 3!P
chemical shifts: 9,6 =0.92;9",6=2.78;and 9,6 = 1.79
ppm. Structures for these species were deduced from 'H
and 13C NMR and IR spectroscopies and elemental analysis
and unambiguously by mass spectrometry (fast atom
bombardment) which clearly showed the formation of [2
+ 2], [3 + 3], and [4 + 4] cyclocondensation products for
9’,9”,and 97, respectively. Therefore, the use of pyrrole-
2,5-dicarboxaldehyde instead of furan-2,5-dicarboxalde-
hyde dramatically changed the course of the reaction
allowing us to obtain, for the first time, a [3 + 3]
cyclocondensation derivative in appreciable yield and to
isolate the first phosphorus-containing macrocycle arising
from a [4 + 4] cyclocondensation reaction. Yield of the
30-membered ring 9” can be increased from 43 to 74% by
using acetonitrile instead of methanol as the solvent of
the reaction. Similarly, addition of pyrrole-2,5-dicarbox-
aldehyde (7) to the phosphodihydrazide 1b gave rise to
another [3 + 3] species, the macrocycle 10" in 74% yield
(Scheme I).

Reaction of 1-methylpyrrole-2,5-dicarboxaldehyde (8)
with phosphodihydrazide 1a afforded mainly the macro-
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Figure 1.
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cycle 11” (68% yield). This macrocycle, possessing three
N-N-P-N-N linkages, was isolated and fully characterized
along with the [2 + 2] macrocycle 11/ (4% yield). Attempts
to isolate the corresponding compound resulting from (4
+ 4] cyclocondensation have failed until now. The
structure of 11’ was confirmed by X-ray crystallography.
The ORTEP drawing of this derivative shows the atomic
numbering scheme we have used in Figure 1. Selected
bond lengths and angles are listed in Table I. Several
remarkable features can be pointed out. Although the
two phosphorus atoms have the same environment it can
be noted that there is a significant difference in the angles
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Table I. Selected Bond Lengths and Angles for 11’
bond, A

angle, deg

P(1)-N(1) 1.657(6)  N(1)-P(1)-N(10) 112.8(6)
P(1)~N(10) 1.643(1)  O(L)-P(1)-N(10) 109.9(5)
P(1)-0(1) 1.437(9)  O(L)-P(1)-N() 109.8(5)
P(1)-0(2) 1.583(9)  O(2)-P(1)-N(10) 100.3(5)
P(2)-N(5) 1.648(7)  N(5)-P(2)-N(8) 113.2(6)
P(2)-N(8) 1.656(6)  O(3)-P(2)-N(6) 111.0(6)
P(2)-0(3) 1.449(8) 0(3)-P(2)-N(5) 109.5(5)
P(2)-0(4) 1.569(7) 0(4)-P(2)-N(8) 99.7(5)
N(1)-N2) 1.40(1) C(4)-H(41)--0'(3) 166°¢
N(9)-N(10) 1.40(1) C(13)-H(133)-+0"(3) 171°s
N(4)-N(5) 1.39(1) C(4)+0(3) 3.324A
N(6)-N(7) 1.39(1) H(41)--0(3) 2.35 A
N@)-CQ) 1.28(1) C(13)-0(3) 3.50A
N(9)-C(12) 1.29(1) H(133)--0(3) 2.51 &

N4)-C(6) 1.27(1)
N™-C() 1.27(1)

@ Prime position is deduced from the general position by the
symmetry [x—1/2;y;-z—1/2]. Second position is deduced from the
general position by the symmetry [x + 3/2; -y + 1/2; -2].

around phosphorus: 112°8(8) for NP1yNo) and only
99°7(5) for OyPxN. In comparison, macrocycle 6
exhibited NPN of 104°8(1). Examination of the structure
showed that all the atoms, when going from N, to N5,
are nearly in the same plane defined by N(5C2C3C#Cs),
while all the atoms, when going from N to N, are in
the same plane defined by N(g)C(s)C(g)C(]_o)C(u). It is
noteworthy that these two planes are nearly orthogonal
(93°5).

This is a very compact macrocycle made even more so
by the orientation of the phenyl groups participating in
the closure of the molecule. Analysis of the structure with
the help of a Platon program® show that there is no hole
in this structure! Moreover, the cohesion of this molecule
is reinforced by the existence of intermolecular hydrogen
bonding between the CyyH41;)O’s) system and the
CusH330" 3 system (see Table I). Attention can also
be focused on the fact that the N=C-pyrrole-C=N parts
of this macrocycle adopted the same conformation of that
of the starting 1-methylpyrrole-2,5-dicarboxaldehyde (8),
i.e.,conformation A. This canberelated to the observation
that the conformation of N=C-furan-C=N part of the
macrocycle 6 is also the same for that of the starting furan-
2,5-dicarboxaldehyde (conformation B). Therefore, it
seems that the structure of the dialdehyde partly induced
the geometry of the resulting macrocycle. This conclusion
has to be confirmed, of course, by other experiments, but
it seems of high importance for the prediction of the
conformation of these phosphorus-containing macrocycles.
Nevertheless, one question does remain unresolved: why
did conformation A induce mainly [3 + 3] cycloconden-
sations while conformation B led near-quantitatively to
compounds of the [2 + 2] type? Work is in progress to
try to answer this question and to study the reactivity of
all these new macrocyclic species.

Experimental Section

All manipulations were carried out withstandard high vacuum
or dry argon atmosphere techniques. 'H and 13C NMR spectra
were recorded on Bruker AC 80 and AC 200 spectrometers. 3'P
NMR chemical shifts are reported in ppm relative to 85% Hjs-
PO,. Mass spectra were obtained by methane desorption or fast
atom bombardment. Silicagel columns were used for purification
of macrocycles. The literature procedures were employed for

(8) LePage, Y.J. Appl. Crystallogr. 1987, 20,264;J. Appl. Crystallogr.
1988, 21, 983.
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-the synthesis of the known phosphodihydrazides 1a and 1b° and

the pyrrole-2,5-dicarboxaldehyde 7! and 8.! Due to space
consumption, only a few representative systematic names are
given.12

Synthesis of macrocycles 9/, 9/, and 9. A solution of
phosphodihydrazide 1a (0.01 mol, 2.30 g) in 30 mL of methanol
and a solution of pyrrole-2,5-dicarboxaldehyde (7) (0.01 mol, 1.23
g) in 30 mL of methanol were simultaneously and slowly added
to 10 mL of methanol. The resulting mixture was stirred for 1
week during which time a precipitate was formed. This pre-
cipitate, which corresponds to the macrocycle 97, is purified by
column chromatography (eluent: methanol/chloroform (1/9), Ry
0.36). Afterevaporation of the filtrate and purification by column
chromatography the two macrocycles 9’ (eluent: ethyl acetate,
R 0.58) and 9 (eluent: ethyl acetate, R; 0.48) were isolated.

9 yield 4%; mp 119 °C; 3'P{tH} NMR (CDCl;) 6 0.92 (s); tH
NMR (CDCls) 4 12.60 (s, 2H, NH), 7.42 (d, 4H, ‘Jup = 2.3 Hz,
HC=N), 7.33 (n, 10H, arom), 6.22 (d, 4H, /Ny = 2.3 Hz, HCC),
3.17 (d, 12H, *Jyp = 8.3 Hz, CHy); *C{tH} NMR (CDCls) 6 150.1
(d, 2Jcp = 6.6 Hz, C ipso), 131.3 (s, Cz and Cs pyr), 131.0 (d, 3Jcp
= 15.5 Hz, C=N), 130.0 (s, arom), 125.4 (s, arom), 120.7 (d, Jcp
= 4.5 Hz arom), 112.1 (s, C3 and C, pyr), 31.8 (d, 2Jcp = 8.4 Hz,
CHj); IR (KBr) 3186 (vnu), 1651 (vo=n), 1270 (vp=o) cmi; MS
635 [M + 11*. Anal. Caled for CosH3zN1oOPs: C, 53.00; H, 5.08;
N, 22.07. Found: C, 52.44; H, 4.98; N, 21.68.

9”: yield 43%; mp 236 °C; 3!P{tH} NMR (CDCl) 6 2.78 (s);
1H NMR (CDCly) 6 10.05 (br s, 3H, NH), 7.43 (s, 6H, HC=N),
7.42-7.10 (m, 15H, arom), 6.27 (s, 6H, HCC), 3.18 (d, %Jup = 8.3
Hz, 18H, CHy); 8C{tH} NMR (CDCly) § 150.2 (s, C ipso), 130.6
(s, C2and C; pyr), 129.8 (8, C=N), 129.4 (s, arom), 125.2 (s, arom),
120.8 (s, arom), 112.0 (s, Cz and C, pyr), 32.6 (s, CHy); IR (KBr)
3160 (vNm), 1637 (vo=n), 1269 (vp=—o) cm-!; MS 952 [M + 1]*.
Anal. Caled for CoHeN1s06Ps: C, 53.00; H, 5.08; N, 22.07.
Found: C, 52.14; H, 4.96; N, 21.60.

9”: yield 4% ; mp 245 °C; 31P{tH} NMR (CDCly) 6 1.79 (s); 'H
NMR (CDCl;) §12.3 (s, 4H, NH), 7.42 (s, 8H, HC=N), 7.31-7.11
(m, 20H, arom), 6.26 (s, 8H, HCC), 3.17 (d, 24H, %Jyp = 7.5 Hz,
CHj;). ¥C{H} NMR (CDCly) & 150.2 (d, 2Jcp = 6.6 Hz, C ipso),
131.3 (s, C; and Cs pyr), 131.2 (d, 3Jcp = 14.7 Hz, C=N), 129.8
(s, arom), 125.3 (s, arom), 121.1 (d, Jcp = 4.5 Hz, arom), 113.1 (s,
Ca and C4 pyr), 31.6 (d, 2Jcp = 10.5 HZ, CHs); IR (KBI') 3186
(yNm), 1661 (vomN), 1267 (vpue0) cm-1; MS 1269 [M + 1]*. Anal.
Caled for CseHgN20OsPy: C, 53.00; H, 5.08; N, 22.07. Found: C,
52.71; H, 4.85; N, 21.87.

Synthesis of Macrocycles 11’ and 11”7, A solution of
phosphodihydrazide 1a (0.01 mol, 2.30 g) in 30 mL of acetonitrile
and a solution of 1-methylpyrrole-2,5-dicarboxaldehyde (8) (0.01
mol, 1.37 g) in 30 mL of acetonitrile was simultaneously added
to 20 mL of acetonitrile. The resulting mixture was stirred for
1 week, during which time a precipitate was formed. This
precipitate, macrocycle 117, was purified by column chroma-
tography (eluent: methanol/chloroform (1/9), Ry 0.40). - Evap-
oration of thefiltrate and purification by column chromatography
allowed us to isolate some additional compound 11”7 and the
20-membered ring 11’ (eluent: ethyl acetate, Ry 0.48).

11" yield 4% ; mp 218 °C; #¥P{tH} NMR (CDCly) 4 0.19 (s); 'H
NMR (CDCly) 6 7.41-7.08 (m, 14H, arom and HC=N), 6.18 (s,
4H, HCC), 4.23 (s, 6H, CH3NC), 3.25 (d, 3Juyp = 8.1 Hz, 12H,
CH;NN); 3C{*H} NMR (CDCly) 8 151.2 (d, 2Jcp = 6.5 Hz, C ipso),
133.0 (s, C; and C; pyr), 131.9 (d, 3Jcp = 15.1 Hz, C==N), 129.5
(s, arom), 124.6 (s, arom), 119.7 (d, Jcp = 5.9 Hz, arom), 114.35
(s, C; and C, pyr), 36.8 (s, CH3NC), 31.1 (d, 2Jcp = 10.6 Hz,
CH;NN); IR (KBr) 1660 (vcmeN), 1269 (vp=p) cm-1; MS 663 [M +
1]*. Anal. Calcd for CgoHgeN190P20.5CH3CO,C,Hs: C, 54.39;
H, 5.70; N, 19.82. Found: C, 54.20; H, 5.33; N, 20.00.

(9) Majoral, J.-P.; Kraemer, R.; Navech, J.; Mathis, F. Tetrahedron
1976, 32, 2633.

(10) Miller, R.; Olosson, K. Acta. Chem. Scand. B 1981, 35, 303.

(11) Cresp, T. M.; Sargeni, M. V. J. Chem. Soc., Chem. Commun. 1972,
807. Severin, T.; Ipachi, I. Chem. Ber. 1975, 108, 1768.

(12) Some representative names: 9, 4,6,15,17-tetramethyl-5,16 diphe-
noxy-283,24-diaza-3,4,6,7,14,15,17,18-octaaza-5,16-diphosphatricyclo-
[18.2.1.1912)tetracosa-2,7,9,11,13,18,20,22-octaene 5,16 dioxide; 9", 4,6,-
15,17,26,28-hexamethyl-5,16,27-triphenoxy-34,35,36-triaza-
3,4,6,7,14,15,17,18,25,26,28,29-dodecaaza-5,16,27-tri-
phosphatetracyclo[29,2.1.1%12. 1202} hexatriaconta-2,7,9,11,13,18,20,22,24,-
29,31,33-dodecaene 5,16,27-trioxide.



Notes

11”: yield 68%; mp 175 °C; #P{tH} NMR (CDCly) 6 2.53 (s);
IH NMR (CDClg) 6 7.47 (s, 6H, HC=N), 7.25-7.20 (m, 15H,
arom), 6.29 (s, 6H, HC-C), 3.97 (s, 9H, CHsNC), 3.18 (d, 3Jyp =
7.5 Hz, 18H, CH;NN); 3C{{H} NMR (CDCly) 6 150.4 (s, C ipso),
131.9 (s, C; and Cs pyr), 131.4 (8, C==N), 129.7 (s, arom), 125.0
(s, arom), 120.5 (s, arom), 113.3 (s, C; and C, pyr), 34.8 (s, CH;-
NC), 31.9 (s, CHsNP); IR (KBr) 1660 (vo=n), 1267 (vp=o) cm-l;
MS 994 [M + 11*. Anal. Caled for CsHsN1506Ps: C, 54.37; H,
5.48; N, 21.14. Found: C, 53.87; H, 5.11; N, 20.75.

Macrocycle 10” was prepared following the same procedure as
for derivatives 9" and 11" and was purified on column chroma-
tography (eluent: methanol/chloroform (1/9), R;0.42). 10: yield
74%; mp 219 °C; P{!H} NMR (CDCl,) é 23.57 (s); tH NMR
(CDCly) 69.50 (br. 5, 3H, NH), 7.8-7.34 (m, 21H, HC=N, arom),
6.22 (s, 6H, HCC), 8.02 (d, %Jyp = 8.2 Hz, 18H, CH;NP); BC{tH}
NMR (CDCly) 6 132.3 (d, %Jcp = 16.2 Hz, C=N), 131.0 (s, arom),
130.6 (s, C=CNH), 129.7 (s, arom), 129.0 (d, Jcp = 157 Hz, CP),
128.3 (d, Jop = 14.1 Hz, arom), 112.0 (s, CCNH) 31.4 (br s, Hs-
CNP); IR (KBr) 3232 (vnw), 1636 (vo=N), 1236 (vp—o) cm-1; MS
904 [M + 1]"'. Anal. Caled for CnHﬁNanPs: C, 55.81; H, 5.35;
N, 23.24. Found: C, 55.80; H, 5.53; N, 22.90.

Crystal datafor 11’ are givenin Table II. Unit cell parameters,
space group, and data collection were obtained on an Enraf-
Nonius CAD 4 automatic diffractometer. The intensity of three
standard reflections [(230) (041) (213)] were monitored every
hour. They showed no variation during data collection. Cor-
rections were made for Lorentz and polarization effects. y scan
curves around diffusion vectors showed no significant intensity
variation, and thus no absorption corrections were applied.

Computations were performed using the CRYSTALS system
from Oxford University adapted on a minisuper calculator Alliant
VF X 80. Most atoms were localized by direct methods (Shelxs
86). All remaining non-hydrogen atoms were found by structure
factor and Fourier series calculations. All non-hydrogen atoms
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Table II. Crystal Data and Summary of Structure

Determination of 11’

formula CsoHseN 1004,P 2
mol. wt (g) 662

crystal system orthorhombic
space group, Z Pbca, 8

a(d) 14.156(6)

b(A) 17.089(5)

c(d) 26.953(5)
V(A3 6520(4)

d (caled) (g cm™) 1.35

F(000) 2784

u (Mo Ka) (cm-1) 1.8

crystal size (mm3) 02%03x0.5
take off (deg) 4.2

detector width (mm) 4x4

scan width (deg) 0.7+ 0.347tg ¥4
6 range (deg) 27

no. of meas reflns 5650

no. of variables 415

no. of unique reflns with I > 3¢ 1568
weighting scheme, W 1

agreement factors R 0.060

Rw 0.060

were refined with anisotropic thermal parameters. Hydrogen
atoms were located by difference Fourier techniques, and then
all the hydrogen atoms were fixed at 1 A from their carbon atoms.
They were not further refined in the final stages of calculation.
No important residue remained in the final difference map.

The authors have deposited atomic coordinates for this
structure with the Cambridge Crystallographic Data Centre. The
coordinates can be obtained, on request, from the Director,
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge, CB2 1EZ, UK.



